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Abstract

O-GlcNAcylation is emerging as a critical regulatory post-translational modification, impacting 

proteins that regulate cell division, apoptosis, metabolism, cell signaling, and transcription. O-

GlcNAc also affects biological homeostasis by integrating information coming from the 

environment, such as nutrient conditions and extracellular stimuli, with cellular response. Aberrant 

O-GlcNAc modulation has been linked to metabolic and neurodegenerative diseases, as well as 

cancers. While many studies have highlighted the significance of O-GlcNAc in cancer, a specific 

function for O-GlcNAc during tumorigenesis remains unclear and seems to differ according to 

cancer type. Herein, we review the impact of altered O-GlcNAcylation in breast, ovarian and 

uterine cancers.

Introduction

O-GlcNAcylation is a highly dynamic and reversible posttranslational modification of 

nuclear and cytoplasmic proteins. The two enzymes responsible for O-GlcNAc cycling are 

O-GlcNAc transferase (OGT), which adds a single N-acetylglucosamine sugar to serine and 

threonine residues, and O-GlcNAcase (OGA), which removes the modification. The 

widespread distribution of O-GlcNAc on tumor suppressor proteins and oncoproteins 

suggests that this modification may play an important role in the development of many 

diseases, including cancer. O-GlcNAcylation in diverse cancers has been reviewed 

elsewhere; this review will focus on O-GlcNAcylation in women’s cancers of the breast, 

ovary and uterus.

Breast Cancer

Breast cancer is a disease that will affect 1 in 8 women during their lifetime, and represents 

the second most common cancer diagnosed in women [1]. Therefore, understanding how 

breast cancer develops, and what drives the progression of breast cancer, is of great clinical 
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interest. Levels of O-GlcNAcylation have been determined in many different epithelial 

tumors (reviewed in [2]), including lung [3], liver [4], colon [5], prostate [6], and ovarian [7] 

and breast (reviewed herein). For the majority of tumor types, O-GlcNAcylation is elevated 

in cancer, however it is apparent that the correlation between O-GlcNAcylation and 

tumorigenesis is cell-type dependent [2].

A growing body of evidence is accumulating that implicate O-GlcNAcylation in the 

development and progression of breast cancer. The earliest worked aimed at measuring O-

GlcNAcylation in breast cancer was performed using breast cancer cell lines, such as 

SKBR3 and MDA-MB-453, as compared to a non-transformed mammary gland cell line, 

MCF10A. This work showed that global O-GlcNAc levels were elevated in the breast cancer 

cell lines, along with elevated expression of OGT [8]. Further analysis in breast cancer 

patient samples have confirmed this phenotype of elevated O-GlcNAcylation in breast 

cancer. Multiple studies using powerful tissue microarrays (TMA) constructed using breast 

tumor tissue, along with matched/adjacent benign tissue, revealed that O-GlcNAc levels 

were elevated in tumors [9, 10]. This was also observed via Western blotting from digested, 

pooled tumor samples (representing multiple grades) as compared to benign tissue [11]. 

Moreover, TMA data comparing primary breast tumors to breast metastases isolated from 

lymph nodes (n=50) revealed that O-GlcNAc levels were even further elevated in the 

metastatic breast cancer tissue [9]. Finally, increased levels of O-GlcNAcylation also 

correlated with poor prognosis, as a high extent of nuclear and cytoplasmic O-GlcNAc 

staining was observed in patients with increased relapse rates, increased sites of distant 

metastases and poor outcome [12]. Cumulatively, these data imply that O-GlcNAc levels are 

correlated with breast cancer progression, covering the spectrum from benign breast tissue to 

distant metastatic sites.

Although the data correlating high O-GlcNAc levels to breast cancer are compelling, they 

are correlative studies and don’t provide evidence that O-GlcNAc and associated proteins, 

such as OGT or OGA, are tumor-promoting vs tumor-associated. Further, many studies 

correlate high OGT, and low OGA, expression with breast cancer, using both tumor cell line 

models and patient samples (primarily TMA) [8, 11, 13–15]. The addition of numerous 

studies where OGT, and subsequently O-GlcNAc, levels were experimentally decreased 

have further implicated O-GlcNAc-modulating enzymes, such as OGT, in the process of 

tumorigenesis. Caldwell and colleagues used shRNA to decrease OGT levels in breast 

cancer cell lines, and found that lack of OGT decreased cell line growth in vitro, breast 

tumor xenograft formation in mice and cell cycle progression [8]. Similar results were seen 

when OGT knockdown lead to inhibition of anchorage-independent growth [11]. Gu et al 
employed a syngeneic mouse model in which OGT levels were decreased using shRNA [9]. 

