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Abstract

Cell division (mitosis) and gamete production (meiosis) are fundamental requirements for normal
organismal development. The mammalian cell cycle is tightly regulated by different checkpoints
ensuring complete and precise chromosomal segregation and duplication. In recent years,
researchers have become increasingly interested in understanding how O-GIcNAc regulates the
cell cycle. The O-GIcNAc post-translation modification is an O-glycosidic bond of a single p-N-
acetylglucosamine sugar to serine/threonine residues of intracellular proteins. This modification is
sensitive toward changes in nutrient levels in the cellular environment making O-GIcNAc a
nutrient sensor capable of influencing cell growth and proliferation. Numerous studies have
established that O-GIcNAcylation is essential in regulating mitosis and meiosis, while loss of O-
GlcNAcylation is lethal in growing cells. Moreover, aberrant O-GIcNAcylation is linked with
cancer and chromosomal segregation errors. In this review, we will discuss how O-GIcNAc
controls different aspects of the cell cycle with a particular emphasis on mitosis and meiosis.

Introduction

The cell cycle consists of four phases, namely G (gap phase 1), S (DNA synthesis), G, (gap
phase 2), and M (mitosis/meiosis), and successful completion of the cell cycle results in the
generation of two daughter cells [1]. At the G, phase, the cell increases in size, begins
transcription of cell cycle control genes (cyclins for example), and synthesizes proteins
while conducting a series of checks before DNA synthesis. Then, in the S-phase, the entire
genome of the cell is replicated. At the G, phase, the cell prepares for division and checks
for size and DNA duplication errors. During M-phase, the nuclear envelope breaks down,
chromatin is condensed, and the 4n DNA is segregated into two diploid, daughter cells.
Upon completion of cell division, the cells may either renter G, phase to resume the next
round of the cell cycle or remain quiescent in Gg phase (Figure 1) [1]. To ensure that cell
division occurs without errors, the cell cycle is regulated in both a temporal and spatial
manner. The cell cycle regulatory system consists of checkpoints that pause during phase
transitions to assess whether cellular conditions are proper for growth and division [2].
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Currently, cell cycle regulation includes protein phosphorylation by cyclin-dependent kinase
complexes (CDKCs) and timed expression of cyclins (Figure 1) [3]. However, emerging
evidence demonstrates that O-GIcNAc cycling, which is the addition and removal of O-
GIcNAc, is an important regulator of the cell cycle.

O-GlIcNAcylation is a post-translational modification (PTM) involving the attachment of a
single B-A-acetylglucosamine to serine/threonine amino acid residues of nuclear,
cytoplasmic, and mitochondrial proteins. The modification is dynamically regulated by the
opposing functions of two specific enzymes; O-GIcNAc transferase (OGT) adds the
modification, whereas O-GIcNAcase (OGA) removes it. Furthermore, the OGT metabolic
substrate, UDP-GIcNAC, is synthesized via the hexosamine biosynthetic pathway (HBP)
linking several metabolic inputs with O-GIcNAcylation (Figure 2) [4]. Ultimately, these
metabolic inputs make O-GIcNAC a nutrient sensor capable of influencing many cellular
processes, including transcription, cell growth, and proliferation [5]. Extensive cross-talk
exists between O-GIlcNAcylation and phosphorylation. The influence of O-GIcNAcylation
on phosphorylation is complicated because alterations in O-GIcNAcylation can both
increase and decrease phosphorylation [5-8]. For example, elevation of O-GIcNAcylation
through OGA inhibition in NIH 3T3 cells increases 148 phosphorylation sites and decreases
280 phosphorylation sites, demonstrating the complex relationship between O-
GlcNAcylation and phosphorylation [9]. Several mechanisms regulate the complex interplay
between O-GIcNAc and phosphorylation. First, phosphorylation and O-GlcNAcylation are
mutually exclusive from each other when they target the same amino acid. Such mutual
exclusivity occurs at proteins like RNA polymerase 11 [10,11] and the c-Myc proto-
oncogene product [12]. Alternatively, on other proteins such as calcium/calmodulin-
dependent kinase IV (CaMKIV), O-GIcNAcylation is known to deactivate CaMKIV by
blocking a proximal activating phosphorylation site [13]. Secondly, O-GIcNAc is known to
modify and regulate many protein kinases and phosphatases [5]. Nonetheless, there are
many O-GIcNAcylated sites that are not phosphorylation sites [14], suggesting that O-
GIcNAc can modulate the cell cycle independently of phosphorylation.

