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Mitosis must faithfully divide the genome such that each
progeny inherits the same genetic material. DNA condensation
is crucial in ensuring that chromosomes are correctly attached
to themitotic spindle for segregation, preventingDNAbreaks or
constrictions from the contractile ring. Histones form an
octameric complex of basic proteins important in regulating
DNA organization and accessibility. Histone post-translational
modifications are altered during mitosis, although the roles of
these post-translationalmodifications remain poorly character-
ized. Here, we report that N-acetylglucosamine (O-GlcNAc)
transferase (OGT), the enzyme catalyzing the addition of
O-GlcNAc moieties to nuclear and cytoplasmic proteins at ser-
ine and threonine residues, regulates some aspects of mitotic
chromatin dynamics. OGT protein amounts decrease during M
phase. Modest overexpression of OGT alters mitotic histone
post-translational modifications at Lys-9, Ser-10, Arg-17, and
Lys-27 of histone H3. Overexpression of OGT also prevents
mitotic phosphorylation of coactivator-associated arginine
methyltransferase 1 (CARM1) and prevents its correct cellular
localization during mitosis. Moreover, OGT overexpression
results in an increase in abnormal chromosomal bridge forma-
tion. Together, these results show that regulating the amount of
OGT during mitosis is important in ensuring correct chromo-
somal segregation during mitosis.

Cellularcommitment togrowandtodividedependsonexternal
cues, as well as a complex regulatory network within the cell. This
regulatory network pauses during certain transitions or check-
points in the cell cycle to assess whether cellular conditions are
favorable for growthanddivision (1).Cell divisioncanoccur either
symmetrically, important for increasing cell numberduringdevel-
opment, or asymmetrically, which occurs in adults to maintain
tissuehomeostasis (2).Clearly,delineatingcell cyclecontrolmech-
anisms is important tounderstandingnot only themolecular basis
of maintaining normal multicellularity but also to understanding
how its deregulation can lead to cell cycle-related diseases, such as
cancer and Alzheimer disease.
One major aspect of cell division is for each daughter cell to

inherit the correct genetic material, achieved through DNA
compaction and segregation during mitosis (3). The histone
complex, composed of two molecules each of histone H2A,
H2B, H3, and H4, are the DNA packaging proteins, regulating
access toDNAduring transcription and replication. This acces-
sibility is signaled partly through the histone tail post-transla-

tional modifications. Duringmitosis, DNAmust achieve a level
of�500-fold compaction to efficiently segregate chromosomes
between daughter cells (4). Some post-translational modifica-
tions of histone tails are cell cycle-dependent (5), suggesting
that the mitotic histone code could impact chromosome con-
densation and segregation (4). Abnormalities associated with
this process result in chromosomal instability and aneuploidy,
where chromosomes are partitioned unevenly between daugh-
ter cells or lagging chromosomes are trapped and broken at the
midbody during cytokinesis (6).
Post-translational modification of nuclear and cytoplasmic

proteins on Ser or Thr residues by�-N-acetylglucosaminemoi-
eties (O-GlcNAc) is catalyzed by a highly conserved enzyme
O-GlcNAc transferase (OGT).2 This sugar modification is
abundant, dynamic, and reversible, with the highly conserved
enzyme O-GlcNAcase hydrolyzing the sugar. A wide variety of
substrates are O-GlcNAcylated, affecting protein turnover,
protein-protein interactions, and other diverse functions (7).
Importantly, as these same Ser andThr residues are often phos-
phorylation sites, it is becoming clear that there is another level
of regulation between these two abundant post-translational
modifications (8) and that phosphorylation is not simply a
binary switch.
Recent studies have shown that O-GlcNAc and OGT are

