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Abstract

O-linked beta-N-acetylglucosamine (O-GIcNAc) modification of nuclear and cytoplasmic proteins
is important for many cellular processes, and the number of proteins that contain this modification
is steadily increasing. This modification is dynamic and reversible, and in some cases competes for
phosphorylation of the same residues. O-GIcNAc modification of proteins is regulated by cell cycle,
nutrient metabolism, and other extracellular signals. Compared to protein phosphorylation, which is
mediated by a large number of kinases, O-GIcNAc modification is catalyzed only by one enzyme
called O-linked N-acetylglucosaminyl transferase or OGT. Removal of O-GIcNAc from proteins is
catalyzed by the enzyme beta-N-acetylglucosaminidase (O-GIcNAcase or OGA). Altered O-linked
GIcNAc modification levels contribute to the establishment of many diseases, such as cancer,
diabetes, cardiovascular disease, and neurodegeneration. Many transcription factors have been
shown to be modified by O-linked GIcNAc modification, which can influence their transcriptional
activity, DNA binding, localization, stability, and interaction with other co-factors. This review
focuses on modulation of transcription factor function by O-linked GIcNAc modification.
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1. Introduction

O-linked GIcNAc modification is an important post-translational modification that modulates
the function of many nuclear and cytoplasmic proteins. Proteins are modified at serine or
threonine residues by attachment of a single N-acetylglucosamine (GIcNAc) molecule
catalyzed by the enzyme O-linked N-acetylglucosaminyl transferase OGT [1-4]. OGT is
encoded by a single gene on the X-chromosome and its function is critical for mouse
development, since OGT knock out mice are embryonically lethal [5,6]. In general, OGT is
ubiquitously expressed with high transcript levels in macrophages, pancreas, and the nervous
system [7]. Although, there is only one OGT enzyme, the OGT gene encodes for several splice
variants, which differ in the length of the N-terminal tetratricopeptide (TPR) repeats and are
targeted to the cytosol, nucleus, and mitochondria [8,9]. The specificity of OGT may be
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regulated by posttranslational modifications and by its association with different targeting
subunits.

The substrate UDP-GIcNAC for OGT is synthesized by the hexosamine biosynthetic pathway
(HBP), which uses the glycolytic metabolite fructose-6-phosphate and glutamine (Fig. 1). Only
a small fraction of glucose (2-5%) enters the HBP as fructose 6-phosphate [10,11]. The HBP
together with O-linked GIcNAc modification of proteins has been suggested to function as a
nutrient sensor for the cell [12,13]. Consistent with this idea, exposure to high glucose leads
to increased flux via the HBP and results in elevated levels of O-GlcNAc modified proteins.
However, recent data suggest that O-GIcNAc modification of a number of proteins, including
glycogen synthase is stimulated during nutrient deprivation via upregulation of OGT
expression [14-16]. This suggests that different classes of proteins are modified during glucose
excess versus glucose deprivation.

O-linked GIcNAc modification of nuclear and cytoplasmic proteins is dynamic and reversible.
It has been suggested that O-linked GlcNAcylation and phosphorylation play a reciprocal role
in regulation of protein function by competing for modification of the same serine or threonine
residues. This reciprocal relationship has been demonstrated for several proteins, including
RNA Pol 11, estrogen receptor beta, and c-myc [17,18]. However, there are many examples
where O-GlcNAc modification has been shown to be promixal or distant from important
phosphorylation sites within the same protein [19]. Nevertheless, there is an extensive crosstalk
between O-GIcNAc modification and phosphorylation in regulation of protein function.

Altered O-linked GIcNAc modification has been linked to various human diseases, including
cardiovascular disease [20,21], neurodegenerative disorders [22-24], diabetes mellitus [18,
25-27], and cancer [28]. A single nucleotide polymorphism in OGIcNAcase (OGA; MGEADS)
has been associated with increased susceptibility to type 2 diabetes in Mexican Americans
[29]. Interestingly, the human OGT gene is localized on the chromosome X g13.1 region that
has been linked to X-linked Dystonia Parkinsonism [30,31].

Many nuclear proteins that are modified by O-linked GIcNAc include transcription factors,
such as Pdx-1 [32,33], Sp1 [34-36], c-myc [28,37], NF-xB [38-40], NFAT [39], p53 [41,42]
STATS5A [43], FoxO-1 [44,45], and co-activators CRTC2 [46] and PGC-1a [47]. In fact, over
25% of the O-GIcNAc modified proteins are involved in transcriptional regulation. O-GIcNAc
modification of transcription factors is important in regulation of gene expression in various
tissues [48]. Many transcription factors are modified by O-linked GIcNAcylation in response
to physiological stimuli, cell cycle stage, and developmental stage, and this modification can
modulate their function in different ways [49-51]. O-linked GICNAc moieties on transcription
factors may be recognized by various components of the transcriptional machinery, serve as a
nuclear localization signal, antagonize the action of protein kinases by masking the potential
serine and threonine sites for phosphorylation, modulate the DNA binding activity or the half-
life, and increase the stability of transcription factors in the cell.

There are already several excellent reviews focusing on detection of O-GIcNAc modification
on proteins [52-54] and on the regulation of signal transduction pathways by O-GIcNAc cycling
[7,55-58]. Thus, this review focuses on O-linked GIcNAc modification of transcriptional
regulators and the role of O-linked GIcNAcylation in modulation of transcription factor
function. We will discuss the function of O-linked GIcNAc modification in regulating the
stability, localization, protein-protein interaction, and DNA binding ability of transcription
factors. Although a large number of transcription factors have been demonstrated to be O-
GIcNAc modified, this review will focus only on a selected number of transcriptional
regulators, where the role of O-GIcNAc modification has been studied in detail.

