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Abstract
The nutrient-sensing hexosamine signaling pathway modulates the levels of O-linked N-
acetylglucosamine (O-GlcNAc) on key targets impacting cellular signaling, protein turnover and
gene expression. O-GlcNAc cycling may be deregulated in neurodegenerative disease, cancer, and
diabetes. Studies in model organisms demonstrate that the O-GlcNAc transferase (OGT/Sxc) is
essential for Polycomb group (PcG) repression of the homeotic genes, clusters of genes
responsible for the adult body plan. Surprisingly, from flies to man, the O-GlcNAcase (OGA,
MGEA5) gene is embedded within the NK cluster, the most evolutionarily ancient of three
homeobox gene clusters regulated by PcG repression. PcG repression also plays a key role in
maintaining stem cell identity, recruiting the DNA methyltransferase machinery for imprinting,
and in X-chromosome inactivation. Intriguingly, the Ogt gene resides near the Xist locus in
vertebrates and is subject to regulation by PcG-dependent X-inactivation. OGT is also an
enzymatic component of the human dosage compensation complex. These ‘evo-devo’
relationships linking O-GlcNAc cycling to higher order chromatin structure provide insights into
how nutrient availability may influence the epigenetic regulation of gene expression. O-GlcNAc
cycling at promoters and PcG repression represent concrete mechanisms by which nutritional
information may be transmitted across generations in the intra-uterine environment. Thus, the
nutrient-sensing hexosamine signaling pathway may be a key contributor to the metabolic
deregulation resulting from prenatal exposure to famine, or the ‘vicious cycle’ observed in
children of mothers with type-2 diabetes and metabolic disease.

1. Introduction
The cycling of O-GlcNAc at serine and threonine residues is a nutrient-responsive, post-
translational modification (PTM) that impacts target protein activity. The diverse set of
proteins (over 600) that are regulated by this PTM are found both in the nucleus and
cytoplasm and participate in many fundamental aspects of cellular homeostasis such as cell
signaling, mRNA transcription, and protein stability [1,2]. It has been twenty years since O-
GlcNAc was first localized to transcription factors and chromatin [3-5]. This discovery
suggested the possibility for nutrient-responsive control of the transcriptional machinery
through O-GlcNAc modification.
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Since those initial observations, our understanding of the role of O-GlcNAc cycling has
matured. The enzymes responsible for the addition and removal of this modification have
been identified and cloned in several model systems [6-9]. Additionally, upstream
modulators that control the level of the donor sugar, UDP-N-acetylglucosamine, are also
known [10-13]. Finally, a variety of inhibitors and sensors of O-GlcNAc cycling have been
developed [14-16]. Armed with these tools, a number of laboratories have identified O-
GlcNAc cycling as a key regulator of nutrient sensing (reviewed in [2]). Additionally,
dysregulation of this pathway has a profound impact on diseases of nutrient sensing, such as
type II diabetes, and neurodegeneration [17].

In this review, we will focus on the evolution of nutrient responsive O-GlcNAc cycling,
detail the impact of O-GlcNAc cycling in the embryonic development of several model
systems, and discuss its role in epigenetic programming of developmental fate.

2. Hexosamine signaling—a nutrient-responsive pathway evolves
O-GlcNAc cycling at serine and threonine residues is maintained by the action of OGT and
the OGA, enzymes that add and remove O-GlcNAc, respectively. UDP-N-
acetylglucosamine (UDP-GlcNAc) is the donor sugar for the transferase reaction. This
reaction is the terminal step of the hexosamine biosynthetic pathway.

