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Nutrient Regulation of Cancer Cells by

O-GlcNAcylation
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Abstract O-linked β-N-acetylglucosamine (O-GlcNAc) is a ubiquitous and

dynamic posttranslational modification that occurs on serine/threonine residues of

nuclear and cytoplasmic proteins. This modification is regulated by O-GlcNAc

transferase (OGT), which attaches O-GlcNAc to proteins and O-GlcNAcase

(OGA), which removes O-GlcNAc. O-GlcNAc serves as a nutrient sensor to

regulate virtually all cellular processes, as well as playing roles in various diseases,

including Alzheimer’s disease, diabetes, and cancer. In this chapter, we present an

overview of O-GlcNAcylation in different kinds of cancer.
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6.1 O-GlcNAc and Enzymes Controlling Its Cycling

6.1.1 O-GlcNAc

O-GlcNAc is distinct from the other common forms of protein glycosylation in

several major respects (Torres and Hart 1984). It occurs both on nuclear and

cytoplasmic proteins of the cell (Hart 1997). The GlcNAc is generally not modified

to formmore complex structures (Comer and Hart 2000). It is attached and removed

multiple times in the life of a polypeptide. In terms of its dynamics and functions,

O-GlcNAcylation is more similar to protein phosphorylation than it is to classical

protein glycosylation.

O-GlcNAc, first characterized in 1983 (Torres and Hart 1984), is an O-linked

β-N-acetylglucosamine moiety attached to the side chain hydroxyl of a serine or

threonine residue. O-GlcNAc has thus far been reported on over 3000 cytoplasmic

and nuclear proteins. The addition of O-GlcNAc to proteins is catalyzed by

O-GlcNAc transferase (OGT) (Haltiwanger et al. 1992; Kreppel and Hart 1999;
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Lubas and Hanover 2000), while the saccharide’s removal is catalyzed by O-linked

N-acetyl-β-D-glucosaminidase (O-GlcNAcase, OGA (Comtesse et al. 2001; Gao

et al. 2001). This dynamic and reversible modification is emerging as a key

regulator of various cellular processes, such as signal transduction (Wells

et al. 2001), transcription (Ozcan et al. 2010), cell cycle progression (Drougat

et al. 2012), and protein-protein interaction (Lim and Chang 2010), documenting

its importance in many basic cellular and disease processes.

It has been demonstrated that O-GlcNAc plays important roles in some human

diseases, such as cancer (Caldwell et al. 2010; Gu et al. 2010; Slawson et al. 2010;

Lynch et al. 2012; Fardini et al. 2013), diabetes (Akimoto et al. 2005; Dias and Hart

2007; Slawson et al. 2010), and neurological disorders (Lefebvre et al. 2003).

Several key oncogene and tumor suppressor proteins involved in tumorigenesis

and cancer progression have been identified to be O-GlcNAcylated, such as p53

(Shaw et al. 1996) and c-Myc (Chou et al. 1995).

6.1.2 O-GlcNAc Transferase (OGT)

OGT catalyzes the addition of a single GlcNAc moiety to serine or threonine

residues on proteins (Haltiwanger et al. 1990). In mammals, OGT is expressed in

all cell types, with the highest level of expression in the pancreas followed by the

brain (Lubas et al. 1997; Hanover et al. 1999). OGT itself is modified by O-GlcNAc

and phosphorylation. OGT exists in three forms: two nucleocytoplasmic forms and

one mitochondrial form (Love et al. 2003). In many tissues, OGT is composed of

two 110 kDa subunits and one single 78 kDa subunit. However, the ratios of each

type of subunit appear to vary depending upon the tissue.

Until now, only one single OGT gene has been identified (Shafi et al. 2000) in

mammals, which is highly conserved through evolution. The 110 kDa OGT protein

can be divided into two distinct domains, the amino-terminal half of the protein

containing multiple tetratricopeptide repeats (TPRs) and the carboxyl-terminal half

of the protein containing the catalytic domain of the enzyme. TPRs are found in a

large number of proteins of diverse functions, where they serve as protein interac-

tion sites to play a role in modulating a variety of cellular processes, including cell

cycle (Hirano et al. 1990; Lamb et al. 1994; Tugendreich et al. 1995), transcription

regulation (Schultz et al. 1990; Rameau et al. 1994; Tzamarias and Struhl 1995),

and protein transport (Haucke et al. 1996; Goebl and Yanagida 1991).

