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Cellular identity in multicellular organisms is maintained by characteristic transcriptional
networks, nutrient consumption, energy production and metabolite utilization.
Integrating these cell-specific programs are epigenetic modifiers, whose activity is
often dependent on nutrients and their metabolites to function as substrates and
co-factors. Emerging data has highlighted the role of the nutrient-sensing enzyme O-
GlcNAc transferase (OGT) as an epigenetic modifier essential in coordinating cellular
transcriptional programs and metabolic homeostasis. OGT utilizes the end-product
of the hexosamine biosynthetic pathway to modify proteins with O-linked β-D-N-
acetylglucosamine (O-GlcNAc). The levels of the modification are held in check by the
O-GlcNAcase (OGA). Studies from model organisms and human disease underscore
the conserved function these two enzymes of O-GlcNAc cycling play in transcriptional
regulation, cellular plasticity and mitochondrial reprogramming. Here, we review these
findings and present an integrated view of how O-GlcNAc cycling may contribute to
cellular memory and transgenerational inheritance of responses to parental stress. We
focus on a rare human genetic disorder where mutant forms of OGT are inherited or
acquired de novo. Ongoing analysis of this disorder, OGT- X-linked intellectual disability
(OGT-XLID), provides a window into how epigenetic factors linked to O-GlcNAc cycling
may influence neurodevelopment.

Keywords: O-linked β-D-N-acetylglucosamine (O-GlcNAc), X-linked intellectual disability (XLID), epigenetics,
histone modification, DNA methylation, nutrient-sensing

INTRODUCTION

Throughout the lifetime of an organism there is a requirement to be able to adapt to environmental
changes, whether that be development, stress, or nutritional state. This adaptation requires changes
in transcriptional programs that allow an appropriate gene regulatory network response. One way
this is achieved is through epigenetic regulation: heritable modifications of DNA and histones that
influence complex networks impacting transcription, DNA replication, and DNA repair (Janke
et al., 2015). Importantly, the activity of all epigenetic modifying enzymes relies on the availability
of specific metabolites. This sets up signaling pathways in which cells have evolved the ability
to detect nutrient alterations and respond with epigenetic changes to coordinate appropriate
transcriptional programs. Some of the most well defined metabolites and their influence on
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epigenetic modifications include: acetyl-CoA and histone
acetylation; sirtuins, NAD+, and histone deacetylation; S-
adenosylmethionine and DNA/histone methylation; FAD,
α-ketoglutarate, and DNA/histone demethylation (Janke et al.,
2015; Etchegaray and Mostoslavsky, 2016; Wong et al., 2017;
Schvartzman et al., 2018). Here, we focus on the conserved
epigenetic role that the nutrient-sensitive post-translational
modification (PTM) O-GlcNAc, and the enzymes involved
in O-GlcNAc cycling, the O-GlcNAc transferase (OGT) and
the O-GlcNAcase (MGEA5 or OGA) have in coordinating
transcriptional responses to environmental changes.

Neurodevelopment is one such process that is heavily
coordinated by the crosstalk between the genome, environment
and metabolic flux. Alterations during this process could
lead to neurodevelopmental disorders, which constitute a
broad range of disorders that originate during development
of the central nervous system. As more and more sequences
become available from neurodevelopmental disorder patients,
it is becoming increasingly clear the essential role chromatin
modifiers and epigenetic regulators play in these diseases. Of the
hundreds of genes with mutations or copy number variations
that are causative of neurodevelopmental disorders, chromatin
regulation is the second most common association behind
synaptic function (Gabriele et al., 2018). Interestingly, recent
data has identified placental OGT levels as a biomarker for
neurodevelopmental disorders (Howerton et al., 2013; Howerton
and Bale, 2014) and mutations in the OGT gene as being causative
to a subset of X-linked intellectual disability (XLID) patients
(Pravata et al., 2020b).

O-GlcNAc transferase uses the end-product of the hexosamine
biosynthetic pathway (HBP), UDP-GlcNAc, to add a single
GlcNAc monosaccharide onto serines and threonines of
target intracellular proteins. To form UDP-GlcNAc, the
HBP incorporates intermediate metabolites derived from
carbohydrates, amino acids, fat, and nucleotides (Figure 1).
Thus, OGT is uniquely positioned to sense environmental
changes and respond through modifying key targets. A diverse
array of more than 4,000 proteins have been identified to be
O-GlcNAc modified (Ma and Hart, 2014), including transcription
factors, epigenetic modulators, enzymes, kinases, mitochondrial
proteins, structural proteins, nuclear porins, and components
of vesicular trafficking pathways. How OGT recognizes specific
target proteins remains relatively unclear, although it has
preference for intrinsically disordered domains (Nishikawa
et al., 2010). O-GlcNAcylation can influence modified proteins
in various ways such as through crosstalk or competition with
other PTMs like phosphorylation, altering enzyme activity,
impacting protein stability, influencing subcellular localization,
or altering binding partners (Bond and Hanover, 2013, 2015).
Through this broad range of targets, O-GlcNAc influences many
basic molecular processes including transcription, translation,
proteostasis, and signaling [for more extensive reviews on
the broad roles of O-GlcNAc and its targets see Bond and
Hanover (2015) and Yang and Qian (2017)]. Regulation of
O-GlcNAcylation has proven to be essential as too little or too
much O-GlcNAc is associated with a number of diseases such as
cancer, metabolic syndromes, and neurodegenerative diseases.

Recently, OGT has been linked to a rare neurodevelopmental
disorder known as OGT-XLID, which we hypothesize could be
caused by dysfunction of the essential role of O-GlcNAc as an
epigenetic regulator, the focus of this review.

OGT, OGA, and O-GlcNAc itself have all emerged as
critical epigenetic regulators (Figure 1) essential for stem cell
maintenance, development, and in the nervous system. Studies
in model organisms have highlighted the conserved role OGT
plays in gene regulation and cellular identity. Since the initial
findings in Drosophila which defined the gene encoding OGT
as a Polycomb group member critical for Hox gene silencing
(Gambetta et al., 2009), O-GlcNAcylation has been recognized to
play multifaceted roles in epigenetic regulation. Recent studies in
C. elegans have demonstrated that OGT plays a critical role in
preventing transitions between terminal cell fates. Advances in
mass spectrometry technology have uncovered O-GlcNAcylation
of histones, and is now widely believed to be part of the
“histone code.” Studies have also indicated that O-GlcNAc
plays a role in histone exchange and is essential for the DNA
damage response (Na et al., 2020). Further, OGT has been found
in complex with TET proteins, signifying a potential role in
DNA demethylation (Chen et al., 2013; Deplus et al., 2013;
Vella et al., 2013). O-GlcNac has also been defined to regulate
transcription through modification of key transcription factors
as well as the RNA polymerase II C-terminal repeat domain
(Lewis and Hanover, 2014).

In this review we dissect the conserved and wide-ranging roles
O-GlcNAc cycling has in regulating transcriptional networks
which contribute toward maintaining cellular identity. We
discuss how placental OGT could be a marker for placental stress
contributing toward neurodevelopmental disorders. Lastly, we
examine how OGT’s role in epigenetic regulation contributes
toward mutations manifesting as an XLID in human patients.

O-GlcNAc CYCLING, EPIGENETICS AND
CELL FATE DETERMINATION: LESSONS
FROM MODEL ORGANISMS

Super Sex Combs: OGT and Hox Gene
Repression
Across species, O-GlcNAc has a key role to play in development.
Though its functions are numerous, OGT is particularly
important in the spatiotemporal control of gene expression
through its regulation of Hox genes. Conserved across bilaterians,
the Hox genes encode critical transcription factors which specify
the body plan along the anterior-posterior axis. Inappropriate
regulation of these genes results in homeotic transformations,
developmental errors in which one region of an animal
inappropriately adopts the characteristics of another region. Two
major groups of genes control the spatial expression of Hox
genes: transcriptional repression by the Polycomb group (PcG)
and activation by the trithorax group (trxG). In Drosophila, the
gene encoding OGT was first described genetically by mutations
that caused homeotic phenotypes including antenna-to-leg and
wing-to-haltere transformations (Butler et al., 2019). Without
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FIGURE 1 | Cellular response to stress via O-GlcNAc-dependent epigenetic regulation. The hexosamine biosynthetic pathway incorporates nutrients and
intermediate metabolites to form the nucleotide sugar UDP-GlcNAc. The O-GlcNAc Transferase (OGT) utilizes this nucleotide sugar as the sugar donor to modify
diverse nucleocytoplasmic proteins including transcription factors, chromatin modifiers, and histones. This modification can be removed by O-GlcNAcase (OGA),
whose levels are also implicated in regulation of gene expression. The process of O-GlcNAc cycling enables the cell to sense and integrate nutrient and signaling
information and respond to extracellular stressors. O-GlcNAc influences histone modifications through the interactions of OGT with the Polycomb complex and
SET1/COMPASS, OGA’s interactions with the trithorax complex, and direct O-GlcNAcylation of histones. OGT associates with TRIM28 to induce DNA
methylation-dependent repression, and OGT is also involved in demethylation of DNA through the TET proteins. O-GlcNAc influences transcription by modification of
transcription factors and the C-terminal domain of RNA Polymerase II. O-GlcNAc is also involved in the DNA damage response.

