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Abstract

Elevated O-GlcNAcylation is emerging as a general characteristic of most cancers. Although 

O-GlcNAcylation can regulate many cell biological pathways, recent evidence suggests that it is a 

key regulator of metabolic pathways including glycolysis in cancer cells. This review summarizes 

our current understanding of how O-GlcNAcylation regulates glycolytic pathways and contributes 

to alterations in cancer cell metabolism.
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Introduction

The hexosamine biosynthetic pathway (HBP) is a shunt off from glycolysis where 

approximately 2–5% of all glucose enters (Bond and Hanover 2015; Marshall et al. 

1991). Inputs such as glutamine, acetyl-CoA, and uridine-5′-triphosphate (UTP) from 

major metabolic pathways are then enzymatically incorporated along with glucose to 

generate the negatively charged, amino sugar UDP-GlcNAc (Ruan et al. 2013). Intracellular 

concentrations of UDP-GlcNAc vary based on the availability of the precursor nutrients, 

implicating the synthesis of UDP-GlcNAc as a means to sense the nutritional state of the 

cell (Marshall et al. 2004; Wellen et al. 2010; Weigert et al. 2003; Wang et al. 1998a). 

Following its synthesis, UDP-GlcNAc is then utilized by enzymes localized in golgi or 

endoplasmic reticulum for either the N-linked or O-linked glycosylation of secreted or 

membrane-bound proteins. UDP-GlcNAc can also be used for intracellular glycosylation of 

nuclear or cytoplasmic proteins that is catalyzed by the activity of the glycosyltransferase 

O-GlcNAc transferase or OGT (Haltiwanger et al. 1990; Hart and Akimoto 2009), a function 

exclusive to this enzyme. Conversely, this covalently linked sugar moiety is removed, 

exclusively, through the enzymatic activity of O-GlcNAcase or OGA (Overdijk et al. 

1981; Gao et al. 2001). The O-linked addition of a β-N-acetyl glucosamine (O-GlcNAc) 

monosaccharide to the serine and/or threonine residues of target proteins is one of the most 

abundant post-translational modifications regulating the proteome (Hart et al. 2011). The 

biological manifestations of O-GlcNAcylation are analogous to phosphorylation such that 

O-GlcNAc modified proteins display altered interactions and stability. Moreover, there is a 
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complex interplay between O-GlcNAcylation and phosphorylation on the same sites or same 

protein that is described in more detail in other reviews (Love and Hanover 2005) (Hart et 

al. 2011). Thus far, over 4000 O-GlcNAc modified proteins have been identified (Ma and 

Hart 2014), thereby possessing an expansive portfolio of regulatory mechanisms on essential 

signaling networks and cellular metabolism.

O-GlcNAcylation has been implicated to be critical for development and homeostasis of 

normal cell growth. In 2000, Shafi and colleagues generated a mouse model expressing Cre 

under the ZP3 promoter, driving its expression specifically in the female germline. These 

mice were then crossed to their previously generated OGTfl/fl mice where they observed 

that no offspring were produced bearing the OGT deleted allele, revealing that OGT is 

required for embryogenesis (Shafi et al. 2000). Later, in 2004, O’Donnell et al. expanded on 

these observations by performing several tissue-specific knockouts and studying its effect on 

somatic cells, where they observed T-cell apoptosis, hyperphosphorylation of tau in neurons, 

and growth arrest in fibroblasts in response to OGT deletion (O’Donnell et al. 2004). Taken 

together, these experiments highlight the necessity for O-GlcNAcylation during development 

and in maintaining normal cell behavior. Additionally, changes to OGTexpression and 

O-GlcNAcylation have been implicated in neurodegenerative diseases such as Parkinson’s 

(Gong et al. 2012; Marotta et al. 2015; Wani et al. 2017), amyotrophic lateral sclerosis 

(ALS) (Shan et al. 2012; Ludemann et al. 2005), and Alzheimer’s (Liu et al. 2004; Yuzwa 

et al. 2014a, 2014b; Yuzwa and Vocadlo 2014; Zhu et al. 2014; Liu et al. 2009), as well as 

other metabolic disorders including obesity (Lagerlof et al. 2016; Yang et al. 2015a; Ruan et 

al. 2014), diabetes (Federici et al. 2002; Vosseller et al. 2002; Brownlee 2001), and cancer 

(Zhu et al. 2014; Ferrer et al. 2016; Caldwell et al. 2010; Lynch et al. 2012; Yang et al. 

2015b; Shi et al. 2010).