Indication that O-GIcNAc regulates cell growth comes from initial studies demonstrating
that an imbalance in the UDP-GIcNACc pool disrupts cell growth [15-17]. Subsequently,
deletion of OGT in mouse embryonic fibroblasts [18,19] and cancer cell lines [20] resulted
in increased expression of the cyclin inhibitor p27 Kip1 and cell growth arrest [18,19]. In
contrast, OGA knockout mice exhibit developmental delays, perinatal lethality [21,22], and
increased genomic instability leading to aneuploidy [22]. Recently, both OGT and OGA
were found to be essential genes required for proliferation and survival in human cancer cell
lines [23]. Importantly, aberrant O-GIcNAcylation is linked to proliferative diseases such as
cancer; however, what is still unclear is the role of O-GIcNAcylation in cancer [4,16,23].
Evidence supports O-GIcNAc cycling as a global regulator of cell growth and proliferation,
and delineating O-GIcNACc’s regulatory roles in the cell cycle is essential.

cycling in interphase

Interphase comprises Gy, S, and early G, phases of the cell cycle. These phases consist of
checkpoints that prepare and ensure that the cell is ready for cell division. Interestingly, like
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phosphorylation, O-GIcNAcylation is regulated as metazoan cells progress through
interphase. First, levels of O-GIcNAc on nuclear and cytoplasmic proteins rise when cells
progress into the G, phase [24,25], but decrease rapidly when cells enter the S-phase [24].
Both OGT and OGA protein levels increase as the cells progress through the S-phase [24].
Generally, changes in OGA protein levels are more pronounced relative to OGT. Moreover,
OGA activity is also increased in the S-phase, which is consistent with the reduction in O-
GlIcNAcylation [24]. Glucosamine (GIcN) supplementation elevates O-GlcNAcylation. GIcN
selectively enters the HBP, bypasses the rate-limiting enzyme glutamine:fructose-6-
phosphate (GFAT1), and leads to elevations in UDP-GIcNAc concentrations and O-
GlcNAcylation (Figure 1). Incubation of mesengial cells with GIcN induced hypertrophy
and caused an accumulation at Go/G1 [26]. Levels of two cyclin-dependent kinase inhibitor
(CDKI) proteins were altered; p21Waf1/Cipl1 was increased, while p27Kip1 was decreased.
Such alterations in the CDKI proteins may cause the cells to arrest at G1 [26]. Finally, the
G1/S checkpoint protein, retinoblastoma (pRb), is heavily O-GIcNAcylated at the G; phase
[27]; however, phosphorylation of pRb is important in allowing progression through the
G1/S-checkpoint into the S-phase. These data suggest the potential for the interplay between
phosphorylation and O-GIcNAcylation to regulate pRB checkpoint control [28]. Taken
together, these data argue that O-GIcNAc controls G, progression and entry into the S-
phase.

O-GIcNACc regulates DNA synthesis and probably influences cell cycle-dependent gene
transcription. First, HeLa cells treated with 6-daizo-norleucine (a semi-selective GFAT1
inhibitor) have an accelerated S-phase and increased rate of DNA synthesis, whereas OGA
inhibition causes a slight delay in S-phase progression and the DNA synthesis rate [29].
Interestingly, 3T3-L1 preadipocyte cells, which are a chemically independent but
hormonally inducible model for cell cycle progression, also showed delays in S-phase
progression after OGA inhibition [29]. In spite of this, the mechanisms in which O-GIcNAc
regulates the S-phase are unclear and warrant further investigation.