important in cell cycle regulation. Complete ablation of the
OGT gene in mice (9) and Drosophila (10) shows that OGT is
essential for life. Globally, O-GlcNAc levels decrease during
mitosis, increasing once cells enter G1 (11). Concomitantly,
OGT mRNA levels decrease during M phase (12). Pharmaco-
logically or genetically altering O-GlcNAc levels and/or OGT
levels cause changes in cell cycle rate and alter the expression of
cyclins and of immediate early genes (11, 13, 14). Moreover,
O-GlcNAcylation of oncogenes, such as c-Myc (15), or tumor
suppressors, such as p53 (16), regulates their stability. Finally,
mass spectrometric analyses of themidbody phosphoproteome
andO-GlcNAc proteome demonstrate that alterations in OGT
levels dramatically affect key regulatory points during mitosis,
furthering the importance of O-GlcNAc signaling during the
cell cycle (17).
Recent reports demonstrate thatO-GlcNAc and OGT affect

chromatin structure by modulating chromatin-remodeling
enzyme activity. For example, O-GlcNAcylation of the histone
methyltransferase MLL5 activates its enzymatic activity, stim-
ulating granulopoiesis (18). Building upon these data, as well as
the global dependence of cell cycle on O-GlcNAc and on OGT
levels, here, we show that OGT overexpression affects M phase
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EXPERIMENTAL PROCEDURES

Antibodies—The O-GlcNAc-specific antibody and OGT an-
tibody have been previously described (19, 20). Antibody to
coactivator-associated arginine methyltransferase 1 (CARM1)
was from Bethyl Laboratories. Antibodies to H3K4me2,
H3K9Ac, and H3S10P were from Cell Signaling. Antibodies to
MPM2, H3R17me2, and total H3 were from Millipore. Anti-
body to H3K27me3 was from Active Motif. Antibody to GFP
was from Santa Cruz Biotechnology. Antibodies to �-tubulin,
actin, and anti-mouse IgM-HRPwere from Sigma. Anti-rabbit-
HRP and anti-mouse-HRP were from GE Healthcare.
Cell Culture—HeLa cells weremaintained in DMEM supple-

mented with 10% FBS and penicillin/streptomycin at 37 °C in a
humidified atmosphere. Early mitotic cells were prepared by
incubating HeLa cells in 80 ng/ml nocodazole (Sigma) over-
night. Mitotic cells were harvested by shake-off and washed
twice with PBS before replating into complete medium. Cells
were harvested 1 (late M phase), 3 (early G1), or 5 h (G1) after
replating. Alternatively, HeLa cells were arrested in G1/S by
double thymidine block as described (11). Mitotic cells were
harvested by shake-off �11–12 h after release. The adherent
cells were incubated for a further 4–5 h (�16–18 h after release
from thymidine) to obtain a population of cells in G1. Adeno-
virus for GFP was purchased from the Baylor College of Medi-
cine Vector Development Laboratory. Adenovirus for OGT
was a generous gift from Dr. Wolfgang H. Dillmann (21). For
adenoviral infections, HeLa cells were infected at a multiplicity
of infection of 100. Cells were harvested �40 h after infection.
For O-GlcNAcase inhibitor treatment, Thiamet G (1 mM) or
NAG-thiazoline (10�M)was added at the same time as nocoda-
zole (80 ng/ml) and incubated overnight before harvesting by
shake-off.
Western Blotting and Immunoprecipitation—Cells were

lysed in 10mMTris, pH 8.0, 150mMNaCl, and 1%Nonidet P-40
supplementedwith inhibitors (1mMNaF, 1mM �-glycerophos-
phate, 1 mM sodium orthovanadate, 2 �M O-(2-acetamido-2-
deoxy-D-glucopyranosylidene)amino-N-phenyl carbamate, 1
mM sodium butyrate, and PIC1). Insoluble material was pel-
leted by centrifugation. Immunoprecipitations were performed
with the indicated antibodies by incubating at 4 °C for 1–2 h
with constant rotation. Protein G beads (GE Healthcare) were
added, and immunoprecipitations continued for another 1–2 h.
Beads were washed three times with lysis buffer before eluting
with Laemmli buffer. For histone extraction, the insoluble pel-
let was washed with hypotonic lysis buffer (10 mM HEPES, pH
7.9, 10 mM KCl, and 1.5 mM MgCl2 supplemented with inhibi-
tors). The pellet was then resuspended in hypotonic lysis buffer,
and an equal volume of 0.4 M HCl was added and incubated on
ice for 30 min. The insoluble material was pelleted, and the
supernatant was neutralized with 1 M Tris, pH 8.0.

