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Abstract O-linked B-N-actylglucosamine (O-GlcNAc) is
a carbohydrate post-translational modification on hydroxyl
groups of serine and/or threonine residues of cytosolic and
nuclear proteins. Analogous to phosphorylation, O-Glc-
NAcylation plays crucial regulatory roles in a variety of
cellular processes. O-GIcNAc was termed a nutritional
sensor, as global levels of the modification are elevated in
response to increased glucose and glutamine flux into the
hexosamine biosynthetic pathway. A unique feature of
cancer cell energy metabolism is a shift from oxidative
phosphorylation to the less efficient glycolytic pathway
(Warburg effect), necessitating greatly increased glucose
uptake. Additionally, to help meet increased biosynthetic
demands, cancer cells also up-regulate glutamine uptake.
This led us to hypothesize that the universal feature of
increased glucose and glutamine uptake by cancer cells
might be linked to increased O-GlcNAc levels. Indeed,
recent work in many different cancer types now indicates
that hyper-O-GlcNAcylation is a general feature of cancer
and contributes to transformed phenotypes. In this review,
we describe known/potential links between hyper-O-Glc-
NAcylation and specific hallmarks of cancer, including
cancer cell proliferation, survival, cell stresses, invasion
and metastasis, aneuploidy, and energy metabolism. We
also discuss inhibition of hyper-O-GlcNAcylation as a
potential novel therapeutic target for cancer treatment.
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Abbreviations

HBP Hexosamine biosynthetic pathway

GIcNAc  N-acetylglucosamine

PDAC Pancreatic ductal adenocarcinoma
OGA O-GlcNAcase

HPDE Human pancreatic duct epithelial cell
PPP Pentose phosphate pathway

HSR Heat shock response

EMT Epithelial to mesenchymal transition
Introduction

O-linked B-N-actylglucosamine (O-GlcNAc), which was
discovered in the early 1980s (Torres and Hart 1984), is the
covalent addition of an N-actylglucosamine (GlcNAc)
sugar moiety to hydroxyl groups of serine and/or threonine
residues of cytosolic and nuclear proteins. Modification of
proteins by O-GIcNAc (O-GlcNAcylation) is unique
among a myriad of carbohydrate post-translational modi-
fications, as it is almost exclusively cytosolic and nuclear
and generally not further modified to more complex gly-
cans. The O-GlcNAc transferase (OGT) catalyzes enzy-
matic addition of O-GlcNAc by transfer of the GIcNAc
moiety from the high-energy donor substrate UDP-Glc-
NAc, an end-product of the hexosamine biosynthetic
pathway (HBP) (Fig. 1). O-GlcNAc is present in all met-
azoans studied thus far and ubiquitous in all cells and tis-
sues. O-GlcNAc removal is catalyzed by O-GlcNAcase
(OGA). The balance of activity of OGT and OGA deter-
mines the cycling rate of O-GIcNAc on proteins. O-Glc-
NAcylation, analogous to phosphorylation, plays crucial
regulatory roles on many proteins in signal transduction
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that impacts a variety of cellular processes including cell
cycle progression, transcription, cellular stress responses,
and epigenetic control of gene expression (Hart et al. 2007,
Hart 1997; Wells et al. 2001; Zachara and Hart 2004,
Haltiwanger et al. 1992).

Recently, we and other groups have shown that elevated
O-GlcNAcylation (hyper-O-GlcNAcylation) occurs in
human malignancies including breast (Caldwell et al. 2010;
Gu et al. 2010), prostate (Lynch et al. 2012), lung (Mi et al.
2011), colorectal (Mi et al. 2011; Yehezkel et al. 2012), liver
(Zhu et al. 2012), pancreatic cancer (Ma et al. 2013), and
non-solid cancers such as chronic lymphocytic leukemia
(Shi et al. 2010). Hyper-O-GlcNAcylation seems to be a
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general feature of cancer cells. Furthermore, reducing
hyper-O-GlcNAcylation inhibits cancer phenotypes and
blocks tumor growth in a variety of cancer models (Ma et al.
2013; Lynch et al. 2012; Caldwell et al. 2010), indicating
that hyper-O-GlcNAcylation contributes to transformation.

A number of hallmarks of cancer have been proposed as
a way to categorize the complex cellular changes that occur
in transformation (Hanahan and Weinberg 2011; Luo et al.
2009). Owing to the plethora of molecular changes in
cancer and widespread diverse regulatory roles of O-Glc-
NAc, there are likely numerous and complex links between
cancer cell hyper-O-GlcNAcylation and underlying onco-
genic cellular processes. In this review, we discuss how
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Fig. 1 Cancer cell metabolic changes linked to hyper-O-GlcNAcy-
lation. The hexosamine biosynthetic pathway (HBP) outlined in
orange boxes integrates metabolic intermediates to generate the end-
product UDP-GIcNAc. Glucose is transported into cells by glucose
transporters such as Glutl and then first phosphorylated by hexoki-
nase to generate glucose-6-phosphate. Glucose-6-phosphate can be
shunted into the PPP which produces nucleotides and NAPDH, or
converted into fructose-6-phosphate. While most fructose-6-phos-
phate continues through glycolysis to produce pyruvate, some is
directed into the HBP. GFAT, the HBP rate-limiting enzyme,
irreversibly transfers the amino group from glutamine to fructose-6-
phosphate, generating glucosamine-6-phosphate and glutamate. Glu-
cosamine-6-phosphate is ultimately converted to UDP-GIcNAc,
which is used by OGT to attach O-GIcNAc to hydroxyl groups of
serine and/or threonine residues of cytosolic and nuclear proteins.
O-GlcNAc is removed by OGA. Cancer cell metabolic changes
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including increased glucose uptake (due to “Warburg effect”) and
increased glutamine uptake (along with elevated UTP and acetyl-CoA
production) cooperate to maximize flux through the HBP. Oncogenes
such as HIF la, Kras, and c-Myc regulate cancer cell shifts to aerobic
glycolysis and glutaminolysis, including upregulation of glucose and
glutamine transporters and increased expression of GFAT. Addition-
ally, the level of OGT is increased and the level of OGA is decreased.
In sum, cancer cell metabolic reprogramming leads to increased HBP
flux, elevated UDP-GIcNAc, and ultimately hyper-O-GlcNAcylation.
Proteins and metabolic intermediates in red are increased in cancer
cells. G6P: Glucose-6-phosphate; F6P: fructose-6-phosphate; FBP
fructose 1,6-bisphosphate, PEP phosphoenolpyruvate, GFAT gluta-
mine: fructose-6-phosphate amidotransferase, MCT4 monocarboxy-
late transporter, OAA oxaloacetate, PFKI phosphofructokinase 1,
PKM? pyruvate kinase M2 (color figure online)
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metabolic reprogramming in cancer is linked to aberrant
increased O-GlcNAcylation. We then describe emerging
evidence for specific hyper-O-GlcNAcylation events linked
to pro-oncogenic signaling in the context of various hall-
marks of cancer. Finally, we discuss the clinical potential
of therapeutically targeting hyper-O-GlcNAcylation in
cancer.

