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Grażyna Budryn, Dorota Żyżelewicz, Stéphanie Flament, Anne-Sophie Vercoutter-Edouart,

Fabrice Bray, Tony Lefebvre and Anna Krześlak
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Preface to ”O-GlcNAcylation and Cancer”

Cancer is one of the leading causes of morbidity and mortality worldwide, linked in part to

deteriorating environmental conditions and unsafe lifestyles. Much progress has been made in recent

decades in deciphering the etiology, origin, and causes of cancer, but much remains to be done to

understand the molecular mechanisms underlying its initiation and progression.

In recent years, O-GlcNAcylation has been found to be particularly disturbed in oncogenic

processes, irrespective of the stage or molecular process considered. In particular, because of its

strategic position as a metabolic hub, this post-translational modification could play the role of a

switch between nutritional disorders and cancer. This Special Issue is an opportunity to take stock of

the current knowledge on the molecular mechanisms of cancer to use as a foundation for research

in the near future, which should shed new light on our understanding of the impact of shaken

O-GlcNAcylation homeostasis, related or not with nutritional and environmental aspects, on cancer

and anticancer therapies.

Ikram El Yazidi-Belkoura, Tony Lefebvre

Editors
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Simple Summary: O-linked β-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 β-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-
GlcNAc 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.

Keywords: transcription; O-GlcNAc; O-GlcNAc transferase; O-GlcNAcase

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
β-N-acetylglucosamine (O-GlcNAc) 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-GlcNAc 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-GlcNAc 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-β-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-GlcNAc “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-GlcNAc 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-GlcNAc), 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-GlcNAc. Since multiple
metabolites feed into the HBP, UDP-GlcNAc 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-GlcNAc levels in a variety of cell types [22–25].
In contrast, glucose depletion results in a reduction of UDP-GlcNAc 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-GlcNAc levels [17]. The prevailing hypothesis in the
O-GlcNAc field is that UDP-GlcNAc 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-GlcNAc levels and how these levels are involved
with the onset, progression, and metastasis of cancer are still largely unknown [29].

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
(GlcN-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 (GNPNAT1) then utilizes acetyl-CoA to
convert GlcN-6-P into N-acetylglucosamine-6-phosphate (GlcNAc-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 GlcNAc-1-P to Uridine diphosphate N-acetylglucosamine (UDP-GlcNAc). O-GlcNAc
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 5S ribosomal RNAs (5S 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 IIγ)
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 IIγ 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 IIγ during PIC formation. RNAP IIγ 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 TIF1β and maps to promoters genome-wide [39]. Human ChIP-seq genomic
consortia have shown that O-GlcNAc, 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-GlcNAc,
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-
GlcNAc cycling regulates various steps of RNAP II transcriptional initiation. In this model, RNAP IIA
(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
IIγ (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 IIA 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 IIγ back to RNAP IIA (Step 4). Finally, RNAP IIA is phosphorylated to
generate RNAP IIO (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-GlcNAc 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-GlcNAcylation 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-GlcNAc 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.

6
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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-GlcNAc conditions, such as those commonly observed in cancer, the activity of TBP,
TFIIB, and genes sensitive to the phosphorylation and O-GlcNAc 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-GlcNAcylation 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,
H3S10 phosphorylation, and H3R17/K27 methylation, strongly implicating O-GlcNAc in
epigenetic gene regulatory mechanisms [55,56].

4.1. O-GlcNAcylation 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 S112 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-GlcNAcylation 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 EZH2, 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 EZH2 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
EZH2 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 S73, S76, 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 EZH2 protein stability and indirectly facilitates PRC2-
mediated gene repression [75]. Moreover, O-GlcNAcylation in the catalytic domain at S729
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-GlcNAc on RING1B, which is the catalytic subunit of PRC1 com-
plexes [76]. During human embryonic stem cell (hESC) differentiation, O-GlcNAcylation
of RING1B decreases at T250/S251. ChIP-seq results show that non-O-GlcNAcylated
RING1B is enriched near cell cycle genes, whereas O-GlcNAcylated RING1B 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 RNAi, 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-GlcNAc 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-GlcNAc 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-GlcNAc 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
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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-GlcNAc 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, γ-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 γ-globin was silenced [83]. They also demonstrated that O-GlcNAcylation of CHD4
stimulated NuRD complex formation and gene repression of the γ-globin locus, whereas
removal of O-GlcNAc from CHD4 by OGA had an activating effect on γ-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.

Figure 4. O-GlcNAcylation regulates the formation and function of the NuRD complex. Aγ-globin
expression is silenced by the recruitment of NuRD complex to the –566 GATA binding site. OGA
removes O-GlcNAc (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 Aγ-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 II-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].
Sp1 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-GlcNAc 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-GlcNAc 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.

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,
FOXA1, 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 S127
and/or S381. Phosphorylation of S127 promotes 14-3-3 protein interaction, resulting in cyto-
plasmic localization of YAP, whereas phosphorylation of S381 leads to YAP degradation by
the SCF(β-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 S109. 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-GlcNAc 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-GlcNAc Research

O-GlcNAc 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-GlcNAc 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.

Figure 6. Dysregulation of O-GlcNAc 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, FOXA1, 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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Simple Summary: Despite the rapid advancement in immunotherapy and targeted agents, many
patients diagnosed with cancer have poor prognosis with dismal overall survival. One of the
key hallmarks of cancer is the ability of cancer cells to reprogram their energy metabolism. O-
GlcNAcylation is an emerging potential mechanism for cancer cells to induce proliferation and
progression of tumor cells and resistance to chemotherapy. This review summarizes the mechanism
behind O-GlcNAcylation and discusses the role of O-GlcNAcylation, including its function with
receptor tyrosine kinase and chemo-resistance in cancer, and immune response to cancer and as a
prognostic factor. Further pre-clinical studies on O-GlcNAcylation are warranted to assess the clinical
efficacy of agents targeting O-GlcNAcylation.

Abstract: Cancer cells are able to reprogram their glucose metabolism and retain energy via glycolysis
even under aerobic conditions. They activate the hexosamine biosynthetic pathway (HBP), and the
complex interplay of O-linked N-acetylglucosaminylation (O-GlcNAcylation) via deprivation of
nutrients or increase in cellular stress results in the proliferation, progression, and metastasis of
cancer cells. Notably, cancer is one of the emerging diseases associated with O-GlcNAcylation. In
this review, we summarize studies that delineate the role of O-GlcNAcylation in cancer, including its
modulation in metastasis, function with receptor tyrosine kinases, and resistance to chemotherapeutic
agents, such as cisplatin. In addition, we discuss the function of O-GlcNAcylation in eliciting immune
responses associated with immune surveillance in the tumor microenvironment. O-GlcNAcylation is
increasingly accepted as one of the key players involved in the activation and differentiation of T
cells and macrophages. Finally, we discuss the prognostic role of O-GlcNAcylation and potential
therapeutic agents such as O-linked β-N-acetylglucosamine-transferase inhibitors, which may help
overcome the resistance mechanism associated with the reprogramming of glucose metabolism.

Keywords: O-GlcNAcylation; O-GlcNAc transferase; O-GlcNAcase; cellular stress; cancer; im-
mune surveillance

1. Introduction

One of the pivotal hallmarks of cancer is reprogramming energy metabolism in cancer
cells [1]. Normally, cells process glucose under aerobic conditions and favor glycolysis
under anaerobic conditions. However, cancer cells differ and reprogram their glucose
metabolism to resourcing their energy metabolism mainly to glycolysis [2]. Cancer cells
prefer glycolysis instead of oxidative phosphorylation, despite the presence of high oxygen;
the effect known as the Warburg effect [3]. Although mitochondrial oxidative phosphoryla-
tion produces ATP with approximately 18-fold higher efficiency than aerobic glycolysis,
cancer cells manage to compensate energy metabolism by the HBP [4,5]. Thus, approxi-
mately 3–5% of glucose is diverted to the HBP, whereas most of the glucose molecules are
metabolized through glycolysis [4].
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Notably, one of the emerging mechanisms of cancer metabolism behind this complex
interplay of glucose metabolism is O-GlcNAcylation, a non-canonical glycosylation that is
activated as a response to stimuli such as nutrient deprivation and cellular stress [6]. Since
the first discovery of O-GlcNAcylation in 1984, several hypothesis and key concepts have
resulted in the understanding of how cellular O-GlcNAcylation is controlled by nutrients
and hormones [7]. The key nutrients and metabolic intermediates, such as glucose, amino
acid, fatty acid, and nucleotide, are utilized and converted by the HBP to generate the
uridine diphosphate GlcNAC (UDP-GlcNAc), a donor substrate for O-GlcNacylation [5].
Subsequently, UDP-GlcNAc transfers O-linked-β-N-acetylglucosamine (O-GlcNAc) to the
enzyme O-GlcNAc transferase (OGT), which attaches O-GlcNAc moieties to the serine
and/or threonine residues of substrate proteins, including cytoplasmic, nuclear and mito-
chondrial proteins [8]. This process results in post-translational modification (PTM) of the
substrate proteins known as called O-GlcNAcylation [9]. O-GlcNAcase (OGA) reverses
the process by catalyzing the hydrolysis done by the OGT [10]. O-GlcNAcylation differs
from other PTMs and is strictly controlled primarily by OGT and OGA. This single pair of
enzymes recognize hundreds of protein substrates necessary for O-GlcNac homeostasis [9].

O-GlcNAcylation affects many diseases, including diabetes, diabetic nephropathy, and
neurodegenerative disease such as Alzheimer disease [11–15]. In recent years, several stud-
ies have addressed the role of protein O-GlcNAcylation in various types of cancer, including
the impact of O-GlcNAcylation in proliferation, angiogenesis, and metastasis of cancer
cells [16,17]. This review summarizes the general mechanism of O-GlcNAcylation, includ-
ing substrate recognition by OGT and OGA and functions of cellular O-GlcNAcylation.
Finally, we discuss the role of O-GlcNAcylation from the perspectives of cancer, includ-
ing metastasis, receptor tyrosine kinases (RTKs), resistance to chemotherapy, prognostic
marker, tumor microenvironment, and the potential targeting of cellular O-GlcNAcylation
as cancer therapeutics.

2. O-GlcNAcylation

2.1. Substrate Recognition by OGT and OGA

Contrary to other PTMs that are regulated by diverse enzymes, O-GlcNAcylation
is controlled by a single pair of enzymes, OGT and OGA, which recognize hundreds of
protein substrates [6,8] (Figure 1). O-GlcNAc, is the master regulator of detained intron
(DI) splicing, and regulates gene expression by controlling and splicing the DI in OGT and
OGA [18]. Thus, the balance between OGT and OGA level is maintained in an O-GlcNAc-
dependent manner. OGT has three isoforms: nucleocytoplasmic (ncOGT), mitochondrial
(mOGT), and short OGT (sOGT). These isoforms differ in their subcellular locations and
number of amino-terminal tetratricopeptide repeats (TPRs), and thereby differ in length.
While ncOGT and sOGT reside in the cytoplasm and nucleus, mOGT is present in the
mitochondria. The unique TPR domain length and locations of these isoforms enable
targeting various subsets of proteome [19]. Substrates are specific to the isoforms of OGT,
and the three isoforms are expressed differently [20,21]. For instance, mOGT is expressed
transiently and in much lower than ncOGT, due to its susceptibility to the cellular glucose
level [22,23]. The exact mechanisms for substrate recognition by OGT are yet to be clarified;
however, the adaptor protein hypothesis and non-specific O-GlcNAcylation are recognized
as the plausible mechanisms [24–27].
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Figure 1. Hexosamine biosynthetic pathway and protein O-GlcNAcylation. Cancer cells compen-
sate for energy metabolism by the hexosamine biosynthetic pathway. While most of the glucose is
metabolized through glycolysis, approximately 3–5% of glucose enters the HBP. Glutamine-fructose-
6-phosphate aminotransferase, the rate-limiting enzyme of the HBP, converts fructose-6-phosphate
into glucosamine-6-phosphate. Subsequently, Glucosamine-6-P is acetylated and uridylation of
Glucosamine-1-phosphate generates UDP-N-acetylglucosamine. UDP-GlcNAc acts a substrate, and
O-GlcNAc-transferase and O-GlcNAcase add and remove GlcNAc to serine or threonine residues
of target proteins, respectively. TCA, Tricarboxylic acid cycle; OXPHOS, Oxidative phosphoryla-
tion; HBP, hexosamine biosynthetic pathway GFAT1, hexosamine biosynthetic pathway; GNAT,
N-acetyltransferase; AGM, N-acetylphosphoglucosamine mutase; AGX, UDP-N-acetylhexosamine
pyrophosphorylase; OGA, O-GlcNAcase; OGT, O-GlcNAc-transferase.

Under specific condition such as glucose deprivation and fasting, OGT substrate
recognition may be mediated by proteins, including p38 mitogen-activated protein kinase
(MAPK), host cell factor 1 (HCF1), and OGA, which act as adaptor proteins in their receptive
substrates of neurofilament H (NFH), peroxisome proliferator-activated receptor-gamma
coactivator (PGC)-1alpha (PGC1α), and pyruvate kinase M2 (PKM2), respectively [24–26].
Thus, O-GlcNAcylation is controlled by OGT via adaptor proteins in a context-dependent
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manner, similar to the ubiquitylation system in which E3 ubiquitin ligases act as adaptor
proteins to the E2 ubiquitin-conjugating enzymes [28].

Non-specific O-GlcNAcylation hypothesis stems from the OGT to O-GlcNAcylate
proteins in flexible regions, which include loops and termini that bind to the active site,
thereby exposing the amide backbone [27]. The preferential modification of substrates that
contain the flexible regions by OGA enables the modification of proteins without recogni-
tion of any specific sequences or structures. Most mature proteins have a limited number
of flexible elements which prevent nonspecific O-GlcNAcylation in normal physiological
conditions [29]. During cellular stress, however, non-specific O-GlcNAcylation takes place
in unstructured regions of unfolded proteins, facilitating their folding and inhibiting degra-
dation [25,30–32]. For instance, O-GlcNAcylation of unstructured polypeptides, including
nascent specificity protein 1 (SP1) and nucleoporin 62 (NUP62) polypeptides, inhibits pre-
mature ubiquitin-mediated degradation, and thereby maintains protein homeostasis [33].

The two isoforms of OGA, nucleocytoplasmic isoform and short isoform, differ from
each other; with the former having both an N-terminal O-GlcNAc hydrolase domain and
C-terminal histone acetyltransferase-like (HAT-like), and the latter lacking the HAT-like
domain [13,34]. Currently, information related to the mechanism behind the substrate
recognition by OGA is limited due to the incomplete identification of the crystal structure
of human OGA [35–37]. Bacterial glycosidases, such as those of Clostridium perfringenes and
Bacteroides thetaiotaomicron, have shown structural similarities by avoiding contact with
the peptide chains and instead binding to diverse substrates via interaction of the peptide
backbone and sugar moieties [38–40]. Further elucidations of structural features of OGA
may identify the mechanism behind the recognition of substrate by OGA.

2.2. Functions of O-GlcNAcylation

Protein O-GlcNAcylation by the complex coordination of OGT and OGA results in
regulation of transcription, epigenetic programs, temporal regulation of cell signaling dy-
namics, and nutrient and hormonal regulation (Figure 2) [41–48]. Both OGT and OGA are O-
GlcNAcylated and autoregulated at post-translation level, and cellular stress, such deficient
or excess nutrients, disrupts the regulation of cellular O-GcNAc homeostasis [9,11,13,49].
O-GlcNAcylation orchestrates translocation and DNA binding of transcriptional factors
such as SP1, RNA polymerase II, and nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-κB) in a context-dependent manner [41,43,50]. Proteins such as HCF1
and Ten-eleven translocation (TET), involved in histone modification and DNA methyla-
tion, respectively, interact with OGT [34,43,44,51]. OGT regulation is associated with the
temporal regulation of insulin signaling dynamics [45]. O-GlcNAcylation negatively regu-
lates insulin signaling when phosphatidylinositol-3,4,5-trisphosphate, the key regulator
of insulin signal transduction, recruits OGT from the cytoplasm to the membrane [48,52].
OGT then O-GlcNAcylates and negatively regulates insulin signaling pathway.
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Figure 2. The isoforms of O-GlcNAc transferase (OGT) and the role of O-GlcNAcylation. OGT has
three isoforms: nucleocytoplasmic OGT (ncOGT), mitochondrial (mOGT), and short OGT (sOGT).
O-GlcNAcylation is involved in transcriptional regulation, post-translational modification, epigenetic
alteration, cell signal transduction, and hormone and cytokine secretion.

In addition to the diverse roles O-GlcNAcylation in the fundamental cellular process,
its most crucial role is functioning as a nutrient sensor [53]. Previously, increased cellular O-
GlcNAcylation was positively associated with the availability of nutrients in response to the
influx through the HBP. In vitro and in vivo studies have shown hyperglycemia results in
hyper O-GlcNAcylation, thereby supporting the view that HBP flux is the key determinant
of an increase in O-GlcNAcylation [46,47]. Recently, evidence has shifted from a positive
correlation to variations according to substrate-by-substrate basis [25]. Depending on the
levels of nutrients available, OGT and its adaptor proteins modulate the levels of protein
O-GlcNAcylation [24–26]. During nutrient deprivation, there is an increase in cellular
O-GlcNAcylation, even though UDP-GlcNAc levels are decreased [24,46,47]. The upregu-
lation of OGT expression and the high affinity of OGT for the abundant unfolded proteins
during nutrient stress may potentially explain the increase in cellular O-GlcNAcylation
despite the decreased level of UDP-GlcNAc. Thus, the complex interplay and harmony
of OGT, OGA, and their proteins and substrates result in regulation of cellular protein
O-GlcNAcylation.

3. O-GlcNAcylation and Cancer

3.1. O-GlcNAcylation and Metastasis

Several cancers, notably breast, colon, pancreas, liver, and lung cancers, have been
associated with elevated O-GlcNAcylation [54,55]. The Cancer Genome Atlas datasets
show the aberrant levels of OGT in both adenocarcinoma and squamous cell carcinoma of
lung [56]. This results in invasion, metastasis, and angiogenesis of lung cancer cells by acti-
vating transcription factors such as Notch receptor 1 (Notch1) and nuclear factor erythroid
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2-related factor (Nrf2) [57,58]. Notch-dependent metastasis is potentially modulated via
O-GlcNAcylation [57,59].

In NSCLC, O-GlcNAcylation mediates and sustains the epithelial mesenchymal tran-
sition (EMT) [60]. EMT markers, such as E-cadherin and vimentin, are suppressed when
the O-GlcNAcylation levels are high (Figure 3) [61,62]. Cancer cells that undergo EMT
have more aggressive and invasive features due to their ability to migrate [63]. Other
transcriptional factors, such as hypoxia-inducible factor(HIF) -1α, nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB), and signal transducer and activator
of transcription 3 (STAT3), are also activated via O-GlcNAcylation, resulting in cancer
invasion and metastasis in cancers such as NSCLC, cervical cancer, and head and neck
cancer [59,64,65].

Cancer 
Malignancy 

HIF-1α

Cancer types

Lung cancer 
(NSCLC)

Breast cancer

Notch 1
OGT regulation EMT

Metastasis
Angiogenesis

NF- B
STAT3

OGTKLF8

OGT Signal transduction Biological function

Figure 3. O-GlcNAcylation and metastasis. In non-small cell lung cancer (NSCLC), the epithelial mesenchymal transition
(EMT) and transcriptional factors such as hypoxia-inducible factor-1α (HIF) and nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB) are mediated via O-GlcNAcylation. In breast cancer, the activation of Krüppel-like factor 8
(KLF8) results in OGT activation.

In vitro and in vivo studies on breast cancer cell lines have shown that O-GlcNAc
transferase regulates cancer stem-like potential [54]. Krüppel-like factor 8 (KLF8) acts as a
novel regulator in mammosphere formation, and activation of KLF8 resulted in activation
of OGT in xenograft tumors in vivo. Breast cancers with KLF8 showed worse OS than
breast cancers without KLF8 expression. The role of OGT in the regulation of cancer-
stemness and tumor metastasis, as seen in breast cancer, may potentially be targeted to
overcome resistance to chemotherapy.

3.2. O-GlcNAcylation and Receptor Tyrosine Kinase

Activation of downstream pathways of RTK, such as KRAS and epidermal growth
factor receptor (EGFR), is associated with an increased glucose flux via the HBP path-
way [66,67]. Approximately 90% of the pancreatic ductal adenocarcinoma (PDAC) is
associated with KRAS [68]. Increased cellular O-GlcNAcylation initiates reduction in
ribonucleotide reductase activity and dNTP pools, resulting in genomic alterations, in-
cluding KRAS mutations in PDAC [66]. Similarly, O-GlcNAcylation is associated with
tumorigenesis in KRAS-mutant lung cancer [67]. In mouse models, the upregulation and
downregulation of O-GlcNAcylation significantly accelerated and delayed KrasG12D lung
tumorigenesis, respectively. EGFR mutations are also crucial in NSCLC, because more
than 60% of patients diagnosed with NSCLC harbor EGFR mutations, and treatment with
tyrosine kinase inhibitors (TKIs) is preferred over chemotherapy or immunotherapy for
these subset of patients [69,70]. Contrary to the cell lines of cervical adenocarcinoma, the
cell lines of lung adenocarcinoma are associated with EGFR O-GlcNAcylation in the serine
and/or threonine residue(s) [71]. The PTM of EGFR via O-GlcNAcylation may possibly be
tumor-specific, and warrants further exploration.
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3.3. O-GlcNAcylation and Resistance to Chemotherapy

In lung carcinoma cells, hyper-O-GlcNAcylation is associated with cisplatin resistance
via the regulation of either p53 or c-Myc [72]. O-GlcNAcylation of p53 and cMyc results
in p53 instability due to ubiquitin-mediated proteasomal degradation and inhibition of
c-Myc ubiquitination and degradation, respectively. Recent in vitro and in vivo studies also
showed that protein O-GlcNac modification of p53 or c-Myc affects the anti-tumor activity
of cisplatin in NSCLC cell lines [73]. Treatment with cisplatin increased the activities of
OGT and OGA and decreased the activity of AMP-activated protein kinase. However,
inhibition of OGT and OGA by altering O-GlcNAc levels did not result in an increased
sensitivity of cisplatin in lung cancer cells.

In many types of cancers, cisplatin is the key chemotherapeutic in both the adju-
vant and palliative settings [74]. Identifying the potential mechanism behind cisplatin
resistance is an unmet need for patients with cancers, as most of the patients experience
disease progression with chemotherapeutic agents [75]. In other cancer cell lines, such as
hepatocellular carcinoma, inhibition of O-GlcNAc transferase resulted in enhancement
of apoptosis by doxorubicin [76]. Further studies are warranted to elucidate the role of
O-GlcNAcylation in the resistance to chemotherapeutic agents used in cancers such as
navelbine, pemetrexed, carboplatin, and docetaxel, as well as potential therapeutic agents
targeting hyper-O-GlcNAcylation.

3.4. O-GlcNAcylation as Prognostic Marker

Several studies have shown that cancers, including prostate and colorectal cancers,
harboring hyper-O-GlcNAcylation are associated with worse prognosis [77,78]. In squa-
mous cell lung cancer, O-GlcNAcylation and increased OGT levels were observed in lung
cancer cells compared with the adjacent lung tissue [78]. The expression of OGT in patients
with stages II, III, and IV lung adenocarcinomas was higher than that in patients with stage
I lung adenocarcinoma [79]. In this study, stage I patients with high OGT expression had
shorter recurrence-free survival (RFS) and poor OS. Multivariate analysis revealed that high
OGT was a prognostic factor for both RFS and OS, indicating OGT as a potential biomarker
in early-stage lung adenocarcinoma. The clinical significance of O-GlcNAcylation is yet to
be determined with larger prospective cohorts and validation studies.

4. O-GlcNAcylation and Immune Responses in Cancer

4.1. Overview of Immune System and O-GlcNAcylation

O-GlcNAcylation is highly related to the immune surveillance in the tumor microen-
vironment (Figure 4). The metabolic shift in immune cells affects T-cell activation and
differentiation. Increased amounts of energy metabolites, such as glucose and amino
acids, are required for T cells. Specifically, glutamine uptake is essential in activated T
cells. Initially, glutamine is converted to a source of oxaloacetate in the tricarboxylic acid
cycle (TCA) cycle. The acetyl-CoA is generated by the metabolism of TCA cycle, which
allows for greater fatty acid synthesis. The produce of this metabolic pathway serves as a
substrate in the HBP [80]. The role and function of O-GlcNAcylation for the two important
immune cells constituting the tumor microenvironment have been studied. The effects of
O-GlcNAcylation in the tumor microenvironment include dealing with the differentiation
and signaling mechanisms of T cells and differentiation and activation of macrophages.
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Figure 4. O-GlcNAcylation regulates immune cells activation and differentiation. O-GlcNAcylation is associated with
the immune surveillance in tumor microenvironment. O-GlcNAcylation regulates the activation and differentiation of
T cells and macrophages, thereby exerting signal transduction and immune surveillance. T reg, regulatory T cell; IL-2,
interleukin-2; STAT5, signal transducer and activator of transcription 5; TCR, T-cell receptor; NFATc1, nuclear factor of
activated T cells 1; MAVS, mitochondrial antiviral-signaling protein; NF-κB, nuclear factor kappa-light-chain-enhancer of
activated B cells; TLRs, Toll-like receptors; exp., expression.