The mechanism of how OGT recognizes and glycosylates its protein substrates

remains largely unknown. However, over the past few years, there are numbers of

advances in the study of its structural and kinetic properties that may yield some

ideas to us. Two crystal structures of human OGT have been reported, one is a

binary complex with UDP (2.8A� resolution) and the other is a ternary complex

with UDP and a peptide substrate (1.95A�) which indicated that OGT employs an

ordered bi-bi kinetic mechanism where UDP-GlcNAc might bind first followed by

the substrate (Lazarus et al. 2011). Posttranslational modifications involving tyro-

sine kinases, nitrosylation of cysteine residues, and O-GlcNAc modification may
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also regulate OGT activity (Shen et al. 2012). Most recently, it has been found out

that host cell factor-1 is cleaved by OGT when the TPR domain of OGT binds to the

carboxyl-terminal portion of an HCF-1 proteolytic repeat (Lazarus et al. 2013).

Ac4-S-GlcNAc (Fig. 6.1), which can penetrate into and be converted to its active

form UDP-S-GlcNAc via the GlcNAc pathway, can be used as an OGT inhibitor

(Dorfmueller et al. 2011; Gloster et al. 2011).

6.1.3 O-Linked N-Acetyl-β-D-Glucosaminidase
(O-GlcNAcase, OGA)

OGA catalyzes the removal of O-GlcNAc from proteins. It is localized mainly to

the cytoplasm but is also found within nuclei and mitochondria (Gao et al. 2001;

Wells et al. 2002). OGA consists of two main domains: an N-terminal domain with

glycoside hydrolase activity and a C-terminal histone acetyltransferase (HAT)

domain. These domains flank a region containing a caspase-3 cleavage site

(Butkinaree et al. 2008). Analogous to OGT, the highest expression OGA occurs

in the pancreas and brain (Dong and Hart 1994; Gao et al. 2001; Whelan and Hart

2003). The HAT domain of OGA likely serves to target the enzyme to transcrip-

tional machinery, but does not appear to have HAT enzymatic activity.

Several OGA inhibitors have been developed to study the biological roles of

O-GlcNAc (Fig. 6.1). O-(2-acetamido-2-deoxy-D-glucopyranoseylidene) amino

N-phenyl carbamate (PUGNAc), GlcNAcstatin, and Thiamet G are three inhibitors

found to effectively limit OGA activity (Banerjee et al. 2013a).

OGA
----------

OGT

PUGNAc,TMG, NButGT, GlcNAcstatin G, streptozotocin…

----------

AC4SGlcNAc

O-GlcNAcOH

Protein Protein

Fig. 6.1 Inhibitors of

O-GlcNAc cycling enzymes

that have proven useful in

biological studies
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6.2 O-GlcNAc: A Nutrient Sensor

The well-known “Warburg effect” or aerobic glycolysis in which a cancer cell

relies mainly on glycolysis instead of oxidative phosphorylation, even when there is

high oxygen tension, was first described in 1956 by Otto Warburg (1956a, b). It is

now well known that glycolysis is much less efficient in producing energy com-

pared to oxidative phosphorylation. Since cancer cells often have a higher prolif-

eration rate and higher needs for metabolic precursors, the uptake of glucose has to

be increased in order to meet the basic needs of the cancer cell.

In most cells, about 2–5 % of glucose is used in the hexosamine biosynthetic

pathway (HBP). The end product of the HBP is UDP-GlcNAc, the donor substrate

used by OGT in the enzymatic addition of O-GlcNAc. Increased cancer cell glucose

uptake likely also drives increased HBP flux that leads to hyper-O-GlcNAcylation.