Links between cancer cell metabolic reprogramming
and hyper-0O-GlcNAcylation

One of the remarkable features of cancer cells is aerobic
glycolysis, a phenomenon also known as the “Warburg
effect” (Warburg et al. 1927; Warburg 19564, b), in which
cancer cells rely preferentially on glycolysis instead of
oxidative phosphorylation as the main energy source even
in the presence of high oxygen tension. Glycolysis is much
less efficient than oxidative phosphorylation in producing
ATP, necessitating greatly increased cancer cell glucose
uptake. It may appear paradoxical that a highly prolifer-
ating cancer cell with increased energy needs would shift
metabolically to glycolysis. However, it was proposed that
such metabolic reprogramming may in part serve to bal-
ance bio-energetic and biosynthetic needs of rapidly
dividing cancer cells, as excess glucose taken up may also
serve as precursors for increased cancer cell needs for
biosynthesis of molecules such as nucleotides and lipids
(Fig. 1) (Kroemer and Pouyssegur 2008; Vander Heiden
et al. 2009; DeBerardinis et al. 2008). The switch to gly-
colysis in cancer cells is driven in part by tumor cell
hypoxia, oncogenes (e.g., Ras, Myc), and mutant tumor
suppressors (e.g., TP53), which activate HIF-1o, PI3K/Akt/
mTOR, and c-Myc pathways to promote Warburg-like
tumor metabolism (DeBerardinis et al. 2008). One main
consequence is up-regulation of glucose transporters,
especially GLUTI1 [e.g., by HIF-1a and c-Myc (Osthus
et al. 2000)], which significantly increases glucose import
into tumor cells. Due to this property of cancers, glucose
analogs such as 'SF-fluoro-2-deoxy-glucose (FDG) are
widely used in PET/CT imaging of tumors to diagnose and
evaluate therapeutic responses in cancer patients (Vander
Heiden et al. 2009). The abundance of glucose in cancer
cytoplasm not only contributes to increased glycolytic flux,
but also increases flux into metabolic branch pathways of
glycolysis. For example, increased pentose phosphate
pathway (PPP) flux contributing to increased nucleotide
synthesis (e.g., UTP) is observed in cancers. Additionally,
about 2-5 % of glucose entering a cell fluxes through the
HBP. Thus, increased cancer cell glucose uptake may drive
increased HBP flux. Indeed, certain oncogenes such as
Kras not only up-regulate levels of glucose transporters and
glycolytic enzymes, but up-regulate glutamine: fructose-6-

phosphate amidotransferase 1 (GFATI1), the rate-limiting
enzyme in the HBP (Ying et al. 2012). Thus, both excess
glucose uptake and up-regulation of HBP enzymes likely
drive increased HBP flux in cancer.

Cancer cells are also addicted to glutamine (Yuneva
et al. 2007). Cancer cells consume glutamine at high rates
in vivo and compared to non-transformed cells require high
concentrations of glutamine to survive and proliferate
(DeBerardinis 2008). Oncogenes can up-regulate gluta-
mine uptake. For example, c-Myc transcriptionally up-
regulates glutamine transporter expression (Wise et al.
2008; Yuneva et al. 2007; Gao et al. 2009).

One fate of glutamine in cancer cells is conversion to
oxaloacetate (OAA) via glutamate and o-ketoglutarate
(0-KG), in a process termed anaplerosis, to resupply the
mitochondrial TCA intermediate OAA. Cancer cells employ
a “broken” or “truncated” TCA cycle that shunts citrate into
production of acetyl-CoA for increased needs of fatty acid
synthesis (DeBerardinis 2008; Moreno-Sanchez et al. 2007).
Citrate can be regenerated from OAA. The “lost” OAA can
be replenished during anaplerosis either by pyruvate via
glycolysis or by glutamine. Glutamine may also undergo
partial oxidization to generate lactate and NADPH (gluta-
minolysis) to produce energy in a manner analogous to
aerobic glycolysis (DeBerardinis et al. 2008). Additionally,
glutamine is the donor substrate in the conversion of fruc-
tose-6-phosphate to glucosamine-6-phosphate by GFAT in
the HBP. Thus, under conditions in which GFAT is not
limiting, excess glutamine uptake in cancer cells could
contribute to increased flux through the HBP, ultimately
contributing to increased levels of the HBP end-product
UDP-GIcNAc. Indeed, in vivo glutamine administration
itself was shown to increase HBP flux (Liu et al. 2007,
Singleton and Wischmeyer 2008). Such metabolic repro-
gramming in cancer cells meets energetic demands for rapid
cell proliferation and supplies increased intermediates for
cancer cell biosynthesis. Consequently, cancer cell meta-
bolic changes including increased glucose uptake due to the
“Warburg effect”, and increased glutamine uptake likely
cooperate to drive increased HBP flux. In support of this, we
find that the end products of the HBP (including UDP-Glc-
NAc) are elevated in pancreatic cancer cells (Ma et al. 2013).

The HBP end-product UDP-GIcNAc is the donor sub-
strate used by OGT in enzymatic addition of O-GlcNAc.
Increased HBP flux was linked to increased levels of
O-GlcNAc (Wells et al. 2003). This led us to hypothesize
that cancer metabolism may drive increased levels of
O-GlcNAc. Indeed, hyper-O-GlcNAcylation is observed in
all cancer types examined thus far (Caldwell et al. 2010;
Lynch et al. 2012; Ma et al. 2013; Mi et al. 2011; Shi et al.
2010; Zhu et al. 2012). Additionally, loss of the p53
tumor suppressor in mouse embryonic fibroblasts (MEFs)
increases the rate of aerobic glycolysis, the expression of
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GLUT3 (Kawauchi et al. 2008), increases HBP flux and
leads to elevation of O-GlcNAcylation (Kawauchi et al.
2009). Thus, it appears that increased HBP flux and ele-
vated UDP-GIcNACc is a general feature of cancer cells that
contributes to hyper-O-GlcNAcylation.

