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Abstract

O-linked β-N-acetylglucosamine (O-GlcNAc) is a regulatory post-translational modification of 

intracellular proteins. The dynamic and inducible cycling of the modification is governed by O-

GlcNAc transferase (OGT) and O-GlcNAcase (OGA) in response to UDP-GlcNAc levels in the 

hexosamine biosynthetic pathway (HBP). Due to its reliance on glucose flux and substrate 

availability, a major focus in the field has been on how O-GlcNAc contributes to metabolic 

disease. For years this post-translational modification has been known to modify thousands of 

proteins implicated in various disorders, but direct functional connections have until recently 

remained elusive. New research is beginning to reveal the specific mechanisms through which O-

GlcNAc influences cell dynamics and disease pathology including clear examples of O-GlcNAc 

modification at a specific site on a given protein altering its biological functions. The following 

review intends to focus primarily on studies in the last half decade linking O-GlcNAc modification 

of proteins with chromatin-directed gene regulation, developmental processes, and several 

metabolically related disorders including Alzheimer’s, heart disease and cancer. These studies 

illustrate the emerging importance of this post-translational modification in biological processes 

and multiple pathophysiologies.
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Introduction

Post-translational protein modifications (PTMs) are critical for imparting 

microheterogeneity and increasing protein functional diversity in biological systems. Several 

classes of PTMs have been identified, including: phosphorylation, ubiquitination, 

acetylation, SUMOylation, glycosylation, etc. Phosphorylation is the most established 

regulatory moiety, but interestingly, it took nearly 25 years after its discovery before groups 

began determining its functional roles (Fleckenstein et al., 1954; Krebs, 1993). A similar 

evolutionary timeframe is taking shape for O-GlcNAc. Initial studies investigating O-
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GlcNAc were aimed at determining its regulation and identifying processes it affected. Over 

the last several years, technological advancements have enabled the field to ask and begin to 

answer complex questions regarding O-GlcNAc’s mechanistic role in human disease.

O-GlcNAc: a post-translational protein modification

O-GlcNAc is a single monosaccharide regulatory modification occurring on 

nucleocytoplasmic proteins (Gao et al., 2001; Wells et al., 2001, 2003b). Approximately 2–

5% of cellular glucose enters the nutrient sensing hexosamine biosynthetic pathway (HBP). 

The transaminase reaction of fructose-6-phosphate by glutamine fructose-6-phosphate 

amidotransferase (GFAT) to yield glucosamine-6-phosphate is the rate-limiting step of the 

pathway (Kornfeld et al., 1964; Marshall et al., 1991). The end product of the pathway is the 

nucleotide sugar donor UDP-GlcNAc that is used as the substrate for O-GlcNAc 

modification. UDP-GlcNAc can also be incorporated into complex glycosylation pathways 

and in the production of other nucleotide sugars (Figure 1) (Wells et al., 2003a). The levels 

of the nucleotide sugar donor are regulated by amino acid, free fatty acid, nucleotide and 

glucose availability (Love & Hanover, 2005; Marshall et al., 1991; Wells & Hart, 2003; 

Wells et al., 2003a).

First reported in 1984 (Torres & Hart), the addition of O-GlcNAc occurs on serine and 

threonine residues of nuclear and cytosolic proteins and is described as being analogous to 

phosphorylation. These modifications are both regulated by cycling enzymes in response to 

environmental stimuli and compete for similar amino acid residues. In fact, a dynamic 

interplay between the two PTMs has been described in several cases (Ande et al., 2009; 

Butkinaree et al., 2010). However, O-GlcNAc and phosphate can occur at adjacent and distal 

sites, suggesting additional regulatory roles for O-GlcNAcylation than just blocking 

phosphorylation. O-GlcNAc modified proteins regulate many cellular processes: cell cycle 

progression (Slawson et al., 2006), transcriptional control (Chou et al., 1995b; Kelly et al., 
1993), signal transduction (Vosseller et al., 2002; Yang et al., 2008b), nutrient sensing 

(Parker et al., 2003; Wells et al., 2003a) stress responses (Zachara et al., 2004) and 

chromatin remodeling (Fujiki et al., 2009; Gambetta et al., 2009; Sakabe et al., 2010; 

Sinclair et al., 2009).

The O-GlcNAc cycling enzymes

Two genes in mammals encode the enzymes governing O-GlcNAc cycling: O-GlcNAc 

transferase (OGT) and β-N-acetylglucosaminidase (OGA), which add and remove the O-

GlcNAc moiety respectively (Dong & Hart, 1994; Gao et al., 2001; Haltiwanger et al., 1992; 

Kreppel et al., 1997).

OGT, whose activity was initially characterized in 1992 (Haltiwanger et al., 1992), was 

cloned and partially characterized in the late 1990s (Kreppel & Hart, 1999; Kreppel et al., 
1997; Lubas et al., 1997). Mammalian OGT knockouts are embryonic lethal, demonstrative 

of its importance in cell survival (Shafi et al., 2000). OGT has an N-terminal 

tetratricopeptide repeat (TPR) domain and a C-terminal catalytic domain (Kreppel & Hart, 

1999; Kreppel et al., 1997). No clear consensus sequence has been identified for OGT 

substrate specificity, but several factors are proposed to regulate OGT activation. These 
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include: protein–protein interactions mediated by the TPR region, localization in part by a 

phosphatidyl inositol phosphate (PIP)-binding domain, post-translational modifications and 

substrate availability (Whelan et al., 2008; Yang et al., 2008b). The gene encoding OGT can 

be alternatively spliced to produce three isoforms differing at their N-terminal TPR region 

(Hanover et al., 2003; Love et al., 2003).

OGA was cloned and partially characterized in the early 2000s and is found ubiquitously 

expressed in all tissues (Gao et al., 2001; Wells et al., 2002). OGA has a catalytic N-terminal 

O-GlcNAcase domain, and a C-terminal domain that has sequence similarity to histone 

acetyltransferase (HAT). Recently, work has convincingly demonstrated this enzyme lacks 

previously proposed HAT activity (Rao et al., 2013). In mammals, OGA is encoded as a 

single gene that can be alternatively spliced producing two isoforms and differ at their C-

terminal ends (Toleman et al., 2004).

Methods for studying cellular regulation via O-GlcNAc

Manipulating HBP flux through glucose exposure, glucosamine (GlcN) addition or using the 

amidotransferase inhibitors 6-diazo-5-oxonorleucine (DON) or O-diazoacetyl-L-serine 

(Azaserine), can indirectly modulate O-GlcNAc levels (Wells et al., 2003a). More specific 

strategies modulating global O-GlcNAc levels can also be implemented to directly target the 

cycling enzymes. Overexpressing or knocking down OGA and OGT are commonly used 

genetic manipulation approaches, while specific OGA inhibitors can also be used to 

investigate O-GlcNAC-specific affects. O-(2-acetamido-2-deoxy-D-

glucopyranosylidene)amino-N-phenylcarbamate (PUGNAc) was the first established OGA 

inhibitor widely used in the field (Haltiwanger et al., 1998), but also affected the 

hexosaminadase enzyme family (Miller et al., 1993). Recently, several highly selective OGA 

inhibitors have been generated that exhibit greater specificity for N-acetylglucosaminidases 

compared to hexosaminidase A/B (Figure 1). These inhibitors include: GlcNAc-configured 

nagstatin derivative (GlcNAcstatin), 1,2-dideoxy-2′-methyl-α-D-glucopyranoso-[2,1-d]-D2′-

thiazoline (NButGT) and Thiamet-G (Dorfmueller et al., 2006; Macauley et al., 2005; 

Yuzwa et al., 2008). Several OGT inhibitors are also documented in the literature (Gross et 
al., 2005), but have not been widely evaluated or used in the field to date.

Since its discovery, O-GlcNAc has been shown to modify thousands of proteins in numerous 

cellular pathways. However, recent work has begun to unravel the molecular importance of 

this PTM on specific sites of given proteins involved in diverse biological processes. The 

following sections will highlight this movement by presenting data published within the last 

several years, with an emphasis on epigenetics and several metabolically influenced 

diseases.

Epigenetic regulation by O-GlcNAc

Chromatin is a highly dynamic structure that critically regulates transcription (Gregory et al., 
2001). Chromatin is composed of DNA and histones that are condensed to form 

nucleosomes (Lee & Young, 2000). This higher order chromatin structure regulates gene 

transcription and repression (Gregory et al., 2001; Lee & Young, 2000). Chromatin is 

composed of transcriptionally active euchromatin that is gene-rich and heterochromatin 
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which is gene-poor and transcriptionally silent (Mahmoudi & Verrijzer, 2001). Nucleosomal 

rearrangement is crucial for the movement of the transcription machinery along the DNA 

(Lee & Young, 2000). Chromatin remodeling is a complex process involving several known 

PTMs like acetylation, methylation, ubiquitination and phosphorylation (Allfrey et al., 1964; 

Eberharter & Becker, 2002; Gregory et al., 2001).

The first studies implicating O-GlcNAc in epigenetic regulation were done in D. 
melanogaster. The findings identified elevated O-GlcNAc levels in transcriptionally 

repressed regions of polytene chromosomes and significantly lower levels in “puff” regions, 

indicative of active transcription (Gambetta et al., 2009; Kelly & Hart, 1989). RNA 

Polymerase II is O-GlcNAc modified (Kelly et al., 1993) and more recently OGT was shown 

to be a member of the preinitiation complex (Comer & Hart, 2001; Ranuncolo et al., 2012). 

Disruption of the activity of either OGT or OGA leads to transcriptional defects and 

impaired pre-initiation complex formation (Ranuncolo et al., 2012). Drosophila super sex 
combs (sxc) is a polycomb group (PcG) gene located in chromosome 2R that maps to the 

same region as OGT (Gambetta et al., 2009; Sinclair et al., 2009). PcGs form a multiprotein 

complex to orchestrate epigenetic regulation of target genes involved in developmental 

regulation, pluripotency and cancer (Pietersen & Van Lohuizen, 2008; Ringrose & Paro, 

2007; Schuettengruber et al., 2007; Schwartz & Pirrotta, 2008). Mutations in sxc affect OGT 

protein expression and activity in vivo and both human and Drosophila OGT can rescue sxc 
mutations (Sinclair et al., 2009) convincingly establishing that OGT is in fact sxc. O-

GlcNAc modification and PcG binding regions overlap at the polytene chromosomes 

(Sinclair et al., 2009). Sxc/OGT null mutants in Drosophila exhibit a loss of polycomb 

repression, providing further evidence for OGT involvement in gene silencing (Sinclair et 
al., 2009). The polycomb repressive complex 2 (PRC2) is also O-GlcNAc modified (Myers 

et al., 2011). In fact, PRC2 mutations in mouse embryonic stem cells (mESC) cause 

deregulated OGT and O-GlcNAcylation levels on proteins associated with the chromatin-

remodeling complex (Myers et al., 2011).

O-GlcNAc and chromatin: transcriptional repression

A breakthrough in identifying OGT in complex with mSin3A/HDAC1 revealed a potential 

role for OGT in gene silencing (Yang et al., 2002) (Figure 2). OGT and mSin3A act 

synergistically to repress basal and Sp1 mediated transcriptional activation (Yang et al., 
2002). Moreover, estrogen target genes are hyperglycosylated in the absence of estrogen in 

Mcf-7 cells (Yang et al., 2002). mSin3A and HDAC1 are both known to be O-GlcNAc 

modified (Yang et al., 2002).