Biochim Biophys Acta. Author manuscript; available in PMC 2011 May 1.
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2. Regulation of protein-protein interaction by O-GIcNAc modification

2.1. NF-kB

2.2. Statba

The transcription factor NF-xB (nuclear factor-kappaB) serves as a critical regulator of
cytokine production, lymphocyte activation, and proliferation [59,60]. NF-«B is present as a
dimer consisting of p65 (RelA) and p50 subunits in most cell types. This dimer is localized to
the cytoplasm and binds the inhibitor IxB (Fig. 2). Treatment with TNFa or other activating
agents stimulate kB kinase (IKK), which phosphorylates IxB and thereby induces its
degradation. This leads to dissociation and translocation of NF-«B into the nucleus and
activation of target genes [59,61].

Activation of NF-xB requires posttranslational modifications, including phosphorylation and
acetylation. O-linked GIcNAc modification of NF-«kB regulates its nuclear localization by
disrupting its interaction with the inhibitor IxB [39,40]. In T lymphocytes, NF-xB p65 subunit
has been shown to be O-GIcNAc modified, which causes its translocation into the nucleus
[38,39]. Furthermore, a recent report demonstrates that modification of NF-xB by O-GIcNAc
decreases its binding to IxBa in vascular smooth muscle cells (VSMCs) and increases its
transcriptional activity in response to hyperglycemia [40]. The modification sites within NF-
kB have been identified as Thr-322 and Thr-352. O-GIcNAc modification of NF-«xB at Thr-352
in response to high glucose has been shown to inhibit the interaction of NF-xB with 1B,
causing the nuclear translocation of NF-xB and activation of its target genes [40].

NF-xB has also been shown to be O-GIcNAc modified in mesangial cells and accumulates in
the nucleus by treatment with high glucose or glucosamine [38]. This leads to activation of
NF-«xB-dependent genes, such as VCAM-1, TNF-a, and IL-6 (Fig. 2). Overexpression of GFA
(glutamine:fructose-6-phosphate amidotransferase) also leads to NF-xB dependent gene
expression, indicating a positive role for O-GIcNAc in regulation of NF-kB function in
mesangial cells [38]. It is likely that O-GlcNAc modification of NF-xB in mesangial cells
disrupts the interaction of NF-«xB with IxB in the cytoplasm and causes it nuclear accumulation
as observed in VSMCs. Thus, the primary function of O-GlcNAc modification of NF-«B is to
disrupt its interaction with 1xB, which results in increased nuclear accumulation of NF-xB and
stimulation of NF-xB-dependent gene expression (Fig. 2). However, it is possible that O-
GIcNAc modification of NF-xB not only disrupts the interaction with IxB, but may also be
directly involved in nuclear translocation of NF-«B.

Signal transducer and activator of transcription (STAT) proteins mediate cellular responses to
cytokines, hormones, and growth factors [62]. Mammalian cells contain seven isoforms of Stat
proteins (Statl, Stat2, Stat3, Stat4 Statba, Stat5b and Stat6), which are involved in regulation
of development, cell differentiation, and inflammation [62-64]. STAT proteins are activated
by tyrosine phosphorylation catalyzed by Janus Kinase (Jak) and Src kinases [62]. Tyrosine-
phosphorylated Stat proteins form dimers and translocate to the nucleus to induce target gene
transcription [62]. In addition to tyrosine phosphorylation at Tyr-694, Stat5a is also O-GIcNAc
modified at Thr-92 in HC11 mammary epithelial cells [65]. Mutation of Thr-92 to an alanine
results in the loss of Stat5a glycosylation and loss of activation of a reporter gene. The mutant
Statba-Thr-92Ala is able to bind DNA and translocate into the nucleus, but is unable to interact
with the transcriptional co-activator CBP (CREB binding protein) (Fig. 3). The loss of
interaction of Stat5a with CBP results in lack of Stat5-mediated gene transcription [65]. This
demonstrates that O-GIcNAc modification mediates the interaction of Stat5a with the co-
activator CBP to induce Stat5-dependent gene transcription (Fig. 3). The exact mechanism(s)
by which O-GIcNAc modification enhances Stat5a interaction with CBP remains to be
established.

Biochim Biophys Acta. Author manuscript; available in PMC 2011 May 1.
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CREB (CAMP response element-binding) protein is a transcription factor that binds to DNA
sequences known as CAMP response elements (CREs), and thereby regulates the transcription
of target genes. CREB is involved in regulation of metabolism [66], the formation of long-term
memory in the brain [67], and proliferation of cancer cells [68]. CREB knockout mice die
shortly after birth, suggesting a critical role for CREB in promoting cell survival [69]. CREB
has been shown to be modified by O-GIcNAc in the rat brain [70]. Using mass spectrometry,
two residues within the region of amino acids 256-261 of CREB were found to be O-GIcNAc
modified. Further studies suggested that O-GIcNAc maodification inhibits CREB binding to
TAF;130 and thereby interferes with CREB-mediated transcription [70].

