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Abstract

O-GlIcNAcylation is the covalent attachment of B-D-N-acetylglucosamine (GIcNAc) sugars to
serine or threonine residues of nuclear and cytoplasmic proteins, and it is involved in extensive
crosstalk with other post-translational modifications, such as phosphorylation. O-GIcNAcylation is
becoming increasing realized as having important roles in cancer-relevant processes, such as cell
signalling, transcription, cell division, metabolism and cytoskeletal regulation. However, currently
little is known about the specific roles of aberrant O-GIcNAcylation in cancer. In this Opinion
article, we summarize the current understanding of O-GIcNAcylation in cancer and its emerging
functions in transcriptional regulation at the level of chromatin and transcription factors.

Glycosylation is a generic term that is used to define the covalent attachment of glycans to
proteins. However, this term does not reflect the enormous complexity of different types of
glycan modifications in biology. Alterations in complex cell surface glycan structures are
found in many diseases, and have long been known to have a direct role in cancer
aetiologyl. A commonly cited estimate suggests that over 50% of all proteins are
glycosylated, but even this estimate is far too low, as it does not consider that many, if not
most, proteins within the nucleus and cytoplasm are dynamically modified by the attachment
of B-D-N-acetylglucosamine (GIcNAc) moieties to the hydroxyl group of serine or threonine
residuesl2.

This modification is not usually extended into larger, more complex oligosaccharide
structures nor is it found to any extent at the cell surface or in the extracellular space; thus,
O-GIcNAc is a unique type of intracellular glycan attachment. The vast majority of O-
GIcNAc-modified proteins are soluble nuclear or cytoplasmic proteins that are modified in
response to cellular or environmental cues, such as growth factors, signalling molecules,
glucose and other nutrient fluxes, and stress34. O-GlcNAc-modified proteins have diverse
cellular roles in signalling, metabolism, transcriptional regulation, cell cycle control, protein
trafficking and the regulation of cellular structure. These roles are discussed further in recent
reviews®5. Because many of these processes are perturbed during tumorigenesis, alterations
in O-GIcNAcylation are likely to have a role in cancer. This Opinion article focuses on O-
GIcNAc, and discusses our current restricted knowledge of the ontology of O-GIcNAc in
cancer and some of the biological consequences of O-GIcNAcylation, particularly regarding
the emerging transcriptional roles of O-GIcNAc at the level of chromatin and transcription
factor regulation.
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O-GIcNAc in cancer cell biology

O-GIcNAcylation is catalysed by a single enzyme, termed O-linked N-acetylglucosamine
transferase (OGT), which transfers N-acetylglucosamine from uridine diphosphate N-
acetylglucosamine (UDP-GICcNAC) to protein substrates’. Furthermore, a single enzyme
known as N-acetyl-B-glucosaminidase (OGA; also known as O-GlcNAcase), which is
encoded by the MGEAS5 gene, rapidly removes the O-GIcNAc modification8 (BOX 1).
Together, these enzymes dynamically alter the post-translational state and function of
proteins in response to cellular signals.

The clinical importance of alterations in O-GIcNAc signalling to the onset, progression and
metastasis of cancer is largely unknown. When comparing solid tumours with matched
normal tissue no clear pattern has emerged. Two studies on a small set of paired tissues from
breast or thyroid cancers showed an increase in OGA enzymatic activity, although
information on OGA protein expression was not available®10. Western blot methods showed
decreased O-GIcNAc levels in some tumour samples compared with controls®. However,
other studies suggested that O-GIcNAc levels increase in some cancers. Histological
sections from breast, lung and colon tumours demonstrated increased O-GIcNAcylation
compared with matched adjacent tissue. In the case of the lung and colon tissue, both OGT
and OGA expression seemed to increase!:12, Similarly, in patients with chronic
lymphocytic leukaemia, the O-GIcNAcylation of proteins was increased when compared
with normal lymphocytes, and both OGT and OGA protein levels were also increased?3.
Strikingly, the patients whose lymphocytes displayed the highest levels of O-GIcNAcylated
proteins had a better prognosis, as determined by standard prognostic markers13. These
studies suggested that even though leukaemic lymphocytes had higher levels of O-
GIcNAcylation than normal lymphocytes, when O-GIcNAcylation reached very high levels,
it blocked signalling pathways that are key to rapid leukaemia cell proliferationl4,

