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Roles for UDP-GlcNAc 2-epimerase/ManNAc 6-kinase
(GNE) beyond controlling flux into the sialic acid biosynthetic
pathway by converting UDP-GlcNAc to N-acetylmannosamine
are described in this report. Overexpression of recombinant
GNE in human embryonic kidney (HEK AD293) cells led to an
increase in mRNA levels for ST3Gal5 (GM3 synthase) and
ST8Sia1 (GD3 synthase) as well as the biosynthetic products of
these sialyltransferases, the GM3 and GD3 gangliosides. Con-
versely, down-regulation of GNE by RNA interference methods
had the opposite, but consistent, effect of lowering ST3Gal5 and
ST8Sia1 mRNAs and reducing GM3 and GD3 levels. Control
experiments ensured thatGNE-mediated changes in sialyltrans-
ferase expression and ganglioside biosynthesis were not the
result of altered flux through the sialic acid pathway. Interest-
ingly, exogenous GM3 and GD3 also changed the expression of
GNE and led to reduced ST3Gal5 and ST8Sia1 mRNA levels,
demonstrating a reciprocating feedbackmechanismwhere gan-
gliosides regulate upstream biosynthetic enzymes. Cellular
responses to the GNE-mediated changes in ST3Gal5 and
ST8Sia1 expression and GM3 and GD3 levels were investigated
next. Conditions that led to reduced ganglioside production (e.g.
short hairpin RNA exposure) stimulated proliferation, whereas
conditions that resulted in increased ganglioside levels (e.g.
recombinant GNE and exogenous gangliosides) led to reduced
proliferation with a concomitant increase in apoptosis. Finally,
changes toBiP expression andERK1/2phosphorylation consist-
ent with apoptosis and proliferation, respectively, were
observed. These results provide examples of specific biochemi-
cal pathways, other than sialic acid metabolism, that are influ-
enced by GNE.

Sialic acids, 9-carbon amino-monosaccharides, are ubiqui-
tously displayed on mammalian cell surfaces. These sugars

modulate biological and pathological events ranging from
development and immune function to tumor biology and the
viral and bacterial infection of cells (1–3). Not surprisingly, fac-
tors that influence the biosynthesis of sialic acid-containing gly-
coconjugates are of great interest due to the ever growing list of
cellular functions influenced by this sugar. The biochemical
steps that control sialic acid production, outlined in Fig. 1, have
been intensely investigated in recent years (4) with a particular
focus given to the bifunctional enzyme UDP-GlcNAc 2-epime-
rase/ManNAc 6-kinase (GNE).2 Whereas GNE is known to
control flux into the sialic acid biosynthetic pathway through
conversion of UDP-GlcNAc to ManNAc (5) and has been
described as the key determinant in the surface display of sialogly-
cans (6), the biological activity of this protein and its impact in
health and disease remain far from understood. In particular,
accumulating evidence that healthy cells maintain higher levels of
GNE than required for sialic acid production raises the possibility
that GNE may be a “moonlighting” protein that serves multiple
functions within a cell (7, 8).
The hypothesis that cells have “excess” GNE is based on two

human diseases that suffer from single amino acidmutations in
this protein. The first, sialuria, is a rare congenital disorder
characterized by mutations in the regulatory domain of GNE
(9) that alleviate the allosteric feedback inhibition that normally
occurs upon binding of the downstream metabolite CMP-
Neu5Ac (Fig. 1) (10). As a result, GNE-catalyzed conversion of
UDP-GlcNAc to ManNAc greatly increases, and cytosolic lev-
els of sialic acid rise dramatically (by �70–200-fold (11)).
Because this increase occurswithout a corresponding change in
the copy number of GNE (12) or an increase in UDP-GlcNAc
(the already abundant substrate of this enzyme), it is a reason-
able hypothesis that normal cells have the requisite metabolic
machinery (i.e. enzymes and smallmolecule substrates) in place
to produce much higher levels of sialic acid than they require.
The presence of the large pool of UDP-GlcNAc found in cells
can be rationalized by considering the several biochemical
pathways that use this compound. For example, UDP-GlcNAc
is used as an activated sugar donor for glycosylation (13); it is
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converted to a second sugar donor, UDP-GalNAc (13); and it is
used as a substrate forO-GlcNAc proteinmodification (14, 15).
By contrast, the presence of “excess” GNE, whose enzymatic
activity is largely kept quiescent through feedback inhibition in
healthy cells, as well as tissue-specific splice variants that have
no clear impact on sialic acid production (16, 17) has been puz-
zling but could be explained by the notion that this protein has
roles other than catalyzing the first two steps of sialic acid
biosynthesis.
The hypothesis that GNE has cellular functions beyond sialic

acid production has been reinforced by sialic acid metabolism
in hereditary inclusion body myopathy (HIBM), a late onset
congenital disorder affecting skeletal muscle. Genetic evidence
has linked HIBM to single amino acid mutations (18, 19) scat-
tered throughout both catalytic domains of GNE (20). These
mutations reduce the ability of GNE to convert UDP-GlcNAc
to ManNAc by as much as 70–90% in cell-free assays (21, 22).
Contrary to these in vitro findings, which would be expected to
translate into reduced sialic acid production by reducing met-
abolic flux into the biosynthetic pathway for this sugar (Fig. 1),
are studies that show that HIBM patients have approximately
normal levels of sialic acid (23, 24). Even if a small subset of
glycans crucial for muscle function, such as �-dystroglycan,
experience anomalous sialylation in HIBM and are responsible
for disease symptoms (25) (although evidence also exists to the
contrary (26)), it is now clear that overall production of sialic
acid is not significantly reduced in this disease. The apparent
disconnect between in vitro results and sialic acid production in
HIBM patients can be resolved by considering the lesson
learned from sialuria that cells have an excess of GNE beyond
the amount required to supply flux into the sialic acid pathway.
Consequently, it is reasonable to postulate that the “residual”
enzymatic activity ofGNE inHIBMpatients is comparablewith
healthy cells after CMP-Neu5Ac-mediated feedback inhibition
has been considered. These considerations supply a mechanis-
tic explanation for the nearly normal levels of sialic acid found
in HIBM patients but leave the biochemical basis of cellular
abnormalities found inHIBMunanswered. The hypothesis that
GNE has a second role, beyond supplying metabolic flux into
the sialic acid pathway, opens the door to the possibility that a
defect in this currently unknown activity is responsible for
HIBM symptoms.
Reports that GNE shuttles to and from parts of the cell not