YY1 (Yin Yang 1) is a zinc finger transcription factor that regulates the transcription of many
genes, involved in replication, cell growth, and differentiation [71-73]. YY1 functions as an
activator as well as a repressor and has an essential role in development [73]. Nuclear YY1
has been shown to be O-GIcNAc modified at several residues in a cell-cycle independent
manner [74] (Fig. 4). Exposure to glucose increases the O-GIcNAc modification of YY1.
During the G1 phase YY1 is associated with the hypophosphorylated retinoblastoma protein
Rb, which inhibits YY1 binding to DNA (Fig. 4). O-GIcNAc modification of YY1 disrupts its
association with Rb, thereby favoring the binding of YY1 to target gene promoters [74]. O-
GIcNAc modification of YY1 has no effect on its ability to bind DNA and to initiate
transcription. In the presence of high glucose, the O-GIcNAc modified YY1 is mostly free of
Rb, indicating that O-GIcNAc modification disrupts the Y'Y1-Rb complex formation [74] (Fig.
4). In the absence of glucose, YY1 is not modified by O-GIcNAcylation, which enhances the
YY1-Rb complex formation. These data suggest that O-linked GIcNAc modification may
affect cell cycle by inhibiting the interaction of YY1 with Rb and that Y'Y1-regulated
transcription may be regulated by glucose metabolism. Nevertheless, the role of glucose in
induction of O-GIcNAc modification of YY1 and how O-GlcNAc modification disrupts the
YY1-Rb complex remain to be determined.

PGC-1a (peroxisome proliferator-activated receptor gamma, co-activator 1 alpha) is a
transcriptional co-activator that regulates the expression of genes involved in energy
metabolism by interacting with various transcription factors [75]. PGC-1a is phosphorylated
by various kinases [76,77], methylated by the protein arginine methyltransferase 1 (PRMT1)
[78], and acetylated [79]. A recent study shows that PGC-1a is also O-GIcNAc modified at
Ser-333, which is within a putative inhibitory domain of PGC-1a [47]. PGC-1a has been
demonstrated to complex with OGT and to target OGT to the FoxO-1 transcription factor
[471], which results in increased glycosylation and thereby enhancing the tansactivation
capability of FoxO-1 [44]. This indicates that one of the mechanisms by which the co-activator
PGC-1la activates FoxO-dependent gene expression is via targeting OGT to FoxO transcription
factors. Although Ser-333 of PGC-1a was determined to be O-GIcNAc modified by mass
spectrometry, no mutational analysis of this site was carried out to confirm the importance of
this site in the recruitment and targeting of OGT to FoxO-1. Further studies are required to
determine whether PGC-1a targets OGT to other transcription factors in order to enhance their
transcriptional capability. Interestingly, PGC-1a. is not only the co-activator for FoxO-1, but
its expression is also under the control of FoxO-1 [80]. Therefore, treatment with glucosamine
or PUGNAC also increases PGC-1a expression via FoxO-1 activation [81]. This indicates that
O-linked GIcNAc modification of PGC-1a results in activation of PGC-1a expression via
FoxO-1.

Biochim Biophys Acta. Author manuscript; available in PMC 2011 May 1.
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3. O-GIcNAc modification affects protein stability of transcription factors

3.1. p53

The tumor suppressor protein p53 is a regulator of cell cycle, and mutations in p53 cause cancer
[82]. Normally, p53 levels are low due to continuous degradation by ubiquitin-dependent
proteolysis. In unstressed cells, p53 interacts with Mdm2, which acts as an ubiquitin ligase,
leading to degradation of p53 by the proteasome [83,84] (Fig. 5). p53 becomes activated in
response to various types of stress, including DNA damage, which leads to stabilization and
accumulation of p53 in stressed cells. Stabilization of p53 is mediated via phosphorylation by
the ATM and Rad3-related kinase at its N-terminal domain, which disrupts Mdm2 binding and
prevents p53 degradation [85]. On the other hand, phosphorylation of p53 by COP9
signalosome CSN-associated kinases at Thr-155 promotes p53 degradation by the ubiquitin—
proteasome pathway [86]. Phosphorylation-independent mechanisms, including acetylation
[87], sumoylation [88,89], and O-GlcNAc modification [41,42] have been shown also to
stabilize p53 (Fig. 5).

The mechanism by which O-GIcNAc modification enhances p53 stability has been recently
established by the identification of the O-GIcNAc residue within p53 using mass spectrometry.
Activation of p53 by stress involves the O-GlcNAc modification of Ser-149, and modification
of this site interferes with phosphorylation at Thr-155 by the CSN-associated kinases.
Lowering phosphorylation at Thr-155 weakens the interaction of p53 with Mdm2 and decreases
p53 ubiquitination/proteolysis, resulting in higher stability of the p53 protein [41] (Fig. 5).
However, mutating Ser-149 to Ala does not significantly decrease the O-GIcNAc modification
of p53 [41], suggesting that in addition to Ser-149, there are other residues within p53 that
become O-GIlcNAc modified. One caveat with this study is that streptozotocin (STZ) was used
to increase O-GlcNAc modification of p53, and studies on O-GIcNAc modification in the brain
suggest that STZ treatment can inhibit the proteasome by increasing O-GIcNAc levels [90].
Intraventricular administration of STZ leads to accumulation of O-GIcNAc modified proteins
and of p53 in the brain [90]. Thus, it needs to be further clarified whether the stabilization of
p53 by increases in O-GIcNAc modification is a direct or an indirect effect due to inhibition
of the proteasome.

