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Sirtuin 6 (SIRT6) is a nuclear NAD1-dependent deacetylase
of histone H3 that regulates genome stability and gene expression. However, nonhistone substrates and additional catalytic
activities of SIRT6, including long-chain deacylation and monoADP-ribosylation of other proteins, have also been reported,
but many of these noncanonical roles remain enigmatic.
Genetic studies have revealed critical homeostatic cellular functions of SIRT6, underscoring the need to better understand
which catalytic functions and molecular pathways are driving
SIRT6-associated phenotypes. At the physiological level, SIRT6
activity promotes increased longevity by regulating metabolism
and DNA repair. Recent work has identified natural products
and synthetic small molecules capable of activating the inefficient in vitro deacetylase activity of SIRT6. Here, we discuss the
cellular functions of SIRT6 with a focus on attributing its catalytic activity to its proposed biological functions. We cover the
molecular architecture and catalytic mechanisms that distinguish SIRT6 from other NAD1-dependent deacylases. We propose that combining specific SIRT6 amino acid substitutions
identified in enzymology studies and activity-selective compounds could help delineate SIRT6 functions in specific biological contexts and resolve the apparently conflicting roles of
SIRT6 in processes such as tumor development. We further
highlight the recent development of small-molecule modulators
that provide additional biological insight into SIRT6 functions
and offer therapeutic approaches to manage metabolic and ageassociated diseases.

Sirtuin 6 (SIRT6) is a histone deacetylase with critical
homeostatic roles in many cellular pathways. SIRT6-deficient
mice display spontaneous genomic instability, dysregulated glycolysis, increased tumorigenesis, and early onset aging-like
degeneration, ultimately dying at around 4 weeks (1, 2). Lossof-function homozygous mutation of SIRT6 led to brain and
muscle developmental defects and ultimately to late fetal loss,
marking the first instance of a mutated chromatin factor causing perinatal lethality in humans (3). Similar phenotypes were
observed in a SIRT6-knockout study using CRISPR-Cas9–generated cynomolgus monkeys, indicating a conserved and obligatory role for SIRT6 function in primate development (4). Lossof-function mutations were identified in naturally arising
human cancers and later shown to be sufficient to drive tumor
formation in mice (5). These genetic insights illustrate critical
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cellular functions of SIRT6 and establish the need to understand which catalytic functions and molecular pathways are
driving SIRT6-associated phenotypes.
SIRT6 is a member of a highly conserved family of enzymes
that couple NADH (NAD1) cleavage to the removal of an acyl
group from the lysine of protein substrates, producing deacylated protein, nicotinamide, and O-acyl-ADP-ribose (Fig. 1).
Prior to the discovery of enzymatic activity, the founding member of this family, Sir2 (silent information regulator 2), was
identified in Saccharomyces cerevisiae from a screen for genome silencing factors (6–8) and was later shown to promote
longevity by suppressing the formation of extrachromosomal
rDNA circles (9–11). Compelling evidence indicates that Sir2
represses transcription at silent mating type loci and subtelomeric sequences via its histone deacetylase activity (8, 12–14).
Sirtuin homologs exist in all phyla of life (15–17) and comprise class III histone deacetylases (HDACs), which uniquely
utilize NAD1 as a cofactor of catalysis rather than a catalytic
zinc as observed in class I, II, and IV HDACs (18). The catalytic
requirement for NAD1 has led the field to regard sirtuins as
critical factors linking energy metabolism to cellular homeostasis (19). Although initially defined as histone deacetylases, sirtuins have many nonhistone substrates and can catalyze the removal of acetyl, long-chain acyl, and acid acyl moieties from
lysine substrates. The seven mammalian sirtuins (SIRT1–7)
show varying cellular localization and regulate diverse functions. All sirtuins can catalyze the removing of an acyl group of
the e-amino of lysine, although the specificities for distinct acyl
groups and catalytic efficiencies vary greatly.
Mechanistic studies of SIRT6 activity lagged behind those of
other sirtuins owing in part to the difficulty in detecting in vitro
deacetylase activity. As with the early reports on Sir2 and other
sirtuins, the possibility that SIRT6 acts as a protein ADP-ribosyltransferase was reported (20–22). The development of more
sensitive assays revealed that SIRT6 is a deacetylase with catalytic efficiencies nearly ;100–1,000 times lower than the most
active sirtuins (23). Strong support for enzymatic deacylation
activity was provided when it was revealed that SIRT6 is a more
efficient long-chain deacylase and can be catalytically activated
toward deacetylation by small molecules, many of which are
long-chain fatty acids (24, 25). SIRT6 is implicated in many
diverse biological functions, although the specific biochemical
activity essential for each phenotype remains rather murky.
Identifying which activity mediates which biological phenotype
is therefore critical to understand the molecular functions of
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Figure 1. SIRT6 is an NAD1-dependent protein deacylase. SIRT6 couples
the cleavage of NAD1 to the removal of an acyl group from substrate protein.
Catalysis produces deacylated protein, O-acyl-ADP-ribose, and nicotinamide.
Acyl modifications (-R) of lysine can be but are not limited to acetyl, propionyl, hexanoyl, octanoyl, decanoyl, dodecanoyl, myristoyl, or palmitoyl
moieties.

SIRT6 and to accurately develop small-molecule effectors specific to appropriate activities of this emerging therapeutic target. Here we highlight cellular functions ascribed to SIRT6,
where evidence allows the inherent biochemical activities of
SIRT6 to be matched with the observed phenotype. The first
section of this review covers the physiological and cellular phenotypes noted when SIRT6 is removed, mutated, or overexpressed. We comment on the strength of the evidence linking
biological functions with biochemical activity and provide substrate identities when possible. The prospect of targeting
SIRT6 necessitates a detailed understanding of its structure
and biochemical activities. Accordingly, we devote much of this
review to describing the unique structural and catalytic features
of SIRT6, with particular attention paid to small-molecule
modulators that have the potential to resolve SIRT6 functions
and provide a pathway for SIRT6-targeted therapeutics.

Cellular and physiological functions
Overview of SIRT6 molecular functions
SIRT6 is localized to the nucleus, where it mediates DNA
repair, regulates the expression of metabolic genes, and maintains genomic stability (Fig. 2). Through these functions, SIRT6
has been described as a tumor suppressor and positive regulator of longevity. Evidence indicates that SIRT6 regulates these
processes primarily via deacetylation of histone and nonhistone
proteins, although long-chain deacylation, ADP-ribosylation,
and recruitment of proteins to chromatin are other biochemical functions ascribed to some SIRT6-dependent phenotypes.
This review will focus on processes in which direct SIRT6 substrates or protein-binding partners have been identified.
DNA repair and chromatin maintenance
Some of the earliest phenotypic studies on SIRT6 knockout
cells demonstrated increased susceptibility to DNA-damaging
agents and higher levels of chromosomal aberrations, suggesting a critical role for SIRT6 in maintaining genomic stability
(1). Later reports demonstrated that SIRT6 is recruited to double-strand breaks (DSBs) within seconds and further recruits
DNA repair factors to initiate DNA damage response (DDR)
(26, 27). This fast response is attributed to the ability of SIRT6
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to directly bind to open-ended DSBs, where Onn et al. (28) postulate that each monomer of a SIRT6 dimer binds one loose
ssDNA end of a DSB. Onn et al. suggested a potential DNAbinding tunnel along the core of SIRT6 that mediates ssDNA
binding independent of the N and C termini. Another study
demonstrated that c-Jun N-terminal kinase phosphorylates
SIRT6 on Ser10 in response to oxidative stress, leading to binding of SIRT6 to DSBs and subsequent recruitment and monoADP-ribosylation of poly(ADP-ribose) polymerase 1 (PARP1)
(29). The mechanism by which the DNA repair factor, PARP1,
is recruited to DSBs following SIRT6 phosphorylation and
whether this is mediated by direct SIRT6 interactions are
unknown. Serine 10 is located on the N terminus of SIRT6,
which was previously shown to be dispensable for DNA binding, suggesting multiple pathways of passive and active recruitment to DSBs (30).
Following recruitment of SIRT6 to sites of DNA damage,
multiple studies have indicated contexts in which SIRT6 either
deacetylates nucleosomes or actively recruits repair factors to
mediate DDR. SIRT6 knockout mouse embryonic fibroblasts
and knockdown human fibroblasts show impaired nonhomologous end joining (NHEJ) and homologous recombination efficiencies, respectively, whereas SIRT6 overexpression improves
both processes (21). Mao et al. (21) demonstrated that this
effect was facilitated by SIRT6-mediated recruitment of repair
factors 53BP1 and NBS1 to sites of DNA damage, and loss-offunction mutants suggested that both deacetylase and ADPribosyltransferase activities of SIRT6 were required to facilitate
NHEJ. The requirement of SIRT6 ADP-ribosyltransferase activity was attributed to the modification of PARP1 on Lys521,
resulting in its activation; however, the target of the requisite
deacetylase activity in this study was not identified. Separately,
SIRT6 has been shown to globally deacetylate H3K9 in
response to DNA damage and co-localize with DNA-dependent protein kinase, Ku70, and Ku80 at DSBs (27), although it
remains unknown which factor pioneers DSB binding. Hou et
al. (31) showed that SIRT6 can recruit chromodomain helicase
DNA-binding protein 4 (CDH4) to sites of DNA damage
to facilitate chromatin relaxation and efficient homologous
recombination. This effect was lost with the SIRT6 catalytic
mutant H133Y, implicating a role for SIRT6 catalysis in this
DDR pathway. Toiber et al. (26) reported that SIRT6 deacetylates H3K56 in response to DNA damage and recruits the
SNF2H chromatin remodeler, making chromatin more accessible and allowing for efficient recruitment of DNA repair factors
RPA, 53BP1, and BRCA1 (26). In this study, sites of DNA damage were identified by the presence of gH2AX, a phosphorylated form of the histone subtype H2AX present at sites of DSBs
(32, 33). A complex containing SIRT6 and SNF2H was later
reported to stabilize gH2AX at DSB sites (34). In contrast to
the well-studied roles of SIRT6 in DSB repair, limited data also
suggest that SIRT6 mediates base excision repair (BER). Overexpression of SIRT6 exhibited improved BER efficiency in
mouse fibroblasts, whereas deletion increased sensitivity to
BER-associated DNA-damaging agents (1, 35). Separate studies
demonstrated that SIRT6 interacts with and stimulates BER
factors, including APE1, MYH, and Rad9-Rad1-Hus1, following
oxidative damage (36). A recent study compared SIRT6
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Figure 2. Cellular and molecular functions of SIRT6. SIRT6 is a critical regulator of cellular homeostasis with roles in mediating DNA repair, regulating
expression of genes, and maintaining genomic stability. This figure outlines mechanistically understood functions of SIRT6 that contribute to DNA repair and
chromatin stability, metabolic regulation, cancer, and aging and lifespan. These functions can be broadly separated into three classes: (i) recruitment of factors
to chromatin, (ii) corepression of transcription factors through histone deacetylation, and (iii) deacetylation of nonhistone proteins, resulting in a change of
localization or activity. In addition to these functions, SIRT6 also acts as a pioneer factor through direct binding of DNA damage and performs global deacetylation of pericentric and telomeric DNA to prevent aberrant transcription and telomeric damage.