There are potential sources of confusion from these studies. Crucial tumorigenic roles of
specific O-GIcNAcylated proteins might be masked when analysing only global cellular O-
GlcNAcylation. In addition, cellular levels of O-GIcNAc, OGT and OGA have a tight
relationship with multiple cellular activities. For example, chromatin immunoprecipitation
followed by microarray (ChlP—chip) analysis using an O-GlcNAc-specific antibody
demonstrated that the chromatin O-GIcNAcylation of hundreds of genes was altered after
the loss of either OGT or OGA activity in Caenorhabditis elegans®. Not unexpectedly,
gene expression significantly increased in about 50% of the genes and decreased in the other
50%, paralleling the multiple roles of O-GIcNAc in gene regulationl®. Loss of OGA activity
led to changes in the expression of genes that are involved in lifespan and ageing, stress
response, carbohydrate metabolism, membrane transport and chromatin remodelling.
Indeed, chromatin immunoprecipitation, using antibodies against OGA, shows the presence
of OGA at multiple genesl6. The loss of OGT activity caused alterations in the expression of
genes that are involved in amino acid metabolism, mitochondrial function, reproduction,
stress response and ageing!®. Pharmacological or genetic methods that increase O-
GlcNAcylation also rapidly increase the expression of OGA, In addition, in a recent study
using an inducible Ogt-knockout mouse embryonic fibroblast (MEF) cell line, the loss of
OGT expression caused a parallel loss in OGA expressionl’. These data suggest that, in the
case of the solid tumour samples, the increased OGA activity and expression might be a
direct response to alterations in O-GIcNAc levels.

Despite conflicting data in primary tumour samples, increased O-GlcNAcylation does seem
to be a general characteristic of cancer cells. For example, numerous breast cancer cell lines
show higher levels of O-GlcNAcylation, and OGT protein expression is increased compared
with less aggressive breast cancer cell lines!®. When OGT was knocked down in these cells
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using RNA interference (RNAI), the cells stopped growing and formed fewer colonies in
soft agar8. The RNAi-mediated knockdown of OGT was followed by an increase in p27
(also known as KIP1) levels, and p27 is an inhibitor of G1 cell cycleprogressionl8. The
increase in p27 levels is correlated with decreased fork-head box protein M1 (FOXM1)
protein levels, and FOXML1 is a transcription factor that is known to repress p27
expressionl8, Proteins of the FOXO family are substrates of OGT, and their increased O-
GlcNAcylation correlates with increased FOXO target gene transcription®-21, Furthermore,
breast cancer cells in which OGT was knocked down that were transplanted into nude mice
formed fewer tumours compared with controls!®. These results are interesting, but are
probably due to the essential functions of OGT in cells. The alterations in FOXM1 are
especially interesting, as many crucial genes that are involved in mitotic progression are
regulated by this transcription factor?2. O-GlcNAcylation regulates multiple pathways
during cell cycle progression and might have a particular influence at M phase® (BOX 2).

Elevations in O-GIcNAc levels have also been implicated in epithelial-mesenchymal
transition through the regulation of the transcription repressor SNAIL1 (also known as
SNAI1)23. Normal cells are held tightly together through the interactions of the extracellular
domains of cell adhesion proteins, such as E-cadherin. SNAIL1 negatively regulates E-
cadherin gene expression; however, under normal conditions, SNAIL1 is phosphorylated by
the kinases caesin kinase 1 (CK1) and glycogen synthase kinase 3p (GSK3p), which
promotes the ubiquitylation and the degradation of SNAIL1 by the proteasome?3, SNAIL1
is O-GIcNAcylated at Ser112, and the O-GIcNAc-modified form of SNAIL1 blocks
phosphorylation by GSK3p23. Elevations in O-GIcNAc levels promote SNAIL1 stabilization
and in turn lead to increased SNAIL1 expression and repression of E-cadherin?3, The
regulation of transcriptional mediators that are associated with tumori genesis and the
modification of chromatin might also explain why the deregulation of O-GIcNAcylation is
evident in cancer cells.