3.2. Estrogen receptor alpha (ER-a)

The estrogen receptor alpha (ER-a) is a ligand-inducible transcription factor and a central
component of estrogen regulation [91,92]. Ligand or estrogen binding leads to conformational
changes in the ER, which enables ER to bind to the ER-response elements on target genes and
to initiate transcription. Activated ER is subject to hyperphosphorylation by several kinases
[93,94]. ER contains several PEST domains and is rapidly degraded by the proteasome after
ligand-induced activation [95]. A subpopulation of ER-a protein (about 10%) isolated from
various sources has been shown to be O-GIcNAc modified. The major site of O-GIcNAc
modification on mouse ER-a (MER-a) expressed in insect cells is Thr-575, located within the
PEST domain near the carboxyl terminus [96]. However, mutation of Thr-575 does not
completely abolish O-GIcNAc modification of ER-a[96]. Utilizing this mutant ER-a receptor,
two additional O-GlcNAc modification sites (Ser-10 and Thr-50) on mER-a. in insect cells
were identified [97]. All of the identified O-GIcNAc madification sites are located near or
within the PEST domains of mER-a, which have been implicated in mediating the rapid
degradation of mER-a protein through the proteasome pathway [95,98]. Thus, it is proposed
that O-GIcNAcylation of the mER-o PEST regions may prevent mER-a degradation by the
proteasome. However, it remains to be demonstrated that mutating the O-GlcNAc modified
sites (Ser-10 and Thr-50) indeed leads to enhanced degradation of the ER-a protein.

Biochim Biophys Acta. Author manuscript; available in PMC 2011 May 1.
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3.3. Estrogen Receptor B (ER-B

The estrogen receptor ER-f is highly homologous to ER-a within the DNA and ligand binding
domains, but differs from ER-a by having a distinct N-terminal domain called activation
function 1 (AF1) region [99-101]. ER-f has also a very different tissue distribution and ligand
responsiveness compared to ER-a [101,102]. The fact that ER-B is highly expressed in many
tissues, including brain, cardiovascular system, thymus, bone, kidney, and lung suggests an
important role for estrogen in various tissues. Mouse ER-B is modified by O-GIcNAcylation
at Ser-16, which is also phosphorylated [103,104]. Ser-16 is within the transactivation domain,
in a region with a high PEST score.

Further studies revealed that mutations in Ser-16 abolish O-linked GIcNAcylation of ER-f
completely, suggesting the idea that Ser-16 is the major site for O-GIcNAc modification
[104]. Moreover, mutation of Ser-16 to glutamic acid, which mimics constitutive
phosphorylation, resulted in accelerated degradation of ER-f3. On the other hand, mutation of
Ser-16 to alanine caused a slow-down of ER-3 degradation [104]. Mutations in Ser-16 also
affected the ability of ER-J to activate transcription from a Luciferase reporter driven by an
ER-responsive element, while the DNA binding activity and nuclear localization of ER-p was
unaffected [104]. Recent data suggest that O-GlIcNAc modification and phosphorylation at
Ser-16 induce different conformational changes, which may explain the different effects that
post-translational modifications have on ER- function [105,106]. In summary, O-GIcNAc
modification of Ser-16 increases ER-p stability, but reduces its transactivation capability, while
phosphorylation of the same residue has been shown to increase ER-f degradation and
transcriptional activity [105].

4. Nucleo-cytoplasmic shuttling of transcription factors mediated by O-
GIcNAc modification

4.1. NeuroD1

NeuroD1 (neurogenic differentation 1) or Beta-2 is a transcription factor that is expressed in
neurons and in pancreatic beta cells and mediates neuronal development and insulin gene
transcription, respectively [107,108]. Increasing levels of glucose stimulates insulin gene
transcription by the synergistic action of the transcription factors NeuroD1, MafA, and Pdx-1
[109,110] (Fig. 6). Changes in glucose levels have been shown to regulate the nucleo-
cytoplasmic shuttling of NeuroD1 [111,112]. While NeuroD1 is mainly localized in the
cytoplasm under low or normal glucose conditions, exposure to high glucose causes NeuroD1
to translocate into the nucleus and thereby to activate insulin gene transcription in pancreatic
beta cells (Fig 6). The nuclear translocation of NeuroD1 on high glucose is mediated by O-
linked GIcNAc modification of NeuroD1 itself [111]. Inhibition of O-GIcNAc modification
by treatment with OGT siRNA abolishes the nuclear translocation of NeuroD1 in pancreatic
beta cells. Increased O-GIcNAc modification by treatment with PUGNACc (an inhibitor of
OGA, Fig. 1) mediates the nuclear translocation of NeuroD1 in the absence of high glucose
[111]. Taken together, these findings indicate that increases in glucose levels mediate the O-
GIcNAc modification of NeuroD1, which then translocates from the cytoplasm into the nucleus
and participates in insulin gene expression (Fig. 6). Further work is required to map the O-
GIcNAc modified residues within NeuroD1 and to confirm their role in regulation of
subcellular localization of NeuroD1.

4.2. TORC2/ CRTC2

The transcriptional co-activator TORC2 or CRTC2 (transducer of regulated cyclic adenosine
monophosphate response element-binding protein) is involved in regulation of
gluconeogenesis in liver [66]. In fed animals, CRTC2 is sequestered in the cytoplasm, while

Biochim Biophys Acta. Author manuscript; available in PMC 2011 May 1.
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during fasting CRTC2, translocates into the nucleus, where it interacts with the transcription
factor CREB to mediate the expression of gluconeogenic genes. The nuclear translocation of
CRTC2 requires the dephosphorylation of Ser-171 [113]. CRTC2 levels are also regulated by
ubiquitin-dependent degradation, which occurs in the presence of insulin [113].

