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Edited by Paul E. Fraser

The mammalian brain is supplied with blood by specialized
vasculature that is structurally and functionally distinct from
that of the periphery. A defining feature of this vasculature is a
physical blood-brain barrier (BBB). The BBB separates blood
components from the brain microenvironment, regulating the
entry and exit of ions, nutrients, macromolecules, and energy
metabolites. Over the last two decades, physiological studies of
cerebral blood flow dynamics have demonstrated that substan-
tial intercellular communication occurs between cells of the vas-
culature and the neurons and glia that abut the vasculature.
These findings suggest that the BBB does not function indepen-
dently, but as a module within the greater context of a multicel-
lular neurovascular unit (NVU) that includes neurons, astro-
cytes, pericytes, and microglia as well as the blood vessels
themselves. Here, we describe the roles of these NVU compo-
nents as well as how they act in concert to modify cerebrovascu-
lar function and permeability in health and in select diseases.

NVU Components and Functions

The neurovascular unit (NVU)2 enables tight regulation of
blood flow through the vasculature, which has unique structure
in the brain. The arteries that dive into the brain from the sub-
arachnoid space consist of endothelial cells (ECs), a basement
membrane, smooth muscle cells, the perivascular (Virchow-
Robin) space, pia mater, and astrocyte endfeet (see Figs. 1 and
2). As vessels continue deeper into the brain, they lose their
smooth muscle cell and pia mater coverage, gaining pericytes
between the EC and astrocyte endfeet. Along the length of the
cerebral vasculature, neuronal and astrocyte processes contact
other components of the NVU, where they can influence the

function of the entire unit. Here we describe individual NVU
components and their roles within the NVU.

Vascular Endothelial Cells

The ECs lining cerebral blood vessels are the core anatomical
unit of the vascular blood-brain barrier (BBB), protecting the
brain from systemic influences by limiting transcellular and
paracellular transport mechanisms. Brain vascular ECs contain
no fenestrae and undergo very low rates of transcytosis (1).
Tight junctions (TJs) and adherens junctions formed between
adjacent ECs underlie the physical barrier that impedes para-
cellular diffusion of ions, macromolecules, and other polar sol-
utes (Fig. 1, A and B). Structurally, TJs are composed of combi-
nations of integral membrane proteins including occludins and
claudins (which form dimers with their counterparts on adja-
cent ECs) and cytoplasmic proteins that couple these trans-
membrane proteins to the actin cytoskeleton (2). The result is a
tight interendothelial seal with in vivo transendothelial electri-
cal resistances of up to 1800 ohms/cm2 (3). In addition to a
physical barrier, brain vascular ECs form a selective transport
interface between the blood and the brain, similar to that of
many epithelial surfaces throughout the body. The luminal and
abluminal membranes of brain vascular ECs have polarized
expression of transporters, metabolite-degrading enzymes,
receptors, ion channels, and ion transporters (4), ensuring that
nutrients such as glucose, amino acids, nucleosides, and elec-
trolytes are delivered to the brain from the blood and that sol-
utes and metabolite waste products are effluxed from the brain
to the blood (2). The specialization of brain vascular ECs
reflects the unique requirements of an organ that demands a
homeostatic ionic environment and protection from neuroac-
tive blood-borne solutes.

Pericytes

Pericytes are mural cells embedded within the basement
membrane that envelops blood vessels. Pericytes extend thin
processes around and along pre-capillary arterioles, capillaries,
and post-capillary venules (Fig. 1, A and B) (5). Their morphol-
ogy varies with their position along the vascular bed, reflecting
the existence of subpopulations with diverse functions in blood
vessel formation, vessel maintenance and permeability, angio-
genesis, clearance of cellular debris, immune cell entry, and
cerebral blood flow (CBF) regulation (5–7). As a member of the
NVU, pericytes are able to communicate directly with cerebral
ECs through gap junctions and with other pericytes via peg-
and-socket contacts (8, 9). The importance of pericytes in the
NVU is further illustrated in development, during which peri-
cytes induce polarization of astroglial endfeet around vessels,
and in disease, in which pericyte degeneration leads to
increased vessel permeability (10). Pericytes have even been
shown to have stem cell-like properties, making them capable
of potentially differentiating into other cell types found in the
NVU (11, 12).
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Astrocytes

Classically, astrocytes have been considered the physical,
biochemical, and metabolic support cells of the CNS. Astro-
cytes are distributed throughout the brain and exhibit hetero-
geneous, star-shaped, highly branched morphology that varies
with their location and, more specifically, on the cell popula-
tions with which they interact. Individual astrocytes can extend
processes to several neurons and up to 140,000 synapses to
modulate neuronal function (Fig. 1) (13). Although individual
astrocytes occupy their own non-overlapping spatial domain,
they are interconnected with neighboring astrocytes by gap
junctions to facilitate long-range signaling (14). In the context
of the NVU, astrocytes are centrally positioned between neu-
rons and ECs, which allows them to respond dynamically to
synaptic activity and neuronal metabolism to help regulate
CBF. Astrocytes extend endfoot processes to the surface of cer-
ebral blood vessels, providing �99% abluminal vessel coverage
(15, 16). Endfeet express high levels of aquaporin-4 water chan-
nel proteins, which are thought to be critical for perivascular
clearance mechanisms via the newly characterized glymphatic
system (Fig. 2) (17). Developmentally, secretion of growth fac-
tors from astrocyte endfeet induces TJ formation and up-regu-

lates transport system proteins in vascular ECs (18). During
adulthood, bidirectional signaling between astrocyte endfeet
and brain ECs helps maintain vascular integrity (19 –21).

Neurons

In the brain, neuronal processes are in physical contact with
the vasculature, and these associations mediate a local increase
in CBF in response to increased neuronal metabolic demand at
that location, a mechanism known as functional hyperemia (see
under “Functional Hyperemia”). In brief, vasoconstriction and
dilation are thought to be driven by the contractility of arterio-
lar smooth muscle cells and capillary pericytes responding to
release of neuron- and astrocyte-derived vasoactive substances
including COX-2-derived prostanoids (22), nitric oxide (23),
vasoactive intestinal polypeptide (24), acetylcholine (25), corti-
cotropin-releasing factor (26), neuropeptide Y (27), and soma-
tostatin (28). Regional regulation of CBF by neurons appears to
be a complex function of: 1) the developmental stage of the
brain, 2) the brain region and the populations of neurons served
by the vasculature, 3) the presence and nature of glial cells that
may serve as local mediators of neuronal stimuli, 4) the dura-
tion and magnitude of neuronal activity, and 5) the effects of

FIGURE 1. Anatomical structure of the NVU. A, a schematic representation of a capillary cross-section within a single neurovascular unit demonstrates the
following important features: 1) Specialized brain endothelial cells line cerebral vessels. 2) Tight junctions between endothelial cells restrict paracellular
diffusion and effectively “seal” the vessels. 3) A continuous basal lamina/basement membrane encases endothelial cells. Pericytes are embedded within this
matrix, situated between endothelial cells and astroglial endfeet. 4) Astrocytes are centrally positioned within the brain parenchyma. These cells extend
processes that communicate with local neurons and synapses and also extend foot-like processes that encase cerebral vessels. Astrocytes are therefore ideally
localized to sense and respond to both neuronal and vascular activity. 5) Resident microglia use long cellular processes to survey their microenvironment and
can quickly respond to insults at or near the NVU. 6) Local interneurons innervate cerebral vasculature and can induce vessels to change their tone based on
incoming neuronal afferent signals (28) (adapted with permission from Macmillan Publishers Ltd.: Abbott et al. (2006) Nat. Rev. Neurosci. 7, 41–53 (97), ©
Macmillan Publishers Ltd.). B, electron micrograph of a capillary cross-section in rat brain. C, 3D reconstruction of immunofluorescent NVU images taken on a
confocal microscope demonstrating von Willebrand Factor reactivity (endothelial cells) and glial fibrillary acidic protein reactivity (astrocytes) outside the
vascular wall (panels B and C reprinted from Weiss et al. (2009) Biochim. Biophys. Acta 1788, 842– 857 (98), with permission from Elsevier, © Elsevier).
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brain injury or disease that may alter any of these other factors.
The association of neuronal processes with cerebral vascula-
ture is also important for the development and maintenance
of the BBB. During development, vascular endothelial growth
factor (VEGF) signaling appears to drive vascular patterning
(29); however, neural progenitor cells contribute to the sta-
bilization of the nascent network (30). Post-developmen-
tally, it is likely that neuronal activity continues to partici-
pate in the maintenance of the vascular network (31), with
astrocytes, rather than neurons, as the chief mediators of
cerebrovascular permeability.

Basement Membranes

Secreted proteins make up a specialized extracellular matrix
(ECM) that forms the basement membrane between ECs and
pericytes and between astrocytes and pericytes (Fig. 1A). Peri-
cyte coverage of vasculature is discontinuous; in areas of dis-
continuity, a single basement membrane is shared between
astrocytes and ECs. Proteomic studies from rodent vasculature
demonstrate that the brain vasculature ECM protein composi-
tion differs from that present in the periphery. Even within the
brain, basement membrane protein composition varies greatly
between large and small vessels (32), providing evidence that
the NVU is functionally heterogeneous throughout the brain.
Key proteins of the basement membranes include numerous
isoforms of ECM proteins such as collagens, fibrillins, laminins,
vitronectin, and fibronectin as well as soluble factors (e.g.
growth factors and cytokines), enzymes responsible for matrix
degradation and processing (including matrix metallopro-
teases), and proteins known to bind to ECM (e.g. lectins and
semaphorins). Both ECM and support protein components of
the basement membrane are essential to proper NVU function-
ing as they directly mediate the activation state of many recep-
tors on the cellular components of this unit. Dysfunction and
degradation of the basement membrane are associated with
several CNS disease states.

Microglia and Perivascular Macrophages

Microglia are the primary immune cells of the brain. Early in
development, these yolk sac-derived myeloid precursors seed

the brain (33, 34), where they develop into highly plastic cells
with motile capabilities. During their native resting state,
microglia have small cell bodies with numerous long and highly
branching processes (Fig. 1A). Under pathologic conditions,
microglia become activated and take on an amoeboid morphol-
ogy (larger nuclei and cell bodies with shorter processes), pro-
duce and secrete numerous cytokines and soluble factors, and
become highly phagocytic (35). The activation state of micro-
glia is often considered polarized as an M1 or M2 phenotype,
with the cells diverging to either pro-inflammatory or anti-in-
flammatory functions, respectively, based on altered expression
of cell membrane receptors and secretable factors. However, in
vivo, there is a wide range of microglial activation phenotypes
that reflect the specific insult administered and the state of the
surrounding NVU cells. Current research is investigating novel
strategies to modulate microglial polarization as a potential
therapeutic target (36, 37).

Perivascular microglia/macrophages that originate from
both CNS-resident microglia and bone marrow-derived circu-
lating monocytes also exist in the NVU (33, 38). During devel-
opment, vasculature-associated microglia interact with tip
cells on sprouting vessels to facilitate angiogenesis. In the
adult brain, perivascular macrophages are likely derived
from and replenished by circulating monocytes, and act as a
first line of defense against invading pathogens (39). Perivas-
cular macrophages maintain contact with the other cell
types of the NVU, and crosstalk between these cells likely
contributes to NVU function and dysfunction. Recent stud-
ies employing intravital two-photon microscopy reveal that
in several pathological states, parenchymal microglia can
migrate to form perivascular cuffs, leading to vascular deg-
radation and disease progression (40 – 42). In contrast,
perivascular macrophage phagocytosis is hypothesized to
clear neurotoxic substances in Alzheimer’s disease (AD; see
under “Alzheimer’s Disease”) (101).

NVU: Intercellular Interactions

Interactions occur between neural, glial, and vascular com-
ponents of the NVU in response to physiological stimuli, facil-
itating activity-dependent regulation of vascular permeability,

FIGURE 2. Perivascular clearance in brain: the glymphatic system. A, the glymphatic system consists of directional fluid flux along the abluminal surface of
brain endothelium (black arrows) beneath astrocyte endfeet, which express high levels of the water channel aquaporin 4 (AQP-4). Convective movement of
extracellular fluids and solutes helps drive clearance in the brain parenchyma, with drainage (at least in part) into the perivascular space (adapted from Iliff et
al. (2015) Lancet Neurol. 14, 977–979 (99), with permission from Elsevier, © Elsevier). B, perivascular Virchow-Robin spaces may be demonstrable using MRI. A
T2*-weighted MRI image shows decreased signal along penetrating arterioles in the cortex 2 h after an intrathecal cisternal injection of an iron oxide contrast
agent (E. A. Neuwelt, unpublished pilot data).

MINIREVIEW: Translational Significance of the NVU

764 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 292 • NUMBER 3 • JANUARY 20, 2017



CBF regulation, and neuroimmune responses. On the whole,
these interactions maintain CNS homeostasis. To illustrate
this, we highlight their influence on CBF, focusing on mecha-
nisms of functional hyperemia.

Functional Hyperemia

Cerebral circulation can be regionally modified based on the
energy demands of local neural tissue. Temporal and spatial
orchestration of increased blood flow to CNS tissue in response
to neural activity is termed functional hyperemia (1). To effect
the delivery of blood substrates such as oxygen and glucose to
metabolically active regions of the brain, local groups of neu-
rons and their associated astrocytes signal to smooth muscle
cells or pericytes and vascular ECs to modify vascular tone.
Although neurons are able to contact and signal to the vascu-
lature directly, astrocytes can act as relays between neurons and
ECs (43).

In glutamate neurotransmitter-regulated neurovascular sig-
naling, synaptic glutamate released during increased neuronal
activity binds to NMDA receptors on nearby neurons and to
metabotropic glutamate receptors on astrocytes. Glutamate
binding results in intracellular calcium ([Ca2�]i) increases in
both neurons and astrocytes, stimulating the release of vasoac-
tive compounds (Fig. 3) (43, 44).

In astrocytes, the increased [Ca2�]i activates phospholipase
A2 (PLA2), which then produces arachidonic acid (AA). AA can
be released at astrocyte endfeet to the contractile elements of
vascular walls, where it is converted to its metabolite, 20-HETE,
which elicits vasoconstriction. As astrocytic AA accumulates, it
is also converted to the vasoactive metabolites prostaglandin
and epoxyeicosatrienoic acid (EET), which are released to elicit
vasodilation (45, 46). Increases in [Ca2�]i in astrocyte endfeet
can also activate large-conductance calcium-gated potassium
channels and stimulate K� efflux onto vessels, resulting in vaso-
dilation (47, 48). The role of astrocyte [Ca2�]i oscillations in
neuronal-vascular coupling was demonstrated in experiments

showing that blockade of neuronal activity-dependent [Ca2�]i

elevations within astrocytes impaired the ability of astrocytes to
control arteriole tone (49). The specific vasomotor response
elicited by increased astrocyte [Ca2�]i depends on factors such
as local oxygen concentrations and the pre-existing vascular
tone (43, 50).

In neurons, increased [Ca2�]i activates neuronal NOS, cre-
ating NO, which induces vasodilation through its action on
cGMP in arteriolar smooth muscle cells and has been proposed
to modulate astrocyte-vascular signaling pathways via inhibi-
tion of EET and 20-HETE (51). As in astrocytes, increased neu-
ronal [Ca2�]i activates PLA2, producing AA. The vasoactive
metabolites of AA are released to act on the contractile cells of
vascular walls (1, 52). Neurons can also modulate neurovascular
coupling by signaling directly to vascular smooth muscle cells
and ECs. Additionally, numerous vasoactive mediators (acetyl-
choline, GABA, neuropeptide Y, somatostatin) released from
neurons during neural activity have been shown to elicit vaso-
motor responses (Fig. 3) (28, 43, 53).

Although the relative contributions of astrocytes and neu-
rons to vasomotor responses vary as a function of brain region
and local neural anatomy, the vasoactive mediators released
from both cell populations act together either synergistically
or antagonistically to precisely regulate CBF within their
microdomains (43). Taken together, these observations high-
light the extensive communication that must occur between
NVU components to match blood flow with regional activity
levels.

NVU: Pathology

Disease can lead to aberrations in cellular communication
between NVU constituents and result in impaired brain func-
tion. Here we discuss AD and CNS neoplasms, two pathologies
with cerebrovascular dysfunction that demonstrate principles
of NVU function.

FIGURE 3. Neurovascular unit components act in concert to regulate cerebral blood flow. Glutamate is released during increased neuronal activity and
binds receptors on astrocytes and neurons, inducing rises in intracellular calcium (Ca2�) levels. Ca2� activates precursors that stimulate release of vasoactive
mediators that induce cerebral vessels to constrict or dilate after binding their vascular receptors. This concerted activity between neurovascular unit com-
ponents allows precise regulation of vasomotor responses to effect delivery of oxygen and glucose to brain regions with increased neuronal activity (adapted
with permission from Macmillan Publishers Ltd.: Attwell et al. 2010 Nature 468, 232–243 (43), © Macmillan Publishers Ltd.; and from The American Physiological
Society: Hamel et al. (2006) (100) J. Appl. Physiol. 100, 1059 –1064, © The American Physiological Society).
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Alzheimer’s Disease

The marked cognitive decline seen in patients with AD is
associated with neurovascular dysfunction (50) as manifested
in impaired clearance of proteins that are widely believed to be
toxic, most notably the amyloid � (A�) peptide. A� is aber-
rantly formed when the transmembrane receptor amyloid pre-
cursor protein (APP) is cleaved by �-secretases and �-secreta-
ses to release soluble A�. Mutations in genes that either encode
the APP substrate or encode proteins involved in its processing
to A� uniformly produce dominantly inherited forms of AD,
indicating the key role of this peptide in the pathogenesis of AD
(52). Several isoforms of soluble A� monomers can be pro-
duced and exist in equilibrium with one another, with hypoth-
esized neurotoxic effects; �-sheet-mediated interactions bet-
ween these lead to progressive aggregation to form insoluble
deposits. These are constituted in the cerebral cortex as amy-
loid plaques, one of the hallmark lesions of AD, but are also
found in and around cerebral blood vessels.

A� can be cleared from the brain via enzymatic degradation,
EC transport system-mediated clearance, or interstitial bulk
flow and perivascular glymphatic clearance into cerebrospinal
fluid (53). In sporadic late-onset AD in particular, A� accumu-
lation is thought to be due to faulty clearance, rather than over-
production (53). Impaired clearance of A� across the cerebro-
vascular endothelium is believed to result in A� deposition in
and around cerebral blood vessels, a condition known as cere-
bral amyloid angiopathy. This condition produces a structural
weakening of the vasculature that predisposes affected patients
to brain hemorrhage.

According to one hypothesis of AD, inflammatory signaling
that increases with aging results in increased expression of APP,
impairments in its secretion, and deficiencies in axonal trans-
port that depend on microtubules (54); APP and its A� cleavage
products accumulate in swollen axonal compartments that
become leaky due to microtubular failure and resulting trans-
port deficiencies. A� cleavage products are eventually extruded
through the leaky axonal membranes into the brain interstitial
fluid, where they can be taken up and degraded by nearby neu-
rons (55). Alternatively, A� will persist in the brain interstitial
space and form amyloid plaques (54).

Extruded A� can also be taken up by glial cells. Although
microglia are spatially associated with neuritic amyloid plaques
containing dystrophic axons and dendrites, microglial ablation
in two different mouse models of AD did not affect A� deposi-
tion (56). Although microglia do phagocytose aggregated and
misfolded A� (57), they later extrude it (58), and proponents of
the inflammation hypothesis of AD contend that this uptake
may be a byproduct of the increased microglial clearance stim-
ulated by nearby degenerating neurites (56). As the disease
becomes chronic, senescent microglia that are thought to
become hyperreactive initially may demonstrate decreased
responsiveness to damage signals over time, allowing peptides
and debris to accumulate locally, perhaps creating a “hot spot”
that is permissive for plaque formation (54).

The role of astrocytes in AD pathophysiology is poorly char-
acterized. Although some studies have demonstrated that
astrocytes take up and degrade A�, others have shown that

astrocytes actually produce and secrete high levels of it. As in
the case of microglia, these seemingly contradictory findings
may reflect different astroglial activation states. Astrocytes may
take up and degrade A� in relatively newly formed senile
plaques (59), but this may decline as AD progresses, perhaps as
local cytokines and A� itself activate astrocytes to produce and
secrete A� in a feed-forward mechanism (60, 61). Importantly,
changes in astrocytes in AD have been linked with the develop-
ment of perivascular A� deposits (62) and are likely to have
more widespread consequences as astrocytes fail to survey and
occupy their territorial domains.

Neoplastic Disease

Another example of cerebrovascular dysfunction may be
found in CNS neoplasms, including both primary (tumors orig-
inating within the CNS) and secondary (metastatic) tumors. In
both conditions, neoplastic cells early in disease can survive
within the perivascular space of the NVU and later remodel,
destroy, and produce new vasculature with aberrant NVU com-
ponents and function (63). Understanding the NVU in neoplas-
tic disease will open up novel treatment strategies, as this spe-
cific niche is critical for tumor development and drug delivery.

Gliomas, tumors arising from glial cells, provide an optimal
example of NVU pathology in CNS malignancies. Glioma cells
in the perivascular space can migrate within perivascular spaces
and are in direct contact with the NVU basement membrane(s)
and its associated soluble factors. These components promote
glioma development by: 1) providing traction support for
migration utilizing proteins such as collagens, fibronectin, and
vitronectin, 2) promoting survival and proliferation, and main-
taining multi-potency via activation of pathways including
TGF-�, cytokine, notch, sonic hedgehog, and ECM signaling,
and 3) facilitating radio- and chemotherapy resistance (64 – 69).
Furthermore, glioma cells can produce and secrete additional
ECM and growth factor proteins as well as matrix metallopro-
teinases to loosen the ECM for invasion (70). A delicate balance
of cell adhesion for traction force coupled with ECM degrada-
tion for motility is necessary for successful infiltration. Glioma
cells overexpress potentially targetable receptors, such as integ-
rins, to mediate these processes.

In addition, complex molecular signaling and crosstalk
between glioma cells and the cells of the NVU also dictate
tumor survival and progression (71–74). These cell-cell inter-
actions promote tumorigenic processes and disrupt normal
NVU functions. Displacement of normal astrocyte endfeet pro-
motes vascular “leakiness” through down-regulation of TJ
expression (54) and disrupted regulation of vascular tone.
Using acute slices and Ca2�, Watkins et al. (75) showed that
perivascular glioma cells could even take over the regulation of
vascular tone in a K�-dependent manner.

Beyond disrupting the NVU by individual or small clusters of
neoplastic cells, larger tumors promote neovascularization to
ensure adequate oxygen and metabolic support; these newly
induced vessels have abnormal NVU structure and function
(Fig. 4) (76). Glioblastoma cells release pro-angiogenic growth
factors such as VEGF, which activates VEGF receptors on
endothelial cells, inducing them to sprout and extend into the
tumor (77, 78). Newly formed vessels can lack structural com-
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ponents of the NVU, such as adequate pericyte coverage,
normal EC walls and TJs, and normal basement membrane
composition, and have variable permeability (79, 80). Under-
standing the increased, yet heterogeneous, permeability of
tumor vasculature is essential for optimizing drug delivery to
tumors. In clinical practice, CNS tumor vascularity is assessed
by an MRI-derived parameter, Ktrans, which reflects both vas-
cular surface area and permeability. The role of VEGF in tumor-
associated permeability can be seen in the decrease in Ktrans

that occurs after treatment with the VEGF inhibitor, bevaci-
zumab (Fig. 4D) (81).

Future Directions

Tremendous progress has been made in our understanding
of the cellular contributions to the NVU; however, there is still
much to learn about how the cellular players act in concert in
health and disease to supply the brain. The discovery of glym-
phatic fluid flow (17) has led to consideration of new roles for all
these players in a novel CNS clearance pathway that recapitu-
lates functions of the peripheral lymphatic system that is miss-
ing in brain (Fig. 2) (82– 84). How this clearance system is
impaired in AD is an area of active research (53), but it also
warrants exploration in other diseases (e.g. perivascular spaces
as a key site of tumor progression (66, 69, 75) and tauopathies
associated with impairment of glymphatic function after trau-
matic brain injury (85)) and for novel pharmacological targets.
Lastly, because the perivascular space communicates with the
cerebrospinal fluid space and dural lymphatics, which in turn
drain into the deep cervical lymph nodes (82, 83), further study
is needed to assess whether biomarkers such as exosomes, cyto-
kines, or microRNAs in these compartments could provide
insights into NVU pathology or novel diagnostic opportunities,
and whether this clearance pathway plays a role in CNS patho-
logical conditions such as communicating hydrocephalus
(86, 87).

Drug delivery to the CNS remains a challenge. Countless
dollars have been spent developing drugs that show promise in
preclinical studies but fail to reach therapeutic levels in the
brain in vivo. Improved targeting could be achieved by increas-
ing access of agents to the NVU or decreasing their clearance.
To improve drug delivery to the NVU, EC TJs can be transiently
opened using a variety of methods to allow pharmacological
agents to pass paracellularly between ECs. Alternatively, drugs
can use receptor-mediated transport system routes through
ECs. Drugs that are able to enter the NVU, but are rapidly
cleared, could be maintained at therapeutic doses by blocking
efflux pumps or inhibiting perivascular clearance routes.

Recent advances in in vitro modeling systems, imaging tech-
nologies, and high throughput screening are providing cutting
edge tools to allow advances in this area. Numerous ex vivo BBB
models have been designed, frequently employing Transwell-
style assays that include several of the cellular components of
the NVU, and can be used to test drug delivery (88). Advanced
imaging modalities, including super-resolution microscopy,
live imaging using two-photon microscopy, improved trans-
mission electron microscopy, and PET-MRI, can now be
applied to study transport mechanisms in and out of the NVU
from the nanoscale to whole brain. Technical advances have
also paved the way for recent studies characterizing the tran-
scriptomics and proteomics of the cerebral vasculature and
surrounding cell types, resulting in large databases (recently
reviewed in Ref. 89) that can inform research on specific pro-
teins to be employed for drug transport. Combining these tools,
recent reviews advocate for dual screening of molecules that
interact with solute carriers on the cerebrovascular endothe-
lium to traffic into the NVU, then using various methods to
shuttle molecules across the vasculature by conjugating them

FIGURE 4. Antiangiogenic therapy normalizes tumor vasculature. A, nor-
mal capillary bed demonstrating typical physical interactions between arte-
rial and venous circulation. B, tumor-secreted angiogenic factors induce neo-
vascularization, resulting in abnormally tortuous and leaky vascular beds.
Blood flow through these capillaries is decreased and inconsistent, possibly
resulting in tissue hypoxia. C, treatment with anti-angiogenic therapy, such as
the VEGF inhibitor bevacizumab, normalizes vascular beds and reduces their
permeability (adapted with permission from Macmillan Publishers Ltd.: Farn-
sworth et al. 2014 Oncogene 33, 3496 –3505 (76), © Macmillan Publishers Ltd.).
D, once vascular beds are normalized with bevacizumab treatment, MRI-de-
rived Ktrans measurements of vascular permeability correlate linearly with the
concentration of 2-[14C]aminoisobutyric acid (14C-AIB), a tracer with unidirec-
tional permeability across the blood-brain barrier (adapted with permission
from Biomed Central: Pishko et al. (2015) Fluids Barriers CNS 12, 5 (81), ©
Biomed Central).
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to peptides and antibodies, or loading them into nanoparticles
(90 –92). Pioneering work in this field has demonstrated that
use of the transferrin and insulin receptors can greatly enhance
delivery to the CNS in rodent and nonhuman primate models
(93, 94). These studies are now reaching clinical trials, an excit-
ing landmark in targeted CNS therapeutics. Other groups are
investigating inhibition of efflux mechanisms to maintain drug
levels in the NVU (95, 96). Successful modulation of these
endogenous transport systems will prove critical to drug deliv-
ery in the NVU.

In summary, the NVU serves as the gateway to the brain.
Understanding its components, development, maintenance,
functions, and pathologic conditions will provide essential
insights and tools needed to treat essentially all diseases that
affect the brain.
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Over half a century ago, D. S. Falconer first reported a mouse
with a reeling gate. Four decades later, the Reln gene was iso-
lated and identified as the cause of the reeler phenotype. Initial
studies found that loss of Reelin, a large, secreted glycoprotein
encoded by the Reln gene, results in abnormal neuronal layering
throughout several regions of the brain. In the years since, the
known functions of Reelin signaling in the brain have expanded
to include multiple postdevelopmental neuromodulatory roles,
revealing an ever increasing body of evidence to suggest that
Reelin signaling is a critical player in the modulation of synaptic
function. In writing this review, we intend to highlight the most
fundamental aspects of Reelin signaling and integrate how these
various neuromodulatory effects shape and protect synapses.

Reelin Signaling during Development

Besides the obvious motor deficits in Reelin-deficient mice
(1), the most overt reeler phenotype is the abnormal layering
of neurons in the brain (2). Reelin is essential for normal
cortical, hippocampal, and cerebellar neuronal lamination
(reviewed in Refs. 3 and 4). While the neocortex is develop-
ing, Reelin is expressed and secreted by Cajal-Retzius neu-
rons in the outer layers of the developing neocortex, where
Reelin guides newly born neurons to their correct positions
in the cortex in an inside-out fashion (3, 4). Similarly, in
the prenatal cerebellum, Reelin is expressed in the external
granule layer, where it mediates Purkinje cell localization
(reviewed in Refs. 3 and 4).

The mechanism of Reelin-mediated neuronal guidance was
elucidated through the genetic ablation of its downstream sig-
naling partners. Double knock-out of low-density lipoprotein
receptor family members, ApoE receptor2 (ApoER2) and very

low density lipoprotein receptor (VLDLR),2 or loss of the cyto-
plasmic adaptor protein Disabled-1 (Dab1) recapitulated the
reeler phenotype (reviewed in Ref. 5), suggesting that these mol-
ecules are critical for the action of Reelin during neuronal
migration. Interestingly, singular knock-out of either Reelin
receptor resulted in a milder migration deficit, indicating diver-
gent roles for the ApoER2 and VLDLR during neuronal migra-
tion (reviewed in Ref. 5). These studies ultimately clarified the
core components of the Reelin signaling pathway whereby Ree-
lin binding to ApoER2 and VLDLR results in a Src family tyro-
sine kinase (SFK)-mediated tyrosine phosphorylation of Dab1
(reviewed in Ref. 5).

Reelin Signaling after Neuronal Migration

Postnatally, Reelin is repurposed as a neuromodulator. At
this point, inhibitory GABAergic interneurons begin to express
and secrete Reelin (6) as the Cajal-Retzius cells begin to die out
in the cerebral cortex and later in the hippocampus (7). This
postnatally secreted Reelin acts to modulate axonal and den-
dritic outgrowth through multiple independent and intercon-
nected pathways by regulating the stability of the cytoskeleton
(Fig. 1).

The formation of neuronal connections begins with the out-
cropping of neuritic filopodia, which develop into axon and
dendrites. Acute and chronic Reelin application enhances
cortical neuritic outgrowth mobility and size (respectively)
through an ApoER2/Dab1/PI3K pathway, which activates the
RhoGTPase Cdc42 and stimulates the delivery of membrane
and extension of the growth cone (8) (Fig. 1D). Neurons from
reeler mice exhibit reduced dendritic branching, and these den-
drites produce fewer dendritic spines in vivo and in vitro (9). A
similar, more subtle effect is observed in heterozygous reeler
mice (HRM), which lack only one allele of the Reln gene and
express 50% less Reelin. However, neuronal positioning in
HRM brains is not affected, indicating that the Reelin defi-
ciency is driving the dendritic abnormalities in the reeler mouse
and that they are not due to improper neuronal positioning.
Acute application of Reelin can enhance dendritic outgrowth in
both wild-type and reeler neurons in a lipoprotein receptor-de-
pendent fashion that requires the presence and phosphoryla-
tion of Dab1 by Src kinases (9). Promotion of the outgrowth and
stabilization of dendrites by Reelin also requires activation of
mTOR through PI3K and AKT (reviewed in Refs. 5, 10, and 11)
(Fig. 1B). Crk family proteins are also important downstream
components of the Reelin signaling pathway in the regulation of

* This work was supported by National Institutes of Health Grants HL063762,
NS093382, and AG053391 (to J. H.), Consortium for Frontotemporal
Dementia Research Grant A108400, and Brightfocus Foundation Grant
A2016396S. The authors declare that they have no conflicts of interest with
the contents of this article. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the
National Institutes of Health.

1 To whom correspondence should be addressed. E-mail: Joachim.Herz@
UTSouthwestern.edu.

2 The abbreviations used are: VLDLR, very low density lipoprotein receptor;
SFK, Src family tyrosine kinase; HRM, heterozygous reeler mice; mTOR,
mammalian target of rapamycin; AMPAR, AMPA receptor; NMDAR, NMDA
receptor; LTP, long-term potentiation; LTD, long-term depression; BDNF,
brain-derived neurotrophic factor; CREB, cAMP-response element-binding
protein; OLS, O-linked sugar; ECD, extracellular domain; ICD, intracellular
domain; TLE, temporal lobe epilepsy; KA, kainate; GCD, granule cell disper-
sion; TrkB, tropomyosin receptor kinase B; AD, Alzheimer’s disease; A�,
amyloid �; APP, amyloid precursor protein; mGluR, metabotropic gluta-
mate receptor; �7-nAChR, �7-nicotinic acetylcholine receptor; GSK-3�,
glycogen synthase kinase-3�; ASD, autism spectrum disorder; Nt, N-termi-
nal; Ct, C-terminal.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 292, NO. 4, pp. 1330 –1338, January 27, 2017
© 2017 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

1330 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 292 • NUMBER 4 • JANUARY 27, 2017

MINIREVIEW

mailto:Joachim.Herz@UTSouthwestern.edu
mailto:Joachim.Herz@UTSouthwestern.edu


both neocortical lamination and postnatal hippocampal den-
dritogenesis (12, 13) (Fig. 1E). Microtubule and actin stabilities
are also promoted by Reelin through the activation of lissen-
cephaly 1 (Lis1) through VLDLR (reviewed in Refs. 4, 5, and 11)
(Fig. 1A) or by the phosphorylation and inactivation of cofilin
through LIM kinase 1 (LIMK1) (reviewed in Ref. 3) (Fig. 1C).
Each of these actions contributes to the fine-tuning of dendritic
outgrowth and helps shape neuronal connectivity.

Spine Formation and Maturation

The neuromodulatory effects of Reelin extend beyond the
dendrite to the dendritic spine, where pre- and postsynaptic
contacts form. The major components of excitatory postsynap-
tic compartments contain ionotropic glutamate receptors, both
AMPA and NMDA receptors (AMPAR and NMDAR), which
bind presynaptically released glutamate. The number of synap-
tic connections and the molecular composition of these com-
partments determine the efficacy of neuronal networks, and
Reelin signaling is a critical regulator of both the number and
the strength of these connections (14). HRM and reeler hip-
pocampal neurons have fewer dendritic spines along their den-
drites when compared with wild-type neurons, and the extent
of this effect is proportional to the reduction in Reelin protein
abundance (14, 15). Exogenous recombinant Reelin recovers
this deficit in cultured hippocampal slices from HRM and reeler
mice as well as increases dendritic spine density in wild-type
control slices (14). The downstream signaling partners,

ApoER2/VLDLR and both Dab1 and SFKs, are essential for this
Reelin-mediated spinogenesis (14). Intriguingly, overexpres-
sion of the Reelin receptor ApoER2 in dissociated hippocampal
neuron cultures can dramatically increase dendritic spine num-
bers in wild-type neuron cultures, suggesting a critical role of
the receptor in promoting synaptogenesis (16).

Reelin signaling also modulates the molecular composition
of synapses. During development, the majority of NMDARs at
hippocampal synapses are composed of NR2B subunits, which
have a higher conductance than NR2A-containing receptors.
As synapses mature, the subunit composition of NMDARs
shifts from NR2B-containing receptors to the NR2A-contain-
ing receptors (reviewed in Ref. 17). This switch is accelerated in
hippocampal neuron cultures treated with exogenous Reelin
over 24 h, an effect that requires lipoprotein receptors and Src
kinase activity (18). Alternately, this switch is prevented by
inhibiting Reelin signaling via antisense knockdown of Reelin,
perfusion with a Reelin antibody (CR-50), or blocking the
GABAergic release of Reelin (18, 19). Chronic Reelin treatment
of hippocampal slice cultures (6 – 8 days) augmented AMPAR
currents by increasing GluA1 surface expression while reduc-
ing the NMDA-mediated currents by promoting the insertion
of NR2A-containing NMDARs and removing NR2B-contain-
ing NMDARs (reviewed in Refs. 20 –22). This chronic Reelin
treatment also facilitates the insertion of AMPARs into synap-
tic membranes containing only NMDARs (reviewed in Ref. 22);
these synapses, containing NMDAR and no AMPAR, are
known as “silent synapses” and are unresponsive to glutamate
at the resting membrane potential (23). Additionally, Reelin
regulates the surface diffusion of NR2B-containing NMDARs
without affecting those with NR2A subunits (24). Prolonged
treatment with Reelin facilitates the mobility and decreases the
synaptic dwell time of NR2B-containing NMDARs, whereas
inhibition of Reelin signaling with CR-50 stabilizes these recep-
tors at the synapse (24). Constitutive decreases in Reelin also
alter NMDAR composition. The postsynaptic compartments
of both homozygous and heterozygous reeler synapses have a
drastic and comparable reduction in the NR2A subunit of the
NMDAR and PSD-95 in comparison with wild-type synapses
(14).

Reelin also acts presynaptically (25, 26). Acute application of
Reelin increases the spontaneous fusion of vesicle-associated
membrane protein 7 (VAMP7)-containing presynaptic vesicles
in hippocampal cultures, and this effect is rapid (within 5 min)
and robust as early as 6 days in vitro when spontaneous fusion is
minimal (25). This increase in VAMP7-containing mobiliza-
tion of presynaptic vesicles requires release of Ca2� from intra-
cellular compartments, both ApoER2 and VLDLR, and PI3K
(25). Taken together, Reelin signaling appears to act as a potent
neuromodulator of the structure and function of synapses and
their connectivity.

Modulation of Synaptic Plasticity

Reelin also enhances long-term potentiation (LTP) of syn-
apses, a proposed cellular correlate to memory (27) (Figs. 2, A
and B, and 3, A and B). When Reelin binds postsynaptic lipo-
protein receptors, ApoER2 and VLDLR, the receptors cluster
and phosphorylate Dab1, leading to an SFK-mediated tyrosine

FIGURE 1. Reelin’s role in stabilizing the cytoskeleton. Reelin signaling par-
ticipates in axonal and dendritic outgrowth and maturation by stabilizing the
cytoskeleton. A and B, microtubule stability is promoted by Reelin through
VLDLR-dependent activation of Lis1 (reviewed in Refs. 4, 5, and 11) (A) and
inhibition of GSK-3� (reviewed in Ref. 31) through activation of the Dab1/
PI3K/Akt pathway, which also activates an mTOR-dependent process that
promotes the outgrowth and stabilization of dendrites (reviewed in Refs. 5,
10, and 11) (B). C, Reelin promotes actin stability through the ApoER2/Dab1/
PI3K pathway by inducing LIMK1-dependent inactivation of cofilin (reviewed
in Ref. 3). D, this ApoER2/Dab1/PI3K pathway can also mediate the formation
of axons by activating the RhoGTPase Cdc42 (8). E, independent of PI3K, Ree-
lin stabilizes actin by triggering C3G activation of Rap1 through Crk family
proteins (Crk), which is essential for normal neocortical lamination and post-
natal hippocampal dendritogenesis (12, 13).

MINIREVIEW: Reelin at the Synapse

JANUARY 27, 2017 • VOLUME 292 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 1331



phosphorylation of the NR2 subunits of the NMDAR (reviewed
in Ref. 5) (Fig. 2A). The SFK, Fyn, is mainly responsible for the
phosphorylation of the NR2 subunits of the NMDAR, which is
known to enhance their conductance (reviewed in Ref. 28)
(Figs. 2A and 3A). Therefore, acute application of Reelin to
cortical neurons enhances the NMDAR-mediated Ca2� con-
ductance and phosphorylation of cAMP-response element-
binding protein (CREB) (29), leading to a potent enhancement
in LTP (27) (Fig. 2B). This Reelin-mediated LTP enhancement
requires a unique 59-amino acid insert in the ApoER2 cytoplas-
mic tail, which interacts with PSD-95 (30) (Fig. 2A). Inclusion of
this proline-rich domain is regulated by activity through alter-
native splicing of exon 19 (exon 18 in humans) (30). The con-
solidation of LTP requires the postsynaptic translation of activ-
ity-regulated cytoskeletal (Arc) mRNA, and Reelin increases
Arc mRNA translation in an mTOR-dependent manner
(reviewed in Refs. 5 and 20).

Role in Learning and Memory

Reelin takes part in both spatial and fear memory. In adult
wild-type mice, injection of Reelin in vivo enhances not only
synaptic plasticity but also spatial memory (reviewed in Refs. 5,
10, 21, and 31). Mice deficient in either ApoER2 or VLDLR have
reduced ability to acquire hippocampus-dependent contextual
fear memory (27). Interestingly, VLDLR KO mice had a signif-
icant deficiency in cued fear memory when compared with
wild-type littermates, whereas ApoER2 KO mice did not (27).

The contextual deficit in fear learning in ApoER2 KOs is reca-
pitulated in mice expressing ApoER2 lacking the alternatively
spliced proline-rich domain of ApoER2 (30), indicating that
this domain is critical for the downstream action of Reelin in
fear memory acquisition. Reelin’s role in fear memory is further
supported by the observations that HRM mice have reduced
short-term contextual fear learning (32) and deficient long-
term association of both forms of fear memory (33). These stud-
ies demonstrate a critical modulatory role of Reelin in both
spatial and fear memory.

Regulating Reelin Signaling

Many of Reelin’s effects require ApoER2, so an important
regulatory factor in Reelin signaling is the alternative splicing of
ApoER2. ApoER2 RNA can undergo numerous splicing events;
the two most notable for synapses are the cytoplasmic proline-
rich region and a highly glycosylated extracellular domain. The
ability of Reelin to modulate synaptic strength depends upon
the inclusion of the proline-rich cytoplasmic domain of the
Reelin receptor, ApoER2 (30). Differential inclusion of the gly-
cosylated region of ApoER2 has a very different role. This jux-
tamembranous O-linked sugar (OLS) domain regulates the
abundance of the receptor by protecting it from proteolytic
processing in a glycosylation-dependent manner (34, 35). Loss
of ApoER2 cleavage leads to increased ApoER2 expression and
a concomitant enhancement of dendritic spine density (34),
which is consistent with the published results of ApoER2 over-
expression in wild-type neuron cultures (16).

Alternative splicing of ApoER2 can dramatically modify this
extracellular proteolytic processing of ApoER2. ApoER2 is
sequentially cleaved by extracellular proteases such as
ADAM10, resulting in the release of a soluble extracellular
domain (ECD), followed by the subsequent �-secretase-medi-
ated release of the intracellular domain (ICD) (35). Acute appli-
cation of Reelin can induce this cleavage (36). Both ApoER2
cleavage fragments are negative feedback regulators of the Ree-
lin signal. The ApoER2-ECD acts as a dominant-negative

FIGURE 2. Regulating Reelin signaling. A, the function of Reelin is regulated
by proteolytic processing. The diagram depicts the domain structure of Ree-
lin and the N- and C-terminal proteolytic cleavage sites (red and orange scis-
sors, respectively). B, Reelin regulates BDNF signaling (hypothetical). Reelin
increases the phosphorylation of CREB by enhancing Ca2�-influx through
NMDARs (1) (29). CREB activation (phosphorylation) drives BDNF expression
(2) (74). This BDNF can be released at the activated synapse and bind TrkB
receptors (3), which promote actin stability through Cdc42 and Rac activity
(4) (48). Both Reelin binding and TrkB/BDNF signaling can inhibit Reelin-me-
diated NMDAR phosphorylation by inducing the proteolytic processing of
ApoER2 (5) (36, 47), whereby the ECD acts as a dominant negative receptor (6)
(37) and the ICD can inhibit the transcription of Reelin (7) (38).

FIGURE 3. Reelin’s protective role against synaptic dysfunction. A and B,
Reelin enhances the Ca2� conductance of NMDARs (reviewed in Ref. 5) (A),
leading to enhanced AMPAR insertion and LTP (B). C and D, A� can induce
synaptic weakening (LTD) through agonizing mGluR5 and �7-nAChRs (C)
(reviewed in Refs. 56 and 57), which promote glutamate receptor (NMDAR
and AMPAR) endocytosis (D). E, elevated Ca2� concentrations can activate
calpain and drive Cdk5-mediated tau hyperphosphorylation (reviewed in Ref.
62), which destabilizes microtubules. F, Reelin can inhibit tau phosphoryla-
tion by inhibiting GSK-3� (reviewed in Ref. 31). G, ApoE4 inhibits the Reelin
signal by sequestering ApoER2 in the endosome (85, 87).
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receptor for ApoER2 ligands (37), and the ApoER2-ICD can
translocate to the nucleus and alter transcription of genes
including inhibition of Reelin transcription (38, 39). Alternative
splicing of ApoER2 can affect this sequential cleavage. In addi-
tion to increased abundance of the receptor, exclusion of the
OLS domain, which contains the extracellular cleavage site,
imparts a strong resistance to the cleavage of ApoER2 and thus
prevents the release of both the extracellular and the intracel-
lular fragments of ApoER2 (34).

In addition to proteolytic processing of ApoER2, the function
of Reelin is also influenced by proteolytic processing (reviewed
in Refs. 11 and 21). After secretion, Reelin is cleaved as it dif-
fuses through the extracellular space (reviewed in Ref. 21). This
processing occurs at two specific sites within the protein, which
consists of eight repeated Reelin domains flanked by an F-spon-
din domain on the N-terminal (Nt) side and a C-terminal (Ct)
stretch of acidic residues (reviewed in Refs. 20 and 21). Reelin is
cleaved within the third repeat and between the sixth and sev-
enth repeats (Fig. 2A), whereby “completely cleaved” Reelin
produces three fragments: the Nt-(N-R2), Ct-(R7-C), and the
central-(R3– 6) fragments (reviewed in Ref. 11).

The central fragment contains the binding site for ApoER2
and VLDLR (Fig. 2A) and is sufficient to rescue the abnormal
neuronal migration in reeler slice cultures (reviewed in Refs. 5,
11, and 20 –22). However, the homodimerization of Reelin
through disulfide linkage of the N-terminal region of the frag-
ment is required for efficient Dab1 phosphorylation (reviewed
in Refs. 5, 11, and 22). Not much is known about the role of the
Ct cleavage of Reelin between R6 and R7; however, Reelin-me-
diated Dab1 phosphorylation is reduced when Reelin lacks the
Ct region, so this cleavage would reduce the efficacy of Reelin
signaling (reviewed in Refs. 11, 21, and 22). Interestingly, neu-
ronal activity can drive this cleavage by activating tissue plas-
minogen activator (tPA) (reviewed in Ref. 21), thus diminishing
the effect of Reelin after synaptic potentiation.

More is known about the role of the Nt fragment, which has
been reported to bind �3�1 integrins, EphB receptors, and
the cadherin-related neuronal receptors (CNRs) (Fig. 2A)
(reviewed in Refs. 5 and 11). The interaction of Reelin with
�3�1 integrins is required for the Reelin-mediated surface dif-
fusion of NR2B-containing NMDARs (24). The interaction of
Reelin with EphB receptors may contribute to the proper lam-
ination of the CA3 region of the hippocampus (reviewed in Ref.
11). Recently, EphB receptors were shown to be critical for the
development of innate fear in mice, whereby loss of EphB
receptors disrupted normal axonal innervation in the amygdala
(40). Cleavage of Reelin between R2 and R3 would prevent these
known interactions. Additionally, this cleavage is known to
reduce the distance Reelin diffuses and the potency of down-
stream signaling by Reelin (reviewed in Refs. 5, 11, and 20 –22).

This cleavage at the N-terminal site plays a potential role in
temporal lobe epilepsies (TLEs). The most common risk factor
for TLEs is an initial fever-induced seizure. Postmortem studies
of TLE patients suggest that in most cases, the seizures are
accompanied by dispersion of the dentate gyrus granule cells
with a correlated decrease of Reelin-expressing neurons in the
hilus (reviewed in Ref. 41). Induction of seizures by intrahip-
pocampal perfusion of kainate (KA), a potent glutamate recep-

tor agonist, in mice recapitulated this granule cell dispersion
(GCD) and loss of Reelin-positive neurons (reviewed in Ref. 41).
Later studies were able to recapitulate the KA-induced GCD in
rodent organotypic hippocampal slice cultures, which resulted
in a rapid loss of Reelin-expressing hilar neurons. These orga-
notypic hippocampal slice cultures also had elevated expression
of the matrix metalloprotease (MMP) inhibitor, tissue inhibitor
of MMP-1 (TIMP1), which led to reduced Nt cleavage and dif-
fusion of Reelin (42– 44). Inhibition of TIMP1 restored the Nt
cleavage of Reelin and reversed the KA-induced GCD (43). Fur-
thermore, perfusion of the central fragment of Reelin could
prevent this GCD (44). Although these studies demonstrate
that GCD results from both the loss of Reelin-positive neurons
and hindered proteolysis of Reelin after epileptic insult, the
question still remains whether the recurrence of seizures in
TLEs is due to GCD.

Alternative splicing of the Reelin receptor, ApoER2, can dif-
ferentially modulate the acquisition of fear memory (30, 34).
Mice expressing ApoER2 splice variants lacking the proline-
rich domain (ApoER2[�19]) have reduced contextual fear
memory when compared with mice expressing the wild-type
ApoER2 or ApoER2 with exon 19 (ApoER2[�19]) (30). Inter-
estingly, these mice behave differently when exon 16 (exon 15
in humans) encoding the OLS domain of ApoER2 is also
excluded. Mice lacking exon 16 either with or without exon 19
(ApoER2[�16�19] or ApoER2[�16�19], respectively) acquire
contextual fear memory as well as wild-type mice; however,
mice lacking both exons appear hypersensitive to cued fear
memory, whereas the inclusion of exon 19 completely blocked
the acquisition of cued fear memory (34).

Another potential feedback loop involves the induction of
brain-derived neurotrophic factor (BDNF). Reelin-mediated
enhancement induces the activation of CREB (29) (Fig. 2B, 1),
which increases the expression of BDNF (45) (Fig. 2B, 2). This
neurotrophin can increase the expression of extracellular met-
alloproteinases (46) and induces ApoER2 cleavage through
binding TrkB receptors (47) (Fig. 2B, 5). Interestingly, experi-
ments utilizing the focal uncaging of glutamate have revealed
that Ca2� influx from NMDAR can increase BDNF rapidly and
locally. This BDNF is released into the synaptic cleft of the same
synapse, where it activates TrkB receptors and induces the
actin-stabilizing GTPases Cdc42 and Rac (48) (Fig. 2B, 3 and 4),
much like Reelin during axogenesis (8) (Fig. 1D). This would
provide a focal, synapse-specific homeostatic feedback regula-
tion whereby local synaptic production of BDNF can both
strengthen the dendritic spine and prevent subsequent exces-
sive Reelin-mediated potentiation through cleavage of ApoER2
(Fig. 2B, 6 and 7).

Reelin’s Protective Role against Synaptic Dysfunction

A role for Reelin in several neuropsychiatric and neurode-
generative diseases, such as autism, schizophrenia, bipolar dis-
order, major depression, and Alzheimer’s disease, has been
reported (reviewed in Refs. 20, 22, and 49). Each disorder
destroys the quality of life in very different ways; however,
reduced Reelin expression seems to be a common factor among
them (reviewed in Refs. 5 and 21).
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Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder, which first presents as memory loss brought on by
synaptic dysfunction. Two pathological hallmarks of AD have
been identified: extracellular amyloid � (A�) plaques and intra-
cellular neurofibrillary tau tangles. A�, the central component
in the trademark plaques that build up in the brains of people
with AD, is a product of the amyloid precursor protein, APP
(reviewed in Refs. 31 and 50). Tau neurofibrillary tangles, the
other pathological hallmark of AD, form when the microtu-
bule-associated tau protein is hyperphosphorylated, promoting
aggregation and intraneuronal tangle formation (reviewed in
Refs. 22 and 31).

A� and Tau

Both A� and tau are released with normal network activity,
so each protein most likely serves a physiological purpose (51,
52). In AD, oligomeric A� particles are detectable before tau
aggregation and are known to impart toxic effects at the syn-
apse (reviewed in Ref. 53), inducing synaptic dysfunction and
likely causing the early manifestation of memory deficits in AD.
In a recent study, modification of APP cleavage could prevent
A� formation and prevent cognitive decline, further supporting
this amyloid-induced hypothesis of AD (54). Oligomeric A�
particles suppress LTP and enhance long-term depression
(LTD) through interactions with synaptic proteins (and
reviewed in Refs. 31 and 55), such as metabotropic glutamate
receptors (mGluRs) as well as potentially the Ca2�-permeable
�7-nicotinic acetylcholine receptor (�7-nAChR) (reviewed
in Refs. 56 and 57). (Fig. 3C). Activation of mGluRs and
�7-nAChRs can activate striatal-enriched tyrosine phospha-
tase 61 (STEP61) (58, 59), leading to NMDAR and AMPAR
endocytosis by inhibiting Fyn-mediated phosphorylation of the
receptors (59, 60) (Fig. 3D).

The phosphorylation of tau inhibits microtubule stability,
which is essential for the formation and maintenance of den-
dritic spines (reviewed in Ref. 61). Cyclin-dependent kinase5
(cdk5) can phosphorylate tau, which is activated by co-factors
p35 or p39. Elevated Ca2� concentrations activate calpain,
which cleaves p35 to p25 (reviewed in Ref. 62). Cdk5 binds p25
longer than p35, which prolongs Cdk5 activity, leading to
enhanced tau phosphorylation (Fig. 3E). Both p25 and cal-
pain are elevated in AD brains, and A� can induce tau phos-
phorylation through deregulating Cdk5 activation (reviewed
in Ref. 62). At the same time, Reelin signaling through the
Dab1/PI3K/Akt pathway reduces this phosphorylation by
inhibiting glycogen synthase kinase-3� (GSK-3�) (reviewed
in Ref. 31) (Figs. 1B and 3F), which would stabilize micro-
tubules and help maintain synaptic stability. VLDLR and
ApoER2 KO mice show increased tau phosphorylation in the
brain (63), supporting the role of Reelin signaling in the reg-
ulation of tau protein hyperphosphorylation and a potential
role in AD pathogenesis.

Regulation of A� Formation by the Reelin Receptor ApoER2

The production of oligomeric A� depends on how APP is
processed. The amyloidogenic fate of APP is determined by the
initial secretase cleavage step. Non-amyloidogenic cleavage of

APP is mediated by extracellular �-secretases, whereas amy-
loidogenic processing starts primarily in endosomal compart-
ments by �-secretase cleavage (reviewed in Refs. 31 and 50).
Thus, subcellular localization plays an important role in
whether APP cleavage produces oligomer-prone A�.

Multiple intracellular and extracellular adaptor proteins can
influence APP localization and processing. Interestingly, the
majority of these proteins also interact with ApoER2, which
adds an additional layer of regulation to APP localization and
processing. Co-expression of ApoER2 with APP promotes APP
surface expression and the lipid raft association of APP, both of
which reduce A� formation (64). The extracellular ligand,
F-spondin, binds both ApoER2 and APP, enhances their sur-
face expression, and reduces A� formation (65, 66). Intracellu-
larly, APP and ApoER2 bind the adaptor proteins X11�/� (67–
70), Fe65 (69, 71, 72), Snx17 (73, 74), Dab1 (75–79), and Dab2
(73, 80), and these interactions regulate their surface expression
and processing (Fig. 4).

In addition to protecting against A�- and tau-related AD
pathology, Reelin signaling is implicated in protecting against
pathological effects of the most common genetic risk factor for
late-onset AD, the �4 allele of apolipoprotein E (ApoE4)
(reviewed in Refs. 31 and 81). Human carriers of ApoE4 are at
increased risk for AD when compared with those carrying the
more common �3 allele (ApoE3), or the protective �2 allele
(ApoE2). ApoE transports cholesterol to cells via lipoprotein
receptors through the endosome, where they recycle back to

FIGURE 4. ApoER2, ApoE, and APP all converge to regulate A� formation.
A and B, the production of oligomeric A� depends on the proteolytic pro-
cessing of APP, which is sequentially cleaved initially by a �- or �-secretase
followed by �-secretase cleavage. A, Non-amyloidogenic processing of APP.
The �-secretases are present in the extracellular space and cleave APP within
the A� region of the protein, preventing the release of A� upon �-secretase
cleavage. B, amyloidogenic processing of APP. �-Secretases are found mostly
in the endosome and cleave APP to yield the A� peptide (reviewed in Ref. 50).
C and D, APP and ApoER2 share multiple adaptor proteins that affect their
localization and A� formation (C). C, the surface localization of APP and
ApoER2 and non-amyloidogenic processing of APP are altered by the extra-
cellular binding of F-spondin (left panel) (66) and intracellular interactions
with Fe65 (middle panel) (72) and X11�/� (right panel) (67–70). ApoER2 binds
the thrombospondin repeats 1– 4 (pink triangles) of F-spondin, whereas APP
binds the Reelin and Spondin domain of F-spondin (65, 66). The NPXY domain
of APP (blue diamond) binds to the phosphotyrosine binding domains (PTB)
of both Fe65 and X11�/� (69), whereas ApoER2 binds a second PTB domain of
Fe65 (via the NPXY domain, white circle) (72) or the PDZ domains of X11�/� via
the alternatively spliced proline-rich insert (purple oval) (68). D, the addition
of ApoE4 induced an X11�/�-dependent co-endocytosis of APP and ApoER2,
leading to increased amyloidogenic processing of APP (67).
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the membrane or shuttle to the lysosome for degradation. Ini-
tial studies in cell lines found that endocytosed particles of lipi-
dated ApoE4 remained in endosomes longer (reviewed in Ref.
31). The lipidation of ApoE4 is also less efficient than ApoE3. Of
note, enhancing ApoE4 lipidation by stimulating the activity of
the astrocytic ABCA1 could actually rescue known behavior
deficit in ApoE4 knock-in mice (82– 84).

In central and peripheral synapses, ApoE is known to bind
the low-density lipoprotein receptor-related protein 1 and 4
(Lrp1 and Lrp4) as well as ApoER2 and VLDLR. In a study from
our laboratory, we demonstrated that exogenous ApoE4
sequesters neuronal ApoER2 and glutamate receptors in the
recycling endosome (85) and endogenous ApoE4 reduced the
protective effect of Reelin against A�-induced synaptic sup-
pression (86, 87) (Fig. 3G). This ApoE4-mediated ApoER2
sequestration was recapitulated in cells transfected with
ApoER2 and APP (67), resulting in enhanced A� formation.
This increased amyloidogenic processing of APP by ApoE4
required the cytosolic adaptor X11�/�, which binds to the
NPXY motif of APP and the alternatively spliced proline-rich
insert of ApoER2, leading to enhanced co-endocytosis of the
receptors (67). Without X11�/�, ApoER2 actually reduces
amyloidogenic processing of APP. Reelin can interrupt this
interaction between X11�/� and ApoER2 (68), indicating
another protective role of Reelin against A� toxicity.

Studies exploring the pathology of AD in both human
patients and mouse models have unveiled multiple paths that
could repress Reelin signaling. The numbers of Reelin-express-
ing cells are reduced in the entorhinal cortex, where the earliest
signs of AD pathogenesis emerge, in both an AD mouse model
as well as postmortem human AD brains (88). Altered cleavage
of Reelin was also found in AD mice as well as postmortem
brain tissue and the cerebrospinal fluid of human AD subjects
(89). This altered cleavage may enhance the adsorption of Ree-
lin into A� plaques (90), which would further exacerbate the
deficit in Reelin signaling. Furthermore, alternative splicing
deficits observed in both AD mice and human brains leads to
reduced inclusion of the proline-rich cytoplasmic domain of
ApoER2 (91), which would reduce the ability of Reelin to mod-
ulate synaptic strength.

The likelihood that Reelin signaling is in fact repressed in AD
is further solidified by evidence of suppressed activity of path-
ways downstream of Reelin. mTOR activity, which is increased
by Reelin signaling (92), is lower in AD mice (93). Reduced
Reelin expression in HRM mice exacerbates the accumulation
of both A� and phosphorylated tau (94), whose production is
inhibited by Reelin signaling (Ref. 76 and reviewed in Ref. 31).
Similarly, the learning deficits in an AD mouse model are exac-
erbated by loss of Reelin expression after development (49),
further solidifying the protective role of Reelin in AD. Enhanc-
ing Reelin signaling by either exogenous supplementation of
Reelin (95) or reversing the ApoER2 splicing deficit with anti-
sense oligonucleotides (91) can improve the cognitive perfor-
mance of AD mice in a murine model of AD.

Schizophrenia and Autism

Genetic linkage analyses implicate Reelin polymorphisms in
the pathophysiology of two complex neurodevelopmental dis-

eases, schizophrenia and autism spectrum disorders (ASDs)
(reviewed in Ref. 10). Postmortem studies reveal a decrease in
the expression of Reelin in schizophrenia and ASD brains as
well as the cerebrospinal fluid of autistic subjects (reviewed
in Refs. 10, 22, and 96). Spine density of schizophrenic indi-
viduals is reduced, similar to the reduction observed with
Reelin deficiency (reviewed in Refs. 10 and 22). Interestingly,
expression of downstream signaling partners is also altered
in postmortem ASD brains, with reduced Dab1 expression
and increased VLDLR (96). The time and place at which
Reelin signaling is reduced may prove to be the deciding
factor for the extent of cognitive impact that defective Reelin
signaling may have (97). Many parallels have been drawn
between the pathology of synaptic dysfunction and behav-
ior in the HRM and schizophrenia and ASD phenotypes
(reviewed extensively in Ref. 20).

Concluding Remarks

The implication of Reelin in a variety of neurological condi-
tions is intriguing, with the most obvious common thread being
reduced Reelin signaling during development and at the syn-
apse. Considering the multitude of modulatory mechanisms by
which Reelin alters brain function during development and in
the adult CNS, the diversity of pathologies linked to faulty Ree-
lin signaling is not surprising. Because of the vast role of Reelin
throughout the brain at all ages, future investigation of sus-
pected deficits in Reelin signaling linked to a disease should pay
special attention to the spatial and temporal appearance of
these deficits. Clinical application of targeted therapies like the
antisense oligonucleotide-mediated reversal of ApoER2 splic-
ing deficits will require understanding not only how disease-
associated abnormalities in Reelin or associated downstream
effectors contribute to disease but also when and where. A con-
vincing example of the benefit of this approach is a study that
focused on Reelin expression in the entorhinal cortex and hip-
pocampus. This focus revealed that Reelin-expressing neurons
in the entorhinal cortex are especially vulnerable to A� toxicity
and die off before obvious signs of A� accumulation. As the site
of the earliest neuronal loss in AD pathogenesis, loss of Reelin-
expressing cells at this time and place in both an AD mouse
model as well as postmortem human AD brains clarifies how
A� might instigate AD pathogenesis by reducing Reelin levels
and increasing the vulnerability of synapses to the toxic effects
of A� (88). As both schizophrenia and autism are believed to
arise from early neurodevelopmental deficits, special attention
should be given to the effect of genetically associated Reln
mutations during development: a time at which Reelin is criti-
cal for neuronal migration and the formation of axons and den-
drites as well as the maturation of the synapses formed between
them.

Intriguingly, recent studies have thrown a spotlight on novel
functions of Reelin expressed in the periphery (98) that are inde-
pendent of its roles in the CNS, which we have reviewed in
depth here. These recent findings have demonstrated that Ree-
lin controls inflammatory responses in the vascular wall or
colon, respectively (99, 100). To date, there is no known inflam-
matory role of Reelin in the CNS, and these newly uncovered
peripheral inflammatory actions raise the possibility that Reelin
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may also play a role in inflammatory syndromes of the CNS,
such as multiple sclerosis.
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The addition of ubiquitin to a target protein has long been impli-
cated in the process of degradation and is the primary mediator of
protein turnover in the cell. Recently, however, many non-proteo-
lytic functions of ubiquitination have emerged as key regulators of
cellular homeostasis. In this review, we will describe the various
non-traditional functions of ubiquitination, with particular focus
on how they can be used as signaling entities in cancer formation
and progression. Elaboration of this topic can lead to a better
understanding of oncogenic mechanisms, as well as the discovery
of novel druggable proteins within the ubiquitin pathway.

Post-translational modifications can alter the functional
ability of a protein and are essential for their physiological
actions within the eukaryotic cell (1). Ubiquitination, a post-
translational modification involving the addition of a ubiquitin
(Ub)2 moiety to a protein substrate, is the primary mechanism
of protein turnover in the cell and is recognized as the “tradi-
tional” function of Ub tagging. Ub-mediated proteolysis has
been extensively investigated for decades, and indeed, the
Nobel Prize in Chemistry was awarded to Aaron Ciechanover,
Avram Hershko, and Irwin Rose in 2004 for the discovery of this
mechanism (2). Only in recent years has light been shed on the
non-traditional functions of ubiquitination, that is, protea-
some-independent functions of ubiquitin tagging.

The addition of a Ub moiety to a target protein is a multistep,
ATP-dependent process, illustrated in Fig. 1 (3, 4). In most cases,
the first Ub molecule is added to an �-amino group on a substrate
lysine, but can also be added to the �-NH2 group at the N termi-

nus of the substrate, named N-terminal ubiquitination (5).
Ubiquitination of non-lysine sites such as cysteine, serine, and
threonine has also been reported and may be a way in which cells
adapt to the absence or the shielding of a lysine residue (6, 7).
Overall, the end result of Ub tagging is a mono- or polyubiquiti-
nated protein. Polyubiquitin chains can be generated using any of
the seven lysine residues on the Ub molecule, with different chain
topologies resulting in different functional consequences (8).
Polyubiquitin chains linked at lysine residue 48 (Lys-48) shuttle the
tagged protein to the 26S proteasome; this degradative form of
ubiquitination is often termed the “molecular kiss of death” (9, 10).
In contrast, monoubiquitination and Ub chains of different topol-
ogies result in altered target protein functionality (Table 1).

Monoubiquitination, the addition of a single Ub molecule, is
heavily involved in many proteasome-independent functions of
ubiquitination such as endocytosis (11) and histone modifica-
tion (12). Additionally, Lys-63-linked polyubiquitination is one
of the only non-degradative chain formations with a firmly
established series of non-traditional functions, for example
DNA damage repair (13), protein trafficking (14), transcrip-
tional regulation (15), and kinase signaling (16).

Spence et al. (17) were the first to demonstrate that different
Ub chain linkages engage in different functional roles by sub-
stituting each individual lysine residue on Ub for arginine in
Saccharomyces cerevisiae and observing defects in DNA dam-
age repair. Amino acid substitutions at Lys-63 had no notable
effect on protein turnover, indicating a role for Lys-63-linked
ubiquitination in non-degradative pathways. Despite this dis-
covery, the rationale behind this differential functional role was
initially unknown. It has been since established over the last two
decades that the functional diversity of Ub linkages is largely
dependent on the structural conformation of the polyubiquitin
chain (18). Lys-48-linked chains have a closed, compacted
confirmation due to the position of Lys-48 relative to the C
terminus of Ub, allowing linking Ub molecules to form a hy-
drophobic interface that is critical for recognition by the
26S proteasome. Conversely, Lys-63-linked chains have an
extended conformation where the hydrophobic patches on the
surface of the Ub molecule cannot interact with each other,
leading to non-degradative roles (18, 19).

Furthermore, the functional diversity of Ub chains has also
been associated with the combinatorial effect of E2 and E3
enzymes. The human genome encodes for �30 E2 enzymes
within a single evolutionary family, while four distinct E3 fam-
ilies exist, accounting for an estimated 500 –1000 ligases. These
can form thousands of specific E2-E3 combinations, the pairing
of which plays a crucial role in the type of Ub chain formed and
the overall fate of the substrate. For example, the E2 enzyme
UbcH5c creates a Lys-48-linked chain when combined with
E6-AP; however, the same E2 enzyme generates a Lys-6-linked
chain when combined with BRCA1/BARD1 (20). Christensen
et al. (21) then later established a series of interactions between
BRCA1/BARD1 and various E2 enzymes, each combination
resulting in a different form of autoubiquitination on BRCA1.
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Ubiquitination and Cancer

Because ubiquitination affects so many biochemical pro-
cesses within the cell, it is not surprising that modifications in
this system play a vital role in oncogenesis. The role of ubiquiti-

nation in cancer has gained a high degree of interest in recent
years, mainly due to the unanticipated efficacy of proteasome
inhibition in the clinic (22). Bortezomib, the first proteasome
inhibitor to be evaluated in human clinical trials, was approved
by the U. S. Food and Drug Administration (FDA) in 2003 for
the treatment of relapsed multiple myeloma and in 2006 for
mantle cell lymphoma. Acting in a dose-dependent and
reversible manner, bortezomib binds to and represses the
activity of the 26S proteasome, leading to the accumulation
of cell cycle regulatory proteins, and as a result, apoptosis
(23, 24). A second generation of proteasome inhibitors has
followed, including carfilzomib, which was approved in 2012
to treat multiple myeloma patients who have failed on prior
therapies (25), and more recently, ixazomib, the first oral
proteasome inhibitor (26). Although inhibition of the pro-
teolytic functions of the Ub system has been a success, these
therapies are mostly limited to the treatment of hematolog-
ical malignancies. With increased reports of drug resistance
to add to their limitations, there is a growing demand for the
identification of novel druggable components of the Ub sys-
tem. The therapeutic potentials of the non-degradative func-
tions of ubiquitination, specifically the enzymes that cata-
lyze the addition/removal of these Ub chains, have begun to
attract much attention. Here, we will explore the role of
these non-traditional functions of ubiquitination and their
role in oncogenic pathways.

FIGURE 1. Functional consequence of different Ub chain topologies. The addition of a Ub moiety to a target protein is a multistep, ATP-dependent process
catalyzed by three key enzymes: Ub-activating enzyme (E1), Ub-conjugating enzyme (E2), and Ub ligase (E3). Initially, the C-terminal carboxylate group of Ub
is linked to E1 via a high energy thioester bond. E1 adenylates Ub and transfers it to one of its own cysteine residues, which is then shifted to a sulfhydryl group
on one of the many E2 enzymes. Finally, E3 specifically catalyzes the transfer of ubiquitin from E2 to a lysine residue on the substrate protein; really interesting
new gene (RING) E3 enzymes catalyze the direct transfer of Ub to the substrate, whereas homologous to the E6-AP C terminus (HECT) E3 enzymes transiently
bind Ub via a thioester intermediate before the transfer of Ub. The end result is a mono- or polyubiquitinated protein, with different chain topologies engaging
in different functional consequences.

TABLE 1
Functional consequences of different ubiquitination chain topologies

Chain formation Functions

Lys-48 Proteasomal degradation (84)
Lys-11 Proteasomal degradation (85)

Regulation of cell division (73)
Lys-63 DNA damage repair (13)

Protein trafficking (14)
Protein sorting (86)
Regulation of transcription (15)
Kinase signaling (16)
Protein scaffolding (16)
Oxidative stress response (87)

Lys-27 DNA damage response (79)
Mitochondrial clearance (88)

Lys-29 Regulation AMPK-related kinases (74)
Lysosomal degradation (89)

Lys-6 BRCA1-mediated DNA damage repair (75)
Lys-33 Regulation AMPK-related kinases (74)

DNA damage response (78)
Monoubiquitination Endocytosis (11)

Intracellular localization (90)
Protein trafficking (91)
Histone modification (12)
DNA damage repair (42)
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Monoubiquitination

Histone Modification

Monoubiquitination, the attachment of a single Ub mole-
cule to one or several lysines on a protein, has been widely
implicated in oncogenesis largely due to its role in histone
modification. Comprising the main structure of the nucleo-
some, histones are heavily subjected to many post-transla-
tional modifications, including methylation, phosphoryla-
tion, and indeed, ubiquitination. The post-translationally
modified histone is a significant component of the epig-
enome and controls the accessibility of transcription factors
to chromatin, the dysregulation of which can contribute to
gene expression alteration and subsequent malignant initia-
tion (12, 27).

Monoubiquitination of histone H2B at position Lys-120
(H2Bub1) can regulate many key cellular mechanisms, includ-
ing the DNA damage response (DDR) and transcriptional reg-
ulation, by physically disrupting chromatin to allow access for
DNA repair proteins and transcription factors (12). For exam-
ple, Prenzel et al. (28) have demonstrated that proteasomal
inhibition with bortezomib reduces monoubiquitination of
H2B, and in turn, estrogen-driven gene expression. Although
proteasomal inhibition was previously shown to alter estrogen
receptor � (ER�) transcriptional activity, the mechanism by
which it exerts this effect was unknown (29). A decrease in
H2Bub1 resulted in defective transcriptional elongation on
ER� target genes, and to support this, knockdown of the H2B
E3 ligase RNF40 reduced ER� transcriptional activity (28). As
70% of breast cancers depend on ER� for growth and differen-
tiation, elucidation of novel mechanisms that control this tran-
scriptional machinery are vital for breast cancer treatment and
management (30). It must be noted, however, that proteasomal
inhibition in breast cancer may only benefit a subset of patients,
such as those with a more differentiated, ER�/H2Bub1-positive
tumor. The authors also demonstrated for the first time that
H2Bub1 levels decrease during breast tumorigenesis, and
may play a role in estrogen-independent proliferation. Many
advanced tumors display decreased H2Bub1, which may corre-
late with the progressive stages of oncogenesis (12, 31). In this
study, H2Bub1 was found to be reduced in primary and meta-
static breast cancers, whereas ubiquitinated levels remain uni-
form in benign breast tissue (28, 32).

Further supporting this, a number of studies have found
H2Bub1 to be reduced in gastric, parathyroid, and colorectal
tumors (12). Immunohistochemical staining of a 129 colon
cancer patient cohort displayed weaker staining in high
grade colon cancer cases, when compared with low grade
and normal tissue samples (33). Furthermore, cell division
cycle 73 (CDC73), a tumor suppressor protein that is altered
and/or mutated in the aforementioned tumor types, was found
to regulate H2B monoubiquitination through interaction with
the RNF20/40 E3 ligases. H2Bub1 was significantly down-reg-
ulated in CDC73 mutant parathyroid tumors, indicating a role
for CDC73 in H2Bub1 maintenance and possibly a mechanism
by which mutant CDC73 applies its oncogenic role (34). Finally,
in inflammation-associated colon cancer, down-regulation of
RNF20 and H2Bub1 led to enhanced recruitment of NF-�B

dimers and transcription of NF-�B target genes. RNF20-defi-
cient mice were prone to inflammation-associated colorectal
cancer as a result, with an excess of myeloid-derived suppressor
cells that suppress T-cell activity (35). This compelling evi-
dence suggests that monoubiquitination of H2B acts as a tumor
suppressor and a reduction in H2Bub1 correlates with a poor
prognosis, and may represent a valid area of therapeutic inter-
vention. Monoubiquitination of H2B could be restored by inhi-
bition of its associated deubiquitinating enzymes (DUBs),
USP22, USP44, and USP7 (12). Up-regulation of USP22 has
been reported in many aggressive cancers including hepatocel-
lular carcinoma (36) and non-small cell lung carcinoma
(NSCLC) (37), supporting its potential as a druggable target. A
number of studies have recently outlined the identification and
use of USP DUB inhibitors in cancer biology, which have been
extensively reviewed by D’Arcy et al. (38).

Fanconi Anemia (FA) Disorder

Aside from its involvement in histone modification, accumu-
lating evidence has highlighted a key role for monoubiquitina-
tion in FA disorder. FA disorder is a rare autosomal recessive
condition that is associated with bone marrow failure, develop-
mental abnormalities, and a lifelong susceptibility to cancer: in
particular, acute myeloid leukemia and head and neck cancer
(39). FA occurs when a mutation is present in any one of the 20
FA genes, all of which are critical in the repair of DNA inter-
strand cross-links (ICLs) (40, 41). When cells are exposed to a
DNA cross-linking agent, the FA core complex of proteins is
activated and initiates the DNA repair process. A key step in
this activation includes FANCD2 and FANCI monoubiquitina-
tion, which results in dimerization and formation of the ID2
complex. This complex then interacts with RAD51 and
BRCA1/2 at the point of DNA damage to coordinate repair (42).
In FA patients, aberrations in the core complex will lead to the
failure of FANCD2 and FANCI monoubiquitination and
consequent abnormal DNA signaling. To further highlight
the significance of ubiquitination in the FA pathway, a recent
case study has identified an individual with a deficiency in
UBE2T, the E2-conjugating enzyme responsible for monou-
biquitination of FANCD2 and FANCI, with clinical symp-
toms of FA, identifying UBE2T as an additional FA gene (43).
Monoubiquitination of FANCD2 is therefore thought to be
an essential player in DNA repair and response to DNA
cross-linking agents (44). The study of the FA pathway has
been important in the understanding of how DNA damage
repair defects contribute to oncogenesis, although the disor-
der itself is rare. As a result, elucidating the mechanisms that
control ubiquitination within the FA pathway has a wide
ranging applicability.

Several emerging studies have identified additional regula-
tors of monoubiquitination of FANCD2 and expanded our
understanding of the FA pathway. For example, Chun et al. (46)
recently demonstrated a role for AMP-activating protein kinase
(AMPK), a key regulator of cellular growth and metabolism
(45), in FA activation. AMPK was shown to interact with
both FANCA and FANCG, and AMPK knockdown reduced
FANCD2 monoubiquitination and enhanced sensitivity to the
DNA cross-linking agent mitomycin-C (MM-C) in the U2OS
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cell line (46). Furthermore, miR-302, a small non-coding RNA,
was found to disrupt FANCD2 monoubiquitination and may be
a novel regulator of the FA pathway (44). Overexpression of the
miR-302 cluster reduced monoubiquitination of FANCD2 in the
human embryonic carcinoma cell line NCCIT. miR-302-overex-
pressing cells were also more sensitive to MM-C and displayed a
higher degree of chromosomal breakage (44). Finally, the DUB
USP1 reversed the monoubiquitination of FANCD2 by removing
Ub and inactivating the FA pathway. USP1 was found to co-local-
ize with FANCD2 following DNA damage, whereas USP1 knock-
down resulted in the accumulation of FANCD2-Ub (47). The
autocleavage of USP1 was required for down-regulation of the
DUB and sufficient monoubiquitination of FANCD2 and repair of
ICLs (48). These studies highlight the importance of FA pathway
interactors and may represent novel therapeutic targets. Not only
could inhibition of these proteins restore FA pathway activation in
FA patients, but these pathways could be manipulated to sensitize
cancer patients to interstrand cross-linking agents such as MM-C
and cisplatin.

On a final note, a recent study by Raghunandan et al. (49)
indicated that the FA pathway is not as linear as we once
assumed. Interestingly, non-ubiquitinated FANCD2 was found
to accumulate on chromatin, and in concert with BRCA2 and
FANCJ, it promoted aphidicolin-stalled replication fork recov-
ery, independent of the FA core complex. The E3 ligase activity
of the core complex was not required for this event to occur,
indicating that the core complex members are dispensable in
replication fork restart. Enhancement of replication fork
recovery via this ubiquitin-independent mechanism may
explain the milder FA phenotypes associated with mutations
in the FA core complex (as opposed to downstream mem-
bers), representing a backup mechanism when monoubiq-
uitination of FANCD2 is impaired. The importance of
monoubiquitination in the FA pathway, however, should not
be dismissed, although this study provides a new angle from
which we should study FA disorder.

Lys-63-linked Ubiquitination

NF-�B Activation

As outlined previously, Lys-63-linked polyubiquitin chains
are not involved in protein degradation via the proteasome and
carry alternative functional roles. Such functions of this chain
formation are well characterized and are continuously emerg-
ing as key players in cell proliferation, survival, and cancer
development (16). NF-�B, a central complex of transcription
factors, plays a pivotal role in immune activation and oncogen-
esis and is heavily regulated by Lys-63-linked polyubiquitina-
tion (50). In the canonical NF-�B pathway, ligand-receptor
binding (e.g. IL-1) can recruit members of the TNF receptor-
associated factor (TRAF) family of E3 ligases, which mediate
Lys-63-linked ubiquitination and recruitment of TGF-�-acti-
vated kinase 1 (TAK1). TAK1 phosphorylates and activates the
inhibitor of �B kinase (IKK) complex, which in turn phosphor-
ylates I�B, promoting proteasomal degradation and subse-
quent activation of NF-�B (16, 51). Of key interest here is Lys-
63-linked polyubiquitination within the NF-�B pathway, which
is responsible for the scaffolding and interaction of key compo-

nents of the signaling network, allowing them to work together
to initiate NF-�B activation (Fig. 2). Aberrations in this network
can lead to constitutive NF-�B signaling and consequent cancer
formation.

The IKK complex (or NEMO (NF-�B essential modulator))
is responsible for the maintenance of NF-�B signaling, the
IKK� subunit of which is also polyubiquitinated by a Lys-63-
linked chain. Interestingly, mutations in IKK� at Lys-171
(K171E and K171R), which have been identified in multiple
myeloma and mantle cell lymphoma cancers, result in hyperac-
tive kinase signaling and increased Lys-63-linked ubiquitina-
tion at this residue. This in turn leads to IL-6-dependent acti-
vation of STAT3, which can stimulate the expression of a
variety of genes involved in cell growth and is also a positive
regulator of Ubc13, the E2 Ub-conjugating enzyme that medi-
ates the Lys-63-linked ubiquitination of TRAF6 (52). Continu-
ous STAT3 activation may contribute to uncontrolled prolifer-
ation and evasion of apoptosis in cancers with IKK� mutations
and aberrant NF-�B signaling (53). Receptor-interacting pro-
tein 1 (RIP1), which plays a role in NF-�B activation following
TNF binding, was found to be constitutively ubiquitinated with
a Lys-63-linked poly-Ub chain by the inhibitor of apoptosis
(IAP) proteins in a series of cancer cell lines. The poly-Ub chain
linked to RIP1 also acts as a docking site for TAK1, which, as
mentioned previously, activates NF-�B. Deubiquitination of RIP1
induces apoptosis, indicating that Lys-63-linked ubiquitination
elicits a prosurvival function, possibly by constitutive NF-�B acti-
vation (54). Interestingly, Lys-63-linked ubiquitination and activa-
tion of the NF-�B pathway were also found to promote resistance
to epidermal growth factor receptor (EGFR) inhibition in lung
adenocarcinoma. Treatment with afatinib or erlotinib induced
Lys-63-linked ubiquitination of TRAF2 and subsequent complex
formation with RIP1 and the IKK complex, resulting in NF-�B
activation and a mechanism by which cancer cells evade death
following tyrosine kinase inhibition (55).

In the search for novel regulators of NF-�B activation, Golgi
phosphoprotein 3 (GOLPH3) has been identified as a key driver
of Lys-63-linked ubiquitination of TRAF2, RIP, and the IKK
complex in hepatocellular carcinoma, an aggressive malig-
nancy that is heavily dependent on NF-�B signaling. GOLPH3,
an oncoprotein responsible for tubule and vesicle formation,
accelerated levels of Lys-63-linked ubiquitination when over-
expressed, although the mechanism by which this occurs
remains unidentified (56). In addition, recent evidence has sug-
gested a role for human T-cell leukemia virus type 1 (HTLV-1)
Tax protein, a constituent activator of NF-�B activity and key
player in the formation of adult T-cell leukemia, in the Lys-63-
linked ubiquitination of anti-apoptotic protein MCL-1 through
its interaction with TRAF6. This interaction caused TRAF6 to
relocate to the mitochondria and ubiquitinate MCL-1 with a
Lys-63-linked chain. This prevents degradation of MCL-1 and a
poor response to chemotherapeutic agents in adult T-cell
leukemia (57). Likewise, the T-cell IRAK1/4 signaling path-
way was also found to activate TRAF6 and stabilize MCL-1,
highlighting the clinical potential of TRAF6 inhibition and
Lys-63-linked ubiquitination in T acute lymphoblastic leu-
kemia (T-ALL) (58).
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The TRAF family of proteins is of particular interest here due
to their dysregulation in many cancer types. For example,
TRAF6 was found to be up-regulated in colon tumor tissue and
was associated with tumor grade. Sun et al. (59) also demon-
strated that knockdown of TRAF6 slows proliferation in the
RKO colon cancer cell line. Likewise, knockdown of TRAF6 in a
series of lung cancer cell lines inhibited the invasive potential of
the cells and promoted apoptotic cell death. In the same study,
Lys-63-linked ubiquitination of TRAF6 was also observed
alongside constitutive NF-�B signaling in the SPC-A1 human
lung cancer cell line (60). Furthermore, TRAF2 has been iden-
tified as an oncogene that is amplified and rearranged in 15% of
epithelial cancers. Knockdown of TRAF2 in multiple epithelial
cancer cell lines harboring a TRAF2 copy number gain resulted

in decreased cell proliferation and NF-�B activation (61). This
cumulative evidence indicates that the TRAF family of E3
ligases may be the most viable therapeutic target in NF-�B-
driven malignancies.

Deubiquitination within the NF-�B Pathway

Many DUBs have been identified as tumor suppressors due
to their ability to remove Lys-63-linked Ub chains within the
NF-�B pathway. Dysregulation of these tumor suppressor
DUBs has been shown to confer a malignant phenotype. For
example CYLD, which can negatively regulate NF-�B signaling
by specifically deubiquitinating Lys-63-linked Ub chains on
TRAF2 and NEMO, is the primary susceptibility gene in famil-
ial cylindromatosis, an autosomal dominant genetic disorder

FIGURE 2. Ubiquitination is a key player in the activation of the NF-�B pathway. I�B is ubiquitinated with a Lys-48-linked chain, allowing for proteasomal
degradation and transfer of NF-�B in to the nucleus. Lys-63-linked polyubiquitination, catalyzed by TRAF, acts as a docking site for TAB1-TAK1 activation. The
IKK complex is also recruited, allowing for phosphorylation and activation by TAK1.
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that leads to the formation of multiple tumors on the scalp (62).
Knockdown of CYLD was found to be anti-apoptotic, possibly
the mechanism by which loss of CYLD is oncogenic (63). Fur-
thermore, the Ub-modifying enzyme A20 can remove Lys-63-
linked Ub chains from RIP and subsequently ubiquitinate the
protein for degradation using its dual DUB/E3 ligase activity
(64). This has been identified as one of the key mechanisms by
which A20 exerts an inhibitory effect on NF-�B activation, and
is recognized as a key tumor suppressor in many cancers as a
result (65). In contrast, USP2 has been identified as a positive
regulator of NF-�B signaling. When USP2 was knocked down,
nuclear translocation of NF-�B was inhibited, along with
downstream target gene expression. The authors also demon-
strate that USP2 is differentially regulated in breast cancer and
tends to localize in the cytoplasm only in tumor tissue. This
indicates that USP2 may play a role in breast cancer tumorigen-
esis, and as aberrant NF-�B signaling is common in this cancer,
its therapeutic potential should be further explored (66). This
evidence illustrates the importance of Lys-63-linked ubiquiti-
nation in aberrant NF-�B activation and identifies Lys-63-
linked ubiquitinated proteins (and the E3 ligases driving their
formation) as potential drug targets in cancers that are driven
by NF-�B signaling.

Akt Signaling

Recent studies have also indicated a role for Lys-63-linked
ubiquitination in the regulation of Akt signaling. An imperative
member of the phosphoinositide 3-kinase (PI3K) signal trans-
duction pathway, Akt has been recognized as a hub of cell sig-
naling and is involved in cell growth, proliferation, and survival,
and has been identified as a key player in the initiation and
development of many human malignancies (67, 68). The post-
translational regulation of Akt is widely recognized and has
been extensively reviewed by Chan et al. (69); however, only in
recent years has the regulation of Akt signaling by ubiquitina-
tion come to light. Several studies have demonstrated that Akt
is targeted by multiple E3 ligases for Lys-48-linked ubiquitina-
tion and degradation by the proteasome. However, the studies
mentioned below have outlined that Akt is also a substrate for
Lys-63-liked ubiquitination and is a key mechanism by which
mutated or hyperactive Akt provokes an oncogenic phenotype.
For example, mutant Akt E17K, which is found in a subset of
human cancers including breast, ovarian, and colorectal (70),
has a higher basal level of Lys-63-linked Ub when compared
with wild type. Blocking this hyperubiquitination prevents Akt
localization to the membrane, indicating that E17K Akt applies
its oncogenic role via this mechanism (16).

It was initially assumed that phosphorylation by PDK1 and
mTORC2 was the primary mechanism by which Akt is hyper-
activated in oncogenesis, but this did not indicate why cancers
with normal PI3K pathway activity continued to display aber-
rant Akt signaling. It was then later established that Lys-63-
linked ubiquitination of Akt is responsible for recruitment of
the kinase to the cytoplasmic membrane, where it is activated
by phosphorylation. This modification may induce a conforma-
tional change, allowing Akt to interact with a putative chaper-
one protein and aid in its membrane recruitment. TRAF6 was
identified as the E3 ligase mediating Lys-63-linked ubiquitina-

tion of Akt, with overexpression resulting in increased phos-
phorylation at Thr-308 and Akt activity in primary mouse
embryonic fibroblasts (71). Alongside TRAF6, the Skp2 SCF E3
ligase complex was also found to induce Lys-63-linked ubiquiti-
nation of Akt in response to EGF signaling via the human epi-
dermal growth factor receptors (HER). Interestingly, Skp2
overexpression correlated with activation of Akt and breast
cancer progression, identifying Skp2 as a novel prognostic
marker in HER2-positive patients. Chan et al. (72) demon-
strated that Skp2 deficiency sensitizes HER2-positive tumors to
trastuzumab treatment, highlighting the clinical potential of
targeting E3 ligases, and in turn, Lys-63-linked ubiquitination.

Atypical Ubiquitination

Overview

Although the non-degradative functions of monoubiquitina-
tion and Lys-63-linked ubiquitination are well established, the
functions associated with atypical chain formations have been
elusive for a long time. Some of these functions have been char-
acterized in recent years; for example, Lys-11-linked ubiquiti-
nation has been identified as a regulator of cell division (73),
whereas Lys-29- and Lys-33-linked Ub chains have been found
to regulate AMPK-related kinases (74). Nonetheless, informa-
tion on the role of these atypical Ub chains in oncogenesis is
sparse, with the focus primarily falling on the deregulation of
the DDR.

BRCA Signaling

The BRCA1 tumor suppressor protein is a widely recognized
key player in the DDR. Patients with mutations in the BRCA1
gene produce a truncated BRCA1 protein, leading to impaired
DNA damage repair and increased risk of developing early
onset breast and ovarian cancer. BRCA1 contains a RING finger
domain within the N terminus of the protein that catalyzes the
formation of Ub chains when it forms a heterodimer with
BARD1: an interaction essential for the E3 ligase activity of
BRCA1 (75, 76). Although the majority of BRCA1 mutations
affect the C terminus of the protein, a number of missense
mutations affect the RING finger coding region within the N
terminus. Patients with the C61G missense mutation in the
RING finger domain displayed reduced levels of E3 ligase activ-
ity, indicating that the BRCA1/BARD1 heterodimer is impor-
tant to the tumor suppressor function of BRCA1 (20, 77). A
comparative mutational analysis involving the BRCA1/BARD1
heterodimer and the E3 ligase E6-AP revealed that BRCA1/
BARD1 catalyzes the formation of Lys-6-linked Ub chains and
has a preference for this form of chain linkage. It was later
demonstrated by Morris and Solomon (75) that BRCA1/
BARD1 catalyzes the formation of Lys-6-linked Ub chains dur-
ing S phase after treatment with hydroxyurea, an agent that
inhibits ribonucleotide reductase, and in turn, DNA replica-
tion. Relocation of BRCA1 to points of double strand breaks
following ionizing radiation treatment was also observed, as
determined by �H2AX and BrdU incorporation. Ubiquitina-
tion was also observed at these sites, demonstrating a role for
BRCA1 at DNA damage foci. Mutational analysis on a series of
lysine residues, whereby lysine was converted to arginine
(K11R, K33R, K29R, K48R, and K63R), indicated that the
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majority of Ub conjugation was taking place at Lys-6. Transfec-
tion of K6R in the MCF7 cell line resulted in a reduction of
conjugated Ub in both hydroxyurea-treated and non-treated
cells.

To further support these findings, Elia et al. (78) demon-
strated for the first time that endogenous Lys-6-linked ubiquiti-
nation (as well as Lys-33-linked ubiquitination) is increased in
response to DNA damage induced by UV radiation. Remark-
ably, there is also evidence for the involvement of Lys-27-linked
ubiquitination in the DDR. The E3 ligase RNF168 was found to
catalyze the formation of Lys-27-linked Ub chains on histones
H2A and H2A.X following DNA damage. These specific Ub
chain topologies are recognized by several of the DDR proteins,
including 53BP1, Rap80, and BRCA1, and are crucial for the
normal DDR activation (79). This strongly suggests a role for
atypical polyubiquitination in DNA damage repair, although
the exact mechanisms by which these chains can elicit this
function should be further explored. Importantly, elucidation
of the mechanisms by which BRCA partakes in the DDR is
critical to the field and will advance our understanding of the
role of BRCA in both familial and sporadic breast and ovarian
cancer.

Concluding Remarks

Up to now, the role of non-traditional ubiquitination in can-
cer has been relatively understudied, with focus falling primar-
ily on the degradative functions and how these can be targeted
in the clinic. With the recent emergence of many high profile
studies in this topic, the role of non-traditional ubiquitination
within key oncogenic pathways has come to light. The Ub sys-
tem now represents an attractive area for therapeutic interven-
tion, and the development of novel inhibitors to act within this
biomolecular pathway may be a feasible task. The inhibition of
E3 ligases may be one of the most attractive approaches, as
these enzymes target a limited number of substrates and con-
tain an enzymatic catalytic site for which a small molecule
inhibitor can be specifically designed (80). DUB inhibition is
also an emerging area of interest, with many large pharmaceu-
tical companies now investing in this class of drugs (81). Several
DUBs have been described as key players in tumorigenesis, and
as cysteine proteases, they also represent a very “druggable”
class of proteins (38). To support this, there are a number of
drug candidates in preclinical development with several DUB
inhibitors already validated at an in vitro level (82, 83).

Here, we have highlighted the emerging role of non-tradi-
tional ubiquitination in oncogenic pathways, and although
more research is required to determine the effectiveness of tar-
geting such mechanisms, this form of ubiquitination may rep-
resent a novel area of therapeutic interest in the oncology arena.
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The chemical potentialities of metabolites far exceed meta-
bolic requirements. The required potentialities are realized
mostly through enzymatic catalysis. The rest are realized spon-
taneously through organic reactions that (i) occur wherever
appropriate reactants come together, (ii) are so typical that
many have proper names (e.g. Michael addition, Amadori rear-
rangement, and Pictet-Spengler reaction), and (iii) often have
damaging consequences. There are many more causes of non-
enzymatic damage to metabolites than reactive oxygen species
and free radical processes (the “usual suspects”). Endogenous
damage accumulation in non-renewable macromolecules and
spontaneously polymerized material is sufficient to account for
aging and differentiates aging from wear-and-tear of inanimate
objects by deriving it from metabolism, the essential attribute of
life.

The idea that aging results from the gradual accumulation of
molecular damage is deeply rooted in the aging research field
(1–3), although it can appear in verbal disguises so different as
to seem conceptually independent. However, damage is im-
plicit to DNA in the somatic mutation theory of aging (4), to
the extracellular matrix proteins in the crosslinking theory (5),
and to phospholipids in the membrane theory (6). The free-
radical theory implies that reactive oxygen species (ROS)4 are
responsible for damage (7), and the carbonyl-stress theory
blames free carbonyls for it (8, 9). With regard to the last two
theories, the former, which is based on the ideas of D. Harman
(10), celebrated its 60th anniversary last year and remains the
most influential in the “damage field,” and the latter (9) is its

extension insofar as it attributes the origin of many of the most
noxious molecular species to the free-radical oxidation of
metabolites initially devoid of highly reactive carbonyl moieties
(11). Being traceable back to serendipitous findings, these con-
cepts as of today remain empirical.

The dark side of metabolism

A theoretical approach to molecular damage may be derived
from comparing a metabolic map (e.g. IUBMB-Nicholson Met-
abolic Maps, Minimaps, & Animaps website) or a database of
metabolic pathways (e.g. Refs. 12 and 13) with a comprehensive
manual of organic chemistry (e.g. Ref. 14). It may be inferred
that in many cases of inevitable but reversible imine (Schiff
base) formation between amines and carbonyl compounds, the
structures of the interacting molecules provide for the migra-
tion of the double bond of the imine moiety away from it. This
will convert the unstable C�N (imine) bond into the stable
C–N bond and thus create a sink for the initial reactants. The
migration mechanism may involve the so-called Amadori rear-
rangement when an aldose reacts with the amino group of, for
example, ethanolamine, an amino acid, or a nucleic base (Fig.
1A). Another double-bond migration mechanism is a sigmat-
ropic rearrangement, such as when ethanolamine reacts with
retinal (Fig. 1B). Notably, the products may be able to bind
other molecules, e.g. by imine formation (Fig. 1A) or by the
Michael addition mechanism (Fig. 1B), providing for still fur-
ther spontaneous transformations, such as involving another
chemical classic, the Mannich reaction (Fig. 1B). Another case
of transformation of the unstable C�N bond into the stable
C–N bond is when an arylethylamine interacts with an alde-
hyde or ketone via the Pictet-Spengler reaction (Fig. 1C), which
is widely used in organic synthesis to obtain polycyclic com-
pounds (15).

Looking at a metabolic map, one can notice many such inher-
ently reactive metabolite pairs. However, few if any of the pair
members are connected in the map by arrows marked with
enzyme classification (EC) numbers. In some cases, the mem-
bers are confined to different tissues or compartments; how-
ever, they often also occur in the same place and are thus
doomed to react. That is how cytotoxic Pictet-Spengler prod-
ucts can be formed from biogenic amines and aldehydes (16,
17). The same is true for 5-S-cysteinyl dopamine, which is
formed in the brain from dopamine-derived quinones via
nucleophilic thiol addition (18) (Fig. 2A), and for many other
compounds such as those in Figs. 1 and 2 and in the chemical
damage database CD-MINE (19).

Because of metabolic requirements, many inherently reac-
tive moieties become even more reactive when they are
attached to specific molecules known as coenzymes. Examples
are the acyl-CoA species (Fig. 2B), which spontaneously acylate
primary amines (20, 21). Similarly, acyl phosphates react non-
enzymatically with amines (22).

Figs. 1 and 2 show that, in a metabolic system, not only spon-
taneous decay and degradation reactions, such as hydrolysis,
oxidation, and racemization, but also spontaneous multistage
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synthetic processes take place (23–32). Can the products
formed in this way be regarded as metabolites sensu stricto?
They are not generated by enzymes, are not used purposefully,
and are often hazardous. One way to view them is as damaged
metabolites (33, 34). For example, 5-S-cysteinyldopamine is a
damaged form of cysteine or dopamine. A related way to con-
ceptualize this phenomenon is to view it as a sort of “underside”
of metabolism or “parametabolism” (35, 36). In this view, 5-S-
cysteinyldopamine and tetrahydroisoquinolines are the para-
metabolic products of catecholamine metabolism. A con-
ceptually similar but more general approach is to regard such
unwanted products as a manifestation of the imperfectness of
metabolism and its components, which together produce dele-
terious effects at all levels of biological organization. The total-
ity of such effects has been described as the “deleteriome,”
which expands with age and represents the biological age of an
organism (1).

A complementary point of view comes from the notion that
life must have developed from the physicochemical world. It is

true that molecules whose properties are useful for biological
functions were selected for the metabolism of living organisms.
However, the properties of such molecules are not limited to
those required for life. For example, only the cyclic forms of
sugars, such as glucose, are used by biological systems and thus
have steric compatibility with the active centers of sugar-me-
tabolizing enzymes. However, free sugars in solution consist of
an equilibrium mixture of cyclic and linear forms. The linear
carbonyl form can react with free amine groups to form Schiff
bases, and then, via double-bond migration (Fig. 1), the dam-
aged metabolites resulting from such interactions can leak into
the parametabolic mess beneath the metabolic order and add to
the deleteriome.

One way to increasing the deleteriome is by the spontane-
ous polymerization of damaged metabolites, such as cate-
cholamine-derived quinones (Fig. 2A). In reality, such polymer-
ization occurs in a milieu abundant in proteins, which are
included in the resulting agglomerates, wherein they become
covalently modified and misfolded and thus made prone to

Figure 1. Examples of non-enzymatic synthesis of complex compounds from simpler metabolites via Schiff base formation followed by double-to-
single carbon-nitrogen bond conversion. The starting reactive moieties are highlighted with thick bonds and bold characters. Any other metabolically
relevant structure or atom may replace a non-highlighted part, including phosphatidyl (indicated by Ptd in A and B). A, ribose exemplifies any monosaccharide.
The amino group may be on a phospholipid (23), an amino acid (24), or a nucleic base (25), either free or included in a biopolymer, which may become
cross-linked by such modification. B, see “Physiological implications of endogenous chemical damage” for comments. See Refs. 26 and 27. C, tryptamine
exemplifies any indoleamine, and pyruvate represents any carbonyl-containing compound, including saccharides. With catecholamines instead of indole-
amines, the Pictet-Spengler reaction yields tetrahydroisoquinolines, whose neurotoxicity is implicated in brain aging (16, 17). Figures were drawn using
MarvinSketch 16.5.2.0 (ChemAxon).
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aggregation. Altogether, this leads to the accumulation of poly-
mers of (damaged) metabolites associated with protein aggre-
gates in the form of lipofuscin (37), neuromelanin (38), and
other forms often referred to as waste.

Countermeasures

Several reasons may be envisioned for the need to control
parametabolic short circuits, leaks, and waste heaps. The first is
to reduce the loss of resources caused by fluxes into unwanted
products. In this case, investment in measures to counter the
losses is constrained by the need to avoid consuming more
resources than are saved.

A second reason follows from the ability of some damaged
metabolites to interfere with legitimate metabolic processes
by replacing normal metabolites in their interactions with
enzymes, transporters, or receptors whose specificity is imper-
fect. Such cases may warrant extra investment in countermea-
sures because the products are actively harmful as opposed to
merely useless.

A third reason is because some damage-prone metabolites
are present in cells not only as free entities but also as mono-
mers of macromolecules whose turnover rate is low, making the
elimination rates of damaged metabolites incorporated in mac-
romolecular structures lower than those of their free counter-

Figure 2. Examples of non-enzymatic synthesis of complex compounds from simpler metabolites without Schiff base involvement. See Fig. 1 for
general comments. A, dopamine exemplifies any catecholamine. Quinone formation is possible without oxygen involvement, being driven by ferric iron
reduction (28). Cysteine may be a free amino acid or a part of glutathione or protein. 5-S-Cysteinyl dopamine is mostly protein-bound, whereas the free cysteine
gives rise to cytotoxic dihydrobenzothiazine derivatives (18, 29). B, carbamylation of any amino-group bearer is possible. Only the homocitrulline level in
human skin has been shown so far to increase with age (30). C, high reactivity of thioesters is long acknowledged in chemistry. Their ability to acylate cellular
proteins non-enzymatically is reported in several recent publications (20, 31, 32).
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parts. In such cases, parametabolic products may eventually reach
higher steady-state levels than are achievable when all reactant
species are free. The amounts of macromolecules modified in this
way may increase enough to produce significant effects.

An extreme of the above possibility is observed when the
turnover rate of a macromolecule is so low that its half-life is
comparable with that of a cell containing the macromolecule or
the organism itself (39, 40). In such a case, the level of modified
macromolecular species will gradually increase during the
whole lifespan of their host and unavoidably compromise vital
functions. If this is not aging, then what is?

The most straightforward way to cope with such damage is to
dilute it by increasing the normal biomass and/or to ensure the
turnover of the sum of the normal and abnormal biomass dur-
ing cell turnover (41). This mechanism operates by default in
populations of unicellular organisms and in metazoans whose
cell populations are all renewable, e.g. the coelenterate Hydra
vulgaris, which exhibits no manifestations of aging (42). How-
ever, this does not eliminate the need to cope with the loss of
resources via parametabolic products whose turnover rate is
high or with the adverse effects of the steady-state levels of
damaged metabolites. For this, mechanisms that have been
termed “metabolite damage pre-emption” and “metabolite
repair” (33, 43) have evolved. The latter are often coupled to
ATP hydrolysis and/or consumption of reducing equivalents
and thus are resource-intensive.

Strategies employed by cells to cope with parametabolic
damage, including those of the metazoans that benefit from
their non-renewable cell populations, are shown in Table 1
(41–55).

Other important aspects of counteracting the forces that
produce chemical damage to living bodies are discussed in the
next section in relation to the disposable soma theory of aging.

Evolutionary implications of endogenous chemical
damage

One conclusion from the above is that many metabolites
prone to adverse interactions, including such pivotal molecules
as carbohydrates, urea, and acyl-CoAs, were seamlessly incor-
porated into metabolism at early stages of evolution under con-
ditions that made the accumulation of their parametabolic
products negligible because of turnover and dilution. Many
known non-enzymatic interactions were at work prior to the
advent of aerobic forms of life. For example, methylglyoxal,
which participates in certain metabolic pathways in bacteria,
performs no function in other prokaryotes. Nevertheless, it is
generated in them and in eukaryotes as a by-product of glycol-
ysis. In either case, it can interact spontaneously with nucleo-
philes, including those incorporated in proteins and nucleic
acids, all this without the involvement of molecular oxygen
and/or ROS (56).

Although the range of parametabolic reactions enormously
expanded with the advent of metabolic use of molecular oxygen
and its derivatives, the unwanted consequences of metabolism
were never, and are not today, limited to ROS-related reactions
(11, 57). The examples in Figs. 1 and 2 and in Table 1 are delib-
erately chosen as cases where the initiation of damage by ROS
or nitric oxide and its propagation by free radicals are not

essential. These examples still suggest that the deleteriome
of a system where these processes take place will continuously
increase, although its density may be maintained and even
decreased by dilution due to growth and proliferation. ROS can
contribute to the final picture quite appreciably; however, they
are neither necessary nor sufficient to make a system age.

The significance of non-enzymatic processes changed dra-
matically when it emerged in the course of evolution that the
presence of non-renewable cells (e.g. in the brain) and extracel-
lular matrix components (e.g. in the endoskeleton) could have
adaptive value for populations to the extent that their benefits
outweighed the adverse effects of damage accumulation in indi-
vidual bodies. Thus, the advent of non-renewable structures as
means of protection from exogenous hazards was associated
with the actuation of the hidden endogenous damage potential,
which previously could be neutralized by dilution and turnover
(36) and pre-emption (34).

An influential evolutionary concept directly relevant to
endogenous chemical damage is the antagonistic pleiotropy
theory of aging (58). Antagonistic pleiotropy refers to the ability
of a mutation to produce positive effects on some vital function
at the expense of negative effects on another function. Specifi-
cally with regard to aging, it was suggested that if a mutation
that offers some advantage early in life confers a disadvantage at
ages so advanced that they are virtually unachievable in the
wild, the mutation must be supported by natural selection
because, at the population level, its later-acting disadvanta-
geous effects are outweighed by the earlier advantageous ones.
As a result, the vitality of aged organisms must be compromised
by the late disadvantageous effects of the genes whose early
advantageous effects increase the chance for organisms to
survive to the ages of manifestation of their disadvantageous
effects.

Some of the concerns about the antagonistic pleiotropy the-
ory include the actual identity of genes that produce early ben-
eficial and late detrimental effects and of mechanisms that
switch the effects from beneficial to detrimental (59). However,
the above view on the causes of damage to metabolites and
macromolecules changes the entire dispute. Any gene whose
protein product, such as an enzyme, is involved in the produc-
tion of a vital metabolite capable of unwanted interactions fits
the concept of antagonistic pleiotropy insofar as it produces the
direct beneficial effects on vitality through the metabolic func-
tions and the adverse pleiotropic effects through the excessive
chemical potentialities of its metabolic product. The adverse
effects gradually increase with the accumulation of the results
of unwanted interactions, such as the agglomerates of their
products and/or damaged slowly turning-over proteins and
nucleic acids. That is, the adverse pleiotropic effects are not
late-acting, as they are commonly thought to be, but are cumu-
lative (36). Another corollary is that there are no, and there
never were, genes that are completely free of adverse pleiotro-
pic effects. Antagonistic pleiotropy responsible for aging results
from gene activity in the context of the whole system of inter-
acting genes and their products rather than from any of its
specific components taken separately at different points in the
lifespan. Therefore, the diversity of damage forms will always
exceed the number of protecting mechanisms, and, for non-
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renewable systems, the consequent cumulative damage will
necessarily increase, manifesting as aging.

A common misconception worth mentioning is that damage
results from “stresses,” such as oxidative stress (60) and car-
bonyl stress (2, 9). Stress is thought of as a condition wherein
the effects of damaging factors surpass the ability of the system
to protect itself from damage. However, damage occurs regard-
less of stresses, which merely modify the rate and composition
of damage accumulation. For instance, in mammals under con-
ditions assumed as basal, the gaseous products of lipid per-
oxidation are still exhaled (61) and damaged nucleosides are
excreted (62).

It is possible, in principle, to slow down damage accumula-
tion by supplementing pre-emption, repair, and elimination of
damage to metabolites with repair of damage suffered by non-
renewable proteins (48, 63) and DNA (64). However, increased
investment into self-maintenance increases its total cost at the
expense of other functions essential for survival of a population.
This is what the “disposable soma theory of aging” is about:
protection from damage that causes aging is limited by the need
to allocate a part of the available resources to reproduction (65).

An important but largely overlooked question related to this
theory is the quantitation of the energetic cost of damage to
metabolites and macromolecules and its repair or pre-emption
(including the costs of producing the enzymes that do nothing
except protect from damage), particularly relative to the costs
of other “maintenance” processes such as macromolecule turn-
over and sustaining chemical and ion gradients (66). A part of
the problem is that the overall costs of maintenance are poorly
understood and handled as a “black box” in current metabolic
models rather than being partitioned among biochemical pro-
cesses (67, 68). Another challenge is that good kinetic data for
spontaneous reactions under in vivo conditions are very often
lacking, making it hard to estimate the rates of formation of
damaged metabolites. Special measurements under conditions
that mimic those in vivo, as in Ref. 69, are required for that.
Nevertheless, there is reason to think that parametabolism con-
tributes significantly to maintenance costs, as, for instance, in
the case of S-adenosylmethionine, which suffers relatively high
rates of spontaneous racemization as well as cleavage and hy-
drolysis (70) and is energetically expensive to repair or replace
(34).

However, it is still unclear whether the above total costs
amount to, say, 50, 10, or 1% of the total energy flux. The lowest
of these estimates would make the cost of coping with endoge-
nous damage almost irrelevant, thus making the disposable
soma theory less relevant, too.

Both the antagonistic pleiotropy and the disposable soma
theories in their classic forms are based on considerations
derived from evolutionary theory, population genetics, and
physiological and ecological tradeoffs. These theories either
treat the chemical constituents of living organisms as if they
impose no constraints on “molding of senescence by natural
selection” (71), or admit such constraints but treat them as
resulting from unfortunate “frozen accidents” that were missed
by selection. Why selection missed them is then explained in
terms of tradeoffs or other balances, which is circular reason-
ing. This approach is comforting in that accidental flaws (and

by inference aging) are more likely to be amenable to elimina-
tion than are essential features. However, “ignorance of the law
excuses not.” By the laws of chemistry, carbonyls react with
primary amines. This is not suggested by evolutionary theory
and cannot be eliminated by natural selection. Water’s capabil-
ity of adding to carbon-carbon double bonds will be realized
upon whatever opportunity, such as interacting with NAD(P)H
to form NAD(P)H hydrate. Shifting the equilibrium between
dysfunctional NAD(P)H hydrate and functional NAD(P)H
toward the latter is possible at the expense of ATP hydrolysis by
the repair enzyme NAD(P)H-hydrate dehydratase (72).

Another important aspect of chemical damage to biochemi-
cal systems is that any biochemical means devised by evolution
to cope with such damage expands the range of possible inter-
actions, including adverse ones. Thus, superoxide dismutase
(SOD), which disposes of harmful superoxide, yields hydrogen
peroxide, which is prone to forming hydroxyl radical via the
Fenton or iron-catalyzed Haber-Weiss reaction. Therefore,
SOD must be coupled with catalase or peroxidase. Increasing
Cu,Zn-SOD expression may result in increased oxidative dam-
age, and in some experimental settings, mimics phenotypes
observed in Down’s syndrome patients (73). Cu,Zn-SOD itself
is inherently prone to aggregation (74), so that the mutant
forms that are responsible for the hereditary amyotrophic lat-
eral sclerosis merely exaggerate an existing tendency. From this
perspective, it is no wonder that the incidence of the sporadic
adult-onset forms of this disease is above zero.

Physiological implications of endogenous chemical
damage

A good case for applying the ideas discussed above to a spe-
cific situation is provided by bisretinyls, the major constituents
of lipofuscin that accumulate in the pigmented epithelium of
the eye. Bisretinyls, such as retinal dimer (Fig. 1B), are byprod-
ucts of visual cycle biochemistry (75). 11-cis-retinal bound to
the �-amino group of lysine 296 of opsin in the outer segments
of photoreceptor cells is converted to all-trans-retinal upon
accepting a quantum of light. Although the imine moiety of
retinal bound to opsin is formed in a non-enzymatic reversible
manner, retinal is kept in its place by non-covalent interactions
of its 11-cis configuration with properly arranged side chains of
the other amino acids of rhodopsin. The all-trans-retinal does
not fit opsin structure and is expelled from it. On the one hand,
this is associated with opsin conformation changes triggering
signal transduction via G-proteins. On the other hand, libera-
tion from opsin enables retinal to form Schiff bases with amino
groups, including those of phosphatidylethanolamine in pho-
toreceptor cell membranes. To avoid this, all-trans-retinol de-
hydrogenase consumes NADPH to reduce all-trans-retinal to
the less noxious all-trans-retinol. Retinol is transferred to pig-
mented epithelium cells, where it is converted to 11-cis-retinal.
The latter enters receptor cells and forms the Schiff base with
lysine 296 of opsin there.

Without delving into important details and conflicting views,
it is sufficient in the present context to point out that the func-
tional demands of light perception ensure that the aldehyde
retinal is constantly present in a free form in an environment
rich in ethanolamine moieties. The result is that the reversible
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Schiff base formation from an ethanolamine moiety and retinal
can be followed by the irreversible addition of another retinal to
the product, and after a series of further rearrangements, by the
formation of retinyl dimer (Fig. 1B) and a host of related com-
pounds accumulating in photoreceptor membranes, which are
constantly shed off to be phagocytized by pigmented epithe-
lium cells. The poorly degradable retinal dimer and related
products form lipofuscin deposits in pigmented cells and thus
increase the risk of macular degeneration, the most common
form of age-related vision loss.

Several lessons follow from the above case. First, damage
accumulation results from normal functions, and the pathways
of damage formation may become clear only after the molecu-
lar details of normal functions become known. Second, damage
manifests itself in a functionally significant manner at ages
rarely achievable in the wild under the conditions in which the
species in question evolved. Therefore, there was no selection
pressure toward the prevention of accumulation of this sort of
damage. However, there was pressure toward preventing any
immediate damage, even at the expense of later adverse conse-
quences. In fact, lipofuscin accumulation in pigmented epithe-
lium is a consequence of clearing of photoreceptor cell mem-
branes from damage caused by retinal liberated in the course of
light perception. Third, via a series of transitions through rap-
idly turning-over cell constituents, damage finally accrues as a
slowly turning-over material in the non-renewable component
of a functional system where the deposits of damaged metabo-
lites accumulate. Fourth, the pathways from metabolite damage
to the accumulation of agglomerates of damaged metabolites
and, further on, to age-associated functional decline may be
deciphered at a resolution approaching specific chemical inter-
actions between metabolites, which leaves no place for specu-
lations regarding the causes of aging.

Lipofuscin abundance in steroid hormone-producing or-
gans, such as testes, ovaries, and renal cortex, highlights other
important aspects of molecular damage and its evolutionary
origin (or neglect?). The latest evolutionary extensions of ste-
roidogenic pathways yield products destined for secretion as
hormones even though their chemical properties make them
pseudo-substrates for some upstream steroidogenic enzymes.
By binding to the active centers of these enzymes, the end prod-
ucts of steroidogenesis, such as testosterone (76) or cortisol
(77), initiate one-electron oxygen reduction but do not react
with the resulting ROS, which are released and damage every-
thing in their vicinity, starting with the enzymes themselves.

The maximal steroidogenic capacities of testes, ovaries, and
adrenal cortex markedly decrease during aging; however, their
actual productivities decrease much less (78). A likely explana-
tion of this discrepancy may be the observation that the nega-
tive feedback regulation of steroidogenic tissues is mediated by
central catecholaminergic neurons, whose functions become
compromised with aging (79). Catecholamines and their
metabolites and parametabolites are prone to Pictet-Spengler-
type interactions yielding products implicated in age-associ-
ated parkinsonism (17), and are subject to oxidation yielding
neurotoxins (80), including quinones (81). These quinones in
turn polymerize (Fig. 2A), leading to neuromelanin accumula-
tion in catecholaminergic neurons present in brain structures

whose deterioration is implicated in emotional and cognitive
disorders (82, 83). The production of certain steroids may
actually increase with aging in some animal species (78, 84),
probably due to the release from inhibition mediated by cat-
echolaminergic mechanisms, which may overcompensate for
the decreased maximal steroidogenic capacity.

Altogether, such relationships may generate species-specific
patterns of age-associated physiological changes, giving the
appearance of a programmed process. However, such patterns
are a sort of quasi-program formed as a by-product of genuine
programmed (genetically determined) functions whose opera-
tion generates noxious parametabolic products (35). As a result,
the functions of even the renewable components of a system
will be compromised during aging by their milieu, which
becomes progressively non-optimal because of quasi-pro-
grammed changes in the non-renewable components.

Concluding comments

Recent advances in the metabolomics of aging (85–90)
defined patterns of age- and disease-specific changes in the
levels of metabolites, i.e. low-molecular-weight, enzymatically
generated compounds used in biological systems. Such com-
pounds have specific places in metabolic maps, databases, and
models of metabolism (12, 13, 91). These resources, however,
omit the many cellular compounds that, like those in Figs. 1
and 2, are formed via chemical side reactions. The recently
launched chemical damage database project CD-MINE (19)
sets out to fill this gap.

Notably, spontaneous chemical reactions between metabo-
lites are often labeled with proper names, such as Schiff, Pictet-
Spengler, Amadori, Mannich, or Michael, just because they are
typical and will take place wherever the respective reactants
come together. Thus, from the chemical point of view, a meta-
bolic system cannot but be plagued with numerous short cir-
cuits, leaks, and other adverse concomitants of metabolism.

Unwanted reactions of this sort give rise to diverse damage
products that increase in number and abundance with age and
are adjusted (with regard to both composition and rate of
increase with age) by interventions that affect lifespan (88).
These reactions in their entirety are sufficient to cause what is
generally termed aging.

Logically, any pursuit of what aging is must end with an
explanation (the explanans) that resides outside of what has to
be explained (the explanandum). In this Minireview, we root
out the cause of aging in the unwanted, “surplus-to-metabolic-
requirements” chemical properties of the constituents of
biological systems. This approach – unlike current evolution-
ary theories of aging – takes the explanans out of its explanan-
dum. An interface between the two is metabolism – the quint-
essential attribute of life making biological aging different
from the wear and tear observed in inanimate things. Abro-
gation of many of the alleged individual causes of aging (e.g.
damage to DNA (92) or damage by free radicals) will only
modify, but will not stop aging. As to the endogenous chem-
ical damage, to abrogate it is the same as to abrogate metab-
olism, i.e. life itself.
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Here, we review three sets of key proteins and their corre-
sponding downstream pathways that have been linked to
extending lifespan and promoting health span in a wide range of
organisms. In particular, we review the biology of the sirtuin
family of proteins, the insulin/insulin-like growth factor (IGF)
signaling (IIS) pathway, and the mechanistic target of rapamycin
(mTOR). Using insights derived from simple model organisms,
mice, and humans we discuss how these proteins and pathways
may potentially alter the rate of aging. We further describe how
knowledge of these pathways may lead to the rational design of
small molecules that modulate aging and hence alter the pro-
pensity for a host of age-related diseases.

Understanding what the key molecular regulators of human
lifespan are represents one of the most important and unre-
solved questions in biology. Age represents the major risk fac-
tor for a host of diseases including cancer, atherosclerosis, and
neurodegeneration. As such, if understanding aging led to bio-
logical insights that allowed aging to become a modifiable dis-
ease risk factor, it raises the specter of simultaneously combat-
ing a host of debilitating conditions that now are largely
untreatable. Although bioethicists might object to the unin-
tended societal implications, agents that slow the aging process
are increasingly viewed as feasible (1). Although such agents
might extend lifespan, most view the delay of age-related mor-
bidities as the ultimate goal. In that sense, there remains the
hopeful notion that extending lifespan through targeted life-
style changes or potentially therapeutic small molecules might
result in an actual “compression of morbidity”(2). This concept
posits that extending lifespan can actually function to reduce
the overall time an individual suffers from chronic and debili-
tating morbidities. Analysis of non-randomized, longitudinal
human studies seems to potentially support this hypothesis (3).

Here, we review the key set of proteins in three evolutionary
conserved pathways that have been linked to regulation of lifes-
pan. These proteins are the sirtuin family of NAD-dependent
enzymes, the various components of the insulin/IGF2 pathway,

and the mechanistic target of rapamycin (mTOR) kinase and its
downstream effectors. We attempt to understand how these
pathways might regulate lifespan and how they are intercon-
nected with each other. Moreover, we describe the initial efforts
to develop pharmacological approaches that mimic the well-
described life-extending genetic perturbations in these path-
ways, and that therefore hold promise as potential anti-aging
molecules.

Sirtuins as regulators of lifespan

The sirtuins are a family of NAD-dependent enzymes that
catalyze post-translational modification of both histone and
non-histone proteins (4). Although the first enzymatic activity
of this family of proteins was the NAD-dependent deacetyla-
tion of target proteins, it is now clear that sirtuin family mem-
bers can catalyze a growing list of more general deacylation
reactions including demalonylation, desuccinylation, and
deproprionylation (5). The initial studies of sirtuin biology cen-
tered on Sir2, a Saccharomyces cerevisiae family member that
was initially implicated in transcriptional silencing. The link of
these enzymes to aging became evident when it was noted that
simple overexpression of Sir2 was sufficient to extend replica-
tive lifespan in S. cerevisiae (6). Moreover, the life-extending
benefit of caloric restriction in yeast was demonstrated to
require Sir2 (7). Several potential mechanisms were implicated
in the life extension observed by augmenting Sir2 activity
including suppressing the formation of extrachromosomal
rDNA circles (6), a known cause of yeast aging, as well as pro-
moting asymmetric distribution of damaged proteins between
mother and daughter cells (8). In higher organisms, other
potential mechanisms for the life-extending effects of sirtuins
include changes in mitochondrial function and biogenesis, sup-
pression of inflammation, and regulation of genomic stability
(9).

Overexpression of Sir2 orthologs in both Caenorhabditis
elegans and Drosophila melanogaster can also extend lifespan,
although the precise magnitude of this effect is the subject of
debate (10). Extension of these observations to mammalian
species has been attempted with mixed results. Part of the dif-
ficulty is that mammals have seven sirtuins (SIRT1–7) that exist
in various compartments including the predominantly nuclear
forms (SIRT1, SIRT6, and SIRT7), as well as the mitochondrial
family members (SIRT3, SIRT4, and SIRT5) (11). The closest
parallels to the effects of Sir2 overexpression in yeast are per-
haps best recapitulated with SIRT6-overexpressing transgenic
mice, where male, but not female mice, have an approximate
15% extension in median lifespan (12). Another example is seen
in mice overexpressing SIRT1 specifically in the hypothalamus,
which also results in a modest increase in median lifespan (e.g.
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16% in females and 9% in males) (13). In contrast, other mouse
sirtuin overexpression models do not demonstrate longer lifes-
pans, although there are indications that these interventions
can augment health span (11). For example, in mice, the bene-
ficial effect of SIRT1 overexpression includes protection from
heart failure and cardiovascular disease, reduction in certain
forms of cancer, decreased propensity for developing metabolic
syndrome, and protection from various neurodegenerative dis-
eases (14). Similarly, SIRT6 overexpression also appears to
improve health span (15). Complementing these gain-of-func-
tion models involving overexpression, detailed characteriza-
tion of sirtuin knock-out models has also implicated this family
of proteins in age-related pathologies. For instance, the absence
of SIRT3 appears to predispose mice to early onset of a wide
variety of pathologies associated with aging (16). Similarly, the
connection between caloric restriction and sirtuin function
first established in yeast was reinforced by the observation that
in mice, the ability of caloric restriction to prevent age-related
hearing loss required SIRT3 expression (17).

Genetic manipulation of sirtuin activity has been instrumen-
tal in identifying this family of proteins in various age-related
processes, and as such, the development of sirtuin-activating
compounds (STACs) represents a practical and logical exten-
sion of these observations (Fig. 1). The first sirtuin-activating
small molecule identified was resveratrol, a polyphenol found
in the skin of red grapes (18). In some experimental paradigms,
resveratrol has been demonstrated to extend the lifespan of
yeast, worms, and flies; however, these effects are not univer-
sally observed (19). In mammals, although resveratrol does not
by itself increase lifespan, it does protect against certain age-
related pathologies, particularly the metabolic deficits associ-
ated with normal aging or diet-induced obesity. For instance,
cardiovascular protective effects appear to be associated with
resveratrol administration in high-fat-fed non-human primates
(20). Similarly, in obese human subjects, resveratrol appears to
confer at least some measurable short-term benefits (21). Part
of the difficulty in the interpretation of even these positive stud-
ies is the wide range of putative non-sirtuin targets that resvera-
trol may have. As such, although interesting, data generated
with newer, presumably more selective sirtuin activators
are potentially more revealing. In that regard, two STACs

(SRT1720 and SRT2104) both appear to prolong lifespan and
improve health span of mice fed a standard diet, although the
effects on mean lifespan were modest (i.e. �10%) (22, 23).
Administration of these agents also appears to protect against
certain age-related conditions (24). Besides direct activation of
sirtuins, considerable attention has been focused recently on
manipulating levels of intracellular NAD� as a means of mod-
ulating sirtuin activity. These approaches were spurred on by
the observation that augmenting flux through the NAD� sal-
vage pathways in yeast could extend lifespan (25), and that
administering the NAD� precursor nicotinamide riboside to
mice could replete NAD� stores and thereby improve mito-
chondrial and stem cell function, as well as providing a modest
5% extension in lifespan (26). Similarly, NAD� supplementa-
tion appears to extend the lifespan in certain mouse premature
aging models (27). Interestingly, early clinical trials have
already begun using nicotinamide riboside supplementation in
humans (28).

The insulin/insulin-like growth factor signaling (IIS)
pathway

The IIS pathway is a hormonally regulated cell-signaling
pathway that includes insulin and insulin-like peptides, their
cognate cell surface transmembrane receptors, substrates of
these receptors, and downstream effectors. There is consider-
able genetic and biochemical evidence linking this pathway to
aging across a wide spectrum of species. The first line of evi-
dence came from the identification in C. elegans of loss-of-
function mutations in age-1 and daf-2, gene products that func-
tion in the worm as the sole phosphatidylinositol-3-OH kinase
(PI3K) and insulin-like receptor, respectively, and whose
manipulation can result in a doubling of lifespan (29 –32). Sub-
sequent evidence demonstrated that these two gene products
regulate lifespan within a single pathway (33). Further analysis
revealed that the Forkhead box O (FOXO) transcription factor
Daf-16 functions as an important transcriptional target of the
IIS pathway in C. elegans (30, 34). The lifespans of other model
organisms such as flies were also soon shown to be regulated by
similar genetic alterations that modestly reduce IIS signaling
(35).

Figure 1. Environmental or pharmacological strategies to slow aging. Drugs such as rapamycin and STACs, and lifestyle interventions such as fasting or
caloric restriction, alter the activity of the IIS, mTOR, and sirtuin pathways. This alteration induces a complex web of functional alterations that individually or
collectively might slow the aging process.
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Although there is considerable evidence that this pathway is
relevant to mammalian aging, it is important to note that there
are major differences between IIS signaling in model organisms
and mammalian species. For instance, worms have nearly 40
different insulin-like peptides that could potentially modulate
longevity (36). Moreover, although collectively insulin and
insulin-like peptides regulate development, body size, and cel-
lular growth, in higher organisms, insulin signaling is predom-
inantly involved in nutrient regulation, whereas IGF-1 regu-
lates growth. In contrast, these function are less distinctly
separable in model organisms (37).

In mammals, levels of IGF-1, produced predominantly in the
liver, are regulated by growth hormone (GH), a factor secreted
by the pituitary. Consistent with the divergence of the somato-
tropic axis over evolution, there is no clear GH equivalent in
yeast, flies, or worms. Mice that have a reduction in GH signal-
ing due to a central defect in secretion or a genetic alteration in
peripheral GH receptor function are in general long-lived (38).
Examples include Snell mice (PIT-1 mutants; lifespan increase
can approach 50% in female mice), Ames mice (PROP-1
mutants), lit/lit mice (GH-releasing hormone receptor
mutants), Ghr�/� mice (GH receptor deletion), and GH recep-
tor knock-out mice (39). Moreover, mouse genetic models that
lead to too much GH secretion appear to have a reduced lifes-
pan (40).

Mice with reduced GH secretion have, as expected, reduced
circulating levels of IGF-1. That this reduction in circulating
IGF-1 contributes to the observed longevity of GH mutants is
supported by the observation that although Igf-1 null mice have
severely reduced survival (41), conditional deletion of hepatic
Igf-1, at 4 weeks of age, results in a 16% increase in median
lifespan of female mice (42). A similar deletion in male mice,
however, did not alter lifespan. This sexual dimorphic response,
which is not well understood, is also seen in long-lived insulin
receptor substrate 1 (IRS-1) knock-out mice (43). Similarly, in
one study, loss of one allele of the Igf-1 receptor (IGF-1R) was
shown to increase lifespan by 33% in females, with a non-signif-
icant trend toward increased lifespan in male mice (44). The
precise magnitude of effects seen in these haploinsufficient
IGF-1R�/� mice appears, however, to heavily depend on the
strain of mice being studied (44). In addition to reducing the
level of circulating IGF-1 or reducing the expression of IGF-1R,
mouse models that reduce tissue levels of IGF-1 by genetic per-
turbations that alter the degradation of IGF-1-binding proteins
can also markedly extend mean lifespan (45). The relevance of
these observations to human aging is underscored by genetic
evidence that certain loss-of-function mutations in IGF-1R are
enriched in a well-characterized cohort of centenarians (46).

How does a reduction in insulin or IGF-1 signaling result in
an increase in lifespan? In worms, as mentioned, this pathway
involves both daf-2 and daf-16, two genes that got their names
as known regulators of dauer, the stress-resistant, alternative
developmental state worms can adopt when faced with harsh
environmental stress. In C. elegans, the transcription factor
DAF-16 coordinately regulates the expression of several
hundred genes that are broadly involved in stress resistance,
immune function, and metabolism (47, 48). In this context,
long-lived worms that have alterations in the IIS pathway

appear to have a broad resistance to environmental stresses
including oxidative, osmotic, ultraviolet, heat, and hypoxic
stress (49). These functions appear to be broadly conserved in
higher species. For instance, although DAF-16 regulates anti-
oxidant levels in worms (47, 48), a similar regulation is also seen
by the mammalian FOXO homologs (50, 51).

In addition to an increase in overall stress resistance, long-
lived IIS mutants appear to possess other attributes that might
explain their increased longevity (Fig. 1). As mentioned, these
mammalian models are often characterized by a reduction
in circulating IGF-1. In humans, there is a strong correlation
between increased circulating IGF-1 levels and the develop-
ment of a wide range of malignancies (52). Fascinatingly,
patients with Laron syndrome, an autosomal recessive disorder
caused by mutation in the growth hormone receptor, have
extremely low levels of circulating IGF-1, resulting in short stat-
ure but also an extremely low incidence of cancer (53). These
patients also appear to be resistant to diabetes (53), and
increased metabolic fitness might also contribute to the
increase in lifespan seen with IIS pathway mutants. Similarly,
GH mutant mice have altered mitochondrial function, changes
in oxygen consumption, and an increased reliance on fatty acid
oxidation that may be beneficial and contribute to the observed
changes in lifespan (54). Similarly, alterations in the IIS pathway
affect mTOR signaling, which, as discussed below, can have a
major influence on lifespan. As such, it is difficult to know
exactly what mechanism accounts for the increased lifespan in
mammalian IIS mutants as these animals appear to have a
number of alterations including increased stress resistance,
decreased cancer incidence, altered metabolism, and reduced
mTOR signaling that may be beneficial alone or in combina-
tion. One strategy to sort out these various possibilities would
be to try to identify in mice the tissue(s) in which the reduction
of IIS signaling is critical for mediating lifespan extension.
Unfortunately, although various conditional GH receptor
mutants have been made in a wide array of tissues (e.g. adipose
tissue, liver, skeletal muscle, etc.), to date, none of these models
have been able to recapitulate the life extension observed in the
total body knockouts (54).

Mechanistic target of rapamycin

The mTOR kinase is a serine/threonine protein kinase
belonging to the phosphoinositide 3-kinase-related family that
is highly conserved among eukaryotes and that can be inhibited
by the immunosuppressive drug rapamycin. In mammals,
mTOR exists in two well-characterized complexes, mTOR
complex 1 (mTORC1) and mTOR complex 2 (mTORC2).
These complexes can be differentiated by the their unique
interacting partners, with the mTORC1 complex containing
Raptor and PRAS40, while mTORC2 complex contains Rictor,
mSin1, and Protor-1/2 (55). Both complexes share certain com-
ponents including mLST8/G�L and DEPTOR. mTORC1 has
been known as a metabolic sensor for nutrients, growth factors,
energy, and stress. These upstream signals act to tune the activ-
ity of mTORC1. Downstream effectors of mTORC1 are myriad
(Fig. 2) and include regulation of ribosomal biogenesis,
autophagy, protein translation, lipid synthesis, mitochondrial
metabolism, pyrimidine synthesis, and most recently, modula-
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tion of the senescence-associated secretory phenotype (56, 57).
Although not a direct regulator of transcription, mTORC1 does
regulate a host of key transcription factors including sterol reg-
ulatory element-binding protein (SREBP) 1 (lipogenesis), per-
oxisome proliferator-activated receptor � (PPAR�) (adipogen-
esis), transcription factor EB (TFEB) (autophagy), HIF-1�
(metabolism), and NF-�B (inflammation) via regulation of
interleukin 1� (55). In contrast, the less well-characterized
mTORC2 complex, which is also less sensitive to the acute
effects of rapamycin, has been linked to the modulation of
metabolism, cytoskeleton dynamics, regulation of cell polarity,
and control of cell survival (56). Generally speaking, mTOR acts
as an energy sensor such that in response to abundant nutrients
(e.g. amino acids) or growth factor stimulation, mTOR is acti-
vated and thereby enhances anabolic processes (e.g. translation,
ribosomal biogenesis) and inhibits catabolic processes (e.g.
autophagy) to promote cellular growth and cell proliferation
(56, 59). Conversely, in the setting of limited nutrients (e.g.
caloric restriction), mTOR is inhibited and the opposite set of
events transpires.

The first indication that the mTOR pathway was an impor-
tant regulator of lifespan came from analysis of simple organ-
isms such as worms and flies where inhibition of this pathway
was demonstrated to significantly increase longevity (60, 61).
At least in yeast, it would appear that the beneficial effects of
caloric restriction were not observed in organisms that were
long-lived due to mTOR inhibition (62). This would imply that
the biological effects of caloric restriction are mediated through
this pathway, at least in this experimental paradigm. Interest-
ingly, in flies, inhibiting the mTOR downstream effector S6K,
involved in the regulation of protein translation, was sufficient
to extend lifespan (61). Similar relationships between S6K and
lifespan have also been seen in mice (63). Other mouse models
include animals lacking one allele of both mTOR and mLST8
that have reduced mTORC1 activity, and where there is an
approximate 15% increase in median survival of female mice
(64). Similarly, in a mouse model of hypomorphic mTOR
expression, due to targeting a neomycin cassette in an intron of
the mTOR locus, mice live roughly 20% longer than control

littermates and have slower age-dependent decline in some, but
not all, tissues and organs (65).

Interest in the mTOR pathway was significantly bolstered by
the observation that the mTOR inhibitor rapamycin could
extend the lifespan of genetically heterogeneous mice by about
10% (66). This initial rapamycin study involved treating the
animals beginning at 20 months of age, which represents a
rather late intervention. Nonetheless, these results have been
confirmed with early intervention schedules (67, 68). More-
over, the effects of rapamycin on lifespan extension are not
strain-specific as positive effects have been observed in a num-
ber of different mouse strains (e.g. C57BL/6J, C57BL/6J R, 129/
Sv, and FVB/N HER-2/neu mice).

Although rapamycin is believed to work primarily through
inhibition of mTORC1 signaling, many of the deleterious side
effects appear to be mediated through the ability of long-term
rapamycin administration to also inhibit mTORC2 signaling.
For instance, the harmful effects of chronic rapamycin therapy
with regard to glucose tolerance appear to be mediated by
mTORC2 signaling in the liver and are separable from the pos-
itive pro-longevity effects of the drug (64). This would suggest
that agents that solely inhibit mTORC1 might maintain the
observed increase in lifespan and potentially avoid some of the
negative side effects (e.g. glucose intolerance, delayed wound
healing, immunosuppression) that may be detrimental in an
elderly cohort. In the absence of this selective agent, there have
been attempts to shorten the duration or intensity of rapamycin
treatment to lessen the chance of inhibiting mTORC2. In that
regard, it is encouraging that transient or intermittent rapa-
mycin appears to be effective (69, 70). Although data from
healthy humans are limited, one study using the mTOR inhib-
itor RAD001 demonstrated that a 6-week exposure to this agent
in patients over 65 actually improved responses to subsequent
influenza vaccination, suggesting that the elderly immunose-
nescent phenotype might be at least partially amenable to
short-term mTOR inhibition (71).

Similar to IIS signaling, the precise explanation as to how
reduced mTOR signaling affects lifespan remains unclear. One
hypothesis is that the benefit occurs through reduction of
global mRNA translation and protein synthesis, which may
reduce the burden and energetic demands associated with pro-
tein folding, repair, and degradation, thus maintaining better
overall protein homeostasis (Fig. 1). These effects are believed
to be largely mediated by two downstream effectors of mTOR,
namely S6K and eukaryotic translation initiation factor
4E-binding protein (4E-BP). As mentioned above, deletion of
S6K1 in mice results in increased lifespan by about 20% in
female mice (63); however, these longevity effects appear to
occur without any measurable effect on protein translation
(72). Similarly, although chronic rapamycin treatment is capa-
ble of extending life in mice, this drug regimen also appears to
have little effect on the level of tissue protein translation (73).
There is, however, some evidence that 4E-BP might mediate the
beneficial lifespan effects of mTOR inhibition. For instance, in
flies, caloric restriction up-regulates the Drosophila equivalent
of 4E-BP (d4E-BP), and augmenting d4E-BP is sufficient to
extend lifespan in this organism (61). Moreover, in mice,
increasing 4E-BP in skeletal muscle prevents certain deleteri-

Figure 2. mTORC1 and its downstream effectors. The molecular compo-
nents of the mTORC1 complex as well as some of the downstream effectors
are shown. See text for further details.
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ous age-related metabolic changes, although the opposite
changes occur when 4E-BP is activated in adipocytes (74).

Activation of autophagy is another potential explanation of
how mTORC1 inhibition promotes longevity. It is believed
that because the general capacity for autophagic degradation
declines with age, there is an accumulation of cellular damage
such as protein aggregates and dysfunctional mitochondria. In
C. elegans, the lifespan extensions observed by either caloric
restriction or mTOR inhibition require an intact autophagic
machinery (75). In that context, in mice, overexpressing the
essential autophagy gene product ATG5 is sufficient to extend
lifespan by 17% (76). Finally, there are several other properties
of mTOR activity that link to the aging process. First, mTOR
inhibition improves stem cell self-renewal both in the hemato-
poietic system as well as in the intestine (77). In addition, as
mentioned, mTOR inhibition can suppress the secretion of
inflammatory cytokines by senescent cells, the so-called senes-
cence-associated secretory phenotype (SASP) that is believed
to contribute to age-related pathologies (57, 78). Similar to the
IIS pathway, the inhibition of the mTOR pathway is also linked
to the ability of the cell or tissue to withstand a variety of
stresses including energetic stress, oxidative stress, and hypoxia
(79). Finally, mTOR has important effects on mitochondrial
number (biogenesis and mitophagy) and function, although the
precise role of mTOR with regard to mitochondrial activity
appears to differ in different tissues (80).

Interaction between longevity pathways

Although evidence suggests that the sirtuins, mTOR, and the
IIS pathway can individually modulate lifespan, it is important
to understand that these three signaling networks are not
autonomous or unconnected from each other. For instance,
all three of these pathways respond to nutrient availability.
Although in general, mTOR activity declines and sirtuin activ-
ity increases when tissues are depleted of nutrients, recent
examples have suggested that this paradigm may have impor-
tant exceptions (81). One major node of interconnection
between these various pathways is through the energy-sensing,

AMP-activated protein kinase (AMPK). For instance, under
starved conditions, AMPK is activated, and this activation
alters intracellular metabolism, culminating in an increase in
NAD� levels, with a concomitant increase in SIRT1 activity
(82). Once activated, sirtuins can directly deacetylate and
thereby regulate FOXO transcriptional activity (82, 83), thus
linking SIRT1 to the important downstream effector of the IIS
pathway. The interaction between AMPK and the sirtuins
appears bidirectional as SIRT1 can also deacetylate liver kinase
B1 (LKB1), an upstream activator of AMPK (84). In turn,
AMPK can directly phosphorylate FOXO proteins both in
model organisms such as worms, as well as in mammals (85).
Finally, AMPK directly regulates mTOR activity, working both
at the level of the upstream regulator TSC2 (86), as well as at the
level of the mTORC1 component raptor (87). Thus, these
examples suggest a network of complex interactions between
sirtuins, mTOR, and IIS signaling (Fig. 3).

In addition to these biochemical interactions, these pathways
can also interact on a more global, physiological level. One
prime example is in the regulation of autophagy. For instance,
insulin signaling inhibits autophagy through two mechanisms.
First, by activating PI3K/AKT signaling, insulin stimulates
mTOR, which in turn phosphorylates ATG1 (yeast) or ULK1/2
(mammals) to shut off autophagosome formation (88). AKT
activation can also negatively regulate FOXO transcriptional
activity, and in turn, FOXO transcriptional activity appears to
regulate the expression of a host of autophagic genes (89). As
mentioned above, sirtuins can also regulate FOXO activity
through deacetylation, and hence by extension, this family of
proteins can also regulate autophagic flux. This SIRT1/FOXO
pathway has been shown to be critical for the starvation-in-
duced cardiac autophagy response (90). In addition to regulat-
ing FOXO-dependent transcriptional pathways, SIRT1 can
also deacetylate essential autophagy genes and hence directly
modulate autophagic flux (91). Overall, this modulation of
autophagy by IIS, mTOR, and sirtuins appears important for
the longevity response. For instance, in the worm, autophagy is

Figure 3. Interaction between sirtuins, mTOR, and IIS signaling. Various points of interaction between these three signaling pathways have been
described, some of which are depicted here. See text for details. P, phosphorylation site; Ac, acetylation site.
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required for the lifespan extension resulting from reduced IIS
signaling (92), inhibition of mTOR (75, 93), or sirtuin overex-
pression (94). Similar relationships are seen in other model
organisms (95). Thus, once again, it would seem that the three
longevity pathways discussed (e.g. sirtuins, IIS, and mTOR)
converge to regulate autophagic flux through multiple interde-
pendent effectors. It should, however, be noted that in C.
elegans, double mutants in both the IIS and the mTOR pathway
appear to live 5-fold longer than controls, which is a larger life
extension than would be anticipated from the additive effect of
combining each single mutant (96). This synergy appears to be
a result of a positive feedback loop involving AMPK and FOXO
proteins and suggests that the connectivity of these pathways is
considerably more dynamic and complex than can be conveyed
in simple linear flow diagrams. Finally, it is important to note
that the pathways discussed are not the only regulators of lifes-
pan. For instance, substantial evidence in both model organ-
isms and mammals suggests a role for mitochondria in aging
(97). Although these mitochondrial pathways may intersect
with the elements discussed above (e.g. NAD levels, AMPK,
etc.), they can also exert influence on aging through alternative
means including activation of distinct signaling pathways such
as the mitochondrial unfolded protein response (97).

Conclusion and future directions

The identification of evolutionary conserved pathways that
appear to regulate lifespan suggests that aging may, in the near
future, become amenable to pharmacological intervention
(Table 1). Indeed, for over a decade, the NIA, National Insti-
tutes of Health has funded an Interventions Testing Program
(ITP) in both mice and C. elegans to help identify potential life-
extending small molecules (98). For the case of mTOR inhibi-
tion, there are already some small-scale human trials that have
obtained hints of efficacy (71). Similarly, a large human trial
that seeks to activate AMPK using the commonly prescribed
medication metformin is being contemplated (99). It is likely
that if AMPK provides any benefit, it does so by modulating one
or more of the pathways we have described.

Remarkably, the average human lifespan has nearly doubled
over the last century (58). This change is largely ascribed to
improvements in infant mortality, vaccinations, and other pub-

lic health measures. The benefits of such interventions are gen-
erally believed to have been largely maximized in the developed
world. The challenge of the next century is to test whether
direct intervention on the aging process can result in a similar
beneficial effect on both lifespan and health span.
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Inflammatory signals induce feedback and feedforward sys-
tems that provide temporal control. Although glucocorticoids
can repress inflammatory gene expression, glucocorticoid
receptor recruitment increases expression of negative feedback
and feedforward regulators, including the phosphatase, DUSP1,
the ubiquitin-modifying enzyme, TNFAIP3, or the mRNA-
destabilizing protein, ZFP36. Moreover, glucocorticoid recep-
tor cooperativity with factors, including nuclear factor-�B (NF-
�B), may enhance regulator expression to promote repression.
Conversely, MAPKs, which are inhibited by glucocorticoids,
provide feedforward control to limit expression of the transcrip-
tion factor IRF1, and the chemokine, CXCL10. We propose that
modulation of feedback and feedforward control can determine
repression or resistance of inflammatory gene expression toglu-
cocorticoid.

Acting on the glucocorticoid receptor (GR2: NR3C1), gluco-
corticoids reduce the expression of many genes induced in
inflammatory conditions in vivo or by pro-inflammatory stim-
uli in vitro (1, 2). Although glucocorticoids are effective in the
treatment of chronic inflammation, including mild/moderate
asthma, not all inflammatory conditions respond well to gluco-
corticoid therapies (1, 2). In severe neutrophilic asthma, asth-
matics who smoke, chronic obstructive pulmonary disease
(COPD), and during exacerbations of asthma and chronic
obstructive pulmonary disease, glucocorticoids may show
reduced efficacy (3). Thus, pro-inflammatory cytokines, growth
factors, viruses, double-stranded RNA, bacterial products, and
oxidative stress reduce GR function, and terms such as gluco-
corticoid “resistance” or “insensitivity” are used to describe this

clinical problem (4, 5). As such patients are major healthcare
utilizers, solving the problem of glucocorticoid resistance
would be of immense societal benefit. For example, pharmaco-
logical targeting of signaling pathways, such as mitogen-acti-
vated protein kinase (MAPK) or phosphatidylinositol-3-kinase
(PI3K) pathways, which are implicated in GR resistance, repre-
sents a logical approach to restore sensitivity (3–5).

Despite many mRNAs that are induced by pro-inflammatory
stimuli being profoundly repressed by glucocorticoids, many
others show partial repression, no repression, or even enhance-
ment by glucocorticoids (6 –11). Importantly, it is pertinent to
consider that genes induced by pro-inflammatory stimuli, or
during inflammation, are not necessarily “pro-inflammatory,”
but may exert pro- or anti-inflammatory, or even mixed func-
tional effects. Thus, differential responsiveness to glucocortico-
ids may be desirable. Nevertheless, although many inflamma-
tion-induced mRNAs are resistant to glucocorticoid-mediated
repression, this is not a generalized defect in glucocorticoid
signaling as repression and glucocorticoid-mediated gene
induction occur in the same system (Fig. 1). This fits with the
notion that glucocorticoids selectively regulate gene expres-
sion, as exemplified by observations that glucocorticoids spare,
and even augment, innate immune responses (12). Indeed, the
ability of glucocorticoids to induce and/or enhance the expres-
sion of inflammatory response genes, including cytokines,
chemokines, receptors, and signaling components, is widely
reported (6, 7, 9 –11, 13–15). For example, in human volun-
teers, budesonide inhalation not only induced the expression of
numerous anti-inflammatory genes, but also enhanced the
expression of genes apparently involved in pro-inflammatory,
pro-proliferative, and migratory responses (16). Thus, gluco-
corticoids are not simply anti-inflammatory, but exert a spec-
trum of effects that may include promoting pro-inflammatory
pathways (12).