Many tissue-dependent differentially methylated regions (T-DMRs) have been identified in 

mammalian embryonic stem cells (ESC), where hyper- and hypomethylation play a role in 

silencing and activating loci respectively (Sato et al., 2010; Shiota, 2004; Yagi et al., 2008). 

In combination with histone modifications, these regions are vital in regulating gene activity 

at developmental stages in ESC (Armstrong, 2012; Ikegami et al., 2009). Investigation into 

ManNAc-stimulated hypocretin neuropeptide precursor (Hcrt) gene regulation revealed 

OGA and OGT are localized within the before mentioned T-DMRs (Hayakawa et al., 2013). 

ChIP experiments illustrate higher O-GlcNAc signal within the Hcrt promoter region 
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(regions 1 and 2) during gene inactivity (Hayakawa et al., 2013). Enzymatic inhibition 

studies show a repressive role for O-GlcNAcylation in Hcrt expression. This is further 

strengthened by OGT association with repressive factors Sirt1 and Ezh2 at hypoacetylated T-

DMR regions of non-neuronal differentiation cells (Hayakawa et al., 2013).

Histones 2A, 2B, 3 and 4 (H2A, H2B, H3, H4) are O-GlcNAc modified (Sakabe et al., 2010; 

Zhang et al., 2011) when assessed orthogonally by both click chemistry and immunoblotting 

methods (Sakabe et al., 2010). These findings are further verified in histone overexpression 

and O-GlcNAc immnunoblot studies using Hela cells (Sakabe et al., 2010). Click chemistry 

studies reveal the following O-GlcNAc modified histone sites: Thr101 on H2A, Ser36 on 

H2B and Ser47 on H4 (Sakabe et al., 2010). Alanine mutants of the three identified sites did 

not completely abrogate reactivity of the histones to O-GlcNAc specific antibodies (Sakabe 

et al., 2010) suggesting additional O-GlcNAc sites on each of the histones exist.

Glucosamine addition increases O-GlcNAc serine 10 (Ser10) of histone H3, subsequently 

decreasing the phosphorylation of the same residue (Fong et al., 2012; Zhang et al., 2011). 

Interestingly, when H3 Ser10 is O-GlcNAcylated, its neighboring residue lysine 9 (K9) 

presents with decreased acetylation (Zhang et al., 2011). Acetylation of H3K9 is a mark of 

active transcription (Allfrey et al., 1964; Fischle et al., 2003), which further validates H3 

Ser10 O-GlcNAcylation as a repressive mark. Consistent with this, the transcriptional 

repression marks H3K9me3 and H3K27me3 are elevated upon increases in H3 O-

GlcNAcylation, while the activation mark H3K4me3 decreases (Zhang et al., 2011). These 

data collectively describe the repressive role mediated by the O-GlcNAc modification of H3 

Ser10.

O-GlcNAc and chromatin: transcriptional activation

Another study also identified O-GlcNAc sites on H2B and mapped three sites on this 

protein: Ser91, Ser112 and Ser123 of H2B (Fujiki et al., 2011). Alanine mutations of Ser112 

significantly reduced O-GlcNAcylation by OGT in vitro (Fujiki et al., 2011). H2B 

modification at Ser112 is shown to be glucose dependent since 24-hour starvation results in 

its deglycosylation in Hela cells (Fujiki et al., 2011). Glucose replenishing restores the S112 

O-GlcNAcylation gradually within a 24-hour period (Fujiki et al., 2011). This O-GlcNAc 

modification also influences H2B Lys120 monoubiquitination as highlighted by the 

replenishment of glucose facilitating this histone addition (Fujiki et al., 2011). This notion is 

validated considering OGT knockdown leads to diminished modification of Lys120 (Fujiki 

et al., 2011). HBP inhibitors attenuate the effect of glucose responsiveness as indicated by 

the loss of both Ser112 O-GlcNAcylation and Lys120 monoubiquitination (Fujiki et al., 
2011). Further, Ser112Ala and Thr122Ala H2B mutations revealed the absence of K120 

monoubiquitination even in the presence of extracellular glucose (Fujiki et al., 2011). 

However, mutating H2B Lys120Arg did not affect the O-GlcNAcylation at H2B Ser112 

(Fujiki et al., 2011). This leads to the logical conclusion that Ser112 O-GlcNAcylation 

mediates Lys120 monoubiquitination of H2B. H2B monoubiquitination is an activation 

mark that has been previously described to be induced by glycolysis (Dong & Xu, 2004). 

H2B Ser112 O-GlcNAc is located within euchromatin of polytene chromosomes in fly 

(Fujiki, 2011) and co-localizes with H3K4me2, an activation mark rather than the 
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H3K9me2/H3K27me3 repressive marks (Fujiki et al., 2011). Glycogen synthase kinase 3β 

(GSK3β) transcription was induced by Ser112-O-GlcNAcylated H2B, but totally ablated by 

OGT knockdown (Fujiki et al., 2011). These results suggest a potential role for Ser112-O-

GlcNAc on H2B as a nutrient sensor to facilitate transcription of genes involved in 

gluconeogenesis. In pluripotent stem cells differentiating into orexin neurons, OGA is found 

to interact with the transcriptional activation machinery components p300 and CBP at the T-

DMR of Hrct (Hayakawa et al., 2013). These events directly correlate with observed 

elevations in histone H3 and H4 acetylation marks during gene activation (Hayakawa et al., 
2013).

Ten-eleven translocation (TET) proteins are Fe2+ and 2-oxoglutarate-dependent 

dioxygenases that oxidize 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) 

(Pastor et al., 2013; Tahiliani et al., 2009,). TET proteins mainly associate with CpG rich 

promoter regions (Ito et al., 2011; Williams et al., 2012; Wu & Zhang, 2011). Histone 3 

lysine 4 trimethylation (H3K4me3), an activation mark, also marks CpG rich promoter 

regions (Balasubramanian et al., 2012). Interestingly, most Tet1-bound promoters are 

marked by H3K4me3 (Williams et al., 2012; Wu & Zhang, 2011). Mammals contain three 

TET proteins, namely TET1, TET2 and TET3. TET1 and TET2 colocalize with OGT in 

ESC, with TET1 being O-GlcNAc modified at residue Thr535 (Shi et al., 2013; Vella et al., 
2013). TET1 in particular has been suggested to impart transcriptional regulation by 

interacting with chromatin remodeling and histone modification complexes Sin3a and NuRD 

(Downes et al., 2000). In addition, OGT and TET1 association in ESC appears to 

preferentially bind at unmethylated CpG-rich promoter regions in close proximity to the 

transcriptional start site (Vella et al., 2013). OGT siRNA-directed knockdown studies reduce 

Tet1 targeting and 5hmC enrichment on TET1 regulated genes (Shi et al., 2013; Vella et al., 
2013).

Using affinity purification and MS techniques, OGT was found associated with TET2 and 

TET3 in vitro (Chen et al., 2013) (Figure 2). Moreover, in mESCs, TET2 interacts with 

OGT endogenously (Chen et al., 2013). The C-terminal catalytic double-strand beta-helix 

(DSBH) region of TET2 and TPRs 5 and 6 of OGT are essential for this interaction (Chen et 
al., 2013). OGT and TET2 interaction occurs at the chromatin with TET2 being necessary 

for OGT recruitment. This is verified by shRNA TET2 knockdown studies that totally ablate 

chromatin associated OGT levels (Chen et al., 2013). However, knockdown of OGT did not 

significantly alter TET2 retention at the chromatin (Chen et al., 2013; Fujiki et al., 2011). 

Both OGT and TET2 knockdowns impair histone O-GlcNAcylation with TET2 reduction 

dramatically reducing H2B Ser112 O-GlcNAc modification levels (Chen et al., 2013). TET2 

knockout mice display impaired OGT activity and decreased global O-GlcNAcylation that 

parallel decreased H3K4me3 (Deplus et al., 2013). Genome-wide ChIP-Seq analysis 

provides insight on the distribution of OGT, TET2 and H2B Ser112 at transcription start 

sites (TSSs) with promoters that are H3K4me3 positive (Chen et al., 2013; Deplus et al., 
2013). This study implicates the recruitment of OGT by TET2 to the chromatin to mediate 

transcriptional activation.

MS analysis and size-exclusion chromatography assays identify the existence of a larger 

complex consisting of OGT, TET1, TET2, mSin3A and host cell factor (HCF1) (Deplus et 
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al., 2013; Shi et al., 2013; Vella et al., 2013). Interestingly, mSin3A and HDAC1 were shown 

to co-purify with OGT (Yang et al., 2002) and with TET1 (Ehrensberger & Svejstrup, 2012; 

Williams et al., 2012). OGT binding at H3K4me3-positive promoters directly corresponds 

with observed TET1 ChIP-Seq signal (Deplus et al., 2013; Vella et al., 2013). As previously 

described, OGT and the mSin3A/HDAC1 complex are involved in gene silencing in HepG2 

cells as well as in in vitro studies (Yang et al., 2002) (Figure 2). HCF-1 is a known 

interacting and substrate partner of OGT (Capotosti et al., 2011; Ruan et al., 2012; Wysocka 

et al., 2003). OGT O-GlcNAcylates HCF-1 and is proposed to function as a protease to 

cleave HCF-1 (Capotosti et al., 2011). HCF-1 is also a component of the SET1/COMPASS 

H3K4 methyl transferase (MT) complex (Wysocka et al., 2003). OGT and TET2/3 have 

been identified in a complex with all members of the SET1/COMPASS H3K4 MT family 

including the methyl transferase SETD1A (Deplus et al., 2013). OGT and TET protein 

activities are required for the SETD1A-chromatin binding event facilitating transcriptional 

activation of hematopoietic genes (Deplus et al., 2013) (Figure 2)]. OGT inhibition reduces 

OGT interaction with HCF-1 (Capotosti et al., 2011; Deplus et al., 2013) and concomitantly 

decreases the association with SET1DA MT (Deplus et al., 2013). These data together 

suggest that HCF-1 interaction is required for the TET2/3-OGT mediated transcriptional 

activation by SET1/COMPASS H3K4 MT (Figure 2). A separate study highlights that OGT 

association with the histone lysine methyl transferase MLL5 is necessary to induce 

differentiation of promyelocytes by retinoic acid (RA) (Fujiki et al., 2009). OGT O-GlcNAc 

modifies MLL5 and activates its histone lysine methyl transferase (HKMT) activity to cause 

di-methylation of H3K4 (Fujiki et al., 2009). This causes RA stimulation leading to the 

expression of the differentiation promoting transcription factor C/EBPε (Fujiki et al., 2009). 

Given the role of OGT and O-GlcNAc in chronic lymphocytic leukemia (CLL) (discussed in 

the last section), further investigation could shed light on the role of TET2/3, OGT and MLL 

genes in leukemia.

Stem cells and development

Eukaryotic embryogenesis is a complex orchestration of molecular and environmental events 

working in concert at precise times. Glucose plays a vital role in determining many aspects 

of early development (Lucas, 1998; Waterland & Garza, 2002). Given the direct connection 

between glucose and the HBP, investigation into how O-GlcNAc impacts development has 

been widely studied.

OGT gene deletions in mESC provided the initial data suggesting O-GlcNAc plays an 

important role in development. Notably, complete knockout resulted in loss of embryonic 

stem cell viability and embryonic lethality due to incomplete embryogenesis (Shafi et al., 
2000). Hyperglycemia was also shown to perturb blastocyst formation within the developing 

mouse through an HBP-directed mechanism (Pantaleon et al., 2010). O-GlcNAc appears to 

be the cause considering OGT inhibition prevented the hyperglycemia-induced 

complications observed during development (Pantaleon et al., 2010). Additional supporting 

evidence demonstrated mouse OGA knockouts were perinatally lethal (Yang et al., 2012). 