CRTC2 has been recently shown to be O-GIcNAc modified in hepatocytes and this
modification regulates the localization of CRTC2 [46]. Upon exposure to chronic
hyperglycemia, CRTC2 becomes O-GlcNAc modified in hepatocytes and translocates into the
nucleus, where it associates with CREB to upregulate the expression of glucose-6-phosphatase
and other gluconeogenic genes [46] (Fig. 7). Mapping of the O-GIcNAc modified sites by mass
spectrometry identified six modified residues on CRTC2, of which Ser-70 and Ser-171 have
been shown to be the most important ones. Interestingly, both of these sites are phosphorylated
by AMP-activated kinases, which causes CRTC2 association with 14-3-3 proteins leading to
its sequestration in the cytoplasm [114]. Thus, O-GlcNAcylation of CRTC2 at Ser-70 and
Ser-171 by OGT in liver blocks CRTC2 phosphorylation at these two sites, causing the
shuttling of CRTC2 into the nucleus [114,115]. The same study found that the levels of O-
GIcNAc modified CRTC2 are increased in obese diabetic db/db mice, which is likely to be
responsible for the paradoxically increased gluconeogenic gene expression in these diabetic
mice [46].

NFATCc1 (nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 1) is
predominantly expressed in T-cells and induces the transcription of various cytokines during
immune response [116]. NFATc1 interacts directly with OGT and becomes O-GIcNAc
modified in human T-cells [39]. Shortly after lymphocyte stimulation, O-GIcNAc modification
of NFATc1 increases and declines within 15 minutes, indicating that O-GIcNAc modification
of NFATcL1 is transient [38,39]. Nuclear fractionation experiments in T cells indicate that the
levels of O-GIcNAc modified NFATc1 increase in the nucleus following T-cell activation.
Consistent with a role for OGT in regulating NFATc1 nuclear translocation, silencing of OGT
expression leads to impaired T-cell activation [39]. Previous data have demonstrated that
dephosphorylation of NFATc1 by calcineurin upon activation of T-cells mediates the
translocation of NFATc1 into the nucleus [117]. Although it is not known how O-GIcNAc
modification promotes NFATc1 nuclear translocation, it is proposed that OGICNAc
modification may prevent the phosphorylation of NFATc1 or alternatively, change the
conformation of NFATc1 and thereby unmask the nuclear localization signal.

The EIf-1 (E74-like factor 1) transcription factor belongs to the Ets (E twenty-six specific)
family of proteins and regulates gene expression in hematopoietic cells [118]. The expected
molecular mass for EIf-1 is 68 kDa, but it displays a molecular mass of 80kD and 98kD. The
discrepancy in EIf-1 molecular mass is due to posttranslational modification of EIf-1 by
phosphorylation mediated by protein kinase C and by O-GIcNAc modification [119].
Phosphorylation by PKC mediates the conversion of the 80kD to the 98kD form, while both
the 80kD and 98kD forms are O-GIcNAc modified. The 80-kDa form of EIf-1 resides mainly
in the cytoplasm. Modification by phosphorylation and O-GIcNAc converts the 80kD to the
98kDa form, which translocates into the nucleus of T cells. Once in the nucleus the 98kDa
form binds to the TCR {-chain promoter and activates its transcription in Jurkat and T cells
[120]. Interestingly it has been found that the 98kDa form of EIf-1 is more sensitive to
proteasomal degradation than 80kDa form [119]. Collectively, O-GIcNAc modification and
phosphorylation regulate the sub-cellular localization, DNA binding, and degradation of EIf-1.

Biochim Biophys Acta. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ozcan et al.

Page 8

5. O-GIcNAc modification of transcriptional activity

5.1. c-Myc

5.2. FoxO1

c-Myc (v-myc myelocytomatosis viral oncogene homolog), a helix-loop-helix leucine zipper
transcription factor, contributes to the development of various malignancies [121-123]. In a
normal resting cell, c-Myc levels are very low. However upon mitogenic stimulation, c-myc
expression levels are highly increased, and c-myc heterodimerizes with Max to regulate
transcription of proliferation and cell differentiation genes [124]. c-Myc is phosphorylated by
casein kinase Il [125] and MAP kinase [126] and can also be O-GIcNAc modified [37]. The
O-GIcNAc modification of c-Myc has been identified both in mammalian (rabbit reticulocyte
lysate and Chinese hamster ovary (CHO) cell line) and in insect cell systems. O-GIcNAc
modified sites within c-myc were originally found to be located close to the transcriptional
activation domain [37]. A later study identified Thr-58, an in vivo phosphorylation site in the
transactivation domain, as the major site of O-GIcNAc modification [127]. This suggests a
mutually exclusive modification of c-myc by either phosphorylation or O-GIcNAc
modification. The transactivation domain of c-myc associates with the tumor suppressor
retinoblastoma protein Rb and the Rb-related protein p107 in vitro [128]. Thus, the presence
of O-GIcNAc madification on c-myc may result in altered interaction with Rb and Rb-related
protein p107, thereby interfering with transactivation by c-myc. Interestingly, Thr-58 is located
within a mutational hot spot in lymphomas, suggesting that this region is associated with
increased tumorigenicity.

FoxO-1 (forkhead box other 1, FKHR) transcription factor is important for regulation of
apoptosis, cell cycle, metabolism, and oxidative stress [129,130]. FoxO-1 is modified by
phosphorylation, acetylation, and ubiquitination. Phosphorylation of FoxO-1 at Thr-24,
Ser-256 and, Ser-319 by Akt, which is mediated by insulin, leads to nuclear exclusion [131]
and subsequent ubiquitination and degradation of FoxO-1 [132]. FoxO-1 has also been recently
shown to be O-GlcNAc modified in response to increased glucose levels, and this modification
is implicated in regulation of FoxO-1 transcriptional activity [44,45] (Fig. 7). Phosphorylation
and O-GIcNAc modification of FoxO-1 occurs at different sites and are not functionally
reciprocal. This suggests that O-GIcNAc modification is not involved in regulation of nuclear
localization of FoxO-1 [45]. A detailed analysis of the O-GlcNAc modified residues within
FoxO-1 resulted in identification of four residues, and only the O-GIcNAc modification of
Thr-317 proved to be important for transcriptional activation by FoxO-1 [44] (Fig. 7). However,
in this study Thr-317 was mutated to alanine, thus it cannot be completely excluded that
phosphorylation at Thr-317 may also be important for FoxO-1 activation. Interestingly, a new
study suggests that the co-activator PGC-1a binds to OGT and targets it to the FoxO
transcription factors, leading to increased O-GIcNAc modification and enhanced
transcriptional activity [47] (Fig. 7).

