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Abstract

Post-translational modifications play important roles in transcriptional regulation. Among the less
understood PTMs is O-GIcNAcylation. Nevertheless, O-GlcNacylation in the nucleus is found on
hundreds of transcription factors and coactivators and is often found in a mutually exclusive ying-
yang relationship with phosphorylation. O-GIcNAcylation also links cellular metabolism directly
to the proteome, serving as a conduit of metabolic information to the nucleus. This review serves
as a brief introduction to O-GIcNAcylation, emphasizing its important thematic roles in
transcriptional regulation, and highlights several recent and important additions to the literature
that illustrate the connections between O-GIcNAc and transcription.
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The modification of proteins with N-acetylglucosamine, or O-GIcNAc, is a vastly
underappreciated post-translational modification, despite its discovery nearly 30 years ago.
It is nearly as common as phosphorylation and is often found as part of a ying-yang state:
many serine and threonine residues are either O-GIcNAcylated or phosphorylated [1]. In
contrast to the large number of protein kinases and phosphatases in the cell, there are only
two enzymes directly involved in O-GIcNAcylation [1]. The O-GIcNAc transferase (OGT)
adds O-GIcNAc to S/T residues using UDP-GIcNAC as the nucleotide-sugar donor. 8-D-N-
glucosaminidase (OGA) is responsible for removing O-GIcNAc from proteins. The
regulation of OGT and OGA is not well understood but a variety of evidence indicates that
O-GIcNAcylation blocks phosphorylation, ubiquitination, and directly controls target
enzyme activity and specificity. It is the dynamics of these events in concert with other post-
translational modifications that create the regulatory functions of OGT and OGA.

A study of O-GIcNAcylation requires that one view this post-translational modification
differently than, for example, phosphorylation. Most kinases are tightly regulated at least by
their substrate specificity and activation, and their relatively narrow application to a
relatively small number of processes. In contrast, OGT itself is responsible for several
hundred targets. Substrate specificity, as far as we know it, is not the main thematic
regulatory idea here; instead, the function of O-GIcNAcylation in the cell must be
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considered separately for each system utilizing it and is likely mediated by protein-protein
interactions to recruit OGT and OGA to the necessary sites of action [2, 3].

The substrate for OGT is UDP-GIcNAc and its synthesis occurs via a little-known pathway,
the hexosamine biosynthetic pathway or HBP [4]. The HBP uses fructose-6-phosphate (F6P)
as its starting material and thus splits off from the glycolytic pathway at this point. About 2—
5% of glucose flux into the cell is shunted into the HBP [5]. The rate-limiting step is the
next enzyme in the pathway, glutamine-fructose aminotransferase, which uses F6P and
glutamine to synthesize glucosamine-6-P [4, 6]. Thereafter, acetyl CoA and uridine are
brought in to synthesize UDP-GIcNACc. As a result of these influxes of metabolic
intermediates, it has long been thought that O-GIcNAc is a metabolic sensor of the nutrient
state of the cell [4, 7, 8].

That the flux of glucose into the cell is reflected in the [UDP-GIcNACc] suggested that
insulin-resistance and type Il diabetes might be causally related to perturbations in the HBP
or OGT and OGA activity [9]. There is much causal data to support this hypothesis.
Overexpression of OGT in muscle and adipocytes led to insulin resistance and GFAT
overexpression also resulted in insulin resistance in mice. Type |l diabetes patients also
exhibit elevated O-GIcNAc levels and an influx of glucosamine will induce insulin-
resistance [9-11]. Experiments from several groups show that insulin signaling is regulated
by OGT [12-14], that O-GIcNAcylation of Foxol, presumably by an OGT/PGC-1a
recruitment mechanism, increased gluconeogenesis-specific expression in the liver [15, 16],
and that the CREB coactivator, CRTC2, is O-GIcNAcylated and results in increased
gluconeogenic gene expression [17]. Furthermore, the link between O-GIcNAc and insulin
resistance has been extensively developed using genetics in C. elegans and Drosophila by
Hanover and colleagues [18-21].