�-Phosphatase Treatment—CARM1 was immunoprecipi-
tated as described above. On the last wash, the beads were
divided equally. The beads were then washed two times with 50
mM HEPES, pH 7.5. Immunoprecipitates were then either
mock-treated or treated with �-phosphatase (New England
Biolabs) according to manufacturer’s instructions. Reactions
were terminated with the addition of Laemmli buffer.

Immunofluorescence—To prepare mitotic cells, HeLa cells
were treated with a double thymidine block. After the second
release into complete medium for 10–12 h, cells were fixed
with 4% paraformaldehyde for 20 min at room temperature.
Cells were permeabilized by incubating in PBSwith 0.5%Triton
X-100 for 10 min. Cells were then washed twice with PBS with
0.1% Triton X-100 (wash buffer) before blocking with 2% BSA
prepared in PBS with 0.1% Triton X-100. Cells were incubated
in primary antibody prepared in block solution overnight at
4 °C. Cells were then washed twice before incubating with
appropriate secondary antibodies for 1 h at room temperature.
After incubation, cells were washed five times with wash buffer.
Nucleic acid was stained with LOLO-1 (Invitrogen) before
mounting coverslips. Images were obtained on an 3i spinning
disk confocal microscope usingOlympus Slidebook software at
the JohnsHopkinsUniversity School ofMedicine CoreMicros-
copy Facility.

RESULTS

OGT is O-GlcNAcylated, although neither the sites nor the
cellular context have been described (20). Additionally, OGT is
phosphorylated, and its phosphorylation has been linked pri-
marily withOGT activation. Tyrosine phosphorylation ofOGT
by the insulin receptor activates OGT (22), as does phosphory-
lation by calcium/calmodulin-dependent protein kinase IV
(23). Recent proteomic analysis of the phosphoproteome and
the O-GlcNAcome during mitosis as well as studies showing
global decreases in O-GlcNAcylation during mitosis (11, 17)
demonstrate the reciprocity that these two modifications,
phosphorylation and O-GlcNAcylation, have on one another
during mitosis. We therefore wanted to determine whether
O-GlcNAcylation and phosphorylation of OGT itself was cell
cycle-dependent. HeLa cells were synchronized into early M
phase by overnight treatment with 80 ng/ml nocodazole. The
mitotic cells were collected by shake-off and were designated
early M phase. Alternatively, these mitotic cells were washed,
released into complete medium, and harvested 1, 3, or 5 h later,
corresponding to latemitosis, early G1, or G1. Equal amounts of
OGTwere pulled down by performing a non-saturating immu-
noprecipitation from these cells, and upon Western blotting
with an O-GlcNAc-specific antibody (19), we saw that
O-GlcNAcylation of OGT decreased during M phase and
reappeared when cells entered G1 (Fig. 1A). We verified syn-
chronization of the cells by immunoblotting with an anti-
body that recognizes Pro-directed phosphorylated Ser and
Thr residues (MPM2), which increase during mitosis (24)
and are commonly used markers for mitosis (11). We also
immunoblotted for totalO-GlcNAc levels, which decrease in
mitotic cells (Fig. 1B).
The cyclin B-Cdk1 complex,whoseminimal consensusmotif

is (S/T)P, phosphorylates numerous substrates (25) and is
responsible for driving mitosis (26). We wanted to investigate
whether OGT becomes phosphorylated by proline-directed
kinases during mitosis, perhaps resulting in the observed
decrease inO-GlcNAc levels.We took asynchronous ormitotic
extracts from HeLa cells, immunoprecipitated OGT, and
probed with MPM2. We could not detect proline-directed
phosphorylation of OGT using this antibody (Fig. 1C). The lack
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of reactivity with the MPM2 anti-
body, however, does not preclude
the possibility that OGT may be
phosphorylated by other mitotic
kinases. In fact, recent proteomic
analysis of the mitotic phosphopro-
teome mapped phosphorylation
sites on OGT, although none in-
creased during mitosis (27).
When probing for total OGT lev-