6. Regulation of DNA binding activity by O-GIcNAc modification

6.1. Pdx-1

Pdx-1 (pancreatic and duodenal homeobox 1), a homeodomain transcription factor, is mainly
expressed in pancreatic B cells and regulates insulin gene transcription in response to glucose
[109]. Elevated concentrations of glucose lead to O-GIcNAc modification of Pdx-1 in
pancreatic beta cells [32,33]. O-GlcNAc modification regulates Pdx-1 binding to the insulin
promoter and thereby influences insulin secretion in the mouse insulinoma cell line MING
[32]. Therefore, O-GIcNAc modification of Pdx-1 appears to be important for Pdx-1 DNA
binding to the insulin promoter and for activation of insulin gene expression (Fig. 6). However,
the exact mechanism(s) by which O-GlcNAc modification enhances Pdx-1 DNA binding
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activity and the Pdx-1 residues that are O-GIcNAc modified remain to be identified. Increased
O-GIcNAc modification of Pdx-1 has also been observed in diabetic Goto-Kakizaki (GK) rats
and was associated with decreased insulin secretion from pancreatic beta cells [33].

C/EBPJ (CCAAT enhancer-binding protein) belongs to the family of basic region leucine
zipper (bZIP) transcription factors and is important for adipocyte differentiation, and its
expression is increased during adipogenesis [133-136]. C/EBP has also been shown to be
expressed in various other tissues, including hepatocytes [137] and epithelial cells [138]. C/
EBP is activated by phosphorylation of Thr-179, Ser-184, and Thr-188 by MAPK and
GSK3p [139]. Phosphorylation at Thr-188 by MAPK or CDK2 is a perquisite for
phosphorylation of Thr-179 and Ser-184 by GSK3p, which causes a conformational change
important for facilitating C/EBPB DNA binding [139-141].

C/EBPS is also modified with O-GIcNAc at Ser-180 and Ser-181, which inhibits the
phosphorylation of the neighboring Thr-179, Ser-184, and Thr-188 [142]. Since
phosphorylation is essential for C/EBPp binding to target gene promoters, O-GIcNAc
modification of Ser-180 and Ser-181 results in a delay of adipogenesis [142]. Ser-180 and
Ser-181 to alanine mutations increases the transcriptional activity of C/EBPp via enhanced
phosphorylation at Thr-179, Ser-184, and Thr-188 [142]. In summary, O-GIcNAc modification
of the residues Ser-180 and Ser-181 within C/EBPJ interferes with the expression of C/
EBPp target genes by preventing its phosphorylation and thereby inhibiting its DNA binding
activity. Thus, O-GIcNAc modification and phosphorylation regulate the DNA binding activity
of C/EBP in a reciprocal and competitive manner.

7. Induction of transcription factor expression by O-linked GIcNAc
modification

7.1. MafA

7.2.1d2

The MafA (v-maf musculoaponeurotic fibrosarcoma oncogene homolog A) transcription
factor is important for glucose regulation of insulin gene expression, and MafA knock-out mice
display reduced insulin gene transcription and age-dependent diabetes [109]. MafA expression
is induced by high glucose and requires increased flux through the hexosamine biosynthetic
pathway (HBP) and an O-linked GIcNAc modification event [143]. Knockdown of OGT using
siRNA oligonucleotides abolishes the induction of MafA expression by high glucose in
pancreatic beta cells. Treatment of pancreatic beta cells with PUGNAC, an inhibitor of O-
GIcNAcase, induces MafA expression even in the absence of high glucose. These data suggest
that high glucose induction of MafA expression may be mediated by O-GIcNAc modification
of an unknown transcriptional regulator(s) that is required for activation of MafA expression
[143].

Id2 (inhibitor of differentiation 2) belongs to the family of helix-loop-helix (HLH)
transcriptional regulators and modulates gene expression indirectly by antagonizing basic
helix-loop-helix transcription factors (E proteins) [144-146]. It is involved in regulation of
differentiation and apoptosis. 1d2 levels are regulated by glucose in J774.2 macrophages via
the HBP pathway [147,148] (Fig. 1). Consistent with the idea that induction of 1d2 levels by
high glucose requires HBP, treatment with glucosamine, which increases the flux via HBP,
mimics high glucose induction of 1d2. Furthermore, inhibition of GFA, the rate-limiting
enzyme of HBP, blocks the increase in 1d2 in response to glucose, while overexpression of
GFA by adenoviral gene transfer increases 1d2 levels [147]. Thus, high glucose increases the
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levels of the transcriptional repressor 1d2, via increased flux through HBP pathway, and this
is likely to be dependent on O-GIcNAc modification .

High glucose concentrations have been shown to cause an accumulation of the upstream
stimulatory factors (USF) in the nucleus of mesangial cells, leading to upregulation of TGF—
B1 (transforming growth factor-1) expression via enhanced binding of USF proteins to the
TGF-B1 promoter [149,150]. TGF-B1 induces the production of extracellular matrix proteins,
leading to the thickening of glomerular basement membranes [151]. Upregulation of TGF-f1
expression by hyperglycemia in renal cells has been linked to diabetic nephropathy in humans
[152].