knowing the enzymatic function of the protein it encodes,
the gene was named super sex combs (sxc) for its loss of
function phenotype. Like PcG genes Polycomb (Pc) and extra
sex combs (esc), sxc mutations affect the development of the
sex combs, a structure on the forelimbs of Drosophila males.
Similar to other components of the PcG, sxc was required
for the repression of Hox genes in tissues where they should
not be expressed. Derepression of Hox genes could explain
the homeotic transformations associated with sxc mutations.
Epistasis experiments confirmed this, as sxc flies lacking the Hox
gene Ubx had more normal wing development (Ingham, 1984).
Later, immunostaining of embryos showed aberrant expression of
at least six PcG target genes including Ubx and Abd-B (Gambetta
et al., 2009; Gambetta and Müller, 2014).

Experiments on the PcG gene polyhomeotic (ph) demonstrated
genetic interactions with sxc. Flies carrying sxc and ph mutations
had enhanced sxc phenotypes, with greater numbers of sex

combs, stronger developmental defects, and lethality even earlier
in development (Cheng et al., 1994). These findings uncovered
further genetic interactions and demonstrated that sxc functions
with the PcG to prevent ectopic expression of Hox genes.

In 2009, the protein product of sxc was determined to be
the O-GlcNAc transferase, with expression of an Ogt transgene
rescuing the pupal lethality of sxc mutant animals (Sinclair et al.,
2009). Further studies better defined the interaction between
sxc/Ogt and ph. In fact, co-IP experiments indicated that PH
was O-GlcNAc modified (Gambetta et al., 2009). In extracts of
larvae with homozygous sxc/Ogt mutations and no maternal Ogt
contribution, PH was shown to aggregate into high molecular
weight assemblies, which likely impaired its function (Gambetta
and Müller, 2014). Loss of O-GlcNAcylation of PH resulted
in sxc phenotypes, demonstrating modification was required
to prevent aggregation, allowing PH to function with the PcG
(Gambetta and Müller, 2014). Later, mass spectrometry of mouse
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embryonic stem cell (ESC) lysates demonstrated PHC3, the
mammalian homolog of PH, is O-GlcNAc modified, suggesting
the regulation of the PcG by O-GlcNAc is conserved (Myers et al.,
2011). In human ESCs, the core subunit of PRC1, RING1B, is
also modified and plays a role in targeting the complex (Maury
et al., 2015). These findings clearly demonstrate the necessity of
O-GlcNAc for the proper repression of Hox genes through the
PcG component PH.

In mammals, the role of O-GlcNAc in PcG repression has
diverged in certain ways. While PRC2 protein E(z) is not
O-GlcNAc modified in Drosophila (Gambetta et al., 2009),
several studies have identified its mammalian homolog EZH2
as modified, resulting in increased protein stability (Chu et al.,
2014; Jiang et al., 2019). The effect of O-GlcNAc modification
on PRC2-mediated H3K27me3 is controversial, with several
publications describing a decrease associated with OGT depletion
(Chu et al., 2014; Butler et al., 2019) and others noting no
change (Myers et al., 2011; Forma et al., 2018; Jiang et al.,
2019). These discrepancies likely arise from different cell lines
being used, though one study found OGT knockdown prevented
H3K27me3 changes associated with learning at specific gene
promoters in mouse hippocampal tissue (Butler et al., 2019). This
suggests the effects of O-GlcNAc may play roles in targeting PcG
repression which are only apparent in certain developmental and
genomic contexts.

O-GlcNAc transferase additionally interacts directly with
the mammalian HOXA1 protein, as was found in a yeast-
two-hybrid experiment (Lambert et al., 2012) and confirmed
by co-IP (Draime et al., 2018). Though the authors did not
find evidence for O-GlcNAc affecting localization, stability, or
transcription factor activity (Draime et al., 2018), they only tested
OGT and HOXA1 overexpression, so further experimentation
may reveal additional layers of Hox gene regulation by O-
GlcNAc. Although the phenotypes of sxc/Ogt flies are mostly
consistent with those of other PcG genes, several findings
suggest sxc/Ogt is also involved in Hox gene activation through
trxG. Alone, both sxc/Ogt and Asx mutations produce anterior-
to-posterior transformations associated with PcG mutations,
but sxc/Ogt;Asx double heterozygotes display posterior-to-
anterior transformations, which are typically associated with
trxG mutations (Milne et al., 1999). This suggests sxc/Ogt
acts not only as a Hox gene repressor through PcG but
also as an activator through trxG. In fact, TRX and related
transcriptional activators SET1/COMPASS and ASH1 have been
shown to be O-GlcNAc modifiable, and staining for these
proteins overlaps with O-GlcNAc on polytene chromosomes
(Akan et al., 2016). The interaction between O-GlcNAc and
trxG also appears in mammals, with O-GlcNAc modification
of the H3K4 methyltransferase MLL5 working to stabilize this
trxG enzyme (Ding et al., 2015). Thus, in addition to the
necessary role of O-GlcNAc in the Polycomb repressive complex,
this modification is also involved in transcriptional activation,
highlighting the diverse routes in which O-GlcNAc regulates
gene expression.

The appropriate spatiotemporal expression of Hox genes
is crucial to the proper development of an organism. These
regulatory systems which repress and activate Hox genes can

cause severe developmental disorders when out of balance
(Quinonez and Innis, 2014). Common clinical presentation
for PcG mutations include intellectual disability and growth
defects (Deevy and Bracken, 2019), which mirror those of OGT-
XLID. Thus, the role of OGT in developmental regulation may
contribute to symptoms of this disorder.

O-GlcNAc Transferase in Cell Fate
Plasticity
Developmental plasticity is necessary for the development of
multicellular organisms, but this plasticity must be restricted
when cells reach their terminal fates. Several labs have worked to
define which factors are involved in the epigenetic processes that
impose barriers between cell fates using the nematode C. elegans.
The worm is a model system perfectly suited to study the genetics
of development, as C. elegans are relatively simple multicellular
animals, with a rigidly regulated series of cell divisions and
fate decisions. Several studies have employed genetic screens to
determine which genes are required to maintain proper cell fates.
Two independent studies have found the sole nemotode OGT
ortholog ogt-1 is involved in the restriction of cellular plasticity.

Both experiments are based around genetic screens using
strains sensitized to cell fate transformation by ectopic
overexpression of the CHE-1 transcription factor. CHE-1 is
a master regulator which is necessary to establish the fate of
a specific pair of neurons called the ASE neurons, which can
be monitored with a cell-specific reporter: gcy-5::gfp (Tursun
et al., 2011). Due to mechanisms that impose barriers between
cell fates, ectopic expression of che-1 later in development does
not have any effects on gene expression or cell fate. Even when
overexpressed in tissues that would not normally transcribe che-1,
neither activation of CHE-1 target gene expression nor induction
of ASE fate are observed in otherwise wild-type animals (Tursun
et al., 2011). However, they found that mutation of the histone
chaperone lin-53 allowed che-1 overexpression to implement
neural fate in germ cells (Tursun et al., 2011), suggesting a role
for histones and potentially histone modifications in maintaining
cellular identity. Using similar genetic systems, more recent
studies have uncovered additional factors, including ogt-1
(Hajduskova et al., 2019; Rahe and Hobert, 2019), that are
required for maintenance of cellular identity.

Hajduskova et al. (2019) performed an RNAi screen of 730
candidate genes with known or predicted roles in chromatin
modifications and remodeling. For this screen, expression of
che-1 was induced with a heat-shock promoter and reporter
GFP signal was monitored. Ectopic GFP expression was detected
with knockdown of 10 of the 730 tested genes. Different
gene knockdowns allowed GFP expression in different tissues,
suggesting tissue-specific regulatory mechanisms. This study
focused on one hit in particular: mrg-1, an ortholog of the
mammalian gene MRG15. Knockdown of mrg-1 enabled che-
1 overexpression to reprogram germline cells to neuron-like
cells. To further study the process by which MRG-1 works
as a barrier between cell fates, the authors performed IP-MS
to identify MRG-1 binding partners, and uncovered OGT-1.
The IP-MS experiments also identified other known chromatin
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interactors such as set-26 (H3K9 methyltransferase) and sin-3
(histone deacetylase), which is itself a predicted interactor with
OGT-1 (Yang et al., 2002).

