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Simple Summary: O-linked 3-N-acetylglucosamine (O-GlcNAc) is a post-translational modification
(PTM) linking nutrient flux through the hexosamine biosynthetic pathway (HBP) to gene transcription.
Mounting experimental and clinical data implicates aberrant O-GlcNAcylation in the development
and progression of cancer. Herein, we discuss how alteration of O-GlcNAc-regulated transcriptional
mechanisms leads to atypical gene expression in cancer. We discuss the challenges associated
with studying O-GlcNAc function and present several new approaches for studies of O-GlcNAc-
regulated transcription.

Abstract: O-linked (3-N-acetylglucosamine (O-GlcNAc) is a single sugar post-translational modifi-
cation (PTM) of intracellular proteins linking nutrient flux through the Hexosamine Biosynthetic
Pathway (HBP) to the control of cis-regulatory elements in the genome. Aberrant O-GlcNAcylation
is associated with the development, progression, and alterations in gene expression in cancer. O-
GIcNACc cycling is defined as the addition and subsequent removal of the modification by O-GlcNAc
Transferase (OGT) and O-GlcNAcase (OGA) provides a novel method for cells to regulate various
aspects of gene expression, including RNA polymerase function, epigenetic dynamics, and tran-
scription factor activity. We will focus on the complex relationship between phosphorylation and
O-GlcNAcylation in the regulation of the RNA Polymerase II (RNAP II) pre-initiation complex and
the regulation of the carboxyl-terminal domain of RNAP II via the synchronous actions of OGT, OGA,
and kinases. Additionally, we discuss how O-GlcNAcylation of TATA-box binding protein (TBP)
alters cellular metabolism. Next, in a non-exhaustive manner, we will discuss the current literature
on how O-GlcNAcylation drives gene transcription in cancer through changes in transcription factor
or chromatin remodeling complex functions. We conclude with a discussion of the challenges associ-
ated with studying O-GlcNAcylation and present several new approaches for studying O-GlcNAc
regulated transcription that will advance our understanding of the role of O-GlcNAc in cancer.
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1. O-GlcNAcylation Is a Post-Translational Modification (PTM) That Has Regulatory
Roles in Gene Transcription

Cells precisely control gene expression in response to their metabolic state, the avail-
ability of building blocks and fuel, and environmental cues [1]. Eukaryotic gene tran-
scription is controlled by many proteins, including the basal transcription machinery,
epigenetic chromatin remodeling complexes, and transcription cofactors [2]. O-linked
-N-acetylglucosamine (O-GIcNAc) has been found on proteins in all these groups and
is involved with virtually every step of transcription [1]. O-GlcNAc is a PTM in which
a single O-GIcNAc moiety is attached to serine and threonine residues of cytoplasmic,
nuclear, and mitochondrial proteins [3-5]. Much progress has been made in our under-
standing of the biochemical, molecular, and physiological effects of O-GlcNAcylation on
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gene transcription over the past decade due, in part, to the development of improved
genetic and pharmacological tools to study its function, which has rapidly accelerated
interest in this PTM and its involvement in gene regulation.

O-GIcNAc cycling describes the rapid addition and removal of the sugar from in-
tracellular proteins, which affects their interactions, stability, localization, and activity.
O-GlcNAc is covalently attached to substrate proteins by a single enzyme, O-linked N-
acetylglucosamine transferase (OGT; also known as O-GlcNAc transferase), and removed
by a single enzyme, N-acetyl-3-glucosaminidase (OGA; also known as O-GlcNAase) [6].
There are, however, different isoforms of OGT and OGA, the functional significance of
which are beyond the scope of this review. Both enzymes are indispensable for cellu-
lar growth, development, and in most cases, survival [5,7-9]. In rapidly dividing tissue,
the loss of OGT or OGA is lethal, making both enzymes attractive cancer therapy targets [7].

PTMs are often regulated and/or exert their effect through an assortment of proteins
known as “writers”, “readers”, and “erasers”. Simplistically, “writers” add the PTM
to substate proteins, whereas “erasers” remove the modification. For example, kinases
add phosphate groups to target proteins, and phosphatases remove the phosphate group
from proteins. “Readers” recognize the PTM via “reader domains” and integrate the
molecular and chemical information of the PTM to drive cellular processes by recruiting
effector proteins and enzymes. For example, proteins with SRC homology 2 (SH2) domains
recognize and bind phosphate PTMs [10]. These “writer”, “reader”, and “eraser” functions
can exist in a single protein or in multi-protein complexes to control essential cellular
processes. The addition and removal of O-GlcNAc marks, which are found on thousands of
proteins, is accomplished by a single pair of enzymes, one “writer” and one “eraser”. Until
recently, there has been little evidence for proteins with an O-GIcNAc “reader domain”
to facilitate interaction with O-GlcNAcylated proteins. Toleman et al. identified several
human protein candidates, including 14-3-3 isoforms, that bind O-GlcNAc directly and
selectively [11]. Despite nearly four decades of work in the field, outside this example,
little experimental evidence exists for O-GlcNAc “reader domains”. Thus, the existence of
O-GlcNAc “reader domains” remains controversial and requires further exploration.

In the absence of O-GlcNAc “reader” proteins, other possibilities regarding the func-
tion of protein O-GlcNAcylation must be considered. There is considerable evidence to
support the notion that O-GlcNAcylation may sterically promote or prevent protein-protein
interactions. This mechanism is suggested by the wide range of biochemical changes O-
GlcNAcylation induces in its protein targets, including inhibition or activation of activity,
conformational changes, re-localization, and destruction [5,8,9,12-14]. Evidence also indi-
cates that O-GlcNAcylation engages in a complex interplay with other PTMs, most notably,
phosphorylation, to potentiate and govern a diverse array of transcriptional and cellular
processes. O-GlcNAcylation is almost as common as phosphorylation and is often found in
a reciprocal relationship with phosphorylation on the same serine/threonine residues [15].
Experimental data indicate that the interplay between PTMs or the “PTM code” extends
beyond the level of single proteins and may coordinate protein complex formation, func-
tion, and activity [16]. Thus, the question remains, how does O-GIcNAc manifest itself
functionally in gene transcription, and in what way are the transcriptional functions of
O-GlcNAc dysregulated in cancer?

