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Abstract

The Hexosamine Biosynthetic Pathway (HBP) is highly dependent on multiple metabolic nutrients 

including glucose, glutamine and acetyl-CoA. Increased flux through HBP leads to elevated post-

translational addition of β-D-N-acetylglucosamine sugars to nuclear and cytoplasmic proteins. 

Increased total O-GlcNAcylation is emerging as a general characteristic of cancer cells and recent 

studies suggest that O-GlcNAcylation is a central communicator of nutritional status to control key 

signaling and metabolic pathways that regulate multiple cancer cell phenotypes. This review 

summarizes our current understanding of changes of O-GlcNAc cycling enzymes in cancer, the 

role of O-GlcNAcylation in tumorigenesis and the current challenges in targeting this pathway 

therapeutically.
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Introduction

Linking Cellular Signaling Pathways to Metabolic Rewiring in Cancer

Cancer cells universally promote glycolysis in the presence of normal oxygen conditions 12. 

This altered metabolic state, known as the Warburg effect, allows cancer cells to take up a 

large share of nutrients from their environment (i.e., glucose and glutamine); a phenomenon 

that is widely used in vivo to monitor tumor growth using 2FDG-PET imaging 12. As a 

byproduct of the inefficient use of these nutrients, low amounts of ATP are produced, and 

sizeable amounts of carbon and nitrogen in the form of lactate and ammonia are secreted 

into the extracellular environment. These can then be absorbed and used by neighboring 

tumor cells as fuel. Although this may seem as an inefficient means of producing energy, 

aerobic glycolysis maintains a steady quantity of carbon backbones for macromolecular 

synthesis in the form of acetyl-CoA, NADPH and amino acids 13. This carbon skeleton then 

fuels the increase in biomass that is required for tumor cell growth and proliferation, while 

maintaining a redox balance through production of high amounts of NADPH 13. However, 

the understanding of how growth and proliferation factors work in concert with metabolic 

pathways is only now being elucidated.

Otto Warburg was the first to report that cancer cells engage in the production of lactate even 

in the presence of normal oxygen conditions 4, generated through an altered metabolic state 

that is now believed to be controlled largely by oncogenic activation of signal transduction 

pathways and transcription factors and/or loss of tumor suppressors 5678. The 

phosphatidylinositol-3-kinase (PI3K)/Protein kinase B (or AKT)/mechanistic target of 

rapamycin (mTOR) is one such pathway (Figure 1) that lies downstream of receptor tyrosine 

kinase (RTK) activation and is known to be deregulated in a wide majority of cancer 

types 589. In normal cells, this ubiquitous system activates signaling in response to growth 

factor ligands. Ligand binding to receptor tyrosine kinases activates PI3K resulting in 

phosphorylation of phosphoinositol lipids at the plasma membrane which recruits and 

activates AKT. PI3K activity is tightly controlled by the phosphatase phosphatase and tensin 

homolog (PTEN), however many transformed cells contain inactivating mutations in PTEN
8. In response to changes in energy status, regulation of cell growth by AKT is accomplished 

through phosphorylation of mTOR complex 1 (mTORC1) inhibitors, tuberos sclerosis 

complex 1/2 (TSC1/2). For example, amino acid availability and upstream signaling 

activates mTORC1-dependent translation factors 4E-binding protein 1 (4E-BP1) and S6 

kinase 1 (S6K1) to enhance protein synthesis of major metabolic regulators such as c-MYC, 

sterol regulatory element binding protein 1 (SREBP-1), and hypoxia inducible factor 1-alpha 

(HIF-1α) 5.

The oncogenic transcription factor c-MYC is overexpressed in many cancer types, and 

supports glutamine uptake and metabolism, yielding the nitrogen required to produce 

nucleotides and amino acids. In addition, c-MYC dependent glutamate production feeds 

TCA cycle intermediates via an anaplerotic reaction to increase NADPH production, thus 

maintaining the redox balance in cancer cells 110. SREBP-1 also functions as a transcription 

factor downstream of mTORC1, to induce expression of genes involved in de novo fatty acid 

biosynthesis driving the production of membrane components required during cell 
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proliferation 5. High SREBP-1 expression is associated with poor prognosis in a number of 

cancer types, and has been shown to sustain cancer cell growth and survival through 

lipogenic functions 1112.

Many solid tumors outgrow blood supply reverting to a state of low oxygen tension, or 

hypoxia 1314. Under low oxygen tension, hypoxia inducible factor, or HIF-1α, is stabilized 

and activates transcription of over 200 genes to promote glycolytic flux and survival – 

including glucose transporters, glycolytic enzymes and angiogenic factors 14. HIF-1 is a 

heterodimer consisting of the hypoxic transcription factor HIF-1α and the constitutively 

expressed HIF-1β also known as aryl hydrocarbon receptor nuclear translocator or 

ARNT 14. Independent of mTOR activity enhancing translation of HIF-1α, regulation at the 

protein level is a highly complex process 14. Under oxygen rich conditions, prolyl-

hydroxylases use oxygen and α-ketoglutarate to hydroxylate HIF-1α at two proline residues 

(Pro402 and Pro564). This modification allows for HIF-1α to interact with the tumor 

suppressor Von Hippel-Lindau (pVHL) protein. This process is essential for HIF-1α 
ubiquitination and subsequent proteasomal degradation. Germline loss-of-function 

mutations in VHL are associated with the accumulation of HIF-1α in specific types of renal 

cancer 14. Under hypoxic conditions, however, prolyl hydroxylase activity is limited, thereby 

stabilizing HIF-1α, promoting nuclear translocation, and upregulating target gene expression 

and consequently promoting flux through glycolysis and enhancing glucose uptake (Figure 

1) 131415. Interestingly, low oxygen tension in tumors is associated with increased metastasis 

and decreased survival in breast and ovarian cancer patients, due to acquired resistance to 

radiation and chemotherapy 1416. Cancer cells can retain HIF-1α activity even in 

environments where oxygen is abundant and undergo adaptive genetic changes to survive 

and proliferate in a hypoxic environment through several known mechanisms 14.