A similar screen was performed in an independent lab which
looked for genes involved in protecting epidermal cells from
transdifferentiation (Rahe and Hobert, 2019). In this study, they
overexpressed che-1, but restricted its expression to the epidermis
starting at the end of the final larval stage (L4) and continuing
into adulthood. Without mutagenesis, gcy-5::gfp expression was
limited to ASE neurons, but mutations in seven genes caused
ectopic expression of the reporter. Three independent missense
mutations were isolated in the ogt-1 gene. These three mutations
were at highly conserved residues within the catalytic domains
of OGT-1, in close proximity to sites previously reported to
be necessary for enzymatic activity in human OGT (Lazarus
et al., 2011). Other genes this screen identified included dot-1.1
(an H3K79 methyltransferase) and pmk-1/p38-alpha MAPK. In
mammalian neuroblastoma cells, OGT and p38 MAPK have been
shown to physically interact to drive O-GlcNAcylation of specific
targets (Cheung and Hart, 2008).

Though these studies were performed in nematodes in the
context of ectopic gene expression, these results point toward
an important role for O-GlcNAcylation in the control of cell
fate plasticity. ogt-1 came out of these two independent unbiased
methods in the context of two different tissue types, suggesting
it plays this role broadly. Though it has not been studied in
as much depth in mammalian systems, some studies implicate
O-GlcNAc in related processes. Much evidence points toward
O-GlcNAc homeostasis being critical in stem and progenitor
cells, which we will discuss further through its role in DNA
damage and transcription factor regulation. In addition to its role
restricting plasticity late in development, O-GlcNAc is critical in
the networks of transcription factors which enable pluripotency
in early development and adult stem cells which we will discuss in
detail in its own section below. The developmental phenotypes of
OGT-XLID patients and related transcriptomic data demonstrate
the importance of O-GlcNAc in regulating sensitive cell fate
specification events (Selvan et al., 2018). The importance of O-
GlcNAc in cell fate may be intimately related to its roles in
histone dynamics.

O-GlcNAc CYCLING AND HISTONES

Direct Modification of Histones by
O-GlcNAc
O-GlcNAc affects chromatin and histone dynamics in a number
of different ways. As described above, major complexes that
modify histones are regulated by O-GlcNAc cycling. O-GlcNAc
is also involved in the histone exchange required for DNA repair,
and can modify histones directly.

Sakabe et al. (2010) first demonstrated direct evidence
linking O-GlcNAcylation to the histone code, the holy grail
of modern epigenetics (Jenuwein and Allis, 2001). Using an
arduous combination of techniques they found O-GlcNAc
on histones H2A, H2B, and H4. Acetylated histones were
modified by O-GlcNAc and O-GlcNAcylation increased

upon heat stress. Heat shock and OGT overexpression also
modestly increased chromatin condensation. Using a chemical
enrichment procedure, they mapped three O-GlcNAc sites
on histones: H2AT101, H2BS36, and H4S47 (Sakabe et al.,
2010). Additionally, they also provided evidence that other
sites, including probable sites for modification of the remaining
histone H3 must exist in the histone preparations. The
identification of O-GlcNAc sites near known DNA interaction
sites lead the authors to speculate that O-GlcNAcylation could
induce major changes in chromatin structure not only by
regulating peptide backbone conformation but also due to
it being considerably larger than other common PTMs. One
particularly intriguing O-GlcNAcylated site discussed was H4S47
(Sakabe et al., 2010). In yeast, mutation of this site to a cysteine
induced activation of SWI/SNF targets independent of the
SWI/SNF chromatin remodeling complex.

Since then, a total 17 different histone O-GlcNAcylation
sites on H2A, H2AX, H2B, H3, H3.3, and H4 have been
reported (see Table 1 for the full list with references). Evidence
for these sites primarily comes from identification techniques
such as chemoenzymatic detection, immunoblotting, selective
enzymatic labeling, and lectin staining, in combinations with
various mutation experiments. Due to the indirect nature of these
methods, some skepticism has been raised about the existence
of histone O-GlcNAcylation (Fujiki et al., 2011; Schouppe
et al., 2011; Zhang et al., 2011; Hahne et al., 2012; Deplus
et al., 2013; Lercher et al., 2015; Ronningen et al., 2015; Chen
and Yu, 2016; Hirosawa et al., 2016; Hayakawa et al., 2017).
However, the presence of O-GlcNAc at the two sites, H2AS40
and H3.3T32, have been confirmed based on the recognition
of endogenous O-GlcNAc by tandem mass spectrometry (MS)
analysis of histones isolated from mammalian cells (Sakabe et al.,
2010; Fong et al., 2012), providing the most robust evidence
for the O-GlcNAcylation of histones. Direct identification of
peptidyl O-GlcNAcylated Ser/Thr by MS is burdensome due
to its unstable nature, limiting attempts to confirm additional
modification sites. Some studies have disputed the existence
of histone O-GlcNAcylation, including one which reported an
inability to detect modified histones in cultured mammalian
cells (Gagnon et al., 2015; Gambetta and Muller, 2015). Still,
indirect evidence suggests that O-GlcNAcylation is an important
form of histone PTM.

The 17 identified histone O-GlcNAcylation sites play various
important roles in different biological functions. O-GlcNAc
is identified at higher levels on H3 during interphase than
mitosis, inversely related with phosphorylation, suggesting PTM
crosstalk. Also, an increase in O-GlcNAcylation was observed
to reduce mitosis specific phosphorylation at Ser10, Ser28, and
Thr32. Inhibition of OGA hindered the transition from G2 to M
phase of the cell cycle, showing a phenotype similar to hindering
mitosis-specific phosphorylation on H3 delivering a mechanistic
switch that orchestrates the G2-M transition of the cell cycle
(Fong et al., 2012).

The combination of the extensive diversity of histone
modifications allows for the complexity and flexibility of
epigenetic regulation (Chen and Yu, 2016). It is now possible
to map the genome- wide distribution and colocalization
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TABLE 1 | Reported sites of direct O-GlcNAc modification of histones.

Sites Sample Enrichment Detection Functions References

H2AS40 mES cells RP-HPLC and mAb O-GlcNAc site by HCD
tandem MS

Tightly relates with the differentiation in
mouse trophoblast stem cells

Hirosawa et al., 2016;
Hayakawa et al., 2017

H2AT101 HeLa cells GalNAz labeling and DTT
tagging

DTT tag by CID tandem MS May be a part of the histone code Sakabe et al., 2010

Recombinant
histone

In vitro reaction with OGT O-GlcNAc site by ETD
tandem MS

Facilitates H2B K120 monoubiquitination, for
transcriptional activation

Fujiki et al., 2011

H2AXT101 HeLa cells Laser micro-irradiation,
immunofluorescence (IF)
staining and microscope
image acquisition

Abolished O-GlcNAc signal
by CTD110.6 Ab for
FLAG-tagged H2AXT139A
mutant

The O-GlcNAcylation negatively regulates
DNA double-strand break-induced
phosphorylation of H2AX and MDC1 by
restraining the expansion of these
phosphorylation events from the sites of DNA
damage.

Chen and Yu, 2016

H2AXS139 Co-localizes with DNA damage foci, may
function in DNA damage repair

H2BS36 HeLa cells GalNAz labeling and DTT
tagging

DTT tag by CID tandem MS May be a part of the histone code Sakabe et al., 2010

H2BS52 Various cell lines Proteome-wide studies
without any specific
enrichment

Large scale CID tandem MS
using the Oscore software,
which assesses presence of
O-GlcNAcylation

Suggests that O-GlcNAc and phosphorylation
are not necessarily mutually exclusive but can
occur simultaneously at adjacent sites.

Hahne et al., 2012

H2BS55

H2BS56

H2BS64 Calf thymus Lectin-pulldown and
butylamine tagging

Butylamine tagging by CID
tandem MS

Suggest the presence of O-GlcNAc-modified
proteins among the lectin-binding partners

Schouppe et al., 2011

H2BS112 Various cell lines Immunofluorescence,
Chromatin
immunoprecipitation,
Immunoblotting

Immunofluorescence,
Chromatin
immunoprecipitation,
Immunoblotting

Preserves a stable chromatin and represses
gene transcription at the early stage of
adipocyte differentiation

Ronningen et al., 2015

HEK293T and Tet2
knockout mouse

HT-pulldown and
Chromatin IP

IP Direct physical link between OGT and TET2/3
proteins provide new insight into the
regulation and function of OGT in the cell.