Chromatin and O-GIcNAc

Shortly after the first paper to characterize O-GIcNAc was published, a Drosophila
melanogaster gene named super sex combs (sxc) was identified4, which was much later
found to be the D. melanogaster homologue of 0GT25:26, Although homozygote sxc ™/~
embryos died during embryogenesis, sxc*/~ animals survived until adulthood, but possessed
several body segments that had been homeotically transformed (such as, legs in place of
antenna)?4. The sxc gene is part of the Polycomb gene regulatory complex, which is
involved in gene silencing by histone methylation, resulting in histone 3 trimethylated on
lysine 27 (H3K27me3)2’. Many of the gene targets of the Polycomb complex are HOX
genes, which are members of a family of homeotic transcription factors that are important
for proper development and differentiation28. Importantly, aberrant HOX gene expression is
linked to numerous cancers?8,

Early studies on D. melanogaster polytene chromosomes demonstrated intense staining of
O-GIcNAc in areas of condensed chromatin, with the transcriptionally active areas (or puffs)
staining less intensely for O-GIcNAc?®. Interestingly, O-GIcNAC staining on polytene
chromosomes colocalizes with Polyhomeotic (PH) protein (which is a component of
Polycomb repressive complex 1 (PRC1))%®, and genomic profiling of O-GIcNAc in D.
melanogaster found enrichment in areas bound by PH and the Pleiohomeaotic repressive
complex (PHORC)?>26, Moreover, the Polycomb complex PHORC binds to O-GIcNAc
lectin columns, suggesting that it is modified by O-GIcNAc28, but the purpose of O-GIcNAc
modification or the function of sxc*/~ in this complex is not understood. Complete knockout
of sxc leads to death, but this can be rescued by the expression of full-length human OGT?25.
sxc*/~ mutants have functional Polycomb complexes that interact with chromatin2®,
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indicating that OGT activity is needed for the proper function of Polycomb complexes,
possibly through O-GIlcNAcylation of PH. Therefore, the activity and localization of OGT
could have a profound effect on chromatin methylation, acetylation and O-GIcNAcylation.
In mammals, two different Polycomb complexes exist, PRC1 and PRC2. Which Polycomb
complex OGT associates with, or whether OGT associates with both complexes, is unclear.
It is possible that OGT overexpression increases trimethylation at H3K27 (Ref. 30),
promoting gene repression. Such alterations to epigenetic marks have been characterized in
cancer3l,

OGT also O-GIcNAcylates the basal transcriptional machinery, including RNA polymerase
Il and the basal transcription factors, and it probably has a fundamental role at all sites of
transcription32-34 (Fig. 1). Other transcriptional regulatory complexes, such as the repressor
SIN3AS33, the histone acetyltransferase MYST1 (also known as MOF)-containing complex
nonspecific lethal (NSL)36, the X-chromosome complex male-specific lethal (MSL)37, and
the arginine methyltransferase CARM1 (Refs 38,39) contain OGT and are O-GIcNAcylated.
O-GIcNAcylation activates the mixed lineage leukaemia 5 (MLL5) histone
methyltransferase complex#0. The MLL5 methylates H3K4, which leads to transcriptional
activation, but only when OGT is in association with the protein?C. Interestingly, several of
these complexes also contain the transcriptional activator host cell factor 1 (HCF1), which is
heavily modified by O-GIctNAc*142. O-GIcNAcylation seems to promote the cleavage of
the HCF1 precursor, thus promoting HCF1 activity#344. Together, these data strongly
suggest that several chromatin-modifying complexes contain OGT and that the O-
GlcNAcylation of subunits is crucial for proper function.

Alterations in OGT expression cause profound effects on chromatin marks during mitosis3®.
H3K27me3 and H3K9Ac are increased and H3 Ser10 phosphorylation, and H3R17me2 are
decreased by OGT overexpression3?. OGT overexpression caused mislocalization of the
CARML1 methyltransferase at M phase and altered its mitotic phosphorylation, which
potentially explains the loss of H3R17me2 during M phase3°. Phosphorylation at H3 Ser10
is dependent on aurora kinase B, but OGT overexpression reduces the expression of this
kinase#2. Methylation at H3K9 increases at the G2/M transition and is required for the
proper segregation of the chromosomes®®; however, OGT overexpression causes an increase
in H3K9Ac suggesting that methylation is considerably decreased at this site. Multiple
mechanisms for this switch are possible. OGT might block histone deacetylase (HDAC)
binding to H3K9 or might promote histone acetyltransferase (HAT) occupancy.
Interestingly, a member of the jumonji family of demethylases (JIMJD2C) that targets H3K9
is heavily modified by O-GIcNAc at M phase*2, and O-GIcNAcylation of IMID2C could
potentially direct it to chromatin or enhance its activity.