proteins from rodents with varying lifespan and found a correlation between SIRT6-mediated DSB repair efficiency and the
lifespan of the host organism (37). The difference between
repair efficiencies of orthologous SIRT6 enzymes was largely
isolated to five amino acids that were predicted to be surfaceexposed based on homology modeling with human SIRT6. Substitution of these five amino acids from a short-lived mouse
SIRT6 sequence to those of long-lived beaver SIRT6 sequence
was sufficient to increase NHEJ and decrease global acetylation
in culture and improve the survivability of human fibroblasts
exposed to g-irradiation (37).

Several studies implicated roles for SIRT6 in maintaining genome stability through the repression of telomeric and pericentric regions of chromatin. SIRT6 was shown to deacetylate telomeric chromatin in mammalian cells at H3K9 and H3K56 (38,
39). Michishita et al. (38) reported that SIRT6 deacetylation of
H3K9 was required for stable association of WRN protein, and
depletion of SIRT6 resulted in telomeric defects that resemble
those observed in Werner syndrome, an aging disorder characterized by mutated WRN. Furthermore, SIRT6-deficient HeLa
cells displayed telomeric sequence loss, genomic instability,
and chromosomal end-to-end fusions (40). Following oxidative
J. Biol. Chem. (2020) 295(32) 11021–11041
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damage, Gao et al. (41) observed that SIRT6 was required for
directional telomere movement, a process that facilitates efficient DNA damage repair at telomeric chromatin. Additionally,
SIRT6 overexpression in mice was reported to up-regulate telomerase reverse transcriptase and telomere repeat binding factor, although this study did not explore the mechanism of upregulation or potential downstream effects on telomere length
(42). Proper mitosis requires condensed and silenced pericentric heterochromatin at centromeres to protect against
genomic instability and cellular senescence during cell division.
Tasselli et al. (43) showed that SIRT6 repressed transcription at
these regions through the deacetylation of H3K18 and also
noted that knockdown of SIRT6 resulted in hyperacetylation
and aberrant transcription of these pericentric chromatin
domains. Collectively, SIRT6’s ability to deacetylate proteins,
ADP-ribosylate PARP1, or mediate protein-protein interactions with repair proteins has been implicated in controlling
DNA stability and repair. Clearly, better genetic and biochemical tools are needed to provide a deeper molecular understanding of which biochemical functions of SIRT6 control various
aspects of these processes and dictate histone substrate specificity. The development of better tools will require a robust
understanding of catalytic mechanism, regulated activity, and
structure-function relationships. Therefore, our current knowledge in these areas is presented later in the review. Despite
these outstanding questions, the extensive research summarized here depicts a clear role for SIRT6 in facilitating DNA
repair and stabilizing heterochromatic regions.
Metabolic regulation
A number of studies have demonstrated the ability of SIRT6
to maintain cellular homeostasis through the regulation of glucose and lipid metabolism. Early studies characterizing SIRT6
knockout mice showed a lethal phenotype at 2–3 weeks of age,
likely resulting from hypoglycemia (1, 44). This hypoglycemic
phenotype was later attributed to misregulation of glycolytic
genes in the absence of SIRT6. Specifically, SIRT6 was found to
co-repress the transcription factor hypoxia-inducible factor 1a
(HIF-1a), in effect down-regulating glycolytic genes, including
glucose transporter-1 (GLUT1), lactate dehydrogenase (LDH),
phosphofructokinase-1 (PFK1), and pyruvate dehydrogenase
kinase-1 (PDK1) (45). In the same study, SIRT6 was reported to
directly inhibit expression of these genes by deacetylating
H3K9 at promoters of targeted genes. SIRT6 knockout resulted
in the derepression of these glycolytic genes and increased
glucose uptake, reminiscent of the “Warburg effect,” a metabolic hallmark often observed in cancer cells (46). Accordingly,
SIRT6 loss-of-function mutation and down-regulation is
observed in several naturally arising human cancers. Mouse
model studies by Sebastián et al. (2) and Kugel et al. (5) demonstrated that loss-of-function mutation in SIRT6 was sufficient
to form tumors and was independent of known oncogene activation. A detailed summary of the roles of SIRT6 in cancer are
discussed in a following section. Separately, Gertman et al. (47)
generated two SIRT6 mutants with enhanced in vitro rates of
kcat against long-chain myristoyl substrate. Stable transfection
of these mutants in mouse embryonic fibroblasts demonstrated
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an increased ability to inhibit the expression of GLUT1, PDK1,
and PFK1 relative to WT SIRT6. Interestingly, a global increase
in acetylation of H3K9 and H3K56 (47) was noted, suggesting
that the demyristoylase activity of SIRT6 may regulate glycolysis and may be distinct from H3 deacetylase activity. However,
these mutants also bound HIF-1a more tightly in vitro, making
it difficult to definitively conclude whether more efficient
recruitment to HIF-1a genes or higher demyristoylase activity
was responsible for the down-regulation of these glycolytic
genes (47).
SIRT6 also regulates glucose metabolism by inhibiting gluconeogenesis, a metabolic process that generates glucose from
noncarbohydrate sources. Mostoslavsky et al. (1) found that
SIRT6 knockout mice are hypoglycemic and display elevated
expression of gluconeogenic genes. Although this observation
alone could simply be dismissed as a proper liver response
to hypoglycemia, work by Dominy et al. demonstrated active
regulation of gluconeogenesis in the liver by SIRT6. Mechanistically, SIRT6 was described to deacetylate general control
nonrepressed protein 5 (GCN5), which enhanced its acetyltransferase activity toward peroxisome proliferator-activated
receptor-g coactivator 1a (PGC-1a) (48). PGC-1a is the primary regulator of hepatic gluconeogenesis and induces the
expression of gluconeogenic genes (49). Following acetylation by GCN5, PGC-1a was found to relocate away from the
promoters of gluconeogenic genes, resulting in decreased
expression (48). Another study demonstrated that SIRT6 overexpression reduced gluconeogenic gene expression in WT, but
not Forkhead box O1 (FoxO1) knockout mice (50). FoxO1 is a
transcription factor required for activation of gluconeogenic
genes in hepatic cells (49). Subsequent work by Zhang et al. (51)
mechanistically described the FoxO1/SIRT6 regulatory axis by
demonstrating that SIRT6 directly deacetylates FoxO1, leading
to its nuclear export, thus resulting in decreased gluconeogenic
gene expression.
SIRT6 has also been implicated in the regulation of lipid metabolism with studies reporting roles in both lipolysis and lipogenesis. Early work in mice demonstrated that liver-specific
knockout of SIRT6 resulted in fatty liver formation owing to
increased triglyceride synthesis and reduced b-oxidation,
whereas mice overexpressing SIRT6 were protected from the
accumulation of visceral fat, LDL-cholesterol, and triglycerides
when fed high-fat diets (52, 53). Fat-specific SIRT6 knockout
increased obesity-related phenotypes in mice (54, 55). Mechanistically, SIRT6 was found to represses the expression of proprotein convertase subtilisin/kexin type 9 (PCSK9) and sterolregulatory element–binding protein 1 and 2 (SREBP1 and
SREBP2). This was demonstrated to occur through SIRT6
recruitment to the promoter of Pcsk9, a critical regulator of
LDL-cholesterol, via interactions with the transcription factor
FoxO3 where SIRT6 deacetylates H3K9 and H3K56 to reduce
expression of Pcsk9, resulting in lowered LDL-cholesterol levels (56). FoxO3 was also shown to recruit SIRT6 to promoters
of SREBP genes, positive regulators of lipogenic genes, resulting
in inhibition of expression by promoter-specific SIRT6 deacetylation of H3K9 and H3K56 (57–59). Interestingly, miRNAs
expressed from the introns of SREBP, miR-33a and miR-33b,
as well as the most common hepatic miRNA, miR-122, were
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shown by Elhanati et al. (58, 60) to down-regulate SIRT6
expression, indicating intricate regulation of SIRT6 toward
lipid metabolism. Separately, SIRT6 was noted to promote
b-oxidation of fatty acids during fasting through regulation of
the PPARa coactivator, NCOA2. In this distinct mechanism,
SIRT6 was found to decrease NCOA2 acetylation at Lys780,
resulting in the activation of PPARa and increased expression
of hepatic b-oxidation genes (61). It remains to be determined
whether NCOA2 Lys780 is a direct substrate of SIRT6
deacetylation.
Aging and lifespan
The yeast homolog and founding member of the sirtuin family, Sir2, is implicated in lifespan extension through repression
of tandem rRNA gene arrays (rDNA) (62, 63). Subsequent studies have solidified links between aging and the mammalian
homolog, SIRT6. SIRT6 overexpression in mice was found to
extend the lifespan of male mice by 15% in a mechanism
thought to be driven through reduced insulin-like growth factor 1 (IGF1) signaling. Zhang et al. (64) demonstrated that caloric restriction prevented aging-related renal insufficiency and
suggested that this effect was mediated via the up-regulation of
SIRT6 in response to caloric restriction, which resulted in the
repression of nuclear factor-kB (NF-kB). NF-kB is a nuclear
transcription factor associated with inflammatory responses,
aging, and apoptosis (65). SIRT6 was found to represses NF-kB
activity both by deacetylating H3K9 at NF-kB promoters and
by deacetylating Lys310 of the NF-kB p65 subunit (RelA), resulting in its nuclear export (64). Xu et al. (35) observed a decrease
in SIRT6 levels with age in human fibroblasts. In separate studies, aging-related decreases in SIRT6 levels impaired the
reprogramming potential of iPSCs from old mice and decrease
DNA repair efficiency (66, 67). Another study demonstrated
that increased copy number of Sirt6 was sufficient to restore
lifespan in Caenorhabditis elegans deficient in Atm, a DNA
repair factor (68). Studies on human populations have discovered various SNPs that correlate both positively and negatively
with longevity (69–71). The mechanistic outcomes of these
polymorphisms are yet unknown; however, they present a
potentially powerful tool for further probing the link between
SIRT6 and aging. Work by Tian et al. (37), discussed previously,
compared long- and short-lived rodents and demonstrated a
SIRT6-mediated increase in DNA-repair efficiency among
long-lived species corresponding to increased in vitro deacetylase and self-mono-ADP-ribosyltransferase activities. Transgenic Drosophila expressing beaver (long-lived) SIRT6 showed
increased lifespan relative to those expressing mouse (shortlived) SIRT6, directly linking SIRT6 activity to increased
lifespan.
Cancer
With dysregulated DNA damage repair and metabolic homeostasis as hallmarks of cancer, SIRT6 has been implicated in
oncogenesis, proliferation, and poor prognosis. Down-regulation of SIRT6 in human cancers has been reported in hepatocellular carcinomas, ovarian cancers, and colon cancers
(72–75). Furthermore, the Cancer Cell Line Encyclopedia