involved in sialic acidmetabolism (27) provide clues to a second
cellular role for this protein. In particular, the presence of GNE
in the nucleus, where it is not required for ManNAc produc-
tion, raises the intriguing possibility that this protein regulates
gene expression. Accordingly, we investigated whether the role
of GNE in sialylation, supplying themetabolic pathway respon-
sible for the synthesis of activated sugar CMP-Neu5Ac, could
be augmented by modulating the expression of sialyltrans-
ferases, the set of �20 biosynthetic enzymes that work in par-
allel to install terminal Neu5Ac residues onto underlying oligo-
saccharide structures (Fig. 1). As described in this report, we
found that overexpression of recombinant GNE and inhibition
of endogenous GNE by RNA inhibition (RNAi) methods influ-
enced the expression of ST3Gal5 (GM3 synthase) and ST8Sia1
(GD3 synthase) and resulted in corresponding changes to the

biosynthetic products of these sialyltransferases, the GM3 and
GD3 gangliosides. Moreover, the manipulation of GNE had an
impact on proliferation and apoptosis consistent with the
known cellular effects of these gangliosides. Finally, biochemi-
calmechanisms for the ganglioside-mediated effects of GNEon
proliferation and apoptosis were identified and occur, at least in
part, through the phosphorylation of ERK1/2, an important ele-
ment of MAPK signaling pathways and through the BiP-asso-
ciated unfolded protein response, respectively.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture Conditions—The human epithelial
kidney cell line (HEKAD293)was obtained fromStratagene (La
Jolla, CA) and was cultured in a 37.0 °C, water-saturated, 5.0%
carbon dioxide incubator in medium specified by the ATCC
(Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum and the concentration of penicillin/strepto-
mycin specified by the supplier (Sigma). The SK-MEL-28 cell
line was obtained from theATCC (Manassas, VA) and cultured
following published conditions (28). D(�)-Glucosamine also
was purchased from Sigma. Fetal bovine serum was from
Hyclone Laboratories (Logan, UT). The human embryoid
body-derived (hEBD LVEC) line was kindly provided by the
Shamblott Laboratory (The Johns Hopkins Medical Institute,
Baltimore, MD) and was cultured following published condi-
tions (29).
Cloning of GNE and the Construction of Expression Vectors—

The GNE gene was amplified by PCR by using primers AAA-
CTCGAGATGG AGAAGAATGGAAATAACC (the XhoI
restriction site is underlined) and TTTAAGCTTGTAGATC-
CTGCCTGTTGTGTAG (HindIII). PCR products were
digested by XhoI andHindIII endonuclease (New England Bio-
labs, Beverly, MA), purified by agarose gel electrophoresis and
ligated in-frame into the pcDNA3.1 vector (Invitrogen)withT4
DNA ligase. Plasmids were routinely amplified in the Esche-
richia coli DH5� strain and isolated from cultures by using
the Qiagen Plasmid Spin Midiprep Kit (Qiagen, Valencia, CA).
The R266Q and R266W GNE mutants were created by site-di-
rectedmutagenesiswith themutagenic oligonucleotides 5�-GGT-
TCGAGTGATGCAGAAGAAGGGCATTGAGCA-3� and 5�-
GGTTCGAGTGATGTGGAAGAAGGGCATTGAGCA-3� for
the R266Q and R266W sialuria mutations, respectively (where
the site of mutation is underlined) through PCR-like ampli-
fication with Pfu polymerase. PCR was performed for 14
cycles by the following program for each cycle: denaturation
at 95 °C for 30 s, annealing at 55 °C for 1.0min, and extension at
68 °C for 10 min. The parental template was then digested spe-
cifically by the restriction enzyme DpnI, which cuts only dam-
methylated DNA. The nicked plasmid vector pcDNA3.1
(Invitrogen), with the desired mutations, was then transfected
into E. coli 5�. All mutant constructs were sequenced by the
DNA Analysis Facility Finch-Server (The John Hopkins Uni-
versity, Baltimore, MD).
Determination of the Sialic Acid Content of GNE-transfected

Cells—HEK 293 cells were transfected with themutant or wild-
type forms of GNE shown in Fig. 3 by the Lipofectamine 2000
method (Invitrogen) following themanufacturer’s instructions.
The transfected cells were incubated for 24 h to allow expres-
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sion of GNE. The complete medium (with 5.0% fetal bovine
serum)was then replacedwith serum-freeDulbecco’smodified
Eagle’s medium and supplemented with 2.0 mM D(�)-glucosa-
mine. Glucosamine was added to increase metabolic flux
through the hexosamine pathway (15), ensuring that a lack of
UDP-GlcNAc did not hinder the production of ManNAc (12).
ManNAc produced by GNE subsequently intercepts the sialic
acid pathway (see Fig. 1) and increases total cellular levels of
sialic acid; in this study, sialic acid levels were measured by an
adaptation of the periodate/resorcinolmethod (30, 31). In brief,
after the cells were incubated with glucosamine for 24 h, they
were harvested by trypsinization and countedwith aCoulter Z2
instrument. The cells were then washed by pelleting by centrif-
ugation (at 900� g for 2.0 min) followed by resuspension in 1.0
ml of phosphate-buffered saline by repeated, but gentle, pipet-
ting. This step was repeated two times to ensure that residual
serum proteins, which are rich in sialoglyconjugates, were
removed. The cells were resuspended in 250 �l of phosphate-
buffered saline and then lysed by three freeze/thaw cycles. In
order to quantify sialic acid, the sample was oxidized by the
addition of 5.0 �l of 0.4 M periodic acid followed by incubation
on ice for 1.5 h, followed by 15 min of boiling in 500 �l of 6.0%
(w/v) resorcinol, 2.5 mM CuSO4, 44% (v/v) concentrated HCl.
After cooling, 500 �l of t-butyl alcohol was added to each sam-
ple. The samples were vortexed and centrifuged at 15,700 � g
for 5.0 min to pellet insoluble cell debris. Immediately after
spinning, the supernatantswere decanted into the cuvettes, and
optical density readings were taken at 630 nm. Sialic acid con-
centrationswere calculated by comparison of these optical den-
sity values with a standard curve generated from known con-
centrations (0, 5.0, 10, 25, 50, 100, 150, 200, and 250�M) of sialic
acid. Data are expressed in molecules of sialic acid/cell (in all
cases, cells were enumerated byCoulter Z2 cell counter analysis
before lysis). Chemical reagents used in these assays, including
copper sulfate, resorcinol, periodic acid, and hydrochloric acid,
were from EM Sciences (Gibbstown, NJ).
Real-time PCR Quantification of Gene Expression—The

mRNA levels of the sialic acid-processing genes listed in Table
1 were analyzed by the quantitative real-time polymerase chain
reaction (qRT-PCR) method. In addition, the two housekeep-
ing genes glyceraldehyde-3-phosphate dehydrogenase and
�-glucuronidase (32) were monitored in each experiment.
Primers, also listed in Table 1, were designed by using the Prim-
er3 software (available on theWorldWideWeb at www.broad.
mit.edu/cgi-bin/primer/primer3_www.cgi/) (33) and were
obtained fromMWG-Biotech (High Point, NC).
The basic protocol followed for qRT-PCR experiments