Deplus et al., 2013

HeLa cell In vitro reaction with OGT ETD–MS/MS mapping Facilitates H2BK120 monoubiquitination, for
transcriptional activation

Fujiki et al., 2011

H3S91 Recombinant
histone

In vitro reaction with OGT O-GlcNAc site by ETD
tandem MS

Preserves stable chromatin in the early stages
of cell differentiation and may repress gene
transcription in adipocytes

Fujiki et al., 2011

H3S112

H3S123

H3S10 HEK239 cell Overexpression and IP by
tag Ab

Abolished O-GlcNAc signal
by lectin staining of
FLAG-tagged H3S10A
mutant

Competitively reduces the levels of H3S10
phosphorylation, therefore regulates the
pathway that H3S10P involved in, such as
passing the G2-M phase check point,
regulating the H4K16ac

Zhang et al., 2011

H3.3T32 HeLa cell IP by anti-H3 Ab O-GlcNAc site by ETD
tandem MS

Increases the phosphorylation of Thr32,
Ser28, and Ser10, which are the specific
mark of mitosis

Fong et al., 2012

H3.3T80 Calf thymus Lectin-pulldown and
butylamine tagging

Butylamine tag by CID
tandem MS

Suggest the presence of O-GlcNAc-modified
proteins among the lectin-binding partners

Schouppe et al., 2011

H4S47 HeLa cell GalNAz labeling and DTT
tagging

DTT tag by CID tandem MS May be a part of the histone code Sakabe et al., 2010

mES cells, mouse Embryonic Stem cells; RP-HPLC, reversed-phase high performance liquid chromatography; Ab, antibody; mAb, monoclonal antibody; GalNAz, azide-
modified galactose; DTT, dithiothreitol; IP, immunoprecipitation; MS, mass spectrometry analysis; HCD, higher-energy collisional dissociation; CID, collision-induced
dissociation; ETD, electron-transfer dissociation.
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of histone modifications at high resolutions using ChIP-seq,
revealing the many amalgamations of histone modification
crosstalk, such as precondition, mutual exclusion, or coexistence
(Pick et al., 2014). H2BS112 O-GlcNAcylation functions as a
precondition for H2BK120 monoubiquitination, with GlcNAc
acting as an anchor for ubiquitin ligase, ultimately resulting
in transcriptional activation via H3K4me3 (Fujiki et al.,
2011). An increase in the intracellular level of UDP-GlcNAc
induces an increase in histone O-GlcNAcylation and a partial
suppression in H3S10ph, suggesting these modifications are
mutually exclusive. Further examples of competition between
O-GlcNAcylation and phosphorylation have been reported for
the H3T32, H3S10, and H2AXS139 sites (Zhang et al., 2011;
Fong et al., 2012; Chen and Yu, 2016). Future studies should,
therefore, investigate phosphorylation of other residues for which
O-GlcNAc modification has been reported. The crosstalk between
O-GlcNAcylation and acetylation should also be validated
considering the presence of a HAT-like domain in OGA, although
the enzymatic activity of this domain is a point of controversy
(Torres and Hart, 1984; Toleman et al., 2006; Kim et al., 2007;
Butkinaree et al., 2008; Hayakawa et al., 2013; Rao et al., 2013).

O-GlcNAcylation of site-specific adapter proteins directly
regulate the stability of H2A/H2B dimers in the nucleosome
in synthetic O-GlcNAcylated histones (Lercher et al., 2015). To
generate homogenous O-GlcNAc modified nucleosomes, one
study generated H2AT101 O-GlcNAc mimics by replacing the
threonine with cysteine and using a series of chemical reactions
in vitro to stably link GlcNAc to the thiol. The authors showed
that H2AT101 GlcNAcylation destabilized the H3/H4 tetramer-
H2A/B dimer interface reducing nucleosome stability. Thus,
regulation of nucleosome stability by OGT-dependent GlcNAc
transfer may contribute to transcriptional regulation. O-GlcNAc’s
role in histone dynamics and in modifying variant histones make
up an additional layer of histone regulation.

H2AX and the DNA Damage Response
Histone modifications play a crucial role in chromatin
organization through processes including DNA metabolism,
replication, transcription, and repair. Modification and exchange
of histones can also reorganize chromatin to allow DNA repair
machinery to access damaged chromosomal DNA (Downs et al.,
2004). H2AX is a histone variant that differs from H2A at various
amino acid residues along the entire protein and in its C-terminal
extensions (Bonisch and Hake, 2012). The importance of this
histone variant is highlighted by the phenotypes of knockout
mice, which show radiation sensitivity, developmental delay, and
male infertility (Celeste et al., 2002). H2AX is a central player
in the DNA damage response (DDR) when phosphorylated at
serine 139 (γH2AX) (Wahl and Carr, 2001), and as mentioned
previously, can also be O-GlcNAc modified at this site (Liu and
Li, 2018). γH2AX is incorporated into nucleosomes at double
strand break sites, where it promotes accumulation of DNA
repair proteins (Wahl and Carr, 2001). γ-phosphorylation is an
early event in the DSB damage response induced by the ATM
and ATR kinases, which additionally activate kinases Chk1 and
Chk2 (Wahl and Carr, 2001).

In the growth and development of an organism, DNA damage
poses a serious risk, as mutations will propogate from progenitors
to their daughter cells. To maintain genome integrity, the cell
cycle is regulated by the DDR pathway following DNA damage
stress, with O-GlcNAc involved by modifying the arrangement
of histones and kinases (Hanover et al., 2018; Liu and Li, 2018).
Blocking O-GlcNAc transferase activity leads to delayed DSB
repair, reduced cell proliferation, and increased cell senescence
in vivo, while increased O-GlcNAc promotes DSB repair and
hyper-proliferation in vivo and in vitro (Efimova et al., 2019).
These findings suggest O-GlcNAc is necessary to protect the
genome and for proper cell cycle progression. These effects are
likely related to OGT’s recruitment to sites of DNA damage,
where it modifies H2A and mediator of DNA damage checkpoint
1 (MDC1) (Chen and Yu, 2016). In addition, one report has
suggested OGT transfers GlcNAc onto H2AXS139, the same site
as γ-phosphorylation (Chen and Yu, 2016). The authors suggest
O-GlcNAc inhibits the DDR, though other studies suggest
O-GlcNAc activates the DDR pathway (Efimova et al., 2019;
Na et al., 2020).

The development of a multicellular organism is an energy-
intensive and error-prone process. Stem and progenitor cells
require high levels of glucose to grow and proliferate.
A consequence of this energy use is the generation of reactive
oxygen species (ROS), which cause damage, cellular stress, and
DNA breaks. As such, DDR-related factors are prominent among
proteins that accumulate O-GlcNAc when cells are stressed
by ROS (Katai et al., 2016). Reciprocally, the DDR pathway
has been shown to increase ROS levels (Rowe et al., 2008),
pointing to a complex interplay between these processes. For
example, high glucose has been demonstrated to elevate levels
of O-GlcNAc, ROS, and DNA damage (Hu et al., 2019). The
elevation of ROS in high glucose conditions may be linked
to O-GlcNAc, as inhibition of OGT decreases ROS levels in
a dose-dependent manner, and ultimately reduces neural tube
defects in embryos of diabetic mice (Kim et al., 2017). Recently,
we have reported that stress induces hyper-proliferation, O-
GlcNAcylation, and DDR in Drosophila intestinal stem cells (Na
et al., 2020). Likewise, genetic elevation of O-GlcNAc by deletion
of Oga induced proliferation and DDR in fly intestinal stem cells,
mouse embryonic fibroblasts, and mouse ESCs (Na et al., 2020).
Previous work had shown that Chk1 phosphorylates OGT, which
stabilizes the protein (Li et al., 2017). Through this interaction,
we demonstrate that O-GlcNAc participates in an autoregulatory
feedback loop where CHK1/CHK2 stabilizes OGT, allowing
further O-GlcNAcylation that continues to activate the DDR
pathway (Na et al., 2020) (Figure 2).