Downstream of RTK activation, the RAS/RAF/MAPK pathway (Figure 1) is another key 

regulator of normal cell growth as well as malignant transformation 8. Mutations in 

oncogenic Ras play a number of roles in stimulating glucose uptake and utilization to feed 

anabolic pathways, promoting uptake of lysophospholipids to supply intracellular lipid 

pools. More recently, is has been demonstrated that RAS also promotes scavenging of 

proteins via micropinocytosis to fuel amino acid pools 81718.

Another major regulator of metabolism and energy homeostasis is the liver kinase B1 

(LKB1)/AMP-activated protein kinase (AMPK) signaling axis through its ability to sense 

changes in nutrient supplies 1920. Downstream of LKB1, the heterotrimer AMPK senses 

changes in the cellular AMP to ATP ratio 1920. In response to low energy conditions, LKB1 

phosphorylates AMPK to turn on pathways limiting energy consumption and promoting 

ATP production in an attempt to restore metabolic homeostasis 1921. The AMPK catalytic 

subunit directly phosphorylates the TSC1/2 complex and mTORC1 scaffold protein 

RAPTOR to inhibit mTOR activity 1922. Upstream of AMPK, the tumor suppressor LKB1 is 

critical for the activation of AMPK is response to nutrient limiting conditions. LKB1 loss in 

somatic cells is associated with the progression of a number of cancers 19. Due to its role in 

the inhibition of anabolic processes vital to cancer growth, the activation of AMPK may 

provide assistance in combating cancer growth.
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One metabolic pathway supported by the above mentioned signaling networks is the 

hexosamine biosynthetic pathway (HBP) 2324. Due to its reliance on inputs from so many 

metabolites and anabolic signaling required to produce these metabolites, as well as the 

HBPs regulation of cellular responses to nutrients, HBP is at the nexus of cellular 

metabolism 24. As outlined below, the final product of this pathway the amino sugar uridine 

diphosphate N-acetylglucosamine (UDP-GlcNAc) derives its carbon skeleton from glucose, 

glutamine, nucleotide biosynthesis and lipid metabolites (Figure 1) 24. UDP-GlcNAc is used 

for synthesis of secreted or membrane glycoproteins it also serves as a donor substrate for 

O-GlcNAc transferase (OGT)-mediated O-GlcNAcylation of a number of nuclear and 

cytoplasmic proteins. Although O-GlcNAcylation regulates many functions of cellular 

physiology 25, this review will focus on how this post-translational modification functions as 

a critical node between cellular metabolism and signaling pathways to regulate cancer 

biology.

Hexosamine Biosynthetic Pathway regulates metabolism, signaling and cancer

The capacity to sense nutrients in the cellular environment is a crucial evolutionary 

mechanism required for adaptation and survival 5. In proliferating cells, glucose and 

glutamine consumption are regulated via growth factor signaling to support cell growth and 

survival. However, cancer cells, independent of growth factor stimulation, can utilize 

glucose and glutamine-derived carbon sources to fuel ATP synthesis, and support cell 

growth 5. While the majority of glucose molecules that enter the cell are metabolized 

through glycolysis, 3-5% percent of the glucose is diverted from glycolysis into the 

HBP 2426. The HBP diverges from glycolysis where the rate-limiting enzyme glutamine 

fructose-6-phosphate amidotransferase (GFAT) converts fructose-6-phosphate to produce 

glucosamine-6-phosphate. This nutrient sensing pathway incorporates glucose, glutamine, 

nucleotides and Acetyl-CoA to produce the terminal amino sugar UDP-GlcNAc 242728. 

Moreover, salvage pathways can introduce GlcNAc into the HBP directly by bypassing 

GFAT 29. Glucosamine can also enter the cell via glucose transporters, and once 

phosphorylated by GlcNAc kinase, can eventually be converted into UDP-GlcNAc 2124.

UDP-GlcNAc can be used as a substrate for GlcNAc-1-phosphotransferase to 

cotranslationally modify proteins in the ER via N-linked glycosylation 2728. Further glycan 

branching modifications in the Golgi are required for proper folding, stability and transport 

of surface receptor proteins 2324. Alternatively, UDP-GlcNAc can be covalently added onto 

serine and threonine residues of a wide range of cellular proteins solely through the action of 

the enzyme OGT 2324. This modification can be removed by the glycoside hydrolase O-

GlcNAcase (OGA) (also referred to as MGEA5) that catalyzes cleavage of O-GlcNAc from 

proteins 30. This dynamic O-GlcNAc modification or O-GlcNAcylation modifies a myriad 

of intracellular proteins including signaling molecules, transcription factors and metabolic 

enzymes 24; 25.

The HBP has an essential role in sustaining vital cellular processes. For example, Thompson 

and colleagues 21 demonstrated that glucose metabolism through HBP is required to sustain 

sufficient growth factor signaling and glutamine uptake to support cell growth & survival. 

Additionally, the HBP has been shown to regulate ER stress pathways to maintain protein 
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homeostasis, enhance degradation of misfolded proteins and reduce pro-apoptotic 

signaling 31. In response to oncogene activation, cancer cells experience elevated flux 

through the HBP. In a transgenic model, oncogenic RAS increases flux through glycolysis 

and the HBP, resulting in increased O-GlcNAcylation. Interestingly, these RAS-driven 

tumors require GFAT expression for growth in vitro and in vivo 18. Additionally, hypoxic 

cancer cells have been shown to contain elevated levels of the HBP genes including Gfpt1 
and Gfpt2 as well as overall O-GlcNAcylation 15, and inhibition of the HBP rate-limiting 

enzyme blocks pancreatic cancer cell survival under low oxygen conditions. These studies 

suggest that flux through HBP is critical for cancer cell growth and survival. However, they 

do not distinguish the role of O-GlcNAcylation from other glycosylation mediated by HBP. 