The hexosamine biosynthetic pathway is acutely sensitive to nutrient flux. Approximately
2-5% of total glucose is shunted into this pathway to produce UDP-GlcNAc. The
hexosamine biosynthetic pathway integrates the nutrient status of the cell by utilizing
glucose, acetyl-CoA, glutamine, and UTP to produce UDP-GlcNAc (Fig.1). Interestingly,
glucosamine can rapidly increase the levels of UDP-GlcNAc by bypassing the rate-limiting
enzyme in this pathway, glutamine:fructose-6-phosphate amidotransferase (GFAT) [10,11].
OGT transmits this nutrient information throughout the cell by glycosylating target proteins.
While UDP-GlcNAc is used throughout the secretory pathway as a building block for the
synthesis of N-linked and O-linked glycans, as well as the assembly of GPI-anchors, nuclear
and cytosolic O-GlcNAc-modified proteins appear to be particularly sensitive to
physiological flux of the UDP-GlcNAc pools.

2.1. Evolutionary conservation of the Hexosamine Signaling Pathway
The analogy between phosphorylation and O-GlcNAc modification is often made as these
two signaling pathways share many common features and targets. However, these two
signaling pathways differ in one important respect; where there are hundreds of kinases and
phosphatases, most organisms contain only one OGT and one OGA. The exception appears
to be vascular plants and mosses, each containing two OGTs; spindly (spy) and secret agent
(sec) (reviewed in [18]). In animals, a single OGT appears to be the rule with zebrafish
being the only exception. Zebrafish has two ogt genes termed ogta and ogtb. These genes do
not appear to be the result of the teleost specific gene duplication event as other teleost fish
genomes contain only one ogt gene [19,20].

The genomic location of OGT encoding genes in some animals is also intriguing. In the fly,
Ogt/sxc is present in a distinct heterochromatin-euchromatin boundary in the centromeric
heterochromatin of chromosome 2R (41C) (Fig.2A). In humans (and all mammals), OGT is
present on the X-chromosome at Xq13.1, quite close to the Xist locus and the X-inactivation
center (XIC) (Fig.2B). The close proximity of Ogt genes to known heterochromatin
boundaries may have significance for the regulation of its expression in mammals, as will be
discussed in a later section.

Love et al. Page 2

Semin Cell Dev Biol. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.2. Ogt—single gene, many partners
An important question in the field is how a single enzyme can act on a vast array of tissues
and on many different protein substrates in a regulated fashion. Part of the answer comes
from the modular structure of the tetratricopeptide (TPR) domains in OGT. These domains
produce a super helical structure containing an asparagine ladder that is critical for protein
recognition [21]. Alternative splicing produces multiple isoforms, each with varying number
of TPRs. This difference allows each isoform to modify a select subset of substrates
[6,7,22]. Alternative splicing also targets OGT to different subcellular compartments [23].
Additionally, two-hybrid analysis using the TPR domain of OGT revealed a host of OGT-
interacting proteins (OIP) that provide another layer of regulation by bridging the interaction
of the enzyme with its with target substrates [24,25].

2.3. Oga and the NK homeobox cluster
The OGA is also derived from a single gene in most metazoans known to encode this
activity. Here again, splice variants exist which increase the diversity of transcripts encoded
by this single gene. Interestingly, the presence of an identifiable O-GlcNAcase is not
universally associated with the presence of an Ogt gene. As discussed elsewhere [2,18] it is
not clear whether this is due to gene loss in some organisms or acquisition of only one arm
of the signaling pathway. Among sequenced genomes, the most distantly related O-
GlcNAcase genes are from the trematode Schistosoma mansoni and nematodes such as
Caenorhabditis elegans and Caenorhabditis briggsae.