Repression versus a failure to repress inflammatory gene
expression

There are arguably three core mechanisms by which gluco-
corticoids repress inflammatory gene expression (17, 18). 1)
Activated GR is recruited to cis-operating DNA sites, for exam-
ple simple glucocorticoid response elements (GREs), and, act-
ing in trans, GR directly induces the expression of genes that
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reduce inflammatory gene expression (17, 19). This is repres-
sion occurring via GR trans-activation. 2) Without itself bind-
ing to DNA, GR interacts with, or tethers to, the inflammatory
transcription factors, such as nuclear factor (NF)-�B, that are
responsible for the induction of inflammatory mRNAs (18).
Commonly referred to as trans-repression, this dampens tran-
scriptional activity at targeted promoters and may involve GR
SUMOylation along with nuclear receptor co-repressors and
histone deacetylase (HDAC) recruitment (20, 21). 3) GR may
bind directly to non-consensus cis-acting DNA elements, or
negative GREs, to elicit transcriptional repression of the asso-
ciated gene (22). Again, referred to as trans-repression, GR
binding occurs with a lower affinity when compared with clas-

sical GRE sites, and repression may also involve nuclear recep-
tor co-repressor and HDAC recruitment (23, 24). Although a
detailed consideration of the mechanisms underlying the
repression of gene expression by GR is not the current purpose,
it is salient that repression is gene-specific and can involve mul-
tiple mechanisms (17). In human A549 pulmonary epithelial
cells, 39 IL1B-induced mRNAs were largely NF-�B-dependent,
yet varied from profound repression to enhancement by dexa-
methasone (11) (Fig. 1A). Indeed, the potency of repression
correlated with the efficacy of repression (Fig. 1B), with high
potency/high efficacy repression of acute phase genes being
attributed to the involvement of GR-dependent gene induction
(11). Likewise, transcriptomic studies not only show variable
glucocorticoid-mediated repression, but confirm that many
inflammatory genes do genuinely escape repression (10, 11, 13,
14). Furthermore, such studies also highlight glucocorticoid
cooperation with inflammatory stimuli to enhance gene
expression. Indeed, whole genome chromatin immunoprecipi-
tation followed by next-generation sequencing (ChIP-seq) data
reveal that GR-binding sites commonly co-localize with sites
for inflammatory transcription factors, including activator pro-
tein (AP)-1 and NF-�B (13, 15, 25, 26). Similarly, CCAAT/en-
hancer-binding proteins or signal transducers and activators of
transcription (STATs) also interact with GR to promote tran-
scriptional activation (8, 27, 28). Thus, the key inflammatory
transcription factors, which up-regulate cytokines and other
inflammatory genes that are repressed by glucocorticoid, also
interact productively with GR to enhance transcription at a
subset of co-regulated targets.

Glucocorticoids maintain and enhance feedback control

MAPK cascades are central to inflammatory gene expression
and are regulated by dual-specificity phosphatases (DUSPs),
such as DUSP1, which targets the p38, c-Jun N-terminal kinase
(JNK), and extracellular-regulated kinase (ERK) pathways (29).
In the context of inflammatory stimuli, DUSP1 expression is
rapidly induced via MAPK-dependent mechanisms to provide
feedback inhibition and limit inflammatory gene expression
(29) (Fig. 2A). However, DUSP1 expression is also increased by
glucocorticoids and, with a pro-inflammatory stimulus plus
glucocorticoid, feedback inhibition of MAPKs is enhanced (30,
31) (Fig. 2A). This may reduce transcriptional activation, for
example of AP-1 and NF-�B, and prevent mRNA stabilization
and/or translation of target genes (30, 32–35). Thus, DUSP1
contributes, often transiently and redundantly, to the repres-
sion of inflammatory gene expression by glucocorticoids (31,
36, 37). However, the relationship between pro-inflammatory
stimuli and glucocorticoids with respect to inducing DUSP1
expression is central to this outcome. The inductive effects of
pro-inflammatory stimuli and the glucocorticoid summate, or
synergize, to increase DUSP1 expression (35, 38 – 40). Mecha-
nistically, although transcriptional induction of DUSP1
involves GR recruitment (41– 45), further up-regulation of
DUSP1 expression remains achievable by pro-inflammatory
stimuli.

Similarly, the inflammatory gene, TNFAIP3, or A20, has dual
ubiquitin-modifying activities that: 1) remove Lys-63-linked
polyubiquitin chains from the upstream receptor-interacting

Figure 1. Differential effects of dexamethasone on IL1B-induced mRNAs.
Data are derived from King et al. (11) where full details can be found. A, expres-
sion of 39 of the most highly IL1B-induced mRNAs in A549 cells was examined
by qPCR following no treatment (NT) or treatment with dexamethasone (1
�M) (Dex), IL1B (1 ng/ml), or IL1B � Dex for 6 h. Data for each mRNA were
normalized to GAPDH and are expressed as a percentage of IL1B treated,
which is set to 100% (blue), and are presented as a heat map (white � 0%).
IL1B-induced mRNAs are ranked according to the effect of dexamethasone
with IL6 being the most repressed and CSF3 (G-CSF) being enhanced. The
effects of NF-�B inhibition, using adenoviral overexpression of the dominant
inhibitor, I�B��N, or a control virus (Control), are also expressed as a percent-
age of IL1B-treated and are shown as a heat map. B, A549 cells were stimu-
lated with IL1B (1 ng/ml) in the absence or presence of the indicated concen-
trations of dexamethasone prior to harvesting at 6 h for qPCR analysis of the
39 mRNAs in A. Data (n � 6) for each mRNA (indicated by an x) were plotted as
a percentage of IL1B treatment. The most potently repressed mRNA (IL1B)
along with mRNAs showing intermediate (IFIT3 isoform 2, EFNA1, CFB) and no
(IL32) repression or enhancement (CSF3) by dexamethasone are shown
(upper panel). The maximal effect (Max. effect) of dexamethasone (i.e. at 1 �M)
and the EC50 were calculated for each mRNA that showed significant repres-
sion. These are plotted (lower panel) to show the correlation between potency
and repression by dexamethasone. Error bars indicate � S.E.
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protein kinase, RIPK1, in the TNF-induced NF-�B activation
pathway; and 2) by conjugating Lys-48 ubiquitin chains, target
RIPK1 for proteasomal degradation (46, 47). Because Lys-63
polyubiquitination of RIPK1 is necessary for I�B kinase (IKK)
activation, TNFAIP3 profoundly inhibits signaling to NF-�B.
As TNFAIP3 expression is NF-�B-dependent and induced by
Toll-like receptors (TLRs) or cytokines, such as IL1B (Fig. 1A)
or TNF, this provides robust feedback control (Fig. 2A).
However, unlike glucocorticoid-repressed, NF-�B-dependent
mRNAs, such as IL8 or CSF2 (GM-CSF), TNFAIP3 expression,
as induced by pro-inflammatory stimuli, is maintained or
enhanced with the addition of glucocorticoid (11, 48, 49) (Fig.
1). This may be explained by the fact that glucocorticoids inde-
pendently induce TNFAIP3 expression (11, 48). Indeed, in
bronchial airway epithelial BEAS-2B cells, GR binds and acti-
vates transcription from an intronic enhancer within the
TNFAIP3 gene (48) (Fig. 3A, panel i). This region also recruits
the NF-�B subunit, RELA, and in combination with gluco-
corticoid, NF-�B and GR may cooperate to enhance tran-
scription. Indeed NF-�B/GR transcriptional synergy has
been reported previously (50), and provides a mechanism by
which glucocorticoids may enhance, or maintain, inflamma-
tory gene expression.

This concept of feedback control in inflammation and
enhancement, or maintenance, by glucocorticoid is likely to be
relevant to multiple regulatory genes. The cytoplasmic inhibi-
tor of NF-�B, inhibitor of �B� (NFKBIA), is induced by pro-
inflammatory cytokines via NF-�B sites in the NFKBIA pro-
moter (51). This allows rapid NFKBIA resynthesis following
signal-induced loss and limits NF-�B activity (Fig. 2A). Like
DUSP1 and TNFAIP3, NFKBIA expression is also induced by
glucocorticoids in multiple cell types, and this transcriptional
drive may occur in the presence of inflammatory stimuli (52). In
BEAS-2B cells, TNF-induced NFKBIA expression is enhanced
by glucocorticoid and GR binds the promoter and genic regions
of NFKBIA along with RELA/NF-�B (Fig. 3A, panel ii) (15, 48).
Similarly, in A549 cells, glucocorticoids promote GR binding to
the NFKBIA gene and IL1B-induced NFKBIA expression is
largely unaffected by dexamethasone, such that resynthesis of
NFKBIA is maintained (53, 54). IRAK3, or IRAK-M, is a further
feedback regulator of NF-�B and MAPKs and is up-regulated
by TLRs and the pro-inflammatory cytokines, IL1B and TNF
(55) (Fig. 2A). Being kinase-defective, IRAK3 acts as a domi-
nant-negative inhibitor of the upstream kinases, IRAK1/4, that
are central to TLR and IL1-like receptor signaling. However,
IRAK3 is glucocorticoid-induced and, with pro-inflammatory

Figure 2. Regulatory loops controlling inflammatory gene expression. A, schematic showing activation of MAPK pathways and NF-�B by IL1B or TNF
leading to the expression of inflammatory genes. MAPKs induce the expression of the phosphatase, DUSP1, which provides feedback control to switch off
MAPK activity. NF-�B binds �B sites in promoters of target genes. This activates transcription of NFKBIA, TNFAIP3, and IRAK3 to increase their expression and
leads to feedback inhibition of NF-�B or IL1B/TNF signaling. Expression of DUSP1, NFKBIA, TNFAIP3, and IRAK3 can also be enhanced by glucocorticoids (GC).
B, type I coherent and incoherent feedforward loops are depicted. In the type I coherent feedforward loop (panel i), X positively regulates Y, and Z is positively
regulated by both X and Y. In the type I incoherent feedforward loop (panel ii), X positively regulates both Y and Z, but Y negatively regulates Z. C, schematic
showing how feedback and feedforward regulation may interplay to regulate AU-rich element (ARE)-containing inflammatory mRNAs. Panel i, pro-inflamma-
tory stimuli, here IL1B, activate MAPK pathways, leading to the expression of ARE-containing mRNAs, such as TNF. MAPK activation not only also induces
expression of the feedback regulator, DUSP1, but also promotes expression of ZFP36. ZFP36 is a feedforward regulator that leads to mRNA destabilization of
ARE-containing mRNAs, such as TNF. Thus, the MAPK-dependent induction of ZFP36 leads to repression of ARE-containing mRNAs and constitutes a classic
type I incoherent feedforward loop. Note that expression of ARE-containing mRNAs and ZFP36 is also likely to involve NF-�B, and this is not depicted. Panel ii,
Following loss, or silencing, of DUSP1, MAPK activity is enhanced and leads to increased expression of downstream genes. However, expression of ZFP36 is also
enhanced, and this acts to reduce expression of ARE-containing mRNAs, such as TNF. Panel iii, ZFP36 expression is up-regulated by glucocorticoids alone, but
ZFP36 expression induced by the inflammatory stimulus is reduced by glucocorticoid, in part due to reduced MAPK activity following the induction of DUSP1.
Although these effects may combine to promote expression of the hypo-phosphorylated and more active, mRNA-destabilizing form of ZFP36, silencing of
both DUSP1 and ZFP36 showed little effect on the repression of TNF by glucocorticoid. Additional, glucocorticoid-induced effector processes are therefore
likely to play additional repressive roles.
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stimuli, expression is synergistically enhanced via a GR- and
NF-�B-dependent mechanism that is consistent with the
recruitment of both factors to the IRAK3 promoter (56) (Fig.
3A, panel iii).

Feedforward control and regulation by glucocorticoids

A common regulatory circuit in the control of signal trans-
duction and gene expression is the feedforward loop (57). Such
motifs are widespread in biological systems and apply to tran-
scriptional regulation by nuclear hormone receptors (58).
These loops are characterized by a three-node structure (X, Y,
and Z) in which regulator X controls both Y and Z, and Y also
controls Z (Fig. 2B). In the simplest configuration, X and Y are
positive regulators, for example, transcription factors, and the
unit is described as a coherent feedforward loop (Fig. 2B, panel
i). However, if Y were to negatively regulate Z, the effect of the

two arms (i.e. X on Z, and X via Y on Z) would be opposed and
the circuit would be described as incoherent (Fig. 2B, panel ii).
Although eight different configurations, dependent on the sign
(�/�) for each interaction, are possible, we now focus on type
I incoherent feedforward control (Fig. 2B, panel ii). Thus, X
leads to activation of Y and Z. However, increasing levels of the
negative regulator, Y, progressively switch off Z and produces
pulsed, or spike-like, dynamics for Z (57).

Incoherent feedforward control by ZFP36

For the current illustration, we condense the MAPK cascades
to node X, and Z is represented by the mRNA expression of
TNF (Fig. 2C). Like many inflammatory mRNAs, TNF expres-
sion involves transcriptional and, by virtue of multiple AU-rich
elements (AREs) in the 3�-UTR, post-transcriptional control
process that are regulated by MAPKs (59). Typically, AREs

Figure 3. GR and NF-�B (RELA) recruitment to inflammatory gene loci. Data from a ChIP-seq analysis by Kadiyala et al. (15) are shown. BEAS-2B cells were
treated for 1 h with Dex (1 �M), TNF (20 ng/ml), or Dex plus TNF for 1 h prior to ChIP-seq analysis. Occupancy of GR and RELA at genomic loci in the vicinity of
six genes is shown. A, inflammatory feedback control genes, where GR and RELA may cooperate to enhance or maintain the expression of TNFAIP3 (panel i);
NFKBIA (panel ii); and IRAK3 (panel iii). In each case, GR and RELA are recruited to the gene loci following dexamethasone or TNF treatment, respectively. In the
context of dexamethasone plus TNF, both GR and RELA are both recruited to at least one DNA region in common (red arrow). Although overall GR occupancy
at each gene locus was largely unaffected by TNF, site-specific differences are apparent. Conversely, co-treatment differentially affected RELA occupancy,
which was increased at an intronic region for TNFAIP3, slightly decreased on NFKBIA, and markedly increased at the IRAK3 promoter. B, GR and RELA co-recruit-
ment to the SOD2 (panel i), ZCH12A (panel ii), and IL32 (panel iii) gene loci. SOD2 and IL32 are induced by inflammatory stimuli, and here TNF induces RELA
binding to each gene locus. In the additional presence of dexamethasone, RELA binding is slightly reduced (red arrow). However, although GR occupancy at this
same region was not readily apparent with dexamethasone alone, with TNF plus dexamethasone, GR recruitment is induced (red arrow). GR occupancy at
regions that either did not show GR binding, or only showed weak GR binding, in the presence of dexamethasone alone were also enhanced for both SOD2 and
IL32 with dexamethasone plus TNF (black arrows). These regions did not show material RELA occupancy. With ZC3H12A, RELA occupancy was induced to
multiple intronic regions by TNF. Although dexamethasone reduced RELA occupancy, GR was recruited to these same regions with TNF plus dexamethasone
(red arrows). Binding of RELA and GR at a 5� region was markedly enhanced by TNF plus dexamethasone (black arrows), whereas neither TNF nor dexametha-
sone alone showed any marked effect on occupancy.
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occur in the 3�-UTRs of cytokines, chemokines, and other
inflammatory genes and bind RNA-binding proteins to regu-
late mRNA stability and translation (59). Although many RNA-
binding proteins exist and modulate mRNA stability and/or
translation, the zinc finger protein, ZFP36, also known as tris-
tetraprolin, is rapidly induced by pro-inflammatory stimuli and
is critical for stimulus-dependent down-regulation of ARE-
containing mRNAs (60). ZFP36 induction occurs in many cells,
including A549 epithelial and primary human airway smooth
muscle cells (61, 62). This requires p38 MAPK to constitute an
incoherent feedforward loop with ZFP36 as a negative regulator
of ARE-containing mRNAs, such as TNF (60, 63) (Fig. 2C, panel
i). Thus, in A549 cells, DUSP1 silencing transiently hyper-acti-
vates IL1B-induced MAPKs and correspondingly increases
ZFP36 expression (63) (Fig. 2C, panel ii). Similar effects occur
in human and mouse macrophages, and there is enhanced
ZFP36 expression in LPS-treated Dusp1�/� cells (64 – 66).
However, although DUSP1 silencing transiently increased
expression of inflammatory mRNAs induced by IL1B, at longer
times (6 h after IL1B), the expression of many of these same
mRNAs was reduced relative to control (31). Enhanced ZFP36-
dependent (incoherent) feedforward control, consequent to
DUSP1 silencing, was shown to contribute to this delayed loss
of TNF mRNA (63). Thus, inflammatory mRNAs subject to
control by MAPKs and ZFP36-dependent feedforward regula-
tion reveal complex kinetics due to interplay between feedback
and incoherent feedforward control.

Newly synthesized ZFP36 is rapidly phosphorylated by
MAPKAPK2 to promote protection from proteolytic degrada-
tion and reduce, or prevent, ARE-dependent destabilizing
activity (60). Thus, in LPS-treated Dusp�/� mice, there was
enhanced MAPK activation and increased inflammatory gene
expression despite elevated ZFP36 expression (66). However,
these increases were blocked by a dominant Zfp36 mutation
(Zfp36aa) in which the two main MAPKAPK2 phosphorylation
sites (Ser-53 and Ser-178) were modified from serine to alanine
(66). Although this effect may be consequent to the dominant
ARE-dependent destabilizing effect of the Zfp36aa mutation, it
is suggested that enhanced ZFP36 phosphorylation was central
to the increases in ARE-containing mRNA expression in the
Dusp1�/� mice (66). Thus, ZFP36 was present in the phosphor-
ylated form where destabilization activity is low and ARE-con-
taining mRNA translation may actively occur (67). Although a
switch to unphosphorylated, and therefore mRNA degrada-
tion-active, ZFP36 is driven by the serine/threonine protein
phosphatase, PP2A (68, 69), this appears to occur later after
stimulation, when p38 activity is reduced (60, 67). This delay in
ZFP36 activation, combined with increased total ZFP36, may
therefore explain the enhanced loss of ARE-containing tran-
scripts that occurred at longer IL1B-treatment times after
DUSP1 silencing in A549 cells (31, 60, 63).

The above data produce various complications in the context
of active glucocorticoid signaling. The induction of ZFP36
expression by pro-inflammatory stimuli requires MAPKs and is
decreased via the ability of glucocorticoids to reduce MAPK
activity (61, 70, 71) (Fig. 2C). Thus, glucocorticoids reduce pro-
inflammatory stimulus-induced expression of a protein that
destabilizes those inflammatory mRNAs, TNF, CSF2 (GM-

CSF), PTGS2, and others, that are in fact repressed by the glu-
cocorticoid. Conversely, in both in vivo inhaled glucocorticoid
and cell culture, glucocorticoids alone up-regulate ZFP36
expression (16, 72–74). This is consistent with GR recruitment
to the ZFP36 gene (75). Therefore, although glucocorticoids
inhibit MAPK activity and reduce inflammation-induced
ZFP36, the presence of active GR at the ZFP36 gene locus may
act to counteract this by helping to maintain ZFP36 expression.
Furthermore, in the presence of pro-inflammatory stimulus
plus glucocorticoid, the glucocorticoid-mediated loss of p38
MAPK activity may result in elevated levels of unphosphorylat-
ed ZFP36 that displays the greatest ARE-destabilizing activity
(60). Indeed, although this effect is described in airway smooth
muscle cells (71), a detailed analysis is required to confirm func-
tionality. Nevertheless, simultaneous silencing of DUSP1 and
ZFP36 in A549 cells revealed little effect on the dexametha-
sone-dependent repression of inflammatory mRNAs and sug-
gests that other glucocorticoid-induced, or activated, effectors
are important for repression (63). Furthermore, as feedback regu-
lators, including DUSP1 and TNFAIP3, may be targets of ZFP36
(76), a detailed temporal assessment of feedforward control by
ZFP36 and the corresponding effects on the expression dynamics
of pro- and anti-inflammatory regulators is necessary.

Reduced feedforward control promotes resistance to
glucocorticoid

As noted, glucocorticoids induce DUSP1 expression, down-
regulate MAPK activity, and promote repression of inflamma-
tory genes. Thus, DUSP1 overexpression reduced expression
of 19 out of 46 IL1B-induced mRNAs tested in A549 cells, and
in mRNAs tested with DUSP1 silencing, or in cells from
Dusp1�/� mice, many of these same genes showed enhanced
expression (31, 36, 77). However, overexpression of DUSP1 also
increased, often quite dramatically, the expression of 14 of 46
mRNAs induced by IL1B (77). These included the inflamma-
tory transcription factor, IRF1, as well as IRF1-dependent
genes, such as the chemokine, CXCL10 (77). Conversely, in
bone marrow-derived macrophage from Dusp1 knock-out
mice, IRF1 expression, and some 20% of transcripts that were
induced �3-fold by LPS, showed lower expression when com-
pared with cells from wild-type animals (66). Similarly, i.p. LPS
induced the expression of numerous inflammatory genes, many
of which revealed reduced expression in Dusp1�/� animals
(78). Thus, in vitro and in vivo, DUSP1 maintains expression of
inflammatory genes! Such effects are not isolated, and negative
regulation of IRF1 and/or IRF1-dependent gene expression by
MAPKs is reported in A549 cells, primary human bronchial
epithelial cells, bronchial epithelial BEAS-2B cells, mouse
macrophages, and other cell lines (66, 77, 79 – 81).

IRF1 expression is induced by viral infections, interferons,
and cytokines, such as TNF, IL6, and IL1B, via transcription
factors that include STAT1, STAT2, and NF-�B (82). Further-
more, expression of late-phase genes, for example, the retinoic
acid-induced gene I (DDX58) or CXCL10 (77, 83, 84), that are
central in innate immune and antiviral responses are induced
by IRF1 (82, 85) (Fig. 4A). Indeed, mice lacking Irf1 are suscep-
tible to death during viral infections (86), whereas ubiquitin-
mediated proteasomal degradation of IRF1 allows viral sup-
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pression of the immune response (87). In terms of IRF1 mRNA
and protein induced by TLR or IL1 type receptors, these follow
spike-like kinetics and are negatively regulated by MAPKs (66,
77, 80) (Fig. 4). However, although the rapid induction of IRF1
mRNA and protein by IL1B was largely unaffected by MAPK
inhibition, their precipitous loss, after peak expression, was sig-
nificantly attenuated due to a failure to terminate IRF1 expres-
sion (77, 80). This constitutes a classical incoherent feedfor-
ward circuit in which MAPK, primarily p38, inhibition not only
prolonged IRF1 transcription and enhanced IRF1 mRNA sta-
bility, but also reduced IRF1 degradation (Fig. 4A) (77). Such
data are consistent with the phosphorylation and ubiquitina-
tion of IRF1 coupled with a half-life of just 30 min following
induction by IL1B (77, 88, 89).

The above network, whereby DUSP1 reduces MAPK activity
to maintain IRF1 and IRF1-dependent gene expression, has
potentially profound implications in the context of a glucocor-
ticoid (Fig. 4A). Glucocorticoids up-regulate DUSP1 and
reduce MAPK activity, which, in the absence of any further
control mechanisms, would be predicted to maintain IRF1
expression. Indeed, with IL1B plus dexamethasone, DUSP1
silencing increased MAPK activity and modestly reduced
expression of IRF1 and the IRF1-dependent gene, CXCL10 (31,

77). Thus, glucocorticoid-induced DUSP1 may help to main-
tain IRF1 and CXCL10 expression. This is consistent with the
poor response of CXCL10 to glucocorticoids and essential roles
for IRF1 and CXCL10 in host defense (77, 90 –92). Indeed, IRF1
is implicated in glucocorticoid resistance (93), potentially via
the steroid receptor co-activator, NCOA2, which may be
required for DUSP1 up-regulation by glucocorticoids (94).
Although the generalizability of these data remains to be
explored, we speculate that the maintenance of IRF1, as well as
the coupled expression of key immune genes, for example
CXCL10, is desirable during infections and could confer an
advantage to the host (85). Indeed, although glucocorticoids
dampen inflammation to promote healing, their ability to
maintain select immune responses may also represent a key
function of GR. Nevertheless, although in A549 cells the main-
tenance of IRF1 allows expression of CXCL10 in the presence of
glucocorticoid, other IRF1-dependent genes were profoundly
repressed (77) (see CPMK2 and MX1 on Fig. 1A). This impli-
cates independent mechanisms of glucocorticoid repression
that allow differential repression of IRF1-dependent genes
(Fig. 4A).

Incoherent feedforward control by MAPK pathways is not
without precedent. MAPKs not only activate transcription, but
also target downstream proteins, including transcription fac-
tors, such as ELK1 or c-Jun (JUN), for inactivation via mecha-
nisms that may involve phosphorylation and/or ubiquitination
and degradation (95, 96). Similarly, HDAC4 is activated by ERK
and should reduce target gene transcription (97). Likewise, the
ubiquitin ligase, ITCH, is a substrate for JNK and promotes
ubiquitination and proteolysis of signaling molecules and
transcription factors necessary to activate pro-apoptotic gene
expression (98). Thus, the transcription of many genes is inhib-
ited by MAPKs (99). Furthermore, as suggested for IRF1 (63),
the ability of glucocorticoids to induce DUSP1 expression and
reduce MAPK activity should contribute toward maintaining,
even enhancing, the expression of such genes. This concept is
supported by the large number of LPS-induced transcripts that
show reduced expression following knock-out of Dusp1 (66,
78). Although we suggest a role in mediating resistance of
CXCL10 to glucocorticoid treatment, the wider implication of
genes that are negatively regulated by MAPKs is currently
underappreciated.

Other inflammatory genes not repressed by
glucocorticoid may show GR recruitment

As discussed above, inflammatory signaling is subject to
intense negative control that may be enhanced by glucocorti-
coids. Moreover, inflammatory genes, whether of anti- or pro-
inflammatory effect, are regulated through multiple enhancers
that are occupied by NF-�B or other inflammation-activated
transcription factors. Accordingly, the net effect of this repres-
sion when combined with cooperation between GR and in-
flammatory transcription factors, such as NF-�B, at specific
enhancers may result in only modest or no increase in mRNA of
the associated target gene, as exemplified by TNFAIP3. Simi-
larly, the effect of glucocorticoid stimulation alone on expres-
sion of any specific gene may reveal only weak induction, and
such targets may thus appear unlikely to be important effectors

Figure 4. Loss of feedforward control may promote glucocorticoid resis-
tance. A, schematic showing the regulation of IRF1, as well as IRF1-depen-
dent gene expression. Pro-inflammatory stimuli (IL1B) induce NF-�B activity,
leading to the transcriptional activation of IRF1. IRF1 expression is rapidly
induced to promote expression of downstream IRF1-dependent genes. Many
IRF1-depedent genes, for example CXCL10, are also directly regulated
by NF-�B to constitute a type I coherent feedforward loop. Pro-inflammatory
stimuli, such as IL1B, promote activation of MAPK pathways. Acting via mul-
tiple mechanisms, MAPKs promote the switching off and/or loss of IRF1
expression. This terminates IRF1 expression and prevents continued expres-
sion of IRF1-dependent genes. In the presence of glucocorticoid (GC), DUSP1
expression is enhanced. By reducing MAPK activity, glucocorticoids reduce
incoherent feedforward control of IRF1, and this promotes IRF1 expression.
This effect also occurs following MAPK inhibition. Maintenance of IRF1
expression helps CXCL10 to escape the otherwise repressive effects of the
glucocorticoid. However, many other IRF1-dependent genes (for examples,
see CMPK2, MX1, IFIT1, and others on Fig. 1A) show significant repression by
glucocorticoids. Therefore, the existence of additional mechanisms of repres-
sion must be invoked. B, data are modified from Shah et al. (77) where full
details can be found. A549 cells were either not treated, or treated with IL1B (1
ng/ml), for the times indicated prior to Western blotting and qPCR analysis of
IRF1 and GAPDH (upper and middle panels) or qPCR of established IRF1-de-
pendent genes. Spike kinetics for IFR1 mRNA and protein, as well as late-
phase kinetics for IRF1-dependent genes, is shown.
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of glucocorticoid action. However, integrated analysis of ChIP-
seq and expression data can reveal patterns that suggest coop-
eration between GR and inflammatory transcription factors at
specific enhancers (Fig. 3). These are therefore revealed as
potentially glucocorticoid-regulated, despite an apparently
minimal effect of glucocorticoid on expression of the associated
gene. For example, SOD2, which protects against oxidative
stress, is very weakly induced by glucocorticoid in airway epi-
thelial cells, but when induced by IL1B, it is only modestly
repressed (Fig. 1A) (11). However, �20 kb upstream of the
SOD2 transcription start site, there is a site of robust GR-RELA
co-occupancy (Fig. 3B, panel i) that appears to mediate coop-
erative recruitment of RNA polymerase II upon co-stimulation
with TNF and glucocorticoid (not shown). Likewise, TNF-in-
duced expression of ZC3H12A, which is implicated in promot-
ing degradation of cytokine mRNAs, is maintained with gluco-
corticoid treatment (13),3 likely through the activity of 5�
enhancers that exhibit GR and RELA occupancy patterns that
are characteristic of cooperation between these two factors (15)
(Fig. 3B, panel ii). Intriguingly, other TNF-induced RELA-
binding sites within the ZC3H12A gene body appear to be
repressed by glucocorticoid, and this highlights the diversity of
crosstalk between TNF and glucocorticoid signaling. SOD2 and
ZC3H12A not only provide further examples where GR/NF-�B
cooperation may maintain or enhance expression of protective
genes, but these examples support the concept that maintained
expression of specific TNF-target genes is an active GR-depen-
dent regulatory process that is quite prevalent. Importantly,
and probably more contentiously, we speculate that this effect
may also extend to other, apparently pro-inflammatory, genes.
Thus, other maintained genes (Fig. 1A), such as the cytokine,
IL32 (Fig. 3B, panel iii), and potentially, the colony-stimulating
factor, CSF3 (G-CSF) (not shown), reveal GR recruitment and
may therefore represent active regulation by GR.

Summary and conclusions

Pro-inflammatory signals necessarily interact with GR sig-
naling to maintain, or enhance, the expression of regulatory
genes. This involves core inflammatory factors, such as NF-�B,
and explains why a blanket glucocorticoid-dependent repres-
sion of NF-�B is not observed. Rather, many such regulators are
specifically targeted by GR, enabling co-regulation and ensur-
ing maintenance of expression in the context of glucocorticoid.
Thus, cooperation between GR and inflammatory transcription
factors allows GR transactivation to promote repression of
inflammation. This raises the question as to the physical deter-
minants of GR cooperation versus direct repression by GR. Cer-
tainly, differences in the nature and location of GR-binding
sites relative to an inflammatory factor could play a role. How-
ever, differential post-translational modification and/or inter-
action with other factors may also promote differential respon-
siveness, and these issues require exploration. Therapeutically,
this cooperativity with GR to maintain, or induce, regulatory
genes suggests a need for caution. When seeking to identi-
fy novel GR ligands with reduced side-effect profiles, simply
screening for reduced GR transactivation may be quite unhelp-

ful (17). Equally, genes that are co-regulated by GR and factors
such as NF-�B are inherently resistant to glucocorticoid repres-
sion. This makes biological sense in the context of feedback and
feedforward control. However, there are also genes, again
induced by factors such as NF-�B, that are not regulators and
yet are also not repressed by glucocorticoid. We mention IL32,
CSF3, and SOD2. Although SOD2 may be protective against
oxidative injury, cytokines, such as IL32 or CSF3, may link to
inflammatory responses that are maintained by the glucocorti-
coid. GR recruitment may, in the same way as the feedback
regulator genes, actively maintain expression. This requires
careful testing, but the identification of multiple genes with
apparent effects on inflammation, proliferation, and cell migra-
tion that are all modestly glucocorticoid-induced in vivo raises
the prospect that the maintenance by direct GR binding is wide-
spread (16).

Maintenance of inflammatory gene expression may also be
achieved by reducing feedforward control. For example,
MAPKs actively reduce IRF1 expression, and the glucocorti-
coid-dependent inhibition of MAPKs lessens feedforward con-
trol to promote glucocorticoid insensitivity of the IRF1-depen-
dent gene, CXCL10. This may be advantageous in the context
of viral infections, but the maintained expression of such
mediators may be undesirable in chronic inflammatory dis-
ease. This raises a radical line of thought. Could a failure
to inhibit MAPKs actually improve efficacy in cases where
the response is maintained due a loss of MAPK-dependent
feedforward control? Certainly, reducing glucocorticoid-in-
duced DUSP1 expression can have relatively little effect on
inflammatory gene expression (31), presumably due to other
glucocorticoid-induced effectors providing redundant actions.
Thus, GR ligands that show reduced repression of MAPKs
could paradoxically provide superior repression where MAPKs
act in feedforward loops to switch off inflammatory processes.
Identification of inflammatory genes that evade repression also
allows consideration of alternate strategies, for example small
molecule inhibitors, to limit expression and would necessarily
act as an add-on therapy alongside conventional GR-based
approaches. Nevertheless, the above discussion highlights an
urgent need for modeling and systems-based approaches to
better predict the behavior of inflammatory pathways and gene
expression.
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Type I interferons (IFN-1) are cytokines that affect the expres-
sion of thousands of genes, resulting in profound cellular
changes. IFN-1 activates the cell by dimerizing its two-receptor
chains, IFNAR1 and IFNAR2, which are expressed on all nucle-
ated cells. Despite a similar mode of binding, the different
IFN-1s activate a spectrum of activities. The causes for differen-
tial activation may stem from differences in IFN-1-binding
affinity, duration of binding, number of surface receptors,
induction of feedbacks, and cell type-specific variations. All
together these will alter the signal that is transmitted from the
extracellular domain inward. The intracellular domain binds,
directly or indirectly, different effector proteins that transmit
signals. The composition of effector molecules deviates between
different cell types and tissues, inserting an additional level of
complexity to the system. Moreover, IFN-1s do not act on their
own, and clearly there is much cross-talk between the activated
effector molecules by IFN-1 and other cytokines. The outcome
generated by all of these factors (processing step) is an observed
phenotype, which can be the transformation of the cell to an
antiviral state, differentiation of the cell to a specific immune
cell, senescence, apoptosis, and many more. IFN-1 activities can
be divided into robust and tunable. Antiviral activity, which is
stimulated by minute amounts of IFN-1 and is common to all
cells, is termed robust. The other activities, which we term tun-
able, are cell type-specific and often require more stringent
modes of activation. In this review, I summarize the current
knowledge on the mode of activation and processing that is ini-
tiated by IFN-1, in perspective of the resulting phenotypes.

From their discovery in 1957, type I interferons (IFN-1s)2

have been known for their antiviral activity, and are found in all
nucleated cell types (1). IFNs are members of the cytokine fam-
ily mediating diverse biological and cellular responses such as
resistance to viral infections, regulation of cell survival, promo-
tion of antitumor activities, and immune response modulation
(2). Human type I interferons include 13 similar IFN�s with

80% homology, and single IFN�, IFN�, IFN�, and IFN� with
lower homology (30 –50%). In addition to type I, there are type
II (with a single member: IFN�) and type III (IFN�) interferons.
Common to all interferons is the activation of antiviral activity.
However, both the ligand and the receptor components differ
between type I, II, and III interferons. Interestingly, the differ-
ent interferons share many of the same signaling cascade com-
ponents. In this review, I focus on the activity of IFN-1. IFN-1s
are found in all vertebrates, they are intron-less, and they have
undergone relatively rapid gene duplication and evolution (3).
This results in species specificity, i.e. human IFN-1s are not
active in mouse in physiological concentrations and vice versa
(4). All IFN-1s bind the same surface receptor, composed of two
proteins, IFNAR1 and IFNAR2, found on the surface of all
nucleated cells (Fig. 1A). With the exception of �FN�1 and
IFN�, binding to IFNAR2 is much tighter then to IFNAR1, with
the weak binding to IFNAR1 being evolutionary conserved (5).
IFN-1s were between the first cytokines that were heterolo-
gously expressed, making them a preferred drug candidate
against various diseases, including multiple sclerosis (IFN�),
hepatitis C (IFN�2), and various malignancies (6). In recent
years, detrimental functions of IFN-1s in immunologically rel-
evant scenarios have also been revealed (7). These multitudi-
nous activities of IFN-1s are mediated through the induction or
repression of thousands of genes (8). Although IFN-1s activate
their receptors on all nucleated cells, the effects were often
found to be cell type-specific. In addition, there is an important
role to the IFN-1 subtype used, the duration of activation, and
concentration (reviewed in Ref. 9). Following ternary complex
assembly, the Janus family kinases (JAKs) Tyk2 and Jak1, which
are associated with the membrane-proximal part of the cyto-
plasmic domains of IFNAR1 and IFNAR2, respectively, are acti-
vated by reciprocal trans-phosphorylation (10), followed by
receptor phosphorylation, which in turn recruits and activates
downstream signaling, and signal transducer and activator of
transcription (STAT) proteins are the best studied examples of
this (Fig. 1A). Here, I aim to provide a current view on the
molecular basis for various IFN-1 activities, with emphasis
toward the less common pathways.

Structural studies of IFN-1/receptor interactions

The ECD of human IFNAR1 spans amino acids (aa) 28 – 436
and is composed of four fibronectin type III subdomains of
�100 aa each. This is followed by a 21-aa-long helical TMD,
which in turn is connected to the 100-aa-long, mostly natively
unstructured ICD. IFNAR2 has a similar architecture, although
with a shorter ECD composed of two fibronectin type III sub-
domains and a more extended ICD of 251 aa. Structures of
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unbound IFNAR1, IFNAR2, IFN�2, IFN�, the binary com-
plexes IFN�IFNAR1 and IFN�IFNAR2, and the ternary com-
plexes containing IFNAR1�IFN�2/IFN��IFNAR2 were solved
to high resolution (Fig. 1) (11–14). The ligand-docking modes
of IFN�2 and IFN� in the two independently solved ternary
complex structures appears to be shared by other type I IFN-1s,
including IFN�. This was verified by mutations, single particle
electron microscopy, and blocking-antibody experiments (11,
15, 16). Comparing the determined structures of human and
mice complexes shows differences in the details of binding, but
with the same general ligand-receptor architecture (Fig. 1, A
and B) (13). For a detailed review on the IFN-1 structures, see
Ref. 17. Comparison of the unbound receptor subunits with the

bound forms revealed a large movement in the receptor orien-
tation upon binding. In particular, an outward movement of
IFNAR1 was observed (Fig. 1C), which was verified by FRET
measurements (18). As the IFNAR1 domain SD4 is not directly
involved in ligand binding (19), the observed conformational
movement in SD4 suggests a transfer of signal from the IFN-
binding site to the membrane-proximal domain of IFNAR1.
However, extensive mutagenesis, including deletions and inser-
tions to the TMD of IFNAR1 and its immediate surroundings,
did not shown any change in ligand binding, magnitude of sig-
naling, or biological phenotype (20). This suggests a lack of
flow of structural information between the ECD and ICD of
IFNAR1. This is not surprising, taking into account the natively

Figure 1. Structure of IFN-1 ligand�receptor complex. A, ternary structure of the IFN�2 mutant YNS bound to IFNAR1 (domains 1–3, with domain 4 missing)
and IFNAR2 (Protein Data Bank (PDB) 3SE3). IFN-1-induced receptor dimerization drives the cross-phosphorylation of associated JAKs and STATs. Although
STAT1 and STAT2 are common to all cells, other STAT phosphorylations may be cell type-specific. Activated STATs are imported to the nucleus, where they
serve as transcription factors. In addition to phosphorylated STATs, U-STAT1 and U-STAT2 were also observed in the nucleus. B, mouse IFN�-IFNAR1 structure
(PDB 3WCY). C, comparing the IFN-1 ternary complex structure (PDB 3SE3 in green) with their unbound counterparts (PDB IDs: IFNAR1, 3S98; IFNAR2, 1N6U). The
alignment was done on SD1. D, sequence conservation of cytokine receptor TMDs (underlined) and their surroundings. Sequence conservation was determined
using ConSurf. Highest to lowest conservation is colored from magenta to cyan.
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unstructured nature of the ICD of IFNAR1. Moreover, the
TMDs of IFNAR1 and IFNAR2 are between the least conserved
regions of the receptor sequences (Fig. 1D) (20), suggesting lack
of importance of the specific sequence of this region. For IFN-1,
it is now established that in the absence of ligand, the receptors
do not dimerize, and thus signaling is initiated by IFN-1-medi-
ated receptor dimerization and not by a structural signal trans-
mitted from the ECD to the ICD (21, 22).

The varying binding affinities of IFN-1s and their
functional implications

The main difference between IFN-1 subtypes is in their bind-
ing affinity toward the receptor subunits. The weakest binder to
IFNAR2 is IFN�1, and the tightest is IFN� (200 nM versus 0.2
nM affinity) (23). All IFN�s bind IFNAR1 with a similar low
affinity of 1–5 	M, whereas IFN� binds significantly tighter,
with 100 nM affinity (23, 24). Despite some allosteric cross-talk
(25), the binding affinity of IFNs to the ECD of either one of the
receptor subunits is not influenced by the presence of the sec-
ond receptor ECD (26). Reproducing the entire range of bind-
ing affinities of natural IFN-1s by mutant IFN�2 proteins
showed that indeed, the variation in binding affinity accounts
for many of the differences in biological potencies of natural
IFNs (5, 11, 23), validating the receptor-centric approach
toward understanding IFN-1 signaling. Antiviral and antipro-
liferative activities of IFN-1s are hallmarks of their differential
responses. The EC50 for antiviral activity requires �1000-fold
lower IFN concentration than required for activating antipro-
liferative activity (pM versus nM). Comparing the potency of
IFN� with that of IFN�2 shows only a minor difference of EC50
for antiviral activity, whereas a 50-fold lower concentration of
the former is required to elicit antiproliferative activity (Fig.
2A). Fig. 2B shows the relation between antiviral and antipro-
liferative potencies of many IFN�2 mutants and their receptor-
binding affinities. Both activities scale with affinity; however,
antiproliferative activity directly scales over a 5 orders of mag-
nitude affinity change, whereas antiviral activity is already opti-
mized at the affinity of IFN�2.

The good relation between binding and activity allowed for
the generation of IFN-1s with higher affinities than naturally

observed. In particular, the H57Y/E58N/Q61S triple mutation
(YNS) was found to increase affinity toward IFNAR1 by 60-fold.
Interestingly, these three positions are evolutionary conserved,
suggesting that weak binding to IFNAR1 (which is found for all
IFNs except IFN�) is of benefit (27). Combining YNS with the
tail of IFN�8 on the template of IFN�2 raises the affinity to
IFNAR2 by an additional 15-fold (28), making it the tightest
binding and most potent human IFN-1 available. The antipro-
liferative and antiviral potencies of the tighter binding mutants
resemble IFN�, strongly suggesting that increased binding
affinity is the main difference between IFN� and IFN�2 (Fig.
2B). The superior activity of YNS�8-tail fused to a 600-proline-
alanine-serine tail (for prolonged serum half-life) in compari-
son with IFN�2 and IFN� was clearly shown in an engineered
mouse, harboring the human receptor ECDs (IFNAR1 and
IFNAR2) fused to mouse TMDs and ICDs (called HyBNAR),
for treating experimental autoimmune encephalomyelitis (29).

A recently engineered IFN variant, sIFN-I, was shown to bind
IFNAR1 �5-fold tighter and IFNAR2 10-fold weaker than
IFN�2, and was more potent as an antitumorigenic agent in
mouse in comparison with IFN�2. As its activity on cell lines
was not much increased, its enhanced in vivo activity may be
due to its extended plasma lifetime (30).

Tight binding is not always an advantage, as is shown by a
number of human diseases that are enhanced by elevated IFN-1
signaling. Examples include lupus, tuberculosis, AIDS, psori-
atic skin inflammation, and cognitive decline (7, 31–35). A
number of approaches have been taken to circumvent in-
creased IFN-1 signaling, particularly in lupus. One strategy is
to use neutralizing antibodies against IFN-1s. This resulted in
only partial reduction of IFN-1 signaling due to the very low
amount of IFN-1 required for signaling. A second approach was
to use neutralizing antibodies against IFNAR1. This approach
almost completely blocked IFN signaling (36, 37). A novel find-
ing is that sphingosine 1-phosphate receptor 1 (S1PR1) agonists
are effective in treating infectious and multiple autoimmune
pathologies inhibiting IFN-1 responses specifically in plasma-
cytoid dendritic cells through acceleration of IFNAR1 turnover.
This results in lower surface receptor numbers and thus

Figure 2. Affinity-activity relation of IFN-1 signaling. A, antiviral (AV) and antiproliferative (AP) response of WISH cells to IFN-1 treatment. Each dot
represents the mean values of six independent antiviral and antiproliferative experiments (5). For clarity, the fraction of antiviral response (y axis) is shown as
relative light transmission, while the fraction of antiproliferative response is shown as absorbance upon crystal violet staining (thus antiviral cell survival
increases with IFN-1, whereas cell numbers decrease with increased antiproliferative response). B, relative to WT IFN�2, biological potency (EC50, antiviral,
antiproliferative) is plotted against interferon receptor-binding affinity of IFN�2 mutants as a measure using surface plasmon resonance.
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reduced signaling (38). This finding is interesting, as system-
wide blocking of IFN-1 activities as done by anti-IFNAR1 anti-
bodies may result in susceptibility to infectious disease and
cancer. Another approach is to block receptor signaling by
engineering an antagonist based on IFN�2 that binds tightly to
one receptor, but does not bind the second receptor (39 – 41).
The antagonist, termed IFN-1ant, completely blocked IFN-1
antiproliferative activity, but left some of the antiviral activity
intact. IFN-1ant was tested for efficacy in rhesus macaques,
showing that it indeed significantly reduced IFN-1 signaling
(34), which increased the severity of simian immunodeficiency
virus infection.

The relation between IFN surface receptor levels,
signaling, and disease

IFN-1 can activate diverse responses in different cells, tis-
sues, and individuals, drawing attention to the variability of
surface receptor expression levels. It was suggested by Wagner
et al. (42) that IFNAR expression regulates the antiproliferative
effects of interferons on cancer cells and solid tumors. These
findings were confirmed by a multitude of studies showing that
IFN-1s have a role in oncogene-induced senescence (43, 44),
that IFNAR levels are predictive toward its antitumor effect
(45), and that varying IFNAR levels directly affects the antitu-
morigenic potency of IFN-1s (46, 47). Indeed, enhanced tumor
development was observed in mice lacking functional IFN-1
receptors (48).

Interestingly, in cells with abundant receptors, IFN�2
matched or even surpassed IFN� activity, including antiprolif-
erative potency, resulting in closure of the gap between these
two IFN-1s at high receptor levels (49). Gradually reducing
interferon receptor levels by increasing concentrations of
siRNA resulted in a decreased signal, with the antiproliferative
activity and STAT activation being linearly related to receptor
numbers. Conversely, antiviral activity was not affected until
receptor levels were less than 50% of the original one. Genes
associated with immunomodulation, such as CXCL10 and
CXCL11, were expressed in line with residual antiproliferative
activity, whereas expression levels of genes associated with
antiviral activity (such as MX1 and PKR) were affected in line
with levels of antiviral activity (28). Although in the same cell
line surface receptor levels were predictive toward levels of
IFN-1 activation, this was not the case when comparing differ-
ent cell lines with one another (28).

The most obvious way surface receptor levels can affect sig-
naling is by increasing the magnitude of the signal. However,
biophysical binding measurements on artificial membranes
have also shown a direct link between receptor levels and the
affinity of IFN-1 to form the ternary complex (19). Measuring
binding in the presence of both receptor chains at very low
surface receptor concentrations results in a similar affinity to
that measured toward the individual receptor. However, at
increased receptor concentrations, the observed binding affin-
ity of IFN-1 was significantly increased due to increased avidity
(17, 24, 50). This can explain why at high receptor concentra-
tions the antiproliferative activity of IFN�2 equals that of IFN�
(49), and suggests a mechanism for cells to control IFN-1 activ-
ity by varying their receptor concentration.

STAT1- and STAT2-mediated signaling

The canonical pathway of IFN-1 signaling involves the phos-
phorylation of JAKs and STATs (51). Dimerization of IFNAR1
and IFNAR2 promotes interactions between Jak1 and Tyk2,
which activate kinase activity via cross-phosphorylation, gen-
erating docking sites for other effector proteins, particularly
STATs (Fig. 1A). Although STAT proteins are supposedly
recruited to Tyr(P) via their SH2 domains, STAT2 was found to
bind IFNAR2 via a constitutive, phosphorylation-independent
binding site (52). STAT1 in turn was shown to be recruited via
STAT2 (21), which was essential for STAT1 phosphorylation in
U6A cells (52, 53). Conversely, in other cell lines, STAT1 acti-
vation by IFN-1 was also observed in STAT2-null cells (54),
suggesting it to be independent on STAT2. The reason for these
opposite findings is not clear.

The hallmark of IFN-1 signaling is the formation of a
pSTAT1�pSTAT2 heterodimer, which in complex with IRF9
forms the transcription factor ISGF3 that promotes transcrip-
tion of key interferon-stimulated genes (ISGs) (Fig. 1A). Next to
pSTAT1�pSTAT2 heterodimers, homodimeric pSTAT1 is also
being generated upon IFNAR activation, which is responsible
for regulation of candidate IFN-� activated sites (interferon-�-
activated sequence (GAS) elements). Although STAT1 is ubiq-
uitously found to participate in cytokine signaling, STAT2 is
specific for type I and type III interferons. However, although
both type I and III IFNs act through the formation of the ISGF3
transcription factor, type III IFNs only activate a subset of genes
found to be activated by type I IFNs. In the canonical pathway of
IFN-1-mediated signaling, phosphorylation of STAT1 on Tyr-
701 and STAT2 on Tyr-690 leads to heterodimerization in a
parallel conformation. Apart from the canonical complex,
STAT2�IRF9 in the absence of STAT1 was shown to be active.
This complex continually shuttles in and out of the nucleus
(55), even in its unphosphorylated form (U-STAT2). Moreover,
it interacts with many of the known ISGs and was suggested to
play a role in regulating ISG expression and execution of IFN-
1-dependent biological activities, both independent and depen-
dent on phosphorylation (56 – 60). In STAT1 KO cells over-
expressing STAT2, ISG expression seems to correlate with
STAT2 phosphorylation and the presence of a STAT2�IRF9
complex. The STAT2�IRF9-induced ISG expression persists for
a longer time when compared with the transient nature of
ISGF3 expression. Among genes activated by the STAT2�IRF9
complex are many known ISGs involved in antiviral response,
leading to an antiviral response in cells lacking STAT1 (57, 61).
The STAT2�IRF9 complex recognizes the core ISRE sequence
at lower binding affinity when compared with ISGF3, explain-
ing its partial gene activation and delayed activity (62). The
STAT2�IRF9 response was absent in STAT1-Y701F homozy-
gote mouse, where STAT1-Y701F suppressed the formation of
the STAT2�IRF9 complex (63), maybe through the formation of
U-STAT1�U-STAT2 complexes.

mTORC2 is a complex of the proteins Rictor and Sin1 with
mTOR. It was found that KO of either Rictor or Sin1 signifi-
cantly reduces pSTAT2, and thereby IFN-1 gene induction
(64), in line with strongly reduced gene induction upon STAT2
knockdown (65). Also, in both cases, IFN-1-induced antiprolif-
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erative activity was absent. Although STAT2 is not directly
involved in IFN� signaling, the formation of U-STAT2 complex
with STAT1 was shown to inhibit pSTAT1 homodimer nuclear
translocation in response to IFN� and thereby has an indirect
effect on IFN� signaling (66).

Phosphorylation of STAT1 and STAT2 is transient, dimin-
ishing within hours of the addition of IFN-1. However, ISG
gene induction persists for a long time in the presence of IFN-1,
and even in its absence (67). IFN-1s stimulate the overproduc-
tion of U-STAT1 and U-STAT2, which persists long after
pSTAT is not observed. It was shown that expression of
U-STAT1 and U-STAT2 to high levels resulted in ISG gene
activation in the absence of IFN-1, with U-STAT1 also being
found in the nuclei (68). In line with these findings, it was sug-
gested that increased levels of U-ISGF3 drive a persistent
response of IFN-1, in terms of both gene activation and the
induction of the antiproliferative response, which requires
the prolonged, continuous presence of IFN-1 (69). It should be
noted that the slow induction of the antiproliferative response
is a result of the presence of the caspase8 inhibitor, cFLIP.
Knockdown of cFLIP significantly speeds up induction of anti-
proliferation, suggesting that this response can also proceed in
the absence of high levels of U-STAT1 (65).

Non-canonical IFN-1-mediated signaling

In addition to STAT1 and STAT2, IFN-1 also strongly acti-
vates (phosphorylates) STATs 3– 6 (Fig. 1A) (11, 70). STAT3 is
activated by many cytokines, modulating the transcription of
genes involved in cell differentiation, proliferation, apoptosis,
angiogenesis, metastasis, and immune responses. STAT3 was
shown to negatively regulate IFN-1-mediated responses. As a
result, STAT3 knockdown cells display enhanced gene expres-
sion and antiviral activity in response to IFN-1s (71, 72). Mutu-
ally repressive roles for STAT3 and IFN-1 signaling following
viral infection were identified (73). The effect of pSTAT3 on
ISGF3-dependent transcription depends on the Sin3a complex
as a cell-specific repressor of STAT3 activity, exerting opposite
regulation on STAT3- and ISGF3-dependent transcription and
thus acting as a cell-specific modulator of IFN-1 action (74).

STAT4 binds IFNAR2 and is activated by IFN-1s (75).
STAT4 promotes IFN� production during viral infection, and
conversely, pSTAT1 appears to negatively regulate IFN� pro-
duction (76). IFN-1-activated STAT4 was required for peak
expansion of antigen-specific CD8 T cells, which together with
low STAT1 levels result in resistance to IFN-1-mediated anti-
proliferation (77).

STAT5 interacts constitutively with IFNAR-associated
Tyk2. During IFN-1 stimulation, its tyrosine-phosphorylated
form acts as a docking site for the SH2 domain of CrkL. CrkL
and STAT5 then form a complex that translocates to the
nucleus and promotes the production of a subset of ISGs (78,
79). STAT5 is phosphorylated on serines 725/730 in an IFN-1-
dependent manner. In mouse fibroblasts, disrupting the
STAT5a and STAT5b genes hinders IFN-1-dependent gene
transcription via GAS elements (79), suggesting STAT5 to be
an integral part of IFN-1-induced signaling. Moreover, in pri-
mary human B and CD4 T cells, ISGF3 is not the main activator
of gene expression upon IFN� treatment, but STAT5 activation

of specific pro-survival genes has a primary role. The differ-
ences in the activation of STAT1 and STAT5 in different leu-
kocyte subsets result in the induction of pro- and antiapoptotic
genes, respectively, explaining some of the varied effects of
IFN-1s (80).

Activation of STAT6 results in the formation of a
STAT2�STAT6 complex in response to IFN-1 stimulation as
detected in B cells and is suggested to take part in the IFN-1-
mediated antiproliferative activity (70). Similarly, it was re-
cently suggested that STAT6, in a STAT2-dependent manner,
exerts antiproliferative activity also in Daudi cells upon IFN-1
induction (81).

In addition to STATs, other signaling factors have a role in
IFN-mediated activities. These include isoforms of the protein
kinase C and the multifunctional adaptor protein CrkL, activa-
tion of the MAPK p38 via the small G-protein Rac1, and acti-
vation of the AKT/mTOR/ULK1 pathway via PI3K and the
ERK/MAP kinase pathway (2, 82– 86). Recently, ULK1 was
identified as an important regulator of IFN activity that is inde-
pendent of STAT activation (83). It is not clear whether ULK1 is
directly or indirectly activated by IFNAR, and it is suggested
that ULK1 acts through p38 to affect ISG signaling and IFN-
induced biological activity.

Feedback mechanisms

As mentioned above, elevated, prolonged IFN-1 responses
are detrimental, causing increased levels of inflammation (6, 36,
87). Therefore, multiple layer feedback mechanisms on the
receptor and on its activation and signaling exist (Fig. 3). Endo-
cytosis of IFN-1 receptors was recorded minutes after IFN
stimulation. This is initiated upon the formation of the ternary
complex via ubiquitination of IFNAR1, which exposes an endo-
cytic motif masked by Tyk2 in the inactive state (88, 89). At high
levels of surface IFNAR1, a Tyk2-independent pathway also
promotes IFNAR1 ubiquitination and degradation (90). The
level of endocytosis is directly related to the strength of the
signal (i.e. to the concentration of the ternary complex): low
IFN-1 concentration and/or low-affinity IFN-1 weakly affects
surface receptor levels, whereas at high concentrations of
tightly binding IFN-1s, the receptor levels are reduced by over
60% (50). In the extreme case of the K152R IFN� mutant,
IFNAR2 levels were reduced by �90% (11), whereas for the
IFN-1ant mutant that binds tightly to IFNAR2, but does not
bind IFNAR1, no endocytosis was observed (40). IFNAR1 levels
can stay suppressed for days upon induction with IFN�, but not
IFN�2, whereas IFNAR2 levels return to normal (50). Receptor
endocytosis does not immediately abrogate signaling, as it was
shown that the receptors keep on signaling in the early endo-
some, with the VPS35 subunit binding to IFNAR2, resulting
in its recycling to the plasma membrane, whereas IFNAR1 is
sorted to the lysosome for degradation (91, 92).

A second feedback mechanism is the IFN-1-stimulated
USP18 protein (Fig. 3). The ISG15-specific protease activity of
USP18 is not required for IFNAR desensitization. Rather, bind-
ing to IFNAR2 and STAT2 was shown to be responsible for its
activity as a negative feedback regulator (93, 94). USP18 reduces
the cell surface-binding affinity of IFN-1s by potently interfer-
ing with the recruitment of IFNAR1 to the ternary complex (22,

MINIREVIEW: Molecular basis for differential IFN-1 signaling

J. Biol. Chem. (2017) 292(18) 7285–7294 7289



95, 96). Thus, the responsiveness to IFN� is reduced after the
first wave of gene induction, whereas IFN�, due to its 30-fold
higher binding affinity to IFNAR1, is still able to efficiently
recruit IFNAR1 and form a signaling ternary complex even at
high USP18 concentrations. This may also explain the evolu-
tionary conservation of weak binding affinity of all IFN�s
toward IFNAR1, which permits the USP18 feedback to func-
tion. As USP18 levels remain high for many hours after
secession of an IFN-1 signal, for a prolonged time, it prevents
reactivation of the receptor using IFN�, but not IFN�. The
modulation of ligand-binding affinity by USP18 makes it a
prime candidate to explain differential activation by IFN� ver-
sus IFN�, as was further verified by using high-affinity IFN�
mutants (22, 95, 96). Lack of USP18 results in a persistent,
strong IFN-1 signal, as shown for mouse brain that developed
destructive interferonopathy (97). On the other hand, reduced
USP18 can increase antiviral immunity (98).

The third layer of negative regulation is SOCS1 (suppressor
of cytokine signaling) (Fig. 3), which is a potent inhibitor of
JAKs and binds to pTyk2 (99). Tyk2 inhibition by SOCS1
results in a reduced IFN-1 response due to decreased Tyk2-
mediated activity, and also through the negative impact on
IFNAR1 surface expression, which is stabilized by Tyk2. The
SOCS1-SH2 domain is only functionally relevant if the cor-
rect phosphorylated target is present, and thus the SOCS rely
on an active signal, adding a further intrinsic level of regula-
tion to the system (100). SOCS1 expression is rapidly up-reg-
ulated, even with low amounts of IFN�2; however, its pro-
duction is maintained over time only with a continuous,

strong IFN-1 signal generated by IFN� or high amounts of
IFN�2 (40).

IFN-1 induces robust and tunable activities

The most basic and easily measured modes of IFN-1 activi-
ties are robust and tunable. Robust activities are those that
require only minute amounts of IFN-1, independent of its bind-
ing affinity. These activities are common to all cells, and are
activated even with low surface receptor levels. The most
redundant robust activity is the antiviral activity of IFN-1s,
which serves as the first line of defense for viral and other
pathogen attacks. Robust activities are driven by ISRE promoter
elements (40). On the other hand, some of the IFN-1-induced
activities are cell type-specific, requiring 1000-fold higher
IFN-1 concentration, are more strongly activated by the high-
affinity binding IFN� (or IFN�2 variants engineered for tight
binding), are induced after longer times of IFN-1 treatment,
and require higher surface receptor numbers. We define these
activities as tunable. Antiproliferative and immunomodulatory
activities are good examples of those. An analysis of the pro-
moter regions of genes involved in tunable activities showed no
enrichment in ISRE sequences (40). Robust responses are satu-
rated by IFN�, with only tunable activities taking advantage of
the higher affinity of IFN� (23, 50). USP18 seems to be a perfect
candidate to explain the molecular mechanism supporting the
deviation between robust and tunable activities, as it inhibits
binding of lower affinity IFN-1s over time (22). A still open
question is whether disease states resulting from high persis-
tent interferon levels are due to up-regulation of robust or tun-

Figure 3. Feedback mechanisms regulating IFN-1 signaling. Endocytosis is already observed minutes after interferon receptor activation by IFN-1. Endo-
cytosis is activated by Tyk2 phosphorylation of Ser-535 on IFNAR1, facilitating its polyubiquitination. This in turn exposes a masked linear endocytic motif
enabling the recruitment of the AP2 complex and ensuing internalization of the type I IFN receptor. STAT phosphorylation peaks �1 h after initiation of IFN-1
induction, and is then suppressed by SOCS1 binding to Tyk2. SOCS1 expression is rapidly up-regulated by IFN-1, enhancing the negative feedback. A third layer
of feedback is mediated by USP18, which binds IFNAR2 and obstructs complex formation. USP18 expression is regulated by IFN-1, enhancing the negative
feedback with increased expression levels. Obstruction of any one of these feedback mechanisms was shown to cause disease due to enhanced IFN-1 signaling
(6).
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able genes. Robust genes are annotated by Gene Ontology bio-
logical process terms (using DAVID Bioinformatics Resources
6.8) as related to response to viruses, biotic stimulus, and
MHC1, whereas tunable genes are annotated to cytokine and
chemokine activities, taxis, inflammation, and antiproliferative
activities (50). The distinction is clinically relevant, as blocking
the induction of robust genes requires total shutdown of the
system, whereas blocking tunable genes requires only partial
shutdown, leaving at least partial antiviral activity intact. For
the latter, an antagonist such as IFN-1ant or its derivatives
would be perfect (41), whereas for the former, a receptor block-
ing antibody such as anifrolumab (which progressed to phase
III clinical trials) would be preferable (37). As mentioned above,
tunable activities are cell type-specific. It is interesting to note
that that in cells resistant to IFN-1-induced antiproliferative
activity, very little expression of tunable genes was observed
(40). Although most of these genes are not related to antipro-
liferative activity, it suggests that the same program controls
them.

Conclusions and perspectives

60 years have passed since the discovery of IFN-1 by Isaacs
and Lindenmann (1). At the beginning, IFN-1 was a great hope,
and was compared with the discovery of antibiotics, but to com-
bat viruses. Although IFN-1 was initially recognized as an anti-
viral agent, it became clear with time that cellular activation by
IFN-1 is much broader than just fighting viruses. This acknowl-
edgment resulted in a revival of interferon research and to our
realization that there is much we yet do not understand. In
addition to being an antiviral agent, it connects innate to
acquired immunity, drives immune cell differentiation, is
involved in monitoring cellular health, and has the ability to
drive senescence and apoptosis. All these different activities are
governed by binding of IFN-1 to its cell surface receptors, with
no evidence to refute the receptor-centric view. One could
compare this with turning on the same switch, resulting in mul-
tiple different outcomes. In this review, I tried to provide the
current knowledge of how this is possible. How can binding
generate a multitude of signals? Although we now have a quan-
titative understanding of differences in ligand-receptor bind-
ing, much is to be learned on how the different modes of bind-
ing are processed to molecular differences in signaling. IFN-1
activates six different STATs, in addition to other signaling
molecules. How the outcome of this complex processing stage
is dictated is not well-understood and provides a challenge for
the future. It should be clear that many of the outcomes are cell
type-specific. In this context, one of the complications of IFN-1
research is that many of the findings were not repeated on mul-
tiple cellular backgrounds, making it difficult to assess the gen-
erality of these findings. This is particularly true for tunable
activities, which generate much of the interest in this field. Bet-
ter understanding of IFN-1 signaling will enable us to engineer
IFN-1 variants to optimally drive specific activities, making it
again a drug of choice.
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Type I interferons (IFN-�/�) and the more recently identified
type III IFNs (IFN-�) function as the first line of defense against
virus infection and regulate the development of both innate and
adaptive immune responses. Type III IFNs were originally iden-
tified as a novel ligand-receptor system acting in parallel with
type I IFNs, but subsequent studies have provided increasing
evidence for distinct roles for each IFN family. In addition to
their compartmentalized antiviral actions, these two systems
appear to have multiple levels of cross-regulation and act coor-
dinately to achieve effective antimicrobial protection with min-
imal collateral damage to the host.

Interferon kingdom

Interferons (IFNs)3 represent a group of cytokines that are
able to induce resistance to virus infections in treated cells.
Most vertebrates possess three types (or families) of IFNs, based
on similarities in gene and protein sequences and structures,
receptor utilization, and biological functions, which are shared
among the members of each IFN type but are distinct between
the three IFN types. Type I IFN (IFN-�/�) and type III IFN
(IFN-�) families generally have multiple members, whereas
type II IFN (IFN-�) is encoded by a single gene in most species
(1).

All vertebrates appear to possess type I IFN genes, which are
generally numerous and intronless. The human genome con-
tains 13 IFNA genes encoding 12 distinct, but similar, IFN-�
proteins (IFN-�1 and IFN-�13 have identical sequences), and
one gene each for IFN-�, IFN-�, IFN-�, and IFN-�, which share
only limited amino acid similarities with each other and with

IFN-�. Only the IFNK gene contains an intron in the 3�-UTR;
all other human type I IFN genes lack introns. In contrast, type
III IFN genes do have introns (Fig. 1A) in most species.
Amphibian genomes contain both intronless genes and genes
with introns, which encode either type I or type III IFNs (2, 3).
Thus far, all IFN genes identified in fish contain introns but,
based on their sequences, are more related to type I IFNs found
in other species rather than to type III IFNs (4). The intron-
containing genes encoding either type I or type III IFNs share a
common intron/exon structure that is also conserved in genes
encoding IL-10-related cytokines (5, 6). IFN-�s also share lim-
ited similarity with both type I IFNs and the IL-10-related cyto-
kines (Fig. 1B). In addition, all IFNs and IL-10-related cytokines
signal through receptors belonging to the same class II cytokine
receptor family (5, 7). Therefore, all these cytokines are likely to
have arisen from a common ancestor by gene duplication and
expansion. The divergence into two IFN families is likely to
have happened relatively early in the tetrapod evolution,
because amphibians, reptiles (including birds), and mammals
have distinctive type I and type III IFNs. Although fish IFNs
resemble type I IFNs, they utilize two heterodimeric receptor
complexes, in which one receptor subunit is shared (8). There-
fore, it appears that IFNs began to diverge into two subfamilies
during the evolution of teleosts.

Although designated as an IFN, and present in fish, IFN-� has
relatively weak intrinsic antiviral activity and, unlike type I and
type III IFNs, its production is not directly triggered by viral
infection. The sequence of IFN-� is substantially divergent
from IFNs and IL-10-related cytokines (Fig. 1B), and the IFNG
gene has a distinct intron/exon structure.

The term IFN was originally devised for a substance pro-
duced by influenza A virus-infected chick embryo chorioallan-
toic membranes that can “interfere” with virus replication.
Because chickens have type I and type III IFN-based systems, it
is likely that, in the original experiments, both types of IFNs
were present (9). However, because of the design of cloning
strategies, the first IFNs to be characterized happened to be
type I IFNs. IFN-� and several IFN-� subtypes were cloned in
the 1980s based on their IFN-specific antiviral activities. Type
III IFNs were first discovered in silico as novel cytokines that
were shown to possess antiviral activities similar to those of
type I IFNs. The type III IFN family in humans consists of four
functional IFN-� proteins. IFN-�1, IFN-�2, and IFN-�3, also
designated as IL-28/29, were discovered in 2002/2003 by two
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independent groups (10, 11). IFN-�4 was identified in 2013
based on RNA sequence data from poly(I-C)-treated primary
hepatocytes (12), and it shares �30% identity with other IFN-�s
(Fig. 1C). The genes encoding type III IFNs are clustered on
human chromosome 19 (Fig. 1A), whereas all type I IFN genes
map to chromosome 9. In addition to four IFNL genes encoding
functional proteins, there are three pseudogenes (Fig. 1A). Mice
have only two genes encoding functional type III IFNs, IFN-�2
and IFN-�3, and two pseudogenes (13).

IFN-� receptor complex and signaling

All IFN-�s engage a heterodimeric receptor complex for sig-
naling. This complex is composed of IFN-�R1 (also known as
IL-28R), a receptor subunit unique to the IFN-� receptor
(IFNLR), and the IL-10R2 chain that is shared with receptor
complexes for IL-10, IL-22, and IL-26. There are three splice
variants of the human IFNLR1 gene, encoding either the full-
length functional IFN-�R1, a soluble IFN-�R1, or an IFN-�R1
variant lacking a membrane-proximal region of the intracellu-
lar domain and expected to be signal-incapable (5). The expres-
sion pattern of the splice variants and their functional impor-
tance are not well studied, although it has been suggested that
soluble IFN-�R1 can partially antagonize IFN-� activities (14).
All type I IFNs signal through the IFNAR complex composed of
IFN-�R1 and IFN-�R2 subunits. Interestingly, although type I

and type III IFNs signal through distinct non-overlapping
receptors, there is a poxvirus-encoded IFN antagonist that neu-
tralizes the action of all human type I and type III IFNs, with the
exception of IFN-�4 (15). This viral glycoprotein binds type I
and type III IFNs in a competitive manner, suggesting the exist-
ence of conserved epitopes between these two IFN family mem-
bers, despite the minimal amino acid sequence similarity (15).

Signaling cascades triggered downstream of the IFN-� recep-
tor complex are very similar to those activated in response to
type I IFNs binding to their specific receptor complex (Fig. 2)
(16). The predominant signaling from either IFNLR or IFNAR
is transmitted by the JAK-STAT pathway. Although the activa-
tion and involvement of JAK2 kinase in IFN-� signaling has
been reported (17, 18), STAT activation downstream of IFN-
�R1 proceeded normally in JAK2-deficient cells (19). Because
Tyk2 associates with IL-10R2 (20, 21), and JAK1 is expected to
interact with IFN-�R1 (19), the importance of JAK2 for IFN-�
signaling requires further investigation. The hallmark of IFN
signaling is the activation of a transcription complex designated
IFN-stimulated gene factor 3 (ISGF3), which is highly specific
to type I and type III IFN-induced signaling. ISGF3 is composed
of STAT1, STAT2, and IRF9 and induces transcription of hun-
dreds of ISGs. As expected, the sets of ISGs induced by either
type I or type III IFNs are very similar if not identical. However,

Figure 1. Human type III IFNs. A, schematic representations of the chromosomal localization and intron/exon organization of the genes encoding human
IFN-�s. The genes are transcribed in the direction indicated by the arrows. Genes encoding functional proteins are shown in blue and pseudogenes in green.
Unspliced transcripts are schematically shown as strings of filled or open boxes (exons) joined by intervening solid lines (introns). Spliced transcripts are also
shown as shaded/open boxes with vertical lines indicating the relative positions of former introns. The coding regions of exons are shaded, and the segments
corresponding to the 5�- and 3�-untranslated regions are open (not shaded). The position of the signal peptide (SP) is shown in light blue. IFNL1 and IFNL4 genes
are composed of five exons, whereas IFNL2 and IFNL3 genes have an additional upstream exon 1a. There are in-frame Met codons in both exons 1 and 1a; exon
1a extends the signal peptide by four additional amino acids. B, phylogenetic tree for IFN-�s with other IFNs and IL-10-related cytokines, (IL-10, IL-19, IL-22,
IL-24, and IL-26) encoded in the human genome. Only one IFN-� was used in this alignment because the 13 human IFN-� subtypes have nearly identical
sequences. C, sequence alignment of human IFN-� proteins with the consensus sequence shown on the bottom. Arrows indicate positions of common introns
(solid arrows) and of an additional intron, which is present only in IFNL2 and IFNL3 genes (dashed arrow).
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the kinetics of ISG induction by type I and type III IFNs differ.
In general, the levels of ISG expression peak earlier and decline
faster in response to type I IFNs and demonstrate a delayed and
prolonged induction pattern in response to IFN-�s (22–24).

One of the ISGs encodes a negative regulator of IFN signal-
ing, USP18 (Fig. 2), which competes with JAK1 for binding to
IFN-�R2 (25). USP18 has a stronger inhibitory effect toward
IFN-�s than toward IFN-� (26), which may reflect differential
affinities of IFN subtypes for their shared receptor subunits.
The action of USP18 is of particular interest, because it provides
a mechanism for selective inhibition and for cross-regulation of
type I and type III IFN-induced signaling. USP18 is induced by
either type of IFN (Fig. 2), but it exerts stronger inhibition
of IFN-�- than IFN-�-mediated activities (26, 27). Through
USP18 induction, IFN-�s can selectively constrain IFN-�
actions in cells responsive to both types of IFN.

Little is known about IFN-� subtypes regarding their recep-
tor binding and differential signaling. It came as a surprise that
human IFN-�3 has much higher antiviral potency than IFN-�2,
despite the fact that they have 96% amino acid identity (28).
Although IFN-�1, IFN-�3, and IFN-�4 seem to have compara-
ble biological activities (28, 29), it remains to be seen whether
the kinetics of ISG induction, mode of receptor engagement, or

sensitivity to negative regulators may differ among these IFN-�
subtypes.

Expression of IFN-�

The presence of regulatory elements, similar to those found
in the promoters of type I IFN genes, led to the initial charac-
terization of IFN-�s as antiviral cytokines (11). Indeed, IRF-,
NF-�B-, and AP1-binding sites are commonly present in the
promoters of both type I and type III IFN genes (16, 30, 31). As
predicted, initial experiments with cell lines or primary cells
demonstrated that type I and type III IFNs are co-produced in
response to virus infection or small molecular mimetics that
trigger activation of extracellular or intracellular sensors, which
recognize pathogen-associated molecular pattern molecules,
particularly nucleic acids. However, experiments carried out in
vivo are revealing a much more nuanced and complex picture.
Mucosal infections appear to trigger predominantly IFN-�
expression and a low level of IFN-� (32, 33). The source of these
IFNs is often epithelial cells, which preferentially express
IFN-�s (34 – 41). For example, epithelial cells were the primary
source of IFN-� production in the gastrointestinal tract of mice
infected with reovirus and rotavirus (35, 41). IFN-�s are pro-
duced later and require the presence of immune cells, such

Figure 2. IFN receptor complexes and signaling. IFN-�s and type I IFNs use distinct heterodimeric receptor complexes. The IFN-�s engage the unique
IFN-�R1 and IL-10R2, a subunit also used by the IL-10, IL-22, and IL-26 receptor complexes. IFN-�R1 and IFN-�R2 form the active type I IFN receptor complex.
IFN-� binding to its receptor complex leads to the activation of receptor-associated JAK1 and Tyk2 kinases, which phosphorylate Tyr residues within
the IFN-�R1 intracellular domain. These phosphotyrosine-based motifs serve as docking or recruitment sites for the latent transcriptional factors of the STAT
family. The main STATs that become recruited and activated are STAT1 and STAT2, although activation of STAT3, STAT4, and STAT5 can be also detected (10,
19, 97). Phosphorylated STAT1 and STAT2 heterodimerize and interact with another transcription factor, IFN regulatory factor 9 (IRF9), leading to the formation
of a transcription complex designated IFN-stimulated gene factor 3 (ISGF3). After translocation to the nucleus, ISGF3 binds to the IFN-specific response element
(ISRE) that is commonly present in the promoter regions of hundreds of IFN-stimulated genes (ISGs), culminating in their transcriptional expression. The many
ISGs encode a variety of antiviral mediators (98) enabling the establishment of an antiviral state effective against a broad spectrum of viruses. Subsets of ISGs
encode proteins involved in virus recognition and IFN induction such as TLR, RIG-I-like receptors (RLR), and IRF7 as well as modulators of IFN signaling such as
STAT1, USP18, and SOCS1 (99). USP18 binds to the IFN-�R2 intracellular domain, displaces JAK1, and suppresses IFN-� signaling. Ku70 is a DNA sensor that
selectively triggers expression of IFN-�s (100).
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as plasmacytoid dendritic cells (pDCs), which produce both
IFN-�s and IFN-�s (42– 44). BDCA3� dendritic cells (DCs) can
also produce IFN-�s in response to poly(I-C) or co-culture with
HCV-infected cells (45– 47). Overall, the expression patterns
and levels of production of type I and type III IFNs vary depend-
ing on the site of the infection and the specific viral pathogen.
Although not surprising, given the many different mechanisms
by which viruses stimulate and suppress IFN production (48),
this variability is often underappreciated. It appears that pro-
duction of IFN-�s can be induced to substantial levels by either
IRF or NF-�B pathways (49 –51), whereas type I IFN produc-
tion requires activation of both pathways for efficient produc-
tion. Because many viruses target the IRF pathway, the prefer-
ential expression of IFN-�s by epithelial cells during virus
infection may be occurring via an unaffected NF-�B pathway.

Another mechanism favoring IFN-� production by epithelial
cells is the increased number of peroxisomes found in polarized
cells at mucosal surfaces (18). MAVS, a critical mediator of a
signaling cascade leading to IFN production downstream of
RIG-I-like receptors, can be found localized to mitochondria or
peroxisomes (52). Activation of peroxisome-associated MAVS
triggers the production of IFN-�s, whereas type I IFNs are
induced by mitochondrion-associated MAVS (18, 52). IRF1,
IRF3, and NF-�B, but not AP1, mediate the signaling leading to
IFN-� production from peroxisome-bound MAVS (18, 52).
This pathway was initially assumed to be a novel, IFN-indepen-
dent, antiviral pathway, as no expression of type I IFNs could be
detected (52), but it was subsequently shown to lead to selective
IFN-� production (18). Bacterial infections of epithelial cells
also triggered IFN-� production mediated by peroxisome-asso-
ciated MAVs (18, 53, 54). Increased polarization status of intes-
tinal epithelial cells not only augments their ability to produce
IFN-�s (18) but also enhances their sensitivity to IFN-� treat-
ment (41) emphasizing the importance of type III IFNs in intes-
tinal mucosal immunity (Fig. 3). Thus, type III IFNs appear to
play an important role in the protection of barrier surfaces
against a variety of microbes and are likely to contribute to the
maintenance of tissue homeostasis.

IFN-� induction at low levels, and with delayed kinetics, was
detected in HepG2 cells following treatment by either type I or
type III IFNs (55) and in IFN-�-treated pDCs (43), demonstrat-
ing that the IFNL genes are ISGs. ISGs encode many proteins,
such as TLRs, RIG-I-like receptors, IRF7, STAT1, SOCS, and
USP18, that can positively or negatively modulate IFN produc-
tion or signaling (Fig. 2). This provides a basis for cross-talk
between these two IFN systems. It has been shown that treat-
ment of DCs and macrophages with IFN-� prior to, or together
with, virus infection or TLR agonists potentiates IFN-� produc-
tion (46, 56 –58). Priming of IFN-� expression by type I IFNs is
also suspected because of the decreased IFN-� expression in
response to virus infection observed in IFNAR-deficient mice
(33, 59). The extent to which type I IFN expression is potenti-
ated by IFN-�s is less clear. This was reported for macrophages
and DCs following exposure to virus (46, 56), but pretreatment
of airway epithelial cells with IFN-� had no effect on influenza
A virus-induced IFN-� expression (37). Because immune cells
are thought to be the major source of type I IFN production in

vivo, and only a restricted set of immune cells respond to IFN-�,
priming by IFN-� is unlikely to affect type I IFN expression.

IFN-�s and HCV

In 2009, several independent groups discovered that poly-
morphisms in the vicinity of the IFNL3 gene predict response to
IFN-�-based antiviral therapies in patients chronically infected
with HCV, as well as spontaneous clearance of HCV infection
(60 – 62). Subsequent studies reported the association of these
single nucleotide polymorphisms (SNPs) with other chronic
viral infections and other diseases, including non-alcoholic
fatty liver disease and allergy. It was proposed that the SNPs
affect the level of IFN-�3 expression; however, this was not
conclusively demonstrated. Sets of SNPs were found to be in
linkage disequilibrium, revealing the existence of several dis-
tinct haplotypes in humans. In 2013, a novel IFNL gene, desig-
nated IFNL4, was discovered upstream of the IFNL3 gene (Fig.
1) (12). Two SNPs have been identified in this gene in the
human population; one of these causes a frameshift mutation
resulting in non-functional IFN-�4 and another generates an
amino acid substitution (12, 63). IFN-�4 possesses strong anti-
viral activity, comparable with that of IFN-�3 and IFN-�1, and
signals through the same receptor complex, despite being only
�30% identical to other IFN-�s (29). The P70S amino acid sub-
stitution reduces IFN-�4 activity (63). Paradoxically, the pres-
ence of an allele encoding fully active IFN-�4, the protein that,
in vitro, shares anti-HCV activities with other IFN-�s, is
strongly associated with unfavorable outcomes from HCV
infection. The principles underlying this seeming contradiction
remain elusive. One possible explanation (61, 62) arises from
previous observations: (i) the increased expression levels of
ISGs, including USP18 (Fig. 2), in patients refractory to anti-
HCV therapies (62), and (ii) selective suppression of IFN-� but
not IFN-� signaling by HCV (64, 65). This suggests a scenario in
which continuously produced IFN-�4 (66) is responsible for the
chronic up-regulation of ISG expression, including negative
regulators such as USP18 that maintain the refractoriness to
IFN-�-based therapy. However, it remains unclear what makes
IFN-�4 so different from other IFN-�s, because transcription
from all four IFNL genes is simultaneously induced by the HCV
mimetic poly(I-C) in primary hepatocytes, but the establish-
ment of chronic infection is most strongly associated with the
presence of the functional IFNL4 gene. One distinction con-
served among mammalian IFN-�4 proteins is the fact that,
unlike other IFN-�s, this cytokine is poorly secreted from the
producer cells (12, 29, 67), but how and whether this feature
may translate into a unique function during HCV infection
remain unclear. Rodents lack the IFNL4 gene, but noteworthy is
the report that T cell responses were opposite in IFNLR�/�

mice infected with acute versus persistent strains of lympho-
cytic choriomeningitis virus (68). Therefore, even in rodents,
the effects of IFN-�s may be tuned by chronic inflammation.

The conundrum of IFN-�4 in HCV infection will be difficult
to untangle as this phenomenon cannot be studied in the mouse
model. Mouse hepatocytes are not responsive to type III IFNs in
vivo, despite their ability to respond to these cytokines ex vivo
(69). Human hepatocytes are sensitive to type III IFNs in vivo as
shown by successful clinical trials of IFN-�1 for the treatment
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of patients with chronic HCV infection (70), patterns of human
IFN-�R1 expression in liver biopsies (71, 72), and IFN-�
responsiveness of human primary hepatocytes. Nonetheless,
IFN-�R1 expression varies in human hepatocytes in vivo
(72), indicating that hepatocyte responsiveness to IFNs, and
the factors and pathways affecting this, deserves additional
examination.

Role of IFN-�s in vivo

The existence of the IFN-� family was not suspected prior to
2003, largely because type I and type III IFNs are induced by
many of the same stimuli and mediate the same effects despite
their distinct receptors. Thus, one of most interesting questions
facing IFN researchers is understanding how and whether type
III IFNs have a distinct biological role. One clear distinction is
the essentially non-overlapping distribution of type I and type
III IFN receptors.

Utilization of different receptors allows type I and type III
IFNs to target distinct compartments in vivo. Despite the fact
that IFNAR has long been thought to be expressed on all cell
types, it is now becoming clear that, at least in the gastrointes-
tinal tract, intestinal epithelial cells (IECs) respond almost
exclusively to type III IFNs, whereas type I IFNs are mostly
active on immune and endothelial cells (Fig. 3) (35, 41, 73–76).
Accordingly, IFN-� limits rotavirus and reovirus replication in
IECs, whereas type I IFNs control virus spread beyond the epi-
thelial compartment (35, 41). Interestingly, this difference is
observed only in adult animals, with IECs in neonatal mice
responsive to both IFN types (41). It is important to emphasize
that isolated intestinal epithelial cells respond to either type I or
type III IFNs ex vivo, as do a variety of cell lines derived from the
GI epithelium (10, 76). The basis of this age-dependent restric-
tion in vivo is not yet understood. It has been suggested that the
level of IFN-�R1 expression is down-regulated in IECs in vivo
(35), but the mechanism(s) determining this altered respon-
siveness is currently unknown. Also unresolved is the localiza-
tion of IFN receptors on polarized epithelial surfaces in vivo.
Polarized rat IECs were found to respond to type I IFNs added
to the apical surface only, whereas type III IFNs could signal
from either the apical or the basolateral surface (76). This is
contradicted by an in vivo study showing both IFN-�/� and
IFN-� responses by neonatal murine IECs following subcuta-
neous administration of either cytokine (41). It is important
that receptor orientation, in mouse and man, be determined if
we are to understand innate immune responses at the mucosal
surface.

Acting on epithelial cells, IFN-�s may be important for lim-
iting virus release into the lumina of the gastrointestinal and
respiratory tracts. Indeed, fecal shedding of rotavirus and reo-
virus, as well as murine norovirus (MNV) that primarily repli-
cates in B cells, was increased in IFNLR-deficient mice (35, 76,
77). Although rotavirus and reovirus replicate in IECs, MNV
replicates in hematopoietic cells, where IFN-� is inactive.
Therefore, indirect action of IFN-�s was proposed for control-
ling persistent MNV infection (77). Moreover, depletion of
microbiota by antibiotics prevented the establishment of per-
sistent infection in mice infected with low MNV doses, an effect
that was not observed in IFNLR-deficient animals (78). How-

ever, MNV replicates to higher titers in IFNLR-deficient mice,
and higher MNV doses lead to persistent MNV infection even
in antibiotic-treated animals (78). Thus, the precise mecha-
nisms of IFN-�-mediated protection against MNV, and the
cells responding to this cytokine in MNV infection, require fur-
ther investigation.

The MNV example raises an additional consideration. It is
possible that type III IFNs reduce MNV shedding by acting to
strengthen the epithelial barrier even in the absence of epithe-
lial infection. Of note, tightening of the blood-brain barrier by
IFN-� decreased neuroinvasion of West Nile virus (79). Effects
of IFNs on the permeability of the GI epithelial barrier may also
explain increased sensitivity of mice to the dextran sulfate sodi-
um-containing water in the mouse model of acute colitis (80).

Current data suggest that type I and type III IFNs are redun-
dant in the protection against respiratory viruses where repli-
cation of the virus is limited to the epithelial compartment. In
the case of influenza virus (73, 81) or severe acute respiratory
syndrome (SARS) virus (82) infection, either type I or type III
IFNs confer the same level of protection seen in wild-type mice,
with significantly enhanced virus titers in the absence of both
pathways. Consistent with these observations, influenza A virus
infection induces the same set of ISGs in murine tracheal epi-
thelial cells obtained from either wild-type, IFNAR-, or IFNLR-
deficient mice (83), confirming the redundancy of type I and
type III IFN-based antiviral responses in airway epithelium.
Enhanced respiratory syncytial virus replication is present only
in mice deficient in both type I and type III IFN receptors (73).
However, it was recently reported that IFN-�s are more impor-
tant in controlling the spread of respiratory viruses from the
upper respiratory tract to the lungs in mice and virus transmis-
sion between animals (84). Therefore, it appears that there may
be non-redundant IFN-based functions within the respiratory
as well as the GI tract.

It has been particularly challenging to define immune cell
subsets sensitive to type III IFNs due to the lack of verified
research reagents, and the fact that the assessment of levels of
transcriptional or protein expression of IFN-�R1 does not
equate to responsiveness of the cells to IFNs. As an example, B
cells may express IFN-�R1 but are barely responsive to IFN-�s
(14, 85). NK cells, which are important mediators of anti-tumor
activities of both type I and type III IFNs (86 – 88), are sensitive
to type I IFNs, but whether IFN-�s can directly affect NK func-
tions is controversial (86 –90). There are numerous and some-
times contradictory reports on this topic, but in aggregate it
appears that T cells, NK cells, and monocytes are not directly
responsive to type III IFNs. Nonetheless, this does not rule out
the possibility that subsets of these cells may become IFN-�-
responsive in some settings. It has recently been shown, for
example, that the responsiveness of neutrophils to IFN-�
depends on their activation or differentiation status; neutro-
phils isolated from peripheral blood do not respond to this
cytokine, whereas the neutrophils isolated from bone marrow
are very sensitive to IFN-�s (91). Plasmacytoid dendritic cells
isolated from human subjects are also responsive to both IFN
types (43, 92).

Overall, it can be concluded that the type III IFN system
evolved to serve as a first line of defense at the mucosal barrier,
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which is the initial target of most invasive pathogens. Mainly,
IFN-�s protect these epithelial layers, but some subsets of
immune cells, particularly those involved in innate rather than
adaptive immune responses, are responsive to IFN-�s constitu-
tively or upon activation (Fig. 3). Acting on DCs, IFN-�s
can indirectly affect the development of adaptive immune
responses (43, 92–94). Neutrophil and DC responses to type I
IFNs might also be down-regulated by prolonged IFN-�-medi-
ated induction of USP18, adding another level of immune reg-
ulation. This is an important consideration as type I IFNs gen-
erally promote inflammatory as well as antiviral responses (95).
Consistent with the idea that type III IFNs may act as a brake on
the proinflammatory effects of type I IFNs, it was reported that
IFN-�s acting on DCs promote the development of T regula-
tory cells (93) and dampened inflammation in mouse models of
asthma (94) and rheumatoid arthritis (91). In addition, in vivo
studies also suggest a role for type III IFNs in wound healing and
anti-tumor defense (61), although the mechanisms of these
additional functions are not well understood.

Clinical applications

The most compelling aspect of our current knowledge of
type III IFN biology is the possibility that IFN-�s could act as
potent antivirals against multiple infections without the side
effects associated with IFN-� treatment. This hypothesis was
tested in clinical trials of IFN-�1 therapy for HCV infection,
which confirmed that this cytokine had antiviral effects equiv-
alent to IFN-� without the same level of associated toxicity (70).
Studies of IFN-� treatment of influenza A virus-infected mice
have shown similar results (96). Exogenous IFN-� was also able
to prevent or cure murine norovirus infection (77) and reduce

replication of rotavirus (35, 41, 76). Taken together, these data
suggest that IFN-� can potentially be developed as a broad-
spectrum antiviral agent for prophylaxis and treatment of a
large number of viral infections without the unwanted proin-
flammatory effects of IFN-�. This is an exciting possibility and
would represent a major clinical advance. In addition, type III
IFNs have now been shown to play an important role in pro-
tecting the lung from fungal infection,4 suggesting applications
beyond the treatment and prophylaxis of viral infection. The
potential use of IFN-� in the treatment of malignancy is also an
area of active research (61).

Conclusion

The host response to invading pathogens requires well-tuned
defense mechanisms that eradicate harmful microbes while
limiting tissue damage and systemic inflammation. Most spe-
cies evolved two ligand-receptor systems, based on either type I
IFNs (IFN-�/�) or type III IFNs (IFN-�s), which function as the
first line of innate defense against virus infection, but they also
act as regulators of both innate and adaptive immune re-
sponses. Although type III IFNs were originally shown to pro-
vide antiviral protection in parallel with and independent of the
type I IFNs, a growing body of evidence indicates distinct roles
for each IFN family, as well as non-overlapping functions for
subtypes within each family. Of equal importance is the realiza-
tion that, in addition to their compartmentalized antimicrobial
actions, these two antiviral systems appear to have multiple
levels of cross-regulation and act coordinately during both the

4 A. Rivera, J. E. Durbin, and S. V. Kotenko, unpublished data.

Figure 3. IFN-�-centric model on the production and action of IFNs at the epithelial barrier. IFN production in the intestine is induced by invading
bacterial and viral pathogens and likely by the many microbial by-products present in the intestinal lumen. These stimuli trigger predominantly IFN-�
expression from epithelial cells, and these cells preferentially respond to type III IFNs. Therefore, it appears that the antiviral protection of IECs relies on the
IFN-�-based autocrine system. In addition to IECs, DCs present in the lamina propria beneath the epithelial surface produce and respond to both types of IFNs,
but pDCs preferentially produce IFN-�. Intraepithelial T lymphocytes (IELs), which are in continuous contact with the epithelial layer, also secrete both type I
and type III IFNs upon antigen stimulation (101). IFN-�/� secreted into the submucosa (solid arrows) act on lamina propria cells. Both IFN types can also act
systemically through entry into the blood stream (dashed line).
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innate and adaptive phases of the immune response. As our
understanding of these complementary systems grows, so
will opportunities for more nuanced therapeutic interven-
tions in infectious and inflammatory disease.
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Long before the recent thrust of scientific research on the
microbiome, the importance of its interface with the host was
being acknowledged by practices such as probiotic supplemen-
tation, e.g. after a course of antibiotics, which has the unwanted
side effect of depleting commensal bacteria. The shared metab-
olite capital between the host and the microbiome is extensive
and tightly controlled. However, despite the influence of microbe-
derived metabolites on many aspects of host physiology, behav-
ior, and pathology, our understanding of this metabolic inter-
face is still in its infancy and its therapeutic targeting is largely
untapped. In this Thematic Minireview Series, JBC presents six
exciting articles discussing a range of approaches for identifying
microbial natural products, and elucidating their biosynthetic
pathways and their physiological effects, which could poten-
tially be leveraged for developing new therapeutics.

Wilson, Zha, and Balskus (1) refer to the largely unknown
trove of microbiome-derived natural products as “dark matter”
and discuss approaches to unravel it. The sheer numbers of
microorganisms that colonize humans (in the trillions), and
collectively harbor 2 orders of magnitude more genes than the
host, hint at the depth of the secondary metabolite trove. Com-
putational mining of metagenomic sequence data is opening
the doors to identifying biosynthetic gene clusters and the path-
ways that they encode. The review discusses alternative strate-
gies that are in use for natural product discovery, each illus-
trated with success stories and a discussion of challenges. In
addition to the better-studied gut microbiome, the nasal and
skin microbiomes represent other environments of host-mi-
crobe metabolic interplay ripe for natural product mining.

Martinez, Leone, and Chang (2) focus on advances in identi-
fying microbial metabolites linked to gastrointestinal and
peripheral diseases. The human gut is estimated to host �1000
bacterial species that exist within distinct micro-niches. 16S
rRNA amplicon sequencing is being used to identify members
of commensal microbial communities, while multi-omic tech-
niques are helping to elucidate functional characteristics of
their metabolism. The wealth of data being generated by meta-

genomic, meta-transcriptomic, and metabolomics studies con-
trasts with the bottlenecks in identifying and ascribing func-
tions to small molecules. These multi-omic approaches are also
revealing changes in microbial diversity, decreased abundance
of commensals, and changes in metabolites (e.g. short-chain
fatty acids) in some disease states.

The review by Brown and Hazen (3) discusses the challenges
with using high-throughput approaches for cataloging micro-
bially derived transcript and protein levels. They also empha-
size the importance of (and challenges with) mapping the
microbial metabolome under defined conditions. The metabo-
lome holds the promise of furnishing disease biomarkers and
identifying drug targets, as exemplified by the gut microbe-
derived metabolite, trimethylamine N-oxide (TMAO),2 which
is causally linked to atherosclerosis and thrombotic vascular
diseases. Nutrients in animal product-enriched Western diets
drive the generation of the gut-derived metabolite, trimethyl-
amine. The latter is acted upon by host flavin monooxygenases
to produce TMAO. The promise of targeting bacterial trimeth-
ylamine lyase is discussed in this review.

Pellock and Redinbo (4) focus on the metabolic interface
where the host appends glucuronic acid to endobiotics and
xenobiotics and microbes remove it to retrieve carbon sources.
This metabolic cycle involves host UDP-glucuronosyl transfer-
ase, which adds glucuronic acid, and microbial �-glucuroni-
dases that remove it. The glucuronidation cycle can impact
drug pharmacokinetics, influence local and systemic levels of
endobiotics (e.g. bilirubin, thyroxine, and testosterone), and is
associated with GI pathologies including colon cancer, Crohn’s
disease, and colitis. A therapeutically important consequence
of this metabolic interplay is exemplified by the GI toxicity of
SN-38, the active form of the colorectal and pancreatic cancer
treatment prodrug, irinotecan. Liver metabolism leads to
SN-38 glucuronide for excretion, which is countered by micro-
bial retrieval of SN-38 in the gut. Rational targeting of microbial
glucuronidase reduces dose-limiting GI toxicity of SN-38 and
might be an effective strategy for increasing the tolerance and
efficacy of other drugs whose metabolisms are influenced by the
microbiome.

The review by Olsan, Byndloss, Faber, Rivera-Chávez, Tsolis,
and Bäumler (5) highlights yet another dimension of the host-
microbiome interface, i.e. how some gut microbes curtail colo-
nization by others and how this balance in healthy individuals is
disrupted upon antibiotic exposure. For instance, members of
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the carbapenemase-producing Enterobacteriaceae family can
expand during antibiotic therapy, which is a growing problem
for nosocomial infections worldwide. Normally, the limited
availability of host-derived electron acceptors, as well as the
hypoxic conditions at crypt apexes, keeps the population of
Enterobacteriaceae, which are facultative anaerobes, in check
by Bacteriodia and Clostridia, which are strict anaerobes. How-
ever, an antibiotic-induced shift in colonic epithelial energy
metabolism from microbiota-derived butyrate to glucose fer-
mentation increases O2 concentration and provides nitrate, a
respiratory electron acceptor. These respiration-permissive
conditions disrupt colonization resistance and fuel the post-
antibiotic expansion of Enterobacteriaceae.

Krautkramer, Rey, and Denu (6) review eukaryotic chroma-
tin regulation by host- and gut microbe-derived metabolites.
They focus on methylation and acetylation, the two most com-
mon and well-studied posttranslational histone modifications,
and on DNA methylation. One-carbon and central carbon
metabolites signal host metabolic status to chromatin, affecting
both histone and DNA modifications. Layered over this com-
plex regulation governing deposition and removal of histone
and DNA modifications is regulation by bioactive metabolites

originating in the gut microbiota including butyrate, propio-
nate, acetate, and short-chain fatty acids. The authors raise the
intriguing possibility that changes in trans-generational epige-
netic inheritance in response to dietary input might be modu-
lated by microbiota-host interactions.
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Human-associated microorganisms have the potential to bio-
synthesize numerous secondary metabolites that may mediate
important host-microbe and microbe-microbe interactions.
However, there is currently a limited understanding of micro-
biome-derived natural products. A variety of complementary
discovery approaches have begun to illuminate this microbial
“dark matter,” which will in turn allow detailed mechanistic
studies of the effects of these molecules on microbiome and
host. Herein, we review recent efforts to uncover microbiome-
derived natural products, describe the key approaches that were
used to identify and characterize these metabolites, discuss
potential functional roles of these molecules, and highlight chal-
lenges related to this emerging research area.

Context for secondary metabolite discovery

Secondary or specialized metabolites (natural products) rep-
resent a vast array of small molecules produced by many organ-
isms, including microorganisms (1). Since the mid-20th cen-
tury, activity-based screening of cultivatable microbes, mostly
Actinomycetes soil bacteria, and subsequent isolation efforts
enabled the discovery of numerous bioactive secondary metab-
olites, including various polyketides (PKs),3 nonribosomal
peptides (NRPs), and hybrids thereof (2). Advances in DNA
sequencing, molecular biology, and cultivation methods have
also enabled the more recent discovery of secondary metabo-
lites from unculturable microorganisms (3– 6). Both microbial
natural products and semisynthetic derivatives have signifi-
cantly impacted human health, serving as a major source of
clinically used antibiotics, antifungals, anticancer agents,

immunosuppressants, and other drugs (7). Although natural
product discovery has predominantly focused on medicinal
applications, recent studies have begun to shed light on the
fascinating ecological roles of secondary metabolites in produc-
ing organisms and their surrounding environments, including
the human body (8, 9).

Secondary metabolites from the human microbiota

Trillions of microorganisms colonize the human body and
significantly influence human health and disease. These organ-
isms are collectively known as the human microbiome and pos-
sess 100-fold more genes than the human genome (10, 11). A
recent analysis of genomic and metagenomic sequencing data
from the Human Microbiome Project (HMP) showed that
human-associated bacteria encode the biosynthetic machinery
to synthesize a vast array of secondary metabolites (12). How-
ever, the identities of nearly all of these natural products are
unknown, and their biological roles are not well understood.
Uncovering the mechanisms by which these molecules mediate
host-microbe and microbe-microbe interactions could reveal
factors influencing the microbiome’s effect on the host, a
source of narrow-spectrum therapeutics, and inspire new strat-
egies for treating human disease.

In this Minireview, we describe several recent efforts to dis-
cover natural products from human-associated bacteria to
highlight strategies for further exploring the biosynthetic
capacity of the human microbiome. We also briefly discuss
potential biological roles of these metabolites. Our goal is not to
provide a comprehensive overview of all small molecules iso-
lated from the human microbiome as this topic has been
reviewed recently (13–18). Instead, we showcase how distinct
approaches for natural product discovery can be used alone or
in combination to unravel the complex metabolic interplay
within the human microbiome.

Sequence-based metagenome mining: Lactocillin

Advances in DNA sequencing technologies and the accom-
panying increase in the available (meta)genomic sequencing
data have enabled computational strategies for natural product
discovery (19, 20). Genome mining approaches take advantage
of the fact that the genes responsible for constructing microbial
secondary metabolites are typically co-localized in biosynthetic
gene clusters (BGCs). Automated programs such as Cluster-
Finder, a hidden Markov model-based probabilistic algorithm,
have been developed to rapidly and accurately identify BGCs
from DNA sequencing data (21). Recently, Fischbach and co-
workers (12) used ClusterFinder to identify more than 14,000
BGCs from HMP reference genomes. These human-associated
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BGCs are predicted to synthesize a broad range of natural prod-
uct classes, including saccharides, NRPs, PKs, and ribosomally
encoded and post-translationally modified peptides (RiPPs).

Based on the widespread distribution of RiPPs across multi-
ple body sites and their potential clinical relevance, Fischbach
and co-workers (12) searched HMP shotgun metagenomic
assemblies for pathways encoding thiopeptides, a well-studied
group of RiPPs. Of the 13 identified thiopeptide BGCs, bcg66
was selected for further study as it resembled the well-charac-
terized BGC that produces the antibiotic thiocillin (22). Com-
parative metabolomics between a wild-type Lactobacillus gas-
seri strain harboring the bcg66 cluster and an isogenic mutant
successfully guided the isolation of lactocillin (Fig. 1). As L. gas-
seri is a vaginal isolate, this work represents the first structural

characterization of a thiopeptide natural product from a mem-
ber of the human microbiome.

The structural similarity of this human-associated thiopep-
tide to thiocillin suggested that lactocillin might exhibit anti-
bacterial activity against Gram-positive organisms. As ex-
pected, purified lactocillin was active against Gram-positive
pathogens, including residents of the urogenital tract such as
Staphylococcus aureus, Enterococcus faecalis, and Corynebacte-
rium aurimucosum. Interestingly, lactocillin did not show anti-
bacterial activity against other vaginal Lactobacillus strains,
raising the possibility that lactocillin production may have
evolved to prevent the colonization of harmful organisms with-
out affecting nearby beneficial bacteria. Additional coloniza-
tion experiments with the wild-type L. gasseri strain and the
lactocillin isogenic mutant are needed to test this proposal.

Overall, the lactocillin case study illustrates how sequence-
based discovery approaches can rapidly identify BGCs from
both genomes and complex metagenomes. The ongoing appli-
cation of these tools, along with continued advances in DNA
sequencing and synthesis as well as improved approaches for
heterologous expression of BGCs, will continue to provide
access to the chemical output of the human microbiome (23).

Functional metagenome mining: Commendamide

As detailed above, sequenced-based approaches can provide
structural information about natural products prior to isola-
tion. However, a drawback to this approach is its inability to
yield functional information about secondary metabolites that
are not linked to cultivatable strains. Functional metagenomics
is an alternative strategy that can address this issue. This
approach involves extracting DNA from an environmental
sample (eDNA) and heterologously expressing this genetic
information in an easily cultivable host such as Escherichia coli
(Fig. 2) (24). The resulting clone libraries are then screened for
a particular phenotype (for example antibacterial activity) or
the presence of specific genes (for example biosynthetic
genes), and the resulting clones of interest are then analyzed
for the production of clone-specific metabolites (25).
Although functional metagenomic studies have successfully
identified bioactive metabolites from soil eDNA (26, 27), this
approach was not applied to the human microbiome until rel-
atively recently.

In 2015, Brady and co-workers (28) reported the identifica-
tion of commendamide, a gut microbial metabolite involved
in a host-microbe interaction (Fig. 2). They discovered this
metabolite by screening E. coli clone libraries constructed from
human stool metagenomic DNA. A cell-based reporter assay
was used to identify clones that modulated nuclear factor-�B
(NF-�B), an important transcription factor that responds to a
variety of cellular processes. A total of 26 unique bacteria effec-
tor genes (Cbegs) were identified from examining a 75,000-
member cosmid library. One effector gene family, Cbeg12, was
annotated as an N-acyltransferase. Heterologous expression
of Cbeg12 and metabolite profiling revealed the production of
N-acyl-3-hydroxy palmitoyl glycine, a new natural product that
was named commendamide. Cbeg12 was identified in several
commensal Bacteroides genomes, and cultivation of Bacte-
roides vulgatus confirmed production of this metabolite.

Figure 1. Overview of the sequenced-based metagenomic analysis
method used to discover lactocillin.
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Commendamide resembles various long-chain N-acyl amino
acids identified in soil microbes and humans (29). These mam-
malian and bacterial signaling molecules exhibit a broad range
of activities, including antibacterial (29), N-type calcium chan-
nel activation (30), and agonist activity against diverse G-
protein-coupled receptors (GPCR) (31). A broad screen for
agonist activity against 242 GPCRs revealed that commend-
amide specifically activates GPCR132/G2A, a critical recep-
tor that regulates cellular proliferation and immunity (32).
Disruption or dysregulation of G2A activity is associated
with autoimmune syndrome (33) and atherosclerosis (34).
Thus, it is possible that the commensal B. vulgatus produces
commendamide to interact with the host immune system via
G2A modulation.

The discovery of commendamide showcases the ability of
functional metagenomics to rapidly link a single open reading
frame present in stool metagenomic DNA to a biologically
active metabolite. In the near future, the development of addi-
tional heterologous hosts better suited for expression of DNA
from prominent members of the human microbiome will

undoubtedly increase the efficiency of this natural product dis-
covery strategy (35).

Ecological approach: Lugdunin

Studying the chemical ecology of members of the human
microbiome is another powerful approach for identifying nat-
ural products that mediate interactions in this environment (8,
9). Instead of isolating a natural product and then searching for
its biological function, an ecology-based approach starts with a
relevant biological activity and then identifies the molecule(s)
responsible. Several methods exist for connecting phenotypes
to metabolites, including traditional bioassay-guided fraction-
ation, targeted gene knock-out studies, and metabolomics.
Ecology-guided strategies have led to the discovery of many
biologically active secondary metabolites from microbes living
together with marine sponges, plants, fungi, invertebrate ani-
mals, and humans (8, 36).

Investigation of a potential ecological interaction within the
human nasal microbiome led to the recent discovery of lug-
dunin, a secondary metabolite produced by the commensal
bacterium Staphylococcus lugdunensis (37). The potentially
beneficial properties of this organism were first illuminated
when Zipperer et al. (37) made the key observation that S. lug-
dunensis strongly antagonized the human pathogen S. aureus
(Fig. 3). Transposon mutagenesis traced this observed activity
back to a 30-kb gene cluster encoding NRPS and additional
biosynthetic enzymes, suggesting that an NRP was likely res-
ponsible for the observed antibacterial activity. Overcoming
initial cultivation hurdles, Zipperer et al. (37) isolated lugdunin,
an NRP antibiotic containing several additional features that
could not be predicted using current bioinformatic analysis
methods (Fig. 3).

These isolation efforts, along with chemical synthesis, pro-
vided sufficient quantities of lugdunin to further explore its
functional role in the nasal cavity. Minimum inhibitory concen-
tration assays demonstrated that lugdunin exhibits potent anti-
microbial activity against Gram-positive bacteria, including
vancomycin-resistant Enterococcus sp. and S. aureus, with no
detectable signs of resistance. This commensal bacterial metab-
olite also reduced and in some cases completely eradicated
S. aureus in both skin and animal infection models. Moreover,
epidemiological studies showed that S. aureus colonization
rates are significantly lower in humans colonized with S. lug-
dunensis as compared with S. lugdunensis-negative patients.
These studies suggest that lugdunin production by S. lugdunen-
sis may interfere with S. aureus colonization in vivo.

Interspecies competition is a relatively common occurrence
between human-associated microbes, particularly in nutrient-
poor body sites such as the skin microbiota (38). Analyzing the
composition of microbial communities from these sites using
new statistical tools could reveal additional pairs of microbes
that co-occur or are differentially present, revealing symbiotic,
mutualistic, or antagonistic interactions to guide further natu-
ral product discovery (39).

In vitro biochemistry: Colibactin

The full or partial in vitro reconstitution of a cryptic natural
product biosynthetic pathway is an unconventional strategy for

Figure 2. Functional metagenomic strategy used to find commendamide.
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gaining structural information about a secondary metabolite
that can be uniquely enabling in certain situations. This ap-
proach involves characterizing the products that arise from
combining purified biosynthetic enzymes with potential co-
factors and substrates (40, 41). Unlike heterologous expression
of a biosynthetic gene cluster, an in vitro approach can facili-
tate an understanding of the detailed chemical mechanisms
involved in synthesizing a natural product (42). This strategy
also bypasses potential problems with microbial cultivation and
regulating gene cluster expression in vivo. Finally, partial in
vitro reconstitution yields structural information that can assist
with isolation efforts as exemplified by the ongoing character-
ization of colibactin, a secondary metabolite made by commen-
sal and pathogenic E. coli.

In 2006, Oswald and co-workers (43) reported that certain
E. coli strains cause cell cycle arrest and DNA double-strand
breaks in mammalian cell lines. Transposon mutagenesis
linked genotoxicity to a 54-kb biosynthetic gene cluster (the pks
island) that encodes both polyketide synthase (PKS) and NRPS
enzymes. This biosynthetic machinery was hypothesized to

produce a small molecule genotoxin, colibactin. Although coli-
bactin is produced by strains of the most well-studied bacterial
species, the active genotoxin has eluded all isolation attempts,
and its chemical structure is currently unknown.

The first insights into colibactin’s structure originated from
comparative bioinformatic analyses of the pks island and in
vitro biochemical characterization of the biosynthetic enzymes
involved in a self-resistance mechanism (44) (Fig. 4). Bioinfor-
matics suggested that colibactin was initially made as an inac-
tive N-acylated precursor (precolibactin) that could be pro-
cessed by a peptidase in the final stages of biosynthesis,
releasing the active natural product. Based on this hypothesis,
we biochemically characterized ClbN and ClbB, the NRPS
modules predicted to initiate colibactin biosynthesis, and we
showed that they synthesize and elongate an N-acyl-D-Asn
“prodrug motif.” Moreover, we demonstrated that a periplas-
mic peptidase, ClbP, removes this scaffold from precolibactin

Figure 3. Schematic describing the chemical ecology approach that
enabled the isolation and characterization of lugdunin. Figure 4. Bioinformatics and in vitro biochemistry workflow that uncov-

ered structural features of colibactin. A, bioinformatic analysis of the pks
gene cluster guided the in vitro biochemical characterization of the “prodrug”
resistance mechanism and aminomalonate-forming and -utilizing enzymes.
B, aminomalonate-containing candidate precolibactin isolated from an E. coli
pks� �clbP mutant.
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mimics. The relevance of this reactivity for colibactin biosyn-
thesis was later supported by the successful isolation and struc-
tural characterization of the hydrolyzed “prodrug” motif from
colibactin-producing E. coli (45) and in vivo studies showing
that �clbP mutants lack genotoxicity (46).

The characterization of this self-resistance mechanism led to
the hypothesis that �clbP mutant strains would accumulate
inactive precolibactins that might be more readily isolated.
Using this approach, several groups have identified candidate
precolibactins from E. coli �clbP mutant strains, including
metabolites that contain a spirocyclopropane ring and thiazole
heterocycle(s) (47–53). These structural features are found in
other DNA-alkylating natural products, suggesting that coli-
bactin may directly interact with DNA (54, 55).

Although biosynthetic proposals for the isolated candidate
precolibactins involve many of the pks enzymes, several genes
that are essential for genotoxicity were not invoked (56). The
metabolites isolated to date are therefore not likely precursors
to the active genotoxin since additional pks enzymes play crit-
ical roles in biosynthesis. Using in vitro biochemical character-
ization, Piel and co-workers (57) showed that several of these
“missing” enzymes generate the rare PKS extender unit amin-
omalonate. Recently, we demonstrated that this building block
can be accepted by multiple PKS modules from the pks island in
vitro (53). As the aminomalonate-forming and -utilizing genes
are required for genotoxicity, aminomalonate is likely incorpo-
rated into colibactin. In 2016, Qian and co-workers (52)
isolated and structurally characterized an aminomalonate-
containing candidate precolibactin supporting this hypothesis.
Because two essential biosynthetic enzymes remain unac-
counted for, future studies will be needed to uncover the struc-
ture(s) of the true precolibactin. Because chemical synthesis
allows access to many known candidate precolibactins (58), fur-
ther biochemical experiments with synthetic substrates could
provide the information needed to decipher the complete pre-
colibactin structure (59). More broadly, strategically combining
bioinformatics and/or in vitro reconstitution of cryptic biosyn-
thetic pathways with chemical synthesis represents an exciting
new strategy for accessing microbiome-derived natural prod-
ucts (60).

Outlook and future challenges

Our understanding of the structures and functions of natural
products made by the human microbiome is in its infancy. The
case studies highlighted here showcase the utility of multiple
approaches for identifying and characterizing microbiota-de-
rived metabolites (13). Integrating additional emerging strate-
gies for natural product discovery into such efforts, such as
synthetic refactoring of cryptic BGCs (61) and elicitation of
cryptic gene cluster expression by small molecules (62), should
enable the discovery of additional bioactive secondary metabo-
lites from the human microbiome.

Although the studies discussed here illustrate the tremen-
dous potential of harnessing secondary metabolites from the
human microbiome, they also highlight many current chal-
lenges. Given the overwhelming amount of sequencing data,
how do we prioritize BGCs from the human microbiome for
discovery? As in the case of lactocillin, one can focus on BGCs

that produce secondary metabolites with structural similarity
to known natural products possessing well-defined activities.
Resistance gene-guided genome mining may also reveal poten-
tial activities of human-associated bacterial BGCs prior to iso-
lation (63, 64). Moreover, one can envision searching metag-
enomes for BGCs encoding the biosynthetic machinery needed
to construct specific “chemical warhead” motifs using either
sequence- or function-based approaches (65). Finally, analysis
of the distribution of BGCs across human subjects, including
various patient populations, may help to identify the pathways
most relevant to human biology.

Another major challenge is establishing whether human-
associated microbes actually produce particular secondary
metabolites in and on the human body. In all of the studies
mentioned here, culturable strains were used to isolate and
characterize natural products outside of a host context. How-
ever, it is unclear whether these molecules are produced in
human microbiomes. Sensitive analytical techniques, such as
MALDI-imaging mass spectrometry, may help to address this
issue (66). Notably, such tools have confirmed the presence of
numerous secondary metabolites on the human skin (67), in
lung sputum (68), and tissues of various organs (69). Develop-
ing better methods for noninvasive sampling of difficult-to-
reach body sites, including the respiratory and gastrointestinal
tracts, should prove valuable in identifying microbial natural
products present in these environments.

Identifying bioactive microbiome-derived natural products
and understanding their interactions with the host and other
microbes has implications for human health. For instance, the
biosynthetic enzymes that produce harmful secondary metab-
olites could be targeted for inhibition (70). Human-associated
microbial metabolites could represent a source of new drugs
(12). The bacterial producers of these molecules could also be
potential diagnostic biomarkers or probiotic therapies (37).
Finally, exploring the activities of human microbiome-derived
metabolites may provide insights into important targets within
the host that can be modulated for therapeutic benefit (28).

In summary, the human microbiome represents an exciting
new frontier for natural product research, but simultaneously it
presents substantial challenge to researchers. Efficiently iden-
tifying and characterizing microbiome-derived secondary
metabolites that mediate important interactions will require
collaboration between chemists, engineers, and biologists and
additional tools and approaches suitable for exploring the
chemistry of this complex microbial habitat.
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ská, Z., Klimešová, K., Pribylová, J., Bártová, J., Sanchez, D., Fundová, P., et
al. (2011) The role of gut microbiota (commensal bacteria) and the mu-
cosal barrier in the pathogenesis of inflammatory and autoimmune dis-
eases and cancer: contribution of germ-free and gnotobiotic animal mod-
els of human diseases. Cell. Mol. Immunol. 8, 110 –120

35. Iqbal, H. A., Low-Beinart, L., Obiajulu, J. U., and Brady, S. F. (2016) Natural
product discovery through improved functional metagenomics in Strep-
tomyces. J. Am. Chem. Soc. 138, 9341–9344

36. Piel, J. (2009) Metabolites from symbiotic bacteria. Nat. Prod. Rep. 26,
338 –362

37. Zipperer, A., Konnerth, M. C., Laux, C., Berscheid, A., Janek, D., Weiden-
maier, C., Burian, M., Schilling, N. A., Slavetinsky, C., Marschal, M., Will-
mann, M., Kalbacher, H., Schittek, B., Brötz-Oesterhelt, H., Grond, S., et
al. (2016) Human commensals producing a novel antibiotic impair patho-
gen colonization. Nature 535, 511–516

38. Grice, E. A., and Segre, J. A. (2011) The skin microbiome. Nat. Rev. Mi-
crobiol. 9, 244 –253

39. Reshef, D. N., Reshef, Y. A., Finucane, H. K., Grossman, S. R., McVean, G.,
Turnbaugh, P. J., Lander, E. S., Mitzenmacher, M., and Sabeti, P. C. (2011)
Detecting novel associations in large data sets. Science 334, 1518 –1524

40. Sattely, E. S., Fischbach, M. A., and Walsh, C. T. (2008) Total biosynthesis:
in vitro reconstitution of polyketide and nonribosomal peptide pathways.
Nat. Prod. Rep. 25, 757–793

41. Lowry, B., Walsh, C. T., and Khosla, C. (2015) In vitro reconstitution of
metabolic pathways: insights into nature’s chemical logic. Synlett 26,
1008 –1025

42. Kuo, J., Lynch, S. R., Liu, C. W., Xiao, X., and Khosla, C. (2016) Partial in
vitro reconstitution of an orphan polyketide synthase associated with clin-
ical cases of nocardiosis. ACS Chem. Biol. 11, 2636 –2641

43. Nougayrède, J. P., Homburg, S., Taieb, F., Boury, M., Brzuszkiewicz, E.,
Gottschalk, G., Buchrieser, C., Hacker, J., Dobrindt, U., and Oswald, E.
(2006) Escherichia coli induces DNA double-strand breaks in eukaryotic
cells. Science 313, 848 – 851

44. Brotherton, C. A., and Balskus, E. P. (2013) A prodrug resistance mecha-
nism is involved in colibactin biosynthesis and cytotoxicity. J. Am. Chem.
Soc. 135, 3359 –3362

45. Bian, X., Fu, J., Plaza, A., Herrmann, J., Pistorius, D., Stewart, A. F., Zhang,
Y., and Müller, R. (2013) In vivo evidence for a prodrug activation mech-
anism during colibactin maturation. Chembiochem 14, 1194 –1197

MINIREVIEW: Natural products from the human microbiome

J. Biol. Chem. (2017) 292(21) 8546 –8552 8551



46. Dubois, D., Baron, O., Cougnoux, A., Delmas, J., Pradel, N., Boury, M.,
Bouchon, B., Bringer, M. A., Nougayrède, J. P., Oswald, E., and Bonnet, R.
(2011) ClbP is a prototype of a peptidase subgroup involved in biosynthe-
sis of nonribosomal peptides. J. Biol. Chem. 286, 35562–35570

47. Vizcaino, M. I., Engel, P., Trautman, E., and Crawford, J. M. (2014)
Comparative metabolomics and structural characterizations illumi-
nate colibactin pathway-dependent small molecules. J. Am. Chem. Soc.
136, 9244 –9247

48. Bian, X. Y., Plaza, A., Zhang, Y. M., and Muller, R. (2015) Two more pieces
of the colibactin genotoxin puzzle from Escherichia coli show incorpora-
tion of an unusual 1-aminocyclopropanecarboxylic acid moiety. Chem.
Sci. 6, 3154 –3160

49. Brotherton, C. A., Wilson, M., Byrd, G., and Balskus, E. P. (2015) Isolation
of a metabolite from the pks island provides insights into colibactin bio-
synthesis and activity. Org. Lett. 17, 1545–1548

50. Li, Z. R., Li, Y., Lai, J. Y., Tang, J., Wang, B., Lu, L., Zhu, G., Wu, X., Xu, Y.,
and Qian, P. Y. (2015) Critical intermediates reveal new biosynthetic
events in the enigmatic colibactin pathway. Chembiochem 16, 1715–1719

51. Vizcaino, M. I., and Crawford, J. M. (2015) The colibactin warhead cross-
links DNA. Nat. Chem. 7, 411– 417

52. Li, Z. R., Li, J., Gu, J. P., Lai, J. Y., Duggan, B. M., Zhang, W. P., Li, Z. L., Li,
Y. X., Tong, R. B., Xu, Y., Lin, D. H., Moore, B. S., and Qian, P. Y. (2016)
Divergent biosynthesis yields a cytotoxic aminomalonate-containing pre-
colibactin. Nat. Chem. Biol. 12, 773–775

53. Zha, L., Wilson, M. R., Brotherton, C. A., and Balskus, E. P. (2016)
Characterization of polyketide synthase machinery from the pks island
facilitates isolation of a candidate precolibactin. ACS Chem. Biol. 11,
1287–1295

54. Wolkenberg, S. E., and Boger, D. L. (2002) Mechanisms of in situ activa-
tion for DNA-targeting antitumor agents. Chem. Rev. 102, 2477–2495

55. Tanasova, M., and Sturla, S. J. (2012) Chemistry and biology of acyl-
fulvenes: sesquiterpene-derived antitumor agents. Chem. Rev. 112,
3578 –3610

56. Balskus, E. P. (2015) Colibactin: understanding an elusive gut bacterial
genotoxin. Nat. Prod. Rep. 32, 1534 –1540

57. Brachmann, A. O., Garcie, C., Wu, V., Martin, P., Ueoka, R., Oswald, E.,
and Piel, J. (2015) Colibactin biosynthesis and biological activity depend
on the rare aminomalonyl polyketide precursor. Chem. Commun. 51,
13138 –13141

58. Healy, A. R., Vizcaino, M. I., Crawford, J. M., and Herzon, S. B. (2016)
Convergent and modular synthesis of candidate precolibactins. Structural
revision of precolibactin A. J. Am. Chem. Soc. 138, 5426 –5432

59. Franke, J., and Hertweck, C. (2016) Biomimetic thioesters as probes for
enzymatic assembly lines: synthesis, applications, and challenges. Cell
Chem. Biol. 23, 1179 –1192

60. Chu, J., Vila-Farres, X., Inoyama, D., Ternei, M., Cohen, L. J., Gordon,
E. A., Reddy, B. V., Charlop-Powers, Z., Zebroski, H. A., Gallardo-Macias,

R., Jaskowski, M., Satish, S., Park, S., Perlin, D. S., Freundlich, J. S., and
Brady, S. F. (2016) Discovery of MRSA active antibiotics using primary
sequence from the human microbiome. Nat. Chem. Biol. 12, 1004 –1006

61. Smanski, M. J., Zhou, H., Claesen, J., Shen, B., Fischbach, M. A., and Voigt,
C. A. (2016) Synthetic biology to access and expand nature’s chemical
diversity. Nat. Rev. Microbiol. 14, 135–149

62. Seyedsayamdost, M. R. (2014) High-throughput platform for the discov-
ery of elicitors of silent bacterial gene clusters. Proc. Natl. Acad. Sci. U.S.A.
111, 7266 –7271

63. Tang, X., Li, J., Millán-Aguiñaga, N., Zhang, J. J., O’Neill, E. C., Ugalde,
J. A., Jensen, P. R., Mantovani, S. M., and Moore, B. S. (2015) Identification
of thiotetronic acid antibiotic biosynthetic pathways by target-directed
genome Mining. ACS Chem. Biol. 10, 2841–2849

64. Yeh, H. H., Ahuja, M., Chiang, Y. M., Oakley, C. E., Moore, S., Yoon, O.,
Hajovsky, H., Bok, J. W., Keller, N. P., Wang, C. C., and Oakley, B. R. (2016)
Resistance gene-guided genome mining: serial promoter exchanges in As-
pergillus nidulans reveal the biosynthetic pathway for fellutamide B, a
proteasome inhibitor. ACS Chem. Biol. 11, 2275–2284

65. Owen, J. G., Charlop-Powers, Z., Smith, A. G., Ternei, M. A., Calle, P. Y.,
Reddy, B. V., Montiel, D., and Brady, S. F. (2015) Multiplexed metagenome
mining using short DNA sequence tags facilitates targeted discovery of
epoxyketone proteasome inhibitors. Proc. Natl. Acad. Sci. U.S.A. 112,
4221– 4226

66. Biteen, J. S., Blainey, P. C., Cardon, Z. G., Chun, M., Church, G. M., Dor-
restein, P. C., Fraser, S. E., Gilbert, J. A., Jansson, J. K., Knight, R., Miller,
J. F., Ozcan, A., Prather, K. A., Quake, S. R., Ruby, E. G., et al. (2016) Tools
for the microbiome: nano and beyond. ACS Nano 10, 6 –37

67. Bouslimani, A., Porto, C., Rath, C. M., Wang, M., Guo, Y., Gonzalez, A.,
Berg-Lyon, D., Ackermann, G., Moeller Christensen, G. J., Nakatsuji, T.,
Zhang, L., Borkowski, A. W., Meehan, M. J., Dorrestein, K., Gallo, R. L., et
al. (2015) Molecular cartography of the human skin surface in 3D. Proc.
Natl. Acad. Sci. U.S.A. 112, E2120 –E2129

68. Quinn, R. A., Phelan, V. V., Whiteson, K. L., Garg, N., Bailey, B. A., Lim,
Y. W., Conrad, D. J., Dorrestein, P. C., and Rohwer, F. L. (2016) Microbial,
host and xenobiotic diversity in the cystic fibrosis sputum metabolome.
ISME J. 10, 1483–1498

69. Ly, A., Buck, A., Balluff, B., Sun, N., Gorzolka, K., Feuchtinger, A., Janssen,
K. P., Kuppen, P. J., van de Velde, C. J., Weirich, G., Erlmeier, F., Langer, R.,
Aubele, M., Zitzelsberger, H., McDonnell, L., et al. (2016) High-mass-
resolution MALDI mass spectrometry imaging of metabolites from for-
malin-fixed paraffin-embedded tissue. Nat. Protoc. 11, 1428 –1443

70. Martín Del Campo, J. S., Vogelaar, N., Tolani, K., Kizjakina, K., Harich, K.,
and Sobrado, P. (2016) Inhibition of the flavin-dependent monooxygenase
siderophore A (SidA) blocks siderophore biosynthesis and Aspergillus fu-
migatus growth. ACS Chem. Biol. 11, 3035–3042

MINIREVIEW: Natural products from the human microbiome

8552 J. Biol. Chem. (2017) 292(21) 8546 –8552



Microbial metabolites in health and disease: Navigating the
unknown in search of function
Published, Papers in Press, April 7, 2017, DOI 10.1074/jbc.R116.752899

Kristina B. Martinez, Vanessa Leone, and Eugene B. Chang1

From the Department of Medicine, Knapp Center for Biomedical Discovery, University of Chicago, Chicago, Illinois 60637

Edited by Ruma Banerjee

The gut microbiota has been implicated in the development of
a number of chronic gastrointestinal and systemic diseases.
These include inflammatory bowel diseases, irritable bowel syn-
drome, and metabolic (i.e. obesity, non-alcoholic fatty liver dis-
ease, and diabetes) and neurological diseases. The advanced
understanding of host-microbe interactions has largely been
due to new technologies such as 16S rRNA sequencing to iden-
tify previously unknown microbial communities and, more
importantly, their functional characteristics through metag-
enomic sequencing and other multi-omic technologies, such
as metatranscriptomics, metaproteomics, and metabolomics.
Given the vast array of newly acquired knowledge in the field
and technological advances, it is expected that mechanisms
underlying several disease states involving the interactions
between microbes, their metabolites, and the host will be dis-
covered. The identification of these mechanisms will allow for
the development of more precise therapies to prevent or manage
chronic disease. This review discusses the functional character-
ization of the microbiome, highlighting the advances in identi-
fying bioactive microbial metabolites that have been directly
linked to gastrointestinal and peripheral diseases.

Major themes/advances in gut microbiota research

The gut microbiota has been implicated in the development
of many chronic and systemic diseases, including inflammatory
bowel diseases, metabolic disease, and neurological disorders.
Over the past 15 years, the field of microbiome research has
grown exponentially, in part because of new technologies, par-
ticularly 16S rRNA amplicon sequencing, which has led to the
identification of previously unidentified members of the gut
microbial community as well as an advanced understanding of
their functional characteristics through shotgun metagenomic
sequencing, and other multi-omic technologies such as
metatranscriptomics, metaproteomics, and metabolomics.
Although much has been uncovered about gut microbiota,
whether or not it plays a causal role in the development of disease

remains unclear. Given the vast array of newly gained knowledge
in the field, it is likely that the mechanistic role of gut microbes and
their microbial metabolites underlying several disease states will
be discovered. With the identification of these mechanisms, devel-
opment of personalized, precise therapies to improve or prevent
chronic disease may become a reality. The goal of this review is to
briefly discuss the functional capacity of the microbiome, chal-
lenges associated with multi-omic technologies, and recent
advances in identifying microbial metabolites that have been
directly linked to gastrointestinal and peripheral diseases.

Gut microbial ecosystem

The gut microbiota consists of over 10 trillion microbial cells
and is a primary source of thousands of small molecules and other
bioactive compounds that can trigger both host metabolic and
immune pathways. The human gut microbiota also contains about
1000 different bacterial species with defined functions allowing
them to thrive and create a niche in the midst of others with re-
dundant or competing functions. Microbial ecosystems maintain
homeostasis through a tight balance of cell-to-cell signaling and
release of antimicrobial peptides to control neighboring bacterial
clades allowing for their persistence in the confines of the human
host. In addition to securing community dynamics with neighbor-
ing microbes, gut microbes also communicate with the human
host in either a symbiotic or deleterious fashion, the latter contrib-
uting to the development of human disease.

Advances in metagenomics and metabolomics have led to the
discovery of thousands of microbe-derived small molecules as well
as the genes associated with their production. Although the
advances in technology and wealth of big data sets have
expanded our knowledge and appreciation for the contribu-
tion of gut microbes, the challenge remains in identifying
small molecules that elicit a biological effect upon the host,
the physiological levels necessary to do so, and how to assess
the physiological impact of the targeted molecule (1). The
following section will describe the basis of these technolo-
gies and discuss the strengths and challenges with these
methods, particularly the challenge of incorporating and
understanding these datasets simultaneously.

Functional characterization of the microbiome

Metagenomics

Many research studies that correlate the involvement of the
microbiome with disease states in animal models and humans
have relied heavily on the use of 16S rRNA marker gene ampli-
con-sequencing platforms. Although this technology has
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expanded our knowledge of gut microbial diversity and pro-
vides a relatively accurate fingerprint of phylogenetic commu-
nity membership and structure, little can be learned about the
functional properties of the community. In an attempt to pre-
dict function based on 16S rRNA sequences, tools have been
designed to compare 16S marker gene sequences to reference
gene databases (PICRUSt) (2). However, the reference genome
database used is a limiting factor if it does not accurately reflect
gene functions for the microbial community of interest, partic-
ularly in the case of rare members of the gut microbial commu-
nity (3).

To gain more accurate insights into microbial community
gene function, high throughput shotgun metagenomic se-
quencing has become an important tool, as it avoids many
biases introduced by amplicon sequencing due to its untargeted
nature. Shotgun metagenomic sequencing allows for an in-
depth characterization of known microbial genes as well as
identification of novel genetic microbial material. Following
DNA shearing and template amplification, the short reads that
are obtained can either be mapped to reference genomes or
undergo de novo assembly, and functional annotation can be
performed using specialized analyses platforms. For mapping
purposes, off-line platforms such as HUMAnN (4) and on-line
platforms, including MG-RAST (5) or JCVI Metagenomics
Reports (METAPREP) (6), can be utilized. Assembly programs
include khmer (7) and novel interfaces, such as A’nvio (8).

Although bias is avoided using this technique, if sequencing
depth and coverage are insufficient, the reads cannot be prop-
erly assembled, and gene assignment based on known reference
genomes cannot be completed. In addition, contaminating host
DNA can overwhelm the sequencing output, inhibiting ampli-
fication of microbial sequences (3). In this case, samples such as
this would require more sequencing depth and coverage, which
can be cost-prohibitive, or require strategies to eliminate host
DNA contamination and enrich for microbial DNA (3). Despite
these limitations, the information gleaned from shotgun met-
agenomics has led to the identification of unique microbial
strain-specific genes, particularly in the context of human dis-
ease (4).

Metatranscriptomics

Shotgun metagenomics provides a fingerprint of the gene
content and functional capacity of the microbial community.
However, it cannot be used to assess the activity of microbial
gene expression. Combining shotgun metagenomic sequencing
data with metatranscriptomic shotgun sequencing provides
advantages for identification of the active microbial genome
under differing conditions or disease states. Initially, total RNA
from the microbial community is isolated and enriched for
RNA (mRNA, lincRNA, and microRNA) followed by fragmen-
tation. RNA is then converted to cDNA via reverse transcrip-
tase with either random hexamers or oligo(dT) primers. Librar-
ies are then constructed and sequenced (9).

Although this technology offers more precise characteriza-
tion of the activity of the microbial whole genome, many tech-
nical issues can limit its utility. Collection and storage of gut
microbial samples to maintain RNA integrity can be challeng-
ing, which can lead to an insufficient yield of quality microbial

RNA for downstream purification strategies. For instance, in
the process of enriching for mRNA, ribosomal RNA is elimi-
nated, which constitutes nearly 90% of total RNA. Similar strat-
egies to those used for shotgun metagenomics can be used for
downstream data analysis with metatranscriptomic sequences.
By applying these tools to the metatranscriptomic sequences,
taxonomy can be assigned along with their actively expressed
gene functions (9). This application can improve existing anno-
tations, which remains a limiting factor of the utility of these
technologies when inferring functionality of specific microbes.

By coupling shotgun metagenomic and metatranscriptomic
sequencing, greater insights are possible with regard to func-
tional genetic material and activity within the gut microbial
community. Several bioinformatic tools can serve dual func-
tions and integrate the two complementary strategies, includ-
ing HUMAnN and Anvi’o (4, 8). Despite gaining an overall
snapshot of the genetic composition and activity of specific
genes within the gut microbial community, actual metabolic
output remains unknown. Although some limitations exist, fur-
ther exploration of microbially derived metabolites via metabo-
lomics may provide the most valuable insights into gut micro-
bial functional capacity and its impact on the host in health and
disease.

Metabolomics

To determine the contribution of gut microbes to the host
metabolism, one strategy has been to compare tissues of germ-
free (GF) mice raised in the complete absence of microbiota to
their conventionally raised or conventionalized counterparts.
Although this tool has provided a great deal of insight, several
limitations must first be recognized. First, it is acknowledged
that GF mice exhibit several developmental abnormalities and
altered structural features of the gastrointestinal tract, includ-
ing increased transit time, enlarged cecum, shorter villi, and a
thinner intestinal wall. Germ-free mice also display differences
in other physiological features such as altered metabolism and
reduced cardiac output (10 –12). Nevertheless, discoveries
using GF mice have allowed for opportunities to identify the
contribution of gut microbes to the host metabolome as well as
to investigate the potential of bacterial metabolites to drive host
phenotypes and disease outcomes. For instance, several studies
comparing GF mice to their conventionally raised counterparts
showed that gut microbes impact thousands of metabolites in
peripheral serum as well as in specific tissues, including the
liver, brain, heart, kidney, and central nervous system (13–17).

Beyond the use of GF mice, recent technological advances in
the discovery of metabolites (or small molecules) have helped to
advance our understanding of the contribution of gut microbes
to the host metabolome. It is well accepted that characteriza-
tion of the human metabolome can provide much insight into
determining states of health or disease. Thus far, identification
of metabolites is achieved through the use of advanced targeted
and untargeted analytical chemistry techniques, including
nuclear magnetic resonance spectrometry (NMR), gas chroma-
tography-mass spectrometry (GC-MS), and liquid chromatog-
raphy-mass spectrometry (LC-MS). These technologies, when
used as complementary approaches, can yield vast amounts
of information about the composition of both inorganic and
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organic compounds potentially derived from microbes, such as
amino acids, lipids, sugars, biogenic amines, and organic acids,
including volatile organic compounds (VOCs), ribosomally
synthesized and post-translationally modified peptides, glyco-
lipids, oligosaccharides, terpenoids or secondary bile acids,
nonribosomal peptides, and polyketides (1).

VOCs, detected via GC-MS or selected ion flow tube-mass
spectrometry (SIFT-MS), have been investigated for use as sen-
sitive screening markers for inflammatory bowel disease (IBD).
For example, VOCs were reported to distinguish IBD patients
from healthy controls as well as Crohn’s disease (CD) from
ulcerative colitis (UC) patients. Specifically, dimethyl sulfide
and hydrogen sulfide, produced by several classes of bacteria,
were significantly different in CD versus UC patients (18). How-
ever, in this study, the authors were not able to determine the
precise contribution of microbes alone, as the host can also
produce these specific metabolites. In addition to this technol-
ogy, further advances in matrix-assisted laser desorption ioni-
zation time-of-flight mass-spectrometry (MALDI-TOF) have
allowed for the detection and imaging of specific metabolites in
healthy and disease states (19). This technology has also been
used in the clinical microbiology setting to identify specific bac-
teria in a high-throughput manner even in complex human
fecal samples (20 –22). Coupled with the ability to obtain pure
cultures of specific microbes, the spectra peak output from
techniques such as this can then be compared with existing
databases, including MetaCyc (23), Human Metabolome Data-
base (HMDB) (24), SetupX, and BinBase to aid in the identifi-
cation and perhaps source of specific metabolites (25).

Although these technologies provide a great deal of informa-
tion, computational tools to gain insights into large-scale data-
sets are prohibitive to discovery. To combat this, a large body of
evidence as well as analytical tools and algorithms to identify
biosynthetic gene clusters (BGCs) and the associated microbial
metabolome have been developed and vetted by Medema and
Fischbach (26). Another tool that may be especially useful in
identifying microbe-derived bioactive compounds and cou-
pling them to BGCs is the Integrated Microbial Genomes-Atlas
of Microbial Gene Clusters (IMP-ABC), which is a publicly
available database of biosynthetic gene clusters and predicted
secondary metabolites that is based on a collection of thou-
sands of published isolated genomes and metagenomes (27).
This tool is expected to allow researchers to identify novel gene
clusters from single isolates where whole genome sequencing
has been performed or via metagenomes that may generate
biologically active small molecules that impact host health.

Metabolomic research can also allow for better insight into
the contribution of microbes to xenobiotic metabolism and the
secondary metabolites they produce as a result that may have a
significant impact on the host. Recent work has highlighted that
the gut microbiota is a key contributor to regulating host drug
metabolism because it is the first to interact with ingested xeno-
biotics prior to transport to the liver via portal circulation.
Using RNA-seq to examine the community microbial meta-
transcriptome, Maurice et al. (28) showed that following short-
term xenobiotic exposure, microbes exhibited altered gene
expression pathways associated with tRNA biosynthesis, trans-
lation, vitamin biosynthesis, phosphate transport, the pentose

phosphate pathway, and not surprisingly, xenobiotic metabo-
lism/biodegradation using KEGG pathway abundance analysis
coupled with HUMAnN and LEfSe. This xenobiotic metabo-
lism can alter availability of specific drugs to the host. For
instance, digoxin, a cardiac glycoside used to treat heart failure
and arrhythmias, exhibits poor efficacy in some patients, due in
part to gut microbial composition. Using several approaches,
Haiser et al. (29) showed that specific strains of Eggerthella
lenta could reduce digoxin, inhibiting its action in the host, and
could be prevented by the presence of high levels of arginine. In
another example, bioavailability of the Parkinson’s therapy
levidopa (L-dopa) was reduced in patients colonized with
Helicobacter pylori in the stomach. Eradication of H. pylori led
to significant increases in L-dopa levels in patient serum and
improved efficacy (30). In addition, microbial metabolism of
the colon cancer treatment, irinotecan, was found to induce
gastrointestinal toxicity via �-glucuronidase activity. Blocking
�-glucuronidase with an inhibitor greatly reduced the gastro-
intestinal side effects (31).

In the next section, bacterial metabolites will be examined
through the lens of their biological significance related to
gastrointestinal, neurological, and metabolic disease. Major
metabolites related to these conditions will be highlighted, and
a list of these metabolites can be found in Table 1.

The challenge in using multi-omic approaches is developing
tools to identify the best candidate metabolites and microbes
for further study. The best inferences may come from incorpo-
rating and simultaneously assessing results from metagenomic/
metabolomics or metagenomic/metatranscriptomic datasets,
for example. This approach will allow the overlay and predic-
tion of which metabolites correspond to a bacterial gene/gene
transcript, thus strengthening the ability to target a dynamic
flow of events (32). These capabilities are in their infancy, and
more advances in data processing are on the horizon.

Mechanisms underlying the link between microbe-
derived metabolites and systemic disease

Inflammatory bowel diseases

IBD includes UC and CD. Ulcerative colitis is localized only
to the colon and characterized by superficial ulcerative inflam-
mation, whereas CD occurs sporadically along the length of the
GI tract and is characterized by transmural inflammation pen-
etrating through the epithelium. Both can be debilitating dur-
ing flare-ups, persist throughout life, and may require surgical
resection of regions of the GI tract if remission is not achieved
using standard therapies. Understanding host-microbe interac-
tions underlying the disease could lead to strategies to alleviate
symptoms or prevent relapse for these individuals.

It is appreciated that gut microbes play an intimate role in the
development of IBD. Indeed, the GI tract contains the majority
of microbes in the body and is a major site of host-microbe
interactions. UC and CD are associated with decreased micro-
bial diversity based on phylogenetic measurements through
16S rRNA sequencing as well as metagenomic analysis (33).
Another hallmark of IBD is microbial dysbiosis, which is char-
acterized by the decreased abundance of commensals and
increased abundance of pathogenic microbes, as well as
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reduced SCFA levels (34). Commensal gut microbes perform a
variety of functions important to the host, including protection
from pathogens through secretion of antimicrobial molecules

and improved barrier function through the production of bio-
active metabolites, including SCFAs. However, pathogenic
microbes secrete detrimental metabolites such as hydrogen sul-

TABLE 1
Altered metabolites in gastrointestinal and systemic diseases
The following abbreviations are used: UC, ulcerative colitis; CD, Crohn’s disease; IBD, inflammatory bowel diseases; SCFAs, short chain fatty acids; NOD, non-obese
diabetic; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; CVD, cardiovascular disease.
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fide and bile acid derivatives that may exacerbate inflammatory
states (35). Through metabolomic analysis, IBD patients exhib-
ited dramatically reduced SCFA levels, methylamine, and trim-
ethylamine (36). Decreases in the levels of these microbe-de-
rived molecules can elicit negative consequences, as SCFAs aid
in maintaining epithelial integrity, thereby protecting the host
from bacterial invasion and infection. For instance, butyrate-
mediated activation of G-protein-coupled receptor (GPR)43
improves barrier function via histone deacetylase (HDAC)
inhibition, stabilization of hypoxia, and regulation of intestinal
macrophages and regulatory T cells. GPR43 inhibition,
however, increases inflammation in mice (37). Therefore,
reduced levels of SCFA and lack of SCFA-mediated signaling
leaves the epithelial barrier vulnerable to damage and bacte-
rial penetrance.

Metabolomic analyses in patients with IBD also exhibit
altered levels of tryptophan and tryptophan metabolites com-
pared with control subjects (37, 38). Tryptophan is a precursor
to several bacterial metabolites that have a functional impact on
the host. Studies on bacterial metabolism of tryptophan date
back to the 1950s, at which time it was understood that trypto-
phan metabolism may involve several different pathways (39).
The tryptophan metabolite, indole, up-regulates the expression
of tight junction proteins and reduces the expression of inflam-
matory genes (40, 41) presumably through interaction with the
aryl hydrocarbon receptor (AHR) (42). Indeed, activation of
AHR using tryptophan metabolites ameliorates dextran sulfate
sodium-induced colitis in mice (43).

It was discovered that the host plays a significant role in the
ability of the microbiota to metabolize tryptophan. For exam-
ple, microbiota from mice lacking caspase recruitment domain
family member 9 (CARD9) were unable to metabolize trypto-
phan, the products of which would otherwise activate AHR.
Conventionalization of GF mice with CARD9�/� microbiota
increased their susceptibility to develop colitis. Interestingly,
intestinal inflammation in these mice was ameliorated with
both the Lactobacillus strain and AHR agonist supplementa-
tion. Furthermore, microbiota obtained from IBD patients
were less able to produce AHR ligands (44). This study nicely
exemplifies the coordinated action of microbe and host to con-
trol inflammation via metabolite production in colitis. Metab-
olites that are regulated in IBD can be found in Table 1.

Neurological diseases

Mounting evidence shows that gut microbes contribute to
neural development, as well as cognitive and behavioral health.
Indeed, GF mice have increased blood-brain barrier (BBB) per-
meability from birth through adulthood, and conventionaliza-
tion leads to improved BBB tight junction formation (45, 46).
Correlations have been made between neurological disorders
and gut microbial dysbiosis brought on by usage of antibiotics,
resulting in the development of irritable bowel syndrome and
depression (47). For example, Bercik et al. (48) found that anti-
biotic-treated mice displayed increased exploratory behavior
and were less apprehensive. Furthermore, conventionalization
of GF mice with BALB/c microbiota caused an increase in anx-
ious and timid behavior compared with mice receiving NIH
Swiss microbiota (48).

Metabolite-driven effects on the CNS may occur through a
direct impact on BBB cells or by altering signaling through the
enteric nervous system (47). SCFAs have been reported to acti-
vate sympathetic and autonomic nervous systems through both
GPR41 and GPR43 activation in the gut and can directly cross
the BBB. Animals exposed to an experimentally induced mater-
nal microbial dysbiosis in utero, where SCFAs were signifi-
cantly reduced, exhibited features of autism that mimicked
human disease (47, 49). In a separate study using metabolomics
analysis, transplantation of feces exhibiting elevated cresol lev-
els induced depression in recipient mice (50). Furthermore,
myelin expression was reduced in oligodendrocytes treated
with cresol in vitro (50). In addition to their role in the gut
and the down-regulation of inflammation in IBD, tryptophan
metabolites have been shown to decrease inflammation in the
brain. Conversion of tryptophan into AHR ligands by gut
microbes has been shown to activate AHR in astrocytes, result-
ing in decreased CNS inflammation (51). Taken together,
microbial metabolites can impact distal tissues, including the
brain, contributing to neurological function and disease devel-
opment. Further research in this area may lead to strategies for
the prevention of neurological disorders.

Metabolic diseases: cardiovascular disease and non-alcoholic
fatty liver disease (NAFLD)

Because the findings that bacterial metabolism of phos-
phatidylcholine and L-carnitine lead to cardiovascular disease
(through production of trimethylamine and its subsequent
conversion to trimethylamine N-oxide (TMAO) in the liver (52,
53)), a number of additional metabolites have been identified
that are associated with cardiovascular as well as non-alco-
holic fatty liver disease (NAFLD).2 Using metabolomic anal-
ysis, over 15 microbial metabolites were identified as predic-
tors of coronary heart disease as well as their associated
microbial source (54). These metabolites included GlcNAc-
6-P, mannitol, and 15 unique choline metabolites. Integration
of metagenomic and metabolomics analyses revealed Clostrid-
ium sp. HGF2 was associated with production of GlcNAc-6-P,
and Clostridium sp. HGF2, Streptococcus sp. M143, and Strep-
tococcus sp. M334 were associated with the production of man-
nitol (54). The exact mechanism for how these microbially
derived metabolites drive coronary disease development
remains to be explored.

Gut microbes play an important role in regulating choline
and bile acid levels that are associated with fatty liver disease.
For instance, using metabolomics analyses of plasma and blood,
Dumas et al. (55) found that microbial metabolism of choline to
methylamines mimicked choline deficiency in the host, result-
ing in NAFLD. In a separate human clinical trial, children pre-
senting with NAFLD were given the probiotic VSL#3. Analysis
of the urine metabolome following VSL#3 supplementation
revealed that compared with healthy controls, children with

2 The abbreviations used are: NAFLD, non-alcoholic fatty liver disease; IBD,
inflammatory bowel disease; UC, ulcerative colitis; CD, Crohn’s disease;
VOC, volatile organic compound; BGC, biosynthetic gene cluster; SCFA,
short chain fatty acid; GF, germ-free; L-dopa, levodopa; GI, gastrointestinal;
AHR, aryl hydrocarbon receptor; BBB, blood-brain barrier.
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NAFLD displayed decreased levels of tyrosine, valine, �-amin-
oisobutyric acid, pseudouridine, and methylguanidine, indica-
tive of altered amino acid metabolism and RNA turnover (56).
These changes were in conjunction with improved body mass
index and a reduction in histological fatty liver previously pub-
lished within the same subjects (57). Taken together, fatty liver
disease appears to be associated with altered metabolites that
are either produced or influenced by gut microbes.