Under oxygenated conditions, healthy cells utilize glycolysis to metabolize glucose into 

pyruvate for the production of energy via the tricarboxylic cycle (TCA) cycle and oxidative 

phosphorylation. However, while studying carcinoma cells in the 1920’s, Otto Warburg 

observed that the metabolism of these cancer cells was different from that of normal 

adult cells (Warburg et al. 1927). Instead of opting for the more energy efficient pathway 

of oxidative phosphorylation, Warburg noticed that cancer cells continuously employed 

glycolysis (Warburg et al. 1927; Warburg 1956). Today, this is referred to as the “Warburg 

Effect” and it describes the process in which cancer cells reprogram their metabolism to 

enhance glucose uptake and reduce pyruvate to lactate and oxidized nicotinamide adenine 

dinucleotide (NAD+) and reduce TCA cycling, leading to the accumulation of biosynthetic 

precursor molecules used to sustain cell growth and survival (Warburg et al. 1927; Warburg 

1956; Liberti and Locasale 2016; Vander Heiden et al. 2009; DeBerardinis et al. 2008). 

In addition to the accumulation of macromolecule precursors, the fermentation to lactate 

has gained the attention of researchers as this not only results in an indefinite glycolytic 

cycle via the production of NAD+, but also locally reduces the pH of the microenvironment 

(Griffiths 1991; Webb et al. 2011). Not surprisingly, it has been shown that tumors can adapt 

and thrive under these acidic conditions through the elevation of inflammatory signaling 

(Xu and Fidler 2000), epigenetic regulation (McBrian et al. 2013; Corbet et al. 2016), and 

further rewiring their lipid metabolism (Corbet et al. 2016; Kondo et al. 2017). Moreover, 

the products from glycolysis feed downstream pathways that are commonly mutated and/or 
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hyperactive in most cancers (Vander Heiden et al. 2009; Hirschey et al. 2015; Schulze 

and Harris 2012). In this review, we will highlight the latest discoveries into the role of 

O-GlcNAcylation in the regulation of glycolytic metabolism with a focus on cancer.

O-GlcNAc regulation of cancer

The O-linked addition of a β-N-acetylglucosamine sugar moiety was first identified in 1983 

when Torres et al. isolated lymphocytes and utilized the intrinsic galactosylation processes 

to label N- or O-linked sugar modified proteins (Torres and Hart 1984). Since its discovery, 

O-GlcNAcylation and the enzymes responsible for its addition and removal, OGT and OGA 

respectively, have emerged as key regulators of the various “Hallmarks of Cancer” (Hanahan 

and Weinberg 2000, 2011), which was comprehensively summarized by Ferrer et al. (2016); 

here, we will focus on the most current concepts surrounding the role of O-GlcNAc in 

regulating cancer metabolism.

Perhaps one of the most promiscuous proto-oncogenes, c-MYC is estimated to be elevated 

and/or deregulated in approximately 70% of cancers (Dang 2012) and has even been shown 

to maintain a gene signature penetrant to a plethora of cancers, which largely enriches 

for protein translation machinery (Dang 2012; Ji et al. 2011). With many downstream 

transcriptional targets, MYC has a role in regulating a wide variety of biological processes 

(Dang 1999). In 1995, Chou et al. identified an O-GlcNAc modification on the threonine-58 

residue of c-Myc (Chou et al. 1995a; Chou et al. 1995b). This site is also phosphorylated 

by GSK3β consequently resulting in the degradation of c-Myc (Preston et al. 2015). 

Building on the correlation of OGT and c-Myc expression, the Mills group established 

(Itkonen et al. 2013) OGT regulation of c-Myc in prostate cancer cells and found tight 

correlation in human prostate cancer tissue. Recently, Swamy and colleagues examined 

the role of O-GlcNAcylation in T cell function utilizing cytotoxic T cells isolated from a 

tamoxifen-inducible OGT knockout mouse model, where they observed a loss in c-Myc 

expression corresponding with the loss of OGT expression. Swamy et al. also employed 

a c-Myc knock-in mouse and analyzed c-Myc expression in activated T cells that were 

treated with either an OGT or OGA inhibitor, where they observed c-Myc expression 

to be decreased with OGT inhibition and increased with OGA inhibition, indicating the 

O-GlcNAc modification as a stabilizing factor for c-Myc (Swamy et al. 2016). Interestingly, 

OGT itself is regulated in a non-transcriptional manner by c-Myc in breast cancer 

cells. Mechanistically, c-Myc transcriptionally regulates the chaperone protein HSP90 that 

regulates OGT stability in cancer cells (Sodi et al. 2015). Thus, a model of reciprocal 

regulation between OGT and c-Myc has been proposed in which a feed-forward-regulatory 

loop may be present in cancer cells (Sodi et al. 2015). OGT has been linked, directly 

and indirectly, to nearly all of the “Hallmarks of Cancer” except for avoiding immune 

destruction and enabling replicative immortality (Ferrer et al. 2016; Hanahan and Weinberg 