One interesting aspect of the evolution of O-GlcNAcase and hexosamine signaling is the
common presence of the O-GlcNAcase gene MGEA5 in a highly conserved cluster of Nk
homeobox genes in vertebrates (Fig.2B). This Nk gene cluster is thought to be quite ancient,
possibly predating the evolutionary divergence of sponges, bilaterians and cnidarians [26].
The NK genes present in the cluster function primarily in mesoderm development. The NK
gene cluster is one of three large clusters in vertebrates, the Hox cluster (specifying mostly
ectoderm), and the Parahox cluster (specifying endoderm) being the other two [27]. Large
regions of synteny can be observed from Drosophila and Anopheles to humans providing
evidence for an 800 million year old conserved region in the human genome [28]. As shown
in Figure 2A, Drosophila oga (CG5871) is adjacent to the gene encoding Negative
Elongation Factor (NELF) and the two genes are flanked by the downstream homeobox
gene CG7056 (Hhex, in mammals). The NK homeobox cluster in vertebrates also contains
oga adjacent to the canonic members of this group [29] (Fig.2B). While duplications have
resulted in four Hox clusters present on different chromosomes in vertebrates, Oga is
present in only one of the clusters associated with the Ladybird1 (Lbx1) gene on
chromosome 10 in humans (19 in mouse). In organisms as diverse as Drosophila and the
mouse, Lbx genes play key roles in muscle and neural development [30,31]. Similar findings
have been reported in zebrafish and chicken. The genomic position of the Oga within the
highly conserved Nk homeobox gene cluster has intriguing implications for its regulation
and will be discussed section 7.1.

3. Hexosamine signaling is essential for vertebrate development
O-GlcNAc cycling is essential in all vertebrates examined to date; deletion of Ogt in the
mouse, fish, or frog results in extreme developmental defects, most often leading to death of
the developing embryo [20,32,33].

3.1 Mammalian development
It has been difficult to study to role of OGT in early development using the mouse model.
Classical disruption using homologous recombination proved to be embryonic stem cell
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lethal, necessitating the use of targeted disruption by the Cre-lox system [34]. Targeted
deletion of Ogt in the developing oocyte also was lethal with death occurring around day 5
post fertilization. Knocking out Ogt in targeted tissue led to profound changes in all cell
types examined, such as T-cell apoptosis and fibroblast senescence [35]. Neuronal specific
ablation resulted in smaller pups with aberrant locomotor activity. These animals did not
nurse well and died approximately 10 days after birth [35]. Thus, understanding Ogt
function in the mouse has been problematic, although results to date suggest essential and
pleiotropic roles for this enzyme during development.

EMeg32 is essential for the efficient production of UDP-GlcNAc. This enzyme was
identified in a screen for differentially expressed genes in the hematopoietic precursor cells
[12]. EMeg32 is an essential gene; mice homozygous for the Emeg32 deletion died at
embryonic day 7.5, with a pronounced delayed development [13]. Deletion of the gene
encoding EMeg32 drastically reduced the intracellular pools of UDP-GlcNAc, but did not
eliminate UDP-GlcNAc, as a salvage pathway [36] also maintains this nucleotide sugar. The
reduction in UDP-GlcNAc disproportionately affected the levels of nuclear and cytoplasmic
O-GlcNAc modified proteins versus N-linked glycosylated proteins found in the secretory
pathway [13]. This disparity reinforces the idea that fluctuating levels of UDP-GlcNAc are
preferentially sensed through the action of O-GlcNAc cycling in the nucleus and cytosol
(Fig.1).

3.2. Zebrafish development
Ablation of Ogt in zebrafish also disrupts early embryonic development. Alternative splicing
of Zebrafish ogta and ogtb produce four and two transcripts, respectively. These transcripts
are differentially expressed throughout development and appear to glycosylate unique
substrates in vitro [19,20]. Variants from each gene were depleted using injected
morpholinos. Injected embryos exhibited shortened body axis, smaller heads and small or
absent eyes. Additionally, these embryos displayed enhanced apoptosis and delayed epiboly.
These striking phenotypes were accompanied by modest changes in overall O-GlcNAc
levels. Overexpression of human O-GlcNAcase, like depletion of Ogt, shifted the balance of
O-GlcNAc cycling, resulting in a lower, but not depleted level of O-GlcNAc modified
proteins. That such profound developmental changes are accompanied by modest changes in
the O-GlcNAc pool suggests that zebrafish development is acutely sensitive to fluctuating
levels of O-GlcNAc.