Dynamic regulation of chromatin structure

O-GIcNAcylation of histones is dynamic and rapidly increases after heat shock. O-GIcNAc
is found on each of the core histones with sites mapped to H2A Thr101, H2B Ser36 and H4
Ser47 (Ref. 46). Both H2B Ser36 and H4 Ser47 are found on the lateral surface of the
nucleosome and contact the DNA either directly (in the case of H2B Ser36) or indirectly (in
the case of H4 Ser47)%6. H2A Thr101 is in the carboxy-terminal tail domain that is
responsible for docking with H3 and stabilizing the histone fold*®. All three O-GIcNAC sites
are also phosphorylation sites?/~49. Phosphorylation at H2B Ser36 enhances the expression
of G2/M-regulating genes*8, and total histone phosphorylation increases during the early
stages of M phase®0. This increase in phos-phorylation promotes the compaction of the
nucleosome and chromatin segregation®L. By contrast, total interphase phosphorylation is
correlated with nucleosome relaxation®2. Interestingly, total histone O-GlcNAcylation
decreases through M phase but steadily increases as the cells enter G1 phase. Increased
histone O-GIcNAcylation induces a more compact nucleosomal structure, as judged by
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micrococcal nuclease (MNase) chromatin-sensitivity assays*® (Fig. 2). Previous NMR
studies show that the O-GIcNAcylation of peptides causes a B-turn structure in the murine
oestrogen receptor, suggesting that O-GIcNAc promotes secondary structure motifs>3. Much
like phosphorylation, O-GIcNAc might alter nucleosome structure by a site-and time-
dependent mechanism. Under stress conditions, increased O-GIcNAc can potentially
increase nucleosome compaction and protect the DNA from damage; although, in other
cases, such as entry in G1 phase, O-GIcNAc might potentially promote nucleosome
relaxation by either blocking phosphorylation or promoting acetylation.

Obviously, multiple factors control nucleosome structure, and the crosstalk between
different post-translational modifications is incredibly important. Phosphorylation and O-
GlIcNAcylation might have a competitive relationship on numerous sites at M phase;
however, until a histone O-GIcNACc site-specific antibody is made, or quantitative site
mapping study by mass spectrometry is carried out, then this competitive relationship will
remain correlative.

Overexpression of OGT also reduces total histone acetylation. This indicates that, as for
phosphorylation, acetylation may function antagonistically with O-GIcNAcylation.
However, after stress that is induced by heat shock, cells showed both an increase in O-
GlIcNAcylation and an increase in acetylation on H3 and H4 (Ref. 46). What is unclear is
whether O-GlcNAcylation of histones under stress conditions promotes an increase in
acetylation at genes that are involved in cellular protective responses, or whether OGT
expression promotes HAT accumulation at specific genes.

Clearly, histone O-GIcNAcylation alters higher order chromatin structure and probably the
ability of histone-modifying proteins to interact with chromatin; however, further
investigation is needed to ascertain how O-GIcNAC exerts its effects on chromatin structure
and under what conditions the O-GIcNAcylation of chromatin is most relevant. Furthermore,
O-GIcNAcylation of histones allows the cell to couple glucose metabolism and cellular
energy state to nucleosome structure and gene regulation, an important point given the
altered metabolism of cancer cells®. O-GIcNAc, together with other post-translational
modifications, can tightly regulate nucleosome structure and function under various cellular
conditions and stimuli. However, major unanswered questions remain, as the discovery of
O-GIcNAc as part of the histone code was a recent finding. For example, do cancer cells
show alterations in the activity of the O-GIcNAc-processing enzymes or the rate of O-
GIcNAc cycling, and how might such alterations affect chromatin structure and other
histone modifications? Are epigenetic changes in cancer due to altered OGT activity,
localization or expression, or do epigenetic changes influence OGT? Undoubtedly, the roles
of OGT-mediated chromatin alterations are poorly understood, and a better grasp of this
process would potentially facilitate a greater interpretation of gene silencing and activation
in cancer.

Competition with other modifications

As discussed above, the modification of histones and DNA-associated proteins is a complex
process that involves the interaction between different modifications, which are likely to
influence transcription. A preponderance of proteins that are subject to O-GIcNAc
modification are transcription factors®*, and transcription factors are also regulated by other
modifications such as methylation, phosphorylation and acetylation. Alteration in
transcription factor activity either by mutation or by gene expression is a well-known
mechanism in the progression of cells from a normal state to a cancerous state®>. Changes in
transcription factor activity can lead to major alterations in gene expression, resulting in
increased proliferation, the stimulation of angiogenesis, invasive growth and metastasis®®.
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Almost all O-GIcNAc-modified proteins are also phosphorylated, suggesting interplay
between the two modifications®. Indeed, as O-GIcNAcylation and phosphorylation both
occur on serine and threonine residues, the two modifications can compete for occupancy at
the same site?2. However, pharmacologically inhibiting dephosphorylation does not
decrease O-GlcNAcylation on all proteins, and inhibition of OGA or overexpression of OGT
can produce increases in phosphorylation*2:56, These data suggest a complex interplay
between the two modifications. However, O-GIcNAcylation and phosphorylation can also
be proximal to each other on the protein, and these spatial interactions can alter the ability of
proteins to be modified, such as for p53.