2000, 2011). Since O-GlcNAcylation stabilizes c-Myc (Itkonen et al. 2013; Swamy et 

al. 2016) and c-Myc has been shown to activate telomerase (Wang et al. 1998b), one 

could hypothesize that the activation of telomerase may at least partially depend on 

OGT expression, promoting replicative immortality. Likewise, c-Myc has been shown to 

downregulate MHC class I (Versteeg et al. 1988) and class II (God et al. 2015) antigens in 

melanoma and B-cell lymphoma, respectively, contributing to the ability of these tumors to 
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evade immune detection. It would be interesting to evaluate whether OGT through c-Myc 

and its regulation of telomerase (Dang 1999; Wang et al. 1998b) and MHC class I and class 

II antigens (Chou et al. 1995a; Versteeg et al. 1988; God et al. 2015) indeed regulate these 

two critical features of cancer biology.

Providing another example of OGT manipulating a key regulator of tumorigenesis, Bullen 

et al. showed OGT directly modifies the extensively characterized tumor suppressor, 

AMP-activated protein kinase (AMPK) and inhibits its activation (Bullen et al. 2014). 

Furthermore, suppression of OGT with RNAi can induce metabolic stress and lead to the 

activation of AMPK (Ferrer et al. 2014). Also functioning as a nutrient-sensor (Hardie 

et al. 2012), AMPK is activated by a low energy state and in response phosphorylates 

substrates to shift metabolism from anabolic to catabolic (Hardie et al. 2012; Jorgensen et 

al. 2004; Carling et al. 1989; Suzuki et al. 2013). The downstream network of biosynthetic 

processes inhibited by AMPK activation includes the sterol regulatory element binding 

protein 1 (SREBP-1), the master transcriptional regulator of fatty acid synthesis and lipid 

metabolism that is intimately involved in maintaining cancer cell growth (Eberle et al. 2004; 

Lewis et al. 2015). Recently, we have demonstrated that OGT regulates SREBP-1 and lipid 

metabolism in breast cancer by downregulating AMPK activity (Sodi et al. 2017). The 

elevated expression and activity of SREBP-1 and the enzymes involved in the free fatty acid 

synthesis pathway are well known to be elevated and required for tumor growth (Rohrig 

and Schulze 2016) (Baenke et al. 2013). In our studies, we found that suppressing OGT 

expression in triple-negative breast cancer (TNBC) cells results in a significant decrease 

in 43% of the total lipid metabolites as determined by a metabolomics profiling. Targeting 

OGT either genetically or pharmacologically in breast cancer cell lines reduced free fatty 

acids levels and lipid droplets. Intriguingly, protein expression analysis from the transgenic 

mouse breast cancer model MMTV-PyMT, which closely mimics human breast cancer 

tumorigenesis by undergoing each stage of progression, revealed a correlative increase in 

global O-GlcNAcylation, OGT, SREBP-1, and the lipogenic enzymes as disease severity 

progressed. Previously, our lab has shown that reducing OGT expression or activity can 

block breast cancer growth both in vitro and in vivo (Caldwell et al. 2010) (Lynch and 

Reginato 2011). To test role of SREBP-1 in OGT-mediated oncogenesis, we performed a 

series of rescue experiments in which we targeted OGT expression and then we exogenously 

supplemented these cells with lipids or reconstituted the expression of SREBP-1, each 

producing a partial rescue of cancer cell growth with the latter also being confirmed in vivo. 

Surprisingly, SREBP-1 overexpression in context of OGT knockdown reversed GLUT1 

downregulation and glucose transport in a HIF-1α independent manner suggesting key role 

of glucose uptake in OGT-mediated cancer growth phenotype. Since we were unable to 

detect direct O-GlcNAcylation of SREBP-1 by OGT, we examined the role of AMPK since 

it has been shown to phosphorylate and inhibit the proteolytic activation of SREBP-1 (Li 

et al. 2011). To confirm that the regulation of SREBP-1 and lipid metabolism by OGT was 

mediated through AMPK, we performed the OGT RNAi experiments in AMPK−/− MEFs 

or in breast cancers cells treated with Compound C, an inhibitor of AMPK; in both cases, 

we observed a diminished impact on the protein levels of SREBP-1 and its transcriptional 

target ACLY (Sodi et al. 2017). Together, these data describe a novel mechanism in 

which OGT regulates breast cancer growth by upregulating SREBP-1 and lipid metabolism 
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via suppressing AMPK activation. In addition to these findings, we have also recently 

shown that OGT regulates the NAD+-dependent deacetylase SIRT1 via AMPK and that by 

downregulating AMPK and SIRT1, the previously described effect on FOXM1 signaling 