4.2. T Cell Activation and Differentiation Regulated by O-GlcNAcylation

In the thymus, lymphocyte development and activation were observed with increased
O-GlcNAc level [81]. This finding suggested that the modification of O-GlcNAc occurred
during the early stages of T lymphocyte activation. In addition, the OGT knockdown exper-
iment showed an impairment of interleukin (IL)-2 production in the T cells. Furthermore,
ZAP70, SHIP1, and LCK were identified as substrates of O-GlcNAc that regulate TCR
signaling [82].

Helper T cells (Th cells) differentiate into several types of cells by the cytokines or
surface ligands expressed in antigen-presenting cells or adjacent immune cells. Th cells
comprise Th1, Th2, Th17, and regulatory T cells (Treg), which are activated in an abnormal
environment, such as an infection or tumor. Finally, differentiated Th in the form of
cytokines exhibit anti-tumor and anti-infection effects. However, differentiation of Th can
also reduce the anti-tumor effect and damage the host due to excessive immune response. In
general, anticancer immune responses are regulated by cellular immunity, and in particular,
Th1-type cells activate surrounding cytotoxic T lymphocytes, helping the cytokines kill the
tumor cells more effectively. In addition, Th2 and Th17 cells have different roles. Th2 cells
induce the activation of B cells through humoral immunity but can reduce the Th1 immune
response. Th17 cells promote the differentiation of fibroblast-like cells. Treg cells play an
important role in reducing the immune response by depletion of IL-2, the expression of
transforming growth factor beta and IL-10, and CTLA-4. Interestingly, it has been reported
that O-GlcNAc is involved in the differentiation of Th cells. When TMG, a drug capable
of inhibiting OGA, was administered to experimental animals, the levels of O-GlcNAc
decreased [83]. Whether Th17 is a friend or foe in terms of tumor immune response is
still unclear. In another study, O-GlcNAcylation was found to regulate Foxp3 [84]. Treg
is well known as an important regulator of antitumor effect in tumor immunity. In Treg
cells deficient in O-GlcNAc, it was confirmed that Foxp3 expression was reduced; and
therefore, Treg functions were not effective, thus explaining the regulation of IL-2/STAT5
by O-GlcNAc. A recent study reported that STAT3 and the signal transducer and activator
of transcription 5 (STAT5), which play important roles in Th17 cell differentiation and Treg
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differentiation, respectively, are important factors influencing T cell differentiation and can
be regulated by O-GlcNAc [84,85]. In addition, O-GlcNAcylation of key signaling proteins
that play an important role in T cells, such as nuclear factor of activated T cells (NFAT),
affects the activation and function of T cells [86]. TCR in T cells acts as an important sensor
that can detect and kill major histocompatibility complex molecules when presented with
a malformed molecule such as cancer. TCR activation rapidly induced O-GlcNAcylation
of NFATc1, and O-GlcNAcylated protein was observed in the nucleus within 5 min [86].
These results show that O-GlcNAcylation plays an important role in gene regulation of TF
protein. This was verified through the reduction in TCR-induced production of IL-2 and
activation markers such as CD69 through the inhibition of OGT [87].

4.3. Macrophage Differentiation and Activation by O-GlcNAcylation

Macrophages are derived from monocytes and play an important role in fighting an in-
fection or the inflammatory response induced by pathogens [88]. In addition, macrophages
perform an antigen presentation function through phagocytosis. Macrophages are myeloid-
derived cells and are distinct from lymphocytes based on morphology and biological
functions [89]. Macrophages in the tumor are divided into M1 and M2 macrophages
(majorly M2-type macrophages). M1 macrophages express higher levels of IL-6, IL-10,
and tumor necrosis factor alpha, thereby creating an immune suppressive environment.
In contrast, M2 macrophages express higher levels of IL-10 and have a greater wound
healing effect on the adjacent cells [90]. O-GlcNAcylation has been reported to affect the
differentiation of M1 and M2 immune cells [85].

Several articles have reported that a normal level of OGT increases HBP, and that
O-GlcNAcylation increases mitochondrial antiviral-signaling proteins (MAVS) to enhance
innate immune response. O-GlcNAcylation plays an important role in attenuating infection
with vesicular stomach virus [91]. O-GlcNAcylation enhances M1 macrophage polarization
and inflammatory immune response [85]. In contrast, it was reported that the activity
of HBP plays an important role in M2 macrophage differentiation. The N-glycosylation
pathway plays an important role in activating CD206 and CD301, which are important
markers of M2 macrophages in metabolic function [92]. Several studies have demonstrated
that O-GlcNAcylation is involved in the activation of M1 and M2 macrophages. OGT
increases the activity of lipopolysaccharide (LPS)-stimulated NF-κB and the expression
of iNOS gene through mSin3a [93]. In addition, it has been confirmed in microglia cells,
that c-Rel and p65 are regulated by O-GlcNAcylation. However, it has also been reported
that strong O-GlcNAcylation affects the differentiation and activity of macrophages by
inhibiting NF-κB p65 signaling [90]. This response is closely related to the response to the
Toll-like receptor (TLR), which is an important function of macrophages. TLR4 signaling
showed decreased activity by O-GlcNAcylation, revealing that O-GlcNAcylation is an
important mechanism to regulate the innate immune response. LPS signaling increase due
to lack of OGT is closely related to O-GlcNAcylation of RIPK3, which affects the phospho-
rylation of NF-κB and ERK. Phosphorylation of RIPK3 is enhanced in the absence of OGT,
resulting in increased NF-κB and ERK signals. In addition, the activation of RIPK1, which
affects necroptosis, is also associated with O-GlcNAcylation [94]. Activation of NOD2,
which plays an important role in the innate immune response, promotes the expression
and secretion of cytokines and chemokines. NOD2 is post-translationally modified by
O-GlcNAcylation, and its stability and activity is mediated by O-GlcNAcylation [95].

4.4. O-GlcNAcylation and Tumor Microenvironment

Tumor microenvironment (TME) consists of various cells such as cancer cells, vascular
endothelial cells, T cells, NK cells, macrophages, fibroblasts, and dendritic cells [96,97].
TME is a fairly complex system, including the metabolic interactions of various cells, and
the direct interaction between cancer cells and immune cells. Macrophages and T cells
are crucial in the TME [98,99]. Macrophages are involved in the role of tumor-antigen
presentation, and immunosuppression in TME. Macrophages differentiate into M1- and
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M2-type macrophages, and occupy a high proportion in TME [97]. M1 macrophages are
activated by stimuli such as external pathogens and interferon gamma, and have inflam-
mation effects by secreting IL-12, thereby creating a tumor suppressive environment [100].
On the contrary, M2 macrophages are activated by IL-4, IL-10, and IL-13, and are known to
have anti-inflammatory and immune suppressive effects on immune cells.

To overcome the immune suppressive TME created by M2 macrophages, various
therapeutic agents are being developed to inhibit M2-type macrophage differentiation or
increase the ratio of M1-type macrophages [101,102]. OGT may be a promising potential
therapeutic target since OGT in macrophages is important in the regulation of phospho-
rylation of NF-kB, and the expression of iNOS and pro-inflammatory cytokine genes [93].
Further elucidation on the role of O-GlcNAcylation in M1 and M2 will help pave the way
for OGT as a therapeutic target.

T cells also play a critical role in tumor suppression, and kill tumors by directly reacting
with tumor antigens expressed on the surface of cancer cells (epitope-MHC complex) [103].
O-GlcNAcylation may function in the regulation of T-cell receptor (TCR) and T lymphocyte
differentiation [104]. On the other hand, T cells inhibit the differentiation of immune cells,
thereby reducing anti-tumor immune responses by OGT-induced T reg [84]. Thus, the
dual mechanism of O-GlcNAcylation in T cells requires comprehensive immunological
pre-clinical studies to define O-GlcNAcylation and its relationship with the anti-tumor
effect in T cells.

5. Cancer Therapeutics Targeting O-GlcNAcylation

The role of hyper-O-GlcNAcylation in metastasis and resistance to chemotherapy in
cancer as well as its potential role as a prognostic marker has prompted the development
of targets directed at O-GlcNAcylation [17]. Cell lines of breast, colorectal, prostate, and
hepatocellular carcinoma treated with investigational OGT inhibitors have shown a signifi-
cant decrease in tumor growth [105–109]. Recently, tamoxifen-resistant breast cancer cell
lines treated with OGT small molecule inhibitor OSMI-1 showed anti-tumor activity via
epigenetic activation of the tumor-suppressor ERRFI1 [62]. Similarly, reductions in OGT
levels have shown to inhibit growth of lung cancer cells; however, the role of OGT inhibitor
in cancers have not been elucidated using an investigational agent [78].

Despite the promising pre-clinical data of OGT inhibitors, many hurdles remain,
including the physiologic role of OGT involved in energy metabolism of normal cells [3].
Agents targeting OGT directly, such as small molecules and bisubstrate inhibitors, were
initially ideal potential therapeutic options in the treatment of cancers [110]. However, the
possibility of off-target toxicities for small molecules targeting OGT, and the inability to
permeate through cells may render bisubstrate inhibitors ineffective [111].

6. Conclusions and Future Perspectives

In the past few decades, the mechanism of PTM of proteins has been extensively
examined. Among the PTMs, including acetylation, ubiquitylation, and phosphorylation of
proteins, the non-canonical glycosylation of O-GlcNAcylation is an emerging mechanism
that remains to be fully elucidated. Cancer metabolism via O-GlcNAcylation is relatively
unknown, when compared with other cancer hallmarks such as induction of angiogenesis,
shift towards genome instability and mutation, sustenance of proliferative signaling, and
avoidance of immune destruction.

O-GlcNAcylation plays a crucial role in the complex interplay of glucose metabolism
in many diseases. The key concepts of the functions and mechanisms of O-GlcNAcylation
in cancer cells have been recently elucidated. So far, we know that O-GlcNAcylation is
associated with metastasis, interacts with RTKs, causes resistance to chemotherapy, may
serve as a prognostic marker, and plays a role in immune surveillance in the tumor mi-
croenvironment. The complexity of O-GlcNAcylation currently hinders the comprehensive
understanding of the mechanisms, which allows for proper selection and targeting of
agents, such as OGT inhibitors, to exert anti-tumor activities. Further pre-clinical studies
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on O-GlcNAcylation will pave way for a better understanding of O-GlcNAcylation as a
potential therapeutic target in many types of cancer.
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Simple Summary: Lung cancer claims the most lives annually among cancers; to date, invasion and
metastasis still pose challenges to effective treatment. O-GlcNAcylation, an enzymatic modification
of proteins after biosynthesis, modulates the functions of many proteins. Aberrant O-GlcNAcylation
is linked to pathogenic mechanisms of cancer, including invasion and metastasis. However, little
is known about the profile of O-GlcNAcylated proteins involved in cancer aggressiveness. Here,
by comparing profiles of O-GlcNAcylated proteins from two lung cancer cell lines different in their
invasive potential, we identified candidates for O-GlcNAcylated proteins that may be involved in
cancer aggressiveness. One of these candidates, SAM68, was further characterized. Results confirmed
O-GlcNAcylation of SAM68; functional analyses on SAM68 with mutations at O-GlcNAcylation
sites suggested a role of O-GlcNAcylated SAM68 in modulating lung cancer cell migration/invasion.
Future elucidation of the functional significance of differential O-GlcNAcylation of proteins identified
in this study may provide new insights into mechanisms of lung cancer progression.

Abstract: O-GlcNAcylation is a reversible and dynamic post-translational protein modification
catalyzed by O-GlcNAc transferase (OGT). Despite the reported association of O-GlcNAcylation
with cancer metastasis, the O-GlcNAc proteome profile for cancer aggressiveness remains largely
uncharacterized. Here, we report our comparative O-GlcNAc proteome profiling of two differentially
invasive lung adenocarcinoma cell lines, which identified 158 down-regulated and 106 up-regulated
candidates in highly invasive cells. Among these differential proteins, a nuclear RNA-binding protein,
SAM68 (SRC associated in mitosis of 68 kDa), was further investigated. Results showed that SAM68
is O-GlcNAcylated and may interact with OGT in the nucleus. Eleven O-GlcNAcylation sites were
identified, and data from mutant analysis suggested that multiple serine residues in the N-terminal
region are important for O-GlcNAcylation and the function of SAM68 in modulating cancer cell
migration and invasion. Analysis of clinical specimens found that high SAM68 expression was asso-
ciated with late cancer stages, and patients with high-OGT/high-SAM68 expression in their tumors
had poorer overall survival compared to those with low-OGT/low-SAM68 expression. Our study
revealed an invasiveness-associated O-GlcNAc proteome profile and connected O-GlcNAcylated
SAM68 to lung cancer aggressiveness.

Keywords: invasiveness; lung adenocarcinoma; O-GlcNAc transferase; O-GlcNAcylation; SAM68

39



Cancers 2022, 14, 243

1. Introduction

Lung cancer is by far the most common cause of cancer death worldwide; globally
reported deaths from lung cancer were around 180,000 in 2020 [1]. The two major diag-
nosed classes of lung cancers are non-small-cell lung cancer (NSCLC, ~85%) and small-cell
lung cancer (~15%) [2]. Adenocarcinoma accounting for ~40% and ~70% of the male and
female lung cancers in Taiwan, is the prevailing histological type of NSCLC and the most
common primary lung malignancy in patients who have never smoked [2–4]. The prog-
nosis of lung cancer remains poor, and the overall 5-year survival rate is only 10–20% [1].
The mortality mainly results from metastasis, which is a progression requiring cancer
cells to undergo intravasation, survival in circulation, extravasation, and colonization [5].
Cancer invasion—a process involving disruption of the surrounding extracellular matrix
and increasing cell motility—is the initial and a critical step for metastasis. However, a
complete understanding of the molecular mechanisms underlying the regulation of cancer
invasiveness remains elusive.

O-GlcNAcylation is the addition of a single β-N-acetylglucosamine (GlcNAc) to the
hydroxyl group of serine/threonine residues in many nuclear and cytoplasmic proteins [6].
Cycling of this O-linked GlcNAc (O-GlcNAc) modification is regulated by a pair of evolu-
tionary conserved enzymes: O-GlcNAc transferase (OGT) catalyzes the attachment of the
GlcNAc moiety from UDP-GlcNAc to target proteins [7,8], whereas O-GlcNAcase (OGA)
removes O-GlcNAc from O-GlcNAcylated proteins [9,10]. O-GlcNAcylation is an abundant
and dynamic post-translational modification involved in many crucial cellular processes,
including regulation of gene expression, signal transduction, metabolism, and cell cy-
cles [11–14]. Ever-growing evidence indicates that dysregulation of cellular O-GlcNAc
levels is associated with various diseases, including diabetes, neurodegenerative disorders,
and cancer [13–16].

Aberrant O-GlcNAcylation has been linked to pathogenic mechanisms of cancer, in-
cluding cell proliferation, survival, invasion, and metastasis [17]. Regulation of O-GlcNAc
modification on specific proteins can modulate the migration and invasiveness of tumor
cells. For instance, O-GlcNAcylation on Ser-112 of Snail, an important transcription factor
involved in promoting the epithelial-mesenchymal transition and cancer cell invasiveness,
can increase the stability of Snail protein and promote tumor invasion through repres-
sion of E-cadherin expression [18]. In breast cancer cells, loss of O-GlcNAcylation on
Ser-108 of cofilin results in destabilization of invadopodia and impairs cancer cell inva-
sion [19], and O-GlcNAcylation on Ser-408 of TAK1 binding protein 3 (TAB3) contributes
to TAB3-mediated promotion of cancer cell migration and invasion by activating NF-
kB [20]. Nevertheless, an overall profile of O-GlcNAcylated proteins that are involved in
the pathogenesis of cancer, especially in invasion/metastasis, is still unclear.

We previously found that OGT expression is an independent prognostic factor in
patients with lung adenocarcinoma [21]. It has been reported that knockdown of OGT
expression in A549 lung cancer cells decreases their invasiveness in vitro [22]. TGF-β-
induced epithelial-mesenchymal transition of A549 cells is accompanied by significantly
increased OGT expression and cellular O-GlcNAcylation [23]. These observations suggest
that O-GlcNAcylated proteins likely contribute to lung cancer invasion/metastasis. In
light of this, this study aimed at uncovering O-GlcNAcylated proteins that modulate the
invasiveness of lung cancer cells. We employed two lung adenocarcinoma cell lines with
different invasive abilities; using label-free Mass spectrometry (MS) to analyze wheat
germ agglutinin (WGA)-enriched proteins from these cells, we profiled the O-GlcNAc
proteomes to identify O-GlcNAcylated proteins with differential abundance in the two
cell lines. Among the identified proteins, we further investigated the SRC associated in
mitosis of the 68-kDa (SAM68) protein to characterize its O-GlcNAcylation and its role in
the migration/invasion of lung cancer cells.
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2. Materials and Methods

2.1. Cell Lines and Cell Culture

Human lung adenocarcinoma cell lines CL1-1 and CL1-5 and A549 cells were main-
tained in RPMI-1640 (Gibco, Grand Island, NY, USA) supplemented with heat-inactivated
10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin/streptomycin. Human embry-
onic kidney 293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, Grand Island, NY, USA) containing 10% (v/v) FBS. CL1-1 and CL1-5 cells were
kindly provided by Prof. Pan-Chyr Yang from National Taiwan University, Taiwan. A549
and 293T cells, which were originally from Bioresource Collection and Research Center,
Taiwan, were kindly gifted by Prof. Fung-Fang Wang from National Yang-Ming University,
Taiwan. All cells were cultured at 37 ◦C in a humidified atmosphere with 5% CO2.

2.2. Nuclear/Cytosolic Fractionation

CL1-1 and CL1-5 cells were trypsinized to allow detachment from culture dishes,
washed twice with PBS, and lysed in solution A (20 mM Tris, pH 7.5, 3 mM MgCl2, 1 mM
EDTA, 0.1% Triton X-100, and protease inhibitors) at 1 × 107 cells/mL on ice for 30 min.
Lysates were centrifuged at 1500× g for 5 min, and supernatants were collected as the
cytosolic fractions. Pellets were washed twice with solution A, suspended, vortexed in
solution B (20 mM HEPES, pH 7.9, 25% Glycerol, 1% Triton X-100, and protease inhibitors),
and incubated on ice for 30 min; after centrifugation at 15,000× g for 15 min, supernatants
were collected as the nuclear fractions.

2.3. Enrichment of O-GlcNAcylated Proteins

For the enrichment of O-GlcNAcylated proteins, we used the Glycoprotein Isolation
Kit (WGA #89805, Thermo Scientific, Waltham, MA, USA) following the manufacturer’s
protocol. Briefly, 50% wheat germ agglutinin (WGA) resin slurry (200 μL/column) was
applied to spin columns and washed twice with the Binding/Wash Buffer. Samples of
nuclear or cytosolic fractions (1.5 mg/column) were added to the columns and incubated
for 15 min at room temperature (RT) with end-over-end mixing using a rotator. WGA
resin was collected by centrifugation and washed four times with the Binding/Wash Buffer.
WGA-captured proteins were eluted twice by incubating the resin with 200 μL of elution
buffer for 10 min and spinning at 1000× g for 1 min, and eluate from the same column
was pooled and concentrated by using an Amicon Ultra-0.5, 3 KDa (Millipore, Billerica,
MA, USA). WGA-captured glycoproteins were quantified using Bradford assays (Bio-Rad
Laboratories, Richmond, CA, USA).

2.4. In-Gel Digestion and Liquid Chromatography (LC)-Mass Spectrometry (MS)/MS Analysis

Proteins eluted from WGA resin were separated by 10% SDS-PAGE and stained using
the VisPRO 5 min Protein Stain Kit (Visual Protein Biotechnology Corporation, Taipei,
Taiwan). Each sample lane was excised, cut into pieces, and dried in a SpeedVac (Thermo
Electron, Waltham, MA, USA). Dried gel pieces of each sample were first incubated in
1% β-mercaptoethanol in 25 mM NH4HCO3 for 20 min at RT in the dark and further
incubated for 20 min after an equal volume of 5% 4-vinylpyridine in 25 mM NH4HCO3
and 50% acetonitrile was added. After the removal of solvent, gel slices were washed in
25 mM NH4HCO3 for 10 min and dried in a SpeedVac. For in-gel digestion, gel pieces
were incubated with cold 0.1% modified trypsin (Promega, Madison, WI, USA) first at 4 ◦C
for 20 min and subsequently at 37 ◦C overnight. The digest solution containing tryptic
peptides was collected, dried in a Speed-Vac, and stored at −20 ◦C until further analysis.

Each trypsin-digested sample was suspended in 20 μL of 0.1% formic acid and an-
alyzed using the nanoACQUITY™ system (Waters, Milford, MA, USA), which was con-
nected to an Orbitrap Elite hybrid mass spectrometer equipped with a nanoelectrospray
ionization source (Thermo Scientific, Waltham, MA, USA). Peptides were separated by
reverse-phase LC using a BEH-C18 column (25 cm × 75 μm, Waters, Milford, MA, USA)
with a segmented gradient of 5% to 35% acetonitrile in 0.1% formic acid for 210 min at a
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flow rate of 300 nl/min. Eluted peptides were ionized at a spray voltage of 1.7 kV and
introduced into the Orbitrap Elite for MS analysis in the positive ion mode with data-
dependent acquisition (2.0 Da isolation width). A full MS scan was set at a resolution
of 30,000 at m/z 400. Spectrum data of peptides were obtained by full-mass survey scan
(m/z range: 350–1600). MS/MS scan by collision-induced dissociation was performed on
10 most intense multiply charged ions (2+ and 3+).

The mass spectrometry proteomics data have been deposited in the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org, accessed on 10 November
2021) via the PRIDE [24] partner repository with the dataset identifier PXD029627 and
DOI 10.6019/PXD029627.

2.5. Protein Identification and Analysis

For protein identification, the acquired MS data were analyzed by using the Peaks7.5
Studio software for proteomics (Bioinformatics Solutions, Waterloo, Canada) to search
against the UniProt human protein database (containing 192,901 sequences; released in
January 2021; http://www.uniprot.org/, accessed on 15 January 2021). Search parameters
were as follows: enzyme, trypsin; parent and fragment mass error tolerance, 50 ppm and
0.8 Da, respectively; allowing two missed cleavages, oxidation on methionine (+15.99 Da),
and carbamidomethylation on cysteine (+57.02 Da) as variable modifications. The average
local confidence (ALC) was >80%. A decoy database was constructed to estimate the
false discovery rate (FDR), and FDR was controlled at <0.1%. A protein was identified
when at least one unique peptide was matched. Protein quantitation based on the MS
spectra was performed with in-house software [25]. O-GlcNAcylated peptide sequences
and sites of WGA-captured proteins were identified using the PeaksPTM module of the
PEAKS 7.5 software (Bioinformatics Solutions, Waterloo, Canada). Possible ions (e.g., b,
y, y-NH3, or b-H2O) of modified fragment peptides in the MS spectra were manually
labeled. Differential WGA-bound nuclear and cytosolic glycoproteins were analyzed
using the PANTHER classification system (http://www.pantherdb.org/, accessed on 13
February 2019) [26] for molecular function, biological process, and protein class-based
gene ontology. Pathway analysis was performed using Ingenuity Pathway Analysis (IPA;
Ingenuity Systems, Redwood City, CA, USA) based on experimental observations of
the target genes reported in the literature to determine differentially regulated signaling
networks with significance calculated using Fisher’s exact test (p-value < 0.05).