OGT and OGA targeted morpholino injection or enzyme over-expression studies results in 

stalled epiboly, preventing gastrulation and increasing embryonic death in zebrafish 

(Webster et al., 2009). Furthermore, disturbing the balance of O-GlcNAc during 
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development in zebrafish significantly reduces body size and tissue disorganization in 

ectoderm, mesoderm and endoderm germ layers (Webster et al., 2009). These findings 

confirm the importance of precisely regulating OGT, OGA and O-GlcNAc during embryonic 

development and preempted further investigation into how this PTM influences 

developmental regulation of ESC and germ cell differentiation.

O-GlcNAc regulates ESC self-renewal

Self-renewal and pluripotency are hallmark characteristics of ESC and several studies have 

been conducted to determine how O-GlcNAc is involved in these processes (Figure 3). 

Integrin adhesion complexes are known to regulate embryonic development through the 

integrin β4 cytosolic domain and plectin interaction (Tarone et al., 2000). GlcN treated 

mESC contain decreased levels of integrin β4 mRNA and protein levels. Interestingly, these 

reductions disrupt the complex formation between integrin β4 and plectin necessary for 

proper development (Jeon et al., 2013; Margadant et al., 2010). Elevating O-GlcNAc levels 

through both GlcN flux and OGA inhibition increases mESC migration, while OGT 

inhibition blocks this action (Jeon et al., 2013). Several mESC proteins essential for self-

renewal are O-GlcNAc modified, including Oct4, Sox2 and Zpf281 (Jang et al., 2012; Myers 

et al., 2011; Webster et al., 2009). Additionally, mSin3a is O-GlcNAc modified and is 

clearly demonstrated to be involved in epigenetic regulation during development (Myers et 
al., 2011; Yang et al., 2002). Elevating O-GlcNAc in mESC inhibits their self-renewal 

capacity and prevents somatic cell reprogramming into induced pluripotent stem cells 

(iPSC) (Jang et al., 2012). Oct4 and Sox2 are components of the core pluripotency network 

and part of somatic cell reprogramming cocktails to generate iPSC (Ng & Surani, 2011; 

Stadtfeld & Hochedlinger, 2010; Takahashi & Yamanaka, 2006). Both of these transcription 

factors are O-GlcNAc modified and Oct4 O-GlcNAcylation promotes mESC self-renewal 

and reprogramming through a transcriptionally regulated mechanism (Jang et al., 2012). In 

depth expression analysis reveals O-GlcNAc addition on Oct4 subsequently induces many 

pluripotency-related genes, including Klf2, Klf5, Nr5a2, Tbx3 and Tcl1 (Jang et al., 2012). 

This work establishes direct O-GlcNAc involvement in regulating key pluripotency and self-

renewal proteins.

The previously discussed TET and T-DMRs are also shown to influence ESC fate 

determination through O-GlcNAc control (Figure 3). Increasing O-GlcNAc levels during 

development prevents the transition of ESC into germ cells provided OGT interacts with 

several epigenetic repressive members, including: TET1/2, mSin3a, Sirt1 and Ezh2 

(Hayakawa et al., 2013; Shi et al., 2013; Vella et al., 2013). This is further supported by data 

demonstrating that OGA interacts with members of the transcriptional activation complex, 

p300 and CBP, at hypermethylated T-DMR region of Hrct (Hayakawa et al., 2013).

Studies on mouse embryonic fibroblasts (MEFs) demonstrate that O-GlcNAc plays a role in 

the cell cycle control (Dehennaut et al., 2007; Drougat et al., 2012; Fong et al., 2012; Sakabe 

& Hart, 2010; Tan et al., 2013; Zhang et al., 2011). As OGA null mice rarely reach maturity, 

MEFs can be isolated from mid-gestation embryos for investigation prior to glycosylation-

linked lethality (Yang et al., 2012). In agreement with previous work (Slawson et al., 2005), 

O-GlcNAcylation fluctuates throughout the cell cycle stages, but constitutively increased O-
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GlcNAc levels in OGA null MEFs causes aberrant cell cycle progression (Yang et al., 2012). 

The observed loss of normal cell cycle control results in genomic instability as indicated by 

various abnormal nuclear morphologies that increases the number of senescent MEFs (Yang 

et al., 2012). Together these findings suggest that fluctuations in O-GlcNAc levels influence 

the self-renewal and pluripotent characteristics of ESC, but further investigation is needed to 

establish direct roles.

O-GlcNAc regulates differentiation into specialized cell-types

Upon stimulation by lineage-specific growth factors, multipotent stem cells differentiate into 

specialized cells during later development (Carpenter et al., 2003). Recent work implicates 

O-GlcNAc plays a major role in mesoderm germ cell differentiation to an even higher 

degree than in ESC pluripotency (Figure 3).

O-GlcNAc has long been associated with modulating many molecular aspects within 

adipose cells (Parker et al., 2003; Vosseller et al., 2002). It has since been identified as one 

of the main transcriptional regulatory modifications dictating adipocyte differentiation. 

Studies using the 3T3-L1-adipocyte cell line reveal protein O-GlcNAcylation increases 

during adipocyte differentiation (Hsieh et al., 2012; Ishihara et al., 2010). As expected, an 

increase in OGT and GFAT-1 protein levels, as well as GFAT-1 mRNA, directly correlate 

with observed O-GlcNAc elevations (Hsieh et al., 2012; Ishihara et al., 2010). OGT and 

GFAT inhibition decreases O-GlcNAc levels and prevents preadipocyte differentiation in 

3T3-L1 cells (Hsieh et al., 2012).

Two basic leucine zipper transcription factors belonging to the CCAAT/enhancer-binding 

protein family (C/EBP) are implicated in O-GlcNAc-directed adipocyte differentiation. C/

EBPα and C/EBPβ are critically important for controlling adipocyte differentiation (Christy 

et al., 1991; Mandrup & Lane, 1997; Yeh et al., 1995) and respond directly to changes in O-

GlcNAc (Figure 3) (Hsieh et al., 2012; Ishihara et al., 2010; Li et al., 2009b; Maury et al., 
2013). Elevating O-GlcNAc levels increases C/EBPα expression along with another 

adipose-related mesoderm marker, PPARg, during differentiation (Maury et al., 2013). 

Additionally, blocking glucose flux through the HBP in 3T3-L1 cells prevents lipid droplet 

formation during preadipocyte differentiation and correlates with decreased C/EBP α/β and 

PPARγ protein expression (Hsieh et al., 2012; Ishihara et al., 2010). A separate study 

looking at C/EBPb identified two amino acid residues as being O-GlcNAc modified: Ser180 

and Ser181 (Li et al., 2009b). Interestingly, increasing O-GlcNAc occupancy at these sites in 

3T3-L1 preadipocytes prevents subsequent phosphorylation at adjacent residues, decreases 

C/EBPβ DNA binding and transactivation and delays the adipocyte differentiation program 

(Li et al., 2009b). Considering these antagonistic roles for O-GlcNAc modification on C/

EBPβ, further investigation is required to understand the molecular connection. However, it 

is clear that O-GlcNAcylation of C/EBPα and C/EBPβ directly influence adipocyte 

differentiation events.

While the primary focus on O-GlcNAc-mediated adipose differentiation has centered on C/

EBPα and β, other factors involved in the developmental process have been identified. MS 

analysis confirms that vimentin, nucleoporin p62 and p98, Ewing sarcoma, long chain fatty 

acid-CoA ligase 1 and pyruvate carboxylase proteins are all more O-GlcNAc modified 

Vaidyanathan et al. Page 9

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2016 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



during preadipocyte differentiation (Ishihara et al., 2010). Along with C/EBP α and β, 

elevated O-GlcNAc increases the expression of the adiponectin, angiotensinogen, resistin 

and visfatin adipocytokines in 3T3-L1 cells to facilitate differentiation (Hsieh et al., 2012; 

Lim et al., 2008; Maury et al., 2013). While the precise mechanisms for O-GlcNAc 

regulation on these factors remains unknown, this PTM has been shown to be critical for 

adipocyte differentiation.

O-GlcNAcylation appears to be instrumental in spontaneously differentiating cardiac 

precursor cells as evident by O-GlcNAc reduction during embryoid body transition (Kim et 
al., 2009). This shift is likely due to a decrease in OGT protein levels during this 

developmental stage, which can be augmented by elevating HBP flux with GlcN addition 

and OGA inhibition to selectively increase O-GlcNAc (Kim et al., 2009). In a similar vein, 

work has been done to address whether changes in O-GlcNAc affect myoblast differentiation 

events. Myogenic stimulation queues activation of the skeletal myogenic program and the 

induction of multinucleated myotubes starting at day 1 and progressing thereafter (Berkes & 

Tapscott, 2005; Kitzmann & Fernandez, 2001). Protein observation during this time frame 

shows that O-GlcNAc levels in C2C12 myoblasts dramatically decrease between days 1 and 

2 of myotubule formation, in parallel with increasing OGA and OGT mRNA and protein 

levels (Ogawa et al., 2012). OGA reduction using several pharmacological inhibitors or 

siRNAs perturbs myoblast differentiation from day 1 through day 5 as indicated by the 

persistence of mononucleated cells (Ogawa et al., 2012). Terminal differentiation of 

myoblasts is regulated by the activation of muscle-specific genes including: myogenin, 
myosin heavy chain (MHC) and muscle regulatory factor 4 (mrf4) (Berkes & Tapscott, 

2005; Rhodes & Konieczny, 1989). OGA inhibition in C2C12 myoblasts significantly 

decreases the number of myogenin- and MHC-positive cells as well as myogenin, MHC and 

mrf4 gene expression, suggesting that O-GlcNAc reduction is critical during myogenesis 

(Figure 3) (Ogawa et al., 2012). Therefore, O-GlcNAc modulation is crucial for the temporal 

expression of genes during cardiac cell differentiation.

Although still in its infancy, new work demonstrates that O-GlcNAc may also be involved in 

chondrocyte differentiation and bone formation (Andres-Bergos et al., 2012; Nagel et al., 
2013). Insulin and insulin-like growth factor-I (IGF-1) are strong stimulators of 

chondrogenesis and endochondral ossification (EO) during growth plate cartilage 

differentiation into bone (Hutchison et al., 2007; Kronenberg, 2003). During insulin-induced 

differentiation of ATCD5 pre-chondrogenic cells, O-GlcNAc levels are significantly 

increased and persist for the duration of development (Andres-Bergos et al., 2012). These 

results are also seen during ascorbic acid-induced ATCD5 differentiation, which is not 

directly related to the glucose metabolism pathway and insulin to suggest O-GlcNAc may 

independently regulate this transition (Andres-Bergos et al., 2012, Temu et al., 2010). OGA 

inhibition studies in the absence of insulin causes the activation of several pre-chondrogenic 

genes required for differentiation, indicating elevations in O-GlcNAc alone can regulate 

ATCD5 development (Andres-Bergos et al., 2012). This is further validated considering that 

reduction in HBP flux ablates insulin-stimulated differentiation and blocks the expression of 

these chondrogenic genes (Andres-Bergos et al., 2012). Additionally, matrix 

metalloproteinase (MMP) proteases 3 and 9, that are vital in ECM remodeling during 

chondrocyte differentiation (Brochhausen et al., 2009; Vu et al., 1998), are also upregulated 
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during OGA inhibition to the same degree as with insulin stimulation (Andres-Bergos et al., 
2012). OGA inhibition also influences several proteins that regulate CREB- and RUNX2-

mediated gene expression during osteoblast differentiation, including CREB-binding protein 

(CBP) and TFGβ-activated kinase 1 and 2 (TAB1/TAB2) (Figure 3) (Kim et al., 2009; Nagel 

et al., 2013). As of now, the regulatory importance O-GlcNAc imparts in these proteins is 

unknown. In total, these findings demonstrate a clear role for O-GlcNAc in regulating the 

terminal differentiation of adipocytes, cardiac muscle, cartilage and bone.