began with the isolation of total RNA from 5.0 � 106 cells with
the RNeasy Mini Kit (Qiagen, Valencia, CA) or by the TRIzol
(Invitrogen) method. RNA quality was assessed by agarose gel
electrophoresis (1.8% gels run with TAE buffer followed by
nucleic acid band visualization under UV illumination after
ethidium bromide staining) and quantified by A260/A280 OD
readings. RNA integrity was confirmed using 18 S rRNA prim-
ers, and samples were standardized based on equal levels of
�-actin cDNA. Quantitative real-time PCR was performed in
an ABI Prism 7000 sequence detector (Applied Biosystems)
using SYBR Green PCR Master Mix reagent (Applied Biosys-

tems). Reactions were performed in 20 �l of a mixture contain-
ing a 2.0-�l cDNA dilution, 1.0 �l (10 pmol/�l) of primers, and
10 �l of 2� SYBR master mix containing Amplitaq Gold DNA
polymerase, reaction buffer, a dNTP mixture with dUTP, pas-
sive reference, and the SYBR Green I. PCR conditions were as
follows: one cycle of 2.0min at 50 °C, 95 °C for 10min, followed
by 40 cycles of 95 °C for 15 s and 60 °C for 1.0min. Specific PCR
products were detected with the fluorescent double-stranded
DNA binding dye, SYBR Green (34). PCR amplification was
performed in triplicate and replicated in three independent
experiments. Gel electrophoresis and melting curve analyses
were performed to confirm correct PCR product sizes and the
absence of nonspecific bands. The expression levels of each
gene were normalized against �-actin using the comparative
CT method according to the manufacturer’s protocols (75).
Analysis of Cell Surface and Total Levels of GM3 and GD3—

The method for the analysis of cell surface GM3 and GD3
expression by flow cytometry was adapted from published pro-
tocols (28, 35). Briefly, these tests were performed by detaching
SK-MEL-28 or GNE-transfected HEK AD293 cells by
trypsinization and washing them with washing buffer (1.0%
bovine serum albumin, 0.1% NaN3 in phosphate-buffered
saline). Cells (1.0� 106) were stained with 20 �g/ml of amouse
monoclonal antibody against GM3 (NBT-M101/M102, isotype
IgM, clone M2590; Cosmo Bio Co., Ltd., Tokyo, Japan) and
detected with fluorescein isothiocyanate-conjugated Affi-
nipure rabbit anti-mouse IgM (Jackson Immunoresearch,West
Grove, PA). The same procedure was used for GD3 analysis,
except cells were stained with mouse anti-human ganglioside
GD3 monoclonal antibody (Product number 371440, clone
110.14F9, isotype IgG3; Calbiochem) diluted 1:50 in washing
buffer and detected with a donkey anti-mouse IgG antibody
conjugated to fluorescein (Jackson Immunoresearch). Control
samples stained with secondary antibody alone were analyzed
in parallel in each experiment. Samples were analyzed with a
FACScan flow cytometer and Cell Quest software (BD Immu-
nocytometry Systems, San Diego, CA), and aminimum of 5000
events were acquired for each sample. Analysis of total (i.e. sur-
face and intracellular) GM3 and GD3 was tested in fixed and
permeabilized cells (36) by adaptation of a method used to
quantify intracellular levels of p21WAF1 (37). Briefly, before
completing the staining procedure described above, cells were
fixed by incubation in 4.0% paraformaldehyde in phosphate-
buffered saline for 10 min at room temperature followed by
permeabilization in a buffer containing 0.5% Triton X-100 for
2.0 min at room temperature.
Preparation and Transfection of Short Hairpin RNAs

(shRNAs) and Small Interfering RNAs (siRNA)—GNE-specific
and control shRNA expression vectors were produced and
purified by using the MessageMuterTM shRNA interference
production kit (Epicenter� Biotechnologies, Madison, WI).
Three shRNA GNE-specific sequences were selected with the
online siMAXTM design tool MWG-Biotech (High Point, NC)
and cross-referenced with the National Center for Biotechnol-
ogy Information data base (available on theWorldWideWeb at
www.ncbi.nlm.nih.gov/BLAST/) to ensure that only the GNE
gene was targeted. These sequences were 5�-AGATTACATT-
GTTGCACTA-3� (shGNE760), 5�-TTAACATTGGATG-
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CACTTA-3� (shGNE827), and 5�-CCTATGAAGAGAGGAT-
TAA-3� (shGNE1448) based on GenBankTM NM_005476 nucleo-
tidesequences760–778,827–845,and1448–1466,respectively.The
DNA oligonucleotides required for shGNE synthesis (5�-AAGG-
AGATTACATTGTTGCACTACTTGCTTCTAGTGCAACAA-
TGTAATCTCCTATAGTGA-3� (shGNE760), 5�-AAGGTTAAC-
ATTGGATGCACTTACTTGCTTCTAAGTGCATCCAATGT-
TAACCTATAGTGA-3� (shGNE827), and 5�-AACCTATGAAG-
AGAGGATTAACTTGCTTCTTAATCCTCTCTTCATAGGT-
ATAGTGA-3� (shGNE1448)) were synthesized by MWG-Biotech
(High Point, NC), and shRNA-targeting luciferase (shRNA-luc) was
used in transfection (i.e.“negative”) control samples. In addition to
these three shRNAs, siRNA targeted against the 760 region of GNE
(i.e. the 5�-AGATTACATTGTTGCACTA-3� sequence) was tested
by using sense siRNAGNE760 5�-AGAUUACAUUGUUGCACU-
ATT-3� and antisense siRNAGNE760 5�-UAGUGCAACAAUGU-
AAUCU-3� (Ambion, Inc., Austin, TX). For siRNAexperiments, the
transfection control was theAmbion SilencerTMNegative Control 1
siRNA (catalog number 4611). In each case, HEK AD293 cells were
plated at density of 4.0� 105 cells/well in 6-well tissue culture plates
and 24 h later were transfected with 20 nM shRNA or 20 nM siRNA
using siPORTTM amine (Ambion Inc., Austin, TX) according to the
manufacturer’s protocol. Forty-eight hours after transfection, RNA
was extracted from the cells, and levels ofmRNA forGNE, ST8Sia1,
and ST3Gal5were analyzedwith real-timePCRas described above.
Western Blot Analysis—An equal amount of protein from

each sample (40 �g) was incubated for 5.0 min at 100 °C in
Laemmli buffer (Bio-Rad), separated on an 11% SDS-polyacryl-
amide discontinuous gel, and then electrophoretically trans-
ferred to a nitrocellulose membrane (Bio-Rad). The membrane
was blocked with Tris-buffered saline containing 5.0% nonfat
milk and 0.1%Tween 20 for 1.0 h at room temperature and then
incubated overnight with rabbit phospho-p44/42 MAPK