Conclusion

Altogether, advances in the fields of metabolomics and
microbiome analyses have resulted in the newly identified func-
tional roles of several metabolites, such as SCFAs and trypto-
phan derivatives. These findings have shown great promise for
the identification of novel therapeutic targets for several human
diseases. Despite these advances, much remains to be discov-
ered with regard to unidentified microbial metabolites and
their implications in health and disease. To navigate the
unknown microbial metabolome, advances in existing technol-
ogies will be required. However, with our current understand-
ing, genetic modification of gut microbes to drive the produc-
tion of specific metabolites may be a way in which physiological
levels of these metabolites can be harnessed and formulated for
medicinal use. This is not outside the realm of possibilities
given the number of antimicrobial products derived from
microbes that are in use today (1). Of course, the safe use of
these products will require a thorough understanding on how
they interact with the host, and this may be achieved by com-
bining meta-omic approaches and functional testing utilizing
GF mice and intestinal organoid technologies (58). Establish-
ing new methods to integrate meta-omic datasets will also
strengthen the ability to target potential bioactive microbial
metabolites for further study. Given the wealth of data cur-
rently available and the current progress in the field, these
achievements are on the forefront of microbiome research.
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B. A., and Yooseph, S. (2010) METAREP: JCVI metagenomics reports–an
open source tool for high-performance comparative metagenomics.
Bioinformatics 26, 2631–2632

7. Crusoe, M. R., Alameldin, H. F., Awad, S., Boucher, E., Caldwell, A., Cart-
wright, R., Charbonneau, A., Constantinides, B., Edvenson, G., Fay, S.,

Fenton, J., Fenzl, T., Fish, J., Garcia-Gutierrez, L., Garland, P., et al. (2015)
The khmer software package: enabling efficient nucleotide sequence anal-
ysis. F1000Res. 4, 900
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Recent advances in metabolomic and genome mining ap-
proaches have uncovered a poorly understood metabolome that
originates solely or in part from bacterial enzyme sources.
Whether living on exposed surfaces or within our intestinal
tract, our microbial inhabitants produce a remarkably diverse
set of natural products and small molecule metabolites that can
impact human health and disease. Highlighted here, the gut
microbe-derived metabolite trimethylamine N-oxide has been
causally linked to the development of cardiovascular diseases.
Recent studies reveal drugging this pathway can inhibit athero-
sclerosis development in mice. Building on this example, we dis-
cuss challenges and untapped potential of targeting bacterial
enzymology for improvements in human health.

Many centuries have passed since the seminal discovery of
microorganisms by Hooke and van Leeuwenhoek (1) and the
subsequent game-changing postulates put forth by Koch (2) for
demonstration of a causal role for microorganisms in infectious
diseases. Recently, there has been a rapid advancement in our
appreciation of the undeniable association between commensal
microorganisms (bacteria, archaea, viruses, and other eukaryotes)
and both physiological processes critical to our health and
human disease susceptibility (3–5). Despite this, with the
exception of antibiotics and vaccines, there has been an unfor-
tunate gap in the development of therapies that leverage this
newfound appreciation by selectively targeting microorgan-

isms for improvement of health in the human host. This is
because we are still only in our infancy of understanding the
mechanisms by which human resident microorganisms impact
normal host physiology and human disease.

Recent research at the microbiome-host interface has been
dominated by genomic or metagenomic sequencing approaches,
which have allowed a near comprehensive cataloguing of what
types of microorganisms are present in different compartments
of the human body. At the same time, advances in the fields of
mass spectrometry and computational biology have allowed for
the identification of natural products and metabolites that orig-
inate solely or in part from bacterial sources (Fig. 1). In addition
to the growing list of bacterially derived metabolites, it has long
been understood that the host immune system can selectively
recognize microbe-associated molecular patterns (MAMPs)3

via cognate pattern-recognition receptors on host immune
cells (6, 7). Even though we now understand what types of
microbes are present, some of the metabolites they produce,
and what MAMP repertoire they possess, there are very few
examples of where this information has been leveraged into
human-relevant therapeutics. Hence, the purpose of this
review is to highlight the potential for targeting microbial enzy-
mology for improvement of human health. Here, we discuss the
current state of knowledge surrounding drug discovery in the
microbiome space, with particular focus on promising develop-
ments in the field of cardiovascular disease (CVD). We also
critically discuss the untapped potential of transitioning away
from currently favored non-selective microbiome therapeutic
approaches (prebiotics, probiotics, antibiotics, fecal transplan-
tation, etc.) to instead utilize non-lethal small molecules to
manipulate microorganism-host interactions. Discussion here
is intended to highlight the few known examples of micro-
biome-targeted small molecule therapeutics and to provide a
framework for future investigation in this area.

Challenges and opportunities in microbiome-targeted
drug discovery

The advent of high throughput sequencing, either by classic
16S ribosomal RNA taxonomic approaches or by more recent
metagenomic deep sequencing, has allowed for the cataloguing
of microorganisms that are present in a sample without the
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need of culturing (8, 9). Large international microbiome
research consortia have leveraged such methodology to reveal
that healthy humans are inhabited by a multitude of different
species of gut bacteria, and microbial diversity can be dynami-
cally altered by a number of variables, including age, host genet-
ics, diet, and antibiotic exposure (5, 10 –12). More importantly,
enhanced proportion or absence of certain microbial taxa is
associated with a number of human diseases, including obesity
(13–17), diabetes (18 –20), alcoholic and non-alcoholic fatty
liver disease (21–24), cancer (25–27), osteoporosis (28, 29),
hypertension (30, 31), autism (32, 33), autoimmune diseases
(20, 34, 35), CVD (36, 37), and likely many others. Undoubtedly,
high throughput sequencing approaches have uncovered a
number of compelling microorganism-disease links. However,
how to move from association to causation remains a daunting
challenge.

A major limitation that persists with culture-independent
taxonomic sequencing approaches is that many disease associ-
ations are made at the broad level (e.g. phylum, class, order, or
genus) and not at the species or strain level. Moreover, there are
many examples where operational taxonomic units within a
taxon negatively associate, whereas some others positively
associate, with disease phenotypes. This makes disease associ-
ations above the species level extremely difficult to interpret
because many taxa are lumped together in a microbe-disease
association. In addition to this lumping issue, DNA-based met-
agenomic approaches have inherent biases that limit the ability
to fully understand druggable microbial function. Current lim-
itations in DNA-based metagenomics are based on variable
amounts of DNA isolated from the source sample, DNA frag-

mentation biases, PCR amplification biases, and sequencing
and read mapping bias (8). Given these limitations with
genomic sequencing methods, and the fact that many microbial
gene products are only expressed under certain conditions,
additional approaches are desperately needed.

To identify robust microbiome drug targets, it will be most
informative to look beyond what taxa or genes are present and
instead to investigate what genes are being expressed and, most
importantly, what the gene products are doing to impact host
disease. Although methodology is still immature at this point,
there are shotgun sequencing approaches under development
to quantify bacterial mRNA expression (metatranscriptomics)
and protein expression (metaproteomics). At this point, meta-
transcriptomic methods are still in their infancy, and given that
bacterial transcriptional profiles can change within minutes,
sample collection and stabilization are a major hurdle. Another
clear caveat of both metatranscriptomics and metaproteomics
is limit of detection thresholds. For instance, low abundant
gene products in low abundant bacteria will likely be missed,
which is less of a limitation with current metagenomic meth-
ods. Once properly matured, metatranscriptomic and meta-
proteomic methods have the potential to strengthen metag-
enomic approaches because they provide a readout one step
closer to the desired functional readouts of bacteria. Another
approach to move beyond DNA sequencing approaches that
only provide a catalogue of what taxa and genes are present, and
not their function, is to employ the complementary approach of
metabolomics. Understanding the chemical secretome (natural
products, metabolites, and small molecules) originating from
our microbial inhabitants is a powerful complementary goal

Figure 1. Small molecule metabolites originating from the human microbiome. Diverse bacterial ecosystems present in the oral cavity, upper and lower
gastrointestinal tract, skin surface, lungs, and almost every exposed orifice studied possess the enzymatic machinery to generate chemically diverse and
biologically active metabolites that impact host health and disease. Collectively, human microbiota represent a major contributor to the chemical diversity in
the human metaorganism, and many known bacterial metabolites have dedicated host receptor systems that allow for microbe-host cross-talk that modulates
human health and disease.
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because these molecules are the most likely causative links
between our microbiome and human disease. Ultimately, com-
bining metagenomic, metatranscriptomic, metaproteomic, and
metabolomic platforms are necessary for identifying the dis-
ease-causing products from the microbiome and their impact
on the human host.

More than any other approach, annotation of the microbial
metabolite secretome (Fig. 1) provides the highest likelihood of
identifying human relevant drug targets and biomarkers of dis-
ease. This is because microbe-derived metabolites can more
readily cross host epithelial barriers than microbes themselves,
making them the most likely agents to impact host cells, and
contribute to disease in organs lacking a resident microbiome.
Unfortunately, we are still only scratching the surface in the
area of metaorganismal metabolomics. Identification of micro-
organism-derived metabolites typically couples mass spec-
trometry or nuclear magnetic resonance (NMR) detection with
antibiotics or germ-free experimental conditions. Using such
approaches, several recent metabolomics studies have identi-
fied disease-associated microbial metabolites (30, 32, 38, 39).
However, our current annotation of the microbial metabolome
is vastly incomplete due to the fact that less than 2% of chemical
data generated by mass spectrometry can be annotated (40, 41).
The remaining unidentified metabolites that are altered under
germ-free or antibiotic-suppressed states represent a treasure
trove of potentially biologically active compounds that have the
potential to be attractive drug targets. It should also be noted
that the above estimates likely vastly underestimate the magni-
tude of the metabolome, because volatile and poorly ionizing
molecular species are typically not even detected by typical
mass spectrometry and NMR approaches. Moreover, most
studies have thus far focused on fasting samples, with a stagger-
ing number of metabolites possible in the postprandial metabo-
lome. To overcome current annotation limitations in analyte
structural identification in the typical metabolomics analyses,
the field is making rapid advances in database expansion and
development, along with dissemination of platforms that allow
for more comprehensive curation of mass spectrometry data
(42, 43). As discovery-based metabolomic studies progress, it is
important to understand that production of microbial secre-
tory products is quite dynamic and in most cases substrate-
driven. For example, several well known bacterial metabolites
such as short chain fatty acids, secondary bile acids, and trim-
ethylamine N-oxide (TMAO) are produced in greater amounts
after ingestion of a meal (44 – 46). In fact, gut microbes repre-
sent a filter of our greatest environmental exposure, our diet.
Therefore, it is extremely important to consider diet and
substrate availability as a major determinant of the microbial
metabolome. Unfortunately, almost all germ-free metabolo-
mics studies have been done by feeding rodent chow, which is
not standardized in its composition from batch to batch and by
no means represents a human relevant dietary milieu. Also, it is
important to recognize that careful evaluation of the gut micro-
bial metabolome requires defined dietary conditions where
substrates are present at physiologically relevant levels. Ulti-
mately, the identification of disease-causing microbial metabo-
lites, and the host receptors that sense them, is a requisite step
in selectively targeting pathways in which microbial products

contribute to disease susceptibility or progression in humans.
Although there are very few examples where disease-causing
microbial metabolites/pathways have been pursued as drug tar-
gets, recent progress in the CVD field provides a framework for
future microbiome-centered drug discovery.

An early success story of drug discovery in the gut
microbial enzymology space: Small molecule inhibition
of TMAO production

Within the last 5 years, the gut microbial metabolite TMAO
has quickly gained traction as both a strong biomarker for
human CVD risk, as well as a contributory participant in the
pathogenesis of atherosclerosis (39, 47– 65), thrombosis (66),
heart failure (67–70), and chronic kidney disease (71–76). In
fact, the TMAO pathway is uniquely positioned as one of the
first bona fide gut microbiome-centered drug targets with sev-
eral active discovery programs underway. In support of the
notion that drugging of microbial enzymes is a tractable
approach, we highlight the gut microbial TMAO pathway
because it is one of the first examples where small molecules
have been successfully used as a non-lethal microbial pathway
inhibitor to attenuate disease progression in preclinical models
(56). The only other known example as of the writing of this
review are the seminal studies by Redinbo and colleagues
employing selective inhibition of microbial �-glucuronidase to
attenuate gastrointestinal toxicity of select cancer drugs and
non-steroidal anti-inflammatory agents (77, 78). This latter
topic is the focus of another Minireview in this series by Pellock
and Redinbo (101), so it will not be further discussed in this
review.

Interest in TMAO as a drug target is bolstered by a wealth of
recent independent human studies, which have amply demon-
strated that elevated circulating TMAO levels are associated
with increased risk of CVD in a variety of cohorts (39, 47– 65).
Speaking to its causative role in CVD pathogenesis, experimen-
tal elevation of TMAO by dietary provision worsens atheroscle-
rosis, thrombosis, and adverse cardiac remodeling in mice (39,
47, 66, 70, 79, 80). The TMAO pathway is a diet-driven pathway
where nutrients enriched in a Western diet (phosphatidylcho-
line, choline, L-carnitine, etc.) are metabolized by distinct gut
microbial enzyme complexes (CutC/D, CntA/B, and YeaW/X)
to generate the primary gut microbial metabolite trimethyl-
amine (TMA). TMA is subsequently metabolized by host
enzymes in the liver called flavin-containing monooxygenases
to produce TMAO (Fig. 2). In addition to microbe-derived
TMA and TMAO, there are a number of potential dietary
sources of TMA and TMAO, such as some cold water-dwelling
fish or seafood. Several recent reviews have highlighted the
clinical relevance and therapeutic potential of the TMAO path-
way in CVD (81, 82). Briefly, the link between TMAO and CVD
risk was first discovered via unbiased and untargeted metabo-
lomic screening of human plasma in stable cardiac patients
undergoing elective coronary angiography (39). Many fol-
low-up studies with independent cohorts have supported the
link between TMAO levels and CVD risk in humans (58 – 65)
and have also confirmed that TMAO feeding worsens cardio-
vascular phenotypes in mice (70, 79, 80). However, it is impor-
tant to note that a few studies report not finding an association
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between circulating TMAO and CVD risks, although these
have tended to be either small or to have low numbers of car-
diovascular events (83– 85). Fulfilling Koch’s postulate of dis-
ease susceptibility, microbial transplantation studies employ-
ing delivery of microbial communities with a high (versus low)
capacity to generate TMA and TMAO results in enhancement
of atherosclerosis and thrombosis in mice (57, 66). Reductions in
the TMAO levels in animal models, either via genetic approaches
or small molecule inhibition of microbial TMA lyase enzyme
activity, have both resulted in abrogation of choline diet-depen-
dent enhancement in atherosclerosis and other CVD-related phe-
notypes (51–53, 56). Collectively, the gut microbe-derived metab-
olite TMAO represents a strong prognostic biomarker and
causative agent in atherosclerosis and thrombotic vascular disease.
The question that remains is how best to therapeutically intervene
on this metaorganismal nutrient metabolism pathway.

Recent proof-of-concept preclinical studies demonstrate
that small molecule inhibition of gut microbial TMA lyase
enzymes can be a therapeutically tractable approach for atten-
uating atherosclerosis (56). By screening structural analogues
of choline, a compound (3,3-dimethyl-1-butanol, DMB) was

identified to serve as a tool drug to test whether selective inhi-
bition in choline-dependent production of TMA has beneficial
effects in murine models of atherosclerosis (56). Importantly,
this inhibitor was effective at suppressing TMA production
both in cultured human commensal strains and in vivo in mice.
Provision of DMB in apolipoprotein E (apoE) knock-out mice
on a choline- or carnitine-supplemented diet was shown to
lower systemic levels of TMAO with associated reductions in
endogenous macrophage foam cell formation and aortic root
atherosclerotic lesion development (56). This study for the first
time showed that small molecule inhibition of a bacterial
enzyme activity can retard or prevent atherosclerotic CVD. It
thus provides a framework for analogous drug discovery in
other microbe-associated diseases.

Although the primary indication for TMA lyase inhibitors
would likely be cardiovascular-related, such drugs may also
hold promise in several other disease states. For example, ele-
vated TMAO levels have also been linked to both development
of chronic kidney disease (CKD) and adverse outcomes in
humans (72–76). It has long been known that TMAO is actively
excreted into the urine, and diminished renal function impedes
the proper elimination of TMAO (86). A metabolomics study in
the Framingham population revealed elevated choline and
TMAO levels are seen in subjects with normal renal function
who are at risk for incident development of CKD (76). In several
large human studies, TMAO has been found to be elevated in
people suffering with CKD and who are at risk for cardiovascu-
lar disease and its adverse events (71–76). Interestingly, animal
model studies have shown chronic feeding with either dietary
choline or TMAO can result in progressive renal functional
impairment and tubulointerstitial fibrosis in mice, with accom-
panying activation of the phospho-Smad3 pro-fibrotic pathway
(71). In addition to kidney disease, TMAO has also been linked
to insulin resistance and type 2 diabetes mellitus (T2DM) by
several independent groups (87, 88). A seminal study by Bid-
dinger and co-workers (53) recently demonstrated that mice
with selective hepatic insulin resistance have elevated levels of
circulating TMAO. This study demonstrated that male mice
lacking the insulin receptor in the liver (LIRKO mice) have a
profound up-regulation of the TMAO-producing enzyme
FMO3 (flavin monooxygenase 3) in the liver (53). Furthermore,
antisense oligonucleotide-mediated inhibition of FMO3 in
LIRKO mice was shown to inhibit TMAO production and to
protect against the hyperlipidemic and proatherogenic pheno-
type of these mice (53). In agreement, an independent study
showed that dietary supplementation with TMAO can exacer-
bate glucose intolerance in high fat fed mice (89). Although
mechanisms underlying the link between the TMAO pathway
and both T2DM and CKD are not known, there is mounting
evidence that TMAO may be a contributory factor in the patho-
genesis of these common diseases, as well as the CVD-related
morbidity and mortality accompanying these disorders. In
addition, recent studies suggest TMAO levels may similarly be
associated with the presence and severity of non-alcoholic fatty
liver disease (18, 23, 24). TMA lyase inhibition may thus hold
promise in the prevention or treatment of these common
chronic metabolic disorders that are also frequently associated
with atherothrombotic disease risks.

Figure 2. Drugging the gut microbial TMAO pathway for the treatment of
prevention of cardiometabolic disease. Dietary consumption of choline,
phosphatidylcholine (PC), carnitine, �-butyrobetaine, and likely other meth-
ylamine-containing source nutrient gut microbes provides substrate for gut
bacterial production of TMA through the collective actions of several TMA
lyase enzymes. Bacteria expressing the YeaW/X enzyme complex can sequen-
tially convert L-carnitine to �-butyrobetaine and then �-butyrobetaine to
TMA. TMA can be generated from another L-carnitine TMA lyase enzyme com-
plex known as CntA/B. Choline and phosphatidylcholine can be used by the
CutC/D enzyme complex to generate a substantial pool of TMA. Once gener-
ated from these distinct sources, TMA enters the portal circulation where it is
ultimately delivered to the host liver. The host flavin-containing monooxyge-
nase (FMO) family of enzymes, especially FMO3, can then convert TMA to
TMAO. TMAO can then promote atherosclerosis, thrombosis, heart failure,
kidney disease, and insulin resistance via tissue- or cell type-specific repro-
gramming. Inhibition and choline and L-carnitine TMA lyase activity by DMB
can blunt atherosclerosis progression in mice. The TMAO pathway represents
one of the first pathways where small molecule inhibitors targeting microbial
enzymes can benefit host disease.
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Another patient population that could immediately poten-
tially benefit from TMA lyase inhibitors would be those suffer-
ing from trimethylaminuria (86). Subjects with trimethylamin-
uria typically adopt stringent dietary restrictions in animal
products in an effort to limit TMA elevation, although choline
is an abundant component of bile (in the form of phosphatidyl-
choline), and the epithelial cells lining the alimentary tract
rapidly turn over, shedding membrane particles into the gut
lumen. There thus are ample sources of endogenous TMA pre-
cursors even in the most ardent vegan diet, and dietary efforts
to limit TMAO production has limits to its potential benefits.
When given in combination with a low choline or a low carni-
tine diet, TMA lyase inhibitors would be predicted to rapidly
ameliorate fish odor symptoms in those with primary muta-
tions in FMO3 (86). Collectively, the TMAO pathway repre-
sents one of the first examples where non-lethal drugs targeting
microbial enzymes can provide protection against host disease.

Using the metaorganismal TMAO pathway as an example,
we now have a methodological framework to identify diseases
where “drugging the microbiome” with non-lethal microbial
enzyme inhibitors may be of potential benefit. First, we believe
it is important that the initial discovery process include human
clinical investigations. These are critical in serving as a lens with
which to identify microbe-derived metabolites that reproduc-
ibly show strong and independent associations with the pres-
ence and severity of human disease. It is also extremely impor-
tant to recognize that untargeted metabolomics studies are
semi-quantitative due to the limitations in inclusion of ap-
propriate internal standards before candidate analytes are
revealed. It is therefore critical that hypotheses generating
untargeted metabolomics studies be subsequently indepen-
dently validated using robust analytical approaches (e.g. stable
isotope dilution mass spectrometry-based) across multiple
non-overlapping human cohorts to establish whether the levels
of the metabolite can predict future risk of disease, as has been
done for TMAO (47– 49, 58 – 63). Once clinical relevance is
established, mechanistic studies to reveal whether the observed
associations are causally linked to the disease process are criti-
cal. Testing of the microbial requirement for generation of the
metabolite and whether it is directly linked to disease causation
can be established by feeding or directly administering the
nutrient precursors or the metabolite itself in germ-free or con-
ventionally reared mice (39, 47, 50, 70, 79, 80). Concurrent with
these studies, investigation of the breadth of specific nutrient
precursors that can give rise to the microbe-generated metab-
olite(s) provides insights into the global meta-organismal path-
way, its dietary precursors, and substrates to use in both micro-
bial enzyme discovery efforts and drug development efforts.
Thus, once disease association and causation are established, it
is key to identify relevant microbial communities, participants,
and enzymes that are the predominant sources of the metabo-
lite in question using a combination of reference genome min-
ing and microbial biochemical approaches (90, 91). In parallel,
it is imperative to identify microbe host co-metabolites
involved in metaorganismal pathways (such as conversion of
TMA into TMAO) and whether host receptors exist to sense
the metabolites of interest.

With each new gut microbial-derived metabolite identified
that reveals mechanistic connection to disease, there may thus
exist within the host many additional points of potential thera-
peutic intervention beyond the microbial enzyme source.
Examples can include host enzymes involved in biotransforma-
tion of the initial gut microbial metabolite or host receptors or
transporters in the pathway. Using the TMAO pathway as an
example, there is one known host receptor for TMA identified,
TAAR5 (trace-amine associated receptor 5) (92, 93). TAAR5 is
a G-protein-coupled receptor that mediates olfactory recogni-
tion specifically of TMA and not TMAO (92, 93). Unfortu-
nately, the receptor that recognizes TMAO in mammals
remains unknown at present but is an obvious potential thera-
peutic target once identified. It is also possible that TMAO
exerts its biological effects by acting as a key osmolyte and pro-
tein stabilizer, especially in the renal medulla or papilla (94 –
96). It is important to realize that the human genome presents
us with �20,000 protein-coding drug targets. However, current
estimates based on large microbiome sequencing consortia
estimate that there are likely at least 2 orders of magnitude
more bacterial genes in human commensals (97). Combining
both the human and microbial genome repertoire, there is
almost unlimited potential for new drug targets. Although
the exact numbers of microbial metabolites are not known,
bacteria within the Streptomycetaceae family have been esti-
mated to synthesize over a million small molecules them-
selves (98). When taking into account the entire human gut
microbiome community, the potential chemical diversity is
quite staggering.

Concluding remarks

The concept that microorganisms can cause human disease
is not new. Beyond infectious diseases, a role for gut microbes in
health and disease likewise is not new. For example, over a
century ago the Russian zoologist Eli Metchnikoff was awarded
the Nobel Prize for his pioneering work in phagocytosis, and in
part for his suggestion that human disease originates from “poi-
soning of the body from bacterial by-products.” Unfortunately,
Dr. Metchnikoff would be disappointed to know that in 2016
almost all major efforts in drug discovery have instead focused
only on host targets. It is hard to fathom that such large-scale
efforts have been undertaken for discovery of antibiotics to
ameliorate pathobionts (99), whereas drugs that target micro-
bial metabolites have not been pursued. There is an exciting
time ahead for drug discovery, where we target either the gene
products of gut microorganisms or associated host enzymes
and receptors along discovered metaorganismal pathways
linked to disease susceptibility. As we embark on this new fron-
tier, it is essential that we move beyond approaches that merely
profile lists of which microorganisms are more or less abundant
and instead focus on which microbial genes are being ex-
pressed, and more importantly, what bioactive chemicals are
being secreted that exert effects on the host and impact human
disease. Processes and insights learned during antibiotic drug
discovery will no doubt be important in non-lethal targeting of
microbial pathways, such as improved understanding of lateral
gene transfer and its potential impact on gut microbe metabo-
lite-targeted therapeutics. Furthermore, improved understand-
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ing of how existing and new small molecule therapeutics affect
microbial ecology is another area for investigation. Using mice
to model human microbiome-disease pathways no doubt has
some limitations because of obvious microbial community
structure differences (10 –12) and known differences in innate
immune pathways (100). Nonetheless, by starting with explor-
atory studies seeking to reveal strong associations between a
metabolite of interest and human disease presence and severity,
more focused and potentially clinically relevant preclinical ani-
mal model studies can be designed.

Although non-selective approaches that broadly alter micro-
bial community structure such as prebiotics, probiotics, and
fecal microbial transplantation may have some promise, their
rational scientific development is remarkably challenging.
Moving toward selective small molecule non-lethal therapeu-
tics that target defined microbial pathways or host participants
along discovered causal metaorganismal pathways represents a
scientifically manageable approach. This transition is similar to
the movement made in the cancer field from broadly cytotoxic
chemotherapeutic regimens to carefully targeted small mole-
cule and antibody-based therapeutics. Using small molecules to
inhibit gut microbial enzymes for amelioration of disease is
tractable (56). In fact, drugging gut microbiome enzymology
potentially represents an ideal scenario if such small molecules
can be designed to avoid systemic absorption or exposure,
thereby minimizing the potential for host side effects and
avoiding development of unanticipated adverse side effects
from altering the microbial community. As such small mole-
cule drug discovery efforts advance, it will be extremely impor-
tant to understand the effects of such drugs on microbial ecol-
ogy and whether resistance to small molecule therapeutics will
arise with chronic exposure. Drug discovery advances in the
microbiome space are being aggressively pursued and will
require a multidisciplinary approach. Initial discovery efforts
require access to well annotated clinical repositories with deep
phenotype, expertise in untargeted metabolomics, and com-
pound identification to unambiguously associate metabolite
levels with human disease, microbial enzymology, and clinical
chemistry, coupled with complementary metagenomics, meta-
transcriptomics, and bioinformatics to facilitate both microbial
and host enzyme and transporter/receptor participation. Such
studies are daunting because of the diverse skill sets needed to
make meaningful connections. However, it is these types of
multidisciplinary studies that form the basis for therapies for
the next generation where we selectively yet non-lethally target
enzyme pathways within the microorganisms that inhabit us to
make the human part of us thrive.
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The intestinal milieu is astonishingly complex and home to a
constantly changing mixture of small and large molecules, along
with an abundance of bacteria, viral particles, and eukaryotic
cells. Such complexity makes it difficult to develop testable
molecular hypotheses regarding host-microbe interactions.
Fortunately, mammals and their associated gastrointestinal (GI)
microbes contain complementary systems that are ideally suited
for mechanistic studies. Mammalian systems inactivate endobi-
otic and xenobiotic compounds by linking them to a glucuronic
acid sugar for GI excretion. In the GI tract, the microbiota
express �-glucuronidase enzymes that remove the glucuronic
acid as a carbon source, effectively reversing the actions of mam-
malian inactivation. Thus, by probing the actions of microbial
�-glucuronidases, and by understanding which substrate glucu-
ronides they process, molecular insights into mammalian-mi-
crobial symbioses may be revealed amid the complexity of the
intestinal tract. Here, we focus on glucuronides in the gut and
the microbial proteins that process them.

�-Glucuronidase (GUS)2 enzymes expressed by the GI mi-
crobiota are at the interface of a metabolic symbiosis bet-
ween microbe and host where they mediate the reactivation of
molecules important in host health and disease. Microbial GUS
enzymes regenerate toxic drugs and carcinogens in the mam-
malian GI tract (1), and their activities are associated with a
higher incidence of colon cancer and to diets that promote
intestinal cancer (2). Endogenous molecules are also processed
by GI GUS proteins, including glucuronides of hormones and
neurotransmitters (3–5). These observations have led to hy-
potheses linking microbial GUS enzymes to the GI toxicity of
drugs, the development of cancer, and increased incidence of
Crohn’s disease and colitis (2, 6 –9). Thus, bacterial GUS

enzymes appear to play an important role in health and disease
by metabolizing glucuronides in the gut.

GUS proteins catalyze the hydrolysis of glycosidic bonds
between glucuronic acid and either small molecules or the ter-
minal ends of polysaccharides. For the purposes of this review,
we will focus on small molecule glucuronides generated by
Phase II drug metabolism to mark compounds for excretion.
Glucuronides are produced by mammalian uridine diphos-
phate (UDP)-glucuronosyltransferase (UGT) enzymes that
append glucuronic acid, derived from UDP-glucuronate, to
hydroxyl, carboxylate, and other nucleophilic functional
groups of aglycones (10). Glucuronidation almost exclusively
inactivates and detoxifies molecules by increasing their water
solubility, which promotes their removal from the body via the
kidneys or GI tract (11). Once in the GI tract, these glucu-
ronides serve as substrates for bacterial GUS proteins that
remove the inactivating glucuronic acid moiety. Glucuronic
acid then enters the Entner-Doudoroff pathway, a bacterial
alternative to glycolysis that catabolizes sugar acids and shunts
the resulting pyruvate into the TCA cycle (12). Mammals also
express a GUS enzyme ortholog that is localized to lysosomes in
first-pass tissues like liver and intestines, and plays an essential
role in degrading endogenous glycosaminoglycans (13). Germ
line mutations in human GUS cause Sly syndrome, a fatal lyso-
somal storage disease (14). Human GUS has also been shown to
hydrolyze small-molecule glucuronides, a function that has
been leveraged in drug design by attaching drugs to glucuronic
acid such that they will be activated at a site of interest upon
hydrolysis (15).

As a by-product of glucuronide hydrolysis, bacteria regener-
ate the original molecule that was eliminated by the host, facil-
itating reuptake by the gut epithelia and recirculation in the
bloodstream (16). Glucuronidation in the liver, delivery to the
GI lumen via the bile duct, reactivation and absorption via
the intestinal epithelia, and transport back to the liver is termed
enterohepatic circulation (Fig. 1) (17), and it can significantly
affect the pharmacokinetics of many drugs and also regulates
the levels of endogenous compounds (4, 17, 18). Thus, GI
microbial GUS enzymes have the capability of directly regulat-
ing local and systemic levels of exogenous and endogenous
compounds involved in mammalian homeostasis.

Endogenous glucuronides in the gut

Endogenous glucuronides were clearly the driving force for
the symbiotic evolution of host-associated bacterial GUS
enzymes. Glucuronidated endogenous compounds include bil-
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irubin, hormones, neurotransmitters, bile acids, and fatty acids,
all of which influence host homeostasis (Table 1 and Fig. 2). As
such, GI microbial GUS enzymes participate in a nearly con-
stant mutual symbiosis via the regulation of local and systemic
levels of endogenous molecules.

One of the most heavily glucuronidated endogenous mole-
cules is bilirubin, a breakdown product of heme (19). Although
it is generally considered a waste product and toxin that con-
tributes to hyperbilirubinemia and neonatal jaundice, normal
levels of bilirubin have more recently been shown to have pre-
ventative antioxidant activities (20, 21). Approximately 16 and
80% of bilirubin exists as the monoglucuronide and diglucu-
ronide conjugates, respectively, in the bile of healthy humans
(19). Bilirubin glucuronides are generated in the liver by
UGT1A1 and enter the GI tract from the bile duct. In the GI
tract, bilirubin glucuronides are heavily metabolized by the
intestinal microbiota into stercobilin, which gives feces its
brown color, and urobilin, which is responsible for the yellow
color of urine and the yellow complexion of jaundiced subjects
(22). The deconjugated bilirubin that manages to escape further

Figure 1. Enterohepatic circulation of chemically distinct molecules (denoted as X) is mediated by the host and microbiota. Glucuronides (e.g. X-glu-
curonide) are generated primarily in the liver by UGTs (but can also be produced by GI epithelial UGTs) and then delivered by biliary secretion to the GI. In the
alimentary canal, glucuronides are either excreted or metabolized by the GI microbiota’s GUS enzymes. Reactivated aglycones in the GI (X) can be excreted or
reabsorbed and returned to the liver via the enterohepatic cycle.

Table 1
Examples of molecules subject to glucuronidation in mammals
IBD is inflammatory bowel disease.

Aglycone Aglycone’s effect Disease/health Refs.

Endogenous
Arachidonic acid Signaling molecule Inflammation 48
Bilirubin Neurotoxin, antioxidant Gall stones, jaundice 19
Chenodeoxycholate Digestion Cholestasis 89
Chondroitin sulfate Glycosaminoglycan Cancer 90
Dopamine GI motility, water absorption IBD, constipation 5
Estradiol Sex hormone, development Breast cancer 26
Hyaluronic acid Glycosaminoglycan Cancer 10
Norepinephrine GI motility IBD 5
Serotonin GI motility IBD 40
Testosterone Sex hormone Prostate cancer 32
Thyroxine Thyroid regulation Metabolic disorder 36

Exogenous
AOM Alkylating agent Cancer 66
Belinostat HDAC inhibitor GI toxicity 57
Benzo[a]pyrene DNA adduct formation Cancer 70
Diclofenac NSAID GI toxicity 62
Ethanol Depressant Liver toxicity 91
Indomethacin NSAID GI toxicity 64
Ketoprofen NSAID GI toxicity 62
Nicotine Stimulant Addiction 75
Panobinostat HDAC inhibitor GI toxicity 58
PhIP Alkylating agent Cancer 69
SN-38 Topoisomerase I inhibitor GI toxicity 54
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metabolism by bacteria is reabsorbed through the GI epithelia
and undergoes enterohepatic circulation (18). However, en-
terohepatic circulation of bilirubin in healthy humans is rela-
tively low due to bilirubin’s nearly complete glucuronidation by
the host and substantial subsequent metabolism to stercobilin
and urobilin by the GI microbiota. In certain neonates or sub-
jects with Gilbert’s syndrome, however, bilirubin is significantly
recycled, which contributes to CNS-toxic hyperbilirubinemia
(19, 20). Thus, bacterial GUS and human UGT enzymes appear
to have co-evolved a mutually symbiotic heme catabolism path-
way to rid the host of high levels of toxic bilirubin and to provide
the GI microbiota with a source of energy in the form of glucu-
ronic acid.

Unconjugated bilirubin is also capable of forming insoluble
calcium salts that contribute to the generation of brown pig-
ment stones in the gallbladder and the biliary ductal system,
which reduce bile flow and can impair liver function (23). Inter-
estingly, the generation of these stones is concomitant with the
presence of GUS-expressing Proteobacteria like Escherichia
coli and Klebsiella pneumoniae, suggesting that bacterial GUS
activity may promote the formation of the unconjugated biliru-
bin salts found in gallstones (23, 24). Bacteria of the family
Enterobacteriaceae, which include E. coli and K. pneumoniae,

are more abundant in the bile (25). The low affinity GUS inhib-
itor glucaro-1,4-lactone blocked calcium bilirubinate precipita-
tion in vitro (23).

Hormones are also subject to glucuronidation. The estrogen
metabolites estradiol, estrone, and estriol are glucuronidated by
multiple UGT isoforms (26). In vitro studies have shown that
E. coli GUS is capable of hydrolyzing a glucuronide metabolite
of estriol, and it does so with much greater activity than human
GUS (27). Furthermore, estrogen metabolites exhibit signifi-
cant enterohepatic circulation, suggesting that the regenera-
tion of estrogen aglycones by the GI microbiota may play an
important role in regulating plasma levels of this hormone (28).
Radiolabeling studies reveal that enterohepatic circulation of
estrone and estriol varies by host species, which suggests that
species differences in UGT expression or microbial composi-
tion may impact hormone metabolism (29). Although bacterial
GUS has been demonstrated in vitro to hydrolyze estrogenic
glucuronides, a definitive role for the GI microbiota in the
enterohepatic circulation of estrogenic metabolites in vivo has
not been established. However, as posited recently, the reacti-
vation of estrogenic metabolites by the GI microbiota may pro-
mote the enterohepatic circulation of estrogenic metabolites,
which may subsequently foster the growth of estrogen-respon-

Figure 2. Examples of chemically diverse endogenous and exogenous glucuronides (glucuronic acid shown in green) generated by mammalian UGT
enzymes and metabolized by GI microbial GUS enzymes.
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sive tumors (30). It is important to note, however, that estrogen
metabolites are also heavily sulfated through the action of
mammalian sulfotransferases, another set of Phase 2 drug-me-
tabolizing enzymes that perform a role analogous to the glucu-
ronidating UGTs (26). GI bacteria also harbor a variety of sul-
fatases to process highly sulfated polysaccharides and sulfated
small molecules, including estrogen metabolites (26, 31). Over-
all, mammalian hormone inactivation is likely closely mirrored
and reversed by enzymes in the GI microbiota.

Other glucuronidated hormones include the androgen tes-
tosterone and the thyroid hormone thyroxine (32, 33). Both
androgen and thyroxine glucuronides can be hydrolyzed by
bacterial GUS enzymes (27, 34, 35). Androgens are key drivers
of prostate cancer, resulting in therapies primarily focused on
androgen deprivation in the form of surgical or chemical cas-
tration, although a more recent approach is the enhancement of
androgen glucuronidation by UGTs (7). Thyroxine is a primary
thyroid hormone that impacts a variety of processes, including
metabolic regulation (36). In vivo radiolabeling and ex vivo fecal
assays indicate that bacteria play a key role in the enterohepatic
circulation of thyroxine in mammals (34). As such, GI microbial
GUS proteins could participate in the regulation of metabolism
and development by promoting the enterohepatic circulation
of thyroxine.

The neurotransmitters dopamine, norepinephrine, and sero-
tonin are glucuronidated in the body and metabolized by bac-
terial GUS. Roughly 50% of all dopamine is generated in the
GI tract (37), where it acts as a regulator of gut motility and
water absorption (38, 39). Microbes were recently shown to
have a significant role in the processing of dopamine glucuro-
nide in the GI lumen of mice (5). This study utilized germ-free
mouse models and GUS knock-out strains of bacteria to dem-
onstrate that microbial GUS activity is primarily responsible for
dopamine glucuronide hydrolysis. The neurotransmitter nor-
epinephrine, a chemical cousin of dopamine, is also glucuroni-
dated and exhibited microbe-mediated glucuronide hydrolysis
in the GI lumen (5). Similarly, serotonin is subject to glucuroni-
dation, and plasma levels of serotonin in mice fluctuate based
on the presence or absence of the microbiota (40, 41).

Bile acids are important to gut health and are significantly
processed by the microbiota. Bile acids are primarily consid-
ered detergents that solubilize dietary components for diges-
tion (42). Much like bilirubin, bile acids are heavily metabolized
by the microbiota, which can dehydrate, oxidize, and deconju-
gate bile acid variants generated by the liver (43). In the liver,
bile acids are conjugated to sulfate, taurine, and glycine moi-
eties, all of which can be removed by GI microbial sulfatases and
bile salt hydrolases. Bile acids are also glucuronidated in the
liver (44), and the resulting conjugates account for between 12
and 36% of the bile acids excreted in the urine. By contrast,
sulfate, glycine, and taurine conjugates make up 50 – 63, 1.8 –
28, and 4.1– 8.3% of excreted bile acids in the urine, respectively
(45). Thus, glucuronidated bile acids likely provide a significant
energy source to bacteria capable of processing such com-
pounds. Unraveling the connections between host and micro-
bial bile acid metabolism pathways will likely reveal new in-
sights into the co-evolution of mammals and microbes.

Fatty acids are another class of biological detergents pro-
cessed by liver UGTs. Fatty acids play roles in mammalian biol-
ogy that range from cell signaling to membrane integrity (46).
Ex vivo and in vitro analyses show that a variety of fatty acids can
be glucuronidated, including arachidonic acid, retinoic acid,
prostaglandins, and derivatives of linoleic acid (47– 49), al-
though further studies are needed to determine whether fatty
acid glucuronides are processed by bacterial GUS enzymes.

Finally, endogenous polysaccharides are a critical source of
glucuronides in the gut. Chondroitin sulfate and hyaluronic
acid are glucuronic acid-containing polysaccharides present in
the GI tract (10). Bacteria express a wealth of endo- and
exo-glycosidases that work in concert to break down complex
polysaccharides. Analogous to human GUS, which catabolizes
extracellular matrix polysaccharides in lysosomes, bacterial GI
GUS enzymes play similar roles with substrates like chondroi-
tin sulfate that enter the GI from host cells sloughed from the
epithelia (50). An excellent review of microbial polysaccharide-
processing enzymes in the mammalian GI tract has recently
been provided (51).

Exogenous glucuronides in the gut

Glucuronides of drugs and other exogenous molecules have
been a primary focus of research because of their potential
importance to therapeutic efficacy and tolerance. Many drugs
exhibit GI and liver toxicity that is mediated in part by bacterial
GUS activity in the gut, resulting in a parasitic symbiosis in
which bacteria receive sugar from drug glucuronides and the
host retains toxic metabolites. Carcinogens and other dietary
metabolites are also metabolized in the body via glucuronida-
tion and processed by our microbial counterparts, providing a
link between bacterial GUS enzymes and carcinogenesis. Exog-
enous glucuronides that reach the GI are diverse in chemical
structure, suggesting that a proportional breadth of functional
diversity may be present in the collection of microbial GUS
enzymes in the GI (Table 1 and Fig. 2).

The anticancer agent SN-38 is the archetype of how metab-
olism by bacterial GUS can lead to drug toxicity. SN-38 is the
active form of the prodrug irinotecan, which is commonly used
to treat colorectal and pancreatic cancers (52, 53). SN-38 is
inactivated in the liver by conversion to SN-38-glucuronide
(SN-38-G); in the GI lumen, however, microbial GUS enzymes
recreate SN-38 and cause severe GI toxicity in the form of dose-
limiting diarrhea. The authors’ laboratory showed that potent,
selective, and non-lethal inhibition of bacterial GUS enzymes
reduces the GI toxicity of SN-38 in mice (54 –56). This ap-
proach may improve the efficacy and tolerance of other anti-
cancer drugs. Indeed, from a list of 155 anticancer agents, 24 are
known to be glucuronidated, and of those that are glucuroni-
dated, 21 (89% of 24) cause GI toxicity. Two such drugs are the
histone deacetylase (HDAC) inhibitors belinostat and panobi-
nostat used to treat lymphoma (57, 58). Metabolites of lapa-
tinib, a GI toxic drug used to treat hormone receptor-positive
breast cancer, are glucuronidated, and their reactivation may
damage the liver as well as the GI tract (59). GI microbial GUS
enzymes contribute to hepatotoxicity via the enhancement of
enterohepatic circulation, which leads to repeated liver expo-
sure to toxic metabolites (17). Together, these examples high-
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light the role that bacterial GUS plays in cancer treatment, effi-
cacy, and toxicity.

Non-steroidal anti-inflammatory drugs (NSAIDs), some of
the most widely used therapeutics in the world, are also glucu-
ronidated. NSAIDs inhibit cyclooxygenase enzymes and pros-
taglandin synthesis and contain a carboxylic acid group that is
readily glucuronidated (60). The NSAID diclofenac is conju-
gated to glucuronic acid by UGT2B7 in the liver, delivered to
the GI tract via the bile duct, and hydrolyzed by bacterial GUS
enzymes in the GI (61, 62). The regeneration of diclofenac
causes ulceration of the GI epithelia via an unclear mechanism
that may involve disruption of mitochondrial function (63).
Similar to SN-38, prevention of diclofenac regeneration by a
selective bacterial GUS inhibitor reduced GI ulceration in mice
(61). The GI damage of the NSAIDs ketoprofen and indometh-
acin can also be ameliorated by selective inhibition of bacterial
GUS (62). Interestingly, the GI toxicity caused by NSAIDs is
primarily localized in mice to the distal end of the small intes-
tine, whereas the damage most often associated with irinotecan
is located in the large intestine (64). It is possible that the bac-
teria that thrive in the distal small intestine may have a greater
capability to hydrolyze NSAID glucuronides than microbes in
the proximal small intestine and colon (64).

Certain carcinogens are also glucuronidated. One of the
most potent is the alkylating agent methylazoxymethanol
(MAM), the active metabolite of azoxymethanol (AOM) that is
used to model carcinogenesis in rodents (65). AOM is con-
verted by cytochrome P450 2E1 and UGTs in the liver to gen-
erate MAM-glucuronide (MAM-G), and evidence exists that
bacteria in the GI tract reactivate MAM-G to MAM and pro-
mote colon carcinogenesis (66, 67). The low-affinity bacterial
GUS inhibitor C-GAL has been shown to reduce colon carci-
nogenesis caused by AOM (68). Other carcinogens, like the
polyaromatic hydrocarbons and heterocyclic aromatic amines,
are also metabolized by the CYP-to-UGT pathway, and it has
been suggested that microbes hydrolyze those glucuronide
metabolites as well (69, 70). Interestingly, colon cancer patients
exhibit higher fecal GUS activities than controls (2). Together,
these results support the conclusion that the release of active
carcinogens in the GI tract involves microbial GUS enzymes.

Two widely used lifestyle drugs metabolized by host UGTs
and bacterial GUSs are ethanol and nicotine. Although the
majority of ingested ethanol is converted to acetaldehyde by
alcohol dehydrogenase, a small fraction of ethanol is glucuroni-
dated (71). In humans, ethanol glucuronide has been detected
in the liver, bile, and urine (72). E. coli and Clostridum sordellii
have both been shown to hydrolyze ethyl glucuronide in vitro,
which may contribute to a greater retention of ethanol-derived
metabolites in the body (73). Detection of ethyl glucuronide in
hair has been employed as a biomarker to diagnose alcohol
abuse (74). Nicotine and its metabolites are primarily processed
in humans by oxidation, but they are also glucuronidated (75).
Nicotine is unique among the aglycones discussed here in that it
is conjugated to glucuronic acid through a nitrogen linkage, and
microbial GUS enzymes have been shown to cleave nicotine
glucuronide (76). The glucuronides of ethanol and nicotine
highlight the chemical diversity of exogenous compounds that
serve as substrates for GUS proteins of the GI microbiota.

Although not the primary focus of this review, a small num-
ber of plant polysaccharides that contain glucuronic acid are
mentioned here. Gum Arabic is a plant-derived secretion that is
predominantly composed of glucuronic acid-containing poly-
saccharides, and it is widely utilized in the food and drug indus-
try as a stabilizer (10, 77). This complex polysaccharide is indi-
gestible to animals but can be fermented by bacteria in the
colon and is associated with weight loss in humans (78). The
xylan hemicelluloses, which are heteropolymers of various sug-
ars and components of the plant cell wall, also contain glucu-
ronic acid (10). Like Gum Arabic, xylan polysaccharides are
indigestible by human enzymes but can be catabolized by GI
microbes. Xylan complexity appears to require a diverse set of
microbial xylanases to catabolize them to release smaller glu-
curonic acid-containing sugars further processed by intestinal
bacteria (79).

Microbial �-glucuronidases in the gut

Several investigations have detected in vitro GUS activity, ex
vivo fecal GUS activity, and in vivo correlations between GI
GUS enzyme activity and health. These studies have resulted in
the identification of bacteria related to Crohn’s disease, the dis-
covery of increased GUS activity in patients with colorectal
cancer and subjects on high fat diets, and the mechanistic elu-
cidation of how bacterial GUS promotes drug toxicity (1, 2, 9,
55). To test the relationship between microbial GUS activity

Table 2
Bacterial strains from the human microbiota that have been shown to
exhibit GUS activity in culture

Strain Refs.

Actinobacteria
Bifidobacterium adolescentis JCM 1275 87
Bifidobacterium angulatum NCFB 2237 86
Bifidobacterium bifidum NCFB 2454 86
Bifidobacterium breve NCFB 2257 86
Bifidobacterium longum JCM 1217 87
Bifidobacterium pseudolongum NCFB 2244 86
Collinsella aerofaciens JCM 7790 87

Bacteroidetes
Bacteroides capillosus ATCC 29799 84
Bacteroides fragilis NCFB 2217 86
Bacteroides ovatus ATCC 8483 84
Bacteroides thetaiotaomicron 87
Bacteroides uniformis JCM 5828 87
Bacteroides vulgatus DCNC 23 86
Parabacteroides johnsonii DSM 18315 84
Parabacteroides merdae ATCC 43184 84

Firmicutes
Bryantella formatexigens DSM 14469 84
Clostridium bartlettii DSM 16795 84
Clostridium bifermentans NCFB 2189 86
Clostridium butyricum DCNC 19 86
Clostridium clostridioforme JCM 1291 87
Clostridium paraputrificum JCM 1293 87
Clostridium perfringens NCTC 8679 86
Enterococcus faecalis DCNC 24 86
Enterococcus faecium DCNC 26 86
Eubacterium L-8 85
Faecalibacterium prausnitzii M21/2 84
Lactobacillus acidophilus DCNC 1237 86
Lactobacillus gasseri ADH 88
Roseburia inulinivorans DSM 16841 84
Ruminococcus gnavus ATCC 29149 84
Ruminococcus gnavus E1 81
Subdoligranulum variabile DSM 15176 84
Streptococcus LJ-22 85

Proteobacteria
E. coli HGU-3 6
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and disease, total fecal proteins have been extracted and GUS
assays conducted (80). This approach yields an overall view of
the fecal microbiota’s GUS activity but provides little granular-
ity about the specific microbial enzymes involved. Other
approaches involve culturing bacteria obtained from human
fecal samples and then assessing the GUS activity in these pure
cultures (6, 81– 88). A tabulation of strains analyzed in culture-
based GUS activity assays reveals that bacteria from all the
major phyla in the mammalian GI microbiota, including Acti-
nobacteria, Bacteroidetes, Firmicutes, and Proteobacteria, har-
bor enzymes that process glucuronides (Table 2). The conser-
vation of GUS across all major GI bacterial phyla reinforces the
hypothesis that GUS proteins may play key roles in chemical
dynamics across the intestinal epithelium and serve as a com-
petitive growth advantage for bacteria in the crowded and
unforgiving milieu of the mammalian gut.
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Carbapenemase-producing Enterobacteriaceae are an emerg-
ing threat to hospitals worldwide, and antibiotic exposure is a
risk factor for developing fecal carriage that may lead to noso-
comial infection. Here, we review how antibiotics reduce col-
onization resistance against Enterobacteriaceae to pinpoint
possible control points for curbing their spread. Recent work
identifies host-derived respiratory electron acceptors as a criti-
cal resource driving a post-antibiotic expansion of Enterobacte-
riaceae within the large bowel. By providing a conceptual frame-
work for colonization resistance against Enterobacteriaceae,
these mechanistic insights point to the metabolism of epithelial
cells as a possible target for intervention strategies.

The lumen of the large intestine is host to a large microbial
community, the gut microbiota, which is dominated by obligate
anaerobic bacteria belonging to the classes Clostridia (phylum
Firmicutes) and Bacteroidia (phylum Bacteroidetes). The con-
cept that the gut microbiota confer “colonization resistance”
against members of the family Enterobacteriaceae (phylum
Proteobacteria) dates back to the 1950s and 60s, when strepto-
mycin treatment of mice was shown to greatly increase suscep-
tibility to oral infection with pathogenic Salmonella enterica
(1–3) or commensal Escherichia coli (4, 5). Antimicrobial-re-
sistant Enterobacteriaceae can expand in the human gut during
antibiotic therapy, as shown by challenge of trimoxazole-
treated healthy volunteers with a trimoxazole-resistant strain
of Klebsiella pneumoniae (6). The relative abundance of endog-
enous E. coli within the murine gut microbiota increases 1 day
after cessation of treatment with cefoperazone, metronidazole,
clindamycin, ampicillin, or vancomycin (7). Epidemiological
evidence suggests that antibiotics cause a prolonged disruption
of the colonic microbiota, thereby decreasing colonization resis-
tance for some time after cessation of treatment. For example, a
history of antibiotic usage is a risk factor for developing gastro-
enteritis with antimicrobial-sensitive S. enterica isolates (8).

Over the last decade, carbapenemase-producing Enterobac-
teriaceae (CPE),2 such as K. pneumoniae and E. coli, have
emerged as a major infectious disease threat to hospitals world-

wide, with mortality from invasive nosocomial CPE infections
reaching up to 40% (9, 10). One of the risk factors for developing
fecal carriage and nosocomial CPE infection is a previous expo-
sure to broad-spectrum antibiotics (11–15), suggesting that an
antibiotic-mediated disruption of colonization resistance facil-
itates the spread of CPE within the hospital. Thus, the develop-
ment of approaches for maintaining colonization resistance
during or following antibiotic therapy might hold the key for
limiting communicability of nosocomial CPE infections. Here,
we attempt to synthesize recent insights into the mechanisms
underlying colonization resistance against Enterobacteriaceae
into a coherent conceptual framework to facilitate the develop-
ment of strategies for curbing their spread by limiting unwanted
side effects of antibiotic therapy.

Proposed mechanisms for colonization resistance

Understanding colonization resistance against Enterobacte-
riaceae is not a trivial task, because the gut microbiota are
highly complex and vary greatly between individuals (16). Fur-
thermore, at least three principal mechanisms for disruption of
colonization resistance against Enterobacteriaceae have been
proposed: gut inflammation, depletion of microbiota-derived
inhibitory products, and increased nutrient availability (17–
20). In the following we will discuss the relevance of each of these
mechanisms for understanding an antibiotic-mediated disruption
of colonization resistance against Enterobacteriaceae.

Gut inflammation

Severe intestinal inflammation is a driver of dysbiosis char-
acterized by an expansion of Enterobacteriaceae within the gut-
associated microbial community (21, 22). Mechanisms driving
this expansion include resistance of Enterobacteriaceae against
antimicrobial host defenses induced during inflammation (23,
24) and the generation of respiratory electron acceptors gener-
ated as a by-product of the host inflammatory response, which
favors growth of facultative anaerobic bacteria (25, 26). Anti-
biotic treatment does not cause severe gut inflammation,
although mild inflammatory changes may be observed on occa-
sion (27, 28). To understand how a history of antibiotic expo-
sure lowers colonization resistance against Enterobacteriaceae,
severe gut inflammation can be eliminated from the list of
possible mechanisms. However, it remains possible that some
of the mechanisms driving an expansion of Enterobacteriaceae
during severe inflammation are also operational during an anti-
biotic-induced mild increase in the inflammatory tone of the
gut mucosa.
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Depletion of microbiota-derived inhibitory products

The gut microbiota break down complex carbohydrates in
the large bowel to fermentation products, the most abundant of
which are the short-chain fatty acids butyrate, propionate, and
acetate. An antibiotic-mediated depletion of the gut microbiota
reduces short-chain fatty acid concentrations in the large intes-
tine of mice (3, 29) and in human feces (30). Because short-
chain fatty acids can impede growth of E. coli or S. enterica in
the test tube, the presence of these metabolites is proposed to
confer colonization resistance against Enterobacteriaceae by
“metabolic exclusion” (20). However, this concept does not take
into account that microbiota-derived short-chain fatty acids
have a profound effect on host cell physiology, which might
elevate colonization resistance indirectly through alternative
mechanisms (31). Furthermore, Freter and co-workers (32)
pointed out in the 1980s that metabolic exclusion cannot
explain how Enterobacteriaceae are maintained at a low abun-
dance in healthy individuals. For an inhibitor to maintain
Enterobacteriaceae at a constant low level, it would have to be
present continuously at precisely the concentration needed to
check population growth. Any increase in the inhibitor concen-
tration would lead to an elimination of Enterobacteriaceae
from the microbial community, and any decrease would result
in their expansion until another resource becomes limiting.
Thus, metabolic exclusion by a microbiota-derived inhibitor
does not provide a robust theoretical framework for coloniza-
tion resistance.

Increased nutrient availability

Most microbes present within our gut-associated microbial
community have resided in this environment for decades (33).
Mathematical models explaining such a stable co-existence of
multiple bacterial species suggest that each member within the
microbial community must be able to grow faster on a few lim-
iting resources than all other members and that the availability
of these resources controls its abundance within the commu-
nity (34). This concept is known as the “nutrient-niche hypoth-
esis” and suggests that a low abundance of Enterobacteriaceae
within the gut microbiota is maintained through a limited avail-
ability of critical resources. A disruption of the gut microbiota
by antibiotic treatment somehow increases the availability of
these limiting resources, thereby triggering an expansion of
Enterobacteriaceae. Thus, the nutrient-niche hypothesis raises
the following two questions essential for understanding coloni-
zation resistance. What are the resources that limit an expan-
sion of Enterobacteriaceae? How does antibiotic treatment ele-
vate their availability? In the following we will attempt to
address these two key gaps in knowledge.

What resources control Enterobacteriaceae abundance?

The ability to utilize complex dietary and host polysaccha-
rides depends on the carbohydrate-digestive capacity of the gut
microbiota. The members within the gut microbiota that pos-
sess the largest carbohydrate substrate range belong to the class
Bacteroidia, as suggested by the presence of genes encoding a
diverse array of glycoside hydrolases and polysaccharide lyases
(35). Bacteroidia prioritize the consumption of sugars liberated
from dietary carbohydrates by their glycoside hydrolases and

polysaccharide lyases but turn to utilization of host mucus gly-
cans when dietary polysaccharides are absent (36). Streptomy-
cin treatment of mice increases the abundance of microbiota-
liberated monosaccharides, such as sialic acid and fucose, and
inactivation of genes required for the utilization of these sugars
reduces a post-antibiotic expansion of S. enterica in the gut
lumen (37). These data suggest that by depleting sugar-con-
suming bacteria the antibiotic treatment increases the avail-
ability of microbiota-liberated monosaccharides, which in turn
supports growth of S. enterica. In addition, antibiotic treatment
can lead to an increased abundance of sugar-oxidation prod-
ucts, such as glucarate or galactarate, and utilization of these
carbon sources drives a post-antibiotic expansion of E. coli and
S. enterica (38).

To explain why an increased availability of monosaccharides
specifically favors Enterobacteriaceae, the nutrient-niche hy-
pothesis would predict that Enterobacteriaceae must be able to
grow faster on this resource than any other member of the gut
microbiota (34). The energy yield S. enterica or E. coli obtained
by catabolizing hexoses through the Embden-Meyerhof-Parnas
pathway followed by mixed acid fermentation is not superior to
that generated by obligate anaerobic bacteria competing for
available monosaccharides (39). Thus, it is not obvious why
sugars would favor growth of Enterobacteriaceae over that of
Clostridia or Bacteroidia.

One critical resource that Enterobacteriaceae can use better
than obligate anaerobic Clostridia or Bacteroidia is oxygen
(O2), which can only be respired by facultative anaerobic bac-
teria. An elevated availability of oxygen can increase the abun-
dance of facultative anaerobic Enterobacteriaceae within the
gut-associated microbial community, as suggested by an expan-
sion of this family near the ileostomy of small bowel transplant
patients (40). Enterobacteriaceae also expand within the gut-
associated microbial community when electron acceptors for
anaerobic respiration become available. This represents one of
the mechanisms increasing the abundance of Enterobacteri-
aceae during severe gut inflammation (22). An elevated muco-
sal synthesis of inducible nitric-oxide synthase (iNOS) trig-
gered during genetically or chemically induced colitis in mice
leads to the production of nitric oxide (NO), which reacts to
form nitrate (NO3

�) in the gut lumen, thereby driving an uncon-
trolled expansion of commensal E. coli by nitrate respiration
(26).

The ability to utilize exogenous respiratory electron accep-
tors enables Enterobacteriaceae to gain an edge over Clostridia
or Bacteroidia, because respiration generates more energy from
catabolism of carbon sources than fermentation. Furthermore,
respiration enables Enterobacteriaceae to consume non-fer-
mentable substrates in the inflamed gut, thereby allowing these
facultative anaerobic bacteria to sidestep the competition with
fermenting Clostridia and Bacteroidia (41). Thus, consistent
with the nutrient-niche hypothesis, Enterobacteriaceae can
grow faster on carbon sources using respiration than the fer-
menting Clostridia and Bacteroidia. Furthermore, a limited
availability of exogenous electron acceptors in the large intes-
tine helps explain how these facultative anaerobic bacteria are
maintained at a low abundance within the gut-associated
microbial community. However, these considerations beg the
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question whether and by which mechanism antibiotic treat-
ment might increase the abundance of respiratory electron
acceptors in the absence of overt gut inflammation.

How antibiotic treatment creates resources for
Enterobacteriaceae

The colon functions in water absorption by absorbing
sodium (Na�) to generate an osmotic gradient. Active Na�

transport mediated by the Na�K�-ATPase in the basolateral
membrane of enterocytes in the colon (colonocytes) requires
ATP, which is generated by oxidizing microbiota-derived
butyrate to carbon dioxide (CO2) in their mitochondria (Fig. 1)
(42, 43). Burning microbiota-derived butyrate to generate
energy consumes oxygen, thereby rendering surface colono-
cytes hypoxic (�1% oxygen) (44).

Streptomycin treatment depletes butyrate-producing bacte-
ria, as indicated by a marked drop in butyrate concentrations in
the cecum and colon of mice (3, 29, 45, 46). Butyrate production
by the gut microbiota proceeds through the lysine pathway, the

glutarate pathway, the 4-aminobutyrate pathway, or the acetyl-
CoA pathway (47). The majority of bacteria encoding these
pathways are members of the class Clostridia, but genes for
butyrate production can also be present in members of the Bac-
teroidia families Rikenellaceae and Porphyromonadaceae (47,
48). Attempts to restore colonization resistance after strepto-
mycin treatment suggest that transfer of spore-forming Clos-
tridia is most effective in preventing a post-antibiotic expansion
of commensal E. coli in the large bowel of mice (49).

The antibiotic-induced depletion of microbiota-derived
butyrate forces colonocytes to obtain energy through the fer-
mentation of glucose to lactate (Fig. 1) (50). This energy metab-
olism does not consume oxygen, thus rendering the colonic
surface normoxic (51), which is between 3 and 10% oxygen (52).
Elevated oxygenation of surface colonocytes is predicted to
increase diffusion of oxygen across the brush border into the
gut lumen (53), which might explain why streptomycin treat-
ment increases the redox potential in the murine cecum to that
of an aerobic broth culture (3). Oral treatment with streptomy-
cin reduces butyrate concentrations in the large intestine lead-
ing to an increase in oxygen availability, which drives a cyto-
chrome bd-II oxidase-dependent aerobic luminal expansion of
S. enterica (46). Increasing the colonic butyrate concentration
through tributyrin supplementation restores colonocyte hypoxia
(51), thereby abrogating an aerobic post-antibiotic expansion of
S. enterica in the colon (46). Aerobic respiration also contrib-
utes to an E. coli expansion in the colon of streptomycin-treated
mice (54).

The shift from fatty acid respiration to glucose fermentation
is common in host cells, characterizing, for example, the tran-
sition from the prohealing M2 polarization state to the proin-
flammatory M1 polarization state of macrophages. The synthe-
sis of iNOS is a marker for the fermentation-based metabolic
program of M1 macrophages (55). Butyrate reduces glucose
fermentation in colonocytes (50) and inhibits iNOS synthesis in
this cell type (56). Thus, butyrate-induced changes in the met-
abolic program of colonocytes might explain why streptomycin
treatment induces iNOS synthesis in the large intestine of mice,
which increases the availability of host-derived nitrate in the
large intestine (27). Nitrate respiration contributes to an expan-
sion of commensal E. coli in the colon of streptomycin-treated
mice (27, 57) and synergizes with aerobic respiration to drive a
post-antibiotic expansion of S. enterica (Fig. 1) (46).

In summary, antibiotic treatment generates a respiratory
nutrient niche that supports an uncontrolled expansion of
Enterobacteriaceae within the gut-associated microbial com-
munity. Pathogenic and commensal Enterobacteriaceae com-
pete for occupancy of this nutrient niche (23, 58 – 61), and a
better understanding of the mechanisms that control the out-
come of this competition may facilitate the development of
second-generation probiotics to prevent colonization with
potentially harmful members of this family, such as CPE. Alter-
natively, approaches to maintain epithelial homeostasis could
be used to limit the generation of a respiratory nutrient-niche
after antibiotic treatment, thereby curbing a post-antibiotic
expansion of Enterobacteriaceae.

Figure 1. Antibiotics lower colonization resistance against Enterobacte-
riaceae. The gut microbiota breaks down complex carbohydrates into a vari-
ety of fermentation products, such as butyrate. Butyrate serves as the main
energy source for colonocytes, which oxidize this short-chain fatty acid to
produce ATP for the absorption of sodium (Na�). This metabolism consumes
oxygen (O2) thereby rendering the colonic surface hypoxic (�1% oxygen).
Antibiotics deplete butyrate-producing bacteria, which forces colonocytes to
switch their metabolism to a fermentation of glucose to lactate, thereby
increasing the abundance of nitrate (NO3

�) and oxygen in the gut lumen.
Facultative anaerobic bacteria can use these host-derived electron acceptors
to grow better on carbon sources than obligate anaerobic bacteria, which
drives a luminal expansion of Enterobacteriaceae.
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Conclusions

The picture emerging from these studies is that exogenous
respiratory electron acceptors are a limiting resource that
controls the abundance of Enterobacteriaceae within the gut-
associated microbial community. Antibiotic treatment depletes
butyrate-producing bacteria, thereby changing host cell metab-
olism to elevate iNOS synthesis and increase epithelial oxygen-
ation. Through these mechanisms, antibiotics raise the concen-
tration of host-derived respiratory electron acceptors in the
lumen of the large intestine. The resulting respiratory nutrient
niche drives an expansion of Enterobacteriaceae, because these
facultative anaerobic bacteria can use respiration to catabolize
available carbon sources better than obligate anaerobic Clos-
tridia and Bacteroidia (Fig. 1). This conceptual framework
incorporates all players previously implicated in colonization
resistance, although it changes data interpretation in some
instances. For example, the nutrient-niche hypothesis suggests
that short-chain fatty acids confer colonization resistance by influ-
encing host cell physiology, not through metabolic exclusion.

After filling a few key gaps in knowledge, it becomes clear
that the nutrient-niche hypothesis explains most aspects of col-
onization resistance, which is of great appeal because it helps
reduce the complexity of the problem. Putting the available
information into a coherent conceptual framework will help
guide the development of treatment strategies designed to alle-
viate unwanted side effects of antibiotic therapy by pinpointing
critical steps, such as colonocyte energy metabolism, that could
become targets for intervention. Curbing the nosocomial
spread of CPE is a national priority, because these infections
have limited treatment options and are associated with high
mortality rates. Given the lack of new antibiotics in the pipeline,
the identification of intervention strategies to prevent a post-
antibiotic expansion of CPE thus holds great potential for lim-
iting communicability of these opportunistic pathogens.
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Mammals and their gut microbial communities share exten-
sive and tightly coordinated co-metabolism of dietary sub-
strates. A large number of microbial metabolites have been
detected in host circulation and tissues and, in many cases, are
linked to host metabolic, developmental, and immunological
states. The presence of these metabolites in host tissues inter-
sects with regulation of the host’s epigenetic machinery.
Although it is established that the host’s epigenetic machinery
is sensitive to levels of endogenous metabolites, the roles for
microbial metabolites in epigenetic regulation are just begin-
ning to be elucidated. This review focuses on eukaryotic chro-
matin regulation by endogenous and gut microbial metabolites
and how these regulatory events may impact host developmen-
tal and metabolic phenotypes.

The eukaryotic genome exists in a largely static state, yet
gene expression patterns are remarkably plastic in response to
environmental stimuli. This adaptability is governed by epige-
netic mechanisms that alter chromatin structure through a
combination of covalent post-translational modifications
(PTMs)4 of histone proteins, histone variant deposition, DNA
methylation, and noncoding RNAs. Furthermore, these pro-
gramming events can result in either transient or more long-
term, even transgenerational, effects. For example, histone
acetylation has been demonstrated to have a half-life of 53– 87
minutes, depending on the specific lysine residue being modi-
fied, which is considerably faster than a typical mammalian cell
cycle (1). In contrast, parental and early life nutritional status

has been shown to elicit persistent effects on the DNA methy-
lomes of offspring. Natural variation in dietary intake of meth-
yl-donor nutrients in rural Gambian mothers, which associated
with seasonal differences in maternal plasma biomarker con-
centrations, enabled prediction of infant DNA methylation pat-
terns based on the season at the time of conception (2). In mice,
suboptimal nutrition during fetal development affected the
DNA methylome of male F1 offspring and was transmitted
through the paternal line to F2 offspring (3). Thus, environ-
mental factors can “program” chromatin states and drive both
short- and long-term effects.

The molecular machinery responsible for depositing and
removing histone and DNA modifications is known to be sen-
sitive to the availability of small molecule metabolites, many of
which serve as co-substrates in these enzyme-catalyzed trans-
formations. For example, histone acetyltransferases (HATs)
require sufficient availability of acetyl coenzyme A (acetyl-
CoA), a key metabolite at the intersection of catabolic and
anabolic metabolism and the major acetyl donor in cells
(Fig. 1) (4). In this manner, acetyl-CoA and numerous other
endogenous metabolites exert known regulatory roles on
histone- and DNA-modifying enzymes.

Here we will refer to endogenous metabolites as those gen-
erated by the mammalian host (e.g. mouse and human). A major
source of metabolic diversity is encoded in the genomes of
microbes that colonize the gut of mammals. These communi-
ties have co-evolved with their hosts (5) and interact with die-
tary components and host-derived molecules to produce a myr-
iad of metabolites that are measurable in host circulation and
tissues and can modulate physiology and behavior (6, 7). For
example, butyrate, a major product of gut microbial fermenta-
tion of undigested complex carbohydrates, has been known as a
histone deacetylase inhibitor since the 1970s (8). The relation-
ship between SCFAs and a number of other microbial metabo-
lites with host chromatin is detailed in Table 1. In light of these
relationships, the gut microbiota may be a key regulator of host
metabolo-epigenetic events. The gut microbiota has also been
implicated in a number of host metabolic and immunological
etiologies (9, 10).

Gut microbial communities and their hosts communicate via
chemical signals in the form of small molecule metabolites and
signaling molecules like LPS and peptides (7). Given its sensi-
tivity to metabolite availability, a significant portion of this
chemical communication may take place at the level of the host
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epigenome. Thus, the microbiota may not only exert transient
effects on host phenotypes, but also “program” lasting and even
multigenerational outcomes. Here we focus on recent literature
surrounding metabolic regulation of host chromatin states and
how this intersects with what is currently known about the gut
microbiota, its co-metabolism of substrates with the host, and
their chemical communication with one another. Although we
could not exhaustively cover the literature for the vast fields of
epigenetics and gut microbiota-host interactions, we provide
references where it is possible to direct readers to more exten-
sive coverage of specific topics.

Histone PTM states: Regulation by endogenous
metabolites

The eukaryotic genome is compressed by a factor of �10,000
into the highly structured and organized nucleoprotein com-
plex known as chromatin. The fundamental unit of chromatin
is the nucleosome, which is composed of a hetero-octamer of
core histone proteins (two copies each of histone H2A, H2B,
H3, and H4) wrapped by �146 bp of double-stranded genomic
DNA. Histones are small, highly basic, and globular proteins
with flexible N-terminal tails. The N-terminal tails are subject
to a multitude of covalent PTMs, the most abundant and well-
studied of which are acetylation, methylation, and phosphory-
lation (4, 11). The modification state of histone proteins affects
chromatin structure and thereby any process requiring physical
access to the DNA itself. This includes transcription and DNA
repair, recombination, and replication.

Histone acetylation is generally associated with open chro-
matin states and active transcription. Acetylation leads to
charge neutralization of lysine residues, affecting electrostatic
interactions between DNA and residues within histone octam-
ers. Acetylated residues also serve as binding sites for other
factors that can play a role in transcriptional activation, in-
cluding histone-modifying and chromatin-remodeling en-
zymes, as well as transcription factors (12). Histone methyla-
tion is associated with both transcriptional activation and
silencing, depending on both the location and the degree of
methylation of a particular lysine residue on the histone tail. For
example, trimethylation at histone H3 lysine 4 (H3K4me3) is
found at active or poised promoters (13), whereas H3K4me1 is
typically associated with enhancers (14). In contrast, H3K27me3
is located in areas of closed chromatin or transcriptionally
silenced genes (15). Similar to histone acetylation, methy-
lated residues also serve as binding sites for a number of
regulatory factors (16). Thus, histone PTMs create what has
been termed the “histone code,” which consists of combinato-
rial histone PTM states that serve as both a signal integration
platform for diverse environmental signals and landing plat-
form for other effectors.

Histone-modifying enzymes are sensitive to levels of endog-
enous small molecule metabolites, with some serving as co-sub-
strates while others act as inhibitors. The Km or Ki values of
many of these enzymes for their substrates or inhibitors,
respectively, are often higher than measured or calculated lev-
els of key metabolites, opening the possibility that fluctuations
in these metabolites may regulate enzyme activities. The rela-
tionship between metabolism and histone-modifying enzymes
and their kinetic parameters has been reviewed thoroughly in
Ref. 4. Here we focus on histone acetylation and methylation, as
the most common and well-studied histone PTMs in relation to
metabolism. The interplay between endogenous metabolites
and histone and DNA modification is depicted in Figs. 1–3.

Histone acetylation is the result of dynamic balance between
the activities of HATs and histone deacetylases (HDACs).
HATs catalyze the transfer of an acetyl group from acetyl-CoA
onto the �-amino group of lysine residues, releasing coenzyme
A (CoA). Notably, coenzyme A acts as a competitive inhibitor
of HATs. Acetyl-CoA also serves as a hub for central carbon
metabolism with roles in catabolic, anabolic, and energy-pro-
ducing pathways. Given its dual role as a necessary substrate for
HAT enzymes and a central metabolite, acetyl-CoA is a rheo-
stat that communicates cellular metabolic states to chromatin,
ultimately regulating transcriptional programming. Cellular
concentrations of acetyl-CoA are reported to be 2–20 �M,
which is above the Km value for the HATs GCN5 and P/CAF
but near the Km value of p300 (4).

The subcellular compartmentalization of metabolic reac-
tions is important to consider in the context of metabolite-
driven regulation of histone PTMs. Acetyl-CoA is produced by
a number of cytosolic and mitochondrial reactions. It can be
made directly from acetate by acetyl-CoA synthetase 1 and 2
(AceCS1 and -2) in the cytosol and mitochondria, respectively.
In mitochondria, acetyl-CoA is also produced via �-oxidation
of fatty acids and oxidative decarboxylation of pyruvate by
the pyruvate dehydrogenase complex (PDC). Mitochondrial

Figure 1. Regulation of histone acetylation by metabolites. HAT enzymes
use acetyl-CoA as a necessary co-substrate for histone acetylation and pro-
duce CoA. Acetyl-CoA pools are fed by oxidation of free fatty acids (FFAs),
glucose, and degradation of amino acids. HDAC enzymes hydrolyze acetyl
groups from histone lysine residues and produce acetate. The class III HDACs,
sirtuins, require NAD� as a necessary co-substrate and produce NADH and
acetate. Sirt6 is also activated by long chain free fatty acids. Class I, IIa, IIb, and
IV sirtuins do not require NAD� but are inhibited by butyrate and the ketone
body �-hydroxybutyrate (�-OHB).
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acetyl-CoA condenses with oxaloacetate (OAA) to form citrate,
which can be shuttled into the cytosol and converted back into
acetyl-CoA and OAA by ATP citrate lyase (ACLY). ACLY has
been demonstrated to be essential for histone acetylation in
response to glucose in mammalian cells; however, supplemen-
tation with 1–5 mM acetate partially rescued histone acetyla-

tion in the setting of ACLY knockdown (17). Interestingly, both
ACLY and PDC have been reported to localize to the nucleus in
mammalian cells in response to growth stimuli and in concord-
ance with increased histone acetylation and acetyl-CoA pools
(demonstrated for PDC only) (17, 18). AceCS1 has also been
demonstrated to be present in the nucleus (17), although its role

Table 1
Gut microbial metabolites and their roles in regulation of chromatin states
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in histone acetylation in cultured mammalian cells appears to
be secondary to ACLY. The fact that these enzymes can trans-
locate to the nucleus suggests that, beyond subcellular com-
partmentalization, metabolite availability may also be regulated
at the level of subnuclear microenvironments and perhaps
direct channeling from one enzyme to the other. Additional
evidence for this link between cellular metabolism and histone
acetylation comes from studies in yeast, where yeast metabolic
cycles are associated with histone acetylation and regulation of
growth-related genes (19).

Mammalian HDACs are organized into four classes, depend-
ing on their homology to yeast orthologues and their factor
dependence: class I, IIa, IIb, and IV are all zinc-dependent
deacetylases and are generally inhibited by hydroxamic acid
inhibitors, including TSA (trichostatin A) and SAHA (suberoy-
lanilide hydroxamic acid, Vorinostat), which chelate the active-
site zinc. These metal-dependent HDACs catalyze the hydroly-
sis of acetyl groups from acetyl-lysine residues, producing
acetate and a deacetylated substrate. The class III HDACs, also
known as sirtuins, are structurally distinct from other classes of
HDAC. Sirtuins require NAD� as a necessary co-substrate and
produce nicotinamide, O-acetyl-ADP-ribose, and the deacety-
lated substrate. There are seven mammalian sirtuins (Sirt1–7),
which share a conserved NAD�-binding site and catalytic
domain but diverge in their biological roles due to differences in
subcellular localization, tissue expression, and substrate speci-
ficity (20). Of the sirtuins, Sirt1 and Sirt6 are localized to the
nucleus, whereas Sirt7 is found in the nucleolus, and Sirt2–5 are
either mitochondrial or cytosolic. The discovery that yeast
orthologue Sir2 (silent information regulator 2) was regulated
by NAD� availability was one of the first reports of a small
molecule metabolite regulating chromatin modifications (21).
More recently, the histone H3 Lys-9 and Lys-56 deacetylase
Sirt6, which has inherently low deacetylase activity in vitro, was
reported to be activated by long-chain free fatty acids (20); how-
ever, whether these long-chain free fatty acids have a role in vivo
remains to be determined.

NAD�/NADH is one of the most important redox coen-
zymes found in living cells. It plays a role in both catabolic and
oxidative pathways, including glycolysis, the TCA cycle, and
oxidation of fatty acids. In addition to sirtuins, two other
nuclear enzymes may be significant consumers of NAD�: poly-
(ADP-ribose) polymerase (PARP) and CD38. PARP-1 is acti-
vated in response to genotoxic stress and is known to induce a
caspase-independent form of cell death termed “parthanatos”
(22), which was thought to be caused by excessive consumption
of NAD� and bioenergetic collapse. However, it has recently
been shown that the resulting bioenergetic collapse is not de-
pendent upon NAD� depletion, but rather is due to inhibition
of hexokinase and subsequent glycolytic defects by poly(ADP-
ribose), a product of the PARP-1 reaction (23). Although pre-
cise measurement of subcellular NAD� has been limited by
technical challenges and the fact that the majority of NAD� is
protein-bound, nuclear NAD� has been estimated to be �70 –
109 �M, which is approximately at or below the Km value of
yeast Sir2 (�100 �M) and mammalian Sirt1 (�150 –170 �M)
but not Sirt6 (Kd � 27 �M), which can bind NAD� in the
absence of a peptide substrate, suggesting it exists in a poised
state (4, 24). NAD� and its role in metabolic signaling have
been thoroughly reviewed in Ref. 25.

Histone methylation is balanced by the activities of histone
methyltransferases (HMTs) and histone demethylases. Regula-
tion of histone methylation by central carbon and one-carbon
metabolites is depicted in Figs. 2 and 3, respectively. Histone
methyltransferases fall into one of three major families of
enzymes, all of which catalyze the addition of a methyl group to
the �-amino group of lysine residues or the guanidinyl group of
arginine residues: 1) SET domain-containing enzymes; 2)
DOT1-like enzymes, which methylate lysine residues; and 3)
the protein arginine N-methyltransferase family of enzymes
that methylate arginines. Although these enzymes have dif-
ferent target specificities, mechanisms, and kinetic properties,
all known histone methyltransferases use S-adenosylmethio-
nine (SAM, also known as AdoMet) as a donor and release

Table 1—continued
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S-adenosylhomocysteine (SAH, also known as AdoHcy) as a
product. Methylation has also been reported to occur on histi-
dine, cysteine, aspartate, and glutamate residues, although
these modifications are much more rare and the biological sig-
nificance remains to be determined. Methylation of lysine res-
idues is the predominant form of histone methylation and
exists in mono-, di-, and tri-methyl forms. As such, we will limit
our focus here to methylation of lysine residues and its regula-
tion by small molecule metabolites. Histone methylation and
biological roles have been thoroughly reviewed in Ref. 16.

HMTs are regulated by the availability of the methyl donor
SAM. This essential co-substrate is synthesized via the one-
carbon cycle (also known as the methionine cycle), which uti-
lizes methyl groups derived from dietary folate in the folate
cycle (Fig. 3). These two cycles intersect at the vitamin B12-
dependent enzyme 5-methyltetrahydrofolate homocysteine
methyltransferase (methionine synthase, MTR), where a one-
carbon unit from the folate cycle is used to convert homocys-
teine to methionine. Methionine adenosyltransferase then cat-
alyzes the formation of SAM from methionine and ATP. This
reaction is conserved across all domains of life (26). SAM can
then be used as a methyl donor by both HMTs and DNA meth-
yltransferases (DNMTs). There are a number of dietary con-
tributors for these pathways, including serine, glycine, choline,

betaine, B-vitamins, methionine, and folate (27). SAM avail-
ability is also regulated by a number of other factors, including
dietary fat intake, alcohol consumption, and oxidative stress
(4). In yeast, folate and methionine restriction reduced histone
H3K4 di- and trimethylation, which is deposited by the Set1
HMT, and associated gene expression, but H3K79 methylation,
which is deposited by Dot1, was not significantly altered (28).
To test whether this was due to differences in enzyme sensitiv-
ity to nutrient restriction, Sadhu et al. (28) subjected a strain of
yeast expressing hypomorphic Dot1 to folate restriction. These
G401A mutants have decreased Dot1 activity relative to the
wild type, and the mutation is predicted to be near the SAM-
binding site. Although wild-type Dot1 was not affected by folate
restriction, the hypomorphic mutant was affected. This sug-
gests that HMTs have varying sensitivities to nutrient restric-
tion that are likely due to differences in Km.

In mammalian cells, SAM concentrations are reported to be
10 –100 �M. This is slightly above the measured Km values for
both SET domain-containing and non-SET domain-containing
HMTs; however, SAH also competitively inhibits SAM binding
to HMTs. SAH concentrations are reported to be 0.1–20 �M,

Figure 2. Regulation of histone methylation by central carbon and one-
carbon metabolites. HMT enzymes require SAM as a methyl group donor
and produce SAH. The relationship between folate and one-carbon metabo-
lism and HMT and DNMT activity is further detailed in Fig. 3. Histone demeth-
ylases are regulated by central carbon metabolites and carry out a redox
reaction to remove methyl groups from histone lysine residues, producing
formaldehyde. The LSD family of demethylases require FAD as an electron
acceptor, producing FADH2, whereas the JmjC family uses �-KG as a co-sub-
strate and requires both oxygen and iron. The TCA cycle intermediates succi-
nate and fumarate inhibit JmjC family demethylases.

Figure 3. Regulation of HMTs and DNMTs by SAM availability via folate
and one-carbon metabolism. Dietary contributors are denoted by green
arrows. Active one-carbon groups are generated via amino acid- and vitamin-
dependent reactions in the folate cycle. These one-carbon groups are then
used by methionine synthase (MTR) to generate methionine from homocys-
teine. Methionine is then adenylated to form SAM via methionine adenosyl-
transferase (MAT). SAM is used as a methyl donor by both HMTs and DNMTs,
producing SAH. SAH is then converted to homocysteine, which can be con-
verted back to methionine via a reaction that uses carbons from choline and
produces dimethylglycine (DMG). MTHFR, methylenetetrahydrofolate reduc-
tase; SHMT, serine hydroxymethyltransferase; THF, tetrahydrofolate.

MINIREVIEW: Gut microbiota and host chromatin responses

8588 J. Biol. Chem. (2017) 292(21) 8582–8593



which is within the Ki value of both SET and non-SET domain-
containing HMTs (4). Thus, it is possible that the ratio of SAM/
SAH, which differs by cell type and environmental conditions,
is a biologically relevant measure of enzyme activity.

Histone demethylases are also closely coupled to cellular
metabolic state (Fig. 2). There are two main classes: the FAD-
dependent lysine-specific demethylase (LSD) family demethyl-
ases and the �-ketoglutarate (�-KG)-dependent JmjC family
demethylases. Using different oxidizing agents, both families
carry out a redox reaction to remove the methyl group from
histone lysine residues, producing formaldehyde. The LSD
family of demethylases uses FAD as an electron acceptor, gen-
erating FADH2 (29), whereas the iron-dependent JmjC family
uses oxygen and �-KG and generates CO2 and succinate (30).
Interestingly, mutation of fumarate hydratase and succinate de-
hydrogenase in a subset of human cancers leads to accumula-
tion of fumarate and succinate, respectively, both of which have
been demonstrated to inhibit the �-KG-dependent JmjC family
of histone demethylases, causes aberrant histone and DNA
methylation (31, 32).

Iron availability has also recently been demonstrated to affect
histone PTM states in mouse myoblast cells, wherein pharma-
cological iron chelation resulted in reversible increases in his-
tone methylation at JmjC target sites (33). Finally, hypoxia,
which is a hallmark of a number of inflammatory conditions
and tumor microenvironments, has also been shown to affect
histone methylation via inhibition of oxygen-dependent JmjC
family demethylases (34, 35). Thus, in a manner similar to acetyl-
CoA, these key central carbon metabolites serve as TCA cycle
intermediates (�-KG, succinate, fumarate, and FAD), play roles in
other oxidative processes such as �-oxidation of fatty acids and
oxidative phosphorylation (FAD) and amino acid metabolism
(�-KG), and signal cellular metabolic status to chromatin.

Cross-talk between DNA methylation, histone
modification, and metabolites

DNA methylation occurs mainly at CpG residues in the
genome, and �60 – 80% of the mammalian genome is methy-
lated; however, in regions of active chromatin only �10% of CG
sites are methylated (36, 37). DNA methylation is associated
with repressed transcription and closed chromatin. Some
cross-talk between histone modification and DNA methylation
has been established, particularly between H3K9 methylation
and DNA methylation in the fungi Neurospora crassa,
although it remains unclear which is the causative event (38,
39). Regardless, DNMTs have the same requirements for the
methyl donor SAM as HMTs and thus are also regulated by
nutrient availability and cellular metabolic state, as shown in
Fig. 3. For example, both in utero and early life adversity have
been shown to affect DNA methylation, in some cases affect-
ing multiple generations (2, 3). Recently, fumarate has also
been shown to drive the epithelial to mesenchymal transi-
tion, a key step in tumor invasion and metastasis, by in-
hibiting TET (ten eleven translocation)-mediated demethyl-
ation of an anti-metastatic miRNA cluster (32). Thus,
similar to histone methylation, both one-carbon and central
metabolites can chemically signal to DNA methylation
machinery.

Histone PTM states: Regulation by gut microbial
metabolites

The gut microbiota produces a large number and variety of
bioactive metabolites (6, 7), including both demonstrated and
putative regulators of host chromatin as follows: SCFAs, vita-
mins, bile acids, and compounds derived from metabolism of
dietary components, including polyphenols, isothiocyanates,
and choline (Table 1). Gut microbial community composition
affects metabolic outcomes; for example, the number of genes
within a gut microbiome (richness) correlates with metabolic
biomarkers (40). Furthermore, dietary intervention has been
shown to improve low gene richness and subsequent clinical
phenotypes (41). In a small human cohort study, consumption
of either an entirely animal- or plant-based diet resulted in
alterations in microbial diversity within 1 day of consumption
of the altered diet, and consumption of the animal-based diet
increased the abundance and activity of Bilophila wadsworthia
(42), which has been associated with inflammatory bowel dis-
ease (43). Dietary additives common to Westernized human
diets cause gut dysbiosis and contribute to metabolic syndrome
(44) and gut inflammation (45). Although host genetics have
been shown to play a role in shaping gut microbial community
composition and metabolism, the effects of diet and environ-
ment have been shown to exert broader effects (46, 47).

Although the gut microbiota is necessary for proper immune
system and brain development (48, 49), several studies have
shown that it contributes to a number of etiologies, including
metabolic syndrome and diabetes mellitus (50, 51), obesity and
adiposity (52, 53), cardiovascular disease (54, 55), non-alcoholic
fatty liver disease (56), inflammatory bowel disease (57), and
colon cancer (58). Furthermore, changes in microbiota compo-
sition caused by antibiotic exposure early in life affect the gut
microbiota and elicit long-lasting effects on host metabolic out-
comes (59, 60). Notably, the gut microbiota is also associated
with therapeutic effects (61, 62).

There are a number of interesting and putative connections
between microbial-host metabolic axes and chromatin regula-
tory events; however, most of these studies have provided only
indirect evidence or used cell culture-based models rather than
whole organisms. For example, it is well established that early
life adversity affects DNA methylation (63). This is a critical
time in life when the microbiome is assembled (64, 65). Inter-
estingly, adverse events during this key developmental period
(either in utero or during early life) have been shown to impact
both chromatin and the gut microbiota; however, with the
exception of microbial production of butyrate in the setting of
colon cancer (61), these two have not yet been directly linked.
Furthermore, natural seasonal variation in nutrient availability
has been linked to alterations in both chromatin states and the
microbiota (2, 66). Similar effects have also been separately
reported for high fat diet feeding on chromatin and the micro-
biota (67, 68). Even more intriguingly, Sonnenburg et al. (69)
recently showed that diet-microbiota interactions may re-
program transgenerational susceptibility to metabolic disease.
Although consumption of a diet low in microbial accessible
carbohydrates (MACs) induces largely reversible effects on the
gut microbiota within a single generation, continued feeding of
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a low MACs diet results in loss of microbial taxa that are at
increased risk for extinction with each subsequent generation.
Thus, key links exist between microbiota-dependent transgenera-
tional effects and potential metabolic effects associated with con-
sumption of a typical Westernized diet (which is low in MACs).
Although these effects were not linked to chromatin states, this
study presents the intriguing possibility that perhaps transgenera-
tional inheritance in response to nutrient availability is mediated
via gut microbiota-host epigenetic responses.

A large number of microbial metabolites have been mea-
sured in host circulation and other tissue compartments largely
via NMR and mass spectrometry (6, 7, 67). These studies high-
light the extensive co-metabolism that occurs between the gut
microbiota and host. Table 1 details demonstrated and putative
interactions between host epigenetic machinery, gut microbial
metabolites, and host-gut microbial co-metabolites. Of note,
the SCFAs acetate, propionate, and butyrate are the only exam-
ples for which a direct link between microbial metabolite pro-
duction and host epigenetic programming has been made in a
whole organism. Donohoe et al. (61, 70) demonstrate a key link
between gut microbial fermentation of dietary fiber and both
normal maintenance of healthy colonic epithelium and attenu-
ation of colon cancer via butyrate-mediated effects on histone
acetylation and gene expression. Recently, we have also dem-
onstrated that the gut microbiota affects global histone meth-
ylation and acetylation and that these effects can be partially
mimicked in GF mice that are supplemented with a mixture of
acetate, propionate, and butyrate (71). To our knowledge, all
other relevant studies have either used purely in vitro methods
or involved treatment of cell culture-based models with known
microbial metabolites. Thus, there remains enormous potential
for discovery, which links commonly available foodstuffs to epi-
genetic programming in health and disease.

In addition to butyrate, other organic acids (C1, C2, C3, and
C5 and branched SCFAs) have been demonstrated to increase
histone acetylation, inhibit HDACs, or increase expression of
HDACs in cell culture models (Table 1). The organic acid suc-
cinate has also been demonstrated to inhibit both histone and
DNA demethylases (Table 1). Another major group of co-me-
tabolites are B-vitamins, which are both derived from diet and
synthesized de novo by gut bacteria. Vitamins B2, B6, B9, and B12
all play roles in SAM availability and thus may affect histone
and DNA methylation, whereas vitamins B3 and B5 may affect
histone acetylation via sirtuin inhibition or HAT activation,
respectively (Table 1). Other dietary nutrients, including cho-
line, betaine, and polyunsaturated fatty acids (PUFAs), may play
roles in histone methylation (Table 1).

Bile acids are regulators of gut microbial community compo-
sition and are also regulated by the gut microbiota via microbial
production of secondary bile acids that mediate both bile acid
pool size and composition (72). The human secondary bile acid
ursodeoxycholic acid (a primary bile acid in mice) also induces
expression of HDAC6 and decreases global histone acetylation
in cultured cells (Table 1). Finally, two classes of phytonutrients
that are metabolized by the gut microbiota to bioactive com-
pounds have putative roles in host epigenetic regulation. Both
polyphenol metabolites and glucosinolates are derived from
plants (select fruits, vegetables, nuts, and teas) and are metab-

olized by the gut microbiota to form bioactive compounds that
may regulate host chromatin at the level of methylation and
acetylation of histones as well as DNA methylation (Table 1).

Although gut microbial derivatives of dietary isothiocyanates
and polyphenols are potential regulators of host epigenetic
machinery, their bioavailability is somewhat limited, and thus
future studies will need to determine the relevance of these
metabolites in this setting. Interestingly, organic acid produc-
tion in the distal gut is associated with a decrease in pH (73).
This is particularly intriguing within the context of work by
McBrian et al. (74), wherein histones are globally deacetylated
as extracellular pH decreases and hydrolyzed histone acetate
anions are exported with protons as a means to regulate intra-
cellular pH. This suggests that organic acid production in the
colon may promote decreased histone acetylation; however,
this is at odds with reports of SCFA-driven increases in histone
acetylation. Perhaps organic acid-driven effects on pH and on
HDACs/HATs are cell type- and tissue-specific.

Conclusions

Much of the extensive chemical communication that occurs
between the gut microbiota and host may occur through chro-
matin-mediated mechanisms. A number of microbial metabo-
lites exert physiological effects via cellular signaling pathways
and can even exert effects via multitissue signaling, as demon-
strated for glucose homeostasis via gut-brain neural circuits
(75). These signaling effects need not be mutually exclusive
from chromatin effects, however, emphasizing the importance
of elucidating chromatin effects in response to the multitude of
gut microbial metabolites. Furthermore, as both proteomic and
metabolomic methodologies continue to improve, the identifi-
cation of novel metabolite-epigenome interactions will drive
further exploration of this exciting interaction between the host
and its microbial symbionts, undoubtedly yielding key insights
into how the microbiota modulates the health of the host.
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RIG-I-like receptors (RLRs) are cytosolic innate immune sen-
sors that detect pathogenic RNA and induce a systemic antiviral
response. During the last decade, many studies focused on their
molecular characterization and the identification of RNA
agonists. Therefore, it became more and more clear that RLR
activation needs to be carefully regulated, because constitutive
signaling or detection of endogenous RNA through loss of spec-
ificity is detrimental. Here, we review the current understanding
of RLR activation and selectivity. We specifically focus upon
recent findings on the function of the helicase domain in dis-
criminating between different RNAs, and whose malfunction-
ing causes serious autoimmune diseases.

Success in evolution not only is the ability to obtain and dis-
sipate enough energy or to escape large predators, it is also the
capability to fend off the myriads of co-evolving pathogens. As
a consequence, life forms have evolved various capacities to
intra- and extracellularly recognize “non-self,” with the mam-
malian immune system being the most sophisticated. Our
immune system consists of an innate and adaptive branch. The
innate immune system is based on a limited set of germ line-
encoded receptors, signaling proteins, and response factors
that detect, signal, and battle infections. It provides a first and
rapid response to pathogens and initiates the slower but more
powerful adaptive immune system.

The innate branch detects new infections by invading patho-
gens through pattern recognition receptors that sense specific
pathogen-associated molecular patterns (PAMP)2 or microbe-
associated molecular patterns. These non-self molecules are
absent in the host and originate from viral, bacterial, or fungal
sources. Cytosolic viral RNA is a powerful PAMP. However, in
contrast to many other PAMPs, it needs to be detected amid a

large and diverse pool of related molecules, i.e. the normal host
RNA content of the cytosol. Because of this circumstance, it is
not surprising that the system responsible for detecting cytoso-
lic RNA is also implicated in several autoimmune diseases
where important control mechanisms are defective, and self-
molecules are recognized.

In 2004, retinoic acid-inducible gene I (RIG-I) was identified
as a sensor recognizing cytosolic viral RNA (1). Soon it became
clear that RNA-sensing involves three RIG-I-like proteins, the
other two being melanoma differentiation-associated gene 5
(MDA5) and laboratory of physiology and genetics 2 (LGP2)
(2). All three proteins are structurally related and are collec-
tively referred to as RIG-I-like receptors (RLRs) (Fig. 1A).

RLRs are part of the large and diverse superfamily 2 (SF2) of
nucleic acid-dependent NTPases. SF2 proteins use the energy
of NTP hydrolysis to conduct diverse functions at nucleic acids,
and the family includes helicases, motor proteins, and translo-
cases (3). RLRs themselves detect non-self double-stranded (ds)
RNA within the cytosol and thereupon initiate a signaling cas-
cade that aims to defend the cell from invading pathogens. ATP
turnover is a critical part of sensing and signaling by RLRs, but
the function of ATP turnover has been surprisingly unclear for
many years. Recent studies and the discovery of RLR-related
autoimmune diseases now shed a new light onto the role of
ATP turnover by these proteins.

RLR ligands

RIG-I and MDA5 have distinct but overlapping specificity
profiles and as a consequence recognize viruses in a differential
but partially redundant manner. The optimal in vitro RIG-I
ligand is defined as short 5�-tri- or -diphosphorylated dsRNA
(7–10 bp) where the phosphate-carrying nucleoside is part of a
Watson-Crick base pairing (4 – 6). More recently, it was shown
that dsRNA with CAP-0 (m7-guanosine triphosphate cap)
structures are also recognized (40). Physiological RIG-I
ligands include the incoming viral genome (7), viral RNA rep-
lication intermediates, leader RNAs, or defective interfering
particles harboring 5�-triphosphates (8, 9). Although early
reports suggested a strict requirement of 5�-triphosphates, evi-
dence also points toward 5�-triphosphate-independent rec-
ognition of viral RNA via internal, probably double-stranded
mRNA regions and parts of 3�-untranslated regions (UTR)
(9 –12). Furthermore, also short dsRNAs generated by RNase L
through cleavage of U-rich cytosolic RNA have been found to
be RIG-I ligands (13, 14).
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The optimal MDA5 ligand is long dsRNA (�2000 bp) with-
out bulges (15–17). Accordingly, viral MDA5 agonists have
been found to be the replicative form of viruses, for example
(18). Furthermore, and similar to RIG-I, several sense or anti-
sense transcripts are recognized in virus-infected cells (6, 9, 12).
However, because MDA5 does not bind single-stranded RNA,
the identified transcripts might harbor yet unrecognized dou-
ble-stranded regions.

LGP2, like RIG-I, preferentially binds to dsRNA ends (19,
20), but it does not discriminate between blunt ends with and
without triphosphate caps (21). LGP2 does not signal by itself,
but several lines of evidence suggest that it augments MDA5-
dependent signaling on the one hand and inhibits RIG-I-depen-
dent signaling on the other hand (22, 23). In the case of former,
it is suggested that LGP2, through its dsRNA end-binding capa-
bilities, helps load MDA5 near RNA termini (21), and in the
case of RIG-I, it may simply compete for RNA ends.

Structural mechanism of RLRs

Key contributions from several laboratories provided struc-
tural views of all three RLRs (Fig. 1) and their mode of action
(21, 24 –27). All RLRs possess an SF2 ATPase domain and a
characteristic C-terminal domain (CTD) that together form the
nucleic acid recognition module. The SF2 domain itself has four
structural submodules. “RecA1” and “RecA2” are the univer-
sally conserved tandem RecA-like domains of SF2 enzymes that
bind NTPs and nucleic acid ligands via seven characteristic
“helicase” motifs (plus other, more recently described motifs) in
a sequence-independent manner (3). A characteristic helical
insertion domain “Hel2i” in RecA2 is crucial for RNA interac-

tion and signaling, and finally, a “pincer” keeps SF2 in an open
state in the absence of RNA, links CTD with RecA1 and -A2,
and is critical for ATP-dependent signaling. The SF2 domain of
RLRs is most closely related to dicer proteins in antiviral RNAi,
showing a common evolutionary origin. RNA substrate speci-
ficity of RLRs is provided by their CTDs. The CTDs of RIG-I
and LGP2 preferentially bind dsRNA ends, whereas the CTD of
MDA5 binds RNA stems. RIG-I’s affinity for RNA ends is fur-
ther increased by 5�-tri- or -diphosphates 5–30-fold (de-
pending on the ATP state of SF2) (21). LGP2, however, does not
discriminate between phosphorylated and non-phosphorylat-
ed RNA ends and therefore could specifically help prevent
RIG-I from recognizing non-phosphorylated dsRNA termini.
Interestingly, the CTD does not belong to any of the evolution-
ary widely used RNA-binding domains but shows structural
similarity to cereblon, for instance (28). The latter is a ligand-
binding subunit of cullin-4 E3 ubiquitin ligase complexes prob-
ably best known as the target of thalidomide (29). Because
ubiquitination is an important component of RLR-mediated
signaling as well, this structural similarity may point to an ori-
gin of RLRs from both RNAi and ubiquitination pathways.

In addition, RIG-I and MDA5, but not LGP2, contain an
N-terminal tandem caspase activation and recruitment domain
(2CARD), which acts as a signal transducer. CARDs typically
signal through the formation of helical filaments, which is
a highly cooperative process and triggered by nucleation.
Because overexpression of 2CARD in reporter cells is generally
enough to induce an immune response (1), both RIG-I and
MDA5 require mechanisms to keep 2CARD in a signal off-state

Figure 1. Structures of RIG-I-like receptors. A, comparison of RIG-I in open signal-off state (Protein Data Bank code 4A2W) with activated RIG-I bound to RNA
(5E3H). The structures are shown as ribbon models with highlighted secondary structure and color-coded functional domains. 2CARD and RNA mutually
compete for binding to the superfamily 2 ATPase domain. RNA and ATP binding generates a ring structure that expels the 2CARD signaling module. B, all three
RLRs (RIG-I, 5E3H; MDA5, 4GL2; and LGP2, 5JB2) form ring-like structures around RNA. RIG-I and LGP2 have preferences for dsRNA ends, whereas MDA5 binds
dsRNA internally.
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or below an oligomerization threshold to prevent an autoacti-
vation. In fact, the signaling mechanism of RIG-I and MDA5
is essentially the formation of 2CARD oligomers through
unmasking of 2CARDs and/or their increase in their local con-
centration by cooperative binding along the RNA. Specifically,
in the absence of RNA, the insertion domain of RIG-I masks
2CARD (Fig. 1A) (25), and dsRNA sterically competes with
2CARD for binding to the SF2-Hel2i domain (Fig. 1A). In con-
trast, MDA5 depends on the formation of oligomers along
dsRNA that brings multiple 2CARDs into close proximity such
that they can assemble. Thus, the CTD has a dual function in
binding dsRNA stems and mediating contacts between MDA5
protomers in the filament. LGP2 is structurally a “hybrid,” har-
boring a RIG-I-like CTD (RNA end binder) (30) and an MDA5-
like SF2, including its oligomerization capabilities (21), an

architecture that could explain how LGP2 could augment
MDA5 signaling by assisting MDA5 filament formation near
dsRNA ends (23). Once bound to SF2 and CTD, all RLRs
embrace dsRNA as a ring (Fig. 1B). Subsequently, 2CARDs are
ubiquitinated with Lys-63-linked polyubiquitin or interact with
unanchored chains (31–33) that stabilize the 2CARD protofila-
ment like brackets (34).

RIG-I and MDA5 signal through their adapter protein mito-
chondrial antiviral signaling (MAVS, also known as IPS1, VISA,
and CARDIF, Fig. 2). MAVS also possesses a CARD at its N
terminus, which is fused via an �400-residue-long unstruc-
tured region to a C-terminal transmembrane domain (35). It
resides on the surface of mitochondria and peroxisomes in a
diffused state (36), but it polymerizes into filaments upon acti-
vation by RIG-I or MDA5. Structural studies suggest that four

Figure 2. RIG-I-like receptor signaling pathway. The three human RIG-I-like receptors RIG-I, MDA5, and LGP2 detect foreign cytosolic double-stranded (ds)
RNA, as for example released from entering RNA viruses, and induce an immune response to fight off the infection. In the absence of RNA ligands, signaling by
RIG-I and MDA5 is prevented by shielding 2CARD from cytosolic interaction partners. 1, upon RNA detection both RIG-I and MDA5 release their 2CARD signaling
module. RIG-I preferentially binds to nonmethylated dsRNA ends containing 5�-tri- or -diphosphates and further needs ATP to eject 2CARD. MDA5, in contrast,
cooperatively binds to long dsRNA and forms filaments that are probably stabilized or seeded by LGP2. 2, each four released 2CARD modules of RIG-I or MDA5
subsequently assemble into tetramers and are stabilized by polyubiquitination or ubiquitin binding. 3, RLR 2CARD tetramerization, in turn, triggers the
oligomerization of the RLR adapter protein MAVS. MAVS is distributed on the outer mitochondrial membrane but polymerizes into long filaments if seeded by
2CARD protomers. 4, this brings together many interaction sites of downstream factors within the MAVS unstructured region and activates a signaling cascade
that leads to the expression of type I interferons or other cytokines and sets the cell into an antiviral state.
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2CARDs of RIG-I or MDA5 assemble into a helical protofila-
ment that forms a nucleus from which MAVS filaments can
outgrow (37). Polymerized MAVS brings together protein
interaction motifs within its unstructured region that lead to
the recruitment of multiple E3 ubiquitin ligases for the activa-
tion of I�B kinase or TBK1 and the production of type I inter-
ferons (IFN) (38).

The current models imply that MAVS is in a “supersatu-
rated” concentration in uninfected cells and only needs a nucle-
ation trigger, as provided by activated RLRs, to polymerize. This
system needs to be tightly controlled because this model sug-
gests an irreversible all-or-none decision for the cell, once trig-
gered. Here, several mechanisms are at play that prevent seren-
dipitous activation of RLRs. Specifically, potential self-RNA
ligands are modified to mask epitopes, and the sensors them-
selves harbor autoinhibition as well as proofreading mecha-
nisms to limit activation by self-RNA. In addition RLRs are
subject to post-translational modifications (PTMs) to regulate
the sensitivity of the system. The necessity for any of these
elements became evident through association of defects in
masking of self-RNA epitopes, in autoinhibition or in proof-
reading capabilities with autoimmune syndromes.

Self-RNAs are masked to prevent RLR activation

Following the idealized notation of RIG-I recognizing phos-
phorylated RNA ends and MDA5 cooperatively recognizing
internal dsRNA elements, the question arose whether potential
self-RNAs ligands are prevented from activating RLRs. In the
case of RIG-I, initial studies suggested a strict requirement for
uncapped 5�-triphosphate RNA, which is absent in the eukary-
otic cytosol and thus spatially divided from RIG-I. Interestingly,
the RIG-I CTD was recently shown to bind m7-guanosine-
capped RNA but to not tolerate 2�-O-methylation of the first
5�-nucleotide (CAP-1) because of a steric clash with a con-
served histidine (39, 40). This efficiently prevents binding of all
RLRs to host mRNA 5� ends (Fig. 3A) and thus provides a bio-
logical role for the so far unknown purpose of RNA 2�-O-meth-
ylation (41). Other potential endogenous RIG-I ligands like
tRNAs are cleaved to produce 5�-monophosphate ends,
whereas ribosomal RNA is mainly masked by ribonucleoprotein
complexes and modified ribonucleotides. Furthermore, miR-
NAs and siRNAs generated by Dicer have a characteristic two-
nucleotide 3�-overhang that is unfavorable for RIG-I end-rec-
ognition (42).

With respect to MDA5, a lack of characteristic features
within its ligands like phosphate-containing ends, renders this
RLR perhaps more prone to the recognition of endogenous
RNA. Most mRNAs, however, only contain short dsRNA re-
gions within 5�- or 3�-UTRs, and even if longer parts occur,
base pairing is reduced by converting adenosine ribonucle-
otides (A) to inosine (I) by ADAR1 (Fig. 3A) (43, 44). Other
potential MDA5 ligands could arise from short interspersed
nucleotide elements like repetitive Alu elements that are �300
bases long and are, if transcribed from inverted repeats, ideal
MDA5, but also ADAR1, substrates (45). A-to-I editing and the
subsequent reduction of base-paired RNA stems might thus be
one of the major mechanisms preventing MDA5-dependent
signaling.

RLR activation is accompanied by a change of their
post-translational modifications

In addition to modifications of endogenous RNA, RLRs
themselves are found to be intensively modified (Table 1). In
fact, several PTMs either increase the threshold for signal
induction until ideal RNA ligands are found, enhance signaling
by stabilization of the RLR-activated state, or shut down the
response by inducing RLR degradation.

Probably the most important and best studied PTMs are
located within 2CARD of both RIG-I and MDA5 and com-
plicate their activation in uninfected cells or interfere with
shutdown upon infection. Particularly, in uninfected cells,
phosphorylation of 2CARD sterically prevents Lys-63-linked
ubiquitination (46, 47). During an infection, however, these res-
idues become dephosphorylated (48), thus allowing access of
ubiquitin ligases or the direct interaction with polyubiquitin or
ubiquitin-like proteins (31–33, 49). This establishes a positive
feedback loop by stabilizing RIG-I and MDA5 2CARD tetram-
ers for an increased signaling and prevents refolding of 2CARD
to Hel2i.

A similar mechanism was found for two lysines of the RIG-I
CTD that are acetylated in uninfected cells and impede RIG-I
activation by decreasing RNA stem interactions (50). Upon
infection and subsequent deacetylation, however, the increased
RNA affinity of RIG-I leads again to an amplification of the
immune response. PTMs of RLRs and their exchange on key
amino acids thus provide important means to positively or neg-
atively fine-tune the strength of an immune response.

RLR ATPase activity confers specificity toward foreign
RNA

One of the most central features that are critical for accurate
signaling of RLRs is probably ATP hydrolysis by their SF2
domain (1, 32, 51). The precise function of chemomechanical
energy conversion by RLRs, however, has been a mystery for
many years and is still not fully resolved. For instance, due do
their affiliation to SF2 ATPases, RLRs have been historically
classified as ATP-dependent helicases, which usually unwind
duplex nucleic acids. The RLR helicase activity, however, is
controversial (26, 52), and also mutations that compromise the
SF2 domain were shown to have detrimental yet inconsistent
effects on their function as innate immune sensors (53, 54).

Collectively, in all three RLRs the SF2 domain provides spec-
ificity to signaling on dsRNA. MDA5 for instance cooperatively
forms filaments on long dsRNA through SF2-SF2 contacts and
thus brings 2CARD from several proteins into spatial proximity
(Fig. 3B) (27). In the case of RIG-I, the 2CARD-Hel2i interface
ensures that an efficient ejection of 2CARD requires dsRNA
(55) even though triphosphorylated single-stranded RNA can
bind to the CTD (56). However, it is still unclear how SF2 helps
discriminate viral dsRNA from self-RNA-bearing short base-
paired regions. Detailed biophysical studies on RIG-I even
showed that individual binding energies of CTD and SF2 do not
add up and that there is a substantial negative thermodynamic
linkage of RNA binding by SF2 onto RNA binding by CTD (57).
Hence, SF2 binding to dsRNA may even reduce the affinity of
CTD for dsRNA ends, and thus it increases the relative contri-
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bution of RNA stem structures, which can be found on self-
RNA as well.

Recent results now suggest that the ATPase activity of SF2
helps to increase the selectivity of viral RNA (58 – 62). The
energy released from ATP hydrolysis could be used to either
enhance the affinity for viral RNA or alternatively to decrease
the affinity for self-RNA. In the case of MDA5, at first, signaling
seemed to be independent of ATP because both ATP binding
and hydrolysis-deficient mutants were found to induce a con-
stitutive immune response (59). Nevertheless, in vitro filament
formation of MDA5 was weakened in the presence of ATP,
presumably due to conformational changes induced by cycles
of ATP binding and hydrolysis (17). The current model there-
fore suggests that destabilization of filaments due to ATP

hydrolysis is stronger at ends because MDA5 is less stably em-
bedded there, leading to a more rapid disassembly of short fil-
aments (59). In addition, slow nucleation disfavors de novo gen-
eration of short filaments, overall shifting the specificity toward
longer dsRNA.

In contrast to MDA5, RIG-I can efficiently recognize dsRNA
ends in a 1:1 complex and activate type I IFNs in cells in the
presence of triphosphorylated dsRNA as short as 8 bp (58).
What is the function of RIG-I’s ATP hydrolysis? Because RIG-I
can form filaments as well (63), one possibility is a similar role
than for MDA5, i.e. removing RIG-I from dsRNA. Single mol-
ecule studies have indeed indicated that RIG-I translocates on
dsRNA (Fig. 3C) (64), an activity that would be well suited to
dissipate RIG-I at low affinity RNA ligands. At high affinity

Figure 3. Mechanisms to avoid self-RNA recognition by RLRs and RLR amino acids that are implied in the development of autoimmune diseases. A,
recognition of endogenous cytosolic RNA by RLRs is efficiently prevented by modifications within self-RNA. Methylation of the 5�-guanine cap as well as of the
first nucleotide ribose mainly block binding of RIG-I. Adenosine-to-inosine editing destabilizes RNA stems and thus especially impedes MDA5 binding and/or
oligomerization. Unintended internal binding events are further reduced by ATP hydrolysis of RLRs, which destabilizes the interaction of the SF2 domain with
the RNA stem and leads to protein dissociation if no high affinity anchor is present. B, cooperative filament formation of MDA5 and non-cooperative binding
of RIG-I on long non-edited dsRNA brings together several 2CARD modules for increased downstream signaling. C, ATP hydrolysis causes translocation of RLRs
on dsRNA. D, ATP hydrolysis of RIG-I leads to recycling of the protein on tri- or diphosphorylated dsRNA ends and thus increases the affinity toward non-self
RNA. E, several amino acid substitutions, mainly within SF2 domain, of MDA5 and RIG-I have been found to contribute to autoimmune disorders. The
highlighted residues either increase (green) or decrease (orange) the risk of the development of the indicated disease. AGS, Aicardi-Goutières syndrome; IgAD,
immunoglobulin A deficiency; SLE, systemic lupus erythematosus; SMS, Singleton-Merten syndrome; T1D, type I diabetes.
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sites, however, the CTD might form an anchor that retains
RIG-I long enough to be ubiquitinated or to form 2CARD olig-
omers with other activated RIG-I molecules (Fig. 3D). Translo-
cation might also load multiple molecules onto RNA ends (65)
and provide effector-like functions through displacement of
viral proteins from viral RNA (66, 67). However, the transloca-
tion activity as well as filament formation by RIG-I is still
debated. Interestingly, recent structural data showed that
dsRNA bound to LGP2 is shifted by 1 bp compared with its
complex with RIG-I (21). Although this observation is inter-
preted as a recognition difference between RIG-I and LGP2, it
could also reflect different “translocation” states. Further struc-
tural data might shed more light on the nature of these confor-
mational states.

To elucidate the importance of the entire ATP reaction circle
on RIG-I signaling, several groups recently dissected ATP bind-
ing from ATP hydrolysis and ADP through the use of non-
hydrolysable ATP analogs in vitro and tailored mutations in
helicase motifs in living cells (55, 58 – 62). Consent is reached
with respect to the role of ATP binding, whereas the role of
ATP hydrolysis is still a matter of debate. ATP binding is
required for signaling in cellulo, suggesting together with the
structural data that both dsRNA and ATP are required to trig-
ger the conformational change that liberates 2CARD from
Hel2i (59 – 61). Consistently, RIG-I tightly binds optimal RNA
ligands in the presence of the transition state analog ADP-AlFx
(21), albeit other studies showed rather a moderate reduction in
affinity in the presence of ATP�S (60). To reassess the purpose
of ATP hydrolysis, several groups made use of a mutation in
motif II that allows ATP binding and ATP-induced conforma-
tional changes but slows down or prevents ATP hydrolysis and
thus traps the protein in the ATP-bound state (59, 61). This site
in motif II of RIG-I was recently described to be mutated in
atypical Singleton-Merten syndrome as well and was suggested
to lead to an autoactivated state of RIG-I in uninfected cells
(68). Subsequent cell-based studies with RIG-I trapped in the
ATP-bound state proposed increased interactions with self-
RNA that lead to an elevated signaling as well as activation of
type I IFNs even in absence of an infection (59, 61). Potential
self-ligands were found to include double-stranded ribosomal
expansion segments but may comprise other RNA species as
well (61). However, analysis of the same motif by other groups
did not lead to increased RIG-I signaling (54, 62), so this matter
requires further studies. One possibility for these differences is
the cellular background in which these studies were con-
ducted. Autoactivation through self-RNA was especially seen in
HUH7.5 or RIG-I KO cells that did not contain a functional
endogenous RIG-I gene along with the mutated one. In addi-
tion to motif II, mutations in motif III or V were found to lead to
activation of RIG-I in uninfected cells (54, 61, 62), suggesting
that the chemomechanical coupling of RNA and ATP binding
is critical as well.

In summary, based on the available data, one can postulate
that ATP hydrolysis of RLRs either leads to proofreading by
dynamically enhancing RNA selectivity and/or increased dis-
placement from non-optimal PAMPs (58, 61, 66). In addition it
could increase signaling by loading multiple RLR moleculesT
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onto a single dsRNA molecule or by promoting RNA filaments
(65).

RLR-linked autoimmune diseases

If self-RNAs are inappropriately masked, or SNPs in RLR
genes lead to a loss of autoinhibition or gain of RNA recogni-
tion, an RLR-triggered immune response can result in autoim-
mune diseases. Genetic disorders whose pathogenesis is caused
by a constitutive up-regulation of type I IFNs are called “type I
interferonopathies” (69) and can be, among others, ascribed to
SNPs in RLR genes. In most cases, the involved RLR is MDA5,
along with only a few known disease-correlated SNPs within
the gene of RIG-I and so far none in LGP2. Interestingly, almost
all identified pathogenic SNPs locate within the RLR helicase
domain (Fig. 3E), emphasizing the importance of a functional
SF2 for an adequate immune response.

The Aicardi-Goutières syndrome (AGS) is a rare monoge-
netic inflammatory disease affecting the skin and brain (70). So
far, AGS is known to be induced by mutations in seven genes,
including the gene encoding MDA5 (Fig. 3E) (71–73). All
MDA5 SNPs affect the SF2 domain and are described as
gain-of-function mutations leading to increased RNA-binding
properties and thus a higher susceptibility toward self-RNA
(71). However, increased levels of potential endogenous RLR
ligands can also induce AGS, because loss of RNA editing
through SNPs in ADAR1 was shown to generate MDA5 self-
ligands (44). Interestingly, in contrast to all other AGS SNPs,
mutations within the gene of MDA5 display an autosomal
dominant pattern of inheritance and occur exclusively
heterozygous (72). This emphasizes the importance of a
tightly balanced immune response by RLRs where already
minor disturbances can induce autoimmunity.

Systemic lupus erythematosus (SLE) is characterized by a
chronic systemic inflammation through an activation of both
the innate and adaptive immune system. Here, the damage of
multiple organs is induced though an augmented autoantibody
production against self-nucleic acids and small nuclear RNA-
binding proteins by hyperactive T and B cells (74). So far, more
than 40 genetic susceptibility loci for SLE have been identified,
mostly within HLA genes and the Fc� receptor but also gain-
of-function mutations within the gene of MDA5 (75–78). The
detailed biochemical basis, however, is still missing.

During type 1 diabetes (T1D), autoantibodies are developed
against insulin-producing �-cells in pancreatic islets and insu-
lin itself. The trigger for the occurrence of these autoantibodies
is still highly controversial, even though more and more evi-
dence points toward a connection between the genetic consti-
tution as well as viral infections (79). Here, the viruses that are
mainly implicated with T1D are Coxsackie type B viruses that
are sensed by MDA5 (80). The majority of T1D pathogenic
SNPs are located within HLA genes, whereas less frequent con-
nections, both disease-promoting as well as protective, have
been unveiled for MDA5 as well (81, 82). Here, protective
MDA5 SNPs were shown to result in lowered protein expres-
sion, domain deletions, or decreased type I IFN production
(83, 84).

Recently, two mutations within the gene encoding RIG-I (68)
and one within the gene of MDA5 (85) were found to be asso-

ciated with a rare multisystem disease called Singleton-Merten
syndrome (SMS). Even though SMS is so far not recognized as
type I interferonopathy, elevated levels of interferon-stimu-
lated gene (ISG) products were found in blood samples of
patients (85). All detected RLR mutations involve amino acids
of the SF2 domain located within the ATP-binding pocket and
lead to a gain-of-function of both proteins in vitro (68, 85).
Constitutive activity of both RIG-I mutants was found to be
caused by increased RNA-binding properties due to a lack of
ATP hydrolysis and the inability to discriminate between self-
and non-self-RNA (59, 61). Even though biochemical data for
the MDA5 SMS mutant is so far missing, a similar mode of
action might be conceivable.

In summary, most diseases show similar genetic features as
well as overlapping clinical symptoms rendering a clear distinc-
tion solely based on the genotype difficult. It is thus not surpris-
ing that the biochemical basis for the development of these
diseases often remains elusive. A noteworthy SNP within the
gene of MDA5 in that regard is located within the CTD (Fig. 3E)
and is implicated in several autoimmune diseases (86). How-
ever, so far only controversial results have been found in vitro.
Some studies do not see altered RNA-binding properties as well
as no changes in type I IFN production upon stimulation com-
pared with the wild-type protein (59, 84, 87) and propose
cumulative effects with other SNPs due to a strong linkage dis-
equilibrium (88). In contrast, other studies state a constitutive
activity in cells and could not detect any responsiveness to viral
infections anymore (89).

Conclusions and future perspectives

It is now well established that for RIG-I and LGP2, the CTD
is the main specificity element, providing a high affinity inter-
action with PAMPs. An ATP-induced structural switch gener-
ates a ring around RNA ends with full self versus non-self dis-
criminatory capabilities that also include RNA interactions of
SF2 and, in the case of RIG-I, ejection of the 2CARD-signaling
module. More work is needed, however, to fully understand the
role of free energy released in RLRs through ATP hydrolysis. In
the case of MDA5, high affinity retention requires polymeriza-
tion on long dsRNA, and ATP hydrolysis adds a dynamic to the
system that leads to relative stabilization of long versus short
filaments. In the case of RIG-I, however, the roles of ATP hy-
drolysis and the destabilization of RIG-I RNA structures are
still debated. The discovery of autoimmune disease-associated
mutants that directly affect ATP turnover could be helpful in
this regard. These mutations could be interesting for analyzing
the postulated RNA translocation activity in the removal of
RIG-I from self-RNA using the assays established for effector
functions. Whereas mutations that reduce ATP binding clearly
prevented RIG-I effector functions, would mutations that
reduce ATP hydrolysis and lead to a stable RNA interaction but
at the same time stall the postulated translocation do the same?
If yes, this may be a hint that translocation is indeed required for
effector activities. If not, an alternative explanation such as
RIG-I filament formation could be a basis for these activities. A
combination of high resolution structural, biochemical, and
cell-based studies might help settle this central question of
RIG-I mechanism.
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Divalent ions fulfill essential cellular roles and are required
for virulence by certain bacteria. Free intracellular Mg2� can
approach 5 mM, but at this level Mn2�, Ni2�, or Co2� can be
growth-inhibitory, and magnesium fluoride is toxic. To main-
tain ion homeostasis, many bacteria have evolved ion sensors
embedded in the 5�-leader sequences of mRNAs encoding ion
uptake or efflux channels. Here, we review current insights into
these “metalloriboswitches,” emphasizing ion-specific binding by
structured RNA aptamers and associated conformational changes
in downstream signal sequences. This riboswitch-effector inter-
play produces a layer of gene regulatory feedback that has elicited
interest as an antibacterial target.

Riboswitches are highly structured RNA motifs often located
in the 5�-leader sequences of bacterial mRNAs (1–3). A ribo-
switch recognizes its cognate effector by a conserved aptamer
domain, which elicits conformational changes in a downstream
expression platform that alter transcription termination, trans-
lation initiation, message stability, or alternative splicing of the
associated transcript (2, 4, 5). Because riboswitches evolved dis-
tinct molecular determinants to bind specific effectors, they
have garnered interest not only for their elegant feedback
mechanisms, but also for their potential to serve as novel drug
targets. A prime example is the flavin mononucleotide (FMN)
riboswitch, which can be inhibited by natural or synthetic
ligand analogs that blunt the essential biosynthesis of riboflavin
in bacteria (6 –10). At present, nearly 40 riboswitch classes that
recognize �25 chemically distinct effectors have been de-
scribed (11), providing many opportunities to interrupt key
anabolic pathways. Conversely, a growing cohort of ribo-
switches activate genes involved in remediation of cellular tox-
ins, such as S-adenosylhomocysteine (12), azaaromatics (13),
guanidine (14), Mg2� (15), transition metals (16 –18), or mag-
nesium fluoride (19). Here, we discuss the latter three classes of
riboswitches that evolved elegant but distinct RNA folds to rec-
ognize specific divalent cations, leading to gene-regulatory

changes that maintain cellular homeostasis. In some cases, met-
alloriboswitch affinity and cooperativity can rival that of pro-
teins. Many excellent riboswitch reviews provide broad over-
views of the field (2, 3, 11). As such, we focus here on the
handful of known metalloriboswitches with an emphasis on
their discovery, validation, specificity, and gene regulation, as
well as their potential to serve as drug targets.

Mg2�-I riboswitches are non-specific sensors that
regulate Mg2� import pumps

Mg2� is the most abundant intracellular, multivalent ion
with free concentrations in bacteria ranging from 1 to 5 mM

(20). Although numerous enzymes require Mg2� for catalysis,
the ion can also fulfill structural roles by neutralizing charged
DNA or RNA backbones or acting as a nexus for functional
group coordination in RNA tertiary structure (21, 22). The
Escherichia coli 70S ribosome has �170 coordinated Mg2� ions
(23), and the lack of Mg2� in growth media leads to subunit
dissolution and degradation (20). As a rule, bacteria employ a
broad range of metallosensors and transporters to attain metal
ion homeostasis (24). Some bacteria link Mg2� concentration
to virulence genes to coordinate gene expression in cation-
deficient host cells, such as macrophages (25). Salmonella
enterica has three Mg2� importers: the widespread CorA chan-
nel and P-type ATPases MgtA and MgtB (26, 27). Recent sal-
monellosis outbreaks caused by the Heidelberg serovar are
alarming due to the multidrug resistance of this organism (28,
29). In this and many other Gram-negative bacteria, mgtA
expression is controlled by an upstream Mg2�-sensing ribo-
switch (known as the Mg2�-II class (11)) that regulates tran-
scription via rho-dependent and RNase E degradation mecha-
nisms (30 –32). An additional level of control appears to be
exerted by a proline-rich open reading frame inside the mgtA
riboswitch that works in concert with Mg2�-sensing to increase
mgtA mRNA levels when Mg2� is low (33, 34). Additional stud-
ies are needed to clarify the details of regulation, which appears
to be present in only a handful of �-proteobacteria (11). A sec-
ond class of Mg2�-sensing riboswitch known as the Mg2�-I (or
M-box) is more broadly distributed in Gram-positive and some
Gram-negative bacteria, where it is controls a variety of genes
(15, 25), including the widespread Mg2�-uptake channel mgtE
(27). In Aeromonas hydrophila, mgtE mutations impair swarm-
ing and biofilm formation (35), which are important aspects of
its pathogenicity. The defined Mg2�-I aptamer domain and
readily discernible expression platform make it a model system
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for structure and function analysis, which provides a bench-
mark for additional comparisons herein.

The aptamer of the Mg2�-I riboswitch is not selective for
Mg2�, unlike other metal-sensing riboswitches (see below), as
shown by the variety of divalent ions that promote compaction
of its fold and favor formation of a downstream intrinsic termi-
nator hairpin within the expression platform (15, 36). In this
respect, Mg2�-I riboswitches likely function by sensing the
most prevalent intracellular ion, Mg2�, which requires only
modest affinity and selectivity, as corroborated by EC50 values
of 0.4 mM for Mg2� or Ca2� and 0.13 mM for Mn2� (36). Thus,
Mg2�-I riboswitches promote homeostasis but are outper-
formed by regulatory metalloproteins in terms of selectivity
(16). To investigate the metal-binding determinants, structures
of the Mg2�-I riboswitch were determined in Mg2�- and
Mn2�-bound states (15, 36). The global architecture features

three parallel helical domains comprising P1-P2-P6, P3-P4, and
P5 (Fig. 1a). Tertiary interactions are stabilized by six Mg2�

ions that promote compaction as shown biochemically (37).
Four key Mg2� sites (I–IV) reside at the P1-P2-P5 interface,
whereas sites V and VI are in the P4 internal loop. The former
metal constellation (core 1) contributes to interhelical tertiary
stability, whereas the latter (core 2) appears to orient the P4
loop to facilitate long-range contacts (36). Biochemical evi-
dence also supports additional Mg2� binding, but these sites
(core 3) were visible only in structures obtained from crystals
grown from 5 mM Mn2�, which was used as a proxy for Mg2�.
Importantly, only core 1 ions were present in all structures,
including crystal forms harboring multiple Mg2�-I riboswitch
copies per asymmetric unit. Moreover, sites I–III exhibited the
highest phosphorothioate interference (37) with superimpos-
able Mg2� and Mn2� coordination in pairwise structural com-

Figure 1. Tertiary fold and ion coordination by the Mg2�-I riboswitch in the Mg2�-bound state. a, ribbon diagram of the B. subtilis Mg2�-I riboswitch
co-crystal structure determined at 2.7 Å resolution (Protein Data Bank entry 2QBZ). The riboswitch fold contains three parallel helical domains, P1-P2-P6, P3-P4,
and P5, wherein the former two segments coaxially stack. Four coordinated Mg2� ions are depicted as green spheres at the interface of helices P1, P2, and P5
(foreground) and in P4 (background). b, close-up view of three Mg2�-binding sites (I–III, boxed in a). The metal ions at each site coordinate in an octahedral
manner. The site I Mg2� is coordinated by the non-bridging phosphate oxygens of G100, C102, and A103. A fourth ligand is contributed by the O4 keto moiety
of U104 with two inner-shell water molecules completing the coordination sphere. Site II uses non-bridging oxygens from G100 and U23 with the remaining
coordination sphere completed by waters. Site III uses two non-bridging oxygens from U24 and A25, as well as four inner-sphere waters. c, secondary structure
depicting changes in conformational states that regulate transcription. Paired regions are colored as in a with backbone binding contributions to Mg2� from
sites I–III depicted as green asterisks; additional Mg2� sites in P4 are depicted as green spheres. In the gene-off state, Mg2� binding at sites I–III promotes a
conformation that destabilizes anti-terminator base pairing between the P1-P2 bulged loop (164 –172) and the 3�-tail (206 –213), favoring intrinsic-terminator
hairpin formation that attenuates mgtE transcription, reducing Mg2� uptake by the MgtE channel. Conversely, low Mg2� favors RNA polymerase transcrip-
tional read-through via an anti-terminator helix in place of P1. The full-length message leads to MgtE translation with increased Mg2� import into the cell.
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parisons (36). As such, it is worthwhile to describe these strong
binding sites with a focus on how their tertiary contacts at these
locations relate to gene regulatory conformations.

The site I Mg2� is coordinated by non-bridging phosphate
oxygens at the transition of P5 into L5 with a fourth ligand
contributed by the U104 base (Fig. 1b). Site II also uses non-
bridging oxygens from P5 and P2 with the remaining coordina-
tion sphere completed by waters. Likewise, site III comprises
two non-bridging oxygens from P2 and four waters. Shared
coordination groups, such as the phosphate of G100, provide a
plausible basis for cooperativity between Mg2�-binding sites
(Hill coefficient 4.3) (36), which confers a sharp “digital”
response to the effector over a narrow concentration range.

Gene regulation by the Mg2�-I riboswitch is predicated on
Mg2�-mediated condensation of the RNA fold (Fig. 1a) that
favors sequestration of an anti-terminator sequence (164 –172)
located between P1 and P2 (Fig. 1c). This effector-bound con-
formation promotes an alternate, intrinsic terminator harbor-
ing the 3�-anti-terminator sequence (206 –213), thus blocking
transcription of the downstream mgtE gene, leading to attenu-
ated Mg2� uptake by a diminished population of MgtE chan-
nels. Conversely, depleted cellular Mg2� alters the interface
between P1-P2 and P5-L5 (sites I–III), promoting formation of
an anti-terminator hairpin (Fig. 1c) that favors full-length mgtE
transcription, resulting in Mg2� import. The presence of dis-
tinct Mg2�-sensing riboswitches in human pathogens suggests
that these RNA elements could be targets for antibacterials,
especially because the associated Mg2� transport genes are
linked to virulence (discussed below).

Orphan riboswitch yybP-ykoY senses Mn2� to activate
intake pumps

Manganese is an essential trace element that plays key cellu-
lar roles, including facilitating the catalytic activity of various
ribonucleotide reductases and superoxide dismutases expressed
under low iron conditions or H2O2 stress (38). Bacteria exhibit
varied Mn2� requirements that reflect survival adaptations to
specific microenvironments. E. coli can tolerate up to 20 mM

Mn2� (39) but maintains cellular levels at �1 �M (24), whereas
Bacillus subtilis has cytosolic levels of �10 �M (40). For some
bacteria, Mn2� is toxic because in various enzymes it replaces
Fe2�, which is not tolerated functionally (38). Conversely, Bor-
relia and Lactobacillus are members of small bacterial cohorts
that use Mn2� with preference over iron (41, 42), a strategy that
bypasses host efforts to restrict iron levels, at least in the former
case. Likewise, mutations in the macrophage-specific natu-
ral resistance-associated macrophage protein 1 (Nramp1)
transporter–a Mn2�, Fe2�, and Zn2� uptake antiporter–led to
diminished host resistance against Salmonella, Leishmania,
and Mycobacterium (43), possibly resulting from a reduced
capacity to remove divalent cations from bacteria-containing
vacuoles in the host (44). Conversely, bacterial virulence can be
attenuated by mutation of Nramp1 homologs of the pathogen,
linking virulence to Mn2� uptake. Salmonella uses Mn2� trans-
porters MntH (an Nramp1 homolog) and SitABCD (an ATP-
binding cassette protein) (45), and a typhimurium serovar lack-
ing both is avirulent (46). The mntH and sitABCD genes are
repressed by the trans-acting Fur and MntR proteins in high

Mn2�, although an additional cis-acting Mn2�-responsive
riboswitch is hypothesized to reside in the 5�-leader of Salmo-
nella mntH genes (47). This element requires further valida-
tion, but it ostensibly favors anti-terminator stem formation at
low Mn2� concentrations, leading to MntH expression and
Mn2� uptake. Exporters of Mn2� are also required by bacteria
to attain homeostasis. The finding that the mntP (formerly
yebN) encodes Mn2� efflux pumps, and is controlled by the
Mn2�-responsive Fur and MntR proteins (48 –50), provided
insight into a longstanding riboswitch mystery. The ubiquitous
yybP-ykoY RNA motif, classified for years as an “orphan” ribo-
switch for lack of a known effector (51, 52), was identified in the
5�-leaders of mntP genes, suggesting that Mn2� was the long-
sought ligand (17, 18). Indeed, independent labs validated the
yybP-ykoY or Mn2� riboswitch as an Mn2� sensor that controls
expression of a P-type uptake pump (17, 18). This provided a
firm basis to understand how a metalloriboswitch discrimi-
nates between Mg2� and Mn2�, leading to cellular resistance
against the toxic effects of a transition metal.

A structure of the Mn2� riboswitch revealed a four-way hel-
ical junction comprising tandem coaxially stacked helices (Fig.
2a). Mn2�-induced fold compaction based on chemical modi-
fication showed reduced loop flexibility at L1 and L3 and the
base of P1 (17) with reactivity changes at U87 and A88 produc-
ing a KD, app value for Mn2� of 27 � 6 �M. Chemical mapping
also corroborated the structure, wherein two divalent ion-bind-
ing sites localize in bulged loops L1 and L3 to compose a prom-
inent tertiary docking interface at the helical junction (Fig. 2, a
and b). At site I, Mn2� is coordinated by the N7 moiety of A41
and non-bridging phosphate oxygens from L3 and L1. The
nearby site II pocket binds Mg2� using only oxygen atoms
contributed by non-bridging groups of L1 and L3, as well as a
single water molecule, consistent with the recalcitrance of
Mg(H2O)6

2� to release its inner-sphere waters (53). Regarding
the basis of Mn2� selectivity at site I, it is notable that Mn2�

exhibits a more polarizable (softer) character in high-coordina-
tion-number environments, whereas Mg2� is oxophilic (harder)
with less preference for nitrogen (53). Nonetheless, Mn2� func-
tionally substitutes for Mg2� in many enzymes, and octahedral
Mg2� will coordinate nitrogen (53). Consistent with these find-
ings, riboswitch crystals prepared from 2.5 mM Mn2� incorpo-
rated Mn2� at both binding sites (17), but only site I was occu-
pied when the Mn2� concentration was reduced to 100 �M.
Although biochemical cooperativity was not analyzed, inter-
dependence of the ion-binding sites is likely based on shared
coordination of non-bridging phosphate oxygens (Fig. 2b). As
anticipated, 41A3U and 41A3G mutations are less respon-
sive to Mn2� and are accompanied by enhanced L3 flexibility,
consistent with rearrangement of the coordination pocket. It
has been noted for proteins that insertion of a single nitrogen
into a coordination sphere can exclude Mg2� and favor Mn2�

(53). As such, it is reasonable that N7 of conserved A41 is a
major selectivity determinant for Mn2� in the Mn2� ribo-
switch, which could account for the ability of Mn2� to bind
even in the presence of relatively high Mg2� ion levels in the
cytosol.

Gene regulation by Mn2� riboswitches occurs by two dis-
tinct mechanisms involving transcriptional and translational
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control (17, 18). Structural analysis of the E. coli riboswitch
showed that site I collapses in the absence of Mn2�, whereas
site II remains intact and occupied by Mg2� (17). However,
Mg2� alone did not stabilize the L1-L3 binding interface in
chemical-modification experiments, which has implications
for formation of mutually exclusive expression platform con-
formations that regulate transcription. At high Mn2� concen-
trations, the L1-L3 interface is well ordered (Fig. 2b), giving rise
to a downstream transcription anti-terminator hairpin follow-
ing P1 (Fig. 2c, top). This conformation favors polymerase read-
through, leading to full-length transcripts encoding the MntP
(YoaB) efflux pump that confers Mn2� resistance. Conversely,
the L3 sensor loop melts in the Mn2�-free state, favoring intrin-

sic terminator formation (Fig. 2c, bottom) that leads to prema-
ture mntP termination. Similar conformational changes are
envisioned for translational control, although the details of
these changes are unclear at present.

NiCo riboswitches confer heavy metal resistance by
sensing Ni2� or Co2�

Heavy metals (i.e. � � 5 g/cm3 (39)) such as copper and silver
have long been known to possess antimicrobial properties (54).
Even essential metals at sufficiently high concentrations can be
toxic, as is the case for trace nutrients Ni2� and Co2�. These
ions can be incorporated into Fe-S proteins, leading to lethal
effects that necessitate strict cellular control over their uptake

Figure 2. Tertiary fold and ion coordination by the Mn2� riboswitch bound to Mn2� and Mg2�. a, ribbon diagram of the Lactococcus lactis Mn2�

riboswitch co-crystal structure determined at 2.85 Å resolution (Protein Data Bank entry 4Y1I) showing a four-way helical junction containing parallel, coaxially
stacked helices P1-P2 and P3-P4. Divalent ion recognition occurs at the helical junction between loops L1 and L3, where Mn2� (site I, magenta) and Mg2� (site
II, green) bind. b, close-up view of the octahedral divalent ion coordination at sites I and II (boxed in a). Mn2� is observed at site I and is preferred over Mg2� based
on the N7 group of the A41 base. Non-bridging phosphate oxygens are contributed from U39, C40, U44, and C45 of L3, as well as G9 of L1. Site II is coordinated
by non-bridging oxygens of G8, G9, and A10 of L1 and U39 and C45 of L3; an inner-sphere water molecule completes the coordination shell. Each non-bridging
phosphate oxygen of G9 contributes to ion binding at sites I and II, providing a basis for cooperative binding. c, secondary structure diagrams depicting
changes in Mn2� riboswitch conformational states that regulate transcription. Backbone contributions to Mn2� and Mg2� binding are depicted as magenta
and green asterisks; Mn2� coordination at N7 of A41 is depicted as a magenta circle. In the gene-on state, Mn2� and Mg2� binding at sites I and II promote a
conformation that facilitates base pairing of an anti-terminator hairpin above P1, favoring transcription of the mntP (yoaB) efflux pump that confers Mn2�

resistance. Conversely, low Mn2� levels favor formation of an intrinsic terminator hairpin at the expense of the P1 helix and the L1-L3 ion-binding sites. A
premature mntP (yoaB) message leads to reduced expression of the associated Mn2� efflux channel.
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(39, 55). E. coli senses Ni2� and Co2� as repellants (56) and
maintains intracellular levels in the low- to sub-�M range (57).
In minimal media, growth of E. coli is inhibited at 8 �M Ni2�,
and 160 �M Co2� arrests S. enterica (58, 59). Whereas Co2� is
used for carbon rearrangements in the context of coenzyme
B12, Ni2� is needed for enzymes such as hydrogenase and ure-
ase (24). Once inside the periplasm, ABC transporters and
NiCo permeases are the major modes of bringing Ni2� and
Co2� into the bacterial cell (24). The non-specific CorA trans-
porter also facilitates cytosolic accumulation (27). To attain
homeostasis, bacteria have cadmium-zinc-cobalt (czc) genes
that encode efflux pumps and cation diffusion facilitators such
as CzcD. Like the Mg2�-I and Mn2� riboswitches, comparative
sequence analysis revealed a structured RNA motif upstream of
czcD genes in multiple bacterial species (16). Isolated czc RNA
motifs showed in vitro KD, app values of 5.6 and 12 �M for Co2�

and Ni2�, with five metal-responsive regions in the four-way
helical junction core. Comparatively weaker binding (KD, app of
220 �M) was seen for Mn2�.

The czc motif or “NiCo” riboswitch must selectivity bind
Co2� or Ni2� amid much higher intracellular Mg2� concentra-
tions. To elucidate the basis of affinity and recognition of these
ions, a riboswitch structure was determined in the presence of
Co2� (16). Like the Mg2�-I and Mn2� riboswitches, the NiCo
structure lacks pseudoknot interactions and exhibits close
packing, whereby four helices coaxially stack in pairs (Fig. 3a).
Three co-planar Co2�-binding sites (I–III) reside at the inter-
face between L2-3 and L4-1 with a fourth site (IV) at the base of
P2. Like the Mn2� riboswitch motif, Co2� or Ni2� selectivity is
conferred by the purine N7 moiety, with sites I–III each coor-
dinating two imines (Fig. 3b). Hill coefficients of 2.0 and 1.6
were measured for Co2� and Ni2�, using the Clostridium bot-
ulinum NiCo riboswitch. The structure nicely explains such
positive cooperativity in that sites I and II coordinate the N7
and 2�-OH groups from opposing L4-1 and L2-3 nucleotides
that knit the junction together. In this manner, the G46 N7
group coordinates site II, and its 2�-OH coordinates site I; con-
versely, the N7 group of G87 coordinates site I, and its 2�-OH
coordinates sites II (Fig. 3b). As such, Co2� binding at one site
stabilizes coordination at the adjoining site. N7-deaza substitu-
tions at G87 and G88 underscore the importance of N7 coordi-
nation. The former mutation cannot support Co2�-dependent
stabilization at G46, indicating that sites I and II are indeed
linked. In contrast, N7-deaza G87 did not affect site III, consis-
tent with its distal location from site I. At present, site IV
appears to provide stabilization of P1-P2, with the site exhibit-
ing a significantly lower anomalous signal than sites I–III (16).

Inspection of the NiCo riboswitch expression platform sug-
gests the formation of two mutually exclusive conformations.
At low Co2� or Ni2� concentrations, an intrinsic terminator
hairpin is favored, whereas elevated ion levels support polymer-
ase read-through leading to czcD expression (Fig. 3c). This
mechanism was confirmed by in vitro transcription assays,
which yielded full-length products only in the presence of cog-
nate effector ions. Regulation was validated in vivo when a rep-
resentative czc motif from Clostridium scindens was placed
upstream of a putative cation efflux gene. Whereas levels of the
associated mRNA increased with increasing Ni2�, a similar

analysis using non-cognate ions did not affect downstream
transcript levels (16). Overall, the cooperative binding and
unique mode of metal recognition by the NiCo riboswitch
impart high selectivity, enabling feedback to minute changes in
Co2� or Ni2� in a milieu of competing cellular ions to confer
heavy-metal resistance. Notably, NiCo riboswitches are present
in Listeria monocytogenes, a common foodborne pathogen (60)
that is of concern because of the identification of multi-antibi-
otic resistance isolates in “ready-to-eat”’ foods (61).

Fluoride riboswitches require Mg2� to sense and
regulate export of a cellular toxin

Fluorine is the most electronegative and reactive element
and is found predominantly in the biosphere as the fluoride ion
(F�). Although a trace element, fluorine is ubiquitous with lev-
els ranging from 1.2 ppm (mg/liter) in seawater to 200 ppm in
some soils (62, 63). High levels of F� are toxic to bacteria, fungi,
and animals (62, 64, 65), and in many regions F� is added at 0.7
ppm to municipal water supplies as an anticaries agent (66).
The beneficial and toxic effects of F� arise from similarities in
its charge and radius to hydroxide (67). The distinct antimicro-
bial properties of F� are derived from its affinity for divalent
cations. F� is toxic to enolase because it stabilizes a bis-MgF-
PO4 complex that mimics the reaction intermediate (68 –70).
MgF3

� and AlF3 complexes also form trigonal-bipyramidal
mimics of phosphoryl-transfer transition states (71) to inhibit
catalysis by this essential class of enzymes.

Chronic contact with F� contributed to the evolution of fluo-
ride toxicity-resistance factors that stimulate expression of
genes to ameliorate intracellular F� levels, including transport-
ers (19, 72–74). The observation that many bacteria and
archaea use fluoride-responsive RNAs to regulate such genes
suggests that F�-sensing riboswitches arose as part of an
ancient strategy to achieve F� resistance (19, 75). Such ribo-
switches were first identified as conserved, non-coding motifs
upstream of genes such as crcB, which encodes a fluoride-
specific channel (19, 72, 73), as well as metabolic enzymes such
as enolase (19, 76). Biochemical experiments on the �80-nu-
cleotide crcB 5�-leader RNA confirmed a 1:1 binding stoichi-
ometry for F� only in the presence of Mg2� (KD, app �60 –135
�M) (19, 77), with no apparent binding to Cl�, Br�, I�, or the
infused gases CO and NO. Mutations that alter conserved core
sequences or secondary structures of the riboswitch adversely
impact F� binding, as expected for molecular determinants
that evolved to bind a specific effector (78). Fusion of the Bacil-
lus cereus 5�-leader of crcB to a lacZ reporter in B. subtilis
revealed F�-dependent �-galactosidase activity consistent with
its modulation of an intrinsic transcription terminator. Evi-
dence for translational control by an alternative expression
platform came from a crcB riboswitch from Pseudomonas
syringae that lies upstream of eriC genes. This riboswitch was
used to control lacZ in an E. coli crcB knock-out strain that is
�200-fold more sensitive to F� than WT (19). This work dem-
onstrated a role for CrcB in reducing cellular F� levels and
provided insight into eriC function and selectivity. Specifically,
EriCF proteins rescued growth of E. coli crcB knock-out cells
under high F� conditions, suggesting that these genes are func-
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tionally homologous (19). Accordingly, it is now established
that EriCF proteins are fluoride-selective antiporters (19, 74).

To elucidate the mode of F� sensing and the underlying basis
for gene regulation, the structure of a fluoride riboswitch was
determined (77). The structure confirmed that the conserved
aptamer folds as an HLout pseudoknot (Fig. 4a) (79). Unexpect-
edly, a constellation of five backbone phosphates at the topo-
logical confluence of P2, L1, and L3 chelate three Mg2� ions
crucial for F� sensing. These cations form the vertices of a
nearly equilateral triangle with a central cavity that is ideal for

F� coordination (radius 1.30 Å) (Fig. 4b), while selectively
excluding larger halides such as Cl� (radius 1.81 Å) (80). Similar
tri-Mg2� coordination of F� has been observed previously in
proteins (81, 82).

The gene regulatory functions of Thermotoga petrophila and
B. cereus fluoride riboswitches likely entail modulation of an
intrinsic terminator that forms at low F� concentration (Fig.
4c), ostensibly reducing CrcB levels. NMR data corroborate
F�-dependent compaction of the T. petrophila crcB motif with
interconversion of the effector free state into a compact form

Figure 3. Tertiary fold and ion coordination by the NiCo riboswitch bound to Co2�. a, ribbon diagram of the Erysipelotrichaceae bacterium riboswitch
co-crystal structure determined at 2.64 Å resolution (Protein Data Bank entry 4RUM). The overall architecture comprises tandem, coaxially stacked P1-P2 and
P3-P4 helices offset by 30° and joined by a central four-way helical junction. Like the Mg2�-I and Mn2� riboswitches, divalent ion sensing occurs at the junction
interface. Here, four Co2� sites (I–IV, yellow spheres) bind between loops L2–3 and L4 –1. b, close-up view of the divalent ion-binding positions (boxed in a). Sites
I–III interact directly with bases G47 and G87, G46 and G88, and A14 and G45, which are conserved among most czc homologs. G46 and G87 each contribute
to coordination at sites I and II via purine N7 and ribose hydroxyl groups that form the basis of cooperativity during Co2� or Ni2� binding. In contrast to the
Mg2�-I and Mn2� riboswitches that make use of non-bridging phosphate oxygens to coordinate Mg2� or Mn2�, NiCo riboswitch coordination utilizes one or
two N7 moieties, 2�-OH groups, and water molecules to bind Co2� and presumably Ni2�. c, secondary-structure diagram depicting effector-dependent
conformational changes that regulate transcription; asterisks indicate sites of purine N7 Co2� coordination in b, and pentagons show coordination from ribose
2�-OH groups. Transcriptional regulation by the NiCo riboswitch parallels that of the Mn2� riboswitch because Co2� or Ni2� sensing favors an RNA fold that
allows RNA polymerase to read through the transcript, leading to a full-length message that confers heavy-atom resistance when translated. In the effector-free
state, P4 remodels to form a terminator hairpin leading to premature transcription termination, potentially resulting in Co2� or Ni2� accumulation in the cell.
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(77). Mapping the Mg2� coordination sites onto the riboswitch
structure suggests that structurally disparate regions in L1, P2,
and L3 may be pre-organized early in transcription to coordi-
nate F� and Mg2�, which promotes complete folding of P2
before the 5�-end of the terminator helix folds into a hairpin
that arrests transcription. An alternative expression platform
has been identified in the F� riboswitch from P. syringae in
which a Shine-Dalgarno sequence in the 3�-tail is sequestered
from the 16S rRNA of the ribosome under low F� levels (19),
thus attenuating translation initiation required for EriCF synthesis.