(Caldwell et al. 2010; Lynch et al. 2012) is enhanced and promotes breast cancer metastasis 

(Ferrer et al. 2017). Thus, OGT lies at the crux of many key oncogenic signaling pathways 

regulating, both, cancer growth and invasion. Since cancer cells are more dependent on 

OGT for growth and survival compared to non-transformed epithelial cells (Sodi et al. 2015; 

Ferrer et al. 2014), a therapeutic window may exist to treat cancers with OGT inhibitors.

O-GlcNAc regulation of glucose uptake

The glucose transporter (GLUT) family of proteins is a group of transmembrane proteins 

that facilitate the uptake of glucose (Thorens and Mueckler 2010). In the context of direct 

regulation, GLUT4, the transporter expressed in skeletal muscle and adipose tissue, and 

its transport vesicle proteins have been shown to be O-GlcNAc modified (Park et al. 

2005; Buse et al. 2002). While it remains elusive as to how O-GlcNAcylation of GLUT4 

alters the transporter’s ability to facilitate glucose uptake, Slawson et al. speculate that 

O-GlcNAc modification may alter the translocation of GLUT4 (Park et al. 2005), which 

is critical in maintaining glucose uptake (Vosseller et al. 2002), possibly by blocking 

GLUT4 phosphorylation, modulating downstream signaling, or through the direct regulation 

of vesicular proteins (Slawson et al. 2006). The most ubiquitously expressed glucose 

transporter (Augustin 2010), GLUT1, has been shown to be indirectly regulated by OGT 

in cancer cells (Ferrer et al. 2014). Mechanistically, overexpression of OGT and enhancing 

global O-GlcNAcylation increased the transcription of GLUT1 and glucose uptake (Ferrer 

et al. 2014). This effect on GLUT1 was dependent on OGT regulation of hypoxia inducible 

factor 1 alpha (HIF-1α), a key regulator of GLUT1 transcription (Iyer et al. 1998). 

In this way, elevated O-GlcNAcylation may further orchestrate the flux of glucose into 

the hexosamine biosynthetic pathway and enhance synthesis of UDP-GlcNAc; this is 

an important consideration, as the GLUT family of transporters are a class of proteins 

that are heavily N-glycosylated (Augustin 2010). Specifically, the N-linked addition of 

the β-N-acetylglucosamine sugar moiety to GLUT1 has been implicated in maintaining 

the appropriate structure and function of this transporter (Asano et al. 1991). Moreover, 

overexpression of SREBP-1 (Sodi et al. 2017), HIF-1α, and GLUT1 (Ferrer et al. 2014) are 

able to rescue glucose uptake in OGT depleted cancer cells and reverse metabolic stress and 

cell death. Thus, OGT regulation of GLUT1 levels and activity in cancer cells is critical for 

tumor promoting functions of O-GlcNAcylation. Whether OGT can increase glucose uptake 

via direct or indirect regulation of GLUTs needs further investigation.

In a key step to ensure that the glucose transported into the cell proceeds through to 

glycolysis, it is essential for glucose to be phosphorylated by hexokinase (HK) to generate 

the charged product glucose-6-phosphate (G-6-P), which can no longer passively cross the 

plasma membrane. Coinciding with the indirect regulation of GLUT1 by OGT, HK is also 

positively regulated by the HIF-1α transcriptional program (Iyer et al. 1998; Semenza 2010) 

and Yi et al. were able to show that HK activity was enhanced with OGT overexpression (Yi 

et al. 2012). More recently, Baldini et al. demonstrated that hexokinase IV, or glucokinase 

(GCK), the main enzyme in liver that regulates the flux of glucose, is O-GlcNAc modified 
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both in vitro and in vivo, positively regulating its expression (Baldini et al. 2016). In sum, 

this data suggests OGT and O-GlcNAcylation regulate early stages of glucose metabolism.

O-GlcNAc regulation of glycolysis

Once glucose enters the cell and is trapped via HK-mediated phosphorylation, its metabolic 

fate is then determined by the needs of the cell (Vander Heiden et al. 2009). In the scenario 

where biosynthetic demands and energy state of the cell are in equilibrium, glucose will 

be converted into glycogen and stored for later use (Mulukutla et al. 2016). However, if 

the cell requires more energy, TCA cycle intermediates, nucleic, amino, or fatty acids the 

glucose can be metabolized via the pentose phosphate pathway or by glycolysis (Mulukutla 

et al. 2016). In this section, we will cover recent discoveries linking O-GlcNAcylation to the 

regulation of glycolysis.