3.3. Xenopus development
A similar pattern of Ogt expression is found in the diploid frog Xenopus tropicalis. Like
zebrafish, Ogt expression is largely restricted to the nervous system in Xenopus [37].
Morpholino-targeted depletion of Ogt produced embryos with a bifurcated axis (spina
bifida) or abrupt truncation at the posterior end with little or no tail bud [33]. Unfortunately,
a separate morpholino directed to ogt had no effect on development, suggesting either the
second morpholino did not deplete OGT effectively, or the phenotype is nonspecific.
However, in both zebrafish and the frog, Ogt is highly expressed in the nervous system and
appears to become restricted to the brain later in development while also resulting in a
shortened body axis in both organisms.

4. Hexosamine signaling in the nematode; an exception to the rules?
In the nematode C. elegans, O-GlcNAc cycling is not essential for development. Like most
other metazoans, C. elegans has only one OGT and OGA. Since animals with presumptive
null alleles for the transferase (ogt-1) or the removing enzyme (oga-1) are viable and fertile,
this genetic system provides a unique opportunity to examine the consequences of a
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complete lack of O-GlcNAc or enhanced levels of O-GlcNAc. While these genes are non-
essential for development, their loss produced significant changes in macronutrient stores, as
well as altered pathways responsive to insulin signaling, such as dauer formation, longevity
and the stress response [38-41]. These results suggest that O-GlcNAc cycling is impacting
pathways regulated by insulin signaling and that elevated O-GlcNAc blunts the insulin
signaling pathway (insulin resistance), while a lack of O-GlcNAc improves insulin signaling
(insulin hypersensitivity).

5. Hexosamine signaling is essential for Polycomb group repression
A growing body of evidence from the model systems Drosophila and C. elegans link
hexosamine signaling to transcriptional repression typified by PcG proteins. In this section,
we will summarize this body of evidence.

5.1. PcG and Hox gene regulation
Control of Hox gene regulation by PcG proteins and the trithorax (Trx) complex provides an
extreme example of spatio-temporal control of gene expression. This precise gene regulation
is responsible for the anterior-posterior segmentation in all bilaterian animals and is thought
to be a major driving force in the evolution of body plan diversity [27]. PcG proteins were
originally identified, and are best characterized and understood, in Drosophila as factors
necessary to maintain Hox repression and prevent homeotic transformations [42,43]. It is
now appreciated that these repressive protein complexes are conserved throughout the
animal and plant kingdoms and can act on a hundreds of genes controlling a plethora of
developmental programs including stem cell fate, cancer development, X inactivation, and
vernilization in plants [44-47]. While PcG proteins are comprised of a diverse group of
proteins and regulate a variety of cellular programs, the unifying theme of PcG function is to
act as an epigenetic regulator of cell fate and maintain cellular identity through many rounds
of cell division.

5.2. PcG repressive complex
The PcG proteins act on the chromatin as a cooperative, mulitmeric complex known as the
PcG repressive complex (PRC). These complexes come in several flavors and differ
between species as to the number of proteins in each complex (Fig.3A). However, the basic
organization and function is conserved. In Drosophila there are three main PcG repressive
complexes: PRC1, PRC2, and PhoRC [48]. PRC2 is comprised of four core proteins:
Enhancer of zeste (E(z)), Suppressor of zeste 12 (SU(z)12), Chromatin assembly factor 1
(Caf1), and extra sex combs (Esc). These proteins act in concert to trimethylate histone tails
at lysine residue 27 on histone H3 (H3K27me3). This methyltransferase activity is found in
the SET domain of Enhancer of zeste (E(z)). H3K27me3 is recognized by PRC1 through the
chromodomain of Polycomb (Pc). The other components of PRC1 are Posterior sex combs
(Psc), Polyhomeotic (Ph), and Sex combs extra (Sce). Sce is an E3 ubiquitin ligase that is
responsible for the monoubiquitination of histone H2A at lysine 119. The methyltransferase
activity of PRC2 and the ubiquitin ligase activity of PRC1 are both important for efficient
PcG repression. In Drosophila, these complexes are recruited to the chromatin by regulatory
elements called Polycomb Response Elements (PREs). While a similar response element is
expected to be present in mammals, no such motif has yet been identified.