2. O-GlcNAcylation Is Sensitive to Metabolite Pools via HBP

Changes in intracellular nutrient metabolite pools directly affect the level uridine-
diphosphate N-acetyl glucosamine (UDP-GIcNAc), the substrate for OGT and other glyco-
syltransferases, produced by the HBP [17,18]. The HBP utilizes products from amino acid,
fatty acid, nucleotide, and glucose metabolism to generate UDP-GIcNAc. Since multiple
metabolites feed into the HBP, UDP-GIcNAc levels are responsive to fluctuations in these
metabolic pathways (Figure 1) [19-21]. For example, increasing glucose availability in-
duces a rapid increase in intracellular UDP-GIcNAc levels in a variety of cell types [22-25].
In contrast, glucose depletion results in a reduction of UDP-GIcNACc levels [17]. Similar to
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glucose, changes in the intracellular glutamine, fatty acid, and nucleotide pools also lead to
a modulation of HBP flux and UDP-GIcNAc levels [17]. The prevailing hypothesis in the
O-GlcNAc field is that UDP-GIcNAc levels act as a proxy for overall nutrient availability in
the cells. Consequently, O-GlcNAcylation can exert pressure on many cellular processes,
including gene regulatory mechanisms, in response to changing nutrient and metabolic
demands. Interestingly, dysregulated cellular energetics and altered metabolism are now
considered a hallmark of all cancers [26]. Every cancer type studied to date has aberrant
O-GlcNAc cycling, and a growing number of studies suggest that O-GlcNAcylation con-
stitutes an important regulator of cancer growth and progression [1,27,28]. However, the
clinical importance of shifts in cellular O-GIcNAc levels and how these levels are involved
with the onset, progression, and metastasis of cancer are still largely unknown [29].
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Figure 1. The Hexosamine Biosynthetic Pathway (HBP) and O-GlcNAc Cycling. Glucose enters the
cells and is enzymatically converted to Glucose-6-phosphate (Glc-6-P) by Hexokinase (HK). Glucose-
6-phosphate isomerase (GPI) then converts Glc-6-P to Fructose-6-phosphate (Fruc-6-P), after which
approximately 95% of it proceeds to glycolysis and 3-5% is converted to Glucosamine-6-phosphate
(GIcN-6-P) by the enzyme Glutamine fructose-6-phosphate amidotransferase (GFAT). Glutamine is
required for this enzymatic reaction. This enzymatic reaction also constitutes the rate-limiting step of
the HBP. Glucosamine-6-phosphate N-acetyltransferase 1 (GNPNATT1) then utilizes acetyl-CoA to
convert GlcN-6-P into N-acetylglucosamine-6-phosphate (GIcNAc-6-P). This is then converted to
N-acetylglucosamine-1-phosphate (GlcNAc-1-P) by Phosphoacetylglucosamine mutase 1 (AGM1).
Uridine triphosphate (UTP) is then utilized by UDP-N-acetylglucosamine pyrophosphorylase (UAP)
to convert GIcNAc-1-P to Uridine diphosphate N-acetylglucosamine (UDP-GIcNAc). O-GIlcNAc
transferase (OGT) and O-GlcNAcase (OGA) facilitate O-GlcNAc cycling “on and off” serine and
threonine amino acid residues of target proteins.
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3. O-GlcNAcylation Regulates RNA Polymerase Function

At the basal level of transcription, eukaryotic gene expression is governed by three
different evolutionarily conserved RNA polymerases (RNAPs). Each RNAP transcribes
different types of genes in the genome. RNA polymerase I (RNAP I) transcribes riboso-
mal RNA genes (rRNAs). RNA polymerase II (RNAP II) transcribes a variety of DNA
elements, including messenger RNAs (mRNAs), microRNAs (miRNAs), small nuclear
RNAs (snRNAs), and small nucleolar RNAs (snoRNAs). RNA polymerase III (RNAP III)
produces transfer RNAs (tRNAs) and 55 ribosomal RNAs (55 rRNAs) [30]. Each RNAP
has a dedicated set of core transcription factors that recognize specific conserved promoter
elements. These transcription factors and core promoter elements are required to form the
pre-initiation complex (PIC) and initiate RNA synthesis.

3.1. O-GlcNAcylation and RNAP II Function

Of all the RNAPs and their associated synthesis machinery, eukaryotic RNAP II is the
most versatile, as it recognizes and catalyzes transcription from the most diverse set of gene
promoters [31]. It also transcribes the widest dynamic range of mRNA expression levels,
ranging from just a few mRNA copies for some genes to millions of copies for others [32].
Control of RNAP II activity occurs at many different levels, including recruitment to pro-
moters, PIC formation, transcription initiation, elongation, splicing, and termination. The
way in which RNAP II progressively movies through these events is referred to as the tran-
scription cycle. PTMs on the carboxyl-terminal domain (CTD) of RNAP II play a major role
in the orchestration of these events. In humans, the CTD of RNAP II consists of 52 imperfect
heptad amino acid repeats of predominantly YSPTSPS [33-35]. The phosphorylation status
of the CTD defines different forms of RNAP II. RNAP IIA is the unphosphorylated form,
and RNAP IIO is the phosphorylated form. Early RNAP II transcriptional cycling models
established in the late 1980s and early 1990s suggested that RNAP IIA was the RNAP II
spices recruited to gene promoters and required for PIC formation, whereas RNAP IIO was
generated later in the transcription cycle during transcriptional initiation [36]. In addition
to RNAP IIA and RNAP IIO, a third O-GlcNAcylated species of RNAP II (RNAP IIy)
was identified by Kelly et al. [37]. However, the role of this RNAP species has remained
unknown until recently.