During DNA synthesis in S-phase, the newly formed DNA strand is loaded onto histone
proteins, and histones, including H1, H2A, H2B, H3, and H4, are O-GIlcNAcylated [25,30—
32]. A histone octamer is composed of two copies of the four core histone proteins, namely
H2A, H2B, H3, and H4 [33]. The DNA wraps around these histone octameric complexes
and forms nucleosomes [34]. This process is regulated by histone phosphorylation,
methylation, and acetylation at different phases of the cell cycle. Interestingly, histone H3 O-
GIcNAcylation steadily rises into Go; however, when the cell transitions into M-phase, the
H3 O-GlcNAcylation level declines gradually [32]. Histone H1 O-GlcNAcylation increases
at the beginning of M-phase only to decline in the late M-phase in Nicotiana tabacum [32].
Similarly in mammalian cells, histone H3 O-GIcNAcylation significantly declines at the
G,/M transition [30]. Potentially, O-GIcNAcylation could influence the loading of newly
replicated DNA on the histone and histone assembly or disassembly. For example,
reconstituted synthetic histone nucleosomes show destabilized H2A-H2B dimers, which
mimic an open chromatin state [35]. Furthermore, the histone chaperone complex FACT
(Facilitates chromatin transcripts) interacts with synthetic nucleosomes containing a
synthetic O-GIcNAc site at H2A-S112 [36], while OGT is known to interact with the histone
chaperone HIRA complex promoting nucleosome assembly of H3.3 [37]. These data suggest
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a role for O-GIcNAcylation in modulating the composition and structure of the nucleosome
and hint at an important role for S-phase histone O-GIcNAcylation. However, the O-GIcNAc
stoichiometry on histones appears to be low, since some groups have reported difficulty in
measuring histone O-GIcNAcylation [38]. Hence, the understanding of O-GIcNAc histone
regulation would benefit from better tools to detect and probe the function of the
modification.

is an essential regulator of mitosis (M-phase)

Mitosis (M-phase) consists of prophase, metaphase, anaphase, and telophase (cytokinesis).
The end result of M-phase is the production of two daughter cells that are genetically
identical with the parent cell. Alteration in M-phase progression can have serious
consequences, leading to cell death or unregulated cell proliferation [39]. Numerous studies
demonstrated that O-GIcNACc cycling is an important regulator of M-phase. Disrupting C-
GIcNAc cycling via OGT or OGA overexpression severely alters M-phase progression
causing a prolonged M-phase [29]. Additionally, OGA knockdown causes defects in M-
phase progression and a higher incidence of delayed M-phase exit [40]. Taken together,
these data point to critical roles for O-GlcNAcylation in the control of mitotic progression
[29].

O-GIcNACc cycling is important in cell cycle progression because it influences cyclin
expression and modulates mitotic phosphorylation. Overexpression of OGT or OGA alters
both cyclin expression and mitotic phosphorylation by cyclin-dependent kinases (CDKSs)
[29]. For example, cyclin D expression increases in G1 phase and slowly declines in S- and
M-phases. Expression of cyclins A and B peak during prophase but rapidly decline in
metaphase. In synchronized HeL A cells, OGA overexpression delays cyclin D expression as
cells transition from M- to G; phase [29]. On the other hand, OGT overexpression lowers
cyclin D expression in all stages of the cell cycle, probably caused by cells delayed in M-
phase. Furthermore, cyclins A and B fail to decline after metaphase due to mitotic exit
defects caused by the overexpression of OGT/OGA. Taken together, these data demonstrate
that alterations in O-GIcNAc cycling promote defects in M-phase progression.