Altered expression levels of enzymes involved in
0-GlcNAc cycling may contribute to cancer cell
hyper-0-GlcNAcylation

Glutamine: fructose-6-phosphate amidotransferase, the
rate-limiting enzyme in the HBP, irreversibly transfers the
amino group from glutamine to fructose-6-phosphate,
generating glucosamine-6-phosphate and glutamate. Thus,
deregulation of GFAT would likely influence HBP flux. In
breast cancer MDA-MB-468 cells, EGF was shown to
increase GFAT mRNA (Roos et al. 1996). Moreover, tumor
hypoxia and HIF-1a transcriptionally induce expression of
GFAT (Manzari et al. 2007). Conversely, down-regulation
of oncogenic Kras or c-Myc in pancreatic cancer decreases
the expression of GFAT (Ying et al. 2012). Thus, in
addition to increased glucose and glucosamine uptake in
cancer, deregulation of GFAT by oncogenic factors may
also contribute to up-regulation of HBP flux.
Accumulating evidence indicates that OGT and OGA
expression are deregulated in various cancers. We have
shown that OGT is overexpressed in breast (Caldwell et al.
2010), prostate (Lynch et al. 2012), and pancreatic cancer
cells (Ma et al. 2013), compared to non-transformed
immortalized counterpart cells, while OGA levels are
reduced in cancer cells. The same pattern of elevated OGT
and reduced OGA is also observed in lung and colon cancer
tissue, compared with the corresponding adjacent tissues
(Mi et al. 2011). Thus, the pattern of increased OGT (cata-
lyzing addition of O-GIcNAc) and reduced OGA (catalyzing
removal of O-GIcNAc) in cancers likely contribute to
driving hyper-O-GlcNAcylation. We further examined
OGT and OGA gene expression changes using the data-
mining platform Oncomine™ (Rhodes et al. 2004, 2007).
Compared to normal cells, OGT transcripts are increased in
a variety of cancers including prostate cancer, leukemia,
colorectal cancer, bladder cancer, sarcoma and leukemia,
while OGA transcripts are decreased in lymphoma, brain
and ovarian cancer, and leukemia (http://www.oncomine.
org). Although no mutations in OGT and OGA have been
reported in human cancers, in a case of fibroblastic sarcoma,
a genetic breakpoint was identified in TGFBR3 in 1p22 and
in or near MGEA5 encoding OGA in 10q24 (Hallor et al.
2009), which could in part explain reduced expression of
OGA in this case. Recent crystal structure of human OGT
with a peptide substrate suggests that the limiting factor for
O-GIcNAcylation is not polypeptides but UDP-GIcNAc

@ Springer

(Lazarus et al. 2011). Increasing intracellular concentrations
of UDP-GIcNAc also results in increased global O-Glc-
NAcylation by enhancing the activity of OGT (Kreppel and
Hart 1999). Therefore, in addition to increased flux through
the HBP, increased expression of OGT and reduced
expression of OGA in cancer cells likely contributes to
hyper-O-GlcNAcylation.

Intriguingly, there appears to be negative feedback
mechanisms which cells use to attempt to buffer large
changes in levels of O-GIcNAc. For example, elevation of
O-GlcNAc in 3T3-L1 adipocyte cells by pharmacological
inhibition of OGA (Slawson et al. 2005), leads to decreased
OGT expression and increased OGA expression. Con-
versely, pharmacologically lowering O-GIcNAc levels in
3T3-L1 and HeLa cells results in higher OGT expression
and lower OGA expression (Slawson et al. 2005). These
changes in patterns of OGT and OGA expression are
consistent with feedback signals to “normalize” or dampen
abnormal increases or decreases in O-GIcNAc levels,
although the mechanisms underlying such a feedback
mechanism are not known. Despite these negative feedback
mechanisms which attempt to “normalize” changing O-
GIcNAc levels, cancer cells maintain a strikingly elevated
level of O-GlcNAcylation (hyper-O-GlcNAcylation), ele-
vated OGT, and decreased OGA compared to non-trans-
formed cells. Thus, to some degree, it appears that cancers
cells bypass this negative feedback mechanism which
attempts to “normalize” O-GlcNAc levels. This hyper-O-
GlcNAcylation contributes to transformed phenotypes, as
reduction of hyper-O-GlcNAcylation in breast, prostate,
and pancreatic cancer models inhibits cancer cell prolif-
eration and tumor growth in vitro and in vivo. Cancer cells
appear to be selectively addicted to this hyper-O-GlcNA-
cylation, as we observed that knocking down levels of
OGT to the same extent in breast and pancreatic trans-
formed versus non-transformed counterpart cells selec-
tively causes death of transformed cells (Caldwell et al.
2010; Ma et al. 2013). As cancer cells appear to become
dependent on this state of hyper-O-GlcNAcylation, strate-
gies to target inhibition of OGT for reduction of cancer
hyper-O-GlcNAcylation may be an effective anti-cancer
approach, as a therapeutic window in which growth/sur-
vival of cancer cells may selectively be inhibited appears to
exist. The potential mechanisms through which hyper-O-
GlcNAcylation supports cancer phenotypes will be dis-
cussed below in the context of various hallmarks of cancer.

Hyper-O-GlcNAcylation and potential links to excessive
cancer cell proliferation

Sustaining proliferative signaling and evading growth
suppressors are two hallmarks acquired by cancer cells to
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achieve infinite replicative potential (Hanahan and Wein-
berg 2011) (Fig. 2). Oncogenic changes often promote cell
cycle progression and bypass cell cycle checkpoints.
FoxMI1 acts as a key positive regulator of cell cycle pro-
gression by up-regulating transcription of genes involved in
the G1/S and G2/M transition and its overexpression is
linked to oncogenesis (Myatt and Lam 2007). O-GlcNA-
cylation is implicated in the stability of FoxM1. Reducing
breast cancer cell hyper-O-GlcNAcylation decreases levels
of FoxM1 and its target genes and increases cyclin-
dependent kinase cell cycle inhibitor p27%"'. Consistent
with this, reducing hyper-O-GlcNAcylation decreases cell-
cycle progression in breast and prostate cancer (Caldwell
et al. 2010; Lynch et al. 2012). We have also shown that
reducing hyper-O-GlcNAcylation inhibits the expression of
Cyclin D1, which is a positive regulator of the G1/S tran-
sition (Ma et al. 2013). Thus, cancer cell hyper-O-Glc-
NAcylation appears in part to contribute to excessive
growth through up-regulation of key proteins that drive cell
cycle progression and down-regulation of cell cycle
inhibitory proteins such as p27</P".
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Fig. 2 O-GIcNAc and hallmarks of cancer. Known and possible links
between elevated O-GlcNAcylation (hyper-O-GlcNAcylation) and
hallmarks of cancer are depicted. Hallmarks of cancer include
excessive cell proliferation (sustaining proliferative signaling and
evading growth suppressors), deregulated cellular energetics, sus-
tained angiogenesis, tissue invasion and metastasis, resistance of cell
death, replicative immortality, oxidative stress, proteotoxic stress, and
metabolic stress. Proteins in red are increased in the level of
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Hyper-O-GlcNAcylation promotes cancer cell survival

Cancer cells are subject to a number of physiologic stresses
which may trigger cell death in non-transformed cells, such
as nutrient stress, proteotoxic stress, oxidative stress, and
hypoxia. As a result, cancer cells evolve mechanisms to
resist cell death, which is one of the hallmarks of cancer
(Hanahan and Weinberg 2011). Resistance to cell death in
cancer cells may involve alteration of several cell death
mechanisms. Most notable is that cancer cells elude the
barrier to unrestricted cell growth imposed by programmed
cell death by evolving anti-apoptotic mechanisms (Hana-
han and Weinberg 2011).