Using in vitro cell-free systems derived from crude HeLa cells extracts, Lewis et al.
explored the function of RNAP Ily in the transcription cycle, resulting in a revision of the
early model to include O-GlcNAc cycling [15,33,38,39]. In this model, RNAP IIA associates
with DNA promoters early in the transcription cycle. RNAP IIA is then O-GlcNAcylated
to generate RNAP Iy during PIC formation. RNAP IIy is then converted back to the
non-O-GlcNAcylated form RNAP IIA by OGA before transcriptional initiation (Figure 2).
Both OGT and OGA enzymes activity is essential for PIC formation since inhibition of
O-GlcNAc cycling by OGT and OGA inhibitors resulted in transcription inhibition [15,38].
In addition, Lewis et al. found that OGA physically interacts with the elongation factors
SPT5 and TIF1p and maps to promoters genome-wide [39]. Human ChIP-seq genomic
consortia have shown that O-GlcNA¢, OGA, and OGT peaks clearly overlap with the 5’
end of human genes and co-localize with RNAP II peaks. The co-localization of O-GIcNAc,
OGA, OGT, and RNAP II at the 5 end of genes is also observed in M. musculus, Drosophila,
and C. elegans, further demonstrating a role for O-GlcNAc cycling in gene transcription
that seems to be evolutionally conserved in Eukarya [39,40].
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Figure 2. O-GlcNAc cycling and RNAP II-mediated transcription. Model demonstrating how O-
GIcNACc cycling regulates various steps of RNAP II transcriptional initiation. In this model, RNAP ITA
(unmodified) is recruited to gene promoters by basal transcription factors and core promoter elements
(Step 1). RNAP IIA then interacts with OGT (Step 2) and is then O-GlcNAcylated, generating RNAP
ITy (Step 3). OGT may be part of the basal transcription factors at the core promoter elements or is
recruited to these cis-regulatory elements after RNAP ITA is bound. O-GlcNAcylation of RNAP II,
and possibly other basal transcription proteins, lead to the formation of the PIC. OGA associates with
the PIC to convert RNAP II'y back to RNAP IIA (Step 4). Finally, RNAP IIA is phosphorylated to
generate RNAP IO (Step 5). RNAP IIO is released from the PIC to initiate transcription (Step 6).

Functionally, O-GlcNAcylation of the RNAP II CTD may regulate PIC assembly, tran-
scriptional pausing, and elongation in several possible ways. First, O-GlcNAcylation
prevents phosphorylation by impeding access of kinases to the necessary serine and threo-
nine residues of the CTD. Phosphorylation of these amino acid residues are required for
RNAP II to dissociate from the PIC and critical for mRNA processing and transcription
cycle progression. Second, O-GIcNAc addition and removal may promote or impede
protein-protein interactions required for PIC assembly, transcriptional pausing, and elonga-
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tion. Thus, this mechanism may be operative in cells to control which genes are turned off
and on, or which gene splice variants are expressed under different internal cellular and ex-
ternal environmental conditions. Beyond RNAP II, mass spectroscopy data have identified
32 additional RNAP II transcription cycling factors that are O-GlcNAcylated [41]. However,
little is known about how these modifications affect various aspects of the transcription
cycle. Together, these experiments support the notion that there may be a direct connection
between the cellular nutrient state, RNAP II function, and transcriptional regulation. In this
paradigm of nutrient-regulated gene transcription, the RNAP II transcriptional machinery
is constantly sampling the cellular environment via O-GlcNAcylation to govern various
aspects of PIC formation, transcription initiation, elongation, splicing, and termination.
Based on the data thus far, it is unclear which promoters utilize a GlcNAc-dependent
transcription cycling step. To date, only a small number of promoters in cell-free systems
have been extensively analyzed. In light of this data, another layer of plasticity must
be considered when thinking about the basal transcriptional machinery and how cells
might incorporate different environmental and metabolic cues to control gene transcription.
In transformed metabolic states such as the Warburg effect and in the microenvironment
of solid tumors, these RNAP II nutrient-sensing mechanisms would undoubtedly behave
abnormally, leading to altered gene expression and could promote the progression and
metastasis of cancer. O-GlcNAcylation may be a mechanism cancer cells use to manipulate
their metabolism to promote survival, proliferation, and long-term maintenance in various
environmental conditions.

3.2. O-GIcNAcylation of TATA-Box Binding Protein (TBP) Alters Metabolic Gene Expression

A protein factor common to all three RNAP complexes is the TBP, which is thought
to serve as a PIC assembly platform in TATA-box containing promoters. TBP associates
with two RNAP II transcriptional complexes, TFIID and B-TFIID [42,43]. Each complex has
unique TBP-associated factors that aid in promoter selectivity. TFIID and B-TFIID are not
equivalent; TFIID is responsive to gene-specific transcription factors such as SP1, while
B-TFIID is not. Recently, Hardiville et al. identified an O-GlcNAc site in the N-terminal
domain (NTD) of TBP at T114 [43]. O-GlcNAcylation at this amino acid residue blocks the
ability of TBP to interact with TATA-box binding protein associated factor 1 (BTAF1), which
disrupts B-TFIID complex formation. To test the functional significance of O-GlcNAcylation
at this amino acid residue, cellular O-GlcNAcylation was increased by inhibiting OGA
activity with Thiamet G (TMG). Increasing TBP O-GlcNAcylation had no effect on nuclear
localization; however, there was a substantial increase in DNA binding and a significant
reduction in BTAF1 interaction. To reduce TBP O-GlcNAcylation, OGT was inhibited with
Ac4SGlcNAc, which resulted in decreased TBP chromatin immobilization and increased
BTAF1 binding. This data suggests that O-GIcNAc can regulate RNAPs by modulating
TBP DNA binding and B-TFIID complex formation. CRISPR/Cas9 mutagenesis of the
T114A O-GlcNAc site on TBP increased TBP binding to BTAF1 and directly impacted
the expression of 408 genes. This mutation led to profound reprogramming of cellular
metabolism and alterations in lipid storage (Figure 3) [43]. This study reveals that the NTD
of TBP can integrate nutrient signals via O-GlcNAcylation, to modulate cell metabolism by
adjusting gene expression programs.
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Figure 3. O-GlcNAcylation of TBP regulates metabolic gene expression. O-GlcNAcylation of TBP
at the amino acid residue T114 impairs B-TFIID complex formation by disrupting BTAF1 binding.
Disruption of TBP O-GlcNAcylation results in significant metabolic transcriptome reprogramming,
leading to a profound alteration in lipid storage. Using O-GlcNAc as a nutrient sensor, cells can
fine-tune the metabolic transcriptome. Dysregulation of O-GlcNAc signaling has catastrophic effects
on metabolic gene expression.