els, we also found that there were
lower OGT protein levels in the
mitotic samples (Fig. 1D), corrobo-
rating experimental evidence show-
ing thatOGTmRNA levels decrease
during M phase (12). Using another
synchronization method, we were
able to obtain these same results
(Fig. 1E). HeLa cells were synchro-
nized at the G1/S border using a
double thymidine block. Cells were
then released into complete me-
dium. This method produces a pop-
ulation of cells that enter mitosis
between 10 and 12 h after release.
We collected the non-adherent cells
as the mitotic fraction and allowed
the remaining adherent cells to
progress to G1. Using this method,
we saw the same results as with the
nocodazole method, demonstrat-
ing that the decrease in OGT
protein levels and in OGT O-
GlcNAcylation at mitosis was not
an artifact of inhibitor treatment
with nocodazole.
Some post-translational modifi-

cations on histones are cell cycle-
dependent (5). O-GlcNAc can
directly affect chromatin remodel-
ers. As mentioned previously,
O-GlcNAcylation of the histone
methyltransferase MLL5 is neces-
sary for activity (18). More recent
studies have established that Dro-
sophila OGT is encoded by the
Polycomb group (PcG) gene super
sex combs (sxc), thereby linking
O-GlcNAcylation with PcG-medi-
ated gene silencing (10, 28). Because
OGT protein levels decreased dur-
ing mitosis, we asked whether over-
expression of OGT during this
phase of cell cycle affected mitotic
histone post-translational modifi-
cations. First, we determined how
several histone post-translational
modifications normally change dur-

FIGURE 1. OGT O-GlcNAcylation and protein levels are regulated by cell cycle. A, OGT was immunoprecipi-
tated from asynchronous HeLa cells (A) or HeLa cells synchronized into early M, late M, early G1, or G1 by
arresting cells with nocodazole (for early M phase) or by releasing M phase arrested cells into complete
medium. OGT immunoprecipitates (IP) were probed for O-GlcNAc. Blots were stripped and reprobed for OGT.
IgG indicates nonspecific antibody control immunoprecipitation. Arrow indicates the band corresponding to
OGT. O-GlcNAcylated OGT was normalized relative to the amount of OGT immunoprecipitated. B, total cell
extract was probed using the mitosis-specific marker MPM2, which recognizes Pro-directed phosphorylation
of Ser and Thr. These extracts were also probed for O-GlcNAc, which decreases during M phase. OGT levels in
total cell extract were normalized to tubulin. C, OGT was immunoprecipitated from asynchronous (A) or mitotic
(M) HeLa cells and probed with MPM2. Mitotic samples were prepared by arresting cells with nocodazole.
These blots were then stripped and reprobed for OGT. IgG indicates nonspecific antibody control immunopre-
cipitation. D, whole cell extract (WCE) was probed for either OGT or tubulin from asynchronous, early M phase,
late M phase, early G1, and G1 cells. Densitometric analysis shows relative amounts of OGT to asynchronous
extracts after normalization to tubulin (n � 5). Error bars indicate S.E. The p values were calculated using the
paired two-tailed Student’s t test. E, OGT was immunoprecipitated from asynchronous HeLa cells (A) or HeLa
cells synchronized into M phase (M) or G1. Cells were synchronized at the G1/S border by double thymidine
block. Cells were then released into complete medium, and mitotic cells were collected by shake-off �11–12 h
after release. G1 samples were harvested �16 –18 h after release. Immunoprecipitates were probed for
O-GlcNAc and OGT. Whole cell extract was probed for MPM2, OGT, and actin.
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ing mitosis (Fig. 2A). The nomenclature we use in describing
these modifications is first the histone modified, then the
amino acid residue followed by the type of modification (P for
phosphorylation, Ac for acetylation, me2 for dimethylation,
and me3 for trimethylation).
We chose to examine one marker that is known to increase