More than 50% of all cancers contain mutations in the TP53 gene locus®’; thus, p53 is the
major “gatekeeper' of genomic stability®®. Under conditions of cellular stress, environmental
damage or genetic catastrophe, p53 expression and stability increase, followed by the
induction of genes that promote cell cycle arrest, apoptosis and autophagy®8. Owing to the
pivotal role of p53 in maintaining genomic integrity, p53 is tightly regulated by proteolytic
degradation®€0 (Fig. 3a). The ubiquitin ligase MDM2 binds to p53, negatively regulating
p53 expression by promoting its degradation®®. The stability of p53 is also affected by
phosphorylation. The amino-terminal domain of the tumour suppressor contains the
transactivation domain and several known phosphorylation sites®. Phosphorylation at Ser18
and Ser23 promotes p53 stability and tumour suppression82, and phosphorylation of p53 at
Thr155 (which resides in the DNA-binding domain) by the COP9 signalosome promotes
p53 degradation®. O-GIcNAcylation of p53 at Ser149 is antagonistic to Thr155
phosphorylation54; thus, O-GIcNAcylation at Ser149 increases p53 stability and activity®4.
However, as O-GIcNAcylation of Ser149 is induced in conditions of cellular stress, its effect
on stability occurs concomitantly with the loss of MDM2 binding®4. It is unclear whether O-
GIcNAcylation at Ser149 physically blocks the COP9 signalosome from phosphorylating
Thr155, whether O-GIcNAcylated p53 no longer preferentially binds to the signalosome or
whether stress downregulates the signalosome activity towards p53. Thus, the
phosphorylation block by O-GIcNAc needs to be further explored with a special focus on
whether reduced levels of Ser149 O-GIcNAcylation have an effect in cancer cells with an
intact p53 pathway.

In the case of the oncoprotein MYC, the phosphorylation and O-GIcNAcylation of Thr58
have a clear reciprocal relationship (Fig. 3b). In quiescent cells, Thr58 is O-GIcNAcylated,
but very rapidly becomes phosphorylated by GSK3p% on serum stimulation®:67. Thr58 lies
within the transactivation domain, and phosphorylation at this site leads to rapid
degradation, resulting in the loss of MYC target gene expression5®. However, before GSK3p
can phosphorylate Thr58 (Ref. 65), Ser62 needs to be phosphorylated. Phosphorylation of
Ser62 is carried out by a variety of kinases and promotes MY C stability®®. Mutation of
Ser62 to alanine causes a striking increase in Thr58 O-GIcNAcylation®6:67. Not surprisingly,
the inhibition of GSK3p also increases MYC Thr58 O-GIcNAcylation®®. The hierarchical
phosphorylation of Ser62 and Thr58 is important in regulating MY C function: Thr58 is
mutated in a variety of lymphomas, which leads to more-stable MY C®8. Furthermore,
mutations at Thr58 disrupt the ability of MYC to promote gene expression of the
proapoptotic protein BIM?%71 uncoupling proliferation from apoptosis. O-GlcNAcylation
of Thr58 clearly adds another level of complexity to this circuit®®67. However, it is unclear
whether Thr58 O-GIlcNAcylation or Ser62 phosphorylation alters the modification status of
the other site in vivo. Although in vitro studies with synthetic peptides indicate that the
presence of O-GIcNAc at Thr58 prevents phosphorylation at both Thr58 and Ser62, it is
unclear whether this is true in vivo. Nor is it clear whether the oncogenic effect of the Thr58
mutations is due to the loss of phosphorylation or O-GIcNAcylation or both. Clearly, more
detailed studies of this mechanism and the functions of the different forms of MYC are
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needed, possibly in systems in which the function of each type of modification on Thr58 can
be independently evaluated.

As a further example, the C-terminal domain of RNA polymerase 11 is composed of multiple
heptad repeats that can be phosphorylated at Ser2 and Ser5, but the repeat can also be O-
GIcNAcylated at Thr4 (Refs 32,34) (Fig. 1). Phosphorylation of the heptad blocks O-
GlIcNAcylation, and O-GIcNAc blocks phosphorylation. This suggests that, on this protein,
these two modifications antagonize each other34.