In contrast to what was observed using the human xenograft models, no differences in 

primary tumor growth were observed when OGT was knocked-down using this model. 

However, they did observe a dramatic inhibition in breast cancer lung metastases when OGT 

levels were decreased [9]. Despite the observed inconsistencies in OGT’s effect on primary 

tumor growth, which are likely attributable to the differences in mouse tumor model 

systems, cumulatively these data suggest that OGT promotes the tumorigenic potential of 

breast cancer and is directly involved in promoting breast cancer.
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Many diverse models have been put forth that explain how increased O-GlcNAc levels, 

potentiated OGT activity, and decreased OGA activity promote breast tumorigenesis; those 

models are presented in brief herein. Multiple papers from the Reginato lab have detailed a 

link between O-GlcNAc and stability of the oncogenic transcription factor, FoxM1 [8, 15]. 

O-GlcNAc regulates SIRT1 levels and activity, which in turn is linked to proteosomal 

degradation of FOXM1. Reducing cellular O-GlcNAc levels leads to instability of FOXM1, 

and SIRT1 activity is required for OGT’s tumor promoting potential in breast cancer. O-

GlcNAc-dependent promotion of HIF1α stability has been shown to regulate pro-growth 

metabolic reprogramming and survival-associated stress signaling in breast cancer cells [15]. 

Breast cancer TMA data have correlated elevated O-GlcNAc levels with proteins that 

regulate glycosaminoglycan hyaluronan (HA) such as hyaluronan synthases 1-3 (HAS1-3; 

[12]), proteins known to be regulated by O-GlcNAcylation. As HA enhances tumor 

progression [16, 17], this suggests that high HAS levels seen in breast cancer are correlated 

to their increased O-GlcNAcylation [12]. Finally, Sodi et al investigated how OGT levels, 

themselves, are upregulated in breast cancer. They detail regulation of OGT protein 

expression in breast cancer through a c-MYC/mTOR-dependent post-transcriptional 

mechanism [18].

Multiple studies have been done modeling how O-GlcNAc promotes breast cancer invasion 

and metastasis. O-GlcNAcylation of cofilin, an actin-binding protein involved in cancer 

invasion through the regulation of cell motility, is required for its ability to promote breast 

cancer cell invasion [19]. Moreover, O-GlcNAcylation has been shown to decrease cell 

surface E-cadherins which enhances breast cancer cell migration and metastasis [9]. Recent 

studies by Liu and colleagues have shown that OGT expression is regulated by miR24; 

decreased OGT expression reduced breast cancer cell invasion. The authors also found that 

decreased OGT activity lead to destabilization of FOXA1, a key transcriptional regulator of 

proteins promoting the epithelial to mesenchymal transition (EMT) [20]. Finally, work by 

Tao et al in triple negative breast cancer cell lines has shown that O-GlcNAcylation of 

TAK1-binding protein 3 (TAB3), a novel regulator of the NF-κB pathway, promotes 

metastasis in these tumor models [21].

Other models for how O-GlcNAcylation promotes breast cancer involve regulation of two 

key transcription factors involved in breast cancer, the estrogen receptor (ER) and 

progesterone receptor (PR). These steroid-activated nuclear receptors are present in 70% of 

breast cancers upon diagnosis [1]. ER/PR expression is a positive predictive marker for 

therapeutic response, as targeted-therapies exist to decrease primarily ER/estrogen function 

in breast cancer (reviewed in [22, 23]). Of interest to this review, ER and PR have both been 

shown to be O-GlcNAcylated, and this modification leads to a decrease in RNA and protein 

levels of both receptors [10, 24–26]. This O-GlcNAc-dependent turnover of ER has been 

linked to resistance to ER-based targeted therapies [27]. Interestingly, the converse may be 

true for PR action in breast cancer. Although O-GlcNAcylation leads to a decrease in PR 

expression [10, 26], the remaining PR protein was shown to be more active at activating PR-

dependent gene transcription [10]. Finally, in breast cancer TMA data, PR-positive tumors 

exhibited higher levels of OGT expression when compared to PR-negative tumors [10]. The 

development of ER- and PR-O-GlcNAc-specific antibodies will help define how ER/PR O-