There are several hundred transcription factors that are O-GIcNAcylated [3]. Among them
are the p65 subunit of NF-kB, Sp1, CREB and CRCT2, p53, and myc. OGT is also in a
complex with the histone deacetylase mSin3A, and OGT/mSin3A work in concert to repress
transcription [22]. Lastly, OGT is super sex combs (sxc), a member of the polycomb group
genes, and polycomb response elements contain O-GlcNAcylated proteins [23-25].
Furthermore, ogt mutants lost polycomb-dependent repression. It is clear from these studies
and others that O-GIcNAcylation of transcription factors can affect transcription in many
ways: nuclear localization, protein stability, prevention of phosphorylation, and increased
transactivation potential [3, 26].

This review will focus on advances in understanding the O-GIcNAcylation events that occur
in the nucleus, how these events reflect the nutrient state of the cell and influence
transcriptional output, and attempt to synthesize this material under a unifying thematic idea.
The reader is referred to several more detailed and recent reviews of the literature for further
reading [2, 4, 26-29].

TET family members and OGT

The Tet proteins are responsible for converting 5-methylcytosine (5mC) to 5-hydroxymethyl
cytosine (5hmC). These enzymes have important functions in regulating the amount of 5mC
in the cell and show that this too is a dynamic epigenetic mark. MLL family members are
histone methyltransferases and often found as breakpoint fusion proteins in mixed-lineage
leukemia (MLL). MLL-Tet fusions have been shown to be involved in several
hematopoietic malignancies and appear to maintain the genome in a more pluripotent stem
cell state [30]. The Tet proteins are not O-GlcNAcylated themselves but all three associate
with OGT [31-33]. Genomically, these proteins localize to CpG islands and promoters and
significantly overlap with H3 K4me3, which is a histone mark of actively transcribed genes
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and is predominantly localized to promoters [32]. Tet2 appears necessary for recruitment of
OGT as a Tet2 shRNA abolished chromatin-associated OGT [31]. OGT and Tet2 ChIP-seq
showed that they are both heavily concentrated at transcriptional start sites (TSS), as is O-
GIcNAC [31-33]. Tet2 was also necessary for the H3 K4me3 events and Tet2 KO showed
global decreases in O-GIcNAc [32]. Interestingly, treatment of cells with alloxan (an OGT
and OGA inhibitor, [34, 35]) also showed a decrease in H3K4me3 [32]. The interaction
between Tet proteins and OGT illustrates a rather complex interrelationship between DNA
methylation, H3 K4me3, and O-GIcNAcylation. Further elucidation of these connections
should prove to be very interesting.

O-GIcNAc and Chromatin

The Tet proteins are not the only chromatin-associated proteins associated with O-
GlIcNAcylation. O-GIcNAcylation of MLLS5 histone methyltransferase augments retinoic-
acid induced differentiation of HL60 macrophage cell line via its targeting histone H3 K4
residues for trimethylation [36]. MLL5’s methylation activity increased several-fold after O-
GlIcNAcylation. Additionally, OGT is part of the MLL5 complex [36]. A second set of
experiments by the same group showed that histone H2B was O-GIcNAcylated at S112 and
this then stimulated histone H2B K120 monubiquitinylation, which is prevalent in
transcriptionally active loci. Inhibition of GFAT in the HBP blocked this ubiquitinylation
[37]. A second chromatin modifier, CARM1, is O-GIcNAcylated during the cell cycle.
Increased O-GIcNAcylation from OGT overexpression resulted in a decrease of H3 R27
methlylation by CARM1 suggesting that OGT plays important roles in the regulation of
histone modifications [38].

Histone H3 is also O-GIcNAcylated. Using mass spectroscopy, T32 was identified as the O-
GlIcNAcylated residue and inhibition of OGA hindered the transition from G2 to M phase
[39]. Other work showed that O-GIcNAcylation increased during G1 [38, 39]. Histone
phosphorylation dynamics were also susceptible to O-GlcNAcylation. For example,
phospho-H3 S10, a common mitotic mark, significantly decreased with OGT overexpression
[38, 40]. Similar results were seen by Sifers and colleagues by OGA inhibition [39], but it
remains to be seen whether the MSK1/2-dependent phosphorylation of H3 S10 in interphase
is also dependent on the state of O-GlcNAcylation of H3. Additional work showed that all
four histones in humans are O-GIcNAcylated and LC-MS/MS was used to identify those
residues: H2A T101, H2B S36, and H4 S47 [41]. The O-GlcNAcylation of the histones
suggests that a further expansion of the histone code is warranted.