reports that the SIRT6 gene is deleted in 35% of all cancer cell
lines in their database (76, 77). SIRT6 knockout in mouse embryonic fibroblasts led to tumor formation in mouse xenograft
studies independent of known oncogene activation (2). This
tumorigenesis was attributed to derepression of glycolytic
genes resulting in a Warburg-like phenotype characterized by
increased glucose uptake and anaerobic glycolysis. Similarly,
SIRT6 point mutations identified in human cancers were
shown to be loss-of-function, and xenograft studies by Kugel et
al. (5) demonstrated that these loss-of-function mutations
were sufficient to drive tumor formation in mice. Copy loss
number of SIRT6 has been observed in 60% of pancreatic cancer cell lines, and studies on low SIRT6-expressing cell lines
demonstrated accelerated tumorigenesis in a mechanism independent of enhanced glycolysis (78). Rather, SIRT6 was shown
to deacetylate H3K9 and H3K56 at the promoter of Lin28b, an
RNA-binding fetal oncogene that promotes transformation
and tumor progression (78, 79). It was therefore concluded by
Kugel et al. that loss of SIRT6 leads to c-Myc transcription factor–driven overexpression of Lin28b and subsequent tumor
growth. Additionally, SIRT6 was shown to deacetylate H3K9 at
the promoter of survivin, an oncoprotein up-regulated in most
cancers that impairs tumorigenesis (72, 80). Positive outcomes
for breast cancer patients correlated with SIRT6 levels and
inversely correlated with SIRT6 phosphorylation at Ser338 (81).
This was mechanistically supported through the demonstration
that Ser338 phosphorylation of SIRT6 by the kinase AKT1
induced SIRT6 ubiquitination by MDM2, targeting SIRT6 for
protease degradation. In colon cancer cells, the tumor suppressor USP10, a ubiquitin-specific peptidase, was found to be critical for deubiquitinating SIRT6 and stabilizing protein levels to
negatively regulate the transcriptional activity of the c-Myc
oncogene (82). In separate studies, SIRT6 SUMOylation was
shown to promote interaction with c-Myc, resulting in the
deacetylation of H3K56, but not H3K9, and transcriptional
repression at the promoters of c-Myc genes (83). The site of
SIRT6 SUMOylation was localized to the C terminus and isolated to either Lys296, Lys300, Lys316, or Lys332. Furthermore,
Bhardwaj et al. (84) demonstrated that SIRT6 interacts with
and deacetylates nuclear pyruvate kinase M2 (PKM2), an oncogenic transcriptional coactivator, on Lys433, which resulted in
its nuclear export and a downstream reduction in cell proliferation, migration potential, and invasiveness.
Despite the vast majority of data supporting the roles of
SIRT6 as a tumor suppressor, some evidence suggests that
SIRT6 may promote tumor survival in a context-dependent
manner. It has been observed that SIRT6 is up-regulated in
cases of squamous cell carcinoma, chronic lymphocytic leukemia, multiple myeloma, and acute myeloid leukemia (85–88).
Three of the aforementioned diseases are hematopoietic cancer
lines, which curiously are the only tumor type exhibiting gain
of SIRT6 gene copies according to the Cancer Cell Line Encyclopedia (2, 77). In the case of multiple myeloma, a disease
characterized by a highly unstable genome, Cea et al. (85) noted
increased SIRT6 expression as an adaptive response to combat
genomic instability. In acute myeloid leukemia, SIRT6 overexpression was demonstrated to protect tumors from DNA
damage through the deacetylation and activation of DNAJ. Biol. Chem. (2020) 295(32) 11021–11041
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dependent protein kinase, a DDR element that facilitates DSB
repair (85, 89). In the same study, SIRT6 depletion in multiple
myeloma cells was found to potentiate genotoxic treatment
and increase proliferation rate. Mechanistically, SIRT6 was
shown to interact with the transcription factor ELK1 to deacetylate H3K9 and suppress the expression of ERK signaling–
related genes and reduce proliferation (85). Bauer et al. (90)
reported that SIRT6 promotes metastasis through the up-regulation of pro-inflammatory cytokines, including IL-8 and TNFa. This effect was noted to occur through SIRT6 catalytic activity, resulting in increased intracellular ADP-ribose levels, an
activator of the Ca21 channel TRPM2 required for LPSinduced production of IL-8 and TNF-a (90, 91). In hepatocellular carcinoma (HCC), Lee et al. (92) identified SIRT6 as a tumor
promoter that prevented DNA damage and cellular senescence.
Separate studies of HCC by Ran et al. (93) identified a separate
oncogenic role for SIRT6. Namely, SIRT6 was found to deacetylate H3K9 at the promoter of Bcl-2–associated X protein
(Bax), an apoptotic activator, resulting in HCC protection from
apoptosis. Contrasting research by Zhang et al. (94) suggested a
tumor-suppressing role of SIRT6 toward HCC cells by blocking
the ERK1/2 signaling pathway, although the mechanism of
SIRT6/ERK cross-talk is unknown.
Clearly, SIRT6 is an important regulator of metabolism and
genome maintenance, and the ability to suppress tumor formation is well-documented. Nevertheless, cell- and context-dependent examples of SIRT6-driven tumor survival have also
been reported. These contrasting studies suggest a complex
role for SIRT6 in tumor development and survival that is still
being evaluated. One interpretation of current data are that
within the context of a healthy cell, DNA repair and genomic
stability prevents oncogenesis; however, following specific
types of transformation, these same functions can protect the
aberrant cells from genotoxic therapies or the accumulation of
excess deleterious mutations. The context-dependent role of
SIRT6 as either a tumor suppressor or tumor driver opens the
door to informed disease-specific pharmacological activation
or inhibition. Likewise, the development of small-molecule
SIRT6 modulators will aid the study of SIRT6 activity in varying
disease contexts. To provide context for a subsequent review of
small-molecule modulators, we will first discuss the overall
structure of SIRT6 and unique features that differentiate this
sirtuin from other family members.