GlcNAcylation is relevant in human tumors.
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Endometrial cancer

Endometrial cancer is the most common cancer of the female reproductive organs [28]. This 

particular condition is common among women suffering from hyperglycemia, however little 

is known about the underlying relationship between glucose and endometrial cancer [29–

31]. Mounting data show that O-GlcNAcylation can be a sensor of the cell’s glucose status 

[32]. Numerous studies confirm that cancer cells increase their consumption of glucose, 

which is used in the hexosamine biosynthesis pathway (HBP) to generate UDP-GlcNAc, the 

metabolic substrate for O-GlcNAcylation. Therefore, unbalanced glucose metabolism can 

affect O-GlcNAcylation of proteins, leading to cellular dysfunctions and, possibly, cancer. 

Zhou et al [33] revealed that endometrial cancer cell lines treated with high levels of glucose 

showed increased cellular O-GlcNAcylation levels and expression of β-catenin, a key 

effector of the WNT/β-catenin pathway which plays an essential role in oncogenic gene 

transcription. Glucose-induced activation of the HBP enhanced β-catenin stability through 

its O-GlcNAcylation and increased the protein’s activity as a transcriptional coactivator. 

These data suggest that modulation of O-GlcNAcylation may be a potential target for the 

therapy of hyperglycemic endometrial cancer patients.

mRNA expression levels of O-GlcNAc cycling enzymes OGT and OGA have been found to 

be significantly higher in undifferentiated endometrial tumors compared to well-

differentiated ones [34]. However, Sgantzos et al [35] showed that immunohistochemical 

expression of O-GlcNAc fluctuates in normal and neoplastic uterine tissues, which may 

reflect differences in the expression of O-GlcNAcylated cellular proteins. Their work 

implies that the role of O-GlcNAc in oncogenesis may be mediated by addition or removal 

of this modification on tumor-related proteins and sheds light on the relevance of this 

modification in normal histophysiology and in the pathogenesis of uterine muscle cell 

tumors.

Ovarian Cancer

Ovarian cancer is a malignancy that frequently remains clinically silent and is usually 

diagnosed at an advanced stage, which renders it the fifth most common cause of cancer-

associated mortality in females due to a high rate of metastasis [36, 37]. Accumulating 

evidence suggests that O-GlcNAcylation may play a significant role in tumor metastasis, and 

multiple studies have investigated the significance of this modification in cell migration [38, 

39]. When comparing highly-metastatic (HO-9810PM) to low-metastatic (OVCAR3) 

ovarian cancer cell lines, Jin et al [38] found that expression of OGT mRNA levels and O-

GlcNAcylation levels of total proteins were higher in the cell lines with greater metastatic 

potential. To investigate whether O-GlcNAcylation affected cell migration, total O-GlcNAc 

levels were decreased using OGT shRNA in HO-9810PM cells and increased using OGA 

inhibitors in OVCAR3 cells. Migration capacity was significantly inhibited in HO-9810PM 

cells and increased in OVCAR3 cells, suggesting that O-GlcNAcylation is linked to this 

cellular feature relevant to metastasis. The group investigated these cells for levels of E-

cadherin, a protein previously shown to be O-GlcNAcylated in ovarian cancer [40] and a key 

regulator of epithelial cell-cell adhesion, and they found that its expression was decreased in 

the context of high O-GlcNAcylation. This finding suggests that O-GlcNAcylation may 
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promote loss of cell adhesion, a crucial requirement for tumor invasion, by compromising 

the formation of the E-cadherin/catenin/p120 complex. Another model put forth by Niu et al 
[39] showed that O-GlcNAc upregulation may promote the migration and invasion of 

ovarian cancer cells by activating the RhoA/ROCK/MLC pathway, a signaling cascade 

which has been found to be upregulated in several types of cancer, including bladder, gastric, 

testicular, breast, and ovarian.