Alterations in O-GIcNAc cycling will disrupt the temporal expression of cyclins, in turn
affecting mitotic phosphorylation. HeL a cells overexpressing OGA display a lag of maximal
M-phase phosphorylation as detected by MPM-2, a monoclonal antibody that recognizes
mitosis-specific phosphorylation. In contrast, OGT overexpressing cells never reach
maximal mitotic phosphorylation [29]. The changes in mitotic phosphorylation caused by
OGT/OGA overexpression are the result of altered CDK1 activity, the master regulator of
the M-phase. OGT overexpression decreases Polo-like kinase 1 (PLK1) expression, a mitotic
kinase. Loss of PLK1 activity reduces protein kinase Membrane Associated Tyrosine and
Threonine cdc2 inhibitory Kinase (MY T1) phosphorylation and elevates MYT1 expression.
Subsequently, MYT1 phosphorylates CDK1 and inhibits CDK1 function. PLK1 also
activates Cdc25 (CDK1 phosphatase), promoting CDK1 dephosphorylation. However, OGT
overexpression reduces Cdc25 mRNA levels (Figure 3) [14]. The additive effect of disrupted
O-GIcNAc cycling is increased CDK1 inhibitory phosphorylations and delayed mitotic
progression.
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Mitotic PTMs of histone tails play a crucial role in regulating chromosome condensation
during M-phase [41]. OGT overexpression alters mitotic acetylation and methylation of
Histone H3. One potential mechanism for the histone methylation changes is alteration in
co-activator-associated arginine methyltransferase 1 (CARM1) activity [25]. OGT
overexpression disrupts CARM1 cellular localization during mitosis and increases
chromosomal bridge formation [25]. Furthermore, O-GIcNAc regulates histone mitotic
phosphorylation. OGT/OGA overexpression and OGA knockdown reduce Ser10 Histone H3
phosphorylation by Aurora kinase B (AURKB), leading to distortions of the spindle
architecture and impaired formation [40,42]. The loss of spindle fidelity increases the
number of multipolar spindle cells [40,42]. Intriguingly, spindle fidelity can be rescued after
inhibiting O-GIcNACc turnover in OGT/OGA overexpressing cells [42]. All these results
strongly support O-GIcNAc cycling as a key regulator of mitotic histone PTMs,
chromosomal condensation, and spindle function.

Clearly, OGT function is critical for the proper formation of the mitotic spindle and
segregation of chromosomes [29]. OGT localizes with the mitotic spindle as the cell
progresses from prophase through meta-anaphase (Figure 4). Then, OGT becomes
concentrated at the mid-body as the cleavage furrow forms during cytokinesis [29,43]. On
the other hand, OGA is localized throughout the cell in M-phase. Both OGT and OGA
interact with spindle regulatory proteins AURKB and protein phosphatase 1 (PP1) [43]. The
chromosomal passenger complex (CPC) is composed of AURKB, INCENP, Survivin, and
Borealin. CPC kinase activity is crucial in controlling the assembly and disassembly of the
spindle apparatus as the cell progresses through mitosis, whereas PP1 antagonizes complex
activity [44]. The interaction of OGT/OGA with the CPC alters the post-translational state of
CPC substrates. Vimentin, an intermediate filament protein, is a substrate for both AURKB
[45,46] and OGT [43] during mitosis. Overexpression of both OGT and OGA alters CPC
phosphorylation of vimentin during mitosis. Of note, AURKB inhibition disrupts OGT
spindle localization [43]; however, it is unclear if OGT or OGA are substrates for AURKB.
Altogether, these results support that OGT is an essential component at the mitotic spindle
and the cross-talk between OGT/OGA and the CPC appears to modulate spindle dynamics.