Molecular architecture of SIRT6
Domain overview
Sirtuins 1–7 are an evolutionarily conserved family of
enzymes that share a core catalytic domain spanning ;250
amino acids (Fig. 3). The catalytic core comprises an NAD1binding Rossmann fold domain and a structural zinc-binding
domain containing four conserved cysteine residues, which
coordinate a zinc ion (95). Catalysis occurs in a hydrophobic
cleft situated between these two domains that varies in size and
composition between sirtuin family members to confer specificity toward acyl substrates (24, 96, 97). Additionally, sirtuins
contain diverse N and C termini that can direct cellular localization and protein-protein interactions.
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Rossmann fold domain and NAD1 binding
SIRT6 contains a Rossmann fold structural motif responsible
for NAD1 binding that is common among nucleotide-binding
proteins (Fig. 3) (98). This domain spans residues 27–132 and
195–268 and is structurally represented by a six-stranded parallel b-sheet in between two helices on one side and four helices
on the other (23). The Rossmann fold domain forms a platform
for the NAD1-binding site, whereas the flanking cofactor binding loop forms additional contacts with NAD1 to stabilize
the bound form (99). Structural analysis of bound adenosine
diphosphate ribose (ADPr) revealed 18 possible polar contacts
between primarily the Rossmann fold domain and ADPr (Fig.
4C). ADPr is an NAD1 metabolite lacking the nicotinamide
moiety that inhibits SIRT6 catalysis, suggesting that it similarly
occupies the NAD1-binding pocket (23, 100). Substrate binding by SIRT1-3 has been reported to follow an ordered binding
mechanism in which acetyl peptide precedes that of NAD1
(101, 102). SIRT6 is the only known sirtuin to bind NAD1 in
the absence of acyl substrate (23, 103). The ability to bind
NAD1 in the absence of acyl peptide substrate is structurally
explained by the NAD1 binding loop of SIRT6 maintaining an
ordered helix in the absence of peptide substrate (23), whereas
this loop is disordered in the absence of substrate for SIRT2,3,5
(101, 104, 105). Interestingly, a naturally occurring point mutation (D63Y) in human cancer exists in the NAD1-binding loop
and has been shown to abolish deacetylase activity (5). Additionally, a study by Mao et al. (21) reported that S56Y and
R65A variants lacked cellular deacetylase activity. Subsequent
studies further demonstrated that Arg65 is critical for in vitro
activation of deacetylation (103). These studies suggest that the
NAD1-binding domain of SIRT6 is a hotspot for loss-of-function mutation.
Zinc-binding domain
The Zn21-binding domain of the sirtuins (class III HDACs)
is thought to be strictly structural and does not participate in
catalysis, in contrast to the active-site zinc ion in the zinc-dependent class I, II, and IV HDACs (99). The sirtuin zinc domain
utilizes four conserved cysteine residues to coordinate Zn21
(SIRT6: Cys141, Cys144, Cys167, and Cys178). Most sirtuins contain the conserved sequence motif Cys-X-X-Cys-X15-20-Cys-XX-Cys; however, SIRT6 incorporates a 10-amino acid insert
between the third and fourth cysteine, resulting in a unique
extended flexible loop (Fig. 4E) (23). Interestingly, C terminus
of Hsp70-interacting protein (CHIP) has been shown to noncanonically ubiquitinate SIRT6 on Lys170, a residue that resides in
the extended flexible loop on the Zn21-binding domain (106).
This ubiquitination prevented proteasome-mediated degradation of SIRT6 and led to increased protein t1/2. Studies involving SIRT1 and the yeast homolog, Sir2, demonstrated that
cysteine S-nitrosation or mutation of these zinc-coordinating
cysteines to alanine results in loss of deacetylase function
(107–109). Molecular dynamics simulations suggested that loss
of activity was due to repositioning of the Zn21-binding domain away from the catalytic domain following zinc release,
resulting in allosteric changes that disrupt NAD1 and acyl substrate binding (110). Trichostatin A (TSA) is well-documented
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Figure 3. Overall domain architecture of SIRT1-7. Sirtuins share a conserved catalytic core consisting of a Rossmann fold domain (light blue), Zn21-binding
domain (orange), and catalytic histidine (red). Human sirtuins have unique N-terminal (green) and C-terminal (purple) domains that vary in length and
sequence. The overall architecture of SIRT6 shows that the Rossmann fold domain, although separated by primary sequence, forms a single globular domain
that the N terminus and part of the C terminus (residues 269-294) are structured around. The majority of the C terminus (residues 295-355) is disordered and
has not been structurally solved. This structure was produced using entry 3ZG6 from the RCSB Protein Data Bank.

as a Class I and II HDAC inhibitor that functions by chelating
the active-site zinc of these enzymes (111). Curiously, it was
demonstrated that TSA specifically inhibits SIRT6 (Ki = 2 mM)
over SIRT1–3 and SIRT5 (Ki . 50 mM) against H3K9ac peptide
substrate (110). Subsequent kinetic analyses suggested that
TSA competitively inhibited SIRT6 with respect to H3K9ac
substrate (110). A structure of SIRT6 bound to TSA was solved
in a separate study revealing binding to a SIRT6 specific region
at the distal end of the hydrophobic cleft, explaining its isoform
selectivity (112). TSA is often used in an effort to specifically inhibit class I and II HDACs in cellular experiments at concentrations ranging from 0.1 to 2 mM. Given this expanded role of
TSA as a zinc chelation–independent inhibitor of SIRT6 with a
Ki of 2 mM, methodological caution should be taken to rule out
“nonspecific” inhibition of SIRT6.
Hydrophobic pocket
A conserved salt bridge between the Rossmann fold and
zinc-binding domains of SIRT5 and many Sir2 homologs is
thought to contribute to the stabilized positioning of these
domains (105, 109). SIRT6 lacks this salt bridge (predicted by
homology modeling to occur between Arg182 and Asp190),
resulting in a structure that is splayed open relative to other sirtuins (23). This expanded cleft between domains contains an
elongated hydrophobic pocket that accommodates long-chain
acyl substrates. A structure of SIRT6 bound to H3K9myr
revealed nonpolar contacts of the myristoyl chain with Ala13,
Pro62, Phe64, Trp71, Pro80, Phe82, Phe86, Val115, Leu132, Met157,
Leu186, and Ile219 (Fig. 4D) (24). Furthermore, structures con-

taining bound myristoyl peptide are the only ones to date in
which the SIRT6 N terminus became structured, revealing that
it covers part of this hydrophobic pocket at the interface of the
Rossmann fold and zinc-binding domains (24, 113). Together,
this suggests that acyl substrate occupation of the hydrophobic
pocket can lead to an ordered structure and provides one possible explanation for why long-chain deacylation is more efficient
than short-chain deacetylation. This hydrophobic pocket has
also been implicated as an activator-binding site through both
kinetic and structural studies. Kinetically, the activators CL5D
and myristic acid displayed competitive inhibition toward myristoyl substrate (25, 103). Crystal structures of SIRT6 in the
presence of the activators UBCS039, MDL-801, and cyanidin
demonstrated their occupation of the distal hydrophobic
pocket away from the active site (114, 115). Structural alignment of these deacetylase activators with myristoylated peptide
demonstrates varying levels of overlap, resulting in differing
effects toward competitive inhibition of long-chain deacylation.
These kinetics will be discussed further in subsequent sections
of this review. Structural analysis of H3K9 peptide binding
reveals primarily hydrogen bonds between the main chain of
the peptide and the surface of SIRT6 with just Thr11 and Gln6
of the peptide substrate participating in side-chain interactions
(Fig. 4B). Microarray analysis using ;6,800 acetyllysine substrates demonstrated a SIRT6 preference for uncharged residues around acetyllysine except for negatively charged residues
at –4 and 12 (116); however, none of the three identified in
vivo histone substrates (H3K9/18/56ac) satisfy these reported
in vitro preferences. This suggests that selectivity for histone
J. Biol. Chem. (2020) 295(32) 11021–11041
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substrate may be dependent on other factors such as proteinprotein binding and optimized orientation between SIRT6 and
target sites on nucleosomes. The nature of the acyl group modification on lysine might also facilitate SIRT6-substrate interactions. Consistent with this notion, SIRT6 performs more efficient deacylation in vitro against substrates containing acyl
groups ranging from 8 to 14 carbons in length (25); however,
identification and validation of long-chain acyl substrates in
vivo remains limited (117, 118). Directed evolution of SIRT6
conducted using SIRT6 ancestral libraries identified multiple
point mutations that resulted in enhanced demyristoylation of
peptide substrate (47). The mutation M157H, located in the
hydrophobic pocket, was identified in two separately evolved
SIRT6 variants and resulted in improved kcat of demyristoylation. In silico modeling led the authors to propose improved catalysis through better positioning of NAD1 and peptide substrate; however, the precise contributions of this mutation are
unknown. Despite the structural and biochemical evidence that
SIRT6 preferentially hydrolyzes long-chain acyl groups, compelling cellular evidence suggests that SIRT6 exerts biological
regulation primarily through the direct deacetylation of specific
sites on histone and nonhistone proteins (38, 39, 43).
N- and C-terminal extensions