Regulatory mechanisms become even more complex when O-GIcNAcylation of kinases is
considered. In the case of calcium/calmodulin-dependent protein kinase 4 (CAMK4), the
enzyme is heavily O-GIcNAcylated when inactive; the O-GIcNAc moiety is removed before
activation and an activating phosphorylation event occurs’2. Thus, OGT and OGA work
together to control the activation of a kinase and the subsequent downstream
phosphorylation events. By layering the complexity of signalling with multiple
phosphorylation and O-GIcNAcylation events, the cell can then finetune complex regulatory
processes, such as responses to nutrients, extracellular stimuli and stress, or can regulate
pathways such as apoptosis or the cell cycle?3,

Conclusions and future directions

The O-GIcNAc modification is a crucial mechanism for cells to respond to various stimuli.
The O-GIcNAc modification allows cells to link nutrient availability and cellular
metabolism to the regulation of crucial cellular processes, such as cell cycle regulation,
stress response and gene expression. However, many of these processes can become
corrupted in cancer. Alteration in O-GIcNAcylation is one mechanism through which cell
cycle progression, adaptability to the local environment and changes in gene expression are
modulated. Furthermore, changes in O-GlcNAcylation can then disrupt the flow of
information from other signalling systems, such as phosphorylation, ubiquitylation and
acetylation.

The regulation and targeting of OGT and OGA are crucially important to cells in order to
maintain proper cellular function. Elucidating the mechanisms that target these enzymes to
their myriad substrates remains a key challenge (BOX 3). Although no human cancers are
directly linked to mutations in OGT or OGA, perhaps owing to the lethality of such
mutations, alterations in the regulation of these two enzymes have profound effects on
cellular functions. Chemotherapeutics targeting the inhibition of OGT or OGA could
potentially alter tumour function or could make tumours more susceptible to other
chemotherapeutic agents; however, what adverse affects OGT or OGA inhibition might
have on normal cells is unknown.

As the field of O-GIcNAc research moves forwards, new tools to tease out the roles of O-
GlcNAcylation are needed. Although conditional OGT-knockout mice have been generated,
advances in targeted OGT or OGA knockouts in specific tissues are needed. At least in cell
culture, the inducible CRE OGT-knockout mouse embryonic cell line will prove useful for
many types of proliferative studies!’. Recently, an O-GIcNAc sensor protein was generated
and showed dynamic O-GlcNAcylation during signalling?. This technology will allow the
careful in vivo dissection of the effect of different signalling systems on O-GIcNAc cycling.
Additionally, studies using deep sequencing or advanced proteomic techniques such as
stable isotope labelling with amino acids in cell culture (SILAC) or isobaric tag for relative
and absolute quantitation (iTraq) will provide new insight into the signalling pathways that
are regulated by O-GIcNAc. Clearly, as we begin to learn more about the pathways that are
altered in cancer and the role of O-GIcNAc in these pathways, the potential exists to develop
novel targeted therapeutics to treat this disease.
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Box 1| OGT and OGA: structures and therapeutic targeting

The crystal structure of human O-linked N-acetylglucosamine transferase (OGT) has
recently been solved’4. The protein is composed of a tetratricopeptide repeat (TPR)
domain in the amino terminus’®, and the carboxyl terminus contains a two-part catalytic
domain that is bridged by an intermediate motif. The intermediate domain forms a unique
structure with a helix of the C-terminal catalytic domain that contains a basic region
consisting of ten lysine residues’4. Residing within this region is a putative
phosphatidylinositol-3-phosphate (PIP3; also known as PtdIns3P)-binding domain’®. The
TPR domain is separated from the catalytic core by a flexible hinge region that allows the
TPR domain to pivot, restricting or allowing access to protein substrates’4. The structure
also reveals that the peptide-binding domain lies above the UDP-$-D-N-
acetylglucosamine (GIcNAc)-binding region, suggesting that the sugar substrate binds
first, followed by the peptide’®. Interestingly, the apparent Michaelis constant (K,) of
OGT for peptide substrates lowers with increasing concentration of the sugar nucleotide,
suggesting that small fluctuations in the flux of glucose into UDP-GIcNAc can have
wide-ranging effects on peptide—substrate binding’’. Hopefully, the crystal structure of
OGT will allow for the creation of structure-based, highly selective inhibitors of OGT,
which could potentially lead to chemotherapeutics.