5.3. Ogt is super sex combs (Sxc): a homeotic gene in Drosophila
Two recent reports identify Ogt as the gene encoded by super sex combs (sxc), an essential
component of PcG complexes in Drosophila [49,50]. Ingham first described mutations in
sxc in 1984 as causing a variety of homeotic transformations and death in pharate adults
[51]. Interestingly, he showed that maternal stores of Sxc could suppress homeotic
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transformations due to sxc mutations. The lethal phenotype associated with sxc mutations
was rescued by expression of Human Ogt [50]. This experiment clinches the role of Ogt as a
PcG member and highlights the evolutionary conservation of PcG repression.

What role is Sxc/Ogt playing in PcG repression? Using ChIP-chip experiments, anti-O-
GlcNAc antibodies bound over 1000 sites across the Drosophila genome, 490 of these sites
were binding sites for the PcG factors Ph and/or PhoRc. The top 1% of O-GlcNAc sites
were almost exclusively (111/114) bound by Ph and/or PhoRc [49]. The loss of Sxc/Ogt had
little effect on the DNA binding capacity of other PcG proteins, as measured by ChIP-chip.
Genes at these sites were derepressed, demonstrating that Ogt is essential for full repression
by PcG. Interestingly, the H3K27me3 histone modification was unchanged at these sites.
The requirement of Ogt activity in the rescue of the Sxc phenotype suggests that some of the
proteins within PRC1, PRC2, and PhoRC complexes could be modified by O-GlcNAc. So
far affinity chromatography to enrich O-GlcNAc modified proteins has only identified Ph as
an O-GlcNAcylated substrate. However, detecting O-GlcNAc modification is notoriously
difficult so this number may grow as more sensitive detection methods are applied to the
PcG proteins.

From these experiments it appears that Ogt plays an integral role in the ability of the PcG
proteins to repress genes appropriately, presumably acting downstream of PRC2 binding and
H3K27 trimethylation. This leaves the door open for several points of regulation by O-
GlcNAc cycling (Fig.3B). The O-GlcNAc modification of Ph could alter the activity of
PRC1 and disturb histone H2A ubiquitination. Or perhaps loss of Sxc/Ogt disrupts the
balance of the Trx and PcG complexes; note that the Trx complex is thought of as an anti-
repressor, instead of an activator. O-GlcNAc modification in the SET domain of the
Trithorax-related (SET) domain protein MLL5 was shown to alter its methyltransferase
activity [52], providing another potential mechanism for influence of on gene expression.
Finally, O-GlcNAc cycling could alter the activity of RNA Pol II at the promoter of these
marked genes. The C-terminal Domain (CTD) of RNA Pol II is O-GlcNAc-modified in
other organisms and is conserved in Drosophila [5,53].