The brain and central nervous system

The eukaryotic central nervous system (CNS) is an intricately intertwined signaling network 

controlling cognitive processing, emotional responsiveness and interpretive and integrative 

functions. The brain and spinal cord represent the main contributors to CNS function and 

enable whole system communication through synaptic stimulation (Moore, 1993; Tahayori 

& Koceja, 2012; Zhang et al., 2003). While only constituting a small portion of an 

organism’s mass, the CNS requires a significant amount of metabolic fuel, utilizing 

approximately 50% of the total glucose load (Fehm et al., 2006). Provided its well-

documented dependency on glucose flux, it is logical to speculate that O-GlcNAc plays a 

major role in CNS regulation. To this end, proteomic analysis through a variety of mass 

spectrometry techniques identifies a large number of O-GlcNAc proteins within the CNS, 

some of which are pivotal in neuronal processes (Alfaro et al., 2012; Cole & Hart, 2001; 

Gao et al., 2001; Graham et al., 2011; Kang et al., 2013; Khidekel et al., 2007; Skorobogatko 

et al., 2011; Trinidad et al., 2012; Vosseller et al., 2002; Yuzwa et al., 2011). In fact, the 

presynaptic zone proteins Bassoon and Piccolo are two of the most heavily O-GlcNAc 

modified proteins ever observed (Trinidad et al., 2012). Recent studies have examined how 

O-GlcNAc contributes to synaptic signaling and have illustrated its involvement towards the 

establishment of Alzheimer’s disease as described below.

A neuroprotective role for O-GlcNAc in Alzheimer’s disease

Alzheimer’s disease is a neurodegenerative disorder that typically presents with aging. The 

hallmark phenotype includes: dementia, neurofibrillary tangles (NFTs), amyloid plaque 

accumulation, nerve cell degeneration and related brain physiological changes (Anderton, 

1997; Carr et al., 1997). Considering the accelerated decline of glucose utilization in the 

Alzheimer’s disease brain (Heiss et al., 1991; McGeer et al., 1989, 1990; Minoshima et al., 
1995, Smith et al., 1992), many groups have investigated the role O-GlcNAylation plays in 

disease progression.

One of the defining pathological features in Alzheimer’s is the oligomerization of the 

microtubule-associated protein tau, ultimately producing NFTs. This progression is 

controlled at the molecular level by hyperphosphorylation of tau, causing conformational 

rearrangements (Alonso et al., 2001; Weaver et al., 2000). Given the extensive crosstalk 

between protein phosphorylation and O-GlcNAcylation (Guo et al., 2012; Trinidad et al., 
2012; Wang et al., 2010, 2012), tau O-GlcNAcylation has been investigated. Indeed, tau is 

shown to be O-GlcNAc modified at Thr123, Ser208, Ser333, Ser400 and Ser692, with 
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Ser400 representing the primary functional site (Kang et al., 2013; Liu et al., 2004; Smet-

Nocca et al., 2011; Wang et al., 2010; Yuzwa et al., 2011).

O-GlcNAc levels in the brain during Alzheimer’s progression appear to decrease as 

hyperphopsphorylation increases (Kang et al., 2013; Liu et al., 2012; Yuzwa et al., 2011). 

This may directly coincide with decreasing glucose metabolism observed in the aging brain 

(Kuhl et al., 1982; Petit-Taboue et al., 1998). Frontal cerebral cortex samples from deceased 

Alzheimer’s patients display significant reduction in global O-GlcNAc levels, but increased 

tau hyperphosphorylation as compared to wild-type controls (Liu et al., 2009). 

Immunofluorescent studies on human brain samples reveal a yin-yang relationship between 

tau O-GlcNacylation and phosphorylation (Liu et al., 2009). Non-hyperphosphorylated tau 

from patient brain samples are heavily O-GlcNAcylated compared to the 

hyperphosphorylated pool (Liu et al., 2009). This data suggests that the global decrease in 

O-GlcNAc may contribute to the hyperphosphorylated tau phenotype in Alzheimer’s 

diseased brains (Figure 4B). It also introduces OGA inhibition as a potential therapeutic 

target for disease treatment.

Manipulation of HBP flux and O-GlcNAc cycling enzymes directly influences Alzheimer’s 

disease. GFAT-1 inhibition in rat brains not only reduces the amount of O-GlcNAc, but also 

correlates with drastic elevation of tau phosphorylation to imply reducing glucose 

metabolism, and subsequently O-GlcNAc induces hyperphosphorylation of tau (Liu et al., 
2012). Studies using mouse models mimicking tauopathy show that inhibiting OGA 

decreases phosphorylation of tau at several residues and protects against tau-driven 

neurodegeneration (Yuzwa et al., 2011). It also partially reduces the number of NFT-like 

structures in the brainstem, spinal cord, hypothalamus and cerebral cortex, while slowing tau 

aggregation and oligomerization (Figure 4A) (Yuzwa et al., 2011). Conversely, shOGT 

addition to HEK-293 cells transfected with human tau increases phosphorylation (Liu et al., 
2012).

Another morphological feature of Alzheimer’s disease is the formation of amyloid plaques 

due to amyloid-β (Aβ) peptide accumulation. Plaque generation is caused by the sequential 

cleavage of amyloid precursor protein (APP) by β- and γ-secretase, respectively (Figure 4B) 

(Shoji et al., 1992). APP is recognized as the first plasma membrane protein identified to be 

O-GlcNAc modified (Griffith et al., 1995), but the functional role of this modification was 

not thoroughly investigated until recently. Experiments in mice suffering from Aβ 

aggregation-induced Alzheimer’s reveal that elevation in O-GlcNAc via OGA inhibition 

significantly reduces Aβ plaque load and decreases neuroinflammation in the brains of these 

animals (Kim et al., 2013). Active γ-secretase is a complex containing four protein subunits, 

including nicastrin (NCT) required for substrate recognition and binding (De Strooper, 2005, 

De Strooper et al., 1998). Mass spectrometry and mutational analysis confirms NCT is 

modified by O-GlcNAc at Ser708 and this PTM addition attenuates g-secretase activity and 

prevents APP cleavage (Figure 4A) (Kim et al., 2013).

The main proteolytic processing pathway for APP uses α- and γ-secretase to produce a 

secreted sAPPα fragment and prevents Aβ plaque aggregation (Araki et al., 1991; Mattson et 
al., 1993). Due to the observed neuroprotective properties of sAPPα (Goodman & Mattson, 
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1994) and the fact that APP is O-GlcNAc modified, investigation into a functional role for 

O-GlcNAylation in the non-amyloidogenic processing pathway has recently been elucidated. 

Cell culture experiments using human neuroblastoma cells show that elevations in O-

GlcNAc levels via pharmacological inhibition of OGA increase the amount of sAPPα and 

prevents Aβ load (Jacobsen & Iverfeldt, 2011). Genetic and pharmacological manipulation 

studies targeting the O-GlcNAc cycling enzymes in SH-SY5Y human neuroblastoma cells 

confirm O-GlcNAcylation promotes sAPPα (Jacobsen & Iverfeldt, 2011).

Ubiquitin is a post-translational protein modification known to accumulate at Aβ plaques 

and NFTs in Alzheimer’s (Ii et al., 1997; Iqbal et al., 1998; Master et al., 1997). This PTM is 

crucial in regulating protein turnover via the proteasome (Hough & Rechsteiner, 1986; 

Hough et al., 1987) and is proposed to be dysfunctional in neurodegenerative diseases (Lam 

et al., 2000). Extensive research has established functional connections between O-GlcNAc, 

ubiquitination and the proteasome (Fujiki et al., 2011; Guinez et al., 2008; Klement et al., 
2010; Liu et al., 2004; Ruan et al., 2013; Skorobogatko et al., 2011; Zaro et al., 2011; Zhang 

et al., 2007). Interestingly, mass spectrometry experiments identify an O-GlcNAc site on the 

26S proteasome complex ubiquitin receptor subunit RPN13 (also known as ADRM1/

ARM1). This protein recruits the deubiquinating enzyme UCH37 to the proteasome and 

serves as a ubiquitin receptor (Husnjak et al., 2008; Skorobogatko et al., 2011; Yao et al., 
2006). Combined with the seemingly neuroprotective role O-GlcNAcylation plays in the 

brain, O-GlcNAc modification of RPN13 may decrease the ubiquitination status of Aβ and 

NFTs and diminish the Alzheimer disease phenotype. However, further investigation into 

this area is needed since a direct functional connection is yet to be established. These results 

collectively demonstrate that O-GlcNAc imparts neuroprotection in the aging brain and its 

decline exacerbates Alzheimer’s progression.

Synaptic signaling and memory

Cre-recombinase-expression experiments targeting OGT in both neonatal wild type and 

hemizygous female mice reveals significant changes in hypothalamic gene activity and the 

epigenetic microRNA environment (Howerton et al., 2013). Functional clustering analysis 

shows enrichment for genes involved in energy utilization, protein regulation and synapse 

formation to suggest that O-GlcNAc does more than protect against Alzheimer’s in the 

mammalian CNS (Howerton et al., 2013). Several independent studies reveal that O-GlcNAc 

appears to modulate synaptic communication at the signaling and trafficking stages, 

ultimately controlling long-term memory formation.

One of the more influential transcription factors determining the expression of genes in 

neuronal processes is cAMP-response element binding protein (CREB) (Kida et al., 2002; 

Lonze et al., 2002). It is long established that phosphorylation aids in regulating CREB 

activity within the nervous system, but is not the sole regulatory PTM (Chrivia et al., 1993; 

Conkright et al., 2003; Lonze & Ginty, 2002). CREB is now known to be O-GlcNAc 

modified at Ser40, whose induction increases in response to calcium- and kinase-dependent 

neuronal activation (Rexach et al., 2010, 2012). The major functionally relevant 

phosphorylation site of CREB is located at Ser133 (Sheng et al., 1991). Contrary to most 

instances, mutational studies demonstrate a cooperative role for O-GlcNAc and 
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phosphorylation in mediating CREB activity (Rexach et al., 2012). Both OGA 

overexpression and Ser40Ala mutations illustrate that CREB glycosylation represses both 

basal transcription and activity-dependent CREB-induced gene expression in neurons 

(Rexach et al., 2012). In addition, obstructing Ser40 O-GlcNAc modification of CREB 

accelerates dendrite and axon elongation, while concurrently deregulating basal and activity-

induced dendritic growth (Rexach et al., 2012).