Conditional knockout of OGT in mice results in loss of
O-GIcNAc and T cell apoptosis (O’Donnell et al. 2004),
suggesting hyper-O-GlcNAcylation in cancer may play an
anti-apoptotic role. Indeed, we have found that reducing
hyper-O-GlcNAcylation in pancreatic ductal adenocarci-
noma (PDAC) cell lines MiaPaCa-2 and PANC-1 decrea-
ses the expression of the anti-apoptotic protein Bcl-xL, and
induces pro-apoptotic cleavage of caspases-9 and 3,
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suggesting that reducing hyper-O-GlcNAcation triggered
the intrinsic apoptotic pathway, which was confirmed by
Annexin V/PI staining (Ma et al. 2013). Conversely,
increasing O-GIcNAc in pancreatic cancer BxPC-3 cells
protects against suspension-induced apoptosis (Ma et al.
2013). Up-regulated/constitutively activated NF-kB con-
tributes to transformation in many cancers, in part through
anti-apoptotic influences (Perkins 2012). We have shown
that the NF-xB p65 subunit and upstream kinases IKKo/
IKKpB are hyper-O-GlcNAcylated in pancreatic cancer
(PDAC) cell lines. Reducing hyper-O-GlcNAcylation
decreases PDAC cell p65 activating phosphorylation
(S536), nuclear translocation, NF-xB transcriptional
activity, and target gene expression. Conversely, mimick-
ing PDAC hyper-O-GlcNAcylation through pharmacolog-
ical elevation of O-GlcNAcylation increases IKKao and p65
O-GIcNAcylation, accompanied by activation of NF-xB
signaling (Ma et al. 2013). Therefore, cancer cell hyper-O-
GlcNAcyaltion appears to be anti-apoptotic, possibly in
part through activation of NF-xB signaling.

Cancer hyper-O-GlcNAcylation may contribute
to stress resistance

Cancer cells are subject to various stresses, such as oxi-
dative stress, ER stress, and proteotoxic stress, which were
proposed to represent additional hallmarks of cancer (Luo
et al. 2009). Mechanisms developed by cancer cells to cope
with these stresses are essential to cancer cell survival.
Emerging evidence indicates that hyper-O-GlcNAcylation
may contribute to pro-oncogenic cancer cell survival by
combating such stresses.

Reactive oxygen species (ROS) can be generated either
endogenously by normal aerobic metabolism or derived
exogenously from the extracellular milieu (Martindale and
Holbrook 2002). Excessive ROS production exceeding
capacity of cellular antioxidant defenses leads to oxidative
stress, which can lead to severe damage of nuclear or
mitochondrial DNA, intracellular lipids, and proteins. The
relationship between oxidative stress and cancer is com-
plex. Cancer cells experience increased oxidative stress due
to many reasons including rapid growth, impaired mito-
chondrial function, and a reactive stroma (Benz and Yau
2008). Oxidative stress may contribute to oncogenesis
(Reuter et al. 2010). Conversely, excessive oxidative stress
in cancer cells must be combated to avoid cell death
(Martindale and Holbrook 2002). One potential connection
between cancer cell protection against oxidative stress
and hyper-O-GlcNAcylation is PFKI1, the rate-limiting
enzyme in glycolysis. Reduced glutathione (GSH) is crit-
ical in combating oxidative stress. The co-factor NADPH
is required to maintain pools of reduced GSH.
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O-GlcNAcylation of PFK1 inhibits its activity in cancer cells
(Yi et al. 2012), decreasing rates of flux through glycolysis
and thus increasing shunt of fructose-6-phosphate into the
PPP. A consequence of increased PPP flux is increased
generation of NAPDH. Thus, hyper-O-GlcNAcylation in
cancer cells would likely increase PPP flux and NADPH
production contributing to maintaining a pool of reduced
glutathione (GSH) to combat ROS-induced cell death (Yi
et al. 2012). It has also been shown that increased O-Glc-
NAcylation inhibits hydrogen peroxide-induced ROS pro-
duction in cardiomyocytes, although the underlying
mechanism is not clear (Ngoh et al. 2011). Finally, a
FOXO4-dependent oxidative stress response has been
reported. O-GlcNcylation of FOXO4 increases its tran-
scriptional activity, suggesting that hyper-O-GlcNAcyla-
tion may contribute anti-oxidative stress influence through
FOXO4 (Ho et al. 2010). However, whether this FOXO4-
dependent anti-oxidative mechanism is operative in cancer
cells was not examined.