5.4. O-GlcNAc marks the promoters of numerous Caenorhabditis elegans genes
In parallel with studies in Drosophila on Sxc/Ogt, we have carried out ChIP-chip
experiments using anti-O-GlcNAc antibodies and whole genome C. elegans tiling arrays
[41]. These studies were controlled genetically by utilizing null alleles of ogt-1 and oga-1.
We found that over 800 promoters were marked by O-GlcNAc, and that a number of
transcriptional regulators associated with PcG repression were among those most heavily
marked genes (Fig.4). Many of the genes identified are associated with innate immunity,
longevity, and stress. In particular, genes found in the TGFβ, insulin, and MAPK pathways
were heavily represented (Fig.4C). These classes of genes were also deregulated when the
transcriptome of the O-GlcNAc cycling mutant strains were analyzed by expression arrays.
Some 1,400 of the 13,000 expressed genes in the worm were deregulated in the ogt-1 null
allele. Over 200 genes were altered in the O-GlcNAcase (oga-1) knockout strain. The genes
deregulated in the O-GlcNAc cycling mutants include genes in the insulin and MAPK
pathways and microRNAs regulating dauer, stress, longevity and innate immunity. Taken
together, these findings suggest that O-GlcNAc, while not essential in the nematode, may
play a critical role in transcriptional regulation.
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6. O-GlcNAc cycling and the implications for early development in
vertebrates and nematodes

The discovery of Ogt as the Sxc PcG protein, and the presence of O-GlcNAc at the promoter
of C. elegans genes, has cast the role of O-GlcNAc cycling in a new light. It is well
established that O-GlcNAc cycling impacts a multitude of signaling pathways that
coordinate nutrient sensing, growth and the stress response. It is now clear that O-GlcNAc
cycling can act at the level of the chromatin through PcG to epigenetically regulate cell fate.
Given this link, it is worth re-examining the vertebrate models of O-GlcNAc cycling. Are
the lethal phenotypes seen in the Ogt mouse model, as well as the profound changes in the
frog and zebrafish Ogt morpholino knockdown, consistent with altered PcG repression in the
developing embryo?

Much work has been done to understand the role of PcG proteins in vertebrate development.
Deletion of the PRC2 proteins in the mouse is lethal with most embryos arresting just after
gastrulation (Reviewed in [44] see also[54-56]). Deletion of PRC1 members is less severe,
resulting in anteroposterior transformations and changes in hematopoietic precursors
[57,58]. The exception is Ring1A/B. Like the PRC2 members, deletion of Ring1A/B in the
mouse causes a gastrulation defect [59]. EZH2 (Enhancer of zeste homolog) regulates actin
cytoskeletal dynamics and contributes to the embryonic arrest in knockout models [55]. A
similar dysfunction of the actin cytoskeleton was seen in zebrafish embryos with
morpholino depletion of Ogt [20]. Such similar phenotypes are interesting and may suggest,
but do not prove, an essential role for Ogt in PcG-regulated development. By modulating O-
GlcNAc in ES cells, either genetically or with inhibitors, it should be possible to separate the
potential influence of O-GlcNAc cycling on essential upstream transcription factors (Oct4/
sox2/Nanog) from its role in the maintenance of repression by PcG that is necessary for
early development.

The C. elegans model provided the first genetic link between insulin signaling and O-
GlcNAc cycling [38-41]. In these studies, no overt change in development was noted. This
raises the question: does O-GlcNAc cycling influence PcG silencing in C. elegans?
Functional analogs to both PRC2 and PRC1 have been identified in C. elegans (Fig.3,
orange type). The PRC2-like complex is composed of the gene products from mes-2, mes-3,
and mes-6[60]. These maternal effect sterile (mes) genes are termed “grandchildless” as the
offspring are sterile [61]. Additionally, mes mutations also result in defects in
anteroposterior axis patterning and neuroblast migration [62]. MES-2 contains a SET
domain and, in complex with MES-3 and MES-6, provides the repressive H3K27
methylation mark. The activity of this complex is essential for silencing of genes on
autosomes and repression of the X chromosome in the developing germ cells [63,64].