Prospects for therapeutic targeting and discovery of new
metalloriboswitches

A handful of riboswitches are known to bind metabolite ana-
logs that alter gene expression and bacterial growth (6 –9, 83,
84). Although metalloriboswitches do not bind organic ligands,
they are expected to be susceptible to small molecules that tar-
get conserved binding pockets (85). Such small molecules will

likely hit other members of the same class, and any escape
mutant will impede normal ion binding and gene regulation.
High-throughput and fragment-based screening, as well as
structure-guided methods, have yielded compounds that target
metabolite-sensing riboswitches (6 –9, 83, 86, 87), and these
approaches will likely succeed for metalloriboswitches. Small
molecules that lock the Mg2�-I riboswitch into a compact
gene-off state (e.g. Fig. 1a) would attenuate MgtE expression,
depriving bacteria of Mg2�. Deletion of mgtE in B. subtilis
yielded a defect requiring �25 mM Mg2� for growth; by contrast,
mgtA deletion–controlled by some Mg2�-II riboswitches–had no
effect (88).

As for the Mn2� and NiCo riboswitches, these regulators are
important when iron is scarce or H2O2 is present, such as inside
a host cell. Therein, iron enzymes of the pathogen can lose
activity, and Mn2� import by MntH becomes essential (45, 89).
Stabilizing the mntH riboswitch in a gene-off state could reduce
virulence, although the details of this conformation are unclear.

Figure 4. Tertiary fold and ion coordination by the fluoride riboswitch in complex with magnesium fluoride. a, ribbon diagram of the T. petrophila
riboswitch co-crystal structure determined at 2.3 Å resolution (Protein Data Bank entry 4ENC). The riboswitch folds as an HLout pseudoknot wherein F� ion
(pink) sensing occurs by three Mg2� ions (green) coordinated between loops L1 and L3 that mediate long-range contacts between coaxially stacked helices P1
and P2; loop L2 � 0. b, close-up view of the ion-sensing pocket (boxed in a), revealing a trigonal constellation of octahedrally coordinated Mg2� ions, I–III, which
share a central F� ion. Like the Mg2�-I and Mn2� riboswitch, non-bridging phosphate oxygens provide coordination sites for Mg2� with inner-sphere water
molecules completing the coordination sphere. c, secondary-structure diagram depicting effector-dependent conformational changes that regulate tran-
scription; asterisks indicate the sites of backbone oxygen coordination to Mg2� in b. In the presence of fluoride, the 5�-end of a terminator hairpin is buried by
the pseudoknot, leading to transcription of a full-length message and translation of a CrcB channel that exports F� to confer resistance. In the absence of
fluoride, there is no need for F� export, and the intrinsic terminator hairpin is favored, leading to the gene being maintained in an off state.
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Similarly, small molecules that fix the mntP riboswitch in a
gene-on state (Fig. 2a) would also lower Mn2� levels. Impor-
tantly, heavy metals can enter bacteria by non-specific import
that requires regulated export for homeostasis (90). Whereas
the czcD gene confers Co2� and Ni2� resistance, its deletion in
Streptococcus pneumoniae led to increased Zn2� sensitivity
(IC50 of �250 �M) (91). Zn2� varies in human tissues from 20
�M in serum to 230 �M in lung (92), and high levels can impair
iron enzymes by mismetallation (93). It is conceivable that trap-
ping the NiCo riboswitch in a gene-off state (Fig. 3c) would
impair growth under certain environmental conditions (91).

Deletion of crcB increases bacterial sensitivity to F� (19), but
certain compounds are also known to enhance F� sensitivity
(94 –96). This work supports the prospect of targeting F� ribo-
switches in concert with supplemental F� (75). Such molecules
would be selected to promote gene-off states (Fig. 4c), blocking
F� export. Beyond bacteria, CrcB homologs confer F� resis-
tance in fungi and yeast (73) but are absent in mammals. In
general, F� riboswitches are missing in eukaryotes (11), sup-
porting prospects for antibacterial development. Overall, the
metalloriboswitch field would benefit greatly by placing greater
emphasis on analysis in the context of infectious disease
models.

The abundance of representatives for various riboswitch
classes obeys a power-law relationship that suggests �1000
new classes remain to be discovered (11). In terms of new met-
alloriboswitches, it is reasonable to consider that magnesium,
calcium, manganese, iron, cobalt, copper, and zinc are essential
for most life forms, whereas vanadium, nickel, and tungsten are
present only in bacteria (97). Each metal represents a likely
effector, but it is reasonable to expect new riboswitches will
sense the known ions described here. Such aptamers might pos-
sess unique sequences or use known scaffolds with variations to
alter specificity (98). For example, the Mg2�-I riboswitch might
be co-opted to bind softer metals by replacing its oxygen ligands
with nitrogen. Conversely, adding an equatorial oxygen ligand
could favor pentagonal bipyramidal coordination of Ca2�,
which is maintained at 100 –300 nM in bacteria (99). Perhaps
the most likely effector is iron because it is the fourth most
abundant element in the earth’s crust and is essential for most
life. A precedent exists for small RNA regulation of iron-storage
proteins in bacteria (100). Overall, the discovery of new and
possibly rare metalloriboswitches will require traditional bioin-
formatic methods along with targeted searches (30). All evi-
dence suggests that the number of metal-sensing RNAs will
continue to grow (11) and that this niche of genetic control is
worth further consideration on the path to restoring a waning
antimicrobial armamentarium.
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Flavin-containing monooxygenases (FMOs) are primarily
studied as xenobiotic metabolizing enzymes with a prominent
role in drug metabolism. In contrast, endogenous functions and
substrates of FMOs are less well understood. A growing body of
recent evidence, however, implicates FMOs in aging, several dis-
eases, and metabolic pathways. The evidence suggests an impor-
tant role for these well-conserved proteins in multiple processes
and raises questions about the endogenous substrate(s) and reg-
ulation of FMOs. Here, we present an overview of evidence for
FMOs’ involvement in aging and disease, discussing the biolog-
ical context and arguing for increased investigation into the
function of these enzymes.

Introduction to FMOs

Evolution and classification

Flavin-containing monooxygenases (FMOs)2 are ancient and
widely conserved enzymes, being present in all kingdoms of life
(1, 2). FMOs make up a subgroup of the Group B flavin-depen-
dent monooxygenases (EC 1.14.13.8) along with Baeyer–
Villiger monooxygenases (BVMOs) and N-hydroxylating
monooxygenases (NMOs) (3). FMOs, BVMOs, and NMOs are
each distinguished by variations in primary structural motifs,
substrate preferences, and catalytic mechanisms. FMOs are
also notably similar to the Group A enzymes dihydrolipoa-
mide dehydrogenase (DLD), glutathione reductase (GR), and
low-molecular-weight thioredoxin reductase (TRXR) (2, 4).
These groups are distinguished from other flavin-dependent
monooxygenases (Groups C–H) by their combined use of FAD
and NAD(P)H. Any functional interplay between FMOs and

Group A enzymes, perhaps as an NAD(P)H–thiol redox buff-
ering system, is largely unexplored (5).

Catalytic cycle

The catalytic cycle of FMO enzymes is fairly well understood.
FMOs utilize a tightly bound FAD prosthetic group, NAD(P)H,
and molecular oxygen to monooxygenate or otherwise oxidize
substrates, producing water and NAD(P)� as by-products (6)
(Fig. 1). Uncoupling has been observed in both the presence and
the absence of substrate in vitro, resulting in “leakage” of hydro-
gen peroxide, and less frequently, superoxide (7). FMOs are
notable for their “cocked and loaded” mechanism where they
bind NAD(P)H and reduce FAD in the absence of substrate,
creating an unusually stable C4a-hydroperoxyflavin ready to
oxidize any substrate that accesses the active site (6). This
mechanism is in contrast to that of cytochrome P450s and
the Group A enzymes discussed above, which each require the
presence of substrate to begin their catalytic cycles (6). The
rate-limiting step of FMOs is thought to be the release of either
H2O or NADP�. The significance of FMOs’ reaction kinetics,
reactive oxygen species leakage, and effects on cellular
NAD(P)H is not known (7, 8).

Substrates

FMOs typically monooxygenate the sulfur or nitrogen atoms
of small, soft nucleophiles in a charge- and stereo-selective
manner, but important exceptions exist. In addition to
monooxygenation, FMOs can also catalyze oxidative decarbox-
ylation (9), oxidative demethylation (10), and disulfide bond
formation (11). FMOs act on a wide variety of sulfur- and nitro-
gen-containing compounds, but carbon, phosphorus, sele-
nium, and other elements are also amenable to FMO-mediated
oxidation (6). Pig FMO1 has a Km from 0.3 to 10 �M in vitro for
several organic selenium-containing xenobiotics (6), and both
hFMO1 and hFMO3 are capable of catalyzing the formation of
pyruvate from selenocysteine (12), consistent with a role in
endogenous selenium metabolism. Mammalian FMO5 does
not metabolize typical FMO substrates, and may act more like a
BVMO (8, 13).

The depth and width of the channel leading to the active site
are thought to restrict overly large substrates’ access (14), but
this mechanism is not fully understood because no crystal
structure has been solved for a mammalian FMO. The most
evolutionarily related proteins with solved crystal structures
are from bacterial trimethylamine monooxygenase (15–17) and
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yeast FMO (18), but their sequences are both shorter and sig-
nificantly different from mammalian FMO sequences (19).

FMOs prefer uncharged substrates or substrates with a single
positive charge. Neutral zwitterions are likely to be poor
substrates (6), but the lone Saccharomyces cerevisiae FMO
(yFMO1) can oxygenate free cysteine (20). FMOs’ charge selec-
tivity is the proposed mechanism by which they preferentially
act on xenobiotics, as charged compounds cannot easily enter
cells through the plasma membrane (6). Classically studied
FMO substrates include xenobiotics such as imipramine, nico-
tine, clozapine, tamoxifen, and amphetamine (6). The oxygen-
ation of these compounds increases their solubility and aids in
their subsequent excretion, although it can occasionally also
activate the compounds and increase their toxicity (21).

FMO metabolism of xenobiotics largely detoxifies com-
pounds, whereas the role of FMO in endogenous metabolism is
less characterized. FMOs can metabolize the sulfur amino acid
pathway metabolites methionine, cysteine, and cysteamine, as
well as the sulfur-containing co-factor lipoic acid (6, 20), but
many related endogenous compounds remain untested.

Genomic organization and expression

Humans have five protein-encoding FMO genes (hFMO1–5)
on chromosome 1 (22), each of which displays one-to-one
orthology with FMO1–5 across mammalian species (23).
Humans and other mammals also have several Fmo pseudo-
genes (24). Alternative splicing of hFMO1–5, especially
hFMO4, is possible, but its function is unknown (25).
hFMO1– 4 are tightly clustered, likely the result of a gene dupli-
cation event that predates mammals, whereas the ancestral
hFMO5 is �20 Mb away (22, 26). Consistent with this hypoth-
esis, mouse Fmo5 (mFmo5) is on chromosome 3, whereas
mFmo1– 4 are clustered together on chromosome 1 (22). Sub-
functionalization of mammalian FMOs probably followed
duplication, possibly in response to new xenobiotics encoun-
tered in terrestrial environments (26).

hFMO1–5 show distinct developmental and tissue-specific
patterns of expression (27, 28). Briefly, hFMO1 predominates in
the fetal liver, whereas hFMO3 and hFMO5 are the major iso-
forms expressed in the postnatal liver (27, 28). In contrast,
mFmo1 and mFmo5 are the major adult mouse liver FMOs,
whereas mFmo3 is much more highly expressed in female mice
(29). There are conflicting reports regarding conservation in
humans of this sex-dependent differential expression, but it is
clear that the conserved differences reported in humans are of a
smaller magnitude than those in mice (30 –32).

Several factors that regulate FMO transcription are known
(33–37). Estrogen (29) and insulin (34) activate FMO transcrip-
tion, whereas testosterone (29) and glucagon (37) are repres-
sors of FMO transcription, but FMO5 is again an exception
(38). Several hormone receptors have been placed both
upstream and downstream of FMOs (39, 40). Large differences
can exist between FMO mRNA abundance, FMO protein levels,
and FMO functional activity (39, 41, 42), indicating multiple
levels of regulation that require further study.

FMOs and disease

Although FMOs have been causally linked to only one dis-
ease, trimethylaminuria, evidence is accumulating that FMOs
affect the pathology of multiple major diseases (Table 1). The
nature of FMOs’ involvement in these diseases, however,
remains largely undefined.

Trimethylaminuria (TMAU)

Much of the FMO-related literature is focused on the only
disease known to be caused by altered FMO activity, TMAU
(43). TMAU, or “fish odor syndrome,” is a disorder in which the
volatile compound trimethylamine (TMA) cannot be con-
verted to the soluble trimethylamine–N-oxide (TMAO), lead-
ing to excretion of TMA through the skin. TMA is a small
metabolite derived from dietary intake or produced by gut bac-
teria that has a distinctive “fishy” smell. hFMO3 mutations are
the main cause of TMAU, but other causes exist including vari-
ations in hFMO3 expression and microbiome overproduction
of TMA. There is no cure for TMAU, so treatment consists of
limiting dietary intake of TMA and its precursors such as cho-
line and carnitine.

Scant epidemiological data exist on whether TMAU alters
risk for other diseases. An early study observed that TMAU
patients have a high incidence of hypertension (43), and there
are at least two reported cases of TMAU co-presenting with
neurological disorders unlikely to be related to patients’ social
stress (44). These cases are interesting in relation to the other
diseases recently connected to FMOs.

Atherosclerosis and cardiovascular disease (CVD)

Beginning in 2011, several studies concluded, based on both
mouse and human data, that FMO3-dependent production of
TMAO increases the risk for atherosclerosis and general CVD
(45– 47). These studies shed light on the importance of gut
microbiota in determining disease risk and demonstrated a
clear association between elevated TMAO and CVD. In the
proposed model, gut bacteria produce TMA from dietary pre-
cursors, hepatic FMO3 converts TMA to TMAO, and TMAO

Figure 1. FMO catalytic cycle with canonical hFMO3 substrate TMA
shown. * indicates candidate rate-limiting steps. ** indicates site where
H2O2/O2

� leakage may occur. Adapted from 6, Copyright © 2005 Elsevier
B.V.
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increases the risk for atherosclerosis and CVD. Proposed mech-
anisms for TMAO increasing CVD risk include effects on cho-
lesterol (45), a prolongation of the pressor effects of angiotensin
II (48), and platelet hyperreactivity and thrombosis potential
(49).

These mechanistic explanations are not fully convincing,
however, and contrast with other data more consistent with
TMAO production being a protective response to CVD. First,
seafood rich in TMA and TMAO is widely thought to lower
CVD risk (50). Second, as mentioned, an early study of TMAU
patients found a high incidence of hypertension in the TMAU-
afflicted group (43). The proposed mechanism was that FMO3
could metabolize tyramine, an endogenous pressor molecule,
thereby reducing its pressor effects and lowering blood pres-
sure (43). A follow-up study found that none of three examined
FMO3 polymorphisms predispose to hypertension in a sample
of several hundred Caucasian patients, but also noted that
severe, highly penetrant loss-of-function mutations could
“unmask pressor effects of variation in other drug metabolizing
enzymes previously buffered by FMO3” (51). At least two more
recent studies are consistent with TMAO production having a
reactive, protective function in response to CVD pathology (52,
53), with one of these studies asserting that TMAO is, in fact,
protective against CVD risk (53). What is clear from these pub-
lications is that TMAO is a molecule of great interest due to its
diverse functions including osmolyte, chemical chaperone,
reactive oxygen species scavenger, and now, potential risk fac-
tor (54).

Diabetes and metabolic disorders

FMO expression is altered in human diabetic patients and
rodent models of diabetes (55, 56), and recent reports have
revealed that FMOs can alter carbohydrate and lipid metabo-
lism (40, 56 – 60). Two studies using streptozotocin-induced
diabetes in rats show altered FMO expression in diabetic states
(56). A third study comparing liver biopsy samples from Type 2
diabetes mellitus patients with samples from non-diabetic

patients found hFMO5 down-regulated (55). A study examin-
ing expression of FMOs in diabetes found a trend that FMO3 is
up-regulated and FMO5 is down-regulated in the disease state
(61). As in CVD, it is not clear whether these FMO transcrip-
tional changes are causative, protective, or have little effect on
the disease process.

Recently, mammalian FMOs have been shown to affect in-
termediary carbon metabolism. Researchers who first linked
FMO3 to atherosclerosis also found that mFMO3 activity
correlated with hepatic and/or plasma lipids and glucose
levels (40) and that FMO3 inhibition can divert cholesterol
away from biliary excretion (57). The former study suggested
that mFMO3’s effects were peroxisome proliferator-activated
receptor � (PPAR�)- and KLF15-mediated, whereas the latter
study concluded that mFMO3 affected cholesterol balance
through TMAO production, but that mFMO3’s effects on lip-
ids and inflammation were mediated by another substrate. Two
other reports examining mFmo1 and mFmo5 knock-out mice,
respectively, found that both were capable of altering metabo-
lism and energy balance sufficiently to cause gross alterations in
body size (58, 59). A recent review discusses these mFMO-re-
lated effects on carbohydrate and lipid metabolism and energy
balance (60).

Neurodegeneration and neurological disease

There is substantial evidence connecting FMO expression to
neurodegenerative diseases including sporadic amyotrophic
lateral sclerosis (ALS), Parkinson’s disease (PD), and schizo-
phrenia. hFMO1 expression is consistently decreased in the spi-
nal cord of ALS patients (62), and single nucleotide polymor-
phisms in the hFMO1 3�-untranslated region occur more
frequently in female patients with sporadic ALS (62). Addition-
ally, mFmo1 is up-regulated in a mouse model of ALS, which,
although in the opposite direction of human findings, may be
explained by different stages of the disease affecting expression
differently (62).

Table 1
FMOs in human disease and disease models

Diseases Nature of association

Fmo1
Sporadic ALS ● 3�-UTR SNPs associated with increased disease risk (62)

Fmo-2
No data No data

Fmo3
TMAU ● Fmo3 mutations cause TMAU (43)
Atherosclerosis ● Increased FMO3 activity increases TMAO, in turn increasing atherosclerosis risk (45)
Chronic kidney disease ● Minor alleles at hFMO3 residue 158 were associated with increased circulating TMAO and faster epidermal

growth factor receptor (eGFR) decline (95)
Diabetes ● Fmo3 downregulated in rodent models of diabetes
Sideroblastic anemia ● Single study with small sample size found Fmo3 dysfunction in cases of sideroblastic anemia (67)
Hemochromatosis ● Most differentially expressed hepatic transcript in mouse model of hemochromatosis (68)

Fmo4
No data No data

Fmo5
Diabetes ● Hepatic FMO5 expressed at ratio of 0.41 in diabetic:non-diabetic patients (55)
Sporadic ALS ● FMO5 SNP found associated with ALS, especially in female patients (96)

Locus 1q24.3
Neurodegeneration (multiple diseases) ● Genome-wide association study (GWAS): Fmo polymorphisms affect lentiform nucleus volume, itself

associated with multiple neurodegenerative diseases (63)
Parkinson’s ● Decreased expression of FMO1 in rotenone model of Parkinson’s in cultured primary midbrain

dopaminergic neurons (64)
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The role of FMOs in other neurodegenerative diseases is also
intriguing but largely correlative. The FMO gene cluster con-
taining FMO1– 4 is associated with lentiform nucleus volume, a
physiological marker associated with PD, schizophrenia, and
other neurological disorders (63). Additionally, hFMO1 and
Parkin are down-regulated in a rotenone model of PD carried
out in cell culture (64). The same study showed up-regulation of
caspase 3, and that hFMO1 inhibition was sufficient to activate
caspase 3, an executor of apoptotic cell death implicated in the
loss of dopaminergic neurons in PD (64). These data suggest a
possible role for FMO1 in protecting against multiple neurode-
generative disorders.

Iron dyshomeostasis

Studies by a single research group support FMOs acting in
iron homeostasis. Building on a known FMO– calreticulin
complex (65), a ferrireductase role for FMO in an iron import
complex termed “paraferritin” was described (66). The complex
was further described as including FMO, calreticulin, DMT1,
and other proteins (66). Its suggested roles include serving as an
alternative, non-transferrin mechanism for cellular iron uptake
and as a means to deliver iron to mitochondrial ferrochelatase
for incorporation into heme. While acknowledging that larger
studies would be necessary to determine prevalence, this group
also suggested diminished FMO activity as a risk factor for sid-
eroblastic anemia based on four cases (67).

Mouse models of hereditary hemochromatosis, a disease
characterized by excessive intestinal iron absorption and sub-
sequent iron overload throughout bodily tissues, alter hepatic
mFmo transcription. Mutation of the hemochromatosis gene
Hfe (high iron Fe) and high dietary iron both cause liver iron
loading, but they do so via secondary and primary iron over-
load, respectively. Hepatic mFmo3 transcription was highly up-
regulated by genetic hereditary hemochromatosis, but counter-
intuitively, heavily down-regulated in mice fed high dietary iron
(68). By magnitude, mFmo3 was the most altered transcript
across both conditions. In a separate study, mFmo3 was up-reg-
ulated in Hfe-deficient D2 mice, and although the data were not
shown, mFmo3 was described not to change in WT mice fed a
high-iron diet (69). These studies, in addition to those describ-
ing paraferritin, suggest that FMOs act in iron homeostatic
pathways in the liver or elsewhere, and that this novel role for
FMOs requires further exploration.

FMOs and aging

Published data from the past decade provide increasing evi-
dence that FMOs play an important role during aging. Specific
Fmo genes are transcriptionally activated in numerous mouse
longevity models including dietary restriction (DR), growth
hormone/insulin-like growth factor 1 (GH/IGF1) signaling dis-
ruption, and rapamycin treatment (70 –73). These are among
the most robustly conserved longevity–promoting interven-
tions (74). The correlation between increased mFmo expression
and longevity suggests that FMOs could play a causal role in
promoting longevity. Further supporting this, Caenorhabditis
elegans (nematode worm) fmo-2 is up-regulated by DR and is
necessary for lifespan extension from solid DR, a form of DR
(75). Nematode FMO-2 is also sufficient to extend lifespan and

improve healthspan and stress resistance when ubiquitously
overexpressed (75).

FMOs and mammalian aging

Multiple gene expression analyses from mouse models of
delayed aging show that mFmo gene expression is often
increased in long-lived mice (Table 2). For example, a 2007
meta-analysis of published liver microarray data found that
mFmo3 is consistently up-regulated in a variety of long-lived
knock-out models and in response to longevity-promoting
interventions (73). Similarly, a 2008 study of XME gene expres-
sion in liver found mFmo3 and mFmo4 to be up-regulated in
long-lived male mice following DR, GH/IGF1 mutation, or ra-
pamycin treatment (71). Of particular interest, an independent
study showed that growth hormone receptor mutant mice have
increased levels of both mFmo3 and TMAO, further correlating
mFmo3 expression and activity with longevity (76).

Dietary restriction and treatment with the drug rapamycin
are the two best-documented and most effective interventions
for delaying diseases of aging and increasing lifespan in mice
(77), and several studies, including those listed above, have
observed increased FMO gene expression in animals subjected
to both interventions (Table 2). For example, a comparison of
mouse DR and gene expression over time found multiple FMOs
up-regulated by DR (70), with mFmo3 and mFmo5 among the
most significantly up-regulated liver transcripts, along with
heart mFmo3. Overall, mFmo1 and mFmo2 were among the
most significantly elevated genes when all 17 tested tissues were
considered as a group. Interestingly, the same study found that
mFmo1 was significantly down-regulated with age in animals
fed a normal diet, suggesting that reduced FMO1 expression
could be a biomarker of normative aging or even causally
involved in the aging process. The most extensive analysis to
date of gene expression changes associated with rapamycin
treatment in mice found that hepatic mFMO levels are consis-
tently elevated by both DR and rapamycin in both male and
female mice (72).

Crowded litter mice represent an alternative model of DR
where animals experience nutrient restriction only during the
first 3 weeks of life (78). Interestingly, even this early life restric-
tion is sufficient to cause persistent induction of mFmo3 in liver up
to 12 months later. This could suggest that epigenetic changes
associated with DR, and perhaps other longevity interventions,
induce persistent changes in FMO expression that contribute to
healthy aging even after the intervention is discontinued.

In contrast to data supporting a role for FMOs in promoting
longevity, loss of mFmo5 results in a blood profile of choles-
terol, glucose/insulin, and other biomarkers that resembles a
more youthful state (59). The authors suggest that this could
mean that FMO5 itself promotes metabolic aging. However,
because this study did not test the long-term health effects of
the metabolic profile, it is unclear whether these results are
representative of aging or metabolic reprogramming (59).
FMO5 also has a unique substrate profile among mammalian
FMOs (8), so it may not be representative of the majority
of FMOs. Given their wide taxonomic distribution and numer-
ous evolutionary modifications, there are likely to be exceptions
to any broad claims about FMOs as a group.
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FMOs and aging in non-mammalian species

Extensive data linking FMO function to aging have come
fromstudiesperformedinthenematodeC. elegans.Severalinde-
pendent studies show that fmo-2 is up-regulated by both
genetic and environmental models of increased lifespan in this
organism, including DR, hypoxia, mutation of the Von Hippel
Lindau tumor suppressor, stabilization of the hypoxic response
transcription factor, and developmental electron transport
chain inhibition (79 – 83). Recently, a direct, causal role for
FMO-2 as a longevity-promoting factor was uncovered by work
showing that either ubiquitous or intestine-specific overex-
pression of FMO-2 in otherwise wild-type animals is sufficient
to extend lifespan in worms (75). Consistent with this, deletion
of fmo-2 prevented full lifespan extension following activation
of the hypoxic response or DR, further supporting a model that
activation of fmo-2 contributes to lifespan extension under
these conditions (75).

Additional worm fmo genes are up-regulated by these same
longevity interventions, but they have not yet been studied for
their roles in aging. Of note, fmo-1 is up-regulated in a more
lasting manner than fmo-2 by fasting (83). Also, fmo-4 is
induced similarly to fmo-2 by hypoxia (79). Worm fmo-4 is
expressed in the hypodermis, whereas fmo-2 is expressed in the
intestine, pharynx, and excretory cells (84). Worm fmo-4 also
displays a hypoosmotic sensitivity phenotype unique among
worm fmo genes (85). Taken together, this evidence suggests

that further valuable details can be learned about worm FMOs’
roles in healthy aging, stress resistance, and normal physiolog-
ical processes.

Evidence from flies and plants further suggests that FMOs
promote longevity. RNAi knockdown of Drosophila melano-
gaster (fly) Fmo2 shortens adult lifespan (86). As with worm and
mammalian FMOs, fly Fmo2 is not directly orthologous to
worm fmo-2 or mammalian FMO2. In fact, both fly Fmo genes
are more similar to the ancestral yeast Fmo genes (19). Plants
have evolved a distinct group of FMOs termed “YUCCAs.” Ara-
bidopsis thaliana YUC6 overexpression in potato plants results
in increased height, erect stature, and longevity due to YUC6’s
role in auxin production (87). These phenotypes may be plant-
specific, or there may be overlap with FMO functions con-
served in animal species. YUCCAs also promote drought resis-
tance, and some FMOs are involved in osmoregulation in
worms (85) and fish (88), in addition to producing the osmolyte
TMAO in humans (43). Interestingly, there is overlap between
the DR and osmotic stress pathways (89, 90), and it is plausible
that FMOs act at this intersection.

Concluding remarks

FMOs and disease: Unifying mechanisms?

Our understanding of FMO– disease relationships is nas-
cent, but the data already suggest two common mechanisms.
Altered sulfur amino acid (SAA) metabolism affects CVD (92),

Table 2
FMOs and aging in model systems.

FMO genes Lifespan/healthspan effects Expression changes in longevity interventions

Mus musculus (mouse)
Fmo1 No data No data
Fmo2 No data ● Caloric restriction1 (70)
Fmo3 ● Regulates whole-body cholesterol balance in mice (57) ● Caloric restriction1 (70, 71)

● �IIS1 (71, 73)
● Rapamycin1 (71)
● Methionine restriction1

Fmo4 No data ● Caloric restriction1 (71)
● �IIS (growth hormone receptor knock-out (GHRKO),

Little, Snell)
1 (71)
● Rapamycin1 (71)

Fmo5 ● Suggested to be a metabolic regulator of aging (59) ● Caloric restriction1 (70)
D. melanogaster (fly)

Fmo1 No data No data
Fmo2 ● RNAi shortens adult lifespan (86) No data

C. elegans (worm)
fmo-1 No data ● Dietary restriction1 (82, 83)
fmo-2 ● Overexpression sufficient for LS extension (75, 97)

and stress resistance (75)
● Dietary restriction1 (75, 82)

● Necessary for solid DR longevity (75) ● Hypoxic response1 (79, 80)
● Necessary for hypoxic response longevity (75) ● Mitochondrial disruption1 (81)

● Long-telomere worms1 (97)
fmo-3 No data No data
fmo-4 No data ● Dietary restriction1 (75, 82)

● Hypoxic response1 (79, 80)
fmo-5 No data No data
C46H11.2 No data ● Dietary restriction1 (83)
C01H6.4 No data No data

S. cerevisiae (yeast)
fmo1 No data ● Responds to altered sulfur availability (possibly

related to methionine restriction) (98, 99)
A. thaliana (plant)

YUC6 ● OE sufficient for longevity and stress resistance (87) No data
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metabolic disease (92), and neurodegenerative disease pathol-
ogy (93). Again, several SAA pathway metabolites that are cred-
ible FMO substrates remain untested as such. Iron metabolism
is a second pathway that links FMOs, SAAs, CVD, metabolic
disease, and neurological disease.

FMOs and aging: Evolutionary considerations

Data from non-mammalian model systems demonstrate that
FMOs can play a direct, causal role in promoting longevity. In
worms, fmo-2 is sufficient to extend lifespan and is required for
lifespan extension from numerous interventions. FMO induc-
tion in response to multiple longevity-enhancing interventions
in mice supports a conserved role, as do the primary structural
similarities shared by worm and mammalian FMOs.

If FMOs promote longevity in a conserved manner, then the
conditions shaping both the evolution of FMOs and aging will
merit attention. Induction of FMOs in response to both DR and
osmotic stress, for example, suggests that a “harsh times” sur-
vival strategy can underlie longevity. Model systems will con-
tinue to be of great utility in such investigations.

Future directions

FMOs are emerging as enzymes of considerable interest,
with clear experimental and theoretical research directions
identifiable. Two lines of experimentation will greatly solidify
our foundational knowledge of FMOs. First, solving the crystal
structures of hFMOs would conclusively answer structural
questions and directly inform functional ones. Second, thor-
ough testing for endogenous substrates, aging, disease, and
basic cellular function would solidify the conserved endoge-
nous role of these proteins. There are several candidate endog-
enous substrates of major biological interest that have not been
tested in vitro or otherwise. Metabolites in the sulfur amino
acid metabolism pathway, including S-adenosyl methionine,
homocysteine (91), and homocysteine adducts, are potential
targets for prioritization.

Evidence points to FMO involvement in multiple major dis-
eases and the aging process (Fig. 2). There is an ongoing debate
whether aging should be reclassified as a disease, but it is clearly

established that aging is the biggest risk factor for the major
causes of death including CVD, cancer, and neurodegeneration
(94). The risk for each of these increases exponentially with age,
independent of other risk factors. Taking everything into con-
sideration, FMOs are an exciting, undercharacterized subgroup
of well-conserved enzymes that may play central roles in basic
biological processes affecting human health, and there are clear
first steps to characterizing them more fully.
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Metabolic reprogramming is a hallmark of cancer. The
changes in metabolism are adaptive to permit proliferation, sur-
vival, and eventually metastasis in a harsh environment. Stable
isotope-resolved metabolomics (SIRM) is an approach that uses
advanced approaches of NMR and mass spectrometry to analyze
the fate of individual atoms from stable isotope-enriched pre-
cursors to products to deduce metabolic pathways and net-
works. The approach can be applied to a wide range of biological
systems, including human subjects. This review focuses on the
applications of SIRM to cancer metabolism and its use in under-
standing drug actions.

Metabolism is the collection of predominantly enzyme-cat-
alyzed biochemical transformations that meet the growth and
survival demands of an organism. For nearly a century, scien-
tists have documented profound metabolic changes that occur
in tumors (1, 2). One of the earliest insights into cancer metab-
olism came when Otto Warburg noted increased uptake and
fermentation of glucose (Glc)3 to lactate in tumors relative to
surrounding tissue, even in the presence of ample oxygen (2).
Clinical cancer diagnosis exploits this “Warburg effect” by mea-
suring uptake of the Glc analogue 18F-deoxyglucose using pos-
itron emission tomography (PET), as the metabolic demands of
differentiated, non-proliferating tissues generally require far
less Glc than tumors (3).

Oncoproteins and tumor suppressors are well-established
regulators of metabolism, and mutations or dysregulated
expression can lead to the altered metabolic phenotypes
observed in many cancers (4, 5). Inactivating mutations in
enzymes such as fumarate hydratase (FH) or succinate dehy-
drogenase (SDH) induce pathophysiological accumulation of
substrates that inhibit other critical enzyme functions, whereas
less common gain-of-function mutations such as in isocitrate
dehydrogenases (IDH) produce metabolites that directly dereg-
ulate cellular processes (6). Additionally, cancer cells frequently
express fetal isoforms of metabolic enzymes that are subject to
different regulatory mechanisms to provide growth advantages
(7). Gaining a systematic understanding of the metabolic
changes that occur during carcinogenesis can thus be exploited
for therapeutic and diagnostic purposes.

Stable isotope-resolved metabolomics (SIRM) is a powerful
approach developed by others and by us where isotopically
enriched precursors such as [13C6]Glc are administered to a
biological system, and the ensuing metabolic transformations
are determined using appropriate analytic techniques to enable
robust reconstruction of metabolic pathways (8 –11). Stable
isotopes are non-radioactive and in SIRM practice are identical
chemically and functionally to the most abundant isotope of
that element. Incorporating stable isotopes such as 2H, 13C, or
15N into biological precursors has long been used to trace their
metabolism in living systems (12). SIRM is thus distinct from
non-tracer-based metabolomics profiling for statistical models.
Here, we review SIRM applications and demonstrate how it is
used to study cancer metabolism.

Analytical tools for SIRM

Mass spectrometry (MS) and nuclear magnetic resonance
(NMR) spectroscopy are the analytical tools of choice for SIRM
studies. After isotopically labeling a system and extracting the
metabolites, the number of heavy atoms (isotopologues) and
their positions (isotopomers) are determined for each metabo-
lite in crude extracts (13). As 13C has a nominal mass of 1 dalton
greater than that of 12C, MS can readily determine the number
of 13C atoms incorporated. Gas and liquid chromatography
(GC and LC) methods have been developed to resolve large
numbers of metabolites, which are often used orthogonally
with MS detection. Ultra-high-resolution MS, defined here as
m/z mass-resolving power of �350,000 (m/z 400), of which all
current models are Fourier-transform MS (UHR-FTMS), can
resolve all non-isomeric metabolites without chromatography

This work was supported in part by National Institutes of Health Grants
T32CA165990 (to R. C. B.), 1R01ES022191-01 (to T. W. M. F. and R. M. H.),
and 1P01CA163223-01A1 (to A. N. L. and T. W. M. F.). The authors declare
that they have no conflicts of interest with the contents of this article.
The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of
Health.

1 To whom correspondence may be addressed: University of Kentucky, Todd
Bldg., 789 S. Limestone St., Lexington, KY 40536. E-mail: andrew.lane@
uky.edu.

2 To whom correspondence may be addressed: University of Kentucky, Todd
Bldg., 789 S. Limestone St., Lexington, KY 40536. E-mail: twmfan@
gmail.com.

3 The abbreviations used are: Glc, glucose; �-KG, �-ketoglutarate; ASL, argi-
nosuccinate lyase; CIC, cancer-initiating cell; F6P, fructose 6-phosphate;
FH, fumarate hydratase; GBM glioblastoma; GLS, glutaminase; IDH, isoci-
trate dehydrogenase; OAA, oxaloacetate; PDH, pyruvate dehydrogenase;
PC, pyruvate carboxylase; PET, positron emission tomography; PPP, pen-
tose phosphate pathway; pRB, retinoblastoma protein; R5P, ribulose
5-phosphate; SIRM, stable isotope-resolved metabolomics; SDH, succinate
dehydrogenase; NSCLC, non-small cell lung cancer; UHR-FTMS, ultra-high-
resolution Fourier-transform MS.

MINIREVIEW

J. Biol. Chem. (2017) 292(28) 11601–11609 11601
© 2017 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

mailto:andrew.lane@uky.edu
mailto:andrew.lane@uky.edu
mailto:twmfan@gmail.com
mailto:twmfan@gmail.com


(10, 14). At the sufficiently high resolution of UHR-FTMS, the
neutron m/z differences for metabolites containing 13C, 15N, or
2H can all be distinguished, allowing for multiplexed labeling
experiments. However, NMR is better suited for determining
positional labeling, e.g. to distinguish the label of [13C1]lactate
at carbon 1, 2, or 3, which are identical in molecular mass but
have distinct NMR spectral properties. 13C is magnetically
active, whereas 12C is silent thus enabling NMR to distinguish
different positions of enrichment either by direct 13C detection
or by indirect detection of the attached protons (15). Advances
in 1D and 2D NMR have enabled isotopomer analysis in com-
plex biological samples without fractionation (8). Coupling
NMR and UHR-FTMS with an atom-resolved metabolic data-
base and tracing tools can provide robust and unprecedented
reconstruction of interconnected pathways and networks (8,
10, 16, 17).

Tracer selection for interrogation of metabolic pathways

Glycolysis

Glycolysis is the metabolic pathway of NAD�-dependent
oxidation of Glc to pyruvate to generate ATP and glycolytic
intermediates. [13C6]Glc is a commonly used tracer for measur-
ing glycolysis as it is relatively inexpensive and will label all
glycolytic carbons derived from Glc, and it enables tracing of
glycolysis-derived precursors in other pathways. For example,

[13C6]Glc produces the glycolytic intermediate 3-[13C3]phos-
phoglycerate, which is a substrate for purine synthesis via the
Ser-Gly one-carbon pathway (18). However, due to ambiguities
in resolving [13C3]lactate production from [13C6]Glc because of
pathways other than glycolysis, Glc tracers labeled at 13C1-2 or
13C1-3 can provide better estimation of glycolytic flux (19).

Pentose phosphate pathway

The pentose phosphate pathway (PPP) is an alternative route
for Glc metabolism, yielding ribose 5-phosphate (R5P) for
nucleotide biosynthesis and NADPH for fatty acid biosynthesis
and decomposition of peroxides (20). The choice of tracer for
analysis depends on the research question as LC-MS or ion
chromatography-MS can detect most of the PPP intermediates
(21, 22). [13C6]Glc provides maximal labeling of PPP interme-
diates as all carbons of the PPP precursors will contain labels.
However, [13C2-1,2]Glc can distinguish the oxidative and non-
oxidative branches of the PPP (Fig. 1) (23, 24). R5P isotopo-
logues containing more than one label reflect activity of both
the oxidative and non-oxidative branches of PPP as additional
13C label incorporation into R5P can only be derived through
transaldolase and transketolase activity in the non-oxidative
PPP branch (25). Furthermore, the ratio of [13C1-3]lactate to
[13C2-2,3]lactate following labeling with [13C2-1,2]Glc has been
used to estimate PPP activity in vivo (26).

Glucose G6P

NADH NADH

F6P

TK

GA3P

Lactate

CO2
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Oxidative PPP

R5PX5P X5P

TK
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+

S7P

TK GA3P
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Figure 1. Production of [13C-1]ribose or [13C3-1,4,5]ribose in the oxidative or non-oxidative PPP from [13C2-1,2]glucose. Example scheme depicting
generation of singly labeled ribose from the oxidative PPP or triply labeled ribose from the non-oxidative PPP. Glucose 6-phosphate (G6P) enters the oxidative
pentose phosphate pathway to produce M � 1 ribulose 5-phosphate (Ru5P), which enters the non-oxidative branch to produce xylulose 5-phosphate (X5P)
and ribose 5-phosphate (R5P). Transketolase (TK) transfers the first two carbons of X5P to R5P to produce [13C2-1,3]sedoheptulose 7-phosphate (S7P). Transal-
dolase (TA) transfers the first three carbons from S7P to glyceraldehyde 3-phosphate (GA3P), which can be derived from glycolysis (arrow) to produce F6P. TK
then transfers two carbons from F6P to produce X5P and subsequently R5P. Note that F6P derived from X5P via TK can re-enter glycolysis to produce
[13C1-3]GA3P and subsequently [13C1-3]lactate. Striped circles indicate labeled carbons derived from non-oxidative PPP. Other isotopomers are possible and are
not shown for simplicity. E4P, erythrose 4-phosphate.
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Krebs cycle and anaplerosis

The Krebs cycle is a central metabolic hub that integrates
carbohydrate, lipid, and amino acid metabolism. Glc, glutamine
(Gln), and fatty acids are major carbon sources that feed into
the Krebs cycle in cancer (27). [13C]Glc and -Gln are both com-
monly used tracers to label Krebs cycle intermediates via entry
as pyruvate or �-ketoglutarate (�-KG), respectively, producing
distinct labeling patterns. For example, pyruvate dehydroge-
nase (PDH) generates [13C2]acetyl-CoA, which condenses with
oxaloacetate (OAA) to form [13C2]- or [13C4]citrate, depending
on the first or second round of the Krebs cycle (Fig. 2A) (28). In
contrast, pyruvate carboxylase (PC) carboxylates [13C3]pyru-
vate with unlabeled CO2, generating [13C3]OAA, which con-
denses with either unlabeled or [13C2]acetyl-CoA to generate
[13C3]- or [13C5]citrate, respectively (Fig. 2A) (29, 30). Carbons
from [13C2-3,4]Glc (or [13C1-1]pyruvate) will only enter the
Krebs cycle through PC as these carbons are lost as CO2 in the
PDH reaction (Fig. 2B) (31, 32).

The choice of Gln tracer depends on the need to resolve Gln
metabolism via oxidative or reductive pathways in the Krebs
cycle. Gln undergoes glutaminolysis and enters the Krebs cycle
via �-ketoglutarate (�-KG) as another anaplerotic input to the
Krebs cycle (Fig. 3A). [13C5]Gln-derived �-KG is then oxidized
to [13C4]succinate, -fumarate, -malate, and -OAA through the
first turn of the Krebs cycle or reduced to [13C5]citrate through
IDH-catalyzed reductive carboxylation to subsequently gener-
ate [13C3]OAA, -malate, and -fumarate (33). [13C1-1]Gln dis-
tinguishes between the two pathways because labeled products
result from reductive carboxylation as the 13C-1 label is lost as
CO2 via the �-KG dehydrogenase reaction (Fig. 3B). Similarly,
[13C1-5]Gln is used to measure reductive carboxylation by trac-
ing incorporation of Gln into fatty acids as most of the label is
lost during oxidation through multiple turns of the Krebs cycle.

Furthermore, [15N]Gln allows tracing of Gln into nitrogenous
compounds such as amino acids and nucleotides (34). The uses
for common 15N and 13C tracers are summarized in Table 1.
Use of 2H in tracers requires very careful consideration of
enzyme mechanisms and chemical exchange under mostly
unknown in situ physical-chemical conditions.

SIRM profiling of cancer systems can reveal novel
metabolic reprogramming and therapeutic targets

A major goal of SIRM is to delineate the differences in sub-
strate utilization and subsequent metabolic transformations
between cancerous and non-cancerous tissues. To this end,
multiple cancer biological models have been used in SIRM
studies, including 2D and 3D cell culture, animal tumor models
derived spontaneously from defined oncogenic lesions or from
implanted tissue/cells, and human tumors analyzed in vivo or
ex vivo following surgical resection (35). Regardless of the
model, most tumors and derived cells profiled by SIRM reca-
pitulate Warburg’s original findings and disprove the canard
that tumor cells necessarily have dysfunctional mitochondria
(36) by demonstrating that Glc-derived 13C incorporation into
the Krebs cycle can be enhanced in cancerous versus paired
non-cancerous tissues (37–39). Thus, SIRM profiling is excel-
lently suited for uncovering novel aspects of cancer metabolism
in model systems and directly in human subjects.

Proliferating cells shunt Glc into pathways other than glycol-
ysis and the Krebs cycle, and SIRM has confirmed increases of
Glc flux into these pathways. For example, enhanced non-oxi-
dative and oxidative PPP activity has been reported for pancre-
atic (23) and renal (40) cancers, respectively, using a [13C2-1,2]
Glc tracer. Many cancer cells also divert Glc from glycolysis
into de novo serine synthesis and vary considerably in their de
novo serine biosynthetic capacity (18). The wide range in de
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Figure 2. 13C distribution in first turn of the Krebs cycle with [13C3]- or [lsqb]13C1-1]pyruvate. A, [13C3]pyruvate enters the Krebs cycle either through
pyruvate carboxylase (PC, blue circles) or pyruvate dehydrogenase (PDH, red circles). Colored circles indicate 13C label for selected metabolites. PDH-derived and
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respectively. B, labels from [13C-1]pyruvate (blue circle, derived from [13C2-3,4]glucose) enter the Krebs cycle exclusively through PC as the labeled carbon is lost
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novo serine biosynthesis may correlate with tumorigenic poten-
tial because the Glc to serine flux increases as cells become
progressively more tumorigenic (41). Glc carbon may also be
diverted from glycolysis for other anabolic purposes: dihy-
droxyacetone phosphate is a precursor for glycerol 3-phos-
phate used for glycerolipid synthesis (42), and fructose 6-phos-
phate (F6P) is the precursor for the hexosamine pathway
critical for protein glycosylation and intracellular regulation
(43, 44). Collectively, these reactions indicate that in many pro-
liferating cells the fraction of Glc consumed that is converted to
lactate is much less than 100%.

Many cancer cells use anaplerosis to replenish intermediates
that exit the Krebs cycle to support anabolic and/or anti-oxida-
tive demands during cell proliferation (45). For example, PC-
mediated carboxylation of pyruvate to OAA is active in several
cancers. In a non-small cell lung cancer (NSCLC) patient study,
patients receiving a bolus injection of [13C6]Glc prior to surgery
showed enhanced production of the PC-associated metabolites
[13C3]Asp, [13C3]malate, [13C3]citrate, and [13C2-2,3]Glu in
cancerous versus surrounding non-cancerous lung tissues (30,
46). Elevated PC activity was also observed in mouse orthotopic

glioblastoma (GBM) tumors after administering [13C2-3,4]Glc
(47).

Cell line studies with [13C2-1,2]Glc suggest that pyruvate flux
through PC and PDH is compartmentalized. Comparison of
[13C2-2,3]Glu (PC) to [13C2-4,5]Glu (PDH) enrichment in Jur-
kat T leukemia cells yields a ratio of about 0.4 suggesting PDH
flux is dominant in this line (25). However, the PC/PDH flux
ratio determined from [13C1-2]Glu to [13C1-4]Glu enrichment
is 30 times higher than the flux calculated from the doubly
labeled Glu species. These singly labeled isotopomers may arise
when C-1 of Glc is lost as CO2 in the oxidative PPP and re-en-
ters glycolysis as fructose 6-phosphate generated by the non-
oxidative PPP. This SIRM example demonstrates how cells with
high PPP flux may preferentially utilize the PC pathway to meet
the demands for nucleotide synthesis to support cell division.

Gln is another major anaplerotic source for Krebs cycle
replenishment and serves as a precursor in numerous meta-
bolic pathways (48). Many cancer cells appear to require Gln in
some capacity, depending on the tumor type and oncogenic
lesions (49). Cells that require Gln have characteristic 13C-la-
beling patterns with [13C6]Glc and [13C5]Gln tracers. For exam-
ple, Gln-dependent U2OS osteosarcoma cells only produce
[13C2]citrate whereas Gln-independent MCF7 breast adeno-
carcinoma cells also generate [13C6]citrate from [13C6]Glc (50).
In contrast, all 13C-isotopologues of citrate are made from
[13C5]Gln in U2OS cells confirming Gln anaplerosis in Gln-de-
pendent cells (50). These cell line differences in Gln depen-
dence are clinically relevant when studying cancer-initiating
cells (CICs), which are undifferentiated cancer cells with self-
renewal capacity and are highly resistant to conventional treat-
ments (51). In a study comparing CICs with paired, differenti-
ated cells from the same GBM tumor, CICs were much more
resistant to Gln deprivation than their differentiated controls
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Figure 3. 13C distribution in first turn of the Krebs cycle with [13C5]- or [13C-1,5]glutamine. A, [13C5]glutamine (red circles) enters the cycle and distributes
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Table 1
Common stable-isotope tracers and their uses

Tracer Labeled pathway Ref.

[U-13C]Glucose Glycolysis, PPP, Krebs cycle, hexosamine,
nucleotide, lipid synthesis

22, 30

[1,2-13C]Glucose Non-oxidative versus oxidative PPP 23, 24
[3,4-13C]Glucose PC anaplerosis 31, 32
[13C/15N]Glucose Glutaminolysis, nucleotide biosynthesis,

Krebs cycle, and fatty acid synthesis
30, 39, 58

13C-Labeled fatty acids �-Oxidation, fatty acid synthesis 97
[13C]Serine Serine metabolism, one-carbon

metabolism, lipid synthesis
98

[13C]Glycerol Lipid synthesis, gluconeogenesis-pentose
cycle interactions

99, 100
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(52). This may be related to a higher capacity for [15N]Gln syn-
thesis from 15NH4 in CICs than differentiated cells (52).

Given the heterogeneity in Gln requirements between cancer
cell lines and even cells within the same tumor, several studies
have profiled tumors in vivo to establish Glc and Gln depen-
dences. Cell lines derived from KRASG12D;TP53�/�-induced
mouse adenocarcinomas avidly consume Gln and are sensitive
to glutaminase (GLS) inhibitors in vitro (53). However, xeno-
grafts from these cells were insensitive to GLS inhibition. Sim-
ilarly, 13C labeling was higher in mouse orthotopic human
GBM tumors following injection of [13C]Glc compared with
[13C]Gln, suggesting that these tumors use less Gln in vivo
(53). Tumors resected following [13C6]Glc infusion produce
[13C3]citrate, -malate, and -aspartate, which is consistent with
active PC, suggesting that both routes of anaplerosis are utilized
by tumors depending on nutrient availability (30, 37, 46). These
studies also suggest that metabolic alterations occur during
adaptation to cell culture and/or that the tumor microenviron-
ment substantially influences tumor metabolism (53).

Cancer cells synthesize lipids de novo to meet growth
requirements (54), and we now appreciate that Gln carbons can
fuel citrate and subsequent lipid biosynthesis through oxidative
glutaminolysis or reductive carboxylation in the Krebs cycle.
In the oxidative pathway, Gln-derived OAA condenses with
acetyl-CoA to produce citrate as precursor to fatty acid biosyn-
thesis. Alternatively, malic enzyme can convert Gln-derived
malate to pyruvate, which then re-enters the Krebs cycle and
generates acetyl-CoA via PDH (Fig. 2A). Certain conditions,
such as hypoxia, inhibit PDH activity leading to reduced acetyl-
CoA production from pyruvate (55). These conditions favor
carboxylation of Gln-derived �-KG by the reverse reaction of
IDH to generate citrate (Fig. 3B) (56, 57). For example, Gln-de-
pendent GBM cells produce [13C4]fumarate, -malate, and -cit-
rate when traced with [13C5]Gln under normoxia. However,
hypoxia induces a shift to [13C5]citrate synthesis (56). [13C1-1]
Gln tracing has confirmed reductive carboxylation in cell lines
derived from lung, breast, melanoma, and colon cancers (57)
and from cells with mitochondrial deficiencies in FH (58) or
SDH (59). Reductive carboxylation also occurs in in vivo as
evidenced by [13C]citrate production in mouse tumors follow-
ing injection of [13C1-1]Gln (60).

Nutrient availability may significantly contribute to the met-
abolic plasticity in tumors. When mice bearing NSCLC tumors
were injected with [13C1-2]lactate, 13C1-isotopologues of glyco-
lytic and Krebs cycle intermediates were detected in these
tumors suggesting lactate-derived pyruvate entered the Krebs
cycle or the gluconeogenic pathway (37). NSCLC and breast
cancer cells consume [13C3]lactate or [13C5]Gln to produce
13C-labeled glycolytic intermediates and [13C]serine through
the key gluconeogenic enzyme phosphoenolpyruvate carboxy-
kinase 2, and gluconeogenic activity is enhanced under Glc
withdrawal (61, 62). Tumors can also consume acetate, and in
mice bearing human orthotopic GBM tumors, infusion of
[13C2,1,2]acetate produces [13C2,4,5]Glu suggesting that exog-
enous acetate can fuel the Krebs cycle (63). [13C2,1,2]Acetate
oxidation has also been detected in human GBM tumors after
resection, and GBMs consume [11C]acetate in vivo as measured
by PET (63).

SIRM can elucidate downstream effects of oncogene
activation

SIRM has been used to characterize some of the key meta-
bolic alterations resulting from oncogenic lesions.
RAS

RAS proto-oncogenes are among the most frequently
mutated oncogenes in human cancers (64). Oncogenic KRAS
decouples glycolysis and the Krebs cycle by increasing Glc
uptake and conversion to lactate while decreasing Glc entry
into the Krebs cycle in fibroblasts (65, 66) and in cells derived
from mice with KRAS-driven spontaneous tumor formation
(53). Tracing by [13C2-1,2]Glc shows that oncogenic KRAS
increases flux into the PPP, presumably to fuel nucleotide bio-
synthesis (21, 66). KRAS-driven cancer cells also require Gln for
proliferation, although this requirement depends largely on
extracellular environment (53) or specific mutation (67). Onco-
genic KRAS increases production of [13C4]aspartate from
[13C5]Gln (65), which can be transported into the cytoplasm
and converted to OAA via cytosolic aspartate transaminase
(68). The subsequent conversion to malate and pyruvate by
malate dehydrogenase and malic enzyme increases NADPH to
maintain cellular redox state. In contrast, HRASG12V transfor-
mation of immortalized epithelial cells increases [13C]Glc entry
into the Krebs cycle and sensitizes the cells to mitochondrial
inhibitors (69). These studies suggest that the RAS family mem-
bers may transform cells by differentially reprogramming met-
abolic pathways.

MYC

The MYC transcription factor is frequently overexpressed in
human cancers (70) and regulates the expression of many met-
abolic enzymes (71). Mice transgenic for MYC overexpression
in liver develop sporadic hepatocellular carcinomas (72) that
show increased [13C]Glc uptake and subsequent production of
[13C]lactate relative to normal adjacent tissue due to glycolytic
gene induction by MYC (49), which agrees with the effects of
MYC overexpression in B cells (73). In carcinomas, MYC also
drives increased [13C]Gln uptake and conversion to [13C]Glu by
inducing glutamine transporters and GLS expression, leading
to increased 13C labeling of Krebs cycle intermediates and
increased Gln incorporation in lactate (4, 49, 74). In a MYC-
driven hepatocellular carcinoma model using hyperpolarized
[13C]pyruvate, [13C]lactate was the main product, but in pre-
cancerous regions [13C]alanine was produced, a phenotype not
found in normal or tumor tissues (75). Thus, SIRM led to iden-
tification of alanine aminotransferase as a potential early
marker of MYC-induced carcinogenesis. Interestingly, hepato-
cellular carcinoma models driven by a different oncogene,
MET, failed to phenocopy the MYC-driven metabolic pertur-
bations suggesting that metabolic reprogramming differs based
on oncogenic lesions (49).

Retinoblastoma protein

The retinoblastoma protein (pRb) is a tumor suppressor that
restricts passage from G1 into S phase during the cell cycle, and
pRb is functionally inactivated in most cancers (76). Unlike
oncogenic KRAS, increased [13C]Glc uptake and lactate pro-
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duction was not observed in tissues derived from RB knock-out
mice or RB-silenced epithelial cells (77). Instead, loss of pRb
enhances Glc entry into the Krebs cycle, as evidenced by an
increase in PDH-mediated production of [13C2]citrate (77).
Loss of pRb more profoundly impacts Gln metabolism as Gln
uptake and conversion to Glu were activated in mouse embry-
onic fibroblasts derived from RB knock-out mice (78). The
most striking effect of pRb knock-out is increased 13C labeling
of glutathione derived from [13C5]Gln (78, 79). These results
suggest that the metabolic role of pRb may be to divert Gln
carbons to anti-oxidative pathways that control reactive oxygen
species accumulation during cell cycle progression.

Applications of SIRM in drug development

Many clinically successful drugs or promising drug candi-
dates may benefit from SIRM analyses to gain insights into
their molecular mechanisms. For example, SIRM implicated
enhanced glycolysis and PC-mediated Krebs cycle activity in
the mechanism of the anti-manic depression drug lithium on
neurons and astrocytes (28). Likewise, selenium agents per-
turbed Krebs cycle activity and attenuated lipid biosynthesis in
lung cancer cells, and these alterations were related to an acti-
vation of the AMP–AMP kinase pathway as was determined by
SIRM and microarray experiments (80). Anti-cancer target dis-
covery is one of the most promising translational applications
for SIRM, and inhibitors of several targets have been developed
and are showing promise in preclinical models (81). These
inhibitors can also potentiate the efficacy of conventional che-
motherapeutics (82).

Metabolic enzymes are frequently mutated in certain cancers
such as SDH in gastrointestinal, renal cell carcinomas, and
paraganglioma tumors (83), IDH in GBM (84), and FH in renal
cell cancers (85). These mutations often result in the produc-
tion of excess “oncometabolites” that promote activation of
proliferative transcription factors and regulate DNA methyla-
tion (6). Tracer studies show that SDH-null cells produce cit-
rate predominantly through reductive carboxylation of Gln and
accumulate Gln-derived succinate, a product inhibitor of the
�-KG-dependent dioxygenases, while relying on PC for anaple-
rosis and synthesis of aspartate to support nucleotide biosyn-
thesis required for proliferation (59, 86, 87). Likewise, IDH1
mutant cells increased conversion of [13C1-2]Glc to PC-derived
[13C1-3]Glu, which implicates the importance of PC anaplero-
sis for proliferation of these cells (88). More intriguingly, PC
expression and in vivo activity were enhanced in human
NSCLC tumors relative to adjacent non-cancerous lung tissues,
and silencing PC expression in lung cancer lines slowed tumor
growth in mouse xenografts (8, 53). Together, these results sug-
gest that PC may be a viable drug target for certain types of
cancer. Furthermore, [13C]Gln profiling of WT versus FH-null
mice revealed a dramatic increase in [13C4]arginosuccinate, a
urea cycle intermediate that is normally converted to fumarate
and arginine by arginosuccinate lyase (ASL) (89). This accumu-
lation of labeled arginosuccinate can be attributed to elevated
fumarate levels in FH-null cells to drive the reverse reaction of
ASL and deplete the cells of arginine, rendering them auxotro-
phic for arginine. Enzymatic depletion of arginine prevented

cell proliferation, thus demonstrating the utility of targeting
this system in FH-deficient cells (89).

SIRM may also be applied to cancer therapeutics by investi-
gating the mechanisms of drug resistance. For example, ima-
tinib treatment of chronic myeloid leukemia cells induces a
shift from glycolysis to mitochondrial metabolism, a phenotype
associated with non-cancerous tissues (90, 91). Imatinib-resist-
ant cells display no such decrease in glycolysis in response to
drug treatment. In addition, cells switched from the oxidative
to non-oxidative PPP for ribose production as they became
resistant to imatinib (91). Thus, screening cells from patients
for these metabolic avoidance traits may predict their sensitiv-
ity to imatinib treatment.

As discussed previously, cell-based tracer experiments may
not always reflect in vivo tumor metabolism, and target discov-
ery in more relevant model systems is necessary (35). In a study
comparing pancreatic CIC spheres with adherent, differenti-
ated cells from the same tumor, the CICs showed less Glc flux
into lactate and ribose via glycolysis and the PPP, respectively,
and more flux into the Krebs cycle (92). Likewise, CICs were
more susceptible to mitochondrial inhibitors than differenti-
ated cells, and resistant clones were shown to have a mixed
phenotype. By genetically and pharmacologically manipulating
factors that regulate mitochondrial biogenesis, resistant CICs
became sensitive to mitochondrial inhibitors (92). Thus, under-
standing the metabolic basis of chemotherapy resistance in rel-
evant model systems will certainly facilitate more robust target
identification for improving therapeutic outcomes.

Concluding remarks/future directions

SIRM profiling has unveiled the complex and plastic nature
of cancer metabolism. Tumors are highly adaptable to changing
nutrient supplies, which creates conceptual and technical
research challenges that may not be met with commonly used
model systems. For example, recent studies have demonstrated
the importance of the microenvironment for tumor metabo-
lism either through immune modulation (22) or through direct
regulation by stromal cells (93). Our group has demonstrated
that ex vivo cultured tumor slices from primary tumors are via-
ble metabolically and immunologically with the maintenance of
the 3D tumor architecture and microenvironment (22, 30, 39,
94). These ex vivo slices provide the unique opportunity to
study the effects of environmental variants or drug treatment
on metabolic networks directly in human tumors without sys-
temic complications. As such, this new approach can circum-
vent the long-standing concerns for cell or animal models in
recapitulating human tumor metabolism.

SIRM highly complements other “omic” profiling technolo-
gies already being practiced clinically. By gaining insights into
metabolic dysfunction due to cancer development or drug
interventions, SIRM-generated knowledge can be integrated
with genomic and proteomic information to achieve systems
biochemical insights in both model systems and individual
human patients. SIRM can further promote discovery of mech-
anism-based biomarkers for early detection and prediction of
drug responses. Metabolite profiling for statistical modeling
has identified potential biomarkers for cancers such as lung (95)
and cervix (96), but the etiology of these biomarkers is mostly
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unknown. SIRM investigations can unambiguously trace the
pathway(s) from which such biomarkers are derived and accel-
erate the mapping of specific pathway dysregulations derived
from other ‘omics information. This knowledge is pivotal for
translating biomarker candidates into clinical practices. We
believe the future of cancer research and treatment will greatly
benefit from SIRM as more researchers adapt this technology
and contribute to the growing atlas of reprogrammed cancer
metabolism.
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Here, we provide an overview of the different mechanisms
whereby three different chaperones, Spy, Hsp70, and Hsp60,
interact with folding proteins, and we discuss how these chap-
erones may guide the folding process. Available evidence sug-
gests that even a single chaperone can use many mechanisms to
aid in protein folding, most likely due to the need for most chap-
erones to bind clients promiscuously. Chaperone mechanism
may be better understood by always considering it in the context
of the client’s folding pathway and biological function.

Proteins start their lives as unfolded polypeptide chains.
However, the ability of proteins to function is closely tied to
their ability to fold into the correct native state conformation.
The cytosol is very dense, containing up to 400 mg/ml macro-
molecules (1, 2). As a result, non-specific interactions that can
interfere with protein folding are a constant hazard. In addition,
due to the importance of conformational flexibility in generat-
ing biological activity, proteins are generally only marginally
stable and are thus prone to misfolding, particularly in the pres-
ence of cellular stress (3, 4). Non-specific interactions involving
misfolded states drive aggregate formation, which is often irre-
versible and toxic (5, 6). To ensure the integrity of its proteome,
the cell thus invests in complex protein quality control machin-
ery that includes a network of molecular chaperones. Chaper-
ones assist in folding, ensure conformational integrity, and con-
trol aggregation under stress conditions (7). Cells respond to
heat-induced folding stress by up-regulating the expression of
heat shock proteins (Hsps), many of which have been found to
function as molecular chaperones. Chaperones were initially
named according to their monomeric molecular weights:
Hsp40, Hsp60, Hsp70, Hsp90, etc. (8). In addition to being up-
regulated in response to stress, many chaperones are also abun-
dant under non-stress conditions. Furthermore, additional
chaperones have been identified that are controlled by stress-
response systems other than the general heat-shock response

(8 –10). The various classes of chaperones work together to
ensure the proper folding of both newly synthesized and stress-
denatured proteins (11, 12).

Although proteins can potentially fold to the native state on
their own, as postulated by the Anfinsen experiment, it is now
clear that in the complex, crowded environment of the cell
many proteins require a network of molecular chaperones to
fold effectively and on a biologically relevant time scale (13, 14).
Defects in protein folding have been associated with numerous
diseases, including Alzheimer’s and Parkinson’s (15, 16). Chap-
erones are also thought to be major players in the process of
aging, as their levels drop dramatically during aging, likely caus-
ing the collapse of protein homeostasis (15–17). Thus, a
detailed understanding of the mechanism by which chaperones
assist in protein folding may eventually allow us to manipulate
chaperone systems in intelligent ways to address folding dis-
eases and aging.

Chaperones undergo complex conformational changes dur-
ing their reaction cycles; these changes have been extensively
studied and are the subject of recent reviews (18 –21). In this
review, we examine our understanding of how chaperones par-
ticipate in the protein folding process, focusing on three model
chaperones: Spy, Hsp60, and Hsp70. We present evidence sug-
gesting that chaperones do not utilize a single mechanism for all
clients and propose that it may be more appropriate to classify
chaperone mechanisms only in the context of the client.

Spy

Spy is an ATP-independent chaperone that can aid in protein
folding (10, 12, 22). This 16-kDa periplasmic protein is highly
overexpressed in response to protein folding stress in a wide
range of enterobacteria and protobacteria and in some cyano-
bacteria (23–27). Like other folding chaperones, Spy has broad
client specificity; it prevents aggregation and promotes proper
refolding of a diverse set of proteins (27–29). In addition to its
ability to stabilize folding intermediates in vivo, Spy has been
shown to inhibit the formation of amyloids in vitro and in vivo
(30).

Spy was very recently used as a simple chaperone folding
system to identify the kinetic, thermodynamic, and structural
properties that allow chaperones to promote client folding and
to determine how they affect the folding landscape of client
proteins (31–33). The “folding-friendly” amphiphilic and flexi-
ble nature of Spy’s client-binding site was found to be critical to
its chaperone activity (33). The client-binding site, which
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encompasses a large part of the concave surface of Spy’s cradle-
shaped structure, consists of four hydrophobic patches sur-
rounded by positively charged hydrophilic residues and flexible
N-terminal helix linkers between helix one and helix two. This
combination of flexibility and amphiphilic binding surface
allows Spy to dynamically bind the many conformational states
that occur along the folding trajectory of its client proteins and
hence mediate folding while remaining continuously but
loosely bound to its clients (31, 33). The attraction of the aggre-
gation-prone unfolded client to the chaperone is driven by elec-
trostatic forces, which are then complemented by hydrophobic
interactions in the complex (32). This mixture of transient
hydrophobic and hydrophilic interactions (32, 34) allows the
client to explore its folding landscape while bound (33, 35).
Thus, the client is bound to Spy as a conformationally hetero-
geneous ensemble, sampling conformations ranging from
unfolded to intermediately and near-natively folded states (Fig.
1) (33). Spy binding induces a compaction of the unfolded client
that favors client folding (34, 35). During folding, Spy stays
bound to thermodynamically unstable areas, thereby helping
the client avoid aggregation (34). Client folding results in
hydrophobic core formation and thus reduces stabilizing
hydrophobic contacts between chaperone and client (32, 33).
This destabilizes the complex, helping to trigger client release
(32). Therefore, rather than being dictated by the chaperone,
client folding regulates client binding and release. Spy further
enables the folding process by serving as an entropy sink,
becoming more flexible as the client protein becomes more
rigid in the folding process (35). Thus, Spy provides a sanctuary
for folding proteins that prevents protein aggregation and mis-
folding, whereas the folding pathway remains dictated by the
primary sequence of the client protein. The electrostatic inter-
actions formed between Spy and the client protein are a central
component of this mechanism. Not only do they enhance the
client binding rate and therefore kinetically prevent protein
aggregation, they also help keep the client protein bound while
it folds and hence eliminate the need for pre-native client
release, a requirement that was previously considered essential
for the successful folding of clients by chaperones (8, 36).

Loose client binding has been postulated to be important for
chaperone-mediated client folding (37, 38). The classic folding
machines GroEL and TRiC are similar to Spy in that they also
provide broad and heterogeneous client-binding sites consist-
ing of small hydrophobic patches surrounded by electrostatic
residues (39, 40).

One major caveat to the narrative of Spy’s function is that
detailed biochemical and biophysical studies on Spy have only
been performed with one client, Im7. Although two separate
groups have come to similar conclusions on the folding of Im7
in the presence of Spy (31, 34), there is little evidence to suggest
whether or not this mechanism also applies to other client pro-
teins. As will be discussed in the cases below for Hsp60 and
Hsp70, this caveat cannot be ignored.

Hsp60

The Hsp60 family of chaperones, also called chaperonins, is
found in all three branches of life (8). Hsp60s are divided into
two groups based on sequence homology. Type I chaperonins,

e.g. GroEL, are encoded in the genome of bacteria and in the
endosymbiotic organelles of eukaryotes, whereas type II chap-
eronins, e.g. TRiC, facilitate protein folding in the eukaryotic
cytosol and in most archaea (18, 41). Both types of chaperonins
form back-to-back stacked double-ring structures that provide
chambers potentially allowing client proteins to fold in isola-
tion, thereby avoiding unwanted intermolecular interactions
with the cellular proteome.

Binding of non-native client proteins to chaperonins is medi-
ated both through electrostatic interactions and through
patches of hydrophobic residues exposed in the chaperonin
rings’ apical domains (Fig. 2, A and C) (39, 40). After client
binding, ATP binding and hydrolysis trigger conformational
changes in the apical domains that lower client affinity, releas-

Figure 1. Binding of Im7 to Spy. A, residual electron and anomalous density
(READ) crystallography ensemble of Im7 6 – 45 (multiple colored ball and
stick) binding to Spy (blue surface) in multiple folding states, ranging from
unfolded to native-like (33). B, NMR paramagnetic resolution enhancement-
based docking of native state full-length Im7 (multiple colored ribbons) to Spy
(blue surface) (34).
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ing the client protein into the chamber. The chamber then
closes, through binding the co-chaperone GroES (in the case of
GroEL) or through conformational changes (in the case of
TRiC) (21). Relatively slow ATP hydrolysis provides the client
protein time to fold while trapped within the chamber (Fig. 2B).
After completion of ATP hydrolysis, the client protein is
released. Client rebinding may occur if folding is incomplete
(18, 39). The chamber of both chaperonin types is large enough
to encapsulate client proteins up to �60 kDa (18, 42). Larger
client proteins may still use the chaperonin system by binding
to the apical client-binding sites, which has been shown to facil-
itate folding outside the chamber (43, 44). In addition, partial
encapsulation of larger multidomain proteins has been
reported for TRiC, which allows isolated folding of domains
separately (45, 46).

Although ATP-driven conformational cycles and mecha-
nisms of client recognition are rather well established for chap-
eronins, different modes of client binding and release from the
chaperonin have been reported to aid protein folding. For
instance, several hydrophobic segments of the non-native cli-
ent may bind to several apical domains of the chaperonin cage
simultaneously. This has been reported to partially unfold the
client protein, potentially by selecting out less structured states
of a client’s flexible ensemble (43, 47, 48). Client unfolding may
be further fostered through conformational changes that are
triggered by ATP binding (49). This unfolding has been postu-
lated to pull the client protein out of kinetically trapped mis-
folded state(s) (43). In addition, client release into the chamber
may occur bit by bit. In the case of GroEL, bound segments with
increased hydrophobicity have been reported to be released
later than segments with less hydrophobicity (50, 51). This
sequential release of the polypeptide chain may delay hydro-
phobic collapse within the client and hence also delay the for-
mation of non-native hydrophobic interactions that lead to
misfolding (50, 51). Although each ring of GroEL consists of
seven identical subunits, TRiC is composed of eight non-iden-
tical subunits per ring, each of which exhibits client-binding
sites with distinct sets of charged and hydrophilic residues that
surround the central hydrophobic binding patch. This allows
for the selective binding of distinct client segments and hence a
defined orientation of the bound client protein, potentially
mediating sequential folding upon release for some clients (39,

52, 53). Differences in ATP binding affinity of each of the eight
TRiC monomers may lead to timely delayed conformational
changes and hence may facilitate an ordered release of client
segments into the chamber, again potentially avoiding misfold-
ing of topologically complex client proteins (54, 55).

Once inside the chaperonin chamber, the client can poten-
tially interact with the cavity’s inner wall and/or fold. The inte-
rior lining of the cavity of both GroEL and TRiC are hydrophilic
in the closed state. The closed GroEL cavity wall exhibits an
overall negative net charge, whereas the interior wall of TRiC
forms a gradient of positive to negative net charge from one side
of the chamber to the other (41, 56). The conformational
changes that lead to the closure of the GroEL cavity through
GroES binding and the ejection of the client protein into the
chamber bury most of the hydrophobic residues in the apical
domain involved in initial client binding (57). In contrast, the
conformational changes induced by cage closure of TRiC do
still allow for client binding within the cavity (58), albeit with
decreased affinity, thus allowing folding (59). Experimental evi-
dence from electron microscopic and X-ray structures, as well
as single molecule spectroscopy conducted with GroEL and
TRiC in the closed state, suggests that interactions do occur
between the chaperonin wall and folding intermediates of cer-
tain client proteins (51, 58, 60). Although not much is known
about the interactions of the encapsulated client protein with
the chaperonin wall, in some cases its charged nature is thought
to drive the formation of a hydrophobic core and minimize the
interaction of the encapsulated polypeptide chain with the cage
wall (61).

About 10% of Escherichia coli and mammalian proteins have
been reported to use chaperonins for folding (14, 62). Although
there are no clear binding motifs, chaperonins’ client proteins
share some very broad overall structural similarities. For
instance, many of them have complex topologies that are stabi-
lized in the native structure by long-range contacts. As a result,
many chaperonin substrates have rugged folding landscapes in
which kinetically trapped folding intermediates and misfolded
states are frequently populated (14, 63– 65). However, whether
or not client encapsulation generally affects the folding land-
scape of chaperone clients, and in doing so enhances folding
rates, is not yet clear. Three models of chaperone action have
been proposed for GroEL (to date, less is known about TRiC). In

Figure 2. Binding of clients to Hsp60. A, crystal structure of a peptide client (green ribbon) binding to the apical domains of GroEL (blue surface) (96). B, cryo-EM
structure of newly folded client gp23, modeled in using the structure of gp24 (yellow ribbons), bound within the GroEL-GroES complex (97). C, NMR chemical
shift-Rosetta model of client p6 (pink ribbon) binding to the apical domain of CCT/TRiC (blue surface) (39).
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the first model, GroEL may act passively by completely isolating
the folding client protein and thereby preventing aggregation
(66). This model is supported by data collected for a number of
client proteins whose folding kinetics are similar or slower
when encapsulated than when free in solution (67–70). The
broad interactions of the client protein rhodanase with the inte-
rior wall of the chaperonin GroEL-ES complex, for instance,
slows down the folding kinetics but does not substantially
change the folding pathway (60, 71). The second model pro-
poses that spatial confinement and electrostatic repulsion
caused by the charge present on GroEL’s interior surface may
actually enhance client folding rates. Experimental evidence for
such rate enhancements has been obtained for several proteins,
for example TIM-barrel proteins, that populate entropically
stabilized (i.e. flexible) intermediate states with higher proba-
bility (72). In these cases, spatial confinement may reduce the
entropic penalty that is associated with folding by reducing the
configurational entropy of the flexible intermediates. In addi-
tion, the flexible C termini of each GroEL subunit directed
toward the inside of the chamber may entropically support the
folding process via the transfer of entropy from the client to the
disordered tail (61, 70, 72–75). The third model for GroEL facil-
itated protein folding proposes that iterative binding and
release of the client protein at the apical domains may help
facilitate folding by, ironically, unfolding proteins. In particular,
this unfolding could pull client proteins out of enthalpically
stable yet misfolded states. This mechanism has the advantage
that it can also apply to proteins that are too large to fit entirely
within the folding chamber (43, 58, 76).

The narrative surrounding chaperonin mechanisms, primar-
ily through studies of GroEL in past years, has centered on the
debate of which of the above three mechanisms is correct.
Given the considerable number of observations supporting
each mechanism, it is our opinion that it might be productive to
reframe the narrative to accommodate the bulk of the available
evidence. The weight of this evidence leads us to the conclusion
that there is no single mechanism that can adequately explain
how chaperonins act on a variety of client proteins. The differ-
ing observations made on the GroEL mechanism result from
experiments performed under different conditions and with
many different clients. As such, the evidence suggests that
depending on the conditions and the client, GroEL can use
various mechanisms.

Hsp70

Hsp70 is conserved both in prokaryotes and eukaryotes (77).
It is a very versatile chaperone, involved not only in protein
folding and refolding of a major part of the proteome but also in
cellular trafficking, protein aggregate disassembly, and protein
degradation (78). Multiple paralogues of Hsp70 are commonly
found. Hsp70s function in conjunction with a set of Hsp40 co-
chaperones, collectively called J-proteins, because they all con-
tain a J-domain that is required for interaction with Hsp70 (78).
Hsp40s exhibit somewhat distinct client specificities; thus,
Hsp70’s client affinity is in part fine-tuned by its co-chaperone
(79). In addition, Hsp70s function with nucleotide exchange
factors, which facilitate ADP-ATP exchange. The number of
Hsp70 paralogues, J-proteins, and nucleotide exchange factors

increases from prokaryotes to higher eukaryotes, reflecting the
corresponding increased complexity of the proteome. Human
cells, for example, have 11 Hsp70 homologues and 41 J-proteins
(80).

Despite the apparent diversity of Hsp70s and co-factors, all
Hsp70s are structurally conserved and follow essentially the
same mechanistic principles. Hsp70s consist of two domains,
an ATPase domain and a substrate-binding domain. The sub-
strate-binding domain contains a �-sheet-rich N-terminal sub-
domain that recognizes 5–7 amino acid-long stretches of
unfolded polypeptide backbone, although neighboring regions
can extend the recognition site by several more amino acids
(81). These Hsp70-binding motifs are found in most proteins
and are usually buried in the hydrophobic core of natively
folded proteins (78). However, they are exposed during protein
synthesis and under denaturing conditions such as heat or oxi-
dative damage, and therefore, they are an indicator of protein
folding stress (78). Hsp70-binding motifs are enriched in
hydrophobic residues but are often flanked by basic residues,
indicating that both hydrophobic and electrostatic interactions
are important for client binding (81). Hsp70’s affinity for these
binding motifs is regulated through the opening and closing
motions of the �-helical lid (20, 78, 82), located C-terminal of
the �-sheet subdomain. Its opening and closing are mediated
through ATP binding and hydrolysis in the ATPase domain
(20). Hsp70s are thought to undergo consecutive bind and
release cycles with their client proteins, in which binding and
release kinetics are custom tailored to the needs of the particu-
lar folding client protein through ATP and co-factors (78, 83).
The unstructured C-terminal tail of the lid subdomain may
function as an additional client-binding site to keep the client in
close proximity, increasing the chance of client rebinding if
necessary (84). Binding of Hsp70 is thought to keep the inter-
acting domain of the client protein in a less structured state,
thereby inhibiting misfolding and allowing the client protein to
explore and form native-like secondary structure before a
global hydrophobic collapse, either during protein synthesis or
after stress-induced denaturation (78).

More recently, the direct impact of Hsp70 on protein folding
has been assessed. NMR spectroscopy studies of Hsp70 with
different single-domain clients suggested that these clients
associated with Hsp70 exist in a conformationally heterogene-
ous, but primarily unfolded, ensemble (85, 86). At least in one
case, this unfolded ensemble maintained some of the local
structural propensities of the folded state, regardless of whether
it was free in solution or bound to the chaperone (86). Further
investigation suggested that the bacterial Hsp70 homologue,
DnaK, specifically disrupted tertiary contacts while enabling
local structure formation (87). Similarly, Hsp70s can unfold
misfolded or even folded proteins through selectively binding
to conformations that transiently expose hydrophobic binding
motifs, shifting the folding equilibrium to more unfolded con-
formations and thereby remodeling the folding energy land-
scape (36, 78, 88). However, biophysical studies have also sug-
gested that the lid subdomain and its flexible tail can adopt
several different conformations to accommodate bulkier folded
segments of proteins, allowing Hsp70 to bind not just unfolded
polypeptide stretches but also folding intermediates and even

MINIREVIEW: Chaperone-client interactions

J. Biol. Chem. (2017) 292(29) 12010 –12017 12013



near-native conformations, potentially using other binding
modes (83, 89, 90). One remarkable crystal structure even
shows Hsp70 dimerizing by treating itself as a client protein,
namely through binding the flexible hydrophobic linker
between the ATPase domain and the substrate-binding
domain, while the remainder of the protein remains folded (Fig.
3) (91). These studies suggest that Hsp70 could reshape
the folding landscape both through binding to polypeptide
stretches in extended conformations and by additionally bind-
ing to later stage folding intermediates in part through the
�-helical lid.

Is the well-established model of Hsp70 function, in which it
keeps proteins unfolded, mutually exclusive of models in which
the chaperone binds to well-folded proteins? Similar to the
studies of GroEL, these reports on Hsp70 function are with a
variety of different client proteins, in differing conditions, and
examined by methods that probe different aspects of the chap-
erone-client interaction. Although the number of studies find-
ing that Hsp70 can bind to more folded clients is as of yet small,
the current data suggest that like GroEL we should consider
that Hsp70’s effect on protein folding could be highly client-de-
pendent (78).

Concluding comments

Understanding how chaperones work is an important ques-
tion in biology. Given their function as guardians of protein
folding and homeostasis, chaperones play roles in protein fold-
ing diseases such as Alzheimer’s and in aging (15, 16). However,
how protein folding is affected by chaperones is still a matter of
debate. Although much is known about the structural, thermo-
dynamic, and kinetic features of the sometimes complex con-
formational changes that drive the cycles of folding chaperones
(18 –20), so far less detailed information is available on the

effects of chaperones on the folding energy landscape of their
client proteins. In this minireview, we have explored different
models of how chaperones can interact with proteins during
folding to facilitate the folding process. Studies of Spy, Hsp60,
and Hsp70 demonstrate that both electrostatic and hydropho-
bic surfaces are important for their ability to interact with their
clientele and engage in protein folding, but despite intense
study, the field still struggles to explain how these features of
chaperones contribute to their function in a comprehensive
manner.

Why has there been this continued difficulty in understand-
ing the role of chaperones in the protein folding reaction?
There are potentially many reasons. In our view, a common but
understandable mistake is to use the same mental framework in
thinking about chaperone action as has historically been used
for enzymes, i.e. as performing some sort of reaction (in this
case, protein folding) that is conserved and fundamental. This
premise is seemingly supported by many chaperones having an
ATPase activity that is coupled to conformational change.
However, chaperones are much more than just ATPases. One
primary difference, for instance, between an enzyme and a
chaperone is the degree of specificity that is seen in substrate/
client binding. Enzymes bind a particular substrate, most often
in a single orientation that serves to re-organize the electrostat-
ics/dynamics in one certain way to promote one precise reac-
tion. For enzymes, the specificity and efficiency of these precise
reactions have been honed through evolution. Chaperones,
however, need to be promiscuous. They need to interact with
many clients with different folding properties, and often they
also need to interact with many different conformations of the
same protein. This generates a distinctly different type of evo-
lutionary pressure than that found for enzymes. Chaperones
require non-specificity, whereas for enzymes, specificity is
rewarded. For example, let us consider the evolutionary pres-
sure to improve the folding of a specific protein. One result
could be a mutation in a chaperone that causes it to fold that
specific client more productively. Does that mutation mean
that the chaperone will also fold other clients better? Our recent
work with Spy suggested that this may be possible for at least a
few clients by selecting for mutations that are common in evo-
lution (28). However, a previous study with GroEL suggested
that such an evolutionary pressure is often counter-balanced by
a reduced overall chaperone fitness that occurs due to the
increased specificity of variants selected to fold one specific
protein better (92). As such, we consider it more likely that
evolution pushes general chaperones to be multifunctional so
that they can handle a wide variety of clients rather than acting
by maximizing specificity and efficiency, as can be seen in
enzyme evolution. Therefore, we propose treating chaperones
as inherently multifunctional proteins at the level of basic bio-
physics rather than approaching their study with a more classic
enzyme-based mentality. In this mindset, we think it is reason-
able that principles observed for the folding of one client in the
presence of a chaperone may or may not be applicable to other
clients interacting with the same chaperone. Although we have
here used Spy, Hsp60, and Hsp70 as examples to discuss this
problem, it is likely that this issue pertains to most if not all
general chaperones. The literature on how Hsp90 binds and

Figure 3. Crystal structure of Hsp70 dimerizing in client-binding mode.
Two asymmetric units of DnaK are shown binding in chaperone configuration
(blue surface of substrate-binding domain shown) and client configuration
(orange ribbons) (91).
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affects the folding of different clients is also subject to various
interpretations (19, 93), perhaps in part for the same reasons as
discussed here.

Further complicating matters, many chaperones cooperate
in chaperone networks, in which a single client can be trans-
ferred between chaperones (11). As such, beyond the chaper-
ones having multiple modes of action dependent on each client,
these multiple modes can be increased further by stringing
together the action of several chaperones that work coopera-
tively. As a hypothetical example, if the first and second chap-
erone to bind a client in its folding pathway each have four
different possible mechanisms, this will yield a combination of
16 different combinations in which the two chaperones can
affect the client, not counting any further modifications due to
the chaperones directly modifying each other’s action. Thus,
even considering that chaperone mechanisms are client-depen-
dent may still be an oversimplification, as interactions with
other chaperones could further modify and diversify the effect
on folding.

Contributing to this problem is that scientists are often
encouraged to come to generalizable conclusions. This inclina-
tion may result in the oversimplification of the multifunctional
nature of chaperones. Unlike enzymes, the inherent non-spec-
ificity and multifunctionality of chaperones may lead to heter-
ogeneous results that may be difficult to interpret or reproduce.
One potential way to increase reproducibility is to use condi-
tions that bias the chaperone to using only one of its many
possible operational modes. Using a restricted set of clients is
one example of this sort of conditional bias. Although the
observed function using one specific client may be valid and
reproducible, it may only be able to capture a small part of the
overall abilities of the chaperone.

To return to the enzyme corollary, despite a much longer
history, it may come as a surprise to some that the underlying
principles of how enzymes catalyze reactions are still under
vigorous debate (94, 95). Regardless of this controversy, reading
undergraduate biochemistry textbooks can lead to the mis-
taken assumption that the debate is over and that the different
models discussed are all part of a “unified” theory. Perhaps find-
ing a single unified mechanism for the action of even a single
chaperone is an artificial goal. Instead, accepting the multifunc-
tional nature of chaperones and attempting to classify the many
different modes of action of chaperones may provide a more
insightful direction.
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In this Thematic Minireview Series, three stimulating articles
are presented: one on long non-coding RNAs, another on the
ligand-activated transcription factor aryl hydrocarbon receptor,
and the third on how docosanoids modulate transcriptionally
modulated homeostasis and ultimately cell survival in the retina
and brain.

Relationships are key, both in life and in the life of a cell. This
is particularly important when cells need to confront potential
disruptors of homeostasis to prevent chaos and disease onset.
The homeostasis concept was developed by Harvard physiolo-
gist Walter Bradford Cannon in 1932 (1). Today we bring
homeostasis to the molecular level when considering how the
inflammatory response triggers transcriptional regulation to
sustain cellular integrity. The response is initially a defensive
reaction that includes immune cells, blood vessels, neurons,
astrocytes, macrophages, microglia, retinal pigment epithelial
cells, and other cells to sustain homeostasis by removing the
triggering factor(s) and cell debris and then to set in motion
cellular and tissue restoration. Some of the responses overcome
the homeostasis disruptor, leading to resolution, whereas oth-
ers would be unable to restore balance, setting up the onset and
progression of diseases often reflected in disrupted homeostasis
and the triggering of a complex, failed inflammatory response.
In many tumors, inflammation orchestrates a microenviron-
ment beneficial to proliferation, cancer cell survival, and migra-
tion. The principles governing these crucial responses are
beginning to be unraveled at the transcription level. Further-
more, there is an intimate relationship between the immune
system and the inflammatory response at the transcriptional
level that is allowing for integrated responses and deciphering
of the molecular principles engaged. In fact, to make this hap-
pen, there must be a convergence of genetic and environmental
factors (pollutants), as well as diet and the microbiome.

lncRNAs and their transcriptional control of
inflammatory responses

Mathy and Chen (2) refer to the evolving role of long non-
coding RNAs (lncRNAs)2 as transcriptional regulators of the
inflammatory response. A group of lncRNAs is induced as part
of the response to inflammation and acts as an enhancer or a
suppressor of inflammatory transcription, with members
behaving as scaffolds with RNA-binding proteins in chromatin-
remodeling complexes. lncRNAs augment the inflammatory
response by enhancing the transcription of pro-inflammatory
target genes or inflammatory signals. On the other hand,
lncRNAs suppress or limit the magnitude of the inflammatory
response by limiting the transcription of pro-inflammatory
cytokines, or of the availability of inflammatory signal path-
ways. The review also discusses specific examples such as
lincRNA–EPS, which down-regulates expression of immune
response genes in macrophages. Upon microbial activation,
this suppression is released, and gene transcription is activated.
Also lincRNA–Cox-2 performs both as an enhancer and as a
suppressor of inflammation in a gene-specific manner. These
refined modulatory events are engaged in a facilitating induc-
tion of specific sets of lncRNAs during inflammation that,
in turn, provide modulatory feedback to the inflammatory
responses. Therefore, the authors propose targets for novel
therapeutic strategies involving lincRNAs for diseases that
involve failed inflammatory outcomes.

Control of immune-mediated pathology via the aryl
hydrocarbon receptor

Wheeler, Rothhammer, and Quintana (3) focus on the signif-
icance of the aryl hydrocarbon receptor, a ligand-activated
transcription factor, in molding the immune response when
exposed to multiple cues from the diet, environmental pollut-
ants, and the gastrointestinal microbiome. Among the key cells
in these processes are astrocytes, which play a definitive role
in nervous system development, synapse functioning, interac-
tions with microglia during multiple sclerosis pathogenesis,
recruitment of monocytes, neuronal plasticity, and circuitry
repair. Astrocytes release neurotoxic pro-inflammatory medi-
ators such as TNF-�, reactive oxygen species, IL-6 and IL-1�,
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and nitric oxide. On the other hand, these cells are also able to
release anti-inflammatory mediators, including IGF-1 and cili-
ary neurotrophic factor (CNTF). This review also discusses
how type-I interferons (IFN-Is) activate AhR expression in
astrocytes, consequently leading to AhR-dependent inflamma-
tory modulatory transcriptional responses. AhR activity is reg-
ulated by molecules formed from dietary tryptophan by com-
mensal bacteria, pointing to an important connection with the
gut– brain signaling axis as a controller in the development of
inflammatory and neurodegenerative pathology. The review
discusses the consequences of these events, namely modulation
of neuroinflammation in the central nervous system, and the
potential therapeutic applications to autoimmune diseases,
such as multiple sclerosis.

Molecular mechanisms of signaling via the docosanoid
neuroprotectin D1 for cellular homeostasis and
neuroprotection

Asatryan and Bazan (4) highlight emerging questions of the
regulation of inflammatory transcription when photoreceptors
and retinal pigment epithelium are confronted with homeo-
static adversities. The answers to these questions are needed to
better our understanding of, and to develop therapies for, reti-
nitis pigmentosa, macular degenerations, and other retinal dis-
eases. A key novel regulator of inflammatory transcription
in the retinal pigment epithelium cell is neuroprotectin D1
(NPD1). This lipid mediator belongs to the docosanoid family,
biologically active derivatives of docosahexaenoic acid (DHA).
This connection between the regulation of inflammation with
DHA derivatives is of interest because this fatty acid belongs to

the omega-3 essential fatty acid family, which is selectively
enriched and avidly retained in the nervous system during syn-
aptogenesis and photoreceptor biogenesis. The potent and ste-
reoselective mediator NPD1 is the first discovered bioactive
DHA-derived mediator derived. NPD1 synthesis is up-regu-
lated as an early response to oxidative stress and to neurotro-
phins in a cell polarity-dependent fashion. NPD1 selectively
modulates c-Rel and BIRC3 transcription to control inflamma-
tory responses both in the retina and in the brain. Therefore,
the NPD1 responds to homeostatic challenges, and thus regu-
lates photoreceptor cell integrity (for vision) and neuronal cell
survival to restore, preserve, and protect synapse formation,
circuitry remodeling, and plasticity (for cognition). Further elu-
cidation of mechanisms of action of NPD1 and other doco-
sanoids will contribute to managing diseases, including stroke,
Alzheimer’s disease, age-related macular degeneration, trau-
matic brain injury, Parkinson’s disease, and other neurodegen-
erative diseases.
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Long non-coding RNAs (lncRNAs) have emerged as potential
key regulators of the inflammatory response, particularly by
modulating the transcriptional control of inflammatory genes.
lncRNAs may act as an enhancer or suppressor to inflammatory
transcription, function as scaffold molecules through interac-
tions with RNA-binding proteins in chromatin remodeling
complexes, and modulate dynamic and epigenetic control of
inflammatory transcription in a gene-specific and time-depen-
dent fashion. Here, we will review recent literature regarding the
role of lncRNAs in transcriptional control of inflammatory
responses. Better understanding of lncRNA regulation of
inflammation will provide novel targets for the development
of new therapeutic strategies.

Because of the potentially destructive nature of the inflam-
matory response, the expression of inflammation-related genes
is finely regulated at multiple levels, including transcription,
mRNA processing, translation, phosphorylation, and degrada-
tion. Transcription represents an essential, and often the most
important, regulatory determinant of the inflammation pro-
cess. Many signaling pathways and transcription factors are
involved in the inflammatory response, including the trans-
cription factor nuclear factor-�B (NF-�B),2 MAPK, and JAK/
STAT pathways, together controlling a multitude of inflamma-
tory response genes (1, 2). Upon activation, these pathways
directly activate and induce the expression of a limited set of
transcription factors that promote the transcription of inflam-

matory genes. Whereas the mechanisms of initial activation
and subsequent nuclear translocation of associated transcrip-
tion factors for these signaling pathways are well-characterized,
how the transcription of inflammatory genes is finely con-
trolled in the nucleus to ensure that each individual gene is
transcribed at the “right” place at the “right” time remains elu-
sive. Perhaps this can be best represented by the inflammatory
transcription induced by NF-�B. The NF-�B signaling cascade
can be activated by inflammatory signals, including LPS,
TNF-�, IL-1�, and reactive oxygen species, among others;
many Toll-like receptors (TLRs) also activate NF-�B (3– 8).
Prior to an activating signal, NF-�B dimers are sequestered in
the cytoplasm and held inactive by association with I�B pro-
teins (9). Activating stimuli cause I�B degradation (10, 11), and
consequently, free NF-�B dimers translocate to the nucleus,
bind to �B sites, and promote gene transcription (12). Common
targets of NF-�B include inflammatory cytokines, chemokines,
adhesion molecules, cytoprotective proteins, and proteins reg-
ulating cell differentiation, proliferation, and survival (13, 14).
In addition to its initial cytoplasmic activation, both the recruit-
ment of NF-�B to target genes in the nuclei and NF-�B-induced
transcriptional events after recruitment are finely controlled
events to ensure proper transactivation of NF-�B target genes
(15). Indeed, several waves of gene transcription have been
demonstrated in macrophages following LPS stimulation.
Broadly, these waves are categorized as transcription of early
inflammatory genes (e.g. Tnfa, Cxcl2, Ptgs2/Cox2, and Il1b) and
late inflammatory genes (e.g. Ccl5, Saa3, Ifnb1, Il6, Il12b, Nos2/
INOS, and Marco) (16 –18). The underlying molecular mecha-
nisms of this dynamic transcription are unclear, and the tran-
scription of late inflammatory genes may require synthesis of
additional molecules and chromatin remodeling triggered by
NF-�B activation (18, 19).

Large-scale transcriptome studies have revealed that tran-
scription of protein-coding genes is far outweighed by the pro-
duction of non-coding RNAs (ncRNAs), including thousands of
long ncRNAs (lncRNAs) (20, 21). Emerging evidence recog-
nizes lncRNAs as key regulators of gene expression implicated
in diverse cellular processes. Although lncRNAs have been
identified in almost all immune cells, their function remains
largely unknown (22, 23). However, recent studies demonstrate
that lncRNAs can be induced in innate immune cells and may
act as key regulators of the inflammatory response (22, 24 –27).
Increased understanding of how lncRNAs function in this man-
ner may impact future therapies for inflammation-associated
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diseases. Here, we aim to concisely review the current body of
knowledge regarding the role of lncRNAs in transcriptional
control of the inflammatory response. For recent advances in
general features of lncRNAs in immunity, readers are referred
to more comprehensive reviews on the topic (28 –32).

lncRNAs, models of transcriptional control and
expression in response to inflammation

The definition of an lncRNA is a non-protein-coding tran-
script greater than 200 nucleotides in length, arbitrarily sepa-
rating them from shorter classes of ncRNAs, such as the
microRNAs. Multiple subclasses of lncRNAs have been pro-
posed based upon their genomic locations (Fig. 1) (33–35).
Long intergenic ncRNAs (lincRNAs) are located between pro-
tein-coding genes, whereas others are located and transcribed
from introns of coding regions and are termed intronic
lncRNAs, with reports suggesting that these form the largest
class of lncRNAs (33). Sense lncRNAs are found on the sense
strand of protein-coding genes, and may contain exons from
these genes. Alternatively, antisense lncRNAs are located on
the antisense strand and include natural antisense transcripts.
Enhancer RNAs (eRNAs) are produced from the bidirectional
transcription of enhancer regions (34). Although functionally
different from mRNAs, the biogenesis of lncRNAs and mRNAs
is remarkably similar. The majority of lncRNAs are transcribed
by RNA polymerase II from genomic loci sharing similar
chromatin states, are 5�-capped, spliced, and polyadenylated
(22, 35).

lncRNAs are versatile molecules that can interact physically
with DNA, other RNA, and protein, either through nucleotide
base pairing or via formation of structural domains generated
by RNA folding. These properties endow lncRNAs with a ver-

satile range of capabilities to modulate gene transcription that
are only beginning to be appreciated. Despite the great number
of lncRNAs identified and the wide variety of effector proteins
with which they are able to interact, four common mechanistic
themes have been proposed (36). The first mechanistic theme
that an lncRNA may exert its function through is by acting as a
signal molecule. The specificity of lncRNA expression in spe-
cific cell and tissue types, along with their induction by many
diverse stimuli, imply that lncRNAs can function as molecular
signals in response to unique stimuli, serving as an indicator of
transcriptional activity (37). Presumably acting to negatively
regulate gene transcription, lncRNAs may function as decoys,
the second mechanistic theme. These act as a decoy by binding
their targets, without producing any further effect, as a mecha-
nism of competitive regulation between lncRNAs and other
molecules trying to exert an effect on the same molecular tar-
gets (38). Functionally opposite of the decoy, lncRNAs may act
as guides, the next mechanistic theme. These lncRNAs bind
their target effector proteins and serve to direct the ribonucleo-
protein complex to sequence-specific sites, resulting in either
positive or negative regulation of gene transcription (39). The
final mechanistic theme is scaffolding, by which lncRNAs serve to
bring multiple effector proteins or subunits of a complex together
in a temporospatial fashion, coordinating their activities (40).
These complexes can then mediate either transcriptional activa-
tion or repression or serve as guides, depending on the func-
tional activities of the proteins involved (41, 42). In addition,
new mechanisms are being discovered, such as eRNAs, which
have been hypothesized to remain bound to enhancer regions,
functioning to “tether” interacting proteins to the enhancer
region (Fig. 1) (43). These mechanisms described above are

Figure 1. General classification of lncRNAs and their functional models in transcriptional control. A, classification of lncRNAs into five classes: exonic
sense, intronic sense, antisense, bidirectional and intergenic, based upon their genomic locations and transcription (35). B, functional models of transcriptional
control. lncRNAs may act as signals, decoys, guides or scaffolds to modulate gene expression at the transcriptional level (36).
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not mutually exclusive, and many lncRNAs function by fulfill-
ing more than one category (36).

Under normal circumstances, many lncRNAs are ubiqui-
tously expressed across all human tissue types at a basal level
and may be involved in maintaining cellular function (44). Sim-
ilar to protein-coding inflammatory genes, many lncRNAs have
been found to be targets of inflammatory pathways, and conse-
quently, their expression profile is altered in various cell types
during inflammation. Indeed, lncRNAs are differentially regu-
lated in virus-infected cells (45) and in dendritic cells or macro-
phages following stimulation by ligands for TLR4 (LPS) and
TLR2 (Pam3CSK4) (22, 26, 27). Through NF-�B signaling, lin-
cRNA-Cox2, AS-IL1�, and PACER (p50-associated COX-2
extragenic RNA) are up-regulated in macrophages upon liga-
tion of numerous TLRs, including TLR4 by LPS (26, 46, 47).
Similarly, IL1�-eRNA, IL1�-RBT46, and lnc13 are induced
in human monocytes and macrophages in response to LPS
through NF-�B signaling (48, 49). NF-�B-interacting lncRNA
(NKILA) is highly induced in response to IL-1� and TNF-�
stimulation (50). Contrary to lncRNAs that are up-regulated in
response to inflammation, lincRNA-EPS (erythroid prosur-
vival) is down-regulated upon TLR ligation through an NF-�B-
dependent mechanism (51). Therefore, these lncRNAs may
represent important members of an inducible inflammatory
response. Whereas some inflammatory-responsive lncRNAs
may only serve as molecular signals, it becomes clear that many
others possess regulatory functions for controlling inflamma-
tory gene expression, adding a new avenue for the transcrip-
tional control of inflammatory responses.

lncRNAs as enhancers of the inflammatory response

Many lncRNAs can enhance the inflammatory response
through a variety of means, commonly by increasing the tran-
scription of pro-inflammatory cytokines or other inflammatory
target genes or by enhancing inflammatory signals, such as
NF-�B signaling. THRIL (TNF�- and hnRNPL-related immu-
noregulatory lincRNA) is one of the many lncRNAs induced
after TLR2 activation (52). Knockdown of THRIL suppresses
the induction of TNF-� secretion, both after TLR2 activation
and in unstimulated cells. Mechanistically, THRIL acts as a
scaffold through interacting with heterogeneous nuclear ribo-
nucleoprotein L (hnRNPL), and this complex binds to the
TNF-� promoter to induce its transcription. Up-regulated after
stimulation with LPS, IL-1�, or TNF-�, PACER has been shown
to regulate the expression of a neighboring gene, PTGS2
(COX-2), a key inflammatory gene (46, 53, 54). PACER func-
tions as a decoy by binding and sequestering NF-�B p50
homodimers, which lack transcription activation domains,
away from the PTGS2 promoter. This sequestration promotes
the formation and binding of NF-�B p50-p65 heterodimers to
activate PTGS2 transcription. In response to Listeria monocy-
togenes infection and TLR1– 4 activation, AS-IL-1� is highly
up-regulated through NF-�B signaling (47). AS-IL-1� is
required for the inducible expression of IL-1�. Knockdown
of AS-IL-1� decreases acetylation of H3K9 and diminishes
binding of RNA polymerase II to the transcription start site of
IL-1� but not to control genes, indicating that AS-IL-1� specif-
ically regulates the induction of IL-1� after TLR4 activation.

Moreover, as they are transcribed from enhancer regions, sev-
eral eRNAs, such as IL1�-eRNA and IL1�-RBT46, are found to
be induced via NF-�B in response to TLR4 activation by LPS
and are predominantly localized to the nucleus. Knockdown of
IL1�-eRNA and IL1�-RBT46 together in activated cells specif-
ically reduces the mRNA and protein levels of IL1-� and
CXCL8, complying with their functional archetype as eRNAs
(43, 48, 49).

lncRNAs as suppressors of the inflammatory response

Other lncRNAs have been identified to suppress or limit the
extent of the inflammatory response. They achieve this effect by
limiting the transcription of pro-inflammatory cytokines or by
interfering with inflammatory signal pathways, including
NF-�B signaling. In this regard, lincRNA-EPS is down-reg-
ulated after TLR4 ligation with LPS, despite being highly
expressed in resting macrophages (51, 55). lincRNA-EPS
represses expression of immune response genes in resting
macrophages, but after activation by microbial ligands such
as LPS, this suppression is released, and gene transcription is
induced. Accordingly, lincRNA-EPS deficient mice produce
higher systemic levels of inflammatory cytokines in response to
LPS challenge and are more prone to LPS-induced lethality
(51). Mechanistically, lincRNA-EPS functions as a scaffold mol-
ecule and can interact with hnRNPL, which may partially
explain how lincRNA-EPS is able to maintain a repressive chro-
matin state at the transcription start sites of many immune
response genes. Another lncRNA implicated in suppression of
the inflammatory response is Lethe. Knockdown of Lethe
enhances the expression of several NF-�B target genes upon
TNF-� stimulation (27). Lethe binds directly to the NF-�B p65
homodimer and acts as a decoy, preventing binding at the
aforementioned target genes. Accordingly, overexpression of
Lethe decreases p65 binding at NF-�B target genes such as Il6,
Sod2, Il8, and Nfkbia upon TNF-� stimulation. Similar to
Lethe, NKILA has been found to restrain NF-�B-driven inflam-
mation. NKILA can mask the phosphorylation motifs of I�B to
block I�B degradation, and thus it prevents the translocation of
NF-�B to the nucleus, representing a class of lncRNAs that are
able to regulate gene expression via post-translational modifi-
cation of signaling proteins (49). Interestingly, lincRNA-p21
has been found to sequester p65 mRNA and thus attenuates the
translation of p65, resulting in inhibition of basal and TNF-�-
stimulated NF-�B activity, as measured by phospho-p65 (56).
Taken together, it appears that induction of the above lncRNAs
during inflammation provides negative regulatory feedback to
inflammatory responses.

Curious case of lincRNA-Cox2

Arguably the best studied lncRNA that functions to modu-
late the inflammatory response is lincRNA-Cox2, which has
been found to act as both an enhancer and a suppressor of
inflammation in a gene-specific manner (18, 22, 26, 57). After
TLR4 activation and ensuing NF-�B signaling, lincRNA-Cox2
was induced greater than 1000-fold in bone marrow-derived
dendritic cells over the course of the following 12 h (22). Anal-
ysis of the expression time course revealed that it is an early
primary NF-�B response gene, similar to Cxcl2 (18, 57). Func-
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tionally, silencing of lincRNA-Cox2 resulted in up-regulation
of almost 800 genes and down-regulation of many other genes
in non-stimulated cells (22, 57), suggesting a role for lincRNA-
Cox2 in basal gene transcription. Many of these genes are
inflammatory genes, including Ccl5, Cx3cl1, Ccrl, and IFN-
stimulated genes, including Irf7, Oas1a, Oas1l, Oas2, Ifi204,
and Isg15. Likewise, about 700 genes were found to be down-
regulated, including Tlr1, Il6, and Il23�. Mechanistically, it
appears that induction of lincRNA-Cox2 does not affect the
NF-�B signaling cascades or RNA degradation machinery (57).
Instead, lincRNA-Cox2 has been found to form a complex with
heterogeneous ribonucleoprotein (hnRNP) A/B and hnRNP-
A2/B1, which together function to modulate the transcription
of immune response genes (22, 26).

A more detailed analysis revealed that lincRNA-Cox2
knockdown causes a general down-regulation of the late pri-
mary responsive genes in LPS-stimulated macrophages (57).
Different from the transcription of the late secondary respon-
sive genes, transcription of the late primary genes does not
require new protein synthesis (17, 18). Promoter recruitment of
the ATP-dependent SWItch/Sucrose Non-Fermentable (SWI/
SNF) complex has been demonstrated in the transcription of
late primary response genes following NF-�B activation (26,
58). The SWI/SNF complex is a nucleosome remodeling com-
plex composed of several proteins encoded by the SWI and SNF

genes (e.g. SWIs, Brg1, or Brm) (58, 59). The SWI/SNF complex
has DNA-stimulated ATPase activity and can destabilize his-
tone-DNA interactions in reconstituted nucleosomes in an
ATP-dependent manner (58, 60). After induction, lincRNA-
Cox2 is assembled into the SWI/SNF complex through its
interaction with the RNA-binding protein component (i.e.
MyBBP1A, MYB-binding protein 1a) in both macrophages and
microglia in response to LPS stimulation. This resulting lin-
cRNA-Cox2–SWI/SNF complex can modulate SWI/SNF-as-
sociated chromatin remodeling and, consequently, transcrip-
tion of late primary response genes in cells following LPS
stimulation or microbial challenge (57). The involvement of an
early response lincRNA in the transcription of late primary
response genes may explain the “delayed but protein synthesis-
independent” nature of these late primary genes. Complemen-
tarily, overexpression of lincRNA-Cox2 shifts the late primary
genes, Saa3 and Ccl5, to become early response genes in murine
macrophages in response to LPS stimulation (57).

Another study has shown that lincRNA-Cox2 is induced in
intestinal epithelial cells in response to TNF-� and that its
knockdown with siRNA significantly enhanced expression of
Il12b (a late secondary responsive gene) in response to TNF-�
compared with control siRNA after stimulation (61). Function-
ally, lincRNA-Cox2 promotes the recruitment of the Mi-2
nucleosome remodeling and deacetylase (Mi-2–NuRD) repres-

Figure 2. Control of inflammatory response gene expression by lincRNA-Cox2. A, heat map representation of differentially regulated genes performed on
RNA extracted from control or lincRNA-Cox2 shRNA knockdown mouse bone marrow-derived macrophages stimulated with Pam3CSK4 (a TLR2 ligand) for 5 h,
based on the work of Carpenter et al. (30). B, lincRNA-Cox2 is an early NF-�B response gene. Upon induction, lincRNA-Cox2 is assembled into the SWI/SNF
complex in macrophages in response to LPS stimulation. This resulting lincRNA-Cox2–SWI/SNF complex can modulate SWI/SNF-associated chromatin remod-
eling and, consequently, transcription of late primary response genes (e.g. Saa3 and Ccl5) in cells following LPS stimulation or microbial challenge (57). In
addition, lincRNA-Cox2 can be assembled into the Mi-2–NuRD complex and subsequently recruited to the Il12b gene locus (a secondary response gene),
resulting in trans-suppression through histone modification-mediated epigenetic mechanisms (61).
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sor complex to the promoter region of Il12b in intestinal epi-
thelial cells in response to TNF-� stimulation. Recruitment of
the Mi-2–NuRD complex facilitated by lincRNA-Cox2 sup-
presses the transcription of the Il12b gene through epigenetic
histone modifications. Increased acetylation of H3K9 and
H3K27 and decreased H3K27 methylation at the Il12b pro-
moter region are found in intestinal epithelial cells following
TNF-� stimulation. Knockdown of lincRNA-Cox2 attenuated
the associated histone modifications in the Il12b promoter
region induced by TNF-� (61).

This curious case of lincRNA-Cox2 indicates that lncRNAs
can modulate inflammatory responses at every step of the reg-
ulatory network, including acting as an enhancer or suppressor
to inflammatory transcription, functioning as scaffold mole-
cules through their interactions with various RNA-binding
proteins in chromatin remodeling complexes, and modulating
dynamic and epigenetic control of gene transcription, in a gene-
specific and time-dependent fashion (Fig. 2).

lncRNAs in macrophage M1/M2 switch

Another method by which lncRNAs may regulate the inflam-
matory process is by modulating the polarization state of
macrophages. Upon activation, resting macrophages undergo
phenotypic polarization based upon their microenvironment
and transition into one of two functionally different states: the

classically activated macrophage (M1) or an alternatively acti-
vated macrophage (M2). The M1 state is characterized by the
production and release of pro-inflammatory mediators and is
induced upon IFN-� stimulation (62). Conversely, the M2 state
is induced in response to IL-4 and has been proposed to be
anti-inflammatory, serving as an immunomodulator by partic-
ipating in the resolution of inflammatory responses (63, 64).
The regulatory mechanisms controlling the expression of the
constellation of genes in macrophages responding to activating
conditions are not fully defined.

A recent report indicates that lncRNAs are partially respon-
sible for the coordinated changes in gene expression occurring
during macrophage polarization (65). A detailed genome-wide
transcriptome analysis revealed a differentiated lncRNA
expression profile in human monocyte-derived macro-
phages incubated in conditions causing activation toward
M1 (IFN-� � LPS) or M2 (IL-4) phenotypes. A total of 2252
intergenic lncRNAs were differentially expressed (fold
change �2.0, p � 0.05) between the M2 (IL-4) group and M1
(IFN-� � LPS) group. Among these lncRNAs, 1135 were
up-regulated and 1117 were down-regulated (66). Interest-
ingly, TCONS_00019715, an lncRNA located near the PAK1
gene, which encodes a protein important for macrophage
polarization, is expressed at a higher level in M1 (IFN-� � LPS)

Figure 3. lncRNAs in M1 and M2 macrophage activation. Upon activation, resting macrophages can be activated into one of two functionally different
states: the classically activated macrophage (M1, by IFN-�, or LPS) or an alternatively activated macrophage (M2, by IL-4 or IL-10). Genome-wide analysis reveals
differentiated lncRNA expression profiles of both mRNAs and lncRNAs in M1 (IFN-� � LPS) and M2 (IL-4) macrophages (human monocyte-derived macro-
phages). Scatter plots show the variation in lncRNA and mRNA expression levels between the M1 (IFN-� � LPS) and M2 (IL-4) and non-stimulated macrophages,
based on the work of Huang et al. (66). TCONS_00019715 is expressed at a high level in M1 macrophages versus a lower level in M2 macrophages. Overexpres-
sion or knockdown of TCONS_00019715 causes reciprocal macrophage switch (66).
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macrophages than in M2 (IL-4) macrophages. TCONS_
00019715 expression was decreased when M1 (IFN-� � LPS)
converted to M2 (IL-4) and increased when M2 (IL-4) con-
verted to M1 (IFN-� � LPS). Knockdown of TCONS_00019715
following the activation of THP-1 human monocytic cells using
IFN-� and LPS diminished the expression of M1 (IFN-� � LPS)
markers and elevated the expression of M2 (IL-4) markers (66).
Underlying mechanisms of the TCONS_00019715-mediated
macrophage M1/M2 switch remain unclear. Therefore, a sig-
nificantly altered lncRNA and mRNA expression profile occurs
in macrophages exposed to different activating conditions.
Dysregulation of some of these lncRNAs may play important
roles in determining macrophage polarization (Fig. 3).

lncRNAs and pathogenesis of inflammatory disease

Because of the recently discovered functions of these many
lncRNAs in the inflammatory response, it is not surprising that
their dysregulation can lead to disease states. Although the
underlying molecular mechanisms are still unclear, many
lncRNAs have been implicated in the pathogenesis of various
inflammatory diseases. THRIL has been found to be associated
with Kawasaki disease, an inflammatory disease in children that
can lead to coronary artery abnormalities and possible myocar-
dial infarction (67). CXCL10, one of the genes found to be reg-
ulated by THRIL, is up-regulated in patients in the acute phase
and has been identified as a possible biomarker of the disease
(68). PACER is overexpressed in tissue samples from osteosar-
coma when compared with control tissue and osteoblasts, and
it enhances osteosarcoma cell proliferation and invasion (46). It
is highly expressed in both knee and hip osteoarthritis chondro-
cytes when compared with non-osteoarthritic samples, sug-
gesting a possible role in mediating inflammation-driven carti-
lage damage in osteoarthritis (54). Lethe is found to enhance
the replication of the hepatitis C virus by suppressing interfer-
on-stimulated gene expression after a type 1 interferon
response (69). NKILA is found to serve as a tumor suppressor
through a negative feedback loop of NF-�B and inhibits breast
cancer progression and metastasis (50). lincRNA-p21 has been
found to be a key negative regulator of NF-�B signaling in rheu-
matoid arthritis, and its decreased levels in disease may play a
role in the inflammatory state seen in arthritic tissues (56).
lnc13 has been implicated in celiac disease, a chronic, immune-
mediated intestinal disorder that is triggered by ingested gluten
(70). Levels of lnc13 are significantly down-regulated in sam-
ples from patients afflicted with celiac disease compared with
control, suggesting that its down-regulation may be a contrib-
uting factor to the underlying inflammation in this disease (49).

Conclusions and perspectives

It has been found that a set of lncRNAs is induced in response
to inflammation and that it plays a role in the regulation of gene
transcription during the inflammatory response. This fine reg-
ulation is important for production of functional immune
responses, and numerous studies have found that dysregulation
of lncRNAs is associated with an array of human diseases. Thus
far, we have learned that lncRNAs are able to enhance or sup-
press the inflammatory response in a gene-specific and time-
specific fashion. They accomplish this fine regulation by acting

as signals, decoys, guides, or scaffolds. As research in this area
moves forward, continuing to uncover the mechanisms by
which lncRNAs function, new mechanisms in addition to those
summarized here will likely be found. Increasing our under-
standing of precisely how lncRNAs function in the regulation of
inflammation will provide novel targets for the development of
new therapeutic strategies for many inflammatory diseases.
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Genetic and environmental factors contribute to the devel-
opment of immune-mediated diseases. Although numerous
genetic factors contributing to autoimmunity have been identi-
fied in recent years, our knowledge on environmental factors
contributing to the pathogenesis of autoimmune diseases and
the mechanisms involved is still limited. In this context, the diet,
microbiome, geographical location, as well as environmental
pollutants have been shown to modulate autoimmune disease
development. These environmental factors interact with cellu-
lar components of the immune system in distinct and defined
ways and can influence immune responses at the transcriptional
and protein level. Moreover, endogenous metabolites generated
from basic cellular processes such as glycolysis and oxidative
phosphorylation also contribute to the shaping of the immune
response. In this minireview, we highlight recent progress in our
understanding of the modulation of the immune response by the
aryl hydrocarbon receptor (AhR), a ligand-activated transcrip-
tion factor whose activity is regulated by small molecules pro-
vided by diet, commensal flora, environmental pollutants, and
metabolism. We focus on the role of AhR in integrating signals
from the diet and the intestinal flora to modulate ongoing
inflammation in the central nervous system, and we also discuss
the potential therapeutic value of AhR agonists for multiple
sclerosis and other autoimmune diseases.

Multiple sclerosis (MS)4 is an autoimmune disease of the
central nervous system (CNS). In 85% of the affected individu-

als, MS initially presents with a relapsing-remitting course
characterized by temporally defined relapses, which are fol-
lowed by a varying degree of remission. Most patients eventu-
ally enter the secondary progressive phase of MS, which is char-
acterized by the progressive and irreversible accumulation of
neurological deficits (1). Several biological pathways are
involved in the regulation of the immune response in MS both
in the peripheral and central immune compartment and are
thought to play dominant roles in the different stages of the
disease. Although the role of several molecules such as cyto-
kines and toll-like receptor agonists in MS pathology has been
studied at length, particularly in relation to the relapsing-remit-
ting phase of the disease, only recently has the role of metabo-
lites generated in basic biological processes such as glycolysis
and oxidative phosphorylation become appreciated with regard
to their relevance for the development, propagation, and reso-
lution of autoimmune inflammation. Prominent examples of
endogenous metabolites with central roles in MS pathology
include bioactive lipids, reactive oxygen species, and adenosine
triphosphate (ATP) (2–13). The effects of these endogenous
metabolites are modulated by a multitude of exogenous factors
such as pollutants, dietary factors, and products from the com-
mensal flora to trigger transcriptional programs that control
the immune response during MS. Ultimately, the understand-
ing of these molecular mechanisms is important for the identi-
fication of druggable targets for efficacious and safe therapeutic
intervention in MS and other immune-mediated diseases.

Aryl hydrocarbon receptor (AhR) structure and function

AhR is a ligand-dependent transcription factor that can be
activated by a broad range of molecules provided by the envi-
ronment, diet, commensal microbiota, and metabolism (14,
15). Upon ligand binding, AhR translocates to the nucleus and
regulates the expression of diverse and ligand-specific target
genes involved in detoxification (Cyp1a1 (16)), NF-�B regula-
tion (17), or immune regulation (15, 18 –20), among others. In
that way, AhR plays an important role in the regulation of auto-
immune inflammatory diseases of the gut (e.g. Crohn’s disease
and ulcerative colitis) (21, 22), connective tissue (rheumatoid
arthritis) (23), the skin (psoriasis) (14, 24, 25), and the central
nervous system (MS) (2, 6, 7, 9, 10, 26 –30). AhR regulates the
inflammatory response at multiple levels, acting on immune
cells in the periphery (e.g. T-cells, dendritic cells, intraepithelial
lymphocytes (IELs)) and locally at the site of ongoing inflam-
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mation. Thus, AhR integrates environmental and metabolic
signals into systemic and local immune regulation.

AhR is responsive to a variety of ligands that fall into two
major classes categorized by chemical structure. The first class
is composed of tryptophan derivatives that can be derived from
the diet or endogenously produced by the host organism (14,
15, 27, 31, 32). These tryptophan-derived ligands include
indoles, 6-formylindolo(3,2-b)carbazole (FICZ), 2-(1H-indol-
3-ylcarbonyl)-4-thiazolecarboxylic acid methyl ester, and kyn-
urenine. A second class of AhR ligands contains aromatic
hydrocarbons, which are largely derived from environmental
toxins (33). Some aromatic hydrocarbon ligands that activate
AhR include 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and
polychlorinated dibenzofuran (34). Interestingly, in response to
these distinct classes of ligands or even within subclasses of
each group, AhR exhibits differential cellular responses that
may activate distinct downstream pathways, many of which will
be discussed in this minireview.

When inactive, AhR is located in the cytosol complexed to
the 90-kDa heat-shock protein (HSP90), c-SRC, and AhR-in-
teracting protein (35). Upon binding of an agonist, AhR under-
goes conformational changes that lead to its heterodimeriza-
tion with the AhR nuclear translocator (ARNT) and subsequent
translocation to the nucleus. In the nucleus, this AhR-ARNT
complex binds to xenobiotic response elements in regulatory
regions of responsive genes to induce specific transcriptional
programs (5, 14, 29, 30). Through this mechanism, AhR affects
the differentiation of several cell types in the immune system
relevant for inflammation in the gut and the central nervous
system (2, 7, 26, 36). Of note, AhR can also control cellular
responses through non-genomic mechanisms that involve the
activation of specific kinases in the cytoplasm, also in a ligand-
dependent manner (18, 20, 23, 37).

AhR-dependent immune cell regulation

AhR has been shown to affect the transcriptional programs of
regulatory- and interleukin-17 (IL-17)-producing T helper cells
(Tregs and Th17 cells, respectively) (7, 28, 38), among others. In
FoxP3� Tregs, AhR regulates the transcription and epigenetic
status of the Treg master transcription factor FoxP3 (7, 29, 30,
39, 40). In addition, AhR has been shown to participate in the
differentiation of FoxP3–IL-10-producing type 1 regulatory
T-cells (Tr1 cells) induced by IL-27 (41– 43). IL-27 induces the
expression of AhR and the transcription factor c-Maf through a
STAT3-dependent mechanism (6, 30), suggesting a cross-talk
between AhR, IL-27, and c-Maf. Indeed, we detected the pres-
ence of AhR-responsive elements in the promoter of Il10 in
spatial proximity to c-Maf-binding sites (Maf-responsive ele-
ments (MAREs)) (30, 42), and we observed that both AhR and
c-Maf are required for the induction of IL-10 expression (8, 44).
AhR and c-Maf also cooperatively induce the expression of
IL-21, which acts as an autocrine growth factor to stabilize and
expand Tr1 cells (30).

AhR has additional roles in the transcriptional control of Tr1
cells, as it mediates the control of their transcriptional program
by metabolic and environmental cues. The membrane-bound
ectonucleotidase CD39 catalyzes the conversion of extracellu-
lar pro-inflammatory adenosine triphosphate (ATP) to adeno-

sine diphosphate (ADP), which is further processed by CD73 to
generate the anti-inflammatory metabolite adenosine (45). We
found that STAT3–AhR signaling promotes CD39 expression
in Tr1 cells (28). Indeed, CD39 boosts Tr1 cell differentiation by
depleting extracellular ATP, which promotes AhR degradation
and consequently arrests Tr1 cell differentiation, through a
mechanism mediated by hypoxia-inducible factor 1-� (HIF1-
�). Thus, AhR participates in regulatory feedback loops that
promote and stabilize Tr1 cell differentiation (Fig. 1).

AhR also controls transcriptional programs associated with
the epigenetic regulation of cellular responses. Aiolos is a tran-
scription factor of the Ikaros family involved in the develop-
ment of lymphoid cell lineages (5, 29, 46) through different
mechanisms, for example the regulation of the epigenetic status
of target genes (47– 49). In human Treg cells, for instance,
FoxP3 and Aiolos form a heterodimeric complex that binds the
Il2 promoter and suppresses IL-2 expression (29). AhR pro-

A Tr1
IL-27 IL-27R

c-maf
AhR IL-10

IL-21

IL-10

IL-21

B Tr1
ATP

P2RX7

HIF1a

AhR ENTPD1

AhR ligands

Th17

AhR+ AiolosIL-6 or
IL-21

C

IL-2

TGFb
TGFbR

STAT3

STAT3

adenosineCD39

AMP

Figure 1. AhR transcriptional mechanisms that regulate the function of
T-cell subsets. A, IL-27 induces c-Maf and AhR expression through a STAT3-
dependent mechanism in Tr1 cells. AhR and c-Maf cooperate to promote the
expression of IL-10 and IL-21. B, metabolic control of Tr1 cell differentiation by
ATP and tryptophan metabolites working through HIF1-� and AhR, respec-
tively. AhR promotes CD39 (ENTPD1) expression, which depletes extracellular
ATP by catalyzing the conversion of AMP to adenosine. Extracellular ATP sup-
presses Tr1 cell differentiation by promoting AhR degradation through a
mechanism mediated by P2RX7 and HIF1-�. C, AhR and STAT3 cooperate to
induce Aiolos expression, which controls the epigenetic status of Il2 and lim-
its its expression during Th17 cell differentiation.
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motes the expression of both FoxP3 and Aiolos (5, 29). For
example, AhR activation in a colitis model using the AhR ago-
nist TCDD led to demethylation of CpG islands in the Foxp3
promoter and subsequent methylation of the Il17 promoter in
T-cells from the lymph node, increasing the FoxP3� Treg/
Th17 cell balance (40). Moreover, AhR also promotes the
expression of the epigenetic modifier Aiolos, which suppresses
IL-2 expression in the early stages of Th17 cell differentiation
(50, 51), to influence the development of pathogenic and regu-
latory T-cells in mice and humanized mouse models of inflam-
matory bowel disease (IBD) (5, 52). Thus, through its effects on
the control of epigenetic regulators, AhR plays an important
role on the regulation of transcriptional programs that control
the immune response.

One study recently demonstrated that AhR can regulate
microRNA (miR) signatures, which is an additional mechanism
by which AhR can control the epigenetic status of Foxp3 (53).
For instance, application of dietary indoles, which are known to
activate AhR, induced the differentiation of naïve CD4� T-cells
toward a Treg fate instead of a Th17 fate, but this effect was lost
in AhR-deficient mice. Moreover, indole activation of AhR
recruited distinct miRs to the promoter of IL17 but prevented
miR recruitment to the Foxp3 promoter. However, treatment
with FICZ, a known inducer of Th17 cell differentiation
through AhR activation (7), caused the silencing of FoxP3 by
miRs and the expression of IL17. These interesting results point
to yet another mode of AhR-dependent regulation of gene
expression, by non-coding miRs, and also highlight the impor-
tance of cellular context where ligand-specific effects of AhR
signaling regulate critical cellular events. Collectively, these
observations suggest that AhR participates in the transcrip-
tional control of T-cell gene expression and cell fate in response
to the local milieu, for example within inflamed tissues and
exogenous signals, such as pollutants and metabolites.

The gut, for instance, is rich in both AhR ligands and extra-
cellular ATP produced by commensal bacteria (54, 55). AhR
activation induces the expression of the receptor tyrosine
kinase Kit, which contains AhR-responsive elements in its pro-
moter and plays a central role in innate lymphoid cell (ILC)
development (22). Thus, AhR activation by ligands provided by
the diet and the commensal flora promotes the development of
ILCs that contribute to intestinal homeostasis. Similarly, AhR
agonists provided by the diet and the gut flora control the devel-
opment of IELs that contribute to intestinal homeostasis (21).
The specific effects of AhR in each immune cell type, however,
are determined by its interaction with additional cell type and
tissue-specific transcription factors (e.g. c-Maf, Aiolos, STAT3,
and HIF1-�) (5, 6, 30). Considering that deficits in AhR signal-
ing have been linked to experimental and human IBD (56),
these findings highlight the important function of AhR as a
modulator of the activity of immune cells in response to cues
provided by the local microenvironment in health and disease
(14, 22, 28). Moreover, they identify AhR as a modulator of
commensal/host interactions.

Beyond modulating the function of T-cell subsets in the
periphery and lymphocytes in the gut, AhR has been shown to
modulate the function of the immune system more generally,
for example by modulating the function of B cells, dendritic T
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cells, and monocytes (14, 57– 63). One mechanism of increas-
ing interest is the interaction between IL-4 and AhR signaling
pathways. For instance, upon engagement of B cell receptors
and treatment with IL-4, AhR is up-regulated and promotes
efficient cell cycle transitions in proliferative B cells at least in
part by regulating cyclin expression (57). Conversely, loss of
AhR leads to impaired proliferative capacity in B cells, an
important phenotype given the role AhR plays in cancer (58).

In dendritic cells, activation of AhR by endogenous trypto-
phan-derived agonists led to the suppression of EAE (27) as a
result of the induction of a tolerogenic phenotype in dendritic
cells that promoted Treg differentiation. In monocytes, how-
ever, activation of AhR using the halogenated aromatic hydro-
carbon agonist VAF347 caused arrest of monocyte differentia-
tion (64). Together, these results observed in distinct types of
immune cells suggest that AhR functions both in a ligand-de-
pendent and a cell type-specific manner to regulate normal and
pathogenic cellular events. For summary, see Table 1.

Astrocytes in MS

Astrocytes are the most abundant cell type in the mammalian
brain, outnumbering neurons �4:1 (65, 66). In addition to their
important roles in neural development, plasticity, metabolism,
and neural circuit repair (65, 67– 69), astrocytes have been rec-
ognized to control inflammatory processes in the central nerv-
ous system during MS since the work of Charcot in the 19th
century (70, 71), but only recently are the molecular mecha-
nisms being defined (2, 10, 95). Astrocyte activity is regulated by
several stimuli relevant for MS (3), including a variety of cyto-
kines and chemokines (65), metabolites such as ATP (72), and
apoptotic cell debris (e.g. lipids) (73), among others. Several of
these pathways converge on common downstream transcrip-
tional programs that activate pro-inflammatory molecules such
as AP-1, NF-�B, and STATs (74). The activation of these path-
ways contributes to the pathology of MS and other neurological
diseases through astrocyte intrinsic and extrinsic mechanisms.
For instance, astrocytes interact with inflamed microglia during

MS pathogenesis (75) to control their activation status and dis-
ease-promoting function (76, 95). Astrocytes also recruit
inflammatory monocytes into the CNS through the production
of chemokines (77). Astrocytes also interact with neurons (3,
78) through mechanisms that can modulate neuronal death.
Indeed, astrocytes secrete neurotoxic molecules such as pro-
inflammatory cytokines (e.g. TNF-�), reactive oxygen species,
IL-6 and IL-1�, and nitric oxide (3). It was recently reported
that microglia induce formation of neurotoxic astrocytes
through a combination of IL-1�, TNF�, and complement com-
ponent 1q, which could be a pathway relevant in MS pathogen-
esis (97). Astrocytes, however, are also capable of producing a
variety of both pro- and anti-inflammatory signals such as
CCL2 (77, 79 – 81), IGF-1 (82), ciliary neurotrophic factor (83),
and leukemia inhibitory factor (LIF) (84, 85). These features
identify astrocytes as important regulators of inflammation and
neurodegeneration.

Role of AhR in astrocyte-mediated inflammatory
processes

We recently described a new role for AhR in controlling
astrocyte-driven pathology in MS (2). We found that type-I
interferons (IFN-Is) induce AhR expression in astrocytes,
triggering AhR-dependent anti-inflammatory transcription-
al responses. Conditional ablation of AhR in astrocytes led to
exacerbated disease and failure to recover during EAE. Mecha-
nistically, AhR deletion as well as lack of AhR-activating ligands
resulted in the increased production of pro-inflammatory
mediators, including Ccl2, Csf2, and Nos2, reflecting the exac-
erbated activation of NF-�B. As mentioned previously, AhR
activity is regulated by small molecules such as dietary trypto-
phan generated by commensal bacteria (14, 15). Indeed, we
found that AhR agonists provided by the diet and the commen-
sal flora reached the CNS and activated this anti-inflammatory
response in astrocytes, limiting CNS inflammation during EAE
(Fig. 2).

AhR ligands

Diet/commensal flora

CNS

AhR

IFNAR1

IFN-I

AhR

iNOS

TNFa
CCL2

GMCSF
IL-6

Astrocyte

NFkB

Figure 2. Control of astrocyte-driven pathogenesis by AhR signaling. AhR activation by agonists provided by the diet, gut flora, and metabolism limits
NF-�B signaling and consequently astrocyte-driven pathogenesis.

MINIREVIEW: AhR control of immune-mediated pathology

12386 J. Biol. Chem. (2017) 292(30) 12383–12389



In complementary studies using samples taken from MS
patients, we detected the up-regulation of AhR in astrocytes,
which coincided with activation of the IFN-I pathway in astro-
cytes (2). Strikingly, we detected decreased AhR activity in MS
lesions as compared with controls, reflecting the presence of
reduced levels of AhR agonists in serum samples from MS
patients. These findings have several implications for our
understanding of disease pathogenesis in MS and potentially
other inflammatory diseases. First, it identifies AhR activation
as a potential therapeutic approach. Indeed, laquinimod, a drug
being developed to treat MS (86 – 88), crosses the blood-brain
barrier and ameliorates EAE (and potentially MS) in an AhR-
dependent manner (89, 90). In a phase III clinical trial, laquini-
mod reduced brain atrophy in MS, a process thought to reflect
neurodegeneration driven at least partially by astrocytes (91).
Second, it suggests that deficits in AhR ligand availability may
contribute to MS pathogenesis. The origin of these ligands is
unknown. However, it possibly reflects alterations in the uptake
and metabolism of physiological AhR agonists in MS. Dietary
or probiotic interventions to boost the levels of these AhR ago-
nists may be of therapeutic value for MS patients. Third, these
data point to a new gut-brain signaling axis in controlling the
development of inflammatory and degenerative pathology in
humans. These findings also add to recent advancements made
in studies of neuropsychiatric disease where the gut microbiota
modulate transcriptional programs that control social behavior
(92), modulate synaptic dysfunction (93), and can modulate
phenotypes associated with autism (94). It should also be kept
in mind that, besides acting as a CNS sensor for immunomodu-
latory metabolites produced in the gut, based on its effects on
gut immunity AhR may also shape the gut flora, impacting the
gut-brain axis at multiple levels.

Concluding remarks

AhR integrates environmental and metabolic signals to mod-
ulate both peripheral immunity and local CNS inflammation.
Thus, investigating the role of AhR signaling in health and dis-
ease provides an opportunity to understand the mechanisms by
which the environment controls the development of autoim-
munity in MS and other diseases. More importantly, AhR offers
unique therapeutic opportunities based on the design of AhR
targeting synthetic small molecules or the use of dietary or pro-
biotic approaches to modulate the levels of natural AhR ligands.
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Docosahexaenoic acid, enriched in the brain and retina, gen-
erates docosanoids in response to disruptions of cellular home-
ostasis. Docosanoids include neuroprotectin D1 (NPD1), which
is decreased in the CA1 hippocampal area of patients with early-
stage Alzheimer’s disease (AD). We summarize here how NPD1
elicits neuroprotection by up-regulating c-REL, a nuclear factor
(NF)-�B subtype that, in turn, enhances expression of BIRC3
(baculoviral inhibitor of apoptosis repeat-containing protein 3)
in the retina and in experimental stroke, leading to neuropro-
tection. Elucidating the mechanisms of action of docosanoids
will contribute to managing diseases, including stroke, AD, age-
related macular degeneration, traumatic brain injury, Parkin-
son’s disease, and other neurodegenerations.

A single cell zygote embarks on a venture that will, for the
next 9 months, produce descendant cells with a colossal variety
of shapes and functions. These differentiated cells, such as
fibroblasts, astrocytes, neurons, the cells of the eyes, and others,
then arrange into a distinct pattern to form the organs of
our body. Some cells actively divide throughout their lives,
although terminally differentiated cells like neurons and retinal
pigment epithelial (RPE)2 cells stay with us for a lifetime. These
cells carry an enormous responsibility for the proper function
of the organ of which they are a part, which requires well-sus-

tained homeostasis. In 1926, Hans Selye first used the word
“stress” in a biological context, referring to the non-specific
response of the body to any demands placed upon it (1). He
concluded that stress is a condition in which demand exceeds
the regulatory capacity of an organism, and this excessive
demand causes a disruption in homeostatic equilibrium. The
central nervous system (CNS) plays a pivotal role in the stress-
response mechanisms, and the consequences of disrupting
homeostasis could potentially threaten neuronal or astrocytic
cell survival.

Formidable cellular alliance: RPE and photoreceptor cells

Neuroectodermally derived RPE cells form a single layer
adjacent to the tip of photoreceptor outer segments and con-
tribute to sustaining photoreceptor cell (PRC) homeostasis.
RPE cells are the most active phagocytes in the body and, during
daily shedding and phagocytosis of PRC outer segments, recy-
cle visual cycle components and docosahexaenoic acid (DHA)
in a circadian manner (2–5). Both PRCs and RPE cells con-
stantly must manage the reactive oxygen species (ROS) that
result from the oxygen-rich environment, high metabolic activ-
ity, high flux of polyunsaturated fatty acids (PUFAs) (e.g. ome-
ga-3 and omega-6), and energy from light. Therefore, RPE cells
and PRCs are at a high risk for the uncompensated oxidative
stress (UOS) that, in turn, could disrupt homeostasis (6, 7).
Omega-3 and omega-6 PUFAs are necessary for cell function,
are vital constituents of cell membranes, and play an important
role in cell integrity and development. DHA, an essential ome-
ga-3 fatty acid family member, is retained and concentrated in
PRCs and synaptic membranes, where it is esterified to phos-
pholipids (8). DHA can be acquired through diet, as well as
through elongation and desaturation of �-linoleic acid in hepa-
tocytes. DHA is then esterified to the sn-2 position of phospho-
lipids, mainly phosphatidylcholine (PC), and is packaged into
lipoproteins and transported via the blood to the brain, retina,
and other tissues. Thus, the liver supplies DHA to different
tissues in the body (9 –13). In the eye, esterified DHA is cleaved
from lipoproteins by lipoprotein lipases at the choriocapillaries
and is taken up at the basal side of RPE cells. DHA is then
delivered to the PRC bodies (“inner segments”), whereupon it
becomes incorporated into the phospholipids that subse-
quently are assembled into cellular membranes, most notably
the “disc” membranes that constitute the PRC outer segments
(14). The uptake of DHA is mediated by adiponectin receptor 1
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(AdipoR1), a heptahelical transmembrane protein with a topol-
ogy that is inverse to that of the G-proteins (13). Genetic dele-
tion of this receptor leads to a drastic reduction of the following:
(a) the ELOVL4-catalyzed synthesis of omega-3 very-long-
chain polyunsaturated fatty acids (VLC-PUFAs); (b) the molec-
ular species of phosphatidylcholine-containing VLC-PUFAs in
the sn-1 of the glycerol backbone; and (c) the DHA residing in
the sn-2 (13). All of this results in retinal degeneration, which
presents itself in the form of a flecked retina resembling the
human fundus albipunctatus with an unchanged vasculature.
The flecked appearance is due mainly to an accumulation of
anti-F4/80-positive cells (activated macrophages) beneath the
RPE. Moreover, it has been reported recently that an adipoR1
mutation (c.929A3G), which leads to one amino acid substi-
tution (p.Y310C), co-segregates with a large family in auto-
somal dominant retinitis pigmentosa (adRP) (15). The p.Y310C
mutation alters AdipoR1 folding and subcellular localization in
vitro. In addition, its knockdown in a morpholino zebrafish
model decreases the number of rod photoreceptors selectively,
but not the cones; this is a distinctive phenotype of retinitis
pigmentosa. Thus, adipoR1 is a novel adRP-causing gene that
plays a key function in rod development and conservation.
There are several possible mechanisms that may explain why
retinal degeneration occurs when PRCs fail to capture DHA: (a)
rhodopsin function may be perturbed because phosphatidyl-
choline-containing VLC-PUFAs interact intimately with this
protein; (b) a shortage of docosanoids may lead to a rapid acti-
vation and accumulation of macrophages beneath the RPE, per-
turbing the functional integrity of this cell and, in turn, affecting
PRC viability; and (c) a shortage of mediators necessary for PRC
and RPE cell integrity.

DHA arrival to the brain and docosanoids

In the brain, DHA-containing PCs are cleaved by the lipopro-
tein lipase that resides on the luminal side of the endothelial
cells of the neurovascular unit. Cleaved lipids are then trans-
ported to the astrocytes and then finally to the neurons. The
exact mechanisms are currently being studied. Ultimately,
DHA ends up enriched in phospholipids of both the synapses
and dendrites.

Pre-clinical events in AD include neuroinflammation, den-
dritic spine damage, and synaptic dysfunction exacerbated by
UOS, which leads to dementia. These events coincide with the
decreased DHA content in the brain. A study of brains from
early-stage AD patients (with neuronal loss) shows that the
amount of DHA and its enzymatic derivative, neuroprotectin
D1 (NPD1; 10R,17S-dihydroxy-docosa-4Z,7Z,11E,13E,15Z,
19Z-hexaenoic acid), is decreased in the CA1 region of the hip-
pocampus (16). NPD1 and other DHA-derived lipid mediators,
such as resolvins D1–D5 and maresins, are known as doco-
sanoids and foster overall inflammation resolution (17, 18).

Early responses to inflammation at the cellular or systemic
level include the cleavage of DHA by phospholipase A2, and
then its lipoxygenation by 15-lipoxygenase-1 into NPD1
(19, 20).

The neuroprotective bioactivity of NPD1 includes inflamma-
tory modulating properties and anti-apoptotic features, both of
which contribute to restoring disrupted homeostasis (20, 21).

In RPE cells subjected to UOS, PRC phagocytosis elicits NPD1-
specific protection that is not mediated by inert polystyrene
particles (21).

Furthermore, NPD1 shifts �-amyloid precursor protein
(�APP) processing toward the non-amyloidogenic route and
decreases amyloid-�42 (A�42) release. DHA, in turn, elicits an
A�42-lowering effect both in vitro and in vivo (22, 23).

Significance of bioactive lipids in ischemic stroke

Activation of N-methyl D-aspartate (NMDA) glutamate
receptors occurs after stroke and in epilepsy and other neuro-
logical diseases (24). This activation is accompanied by an
increase in membrane phospholipid hydrolysis with concomi-
tant accumulation of free fatty acids (mainly DHA and arachi-
donic acid) and stearoyl-arachidonoyl-sn-glycerol (25) due to
the rapid activation of phospholipases A2 and C. DHA admin-
istration (i.v.) improves behavioral deficit and reduces infarct
volume and edema after experimental focal cerebral ischemia
(26, 27). Enzymatic lipoxygenation of DHA in experimental
ischemic stroke results in NPD1 formation, which then coun-
teracts pro-inflammatory bioactivity and contributes to sus-
tained neuroprotection (16, 28). The onset of ischemia causes
damage to neurons, and one could argue that in rodent exper-
imental models even after 8 h of reperfusion, accumulation of
endogenous neuroprotective mediators (including NPD1) is
not sufficient to cope with the resulting damage. Between 24
and 72 h after reperfusion, polymorphonuclear leukocytes
migrate to the brain parenchyma, initially removing debris.
However, because of their large numbers, these leukocytes
induce inflammation and further promote injury, thus increas-
ing stroke size. Continuous injection of NPD1 into the fourth
ventricle (400 ng/48 h) after ischemic experimental stroke
reduced stroke size in rats by 50% (28, 29), attenuated polymor-
phonuclear leukocyte infiltration, and inhibited ischemia
induction of cyclooxygenase-2 (COX-2) and nuclear factor �B
(NF-�B) (18, 28). The cerebral ischemic core is surrounded by
an area called the penumbra, and due to decreased blood circu-
lation, cell viability is sustained only for 2– 4 h post-infarction;
therefore, it is critical to protect the penumbra. There is a high
correlation between reducing the size of the penumbra and
neurological recovery (30).

The two molecular cell death conduits that have been shown
to occur during cerebral ischemia are the intrinsic apoptotic
pathway (release of cytochrome c from the mitochondrial inner
membrane and activation of associated caspases-3 and -7) and
the extrinsic apoptotic pathway, which are activated as a result
of the death-domain-containing receptor occupancy, with sub-
sequent caspase-8 activation (31–33). NPD1 counteracts this
pro-apoptotic activity by promoting differential expression of
Bcl-2 family proteins, up-regulating anti-apoptotic Bcl-2, Bcl-
xL, and Bfl-1/A1, and by attenuating the expression of pro-apo-
ptotic Bax, Bad, and Bid. Furthermore, NPD1 reduces the acti-
vation of caspase-3 induced by oxidative and proteotoxic stress
(20, 34). It also rescues RPE cells from apoptosis triggered by the
UOS that is induced by H2O2 plus tumor necrosis factor �
(TNF�) (20). Apoptosis also takes place in non-neuronal cells,
such as astrocytes, where caspase-independent mechanisms
play an important role (35).
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Cell death: The point of no return

The Nomenclature Committee on Cell Death proposes uni-
fied criteria for the definition of cell death and its different
morphologies. Cell death is considered to be reversible until a
first “point-of-no-return” checkpoint is passed (36). Cells can
die in multiple ways, but by far the most studied forms of cell
death are apoptosis and necrosis (37, 38). Newer cell death acti-
vation pathways have been described recently, including
necroptosis (programmed necrosis), pyroptosis (caspase-1
activation), pyronecrosis (similar to pyroptosis but without the
involvement of caspase-1), entosis (when one cell engulfs its
living neighbor, also known as “cell cannibalism”), and others.
Both necrosis and apoptosis are the main cell death pathways in
brain ischemia-reperfusion injury. Cell apoptosis plays a critical
role in regulation of cell homeostasis. In degenerative diseases,
such as AD, Parkinson’s disease, age-related macular degener-
ation, and stroke, dysregulation of apoptosis is a central event.
Ligation of death receptors results in the formation of death-
inducing signaling complex (DISC), activation of caspase-8,
and subsequent cleavage and activation of caspases-3 and -7,
with subsequent cell death (Fig. 1) (32). In an experimental
model of RPE cell apoptosis, the TNFR1 death receptor ligand
TNF� and H2O2 induce cell death (20, 39). Hydrogen peroxide
completes a family of reactive oxygen species (ROS) that are
formed from the partial reduction of oxygen (40). These com-
pounds are formed continuously as by-products of aerobic
metabolism, such as from reactions to drugs and environmental
toxins, or when the levels of antioxidants are diminished, thus
creating a condition of oxidative stress that ultimately contrib-
utes to cell death. ROS have been implicated in cancer, reper-

fusion injury, inflammatory diseases (such as multiple sclero-
sis), and aging. Although TNF� has been shown to be released
by astrocytes and some neurons under basal conditions, its
release is augmented during experimental ischemic stroke.
After ligation to one of its receptors, TNF� forms a hetero-
trimer and, depending on the microenvironment, can cause
apoptosis, necrosis, necroptosis, inflammation, or proliferation
(Figs. 1 and 2). Binding of TNF� to TNFR1 (p55, CD120a)
results in the formation of the so-called complex I (DISC),
which is formed by the recruitment of receptor-interacting pro-
tein 1 (RIP1), TNF receptor-associated factor 2 (TRAF2), and
the E3 ubiquitin ligases BIRC3 and BIRC2 by the TNFR type
1-associated DEATH domain (TRADD)-containing adaptor
(41– 43). This complex keeps pro-apoptotic pathways in check
mainly by transcriptional activation of NF-�B and AP-1 (44 –
46). BIRC2, -3, and -4 harbor carboxyl-terminal RING finger
domain with E3 ubiquitin ligase activity, which allows them to
control cell fate. Both BIRC2 and BIRC3 ubiquitinate RIP1, and
they are critical kinases in NF-�B activation (Fig. 1). In the
absence of BIRC2 and BIRC3, RIP1 mediates both cell death
and the activation of the caspase protein cascade (47, 48). NPD1
up-regulates BIRC3 expression 2– 6 h after the initiation of oxi-
dative stress (by introducing H2O2 and TNF�). In 15-lipoxyge-
nase-1-deficient cells (which lack the ability to synthesize the
lipid mediator NPD1) (19), only the addition of NPD1 increases
the expression of birc3 mRNA (39). Even though BIRC3 has not
been shown to inhibit caspases-3 and -7 directly in vivo, grow-
ing evidence supports the idea that BIRC3 inhibits the activa-
tion of caspases. This can happen by polyubiquitination and
subsequent proteosomal degradation of caspases, or it can
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occur indirectly by inhibiting other caspase activator mecha-
nisms (45). Interestingly, the addition of NPD1 decreases
oxidative and proteotoxic stress-triggered caspase-3 activa-
tion (20). Furthermore, NPD1 also suppresses activation of
caspases-3 and -7 in RPE cells, and this effect is abolished in
BIRC3-silenced RPE cells, suggesting that the bioactive lipid
inhibition of caspases is mediated by BIRC3 (39). NPD1 affects
BIRC2 expression slightly, thus canceling out the possibility of
BIRC2-mediated caspase inhibition by NPD1. BIRC2 also is
known as a weak inhibitor of caspases (49), and NPD1 also has
been shown to be stereospecific since other lipid mediators,
such as maresin, lipoxin-A4, and resolvin E1 (RvE1), and the
two NPD1 stereoisomers RR-NPD1 and SS-NPD1 have not
been shown to up-regulate BIRC3 significantly.