Nerve cell communication in the CNS is a chemically regulated process requiring synaptic 

vesicle endocytosis. Clatherin-coated vesicles represent one specific type of trafficking 

molecule taking part in this process, promoting signal transmission following the removal of 

several inhibitory phosphorylation sites (Smith et al., 2008; Tan et al., 2003). AP180 is an 

important adapter protein mediating lipid and clatherin binding interaction during 

neurotransmitter release (Bao et al., 2005). Mass spectrometry reveals that AP180 can be O-

GlcNAcylated at Thr310 and extensively phosphorylated at numerous residues in rodent 

brains (Graham et al., 2011; Wisniewski et al., 2010; Wu et al., 2003). Surprising results 

indicate that Thr310 of AP180 can be modified by a unique O-GlcNAc-phosphate moiety 

that is flanked by Ser306 and Ser313 phosphosites (Graham et al., 2011). Since both O-

GlcNAc and phosphorylation events increase hydrophilicity and solubility, these adjacent 

PTMs on AP180 may hinder vesicle endocytosis by inhibiting protein–protein interactions 

(Graham et al., 2011). In contrast, these modifications may potentially serve as docking sites 

for specific substrate interaction (Graham et al., 2011). While enticing possibilities, neither 

has been confirmed experimentally to this point. This is not the first time O-GlcNAc sites 

have been found on synaptic vesicles involved in neurotransmitter signaling. Bassoon and 

Piccolo proteins vital for synapse assembly and vesicle docking have also been shown to be 

extensively O-GlcNAc modified, but impact on function has yet to be established (Trinidad 

et al., 2012)

As briefly mentioned, O-GlcNAc is suspected to contribute to nerve cell growth and 

elongation. Experiments in developing chicken forebrains show that O-GlcNAc localizes 

strongly in the cell bodies of axonal filopedia, lamellipodia protrusions and the growth cone 

(Francisco et al., 2009). Elevating O-GlcNAc by OGA inhibition increases axon branching 

events in neurons, while attenuating axonal filopodial numbers (Francisco et al., 2009). 

These results, together with the observation that elevating O-GlcNAc blocks forskolin-

induced phosphorylation required for branching, suggest a repressive role for O-GlcNAc in 

axon branching and neuronal morphogenesis (Francisco et al., 2009). As nerve cell growth 

and plasticity are important in cognitive behavior, investigation into an O-GlcNAc-directed 

role in learning and memory is ongoing. Mek2, a kinase stimulating Erk 1/2 signaling via 

phosphorylation, is an important regulator in synaptic plasticity, learning and memory 

(Shalin et al., 2004). This protein can be O-GlcNAc modified (Ser396) as well as 

phosphorylated (Ser394) to trigger negative feedback inhibition and block the MEK pathway 

(Papin et al., 1995; Sharma et al., 2002; Skorobogatko et al., 2011; Xu et al., 1999). 

Reciprocity is likely to occur between these proximal sites on Mek2 to influence cognition 

through neuronal cell signaling control. Additionally, o-glycosylation of the previously 

discussed CREB protein appears to modulate long-term memory formation and 

consolidation (Rexach et al., 2012). In a somewhat similar study, the Drosophila PERIOD 

protein (dPER) is O-GlcNAcylated and temporally regulated in Schneider 2 cells (Kim et al., 
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2012). This protein interacts with several others to form a transcriptional feedback loop 

controlling circadian rhythms; the daily oscillations in behavioral and physiobiochemical 

processes (Dunlap, 1999; Hardin, 2011). OGT siRNA knockdown experiments dramatically 

shorten normal bimodal morning and evening behavior, while overexpressing OGT 

increased this behavioral period (Kim et al., 2012). Specifically, manipulation of OGT 

regulates dPER nuclear/cytoplasmic entry into pacemaker neurons to most likely account for 

the altered rhythms (Kim et al., 2012). Results strengthening this notion demonstrate that O-

GlcNAc modification of dPER delays its phosphorylation-driven degradation, likely through 

the commonly observed reciprocal PTM relationship (Kim et al., 2012). While more work is 

needed to understand the specific functions for O-GlcNAc in the CNS, it is clear that this 

modification regulates synaptic signaling proteins in the circadian clock network and during 

memory formation.

O-GlcNAc in the heart: cardiac function and inflammatory signaling

O-GlcNAc has been implicated in pathogenesis and end-stage complications of type II 

diabetes for more than a decade (Akimoto et al., 2005; Buse, 2006; Issad et al., 2010; 

McClain et al., 2002; Vosseller et al., 2002). Because heart disease represents the largest 

group of diabetes-related problems, many studies have been aimed at identifying how O-

GlcNAc impacts the molecular events leading to cardiac complications (Darley-Usmar et al., 
2012; Fulop et al., 2007; McLarty et al., 2013; Zachara, 2012).

Post-injury cardiac protection by O-GlcNAc enrichment

Heart disease-related complications are responsible for the highest rate of annual deaths in 

the Western world (Prevention, 2011). Arterial blockage restricts blood flow from reaching 

tissues, starving them of oxygen and glucose required for normal cellular metabolism. This 

condition, also known as ischemia, is of major concern in the heart where myocardial 

damage attenuates physiological function. Cardiac injury is often exacerbated when normal 

blood supply returns to the site in an event called reperfusion. The rapid restoration of 

oxygen and nutrient supplies causes an inflammatory response and often leads to oxidative 

stress-induced tissue damage that can culminate in cellular apoptosis (Fliss & Gattinger, 

1996; Gottlieb et al., 1994). Since O-GlcNAc levels are induced by stress and glucose flux, 

both of which occur during reperfusion, experimentalists have recently investigated whether 

this PTM may be involved in the process of ischemia-reperfusion injury.

Left ventricle myocardial biopsies from human patients displaying aortic stenosis have 

elevated O-GlcNAc levels compared to normal control samples (Lunde et al., 2012). Further 

analysis reveals that OGA and OGT protein levels are higher in these patients, coinciding 

with increased gene expression profiles for these cycling enzymes (Lunde et al., 2012). Rat 

models recapitulating the pathophysiology in the failing heart display similar results, 

suggesting O-GlcNAc signaling increases under cardiac stress (Lunde et al., 2012). 

Interestingly, manipulating O-GlcNAc levels in cardiomyocytes under basal conditions does 

not significantly impact heart function (Laczy et al., 2009). However, animals subjected to 

ischemia and reperfusion display considerable elevations in O-GlcNAc in damaged ventricle 

cells that can be augmented by increasing HBP flux with GlcN presupplementation 
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(Champattanachai et al., 2008). Together these findings insinuate a strong correlation 

between elevated O-GlcNAcylation and cardiac complications, but does this synergism 

convey negative or positive effects within the heart?

Experiments investigating cardiac function in animals following ischemia/reperfusion show 

that OGA inhibition increases arterial and aortic vascular reactivity (Lima et al., 2009). 

Other studies inhibiting OGA demonstrate augmented cardiac contraction and relaxation, 

while significantly attenuating the appearance of arrhythmic activity during reperfusion 

(Laczy et al., 2009). Work using conditional OGT knockout mice (cmOGT) show that 

disrupting cardiomyocyte O-GlcNAc levels does not significantly influence cardiac function 

within the unstressed heart since there are no signs of increased hypertrophy, apoptosis or 

collagen accumulation compared to WT controls (Watson et al., 2010). However, cmOGT 

mice subjected to infarction exhibit worsening symptoms of heart failure, specifically: 

exaggerated left ventricular dilation in diastole, aggravated fractional shortening, impaired 

left ventricle contraction and relaxation and increased cases of pulmonary edema (Watson et 
al., 2010). Interestingly, there is no significant difference in myocyte hypertrophy and 

survival rate between cmOGT and WT mice post-infarction (Watson et al., 2010). However, 

noninfarcted myocardium in the hearts of cmOGT mice display greatly elevated levels of 

apoptosis and decreased expression of nutrient signaling molecules that together implies a 

veritable metabolic collapse when OGT is absent from the infarcted heart (Watson et al., 
2010).

One of the major concerns of prolonged ischemia is irreversible myocyte infarction (Murry 

et al., 1986). A preventive measure to reduce tissue death is ischemic preconditioning, where 

periods of coronary artery occlusion are delicately interspersed with reperfusion events to 

establish an acute memory phase to prevent myocardial injury (Kersten et al., 1997). Various 

exogenous metabolites can trigger preconditioning, as can anesthetic treatment typically 

referred to as anesthetic preconditioning (APC) (Kersten et al., 1997; Tanaka et al., 2004). 

Mice subjected to APC through isoflurane supplementation express elevated O-GlcNAc 

levels within the heart compared to untreated controls (Hirose et al., 2011). APC mice 

display decreased myocardial infarction in the area at risk that can be reversed with OGT 

inhibitor pretreatment (Hirose et al., 2011). OGT inhibition combined with APC also 

significantly enhances myocyte viability following stimulated ischemia-reperfusion (Hirose 

et al., 2011). Isoflurane-initiated APC protects against ischemic injury at least in part by 

regulating mitochondrial ion flow through voltage-dependent anion channels (VDAC) 

(Hausenloy et al., 2002; Piriou et al., 2004). Previous studies reveal that O-GlcNAc 

modification of VDAC is essential for myocardial survival (Jones et al., 2008), but were 

never tested under ischemic conditions. APC treatment prevents the opening of the 

mitochondrial permeability transition pore in cardiac myocytes during ischemia, prohibiting 

the translocation of pro-apoptotic molecules (Bernardi et al., 1992; Crompton, 1999). 

Because VDAC is one of the structural components regulating pore opening and is O-

GlcNAcylated, it is possible that this modification helps impart oxidative mitochondrial 

protection. Indeed, APC adult cardiac mitochondria displayed higher levels of O-GlcNAc 

modified VDAC compared to unconditioned controls, while OGT inhibition reverses this 

effect and abolishes APC oxidative protection (Figure 5A) (Hirose et al., 2011).
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Multiple lines of research have established that O-GlcNAc offers cardioprotection in the 

heart, but there is also some evidence indicating a potential problematic role for the PTM. 

Arterial hypertension is a chronic elevation in blood pressure that significantly increases the 

heart’s workload (Chobanian et al., 2003). Rise in pressure can be caused by a number of 

events, including partial blood vessel occlusion, and if untreated can lead to myocardial 

infarction (Carretero & Oparil, 2000). Provided the degree of O-GlcNAc involvement after 

ischemia and reperfusion, it is reasonable that it may influence molecular aspects of 

hypertension. Deoxycorticosterone acetate (DOCA)-salt induced hypertension is a common 

mineralocorticoid model that elevates O-GlcNAc in treated rats compared to WT controls 

(Lima et al., 2009). DOCA-salt and OGA inhibited rats display decreased cardiac relaxation 

in response to acetylcholine and decreased phosphorylation of cardiovascular homeostatic 

proteins eNOS and Akt (Lima et al., 2009). Further experiments show that DOCA 

hypertension elevates O-GlcNAc-modified eNOS in the rat aorta, while decreasing levels of 

OGA, OGT and the HBP rate-limiting enzyme GFAT expression (Lima et al., 2009). Other 

work demonstrates that increasing O-GlcNAc via OGA inhibition reduces endothelial nitric 

oxide synthase activity to attenuate nitric oxide production (Federici et al., 2002) and 

appears to impair vasodilator activity in DOCA-salt models (Lima et al., 2009). 

Endothelin-1 (ET-1) is a peptide that induces vasoconstriction and has shown to be elevated 

in the vasculature of DOCA-salt hypertensive rats (Schiffrin, 2005). Interestingly, in 

hypertensive conditions ET-1 also activates transcription factors governing inflammation, 

oxidative stress and tissue damage (Carneiro et al., 2008; Shapira et al., 2003). Rat aortas 

incubated with ET-1 peptide display elevations in stimulated vasoconstriction in 

combination with increased vascular O-GlcNAcylation (Lima et al., 2010). OGT inhibition 

blocks this ET-1 induced effect on vascular activity, suggesting that O-GlcNAc in part 

mediates this ET-1 response (Lima et al., 2010). ETA receptor agonist supplementation 

diminishes vascular O-GlcNAc levels and augments vascular contractile function typically 

observed upon ET-1 stimulation (Lima et al., 2010). Together these results implicate O-

GlcNAc as a possible culprit in cardiac dysfunction during salt-induced hypertension, 

although additional research is required to substantiate this claim. In all, these findings show 

that O-GlcNAc is essential for cardioprotection following ischemic and reperfusion injury, 

but additional studies are needed to determine its contribution during hypertension.