Thus, O-GlcNAcylation is a key regulator of the DDR pathway,
which is crucial in supporting the development of a healthy
organism. This further establishes O-GlcNAc’s role in cell identity
discussed above, which will be explored below in our discussion
of transcription factor modification. Observations of abnormal
neural proliferation and developmental delay in mice harboring
an Oga deletion in the brain (Olivier-Van Stichelen et al.,
2017) suggest O-GlcNAc homeostasis is needed for the proper
development of sensitive tissues such as the brain. Thus, the
pathways discussed above may contribute to the developmental
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FIGURE 2 | O-GlcNAcylation induces the DNA damage response and proliferation in stem cells. High glucose and reactive oxygen species (ROS) cause damage to
DNA such as double strand breaks. O-GlcNAcylation is required to respond to DNA damage, through its accumulation at damage sites and activation of the DNA
damage response (DDR) pathway. Response to DNA damage also requires the incorporation of variant histone H2AX, which is phosphorylated and can also be
O-GlcNAc modified. Elevated O-GlcNAc induces stem and progenitor cell proliferation and the DNA damage response through γH2AX and a phosphorylation
cascade of effector kinases. One of the downstream kinases, CHK1/2, phosphorylates OGT, which stabilizes the enzyme. This autoregulatory loop helps further
promote the DNA damage response and proliferation.

defects associated with OGT-XLID. Beyond the effects O-GlcNAc
has on chromatin dynamics, O-GlcNAc interacts with DNA
methylation pathways to regulate gene expression.

OGT AND DNA METHYLATION

DNA methylation is a critical epigenetic modification in
mammals which occurs predominantly at the 5-position carbon
on cytosine residues (5mC) followed by guanines. This epigenetic
mark is involved in a variety of functions in the mammalian
genome, including X-chromosome inactivation, gene silencing,
genomic stability, cellular identity, and genomic imprinting
(SanMiguel and Bartolomei, 2018). Two models for DNA
methylation-dependent repression have been described. The first
is a direct mechanism in which the presence of 5mC inhibits
binding of transcription factors to DNA, thereby silencing gene
expression. The second model is an indirect mechanism that
involves recruitment of proteins that bind methylated DNA
and associate with chromatin modifiers. These models are not
mutually exclusive and can work in concert (Klose and Bird,
2006). Despite being stable and heritable, DNA methylation is
also highly dynamic, particularly during development. Active
DNA demethylation is mediated by the TET family proteins
TET1, TET2, and TET3. These proteins iteratively oxidize 5mC

to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC),
and 5-carboxylcytosine (5caC) (Kriaucionis and Heintz, 2009;
Tahiliani et al., 2009; Ito et al., 2010, 2011; He et al., 2011).
These modifications can be transient intermediates in the
demethylation process which are ultimately removed by base
excision repair (Cortellino et al., 2011; He et al., 2011), or can
act on their own as a stable modifications (Bachman et al., 2014,
2015). Importantly, OGT is a well established binding partner of
the TET proteins and has recently been described to play a critical
role in DNA methylation-dependent repression.

Recent studies have revealed that OGT is found in complex
with the three TET proteins. OGT was found to be associated
with TET1 at gene promoters of transcriptionally active genes
in mouse ESCs. This interaction was required for OGT binding
to chromatin and enhanced TET1 activity (Vella et al., 2013).
Further, O-GlcNAcylation of TET1 was shown to regulate TET1
stability (Shi et al., 2013a), and OGT enhanced TET1 activity
in vitro (Hrit et al., 2018). Disrupting the OGT-TET1 interaction
in mouse ESCs resulted in increased 5mC and compensatory
increases in TET2, accompanied by transcriptional changes (Hrit
et al., 2018). These data indicate that the TET1-OGT complex is
critical for proper pluripotency gene regulatory networks which
maintain stem cell identity.

TET2 and TET3 also form complexes with OGT. Interaction
of TET2 with OGT associates at transcriptional start sites
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and facilitates histone O-GlcNAcylation. HCF-1 as part of the
SET1/COMPASS complexes is a specific target of the TET2/3-
OGT complex and promotes H3K4me3. A closer look at the
TET3-OGT interaction indicated that this interaction stabilized
OGT and enhanced chromatin association (Ito et al., 2014).
However, another study found that O-GlcNAcylation of TET3
promoted its export from the nucleus, thereby inhibiting TET3
function (Zhang et al., 2014). Further complicating the regulation
of TET proteins by OGT is the fact that they are also highly
phosphorylated (Bauer et al., 2015) setting up the possibility
of PTM crosstalk. While the functional relationship between
OGT and TET proteins still remains controversial, there are
some common themes in these papers. TET, OGT, and H2BS112
O-GlcNAc are colocalized in the genome, largely at CpG islands
containing promoters of actively transcribed genes (Chen et al.,
2013; Deplus et al., 2013; Vella et al., 2013). Thus this interaction
likely reinforces active transcription to maintain cell intrinsic
transcriptional program, possibly impacting development and
gene expression in OGT-XLID.

In addition to its effects on the process of DNA demethylation,
OGT has been found to be involved in gene silencing mediated by
DNA methylation. OGT selectively associates with the scaffolding
protein TRIM28 only in the presence of methylated DNA
(Boulard et al., 2020). It has been proposed that O-GlcNAcylation
of chromatin modifiers that interact with TRIM28 is required
at the sites of retrotransposon promoters to repress their
transcription (Boulard et al., 2020). This suggests disruption of
O-GlcNAc cycling may lead to increased genome instability in
addition to the contribution of impaired DNA damage response
described above.

TRANSCRIPTION FACTOR
O-GlcNAcylation

Gene expression is largely regulated by transcription
factors, which themselves are heavily regulated by PTMs.
O-GlcNAcylation is one of the major modifications that affects
transcription factor functions, modulating their localization,
stability, interacting partners, resulting in gene activation or
silencing. While many studies have defined the role of O-GlcNAc
modification of key transcription factors regulating processes
like immune activation (Chang et al., 2020), here we focus on the
role O-GlcNAc has in pluripotency and differentiation as well as
in the nervous system and glucose and lipid metabolism in the
liver as it relates more directly to neurodevelopmental disorders
that will be described (Figure 3).

O-GlcNAcylation in Development and
Cell Differentiation
Throughout development, the process of differentiation allows
a multicellular organism to form a complex system of multiple
tissues and cell types. In adulthood, stem cells retain the capacity
to differentiate allowing for tissue repair. O-GlcNAcylation
during development is essential, as deletion of Ogt in mouse
ESCs is lethal (Shafi et al., 2000). Further, reduced expression
of Ogt disrupts stem cell self-renewal through deregulation

of pluripotency transcriptional networks (Jang et al., 2012).
This is likely due to OGT’s role in chromatin remodeling
as described above, as well as through direct modification
of transcription factors involved in pluripotency. In fact, the
Yamanaka factors OCT4, SOX2, and C-MYC are all O-GlcNAc
modified (Chou et al., 1995; Jang et al., 2012), and increasing
O-GlcNAc in ESCs hampers normal differentiation (Jang et al.,
2012). In fact, deleting Oga in the mouse is largely perinatal
lethal (Keembiyehetty et al., 2015). Mice in which Oga was
conditionally deleted in the brain exhibited microcephaly,
high body fat percentage, hypotonia, and delayed development
of the brain associated with abnormal cell proliferation and
migration. This phenotype is related to transcriptional changes of
pluripotency markers, including Sox2, Nanog, and Otx2 (Olivier-
Van Stichelen et al., 2017). The transcription factor Sox2 and
other transcription factors involved in the maintenance of mouse
ESC pluripotency and stem cell self-renewal all require O-
GlcNAcylation (Myers et al., 2011; Jang et al., 2012).

Cellular differentiation is regulated by O-GlcNAcylation, as
lowered UDP-GlcNAc levels by HBP inhibition blocks the
differentiation of adipocytes in vitro (Ishihara et al., 2010).
Normal adipocyte differentiation in cell culture requires the
transcription factors C/EBPα and C/EBPβ. It has been reported
that C/EBPβ is modified by O-GlcNAc, and diminished O-
GlcNAcylation reduces C/EBPα protein levels, suggesting the
modification stabilizes the protein (Ishihara et al., 2010). Mass
spectrometry analysis indicated two O-GlcNAc sites on Ser180
and Ser181, which are very close to C/EBPβ phosphorylation
sites at Thr188, Ser184, and Thr179 (Li et al., 2009). The
sequential phosphorylation of C/EBPβ at Thr188 then Ser184 by
MAPK or CDK2, and Thr179 by GSK3β is required for DNA
binding and transcriptional activity (Kim et al., 2007). Increased
O-GlcNAcylation during adipocyte differentiation prevents
C/EBPβ phosphorylation and subsequently delays adipocyte
differentiation (Li et al., 2009). In addition, mutations of
Ser180/181 rescued the phenotype induced by O-GlcNAcylation
which suggests that the transcriptional activity of C/EBPβ

is regulated by phosphorylation and O-GlcNAcylation in a
competitive manner by alternative occupancy at adjacent sites
(Li et al., 2009).