A number of studies have now established alterations in O-GlcNAcylation and key enzymes 

OGT and OGA in multiple cancers (Table I) providing a link between O-GlcNAcylation and 

cancer phenotypes.

O-GlcNAc enzymes and O-GlcNAcylation in cancer

Many cancer types display elevated O-GlcNAcylation and aberrant expression of OGT and 

OGA (Table I) 32; 33. For example, multiple studies demonstrate that breast cancer cell lines 

and patient samples contain elevated levels of OGT and O-GlcNAc compared to normal 

counterparts 34; 35; 36; 37; 38. More recently, our lab demonstrated that within breast cancer 

subtypes, aggressive basal-like tumors contain high levels of OGT and O-GlcNAc compared 

to luminal type breast cancers 39. Various groups have shown increases in OGT and O-

GlcNAc levels during breast cancer progression and this is related to the histological grade 

of the tumor 37; 38.

Similar trends have been observed in a number of cancer types including 

prostate 40; 41; 42; 43, colon 44; 45; 46; 47; 48, bladder 49, hepatocellular carcinoma 50, 

leukemia 51; 52, lung 44; 53 and pancreatic cancer 54 (Table I). Utilizing the Oncomine 

database, Lynch et al. demonstrated that OGT mRNA expression is elevated in prostate 

cancer tissue compared to normal adjacent tissue in over 200 patients and increased mRNA 

was associated with a decreased patient five year survival rate 40. Kamigaito and colleagues 

confirmed these results, implicating elevated O-GlcNAcylation as a prognostic factor in 

prostate cancer patient survival 42. In regards to colon cancer, metastatic clones were shown 

to contain significantly higher levels of O-GlcNAcylated proteins compared to clones 

derived from primary colon cancers 45. Together these results underscore the clinical 

importance of OGT mRNA and/or protein expression and O-GlcNAc levels in primary as 

well as metastatic tumors.

Mechanisms of OGT elevation in cancer

Although the levels of UDP-GlcNAc within the various cellular compartments exquisitely 

regulate the affinity of OGT for peptide substrates, little is known about the mechanisms of 

OGT regulation in cancer. Recent reports have demonstrated that oncogenic pathway 

activation mediates increases in OGT as well as overall O-GlcNAcylation in various cancer 

cells 47; 55; 56.
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Sodi et al. recently demonstrated that the PI3K-mTOR-MYC signaling pathway is required 

for elevation of OGT and O-GlcNAcylation in human breast cancer cells 55. Interestingly, c-

MYC regulation of OGT mechanistically requires the expression of chaperone HSP90A. 

Additionally, MMTV-MYC derived mammary tumor epithelial cells contain higher levels of 

OGT and O-GlcNAc and tissue from this transgenic oncogene driven model of breast cancer 

also revealed that progression in this model from normal tissue to late carcinoma 

corresponded with increased O-GlcNAcylation and OGT protein expression 55. Since Myc is 

itself O-GlcNAcylated which increases it stability (see below), Sodi et al. suggested a feed 

forward model in which Myc amplification in some cancers may lead to increase levels of 

O-GlcNAcylation, OGT and maintains Myc levels elevated to fuel cancer growth 55. 

Consistent with this idea, new studies by show that malignant transformation using a murine 

model of T-cell acute lymphoblastic leukemia required OGT and showed that c-Myc is a key 

controller of T cell O-GlcNAcylation 52.

In lung and prostate cancer cells, the MEK/ERK signaling pathway was shown to induce 

hyper-O-GlcNAcylation and enhance a malignant phenotype 56. The MEK/ERK pathway 

did not regulate OGT or O-GlcNAcylation in breast cancer cells 55 suggesting that pathways 

that regulate OGT and O-GlcNAcylation may be cancer-type specific. Nevertheless, since 

PI3K-mTOR-Myc and MEK/ERK pathways are elevated in nearly all cancers, this may 

explain why O-GlcNAcylation and OGT levels are elevated in many cancers (Table I). More 

recently, the histone demethylase LSD2 has been shown to regulate OGT protein 

degradation, in manner dependent on its E3 ligase activity in lung cancer cells 57. Since 

OGT itself contains post-translational tyrosine phosphorylation and is controlled by various 

enzymes involved in metabolic pathways (ie, GSK3B and AMPK), it would be interesting to 

explore these alternative regulatory mechanisms in cancer 25.

The role of O-GlcNAc cycling enzymes in the regulation of cancer hallmarks

Studies in the past five years have implicated OGT and O-GlcNAcylation as regulators of 

many cancer phenotypes including multiple “Hallmarks of Cancer” 58 (Figure 2). Below we 

summarize recent studies that implicate OGT and O-GlcNAcylation directly and/or 

indirectly in the regulation of various cancer phenotypes.

The role of OGT and O-GlcNAcylation in the regulation of cancer cell growth 
and survival—As mentioned previously, the nutrient-sensitive O-GlcNAc modification 

modulates protein dynamics including transcriptional and cellular signaling pathways in 

mammalian cells 24 and adjusts protein function according to nutritional status of the cell 59. 

Importantly, modulation of cellular O-GlcNAc levels has been linked to altered cellular 

development, mitotic progression, growth, and survival patterns 2433. Indeed, complete 

knockout of OGT in mouse embryonic fibroblasts (MEFs) lead to defects in cell growth 60 

and other studies have shown that O-GlcNAcylation is important in cell cycle progression 24. 