Regulation of Circadian Clocks

O-GIcNAcylation has recently been shown to play a significant role in the regulation of
circadian clocks. This system serves as an excellent illustration of the interplay between
OGT and OGA and how they both work in concert with and overlay their regulatory features
upon a well-understood dynamical system. The core of the circadian clock consists of a
transcriptional-translational feedback loop or TTFL. The activators BMAL1 and CLOCK
bind to the promoters of the Per and Cry genes and activate their expression. Per and Cry
proteins in turn repress their own expression. Once Per and Cry repress their expression,
they then are degraded over time and BMAL/CLOCK begin the cycle again. The periodicity
of this loop is for the most part dependent on the half-life of the Per and Cry proteins.
However, overlaying this core machinery are several post-translational modifications that
further regulate and fine-tune the TTFL [42-44]. Recently, several papers have documented
the role of O-GIcNAc in circadian clock regulation.

GSK3p is an important regulator of circadian clocks. Specifically, GSK3p inhibition
shortens clock periodicity [45, 46]. Additionally, GSK3p is a substrate of OGT [47]. Using
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ATP analogs and mutant GSK3B OGT was identified as a GSK3 [ substrate [48].
Furthermore, phosphorylation of OGT by GSK3p increased its activity. O-GIcNAc levels
perturbed by OGT siRNA also shortened the clock periods while an OGA inhibitor did the
opposite [48]. Similar conclusions were obtained by Kim and colleagues [49].

Several clock proteins were also identified as OGT substrates. O-GIcNAcylation of Per2
appears to block its phosphorylation, increasing Per2 stability, and thereby augmenting Per2
repression [48, 49]. Although OGT levels did not oscillate, OGA levels did oscillate in a
circadian manner, suggesting that it is the regulation of OGA that is controlling periodicity.
In a human cell line siRNA depletion of GFAT and OGT slightly decreased expression of
BMAL1 and Cry [50]. More strikingly, the GFAT inhibitor azaserine severely affected the
periodicity of expression of a BMAL-luciferase reporter. OGT overexpression increased
BMAL1 and CLOCK protein half-lives. Finally, alloxan (OGT inhibitor) and OGT siRNA
both decrease the amplitude of the clock oscillations and shorten the period, while PUGNAC
(OGA inhibitor) while also decreasing the amplitude lengthened the period of the
oscillations [48]. Increasing OGT levels also increased the amplitude of clock oscillations.
These data illustrate essential functions of OGT and OGA in the regulation of circadian
rhythms, controlling both period length and transcriptional output.

Circadian clocks are also regulated metabolically in order to entrain or reset the peripheral
clock. This entrainment is potentially a problem as it shifts the metabolism of food intake
away from the supraciasmatic clock, which is controlling the wake/sleep cycle [43]. There
are several ways in which metabolism can impinge on peripheral clock regulation: AMPK
and NAD+ dependent deacetylases, for example [9]. Defects in the clock regulation also
have severe metabolic consequences: BMAL knockouts in the liver cause hypoglycemia and
Cry overexpression results in hyperglycemia [51, 52]. Clearly the metabolic and circadian
systems are interconnected and utilize some sort of feedback loop. The point made by the O-
GIcNAC studies is that since UDP-GICNAC levels are responsive to glucose flux into the
cell, and thus is a nutrient sensor, then the utilization of O-GIcNAcylation is a clear
metabolic imprint on circadian clock regulation.

and RNA Polymerase Il Regulation

Work of Dahmus and colleagues through the 1980s and early 1990s showed that RNA
polymerase 11 existed in two forms, pol I1A and pol 110 [53]. These two species are
distinguished by post-translational modifications, specifically phosphorylation, on its C-
terminal domain (CTD). Pol 1A is the unmodified species and pol 110 is modified on
several serine residues (serines 2, 5, and 7) and more recently the threonine at position 4
[54-57]. The CTD in humans consists of 52 heptad repeats of the consensus sequence
YSPTSPS [58]. The first 26 repeats very closely fit the consensus while the latter set of
repeats, from 27-52, show more deviations from this. In general the CTD is thought to serve
as a scaffold for the recruitment of the RNA processing machinery. However, it is likely to
be playing a role in preinitiation events as well, given that CTD deletions are
transcriptionally compromised and that the large Mediator coactivator complex binds to the
CTD [59-61].