Catalyzing the committed step of phosphorylating fructose-6-phosphate (F-6-P) to produce 

fructose-1,6-bisphosphate (F-1,6-BP), phosphofructokinase 1 (PFK1) serves as a major 

regulator of flux through glycolysis (Li et al. 2015). Depending on nutrient availability 

and the needs of the cell, controlling the function of PFK1 works in a manner similar to 

a valve in a pipeline; when the valve is open and PFK1 is active, F-6-P is phosphorylated 

into F-1,6-BP and continues on with glycolytic processing, but if the valve is closed by 

PFK1 inhibition, F-6-P can convert back to G-6-P and enter the pentose phosphate pathway 

(Jiang et al. 2014; Stincone et al. 2015) (Fig. 1), which we discuss in the next section of 

this review. PFK1 is well known to be allosterically regulated by substrate availability and 

the nutrient status of the cell (Li et al. 2015). Recently, the Hsieh-Wilson lab showed that 

PFK1 is negatively regulated by O-GlcNAcylation (Yi et al. 2012). They demonstrated that 

upon treating the cells with the OGA inhibitor, PUGNAC, thereby preventing the removal 

of the O-linked β-N-acetylglucosamine moiety from modified proteins, they observed a 

decrease in PFK1 activity. Furthermore, upon overexpressing OGT in 293T cells they were 

able to show a similar decrease in PFK1 activity. Using a proximity-based biotinylation 

immunoprecipitation assay they showed that PFK1 is O-GlcNAcylated. Additionally, they 

mapped the site and identified Serine 529 to be the site of O-GlcNAcylation on PFK1and 

showed that mutation of this O-GlcNAc site does not respond to increases or decreases in 

overall O-GlcNAcylation levels when compared to wild type protein. They also successfully 

generated a homologous model of rabbit PFK1 complexed with fructose-2,6-bisphosphate 

and found that the S530 (O-GlcNAcylation site for rabbit homolog) forms hydrogen bond 

with the two phosphates. This was an important finding as it suggests that the addition 

of O-GlcNAc to this site on PFK1 will block the interaction with its allosteric activator. 

In addition they showed that O-GlcNAcylation hinders oligomerization of PFK1 and 

modulating its activity. When the wild type PFK1 was subjected to increased glycosylation, 

there was a reduction in glycolytic rate measured by lactate production but the same result 

was not seen in S529A mutated protein.

Glycolytic metabolism in cancer is critical as it regulates the flux of metabolites into 

various biosynthetic pathways to support the growth of tumor. To understand the role 

of PFK1 O-GlcNAcylation on regulating glycolytic activity, the authors measured flux 

through glycolysis and the pentose phosphate pathway and observed that when PFK1 O-
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GlcNAcylation levels were elevated, flux through pentose phosphate pathway was increased 

and there was no observable difference with expression of the S529A mutant. Interestingly, 

they also show that elevated O-GlcNAc induces cell growth in H1299 lung cancer cells and 

that this could be attributed to PFK1. Thus, the regulation of PFK1 by O-GlcNAcylation 

plays a pivotal role in supporting cell growth by allocating the metabolic flux of glucose.

Pyruvate kinase M2 (PKM2), another key glycolytic enzyme that catalyzes the final 

reaction of glycolysis, was recently showed to be O-GlcNAcylated by the Champattanachai 

lab (Chaiyawat et al. 2015). In their studies, the group analyzed the post-translational 

modification landscape by immunoprecipitating PKM2 from HEK-293T cells under 

conditions where O-GlcNAcylation levels were either reduced with siRNA targeting OGT or 

increased by treatments with the OGA inhibitor, Thiamet-G (TMG) and confirmed that 

PKM2 was O-GlcNAcylated via mass-spectrometry. Computational predictions showed 

that there are 11 potential O-GlcNAcylation sites on PKM2 and 3 out of those 11 sites 

were also sites of phosphorylation. In addition, they also showed that the transcription 

of PMK2 was responsive to O-GlcNAcylation, as PKM2 mRNA levels were significantly 

downregulated in OGT RNAi targeted cells and upregulated in cells treated with TMG, a 

result that was mirrored at the level of protein expression and kinase activity. Interestingly, 

when the group compared PKM2 O-GlcNAcylation and the subsequent effect on kinase 

activity in metastatic versus non-metastatic colorectal cancer cell lines, they noted an 

elevation in O-GlcNAcylated PKM2 and reduced specific-activity in the metastatic cell line. 