monoclonal antibody and p44/42MAPK antibody (1:1000 dilu-
tion) (Cell Signaling Technology, Beverly, MA) at 4.0 °C, fol-
lowed by anti-rabbit IgG, horseradish peroxidase-linked anti-
body (1:2000) for 1.0 h. Bound antibody on the membrane was
detected using the SuperSignal West Dura Extended Duration
Substrate (Pierce) according to the protocols supplied by the
manufacturer. Quantification of bands was performed by using
the NIH ImageJ software (available on theWorldWideWeb at
rsb.info.nih.gov/nih-image) following a publishedmethod (38).
Measurement of Proliferation by Using the MTT Assay—For

cell proliferation assays, transfected cells or ganglioside-treated
cells, as well as transfection and solvent control cells, respec-
tively, were added to 96-well tissue culture plates at 7000 cells/
well in serum-containingmediumand cultured for up to 6 days.
To quantify cell proliferation, MTT (Sigma) was added to each
well (0.5 mg/ml). After incubation for 3.0 h at 37 °C, the super-
natants were aspirated, and 100 �l of n-propyl alcohol contain-
ing 0.1% Nonidet P-40 and 4.0 mMHCl were added. The color-
imetric reaction was quantified by using an automatic plate
reader, �Quant (Bio-tek Instrument Inc., Winooski, VT) to
measure absorbance at 570 nmwith a reference filter of 690 nm.
Each MTT assay was carried out in triplicate.
Detection of Apoptosis by Annexin V Flow Cytometry Assays—

The Annexin V/propidium iodide flow cytometry method was
used for the detection and quantification of apoptosis in trans-
fected or GD3-treated HEK AD293 cells by following the pro-
cedure previously reported for Jurkat cells (39, 40) with the
added step of trypsinizing the adherent HEK cells (the previ-
ously tested Jurkat cells grow in suspension and did not require
this step). After trypsinization and resuspension in complete
medium, cells were counted with a Coulter Z2 instrument, and
1.0 � 106 cells from each sample were pelleted by centrifuga-
tion, washed by gentle resuspension in Dulbecco’s phosphate-

FIGURE 1. The sialic acid biosynthetic pathway. GNE catalyzes the conversion of UDP-GlcNAc to ManNAc as well as the phosphorylation of the C-6 hydroxyl
group of ManNAc. ManNAc-6P is then sequentially converted to CMP-Neu5Ac and transported into the lumen of the Golgi, where one of �20 human
sialyltransferases use this activated nucleotide sugar to install a sialic acid residue onto a glycoprotein or a glycolipid. In the example shown, ST3Gal5 and
ST8Sia1 convert LacCer into ganglioside GD3 by the stepwise addition of �-2,3- and �-2,8-linked sialic acids. The full names and complete list of human
sialyltransferases and pathway enzymes are given in Table 1.
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buffered saline, centrifuged again, and suspended in staining
buffer. The cells were stained with fluorescein isothiocyanate-
labeled Annexin V and propidium iodide and analyzed by flow
cytometry as described (39, 40).
Treatment of Cells with Exogenous Ganglioside GM3 or GD3—

Cells were plated in 6-well tissue culture dishes and incubated
until they reached �60% confluence. GM3 or GD3 (Matreya
LLC, Pleasant Gap, PA) was resuspended in serum-free
medium and briefly sonicated to ensure appropriate micellar
suspension and cellular incorporation of these gangliosides (35,
41, 42). Cells were then incubated in 1.0, 5.0, 10, 20, or 50 �M
GM3 orGD3-containing culturemedium in a 37 °C incubator for
varying periods of time as indicated throughout. In each case,
results were compared with a “solvent control,” where an equal
volume of mediumwas added to cells without ganglioside.

RESULTS

Overexpression of Recombinant GNE (rGNE) with Sialuria
Mutations, but Not Wild-type rGNE, Increases Sialic Acid
Production—Confirmation that perturbations to GNE (with the

exception of sialuria mutations) have
a minimal impact on sialic acid levels
in living cells (due to control exerted
over enzyme activity by feedback in-
hibition) (Fig. 1) was obtained by
overexpression of rGNE in HEK
AD293 cells. As expected, due to
feedback inhibition, sialic acid levels
saw only a minimal increase in cells
transfected with rGNE compared
with the empty vector transfection
control samples (Fig. 2A). By contrast,
expression of rGNE with the R266Q
or R266W sialuriamutation that alle-
viates feedback inhibition (see Fig. 1)
resulted in sialic acids levels that were
�7- or �12-fold higher, respectively
(Fig. 2A). Previously, similar results
wereobtained in a Jurkat cell linewith
an independent set of constructs and
transfection conditions (12); these ex-
periments ensured that biologically
active GNE was produced under the
recombinant expression conditions
tested. The confirmation that rGNE
had the expected effects on sialic acid
production in HEK AD293 cells gave
credence to the experiments, de-
scribed below, probing the nonenzy-
matic roles of rGNE (i.e. the observed
catalytic activity of rGNE in supplying
metabolic flux into the sialic acid
pathway indicated that this protein
wasproperly folded and that itwas lo-
calized to appropriate parts of the cell
to support its normal functions).
Metabolic Flux through the Sialic

Acid Pathway Does Not Alter the
ExpressionofGenes Involved inSialicAcidMetabolism—Asecond
set of control experiments was performed to evaluate whether
the constituent genes of the sialic acid pathwaywere responsive
toManNAc or attendant changes inmetabolic flux through the
pathway. Based on conditions previously established for the
Jurkat line (31), exogenously supplied ManNAc was used to
supplement sialic acid biosynthesis in the HEK AD293 and
hEBD LVEC lines (Fig. 2B). By intercepting the sialic acid path-
way downstream of the step subject to feedback inhibition, spe-
cifically the conversion of UDP-GlcNAc toManNAc, this strat-
egy allows sialic acid production to increase to levels found in
sialuria cells but through a nongenetic mechanism. As previ-
ously reported for Jurkat cells (43), none of the genes responsi-
ble for sialic acid metabolism listed in Table 1 experienced
measurable changes in mRNA levels at ManNAc concentra-
tions up to 30mM (qRT-PCR results are shown in Fig. 2C for the
hEBD line incubated with 25mMManNAc; similar results were
observed for the HEK AD293 line, although fewer sialyltrans-
ferases were expressed (data not shown)). Moreover, lower
ManNAc concentrations (e.g. 0.5 or 1.0 mM) that increase sialic