Figure 4. SIRT6 structural features of ligand binding and overall
architecture. SIRT6 sequentially binds NAD1 followed by acyl-substrate
prior to initiating chemical catalysis. The noncatalytic NAD1 surrogate lacking nicotinamide, ADP-ribose, is often used in structural studies to prevent
catalytic turnover. A, ADP-ribose (pink) binds to the interior of the Rossman
fold domain with the nicotinamide-ribose proximal to the catalytic His-133
(red). H3K9 myristoyl peptide (yellow) binds to the solvent-exposed exterior
of both the Rossmann fold and Zn21-binding domain with the substrate lysine inserted into the catalytic site proximal to the opposing side of His-133.
The N terminus has been excluded to more clearly demonstrate the relative
positioning of ligands. B, polar contacts between the H3K9 peptide substrate
(yellow) and residues SIRT6 (light blue). C, extensive polar contacts between
residues of SIRT6 (tan) and ADP-ribose (pink). D, SIRT6 contains an extended
hydrophobic tunnel, relative to the latent tunnels observed in other structurally solved sirtuins, that accommodates the myristoyl chain (yellow spheres)
of an H3K9myr peptide (yellow sticks). This hydrophobic tunnel is formed
between the Rossmann fold domain (light blue surface) and Zn21-binding domain (orange surface), is composed of numerous nonpolar residues (magenta
sticks), and is sealed by the N terminus (green surface). E, the Zn21-binding
domain of SIRT6 utilizes four conserved cysteines (magenta sticks) to coordinate a zinc-ion (magenta sphere). This domain contains a 10-amino acid
extension between the third and fourth cysteines, resulting in an unordered
loop (blue) unique to SIRT6. These structures were produced using entry
3ZG6 from the RCSB Protein Data Bank.
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In addition to the conserved catalytic core consisting of a
Rossmann fold and zinc-binding domain, individual sirtuins
harbor unique N- and C-terminal extensions (Fig. 3). Structurally, the 24-amino acid N terminus of SIRT6 is surface-exposed
and lacks secondary structural elements. The second half of the
N terminus (Asp14–Phe24) is ordered in crystal structures and
is adjacent to the Rossmann fold domain. The first half of the N
terminus (Met1–Ala13) has only been observed to be ordered
upon H3K9myr peptide binding, which makes contacts with
both the Rossmann fold domain and zinc-binding domain to
seal the hydrophobic pocket. Given that SIRT6 performs more
efficient long-chain deacylation in vitro, it follows that the
ordering of this domain may facilitate catalysis. The N terminus
of SIRT6 has been shown to be critical for H3K9 and H3K56
deacetylase activity and for chromatin association in cells; however, this region is dispensable for nuclear localization (30). No
SIRT6 structures to date have been solved in the presence of
acetylated substrates, so it remains to be seen whether canonical acetyl substrates can induce ordering of the N terminus.
The N-terminal domain of SIRT6 is highly conserved among
mammalian homologs and can be phosphorylated at Ser10 to
facilitate DNA repair (29, 119).
The C terminus of SIRT6 (Leu269–Ser355) is significantly
larger than the N terminus and is reported to contain a nuclear
localization signal (30). This C terminus is predicted to be an
intrinsically disordered region (IDR) and is composed of 24.7%
prolines with a pI of 10.1 (119). To date, only a short region
(Leu269–Glu298) of this C terminus has been solved by crystallography, with the rest remaining unstructured (Fig. 3). Given
the difficulty in crystallizing this inherently disordered domain,
some researchers have opted to remove this region to facilitate
crystal formation (23, 24). Interestingly, it has recently been
suggested that heterochromatin can form through phase
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Figure 5. Mechanism of SIRT6 catalysis. SIRT6 performs NAD1-dependent deacylation of a substrate lysine (AcLys), resulting in the formation of nicotinamide (Nic), O-acyl-ADP-ribose (OAADPr), and deacylated lysine (Lys). A, the kinetic scheme of SIRT6 (E) begins with ordered sequential binding of NAD1
followed by acyl-lysine substrate. Next, the complex undergoes a conformational change (boldface, E!F) that has been shown to be activated by some smallmolecule SIRT6 activators of deacetylation or directly by long-chain acyl substrates. Chemical catalysis is initiated by formation of the alkylimidate intermediate (O-alkyl) and release of nicotinamide. Subsequently, SIRT6 catalyzes the formation of the 19,29-cyclic intermediate (1929-cyc) and then its subsequent
water-mediated collapse to form the final products. After release of deacylated lysine and O-acyl-ADP-ribose, SIRT6 is ready for its next round of catalysis. B,
chemical catalysis; i, substrate acyl-oxygen performs nucleophilic addition on the 19-carbon of the nicotinamide ribose, resulting in the C19-O-alkylamidate intermediate and release of nicotinamide. ii, His133 acts as a general base to facilitate the intramolecular nucleophilic attack of the nicotinamide ribose 29hydroxyl on the O-alkylamidate carbon affording the 19,29-cyclic intermediate. iii, water-catalyzed hydrolysis of the 19,29-cyclic intermediate yields the tetrahedral intermediate. iv, positively charged His133 donates a proton to the imino group of the tetrahedral intermediate, resulting in cleavage of the C–N bond and
yielding the final products. v, O-Acyl-ADPr and deacylated lysine products are released from SIRT6.

separation into liquid droplets, and many of the proteins that
form these condensates contain IDRs (120, 121). Given the role
of SIRT6 in maintaining heterochromatin and telomeres (38,
40, 122), it is an emerging and exciting question whether the Cterminal IDR participates in heterochromatic condensates. In
vivo phosphorylation of the C terminus at Thr294, Ser303, Ser330,
and Ser338 has been reported (119, 123, 124). The SIRT6 variant
S338A disrupted interactions with nuclear pore complexes as
determined by immunoprecipitation-MS, suggesting that
phosphorylation of the C terminus may modulate protein-protein interactions (119). However, there are no additional data
suggesting the cellular function for this potentially regulated
interaction.

Catalytic activities
Catalytic mechanism
Sirtuins remove acyl moieties from the e-amino group of
lysines and, in the process, consume one molecule of NAD1 for
every one molecule of acyl chain removed (125). Three products are generated: nicotinamide, deacylated peptide/protein,
and acylated ADP-ribose. After both substrates are bound, the
glycosidic bond between nicotinamide and ribose is cleaved,
and the acyl oxygen attacks the C1 of ribose, resulting in an
adduct between the two substrates (Fig. 5). Kinetic isotope
effect experiments suggest that the glycoside bond is largely
broken before the addition of the acyl oxygen (126), although
the net rate constant for this first chemical step is greatly influenced by the nucleophilicity of the attacking oxygen (127). The