Only recently has the functional PRC1 analog in C. elegans been identified [65]. It is
composed of MIG-32 and SPAT-3A (Fig.3A). Mutants of mig-32 and spat-3A are defective
in H2A ubiquitination and have some mild anteroposterior axis patterning defects that
overlap with the PRC2 mes mutants. However in contrast to the grandchildless mes mutants,
mig-32 and spat-3A mutants are viable and fertile [65]. These mild phenotypes associated
with mig-32 and spat-3A mutations suggest that PRC1 activity (H2A ubiquitination) is not
essential for full silencing by the PRC2 complex in C. elegans. Therefore, unlike Drosophila
and vertebrates, PRC1-mediated ubiquitination is not essential for Hox gene regulation in C.
elegans. In Drosophila, O-GlcNAc cycling may very well act on PRC1 activity; it will be of
interest to see if this relationship is conserved in C. elegans.
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7. Hexosamine signaling and epigenetics
Epigenetic effects may be modulated by environmental factors leading to changes in gene
expression distinct from those encoded in the genome. Perhaps the most notable example of
this kind of environmental influence is the modulation of Agouti coat colors in the offspring
of mothers given a dietary supplementation [66]. Other epigenetic mechanisms must surely
exist and one intriguing possibility is that hexosamine signaling may be able to exert
epigenetic effects under certain circumstances. In this final section, we will propose
mechanisms by which such epigenetic transmission might take place and how it may be
manifested in human disease.

7.1. An O-GlcNAc link to X-inactivation
As detailed in previous sections, O-GlcNAc cycling appears to be essential for PcG
repression in Drosophila and is likely to play a similar, conserved role in vertebrates. OGT
has been found to be a component of the mammalian dosage compensation complex
suggesting that O-GlcNAc cycling may play a role in this process [67]. The process of X-
inactivation in mammals involves the random inactivation of one of the two X-
chromosomes and the adjustment of transcription from the single active X to equal that of
the autosomes [68,69]. Recently it has been demonstrated that PcG action is essential for
dosage compensation and X-inactivation in vertebrates [70,71]. Thus, the levels of O-
GlcNAc could influence the process of dosage compensation through modulation of PcG
function.

Interestingly, the gene encoding Ogt in mammals is placed very close to the Xist locus (Fig.
2B), the gene encoding the RNA involved in X-inactivation. Even more intriguingly, Ogt is
one of a small number of genes that are highly regulated in embryonic stem cells during the
process of X-inactivation, owing to its close proximity to Xist [68]. The timing of X-
inactivation of these closely linked genes appears to be related to their distance from the Xist
locus. Thus, a key modulator of PcG repression, OGT, is itself highly regulated during the
process of X-inactivation in mammals. This finding suggests that a feedback mechanism
may exist regulating the early expression of Ogt to mediate the subsequent process of X-
inactivation.

Another feedback loop involves the regulation of OGT and its sister enzyme, OGA. ChIP-
chip experiments in Drosophila identify the NK locus as a target of PcG [72]. If PcG
regulates the expression of the NK locus, then OGT could control the expression of Oga,
which is located within this cluster. Thus, OGT acting through PcG would repress Oga
expression and bias the cell towards sustained O-GlcNAc levels. Improper or incomplete X-
inactivation is associated with a number of diseases including autoinflammatory disease
[73,74]. Subtle changes in the levels of OGT/OGA, through mechanisms just mentioned,
would alter cellular O-GlcNAc levels. These changes might have profound effects on
subsequent development and stem-cell identity in lineages, such as those of the
hematopoietic system involved in immune-cell function (Fig.5).