Phosphorylation and O-GlcNAcylation have extensive crosstalk with each
other [5,44-46]. Experimental evidence suggests that the simultaneous phosphorylation
of the NTD of TBP and transcription factor II B (TFIIB), a general transcription factor
involved in the formation of PICs, might stimulate transcription initiation of certain RNAP
II regulated genes [47]. However, phosphorylation of TBP alone may result in transcrip-
tional silencing of RNAP II regulated genes during mitosis [48]. In this regard, PTM
marks may constitute a complex “code” on the NTD of TBP that fine-tune its activity
and promote or obstruct interaction of TBP with specific proteins or protein complexes,
thereby controlling the expression of genes regulated by these interactions [43]. In the
context of nutrient-regulated gene transcription, this data provides additional evidence of a
connection between cell metabolism and transcriptional regulation. Under atypical cellular
O-GleNACc conditions, such as those commonly observed in cancer, the activity of TBP,
TFIIB, and genes sensitive to the phosphorylation and O-GlcNACc states of these proteins
are at risk for anomalous expression. The metabolic reprogramming mechanism presented
by Hardiville et al. [43] may be involved with cancer pathology, but the question remains
whether aberrant O-GIlcNAcylation is a driver or a consequence of upstream events that
led to the manifestation of cancer.
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4. O-GlcNAcylation and Epigenetic Gene Regulators

Cancer results from a combination of changes to the genome and epigenome [49].
Epigenetics is defined as the study of changes in gene expression due to mechanisms
other than DNA sequence mutations. The alterations in gene expression associated with
epigenetics are governed by changes in chromatin structure. Chromatin consists of DNA
and its associated proteins, most notably, histones. Epigenetic “marks” are the complete set
of DNA and histone modifications that modulate the affinity of chromatin-binding proteins
by altering chromatin structure [50-52]. Nutrient flux affects gene expression through
epigenetic mechanisms [53]. For example, histone acetyltransferases (HATs) transfer the
acetyl group from acetyl-CoA to the lysine residues of histones, thereby neutralizing the
positive charge on lysine residues. This reduces the ionic interaction between histones
and the DNA sugar-phosphate backbone, which leads to a more relaxed open chromatin
conformation. Acetyl-CoA is a metabolite produced by nutrient flux through carbohydrate
and lipid metabolic pathways. Elevated levels of acetyl-CoA stimulate cellular growth by
prompting histone acetylation of genes controlling growth, which increases the expression
of these genes. Chromatin and epigenetic regulatory complexes have been identified as
O-GlcNAC targets [54]. O-GlcNAc is also part of the so-called “histone code”. Several
O-GlcNAC sites have been mapped to histone tails and the histone-DNA interface [53].
Evaluation of histone proteins in HeLa cell nuclear extracts identified O-GlcNAc on histone
H2A, H2B, H3, and H4 [55]. Perturbing O-GlcNAc cycling by manipulating OGT and OGA
expression leads to alteration of various histone modifications, such as H3K9 acetylation,
H3510 phosphorylation, and H3R17 /K27 methylation, strongly implicating O-GlcNAc in
epigenetic gene regulatory mechanisms [55,56].

4.1. O-GIcNAcylation of Ten-Eleven Translocation Protein Family

Methylation of cytosines in DNA, particularly at promoter CpG islands, is the clas-
sical epigenetic modification that plays a critical role in transcription, affecting such
downstream processes as chromosome accessibility, nucleosome positioning, and ulti-
mately, gene expression [57]. In humans, three members of the ten-eleven translocation
protein family (TET1/2/3) catalyze the sequential oxidation of 5-methylcytosine to 5-
hydroxymethylcytosine, 5-formylcytosine, and 5-carboxylacytosine, which serve an essen-
tial role in embryonic development and tumor progression [58]. TET proteins interact with
OGT and undergo O-GlcNAcylation, which alters their activity and stability [59]. In addi-
tion, TET proteins form complexes with OGT and shuttle OGT to specific loci where target
proteins are O-GlcNAcylated. For example, Chen et al. have shown that TET2 mediates
O-GlcNAcylation of histone H2B at 5112 at highly transcribed genes [59]. Deplus et al.
showed a direct physical interaction between OGT and TET2/3 proteins and proposed a
hierarchical model for H3K4me3 and transcriptional activation [60]. Initially, a TET2 or
TET3-OGT complex is formed, which is targeted to DNA loci by an unknown mechanism.
OGT does not appear to influence TET2/3 enzymatic activity or targeting; rather, TET2/3
proteins target and promote O-GlcNAcylation of numerous proteins, including host cell
factor 1 (HCF1). HCF1 is essential for the recruitment of the SET1/COMPASS complex. O-
GlcNAcylation of HCF1 stabilizes the SET1/COMPASS complex and promotes H3K4me3
and subsequent transcriptional activation. Perturbation of TET2/3 or OGT activity results
in a direct decrease in H3K4me3 and a concomitant decrease in transcription [60]. More
recently, Bauer et al. mapped O-GlcNAc sites on all of the TET proteins [61]. Besides
O-GlcNAcylation, TET proteins also were found to be highly phosphorylated, with each
TET protein having its own unique phosphorylation pattern or “code” [61]. As O-GlcNAc
and phosphorylation are mutually exclusive marks, OGA and, therefore, O-GlcNAc cycling
may play an important role in regulating phosphorylation. Collectively, these data show
that O-GlcNAcylation is intricately involved with TET1/2/3 protein functions; however,
the precise mechanism by which the TET protein-OGT-OGA protein axis works is unclear.
The H3K4me3 SET1/COMPASS mechanism proposed by Deplus et al. sheds new light
on how TET, OGT, and epigenetic mechanisms work together to regulate gene expression.
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Thus, dysregulation of O-GlcNAc in cancer would directly affect the function of TET
proteins and their target genes [60].