These results provide another example where cancer cells dynamically manipulate protein 

O-GlcNAcylation to regulate key glycolytic enzymes. It will be interesting to expand on 

their results and determine if the O-GlcNAcylation of PKM2 confers an advantage to the 

metastatic cell in comparison to the primary tumor and test whether the metastatic cell 

prefers an unmodified PKM2 to promote glycolysis, where the primary tumor might prefer 

an O-GlcNAcylated PKM2 to downregulate kinase activity and fuel the pentose phosphate 

pathway.

Recent work by the Ju lab established an association between key glycolytic enzymes and 

overall O-GlcNAcylation (Zhang et al. 2017). The authors in this paper show that there is an 

increased overall O-GlcNAcylation and expression of glycolytic components like GLUT1, 

HK2, lactate dehydrogenase (LDHA), and PFK1 in pre-B-acute lymphoblastic leukemia 

(pre-B-ALL) patients compared to healthy donors and expression of some of these genes 

required OGT. When the group evaluated overall O-GlcNAcylation present in pre-B-ALL 

patients with varying levels of LDHA expression, they found that a positive correlation 

exists between plasma LDHA concentrations and levels of O-GlcNAcylation.

Apart from the independent studies mentioned above, in a proteomics screening on 

cells isolated from skeletal muscle, Claude Michalski’s group identified that fructose 

bisphosphate aldolase, triose phosphate isomerase, and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) are all O-GlcNAcylated (Cieniewski-Bernard et al. 2004). 

Although the functional consequence of the modification on some of these enzymes remains 

elusive, collectively, these data suggest O-GlcNAcylation is both a direct and indirect 

regulator of nearly every glycolytic enzyme (Fig. 1).
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O-GlcNAc regulation of the pentose phosphate pathway

Shunting off from glycolysis, the pentose phosphate pathway (PPP) presents an immediate 

alternative metabolic fate for glucose-6-phosphate. The utilization of the PPP serves to 

produce pentose sugars and reduced nicotinamide adenine dinucleotide phosphate (NADPH) 

to support nucleotide and lipid synthesis respectively as well as help scavenge reactive 

oxygen species (ROS) (Stincone et al. 2015). While the canonical regulatory mechanisms 

involving oxidative stress or inhibition of PFK1 activity have been extensively studied 

(Jiang et al. 2014; Stincone et al. 2015), efforts to elucidate the role of O-GlcNAcylation 

in controlling flux through the PPP have only recently been examined. In 2012, when 

characterizing O-GlcNAcylation in primary and metastatic colorectal cancers (CRC) and 

the effect of O-GlcNAcase (OGA) inhibition, Yehezkel et al. performed a transcriptome 

analysis comparing metastatic CRC clones that had been subjected to OGA silencing 

to their control counterparts They found the pentose phosphate pathway was elevated 

nearly 3-fold in response to globally increased O-GlcNAcylation (Yehezkel et al. 2012) 

(Fig. 1). Upon OGA silencing, they found that the rate-limiting enzyme of PPP glucose-6-

phosphate dehydrogenase (G6PD) was elevated at the RNA level. Conversely, in response 

to reduced O-GlcNAcylation in breast cancer cells, PPP metabolites including ribulose 

5-phosphate, xylulose 5-phosphate, and sedoheptulose 7-phosphate were found to be 

significantly decreased (Ferrer et al. 2014). Although these studies suggest a dynamic 

role for O-GlcNAcylation in the regulation of the pentose phosphate pathway, it was not 

clear whether this regulation was directly regulating key enzymes of the PPP or other key 

enzymes involved in glycolysis as mentioned above.

Recent studies have shown enzymes involved in the pentose phosphate pathway to be 

O-GlcNAcylated (Fig. 1). More recently G6PD was shown to be O-GlcNAc modified on 

serine 84 using a chemoenzymatic labeling methods (Rao et al. 2015). In an elegant study, 

Rao et al. showed that overexpressing OGT or inhibiting OGA to increase O-GlcNAcylation 

enhanced G6PD activity and these results could be nullified by mutating the modified 

site to a valine (Rao et al. 2015). Additionally, by using radioisotope labeling they were 

able to show that this modification led to the enhanced production of NADPH and 

other PPP metabolites, thereby promoting the activity of the pathway (Rao et al. 2015). 