Although no crystal structure for eukaryotic O-GIcNAcase exists, its enzymatic
mechanism is well established. The N-terminal domain of the enzyme contains the
glycoside hydrolyase activity, which falls into the class 84 family of glycosidases’®.
Crystal structure studies on bacterial homologues’® have helped to elucidate that the
hydrolyse activity resides with two aspartic acid residues that function as a general acid
catalyst’8:80, Interestingly, the C-terminal domain has a putative GCN5-related histone
acetyltransferase-like domain; however, whether this domain actually has histone
acetyltransferase activity remains controversial®1:82, These studies have allowed the
synthesis of highly specific inhibitors to OGA83:84_ Currently, a relevant question is how
O-GIcNAcase inhibition would affect tumour progression and growth.
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Box 2 | O-GlcNAc and mitosis

Overexpression of O-linked N-acetylglucosamine transferase (OGT) in HeLa cells
impairs mitotic progression by drastically altering the cyclin-dependent kinase 1 (CDK1)
signalling pathway*2. Active CDK1 phosphorylates numerous proteins at M phase of the
cell cycle, promoting nuclear membrane collapse and spindle formation8. OGT
overexpression increases the inhibitory phosphorylation on CDK1 at Thrl4 and Tyr15
(Ref. 42). At least two mechanisms are responsible for this: mMRNA levels of the dual-
specific phosphatase CDC25C are depressed, reducing CDK1 phosphorylation on Thr14
and Tyrl15; and the expression levels and activity of protein kinase, membrane-associated
tyrosine/threonine 1 (PKMYT1), which also phosphorylates these sites, is increased*?
owing to reduced expression of polo-like kinase 1 (PLK1), which phosphorylates and
inhibits PKMYT1 (Ref. 42). Importantly, OGT localizes to the same mitotic structures as
PLK1 during M phase progression, suggesting the potential for an additional level of
regulation between these two proteins?2. The OGT is probably altering multiple mitotic
pathways to impair mitotic progression.

Not only does OGT slow mitotic progression, but its modest overexpression in cells also
promotes aneuploidy. Most solid tumours show signs of aneuploidy, although whether
this provides a selective advantage to a cancer cell is controversial®®. One potential
mechanism for the ability of OGT to promote aneuploidy is its binding to and regulation
of aurora kinase B, the loss of which promotes aneuploidy87. OGT overexpression lowers
the protein levels of aurora B, as well as its binding partner inner centromere protein
(INCENP)#2, although there is uncertainty regarding whether this effect is transcriptional
or translational or due to increased protein degradation. Aurora kinase B and OGT
colocalize to the midbody and precipitate in a complex with protein phosphatase 1 (PP1)
and OGAB®8, PP1 not only dephosphorylates aurora kinase B substrates8?, but it also
concomitantly targets OGT to these substrates to facilitate their subsequent O-
GlcNAcylation (the covalent attachment of B-D-N-acetylglucosamine (GIcNAC) sugars to
serine or threonine residues of nuclear and cytoplasmic proteins)3>. OGA can remove O-
GIcNAc moieties from proteins that can then be immediately phosphorylated by aurora
kinase B. How a futile cycle is avoided by this complex at the midbody is unknown.
Other accessory proteins or different post-translational modifications could finetune
activities towards these substrates.
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Box 3 | Substrate specificity of OGT and OGA

One of the more vexing questions faced in O-B-D-N-acetylglucosamine (O-GIcNACc)
research is the question of how one unique O-linked N-acetylglucosamine transferase
(OGT) and one unique O-linked N-acetylglucosaminase (OGA) specifically catalyse the
cycling of O-GIcNAc on thousands of different proteins and distinct sites within cells.
Unlike kinases, the modification of substrates by OGT does not occur at a canonical O-
GlcNAcylation consensus sequence; however, the enzyme does tend to prefer a proline-
valine before the modified serine or threonine followed by a polar amino acid (see the
Database of O-GIcNAcylated Proteins and Sites (dbOGAP) (see Further
information))#274. How does OGT locate the right substrates during a signalling event?
Yeast two-hybrid studies have begun to answer this question38. One identified protein
was myosin phosphatase targeting subunit 1 (MYPT1), which, when present in a protein
phosphatase 1 (PP1) complex, targets PP1 activity to myosin and other proteins38. A
novel technique indicated that MYPT1 enabled the O-GIcNAcylation of multiple
proteins, suggesting that MYPTL1 targets OGT to unique substrates. Similarly, another
protein, trafficking kinesin-binding protein 1 (TRAKZ; formerly known as OGT-
interacting protein 106), targets OGT to RNA polymerase Il and GABA receptors?0-92,
These interactions seem to form transient OGT holoenzyme complexes that are
responsive to cellular stimuli. On glucose deprivation, the kinase p38 MAPK interacts
with the carboxy-terminal domain of OGT and targets OGT to neurofilament proteins38.
One major function of the transcriptional co-activator, peroxisome proliferator-activated
receptor-y co-activator lo