FIGURE 2. Metabolic flux through the sialic acid pathway and expression of its constituent genes. A,
expression of recombinant sialuria (R266Q and R266W) GNEs dramatically increases total sialic acid in HEK
AD293 cells, whereas wild-type (WT) GNE has a slight (but statistically insignificant, p � 0.05) effect. B, supple-
mentation of the sialic acid pathway by the addition of ManNAc to the culture medium reproduces the high
sialic acid “sialuria” phenotype in HEK AD293 and hEBD LVEC cells. C, mRNA levels of sialic acid-processing
genes are not altered by the increased flux through the sialic acid pathway that occurs when cells are incubated
with ManNAc; qRT-PCR data shown are for hEBD LVEC cells incubated with a 25 mM concentration of this sugar
(none of the differences shown are statistically significant with p � 0.05).
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acid levels marginally (similar to levels observed after transfec-
tion with wild-type rGNE) (Fig. 2A) likewise did not lead to
changes in mRNA levels for any of the sialic acid processing
genes (data not shown). The lack of “ManNAc-responsive”
genes confirmed that the gene expression changes subse-
quently discussed in this paper were not simply the result of
changes inmetabolic flux through the sialic acid pathway or the
simple presence of ManNAc.
Overexpression and RNAi Knock Down of GNE Change

ST3Gal5 and ST8Sia1mRNALevels—The transfection of wild-
type rGNE into HEK AD293 cells resulted in a �10-fold
increase in GNEmRNA compared with empty vector transfec-
tion controls (Fig. 3A). In the same cells, the levels of ST3Gal5
and ST8Sia1 sialyltransferase mRNAs also showed a statisti-
cally significant, although smaller, increase of �50% (Fig. 3A);
by contrast, the expression of other sialyltransferases (listed in
Table 1 and shown in Fig. 2C) was not measurably changed
(data not shown).
Next, to test whether the opposite response in ST3Gal5 and

ST8Sia1 expression would occur upon a decrease in GNE,
RNAi methods were used to reduce GNE expression. First,
three short hairpin RNA (shRNA) sequences (44, 45) were eval-
uated (shGNE760, shGNE827, and shGNE1448) in HEK
AD293 cells and each led to a significant decrease in mRNA
levels of GNE compared with the transfection control (Fig. 3B).
To verify the specificity of shRNAs for GNE, the shGNE760
sequence, which was the most effective of the three constructs
at reducingGNEmRNA levels, was evaluated by a secondRNAi
method, siRNA (44). In this experiment, the ability of double-
stranded small interfering GNE760 RNA to reduce GNE
mRNA to the same levels as the shGNE760 construct (Fig. 3B)
verified that these effects were sequence-specific and were
unlikely to be due to off-target gene regulation that can occur in

RNAi experiments (46). In the next experiment, a quantitative
analysis of ST3Gal5 and ST8Sia1 mRNA in cells transfected
with shGNE760 showed a significant decrease for both of these
sialyltransferases compared with the transfection controls (Fig.
3C). Together with the rGNE results presented earlier, these
RNAi experiments provide consistent evidence of a correlation
between GNEmRNA levels and the expression of the ST3Gal5
and ST8Sia1 sialyltransferases.
Up- or Down-regulation of GNEChanges GM3 andGD3 Lev-

els Correspondingly—Next, we measured GM3 and GD3 to
ensure that changes in ST3Gal5 and ST8Sia1 mRNA levels, as
reported above, were reflected in the actual cellular levels of the
ganglioside produced by each enzyme. As shown in Fig. 4, GM3
and GD3 levels were higher in cells where rGNE was overex-
pressed comparedwith empty vector transfection controls (Fig.
4A), a result consistent with the increased mRNA levels of
ST3Gal5 and ST8Sia1 in these cells. Conversely, levels of GM3
and GD3 were lower in cells where GNE was down-regulated by
shRNAs and siRNAs (representative data for shGNE760 are
shown inFig. 4B, and the summationof several replicates is shown
in Fig. 4C), consistent with the lower levels of ST3Gal5 and
ST8Sia1 in these cells. Because GD3 levels have not been previ-
ously reported for HEK AD293 cells, SK-MEL-28 cells, which
have very high levels of this ganglioside (28, 47), were analyzed
to provide a benchmark for GD3 levels in the HEK line. For
comparison, the HEK cells were found to have �10% of the
GD3 present in the SK-MEL-28 line (data not shown).
On a technical note, the amount of GM3 produced by

ST3Gal5 may have been underestimated in this work, because
this ganglioside can be converted to GM2 by GalGT and sub-
sequently to GM1 by B3GalT4 (as outlined in Fig. 3D; quanti-
fication of GM1 and GM2 was beyond the scope of the current
report). Similarly, GD3 produced by the up-regulation of

TABLE 1
Enzymes involved in sialic acid biosynthesis (Fig. 1) and primers used for their analysis by real time PCR

Designationa Description/alternative nameb
Real time PCR primer sequences

Forward primer (5�–3�) Reverse primer (5�–3�)
BiP UPR chaperone TAG CGT ATG GTG CTG CTG TC TTT GTC AGG GGT CTT TCA CC
CMPNS CMP-Neu5Ac synthetase GCC ATC TTC GAT GGA GT TAT GTT CAG CTC GCA TTT CG
CMPNT CMP-Neu5Ac transporter CAA CCA CAG CCG TGT GTA TC CTG CTG CAT CCA GAT TGC TA
GAPDH (Real time PCR control) GCA AAT TCC ATG GCA CCG T TCG CCC CAC TTG ATT TTG G
GNE UDP-GlcNAc 2-epimerase/ManNAc 6-kinase TGC CCT TCC TAT GAC AAA CTT GCA TCA CTC GAA CCA TCT CTT
GUS (Real time PCR control) GAA AAT ATG TGG TTG GAG AGC TCA CCG AGT GAA GAT CCC CTT TT
NCAM Neural cell adhesion molecule AAA AGG TGG ATA AGA ACG ACG A GGT AGA AGT CCT CCA GGT GAT
SAS Sialic acid synthase CAT GGA TGA GAT GGC AGT TG GGG GCT TAC CGA TCT GAT AA
ST3Gal1 SIAT4A ATG TGG ACC CTA TGC TGG AG CTT GGT CCC AAC ATC AGC TT
ST3Gal2 SIAT4B AAC CAC CCA CCA TTT CAT GT TGA TGC TCT GTC CAC CTG TC
ST3Gal3 SIAT6 TCT AGC TCA CCC CAG GAG AA GGG ATG CAG GCA TCA GTA AT
ST3Gal4 SIAT4C CTA GCC ATC ACC AGC TCC TC GTG GGC AGA TTC AGG GTA GA
ST3Gal5 SIAT9 CCC TGA ACC AGT TCG ATG TT CAT TGC TTG AAG CCA GTT GA
ST3Gal6 SIAT10 TTG CCT CTC TGC TGA GGT TT CCT CCA TTA CCA ACC ACC AC
ST6Gal1 SIAT1 GGC ATC AAG TTC AGT GCA GA TGC GTC ATG ATC ATC GAT TT
ST6GalNAc1 SIAT7A TCT GGC TGT CCT GGT CTT CT TGT GTG TTG AGG GCA TTG TT
ST6GalNAc2 SIAT7B ACC AGA AGC CTC TGC CAG TA ATG GCT TCA TTT TTC GTT CG
ST6GalNAc3 SIAT7C CCA GAA GGT GGG AAA TGA GA TTC CTC ATA TTG CGG AAA GG
ST6GalNAc4 SIAT3C CTG CAG CTC ACC AGG ATG TA TCC CAT AGA CCA CGA TCT CC
ST6GalNAc5 SIAT7E TTA CTC GCC ACA AGA TGC TG GCA CCA TGC CAT AAA CAT TG
ST6GalNAc6 SIAT7F CTC CGG AGA GAA ATG AGT AG CAG TGT CTT GTT GCC GAG AA
ST8Sia1 SIAT8A AGC GTT CAG GAA ACA AAT GG TGC CTG TGG GAA GAG AGA GT
ST8Sia2 SIAT8B TGA CCA ACA AAG TCC ACA TCA TGG GAG GTG TAG CCA TAC TTG
ST8Sia3 SIAT8C TCC CTG CAT TTT TCT TCC AC ACG GCC AAA ATC CAT ACA AG
ST8Sia4 SIAT8D ACG GCC AAA ATC CAT ACA AG CTT AGG GAA GGG CCA GAA TC