Increasing the flux via the HBP by addition of glutamine or by overexpression of GFA results
in increased expression of USF-2 [149]. Treatment of mesangial cells with streptozotocin
(STZ), an analog of GIcNAc, which inhibits the O-GIcNAcase and thereby increases the level
of O-GIcNAc modified proteins, results also in elevated USF-2 mRNA levels. The USF
proteins themselves are not O-GIcNAc modified indicating that increases in O-GIcNAc
modification stimulates the expression of USF proteins. Thus, increased O-GIcNAc
modification of proteins under conditions of chronic hyperglycemia may contribute to diabetic
nephropathy by causing increased expression of USF proteins, which then stimulate TGF-f1
expression leading to expansion of glomerular mesangium. The exact mechanisms by which
O-GIcNAc modification increases USF gene expression remain to be elucidated.

8. Modulation of transcription factor function by multiple mechanisms

8.1. Sp1

The Sp1 (specificity protein 1) transcription factor is an ubiquitously expressed C,H,-type zinc
finger protein that regulates the transcription of many genes [153]. Sp1 can function as an
activator as well as a repressor of gene expression, and its activity is regulated by
posttranslational modifications, such as phosphorylation, acetylation, and O-GIcNAc
modification [35,36,49]. These modifications regulate the intracellular localization as well as
Spl interaction with other transcriptional regulators.

Studies on O-GIcNAc modification of Spl in H411E liver cells indicate that insulin induces
sequential O-GlcyNAcylation and phosphorylation of Sp1, which causes its nuclear
accumulation and thereby increases Sp1-dependent gene expression [154] (Fig. 8). O-GIcNAc
modification of Sp1 in rat lymphoma cells has also been shown to target Sp1 to the nucleus
[155]. However, in a different study, O-GIcNAc modification of Sp1 has been shown to have
a negative role by interfering with Sp1 transcriptional capability in the pancreatic HIT-T15
beta-cell line [156]. Furthermore, it has been shown that OGT recruits the transcriptional co-
repressor mSin3A to inhibit activation of transcription by Sp1 [157] (Fig. 8). Moreover,
modification of Sp1 by O-GIcNAc has been implicated in regulation of Sp1 stability. It has
been demonstrated that treatment of cells with glucose or glucosamine results in
hyperglycosylation of Sp1, which in turn blocks Sp1 degradation suggesting the idea that O-
GIcNAc modification increases Sp1l protein stability [34].

Using the glutamine-rich transactivation domain of Sp1, it has been demonstrated that the role
of O-GIcNAc modification is to inhibit the interaction of Sp1 with the TATA-binding-protein-
associated factor TAF110 [158] (Fig. 8). Further evidence that O-GIcNAc modification of Spl
inhibits its interaction with various transcription factors comes from recent studies, where Spl
interaction with EIf-1, Octl, and NF-Y is blocked by O-GIcNAc modification [159-161].
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In summary, O-GlcNAcylation of Spl has been shown to regulate Sp1 nuclear localization,
transactivation capability, protein stability, and its interaction with other transcriptional
regulators. However, it is not clear if regulation of Sp1 function by multiple mechanisms
requires O-GIcNAc modification of distinct sites within Sp1. It is possible that O-GIcNAc
modification regulates Sp1 function differently in a tissue-specific manner.

9. Summary and future directions

Although O-GIcNAc modification of proteins has been discovered over two decades ago, our
understanding of the exact role of this modification in regulating cell function still remains
incomplete. The number of proteins that are modified with O-GIcNAc has been steadily
increasing, but it is still puzzling how OGT or OGA can modify so many different proteins in
a regulated manner. Some of this may be explained by the fact that OGT has been shown to
have splice variants that are localized to the nucleus, cytoplasm, and mitochondria, however
detailed studies on the function of the OGT splice variants are lacking. It is also not known if
the expression, stability, or activity of OGT and OGA is regulated in a tissue-specific manner
by different pathways. Recent findings suggest that OGT may interact with different targeting
subunits to achieve specificity.

O-GIcNAc modification of many transcriptional regulators follows a common theme and is
regulated in a glucose-dependent manner. This is not surprising given the fact that the levels
of the substrate UDP-GIcNAc required for O-GlcNAc modification depends on the availability
of glucose (Fig. 1). Production of UDP-GIcNAC by the hexosamine biosynthetic pathway
(HBP) requires the glycolytic intermediate fructose-6-phosphate, which provides a link
between glycolysis and HBP (Fig. 1). Thus, HBP together with O-GlcNAc modification serves
as a glucose/nutrient sensor that links metabolism to activation of many signaling pathways in
the cell.

Interestingly, many transcriptional regulators that participate in the regulation of the same
target genes are modified by O-GIcNAc. Glucose induction of insulin gene expression in
pancreatic beta cells requires the synergistic interaction of Pdx-1, MafA, and NeuroD1, and
all three of these transcription factors are regulated by O-GIcNAc modification (Fig. 6). While
O-GIcNAc maodification of Pdx-1 regulates its ability to bind to the insulin promoter,
modification of NeuroD1 causes its translocation into the nucleus (Fig. 6). Interestingly,
expression of MafA by glucose requires the O-GlcNAc modification of an unknown
transcriptional regulator. Another example of this type of regulation is the expression of
gluconeogenic genes in liver by CREB and FoxO-1 (Fig. 7). Both of these transcription factors,
as well as their transcriptional co-activators CRTC2 and PGC-1a, are also regulated by O-
GIcNAc modification (Fig. 7). This type of regulation by O-GIcNAc modification may be
essential to ensure the precise regulation of metabolic gene expression in response to changes
in nutrient status.