2.6. Western Analysis

Samples of nuclear and cytosolic lysates and WGA flow-through, wash, and elu-
tion fractions were resolved in 10% SDS-PAGE gels and transferred onto polyvinyli-
dene fluoride transfer membranes (PVDF, Pall Corporation, East Hills, NY, USA). Mem-
branes were blocked in TBS-T buffer containing 5% BSA for 1 h at RT and were then
incubated with primary antibodies overnight at 4 ◦C. Antibodies used include: anti-O-
GlcNAc CTD110.6 (1:2000; MMS-248R; BioLegend, CA, USA), anti-IQGAP1 (1:1000; sc-
10792; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), anti-LSD1 (1:1000; C69G12;
Cell Signaling Technology, Beverly, MA, USA), anti-MTA2 (1:1000; ab50209; Abcam,
Cambridge, MA, USA), anti-SAM68 (1:5000; sc-333; Santa Cruz Biotechnology, Inc.),
anti-B23 (1:1000; sc-6013-R; Santa Cruz Biotechnology Inc.), anti-Rock1 (1:1000; sc-17794;
Santa Cruz Biotechnology Inc.), anti-OGT (1:2000; 11576-2-AP; Proteintech, Rosemont, IL,
USA), anti-PARP1 (1:1000; GTX100573; GeneTex, Hsinchu City, Taiwan), anti-β-Actin
(1:20000; NB600-501; Novus Biologicals, Centennial, CO. USA), anti-α-Tubulin (1:1000;
T9026; Sigma-Aldrich, St. Louis, MO, USA), and anti-Flag (1:1000; F3165; Sigma-Aldrich).
Rabbit anti-α-Enolase antibody was kindly provided by Prof. Neng-Yao Shih from the
National Health Research Institutes, Taiwan. After washing, membranes were incubated
with appropriate horseradish peroxidase HRP-conjugated secondary antibodies for 1 h
at RT, and protein signals were visualized using a chemiluminescence ECL kit (HyCell
International Co., Ltd., Taipei, Taiwan).
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2.7. Co-Immunoprecipitation

CL1-5 cells were washed in PBS twice and treated with or without 1 mM crosslinker
dithiobis (succinimidyl propionate) (DSP; Thermo Scientific #22585) for 15 min at RT.
The reaction was quenched in 20 mM Tris-base pH 7.5 for 10 min at RT. Cells were har-
vested and suspended in the lysis buffer (150 mM NaCl, 0.5% Sodium deoxycholate,
1% NP-40, 0.1% SDS) with a protease inhibitor cocktail, gently passed through a 26-gauge
needle 20 times, vortexed for 90 s, and then incubated on ice for 30 min. After centrifu-
gation at 12,500 rpm in a microfuge for 10 min at 4 ◦C, the supernatant was collected
and the protein concentration was measured by Bradford assays (Bio-Rad Laboratories,
Richmond, CA, USA). Then, 20 μL of protein G magnetic beads was incubated with 1 mg
of lysates and l μg of anti-OGT, anti-SAM68 or control IgG antibodies at 4 ◦C overnight.
The beads were washed with lysis buffer three times and boiled in β-mercaptoethanol-
containing sample buffer at 100 ◦C for 10 min, and proteins were subjected to SDS-PAGE
and Western analysis.

2.8. Immunofluorescence Staining

CL1-5 cells were transiently transfected with a plasmid expressing Flag-tagged SAM68
or Myc-tagged OGT. Cells cultured on coverslips were fixed with 4% paraformalde-
hyde in PBS for 10 min, permeabilized with 0.5% Triton X-100 in PBS for 5 min, and
blocked with 10% FBS in PBS for 30 min at RT. After PBS washing, fixed cells were in-
cubated with primary antibodies, including anti-OGT (1:200; 11576-2-AP; ProteinTech),
anti-SAM68 (1:200; sc-333; Santa Cruz Biotechnology Inc.), anti-Myc (1:100; MMS-150P;
Covance, Richmond, CA, USA) or anti-Flag (20 μg/mL; F3165; Sigma-Aldrich), at 4 ◦C
overnight. Cells were washed again in PBS and incubated with DAPI and appropriate
rhodamine- or FITC-conjugated secondary antibodies at RT for 1 h. Finally, the slides were
washed in PBS and mounted in mounting solution. Cells were examined under a confocal
fluorescence microscope.

2.9. Knockdown of SAM68-Encoding KHDRBS1 by Lentivirus-Delivered shRNAs

Plasmids for the expression of shRNAs targeting KHDRBS1 (which encodes SAM68)
(TRCN0000000044, designated as #1, and TRCN0000000048, designated as #2) were ob-
tained from the National RNAi Core Facility Platform located at the Institute of Molecular
Biology/Genomic Research Center, Academia Sinica, Taipei, Taiwan. Virus packaging and
target cell transduction were performed as described previously [27].

2.10. Transwell Migration and Invasion Assays

Cell culture inserts with 8-μm pores (Millicell®; Merck Millipore Ltd., Billerica, MA,
USA) were used. For migration assay, 2 × 104 cells/well in 1% FBS-containing medium
were placed in the upper chambers; the lower chambers were filled with 10% FBS-containing
medium, and the assay was performed at 37 ◦C for 6 h. For invasion assay, the cell culture in-
serts were coated with matrigel (40 μg/well), and 2 × 104 cells/well in 10% FBS-containing
medium were seeded on top of each filter insert; medium supplemented with 10% serum
was added to the lower chambers, and the assay was performed at 37 ◦C for 24 h. At the
end of the assays, the inserts were fixed in 100% methanol for 20 min, air dried, and stained
with Giemsa Stain (Sigma-Aldrich) overnight. The inner side of the inserts was wiped
with cotton swaps, and the cells that migrated or invaded through the insert were counted
under a light microscope.

2.11. Immunohistochemical (IHC) Staining

A tissue microarray (TMA) that contained 174 patients with lung adenocarcinoma at
various stages was analyzed; these patients underwent tumor resection at Taipei Veterans
General Hospital (Taipei-VGH) between 2002 and 2006. The collection and usage of clinical
samples complied with the regulations of the Taipei-VGH Institutional Review Board
(IRB No. 2021-04-011BCF). The stage of lung adenocarcinoma was determined according
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to the Union for International Cancer Control/American Joint Committee on Cancer TNM
classification. IHC staining was performed as described previously [21]. Briefly, after
rehydration, antigen retrieval, and peroxidase blocking, TMA sections were incubated
with anti-SAM68 (1:50; LifeSpan BioSciences, Inc., Seattle, WA, USA), anti-OGT (1:50;
ProteinTech, Chicago, IL, USA) or anti-O-GlcNAc (1:200; Thermo Fisher Scientific, Waltham,
MA, USA) antibodies overnight at 4 ◦C and subsequently, after washing in phosphate-buffer
saline (PBS), with peroxidase-labeled secondary antibody for 1 h at RT. Sections were then
incubated with diaminobenzidine, washed, and counterstained with hematoxylin before
being mounted. The staining was examined by pathologists and semi-quantitatively scored
as follows: 0 (no staining), 1 (weakly positive), 2 (moderately positive), and 3 (strongly
positive); percentage scores were 0–100%. The IHC total score for each specimen was the
intensity score multiplied by the percentage score. The median of the total scores was used
as the cut-off value to categorize patients into high- and low-expression groups.

2.12. Statistical Analysis

Presented quantitative results are the mean ± standard deviation from at least three
independent experiments. Comparisons were performed by two-tailed unpaired Student’s
t-test. A p value < 0.05 was considered statistically significant.

3. Results

3.1. Differential O-GlcNAcylated Proteins in Lung Adenocarcinoma Cell Lines with Low and
High Invasiveness

Aiming at identifying O-GlcNAcylated proteins related to cancer invasiveness, we em-
ployed CL1-1 and CL1-5, which are two well-established human lung adenocarcinoma cell
lines with differential invasiveness (Figure 1A). These cell lines have been established from
one human lung adenocarcinoma clone through sequential in vitro Transwell enrichment
for invasive subpopulations; CL1-1 was established after one round while CL1-5 after five
rounds of selection [28]. CL1-1 cells exhibit a typical epithelial-type morphology and tend
to form cell clusters, while CL1-5 cells display a spindle-shaped fibroblast-like morphology
with less cohesiveness; accordingly, CL1-1 cells have low invasiveness while CL1-5 cells
are highly invasive. The isogenic nature of these two cell lines offers an advantage in
this comparative study for invasiveness-associated proteomes, as proteomic differences
caused by distinct genetic backgrounds would be minimized. When cytosolic and nuclear
fractions of lysates from CL1-1 and CL1-5 cells were examined for O-GlcNAcylated proteins
by Western analysis using O-GlcNAc-recognizing antibodies, some distinct differential
O-GlcNAcylated protein bands were noted (Figure 1B), indicating that cells with different
degrees of invasiveness may have differential O-GlcNAc proteomes.

3.2. Identification and Validation of Differential WGA-Bound Glycoproteins in Lung
Adenocarcinoma Cell Lines with Low and High Invasiveness

Towards identifying O-GlcNAcylated proteins with differential amounts in two cell
lines, we employed WGA to perform enrichment of O-GlcNAcylated proteins. Western
analysis showed that O-GlcNAcylated proteins from nuclear/cytosolic fractions were
indeed enriched in the WGA elution fractions (Figures S1A,B and S14). We next performed
in-gel trypsin digestion on samples of WGA elution fractions, and the resulting tryptic
peptide mixtures from CL1-1 and CL1-5 samples were independently analyzed in triplicate
by nano-LC-MS/MS for protein identification. Comparing the mass spectrometry data and
using a threshold of >1.5-fold change between the two cell lines, we reproducibly identified
63 down-regulated and 62 up-regulated candidates for nuclear O-GlcNAcylated proteins,
and 95 down-regulated and 44 up-regulated cytosolic ones in CL1-5 cells (Student’s t-test,
p-value < 0.05) (Figure 2A and Tables S1 and S2).
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Figure 1. Profiling of the O-GlcNAc proteomes of two differentially invasive lung adenocarcinoma
cell lines. (A) A schematic workflow of this study. Lysates were prepared from subconfluent lowly
invasive CL1-1 and highly invasive CL1-5 cells and fractionated into nuclear (N) and cytosolic
(C) extracts. O-GlcNAcylated proteins were enriched using resin-bound wheat germ agglutinin
(WGA). Tryptic peptides of WGA-bound proteins were subjected to nano-LC-MS/MS. Reproducibly
identified differential WGA-bound proteins were further analyzed in silico using bioinformatics
tools including PANTHER Gene Ontology and Ingenuity pathway analysis. Selected differential
WGA-bound proteins were further validated and characterized for roles in cancer cell migration
and invasion. (B) Representative results of Western analysis of cytosolic and nuclear exacts of CL1-1
and CL1-5 cells. Proteins were separated by 10% SDS-PAGE and subjected to Western blotting
using antibodies for O-GlcNAc, PARP1 (a nuclear protein marker) and α-tubulin (a cytosolic protein
marker). Arrowheads point to examples of differential bands between CL1-1 and CL1-5 samples.
Detailed information about the Western blotting can be found in Figure S7. PANTHER, Protein
ANalysis THrough Evolutionary Relationships; MS, Mass Spectrometry; orange circled G, O-GlcNAc.

We further performed gene ontology (GO) analysis and Ingenuity Pathway Analysis
(IPA) to identify functional networks and canonical pathways of these differential WGA-
bound nuclear and cytosolic proteins. Results of GO slim analysis showed that the top
identified protein classes were nucleic acid binding proteins, followed by cytoskeletal
proteins, hydrolases, and enzyme modulators (Figure S2A); the top associated molecular
functions were binding and catalytic activities (Figure S2B), and these proteins were mainly
involved in the biological functions of metabolism, cellular process, and cellular component
organization or biogenesis (Figure S2C). Results of IPA revealed canonical pathways and
network functions that were significantly associated with the differential WGA-bound
proteins (Figure 2B and Table S3). Interestingly, the top associated canonical pathway was
“Actin Cytoskeleton Signaling”, which plays a pivotal role in cell migration (Table S4 and
Figure S3); this finding is consistent with the notion that some differential O-GlcNAcylated
proteins may be involved in promoting lung cancer cell migration. Moreover, the molecular
and cellular functions of these glycoproteins identified by IPA were mostly associated
with cellular growth, proliferation, survival, assembly, and organization (Table S5), which
generally agreed with the findings of GO analysis.
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Figure 2. Differential WGA-bound glycoproteins identified in CL1-1 and CL1-5 cells. (A) Scatter
plots of the normalized spectral counts of proteins with statistically significant (Student’s t-test,
p-value < 0.05) fold changes in their amounts in WGA-enriched nuclear or cytosolic fractions from
CL1 and CL1-5 cells. (B) Top canonical pathways identified by IPA of differential WGA-bound
glycoproteins. (C–D) Validation of representative differential WGA-bound nuclear (C) and cytosolic
(D) glycoproteins by Western analysis. Shown on the left are bar graphs of average normalized
spectral counts listed in Tables S1 (C) and S2 (D); N.D., not determined. Representative Western
results are shown on the right. Detailed information about the Western blotting can be found
in Figure S8.

Among the LC-MS/MS-identified candidates of differential O-GlcNAcylated proteins,
we picked several that have been implicated in cancer cell migration, invasion or metastasis
in the literature for validation by Western analysis. We examined the amounts of WGA-
bound IQ Motif Containing GTPase Activating Protein 1 (IQGAP1), Lysine-specific histone
demethylase 1 (LSD1), Metastasis Associated 1 Family, Member 2 (MTA2), Src-Associated
in Mitosis 68 KDa Protein (SAM68), and Nucleophosmin (NPM) in nuclear fractions and
the amounts of WGA-bound Rho-associated protein kinase 1 (ROCK-1) and α-Enolase
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in cytosolic fractions from CL1-1 and CL1-5 cells. For all the seven examined candidates,
the Western results were consistent with the observed differences in their average normal-
ized spectral counts in LC-MS/MS profiling (Figure 2C,D). To our knowledge, there are
no reports describing the investigation of O-GlcNAc modification of any of these seven
candidates. However, we found all seven of them listed as O-GlcNAcylated proteins in the
O-GlcNAc Database v1.2 (https://www.oglcnac.mcw.edu, accessed on 14 Dec 2021), which
is a human O-GlcNAcome database created by the Olivier-Van Stichelen lab at the Medical
College of Wisconsin Department of Biochemistry using published O-GlcNAcome data [29].
In fact, out of the 264 differential WGA-bound proteins we identified, 246 (246/264; 93%)
were listed as O-GlcNAcylated proteins in the O-GlcNAc Database v1.2 (Tables S1 and S2).
Together, these results suggest that the profiling workflow was effective in identifying
differential O-GlcNAcylated proteins in cancer cells with different degrees of invasiveness.

3.3. SAM68 Is an O-GlcNAcylated Protein Associated with OGT in Lung Cancer Cells

We chose SAM68 for further characterization of its O-GlcNAcylation and involvement
in lung cancer aggressiveness. SAM68 is a nuclear RNA-binding protein belonging to
the signal transduction and activation of RNA metabolism (STAR) family [30–32], and
evidence in the literature has linked SAM68 to tumorigenesis and progression of different
cancers [33–37]. Although SAM68 has been discovered as an O-GlcNAcylated protein
in a high-throughput study [38], its O-GlcNAcylation remains uncharacterized. Given
that a higher amount of SAM68 was pulled-down by WGA from the nuclear extract of
CL1-5 cells than from that of CL1-1 cells, we sought to confirm the O-GlcNAc modification
on SAM68 in lung cancer cells by immunoprecipitation of SAM68 from total cell lysates
of CL1-5 and A549 cells and Western analysis using anti-O-GlcNAc antibodies. Results
demonstrated that endogenous SAM68 was O-GlcNAcylated in both cell lines (Figure 3A).
We explored the physical interaction between SAM68 and OGT by co-immunoprecipitation.
In the samples immunoprecipitated by anti-SAM68 antibodies but not in those by IgG,
a faint signal of OGT was detected; considering that the interaction might be transient
and/or weak, we employed the cross-linker dithiobis [succinimidylpropionate] (DSP), and
the results showed that OGT was co-immunoprecipitated by SAM68-specific antibodies
from lysates of DSP-treated CL1-5 cells (Figure 3B). Reciprocal experiments using anti-OGT
antibodies for immunoprecipitation detected co-immunoprecipitated SAM68 in the sample
of untreated cells but not in the sample of DSP-treated cells, probably because the antibodies
immunoprecipitated much less OGT in the DSP-treated sample (Figure 3C). Furthermore,
we conducted immunofluorescence staining to examine the localization of SAM68 and
OGT in CL1-5 cells transiently expressing Flag-tagged SAM68 or Myc-tagged OGT. The
signals of SAM68 and OGT were predominantly co-localized in the nucleus (Figure 3D).
Collectively, these results confirmed that SAM68 is O-GlcNAcylated and suggested that it
interacts with OGT mainly in the nucleus.

3.4. The N-Terminal Region of SAM68 Is Crucial for Its O-GlcNAcylation

SAM68 contains a total of 47 Ser/Thr residues in its sequence and most of them are
located within the N-terminal 100 aa of the protein (Figure 4A). To explore the region
important for O-GlcNAcylation in SAM68, we generated a series of N-terminal trunca-
tion mutants of SAM68; results of immunoprecipitation and Western analysis of these
mutants showed that deletion of aa 1–26 significantly decreased the O-GlcNAcylation of
SAM68 and deletion of aa 1–56 or aa 1–95 further diminished the modification (Figure 4B),
indicating the importance of the N-terminal region for SAM68 O-GlcNAcylation. We
next surveyed the O-GlcNAc-modified residues in SAM68 by MS/MS analysis of im-
munoprecipitated SAM68 or WGA-bound proteins, and results from multiple experi-
ments revealed 11 O-GlcNAcylation sites (Figure S4). Notably, in the N-terminal region
mapped to be important for SAM68 O-GlcNAcylation, S12, S15, S18, S20, and S24 were
confirmed to be O-GlcNAcylation sites. We further investigated the aa 1–26 region by
preparing single-site mutants with individual Ser residues in this region replaced with Ala;

47



Cancers 2022, 14, 243

results showed that all generated single-site mutants still retained significant amounts of
O-GlcNAcylation on SAM68 (Figures S5 and S15). We then prepared a multiple-site mu-
tant 6A (S12A/S14A/S15A/S18A/S20A/S24A). When lysates from CL1-5 and 293T cells
transfected with plasmids expressing wild-type (WT) or 6A mutant SAM68 were subjected
to WGA pull-down and Western analysis, we found the amount of WGA-bound mutant
was significantly smaller than that of WGA-bound WT SAM68 in both cell lines (Figure 4C).
Additionally, SAM68 immunoprecipitation combined with O-GlcNAc Western analysis of
lysates from WT or 6A SAM68-expressing CL1-5 cells confirmed that O-GlcNAcylation on
6A mutant SAM68 was significantly lower than that on WT SAM68 (Figure 4D). These data
together suggest that multiple serine residues in the N-terminal 26 aa region are involved
in O-GlcNAcylation of SAM68.

Figure 3. O-GlcNAcylation of SAM68 and its interaction with OGT. (A) O-GlcNAc Western analysis of
immunoprecipitated SAM68. Total lysates from CL1-5 and A549 cells were subjected to immunopre-
cipitation with anti-SAM68 or IgG antibodies and subsequent Western blotting using the antibodies
indicated. (B,C) Co-immunoprecipitation. Lysates from CL1-5 cells treated with or without the cross-
linker DSP were subjected to immunoprecipitation using anti-SAM68 (B) or anti-OGT (C) antibodies,
and immunoprecipitated proteins were analyzed by Western blotting with indicated antibodies.
(D) Immunofluorescence cell staining. CL1-5 cells transiently expressing Flag-tagged SAM68 or
Myc-tagged OGT were fixed and subjected to immune-staining using primary antibodies recognizing
OGT, Flag, Myc, and SAM68 as indicated; DAPI was used to stain cell nuclei. Micrographs were
captured under a fluorescence confocal microscope. Detailed information about the Western blotting
can be found at Figure S9. OGT, O-GlcNAc transferase; DSP, dithiobis (succinimidyl propionate).
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Figure 4. Characterization of SAM68 O-GlcNAcylation by truncation analysis and site-directed
mutagenesis. (A) A schematic of the SAM68 domain structure. Numbers are aa positions.
Total numbers of Ser/Thr (S/T) residues in indicated regions are shown. (B) Comparison of
O-GlcNAcylation levels of full-length SAM68 (WT; 1-443 aa) and truncation mutants (indicated
by remaining aa). Whole cell lysates from CL1-5 cells transfected with the control vector or SAM68
expression constructs were subjected to immunoprecipitation and Western analysis as indicated.
(C,D) Comparison of O-GlcNAcylation levels of wild-type (WT) and a mutant SAM68 (Mut 6A; with
S12A/S14A/S15A/S18A/S20A/S24A substitutions). CL1-5 and 293T cells were transfected for 24 hrs
to express WT or Mut 6A before analysis. Representative Western results and quantitative data from
multiple independent experiments are shown. (C) Lysates were subjected to WGA-pulldown and
subsequent Western analysis. (D) Lysates were subjected to immunoprecipitation and subsequent
Western analysis. All quantitative data shown are the means ± SD; *, p < 0.05; **, p < 0.01. Detailed
information about the Western blotting can be found in Figures S10–S12.

3.5. O-GlcNAcylation Sites in the N-Terminal Region of SAM68 Are Important for Regulating
Lung Cancer Cell Migration and Invasion

For investigating the role of SAM68 in lung cancer cell aggressiveness, we obtained
CL1-5 clones in which the expression of SAM68 was stably suppressed by two different
SAM68-targeting shRNAs (shSAM68 #1 and shSAM68 #2) (Figure 5A). Compared to the
control cells, silencing of SAM68 expression markedly decreased the migration (Figure 5B)
and invasion (Figure 5C) of CL1-5 cells in Transwell assays. To explore the importance
of O-GlcNAc modifications in the N-terminal region of SAM68 for regulating cancer cell
migration and invasion, we expressed the WT and mutant 6A of SAM68 in shSAM68 #2
cells (Figure 5D). Transwell migration assays demonstrated that shSAM68 #2 cells with
reconstituted expression of WT but not mutant SAM68 showed increased migration com-
pared to the vector control cells (Figure 5E). Similarly, reconstitution of SAM68 expression
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in shSAM68 #2 cells increased the invasive capability of cells, but this effect was signifi-
cantly blunted if SAM68 mutant 6A was used for reconstitution (Figure 5F). Together, these
findings are consistent with the notion that O-GlcNAcylation in the N-terminal region of
SAM68 may promote lung cancer aggressiveness by enhancing the migratory and invasive
abilities of cancer cells.

Figure 5. O-GlcNAcylation in the N-terminal region of SAM68 and its functional significance. (A–C)
Two different KHDRBS1-targeting shRNAs (shSAM68 #1 and #2) were used to generate independent
SAM68-knockdown CL1-5 clones. The LKO vector was used as an infection control (CTL). Cells
were subjected to Western analysis (A), Transwell migration assays (B), and Transwell invasion
assay (C). (D–F) CL1-5 shSAM68 #2 cells were transfected by the control vector or a construct to
express Flag-tagged SAM68 WT or mutant 6A, and resulting cells were subjected to Western analysis
(D), Transwell migration assays (E), and Transwell invasion assays (F). All quantitative data shown
are the means ± SD of multiple independent experiments; *, p < 0.05; **, p < 0.01. Scale bar, 100 μm.
Detailed information about the Western blotting can be found in Figure S13.

3.6. Association of SAM68 Expression with Cancer Stage and Clinical Outcome of Patients with
Lung Adenocarcinoma

Clinical significance of SAM68 in lung cancer was previously suggested by studies
showing upregulation of KHDRBS1 transcript (which encodes SAM68) or SAM68 protein
levels in NSCLC or lung adenocarcinoma cancerous tissues [37,39–41]; however, association
with poor outcome of patients with adenocarcinoma was only shown for high KHDRBS1
transcript levels. To explore the prognostic association at the protein level, we examined a
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cohort of 174 patients with lung adenocarcinoma by performing immunohistochemistry
(IHC) analysis for SAM68 expression on tissue microarrays constructed using specimens
from these patients. The IHC result was scored by pathologists based on the intensity
(Figure 6A) and percentage of staining. When the IHC results were analyzed in relation to
clinical data, we found that tissues of lung adenocarcinoma at late stages (stage II–IV) exhib-
ited higher levels of SAM68 than those at stage I (Figure 6B and Table S6). However, when
we categorized patients into low- and high-SAM68 expression subgroups based on the me-
dian IHC score and performed Kaplan-Meier analysis, the difference in the overall survival
of these two subgroups did not reach statistical significance (Figure S6). Considering our
above-mentioned results suggesting an important role of SAM68 O-GlcNAcylation in mod-
ulating cancer cell migration and invasion, we further categorized the patients according to
OGT and O-GlcNAc IHC scores and compared the outcome between subgroups. Kaplan-
Meier analysis revealed that the high-SAM68/high-OGT subgroup had shorter overall
survival than the low-SAM68/low-OGT subgroup (Figure 6C, p = 0.016, log-rank analysis),
but no significant difference was observed between the high-SAM68/high-O-GlcNAc and
low-SAM68/low-O-GlcNAc subgroups (Figure 6D, p = 0.109).

Figure 6. Association of SAM68 expression with lung cancer stage and patient outcome. (A) Analysis
of SAM68 protein expression in clinical specimens of lung adenocarcinoma by immunohistochemistry
(IHC). Shown are images representing different IHC staining intensity scores: negative (0), weak (1),
moderate (2), and strong (3). Scale bar, 100 μm. (B) Analysis of SAM68 expression in lung adeno-
carcinoma tissues in relation to cancer stage. (C–D) Kaplan-Meier survival analysis of patients with
lung adenocarcinoma categorized according to SAM68/OGT (C) or SAM68/O-GlcNAc (D) levels.
p-values were derived from the log-rank test; *, p < 0.05.