O-GlcNAc in cardiac inflammatory signaling

Hypertrophy and oxidative stress impinge on cardiovascular function by influencing the 

state of cellular inflammation. Acute vascular injury, as discussed previously, activates 

inflammatory signaling cascades to recruit primary immune system mediators as the initial 

protective response (Libby, 2001; Miller et al., 2004; Xing et al., 2004). Considering its vital 

role in responding to cellular stress, many studies have been aimed at determining the role of 

O-GlcNAc in cardiac inflammation and the purpose for this PTM within this process.

Phenylephrine (PE) stimulation is a commonly used model to recapitulate cardiac 

hypertrophy through activation of the neural factor of activated T-cells (NFAT) signaling 

cascade (Arany et al., 2006; Simpson, 1985). During hypertrophic events there is an 

observed increase in arterial natriuretic peptide (ANP) levels that appears to directly 

correlate with O-GlcNAc signaling. Not only does PE treatment elevate O-GlcNAcylation 
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and OGT protein levels in neonatal rat cardiomyocytes, but also induces a higher expression 

of ANP mRNA (Facundo et al., 2012). Under conditions where HBP flux is blocked or 

OGA levels are elevated, both O-GlcNAc and ANP mRNA levels are significantly reduced 

in response to PE incubation (Facundo et al., 2012). Further studies indicate that O-GlcNAc 

reduction decreases ANP mRNA by blunting NFAT signaling and specifically prevents its 

nuclear translocation (Facundo et al., 2012). Previous work suggests that myocardial 

hypertrophy is at least partially caused by dysregulation of glucose uptake and utilization, 

wherein the insulin-dependent glucose transporter (GLUT1) is preferentially favored over its 

non-insulin dependent counterpart (GLUT4) (Montessuit & Thorburn, 1999). Strikingly, 

hypertrophic increases in O-GlcNAc directly correlate with a GLUT1 and GLUT4 

expression imbalance, while OGA overexpression restores normal transporter proportions 

(Facundo et al., 2012). In contrast, cardiomyocytes from diabetic mice lack augmented ANP 

levels versus controls during PE supplementation, along with the reduction in other early 

markers of cardiac hypertrophy (Marsh et al., 2011). These findings may be in connection 

with O-GlcNAc signaling seeing in that GFAT inhibition in diabetic mice causes 

significantly elevated ANP expression and OGA inhibition completely blocks the observed 

increase in WT controls (Marsh et al., 2011). Although these results imply a possible 

protective role for O-GlcNAc in regards to hypertrophic cardiac signaling, it is important to 

consider the other metabolic irregularities at play in the diabetic phenotype that may be 

influencing this pathway.

Activation of the inflammatory signaling cascade in shown to impart arterial epithelial 

dysfunction through T lymphocyte-induced elevation in tumor necrosis factor (TNF) α 

(Kessler et al., 1997; Wimalasundera et al., 2003; Zemse et al., 2010). Overproduction of 

ROS through activated ROSenzymes, including inducible nitric oxide synthase (iNOS), is 

mediated by TNFα stimulation of the NFκB pathway (Busse & Mulsch, 1990; Goossens et 
al., 1995). Rat aortic rings treated with TNFα display impairment in depolarization-induced 

contractile responses that is reversed with GlcN or OGA inhibitor addition (Hilgers et al., 
2012). Increasing O-GlcNAc also appears to drastically decrease TNFα-induced iNOS 

protein expression and the accumulation of free radical forming nitrotyrosine radicals often 

seen during oxidative stress (Hilgers et al., 2012). O-GlcNAc-induced iNOS attenuation is 

also observed in rats subjected to trauma-hemorrhage followed by full resuscitation and 

directly correlates with their significantly increased survival rate (Not et al., 2010). Several 

studies implicate O-GlcNAc involvement in regulating NFκB transduction (Golks et al., 
2007; Ju et al., 2008; Zou et al., 2009), but more recent work provides a clear link in rat 

aortic smooth muscle cells. Phosphorylation of NFκB is essential in determining its 

transcriptional activity (Duran et al., 2003; Sakurai et al., 1999; Vermeulen et al., 2003; 

Zhong et al., 1997). Aortic smooth muscle cells incubated with GlcN or an OGA inhibitor 

limits inflammatory NFκB p65 DNA binding typically seen in TNFα stimulation (Xing et 
al., 2011). GlcN supplementation or OGA inhibition increases O-GlcNAc modification of 

NFκB p65 and prevents its concurrent nuclear phosphorylation at Ser536 (Figure 5C) (Xing 

et al., 2011). This reduction of phosphorylated p65 coincides directly with its enhanced 

interaction with the inhibitory complex protein IκBα and the reduction in TNFα triggered 

inflammatory signaling (Xing et al., 2011).
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Genetically programmed cell death, or apoptosis, contributes to cell destruction following 

cardiac infarction and ischemia/reperfusion injury. OGT overexpression significantly 

reduces the ER stress response in cardiomyocytes subjected to hypoxia and reoxygenation 

and ultimately protects against unfolded protein response (UPR)-induced cell death (Ngoh et 
al., 2009). But until recently, little was known at a molecular level as to how increasing O-

GlcNAc augments this cell survival. Autophagy is essential for cellular protection, but if 

constitutively activated can promote apoptosis (Maiuri et al., 2007). This process is 

extremely active in the injured cardiovascular system and its maladaptive control is thought 

to be primarily responsible for cell death in heart failure (Hamacher-Brady et al., 2007; 

Nakai et al., 2007). Two major interaction components in this system are Beclin-1 and Bcl-2, 

the pro- and anti-apoptosis promoting factors respectively (Pattingre et al., 2005). 

Dissociation of Bcl-2 from Beclin-1 induces autophagic events and is linked to pressure 

overload stress-induced cardiac hypertrophy (Zhu et al., 2006). Both interacting partners can 

be O-GlcNAcylated and phosphorylated to differentially control their interaction (Marsh et 
al., 2013). Interestingly, upon glucose starvation in the diabetic model pro-apoptotic protein 

Beclin-1 levels are reduced in cardiomyocytes to suggest a potential role for the HBP and O-

GlcNAc (Marsh et al., 2013). Moreover, blocking HPB flux significantly increases the 

autophagic response in diabetic mice and OGA inhibition greatly reduces Beclin-1 

expression (Marsh et al., 2013). Neonatal rat ventricular myocytes treated with GlcN and, to 

lesser extents OGA inhibition, display increased mitochondrial Bcl-2 that correlates with 

decreased post-ischemia and reperfusion cell injury during OGT over-expression 

(Champattanachai et al., 2008). Along with these findings, GlcN and OGT overexpression 

also prevent the loss of cytochrome c after cardiac damage, which serves as an apoptotic cell 

identifier when secreted from the mitochondria (Champattanachai et al., 2008). siRNA OGT-

directed knockdown experiments verify these pharmacological findings by causing greatly 

reduced mitochondrial Bcl-2, exhibiting markedly higher cytochrome c secretion and 

disrupting mitochondrial membrane potential to promote higher cellular apoptosis after 

ischemia and reperfusion (Figure 5B) (Champattanachai et al., 2008). This set of studies 

clearly indicates the cardiac protection provided by O-GlcNAc occurs within cell signaling 

networks to prevent oxidative damage, apoptosis and uncontrolled autophagy.

O-GlcNAc regulates transcriptional activity in cancer

Pancreatic cancer

Nuclear factor kappa B (NF-κB) is a transcription factor known to play a role in various 

cellular processes like inflammation, cell survival, tumorigenesis and apoptosis (Ghosh & 

Karin, 2002; Karin & Greten, 2005). In its inactive state NF-κB is sequestered in the 

cytoplasm by binding to inhibitory kB (IκB). Following extracellular stimulation, IκB is 

phosphorylated by IκB kinase and subsequently ubiquitinated to facilitate proteosomal 

degradation (Karin & Ben-Neriah, 2000). The nuclear localization signal on NF-κB is 

uncovered in this state to allow for its nuclear translocation and facilitating transcription of 

downstream genes (Hayden & Ghosh, 2004). NF-κB is known to interact with OGT and 

contains several O-GlcNAc modification sites in lymphocytes with mutational analysis 

confirming T352 is required for NF-κB translocation and activation (Golks et al., 2007; 

Yang et al., 2008a) (Figure 6A). Hyperglycemia causes increased transcriptional activation 
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of NF-κB due to nuclear translocation by decreased interactions between NF-κB and IκB in 

vascular smooth muscle cells (VSMCs) (Yang et al., 2008a). Interestingly, OGA 

overexpression under hyperglycemic conditions inhibits nuclear translocation of NF-κB 

while increasing O-GlcNAc with OGT overexpression is required for NF-κB activation in 

VSMCs (Yang et al., 2008a). OGT siRNA mediated knockdown in HEK293 cells display 

decreased mRNA levels of the NF-κB regulated genes IL-8 and BCL2A1 (Figure 6B). OGT 

overexpression in HEK293 cells increase transcription of these genes while conversely, 

OGA overexpression reduces their transcription suggesting OGT and O-GlcNAc cycling are 

required for the transcriptional activation of NF-κB (Allison et al., 2012) (Figure 6A and B). 

Attenuation of NF-κB signaling pathway can result in pancreatic ductal adenocarcinoma 

(PDAC) cell apoptosis (Liptay et al., 2003), while constitutive NF-κB signaling is a 

hallmark of several cancers including PDAC (Wang et al., 1999).

O-GlcNAc and OGT levels are elevated in several different pancreatic cancer cell lines 

corresponding with decreased OGA levels (Ma et al., 2013). This observed increase in OGT 

and concomitant decrease in OGA is seen in other cancers, such as lung and colon (Mi et al., 
2011). The observed hyper O-GlcNAcylation in many cancers like breast (Caldwell et al., 
2010), pancreatic (Ma, 2013), prostate (Lynch et al., 2012), liver (Zhu et al., 2012), lung and 

colorectal (Mi et al., 2011; Yehezkel et al., 2012) may be attributed to the expression pattern 

of the cycling enzymes. Notably, UDP-GlcNAc levels are elevated in pancreatic cancer cell 

(Ma et al., 2013). OGT knockdown in PDAC cell line, MiaPaCa-2, led to an observed 

decrease in cell proliferation in both 2- and 3-dimensional cultures as well as colony 

formation (Ma et al., 2013). However, non-transformed human pancreatic epithelial cells 

(HPDE) did not display reduced cell proliferation when OGT was silenced to the same 

extent as PDAC cells (Ma et al., 2013). OGT inhibition (Gloster & Vocadlo, 2010) leads to 

reduced O-GlcNAcylation and inhibits both colony formation and cell proliferation (Ma et 
al., 2013). This is recapitulated in vivo by using OGT silenced orthotopic xenografts (Ma et 
al., 2013). Immunocompromised mice injected with OGT shRNA display smaller tumors in 

weight compared to scrambled shRNA (Ma et al., 2013). OGT shRNA mediated suppression 

of hyper O-GlcNAcylation induces caspase-3 and caspase-9 cleavage, indicative of 

apoptosis (Ma et al., 2013). Conversely, elevating O-GlcNAc levels by inhibiting OGA 

decreases caspase-3 cleavage and rescued cells from suspension-induced apoptosis (Ma et 
al., 2013). Collectively, these data establish a role for hyper O-GlcNAcylation in PDAC cell 

survival via inhibition of apoptosis. The p65 subunit of NF-κB and its kinase, IKKβ, are O-

GlcNAc modified (Kawauchi et al., 2009) in PDAC cells (Ma et al., 2013). OGT knockdown 

studies in PDAC cells display reduced O-GlcNAcylation and IKKβ mediated 

phosphorylation at S536 of p65 that prevent its nuclear translocation and activation (Sakurai 

et al., 1999). Reduction in PDAC hyper O-GlcNAcylation decreases p65 nuclear localization 

and transcriptional activity (Ma et al., 2013), while also decreasing NF-κB targets Cyclin 

D1, Vimentin and Bcl-xL protein expression levels. Conversely, E-cadherin levels, normally 

inhibited by NF-κB, are increased in OGT knockdown PDAC cells (Ma et al., 2013). 