Hematopoietic stem cell (HSC) maintenance also requires
balanced O-GlcNAc cycling. In fact, when Oga has been deleted
in HSCs in mice, these mice exhibit diminished HSC pools
as well as reduced intermediate progenitor populations. The
elevated O-GlcNAcylation in progenitor cells of these mice were
correlated with transcriptional changes in factors involved in
adult stem cell maintenance, lineage specification and nutrient
uptake (Abramowitz et al., 2019).

Transcription Factor O-GlcNAcylation in
the Nervous System
O-GlcNAcylation has been extensively studied in the brain due
to its critical role during development described above, and
in neurodegenerative diseases like Alzheimer’s (Griffith and
Schmitz, 1995; Olivier-Van Stichelen et al., 2017). Emerging data
has highlighted the role of transcription factor O-GlcNAcylation
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FIGURE 3 | Diversity of transcription factor O-GlcNAcylation in the brain and liver. O-GlcNacylation of transcription factors can act to modulate their activity,
localization, stability, binding partners and other post translational modifications. In the brain (left), O-GlcNAcylation of CREB represses its activity and
downregulates transcriptional targets like Wnt2 and Bdnf in a CRTC (cAMP-regulated transcriptional co-activators)-dependent manner. Reduced O-GlcNAc of
protein kinase A (PKA) is characteristic of Alzheimer’s disease, and leads to decreased phosphorylation of CREB at S133 and increased phosphorylation of tau at
T205. Further, deacetylation of CREB by SIRT1, causes downregulation of OGT. In the liver (right), modification of PGC-1a and association with OGT promotes
FOXO1 O-GlcNAcylation, enhancing activity and promoting transcription gluconeogenic genes. The liver X receptors (LXRs) are nutrient sensors with critical roles in
lipid metabolism, glucose homeostasis, and metabolism. O-GlcNAc modification of LXRs induces expression of SREBP-1 and ChREBP, key factors involved in
hepatic lipogenesis and energy metabolism. HCF-1 O-GlcNAcylation stimulates OGT recruitment and modification of ChREBP, enhancing ChREBP activity and
promoting recruitment of the activator PHF2 which binds the activating histone mark H3K4me3.

during neuronal development, synaptic plasticity and memory.
CREB, a key transcription factor involved in learning and
memory, is O-GlcNAc modified in the TAFII130 binding
domain, a component of the TFIID transcriptional complex
(Lamarre-Vincent and Hsieh-Wilson, 2003). O-GlcNAcylation
of CREB impairs its interaction with TAFII130 and represses
CREB transcriptional activity in vitro (Lamarre-Vincent and
Hsieh-Wilson, 2003). Further studies demonstrated that O-
GlcNAcylation of CREB at Ser40 modulates dendrite and
axonal elongation with downregulation of Wnt2 and BDNF
signaling (Rexach et al., 2012). It has also been suggested that
glycosylation of CREB has a significant impact on long-term
memory consolidation (Rexach et al., 2012). In accordance with
this hypothesis, an independent research group has provided a
link between O-GlcNAcylation, Protein Kinase A (PKA)-CREB
signaling, and memory loss in Alzheimer’s disease. Alzheimer’s
disease is associated with a decrease in O-GlcNAcylation, which
has been shown to influence aggregating proteins such as
tau (Akan et al., 2018). PKAs can be O-GlcNAc modified,
which influences their localization, activity, and phosphorylation
(Xie et al., 2016). The inhibition of PKA-CREB signaling
by O-GlcNAcylation was associated with impaired learning
and memory in mice.

While CREB itself is regulated by O-GlcNAc, it can also
regulate OGT expression. CREB can be deactivated by the
deacetylase SIRT1, thereby reducing OGT expression and
promoting tau phosphorylation, one of the major events in the
course of Alzheimer’s disease (Lu et al., 2020).

With important roles in regulating the transcriptional
networks required for proper development, differentiation
and within the nervous system, it is unsurprising that
deregulation in O-GlcNAc homeostasis is associated with
neurodevelopmental diseases.

Transcription Factor O-GlcNAcylation in
Carbohydrate and Lipid Metabolism
Beyond the brain, CREB also plays an important role in the
liver where it regulates hepatic glucose and lipid metabolism
(Herzig et al., 2001; Dentin et al., 2008). During prolonged
fasting, CREB stimulates the gluconeogenic program with the
coactivator PGC-1 (Herzig et al., 2001). PGC-1α (peroxisome
proliferator-activated receptor gamma, co-activator 1 alpha) is
a transcriptional co-activator that controls energy and nutrient
homeostasis by coordinating gene expression. PGC-1α has been
shown to form a complex with OGT and be O-GlcNAcylated
at Ser333. Moreover, increased glucose levels lead to FOXO1
(Forkhead box other 1) O-GlcNAcylation via the PGC-1α/OGT
complex, enhancing transcriptional activity (Housley et al.,
2008). In addition, increased O-GlcNAc, either by addition of
glucosamine or an OGA inhibitor, enhanced FOXO1 target gene
expression in HepG2 cells (Kuo et al., 2008).

Insulin has two main functions within the liver: (1)
downregulation of gluconeogenesis genes by initiating
inhibitory phosphorylation of FOXO1, and (2) promotion
of lipogenic pathways through activation of SHREBP-1c
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(Brown and Goldstein, 2008). O-GlcNAcylation regulates both
pathways by attenuating insulin signaling and activating
lipogenic pathways. The liver X receptors (LXRs) are described
as nutritional sensors for lipid metabolism, glucose homeostasis
and inflammation, and are posttranslationally modified
by phosphorylation, acetylation, and O-GlcNAcylation
(Anthonisen et al., 2010). Increased glucose levels leads to
LXR O-GlcNAcylation, inducing SREBP-1c (sterol regulatory
element binding protein 1c) expression. SREBP-1c is a major
player of gene expression in hepatic lipogenesis (Anthonisen
et al., 2010). LXR has been shown to interact and co-localize
with OGT in vitro and in vivo. Additionally, LXR enhanced the
expression of SREBP-1c and ChREBPα/β under hyperglycemic
conditions (Bindesbøll et al., 2015). The effects of O-GlcNAc on
the LXR pathway may extend beyond the liver, as this was the
most dysregulated pathway found by transcriptomics of OGT-
XLID mutant cells (Selvan et al., 2018). The LXR pathway has
been shown to be critical in the development of dopaminergic
neurons from stem cells (Ma et al., 2009), providing a possible
link between this pathway and the developmental disorder.

ChREBP (carbohydrate responsive element binding protein)
is a key factor of energy metabolism in the liver and is
regulated by O-GlcNAcylation. High glucose or OGT expression
increased ChREBP O-GlcNAcylation, stabilizing the protein and
increasing expression of its target genes. Oga overexpression
in mouse livers markedly reduced ChREBP O-GlcNAcylation
and decreased abundance of ChREBP targets (Guinez et al.,
2011). These results clearly demonstrated that O-GlcNAcylation
of ChREBP increases its stability and activity. In addition,
a recent study identified HCF-1 as a modulator of ChREBP
activity and the lipogenic program, which is glucose dependent.
Elevated glucose induced HCF-1 O-GlcNAcylation and HCF-
1/ChREBP complex formation, where HCF-1 recruits OGT to
further promote O-GlcNAcylation of ChREBP (Lane et al., 2019).
Moreover, HCF-1/ChREBP complex formation was associated
with the recruitment of epigenetic activator PHF2, which binds to
H3K4me3 and enhances transcription (Lane et al., 2019). These
data demonstrated that lipogenic gene expression is under the
control of epigenetic modulations, ChREBP O-GlcNAcylation,
and activation by HCF-1.

Through regulation of transcription factors, O-GlcNAc is able
to alter patterns of gene expression in response to nutrient status
and stress. Mutations in OGT may impair its targeting of specific
pathways and disrupt their normal function in responding to the
environment and coordinating development.

PLACENTAL OGT AS A BIOMARKER
FOR NEURODEVELOPMENTAL
DISEASE: A MODEL OF
TRANSGENERATIONAL INHERITANCE

Prenatal development is a particularly vulnerable time, when
tight regulation of transcriptional networks is required to
transform a fertilized egg into a multicellular organism requiring
complex tissue development. In mammals, energy flow from the
mother to the fetus is mediated by the placenta, which transfers
macronutrients, gases, and metabolites into fetal circulation.

Thus, the placenta transmits nutritional and stress information
from the mother to the developing fetus. Glucose is the primary
fuel for the fetus, which is provided by maternal transfer
through the placenta. The fetal brain is a particularly nutritionally
demanding tissue during fetal development. Brain regions are
more sensitive to nutrient availability at particular gestational
stages. Interestingly, a recent hypothesis to explain the male-
biased presentation of neurodevelopmental diseases focuses
on sex differences in the placenta in relaying signals to the
developing brain regarding maternal perturbations (Charil et al.,
2010; Howerton and Bale, 2012, 2014; Gabory et al., 2013;
Howerton et al., 2013; Davis and Pfaff, 2014; Nugent and Bale,
2015; Bale, 2016).