More recently, O-GlcNAcylation has been shown to play an important role in regulating 

embryonic stem cell self-renewal and differentiation 61. This demonstrates that a proper 

balance of O-GlcNAcylation is required for cell growth and maintenance.
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Caldwell et al. was the first study to demonstrate that O-GlcNAc and OGT levels were 

highly elevated in breast cancer cells and normalizing OGT and O-GlcNAc levels via RNAi 

or pharmacological inhibition blocked anchorage-independent growth in vitro as well as 

inhibited in vivo primary tumor growth of breast cancer cells 34. A number of labs have seen 

similar reduction in tumor cell growth when OGT or O-GlcNAcylation is reduced. This 

includes cancer cells derived from prostate, colon, lung and pancreas (Table I). 

Mechanistically, reducing O-GlcNAc levels in breast cancer cells led to G1 cell cycle arrest 

and increased proteasomal degradation of the oncogenic transcription factor FOXM1 

causing a decrease in multiple FOXM1-specific targets, including S-phase kinase-associated 

protein 2 (SKP2) and a concomitant increase in cyclin-dependent kinase (CDK) inhibitor 

p27 (Kip1) 34. Similar cell cycle effects were observed in prostate cancer cells where OGT 

and O-GlcNAc levels were reduced 40. Consistent with these results, Mina Bissell's group 

has shown that blocking the HBP or targeting OGT with RNAi can cause a reversion of 

cancer phenotypes in breast cancer cells including growth arrest, reestablishment of tissue 

polarity, suppression of oncogenic signaling and reduction of glycolytic activity 62.

More recently, Itkonen et al. 41 demonstrated that expression of c-MYC and OGT were 

tightly correlated in human prostate cancer cells. Inhibition of OGT in prostate cancer cells 

leads to decreased cell cycle progression and DNA replication in a MYC-dependent 

manner 41. It has been previously demonstrated that the oncoprotein c-MYC is O-

GlcNAcylated at threonine 58 (Thr58) and this modification functions to stimulate 

growth 33. GSK3B phosphorylation at the nearby serine 62 site promotes c-MYC 

proteasomal degradation and is inhibited by the presence of O-GlcNAc at Thr58 33. 

Interestingly, Thr58 mutations are found in a variety of tumor types including lymphomas, 

resulting in reduced downstream expression of pro-apoptotic BIM 63. The contribution of O-

GlcNAc to this phenotype could be a potential mechanism that remains to be explored.

Another major transcription factor involved in promoting cancer cell growth and survival is 

the nuclear factor kappa B (NF-κB). Various NF-κB subunits are modified by O-GlcNAc, 

including p65 and c-Rel 6454. In a pancreatic adenocarcinoma (PDAC) cell line, the NF-κB 

p65 subunit and upstream kinases IKKα/IKKβ were found to be O-GlcNAcylated 54. 

Reducing O-GlcNAcylation in these cells decreased p65 phosphorylation, nuclear 

translocation, transcriptional activity, and tumor growth in vivo 54. Additionally, PDAC 

anchorage-independent growth and survival were dependent on p65 O-GlcNAcylation, as 

mutation of O-GlcNAc threonine residues resulted in PDAC cell death 54. In a separate 

study, elevated O-GlcNAcylation was found to promote colonic inflammation and 

tumorigenesis via NF-κB 47. Using a mouse model of induced colitis-associated colorectal 

cancer, the authors show that elevated O-GlcNAcylation, via heterozygous OGA deletion (+/

−), directly leads to colorectal inflammation and tumorigenesis in these mice. 

Mechanistically, the authors demonstrated that OGA +/− mice contain elevated NF-κB 

signaling, and this activity requires an O-GlcNAc modification at two key sites (T322 and 

T352) on p65 47.

Ferrer et al. has shown that reducing OGT levels or pharmacologically inhibiting O-

GlcNAcylation leads to selective apoptosis of breast cancer cells compared to non-

transformed mammary epithelial cells 39. Reducing O-GlcNAcylation caused an increase in 
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the ER stress response only in breast and lung cancer cells 39 and Myc-transformed 

mammary epithelial cells but not in non-transformed human mammary epithelial MCF-10A 

cells 55. The reduction of O-GlcNAcylation in cancer cells induced protein kinase RNA-like 

endoplasmic reticulum kinase (PERK) activation, eukaryotic initiation factor 2α (eIF-2α) 

phosphorylation and induction of the C/EBP homologous protein (CHOP) as well as pro-

apoptotic Bcl-2 family members BIM, PUMA and NOXA 39. In MCF-10A cells, reducing 

O-GlcNAcylation, below levels seen in cancer cells, did not induce apoptosis, PERK 

activation or an ER stress response. The apoptosis in cancer cells was CHOP-dependent and 

also dependent on OGTs regulation of metabolism via HIF-1α and GLUT1 39. Thus, 

reducing O-GlcNAcylation in cancer cells induces an ER stress-mediated apoptosis that is 

very similar to the response of cancer cells to anti-glycolytics 65. Together these studies 

imply that O-GlcNAc contributes to tumor growth and survival through signaling 

mechanisms that are highly linked to cancer metabolism. Importantly, reducing O-

GlcNAcylation had minimal effects on growth and survival of non-transformed mammary 

epithelial cells 34; 55, prostate epithelial cells 40 and pancreatic epithelial cells 54. These 

results suggest that cancer cells are highly dependent on O-GlcNAcylation for cell growth 

and survival compared to normal counterparts and thus may provide a therapeutic window to 

target OGT in cancer.