Indeed, increased protein O-GlcNAcylation has been observed in all types of cancer

thus far (Shi et al. 2010; Li et al. 2011; Krzeslak 2012a, b; Lynch et al. 2012;

Rozanski et al. 2012; Zhu et al. 2012).

6.3 O-GlcNAc and Cancer

Increased O-GlcNAcylation and changes in OGT/OGA expression have been

described in many different cancer types including breast, prostate, liver, pancre-

atic, colorectal, bladder, lung, colon, ovarian, and chronic lymphocytic leukemia

(Slawson and Hart 2011; Fardini et al. 2013; Ma and Vosseller 2013) (Table 6.1).

6.3.1 Breast Cancer

Breast cancer remains a major clinical problem worldwide. Most patients succumb

to the disease as a result of the metastatic spread of their primary tumor (Chambers

et al. 2001; Steeg 2006). Early in the disease process many of these tumors are

fueled by estrogen. Estrogen receptors are dynamically modified by O-GlcNAc

(Jiang and Hart 1997). Early studies by Slawson et al. documented increased OGA

activity in primary breast tumors as compared to matched adjacent breast tissues

(Slawson et al. 2001). Donadio et al. showed that glutaminase inhibition greatly

reduces glucose:fructose amidotransferase (GFAT) activity, the first committed

step in the HBP, and changes the O-GlcNAc pattern of key proteins that control

cell proliferation and differentiation (Donadio et al. 2008).

Caldwell et al. showed that OGT and O-GlcNAc levels are elevated in breast

cancer cells and that reducing high O-GlcNAcylation inhibits cancer cell growth

in vitro and in vivo and also reduces breast cancer cell invasion. They further found

that targeted deletion of OGT inhibited the growth of tumor cells and was
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Table 6.1 Summary of O-GlcNAc and cancer

Cancer

type O-GlcNAc OGT OGA (MGEA5)

Breast

cancer

Elevated in cancer,

reducing high

O-GlcNAcylation

inhibits cancer cell

growth and invasion; the

inhibition of

O-GlcNAcylation may

improve the sensitivity of

some breast cancers to

tamoxifen therapy

Elevated in cancer, dele-

tion of OGT inhibited the

growth of tumor cell;

OGT knockdown inhibi-

tion of the anchorage-

independent growth

in vitro

Increased activity in pri-

mary breast tumors, the

expression is decreased

Prostate

cancer

Elevated in cancer Elevated in cancer,

reducing OGT expression

inhibited metastasis to

bone; c-MYC is a key

target of OGT function

Elevated in cancer

Liver

cancer

Elevated in cancer;

in vitro assays demon-

strated that

O-GlcNAcylation plays

important roles in migra-

tion, invasion, and viabil-

ity of HCC cells

Not determined Lower OGA expression

level was a prognostic

factor for predicting

tumor recurrence in

HCC

Pancreatic

cancer

Hyper-O-GlcNAcylation

has also been observed in

pancreatic ductal adeno-

carcinoma cell (PDAC).

Reducing

O-GlcNAcylation

inhibited PDAC cell

growth and tumor

formation

Not determined Not determined

Colorectal

cancer

Elevated in metastatic

colorectal cancer cell line

and increased in primary

colorectal cancer tissues

OGT levels are increased

in primary colorectal

cancer tissues

Lower levels of OGA

expression in metastatic

colorectal cancer cell

line, OGA silencing

altered the expression of

about 1300 genes

Bladder

cancer

Not determined OGT transcript levels

were significantly higher

in grades II and III in

comparison to grade I BC

Poorly differentiated

bladder cancer (grade

III) showed significantly

lower MGEA5 expres-

sion than grade I tumors

Other can-

cers

1. Leuke-

mia

1.Chronic lymphocytic

leukemia (CLL) cells

expressed high levels of

O-GlcNAcylated proteins

2.The migration ability of

HO-8910PM cells was

significantly inhibited by

OGT silencing

2. The migration of

OVCAR3 cells was dra-

matically enhanced by

OGA inhibition

(continued)
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associated with reduction in the FoxM1 transcriptional target MMP-2 (Caldwell

et al. 2010). Additional studies, using immunohistochemistry analysis, observed

that the global O-GlcNAcylation levels in breast tumor tissues were significantly

elevated compared to the corresponding adjacent normal tissue (Gu et al. 2010).