4.2. O-GlecNAcylation of Polycomb Group Proteins

The polycomb group (PcG) proteins are a diverse family of epigenetic modifiers and
transcriptional regulators. In mammals, PcG proteins repress Hox genes and control the
expression of other genes that govern embryonic development, X chromosome inactiva-
tion, genomic imprinting, the cell cycle, and maintenance of stem cells [62]. Different
PcG protein complexes contain distinct chromatin-modifying activities that contribute
to the formation of repressive heterochromatin. Dysregulation of PcG proteins plays a
role in oncogenesis and is associated with poor patient prognosis [63,64]. Evidence for
interaction of OGT with PcG complexes was first observed in Drosophila, where deletion of
Ogt led to body plan defects, specifically, abnormal patterning of the anteroposterior axis,
a phenotype commonly associated with polycomb gene defects [65]. ChIP-seq experiments
performed on Drosophila larvae identified 490 polycomb response elements (PREs) where
PcG proteins and OGT co-localized. This data suggested that O-GlcNAcylation is involved
with PcG-mediated repression of Hox genes [66—68]. Recently, Geo et al. mapped the
OGT interactome in Hela cells and found that OGT interacts with numerous PcG proteins,
including those belonging to PRC1, PRC2, PR-DUB, and PhoRC complexes [69]. In an
unrelated study, Hauri et al. identified two human PRC2 complexes and two PR-DUB
deubiquitylation complexes that contained OGT [70]. Additionally, Forma et al. sug-
gested that EZH?2, the catalytic component of the PRC2 complex, interacts with OGT in
a cell type-specific manner to regulate a subset of PRC2 target genes such as FOXA1 and
FOXC1, two genes that are often dysregulated in hormone-dependent cancers [71]. Inter-
estingly, Jiang et al. found that both OGT and EZH2 are post-transcriptionally inhibited
by microRNA-101 (miR-101) [72]. Accumulation of O-GlcNAc, EZH2, and H3K27me3 in
the miR-101 promoter region inhibits the transcription of miR-101 and result in upreg-
ulation of OGT and EZH2. In colorectal cancer (CRC), elevated protein levels of OGT
and EZH?2 have been shown to potentiate gene dysregulation and promote CRC metas-
tasis [72]. Thus, manipulation of this regulatory circuit may be a potential therapeutic
strategy for metastatic CRC [72]. Decourcelle et al. recently presented additional evidence
for OGT and EZH2 involvement in CRC metastasis [73]. They found that O-GlcNAcylated
EZH?2 transcriptionally repressed UNC5A, a tumor suppressor gene frequently epigeneti-
cally downregulated in CRC. This study provides additional evidence for a link between
nutrition and O-GlcNAc-mediated epigenetic regulatory mechanisms.

Among the OGT-interacting PcG proteins, several are direct targets of OGT and thus
are sensitive to O-GlcNAcylation. Pei-Wen et al. have shown that EZH2 is O-GlcNAcylated
in the N-terminal region at 573, 576, S84, and S87, which protects EZH2 from ubiquitin-
proteasome degradation [74]. Additionally, Chi-Shuen et al. showed that O-GlcNAcylation
of EZH2 at S75 is required for EZH?2 protein stability and indirectly facilitates PRC2-
mediated gene repression [75]. Moreover, O-GlcNAcylation in the catalytic domain at 5729
was found to be essential for EZH2 methyltransferase activity, indicating that O-GlcNAc
has a direct effect on EZH2 enzymatic function [74]. Lastly, Maury et al. highlighted
the importance of O-GIcNAc on RING1B, which is the catalytic subunit of PRC1 com-
plexes [76]. During human embryonic stem cell (hESC) differentiation, O-GlcNAcylation
of RINGI1B decreases at T250/5251. ChIP-seq results show that non-O-GlcNAcylated
RING1B is enriched near cell cycle genes, whereas O-GlcNAcylated RINGI1B co-localizes
to neuronal genes [76]. This suggests that O-GlcNAcylation is a mechanism that targets
PRC1 complexes to specific loci.

The role of O-GlcNAc cycling in PcG complex formation and function has recently
been evaluated in Drosophila. Using RNAi to knockdown Ogt and Oga, Akan et al.
reported that PcG-mediated repression was strikingly insensitive to Oga RNA, in contrast
to Ogt RNAi, which suggested that the addition of O-GlcNAc, and not the removal, is
essential for PcG complex formation and function [67]. There are several hypotheses that
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may account for this observation. First, the O-GlcNAc moieties in PcG complexes may be
inaccessible to OGA, and therefore, insensitive to Oga perturbation. Second, the level of
RNAi knockdown is not sufficient to produce a phenotype in PcG complexes. Third, Oga
and O-GIcNAc cycling is not required for PcG complex formation and function. The overall
conclusion of all the data summarized in this section demonstrates that O-GlcNAcylation
regulates PcG complexes at many different levels and that there is an intricate relationship
between O-GlcNAc and PcG proteins. Further work is required to clarify the roles of
O-GlcNAcylation in PcG-mediated gene regulation, especially during tumorigenesis and
cancer progression.

4.3. O-GlcNAcylation of GATA1 Target Genes and the Sin3A Corepressor Complex

O-GlIcNAc cycling exerts effects on gene transcription via protein-protein interaction
with co-repressor and co-activator complexes and lineage-specific master transcription fac-
tors that function as adapter proteins to shuttle OGT and OGA to specific loci. An example
of this is the Sin3A co-repressor complex, and more recently, erythroid-specific GATA-1
complexes [77,78]. Zhang et al. found that GATA-1, an essential master regulator of ery-
thropoiesis, formed a complex with OGT and OGA when erythroid differentiation was
induced [77]. When OGA function was disrupted with TMG, red blood cell maturation was
impaired. Zhang et al. hypothesized that GATA-1 facilitated O-GIcNAc cycling at specific
loci by delivering OGT and OGA to gene promoters and argued that cells might employ
this gene expression regulatory mechanism to drive cell differentiation programs [77].
Little is known about this newly discovered mechanism, and as such, more research is
needed to explore its relevance in cellular differentiation and its potential function in
hematologic malignancies.