Once the ligated TNFR1 receptor is internalized, a second
complex is formed upon deubiquitinated RIP1 recruitment to
TRADD, Fas-associated protein with death domain (FADD),
and pro-caspase-8 (forming complex II or DISC), which further
activates caspase-8 and starts the cell death cascade (32). RIP1
has a fundamental role in cell death and survival homeostasis.
Mice lacking RIP1 die within 3 days after birth. Additionally,
cells defective in RIP1 are more sensitive to TNF�-induced
death (50 –52). NPD1 anti-apoptotic and caspase inhibitory
effects involve RIP1, which is a ubiquitination target for BIRC3
(Fig. 1). NPD1 fails to prevent cell death in BIRC3-silenced RPE
cells (39).

An inflammatory form of cell death, termed necroptosis, is
involved in pathogen-induced and sterile inflammation and
some neurodegenerative diseases (53). A multiprotein complex
was recognized in TNF�-induced necroptosis after RIP3 was
discovered in a complex with RIP1. As in the case of complex II,
FADD and caspase-8 also were found to be a part of this new
complex; it was called complex IIb or “necrosome” (48 – 49).
Caspase-8 can inactivate RIP1 and RIP3 directly by cleaving
them. The RIP1–RIP3 complex is the key to necroptosis (48, 49,
54). Caspase-8�/� mice are not viable because of the active
RIP1–RIP3 complex. Indeed, inhibition of RIP1 by necrosta-
tin-1 abolishes both apoptosis and necrosis in RPE cells. Inter-
estingly, the addition of the pan-caspase inhibitor benzyloxy-
carbonyl-VAD does not reduce either apoptotic or necrotic cell
numbers considerably, supporting the involvement of the
RIP1–RIP3 complex in cell death (39).

Bioactive lipids modulate the transcriptome in
inflammation and disease

A typical gene is surrounded by a high abundance and a wide
variety of transcriptional regulators. A multitude of cis-regula-
tory elements per gene is convoluted by distal enhancers, core
promoters, and by the high order of the spatial organization of
the genetic elements (55, 56). The mechanisms of action for
dietary fatty acids include the activation or suppression of DNA
transcription. The earliest evidence of gene regulation by bio-
active lipids comes from studies of peroxisome proliferator-
activated receptors (PPAR), sterol regulatory element-binding
protein 1 (SREBP1), fatty acid activation of Toll-like receptor 4
(TLR4), and several G protein-coupled receptors (e.g. GPR40,
GPR120, GPR41, and GPR43) (57–59). Both eicosapentaenoic
acid and DHA are natural activators of PPARs (60 – 62), and

they both affect NF-�B signaling via the PPAR�-mediated
pathway (63). Moreover, NPD1 reduces A�42 peptide shedding
by down-regulating �-secretase-1 (BACE1) via the PPAR�-de-
pendent pathway, thereby shifting the cleavage of the �APP
holoenzyme from amyloidogenic to non-amyloidogenic (64).

NF-�B: The good, the bad, or the ugly?

The ability of BIRCs to regulate NF-�B signaling is central to
cell survival, inflammation, and tumorigenesis (65– 67). The
role of BIRC2 and BIRC3 in response to TNFR1 activation has
been studied in detail (68 –70). Binding of trimeric TNF�
recruits TRADD and then TRAF2, which in turn binds to
BIRC2 and BIRC3 (Fig. 2). These two proteins are essential,
positive regulators of the canonical pathway and are required
for suppressing the constitutive activation of the non-canonical
pathway. In turn, NF-�B induces the expression of BIRC2– 4,
thereby promoting NF-�B activation in a positive feedback loop
(68). In the canonical pathway, the ligation of the TNF receptor
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by TNF� triggers a chain of events that leads to the following:
the formation of a TAB1-TAK1-IKK complex; the phosphory-
lation, ubiquitination, and degradation of NF-�B inhibitors
(I�B�, -�, -�, and -�); and the translocation of NF-�B dimers
into the nucleus, followed by the transcriptional activation of a
myriad of pro-inflammatory genes. In the non-canonical path-
way, the ligation of CD40 and TNFRSF12A results in depletion
of TRAF3, which is responsible for the NF-�B-inducible kinase
(NIK) proteosomal degradation. NIK phosphorylates I�B
kinase � (IKK�) at Ser-176 and Ser-180 and NF-�B2 at Ser-866
and Ser-870. This results in recruitment of IKK� heterodimers,
further phosphorylation, and cleavage of NF-�B2 into the
mature p52 form, which then dimerizes with another NF-�B
member, RelB. This complex translocates into the nucleus and
activates the transcription of genes (Fig. 2) (65). BIRC3 activates
both the canonical and non-canonical NF-�B pathways (41, 43,
68, 69, 71). Although NF-�B family members RelA (p65), RelB,
and c-REL are synthesized in their mature forms, carboxyl-ter-
minal ankyrin repeats need to be cleaved off p100 and p105 to
mature into p50 and p52. Rels contain an amino-terminal REL
homology domain, which is necessary for dimerization and
DNA binding. All these subtypes make homodimers and het-
erodimers in order to diversify the ways they modulate multiple
signaling pathways.

c-rel is the cellular analog of the v-rel oncogene, a product of
the avian reticuloendotheliosis virus strain T. The rel gene
encodes a 587-amino acid protein, which binds to the
GGGCTTTCC consensus sequence (72). NPD1 increases birc3
promoter activity 4 and 6 h after stimulation with H2O2 and
TNF�. Three cis-elements, located between �210 and �147
upstream of the transcriptional start site of the birc3 promoter,
turned out to be critical in NPD1-mediated c-rel transcrip-
tional regulation. The birc3 promoter has three NF-�B-binding
sites (�B1, �B2, and �B3), and the deletion of two or more sites
ablates NF-�B activation (73–75). The c-rel promoter has also
been shown to have similar NF-�B-binding sites (76, 77).
Indeed, our studies have shown that point mutations in two out
of three binding sequences abolish the c-rel transcriptional reg-
ulation mediated by NPD1 (39). Oscillations in NF-�B signaling
have been known for some time (78); however, it was unclear
whether c-REL regulates its target genes in a similar manner.
We showed previously that UOS triggers NPD1 synthesis,
which induces c-REL mobilization into the nucleus as early as
2 h after the application of oxidative stress (39). c-REL mobili-
zation follows a certain oscillatory pattern that returns to its
peak 6 h after oxidative stress damage occurs. Initial mobiliza-
tion increases c-REL expression by an auto-regulatory loop,
which further augments transcriptional activity (Fig. 3). Inter-
estingly, NPD1 enhances co-immunoprecipitation of c-REL-
containing homodimers in RPE cells following an oxidative
stress stimulus (39).

It has been shown that transcription of the relB gene is reg-
ulated by NF-�B (77, 79). Silencing of c-REL abolishes both
birc3 and relB gene expression, suggesting that the non-canon-
ical pathway of NF-�B might be involved in c-REL-governed
transcriptional modulation by NPD1. One could argue that the
effects of NPD1 could potentially be the result of repressed
canonical NF-�B-pathway activation. However, NPD1 phos-

phorylation of NF-�B inhibitors was not affected 2 h after oxi-
dative stress induction; moreover, the total protein levels of
both I�B� and I�� were reduced most likely due to proteo-
somal degradation (39). The lack of changes in phosphorylation
suggests that I�B� and I�B� regulation is governed by other
mechanisms, such as mono- or polyubiquitination and degra-
dation of these proteins.

The c-REL carboxyl terminus is composed of two transacti-
vation domains (TAD1 and TAD2) separated by a transactiva-
tion REL inhibitory domain (RID) (80). It is extremely nega-
tively charged and contains multiple serine residues. This
suggests that the DNA transactivation ability of c-REL is regu-
lated by post-translational modification. Indeed, the TBK1-
IKK� complex phosphorylates the carboxyl terminus of c-REL,
resulting in dissociation from I�B� (Fig. 2) (81). It also has been
shown that Ser-471 phosphorylation and interaction with the
region spanning amino acids 456 –540 seem to be crucial for
c-REL binding to NIK. Mutations of this region disrupt binding
(82). NPD1 can modify the phosphorylation state of PP2A (83),
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Figure 3. Transcriptional regulation of c-REL by NPD1. The activation of
either the canonical/non-canonical NF-�B pathways or c-REL carboxyl-termi-
nal phosphorylation by TBK1/IKK� results in accumulation of REL proteins in
the nucleus. Depending on the conditions, homo- or heterodimers contain-
ing c-REL can form. (1) c-REL promoter ligation eventuates in c-REL protein
synthesis, which reinforces the autoregulation loop, (2) by increasing the con-
tent of c-REL in the NF-�B dimers, and (3) c-REL-containing dimers bind to the
BIRC3 promoter to increase its expression activity, which ensures cell survival.
NPD1 augments this auto-regulation loop by shifting the balance toward
c-REL homodimers to intensify the expression of both BIRC3 and c-REL genes
with subsequent protein synthesis. This shift allows for the restoration of cell
homeostasis and thus promotes survival. The endoplasmic reticulum (ER) is
depicted for ease of understanding the protein synthesis step in the pathway.
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and it also has been shown to alter AKT kinase activity (84, 85).
It is possible that these kinases are responsible for the post-
translational modification and regulation of c-REL by NPD1.
c-REL knock-out (KO) mice have been shown to have immune
system deficiencies, particularly during lymphocyte prolifera-
tion and activation. c-REL also plays a role in memory and
learning (86), but one of the most notable roles of c-REL is
neuroprotection. c-REL-containing dimers reduce neuronal
susceptibility to anoxia (87) and protect against human islet cell
death in vitro (88). Induction of anoxia both in vitro (via oxygen
glucose deprivation of cortical neurons) and in vivo (using a
model of cerebral ischemia) results in a reduction of nuclear
RelA/c-REL and RelA/p50 dimers, whereas levels of p50/c-REL
dimers remain unchanged. This neuroprotective effect perhaps
is due to the effects on the anti-apoptotic protein Bcl-xL (87, 89,
90). Interestingly, NPD1 modulates the expression of Bcl-2 and
Bcl-xL (19, 83). By promoting the dephosphorylation of Bcl-xL
and its heterodimerization with pro-apoptotic Bax, NPD1 con-
tributes to inactivation of the Bax protein (Fig. 1) (83). The
anti-apoptotic effects of c-REL also can be explained, at least in
part, by its effects on the anti-apoptotic BIRC2 and BIRC3;
c-REL is a positive regulator of these two proteins (88).

Reactive oxygen species, as well as the peroxidation products
of lipids, proteins, and DNA, create an inflammatory milieu
during ischemia-reperfusion that initiates a neuronal cell death
cascade. DHA, however, improves recovery after ischemia-rep-
erfusion (26, 28). DHA administration, following middle cere-
bral artery occlusion in a rat model, results in c-REL transloca-
tion, BIRC3 protein expression, and neurological recovery (39).
This resulting c-REL translocation is augmented with a subse-
quent increase in BIRC3 expression.

Concluding remarks

Essential fatty acids have a variety of signaling mechanisms
and cell functions. DHA, for example, in addition to being an
important acyl chain of membrane phospholipids, influences
homeostatic cellular responses via its biologically active deriv-
atives, the docosanoids (e.g. NPD1). DHA is endowed richly in
the brain and retina. An example of its critical meaning for cell
function evolves from the finding that the genetic ablation of
adiponectin receptor 1 shuts off the uptake of DHA in PRCs and
leads to the death of these cells and to retinal degeneration (13).
Moreover, it was found that a single amino acid mutation in this
receptor is causative of autosomal dominant retinitis pigmen-
tosa (91).

In conclusion, we summarized in this minireview the effects
of the essential fatty acid family member DHA and its bioactive
derivative NPD1 in the context of a specific target of gene reg-
ulation. We also described the mechanism of a pathway of reg-
ulation by a bioactive lipid that has a significant impact on cel-
lular homeostasis. The induction of downstream pathways by
NPD1 results in activation of pro-survival genes, suppression of
pro-apoptotic genes, fostering of a pro-inflammatory milieu at
the cellular level, and terminal differentiation of RPE and neu-
ronal cells. The organizational and functional complexity of the
brain raises new questions regarding how the cellular events
described here operate in response to disrupted homeostasis
to attain neuroprotection in pathological conditions. Under-

standing the molecular mechanisms of action of dietary essen-
tial fatty acids will lead to effective treatments of diseases and
conditions such as stroke, Alzheimer’s disease, age-related
macular degeneration, Parkinson’s disease, and other retinal
and neurodegenerative diseases.
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In this tenth Thematic Series in Metals in Biology, six Mini-
reviews deal with aspects of iron metabolism. A number of
important proteins control iron homeostasis, including hepci-
din and ferroportin, in various cells. Other aspects of iron dealt
with here include biogenesis of iron–sulfur proteins and chap-
erones that deliver iron cofactors in cells. Additionally, an iron-
regulated metastasis suppressor interacts with the epidermal
growth factor receptor and mediates its downstream signaling
activity.

Our tenth Thematic Series in Metals in Biology (1–9) deals
with a popular metal, iron, which has myriad functions in bio-
logical systems. This transition metal has properties that allow
for useful coordination, for use as a Lewis acid, and for redox
capacity. However, it also has detrimental roles in oxygen tox-
icity, and its free cellular concentrations are tightly regulated.
Disease states are known with both iron deficiency and iron
overload (10).

The first Minireview, by Coffey and Ganz (11), deals with
hepcidin, the master regulator of iron homeostasis in mam-
mals. Uptake of iron involves divalent metal ion transporter 1
(DMT1), ZRT/IRT-like protein 8 (ZIP8), and ZIP14. The lone
mammalian cellular exporter of iron is ferroportin. Heme
transport involves other systems. Other elements are involved
in cellular and systemic iron regulation, and iron homeostasis is
a complex endocrine and paracrine system.

The second Minireview, by Knutson (12), also deals with the
transport of iron in mammalian systems. Differences among
cells are emphasized, including duodenal enterocytes, erythro-
cyte precursors, macrophages, and hepatocytes. The Minire-
view expands on DMT1, ferroportin, and other proteins, e.g.
transferrin and ZIP14.

Our third and fourth Minireviews (by Rouault and Maio (13)
and by Braymer and Lill (14)) deal with another topic, the bio-
genesis and roles of mammalian iron–sulfur proteins that are
involved in iron homeostasis. A focus of the Minireview of
Rouault and Maio (13) is on mammalian cytosolic aconitase,
also known as iron regulatory protein 1 (IRP1), and its homo-
logue, iron regulatory protein 2 (IRP2). IRP1, which is related to

the well-known mitochondrial aconitase involved in the tricar-
boxylic acid cycle, uses its Fe–S cluster in sensing and regulat-
ing cellular iron homeostasis. Iron-responsive elements (IREs)
are involved in the action of the IRPs. The synthesis and deliv-
ery of the Fe–S clusters is discussed. The Minireview by
Braymer and Lill (14) is focused on the biosynthesis of Fe–S
clusters per se in mammalian systems, with a focus on assembly
in mitochondria. Featured here are the scaffold Isu1 and the
trafficking protein Grx5. Other important players are the cys-
teine desulfurase Nfs1, the allosteric regulatory protein Yfh1
(frataxin), the ferredoxins (yeast) Yah1 and (human) FDX2, and
the Hsp70 chaperone Ssq1 and co-chaperone Jac1 (14).

The delivery of iron cofactors is further elaborated in our
fifth Minireview, written by Philpott et al. (15). Cytosolic iron
chaperones include poly(r(C))-binding proteins (PCBPs),
which facilitate the metalation of ferritin and some non-heme
iron enzymes. Nuclear co-activator 4 (NCOA4) reverses this
process by directing ferritin to autophagosomes for degrada-
tion and iron release. Glutaredoxin–BolA complexes serve as
chaperones for iron–sulfur cluster trafficking in the cytosol.

The remaining Minireview in this series is by Menezes et al.
(16). This Minireview focuses on iron-regulated metastasis
suppressor, N-Myc downstream-regulated gene 1 (NDRG1),
which inhibits the expression of the epidermal growth factor
receptor (EGFR). NDRG1 inhibits pro-oncogenic EGFR and is
of clear relevance in tumor biology. NDRG1 acts as a metastasis
suppressor in a variety of tumors and is regulated via hypoxia-
inducible factor-1� (HIF1�)-dependent and -independent
mechanisms.

Thus, we see that the regulation of the homeostasis of iron is
a complex matter in mammalian cells. As pointed out in one of
the Minireviews, the transport and metabolism of heme-bound
iron are even more complex (15). The significance of the metal
iron in biology is underscored by the plethora of systems to
control it. It is humbling to note that iron is only one of the
metals essential to life and that similarly complex systems are
also in place for copper, zinc, and other important metals.

I hope that you will enjoy reading these Minireviews. The
next Thematic Series on Metals in Biology will deal with aspects
of copper and is scheduled to be published in early 2018.
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The regulation of iron metabolism in biological systems cen-
ters on providing adequate iron for cellular function while lim-
iting iron toxicity. Because mammals cannot excrete iron,
mechanisms have evolved to control iron acquisition, storage,
and distribution at both systemic and cellular levels. Hepcidin,
the master regulator of iron homeostasis, controls iron flows
into plasma through inhibition of the only known mammalian
cellular iron exporter ferroportin. Hepcidin is feedback-regu-
lated by iron status and strongly modulated by inflammation
and erythropoietic demand. This review highlights recent
advances that have changed our understanding of iron metabo-
lism and its regulation.

Iron is an essential trace mineral for many biological pro-
cesses, including oxygen transport and storage, oxidative phos-
phorylation, and the catalysis of many metabolic redox reac-
tions. Its catalytic role depends on the ability of ferrous (Fe2�)
and ferric (Fe3�) iron to respectively donate and accept elec-
trons under conditions prevailing in biological systems. How-
ever, iron also promotes the formation of reactive oxygen spe-
cies that can damage DNA, proteins, and lipids within cells (1,
2). Multiple mechanisms have evolved to chaperone iron and to
regulate its concentrations through the coordinated modula-
tion of transport, storage, and iron utilization so that adequate
iron is available for physiological functions with tolerable tox-
icity. The other evolutionary challenge is that iron in the envi-
ronment is oxidized, poorly soluble, and therefore costly to
assimilate, favoring the appearance of biological mechanisms
that conserve and recycle iron within the organism.

This minireview is focused on iron homeostasis in humans
and other mammals where the iron economy is dominated by
the production and turnover of red blood cells (erythrocytes).

The iron economy

Iron compartments and flows

Dietary iron is the sole source of iron in the body, except
when erythrocyte transfusions (200 –250 mg of iron/unit) or
parenteral iron are given to treat anemia or iron deficiency.
Because humans and other mammals lack a mechanism for

controlled iron excretion, regulation of body iron content (3– 4
g in adults) hinges on the control of dietary iron absorption. The
two major forms of dietary are heme iron, bound within a pro-
toporphyrin ring and abundant in animal hemoproteins such as
hemoglobin or myoglobin, and non-heme iron, bound to other
molecules. In humans, heme iron is absorbed more efficiently
than non-heme iron. The distribution of iron to tissues relies
almost entirely on the abundant plasma protein transferrin that
can very tightly bind iron (K � �1020 M�1), but it is normally
only 20 – 40% saturated with iron. Compared with total body
iron, this is a very small compartment (�3 mg) that turns over
about eight times a day. Although all tissues require iron, most
of it is in erythrocytes, as a component of heme in hemoglobin.
Erythropoiesis, the process that generates erythrocytes, is the
primary consumer of iron in the body, requiring in humans
�24 mg of iron per day to generate new erythrocytes to replace
those lost to senescence. In humans, nearly all (�95%) of the
plasma iron in steady-state conditions is loaded onto transfer-
rin by macrophages that recycle iron from aged erythrocytes.
Similar recycling activity on a smaller scale must operate in all
tissues. Small normal losses of iron (1–2 mg per day), from
sloughing of intestinal and skin cells or menstrual blood loss,
are compensated for by the absorption of dietary iron, and they
account for about 5% of plasma iron turnover.

Animal models

Iron metabolism in laboratory mice, the main model used to
study iron metabolism, is generally similar to that of humans.
However, mice consume much more food compared with their
body mass, have greater iron losses relative to iron stores, and
derive from the diet as much as 50% of their daily iron turnover,
as estimated from ferrokinetics and the 40-day life span of
murine erythrocytes. They generally do not consume meat and
absorb dietary heme iron poorly (3).

Iron transport across cell membranes

Few mammalian transmembrane proteins are known to
transport iron under physiological conditions. Divalent metal-
ion transporter 1 (DMT1), ZRT/IRT-like protein 8 (ZIP8), and
ZIP14 act as cellular importers of Fe2� and have been function-
ally characterized (4 – 6). DMT1 transports iron optimally at an
acidic pH but ZIP8 and ZIP14 at a neutral physiological pH. The
lone mammalian cellular exporter of iron is ferroportin, which
functions optimally at pH 7.4 – 8.0, near the pH of extracellular
fluid. Ferroportin likely transports Fe2� (7).

Absorption of dietary non-heme iron

Non-heme iron is absorbed in the duodenum, where acidic
gastric secretions enhance iron solubility. Soluble inorganic
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iron is taken up in the proximal duodenum (8) by DMT1 (9, 10),
which couples the transport of Fe2� to a proton gradient.
Despite the low luminal pH, the local mucosal generation of a
proton gradient at the enterocyte brush-border membrane is
critical for iron uptake by DMT1. The proton gradient is mainly
generated by Na�/H� exchanger-3 (NHE3), as mice lacking
NHE3 have impaired iron absorption (11). Deletion of intesti-
nal DMT1 results in very low iron absorption, severe anemia,
and greatly reduced life span (12). Anemia is also seen in rare
patients with loss-of-function mutations in DMT1 (13), but the
interpretation of the phenotype is complicated by the parallel
role of DMT1 in vacuolar export of iron within erythrocyte
precursors. Intestinal DMT1 mRNA and protein are increased
by iron deficiency and hypoxia (8, 14). DMT1 transports Fe2�,
but luminal iron is largely Fe3� requiring reduction prior to
uptake by the enterocyte (4), in part by the apical membrane
reductase duodenal cytochrome b (DCYTB). Like DMT1,
DCYTB expression is increased during iron deficiency. How-
ever, the deletion of DCYTB has minor effects on iron absorp-
tion (15), suggesting that other unidentified brush-border
reductases or reducing agents can compensate, including
ascorbate.

Heme iron absorption

The characteristics of heme uptake suggest receptor-medi-
ated endocytosis rather than passive diffusion. The folate trans-
porter proton-coupled folate transporter (PCFT)2 (16) has been
suggested as a candidate heme transporter (17), but its low
affinity for heme and the poor absorption of heme in mice (3),
despite abundant PCFT in the duodenum (18), have cast doubt
on the role of PCFT in heme absorption.

Hepcidin–ferroportin axis controls major iron flows

Export of iron from enterocytes and its regulation by hepcidin

Although intestinal iron absorption is also regulated at the
apical membrane of enterocytes, through increased DMT1 and
DCYTB expression during iron deficiency (8), intestinal iron
absorption is primarily regulated at the enterocyte basolateral
membrane through control of iron release into extracellular
fluid and plasma. Iron taken up at the apical membrane of
enterocytes is either sequestered within the iron-storage pro-
tein ferritin or exported into the portal circulation through fer-
roportin. During their life span of a few days, enterocytes
migrate from the crypts at the base of villi to their tips where
they shed into the intestinal lumen, taking any residual ferritin-
bound iron with them. In a remarkably streamlined regulatory
mechanism, ferroportin also serves as the receptor for the iron-
regulatory peptide hormone hepcidin, the master regulator of
systemic iron homeostasis (19). Hepcidin binds to ferroportin
causing its endocytosis, lysosomal degradation, and conse-
quently reduced cellular iron export. Hepcidin is primarily pro-
duced by hepatocytes (20), and the expression of hepcidin is

feedback-regulated by iron stores (Fig. 1), as well as importantly
modulated by erythropoiesis and inflammation.

Transport function of ferroportin

Ferroportin is essential for intestinal iron absorption, as the
deletion of intestinal ferroportin results in severe anemia and
iron accumulation within enterocytes (21). Ferroportin likely
exports Fe2�, as judged by its ability also to transport cobalt and
zinc (7), metals in which the 2� oxidation state is more stable
under laboratory conditions than for iron. The plasma iron car-
rier transferrin binds Fe3�, requiring the oxidation of iron
exported from enterocytes. The multicopper ferroxidase hep-
haestin, on the enterocyte basolateral membrane, catalyzes the
oxidation of iron released from enterocytes, and decreased hep-
haestin activity causes anemia and impaired dietary iron
absorption (22). A related multicopper ferroxidase, ceruloplas-
min, has both soluble and GPI-linked isoforms that convert
Fe2� to Fe3� for loading onto transferrin in other tissues (e.g.
iron-recycling macrophages, hepatocytes, retinal epithelial
cells, and astrocytes). The deletion of hephaestin results in
intestinal iron accumulation (22). Ferroxidases may promote
iron export by maintaining low exofacial concentrations of
Fe2� and generating a gradient of Fe2� concentration across
the membrane.

Erythrophagocytosis by macrophages

Most body iron is in the hemoglobin of circulating erythro-
cytes (�2–2.5 g). After �120 days in humans, erythrocytes dis-
play sufficient markers of senescence to be removed from the
blood by macrophages through erythrophagocytosis. Most of
the iron required for the production of new erythrocytes is
recaptured by macrophages from phagocytosed aged or dam-
aged erythrocytes. The major populations of macrophages
responsible for steady-state erythrophagocytosis are Kupffer
cells (resident tissue macrophages in the liver sinusoids) and
red pulp splenic macrophages, but monocyte-derived macro-

2 The abbreviations used are: PCFT, proton-coupled folate transporter; GPI,
glycosylphosphatidylinositol; ERFE, erythroferrone; BMP, bone morphoge-
netic protein; HJV, hemojuvelin; EPO, erythropoietin; NTBI, non-transferrin
bound iron; IRE, iron-response element; IRP, iron regulatory protein.

Figure 1. Iron flows and their regulation by the hepcidin–ferroportin
axis. Iron homeostasis depends on the balance between iron losses and
absorption, and the match between iron release from stores in recycling
macrophages and hepatocytes versus its utilization for biological processes,
primarily erythropoiesis. Small normal losses of iron are compensated for by
the absorption of dietary iron in the duodenum. The hepcidin–ferroportin
interaction regulates all the major flows of iron into plasma: the release of iron
from duodenal enterocytes, recycling macrophages, and hepatocyte stores.
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phages can be temporarily recruited to the liver during
increased erythrocyte clearance from circulation (23).

Recycling of erythrocytes into iron

The enzymatic breakdown of erythrocytes within the macro-
phage phagolysosome is followed by the degradation of hemo-
globin to release the heme and finally iron, generating bilirubin
and carbon monoxide as by-products. These processes may
occur in different cellular compartments, with hemoglobin pro-
teolysis in the phagolysosome and heme degradation in the
cytosol (24), necessitating the export of heme from the phagoly-
sosome prior to heme catabolism. The protein heme-respon-
sive gene-1 (HRG-1) is expressed in macrophages and exports
heme from the phagolysosome into the cytosol (25). To date,
mammalian models lacking HRG-1 have not been reported, but
suppression of HRG-1 in developing zebrafish results in devel-
opmental and erythropoietic defects (26). Heme degradation is
catalyzed by the enzyme heme oxygenase 1 (HO-1), and the loss
of HO-1 function causes macrophage death attributed to heme
accumulation during erythrophagocytosis (27). An alternative
mechanism for iron export from the phagolysosome may utilize
DMT1 and its paralog Nramp1 transporting ferrous iron from
the phagolysosome to the cytoplasm (28).

Export of iron from macrophages and its regulation by
hepcidin

After release from heme, cytosolic iron within macrophages
is either sequestered within ferritin or exported to plasma by
ferroportin, depending on the balance between the hepcidin-
induced endocytosis and lysosomal proteolysis of ferroportin
versus transcriptional induction and translational derepression
of ferroportin synthesis by cellular heme and iron, respectively
(29, 30). Because ferroportin mediates all cellular iron export,
hepcidin regulates both the acquisition of new iron from the
diet and the release of iron from stores in hepatocytes and
macrophages (Fig. 1) (31). Pathological iron retention in
macrophages (“ferroportin disease”) (32) is associated with
loss-of-function missense autosomal dominant mutations in
ferroportin that do not appear to impact intestinal and placen-
tal iron transport (21). The clinical defect is selective for macro-
phages probably because recycling of iron-rich erythrocytes
may require maximal ferroportin export capacity. By contrast,
duodenal enterocytes rarely operate near their maximal trans-
port capacity, only during recovery from hemorrhage or iron
deficiency.

Regulation of hepcidin by iron-related signals

Hepcidin regulation by iron is mediated by the BMP pathway

In a classical positive homeostatic feedback loop, hepcidin
production is transcriptionally regulated by iron. Sensing of
iron status involves multiple pathways through which hepato-
cytes, the main source of hepcidin (20), sense circulating iron
levels directly and also respond to iron-induced bone morpho-
genetic proteins (BMP) produced in neighboring hepatic sinus-
oidal endothelial cells (Fig. 2). BMP6 and BMP2 stimulate hep-
cidin mRNA production by hepatocytes, and the absence of
either BMP results in iron overload caused by inadequate hep-

cidin production (33–36), suggesting that BMP2 and BMP6
may also function as a heterodimer. BMP signaling in hepato-
cytes and the control of basal and iron-stimulated hepcidin
expression (37, 38) are carried out by heteromeric BMP recep-
tors combining type 1 activin receptor-like kinase (ALK) 2 or
ALK3 with type 2 BMP receptors BMPR2 or activin A receptor
type 2A (ActR2a).

Iron sensing

Hepatocytes can directly sense plasma iron through a path-
way involving the interaction between TFR1, TFR2, hemojuve-
lin (HJV, a GPI-linked membrane protein), and HFE, a major
histocompatibility complex class 1-like protein. This pathway
then modulates SMAD signaling by the BMP receptors. HFE is
associated with TFR1, but this interaction is disrupted by the
binding of iron-saturated transferrin (holotransferrin), result-
ing in HFE displacement (39, 40). HFE can then form com-
plexes with TFR2, ALK3, and HJV to modulate hepcidin tran-
scription. TFR2 was initially shown to interact with HFE in cell
culture overexpression systems, and binding was increased by
the presence of holotransferrin (41). Other studies indicate that
TFR2 is stabilized by hepatocyte treatment with holotransfer-
rin (42). In vivo, TFR2 and HFE regulate hepcidin through inde-
pendent pathways as mice overexpressing HFE increase hepci-
din expression even in the absence of functional TFR2. Also, the
simultaneous loss of HFE and TFR2 results in a greater impair-
ment in hepcidin regulation than either deletion individually
(43). Additionally, while an interaction between TFR2 and HFE
is detectable in cellular overexpression systems (41) no interac-
tion is observed in vivo (44). HFE has also been demonstrated to
interact with ALK3, stabilizing ALK3 and increasing hepcidin
expression through BMP signaling (45).

Figure 2. Regulation of hepcidin production by paracrine BMP signaling.
Homo- and heterodimeric BMP2 and BMP6 are secreted by hepatic sinusoidal
endothelial cells and bind to tetrameric complexes of type 1 and 2 BMP recep-
tors on hepatocytes. Activation of the BMP receptor complex by BMP binding
transcriptionally stimulates hepcidin production by hepatocytes. BMP secre-
tion by sinusoidal endothelial cells increases during high-iron conditions and
stimulates hepcidin production by hepatocytes. Additional iron-regulatory
mechanisms in hepatocytes utilize transferrin receptors as sensors and mod-
ulate the BMP receptor signal, depending on plasma iron–transferrin
concentration.
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Role of hemojuvelin

Mice with homozygous HJV disruption and humans with
homozygous or compound heterozygous HJV mutations
develop severe iron overload (46). HJV functions as a BMP co-
receptor involved in hepcidin regulation by BMP signaling (47,
48). In vitro experiments have demonstrated that HJV can
interact with HFE and TFR2, implicating HJV in the iron-sens-
ing pathway. Evidence that HJV assists in iron sensing by HFE
and TFR2 is provided by the lack of additive hepcidin suppres-
sion in mice lacking HJV alone compared with mice lacking
both HJV and either functional HFE or TFR2 (49). Additionally,
while BMP signaling and HFE/TFR2-mediated iron sensing
require HJV, these pathways appear to be distinct, as the dis-
ruption of BMP6 and either HFE or TFR2 together results in
additive hepcidin suppression compared with that observed in
response to the loss of either BMP6 or HFE/TFR2 individually
(49). Studies are needed to define the spatiotemporal molecular
interactions between HFE, ALK3, HJV, and TFR2. The mem-
brane serine protease Tmprss6 (matriptase 2) cleaves HJV and
functions as a regulatory brake on this system (50). The expres-
sion of Tmprss6 is increased by iron deficiency and hypoxia
(51–53), pointing to a third iron-regulated pathway controlling
hepcidin.

Modulation of hepcidin and iron homeostasis by host
defense and erythropoiesis

Iron and host defense

In systemic infection, iron is sequestered in macrophages,
and extracellular iron concentrations decrease within hours.
This response has long been thought to reduce the availability
of iron to microbes, nearly all of which require iron for growth
and proliferation. Supporting this concept, iron overload man-
ifested by the saturation of transferrin with iron is associated
with infections by “siderophilic” microbes.

Hepcidin, a component of innate immunity

Systemic infection increases hepcidin concentrations in
plasma resulting in the sequestration of iron within macro-
phages and a reduction in dietary iron absorption. Mice lacking
hepcidin show markedly decreased survival when infected with
the siderophilic Vibrio vulnificus, and treatment with synthetic
minihepcidins dramatically improves survival (54). The main
mediator of increased hepcidin production during infection is
IL-6 (55), which transcriptionally stimulates hepcidin synthesis
via STAT3. We hypothesize that the main function of IL-6 and
hepcidin-mediated iron sequestration is to reduce the availabil-
ity of iron that is not bound to transferrin and so may be readily
taken up by siderophilic microbes. As a side effect, the IL-6-
driven increase in hepcidin and the corresponding decrease in
iron availability for erythropoiesis are the major causes of the
anemia of inflammation (56 –58), in which iron-restricted ane-
mia develops because of impaired mobilization of iron from
stores.

Hepcidin suppression by stress erythropoiesis

Iron mobilization and increased iron absorption are early
compensatory responses to anemia, such as occurs after major

blood loss. Renal hypoxia stimulates the production of the hor-
mone erythropoietin (EPO), which expands the production of
erythrocytes. EPO also signals the erythrocyte progenitors
(erythroblasts) to increase the production and secretion of the
hormone erythroferrone (ERFE) (59). ERFE acts through an as
of yet unknown receptor to suppress hepcidin production by
hepatocytes, thereby increasing the release of iron from stores
and its absorption from the diet, making more iron available for
erythropoiesis. Mice lacking ERFE take longer to recover from
anemia after blood loss or inflammation (59, 60).

Iron delivery to tissues

Transferrin and transferrin receptors

Iron released into plasma is rapidly bound by transferrin.
Holotransferrin binds to transferrin receptors (TFR) 1 and 2,
respectively for cellular iron acquisition (61) and iron-sensing
by the liver (41). TFR1 is found in varying amounts in all cell
types, but it is especially abundant in erythroblasts where it is
essential for hemoglobin production. Genetic deletion of TFR1
is embryonic lethal (62). Tissue-specific knockouts showed that
TFR1 is required for normal iron metabolism in skeletal muscle
(63) and cardiomyocytes (64) and that TFR1 serves an uniden-
tified iron-independent function in intestinal epithelial cells
(65). Transferrin receptor 2, largely restricted to the liver and
erythroid precursors (66), also interacts with holotransferrin
but does not substantially contribute to iron uptake (67), acting
primarily as sensor of systemic iron status (41).

Transferrin cycle

Cellular iron uptake is mediated by endocytosis of the
holotransferrin–TFR1 complex, followed by acidification,
which dissociates iron from transferrin, and then the release of
apotransferrin from the cell. The protein six-transmembrane
epithelial antigen of prostate (STEAP3) then reduces Fe3�

within the endosome. Mice lacking STEAP3 display impaired
iron acquisition from transferrin in erythroblasts that manifests
as anemia (68, 69). There may be other mechanisms of endo-
cytic iron reduction, and iron sources other than transferrin
may also be utilized by some cell types, as evidenced by non-
lethal phenotypes (62– 65, 68, 69) after STEAP3 or conditional
TFR1 deletion. Erythropoiesis is impaired in rodents with loss-
of-function mutations in DMT1, indicating that endosomal
iron export is mediated by DMT1 in erythroblasts. However,
embryos lacking DMT1 obtain iron from TFR1-mediated pla-
cental iron transport and are born with increased liver iron
stores (10), indicating that other protein(s) can export iron
from endosomes after iron-transferrin endocytosis.

Non-transferrin bound iron (NTBI)

Normally, practically all plasma iron is bound to transferrin.
However, after ingestion of iron supplements, NTBI (iron
bound to citrate, acetate, other organic anions of intermediary
metabolism, or albumin) may appear in plasma (70), indicating
that the binding of absorbed iron to transferrin is saturable.
Hepatocytes take up NTBI and clear most NTBI from the portal
circulation prior to its reaching the peripheral blood circula-
tion. More commonly, plasma NTBI is seen in systemic iron
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overload, where plasma iron concentrations chronically exceed
the binding capacity of transferrin. NTBI clearance does not
depend on transferrin, as mice lacking transferrin readily load
NTBI into tissues, including the liver, pancreas, and heart.
Recent studies indicate that ZIP14 is necessary for NTBI load-
ing by hepatocytes and pancreatic acinar cells (71) and contrib-
ute to NTBI uptake by pancreatic beta cells (72). NTBI uptake
by cardiomyocytes may depend on the action of calcium chan-
nels, as calcium channel blockers prevent cardiac iron accumu-
lation during iron overload (73, 74). The route of NTBI uptake
in other tissues, such as the skeletal muscle (64), has not been
determined.

Pathological tissue iron overload

Hereditary hemochromatosis is a disorder caused usually by
mutations in genes (75–78) involved in regulating hepcidin
expression, resulting in insufficient hepcidin production (79).
Inadequate levels of hepcidin lead to excessive dietary iron
absorption (80), excessive mobilization of macrophage iron
stores (81), saturation of transferrin with iron, and the appear-
ance of NTBI in plasma (82). Iron overload is also seen in
�-thalassemia, a genetic disorder resulting from defective
�-globin synthesis. Impaired �-globin production leads to
chronic anemia with expansion of erythroblast populations
that suppress hepcidin expression through the action of the
hormone erythroferrone and possibly other mediators (59, 83).
Similarly to hemochromatosis, reduced hepcidin levels cause
increased iron absorption and tissue iron loading, further exac-
erbated in �-thalassemia major by a requirement for frequent
blood transfusions. Tissue injury from excessive iron may cause
cirrhosis, diabetes, cardiomyopathy, and endocrine failure,
depending on the severity and tempo of iron accumulation.

Cellular iron homeostasis

Cellular iron regulation is distinct from its systemic regulation

Immersed in extracellular fluid whose iron concentrations
are systemically regulated, each cell controls its iron uptake and
storage to meet its individual iron requirement. Cell types
involved in iron transport for systemic purposes (duodenal
enterocytes, iron-recycling macrophages, hepatocytes, and pla-
cental trophoblast) are subject to both cellular and systemic
regulation. Cellular iron is controlled post-transcriptionally by
the interaction of an iron-response element (IRE) in mRNA
with RNA-binding iron regulatory proteins (IRP) that bind to
IREs when cellular iron levels are low. When cellular iron levels
rise, IRPs undergo a conformational shift or are degraded,
which ablates their interaction with IREs (84). IRPs binding to
IREs have opposite effects on target protein synthesis depend-
ing on the location of the IRE in the 5�- or 3�-untranslated
region (UTR) of the target mRNA. In the TFR1 mRNA, the IREs
are in the 3�-UTR (85), and IRP binding stabilizes the mRNA
and increases the synthesis of TFR1 protein to promote greater
iron uptake during low-iron conditions. Unlike TFR1, ferritin
mRNA has an IRE in the 5�-UTR (86), and when cellular iron is
low, the binding of IRPs inhibits mRNA translation (87). During
high-iron conditions, ferritin translation is derepressed, and
cellular iron storage is favored. Other proteins involved in iron

utilization and subcellular transport are also regulated by this
system.

Ferritinophagy

The release of stored iron from ferritin is dependent on fer-
ritinophagy, a regulated autophagosomal and lysosomal activ-
ity. Ferritin is first recruited to autophagosomes by the protein
nuclear receptor co-activator 4 (NCOA4) (88). NCOA4 is
enriched in autophagosomes and has been demonstrated to
interact with ferritin prior to the fusion of autophagosomes
with lysosomes in vitro (89). Mice lacking NCOA4 have
increased tissue iron and an impaired ability to mobilize stored
iron (90). Within lysosomes, ferritin is degraded, and its stored
iron is released. How lysosomes export iron mobilized from
ferritin has not been determined, but DMT1 may be responsi-
ble as DMT1 functions optimally at an acidic pH (4), and it has
been reported to localize to lysosomes (91).

Iron chaperones

How iron reaches its various intracellular destinations is
incompletely understood. In one model, iron taken up by a cell
enters a cytosolic reservoir of weakly bound iron, the labile-iron
pool (92), which can be used for metabolic functions or stored
in ferritin. In a more recent model, iron is chaperoned by spe-
cific carrier proteins that limit its reactivity and target it to
selected proteins. Members of the poly-r(C)-binding protein
(PCBP) family, particularly the abundant PCBP1 and -2, bind
iron and interact with proteins involved in iron storage and
transport (93). PCBP1 has been shown to deliver iron to ferritin
in vitro (94), and PCBP2 can bind iron and interact with both
DMT1 and ferroportin in vitro (95, 96). Additionally, suppres-
sion of PCBP2 inhibits the cellular uptake of iron via DMT1 as
well as the export of iron by ferroportin, indicating that PCBP2
may be a regulator of cellular iron transport. Studies investigat-
ing the role of PCBP1 and PCBP2 as iron chaperones in vivo
have yet to be reported, but global deletion of these proteins
results in embryonic lethality (97). Efficient iron transfer
between endosomes and mitochondria is a major requirement
for high-output synthesis of heme in erythroblasts, and it may
depend on transient contact between their membranes, the
“kiss and run” mechanism (98).

Local regulation of cellular iron by hepcidin

Consistent with the central role of hepatocytes in hepcidin
regulation, mice with conditional deletion of hepcidin in hepa-
tocytes recapitulate the phenotype of global hepcidin knock-
outs (20). However, other cell types also express hepcidin,
including pancreatic beta cells, cardiomyocytes, placental syn-
cytiotrophoblast, various kidney cell types, adipocytes, macro-
phages, and glial cells. The production of hepcidin in these non-
hepatocyte cell populations contributes insignificantly to
systemic hepcidin levels and therefore systemic iron homeosta-
sis, but recent reports suggest a local role for extrahepatic hep-
cidin in the autocrine and paracrine regulation of cellular iron.
Despite normal systemic iron homeostasis and circulating hep-
cidin levels (99), the specific deletion of hepcidin in cardiomyo-
cytes causes cardiac iron depletion and premature death, attrib-
uted to increased ferroportin expression in cardiomyocytes and
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excessive cellular iron efflux. Mice with global deletion of hep-
cidin may be protected from cardiac iron depletion by
increased levels of circulating iron, including NTBI (81). The
deletion of ferroportin in cardiomyocytes yields the opposite
phenotype, cardiac iron accumulation, but also results in pre-
mature death (100). These studies suggest an important role for
locally produced hepcidin regulating cellular iron homeostasis
in an IRP/IRE-independent manner, and they raise the possi-
bility that similar mechanisms may operate in other cell types
that express both ferroportin and hepcidin, such as macro-
phages, pancreatic beta cells, and adipose tissue.

Concluding remarks

In less than 2 decades, systemic iron homeostasis has been
reconceptualized as a complex endocrine and paracrine system.
Despite evident progress, important mechanistic details remain
to be elucidated.

References
1. Knutson, M. D., Walter, P. B., Ames, B. N., and Viteri, F. E. (2000) Both

iron deficiency and daily iron supplements increase lipid peroxidation in
rats. J. Nutr. 130, 621– 628

2. Walter, P. B., Knutson, M. D., Paler-Martinez, A., Lee, S., Xu, Y., Viteri,
F. E., and Ames, B. N. (2002) Iron deficiency and iron excess damage
mitochondria and mitochondrial DNA in rats. Proc. Natl. Acad. Sci.
U.S.A. 99, 2264 –2269

3. Fillebeen, C., Gkouvatsos, K., Fragoso, G., Calvé, A., Garcia-Santos, D.,
Buffler, M., Becker, C., Schümann, K., Ponka, P., Santos, M. M., and
Pantopoulos, K. (2015) Mice are poor heme absorbers and do not require
intestinal Hmox1 for dietary heme iron assimilation. Haematologica
100, e334 – e337

4. Illing, A. C., Shawki, A., Cunningham, C. L., and Mackenzie, B. (2012)
Substrate profile and metal-ion selectivity of human divalent metal-ion
transporter-1. J. Biol. Chem. 287, 30485–30496

5. Pinilla-Tenas, J. J., Sparkman, B. K., Shawki, A., Illing, A. C., Mitchell,
C. J., Zhao, N., Liuzzi, J. P., Cousins, R. J., Knutson, M. D., and Mackenzie,
B. (2011) Zip14 is a complex broad-scope metal-ion transporter whose
functional properties support roles in the cellular uptake of zinc and
nontransferrin-bound iron. Am. J. Physiol. Cell Physiol. 301, C862–C871

6. Wang, C. Y., Jenkitkasemwong, S., Duarte, S., Sparkman, B. K., Shawki,
A., Mackenzie, B., and Knutson, M. D. (2012) ZIP8 is an iron and zinc
transporter whose cell-surface expression is up-regulated by cellular iron
loading. J. Biol. Chem. 287, 34032–34043

7. Mitchell, C. J., Shawki, A., Ganz, T., Nemeth, E., and Mackenzie, B. (2014)
Functional properties of human ferroportin, a cellular iron exporter re-
active also with cobalt and zinc. Am. J. Physiol. Cell Physiol. 306,
C450 – 459

8. Gunshin, H., Mackenzie, B., Berger, U. V., Gunshin, Y., Romero, M. F.,
Boron, W. F., Nussberger, S., Gollan, J. L., and Hediger, M. A. (1997)
Cloning and characterization of a mammalian proton-coupled metal-ion
transporter. Nature 388, 482– 488

9. Wang, C. Y., and Knutson, M. D. (2013) Hepatocyte divalent metal-ion
transporter-1 is dispensable for hepatic iron accumulation and non-
transferrin-bound iron uptake in mice. Hepatology 58, 788 –798

10. Gunshin, H., Fujiwara, Y., Custodio, A. O., Direnzo, C., Robine, S., and
Andrews, N. C. (2005) Slc11a2 is required for intestinal iron absorption
and erythropoiesis but dispensable in placenta and liver. J. Clin. Invest.
115, 1258 –1266

11. Shawki, A., Engevik, M. A., Kim, R. S., Knight, P. B., Baik, R. A., Anthony,
S. R., Worrell, R. T., Shull, G. E., and Mackenzie, B. (2016) Intestinal
brush-border Na�/H� exchanger-3 drives H�-coupled iron absorption
in the mouse. Am. J. Physiol. Gastrointest. Liver Physiol. 311, G423–G430

12. Shawki, A., Anthony, S. R., Nose, Y., Engevik, M. A., Niespodzany, E. J.,
Barrientos, T., Öhrvik, H., Worrell, R. T., Thiele, D. J., and Mackenzie, B.
(2015) Intestinal DMT1 is critical for iron absorption in the mouse but is

not required for the absorption of copper or manganese. Am. J. Physiol.
Gastrointest. Liver Physiol. 309, G635–G647

13. Iolascon, A., and De Falco, L. (2009) Mutations in the gene encoding
DMT1: clinical presentation and treatment. Semin. Hematol. 46,
358 –370

14. Shah, Y. M., Matsubara, T., Ito, S., Yim, S. H., and Gonzalez, F. J. (2009)
Intestinal hypoxia-inducible transcription factors are essential for iron
absorption following iron deficiency. Cell Metab. 9, 152–164

15. Choi, J., Masaratana, P., Latunde-Dada, G. O., Arno, M., Simpson, R. J.,
and McKie, A. T. (2012) Duodenal reductase activity and spleen iron
stores are reduced and erythropoiesis is abnormal in Dcytb knockout
mice exposed to hypoxic conditions. J. Nutr. 142, 1929 –1934

16. Salojin, K. V., Cabrera, R. M., Sun, W., Chang, W. C., Lin, C., Duncan, L.,
Platt, K. A., Read, R., Vogel, P., Liu, Q., Finnell, R. H., and Oravecz, T.
(2011) A mouse model of hereditary folate malabsorption: deletion of the
PCFT gene leads to systemic folate deficiency. Blood 117, 4895– 4904

17. Shayeghi, M., Latunde-Dada, G. O., Oakhill, J. S., Laftah, A. H., Takeuchi,
K., Halliday, N., Khan, Y., Warley, A., McCann, F. E., Hider, R. C., Frazer,
D. M., Anderson, G. J., Vulpe, C. D., Simpson, R. J., and McKie, A. T.
(2005) Identification of an intestinal heme transporter. Cell 122,
789 – 801

18. Qiu, A., Jansen, M., Sakaris, A., Min, S. H., Chattopadhyay, S., Tsai, E.,
Sandoval, C., Zhao, R., Akabas, M. H., and Goldman, I. D. (2006) Identi-
fication of an intestinal folate transporter and the molecular basis for
hereditary folate malabsorption. Cell 127, 917–928

19. Nemeth, E., Tuttle, M. S., Powelson, J., Vaughn, M. B., Donovan, A.,
Ward, D. M., Ganz, T., and Kaplan, J. (2004) Hepcidin regulates cellular
iron efflux by binding to ferroportin and inducing its internalization.
Science 306, 2090 –2093

20. Zumerle, S., Mathieu, J. R., Delga, S., Heinis, M., Viatte, L., Vaulont, S.,
and Peyssonnaux, C. (2014) Targeted disruption of hepcidin in the liver
recapitulates the hemochromatotic phenotype. Blood 123, 3646 –3650

21. Donovan, A., Lima, C. A., Pinkus, J. L., Pinkus, G. S., Zon, L. I., Robine, S.,
and Andrews, N. C. (2005) The iron exporter ferroportin/Slc40a1 is es-
sential for iron homeostasis. Cell Metab. 1, 191–200

22. Fuqua, B. K., Lu, Y., Darshan, D., Frazer, D. M., Wilkins, S. J., Wolkow, N.,
Bell, A. G., Hsu, J., Yu, C. C., Chen, H., Dunaief, J. L., Anderson, G. J., and
Vulpe, C. D. (2014) The multicopper ferroxidase hephaestin enhances
intestinal iron absorption in mice. PLoS ONE 9, e98792

23. Theurl, I., Hilgendorf, I., Nairz, M., Tymoszuk, P., Haschka, D., Asshoff,
M., He, S., Gerhardt, L. M., Holderried, T. A., Seifert, M., Sopper, S.,
Fenn, A. M., Anzai, A., Rattik, S., McAlpine, C., et al. (2016) On-demand
erythrocyte disposal and iron recycling requires transient macrophages
in the liver. Nat. Med. 22, 945–951

24. Gottlieb, Y., Truman, M., Cohen, L. A., Leichtmann-Bardoogo, Y., and
Meyron-Holtz, E. G. (2012) Endoplasmic reticulum anchored heme-ox-
ygenase 1 faces the cytosol. Haematologica 97, 1489 –1493

25. White, C., Yuan, X., Schmidt, P. J., Bresciani, E., Samuel, T. K., Cam-
pagna, D., Hall, C., Bishop, K., Calicchio, M. L., Lapierre, A., Ward, D. M.,
Liu, P., Fleming, M. D., and Hamza, I. (2013) HRG1 is essential for heme
transport from the phagolysosome of macrophages during eryth-
rophagocytosis. Cell Metab. 17, 261–270

26. Rajagopal, A., Rao, A. U., Amigo, J., Tian, M., Upadhyay, S. K., Hall, C.,
Uhm, S., Mathew, M. K., Fleming, M. D., Paw, B. H., Krause, M., and
Hamza, I. (2008) Haem homeostasis is regulated by the conserved and
concerted functions of HRG-1 proteins. Nature 453, 1127–1131

27. Kovtunovych, G., Eckhaus, M. A., Ghosh, M. C., Ollivierre-Wilson, H.,
and Rouault, T. A. (2010) Dysfunction of the heme recycling system in
heme oxygenase-1 deficient mice: effects on macrophage viability and
tissue iron distribution. Blood 116, 6054 – 6062

28. Soe-Lin, S., Apte, S. S., Mikhael, M. R., Kayembe, L. K., Nie, G., and
Ponka, P. (2010) Both Nramp1 and DMT1 are necessary for efficient
macrophage iron recycling. Exp. Hematol. 38, 609 – 617

29. Delaby, C., Pilard, N., Puy, H., and Canonne-Hergaux, F. (2008) Sequen-
tial regulation of ferroportin expression after erythrophagocytosis in mu-
rine macrophages: early mRNA induction by haem, followed by iron-de-
pendent protein expression. Biochem. J. 411, 123–131

MINIREVIEW: Iron homeostasis

12732 J. Biol. Chem. (2017) 292(31) 12727–12734



30. Knutson, M. D., Vafa, M. R., Haile, D. J., and Wessling-Resnick, M. (2003)
Iron loading and erythrophagocytosis increase ferroportin 1 (FPN1) ex-
pression in J774 macrophages. Blood 102, 4191– 4197

31. Knutson, M. D., Oukka, M., Koss, L. M., Aydemir, F., and Wessling-
Resnick, M. (2005) Iron release from macrophages after erythrophago-
cytosis is up-regulated by ferroportin 1 overexpression and down-regu-
lated by hepcidin. Proc. Natl. Acad. Sci. U.S.A. 102, 1324 –1328

32. Sabelli, M., Montosi, G., Garuti, C., Caleffi, A., Oliveto, S., Biffo, S., and
Pietrangelo, A. (2017) Human macrophage ferroportin biology and the
basis for the ferroportin disease. Hepatology 65, 1512–1525

33. Meynard, D., Kautz, L., Darnaud, V., Canonne-Hergaux, F., Coppin, H.,
and Roth, M. P. (2009) Lack of the bone morphogenetic protein BMP6
induces massive iron overload. Nat. Genet. 41, 478 – 481

34. Koch, P. S., Olsavszky, V., Ulbrich, F., Sticht, C., Demory, A., Leibing, T.,
Henzler, T., Meyer, M., Zierow, J., Schneider, S., Breitkopf-Heinlein, K.,
Gaitantzi, H., Spencer-Dene, B., Arnold, B., Klapproth, K., et al. (2017)
Angiocrine Bmp2 signaling in murine liver controls normal iron home-
ostasis. Blood 129, 415– 419

35. Canali, S., Zumbrennen-Bullough, K. B., Core, A. B., Wang, C. Y., Nairz,
M., Bouley, R., Swirski, F. K., and Babitt, J. L. (2017) Endothelial cells
produce bone morphogenetic protein 6 required for iron homeostasis in
mice. Blood 129, 405– 414

36. Enns, C. A., Ahmed, R., Wang, J., Ueno, A., Worthen, C., Tsukamoto, H.,
and Zhang, A. S. (2013) Increased iron loading induces Bmp6 expression
in the non-parenchymal cells of the liver independent of the BMP-sig-
naling pathway. PLoS ONE 8, e60534

37. Steinbicker, A. U., Bartnikas, T. B., Lohmeyer, L. K., Leyton, P., Mayeur,
C., Kao, S. M., Pappas, A. E., Peterson, R. T., Bloch, D. B., Yu, P. B.,
Fleming, M. D., and Bloch, K. D. (2011) Perturbation of hepcidin expres-
sion by BMP type I receptor deletion induces iron overload in mice.
Blood 118, 4224 – 4230

38. Mayeur, C., Leyton, P. A., Kolodziej, S. A., Yu, B., and Bloch, K. D. (2014)
BMP type II receptors have redundant roles in the regulation of hepatic
hepcidin gene expression and iron metabolism. Blood 124, 2116 –2123

39. Schmidt, P. J., Toran, P. T., Giannetti, A. M., Bjorkman, P. J., and An-
drews, N. C. (2008) The transferrin receptor modulates Hfe-dependent
regulation of hepcidin expression. Cell Metab. 7, 205–214

40. Lebrón, J. A., West, A. P., Jr., and Bjorkman, P. J. (1999) The hemochro-
matosis protein HFE competes with transferrin for binding to the trans-
ferrin receptor. J. Mol. Biol. 294, 239 –245

41. Goswami, T., and Andrews, N. C. (2006) Hereditary hemochromatosis
protein, HFE, interaction with transferrin receptor 2 suggests a molecu-
lar mechanism for mammalian iron sensing. J. Biol. Chem. 281,
28494 –28498

42. Johnson, M. B., and Enns, C. A. (2004) Diferric transferrin regulates
transferrin receptor 2 protein stability. Blood 104, 4287– 4293

43. Wallace, D. F., Summerville, L., Crampton, E. M., Frazer, D. M., Ander-
son, G. J., and Subramaniam, V. N. (2009) Combined deletion of Hfe and
transferrin receptor 2 in mice leads to marked dysregulation of hepcidin
and iron overload. Hepatology 50, 1992–2000

44. Schmidt, P. J., and Fleming, M. D. (2012) Transgenic HFE-dependent
induction of hepcidin in mice does not require transferrin receptor-2.
Am. J. Hematol. 87, 588 –595

45. Wu, X. G., Wang, Y., Wu, Q., Cheng, W. H., Liu, W., Zhao, Y., Mayeur,
C., Schmidt, P. J., Yu, P. B., Wang, F., and Xia, Y. (2014) HFE interacts
with the BMP type I receptor ALK3 to regulate hepcidin expression.
Blood 124, 1335–1343

46. Huang, F. W., Pinkus, J. L., Pinkus, G. S., Fleming, M. D., and Andrews,
N. C. (2005) A mouse model of juvenile hemochromatosis. J. Clin. Invest.
115, 2187–2191

47. Babitt, J. L., Huang, F. W., Wrighting, D. M., Xia, Y., Sidis, Y., Samad,
T. A., Campagna, J. A., Chung, R. T., Schneyer, A. L., Woolf, C. J., An-
drews, N. C., and Lin, H. Y. (2006) Bone morphogenetic protein signaling
by hemojuvelin regulates hepcidin expression. Nat. Genet. 38, 531–539

48. Andriopoulos, B., Jr, Corradini, E., Xia, Y., Faasse, S. A., Chen, S.,
Grgurevic, L., Knutson, M. D., Pietrangelo, A., Vukicevic, S., Lin, H. Y.,
and Babitt, J. L. (2009) BMP6 is a key endogenous regulator of hepcidin
expression and iron metabolism. Nat. Genet. 41, 482– 487

49. Latour, C., Besson-Fournier, C., Meynard, D., Silvestri, L., Gourbeyre, O.,
Aguilar-Martinez, P., Schmidt, P. J., Fleming, M. D., Roth, M. P., and
Coppin, H. (2016) Differing impact of the deletion of hemochromatosis-
associated molecules HFE and transferrin receptor-2 on the iron pheno-
type of mice lacking bone morphogenetic protein 6 or hemojuvelin.
Hepatology 63, 126 –137

50. Silvestri, L., Pagani, A., Nai, A., De Domenico, I., Kaplan, J., and Cam-
aschella, C. (2008) The serine protease matriptase-2 (TMPRSS6) inhibits
hepcidin activation by cleaving membrane hemojuvelin. Cell Metab. 8,
502–511
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Cellular iron homeostasis is maintained by iron and heme
transport proteins that work in concert with ferrireductases,
ferroxidases, and chaperones to direct the movement of iron
into, within, and out of cells. Systemic iron homeostasis is regu-
lated by the liver-derived peptide hormone, hepcidin. The inter-
face between cellular and systemic iron homeostasis is readily
observed in the highly dynamic iron handling of four main cell
types: duodenal enterocytes, erythrocyte precursors, macro-
phages, and hepatocytes. This review provides an overview of
how these cell types handle iron, highlighting how iron and
heme transporters mediate the exchange and distribution of
body iron in health and disease.

The year 2017 marks the 20th anniversary of the ground-
breaking discovery of DMT1 (divalent metal-ion transporter-
1), the first mammalian transmembrane iron transporter to be
identified (1). Since then, our knowledge of the molecular
mechanisms of iron transport has advanced greatly, as has our
understanding of how alterations in the expression/function of
iron transport proteins characterize and contribute to iron
dyshomeostasis in clinical disorders such as iron-deficiency
anemia, the anemia of inflammation, and hereditary hemo-
chromatosis. Iron deficiency is the single most common defi-
ciency in the world and affects an estimated two billion individ-
uals, including 10-20% of young women in the United States (2).
The anemia of inflammation (also known as the anemia of
chronic disease) is the second most common form of anemia
after iron-deficiency anemia (3). Data from the third National
Health and Nutrition Examination Survey (1998-1994) indicate
that, in the United States, �700,000 individuals 65 years and
older have the anemia of inflammation (4). On the other end of
the spectrum of iron disorders is hereditary hemochromatosis,
an autosomal recessive iron-overload disease that results pre-
dominantly from a C282Y polymorphism in the HFE (High Fe)
gene (5). The prevalence of this polymorphism is notably high
in Caucasian populations: �1 in 200 to 1 in 300 individuals of
northern European descent are homozygous carriers (6). A sys-
tematic review of hemochromatosis penetrance concluded
that, in the �1 million C282Y homozygotes in the United

States, up to 38 –50% develop iron overload and 10 –33% even-
tually develop hemochromatosis-associated morbidity (7).

Systemic iron homeostasis–from intestinal iron uptake to
iron utilization, recycling, and storage– can be largely under-
stood by considering how iron is handled by four main cell
types: enterocytes, erythrocyte precursors, macrophages, and
hepatocytes. Enterocytes in the proximal small intestine absorb
dietary iron; erythrocyte precursors in the bone marrow incor-
porate iron into heme in red blood cell (RBC) hemoglobin;
macrophages in the liver, spleen, and bone marrow recycle iron
from senescent RBCs; and hepatocytes store iron (Fig. 1). The
aim of this review is to provide a current overview of the pro-
teins that mediate the cellular uptake, intracellular transport,
storage, and efflux of iron (as non-heme iron and heme) in these
four cell types. Consideration will also be given to how hepci-
din, the iron regulatory hormone produced by hepatocytes, reg-
ulates systemic iron homeostasis by controlling and coordinat-
ing the flow of iron among these various cells.

Dietary iron absorption by the enterocyte

Human diets contain iron as heme or non-heme iron. Heme
(iron-protoporphyrin IX) is found in meat, poultry, and seafood
and derives mainly from hemoglobin and myoglobin. Non-
heme iron refers to various forms of inorganic iron and is usu-
ally associated with iron in plants. Foods of animal origin, how-
ever, also contain non-heme iron (roughly half of the total iron),
mainly in the iron storage protein ferritin. As a consequence,
85–90% of the iron in typical diverse United States diets is non-
heme (8). Nonetheless, heme iron is much more bioavailable
than non-heme iron, thus making heme an important contrib-
utor to iron nutrition. Dietary non-heme iron in the acidic
microclimate at the absorptive surface of the proximal small
intestine is transported across the apical membrane of entero-
cytes via DMT1 (SLC11A2, solute carrier family 11 member 2)
(Fig. 2A) (1, 9). Mice with intestine-specific deletion of Slc11a2
display decreased enterocyte iron concentrations, markedly
impaired iron absorption (i.e. 90% less than control mice), and
develop severe iron-deficiency anemia (10, 11). DMT1 there-
fore appears to be the only mechanism by which non-heme iron
is taken up at the intestinal brush border. As a proton-coupled
symporter, DMT1 functions optimally at acidic pH by coupling
the flow of protons down an electrochemical gradient to the
transport of iron into the cell (1). The H� gradient that drives
DMT1-mediated iron uptake is generated by intestinal brush-
border Na�/H� exchanger 3 (NHE3) (12). DMT1 transports
only Fe2�, but most dietary iron is Fe3� (13); hence, a reduction
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step is needed before iron transport by DMT1. This activity is
generally thought to be mediated by the ferrireductase duode-
nal cytochrome B (DCYTB2; CYBRD1) located at the apical
membrane of enterocytes (14). Consistent with this possibility
is the observation that Dcytb mRNA expression is markedly
up-regulated in iron-deficient mouse intestines (14, 15).
Cybrd1-null mice, however, show no apparent defects in iron
metabolism even in the context of iron deficiency, suggesting
that DCYTB can be dispensable for iron absorption (16).

Our understanding of the molecular mechanisms of non-
heme iron absorption has advanced primarily through the use
of mutant mouse models. Mice, however, are not good models

to study heme iron absorption because they absorb heme very
poorly (17). In the 1970s and 1980s, experiments with pig intes-
tine provided evidence that heme is taken up via receptor-me-
diated endocytosis (18, 19), but little progress has been made
since then. It is possible that intestinal heme is taken up via
heme-responsive gene-1 (HRG1) protein, a high-affinity heme
transporter that transports heme out of the macrophage
phagolysosome (20). HRG1 is expressed in human small intes-
tine where it could conceivably function at the apical mem-
brane or in intracellular vesicles (21). Within the enterocyte,
heme is degraded by heme oxygenase 1 (HMOX1), and the
liberated iron is likely handled in a similar fashion as is absorbed
inorganic iron (22).

Iron is transported out of the enterocyte and into portal
blood via ferroportin (SLC40A1) located on the basolateral
membrane (23–25). Mice with intestine-specific deletion of

2 The abbreviations used are: DCYTB, duodenal cytochrome B; PCBP, poly(rC)-
binding protein; LRP, low-density lipoprotein receptor-related protein;
RES, reticuloendothelial system; TBI, transferrin-bound iron; NTBI, non-
transferrin-bound iron; TFR1, transferrin receptor 1; H, heavy.

Figure 1. Overview of the main organs and cell types involved in the regulation of systemic iron homeostasis. Enterocytes of the proximal small intestine
absorb iron (as Fe2�, ●) into the circulation where it becomes bound (as Fe3�, E) to its transport protein transferrin. Most circulating iron transferrin is taken
up by erythrocyte precursors in the bone marrow, where the iron is incorporated into the heme component of hemoglobin in newly synthesized RBCs. Iron
from senescent or damaged RBCs is recycled by macrophages of the liver, spleen, and bone marrow. Hepcidin, the iron-regulatory protein produced by
hepatocytes, controls the flow of iron into the plasma by binding to ferroportin (on enterocytes, macrophages, and hepatocytes), causing its internalization
and degradation. Hepcidin production is positively regulated by iron transferrin in the plasma, hepatic iron stores, and inflammation. Iron stores are sensed by
hepatic sinusoidal endothelial cells, which produce BMP6, a key endogenous regulator of hepcidin expression. Hepcidin synthesis is negatively regulated by
increased erythropoietic activity. BMP6, bone morphogenetic protein 6; DMT1, divalent metal-ion transporter-1; FPN, ferroportin; RBC, red blood cell; TF,
transferrin.
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Slc40a1 accumulate iron in duodenal enterocytes and become
severely anemic within weeks, demonstrating that ferroportin
is essential for intestinal iron export (26). Ferroportin trans-
ports only Fe2� (27), whereas transferrin in portal blood will
bind only Fe3�. Efficient transfer of iron to portal blood trans-

ferrin is thought to involve an oxidation step catalyzed by a
ferroxidase. The best characterized intestinal ferroxidase is
hephaestin, a membrane-anchored homologue of the plasma
ferroxidase, ceruloplasmin. Hephaestin was identified as the
gene mutated in the sex-linked anemia (sla) mouse, which dis-

Figure 2. Cellular iron homeostasis. Four cell types are responsible for most of the routine iron handling in the body. A, enterocyte; B, erythrocyte precursor;
C, macrophage; and D, hepatocyte. Depicted are the main pathways involved in the uptake, intracellular transport, storage, and efflux of non-heme iron and
heme in these cells. ABCB10, ATP-binding cassette, subfamily B, member 10; CD163, cluster of differentiation 163; CP, ceruloplasmin; DMT1, divalent metal-ion
transporter-1; FECH, ferrochelatase; FLVCR1 (feline leukemia virus subgroup C receptor 1); FPN, ferroportin; HMOX1, heme oxygenase 1; HP, hephaestin; HRG1,
heme-responsive gene-1; LRP, low-density lipoprotein receptor-related protein; MFRN, mitoferrin 1; NRAMP1, natural resistance-associated macrophage
protein 1; NHE3, Na�/H� exchanger 3; RBC, red blood cell; STEAP3, six-transmembrane epithelial antigen of the prostate; TF, transferrin; TFR1, transferrin
receptor 1; ZIP14, ZRT/IRT-like protein-14.
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plays impaired iron absorption and mild iron-deficiency ane-
mia (28). Accordingly, whole-body as well as intestine-specific
hephaestin knock-out mice exhibit iron accumulation in
enterocytes and mild iron-deficiency anemia (29). However,
the anemia in sla mice and hephaestin knock-out mice is only
observed in early life, suggesting that hephaestin is dispensable
for iron absorption in the adult animal.

How iron that is taken up by DMT1 at the apical membrane
traverses the cytosol to reach basolateral ferroportin is
unknown, but may involve one or more members of the
poly(rC)-binding protein (PCBP) family of metallochaperones.
PCBP1 and PCBP2 have been shown to function as iron chap-
erones that deliver cytosolic iron to ferritin for storage (30, 31).
Studies in HEp-2 cells, a human epithelial cell line, have found
that PCBP2 (but not PCBP1) physically interacts with DMT1
and ferroportin (32, 33), but whether this occurs in enterocytes
or other cell types remains to be determined. Iron directed for
storage in ferritin would serve to retain iron in the enterocyte
and prevent its absorption into the body. This iron would be
eventually lost through the routine sloughing of enterocytes,
which turn over approximately every 3 days in humans and
mice (34). Ferritin is a large multimeric protein composed of 24
heavy (H) or light subunits in various proportions depending on
the tissue. The H subunit has ferroxidase activity that converts
Fe2� to Fe3� for storage in ferrihydrite aggregates within the
ferritin core (35). Mice with intestine-specific deletion of ferri-
tin H display decreased intestinal iron concentrations and ele-
vated body iron stores, indicating that ferritin H in enterocytes
helps to regulate iron absorption (36). Accordingly, up-regula-
tion of enterocyte ferritin resulting from ablation of intestinal
iron regulatory proteins decreases iron absorption, even while
DMT1 and ferroportin are markedly up-regulated (37).

Iron metabolism in erythrocyte precursors

Greater than 95% of iron in plasma is bound to its circulating
transport protein transferrin, which delivers most of its iron to
erythrocyte precursors—i.e. erythroid progenitor cells of the
bone marrow that differentiate into mature RBCs. Each day,
�25 mg of iron is taken up into these cells to support the daily
production of 200 billion new RBCs (Fig. 1). Erythrocyte pre-
cursors take up iron nearly exclusively from transferrin via
transferrin receptor 1 (TFR1) (Fig. 2B). The quantitative impor-
tance of this uptake is illustrated by the fact that an estimated
80% of total body cellular TFR1 is located in the erythroid mar-
row of an adult human (38). When transferrin binds to TFR1 at
the cell surface, the complex is internalized into endosomes,
which become acidified, causing iron to dissociate from trans-
ferrin. The endosomal ferrireductase STEAP3 (six-transmem-
brane epithelial antigen of the prostate 3) reduces the liberated
Fe3� to Fe2� (39), which is subsequently transported into the
cytosol via DMT1 (9, 40). Although it is generally accepted that
endosomal Fe3� is reduced after it is released from transferrin,
thermodynamic and kinetic considerations suggest that reduc-
tion occurs (via STEAP3 or otherwise) while Fe3� is still bound
to transferrin (41). Interestingly, mice deficient in either
STEAP3 or DMT1 (in the hematopoietic compartment)
become anemic, but hemoglobin levels can be maintained at
�8 g/dl (10, 39), suggesting that erythrocyte precursors may

have alternative, although less efficient, means of endosomal
ferrireduction and iron transport.

In erythrocyte precursors, transferrin-derived iron that
enters the cytosol is nearly all directed to mitochondria, where
heme is synthesized. Precisely how iron in the cytosol is deliv-
ered to the mitochondria is unknown. It is possible that cytoso-
lic iron (bound to low-molecular-weight ligands) freely diffuses
into the permeable outer mitochondrial membrane or that it is
chaperoned to the mitochondria by PCBPs. Some evidence
supports a “kiss and run” mechanism in which endosomal iron
is transferred directly from DMT1 into the mitochondria (42).
Iron crosses the inner mitochondrial membrane via mitoferrin
1 (SLC25A37) in erythroid cells (43). Non-erythroid cells take
up iron into the mitochondria via mitoferrin 1 and its paralogue
mitoferrin 2 (SLC25A38) (44). Mitoferrin 1 forms a complex
with several proteins, including ferrochelatase and ABCB10
(ATP-binding cassette, subfamily B, member 10), formerly
known as ABC-me (45, 46). The association of mitoferrin 1 with
ferrochelatase, the terminal enzyme in heme synthesis that
inserts an iron in protoporphyrin IX to produce heme, likely
serves to couple iron transport into the mitochondria to heme
biosynthesis. The interaction between mitoferrin 1 and
ABCB10 increases mitoferrin 1 stability thereby increasing iron
transport into the mitochondria (47).

Heme appears to be transported out of the mitochondria via
isoform b of FLVCR1 (feline leukemia virus subgroup C recep-
tor 1). FLVCR1 was identified as the cell-surface receptor for
feline leukemia virus, subgroup C, which infects cats and causes
pure red cell aplasia characterized by a block in erythroid dif-
ferentiation (48). Heme export by FLVCR1 was demonstrated
by transport studies using 55Fe-heme and zinc mesoporphyrin
(49). The FLCVR1 gene encodes two protein isoforms as fol-
lows: FLVCR1a, a plasma membrane protein, and FLVCR1b, a
mitochondrial isoform having an N-terminal mitochondrion-
targeting sequence (50). Suppression of Flvcr1b expression in
vitro results in mitochondrial heme accumulation and termina-
tion of erythroid differentiation, whereas overexpression of
Flvcr1b leads to intracellular heme accumulation and erythroid
differentiation (50). Evidence for a role in vivo is indirectly pro-
vided by studies of Flvcr1-null mice. Flvcr1�/� mice lack both
isoforms and die in utero due to a block in erythroid differenti-
ation (49), whereas embryos lacking only the 1a isoform have
normal erythropoiesis (50), suggesting that Flvcr1b activity is
sufficient for erythropoiesis, at least at the fetal stage. Studies of
Flvcr1b-deficient mice are needed to clarify the in vivo role(s) of
the 1b isoform.

Despite being the most avid consumers of iron in the body,
erythrocyte precursors abundantly express ferroportin at the
plasma membrane (51) and are therefore able to export non-
heme iron. Systemic iron depletion has been shown to increase
ferroportin expression in erythrocyte precursors, leading to the
hypothesis that up-regulation of ferroportin in iron deficiency
serves to provide iron to non-erythropoietic tissues (52).

Macrophage iron metabolism

Senescent or damaged RBCs are cleared from the circulation
by macrophages of the liver, spleen, and bone marrow, which
are collectively referred to as the reticuloendothelial system
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(RES) (53). Each day, RES macrophages reclaim and recycle
�25 mg of iron from RBCs, nearly all of which is returned to the
bone marrow for reincorporation into newly synthesized heme
in erythrocyte precursors (Fig. 1). By comparison, only about
1–2 mg of iron is absorbed each day by enterocytes, indicating
that the vast majority of iron used for RBC synthesis is from iron
recycled by the RES.

During erythrophagocytosis, macrophages engulf and inter-
nalize RBCs into the phagosome, which fuses with lysosomes to
become a phagolysosome (Fig. 2C). Hydrolytic enzymes within
the phagolysosome degrade the RBC and its hemoglobin to
release heme, which is translocated across the phagolysosomal
membrane into the cytosol via HRG1 (20). In RES macro-
phages, HRG1 specifically localizes to the erythrophagolyso-
some and is up-regulated by erythrophagocytosis (20). Cytoso-
lic heme induces the expression of HMOX1, a cytoplasm-facing
endoplasmic reticulum-anchored enzyme that degrades heme
into iron, CO, and biliverdin (54). Given that each mature RBC
has �1.2 � 109 heme moieties, and that free heme is highly
cytotoxic, very efficient mechanisms must exist for dealing with
such a large bolus of heme following erythrophagocytosis (55).
HMOX1 is one essential mechanism, as illustrated by the fact
that Hmox1-deficient macrophages do not survive eryth-
rophagocytosis in vitro (56). Accordingly, Hmox1-null mice
show a progressive and nearly complete loss of macrophages in
the liver and spleen by 12 months of age (56). Heme export via
FLVCR1a, which has been demonstrated in bone marrow-de-
rived macrophages, may serve as another mechanism to protect
the cell from heme toxicity (49).

It has been proposed that some heme may be degraded
within the phagolysosome to release iron that is transported
into the cytosol via NRAMP1 (natural resistance-associated
macrophage protein 1), a DMT1 homologue located on
phagolysosomal membranes (57, 58). Consistent with this
model is the observation that Nramp1�/� mice show impair-
ments in erythrocyte recycling after hemolytic stress (59).
Whatever the function of NRAMP1 in macrophage iron recy-
cling, the effect appears to be small because Nramp1�/� mice
have normal hematocrits and only slightly elevated concentra-
tions of splenic non-heme iron (59).

Macrophages can additionally take up hemoglobin and heme
from the circulation. Hemoglobin appears in blood plasma
mainly from intravascular hemolysis, a physiologic process that
accounts for at least 10% of red blood cell breakdown in normal
individuals (60). Hemoglobin in the plasma binds to the acute-
phase protein haptoglobin to form a hemoglobin-haptoglobin
complex that is recognized by the scavenger receptor CD163,
which is exclusively expressed on macrophages (61, 62). Hemo-
globin that is not bound to haptoglobin can also be taken up by
CD163 (63). Interestingly, hemoglobin clearance from the
plasma is largely unaffected in mice lacking CD163 (64), indi-
cating that alternative hemoglobin and hemoglobin-haptoglo-
bin clearance pathways exist (such as in hepatocytes as noted
below). Extensive hemolysis can deplete plasma haptoglobin,
giving rise to free hemoglobin. When this occurs, ferrous (Fe2�)
hemoglobin becomes oxidized to ferric (Fe3�) hemoglobin,
resulting in the release of heme, which binds to the plasma
glycoprotein hemopexin. Hemopexin sequesters heme in a

non-reactive form and transports it to the liver, where it is taken
up by Kupffer cells via LRP (low-density lipoprotein receptor-
related protein, also known as CD91) (65). After endocytosis,
heme is released from hemopexin and transported into the
cytosol, where it is catabolized by HMOX1. Interestingly, stud-
ies of hemopexin-null mice reveal that that Kupffer cells can
also acquire heme independently of hemopexin (66).

Hepatocyte iron metabolism

Hepatocytes take up iron in a variety of forms: transferrin-
bound iron (TBI), non-transferrin-bound iron (NTBI), hemo-
globin, and heme (Fig. 2D). TBI is taken up by receptor-medi-
ated endocytosis after it binds to transferrin-receptor 1 (TFR1)
located at the sinusoidal membrane (67). Acidification of endo-
somes causes transferrin to release its Fe3�, which is subse-
quently reduced to Fe2� and then transported into the cytosol
via DMT1. DMT1 plays a role in this process that is demon-
strated by studies showing that mice with hepatocyte-specific
inactivation of DMT1 take up to 40% less iron from TBI when
compared with wild-type controls (68). Interestingly, mice
lacking DMT1 in hepatocytes have normal hepatic iron con-
centrations and display no impairments in loading, indicating
that hepatocyte DMT1 is dispensable for the overall iron econ-
omy of the liver. Indeed, although hepatocytes are capable of
taking up TBI, this pathway is likely to be minimal under nor-
mal circumstances because hepatocytes are a primary site of
iron storage, and iron-replete conditions down-regulate TFR1
expression. Perfusion studies have shown that only 3% of iron
bound to transferrin is taken up by normal rat liver (69).

It is well known that the liver rapidly takes up NTBI, which
appears in the plasma of patients with iron overload (70). NTBI
refers to a heterogeneous mixture of low-molecular-weight
forms of iron that become detectable in plasma when transfer-
rin saturations exceed 75% (71). NTBI is taken up by the liver
via ZRT/IRT-like protein-14 (ZIP14/SLC39A14), a transmem-
brane metal-ion transporter located on the sinusoidal mem-
brane of hepatocytes (72). ZIP14 was originally identified as a
zinc transporter, but subsequent studies showed that it could
also transport iron (73, 74) and that its protein levels in liver
increase in response to iron loading (72). Slc39a14-null mice
display markedly impaired uptake of intravenously adminis-
tered 59Fe-NTBI and fail to load iron in hepatocytes when the
mice are fed an iron-loaded diet or crossed with mouse models
of hereditary hemochromatosis (75). Therefore, ZIP14 is the
major, and perhaps only, NTBI uptake mechanism in hepato-
cytes. Although the exact chemical nature of NTBI is unknown,
most NTBI appears to be ferric species, with one study identi-
fying ferric citrate as the major form in plasma from patients
with hemochromatosis (76). Given that ZIP14 transports Fe2�

but not Fe 3�, a reduction step, likely involving a reductase (77),
is needed for ZIP14-mediated uptake of plasma NTBI. Part of
this reductase activity may be provided by prion protein (PrPc),
as PrP�/� mice have been shown to take up 30% less 59Fe-NTBI
into the liver than do control mice (78). Moreover, functional
cooperation between PrPc and ZIP14 is suggested by the obser-
vation that co-expression of both proteins in hepatoma cells
resulted in greater cellular iron uptake than when either protein
was expressed alone (79).
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Like macrophages, hepatocytes can also acquire iron in the
form of hemoglobin and heme. Isolated rat hepatocytes take up
not only hemoglobin-haptoglobin but also free hemoglobin
(80), which may help to explain why haptoglobin knock-out
mice show no defects in the clearance of free hemoglobin from
the circulation (81). Heme bound to hemopexin is taken up via
LRP expressed by hepatocytes (65). Hemopexin seems to be
required for this process because hemopexin-null mice show
minimal heme loading in hepatocytes after heme overload (66).
The observation that hemopexin-null mice, as well as haptoglo-
bin-null mice, have normal hepatic non-heme iron levels sug-
gests that heme iron uptake pathways are not significant con-
tributors to hepatic iron stores under normal circumstances
(82, 83).

Iron is released from hepatocytes via ferroportin located on
the sinusoidal membrane. Mice with hepatocyte-specific dele-
tion of ferroportin exhibit impaired hepatic iron mobilization
and anemia in response to phlebotomy or an iron-deficient diet
(84). Iron mobilization from hepatocytes additionally requires
ceruloplasmin, a circulating ferroxidase homologous to the
intestinal ferroxidase hephaestin (85). As with hephaestin,
ceruloplasmin oxidizes Fe2� to Fe3� for loading onto apotrans-
ferrin. Ceruloplasmin knock-out mice exhibit hepatocyte iron
loading (85), which may arise because ferroxidase activity is
required for iron efflux from the liver (86).

Although hepatocytes function in the scavenging and catab-
olism of excess heme, it is interesting to note that hepatocytes
export heme, as hepatocyte-specific deletion of Flvcr1a in mice
causes heme to accumulate in hepatocytes, despite an induc-
tion of HMOX1 (87). The accumulation is associated with
heme biosynthesis, suggesting that FLVCR1a exports newly
synthesized heme that is not degraded or utilized by the cell.

Hepcidin, master regulator of systemic iron homeostasis
in health and disease

In addition to their role as an iron-storage cell, hepatocytes
help to regulate systemic iron homeostasis by producing hep-
cidin, a 25-amino acid peptide hormone (88, 89). Circulating
hepcidin controls the amount of iron released into the blood
plasma by inhibiting iron export from macrophages, entero-
cytes, and hepatocytes (Fig. 1) (90 –92). At the molecular level,
hepcidin inhibits iron export by binding to cell-surface ferro-
portin and initiating its internalization and degradation in lyso-
somes (93). Hepcidin expression is suppressed when the rate of
erythropoiesis increases (e.g. in anemia) and is increased by
plasma iron (iron transferrin), iron stores, and inflammation
(94). In iron-deficiency anemia, the body seeks to return to iron
balance by increasing the absorption of dietary iron. This is
achieved by down-regulating the expression of hepcidin, which
increases ferroportin expression in enterocytes thereby
increasing iron transfer into portal blood (Fig. 2A). Alterations
in hepcidin expression also account for the iron overload in
hereditary hemochromatosis. Most hemochromatosis arises
from an inability to produce sufficient amounts of hepcidin
(95), resulting in increased iron absorption that, over time,
leads to iron overload because the body has no active mecha-
nisms to rid itself of excess iron. Furthermore, low hepcidin
levels in hemochromatosis increase ferroportin expression in

RES macrophages. Increased iron efflux from macrophages
raises plasma iron concentrations to levels that saturate the
binding capacity of transferrin, giving rise to NTBI, which is
taken up into hepatocytes via ZIP14 (Fig. 2D) (75). Indeed, these
systemic and cellular alterations readily explain the hallmark
clinical features of hereditary hemochromatosis: elevated
transferrin saturation and hepatic iron overload, with iron
accumulating in hepatocytes and not in macrophages (96).
Under normal circumstances, elevations in hepatic iron stores
are accompanied by an increase in hepcidin expression, which
down-regulates intestinal ferroportin expression and iron
absorption. The amount of iron stores is somehow sensed by
sinusoidal endothelial cells, which produce BMP6 (bone mor-
phogenetic protein 6) (97), a positive regulator of hepcidin
expression (Fig. 1) (98). Hepcidin expression is also positively
regulated by acute increases in transferrin saturation, such as
after a large-dose oral iron supplement. The increase results
from a direct interaction between iron transferrin and hepato-
cytes (Fig. 1) (99). Hepcidin expression is independently up-
regulated by inflammation, which helps to explain some of the
clinical features observed in the anemia of inflammation,
namely elevated plasma hepcidin levels decrease the expression
of ferroportin in macrophages, leading to macrophage iron
retention and hypoferremia. Although elevated plasma hepci-
din levels in inflammation would also decrease intestinal ferro-
portin expression and iron absorption, the contribution of iron
absorption to plasma iron is small (�1–2 mg/day) compared
with that of macrophages (�25 mg/day) (Fig. 1). The regulation
of hepcidin expression has been studied extensively and is well
covered in recent reviews (94, 100).

Conclusions and future directions

In the past 20 years, the study of iron biology has been trans-
formed and revitalized by the discovery of mammalian iron
transport proteins (e.g. DMT1, ferroportin, mitoferrin 1, and
ZIP14), heme transporters (e.g. HRG1 and FLVCR1), iron chap-
erones (i.e. PCBPs), ferrireductases and ferroxidases (e.g.
DCYTB, STEAP3, PrPc, and hephaestin), and the iron-regula-
tory hormone hepcidin. Elucidation of the physiologic function
of these proteins has been achieved predominantly through the
generation of global and, in many cases, conditional knock-out
mouse models. What will the next 20 years bring? Research into
the less well-understood organs/cell types is certain and will
likely reveal novel iron transporters, related proteins, and their
regulators. Indeed, many fundamental questions remain. For
example, how is iron transported across the blood-brain bar-
rier? This is important because brain iron deficiency in early life
may lead to irreversible cognitive deficits, whereas too much
brain iron can lead to neurodegeneration. How is iron handled
by the kidney? Very little iron is lost in the urine, even in iron
overload, indicating that the kidney has efficient mechanisms
for reabsorbing iron filtered by the glomerulus. How does iron
cross the placenta? During pregnancy in humans, about 300 mg
of iron is transferred from mother to fetus across the placenta,
but how this occurs remains a mystery. Answers to these and
other important research questions in the years to come will
continue to shape and refine our ever-changing picture of iron
transport and its role in health and disease.
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Fe-S cofactors are composed of iron and inorganic sulfur in
various stoichiometries. A complex assembly pathway conducts
their initial synthesis and subsequent binding to recipient pro-
teins. In this minireview, we discuss how discovery of the role of
the mammalian cytosolic aconitase, known as iron regulatory
protein 1 (IRP1), led to the characterization of the function of its
Fe-S cluster in sensing and regulating cellular iron homeostasis.
Moreover, we present an overview of recent studies that have
provided insights into the mechanism of Fe-S cluster transfer to
recipient Fe-S proteins.

Discovery of a regulatory role for an iron-sulfur cluster in
iron regulatory protein 1

Interest in understanding how mammalian cells regulated
iron uptake and distribution in the 1980s led to the discovery of
a post-transcriptional regulatory mechanism, which was found
to be crucial for cellular and systemic iron homeostasis in ver-
tebrates. It was known that the expression of a major iron stor-
age protein, ferritin (Ft),2 was primarily regulated at the trans-
lational rather than transcriptional level (1, 2). However, it was
not possible to dissect how ferritin levels were controlled under
different conditions of iron availability until the genes encoding
H and L ferritin were cloned in 1984 (2). At that time, gel-shift
assays were commonly used to demonstrate direct binding of
specific transcription factors to DNA sequences. A similar
approach revealed that one or more cytosolic proteins were
bound to the 5�-untranslated (5�-UTR) region of ferritin tran-
scripts in mammalian cells (3–5). Moreover, it appeared that
the binding factors reflected the iron status of the cell, as ferritin
translation and gel-shift binding activity were reduced in cells
that were iron-deficient, while conversely increasing in cells

that were iron-loaded. The region of the ferritin transcripts
responsible for mediating translational regulation was identi-
fied and subsequently named the IRE, for iron-responsive ele-
ment. The IRE was defined through mutagenesis and sequence
homology as a short stem-loop structure located near the
5�-end of the ferritin transcript. Intensive efforts to identify
cytosolic factors that bound to the IRE resulted in cloning of
two major cytosolic regulatory proteins, iron regulatory pro-
teins 1 and 2 (IRP1 and IRP2) (5). It was immediately apparent,
upon inspection of its primary amino acid sequence, that IRP1
was remarkably similar to mitochondrial aconitase, which was a
well-characterized Fe-S protein. A cubane [Fe4-S4] cluster in
the IRP1 active-site cleft was known to be critical for the revers-
ible aconitase-mediated conversion of citrate to isocitrate (6),
which is essential for cholesterol and fatty acid metabolism, as
citrate is the substrate of ATP-citrate lyase, which generates
acetyl-coenzyme A utilized for cholesterol and lipid biosynthe-
sis. Additionally, citrate has important regulatory roles in gly-
colysis and fatty acid synthesis and oxidation (7). Isocitrate is
also metabolized by the cytosolic NADP-dependent isocitrate
dehydrogenase to generate �-ketoglutarate and NADPH; the
latter is an essential cofactor for several enzymatic reactions
involved in glutathione metabolism and lipid and cholesterol
biosynthesis (7). Interestingly, IRP1 was found to readily con-
vert from an Fe-S enzyme, which exhibited cytosolic aconitase
activity, to an apo-form, which was able to bind with high affin-
ity to the IREs present in several messenger RNAs (mRNAs)
encoding proteins involved in iron homeostasis (8, 9). IRP1
binding to the 5�-UTR of the Ft transcript was found to steri-
cally interfere with translation of the Ft mRNA and therefore
with ferritin synthesis (10).

Multiple studies characterized critical structural properties
and sequence features of functional IREs, which were used to
identify novel IRE-containing transcripts (11). A three-dimen-
sional structure of a classical IRE is depicted in Fig. 1. It consists
of a lower base-paired stem, an unpaired cytosine that bulges
out from the stem, and a five base-paired upper stem upon
which a 6-membered loop rests. The loop contains base-pairing
between positions 1 and 5 and a highly conserved G residue.
Using informatics approaches followed by biochemical assays,
functional IREs were identified in the 5�-UTR of at least seven
other transcripts, including the erythroid form of aminole-
vulinic acid synthase (ALAS2), which is the rate-limiting
enzyme for heme synthesis (11), mitochondrial aconitase (12),
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HIF2� (13), and the iron exporter ferroportin (14), in addition
to the ferritin H and L transcripts (3). Five IREs are present at
the 3�-UTR of the transcript of transferrin receptor 1, where
binding of IRPs protects the mRNA from degradation and
thereby increases levels of transferrin receptor 1 in iron-de-
pleted cells (15). Another important iron transcript encodes the
divalent metal transporter-1 (DMT1), which is found on the
apical membrane of duodenal enterocytes and in endosomes,
where it is responsible for the export of iron from recycling
vesicles to the cytosol. DMT1 mRNA contains an IRE at its
3�-UTR, which enables cells to increase expression of the iron
transporter under conditions of iron deficiency (16). An IRE
was also identified in the 5�-UTR of the Alzheimer’s amyloid
precursor protein transcript, pointing to a possible iron-depen-
dent regulation of intracellular amyloid precursor protein levels
(17). The transcript of CDC14A, a cell cycle regulatory protein,
also contains a potentially functional IRE in its 3�-UTR (18).
Other advanced techniques may reveal additional functional
IREs in mammalian transcripts (19).

The mechanism of iron sensing was subsequently supported
by solution of the crystal structures of cytosolic aconitase with
its intact cubane cluster (20) and of the IRE-IRP1 complex,
which formed in iron-depleted conditions upon loss of the Fe-S
cluster from IRP1 (21). Important features of the high-affinity
IRE-IRP complex included a large conformational change of
domains 3 and 4 of the protein, with the IRE projecting its bulge
C and A15, G16, and U17 residues of the loop into the newly
accessible binding pockets of the IRP1 apoprotein. Thus, the
presence or absence of the iron-sulfur cluster of IRP1 was cru-
cial in determining whether the protein would function as a
cytosolic aconitase or as a post-transcriptional regulatory pro-
tein that increased levels of available cellular iron by decreasing

synthesis of the iron sequestration protein, ferritin, and en-
hancing translation of the iron uptake proteins, transferrin
receptor 1 and DMT1.

When IRP1 was cloned, a second IRE-binding protein, IRP2,
was also identified (5, 22, 23). IRP2 was found to be rapidly
degraded by the ubiquitin proteasomal system in iron-re-
plete cells (24, 25), to lack aconitase activity, and to contain
an extra 73 amino acid domain enriched in cysteine and
proline residues and located 139 amino acids downstream of
the translation initiation codon. The role of the 73 amino
acid domain remains uncharacterized. IRP2 is not known to
ligate an Fe-S cluster, even though the cluster-coordinating
cysteines are conserved between IRP1 and IRP2. IRP2 func-
tions as an IRE-binding protein, which appears to have
nearly complete overlapping and redundant functions to
IRP1. It probably arose from a gene duplication event, which
likely enabled the two IRPs to assume slightly different roles
in overall physiology (26).

Both IRP1 and IRP2 are ubiquitously expressed in all cell
types, although at different ratios (27, 28). Cells that lack
both IRPs fail to survive the blastocyst stage, whereas ani-
mals that lack either IRP1 or IRP2 live to be adults (29).
However, IRP1 or IRP2 knock-out mice present with dra-
matically different phenotypes that likely reflect the differ-
ential dependence of specific cell types on each IRP to
achieve full function of the IRE-IRP regulatory system. IRP2
knock-out animals develop adult onset neurodegenerative
disease (30 –32), with prominent loss of motor neurons and
abnormal balance and gait (33), along with anemia (32, 34)
and erythropoietic protoporphyria (32). In contrast, animals
that lack IRP1 develop polycythemia, cardiac fibrosis, and
pulmonary hypertension attributable to high HIF2�-medi-

Figure 1. IRP1 alternates between function as a cytosolic aconitase, which contains a [Fe4-S4] cluster in the active-site cleft, to an apoprotein form that
lacks the cluster and binds to IRE stem-loop structures present in several iron transcripts. Upon binding, IRP1 represses translation of multiple transcripts
that contain IREs near the 5�-end of the transcript and stabilizes mRNAs that contain IREs at the 3�-UTR from endonucleolytic degradation. Apo-IRP1 undergoes
a large conformational change that creates a complex IRE-binding pocket, in which the bulge C binds to domain 4, and three residues of the loop make
finger-like binding projections into newly accessible regions of domain 3. The length of the upper stem of the IRE optimizes the distance between its two main
IRP contact points, resulting in high affinity binding.
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ated induction of erythropoietin expression, caused by fail-
ure to repress translation of the HIF2� transcript through
IRP1 binding to the 5�-UTR IRE of HIF2� mRNA in eryth-
ropoietin-synthesizing cells of the kidney (35, 36).

How iron-sulfur clusters are synthesized and trafficked
in mammalian cells

Upon discovering the role of an Fe-S cluster in regulation of
intracellular iron metabolism, researchers began to focus on
the question of how mammalian cells synthesize Fe-S clusters.
It was known that Fe-S clusters could assemble from iron and
inorganic sulfur under anaerobic conditions in organic solvents
(37), but comparable conditions are not present in mammalian
cells. The key to elucidating the mechanism of Fe-S biogenesis
in living cells was provided by studies in the bacterium Azoto-
bacter vinelandii, which was found to have three operons
devoted to Fe-S cluster biogenesis, one of which, the specialized
nif operon, encoded proteins involved solely in Fe-S cluster
assembly for nitrogenase (38). The subsequent identification of
the Escherichia coli isc� and suf� gene cluster components
revealed that the core machinery for Fe-S cluster biogenesis is
evolutionarily highly conserved to engineer a complex series of
biogenesis reactions, although the operons are activated under
different conditions. The isc operon is constitutively expressed,
whereas the suf gene cluster is highly activated under oxidative
stress conditions (39). Orthologs of the bacterial isc genes have
been identified in yeast, plants, and animals (40), whereas the
suf system is present mainly in cyanobacteria and plants (40,
41). Intense studies in bacteria and yeast have provided most of
the insights into the mechanism of Fe-S cluster assembly,
which starts with sulfur mobilization from the substrate
cysteine by a cysteine desulfurase (42). A main Fe-S cluster
scaffold protein, physically bound to the cysteine desul-
furase, provides the cysteine ligands to coordinate the newly
synthesized cluster; concurrently, a not yet identified donor
protein provides iron, whereas ferredoxin supplies electrons
required to achieve the final electronic configuration of the
nascent Fe-S cluster. Finally, a cochaperone/chaperone sys-
tem assists in transferring the cluster to recipient Fe-S apo-
proteins (Fig. 2).

As the genes encoding components of the Fe-S biogenesis
pathway were identified in the 1990s, it was also possible to
search for their orthologs in the partially sequenced human
genome. The human ortholog of the sulfur-mobilizing enzyme,
now known as NFS1, was found to have a conserved function in
mammalian cells (43) and to form a complex with the human
ortholog of the scaffold protein NifU, named ISCU, in both the
mitochondrial matrix and in cytosolic/nuclear fractions (44). In
addition, the eukaryotic cysteine desulfurase, Nfs1 in yeast, was
discovered to depend on an obligate binding partner, Isd11, for
function (45, 46), and a single ISD11 ortholog, also known as
LYRM4, was identified in the human genome (47). Based on
sequence homology with bacterial and yeast ferredoxins, two
genes, FDX1 and FDX1L, were identified in human, but only
one, FDX1L, was initially thought to be dedicated to Fe-S bio-
genesis (48). A subsequent study contrasted with this conclu-
sion and found that the two human ferredoxins have redundant
functions and are both involved in Fe-S cluster biogenesis (49).

A single ferredoxin reductase, FDXR (49), and a single homolog
of the cochaperone HSCB, now known as HSC20, were identi-
fied in the human genome (50), whereas the search for the
ortholog of the bacterial chaperone HscA, essential for Fe-S
biogenesis, was complicated by the presence of several closely
related heat shock 70 proteins (HSP70s) in the human genome.
Recently, the mitochondrial HSP70 protein, HSPA9, was found
to be the cognate chaperone of HSC20 involved in Fe-S biogen-
esis (50). Thus, mammalian cells contain the framework needed
for basic biogenesis of Fe-S cofactors.

Importantly, the core ISC components have been identified
in the mitochondria, cytosol, and nucleus of mammalian
cells (43, 47, 50 –53), suggesting that Fe-S cluster biogenesis
may have evolved in multiple subcellular compartments of
eukaryotes. Particularly, a single NFS1 gene identified in the
human genome generates two distinct isoforms through alter-
native utilization of in-frame AUGs (43). The mitochondrial
isoform is generated by initiation at the first AUG of the NFS1
transcript and contains a mitochondrial targeting sequence at
the N terminus, which undergoes cleavage to yield a mature
mitochondrial protein of 47 kDa in size. An alternative isoform
is generated by initiation of translation at the second in-frame
AUG, lacks the first 60 residues of the mitochondrial precursor
form, and resides in both the cytosol and nucleus. Cytosolic
NFS1 (c-NFS1) was proved to be an active cysteine desulfurase,
which was able to abstract sulfur from cysteine, and form a
complex with the cytosolic isoform of the main scaffold protein
ISCU1 (54). c-NFS1 is also efficiently involved in sulfur mobi-
lization for molybdenum cofactor biosynthesis (55), and cyto-
solic/nuclear isoforms of NFS1 were found to be required for
cell viability and for the post-transcriptional modification of
tRNAs (56, 57). Previous studies have also shown that alterna-
tive splicing of the ISCU transcript gives rise to mitochondrial
and cytosolic isoforms of the main scaffold protein (ISCU2 and
ISCU1, respectively) in mammalian cells (44), and subsequent
functional analyses revealed the importance of ISCU1 for main-
tenance/repair of the [Fe4-S4] cluster of cytosolic aconitase
(52). The cochaperone HSC20 is the sole human DnaJ type III
protein dedicated to Fe-S cluster transfer to recipients (50).
Mutations in HSC20 and in its orthologs cause defects in Fe-S
protein activities, mitochondrial iron accumulation, and
impaired mitochondrial respiration in human cell lines (50) and
in multiple experimental systems, including yeast (58) and fly
(59). Knock-out of HSC20 in mammalian cells prevented
assembly of the mitochondrial respiratory chain, due to the
crucial role of the cochaperone in the biogenesis of the Fe-S
cluster containing complexes (53, 60, 61). HSC20 is an essential
Fe-S biogenesis factor and it has also been found in the cytosol
of mammalian cells (50, 53). These findings differed from stud-
ies of the yeast model system, Saccharomyces cerevisiae, in
which it was asserted that de novo Fe-S cluster biogenesis
occurred exclusively in the mitochondrial matrix, whereas the
cytoplasmic Fe-S assembly machinery depended on the export
of a sulfur-containing compound (X-S), perhaps through the
ABC transporter Atm1, for incorporation into cytosolic and
nuclear Fe-S proteins (62). Studies in Arabidopsis thaliana
led to the identification of a physiological substrate of the
ABC transporter ATM3, which is the functional ortholog of
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yeast Atm1 and mammalian ABCB7. ATM3 was found to
selectively transport oxidized glutathione and glutathione
polysulfide, likely from the mitochondrial matrix into the
cytosol (63).

After several decades of studies, a general model emerged in
which biogenesis of Fe-S clusters depended on formation of a
multimeric complex between the cysteine desulfurase NFS1, its
binding partner ISD11, the scaffold protein ISCU1, and ferre-
doxins (see Fig. 2). In addition, frataxin, the human ortholog of
yeast Yfh1 and bacterial CyaY, was identified as an essential
component of the Fe-S biogenesis pathway through studies of
the human neurodegenerative disease Friedreich ataxia (64).
Several experimental evidences led to the proposal that frataxin
functions as an allosteric effector of the cysteine desulfurase, by
aiding conformational changes that enable NFS1 to transfer
inorganic sulfur to the nascent cluster on the main scaffold
ISCU (65). Subsequent to cluster assembly on ISCU, a chaper-

one/cochaperone system, consisting of HSPA9/HSC20 in
mammalian cells, physically interacts with ISCU and facilitates
cluster release from the scaffold for incorporation into recipi-
ent proteins (see Fig. 2) (53, 66). Although several structures of
the bacterial biogenesis complexes have been published, the
structure of the mammalian assembly complex may differ sig-
nificantly (99). Two of the most challenging matters in obtain-
ing crystals of the biogenesis complexes relate to the transient
nature of the interaction of several components of the path-
way, such as frataxin and the ferredoxins (67), and the com-
plication that arises from the presence of numerous acces-
sory proteins such as the acyl carrier protein (68), along with
monothiol glutaredoxins and members of the putative
“A-type” scaffold family, which are thought to function as
intermediate carriers (69 –71). Importantly, the exact roles
of the proposed scaffold proteins NFU1 and BolA3 remain to
be elucidated (51, 72–74).

Figure 2. Model for how highly conserved basic Fe-S biogenesis machinery generates and transfers Fe-S clusters. Fe-S cluster assembly on the main
scaffold protein ISCU: nascent Fe-S clusters are initially assembled on the main scaffold protein ISCU. A cysteine desulfurase NFS1 forms a dimer to which
monomers of the primary scaffold ISCU are proposed to bind at either end, based on the solved structure of the bacterial machinery. LYRM4 is a structural component
of the core complex in eukaryotes, and it is required for the activity of NFS1, which, aided by its cofactor pyridoxal phosphate, provides sulfur, removed from cysteine,
for the nascent cluster. Frataxin is part of the core complex, potentially binding in a pocket-like region between NFS1 and ISCU. The cluster assembles upon ISCU when
iron is provided together with the reducing equivalents needed to generate the final electronic configuration of the cluster. Fe-S cluster transfer to recipients: cluster
transfer from ISCU to recipient apoproteins is assisted by a dedicated chaperone/co-chaperone (HSPA9/HSC20) system that facilitates cluster release from the primary
scaffold ISCU and transfer to recipient apoproteins or to intermediate carriers, which then target specific recipients. The co-chaperone HSC20 starts the functional cycle
of the cognate system by associating with the scaffold protein ISCU, which is loaded with an Fe-S cluster, and with a recipient Fe-S apoprotein (step 1). Step 2, ISCU binds
to the HSP70 chaperone (HSPA9 in mammalian cells) in a two-step process, which involves the transient interaction of the J-domain of HSC20 with the NBD of the
ATP-bound state of HSPA9, and the interaction of ISCU with the SBD. ATP-bound HSPA9 is in the open conformation, which exhibits the substrate-binding cavity to
allow the interaction with ISCU. Step 3, simultaneous association of ISCU and the interaction of the NBD of HSPA9 with the J-domain of HSC20 lowers the activation
energy for the hydrolysis of ATP. Hydrolysis of ATP and the coupled conformational change in the SBD of HSPA9 is proposed to facilitate cluster release from ISCU and
transfer to the recipient protein. Step 4, a nucleotide exchange factor (NEF), which exhibits high affinity for the ADP-bound state of the HSP70 chaperone, binds to the
HSP70-client complex and exchanges ADP with ATP in the NBD (step 5). The client, which has folded into the native conformation driven by the energy provided by
hydrolysis of ATP and has acquired its Fe-S cluster, is finally released (step 6).
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How are Fe-S clusters delivered to correct recipient
proteins?

Although much has been learned about the biogenesis of
mammalian Fe-S proteins, one of the main unanswered ques-
tions in the field regarded how nascent Fe-S clusters were spe-
cifically targeted to the correct recipients, and not to proteins,
such as those containing cysteine-rich zinc finger motifs, which
could potentially ligate an Fe-S cluster but specifically bind to
zinc. In addition, some Fe-S clusters are deeply buried within
proteins, suggesting that they must be inserted during folding,
and in some cases, they may contribute to the tertiary structure
of the protein, by drawing distal cysteine residues into proxim-
ity (75, 76).

The cochaperone HSC20 was considered a possible crucial
intermediary between the core biogenesis machinery and
recipient Fe-S proteins for its ability to bridge synthesis
of nascent clusters to the transfer to selected targets. To
evaluate whether HSC20 had binding partners other than
HSPA9 and ISCU, a yeast two-hybrid screening was per-
formed between HSC20 and potential binding partners of a
human library. Excitingly, the known iron-sulfur protein
SDHB was identified in multiple clones of the library as an

HSC20 interacting partner (53). Extensive deletional and
mutational analyses of the sequences of SDHB that were able
to bind HSC20 led to the identification of a motif in SDHB
that represented the main molecular determinant of the
interaction with HSC20. The motif consisted of a tripeptide
referred to as the LYR motif, because leucine (L) often occu-
pies the first position, tyrosine (Y) occupies the second posi-
tion, and arginine (R) occupies the third position. Two such
motifs were present in SDHB, one located near the N termi-
nus, and the second closer to the C terminus (see Fig. 3).
Multiple sequence alignments of the SDHB primary se-
quence from bacteria to human revealed that the LYR motifs
were highly conserved. The basic features of the motif were the
presence of leucine, isoleucine, or valine in the first position,
tyrosine or phenylalanine in the second position, and lysine or
arginine in the third position.

SDHB, the Fe-S subunit of mitochondrial complex II, con-
tains three Fe-S clusters of different nuclearities, a [Fe2-S2] clus-
ter, a [Fe4-S4] cluster, and a [Fe3-S4] cluster. Upon inspection of
the structure of SDHB, it appeared that the clusters were deeply
buried in the mature protein and that they could not be inserted
after folding, but rather they underwent ligation to the cysteine

Figure 3. SDHB contains two highly conserved LYR motifs that are essential for Fe-S cluster incorporation. a, multiple sequence alignment of the Fe-S
subunit of complex II, SDHB. The two LYR motifs that engage the Fe-S transfer complex are highly conserved in human, yeast, plants, and bacteria. b, ribbon
representation of the three-dimensional structure of porcine SDHB (Protein Data Bank code 3SFD, 96% identical to human) and primary sequence of human
SDHB (c). The two LYR motifs are shown in cyan. The cysteine residues that coordinate the [Fe2-S2] cluster are in magenta, and the ligands of [Fe4-S4] and of
[Fe3-S4] clusters are shown in green and yellow, respectively.
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residues during folding of the primary peptide into the final
functional conformation of SDHB.

Biogenesis of complex II was known to depend on an acces-
sory factor, SDHAF1, also known as LYRM8, for proper matu-
ration. However, the molecular role of this assembly factor
had remained unknown. Biochemical and functional studies
revealed that the LYR motif of SDHAF1 was essential for Fe-S
cluster incorporation into SDHB (60), by directly engaging an
Fe-S transfer complex formed of HSC20/HSPA9/holo-ISCU.
Importantly, SDHB mutations lead to paraganglioma and renal
cancer, and many of these pathogenic mutations were found to
alter either the LYR motifs or the known cysteinyl ligands of the
Fe-S clusters (77).

The Fe-S cluster of the Rieske protein, UQCRFS1, is essential
for acquisition of mitochondrial complex III (CIII) activity,
although the mechanism for Fe-S cluster transfer had not pre-
viously been elucidated. LYRM7, a known accessory protein
involved in biogenesis of mitochondrial complex III, was iden-
tified as an HSC20 interacting partner (53). Biochemical
approaches were undertaken to dissect the last steps of CIII
assembly and led to the molecular characterization of a novel

complex III assembly intermediate, composed of LYRM7
bound to UQCRFS1 and to a component of the Fe-S cluster
biogenesis machinery, consisting of HSC20, its cognate chap-
erone HSPA9, and the holo-scaffold ISCU. Direct binding of
HSC20 to the LYR motif of LYRM7 in a pre-assembled
UQCRFS1-LYRM7 intermediate in the mitochondrial matrix
was found to facilitate transfer of an Fe-S cluster from holo-
ISCU to UQCRFS1 (61). It would be interesting to investigate
whether the S. cerevisiae orthologs of LYRM7 and UQCRFS1
(Mzm1 and Rip1, respectively), which were also found to form
a complex (78), interact with the Fe-S transfer complex, which
in yeast consists of the cochaperone Jac1, the specialized
chaperone Ssq1, and the scaffold protein Isu. Although the Fe-S
biogenesis machinery is highly conserved from bacteria to
human, there are several differences between the chaperone/
cochaperone system of most organisms compared with
S. cerevisiae. Most eukaryotes utilize a single multifunctional
mitochondrial chaperone or Hsp70 protein, whereas S. cerevi-
siae and a subset of fungi also express a highly specialized
Hsp70 involved in Fe-S cluster biogenesis, named Ssq1 (79). In
addition, the cochaperone Jac1 dedicated to Fe-S cluster bio-

Figure 4. Single adaptable cochaperone scaffold complex delivers nascent Fe-S clusters to mammalian respiratory chain complexes I–III. HSC20 binds
the main scaffold protein ISCU and a recipient Fe-S cluster-ligating subunit of complexes I–III of the respiratory chain (step 1). The transient interaction of the
J-domain of HSC20 with the nucleotide-binding domain of HSPA9 activates the ATPase activity of the chaperone (step 2). The hydrolysis of ATP is coupled to
a conformational change in HSPA9, which is proposed to facilitate cluster release from ISCU and transfer to the recipient protein (step 3). Secondary carriers
such as ISCA1/2, NFU1, may also mediate or facilitate transfer of Fe-S clusters from ISCU to Fe-S clients (step 3). NEF, which has high affinity for the ADP-bound
state of HSPA9, exchanges ADP with ATP (step 4). The Fe-S protein, which has folded into the native conformation driven by the energy provided by hydrolysis
of ATP, and has acquired its Fe-S cluster, is released from the transfer complex (steps 5 and 6). As the biogenesis of the mitochondrial OXPHOS system is a
modular and complex process, the newly synthesized Fe-S subunits of complexes I–III likely interact with accessory factors, which coordinate the assembly of
a large number of proteins into assembly intermediates, prior to their integration into functional respiratory complexes.
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genesis in yeast strains that encode Ssq1 has a truncated N
terminus (79) compared with human HSC20, in which an
extended N-terminal domain contains two CXXC modules
(Cys-41/Cys-44 and Cys-58/Cys-61) that coordinate a zinc ion
in vitro (80). The physiological relevance of the zinc finger
domain of HSC20 remains to be elucidated, although it may
facilitate dimerization of the co-chaperone.

The biogenesis of the mitochondrial respiratory chain is a
modular process in which intricate membrane-bound com-
plexes are ultimately formed, aided by multiple accessory fac-
tors that coordinate the synthesis and sequential interactions of
individual subunits encoded by both the nuclear and mitochon-
drial genomes. Numerous assembly intermediates have been
previously identified (see Fig. 4) (81– 84), and recent studies
suggest that HSC20 is intimately involved in complex I forma-
tion through its role in Fe-S delivery to nascent subunits, where
proteomics and biochemical interactions revealed that all five
Fe-S cluster subunits of mitochondrial complex I were identi-
fied as HSC20 interacting partners (61).

The question of how Fe-S clusters are incorporated into
complex I was previously addressed in studies of yeast Yarrowia
lipolitica, in which the evolutionarily conserved Fe-S protein
Ind1 was proposed to facilitate insertion of Fe-S cofactors into
subunits of complex I (85). The human ortholog, NUBPL, was
assigned a similar role (86). However, in-depth characterization
of the Ind1 ortholog in Arabidopsis thaliana, INDH, demon-
strated that INDH was a mitochondrial translation factor
required for the expression of multiple complex I subunits, and
compromise of INDH function did not specifically inhibit Fe-S
delivery (87). Consistent with a role of Ind1 in mitochondrial
translation is the fact that respiratory complexes III and IV were
also mildly affected in NUBPL-depleted cells (88).

Fe-S clusters are transferred from the scaffold protein ISCU
to recipient proteins as outlined in Fig. 4. As has already been
discussed, the core Fe-S components of the biogenesis machin-
ery are also present in the mammalian cytosol. It has become
increasingly important to understand biogenesis of Fe-S clus-
ters for cytosolic and nuclear Fe-S proteins because of their
critical roles in DNA metabolism (89 –92). The exact role of the
Fe-S clusters in DNA metabolism proteins has been long
debated. Interestingly, recent studies suggest that the redox
state of Fe-S repair enzymes is crucial for their ability to find
and repair DNA lesions (93). Prior to the most recent exciting
investigations, it was postulated that the main role of the Fe-S
clusters in DNA metabolism enzymes was to provide structural
stability (94). Because most Fe-S proteins readily undergo sin-
gle electron oxidation/reductions, activity of Fe-S proteins may
be tethered to the general reducing power of the cell, and oxi-
dation of Fe-S proteins may diminish their repair and growth
functions when cells are depleted of reducing power.

Notably, Fe-S clusters are crucial for many RNA metabo-
lism proteins such as ABCE1, which is a crucial factor in
RNA translation (95, 96), opening the possibility that other
RNA metabolism-associated proteins may be unrecognized
iron-sulfur proteins.

Thus, it is possible that hundreds of Fe-S proteins are present
in mammalian cells, waiting to be identified (97). If Fe-S pro-
teins prove to be fairly abundant, it would affect the calculations

about cysteines, disulfide bonds, and redox status, as many cys-
teines would be engaged in ligating Fe-S cofactors (98). Bioin-
formatics approaches can foster identification of candidate
Fe-S proteins, in combination with sophisticated biochemical
techniques that enable researchers to study these labile pros-
thetic groups under protected conditions (75).
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The biogenesis of iron–sulfur (Fe/S) proteins in eukaryotes is
a multistage, multicompartment process that is essential for a
broad range of cellular functions, including genome mainte-
nance, protein translation, energy conversion, and the antiviral
response. Genetic and cell biological studies over almost 2
decades have revealed some 30 proteins involved in the synthe-
sis of cellular [2Fe-2S] and [4Fe-4S] clusters and their incorpo-
ration into numerous apoproteins. Mechanistic aspects of Fe/S
protein biogenesis continue to be elucidated by biochemical and
ultrastructural investigations. Here, we review recent develop-
ments in the pursuit of constructing a comprehensive model of
Fe/S protein assembly in the mitochondrion.

Ubiquitous iron–sulfur clusters and their synthesis: an
overview

Iron–sulfur (Fe/S)2 clusters are inorganic cofactors that are
essential for the proper functioning of virtually all biological
cells (1). The chemical versatility of these clusters is utilized in
fundamental life processes such as energy production, meta-
bolic conversions, DNA maintenance, gene expression regula-
tion, protein translation, and the antiviral response (Fig. 1)
(2– 4). In eukaryotes, Fe/S proteins are found in or associated
with the mitochondrion, endoplasmic reticulum, cytosol, and
the nucleus. These cofactors participate in electron transfer
reactions, Lewis acid catalysis, transfer of sulfur atoms, or facil-
itating structural roles (5, 6). Although the activities of some
Fe/S proteins are dispensable for cell survival under certain
conditions, for example fungal Fe/S enzymes in the metabolism
of amino acids, others such as Fe/S proteins involved in DNA
maintenance or protein translation are essential for cell viabil-
ity (Fig. 1). The growing number of diseases that implicate Fe/S
proteins or their assembly factors illustrates the essentiality of

the various functions of these protein cofactors (7–9). The phe-
notypes associated with these “Fe/S diseases” and the in vivo
work in model systems such as Saccharomyces cerevisiae and
human cell culture have led to a mechanistic model of eukary-
otic Fe/S protein biogenesis, in which the sequence of events
required for proper synthesis and trafficking of Fe/S clusters
has been elucidated (2). This model has been invaluable to
diagnosing new mitochondrial disorders, and its continued
advancement will enhance the ability for early diagnosis (10 –
13). The focus of this review will be on the latest developments
of the functional and mechanistic aspects that have advanced
the model of mitochondrial Fe/S protein biogenesis.

Cells typically maintain a strict balance of iron and sulfide ion
concentrations due to their damaging redox reactions when
present in excess (14, 15). The cell also uses a complex biosyn-
thetic system to ensure that the sometimes redox-sensitive and
labile Fe/S clusters are assembled correctly, trafficked to spe-
cific target apoproteins, and remain protected during these pro-
cesses. This cellular control is exemplified by the 18 known
“Fe/S cluster assembly” (ISC) proteins involved in the proper
biogenesis and trafficking of clusters in mitochondria and the
11 known “cytosolic Fe/S protein assembly” (CIA) proteins
responsible for synthesis, trafficking, and insertion of clusters
in the cytosol and nucleus (Figs. 1 and 2) (2, 16). Mitochondria
or the evolutionarily derived hydrogenosomes and mitosomes
appear to be essential for biogenesis of all cellular Fe/S proteins
(7, 17, 18). The only notable exception to this rule may be a
newly characterized eukaryotic organism, which appears to be
devoid of mitochondria (19).

Mitochondrial Fe/S protein assembly can be divided into
four steps (Figs. 1 and 2). In the first step, de novo [2Fe-2S]
cluster synthesis is orchestrated on a scaffold protein (Isu1) by a
set of essential ISC proteins (Fig. 2). In the second step, a chap-
erone/co-chaperone system facilitates the release of the newly
synthesized [2Fe-2S] cluster from the scaffold and its binding to
a downstream ISC transfer protein (Grx5). The [2Fe-2S] cluster
then is inserted into [2Fe-2S] target proteins, trafficked to the
late-acting ISC machinery for [4Fe-4S] cluster synthesis, or
used for synthesis and mitochondrial export of a yet unknown
sulfur-containing species (X-S in Fig. 1) to be utilized by the
CIA system. In the third step, conversion of the [2Fe-2S] into a
[4Fe-4S] cluster requires a second hub of cluster synthesis. The
fourth step involves the specific insertion of the newly gener-
ated [4Fe-4S] clusters into apoproteins by dedicated ISC target-
ing factors (Fig. 2).

In keeping with the evolutionary origin of the mitochon-
drion, the eukaryotic ISC machinery is believed to have been
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Figure 1. Simplified overview of the assembly of eukaryotic Fe/S proteins and their cellular functions. The process begins in the mitochondrion with
components of the early ISC machinery synthesizing a [2Fe-2S] cluster on a scaffold protein. This requires iron, cysteine, and electrons as the basic components.
Following the de novo assembly reaction, the cluster is released from the scaffold and bound to a transfer protein, from where the transiently associated
[2Fe-2S] cluster is trafficked to [2Fe-2S] targets or the late ISC machinery for [4Fe-4S] cluster synthesis. Additionally, an unknown sulfur-containing component,
X-S, is generated (shown exported from the mitochondrion) and delivered to the CIA system for maturation of cytosolic and nuclear Fe/S proteins. Mitochon-
drial [4Fe-4S] clusters are finally trafficked to apoproteins by ISC targeting factors. Prominent examples of eukaryotic Fe/S proteins are listed with their
corresponding cellular roles.

Figure 2. Cartoon model of the mitochondrial Fe/S protein assembly process. A cascade of ISC proteins is required for the de novo synthesis of [2Fe-2S] and
[4Fe-4S] clusters and their proper trafficking to target apoproteins in mitochondria. Initially, a [2Fe-2S] cluster is synthesized by the early ISC machinery,
composed of the Isu1 scaffold protein requiring sulfide from the cysteine desulfurase complex Nfs1-Isd11-Acp1, electrons from the transfer chain NADPH-Arh1
and the ferredoxin Yah1, and the regulator and/or iron donor Yfh1. The Isu1-bound [2Fe-2S] cluster is then delivered to the monothiol glutaredoxin Grx5, a
reaction accomplished by the Hsp70 chaperone Ssq1 with the help of the J-type co-chaperone Jac1. This reaction is dependent on ATP hydrolysis by Ssq1. The
exchange factor Mge1 facilitates the exchange of ADP for ATP. The resulting bridging [2Fe-2S] cluster on a Grx5 dimer is inserted directly into [2Fe-2S] recipient
apoproteins or trafficked to the late ISC machinery for [4Fe-4S] cluster biogenesis. The early ISC machinery, including the chaperones and Grx5, is also
responsible for generating the component X-S for transport of sulfur out of the mitochondria to the CIA machinery for cytosolic-nuclear Fe/S protein biogen-
esis. The late ISC machinery consists of the yet structurally and functionally uncharacterized Isa1-Isa2-Iba57 complex and is needed for the generation of
[4Fe-4S] clusters. Trafficking and insertion of the [4Fe-4S] clusters into target Fe/S proteins are facilitated by specific ISC targeting factors, such as Nfu1, the
complex I-specific Ind1, and the Bol proteins. Dashed arrows indicate steps that remain poorly elucidated on the biochemical level.
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inherited from an alphaproteobacterium (18), and hence many
of the mitochondrial and bacterial ISC proteins are highly sim-
ilar in both structure and function (20, 21). In fact, the func-
tional investigation of the mitochondrial ISC system has largely
benefited from the progress made in studying the related bac-
terial system and vice versa (6, 20, 22). Nevertheless, evolution
has slightly extended the function of the eukaryotic ISC
machinery in various ways, and it has modified the regulation of
the biosynthetic process (23, 24). Because of its genetic tracta-
bility and rapid cell growth, S. cerevisiae has proven to be an
optimal model organism for studying the essential process, yet
human cell culture has also been used successfully for func-
tional studies on the ISC system. Here, we primarily use the
corresponding yeast nomenclature to describe the highly con-
served protein machinery and biochemical reactions (24). Key
to recent progress in the untangling of the molecular mecha-
nisms involved has been the development of in vitro reconsti-
tution assays that employ spectroscopic techniques to follow
Fe/S cluster synthesis (25–28), labeling methods (29), or the use
of isolated mitochondria (30). Structural and biophysical work
on Fe/S cluster biogenesis factors from bacteria to humans has
stimulated and complemented these assays, providing molecu-
lar details into the ISC proteins and the modes of transient Fe/S
cluster coordination by these factors.

De novo synthesis of a [2Fe-2S] cluster on the
mitochondrial scaffold Isu1

Central to the de novo synthesis of [2Fe-2S] clusters is the
scaffold protein Isu1 where the cluster is initially assembled
with the assistance from other ISC proteins (Figs. 2 and 3) (31).
A key ISC protein is the cysteine desulfurase Nfs1, along with its
partner proteins Isd11 and Acp1 (32). The Nfs1-Isd11-Acp1
complex is responsible for the generation of transient per-
sulfides (–SSH) on the active-site cysteine of Nfs1. Two co-
crystal structures of the bacterial desulfurase IscS and the
scaffold IscU have depicted that the ISC scaffold protein
binds near a flexible loop of the desulfurase containing the
active-site cysteine (Cys loop, Fig. 3) (33, 34). The structures
also indicate that Nfs1 acts as a homodimer providing two
independent sites for Isu1 binding and hence two possible
active sites for [2Fe-2S] cluster synthesis. Mutations of both
S. cerevisiae Nfs1 and Isu1 at their putative binding inter-
faces show decreased interaction, supporting this mode of
association for the scaffold protein (35). The small protein
Isd11 contributes to the stability and possibly the regulation
of the desulfurase enzyme (36 – 40). Isd11 (mammalian
LYRM4) belongs to the leucine–tyrosine–arginine-motif
(LYRM) family of proteins, members of which bind to respi-
ratory complexes I–III and V or their assembly intermedi-

Figure 3. Structural insights of the early ISC machinery for [2Fe-2S] cluster synthesis. Structural and functional studies of the early ISC machinery
have suggested a six-membered multimeric protein complex composed of two copies of each of the following proteins. The cysteine desulfurase Nfs1
(modeled from IscS-IscU PDB code 4EB7) (100), which binds its partner proteins Isd11 and Acp1 at an unknown location; the scaffold Isu1 (modeled from
IscS-IscU PDB code 3LVL); the ferredoxin Yah1 (PDB code 2MJE), and Yfh1 (PDB code 3FQL). All three proteins are expected to bind close to the Cys loop
(red) of Nfs1. Note that the second set of Yah1, Yfh1, and Isd11-Acp1 components are not shown for clarity. Paramount to the synthesis of a [2Fe-2S]
cluster is the scaffold protein Isu1 containing a possible cluster-binding site of three cysteines and a histidine (lower inset). The exact coordination of the
[2Fe-2S] cluster is unclear throughout the biosynthetic process (designated by X). Nfs1 delivers two persulfides (–SSH) from the PLP active site (PLP
represented as spheres) via the Cys loop (lower inset, red) to the active site of Isu1. Electrons are shuttled via the ferredoxin Yah1. Interaction of reduced
Yah1 with Isu1 is proposed to be facilitated by �-helix 3 (red). How 2 eq of ferrous iron gain access to the active site of Fe/S cluster synthesis remains
unclear. Allosteric regulation of sulfur transfer from Nfs1 to Isu1 is conferred by Yfh1. Isd11-Acp1 stabilizes the 200-kDa complex with Nfs1, yet their
precise function is unknown. The Isd11-Acp1 structure may be similar to that of an LYR protein-Acp1 dimer in respiratory complex I (upper inset). The
subunit B14 from Bos taurus containing an LYR motif (red) interacts with SDAP-� (Acp1), which covalently binds a 4�-phosphopantetheine moiety via a
conserved serine (orange) (PDB code 5LDW) (41, 43).
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ates (41– 43). Although S. cerevisiae has no complex I, that of
the yeast Yarrowia lipolytica contains the LYRM6 protein,
which is essential for the catalytic activity of this respiratory
complex. LYRM6 and the LYR family members subunit B14
and B22 of mammalian complex I anchor the mitochondrial
acyl-carrier protein (mammalian SDAP-�/�, Y. lipolytica
ACPM1) to the complex, and the 3D structure of this dimer
has been resolved (43) (Fig. 3). A similar interaction mode
can now be expected for Isd11 attaching Acp1 to the Fe/S
cluster biogenesis complex in S. cerevisiae (32, 44). The dual
role of Acp1 in Fe/S protein biogenesis and mitochondrial
fatty acid metabolism, including lipoic acid synthesis, may
provide a regulatory device linking the biogenesis of respira-
tory functions and metabolic activities. Critical to the func-
tion of Acp1 in complex I, fatty acid synthesis, and the ISC
complex is a 4�-phosphopantetheine moiety covalently
bound via an invariant serine residue and carrying a fatty acyl
chain (Fig. 3) (45). This raises the question of how Acp1
coordinates all these diverse mitochondrial functions. The
interaction surface of the Isd11-Acp1 subcomplex and the
Nfs1 dimer remains elusive; however, mutations in �-helix 1,
�-helix 3, and the C-terminal region of Isd11 have been
shown to compromise interactions with the desulfurase (40).

Allosteric regulation of persulfide transfer from Nfs1 to the
scaffold protein Isu1 is proposed to be conferred by Yfh1
(human frataxin) (29, 46). The Nfs1 desulfurase reaction takes
place on a pyridoxal 5�-phosphate (PLP) cofactor that is situ-
ated at the dimer interface (Fig. 3), where free L-cysteine forms
a Schiff base with PLP that is primed for sulfur release (47). The
Cys loop can bind near the PLP site, which may also allosteri-
cally control access to the PLP site (48). The active-site cysteine
of Nfs1 strips a sulfur atom, in the form of a persulfide, from the
Schiff base and shuttles it to the active site of the scaffold pro-
tein Isu1 (34, 47). Based on small-angle X-ray scattering with
Escherichia coli ISC proteins and mutational studies in
S. cerevisiae, monomeric Yfh1 (or bacterial CyaY) binds to a
pocket between Nfs1 and Isu1 (Fig. 3) (49, 50). This localizes
Yfh1 in the vicinity of both the flexible active-site Cys loop of
Nfs1 and the cluster-binding site of Isu1 suggestive of its allos-
teric regulatory role in persulfide transfer. A proposed second
function of Yfh1 is in iron supply, which will be discussed
below.

The presence of a ferredoxin in the ISC operon in pro-
karyotes and the requirement of Yah1 in vivo in yeast had sug-
gested that an electron source was required for Fe/S protein
biogenesis (31, 51). The dependence of this process on the [2Fe-
2S] ferredoxin Yah1 or on human FDX2 (52, 53) in the early ISC
machinery has now been recapitulated in vitro by reconstitu-
tion assays in both prokaryotic and eukaryotic systems (25, 54).
Previous assays were independent of Yah1 because of the pres-
ence of the artificial reductant dithiothreitol (DTT), which can
replace the ferredoxins as an electron source, and thus change
the mechanism to a non-physiological variation. The use of
DTT in reactions involving Fe/S cluster synthesis and traffick-
ing must therefore be critically evaluated due to the ability of
DTT to chemically promote the release of sulfide from the
Nfs1-bound persulfide and thus chemically rather than bio-
chemically support Fe/S cluster formation (25, 28, 54). In the

mitochondrion, the ferredoxin reductase Arh1 is reduced by
NADPH, and then shuttles its electrons to Yah1, which uses
them for the construction of the [2Fe-2S]2� cluster on Isu1
(Figs. 2 and 3). An interaction between Isu1 and Yah1 was
observed in S. cerevisiae mitochondria and further confirmed
in vitro by chemical cross-linking, gel filtration, NMR, and
microscale thermophoresis (25). In contrast to Yfh1, reduced
Yah1 interacts strongly only with Isu1 and not significantly with
the desulfurase as in prokaryotes (Fig. 3) (25, 54, 55). As
expected from a reductive role of Yah1, only its reduced form
had a high affinity for Isu1 suggesting that electron transfer
loosens the interaction and facilitates dissociation of the oxi-
dized Yah1 from Isu1. At what point the electrons are trans-
ferred to the scaffold protein by Yah1 remains unclear; how-
ever, NMR studies suggest that a hydrophilic patch in �-helix-3
of Yah1 could mediate the transfer (Fig. 3) (25).

Although it is generally accepted that the newly synthesized
[2Fe-2S] cluster is constructed on the scaffold protein Isu1, the
mechanism of cluster synthesis remains vague (Fig. 3). The
acceptor sites of the two persulfides needed for [2Fe-2S] cluster
formation on the scaffold protein have yet to be determined in
vivo. In vitro studies have indicated that Isu1 can indeed be
persulfurated (29, 46, 56, 57), but experiments in isolated mito-
chondria have suggested that iron must be present before a
persulfide can be transferred (30). How iron gains access to the
active site remains enigmatic. Apo-Isu1 does not appear to bind
iron at the active site with significant affinity (58), suggesting
that iron may be actively delivered to the ISC complex. Yfh1
and its human homologue frataxin can bind ferrous iron via
acidic residues on the N-terminal �-helix, but concrete in vivo
evidence of Yfh1 supplying iron is still lacking (15, 59). Interest-
ingly, frataxin-independent cluster synthesis using an Isu1
mutant protein may rule against a specific iron delivery func-
tion of frataxin (60). More detailed structural information may
help resolve this still open question.

How the [2Fe-2S] cluster is coordinated on Isu1 during and
shortly after its synthesis remains unclear (Fig. 3). Crystal struc-
tures with ISC proteins from Archaeoglobus fulgidus have sug-
gested an intermediate, where the [2Fe-2S] cluster binds to Cys
residues contributed from both IscS and IscU (34). Although
this arrangement is highly attractive as a synthesis intermedi-
ate, it has later been noted that the IscS used in this study
likely does not function as a bona fide desulfurase because it
lacks both the PLP-coordinating Lys residue and desulfurase
activity (61). In vitro reconstitution of Fe/S cluster synthesis
on Isu1 yielded a bridging [2Fe-2S] cluster on an Isu1 dimer
as a final product, but this arrangement remains to be con-
firmed in vivo (25).

Overall, the current model for the multimeric early-acting
ISC complex includes six proteins in stoichiometric amounts,
Isu1, Nfs1–Isd11–Acp1, Yfh1, and Yah1, and is required for the
construction of the [2Fe-2S] cluster (25, 32). Other studies have
suggested different oligomeric states of the biosynthetic
machinery, yet it remains unclear how the active site of Isu1
would remain available for cluster construction and trafficking
in these large complexes (62, 63).
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Chaperone-facilitated [2Fe-2S] cluster release from Isu1
and trafficking by Grx5

A second multimeric protein complex is responsible for facil-
itating the release of the Isu1-bound [2Fe-2S] cluster for down-
stream trafficking. The specialized Hsp70 chaperone Ssq1 and
its co-chaperone Jac1 work together in targeting the Isu1 scaf-
fold for specific release of the bound [2Fe-2S] cluster to the
monothiol glutaredoxin Grx5 (Fig. 2). Initially, Jac1 recognizes
the cluster-bound Isu1 and directs it to Ssq1 (64). Jac1 either
facilitates the dissociation of cluster-bound Isu1 from the early-
acting ISC complex (35) or alternatively Jac1 binds to an Isu1
holo-dimer that has already dissociated from the biosynthetic
machinery after Fe/S cluster synthesis (25, 65, 66). In either
case, the dynamic chaperone complex is used to specifically
traffic the [2Fe-2S] cluster to Grx5 or possibly directly to [2Fe-
2S] target apoproteins (Fig. 2) (67– 69). Grx5 is the only known
[2Fe-2S] cluster-binding protein able to directly receive clus-
ters from Isu1 by physically interacting with Ssq1 at a non-
substrate-binding site (70). Notably, the suggested role of the
chaperone system in [2Fe-2S] cluster trafficking has been
reconstituted in vitro only in the bacterial ISC system, where
the chaperones HscA and HscB stimulated up to 700-fold the
[2Fe-2S] cluster transfer from the IscU scaffold to bacterial
GrxD (27).

As surmised from the biochemical assays, ATP hydrolysis on
Ssq1 induces a conformational change in the peptide-binding
domain of Ssq1 that leads to its stable binding to the LPPV
motif of Isu1 (Fig. 2) (27, 65, 67). In turn, that reaction is
believed to labilize the [2Fe-2S] cluster on Isu1 providing a
facile relay to Grx5. Once the cluster release step is com-
plete, the nucleotide exchange factor Mge1 can recycle Ssq1
by assisting ADP dissociation and allowing the rebinding of
ATP (70). These concerted, regulated steps of the chaperone

cycle could prevent unwanted [2Fe-2S] cluster release to the
solvent, small molecules, or adventitious metal-binding
sites. In support of this view, depletion of the chaperone
system or of Grx5 in vivo shows an increase in Fe/S cluster
binding on Isu1 (31). S. cerevisiae strains lacking Ssq1 are
viable, yet JAC1 deletions are lethal indicating its indispens-
ability for Fe/S cluster biogenesis (71). This difference for the
two chaperones is explained by the presence of the second,
more general Hsp70 isoform Ssc1 in S. cerevisiae partially
taking over the function of Ssq1 (72).

The role of Grx5 as an Fe/S cluster transfer protein is sup-
ported by the crystal structure of the human homologue
GLRX5 with a bridging [2Fe-2S] cluster (73). The definition for
bacterial GrxD as a cluster “carrier protein” cannot be adopted
for mitochondria to avoid confusion with “mitochondrial car-
rier proteins” involved in inner membrane transport of metab-
olites (74). The [2Fe-2S] cluster is coordinated between two
Grx5 monomers using the active-site cysteine of Grx5 and the
cysteine of a non-covalently Grx5-bound glutathione molecule
(Fig. 4, A and B). In S. cerevisiae, the inability to immunopre-
cipitate Grx5 with a radiolabeled 55Fe/S cluster suggests this
moiety to be bound in a labile fashion, a property that would be
beneficial for trafficking the cluster to further downstream tar-
gets. Cluster binding was, however, detectable by 55Fe radiola-
beling, when Schizosaccharomyces pombe or human Grx5 ho-
mologues were expressed ectopically in yeast indicating that
these foreign proteins bind the cluster more stably (70). Sur-
prisingly, deletion of S. cerevisiae GRX5 is not lethal, suggesting
that the protein’s function can be bypassed to some extent,
despite its currently accepted central role in Fe/S cluster traf-
ficking in mitochondria (Fig. 2). Furthermore, Grx5 function is
hardly needed under anaerobic conditions suggesting that its
trafficking role is particularly required under ambient or high

Figure 4. ISC transfer proteins and targeting factors assisting [2Fe-2S] and [4Fe-4S] cluster trafficking. A, crystal structure of the human Grx5 homologue
GLRX5 (PDB code 2WUL) as a homodimer. The different protomers are different shades of gray with the GSH carbon atoms colored in magenta (blue, nitrogen;
red, oxygen; orange, iron; yellow, sulfur). B, [2Fe-2S] cluster coordination in the Grx5 homodimer involves a cysteine from each protomer and each GSH
molecule, with coordination bonds shown by dotted lines. C–E, solution structures of human ISC targeting factors. C, C-terminal domain of NFU1 (PDB code
2M5O); D, BOLA1 (PDB code 5LCI); and E, BOLA3 (PDB code 2NCL). Potential Fe/S cluster coordinating residues are shown in orange as sticks (yellow, sulfur; blue,
nitrogen).
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oxygen pressure. As an alternative to Grx5-mediated traffick-
ing, Jac1 and Ssq1 have been suggested to support the release of
clusters from Isu1 directly to target proteins (Fig. 2) (68, 75).
However, higher eukaryotes require efficient Grx5-dependent
[2Fe-2S] trafficking reactions, because mutations in human
GLRX5 are associated with human disease (7, 76). In mechanis-
tic and molecular terms, much remains to be explored in the
pathways of [2Fe-2S] cluster trafficking and insertion in the
mitochondrion.

Synthesis and trafficking of the [4Fe-4S] cluster in
mitochondria

In vivo studies in S. cerevisiae and human cell culture have
shown that a dedicated ISC complex is needed for cellular [4Fe-
4S] cluster synthesis. This late-acting complex is composed of
Isa1-Isa2-Iba57 and does not interact with the early ISC
machinery, but it is dependent on the delivery of a [2Fe-2S]
cluster species (Fig. 2) (77–79). Specifically, deficiency of any
constituent of the Isa1-Isa2-Iba57 complex results in mutant
yeast or human cells that lack a functional respiratory chain and
lipoic acid (see below). Yeast cells additionally are lysine and
glutamine auxotrophic because mitochondrial homoaconitase
(Lys4) and glutamate synthase (Glt1) are not matured. The ISC
proteins Isa1 and Isa2 are proposed to accept a [2Fe-2S] cluster
from Grx5, connecting the [2Fe-2S] trafficking step to the late
ISC machinery (Figs. 1 and 2) (78, 80 – 82). The two Isa proteins
belong to the A-type family of ISC proteins that have been
shown to be either homo- or heterodimers, which can coordi-
nate Fe/S clusters and/or mononuclear iron via three conserved
cysteine residues (78, 82– 84). In vitro reconstitution of [2Fe-
2S] cluster release from Grx5 to a Isa1-Isa2 heterodimer and
subsequent DTT-dependent reductive coupling of two [2Fe-
2S] clusters to form a [4Fe-4S] cluster have been reported based
on NMR and UV-visible studies (Fig. 2) (82). This reconstitu-
tion assay, however, occurred at slow rates and did not include
the third required component, Iba57, leaving its function unac-
counted for. All three proteins are required for the synthesis of
the [4Fe-4S] cluster in the cell, yet their stoichiometry, struc-
ture, interaction modes, and cluster-binding sites remain
molecularly undefined. Depending on the oxidation states of
the cluster, [2Fe-2S]1� or [2Fe-2S]2�, a biological electron
source may not or may be required for [4Fe-4S]2� cluster syn-
thesis, respectively.

Additional ISC targeting factors facilitate the trafficking of
the [4Fe-4S] clusters from the Isa1-Isa2-Iba57 complex to ded-
icated apoproteins. At present, two mitochondrial [4Fe-4S]
cluster-binding proteins are known, Nfu1 and Ind1 (Fig. 2) (12,
13, 85– 88). Recent in vivo evidence indicates that the mito-
chondrial protein Nfu1 can interact with the [4Fe-4S] cluster
machinery and with potential [4Fe-4S] target proteins, thus
supporting its targeting function (89). These in vivo observa-
tions agree with the in vitro characterization of the C-terminal
domain of Nfu1 coordinating a bridging [4Fe-4S] cluster, via a
CXXC motif, between two monomers, as observed in the plant
and human homologues (Fig. 4) (90 –92). Furthermore, [4Fe-
4S] cluster-bound Nfu1 was capable of inserting the cluster into
plant target proteins in vitro (90). Yeast and human cells lacking
Nfu1 contain partially defective Fe/S target proteins aconitase,

succinate dehydrogenase, and lipoic acid synthase, indicating a
non-essential role of Nfu1 as a [4Fe-4S]-targeting protein (Figs.
2 and 4) (12, 89, 93).

A further set of mitochondrial ISC targeting factors termed
Bol1 and Bol3 are proposed to provide specificity for Fe/S clus-
ter insertion into apoproteins. These factors are members of
the Bol (BOLA) protein family, which also includes Bol2 in the
cytosol (94). Two recent in vivo studies in yeast and a BOLA3
patient analysis suggested that Bol3 and Bol1 are involved in the
maturation of a sub-class of mitochondrial [4Fe-4S] proteins,
especially succinate dehydrogenase and lipoic acid synthase
with its two [4Fe-4S] clusters, whereas several [2Fe-2S] proteins
were assembled independently of the Bol proteins (Fig. 2) (13,
89, 93). Like Nfu1, the mitochondrial Bol proteins are not
essential for viability of S. cerevisiae, and residual maturation of
their target proteins was observed even in BOL double null
mutants. Bol3 was co-immunoprecipitated with both late ISC
machinery and [4Fe-4S] target proteins, a protein set overlap-
ping with the Nfu1 interactome (89). Furthermore, deleting
both BOL genes in S. cerevisiae did not show the tell-tale sign of
early ISC gene disruption, i.e. a general cellular Fe/S protein
defect and the activation of the iron regulon, as described for
the GRX5 mutant cells, for example (31). Together, these prop-
erties place the Bol protein function in the late part of the ISC
pathway after Isa1-Isa2-Iba57 function (Fig. 2).

A combination of in vitro and in vivo studies have shown that
both Bol1 and Bol3 interact with Grx5, raising the question of
whether Grx5 performs another function in the late ISC
machinery or, alternatively, whether the Bol-Grx5 heterocom-
plexes could also have undisclosed functions in [2Fe-2S] cluster
trafficking and/or insertion reactions (89, 93). A physiological
relevance of a Grx-Bol heterodimer has been established only
for the yeast cytosolic monothiol glutaredoxin Grx3 and Bol2
(formerly known as Fra2), which are involved in iron homeo-
stasis in the yeast cytosol (94 –96). Similar Fe/S cluster-contain-
ing Bol-Grx heterocomplexes have been observed in bacteria
(BolA with GrxD or Grx4), plants (BolA1 and BolA2 with
GrxS14 and GrxS17), and recently in humans (BOLA1 and
BOLA3 with GLRX5) (93, 97, 98). Mitochondrial Bol1 proteins
contain three conserved histidine residues, and Bol3 contains a
histidine and a cysteine residue as candidates for coordination
of the [2Fe-2S] cluster in the heterodimers with Grx5 (Fig. 4)
(94, 99). In vitro characterization and NMR studies have shown
that human BOLA1 and BOLA3 can specifically interact with
both the apo- and holo-forms of GLRX5, yet the affinities of the
respective hetero-clusters differ characteristically (89, 93). The
different biochemical characteristics of the human GLRX5-
BOLA complexes suggest that the two complexes may have
distinct functions, e.g. different reactivities/affinities/specifici-
ties for Fe/S cluster target apoproteins.

The physical interaction between Nfu1 and Bol3 and the dra-
matic increase of Bol3 levels upon overexpression of Nfu1 fur-
ther suggest the roles of these proteins late in the ISC pathway
(89, 93). In further support of their function in the late ISC
steps, deletion of all three ISC genes (bol1�bol3�nfu1� yeast
mutant cells) resulted in a synergistic growth and Fe/S protein
biogenesis defect approaching the phenotype observed for cells
lacking the Isa1-Isa2-Iba57 proteins. However, the Bol3 and
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Nfu1 protein functions do not overlap, because overexpression
of one factor did not ameliorate the defects arising from the
deletion of the other ISC gene (93). In the triple deletion cells,
severe effects were observed for �-ketoglutarate dehydroge-
nase and pyruvate dehydrogenase, two proteins dependent on
the Fe/S protein lipoic acid synthase (Fig. 2). Intriguingly, the
synthesis of lipoic acid is dependent on an Acp1-derived octa-
noyl fatty acyl chain, an aspect that links the early ISC machin-
ery and the Fe/S target protein lipoic acid synthase (45). The
combined defects in protein lipoylation and the respiratory
chain complexes are a hallmark of Fe/S diseases, especially in
the so-called multiple mitochondrial dysfunction syndromes,
and are now used for diagnostic purposes (7, 9).

Conclusions and perspectives

Fe/S protein biogenesis in mitochondria continues to be an
important area of active research with many key questions to be
addressed. The early stage of the ISC assembly pathway is the
best understood to date, yet much is to be elucidated concern-
ing the structure of the biosynthetic ISC complex and the step-
wise biochemical mechanisms of Fe/S cluster synthesis. It
seems clear that the various multimeric ISC complexes play key
roles in orchestrating and protecting Fe/S cluster synthesis and
trafficking. Future challenges will involve understanding the
associated dynamics of the individual proteins in these larger
complexes. Following this, the thermodynamics and kinetics of
trafficking species that connect the four ISC stages must also be
clearly described, in addition to determining how the early ISC
system supplies the enigmatic X-S compound for mitochon-
drial export.