As an X-linked gene and having the ability to transmit
nutritional information to the nucleus, OGT is a unique
candidate to signal maternal stress through the placenta to the
developing fetus in a sex-dependent manner. Interestingly, O-
GlcNAcylation of placental proteins correlates with maternal
glycemic index (Dela Justina et al., 2018). In fact, a genome-wide
screen looking for sex-specific changes in placental transcription
after exposure to early prenatal stress identified Ogt as a top
candidate for exhibiting sexually dimorphic expression in the
placenta and changes in expression as a response to maternal
stress (Howerton et al., 2013). This study found that male
mouse placentas had about half the amount of OGT protein,
corresponding to decreased total O-GlcNAc levels and even lower
levels of OGT and O-GlcNAc upon prenatal stress, as compared
to their female counterparts (Howerton et al., 2013). Hemizygous
and homozygous mice that had Ogt deleted specifically in the
placenta recapitulated models of early prenatal stress presenting
with hypothylamic mitochondrial dysfunction characterized by
transcriptional changes and altered cytochrome c oxidase activity
(Howerton and Bale, 2014).

As discussed previously, OGT plays a critical role in regulating
gene expression, particularly as a key regulator of Polycomb
repression. Analysis into how placental expression of Ogt
could causally contribute to neurodevelopmental disorders in
the offspring have highlighted OGT’s role in regulating the
H3K27me3 repressive histone mark. Interestingly, Nugent et al.
(2018), found that OGT establishes sex differences in placental
H3K27me3, with an enrichment found in females. This sex
difference was Ogt dependent, as genetic reduction of Ogt in mice
masculinized female placental H3K27me3 levels (Nugent et al.,
2018). It was hypothesized that the higher levels of H3K27me3
allow for resiliency and less transcriptional response to maternal
stress in the female than the male placenta. One deregulated
gene of particular interest was Hsd17b3 (17-β-hydroxysteroid
dehydrogenase-3). Through a ChIP-seq experiment on placental
tissue, the researchers identified a correlation between O-GlcNAc
occupancy and Hsd17b3 expression and that O-GlcNAc is
significantly reduced by exposure to early prenatal stress
(Howerton and Bale, 2014). This gene codes a key enzyme
in testosterone biosynthesis. Examination of testosterone in a
model of early prenatal stress male placentas showed a significant
reduction in testosterone levels, potentially contributing to
hypothalamic changes in offspring (Howerton and Bale, 2014).
Taken together, these observations supports the possibility that
acting as an epigenetic modifier in the placenta, OGT is able
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to pass transgenerational stress signals from the mother to the
offspring in a sex-specific manner.

OGT AND X-LINKED INTELLECTUAL
DISABILITY (OGT-XLID): A DISEASE OF
O-GlcNAc IMBALANCE

X-linked intellectual disabilities are a group of a
neurodevelopmental disorders representing about 5-10% of
all cases of intellectual disability (Pravata et al., 2020b). Over 200
genes have been linked to XLID, although some of the candidates
remain controversial. Over the past few years, a syndromic form
of XLID affecting multiple families has been described which co-
segregates with variants in the human OGT gene (Vaidyanathan
et al., 2017; Willems et al., 2017; Selvan et al., 2018; Pravata et al.,
2019, 2020a,b). At present, some 14 patients from 8 families
have been analyzed which show non-synonymous variants in
the OGT gene (Pravata et al., 2020a). All the patients carrying
OGT variants were found to have decreased intellectual ability
with IQ scores well below 70. In addition, the patients exhibit
both mental and physical developmental delay, intrauterine
growth retardation, low birth weight, short stature, restricted
language skills, and drooling. A summary of XLID-causative
variants and their position in the proposed OGT structure is
shown in Figure 4A. It is notable that all of the inherited variants
are in the TPR repeats (Bouazzi et al., 2015; Vaidyanathan
et al., 2017; Willems et al., 2017; Selvan et al., 2018), which are
implicated in both substrate binding and complex formation
with other epigenetic regulators. Two mutations appeared de
novo and are present in the catalytic domain, such as the N567L
variant found in two female twins (Pravata et al., 2019), and the
N648Y variant found in a male patient (Pravata et al., 2020a).
On the basis of the common features of these patients and
the fact that the clinical features co-segregate with the OGT
gene it has been proposed that this syndrome be classified as a
congenital disorder of glycosylation (CDG) termed OGT-CDG
(Pravata et al., 2020b). Identification of this disorder strongly
reinforces a growing body of evidence that O-GlcNAcylation
plays a key role in development, particularly neurodevelopment.
The involvement of OGT in numerous epigenetic pathways,
with the propensity of epigenetic disorders to manifest in
neurodevelopmental disorders (Gabriele et al., 2018) suggests
possible mechanisms causing this form of XLID. Thus, the
features of this disorder allows a dissection and discussion of the
role of OGT and O-GlcNAcylation in many aspects of human
physiology (Figure 4B).

OGT Activity: Enzyme Stability, Target
Recognition and Responsiveness to
Hexosamine Flux
The previous examination of XLID patients have revealed
changes in OGT activity and stability (Vaidyanathan et al., 2017;
Willems et al., 2017; Selvan et al., 2018). Interestingly, several
reports have suggested little to no change in O-GlcNAc levels
(Vaidyanathan et al., 2017; Willems et al., 2017). One exception

is the N648Y mutation which shows reduced enzymatic activity
(Pravata et al., 2019). However, the tools we have available
may be too insensitive to detect small changes or changes in
subsets of substrates. In particular, the mutations associated with
TPR repeats have the potential to affect substrate or complex
recognition without direct effect on the catalytic domain. Our
previous structural work on the TPRs allowed us to propose a
role for an asparagine ladder motif in substrate recognition (Jinek
et al., 2004). Recently this hypothesis was confirmed by additional
structural studies (Levine et al., 2018). Thus substrate recognition
may be affected by the XLID mutations.

The mutations in OGT may also destabilize the OGT protein.
This was observed with the OGT L254F mutation in particular
(Pravata et al., 2020a,b). However, current data reveal that while
OGT-XLID variants may be destabilized, OGT protein levels
in the majority of cell lines carrying the XLID variants were
minimally altered (Pravata et al., 2020b). It is yet to be determined
what effect these variants might have on levels of UDP-GlcNAc
derived from hexosamine flux. Since OGT is a critical regulator
of glucose utilization and metabolic reprogramming, changes in
both glucose utilization and synthesis of UDP-GlcNAc may be
altered in OGT-XLID (Saeed et al., 2016; Hanover et al., 2018).

X-inactivation and XLID
The X chromosome has a unique pattern of inheritance
compared to autosomal chromosomes. The X chromosome in
males is inherited from the mother making recessive X-linked
mutations predominant in males. The significance of the
X-chromosomal location OGT has been previously discussed
(Shafi et al., 2000; Hanover et al., 2003, 2012; Love et al., 2003,
2010; O’Donnell et al., 2004; Abramowitz et al., 2014; Olivier-
Van Stichelen and Hanover, 2014, 2015; Olivier-Van Stichelen
et al., 2014). In females, X-inactivation is primarily random, with
individual cells inactivating one of the X chromosome employing
a long non-coding RNA (Xist) and chromatin modifiers such as
the Polycomb complexes (Love et al., 2010; Brockdorff, 2013;
Froberg et al., 2013; Shi et al., 2013b; Monfort and Wutz, 2020).
Interestingly, female XLID patients with de novo mutations
at OGT N567K have been shown to exhibit extreme skewing
in X-inactivation (98%) although it is unclear which of the
two X chromosome are inactivated (Pravata et al., 2019). In
these patients, the levels of O-GlcNAc are affected and this
reduction can be recapitulated in vitro and in other model
systems (Pravata et al., 2019). Given these findings, it is unclear
why such skewing occurs in the context of this de novo mutation
arising in female probands. OGT could contribute to DNA
methylation/demethylation associated with the X-inactivation
process. In addition, the role of OGT in Polycomb repression
previously discussed raises the possibility that alterations in O-
GlcNAc cycling could contribute to the skewing observed.