4. Discussion

Evidence indicates that O-GlcNAcylation plays important roles in tumor proliferation,
resistance to apoptosis, metabolism, and metastasis; many oncogenic factors or tumor
suppressors have been shown to be O-GlcNAcylated proteins [13,42,43]. Hence, identi-
fication of cancer-associated O-GlcNAcylated proteins should aid in our understanding
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of molecular mechanisms underlying cancer pathogenesis. To date, only a handful of
publications describe proteomic profiling of cancer-related O-GlcNAcylated proteins asso-
ciated with breast cancer [44,45], colorectal cancer [46], and cholangiocarcinoma [47]. To
our knowledge, invasion-associated O-GlcNAc proteomes of human lung cancer cells have
not been explored. In this study, we used WGA enrichment and mass spectrometry to
reveal O-GlcNAcylated proteins that may relate to lung adenocarcinoma aggressiveness.
Among the identified candidate O-GlcNAcylated proteins, SAM68 was validated to be
O-GlcNAcylated and was shown to be associated with OGT in the nucleus of lung cancer
cells. Additionally, we obtained evidence suggesting that O-GlcNAcylated SAM68 pro-
motes the migratory and invasive abilities of lung cancer cells. Furthermore, IHC analysis
of clinical specimens revealed the association of simultaneous high expression of SAM68
and OGT with poor patient outcome.

Although we were able to identify differential WGA-bound proteins, the global
O-GlcNAcylation level of nuclear/cytosolic proteins appeared to be generally similar be-
tween the two differentially invasive lung adenocarcinoma cell lines in Western analysis. In
a study that identified O-GlcNAcylated proteins in invasive ductal breast carcinomas with
or without lymph node metastasis [45], it was also noted that the O-GlcNAcylation status
of individual proteins was independent of the overall O-GlcNAcylation levels in metastatic
and non-metastatic invasive ductal breast carcinomas. Moreover, our previous IHC study
found no association between the global O-GlcNAcylation status and the outcome of pa-
tients in lung adenocarcinoma [21]. These findings together highlight the importance of
exploring changes in O-GlcNAc modification on specific proteins in understanding the
molecular mechanisms of cancer progression.

Our profiling identified 158 down-regulated and 106 up-regulated putative O-GlcNAcylated
proteins in the highly invasive compared to the lowly invasive lung adenocarcinoma cells.
Results of Gene ontology (GO) analysis of these proteins generally reflect the previously
understood functions of O-GlcNAcylated proteins. For example, the largest protein class of
identified candidates in this study was “nucleic acid binding” (Figure S2C), which is well in
line with the fact that OGT can localize to the nucleus and that numerous O-GlcNAcylated
proteins are involved in transcriptional regulation [14,48]. GO Biological Process analysis
identified “metabolic process” as the major process associated with the identified differ-
ential proteins (Figure S2B), which is consistent with the well-established role of cellular
O-GlcNAcylation in metabolic regulation; as cellular O-GlcNAcylation status is influenced
by nutrient availability via the hexosamine biosynthetic pathway (HBP), O-GlcNAcylation
is considered a nutritional sensor and metabolic regulator [12]. Many studies have reported
the role of O-GlcNAc modification in regulating cancer metabolism by modifying signaling
proteins, metabolic enzymes, and transcription factors [17]. Our finding of the metabolic
process as a major function associated with the invasiveness-related O-GlcNAc proteome
emphasizes the scenario in which aberrant cancer metabolism affects tumor cell migration
and invasion. It is established that metabolic reprogramming in cancer cells may lead
to HIF-1α activation, which reduces E-cadherin expression and promotes the epithelial-
mesenchymal transition and cancer cell invasion [49]. However, we did not identify HIF-1α
in this study; the molecular basis linking O-GlcNAcylated protein-mediated modulation of
cancer metabolism and lung cancer cell invasiveness requires further investigation. Impor-
tantly, the most significant canonical pathways associated with the invasiveness-associated
O-GlcNAc proteome revealed in this study, which included actin cytoskeleton signaling,
ILK signaling, and remodeling of epithelial adherens junctions as revealed by the IPA
(Table S4), stress the role of O-GlcNAcylation in modulating the functions of key molecular
players in these pathways. Future exploration of these O-GlcNAcylated proteins may
expand our understanding of how O-GlcNAcylation regulates lung cancer cell invasion.

Our data here clearly demonstrated that the nuclear RNA-binding protein SAM68 is
highly O-GlcNAcylated, with O-GlcNAc modification on multiple sites. SAM68 contains
several defined domains in its protein structure [33]. The N-terminal region contains several
Pro-rich motifs that may mediate the interaction with SH3 domain-containing proteins [50]
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and an RGG (Arginine-Glycine-Glycine) box [33]. The RNA-binding function of SAM68 is
provided by an hnRNP-K homology domain (KH domain); additionally, there is a Tyr-rich
(YY) domain near the C-terminus [33]. Among the 11 O-GlcNAcylated sites detected by
MS analysis in our study, five (S12, S15, S18, S20, S24) locate in the N-terminal region but
not in the Pro-rich motifs or the RGG box, two (T183, S202) are in the KH domain, three
(T317, T324, T330) reside in the YY domain, and one (S422) is in the C-terminal region
(Figure S4A). We noted that S18, S20, and T183 have also been identified as phosphorylated
sites in a high-throughput study [51]. It will be of interest to investigate how these different
types of protein modification of SAM68 functionally interact.

We focused our further investigation on the N-terminal region of SAM68 because
analysis of truncation mutants suggested its importance for O-GlcNAcylation and be-
cause its role in SAM68 functions is not clear. The N-terminal region of SAM68 has a
very high tendency of a disordered structure, as predicted by IUPred [50]. Intrinsically
disordered regions are usually susceptible to diverse post-translational modifications and
are characterized by marked conformational flexibility and structural plasticity to regulate
protein-protein interactions [52,53]. Consistent with this notion, we identified multiple
O-GlcNAcylated sites within this region of SAM68; future studies are obviously needed to
elucidate the effect of O-GlcNAcylation of these sites on the interaction of SAM68 with its
binding partners. Our finding that mutating O-GlcNAcylated sites in this region disrupt
the function of SAM68 in the regulation of lung adenocarcinoma cell migration/invasion
advocates a functional role of O-GlcNAcylation. However, as mentioned above that several
identified O-GlcNAcylated Ser residues may also be phosphorylation sites, at this point
we cannot rule out the possibility that phosphorylation may also modulate the function of
SAM68 in regulating cancer cell aggressiveness. More detailed investigation is required to
clarify the significance of these modifications of SAM68.

SAM68 is known to play important roles in the regulation of mRNA processing, signal
transduction, gene transcription, and DNA repair [33,54], and emerging evidence links
SAM68 to pathogenic mechanisms, including cell proliferation, apoptosis, invasion, and
metastasis in various human cancers [55–58]. Previous studies and our data here agree
in that upregulation of SAM68 expression is associated with lung cancer progression and
poor patient outcome [37,39–41]. However, the molecular mechanisms in which SAM68
participates in the pathogenesis of lung cancer still await elucidation. It has been suggested
that SAM68 can promote the proliferation of NSCLC cells by activating the Wnt/β-catenin
pathway [40]. A recent report indicates that SAM68 promotes tumorigenesis and cancer
metabolic programming in lung adenocarcinoma cells by regulating RNA splicing to
increase the formation of oncogenic pyruvate kinase PKM2; the C-terminal region (aa
351-443) of SAM68 is a key functional domain in this regulation [37]. Here, we have added
that O-GlcNAcylation of SAM68 in the N-terminal region has functional significance in lung
cancer cell migration and invasion. Together, findings obtained by us and others establish
that SAM68 plays a pivotal in lung cancer pathogenesis, and pursuing the understanding
of its molecular regulation should help in guiding the development of novel SAM68-based
diagnostic or therapeutic reagents.

5. Conclusions

We obtained a proteomic profile containing 264 candidates for invasiveness-related
O-GlcNAcylated proteins in lung adenocarcinoma cells and further characterized SAM68
concerning its O-GlcNAcylation and involvement in cancer cell aggressiveness. Our data
suggest that O-GlcNAcylation sites in the N-terminal region are important for the function
of SAM68 in regulating cancer cell migration and invasion and that concomitant high ex-
pression of SAM68 and OGT in lung adenocarcinoma tissues is associated with poor patient
outcome. These findings highlight the potential of invasiveness-associated O-GlcNAcylated
proteins as novel biomarkers for lung cancer prognosis. Further understanding of the func-
tional consequence of differential O-GlcNAcylation of proteins identified in this study may
provide new insights into the mechanisms of lung cancer progression.
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Simple Summary: Nutritional disorders represent major risk factors for colorectal cancer according
to mechanisms of action that are still insufficiently known. The aim of our study was to investigate
the putative involvement of nutrition in the epigenetic downregulation of the tumor suppressor
genes of the UNC5 (Uncoordinated 5) family during colonic carcinogenesis and to understand its
molecular relays. Herein, we provided evidence that the consumption of a High Carbohydrate Diet
worsens colon carcinogenesis in mice and is correlated with the downregulation of several members
of the UNC5 family whose UNC5A (Uncoordinated 5A). Mechanistically, we identified the nutritional
sensor O-GlcNAcylation as one of the molecular relays that regulate the recruitment of the PRC2
complex onto the UNC5A promoter to repress its transcription.

Abstract: While it is now accepted that nutrition can influence the epigenetic modifications occurring
in colorectal cancer (CRC), the underlying mechanisms are not fully understood. Among the tumor
suppressor genes frequently epigenetically downregulated in CRC, the four related genes of the
UNC5 family: UNC5A, UNC5B, UNC5C and UNC5D encode dependence receptors that regulate
the apoptosis/survival balance. Herein, in a mouse model of CRC, we found that the expression
of UNC5A, UNC5B and UNC5C was diminished in tumors but only in mice subjected to a High
Carbohydrate Diet (HCD) thus linking nutrition to their repression in CRC. O-GlcNAcylation is a
nutritional sensor which has enhanced levels in CRC and regulates many cellular processes amongst
epigenetics. We then investigated the putative involvement of O-GlcNAcylation in the epigenetic
downregulation of the UNC5 family members. By a combination of pharmacological inhibition and
RNA interference approaches coupled to RT-qPCR (Reverse Transcription-quantitative Polymerase
Chain Reaction) analyses, promoter luciferase assay and CUT&RUN (Cleavage Under Target &
Release Using Nuclease) experiments, we demonstrated that the O-GlcNAcylated form of the histone
methyl transferase EZH2 (Enhancer of Zeste Homolog 2) represses the transcription of UNC5A in
human colon cancer cells. Collectively, our data support the hypothesis that O-GlcNAcylation could
represent one link between nutrition and epigenetic downregulation of key tumor suppressor genes
governing colon carcinogenesis including UNC5A.
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1. Introduction

The emergence and progression of cancer depend on a complex interplay between the genome
and the epigenome, which together interact with several environmental factors. Particularly, several
studies have highlighted the key role of diet and nutritional compounds in the epigenetic regulation of
gene expression [1–3]. They hence support the hypothesis of a close relationship between nutritional
disorders (obesity, metabolic syndrome, type 2 diabetes, etc.), well-known risk factors for many cancers
including colorectal cancer (CRC), and epigenetic reprogramming linked to carcinogenesis.

The UNC5 gene family consists of four related genes including UNC5A, UNC5B, UNC5C and
UNC5D that encode type-I transmembrane receptors of Netrin-1. UNC5 and Netrin-1 play essential
role in axon guidance during neuronal development and differentiation [4]. In addition, in neuronal
and non-neuronal cells, UNC5 receptors share the capability to act as “dependence receptors”: they
transduce a “positive” cell proliferation and survival signal when bound to Netrin-1 but induce
caspase-dependent apoptosis in absence of their ligand. In recent years, the UNC5 receptors have been
defined as key players of colorectal carcinogenesis by regulating the survival/apoptosis balance and
are considered as conditional tumor suppressor genes [5]. In fact, expression of UNC5A, UNC5B and
UNC5C is frequently downregulated in colorectal cancer (CRC) and their silencing has been associated
in part with loss of heterozygoty (LOH) within UNC5 loci and with epigenetic alterations that are not
fully understood [6–10]. Notably, the putative influence of nutrition on the repression of the UNC5
family members during colon carcinogenesis has not yet been investigated.

Among the molecular elements that could connect nutrition to epigenetic reprogramming in
CRC, the nutritional sensor O-linked-β-N-acetylglucosaminylation (O-GlcNAcylation) has emerged
during the last decade as a key regulator of chromatin remodeling and thereby of the epigenetic
regulation of gene expression [11–14]. O-GlcNAcylation is a reversible post-translational modification
of nucleocytoplasmic and mitochondrial proteins that consists in the covalent linkage of a unique sugar
N-acetylglucosamine (GlcNAc) to serines and threonines of target proteins [15]. O-GlcNAcylation
levels are regulated by a unique couple of enzymes: OGT (O-GlcNAc Transferase) that catalyzes the
transfer of GlcNAc from UDP-GlcNAc onto the protein and OGA (O-GlcNAcase) that hydrolyzes
the residue. O-GlcNAcylation levels are closely dependent upon the concentration of UDP-GlcNAc
synthetized through the Hexosamine Biosynthesis Pathway (HBP) at the crossroad of glucose, amino
acid, fatty acid and nucleotide metabolisms. UDP-GlcNAc and O-GlcNAcylation are thus considered
as sensors of the nutritional state which can relay the effects of an excessive food supply, unbalanced
diet, obesity and other metabolic problems that represent high risk factors of CRC [16–18]. In this sense,
through Western Blot analyses, we previously showed that colons from mice fed a High Carbohydrate
Diet (HCD) exhibited higher amounts of O-GlcNAcylation relative to mice fed a Normal Diet (ND) [19].
Moreover, we and others observed increased contents of O-GlcNAcylation and OGT in human colon
cancer samples in comparison with normal tissues [19–23]. Contrary, decreasing O-GlcNAcylation
levels by silencing OGT reduces proliferation, adhesion, migration and anchorage-independent cell
growth of colon cancer cell lines [20,24]. Aberrant OGT and O-GlcNAcylation levels are thus defined
as new CRC hallmarks [25].

O-GlcNAcylation is involved in the regulation of many cellular processes, including the epigenetic
regulation of gene expression. Indeed, O-GlcNAcylation is part of the histone code and OGT interacts
with and regulates the DNA demethylases of the Ten-Eleven-Translocation (TET) family and several
histone modifying proteins [11–13]. Among this last class of proteins, the members of the Polycomb
Repressive Complex 2 (PRC2) repress the transcription of numerous target genes through the deposit
of the repressive chromatin mark H3K27Me3 consisting of trimethylation of lysine 27 on histone H3.
The core of PRC2 is composed of three Polycomb group (PcG) proteins: Enhancer of Zeste Homolog 2
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(EZH2), Embryonic Ectoderm Development (EED) and Suppressor of Zeste 12 (SUZ12). The methyl
transferase EZH2 is the catalytic subunit of the PRC2 complex and SUZ12 and EED are indispensable
for EZH2 enzymatic activity. Several studies have reported abnormally elevated expression of EZH2,
EED and SUZ12 in CRC in correlation with advanced stages of the disease and poor prognosis [26–28].
Regulation of EZH2 functions by its O-GlcNAcylation has been evidenced in several studies conducted
in different cell lines including breast and colon cancer cells [29–33]. In the colon cancer cell line HT29,
O-GlcNAcylated proteins and H3K27 trimethylation were found together at the promoter region of
61 genes [34]. In breast cancer MCF7 cells, a co-regulation by OGT and EZH2 was also evidenced for
16 tumor suppressor genes including UNC5A [29]. However, the involvement of this OGT-EZH2 axis
in the regulation of the expression of UNC5A as well as the other members of the UNC5A family in
colon cancer cells has not been studied.

Therefore, in this study, we investigated whether nutrition could influence the expression of
the UNC5 family members during colon carcinogenesis and whether it could be related to the
OGT-EZH2 axis.

2. Results

2.1. Subjecting Mice to a High Carbohydrate Diet (HCD) Worsens Colon Carcinogenesis

To test whether nutrition could be involved in the epigenetic downregulation of UNC5 receptors
during colon carcinogenesis, we subjected C57BL/6JRj mice either to a Normal Diet (ND) or to a High
Carbohydrate Diet (HCD). Thirty-nine days after the beginning of the different diets, we induced
CRC in these mice using the well-characterized azoxymethane (AOM)/dextran sulfate sodium (DSS)
method [35] (Figure 1A). At the end of experiment, mice treated with AOM/DSS and fed HCD had a
statistically significant higher blood glucose level compared to mice treated with AOM/DSS and fed
ND (Supplementary Figure S1A). Moreover, weight loss was observed in mice treated with AOM/DSS
and fed HCD (Supplementary Figure S1B) probably due to the severity of the disease in this group
of animals. Indeed, we monitored tumor burden via endoscopy (Figure 1B) and observed that mice
fed HCD had a higher number of tumors than the control group (Figure 1C) with a higher number of
grade 5 tumors (Figure 1D) observed in 100% of mice (Figure 1E). We also studied the expression of
c-myc and cyclin D1, two well-known target genes of the Wnt/β-catenin pathway, whose activity is
commonly upregulated in CRC. As expected, both c-myc and Cyclin D1 transcripts were increased in
tumors in mice fed ND compared to the control group (Figure 1F, compare ND vs. ND + AOM/DSS).
Interestingly, the High Carbohydrate Diet caused an even greater increase in c-myc and Cyclin D1
expression (Figure 1F, compare ND +AOM/DSS vs. HCD +AOM/DSS). Moreover, in mice treated with
AOM/DSS in conjunction with the HCD, we also observed a clear decrease in colon length compared to
mice fed ND (Figure 1G,H) and an increase in Cox-2 and IκBαmRNA levels (that indicates activation
of the NF-κB pathway) (Figure 1F) thus reflecting a higher level of inflammation in these mice. Taken
together, these results demonstrate, as we might expect, that the High Carbohydrate Diet worsens
inflammation-driven colon carcinogenesis in mice.
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Figure 1. Cont.
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Figure 1. Subjecting mice to a High Carbohydrate Diet (HCD) worsens colon carcinogenesis.
(A) Experimental protocol. Half of the C57BL/6JRj mice were subjected to a Normal Diet (ND) and
the other half to a High Carbohydrate Diet (HCD). Thirty-nine days after the beginning of the two
diets, half of the experimental animals received a single intraperitoneal injection of azoxymethane
(AOM, 10 mg/kg) and they began to receive 2.5% dextran sulfate sodium (DSS) in drinking water for 3
consecutive days followed by drinking water for 1 day. Mice were then submitted to three additional
cycles of DSS (4 days with 2.5% DSS for the first one and 5 days with 1.5% DSS for the two others)
with a resting period of 14 days between each cycle. Animals were sacrificed 85 days after AOM
injection (day 124). At this time, each group contained the following number of animals: ND (n = 5),
ND + AOM/DSS (n = 6), HCD (n = 7) and HCD + AOM/DSS (n = 9). At day 124, tumor burden was
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monitored via endoscopy (B) and the total tumors numbers (C), the number of tumors per grade (D) and
the percentage of mice ranked by the most severe grade (E) were then determined. * p < 0.05: student’s
t-test. (F) Relative expression of c-myc, Cyclin D1, Cox-2 and IkBα were assessed by RT-qPCR. Values
are normalized to RPLP0. ns: non-significant, ** p < 0.01, *** p < 0.001, **** p < 0.0001: Bonferroni’s
multiple comparisons test. (G–H) Colon length was determined just after surgery. ns: non-significant,
* p < 0.05, ** p < 0.01: Bonferroni’s multiple comparisons test.

2.2. UNC5A, UNC5B and UNC5C Expression Is Downregulated in Colon Tumors Only in Mice Subjecting to
the High Carbohydrate Diet

We then examined the colonic expression of UNC5A, UNC5B, UNC5C and UNC5D by RT-qPCR
analysis (Figure 2A). Surprisingly and in disagreement with their tumor suppressor gene status, we did
not observe any difference in the expression of UNC5A, UNC5B, and UNC5C between control group
(ND) and AOM/DSS group under Normal Diet (ND + AOM/DSS) and UNC5D was found to increase
(Figure 2A). These results suggest that downregulation of these family of genes is not necessary for
CRC emergence. In contrast, our results showed a marked decrease in the level of UNC5A, UNC5B
and UNC5C transcripts in the colon of AOM/DSS treated mice fed HCD (Figure 2A, compare ND or
ND + AOM/DSS vs. HCD + AOM/DSS) strongly suggesting that nutrition is involved in the epigenetic
downregulation of these genes that might occur during the progression of CRC.

2.3. O-GlcNAcylation Levels Are Enhanced in Colon from Mice Fed HCD and in Response to
AOM/DSS Treatment

To test whether O-GlcNAcylation could be one of the molecular relays between this
nutrition-dependent downregulation of UNC5A, UNC5B and UNC5C in AOM/DSS treated mice fed
HCD, we performed immunohistochemistry experiments (Figure 2B,C). A 2.5 fold increase in IHC
(Immunohistochemistry) score in tumors compared to normal tissues were observed in mice fed ND
thus demonstrating that enhanced O-GlcNAcylation levels seem to be also a hallmark of CRC in
mice (Figure 2B,C, compare ND vs. ND + AOM/DSS). In non-tumorigenic mice colons, the results
showed that the HCD caused a 2 fold increase in colonic O-GlcNAcylation levels compared to the
normal diet (Figure 2B,C, compare ND vs. HCD) thus confirming our previous work [19]. In addition,
O-GlcNAcylation levels are further increased when the HCD is combined to the AOM/DSS treatment
(Figure 2B,C, compare HCD vs. HCD + AOM/DSS). Nevertheless, the O-GlcNAcylation levels are
not statistically higher in tumorigenic mice fed HCD compared to ND. This last observation argues
against a direct link between O-GlcNAcylation levels and the downregulation of the members of the
UNC5 family observed in tumorigenic mice fed HCD. However, and in an inverse correlation with
the O-GlcNAcylation levels, our results show that subjecting mice to the High Carbohydrate Diet is
sufficient to decrease the expression of UNC5A but not of the other members of the UNC5 family in
non-tumorigenic mice colons (Figure 2A, compare ND vs. HCD) and that this decrease in UNC5A
transcripts is even greater in mice treated with AOM/DSS and subjected to the HCD (Figure 2A,
compare HCD vs. HCD + AOM/DSS). Therefore, we hypothesized that O-GlcNAcylation could be one
of the molecular relays between High Carbohydrate Diet and downregulation of the colonic expression
of UNC5A exclusively.
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Figure 2. UNC5A, UNC5B and UNC5C expression is downregulated in colon tumors only in mice
subjected to a High Carbohydrate Diet in association with an increase in O-GlcNAcylation levels.
(A) Relative expression of UNC5A, UNC5B, UNC5C and UNC5D were assessed by RT-qPCR in
the colon of mice fed a normal diet (ND) or a High Carbohydrate Diet (HCD) in combination or
not with AOM/DSS. Values are normalized to RPLP0. ns: non-significant; * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001: Bonferroni’s multiple comparisons test. (B) Tissue samples processed
for immunohistochemistry staining of RL2. Pictures shown are representative of two sections per
mouse. (C) IHC score performed in (B) was scored as described in the methods section and plotted as
mean ± sem. * p < 0.05: unpaired t-test.

2.4. O-GlcNAcylation Is Involved in the Regulation of UNC5A Gene Expression in Human Colon Cancer
HCT116 Cells

To evaluate the role of O-GlcNAcylation in the epigenetic downregulation of the UNC5 family,
we first examined the expression of UNC5A, UNC5B, UNC5C and UNC5D transcripts in the human
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colon cancer cell line HCT116 (Figure 3A). We detected significant levels of only UNC5A and UNC5B
transcripts. We then investigated the effect of the knock-down of OGT by siRNA on the levels of the
UNC5 family members in this cell line. siOGT efficiency was checked at protein (Figure 3B) and mRNA
level (Figure 3C) and we found that it induced a significant increase in UNC5A mRNA levels but had
no effect on UNC5B (Figure 3C). Moreover, UNC5C and UNC5D transcripts remained undetectable
upon OGT silencing (Decourcelle, A.; Dehennaut, V.; Université de Lille, CNRS, Inserm, CHU Lille,
UMR9020-U1277—CANTHER—Cancer Heterogeneity, Plasticity and Resistance to Therapies, F-59000
Lille, France. Personal observation, 2020.). This first observation supports our hypothesis that
O-GlcNAcylation is only involved in the regulation of the expression of UNC5A but not of the other
members of the family. mRNA amounts can be regulated either at the transcriptional level or at the
post-transcriptional level (mRNA stability). In order to investigate whether siOGT-induced increase
of UNC5A expression was due to transcriptional regulation, we used a previously described UNC5A
promoter activity reporter plasmid [36,37] in luciferase assay. As shown in Figure 3D, siOGT caused
a 2-fold induction of the UNC5A promoter activity correlated with a decrease in O-GlcNAcylation
levels (Figure 3B). Inversely, treating HCT116 cells with the potent OGA inhibitor Thiamet G (TG)
induced an O-GlcNAcylation increase (Figure 3E) correlated with a drop of 25% in UNC5A mRNA
levels (Figure 3F) and promoter activity (Figure 3G). In contrast, Thiamet G treatment has no effect on
UNC5B mRNA levels (Figure 3F). Taken together, these data demonstrate that O-GlcNAcylation is
involved in the regulation of the transcription of colonic UNC5A.