Sin3A is a core component of several transcriptional co-repressor complexes [79]. One
of these complexes is the Sin3A-histone deacetylase (Sin3A /HDAC) containing complex.
Sin3A physically interacts with, and is O-GlcNAcylated by, OGT [78,80]. How Sin3A/
HDAC and OGT activities work to silence genes is not fully understood. O-GlcNAcylation
and Sin3A /HDAC activity are thought to work synergistically to regulate transcription
factor binding, activator/repressor complex formation and activity, and RNAP II function.
Yang et al. has proposed a model for how this complex may regulate gene expression [78].
In this model, sequence-specific repressors bind to gene promoters and recruit the OGT
containing Sin3A/HDAC complex. O-GlcNAcylation of these repressors could facilitate
and stabilize protein-protein interactions critical for gene repression. Alternatively, or si-
multaneously, O-GlcNAcylation of activator complexes at gene promoters may disrupt
essential hydrophobic interactions and trigger disassembly of these activator complexes,
thereby increasing Sin3A /HDAC accessibility to histone targets. OGT activity at the pro-
moter could also potentially arrest RNAP II activity by blocking phosphorylation sites,
thereby preventing downstream transcription cycle events. Additionally, O-GlcNAcylation
of Sin3A might regulate HDAC activity. Overall, the role of OGT in the Sin3A/HDAC
complex could ultimately serve to couple nutrient signals to histone deacetylation activity,
thereby regulating gene expression to ensure genes are silenced in an efficient, specific, and
nutrient-regulated manner. The discovery of OGT containing Sin3A /HDAC complexes
and the model proposed by Yang et al. [78], serve as an example of how O-GlcNAc might
collaborate with epigenetic regulatory complexes in general. More experimental data is
needed to refine our understanding of how OGT containing epigenetic complexes function,
and further exploration is required to examine whether these regulatory mechanisms are
dysregulated in metabolic diseases and cancer.

4.4. O-GlcNAcylation of Nucleosome Remodeling Deacetylase

The nucleosome remodeling deacetylase (NuRD) complex is a group of associated
proteins with both ATP-dependent chromatin remodeling and histone deacetylase activities
that relies on O-GlcNAcylation to regulate its function. NuRD was originally defined as
a repressor, but more recently, it has been shown to function both as a co-activator and



Cancers 2021, 13, 1666

11 of 21

co-repressor [81]. The core protein constituents of NuRD consist of CHD3/4/5, CDK2AP1,
GATAD2A /B, and MBD2/3, which bridges the remodeling subcomplex to the histone
deacetylase subcomplex. The composition of the histone deacetylase subcomplex consists
of HDAC1/2, MTA1/2/3, and RBBP4/7 proteins [82]. Recent studies have identified
O-GlcNACc on every protein of the NuRD complex [69,83]. Additionally, Geo et al. [69]
and Zhang et al. [83] demonstrated that OGT directly interacts with the NuRD complex.
Zhang et al. showed that when K562 cells were treated with TMG, y-globin gene expression
was reduced, and NuRD occupancy at the promoter increased [83]. OGA was found to
interact with NuRD under all conditions tested; however, OGT only interacted with NuRD
when v-globin was silenced [83]. They also demonstrated that O-GlcNAcylation of CHD4
stimulated NuRD complex formation and gene repression of the y-globin locus, whereas
removal of O-GlcNAc from CHD4 by OGA had an activating effect on y-globin gene
expression (Figure 4) [83]. This study provides evidence for the existence of a link between
O-GlcNAcylation and NuRD complex formation and function.
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Figure 4. O-GlcNAcylation regulates the formation and function of the NuRD complex. Ay-globin
expression is silenced by the recruitment of NuRD complex to the -566 GATA binding site. OGA
removes O-GIcNAc (green circle “G”) from CHD4 (a subunit of the NuRD complex), thereby prevent-
ing the assembly of the NuRD complex at the —566 site (left panel). When OGA is inhibited by TMG,
OGT associates and O-GlcNAcylates CHD4, stimulating the formation of the NuRD complex at the
-566 site, which represses Ay-globin gene transcription (right panel). Additional O-GlcNAc sites have
been found on every subunit of the NuRD complex, however, their function remains unknown.

In several cervical cancer cell lines, Geo et al. found that OGT knockdown and
overexpression altered Snail gene expression [69]. Snail is a DNA-binding transcriptional
repressor known to interact with RNAP II and drive epithelial-mesenchymal transition
and metastasis when dysregulated [84,85]. Interestingly, the Snail gene was shown to be
regulated by the NuRD complex in breast cancer [86]. Thus, OGT, O-GlcNAc cycling,
and NuRD may function coordinately to regulate the expression of the Snail gene and
potentially other oncogenic and tumor suppressor genes [69,86]. Similar to the OGT
containing Sin3A /HDAC complex, regulation may occur at multiple levels. The NuRD
complex plays essential roles in chromatin assembly, transcription, cell cycle progression,
and genomic stability [87]. The regulation of the NuRD complex by O-GlcNAc cycling
represents a largely understudied area of epigenetic gene regulation. Decades of research
demonstrate that cancer is not only a gene-based disease but can also arise from epigenetic
abnormalities [88]. Aberrant epigenetic gene regulation is a major contributing factor
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to tumorigenesis, metastasis, and chemotherapy resistance [89]. Thus, understanding
O-GlcNAc-mediated NuRD complex formation and function will undoubtedly lead to a
better understanding of cancer pathology and potentially other human diseases.

5. Defects in O-GlcNAcylation of Transcription Factors Promote Cancer

Almost all RNAP Il-associated transcription factors are O-GlcNAcylated, often at
multiple sites [53]. O-GlcNAc has been found on RNAP II, RNAP accessory transcrip-
tion factors, co-activators, co-repressors, and lineage-specific transcription factors. O-
GlcNAcylation of these transcriptional proteins affects function in various ways, but
overall, the major effects are on their activity, localization, and/or stability. Some tran-
scriptional proteins rely solely on one of these properties, for example, activity. Others
use all three mechanisms to regulate their function and influence gene transcription. A
growing number of studies highlight the importance of O-GlcNAc in transcription factor
function and demonstrate how abnormal O-GlcNAcylation, a common phenotype found in
all cancers, leads to abnormal gene expression that favors cancer occurrence, progression,
and metastasis. In a non-exhaustive manner, examples of recent studies highlighting the
role of O-GlcNAcylation of transcription factors and the co-activator yes-associated protein
1 (YAP) in promoting cancer are discussed below.