Furthermore, OGA inhibition mediated increase in O-GlcNAc lead to increased p65 O-

GlcNAcylation (Ma et al., 2013). Additionally, anchorage-independent growth induced by 

p65 overexpression is ablated in OGT knockdown PDAC cells (Ma et al., 2013). These 

results show that increased O-GlcNAc levels seen in PDAC cells correspond to their 
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increased proliferative capacity. This provides evidence to suggest that targeting OGT may 

be therapeutically useful to increase caspase-mediated apoptosis in these cells.

Breast cancer

Forkhead Box M1 (FOXM1) is a proliferation specific transcription factor controlling the 

cell cycle at the S phase, M phase, G1/S and G2/M phase (Wierstra & Alves, 2007). FOXM1 

is shown to be upregulated in several cancers (Kalin et al., 2011) with some examples being 

breast and prostate cancers (Caldwell et al., 2010; Lynch et al., 2012). Furthermore, FOXM1 

is clearly implicated in cell migration, invasion, angiogenesis, metastasis and inflammation 

(Kalin et al., 2011; Raychaudhuri & Park, 2011). Another protein of the Forkhead family, 

FOXO1 is a known O-GlcNAc modified protein (Housley et al., 2008). The functional 

impact of this modification is still unclear.

It is documented that OGT downregulation inhibits cell cycle progression (Lefebvre et al., 
2005; Olivier-Van Stichelen et al., 2012; Sakabe & Hart, 2010; Slawson et al., 2005). 

Consistent with other studies (Lynch et al., 2012; Ma et al., 2013), OGT is required for in 
vivo tumorigenesis as evidenced by a four-fold reduction in tumor volumes in Nu/Nu mice 

injected with OGT shRNAs compared to scrambled control (Caldwell et al., 2010). FOXM1 

protein expression is diminished in the breast cancer cell line MDA-MB-231 and oncogene 

over-expressing cell line MCF-10A-Erb2 when OGT is knocked down (Caldwell et al., 
2010). Consistent with this data, targets of FOXM1 like Survivin, Nek2, PLK1 are also 

decreased in OGT knockdown in both cell lines (Caldwell et al., 2010). FOXM1 is a known 

transcriptional activator of Skp2 (Wang et al., 2005), which regulates the degradation of 

p27Kip1 during the G1/S transition (Chu et al., 2008) (Figure 6D). Interestingly, levels of 

p27Kip1 are increased in OGT knockdown in both MDA-MB-231 and MCF-10A-Erb2 cells 

(Caldwell et al., 2010). Furthermore, reduction in OGT causes accumulation of cells in G1 

phase (Caldwell et al., 2010) (Figure 6C). Another target of FOXM1, matrix 

metalloproteinase 2 (MMP2) is down regulated in OGT knockdown MCF-10A-Erb2 cells. 

MMP2 is a major player in angiogenesis and metastasis (Jacob et al., 2013; Song et al., 
2013) that is regulated by OGT levels through a possible mechanism via FOXM1. Inhibiting 

OGT pharmacologically decreases FOXM1 protein levels in MCF-10A-Erb2 cells, reducing 

their proliferation and invasion capacities in response to lower O-GlcNAc levels (Caldwell et 
al., 2010).

OGT knockdown studies also implicate O-GlcNAcylation in breast cancer metastasis via E-

Cadherin/catenin complex (Gu et al., 2010). E-cadherin is pivotal for cell-cell adhesion, 

which is mediated by its interaction with β-catenin and p120 (Chen et al., 1999, Pokutta & 

Weis, 2007, Thoreson et al., 2000). OGT silencing in 4T1 breast cancer cells causes an 

elevation in E-Cadherin and β-catenin protein expression while p120 remains unaltered (Gu 

et al., 2010). In murine 4T1 cells which recapitulate human breast cancer phenotype, only 

p120 and β-catenin are O-GlcNAcylated (Gu et al., 2010) unlike E-Cadherin that is found O-

GlcNAcylated in several other breast cancer cell lines (Zhu et al., 2001). 

Immunofluorescence detection portrays a significant increase in E-cadherin, β-catenin and 

p120 on the cell surface in OGT silenced cells while OGA inhibition displays lowered levels 

of E-cadherin, β-catenin and p120 at the cell surface (Gu et al., 2010). Interestingly, OGT 
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and E-cadherin double knockdown of cells cannot inhibit cell migration as efficiently as 

OGT single knockdown in the 4T1 cells (Gu et al., 2010). O-GlcNAc modification of E-

cadherin by endoplasmic stress-inducing agents block cell surface transport and cell 

adhesion capacity (Zhu et al., 2001). Given that loss of E-cadherin is associated with breast 

cancer transformation and metastases (Oka et al., 1993, Lu et al., 2012), this data suggests 

that OGT deregulates E-cadherin function in breast cancer cell line. Collectively, OGT is 

involved in breast cancer proliferation and metastases through its regulation of FOXM1 as 

well as E-cadherin.

Prostate cancer

Prostate carcinoma cell lines exhibit higher OGT mRNA, protein and O-GlcNAc levels 

compared to normal prostate cell that directly coincide with lower OGA protein levels 

(Lynch et al., 2012). Lentiviral knockdown of OGT in PC3-ML prostate carcinoma cell line 

leads to an 80% reduction in anchorage independent growth compared to PC3-ML control 

cells (Lynch et al., 2012). Both shOGT treatment and OGT inhibition display decrease in 

PC3-ML ability to grow in 3D culture and lower FOXM1 expression and elevated p27Kip1 

expression (Lynch et al., 2012). FOXM1 is shown to play a role in angiogenesis by the 

regulation of VEGF in several cancers (Ahmad et al., 2010; Li et al., 2009a; Wang et al., 
2007). Vascular endothelial growth factor (VEGF) mRNA is decreased by 50% in shOGT 

expressing PC3-ML cells and correlates with decreased VEGF mRNA by FOXM1 

knockdown (Lynch et al., 2012). OGT regulates FOXM1 expression via protesosomal 

degradation and a non-degradable FOXM1 can rescue the angiogenic potential of shOGT 

expressing PC3-ML cells (Lynch et al., 2012). This suggests that OGT levels and its 

regulation of FOXM1 are crucial for the angiogenic potential of prostate cancer cells.

MMP2 and matrix metalloproteinase 9 (MM9) have been previously described to in prostate 

cancer metastasis (Sauer et al., 2004; Zhang et al., 2004). PC3-ML cells expressing shOGT 

have decreased ability to invade as observed by matrigel transwell assays (Lynch et al., 
2012). Additionally, these cells have a significant reduction in their MMP2 and MMP9 

mRNA and protein expression when compared to control PC3-ML cells (Lynch et al., 2012). 

Non-degradable FOXM1 mutant can restore MMP2 levels completely and MMP9 levels 

partially further reiterating the role of OGT mediated FOXM1 regulation of invasiveness in 

PC3-ML cells (Lynch et al., 2012). Moreover, PC3-ML cells expressing shOGT have 

reduced bone metastatic potential when introduced in immunocompromised mice, compared 

to control shRNA animals (Lynch et al., 2012) identifying OGT as a potential target for 

prostate cancer therapy.

OGT inhibition in LNCap, VCap and PC3 cancer cell lines causes loss of c-Myc protein 

expression (Itkonen et al., 2013). c-Myc, a proto-oncogene, is O-GlcNAcylated at T58 in its 

N-terminal transactivation domain (Chou et al., 1995a,b). c-Myc is a nuclear phosphoprotein 

containing a basic helix-loop-helix zipper domain that is a well-established transcriptional 

regulator involved in several cellular processes such as proliferation, differentiation and 

apoptosis (Eilers & Eisenman, 2008). O-GlcNAc modification of β-catenin in normal cells is 

higher than in cancer cell lines like LNCap (Sayat et al., 2008). O-GlcNAcylation negatively 

regulates the transcriptional activity of β-catenin through cytoplasmic sequestration, 
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confirmed in OGA inhibition studies that decrease its nuclear accumulation and augments its 

cytoplasmic pool in DU-145 and LNCap prostate cancer cells (Sayat et al., 2008). The 

mechanism of dysregulating β-catenin O-GlcNAcylation and its nuclear localization is yet to 

be elucidated. This study highlights that O-GlcNAc levels can play a protective role against 

disease and antagonists of OGA can be exploited for prostate cancer therapy.

O-GlcNAc modulates metabolism in other cancers

Altered metabolism is a hallmark of cancer cells (Kroemer & Pouyssegur, 2008). Cancerous 

cells exhibit the “Warburg effect” whereby the cells display significantly increased glucose 

consumption and aerobic glycolysis (Dang & Semenza, 1999). Given that HBP is regulated 

by glucose flux and its end product is the substrate for OGT, the potential role of HBP, O-

GlcNAc and OGT in cancers is being intensively studied.

CLL is characterized by the aberrant responses to micro-environment (Hammond et al., 
2009). CLL patient samples display higher O-GlcNAc levels when immunoblotted with RL2 

antibody in comparison to peripheral blood mononuclear cells (PBMCs) (Shi et al., 2010). 

Targets of OGT like p53, c-Myc, Akt and OGT itself are O-GlcNAcylated in CLL patients 

(Shi et al., 2010). Employing OGT inhibitor strategies, it is evident that Akt T308 

phosphorylation is increased in CLL when O-GlcNAc is decreased (Shi et al., 2010). 

Conversely, elevation of O-GlcNAc levels by addition of uridine and GlcNAc attenuates Akt 

T308 phosphorylation and decreases its activity (Shi et al., 2010; Vosseller et al., 2002). 