 

Figure 3. O-GlcNAcylation is involved in the regulation of the transcription of UNC5A in human colon
cancer HCT116 cells. (A) Expression of the four members of the UNC5 gene family (UNC5A, UNC5B,
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UNC5C and UNC5D) was analyzed by RT-qPCR in HCT116 cells. Data shown are the average ± SD of
three independent experiments. (B–D) HCT116 cells were transfected with non-target control siRNA
(siCTRL) or with OGT siRNA (siOGT) for 72 h. (B) To ensure siRNA efficiency, a fraction of the
cell lysates was analyzed by Western blot (WB) with anti-O-GlcNAc (RL2) and anti-OGT antibodies.
Tubulin was used as a loading control. Data shown are representative of three independent experiments.
(C) Cells were harvested for total RNA extraction. The mRNA expression levels of OGT, UNC5A
and UNC5B were assessed by RT-qPCR. Values were normalized to RPLP0. Data shown are the
average ± SD of three independent experiments. ns: non-significant, * p < 0.05: unpaired t-test.
(D) Then, 24 h after siRNA transfection, cells were transfected with 200 ng of an UNC5A promoter
activity reporter plasmid and 25 ng of β-galactosidase reporter. Thus, 48 h later, UNC5A-luciferase
activity was determined as described in the experimental procedures section. Data shown are the
average ± SD of three independent experiments. **** p < 0.0001: unpaired t-test. (E–G) HCT116
cells were treated with the OGA inhibitor Thiamet G (TG) (1 μM final in PBS (Phosphate Buffered
Saline)) for 24 h. (E) Treatment efficiency was ensured by WB analyses of O-GlcNAcylation (RL2) levels.
GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) was used as a loading control. Data shown are
representative of three independent experiments. (F) mRNA expression level of UNC5A and UNC5B
were assessed by RT-qPCR. Values were normalized to RPLP0. Data shown are the average ± SD of
three independent experiments. **** p < 0.0001: unpaired t-test. (G) Cells were transfected with 200 ng
of an UNC5A promoter activity reporter plasmid and 25 ng of β-galactosidase reporter. Following
this, 24 h later, cells were treated with TG (1 μM final in PBS) for 24 h. UNC5A-luciferase activity was
determined as described in the experimental procedures section. Data shown are the average ± SD of
three independent experiments. **** p < 0.0001: unpaired t-test.

2.5. O-GlcNAcylation Regulates the PRC2-Mediated Repression of UNC5A in Human Colon Cancer Cells

As mentioned in the introduction section, several members of the Polycomb Repressive Complex
2 (PRC2), including the histone methyl transferase EZH2, are overexpressed in CRC [26–28]. Moreover,
several studies have demonstrated that OGT and O-GlcNAcylation regulate EZH2 functions [29–33].
Next, we wondered whether the PRC2 complex was also involved in the regulation of UNC5A
transcription in colon cancer cells. To answer this question, we first inhibited the methyl transferase
activity of EZH2 in HCT116 cells with GSK343, a selective SAM (S-adenosyl methionine)-competitive
EZH2 inhibitor (Figure 4A) and analyzed the levels of UNC5A mRNA (Figure 4B) and promoter
activity (Figure 4C). GSK343 clearly diminished the level of H3K27 trimethylation in cells (Figure 4A)
and increased UNC5A expression (Figure 4B) and promoter activity (Figure 4C). These first results thus
suggest that EZH2 is also involved in the regulation of UNC5A expression in HCT116 cells. To confirm
this result, we performed siRNA knockdown of EZH2 alone or in combination with siOGT in HCT116
cells and analyzed the levels of UNC5A mRNA (Figure 4D). We first observed that siEZH2 induced a
derepression of UNC5A expression in line with the results obtained with GSK343 inhibitor. Moreover,
siEZH2 increased UNC5A transcripts at a level similar to siOGT and the simultaneous knockdown
of OGT and EZH2 had no additive effect compared to siEZH2 or siOGT alone. It is also to note that
the abolition of the expression of EZH2 or the inhibition of its catalytic activity had no effect on OGT
expression nor on O-GlcNAcylation levels (Figure 4A,D,E) arguing against an indirect modulation
of UNC5A expression through the modulation of OGT functions in these conditions. This last result
thus suggests that OGT and EZH2 act together to repress UNC5A transcription. We confirmed
this result by inhibiting OGT and/or EZH2: respectively with Ac5S-GlcNAc (Ac5S) and GSK343
specific inhibitors (Figure 4E) and validated them also in LS174T human colorectal cancer cell line
(Supplementary Figure S2). We then overexpressed the catalytic core of PRC2 complex (composed of
EZH2, SUZ12 and EED) in HCT116 cells by co-transfecting cells with plasmids encoding Myc-EZH2,
HA-SUZ12 and HA-EED (Figure 5A, EES). In PRC2-transfected cells, we observed a 40% reduction
of the UNC5A promoter activity compared to mock-transfected ones (Figure 5A, right panel) thus
confirming that UNC5A is a target of the PRC2 complex. However, this repression was no longer
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observed in cells co-transfected with siOGT suggesting that O-GlcNAcylation is required for the
PRC2-mediated repression of UNC5A. In a second set of experiments, we again overexpressed the
core PRC2, this time in conjunction with treatment of the HCT116 cells with Ac5S-GlcNAc. We then
analyzed the UNC5A mRNA levels by RT-qPCR (Figure 5B). In agreement with the luciferase activity
assay, overexpression of the core PRC2 led to a decrease in UNC5A mRNA and this was prevented
by simultaneous treatment of cells with Ac5S-GlcNAc (Figure 5B, right panel). Taken together, these
results demonstrate that O-GlcNAcylation regulates the PRC2-mediated repression of UNC5A in
human colon cancer cells.

Figure 4. EZH2 and OGT act together to repress the transcription of UNC5A in colon cancer cells.
(A,B) HCT116 cells were treated with the EZH2 inhibitor GSK343 (5 μM final in DMSO (Dimethyl
sulfoxide)) for 48 h. (A) Treatment efficiency was ensured by WB analyses of H3K27Me3 levels from
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chromatin-bound proteins extracts. EZH2, OGT and O-GlcNAcylation (RL2) levels were also assessed.
Lamin A/C were used as a loading control. Data shown are representative of three independent
experiments. (B) mRNA expression level of UNC5A was assessed by RT-qPCR. Values were normalized
to RPLP0. Data shown are the average ± SD of three independent experiments. **** p < 0.0001: unpaired
t-test. (C) Cells were transfected with 200 ng of an UNC5A promoter activity reporter plasmid and
25 ng of β-galactosidase reporter. Thus, 6 h later, cells were treated with GSK343 (5 μM final in DMSO)
for 48 h. UNC5A-luciferase activity was determined as described in the experimental procedures
section. Data shown are the average ± SD of three independent experiments. **** p < 0.0001: unpaired
t-test. (D) HCTT116 cells were transfected either with non-target siRNA control (siCTRL), OGT siRNA
(siOGT), EZH2 siRNA (siEZH2) or with a combination of siOGT and siEZH2 for 72 h. Cells were
harvested either for total proteins or RNA extraction. Left panel: WB analyses were performed using
the indicated antibodies. Data shown are representative of five independent experiments. Right panel:
mRNA expression level of UNC5A was assessed by RT-qPCR. Values were normalized to RPLP0.
Data shown are the average ± SD of five independent experiments. ns: non-significant, *** p < 0.001,
**** p < 0.0001: Bonferroni’s multiple comparisons test. (E) HCTT116 cells were treated with the EZH2
inhibitor GSK343 (5 μM final in DMSO) or the OGT inhibitor Ac5S-GlcNAc (50 μM final in DMSO)
alone or in combination. Cells were harvested either for total protein or RNA extraction. Left panel:
WB analyses of Lamin A/C, H3K27Me3 and O-GlcNAcylation levels from chromatin-bound proteins
extracts. Data shown are representative of four independent experiments. Right panel: amount of
UNC5A transcripts was assessed by RT-qPCR. Values were normalized to RPLP0. Data shown are the
average ± SD of four independent experiments. ns: non-significant, * p < 0.05, *** p < 0.001: Bonferroni’s
multiple comparisons test.

2.6. O-GlcNAcylation Drives the Recruitment of EZH2 onto the UNC5A Promoter

We then investigated the mechanisms by which O-GlcNAcylation could influence the EZH2
mediated-repression of UNC5A. Indeed, regulation of EZH2 functions by its O-GlcNAcylation has been
evidenced in several studies conducted in different cell lines but the exact roles of this glycosylation
are not so clear. Indeed, while some studies argue for a role of O-GlcNAcylation in the regulation of
EZH2 stability and catalytic activity [29–31], others propose that the glycosylation rather regulates
EZH2 recruitment to some of its target genes such as FOXC1 in breast cancer cells [32] or IL-15 in
muscle [33]. First, we checked the modification of endogenous EZH2 by O-GlcNAcylation in HCT116
cells by sWGA (succinyl Wheat Germ Agglutinin)-beads enrichment experiments (Figure 6A). Briefly,
HCT116 cells were treated with Thiamet G for 24 h to maintain high O-GlcNAcylation levels in
the cells (Figure 6A, bottom panel). Total cell lysates were incubated with sWGA-beads to extract
O-GlcNAcylated proteins or, as a negative control, with sWGA-beads preincubated with free GlcNAc
(Figure 6A, top panel). EZH2 was easily detected in the sWGA-enriched fractions (with or without TG)
but not in the negative controls thus proving O-GlcNAcylation of EZH2 in HCT116 cells. Inhibition
of OGT activity by Ac5S-GlcNAc did not affect EZH2 expression, whereas DZNEP, a well-known
EZH2 destabilizing agent, did (Figure 6B). Similarly, the suppression of OGT expression by siRNA
did not lead, as might be expected, to a decrease in EZH2 protein levels (Figures 4D and 6C,D
Inputs). In addition, increasing O-GlcNAcylation levels with Thiamet G did not lead to any variation
in EZH2 expression (Figure 6A,E Inputs). All these results therefore do not argue for a stabilizing
role of O-GlcNAcylation in our study model. O-GlcNAcylation also does not seem to influence the
methyltransferase activity of EZH2 in this cell line since the inhibition of OGT activity or expression
had no impact on the levels of H3K27Me3, the epigenetic mark deposited by the PRC2 complex
(Figures 4E and 6C). Among the EZH2 O-GlcNAcylation sites identified to date, Ser313 is located
in the domain of interaction with SUZ12 [38]. Nevertheless, co-immunoprecipitation experiments
between EZH2 and SUZ12 carried out in HCT116 cells under O-GlcNAcylation levels modulation
conditions showed that this post-translational modification did not seem to influence the interaction
between these two partners (Figure 6D,E). We finally analyzed whether O-GlcNAcylation could drive
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the recruitment of the PRC2 complex onto the UNC5A promoter. To test this hypothesis, we performed
CUT&RUN experiments (an alternative method to ChIP that also enables mapping of protein-DNA
interactions) under conditions of modulation of O-GlcNAcylation levels (Figure 6F,G). In this way,
we showed that EZH2 was bound onto the UNC5A promoter in HCT116 cells and that inhibition of
OGT with Ac5S-GlcNAc clearly diminished its binding (Figure 6F). On the contrary, OGT inhibition
led to an increased binding of the H3K4Me3 activating mark on the UNC5A promoter (Figure 6G). So,
taken together, our overall results demonstrate that in colon cancer cells, O-GlcNAcylation of EZH2
targets the PRC2 complex onto the UNC5A promoter to inhibit its transcription.

Figure 5. O-GlcNAcylation mediates the PRC2-mediated repression of UNC5A. (A) HCT116 cells
were co-transfected with the core PRC2 complex (EES: Myc-EZH2, HA-EED, HA-SUZ12), 200 ng of
plasmid encoding the luciferase reporter gene under the control of the UNC5A promoter and 25 ng of
β-galactosidase in combination or not with siOGT. Left panel: transfection efficiency and OGT inhibition
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were checked by WB analyses with the indicated antibodies. Data shown are representative of three
independent experiments. Right panel: luciferase activity was determined 48 h later and was normalized
to β-galactosidase activity. Data shown are the average ± SD of three independent experiments. ns:
non-significant, **** p < 0.0001: Bonferroni’s multiple comparison tests. (B) Cells were co-transfected
with plasmids encoding the core PRC2 (EES: Myc-EZH2, HA-EED, HA-SUZ12), or with empty vectors
(Mock). Thus, 24 h after transfection, cells were treated with the potent OGT inhibitor Ac5s-GlcNAc
(50 μM final in methanol) for 24 h. Left panel: transfection efficiency and OGT inhibition were checked
by WB analyses with the indicated antibodies. Data shown are representative of three independent
experiments. Right panel: mRNA expression level of UNC5A was assessed by quantitative RT-PCR.
Values were normalized to RPLP0. Data shown are the average ± SD of three independent experiments.
ns: non-significant, *** p < 0.001: Bonferroni’s multiple comparison tests.

Figure 6. In colon cancer cells, O-GlcNAcylation neither influences EZH2 stability, methyltransferase
activity nor its interaction with SUZ12 but drives the PRC2 recruitment onto the UNC5A promoter.
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(A) Enrichment of the O-GlcNAcylated proteins from Thiamet G-treated (1 μM final in PBS, 24 h)
or non-treated cells were performed with sWGA-agarose beads as described in the experimental
procedures section. In total, 25μg of whole cell lysates (Inputs) and bound proteins were analyzed by
WB with anti-EZH2 and anti-O-GlcNAc (RL2) antibodies. Actin was used as a loading control. Data
shown are representative of two independent experiments. (B) HCT116 cells were treated with the
EZH2 destabilizing agent DZNEP (3-Deazaneplanocin A) (5 μM final in DMSO) or the OGT inhibitor
Ac5S-GlcNAc (50 μM final in methanol) respectively for 48 h or 24 h. WB analyses were performed
using the indicated antibodies. Tubulin was used as a loading control. Results are representative of at
least three independent experiments. (C) HCTT116 cells were transfected either with non-target siRNA
control (siCTRL) or siRNA targeting OGT (siOGT) or EZH2 (siEZH2, used as a positive control) for
72 h. Chromatin-bound proteins were extracted and WB analyses were performed using the indicated
antibodies. Lamin A/C were used as a loading control. Results are representative of at least three
independent experiments. (D–E) HCT116 cells were transfected with 2 different OGT-targeting siRNA
(siOGT#2 or siOGT#3) or a non-relevant siRNA (siCTRL) for 72 h (D) or were treated with 1 μM Thiamet
G for 24 h (E). The interaction between SUZ12 and EZH2 was then evaluated by co-immunoprecipitation
experiments. Results are representative of three independent experiments. (F–G) HCT116 cells were
treated with the OGT inhibitor Ac5S-GlcNAc (50 μM final in DMSO) for 24 h. Then binding of EZH2
(F) as well as presence of the H3K4Me3 activating mark (G) onto the UNC5A promoter were assessed
by CUT&RUN experiments. Data shown represent the fold enrichment relative to the isotype control
(Rabbit IgG) of a single experiment deposited in duplicate and is representative of two independent
experiments. **p < 0.01: unpaired t-test.

3. Discussion

In recent decades, changes in Western lifestyle (increased sedentary not compensated by a decrease
in caloric intake) have largely contributed to the increased incidence of CRC. In this regard, several
epidemiological studies have shown that there is a higher risk factor for developing CRC in patients with
metabolic syndrome, type-2 diabetes or obesity [16–18]. In addition to the well-known genetic origin
of CRC, many studies have shown that colon carcinogenesis also involves alterations in the epigenetic
regulation of genome. Furthermore, a growing number of studies tends to prove that the epigenome
is able to integrate nutritional informations and it seems therefore obvious that nutritional intake,
by modifying the epigenome, could influence the emergence and progression of CRC [1–3]. However,
the underlying mechanisms are still insufficiently known. The nucleotide sugar UDP-GlcNAc, donor
for the O-GlcNAc modification, is synthetized through the Hexosamine Biosynthesis Pathway (HBP)
at the crossroad of glucose, amino acid, fatty acid and nucleotide metabolisms. UDP-GlcNAc and
O-GlcNAcylation are therefore considered as sensors of the nutritional state of the organism [15]
which can relay the effects of an excessive food supply, unbalanced diet, obesity and other metabolic
problems. It has been previously shown that the expression of the core PRC2 complex (EZH2, EED
and SUZ12) that catalyzes the deposit of the epigenetic repressive mark H3K27Me3 [26–28] as well as
OGT and O-GlcNAcylation levels are increased during colorectal carcinogenesis [19–22]. Inversely,
the expression of the tumor suppressor genes of the UNC5 family is frequently downregulated in CRC
in part through epigenetic mechanisms not fully deciphered [6–10]. In this study, in agreement with
the fact that poor eating habits may influence colon carcinogenesis, we observed that consumption of a
High Carbohydrate Diet (HCD) worsens colon carcinogenesis in mice. In this model, we found that the
expression of UNC5A, UNC5B and UNC5C was diminished in tumors of mice only fed HCD but not of
mice fed ND thus linking nutrition to their repression during the progression of CRC. We then tested the
hypothesis that O-GlcNAcylation could be one of the molecular relays between this nutrition-dependent
repression of UNC5A, UNC5B and UNC5C. Our in vivo and in vitro results argued against a direct
correlation between O-GlcNAcylation levels and expression of UNC5B and UNC5C but strongly
suggested a more direct link between O-GlcNAcylation and UNC5A expression. Mechanistically,
we provide evidences that the O-GlcNAcylated form of EZH2 prevents the transcription of UNC5A
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in human colon cancer cells through aberrant O-GlcNAcylation and abnormal targeting of the PRC2
complex onto its promoter, thus linking nutrition to downregulation of UNC5A in CRC. However,
further work will be required to understand the molecular link between nutrition and epigenetic
regulation of the other members of the UNC5 family.

O-GlcNAcylation of EZH2 had already been described in several cell lines but the functions
of this post-translational modification are still uncleared. In fact, some studies conclude that
O-GlcNAcylation regulates EZH2 stability and methyltransferase activity [29–31,38] while others tempt
to demonstrate that it rather steers the PRC2 complex onto specific loci [32,33]. Here, we confirmed the
previously described O-GlcNAcylation of EZH2 in the colon cancer cell line HCT116. In our hands,
O-GlcNAcylation does not seem to affect either stability or catalytic activity of EZH2 but appears to
regulate the binding of EZH2 at specific loci including the UNC5A promoter in colon cancer cells.

UNC5 receptors belong to the family of the so-called “dependence receptors”. Such receptors
initiate two opposite signaling pathways. When ligand (Netrin-1 for UNC5) is available, these receptors
transduce a “positive signal” leading to cellular proliferation, differentiation, migration or survival.
In absence of their ligand, they are still active but rather induce a “negative signal” that triggers
caspase-dependent apoptosis [5]. Several studies have demonstrated that constitutive inhibition
of the death signal induced by these receptors contributes to cell transformation. Conversely,
their re-expression could represent a protective mechanism that limits tumor development through
apoptosis induction of tumor cells, thus defining the members of the UNC5 family as tumor suppressor
genes. For example, in mice, inactivation of UNC5C is associated with increased intestinal tumor
progression and decreased tumor cell apoptosis [8]. In human cancer cells, enforced expression of
UNC5A, UNC5B and UNC5C inhibits cell-anchorage growth and invasion in a way related to their
pro-apoptotic activity [7]. UNC5A, UNC5B and UNC5D are transcriptionally regulated by the tumor
suppressor p53 and are involved in the p53-dependent apoptosis in response to DNA damages induced
by conventional chemotherapeutic drugs like doxorubicin [39–42]. However, in an elegant paper,
Paradisi et al. demonstrated, in a variety of cancer cell lines, that doxorubicin, 5-fluorouracil, paclitaxel
and cisplatin treatments induced not only an increase of UNC5 receptors but also a concomitant
p53-dependent increase of Netrin-1 thus preventing the pro-apoptotic action of UNC5 receptors [43].
In the same study, the authors also showed that interfering with Netrin-1 expression by siRNA or
using two Netrin-1/Netrin-1 receptor inhibitors of interaction (TRAP-netrinDCC, TRAP-netrinUNC5A)
potentiates doxorubicin induced cell death. According to these results, they proposed Netrin-1
upregulation as a survival mechanism of cancer cells in response to these drugs. Netrin-1 interference
combined to conventional therapies has been then envisaged as a promising therapeutic approach
for tumors resistant to chemotherapy. Interestingly, we observed that the siRNA knockdown of OGT
led to increased UNC5A expression but had no effect on Netrin-1 mRNA levels (data not shown). So,
in the near future, it would be of great interest to go further into the mechanisms of transcriptional
regulation of UNC5A by the O-GlcNAcylated form of EZH2 in response to chemotherapy and one
could propose targeting with OGT/EZH2 interaction to enhance efficiency of chemotherapy in CRC.

4. Materials and Methods

4.1. AOM/DSS-Induced CRC Model

All the procedures were carried out according to the French guidelines for the care of experimental
animals and the experimental procedure was approved by the Animal Care Committee of the French
Research Ministry (Autor. APAFiS #1879-2018121918307521). Male C57BL/6JRj mice (n = 28; 8 weeks
old; Charles River Saint-Germain sur l’Arbresle) were maintained under controlled room temperature,
humidity and light (12/12 h light/dark cycle) with free access to food and tap water. Half of the mice
were subjected to a Normal Diet (ND; standard laboratory chow; 16.1% protein, 3.1% lipid, 60.4%
NFE (Nitrogen-Free Extract), 4.6% minerals and 3.9% fibers; A04; SAFE) and the other half to a High
Carbohydrate Diet (HCD; 13.5% protein, 3.2% lipid, 76.8% NFE, 3.6% minerals, 0.7% cellulose and 1.1%
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starch; U8960P version 0002; SAFE) (Figure 1A). Thirty-nine days after the beginning of the two diets,
we used the AOM/DSS method to induce inflammation-driven CRC [35]. Animals received a single
intraperitoneal injection of azoxymethane (AOM, 10 mg/kg, A5486 Sigma) and they began to receive
2.5% dextran sulfate sodium (DSS, 0216011080 MP Biomedicals) in drinking water for 3 consecutive
days followed by drinking water for 1 day. Mice were then submitted to three additional cycles of
DSS (4 days with 2.5% DSS for the first one and 5 days with 1.5% DSS for the two others) with a
resting period of 14 days between each cycle. Weight and blood glucose levels were monitored every
2 weeks during all the time course of the experiment. At the end of the experiment, tumor burden was
monitored via endoscopy and colons were collected and washed in Phosphate Buffered Saline (PBS).
Samples were kept at −80 ◦C for further RNA extraction. Part of the samples was also fixed in 10%
buffered formalin overnight for further immunohistochemistry (IHC) analysis.

4.2. Assessment of Tumorigenesis Using Colonoscopy

Tumor developments were assessed using a high-resolution Karl Storz colonoscope (1.9 mm
outer diameter; Tuttlingen, Germany) at the end of protocol (day 124). Mice were anesthetized using
isoflurane for the duration of the procedure and closely monitored. For tumors assessment we followed
the method described by Becker et al. [44]. Tumors observed from colonoscopy videos were counted,
measured and categorized into size: grade 1 (very small but detectable tumor), grade 2 (tumor covering
up to one eighth of the colonic circumference), grade 3 (tumor covering up to a quarter of the colonic
circumference), grade 4 (tumor covering up to half of the colonic circumference) and grade 5 (tumor
covering more than half of the colonic circumference).

4.3. Immunohistochemistry Staining and Quantification

After fixation, tissues were embedded in paraffin wax by automatic sample preparation system
(LOGOS One, Milestone). Serial histological sections of 4 μm thickness were cut, deparaffinized and
rehydrated. For antigen unmasking, sections were placed in 10 mM sodium citrate buffer pH 6.0 and
incubated in a heat induced antigen retrieval chamber for 20 min at 121 ◦C. After washing, sections
were blocked for 30 min with 5% BSA (Bovine Serum Albumin) in PBS. The following primary antibody
was then incubated overnight at 4 ◦C: anti-O-GlcNAc (RL2) (NB300-524, Novus Biologicals) used at a
concentration 1/1000. After washing, tissue sections were incubated 1 h at room temperature with the
specified secondary antibody bound to HRP (Horseradish Peroxidase): Anti-Mouse IgG—Horseradish
PeroxidaseLinked Species—Specific Whole Antibody (from sheep) (#NA931, GE Healthcare). Samples
were washed with PBS and the signal was subsequently revealed with DAB (Diaminobenzidine)
(#8059, Cell Signaling). Finally, tissue sections were counterstained with hematoxylin. Images were
acquired with a DM5500B microscope (Leica Microsystems, Nanterre, France) and mucosal layers
were photographed at a magnification of x20. The assessment of staining was performed using
ImageJ software and the IHC score = staining intensity score (low:1, medium:2 and high:3) × % of
surface staining.