The role of OGT and O-GlcNAcylation in invasion and metastasis—Cancer cell 

invasion, metastatic dissemination and establishment at a secondary site are the result of 

multistep processes, which include epithelial-mesenchymal transition (EMT) 66. This 

phenomenon is often a result of aberrant signaling from the extracellular matrix mediated 

through β–catenin/Snail1 dependent transcription 66. This promotes EMT reprogramming by 

suppressing expression of cell junction protein E-cadherin while inducing expression of 

mesenchymal markers to promote cancer cell invasion via matrix metalloproteinases 

(MMPs) 66. Not surprisingly, metabolic alterations seen in cancer including hypoxia and loss 

of tumor suppressors have been linked to the promotion of an EMT phenotype thus 

contributing to carcinoma progression 15. Our group and others have demonstrated that 

inhibition of OGT reduces breast and prostate cancer cell epithelial-to-mesenchymal 

transition (EMT), invasion and metastasis in vivo 35; 40; 67. For example, Park et al. 67 

revealed that O-GlcNAc modification of Snail1 at serine 112 (S112) stabilizes the 

transcription factor and thus increases its function to attenuate E-cadherin expression and 

promote EMT in MCF7 breast cancer cells. In a separate study, it was demonstrated that O-

GlcNAc decreases cell surface E-cadherin through directly modifying β-catenin thereby 

contributing to metastasis in the 4T1 mouse breast cancer model 35. In addition, the actin 

binding protein cofilin is O-GlcNAcylated, which is required for its proper localization to 

invadopodia of breast cancer cells and contributes to breast cancer cell invasion 68. Recent 

studies have shown that EMT in lung cancer cells increases flux through the HBP and 

increases O-GlcnAcylation 69. These data indicate possible crosstalk between O-

GlcNAcylation and EMT programs that may contribute to fine-tuning cancer cell invasion.

Lynch et al. demonstrated that OGT-mediated regulation of invasion was dependent upon 

regulation of the oncogenic transcription factor FOXM1 40 and its transcriptional targets 

MMP2 and MMP9. Additionally, upon OGT inhibition, we observed a decrease in the 
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metastatic potential of prostate cancer cells in vivo 40. More recently, we have shown that in 

breast cancer cells, reduced O-GlcNAcylation leads to SIRT1-mediated proteasomal 

degradation of FOXM1, a mechanism that is dependent upon the MEK/ERK pathway. 

Reducing OGT levels, or O-GlcNAcylation, increases SIRT1 levels and activity. SIRT1 

regulates the MEK/ERK pathway to increase FOXM1 degradation and reduces expression of 

its transcriptional targets MMP2 and MMP9. SIRT1 is critical for OGT-mediated regulation 

of FOXM1 ubiquitination as reducing SIRT1 activity reverses OGT-mediated regulation of 

FOXM1. Reducing OGT levels in aggressive triple negative breast cancer cells inhibits the 

ERK pathway that is dependent on OGT regulation of SIRT1 levels and activity. Moreover, 

we show that SIRT1 is required for the changes observed in invasion and metastasis in 

response to OGT modulation in breast cancer cells. O-GlcNAcylation regulation of SIRT1 

levels in breast cancer cells and in mouse embryonic fibroblasts (MEFs) was dependent on 

AMPK. Thus, we implicate O-GlcNAcylation as a central component linking metabolism to 

invasion and metastasis via a AMPK/SIRT1/FOXM1 axis 70.

O-GlcNAcylation regulates cancer angiogenesis—Cancer cells require new blood 

vessel formation or angiogenesis for tumor expansion and metastatic spread 71. In prostate 

cancer cells reducing levels of OGT and O-GlcNAcylation blocked expression of vascular 

endothelial factor (VEGF) and importantly reduced angiogenic potential of prostate cancer 

cells in vitro 40. Conditioned media from prostate cancer cells containing OGT knockdown 

contained reduced HUVEC endothelial tube formation in vitro compared to control 

conditioned media. OGT regulation of VEGF expression and angiogenic potential of 

endothelial cells was found to require regulation of FOXM1 40. This data is consistent with 

studies linking FOXM1as a critical regulator of prostate cancer including angiogenesis 72. 

Future studies should examine whether OGT and O-GlcNAcylation directly regulate 

neovasculature that occurs during tumorigenesis in vivo.

O-GlcNAcylation regulates cancer glycolysis—It has been previously established 

that aberrant O-GlcNAcylation can contribute to metabolic disorders, such as insulin 

resistance33, implying it could also play a role in altered metabolism that occurs in cancer 

cells. Growing evidence indicates that O-GlcNAc is a crucial mechanism linking cancer 

metabolism and cellular signaling 39; 41; 53; 7374. Many glycolytic enzymes have been shown 

to be direct substrates for OGT. One such enzyme is phosphofructokinase-1 (PFK-1), which 

catalyzes the committed step of glycolysis, the conversion of fructose-6-phosphate to 

fructose 1,6-bisphosphate. PFK-1 modification by O-GlcNAc was shown to enhance 

glycolytic activity and pentose phosphate pathway (PPP) flux, conferring a selective survival 

advantage to lung cancer cells 53. Similarly, O-GlcNAcylation of glucose-6-phosphate 

dehydrogenase (G6PDH) is induced under hypoxic conditions to elevate flux through the 

PPP, thereby increasing the nucleotide, lipid and antioxidant pools, contributing to the 

pathogenesis of lung cancer 73. The oncogenic isoform of pyruvate kinase, pyruvate kinase 

isozyme M2 (PKM2), is expressed in most human tumors. PKM2 has also been shown to be 

O-GlcNAc modified, resulting in reduced PKM2 activity in colon cancer cells 74. The exact 

functional importance of PKM2 O-GlcNAcylation in promoting cancer phenotypes remains 

to be explored.
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Recently, we demonstrated that O-GlcNAcylation regulates glycolysis in cancer cells via 

hypoxia-inducible factor 1 (HIF-1α) (Figure 1) and its transcriptional target GLUT1 39. 