8. Conclusions
Given the large number of targets of PcG repression in vertebrates, including the many Hox
genes discussed above, it is not surprising that PcG-mediated gene regulation during the
prenatal period could have a profound impact on the developing fetus. Since O-GlcNAc is a
nutritionally responsive modification and impacts PcG function, its effects may be amplified
if exerted early in the developmental program. Two examples of the intrauterine
environment programming the metabolic fate of the newborn are the epigenetic changes
detected in people conceived during the Dutch famine or Dutch Hunger Winter of
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1944-1945 and the ‘vicious cycle’ of type-2 diabetes perpetuated in the offspring of affected
individuals [75-77]. The hexosamine pathway provides one means of explaining how
prenatal exposure to excess nutrients in the intrauterine environment could play a role in the
metabolic programming of the offspring.
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Figure 1.
The nutrient-responsive hexosamine pathway. The concentration of UDP-GlcNAc is
responsive to levels of the indicated precursors and serves as a sensor of nutrient status.
Pools of UDP-GlcNAc are utilized in the nuclear/cytoplasmic compartment by O-linked
GlcNAc transferase (OGT) or transported into the endoplasmic reticulum and golgi (shown
in gray) for utilization in N-linked and O-linked glycoprotein biosynthesis and in the
formation of glycosaminoglycans (GAGS). O-GlcNAc cycling is maintained by OGT and
the O-GlcNAcase and is acutely sensitive to physiological flux of UDP-GlcNAc (green
arrow).
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Figure 2.
O-GlcNAc cycling is essential for PcG-mediated transcriptional repression. A) The three
core polycomb repressive complexes found in Drosophila are shown. The mammalian
(black text) and C. elegans (orange text) homologs are also listed. The yellow stars denote
catalytic activity. Ph is modified by O-GlcNAc (blue hexagon). B) Epigenetic regulation is
maintained by the concerted action of PcG and Trx. In Drosophila the PcG and Trx
complexes bind to PRE/TREs (yellow). The two dashed lines represent conditions of
repressed (left line) and active transcription (right line). The middle area represents
‘bivalent’ or ‘poised’ genes that are characterized by the competing activity of both
complexes and exhibit both active and repressive chromatin marks. O-GlcNAc cycling at
PcG/Trx or RNA PolII (or both) would impart a nutrient responsive element to the
epigenetic machinery.
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Figure 3.
The genes encoding enzymes of O-GlcNAc cycling are at discrete locations within the
genomes of flies and mammals suggesting conserved regulation by higher order chromatin
structure. OGT (red) is present near sites of heterochromatin-euchromatin boundaries on
Chr2R in Drosophila (upper) and near the Xist locus in mammals (lower). The Oga gene
(green) is present in the 93DE cluster of homeobox genes in the fly and in the orthologous
NK cluster of homeobox genes in most vertebrates.
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Figure 4.
Whole genome analysis of O-GlcNAc cycling on promoters and altered gene expression in
viable C. elegans mutants. A) Identification of 800 genes whose promoters are marked by
O-GlcNAc using ChIP-on-chip tiling arrays. Strains analyzed were an oga-1 knockout (top
row, red), wildtype (middle row, green) and ogt-1 knockout (bottom row, blue). The number
of marks on each linkage group from the oga-1 knockout (red) and wildtype (green) is
shown below. B) A representative gene from chromosome 1, daf-16, shows that O-GlcNAc
is restricted to promoters. The O-GlcNAc signal is higher in fed (red line) than in starved
(green line) worms, suggesting that the O-GlcNAc mark is nutrient-responsive. C.) Genes
marked by O-GlcNAc (red and pink circles) are enriched in the TGFβ, insulin signaling, and
MAPK pathways. A dauer worm (right panel) is shown next to a normal L4 larvae (left
panel).
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Figure 5.
A summary of the multiple mechanisms by which O-GlcNAc cycling may impact
development, stem cell fate, and metabolism. O-GlcNAc, which modifies the nuclear pore
complex may function to organize the higher order structure of chromatin. X-inactivation
contributes to the transcriptional regulation of OGT as described in the text. O-GlcNAc also
directly modifies components of the transcription machinery and acts through polycomb
repression. The resultant transcriptional effects may be manifested in changes in stem cell
viability where PcG dosage is critically important (see text). In certain cell lineages such as
the hematopoietic stem cell, these cell fate decisions may lead to changes in the immune
system. The nutrient-responsive, fine-tuning of signaling pathways and changes in stem cell
fate could contribute to the metabolic reprogramming seen in certain diet-induced maladies.
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