The current model of formation of a preinitation complex (PIC) on the promoter states that
pol 1A is the initiation-specific species, while pol 110 represents the elongating form of pol
I [62-64]. This was originally formulated by Dahmus and colleagues who elegantly showed
that in crude whole cell extracts only purified pol 1A could form an initiation-competent
PIC while pol 110 was specifically excluded [53]. Furthermore, pol 11O is not capable of
transcription in other contexts as well [65]. Support for the functions of pol 110 in
elongation events is convincingly supported by a large body of work [64, 66, 67].
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Largely ignored by this model is that the calf thymus pol I is also O-GIcNAcylated
(hereafter referred to as pol 1ly) [68]. This modification was found only on the pol 1A
species and not pol 110. This therefore suggests that it is not clear whether pol I1A or pol lly
(or both) is involved in PIC formation. In addition, Comer and Hart showed that a phospho-
CTD peptide could not be O-GlcNAcylated in vitro [69]. From these data, Comer and Hart
suggested three models. The first was that pol Ily was the species that entered the PIC,
followed by action of OGA to remove the O-GIcNAc, thereby enabling subsequent
phosphorylations during elongation. The second was that pol Ily facilitated the formation of
a pol Il holoenzyme that would permit the association of pol 11 with promoters and quickly
initiate transcription. The third hypothesis postulated that O-GlcNAcylation of the CTD
would prevent the degradation of pol Il.

Although tests of the latter two hypotheses are lacking thus far, there is considerable genetic
and biochemical evidence supporting the basic aspects of the first hypothesis. Love et al.
published ChIP-chip analysis of OGT and OGA mutations in C. elegans [20]. This analysis
showed that O-GIcNAc peaks were predominantly localized to promoters. Furthermore, an
OGA mutant showed increased levels of O-GIcNAc and pol Il at promoters while the OGT
mutant showed both decreased O-GIcNAc and pol I1. These data, plus single-locus ChIP and
global ChlP-seq data in mice and humans ([70] and Lewis, unpublished), showed that pol |1
levels at promoters are directly modulated by OGT and OGA activity. Analysis of in vitro
transcription systems showed that transcription in crude HeLa nuclear extracts was O-
GIcNAc-dependent and that both OGT and OGA were required [70]. Furthermore,
inhibition of OGT and OGA manifested themselves as defects in PIC formation (see Figure
2). Purified human pol Il was a substrate for both OGT and OGA and while pol I1A could
bypass a block in OGA activity, pol Ily could not, suggesting that pol Il was a direct target
of the OGA. Additionally, OGT could be detected in PICs in vitro [70] and on promoters in
vivo [31] and OGT coimmunoprecipitated with pol Il in nuclear extracts [70]. Perhaps most
importantly, we have detected pol Ily on promoters both in PICs formed in crude nuclear
extracts and in vivo (Lewis, unpublished). These data show that there is a significant amount
of O-GIcNAcylation occurring on promoters and that RNA pol 11 is clearly an O-
GlcNAcylated species in vitro and in vivo (see additional data in [70]).

Genomic Localization of O-GIcNAc and OGT: Promoters as Nutrient

Sensors

Several groups have also noted that the major O-GIcNAc and OGT levels across the genome
are at promoters ([20, 31, 33], Lewis unpublished). These promoter-localized O-GIcNAc
peaks are dependent on OGT and OGA and thus are likely dynamic features in the genome
[20]. Estimates suggest as much as 40% of promoters have colocalized RNA pol Il and O-
GIcNACc ([20], Lewis, unpublished). These data suggest then that not only are transcription
factors responsive to changing O-GIcNAc levels but conceptually it is the promoter and
transcriptional output that are the true targets of OGT and OGA regulation. In other words,
the promoter is acting as a nutrient sensor of the metabolic state of the cell, presumably
altering its transcriptional output in response to changing levels of UDP-GIcNAc and
glucose. This response makes some intuitive sense as the cell has linked its transcriptional
output to the energy that is available at that point: the more glucose, the more ATP, and the
more transcription.