Krzeslak and coworkers showed that the expression of MGEA5 (O-GlcNAcase;

OGA) decreased while the expression of OGT increased in higher-grade tumors,

suggesting that increased O-GlcNAcylation might be implicated in breast tumor

progression and metastasis (Krzeslak et al. 2012a).

By using 2D O-GlcNAc immunoblotting and LC-MS/MS analysis,

Champattanachai and colleagues identified 29 proteins (Champattanachai

et al. 2013), seven of which are O-GlcNAcylated or associated with

O-GlcNAcylation in cancer. Moreover, OGT knockdown revealed that decreasing

O-GlcNAcylation was related to inhibition of anchorage-independent growth

in vitro. Altogether the results indicate that aberrant protein O-GlcNAcylation is

associated with breast cancer. Huang et al. identified that the actin-binding protein

cofilin is O-GlcNAcylated at Ser108 and further showed that during three-

dimensional invasion, O-GlcNAcylation of cofilin is required for its localization

to invadopodia (Huang et al. 2013).

Most recently, Kanwal et al. noticed that increased O-GlcNAcylation protected

MCF-7 cells from death induced by tamoxifen; in contrast, inhibition of OGT

expression enhanced the ability of tamoxifen to induce cell death. The results

indicate that the inhibition of O-GlcNAcylation may improve the sensitivity of

some breast cancers to tamoxifen therapy (Kanwal et al. 2013).

6.3.2 Prostate Cancer

Prostate cancer is the most common type of non-cutaneous cancer found in Amer-

ican men and the second leading cause of cancer death behind lung cancer. One in

six men will get prostate cancer during his lifetime and one man in 36 will die of

this disease. Despite the enormity of these statistics, prostate cancer remains a

relatively understudied disease with respect to its biology and molecular mecha-

nisms of action (Chunthapong et al. 2004).

It has been found that OGT is overexpressed in prostate cancer tissue compared

to normal prostate epithelium and the expression of OGT and levels of O-GlcNAc

Table 6.1 (continued)

Cancer

type O-GlcNAc OGT OGA (MGEA5)

2. Ovarian

3. Lung

2. O-GlcNAcylation was

enhanced in more meta-

static human ovarian

cancer cell line

3. Elevated in cancer

tissues

3. Elevated in cancer

tissues
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modifications are elevated in prostate cancer cell lines compared to

non-transformed prostate cells. In addition, reducing OGT levels inhibits VEGF

expression and the angiogenic potential of PC3-ML cells, which is dependent on

the transcription factor FoxM1. Finally, reducing OGT expression in human pros-

tate cancer cells inhibited metastasis to bone. Thus, OGT is positioned as a novel

target for therapeutic intervention in the treatment of human prostate cancer (Lynch

et al. 2012).

Itkonen et al. found that expression of c-MYC and OGT was tightly correlated in

human prostate cancer samples. Moreover, they identified c-MYC as an upstream

regulator of OGT target genes and OGT inhibition decreased the c-MYC protein

level, which suggests that HBP acts as a modulator of prostate cancer growth and

c-MYC as a key target of OGT function in prostate cancer cells (Itkonen

et al. 2013).

Recently, our lab also found out that the level of O-GlcNAc and its enzymes is

increased in prostate cancer cells compared to normal cells. Through in vitro assays,

the results indicate that O-GlcNAc and its cycling might be an important factor

during the progression of prostate cancer (Liu et al., unpublished).

6.3.3 Liver Cancer

In 2007, it was reported that in human hepatoma cells (HCC) protein

O-GlcNAcylation modulates the promoter activities of the transcription factors

CRE and activation protein-1 (AP-1) and enhances E-selectin protein expression

(Azuma et al. 2007).

Guo et al. observed that O-GlcNAcylation of HSP27 in HCC cells might be a

novel regulatory mode of HSP27 function, particularly for its entry into the nucleus.