(PGC1a), is to target OGT to the FOXO transcription factors in liver that has been
exposed to nutrient excess20. These data demonstrate that a large number of proteins
interact with and target OGT to unique substrates after some sort of cellular stimulus.
Many of these proteins are also modified with O-GIcNAc, which might either enhance
the interaction and targeting, or disrupt targeting once the OGT is brought to the correct
substrate1. As for OGA, even less is known about the specific signals that target this
enzyme to its substrates. Interestingly, OGA that is purified from rat spleen cannot be
purified to homogeneity but purifies as a multi-protein complex823. OGA is also
probably targeted to O-GIcNAc-modified proteins by interacting proteins, but this
question has not yet been fully addressed.
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Figure 1. O-GIcNAc modifies the transcriptional machinery

In this inverted pyramid diagram, the transcription-regulating proteins that are modified by
3-D-N-acetylglucosamine (GIcNAc; G) are shown. In addition to its catalytic role, O-linked
N-acetylglucosamine transferase (OGT; red ovals) interacts with numerous transcription-
regulating proteins. Starting from the bottom, histones are dynamically modified by O-
GIcNAc; furthermore, the carboxy-terminal domain of RNA polymerase 11 (RNA Pol I1), as
well as the basal transcription factors (purple ovals) are also modified by O-GIcNAc. Many
of the transcription-activating and transcription-repressing complexes (yellow circles) that
contain histone-modifying enzymes, such as histone methyltransferases, histone
acetytransferases and histone deacetylases, also interact with OGT, suggesting that OGT is
an integral unit in the regulation of the histone code. Finally, many transcription factors
(light blue circles) are modified by O-GIcNAc. Together, the collected data from many
laboratories have strongly confirmed the regulation of gene transcription by O-
GlcNAcylation. CEBPB, CCAAT/enhancer-binding protein-p; CREB1, cyclicAMP-
responsive element-binding protein 1; CRTC2, CREB-regulated transcription coactivator 2;
FOXO, forkhead box protein O family; HCF1, host cell factor 1; MSL, male-specific lethal;
NFAT, nuclear factor of activated T cells; NSL, nonspecific lethal; PDX1, pancreas/
duodenum homeobox protein 1; PGCla: peroxisome proliferator-activated receptor-y co-
activator 1o; PH, Polyhomeotic protein; TBP, TATA-box-binding protein.
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Figure 2. Histone O-GIcNAcylation increases after stress

After a cellular stress event, histone O-GIcNAcylation (the covalent attachment of f-D-N-
acetylglucosamine (GIcNAC) sugars to serine or threonine residues of proteins; green dots)
increases, and this is correlated with an increase in DNA compaction. Histone O-
GlIcNAcylation is catalysed by O-GIcNAc transferase (OGT) via the addition of a GIcNAc
moiety from UDP-GIcNAC.
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Figure 3. Regulation of transcription factors by O-GIcNAc

a | The tumour suppressor p53 associates with the protein MDM2, which keeps p53 at low
levels in cells by promoting its degradation. Phosphorylation (P) at Thr155 stimulates the
rapid degradation of p53, and O-GIcNAcylation (the covalent attachment of -D-N-
acetylglucosamine (GIcNAC) sugars to serine or threonine residues of nuclear and
cytoplasmic proteins; G) at Ser149 disrupts MDM2 binding and promotes p53 stability.
Mutations abolishing O-GIcNAc on p53 enhances degradation. b | In quiescent cells, the
oncoprotein MYC is O-GlcNAcylated at Thr58. Upon growth signals, the O-GIcNAc
modification is rapidly removed, and the protein is phosphorylated at Ser62. This site is a
priming site for glycogen synthase kinase 3p (GSK3p), which can then phosphorylate
Thr58, leading to the rapid degradation of MY C. Numerous solid tumours have mutations at
Thr58, which promotes increased MY C stability and altered gene transcription. Inhibition of
GSK3p by lithium chloride (LiCl) or mutations at Ser62 increases O-GIlcNAcylation at
Thr58.
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