Cellular protein homeostasis, or proteostasis, refers to
the cells capacity to maintain proper protein folding, traf-
ficking, and avoidance of toxic protein aggregation (Balch
et al. 2008). Proteostasis is maintained, under stress con-
ditions, by a number of cellular response mechanisms
including the heat shock response (HSR). HSR in mam-
mals is mediated by six groups of closely related proteins:
HSP100, HSP90, HSP70, HSP60, HSP40, and small HSPs,
which are transcriptionally regulated by heat shock tran-
scription factor (HSF1) (Balch et al. 2008; Dai et al. 2012).
HSR is frequently activated/up-regulated in cancer cells
and helps counter excessive proteotoxic stress due to var-
ious cancer associated states including increased gene copy
number linked to aneuploidy and increased protein trans-
lation, misfolding, and/or trafficking (Luo et al. 2009).
Indeed, targeting the HSR is anti-tumorigenic. For
instance, small molecule inhibition or RNA interfering-
mediated knockdown of HSP90 or its cognate partner
HSP70 suppresses cancer cell growth and triggers apop-
tosis in multiple cancer types (Neckers and Workman
2012; Xia et al. 2012). In addition, loss of the master
regulator HSF1 in HSR diminishes tumor growth either
induced by Ras or p53 oncogenic mutations in mice or in
various cancer cell lines (Dai et al. 2007; Dudeja et al.
2011). Several lines of evidence suggest that hyper-O-
GlcNAcylation may potentially support cancer cell growth
through increasing the levels and/or activity of HSPs. For
example, cell stress-induced elevation of O-GlcNAc is
protective against cell damage at least in part through
induction of increased HSP levels, including HSP70 and
HSP90 (Zachara et al. 2004). Lowering O-GlcNAcylation
in MEFs decreases the expression of HSP70 and HSP40
(Zachara et al. 2004; Kazemi et al. 2010). Moreover,
increasing HBP pathway flux by glutamine treatment to
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elevate O-GIcNAc enhances expression of HSF1 and
HSP70 in a septic mouse model and in isolated rat
cardiomyocytes (Singleton and Wischmeyer 2008; Gong
and Jing 2011). HSP70 is modified by O-GlcNAc (Walgren
et al. 2003). HSP70 also appears to display lectin-like
binding activity specifically toward O-GlcNAc (Guinez
et al. 2004). Furthermore, we and other groups have
recently shown that O-GIcNAc on proteins such as tau,
TAKI1-binding protein, a-Synuclein, and PFK1 inhibits
oligomerazation or aggregation in the context of disease
states (Yuzwa et al. 2012; Yi et al. 2012; Marotta et al.
2012). Taken together, these results suggest that hyper-O-
GlcNAcyaltion in cancer cells may reduce proteotoxic
stress through several mechanisms, including transcrip-
tional induction of HSP proteins, stabilization of HSPs
through direct O-GlcNAc modification, or recruitment of
HSPs to O-GlcNAc-modified targets through the lectin-like
activity seen in the case of HSP70. Additionally, elevated
cancer O-GlcNAcylation may contribute to reducing toxic
protein aggregation.

Hyper-0-GlcNAcylation may contribute to cancer
angiogenesis

Induction of angiogenesis during tumorigenesis is another
hallmark of cancer (Hanahan and Weinberg 2011). Angi-
ogenesis is not only essential for delivery of oxygen and
nutrients to the interior of a tumor, but also contributes to
allowing cancer cells to invade surrounding tissue and
disseminate to distant organs (Hanahan and Folkman
1996). A variety of pro-angiogenic factors were linked to
proliferation and differentiation of endothelial cells, such
as vascular endothelial growth factors (VEGFs) and
fibroblast growth factors (FGFs) (Baeriswyl and Christof-
ori 2009). VEGEF released by tumor cells stimulates the
sprouting and proliferation of endothelial cells in growing
tumor blood vessels by binding to VEGF receptors. FGFs
have also been shown to sustain tumor angiogenesis by
binding and activating their receptors on endothelial cells
(Baeriswyl and Christofori 2009). Recent evidence indi-
cates that tumor angiogenesis may in part be supported by
hyper-O-GlcNAcylation. Reducing hyper-O-GlcNAcyla-
tion in the prostate cancer cell line PC-3ML by knocking
down OGT inhibits the expression of VEGF and in vitro
angiogenesis (Lynch et al. 2012). Furthermore, O-GlcNAc
is required in FGF signal transduction in Drosophila
(Mariappa et al. 2011). In order to sustain angiogenesis, the
tumor stroma requires continuous remodeling, a process in
which matrix metalloproteinases (MMPs) like MMP-2,
MMP-9 are vital in proteolytic degradation of extracellular
matrix (ECM) (Weis and Cheresh 2011). MMP-9 has also
been shown to be important in liberating matrix-bound

VEGF-A in mouse models (Bergers et al. 2000).
Reducing hyper-O-GlcNAcylation in prostate cancer
PC-3ML cells and in liver cancer HepG2 cells suppresses
the expression of MMP-2 and -9 (Lynch et al. 2012; Zhu
et al. 2012). Conversely, elevating O-GlcNAcylation
using the OGA inhibitor thiamet-G or knockdown of
OGA enhances the activity of MMP-2 and -9 in chon-
drocytes and increases the expression of MMP-1, -2, and
-3 (Andres-Bergos et al. 2012; Zhu et al. 2012). There-
fore, hyper-O-GlcNAcylation in tumors may contribute
to angiogenesis through up-regulation of VEGF, MMPs,
and FGF signaling.

Hyper-0O-GlcNAcylation may contribute to cancer cell
invasion and metastasis

Tumor metastasis (not the primary tumor) accounts for
over 90 % of cancer mortality (Gupta and Massague 2006).
From a clinical/translational point of view, the ability of
tumor cells to invade and metastasize to distant organs is a
critical hallmark of cancer (Hanahan and Weinberg 2011).
Emerging evidence suggests that hyper-O-GlcNAcylation
in cancers may be involved in tumor invasion and metas-
tasis. Whereas increasing hyper-O-GIlcNAcylation enhan-
ces the migration/invasion of breast and liver cancer cells,
lowering hyper-O-GlcNAcylation by knockdown of OGT
inhibits tumor invasion and metastasis in vivo and in vitro
in breast and prostate cancer cells (Caldwell et al. 2010; Gu
et al. 2010; Park et al. 2010a; Lynch et al. 2012). The
mechanisms of how hyper-O-GlcNAcylation may regulate
tumor invasion and metastasis are only beginning to be
understood. Different cancer types may utilize distinct and/
or overlapping tumor invasion/metastasis mechanisms
(Friedl and Wolf 2003). One mechanism that contributes to
metastasis is “epithelial to mesenchymal transition”
(EMT) (Thiery et al. 2009; Thiery and Sleeman 2006).
EMT involves loss of epithelial markers like E-cadherin,
and gain of mesenchymal markers such as Vimentin and
N-cadherin, which is coordinated by a number of tran-
scription factors, including Zebl, Zeb2, Twist, Slug, and
Snail (Thiery et al. 2009; Valastyan and Weinberg 2011).
We and others have found that reducing hyper-O-GlcNA-
cylation in cancers increases the expression of the epithe-
lial marker E-cadherin and decreases expression of the
mesenchymal marker Vimentin, while elevating O-Glc-
NAc decreases expression of the epithelial marker E-cad-
herin in breast and liver cancer (Gu et al. 2010; Ma et al.
2013; Park et al. 2010b). The loss of the E-cadherin is
regarded as a key step in initiation of EMT (Thiery et al.
2009) and now it is clear that Snail, E47 and Zebs can
directly bind to the promoter of E-cadherin, thereby
repressing expression of E-cadherin (Peinado et al. 2007).
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There are several potential links between hyper-O-Glc-
NAcylation, repression of E-cadherin expression, and
enhancement of invasion and metastasis. O-GlcNAcylation
of E-cadherin in its cytoplasmic domain during ER stress
blocks its cell surface transport, thereby inhibiting inter-
cellular adhesion (Zhu et al. 2001), and thus potentially
promoting migration/metastasis. Also, direct O-GlcNAcy-
lation of Snail on Serl12 stabilizes it, increasing repression
of E-cadherin expression, and increasing cancer cell invasion
and metastasis (Park et al. 2010a). Finally, the stability of
Snail can be indirectly enhanced by NF-xB activity (Wu et al.
2009), suggesting that cancer cell associated increased NF-xkB
activity due to hyper-O-GlcNAcylation (Ma et al. 2013) may
contribute to Snail stability, and thus metastasis.