Despite the high number of known ISC proteins, new fac-
tors may still be discovered. The non-essential function of
the transfer protein Grx5 in S. cerevisiae would support this
idea in addition to the newest biogenesis factor, Acp1, being
added in 2016. This latest discovery also adds a new avenue
of research in the mitochondrion, specifically understanding
how Fe/S cluster biogenesis is regulated, e.g. by connection
to mitochondrial fatty acid synthesis. Furthermore, one
pressing question to address is the source and trafficker of
iron to the ISC biosynthetic complex. Ferrous iron may sim-
ply diffuse to the active site of Fe/S cluster synthesis; how-
ever, the amount of energy the cell puts forth to constructing
Fe/S clusters and the required metal specificity would argue
against such a nonspecific mechanism. In vitro reconstitu-
tion assays will continue to be instrumental in progressing
our understanding further to a complete Fe/S protein bio-
genesis model. However, it seems crucial to verify these find-
ings in vivo to confirm their validity in the mitochondrial
setting across various model organisms. Fruitful times are
still ahead in the field of mitochondrial Fe/S protein biogen-
esis with many fundamental questions still to be addressed.
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Hroudová, M., Doležal, P., Stairs, C. W., Roger, A. J., Eliáš, M., Dacks, J. B.,
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Eukaryotic cells contain hundreds of metalloproteins that are
supported by intracellular systems coordinating the uptake and
distribution of metal cofactors. Iron cofactors include heme,
iron–sulfur clusters, and simple iron ions. Poly(rC)-binding
proteins are multifunctional adaptors that serve as iron ion
chaperones in the cytosolic/nuclear compartment, binding iron
at import and delivering it to enzymes, for storage (ferritin) and
export (ferroportin). Ferritin iron is mobilized by autophagy
through the cargo receptor, nuclear co-activator 4. The mono-
thiol glutaredoxin Glrx3 and BolA2 function as a [2Fe-2S] chap-
erone complex. These proteins form a core system of cytosolic
iron cofactor chaperones in mammalian cells.

High-throughput approaches to elucidating the roles of met-
als in biology are in their infancy, yet they have yielded some
surprising results (1, 2). Based on the findings from three spe-
cies of prokaryotes (3), metalloproteins make up one-third of
the cellular proteome. Of these, only half have been previously
identified as metalloproteins. Iron and zinc are the most abun-
dant metals in eukaryotic cells, and new iron-containing pro-
teins continue to be identified in mammalian cells (4 – 6).

Because of the extent and complexity of the metallopro-
teome, cells require a distribution system for metal cofactors.
Iron cofactors in the form of simple ionic iron, iron–sulfur clus-
ters, and heme need to be taken up, assembled, and synthesized,
respectively, before delivery to their recipient apoproteins,
which localize to nearly every compartment of the cell. Mito-
chondria are the ultimate sites of heme synthesis and the initial
sites of iron–sulfur cluster assembly. Nevertheless, heme, iron–
sulfur clusters, and iron ions are required cofactors in the cyto-
sol and nucleus as well. This review will focus on recent studies
examining the trafficking of cytosolic iron cofactors and the
function of cytosolic chaperone proteins in mammalian cells.

Poly r(C)-binding proteins are iron chaperones for iron
transporters

The term metallochaperone is used to describe a metal-bind-
ing protein that mediates the transfer of the bound metal to a
recipient apoprotein via a metal-mediated protein-protein
interaction (7). Metallochaperones with specificity for iron,
copper, and possibly zinc have been identified in eukaryotes
(8 –11). Poly r(C)-binding proteins (PCBPs)2 are a family of four
multifunctional adaptor proteins that bind iron, single-
stranded nucleic acids, and proteins, altering the fates of each of
these ligands (12–16). PCBP1 and PCBP2 were initially identi-
fied as RNA-binding proteins called HN-RNP E1 and E2 or
�CP-1 and -2. In their RNA-binding capacity, they affect the
splicing, polyadenylation, processing, translation, and stability
of many RNA species with cells. PCBP1 was later identified as
an iron chaperone for ferritin (11), the major iron storage pro-
tein found in most eukaryotes (17). PCBP1 and PCBP2 can bind
ferrous iron in vitro in a 3:1 Fe/PCBP stoichiometric ratio with
low micromolar affinity, similar to the concentrations of kinet-
ically labile iron that have been measured in cells (18). PCBP1
and PCBP2 were subsequently found to deliver iron cofactors
to two classes of non-heme iron enzymes localized to the cyto-
sol (19, 20). Studies continue to indicate that PCBP1 and PCBP2
play integral roles in cellular iron trafficking.

Iron initially enters the cytosol of mammalian cells via trans-
membrane transporters with specificity for divalent metal cat-
ions. These include DMT1 (SLC11A2) (21) and the ZIP-family
transporters ZIP8 (SLC39A8) (22) and ZIP14 (SLC39A14) (23).
A recent report suggests that PCBP2 can directly interact with
DMT1 and facilitate the transfer of iron from DMT1 to the
cytosol (24). In a yeast two-hybrid screen for proteins interact-
ing with the amino-terminal domain of DMT1, the investiga-
tors identified two clones coding for the second HN-RNP K-ho-
mology (KH) domain of PCBP2. The second KH domain of
PCBP2 differs from that of PCBP1 by only five similar amino
acids. Nevertheless, full-length PCBP2 bound DMT1 both in
vitro and in HEp-2 cells, whereas PCBP1 did not. Similarly,
depletion of PCBP2 in cells impaired uptake of iron, whereas
depletion of PCBP1 did not. These studies suggest that PCBP2
has a unique chaperone function facilitating iron uptake in
HEp-2 cells. In contrast, when PCBP2 is depleted in HEK293
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cells (19) or erythroid progenitor cells (25), total iron accumu-
lation is not impaired, suggesting that the relative contribution
of PCBP2 to iron uptake may differ among cell types or that
concomitant loss of efflux may compensate for a loss of import
activity.

A single transporter, ferroportin, accounts for iron efflux
activity in mammalian cells (26 –28). Yanatori et al. (29) also
find that PCBP2 binds to ferroportin at its carboxyl terminus in
an iron-dependent manner. Overexpression of ferroportin in
iron-loaded HEp-2 cells is associated with loss of intracellular
iron. In cells depleted of PCBP2, this loss of intracellular iron is
attenuated, suggesting that the interaction of PCBP2 with fer-
roportin promotes the efflux of cytosolic iron. Further investi-
gation will clarify the relative contributions of the interactions
of PCBP2 with DMT1 or ferroportin on iron transport
activities.

PCBP1 and PCBP2 facilitate the metallation of ferritin
and non-heme iron enzymes

PCBP1 was initially identified as an iron chaperone for ferri-
tin in a forward genetic screen in which iron loading of human
ferritin was reconstituted in the cytosol of bakers’ yeast express-
ing cDNAs derived from human liver (11). Animal ferritins
have a conserved and distinctive structure, which consists of 24
subunits that form a hollow sphere in which iron oxyhydrox-
ides accumulate (30). Animals express three types of ferritins:
H-chain, L-chain, and mitochondrial chains. Cytosolic ferritin
is assembled from a mixture of H- and L-chains (31). H-ferritin
has ferroxidase activity and an active site similar to other oxo-
bridged diiron enzymes. The enzymatic active sites are located
within the interior of the ferritin sphere. As PCBP1 can only
interact with the exterior of the ferritin shell, it is likely to trans-
fer its bound iron to sites located in the ferritin pores that funnel
iron to the interior. Studies utilizing heterologous expression of
ferritins and PCBPs in bakers’ yeast indicate that PCBP2, which
is 83% identical to PCBP1, and PCBP3, which exhibits lesser
sequence identity, can also function as iron chaperones for fer-
ritin (32). PCBP4 expression in yeast activates the iron defi-
ciency response, suggesting a potential role in iron metabolism,
but it exhibits weaker genetic and physical interaction with fer-
ritin. Of the PCBPs, only PCBP1 and PCBP2 are ubiquitously
expressed at high levels in mammalian cells and can therefore
be studied by in vivo depletion. Huh7 cells depleted of either
PCBP1 or PCBP2 exhibit defects in ferritin iron loading, con-
sistent with their activities in yeast. PCBP3 and PCBP4 are
expressed at low levels in some tissues and at some phases of
development. These low levels of expression may not be suffi-
cient to mediate iron chaperone activity, as formation of iron
and client protein complexes are kinetically favored only when
expression levels of the chaperone are high.

The iron chaperone activities of PCBP1 and PCBP2 are not
limited to ferritin. Cytosolic enzymes activated by simple
mono-nuclear or di-nuclear iron centers are also clients of
these chaperones. The study of chaperone activities in cells is
challenging due to the tendency of iron enzymes to lose their
cofactors when cells are lysed and exposed to air. Thus, enzyme
activities that can be monitored in intact cells are the best can-
didates for study. The prolyl and asparagyl hydroxylases that

trigger degradation of HIF1� are such candidates. They require
coordination of a single iron ion in the active site to activate
oxygen for the hydroxylation reaction. In cultured human cells
depleted of PCBP1 or, to a lesser extent, PCBP2, HIF1� accu-
mulates, and these enzymes exhibit reduced activity due to
absence of the iron cofactor. The hydroxylases are detectable in
complexes with PCBP1 after affinity capture, but the enzymes
are not detected in stoichiometric amounts, suggesting that the
interactions are transient (20).

Similarly, a recent study found that PCBP1 and PCBP2 were
required for the metallation of the di-nuclear iron enzyme
deoxyhypusine hydroxylase (DOHH) (19). DOHH catalyzes the
second step in the conversion of a lysine residue to hypusine in
eukaryotic initiation factor 5a (33). Although hypusination
occurs at only a single residue on a single protein, it is conserved
among all eukaryotes and is essential for life. The first step of
hypusine synthesis is the aminobutylation of lysine by deoxy-
hypusine synthase to form deoxyhypusine. In the second step,
DOHH hydroxylates deoxyhypusine to form hypusine. In cells
lacking PCBP1 or PCBP2, deoxyhypusine accumulates and
hypusine levels fall, indicating a loss of DOHH activity. Two
iron ions in the active site of DOHH form a peroxo bridge to
activate oxygen for this reaction (34). The apo- and holo-forms
of the enzyme can be distinguished by their distinct electropho-
retic mobilities. The holo-form is specifically lost in cells
depleted of PCBP1 or PCBP2, indicating absence of the iron
cofactor. Again, DOHH and PCBP1 are detectable as a complex
that is stabilized in cells supplemented with iron.

These mono- and di-nuclear iron enzymes are structurally
distinct; they utilize different substrates and co-substrates, and
their reaction mechanisms differ. Yet they exhibit similar iron
chaperone requirements. PCBP chaperone activity exhibits the
greatest contribution to enzyme activity in cells made mildly
iron-deficient. Incubating cells in supplemental iron can
restore both prolylhydroxylase and DOHH activities in cells
lacking PCBPs. Although the details of the reaction mecha-
nisms are not known for all enzymes of these classes, both coor-
dinate Fe(II) in the active site and both require oxidation of the
Fe(II) centers to Fe(III) or Fe(IV) as part of the reaction mech-
anism (35, 36). Thus, restoration of the Fe(II) oxidation state is
required to maintain enzyme activity. Although soluble reduc-
tants (e.g. ascorbate for prolylhydroxylases) may aid in reduc-
tion of oxidized iron centers, replacement of lost iron cofactors
through PCBP activity may support the enzymatic activity in
cells.

Erythropoietic cells depend on PCBP1-mediated iron flux
through ferritin

Previous studies on iron chaperones examined their role in
general cultured cell models. Mammals and individual mam-
malian tissues, however, exhibit markedly different patterns of
iron transport and utilization. For example, intestinal epithelial
cells are specialized for dietary iron uptake and efflux to the
systemic circulation. The liver exhibits high levels of both iron
utilization and storage. But no tissue is more highly specialized
for iron handling than the erythron. In humans, 25 mg of iron
per day is routed to the bone marrow, which releases into the
bloodstream more than 2 million reticulocytes every second
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(37). Iron is taken up by erythropoietic precursors and intracel-
lularly routed to the mitochondria, where it is used to synthe-
size heme that is ultimately incorporated into hemoglobin. The
processes of iron accumulation, heme synthesis, and globin
synthesis are precisely controlled during red cell development,
as excesses of any of these components are toxic to developing
red cells (38). Red cells develop from hematopoietic precursors
that differentiate into erythroid progenitors. Terminal differen-
tiation of erythroid cells begins with a dramatic expansion of
transferrin-bound iron uptake. Ex vivo studies in erythroid pro-
genitors indicate that intracellular iron initially accumulates in
ferritin, which is also dramatically up-regulated during differ-
entiation (39). Iron is later transferred to mitochondria and
incorporated into heme. This would suggest that ferritin stor-
age plays an important role in intracellular iron flux. However,
a mouse model of ferritin deficiency exhibits relatively normal
red blood cell production, indicating that ferritin can be
bypassed in the delivery of iron to mitochondria in these cells
(40). However, these mice also exhibit alterations of multiple
iron parameters that could compensate for the loss of erythroid
ferritin.

A recent study clarifies the role of ferritin in erythroid devel-
opment and highlights the requirement for PCBP1 iron chap-
erone activity (25). Using both in vitro and ex vivo models of red
cell development, PCBP1 depletion led to defects in the delivery
of intracellular iron to ferritin, which in turn resulted in defects
in iron incorporation into heme. As these cells had no defects in
transferrin-iron uptake, these data indicated that PCBP1-me-
diated delivery of iron to ferritin is an important step in the
trafficking of erythroid iron. The observation that iron supple-
mentation did not correct the heme synthesis defect of PCBP1-
deficient cells supported this interpretation. PCBP1-ferritin
complexes were abundantly isolated in these cells, supporting a
model of direct transfer of iron from PCBP1 to ferritin. The
PCBP1-mediated delivery of iron to ferritin was likely highest in
the early stages of terminal differentiation, as the measured
binding of PCBP1 to ferritin was high in early stages and dimin-
ished greatly in later stages of differentiation.

A surprising finding in these studies was the antagonistic role
played by PCBP2. Whereas depletion of PCBP2 in general cell
culture models has inhibitory effects on iron delivery to non-
heme iron enzymes, in the red cell differentiation model, deple-
tion of PCBP2 enhanced iron delivery to ferritin, PCBP1 bind-
ing to ferritin, and incorporation of iron into heme. The
enhanced activities in PCBP2-depleted cells were dependent on
the expression of PCBP1. Thus, in developing red cells, PCBP2
seems to function by diverting iron or iron-PCBP1 complexes
away from ferritin. Perhaps PCBP2 is involved in ensuring the
delivery of iron to other iron-dependent enzymes that continue
to function in the red cell cytosol and nucleus.

These studies also employed a mouse model of inducible
PCBP1 depletion (25). Post-natal PCBP1 deficiency resulted in
heme deficiency in erythropoietic tissues and the development
of microcytic anemia, with changes in red cell parameters that
were similar to those seen in iron-deficiency anemia. The devel-
opment of anemia in these mice was accompanied by compen-
satory changes in erythropoietic regulatory hormones, spe-
cifically erythropoietin, erythroferrone, and hepcidin. Thus,

the PCBP1-mediated trafficking of iron through ferritin
occurs in animal tissues and is physiologically important for
hematopoiesis.

Nuclear co-activator 4 directs ferritin to
autophagosomes for degradation and iron release

The iron chaperone activity of PCBP1 clearly facilitates the
sequestration of iron in ferritin. Recent studies have also illu-
minated the machinery involved in ferritin iron release. Exper-
iments monitoring the turnover of ferritin and the release of
ferritin iron indicate that most iron release occurs with ferritin
degradation (41, 42). Degradation largely occurs within the
lysosome and involves the process of autophagy (43). The
means to sort ferritin into the lysosome remained obscure until
two groups independently identified nuclear co-activator 4
(NCOA4) as an autophagic cargo receptor for ferritin (44, 45).
NCOA4 was initially identified as a coactivator for a variety of
nuclear hormone receptors (46, 47). Proteomic approaches
identified it in autophagosomes, however. Further investiga-
tion revealed that NCOA4 functioned as an autophagic cargo
receptor, specifically recognizing ferritin and sorting it into
autophagosomes destined for lysosomal fusion and degrada-
tion. The carboxyl-terminal domain of NCOA4 specifically
interacted with H-ferritin subunits via conserved arginine 26,
which is located on the surface of the 24-mer, and is not present
on L-chain.

Deprivation of general nutrients or iron triggers the
autophagic turnover of ferritin via NCOA4 in cultured cells.
Iron appears to regulate this process in part by stimulating the
turnover of NCOA4 itself (48). Cells deprived of iron accumu-
late NCOA4, leading to ferritin autophagy and iron liberation.
Cells supplemented with iron degrade NCOA4, thereby imped-
ing the autophagic degradation of ferritin. The iron-dependent
turnover of NCOA4 may be mediated by direct binding of iron,
as iron is detected in stoichiometric amounts in a purified,
recombinant fragment of NCOA4.

The E3 ubiquitin ligase HERC2 partially accounts for the
iron-dependent turnover of NCOA4 (48). HERC2 is detected
in complexes with NCOA4, and removal of iron through
chelation prevents HERC2 binding in cells and in vitro. Cells
lacking HERC2 accumulate NCOA4, even in the presence of
supplemental iron, although HERC2-independent turnover of
NCOA4 is also detected. When cytosolic iron levels are high,
NCOA4 binds iron and undergoes ubiquitination by HERC2,
leading to degradation of NCOA4 and stabilization of ferritin.
Thus, the release of iron from ferritin can be suppressed by the
accumulation of iron in the cytosol. Other methods of regulat-
ing the autophagic turnover of ferritin are likely, as NCOA4 is
transcriptionally induced under certain conditions of high fer-
ritin turnover, such as erythroid cell development (25, 49).

The role of NCOA4 in ferritin turnover has been confirmed
using knock-out mouse models (48, 50). In NCOA4-null mice,
ferritin and iron accumulate in liver and spleen. Despite the
abundance of tissue iron, these animals manifest a mild micro-
cytic anemia, similar to that of animals lacking PCBP1 (50).
These mice are hypersensitive to iron deficiency and rapidly
develop severe anemia, profound microcytosis, and hypochro-
mia when challenged with an iron-deficient diet. These studies
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did not determine whether the failure to mobilize iron stored in
liver and spleen accounted for the anemia in the NCOA4-null
animals or whether a direct role for NCOA4 in iron trafficking
within the erythron was responsible for the phenotype. How-
ever, depletion of NCOA4 in human K562 cells interfered with
hemoglobin formation (48). Furthermore, depletion of NCOA4
in murine erythroid cells triggered accumulation of iron in fer-
ritin along with defects in iron incorporation into heme and
hemoglobin, suggesting that the anemia could be accounted for
by an intrinsic defect in erythroid iron trafficking (25).

The question of how ferritin iron that is released within the
lumen of the lysosome is delivered to the cytosol or mitochon-
dria for utilization is unresolved. Endosomal ferric reductase
activities and iron transporters may exhibit dual localization in
lysosomes or specific lysosomal systems may exist. These may
facilitate the transfer of ferrous iron out of the lysosome.
Erythroid development could rely on an alternative mecha-
nism, however, as a direct mechanism of iron transfer from
endosomes to mitochondria has been proposed for circulating
reticulocytes (51), and a similar mechanism may operate to
transfer iron from lysosomes to mitochondria in earlier stages
of terminal erythroid differentiation (Fig. 1).

Iron–sulfur cluster trafficking via glutaredoxin-BolA
complexes

Trafficking of cytosolic ferrous ions to ferritin for storage or
to non-heme iron enzymes for utilization occurs through the
activities of PCBP-family iron chaperones. Iron ions are simi-
larly needed for the de novo synthesis or repair of iron–sulfur
clusters in the cytosol. Much progress has been made using
genetic, proteomic, and biochemical approaches to identify
components of the machinery that distributes [4Fe-4S] clusters
in the cytosol (52). HEK293 cells lacking PCBP1 or PCBP2
exhibit loss of activity in cytosolic aconitase (19), an enzyme
with a labile [4Fe-4S] cluster. PCBP1 or PCBP2 may be involved
in repair of Fe-S cluster damage, but this activity has not been
directly demonstrated. Details of early steps in cytosolic Fe-S
biogenesis are less clear. Although some precursor for iron–
sulfur cluster assembly originates in mitochondria and is

exported to the cytosol; the chemical nature of this precursor
and whether it contains only inorganic sulfur, sulfur and iron,
or an iron–sulfur cluster has not been determined. Similarly,
whether the iron ions in iron–sulfur clusters originate from the
mitochondria or from the cytosol remains unclear. The sim-
plest clusters in the cytosol are [2Fe-2S] clusters, and recent
investigations in cells and in vitro have indicated that these Fe-S
clusters in the cytosol are carried in complexes containing
monothiol glutaredoxins (Grxs) and BolA-like proteins.

The capacity of Grxs to serve as [2Fe-2S] carriers in many
species is well-documented (53), as is their importance in Fe-S
cluster assembly and distribution in mitochondria (54 –56).
Cytosolic Grxs have important roles in iron homeostasis and in
maintaining the activity of cytosolic iron enzymes in yeast (57,
58). The role of Grx in yeast is not precisely duplicated in
mammals, which express a single cytosolic Grx, Glrx3. Glrx3
contains two tandem glutaredoxin domains, rather than the
single domain found in yeast species, and both domains can
independently coordinate a bridging [2Fe-2S] cluster as a
homodimer in vitro (59, 60). Although Glrx3 may coordinate
Fe-S clusters as a homodimer in vitro, this species does not
accumulate to detectable levels in human cells. In HEK293 cells,
Glrx homodimers are detected as a minor, unstable species;
homodimers are preferentially formed in iron-deficient, rather
than iron-replete, cells and do not require the amino acid resi-
dues that coordinate Fe-S clusters (61). Human cells lacking
Glrx3 exhibit moderate deficiencies in cytosolic Fe-S enzyme
activities, mildly altered iron homeostasis, and mild deficien-
cies in mitochondrial iron cofactors (62). The milder human
cell phenotypes indicate Glrx3 has differing roles in yeast and
human cells or that redundant systems can partially substitute
for Glrx3 function in mammalian cells.

Both mitochondrial and cytosolic Grxs from many species
may form complexes with BolA-like proteins (63). BolAs are
conserved small proteins ubiquitously found in eukaryotes and
prokaryotes (64). Separate loci encode BolA proteins that
exclusively localize to either mitochondria or the cytosol. In
yeast and humans, BolA1 and BolA3 localize to mitochondria,

Figure 1. Iron flux in developing erythrocytes. A, early (proerythroblast). In the earliest stages of terminal differentiation, proerythroblasts up-regulate
transferrin receptor (TfR) and begin accumulating iron. Iron is bound by PCBP1 and delivered to ferritin. Turnover of ferritin is low; heme and hemoglobin
synthesis has not begun. B, mid (basophilic to orthochromatic erythroblast). At the middle stages of development, iron is delivered to ferritin, and NCOA4
captures ferritin and directs it into the autophagosome, which fuses with the lysosome. Lysosomal iron is delivered to mitochondria by an undetermined
mechanism that could involve direct transfer. Heme and hemoglobin synthesis is high. C, late (reticulocyte). In late erythrocyte development, circulating
reticulocytes progressively lose intracellular organelles; heme and hemoglobin synthesis slows to a stop. Iron is not directed into ferritin and may be delivered
directly to mitochondria for heme synthesis. Reproduced with permission from Ref. 25.
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where they function in Fe-S cluster metabolism (65– 67). In
budding (68 –73) and fission (74 –77) yeasts, cytosolic BolA
(called Fra2) associates with cytosolic Grx and effects iron-de-
pendent regulation of transcription factors through the transfer
of [2Fe-2S] clusters. As these transcription factors are not pres-
ent in mammalian cells, the sole cytosolic BolA protein in mam-
mals, BolA2, must have a different function.

Studies using recombinant Glrx3 and BolA2 demonstrate
that these protomers form a heterotrimeric complex that con-
sists of one Glrx3 and two BolA2 protomers that stably coordi-
nate two bridging [2Fe-2S] clusters (60, 78). As with Glrx3
homodimers, each cluster is coordinated by the active-site cys-
teine and a glutathione in the Grx domain and a conserved
histidine residue in BolA2. A fourth ligand for the cluster has
not been clearly identified. In vitro, Glrx3 homodimers with
bound [2Fe-2S] clusters undergo spontaneous rearrangement
in the presence of recombinant BolA2 to form Glrx3-[2Fe-2S]2-
BolA22 complexes, suggesting that clusters preferentially form
on the heterotrimeric complex.

Glrx3-BolA2 complexes function as [2Fe-2S] chaperones in
mammalian cells. In human cells, Glrx3 and BolA2 form a com-
plex only when they coordinate bridging [2Fe-2S] clusters (61);
in cells supplemented with iron, the pool of clusters coordi-
nated by Glrx3 and BolA2 rapidly expands to form a reservoir of
cytosolic [2Fe-2S] clusters. In vitro work demonstrates Glrx3-
BolA2 complexes (and Glrx3 homodimers) can transfer [2Fe-
2S] clusters to the Fe-S protein ciapin1 (Cpn1) (59, 78). Human
and yeast Cpn1 coordinates either a pair of [2Fe-2S] clusters or
a single [2Fe-2S] and a [4Fe-4S] cluster (79 – 83). It functions in
the early steps of cytosolic [4Fe-4S] cluster assembly in a com-
plex with the flavoprotein Ndor1. The Ndor1-Cpn1 complex is
thought to ferry electrons to the downstream components of
the [4Fe-4S] cluster assembly machinery; whether it also trans-

fers Fe-S clusters is not known. The amino-terminal thiore-
doxin domain of Glrx3 mediates the initial interaction with
Cpn1 in vitro and is required for cluster transfer (59).

Work in human cells supports the role of Glrx3-BolA2 com-
plexes as [2Fe-2S] cluster chaperones (61). In cells, a large frac-
tion of Glrx3 is stably associated with Cpn1. However, a mutant
Glrx3 that does not coordinate [2Fe-2S] clusters also fails to
complex with Cpn1, suggesting that, in addition to the thiore-
doxin domain, [2Fe-2S] clusters contribute to initial complex
formation. BolA2 is only weakly detected in Cpn1 complexes,
suggesting that it is released when Glrx3 joins the Cpn1 com-
plex. Using radioisotopic labeling of cells, iron, likely in the
form of Fe-S clusters, is readily detected in Cpn1 complexes
after affinity purification. This iron is lost in cells lacking Glrx3
or BolA2, suggesting that [2Fe-2S] clusters from Glrx3-BolA2
complexes accounted for much of the iron bound by Cpn1.
Actual transfer of the [2Fe-2S] clusters from Glrx3-BolA2 to
Cpn1 in cells occurs, as dissociation of Glrx3 from affinity-
purified Cpn1 is accomplished without the loss of radiolabeled
Fe-S clusters. These studies all indicate that Glrx3-BolA2 com-
plexes in mammalian cells function as [2Fe-2S] cluster chaper-
ones, storing and delivering [2Fe-2S] clusters via direct protein-
protein interactions (Fig. 2). Whether Glrx3 and BolA2 transfer
[2Fe-2S] clusters to proteins other than Cpn1 remains to be
explored. The iron found in the Cpn1 complex did not com-
pletely disappear in cells lacking Glrx3 or BolA2; the source of
this residual iron is not clear. It may represent a [4Fe-4S] cluster
that is not derived from Glrx3-BolA2 or iron from an alterna-
tive source of [2Fe-2S] clusters in the cell. MitoNEET is a [2Fe-
2S] cluster protein localized to the outer membrane of mito-
chondria. In vitro, [2Fe-2S] clusters on MitoNEET can be
transferred to purified Cpn1 (84). In cells, depletion of
MitoNEET is associated with mild to moderate loss of cytosolic

Figure 2. Glrx3 and BolA2 function as a [2Fe-2S] cluster chaperone. Apo-Glrx3 is found in cells as both monomers and transiently as homodimers. Glrx3 and
BolA2 can form heterotrimers that coordinate a pair of bridging [2Fe-2S] clusters. The Glrx3-[2Fe-2S]2-Bola22 complex can directly bind and transfer iron to
ciapin1 of the Ndor1-ciapin1 complex. Glrx3 may remain stably associated with the Ndor1-ciapin1 complex after cluster transfer, but BolA2 dissociates. The
Ndor1-ciapin1 complex can coordinate a [4Fe-4S] cluster in lieu of one of the [2Fe-2S] clusters. Electrons may be transferred through the Ndor1-ciapin complex
to downstream components of the cytosolic Fe-S machinery. Whether Fe-S clusters are transferred is not known. Pcbp1 may contribute to the flow of iron ions
into the cytosolic Fe-S cluster pool.
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aconitase activity (85). Whether MitoNEET can directly trans-
fer clusters to apoproteins in cells awaits further investigation.

Although metal researchers have made progress in under-
standing the cytoplasmic trafficking of simple iron ions and
Fe-S cluster cofactors in mammalian cells, less is known about
the machinery involved in heme cofactor distribution. Simi-
larly, despite mitochondria being the major site of iron utiliza-
tion in most cells, we do not understand iron delivery to this
organelle. As these investigations are at a relatively early stage,
the machinery identified to date may simply be the proverbial
tip of the iceberg.
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The iron-regulated metastasis suppressor N-myc down-
stream-regulated gene 1 (NDRG1) has been shown to inhibit
numerous oncogenic signaling pathways in cancer cells. Recent
findings have demonstrated that NDRG1 inhibits the ErbB fam-
ily of receptors, which function as key inducers of carcinogene-
sis. NDRG1 attenuates ErbB signaling by inhibiting formation of
epidermal growth factor receptor (EGFR)/human epidermal
growth factor receptor 2 (HER2) and HER2/HER3 heterodimers
and by down-regulating EGFR via a mechanism involving its
degradation. Understanding the complex interplay between
NDRG1, iron, and ErbB signaling is vital for identifying novel,
more effective targets for cancer therapy.

Metastasis

Metastasis is a multistep process that remains the leading cause
of cancer-related deaths worldwide (1). Beginning at the primary
tumor site, cancer cells disseminate into the bloodstream and
migrate to distant organs where they form secondary tumors (1).
Metastasis of these cells can be triggered by a plethora of biochem-
ical factors and molecules as well as the extracellular environment
(1). Considering its key role in patient mortality, it is pertinent to
understand how metastasis is regulated so as to design therapeutic
modalities to inhibit cancer progression.

This review specifically addresses the regulation of the metasta-
sis suppressor N-myc downstream-regulated gene 1 (NDRG1) by
iron and its associated downstream signaling pathways that have
also been linked to iron homeostasis. This is important, as iron is
crucial for tumor cell proliferation and metastasis (2), and thus, it is
vital to understand its role in oncogenic signaling.

Iron-regulated metastasis suppressor, NDRG1

The molecule NDRG1 is a well-known metastasis suppressor
that results in decreased metastases and improved patient progno-
sis in several cancer types, including those of the breast, prostate,
pancreas, and colon (3–5). Paradoxically, NDRG1 expression is
demonstrated to be increased in tumors of the liver, esophagus and
cervix, where it stimulates oncogenesis (6–8), although in the
majority of studies, it is associated with metastasis suppression (3,
5). In fact, NDRG1 has been recognized for its involvement in
cellular signaling, growth, differentiation, lipid biosynthesis, and
the stress response (3, 5). Most importantly, in its role as a potent
metastasis suppressor, NDRG1 has been of great interest due to its
ability to inhibit tumor growth and to decrease cell proliferation,
migration, invasion, and angiogenesis (9–19).

Recently, the roles of LSD1 and N-myc in the regulation of
NDRG1 expression were investigated, and it was shown that LSD1
co-localizes with N-myc at the promoter region of the NDRG1
gene to inhibit its expression (20). Furthermore, it is well known
that NDRG1 is a hypoxia-regulated gene and can be induced by
hypoxic conditions via an HIF-1� (hypoxia-inducible factor-1�)-
dependent mechanism (21). It has also been demonstrated that
NDRG1 expression is regulated by intracellular iron in a wide vari-
ety of studies in vitro and in vivo (9, 13, 15, 16, 21–31). In fact, a
decrease in cellular iron results in robust up-regulation of NDRG1
at the mRNA and protein level, whereas supplementation of iron
leads to decreased NDRG1 expression (21, 22, 27). As an appro-
priate positive control, the same regulation was also reported for
other classical iron-regulated molecules, e.g. the TfR14 (transferrin
receptor 1), VEGF1 (vascular endothelial growth factor 1), etc.,
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confirming the physiological nature of the iron depletion reported
(21, 22, 27).

Critically, the up-regulation of NDRG1 occurs also in vivo
in tumors after treatment of mice (intravenous) with the
iron chelator, di-2-pyridylketone 4,4-dimethyl-3-thiosemicar-
bazone (Dp44mT) (26). This occurred concurrently in tumors
with up-regulation of the TfR1 and also VEGF1 (26), both of
which are classically known to be up-regulated by iron deple-
tion (32). Dp44mT is a known iron chelator and results in cel-
lular iron efflux and inhibits iron uptake from transferrin, lead-
ing to cellular iron depletion in vitro (33). Its in vivo effects were
consistent with it binding iron in the tumor and forming an
intracellular iron complex that sequestered or redistributed
iron away from the cellular iron-sensing mechanisms, resulting
in up-regulation of genes classically increased during iron
depletion i.e. TfR1 and VEGF1 (25).

Furthermore, because of the treatment of mice with this
novel chelator, there were higher iron levels in the liver, which
corresponded with down-regulation of NDRG1 and also TfR1
and VEGF1 (26). This effect of increasing liver iron levels was a
specific property of Dp44mT and also a related thiosemicarba-
zone, Triapine� (25), and it proved useful in demonstrating that
NDRG1 was regulated by iron levels in vivo. Hence, the regula-
tion of NDRG1 in vivo mirrors the regulation by iron observed
in vitro in multiple studies performed by various independent
investigators using many different protocols of iron depletion
(9, 13, 15, 16, 21–31). Also consistent with this regulation are
studies examining patients infected with hepatitis C virus, in
which liver iron loading occurs, and NDRG1 is down-regulated
(34). In summary, studies in vitro and in vivo clearly demon-
strate that NDRG1 is regulated by cellular iron depletion (32). It
is noteworthy that whereas iron has been shown to regulate the
expression of NDRG1, further studies are required to confirm
whether this regulation of NDRG1 levels occur due to a direct
response to changes in physiological iron availability.

In terms of the iron-mediated regulation of NDRG1, studies
by the authors first demonstrated that this occurred via both
HIF-1�-independent and -dependent mechanisms (21). This is
important to consider because iron plays an important role in
oncogenesis, due to its role in cell cycle progression, DNA syn-
thesis, and proliferation (35, 36). Of note, the iron chelators,
desferrioxamine (DFO) and 2-hydroxyl-1-naphthaldehyde
isonicotinoyl hydrazone (311), which cause cellular iron deple-
tion and up-regulate HIF-1�, can then transactivate NDRG1
(21). Additionally, the eukaryotic initiation factor, eIF3a, was
also shown to positively regulate NDRG1 expression during
iron depletion (22). This occurs through the induction and
recruitment of eIF3a-positive stress granules that, during
stressful conditions, cause NDRG1 mRNA and protein levels to
increase (22). This was demonstrated to occur in the absence of
HIF-1� expression and may constitute the HIF-1�-indepen-
dent pathway of NDRG1 up-regulation after iron depletion
(22). An additional HIF-1�-independent pathway has also been
reported by Zhang et al. (31) who, by using a series of NDRG1
promoter deletion constructs, identified a minimal cis-acting
element conferring up-regulation by hypoxia and iron deple-
tion that was localized to an Egr-1 (early growth response 1) and
Sp1-overlapping binding site. This is of further interest espe-

cially as Egr-1 has been also demonstrated to be regulated
by cellular iron levels in vitro (27). Further deletion studies
examining the putative hypoxia-response element sites (i.e.
upstream of the promoter at �1376 bp and �7503 bp) will be
required to assess the importance of the HRE in the direct reg-
ulation of NDRG1 by iron (21).

Role of NDRG1 in oncogenic signaling

The role of NDRG1 as a metastasis suppressor has been of
great interest over the past decade, with its ability to affect key
molecules implicated in carcinogenesis (9, 13–17). It has been
reported that NDRG1 can influence multiple signaling path-
ways responsible for cancer cell migration, proliferation, the
epithelial to mesenchymal transition (EMT), and angiogenesis,
all of which are hallmarks of metastasis (11, 15, 16, 23, 24), and
will be further discussed below.

An important oncogene that is regulated by NDRG1 is cellu-
lar Src (c-Src (15)). In fact, c-Src is known to be involved in
promoting tumorigenesis by facilitating cellular migration and
invasion and has been linked to the EMT (37). This process
occurs when cells lose their tight junctions and epithelial phe-
notype, instead adopting a mesenchymal appearance with asso-
ciated aggressive characteristics leading to metastasis (37).
Although it has been suggested that non-mutated c-Src may
not be oncogenic by itself, studies have indicated that c-Src can
interact and activate receptor tyrosine kinases and other
growth factor receptors (38, 39). These proteins include epider-
mal growth factor receptor (EGFR), vascular endothelial
growth factor receptor, and platelet-derived growth factor
receptor (PDGFR) (38, 39).

In light of this, it was recently discovered that c-Src signaling
can be suppressed via up-regulation of NDRG1 (Fig. 1) (15).
This mechanism occurred via inhibition of c-Src activation,
with NDRG1 preventing the phosphorylation of Src at its acti-
vating site, Tyr-416 (15). This led to inhibition of its down-
stream targets, Crk-associated substrate (p130Cas) and Abelson
murine leukemia viral oncogene homolog 1 (ABL1, also known
as c-Abl), both of which participate in modulating Ras-related
C3 botulinum toxin substrate 1 (Rac1), a key regulator of cell
migration (15). Additionally, NDRG1 was able to inhibit the
binding of EGFR to c-Src (15), which is known to be an impor-
tant means by which c-Src activity is increased (40).

Another oncogenic signaling mechanism that is inhibited by
NDRG1 is the phosphatidylinositol 3-kinase/protein kinase B
(PI3K/Akt) pathway, which is involved in solid tumor growth
and is able to further cancer progression and angiogenesis (13,
25). PI3K signaling is commonly activated in cancer, particu-
larly in prostate tumors, where the PI3K/Akt pathway is known
to be the most predominant growth factor-activated pathway
(41).

The PI3K enzymes are divided into three main classes based
on their structure, distribution, and function (42). Class I PI3Ks
are of greatest interest, as they result in the biosynthesis of
phosphatidylinositol 3,4,5-trisphosphate, resulting in the phos-
phorylation of Akt by its upstream activator, phosphoinositide-
dependent kinase 1 (PDK1) (43). When active, Akt has been
correlated with poor patient prognosis due to malignant trans-
formation (44). Interestingly, the tumor suppressor gene, phos-
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phatase and tensin homologue deleted on chromosome 10
(PTEN), can inhibit the PI3K/Akt pathway by dephosphorylat-
ing phosphatidylinositol 3,4,5-trisphosphate to phosphatidyli-
nositol 4,5-bisphosphate (41). Acting through this pathway,
PTEN can promote cell apoptosis and induce cell cycle arrest
(45).

Of note, NDRG1 has been demonstrated to up-regulate
PTEN expression leading to suppression of the Akt pathway
(13, 46). This is important, as PTEN loses function when PI3K
signaling is activated during oncogenesis (41). Interestingly,
PTEN is also able to up-regulate NDRG1 expression (46). The
role of NDRG1 in affecting the PI3K/Akt signaling cascade can
also be mediated by its ability to decrease expression of the
PI3K subunits, p-p85� and p-p55�, as well as the levels of phos-
phorylated Akt (pAkt) (13). Notably, in glioma cells where
PI3K/Akt signaling is linked to a poor prognosis, NDRG1
silencing increases pAkt levels (47). These findings are of sig-
nificance, as the PI3K/Akt pathway has been implicated in
many cancers by inducing the progression of the cell cycle and
increasing the expression of pro-proliferative proteins such as
cyclin D1 (48). These studies therefore further support the cru-
cial role of NDRG1 in regulating molecules that are known to be
major players in cancer metastasis.

The Ras/Raf/MEK/ERK signaling cascade is responsible for
regulating the activity of various pro-oncogenic transcription

factors (49) and is also targeted by NDRG1 (13, 25). Ras can
become activated by growth factors leading to the recruitment
of rapidly accelerated fibrosarcoma (Raf) to the cell membrane,
where it becomes phosphorylated, activating mitogen-acti-
vated protein kinase kinase 1 (MAPKK1, also known as MEK1)
and which subsequently activates extracellular signal-regulated
kinase (ERK) (Fig. 1) (49). These kinases are then able to trans-
locate to the nucleus to initiate the transcription of genes
involved in proliferation and to further promote cell migration
(49). A recent study demonstrated that NDRG1 plays a role in
halting this cascade of signaling by inhibiting the phosphoryla-
tion of MEK1/2 at its activating sites (Ser-217/221) in pancre-
atic and colon cancer cells (17). Furthermore, NDRG1 was also
found to inhibit ERK1/2 activation in prostate cancer cells (25).

ErbB family of receptor tyrosine kinases

The ability of NDRG1 to attenuate the plethora of oncogenic
signaling pathways described above could be mediated by the
ErbB family of receptors, which function as master regulators of
cellular signaling (17, 50), and they were found to be inhibited
by NDRG1 (17).

The ErbB family of receptors, which include EGFR, HER2
(human epidermal growth factor receptor 2), HER3 (human
epidermal growth factor receptor 3), and HER4 (human epider-
mal growth factor receptor 4), are all receptor tyrosine kinases

Figure 1. NDRG1 inhibits oncogenic signaling pathways by down-regulating the ErbB family of receptors. Located on the cell membrane, the ErbB
family of receptor tyrosine kinases consists of EGFR, HER2, HER3, and HER4. These receptors are stimulated by various ligands, including the epidermal growth
factor (EGF), betacellulin (BTC), transforming growth factor � (TGF�), and neuregulin (NRG). Unlike its other family members, HER2 does not possess a
ligand-binding site. The phosphorylation of the ErbB receptors leads to the activation of numerous signaling cascades, including c-Src, PI3K/Akt, and MAPK
pathways. As shown, activated EGFR can stimulate Ras to recruit rapidly accelerated fibrosarcoma (Raf), which then activates mitogen-activated protein kinase
kinase 1 (MEK1) and subsequently activates the extracellular signal-regulated kinase (ERK), leading to the promotion of cell migration. Interestingly, NDRG1 is
able to halt this process by blocking MEK1 activation. Also contributing to the migratory capabilities of tumor cells is the c-Src pathway, which promotes Rac1
and PAK1 expression, contributing to cell migration. NDRG1 can inhibit this pathway by reducing c-Src levels and inhibit its activation. Additionally, NDRG1 is
able to inhibit the PI3K/Akt pathway. These latter pathways can promote STAT3, leading to the transcription of c-Myc and cyclin D1, both of which promote cell
growth and proliferation. In addition to acting on these key molecules in the above-mentioned oncogenic pathways, NDRG1 is able to inhibit EGFR, HER2, and
HER3 levels and negatively regulate their activation and dimerization.
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that are localized on the cell membrane (51). These receptors
are known to be stimulated by numerous ligands, including the
epidermal growth factor (EGF), betacellulin (BTC), transform-
ing growth factor � (TGF�), and also several neuregulins
(NRGs) (51, 52). Specifically, EGF has the ability to activate
EGFR, HER2, and HER3; TGF� specifically activates HER3;
NRG1– 4 can bind HER3 and HER4; and BTC activates EGFR
and HER4 (Fig. 1) (17, 51, 52). This binding of ligand to receptor
occurs with high affinity and is rapidly followed by receptor
homo- or heterodimerization (51). This event results in the
activation of protein kinase activity, leading to phosphorylation
of tyrosine residues (53). Notably, unlike the other ErbB recep-
tors, HER2 does not have a ligand-binding site and instead
relies on heterodimerization with other ErbB family members
for subsequent activation (53). In fact, HER2 is the most pre-
ferred interacting partner of the ErbB family members in terms
of heterodimerization (54).

The phosphorylation sites of the ErbB family serve as dock-
ing sites for different proteins that participate in the regulation
and subsequent activation of various intracellular signaling cas-
cades, such as c-Src, PI3K/Akt, and MAPK pathways (55). Spe-
cifically,uponheterodimerformation,theEGFRkinasecanphos-
phorylate tyrosine sites of its dimerization partner (56). The site
at which the ErbB receptor is phosphorylated is believed to be
dependent on the dimerization partner, hence accounting for
differences in cellular signaling (57). Although autophosphor-
ylation of EGFR occurs at the carboxyl terminus to maintain an
activated state, proteins such as Grb-2, Src, and Abl can directly
dock to tyrosine residues at 1068, 891, and 1086, respectively,
initiating various downstream signaling cascades (58). This is
important, as the interaction between EGFR and Grb-2, for
instance, is vital for the induction of the Ras/MAPK pathway
(59).

Each of the oncogenic signaling pathways that can be inhib-
ited by NDRG1 are also activated by the receptor tyrosine
kinase, EGFR (38, 49, 60). Specifically, EGFR can interact with
the regulatory subunit p85 to activate PI3K, as well as directly
bind to c-Src to stimulate its activity (Fig. 1) (38, 60). Similarly,
the Ras/Raf/MEK/ERK pathway is initiated by EGFR (49).
These findings highlight the significance of EGFR as a crucial
modulator of signaling pathways in cancer and point to its
major role in the anti-oncogenic activity of NDRG1.

Of significance, NDRG1 was demonstrated to attenuate
EGF-mediated activation of EGFR and its subsequent phos-
phorylation at Tyr-1068, Tyr-1086, and Tyr-1148 (17) (all of
which participate in the activation of oncogenic pathways PI3K,
RAS, and c-Src (Fig. 1) (38)).

In terms of the precise molecular mechanism by which
NDRG1 can inhibit EGFR, it has been demonstrated that
NDRG1 could play a role in promoting EGFR degradation (17).
A recent study has explored the interaction of HER3 with the
ubiquitin ligase NEDD4 (neural precursor cell expressed devel-
opmentally down-regulated gene 4), which facilitated the rece-
ptor’s degradation and showed that this binding was greater in
the presence of NDRG1 (61). Interestingly, NDRG1 can up-reg-
ulate NEDD4 expression (13), which could promote the degra-
dation of EGFR and would be consistent with the results of
recent studies (17).

EGFR and iron

As cellular iron levels can regulate NDRG1 expression (21,
22), it is important to consider the regulation of EGFR by this
metal ion. As discussed previously, it is well understood that
iron is an essential requirement for cancer cell DNA synthesis
and cell cycle progression (26). The TfR1 is responsible for the
transport and internalization of iron bound to transferrin from
the cell surface into the cell via receptor-mediated endocytosis
(Fig. 2) (62).

Although little is known regarding EGFR’s role in iron
metabolism, a recent study revealed that EGFR could regulate
iron homeostasis by directly binding and re-distributing the
TfR1 (Fig. 2) (63). In fact, in non-small cell lung carcinoma cells,
it was demonstrated that inactivation of EGFR reduced cell sur-
face TfR1 expression, causing a decrease in iron import, and cell
cycle arrest (63).

The relationship between EGFR and iron metabolism is also
further substantiated by recent studies examining PGRMC1
(progesterone-receptor membrane component 1) (64).
PGRMC1 is highly expressed in a variety of tumor types where
it can promote proliferation and survival (65).

Until recently, the crucial role of iron in the heme prosthetic
groups of PGMRC1 in terms of its structure and function were
unknown (66). A recent study has revealed that in the presence
of heme, PGRMC1 is able to form a unique dimeric structure
between the heme moieties (66). Study of its crystal struc-
ture demonstrated that PGRMC1 is able to undergo dimeriza-
tion through stacking interactions of heme prosthetic groups
from each monomer (Fig. 2) (66).

In addition to this, it is understood that PGRMC1 is able to
associate with EGFR and cytochrome P450, to regulate prolif-
eration, chemo-resistance, and also sensitivity to EGFR inhibi-
tors such as Erlotinib (64, 66). In fact, silencing of PGRMC1 led
to a reduction of EGFR phosphorylation after binding to the
EGF ligand (66). Downstream targets of EGFR were also nega-
tively correlated with PGRMC1 silencing, resulting in a down-
regulation of phosphorylated Akt and ERK (66).

Ahmed et al. (64) demonstrated that PGRMC1 may directly
bind to EGFR and co-localize in endosomes, where PGRMC1
promotes the endosomal recycling of EGFR back to the cell
membrane, in preference to its lysosomal degradation. It has
been proposed that the heme-mediated dimerization of
PGRMC1 enables its interaction with EGFR (Fig. 2) (66). This
was validated through studies with succinylacetone, a known
inhibitor of �-aminolevulinic acid dehydratase, which is an
essential enzyme in the heme synthesis pathway (66). This
study demonstrated that incubation with succinylacetone sig-
nificantly decreased both PGRMC1 dimerization and its bind-
ing to EGFR (66).

The association of PGRMC1 with EGFR can also be further
explained by a recent study that showed inactivation of EGFR
signaling when PGRMC1 was not maintained on the cell mem-
brane (67). It was suggested that PGRMC1 acts as an adaptor
protein to regulate EGFR membrane expression (67). Addition-
ally, PGRMC1 can also be regulated by phosphorylation at Tyr-
113, whereby membrane trafficking by PGRMC1 is required for
co-localization with EGFR (66). Interestingly, Kabe et al. (66)
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demonstrated that phosphorylation at this site could cause
steric interference, thus discouraging heme binding. It was
therefore suggested that heme binding and vesicular trafficking
are mutually exclusive processes for PGMRC1 (68).

Although there is still no definitive evidence to suggest a
direct link of iron regulation on EGFR, these findings are par-
ticularly pertinent considering the roles EGFR and PGRMC1
play in tumor and cancer progression (66).

Degradation mechanisms of EGFR

The link between the ErbB receptors and their signaling in
cancer pathogenesis has been widely studied for decades. Con-
sidering their role in promoting cancer development, it is
important to understand how ErbB family members may be
degraded.

Upon ligand binding, EGFR is rapidly internalized into endo-
somes where it can either be recycled back to the cell surface or
transported to lysosomes for degradation (Fig. 3) (69). Numer-
ous studies have reported the role of c-Cbl (cellular casitas
B-lineage lymphoma), an E3 ubiquitin ligase, in facilitating the
endocytosis of EGFR (70). In fact, c-Cbl acts as a major
substrate of tyrosine kinase phosphorylation, undergoing
enhanced phosphorylation in response to ligand stimulation by
EGF (70, 71).

In addition, c-Cbl was recently linked to the protein LRIG1
(leucine-rich repeat and immunoglobulin-like domain 1) in
terms of regulating EGFR and its other family members (72). It
was shown that following EGF stimulation, there is a recruit-
ment of c-Cbl to simultaneously ubiquitinate EGFR and LRIG1,
sorting them for degradation (Fig. 3) (72, 73). Furthermore,
LRIG1 has also demonstrated the ability to suppress ErbB
receptor levels by associating with EGFR, HER2, HER3, and
HER4 to enhance ligand-stimulated ErbB receptor ubiquitina-
tion (73).

The MIG6 (mitogen-inducible factor 6) is also known as
ERBB receptor feedback inhibitor 1, or the receptor-associated
late transducer (74), and is involved in EGFR degradation (75).
MIG6 is an immediate early response gene, encoding a non-
kinase scaffolding adaptor protein that is induced by various
stresses, hormones, and growth factors, such as EGF, NRG,
and TGF-� (74). MIG6 acts to inhibit EGFR by associating with
the activated receptor through a carboxyl-terminal binding
domain (75). Specifically, a 25-residue epitope from MIG6
binds to the carboxyl-terminal lobe and blocks the formation of
the activating dimer interface of EGFR that is required for its
signaling (75). Therefore, although MIG6 has been reported to
have several roles, including the regulation of stress responses

Figure 2. Relationship between EGFR and iron. Transferrin receptor 1 (TfR1) is responsible for the transport and internalization of iron bound to transferrin
(Tf) and is brought into the cell via receptor-mediated endocytosis. After being transported to the endosome, iron is released from Tf and either utilized, stored,
or exported out by the cell. Although the relationship between iron-bound transferrin receptor and EGFR is still not fully understood, it has been shown that
EGFR may play a role in regulating iron homeostasis by redistributing TfR1 to the membrane to increase iron import for use by the cancer cell. In addition, it is
believed that EGFR may play a role in iron metabolism through its association with the progesterone-receptor membrane component 1 (PGRMC1). PGRMC1 is
able to form a dimeric structure with heme, and can bind directly to EGFR to promote tumor growth and proliferation.
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and homeostasis (74), it has an important function as a tumor
suppressor (76).

Interestingly, the ability of MIG6 to inhibit tumor growth has
also been linked to cellular iron depletion (27). Indeed, the high
affinity iron chelators DFO and 311 both induce cellular iron
depletion (77) and up-regulate MIG6 (27). Furthermore, it has
also been demonstrated that MIG6 is an HIF-1� target gene,
with this latter transcription factor directly binding to the
MIG6 promoter region, as confirmed by chromatin immuno-
precipitation (ChIP) analysis (78, 79).

Considering its ability to promote EGFR degradation, MIG6
presents as a key anti-oncogenic molecule. In fact, MIG6 is able
to increase EGFR internalization and trafficking to the lyso-
some (80). It is believed that EGFR endocytosis is initiated with
the recruitment of c-Cbl by Grb-2 to further promote its lyso-
somal degradation (80). Furthermore, MIG6 can physically
obstruct EGFR dimerization and bind to the proteins, syn-
taxin-8 and intersectin1/2, to foster lysosomal degradation
(80). However, in tumor cells, the action of MIG6 to selectively
target these receptors is hindered when it becomes phosphor-

Figure 3. Prospective mechanisms of degradation of EGFR. Once bound to the ligand EGF, EGFR is rapidly activated and subsequently internalized into
endosomes, from which it can either be recycled back to the surface or proceed to lysosomal degradation. A mechanism that explains the degradation process
is via E3 ubiquitin ligase (Ub�E3) that has been shown to facilitate the endocytosis of EGFR. The protein leucine-rich repeat and immunoglobulin-like domain
1 (LRIG1) may also be involved by simultaneously ubiquitinating itself and EGFR and recruiting c-Cbl to sort them into endosomes. There has also been
evidence of participation of the proteasome through the release of Ub�E3 to further facilitate the degradation process. Additionally, a known inhibitor of EGFR
is the mitogen-inducible gene 6 (MIG6) which binds to the carboxyl-terminal lobe of EGFR to deter its signaling. However, in tumor cells, this is unable to occur,
as phosphorylation of MIG6 by EGFR at Tyr-394 stops the binding of MIG6 to EGFR, inhibiting receptor degradation.
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ylated at Tyr-394 (Fig. 3) (81). A recent study showed that
phosphorylation of MIG6 by EGFR at Tyr-394 and by Src at
Tyr-395 can inhibit MIG6 activity (82). Hence, the ability of
MIG6 to promote EGFR degradation is prevented under these
conditions.

In light of the evidence that EGFR is regulated by NDRG1
(17), it is important to consider whether this metastasis sup-
pressor causes its inhibition of EGFR by promoting the afore-
mentioned mechanisms of degradation. It was recently demon-
strated that in the presence of NDRG1, levels of EGFR
monomer and dimer were both rapidly reduced in response to
the ligand, EGF, suggesting that internalization and subsequent
degradation of the receptor may occur (17).

We speculate here that NDRG1 may assist in the endo-
somal trafficking of EGFR to foster its degradation due to
evidence of its role in processing of the low-density lipopro-
tein (LDL) receptor to the endosome (83). This was identi-
fied by a clear reduction of the LDL receptor at the cell sur-
face and decreased accumulation in early endosomes in the
absence of NDRG1 (83). Additionally, in NDRG1-depleted
cells it was found that LDL receptor degradation was slowed,
and this could be explained by NDRG1’s ability to interact
with known regulators of degradation such as Rab GTPases
(83). As such, the role of NDRG1 in LDL degradation could
analogously be applied to EGFR, in ushering it to the endo-
some for eventual degradation.

Other metastasis suppressors

In addition to the metastasis suppressor, NDRG1, there are a
host of other proteins that have been identified to perturb can-
cer progression by down-regulating molecules commonly
implicated in metastasis (Fig. 4).

Although it is not as extensively studied as NDRG1, the Myc-
repressed gene NDRG2, which also belongs to the NDRG fam-
ily, has demonstrated tumor-suppressive functions in malig-
nant carcinomas (84, 85). This was demonstrated by reduced
overall survival of prostate cancer patients with low NDRG2
expression (84). The anti-tumorigenic activity of NDRG2 is
mediated through its role in signal transduction pathways,
whereby expression of NDRG2 inhibited STAT3 activation in a
p38 MAPK-dependent manner, leading to decreased prolifera-
tion and survival of breast cancer cells (85). Similarly to
NDRG1, NDRG2 is also regulated by iron levels, being up-reg-
ulated in response to iron depletion (86). In fact, studies exam-
ining hepatocellular carcinoma demonstrated that the iron
chelator, Dp44mT (33), was able to up-regulate NDRG2, lead-
ing to reduced EMT and tumor metastasis via its effects on
this latter molecule (86). Specifically, NDRG2 and Dp44mT
reduced levels of the receptor gp130 and the activation of its
downstream targets STAT3 and ERK1/2 (86).

The tetraspanin, KAI1, is another protein that acts as a
metastasis suppressor through its ability to inhibit cancer cell
motility and invasiveness (87). This is mediated by the ability of
KAI1 to associate with proteins important for cell migration

Figure 4. Metastasis suppressors KAI1, NDRG2, and the tumor suppressor, p53, are regulated by cellular iron levels. KAI1 is a tetraspanin that resides on
the cell membrane and has the ability to associate with c-Src to inhibit key molecules such as p130Cas, FAK, and paxillin that are involved in its regulation of cell
motility and migration in cancer cells. It is known that NDRG1 is also able to down-regulate p130Cas in an Src-dependent manner, and in turn, it could possibly
regulate KAI1. The established tumor suppressor p53 may also play a role in regulating KAI1, by increasing its transcription. The involvement of iron can be
understood by evidence demonstrating that iron depletion by chelators such as Dp44mT increases NDRG1 levels in the presence of p53. NDRG2 is also
up-regulated by cellular iron depletion and may inhibit cancer cell proliferation and survival by blocking STAT-3 activation in a p38 MAPK-dependent manner.
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such as focal adhesion kinase (FAK) in its tetraspanin-enriched
micro-domain, leading to the down-regulation of FAK function
(87). This occurs by blocking the formation of the p130Cas–Crk
complex, which is often described as a “molecular switch” for
cell motility (88). In fact, as mentioned previously, NDRG1 is
able to down-regulate p130Cas in a c-Src-dependent manner
(15) and could therefore regulate KAI1. Notably, it has been
demonstrated that KAI1 is a downstream target of NDRG1
(89). Specifically, NDRG1 targets the ATF3 (activating tran-
scription factor 3) (89), which can directly bind to the KAI1
promoter. Therefore, these results establish a functional con-
nection between these two metastasis suppressors (89). Fur-
thermore, loss of KAI1 expression is common in metastatic
cancers (87), further supporting its significant role as a suppres-
sor of metastasis.

Interestingly, KAI1 has been reported to modulate the activ-
ity of several receptor tyrosine kinases, including EGFR (90).
The molecular mechanism involved was demonstrated to
involve association of KAI1 with the EGFR membrane complex,
resulting in more rapid clearance of the ligand-bound receptor
from the cell’s surface (90). This event also led to a desensitiza-
tion of the EGFR receptor, which is linked to an increased rate
of receptor endocytosis (90).

Significantly, the classical tumor suppressor, p53, is able to
increase the transcription of KAI1 (91). This occurs through a
p53-responsive element and is of particular interest due to the
known regulation of p53 by cellular iron depletion (91). In fact,
HIF-1�, which is up-regulated upon iron depletion, leads to
stabilization of transcriptionally active wild-type p53 (92). A
link between p53, iron, and NDRG1 was also identified through
the use of iron chelators (27). This latter study identified that
p53 was necessary for the iron chelator-mediated up-regulation
of NDRG1, with these agents failing to induce NDRG1 in p53-
null H1299 cells (27). However, a more recent investigation has
demonstrated that iron depletion markedly up-regulates
NDRG1 irrespective of p53 status (93). This observation sug-
gests that p53 may play some role in up-regulating NDRG1
under conditions of iron depletion depending on the cell type.

Iron-binding thiosemicarbazones that up-regulate
NDRG1

Considering the aggressive nature of cancer, it is important
to explore unique strategies for targeting molecules that func-
tion to inhibit key drivers of cancer progression and metastasis,
such as the ErbB family of receptors. This can be achieved by
agents such as the novel di-2-pyridylketone thiosemicar-
bazone (DpT) series, which bind cellular iron pools and
potently up-regulate NDRG1 via HIF-1�-dependent and
-independent mechanisms (21, 22).

These agents possess pronounced and selective anti-prolif-
erative and anti-metastatic activity in vitro and in vivo (17, 18,
26, 28, 33, 86, 94, 95). The most active compounds of this series
are Dp44mT and di-2-pyridylketone 4-cyclohexyl-4-methyl-3-
thiosemicarbazone (DpC), both of which have shown potency
and selectivity in vitro and in vivo against a broad spectrum of
cancer types (26, 94 –96). Although Dp44mT showed evidence
of cardiotoxicity at high, non-optimal doses in mice (26), the
recently developed DpC analog demonstrated potent anti-tu-

mor activity in vivo, with no evidence of toxicity even at much
higher doses (28, 94, 95). DpC was also demonstrated to be
highly potent against the aggressive pancreatic cancer in vivo,
almost completely inhibiting tumor growth and being more
effective than both Dp44mT and the current gold standard for
pancreatic cancer treatment, gemcitabine (17, 28).

These compounds elicit their anti-cancer activity by binding
intracellular metal ions such iron and copper, leading to the
generation of cytotoxic reactive oxygen species (97–99). These
agents also markedly up-regulate the metastasis suppressor,
NDRG1 (21, 26, 28), which has been shown to play a major role
in their anti-cancer activity (15, 16, 18, 23, 24).

Because of their ability to up-regulate NDRG1, these agents
can also potently inhibit the EGFR, Src, WNT, FAK, and PI3K/
Akt pathways (14 –17, 25). In particular, regarding the ErbB
family of receptors, it was recently shown that Dp44mT and
DpC significantly reduced EGFR levels and inhibited its activa-
tion in response to EGF (17). Additionally, DpC decreased the
levels and activation of the oncogenes, HER2 and HER3 (17).
This further supports the potential of these thiosemicarba-
zones as a novel strategy for the treatment of cancer.

Conclusions

It is clear that the iron-regulated metastasis suppressor
NDRG1 plays a vital role in regulating oncogenic signaling. This
was shown by NDRG1’s inhibition of the ErbB family of recep-
tor tyrosine kinases, especially considering that they promote
metastasis, a major factor in the death of cancer patients (17). In
elucidating the link between NDRG1 and EGFR with iron, a
scaffold for controlling and inevitably deterring EGFR-depen-
dent cancers can be identified. Through examination of this
intricate and complex relationship, we have prompted further
investigation into understanding the mechanisms by which
NDRG1 exerts its potent anti-cancer activity.
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Mitochondria are multifaceted and indispensable organelles
required for cell performance. Accordingly, dysfunction to
mitochondria can result in cellular decline and possibly the
onset of disease. Cells use a variety of means to recover mito-
chondria and restore homeostasis, including the activation of
retrograde pathways such as the mitochondrial unfolded pro-
tein response (UPRmt). In this Minireview, we will discuss how
cells adapt to mitochondrial stress through UPRmt regulation.
Furthermore, we will explore the current repertoire of biologi-
cal functions that are associated with this essential stress-re-
sponse pathway.

Mitochondria are double membrane organelles commonly
associated with the production of cellular energy via oxidative
phosphorylation (OXPHOS).2 Mitochondria are also required
for the metabolism of nucleotides, amino acids, and lipids and
have an essential function in regulating apoptosis. Maintaining
mitochondrial integrity is therefore a key aspect in ensuring
cellular and organismal viability. Consequently, a decline in
mitochondrial function is frequently associated with the devel-
opment of numerous diseases (1).

Mitochondria are dependent on a diverse compilation of
proteins to carry out their vital functions. However, the mito-
chondrial proteome is faced with various challenges, most
notably the partitioning of protein encoding genes between the
mitochondrial and nuclear genomes. Remarkably, the human
mitochondrial genome only encodes �1% of the total mito-
chondrial proteome with the remaining proteins being encoded
by nuclear genes (2). Sophisticated mechanisms have evolved to
efficiently transfer nuclear-encoded mitochondrial proteins to
their proper organelle destination following translation on
cytosolic ribosomes. To accomplish this complex task, proteins
are sorted to mitochondria via targeting sequences that form
characteristic amphipathic helices composed of positively
charged residues. Such mitochondrial targeting sequences

(MTS) are recognized and translocated via the mitochondrial
Tom–Tim complex to their respective sub-organelle compart-
ment (3). Exquisite coordination of expression between the
mitochondrial and nuclear genomes exists during mitochon-
drial biogenesis, as failure in genome coordination can disrupt
the precise stoichiometry of these OXPHOS complexes result-
ing in orphan subunit accumulation and proteotoxicity (4).
Further contributing to mitochondrial proteotoxicity is the
possible damage to the mitochondrial genome from reactive
oxygen species (ROS) produced by OXPHOS machinery as well
as the ill effects of various environmental toxins. Mechanisms
must therefore exist to ensure the protection of the mitochon-
drial proteome.

Quality control of the mitochondrial proteome includes the
functions of mitochondrial chaperones that assist in proper
protein folding and proteases that promote clearance of mis-
folded proteins (5). Each sub-compartment of mitochondria
houses its own quality control machinery to ensure protein
homeostasis and organelle function. One way this is achieved is
through retrograde signaling whereby stressed mitochondria
signal to the nucleus to transcriptionally regulate a set of genes
that assist in restoring mitochondrial activity. This Minireview
will discuss the regulation and function of mitochondrial retro-
grade signaling with a focus on the mitochondrial unfolded pro-
tein response (UPRmt).

Mitochondrial UPR regulation

Caenorhabditis elegans

The UPRmt is a mitochondrial stress signaling pathway dis-
covered in mammalian cells (6), but much of what is known
with regard to its regulation was discovered in C. elegans (Fig.
1A). Conditions that increase mitochondrial proteotoxicity
such as mitochondrial DNA depletion, impaired mitochondrial
protein quality control machinery, and OXPHOS perturbation
elicit the UPRmt (7, 8). A number of UPRmt regulators have been
discovered using genetic approaches, including the mitochon-
drial matrix protease ClpP, the ubiquitin-like protein UBL-5,
the transcription factor DVE-1, the mitochondrial ABC trans-
porter HAF-1, and the bZIP transcription factor ATFS-1 (9,
10). The current paradigm suggests that ClpP proteolytically
degrades improperly folded mitochondrial proteins with a sub-
sequent release of the resulting peptides from mitochondria via
HAF-1 leading to UPRmt activation (9, 10). How mitochondrial
peptide extrusion affects the activity of the UPRmt is unclear,
but it is clear that HAF-1 is not essential for UPRmt activation
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and instead serves as a modulator that impacts the nuclear
accumulation of the bZIP transcription factor ATFS-1, a piv-
otal regulator of the UPRmt (7, 10).

ATFS-1 harbors two sorting signals able to target it to both
mitochondria and the nucleus (7, 11). Under physiological con-
ditions, the MTS directs the localization of ATFS-1 to mito-
chondria where it is degraded by the protease Lon (7). However,
mitochondrial import efficiency is reduced during conditions
that perturb mitochondrial function (7, 12–14), causing
ATFS-1 to accumulate in the cytosol and subsequently be
imported into the nucleus via its nuclear localization sequence.
ATFS-1 regulates a diverse transcriptional response to recover
mitochondrial function, including the induction of mito-
chondrial proteases and chaperones, xenobiotic and ROS-
detoxifying genes, and metabolic regulators (7). The concept
of mitochondrial import efficiency regulating the UPRmt is
reminiscent of Pink1 kinase regulation in the detection and
removal of defective mitochondria by mitophagy (15). During
mitophagy, damaged mitochondria are marked for removal by
Pink1 leading to recruitment of the autophagic machinery (15).
Pink1 is imported into unstressed mitochondria and degraded
(16). However, mitochondrial dysfunction reduces the import
efficiency of Pink1 allowing it to accumulate on the outer mito-
chondrial membrane where it initiates a cascade leading to
mitochondrial clearance (17). Thus mitochondrial import effi-
ciency may be used as a general indicator of perturbed mito-
chondrial function to activate mitochondrial recovery pro-
grams such as the UPRmt and mitophagy.

Additional regulators of the UPRmt have been identified that
potentially shed light into the inputs of this protective program.

Using a genetic approach, two metabolic pathways were iden-
tified as important regulators of the UPRmt (18). First, knock-
down of components in the sphingolipid biosynthesis pathway,
including the enzymes serine palmitoyltransferase and cer-
amide synthase, results in UPRmt attenuation that can be res-
cued with ceramide supplementation. Interestingly, ceramide
was found to accumulate at mitochondria prior to UPRmt acti-
vation (18). Also, inhibition of the sphingolipid biosynthesis
pathway could not block UPRmt activation from a gain-of-func-
tion ATFS-1 that is constitutively nuclear irrespective of mito-
chondrial stress (18, 19). Therefore, ceramide accumulation at
mitochondria may be an early step in the activation of the
UPRmt. In the same genetic screen, knockdown of 3-hydroxy-
3-methylglutaryl-CoA (HMG-CoA) synthase, a component of
the mevalonate pathway, also blocked UPRmt activation in the
presence of mitochondrial stress (18). The mevalonate pathway
is necessary for the synthesis of isoprenoids such as cholesterol.
Interestingly, constitutive nuclear accumulation of ATFS-1 res-
cues the ill effects of statins, a class of cholesterol-lowering
drugs that inhibit the mevalonate pathway (19) likely by
increasing ubiquinone biosynthesis that is impaired by the
statins. Intriguingly, statins block UPRmt activation during
mitochondrial stress suggesting that the side effects experi-
enced while taking this drug may be due to an inability to sense
and respond to conditions that perturb mitochondrial function
(18). In addition to the synthesis of cholesterol, the mevalonate
pathway is also important for the production of prenylated lip-
ids such as farnesyl pyrophosphate that can be blocked with
statin treatment (20). Protein prenylation involves the addition
of the farnesyl moiety to client proteins (21), a reaction that is
particularly crucial for the activity of small GTPases (22).
Importantly, gain-of-function ATFS-1 animals are also resist-
ant to the toxicity exerted by gliotoxin (19), which blocks the
addition of farnesyl to small GTPases through the inhibition of
farnesyl transferase. This suggests that impaired prenylation
may contribute to the negative effects of statins. Perhaps
GTPase prenylation is required for UPRmt activation that can
be mitigated through constitutive activation of ATFS-1. In sup-
port of this possibility, the small GTPase Rheb is required for
UPRmt activity (9).

Recent observations suggest that chromatin remodeling is
also critically required for UPRmt activity. In the first study, the
histone lysine demethylases JMJD-1.2 and JMJD-3.1 were dis-
covered in a genetic screen for positive UPRmt regulators (23).
Both show specificity for histone H3K27me2/me3 and are
required and sufficient for the UPRmt. Consistent with mediat-
ing a mitochondrial protective transcriptional response, genes
differentially expressed from JMJD-1.2 and JMJD-3.1 overex-
pression show significant overlap with gene expression profiles
of mitochondrially stressed animals with perturbed OXPHOS
(23). Analogous findings were also observed with the mamma-
lian homologs of JMJD-1.2 (Phf8) and JMJD-3.1 (Jmjd3), sug-
gesting a conserved mechanism of UPRmt regulation (23). In the
second study, the H3K9 methyltransferase MET-2 and the
novel protein LIN-65 were found to positively regulate
the UPRmt (24). LIN-65 is initially cytosolic but localizes to
the nucleus in the presence of mitochondrial stress in a MET-
2-dependent manner (24), suggesting they are functionally

Figure 1. Regulation of the UPRmt in C. elegans and mammals. A, in
C. elegans, the UPRmt is principally regulated by the bZIP transcription factor
ATFS-1 that contains both mitochondrial and nuclear sorting sequences. In
the absence of mitochondrial stress, ATFS-1 localizes to mitochondria and is
degraded by the protease Lon. Perturbation to mitochondrial function
reduces mitochondrial import efficiency causing an accumulation of cytoso-
lic ATFS-1 and subsequent nuclear import. ATFS-1 regulates a diverse tran-
scriptional program to recover mitochondrial function, including the attenu-
ation of OXPHOS gene expression in both the nucleus and mitochondria.
Multiple regulators of the UPRmt have been identified, including the protease
ClpP and the ABC transporter HAF-1 that control UPRmt activity through an
unidentified mechanism involving peptide efflux. B, mammalian UPRmt is reg-
ulated by the transcription factors CHOP and ATF5 that transcriptionally reg-
ulate genes to restore mitochondrial homeostasis. CHOP is transcriptionally
activated by transcription factor c-Jun during mitochondrial stress. ATF5 con-
tains mitochondrial and nuclear localization sequences similar to ATFS-1 that
regulate UPRmt activity based on the efficiency of mitochondrial import.
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related. Indeed, both MET-2 and LIN-65 are required for the
methylation of histone H3K9 that is needed for accumulation of
the UPRmt transcriptional regulator DVE-1 into discrete
nuclear puncta, specifically to chromatin regions thought to
represent sites of active gene expression (9, 24). These findings
add an extra layer of complexity to the regulation of the UPRmt,
suggesting that epigenetic modifications are a necessary step
for the activation of this mitochondrial recovery program.

Remarkably, mitochondrial damage originating from one tis-
sue can induce a UPRmt in distal tissues via cell non-autono-
mous signaling (Fig. 2) (25). For example, neuronal mitochon-
drial dysfunction can induce the UPRmt in the intestine through
the production of secreted “mitokines” (25). Presumably, sen-
sory neurons that are in contact with the external environment
housing potentially damaging toxins would be ideal to relay
mitochondrial stress signals to tissues, like the intestine, that
are likely to be impacted by toxin exposure during feeding. Two
recent advancements have been made into the identity of the
mitokines that regulate the cell non-autonomous control of the
UPRmt. In the first study, the bioamine neurotransmitter sero-
tonin was found to be required for activation of the UPRmt in
the intestine as a consequence of mitochondrial protein aggre-
gate accumulation in neurons (26). In a parallel study, interneu-
ron secretion of the neuropeptide FLP-2 was necessary and
sufficient for UPRmt activation in the intestine (27). Flp-2 tran-
script levels are enhanced in the presence of neuronal mito-
chondrial stress, consistent with a role in the cell non-autono-
mous regulation of the UPRmt. Indeed, overexpression of FLP-2
specifically activates the UPRmt and not other stress responses
(27). Together, these studies suggest that neuronal control of
the UPRmt in distal tissues is likely complex involving the secre-
tion of multiple mitokine signals. Going forward, it will be
interesting to understand how these various mitokines are reg-
ulated in a coordinated manner in response to varying forms of
mitochondrial dysfunction as well as their role in regulating
whole-animal metabolism.

Mammals

The UPRmt was first discovered in mammalian cultured cells
expressing a misfolded mitochondrial protein that resulted in

increased expression of mitochondrial protein quality control
genes in the nucleus (Fig. 1B) (6). This transcriptional response
to mitochondrial dysfunction is thought to require the C/EBP
transcription factor CHOP as the corresponding consensus
binding site is present in multiple genes that are induced during
the UPRmt (28, 29). Consistently, CHOP is transcriptionally
induced during the UPRmt presumably by the transcription fac-
tor c-Jun (6, 28).

Inspired by the discovery of ATFS-1, Fiorese et al. (30) iden-
tified the bZIP transcription factor ATF5 as an additional reg-
ulator of the UPRmt response. Mitochondrial import efficiency
appears to regulate ATF5 in a manner akin to ATFS-1 because
ATF5 also contains a presequence that directs its localization to
mitochondria in the absence of mitochondrial stress (30). Sim-
ilar to ATFS-1, ATF5 transcriptionally regulates mitochondrial
protective gene expression that is necessary for cell growth dur-
ing mitochondrial stress (30). Interestingly, ATF5 can induce a
UPRmt in C. elegans in the absence of ATFS-1 suggesting that it
is a conserved mammalian homolog (30). However, there are
still questions left unanswered with regard to ATF5 and the
mammalian UPRmt. First, is ATF5 proteolytically degraded in
healthy mitochondria by LONP1 similar to ATFS-1? LONP1
expression is transcriptionally induced during the UPRmt by
ATF5 suggesting a functional relationship (30). Second, does
ATF5 accumulation in the nucleus during the UPRmt require
ClpP-derived peptide efflux via the mammalian homolog of
HAF-1 (TAP)? Finally, how are ATF5 and CHOP coordinated
during the UPRmt? Interestingly, the CHOP consensus
sequence is present in some genes that are also regulated by
ATF5 during the UPRmt (28, 30) suggesting some degree of
overlap in target gene regulation. Further work is therefore
needed to better understand the specific mechanisms of ATF5
regulation during the UPRmt.

The mitochondrial intermembrane space (IMS) contains its
own suite of protein quality machinery and potentially distinct
stress response. Perturbation to the IMS protein folding envi-
ronment elicits a protective response through the phosphory-
lation of the estrogen receptor � by Akt (31). In a recent study,
proteotoxicity to the mitochondrial matrix and IMS activated
the deacetylase SirT3 to promote mitochondrial recovery
through the activation of anti-oxidant machinery and the stim-
ulation of mitophagy (32). Presumably, the SirT3 response dur-
ing mitochondrial stress is mediated by the transcription factor
FOXOA3 that accumulates in the nucleus following SirT3-me-
diated deacetylation (32).

Comparison of the UPRmt and UPRER

Much like mitochondria, the endoplasmic reticulum (ER) is
prone to the accumulation of misfolded proteins and similarly
responds to increases in proteotoxicity through the transcrip-
tional up-regulation of ER chaperones and proteases to restore
protein homeostasis via the UPRER (33). Although conceptually
similar to the UPRmt, the UPRER possesses distinct signaling
mechanisms that are involved in its regulation. There are three
main regulatory pathways that govern the UPRER: the serine/
threonine kinase/endonuclease IRE1; the bZIP transcription
factor ATF6; and the kinase PERK. All three proteins are bound
in an inactive state to the ER chaperone BiP and are released in

Figure 2. Cell non-autonomous regulation of the UPRmt. Mitochondrial
dysfunction in neurons activates the UPRmt in distal tissues such as the intes-
tine through diffusible “mitokine” signals, including the neurotransmitter
serotonin and the neuropeptide FLP-2. stressmt, mitochondrial stress.
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the presence of ER stress. Active IRE1 results in preferential
mRNA splicing of the bZIP transcription factor XBP1 resulting
in its activation and subsequent transcriptional up-regulation
of proteostasis genes. ATF6 also positively regulates the expres-
sion of proteostasis genes following its activation by proteolytic
cleavage.

In addition to transcriptionally regulating the expression of
ER protective genes, the UPRER helps restore ER homeostasis
by attenuating protein translation through PERK-dependent
phosphorylation of the translation initiation factor eIF2� (34).
PERK is among four kinases that constitute the integrated
stress response (ISR) that diminishes protein translation in
response to various cellular stresses (35). Interestingly, the ISR
kinase GCN2 is activated by increased ROS during mitochon-
drial stress and helps restore mitochondrial homeostasis by
lowering cytosolic protein translation via phosphorylation of
eIF2�, thus reducing the load of incoming unfolded mitochon-
drial proteins (36). Although general protein translation is
attenuated during the ISR, mRNAs containing upstream open
reading frames (uORFs) are favorably translated. Intriguingly,
ATF5 is among the uORF containing mRNAs that are prefer-
entially translated following eIF2� phosphorylation during ER
stress (37). Whether mitochondrial stress results in a similar
preferential translation of ATF5 is still unknown.

It is noteworthy that the UPRmt and UPRER share some com-
mon regulatory proteins, suggesting a possible intersection in
the regulatory inputs of both stress responses. For example,
CHOP is also activated during ER stress downstream of the
bZIP transcription factor ATF4 (38). In this context CHOP
assumes a pro-apoptotic role by transcriptionally regulating
ATF5, but whether a similar mode of regulation occurs during
UPRmt activation is not known (39). In contrast to the pro-apo-
ptotic role of CHOP and ATF5 during ER stress, these tran-
scription factors adopt a pro-survival function during mito-
chondrial stress through the regulation of mitochondrial
protective gene expression (6, 30). Possibly, CHOP and ATF5
undergo stress-specific post-translational modifications or het-
erodimerization that dictate their particular function.

Physiological roles of the UPRmt

Protection against pathogen infection

Mitochondria are desirable targets for bacterial pathogens
during infection. For example, various pathogens manipulate
mitochondrion-dependent cell death pathways to promote
their own survival (40). Mitochondria also play an important
role in regulating the innate immune response (41) that can be
compromised during infection by certain pathogens (42). As
such, bacterial pathogens have evolved various means to exploit
mitochondrial function, including the precise targeting of pro-
tein virulence factors directly to mitochondria (43).

Host resistance to infection is dependent on innate and
adaptive immune responses that limit the colonization of path-
ogenic microbes. In contrast, host tolerance during infection is
defined as the ability to withstand the damage caused by harm-
ful pathogens and possibly the self-damage inflicted by the host
resulting from the inflammatory response (44). The UPRmt

supports host tolerance by regulating mitochondrial recovery

while additionally promoting host resistance through the tran-
scriptional regulation of various innate immunity genes such as
secreted anti-microbial peptides and lysozymes (Fig. 3A) (45).
Various microbes such as the opportunistic pathogen Pseu-
domonas aeruginosa can activate the UPRmt through the pro-
duction of mitochondrial toxins (18, 45). Consistent with a role
in protecting the host from infection, ATFS-1 is required and
sufficient for survival during P. aeruginosa infection (45, 46).
Interestingly, the mitochondrial chaperone HSP-60 that is
transcriptionally up-regulated during the UPRmt by ATFS-1 (7,
10, 11) promotes host resistance during infection by enhancing
the PMK-1/p38 MAPK innate immunity pathway through
direct binding and stabilization of SEK-1/MAPK kinase 3 (46).

The coupling of host tolerance and resistance to one stress-
response pathway is an efficient means of protecting the host
during infection considering that mitochondria are targeted by
a number of pathogens (18, 43, 45). Furthermore, the UPRmt

may be regarded as an additional sensor of infection from the
damage that is inflicted by harmful microbes targeting mito-
chondrial function. It is unclear whether all metazoans couple
the UPRmt to the regulation of innate immunity during infec-
tion. However, the homolog of ATFS-1 in the whiteleg shrimp
induces the expression of antimicrobial peptides and is
required for survival during pathogen infection suggesting that
UPRmt-mediated regulation of host resistance may be con-
served (47).

Accumulation of deleterious mitochondrial genomes

Deletions in mitochondrial DNA (mtDNA) occur as an orga-
nism ages and contributes to various diseases (48). However,
each cell houses hundreds of mitochondrial genomes as a mix-
ture of wild-type and mutant forms, a phenomenon known as
heteroplasmy (49), and accordingly the number of deleterious
mitochondrial genomes only needs to exceed a certain thresh-
old to be pathogenic (typically comprising more than 60% of the
total number of mitochondrial genomes) (49). The mechanism
that regulates the number of deleterious mitochondrial
genomes has remained elusive until the discoveries made by

Figure 3. Biological roles of the UPRmt. The UPRmt supports a variety of
organismal functions, including the regulation of innate immunity during
pathogen infection (A); the control of deleterious mitochondrial genome
numbers (B); mediating metabolic adaptations during mitochondrial stress
(C); and promoting stem cell maintenance (D). stressmt, mitochondrial stress.
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two recent independent studies (50, 51). Here, a C. elegans het-
eroplasmic strain harboring mtDNA with a 3.1-kb deletion
(�mtDNA (52)) activated the UPRmt as a result of reduced
OXPHOS activity (50, 51). Surprisingly, loss of the UPRmt

through ATFS-1 inhibition reduced the number of �mtDNA
copies, whereas constitutive activation of ATFS-1 promoted
the accumulation of �mtDNA, further reducing OXPHOS effi-
ciency and causing impaired development (50, 51).

How does ATFS-1 promote the accumulation of deleterious
�mtDNA? Potentially, the UPRmt limits mitophagy by promot-
ing mitochondrial health, but ATFS-1 appears to preferentially
promote �mtDNA accumulation independent from mitophagy
(50, 51). ATFS-1 does promote the expression of genes involved
in mitochondrial biogenesis, including regulators of mtDNA
replication such as mtDNA polymerase and TFAM (51) as well
as transcriptionally regulating genes involved in mitochondrial
dynamics (7, 51). Reducing regulators of mtDNA replication
and mitochondrial dynamics attenuate the increased �mtDNA
number that is observed in constitutively active ATFS-1 ani-
mals suggesting that both are involved in the ATFS-1-depen-
dent propagation of �mtDNA (51). Together, these studies
reveal an unexpected toxic consequence of the UPRmt mito-
chondrial recovery program that expands �mtDNA through
the stimulation of mitochondrial biogenesis (Fig. 3B).

Metabolic adaptations

Paradoxically, in addition to nuclear accumulation, ATFS-1
also accumulates in mitochondria during stress despite reduced
mitochondrial import efficiency (7, 11). Multiple isoforms of
ATFS-1 are present in mitochondria during the UPRmt, but the
exact identity of these isoforms is still unknown. However, two
splice variants of ATFS-1 exist with a difference of just 16
amino acids (11). Although both the short and long ATFS-1
isoforms contain the MTS, it is not known which isoform accu-
mulates in mitochondria during stress. Within mitochondria
ATFS-1 binds the D-loop of mtDNA, an A-T-rich region resid-
ing in the control region adjacent to transcriptional regulatory
elements (11). Here, ATFS-1 limits the abundance of OXPHOS
transcripts encoded by the mitochondrial genome. ATFS-1
regulates mitochondrial OXPHOS transcript numbers poten-
tially through transcriptional repression via its association with
the D-loop region; however, its effects on transcript stability
have yet to be studied. Interestingly, ATFS-1 also negatively
regulates nuclear-encoded OXPHOS gene transcript abun-
dance through direct or indirect binding of their gene promot-
ers (11). Thus, ATFS-1 appears to transcriptionally attenuate or
limit OXPHOS biogenesis until the protein folding capacity is
restored as a means of promoting mitochondrial recovery. In
addition to repressing the abundance of OXPHOS transcripts,
ATFS-1 also transcriptionally induces the expression of genes
involved in glycolysis (7, 11). By positively regulating glycolysis
gene expression, ATFS-1 presumably ensures adequate ATP
levels in lieu of reduced OXPHOS activity in an effort to pro-
mote mitochondrial repair and cell survival (Fig. 3C).

Hematopoietic stem cell maintenance

Quiescent stem cells have relatively little mitochondrial
activity that increases during differentiation (53). In the study

by Mohrin et al. (54), the histone deacetylase SIRT7 was found
to reduce mitochondrial translation by complexing with the
central metabolic regulator of mitochondrial gene expression
NRF1 and repressing transcription of mitochondrial ribosomes
and translation factors. Loss of SIRT7 consequently results in
enhanced mitochondrial translation and biogenesis leading to
the activation of the UPRmt. Interestingly, inhibiting SIRT7 in
hematopoietic stem cells (HSC) enhances mitochondrial bio-
genesis and activates the UPRmt, thus reducing quiescence and
the ability to differentiate. Consistent with a role in maintaining
stem cell quiescence, SIRT7 levels are elevated during the qui-
escent stage and low in aged stem cell populations (54). Conse-
quently, increasing SIRT7 levels in aged stem cells decrease
mitochondrial proteotoxicity and improve their differentiation
potential. Although it is still unclear whether specific loss of
UPRmt regulators impacts HSC maintenance, this study sug-
gests the importance of mitochondrial protein homeostasis in
stem cell vitality (Fig. 3D).

The future of the UPRmt

A decline in mitochondrial function likely impacts a wide
range of cellular activities because of the essential nature of the
organelle. Consequently, mitochondrial stress presumably acti-
vates parallel cytoprotective pathways. For instance, mitochon-
drial stress results in the activation of multiple signaling mod-
ules in addition to the UPRmt, including the hypoxia-response
transcription factor HIF-1, the AMP-activated kinase pathway,
and the transcription factors TAF-4 and CEH-23 (55–57). As
well, increased mitochondrial ROS can activate an oxidative
stress response regulated by the transcription factor SKN-1
(58). Intriguingly, ATFS-1 regulates the expression of skn-1 as
part of the UPRmt transcriptional response (9). Finally, accumu-
lation of mitochondrial precursor proteins in the cytosol as a
result of impaired mitochondrial import elicits a separate
stress-response pathway involving reduced protein translation
and increased proteasome activity (12, 14). How the UPRmt

integrates with these and other cellular stress pathways is there-
fore an area worthy of further investigation.

Also, as the UPRmt is an important regulator of mitochon-
drial recovery, it may be an attractive therapeutic target for
those diseases that result from mitochondrial dysfunction. The
therapeutic potential of the UPRmt is particularly promising in
the field of cancer research. The relationship between mito-
chondrial dysfunction and cancer was first proposed based on
the observation by Otto Warburg that cancer cells utilize gly-
colysis in the presence of oxygen presumably due to a defect in
mitochondrial respiration and function (59). Although this
remains true with certain cancers, it can by no means be
generalized. Indeed, certain cancers display normal or even
enhanced mitochondrial function (60) suggesting a consider-
able heterogeneity in cancer subtypes. It is clear though that
some cancer cells express higher levels of mitochondrial chap-
erones indicative of an activated UPRmt (30, 61– 63). The
UPRmt in this context could help support tumor survival from
the mitochondrial dysfunction that may arise from genetic
mutations (64) or through the increase in mitochondrial bio-
genesis used to support tumor growth and proliferation (65).
Interestingly, inhibiting mitochondrial chaperones or the
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UPRmt regulator ATF5 increases tumor cell death while having
little to no effect on healthy cells (30, 63, 66), supporting the
targeting of the UPRmt as an anti-cancer therapy. How the
UPRmt might be pursued for other mitochondrially related
pathologies such as neurological disease and diabetes is still
relatively unexplored and is likely to be an exciting avenue of
research in the field.
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Interferon � (IFN�) is a pleiotropic protein secreted by
immune cells. IFN� signals through the IFN� receptor, a pro-
tein complex that mediates downstream signaling events. Stud-
ies into IFN� signaling have provided insight into the general
concepts of receptor signaling, receptor internalization, regula-
tion of distinct signaling pathways, and transcriptional regula-
tion. Although IFN� is the central mediator of the adaptive
immune response to pathogens, it has been shown to be involved
in several non-infectious physiological processes. This review
will provide an introduction into IFN� signaling biology and the
functional roles of IFN� in the autoimmune response.

According to the National Institutes of Health, autoimmune
diseases (ADs)3 are one of the top 10 leading causes of death in
female children and women in all age groups up to 64 years of
age (1). Excess secretion of IFNs has been associated with devel-
opment of human ADs (2). Interferons (IFNs) comprise a family
of proteins classified as type I (IFN-�, -�, -�, -�, and -�), type II
(IFN-�, herein IFN�), and type III (IFN-�1– 4) that have pleio-
tropic roles in immunity, cancer biology, and autoimmunity (2).
Here, we aim to provide a basic understanding of the functions
of the type II IFN� and the IFN�-signaling pathway (hereafter
referred to as IFN signaling) in a contextual and timing perspec-
tive related to the autoimmune environment and the develop-
ment of ADs.

Biological role of IFN� on inflammation

Since Wheelock (3) reported that IFN� inhibited viral re-
plication, IFN� has become an essential regulator of several
immune processes, including vaccine-mediated responses and
pro-inflammatory CD4� T helper 1 (Th1) cell responses (4). As
an effector cytokine of Th1 immunity, IFN� is the key regulator
of macrophage activation via the Janus kinase (JAK)/signal
transducer and activators of transcription (STAT) pathway
(Fig. 1A) (5). Normally, in the early phases of the host immune
response, production of IFN� by natural killer cells, CD4�T
helper 1 (Th1) cells, and CD8� T cells aims to improve antigen
recognition in antigen-presenting cells (APCs) such as macro-
phages and dendritic cells. IFN� activates macrophages toward
the “M1” phenotype, which is characterized by the expression
of high levels of pro-inflammatory cytokines such as Il-1�,
IL-12, IL-23, and TNF-�; high production of reactive nitrogen
and oxygen intermediates; promotion of Th1 T cell response;
and strong inflammatory activity (6). APCs express major his-
tocompatibility complex (MHC) class I and II proteins and acti-
vate cross-presentation antigenic pathways. In parallel, IFN�
signaling generates other cytokines and inflammatory factors to
sustain inflammation, maintain Th1 responses, and inhibit dif-
ferentiation of regulatory T cells, CD4� T helper 2 cells (Th2),
and Th17 cells (7). Despite these amplification steps, IFN� sig-
naling is generally short-lived to elicit functional recovery of
homeostasis, including tissue repair and reestablishment of tis-
sue physiology.

IFN� signaling: Canonical and non-canonical pathways

In the context of inflammation, IFN� induces a rapid
response via the JAK/STAT or canonical pathway. However, in
the context of ADs, maintenance of chronically high levels of
IFNs leads to activation of both canonical and non-canonical
pathways, albeit in a cell- and context-specific manner.

Canonical IFN�-signaling pathways

In the canonical pathway of IFN signaling, IFN� dimerizes
and binds to the two IFNGR1 receptors. The IFNGR is com-
posed of two distinct chains, the high affinity IFNGR1 (�) and a
low affinity IFNGR2 (�) (8). The identification of a glycosyla-
tion-deficient mutant residue in the IFNGR1 detailed two key
steps preceding initiation of IFN� signaling (9). In the first step,
IFN� binding induces the receptors to undergo a conforma-
tional change in lipid nano-domains, whereby the box 1
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domains on the IFNGRs are brought into proximity of each
other allowing recruitment of two JAKs, JAK1 and JAK2, to the
IFNGR1 and IFNGR2 chains, respectively. This recruitment
step occurs independently of their enzymatic activities. In the
second step, JAK1/2 activation induces a second conforma-
tional change that allows STAT1 to associate with the IFN�–
IFNGR complex. In turn, JAK1 and JAK2 phosphorylate the
transcription factor STAT1 (pSTAT1) forming a homodimer
that translocates to the nucleus (9). At this moment, the
released IFNGRs associated with the cortical-actin network
and prepared for alternative regulation via receptor trafficking
and endocytosis. Importantly, these events demonstrate that
receptor internalization may not be required for IFN� signaling
to take place.

In the nucleus, pSTAT1 binds with high affinity to DNA
sequences termed the �-interferon-activated site (GAS) to ini-
tiate transcription of interferon-stimulated genes (ISGs) (Fig.
1A) (11). At the same time, acetylation of pSTAT1 sets the
timer for STAT1 inactivation via complex formation between
acetylated STAT1 and the protein-tyrosine phosphatase T
cell protein-tyrosine phosphatase (TCP45) (12). In turn, his-
tone deacetylase 3 (HDAC3) deacetylates STAT1, thus per-
mitting a new cycle of phosphorylation and re-stimulation
(13). Hence, the rapid increase of pSTAT1 after IFN� stim-
ulation elicits a reversible and dynamic response to rapidly
restore homeostasis.

Non-canonical IFN� signaling pathways

The observation that IFN� is capable of inducing gene
expression in STAT1�/� bone marrow-derived macrophages
suggested that IFN� can act independently of STAT-1 or in an
alternative non-canonical fashion (14). Generally, the activa-
tion of non-canonical pathways appears to be later rather than
earlier after STAT1 activation. Nevertheless, there is evidence
suggesting that non-canonical pathways could be activated in
the absence or presence of Stat1 in a context-dependent man-
ner. In the absence of STAT1 (Fig. 1B), IFN� can activate
STAT3, in a JAK-STAT-dependent process that results in acti-
vation of GAS-regulated genes (15, 16). Moreover, the absence
of Stat1 in primary fibroblasts or neurons led to enhanced ERK
activation following IFN� addition, implying that the cell-spe-
cific availability of signal transducers can diversify the cellular
response following IFN engagement (17). STAT-independent
IFN� signaling can occur via activation of other MAPKs, such
as PyK2, ERK1/2, and JNK (18, 19); the adaptor proteins CrkL
and small G protein Rap1 (20); and the Src homology 2 domain-
containing protein-tyrosine phosphatases SHP-1 and SHP-2

(18, 21). Note, IFN� activation of different kinases such as
ERK1/ERK2 (MAPKs) (22) or glycogen synthase kinase 3
(GSK3�) signaling (23) results in activation of different tran-
scription factors. For example, IFN� activation of ERK reg-
ulates binding of CCAAT/enhancer-binding protein-�
(C/EBP�) to a novel IFN� response element called GATE (22).
GATE has little homology with GAS and binds to different
transacting factors such as C/EBP�. Recent evidence found that
phosphorylation of C/EBP� involves IFN-stimulated proteo-
lytic processing of ATF6, and ERK1 and ERK2 are necessary to
control autophagy of several infectious agents (24). Conversely,
IFN� activation of GSK3� via the phosphoinositide 3-kinase-
AKT pathway regulates CREB/AP1-dependent DNA binding
to suppress IL-10 production (23).

Conversely, in the presence of Stat1, activation of canonical
and non-canonical pathways could happen simultaneously
(Fig. 1A). However, the outcomes of such activation are cell-
and context-specific. For example, in mice infected with sys-
temic Dengue, Stat1-dependent pathways were required for
early viral control, but Stat1-independent pathways were later
required for viral clearance (25). Furthermore, in a mouse
model of encephalitis, the activation of Stat1-dependent and
Stat1-independent pathways advanced IFN�-induced reduc-
tion of myelin sheath thickness in the CNS despite Stat1 knock-
down (26). Apparently, initiation of these alternative signaling
pathways starts at the JAK activation sites in IFNGR1 with
the recruitment of adaptor molecules such as MyD88 adap-
tor-like (Mal) (27) or the Fyn kinase (28). MAL is encoded
by the gene Toll-interleukin 1 receptor domain containing
adaptor protein (TIRAP). Noticeably, Mal-dependent IFNGR
signaling required phosphorylation of the mitogen-activated
protein kinases (MAPK) p38, not Stat1, for phagosome matu-
ration and killing of intracellular infectious organisms such as
Mycobacterium tuberculosis. Moreover, defects in the Mal-de-
pendent IFN�-signaling pathway due to non-synonymous sin-
gle nucleotide polymorphism at S180L in the human TIRAP
gene explains best the increased susceptibility of SLE patients
for mycobacterial and pneumococcal infections (27). Similarly,
recruitment of the Src kinase Fyn results in the formation of a
complex that allows IFN� to activate Stat5b via PI3K signaling
(29). The ability to activate Stat5 while preserving IFN� activa-
tion of STAT1-dependent immune events represents an advan-
tageous adaptation mechanism to regulate macromolecular
permeability in enteric epithelium with low STAT1 levels.
Moreover, IFN� activation of AKT and mTOR via PI3K
improved mRNA translation of IFN�-regulated genes comple-

Figure 1. Overview of the STAT-1 canonical and non-canonical signaling pathways elicited by IFN�. As a dimer, IFN� (orange) binds the IFNGR, which is
composed of the IFNGR1 and IFNGR2 subunits, the kinases Jak1/Jak2. A, in canonical IFN� signaling, phosphorylation of Jak1 and JAK2 results in the phos-
phorylation of STAT1 (center). A STAT1 homodimer translocates to the nucleus and binds to GAS found in the promoters of IFN�-regulated genes such as HLA-A,
NOS-2, IRF1, PDCD1, and CD274. Recruitment of adaptor proteins associated with IFNGR2 such as MAL and Fyn results in non-canonical STAT1 signaling.
MAL-dependent IFN-� receptor (IFNGR) signaling elicits signaling via MAPK p38 phosphorylation to up-regulate expression of the chemokine IP-10, antimy-
coplasma proteins, and formation of autophagosomes (left). GSK3� activation and Fyn elicit pSTAT5 recruitment to activate PI3K to regulate cell membrane
permeabilization. Alternatively, IFN� activation of GSK3� via PKC	 activates AKT/mTOR regulation of survival responses. Nevertheless, upon STAT activation,
control mechanisms aiming to regulate signaling target either the JAK catalytic sites with SOCS proteins (upper right corner) or blockade of the STAT dimers
binding to GAS sites with PIAS or through binding with un-phosphorylated STAT2. Alternatively, IFN priming increases IRF9, which is recruitment to STAT1
dimers for binding to ISRE sites. Antiviral and antibacterial responses benefit from this mechanism. B, in cells not expressing STAT1, STAT3 can be phosphor-
ylated by Jak1/Jak2 resulting in translocation of the STAT3 dimer to GAS sites. Moreover, IFN� activation of ERK results in C/EBP� activation and binding to a
novel IFN-response element (GATE). Figure has been adapted and modified from Refs. 17 and 29.
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menting STAT1-dependent mechanisms (30). Thus, IFN� can
regulate complex processes beyond their known short-term
effects. Therefore, the overall biological effect of IFN� signaling
likely results from a well-adjusted combination of Stat1-depen-
dent and Stat1-independent mechanisms activated sequen-
tially during progression of the inflammatory disease.

Alternative mechanisms regulating the IFN� signaling
via endocytosis

As diverse as the IFN� signaling downstream pathways could
be, all actions start generally at the IFNGR. As human IFN�
does not signal in mouse or rat cells, evidence that microinjec-
tion of human IFN� elicited antiviral activity in murine cells
suggested that the IFNGR provides species specific responses
to IFN� (31). Further evidence showing that retention of IFN�
within cells also resulted in an IFN�-dependent signaling
leaded researchers to further claim that the IFNGR drives spe-
cies specificity responses (32, 33). Thus, the IFNGR holds the
key to control the activity of IFN� among species (34).

The regulation of IFN� signaling involves essential manage-
ment mechanisms that regulate the differential expression and
cell-surface localization of the IFNGR chains (Fig. 2). IFNGR1 is
usually expressed in excess, whereas IFNGR2 is more tightly
regulated in most but not all cell types (35, 36). In fact, the
absence of IFNGR2 on the surface of Th1 cells supports the
model that regulation of its surface expression regulates
responsiveness to IFN� (37). Moreover, several viruses such
as the vaccinia virus and myxoma virus encode and secrete
IFN� receptor mimetics, which are peptides with significant
sequence similarity to the human and mouse receptors for
IFN�, to neutralize IFN� activity (38). These data suggest that
cell regulation of IFNGR accounts for cell-specific differences
in response to IFN� and how a target cell becomes unrespon-
sive to further IFN� stimulation.

Recent data showing that the IFNGR1 and IFNGR2 are
loosely associated in sphingolipid-rich areas on the cell surface,
called lipid micro-domains, provided mechanistic details over
their complex formation (39, 40). As shown in Fig. 2, upon IFN�
dimer binding to IFNGR1 and IFNGR2, a ternary complex is
formed within the micro-domains in preparation to deliver
downstream signaling from the cell surface to the nucleus
(41). Note, IFN�–IFNGR complex readiness is independent of
receptor internalization (42). Upon Stat1 activation and inter-
nalization, the two IFNGRs are differentially processed within
cells using clathrin-dependent or clathrin-independent mech-
anisms (43). Clathrin-dependent endocytosis utilizes the pro-
tein clathrin to mediate endocytosis and is the primary mecha-
nism by which the IFNGR1 is recycled to the cell surface (42).
Infectious organisms such as herpesvirus K3-5 or Trypanosoma
cruzi down-regulate the surface expression of host IFNGR by
increasing their endocytosis rates, which leads to suppression
of cell-mediated immunity (44, 45). Conversely, clathrin-inde-
pendent endocytosis uses sphingolipid-rich caveolae, also
known as lipid rafts, to regulate IFNGR2 at the cell surface (46).
Human T cells use this pathway to limit sensitivity to IFN� as a
strategy for dampening the host immune response (47).

Recently, a novel mechanism explains how membrane cell
dynamics modulates cell-to-cell communication via cytokines
(Fig. 2). Surprisingly, positively charged regions of IFN�, IL-12,
and IL-23 were proved to interact directly with negatively
charged cell-surface phosphatidylserines (PS) on tumor cells
(48). The cytokine–PS complexes are endocytosed, possibly via
caveolae-dependent mechanisms, to be slowly recycled back to
the cell surface in an autocrine-like manner. Once released,
cytokines bind their respective receptors. This mechanism
explains how tumor cells manage to extend a response after a
short-lived cytokine exposure.

Figure 2. Endocytic mechanisms regulating IFN� signaling via differential expression of the IFNGR. IFNGR1 (green) and IFNGR2 (purple) are associated in
lipid micro-domains on the cell surface. In the presence of IFN� dimers (orange), the cytokine receptor complex is redirected to clathrin or caveolae sites at the
cell surface. Once there, IFN� either binds the receptor or is recruited to PS-rich domains. Then, the IFNG complexes are endocytosed either through clathrin-
dependent events or clathrin-independent events that involve caveolae-dependent mechanisms. IFN�–PS complexes are slowly recycled back to the cell
surface, and IFN� is released in an autocrine-like manner (left). In contrast, IFN�–IFNGR complexes are endocytosed and broke down before being recycled or
degraded. Noticeably, IFNGR2 is enzymatically cleaved and separated for degradation via proteasomes. Meanwhile, IFNGR1 can be recycled to the cell surface
or targeted for degradation. Alternatively, the IFNG–IFNGR–p-STAT1 complex could remain stable and continue translocating to the nucleus using NLS.
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Another less understood and controversial regulatory mech-
anism proposes that the whole IFN�/IFNGR structure translo-
cates to the nuclei and defines species selectiveness (32). Inde-
pendent reports showed that such an event is possible due to a
putative nuclear localization sequence (NLS) contained both in
IFN� and the IFNGR structures (49). It has been suggested that
those NLS allows IFN� to regulate STAT1 trafficking within
cells (50 –52). As the concept of a nuclear localization step
awaits further verification, its relevance on IFN� signaling
remains incomplete. Together, controlling the IFNGR expres-
sion at the cell surface is a straightforward control mechanism
available to all cells to regulate responses to IFN�.

Chronic exposure to IFN� leads to ADs

In ADs, immune cells are exposed, often simultaneously, to
more than one IFN causing integration of IFN signaling (53).
Recently, it was determined that such exposure could go back
up to 3.0 to 4.5 years before individuals are even diagnosed with
ADs such as SLE (54) or rheumatoid arthritis (RA) (55), respec-
tively. In this type of relapsing-remitting ADs, immune cells are
constitutively and constantly exposed to waves of significantly
“high” (relapse or flare state) or “low” (remission state) levels of
type I and type II IFNs during distinct periods of time (56, 57).
Pre-exposure to low sub-activating concentrations of IFNs sen-
sitizes cells to produce enhanced responses to extracellular
inflammatory stimuli that include IFNs themselves, as well as
other cytokines such as tumor necrosis factor � (TNF�) or toll-
like receptor activators (58). This process, known as priming, is
characterized by the intracellular accumulation of STATs.
Contrary to acute inflammation, primed immune cells such as
M1 macrophages are the predominant phenotype at sites of
inflammation for ADs such as RA, multiple sclerosis, and lupus
nephritis (59, 60).

IFN priming elicits post-transcriptional and/or epigenetic
changes that promote synergism for gene induction and regu-
lation after subsequent exposure to type I and type II IFNs (Fig.
1). Noticeably, IFN priming involves increased association of
similar or different types of IFN receptors (53). Under this
mechanism, type I IFNs augment IFN� signaling via association
of type I and II IFN receptor subunits. Conversely, IFN� prim-
ing for IFN� signaling occurs but involves only STAT1 and not
STAT2 or STAT3 (61). Priming for production of large
amounts of type I IFNs is mediated by an autoamplification
loop in which IFN� induces expression of the transcription
factor IFN regulator factor 7 (Irf7) that activates IFN� gene
promoters (61). This step creates a robust priming effect, where
IFN� enhances positive signaling by recruiting other Irfs. For
example, the formation of the heterotrimeric transcription fac-
tor complex known as ISGF3 between Stat1 and IFN-regulatory
factor 9 (Irf9) required type I IFN priming and prolonged IFN�
activation (Fig. 1A) (62, 63). Those complexes elicited Stat1
regulation over gene promoters with GAS and/or interferon-
stimulated response elements (ISRE) (64) allowing regulation
of genes with either one or both elements such as the IFN�-
regulated cytokine CXCL10/Cxcl10 (IP-10) (65). Conse-
quently, IFN priming elicits regulation of complex biological
process via epigenetic remodeling and enrichment of STAT1-
binding motifs in mice (66). For example, microglial reactive

oxygen species production in response to IFNs required
simultaneous modification of three mechanisms, including
up-regulation of the NADPH oxidase subunit NOX2, up-
regulation of NO production, and the reduction of intracel-
lular GSH levels (67).

Recently, it was reported that un-phosphorylated STATs
play roles modulating the IFN signaling response. For example,
un-phosphorylated STAT1 (U-STAT1) is capable of regulating
a set of ISGs that offer some protection against various viruses
but rendered cells resistant to chemotherapy and radiation (68,
69). Studies in mouse models of arthritis and experimental
autoimmune encephalomyelitis (EAE) determined that U-
Stat1 regulated ISGs that are regularly induced later rather than
earlier after stimulation with either IFN� or IFN� (68). More-
over, evidence suggests that IFN� priming involves regulation
of microRNAs, as suppression of miR-3473b limited activation
of primed macrophages (70).

To counterbalance the effect of IFN priming and receptor
activation, cells also activated precise complementary inhibi-
tory mechanisms at different levels (Fig. 1). At the plasma mem-
brane, suppressor of cytokine signaling proteins block receptor
activation by binding to the activated JAK catalytic sites, thus
turning off downstream signals. Moreover, at the cytoplasm, an
increase in un-phosphorylated STAT2 binds pStat1 to diminish
its nuclear translocation during continuous IFN� stimulation
possibly eliciting adaptation to long-term IFN� stimulation
(71). In the nuclei, protein inhibitors of activated STAT (PIAS)
associate with activated STAT dimers via their zinc-binding
ring finger domain in the center of the molecule, preventing
them from binding to the DNA (72). Thus, a primed innate
immune system modulates the functions of IFNs and defines
the host response to underlying triggers of autoimmune
disorders.

Understanding the role of IFN� in ADs with mouse
models

Several mouse models of ADs, such as SLE, RA, collagen-
induced arthritis (CIA), and EAE have proven the essential role
of IFN� both in promoting and suppressing different stages
during AD progression. For example, it is known that both
ifng�/� and stat1�/� mice are highly susceptible to EAE (73,
74). In contrast, it has been shown that MHC-II induced by
IFN�-hyperproducing T cells is important on the disease
course of CIA and RA (75). These data suggest that IFN� via the
JAK/Stat1 pathway modulates AD progression. However, tar-
geting the function of IFN� at different disease stages is essen-
tial to understand its biological role. Indeed, administration of
mouse IFN� applied at very early stages of EAE aggravates the
disease because of highly producing IFN� CD4� T cells (76).
However, at a later stage, administration of IFN� reduces the
severity of EAE when it is mediated by CD4� Th17 cells (76).
Similarly, IFN� is required, even in the presence of complete
Freund’s adjuvant, at the onset and development of severe
arthritis following immunization with glucose-6-phosphate
isomerase (77). The described evidence indicates that CIA and
EAE are more Th17 cell-mediated disease models instead of
pure Th1 cell-mediated diseases, where IFN� exerts a dynamic
and context-dependent response. Although IFN� may be a rea-
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sonable target for clinical trials, the lack of biomarkers defining
when to start or stop intervention limits the therapeutic value
of IFN�. Specifically, there is a need for markers that determine
the availability of IFN�-producing cells at different time points
during the immune stimulus. These limitations probably
account for the current narrow therapeutic index and inade-
quate clinical utility of IFN� (78). As a result, most of the ongo-
ing preclinical development is concentrated on its inducers, in
particular IL-12 or IL-18 (79).

Despite the benefits from mouse models, human ADs are
chronic inflammation processes instead of short-term and self-
limited diseases induced in preclinical models. To address this
issue, our laboratory designed a mouse model carrying deletion
of the ifng 3�-untranslated region adenylate uridylate-rich
element (ARE). The persistent serum levels of IFN�, due to
increased stability of mRNA, result in gradual establishment of
SLE-like autoimmunity (80). More importantly, we have pro-
vided evidence that heterozygous ARE-del mice share similar
levels of autoantibodies and demonstrate a histological score of
tissue damage in target organs like that seen in homozygous
ARE-del mice that express twice the systemic IFN� levels (80,
81). This evidence suggests the existence of a threshold level of
IFN� that, when crossed, results in a more severe pathology.
Similarly, in another model of lupus, mutation of ring finger
and CCCH-type domains 1 (rc3h1/roquin) reduced the rate of
decay of IFN� mRNA and increased IFN� signaling. As a result,
germinal center B cells increased their numbers and production
of autoantibodies (82). Despite the significant overlap between
genes induced by either type I and type 2 IFNs, these models
strongly suggest that chronic exposure to IFN� causes or con-
tributes to SLE-like disease. Hence, development of models for
long-term inflammation could be essential for understanding
the differences between disease stages.

IFN-mediated chronic inflammation, checkpoint
inhibitors, and immunotherapy in ADs

Traditionally, “high” serum levels of IFN� (referred herein as
IFN� levels) are associated with pro-inflammatory active dis-
ease, whereas “low” IFN� levels are associated with anti-inflam-
matory inactive autoimmune disease. As levels of IFN� are
compared with healthy individuals, there is no consensus of
what “high” and “low” IFN� levels mean. Data from pre-clinical
and clinical studies in mice and humans showed administration
of type 1 IFNs (IFN� and -�) generally exert a linear dose
response, whereas exogenous IFN� exhibits a “bell-shaped”
dose-response curve (83). A “bell-shaped” dose response is
characterized by induction of stimulatory effects at low doses
until it reaches a summit point where additional dosing cause
inhibitory activity and deleterious effects (84). These data sug-
gest the function(s) of endogenous and exogenous IFNs are
probably defined by the dynamics between systemic and local
inflammatory environments. In the local environment, stimu-
latory and inhibitory pathways are activated to limit inflamma-
tion and destruction of self-tissues (85). Recent evidence
showed that IFN� is the main regulator of programmed cell
death protein 1 (PD-1) and its two ligands, PD-L1 (B7-H1 or
CD274) and PD-L2 (B7-DC or CD273) (86). This fact suggests
that chronic inflammation influences the local co-inhibitory

pathways in autoimmunity. In ADs, PD-1 (CD279) is the most
studied co-inhibitory receptor, although the role of other
checkpoint inhibitors such as cytotoxic T lymphocyte associ-
ated protein 4 (CTLA4, CD152) is more controversial (87).
PD-1 and CTLA4 have critical, multifaceted roles in regulating
the balance among T cell activation, tolerance, and immuno-
mediated tissue damage. Evidence showed that polymorphisms
at the mouse Pdcd1 and Ctla4 promoters have been associated
with susceptibility to develop AD such as in SLE and AR (56).
These facts reminded us that insufficient co-inhibition can also
promote the development and progression of AD.

Immunotherapy targeting checkpoint inhibitors, such as
PD-L1 and CTLA4, is one of the most rapidly growing fields in
cancer therapy. Nevertheless, the issue with checkpoint block-
ade is the occurrence of associated toxicities termed immune-
related adverse events (irAEs). Generally, AD patients are
thought to be at higher risk of developing hematological malig-
nancies such as Hodgkin’s lymphoma or cervical cancer due to
the underlying dysregulation of their immune system and anti-
inflammatory treatment regime (88). Because of this, therapeu-
tic use of check point inhibitors in patients with ADs develop-
ing tumors had mixed results so far. In a small cohort of AD
patients that develop melanoma, CTLA4 blockade induces
tumor growth inhibition, but 25–50% developed mild to mod-
erate exacerbations of their AD or experienced conventional
CTLA4-induced irAEs, respectively (10). Nevertheless, the
high risk of IrAEs makes the use of checkpoint inhibitors con-
troversial even in patients with certain autoimmune diseases
(pernicious anemia, Crohn’s disease, ulcerative colitis, SLE, and
psoriasis) that develop tumors. Therefore, understanding the
regulation, function, and importance of the IFN signaling
detailed in this review could help to unravel new therapeutic
options for ADs and other chronic diseases, including cancer.

Summary

Overall, there is a consensus that the effect of IFN� signaling
is largely controlled in a multidimensional fashion where tim-
ing, exposure levels, target organ, and cellular environment
define the outcome of the immune response to IFN� expres-
sion. As such, interventions altering the IFN� activity will be
approached with great attention and thoughtfulness as to
both local and systemic effects in a wide variety of disease
states. This cautious approach arises because IFN� impacts
the balance between protection and development of autoim-
mune responses. Hence, regardless of the activated pathways,
IFN� will directly or indirectly determine the dynamics of
inflammation in subjects with underlying autoimmunity. Al-
though this review focused on immune cells and autoimmunity,
these same principles are starting to be extended to define the
role of IFN� in other chronic conditions such as cancer and
immunotherapeutic approaches to treat cancer. Specifically,
the functions of IFN� are being reexamined to better under-
stand how it is impacting defined pathogenic or controlled out-
comes. Considering IFN� priming and cross-regulation as an
existing pre-condition during the different stages of autoim-
mune diseases or in certain types of cancers will help to develop
a better understanding of the role of this important immuno-
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regulatory molecule in disease initiation, progression, and
treatment.
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The genomic lesions that characterize acute lymphoblastic
leukemia in childhood include recurrent translocations that
result in the expression of fusion proteins that typically involve
genes encoding tyrosine kinases, cytokine receptors, and tran-
scription factors. These genetic rearrangements confer pheno-
typic hallmarks of malignant transformation, including unre-
stricted proliferation and a relative resistance to apoptosis. In
this Minireview, we discuss the molecular mechanisms that link
these fusions to the control of cell death. We examine how these
fusion genes dysregulate the BCL-2 family of proteins, prevent-
ing activation of the apoptotic effectors, BAX and BAK, and
promoting cell survival.

Recurrent fusion genes in acute lymphoblastic leukemia

Acute lymphoblastic leukemia (ALL)2 is the most common
form of childhood malignancy. Therapy for ALL is one of the
great success stories of modern chemotherapy, and overall cure
rates are now �90% in developed countries, depending on
molecular subtypes and clinical features (1). The extraordinary
improvements in outcomes in ALL have unquestionably been
driven by the treatment of patients on international collabora-
tive clinical trials (2), which have made it possible to rapidly
recruit sufficient numbers of patients to studies of new treat-
ment regimes. The analysis of treatment responses, based on
measurement of minimal residual disease, has allowed the early
identification of treatment failure or relapse and the conse-
quent adjustment of treatment intensity.

The next revolution in our understanding of ALL biology is
being driven by many studies, involving thousands of patient
samples, characterizing the genomic landscape of ALL through
genome and transcriptome sequencing (3–7). This has led to
the recognition of novel molecular subtypes of ALL, defined by
the genomic lesions that drive them. Characterization of leuke-

mic genomes provides insight into the key molecular pathways
involved in ALL subtypes.

Many recently identified genomic lesions in ALL are fusion
genes, arising from chromosomal translocations (8). These
include fusions that activate tyrosine kinases, cytokine recep-
tors, and transcription factors. The presence of these fusions
has important prognostic and treatment implications. In this
Minireview, we consider how these genomic lesions promote
resistance to apoptosis in ALL.

Gene fusions in ALL

Chromosomal translocations, resulting in the expression of
fusion genes, are a hallmark of B-cell malignancies. This likely
arises as fusion partners are mistakenly juxtaposed during
periods of genomic editing and recombinase-activating gene
(RAG1 and RAG2) activation or somatic hypermutation during
B-cell development (9). Recurrent chromosomal translocations
have been recognized and detected in ALL, initially by staining
of metaphases and microscopy, and more recently by fluores-
cent in situ hybridization (FISH). The detection of a small num-
ber of recurrent translocations is a standard component of ALL
diagnosis and risk assessment. For example, t(12;21) ETV6-
RUNX1 and t(1;19) TCF3-PBX1 identify ALL associated with
excellent outcomes, whereas TCF3-PBX1 is associated with a
higher incidence of central nervous system involvement. Other
fusions are associated with poor prognosis and are an indica-
tion for treatment intensification (8). This includes the mixed
lineage leukemia-rearranged (MLL-r) leukemias, which are dis-
cussed later.

Fusions activating tyrosine kinases are particularly impor-
tant in ALL, as they are potentially amenable to treatment with
tyrosine kinase inhibitors (TKI’s). Imatinib, a small molecule
ABL1 inhibitor, has dramatically altered the treatment para-
digm for patients with Philadelphia chromosome positive
(Ph�) B-ALL and chronic myeloid leukemia (CML) because it
encodes the BCR-ABL1 fusion gene (10). The majority of Ph�
patients are now successfully treated with TKI-containing reg-
imens, without the need for hematopoietic stem cell transplant.
Philadelphia-like ALL (Ph-like ALL) is characterized by a gene
expression profile resembling Ph� ALL but with the absence of
BCR-ABL1. Ph-like ALL includes 10 –15% of all pediatric
B-ALL cases, and the prevalence in adults peaks in the 16 – 40-
year age group (20%) (4, 11). Ph-like ALL is frequently associ-
ated with resistance to frontline chemotherapy and poor clini-
cal outcomes (8, 11, 12). Ph-like ALL is also a fusion-driven
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disease, and to date, rearrangements involving 13 kinases and
cytokine receptors have been identified (4). The kinases acti-
vated in Ph-like ALL, which include ABL1, ABL2, and JAK2,
can potentially be targeted with specific TKIs (4, 13).

Many ALL fusion genes block apoptosis

A key test that a fusion gene is a true driver of leukemia is its
capacity to inhibit apoptosis induced by cytokine deprivation in
cytokine-dependent cell lines (14, 15). This test and determin-
ing whether expression of the fusion in hematopoietic stem
cells recapitulates the primary tumor when cells are trans-
planted into syngeneic mice are commonly used to establish
genes as drivers of leukemia.

Not all leukemia fusions have the same capacity to block
cytokine withdrawal-induced cell death. Fusions that activate
tyrosine kinases or cytokine receptor signaling often have this
function. Others, principally those that involve transcriptional
regulators, readily cause leukemia in mice, but leukemic cells
expressing such fusion genes remain cytokine-dependent when
cultured ex vivo. Understanding the mechanisms by which
fusions repress apoptosis has important therapeutic implica-
tions, as blocks in apoptosis are a mechanism of chemoresis-
tance, including resistance to therapies targeting fusions (16,
17). The application of drugs that directly target cell death path-
ways, or inhibit the signaling pathways downstream of activated
tyrosine kinases, may significantly enhance the efficacy of stan-
dard chemotherapy. The BCL-2 family of apoptosis regulators
is key in this process, because they regulate the cell death
responses repressed by leukemia fusion oncogenes (18).

BCL-2 family and cancer

Overexpression of members of the BCL-2 protein family that
block apoptosis contributes to malignant transformation. This
was first recognized as the mechanism of action of the recurrent
translocation t(14;18) in follicular lymphoma (19 –21). Ampli-
fication of pro-survival, BCL-2-like, genes MCL-1 and BCL-XL

and deletion of pro-apoptotic genes BOK and PUMA are over-
represented in the somatic copy number variations in over 3000
cancer specimens, across 26 human cancers, including ALL
(22).

The BCL-2 family has been reviewed in detail elsewhere (15,
23, 24). However, for the purposes of this review, it is worth
considering the key molecular events that regulate cellular
commitment to apoptosis in cytokine withdrawal models. Both
the cytokine signaling pathways on which cells normally
depend and the cell survival pathways activated by kinase fusion
genes converge on repressing the activation of the intrinsic apo-
ptotic pathway regulated by the BCL-2 family (Fig. 1).

The BCL-2 family is functionally grouped into proteins that
repress apoptosis, BCL-2, BCL-XL, BCL-w, MCL-1, and A1,
and the proteins that promote apoptosis (pro-apoptotic) (23).
The pro-apoptotic members are further subdivided into two
groups, the BAX/BAK subfamily and the BH3-only subfamily,
consisting of BIM, BAD, BID, BIK, BMF, PUMA, NOXA, and
HRK (25). The pro-survival and BH3-only subgroups regulate
the activation of BAX and BAK. Activation of BAX and BAK is
the critical step in the commitment to apoptosis, as it is
required to trigger mitochondrial outer membrane permeabi-

Figure 1. Regulation of apoptosis by the BCL-2 family of proteins. This schematic shows the interactions between the BCL-2 family members that regulate
BAX and BAK activation. The middle (yellow) panel shows that in healthy cells BAX and BAK exist in monomeric form. Following an apoptotic stimulus, they
assemble into higher order oligomeric structures, which form a pore in the outer mitochondrial membrane. This results in loss of the mitochondrial outer
membrane potential and egress of cytochrome c from mitochondria. This is the “point of no return” or commitment to cell death. Cytochrome c (lower gray
panel) together with APAF-1 and caspase-9 form a molecular machine known as the apoptosome. This machine drives activation of caspase-9 and the
subsequent activation of other caspases, including the “executioner caspases” caspase-3 and caspase-7. This caspase activation is responsible for the mor-
phological features of apoptosis. The upper gray panel illustrates the key interactions that regulate BAX and BAK activation. The BH3-only proteins, notably BID
and BIM, promote activation of BAX and BAK by directly binding to BAX or BAK. Other BH3-only proteins such as PUMA (and also BIM) bind anti-apoptotic BCL-2
proteins at the hydrophobic groove (hg) and inhibit anti-apoptotic function. BCL-2, BCL-xL, and MCL-2 function to directly inhibit BAX and BAK or prevent their
activation by binding and blocking the BH3-only proteins.
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lization, initiating a cascade of programmed downstream
events, including cytochrome c release, formation of the apop-
tosome by APAF-1, and activation of caspase-9 and the effector
caspases, that characterize apoptotic cell death (Fig. 1) (24,
26 –28).

The interleukin-3 (IL-3)-dependent cell lines are commonly
used to test the capacity of ALL fusions to block apoptosis
induced by cytokine deprivation (29). IL-3-dependent cell lines
from gene-deleted mice have shown that the presence of at least
one of BAX and BAK is absolutely required for cytokine with-
drawal-induced apoptosis (30 –32). When cytokine is removed
from cultures of IL-3-dependent Ba/F3 cells lacking both BAX
and BAK, cells remain viable for long periods, although they do
not proliferate. When cytokine is restored, cells re-enter the cell
cycle and divide again. Demonstrating that some ALL fusions
can maintain cell survival in the absence of cytokine provides
clear evidence that such leukemia fusion genes directly or indi-
rectly prevent BAX and BAK activation (33, 34).

The molecular mechanisms of BAX and BAK activation are
complex and are tightly regulated by the interactions between
the BCL-2 protein family members. Mutational and structural
analysis shows that BAX and BAK activation is initiated by
conformational changes that, for example in the case of BAX,
allow translocation and insertion into the outer mitochondrial
membrane (35). For both BAX and BAK, the conformational
changes expose interaction domains that favor first homo-
dimerization and then the formation of higher order oligomeric
structures that ultimately punch a hole in the mitochondrial
membrane.

The BH3-only BCL-2 family members initiate BAX and BAK
activation in two ways. Some BH3-only proteins directly engage
BAX and BAK through an interaction between their BH3
domain and a hydrophobic groove on the surface of BAX and
BAK (36, 37). Other BH3-only proteins do not directly bind
BAX or BAK, but instead they repress the function of the anti-
apoptotic BCL-2 family members through an analogous molec-
ular interaction (37). Anti-apoptotic BCL-2 family members
and BAX and BAK share significant structural homology,
including the surface of the hydrophobic groove interaction site
for the BH3 domain of the BH3-only proteins (25). Anti-apo-
ptotic BCL-2 family proteins can thus “soak up” BH3-only pro-
teins that might otherwise bind BAX or BAK. This is over-
whelmed when the abundance of BH3-only proteins increases.
The anti-apoptotic BCL-2 family members are also able to
directly bind and inhibit activated monomeric BAX and BAK to
inhibit apoptosis (24).

Kinase-activating fusions and anti-apoptotic BCL-2
proteins

Fusions involving tyrosine kinases in ALL typically result in
the loss of regulatory domains, overexpression of the kinase
domain, and the acquisition of coiled-coil domains or helix-
loop-helix motifs that facilitate oligomerization and autophos-
phorylation of the kinase domain (38). This could be through
the repression of BH3-only protein expression or increased
expression of anti-apoptotic BCL-2 proteins. Both mechanisms
may operate simultaneously.

The regulation of MCL-1 protein abundance is important.
MCL-1 is absolutely required for normal hematopoietic devel-
opment (39). The half-life of MCL-1 is short, and it plays a key
role in regulating apoptosis in response to cytokine receptor
signaling, including interleukin-7 (IL-7)-dependent survival of
T- and B-lymphocytes (40). In IL-3 or granulocyte-macrophage
colony-stimulating factor (GM-CSF)-dependent hematopoi-
etic cells, MCL-1 undergoes rapid proteasomal degradation
soon after cytokine withdrawal (41). When cytokine is restored,
MCL-1 expression is rapidly up-regulated. The most compel-
ling evidence that kinase-activating fusions function to main-
tain MCL-1 expression and repress BH3-only proteins is from
studies of the BCR-ABL1 fusion.

BCR-ABL1 shifts the balance of BCL-2 family proteins in
favor of cell survival

There are three forms of the BCR-ABL1 fusion gene, with
alternate breakpoints in the breakpoint cluster region (BCR)
gene. Each is associated with distinct subtypes of leukemia (42).
The p210 BCR-ABL1 is the hallmark of CML; p185 is found in
adult and pediatric B-ALL; and p230 is associated with neutro-
philic CML (38). In Arf�/� B-ALL cells expressing p185 BCR-
ABL1, there is selection against silencing of MCL-1 expression,
unless apoptosis was blocked by BAX and BAK deletion, or
overexpression of BCL-2 or BCL-XL (43, 44). This shows that
MCL-1 is required to prevent BAX and BAK activation for the
fusion to maintain cell viability. Treatment of these cells with
imatinib induced a dose-dependent reduction in MCL-1 pro-
tein, but it had no effect on BCL-2 or BCL-XL expression (43).
In CML models, BCR-ABL1 appears to maintain MCL-1
expression through the activation of STAT3-dependent tran-
scription. Deletion of STAT3 prevents BCR-ABL1 from initiat-
ing CML, and there is a correlation between STAT3 phosphor-
ylation and resistance to imatinib (45, 46). These observations
raise the possibility that inhibition of STAT3 phosphorylation,
directly or indirectly, could synergize with imatinib treatment.

Other evidence supports repression of pro-apoptotic BH3-
only proteins by BCR-ABL1. Imatinib treatment up-regulated
expression of BIM and BAD in human CML cell lines (17).
There is some indication that the presence of BCR-ABL1 drives
ERK-mediated phosphorylation of BIM and subsequent BIM
degradation (Fig. 2) (47, 48). However, the functional signifi-
cance of BIM phosphorylation driven by leukemia fusion genes
is not established (49).

The levels of other anti-apoptotic BCL-2 proteins may also
be regulated by BCR-ABL1, which may raise the threshold that
a death stimulus must reach before apoptosis can proceed. An
intriguing line of evidence comes from experiments using
BCL-2 inhibitor drugs (or BH3-mimetic drugs). ABT-737 is the
prototype inhibitor with broad activity against BCL-2, BCL-
XL, and BCL-W, but with no activity against MCL-1 (50).
This drug enhanced imatinib cell killing and prolonged the
survival of mice transplanted with Ph� ALL (17, 51). Mech-
anistically, ABT-737 increases the pool of unbound BH3-
only proteins, which in steady state are otherwise bound to
and sequestered by BCL-2 and BCL-XL (17). Although ABT-
737 treatment increased survival in some imatinib-treated
Ph� ALL xenografts, ABT-263 (navitoclax, identical activity
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to ABT-737) and ABT-199 (selectively inhibits BCL-2) were
ineffective in another Ph� ALL xenograft model (51, 52).
Nevertheless, therapeutic combinations of TKIs and BH3

mimetics are of interest, as anti-apoptotic BCL-2 proteins
other than MCL-1 can compensate for the loss of MCL-1
induced by TKIs.

Figure 2. Mechanisms by which fusion genes promote kinase activation and cell survival and opportunities for therapeutic intervention. This figure
shows two common gene rearrangements in ALL, BCR-ABL1 (left panel) and P2RY8-CRLF2 (right panel). The schematics depicting each fusion were produced
using a program for visualization of gene rearrangements from RNA sequencing data (Clinker https://github.com/Oshlack/Clinker. Please note that the JBC is
not responsible for the long-term archiving and maintenance of this site or any other third party hosted site.). The Clinker images show, from top to bottom,
the coverage of reads mapped to each fusion, functional domains, and transcript variants. The breakpoint in each gene and associated fusion is also shown. The
pathways show downstream kinases that are activated as a result of each fusion and consequently the impact on expression and/or degradation of mediators
of cell survival. Therapeutic interventions at each point are shown in the red-shaded boxes. Constitutive activation of the ABL1 kinase, mediated by BCR-ABL1,
promotes activation of the RAS/RAF/MEK/ERK pathway. Tyrosine kinase inhibitors can be used to either target ABL1 (imatinib, dasatinib, or ponatinib) directly
or by MEK inhibitors. Phosphorylation of ERK, in turn, decreases BIM expression, blocks MCL-1 degradation, and increases BCL-2 expression. This prevents
BAX/BAK activation. Pro-survival proteins BCL-2 and BCL-XL can be therapeutically targeted with BH3-mimetics (ABT-737, ABT-263, or ABT-199). The P2RY8-
CRLF2 fusion cooperates with JAK2 mutations, the most common of which, p.R683G/R683S/R683T/R683K, is depicted to promote cell survival. Activated JAK2
can be directly inhibited with ruxolitinib. STAT5 promotes transcription and increased expression of BCL-XL, and perhaps BCL-2 and MCL-1 also. Treatment with
BH3-mimetics may increase the capacity of these cells to undergo apoptosis in response to JAK2 inhibition.
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Leonard et al. (53) highlighted the importance of the BCL-2/
MCL-1 ratio in sensitivity to venetoclax. The high BCL-2/
MCL-1 ratio (in a pediatric Ph� ALL cell line) mediated sensi-
tivity to venetoclax, whereas low expression of BCL-2 conferred
resistance in another CML cell line. Combined treatment with
venetoclax and the TKI dasatinib induced the highest levels of
cell killing (53). Depletion or inhibition of the total BCL-2 anti-
apoptotic protein pool lowers resistance to cell death. Thus,
diminished expression of MCL-1, driven by inhibition of BCR-
ABL1 kinase, together with direct inhibition of BCL-2 by BH3-
mimetic drugs may drive ALL cells to activate their intrinsic
apoptosis pathways (48). Similarly, a MEK inhibitor in human
Ph� cell lines was insufficient as a single agent to induce cell
killing (48, 54). However, when combined with ABT-263 or
ABT-199, cell killing was induced (48). These studies highlight
the potential efficacy of combining tyrosine kinase and BCL-2
family inhibition to treat patients with BCR-ABL1-driven
leukemia.

JAK2 fusions and the role of BCL-XL

JAK-STAT pathway-activating fusions in ALL are also asso-
ciated with poor outcomes. Many Janus kinase 2 (JAK2) fusions
with different fusion partners have been reported (4). In addi-
tion, fusions that increase expression of cytokine receptor-like
factor 2 (CRLF2), most commonly with P2RY8 or as an IGH
rearrangement, cooperate with activating JAK2 mutations to
drive ALL (Fig. 2) (55). How these fusions regulate the apopto-
tic pathway is less well studied, but activating JAK2 mutations
provides some insights. JAK2V617F is the causal mutation of
polycythemia vera (PV) and is also found in a range of other
myeloproliferative neoplasms. Like JAK2 fusions, JAK2V617F is
constitutively activated (56). There is evidence supporting the
hypothesis that activated JAK2 signaling leads to elevated
expression of BCL-2, BCL-XL, and MCL-1. BCL-2 and BCL-XL
expression is increased in PV patients with the JAK2V617F

mutation, and higher JAK2V617F expression in erythroid pre-
cursor cells from PV patients was associated with increased
sensitivity to ABT-737 treatment (57). RNA interference-in-
duced knockdown of BIM decreased sensitivity to JAK2 inhibi-
tion, implying that JAK2 signaling also represses BIM, whereas
MCL-1 knockdown increased apoptosis in JAK2V617F cells and
increased sensitivity to JAK2 inhibition (58). Enforced expres-
sion of JAK2V617F increased MCL-1 expression by STAT3-de-
pendent transcription (59). Together, this suggests that JAK2
signaling raises the apoptosis threshold by increasing expres-
sion of anti-apoptotic members of the BCL-2 family.

One might then predict synergy between JAK2 inhibitors and
BH3-mimetic drugs. The combination of JAK2 inhibitors, such
as ruxolitinib or AZD1480, with BH3-mimetics enhanced the
limited efficacy of JAK inhibitors as single agents (60, 61).
Waibel et al. (62) used an E�-TEL-JAK2 (ETV6-JAK2) mouse
model of T-ALL to show that up-regulation of BCL-2/BCL-XL
and down-regulation of BIM expression promote leukemic cell
survival. BCL-2/BCL-XL inhibition (ABT-737), combined with
JAK2 inhibition, induced the greatest therapeutic response,
compared with either agent alone. Clearly, there are common
mechanisms by which BCR-ABL1 fusions and JAK2 fusions
maintain cell viability. This may apply to all leukemia fusions

activating tyrosine kinase domains. They must all, in some way,
regulate the activation of BAX and BAK, although the individ-
ual BCL-2 proteins and the pathways that connect the fusions
to the apoptosis machinery may vary (63).

ETV6-RUNX1 and cell survival

The ETV6-RUNX1 fusion is present in up to 25% of pediatric
B-ALL cases and is associated with favorable outcomes for
patients (4, 64). The ETV6-RUNX1 fusion is not necessary to
maintain leukemic cell viability, and it is not sufficient alone to
cause a leukemia in murine transplant models (65, 66). There is
substantial evidence to indicate that the ETV6-RUNX1 fusion
can be detected antenatally in pre-leukemic clones. The full
manifestation of ETV6-RUNX1-driven ALL therefore requires
secondary changes that confer resistance to apoptosis (65).

The erythropoietin receptor (EPOR) is consistently overex-
pressed in ETV6-RUNX1-positive ALL (67, 68). EPOR is a
homodimeric cytokine receptor that may also be expressed as a
fusion in Ph-like ALL (4). Normal EPOR signaling requires
binding of the EPO ligand to the receptor to induce signal trans-
duction through JAK2 and STAT5 phosphorylation (69). Chro-
matin immunoprecipitation assays showed the ETV6-RUNX1
fusion bound to the promoter of EPOR, driving EPOR tran-
scription. However, most data suggest that elevated expression
of EPOR alone is not sufficient to activate signaling and that
EPO ligand is also required. It may be that ETV6-RUNX1 drives
unregulated EPOR signaling, STAT5 activation, and elevated
BCL-XL expression (70). Another suggested survival mecha-
nism may be a combination of STAT3 activation (which
increases BCL-2 and BCL-XL expression) and c-MYC-depen-
dent transcription (71).

Infant MLL-r ALL

Infant MLL-r ALL is often aggressive, and the outcomes
remain poor despite intensified chemotherapy or allogeneic
hematopoietic stem cell transplantation (74, 75). The MLL
(KMT2A) gene is a histone methyltransferase located on chro-
mosome 11q23. MLL-r ALL accounts for 80% of infant ALL,
and more than 80 fusion partners have been identified. The
most common are AF4, ENL, and AF9 (76, 77). KMT2A func-
tions in a multiprotein transcriptional regulatory complex and
is required for normal hematopoiesis (78). Among the key tran-
scription targets regulated by KMT2A are the homeobox
(HOX) genes and in particular the HOXA cluster. The trans-
genic expression of the MLL-AF9 fusion does not cause AML in
HoxA9-deficient animals. MLL rearrangements may arise dur-
ing fetal hematopoiesis and may be detected at birth, prior to
the onset of disease (79). Although additional genetic muta-
tions are uncommon in infant MLL-r ALL (3, 80), there are
recognized associations with activating PI3K/RAS pathway
mutations and FLT3 (79).

The common MLL translocations in infant ALL confer resis-
tance to apoptosis (81). This may result from high BCL-2
expression (82). Although BCL-2 is not required for MLL-AF9
to initiate leukemia in murine models, deletion of BCL-2 delays
disease onset and diminishes clonal proliferation (83). MLL-
AF4 also specifically up-regulates the BCL-2 expression by
DOT1L-mediated H3K79 methylation at the BCL-2 locus (84).
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Transcriptional up-regulation of anti-apoptotic BCL-2 pro-
teins by MLL rearrangements may inhibit glucocorticoid-de-
pendent apoptosis. Glucocorticoids form the backbone of ALL
treatment protocols. Approximately 30% of infant MLL-r ALL
have poor glucocorticoid responses (75, 85). Glucocorticoid-
induced apoptosis in lymphocytes proceeds via the BCL-2-reg-
ulated pathway and is absolutely dependent on BAX and BAK
(86). Stam et al. (88) and others (87) showed increased expres-
sion of MCL-1 in prednisolone-resistant pediatric ALL sam-
ples, most notably MLL-r ALL. RNAi knockdown of MCL-1 in
prednisolone-resistant MLL-r leukemia cells partially restores
prednisolone killing (88). Epigenetic silencing of BIM in MLL-r
ALL also contributes to glucocorticoid resistance (89, 90).

The role of BCL-2 in the viability of MLL-r leukemia suggests
that including BCL-2 inhibition in treatment regimens may be
effective. Data from the Pediatric Preclinical Testing Program
showed the BH3 mimetic navitoclax has significant anti-tumor
activity, particularly in MLL-r ALL (91). Jayanthan et al. (92)
also demonstrated that combining ABT-737 with a histone
deacetylase inhibitor, proteasome inhibitor, multi-tyrosine
kinase inhibitor, and anthracycline had additive effects. Vene-
toclax was also effective at killing MLL-r ALL leukemic cells. In
MLL-r ALL xenografts, venetoclax was associated with a higher
response rate of 50%, compared with 26% in non-MLL-ALL
xenografts, suggesting that BCL-2 inhibition, in conjunction
with chemotherapeutics, is effective in this sub-group (93, 94).
These data support the trial of the introduction of BCL-2-in-
hibitor drugs into therapeutic regimens for MLL-r leukemias
(84).

DOT1L is a critical component of the MLL-r transcriptional
complex. Phase I trials of small molecule DOT1L inhibitors
have shown promising molecular efficacy (95, 96). DOT1L
inhibitors also sensitize MLL-r ALL to venetoclax (84), provid-
ing additional evidence that BCL-2 proteins play a role in
MLL-r leukemia and that BCL-2 inhibition may improve clini-
cal outcomes.

Exploiting other cell death pathways in ALL

Repressing BH3-only protein expression while maintaining
expression of anti-apoptotic BCL-2 proteins is a common
theme of ALL fusion function. Other genetically programmed
cell death pathways, which do not necessarily contribute
directly to fusion-driven ALL, may be clinically exploited to
bypass blocks in apoptosis. Necroptosis, or programmed necro-
sis, is activated by diverse extrinsic stimuli but prominently by
TNF receptor 1 signaling (97). The key molecules that mediate
necroptosis include the RIP kinases (RIPK1 and RIPK3) and the
mixed lineage kinase domain-like protein. The inhibitor of apo-
ptosis proteins, cIAP1 and cIAP2, determines whether TNFR1
signaling activates necroptosis. When these are expressed, the
necroptosis pathway is blocked (98). IAP inhibitor small mole-
cule drugs bind to the IAPs and cause rapid proteasomal deg-
radation and simultaneous up-regulation of TNF-activated
TNFR1 signaling (99). The net effect is autonomous TNFR1-
dependent necroptosis. In ALL, the IAP antagonists have
shown single agent efficacy in a range of patient-derived xeno-
graft models (100). The mechanism of action of IAP inhibitor
drugs exploits pathways not primarily regulated by the leuke-

mia driver fusions but that are intact even in highly resistant
tumors.

Conclusion

The mechanisms by which oncogenic fusion genes promote
survival converge on the BCL-2 family of proteins and the
repression of BAX and BAK activation. These fusions promote
cell survival by altering the balance of the BCL-2 family mem-
bers to favor survival, repressing expression of pro-apoptotic
BH3-only proteins, and up-regulating pro-survival BCL-2 fam-
ily members. For fusions that activate tyrosine kinases, most
interest has focused on how the signal transduction pathways
initiated by the fusion impact on key anti-apoptotic proteins
such as BCL-2 and MCL-1. Transcription factor fusions also
regulate the levels of these same BCL-2 family proteins. Fusion-
dependent up-regulation of BCL-2 or MCL-1 expression is a
mechanism of drug resistance but also a therapeutic opportu-
nity. Although drugs that inhibit BCL-2 (BH3 mimetics) have
shown some efficacy in vitro, their use has yet to be imple-
mented into ALL treatment protocols. The promise of this
approach will be tested in upcoming clinical trials.
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Nucleotide excision repair is a major DNA repair mechanism
in all cellular organisms. In this repair system, the DNA damage
is removed by concerted dual incisions bracketing the damage
and at a precise distance from the damage. Here, we review the
basic mechanisms of excision repair in Escherichia coli and
humans and the recent genome-wide mapping of DNA damage
and repair in these organisms at single-nucleotide resolution.

In a retrospective on the 21st anniversary of the historical
paper describing the double helical structure of DNA, Francis
Crick wrote that “We totally missed the possible role of
enzymes in repair although, due to Claud Rupert’s early very
elegant work on photoreactivation (italics added), I later came to
realize that DNA is so precious that probably many distinct
repair mechanisms would exist.” (1). In fact, following the land-
mark paper by Rupert describing photolyase (2), which medi-
ates photoreactivation, many other enzymes and enzymatic
mechanisms that repair DNA were discovered, and there is a
consensus that without DNA repair life would not exist (3–5).
Indeed, DNA is very reactive and hence continuously altered by
physical (light and heat) and chemical (ranging from water to
polyaromatic hydrocarbons) agents.

DNA repair is the elimination of chemically or physically
damaged (altered) or mismatched nucleotides or correction of
the abnormal DNA structures. Based on the types of damages
processed and the mechanistic features of the repair reactions,
five types of DNA repair mechanisms (pathways) have been
defined (6) as follows: direct repair; base excision repair; nucle-
otide excision repair; double-strand break/cross-link repair;
and mismatch repair. In direct repair, the chemical bond(s) that
constitute damage are broken. In base excision repair, the gly-
cosidic bond linking the damaged base to the phosphodiester
backbone is broken; the resulting apurinic/apyrimidinic (AP)
site deoxyribose moiety is removed, and the missing nucleotide
is replaced by DNA polymerase and ligated. In nucleotide exci-
sion repair, the damaged base(s) are removed by concerted dual
incision of phosphodiester bonds bracketing the lesion at rela-

tively precise distances from the damage to generate oligonu-
cleotides of 12–13 nt2 (prokaryotes) or 26 –27 nt (eukaryotes),
and the resulting gap is filled and ligated. In double-strand
break/cross-link repair, the phosphodiester bonds in both
strands of the duplex are broken by physical or chemical agents,
genome-remodeling enzymes, or by enzymatic means during
repair of interstrand cross-links caused by both intrinsic
metabolites and external DNA-damaging agents. The breaks
are repaired by either direct end joining or homologous recom-
bination. In mismatch repair, mismatched bases resulting from
replication errors, recombination, or base deamination are cor-
rected by exonucleolytic removal of the mismatch followed by
gap filling and ligation.

The basic biochemical mechanisms of all these pathways
have been worked out in considerable detail. However, how
these repair events are modulated within the genomic/chroma-
tin context remains to be investigated. Some of the parameters
that affect damage formation and repair have been identified
using methods that map damage and repair at high resolution
in short genomic segments or at low resolution and genome-
wide (7–10). Recently, we developed methods to map genome-
wide and at single-nucleotide resolution sites of damage by
bulky lesions that are substrates for excision repair and sites
where these bulky lesions are repaired (11, 12). In the following,
we will present a brief overview of Escherichia coli and human
excision repair mechanisms followed by a description of these
recently developed damage and repair mapping methods.
Finally, we present mapping results that address some funda-
mental questions pertaining to the contribution of various
repair/replication/transcription enzymes to E. coli excision
repair and the effect of chromatin states on damage and repair
in humans.

Molecular mechanisms of nucleotide excision repair

Nucleotide excision repair (excision repair) has been charac-
terized in considerable detail in prokaryotes and eukaryotes (5,
13–18), but it remains under-explored in Archaea. The basic
steps of nucleotide excision repair are as follows: (a) damage
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recognition; (b) dual incisions bracketing the lesion to form a
12–13-nt oligomer in prokaryotes (19) and a 26 –27-nt oli-
gomer in eukaryotes (20 –23); (c) release of the excised oli-
gomer; (d) repair synthesis to fill the gap; and (e) ligation. Dam-
age recognition and excision are carried out by three proteins in
E. coli and six repair factors encompassing 15–16 proteins in
humans (Fig. 1). In addition, there are accessory proteins facil-
itating release of the excised oligomer in prokaryotes, damage
access in eukaryotes, and transcription-associated repair both
in prokaryotes and eukaryotes. It should be noted that the exci-
sion repair proteins proper, in contrast to proteins of all other
DNA repair pathways, are not evolutionarily conserved from
prokaryotes to eukaryotes (5).

Damage recognition

Damage recognition is the rate-limiting step in excision
repair because for many lesions processed by nucleotide exci-
sion repair, the difference between damaged and normal bases
is often minor (15). Thus, damage recognition proteins associ-
ate with damaged and much more abundant undamaged DNA
at comparable levels. Specificity in excision repair is achieved
by multistep damage recognition mechanisms, including

molecular matchmaking (24, 25) and kinetic proofreading, and
by employing molecular proxies.

Molecular matchmaker—A molecular matchmaker is a
protein that uses the energy released from ATP hydrolysis to
bring two compatible but otherwise solitary macromolecules
together, and it promotes their association for productive
engagement and then dissociates from the complex (15).