Reducing O-GlcNAcylation increases α-ketoglutarate, HIF-1 hydroxylation, and interaction 

with pVHL, resulting in HIF-1α degradation. HIF-1α and GLUT1 are critical for OGT-

mediated regulation of metabolic stress, as overexpression of a stable form of HIF-1 or 

GLUT1 rescues metabolic defects caused by OGT depletion. Clinically, we demonstrated 

that human breast cancers with high levels of HIF-1α contain elevated OGT, and lower 

OGA levels correlate independently with poor patient outcome. This novel mechanism 

where O-GlcNAcylation regulates cancer cell metabolic reprograming via regulation of 

HIF-1α contributes further evidence supporting an important role for O-GlcNAcylation in 

the promotion of cancer glycolysis 39.

Cross-talk between O-GlcNAcylation and the AMPK pathway is emerging as important 

node in regulating cellular metabolism, growth and signaling in both normal physiology and 

diseased states such as cancer. Previous studies have shown that AMPK can phosphorylate 

OGT and regulate its substrate specificity and that AMPKα and γ subunits can be O-

GlcNAcylated in skeletal muscle cells 75. In cancer cells, O-GlcNAcylation regulates AMPK 

indirectly (Figure 1) through regulation of metabolism. Reducing O-GlcNAcylation in 

cancer cells leads to a robust increase in LKB1 and AMPK activity that can be reversed by 

the addition of the permeable nutrient metabolite methyl-pyruvate 70 or through over-

expression of the glucose transporter GLUT1 39, both of which support cellular 

bioenergetics. Regulation of bioenergetics by OGT also regulates mTOR as overexpression 

of stable HIFα-1 and GLUT1 also reverse OGT-inhibition of the mTOR pathway 39. Thus, 

OGT can directly or indirectly regulate the major players that control cancer metabolism 

including HIF-1α, c-MYC, AMPK, mTOR and GLUT1.

O-GlcNAcylation and TET proteins: reprograming the cancer epigenome—The 

ten-eleven translocation (TET) family of dioxygenases (TET1/2/3) is responsible for 

converting 5-methylcytosine to 5-hydroxymethylcytosine thus providing a vital DNA 

demethylation mechanism 25; 76. Aberrant activity of the ten-eleven translocation (TET) 

family of 5-methylcytosine (5mC) hydroxylases directly results in epigenetic alterations that 

inhibit the expression of genes involved in cell differentiation 77. The nuclear isoform of 

OGT has been shown to stably interact with a number of TET family proteins in mouse 

embryonic stem cells (ESCs) 76. Functionally, the O-GlcNAc modification on TET1 

promotes its association with CpG-rich promoters and Polycomb target genes in embryonic 

stem cells (ESCs), to promote cellular differentiation 7678. Conversely, TET1-dependent 

recruitment of OGT to CpG islands overlaps at promoters with H3K4me3, directly coupling 

cellular metabolism to epigenetics and differentiation 2577. Recent reports suggest that OGT 

catalyzes the O-GlcNAcylation of TET3, promotes TET3 nuclear export, and thus inhibits 

the formation of 5-hydroxymethylcytosine 76; 77. Thus, TET3 O-GlcNAcylation regulates 

subcellular localization and enzymatic activity, directly linking epigenetics and 

differentiation with glucose metabolism 76; 77. Since some cancers contain loss of function 

TETs, and TET can recruit OGT to chromatin 79, it will be of interest to determine if these 

mutations may alter OGT nuclear localization, alter its activity and/or epigenetic regulation 
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in cancer cells. Whether changes in TET-OGT complexes at specific genomic regions results 

in chromatin alterations that promote cancer phenotypes remain to be explored.

O-GlcNAc Transferase as a therapeutic target in cancer

Various studies demonstrate a therapeutic window may exist to specifically target OGT and 

O-GlcNAcylation in cancer cells 39; 40; 80. A number of novel chemicals have been 

developed to target OGT and reduce O-GlcNAcylation in mammalian cells. Namely, small 

molecule OGT inhibitors 81 and UDP-GlcNAc salvage pathway analogs 29. In the past 10 

years, Walker and colleagues 81; 82 have developed a number of OGT inhibitors aimed at 

providing insights to the biological and structural function of the enzyme in mammalian 

cells. Namely, the commercially available small molecule inhibitor ST045849, has been 

recently shown to stimulate cell death in prostate cancer cells when used in combination 

with alanine amidotransferase inhibitors 80.

Vocadlo and colleagues 29, have identified a biosynthetic thiosugar, Ac-5SGlcNAc, that can 

be salvaged in cells yielding a nucleotide sugar analog that acts to inhibit OGT. Interestingly, 

these OGT inhibitors have been shown to reduce breast and prostate cancer phenotypes 

including cell growth and invasion, and increase metabolic stress and apoptosis via reducing 

expression of potent oncogenes such as FOXM1, c-MYC and HIF-1α343940; 41; 55. More 

recently, the PI3K inhibitor, GDC-0941 demonstrated synergy with OGT inhibition to 

sensitize ovarian cancer cells and induce apoptosis in vitro 83. The chemosensitizing effects 

of PI3K pathway inhibition with metabolic defects observed when targeting OGT may 

provide a promising combinatorial strategy. In addition, reducing O-GlcNAcylation in 

estrogen receptor positive breast cancer cells potentiated effects of tamoxifen on cell 

death 84. Thus, general inhibition of O-GlcNAcylation may be an effective way to increase 

sensitivity to existing therapy in treating cancer.