This is not to say that this is the sole role of O-GlcNAcylation. Other functions, outside of
the metabolic flux, cannot be excluded. However, this would require a pool of OGT with
access to its own pool of UDP-GIcNAc and one that would be maintained independently of
the glucose flux-dependent pool (or that the glucose-flux pool is at non-limiting levels). One
source of this pool might be through the GIcNAc salvage pathway, turning over a steady
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flux of O-GIcNAcylated proteins. The glucose-independent O-GlcNAcylation would also
have to be regulated by the specific recruitment of OGT to particular proteins and/or
promoters. Lastly, it might be possible to regulate the OGT via regulation of any
phosphatases, which would remove phosphates from residues that would subsequently be O-
GlIcNAcylated.

Speculations and Conclusions

The O-GIcNACc field has made tremendous strides the past several years. O-GIcNACc is
finally being more widely recognized as an important post-translational modification. In
many respects the most significant finding is that O-GIcNAc levels are responsive to the
nutrient state of the cell. This has important ramifications in understanding metabolic
diseases such as diabetes. The impact of O-GIcNAc is a genome-wide one, likely impacting
at least half of the transcriptionally active genome. The global levels of O-GlcNAcylation
move up or down in response to changing glucose levels, acting as a genome-wide rheostat
to fine-tune gene regulation at many levels. The rheostat hypothesis has also been suggested
on a larger scale as well, encompassing cellular pathways involved in responding to the
nutrient state of the cell [2]. As such, the full impact of O-GIcNAc on the genome and the
cell cannot be understood until systems-level approaches are implemented. This is very
nontrivial and will require not only systems level data of O-GIcNAc, but also how the
several subsystems, (O-GIcNAc, metabolic, circadian, and transcriptional regulation) are all
interconnected. The building blocks of such understanding will require a combination of
many fields, protein biochemistry, cellular and molecular biology, computational, and
systems biology to create an accurate picture of nuclear O-GlcNAcylation and its regulatory
impact on the genome. It is becoming more and more obvious that O-GIcNAcylation is
playing an important role in transcriptional regulation and should be included alongside
phosphorylation when considering post-translational regulatory problems.
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Figure 1.

Regulation of circadian clock by O-GlcNAcylation of clock components. Shown here is a
schematic summary of the material in the text. 1. The clock cycle begins with the BMAL/
CLOCK heterodimer HLH proteins binding to E-box sites on the Per and Cry genes. 2. Per
and Cry transcription results in the synthesis of Per and Cry proteins. 3. Per and Cry proteins
repress their own transcription thus completing the basic TTFL. 4. CK1e phosphorylates Per
protein which leads to its degradation via ubiquitinylation and proteasomal degradation. 5.
Phosphorylation of OGT by GSK3p increases OGT activity [48]. 6. The resulting OGT
activity glcnacylates Per, BMAL1, and CLOCK proteins, which increases their stability
[48-50]. 7. OGT may also be regulating its phosphorylation by GSK3p, as GSK3p is a
substrate of OGT [47]. 8. Finally, hypothetically, OGA may then target Per, BMAL1, and
CLOCK, which would presumably result in their degradation.
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Figure2.

A model of the temporal activity of OGT, OGA, and pol Il during PIC assembly. Pol I1A
enters the PIC, and is subsequently O-GIcNAcylated on its CTD by OGT, which is a
component of the PIC. The Pol Ily exists in the PIC for a certain period while PIC assembly
continues. At this stage the presence of pol Ily serves as a “stop light” for transcription,
perhaps preventing premature phosphorylation of the CTD, or as a necessary kinetic step in
PIC assembly. Once PIC assembly is complete, OGA activity removes O-GIcNAc from
serine 5 residues on the CTD, the “green light” is given to the PIC to indicate that
transcription can now occur [70].
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