Kinetic proofreading—Kinetic proofreading is a mechanism
that achieves high specificity, beyond the level that can be
achieved by the free energy difference between correct and
incorrect interactions (equilibrium discrimination), by the
presence of unidirectional energy-utilizing irreversible inter-
mediate steps, and at each step the reaction can be aborted to
the original reactants (26, 27). Kinetic proofreading differs from
other multistep kinetic schemes of the Michaelis-Menten type
in which every step, except the ultimate one, is reversible to the
preceding one. As an illustration of the power of kinetic proof-
reading in conferring specificity, a 10-fold difference between
the off rates for specific and nonspecific complexes (e.g. 0.1 and
1.0 s�1) can provide an �104-fold difference in the effector
reaction by interposing five steps between the binding and
catalysis steps. The end result is that kinetic proofreading by

Figure 1. Molecular mechanisms of nucleotide excision repair. A, E. coli excision repair. In addition to the three core dual incision proteins, photolyase (Phr)
aids in recognition of CPDs both in vivo and in vitro and accelerates the rate of CPD repair. Mfd translocase couples transcription to repair, and UvrD helicase
releases the excised oligomer, freeing UvrB and UvrC for catalytic turnover (58). B, E. coli excision repair factors. C, human excision repair. In addition to the six
core excision repair factors, the DDB heterodimer stimulates repair of CPDs in vivo but not in vitro by a poorly defined mechanism. In TCR, stalled RNAPII with
the aid of CSA and CSB acts as the damage sensor and accelerates the rate of repair of the transcribed strand. D, human excision repair factors. * indicates TFIIH
subunits not essential for excision repair. B and D, green, core repair factors; purple, transcription-repair coupling factors; blue, other repair proteins involved in
excision repair.
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utilizing energy from ATP hydrolysis and other sources
achieves biologically acceptable specificity at a physiologically
relevant rate. It is an essential specificity determinant in repli-
cation (28), recombination (29), transcription (30), splicing
(31), translation (32–37), T cell receptor signaling (38, 39),
microtubule and actin filament formation (40), and anaphase-
promoting complex-mediated cell cycle control (41) and exci-
sion repair (15, 42– 44).

In E. coli excision repair, first-order damage recognition is
accomplished in an ATP-dependent manner by UvrA2 in the
UvrA2UvrB1 complex. Within this complex UvrA2 functions as
the molecular matchmaker, mediating the formation of a UvrB-
DNA complex using the energy of ATP hydrolysis. Both UvrA
and UvrB have ATPase activities, and in addition UvrB has
translocase function. The two proteins thus perform the kinetic
proofreading steps leading to formation of a very stable UvrB-
DNA complex at the damage site concomitant with the disso-
ciation of UvrA from the complex (molecular matchmaker) to
enable UvrC binding and dual incision (24, 25). First-order
damage recognition in humans is accomplished by RPA, XPA,
and XPC along with the TFIIH factor composed of 6 –10 sub-
units, two of which, XPB and XPD, are helicases (13, 14, 45).
Within this complex, XPC is the molecular matchmaker that
plays a key role in damage recognition and, together with the
kinetic proofreading function of the XPB and XPD helicases,
helps create a stable complex (preincision complex 1, PIC1) in
which the DNA is unwound by about 25 bp around the damage
site (14, 15). Then, XPG enters the complex as XPC comes off
(PIC2), followed by entry of XPF-ERCC1 (PIC3). Within PIC1,
-2, and -3, ATP hydrolysis by XPB and XPD is used for kinetic
proofreading to ensure specificity (46, 47). Following the final
proofreading step, the dual incisions take place.

Recognition by proxy and transcription-coupled repair
(TCR)—In vivo, the rate of damage recognition and therefore
repair both in E. coli and in humans is affected by multiple fac-
tors in addition to the excision repair proteins proper. These
include DNA binding of transcription factors and other DNA-
binding proteins in both E. coli and humans and compaction in
chromatin, nucleosomes, and post-translational histone modi-
fications in humans (48, 49). Some DNA-binding proteins such
as photolyase in E. coli stimulate excision repair by facilitating
the assembly of the excision repair proteins. However, nucleo-
somes and transcription factor binding in general interfere with
damage recognition. In contrast to these factors that play a
limited role in excision repair or exert nonspecific effects on
repair, transcription has a unique and specific effect (50, 51); in
E. coli RNA polymerase and in humans RNA polymerase II
stimulate the repair of the transcribed strand. It has been found
that both of these polymerases, upon encountering a lesion in
the transcribed strand, arrest at the damage site forming a ter-
nary RNA pol-RNA-DNA complex with a half-life of �20 h (52,
53). Thus, RNA pol has been referred to as “the most specific
damage recognition protein” (54). In fact, this complex on its
own inhibits repair in E. coli and may do so in humans, although
reconstituted transcription-repair reactions have shown that
RNAPII stalled at a lesion in the template does not inhibit its
repair and may in fact stimulate repair of transcription-block-
ing lesions by removing the inhibitory effect of histones on exci-

sion repair (53, 55). Importantly, RNA pol stalled at a template
strand lesion is specifically recognized by proteins at the inter-
face of transcription and repair: Mfd translocase in E. coli (56,
57) and CSB translocase in humans (58). These proteins help
recruit the repair proteins and in doing so accelerate the rate of
damage recognition and hence rate of repair. This is most evi-
dent for lesions that are poorly recognized by excision repair
proteins proper, such as cyclobutane pyrimidine dimers (CPD)
and platinum-d(GpG) diadducts. TCR has only a modest effect
on lesions that are efficiently recognized by the core repair
machinery, such as (6 – 4) photoproducts (11) and BPDE-gua-
nine (benzo[�]pyrene diol epoxide-guanine) adducts (59).

Dual incisions

In E. coli, the dual incisions are made by UvrC within the
UvrB1-UvrC1-DNA complex; the 3�-incision is made by the
GIY-YIG nuclease motif in the N-terminal domain of the pro-
tein (60, 61) three to four nucleotides 3� to the damage (19), and
the 5�-incision is made by the Endo-V nuclease motif in the
C-terminal domain of the protein (62) seven nucleotides 5� to
the damage (19). The dual incisions are concerted but asyn-
chronous (62). In humans, within PIC3 XPG makes the 3�-in-
cision by its Flap endonuclease domain five to six nucleotides 3�
to the damage, and XPF makes the 5�-incision 19 –22 nucleo-
tides 5� to the damage by its SMX family structure-specific
endonuclease active site (13, 14, 21).

Excision/release of the excised oligomer

In E. coli, following the dual incision the UvrB-C-excised oli-
gomer complex remains bound to the duplex (25, 63). The com-
plex is displaced by the UvrD helicase (25, 63, 64), and the
excised oligomer is degraded by exonucleases. The released
UvrB and UvrC proteins enter new rounds of repair. In the
absence of UvrD, the number of excised oligomers is virtually
stoichiometric with the number of UvrC molecules in the cell,
because of the three excision repair proteins UvrC is the least
abundant (17, 19). In humans, the dual incision takes place
within the context of an excision repair bubble (�25 nt) around
the damage site (24, 46), and in contrast to E. coli, the excised
oligomer is released from the duplex without the need for an
additional helicase (46). However, the excised oligomer is
released in a tight complex with TFIIH-XPG and dissociates
from these proteins with a half-life of �3 h in vitro (65) and �10
min in vivo (66), and then it is rapidly degraded by nucleases.

Repair synthesis

In E. coli, the excision gap is filled by DNA polymerase I (63).
The repair patch matches the size of the excision gap (67);
hence, there is no strand displacement during gap filling. In the
absence of DNA pol I, the gap can be filled by DNA pol II and
DNA pol III (13). In humans, the excision gap is filled by DNA
pol �/� in proliferating cells (13, 14). In non-proliferating cells,
other DNA polymerases such as pol �/� may fill the gap (68). In
any event, as in E. coli, in humans the size of the repair patch
matches the size of the excision gap (�26 –27 nt) indicating
that no nick translation occurs (69). However, in a small frac-
tion of cases the excision gap is enlarged to a size of �50 nt by
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Exo I, and the ssDNA is covered by RPA to constitute a signal
for ATR checkpoint kinase (70).

Ligation

In E. coli, the nick at the 3�-end of the repair patch is ligated
by E. coli ligase (63, 67). In humans, DNA ligase I is the primary
ligase for sealing the 3�-nick (13, 14), although the XRCC1-
ligase3 complex may carry out ligation in certain cell types and
physiological states (71).

Methods for genome-wide maps of excision repair

Recently, methods were developed for mapping UV, cispla-
tin, and BPDE-induced DNA damages and their repair
genome-wide in humans and in E. coli (11, 12, 59, 64, 72–74).
These methods will be described in general outlines and then
their applications to the E. coli and human genomes will be
presented.

Damage-sequencing (Damage-seq)

This method is based on the fact that high-fidelity DNA po-
lymerases arrest at bulky damage sites. Fig. 2A shows a scheme
of the damage-seq method (12, 73). After treating cells with a
DNA-damaging agent, genomic DNA is isolated and frag-
mented. Next, the fragments are end-repaired and ligated to the
first adaptor. Then, the DNA is denatured and immunoprecipi-
tated with anti-damage antibodies. Next, a biotinylated primer
is annealed to the adaptor and extended by a high-fidelity DNA
polymerase, which is blocked by DNA damage. The extended
primers are purified by streptavidin-coated beads. The exten-
sion products from undamaged strands contain sequence com-
plementary to the 5�-sequence of the first adaptor and thus can
be removed by subtractive hybridization with an oligomer bear-
ing the 5�-sequence of the first adaptor. The second adaptor is
then ligated, followed by PCR with index primers. Because of
the immunoprecipitation and subtractive hybridization steps,
nonspecific products from the undamaged strand are minor,

can be identified by the existence of the 5�-sequence of the first
adaptor, and thus discarded at the data analysis step.

Excision repair-sequencing (XR-seq)

In this method, the 12–13-nt-long excision products in
E. coli and the �26 –27-nt-long excision products in humans
generated by excision repair are isolated (66, 75, 76), processed,
sequenced, and aligned to the respective genome to generate
repair maps. Fig. 2B shows a scheme of the method. In E. coli,
the excised oligomer is released from the duplex free of a pro-
tein (45). Thus, to isolate the excised oligomer, cells are gently
lysed, and oligonucleotide-sized fragments are separated from
genomic DNA for further processing. In contrast, in humans
the excised oligomer is released in a tight complex with TFIIH-
XPG (45, 65, 66) from which it is released with a half-life of 10
min and degraded to smaller oligomers. Hence, the “primary”
excision products of human excision repair are obtained by
co-immunoprecipitation with TFIIH or XPG antibodies. The
oligomers are then deproteinized and ligated to 5�- and
3�-adaptors. Next, the ligation products are immunoprecipitated
with damage-specific antibodies followed by reversing the damage
by either photolyases (CPD and (6-4)PP) or by NaCN (cisplatin
and oxaliplatin adducts). Instead of reversal, the lesions can also be
bypassed by translesion synthesis DNA polymerase (77) to gener-
ate a damage-free strand (59). Finally, the oligonucleotides are
amplified, sequenced, and aligned to the genome.

Repair maps of E. coli and human genomes

Excision repair map of the E. coli genome at single-nucleotide
resolution

The XR-seq method originally developed for mammalian
cells (11) was subsequently used to analyze excision repair in
E. coli (64) to address some fundamental question regarding the
molecular mechanism of excision repair and the role of various
candidate genes in excision repair. This study provided some
valuable insights into the processing of the excised oligomer

Figure 2. Damage-seq and XR-seq methods for high-resolution genome-wide mapping of DNA damage and repair. A, damage-seq. The key step is the
arrest of a high-fidelity DNA polymerase at the nucleotide 3� to the damaged base (12). B, XR-seq. The key step is the capture of the excised oligomer by TFIIH
co-immunoprecipitation followed by damage-specific immunoprecipitation (IP) (11).
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and brought clarity to the roles of various proteins implicated in
E. coli transcription-coupled repair (64).

Production and fate of the excised oligomer—When we
attempted to isolate the excised 12–13-mer from UV-irradi-
ated E. coli cells, we found the following: 1) in wild-type cells the
excised oligomer was rapidly degraded from 12 to 13 nts to
10-mers and smaller species not detectable by the 3�-radiola-
beling method used; 2) in cells with mutations in the three
major E. coli exonucleases (Exo I, Exo VII, and RecJ), the oli-
gomer was digested processively from the 3�-end generating a
10-nt-long oligomer as the major product consisting of, in addi-
tion to CPD, 7 nt 5� and 1 nt 3� to the damage where the 3�- to
5�-exonucleases stop; 3) the most striking finding, however, was
the status of the excised oligomer in uvrD� mutant; in this
background the excised oligomer was much more abundant

and was almost exclusively in the form of the 12–13-nt-long
primary excision product (Fig. 3A). This finding confirmed the
role of UvrD in excision repair that was deduced from in vitro
experiments with purified proteins (25, 63); following the dual
incision by UvrC, the UvrB-UvrC-“excised oligonucleotide”
complex remains bound to the duplex; UvrD (helicase II) acting
as a 3�- to 5�-helicase releases UvrC and the excised oligonucle-
otide and in concert with DNA pol I displaces UvrB from the
excision gap, which is filled by DNA pol I and ligated. Thus, it
appears that UvrB-UvrC protect the excised oligomer from
nucleases, explaining the high yield of primary 12–13-nt exci-
sion product in the uvrD� mutant.

Excision repair map of E. coli and mechanism of transcrip-
tion-repair coupling—Excision repair maps of WT, mfd� (78,
79), and uvrD� strains were generated by XR-seq to assess the

Figure 3. XR-seq analysis of E. coli genome. A, effect of genetic background on recovery of the excised oligomer. In WT cells, 12–13-mers are captured at low
yield. In triple exonuclease mutant deficient in major ssDNA exonucleases, the excised oligomer is degraded to a 10-mer by a 3�- to 5�-exonuclease that stops
at a nucleotide 3� to the dimer. Most strikingly, in the uvrD� mutant the excised oligomer is much more abundant than in other strains and almost exclusively
12–13-nt in length, consistent with the idea that the “excised” oligomer is not released from the UvrB-UvrC-DNA complex in the absence of UvrD and hence is
protected from ssDNA nucleases. B, frequency distribution of log2-transformed TS/NTS repair in all annotated genes. E. coli genes in three indicated strains are
colored by sense strand transcription levels going from the lowest quartile RNA-seq count colored in red, to orange, to green, and to the highest transcription
quartile in blue. The log2 (TS/NTS) means for each strain are 1.16 for WT, 0.68 for mfd�, and 1.17 for uvrD� mutant. The vertical black line represents the border
where TS repair level is equal to NTS repair. C, screen shots of rRNA operon (including gltT RNA gene) transcription (RNA-seq) and excision repair maps (XR-seq)
for E. coli WT, and mfd�, and uvrD� mutants. Note the reversal of the TS/NTS repair ratio in mfd� versus WT and the enhancement of the TS/NTS ratio in uvrD�

mutant even though overall repair is reduced in this strain (58).
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roles of Mfd translocase and UvrD helicase in transcription-
coupled repair. The maps revealed a rather complex genome-
wide repair pattern vis à vis annotated genes because of the
apparently widespread functional and spurious antisense tran-
scription throughout most of the E. coli genome (80). This
study confirmed the TCR model based on in vitro data (56, 79,
81), including single-molecule experiments (82), and generated
a repair map to complement the curated transcription map of
E. coli. Importantly, this study revealed unexpected features of
E. coli repairome. First of all, it showed that preferential repair
of the transcribed strands (TS) is a predominant feature of exci-
sion repair and that in genes with no confounding features,
TCR is absolutely dependent on transcription-repair coupling
factor (TRCF) encoded by the mfd gene (Fig. 3B) (78, 81). In the
absence of TRCF, the preferential repair of TS is abolished.
Moreover, in the absence of TRCF, the NTS (non-template
strand) becomes the strand of preferential repair. This is
because in the absence of TRCF, RNAP stops at damage site and
interferes with the repair of the TS (52), whereas the NTS is
repaired more efficiently in the mfd� mutant than in WT cells
because of the availability of more UvrA, -B, and -C proteins to
act on the NTS (52). Thus, in highly transcribed genes, the
mfd� mutation causes �20-fold change in the repair ratio of
TS/NTS in favor of the NTS (Fig. 3C). Second, the map reveals
that in a significant number of annotated genes the NTS
appears to be repaired more efficiently than the TS in WT cells.
In most cases, this is caused by the presence of a few hot spots of
repair in the NTS of these genes or the presence of antisense
transcription in these genes (80, 83– 85). Some of the antisense
transcripts are those of overlapping genes, and some are caused
by spurious transcripts by RNAP from sequences of sufficient
similarities to the E. coli consensus promoter sequence, which
is not very stringent (80). Further studies are required to explain
these apparent exceptions, which reveal that at the genome
level the transcription and TCR in E. coli are rather complex.

DNA damage and repair maps of the human genome at
single-nucleotide resolution

Genome-wide analyses of damage formation and repair have
enabled us to make the following conclusions.

Damage formation—In general, within the resolutions of our
assays we do not observe major effects of genomic location or
chromatin states on damage formation, with a few exceptions.
As shown in Fig. 4A, the damage distribution of either (6-4)PP
or CPD in cellular DNA is similar with the pattern seen in UV-
irradiated naked DNA, indicating that damage formation is
mainly determined by sequence context. The same is also true
for cisplatin and oxaliplatin damage (12). However, transcrip-
tion factor (TF) binding can affect damage formation at specific
sites within or around the binding motifs (73). For UV damage,
TF binding can enhance or inhibit damage formation or have
no effect, depending on the specific TFs, damage types, strands,
and positions with no universal rule. This phenomenon is likely
due to DNA structural changes induced by the particular TF
binding. In contrast, for cisplatin damage, TF binding generally
inhibits damage formation with few exceptions (73). This is
probably because TF binding blocks the access of cisplatin mol-
ecule to DNA.

Damage repair—The excision repair map, in contrast to the
damage map, revealed a rather interesting landscape, exhibiting
repair peaks, valleys, and canyons (11, 12, 73). This heterogene-
ity in repair landscape is caused by transcription, chromatin
states (86), nucleosomes, and transcription factors. Naturally,
these various factors are interconnected with one another and
with histone modifications (87, 88) that affect nearly every
DNA transaction in eukaryotes.

Transcription by RNA pol II has a strong effect on repair rate
(transcription-coupled repair)

In wild type cells, transcription, specifically RNA pol II
stalled at a damage site, strongly enhances the rate of repair of
the transcribed strand as shown for human chromosome 7 in
Fig. 4B. As a general rule, the enhancement of repair rate is
greater for DNA lesions poorly recognized by the core excision
repair nuclease such as CPDs and Pt-d(GpG) adducts and is
modest for well-recognized damages such as the (6-4)PPs and
BPDE-dG (11, 59, 89). The coupling of transcription to repair is
mediated by the CSA and CSB proteins and is independent of
XPC, which is required for transcription-independent “global”
excision repair (50). The repair map from CS-B mutant cells
shows the absolute dependence of TCR on CSB (11), whereas
the absolute confinement of excision repair of all types of
lesions to the transcribed strand of an actively transcribed gene
and total lack of repair in the NTS of the same gene are observed
in XP-C mutant cells (11). It is noteworthy that in most pro-
moters and enhancers there is a switch of preferential repair to
the opposite strand from the transcribed (template) strand
upstream of the promoter (11), because it has been found that
nearly 80% of promoters and enhancers are bi-directional (90,
91) and hence TCR follows this pattern of transcribed strand
switching.

Chromatin states—The effect of chromatin states (86) on
repair is shown in Fig. 4C. As a general rule, those states asso-
ciated with open chromatin are repaired at a faster rate for all
the lesions tested. Heterochromatic and repetitive/repressed
states are repaired rather slowly, and at a physiological dose of
UV light, CPD repair in these regions can be detected for more
than 2 days after damage formation (72, 73).

Nucleosomes—In contrast to damage formation, excision
repair exhibits periodicity that is antiphase with the nucleo-
some center (Fig. 4D) (72). This is in accord with the in vitro
finding that nucleosomal DNA is repaired less efficiently than
naked DNA (14, 15). However, the inhibition observed in vivo is
rather modest compared with what is seen in vitro presumably
because under in vivo conditions access to damage is facilitated
by nucleosome remodeling factors such as the SWI/SNF1 com-
plex (92).

Transcription factors—In contrast to no effect or only a mod-
est effect on damage formation, TFs have a significant effect on
excision repair. As a rule, TF with high affinity to the target
sequence strongly inhibit repair (Fig. 4E). As a consequence,
TF-binding sites are hot spots for mutation (93, 94). Analysis of
mutation signatures (93–97) in some of the most common can-
cers by The Cancer Genome Atlas initiative (97) revealed that
mutations that are associated with damage repaired by nucleo-
tide excision repair (UV damage in skin cancer and polyaro-
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matic hydrocarbon damage in lung cancer) are found at higher
frequencies at transcription factor-binding sites relative to con-
trol sequences (Fig. 4E). Thus, it was concluded that inhibition
of repair by transcription factors is a causative factor in skin and
lung cancers (93, 94).

Conclusion

DNA repair has been the focus of intensive research in recent
years. The enzymes carrying out the repair reactions have been
purified; the repair pathways have been reconstituted in vitro,
and reasonably detailed models for all the major repair mecha-
nisms have been developed (3–5). In addition, a variety of in
vivo imaging methods have been used to follow the repair reac-
tions in vivo to complement the in vitro studies (98). Moreover,
structural (99) and single molecule (100) studies have added
additional insights into the mechanistic and kinetic aspects of
various repair pathways. The high-resolution DNA damage for-
mation and repair mapping methods we described here and

results for certain damages we have obtained with these meth-
ods further complement and extend existing in vitro and in vivo
information on nucleotide excision repair over short DNA seg-
ments (7–10). The damage-seq and XR-seq methods provide
genome damage and repair landscapes that can be superim-
posed on various genome-wide structure and function land-
scapes and thus help integrate DNA repair into the overall
genomic context and cellular reaction networks.
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Radical S-adenosylmethionine (RS) enzymology has emerged
as a major biochemical strategy for the homolytic cleavage of
unactivated C–H bonds. At the same time, the post-transla-
tional modification of ribosomally synthesized peptides is a rap-
idly expanding area of investigation. We discuss the functional
cross-section of these two disciplines, highlighting the recently
uncovered importance of protein–protein interactions, espe-
cially between the peptide substrate and its chaperone, which
functions either as a stand-alone protein or as an N-terminal
fusion to the respective RS enzyme. The need for further work
on this class of enzymes is emphasized, given the poorly under-
stood roles performed by multiple, auxiliary iron–sulfur clus-
ters and the paucity of protein X-ray structural data.

Modern biochemistry has seen the exponential growth of
two exciting areas of research that focus individually on the
post-translational modification of ribosomally synthesized and
post-translationally modified peptides (RiPPs)2 (1) and on the
structure and mechanism of free radical conversions catalyzed
by radical S-adenosylmethionine (RS) enzymes (2, 3). These
separate fields have recently converged within a growing family
of enzymes that bring about free radical-based, post-transla-
tional modifications on ribosomally produced peptide sub-
strates. RS enzymes function by cleavage of a [4Fe-4S] cluster-
bound S-adenosylmethionine to form methionine and a
deoxyadenosyl radical. This radical then initiates the reaction
by abstracting a hydrogen atom from the substrate. The [4Fe-
4S] cluster that accomplishes this reaction has a characteristic
CX3CX�C motif, with each of the cysteines coordinated to a
single iron, leaving an open coordination sphere where SAM

binds and is cleaved. A subset of RS enzymes belongs to a family
that contains an additional conserved structural motif anno-
tated as a SPASM domain and referred to as RS-SPASM pro-
teins. Although the exact function of the SPASM domain is
unknown, it has been shown that it houses generally two addi-
tional iron–sulfur clusters that are critical in RS-SPASM chem-
istry. Using the perspective of the pathway for production of the
bacterial cofactor pyrroloquinoline quinone (PQQ), we com-
pare and highlight some of the unique properties among these
RS-SPASM-dependent RiPP systems. Bioinformatics analyses
suggest that the family members will extend far beyond the
examples presented herein.

PQQ biosynthesis: Demonstration of a PqqE–PqqD
complex and its requirement for PqqA cross-linking

PQQ is a bacterial cofactor that confers a growth advantage
to selective bacteria via the introduction of new electron trans-
fer pathways for the generation of cellular ATP. It is synthesized
from the RiPP precursor PqqA by the enzymes PqqB, PqqC,
PqqD, and PqqE (Fig. 1). A comparative bioinformatics analysis
of the pqq operon among a large number of sequenced prokary-
otic genomes provided one of the early intimations of a role for
protein–protein complexes in the PQQ biosynthetic pathway
(4). This study revealed a fully conserved ordering of each of five
ORFs, pqqA–E. Although the retention of an ORF within a
given operon is reflective of its essential function, the order in
which each gene is located will normally undergo random drift.
A second informative observation was the occasional addition
of pqqD to either the 3�-end of pqqC or to the 5�-end of pqqE.
Furthermore, among the annotated PqqE proteins across sev-
eral genomes, members of the family Methylocystaceae show
an open reading frame predicted to encode an N-terminal
fusion of PqqD onto PqqE. The fusion of orthologous PqqD
domains to RS proteins is also conserved among other RS-de-
pendent RIPP pathways; however, until recently, little was
known about the purpose for their co-occurrence.

RS enzymes contain, at a minimum, a single [4Fe-4S] cluster
that when reduced, e.g. by sodium dithionite, shows a well-
characterized EPR signal (3). Consistent with the prediction of
protein–protein complexes, examination of the EPR pattern for
PqqE from Klebsiella pneumoniae indicated detectable changes
in the presence of PqqD (5). This was followed by measure-
ments of binding constants among PqqA, PqqE, and PqqD from
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a more tractable source (Methylobacterium extorquens), using
surface plasmon resonance spectroscopy and isothermal titra-
tion calorimetry (6). The interaction between PqqE and PqqD
occurs in a 1:1 manner with a micromolar KD, whereas PqqA
and PqqD interact more tightly, KD �200 nM. The formation of
a ternary complex involving all three components, PqqA, PqqD,
and PqqE, could be detected via native mass spectrometry, with
little impact of pre-forming a complex of PqqA–PqqD on its
binding to PqqE, KD �5 �M.

This series of observations has led to the proposal of a unique
and formerly unrecognized role for PqqD as a peptide chaper-
one that binds and directs PqqA toward the first catalyst in the

pathway, PqqE (Fig. 1) (6, 7). The finding of a peptide-binding
role for PqqD immediately “opened a window” into our under-
standing of the control of the post-translational modification of
peptides. First, after many unsuccessful efforts to demonstrate
activity of PqqE toward PqqA, the addition of PqqD was shown
to lead to de novo C–C bond formation within PqqA (7). Sec-
ond, bioinformatics analyses have identified the presence of a
large (SPASM) subfamily of RS enzymes, many of which are
predicted to contain PqqD homologues (6). The SPASM desig-
nation of Haft and Basu (8) derives from the four inaugural
families shown to contain multiple iron/sulfur centers and to
act on either protein or peptide substrates: subtilosin; pyrrolo-

Figure 1. PQQ biosynthetic pathway. The ribosomally-produced peptide PqqA, containing a leader sequence and the to-be-modified Glu and Tyr, is
recognized and bound by the peptide chaperone PqqD (1). The complex associates with PqqE, along with one equivalent of SAM (2). The radical SAM Fe-S
cluster is reduced, and this electron is then transferred to reductively cleave SAM (3 and 4). The newly-produced deoxyadenosyl radical abstracts hydrogen
from the glutamate �-carbon, leading to formation of a carbon– carbon bond between two residues and a radical on the tyrosine (5). Oxidation of the tyrosyl
radical leads to the cross-linked peptide product, which is later hydrolyzed and oxidized to give AHQQ, the substrate for PqqC, which converts AHQQ to PQQ
in an oxygen-dependent manner.
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quinoline quinone; anaerobic sulfatase-maturating enzyme
(AnSME), and mycofactocin, discussed in greater detail below.
Finally, Mitchell and co-workers (9) recognized the similarity
between the PqqD structural motif and the N termini of
enzymes that target peptides via non-free radical lantibiotic
pathways, thereby greatly extending the commonality of pep-
tide-binding motifs within the highly diverse family of RiPPs.

Three-dimensional structure of AnSME as a model for
SPASM domain-containing RS enzymes that modify
RiPPs

Prior to writing this review, the only structure of an
RS-SPASM protein available, out of the �18,000 sequences
annotated in the Interpro Database,3 was that of AnSME.
AnSME is responsible for the post-translational modification of
sulfatases, a widely distributed and physiologically significant
class of enzymes (10, 11). The hydrolase activity of sulfatases
requires the post-translational conversion of an active-site cys-
teine (or in some cases, serine) to a C�-formylglycine (FGly).
Under anaerobic conditions, the formation of FGly is catalyzed
by AnSME (10, 11). Moreover, it has been proposed that
AnSME functions cotranslationally, acting on the unfolded sul-
fatase protein (12). Indeed, in vitro AnSME peptide modifica-
tion assays have been carried out on a truncated sulfatase pep-
tide sequence containing the Cys or Ser of interest and not the
full-length folded protein. However, it should be noted that
unlike PqqE, AnSME does not require a PqqD domain to func-
tion. This observation signifies an outlier enzyme with regard to

the proposal that RS-SPASM proteins characterized to date will
require a PqqD-like domain or partner. This is likely the result
of AnSME acting natively on full-length proteins (unfolded or
partially folded) rather than peptides; nonetheless, AnSME
shares significant sequence motifs with other RS-SPASM
orthologues and has been employed as the primary structural
surrogate for all RS-SPASM proteins.

When the X-ray crystal structure for Clostridium perfringens
AnSME (Fig. 2, PDB codes 4K36, 4K37, 4K38, and 4K39) was
published (13), it provided immediate insight to the nascent
field of RS-SPASM-dependent RiPP modification pathways.
First, the structure demonstrates that AnSME contains a triose-
phosphate isomerase (TIM) barrel fold as an N-terminal
domain (Fig. 2). The TIM barrel domain, consisting of a (�/�)6,
is structurally conserved among most RS proteins and contains
theCX3CX�CsequencemotifresponsibleforbindingtheRS-de-
pendent [4Fe-4S] cluster that has been thoroughly described
(14 –16). Notably, the crystal structure shows that AnSME con-
tains an elongated C-terminal (SPASM) domain consisting of
�80 amino acids that form a two-stranded �-sheet, followed by
an �-helix and several looped regions. Eight conserved cys-
teines are identified within this region, fully ligated to two aux-
iliary [4Fe-4S] clusters, denoted as Aux I and Aux II. Although
their role in catalysis has yet to be verified, the distances
between the Aux I cluster and substrate (10 Å) and the Aux I
cluster to the Aux II cluster (13 Å) are consistent with the aux-
iliary clusters shuttling electrons between the active site and the
surface of the protein (17). We note that prior to the availability
of a three-dimensional structure for AnSME, a fruitful combi-
nation of sequence analyses, site-specific mutagenesis and
extensive EPR characterizations had, in fact, predicted a role for
two auxiliary [4Fe-4S] centers as a prerequisite for peptide

3 To acquire this value, we used the Interpro Database accession number
IPR023885 for SPASM proteins and summed the number of proteins in
the top three domain architectures that consisted of an RS domain
(IPR007197) and a SPASM domain.

Figure 2. A, X-ray structure of the canonical AnSME from C. perfringens (PDB code 4K36) indicates the presence of a SPASM domain (red) in addition to the
conserved TIM barrel (gray). The TIM barrel contains the RS [4Fe-4S] cluster (black asterisk), ligated by three cysteines and SAM (green), whereas the SPASM
domain contains an auxiliary I cluster (blue asterisk) and an auxiliary II cluster (red asterisk), both ligated by four cysteines. B, chemical reaction catalyzed by
AnSME.
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modification as well as the uncoupled cleavage of the cofactor
S-adenosylmethionine to 5�-deoxyadenosine (18).

While this paper was under review, the second crystal struc-
ture of an RS-SPASM protein, CteB, was published (19). CteB is
a newly characterized thioether bond-forming enzyme respon-
sible for the biosynthesis of a sactipeptide found in Clostridium
thermocellum. The structure of CteB is the first to show
an RS-SPASM/peptide chaperone fusion protein. The core
RS-SPASM region of CteB shares many features with AnSME.
In addition, the structure of CteB provides the first glimpse of
the position of a peptide chaperone domain in relation to an
RS-SPASM protein, indicating its proximity to the �6�-helix
portion SPASM domain and the importance of hydrophobic
interactions. The timely addition of the CteB structure to the
growing RS-SPASM field is welcomed. Not only will the struc-
ture of CteB provide new insights into the RS-SPASM field, it
provides an additional structural surrogate for most of the RS-
SPASM proteins studied to date.

The chemistry behind RS-SPASM proteins

This section briefly describes the chemical mechanism for
RS-SPASM proteins whose biochemical activities have been
successfully reconstituted in vitro. Apart from AnSME, these
RS-SPASM proteins are seen to act uniformly on peptide sub-
strates and to utilize similar chemical strategies that result in
two generic groups of chemical modifications. The first group
of modifications generates a new carbon– carbon bond, and the
second group leads to thioether bond formation. The common
part of the chemical mechanism is the initial formation of an
alkyl radical on the atom of the amino acid side chain that will
participate in new bond formation. This radical subsequently
reacts with an electron-rich center (e.g. at sulfur, oxygen, or a
�-bonded carbon). An intermolecular transfer of electrons is
also an essential part of this process, beginning with the reduc-
tive cleavage of SAM via the involvement of an exogenous
donor as well as possible downstream removal of electrons
from the substrate-derived free radical intermediates; a role for
the auxiliary RS clusters in these electron transfer processes is
inferred although currently unproven.

Carbon– carbon bond creation: PqqE, StrB, and MftC

To date, three RS-SPASM enzymes have been shown to cat-
alyze the formation of intramolecular carbon– carbon bonds.
First, PqqE is the least mechanistically understood in this class
and is responsible for catalyzing a new carbon– carbon bond
between the PqqA-containing glutamate and tyrosine side
chains residing in the conserved sequence EX3Y (7). The posi-
tion of the new carbon– carbon bond has been inferred from
the structure of the final product (PQQ), as arising between the
�-carbon of glutamate and the C5 of the tyrosine ring. The
detailed mechanism by which PqqE catalyzes this cross-linking
is unknown and is under ongoing investigation.

The second demonstrated carbon– carbon bond formation
pathway is found in the streptide system (20). Streptide is a
macrocyclic peptide pheromone involved in bacterial commu-
nication (20 –23). The first step of the biosynthesis of streptide
is accomplished through the formation of an intramolecular
carbon– carbon bond on the precursor peptide StrA by the RS-

SPASM protein StrB. Like PqqE, StrB cross-links the two side
chain residues, lysine and tryptophan, found in the conserved
motif KGDGW (20). A potential unifying mechanism involves
initial hydrogen atom abstraction from Glu (PqqE) or Lys
(StrB) via a pre-formed 5�-deoxyadenosine radical, followed by
de novo carbon– carbon bond formation on tyrosine (PqqE) or
tryptophan (StrB) and subsequent re-aromatization of the aro-
matic ring; the latter is likely an oxidative process that may
involve one or more of the auxiliary RS clusters. Experimental
support for the first part of this mechanism comes from Sch-
ramma et al. (20), who demonstrated that the �-carbon hydro-
gen of lysine on the peptide substrate is abstracted by the 5�-de-
oxyadenosine radical generated by StrB. Recent work shows
that StrB most likely contains two auxiliary [4Fe-4S] clusters
and that an N-terminal region of StrA is necessary for the reac-
tion (23). Other RS enzymes known to create carbon– carbon
bonds include MoaA and NikJ, which modify nucleosides.
Mechanistic investigations suggest that these function by
abstraction of a hydrogen from an sp3 hybridized carbon and
formation of a bond with a carbon that is initially sp2 hybrid-
ized, as is proposed for PqqE and StrB. However, in these cases,
there is no re-aromatization through oxidation. Instead, the
radical is quenched through reduction (24, 25).

The third example in this category comes from the newly
characterized member of the RS-SPASM family, MftC. MftC
belongs to the mycofactocin biosynthetic cluster composed of
the genes mftABCDEF (26). Mycofactocin is predicted to be a
redox cofactor used by a niche set of dehydrogenases found
largely in the Mycobacterium genera (26, 27). Initially, it was
thought that MftC catalyzed the oxidative decarboxylation of
the C-terminal tyrosine found on the peptide MftA, resulting in
an ��-unsaturated bond (28, 29). However, a more detailed
mechanistic study demonstrated that the decarboxylated pep-
tide is only an intermediate of a two-step reaction (30). In the
first step, the 5�-deoxyadenosine radical generated by MftC
abstracts a �-carbon hydrogen from the C-terminal tyrosine to
form a C� radical. The loss of an electron and proton leads to
the formation of a benzenone. The collapse of the C-terminal
carboxylate electrons to the acyl carbon results in decarboxyla-
tion and the formation of an ��-unsaturated bond. In the sec-
ond RS-dependent step, an alkyl radical is formed on the C� of
the penultimate valine. This radical attacks the ��-unsaturated
bond resulting in the formation of a carbon– carbon bond
between C� of valine and the C� of tyrosine. Upon the injection
of an additional electron and proton, the remaining radical on
the C� of tyrosine becomes quenched, and the resulting prod-
uct is a peptide containing a new five-membered ring between
the penultimate valine and the C-terminal tyrosine (30).
Although this mechanism requires the abstraction and inser-
tion of electrons and protons, it is unclear which structural
features of MftC serve these functions.

Thioether bond formation: AlbA, SkfB, ThnB, QhpD,
CteB, and SCIFF maturase

By far the most diverse of the enzymes in the RS-RiPPs class
are those responsible for the formation of thioether bonds. The
bonds formed are between a cysteine sulfur and the �-, �-, or
�-carbon of another residue. The reaction has been shown to be
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initiated by abstraction of a hydrogen from the carbon atom
that will form the thioether (31, 32). The resulting alkyl radical
forms a bond with a thiol of a nearby cysteine resulting in a
cyclized peptide. Interestingly, most members of this group
(AlbA, QhpD, ThnB, CteB, and SkfB) have been found to carry
out multiple modifications on the same peptide, distinguishing
them from the rest of the enzymes in Table 1, which modify
only a single site in their substrates (33–37). In addition, the
diverse physiological functions for the products of these RS
enzymes, which include antibiotics (e.g. subtilosin A and thuri-
cin H), a growth regulator (sporulation killing factor), and an
enzyme subunit (QhpC), have no obvious similarities. It is likely
that RS-SPASM proteins have been recruited to generate
thioether bonds on peptide substrates due to their proficiency
in activating C–H bonds through the use of free radical
chemistry.

Outlier modifications

The remaining RS-SPASM enzyme that has been mechanis-
tically characterized is AnSME. As mentioned above, AnSME
catalyzes the anaerobic transformation of cysteine (or serine) to
FGly, the active component in sulfatases (18, 38). A brief sum-
mary of the AnSME mechanism has been presented in Fig. 2B,
showing the three-step process of hydrogen atom abstraction at
the �-position of an active cysteine residue of the sulfatase to
form an alkyl radical, an extraction of the alkyl radical electron
that leads to collapse of the thiolate to form a thiocarbonyl, and

its subsequent hydrolysis to produce hydrogen sulfide and the
catalytic formyl glycine, FGly (18).

Auxiliary cluster content and function

The proteins summarized in Table 1 are annotated as con-
taining, in addition to the canonical RS [4Fe-4S] cluster, most
generally two but sometimes only one auxiliary Fe-S cluster.
Establishing the exact number of such auxiliary clusters has
been found to be technically challenging and frequently ambig-
uous, given the possibility of cofactor deterioration during pro-
tein isolation. For example, the original paper characterizing
AlbA reported a single auxiliary [4Fe-4S] cluster (33); however,
mutagenesis has suggested recently that AlbA contains two
auxiliary clusters (32). PqqE was originally thought to have a
single auxiliary cluster as well (39), but subsequent work has
demonstrated that two auxiliary clusters are present (7). Like-
wise for StrB, an early paper suggested the protein contains a
single auxiliary cluster; however, a subsequent report indicated
that there are likely two auxiliary clusters present (20, 23).

Although a determination of redox potentials for the sepa-
rate Fe-S clusters in RS-SPASM proteins has not yet been
achieved, their ability to function may be affected differently by
the choice of reductant used in in vitro assays. For example,
PqqE was found to be unable to modify its substrate in the
presence of the low potential reductant dithionite, whereas fla-
vodoxin and flavodoxin reductase led to peptide cross-linking
(7). In contrast, the remaining entries in Table 1 are able to
catalyze both SAM cleavage and subsequent peptide modifica-
tion using dithionite as the electron source. The dependence of
successful peptide modifications on a reducing agent suggests
that differences in redox potentials, particularly among the aux-
iliary clusters, will impact their precise mechanistic role(s).
Even less clear is the detailed mechanistic role played by each of
these clusters; as noted, proposed mechanisms for the carbon–
carbon bond and thioether formation often include the oxida-
tion of a substrate-derived intermediate as a final chemical step,
which arguably could be catalyzed by auxiliary clusters. How-
ever, experimental validation of such a mechanistic feature
remains inadequate. Furthermore, there is currently no clear
relationship between the number of reported auxiliary clusters
and the type of chemistry being carried out. For instance, QhpD
and SCIFF maturase have two auxiliary clusters, and SkfB and
ThnB have been reported to have only one each, yet all four
form thioether bonds. Given the large number of unanswered
and challenging questions, this aspect of RS-SPASM function is
ripe for further investigation.

Toward a structural basis of protein–protein interactions
within the RS-RiPP family

The crystal structure of Xanothomonas campestris (Fig. 3A)
PqqD was made available nearly a decade ago (40). From this
structure, it was postulated that PqqD could serve as a PQQ-
releasing mechanism, a scaffold for protein complexes, or as a
PQQ carrier (4, 40). These hypotheses were fed, in part, by the
dimeric state of PqqD found in the crystal structure (Fig. 3A).
Although it was ultimately shown that PqqD serves as a peptide
chaperone by interacting with PqqE and PqqA (7), it was the
publication of small-angle X-ray scattering, size-exclusion

Table 1
Biochemically verified pathways with RS-SPASM activities
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chromatography, and native mass spectrometry data that
indicated the solution structure of PqqD is, in fact, a mono-
mer (6). While the oligomeric state of PqqD may seem
nuanced, the monomeric protein provided new opportuni-
ties to study the interactions of PqqD with PqqA and PqqE by
solution NMR.

Recently, the NMR assignments were published for 1H-,
13C-, and 15N-labeled PqqD from M. extorquens, both in the
presence and absence of PqqA (41). Notably, more than half of
the �90 residues on PqqD accrued a chemical shift. In fact, the
study implied that most residues in PqqD are affected by the
binding of PqqA, suggesting that either PqqA “wraps around”
PqqD or that PqqD contributes a large surface for binding of
PqqA. In a follow-up study with PqqD, the solution NMR struc-
ture has been solved, a first for peptide chaperones (42). The
core structure is shown to be nearly identical to the crystal
structure (root mean square deviation �1.9 Å) except for one
notable feature; the solution structure is a monomer and there-
fore the �1 and �2 strands are not domain-swapped (Fig. 3B). In
addition to solving the solution structure for PqqD, Evans et al.
(42) conducted 1H,15N-HSQC-binding experiments with PqqA

and PqqE. These inaugural experiments provide extraordinary
information regarding protein–peptide and protein–protein
interactions found in the PQQ biosynthetic pathway. First,
Evans et al. (42) identified PqqD residues involved, directly or
indirectly, in binding PqqA. Strikingly, these residues (Fig. 3B,
violet) lie at the interface between the �-helical bundle and the
�-sheet and implicate a hot spot that enters into both H-bonds
and hydrophobic interactions with PqqA. Moreover, in similar
HSQC experiments in the presence of PqqE, new residues were
identified for the binding of the PqqD–PqqA binary complex to
PqqE (Fig. 3B, green); a total of seven such side chains are impli-
cated, among which there are three surface residues, two of
which are near the C and N termini of the protein. These sur-
face residues, consisting of Ser, Asp, and Arg, suggest a role for
salt bridges or hydrogen bonds at one binding interface of PqqD
with PqqE. There is an additional network of four hydrophobic
residues on the opposite face of PqqD that may either contact
PqqE (cf. 19) or undergo a conformational change upon ternary
complex formation.

Although PqqD is currently the most characterized RS-
SPASM peptide chaperone system, bioinformatic evidence has

Figure 3. A, X. campestris PqqD crystal structure (PDB code 3G2B) determined the oligomeric state to be a dimer. B, solution NMR 1H,15N-HSQC experiments on
the monomeric M. extorquens AM1 PqqD (PDB code 5SXY) identify residues with significant chemical shifts when bound to PqqA (violet residues) and PqqE
(green residues). C, homology-based modeling predicts that the putative peptide chaperone domains of MftB (light blue), QhpD (blue), AlbA (cyan), ThnB (violet),
StrB (partial, light gray), and SCIFF maturase (magenta) all have similar structures to that of PqqD (dark gray). D, overlay of the pathway peptides from NisB (light
blue) and LynD (dark blue) onto the structure for PqqD, where purple represents residues that are altered in the PqqD–PqqA complex, and green represents
positions altered in the ternary complex consisting of PqqD, PqqA, and PqqE. E, complex of MccB with its cognate substrate where the peptide is colored purple.
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been presented implicating the usage of peptide chaperones in
a large number of RS-SPASM-dependent RiPP pathways (6).
This evidence has been substantiated by two independent stud-
ies in the mycofactocin and thurincin H biosynthetic pathways.
In the mycofactocin biosynthetic pathway, the peptide chaper-
one is a stand-alone protein (MftB), and in the thurincin H
biosynthetic pathway, the peptide chaperone is fused to the N
terminus of the RS protein (ThnB). Although morphologically
different, it was shown in both systems that the peptide chap-
erone protein/domain is required for catalytic turnover by the
RS protein (28, 29, 35). These findings led us to the hypothesis
that the PqqD domain is ubiquitous among the remaining char-
acterized RS-SPASM proteins (excluding AnSME). To test this
hypothesis, we turned to the sequences of Uniprot annotated
PqqD domains (AlbA, ThnB, PqqD, and MftB) for homology-
based structural modeling (43, 44). For RS-SPASM proteins
without annotated PqqD domains (SkfB, SCIFF maturase, StrB,
and QhpD), we used the N-terminal 80 –100 amino acids lead-
ing up to the annotated RS domain for homology-based struc-
tural modeling. When the modeled structures are overlain with
the structure of PqqD (Fig. 3C), it becomes clear that the N-ter-
minal domains of ThnB, AlbA, SCIFF maturase, StrB, and
QhpD are likely peptide chaperones (neither RaptorX nor
Phyre2.0 provided a structure for SkfB). All available models
show similar structural arrangements consisting of an �-helical
bundle flanked on one side by two or three �-strands. Even
though peptide chaperones are not ubiquitous across all RS
pathways (e.g. AnSME and YydG, an RS-peptide epimerase
(45)), there is a strong connection between N-terminal fusion
peptide chaperones and RS-SPASM pathways that utilize a
peptide as a substrate. The timely publication of the structure
for CteB provides support for this proposal (19).

Peptide chaperones are not unique to RS-SPASM-dependent
pathways. As mentioned previously, Mitchell and co-workers
(9) used bioinformatics to demonstrate that peptide chaper-
ones (defined as “RRE domains”) are utilized in over half of all
known RiPP classes. Their study further characterized a hand-
ful of RRE domains by measuring dissociation constants with
their respective peptide substrate; most were determined to be
sub-micromolar. Strengthening these findings, crystal struc-
tures of several RRE domains found in RiPP pathways are avail-
able. Examples of the available structures are NisB (PDB code
4WD9) and LynD (nisin biosynthesis, PDB code 4V1T), both of
which have been co-crystallized with their respective peptides
(46, 47). Significantly, the RRE domains of NisB and LynD are
structurally homologous to PqqD, and they allow us to visualize
a possible binding mode for the interaction of PqqA with PqqD
(Fig. 3D). However, the orientation of bound peptides in MccB
(microcin C7 biosynthesis, PDB code 3H9G) is distinctive. As
shown in Fig. 3E, the peptide–MccB interaction is between the
RRE domain’s �-sheet and the adenylase domain (gray), with
interactions that are less evident or non-existent in the other
characterized systems. This divergence of binding orientations
and domain interactions furthers our knowledge gap about the
structure–function relationship within this class of proteins
and cautions against premature generalizations.

Future directions

Although the RS-SPASM field has become an exciting area of
research, difficult biochemical questions must be answered if
accurate functional prediction of the �18,000 RS-SPASM
enzymes3 is to be realized. For instance, which enzyme struc-
tural features dictate thioether bond formation over carbon–
carbon bond formation or is this encoded in the peptide sub-
strate itself? To answer this question, the community will need
to solve significantly more RS-SPASM protein structures. In
addition, for all RS-SPASM proteins that have been character-
ized to date, the general reaction mechanism requires a process
of gaining or losing an electron and proton. Which structural
features lie behind these processes? Although site-directed
mutagenesis data can support a role for the auxiliary clusters
in long-range electron transfer, little additional experimental
evidence has been provided. The latter question may best be
answered using electrochemical techniques that are able to
define the redox potentials for the individual auxiliary clusters,
analogous to what has been accomplished in the closely related
RS-TWITCH proteins (48, 49). In terms of proton transfer,
adequate structural coverage of the RS-SPASM family will be
required to fully evaluate which, if any, residues are able to
function in this regard.

How prolific are the peptide chaperones and why are they
required? Despite the difficulty of annotating a peptide sub-
strate, we previously postulated that homologues of PqqD will
be important for function in, at a minimum, �50% of all RS-
SPASM proteins (6). Although only PqqD, MftB, and now CteB
have been validated in this regard, using predictive structural
homology we anticipate a peptide chaperone function for
N-terminal fusions in virtually all RS-SPASM proteins studied
to date (Table 1, with the exception of AnSME). Other than
CteB (19), it remains unclear where the peptide chaperone
associates with its RS-SPASM protein partner and the extent to
which the SPASM domains containing the auxiliary iron–
sulfur centers will participate in this binding process. Among a
sea of unanswered questions, establishing a structural and func-
tional link of SPASM domains to RS proteins that act on RiPPs
constitutes one of the least understood and potentially fascinat-
ing future directions.

Since the inaugural study of AnSME nearly a decade ago, the
RS-SPASM field has undergone a renaissance period of discov-
ery. Currently, four distinct chemistries can be attributed to
RS-SPASM proteins: thioether and carbon– carbon bond for-
mation; formyl glycine formation, and oxidative decarboxyla-
tion. However, the diversity of their products, including a redox
cofactor, antibiotics, quorum-sensing molecules, growth regu-
lators, and mature proteins, is notable, presaging the emer-
gence of fascinating new chemistries, mechanisms, and natural
products.
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Life on oxygen predisposes cells to reactive oxygen species
(ROS) generation by electron slippage in the electron transfer
chain. Aerobic metabolism also generates superoxide (O2

.) and
hydrogen peroxide (H2O2) as bona fide products in reactions
involving 1- or 2-electron reduction of O2. Although often
viewed as dangerous, ROS are now recognized as important
messengers in redox signaling pathways. A delicate balance
between needed versus excessive ROS production distinguishes
health from an array of disease states. A collection of provoc-
ative reviews in this thematic series discusses the relative
importance of mitochondrial sites for ROS production, ROS
signaling-mediated regulation of cellular stress responses
and thermogenesis, and how O2 deficiency leads to metabolic
reprograming in cancer.

In the first review, Wong, Dighe, Mezera, Monternier, and
Brand (1) describe the mitochondrial sites of O2

. and H2O2 gen-
eration under different bioenergetics conditions. Experiments
with isolated mitochondria have led to estimates of the magni-
tude and relative contributions of seven sites in the electron
transfer chain to O2

. /H2O2 production. These vary with the sub-
strate being oxidized and with conditions simulating rest versus
mild or intense exercise. Under the conditions tested, succinate
was the most prolific inducer of H2O2 production and �5-fold
higher than palmitoylcarnitine/carnitine or glutamate/malate.
Determining the relevance of these observations to intact cells
and tissues is an important gap that remains to be filled, as is
elucidating the modulation of mitochondrial ROS2 production
in the context of caloric restriction and pathological states. To
this end, the development of tools such as small molecule inhib-
itors that suppress site-specific electron leakage promises to
move studies away from isolated mitochondria to intact cells.

In the second review, Chouchani, Kazak, and Spiegelman (2)
discuss the role of ROS signaling in regulating thermogenesis
with a focus on uncoupling protein 1 (UCP1), which dissipates
the mitochondrial proton motive force, generating heat. The

authors elegantly describe the challenges associated with faith-
ful modeling of ROS signaling in experimental systems, as well
as ascribing the precise ROS involved in driving a physiological
response via modification of specific cellular targets. In the case
of thermogenesis, elevated O2

. or a general oxidative shift in
thiol redox metabolism, be it via Nrf2 (nuclear factor-erythroid
2-related factor), isocitrate dehydrogenase 2, or superoxide dis-
mutase 2 ablation, activates UCP1. This redox effect is transduced
in part via sulfenylation of a specific cysteine that sensitizes UCP1
to activation by fatty acids during adrenergic stimulation of ther-
mogenic respiration. The molecular details of how redox signaling,
metabolism, and gene expression converge to activate the thermo-
genic program await further elucidation.

Focused on the Keap1 (Kelch-like ECH-associated protein
1)–Nrf2 system, the third article, by Suzuki and Yamamoto (3),
describes this major axis of cellular oxidant and stress response.
In this protein pair, Nrf2 is a transcriptional factor that induces
cytoprotective gene expression and represses inflammatory
cytokine gene transcription. Keap1 is a Nrf2 regulator and sen-
sor of oxidative and electrophilic stress. Keap1 marks Nrf2 for
proteasomal degradation, albeit only in the absence of stress,
and loses this control when it is itself marked by oxidants or
electrophiles. Modification of a critical cysteine residue in
Keap1 in response to various electrophiles is implicated in
modulating ubiquitination of Nrf2. However, the picture is not
quite so simple as other cysteines on Keap1 can also be targeted,
revealing a possible “cysteine code” that allows for a nuanced
response to various chemical and oxidative insults. Mouse
models of Nrf2 hyperactivation (by Keap1 gene disruption)
reveal a wider role for this stress-response system in organismal
homeostasis and in cell fate determination.

In the final article in the series, Xie and Simon (4) discuss the
broad impacts that O2 insufficiency has on metabolic repro-
gramming in cancer cells, which is mediated in large part by
hypoxia-inducible factor (HIF). Under hypoxic conditions,
diminished O2-dependent hydroxylation of HIF stabilizes it
against proteasomal degradation and induces transcription of a
massive gene set. Rewiring of central carbon metabolism and
other major metabolic arteries ensues through up-regulation of
transporters and enzymes. The effect of HIF on glucose metab-
olism appears to be a two-way street. Although HIF induces an
adaptive transcriptional response, it is in turn regulated by
direct protein–protein interactions with some gene products
whose synthesis it induces, e.g. pyruvate kinase M2. HIF regu-
lates O2 metabolism by both direct and indirect means. Thus,
HIF down-regulates several components of the electron trans-
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fer chain, directly impacting O2 consumption. HIF also inhibits
pyruvate dehydrogenase via up-regulation of an inhibitory
kinase. This disconnects glycolysis from oxidative mitochon-
drial metabolism and suppresses ROS production. The review
concludes by discussing HIF-independent metabolic adapta-
tions to low O2 tension. For instance, hypoxia-induced acidifi-
cation, as well as subsequent promiscuous activation of lactate
dehydrogenase, leads to enhanced synthesis of L-2-hydroxygl-
utarate. Like the oncometabolite D-2-hydroxyglutarate, the
L-isomer is an inhibitor of histone demethylases and leads to
epigenetic dysregulation.
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Mitochondrial production of superoxide and hydrogen per-
oxide is potentially important in cell signaling and disease.
Eleven distinct mitochondrial sites that differ markedly in
capacity are known to leak electrons to oxygen to produce O2

.

and/or H2O2. We discuss their contributions to O2
./H2O2 pro-

duction under native conditions in mitochondria oxidizing dif-
ferent substrates and in conditions mimicking physical exercise
and the changes in their capacities after caloric restriction. We
review the use of S1QELs and S3QELs, suppressors of mitochon-
drial O2

./H2O2 generation that do not inhibit oxidative phos-
phorylation, as tools to characterize the contributions of specific
sites in situ and in vivo.

Superoxide (O2
. )2 and hydrogen peroxide (H2O2) are pro-

duced by leaks of electrons from donor redox centers of the
mitochondrial electron transport chain and associated meta-
bolic enzymes to cause either one-electron or two-electron
reduction of oxygen (1, 2). To date, at least 11 sites that produce
O2

. and/or H2O2 (O2
. /H2O2), namely sites OF, BF, AF, PF, IF, IQ,

IIF, IIIQo, GQ, EF, and DQ, have been identified in mammalian
mitochondria (Fig. 1), with each of them exhibiting distinct
properties (3–33). The majority of the work on site-specific
mitochondrial O2

. /H2O2 production has focused on measure-
ment of the maximum capacities of these sites under conditions
in which concentrations of substrates were optimal (usually
saturating) and inhibitors of electron transport were used to
induce optimal (usually maximal) reduction of redox centers
(16, 34, 35). However, maximum capacities, which are mainly
dependent on the abundance of the relevant proteins or com-
plexes in the mitochondria, are not necessarily related to the
importance of particular mitochondrial sites in physiological or
pathological O2

. /H2O2 production in vivo. The measurement of
“native” rates of O2

. /H2O2 production from mitochondrial sites
under physiological conditions in the absence of inhibitors of
electron transport is required to answer such questions. Rates
of mitochondrial O2

. /H2O2 production from sites IF and IIIQo in
any condition can be assessed indirectly by measuring endoge-

nous reporters (36). Such endogenous reporters allow assess-
ment of native rates following specific inhibition of the site of
interest by measurement of the decrease in overall rate after
correction for the secondary changes in the rates from other
sites (assessed using the endogenous reporters) (36 –38).

Although excessive production of reactive oxygen species
(ROS) from mitochondria is associated with a broad spectrum
of pathologies (39 – 41), there is growing evidence supporting a
role of mitochondrial ROS as signaling molecules in physiolog-
ical pathways (42– 45). In this context, mitochondrial ROS-me-
diated signaling cascades have been proposed to be involved in
the response or adaptation to bioenergetic changes (46, 47).
Therefore, the characterization of mitochondrial O2

. /H2O2
production in response to changes in bioenergetic states allows
a better understanding of the physiological roles of O2

. /H2O2 as
signaling molecules and may illuminate potential therapeutic
target(s) for related pathologies.

In the following sections we discuss the contributions of differ-
ent mitochondrial sites to physiological O2

. /H2O2 production
under different bioenergetic conditions. We also discuss the use of
S1QELs and S3QELs, site-specific suppressors of mitochondrial
O2

. /H2O2 generation that have no effect on oxidative phosphory-
lation, as tools for such characterization in situ and in vivo.

Why native rates?

Understanding of the origins and rates of mitochondrial
O2

. /H2O2 production under physiological conditions is impor-
tant for understanding normal cellular behavior and signaling,
and it is an important prerequisite for investigating the roles of
mitochondrial O2

. /H2O2 production in pathology. Convention-
ally, the characterization of mitochondrial O2

. /H2O2 produc-
tion involves the use of specific combinations of conventional
substrates and electron transport inhibitors to provide infor-
mation about the kinetics and the capacities of particular sites
of interest. However, the impairment of electron flow by these
inhibitors and the subsequent redistribution of electrons to
other redox centers lead to misinterpretation when studying the
contributions of particular mitochondrial sites to physiological
O

2

. /H2O2 production. Instead, the measurement of native rates of
O2

. /H2O2 production is required when evaluating the contribution
of each site under different experimental conditions.

Quinlan et al. (36) introduced measurement of the redox
states of endogenous reporters as an indirect way to estimate
the rates of O2

. /H2O2 production from mitochondrial sites.
They identified unique relationships between the reduction
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state of the mitochondrial NAD pool and the rate of O2
. or H2O2

production at the flavin site of mitochondrial complex I (site IF).
The relationship between the reduction state of cytochrome
b566 of mitochondrial complex III and the rate of O2

. production
at the Qo site of mitochondrial complex III (site IIIQo) was also
elucidated. Calibration curves of measured H2O2 production
arising from site IF against the mitochondrial NAD(P)H redox
state and measured H2O2 production arising from site IIIQo
against the cytochrome b566 redox state allow the quantifica-
tion of the contribution of sites IF and IIIQo to total H2O2 pro-
duction under various experimental conditions. These endog-
enous reporters also serve as a tool to correct for secondary
changes in the redox state of the NAD pool and cytochrome
b566 when specific inhibitors or omissions of particular sub-
strates are used to shut down other sites, allowing the quanti-
tative determination of O2

. /H2O2 production rates from these
other mitochondrial sites as well (36 –38, 48).

Mitochondrial O2
./H2O2 production and substrate

oxidation

Mitochondrial enzyme complexes oxidize a wide variety of
substrates to support mitochondrial respiration. The origin of
O2

. /H2O2 production when mitochondria oxidize different sub-
strates mostly depends on the redox levels at which the sub-
strates donate their electrons. Quinlan et al. (38) demonstrated

the following contributions of different mitochondrial sites to
H2O2 production during oxidization of the following: (i) com-
plex I-linked substrates, glutamate plus malate; (ii) the complex
II-linked substrate, succinate; (iii) a substrate for fatty acid oxi-
dation, palmitoylcarnitine plus carnitine; and (iv) the substrate
for mitochondrial glycerol-3-phosphate dehydrogenase (an
enzyme abundantly expressed in skeletal muscle), glycerol
3-phosphate (Fig. 2). The overall rates of mitochondrial H2O2

production differed when mitochondria were oxidizing differ-
ent substrates as fuel molecules. The oxidation of succinate led
to the highest rate of O2

. /H2O2 production. Succinate is a clas-
sical substrate that can be used to study O2

. /H2O2 production
from complex I during reverse electron transport (site IQ).
Because of its high sensitivity to inhibitors of the quinone-
binding site of complex I, the O2

. /H2O2 production of site IQ

is defined as the rotenone-sensitive signal when mitochon-
dria are oxidizing succinate. After correcting for changes in
O2

. /H2O2 production from site IF and site IIIQo upon rote-
none inhibition (using endogenous reporters), 83% of the
overall rate of mitochondrial O2

. /H2O2 production during
succinate oxidation was attributed to site IQ (38). The total
rate of O2

. /H2O2 production with glutamate plus malate as
substrate was considerably lower, only 20 –25% of the rate
with succinate, showing the importance of the source of

Figure 1. Mitochondrial sites of O2
./H2O2 production. Eleven distinct mitochondrial sites that leak electrons to oxygen to produce superoxide and/or

hydrogen peroxide during substrate oxidation have been identified (21, 25–28, 30–33). Yellow circles indicate flavin groups, and orange circles indicate quinone-
binding sites of enzymes and complexes. ETF, electron-transferring flavoprotein; ETF:QOR, electron-transferring flavoprotein-ubiquinone oxidoreductase; QH2,
ubiquinol; Q, ubiquinone. Sites OF, BF, AF, PF, IF, IQ, IIF, IIIQo, GQ, EF, and DQ refer to the flavin (subscript F) or ubiquinone-binding sites (subscript Q) of the 2-oxoglutarate
(O), branched chain 2-oxoacid (B), 2-oxoadipate (A), and pyruvate (P) dehydrogenase complexes, of complex I, complex II, and the outer ubiquinone site of complex
III (IIIQo), and of mitochondrial glycerol-3-phosphate dehydrogenase (G), the ETF/ETF:QOR system (E), and dihydroorotate dehydrogenase (D).
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reducing equivalents in determining the rate of mitochon-
drial O2

. /H2O2 production.
Importantly, the engagement of particular mitochondrial

sites changes with different substrates (Fig. 2), due mostly to the
different entry points of reducing equivalents during metabo-
lism and the resulting different redox states of distinct sets of
enzymes and complexes. Taking complete oxidation of fatty
acids as an example, fatty acids, or more specifically palmitoyl-
carnitine, have three entry points into the electron transport
chain as follows: complex I (via the reduction of NAD� by
hydroxyacyl-CoA dehydrogenase and the dehydrogenases of
the tricarboxylic acid cycle); electron-transferring flavoprotein
(ETF-ubiquinone oxidoreductase via its reduction by ETF and
mitochondrial acyl-CoA dehydrogenases); and to a minor
extent complex II (via the formation of succinate formed during
operation of the tricarboxylic acid cycle) (37). During oxidation
of palmitoylcarnitine, site IF, site IIF (the flavin site of mito-
chondrial complex II), and site IIIQo were the main contributors
to mitochondrial O2

. /H2O2 production under non-phosphory-
lating conditions; the rate of O2

. /H2O2 production from the
ETF system was negligible. The contribution of site IIF was
caused by backflow of electrons from the ubiquinone pool into
complex II rather than by forward flow from succinate formed
in the tricarboxylic acid cycle. It is worth noting that sites IF and
IIIQo contributed to O2

. /H2O2 production during oxidization of
all tested substrates. This is because the redox states of the NAD
and ubiquinone pools differ little between substrates; they
are common entry points for most substrates to the electron
transport chain, and their redox states determine the rates of
O2

. /H2O2 production from these two sites.
Mitochondrial substrate oxidation plays an important role in

determining the origin and rates of O2
. /H2O2 production. Changes

in bioenergetic states, for example, by physical exercise or caloric
restriction, influence mitochondrial substrate availability and lead
to the resultant alterations in the rates and the contributions of
different sites of mitochondrial O2

. /H2O2 production.

Mitochondrial O2
./H2O2 production during physical

exercise

As mentioned above, individual mitochondrial sites produce
O2

. /H2O2 at different rates depending on the substrate being
oxidized (38, 48). In vivo and in whole cells, many substrates are
metabolized simultaneously, and the availability of these sub-
strates can change. In skeletal muscle, for example, the concen-
trations of respiratory substrates, effectors such as Ca2� and
intracellular pH, and energy demand (reflected in the concen-
trations of ADP and phosphate) change dramatically between
states of rest, mild exercise, and exhaustive exercise (48).

Sites IF and IIIQo, or more generally mitochondrial com-
plexes I and III, are conventionally recognized as the major sites
of mitochondrial production of O2

. /H2O2. However, sites IIF

and IQ also have the potential to produce O2
. /H2O2 at high rates

in isolated mitochondria oxidizing low concentrations of suc-
cinate under non-phosphorylating conditions in which proton-
motive force is high and rapid reoxidation of the ubiquinone
pool is prevented. Such conditions seem relevant to resting mus-
cles (30), where the rates of mitochondrial respiration and ATP
synthesis are low (49). When skeletal muscle mitochondria were
incubated with physiological concentrations of substrates and
effectors under conditions mimicking rest ex vivo, sites IIF and IQ
were found to be major sites of mitochondrial O2

. /H2O2 produc-
tion, each contributing a quarter of the total rate of mitochondrial
O2

. /H2O2 production; the remainder was mostly from sites IF and
IIIQo for the reason discussed previously (Fig. 2) (48).

Exercise is associated with an increase in the generation of
free radicals (50, 51). With the use of electron paramagnetic
resonance spectroscopy, a rise in free radicals was seen in intact
muscles during exercise, and mitochondria were proposed to
be the major source (52). In contrast, an increasing body of
evidence suggests a decreased production rate of these reactive
species from mitochondria during muscular contractile activity
(53). During exercise, the concentrations of ADP and mito-

Figure 2. Relative contributions of specific sites of O2
./H2O2 production to total H2O2 production by isolated rat muscle mitochondria under different

bioenergetic conditions. The diameters of the pie charts are proportional to the total rates of mitochondrial H2O2 production. Total rates of mitochondrial
H2O2 production (pmol of H2O2 min�1 mg protein�1) were �890 (succinate), �620 (glycerol 3-phosphate), �200 (palmitoylcarnitine), �180 (glutamate plus
malate), �340 (rest), �80 (mild aerobic exercise), and �50 (intense aerobic exercise). Data are from Refs. 38 and 48.
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chondrial substrates and effectors all increase, and the mito-
chondria respire rapidly to produce ATP. It is not obvious
whether the increased substrate supply will raise mitochondrial
O2

. /H2O2 production or the decreased protonmotive force and
reduction state of mitochondrial redox centers will lower it.
When skeletal muscle mitochondria were incubated with phys-
iological concentrations of substrates and effectors under con-
ditions mimicking exercise ex vivo, the resultant decrease in
protonmotive force and the more oxidized ubiquinone pool
led to decreased rates of O2

. /H2O2 production despite the
increased substrate availability (48). This decrease was particu-
larly marked for O2

. /H2O2 production from site IQ, which is
sensitive to the pH gradient (�pH) across the mitochondrial
inner membrane, and for site IIIQo, which responds to a
decreased steady-state concentration of semiquinone in the
electron transport chain (21, 26, 48, 54). Under ex vivo condi-
tions that mimic mild aerobic exercise in skeletal muscles, the
overall rate of mitochondrial O2

. /H2O2 production was found
to be �50% lower than in the resting state, whereas the low-
capacity site IF remained as the major contributor. Sites IQ,
IIIQo, and probably EF and GQ also generated some O2

./H2O2
during mild exercise (48). With an increase in the intensity of
aerobic exercise, the protonmotive force (and more impor-
tantly �pH) is lower and the ubiquinone pool is further oxi-
dized, which leads to further decreases in O2

. /H2O2 production
from sites IQ and IIIQo. As a consequence, site IF contributed
most of the overall O2

. /H2O2 production under conditions
mimicking intense exercise (Fig. 2) (48).

Despite the lack of in vivo evidence, the ex vivo findings dem-
onstrate the heterogeneity of the sources of mitochondrial
O2

. /H2O2 in skeletal muscle during rest and mild and intense aer-
obic exercise. An overall decrease in O2

. /H2O2 production in
response to conditions mimicking increasing intensities of physi-
cal exercise was also observed in skeletal muscle mitochondria.

Mitochondrial O2
./H2O2 production during caloric

restriction

In parallel to physical exercise, caloric restriction is consid-
ered to be a health-promoting intervention. Caloric restriction
is defined as a reduction of food intake with adequate intake of
protein and micronutrients to avoid malnutrition (55–57).
Although caloric restriction was found to extend the life span
of several animal species (58), its effect on mitochondrial
O2

. /H2O2 production is still controversial. Caloric restriction
decreased the maximum capacity of O2

. /H2O2 production
when mitochondria isolated from brain, heart, kidney, liver,
and skeletal muscle of rodents oxidized pyruvate and malate in
the presence of rotenone (59 – 61). A similar trend in rotenone-
sensitive H2O2 production from liver mitochondria energized
with succinate was also observed in mice subjected to a
2-month course of caloric restriction (60). These findings sug-
gest a decreased capacity for O2

. /H2O2 production from site IF
and site IQ of the mitochondrial electron transport chain as well
as from the upstream dehydrogenases, particularly pyruvate de-
hydrogenase, after caloric restriction. However, none of these
studies included the crucial measurement of native rates.

As reviewed by Walsh et al. (62), the beneficial effects of
caloric restriction on cellular redox homeostasis are mainly

mediated by a more reduced glutathione pool, rather than by
decreased mitochondrial O2

. /H2O2 production, with a resultant
lower extent of oxidative damage to macromolecules (62). Inter-
estingly, at the cellular and tissue level, the exposure of cells to low
glucose could lead to a more oxidized mitochondrial NAD pool
and a concomitant decrease in mitochondrial protonmotive force
(63, 64). The oxidation of the NAD pool and the drop in mitochon-
drial protonmotive force (and �pH) may decrease rates of mito-
chondrial O2

. /H2O2 production from site IF, site IQ, and upstream
dehydrogenases under these conditions (21, 27, 32).

In contrast, overnutrition was suggested to be associated
with a more reduced NAD pool, which may in turn lead to higher
mitochondrial O2

. /H2O2 production at site IF of the electron trans-
port chain and by upstream dehydrogenases (36, 64–67).
Enhanced substrate supply may also increase protonmotive force
(68), which may in turn favor the production of superoxide/H2O2
from site IQ. Availability of nutrients can also impact mitochon-
drial dynamics. How such changes affect formation of mitochon-
drial O2

. /H2O2 production remains to be investigated (69).
The contributions (under native conditions in mitochondria

oxidizing different substrates and in conditions mimicking
physical exercise) and capacities (after caloric restriction) of
mitochondrial sites to O2

. /H2O2 production in response to the
changes in bioenergetic state have been mainly investigated in
isolated mitochondria. Despite the effort to characterize the
involvement of mitochondrial enzyme complexes in O2

. /H2O2
production in cells and tissues (mostly by genetic or pharma-
cological modifications) under pathological conditions, the
contributions of specific mitochondrial sites to physiological
O2

. /H2O2 production and their roles in cell signaling in situ and
in vivo have not yet been elucidated.

Novel tools to characterize contributions of
mitochondrial sites to O2

./H2O2 production in vitro
and in situ

In experiments with isolated mitochondria, O2
. /H2O2 are

released and can be detected relatively easily in the surrounding
assay medium. The measurement of mitochondrial O2

. /H2O2
production, and more specifically O2

. /H2O2 production from
particular mitochondrial sites, is far more problematic in cells
and tissues because of the ambiguous specificity and cellular
localization of current probes as well as the impaired bioener-
getics upon genetic modifications (70 –72). A novel way around
the problem of direct measurements in cells is to use molecules
that suppress electron leak at specific sites. High-throughput
chemical screening has identified molecules that specifically
suppress O2

. /H2O2 production from particular mitochondrial
sites without influencing mitochondrial oxidative phosphory-
lation. S1QELs (Suppressors of site IQ Electron Leak) are small
molecules that suppress mitochondrial O2

. production from site
IQ during reverse electron transport (73). S3QELs (Suppressors
of site IIIQo Electron Leak) are small molecules that suppress
mitochondrial O2

. production from site IIIQo (74). These com-
pounds are very potent (effective at nanomolar concentrations)
and inhibit phenotypes dependent on O2

. production from sites
IQ and IIIQo in several cell and tissue models (73, 74). The high
potency, high specificity, and lack of inhibition of mitochon-
drial electron flow and oxidative phosphorylation make them
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promising tools to study the engagement of these mitochon-
drial sites in physiological O2

. /H2O2 production in situ and in
vivo. A good example is the use of S1QELs to examine the
involvement of mitochondrial O2

. production from site IQ in
primary astrocytes under an unstressed condition (74). In this
study, the activity of succinate dehydrogenase, which has iron–
sulfur centers that are susceptible to oxidative damage by O2

. in
the mitochondrial matrix (75), was used as an indirect measure of
mitochondrial O2

. production. S1QELs preserved succinate dehy-
drogenase activity in primary astrocytes cultured at 3% oxygen,
showing the generation of O2

. from site IQ at physiologically rele-
vant rates in resting, unstimulated cells in the absence of overt
oxidative stress. The finding was further supported by a parallel
protective effect of S1QELs on cellular aconitase activity (74).

Summary

In summary, the rates and the relative contributions of dif-
ferent mitochondrial sites of O2

. /H2O2 production change in
response to changes in bioenergetic states, as a consequence
of alterations of mitochondrial substrate availability and the
reduction states of mitochondrial redox centers. Characteriz-
ing mitochondrial O2

. /H2O2 production in isolated mitochon-
dria in vitro and in cells and tissues in situ and in vivo may help
us understand its roles in cell signaling under both physiologi-
cal and pathological conditions.

References
1. Halliwell, B., and Gutteridge, J. M. (1984) Oxygen toxicity, oxygen radicals,

transition metals and disease. Biochem. J. 219, 1–14
2. Fridovich, I. (1999) Fundamental aspects of reactive oxygen species, or

what’s the matter with oxygen? Ann. N.Y. Acad. Sci. 893, 13–18
3. Loschen, G., Flohé, L., and Chance, B. (1971) Respiratory chain linked

H2O2 production in pigeon heart mitochondria. FEBS Lett. 18, 261–264
4. Boveris, A., and Chance, B. (1973) The mitochondrial generation of hy-

drogen peroxide. General properties and effect of hyperbaric oxygen.
Biochem. J. 134, 707–716

5. Loschen, G., Azzi, A., Richter, C., and Flohé, L. (1974) Superoxide radicals
as precursors of mitochondrial hydrogen peroxide. FEBS Lett. 42, 68 –72

6. Boveris, A., and Cadenas, E. (1975) Mitochondrial production of superox-
ide anions and its relationship to the antimycin insensitive respiration.
FEBS Lett. 54, 311–314

7. Loschen, G., and Azzi, A. (1975) On the formation of hydrogen peroxide
and oxygen radicals in heart mitochondria. Recent Adv. Stud. Cardiac.
Struct. Metab. 7, 3–12

8. Boveris, A., Cadenas, E., and Stoppani, A. O. (1976) Role of ubiquinone in
the mitochondrial generation of hydrogen peroxide. Biochem. J. 156,
435– 444

9. Cadenas, E., Boveris, A., Ragan, C. I., and Stoppani, A. O. (1977) Produc-
tion of superoxide radicals and hydrogen peroxide by NADH-ubiquinone
reductase and ubiquinol-cytochrome c reductase from beef-heart mito-
chondria. Arch. Biochem. Biophys. 180, 248 –257

10. Ksenzenko, M., Konstantinov, A. A., Khomutov, G. B., Tikhonov, A. N.,
and Ruuge, E. K. (1983) Effect of electron transfer inhibitors on superoxide
generation in the cytochrome bc1 site of the mitochondrial respiratory
chain. FEBS Lett. 155, 19 –24

11. Cadenas, E., and Boveris, A. (1980) Enhancement of hydrogen peroxide
formation by protophores and ionophores in antimycin-supplemented
mitochondria. Biochem. J. 188, 31–37

12. Turrens, J. F., Alexandre, A., and Lehninger, A. L. (1985) Ubisemiquinone
is the electron donor for superoxide formation by complex III of heart
mitochondria. Arch. Biochem. Biophys. 237, 408 – 414

13. Dileepan, K. N., and Kennedy, J. (1985) Complete inhibition of dihydro-
orotate oxidation and superoxide production by 1,1,1-trifluoro-3-thenoy-
lacetone in rat liver mitochondria. Biochem. J. 225, 189 –194

14. Nohl, H., and Jordan, W. (1986) The mitochondrial site of superoxide
formation. Biochem. Biophys. Res. Commun. 138, 533–539

15. Sekhar, B. S., Kurup, C. K., and Ramasarma, T. (1987) Generation of hy-
drogen peroxide by brown adipose tissue mitochondria. J. Bioenerg.
Biomembr. 19, 397– 407

16. Hansford, R. G., Hogue, B. A., and Mildaziene, V. (1997) Dependence of
H2O2 formation by rat heart mitochondria on substrate availability and
donor age. J. Bioenerg. Biomembr. 29, 89 –95

17. St-Pierre, J., Buckingham, J. A., Roebuck, S. J., and Brand, M. D. (2002)
Topology of superoxide production from different sites in the mitochon-
drial electron transport chain. J. Biol. Chem. 277, 44784 – 44790

18. Turrens, J. F. (2003) Mitochondrial formation of reactive oxygen species.
J. Physiol. 552, 335–344

19. Cadenas, E. (2004) Mitochondrial free radical production and cell signal-
ing. Mol. Aspects Med. 25, 17–26

20. Brand, M. D., Affourtit, C., Esteves, T. C., Green, K., Lambert, A. J., Miwa,
S., Pakay, J. L., and Parker, N. (2004) Mitochondrial superoxide: produc-
tion, biological effects, and activation of uncoupling proteins. Free Radic.
Biol. Med. 37, 755–767

21. Lambert, A. J., and Brand, M. D. (2004) Superoxide production by NADH:
ubiquinone oxidoreductase (complex I) depends on the pH gradient
across the mitochondrial inner membrane. Biochem. J. 382, 511–517

22. Andreyev, A. Y., Kushnareva, Y. E., and Starkov, A. A. (2005) Mitochon-
drial metabolism of reactive oxygen species. Biochemistry 70, 200 –214

23. Kowaltowski, A. J., de Souza-Pinto, N. C., Castilho, R. F., and Vercesi, A. E.
(2009) Mitochondria and reactive oxygen species. Free Radic. Biol. Med.
47, 333–343

24. Murphy, M. P. (2009) How mitochondria produce reactive oxygen spe-
cies. Biochem. J. 417, 1–13

25. Brand, M. D. (2010) The sites and topology of mitochondrial superoxide
production. Exp. Gerontol. 45, 466 – 472

26. Quinlan, C. L., Gerencser, A. A., Treberg, J. R., and Brand, M. D. (2011)
The mechanism of superoxide production by the antimycin-inhibited mi-
tochondrial Q-cycle. J. Biol. Chem. 286, 31361–31372

27. Treberg, J. R., Quinlan, C. L., and Brand, M. D. (2011) Evidence for two
sites of superoxide production by mitochondrial NADH-ubiquinone oxi-
doreductase (complex I). J. Biol. Chem. 286, 27103–27110

28. Orr, A. L., Quinlan, C. L., Perevoshchikova, I. V., and Brand, M. D. (2012)
A refined analysis of superoxide production by mitochondrial sn-glycerol
3-phosphate dehydrogenase. J. Biol. Chem. 287, 42921– 42935

29. Dröse, S., and Brandt, U. (2012) in Mitochondrial Oxidative Phosphoryla-
tion (Kadenbach, B., ed) pp. 145–169, Springer, New York

30. Quinlan, C. L., Orr, A. L., Perevoshchikova, I. V., Treberg, J. R., Ackrell,
B. A., and Brand, M. D. (2012) Mitochondrial complex II can generate
reactive oxygen species at high rates in both the forward and reverse
reactions. J. Biol. Chem. 287, 27255–27264

31. Hey-Mogensen, M., Goncalves, R. L., Orr, A. L., and Brand, M. D. (2014)
Production of superoxide/H2O2 by dihydroorotate dehydrogenase in rat
skeletal muscle mitochondria. Free Radic. Biol. Med. 72, 149 –155

32. Quinlan, C. L., Goncalves, R. L., Hey-Mogensen, M., Yadava, N., Bunik,
V. I., and Brand, M. D. (2014) The 2-oxoacid dehydrogenase complexes in
mitochondria can produce superoxide/hydrogen peroxide at much higher
rates than complex I. J. Biol. Chem. 289, 8312– 8325

33. Brand, M. D. (2016) Mitochondrial generation of superoxide and hydro-
gen peroxide as the source of mitochondrial redox signaling. Free Radic.
Biol. Med. 100, 14 –31

34. Votyakova, T. V., and Reynolds, I. J. (2001) ��m-dependent and -inde-
pendent production of reactive oxygen species by rat brain mitochondria.
J. Neurochem. 79, 266 –277

35. Tahara, E. B., Navarete, F. D., and Kowaltowski, A. J. (2009) Tissue-, sub-
strate-, and site-specific characteristics of mitochondrial reactive oxygen
species generation. Free Radic. Biol. Med. 46, 1283–1297

36. Quinlan, C. L., Treberg, J. R., Perevoshchikova, I. V., Orr, A. L., and Brand,
M. D. (2012) Native rates of superoxide production from multiple sites in
isolated mitochondria measured using endogenous reporters. Free Radic.
Biol. Med. 53, 1807–1817

37. Perevoshchikova, I. V., Quinlan, C. L., Orr, A. L., Gerencser, A. A., and
Brand, M. D. (2013) Sites of superoxide and hydrogen peroxide produc-

MINIREVIEW: Sites of superoxide and H2O2 production

16808 J. Biol. Chem. (2017) 292(41) 16804 –16809



tion during fatty acid oxidation in rat skeletal muscle mitochondria. Free
Radic. Biol. Med. 61, 298 –309

38. Quinlan, C. L., Perevoshchikova, I. V., Hey-Mogensen, M., Orr, A. L., and
Brand, M. D. (2013) Sites of reactive oxygen species generation by mito-
chondria oxidizing different substrates. Redox Biol. 1, 304 –312

39. Lenaz, G. (2001) The mitochondrial production of reactive oxygen spe-
cies: mechanisms and implications in human pathology. IUBMB Life 52,
159 –164

40. Squier, T. C. (2001) Oxidative stress and protein aggregation during bio-
logical aging. Exp. Gerontol. 36, 1539 –1550

41. Bergamini, C. M., Gambetti, S., Dondi, A., and Cervellati, C. (2004) Oxy-
gen, reactive oxygen species and tissue damage. Curr. Pharm. Des. 10,
1611–1626

42. Le Bras, M., Clément, M.-V., Pervaiz, S., and Brenner, C. (2005) Reactive
oxygen species and the mitochondrial signaling pathway of cell death.
Histol. Histopathol. 20, 205–219

43. Starkov, A. A. (2008) The role of mitochondria in reactive oxygen species
metabolism and signaling. Ann. N.Y. Acad. Sci. 1147, 37–52

44. Hamanaka, R. B., and Chandel, N. S. (2010) Mitochondrial reactive oxygen
species regulate cellular signaling and dictate biological outcomes. Trends
Biochem. Sci. 35, 505–513

45. Sena, L. A., and Chandel, N. S. (2012) Physiological roles of mitochondrial
reactive oxygen species. Mol. Cell 48, 158 –167

46. Pi, J., Bai, Y., Zhang, Q., Wong, V., Floering, L. M., Daniel, K., Reece, J. M.,
Deeney, J. T., Andersen, M. E., Corkey, B. E., and Collins, S. (2007) Reactive
oxygen species as a signal in glucose-stimulated insulin secretion. Diabetes
56, 1783–1791

47. Dodson, M., Darley-Usmar, V., and Zhang, J. (2013) Cellular metabolic
and autophagic pathways: traffic control by redox signaling. Free Radic.
Biol. Med. 63, 207–221

48. Goncalves, R. L., Quinlan, C. L., Perevoshchikova, I. V., Hey-Mogensen,
M., and Brand, M. D. (2015) Sites of superoxide and hydrogen peroxide
production by muscle mitochondria assessed ex vivo under conditions
mimicking rest and exercise. J. Biol. Chem. 290, 209 –227

49. Tonkonogi, M., and Sahlin, K. (2002) Physical exercise and mitochondrial
function in human skeletal muscle. Exerc. Sport Sci. Rev. 30, 129 –137

50. Kanter, M. (1998) Free radicals, exercise and antioxidant supplementa-
tion. Proc. Nutr. Soc. 57, 9 –13

51. Davies, K. J., Quintanilha, A. T., Brooks, G. A., and Packer, L. (1982) Free
radicals and tissue damage produced by exercise. Biochem. Biophys. Res.
Commun. 107, 1198 –1205

52. Jackson, M. J., Edwards, R. H., and Symons, M. C. (1985) Electron spin
resonance studies of intact mammalian skeletal muscle. Biochim. Biophys.
Acta 847, 185–190

53. Pearson, T., Kabayo, T., Ng, R., Chamberlain, J., McArdle, A., and Jackson,
M. J. (2014) Skeletal muscle contractions induce acute changes in cytoso-
lic superoxide, but slower responses in mitochondrial superoxide and cel-
lular hydrogen peroxide. PLoS ONE 9, e96378

54. Nicholls, D. G. (2004) Mitochondrial membrane potential and aging. Ag-
ing Cell 3, 35– 40

55. Hursting, S. D., Lavigne, J. A., Berrigan, D., Perkins, S. N., and Barrett, J. C.
(2003) Calorie restriction, aging, and cancer prevention: mechanisms of
action and applicability to humans. Annu. Rev. Med. 54, 131–152

56. Trepanowski, J. F., Canale, R. E., Marshall, K. E., Kabir, M. M., and
Bloomer, R. J. (2011) Impact of caloric and dietary restriction regimens on
markers of health and longevity in humans and animals: a summary of
available findings. Nutr. J. 10, 10.1186/1475–2891-10 –107

57. Rizza, W., Veronese, N., and Fontana, L. (2014) What are the roles of
calorie restriction and diet quality in promoting healthy longevity? Ageing
Res. Rev. 13, 38 – 45

58. Weiss, E. P., and Fontana, L. (2011) Caloric restriction: powerful protec-
tion for the aging heart and vasculature. Am. J. Physiol. Heart Circ. Physiol.
301, H1205–H1219

59. Gredilla, R., Sanz, A., Lopez-Torres, M., and Barja, G. (2001) Caloric re-
striction decreases mitochondrial free radical generation at complex I and

lowers oxidative damage to mitochondrial DNA in the rat heart. FASEB J.
15, 1589 –1591

60. Hagopian, K., Chen, Y., Simmons Domer, K., Soo Hoo, R., Bentley, T.,
McDonald, R. B., and Ramsey, J. J. (2011) Caloric restriction influences
hydrogen peroxide generation in mitochondrial sub-populations from
mouse liver. J. Bioenerg. Biomembr. 43, 227–236

61. Lambert, A. J., and Merry, B. J. (2004) Effect of caloric restriction on
mitochondrial reactive oxygen species production and bioenergetics:
reversal by insulin. Am. J. Physiol. Regul. Integr. Comp. Physiol. 286,
R71–R79

62. Walsh, M. E., Shi, Y., and Van Remmen, H. (2014) The effects of dietary
restriction on oxidative stress in rodents. Free Radic. Biol. Med. 66, 88 –99

63. Sinclair, D. A. (2005) Toward a unified theory of caloric restriction and
longevity regulation. Mech. Ageing Dev. 126, 987–1002

64. Fulco, M., Cen, Y., Zhao, P., Hoffman, E. P., McBurney, M. W., Sauve,
A. A., and Sartorelli, V. (2008) Glucose restriction inhibits skeletal myo-
blast differentiation by activating SIRT1 through AMPK-mediated regu-
lation of Nampt. Dev. Cell 14, 661– 673

65. Price, N. L., Gomes, A. P., Ling, A. J., Duarte, F. V., Martin-Montalvo, A.,
North, B. J., Agarwal, B., Ye, L., Ramadori, G., Teodoro, J. S., Hubbard,
B. P., Varela, A. T., Davis, J. G., Varamini, B., Hafner, A., et al. (2012) SIRT1
is required for AMPK activation and the beneficial effects of resveratrol on
mitochondrial function. Cell Metab. 15, 675– 690

66. Teodoro, J. S., Gomes, A. P., Varela, A. T., Duarte, F. V., Rolo, A. P., and
Palmeira, C. M. (2013) Uncovering the beginning of diabetes: the cellular
redox status and oxidative stress as starting players in hyperglycemic dam-
age. Mol. Cell. Biochem. 376, 103–110

67. Kim, H.-J., Kim, J. H., Noh, S., Hur, H. J., Sung, M. J., Hwang, J.-T., Park,
J. H., Yang, H. J., Kim, M.-S., Kwon, D. Y., and Yoon, S. H. (2011) Metabo-
lomic analysis of livers and serum from high-fat diet induced obese mice.
J. Proteome Res. 10, 722–731

68. Görlach, A., Dimova, E. Y., Petry, A., Martínez-Ruiz, A., Hernansanz-
Agustín, P., Rolo, A. P., Palmeira, C. M., and Kietzmann, T. (2015) Reactive
oxygen species, nutrition, hypoxia and diseases: Problems solved? Redox
Biol. 6, 372–385

69. Liesa, M., and Shirihai, O. S. (2013) Mitochondrial dynamics in the regu-
lation of nutrient utilization and energy expenditure. Cell Metab. 17,
491–506

70. Bartosz, G. (2006) Use of spectroscopic probes for detection of reactive
oxygen species. Clin. Chim. Acta 368, 53–76

71. Chandel, N. S., McClintock, D. S., Feliciano, C. E., Wood, T. M., Melendez,
J. A., Rodriguez, A. M., and Schumacker, P. T. (2000) Reactive oxygen
species generated at mitochondrial complex III stabilize hypoxia-induci-
ble factor-1alpha during hypoxia: a mechanism of O2 sensing. J. Biol.
Chem. 275, 25130 –25138

72. Lefort, N., Glancy, B., Bowen, B., Willis, W. T., Bailowitz, Z., De Filippis,
E. A., Brophy, C., Meyer, C., Højlund, K., Yi, Z., and Mandarino, L. J. (2010)
Increased reactive oxygen species production and lower abundance of
complex I subunits and carnitine palmitoyltransferase 1b protein despite
normal mitochondrial respiration in insulin-resistant human skeletal
muscle. Diabetes 59, 2444 –2452

73. Orr, A. L., Vargas, L., Turk, C. N., Baaten, J. E., Matzen, J. T., Dardov, V. J.,
Attle, S. J., Li, J., Quackenbush, D. C., Goncalves, R. L., Perevoshchikova,
I. V., Petrassi, H. M., Meeusen, S. L., Ainscow, E. K., and Brand, M. D.
(2015) Suppressors of superoxide production from mitochondrial com-
plex III. Nat. Chem. Biol. 11, 834 – 836

74. Brand, M. D., Goncalves, R. L., Orr, A. L., Vargas, L., Gerencser, A. A.,
Borch Jensen, M., Wang, Y. T., Melov, S., Turk, C. N., Matzen, J. T.,
Dardov, V. J., Petrassi, H. M., Meeusen, S. L., Perevoshchikova, I. V., Jas-
per, H., et al. (2016) Suppressors of superoxide-H2O2 production at site IQ

of mitochondrial complex I protect against stem cell hyperplasia and is-
chemia-reperfusion injury. Cell Metab. 24, 582–592

75. Powell, C. S., and Jackson, R. M. (2003) Mitochondrial complex I, aconi-
tase, and succinate dehydrogenase during hypoxia-reoxygenation: modu-
lation of enzyme activities by MnSOD. Am. J. Physiol. Lung Cell Mol.
Physiol. 285, L189 –L198

MINIREVIEW: Sites of superoxide and H2O2 production

J. Biol. Chem. (2017) 292(41) 16804 –16809 16809



Mitochondrial reactive oxygen species and adipose tissue
thermogenesis: Bridging physiology and mechanisms
Published, Papers in Press, August 24, 2017, DOI 10.1074/jbc.R117.789628

Edward T. Chouchani‡§, Lawrence Kazak‡§, and Bruce M. Spiegelman‡§1

From the ‡Dana-Farber Cancer Institute, Harvard Medical School and §Department of Cell Biology, Harvard University Medical
School, Boston, Massachusetts 02115

Edited by Ruma Banerjee

Brown and beige adipose tissues can catabolize stored energy
to generate heat, relying on the principal effector of thermogen-
esis: uncoupling protein 1 (UCP1). This unique capability could
be leveraged as a therapy for metabolic disease. Numerous ani-
mal and cellular models have now demonstrated that mitochon-
drial reactive oxygen species (ROS) signal to support adipocyte
thermogenic identity and function. Herein, we contextualize
these findings within the established principles of redox signal-
ing and mechanistic studies of UCP1 function. We provide a
framework for understanding the role of mitochondrial ROS
signaling in thermogenesis together with testable hypotheses
for understanding mechanisms and developing therapies.

Brown adipose tissue (BAT)2 has long been recognized as a
critical thermogenic organ, exemplified by its importance in
maintenance of thermal homeostasis in cold environments (1).
More recently, clusters of distinct adipocytes with thermogenic
capacity have been characterized in white adipose tissue– beige
adipocytes–arising in response to various physiological stimuli
(2, 3). The thermogenic endowment of these tissues has
prompted the reasonable hypothesis that they might be lever-
aged to catabolize lipid and glucose as an anti-obesity and anti-
diabetic therapy. As such, recent decades have seen vigorous
research into the mechanisms controlling brown and beige adi-
pose tissue identity and function. Thermogenesis in BAT and
beige adipose tissue relies on the key effector protein uncou-
pling protein 1 (UCP1), which can dissipate the electrochemical
H� gradient across the inner mitochondrial membrane (4).
This UCP1-mediated inducible proton “leak” uncouples pro-
tonmotive force from ATP synthesis leading to an increased
rate of mitochondrial respiration and heat generation. Addi-
tionally, UCP1-independent effectors of thermogenesis have
been uncovered in recent years, including utilization of cre-
atine-dependent substrate cycling in beige adipose tissue (5). Of
course, expression of UCP1 (or other effectors) per se is not

sufficient to drive thermogenesis; these are gas pedals that need
a foot, fuel, and an engine. Indeed, thermogenic adipocytes
require exceptionally high mitochondrial content and oxidative
capacity to support elevated respiration. Moreover, thermo-
genic respiration is regulated acutely by upstream physiological
signals that are required to activate UCP1-mediated uncou-
pling. So, elucidating the mechanisms that activate thermo-
genically-poised adipocytes is critical from a therapeutic
standpoint.

The purpose of this review is to contextualize recent findings
that provide evidence for an important signaling role by reac-
tive oxygen species (ROS) in adipose tissue thermogenesis.
Remarkably, the importance of ROS signaling in this context
has been demonstrated primarily through investigation of
redox metabolism using in vivo mouse and intact adipocyte
models of thermogenesis. In contrast, studies of ROS and ther-
mogenesis using in vitro and reconstituted systems have pro-
vided a more confusing picture. This juxtaposition exemplifies
an important general concept in the investigation of ROS biol-
ogy, which we will detail herein. In doing so, we hope to provide
a framework for examining mechanisms of ROS signaling in
thermogenesis, toward bridging the striking physiological
observations and their mechanistic underpinnings.

Examination of mitochondrial ROS signaling in adipose
tissue physiology

Perhaps more than any other signaling process, the physio-
logical causes and consequences of ROS production are
extremely difficult to faithfully model using in vitro systems.
Although ROS are often described and studied as a monolithic
entity, they are in fact a diverse class of redox-active molecules
each of which exhibit distinct dynamics, reactivity, and biolog-
ical consequences (6 –9). Moreover, physiological ROS produc-
tion exhibits extraordinary spatiotemporal regulation (10 –15).
These principles are well-reviewed elsewhere (10 –15) and
underscore the framework required for molecular character-
ization of physiological ROS processes.

In short, to move on from the inexact concept of “oxidative
stress,” precise examination of ROS signaling in physiology
requires assessment of several variables. Important questions
include the following. What reactive species are involved in
driving a physiological process? Where are they being pro-
duced? What are their molecular targets? What are the conse-
quences of ROS modification of these targets? The extent to
which these questions can be answered relies on tools that allow
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us to examine ROS processes in intact organisms. Examining
ROS-dependent signaling using in vitro systems (for example
isolated mitochondria or reconstituted models) necessarily
introduces many caveats that may confound interpretation.
First, these studies are carried out at atmospheric oxygen ten-
sion, and as such ROS-dependent processes almost certainly
will not faithfully recapitulate in vivo dynamics (6). Second,
examining ROS signaling removed from the cellular or organ-
ismal context necessarily obviates regulatory factors that both
initiate and respond to redox signals (16). Obvious physiologi-
cal parameters likely to be confounded along these lines include
local maintenance of redox status, control of electron supply
through physiological sites of ROS production, and redox sig-
naling cascades maintained at the cellular and organismal level.

The clearest evidence for the role of ROS signaling– both in
thermogenesis and in physiology generally– has emerged from
experimental systems wherein ROS and redox status are
manipulated in a physiologically relevant context, i.e. intact
organisms and cells. Moreover, application of these methods
has allowed for differentiation of the role of ROS in supporting
thermogenic adipocyte function from the contrasting roles
these same molecules play in other cell types during thermo-
genesis (for example in the context of hypothalamic integration
with the thermogenic response (17)). We will begin by provid-
ing an overview of the current understanding of mitochondrial
ROS metabolism in thermogenic adipose tissue.

Redox metabolism during thermogenesis in vivo

To our knowledge, our recent study was the first detailed
assessment of in vivo brown adipose tissue ROS metabolism
upon acute activation of thermogenesis (18). Established in vivo
mouse models of acute activation of UCP1-dependent thermo-
genesis in BAT were examined by applying either thermal stress
(4 °C) or �3-adrenergic stimulus. Acute activation of BAT ther-
mogenesis was paralleled by elevated levels of mitochondrial
superoxide, mitochondrial hydrogen peroxide, and lipid
hydroperoxides in BAT. Notably, this phenomenon was reca-
pitulated in isolated brown adipocytes; upon �-adrenergic
stimulus with norepinephrine, these cells exhibited increased
levels of ROS, which rose concomitantly with UCP1-dependent
respiration. This elevated production of mitochondrial ROS,
both in cells and in vivo, was paralleled by a shift in cysteine
thiol redox status. Both protein thiols and glutathione pools
became substantially oxidized during acute thermogenic respi-
ration in BAT. Interestingly, measures of lipid peroxidation are
consistently elevated in BAT following several weeks of cold
exposure (19). Moreover, oxidation of BAT cellular thiols
appears to persist following chronic activation of thermogene-
sis (20, 21). However, the quantitative effects on redox status
appear to be less following chronic BAT stimulation, most
likely due to compensatory elevation in expression of endoge-
nous thiol antioxidant systems (19, 21). Very importantly,
changes in ROS levels and thiol redox status in these systems
are not paralleled by elevation in irreversible oxidative adducts
on proteins (22). So, it appears as though the redox changes that
occur in BAT upon thermogenesis are dynamic, reversible, and
adapted to by endogenous thiol antioxidant pathways.

Elevated mitochondrial ROS levels support adipose
tissue thermogenesis in vivo

Elevation of mitochondrial ROS during BAT thermogenesis
raises the question of whether these species are regulators of
thermogenic function or merely epiphenomena. A remarkable
number of recent studies have clarified this question by apply-
ing pharmacological and genetic manipulations of mitochon-
drial redox metabolism using both animal and cellular models.

Boudina and co-workers (23) recently characterized mice
with adipocyte-specific knock-out of SOD2 (AdSOD2KO), the
primary enzyme responsible for dismutation of mitochondrial
superoxide to hydrogen peroxide. These mice exhibit elevated
superoxide levels in adipose tissues, no evidence of irreversible
oxidative adducts, and are extraordinarily resistant to weight
gain on a high-fat diet. Moreover, this effect is entirely attrib-
utable to chronically elevated thermogenic energy expenditure
in adipose tissues upon high-fat feeding. Analysis of adipose
tissues and adipocytes further clarified the effects of KO of
SOD2 on thermogenesis, which were 2-fold.

In inguinal white adipose tissue (iWAT), the KO of SOD2
was sufficient to increase abundance of UCP1-expressing
adipocytes with elevated mitochondrial content, respiratory
capacity, and thermogenic potential, suggesting that beige adi-
pocyte differentiation can be driven by mitochondrial super-
oxide-dependent signaling. Additionally, SOD2KO in BAT
drove enhanced basal mitochondrial uncoupling, fatty acid oxi-
dation, and increased cell-autonomous adipocyte leak respira-
tion. Thus, elevated mitochondrial superoxide in adipose tissue
appears sufficient to both drive browning in iWAT, as well as to
drive activation of UCP1-dependent leak respiration in ther-
mogenically competent adipocytes. In interpreting these find-
ings, it is important to note that although UCP1 facilitates
uncoupled respiration, in the cellular milieu it is maintained in
a purine-nucleotide-bound state, which renders it inactive (4,
24). Current evidence suggests that in the native adipocyte
environment, UCP1 expression is not sufficient to drive uncou-
pled respiration basally, instead it requires activation (the
details of factors affecting UCP1 activation state are described
in the final section of this review). Therefore, diet-induced ini-
tiation of mitochondrial uncoupling in SOD2KO adipocytes
involves cell-autonomous modulation in the activation status
of UCP1-dependent respiration. This is supported by the
observation that, in SOD2KO adipocytes, leak respiration spe-
cifically is enhanced, while chemically uncoupled maximal res-
piration is unaffected. So, enhancement of respiration is
attributable to a specific effect on the UCP1-dependent
“leak” component of mitochondrial respiration as opposed
to increased mitochondrial content or oxidative capacity. It
merits noting that despite chronically elevated energy expend-
iture upon high-fat feeding and upon mild cold stimulus
(15 °C), the AdSOD2KO mice are sensitive to acute 4 °C expo-
sure. This discrepancy suggests that lack of lipid stores in BAT
(which are key for supporting acute thermal stress) in the
SOD2KO model is also a key physiological consequence of ele-
vated superoxide-dependent signaling that merits further
investigation.
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The role of superoxide in supporting thermogenesis has also
been examined through generation of mice overexpressing
SOD2 in all tissues (SOD2OE) (25). Interestingly, these mice
did not exhibit alterations in body weight (although mice were
not subjected to high-fat feeding) or in acute activation of adi-
pose thermogenesis with norepinephrine. However, in this
study redox status and ROS levels were not assessed in BAT or
intact adipocytes during thermogenic respiration, so it is
unclear to what extent SOD2OE modified mitochondrial redox
status in BAT in vivo. Superoxide levels were lower in isolated
BAT mitochondria treated with rotenone and respiring on
glycerol 3-phosphate, although it is unlikely that these in vitro
conditions recapitulate ROS and redox status in intact cells or
the intact organism.

In comparing the effects of SOD2KO and SODOE on ther-
mogenesis, it is worth considering in detail the likely conse-
quences of these manipulations on ROS metabolism. SOD2
very rapidly catalyzes dismutation of superoxide to hydrogen
peroxide (k �109 M�1�s�1) by a process that shows first-order
kinetics with respect to superoxide, as SOD2 concentrations in
mitochondria are orders of magnitude higher than superoxide
(26). Therefore, basal levels of SOD2 act as a highly effective
superoxide sink that favors reaction of oxygen with electron
donors in effect increasing flux to hydrogen peroxide in the
mitochondrial matrix (10). Moreover, for SOD2OE to affect
this rate of dismutation, basal SOD2 levels would have to be
limiting in BAT, which may not be the case in the above model.
However, SOD2KO elevates steady-state superoxide and would
promote alternative downstream metabolism normally dimin-
ished by the endogenous SOD2 superoxide sink. Spontaneous
dismutation of superoxide to hydrogen peroxide is only k �106

M�1�s�1, and it requires two superoxide molecules for the reac-
tion thus making it far less favorable kinetically by comparison.
SOD2KO would therefore promote generation of alternative
ROS species such as hydroperoxide (protonated superoxide)
and downstream lipid hydroperoxides, at the expense of hydro-
gen peroxide generation. Indeed, it will be informative to deter-
mine how ablation of SOD2 in adipocytes affects the levels of
different types of ROS metabolites and the overall redox status
in adipocyte mitochondria.

We examined the causal relationship between mitochondrial
ROS and thermogenesis using the mitochondria-targeted anti-
oxidant MitoQ, which is well-established to efficiently deplete
mitochondrial lipid peroxides and superoxide upon acute
administration in vivo (27–29). Indeed, acute depletion of these
species was observed in BAT upon MitoQ administration prior
to cold exposure. Under these conditions, capacity for BAT-
mediated thermogenic respiration was substantially inhibited.
In this study, the importance of mitochondrial ROS in support-
ing UCP1-dependent thermogenesis was assessed using UCP1
knock-out (UCP1-KO) mice. UCP1-KO mice rely exclusively
on alternative mechanisms of thermogenesis (5, 30) and did not
exhibit inhibition of thermogenesis following depletion of
mitochondrial ROS with MitoQ. This result provides strong
genetic evidence that mitochondrial ROS appear key for sup-
porting UCP1-dependent thermogenesis in vivo.

Modification of thiol redox status

Effects on adipose tissue thermogenesis by modulation of
mitochondrial ROS levels are strikingly similar to those gener-
ated by manipulation of adipocyte thiol redox status. Indeed,
several genetic manipulations that drive elevated adipocyte
steady-state ROS levels and oxidation of adipocyte thiol redox
status result in strikingly similar metabolic phenotypes. A
prominent example is found when examining mice lacking
nuclear factor-erythroid 2-related factor 2 (NRF2), a tran-
scription factor controlling a broad range of ROS- and thiol-
targeted antioxidant enzymes. NRF2KO mice are resistant to
weight gain on a high-fat diet (31, 32), and these effects are
attributable to chronically elevated energy expenditure (33).
Like AdSOD2KO mice, this model exhibits increased
browning of iWAT as well as elevated basal “leak” respira-
tion (but not elevated maximal respiration) in isolated adi-
pocytes. Importantly, the striking effects in NRF2KO adi-
pocytes are attributable to chronic oxidation of cellular thiol
redox status, whereas supplementation with N-acetylcys-
teine (NAC) to shift cellular thiol redox status is sufficient to
reverse effects on cellular respiration (33).

Isocitrate dehydrogenase 2 (IDH2) is an important regulator
of the NADPH/NADP� reduction state in the mitochondrial
matrix specifically, and therefore it is critical for controlling
mitochondrial thiol redox status (34). Mice genetically lacking
IDH2 exhibit oxidation of adipose tissue thiols and the
NADPH/NADP� couple in iWAT, as well as elevated levels of
mitochondrial thiol oxidation in brown adipocytes (35). This
manipulation drives substantial protection from obesity, which
is attributable to elevated energy expenditure based on chron-
ically elevated core body temperature despite food consump-
tion levels comparable with wild type (35). Similarly, ablation of
glutathione peroxidase 1 (GPx1), a key enzyme responsible for
degradationofmitochondrialhydrogenperoxide,resultsinresis-
tance to weight gain attributable to elevated energy expendi-
ture, as well as enhanced insulin sensitivity (36). However,
effects of GPx1 ablation on adipocyte autonomous processes
and thermogenesis have yet to be directly tested. Mice deficient
in glutathione due to ablation of the glutamate– cysteine ligase
modifier subunit exhibit highly oxidized cellular thiol pools sys-
temically, chronically elevated energy expenditure, and resis-
tance to obesity (37). Also, modulation of the thiol antioxidant
function of Sestrin2 is sufficient for controlling UCP1 expres-
sion in iWAT and BAT, activation of leak respiration, and ther-
mogenic function in vivo (38).

Similarly, acute chemical depletion of glutathione pools is
sufficient to drive mitochondrial biogenesis and UCP1 expres-
sion in adipocytes (39) and elevated energy expenditure in mice
(40). Moreover, acute activation of UCP1-dependent thermo-
genesis in vivo is substantially inhibited by pharmacologically
increasing reduced cellular thiol content using NAC. NAC-me-
diated inhibition of cellular thiol oxidation blunts activation of
UCP1-dependent thermogenesis upon cold exposure or fol-
lowing �3-adrenergic stimulus (18). Additionally, acute activa-
tion of thermogenesis by methamphetamine, which requires
functional BAT (41) and UCP1 (42), is substantially inhibited by
NAC (43).
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Molecular targets of thermogenic ROS

There is strong evidence for the importance of cysteine thiol
oxidation as a functional mediator of thermogenic mitochon-
drial ROS. These findings are in line with the prevailing view
that ROS act as biological messengers principally through
reversible modification of sensitive surface cysteine residues on
proteins (7, 12). Recently developed methodologies now allow
for the identification and quantification of redox-modified pro-
tein cysteine residues in intact cells and living tissue (44 – 46).
These methods rely on strategies to selectively derivatize pro-
tein cysteine residues based on their post-translational status
followed by assessment by mass spectrometry (MS). This field
of cysteine-targeted chemistry is essential for molecular char-
acterization of redox signaling in physiology, because cysteine
redox status is fundamentally disrupted upon cell lysis and is
not trivial to faithfully model in vitro as described in above
sections.

We recently applied these methods to identify BAT protein
cysteine residues that become substantially modified by ther-
mogenic ROS (18). These analyses identified mitochondrial
metabolic proteins to be a highly enriched target group, such as
enzymes involved in fatty acid utilization and citric acid cycle
metabolism. The functional importance of these modifications
will be a critical avenue of future study, as it is likely from these
initial findings that ROS signals act synergistically on several
pathways impacting on acute regulation of thermogenic respi-
ration. One modification that has been further characterized
was on UCP1 itself. Indeed, one of the seven cysteine residues
on UCP1–Cys-253– becomes modified substantially upon acti-
vation of thermogenesis in BAT (18). Using well-established
methods for selective derivatization based on dimedone chem-
istry (47, 48), the chemical nature of this modification was dem-

onstrated to be sulfenylation. However, it is important to note
that other oxidative modifications are also likely to occur at this
site, and this is something well worth investigating. To further
explore the functional relevance of this site, a cysteine to ala-
nine point mutant (C253A) of UCP1 was generated. This
allowed an examination of UCP1 function in the context of its
native environment and in response to physiologically relevant
stimuli. Interestingly, C253A UCP1 was functional but required
a significantly higher level of adrenergic stimulus to achieve the
same level of leak respiration as wild-type UCP1. This finding
implies that Cys-253 is not required for UCP1-mediated
uncoupled respiration, but it sensitizes the protein to activation
by adrenergic stimulus.

In summary, based on the numerous studies described above,
it is reasonable to propose that the thermogenic action of mito-
chondrial ROS are likely mediated in large part through protein
cysteine modification of target proteins. The role of reversible
thiol oxidation as an effector of thermogenic ROS signaling
appears important in the context of triggering thermogenic
gene expression, as well as in the acute control of thermogenic
respiration.

Modeling the relationship between ROS and UCP1-
mediated respiration in vitro

The recent discoveries highlighting the role of mitochondrial
ROS and redox signaling in adipose tissue thermogenesis
described above (Fig. 1) were preceded by numerous studies
investigating the role of ROS and related species as direct acti-
vators of UCP1 using in vitro systems. To interpret in vitro
findings in the context of the above-mentioned work first
requires an outline of our current understanding of acute reg-
ulation of UCP1. The precise mechanisms of the UCP1-medi-
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Figure 1. Summary of ROS and thiol redox processes linked to adipocyte thermogenesis. Stimulation of �-adrenergic receptors (�-AR) triggers lipolysis
and increased mitochondrial ROS levels through a still uncharacterized mechanism. Elevated mitochondrial ROS and oxidation of thiol status by acute
adrenergic stimulus or genetic modification support elevated thermogenic respiration as well as transcriptional activation of genes required to maintain
thermogenesis. In contrast, pharmacological inhibition of these processes dampens ROS-dependent thermogenic signaling. Determining functional targets of
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ated H� leak have been the subject of longstanding investiga-
tions primarily using BAT mitochondria (49). Pioneering work
by Rafael et al. (50), Cannon and co-workers (51), and Nicholls
and co-workers (52) led to identification of the best-character-
ized regulators of UCP1 protonophoric activity: fatty acids and
purine nucleotides. More recently, a seminal study by Kirichok
and co-workers (24) used mitochondrial patch-clamp methods
and added further detail on these key regulators of UCP1 func-
tion. Although the precise mechanisms and interactions of
these species with UCP1 is a developing area (53), many of these
findings inform the evolving understanding of physiological
regulation of UCP1. First, purine nucleotide concentrations
that exist in the cell are sufficient to substantially inhibit UCP1
proton current. Second, elevated local concentrations of long
chain fatty acids overcome purine nucleotide inhibition and
drive H� leak through a fatty acid/H� symport mechanism
(24). As such, any interpretation of additional factors regulating
UCP1 function must take into account these variables (4).

The possibility that ROS could be direct activators of UCP1
was first proposed by Brand and co-workers (54), who exam-
ined proton leak in BAT mitochondria in the presence of a
xanthine oxidase superoxide-generating system. Addition of
xanthine and xanthine oxidase resulted in an increase in proto-
nophoric activity, which was completely abolished by addition
of 0.5 mM of the purine nucleotide GDP. Similar results were
found when examining the effects of 4-HNE, a cysteine-reactive
aldehyde product generated by a superoxide reaction with poly-
unsaturated fatty acyl groups (55). Subsequent examination of
4-HNE effects on both GDP-inhibited and GDP-uninhibited
UCP1 function in BAT mitochondria found no stimulating
effects attributable to UCP1 (22). More recently, patch-clamp-
ing methods have shown that 4-HNE is not sufficient to stimu-
late UCP1 protonophoric activity directly (24). 4-HNE was later
found to act synergistically with fatty acids to stimulate UCP1
proton leak in yeast and BAT mitochondria suggesting it may
instead be an allosteric regulator that potentiates UCP1 activa-
tion by long-chain fatty acids (56). This synergistic effect on
UCP1 activity was also found in studies of UCP1 in planar lipid
bilayers. Again, 4-HNE alone had no effect on UCP1 activation
but strongly potentiated membrane conductance mediated by
fatty acids (57). Interestingly, these effects coincided with cys-
teine modification of UCP1 by 4-HNE, whereas pre-treatment
of UCP1 with cysteine-alkylating agents could inhibit 4-HNE-
dependent potentiation (57).

Taken together and in the context of studies of ROS and
UCP1-dependent thermogenesis from in vivo and cellular
models, some tentative conclusions can be made regarding the
somewhat confusing and sometimes contradictory findings
from in vitro experiments. (i) Superoxide or 4-HNE effects on
proton leak that are inhibited by purine nucleotides would be
unlikely to extrapolate to a cellular context in which this inhi-
bition is likely to be persistent. However, additional levels of
regulation of purine nucleotide/UCP1 interactions may exist at
the cellular level and are not recapitulated in experiments on
isolated mitochondria. (ii) 4-HNE alone is not sufficient to
directly activate UCP1 protonophoric activity. (iii) 4-HNE may
be a relevant modifying species by allosterically potentiating
fatty acid-dependent leak through UCP1. Although 4-HNE

may potentiate UCP1 activation by fatty acids in vitro, other
cysteine-reactive species may be more relevant in the context of
in vivo thermogenesis because 4-HNE levels do not appear to
change following chronic cold exposure in BAT (22) or in mod-
els of ROS-dependent thermogenesis in vivo (23).

It is informative to consider these findings in light of our
recent investigation of UCP1 Cys-253 and the extensive evi-
dence for acute regulation of UCP1-dependent respiration in
cells and in vivo by ROS and redox status (Fig. 1). We found
UCP1 Cys-253 to be sensitive to oxidative modification,
whereas mutagenesis to alanine retained UCP1 functionality
but decreased sensitivity to activation by adrenergic stimuli.
Taken together, it is reasonable to propose that UCP1 Cys-253
may be an allosteric site that is sensitive to redox modification
during thermogenesis and sensitizes UCP1 to fatty acid activa-
tion that occurs upon adrenergic stimulus. This model recon-
ciles the fact that cysteines are not required for UCP1 activity
(18, 58) and that any potential effect of the small number of
ROS species tested in vitro is limited to potentiation of fatty
acid-driven activation.

Of course, to further clarify this model– or indeed any model
of redox signaling–requires acknowledgment of the complex
variables outlined in the first section of this review. Indeed, a
prerequisite to faithful modeling of ROS interactions with
UCP1 function in simple model systems will require identifica-
tion of the type(s) of ROS that modify thermogenic function in
vivo in the models described above. Additionally, it will be
important to understand the breadth of types of cysteine-cen-
tered modifications on functional targets such as UCP1 Cys-
253. Because precise and stable in vitro modeling of modifica-
tions such as sulfenylation is non-trivial, it may be that
development of selective cysteine-reactive electrophiles to sta-
bly modify functional sites such as UCP1 Cys-253 would pro-
vide more insight using in vitro systems.

More generally, the profound effects of manipulating redox
status in adipocytes presumably involves modification of many
functional targets involved in regulating thermogenic respira-
tion as well as thermogenic gene expression. Future studies
characterizing the functional targets of thermogenic ROS–as
well as the metabolic pathways controlling thermogenic ROS–
could lead to a new class of molecular targets that may be
manipulated to enhance the function of thermogenic adipose
tissue. The recently developed genetic and pharmacological
models described herein now allow for examination of the
molecular mechanisms of ROS-mediated activation of thermo-
genic gene programs and thermogenic respiration on a cellular
and organismal level. By studying ROS-dependent signaling in
physiologically relevant model systems, substantial added clar-
ity can be achieved and testable hypotheses generated. More-
over, the extent to which mechanisms of signaling can be deter-
mined will allow for examination of these processes in the
context of human adipose tissue thermogenesis. In applying
these approaches, the complex regulatory networks involved in
the relationship between ROS/redox status and thermogenesis
are maintained, and regulatory factors that are not amenable to
in vitro study can now be examined.

MINIREVIEW: ROS and adipose tissue thermogenesis

16814 J. Biol. Chem. (2017) 292(41) 16810 –16816



Acknowledgments—We thank Mike Murphy, Yuriy Kirichok, and
Ambre Bertholet for many helpful discussions.

References
1. Cannon, B., and Nedergaard, J. (2004) Brown adipose tissue: function and

physiological significance. Physiol. Rev. 84, 277–359
2. Wu, J., Boström, P., Sparks, L. M., Ye, L., Choi, J. H., Giang, A. H.,

Khandekar, M., Virtanen, K. A., Nuutila, P., Schaart, G., Huang, K., Tu, H.,
van Marken Lichtenbelt, W. D., Hoeks, J., Enerback, S., et al. (2012) Beige
adipocytes are a distinct type of thermogenic fat cell in mouse and human.
Cell 150, 366 –376

3. Shabalina, I. G., Petrovic, N., de Jong, J. M., Kalinovich, A. V., Cannon, B.,
and Nedergaard, J. (2013) UCP1 in brite/beige adipose tissue mitochon-
dria is functionally thermogenic. Cell Rep. 5, 1196 –1203

4. Nicholls, D. G. (2006) The physiological regulation of uncoupling pro-
teins. Biochim. Biophys. Acta 1757, 459 – 466

5. Kazak, L., Chouchani, E. T., Jedrychowski, M. P., Erickson, B. K., Shinoda,
K., Cohen, P., Vetrivelan, R., Lu, G. Z., Laznik-Bogoslavski, D., Hasenfuss,
S. C., Kajimura, S., Gygi, S. P., and Spiegelman, B. M. (2015) A creatine-
driven substrate cycle enhances energy expenditure and thermogenesis in
beige fat. Cell 163, 643– 655

6. Halliwell, B. (2012) Free radicals and antioxidants: updating a personal
view. Nutr. Rev. 70, 257–265

7. Collins, Y., Chouchani, E. T., James, A. M., Menger, K. E., Cochemé, H. M.,
and Murphy, M. P. (2012) Mitochondrial redox signalling at a glance.
J. Cell Sci. 125, 801– 806

8. Murphy, M. P., Holmgren, A., Larsson, N. G., Halliwell, B., Chang, C. J.,
Kalyanaraman, B., Rhee, S. G., Thornalley, P. J., Partridge, L., Gems, D.,
Nyström, T., Belousov, V., Schumacker, P. T., and Winterbourn, C. C.
(2011) Unraveling the biological roles of reactive oxygen species. Cell
Metab. 13, 361–366

9. Winterbourn, C. C. (2008) Reconciling the chemistry and biology of reac-
tive oxygen species. Nat. Chem. Biol. 4, 278 –286

10. Murphy, M. P. (2009) How mitochondria produce reactive oxygen spe-
cies. Biochem. J. 417, 1–13

11. Brand, M. D. (2016) Mitochondrial generation of superoxide and hydro-
gen peroxide as the source of mitochondrial redox signaling. Free Radic.
Biol. Med. 100, 14 –31

12. Heppner, D. E., Janssen-Heininger, Y. M., and van der Vliet, A. (2017) The
role of sulfenic acids in cellular redox signaling: reconciling chemical ki-
netics and molecular detection strategies. Arch. Biochem. Biophys. 616,
40 – 46

13. Chouchani, E. T., Pell, V. R., James, A. M., Work, L. M., Saeb-Parsy, K.,
Frezza, C., Krieg, T., and Murphy, M. P. (2016) A unifying mechanism for
mitochondrial superoxide production during ischemia-reperfusion in-
jury. Cell Metab. 23, 254 –263

14. Rhee, S. G., and Kil, I. S. (2016) Mitochondrial H2O2 signaling is controlled
by the concerted action of peroxiredoxin III and sulfiredoxin: linking mi-
tochondrial function to circadian rhythm. Free Radic. Biol. Med. 99,
120 –127

15. Rhee, S. G., and Kil, I. S. (2017) Multiple functions and regulation of mam-
malian peroxiredoxins. Annu. Rev. Biochem. 86, 749 –775

16. Chandel, N. S. (2015) Evolution of mitochondria as signaling organelles.
Cell Metab. 22, 204 –206

17. Lob, H. E., Song, J., Hurr, C., Chung, A., Young, C. N., Mark, A. L., and
Davisson, R. L. (2017) Deletion of p22phox-dependent oxidative stress in
the hypothalamus protects against obesity by modulating �3-adrenergic
mechanisms. JCI Insight 2, e87094

18. Chouchani, E. T., Kazak, L., Jedrychowski, M. P., Lu, G. Z., Erickson, B. K.,
Szpyt, J., Pierce, K. A., Laznik-Bogoslavski, D., Vetrivelan, R., Clish, C. B.,
Robinson, A. J., Gygi, S. P., and Spiegelman, B. M. (2016) Mitochondrial
ROS regulate thermogenic energy expenditure and sulfenylation of UCP1.
Nature 532, 112–116

19. Barja de Quiroga, G., López-Torres, M., Pérez-Campo, R., Abelenda, M.,
Paz Nava, M., and Puerta, M. L. (1991) Effect of cold acclimation on GSH,

antioxidant enzymes and lipid peroxidation in brown adipose tissue.
Biochem. J. 277, 289 –292

20. Mailloux, R. J., Adjeitey, C. N., Xuan, J. Y., and Harper, M. E. (2012) Crucial
yet divergent roles of mitochondrial redox state in skeletal muscle vs.
brown adipose tissue energetics. FASEB J. 26, 363–375

21. Stier, A., Bize, P., Habold, C., Bouillaud, F., Massemin, S., and Criscuolo, F.
(2014) Mitochondrial uncoupling prevents cold-induced oxidative stress:
a case study using UCP1 knockout mice. J. Exp. Biol. 217, 624 – 630

22. Shabalina, I. G., Petrovic, N., Kramarova, T. V., Hoeks, J., Cannon, B., and
Nedergaard, J. (2006) UCP1 and defense against oxidative stress. 4-Hy-
droxy-2-nonenal effects on brown fat mitochondria are uncoupling pro-
tein 1-independent. J. Biol. Chem. 281, 13882–13893

23. Han, Y. H., Buffolo, M., Pires, K. M., Pei, S., Scherer, P. E., and Boudina, S.
(2016) Adipocyte-specific deletion of manganese superoxide dismutase
protects from diet-induced obesity through increased mitochondrial un-
coupling and biogenesis. Diabetes 65, 2639 –2651

24. Fedorenko, A., Lishko, P. V., and Kirichok, Y. (2012) Mechanism of fatty-
acid-dependent UCP1 uncoupling in brown fat mitochondria. Cell 151,
400 – 413

25. Silva, J. P., Shabalina, I. G., Dufour, E., Petrovic, N., Backlund, E. C.,
Hultenby, K., Wibom, R., Nedergaard, J., Cannon, B., and Larsson, N. G.
(2005) SOD2 overexpression: enhanced mitochondrial tolerance but ab-
sence of effect on UCP activity. EMBO J. 24, 4061– 4070

26. Turrens, J. F. (2003) Mitochondrial formation of reactive oxygen species.
J. Physiol. 552, 335–344

27. Rodriguez-Cuenca, S., Cochemé, H. M., Logan, A., Abakumova, I., Prime,
T. A., Rose, C., Vidal-Puig, A., Smith, A. C., Rubinsztein, D. C., Fearnley,
I. M., Jones, B. A., Pope, S., Heales, S. J., Lam, B. Y., Neogi, S. G., McFarlane,
I., James, A. M., Smith, R. A., and Murphy, M. P. (2010) Consequences of
long-term oral administration of the mitochondria-targeted antioxidant
MitoQ to wild-type mice. Free Radic. Biol. Med. 48, 161–172

28. Smith, R. A., and Murphy, M. P. (2010) Animal and human studies with
the mitochondria-targeted antioxidant MitoQ. Ann. N. Y. Acad. Sci. 1201,
96 –103

29. Smith, R. A., Hartley, R. C., and Murphy, M. P. (2011) Mitochondria-
targeted small molecule therapeutics and probes. Antioxid. Redox Signal.
15, 3021–3038

30. Ukropec, J., Anunciado, R. P., Ravussin, Y., Hulver, M. W., and Kozak, L. P.
(2006) UCP1-independent thermogenesis in white adipose tissue of cold-
acclimated Ucp1�/� mice. J. Biol. Chem. 281, 31894 –31908

31. Pi, J., Leung, L., Xue, P., Wang, W., Hou, Y., Liu, D., Yehuda-Shnaidman,
E., Lee, C., Lau, J., Kurtz, T. W., and Chan, J. Y. (2010) Deficiency in the
nuclear factor E2-related factor-2 transcription factor results in impaired
adipogenesis and protects against diet-induced obesity. J. Biol. Chem. 285,
9292–9300

32. Chartoumpekis, D. V., Ziros, P. G., Psyrogiannis, A. I., Papavassiliou, A. G.,
Kyriazopoulou, V. E., Sykiotis, G. P., and Habeos, I. G. (2011) Nrf2 re-
presses FGF21 during long-term high-fat diet-induced obesity in mice.
Diabetes 60, 2465–2473

33. Schneider, K., Valdez, J., Nguyen, J., Vawter, M., Galke, B., Kurtz, T. W.,
and Chan, J. Y. (2016) Increased energy expenditure, Ucp1 expression, and
resistance to diet-induced obesity in mice lacking nuclear factor-
erythroid-2-related transcription factor-2 (Nrf2). J. Biol. Chem. 291,
7754 –7766

34. Jo, S. H., Son, M. K., Koh, H. J., Lee, S. M., Song, I. H., Kim, Y. O., Lee, Y. S.,
Jeong, K. S., Kim, W. B., Park, J. W., Song, B. J., Huh, T. L., and Huhe, T. L.
(2001) Control of mitochondrial redox balance and cellular defense
against oxidative damage by mitochondrial NADP�-dependent isocitrate
dehydrogenase. J. Biol. Chem. 276, 16168 –16176

35. Lee, S. J., Kim, S. H., Park, K. M., Lee, J. H., and Park, J. W. (2016) Increased
obesity resistance and insulin sensitivity in mice lacking the isocitrate
dehydrogenase 2 gene. Free Radic. Biol. Med. 99, 179 –188

36. Loh, K., Deng, H., Fukushima, A., Cai, X., Boivin, B., Galic, S., Bruce, C.,
Shields, B. J., Skiba, B., Ooms, L. M., Stepto, N., Wu, B., Mitchell, C. A.,
Tonks, N. K., Watt, M. J., et al. (2009) Reactive oxygen species enhance
insulin sensitivity. Cell Metab. 10, 260 –272

37. Kendig, E. L., Chen, Y., Krishan, M., Johansson, E., Schneider, S. N.,
Genter, M. B., Nebert, D. W., and Shertzer, H. G. (2011) Lipid metabolism

MINIREVIEW: ROS and adipose tissue thermogenesis

J. Biol. Chem. (2017) 292(41) 16810 –16816 16815



and body composition in Gclm�/� mice. Toxicol. Appl. Pharmacol. 257,
338 –348

38. Ro, S. H., Nam, M., Jang, I., Park, H. W., Park, H., Semple, I. A., Kim, M.,
Kim, J. S., Park, H., Einat, P., Damari, G., Golikov, M., Feinstein, E., and
Lee, J. H. (2014) Sestrin2 inhibits uncoupling protein 1 expression through
suppressing reactive oxygen species. Proc. Natl. Acad. Sci. U.S.A. 111,
7849 –7854

39. Lettieri Barbato, D., Tatulli, G., Maria Cannata, S., Bernardini, S., Aq-
uilano, K., and Ciriolo, M. R. (2015) Glutathione decrement drives ther-
mogenic program in adipose cells. Sci. Rep. 5, 13091

40. Findeisen, H. M., Gizard, F., Zhao, Y., Qing, H., Jones, K. L., Cohn, D., Hey-
wood, E. B., and Bruemmer, D. (2011) Glutathione depletion prevents diet-
induced obesity and enhances insulin sensitivity. Obesity 19, 2429–2432

41. Sanchez-Alavez, M., Conti, B., Wood, M. R., Bortell, N., Bustamante, E.,
Saez, E., Fox, H. S., and Marcondes, M. C. (2013) ROS and sympathetically
mediated mitochondria activation in brown adipose tissue contribute to
methamphetamine-induced hyperthermia. Front. Endocrinol. 4, 44

42. Riley, C. L., Dao, C., Kenaston, M. A., Muto, L., Kohno, S., Nowinski, S. M.,
Solmonson, A. D., Pfeiffer, M., Sack, M. N., Lu, Z., Fiermonte, G., Sprague,
J. E., and Mills, E. M. (2016) The complementary and divergent roles of un-
coupling proteins 1 and 3 in thermoregulation. J. Physiol. 594, 7455–7464

43. Sanchez-Alavez, M., Bortell, N., Galmozzi, A., Conti, B., and Marcondes,
M. C. (2014) Reactive oxygen species scavenger N-acetyl cysteine reduces
methamphetamine-induced hyperthermia without affecting motor activ-
ity in mice. Temperature 1, 227–241

44. Yang, J., Carroll, K. S., and Liebler, D. C. (2016) The expanding landscape
of the thiol redox proteome. Mol. Cell. Proteomics 15, 1–11

45. Shannon, D. A., and Weerapana, E. (2015) Covalent protein modification:
the current landscape of residue-specific electrophiles. Curr. Opin. Chem.
Biol. 24, 18 –26

46. Chouchani, E. T., James, A. M., Fearnley, I. M., Lilley, K. S., and Murphy,
M. P. (2011) Proteomic approaches to the characterization of protein thiol
modification. Curr. Opin. Chem. Biol. 15, 120 –128

47. Gupta, V., and Carroll, K. S. (2014) Sulfenic acid chemistry, detection and
cellular lifetime. Biochim. Biophys. Acta 1840, 847– 875

48. Martínez-Acedo, P., Gupta, V., and Carroll, K. S. (2014) Proteomic anal-
ysis of peptides tagged with dimedone and related probes. J. Mass Spec-
trom. 49, 257–265

49. Nicholls, D. G. (2017) The hunt for the molecular mechanism of brown fat
thermogenesis. Biochimie 134, 9 –18

50. Rafael, J., Ludolph, H. J., and Hohorst, H. J. (1969) Mitochondria from
brown adipose tissue: uncoupling of respiratory chain phosphorylation by
long fatty acids and recoupling by guanosine triphosphate. Hoppe-Seylers
Z. Physiol. Chem. 350, 1121–1131

51. Hittelman, K. J., Lindberg, O., and Cannon, B. (1969) Oxidative phosphor-
ylation and compartmentation of fatty acid metabolism in brown fat mi-
tochondria. Eur. J. Biochem. 11, 183–192

52. Locke, R. M., Rial, E., Scott, I. D., and Nicholls, D. G. (1982) Fatty acids as
acute regulators of the proton conductance of hamster brown-fat mito-
chondria. Eur. J. Biochem. 129, 373–380

53. Bertholet, A. M., and Kirichok, Y. (2017) UCP1: A transporter for H� and
fatty acid anions. Biochimie 134, 28 –34

54. Echtay, K. S., Roussel, D., St-Pierre, J., Jekabsons, M. B., Cadenas, S., Stuart,
J. A., Harper, J. A., Roebuck, S. J., Morrison, A., Pickering, S., Clapham,
J. C., and Brand, M. D. (2002) Superoxide activates mitochondrial uncou-
pling proteins. Nature 415, 96 –99

55. Echtay, K. S., Esteves, T. C., Pakay, J. L., Jekabsons, M. B., Lambert, A. J.,
Portero-Otín, M., Pamplona, R., Vidal-Puig, A. J., Wang, S., Roebuck, S. J.,
and Brand, M. D. (2003) A signalling role for 4-hydroxy-2-nonenal in
regulation of mitochondrial uncoupling. EMBO J. 22, 4103– 4110

56. Esteves, T. C., Parker, N., and Brand, M. D. (2006) Synergy of fatty acid and
reactive alkenal activation of proton conductance through uncoupling
protein 1 in mitochondria. Biochem. J. 395, 619 – 628

57. Malingriaux, E. A., Rupprecht, A., Gille, L., Jovanovic, O., Jezek, P., Jabu-
rek, M., and Pohl, E. E. (2013) Fatty acids are key in 4-hydroxy-2-nonenal-
mediated activation of uncoupling proteins 1 and 2. PLoS One 8, e77786

58. Arechaga, I., Raimbault, S., Prieto, S., Levi-Meyrueis, C., Zaragoza, P.,
Miroux, B., Ricquier, D., Bouillaud, F., and Rial, E. (1993) Cysteine residues
are not essential for uncoupling protein function. Biochem. J. 296,
693–700

MINIREVIEW: ROS and adipose tissue thermogenesis

16816 J. Biol. Chem. (2017) 292(41) 16810 –16816



Stress-sensing mechanisms and the physiological roles of the
Keap1–Nrf2 system during cellular stress
Published, Papers in Press, August 24, 2017, DOI 10.1074/jbc.R117.800169

Takafumi Suzuki and Masayuki Yamamoto1

From the Department of Medical Biochemistry, Tohoku University Graduate School of Medicine, 2-1 Seiryo-machi, Aoba-ku,
Sendai 980-8575, Japan

Edited by Ruma Banerjee

Transcription factor Nrf2 (NF-E2-related factor 2) is a master
regulator of cellular responses against environmental stresses.
Nrf2 induces the expression of detoxification and antioxidant
enzymes and suppresses the induction of pro-inflammatory
cytokine genes. Keap1 (Kelch-like ECH-associated protein 1) is
an adaptor subunit of Cullin 3-based E3 ubiquitin ligase. Keap1
regulates the activity of Nrf2 and acts as a sensor for oxidative
and electrophilic stresses. In this review, we discuss the molec-
ular mechanisms by which the Keap1–Nrf2 system senses and
regulates the cellular response to environmental stresses. In
particular, we focus on the multiple stress-sensing mechanisms
of Keap1 and novel regulatory functions of Nrf2.

Our body is equipped with a defense system that up-regu-
lates the expression levels of cytoprotective enzyme genes. Nrf2
is the central player in the inducible expression of cellular
defense enzymes (1, 2). Nrf2 belongs to the CNC (cap-n-collar)
subfamily of basic region-leucine zipper-type transcription
factors (3). Nrf2 dimerizes with one of the small Maf proteins
(sMaf). The Nrf2-sMaf heterodimer binds to the antioxidant-
response element (ARE)2 or electrophile-response element
located in the regulatory regions of many cytoprotective
enzyme genes (1, 4 – 6). In this way, Nrf2 activates a wide range
of cellular defense processes, thereby eliminating harmful
substances.

Keap1 acts as an E3 ubiquitin ligase substrate-recognition
subunit and specifically targets Nrf2 (7–10). In the absence of
stress, Nrf2 is efficiently ubiquitinated by the Keap1–Cul3 E3
ligase and degraded rapidly through the proteasome pathway,

such that cellular Nrf2 activity is constitutively suppressed.
Upon exposure to oxidative or electrophilic stresses, Keap1
loses its ability to ubiquitinate Nrf2, allowing Nrf2 to accumu-
late in the nucleus and activate its target genes.

Recent studies expanded our knowledge on the targets of the
Keap1–Nrf2 system, and the molecular mechanisms under-
pinning how this system senses a variety of environmental
stresses. Keap1 primarily regulates Nrf2 in the cytoplasm;
however, a Keap1-independent mechanism utilizing �-TrCP
(�-transducin repeat-containing protein) in the nucleus also
operates (11).

Anti-inflammation by Nrf2

Several hundred Nrf2 target genes have been identified
through gene expression profiling analysis and chromatin
immunoprecipitation (ChIP) analysis (12–17). The Nrf2 target
genes identified in these studies include enzymes involved in
detoxification, anti-oxidation, and metabolism, as summarized
in Fig. 1 (18).

In addition to protecting against oxidative and xenobiotic
insults, Nrf2 has also been known to attenuate inflammation
(19). Nrf2 deficiency exacerbates inflammation, such as sepsis,
pleurisy, and emphysema, in a variety of murine models (20 –
22). In human clinical studies, the Nrf2 inducer Tecfidera�
(dimethyl fumarate) has been approved for the treatment of
multiple sclerosis (23, 24)–at least in part based on its anti-
inflammatory function. Thus, Nrf2 is essential in controlling
inflammation.

Recent microarray and ChIP-sequence analyses have re-
vealed that Nrf2 binds in the promoter proximal region of pro-
inflammatory cytokine genes, including IL-6 and IL-1b, and
inhibits the lipopolysaccharide-induced expression of these
genes (Fig. 1) (17). Nrf2 activation disrupts the recruitment of
RNA polymerase II to IL-6 and IL-1b loci and relieves inflam-
matory phenotypes. This Nrf2-mediated transcriptional inter-
ference appears to be independent of the level of reactive oxy-
gen species. Although the conventional hypothesis is that Nrf2
alleviates inflammation as a secondary consequence of its anti-
reactive oxygen species and anti-oxidation function (25), these
results suggest that Nrf2 inhibits the induction of pro-inflam-
matory cytokine gene transcription. Thus, Nrf2 appears to be
the key regulator of two important cytoprotective pathways,
anti-inflammation and anti-oxidation. The precise mechanism
by which Nrf2 impedes pro-inflammatory cytokine gene tran-
scription requires further study.
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It is plausible that Nrf2 inducers would be beneficial in the
treatment of a variety of diseases that are aggravated by IL-6/
IL-1 signaling (26). In fact, neutralizing antibodies and receptor
antagonists that block IL-6/IL-1 signaling have been developed
and approved for the treatment of rheumatoid arthritis and
other inflammatory diseases (27). Nrf2 inducers are small mol-
ecules that can be administered orally with a lower burden on
patients—an advantage over antibody-based drugs that require
subcutaneous or intravenous administration.

Nrf2–Keap1–Cul3 complex

Keap1 is a protein that interacts with the Neh2 (Nrf2–ECH
homology domain 2) degron domain of Nrf2 (7). Keap1 also
interacts with Cullin 3 (Cul3) to form a ubiquitin E3 ligase com-
plex that ubiquitinates Nrf2 almost exclusively (9, 28 –30).

The stoichiometry of Keap1 and Nrf2 within the Keap1–Nrf2
complex is 2:1, as shown by isothermal calorimetry analysis
(31), nuclear magnetic resonance (NMR) titration (31), and an
analytical centrifugation experiment (32). A single Nrf2 protein
binds to a Keap1 homodimer using a high-affinity ETGE motif
and a low-affinity DLG motif (Fig. 2A). This two-site recogni-
tion/binding mechanism of the Nrf2 Neh2 domain and Keap1
homodimer is essential for the efficient ubiquitination of Nrf2
(31, 33, 34).

Endogenous Keap1 and Cul3 mainly localize in the cyto-
plasm (35). Oxidative and/or electrophilic stresses provoke the
nuclear accumulation of Nrf2 without altering the cytoplasmic
localization of Keap1 (35) or triggering dissociation of the
Keap1–Nrf2 complex (36). Keap1-based E3 ubiquitin ligase
activity is inhibited by oxidative and electrophilic stresses. This
reduces Nrf2 ubiquitination and leads to the stabilization and
nuclear accumulation of de novo synthesized Nrf2 (36). One key
premise is that this stress-induced disruption of Keap1–Cul3
E3 ubiquitin ligase activity sanctions the constitutive and active
synthesis of Nrf2 molecules. This pool of Nrf2 then floods the
cytoplasm, and Nrf2 rapidly translocates to the nucleus.

The absolute numbers of Nrf2, Keap1, and Cul3 proteins
within cells were quantitatively analyzed using five different cell
lines (32). In the basal state, Nrf2 protein was maintained at a
level significantly lower than the levels of Keap1 and Cul3 pro-
teins. When challenged with the electrophilic Nrf2 inducer
diethyl maleate (DEM), the abundance and localization of
Keap1 and Cul3 proteins did not change, whereas Nrf2 rose to a
level considerably higher than the levels of Keap1 and Cul3
proteins (32).

These results support our contention that in the basal state
the Keap1–Cul3 ubiquitin ligase complex acts as a “floodgate”
and degrades Nrf2 efficiently through the proteasome system
(32). In response to oxidative/electrophilic stimuli (or induc-
ers), the Keap1–Cul3 complex loses ubiquitin ligase activity (or
the floodgate function), and Nrf2 accumulates in the nucleus
and activates target genes (Fig. 2B).

Conflicting reports exist regarding the stoichiometry of
Keap1 and Cul3. Although one study reports that one Cul3
protein binds to a homodimer of Keap1 (37), another report
shows that two Cul3 proteins bind to a Keap1 homodimer (38).
Recent analytical centrifugation experiments verified that the
stoichiometry of the Keap1–Cul3 complex is actually two Cul3
monomers bound to one Keap1 homodimer in a 2:2 ratio (32).

The Keap1 Cys-151 residue is essential for the cellular
response to a number of Nrf2-inducing electrophiles (39 – 45).
Cys-151 is located in the BTB domain of Keap1, which is

Figure 1. Nrf2 is the key regulator in two important cytoprotective path-
ways, anti-inflammation and anti-oxidation. Nrf2 activates genes involved
in detoxification (Nqo1 and Gsts), anti-oxidation (Gpx and Txnrd1), and
metabolism (G6pd and Gbe1). Conversely, Nrf2 inhibits the induction of pro-
inflammatory cytokine gene transcription (IL-6 and IL-1b). Abbreviations
used are as follows: Nqo1, NAD(P)H quinone dehydrogenase 1; Gsts, glutathi-
one S-transferases; Gpx2, glutathione peroxidase 2; Txnrd1, thioredoxin
reductase 1; G6pd, glucose-6-phosphate dehydrogenase; Gbe1, 1,4-�-glucan
branching enzyme 1; IL-6, interleukin-6; and IL-1b, interleukin-1�.

Figure 2. Molecular dynamics of the Nrf2–Keap1–Cul3 complex in cells.
A, two-site binding model of the Nrf2 Neh2 domain and Keap1 homodimer.
Note that the ETGE and DLG motifs in the Neh2 domain are high-affinity and
low-affinity motifs, respectively. B, in the basal state, a portion of the ubiquitin
(Ub) ligase Keap1–Cul3 complex acts as a floodgate and degrades Nrf2 in the
proteasome system. In response to oxidative and electrophilic stimuli, Nrf2
accumulates significantly in the nucleus. These stimuli do not affect the abun-
dance and subcellular localization of Keap1 and Cul3 or the interaction of
Keap1 with Cul3 and Nrf2. Pooled Nrf2 dimerizes with one of the small Maf
proteins (sMaf) to form an Nrf2–sMaf heterodimer that recognizes the ARE
and activates target gene expression.
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responsible for the interaction of Keap1 with Cul3. Consistent
with these observations, several reports have shown that mod-
ification of Cys-151 inhibits the Keap1–Cul3 interface and pre-
vents ubiquitination of Nrf2 (30, 41). It should be noted that
there are a couple of reports that disagree with this model (46,
47). For instance, the Keap1–Cul3 complex does not dissociate
upon exposure to 5,6-dihydrocyclopenta-1,2-dithiole-3-thione
or sulforaphane (46). Similarly, a live-cell imaging analysis
showed no dissociation of the Keap1–Cul3 complex upon
exposure to 1-[2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oyl]
(CDDO), sulforaphane, sulfoxythiocarbamate alkyne, or hy-
drogen peroxide (47).

In this regard, pulldown and analytical centrifugation analy-
ses show that many of the Cys-151-targeting electrophilic
inducers do not provoke dissociation of the Keap1–Cul3 com-
plex, except in the case of CDDO-imidazole (CDDO-Im) (32).
This special effect of CDDO-Im on the Keap1–Cul3 association
concurs with co-crystal analysis of CDDO and the BTB domain
of Keap1, which shows that Cys-151 modification by CDDO is
capable of inhibiting the binding of Cul3 to Keap1 (48).

Chemical inducers produce conformational changes in
Keap1, as shown by a hydrophobicity probe (49). We surmise
that cysteine modification elicits structural alterations in Keap1
by affecting the complex status of Keap1 and Cul3 without
causing their dissociation. This structural alteration in Keap1
prevents Nrf2 ubiquitination. It is possible that Cys-151 modi-
fication affects the angle of orientation of the Keap1–Cul3 asso-
ciation, thereby significantly altering the distance between
ubiquitin and the target lysine residues in the Neh2 domain.

Nrf2 chemical inducers interacting with Cys-151

A variety of Nrf2 chemical inducers have been reported, and
the majority are electrophilic and react with nucleophilic thiols,
including cysteine sulfhydryl groups (50). Specific patterns of
Keap1 cysteine modifications by individual Nrf2 chemical
inducers have been identified by mass spectrometry analyses
(23, 42, 51, 52), and these modifications affect the ubiquitin E3
ligase activity of the Keap1–Cul3 complex.

The functional significance of the cysteine residues in Keap1
has been examined using site-directed mutagenesis (39, 40, 44,
45). The results suggest that the chemicals triggering Nrf2 acti-
vation are associated with Keap1 cysteine modification and
show distinct profiles. This unique use of cysteine residues as
sensors has led to the “cysteine code” concept. The cysteine
code supports the uniqueness of the Keap1–Nrf2 system that
responds to a diverse array of chemicals and oxidative insults
(18). Indeed, our recent results revealed that the three major
cysteine residues Cys-151, Cys-273, and Cys-288 act individu-
ally and/or redundantly as sensors of various electrophiles (45).
These studies unequivocally demonstrate that Keap1 employs
multiple cysteine residues as sensors enabling Nrf2-mediated
cytoprotective responses. The three major cysteine residues in
Keap1 act specifically and/or collaboratively as sensors (45).
Based on these analyses, Nrf2 inducers have been classified into
at least five classes (Fig. 3).

The importance of Cys-151 as a sensor has been verified (39 –
45). Knock-in or transgenic mice expressing a Keap1 mutant
where Cys-151 has been substituted with serine are referred to

as Keap1C151S. In Keap1C151S mouse embryonic fibroblasts
(MEFs) and peritoneal macrophages, the Cys-151 residue was
found to be indispensable for the accumulation of Nrf2 in
response to a set of electrophilic chemicals. These Nrf2 induc-
ers include DEM, tert-butylhydroquinone, dimethyl fumarate,
nitric oxide (NO), TFM-735, and CDDO-Im (44, 45, 53) and are
categorized into Class I as Cys-151-preferring inducers (Fig. 3).

The other Nrf2 inducers

It has been assumed that other cysteine residues, especially
Cys-273 and Cys-288, might also contribute to the stress-sen-
sor function of Keap1. It has been suggested that Cys-273 and
Cys-288 residues react to 15-deoxy-�12,14-prostaglandin J2
(15d-PGJ2) (42). However, substitution of Cys-273 and Cys-288
with serine or alanine failed to repress Nrf2 activity in both a
reporter co-transfection transactivation assay (39, 54) and in
transgenic complementation rescue mouse experiments (40).
Thus, a technical difficulty is precluding a simple validation of
this notion.