4.4. Cell Culture

HCT116 cells purchased from ATCC were maintained in Mc Coy’s 5A (modified) medium with
Glutamax (Thermofischer Scientific) supplemented with 10% fetal calf serum and 1% ZellShieldTM

(Biovalley). Cells were cultured at 37 ◦C in water-saturated 5% CO2 atmosphere.

4.5. Inhibitors

The EZH2 inhibitor, GSK343 (Sigma-Aldrich), was dissolved in dimethyl sulfoxide (DMSO) at
10 mM as stock solution and used at a final concentration of 5 μM. The EZH2 destabilizing agent,
DZNEP (Sigma-Aldrich), was dissolved in DMSO at 10 mM as stock solution and used at a final
concentration of 5 μM. The OGA inhibitor, Thiamet G (TG, Sigma-Aldrich), was dissolved in PBS at
1 mM as stock solution and used at a final concentration of 1 μM. The OGT inhibitor, Ac5S-GlcNAc
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(Ac5S, kind gift of GW. Hart and D. Vocadlo), was dissolved either in methanol or DMSO depending
of their provenance at 50 mM as stock solution and used at a final concentration of 50 μM. Inhibitors
were added to the cell culture medium for 24 h or 48 h.

4.6. Plasmids and Transfection

The expression vectors for Myc-EZH2, HA-EED and HA-SUZ12 have been previously described (24).
Cells were seeded in 6 wells plates and transfected with 330 ng of each plasmid in 5 mL of complete
culture medium by the Lipofectamine (Lipo2000, Invitrogen) method (4μL). Cells were harvested 48 h
after transfection.

4.7. Small Interfering RNA

HCT116 cells were reverse-transfected with Lipofectamine RNAiMax (Invitrogen) according to
manufacturer’s instructions using 5 nM small interfering RNA targeting OGT (siGENOME human
OGT siRNA D-019111-01, Dharmacon), EZH2 (EZH2 siGENOME SMART Pool M-004218-03-0005,
Dharmacon) or a scrambled control sequence (siCTRL; siGENOME RISC free control siRNA, Dharmacon)
as previously described [19]. Seventy-two hours later, cells were harvested for RNA/protein extraction.

4.8. Quantitative RT-PCR

RNA was isolated using Nucleospin® RNA mini spin kit (Macherey-Nagel) according to the
manufacturer’s instructions. 1μg of total RNA was reverse transcribed using random primers and
MultiScribeTM reverse transcriptase (Applied Biosystems). Real-time PCR analysis was performed by
Power SYBR Green (Applied Biosystems) in a MX3005P fluorescence temperature cycler (Stratagene)
according to the manufacturer’s instructions. Results were normalized with respect to RPLP0 mRNA
used as internal control. The primers used for the RT-qPCR analyses are summarized in Supplementary
Table S1.

4.9. Total and Chromatin-Bound Proteins Extraction, Western Blotting and Antibodies

For total protein extraction, cells were lysed in RIPA (Radioimmunoprecipitation assay) buffer
(10 mM Tris [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS
and proteases inhibitors added at the time of preparation). For chromatin-bound proteins extraction,
subcellular fractionation was performed as described in Füzesi-Levi et al. [45]. Protein concentration
was determined using the Micro BCA (Bicinchoninic acid) Protein Assay Kit (Thermofisher Scientific).
Equal amounts of proteins were separated by SDS-PAGE and transferred onto nitrocellulose membranes
(GE Healthcare). After 1 h of blocking in PBSM (PBS with 5% milk), the membranes were incubated
overnight at 4 ◦C with specific primary antibodies in PBSTM (PBSM with 0.1% Tween) and washed
three times with PBSN (PBS with 0.1% NP-40). The membranes were next incubated for 1 h at room
temperature with secondary antibodies coupled to peroxydase (Amersham) in PBSM, washed three
times in PBSN and revealed by chemiluminescence.

Mouse monoclonal anti-O-GlcNAc (RL2) was purchased from Life technologies (MA1072). Rabbit
polyclonal anti-OGT (DM17) was purchased from Sigma-Aldrich (#O6264). Mouse monoclonal
anti-tubulin (sc-23948), mouse monoclonal anti-GAPDH (sc-32223), rabbit polyclonal anti-lamin
A/C (sc-20681), rabbit polyclonal anti-actin (sc-1616-R) and rabbit polyclonal anti-Myc (sc-789) were
purchased from Santa Cruz Biotechnology. Rabbit polyclonal anti-EZH2 (#5246) and rabbit polyclonal
anti-H3K27Me3 (#9733) were purchased from Cell signaling. Rabbit polyclonal anti-SUZ12 was
purchased from Abcam (ab12073). Mouse monoclonal anti-HA was purchased from Biolegend
(MMS-101P). Anti-mouse IgG-HRP was purchased from GE Healthcare (NA931V). Donkey anti-rabbit
IgG-HRP was purchased from Millipore (AP182P).
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4.10. Luciferase Promoter Activity Assays

The pGl3-UNC5A promoter construct has been kindly provided by A. Paradisi (P. Mehlen team,
Cancer research center of Lyon, Lyon, France). HCT116 cells, seeded in 12-wells plates, were transfected
with 200 ng of the UNC5A promoter activity reporter plasmid and 25 ng of β-galactosidase reporter
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. Thus, 48 h after
transfection, cells were lysed in Luciferase assay buffer (25 mM glycyl glycine [pH 7.8], 15 mM
MgSO4, 4 mM EGTA, 1% Triton X-100). Luciferase and β-galactosidase activities were measured
by using, respectively, beetle luciferine (Promega) and the Galacto-light kit (Tropix) with a Berthold
chemiluminometer. After normalization to the β-galactosidase activity, the data were expressed as the
fold-change UNC5A-luciferase activity relative to control, which was given an arbitrary value of 1.
A fraction of cell lysates was also subjecting to Western Blot (WB) analyses to ensure efficiency of cells
treatments with siRNA or inhibitors.

4.11. Enrichment of O-GlcNAc-Bearing Proteins with sWGA Immobilized on Agarose BEADS

Cells were lysed in RIPA buffer and protein concentration was determined. For each condition,
2 mg of proteins were incubated either with 50 μL of succinylated-Wheat Germ Agglutinin (sWGA)
agarose beads (Vector Laboratories) for 2 h at 4 ◦C or with sWGA beads beforehand incubated with
0.5 M free GlcNAc (to control the specificity of the reaction). sWGA-bound proteins were collected
and washed three times with washing buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 0.5 mM EDTA,
1% Triton X-100, 0.5% sodium deoxycholate, 0.2% SDS). Proteins were then eluted from the beads in 2X
Laemmli buffer (50 mM Tris-HCl pH6.5, 2.5% SDS, 5% 2-mercaptoethanol, 10% glycerol and a hint of
bromophenol blue) and resolved by SDS-PAGE.

4.12. Co-Immunoprecipitation

Twenty-four hours or 72 h respectively after Thiamet G treatment and siRNA transfection, cells
were rinsed with cold PBS and lysed with 1 mL of cold IPH (Immunoprecipitation homogeneization)
buffer (50 mM Tris pH8, 150 mM NaCl, 5 mM EDTA and 0.5% NP40) supplemented with proteases
inhibitors. Cells were put on ice for 15 min and scraped before being placed in rotation at 4 ◦C for
15 min. Cell lysates were briefly sonicated (22%—2 s). After a centrifugation at 14,000 rpm for 15 min
at 4 ◦C, the supernatant was collected and the protein amount was determined with the Micro BCA
Protein Assay Kit (Thermofisher Scientific). For each condition, 2 mg of proteins were then pre-cleared
with 15 μL of protein A/G sepharose beads (GE Healthcare) and placed in rotation at 4 ◦C at least 1 h.
Following this pre-clearing stage, cells lysates were incubated with 4μg of SUZ12 antibody (ab12073,
Abcam) or with 4 μg of Normal Rabbit IgG (#2729, Cell Signaling) on a rotator overnight at 4 ◦C.
Thereafter, 20 μL of protein A/G sepharose beads were added and placed in rotation 1 h at 4 ◦C.
After three washes with IPH buffer, bound proteins were eluted by boiling in 2X Laemmli buffer and
resolved by SDS-PAGE.

4.13. Cut&Run Experiments

Protein-DNA interactions were analyzed using the CUT&RUN (Cleavage Under Targets & Release
Using Nuclease) Assay Kit (#86652, Cell Signaling Technology) following the supplier’s instructions.
For each reaction, 250,000 cells were used. Positive (H3K4Me3) and negative (Rabbit mAb IgG) controls
were performed using the antibodies provided in the kit. The EZH2 (#5246, Cell Signaling Technology)
antibody was used at a dilution of 1/100. For DNA purification, the High Pure PCR Template
Preparation Kit (#11796828001, Roche) was used according to the manufacturer’s procedures except
for the elution which was done in 50 μL buffer. Finally, binding of EZH2 and presence of the activating
mark H3K4Me3 onto the UNC5A promoter was quantified by qPCR using the following primers:
UNC5A forward: CCCTGACACCGTGTACATTCA, UNC5A reverse: TCACCACCTTCTGGTTTGGG.
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5. Conclusions

In conclusion, we provided evidences that the nutritional sensor O-GlcNAcylation represents
one of the molecular relays between nutritional disorders and the epigenetic downregulation of key
tumor suppressor genes driving the progression of colorectal carcinogenesis including UNC5A. In the
near future, it will therefore be interesting to investigate whether strategies targeting O-GlcNAcylation
could represent a new therapeutic hope in the treatment of colorectal cancer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/11/3168/s1,
Figure S1: Blood glucose levels; Figure S2: LS174T cells were maintained in EMEM (Lonza) supplemented with
10% fetal calf serum and 1% ZellShieldTM (Biovalley). Cells were cultured at 37 ◦C in water-saturated 5% CO2
atmosphere. LS174T cells were transfected either with non-target siRNA control (siCTRL), OGT siRNA (siOGT),
EZH2 siRNA (siEZH2) or with a combination of both for 72 h. Cells were harvested either for total proteins or
RNA extraction; Table S1: RT-qPCR primers used in this study.
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Citation: Jóźwiak, P.; Ciesielski, P.;

Zakrzewski, P.K.; Kozal, K.; Oracz, J.;
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Simple Summary: O-GlcNAcylation is a dynamic post-translational modification of proteins in-
volved in the control of intracellular signaling pathways in response to changes in nutrient availability,
especially glucose concentration. To date, most research has focused on O-GlcNAcylation of proteins
by the nuclear-cytoplasmic isoform of O-GlcNAc transferase (ncOGT), while the role of mitochondrial
OGT (mOGT) and its effect on O-GlcNAcylation of mitochondrial proteins are poorly understood.
The aim of our study was to investigate the effect of mOGT on O-GlcNAcylation of mitochondrial
proteins, mitochondrial function, and energy metabolism of breast cancer cells. Herein, we used
two independent proteomics-based approaches to identify mOGT-interacting partners and proteins
modified by mOGT. Based on our findings, we propose that O-GlcNAcylation of proteins by mOGT
is a part of the mechanism by which glucose affects mitochondrial function and cellular bioenergetics.

Abstract: O-GlcNAcylation is a cell glucose sensor. The addition of O-GlcNAc moieties to target
protein is catalyzed by the O-Linked N-acetylglucosamine transferase (OGT). OGT is encoded by a
single gene that yields differentially spliced OGT isoforms. One of them is targeted to mitochondria
(mOGT). Although the impact of O-GlcNAcylation on cancer cells biology is well documented,
mOGT’s role remains poorly investigated. We performed studies using breast cancer cells with up-
regulated mOGT or its catalytic inactive mutant to identify proteins specifically modified by mOGT.
Proteomic approaches included isolation of mOGT protein partners and O-GlcNAcylated proteins
from mitochondria-enriched fraction followed by their analysis by mass spectrometry. Moreover,
we analyzed the impact of mOGT dysregulation on mitochondrial activity and cellular metabolism
using a variety of biochemical assays. We found that mitochondrial OGT expression is glucose-
dependent. Elevated mOGT expression affected the mitochondrial transmembrane potential and
increased intramitochondrial ROS generation. Moreover, mOGT up-regulation caused a decrease
in cellular ATP level. We identified many mitochondrial proteins as mOGT substrates. Most of
these proteins are localized in the mitochondrial matrix and the inner mitochondrial membrane and
participate in mitochondrial respiration, fatty acid metabolism, transport, translation, apoptosis, and
mtDNA processes. Our findings suggest that mOGT interacts with and modifies many mitochondrial
proteins, and its dysregulation affects cellular bioenergetics and mitochondria function.

Keywords: mOGT; O-GlcNAc; mitochondria; glucose; energy metabolism; breast cancer
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1. Introduction

Cancer cells undergo significant metabolic changes that allow rapid growth and pro-
liferation. The classic bioenergetic phenotype of cancer cells usually displays an enhanced
rate of glycolysis along with inhibition of oxidative phosphorylation even in the presence of
oxygen, a phenomenon known as “Warburg effect”. It is well-known that these metabolic
alterations are strongly dependent on glucose consumption and utilization [1,2].

Within the cell, glucose is mainly metabolized into pyruvate through glycolysis, but a
fraction of approximately 2–4% enters the hexosamine biosynthetic pathway (HBP). The
end product of the HBP is the nucleotide sugar uridine diphosphate N-acetylglucosamine
(UDP-GlcNAc), used for many reactions as a sugar donor, including β-O-linked
N-acetylglucosaminylation (O-GlcNAcylation) [3]. All O-GlcNAc-modified proteins are
phosphoproteins and sometimes O-GlcNAc and O-phosphate moieties compete for the
same or neighboring site [4]. The interplay between the two post-translational modifica-
tions can determine target protein function such as subcellular transport and localization,
complex formation, or enzyme activity; therefore, the reciprocal relationship between these
modifications plays a significant role in the regulation of multiple biological processes [5].
Dynamic O-GlcNAc cycling is regulated by two key enzymes: the O-linked β-N-acetyl-D-
glucosaminyltransferase (OGT) is responsible for the addition of a single GlcNAc residue
to proteins, whereas O-linked β-N-acetyl-D-glucosaminidase (OGA) catalyzes the removal
of the GlcNAc moiety [6,7]. In humans, there is only a single OGT gene located on chromo-
some Xq13.1, a region associated with Parkinson’s disease [8]. To date, three functional
isoforms of the OGT enzyme, arising possibly by alternative splicing or alternative promot-
ers, have been identified. The longest (~116 kDa, ncOGT) and the shortest (~78 kDa, sOGT)
isoforms are located in both the nucleus and the cytoplasm (Figure 1A). The third isoform
(~103 kDa) contains a mitochondrial targeting sequence (MTS) at its N-terminus and has
been referred to as mitochondrial OGT (mOGT) [9].

Over the last two decades, there has been solid evidence supporting a pivotal role
of O-GlcNAcylation in cancer cell biology. The results of many studies suggest that
increased expression of OGT and hyper-O-GlcNAcylation are the universal features of
cancers, including breast cancer [10,11]. Accumulating evidence suggests that OGT may
act as a nutrient sensor that links HBP to oncogenic signaling and regulation of factors
involved in glucose metabolism and cancer progression. O-GlcNAc signaling has been
proven essential for the onset, progression, and metastasis of breast cancer [12,13]. It has
been shown that decreased O-GlcNAcylation as a result of reduced expression of OGT by
siRNA causes profound changes in the proteome of MCF-7 breast cancer cells. The gel-free
quantitative proteomics coupled with LC–MS/MS analysis allows identifying proteins
affected by O-GlcNAc inhibition, which may have important roles in cancer metastasis.
Among proteins whose expression was affected by O-GlcNAc changes, proteins involved
in cellular metabolism, cellular localization, stress responses, and gene expression were
identified [14]. In spite of O-GlcNAc significance in breast cancer cells, the impact of
O-GlcNAc cycling enzymes on mitochondria function was not yet investigated. However,
there are several examples of roles of O-GlcNAc in other cancerous and non-cancerous
cell types. Elevated O-GlcNAcylation of respiratory chain complex I and III proteins is
associated with impaired mitochondrial function in cardiomyocytes under hyperglycemic
conditions [15]. Furthermore, O-GlcNAc cycling modulates activity and translocation
of the dynamin-related protein 1 (DRP1), whose activation is associated with the loss of
membrane potential and mitochondria fragmentation [16]. A recent study performed on
rat purified cardiac mitochondria revealed that among the 88 identified O-GlcNAcylated
mitochondrial candidate proteins, nearly half of them are components of the oxidative
phosphorylation system [17]. In addition, the identification of the pyrimidine nucleotide
carrier 1 (pnc1) as a UDP-GlcNAc transporter reinforces the view that mitochondria possess
the machinery for switching O-GlcNAc cycling on and off [18]. Until now, the studies
concerning the links between O-GlcNAcylation and cancer biology have been concentrated
on the ncOGT activity, whereas the reports related to the role of mOGT are very limited.
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Trapannone et al. [19] suggested that ncOGT was sufficient for O-GlcNAc moieties attach-
ment to mitochondrial proteins. However, the identification of some O-GlcNAcylated
proteins encoded by mitochondrial DNA (cytochrome oxidase 1; MTCO1; cytochrome oxi-
dase 2; COX2 and NADH:ubiquinone oxidoreductase core subunit 4; MT-ND4) raises the
possibility that the mOGT isoform is required for their modification. Depletion of mOGT
by siRNA allowed the identification of four putative mOGT’s protein substrates [15–17].
The vast majority of mitochondrial proteins are encoded by nuclear genes and transported
into mitochondria after synthesis in the cytosol. Therefore, part of proteins residing in
mitochondria could be O-GlcNAcylated by the ncOGT prior to translocation to mitochon-
dria. However, early reports clearly showed that some proteins, such as Nup62 and casein
kinase II, were glycosylated by both ncOGT and mOGT, while other ones, such as yes
kinase, were specifically modified by mOGT [20]. The substrate selectivity most likely
occurs due to the different number of tetratricopeptide repeats (TPR) in the N-terminal
region of OGT isoforms [21]. Therefore, mOGT may have different effects on mitochondria
function than ncOGT; as an example, mOGT, overexpressed in cancer cell lines, could
induce apoptosis probably as a pro-apoptotic partner. However, the impact of mOGT on
mitochondrial homeostasis and cellular physiology still remains substantially unknown.

Thus, in this study, in order to bring closer the significance of mOGT in cancer cells,
we identified mOGT protein substrates and investigated the effect of mOGT dysregulation
on mitochondrial activity of breast cancer cells.

2. Materials and Methods

2.1. Reagents and Antibodies

Chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) except when
specified. Cell culture reagents and materials were purchased from Invitrogen (Carlsbad,
CA, USA), Cytogen (Sinn, Germany), and Corning Inc. (Corning, NY, USA). The used
antibodies—mouse monoclonal anti-cytochrome C, mouse monoclonal anti-β-actin, and
mouse monoclonal anti-lamin A/C—were from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). The monoclonal mouse anti-O-GlcNAc (RL2) (ab2739), monoclonal mouse
anti-BrdU (IIB5) (ab8152), and polyclonal goat anti-mouse IgG H&L FITC (ab6785) anti-
bodies were from Abcam (Cambridge, UK). Rabbit polyclonal anti-O-GlcNAcase (OGA)
(SAB4200311) and rabbit polyclonal anti-O-GlcNAc transferase (OGT) (Ti-14) antibodies
were from Sigma-Aldrich (St. Louis, MO, USA). Rabbit monoclonal anti-OGT (G921A),
secondary mouse anti-rabbit (7074), and goat anti-mouse (7076) IgG-HRP antibodies were
purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA). Mouse monoclonal
anti-HaloTag antibodies were from Promega® (Madison, WI, USA).
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Figure 1. Glucose concentration alters the expression of OGT isoforms and O-GlcNAc levels in
mitochondria. (A) Schematic structure of OGT isoforms. (B) mOGT and ncOGT transcript levels were
determined using RT-qPCR, and the results were referenced to HPRT1 and GAPDH housekeeping
genes mRNA. The bars represent mean +/− SD from three independent experiments in duplicate.
(C) O-GlcNAc, OGT, and OGA levels in cytoplasmic (30 μg of proteins per line) and mitochondrial
(60 μg of proteins per line) fractions of breast cancer cells. For cytoplasmic extract, β-actin was used
as a loading control, whereas cytochrome C was used as a marker of mitochondria-enriched fraction.
* indicates significance; p < 0.05; ** p < 0.01; *** p < 0.001. Glc, glucose. (The original western blot
images are shown in the File S1).
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2.2. DNA Constructs

The full-length human mOGT gene reported in GenBankTM (accession number U77413)
was synthesized using GeneArt service (InvitrogenTM, Carlsbad, CA, USA). The ΔCD-
mOGT catalytically inactive mOGT mutant was generated using the sequence encoding
mOGT but without the last 93 amino acid region (Figure 2A).

The codon sequences were normalized by GeneOptimizerTM software (Thermo Fisher
Scientific, Waltham, MA, USA) in order to obtain a high yield of mRNAs and proteins
from synthetic genes. Each synthesized construct was flanked by SgfI and PmeI sites in
pMA vector and subcloned into the pFC27K HaloTag® CMV-neo Flexi® Vector (#G8431,
PromegaTM) following the manufacturer’s instructions and transformed into competent
JM109 cells (PromegaTM, Madison, WI, USA). These CMV-driven constructs produce fusion
proteins tagged by the HaloTag protein, which consists of a 33 kDa monomeric protein
not expressed in mammalian, plant, or E. coli cells. The empty vector that only encodes
HaloTag protein was generated by blunt ends ligation of purified product generated
after PCR amplification using designed primers and the PhysionTM (Thermo ScientificTM,
Waltham, MA, USA) High-Fidelity DNA Polymerase (Thermo ScientificTM). Plasmids were
isolated using Extract Me Plasmid Maxi Endotoxin-Free Kit (Blirt®, Gdańsk, Poland) and
validated by direct DNA sequencing.

2.3. Cell Culture and Treatment

MCF-7, MDA-MB-231, and Hs578t breast cancer cell lines were obtained from the
American Type Culture Collection (Manassas, VA, USA). Cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS).
All cell lines were grown in a humidified atmosphere containing 5% (v/v) CO2 at 37 ◦C. To
assess the impact of glucose on levels of O-GlcNAcylation as well as expression of proteins,
cells were grown for 72 h in medium containing 2, 5, or 25 mM glucose concentrations,
which in blood correspond to hypo-, normo-, and hyperglycemia conditions, respectively.
Transfections with vectors encoding mOGT, ΔCD-mOGT, or HaloTag protein alone were
performed using LipofectamineTM 2000 (InvitrogenTM, ThermoFisher Scientific, Grand
Island, NY, USA) transfection reagent. Cells were seeded on plates at 90% confluence and
then transfected for 24 or 48 h with 0.1 μg of plasmid and 0.2 μL Lipofectamine per well (96-
well plate) or 2 μg of pDNA and 4 μL of Lipofectamine per well (6-well plate) according to
the manufacturer’s instructions. For experiments dedicated to the identification of mOGT’s
protein substrates and binding partners by mass spectrometry, cells were co-transfected
with plasmids in combination with SilencerTM Pre-designed siRNA targeted ncOGT or with
SilencerTM Negative Control No.1 siRNAs (Cat. Nr. AM16704 and AM4611, respectively;
Ambion®, (Milwaukee, WI, USA). Initially, cells plated on 10 cm dishes at 70% confluence
were transfected for 72 h with 100 pmol siRNA in the presence of 10 μL Lipofectamine
RNAiMAX (InvitrogenTM, ThermoFisher Scientific, Grand Island, NY, USA) following
manufacturer’s specifications. After 24 h, cells were co-transfected with 10 μg of plasmid
using Lipofectamine 2000 transfection reagent. Cells were then incubated for 48 h. For all
experiments, cells were plated in triplicates.
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Figure 2. Up-regulated mOGT targets the mitochondria and modifies mitochondrial proteins in breast cancer cells. (A) The
scheme of mOGT-HaloTag fused protein, its catalytic inactive mutant with truncated CDII domain, and HaloTag used as a
control. (B) Expression of Halo-tagged proteins and O-GlcNAc level in mitochondria-enriched fractions 48 h after plasmid
transfection of cells growing in hypoglycemia. Nuclei-enriched fraction and cytoplasm extract were loaded to assess the
purity of mitochondria. VDAC, Lamin A/C, and β-actin were used as purity markers for mitochondria, nucleus, and
cytoplasm, respectively. (C) Expression of mOGT-HaloTag in mitochondria-enriched fraction derived from cells cultured in
hypo-, normo-, or hyperglycemia conditions. MTS, mitochondria-targeted sequence; TPR, tetratricopeptide repeats, CD,
catalytic domain; Glc, glucose. (The original western blot images are shown in the File S1).
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2.4. RT-PCR

RNA was isolated from the breast cancer cells using the total RNA isolation kit (A&A
Biotechnology, Gdynia, Poland) according to the manufacturer’s instructions. First-strand
cDNAs were obtained by the reverse transcription of 1 μg of total RNA using a High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA);
then, qPCR was performed using HOT FIREPol®EvaGreen® qPCR Mix Plus (Solis Bio-
Dyne, Tartu, Estonia) according to the manufacturer’s instructions. The following sets of
primers were employed to measure the expression levels of mOGT and ncOGT and the
internal controls HPRT1 or GAPDH by qPCR: mOGT, 5’-tggctggtcagagaaggaataa-3’, and 3’-
gacgttggatcggttacgag-5’; ncOGT, 5’-gcaacctagccaatgctctc-3’, and 3’-cagaagggtctcaaacgacg-5;
HPRT1 5’-ccctggcgtcgtgattagtg-3’ and 3’-cctgacttgcagaacgagct-5’; GAPDH 5’-
cctgcaccaccaactgctta-3’ and 3’-aggtcttgtagtagggacgg-5’. Detailed information concern-
ing the primers is presented in File S2 Supplementary Methods. The reactions were
performed in triplicate using Eppendorf RealPlex thermal cycler (Enfield, CT, USA). PCR
products were confirmed by melting curves analysis and were tested by electrophoresis
with ethydium bromide staining. The abundance of studied genes mRNA in samples
was quantified by the ΔC method. Ct (Ctgene–CtGAPDH); values were recalculated into
relative copy number values (number of copies of gene of interest mRNA per 1000 copies
of reference gene mRNA).