Crosstalk or interplay between glycosylation and phosphorylation of HSP27 could

regulate its subcellular localization and biological functions in liver cancer (Guo

et al. 2012). Zhu et al. found that global O-GlcNAcylation levels were significantly

elevated in HCC tissues compared to that in healthy ones. Global O-GlcNAcylation

was also enhanced in the tumor tissues of patients who had suffered from HCC

recurrence after liver transplant compared with those who had not. Moreover,

in vitro assays demonstrated that O-GlcNAcylation plays important roles in migra-

tion, invasion, and viability of HCC cells, partly through regulating E-cadherin,

MMP1, MMP2, and MMP3 expression. Most importantly, a lower OGA expression

level was a prognostic factor for predicting tumor recurrence in HCC (Zhu

et al. 2012).
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6.3.4 Pancreatic Cancer

Pancreatic cancer is the fourth most prevalent cancer-related cause of death in the

United States. Most pancreatic cancer patients have glucose intolerance or diabetes.

Interestingly, the pancreatic β-cells, which secrete insulin, have high levels of

O-GlcNAc. The β-cell is unique in containing much more OGT than any other

cell type (Konrad and Kudlow 2002). Park et al. revealed that increasing

O-GlcNAcylation protein levels were accompanied by enhanced apoptosis in

pancreatic β-cells, and they also identified ten new O-GlcNAcylated proteins

(Park et al. 2007). By using mass spectrometry, Kang and coworkers found that

Ser473 in Akt1 may be modified with O-GlcNAc, and that O-GlcNAc modification

and phosphorylation of Ser473 are reciprocally regulated by hyperglycemic treat-

ment in murine β-pancreatic cells (Kang et al. 2008).

Banerjee et al. partially elucidated the mechanism of action of triptolide, a

bioactive ingredient in traditional Chinese medicine that has anticancer properties.

They showed that triptolide-induced downregulation of HSP70, which leads to cell

death, is mediated by impaired O-GlcNAc modification of Sp1 in pancreatic cancer.

Triptolide decreases the expression and activity of OGT in these cells, resulting in

reduced Sp1 translocation to the nucleus and reduced Sp1 activity. In turn, Sp1

leads to lower expression of HSF1 and other HSPs, finally resulting in tumor cell

death (Banerjee et al. 2013b).

Increased HBP flux and hyper-O-GlcNAcylation has also been observed in

pancreatic ductal adenocarcinoma cell (PDAC). Reducing O-GlcNAcylation

inhibited PDAC cell growth and tumor formation, but did not affect the growth

of non-transformed pancreatic epithelial cells. They also found that the NF-κB p65

subunit and kinases IKK α/IKK βwere O-GlcNAc modified in PDAC. Reduction of

PDAC hyper-O-GlcNAcylation inhibited constitutive NF-κB activity, while eleva-

tion of O-GlcNAc activated NF-κB and suppressed apoptosis (Ma et al. 2013).

6.3.5 Colorectal Cancer

Yehezkel and colleagues noticed that the metastatic colorectal cancer cell line,

SW620, exhibited higher levels of O-GlcNAcylation and lower levels of OGA

expression compared with its parent line, SW480. Elevating O-GlcNAcylation

levels through RNA interference of OGA resulted in phenotypic alterations that

included acquisition of a fibroblast-like morphology. Microarray analysis revealed

that OGA silencing altered the expression of about 1300 genes, most of which are

involved in cell movement and growth and specifically affected metabolic path-

ways of lipids and carbohydrates (Yehezkel et al. 2012).

Very recent studies have documented that O-GlcNAcylation and OGT levels are

increased in primary colorectal cancer tissues. Using immunoblotting and LC-MS/

MS analysis, 16 proteins were successfully identified and eight proteins showed an
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increase in O-GlcNAcylation. Among all the identified proteins, annexin A2 was

further confirmed to show increased O-GlcNAcylation in all cancer samples. The

results indicate that aberrant O-GlcNAcylation of proteins is associated with

colorectal cancer and O-GlcNAc-modified proteins may provide novel biomarkers

for cancer.