Comparison of Cys-273 and Cys-288 among Kelch-like
(KLHL) family members suggests that KLHL proteins, includ-
ing Keap1, likely possess a similar structure contiguous with
Cys-273 and Cys-288 for functioning as a ubiquitin ligase (45).
In light of this knowledge, we infer that electrophilic modifica-
tion of Cys-273 and Cys-288 readily disrupts the conformation
of Keap1 that is critical for ubiquitin ligase activity.

To this end, we systematically introduced amino acid substi-
tutions into Cys-273 and Cys-288, and we identified amino
acids that do not affect the ability of Keap1 to repress Nrf2
accumulation (45). Keap1 mutants in which Cys-273 was
replaced with hydrophobic residues (methionine or trypto-
phan) and Cys-288 was replaced with hydrophilic residues (glu-

Figure 3. Model of the multiple stress-sensing mechanisms acting
through Keap1. There are five classes of Nrf2 inducers: Class I, Cys-151-pre-
ferring; Class II, Cys-288-preferring; Class III, Cys-151/Cys-273/Cys-288-selec-
tive; Class IV, Cys-151/Cys-273/Cys-288-independent; and Class V, non-elec-
trophilic. Chemicals representative of each class are shown. Abbreviations
used are as follows: tBHQ, tert-butylhydroquinone; DEM, diethyl maleate;
DMF, dimethyl fumarate; SFN, sulforaphane; NO, nitric oxide; CDDO, 1-[2-
cyano-3,12-dioxooleana-1,9(11)-dien-28-oyl]; CDDO-Im, CDDO-imidazole;
OA-NO2, nitrooctadec-9-enoic acid; 4-HNE, 4-hydroxynonenal; 15d-PGJ2,
15-deoxy-�12,14-prostaglandin J2; H2O2, hydrogen peroxide; PGA2, prosta-
glandin A2; Dex-Mes, dexamethasone 21-mesylate.
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tamate, asparagine, or arginine) (45) retained the ability to
repress Nrf2 accumulation. In unstressed conditions, it seems
that Cys-273 and Cys-288 are kept in hydrophobic and hydro-
philic conditions, respectively. These characteristics of Cys-273
and Cys-288 might be critical for the structural integrity of
Keap1 for maintaining ubiquitin ligase activity. However, con-
clusive insights into these structural requirements await eluci-
dation of the structure surrounding the intervening region that
incorporates Cys-273 and Cys-288.

It was shown in MEFs from Keap1-C288E (Keap1C288E)
knock-in mice that 15d-PGJ2 is recognized by Keap1 Cys-288.
Therefore, 15d-PGJ2 belongs to Class II chemicals known as
Cys-288-preferring inducers (Fig. 3).

Moreover, all three cysteine residues (Cys-151, Cys-273,
and Cys-288) are indispensable for the activity of Keap1 that
senses 9-nitro-octadec-9-enoic acid, 4-hydroxy-2-nonenal,
and sodium arsenite (NaAsO2). These chemicals therefore
belong to Class III and are referred to as Cys-151/Cys-273/Cys-
288-selective inducers (Fig. 3).

Class IV inducers are known as Cys-151/Cys-273/Cys-288-
independent inducers (Fig. 3) and include prostaglandin A2,
zinc chloride (ZnCl2), cadmium chloride (CdCl2), dexametha-
sone 21-mesylate, and hydrogen peroxide (H2O2). The three
Keap1 cysteines Cys-151, Cys-273 and Cys-288 were mutated
to serine, tryptophan, and glutamic acid, respectively, to gener-
ate Keap1C151S/C273W/C288E mice that have a triple cysteine sen-
sor mutation in Keap1. Nrf2 accumulation by Class IV inducers
was not affected in Keap1C151S/C273W/C288E-expressing MEFs,
indicating that the three cysteine residues are dispensable for
Nrf2 activation in response to Class IV inducers (45). This sug-
gests that alternative cysteine residues are critical for stress rec-
ognition by Keap1. Indeed, Cys-226, Cys-434, and Cys-613 have
been suggested to be important for Nrf2 activation (55, 56),
although further investigations are necessary to validate these
findings.

Most Nrf2 inducers are known to interact with the cysteine
residues of Keap1, thereby inactivating Keap1 E3 ligase activity.
Classic inducers of Nrf2 interact with the cysteine residues of
Keap1 by virtue of their electrophilic nature and can therefore
inherently react with glutathione or thiol in proteins. Because
an overdose of such thiol-reactive chemicals could cause elec-
trophilic damage in cells, chemicals that directly inhibit the
protein-protein interaction (PPI) of Keap1 and Nrf2 are emerg-
ing as attractive novel Nrf2 inducers (Class V in Fig. 3) (57– 61).

It is interesting to note that Astex Pharmaceuticals and
GlaxoSmithKline Pharmaceuticals disclosed a novel phenyl-
propanoic acid-based Keap1–Nrf2 PPI inhibitor through the
fragment-based drug design method (59). This compound has
an IC50 (inhibitory concentration of 50%) value of 15 nM and
showed a high potency in cellular and in vivo models (59). To
our knowledge, this compound is one of the most potent
Keap1–Nrf2-based inhibitors reported to date, and other can-
didates also exist.

Novel function of Nrf2

Keap1 is the critical negative regulator of Nrf2 in vivo, as
widely validated through experiments using mouse genetics.
Direct Keap1 knock-out mice (Keap1�/�) die around the time

of weaning due to hyperkeratosis of the upper digestive tract,
which leads to feeding problems. Nonetheless, Nrf2 accumu-
lates in the nucleus, and cytoprotective genes are constitutively
up-regulated in various tissues in these global Keap1 knock-out
mice (62). Hyperkeratosis and the massive induction in cyto-
protective gene expression are reversed in Keap1�/�::Nrf2�/�

mice (62), indicating that the lethal phenotype of Keap1�/�

mice is due to constitutive stabilization of Nrf2 (Table 1).
The Keap1 gene is deleted in squamous epithelium in Kera-

tin5-Cre mice (Keap1flox/flox::K5-Cre) that express the Keratin5
promoter-regulated Cre recombinase in squamous epithelium
(63) and results in lethality at the weaning age (64). Keap1 defi-
ciency in the esophagus is the primary cause of this lethality due
to malnutrition from obstructive lesions in the upper digestive
tract.

We found that a loxP addition to the Keap1 locus generates
knockdown of the Keap1 gene, which leads to constitutive
accumulation of Nrf2 throughout the whole body without
lethality (64). These Keap1 knockdown mice (Keap1KD/KD or
Keap1KD/�) prove quite useful for examining the effects of Nrf2
activation in vivo (Table 1) (64 – 68). Importantly, compared
with global Keap1-null mice, Nrf2 activation is weaker in Keap1
knockdown mice due to partial retention of Keap1 gene
expression.

We remedied hyperkeratosis in the esophagus and subse-
quent lethality in the global Keap1 knock-out mouse by introduc-
ing squamous epithelium-specific Nrf2 deficiency (Keap1�/�::
Nrf2flox/flox::K5-Cre) (Table 1) (69). These NEKO (Nrf2-defi-
cient in esophagus and Keap1-null) mice have full activation of
Nrf2 in most tissues, except in esophagus and skin.

Analyses of NEKO mice led to the discovery of a novel phe-
notype in the kidney, which is attributable to full activation of
Nrf2 by complete deletion of Keap1. NEKO mice display poly-
uria with low osmolality, an impaired response to dehydration,

Table 1
Summary of Keap1 gene-modified mice and their phenotypes
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and consequent renal structural damage like hydronephrosis
(69). This phenotype might be caused by reduced aquaporin 2
(AQP2) protein in the kidney, because AQP2 is a well-known
water channel responsible for the reabsorption of water in the
kidney (70, 71).

These renal phenotypes are recapitulated by renal tubular-
specific Keap1 gene deletion during development, but not in
adulthood (69, 72), indicating that Nrf2 activation in renal tis-
sue at an early stage is responsible for the polyuria and kidney
damage observed in NEKO mice (Table 1). Thus, full Nrf2 acti-
vation during renal development leads to nephrogenic diabetes
insipidus (NDI).

Vasopressin-mediated trafficking of AQP2 to the apical
membrane is known to elicit urinary excretion of AQP2 (73).
Compared with control mice, the AQP2 protein level in NEKO
mouse urine is significantly greater, and the glycosylated form
of AQP2 protein is strikingly reduced in NEKO kidneys (69).
Therefore, Nrf2 seems to regulate glycosylation-related gene
expression involved in AQP2 trafficking. Indeed, we found up-
regulated expression of Clec4d and Clec4n genes (69), which
encode members of the C-type lectin family (74). This suggests
that Clec4d and Clec4n enhance the transport of AQP2 to the
apical membrane, thereby enhancing the urinary excretion of
AQP2 (69).

Murine phenotypes of Nrf2 hyperactivation mediated by the
loss of Keap1 function include esophageal hyperkeratosis and a
urinary concentrating defect (62, 69). This implies that Nrf2
regulates not only cytoprotective genes but also other genes
involved in cell-fate determination and the maintenance of
organismal homeostasis. Importantly, although elevated Nrf2
levels have been identified in various types of human cancers
(75, 76), spontaneous tumorigenesis has not been observed in
NEKO mice (69), indicating that mere hyperactivation of Nrf2
is not sufficient to elicit cancer per se.

An intriguing discussion here is that dioxin has been known
to induce hydronephrosis in childhood without anatomical
obstruction of the ureter (77). Dioxin-induced hydronephrosis
is elicited by an elevated production of prostaglandin E2 (PGE2),
which is a potent electrophilic inducer of Nrf2 (78). Of note, the
development of hydronephrosis is induced by exposure to
dioxin in the neonatal stage but not during adulthood (79).
This developmental stage-specific effect of dioxin (or window
to dioxin) is akin to the observation that inducible and renal
tubular-specific Keap1 knock-out mice develop hydronephro-
sis in childhood but not in adulthood (69). These similarities
imply that dioxin-induced hydronephrosis could be explained
by the constitutive activation of Nrf2 by chronic elevation of
PGE2 in the developing kidney. This advocates that chronic
exposure to Nrf2 activators, such as environmental pollutants,
prostaglandins, and oxidative stress, during kidney develop-
ment may cause NDI and hydronephrosis.

In light of this observation, the timing at which Nrf2-activa-
tion treatment is given needs to be carefully considered. The
administration of Nrf2-activating chemicals during adulthood
might not cause strong adverse effects in the kidney (69). Even
if treatment includes chronic administration of potent Nrf2
inducers, the body does not seem to be impaired. Indeed, many
previous studies revealed that pharmacological Nrf2 activation

has a protective effect on a variety of stress-mediated diseases,
including kidney injury (80, 81).

In addition to the renal phenotype, mild anemia, growth
retardation, and poor survival have been observed in NEKO
mice (69). The anemia, growth retardation, and poor survival
cannot be recapitulated in renal tubular-specific Keap1-defi-
cient mice (69), indicating that these phenotypes are indepen-
dent of Nrf2 activation in renal tubules. Loss of Keap1 in hema-
topoietic cells suppresses differentiation toward the erythroid
lineage (82), so the anemia in NEKO mice is likely due to a lack
of Keap1 in hematopoietic cells. Growth retardation in NEKO
mice might be caused by Nrf2 activation in skeletal muscle and
adipose tissue, because Keap1 deletion in skeletal muscle
reduces body weight (83), and loss of Keap1 represses the dif-
ferentiation of adipose cells (84).

Because NEKO mice likely have other phenotypes that have
not yet been studied, further analysis of NEKO mice will pro-
vide new insights for a better understanding of the physiologi-
cal functions of Nrf2.

Future perspectives

Accumulating lines of evidence have proven that Keap1
senses a wide range of Nrf2-inducing chemicals (44, 45). None-
theless, how Keap1 senses a variety of chemicals utilizing mul-
tiple and distinct sets of cysteine residues remains to be
clarified. Additional studies on the sensing mechanisms will ad-
vance our understanding of the environmental stress response
and hopefully lead to the eradication of environmental stress-
related disorders.

Identification of the unexpected adverse effects of Nrf2
hyperactivation, such as NDI (69) and reduced placental angio-
genesis in preeclampsia (85), are important. We believe that
wide-ranging clinical applications of Nrf2 activators will come
of age. Therefore, the adverse effects of Nrf2 activators need to
be rigorously explored to use Nrf2 activators in a safe and
appropriate manner. We believe that the unfavorable effects of
Nrf2 activation can be overcome with accurate and detailed
knowledge of the Keap1–Nrf2 system.
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Hypoxia and dysregulated metabolism are defining features
of solid tumors. How cancer cells adapt to low O2 has been illu-
minated by numerous studies, with “reprogrammed” metabo-
lism being one of the most important mechanisms. This meta-
bolic reprogramming not only promotes cancer cell plasticity,
but also provides novel insights for treatment strategies. As the
most studied O2 “sensor,” hypoxia-inducible factor (HIF) is
regarded as an important regulator of hypoxia-induced tran-
scriptional responses. This minireview will summarize our cur-
rent understanding of hypoxia-induced changes in cancer cell
metabolism, with an initial focus on HIF-mediated effects, and
will highlight how these metabolic alterations affect malignant
phenotypes.

Molecular oxygen (O2) is a key nutrient required for aerobic
metabolism to maintain intracellular bioenergetics and as
a substrate in numerous organic and inorganic reactions.
Hypoxia, defined by a deficiency in the amount of tissue O2
levels, occurs in a variety of physiological as well as pathological
conditions. Significant research interest in variable O2 avail-
ability in cancers can be traced to the early 20th century, when
Otto Warburg found that unlike most normal tissues, cancer
cells preferentially “ferment” glucose to pyruvate and then lac-
tate even in the presence of sufficient O2 to support mitochon-
drial metabolism (the “Warburg effect”). Although the under-
lying mechanisms of this observation were not clear and
numerous subsequent studies demonstrated certain limitations
in this theory (especially the hypothesis that cancer cells
develop a defect in mitochondria that leads to impaired aerobic
respiration), it opened a new territory of investigating how
cancer cells rewire metabolism to adapt to changes in O2 levels.
When facing hypoxia, cells modulate a number of conserved
molecular responses, including those regulated by hypoxia-
inducible factors (HIFs),3 endoplasmic reticulum (ER)

stress responses, mechanistic target of rapamycin signaling,
autophagy, and others. These processes promote altered
metabolism to match O2 supply. In this minireview, we will
discuss hypoxia responses according to HIF-dependent and
-independent pathways and how they impact progression of
solid tumors.

HIF-dependent metabolic reprogramming

The HIF hydroxylase system

The HIF system itself has been reviewed extensively else-
where (1, 2). Initially identified as a transcriptional regulator
bound to a hypoxia-response element (HRE) of the erythropoi-
etin (EPO) gene to promote EPO production, it readily became
apparent that this pathway operated much more widely, and it
is currently recognized as a key modulator of the transcrip-
tional response to hypoxic stress. Briefly, HIFs are heterodi-
meric transcription factors consisting of � and � subunits.
Three HIF� isoforms exist in the mammalian genome (1�, 2�,
and 3�), of which HIF1� and HIF2� are the best characterized.
HIF� subunits heterodimerize with stable HIF1� (or ARNT),
recognize, and then bind to HREs ((G/A)CGTG) throughout
the genome to regulate downstream gene expression. Hypoxia-
inducible behavior is conferred by the HIF� subunits, the pro-
tein abundance and transcriptional activity of which are regu-
lated by O2-dependent prolyl and asparaginyl hydroxylation. In
well-oxygenated environments, HIF� subunits are hydroxy-
lated by prolyl hydroxylases (PHDs) and factor-inhibiting HIF
(FIH), and in turn they are targeted for proteosomal degrada-
tion by an E3 ubiquitin ligase, the von Hippel-Lindau protein
(pVHL) complex. In hypoxic conditions, PHD and FIH activi-
ties are diminished, and HIF� proteins are stabilized, which
consequently induces transcription of thousands of genes sup-
plying adaptive functions, such as vascular endothelial growth
factor (VEGF), carbonic anhydrase IX (CAIX), EPO, and others.

HIF regulation of glucose metabolism

Glycolysis—Because O2 serves as an electron acceptor in oxi-
dative phosphorylation, a central adaptation to hypoxia is a
shift toward non-oxidative forms of carbon metabolism and
ATP production, such as anaerobic glycolysis (Fig. 1A). This
process is altered in cancer or other rapidly-dividing cells
because of the high demand for glycolytic intermediates for
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macromolecular synthesis. HIF1� contributes to this shift by
promoting the expression of genes at almost every step in cen-
tral carbon metabolism, such as hexokinases (HK1 and HK2),
phosphofructokinase 1 (PFK1), and phosphoglycerate kinase 1
(PGK1) (3). Glucose transporters GLUT1 and GLUT3 required

for initial glucose internalization are also transcriptionally reg-
ulated by HIF1� (4, 5), which guarantees adequate glucose
uptake and rapid energy production that compensates for its
low efficiency. In addition, an end product of glycolysis, i.e.
lactate, is efficiently removed from the cell through the action
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of HIF1�-inducible plasma membrane monocarboxylate trans-
porter 4 (MCT4) (6). Taken together, HIF impacts both the
glycolytic pathway itself and ancillary processes that support it.

Interestingly, although it is well-known that HIF activates
genes encoding glucose metabolic enzymes, recent evidence
indicates that some enzymes in turn affect HIF activity through
direct physical interaction. One important example is pyruvate
kinase, which catalyzes the transfer of a phosphate group from
phosphoenolpyruvate to adenosine diphosphate (ADP), yield-
ing one molecule each of pyruvate and ATP. As the last step in
glycolysis, pyruvate kinase is a key enzyme that determines gly-
colytic flux. HIF1� induces transcription of the PKM gene (7),
which encodes PKM1 and PKM2 isoforms. It has been exten-
sively reported that cancer cells replace PKM1 with the less
active PKM2, thereby reducing pyruvate production and redi-
recting glycolytic carbon to biosynthetic pathways to support
cell growth (8). Importantly, Luo et al. (7) showed that PKM2,
but not PKM1, interacts directly with HIF1� subunits and pro-
motes transactivation of HIF target genes by enhancing HIF1�
binding and p300 recruitment to HREs, at least partially
explaining the function of PKM2 in cancer cells. This observa-
tion has more recently been extended to macrophages (9):
lipopolysaccharide, which initiates immune responses found in
endotoxemia, induces PKM2 expression, enhancing the “War-
burg effect” and shifting glucose metabolism away from oxida-
tive phosphorylation toward a glycolytic program. This
metabolic adaptation helps macrophages meet the increased
demand for biosynthetic precursors required for mounting an
immune response. Similarly, PKM2 interacts with HIF1� in
activated macrophages to promote IL-1� production (9).

Another important regulatory enzyme is the gluconeogenic
fructose-1,6-bisphosphatase 1 (FBP1). Li et al. (10) found FBP1
is uniformly depleted in over 600 clear cell renal cell carcinoma
(ccRCC) tumors examined, in which pVHL is lost and HIF
activity is constitutively maintained at high levels. Importantly,
FBP1 opposes tumor growth not only though its enzymatic
function by antagonizing glycolytic flux and inhibiting the
“Warburg effect,” but also by inhibiting nuclear HIF function
via direct interaction with the HIF� “inhibitory domain” (10).
These two examples demonstrate complex regulation between
HIF and its transcriptional targets and provide potential alter-
native therapeutic strategies (apart from targeting HIF directly)
in tumors addicted to HIF signaling. Finally, whether and how
other metabolic enzymes affect HIF activity is under active
investigation.

Glycogen metabolism—Intracellular glucose is stored in the
form of glycogen, a macromolecule essential for energy supply
and glucose homeostasis (Fig. 1A) (11). Glycogen accumulation
has been described in various cancer cells, although its abun-
dance varies greatly across tumor types (12). Along with lipid
deposition, glycogen accumulation contributes to the “clear
cell” phenotype in a subset of breast, kidney, and ovary cancers
(13). As with glycolysis, genes involved in glycogen biosynthesis
have been identified as HIF targets in both normal and cancer
cells, including phosphoglucomutase 1 (PGM1), protein phos-
phatase 1 regulatory subunit 3C (PPP1R3C), glycogen
synthase 1 (GYS1), UTP– glucose-1-phosphate uridylyl-
transferase (UGP2), and 1,4-�-glucan-branching enzyme

(GBE1) (14 –17). The induction of these proteins correlates
with significant increase in glycogen buildup in cells exposed
to hypoxia. In addition, glycogenolysis allows these “hypox-
ia-preconditioned” cells to confront and survive glucose
deprivation.

Several studies investigated the role of glycogen metabolism
in the cancer setting. In a glioblastoma model, hypoxia induces
GYS1 expression and subsequent glycogen accumulation (17).
Interestingly, however, the glycogen degradation enzyme gly-
cogen phosphorylase (PYGL) is also regulated by hypoxia. The
authors demonstrated that GYS1 increases rapidly in hypoxia,
and then declines, whereas PYGL climbs more slowly and
reaches maximal levels at a later time point. This expression
pattern is consistent with cellular glycogen levels, which are
initially elevated and then gradually decline. In addition, PYGL
knockdown leads to a p53-dependent induction of senescence
and impaired tumorigenesis (17). Mechanistically, PYGL
depletion is associated with glycogen deposition as well as
increased reactive oxygen species (ROS), potentially due to a
reduction in glucose carbon shuttling to the pentose phosphate
pathway and impaired NADPH production. Furthermore, Lee
et al. (18) show that the glycogen phosphorylase inhibitor
CP-320626 reduces proliferation and increases apoptosis in
pancreatic tumor cells, probably by limiting glucose oxidation,
as well as de novo nucleic acid and fatty acid synthesis. These
two studies provide a rationale to target glycogen degradation
pathways in cancer cells, although more complete underlying
mechanisms need to be defined. Finally, HIF-dependent regu-
lation of glycogen synthesis has also been described in human
ccRCC lines RCC4 and 786-O, which are characterized by
pVHL loss and constitutive HIF activation (15). However, it
remains to be determined whether and how this observation
plays a role in ccRCC tumorigenesis.

HIF regulation of glutamine metabolism

Glutamine is the most abundant amino acid in the circula-
tion and is an essential precursor for the synthesis of proteins,
fatty acids, nucleotides, and many other important molecules
(19). Glutamine metabolism has been reviewed extensively (20)
and is briefly outlined here. Upon cellular entry via transporters
such as SLC1A5, glutamine is converted by glutaminases to
generate glutamate. Glutamate plays a variety of important
roles in eukaryotic cells (Fig. 1A). For example, it is required for
glutathione synthesis, the major cellular antioxidant, and is also
the source of amino groups for other non-essential amino acids
such as proline, alanine, aspartate, serine, and glycine. In addi-
tion, glutamate can be converted to �-ketoglutarate (�-KG),
which is either oxidized by �-ketoglutarate dehydrogenase
(�KGDH) to succinate and enters a “forward” tricarboxylic acid
(TCA) cycle to generate ATP or reductively carboxylated by
isocitrate dehydrogenase (cytosolic IDH1 or mitochondrial
IDH2) to produce isocitrate and citrate by a “reverse” TCA
cycle.

Under hypoxia, Wise et al. (21) demonstrated that glutamine
becomes a major source of citrate through reductive carboxyl-
ation via wild-type IDH2 activity in the glioblastoma cell line
SF188. Consequently, hypoxic cells are unable to proliferate
when they are either glutamine-starved or rendered IDH2-de-

MINIREVIEW: O2 availability and metabolism in cancer

J. Biol. Chem. (2017) 292(41) 16825–16832 16827



ficient. This metabolic reprogramming might be partly through
HIF, as constitutive HIF activation recapitulates the preferen-
tial reductive metabolic pathway even in normoxic conditions
(21). In addition, IDH1 is also essential for HIF-mediated pro-
duction of citrate at 1% O2, and citrate produced via IDH1-de-
pendent reductive carboxylation is utilized for de novo lipogen-
esis, required for maintaining cell growth in hypoxic conditions
(22–24). This shift appears to be due to proteolysis of the E1
subunit of the �KGDH complex, named “oxoglutarate dehydro-
genase 2” (OGDH2) (25). Sun and Denko (25) found that the E3
ubiquitin ligase SIAH2 destabilized OGHD2 in hypoxia in an
HIF-dependent manner, which results in diminished �KGDH
activity and decreased glutamine oxidation. In addition, a ubiq-
uitination-resistant OGDH2 336KA mutant impedes tumor
growth in vivo, accompanied by a reduction in glutamine incor-
poration into lipids (25), highlighting this pathway as an essen-
tial mechanism to rewire glutamine fate in HIF-stabilized
tumor cells. Finally, in VHL�/� ccRCC cells, glutamine is also
utilized to generate aspartate for de novo pyrimidine biosynthe-
sis via reductive carboxylation and glutathione for redox bal-
ance (26). When glutaminase is inhibited, nucleoside depletion
and increased ROS levels lead to DNA replication stress, which
sensitizes cells to poly(ADP-ribose) polymerase inhibition in
vitro and in vivo. Taken together, these studies exemplify alter-
native fates of glutamine in an HIF-dependent manner to sup-
port cancer cell proliferation and viability under hypoxic stress
or as a consequence of genetic mutations.

HIF regulation of lipid synthesis

Lipid synthesis provides essential building blocks and signal-
ing molecules for tumor growth. Thus, despite a high-energy
cost, de novo lipogenesis is clearly increased in most cancer cells
(27–29). In this process, acetyl-CoA and NADPH together gen-
erate free fatty acid chains through stepwise enzymatic reac-
tions via acetyl-CoA carboxylase (ACC) and fatty-acid synthase
(FASN) (Fig. 1A). These fatty acids are then: 1) used to generate
phospholipids, the basic units of lipid bilayers making up cell
and organelle membranes; 2) incorporated into neutral lipids,
such as triglycerides and cholesterol esters, for storage; 3) uti-
lized to produce essential signaling molecules, such as sphingo-
sine 1-phosphate, lysophosphatidic acid, diglyceride, and
inositol 1,4,5-trisphosphate, which control inflammation, cell
migration, and survival in cancer; and 4) employed to modify
proteins, among others.

In hypoxic conditions, glucose-derived pyruvate entry into
the TCA cycle is inhibited, as well as subsequent citrate and
acetyl-CoA production. Therefore, cells must shift to alterna-
tive carbon sources to generate acetyl-CoA for fatty acid syn-
thesis. These sources include citrate synthesis from reductive
carboxylation of glutamate (reviewed above) and acetyl-CoA
production through metabolizing acetate via cytoplasmic
acetyl-CoA synthetase (ACSS2) (30). Indeed, based on 13C-
tracing and mass spectrometry, cells cultured in O2-replete
conditions produce more than 90% acetyl-CoA from glucose
and glutamine-derived carbon. However, at 1% O2, acetate
instead appears to be the primary hypoxia-induced contributor
to acetyl-CoA in multiple cell lines (31). In addition, hypoxia
enhances ACSS2 expression, increasing the use of acetate to

sustain lipid biomass production and imparting a competitive
growth advantage under microenvironmental stress (32).
Exactly how ACSS2 is up-regulated in hypoxia remains unclear,
although it has been suggested that sterol regulatory element-
binding protein 2 (SREBP2) mainly controls ACSS2 expression,
whereas HIF signaling enhances the up-regulation of ACSS2 by
SREBP2 (32).

Multiple genes involved in lipid metabolism have been
reported to be strongly induced under hypoxia. One example is
the regulation of SREBP1 via phosphorylation of AKT followed
by HIF1� activation (33). Of note, SREBP1 is a major transcrip-
tional regulator of lipid metabolic genes, such as FASN. More-
over, some lipid metabolic genes are direct HIF transcriptional
targets. For example, in hypoxic breast cancer MCF-7 cells and
glioblastoma U87 cells, induction of fatty acid-binding protein
3 (FABP3), FABP7, and adipose differentiation-related protein
(ADRP, also known as perilipin2, PLIN2) is an HIF1�-depen-
dent but HIF-2�-independent event. These proteins are essen-
tial for lipid droplet (LD) formation, which helps to maintain
ROS levels in these cells (34). Furthermore, PLIN2 up-regula-
tion in ccRCC is HIF2�-dependent, which promotes lipid stor-
age and contributes to “clear cell” phenotypes (35). Interest-
ingly, PLIN2-mediated LD formation maintains integrity of the
ER, suppressing cytotoxic ER stress responses that otherwise
result from elevated protein synthetic activity characteristic of
ccRCC cells. Therefore, PLIN2 depletion results in apoptosis
and further sensitizes these cells to ER stress, identifying it as a
targetable vulnerability created by HIF2�/PLIN2 signaling in
this common renal malignancy.

HIF and redox stress

Because of its role as a potent electron acceptor, O2 has the
tendency to form highly reactive oxygen species. Mitochondrial
O2 metabolism is the dominant source of superoxide produc-
tion via the mitochondrial electron transport chain (ETC).
Several studies found HIF� subunits can be stabilized by mito-
chondrial ROS (36 –39). Reciprocally, suppressing the produc-
tion of ROS by ETC seems to be a fundamental function of HIF.

Under hypoxic conditions, HIF actively regulates mitochon-
drial function and subsequent ROS production through
multiple mechanisms. First, HIF1� uncouples glycolysis and
oxidative mitochondrial metabolism by transcriptionally up-
regulating pyruvate dehydrogenase kinase 1 (PDK1) (40, 41).
PDK1 phosphorylates and inhibits the function of mitochon-
drial pyruvate dehydrogenase (PDH), which transforms pyru-
vate into acetyl-CoA, subsequently used in the TCA cycle to
carry out cellular respiration (Fig. 1A). Enforced PDK1 expres-
sion in hypoxic HIF1�-null cells attenuates ROS generation
and protects these cells from hypoxia-induced apoptosis (40).
At the same time, accumulating pyruvate is metabolized by lac-
tate dehydrogenase A (LDHA) to generate lactate, which is then
exported from the cell by MCT4, as discussed previously.
Importantly, both LDHA and MCT4 are also HIF1� targets
(42). Taken together, HIF1�-dependent transcriptional regula-
tion coordinately impedes the entry of substrates for mitochon-
drial respiration and toxic ROS production. Second, HIF1�
attenuates mitochondrial function by down-regulating several
ETC components. For example, components of cytochrome c
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oxidase (COX; complex IV), the final ETC enzyme, are regu-
lated in an HIF1�-dependent manner (43). HIF1� reciprocally
manipulates COX4 subunit expression by activating transcrip-
tion of the gene encoding COX4-2, while at the same time
enhancing COX4-1 protein degradation by increasing the
abundance of LON, a mitochondrial protease (43). The replace-
ment of COX4-1 with COX4-2 allows improved adaption to
hypoxia, with reduced ROS production. In addition, HIF1�
increases mitochondrial NDUFA4L2 (NADH dehydrogenase
1� subcomplex, 4-like 2), which attenuates mitochondrial oxy-
gen consumption through reduced complex I activity, limiting
intracellular ROS production under low O2 conditions (44).
Furthermore, HIF1� suppresses succinate dehydrogenase sub-
unit B, a component of mitochondrial complex II (45), but
whether this contributes to ROS level regulation is unclear.
Finally, HIF influences mitochondrial function through effects
at the whole-organelle level. In ccRCC cells lacking VHL,
HIF1� negatively regulates c-Myc activity and subsequent
mitochondrial biogenesis, O2 consumption, and ROS produc-
tion (46). Moreover, the HIF target BNIP3 contributes to
reduced mitochondrial mass through increased mitophagy
(47). Taken together, these adaptive pathways underlying HIF
activation attenuate ROS production and provide protective
mechanisms for cancer cell growth. Whether they are “Achilles
heels” and how we can utilize them against cancer are under
investigation.

HIF, miR-210, and metabolism

The microRNAs (miRNAs) are small, non-coding RNA mol-
ecules �22 nucleotides in length that are evolutionarily
conserved (48). Targeting most protein-coding transcripts,
miRNAs are involved in nearly all physiological and pathologi-
cal processes, including cancer cell metabolism. In recent years,
more than 50 hypoxia-regulated miRNAs have been identified.
Among them, miR-210 exhibits a robust and consistent up-reg-
ulation under hypoxia in virtually all cell types through an
HIF1�-dependent regulation (49) and influences intracellular
metabolism in both normal and malignant cells. For example,
first, miR-210 represses the iron–sulfur cluster assembly pro-
teins (ISCU1 in cytosol and ISCU2 in mitochondria) (50), which
promote the assembly of [4Fe-4S] and [2Fe-2S] iron–sulfur
clusters, which are incorporated into enzymes responsible for
mitochondrial respiration, such as those in ETC complexes I, II,
and III (51). Therefore, miR-210 expression decreases activity
of complex I, oxygen consumption, and ATP generation (50).
Moreover, an miR-210 antagonist decreases clonogenic sur-
vival in hypoxic MCF7 and HeLa cells (52). In both cases, miR-
210 suppression increases ROS production. Second, the tran-
script coding for one of ETC components, SDHD, subunit D of
succinate dehydrogenase complex, is a bona fide miR-210 tar-
get. SDHD knockdown mimics miR-210 mediated mitochon-
drial dysfunction. In addition, SDHD targeting also seems to
stabilize HIF1�, which creates a positive feedback loop (53).
Taken together, miR-210 serves as an important mediator shift-
ing mitochondrial oxidative phosphorylation to glycolysis
downstream of HIF. Whether other miRNAs are involved in
more metabolic processes needs to be further investigated.

HIF-independent regulation of intracellular metabolic
reactions

As discussed above, under low O2 tension, HIF coordinately
regulates a variety of adaptive pathways to enable cancer cell
growth, including but not limited to glucose, glutamine, lipid,
and redox metabolism. However, O2 availability also affects cel-
lular responses through HIF-independent mechanisms, the
understanding of which will help to more completely describe
how cancer cells adapt to hypoxic microenvironment.

L-2-Hydroxyglutarate (L-2HG) production and function

With the discovery of oncogenic mutations in isocitrate de-
hydrogenase enzymes (IDH1 and IDH2), the enzymatic prod-
uct D-2HG is broadly appreciated as an oncometabolite that
inhibits �KG and a large family of �KG-dependent dioxyge-
nases, including histone demethylases and methylcytosine
dioxygenases of the TET family, causing epigenetic dysregula-
tion and a block in cellular differentiation (54). Although inten-
sive efforts have been made to investigate the cellular functions
of IDH-mutant derived D-2HG, and a selective, potent inhibitor
of mutant IDH2, AG-221, was shown to be effective in IDH2
mutation-positive acute myeloid leukemia (55, 56), its mirror-
image enantiomer L-2HG is less understood. Interestingly,
recent studies found that hypoxia dramatically induces produc-
tion of L-2HG in both normal and malignant cells (57, 58).

In different types of cancer cell lines, hypoxia substantially
increases 2HG production 5–25-fold, detailed analysis specifies
a selective accumulation of the L-enantiomer of 2HG in these
cells (57). Surprisingly, this reaction is not through IDH1/2, but
LDHA and malate dehydrogenase (MDH1 and MDH2) via
their “promiscuous” catalytic activity (57). Further study con-
firmed these results by showing that purified LDH and MDH
enzymes catalyze stereospecific reduction of �KG to L-2HG
and that acidic reaction conditions dramatically enhance LDH-
and MDH-mediated production of L-2HG in vitro and in cells.
Mechanistically, hypoxia-induced acidic pH enhances LDHA-
mediated reduction of �KG by driving equilibrium toward a
protonated form of �KG that binds more stably to the LDHA
enzyme (59). In normal cells, including human pulmonary arte-
rial endothelial and smooth muscle cells, hypoxia also directs
the production of L-2HG (58), highlighting it as a fundamental
mechanism for hypoxia adaptation. Functionally, acid-en-
hanced production of L-2HG leads to stabilization of HIF1�
in normoxic conditions (59). In addition, like D-2HG, L-2HG
also inhibits the Jumonji family histone lysine demethylase
KDM4C, resulting in aberrant accumulation of trimethylated
histone 3 lysine 9 (H3K9me3) (57). Interestingly, a recent report
demonstrated that tumor hypoxia reduces TET enzyme activ-
ity, which is independent of hypoxia-associated alterations in
TET expression, proliferation, metabolism, HIF activity, or
ROS production, and it is dependent directly on O2 shortage
(60). This effect results in hypermethylation at gene promoters
(including those suppressing glycolysis), which accounts for up
to half of the hypermethylation events in cells. However,
whether and how much hypoxia-mediated L-2HG plays a role
in this process needs to be investigated in more detail. Further-
more, mitochondrial L-2HG is oxidized and converted back to
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�KG by L-2HG dehydrogenase (L2HGDH) (61), and �KG and
L-2HG form a redox couple linked to NADH/NAD� and
FADH2/FAD (Fig. 1B). Therefore, 2HG may provide cells
with a reservoir of reducing equivalents, and the �KG-2HG
exchange maintains cellular redox balance. Consistent with this
idea, a recent study in hematopoietic stem cells reported that
loss of the mitochondrial complex III subunit Rieske iron–
sulfur protein results in impaired mitochondrial respiration,
increased NADH/NAD� ratio, and increased 2HG levels,
accompanied with DNA and histone hypermethylation (62).
Because L2HGDH activity is dependent on active complex III
(63), loss of complex III activity both increases NADH/NAD�

and impairs L2HGDH activity to favor 2HG production.
How HIF proteins contribute to L-2HG production seems to

be context-dependent. In lung fibroblasts, whereas VHL knock-
down and HIF� stabilization increase total 2HG production in
normoxia, HIF1� depletion also elevates L-2HG in hypoxia,
indicating HIF1� is sufficient but not necessary for L-2HG
accumulation in these cells (58). Consistent with this, in SF188
cancer cells, HIF1A knockdown in hypoxia does not decrease
but slightly increases L-2HG levels (57). In addition, HIF1�
enhances hypoxia-induced L-2HG production in VHL-defi-
cient RCC4 cells, as HIF1� depletion partly reverses hypoxia-
mediated L-2HG increments (57). However, in murine CD8� T
lymphocytes, Hif1��/� abolished 2HG accumulation under
hypoxia, and L-2HG constitutes more than 90% of the 2HG
pool, suggesting L-2HG production is dependent on HIF1� in
this case (64).

Alternative effect of hypoxia on lipid metabolism

O2 deficiency affects lipid metabolism not only through HIF-
dependent pathways, as discussed above, but also via direct
effects on enzymes involved in this process. Stearoyl-CoA
desaturase-1 (SCD1) is a key enzyme catalyzing the rate-limit-
ing step in the formation of monounsaturated fatty acids. This
process conducts electron flow from NADPH to the terminal
electron acceptor molecular O2, rendering O2 a critical factor in
the formation of double bonds in stearoyl-CoA. Indeed, Kam-
phorst et al. (65) found that consistent with impaired SCD1
activity, hypoxic cancer cells display decreased C18:1 produc-
tion, as well as the C18:1/C18:0 ratios. Furthermore, SCD1
enzymatic activity is required to maintain cell viability in
Tsc2�/� mouse embryonic fibroblasts with O2 deprivation (66).
This is accompanied by elevated toxic ER stress, which might be
caused by an unmet requirement of ER membrane quality in the
conditions of increased protein synthesis by dysregulated
mTORC1. This mechanism has been confirmed in multiple
systems by demonstrating that SCD1 inhibition increases ER
stress in vitro and in vivo (67, 68) and can be employed as a
strategy to treat cancers.

Conclusion

Although our understanding of metabolic alterations in can-
cer has improved dramatically over recent years, whether and
how hypoxia affects these pathways is still not entirely clear. As
a typical feature of solid tumors, hypoxia is usually associated
with chemoresistance, radioresistance, and poor prognosis.
Defining how cancer cells cope with hypoxic stress is therefore

critical for identifying potential new therapeutic targets. As dis-
cussed above, metabolic rewiring is one of the major hypoxia-
induced responses, encompassing HIF-dependent and HIF-
independent pathways. These adaptive responses collectively
enable cell growth and survival, which at the same time could be
an “Achilles heel” of these cells. Indeed, in cell culture and pre-
clinical mouse model systems, targeting these processes results
in cell death and tumor regression. However, will metabolic
therapy be clinically viable? A therapeutic window may be dif-
ficult to achieve, and cancer cells could shift to adaptive path-
ways during long-term exposure to certain treatments. There-
fore, future research needs to focus on how to specifically target
cancer cells and improve efficacy, such as combining metabolic
intervention with standard chemotherapy, radiotherapy, and
immunotherapy.
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The outer membrane (OM) of Gram-negative is a unique lipid
bilayer containing LPS in its outer leaflet. Because of the pres-
ence of amphipathic LPS molecules, the OM behaves as an effec-
tive permeability barrier that makes Gram-negative bacteria
inherently resistant to many antibiotics. This review focuses on
LPS biogenesis and discusses recent advances that have contrib-
uted to our understanding of how this complex molecule is
transported across the cellular envelope and is assembled at the
OM outer leaflet. Clearly, this knowledge represents an impor-
tant platform for the development of novel therapeutic options
to manage Gram-negative infections.

Gram-negative diderm bacteria possess a double-membrane
system as part of their envelope structure. Although the cyto-
plasmic or inner membrane (IM)2 is a symmetrical lipid bilayer
made of phospholipids, the outer membrane (OM) is asymmet-
rical, containing phospholipids in the inner leaflet and a
complex glycolipid, LPS, in the outer leaflet (1). These two
membranes are separated by an aqueous compartment, the
periplasm, which contains a thin layer of peptidoglycan, a poly-
mer that protects the cell from bursting by its internal turgor
and maintains cell shape (2) (Fig. 1).

The OM is a remarkable lipid bilayer differing in many
aspects from the IM. Like all biological membranes, IM and
OM contain a wide variety of proteins; however, in the IM,
integral proteins cross the membrane as �-helices almost
entirely composed of hydrophobic residues, whereas the vast
majority of integral proteins in the OM (outer membrane pro-
teins) consist of amphipathic �-strands that adopt a �-barrel
structure (3, 4). Porins represent an abundant class of outer
membrane proteins and play an important role in OM function:
their �-barrel structures form both specific and nonspecific
channels that orchestrate the flux of small hydrophilic mole-
cules across the OM (4). Contrary to the IM, the OM is not an
energized membrane, and therefore the transport of molecules/

nutrients across this lipid bilayer either is governed by concen-
tration gradient (5) or occurs via energy-coupled transporters
(6). Lipoproteins are a very diverse group of proteins anchored
to bacterial membranes via an N-terminal lipid moiety (7). In
the OM, lipoproteins can either extend into the periplasm or be
exposed at the surface of the cell, whereas in the IM, they are
exclusively anchored at the periplasmic site of the lipid bilayer.
Due to their diversity and subcellular localization, lipoproteins
serve several functions including formation and maintenance
of cell shape, biogenesis of the OM, transport of a variety of
molecules, signal transduction, and cell motility (8).

Structure and functions of LPS

The peculiar lipid asymmetry of the OM is the consequence
of the presence of LPS exclusively in the outer leaflet (9). LPS is
an unusual glucosamine-based saccharolipid that has a tripar-
tite structure: lipid A, the hydrophobic moiety that anchors LPS
to the OM; a core oligosaccharide; and an O-antigen made of
repeating oligosaccharide units (Fig. 1).

The lipid A is the most conserved part of the molecule; in
Escherichia coli and in many Enterobacteriaceae, it typically
consists of a �-1�-6-linked glucosamine disaccharide that is
phosphorylated at the 1 and 4� positions to which six fatty acyl
chains are attached (10). The oligosaccharide core is attached at
the 6� position of the disaccharide of lipid A and can be divided
into a conserved inner core that contains at least a residue of
3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) and of L-glycero-
D-manno-heptose (heptose) and a more variable outer core
(11). The O-antigen polysaccharide chain of variable length is
the most distal portion of the molecule (12); notably, it is not
produced by many E. coli laboratory strains (K-12 derivatives)
due to a mutation in the rfb locus where the genes responsible
for the O-antigen biosynthesis are clustered (13, 14). LPS is
essential in many Gram-negative bacteria with several notable
exceptions, namely Neisseria meningitidis (15), Moraxella
catarrhalis (16), and Acinetobacter baumannii (17, 18), which
can survive without LPS.

The OM is positioned at the frontline of the cell’s interaction
with its environment/host, and the LPS molecule plays a crucial
role in such an interaction. Indeed, the most conserved moiety,
lipid A, also known as endotoxin, is a potent stimulator of the
innate immune response and serves as an early warning signal
of bacterial infection (19, 20). Instead, the outermost and vari-
able portion of the molecule, the O-antigen, helps bacteria to
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avoid phagocytosis and to resist the lytic action of the comple-
ment system (21).

The unique structure and composition of OM make it a for-
midable permeability barrier able to exclude many toxic com-
pounds such as bile salts, detergents, and antibiotics and thus
enabling Gram-negative bacteria to survive in many hostile
environments (22). LPS molecules mainly contribute to the
permeability barrier properties of the OM. Indeed, the LPS
outer layer is strongly stabilized by the presence of divalent
cations such as Mg2� and Ca2� that interact with the negative
charges of lipid A and oligosaccharide inner core. The resulting
tightly packed LPS layer makes the OM an impermeable surface
to hydrophobic molecules and large hydrophilic compounds
that cannot permeate through the narrow porin channels (22,
23).

Although bacteria that survive without LPS compensate for
the loss of LPS through alterations of the cell envelope (18, 24,
25), in species in which LPS is essential, impairment of LPS
biogenesis leads to OM permeability defects. In mutants defec-
tive in LPS biosynthesis or transport at the cell surface, phos-
pholipids migrate in the OM outer leaflet, resulting in the for-
mation of patches that are more susceptible to the influx of
hydrophobic, toxic molecules (23, 26). However, some of these
mutants also become hyper-susceptible to large hydrophilic
antibiotics such as vancomycin and bacitracin that cannot per-
meate through OM hydrophobic patches (27–29). It has been
proposed that these large molecules diffuse through transient
imperfections or “cracks” of the defective OM (23). This view
has been recently supported by the observation that E. coli cells
become susceptible to vancomycin at low temperatures. Sur-
prisingly, mutations in LPS biosynthesis affecting the composi-
tion of the oligosaccharide core restore vancomycin resistance.
This apparent paradox is explained by assuming that during
cold stress the decreased membrane fluidity causes “cracks” in
the OM and that inhibition of LPS biosynthesis results in an

OM that is resistant to these perturbations (30). Overall, these
data help explain the intrinsic resistance of Gram-negative bac-
teria to many otherwise clinically useful antibiotics (22, 31, 32).

LPS biogenesis

The biosynthesis of LPS is a well-known process. The lipid
A– core moiety is synthesized at the interface between the IM
and the cytoplasm by a conserved pathway (10, 33). O-antigen
repeat units are synthesized in the cytoplasm and then flipped
to the periplasmic face of the IM attached to the lipid carrier
undecaprenyl diphosphate (12). Formation of the mature LPS
molecule occurs at the periplasmic site of the IM where O-an-
tigen repeat units are polymerized and then ligated to the lipid
A-core by the WaaL ligase (12).

The assembly of the LPS layer on the surface of the Gram-
negative bacteria is instead a very challenging process for the
cell, and the details of this process have only recently emerged.
Indeed, three fundamental aspects need to be taken into con-
sideration: (i) the heterogeneous chemical nature of the LPS
molecule and the different physico-chemical characteristics of
the envelope compartments to be crossed (two lipid mem-
branes and the aqueous periplasmic space); (ii) the unidirec-
tionality of the transport, occurring against a concentration
gradient from the site of synthesis at the IM up to the OM,
whose outer layer is constituted by tightly packed LPS mole-
cules; and (iii) the fact that LPS transport must not perturb the
integrity of the OM. To meet these requirements, the bacterial
cell has evolved a two-step process. The lipid A– core moiety
synthesized at the inner leaflet of the IM is initially translocated
across the IM by the MsbA transporter. The mature LPS mol-
ecule synthesized at the periplasmic side of the IM is then fer-
ried at the cell surface by the Lpt (lipopolysaccharide transport)
system, a multiprotein complex that spans the entire envelope
(Fig. 1). This strategy not only provides the energy to overcome
thermodynamic issues such as LPS detachment from the IM

Figure 1. The LPS export pathway in Gram-negative bacteria. Following flipping across the IM by the ABC transporter MsbA, LPS is extracted from the IM
and transported across the periplasm to the OM at the expense of ATP hydrolysis by the transenvelope Lpt protein machine composed, in E. coli, by seven
essential proteins (LptA–G). See text for details. Only the lipid A– core moiety is represented, whereas the O-antigen repeat moiety is omitted. PG, peptidogly-
can. Inset. the structure of E. coli LPS with a K-12 core region is shown. The lipid A moiety and the core oligosaccharide are indicated in black and orange,
respectively. The chemical composition of the O-antigen is not shown. Gal, D-galactose; Glu, D-glucose; Hep, L-glycero-D-manno-heptose; Kdo, 3-deoxy-D-
manno-octulosonic acid. n, number of LptA monomers.
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and transport to the cell surface, in an environment normally
devoid of energy sources, but also ensures that the integrity of
the OM is preserved during transport.

LPS translocation across the IM: The MsbA flippase

MsbA, the first component of the LPS export pathway that
has been discovered (34, 35), catalyzes the flipping of the lipid
A-core moiety across the IM. MsbA is an integral IM protein
member of the large ATP-binding cassette (ABC) superfamily
of proteins (36). Similarly to other ABC exporters, MsbA, often
termed as “half-transporter,” functions as a homodimer as
assessed by biochemical (37–39) and crystallographic (40)
studies. In vitro, MsbA ATPase activity is highly stimulated by
hexa-acylated lipid A species, strongly suggesting that they
might be the substrates (41). When reconstituted in proteo-
liposomes, MsbA behaves as a lipid flippase catalyzing the flip-
ping of several fluorescently labeled phospholipids derivatives
(42), showing the potential of this transporter to handle, at least
in vitro, a wide variety of substrates.

Following MsbA-dependent translocation, the lipid A– core
is anchored at the outer leaflet of the IM where O-antigen
repeats may be added. The journey of the mature LPS molecule
to the cell surface continues with the assistance of the Lpt
molecular machine as detailed below.

LPS transport across the periplasm to the cell surface: The Lpt
molecular machine

In E. coli, the Lpt machinery is composed by seven essential
proteins (LptABCDEFG) that are organized in two subassem-
blies: LptB2CFG and LptDE, located at the IM and at the OM,
respectively, which are connected by the periplasmic protein
LptA (43– 49). These proteins form a transenvelope bridge that
spans the entire cell from the cytoplasm to the OM (Fig. 1).
Importantly, as detailed in the following paragraphs, the assem-
bly of the Lpt molecular machine is mediated by the oligomer-
ization of a structural motif shared by all the Lpt proteins that
have a periplasmic domain.

The bulk of knowledge of the LPS transport has been
obtained mainly using E. coli as a model system, and the process
seems to be structurally conserved among Gram-negative bac-
teria (50 –54). However, emerging evidence indicates that there
are LPS export systems that do not adhere to the canonical
E. coli model, and a few examples will be discussed in the fol-
lowing sections.

The Lpt proteins operate in concert as a unique device in LPS
transport. The first evidence supporting this notion came from
membrane fractionation experiments upon depletion of the
different Lpt proteins. These experiments revealed that break-
ing transport at any level within the cell leads to LPS accumu-
lation at the periplasmic leaflet of the IM in a step downstream
of the MsbA-mediated flipping (44, 47) (see above). This evi-
dence was later confirmed by the observation that all seven Lpt
proteins physically interact and co-fractionate in a cellular frac-
tion distinct from IM and OM (the so-called light OM, OML) in
sucrose density gradient fractionations (55). The relevance of
the transenvelope architecture for LPS transport was further
corroborated by the observation that depletion of LptC and
LptDE components leads to LptA degradation (56), pointing to

a quality control role for LptA–LptC and LptA–LptD interac-
tions in the Lpt complex assembly.

The LPS transport from the IM to the OM can be conceptu-
ally divided into three steps involving different Lpt players: (i)
LPS detachment from the IM; (ii) LPS transport across the
periplasm; and (iii) LPS insertion and assembly in the OM at the
cell surface.

LPS detachment from the IM

The first step of LPS extraction from the IM is carried out by
the LptB2FG protein complex. LptB2FG is an IM ABC trans-
porter composed of the heterodimeric transmembrane domain
(TMD) subunit LptFG (44) and the cytoplasmic homodimeric
nucleotide-binding domain LptB2 (57). LptF and LptG each
contain six transmembrane helices, a large periplasmic domain
that adopts a �-jellyroll architecture, and a coupling helix that
interacts with one monomer of LptB on the cytoplasmic side
(Fig. 2A) (58). LptB2FG is an unusual transporter in that it does
not translocate its LPS substrate across the IM, but rather, it
extracts LPS from the IM outer leaflet and delivers it to LptC
(59), an IM-anchored protein that stably associates to the
LptB2FG complex (43).

An important breakthrough in understanding how LPS
leaves the IM came from an elegant work from Kahne’s group
using in vivo photo-crosslinking on right-side-out membrane
vesicles devised to trap LPS into LptC and LptA, and to charac-
terize the dependence of the transport on ATP, LptB2FG, and
LptC (59). This work showed that LPS is extracted from the IM
and loaded on LptC by LptB2FG at the expense of ATP hydro-
lysis, and that LPS transfer from LptC to LptA requires a second
round of ATP hydrolysis (see below) (59).

How does LptB2 ATPase transmit energy? The resolution of
the three-dimensional structure of the LptB2 dimer coupled to
mutagenesis and photo-crosslinking experiments (57, 60)
revealed that the structure of LptB dimer experiences a global
movement upon ATP binding and hydrolysis, which is trans-
mitted to LptF and LptG subunits through their coupling heli-
ces. This movement seems to be essential for coordinating the
energy of ATP hydrolysis with LPS extraction (60). Interest-
ingly, the characterization of mutants in the coupling helices
revealed that LptF and LptG might have distinct roles in cou-
pling ATP hydrolysis in the cytoplasm with LPS extraction at
the periplasmic leaflet of the IM. This observation is reminis-
cent of the distinct roles played by the TMDs of the Lol system
for lipoprotein trafficking at the OM in E. coli (61). Such bio-
chemical and genetic studies were nicely complemented by the
resolution of the crystal structure of the LptB2FG complex from
Pseudomonas aeruginosa in the nucleotide-free state (58).
Notably, the arrangement of the TMDs of LptF and LptG
defines a cavity whose surface is mainly hydrophobic, with the
exception of the IM–periplasm interface, which is positively
charged. This cavity appears to be large enough to accommo-
date LPS, which, anchored at the IM outer leaflet, could enter
via the lateral gates formed by the TMDs of LptF and LptG (Fig.
2A) (58). The P. aeruginosa LptB2FG structure is thought to
represent the resting state of the transporter, with the lateral
gates that could further open upon ATP hydrolysis to allow LPS
loading into the LPS-binding cavity. Overall, the model pro-
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posed for LPS extraction by the LptB2FG transporter postulates
that ATP binding induces LptB dimerization and that the asso-
ciated conformational changes are transmitted to LptFG via the
coupling helices, triggering the lateral entry of LPS into the
internal cavity of LptFG. ATP hydrolysis is hypothesized to
induce the conformational switch back to the resting state,
which may result in LPS delivery into the periplasmic �-jellyroll

domains of LptFG (58) (Fig. 3). The hydrophobicity of the inter-
nal cavity formed by LptF and LptG TMDs and the presence of
positively charged residues at the IM–periplasm interface sug-
gest that only the lipid A portion of LPS may be loaded into the
LptFG cavity from the periplasmic side of the IM, whereas the
sugar portion of the molecule would remain accessible from
the periplasm (58) (Fig. 3). Once LPS is extracted from the IM,
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the energy of ATP hydrolysis empowers LPS loading into the
periplasmic protein bridge and its flow to the cell surface.

The periplasmic Lpt protein bridge

LptA is the periplasmic protein that connects IM and OM
(46, 62). The N-terminal domain of LptA connects to LptC, a
bitopic IM protein with a single transmembrane helix and a
large periplasmic domain (47, 56), whereas the LptA C-termi-
nal region makes contact with the N-terminal periplasmic
domain of LptD (62).

The crystal structure of both LptA and LptC has been solved
(Fig. 2, B and C). Both proteins share the same �-jellyroll fold
present in the periplasmic domains of LptF and LptG (58, 63,

64). Importantly, the same fold is also present in the periplasmic
N-terminal domain of LptD (65, 66) (Fig. 2D), indicating that
the assembly of the periplasmic protein bridge occurs via small
structurally homologous domains adopting the same basic
module, the so-called “Lpt fold” (Fig. 2, E–G). LptA and LptC
both bind LPS (59, 64, 67, 68); therefore the Lpt fold also plays a
crucial role in the transport of LPS. Inspection of the �-jellyroll
structure of LptC reveals a cavity containing hydrophobic res-
idues oriented toward the interior that could form a possible
pocket for LPS binding (64). A hydrophobic pocket large
enough to accommodate LPS molecule is not immediately evi-
dent in the monomeric structure of LptA. However, LptA tends
to form head-to-tail oligomers in the presence of LPS (63) and

Figure 2. Graphic representation of the crystal structures of the seven Lpt proteins and structural comparisons. A, LptB2FG complex from P. aeruginosa
(Protein Data Bank (PDB) 5X5Y). LptB, LptF and LptG are represented in yellow, orange, and blue, respectively. The 12 TM helices of LptF–G bent outwards,
creating a V-shaped central cavity at the membrane–periplasm interface, which would function as an LPS-binding pocket. TM1 of LptF with TM5 of LptG and
TM1 of LptG with TM5 of LptF constitute the lateral gates that would allow the entry of LPS into the central cavity of the transporter (58). Inset, top view of the
V-shaped central cavity highlighted by a dotted circle; for clarity, periplasmic �-jellyroll-like domains of LptF–G and LptB dimer have been removed. B, LptC from
E. coli (gray, PDB 3M2Y). Residues in LptC involved in LPS binding as assessed by photo-crosslinking experiments are depicted in orange (59). Thr-47 residue is
not shown because the electron density of this region is absent in the structure. C, LptA from E. coli (magenta, PDB 2R19). Residues in LptA involved in LPS
binding as assessed by photo-crosslinking experiments are depicted in green (59). D, LptDE complex from K. pneumoniae (PDB 5IV9). LptD is colored green, and
LptE, inserted in the LptD lumen, is colored blue. During transport, lipid A moiety of LPS is bound by the N-terminal domain of LptD and inserted directly into
the membrane through an intramembrane hole (highlighted by gray dotted circle). The saccharide portion of LPS passes through the lumenal gate formed by
�-strands 1 and 26 of the C-terminal domain of LptD. Inset, residues in the LptD N-terminal domain involved in LPS binding have been experimentally detected
in S. enterica serovar Typhimurium (79), and the corresponding residues identified by structural alignment with the LptD homologue from K. pneumoniae are
depicted in magenta. The model structures were generated with PyMOL using the corresponding PDB files. E–G, the �-jellyroll domain of LptF (orange, PDB
5X5Y) superimposed on LptC (gray, PDB 3M2Y) (E); LptC (gray, PDB 3M2Y) superimposed on LptA (magenta, PDB 2R19) (F); and LptA (magenta, PDB 2R19)
superimposed on the N-terminal �-jellyroll domain of LptD (green, PDB 5IV9) (G). Superimpositions were obtained manually using the Maestro software. E,
extra-cytoplasmic milieu; P, periplasm; C, cytoplasm.

Figure 2—continued
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in solution in a concentration-dependent manner (69, 70). In
this type of LptA oligomeric organization, cavities with a larger
size are formed (63, 71).

The flow of LPS inside the periplasmic bridge has been dis-
sected by in vivo photo-crosslinking experiments suggesting that
lipid A moiety crosses the periplasm inside the open hydrophobic
groove formed by juxtaposition of the hydrophobic cavities of the
�-jellyroll domains of LptC and LptA, whereas the hydrophilic
portion of the molecule would be exposed in the periplasm (59)
(Fig. 2, B–D). LPS interaction with Lpt proteins has also been

explored by NMR, highlighting that LPS binds at LptA–LptC and
at LptA–LptA intermolecular cavities that form only when the
proteins composing the periplasmic bridge are assembled (71).
Similarly, studies on LPS–LptA interaction using site-specific EPR
spectroscopy suggest that LptA oligomerization is required to effi-
ciently move LPS through the protein (68). Although the physio-
logical significance of LptA oligomerization and the number of
LptA molecules present in the Lpt bridge are not known yet, these
data seem to indicate that conformational movements are needed
for LPS transport to occur across the periplasm.

Figure 3. Models for LPS extraction from the IM and assembly at the OM by the LptB2FG and LptDE complexes, respectively. Lower panel, the LptB2FG
transporter in the nucleotide-free form is in the resting state. Binding of ATP triggers a conformational change of TMDs of LptF and LptG, allowing entry of LPS
from the IM outer leaflet into the central hydrophobic cavity of the transporter through the lateral gates formed by the TMDs of LptF and LptG. Upon ATP
hydrolysis, LPS is extracted from the IM and delivered to the �-jellyroll domains of LptF or LptG. ADP release may promote the return of the LptB2FG transporter
to nucleotide-free form resting state (adapted from Ref. 53). Upper panel, the LPS molecule is thought to be delivered from the LptA to LptDE complex for
insertion into the OM. The lipid A moiety is delivered to the �-jellyroll domain of LptD. Upon arrival of the LPS at the inner face of the OM, the LptD �-barrel is
thought to open laterally, allowing lipid A to be inserted directly into the membrane, whereas the sugar chain is supposed to transit vertically through the
�-barrel lumen of LptD.
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The insertion of LPS at the OM

The �-barrel protein LptD and the lipoprotein LptE consti-
tute the OM translocon that assembles LPS at the OM outer
leaflet (72). LptD and LptE form a complex with a peculiar two-
protein plug-and-barrel architecture (73). To date, the struc-
tures of LptDE complexes from five pathogenic species (Salmo-
nella enterica, Shigella flexneri, Yersinia pestis, P. aeruginosa,
and Klebsiella pneumoniae) are available (65, 66, 74). The five
structures are remarkably similar despite the divergent primary
sequences: the LptD C-terminal domain forms a 26-stranded
�-barrel, the largest reported so far, whereas LptE is almost
entirely inserted in the �-barrel, thus confirming the prediction
made based on photo-crosslinking experiments (73), whereas
the N-terminal periplasmic region assumes the canonical Lpt
fold (Fig. 2D) (65, 66).

Following transport across the periplasmic bridge, LPS
is thought to be delivered from LptA to LptDE for insertion into
the OM. It is not known yet whether release of LPS from LptA
to LptD requires ATP hydrolysis, but it has been demonstrated
that the cell tightly controls whether a functional translocon
has correctly assembled into the OM before making contact
with LptA. This control is ensured by the presence of a couple
of disulfide bonds within LptD (75), connecting the periplasmic
and the �-barrel domains, whose correct formation allows the
N-terminal domain of LptD to orient toward the periplasm to
interact with LptA (62, 66, 76). The lipoprotein LptE plays a
crucial role in controlling the correct maturation of the LptD
disulfide bonds (76). The coordinated maturation of LptD and
LptE, whose assembly into the OM requires different biogene-
sis pathways (namely, the �-barrel assembly machinery for
LptD (77) and the Lol system for LptE (8)), is a system adopted
by the cell to ensure, on the one hand, that LptE is inserted into
the lumen of LptD and, on the other hand, that only a mature
LptDE translocon makes contact with LptA, thus enabling the
establishment of a functional transenvelope bridge. Based on
evidences obtained from E. coli, LptE insertion into LptD has a
dual role within the Lpt machinery: LptE plugs the otherwise
too large lumen of LptD (72, 78) but also has a direct involve-
ment in the assembly of LPS into the outer leaflet of the OM
(51), (see below).

The availability of the crystal structure of the LptDE complex
has greatly contributed to our understanding of how LPS is
assembled at the outer leaflet of the OM. In the �-barrel struc-
ture of LptD, two highly conserved proline residues in the �1
and �2 strands appear to perturb the secondary structure of the
strands, thus preventing the formation of the typical �-sheet
hydrogen bonds between the �1 and �26 strands, and generat-
ing a local gap that provides gateways for the lateral migra-
tion of the LPS molecules between the LptDE complex and
the membrane (66) (Fig. 3). According to structural data, the
hydrophilic lumen of LptD is large enough to accommodate
the sugar moiety of LPS. Thus, once LPS is delivered to the
N-terminal domain of LptD, a conformational change in LptDE
would occur, enabling the saccharide portion of the LPS mole-
cules to enter the �-barrel and travel to the cell surface, passing
through the lateral gate of LptD. On the contrary, it has been
proposed that the lipid A domain of LPS would pass first inside

the �-jellyroll structure of the LptD N-terminal domain and
then through the hydrophobic intramembrane open between
the N-terminal and the �-barrel domains of LptD (66, 79, 80)
(Fig. 2D). It is worth mentioning that the orientation of the
N-terminal domain of LptD relative to its barrel domain,
ensured by the correct formation of the nonconsecutive disul-
fide bonds, would secure the correct positioning of the LPS
substrate to allow insertion of the lipid A moiety of LPS into the
membrane while maintaining the sugar moiety within the LptD
lumen (66).

During the transfer of LPS across the LptDE translocon, con-
formational changes must be triggered in the translocon, allow-
ing LptE to directly interact with LPS (72). In fact, in E. coli,
LptE–LPS interaction could be functional in disrupting LPS
aggregates during LPS assembly at the outer leaflet of the OM
and in preventing LPS mislocalization in the inner leaflet of the
OM (51). Notably, LptE does not seem to be directly involved in
LPS transport in N. meningitidis but instead is only implicated
in assisting LptD biogenesis (81). Structural differences have
also been shown in LptDE complex from P. aeruginosa (82),
underscoring the relevance of studying conserved mechanisms
in different model systems.

The enigmatic role of LptC in the Lpt machinery

The overall picture of the LPS transport from the IM to the
cell surface has now been clarified together with the molecular
role of each component of the Lpt machinery with the excep-
tion of LptC. The LptC protein stably associates with the puri-
fied LptB2FG transporter, but fails to modulate the ATPase
activity of the transporter in vitro (43). Several lines of evidence
demonstrate that LptC interaction with LptA is essential for
LPS transport (56, 59, 62, 83). Nevertheless, the apparent
structural and functional redundancy between LptA and LptC
makes it hard to differentiate their roles in LPS transport.
Recent reports have described different mechanisms to over-
come defects in LptC or even lptC deletion. The C-terminal
region of LptC is involved in binding to LptA (56, 62). However,
truncation of this region of LptC can be suppressed by overex-
pression of LptB, resulting in structural stabilization of the
truncated LptC (54). How LptB overexpression rescues LPS
transport across the periplasm is not clear. It is possible that the
truncated LptC mutant retains the ability to interact with LptA,
although with low efficiency, and that the overexpression of
LptB stabilizes the LptB2FG transporters containing the LptC
mutant, allowing the formation of the periplasmic protein
bridge. These observations fit well with the hypothesis that the
assembly of LptC into the IM LptB2FG complex is a quality
control step for transenvelope bridge formation. This hypoth-
esis is further supported by several lines of evidence: (i) a
mutant in the N-terminal region of the LptC periplasmic
domain that is impaired in its association with LptB2FG does
not recruit LptA in vivo, although it maintains an intact inter-
action interface (83); (ii) LptC from P. aeruginosa cannot fully
substitute for E. coli LptC due to defective interaction with the
LptB2FG complex (54), whereas hybrid Lpt machineries con-
taining P. aeruginosa LptA are functional in E. coli (52), sug-
gesting that interspecies LptA–LptC interaction occurs; and
(iii) the LptB2FG complex from P. aeruginosa cannot function-
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ally substitute for E. coli LptB2FG (58), possibly due to inability
to interact with E. coli LptC. Overall, LptC appears to be a spe-
cies-specific component of the Lpt machinery. We do not know
how LptB2FG interacts with LptC, but the presence of the Lpt
fold in the periplasmic domains of the LptFG and LptC (Fig. 2)
strongly implicates these domains in forming the stable
LptB2FGC IM complex. Accordingly, the TM domain of LptC
does not seem to be implicated in LptB2FG binding as LptC
missing the TM domain is functional and assembles to
LptB2FG (83). Additional evidence pointing to a regulative role
for LptC is the isolation of a class of mutants lacking LptC and
expressing LptF mutants carrying amino acid substitutions at a
unique residue of the periplasmic domain. This class of mutants
behaves similarly to the wild type, suggesting that a six-compo-
nent machinery ensures the core functions for LPS transport
(84). Further characterization of this mutant will offer new
insights into the molecular role of LptC in LPS transport.

Conclusions

The overall picture of the LPS transport system proposed by
Kahne and co-workers (85) depicts the LPS transport apparatus
as a PEZ “candy dispenser” in which the energy of ATP hydro-
lysis is used to push a continuous stream of LPS molecules
in the periplasmic hydrophobic groove up to the OM. The
recently solved structure of the LptB2FG complex completes
the puzzle of the LPS export pathway, proposing how LPS is
extracted from IM and propelled into the periplasmic hydro-
phobic channel (58). However, there are still important molec-
ular details on the functioning of the Lpt machine that remain
unanswered. We lack the structural description of the periplas-
mic protein bridge as well as the molecular details on how these
proteins bind LPS. Also we do not yet know how the large and
bulky O-antigen is transported across the periplasmic space,
which contains the peptidoglycan layer; note that most of the
studies on LPS transport have been conducted either on strains
missing the O-antigen (E. coli) or on strains that do not produce
it (N. meningitidis).

Elucidating the molecular mechanism of LPS biogenesis has
the potential to advance the development of novel thera-
pies against Gram-negative pathogens. Notably, peptidomi-
metics specifically targeting P. aeruginosa LptD (86, 87) and
molecules that inhibit the ATPase activity of LptB (88) are the
first inhibitors of the LPS export pathway. As the OM is a cru-
cial permeability barrier, compounds inhibiting the LPS export
pathway not only can be used as antibiotics but can also be used
as a means to manipulate OM permeability.
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The T4 replisome has provided a unique opportunity to inves-
tigate the intricacies of DNA replication. We present a compre-
hensive review of this system focusing on the following: its
8-protein composition, their individual and synergistic activi-
ties, and assembly in vitro and in vivo into a replisome capable of
coordinated leading/lagging strand DNA synthesis. We con-
clude with a brief comparison with other replisomes with
emphasis on how coordinated DNA replication is achieved.

Enterobacteria phage T4 infects Escherichia coli bacteria. Its
genome is 170 kb (1) long and encodes 289 proteins. The DNA
genome within an icosahedral head of a virus whose tail is hol-
low passes into the bacterial cell for infection. The rate of DNA
replication in the cell is 400 –700 nucleotides s�1 (2) with a
mutation rate per base pair of only 7 � 10�8 (3). This efficient
and highly accurate replication system is the subject of this
review.

In vitro reconstitution of a T4 replication system capable of
leading- and lagging-strand synthesis on a duplex DNA sub-
strate requires a minimum of seven proteins: the DNA polymer-
ase (gp43); the ssDNA2-binding protein (gp32); the clamp
loader (gp44/62); the clamp (gp45); the helicase (gp41); and the
primase (gp61). The helicase loader (gp59) accelerates the
reconstitution of the replication system but is not essential once
assembled. The numbers in parentheses are the T4 gene desig-
nations. The brilliant biochemistry by the Alberts group and in
parallel with the Nossal laboratory established the basis for
functional and structural characterization of the system (4 –7).
An attractive reason for study of the T4 system is the strong
similarities between it and the less accessible eukaryotic repli-
cation complexes (8).

Polymerase (gp43)

As a first step in understanding the contributions of individ-
ual proteins to the functional properties of the complex is the

elucidation of their properties. Kinetic schemes for the 5�–3�
polymerase and 3�–5� exonuclease activities of gp43 were
determined by pre-steady-state kinetic methods and fit by com-
puter simulation (9). The minimal kinetic scheme for the action
of gp43 on a model duplex is depicted in Fig. 1.

Incorporation of a single correct base follows a minimal five-
step kinetic sequence with an observed rate constant for single
nucleotide incorporation of �400 s�1 assigned to the chemical
step and close to that observed in the cell. Thus, the accessory
proteins do not increase the rate of the polymerization reaction
per se. The dissociation rate of gp43 from the duplex sets the
observed steady-state velocity. The polymerization process is
further distinguished by a high degree of dNTP-binding dis-
crimination— up to 300-fold—in the ternary reactive complex.

gp43 exhibits an active 3�–5�-exonuclease cleavage rate of
100 s�1. Note there is a kinetic barrier that protects a properly
base-paired 3� terminus from excision as illustrated by a parti-
tioning between the polymerase site and the exonuclease site
biased 23:1 in favor of the polymerase site for correct base pair-
ing. In the case of a mismatched 3� terminus, this partitioning
drops to 5:1 markedly favoring excision. The distance between
the two active sites has been estimated as 2–3 nucleotides (10).
The 2.8-Å resolution structure of the bacteriophage RB69 gp43
(63% identical in amino acid sequence to its homolog from T4
phage) as well as a 2.6-Å structure with primer/template and
nucleotide bound are central for examining protein-protein
interactions that maintain the replisome (11). A ribbon repre-
sentation of the enzyme showing gp43 and its active sites can be
found in supplemental Fig. S1. The revealed palm domain con-
tains the three conserved carboxylates (Asp-411, Asp-621, and
Asp-623) implicated in catalyzing the nucleotidyl transfer reac-
tion. The conversion of Asp-219 in the exonuclease domain to
Ala-219 generates an enzyme that is devoid of exonuclease
activity but retains unchanged polymerase activity (12). The
distance between the polymerase and exonuclease sites in the
crystal structure can be spanned by a 4-base oligonucleotide or
a three-nucleotide duplex DNA (13).

Holoenzyme (HE)

In the absence of accessory proteins, gp43 has limited ability
to extend DNA templates (2). Numerous physical studies and
processivity assays found that gp44/62, gp45, and gp43 in the
presence of ATP formed an active replication complex capable
of extending large primed circular ssDNA templates (M13 or
�X174) or polyoligonucleotides (14 –18). Experiments on end-
blocked linear primer/template substrates established that the
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core HE consisted of a complex of gp45 and gp43 with the
gp44/62 acting catalytically to load gp45 but not acting in its
unloading (19 –21). The molecular basis for the increased pro-
cessivity of the HE was revealed by the structure of gp45 that,
like other processivity factors for the bacterial and eukaryotic
DNA polymerases, is a highly symmetrical, three-subunit, ring-
shaped structure through which duplex DNA can be threaded
(supplemental Fig. S2) (22).

Investigations of the solution structure of gp45 by various
physical methods found a cooperative assembly of the mono-
mers into an open complex composed of two closed subunit
interfaces with a third subunit interface separated by a distance
of 35–38 Å (23). This intriguing finding was further scrutinized
by time-resolved fluorescent spectroscopy of gp45 labeled
across its three-subunit interfaces with a pair of dyes capable of
FRET. gp45 was found to exist in two forms in solution with
67% in a closed state and 33% with a gap between two subunits
of 42 Å (24). The gap is sufficiently large to permit clamp load-
ing to form a functional replication complex without the
gp44/62 (25).

Interactions between gp45 and gp43 were first uncovered by
deleting the last six C-terminal amino acids of gp43. This
mutant, which retained all the kinetic parameters of the parent,
does not form an HE (26). A solution model of the HE bound to
DNA (supplemental Fig. S3) (27) was created through studies
with the following: (i) a fluorescently labeled peptide based on
the gp43 C-terminal residues as well as an analogous peptide
cross-linker; (ii) FRET-based stopped-flow measurements
(gp45 was labeled in multiple positions on opposite sides of the
subunit interface) that tracked the kinetics of HE formation (28,
29); and (iii) a crystal structure of the C-terminal peptide bound
to gp45 (13). The model shows the C terminus of gp43 inserted
into the open subunit interface of gp45.

Assembly/disassembly of the HE

Before discussing how gp44/62 solves the topological prob-
lem of opening and closing gp45 on DNA, it is instructive to
view the structure of gp44/62. The general organization of the
clamp loader consists of one copy of gp62 and four copies of
gp44. The architecture of a gp44/62�gp45�DNA complex with
gp44/62 bound to an open gp45 has been solved by X-ray crys-
tallography (supplemental Fig. S4) (30).

Germane to integrating this structure with function is the
proposed reaction cycle for loading gp45 by gp44/62 followed

by the latter’s dissociation from the DNA. In the presence of
ATP bound to the four subunits of gp44, gp44/62 binds, opens
gp45, and loads gp45 onto the duplex (Fig. 2, steps 1– 4). ATP
hydrolysis is associated with both loading and departure of
gp44/62 but not for gp43 binding (31). Hydrolysis of ATP pro-
motes closure of gp45 and ejection of gp44/62 (Fig. 2, steps
4 –10). All of these steps are associated with large conforma-
tional changes in the four gp44 subunits (supplemental Fig. S5)
(30, 32). The stoichiometry of ATP hydrolysis by gp44/62 has
been measured by pulse-chase kinetics; however, the numbers
vary from 2 to 4 ATPs per turnover cycle apparently arising
from differences in the quenching procedures (33–35).

Besides loading gp45 onto duplex DNA, gp44/62 acts as a
chaperone to escort gp43 to its binding site on the DNA duplex,
consistent with the finding that gp43 binds to the same face of
gp45 as gp44/62 (36). Moreover, the formation of the HE can
occur through one of four pathways as illustrated in supple-
mental Fig. S6 (37, 38).

The dissociation of the HE from the DNA duplex is governed
by the dissociation of gp45 subunits into monomers at a rate of
(3.3 � 0.6) � 10�3 s�1 as measured using a FRET signal engi-
neered across the subunit interface (39). Unexpectedly, gp43 in
the HE was found to exchange with an unbound gp43 in solu-
tion (40). Neither ATP hydrolysis nor the presence of gp44/62
was required for the exchange. Two possible models for the
exchange process are shown in supplemental Fig. S7 (40).

gp32 is often considered part of the HE because it stimulates
replisome processivity and the rate at which gp43 traverses hel-
ical regions of the DNA by melting out adventitious secondary
structure (41). It is essential for leading- and lagging-strand
synthesis in vitro (42). Its crystal structure revealed an ssDNA-
binding cleft with a positively charged surface parallel to a series
of hydrophobic pockets conferring sequence independence and
high discrimination against duplex DNA (43). Consequently,
the protein may slide along the ssDNA, although its cooperative
binding favors complete coverage of the ssDNA.

The primosome (helicase gp41/primase gp61)

The gp41�gp61 complex exhibits both helicase and primase
activities (44, 45). The preferred substrate for gp41 is a replica-
tion fork with single-stranded extensions of �29 nucleotides on
both strands of the fork duplex consistent with gp41 interacting
with both the leading and lagging strands (46). Unwinding
requires ATP or GTP hydrolysis and proceeds at a rate of 30

Figure 1. Kinetic scheme for the T4 polymerase. The minimal kinetic scheme for the polymerase and exonuclease activities of the T4 gp43 enzyme as
integrated in an idling process, i.e. the nucleotide is inserted and then excised, is shown. Reprinted with permission from ACS Publications, obtained via
RightsLink Copyright Clearance Center (Capson, T. L., Peliska, J. A., Kaboord, B. F., Frey, M. W., Lively, C., Dahlberg, M., and Benkovic, S. J. (1992) Kinetic
characterization of the polymerase and exonuclease activities of the gene 43 protein of bacteriophage T4. Biochemistry 31, 10984 –10994).
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bp/s (47). gp61 stimulates gp41 unwinding less than 2-fold by
facilitating its binding to the ssDNA (46). At physiological con-
centrations, gp41 exists primarily as a dimer, but the binding of
ATP/GTP or ATP�S/GTP�S drives the assembly of the dimers
into an asymmetric hexametric ring complex (supplemental
Fig. S8) (48). Electron microscopy images of gp41 support open
and closed forms of the ring (49). gp41 is highly processive in
the presence of the six other replication proteins (excluding
gp59) with an association half-life of �11 min (50), sufficiently
long to accomplish the replication of the entire T4 genome
implying that gp41 also has an accelerated rate in the presence
of the other replication proteins.

gp61 generates the pentameric ribonucleotide primers
required to initiate Okazaki fragment synthesis (51, 52). The
biological relevant primers with the sequence pppApC(pN)3
are the products of the gp41�gp61 complex; in the absence of
gp41, gp61 can generate dimers as well as products greater than
five nucleotides (52). The primase activity is greatly stimulated
by complexation with gp41. In fact, gp41�gp61 complexes on
templates coated with gp32 exhibit a physiologically relevant
priming rate of about 1 primer s�1 to provide sufficient primers
for lagging-strand synthesis given the rate of replication (53).
The stoichiometry of gp61 binding to a gp41 hexamer has been
reported as 1:1 (54), 6:1 (53, 55), or 3:1.3 The last stoichiometry
measurement was done with single-molecule photobleaching
and is more definitive and reflective of physiological conditions.
Moreover, the variability of this stoichiometry probably arises
from the dissociative rather than processive nature of gp61 (56),
and it is likely that only one gp61 is scanning the ssDNA to
synthesize a primer at a given time. The primosome synthesizes

far more primers than needed with only �25% being utilized for
Okazaki fragment synthesis (57).

Assembling the replisome

Replication initiates from R- and D-loops for origin-de-
pendent and recombinant-dependent replication, respec-
tively (58). Origins of replication facilitate the formation of
RNA primers within the R-loop to start leading-strand DNA
synthesis implying that it is primed by the gp41�gp61 com-
plex or coupled with gp61-dependent lagging-strand synthe-
sis. Recombinant-dependent replication begins with the
strand-invasion reaction that creates D-loops with the in-
vading 3�-end of the DNA being used to prime leading-
strand synthesis following loading of a gp41�gp61 complex
and gp59 on the displaced strand of the D-loop.

gp41 and gp59 form a 1:1 hexameric complex with the lag-
ging strand of the replication fork passing through the center of
the ring-shaped helicase (47). Loading of gp41 onto gp32 that
coats ssDNA exposed during replication initiation is facilitated
by gp59 that destabilizes the interaction between gp32 and
ssDNA through a direct contact with gp32 (59). At least two to
three gp32 proteins (binding-site size of 8 nucleotides each)
must be released for loading of gp41 (binding-site size of 12–20
nucleotides per hexamer) (60, 61), and indeed, gp32 promotes
gp59 oligomerization (62). In turn, direct interactions between
the C-terminal peptides of gp59 and those of gp41 promote
the latter’s assembly (63). A plausible mechanism revealed by
cross-linking experiments is depicted in supplemental Fig. S9.
The hexameric nature of gp59 when bound to forked DNA was
definitively confirmed by single-molecule photobleaching (64).
The stepwise assembly of the primosome was then traced by3 M. M. Spiering, manuscript in preparation.

Figure 2. Representation of the bacteriophage T4 DNA polymerase holoenzyme assembly process derived from pre- and steady-state kinetics. A
proposed structural representation of the key steps 1, 3, 4, 6, 8, and 10 is depicted. Orange boxes highlight the important conclusions, namely the hydrolysis of
ATP in step 3 to open the clamp, the hydrolysis of ATP in step 6 to close the clamp around DNA, and the dissociation of gp44/62 from the holoenzyme in step
10. Figure has been adapted with permission from Elsevier, obtained via RightsLink by Copyright Clearance Center (Trakselis, M. A., Berdis, A. J., and Benkovic,
S. J. (2003) Examination of the role of the clamp-loader and ATP hydrolysis in the formation of the bacteriophage T4 polymerase holoenzyme. J. Mol. Biol. 326,
435– 451).
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single-molecule FRET microscopy leading to the sequence
illustrated in Fig. 3 (65).

The leading-strand HE can readily assemble on the DNA fork
as the primer strand becomes available. What’s to prevent pre-
mature synthesis before the primosome is in place? Mutations
in gp59, which have a deleterious effect on origin-dependent
DNA replication in vivo, suggest a gatekeeper role for it (66).
In vitro studies found a complex formed between gp59
and the leading-strand gp43, whose structure was modeled
(supplemental Fig. S10) (67). Both the synthesis and exonu-
clease activities of gp43 are inhibited. Single-molecule FRET
microscopy showed this complex was “unlocked” by the addi-
tion of gp41 followed by gp61 to form a functional primosome
and subsequently a fully active replisome (supplemental Fig.
S11) (68). The “unlocking” stems from the loss of gp59 contacts
with the replication fork (69) leading to its loss from the active
replisome (68). We have summarized the known interactions
between the proteins within the replisome in supplemental Fig.
S12.

The in vitro gp41 unwinding rate is �10-fold less than the
replication rates observed in vivo and in vitro. Likewise, an inde-
pendent HE is very inefficient at strand displacement synthesis
at a rate of about 1 nt/s (70). However, no physical interaction
was found between the two to account for their rate of replica-
tion when both are present at a replication fork, leading to the
postulate of a functional coupling that depended on interac-

tions modulated by the DNA replication fork (71). In this
model, the trailing HE traps the ssDNA product of the gp41
unwinding activity preventing the separated strands from rean-
nealing and causing back slippage of gp41 and thereby increas-
ing the unwinding rate. From investigations with magnetic
tweezers, a collaborative model was postulated where gp41 pre-
vents the HE from stalling and in turn HE blocks gp41 slippage
so both activities are stimulated through the DNA fork (key
data and instrumentation are shown in supplemental Fig. S13)
(70, 72). Consequently the coupled replication of gp41 and gp43
manifests a rate of 300 – 400 bp/s in accord with the rates for
replication fork movement noted above.

Coordinated leading- and lagging-strand replication

DNA synthesis in vivo is tightly coordinated with the synthe-
sis of both strands completed simultaneously despite the con-
tinuous replication of the leading strand and the discontinuous
replication of the lagging strand. How is this achieved?

As first steps in understanding leading- and lagging-strand
DNA synthesis, reconstitution in vitro of an active replisome
was achieved on a model replication fork or a minicircle sub-
strate (42, 73). The latter allows for the quantitation of synthesis
of each strand (supplemental Fig. S14). The synthesis was initi-
ated with all eight proteins and was tightly coordinated. With a
two-hybrid system based on the � phage C1 repressor, a
homodimerization domain was established in the 400 – 600-
amino acid region of gp43 (42) and then narrowed by cross-
linking to Cys-507 specifically (74). The physical tethering of
the two gp43s in a replisome necessitates the formation of a
replication loop (5) visually observed in electron micrographs
(75).

Experiments showed that the activity of coordinated synthe-
sis by a reconstituted replisome was highly resistant to dilution
provided the buffer was supplemented with gp45, gp44/62, and
gp32 (76). More sensitive trapping experiments additionally
revealed gp61 dissociated as well (56). As noted earlier, in the
presence of excess gp43 in solution, the gp43s in the repli-
some will exchange but not impede the processivity of the
replisome (40). Thus, only gp41 and the gp43s do not disso-
ciate from the replisome within lifetimes sufficiently long to
permit processive duplication of the entire T4 genome.

Central to the synthesis of Okazaki fragments on the lagging
strand is the need to accommodate gp41 and gp61 translocating
in opposite directions (5� to 3� unwinding versus 3� to 5� primer
synthesis). Three possible scenarios can be visualized (sup-
plemental Fig. S15): pausing both gp41 and gp61; disas-
sembly of the primosome to synthesize a primer forming a
pppRNA�gp61 complex while gp41 continues unwinding;
and having the primosome remain intact forming a priming
loop with the unwound DNA. With magnetic tweezers
experiments, two mechanisms were observed: disassembly
of the primosome to form pppRNA�gp61 complexes and
priming loop formation with an intact primosome. No paus-
ing was found (77). Primosome disassembly during primer
synthesis has important ramifications for the discontinuous
lagging-strand synthesis.

Lagging-strand synthesis requires transient release of gp43
from the DNA template upon Okazaki fragment completion,

Figure 3. Assembly mechanism of the T4 lagging-strand primosome on
forked DNA. The gp32 protein binds to forked DNA with either subsequent
or concurrent binding of gp59. Subsequently, gp41 binds to gp59 and is
loaded onto the forked DNA in the presence of nucleotide. ATP hydrolysis is
required for gp41 to displace gp32 and gp59, either directly or by transloca-
tion. The gp61 protein then binds and interacts closely with gp41 on forked
DNA. In the absence of gp32 and gp59, both gp41 and gp61 bind to forked
DNA. Figure has been adapted to reflect the current opinion on primase stoi-
chiometry with permission from the National Academy of Sciences (© (2005)
National Academy of Sciences. Zhang, Z., Spiering, M. M., Trakselis, M. A.,
Ishmael, F. T., Xi, J., Benkovic, S. J., and Hammes, G. G. (2005) Assembly of the
bacteriophage T4 primosome: single-molecule and ensemble studies. Proc.
Natl. Acad. Sci. U.S.A. 102, 3254 –3259).
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yet it remains associated with the replisome during recycling to
initiate a new fragment (76, 78). Recycling can be triggered by
the lagging-strand gp43 colliding with the end of the previous
Okazaki fragment that accelerates the transient dissociation,
i.e. the collision mechanism (5, 79, 80). However, the size and
number of the Okazaki fragments can be manipulated by vary-
ing the activity of gp61, the gp45 and gp44/62 levels, and the
rate of synthesis by the lagging-strand gp43 to create a pattern
of gapped Okazaki fragments, i.e. the signaling mechanism (57,
81). The cumulative events of primer synthesis and gp43
recycling to initiate another Okazaki fragment compete with
the advance of the leading-strand HE to increase the separa-
tion of the two HEs and potentially disrupt coordinated rep-
lication by the replisome. How then is replication coordina-
tion maintained?

Recognizing that only 20 –30% of the primers produced by
gp61 are actually utilized for Okazaki fragment synthesis, many
unused primers in the form of pppRNA�gp61 complexes could
build up ahead of the lagging-strand HE. Indeed, the collision
with such complexes was found to trigger early termination of
Okazaki fragment synthesis (82). Consequently, the mecha-
nism for dissociation of gp43 to recycle is always collision either
with the previous Okazaki fragment or an unused pppRNA�
gp61 complex. These signaling and collision mechanisms are
illustrated in Fig. 4 (82) and accommodate the above factors
that affect the signaling pathway.

A model derived from all the available kinetic data (82)
reproduces the observed distribution of Okazaki fragments
(83). Several important conclusions may be drawn from the
modeling. First, all Okazaki fragments originate from primers

Figure 4. Proposed model for pppRNA�primase complex as the signal for lagging-strand initiation. A, during the replication phase of Okazaki fragment
synthesis, primase subunits within a replisome stochastically synthesize 5-mer RNA primers at priming sites along the lagging-strand DNA; these primers are
stabilized on the DNA by primase subunits dissociated from the primosome. B, pppRNA�primase complex forms a block, triggering recycling of the lagging-
strand polymerase in the signaling model, and results in a gap between Okazaki fragments. C, collision with the previous Okazaki fragment triggers recycling
of the lagging-strand polymerase in the collision model and results in no gap between Okazaki fragments. D, holoenzyme is assembled on the new RNA primer
to initiate the next Okazaki fragment. Reprinted with permission from National Academy of Sciences (© (2005) National Academy of Sciences. Spiering, M. M.,
Hanoian, P., Gannavaram, S., and Benkovic, S. J. (2017) RNA primer–primase complexes serve as the signal for polymerase recycling and Okazaki fragment
initiation in T4 phage DNA replication. Proc. Natl. Acad. Sci. U.S.A. 114, 5635–5640).
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synthesized by the looping mechanism. Second, the interplay
between the recycling gp43 binding to an already available
pppRNA�gp45�gp44/62 complex (	1 s) and a median time of
�6 s for the formation of a pppRNA�gp45�gp44/62 complex
provides a mechanism for a semi-random distribution of Oka-
zaki fragment lengths in our simulation. Finally, the lagging-
strand gp43 will recycle to bind newly synthesized primers a
mean distance of 400 nt from gp41 as a result of the brief life-
time of a naked primer and the slightly longer lifetime of a
pppRNA�gp45�gp44/62 complex. Thus, signaling alone is suffi-
cient to keep the leading- and lagging-strand synthesis coordi-
nated even though the two gp43s are moving at the same mean
velocity.

Comparison with three DNA replication systems

We conclude with a comparison of three DNA replication
systems focusing on how they coordinate leading- and lagging-
strand synthesis.

The bacteriophage T7 replication system has been the sub-
ject of a very recent comprehensive review (84). The replisome
and its constituent proteins are depicted in supplemental Fig.
S16. The slowest event in coordinated replication stems from
the collection of steps involved with primer synthesis (a short
tetraribonucleotide) requiring some 6 –12 s. In contrast, the
polymerase (gp5) with bound processivity factor, thioredoxin,
extends primers at a rate of 114 –122 bp/s. Importantly, this is
also the rate of duplex unwinding by the helicase (gp4) in this
gp4�gp5 complex that is accelerated some 13-fold over that of
gp4 alone. Recall a similar phenomenon was noted for the T4
helicase in a gp41�HE complex (72).

This large difference between the rate of priming versus the
rate of the gp4�gp5 complex advance would result in the loss of
coordination between the syntheses of the two strands (85).
This problem can be resolved by pausing duplex unwinding and
leading-strand synthesis, by having the lagging-strand gp5
advance at a faster rate than the leading-strand gp5, or by hav-
ing more frequent gp5 recycling and Okazaki fragment initia-
tion via the signaling mechanism. An initial report found paus-
ing of the gp4 and leading-strand synthesis (86); a later report
found no pausing but an �30% faster rate for lagging-strand
synthesis versus leading-strand synthesis (87). Given the obser-
vations of concomitant primer synthesis and efficient inter-
protein transfer of the primer to gp5, the faster copying of the
lagging-strand template ensures synthesis of both strands
remains coordinated.

The T7 system, however, also exhibits both signaling and
collision mechanisms in the synthesis of Okazaki fragments.
The signal for premature release of gp5 appears to be primer
synthesis followed by replication loop release before comple-
tion of the previous Okazaki fragment (88) rather than polymer-
ase release upon collision with unused primer�primase com-
plexes because the helicase and primase activities are properties
of a single polypeptide.

An unusual characteristic is the binding of additional units of
gp5 to gp4 (up to six gp5s theoretically can bind to the six C
termini of hexameric gp4), which offers a switching mechanism
enabling exchange of the synthesizing lagging-strand polymer-

ase and the non-synthesizing polymerase reservoir (89). This
exchange could also contribute to the early termination of Oka-
zaki fragments as a signal along with primer synthesis. Both the
faster synthesis rate of the lagging-strand gp5 and the added
benefit of the premature recycling of gp5 via the switching
mechanism act together to retain coordination of DNA repli-
cation by the T7 replisome.

The Escherichia coli replisome has also been the subject of a
recent review (90). The replisome with its more complex con-
stituent proteins is exhibited in supplemental Fig. S17. More-
over, the E. coli system features the helicase (DnaB) and pri-
mase (DnaG) activities residing on separate proteins like the T4
replisome. The processive coupling of DNA synthesis on both
template strands faces the same timing issues noted above. The
slowest event surrounds priming of the lagging-strand polymer-
ase. Like T4, the primer synthesis activity of DnaG is acceler-
ated �5,000-fold by the presence of DnaB reducing the time for
this part of the process to �0.2 s. Deposition of primers then
occurs at the physiological 1–2-s interval similar to the T4
replisome (91).

The leading-strand polymerase complexed to �-clamp and
in the presence of DnaB in single-molecule experiments shows
bursts of synthesis at 500 – 600 nt/s and mean rates of about 350
nt/s independent of DnaG activity (92, 93). Again, the activity of
DnaB is stimulated by the presence of the leading-strand HE; by
itself, the DnaB unwinds duplex DNA at a rate of only 84 – 86
bp/s (93). Consequently, a displacement of about 350 –700 bp
between the two polymerases can be imagined as a conse-
quence of each Okazaki fragment synthesized (90).

The question again is how the lagging-strand polymerase is
recycled after Okazaki fragment synthesis. Testing for the col-
lision mechanism found it might act 40% of the time (94). How-
ever, recent reports contend the polymerase recycling time for
the collision mechanism is greater than 2 min and would lead to
lengthening of successive Okazaki fragments contrary to obser-
vation (95). An additional hypothesis is that the torsional strain
generated by a replisome with two interconnected polymerases
is responsible for polymerase recycling (96), but a direct mea-
sure of the force required to break the connection would bolster
this proposal. Consequently, the literature appears to favor a
more conventional signaling mechanism (93, 97).

The signal that triggers lagging-strand polymerase recycling
has been ascribed to the synthesis of a primer (97), consistent
with an earlier observation that the frequency of primer synthe-
sis and the efficiency of primer utilization control Okazaki frag-
ment size (98). Pertinent to our discussion, however, is that
primer utilization varies from 70 to 95% and that DnaG acts
distributively (99) like gp61. This raises the untested possibility
that the recycling of the E. coli lagging-strand polymerase
might also be triggered by collision with an unused primer or
pppRNA�DnaG complex similar to the T4 system.

Recent single-molecule experiments found the replication
velocity of the leading- and lagging-strand polymerases to be
equivalent, but punctuated with stops/starts to change replica-
tion rates (93). Consequently, their behavior would not be coor-
dinated but stochastic. Because there is no difference in velocity
to compensate for the time required for various events related
to Okazaki fragment synthesis, one can question whether the
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stochastic rate fluctuations can be coordinated to achieve the
DNA replication necessary for a long genome. A further com-
plicating factor is the observation that both in vivo and in vitro
studies indicate that two polymerases may function on the lag-
ging strand, which is not taken into account in the single-mol-
ecule experiments. So the issue of replisome coordination or
lack thereof is somewhat unsettled.

Much remains to be done on eukaryotic replisomes whose
constituent proteins are more numerous and complex. For
example, there are two distinct, multisubunit polymerases: one
for leading- (�) and one for lagging-strand replication (�). The
fact that the primase is both an RNA and DNA polymerase is
another prominent difference. An understanding of the present
status of the eukaryotic replication machine and a brief com-
parison with bacterial replisomes have appeared recently (100).
Many questions that have been answered for T4, T7, and E. coli
are only now being explored for eukaryotic replisomes. One
wonders to what extent similarities will be universal and
whether the differences between phage, bacteria, and eukaryote
replisomes are merely evolutionary nuances with the key fea-
tures of the mechanistic solution to DNA replication already
solved by primitive organisms.
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Asparagine synthetase (ASNS) converts aspartate and gluta-
mine to asparagine and glutamate in an ATP-dependent reac-
tion. ASNS is present in most, if not all, mammalian organs, but
varies widely in basal expression. Human ASNS activity is highly
responsive to cellular stress, primarily by increased transcrip-
tion from a single gene located on chromosome 7. Elevated
ASNS protein expression is associated with resistance to aspa-
raginase therapy in childhood acute lymphoblastic leukemia.
There is evidence that ASNS expression levels may also be
inversely correlated with asparaginase efficacy in certain solid
tumors as well. Children with mutations in the ASNS gene
exhibit developmental delays, intellectual disability, micro-
cephaly, intractable seizures, and progressive brain atrophy.
Thus far, 15 unique mutations in the ASNS gene have been clin-
ically associated with asparagine synthetase deficiency (ASD).
Molecular modeling using the Escherichia coli ASNS-B struc-
ture has revealed that most of the reported ASD substitutions
are located near catalytic sites or within highly conserved
regions of the protein. For some ASD patients, fibroblast cell
culture studies have eliminated protein and mRNA synthesis or
stability as the basis for decreased proliferation.

ASNS function

Asparagine synthetase (ASNS)4 catalyzes the synthesis of
asparagine and glutamate from aspartate and glutamine in an
ATP-dependent amidotransferase reaction (Fig. 1A) (1). The
recent discovery of a neurologic disorder associated with aspar-
agine synthetase deficiency (ASD) and its long recognized
importance in the treatment of acute lymphoblastic leukemia

(ALL) highlight the clinical relevance of ASNS as a topic of
current interest.

Many prokaryotes express two forms of ASNS that are char-
acterized by their source of nitrogen donor, either ammonia
(AS-A) or glutamine (AS-B (1). The highly conserved residue
Cys2 is required for the nucleophilic deamidation of glutamine,
and the mutation of this residue reverts AS-B to use ammonia
exclusively as the nitrogen source (2). In mammalian cells, a
single form of the ASNS enzyme is expressed that utilizes glu-
tamine as the nitrogen donor in a reaction corresponding to
bacterial AS-B (2). Structure–function studies have previously
been performed on Escherichia coli AS-B and have revealed two
distinct catalytic domains that are conserved in the human
enzyme (3) (Fig. 1B). Enzymatic analyses have shown that the
catalytic mechanism requires magnesium ions and ATP (4).
The reaction begins in the C-terminal domain with the activa-
tion of the aspartate carboxyl group. This ATP-dependent pro-
cess forms a �-aspartyl-AMP intermediate that is stabilized by
proximal residues of the active site. Within the N-terminal
domain, the hydrolysis of glutamine yields glutamate and
ammonia, the latter of which diffuses through an intramo-
lecular tunnel to perform a nucleophilic attack on the elec-
trophilic �-aspartyl-AMP intermediate, producing aspara-
gine (Fig. 1A) (1, 3, 5). Human ASNS is categorized as a class
II or N-terminal nucleophile glutamine amidotransferase
because the hydrolysis of glutamine occurs in the N-terminal
domain of the enzyme (1).

ASNS protein structure

The crystal structure of E. coli AS-B (Protein Data Bank
(PDB) 1CT9) has been solved (3), but a structure of human
ASNS has yet to be published or deposited into the PDB. There-
fore, the structural features of the human enzyme are based on
homology modeling using the E. coli AS-B structure as a tem-
plate because they share �40% sequence identity. The canoni-
cal human ASNS enzyme consists of 561 amino acid residues
with an approximate molecular mass of 65 kDa (Fig. 1B). How-
ever, the UniProt protein database contains two other putative
isoforms of human ASNS that differ in the length of the N-ter-
minal domain: isoform 2 (residues 22–561) and isoform 3 (res-
idues 84 –561). The expression and physiological importance of
these putative isoforms have not been described. With regard
to the two functional domains, the N-terminal domain (resi-
dues 1–208) consists of a two-layer, antiparallel �-sheet core
surrounded by four �-helices (Fig. 1C). This domain contains
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Figure 1. Mechanism and structural features of human asparagine synthetase. A, the reaction begins when the aspartate carboxyl is activated by an
ATP-dependent process, forming a �-aspartyl-AMP intermediate. Glutamine deamidation releases ammonia, which performs a nucleophilic attack on the
aspartyl intermediate to produce asparagine. Glutamate is the second product of the overall reaction. B, sequence of human ASNS isoform 1 with residues
colored light and dark gray for the N- and C-terminal domains, respectively. �-Helical and �-sheet secondary structures are shown above the sequence.
Residues associated with glutamine and ATP binding are colored purple and orange, respectively. Clinically identified ASD mutations are colored according to
Fig. 3. C, the N- and C-terminal domains are represented within the surface structure and colored light and dark gray, respectively. The substrates glutamine
(purple) and ATP (orange) are indicated by an arrow and shown as sticks. Insets show the substrate-binding pockets. Hydrogen bonds are shown as black dashes
with distances labeled in angstroms.
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the glutamine-binding pocket, consisting of residues Arg49,
Asn75, Glu77, and Asp97. As observed in the E. coli structure,
glutamine is predicted to bind in a manner so that the carbox-
amide group is oriented toward the interface of the two
domains to allow the transfer of an ammonia group from glu-
tamine to aspartate. The C-terminal domain (residues 209 –
561) is composed primarily of �-helices, but also encompasses a
five-stranded, parallel �-sheet that contains the ATP-binding
site: residues Leu256, Val288, Asp295, Ser363, Gly364, Glu365, and
Asp401 (Fig. 1C). A distance of �20 Å separates the two active
sites.

Asparagine synthetase and cancer

ASNS expression and asparagine metabolism have received
considerable attention in transformed cells, beginning with the
observation that childhood ALL is susceptible to treatment by
the infusion of bacterial asparaginase (ASNase). Primary ALL
cells and many ALL cell lines exhibit little or no detectable
ASNS and are sensitive to asparagine depletion (6 – 8). Stand-
ard treatment of childhood ALL includes infusion of bacterial
ASNase as a principle component of a combinatorial chemo-
therapy (9). The circulating ASNase causes rapid depletion of
plasma asparagine, followed by the efflux of intracellular aspar-
agine, and thus, starving the leukemia cells to prevent further
growth (10, 11). In contrast to the increase in ASNS expression
in response to substrate deprivation in most normal cells within
the body, there is little or no up-regulation of ASNS protein
content in ALL cells, rendering them preferentially sensitive to
ASNase (12, 13).

The importance of ASNS expression in solid tumor growth
and the sensitivity to ASNase have not been investigated as
extensively. A screen of 98 human pancreatic ductal carcino-
mas established that ASNS protein was low or below detection
in about 70% of the samples, suggesting that some pancreatic
tumors may be susceptible to ASNase therapy (14). Cui et al.
(15) showed that pancreatic cancer cells overexpressing ASNS
exhibited increased resistance to apoptosis induced by cispla-
tin. Similarly, using the NCI-60 human cancer cell panel,
Lorenzi et al. (16) noted a negative correlation between ASNS
mRNA levels and susceptibility to ASNase in ovarian cells, as
well as increased ASNase sensitivity after siRNA knockdown of
ASNS expression. In a second study with a larger number of
ovarian cell lines, an inverse correlation between ASNase
efficacy and ASNS protein levels was observed (17). These
results were consistent with previous observations in human
leukemia cells showing that increased ASNase sensitivity
correlated with lower ASNS protein expression rather than
mRNA content (13).

Protein limitation or an imbalanced dietary amino acid com-
position leads to intracellular amino acid depletion and activa-
tion of ASNS gene transcription through a signaling pathway
called the amino acid response (AAR) (18). Likewise, endoplas-
mic reticulum stress also increases ASNS transcription via the
unfolded protein response (UPR) (19). These cell stress path-
ways result in activation of the eIF2 kinases GCN2 (general
control nonderepressible) (AAR) and PERK (PKR-like endo-
plasmic reticulum kinase) (UPR). Phosphorylation of the
�-subunit of eIF2 causes a transient, partial suppression of

global protein synthesis, but a paradoxical increase in the trans-
lation for certain mRNAs, and among these is the transcription
factor ATF4 (20). ATF4 binds to an enhancer element within
the proximal promoter of the ASNS gene and activates tran-
scription (Fig. 2) (21). Ye et al. (22) investigated the role of ATF4
in tumor cell survival and proliferation and observed that ATF4
knockdown caused reduced survival in HT1080 fibrosarcoma
and DLD1 colorectal adenocarcinoma cells in the absence of
nonessential amino acids. Reduced proliferative capacity and
increased apoptosis correlated with lower ASNS expression in
the ATF4-deficient cells. Supplementation of the tumor cells
with asparagine, but not other amino acids, led to increased cell
survival. Based on this and other experimental data, Ye et al.
(22) concluded that induction of ATF4: 1) contributes to tumor
cell proliferation during nutrient limitation, 2) is a component
of starvation-induced autophagy in cancer cells, and 3) induces
ASNS as a key factor in tumor initiation and growth under
amino acid–limiting conditions. The exact role of ASNS activ-
ity in modulating tumor growth is unknown. One obvious pos-
sibility, an impact on protein synthesis, seems tenuous as other
amino acid synthetic enzymes are not as highly regulated as
ASNS.

Asparagine synthetase deficiency

ASD is a recently characterized neurological disorder having
severe impacts on psychomotor development and mortality at
an early age. Multiple patient studies have been conducted over
the last few years due to the rising awareness of the disease.
Symptoms include intellectual disability, microcephaly, severe
developmental delay, intractable seizures, progressive brain
atrophy, and more rarely, respiratory deficiency (23–30). The
disease is associated with homozygous or compound heterozy-
gous mutations within the ASNS gene on chromosome 7q2, but
the exact mechanisms that cause the overt symptoms of the
disease are not well understood (23, 26, 31). The fact that the
children are born with epileptic-like seizures and microcephaly
suggests that brain ASNS activity is critical for development of
this organ. Currently, the disease can only be diagnosed
through DNA sequencing. Some, but not all, affected individu-
als have a measurable decrease in the amount of asparagine in
their serum or cerebrospinal fluid, which limits this analysis as
a preliminary screen in suspected cases.

Based on animal growth studies, asparagine is tradition-
ally defined as a “nonessential” or “dispensable” amino acid.
ASNS is expressed to varying degrees within human organs
(http://www.proteinatlas.org/ENSG00000070669-ASNS/tissue),5
but is particularly high in pancreas (32). However, when con-
sidering the requirement for asparagine at the level of individ-
ual cells, ASNS deficiency leads to extracellular asparagine depen-
dence, as discussed above for ALL cells. Individuals with ASD
express phenotypic impairments in the brain that are not read-
ily apparent in other organs, suggesting a tissue-specific depen-
dence on asparagine for neural development (23). Although
asparagine can be obtained through the diet, it is transported by
an equilibrating, bidirectional facilitated transporter (System n)

5 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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across the luminal surface of the endothelial cells that make up
the blood– brain barrier. Therefore, asparagine is not actively
accumulated within the brain (33). Indeed, Na�-dependent
transport of asparagine across the abluminal membrane of the
endothelial layer appears to be designed to remove the amino
acid from the brain. Consistent with this hypothesis, the cere-
brospinal fluid levels of asparagine, as with many amino acids,
are only a fraction of those in the plasma (34, 35). Consequently,
a decrease in ASNS catalytic activity in the brain is presumed to
cause the disease phenotype (23, 24, 26). Plasma asparagine
levels were reduced in 8 out of 16 ASD patients for whom
plasma analysis was reported (reviewed in Ref. 31). However,
cerebrospinal fluid asparagine content has been analyzed in
only four ASD patients, and it was undetectable in two of the
four (24, 27, 30). Recent studies with ASD patients’ fibroblasts
have revealed that lowering the asparagine concentration in the
extracellular milieu results in an inability to proliferate (26).
These cell culture studies also showed that fibroblasts from
asymptomatic heterozygote parents exhibit no ill effects in the
presence of sufficient extracellular asparagine, but decline in
proliferative capacity when placed in an asparagine-free
medium. Collectively, investigation of ASD patients indicates
that ASNS activity in the brain is crucial for organ development.
Whether this dependence is the direct result of perturbations in
asparagine metabolism, or one of the other ASNS reactants,
must be established by further analysis and experimentation.

Structural examination of ASD mutations

To date, 15 unique mutations in the ASNS gene have been
clinically identified in association with ASD (23–31). ASD is
characterized as a pan-ethnic disorder because it has been iden-

tified within a variety of ethnic groups. Several patients have
mutations localized at or near the ATP-binding site, whereas
thus far, only one patient has been identified with a mutation in
the glutamine-binding site (Table 1). The remaining mutations
are located outside the active sites, but in highly conserved
regions, which may reduce protein stability without necessarily
inhibiting enzyme activity (23). Alignment of the three isoforms
of human ASNS and renumbering of the mutations to correlate
to the isoform 1 sequence highlights that previously reported
mutations Y315C (27) and Y377C (24) are equivalent to Y398C
(25), whereas Arg324* would be renumbered to Arg407* (27)
(Fig. 1B).

Cell culture analyses have shown that several of the afore-
mentioned mutations do not affect mRNA stability (23, 26).
Rather, many of the disease-associated mutations are expected
to decrease enzyme activity and/or protein stability. Analysis of
the human ASNS structural model incorporating the observed
amino acid mutations illustrates an overall theme of protein
destabilization. The mutations can be classified into four
groups based upon their putative effect on the protein struc-
ture: change in the amino acid type (hydrophobic to hydro-
philic or vice versa), loss of hydrogen bonding or van der Waals
interactions, truncation of the protein, and predicted decrease
in substrate binding. The introduction of charged or polar res-
idues into hydrophobic regions of the enzyme is expected to
destabilize the structure as predicted for the A6E, L145S,
A380S, and V489D mutations (23, 30). In addition, the increase
in side-chain length of the A6E mutation results in steric hin-
drance with proximal residue Phe8. Conversely, the S480F
mutation presents a nonpolar amino acid on the surface of pro-

Figure 2. Regulation of ASNS expression. Asparagine depletion activates the AAR, whereas endoplasmic reticulum stress (ER Stress) activates the UPR. Each
stress condition increases the activity of an eIF2 kinase. Phosphorylation of eIF2 slows global protein synthesis, but paradoxically increases translation of a
subset of mRNAs, including that for the transcription factor ATF4. Binding of ATF4 to an enhancer element within the promoter of the ASNS gene induces
expression of the enzyme.
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tein that may decrease solubility (Fig. 3) (28). Several mutations
result in the loss of stabilizing interactions. L247W causes a
reorientation of the larger aromatic side chain out of a hydro-
phobic pocket to avoid steric clash, resulting in the loss of van
der Waals interactions (30). Similarly, the reduction in side-
chain size is likely to cause a decrease in van der Waals inter-
actions in F362V (23) and a loss of hydrogen bonding in the
R340H mutant (29), which is further destabilized by steric
hindrance with Phe482. In addition to the introduction of a
reactive, solvent-accessible thiol group, the loss of van der
Waals interactions in Y398C is predicted to disrupt contacts
between the N and C domains (24, 25, 27). Although the
R550C mutation is not included in the human ASNS model
due to the lack of inclusion in the E. coli AS-B structure, it is
expected to result in destabilization of the C-terminal
domain (Fig. 3).

Two observed mutations are predicted to result in the trun-
cation of the human ASNS protein. The nonsense mutation
Arg407* introduces a premature stop codon (27), whereas the
frameshift mutation W541Cfs*5 truncates the enzyme, con-
taining only five codons after the mutated residue 541 (30). The
remaining reported mutations are not only predicted to desta-
bilize the structure of the protein, but also potentially decrease
the binding of substrate and possibly decrease the catalytic effi-
ciency of the ASNS enzyme. R49Q is the first mutation reported
to be in the glutamine-binding pocket of the N-terminal
domain.6 This mutation not only results in a loss of hydrogen
bonds with the second �-sheet, but also a loss in hydrogen
bonds with the glutamine substrate. The C-terminal domain
mutations G289A and T337I are associated with an afflicted
child who is a compound heterozygote. Both mutations are
located proximal to the ATP-binding pocket (26). The G289A
mutation results in a steric clash with Ser293, whereas the T337I
mutation introduces a hydrophobic patch on the protein sur-
face that may decrease solubility. Although these two residues
are not predicted to interact directly with the ATP molecule,
the mutations are expected to destabilize the region of the

ATP-binding site, and therefore, potentially decrease the affin-
ity of ASNS for this substrate (Fig. 3).

Remaining questions

Although many aspects of ASNS enzymology and regulation
have been investigated over the last four decades, major gaps
remain in our knowledge. The exact contribution of ASNS
activity in maintaining the cellular and whole body homeostasis
of its four amino acid reactants remains largely unanswered.
Although the enzyme name leads one to focus on asparagine
synthesis, given the overall reaction, the activity does consume
glutamine and aspartate, and produce glutamate. Whether or
not ASNS actually impacts the cellular homeostasis of one or
more of the other reactants remains speculative. Given the
much higher levels of glutamine in most cells, the chance of
changes in ASNS activity contributing to the cellular aspartate
and glutamate abundance would be more likely. However,
the in vivo impact during embryonic development or physi-
ological status during periods of up-regulation in response to
cellular stresses that activate the AAR or UPR pathways
would be valuable studies in tissue-specific ASNS knock-out
animals. Furthermore, although limited, the results showing
the importance of increased ASNS expression in solid tumor
proliferation and the development of resistance to ASNase
chemotherapy in childhood ALL illustrate the need for a
better comprehension of ASNS regulation in transformed
cells.

The recent awareness of the neurological disease ASD high-
lights the need for a better understanding of the enzymatic con-
sequences of ASNS mutations. The pioneering mouse model
studies of Ruzzo et al. (23) should be expanded to generate
brain-specific transgenic and knock-out animals to investigate
the developmental effects of altered ASNS activity. Given that
fibroblasts are available from only a few ASD children, the phys-
iologic consequences for some mutations will require expres-
sion in ASNS null cells. At the protein level, modeling of the
human ASNS protein has provided a means to tentatively map
the structural consequences of ASD-associated mutations.
However, the X-ray crystal structure of the human enzyme
would be useful to confirm the structural effects proposed for

6 S. J. Sacharow, E. E. Dudenhausen, C. L. Lomelino, L. Rodan, C. Moufawad El
Achkar, H. E. Olson, C. A. Genetti, P. B. Agrawal, R. McKenna, and M. S.
Kilberg, submitted for review.

Table 1
Reported mutations in ASD patients
Residue numbers correspond to those for the isoform 1 ASNS sequence (UniProt ID: P08243). H � homozygous, CH � compound heterozygous, * � nonsense mutation,
fs � frameshift mutation.

Mutation Type Structural consequence Reference

A6E CH Charged amino acid in hydrophobic region, steric clash with Phe8 23
R550C Decrease in side chain length likely to result in loss of interactions
R49Q H Glutamine-binding site, loss of hydrogen bonding See Footnote 6
L145S CH Polar side chain in hydrophobic region 30
L247W Decrease in van der Waals interactions
G289A CH Proximal to ATP-binding site, steric hindrance with Ser293 26
T337I Proximal to ATP-binding site, hydrophobic patch on protein that may decrease solubility
R340H H Loss of hydrogen bonds, steric clash with Phe482 29
F362V H Decrease in van der Waals interactions 23
A380S H Polar residue in hydrophobic region 31
Y398C H Decrease in van der Waals interactions, solvent-accessible thiol group 24, 25, 27
R407* H Protein truncation 27
S480F CH Nonpolar residue on protein surface that may decrease solubility 28
R550C Decrease in side chain length likely to result in loss of interactions
V489D CH Charged amino acid in hydrophobic region 30
W541Cfs*5 Protein truncation
R550C H Decrease in side chain length likely to result in loss of interactions 23
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ASD and allow for potential in silico drug screening approaches
for future anti-tumor use. Furthermore, the current enzymatic
assays for ASNS are cumbersome and variable in reproducibil-
ity when performed at the relatively low tissue levels of the
enzyme. Overexpression of wild-type and mutant recombinant
human ASNS protein in quantities suitable for new attempts at
analysis would allow for activity comparisons of each mutation.
With regard to ASD, the fact that asparagine uptake across the
blood– brain barrier is not concentrative may limit dietary
amino acid supplement therapy because artificially elevating
blood asparagine levels too high may inhibit uptake of other
amino acids due to competition for shared transporters (33). In
fact, an initial attempt at dietary asparagine therapy resulted in
negative consequences (36). Affected ASD children are born
with morphological and neurologic defects, indicating signifi-

cant brain damage during embryonic development, and ASNS
has been proven essential during brain development in a mouse
model (23). These observations suggest that currently available
therapeutic approaches are likely to prove ineffective, as signif-
icant and possibly irreversible tissue damage appears to occur
during the earliest stages of development.
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The proteasome is the major protease responsible for the pro-
duction of antigenic peptides recognized by CD8� cytolytic T
cells (CTL). These peptides, generally 8 –10 amino acids long,
are presented at the cell surface by major histocompatibility
complex (MHC) class I molecules. Originally, these peptides
were believed to be solely derived from linear fragments of pro-
teins, but this concept was challenged several years ago by the
isolation of anti-tumor CTL that recognized spliced peptides,
i.e. peptides composed of fragments distant in the parental pro-
tein. The splicing process was shown to occur in the proteasome
through a transpeptidation reaction involving an acyl-enzyme
intermediate. Here, we review the steps that led to the discovery
of spliced peptides as well as the recent advances that uncover
the unexpected importance of spliced peptides in the composi-
tion of the MHC class I repertoire.

The immune system constantly monitors cellular integrity to
restrain tumor development or viral infections. CD8� cytolytic
T lymphocytes (CTL)4 are essential players in this process,
because of their ability to recognize and destroy cells expressing
tumoral or viral proteins. CTL indeed recognize peptides
derived from these proteins and displayed at the cell surface by
major histocompatibility complex (MHC) class I molecules.
Peptides recognized by CTL are produced in the cytosol by the
proteasome, a large protease complex responsible for the bulk
of cellular protein degradation (1). A fraction of the peptides
released by the proteasome is thus transferred into the lumen of
the ER by a specialized transporter called TAP (transporter
associated with antigen processing) (2), where they can be fur-
ther trimmed by ER-resident amino peptidases (ERAP1 and
ERAP2) (3–5) and loaded onto MHC class I molecules. Stable
MHC–peptide complexes then exit the ER and migrate through
the secretory pathway to reach the cell surface, where they will
be displayed for CTL recognition (6). For a number of years,
antigenic peptides recognized by CTL were believed to only

derive from linear fragments of cellular proteins. This concept
was challenged by the identification of several antigenic pep-
tides, composed of two peptide fragments that were originally
distant in the parental protein but are assembled together by
the creation of a new peptide bond (7–13). This process, called
peptide splicing, was shown to take place in the proteasome
(8 –10). In this minireview, we will recapitulate the discovery of
this phenomenon and the recent developments that highlight
the unforeseen importance of peptide splicing in the establish-
ment of the MHC class I peptide repertoire.

The proteasome

The proteasome is the central component of the ubiquitin–
proteasome system, which is the major ATP-dependent protein
degradation system in cells. The 20S proteasome is organized as
a cylindrical particle containing four stacked heptameric rings,
which delimit the catalytic chamber where the proteins are
degraded (Fig. 1A) (14). The two inner rings are made of seven
� subunits (�1–�7), and the two outer rings are made of seven
� subunits (�1–�7). Three � subunits (�1, �2, and �5) are cat-
alytically active in vertebrate proteasomes and will initiate the
cleavage of the peptide bonds in proteins. Entry of proteins into
the catalytic chamber is tightly regulated. Indeed, the narrow
pore formed by the � ring is further obstructed by the N-termi-
nal tails of these � subunits (14 –16); this prohibits the entry of
folded proteins into the proteasome chamber and thereby pro-
tects cells from detrimental protein degradation. The 20S pro-
teasome therefore has a low activity, at least toward folded
protein substrates (17). Regulation of protein entry into the
chamber is orchestrated by the regulatory particles, whose
HbYX motif binds to pockets located between the � subunits
thereby promoting the rearrangement of the N-terminal tails
and opening of the gate (18). Four types of regulators were
described (19): the 19S regulator (PA700); the 11S regulators
PA28�� (20, 21) and PA28� (22); and the PA200 regulator (Fig.
1A) (23). An additional particle, PI31 was shown to bind pro-
teasomes (24); however, its effective contribution to protea-
some function is still a matter of debate (25, 26). The 20S pro-
teasome associated to the 19S regulatory particle forms the
26S proteasome. This complex degrades proteins tagged with
polyubiquitin chains, which are attached to lysine residues.
Ubiquitin-tagged proteins are recruited to the 19S regulatory
particle, which recognizes the ubiquitin motif, then deubiquiti-
nates, unfolds, and translocates protein substrates inside the
catalytic chamber (17).
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The catalytic activity of the proteasome is centralized to
three different � subunits of the proteasome: �1, �2, and �5. As
demonstrated by mutagenesis studies and analysis of the crystal
structure of proteasome-bound inhibitor (14, 15, 27–29), pep-
tide bond hydrolysis is initiated at the active site: the hydroxyl
group found on the side chain of the N-terminal threonine of
the catalytic subunit produces a nucleophilic attack on the car-
bonyl group of the peptide bond (Fig. 2A). This leads to the
production of an acyl-enzyme intermediate in which the N-ter-
minal peptide fragment remains attached to the catalytic thre-
onine through an ester link. This acyl-enzyme intermediate is
then rapidly hydrolyzed by water molecules present in the pro-
teasome chamber, releasing the peptide fragment, which then
exits the proteasome and is transferred into the cytosol (30).
Three major proteasome catalytic activities were described: the

caspase-like activity, the chymotrypsin-like activity, and the
trypsin-like activity, which cleave after acidic, hydrophobic,
and basic amino acids, respectively. In the standard protea-
some, the caspase-like activity is assigned to the �1 subunit, the
trypsin-like activity to �2, and the chymotrypsin-like activity to
the �5 subunit. However, these assignments are not absolute,
because amino acids surrounding the cleavage site might also
influence the cleavage efficacy. More specifically, it is the nature
of the amino acids that line the structural pockets around the
active site, as well the size and the structure of these pockets
that dictate the cleavage characteristics of each subunit (31).

Peptide splicing in the proteasome

Several years ago, Hanada et al. (7) made the unexpected
observation that a CTL clone directed against a renal cell car-
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cinoma recognized a peptide composed of two fragments orig-
inally distant in the FGF-5 protein (Table 1). Production of this
peptide required the removal of a 40-amino acid-long interven-
ing sequence and the splicing of the peptides located at either

end. A second spliced peptide was discovered a few months
later, when we isolated, from the blood of a melanoma patient,
a CTL that recognized a peptide containing two non-contigu-
ous fragments of the melanoma differentiation antigen
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gp100 (Table 1) (8). The presence of this peptide in the peptidic
eluates obtained from surface HLA molecules confirmed its
natural presentation by melanoma cells. The use of proteasome
inhibitors suggested that the proteasome was responsible for
the splicing of these two fragments. This could be confirmed by
incubating purified proteasomes with an unspliced peptide pre-
cursor (RTKAWNRQLYPEW); this led to the production of the
spliced peptide (RTK_QLYPEW), which could be identified in
the digest by mass spectrometry or with the CTL when the
digests were pulsed onto antigen-presenting cells. By incubat-
ing pairs of peptides containing portions of the precursor pep-
tide RTKAWNRQLYPEW with purified proteasomes (Fig. 2B),
we demonstrated that peptide splicing involves a transpeptida-
tion reaction based on the formation of an acyl-enzyme inter-
mediate between fragment RTK and the proteasome. Instead of
being hydrolyzed, the ester bond of the acyl-enzyme interme-
diate is subjected to a nucleophilic attack, driven by the free
amino group of the peptide QLYPEW (Fig. 2C). This model was
supported by the fact that N-�-acetylation of the QLYPEW
peptide incubated with RTKAWNR and proteasomes com-
pletely prevented production of the spliced peptide (Fig. 2B).
This reaction leads to the creation of a new peptide bond
between the fragment RTK and QLYPEW thereby forming
peptide RTKQLYPEW recognized by the CTL. Similarly, the
first spliced peptide identified by Hanada et al. (7) was also
shown to be produced by peptide splicing in the proteasome,
despite the length (40 amino acids) of the intervening peptide
sequence (10).

A few years later, our group identified a third spliced peptide,
which corresponded to a minor histocompatibility antigen
encompassing a polymorphism in the SP110 nuclear protein,
and was recognized by a CTL isolated from a recipient of MHC-
matched allogeneic hematopoietic cell transplantation (Table
1) (9). Interestingly, this peptide contained two non-contiguous
fragments of the SP110 protein that were spliced together in the
reverse order to that in which they occur in the parental pro-
tein. Again, the peptide splicing reaction was shown to take
place in the proteasome by transpeptidation (Fig. 2D).

Because in the three peptides described above, the size of the
intervening sequence varied from 4 to 40 amino acids, we have
tested whether the length of the intervening sequence could
affect the efficiency of peptide splicing (10). To do this, we
transfected constructs in which the two peptides to be spliced
were separated by intervening sequences of different lengths,

and we found that the shorter the intervening sequence, the
higher the efficiency of peptide splicing. In addition, to test in
cells whether the peptide splicing could occur between peptides
located on distinct parental proteins, we transfected COS-7
cells with pairs of constructs that were mutated at critical resi-
dues so that the only way to produce the relevant antigenic
peptide was to splice peptide fragments originating from two
distinct proteins (Fig. 3) (10). We tested CTL recognition of the
transfected cells and concluded that splicing of fragments orig-
inating from two different proteins (i.e. trans-splicing) hardly
occurred (Fig. 3). Given that the very low level of trans-splicing
observed in these experimental conditions was favored by the
overexpression of the transfected constructs in COS-7 cells, we
concluded that trans-splicing was unlikely to occur at all in
physiological conditions. This might be linked in part to the fact
that two distinct protein substrates can barely fit inside the
same proteasome particle at the same time. Moreover, the like-
lihood of having two relevant protein substrates repetitively
degraded at the same time inside one proteasome particle is
extremely low.

A fourth example of spliced peptide was identified when
searching for the target of a tumor-infiltrating lymphocyte iso-
lated from a melanoma patient; our group demonstrated that
reverse splicing of two peptide fragments originating from the
melanoma differentiation protein tyrosinase produced this
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Figure 3. Lack of physiological relevance of trans-splicing. Shown is an
experiment designed to visualize the occurrence of splicing of fragments
originating from two different proteins (i.e. trans-splicing). COS-7 cells were
transfected with pairs of constructs mutated at critical residues so that the
only way to produce the antigenic peptide was to splice fragments originat-
ing from two different proteins. The amount of IFN� produced by the CTL
after incubation with the transfected cells is shown. The results indicate that
trans-splicing does not occur at a significant level in cells.

Table 1
Spliced peptides

Peptide source
Peptide

sequence
MHC

restriction
Peptide splicing partners
and intervening sequence SPa IPa Refs.

Spliced peptide
FGF-5(172–176 and 217–220) NTYAS_PRFK HLA-A3 NTYASAIHRTEKTGREWYVALNKRGKAK

RGCSPRVKPQHISTHFLPRFK
� � � 7, 10, 47

gp100(40–42 and 47–52) RTK_QLYPEW HLA-A32 RTKAWNRQLYPEW � � �/� 8, 47
gp100(47–52 and 40–42) QLYPEW_RTK HLA-A3 RTKAWNRQLYPEW NDb ND 13
gp100(195–202 and 191 or 192) RSYVPLAH_R HLA-A3 (R)RGSRSYVPLAHc � � ND 12
Tyrosinase(368–373 and 336–340) IYMDGT_ADFSF HLA-A24 ADFSFRNTLEGFASPLTGIADASQSSMHN

ALHIYMDGTd
� � � 11, 47

SP110(296–301 and 286–289) SLPRGT_STPK HLA-A3 STPKRRHKKKSLPRGT �/� � � 9, 47
a SP indicates standard proteasome; IP indicates immunoproteasome.
b ND means not determined.
c Either Arg-191 or Arg-192 can be used to produce the final spliced peptide.
d The deamidated aspartates are underlined.
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peptide (Table 1) (11). Surprisingly, the peptide identified also
contained two additional post-translational modifications
resulting in the conversion of two asparagine residues into
aspartates by deamidation (Fig. 4). Deamidation of asparagine
residues was previously suggested to occur following retro-
translocation of glycosylated tyrosinase into the cytosol (32);
upon deglycosylation of glycosylated asparagines by peptide
N-glycanase (PNGase), asparagines are deamidated into aspar-
tates. The treatment of tumor cells with the PNGase inhibitor
benzyloxycarbonyl-VAD-fluoromethyl ketone (32, 33) con-
firmed that PNGase was responsible for the conversion of the
asparagines into aspartate residues in the new tyrosinase
spliced peptide (11). Following deamidation, the aspartate-con-
taining tyrosinase protein is degraded by the proteasome, a pro-
cess that leads to the reverse splicing of two fragments, each
containing a post-translationally modified aspartate (Fig. 4)
(11).

More recently, a fifth spliced antigenic peptide was identified
by our group, and was derived from the gp100 protein (12)
(Table 1). In contrast to previous examples of spliced peptides,
which were produced by the association of fragments contain-
ing 3– 6 amino acids, this new peptide resulted from the asso-
ciation of an N-terminal 8-amino acid fragment with a single
arginine residue at the C terminus. However, the analysis of
proteasome digests obtained with peptide fragments of differ-
ent lengths indicated that the transpeptidation could only
occur when the fragment performing the nucleophilic attack on
the acyl-enzyme intermediate, i.e. the C-terminal splice reac-
tant, was at least 3 amino acids in length. Our results thus indi-
cated that this spliced peptide was produced in two steps. A

transpeptidation first produces a spliced peptide elongated at
the C terminus. This elongated peptide is then cleaved, likely
also by the proteasome, to produce the final spliced antigenic
peptide (12). This mechanism allows the production of spliced
peptides encompassing a C-terminal fragment as short as 1 or 2
amino acids. It is highly likely that the N-terminal spliced reac-
tant, i.e. the fragment involved in the formation of the acyl-
enzyme intermediate, also has a minimal length even though
this was not formally tested. However, N-terminal trimming of
antigenic peptides is an efficient process that takes place in the
ER and is orchestrated by ER-resident amino peptidase (3, 34).
Therefore, spliced peptides involving short N-terminal frag-
ments most likely exist and result from the production of N-ter-
minally elongated spliced peptides that are further trimmed in
the ER.

Identification of spliced peptides through
computational approaches

In essence, the splicing of peptides by the proteasome
appears as a by-product of the process of protein degradation
by the proteasome. In principle, splicing could involve any pep-
tide fragment released through proteolysis and should produce
a large variety of spliced peptides, albeit in relatively low
amounts. Yet, until recently, very few spliced peptides were
identified, and the identification of spliced antigenic peptides
was often limited by the availability of specific CTL directed
against these peptides. Mass spectrometry approaches were
limited by the fact that peptide databases used to match ions
only contain linear peptide fragments. To circumvent this
problem, Liepe et al. (35) developed Splicemet, an algorithm
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that allows the identification of spliced peptides in peptide
digests. This algorithm elaborates a dataset compiling the m/z
values of any spliced and non-spliced peptide that could be
theoretically generated by the proteasome from a given precur-
sor peptide. This theoretical dataset is then compared with the
m/z values of the peptide fragments obtained after in vitro
digestion of the corresponding synthetic precursor with 20S
proteasome. The presence of a specific peptide in the digest is
then verified by tandem mass spectrometry. Using this
approach, a new spliced peptide, QLYPEW_RTK, derived from
gp100 was identified (Table 1) (13). Interestingly, this peptide is
composed of fragments that are identical to those contained in
the previously described spliced peptide RTK_QLYPEW, but
these fragments are spliced in reverse order. After stimulation
of CD8� T cells with this peptide, Ebstein et al. (13) isolated an
HLA-A3-restricted CTL, which recognized the peptide and
was able to kill gp100-expressing tumor cells. Because they
observed that the peptide QLYPEW_RTK could be produced in
vitro when incubating peptide fragment RTK and QLYPEW
together with the proteasome, they suggested that the peptide
could be produced in vitro through a proteasome-catalyzed
condensation reaction; indeed the small and “final” size of those
two fragments (RTK and QLYPEW) precludes the production
of an acyl-enzyme intermediate that is required for the trans-
peptidation reaction. So far, however, the experimental evi-
dence relative to the mechanism of condensation is limited to
results obtained with in vitro digests or with cells expressing
appropriately truncated constructs, but not with cells express-
ing full-length proteins (13). Moreover, the prominent role of
transpeptidation over condensation was confirmed by mass
spectrometry analysis of peptide digests performed in the pres-
ence of isotopically-labeled water (36).

In recent years, great progress in peptidomics has allowed the
detailed characterization of peptides presented by the MHC
class I molecules at the cell surface, based on the mass spec-
trometry analysis of peptides eluted from MHC molecules.
Again, a major limitation in the identification of spliced pep-
tides by peptidomics is the fact that databases used for match-
ing only contain linear protein fragments. Recently, Liepe et al.
(37) addressed this issue by creating a custom peptide database,
which includes any possible short peptides created by the splic-
ing of non-contiguous peptide fragments from the proteins
expressed in the cell lines studied. To restrict the size of the
database, only peptides produced by the cis-splicing of frag-
ments separated by 25 amino acids or less were taken into
account. When analyzing the HLA-I immunopeptidome
obtained from different human cell lines, they showed that
spliced peptides represented about 25% of the total amount of
peptides found at the cell surface, suggesting that peptide splic-
ing significantly contributes to the diversity of the peptide rep-
ertoire. Surprisingly, analysis of the peptides contained in the
eluates showed that some proteins were only represented by
spliced peptides and not by linear epitopes. This would suggest
that these proteins generally lack linear peptides with adequate
HLA-binding motifs or produce generally smaller peptides, so
that splicing is the only way to produce peptides of adequate
length and motif for MHC class I binding. However, it could
also be that linear peptides from these proteins are displayed at

the cell surface in amounts that are below the detection thresh-
old of mass spectrometry.

Additionally, when Liepe et al. (37), using NetMHC, ana-
lyzed the binding affinity of spliced peptides for the HLA-A and
-B molecules from which they were eluted, they observed that
their IC50 was quite high when compared with non-spliced pep-
tides. The authors suggested that this low predicted binding
affinity might reflect intrinsic differences in the HLA-binding
motifs of spliced versus non-spliced peptides, which are not
captured by existing algorithms because these have been exclu-
sively trained on non-spliced epitopes. In the future, one should
try to compare experimentally measured binding affinities of a
large series of spliced and non-spliced peptides to solve this
issue. Moreover, it will be interesting to see whether other
groups can confirm the presence of such a large population of
spliced peptides at the cell surface, especially on tumor cells.

Peptide splicing by isopeptide linkage

Studying in vitro peptide digests, Berkers et al. (38) showed
that the �-amino group of lysine residues could also perform a
nucleophilic attack on the acyl-enzyme intermediate, leading to
the formation of a new type of spliced peptide containing an
isopeptide bond (hereafter called spliced isopeptide). Surpris-
ingly, their results show that splicing by �-amines was only
10-fold less efficient than splicing by �-amines. Spliced isopep-
tides were shown to bind HLA molecules with high affinity, as
long as the isopeptide bond is located in the middle or at the N
terminus of the peptide. Strikingly, the presence of an isopep-
tide bond was shown to protect the spliced isopeptide from
proteasome degradation. This increased stability of spliced
isopeptides might have actually facilitated their identifica-
tion in the first place but somewhat biased the evaluation of
the splicing efficiency by �-amines compared with �-amines;
in their experiments, Berkers et al. (38) performed protea-
some digestions over 16 –24-h periods, which might have
favored the secondary degradation of spliced peptides over
spliced isopeptides, thereby artificially increasing the pro-
duction rate of these spliced isopeptides compared with the
canonical spliced peptides. Moreover, although spliced iso-
peptides were shown to activate patient-derived CD8� T
cells in vitro, the presence of spliced isopeptides at the cell
surface has not yet been demonstrated, questioning whether
this phenomenon really occurs in physiological conditions.

Deciphering the rules of peptide splicing by the
proteasome

Predicting algorithms have for long been a focus of research,
with the aim to facilitate the identification of potential targets in
the immunotherapeutic context. Proteasome cleavage predic-
tion algorithms, which are generally trained either on in vitro
proteasome digestion datasets or on described MHC class I
ligands (whose C terminus reflects the proteasome cleavage
site), have been proposed (39). So far, however, their reliability
has not been firmly established. Recently, several groups have
tried to highlight various parameters that drive peptide splicing
by the proteasome. A first approach, developed by Mishto et al.
(36), is based on the in vitro digestion of extended peptide pre-
cursors and the systematic identification and quantification of
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the spliced and the non-spliced peptide fragments released in
the course of the digestion. This led to the notion that one of the
rate-limiting factors that drive peptide splicing by the protea-
some is the quantity of the spliced reactants involved. In partic-
ular, the splicing reaction is limited by the amount of the less
abundant reactant, regardless whether this fragment ends up
localizing at the N- or the C-terminal side of the final antigenic
peptide. Unexpectedly, however, Mishto et al. (36) did not
observe any correlation between the strength of proteasome
cleavage at a given position and the frequency at which the
corresponding amino acid is used to compose either the N- or
the C-terminal residues of the spliced reactants, i.e. P1� and P1,
respectively (Fig. 5). On the contrary, P1 and P1� residues were
shown to often derive from minor cleavage sites, suggesting
that splicing is not a random process but rather depends on the
sequence of the spliced reactants. This led the authors to con-
clude that additional constraints determine the splicing effi-
ciency. In particular, they postulated the existence of an addi-
tional pocket, distinct from the primed substrate-binding site,
that could accommodate the C-terminal splice reactant and
facilitate the peptide-splicing process. It follows that the ability
of the C-terminal splice reactant to bind to this pocket (which is
linked to its amino acid sequence) should determine its poten-
tial involvement in a peptide splicing reaction.

The notion that splicing does not follow random rules was
further supported by recent work by Berkers et al. (40), who
used short peptide libraries to identify the amino acid
sequences that could promote the splicing reaction by the pro-
teasome. Their results indicated that the splicing reaction was
driven by the sequence of the N-terminal reactant and by the
concentration rather than the sole sequence of the C-terminal
ligation partner. Noteworthy, it remains difficult to determine
whether the nature of the N-terminal splice reactant is really
affecting the splicing reaction itself, or whether it simply
reflects the affinity of the N-terminal reactant for the non-
primed binding pockets of a particular catalytic subunit and
thereby the ability of the acyl-enzyme intermediate to form. In
that respect, sequence requirement for splicing is likely to differ
between the three catalytic subunits of the proteasome as much
as they do for cleavage. This makes it very difficult to compare
the splicing of peptides with one or two amino acid substitu-
tions, as these may target the peptide to another catalytic sub-
unit, and the C-terminal reactant itself might not access as effi-
ciently to the primed binding site of each catalytic subunit.
Moreover, when Liepe et al. (37) compared spliced peptides
eluted from distinct cell lines, they observed significant dif-
ferences in the nature of the amino acids found at key posi-
tions (P1, P1� (Fig. 5), N terminus, and C terminus). They
suggested that the nature of the amino acid found at these
positions is also influenced by the HLA molecule to which
these peptides bind (37). These biases clearly need to be
taken into account when analyzing the rules of peptide splic-
ing using the sequence of spliced peptides bound to HLA
class I molecules.

Proteasome subtypes and peptide splicing

Immune cells and cells treated with inflammatory cytokines,
such as IFN�, express alternative proteasome catalytic subunits

LMP2(�1i), MECL-1(�2i), and LMP7(�5i), which are incorpo-
rated into proteasomes instead of �1, �2, and �5, forming an
alternative proteasome subtype, called the immunoproteasome
(Fig. 1B). Because standard proteasomes and immunoprotea-
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Figure 5. Schematic representation of the splicing reaction occurring at
the catalytic site of the proteasome. The peptide to be cleaved is repre-
sented by a necklace with pearls indicating individual amino acids. The non-
primed binding site is indicated in blue and the primed binding site is in green.
Each binding site is subdivided in different pockets. Three pockets are labeled
S1 to S3 for the non-primed site and S1� to S3� for the primed binding site.
Amino acids binding to the non-primed binding site are labeled P1 to Pn, and
those binding to the primed binding site are labeled P1� to Pn�. The peptide
splicing reaction starts with the formation of an acyl-enzyme intermediate
with the peptide located at the non-primed binding site. In the course of the
peptide splicing reaction, the C-terminal splice reactant (black) comes into
the vicinity of the acyl-enzyme intermediate, most likely by binding to the
primed binding site. An alternative pocket that could fit the C-terminal reac-
tant has been postulated but is not represented here. The amine group of the
C-terminal splice reactant then produces a nucleophilic attack on the ester
bond of the acyl-enzyme intermediate to create the spliced peptide, which
then exits the catalytic site.
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somes are composed of distinct catalytic subunits, their cleav-
age specificities are different, as observed by their activity on
fluorogenic peptides: the immunoproteasome displays a much
lower caspase-like activity, whereas its trypsin-like and chy-
motrypsin-like activities are increased (41, 42). This can be
explained by subtle conformational changes in the substrate-
binding pockets of catalytic subunits �1i and �5i (31). The S1
substrate-binding pocket (which interacts with the amino acid
residue forming the C-terminal end of the cleaved peptide) of
�1i is smaller, more hydrophobic, and lacks a positively charged
residue (Arg-45) when compared with that of �1, thereby
accounting for the reduced caspase-like activity of �1i and its
higher cleavage activity after small hydrophobic and branched
residues (31). Likewise, �5i harbors a more spacious S1 pocket
than �5, favoring the cleavage after large non-polar residues
like tyrosine, tryptophan, or phenylalanine (31). Because of its
increased propensity to cleave after basic and hydrophobic
amino acids, the immunoproteasome has been predicted to
produce peptides that are more efficiently presented by MHC
class I, which often call for basic and hydrophobic C termini for
efficient binding. This idea was corroborated by the study of
mouse knock-outs for all three immunosubunits in which pres-
entation of a number of MHC class I epitopes was decreased
(43). However, this notion was challenged by the fact that some
antigenic peptides were shown to be more efficiently produced
by the standard proteasome than by the immunoproteasome
(41, 44 – 46). The current understanding is that proteasome
subtypes produce distinct repertoires of peptides that are par-
tially overlapping. The inefficient processing by one protea-
some subtype generally results either from the incapacity of
that proteasome to produce the C-terminal cleavage required
to release the antigenic peptide or from the fact that it produces
a prominent destructive cleavage inside the peptide sequence
(45). Because the splicing is directly linked to the proteolytic
activity of the proteasome, standard proteasome and immuno-
proteasome are both expected to produce spliced peptides.
This was clearly demonstrated when we compared the pro-
cessing of four spliced antigenic peptides by the standard pro-
teasome and the immunoproteasome (47). We showed that
peptides derived from FGF-5, gp100, and tyrosinase were all
better processed by the standard proteasome, whereas the pep-
tide derived from the minor histocompatibility SP110 was bet-
ter produced by the immunoproteasome (Table 1). Here also,
differences in the production of the spliced peptides resulted
from a balance between production and destruction of the pep-
tidic partners involved in the splicing reaction.

A few years ago, our group identified two additional types of
proteasome (Fig. 1B), which contain only one (�5i) or two (�1i
and �5i) of the three catalytic subunits of the immunoprotea-
some (41). These intermediate proteasomes are expressed in a
large variety of cell types; they represent 10 –20% of the total
proteasomes found in tumors and 30 –50% of those found in
liver, kidney, small bowel, colon, and dendritic cells (41). Study-
ing the catalytic activity of intermediate proteasomes, we
showed that intermediate proteasome �1�2�5i (hereafter
called intermediate proteasome �5i) displayed a chymotrypsin-
like activity that was intermediate between that of the standard
and the immunoproteasome, whereas that of intermediate pro-

teasome �1i�5i was similar to the immunoproteasome (41, 42).
The trypsin-like activities of both proteasomes �5i and �1i�5i
are intermediate between that of the standard and the immu-
noproteasome. As expected, the caspase-like activity, which is
linked to the presence of the �1 subunit, is exhibited by inter-
mediate proteasome �5i but not by proteasome �1i�5i.
Because of their particular cleavage properties, intermediate
proteasomes produce a unique repertoire of peptides (41, 46).
Additionally, a fifth type of proteasome was found in the thy-
mus (48, 49). This proteasome, called thymoproteasome, con-
tains catalytic subunit �5t, in place of �5–�5i, and is expressed
exclusively in thymic cortical epithelial cells (Fig. 1B). Subunit
�5t is associated with �1i and �2i in the thymoproteasome,
which displays a lower chymotrypsin-like activity and seems to
produce a distinct peptide repertoire as compared with the
immunoproteasome (50). Whether the intermediate protea-
somes and the thymoproteasome are able to produce spliced
peptides has not yet been demonstrated, but the inherent way
by which spliced peptides are produced suggests that all pro-
teasome types can produce spliced peptides, as long as they can
form the appropriate acyl-enzyme intermediate and C-termi-
nal reactant(s).

Moreover, this also implies that spliced peptides are not
restricted to tumor cells but are also produced by healthy cells
as long as they contain the appropriate type of proteasome;
healthy melanocytes indeed express the spliced peptide derived
from tyrosinase and can be recognized by the anti-tyrosinase
CTL (11). Spliced peptides therefore do not form a specific
category of tumor-associated antigens, but rather they behave
like any other “classical” antigen against which central toler-
ance is potentially established in the thymus. Notably, protea-
somes isolated from yeast can also produce spliced peptides
(36).

Interestingly, peptide splicing was also involved in the pro-
duction of MHC class II-restricted antigens recognized by dia-
betogenic CD4� T cell clones in non-obese diabetic mice (51,
52). Interestingly, the MHC class II spliced peptides identified
are produced by the splicing of fragments originating from two
different proteins (trans-splicing), which are abundant in the
secretory granules of � cells. Although the enzyme responsible
for the splicing reaction was not yet identified, it likely corre-
sponds to a protease found in the secretory compartment. In
contrast to proteasome-catalyzed peptide splicing, splicing
involving abundant secretory proteins may not require en-
zyme-procured compartmentalization, and likely explains
why production of antigenic peptides by trans-splicing is
physiologically possible in this context.

Conclusions

CTLs are major sentinels devised to rapidly recognize and
destroy cells expressing mutant, infectious or tumoral proteins.
Their ability to recognize as few as one to five peptide–MHC
complexes at the cell surface provides them with a high sensi-
tivity that enables the detection of cells displaying only subtle
changes in their cellular protein content (53). Peptide splicing is
a low efficiency process; it was estimated that in vitro, 1–2% of
the total fragments produced by proteasome-mediated degra-
dation represent spliced peptides (36). Yet, a number of those

MINIREVIEW: Peptide splicing by the proteasome

J. Biol. Chem. (2017) 292(51) 21170 –21179 21177



peptides were found to elicit meaningful CTL responses in can-
cer patients (7–9, 12), leading to tumor regression in some
patients (11). Because the splicing activity of the proteasome is
directly linked to its catalytic activity, its efficacy likely follows
similar rules, based on the way peptide partners interact with
the primed and unprimed pockets at the catalytic site, including
their affinity for the pockets, their off-rate, and the orientation
of the attacking peptide in the substrate-binding channel,
which might increase its nucleophilicity (54).

Despite the low efficiency of peptide splicing, Liepe et al. (37)
reported that the amount of spliced peptides found at the cell
surface represented about 25% of the total amount of peptides
displayed. If confirmed, this striking observation would raise
questions on how such a low-efficiency process might produce
so many MHC-I-presented peptides. Is it because the spliced
peptides are more efficiently transported through the MHC
class I pathway? Do these peptides have increased binding affin-
ities for MHC class I molecules, thereby endowing them with an
increased competitiveness for HLA binding compared with
other peptides? Do proteasome regulators play a role in the
efficiency of the splicing process (for example, by differentially
affecting the sequestration of potential C-terminal splice reac-
tants inside the catalytic chamber)? Additional studies will be
required to better understand the ins and outs of the regulation
of peptide splicing by the proteasome.
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