2.5. Isolation of Mitochondrial, Nucleus, and Cytosol Fractions

Mitochondria were purified from cells using Mitochondria Isolation Kit for Cultured
Cells (Thermo Scientific) according to manufacturer’s instructions, with minor modifica-
tions. Unless specified otherwise, all steps were carried out at 4 ◦C. A total of 2 × 107 cells
were briefly suspended in Mitochondria Isolation Reagent A and incubated for 2 min on ice.
Cells were transferred into a Glass-Teflon homogenizer and disrupted by ~25–30 strokes.
The lysis efficiency was determined by visual estimation using a microscope. Subsequently,
Mitochondria Isolation Reagent C was added, and then lysed cells were centrifuged at
700× g for 10 min to remove cell debris and remaining nuclei. For SDS-PAGE, pellets
containing nuclei were purified three times by suspension in Reagent C followed by cen-
trifugation at 700× g for 10 min. The lacking nuclei supernatants were also spun again at
700× g for 10 min to remove the remaining nuclei. Then, supernatants were transferred
into new vials and spun at 3000× g for 15 min. The pellets containing mitochondria were
resuspended in Mitochondria Isolation Reagent C and centrifuged at 12,000× g for 10 min.
Mitochondria-enriched pellets were collected and used for subsequent experiments. Cy-
tosol fractions were purified by twice centrifugation at 12000× g for 10 min of supernatants
collected following mitochondria sedimentation.

2.6. Western Blotting

Proteins were resolved by SDS-PAGE and electroblotted onto Immobilon-P transfer
membranes. The blots were incubated with primary antibodies for 2 h at room temperature.
After washing three times with Tris-buffered saline (TBS), the blots were incubated for 1 h
with horseradish peroxidase-coupled secondary antibodies. Proteins were visualized on
X-ray films or by using a CCD camera by an enhanced chemiluminescence method using
SuperSignalTM West Pico PLUS Chemiluminescent Substrate (Thermo ScientificTM). For
loading control, the blots were re-probed with anti-β-actin, anti-cytochrome C, anti-VDAC1,
anti-VDAC3, or anti-lamin A/C antibodies following a stripping protocol.

2.7. Determination of Mitochondrial ROS Production

Mitochondrial ROS production was evaluated using MitoSOX assay. Cells were
seeded onto 12-well plates and incubated overnight. Cells were treated for 24 or 48 h
with plasmid DNA followed by staining with MitoSOX Red mitochondrial superoxide
indicator (Molecular Probes, Eugene, OR, USA). After washing of the cells, the specific
localization of the dye was confirmed using a fluorescence microscope (Olympus IX70,
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Melville, NY, USA)) and then the fluorescence intensity of the cells was assessed by flow
cytometry (excitation wavelength: 510 nm; emission wavelength: 580 nm; cytometer Becton
DickinsonLSR®, (Bergen, NJ, USA).

2.8. ATP Level Measurement

ATP level was determined by using a Luminescent ATP Detection Assay Kit (ID:
ab113849; Abcam®, Cambridge, UK) per the manufacturer’s instruction. Briefly, cells
were seeded in a 96-well plate (μClear®, white, flat bottom; Greiner Bio-One GmbH,
Frickenhausen, Germany) one day prior to the treatment. Cells growing in media with
different glucose concentrations (low, medium, and high) were transfected with plasmid
DNA for 24 or 48 h, and then ATP level was measured. Cell lysates were treated with ATP
detection reagent for 10 min at room temperature. The luminescent signal was quantified by
a plate reader (SpectraMax® PARADIGM® Multimode Microplate Plate Reader; Molecular
Devices, CA, USA). Cellular ATP levels were calculated from a standard curve (μM).

2.9. Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential was assessed in cells cultured in 96-well plate
(μClear®, black, flat bottom; Greiner Bio-One GmbH, Frickenhausen, Germany). Cells
were stained with cell-permeable potentiometric fluorescent dye JC-1 (5,5’,6,6’-tetrachloro-
1,1’,3,3’-tetraethylbenzimidazolycarbocyanine iodide) as described previously [22]. Cells
were labeled with JC-1 at a concentration of 2 μM and incubated at 37 ◦C for 30 min before
being washed once with pre-warmed (37 ◦C) PBS. For the positive control, cells were
incubated with 50 μM final concentration of CCCP before staining. The fluorescence was
measured on a Bio-Tek Synergy HT Microplate Reader (Bio-Tek Instruments, Winooski,
VT, USA), with filter pairs of 485 nm/538 nm and 530 nm/590 nm. Results were shown as
a ratio of fluorescence, measured at 530 nm/590 nm to that measured at 485 nm/538 nm
(aggregates to monomer fluorescence).

2.10. Cell Imaging

For experiments with RNA interference, cells were plated at a density of
1.5 × 104 cells/well for 24 h and then treated with siRNA duplexes for 72 h, as described
in the cell culture and treatment section. Following transfection, cells were fixed in 4%
(m/v) paraformaldehyde, washed in PBS, quenched in 100 mM glycine, washed in PBS,
and permeabilized in PBS containing 0.5% (v/v) Triton X-100 for 20 min. Then, cells were
blocked in blocking buffer (2% (v/v) Fetal Calf Serum (FCS)-2% (m/v) Bovine Serum Albu-
min (BSA)-0.2% (m/v) gelatin) for 1 h at room temperature. Cells were immunostained for
OGT (Ti-14, Sigma-Aldrich) at a 1:100 dilution in blocking solution overnight at 4 ◦C. After
washing in PBS, cells were incubated with the Alexa Fluor 647-conjugated goat anti-rabbit
IgG antibodies (1:600; Invitrogen) for 1 h at room temperature. Cells were then washed
with PBS and counterstained with DAPI (50 μg/mL, Molecular Probes) to visualize nuclei.
Immunolabeled cells were imaged at 25 ◦C at a magnification of 63× by using a Leica TCS
SP8 system.

2.11. Enrichment of Mitochondrial O-GlcNAcylated Proteins and Isolation of mOGT-Interacting
Protein Partners by Immobilization of HaloTag® Fusion Proteins

Immunoprecipitation was performed using RL2 antibody on mitochondria-enriched
fractions from cells co-transfected with plasmids (empty backbone; ΔCD-mOGT-HaloTag;
mOGT-HaloTag) and ncOGT siRNA. Immunoprecipitates were carried out using Pierce®

Crosslink Immunoprecipitation Kit (Thermo Scientific, Rockford, IL, USA) according to
the manufacturer’s instruction. Mitochondria-enriched samples were incubated for 30 min
in a lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% (v/v) NP-40, 0.5% (m/v) sodium
deoxycholate, 0.1% (m/v) SDS, pH 7.4, supplemented with HaltTM protease Inhibitor
Cocktail (Thermo Scientific, Rockford, IL, USA) on ice. The lysates were mixed at a volume
ratio 1:9 with Pierce® IP Lysis buffer (25 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1%
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(v/v) NP-40, 5% (v/v) glycerol, pH 7.4, supplemented with HaltTM Protease Inhibitor
Cocktail (Thermo Scientific, Rockford, IL, USA) and then centrifuged at 13,000× g for
10 min. Supernatants (0.5–0.7 mg of protein) were pre-cleared using control agarose resin.
Immunoprecipitation experiments were carried out by incubating pre-cleared lysates with
antibody-crosslinked resin at 4 ◦C with gentle rolling overnight. After four washes, the
beads were incubated with Laemmli sample buffer containing 5% (v/v) 2-mercaptoethanol
and heated at 95 ◦C for 5 min.

Isolation of protein partners interacting with mOGT-HaloTag, ΔCD-mOGT-HaloTag
fusion proteins, or HaloTag protein only were done by pull-down assay using HaloLinkTM

Resin (PromegaTM, Madison, WI, USA) according to manufacturer’s instructions. For this
method, HaloTag binding ligand was covalently attached to the surface of Sepharose beads
via a carbamide linkage. Covalent binding of HaloTag® fusion proteins to the HaloLinkTM

Resin allows extensive washing of the bait-prey complexes without the risk of dissociation
from the resin. About 500 μg of proteins derived from mitochondria-enriched lysates of
cells transfected with plasmid DNA was added to 150 μL equilibrated HaloLinkTMResin
resuspended in binding buffer (100 mM Tris-HCl, 150 mM NaCl, 0.05 % (v/v) IGEPAL®

CA-630, pH 7.6) and then incubated by mixing overnight on a tube rotator at 4◦C. The
precipitates were washed four times with 1 mL of buffer containing 100 mM Tris-HCl,
−150 mM NaCl, 1 mg/mL BSA 0.5%, IGEPAL® CA-630 pH 7.6) followed by centrifugation
at 800× g for 2 min. Finally, proteins were eluted by heating at 95 ◦C with a Laemmli
sample loading buffer (2×).

2.12. Identification of mOGT’s Protein Partners and Protein Substrates by Mass Spectrometry
2.12.1. Chemicals

Pierce® LTQ ESI positive ion calibration solution and Pierce™C18 tips were purchased
from Thermo Fisher Scientific (Rockford, IL, USA). LC–MS-grade acetonitrile, HPLC-grade
formic acid and trifluoroacetic acid, MS Qual/Quant QC Mix, were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Water was purified by a Milli-Q water purification system
(Millipore Corp., Bedford, MA, USA).

2.12.2. Sample Preparation Prior to LC–MS/MS

The eluted proteins were resolved by SDS-PAGE, and gels were stained using brilliant
blue staining. Each lane was cut into small slices and placed into 0.65 mL siliconized
tubes. The slices were washed thrice in ~100 μL of 25 mM NH4HCO3/50% (v/v) ACN
by vortexing for 10 min followed by complete drying of the gel pieces using a Speed
Vac centrifuge (Eppendorf). The dried gels were incubated with 10 mM DTT in 25 mM
NH4HCO3 at 56 ◦C for 1 h. Supernatants were removed, and the gel pieces were covered
by 55 mM iodoacetamide in 25 mM NH4HCO3 and were placed in the dark for 45 min
at room temperature. After this step, gels were washed by vortexing for 10 min with
~100 μL NH4HCO3, then shaken twice with ~100 μL of 25 mM NH4NCO3 in 50% (v/v)
ACN for 5 min. Dehydrated gels were centrifuged to complete dryness using a Speed Vac
centrifuge (Eppendorf). Next, the gel pieces were rehydrated at 4 ◦C with 25 μL of Trypsin
Gold (Promega, Madison, WI, USA) solution (12.5 ng/μL trypsin in 25 mM NH4CO3,
freshly diluted). As needed, a solution of 25 mM NH4HCO3 was added to cover the slices.
Digestion was performed overnight at 37 ◦C. The digest solution was transferred into a
clean 0.5 mL siliconized tube. The gel pieces were mixed twice with 50 μL of 50% (v/v)
ACN/5% (v/v) formic acid. The digests were dried using a Speed Vac centrifuge, then
re-suspended in 0.1% (v/v) trifluoroacetic acid (TFA) in water and purified by the Pierce™
C18 tips according to the manual instructions. Briefly, C18 tips were activated with 100 μL
acetonitrile (e.g., 8–10 up–down cycles when attached to a 10 μL pipette) and stabilized by
50% (v/v) acetonitrile and 0.1% (v/v) TFA in water. Next, 10 μL of sample was loaded into
the Pierce™ C18 tip (with 10 up–down cycles of the pipette). Then, the trapped peptide
sample was washed with 100 μL 0.1% (v/v) TFA. Finally, the sample was eluted from the
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Pierce™ C18 tip using 20 μL of 0.1% (v/v) formic acid in a 95% (v/v) acetonitrile into a vial
for LC–MS/MS analysis.

2.12.3. LC–MS/MS Analysis

LC–MS/MS analysis was performed using a Transcend™ TLX-2 multiplexed LC sys-
tem equipped with Q-Exactive Orbitrap mass spectrometer (Thermo Scientific, Hudson,
New Hampshire, USA) using a heated electrospray ionization (ESI) interface (HESI–II)
according to the method described by Kockmann et al. [23], Geiger et al. [24], and Vel-
loso et al. [25], with some modifications. Samples were separated using an aC18 Acclaim
PepMapTM 100 column (1.0 × 150 mm, 3 μm particle size, nanoViper, Thermo Fisher
Scientific, PA, USA) thermostated at 25 ◦C. The mobile phases were eluent A, FA/water
(0.1/99.9, v/v) and eluent B, FA/acetonitrile (0.1/99.9, v/v). The flow rate was 75 μL/min,
and the gradient was as follows: 0–0.25 min, 2% B; 0.25–54 min, 2–35% B; 54–75 min,
35–2% B; 2% B was maintained for another 15 min for column re-equilibration. The sample
injection volume was 10 μL. The Q-Exactive Orbitrap mass spectrometer was operated in a
positive ionization mode with full MS and a subsequent all-ion fragmentation (AIF) mode.
The accuracy and mass calibration were done according to the manufacturer’s recommen-
dations using a mixture of standards in the mass range of m/z 138.06619–1779.96528. The
capillary temperature was adjusted to 250 ◦C and aux gas heater temperature to 100 ◦C.
The electrospray capillary voltage and S-lens radio frequency (RF) level were set at 2.5 kV
and 50 V, respectively. Nitrogen was used as both sheath gas and auxiliary gas at a flow
of 5 and 1 (arbitrary units), respectively. The acquisition method consisted of two scan
events, full MS-SIM and AIF. The full MS-SIM scan spectra were acquired over an m/z
range of 350–2000, with the mass resolution of 17,000 full-width at half maximum (FWHM)
at m/z = 200. Automatic gain control (AGC) target (the number of ions to fill C-Trap) was
set at 3.0e6 with a maximum injection time (IT) of 50 ms. The second scan event was
collision-induced dissociation C-trap (CID) with normalized collision energy (NCE) of
25 V, acquired over an m/z range of 350–2000. In the AIF scan, the mass resolution was
70,000 FWHM at 100 m/z with AGC target at 2 × 105 maximum IT 100 ms. Instrument
control, data acquisition, and evaluation were done with the Q-Exactive Tune 2.1, Aria 1.3.6,
and Thermo Xcalibur 2.2 software, respectively.

2.12.4. Analysis of Proteomic Data

Raw MS/MS data were analyzed using Proteome Discoverer 2.4.0.305 (Thermo Fisher
Scientific). MS/MS spectra were searched against a human FASTA-formatted database
(SwissProt, v2017–10-25 with taxonomy Homo sapiens, 42,252 sequences) using the SE-
QUEST HT algorithm. All database search was performed using a precursor mass tolerance
of ±20 ppm and a fragment ion mass tolerance of ±0.6 Da. Enzyme specificity was selected
to trypsin. Minimal peptide length was set to six amino acids with a maximum missed
cleavages value of 2. Database searches were performed with carbamidomethylation on
cysteine as static modification and oxidation on methionine and acetylation of protein
N-terminal as possible modifications. For peptide and protein identification, the false
discovery rate (FDR) with a target-decoy strategy was set to 0.01.

2.12.5. Statistical Analysis

Data presented are the mean ± standard error of the mean (SEM). Statistical evaluation
was performed using STATISTICA data analysis software (ver. 13; StatSoft Inc., Tulsa, OK,
USA). The Student’s paired t-test was used to compare the differences between treated and
untreated cells. A p-value of <0.05 was considered significant.
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3. Results

3.1. OGT Expression and O-GlcNAc Level Are Glucose-Dependent in Mitochondria of Breast
Cancer Cells

Previous observations indicate that global cellular O-GlcNAc level and expression of
enzymes associated with this process are strongly regulated by glucose availability [15,26,27].
Since the recent data concerning the role of ncOGT and mOGT in mitochondrial protein
O-GlcNAcylation are ambiguous, we first verified the expression of both splice variants in
breast cancer cells cultured in different glucose conditions. To separately detect sequences
encoding mOGT or ncOGT, we designed specific sets of primers. Using a RT-qPCR method,
along with standardization against two housekeeping genes, we observed that the level of
mRNA encoding both mOGT and ncOGT in breast cancer cells were significantly decreased
in high glucose concentration (Figure 1B). The strongest impact of glucose concentration
on OGT gene expression level was monitored for Hs578t cells. Each cell lines expressed
mOGT mRNA at levels approximately 5–10 fold lower compared to those encoding ncOGT.
However, mRNA levels encoding both isoforms seem to be affected in the same way by
glucose content.

Mitochondrial localization of mOGT was previously detected by Love et al. [28] in
HeLa cells by using Western blot, although no data supports this observation in other
human cell lines [19]. Since glucose impacts on OGT mRNA levels, we assessed mOGT and
ncOGT expression at the protein level in mitochondria-enriched fraction and cytoplasmic
fraction of cells grown for 72 h in low (2 mM) and high (25 mM) glucose concentrations
(Figure 1C). As reported earlier [16,28], we detected a ~103 kDa immunoreactive band in
the mitochondria fraction, whereas a ~117 kDa band corresponding to ncOGT was only
observed in the cytosolic fraction (Figure 1C). The expression of the ~103 kDa isoform
was inversely correlated to glucose concentration; on the other hand, the cytosolic ncOGT
expression seems to be only slightly down-regulated by high glucose in MCF-7 and MDA-
MB-231 cells, with no difference observed in Hs578t cells. Interestingly, in opposition
to the glucose-dependent decrease in mOGT expression, the level of O-GlcNAcylated
mitochondrial proteins was higher in the high glucose condition when compared to the
low glucose concentration. We then monitored the OGA expression in the two fractions,
the localization of this enzyme in mitochondria having been recently confirmed [18]. Even
though we detected OGA both in mitochondrial and cytoplasmic fractions, the level
of this enzyme was unchanged under the different glucose conditions. Together, these
observations suggest that glucose availability regulates OGT level in mitochondria, likely
by control of gene expression. The increased O-GlcNAc level in mitochondria despite
the decreased level of OGT may be due to changes in OGA and OGT catalytic activity or
increased UDP-GlcNAc level.

3.2. mOGT Up-Regulation in Breast Cancer Cells Increases Mitochondrial O-GlcNAc Level

To better understand the role of mOGT in the regulation of mitochondria activity and
bioenergetics and to identify mOGT protein partners in breast cancer cells, we designed
plasmids that encode full-length mOGT and a mOGT mutant lacking the second catalytic
domain (CDII). These constructs were cloned into commercial vectors that enable their
expression in breast cancer cells as fusion proteins with HaloTag located at the C-terminus
(mOGT-HaloTag and ΔCD-mOGT-HaloTag; for the full-length and the catalytic dead
isoforms, respectively). Initially, we tried to generate stable cell lines by exerting a selective
pressure with G418. However, similarly to another group [29], we could not generate stable
cell lines overexpressing active mOGT, this was probably due to mOGT cytotoxic effect.
Therefore, our study was conducted using transient expression of mOGT-HaloTag or ΔCD-
mOGT-HaloTag proteins versus only HaloTag protein as a control (Figure 2A). As shown in
the Figure 2B, mOGT-HaloTag, ΔCD-mOGT-HaloTag proteins, and HaloTag alone were
targeted to the mitochondria-enriched fraction. As expected, in cells transfected with
pmOGT-HaloTag, the level of O-GlcNAcylated proteins in mitochondria was increased
in contrast with cells transfected with p-ΔCD-mOGT-HaloTag, confirming the catalytic
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activity of mOGT-HaloTag in mitochondria. The results of densitometric analysis are
shown in Figure S1. While levels of endogenous mOGT were dependent upon glucose
concentrations (Figure 1C), the expression of mOGT-HaloTag in mitochondria-enriched
fractions is independent of glucose availability (Figure 2C). Therefore, these findings
suggest that mOGT expression in mitochondria is more likely dependent upon gene
expression rather than proteostasis.

3.3. Increased mOGT Expression Affects Mitochondrial Homeostasis and Cellular Energy
Metabolism

According to published data, the increase in O-GlcNAcylation of mitochondrial pro-
teins contributes to impaired mitochondrial function. More precisely, O-GlcNAcylation
regulates oxidative phosphorylation at multiple sites of the respiratory chain contributing
to alterations of the mitochondrial membrane potential and ATP production rates [15–17].
To find out whether mOGT expression and its catalytic activity influence the mitochondrial
metabolic state of breast cancer cells, the OGT expression in cells grown in normal glucose
conditions was up-regulated by transfection with plasmids encoding either mOGT or
catalytic dead version versus the vector only encoding HaloTag as a control. Firstly, we
determined the impact of increased-mOGT expression on the mitochondrial membrane
potential (ΔΨm), which is considered an index of mitochondrial condition. The transmem-
brane potential was assessed by staining cells with JC-1, a potentiometric fluorescent dye
that accumulates in energized mitochondria. To confirm the sensitivity of the JC-1 dye
to the detection of changes in membrane potential, the CCCP control was used. Cells
transfected with pmOGT-HaloTag showed a significant increase in mean JC-1 fluorescent
shift ratio (in a range from 24% for MCF-7 to 8% for Hs578t cells) compared with the control
(pHaloTag transfected) cells (Figure 3A). The mitochondrial membrane potential is the
main bioenergetic parameter that controls respiratory rate. Respiration of mitochondria
is regulated by both the membrane potential as well as by ATP, which directly inhibits
cytochrome C oxidase in a ΔΨm-independent way. To determine whether changes in
the respiration rate were associated with mitochondrial ROS production, we stained the
cells transfected with DNA vectors with the red fluorescent cell-permeable superoxide
indicator MitoSOX. We observed that in all cell lines, the increase in the full-length or
catalytically inactive mOGT expression led to a significant increase in mitochondrial super-
oxide levels (Figure 3B). In cells up-regulating mOGT, the marked increase in ROS levels
was accompanied by an increase in mitochondrial membrane potential. The increase in
mitochondrial membrane potential and the generation of intramitochondrial ROS are the
common features of the early stage of apoptosis [30].

In order to determine the influence of mOGT on the energy state of breast cancer cells,
we assayed the intracellular levels of ATP in cells transfected with pmOGT-HaloTag or pCD-
mOGT-HaloTag versus pHaloTag and grown under different glucose concentrations. For the
three breast cancer cell lines, expression of either mOGT-HaloTag or pCDmOGT-HaloTag
caused a decrease in intracellular ATP levels in comparison to pHaloTag treated cells
(Figure 3C). The most significant differences in ATP levels were observed for MDA-MB-231
cells. A decrease in ATP levels in cells was observed independently of the concentration
of glucose.

Together, these observations suggest that the up-regulation of mOGT limits the mito-
chondrial ATP production and increases the generation of reactive oxygen species, which
are probably responsible for the toxic effects of mOGT.