Ovarian cancer has one of the highest p53 mutation rates and many studies have shown that 

defects in the p53 pathway are intrinsically related to cell malignancy and tumor 

development [41, 42]. p53 was found to be O-GlcNAcylated and stabilized by this 

modification [43]. Muniz de Queiroz and colleagues aimed at identifying a link between O-

GlcNAc homeostasis (the balance between addition and removal of O-GlcNAc) and wild 

type p53 in ovarian cancer [7]. They observed that any change in O-GlcNAc cycling, either 

through inhibition or silencing of OGA, or overexpression of OGT (O-GlcNAc levels 

increase) or overexpression of OGA (O-GlcNAc levels decrease), resulted in stabilization of 

wild type p53 and increased activation of the p53 pathway. These results suggest that 

changes in O-GlcNAc homeostasis may trigger stress-response activation of the p53 

pathway, which in turn can induce cell cycle arrest or apoptosis. Furthermore, they found 

that OGA inhibition (TMG treatment) improved the efficiency of cisplatin, a 

chemotherapeutic agent used in the treatment of ovarian cancer: ovarian cancer cells treated 

with a combination of TMG and cisplatin showed decreased growth, as compared to 

cisplatin treated only, and this effect was partially dependent on p53 activation. Taken 

together, their findings suggest that modulation of O-GlcNAc homeostasis in association 

with traditional therapy may be beneficial for ovarian cancer treatment.

Future direction of O-GlcNAc in women’s cancers

The field of protein O-GlcNAcylation in cancers, in particular women’s cancers, is young 

and much work remains to be done. These following major unanswered questions highlight 

the areas of research focus needed in breast, ovarian and uterine cancers, but can also be 

applied to the broader question of general cancer biology:

1. Is altered O-GlcNAcylation a cause or effect of oncogenesis? As with many 

alternations in post-translational modifications, O-GlcNAcylation of proteins in 

cancer may occur simply because global glycosylation-regulatory systems are 

impaired in cancer. Mounting data, however, suggest that changes in O-

GlcNAcylation may be a driving event in oncogenesis. Further studies in mouse 

models with regulatable levels of O-GlcNAc are warranted to best answer this 

question.

2. How do hormonal influences affect O-GlcNAcylation in cancer? The women’s 

cancers reviewed herein are all highly regulated by hormonal influences, 

particularly those of the ovarian hormones estrogen and progesterone. Perhaps 

hormonal influences can affect protein O-GlcNAcylation in these cancers, as 

well as other hormonally regulated/influenced cancers such as prostate cancer. 

Studies of O-GlcNAcylation in pre- and post-menopausal women would begin to 

address how hormones influence cellular and protein-specific O-GlcNAcylation.
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3. Does alternation of O-GlcNAc differ based upon molecular mechanism of 

oncogenesis in each tumor type? While most data suggest that O-GlcNAc 

(cellular, and on specific proteins) increases as cancer progresses, there are data 

to suggest the opposite. Are their different molecular mechanisms in these 

tumors that determine if O-GlcNAcylation is a tumor promoting or tumor 

preventing phenotype?

As cancer biologist understand more about altered glucose metabolism in cancer cells, 

understanding protein O-GlcNAcylation as a readout for this process is becoming 

increasingly relevant to understanding the pathology of human cancer.
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Figure 1. 
Future directions to determine role of O-GlcNAcylation in women’s cancers.

Top: It remains to be shown if altered O-GlcNAcylation is a cause (does it promote 

tumorigenesis?) or an effect (is it a result of tumorigenesis?) of oncogenesis and tumor 

formation. Middle: How do hormones that are known to play a role in the development of 

women’s cancers, such as progesterone (P4; purple) and estrogen (E2; blue), affect O-

GlcNAcylation of target proteins? And, alternatively, does O-GlcNAcylation affect how 

these hormones transduce signals in their respective ligand receptor-positive cells? Bottom: 

Does the impact of O-GlcNAcylation on the development/progression of a tumor vary by the 

molecular mechanism that promotes oncogenesis in that particular tumor or tumor/type?
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