6.3.6 Bladder Cancer (BC)

Cyclophosphamide-induced cystitis is an established model for the study of bladder

injury and wound healing. In 2000, the first study was reported on the alterations in

O-GlcNAcylation in bladders with cyclophosphamide-induced cystitis. They con-

cluded that O-GlcNAcylation may have a significant role in the bladder wound

healing process (Chung et al. 2010). Rozanski and colleagues analyzed mRNA

expression of genes encoding enzymes involved in O-GlcNAcylation using sam-

ples in urine obtained from 176 bladder cancer (BC) patients and 143 healthy

persons. OGT expression was not detected in the urine of healthy persons but it

was found in 51.7 % of BC samples. Positive expression of the MGEA5 gene,

encoding OGA, was found in urine of both healthy persons (47.1 %) and BC

patients (52.3 %). Poorly differentiated BC (grade III) showed significantly lower

MGEA5 expression than grade I tumors. On the contrary, OGT transcript levels

were significantly higher in grade II and III in comparison to grade I BC. Moreover,

there were significant differences in OGT expression between early bladder cancers

and invasive or advanced bladder cancers. These results suggest that analysis of

urinary content of OGA and OGT may be useful for bladder cancer diagnostics

(Rozanski et al. 2012).

6.3.7 Other Cancers

Changes in O-GlcNAc levels or expression of O-GlcNAc-cycling enzymes have

also been described in leukemia and ovarian and lung cancers.

Shi et al. found that chronic lymphocytic leukemia (CLL) cells expressed high

levels of O-GlcNAcylated proteins, including p53, c-myc, and Akt compared to

normal circulating and tonsillar B cells. Also, high baseline O-GlcNAc levels

associated with impaired signaling responses to TLR agonists, chemotherapeutic

agents, B-cell receptor cross-linking, and mitogens were observed (Shi et al. 2010).

Interestingly, while all CLL cells had higher O-GlcNAcylation, those patients with

levels at the lower end of the scale had a poor prognosis, while those with the

highest levels of O-GlcNAcylation had a better prognosis because their CLL cells

became more indolent.

Recently Jin and coworkers found that O-GlcNAcylation was enhanced in

HO-8910PM cells, which is a more metastatic human ovarian cancer cell line
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compared to OVCAR3 cells. Additionally, the migration of OVCAR3 cells was

dramatically enhanced by OGA inhibition, and the migration ability of

HO-8910PM cells was significantly inhibited by OGT silencing. Moreover,

E-cadherin, an O-GlcNAcylated protein in ovarian cancer cells, was reduced by

OGA inhibition in OVCAR3 cells and elevated by OGT silencing in HO-8910PM

cells (Jin et al. 2013).

O-GlcNAcylation levels and the expressions of OGT and OGA in human lung

and colon cancer tissues were examined by immunohistochemistry.

O-GlcNAcylation as well as OGT expression were significantly elevated in cancer

tissues compared with that in the corresponding adjacent tissues. Additionally, the

roles of O-GlcNAcylation in the malignancy of lung and colon cancer were

investigated in vitro. The results showed that O-GlcNAcylation dramatically

enhanced the anchorage-independent growth of lung and colon cancer cells and

could also enhance lung and colon cancer invasion. All together, this study suggests

that O-GlcNAcylation might play important roles in lung and colon cancer forma-

tion and progression and may be a valuable target for diagnosis and therapy of

cancer (Li et al. 2011).

In conclusion, it is now clear that altered O-GlcNAcylation occurs in most, if not

all, types of cancer. However, very little is known with respect to how O-GlcNAc

contributes to the oncogenic phenotype at a mechanistic level. The possible num-

bers of mechanisms affected by altered O-GlcNAcylation are enormous, including

altering signaling cascades, modulation of gene expression at both the transcrip-

tional and translational levels, and by regulation of cytoskeletal dynamics, includ-

ing mechanisms regulating cell adhesion and epithelial-mesenchymal transitions.

Similar to phosphorylation’s roles in cancer, elucidation of O-GlcNAc’s roles will
require focused work of many laboratories, but also these studies will undoubtedly

lead to novel and powerful therapeutics which were previously unimagined.
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