90



Cancers 2021, 13, 2956

Figure 3. Elevated mOGT level impairs mitochondria homeostasis and ATP production. (A) Determination of mitochondrial
transmembrane potential 24 or 48 h after transient transfection of cells with plasmid DNA. The 590/525 nm fluorescence
intensity ratio of JC-1 dye is presented as a mean +/− SD. (B) Mitochondrial ROS level in transfected cells assessed
by using MitoSOX Red mitochondrial superoxide indicator. The bars are shown as a median +/− SD of fluorescence
intensity of cells determined by flow cytometry. (C) Intracellular ATP contents in cells treated for 48 h with pHaloTag
(control), pΔCDmOGT-HaloTag, or pmOGT-HaloTag were determined using a Luminescent ATP Detection Assay Kit. (Data
represent the average of at least 3 independent experiments performed in tetraplicate. * indicates significance p < 0.05;
** p < 0.01; *** p < 0.001. CCCP is a chemical agent which allows for complete dissipation of the proton gradient across the
mitochondrial inner membrane.
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3.4. mOGT Interacts and O-GlcNAcylates Multiple Sets of Mitochondrial Proteins

According to our results, mOGT has its own catalytic activity and is able to O-
GlcNAcylate a myriad of mitochondrial proteins. To identify proteins interacting with the
mOGT, we employed a HaloLink® Resin to co-purify the mOGT-HaloTag fusion protein
with its mitochondrial interacting partners (HaloTag alone was used as negative control;
see Methods). Transient transfections and pull-down efficiency were verified by West-
ern blotting (Figure 4A,B). The enriched proteins were identified by nano-LC–MS/MS
as described in the Methods. The candidate proteins interacting with mOGT were se-
lected by a comparative analysis of the mOGT-HaloTag versus HaloTag protein partners.
We identified many candidates interacting specifically with mOGT in breast cancer cells
(Tables S1 and S6). Some of them were identified only in one cancer cell type, but 46 pro-
teins were found in at least two of the three analyzed cell lines (Figure 5A,a). In the second
approach, we intended to find out which mitochondrial proteins are O-GlcNAcylated by
mOGT. Since O-GlcNAcylation of mitochondrial proteins can involve both mOGT and
ncOGT, we used the RNA interference method to specifically knock-down ncOGT and
increase the expression of mOGT by transient transfection. The sincOGT duplexes matched
to the ncOGT mRNA sequence encoded by exon 2 of OGT gene; therefore, they specifically
silenced only the long OGT isoform. In addition, the sequence of the mOGT-expressing
vector was resistant to RNA interference. The efficiency of siRNA duplexes was checked
by staining cells with anti-OGT antibodies and by visualization of the cells by confocal
microscopy (Figure 4C). The efficiency of siRNA and pmOGT-HaloTag co-transfection on
OGT and O-GlcNAcylation levels in the nuclear, mitochondrial, and cytoplasmic fractions
of the three breast cancer cell lines was verified by Western blot (Figure 4A). Of particular
interest, we noted that ncOGT silencing had no significant impact on OGT expression and
O-GlcNAcylation levels in the mitochondrial fraction. On the other hand, as expected,
a marked decrease in OGT expression and O-GlcNAcylation level was observed in the
cytoplasmic and nuclear fractions. These observations suggest that ncOGT does not play a
major role in O-GlcNAcylation of mitochondrial proteins in breast cancer cells.

Isolation of O-GlcNAcylated proteins from the mitochondrial-enriched fractions of
cells previously transfected with sincOGT/pΔCD-mOGT-HaloTag, sincOGT/pmOGT-
HaloTag or sincOGT/pHaloTag as a negative control was performed using the well charac-
terized anti-O-GlcNAc antibody RL2 and the Pierce® Crosslink Immunoprecipitation Kit.
Isolated proteins from O-GlcNAc-enriched probes were identified by nano-LC–MS/MS
(see Methods). A previous study regarding the structure of human OGT in complex with
a peptide substrate reported that the UDP moiety of UDP-GlcNAc binds in a pocket in
the C-Cat domain (CDII) near the interface with the N-cat domain (CDI) containing two
helices, which form an essential part of the enzyme active site [31]. In our study, the cells
transfected with pΔCD-mOGT-HaloTag had slightly lower levels of O-GlcNAc modified
proteins in mitochondria than the cells expressing HaloTag. We assume that this obser-
vation is associated with competition for binding to protein substrates between catalytic
inactive ΔCD-mOGT-HaloTag and endogenous mOGT. Therefore, the mOGT-mediated
O-GlcNAcylation of protein candidates was selected by a comparative analysis between
samples that were co-transfected with sincOGT/pmOGT-HaloTag to those co-transfected
with sincOGT/pΔCD-mOGT-HaloTag.
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Figure 4. Isolation of mOGT candidate interacting proteins and modified substrates by proteomics approaches. (A) Repre-
sentative Western blots present the effect of ncOGT knock-down and mOGT over-expression on the OGT and O-GlcNAc
modified protein levels in nuclei- and mitochondria-enriched fractions and cytoplasm extracts from breast cancer cells.
Blots were re-probed with Lamin A/C, VDAC3, and β-actin antibodies to verify the purity of isolated fractions. The
mitochondrial lysates present herein were used for isolation of mOGT interactors or proteins modified by mOGT. (B) The
confocal images of paraformaldehyde-fixed cells immunolabelled for OGT (red) counterstained with DAPI (blue) showing
efficiency of ncOGT RNA interference. (C) mOGT-interacting proteins isolated from mitochondria-enriched lysates by using
HaloLink Resin were probed with HaloTag and O-GlcNAc antibodies. (The original western blot images are shown in the
File S1).
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Figure 5. Proteomic analysis of isolated mOGT interactors and O-GlcNAc-modified candidates from mitochondria-enriched
lysates of three analyzed cell lines. (A) Venn diagrams showing a, the total number of identified mOGT mitochondrial
interactors; b, the total number of identified mOGT modified mitochondrial candidates; c, the total number of all identified
mOGT protein partners and substrates; d, the interactors and O-GlcNAcylated candidates common with mitochondrial
proteins according to MitoCart 3.0 datasets (Broad Institute). (B) The graph presents submitochondrial localization of
identified interactors and O-GlcNAc modified candidates according to MitoCart 3.0 datasets. (C) The graph presents
identified mitochondrial mOGT candidate proteins distributed into biological functional classes. MOM, mitochondrial
outer membrane; IMS, intermembrane space; MIM, mitochondria inner membrane.

In the second step, all proteins identified in mitochondria of cells expressing only
HaloTag were excluded. In this way, we identified a set of 33 O-GlcNAcylated candidates
potentially modified by mOGT in at least two of the three tested cell lines (Figure 5A,b;
Table S2). Moreover, some of these O-GlcNAcylated proteins were also identified as inter-
acting partners of mOGT by using HaloLink Resin (Figure 5a,c; Table S3). We compared the
identified in our study mOGT interactors and substrates with known mitochondrial pro-
teins according to MitoCart 3.0 datasets (Broad Institute). We found out that 23% (266/1136)
of mitochondrial proteins are potentially O-GlcNAcylated (Figure 5A,d) and over 35% of
them may be interactors with mOGT. Most of these O-GlcNAcylated protein candidates
are localized in the mitochondrial matrix and inner mitochondrial membrane (Figure 5B)
and participate in mitochondrial transport, mitochondrial respiration, translation, fatty
acid metabolism, apoptosis, and mtDNA processes (Figure 5C), making mOGT-managed
mitochondrial O-GlcNAcylation a pivotal process affecting mitochondrial homeostasis.
To narrow the list of mOGT interactors and substrates, we prepared a list of 107 proteins
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that fulfilled the following criteria: (1) were present in at least two of three cell lines,
(2) were identified as mOGT interactors, and (3) were identified as O-GlcNAcylated pro-
teins (Table S4). Of these 107 proteins, 53 were earlier identified as O-GlcNAc modified
according to the Human O-GlcNAc database [32].

3.5. mOGT May Modify Some Nuclear Proteins

The study by Love and collaborators [28] showed that mOGT occurs mainly in the
mitochondria thanks to the presence of a mitochondria-targeted sequence in the protein
structure. Surprisingly, in our study, we found a set of nuclear proteins as potential mOGT
partners or protein substrates. This was not due to contamination of mitochondrial fraction,
because we did not detect lamin A/C in our mitochondria-enriched lysates.

The nuclear mOGT’s putative substrates enriched by using both HaloLink Resin and
anti-O-GlcNAc antibodies (RL2) are presented in Supplemental Table S5. The common
candidates with nuclear localization were as follows: Isoform 4 of Apoptotic chromatin
condensation inducer in the nucleus, Isoform AML-1L of Runt-related transcription factor 1,
Isoform 10 of Transcriptional repressor CTCFL, NK1 transcription factor-related protein 2,
and Isoform 2 of Chromodomain-helicase-DNA-binding protein 1.

4. Discussion

It has long been known that modification of proteins by O-GlcNAcylation controls
target protein functions at many levels including subcellular trafficking, stabilization,
complex formation, or enzymatic activity, and subsequently modulating metabolic and
signaling networks [6]. O-GlcNAcylation level is tightly dependent upon HBP flux, which
is supplied by diverse nutrients sources such as sugars, fatty acids, and amino acids. Thus,
the O-GlcNAcylation level may be considered a cellular nutrient sensor [6,33]. Enhanced
glucose flux through HBP results in increased O-GlcNAcylation. Therefore, since cancer
cells metabolism requires accelerated glucose uptake and utilization, this results in an
elevated rate of glycolysis and pentose phosphate pathway as well as O-GlcNAcylation
processes [34]. Thereby, O-GlcNAcylation plays a pivotal role in cancer cell signaling
and metabolism reprogramming. Champattanachai et al. [12], by using two-dimensional
O-GlcNAc immunoblotting and LC–MS/MS compared O-GlcNAcylation of proteins in
breast cancer tissue and normal tissue. They identified 29 proteins with O-GlcNAcylation
differences, with seven being uniquely O-GlcNAcylated in breast cancer. Of these identified
proteins, some were related to the Warburg effect, including metabolic enzymes, proteins
involved in stress responses, and biosynthesis [12]. Until now, the research on links between
O-GlcNAcylation and cancer biology has been more heavily concentrated on nuclear
and cytoplasmic processes, whereas the reports related to the role of this modification
in mitochondria are very limited. Moreover, the role of mOGT in O-GlcNAcylation of
mitochondrial proteins remains insufficiently understood. To date, the mOGT expression
has been reported only in the HeLa cell line [16,28]. In a recent study performed by
Trapannone and collaborators [19] on the cell lines IL1R, HEK 293, Jurkat, SH-SY5Y, RAW,
U2OS, and A549, surprisingly, mOGT protein was not detected. The authors concluded that
this particular OGT isoform may be expressed only transiently, under specific conditions,
and ncOGT is sufficient for O-GlcNAcylation of mitochondrial proteins. Therefore, as a
starting point of this work, we verified mOGT expression in three breast cancer cell lines.
For each cell line, the mRNA level encoding mOGT was 5–10 fold lower than ncOGT
mRNA, and both of them were reduced upon increase in glucose availability. The glucose-
dependent mRNA expression of mOGT and ncOGT was correlated with their protein levels
in mitochondria and cytoplasm, respectively. Our results showed that, in breast cancer
cells grown in different glucose conditions, mOGT level seems to correlate with expression
of ncOGT. Thus, we suppose that mOGT is rather produced as a splice variant of OGT
mRNA than driven by an independent promoter of the OGT gene. Our study is the first
to report on the glucose-dependent expression of mOGT, probably through the effect of
glucose on the regulation of OGT transcription. In turn, the level of O-GlcNAc-modified
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proteins in mitochondria was closely related to the availability of glucose and inversely
correlated with mitochondrial OGT level. These observations are in agreement with
previously published data, which showed that cardiac myocytes exposed to high glucose
levels induced increased O-GlcNAcylation of mitochondrial proteins [15]. According to the
literature, most mitochondrial proteins are synthesized in the cytoplasm, and they might
be modified by ncOGT before targeting the mitochondria [19]. Thus, the loss of mOGT
upon increased glucose levels might be compensated by ncOGT. Moreover, OGA activity
can be lower, increasing the occupancy rate of O-GlcNAc on mitochondrial proteins.
Nevertheless, in our study, the specific down-regulation of ncOGT had no significant
impact on mitochondrial O-GlcNAc-modified protein level; thus, mOGT isoform may play
a pivotal role in O-GlcNAcylation processes inside mitochondria and could intervene in
reprogramming of mitochondria metabolism in breast cancer cells.

Actually, increasing evidence points to a critical role for O-GlcNAcylation in regulat-
ing mitochondrial function and cellular bioenergetics. To explore how increased mOGT
expression and O-GlcNAcylation affects mitochondria and cellular energy metabolism, we
designed and used a plasmid encoding the catalytically active fused mOGT protein and
the catalytically inactive mutant displaying a deletion of the second catalytic domain. Our
results showed that the increased mOGT expression caused a decrease in intracellular ATP
level and altered glycolytic activity in comparison to control cells (Figure 3 and Figure S2).
A similar effect associated with a decrease in glycolytic rate and oxygen consumption has
been recently observed in SH-SY5Y and NT2 cells with elevated total and mitochondrial
O-GlcNAcylation following treatment with TMG, a potent OGA inhibitor [35]. However,
in a previous study, the authors noted that a decreased mitochondrial O-GlcNAcylation
in SH-SY5Y cells by up-regulation of OGA expression also caused a significant decrease
of oxygen consumption, glycolytic rate, and production of ATP [27]. Therefore, it seems
that down-regulation and up-regulation of O-GlcNAc have a deleterious effect on mito-
chondrial function and energy metabolism. Interestingly, another study concerning the
role of mitochondrial OGT isoform showed that a reduction of endogenous mOGT by
siRNA in HeLa cells is associated with an increase in mitochondrial respiration; however,
no significant differences in glycolytic rates were detected [16].

The first report regarding mOGT function indicated that mOGT overexpression in
INS-1 cells triggers cell cytotoxicity and apoptosis [29]. Up-regulation of mOGT in breast
cancer cells increases the mitochondrial membrane potential and the generation of intrami-
tochondrial ROS, often observed in the early stage of apoptosis [30,36]. The same impact of
mOGT on mitochondria membrane potential was also described in HeLa cells [16]. Our re-
sults argue that the toxic effect of mOGT is more likely related to inhibition of ATP synthesis
in mitochondria and ROS production rather than calcium influx to mitochondria (Figure 3
and Figure S3). Similarly, in cardiac myocytes, increased mitochondrial O-GlcNAcylation
induced by high glucose exposure was associated with impaired activity of complexes I, III,
and IV of the respiratory chain in addition to lower mitochondrial calcium and cellular ATP
content [15]. As expected, up-regulated mOGT in breast cancer cells had a toxic effect and
led to the loss of cell viability independently of the concentration of glucose (Figure S4).

To shed more light on mOGT significance for mitochondrial activity, we took a
proteomics-based approach to identify mOGT-interacting partners and mOGT-mediated
O-GlcNAc-modified substrates. For the first time, we used the methodical approach that
reduced the impact of ncOGT for the benefit of an increased probability of identifying the
mOGT’s protein partners and substrates. The results allowed us to specify a group of over
600 proteins as interactors and substrates for mOGT. The identified interacting proteins
only partially overlap with the list of O-GlcNAcylated proteins from the same cell line. This
may result from the way that the samples were prepared for each of the approaches, and
especially that the information collected for each of them is different. Thus, protein–protein
interactions are generally labile and transient, so many mOGT partners may not have been
identified. A cross-linking strategy could help remedy this problem. The anti-O-GlcNAc
antibody used, RL2, does not specifically recognize all O-GlcNAcylated proteins; thus
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many of the mitochondrial proteins modified by O-GlcNAc may not have been enriched
and thus identified. Lastly, O-GlcNAcylation is also labile and unstable, since it can be
quickly removed by OGA. On the other hand, a major positive point is that identified
proteins were partially common between the different cell lines, reinforcing the specificity
of our strategy. It should be noted that we did not expect a more significant coverage of can-
didates identified between the cell line because of the disparity of the proteomes. However,
we indicated a group of 107 proteins that were present at least in two of three cell lines and
were both identified as mOGT interactors and O-GlcNAc-bearing proteins. Many of these
proteins have been previously proposed as O-GlcNAc-modified ones [16,27]. Our analysis
revealed that mOGT interacts with and modifies the proteins participating in a variety of
mitochondrial processes, such as transport, respiration, amino acid metabolism, protein
translation, fatty acid metabolism, apoptosis, and mtDNA processes (Figures 5C and 6).
Interestingly, despite the confirmed purity of the mitochondria-enriched fractions, we
found a set of 73 candidates identified as nuclear proteins (Table S5). We cannot exclude
the possibility that the presence of nuclear proteins among mOGT interactors is a result of
mOGT leakage to the nucleus due to its over-expression. However, most of these proteins
were identified by two different approaches: the HaloLinkTM Resin and the RL2 antibodies.
Thus, they were both identified as interactors and O-GlcNAcylated proteins. Most of the
characterized proteins are associated with chromatin condensation and DNA repair. A
previous study by Lazarus and coworkers [20] reported certain nuclear-localized proteins
as mOGT substrates. Interestingly, the characterized stretch of three amino-acid (DFP;
residues 451–453) as the nuclear localization signal of ncOGT occurs in a region common
to that of mOGT [37]. However, to date, the nuclear localization of mOGT has never been
observed. Therefore, by analogy to mitochondrial proteins O-GlcNAcylated by ncOGT, we
suppose that some nuclear proteins may be modified by mOGT before being directed to
the nucleus, however, this hypothesis must be validated in the future.

Figure 6. mOGT mediates O-GlcNAcylation of proteins involved in many processes central to mitochondria function.
The circles indicate identified proteins characterized in Table S4 (Gold List). MON, mitochondria outer membrane; IMS,
intermitochondria space, MIM, mitochondria inner membrane.

97



Cancers 2021, 13, 2956

5. Conclusions

Protein O-GlcNAcylation is rapidly emerging as a key regulator of critical biological
processes. In this study, we focused on the role of poorly explored mitochondrial OGT
isoform. We found that the expression of mOGT in breast cancer cells is glucose-dependent.
Increased mOGT expression affects mitochondria function and cellular bioenergetics in
breast cancer cells. It seems that mOGT dysregulation may be responsible for changes in
cellular energy metabolism via interaction with and O-GlcNAcylation of a large number
of mitochondrial proteins that participate in many processes (Figure 6). In addition, our
results suggest that mOGT modifies a specific set of nuclear proteins that deserves to be
investigated in the near future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13122956/s1. Table S1: mOGT Interactors, Table S2: O-GlcNAcylated candidates,
Table S3: Both method per cell line, Table S4: Gold list, Table S5: Nuclear candidates, Table S6: All
mitochondrial Candidates, File S1. The original western blot figures, File S2: Supplementary methods,
Figure S1: Densytometric analysis of O-GlcNac levels in mitochondria-enriched fraction from Western
blots presented on Figure 2B, Figure S2: mOGT up-regulation alter cellular respiration and glycolytic
activity, Figure S3: Intracellular and mitochondrial calcium levels in breast cancer cells with up-
regulated mOGT, Figure S4: mOGT treated cells lose the viability and change their cell cycle.
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breast cancers. Clin. Exp. Med. 2012, 12, 61–65. [CrossRef] [PubMed]

12. Champattanachai, V.; Netsirisawan, P.; Chaiyawat, P.; Phueaouan, T.; Charoenwattanasatien, R.; Chokchaichamnankit, D.;
Punyarit, P.; Srisomsap, C.; Svasti, J. Proteomic analysis and abrogated expression of O-GlcNAcylated proteins associated with
primary breast cancer. Proteomics 2013, 13, 2088–2099. [CrossRef] [PubMed]

13. Jiang, K.; Gao, Y.; Hou, W.; Tian, F.; Ying, W.; Li, L.; Bai, B.; Hou, G.; Wang, P.G.; Zhang, L. Proteomic analysis of O-GlcNAcylated
proteins in invasive ductal breast carcinomas with and without lymph node metastasis. Amino Acids 2016, 48, 365–374. [CrossRef]

14. Netsirisawan, P.; Chokchaichamnankit, D.; Saharat, K.; Srisomsap, C.; Svasti, J.; Champattanachai, V. Quantitative proteomic
analysis of the association between decreasing O-GlcNAcylation and metastasis in MCF-7 breast cancer cells. Int. J. Oncol. 2020,
56, 1387–1404. [CrossRef]

15. Hu, Y.; Suarez, J.; Fricovsky, E.; Wang, H.; Scott, B.T.; Trauger, S.A.; Han, W.; Hu, Y.; Oveleye, M.O.; Dillmann, W.H. Increased
enzymatic O-GlcNAcylation of mitochondrial proteins impairs mitochondrial function in cardiac myocytes exposed to high
glucose. J. Biol. Chem. 2009, 284, 547–555. [CrossRef] [PubMed]

16. Sacoman, J.L.; Dagda, R.Y.; Burnham-Marusich, A.R.; Dagda, R.K.; Berninsone, P.M. Mitochondrial O-GlcNAc Transferase
(mOGT) Regulates Mitochondrial Structure, Function, and Survival in HeLa Cell. J. Biol. Chem. 2017, 292, 4499–4518. [CrossRef]
[PubMed]

17. Ma, J.; Liu, T.; Wei, A.C.; Banerjee, P.; O’Rourke, B.; Hart, G.W. O-GlcNAcomic Profiling Identifies Widespread O-GlcNAcylation in
Oxidative Phosphorylation System Regulating Cardiac Mitochondrial Function. J. Biol. Chem. 2015, 290, 29141–29153. [CrossRef]

18. Benerjee, P.S.; Ma, J.; Hart, G.W. Diabetes-associated dysregulation of O-GlcNAcylation in rat cardiac mitochondria. Proc. Natl.
Acad. Sci. USA 2015, 112, 6050–6055. [CrossRef]

19. Trapannone, R.; Mariappa, D.; Ferenbach, A.T.; Aalten, D.M.F. Nucleocytoplasmic human O-GlcNAc transferase is sufficient for
O-GlcNAcylation of mitochondrial proteins. Biochem. J. 2016, 473, 1693–1702. [CrossRef]

20. Lazarus, B.D.; Love, D.C.; Hanover, J.A. Recombinant O-GlcNAc transferase isoforms: Identification of OGlcNAcase, yes tyrosine
kinase, and tau as isoform-specific substrates. Glycobiology 2006, 16, 415–421. [CrossRef]

21. Bond, M.R.; Hanover, J.A. A little sugar goes a long way: The cell biologyof O-GlcNAc. J. Cell Biol. 2015, 208, 869–880. [CrossRef]
22. Reers, M.; Smiley, S.T.; Mottola-Hartshorn, C.; Chen, A.; Lin, M.; Chen, L.B. Mitochondrial membrane potential monitored by

JC-1 dye. Methods Enzymol. 1995, 260, 406–417. [CrossRef]
23. Kockmann, T.; Trachsel, C.; Panse, C.; Wahlander, A.; Selevsek, N.; Grossmann, J.; Wolski, W.E.; Schlapbach, R. Targeted

proteomics coming of age–SRM, PRM and DIA performance evaluated from a core facility perspective. Proteomics 2016, 16,
2183–2192. [CrossRef] [PubMed]

24. Geiger, T.; Madden, S.F.; Gallagher, W.M.; Cox, J.; Mann, M. Proteomic Portrait of Human Breast Cancer Progression Identifies
Novel Prognostic Markers. Cancer Res. 2012, 72, 2428–2439. [CrossRef] [PubMed]

25. Velloso, F.J.; Campos, A.R.; Sogayar, M.C.; Correa, R.G. Proteome profiling of triple negative breast cancer cells overexpressing
NOD1 and NOD2 receptors unveils molecular signatures of malignant cell proliferation. BMC Genom. 2019, 20, e152. [CrossRef]
[PubMed]

26. Ngoh, G.A.; Facundo, H.T.; Hamid, T.; Dillmann, W.; Zachara, N.E.; Jones, S.P. Unique hexosaminidase reduces metabolic
survival signaland sensitizes cardiac myocytes to hypoxia/reoxygenation injury. Circ. Res. 2009, 104, 41–49. [CrossRef]

27. Tan, E.P.; Villar, M.T.; Lezi, E.; Lu, J.; Selfridge, J.E.; Artigues, A.; Swerdlow, R.H.; Slawson, C. Altering O-Linked-N-
Acetylglucosamine Cycling Disrupts Mitochondrial Function. J. Biol. Chem. 2014, 289, 14719–14730. [CrossRef] [PubMed]

28. Love, D.C.; Kochan, J.; Cathey, R.L.; Shin, S.H.; Hanover, J.A. Mitochondrial and nucleocytoplasmic targeting of O-linked GlcNAc
transferase. J. Cell Sci. 2003, 116, 647–654. [CrossRef]

29. Shin, S.H.; Love, D.C.; Hanover, J.A. Elevated O-GlcNAc-dependent signaling through inducible mOGT expression selectively
triggers apoptosis. Amino Acids 2011, 40, 885–893. [CrossRef] [PubMed]

30. Boren, J.; Brindle, K.M. Apoptosis-induced mitochondrial dysfunction causes cytoplasmic lipid droplet formation. Cell Death
Differ. 2012, 19, 1561–1570. [CrossRef]

31. Lazarus, M.B.; Nam, Y.; Jiang, J.; Sliz, P.; Walker, S. Structure of human O-GlcNAc transferase and its complex with a peptide
substrate. Nature 2011, 469, 564–567. [CrossRef]

32. Wulff-Fuentes, E.; Berendt, R.R.; Massman, L.; Danner, L.; Malard, F.; Vora, J.; Kahsay, R.; Stichelen, O.-V.S. The Human
O-GlcNAcome Database and Meta-Analysis. Sci. Data 2021, 8, 25. [CrossRef]
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