5.1. O-GlcNAcylation of Transcription Factor Sp1

Specificity protein 1 (Sp1) is a transcription factor that is frequently overexpressed in
a wide variety of human cancers and contributes to malignant transformation [90]. Sp1
is a ubiquitous and multifunctional transcription factor that targets promoters that lack
a TATA box and are GC rich [91]. Sp1 activates the expression of genes that play a role
in tumorigenesis via alterations in angiogenesis, cell growth, differentiation, apoptosis,
cellular reprogramming, and heat shock protein gene expression following stress [92,93].
Spl is a transcription factor that illustrates the role of O-GlcNAc and O-GlcNAc cycling
in transcription [94]. For example, O-GlcNAcylation of Sp1 protects the protein from
proteasomal degradation and promotes nuclear localization [91]. Once in the nucleus,
O-GIcNAc is removed by OGA so that Sp1 can be phosphorylated, which promotes DNA
binding [95]. Thus, O-GlcNAcylation of Sp1 appears to play a central role in its nuclear
localization, transactivation, and stability (Figure 5).

5.2. O-GlcNAcylation of Pluripotent Transcription Factors Sox2 and Oct4

Recent studies have shown that Sox2 and Oct4, two transcription factors critical for
the induction and maintenance of pluripotency, are O-GlcNAcylated. In many cancers,
Sox2 and Oct4 are inappropriately activated, leading to aberrant expression of downstream
target genes, which stimulates tumor growth and tumor recurrence. In mouse embry-
onic stem cells, Olivier-Van Stichelen et al. found that Oga gene ablation resulted in a
significant elevation of Sox2 mRNA transcripts [96]. This suggests that increased cellular
O-GlcNAcylation favors the expression of Sox2. Studies of hepatocellular carcinomas sup-
port this hypothesis. Cao et al. used RNA-ChIP assays to show that eukaryotic initiation
factor 4E (eIF4E), a protein stabilized by O-GlcNAc, was strongly associated with the 5/
G/C rich UTR of the Sox2 transcript, thereby enhancing its translation [97]. At the protein
level, Sharma et al. established that O-GlcNAcylation of Sox2 increased its transcriptional
activity by enhancing protein stability and nuclear localization [98]. These data suggest
that O-GlcNAcylation positively regulates Sox2 at multiple leaves. Oct4 is another key
pluripotency transcription factor that often co-regulates genes with Sox2. Constable et al.
found that the human Oct4 protein is extensively modified by O-GlcNAc [99]. They iden-
tified several novel O-GlcNACc sites that might play a role in controlling Oct4 promoter
selectivity. In addition, independent of catalytic function, OGT was suggested to function
as a bridge protein between Oct4 and Sox2 to activate transcription at specific promoters.
In the hyper-O-GlcNAcylated intracellular environment found in many cancers, these two
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transcription factors may inappropriately activate pluripotency genes, thereby promoting
cancer growth and reoccurrence.
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Figure 5. O-GlcNAcylation regulates the stability, nuclear localization, and transactivation of Sp1.
Sp1 is a transcription factor that serves as a prototype of how transcription factors are regulated
by O-GlcNAcylation at multiple levels. The O-GlcNAcylation of Sp1 (green circle “G”) prevents
proteasomal degradation and promotes nuclear localization (large arrow). Once in the nucleus, OGA
must remove O-GlcNAc from Sp1 so that it can be phosphorylated to facilitate binding to DNA.

5.3. O-GlcNAcylation of Transcription Factors in Breast Cancer

Several studies show that increased O-GlcNAcylation is a key driver of primary and
metastatic breast cancer [100-106]. Approximately 70% of all breast cancers express estrogen
receptor (ER) and progesterone receptor (PR). O-GlcNAcylation of ER increases the stability
of ER by preventing phosphorylation at O-GlcNAcylated amino acid residues [107-110].
Interaction between ER and PR enhances ER DNA-binding and target gene expression [111].
Trinca et al. recently found a novel interaction between PR and OGT, leading to O-
GlcNAcylation of PR [106]. Elevated levels of O-GlcNAcylation increased PR-mediated
transcriptional activity and altered PR-regulated transcriptional networks in breast cancer
cells [106]. In addition to ER and PR, Liu et al. reported that the pioneer transcription factor,
FOXAL1, is modified by O-GlcNAc in several breast cancer cell lines [112]. O-GlcNAcylation
of FOXA1 reduces protein stability, leading to the downregulation of the pro-apoptotic
Bim protein, thereby inhibiting apoptosis in breast cancer cells [112]. Under the elevated
glucose conditions found in breast cancer cells, the expression of key drug resistance pro-
teins increases, all of which are regulated by the Hedgehog pathway. GLI1 and GLI2 are
transcription factors that regulate the Hedgehog pathway and were recently found to be
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modified by OGT [113]. O-GlcNAcylation of these two proteins enhances their transcrip-
tional activity, resulting in activation of the Hedgehog pathway. Collectively, these studies
provide explanations as to why elevated O-GlcNAc levels in breast cancer are associated
with poor patient prognosis; however, more work is required to probe the intricacies of
these gene regulatory mechanisms.

5.4. O-GlcNAcylation Regulates the Hippo Pathway Co-Activator YAP

The Hippo pathway is an important signaling pathway that controls organ size by
regulating cell proliferation and apoptosis. Dysregulation of this pathway has been linked
to tumorigenesis [114-117]. In mammalian tissues, the major constituents of the Hippo
signaling pathway include the transcriptional co-activator yes-associated protein 1 (YAP),
nuclear transcription factors (TEAD1/2/3/4), and their upstream kinases (MST1/2 and
LATS1/2) [114,118,119]. In response to unfavorable growth conditions, MST1/2 phos-
phorylates and activates LATS1/2. Activated LATS1/2 then phosphorylates YAP at 5127
and/or S381. Phosphorylation of 5127 promotes 14-3-3 protein interaction, resulting in cyto-
plasmic localization of YAP, whereas phosphorylation of S381 leads to YAP degradation by
the SCF(3-TrCP) complex [120,121]. Both events inactivate the Hippo pathway [122]. In an
activated Hippo pathway, unphosphorylated YAP translocates to the nucleus and functions
as a transcriptional co-activator with the TEAD family of transcription factors to stimulate
the expression of genes that promote proliferation and impede apoptosis [122-125].