Finally, O-GlcNAcylation of mitotic proteins could affect spindle architecture and affect M-
phase progression. Numerous mitotic proteins are O-GlcNAcylated and several of their O-
GIcNACc sites have been identified [14]. For example, the nuclear mitotic apparatus protein 1
(NuMA1), which is required for the maintenance and establishment of the mitotic spindle
poles during cell division, is modified by O-GIcNAc [14]. OGT overexpression leads to
mislocalization of NuMA1 away from the spindle pole, suggesting that NuMA1 O-
GIcNAcylation controls localization [14]. In addition, nuclear pore protein 153 (Nup153), a
component of the nuclear pore complex that is important in facilitating trafficking across the
membrane and reformation of the nuclear pore envelope after anaphase, and EMSY, a
protein involved in maintaining genomic stability during the M-phase, are mitotically O-
GlcNAcylated [14]. All these data support that O-GIcNAc regulates mitotic protein
functions, but how O-GIcNAc affects the function of these proteins is an active area of
investigation.
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O-GIcNAc in meiosis

Unlike mitosis that occurs in somatic cells, meiosis only occurs in reproductive cells. The
goal of meiosis is to generate haploid gametes, allowing for the formation of diploid
offspring upon fertilization [47]. Meiosis involves two rounds of cell division (meiosis | and
meiosis Il) without an intervening round of DNA replication. In mammals, fully grown
oocytes in the ovary are arrested in prophase I, and it is only upon hormonal stimulation at
the time of ovulation that they will resume meiosis, progress through meiosis I, and then
arrest at metaphase of meiosis Il [47]. Then, it is only following fertilization that the second
meiotic arrest will be released and zygotes will enter early embryonic mitotic divisions [47].
Meiosis | includes homologous chromosome pairing, synapsis, and recombination and
separation of homologous chromosomes. Meiosis Il, on the other hand, involves separation
of sister chromatids. As such, meiosis | is a unique cell division, whereas meiosis Il is much
more similar to mitosis. Emerging data in both Xengpus and mouse oocytes indicate that O-
GlcNAcylation plays an important role during meiosis.

A key initial event in meiotic resumption is the breakdown of the oocyte nucleus (germinal
vesicle) — also known as germinal vesicle breakdown (GVBD). In Xernopus oocytes, upon
progesterone induction, the activation of maturation-promoting factor triggers GVBD,
chromosome condensation, spindle formation, and progression to metaphase 1l [48]. O-
GIcNAc regulates the onset of GVBD and meiotic progression. When O-GIcNAc cycling is
inhibited in Xengpus oocytes via microinjection of B-galactosyltransferase, which caps
terminal O-GIcNAc residues, GVBD is blocked and results in apoptosis [49]. Furthermore,
O-GIcNAcylation of meiatic proteins is dynamic as the cell progresses through meiosis
[50,51]. Pharmacological manipulation of O-GIcNAc levels alters progesterone-mediated
maturation in Xenopus oocytes [50]. Additionally, microinjection of OGT into immature
oocytes accelerates meiotic progression upon progesterone stimulation, whereas
microinjection of anti-OGT antibodies impedes GVBD [52].

Correspondingly less is known about the role of O-GIcNAcylation during mammalian
meiosis. However, OGT, OGA, and O-GIcNAcylated substrates are expressed in the mouse
oocyte and have distinct localizations throughout meiosis (see Figure 5) [53]. OGT
concentrates at the meiotic spindle at meiosis | and meiosis 11. Although this is a similar
distribution to somatic cells, the meiotic spindle enrichment is much more prominent. In
contrast with mitosis, OGA is enriched at the oocyte cortex throughout meiosis. The distinct
spatial distributions of OGT at the spindle and OGA away from the spindle suggest that the
meiotic spindle may be an important target of O-GIcNAcylation. In support of this, O-
GIcNAcylated proteins are found in the region of the spindle (Figure 5). Defining meiotic O-
GIcNACc targets and determining how perturbation of O-GIcNAc cycling affect mammalian
meiotic progression and aneuploidy are active areas of research. Owing to the fundamental
mechanistic differences between meiosis and mitosis, O-GIcNAc regulation of mitosis and
meiosis could be different, although these potential mechanistic differences have yet to be
explored.

Biochem Soc Trans. Author manuscript; available in PMC 2018 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tan et al.