Potential links between hyper-O-GlcNAcylation
and aneuploidy in cancer

Genome instability, which is characterized by genetic
aberrations from single nucleotide changes in genes to
structural chromosomal abnormalities, also known as
chromosomal instability (CIN), is another hallmark of
cancer (Hanahan and Weinberg 2011; Gordon et al. 2012;
McGranahan et al. 2012). Both CIN and aneuploidy are
implicated in tumorigenesis. Cell cycle specific dynamic
patterns of O-GlcNAcylation are linked to proper mitotic
progression and cytokinesis. Overexpression of OGT leads
to a polyploid phenotype due to severe defects in mitotic
progression and cytokinesis, whereas reducing O-GlcNAc
by overexpression of OGA induces a mitotic exit pheno-
type (Slawson et al. 2005). A recent study has shown that
over 100 proteins involved in spindle assembly and cyto-
kinesis are O-GlcNAcylated (Wang et al. 2010). While
quite speculative, it is possible that hyper-O-GlcNAcyla-
tion may contribute to defects in chromosomal segregation
due to spindle defects, which may contribute to polyploidy
in cancer.

Possible connections between hyper-0O-GlcNA cylation
and the inflammatory tumor microenvironment

Infiltrating immune cells are general features of tumor
microenvironments. Lymphocytes and neutrophils are two
main immune cells that are associated with the tumor
microenvironment (Mueller and Fusenig 2004). Cancer cell
secretion of cytokines such as TGF-, IL-6 and TNFa are
thought to play a role in promoting this inflammatory
tumor microenvironment by activating/recruiting lympho-
cytes and neutrophils. The transforming growth factor
(TGF)-B-activated kinase 1 (TAKI1) was implicated in cell
transformation, in particular in pancreatic cancer where
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TAKI1 is required for Kras transformation linked to NF-xB
activation and downstream cytokine production and release
(Bang et al. 2013). TAB 1 binding to TAKI is required for
activation. TAB 1 is O-GlcNAc modified at serine 359, and
this post-translational event is required for TAKI1 activa-
tion and downstream NF-xB activity leading to IL-6 and
TNFa production in response to IL-1 signaling (Pathak
et al. 2012). We have also shown that hyper-O-GIlcNAcy-
lation of NF-xB signaling pathway components p65 and
IKKs are associated with oncogenic up-regulation of
NF-xB (Ma et al. 2013). Taken together, the results suggest
that hyper-O-GlcNAcylation of TAB land/or NF-xB
pathway components may play a role in promoting an in-
flamatory tumor microenvironment through production/
release of inflammatory cytokines.

Hyper-O-GlcNAcylation and cancer stem cells

Most tumors, particularly solid tumors, are composed of
heterogeneous cell populations, including a newly appreci-
ated subclass of tumor cells, known as cancer stem cells
(CSCs) (Alison et al. 2012; Hanahan and Weinberg 2011).
CSCs display uniquely high rates of self-renewal and have
superior potential to produce new tumors upon in vivo
xenograft (Alison et al. 2012; Hanahan and Weinberg 2011).
O-GlcNAc has been shown to modify several transcriptional
factors such as c-Myc, Oct4, Sox2 (Jang et al. 2012; Myers
et al. 2011; Chou et al. 1995b), which are implicated in the
regulation of pluripotency and in reprogramming somatic
cells into induced pluripotent stem cells (iPSCs) (Vierbu-
chen and Wernig 2012). Upon embryonic stem cell differ-
entiation, O-GlcNAcylation is quickly reduced on Sox2 and
Oct4 (Jang et al. 2012). While the roles for O-GIcNAcyla-
tion on Sox2 are not clear yet, O-GlcNAcylation on Oct4 at
T228 is important to maintain embryonic stem cell self-
renewal, reprogram somatic cells and induce several pluri-
potency-related genes (Jang et al. 2012). These results
indicate that hyper-O-GlcNAcylation in cancer may con-
tribute to CSC self-renewal and pluripotency.

Hyper-0O-GlcNAcylation may contribute to metabolic
reprogramming in cancer

Due to responsiveness of O-GlcNAcylation to glucose flux,
O-GIcNAc was termed a “nutritional sensor” and may
provide feedback signals that modulate metabolism in
response to changing cellular nutrient status. Several
studies now link hyper-O-GlcNAcylation to cancer-asso-
ciated metabolic reprogramming (Fig. 3).

O-GlcNAc has been reported to modify a variety of
glycolytic  enzymes, including glucose-6-phosphate
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Fig. 3 Hyper-O-GlcNAcylation promotes cancer cell metabolic
reprogramming. In non-transformed cells, glucose mainly fluxes
through the TCA cycle and oxidative phosphorylation produces
energy. In cancer cells, the main energy source shifts to aerobic
glycolysis, which is programed by oncogenes such as HIFla, Kras,
and c-Myc. This metabolic reprogramming is facilitated by hyper-O-
GlcNAcylation in cancer. Cancer cell-specific O-GlcNAcylation of
PFK1 at S529 inhibits its kinase activity in cancer cells. As a result,
more glycolytic intermediates shunt into branch pathways such as the
PPP and HBP, further driving elevated O-GlcNAcylation. Also,
elevation of O-GlcNAcylation increases hexokinase activity and
decreases pyruvate kinase activity, which is consistent with increasing
glucose flux through glycolytic branch pathways. In addition,
ChREBP and c-Myc are stabilized by O-GlcNAcylation. ChREBP