lifetime of the resulting alkylimidate intermediate can be
extended by replacing a catalytic histidine (His133 in SIRT6),
which would normally facilitate (via general base action) the
attack of the ribose 29-OH on the imidate intermediate (Fig. 5),
forming a bicyclic adduct (128, 129). During catalysis, the histidine to alanine mutant protein is partially stalled at the imidate
intermediate, allowing water or other solvent nucleophiles
(methanol/ethanol) to react, essentially turning the enzyme
into an acetyl substrate–dependent NAD1 hydrolase, with no
net deacetylation (128). These results have implications for the
weak ability of sirtuins to mediate protein ADP-ribosylation
under some circumstances (discussed further below). During
the normal catalytic cycle for deacylation, formation of the
bicyclic intermediate (Fig. 5, species iii) is followed by attack of
a water molecule to form intermediate iv, followed by cleavage
of the C–N bond to liberate the final two products, O-acylADP-ribose and deacetylated lysine. Evidence for these catalytic steps and intermediates has come from biochemical,
structural, and theoretical experiments (128, 130–133).
Early reports on the possible reactions catalyzed by sirtuins
included both deacetylation and ADP-ribosylation (13–15, 125,
130, 134). To date, a preponderance of data supports the main
catalytic activity as NAD1-dependent deacylation, with unique
specificities between sirtuins for various acyl groups on the lysine e-amine. Whereas most studies have ascribed deacylation
as the biological function of sirtuins, a few others have suggested that the protein ADP-ribosylation activity of some sirtuins is responsible for certain cellular functions. Such reports
suggest that SIRT4 can ADP-ribosylate GDH (135), that SIRT2
J. Biol. Chem. (2020) 295(32) 11021–11041
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can target BSA (134), and that SIRT6 can ADP-ribosylate
PARP1 (21). The role of sirtuin-dependent ADP-ribosylation
remains enigmatic. From a biochemical perspective, protein
ADP-ribosylation can be explained through the intrinsic catalytic properties of sirtuins (22, 125, 136). However, parsing
deacylation from ADP-ribosylation in cellular assays remains
challenging, largely because both activities occur through the
same active site. In vitro, ADP-ribosylation activity pales compared with deacylation, and the ability of SIRT6 to perform
multiple rounds of catalytic turnover for ADP-ribosylation has
not been reported. Nevertheless, in cellular contexts, it is possible that there are molecular circumstances that greatly promote ADP-ribosylation over deacylation. With SIRT6, the
unique kinetic mechanism might allow SIRT6 to facilitate such
a proposed switch toward more favorable ADP-ribosylation.
Detailed kinetic mechanisms for a few sirtuins are reported.
Generally, sirtuins bind NAD1 after acylated substrates are
bound (101, 102, 137). Nicotinamide is the first product produced and released by the enzymes (Fig. 5). After completing
the final chemical steps of catalysis, deacylated product and Oacyl-ADPr are released, with O-acyl-ADPr likely the last product to be released. Interestingly, SIRT6 displays a distinct kinetic mechanism that permits NAD1 binding in the absence of
acylated substrate (Fig. 5) (23, 103). Also, after both substrates
bind SIRT6, reports suggest a slow conformational step that
enables formation of the first bisubstrate adduct, the alkylimidate intermediate (103). This conformational step was greatly
enhanced when long-chain acylated substrates were used or
when SIRT6 was activated by fatty acids (FAs) or other smallmolecule activators (103). Among sirtuins, the rate-limiting
steps in turnover appear to vary, depending on the intrinsic
properties of each enzyme, choice of acylated substrate, and
whether the enzyme is activated. Accordingly, these factors
affect the Km for NAD1 as well as the acylated substrate (138).
These observations have important implications for the differential NAD1 dependence for sirtuin-catalyzed deacylation.
Current data suggest that low NAD1 levels will favor SIRT1,
SIRT2, and SIRT6 long-chain deacylation over deacetylation,
whereas higher NAD1 levels will preferentially enhance deacetylation (138). The idea of stimulating cellular sirtuin activity
has long been a goal of many researchers and pharma industries. Two main strategies have been explored: (i) the use of
vitamin B3 compounds to boost cellular NAD1 levels and (ii)
the use of allosteric activators that enhance catalytic efficiency. SIRT1 is the most studied human sirtuin and the first
sirtuin targeted for therapeutic development with natural
products and synthetic small molecules as allosteric activators (139–141). In mouse studies, promising evidence supports the therapeutic potential of targeting SIRT1 activation
(142–144). These studies provided proof of concept for
therapeutically targeting sirtuin activation.
Activation
Sirtuins have been targets of drug discovery efforts since the
discovery that their biological functions are implicated in agerelated diseases (145). Investigations into the molecular function of SIRT6 had lagged that of SIRT1 in part because of
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SIRT6’s poor in vitro deacetylase activity, which is nearly
;1,000 times lower than that of other sirtuins (23). It was later
demonstrated that SIRT6 is hundreds-fold more efficient at
removing long-chain acyl modifications, such as myristoyl,
compared with short-chain deacetylation, and structural studies revealed that the myristoyl group of this peptide is accommodated in a hydrophobic pocket extending past the catalytic
site (24, 25). However, there was a discrepancy between cellular
data suggesting that SIRT6 acted as a H3K9 deacetylase and the
poor in vitro activity of SIRT6 against acetylated substrates versus long-chain acylated peptides.
A major advance in our understanding of in vitro SIRT6
deacetylation came with the discovery that this activity could
be greatly enhanced in the presence of certain long-chain free
fatty acids. Studies by Feldman et al. (25) demonstrated that
free fatty acids ranging from 12 to 18 carbons were capable of
improving the catalytic efficiency of SIRT6 deacetylation up to
35-fold. This evidence suggests that SIRT6 deacetylation can be
regulated by small molecules and provides a possible mechanism for cellular SIRT6 to achieve efficient levels of deacetylase
activity. Whereas we predict that SIRT6 can be activated by endogenous FAs, direct evidence of cellular SIRT6 activation by
FAs has yet to be reported. A recent study provided compelling
evidence that monounsaturated FAs activate SIRT1 specifically
toward PGC-1a and FOXO3, but not histone H3, both in vitro
and in vivo (146). With SIRT6, Michaelis–Menten kinetic analysis revealed that FAs drive activation primarily through an
improved kcat/Km, suggesting that one or more steps prior to
and including the release of nicotinamide are enhanced during
activation (Fig. 5) (25). This same study showed that free myristic acid acts as a competitive inhibitor of long-chain demyristoylation. Together, these biochemical studies suggest that the
hydrophobic pocket of SIRT6 is an activation site that can be either accommodated directly by long-chain acyl substrates or by
FA activators of deacetylation. These findings and others have
led to the development of structurally diverse small-molecule
activators of SIRT6 (Table 1) that will be discussed in the following sections.
Natural compounds as activators—Utilizing magnetic beads
coated with catalytically active SIRT6, the flavonoids quercetin
and vitexin were initially identified from fenugreek seed extract
as in vitro inhibitors of SIRT6 deacetylation (147). Later studies
of quercetin as well as an additional flavonoid, luteolin, demonstrated IC50 values of 24 and 1.9 mM, respectively (148). Curiously, dose-response assays of quercetin and luteolin showed
6- and 10-fold activation at higher concentrations with EC50
values of 990 and 270 mM, respectively. The concentration-dependent dual function of these flavonoids opens the possibility
of multiple modes of small-molecule binding, although this has
not been further explored. This same study demonstrated Nacylethanolamines, namely oleoylethanolamide and myristoylethanolamide (EC50 of 3.1 and 7.5 mM), as more potent activators, albeit with lower maximum -fold activation of SIRT6, than
their fatty acid cousins, oleic and myristic acid (EC50 of 90 and
246 mM) (25, 148).
Additional flavonoids were subsequently investigated, resulting in the identification of multiple anthocyanidins that stimulated SIRT6 activity, the most effective of which, cyanidin,
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Table 1
Identified activators of SIRT6 deacetylation
A select set of SIRT6 activators are presented in which detailed studies have been conducted or that demonstrate the diversity of small-molecule activators. Half-maximal
effective concentration (EC50) values and kinetic parameters describing maximal observed activation were collected using the adjacent peptide substrate, with “1WW”
referring to the addition of two tryptophans not native to the histone sequence used for the accurate quantification of substrate. Effects on SIRT6 demyristoylation of
peptide substrate are also reported when available. NA, not available; the referenced study did not provide pertinent data.
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Figure 6. SIRT6 activators bind to the terminus of the hydrophobic
pocket. Crystallization of SIRT6 small-molecule activators reveals a conserved site of activation located at the terminal end of the hydrophobic
pocket. A, a structure of SIRT6 bound to myristoyl peptide (yellow) and ADPribose (pink) overlaid with MDL-801 (green), UBCS039 (magenta), and cyanidin (blue) shows that these activators bind away from the active-site His-133
(red). B, UBCS039 and cyanidin cap the hydrophobic pocket and directly overlap with the myristoyl chain of peptide substrate. MDL-801 also caps this
hydrophobic pocket; however, it is shifted back, allowing for the accommodation of myristoyl substrate. This structure was produced using entries
5Y2F, 5MF6, 6QCH, and 3ZG6 from the RCSB Protein Data Bank.