Strikingly, they demonstrated the importance of this modification to G6PD by analyzing 

its presence in human lung tumor samples compared to the adjacent tissue, where tumors 

exhibited elevated O-GlcNAcylated G6PD that intensified with disease progression (Rao 

et al. 2015). In addition to G6PD, it has recently been shown in a proteomic analysis 

comparing invasive ductal carcinoma (IDC) tumors with or without lymph node metastases 

that two additional PPP enzymes, transaldolase (TALDO1) and transketolase (TKT), are 

differentially O-GlcNAcylated with TALDO1 found only to be modified in lymph node 

metastases, while TKT was found only to be modified in IDC without metastasis (Jiang 

et al. 2016). Thus, it is becoming more evident that O-GlcNAc is directly involved in 

the regulation of flux through the pentose phosphate pathway and thus may help promote 

nucleotide and lipid synthesis as well as combat oxidative stress during cancer progression 

(Yi et al. 2012; Yehezkel et al. 2012; Rao et al. 2015; Jiang et al. 2016).
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O-GlcNAc regulation of TCA metabolites

As a segue between glycolysis and the electron transport chain (ETC), the TCA cycle 

is a metabolic hub of enzymatic reactions that yields essential precursor metabolites 

for macromolecule biosynthesis and reducing molecules that fuel energy production via 

the ETC (Akram 2014). The regulatory role for O-GlcNAcylation on the TCA cycle 

is now beginning to be fully appreciated and understood. In 2014, the Slawson Lab 

performed a SILAC-labeling analysis on neuroblastoma cells overexpressing either OGT 

or OGA to alter intracellular O-GlcNAcylation, where they identified altered expression 

of components in the pyruvate dehydrogenase complex (PDH), aconitase, isocitrate 

dehydrogenase (IDH), α-ketoglutarate dehydrogenase complex, and succinyl-CoA ligase 

(Tan et al. 2014). Corroborating with these results, we performed LC-MS analysis to 

measure the concentrations of TCA cycle intermediates in MDA-MB-231 triple negative 

breast cancer cells where OGT had been suppressed with shRNA (Ferrer et al. 2014). 

Under conditions of reduced O-GlcNAcylation, we observed an increase in TCA cycle 

metabolite production, which was consistent with previous findings that targeting OGT in 

cancer reverses the Warburg Effect (Caldwell et al. 2010; Itkonen et al. 2013). Together, 

these discoveries show a dynamic response to altered O-GlcNAcylation and suggest that 

the role of O-GlcNAcylation in the regulation of the TCA cycle enzymes warrants a deeper 

analysis.

Click chemistry labeling and β-elimination/Michael Addition with DTT (BEMAD) methods 

have helped progress our ability to detect O-GlcNAcylated proteins and are being 

increasingly employed to identify substrates (Khidekel et al. 2003; Xu et al. 2017; 

Vosseller et al. 2005). Both of these techniques have been instrumental in identifying how 

O-GlcNAcylation is involved in the regulation of TCA cycle enzymes (Clark et al. 2008; 

Cao et al. 2013) (Fig. 1). Utilizing the UDP-GalNAz labeling approach, Clark et al. were 

able to show that both the alpha and beta subunits of PDH are O-GlcNAc modified in their 

cortical neuron model (Clark et al. 2008). Another proteomic study employing the BEMAD 

method in mitochondria isolated from rat livers, identified malate dehydrogenase (MDH) 

as a substrate for O-GlcNAcylation (Cao et al. 2013). Expanding on these analyses, recent 

work out of the Hart Lab where they isolated cardiac mitochondria from streptozoticin-

induced diabetic rats and performed a large-scale O-GlcNAc-modified proteome analysis 

with the BEMAD technique they identified every enzyme in the TCA cycle, with the 

exception of citrate synthase and fumarate hydratase, as being O-GlcNAcylated, with several 

having multiple modified sites (Ma et al. 2016). Additionally, they followed up and validated 

the PDHA1 (alpha subunit) modification by performing an immunoprecipitation with the 

RL-2 (O-GlcNAc antibody) and were able to detect PDHA1, which could be reduced when 

in the presence of a recombinant homologue of human OGA (Ma et al. 2016). Wang 

et al. recently demonstrated with click chemistry labeling that fumarate hydratase (FH) 

is indeed O-GlcNAc modified in pancreatic cancer cells and this modification assists in 

overcoming nutrient deprivation and to support cell survival and proliferation (Wang et al. 

2017). Specifically, they describe a competition between two well-studied nutrient sensors 

AMPK and OGT and their respective modifications on the Ser75 residue of FH, in which 

under glucose-deprived conditions, O-GlcNAcylation at this site impedes the ability of 
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AMPK to interact with the ATF2, which would normally drive expression of genes involved 

in growth arrest via the local production of fumarate and epigenetic regulation of histone 

H3 (Wang et al. 2017). In this context, the authors found the modification of FH to be more 

important for a DNA repair mechanism, rather than for regulating its role in the TCA cycle. 