Increasing O-GlcNAc levels in CLL patient cells impairs c-Jun N-terminal kinase (JNK) 

phosphorylation thereby affecting IκB phosphorylation (Shi et al., 2010). This defective 

phosphorylation of JNK is observed in normal B cells, as well as CLL when incubated 

overnight with uridine and glucosamine (Shi et al., 2010). Elevated O-GlcNAc levels affect 

JNK signaling to retard cell division and activation signals possibly describing the observed 

RL2 index of less severe CLL (Shi et al., 2010). Stage IV CLL patients have a lower RL2 

index in comparison to a milder CLL phenotype suggesting that higher O-GlcNAc levels are 

indicative of indolent CLL phenotype (Shi et al., 2010). However, the mechanism leading to 

reduction in O-GlcNAcylation in the more aggressive CLL phenotypes is still unclear.

p53 is a tumor suppressor that is the target of many mutations in several cancers (Hamroun 

et al., 2006) and is stabilized by O-GlcNAc modification (Yang et al., 2006). p53 loss of 

function is associated with an increase in glycolysis (Bensaad & Vousden, 2007) via IKK-

NF-κB pathway (Kawauchi et al., 2008). MCF-7 cells with p53 knockdown consume more 

glucose in comparison to control and exhibit elevated levels of O-GlcNAcylated IKKβ and 

activating phosphorylated IKKβ (Kawauchi et al., 2009). p53 deficient MEFs display higher 

O-GlcNAcylated IKKβ (Kawauchi et al., 2009). Additional studies confirm that p65-NF-κB 

is necessary for p53−/− mediated enhanced glycolysis (Kawauchi et al., 2008). Moreover, 

p65-NF-κB knockdown in p53−/− MEFs leads to decreased O-GlcNAcylated IKKβ and 

activating phosphorylation of IKKβ (Kawauchi et al., 2009). Transformed Tig-3 human 

primary fibroblasts also display increased glucose consumption as well as concomitant 

elevation of O-GlcNAcylated IKKβ and activation phosphorylation of IKKβ (Kawauchi et 
al., 2009). O-GlcNAc on S733 is important for enhanced glycolysis as mutating the serine to 

a glutamate or alanine both lead to lower glucose consumption (Kawauchi et al., 2009). 
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TNFα stimulation of p53 deficient MEFs activates IKKβ and NF-κB in comparison to WT 

MEFs (Kawauchi et al., 2009). These data suggest that O-GlcNAcylation of IKKβ may 

mediate the constitutive NF-κB activation as seen in several cancers.

Increasing O-GlcNAc levels by over-expressing OGT in lung cancer cell line H1299 leads to 

decreased glucose consumption along with lower lactate and ATP levels (Yi et al., 2012). 

Elevated O-GlcNAc levels also lead to reduction in the activity of phosphofructokinase 1 

(PFK1) activity (Yi et al., 2012), serving as a major player in and regulating the flux through 

glycolysis (Sola-Penna et al., 2010). PFK1 is O-GlcNAcylated in a variety of cell lines 

including LNCap, MDA-MB-231 and MCF-7 (Yi 2012). Under hypoxia and glucose 

deprivation, normally associated with tumorigenesis, PFK is O-GlcNAcylated in H1299 

cells (Yi et al., 2012) at the residue S529 (Yi et al., 2012). S529 is the highly conserved 

residue on PFK1 that allows for allosteric regulation by fructose 2,6-bisphosphate (F-2,6 

BP) (Ferreras et al., 2009). O-GlcNAcylation of S529 of PFK1 causes formation of low 

molecular weight complex while S529A is unperturbed and runs as a higher molecular 

weight complex (Yi et al., 2012). Overexpressing OGT in H1299 cells containing Flag-

tagged knock in of WT PFK1 reduces lactate production and glycolysis, a key feature of 

cancer cell metabolism (Yi et al., 2012). No change in either glycolysis or lactate production 

is observable in S529A PFK knock in under OGT overexpression (Yi et al., 2012). Inhibiting 

flux through glycolysis can shift the levels of pentose phosphate pathway (PPP) (Yi et al., 
2012). OGT overexpression increases PPP flux in WT PFK1 knock in demonstrating the 

deregulation of glycolysis (Yi et al., 2012). Consistent with PPP flux, NADPH and reduced 

glutathione (GSH) are increased in WT PFK1 knock in cells with OGT over-expression 

under hypoxia (Yi et al., 2012). S529A knock in cells demonstrate significantly lower levels 

of NADPH and GSH suggesting that blocking glycosylation may potentially restore 

glycolysis (Yi et al., 2012). Immunocompromised mice injected with WT PFK1 knock in 

cells with OGT overexpression display more tumorous growths while the S529A mice 

exhibit smaller tumors (Yi et al., 2012). PFK1 O-GlcNAcylation at S529 is required for 

enhanced tumor growth and this can be exploited for therapeutics against cancerous cells.

Concluding remarks

Extensive understanding into how O-GlcNAc influences biological systems has grown 

considerably in recent years. This dynamic and inducible nutrient sensor is a well-

established regulator of metabolic- and stress-induced cellular activities. Unfortunately, 

direct functional connections have proven difficult due to technological limitations in 

combination with the field’s adolescence. More recent studies are beginning to substantiate 

previous claims that O-GlcNAc is essential in controlling molecular events. Epigenetics has 

exploded onto the scene as of late, providing an intricate model for environmental gene 

regulation. Although its biological introduction within this area was delayed compared to 

other PTMs, it is now clear that O-GlcNAcylation is a major part of the histone code. 

Various works demonstrate that histone proteins themselves can carry the O-GlcNAc moiety, 

while the cycling enzymes interact with numerous chromatin-associated complexes to affect 

nucleosome accessibility. Stem cell biology is extremely promising in terms of therapeutics, 

but details of the signaling pathways dictating cellular fates remain elusive. O-GlcNAc is 

now known to regulate ESC pluripotency and self-renewal, along with mesodermal 
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differentiation into several cell types. Deregulated metabolism represents a common 

phenotype in many disease pathologies. Earlier works flirted with the notion that O-GlcNAc 

contributed substantial molecular regulation in these ailments, but were unable to show this 

decisively. Thanks to extensive investigation over the last several years, this PTM is 

definitively shown to influence the progression of multiple diseases, including: Alzheimer’s, 

diabetes, ischemic and reperfusion cardiac injury, hypertension and cancer. In all of these 

areas O-GlcNAc appears to exert its control at the cell cycle or transcriptional levels, further 

cementing it as a vital molecular component. While these new findings are exciting and 

encouraging, there is still much work to be done to validate these results and establish clear 

functional roles for site-specific O-GlcNAc modification on particular proteins. But science 

is a discipline that becomes more complicated with discovery and it appears that O-GlcNAc 

will only continue to beneficially confound our understanding for years to come.
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Figure 1. 
The HBP and the O-GlcNAc Modification. The majority of glucose entering the cell is used 

in glycolysis, glycogen synthesis or the pentose phosphate pathway. However, a small 

portion is shunted into the HBP, whose end product is the nucleotide sugar donor UDP-

GlcNAc. UDP-GlcNAc serves as a donor for several downstream events, including the 

synthesis of other nucleotide sugar donors, complex glycosylation events and the post-

translational modification of nuclear and cytosolic proteins with O-GlcNAc. OGT is 

responsible for the enzymatic addition of this sugar moiety to the hydroxyl groups of serine 

and threonine residues, whereas OGA is the enzyme that removes the PTM. Altered flux 

through the HBP is one mechanism of attenuating O-GlcNAc cycling that influences 

numerous molecular events in the cell. Both GFAT and OGA inhibitors are highlighted in 

red and indicate the stage at which they function. (see colour version of this figure at 

www.informahealthcare.com/bmg).
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Figure 2. 
associates with chromatin remodeling complexes. OGT associates with both transcriptional 

coactivator and corepressor complexes. OGT association with TET2/3 is necessary for the 

chromatin binding event of SETD1A methyl transferase. This facilitates the transcription of 

hematopoietic genes possibly in a HCF-1 dependent manner. OGT can also interact with 

mSin3A along with HDAC1 to functionally repress transcription including Sp1 activated 

genes. (see colour version of this figure at www.informahealthcare.com/bmg).
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Figure 3. 
O-GlcNAc levels regulate ESC characteristics and mesoderm differentiation. Complete OGT 

gene knockout is embryonic lethal, but studies in cell culture or the Cre-recombinase system 

enables O-GlcNAc investigation during differentiation and development. O-GlcNAc appears 

to influence ESC self-renewal that directly correlates with modulation of several embryonic 

transcription factors, including Oct4 and Sox2. The cycling enzymes OGT and OGA also 

interact with the chromatin remodeling and preinitiation complexes to control ESC 

pluripotency. Mesodermal cell fate is also regulated in response to O-GlcNAc levels, 

specifically affecting adipocyte, muscle, chondrocyte and bone differentiation. Blue font 

indicates reduced O-GlcNAc levels; red font indicates elevated O-GlcNAc levels; green font 

represents currently unknown O-GlcNAc affects. (see colour version of this figure at 

www.informahealthcare.com/bmg).
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Figure 4. 
O-GlcNAc protects against symptoms of neurodegeneration in the Alzheimer’s brain. (A) 

The microtubule-associated protein Tau can be O-GlcNAc modified at Ser400 and inhibit its 

subsequent hyperphosphorylation in Alzheimer’s brain samples and models. The nicastrin 

subunit of the γx secretase complex can also be O-GlcNAcylated at Ser708, preventing APP 

cleavage and aggregation observed during Alzheimer’s progression. (B) Reducing O-

GlcNAc levels on both tau and nicastrin alleviates these protective affects, resulting in 

neurofibrillary tangles and amyloid β plaque accumulation. (see colour version of this figure 

at www.informahealthcare.com/bmg).
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Figure 5. 
Increased O-GlcNAcylation offers cardioprotection following ischemia-reperfusion injury. 

(A) Elevations in O-GlcNAc after vascular ischemia limit oxidative stress through a 

mitochondrial VDAC-1 mechanism. O-GlcNAc modification of VDAC-1 increases its 

interaction with the mitochondria permeability transition pore (mPTP) and prevents radical 

release. When VDAC-1 is unmodified, the mPTP can open and release harmful radical 

species into circulation. B Upon cardiac reperfusion the pro-autophagic protein Beclin-1 

dissociates from its inhibitor Bcl-2 and stimulates constitutively active autophagy. 

Phosphorylation of Bcl-2 prevents its interaction with Bcl-2 associated X protein (BAX) in 

the mitochondrial membrane, causing cytochrome c release and apoptosis signal initiation. 

Bcl-2 O-GlcNAcylation during reperfusion promotes its interaction with Beclin-1 and BAX 

to inhibit downstream activation of autophagy and apoptosis pathways. (C) NFkB signaling 

is common following reperfusion in the heart. Decreasing O-GlcNAc promotes 

phosphorylation of the NFkB DNA binding subunit p65 and restricts IkBa protein inhibition. 

This enables p65 nuclear translocation where it can stimulate inflammatory gene activation. 

O-GlcNAc modified p65 subsequently blocks its phosphorylation to promote IkBa-mediated 

NFkB inhibition and prevents inflammatory gene activation. (see colour version of this 

figure at www.informahealthcare.com/bmg).
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Figure 6. 
OGT regulates transcription factors in the cancerous state. A IKKβ phosphorylates IκB 

facilitating its dissociation from NFκB. Elevating O-GlcNAc by overexpression of OGT or 

inhibition of OGA O-GlcNAcylates IKKβ and NFκB. NFκB that is O-GlcNAc modified can 

translocate to the nucleus. In cancer cells, there is an upregulation in this process allowing 

for increased gene transcription of NFκB targets. B Lowering O-GlcNAc levels by 

overexpressing OGA or using OGT inhibitors leads to deglycosylation of NFκB and its 

subsequent expulsion into the cytoplasm. Here it can stay sequestered with IκB, and affects 

NFκB downstream signaling. C In normal cells, G1/S transition is tightly regulated by 

pKip27 via inhibition of CyclinA/Cdk2. Skp2 negatively regulates pKip27 to allow for G1/S 

transition. D In cancer cells, upregulation of OGT levels cause an increase in FOXM1 and 

thereby Skp2 which inhibits pKip27. This simulates a constituitive G1/S transition that allows 

for proliferative capacity of the cells. (see colour version of this figure at 

www.informahealthcare.com/bmg).
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