The OGA Gene and Compensation for
OGT Perturbations
In many instances, variants in OGT associated with XLID
resulted in a reduction in levels of OGA (Vaidyanathan et al.,
2017; Willems et al., 2017; Selvan et al., 2018; Pravata et al.,
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FIGURE 4 | Imbalance of O-GlcNAc cycling leads to epigenetic changes and disease. (A) The presumed structure of OGT (Lazarus et al., 2011) shown as a cartoon
in complex with UDP (orange spheres), with sites of OGT-XLID causative variants highlighted (red spheres). Each domain is colored-coded and labeled with its name.
To better show the variants in the catalytic domain, a zoomed panel rotated 180◦ about the y-axis from the full structure is shown on the right. (B) Expression of both
OGT and OGA are regulated by cellular concentrations of UDP-GlcNAc through splicing mechanisms. As an X-chromosome gene, OGT is also regulated by
X-inactivation. OGT and OGA proteins dynamically cycle O-GlcNAc to regulate many epigenetic mechanisms such as the Polycomb repressive complexes and
regulation of transcription factors. In addition, both genes are linked to intelligence: OGT mutations cause intellectual disability, and a GWAS meta-analysis found
OGA is associated with intelligence (Savage et al., 2018). Deletion of Oga disrupts proper neural development and the proliferation of mouse embryonic stem cells
(Olivier-Van Stichelen et al., 2017).
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2020a,b). OGA can upregulate gene expression of OGT through
activation of the transcription factor C/EBP-β (Vaidyanathan
et al., 2017), in addition to this protein’s role in differentiation
discussed above. Similarly, loss of OGA leads to an elevation
in OGT protein levels (Keembiyehetty et al., 2015). The genes
encoding OGA and OGT exhibit complex splicing patterns and
recent findings suggest that mechanisms exist which serve to limit
the translation of alternatively spliced species of the enzymes
of O-GlcNAc cycling (Figure 4B) (Hanover et al., 2003; Park
et al., 2017; Parra et al., 2020; Willems et al., 2017; Tan et al.,
2020). O-GlcNAc regulates this process, suggesting a distinct
feedback mechanism limiting the production of certain isoforms
in response to O-GlcNAc elevation. In one study, an internal
silencing site has been identified which appears to alter splicing of
OGT mRNA, limiting its translation (Park et al., 2017). A similar
mechanism is at play with OGA, where abundance of the enzyme
is regulated by alternative splicing in response to O-GlcNAc
levels (Tan et al., 2020). Thus, homeostatic systems are in place
to limit the deregulation of total O-GlcNAc. However, lowering
OGA levels can have a dramatic effect on neurodevelopment.
We recently reported that mice in which Oga was deleted in
the brain showed numerous phenotypes including microcephaly,
enlarged ventricles, hypotonia, and developmental delay, strongly
suggesting a possible link between OGT-XLID variants and
perturbations of OGA levels (Olivier-Van Stichelen et al., 2017).
In addition, a genome-wide association meta-analysis in 269,867
individuals identified MGEA5/OGA as one of the genes closely
associated with intelligence (Savage et al., 2018). Studies on
several OGT-XLID variants report a decrease in OGA levels
(Vaidyanathan et al., 2017; Willems et al., 2017), although others
have shown no evidence for a change in OGA levels (Selvan et al.,
2018; Pravata et al., 2020a). So clear is this linkage between OGT
variants and OGA that lowered OGA levels have been suggested
as a diagnostic for XLID (Pravata et al., 2020b).

XLID and Other OGT Functions: HCF-1
Cleavage
O-GlcNAc transferase strongly associates with HCF-1 and heavily
modifies it. In combination, OGT-HCF-1 forms interactions with
numerous epigenetic complexes (Lazarus et al., 2013; Janetzko
et al., 2016; Kapuria et al., 2016, 2018; Levine and Walker, 2016;
Leturcq et al., 2017; Vaidyanathan et al., 2017; Gao et al., 2018).
In addition, OGT cleaves HCF-1 using a catalytic mechanism
which has been recently studied (Lazarus et al., 2013; Bhuiyan
et al., 2015; Janetzko et al., 2016; Kapuria et al., 2016, 2018).
Some of the OGT variants show changes in HCF-1 cleavage, but
this does not seem to be universal to the disorder (Vaidyanathan
et al., 2017; Willems et al., 2017; Selvan et al., 2018; Pravata
et al., 2020a,b). Mutations in the gene encoding HCF-1 have
been found to cause another form of XLID (Koufaris et al.,
2016), suggesting a possible overlap in the mechanism of these
disorders. Unlike OGT-XLID, this disorder does not include
obvious developmental and morphological abnormalities, but
HCF-1 dysregulation may still be an important contributor to key
features of OGT-XLID.

OGT Interactions With Epigenetic
Complexes
O-GlcNAc transferase interacts with numerous protein
complexes associated with epigenetic regulation including
the Polycomb repressive complexes, the pluripotency network
associated with Oct4, Sin3A-HDAC complexes, and many others
(Love et al., 2010; Hanover et al., 2012; Lewis and Hanover,
2014; Levine and Walker, 2016; Leturcq et al., 2017; Gao et al.,
2018). The mutations seen in OGT-XLID could disrupt subsets
of these interactions with accompanying changes in O-GlcNAc
modification leading to a more pleiotropic deregulation of
development. Improper regulation of these epigenetic complexes
is known to impact development. For example, mutations in
PRC2 proteins EZH2, SUZ12, and EED can cause Weaver
Syndrome, an autism spectrum disorder that presents with
developmental delay (Imagawa et al., 2017). These overlapping
phenotypes may suggest common molecular pathways are at
play with OGT-XLID.

At the present, it is difficult to examine these interactions
quantitatively, but sensitive methods to examine both protein-
protein interactions and O-GlcNAc turnover in those complexes
are under continuous development.

OGT AND NEURODEVELOPMENTAL
DISEASE: SUMMARY AND
IMPLICATIONS

The identification of OGT-XLID as a rare human disorder
suggests that non-synonymous variants of OGT can be tolerated
to a limited degree. These OGT variants are hypomorphic,
leading to only modest changes in O-GlcNAc levels due
to compensatory changes in the O-GlcNAcase expression.
Patients with OGT-XLID show numerous developmental and
neurodevelopmental deficits resulting in a form of intellectual
disability. This intellectual disability phenotype results from
changes in neurodevelopment which strongly suggests that O-
GlcNAc addition and removal may play a particularly important
role in the functioning and development of the brain. This is
perhaps not surprising given the importance of glucose and its
metabolites in the physiology of the central nervous system. In
addition, the complexity of the human brain originates from a
finely tuned developmental process influenced by both genome
and environment (Gabriele et al., 2018). A particularly sensitive
time of brain development occurs in utero when glucose is
provided primarily by maternal transfer through the placenta.
This underscores the importance of maternal nutritional and
environmental state and proper placental glucose metabolism for
fetal brain development.

Development of the human cortex is incredibly sensitive,
in part due to the requirement for two waves of rapid
proliferation of progenitor cells (Florio and Huttner, 2014).
During these developmental periods, cells are particularly
prone to the accumulation of genetic lesions. Errors in DNA
replication and repair can induce single nucleotide variants
and insertions-deletions (Ernst, 2016). Transposable elements
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are another major source of genome instability which have
been linked to neurological disorders (Doyle et al., 2017).
Mutations in OGT may derepress transposable elements
considering the recent findings of OGT working with TRIM28
to silence retrotransposons in a DNA methylation-dependant
manner (Boulard et al., 2020). TRIM28 silencing is active
in neural progenitor cells, and heterozygous mice present
behavioral phenotypes which suggest an important role in brain
development (Whitelaw et al., 2010; Grassi et al., 2019). The roles
OGT plays both in activating the DNA damage response and in
the silencing of retrotransposons help maintain genome integrity
in the developing brain. The contribution of DNA damage and
transposable element activity to OGT-XLID phenotypes should
be investigated further.

Thus, the functional and morphological features of the
human brain render it highly vulnerable to both genetically and
environmentally induced alterations. In addition, there is an
increasing awareness that chromatin regulation may be central
to understanding neurodevelopmental disorders (Gabriele et al.,
2018). The insights gained from analysis of both OGT-XLID
patients and deregulated placental OGT, are likely to provide
a platform for understanding how the O-GlcNAc pathway is
integrated in human physiology. We have highlighted the role of
O-GlcNAc cycling in numerous epigenetic complexes regulating
development and differentiation. We have also examined the
role of O-GlcNAc cycling in stem cell differentiation and

the regulation of DNA damage response signaling. Finally,
we have argued that compensatory mechanisms may be in
place to limit the impact of the OGT mutations including
X-inactivation of OGT, intron retention of OGT transcripts,
OGA down regulation by Polycomb repression, intron retention,
and transcription. These highly varied modes of regulation serve
to buffer the effects of the OGT mutations, but may themselves
have phenotypic consequences.
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