Moving forward, it would be interesting to utilize different models and conditions to see if 

the O-GlcNAc modification of FH serves additional purposes in regulating the TCA cycle.

O-GlcNAc regulation of glutaminolysis

Glutamine serves cellular metabolism as another major bioenergetic substrate that 

contributes to a variety of processes such as the TCA cycle, amino acid synthesis, 

and is a critical component for synthesizing UDP-GlcNAc (Altman et al. 2016). In the 

aforementioned proteomics analysis, Clark et al. also identified O-GlcNAc modifications on 

glutamine synthetase (GLS), glutamine dehydrogenase (GLUD1) (Fig. 1), and both isoforms 

of aspartate aminotransferase (Got1 and Got2) (Clark et al. 2008). However, functional 

studies to examine the impact of directly modifying these enzymes on their activity have 

yet to be performed. It’s established that c-Myc (Altman et al. 2016; Dang 2010), HIF-1α 
(Sun and Denko 2014; Stegen et al. 2016), and SIRT1 (Ren et al. 2017; Corbet et al. 

2014) can regulate glutamine metabolism and each of these proteins are subjected to 

regulation via O-GlcNAcylation (Ferrer et al. 2014, 2016; Sodi et al. 2015); therefore, it 

would be interesting to determine both direct and indirect regulation of O-GlcNAcylation on 

glutamine metabolism.

Future directions

O-GlcNAcylation plays a key role in the regulation of major metabolic pathways and 

many of the enzymes involved in these pathways have been identified as being O-GlcNAc 

modified (Jiang et al. 2016; Ma et al. 2016; de Queiroz et al. 2014). Moving forward, 

understanding how these modifications individually regulate each of the metabolic enzymes 

identified from the proteomic screens (Cieniewski-Bernard et al. 2004; Jiang et al. 2016; 

Xu et al. 2017; Clark et al. 2008; Ma et al. 2016) will add to our understanding of how 

O-GlcNAcylation can regulate cellular metabolism in both normal and disease states.

O-GlcNAcylation is a critical regulator of both glucose and glutamine metabolism, yet little 

is known whether this nutrient-sensitive modification plays a role in acetate metabolism. 

In recent years, acetate has become a focal point of several research groups where they 

have shown certain cancers, such as glioblastoma and brain metastases, preferentially 

utilize acetate as a bioenergetic substrate (Mashimo et al. 2014). Schug, et al. showed that 

under conditions of metabolic stress, such as nutrient deprivation and hypoxia, acetyl-CoA 

synthetase 2 (ACSS2) promotes acetate utilization to maintain breast cancer cell growth 

(Schug et al. 2015). These studies suggest that acetate metabolism is responsive to the 

nutrient status and oxygen supply of cells, both of which are a common link shared with 

O-GlcNAcylation.

While the detection methods for O-GlcNAcylation have drastically improved, this is an area 

that still presents technical challenges and lacks in real-time analysis capabilities. Efforts 

Bacigalupa et al. Page 10

J Bioenerg Biomembr. Author manuscript; available in PMC 2022 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



have been made to develop fluorescent analogues of UDP-GlcNAc and track the targeting 

of substrate proteins (Yeager and Finney 2005); however, we have yet to be able to move 

this into human subjects. The DeBarardinis lab has been infusing cancer patients with 

isotopomers of glucose, lactate, and acetate to trace the utilization of these metabolites 

in each unique situation (Pichumani et al. 2016; Maher et al. 2012) to further understand 

cancer metabolism utilization in vivo. In 2013, the Taniguchi lab developed an isotopomer 

for UDP-GlcNAc to trace its utilization for both N- and O-glycosylation (Nakajima et al. 

2013); future studies could attempt to utilize this tool in patients with cancer or diabetes to 

see if we can track changes occurring at real-time in human patient tissue.

Finally, several groups have been working to develop inhibitors of both OGT (Gloster et 

al. 2011; Ortiz-Meoz et al. 2015) and OGA (Yuzwa et al. 2008) activity, which have been 

demonstrated to be effective in targeting phenotypes in vitro (Caldwell et al. 2010; Sodi 

et al. 2015; Ferrer et al. 2014; Yuzwa et al. 2008). In order to continue to progress and 

one day reach the clinic, it is essential that we move to testing these compounds in vivo to 

characterize the true potential as a therapy for metabolic diseases.
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Fig. 1. O-GlcNAcylated proteins involved in glycolysis, PPP, TCA cycle and glutamine 
metabolism.
All enzymes marked with G have been shown to be O-GlcNAcylated
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