a Sialyltransferase nomenclature as designated by the Human Genome Organization (HUGO) is given in this column; the HUGO nomenclature (ST3Gal5 and ST8Sia1) is used
throughout for the GM3 and GD3 synthases, respectively.

b The outdated, but still occasionally used, “SIATn” sialyltransferase nomenclature is provided in the second column.
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ST8Sia1 can undergo further modification by 9-O-acetylation
(see the chemical structures in Fig. 1). In this case, however, the
antibody used for GD3 detection was deliberately selected
because it recognized both forms of GD3, allowing the aggre-
gate level of both forms of this ganglioside to be estimated.
Notwithstanding the need for additional studies to fully char-
acterize the metabolic connections between gangliosides and
GNE, the information currently in hand is sufficient to verify
that the effects of GNE on the mRNA levels of ST3Gal5 and
ST8Sia1 translate into the corresponding phenotypic changes
(i.e. changes to GM3 and GD3 levels) in cells.
Verification of the Flow Cytometry Detection Method by

Analysis of the Uptake of Exogenous Gangliosides—In many
studies, gangliosides have been evaluated after extraction from
cells by organic solvents followed by separation and detection
by TLC. There are several limitations to this approach that
posed difficulties in the present study. These challenges
included small changes in GM3 and GD3 levels in rGNE-trans-
fected cells (see Fig. 4) that could not be accurately quantified
by TLC analysis; the large number of cells required for gangli-
oside extraction exceeded the capacity of reproducible trans-

fection protocols, and the subcellular distribution of the gan-
gliosides could not be determined by TLC. Therefore, we used
flow cytometry, a method capable of detecting small shifts in
cellular distributions of gangliosides such as GD3 (28, 35,
47–50) in this study. However, to address concerns raised by
reports that work-up conditions alter cellular and tissue distri-
butions of gangliosides (51) and to ensure that the flow cytom-
etry method provided biologically-relevant results in our
hands, we tested the concentration and time dependence of the
uptake of endogenous GM3 and GD3. In these tests, we
observed ganglioside uptake and incorporation consistent with
literature reports (52). Specifically, time- and dose-dependent
increases in GM3 (Fig. 5) and GD3 (Fig. 6) occurred with the
anticipated kinetics (i.e. a 30 min time point gave distinct
results compared with time periods of greater than 2.0 h) and
over the expected concentrations (�100 �M).
A second purpose for the characterization of ganglioside

uptake by flow cytometry was to verify the mechanism of cellu-
lar uptake and incorporation of exogenous GM3 and GD3 and
their subsequent ability to function as endogenous gangliosides
(35, 41). These experiments could provide evidence, albeit indi-

FIGURE 3. Effects of overexpression or inhibition of GNE. A, overexpression of rGNE increases GNE, ST3Gal5, and ST8Sia1 mRNA levels as determined by
qRT-PCR in HEK AD293 cells transfected with wild-type GNE (values are compared with the empty vector transfection control arbitrarily set at 1.00). B,
expression of GNE mRNA in cells treated with shRNA or siRNA (values are relative to control transfections where expression was normalized to 1.00). C, ST3Gal5
and ST8Sia1 mRNA levels in cells treated with shGNE760 (from B). D, ST3Gal5 and ST8Sia1 sequentially convert LacCer to gangliosides GM3 and GD3,
respectively. GM3 can be further converted to other gangliosides, such as GM1 not analyzed in this study, and GD3 and be acetylated at the 9-position of the
terminal sialic acid (*, p � 0.05; **, p � 0.01; each data point represents a minimum of three replicates).

Roles for GNE outside of Sialic Acid Biosynthesis

27022 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 281 • NUMBER 37 • SEPTEMBER 15, 2006



FIGURE 4. rGNE-induced changes in ST3Gal5 and ST8Sia1 expression result in corresponding changes to GM3 and GD3 levels. HEK AD293 cells
overexpressing rGNE experienced increased levels of GM3 and GD3 (A), whereas cells exposed to siRNAs experienced reduced levels of these gangliosides, as
shown by representative flow cytometry histograms (the transfection control is shown in solid gray, and the data for rGNE- or shGNE760-treated cells are shown
in the black outline format) (B). C, flow cytometry data from a minimum of three replicates is pooled for the rGNE and shGNE760 samples (*, p � 0.05; **, p �
0.01). In this figure and throughout this report, the antibody used to detect GD3 also recognizes the 9-O-acetyl form of GD3.

FIGURE 5. Measurement of GM3 levels by flow cytometry in HEK AD293 cells exposed to exogenous ganglioside. Representative flow cytometry data are
shown for GM3 in permeabilized cells exposed to 20 �M (A) or 50 �M (B) GM3 as well as for intact cells exposed to 50 �M GM3 (C ). In these plots, data for “solvent”
control cells are shown in solid gray, and the data for GM3-exposed cells are shown in black outline. D, quantified fluorescence levels from flow cytometry data
are summarized for a minimum of three replicates. *, p � 0.05; **, p � 0.01.
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rectly, that the cellular responses mediated by GNE were elic-
ited through gangliosides, because, if exogenous GM3 or GD3
did not lead to similar cellular responses (in apoptosis and pro-
liferation, as described in more detail below) as GNE-mediated
up-regulation of ST3Gal5 and ST8Sia1, these gangliosides
could be eliminated as intermediaries of these effects. After
initial association with a cell, gangliosides translocate from the
plasma membrane to intracellular compartments, such as the
mitochondria or Golgi, for their full effects on apoptosis or
proliferation to be realized. Consequently, it was reassuring
that cells exposed to 50 �MGM3, given sufficient time (24 h) to
allow ganglioside internalization and then fixed and permeabi-
lized to allow intracellular compartments to be stained, showed
higher levels of this ganglioside (Fig. 5A) compared with intact
cells, where only surface gangliosides were stained (Fig. 5B).
Moreover, the relative difference between the treated and con-
trol cells was greater for surface staining than for permeabilized
cells (Fig. 5C); this result was consistent with reports that
describe the rapid uptake of GM3 into the plasma membrane
(52), followed by slower trafficking to internal organelles (41).
As a caveat, these comparisons must be regarded with caution
due to the possible ganglioside relocations or increased acces-
sibility that may have occurred due to the fixing process (51),
but, at a minimum, they do not raise any red flags to discount
the biological processing or detectionmethodology used in this
study.
GNE mRNA Levels Modulate Apoptosis and Proliferation—