isomerase (GPI), phosphofructokinase 1 (PFK1), fructose-
bisphosphate aldolase A (ALDOA), triosephosphate
isomerase (TPI), glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), phosphoglycerate kinase 2 (PGK2), alpha-
enolase (Enol), pyruvate kinase isozymes M2 (PKM2),
lactate dehydrogenase A chain (LDHA) (Nandi et al. 2006;
Ohn et al. 2008; Teo et al. 2010). Recently, O-GlcNAc has
been mapped at serine 529 on PFKI1, which catalyzes the
rate-limiting step of glycolysis to generate fructose-1,
6-bisphosphate (F1, 6BP) from fructose-6-phosphate (F6P),
and the role for O-GIcNAc on PFKI1 has been elucidated
(Yi et al. 2012). In order to be fully active, PFK1 forms
tetramers or even higher oligomers and serine 529 is vital
for allosteric activation of PFK1 by F2, 6BP (Sola-Penna
et al. 2010). O-GlcNAcylation of PFK1 at serine 529
inhibits its kinase activity in cancer cells, possibly resulting
from the O-GIcNAc moiety blocking the binding of F2,
6BP to PFK1 and disrupting oligomerization of PFK1 (Yi
et al. 2012), leading to increased levels of glycolytic

is implicated in upregulating aerobic glycolysis, de novo lipogenesis
and nucleotide biosynthesis. c-Myc is also involved in upregulation of
aerobic glycolysis and glutamine metabolism. The thickness of
arrows indicates relative rates of flux in pathways. Proteins in red are
increased in the level of expression, stability, or activity by hyper-O-
GlcNAcylation and those in green are decreased in expression or
activity. “G” denotes O-GlcNAcylation. ChREBP carbohydrate
responsive element-binding protein, FAS fatty acid synthase, HK
hexokinase, HBP hexosamine biosynthetic pathway, G6P Glucose-6-
phosphate, F6P fructose-6-phosphate, FBP fructose 1,6-bisphosphate,
PEP phosphoenolpyruvate, GFAT glutamine: fructose-6-phosphate
amidotransferase, GSH reduced glutathione, GSSG oxidized glutathi-
one, PFKI phosphofructokinase 1, PK pyruvate kinase, PPP pentose
phosphate pathway (color figure online)

intermediates. This impacts cancer cells in several ways:
first, flux through the PPP is increased leading to increased
supplies of nucleotides for cancer cell proliferation; sec-
ond, increased PPP flux helps cancer cells cope with oxi-
dative stress as PPP generated NADPH helps to keep anti-
oxidant GSH in a reduced state (Yi et al. 2012); third, flux
through the HBP is increased which could further elevate
O-GIcNAc by increasing UDP-GIcNAc levels. Impor-
tantly, O-GlcNAcylation of PFK1 is only increased in
transformed cells, but not in highly proliferating normal T
cells or epithelial cells (Yi et al. 2012). These data suggest
that PFK1 could be a cancer-specific target. Another gly-
colytic enzyme with established links to cancer is PKM2,
which catalyzes conversion of phosphoenolpyruvate (PEP)
to pyruvate. PKM2 is almost universally expressed in
highly proliferating cells like cancer cells, while PKM1 is
predominantly expressed in most adult differentiated tis-
sues. While PKM1 is constitutively active, PKM2 has
intrinsically lower enzymatic activity and is sensitive to
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inhibition by receptor kinase signaling (Kroemer and
Pouyssegur 2008; Ward and Thompson 2012). Thus, it seems
counterintuitive that PKM?2 is employed in highly prolif-
erating cells. However, it was suggested that the lower
enzymatic activity of PKM2 limits conversion of glycolytic
intermediates to pyruvate, thereby shunting more of these
intermediates into anabolic biosynthetic pathways to sup-
port cell proliferation and growth (Ward and Thompson
2012; Kroemer and Pouyssegur 2008). Although the site
and function of O-GlcNAcylation on PKM2 is not estab-
lished, increasing O-GlcNAcylaiton in general causes a
significant decrease in pyruvate kinase activity (Yi et al.
2012). Thus, cancer cell hyper-O-GlcNAcylation would
likely decrease PKM2 activity, further contributing to
directing glycolytic intermediates away from pyruvate
and toward biosynthetic pathways. Additionally, elevating
O-GlcNAcylation increases the enzymatic activity of
hexokinase (Yi et al. 2012), which catalyzes the first step of
glycolysis. In this case, cancer cell hyper-O-GlcNAcylation
may increase hexokinase activity thus trapping more glu-
cose in cancer cells and increasing shunt into pathways
such as the PPP and HBP. These data suggest that cancer
cell hyper-O-GlcNAcylation may regulate glycolytic
enzymes in such a way as to contribute to cancer cell
increased consumption and flux of glucose through bio-
synthetic branch pathways, thereby contributing to meta-
bolic reprogramming in cancer. Thus, hyper-O-
GlcNAcylation may not only be a consequence of altered
cancer metabolism, but also participate in a cycle in which
hyper-O-GlcNAcylation itself drives cancer metabolism
phenotypes, possibly further acerbating hyper-O-
GlcNAcylation.

In addition to modifying enzymes involved in glycoly-
sis, O-GlcNAcylation may also regulate transcription fac-
tors to modulate metabolic reprogramming. Carbohydrate
responsive element-binding protein (ChREBP), a basic
helix—loop-helix leucine zipper transcription factor, is
essential for the induction of the glycolytic enzyme
L-pyruvate kinase (L-PK) and lipogenic genes [e.g., acetyl-
CoA carboxylase (ACC) and fatty acid synthase (FAS)] in
response to glucose. ChREBP plays a crucial role in reg-
ulating energy metabolism and its deregulation can con-
tribute to metabolic diseases (Havula and Hietakangas
2012). Recently, it has been shown that ChREBP is
required for efficient cancer cell proliferation and that
suppression of ChREBP leads to decreased aerobic gly-
colysis, de novo lipogenesis and nucleotide biosynthesis,
and to increased mitochondrial respiration, indicating
activated ChREBP at least in part contributes to metabolic
reprogramming in tumors (Tong et al. 2009). ChREBP has
been reported to be O-GlcNAcylated (Sakiyama et al.
2010; Guinez et al. 2011). O-GIcNAcylation leads to the
stabilization of ChREBP protein and increased

@ Springer

transcription of ChREBP target genes L-PK, ACC and
FAS. Conversely, lowering O-GlcNAcylation of ChREBP
decreases levels of the lipogenic proteins ACC and FAS
and prevents hepatic steatosis (Guinez et al. 2011).
Although the O-GIcNAc sites on ChREBP was not map-
ped, cancer cell hyper-O-GlcNAcylation may stabilize/
activate ChREBP, driving cancer cell increased aerobic
glycolysis and lipogenesis, and representing a mechanism
that could contribute to hyper-O-GlcNAcylation support of
transformed phenotypes.