activated SIRT6 55-fold against acetyl peptide with an EC50 of
460 mM as determined under proper steady-state dose-response
conditions (115). Delphinidin, which contains three rather than
two hydroxyl groups on the B-benzene ring of the flavonoid
scaffold, yielded a similar EC50; however, it showed a weaker
maximum activation of 6.3-fold. In silico docking of these compounds suggested surface contacts with the b6/a6 loop that
capped the distal end of the hydrophobic pocket. The A- and Bbenzene rings of cyanidin are predicted to rotate slightly compared with that of delphinidin, resulting in a closer contact and
conformational change of Trp186 of SIRT6, providing a structural rationale for its increased effectiveness. A subsequent Xray crystal structure of SIRT6 bound with cyanidin confirmed
this binding orientation (Fig. 6) (149). Interestingly, treatment
of Caco-2 cells with cyanidin showed a dose-dependent
increase (3.5-fold) in SIRT6 protein levels (115). It is entirely
possible that cyanidin bound to SIRT6 stabilizes the protein
against degradation, providing both catalytic activation and
decreased protein turnover. Anthocyanidins, including cyanidin, have been implicated in reducing the risk of aging-related
diseases thought to be mediated by their protective effect
against oxidative stress (150, 151). Given the protective role of
SIRT6 against aging-related diseases, it is compelling to specu-
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late that some anthocyanidines act through SIRT6. Additionally, it raises the point that small molecules eliciting increased
SIRT6 protein levels should be considered as a potential therapeutic strategy in addition to those that directly activate SIRT6.
Screening of brown algae extracts led to the identification of
fucoidan, a highly abundant sulfated polysaccharide, as an activator of SIRT6 deacetylation (152). Fucoidan is a complex heterogeneous polysaccharide found in various brown algae and
seaweeds, making structural determination of this compound
difficult. However, fucoidan isolated from Fucus vesiculosus
exhibited a ;355-fold activation of SIRT6 at 100 mg/ml under
steady-state conditions. Dose-response assays of fucoidan did
not reach saturation due to limitations of available fucoidan,
suggesting that maximum activation may be higher than
reported. Fucoidan was additionally shown to activate SIRT6 in
vitro against histone substrate and demonstrated strong specificity for SIRT6 over SIRT1–3. This finding marks the first
identification of a high molecular weight polysaccharide activator of SIRT6; however, a lack of detailed kinetics of activation,
in particular the effects on kcat or kcat/Km, prevent the mechanism of activation from being compared with that of other
small-molecule activators.
Synthetic activators—The first validated set of synthetic
SIRT6 deacetylase activators, pyrrolo[1,2-a]quinoxaline derivatives, were characterized by You et al. (114). This work was motivated by a previous study in which virtual docking and subsequent in vitro studies suggested a weak stimulation of SIRT6 by
the compound 4-(pyridin-3-yl)-5-((3-(trifluoromethyl)-phenyl)
sulfonyl)-4,5-dihydropyrrolo[1,2-a]quinoxaline (153). This lead
compound was ultimately derivatized to 4-(pyridin-3-yl)-4,5dihydropyrrolo[1,2-a]quinoxaline (renamed UBCS039), which
demonstrated a 3.5-fold increase in SIRT6 activity against an acetyl peptide with an EC50 of 38 mM as determined under steadystate conditions utilizing a coupled assay that monitors the
formation of nicotinamide (114, 154). UBCS039 was further validated as an activator of SIRT6 against endogenously sourced calf
thymus histones and HeLa mononucleosomes; however no kinetic data were presented to clarify whether activation occurred
via an improved kcat or kcat/Km. The structure of UBCS039/
SIRT6 was solved and showed the activator occupying the distal
pocket of the hydrophobic channel, consistent with the previous
notion of this pocket as an activation site (Fig. 6). When compared with the structure of SIRT6 bound to a myristoylated peptide (3ZG6), UBCS039 overlaps with the terminal seven carbons
of the myristoyl chain (114, 138). In line with these structural
data, the presence of myristoylated peptide weakened the binding
of UBCS039 by an order of magnitude. However, no inhibition of
demyristoylation was observed in the presence of UBCS039,
likely due to the weak binding of UBCS039 being unable to compete with the tight-binding myristoyl peptide. No structural rearrangement of SIRT6 was observed in the presence of UBCS039
compared with apo-SIRT6, perhaps due to preformed SIRT6
crystals soaked with UBCS039 being unable to adopt potential allosteric changes. In a subsequent study, UBCS039 was shown to
elicit cellular activation of SIRT6 that resulted in decreased levels
of H3K9ac and H3K56ac and SIRT6-dependent autophagy-related
cell death (155). This study was the first reported instance of a
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cellularly active small-molecule SIRT6 activator, thus providing
proof-of-principle for the potential therapeutic targeting of SIRT6.
An additional SIRT6 activator, MDL-800, with cellular activity was reported by Huang et al. (113). Researchers began by
computationally predicting an allosteric site on SIRT6 and virtually docking five million compounds. In vitro testing of the
top predicted binders validated lead compounds as SIRT6 activators with demonstrated EC50 values in the 170-220 mM range
as determined under steady-state conditions. Chemical optimization of the substituents of the two terminal phenyl rings
resulted in the compound MDL-800, which displayed a 22-fold
increase in SIRT6 activity with an EC50 value of 10.3 mM. Activation was further validated against additional peptide substrates, and HeLa extracted heterogeneously modified nucleosomes. Michaelis–Menten kinetic analysis against peptide
substrate demonstrated an 18-fold increase in kcat/Km for
H3K9ac, driven by a 7.4-fold increase in kcat and a 2.2-fold
decrease in Km. Interestingly, these kinetics of activation vary
from other synthetic activators in which detailed kinetic analyses have been performed. CL5D (discussed next) and myristic
acid, for example, drive activation of SIRT6 primarily by reducing the Km for H3K9ac and show minimal effects on kcat (25,
103). These varied kinetics of activation are potentially
explained by subsequent structural studies of MDL-801, a
demethylated derivative of MDL-800, which revealed a unique
activation pocket peripheral to that of UBCS039 (Fig. 6). A
complex of SIRT6/MDL-801 could only be solved in the presence of myristoylated peptide and exhibited nonoverlapping
binding pockets of the two ligands. MDL-801 was located near
the surface-exposed distal region of the hydrophobic pocket
and made contacts with the N terminus and p-stacking interactions with Phe82 and Phe86 of SIRT6. Mutation of Phe86
resulted in decreased potency of activation, demonstrating the
importance of this p-stacking interaction. Despite the ability of
myristoyl peptide and MDL-801 to co-occupy SIRT6, no
enhancement or inhibition of demyristoylation was observed.
Importantly, MDL-801 and UBCS039 exhibited synergistic
activation of SIRT6 deacetylation, substantiating separate binding sites and suggesting multiple modes of allosteric activation.
MDL-800 treatment of multiple human cancer cell lines
showed a dose-dependent and SIRT6-dependent cell-cycle
arrest and corresponding decrease in global H3K9ac and
H3K56ac levels, confirming MDL-800 as a cellularly active
SIRT6 activator. Together, studies of UBCS039 and MDL-800
demonstrate the viability of pharmacological activation of
SIRT6 and suggest multiple modes of allosteric activation. The
presence of distinct binding sites also opens the door to potential development of multivalent activators with improved affinity for SIRT6.
Recent work by Klein et al. (103) identified the novel SIRT6
activator, CL5D, and used this compound to probe the mechanism of activation, resulting in the identification of a conformational step preceding chemical catalysis that is enhanced by
small-molecule activators of deacetylation or directly by longchain myristoyl substrates. CL5D was derived through chemical
optimization of a lead compound identified through targeted
screening of lipid-like molecules. Kinetic analysis demonstrated
an EC50 value of 15.5 mM with a maximum 50-fold activation in