Basedon reports that GM3 andGD3 have an impact on apopto-
sis and proliferation (53–56), combined with the connections
between GNE and these gangliosides uncovered in this study,
we tested these two parameters in cells overexpressing rGNE
and in cells treated with shGNE760 to reduce GNE expression.
The overexpression of rGNE resulted in a moderate increase in
apoptotic cells (Fig. 7A) compared with empty vector transfec-

tion controls (Fig. 7B; the transfection process itself increased
apoptotic cells from �4–7% seen under normal culture condi-
tions to �20% (data not shown)). As expected for cells under
apoptotic stress, proliferation decreased upon transfection of
rGNE. By contrast, proliferation increased in cells transfected
with shGNE760 (Fig. 7C), a procedure that led to reduced levels
of mRNA for GNE. Together, these two results establish an
inverse correlation betweenGNE levels and cell growth rates in
HEK AD293 cells.
Exogenously Supplied GM3 and GD3 Influence Proliferation—

The results reported above establish a chain of events where
GNE regulates sialyltransferase expression, which in turnmod-
ulates levels of GM3 and GD3 that, finally, have an impact on
cell growth. To support this hypothesis, where downstream
effects of GNE are mediated through GM3 and GD3 (57), HEK
AD293 cells were exposed to these gangliosides andmonitored
by theMTT assay. In these experiments, GM3 inhibited prolif-
eration over the 1.0–50 �M concentration range, with data
shown for 5.0 and 10�M (Fig. 7D); GD3was also inhibitory at 10
�M. These results are consistent with a mechanism of action of
GNE, where it increases the production of GM3 andGD3 (Figs.
3 and 4), which in turn inhibit proliferation (Fig. 7C). Interest-
ingly, GD3 had the opposite effect at 5.0 �M and stimulated
proliferation (Fig. 7D); although beyond the scope of the cur-
rent investigation, resolving the concentration-dependent
effects of GD3 will probably require careful analysis of conver-
sion of this ganglioside to 9-O-AcGD3 (Fig. 3D). Of particular
relevance to the current results, GD3 is a potent inducer of
apoptosis, whereas 9-O-AcGD3 has antiapoptotic properties
(55, 58). Consequently, if the acetylation mechanism that was
recently reported to be activated by GD3 exposure (35) and
provides a protective, proproliferative response at low levels
(e.g. at 5.0 �M) (Fig. 7D) becomes overwhelmed at higher
levels of exposure, the proapoptotic, antiproliferative effects

FIGURE 6. Measurement of GD3 levels by flow cytometry in HEK AD293 cells exposed to exogenous ganglioside. GD3 uptake is both time-dependent (A)
and concentration-dependent (B), as shown by representative flow cytometry results (data for “solvent” control cells are shown in solid gray, and the data for
GM3-exposed cells are shown in black outline). C, data are summarized for a minimum of three replicates. *, p � 0.05; **, p � 0.01.
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of the unmodified form of GD3 would be manifest (e.g. at 10
�M) (Fig. 7D).
Exogenous Gangliosides RegulateGNEandBiPmRNALevels—

GM3 and GD3, the two gangliosides whose production was
influenced byGNE (Fig. 3), have been reported to regulate gene
expression; to give one example, GD3 selectively induces tran-
scription and new protein synthesis required for 9-O-acetyla-
tion of itself (35). Results from the current experiments extend
the genes regulated by these gangliosides to include GNE and
BiP (Fig. 8, A and B). Gene regulation via these gangliosides is
highly specific, as shown by the reduction in GNEmRNA at all
concentrations of GM3 tested (10 �M is shown in Fig. 8A) as
well as at higher (e.g. �10 �M) levels of GD3 (Fig. 8A). Interest-
ingly, consistent with the results described above, where the
effects of GD3 on proliferation were concentration-dependent,
GD3 at relatively low levels (e.g. �5.0 �M) had the opposite
effect of stimulating GNE mRNA production. Conversely, lev-
els of BiP mRNA were higher under the three conditions that

led to decreased levels of GNE mRNA (e.g. GM3 at 5.0 and 10
�M and GD3 at 10 �M) and was lower at the concentration of
GD3 (i.e. �5.0 �M) that had led to increased levels of GNE
mRNA.
Modulation of Proliferation by GNE andGangliosides Occurs

via ERK1/2 Phosphorylation—Based on the connections
between GNE, gangliosides, and proliferation presented in this
paper, combinedwith several reports implicatingGM3 (59) and
GD3 (60, 61) in the regulation of cell proliferation via MAPK
signaling pathways, we analyzed the phosphorylation of
ERK1/2 by Western analysis (Fig. 9). In the current experi-
ments, ERK1/2 levels were not noticeably affected by any treat-
ment. By contrast, rGNE expression, which led to increased
GD3 levels (Fig. 4C), resulted in an increased level of phospho-
rylation of ERK1/2, as did the direct supplementation of cells
with GD3 (Fig. 9A). Conversely, the knock down of GNE by
shGNE670 had the opposite effect, with lower phosphorylation
of ERK1/2 compared with the transfection control. Together,

FIGURE 7. Apoptosis and proliferation is controlled by GNE and gangliosides GM3 and GD3 in HEK AD293 cells. Apoptosis increased in rGNE-transfected
cells (A) compared with empty vector (EV ) controls (B) in annexin V flow cytometry assays. C, apoptosis, determined from a minimum of three replicates (see A
and B) and proliferation, determined from MTT assays, are shown for cells transfected with rGNE or shGNE760. D, proliferation in cells exposed to exogenous
GM3 and GD3 determined from MTT assays. *, p � 0.05; **, p � 0.01 (C and D).
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the rGNE transfection experiments, the exogenous supplemen-
tation of cells with GD3, and the shRNA data provide a consist-
ent picture where GNE expression and subsequent changes to
GD3 levels are positively correlated with ERK1/2 phosphoryla-
tion (Fig. 9) and attendant changes in proliferation (Fig. 8).

