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Increased O-GlcNAcylation is emerging as a general characteristic of cancer cells that is critical for multiple
oncogenic phenotypes. Recently, we demonstrated that elevated O-GlcNAcylation contributes to the metabolic shift
seen in cancer through stabilization of the glycolytic regulator HIF-1a and links metabolism to stress and cancer cell
survival.

Tumor cells display a metabolic shift
termed the “Warburg Effect” that
increases glucose uptake and glycolytic
flux. These metabolic changes play an
essential role in supporting oncogenic
phenotypes by regulating cancer cell
growth and survival.1 Cancer cells exploit
this mechanism to produce energy
through high rates of glucose uptake and
glycolysis, thus allowing maximum pro-
duction of amino acids, lipids, and
nucleotides to fuel the increase in biomass
that is essential for cancer cell prolifera-
tion. Oncogenes and tumor suppressors
drive the shift to aerobic glycolysis seen in
cancer cells in part through activation of
the mammalian target of rapamycin
(mTOR) pathway, which promotes trans-
lation of transcription factors known to
directly regulate nutrient uptake and
metabolism, including hypoxia-inducible
factor 1a (HIF-1a).1,2 These changes in
glucose uptake by tumor cells increase flux
into glycolysis as well as divergent path-
ways including the hexosamine biosyn-
thetic pathway (HBP). Approximately 2–
5% of glucose enters the HBP and, along
with glutamine, generates the activated
sugar nucleotide uridine diphosphate N-
acetylglucosamine (UDP-GlcNAc) that
can serve as a substrate for the enzyme O-
GlcNAc transferase (OGT). This results

in the covalent addition of O-linked
GlcNAc moieties onto serine and threo-
nine residues of a wide range of nuclear
and cytosolic proteins and exhibits analo-
gous functions to phosphorylation, influ-
encing protein–protein interactions and
protein stability and function.3 Thus,
nutrient-sensitive O-GlcNAcylation mod-
ulates transcriptional events and cellular
signaling pathways in mammalian cells.3

Recently, our group was the first to
show that breast and prostate cancer cells
contain elevated levels of OGT and O-
GlcNAcylation compared to their normal
counterparts.4,5 Normalization of OGT
and O-GlcNAc levels in cancer cells
through RNAi or pharmacological inhibi-
tion induces cell cycle arrest, reduces pro-
liferation, and decreases primary tumor
growth in vivo. Furthermore, inhibition of
OGT reduces breast and prostate cancer
cell invasion and metastasis both in vitro
and in vivo.5 Since alterations in
O-GlcNAc levels have also been associated
with metabolic disorders such as diabetes,
we hypothesized that O-GlcNAcylation
might play a role in the altered metabo-
lism seen in cancer cells. Our recent study
demonstrated that OGT and O-GlcNA-
cylation promote the Warburg effect and
survival in cancer cells through regulation
of HIF-1a stability.6 Using metabolomics

analysis, we found that reducing OGT
levels using RNAi resulted in an overall
decrease in the production of lactate, as
well as other carbohydrate intermediates.
Consistent with reversal of the Warburg
effect, targeting OGT resulted in an over-
all increase in tricarboxylic acid (TCA)
cycle intermediates including a-ketogluta-
rate (a-KG), indicating that OGT/O-
GlcNAcylation regulates the Warburg
effect in breast cancer cells.

HIF-1a is known to be a major regula-
tor of cancer cell metabolism by directly
controlling the gene expression of glyco-
lytic enzymes.2 Breast cancer cells with
reduced OGT levels or activity contained
decreased HIF-1a protein levels and
decreased expression of its transcriptional
gene targets including glucose transporter
1 (GLUT1), lactate dehydrogenase A
(LDHA), 6-phosphofructo-2-kinase/fruc-
tose-2,6-biphosphatase 3 (PFKFB3), and
phosphofructokinase-1 (PFK-1). OGT
regulation of HIF-1a protein was protea-
some-dependent, since OGT inhibition
increased HIF-1a ubiquitination,
increased the interaction between HIF-1a
and its E3 ligase pVHL, and increased
HIF-1a hydroxylation. Thus, OGT regu-
lates HIF-1a protein degradation in a
proteasome- and pVHL-dependent man-
ner to promote the Warburg effect in
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cancer cells. Results from liquid chroma-
tog-raphy–mass spectrometry (LC-MS)
showed that a-KG levels were significantly
increased in response to targeting OGT.
We further showed that OGT-mediated
regulation of HIF-1a hydroxylation and
stability occurs, in part, through modula-
tion of a-KG, a required co-factor for this
hydroxylation event. We observed that
restoring HIF1a levels under conditions
of OGT depletion by introduction of a
hydroxylation-resistant non-degradable
HIF1a mutant reverses the metabolic
defects induced by OGT reduction in
breast cancer cells. These data suggest that
OGT regulation of a-KG levels contrib-
utes to modulation of HIF-1a hydroxyl-
ation to promote cancer cell glycolytic
flux (Fig. 1).