Another potential link between hyper-O-GlcNAcylation
and cancer metabolism is c-Myc. Oncogenic c-Myc is a
transcription factor that is not only involved in tumor ini-
tiation and maintenance, but also up-regulates glycolysis
and promotes mitochondrial metabolism and mitochondrial
biogenesis (Ward and Thompson 2012). c-Myc induces the
expression of glycolytic enzymes and LDHA and increases
the expression of glutaminase that converts glutamine to
glutamate in mitochondria for anapleurotic resupply of
TCA intermediates used in biosynthesis (DeBerardinis
et al. 2008). c-Myc is subject to phosphorylation at Thr58
by GSK3p (Gregory et al. 2003). Phosphorylation at Thr58
causes the rapid degradation of c-Myc and reduces its
target gene expression (Vervoorts et al. 2006). Thr58 is
located in the transactivation domain and is a mutational
hot spot in many lymphomas, leading to the stabilization of
c-Myc (Chou et al. 1995b). c-Myc is also O-GIcNAcylated
at Thr58 (Chou et al. 1995a). Thus, increased c-myc Thr58
O-GlcNAcylation could compete with phosphorylation and
potentially stabilize c-Myc. Indeed, reducing O-GlcNAc
has been shown to cause the degradation of c-Myc protein
but not the mRNA in prostate cancer cells by an OGT
inhibitor (Itkonen et al. 2013). These results suggest that
hyper-O-GlcNAcylation may contribute to oncogenicity
and cancer metabolic reprograming through stabilizing
oncogenic c-Myc.

Therapeutic potential of targeting cancer hyper-O-
GlcNAcylation

Key aspects of treating human cancer will involve reliable
biomarkers for early diagnosis, prediction of prognosis, and
detection of recurrence. Seminal studies have demonstrated
that OGT and OGA may serve as biomarkers for early
detection and prognosis. OGT mRNA is detected in 51.7 %
of 176 urine samples obtained from bladder cancer
patients, but not detected in 143 healthy individuals
(Rozanski et al. 2012). Furthermore, the mRNA expression of
OGT is correlated with the differentiation of bladder tumor,
with the poorly differentiated (grade III) most aggressive
form manifesting the highest OGT mRNA levels (Rozanski
et al. 2012). Although OGA mRNA is found in urine from
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bladder cancer patients and healthy individuals with a
comparable rate, mRNA levels of OGA are inversely cor-
related with the differentiation state of bladder tumor
(Rozanski et al. 2012). These results are consistent with our
findings in prostate and pancreatic cancer cells. In addition,
low levels of OGA correlate with tumor recurrence in
hepatocellular carcinoma (HCC) patients receiving liver
transplantation (Zhu et al. 2012). Moreover, O-GlcNAc
levels in blood and spleen can monitor the changes in
tumor burden of chronic lymphocytic leukemia (Tomic
et al. 2013). In the 1950s, glutamine analogs such as
6-diazo-5-oxo-L-norleucine (DON) and azaserine, which
are now known to inhibit the HBP rate limiting enzyme
GFAT (Badet et al. 1987), were found to inhibit cancer cell
growth (Moore and Lepage 1957; Tarnowski and Stock
1957). A remarkable number of studies examined the
efficacy of glutamine analogs in blocking transformed cell
growth (Kisner et al. 1980; Livingston et al. 1970). In a
variety of human xenograft tumors transplanted in athymic
mice, including colon, mammary, and lung, DON induces
remarkable tumor regressions (Ovejera et al. 1979). Given
the success of these glutamine analogs in vitro, DON and
azaserine were tested in a variety of human cancer clinical
trials (Earhart et al. 1990; Lynch et al. 1982) and found to
be effective in reducing tumor burden, but also had severe
intolerable side-effects of vomiting and nausea, which
limited enthusiasm for their use as chemotherapeutic
agents. Targeting the HBP would be expected to influence
any glycosylation processes dependent on HBP end prod-
ucts UDP-GIcNAc and UDP-GalNAc (perhaps accounting
for the toxicity observed). Nevertheless, it is tempting to
speculate that anti-cancer effects of inhibition of the HBP
may have involved the consequent reduction of hyper-O-
GlcNAcylation that would have occurred. A key aspect of
targeting OGT as an anti-cancer approach is its apparent
cancer cell selectivity of inhibiting growth. As was dis-
cussed above, genetically targeting hyper-O-GlcNAcyla-
tion by knocking down OGT inhibits many hallmarks of
cancer, but does not affect the cell proliferation of
immortalized non-transformed cells derived from breast,
prostate and pancreas (Caldwell et al. 2010; Lynch et al.
2012; Ma et al. 2013), which suggests that OGT may be
cancer specific target. Ongoing efforts are attempting to
identify effective small molecule specific inhibitors of
OGT. One way to target OGT is to develop cell-permeable
small-molecule inhibitors. The first reported OGT inhibi-
tors were discovered by high-throughput screens based on
ligand displacement assay (Gross et al. 2005). These
inhibitors are benzoxazolinone derivatives which inhibit
intracellular O-GlcNAcylation in cell culture and inhibit
breast cancer cell growth in vitro (Caldwell et al. 2010).
However, the relatively low efficacy of OGT inhibition
requires use at relatively high levels (500 um in cell

culture) and they display poor water solubility, impeding
use for animal studies. O-GIcNAc analog competitive
inhibitors of OGT, 5-thioglucosamine (5SGIcNAc) and its
per-O-acetylated analog Ac-5SGIcNAc were developed
(Gloster et al. 2011). They can be converted into UDP-
5SGIcNAc via the GIcNAc salvage pathway, thereby
competing with UDP-GIcNAc (Gloster et al. 2011). We
have shown that Ac-5SGIcNAc is able to reduce cellular
O-GlcNAc and inhibit pancreatic cancer cell growth
in vitro (Ma et al. 2013). However, future work will need to
involve screening and design of more bioavailable and
efficacious OGT inhibitors.

Conclusion and therapeutic perspective

Hallmarks of cancer provide a framework to review
potential connections between hyper-O-GlcNAcylation and
the complexities of transformed cell states. As discussed
above, elevation of O-GIcNAc in cancer on specific pro-
teins may be linked to many if not all hallmarks of cancer.
Similar to “oncogene addiction” in cancers, cancer cells
appear to display an “addiction” to hyper-O-GlcNAcyla-
tion, as targeting OGT to reduce hyper-O-GlcNAcylation
inhibits cancer cell growth while non-cancer cell growth is
not altered. Thus, abnormal hyper-O-GlcNAcylation may
be an attractive novel cancer specific therapeutic target.
With the development of more bioavailable and efficacious
OGT inhibitors, it is expected that suppression of hyper-O-
GlcNAcylation by targeting OGT may serve as a novel
therapeutic intervention for a variety of cancers.
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