Little data exists to predict potential toxicity of targeting OGT using pharmacological 

inhibitors as a therapeutic strategy to combat cancer growth. Our lab and others have 

demonstrated through xenograft studies that RNAi inhibition results in decreased tumor 

growth in vivo, however systemic administration of an O-GlcNAcylation inhibitor and its 

potential toxicities to various tissues has yet to be explored. We can postulate that systemic 

inhibition of OGT with a specific inhibitor may result in adverse events in normal cells with 

high OGT expression such as the insulin secreting cells of the pancreas. Alejandro and 

colleagues 85 demonstrated that β-cell specific OGT genetic deletion at embryonic day 13.5 

results in mice having β-cell failure and diabetes. OGT deficient β-cells displayed loss of 

mass and function, in part, due to elevated ER stress induced-apoptosis, much like what was 

seen in breast cancer cells upon OGT inhibition 39. However, OGT ablation in mature β-

cells in 12 week old mice, had no effect on β-cell mass and mice did not develop diabetes 85. 

This study highlights that adult tissues may not be as sensitive to inhibition O-

GlcNAcylation compared to developing tissues in mammals as well as the importance of 

understanding the various and complex roles of OGT in adult tissue.

Other potential toxicities may exist in tissues of the brain, as O-GlcNAc is found to be 

abundant within the brain and decreased O-GlcNAcylation correlates with Alzheimer's 

phenotypes, potentially through direct modification of Tau which is decreased in AD patient 
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brain tissue 86. The review by Yuzwa et. al. highlights recent work in which pharmacological 

means to increase levels of O-GlcNAc in the brain results in protective effects in mouse 

models of AD 86. Inhibitory effects on neuronal excitability were seen when OGT was 

genetically deleted in AgRP neurons 87. The ablation of OGT in this cell type protected the 

animals from diet-induced obesity and diabetes showing the complex dynamics of O-

GlcNAc in the brain. With this in mind, any negative impact of inhibition of OGT in this 

tissue could be strategically avoided through the development of pharmacological OGT 

inhibitors that are incapable of crossing the blood brain barrier.

O-GlcNAcylation may also have clinical use as a biomarker with diagnostic or prognostic 

value. For example, Rozanski et al. 49 were able to detect OGT mRNA in urine of patients 

with bladder cancer while OGT was not detected in urine of healthy patients. In addition, 

they found OGT levels increased in high-grade bladder cancers compared to lower grade 

tumors. Moreover, Tomic et al. showed that O-GlcNAc levels in blood and spleen reflected 

changes in tumor burden following treatment with resveratrol in mouse model of 

erythroleukemia 88. Thus, urine or blood content of OGT and O-GlcNAc may be useful in 

diagnosis or as markers for therapeutic responses in some cancers. In future studies, it will 

be interesting to determine whether OGT and O-GlcNAc can be detected in circulating 

tumor cells and whether its expression correlates with disease progression and patient 

outcome.

Emerging roles for O-GlcNAcylation

Cancer is a disease associated with aging 89 and a number of studies suggest a role for OGT 

in aging. Recent data shows that total levels of O-GlcNAcylation are elevated in aging 

tissue 90. Major areas of interest in the field of aging, including autophagy and the sirtuins, 

both appear to have links to OGT and O-GlcNAcylation.

Changes in autophagy have both a cause and effect role in the process of aging 91. Often, 

autophagy is enhanced by interventions shown to extend lifespan. These include caloric 

restriction (CR) which is the only recognized intervention known to extend both mean and 

maximal lifespan 92, and compounds such as resveratrol. Inhibition of autophagy serves to 

produce degenerations similar to aging phenotypes 91. There is evidence in C. elegans that 

OGT has a role in the regulation of autophagy. Perturbation of normal O-GlcNAc cycling by 

loss of either enzyme critical to this process (OGT and OGA) resulted in changes consistent 

with increased autophagy 93. In breast cancer cells, we have shown that reducing OGT and 

O-GlcNAcylation blocks the mTOR pathway, while increasing activation of nutrient sensors 

such as LKB1/AMPK, signaling changes that are consistent with an induction of 

autophagy 70. However, it has not been tested whether phenotypes caused by targeting OGT 

in cancer cells are associated with regulation of autophagy.

Intricate ties between the sirtuin family and aging put this class of deacetylases at the 

forefront of the aging field. Caloric restriction was shown to potently induce the expression 

of SIRT1 and SIRT3 in multiple tissues in vivo 94 and Sirt1−/− mice do not live longer on 

calorically restricted diet, demonstrating that sirtuins are important players in the life-

extension induced by CR 95. Reducing OGT in cancer cells in vitro and in mammary tissue 

in vivo increases deacetylation of proteins by increasing expressing of the NAD-dependent 
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deacetylases SIRT1 70, as mentioned previously in regards to OGTs role in invasion. The 

implications of a link between OGT and SIRT1, may extend beyond cancer and could 

provide insight into aging processes as well. Thus, since O-GlcNAcylation is elevated in 

aging tissue and regulates key pathways associated with autophagy and the sirtuins, it is 

possible the nutrient sensor O-GlcNAcylation may link altered glucose availability to key 

molecular pathways to regulate metabolic changes that occur during aging and also 

contribute to cancer.

Implications and Future Directions

Research into the evolving role of O-GlcNAcylation in normal biology and pathologies will 

continue to expand our understanding of the role of this modification in disease states such 

as cancer. Although there is ample evidence for a role of OGT in many “Hallmarks of 

Cancer” (Figure 2), it is still little evidence that OGT or O-GlcNAcylation may play a role in 

enabling replicative immortality or avoiding immune destruction. We must continue to 

expand our insight into the roles of OGT and O-GlcNAcylation in cancer and adult biology. 