kcat/Km under steady-state conditions. Although no structural
data were presented, CL5D exhibited competitive inhibition of
demyristoylation, suggesting occupation of the hydrophobic
pocket, as had been described previously for free myristic acid
(25). Extensive kinetic analyses excluded the possibility of any
previously identified catalytic steps being enhanced by CL5D.
Kinetic modeling proposed that a slow conformational step following substrate binding but prior to the first chemical step—
formation of the alkylimidate intermediate—could be activated
by CL5D to account for the empirically determined 50-fold
increase in kcat/Km. The SIRT6 variant, R65A, maintained baselevel deacetylase activity but was unable to be activated by
CL5D toward deacetylation and demonstrated inefficient
demyristoylation. Although SIRT6 R65A could bind NAD1,
this variant lacked the ability to mediate the conformational
change observed for WT SIRT6 upon NAD1 binding. Together,
this suggested that CL5D activated SIRT6 deacetylation via an
Arg65-mediated conformational change prior to chemical catalysis and that this mechanism of enhanced catalysis is shared by
long-chain demyristoylation.
Kinetic implications of SIRT6 activation—The therapeutic
promise of pharmacological SIRT6 activation in combating
aging-related diseases has motivated the identification of novel
SIRT6 activators with diverse structures and varying levels of corresponding biochemical data. Studies that resolve the structural
interaction of SIRT6 and activator have universally identified a
region at the distal site of the hydrophobic pocket responsible for
ligand interaction (113–115). Anthocyanidins, including cyanidin
and delphinidin, as well as UBCS039 partially occupy the hydrophobic interior, in effect capping this pocket from the solventexposed exterior (Fig. 6). MDL-801 similarly binds the distal
region of this pocket; however, it appears shifted back toward the
solvent-exposed exterior when compared with previously mentioned compounds (Fig. 6B). Curiously, MDL-801 is the only activator to date that catalytically activates SIRT6 primarily by driving an increased kcat. Other activators, including myristic acid
and CL5D, have been shown to primarily enhance kcat/Km.
Therefore, it is of interest whether varying binding orientations
within this distal hydrophobic pocket elicit varying allosteric
mechanisms of SIRT6 activation.
The steady-state kcat/Km parameter describes the ability of
the enzyme to capture substrate at low concentration and commit it to catalysis; therefore, activation via an improved kcat/Km
implicates the improvement of substrate binding or a catalytic
step including or prior to the first irreversible step, the release
of nicotinamide. These steps include NAD1 and acetyl peptide
binding, formation of an alkylimidate intermediate, and nicotinamide release and are universal to sirtuin-mediated catalysis
(Fig. 5). As discussed previously, a recent study reported an
additional conformational step in SIRT6 catalysis following
substrate binding mediated by Arg65 that was enhanced by
CL5D (103). The rate of conformational change is slow in the
absence of activator and occurs prior to nicotinamide release
and is therefore also reflected in the kcat/Km term of SIRT6. It
remains to be determined whether other activators that
improve kcat/Km similarly increase the rate of conformational
change or whether this conformational step occurs in other sirtuins. MDL-801 uniquely activates SIRT6 primarily through an
J. Biol. Chem. (2020) 295(32) 11021–11041
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improved kcat, which reflects an enhancement of a rate-limiting
step. The terms reflected in kcat can include any of the chemical
steps or product release. The rate-limiting step of sirtuin catalysis varies depending on isoform as well as acyl-substrate and
remains unknown in the case of SIRT6 deacetylation due to the
inability to saturate SIRT6 with acetyl substrate, a requisite
condition for single-turnover kinetic analysis (138). Studies
involving other sirtuins have suggested that either the formation of the 19,29-cyclic intermediate, water-mediated collapse
of the 19,29-cyclic intermediate, or product release can be ratelimiting (128, 133, 138, 156). Further biochemical studies of
MDL-801 are required to reach a full mechanistic understanding of its unique activation.
Kinetic studies used to characterize in vitro activation of
SIRT6 thus far have been limited to the use of histone H3 tailmimetic peptides and endogenously sourced, heterogeneously
modified nucleosomes. Multiple activators have been identified
that improve kcat/Km for H3K9ac peptide substrates. In cells,
SIRT6 has been reported to be almost exclusively bound to
chromatin (1). Because kcat/Km describes the ability of SIRT6 to
capture substrate for catalysis, it is important to understand
how improving kcat/Km will affect an enzyme that is tightly
bound to a nucleosome substrate. Perhaps SIRT6 is capable of
undergoing activation during internucleosomal reaction, where
SIRT6 bound to one nucleosome can accept acetylated tail substrates from adjacent nucleosomes. Activators that improve
kcat could be imagined to affect both the activities of intra- and
internucleosomal deacetylation of nucleosomes. How in vitro
derived kinetic parameters influence SIRT6 toward physiologically complex polynucleosome substrates and whether SIRT6
performs intra- or internucleosomal deacetylation are therefore of importance in evaluating small-molecule activators.
Because endogenously sourced nucleosomes display as little as
2% acetylated H3K9 (157), additional studies will be needed to
accurately ascertain the role of activation in SIRT6-dependent
chromatin deacetylation.
Inhibition
Context-dependent inhibition of SIRT6 is thought to have
pharmacological value and has been successfully applied in
vitro as a chemosensitizing and prodifferentiating strategy
(158–160). Inhibitors of SIRT6 fall into four classes: product
inhibitors, thioacyl-lysine warheads, isoform-specific smallmolecule inhibitors of deacetylation, and competitive inhibitors
of long-chain deacylation.
The end products of SIRT6 catalysis are deacylated protein,
O-acyl-ADP-ribose, and nicotinamide. Nicotinamide is a noncompetitive inhibitor of sirtuins, binding to the enzyme and
reacting with the substrate–ADP-ribose adduct to reform substrates (132, 161–164). Subsequent studies validated nicotinamide as an inhibitor of SIRT6 deacylation (138, 165). Studies in
yeast demonstrated that nicotinamide depletion via overexpression of the nicotinamide-metabolizing enzyme, PNC1,
results in activation of Sir2 and lifespan extension (166). This
suggests that inhibition of sirtuins by nicotinamide may serve
as an endogenous regulator of activity, although this effect has
not been studied in mammalian cells. Both ADP-ribose and the
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nonhydrolyzable analog of O-acetyl ADP-ribose, N-acetyl
ADP-ribose, have also been shown to bind to SIRT6 at low to
mid-micromolar affinities (23). Kinetic studies demonstrated
ADP-ribose as an inhibitor of SIRT6 deoctanoylation and
demyristoylation with less potent IC50 values compared with
nicotinamide (100). The full potential for cellular regulation by
end-product inhibition has not been evaluated.
Thioacyl-lysine substrates of sirtuins demonstrate mechanism-based inhibition where, following the first chemical step
of catalysis, the corresponding 19-S-alkylamidate intermediate
displays impaired catalysis, in effect stalling the enzyme after
the first chemical step (129, 167). This mechanism-based inhibition has been exploited to create isoform-specific thioacyl
peptides, which specifically inhibit SIRT6 at micromolar levels
(168, 169). Subsequent work created cyclic peptide thioacyl-lysine inhibitors with nanomolar IC50 values with specificity for
SIRT6 (170). Although cyclic peptides tend to show improved
stability against protease/peptidase activity, cellular targeting
of SIRT6 with these compounds has not been realized.
Isoform-specific inhibition of sirtuins is an attractive therapeutic strategy and has been utilized successfully in targeting
SIRT1 in mouse models. Specifically, small-molecule inhibitors
of SIRT1 have been shown to sensitize cells to DNA-damaging
agents, and inhibition of SIRT1 and SIRT2 appeared to slow tumor growth (171–174). The first identified small-molecule
inhibitors of SIRT6 were identified from an in silico screen;
however, subsequent biochemical analysis suggested a lack of
isoform specificity (153). Quercetin and vitexin were isolated
from plant extracts and demonstrated SIRT6 inhibition; however, these compounds were later shown to activate SIRT6 at
higher concentrations, and isoform specificity was never
reported (147, 148). Research by Parenti et al. (175) first identified a set of synthetic small-molecule inhibitors with in vitro
specificity for SIRT6 over SIRT1 and SIRT2. These compounds
elicited a time-dependent increase of H3K9ac levels in cultured
cells; however, SIRT6 dependence was not evaluated. One of
the quinazolinedione inhibitors identified by Parenti et al. was
subsequently derivatized successfully to increase specificity
over SIRT1 and SIRT2 (176). Kinetic analysis of these quinazolinedione derivatives revealed competitive inhibition with
respect to both NAD1 and acetyl peptide substrate. Separate
studies later determined that SIRT6 follows an ordered binding
mechanism in which NAD1 binding precedes acetyl peptide,
suggesting that the inhibition noted by Sociali et al. (103) is
likely competitive with respect to NAD1 binding. Cell-based
assays further demonstrated that these quinazolinedione compounds mimic the effect of SIRT6 knockdown in potentiating
the activity of PARP inhibitors and chemotherapeutics (21, 90,
177). A following study reported that one of these quinazolinediones, named “compound 1” for the purposes of the study,
improved glucose tolerance in a type 2 diabetes mellitus mouse
model, the first study implicating in vivo pharmacological
SIRT6 inhibition (159). An additional salicylate-like compound,
originally identified by Parenti et al., was further derivatized
(renamed OSS_128167), showed specificity for SIRT6 over
SIRT1 and SIRT2, and elicited immunosuppressive and chemosensitizing effects in cell-based assays (158). Although
OSS_128167 was not tested in type 2 diabetes mellitus
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mouse models, pharmacokinetic studies in mice demonstrated a short t1/2 of ;10 min. A separate study demonstrated
that SIRT6 overexpression in cell culture resulted in a decrease of
H3K9ac levels that could be reversed by OSS_128167 treatment,
suggesting cellular inhibition of SIRT6 (178). Curiously, this same
study reported that OSS_128167 treatment resulted in inhibition
of hepatitis B viral transcription and replication in mice despite the
compound, with a t1/2 of ;10 min, only being administered every
4 days. Further studies are required to determine whether cellular
t1/2 rates vary from previously reported serum t1/2 and whether this
antiviral effect is due directly to intermittent SIRT6 inhibition.
As mentioned previously, various small-molecule activators
of SIRT6 deacetylation simultaneously inhibit long-chain
deacylation. Both myristic acid and CL5D demonstrate competitive inhibition against demyristoylation, likely resulting
from these compounds occupying the hydrophobic pocket and
sterically occluding the myristoyl but not the acetyl group of
substrate (Table 1) (25, 103). Other deacetylase activators,
including MDL-800 and UBC039, are unable to inhibit demyristoylation because the binding pocket is distinct from the
hydrophobic pocket or such compounds have weak binding relative to myristoylated peptide, respectively (113, 114). To date,
no inhibitor specific to long-chain deacylation of SIRT6 has
been evaluated in cellular models.

Perspective
Research progress over the past few years has described critical roles for SIRT6 in DNA repair, metabolic regulation, tumor
suppression, and longevity (179, 180). Given these biological
roles, SIRT6 has emerged as a candidate for small molecule
activation to extend lifespan through the treatment or prevention of age-associated disease, including nonalcoholic fatty
liver disease, cancer, fibrosis, and cardiac hypertrophy (52,
181–183). Early work demonstrated the ability of SIRT6 to be
activated in vitro by various small molecules, including free
fatty acids and natural products (25, 115, 147, 152). In recent
years, new synthetic small molecule activators have appeared
to exert cellular effects via SIRT6 stimulation (113, 155). The
compound UBCS039 was reported to stimulate SIRT6 deacetylation of H3K9 and H3K56 and ultimately led to autophagy-dependent cell death in human cancer cells (155). However,
autophagy has been shown to serve as a prosurvival response in
some cancer cell contexts (184), suggesting that therapeutic
targeting of SIRT6 in cancer to induce autophagy would need
to be carefully considered. Huang et al. reported that MDL-800
reduced H3K9 and H3K56 acetylation in a SIRT6-dependent
fashion and resulted in cell-cycle arrest of hepatocellular carcinoma cells (113). Administration of MDL-800 modestly
decreased xenograft tumor growth in immunocompromised
mice. These preliminary studies demonstrate proof of principle
for the cellular targeting of SIRT6 and mark the beginning of a
new phase of research in which small-molecule probes aid in
the biological evaluation of SIRT6 activities and therapeutic
opportunities are assessed.
The therapeutic targeting of SIRT6 is still in its infancy, and
although several compounds have exhibited SIRT6-dependent
cellular effects, questions regarding mechanisms of action and

appropriate disease contexts remain. Our biochemical understanding of SIRT6 has lagged that of phenotypic studies in
which loss of function mutants or manipulation of SIRT6 levels
were correlated with altered cellular or organismal physiology.
As an understanding of in vitro activities of SIRT6 advances,
our knowledge of the catalytic mechanisms and ability to modulate activity by small molecules have provided an important
foundation for accelerated development of such molecules.
Most cellular studies reporting the modulation of SIRT6 activity by small molecules utilize complementary in vitro data to
support the activation or inhibition of SIRT6; however, future
studies will need to confirm direct engagement of SIRT6 with
these small-molecule modulators. Evidence of cellular engagement is critical to exclude the possibility of off-target effects
that may otherwise be easily misattributed to SIRT6. Moreover,
all catalytic activities ascribed to SIRT6 likely utilize a portion
or all of the catalytic steps depicted in Fig. 5 but employ distinct
substrate-binding regions just beyond the shared active site.
Accordingly, loss-of-function mutations in SIRT6 could manifest phenotypes that represent the combination of all SIRT6
cellular functions. Similar thoughts would apply to increased
expression of SIRT6. To target only one activity, smallmolecule modulators will need to preferentially bind these
unique structural regions. Highly specific and validated cellular
SIRT6 activators/inhibitors have the potential to serve as
powerful probes for elucidating the effects of modulating
SIRT6 activity, including deacetylation, ADP-ribosylation, or
long-chain deacylation. Combining select SIRT6 amino acid
substitutions, gleaned from enzymology studies, and activityselective compounds could provide the needed selectivity to
parse out SIRT6 functions in context-specific settings, such as
the potentially conflicting roles of SIRT6 in carcinogenesis and
tumor development. SIRT6 is a complex enzyme with diverse
functions implicated in human health and disease. With a
detailed understanding of SIRT6 functions there exists an opportunity for precise selection of SIRT6 modulators to combat
a host of common age-associated human diseases.
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