Recently, Peng et al. demonstrated that this pathway is directly regulated by O-
GlcNAcylation [114]. YAP, the core component of the Hippo pathway, interacts with OGT
and is O-GlcNAcylated at 5109. O-GlcNAcylation of YAP promotes nuclear localization
and activation of TEAD downstream target genes. In light of these findings, Zhang
et al. reported that O-GlcNAcylation induces transformative phenotypes of liver cancer
cells in a YAP-dependent manner [126]. They also identified another O-GIlcNAc site
on YAP at T241. Mutation of this amino acid residue increased YAP phosphorylation,
which led to decreased YAP stability and pro-tumorigenic capacity [126]. Interestingly,
both studies found that YAP regulates OGT gene expression and that these two proteins
enter into a positive feedback loop to drive YAP O-GlcNAcylation [114]. At least for
liver cancer, these studies suggest that elevated cellular O-GlcNAc levels promote YAP
activation, and consequently, the expression of pro-tumorigenic genes. Elevated cellular
O-GlcNAcylation further exacerbates the YAP-OGT positive feedback loop. Further studies
are required to determine whether this positive feedback loop exists in other cancer types.

The transcription factors and co-activator described here are a small cross-section
representative of transcription factors and co-activators known the be modified by OGT
that function in cancer. More work is required to explore how O-GlcNAcylation of tran-
scription factors affects the expression of genes that regulate cancer occurrence, progression,
and metastasis. In the context of nutrient-regulated gene transcription, the data suggest
that cells have evolved mechanisms to connect the overall metabolic state of the cell to
transcription factor function. Under normal physiologic conditions, this ensures that in
times of “feast and famine”, cells elicit the appropriate transcriptional response, and that
uncontrolled O-GlcNAcylation of transcription factors plays a role in the onset of cancer.

6. Challenges Associated with O-GIcNAc Research

O-GIcNAc is a unique driver of cancer since O-GlcNAcylation affects transcription in
a multitude of ways on a global level (Figure 6). Under normal physiological conditions,
properly controlled dynamic O-GlcNAc cycling serves to connect nutrient availability and
metabolic flux to gene expression, allowing cells to respond to environmental demands.
The idea of nutrient-regulated gene transcription and its relationship to cancer is an
unexplored research area that demands further study to fully understand the underlying
causes of cancer. However, several challenges remain. For example, both OGT and OGA
are essential for cellular growth, development, and in most cases, survival, making gene
knockout studies problematic [127]. Further complicating O-GlcNAc studies is the fact that
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OGT and OGA levels are transcriptionally linked [128,129]. Experimental manipulations
that alter the protein level of one enzyme led to compensatory changes in the protein level
of the other enzyme. Thus, attempts to alter the overall cellular level of O-GlcNAcylation
are short-lived since cells will adjust the expression of OGT or OGA to compensate and
restore O-GlcNAc homeostasis [129-131]. Another issue in O-GlcNAc research is the
overwhelming number of cellular processes sensitive to O-GlcNAc manipulation. To date,
more than 5000 O-GlcNAcylated proteins have been identified. Genetic or pharmacological
manipulation of OGT and OGA affect all these proteins making it almost impossible to look
at specific O-GIlcNAc events. Additionally, because the modification is found on serine and
threonine residues, it has extensive crosstalk with phosphorylation. This is problematic,
as serine or threonine to alanine substitutions intended to block O-GlcNAcylation also
block phosphorylation at these residues. This complicates this experimental approach and
can lead to inaccurate data in interpretation.
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Figure 6. Dysregulation of O-GIcNAc is a driver of cancer by affecting transcription. O-
GlcNAcylation is a nutrient-sensitive PTM that modulates gene transcription (green circle “G”).
O-GlcNAcylation of the RNAP II CTD affects transcription initiation. It is also found on TBP and
numerous RNAP core transcriptional proteins which connects nutrient flux to gene expression.
O-GlcNAcylation also influences epigenetic gene regulation via regulation of the SET1/COMPASS,
SIN3A, NuRD, PRC1, PRC2, PhoRC, and PR-DUB complexes. Additionally, many transcription
factors such as Sp1, Oct4, Sox2, FOXAL, PR, ER, GLI 1, GLI2, and the co-activator YAP all require
O-GlcNAcylation to properly regulate their target genes. In general, O-GlcNAcylation of RNAP II,
RNAP accessory transcription factors, co-activators, co-repressors, and lineage-specific transcription
factors affect their activity, localization, and/or stability. All cancers exhibit aberrant O-GlcNAcylatio;
dysregulation of O-GlcNAcylation triggers or exacerbates cancer phenotypes by disrupting normal
gene regulation.

The technical challenges for studying dynamic O-GlcNAc cycling remain a major
obstacle in the field, so there is a need to develop innovative tools for O-GlcNAc studies that
reduce the background noise of global O-GlcNAcylation to allow highly specific, focused
experiments that yield unbiased data. Newly developed methodology and technical
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approaches that selectively modify O-GlcNAcylation on a single protein or hone in on
the role of O-GlcNAcylation of proteins at specific DNA loci will be indispensable for
elucidating the molecular mechanisms that are governed by the addition or removal of
this PTM. Recently, Boulard et al. developed a new CRISPR/Cas9 approach that allows
for precise targeting of OGA to any genomic sequence of interest [132]. There is no OGT
CRISPR/Cas9 tool available to date. These CRISPR/Cas9 approaches have the potential to
precisely target the enzymes to specific DNA sequences, thereby avoiding the pleiotropic
effects known to complicate conventional gene knockout, knockdown, and over-expression,
as well as pharmacological approaches. Based on the sum total of all data generated thus
far, it is evident that O-GlcNAc nutrient-regulated gene expression plays an essential role
in many transcriptional processes. Thus, research in this area is essential to understand the
molecular mechanisms operative to govern transcriptional processes.

7. Conclusions

There is a rapidly growing interest in how O-GlcNAcylation contributes to the proper-
ties of cancer cells and the progression of cancer. Dynamic O-GlcNAc cycling is commonly
elevated in cancer cells. Atypical expression and activities of OGT and OGA have been
reported in all human cancers studied thus far [133]. An underlying connection between
altered cellular metabolism, a major hallmark of cancer, and dynamic O-GlcNAc cycling
has been established. As O-GlcNAc cycling has pleiotropic effects within the cell, OGT and
OGA are not good direct targets for therapeutic intervention. However, many of the target
proteins and molecular regulatory mechanisms that have been, or will be, discovered may
be suitable for therapeutic intervention. Understanding the function of this modification
in cancer will be enhanced by the advent of new experimental approaches developed to
circumvent the technical hurdles inherent in current O-GlcNAc transcriptional studies.
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