Page 7

Conclusion

O-GlIcNAc cycling is an important regulator of the cell cycle. Disrupting O-GIcNAc cycling
affects cell cycle progression and cell division. O-GIcNAc, OGT, and OGA localize and are
expressed differentially in the cell as the cell progresses through the different stages of the
cell cycle. In addition to regulating mitosis, O-GIcNAc cycling is also essential in
controlling meiosis. Still, clear roles for O-GIcNAc control of the cell cycle await
determination. For instance, how OGT is targeted to proteins during mitosis and meiosis is
uncertain, and how O-GIcNAc affects the function of modified proteins is an active area of
investigation. Since all the interventions currently used to manipulate O-GIcNAc levels also
change the expression of OGT and OGA [54], making a clear conclusion from a given
experiment is challenging. However, continuous effort to address these issues may result in
the development of new approaches and fresh insights into how O-GIcNAc affects
proliferation.
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CARM1  co-activator-associated arginine methyltransferase 1
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NuMAl nuclear mitotic apparatus protein 1
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Figure 1. After mitogen activation, quiescent cells enter the cell cycle from the Gg phase
During the G4 phase, activation of CDK4/6 by cyclin D causes the cell size to increase,

induces transcription of cell cycle genes, and leads to organelle duplication. The
phosphorylation of the pRb protein promotes escape from the G1/S checkpoint and into the
S-phase. Activation of CDK2 by cyclin E induces DNA synthesis, whereas CDK2 activation
by cyclin A leads to the completion of DNA synthesis and promotes entry into the G, phase.
After the cell checks for error-free DNA replication, activation of CDK1 by cyclin B
promotes M-phase entry. At the M-phase, the nuclear envelope breaks down, chromatids
condense, the spindle forms, and the cell separates at cytokinesis into two daughter cells.
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Figure 2. Schematic representation of the HBP and O-GIcNAc modification
Glutamine:fructose-6-phosphate (GFAT) is the rate-limiting step of the HBP pathway. GIcN

treatment can bypass GFAT, causing an elevation in O-GIcNAcylation. The HBP is
composed of various metabolic inputs including glucose, amino acid, fatty acid, and
nucleotide metabolisms that ultimately serve to synthesize the donor substrate for OGT,
UDP-GIcNAc. These metabolic inputs make O-GIcNACc a nutrient sensor capable of
influencing many cellular processes including transcription, cell growth, and proliferation.
Glc-6-P, glucose-6-phosphate; Fruc-6-P, fructose-6-phosphate; GIcN-6-P, glucosamine-6-
phosphate; GIcNAc-6-P, NV-acetylglucosamine-6-P; GIcNAc-1-P, N-acetylglucosamine-1-P.
Arrow indicates that multiple steps are involved in the conversion.
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Figure 3. CDK1 signaling is affected by elevations of O-GIcNAcylation
Overexpression of OGT causes PLK1 expression to decrease. Reduced PLK1 leads to

decreased MYT1 phosphorylation and increased protein expression. Subsequently, elevation
of MYT1 expression increases CDKZ1 inhibitory phosphorylation. Furthermore, CDC25
(CDK1 phosphatase) that is activated by PLK1 has a lower mRNA level after OGT
overexpression.
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Figure 4. In HeL A cells during metaphase—anaphase, a subset of OGT localizes to the spindle
(white box) as determined by confocal microscopy

OGA and total cellular G-GIcNAc show no specific metaphase—anaphase localization. DNA
(blue), O-GIcNAc (green), OGT (yellow), and OGA (cyan).
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Figure 5. O-GIcNAc machinery localizes to discrete locations in mouse oocytes at the metaphase
of meiosis |

OGT localizes to the meiotic spindle (see enlarged insert), whereas a subset of OGA
localizes to the cell cortex (see enlarged insert). Images were taken using confocal
microscopy. O-GIcNAc (green), OGT (yellow), OGA (cyan), and actin (red).

Biochem Soc Trans. Author manuscript; available in PMC 2018 April 15.



	Abstract
	Introduction
	O-GlcNAc cycling in interphase
	O-GlcNAc is an essential regulator of mitosis (M-phase)
	O-GlcNAc in meiosis
	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