DISCUSSION

Over the past decade, the conversion of UDP-GlcNAc to
ManNAc and the subsequent phosphorylation of the latter
compound by GNE have been studied extensively (6, 62). Now,
based on accumulating evidence that this protein has additional
functions beyond producing metabolites needed for sialic acid
biosynthesis, we have identified an expanded repertoire of
activities for GNE. In these experiments, which are summa-
rized in Fig. 10, we first used a complementary pair of methods
to up- and down-regulate GNE expression and observed corre-
sponding changes to mRNA levels of ST3Gal5 and ST8Sia1
(Fig. 3) as well as in the production of the gangliosides, GM3
and GD3, made by these sialyltransferases (Figs. 4 and 5). Mul-

tifaceted bioactivities have been reported for GM3 and GD3,
including regulation of senescence, apoptosis, proliferation,
and migration (63, 64). As a result, GNE-initiated changes in
the production of these gangliosides have the potential to elicit
wide-ranging changes in cellular physiology.
In this report, we focused on the influence that GM3 and

GD3 exert over apoptosis and proliferation by demonstrating
the involvement of these versatile molecules in biochemical
pathways that regulate both of these processes. First, based on a
report connecting gangliosides to BiP (65), a protein involved in
activation of the unfolded protein response and associated apo-
ptosis (66, 67), we found that GM3 and GD3 regulated BiP
mRNA levels (Fig. 8). Then, based on several reports implicat-
ing GM3 (59) and GD3 (60, 61) in the regulation of cell prolif-

FIGURE 8. GM3 and GD3 regulate the expression of GNE and BiP. Exoge-
nous GM3 and GD3 alter GNE (A) and BiP (B) mRNA levels. mRNA levels for GNE
and BiP were determined in triplicate by real-time PCR after exposure of HEK
AD293 cells to GM3 or GD3 (*, p � 0.05; **, p � 0.01).

FIGURE 9. Western analysis of ERK1/2 and phosphorylated ERK1/2
(P-ERK1/2). A, exogenous GD3 (at 10 �M) or rGNE expression increases phos-
pho-ERK1/2 compared with untreated controls (top) without causing a
noticeable change in total ERK1/2 (bottom). B, conversely, shGNE760
decreases P-ERK1/2, consistent with the knock down of GNE (see Fig. 4C).
Note that the exposure conditions were different in A and B so that a direct
quantitative comparison cannot be made between these panels. Densitom-
etry, therefore, was used to normalize data for each panel by arbitrarily set-
ting the phospho-ERK1/2 to ERK1/2 ratio at 1 for control samples and adjust-
ing the test samples accordingly (C and D).

FIGURE 10. Connections between GNE, sialic acid metabolism, ganglio-
sides, and “downstream” cellular responses. The two methods (rGNE (i)
and shRNA (ii)) that were used to perturb GNE mRNA levels expression led to
changes in ST3Gal5 and ST8Sia1 mRNA (iii) as well as to the levels of the
corresponding gangliosides GM3 and GD3 (iv). These gangliosides then pro-
duced changes in cellular behavior including increased apoptosis through
BiP expression (v) and cell proliferation through ERK1/2 phosphorylation (vi).
Incorporation of exogenous gangliosides (vii ) led to the same responses in
BiP and ERK1/2 and, interestingly, also had the “upstream” effect of altering
ST3Gal5 and ST8Sia1 expression (viii), leading us to hypothesize that two-way
cross-talk occurs between GNE and gangliosides.
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eration via MAPK signaling pathways, we showed that GNE-
mediated changes to proliferation occurred through
phosphorylation of ERK1/2 (Fig. 9). This response typifies bio-
chemical signaling pathways that operate via rapid phosphoryl-
ation cascades in contrast to other GNE-mediated responses
that requiredmRNAproduction and (presumably)de novopro-
tein and glycolipid synthesis. Together, by exerting control over
cellular processes by multiple mechanisms, GNE is proving to
be a central player in cell biology.
Control experiments, where exogenous ManNAc was used

to mimic the effects of rGNE on sialic acid metabolism by
increasing flux into the biosynthetic pathway, were included in
this study and are important for two reasons. First, it was nec-
essary to determine if a suite of “ManNAc-responsive” genes,
analogous to the set of genes regulated by glucose (68), exist. It
also was important to test whether the rate of flux of the meta-
bolic intermediate CMP-Neu5Ac through the nucleus influ-
ences gene expression, a possibility that arose from suggestions
that CMP-Neu5Prop, a nonnatural derivative of CMP-
Neu5Ac, had such an effect (69). The lack of a metabolic flux-
specific response (Fig. 2C) ensured that the “downstream”
effects of GNE on sialyltransferase expression, ganglioside pro-
duction, and proliferation were not just an extremely subtle
(and therefore previously undetected) consequence of the pri-
mary role of this protein in controlling sialic acid biosynthesis.
Once sialic acid production was discounted as the mecha-

nism by which GNE controlled sialyltransferase expression,
ganglioside production, and the subsequentmodulation of pro-
liferation and apoptosis, the next step was to uncover the
underlying mechanisms that mediate noncanonical GNE
responses. Although an experimental investigation of mecha-
nism is beyond the scope of this report, a sufficient scientific
foundation is in place to develop a working model to guide
future investigations. To elaborate briefly, the GNE-mediated
response can be divided into two distinct segments that proba-
bly utilize unique biochemical mechanisms. The first activity,
the forward direction “cross-talk” (as shown in Fig. 10) that
links GNE with sialyltransferase expression and GM3 and GD3
levels, is far fromunderstood.Notwithstanding the current lack
of experimental support for the following hypothesis, a recent
report that GNE shuttles to the nucleus (27), where its enzy-
matic activities are not required,makes it tempting to speculate
that GNE plays a role in transcription either directly or by asso-
ciating with transcription factors.
Following GNE-initiated changes to cellular levels of GM3

and GD3, a second sequence of events unfolds that is concep-
tually well understood and can be invoked to explain how these
gangliosides influence gene expression. To recap, the set of
genes underwent regulation by gangliosides, including BiP in
the “downstream” direction and GNE in the “upstream” direc-
tion (Fig. 8). A scenario to explain these results is based on the
clustering of gangliosides into microdomains, termed “glyco-
synapses” (70). These assemblies participate in carbohydrate-
dependent cell adhesion, and they concurrently modulate sig-
nal transduction and influence cellular phenotypes (71, 72) by
ultimately regulating the expression of numerous genes. Of
particular relevance to the current work, GM3 has been
reported to be an important component of the glycosynapses

(73) that modulate MAPK pathways (48, 74), thereby offering
an explanation for the effects of gangliosides on ERK1/2 phos-
phorylation shown in Fig. 9.
In conclusion, the ability of GM3 and GD3 to influence GNE

mRNA levels, probably through complex signal transduction
pathways modulated through glycosynapse microdomain
assemblies, represents a new feedback control mechanism for
this protein that supplements the previously described epige-
netic regulation of GNE gene expression through methylation
(62). In turn, these two mechanisms complement allosteric
feedback inhibition, where CMP-Neu5Ac binding inhibits the
enzymatic activity of GNE (Fig. 1). Considering the several crit-
ical cellular functions of GNE, which include control over sialic
acid production as well as the life and death of a cell, it is not
surprising that GNE is carefully regulated with multiple layers
of control.
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