We currently do not understand the role OGT plays in many adult systems. OGT knockout is 

embryonic lethal, owing to its role in development and therefore must play a strong role in 

developing cells 60. We can hypothesize that OGT and O-GlcNAc may play some role in 

adult stem cells and perhaps cancer stem cells, however these avenues of investigation have 

not yet been explored. New tools for genetic manipulation, such as the CRISPR-Cas9 

system or novel mouse models, will accelerate our comprehension of the complex function 

of OGT in both normal biology and cancer. In addition, the discovery and improvement of 

new and existing OGT inhibitors will also help in understanding the role of OGT in normal 

biology and cancer. These new and more specific OGT inhibitors may also provide novel 

and effective therapeutic agents for cancers that exhibit deregulated O-GlcNAcylation.
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Highlights

• O-GlcNAcylation levels are found elevated in nearly all cancers 

examined.

• O-GlcNAc cycling enzymes O-GlcNAc transferase and O-GlcNAcase 

are altered in many cancers.

• O-GlcNAcylation regulates many aspects of the “Hallmarks of 

Cancer”.

• Reducing O-GlcNAcylation in cancer cells may be a potential 

treatment strategy.
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Figure 1. The Hexosamine Pathway Intersects with the Receptor Tyrosine Kinase/AMPK/mTOR 
Pathway
In left panel, the hexosamine pathway controls O-GlcNAcylation of nuclear and cytoplasmic 

proteins. A small fraction (2-5%) of glucose enters the HBP and fructose-6-phosphate is 

converted to glucosamine-6-phosphate by the rate-limiting enzyme of this pathway 

glutamine:fructose-6- amidotransferase (GFAT). UDP-N-acetylglucosamine (UDP-GlcNAc) 

is generated in subsequent steps and used as substrate by O-GlcNAc transferase (OGT) to 

add GlcNAc to serine or threonine residues of nuclear or cytoplasmic target proteins. O-

GlcNAc modifications can be removed from proteins by the glycoside hydrolase O-

GlcNAcase (OGA). In right panel, the receptor tyrosine kinase (RTK)-mediated signaling 

pathways converge on mTOR to regulate key transcription factors involved in cancer 

metabolism including HIF-1α, c-MYC, and SREBP-1. LKB1/AMPK negatively regulate 

mTOR pathway and metabolism. OGT and O-GlcNAcylation can intersect with this 

pathway at level of AMPK and regulation of key metabolic transcription factors HIF-1α and 

c-Myc. Abbreviations: HK2, hexokinase, PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-

bisphosphatase, isoform 3; PDK1, pyruvate dehydrogenase kinase, isozyme 1; PGK, 

phosphoglycerate kinase; PKM2, pyruvate kinase M2 isoform; LDHA, lactate 

dehydrogenase A; GLS1, glutaminae 1; ACLY, ATP citrate lyase; FASN, fatty acid synthase; 

ACC1, acetyl-CoA carboxylase 1.
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Figure 2. OGT and O-GlcNAcylation Regulate Multiple “Hallmarks of Cancer”
OGT via O-GlcNAcylation directly or indirectly regulate proteins that play major role in 

regulating multiple cancer phenotypes.

Ferrer et al. Page 21

J Mol Biol. Author manuscript; available in PMC 2017 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ferrer et al. Page 22

Table 1

Deregulation of O-GlcNAcylation and O-GlcNac cycling enzymes in cancer

Cancer: Expression: References:

Breast Elevated OGT/O-GlcNAc in cancer cells and OGT RNA elevated in invasive breast cancer; 
OGT increase, OGA decrease associated with grade, lymph node metastasis; OGA levels 
decrease associated with poor overall survival; O-GlcNAcylation/OGT increased in primary 
malignant tumors compared to benign tumors

Oncogene 2010 (34)
Cancer Research 2010 (35)
Clin Exp Med. 2012 (37)
Proteomics 2013 (38)
Molecular Cell 2014 (39)

Prostate Elevated OGT/O-GlcNAc in cancer cells; OGT increase associated with progression and 
poor survival; increased OGT associated with high Gleason Score and correlates with Myc 
expression

J.Biol Chem 2012 (40)
Cancer Research 2013 (41)
Prostate Can Prost Dis 2014 (42)
Proteomics 2013 (43)

Colon O-GlcNAcylation, OGT elevated in colon cancer tissue compared to adjacent tissue 
Metastatic CRC cell clones contains increased O-GlcNAcylation compared to primary 
clones; human colonic adenoma contain increased O-GlcNAcylation OGT & OGA levels; 
OGA+/− mice have higher incidence of colon tumors

BBA 2011 (44)
J. Biol Chem 2012 (45)
Oncol Rep 2013 (48)
Oncogenesis 2014 (46)
Oncotarget 2015 (47)

Lung O-GlcNAcylation and OGT levels are elevated in lung squamous cell carcinoma tissue 
compared to adjacent lung tissue; PFK-1 is hyper-O-GlcNAcylated in

BBA 2011 (44)
Science 2012 (53)

Liver O-GlcNAcylation elevated in hepatocellular carcinoma compared to healthy liver; O-
GlcNAcylation elevated in recurrent HCC patients; Low OGA, expression predicts 
metastatic recurrence in HCC patients.

Med Oncol 2012 (50)

Bladder OGT transcript levels are significantly higher in grade II and III in comparison degrade I 
bladder cancer; significant increase in OGT expression between early bladder cancers and 
invasive or advanced bladder cancers

Clin Lab 2012 (49)

Pancreatic Elevated O-GlcNAcylation, OGT and decreased OGA found in human pancreatic cancer cell 
lines compared to non-tumorigenic pancreatic epithelial cells

J. Biol Chem 2013 (54)

Leukemia Chronic lymphocytic leukemia patients contain elevated O-GlcNAcylation compared to 
normal circulating B cells. Mouse model of T-cell acute lymphoblastic leukemia requires 
Ogt.

Leukemia 2010 (51)
Nature Immunology 2016 (11)
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