Progress in understanding the detailed function of O-GIcNAc modification on proteins has
been hindered by the fact that proteins can contain multiple O-GIcNAc modification sites with
different functions, as illustrated for the transcription factor Sp1 (Fig. 8). There isalso evidence
that O-GIcNAc modification can modulate the function of transcription factors by multiple
mechanisms in atissue-specific manner. Like phosphorylation, O-GIcNAc modification occurs
at serine and threonine residues, therefore mutating the O-GIcNAc modified sites may also
abolish phosphorylation of these residues, making it difficult to reach conclusions on the
function of O-GIcNAc modification on various proteins. Most of the O-GIcNAc modified
transcription factors have been shown to undergo other posttranslational modifications,
including phosphorylation, acetylation, and sumaylation, suggesting the idea that these
modifications may exert a combinatorial effect on transcription factor function. Thus, it is
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difficult to assess the role O-GIcNAc modification without considering the combinatorial effect
of other posttranslational modifications on the same transcription factor. It is also important to
consider that in many cases O-GIcNAc modification of multiple residues may be required to
regulate transcription factor function. Despite these hurdles, our understanding of O-GIcNAc
modification on modulation of transcription factor function is steadily increasing with the

development of new technologies to detect and analyze O-GIcNAc modifications on proteins.
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Fig. 1. O-GIcNAc modification is linked to glycolysis via the hexosamine biosynthetic pathway
(HBP)

Only a small fraction of the glucose (2-5%) enters the HBP, which starts with the conversion
of the glycolytic metabolite fructose-6-phosphate and glutamine to glucosamine-6-phosphate
and glutamate by the rate-limiting enzyme GFA. The end product of HBP is UDP-N-
acetylglucosamine, which is used by OGT as substrate to modify proteins by O-GIcNAc
linkages. This modification is reversible, and proteins are deglycosylated by the O-GIcNAcase
(OGA).
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Fig. 2. High glucose mediated O-GIlcNAc modification of NF-kB disrupts its interaction with the
inhibitor kB and causes nuclear translocation of NF-kB

The transcription factor NF-xB, consisting of two subunits (p50 and p65), is normally
sequestered in the cytoplasm by its interaction with the inhibitor IxB. O-linked GICNAc
modification of NF-xB p65 subunit in response to high glucose disrupts its interaction with
IxB, leading to nuclear accumulation and activation of NF-kB target genes, such as VCAM-1,
TNFa, and IL-6.
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Nucleus

Fig. 3. O-GIcNAc modification of Stat5a enhances its association with the co-activator CREB
binding protein CBP

Posttranslational modification of Stat5a with O-GIcNAc has been proposed to enhance
transactivation of Stat5a dependent gene expression by promoting the association of Statba
with the transcriptional co-activator CBP.
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High
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Fig. 4. The interaction of YY1 with Rb is disrupted by O-GIcNAc modification of YY1
Association of YY1 with the retinoblastoma protein Rb inhibits YY1 binding to DNA. O-
GIcNAc modification of YY1 increases upon exposure to high glucose and disrupts YY1
interaction with Rb, increasing the ability of YY1 to bind to DNA and to activate transcription.
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Fig. 5. The stability of the tumor suppressor protein p53 is regulated by O-GIcNAc modification
In unstressed cells, p53 is phosphorylated by CSN (COP9 signalosome)-associated kinases,
and phosphorylated p53 interacts with the ubiquitin ligase Mdm2, which promotes the
proteasomal degradation of p53. In stressed cells, O-GIcNAc modification of p53 prevents its
degradation by the proteasome.
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Cytoplasm

Fig. 6. The function of the insulin gene transcription factors Pdx-1, NeuroD1, and MafA is regulated
by O-GIcNAc modification

Activation of insulin gene transcription in pancreatic beta cells requires the synergistic
interaction of the transcription factors Pdx-1, NeuroD1, and MafA. O-GIcNAc modification
of Pdx-1 enhances the DNA binding capability of Pdx-1. NeuroD1 is normally localized to the
cytoplasm, but translocates into the nucleus in response to high glucose mediated by O-GIcNAc
modification. MafA expression is induced by high glucose and requires O-GIcNAc
modification of an unknown transcriptional regulator.
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Cytoplasm

Gluconeogenic

Fig. 7. O-GIcNAc modification regulates gluconeogenic gene expression in liver during diabetic
conditions

Chronic hyperglycemia or diabetes causes induction of gluconeogenic gene expression by O-
GIcNAc modification of the transcription factors CREB and FoxO-1 and their co-activators
CRTC2 and PGC-1a, respectively. O-GIcNAc modification of CRTC2 under diabetic
conditions causes CRTC2 translocation into the nucleus where it interacts with CREB to
activate gluconeogenic gene expression. The co-activator PGC-1a has been demonstrated to
be O-GIcNAc modified and to recruit OGT to FoxO-1, promoting O-GIcNAc modification of
FoxO-1 and activation of gluconeogenic genes.
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Nuclear Translocation and Recruitment of mSin3A and Disruption of TAF110
Enhanced Transcription Repression of Transcription Interaction

Fig. 8. Modulation of Sp1 function by O-GIcNAc modification involves multiple mechanisms
Modification of Sp1 with O-GIcNAc has been shown to cause its nuclear localization thereby
leading to enhanced transcription. O-GIcNAc modification can also lead to transcriptional
repression by Sp1 by recruitment of the co-repressor mSin3A via OGT. There is also evidence
that O-GIcNAc modification of Sp1 disrupts its interaction with the TATA binding protein-
associated factor TAF110.
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