Cancer cells have been shown to be
sensitive to metabolic stress and undergo
cell death upon antiglycolytic treatment.
Specifically, decreased cellular energy has
been associated with activation of the
unfolded protein response (UPR) in vari-
ous cancer types. Consistent with a
decrease in glucose uptake and increased
metabolic stress, we observed a selective

induction of endoplasmic reticulum (ER)
stress-induced cell death in breast cancer
cells upon OGT inhibition. Additionally,
we observed that this bioenergetic stress
and cell death effect was dependent on the
regulation of HIF-1a hydroxylation by
OGT. We also investigated whether over-
expression of GLUT1, a HIF-1a tran-
scriptional target, was sufficient to rescue
the glycolytic and survival defects induced
by targeting OGT. Indeed, GLUT1 over-
expression rescued glycolytic and survival
defects and partially rescued tumor growth
in vivo. Collectively, these data indicate
that regulation of the HIF-1a signaling
axis by OGT contributes to the glycolytic
shift and associated cell survival seen in
cancer (Fig. 1).

The HBP and O-GlcNAcylation have
recently garnered much attention regard-
ing the regulation of cell survival and
tumorigenesis. Several reports have dem-
onstrated that targeting various enzymes
in the HBP, including OGT, can inhibit
survival of oncogene-driven and hypoxic
cancer cells. Specifically, targeting the
rate-limiting enzyme glutamine fructose
6-phosphate amidotransferase (GFPT1)

results in reduction of pancreatic tumor
growth in a Kras-driven model.7 In regard
to metabolic regulation, Itkonen et al.
recently demonstrated that OGT can sta-
bilize another major metabolic transcrip-
tion factor, c-MYC, to promote prostate
cancer cell growth.8 Our work shows that
O-GlcNAcylatoin is a key regulator not
only of glycolytic metabolites, but also of
metabolites in the TCA cycle including a-
KG. Since overexpression of GLUT1 was
able to reverse the effects of OGT knock-
down on glycolysis, as well as a-KG lev-
els,6 we hypothesize that regulation of the
HIF1/GLUT1 axis by O-GlcNAcylation
is central to cancer cell metabolism. How-
ever, it is also possible that OGT directly
or indirectly regulates mitochondrial pro-
teins to fine tune mitochondrial metabo-
lism associated with the TCA cycle.
Recent studies have shown that many
mitochondrial proteins are O-GlcNAcy-
lated and that modification of specific
mitochondrial proteins may affect mito-
chondrial cellular responses.9 Identifica-
tion of novel O-GlcNAc-regulated
metabolites and specific targets will
advance our understanding of the role of
O-GlcNAcylation in metabolism in both
normal and cancer cells. Consistent with
our results showing that O-GlcNAcyla-
tion regulates ER-stress induced cell death
in cancer cells, very recent reports have
shown a close relationship between HBP/
O-GlcNAcylation and ER stress associated
with aging and myocardial infarction.10

Thus O-GlcNAcylation is positioned as a
key sensor that links metabolism, cell
stress, and cell survival pathways. Further
elucidation of how O-GlcNAcylation
intersects with cellular stress responses will
help identify novel strategies to combat
disease states.
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Figure 1. OGT links cancer cell metabolism and cell survival via regulation of HIF-1a. Schematic
depicting the pathway by which oncogenes increase OGT (and decrease OGA) levels and decrease
production of a-KG, a key metabolite that regulates HIF-1a hydroxylation and stabilization. Once
HIF-1a is stabilized, it increases transcription of key glycolytic enzymes including GLUT1 that
increase glycolytic flux, and blocks ER stress-mediated signals and apoptotic factors including Bcl-2
family proteins such as Bim, thus contributing to cancer cell survival. a-KG, a-ketoglutarate; Bim,
Bcl2-interacting mediator of cell death; CHOP, C/EBP homologous protein; Fructose-6-P, fructose-6-
phosphate; GLUT1, glucose transporter 1; HBP, hexosamine biosynthetic pathway; HIF-1a, hypoxia
inducible factor 1a; HRE, HIF-1 response element; LDHA, lactate dehydrogenase A; OGA, O-GlcNA-
case; OGT, O-GlcNAc transferase; OH, hydroxyl group; PERK, PRKR-like endoplasmic reticulum
kinase; PFK-1, phosphofructokinase-1; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphospha-
tase 3; Pro, proline; PUMA, p53-upregulated modulator of apoptosis; UDP-GlcNAc, uridine diphos-
phate N-acetylglucosamine.
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