dramatically during mitosis, H3S10P (29). We also chose to
analyze several other histone post-translational modifications,
H3K4me2, H3K9Ac, H3R17me2, and H3K27me3. H3K4me2
and H3K9Ac marks are usually associated with active loci (30,
31). Although there seems to be no cell cycle dependence of
H3K4me2, acetylation at H3K9 decreases during mitosis (5).
H3R17me2, catalyzed by CARM1, is generally associated with
gene activation, and as yet, no cell cycle dependence has been
reported (32, 33). Trimethylation of Lys-27 is found in hetero-
chromatic regions and is thought to be important in maintain-
ingX chromosome inactivation (30). Thismodification has also
been found to decrease in M phase (5) (all modifications sum-
marized in Fig. 2C). Histones were acid-extracted from asyn-

chronously growing HeLa cells or HeLa cells synchronized into
early M phase, late M phase, early G1, and G1. As expected, we
observed an increase in H3S10P during mitosis, and it
decreased once cells entered G1. We did not observe any
changes inH3K4me2 as has been previously reported (5). Addi-
tionally, H3K9Ac and H3K27me3 decreased in M phase,
returning once cells had exited mitosis. Unexpectedly, we saw
dimethylation of Arg-17 of H3 increase during mitosis, return-
ing to basal conditions upon entry into G1.
We then determinedwhetherOGToverexpression altered his-

tone post-translational modifications. We overexpressed either
OGTorGFPasacontrol inasynchronousormitotic cells (Fig. 2B).
Overexpression of OGT had no effect on H3K4me2; however,
although acetylation of H3K9 and trimethylation of H3K27
decreased during mitosis under control conditions, with OGT
overexpression, we did not observe this diminishment. Fur-
thermore, the increase in mitotic phosphorylation of Ser-10
and mitotic dimethylation of Arg-17 was not as dramatic
when OGT was overexpressed. Again, we observed a
decrease in OGT protein during M phase with GFP overex-
pression (Fig. 2D).
Because our laboratory has previously characterized the

association of OGT with CARM1 (34), we decided to focus on
H3R17me2 as this modification is a known CARM1-specific
target (35). As reported previously, we were able to detect M
phase-specific phosphorylation of CARM1 by immunoblotting
with a CARM1-specific antibody (36, 37) (Fig. 3A, left panels).
Under asynchronous conditions, CARM1 migrated as a dou-
blet; however, in mitotic lysates, both bands exhibited a shift
due to phosphorylation that we confirmed by treating CARM1
immunoprecipitates with �-phosphatase (Fig. 3A, right panels).
Our previous studies demonstrate that CARM1 is also
O-GlcNAcylated. We therefore investigated whether CARM1
O-GlcNAcylation is cell cycle-dependent by immunoprecipi-
tating CARM1 from asynchronous and mitotic extracts and
probing with an O-GlcNAc antibody. Indeed, CARM1
O-GlcNAcylation decreased duringmitosis (Fig. 3A, lower right
panels).
We then determined what effects OGT overexpression

would have on CARM1. We overexpressed GFP and OGT in
asynchronous and mitotic HeLa cells and probed for CARM1
from these extracts. CARM1did not become phosphorylated in
mitosis with OGT overexpression (Fig. 3B, left panels). More-
over, the cell cycle dependence of the association between
CARM1 and OGT was altered when OGT was overex-
pressed. In control cells, CARM1 associated with OGT in
asynchronous cells but not in mitotic cells; however, in OGT-
overexpressing cells, OGT and CARM1 co-immunoprecipi-
tated regardless of cell cycle state (Fig. 3B, right panels).
To demonstrate that the effects we observed with OGT

overexpression, the attenuation in mitotic H3R17me2 and in
CARM1 phosphorylation, were due to increases in OGT
protein expression and not to increases in global protein
O-GlcNAcylation, we treated asynchronous and mitotic
cells with Thiamet G, a potent and specific O-GlcNAcase
inhibitor (38). After treatment overnight with Thiamet G
(TMG), we saw a dramatic increase in total protein
O-GlcNAcylation (Fig. 3C, middle panel). There was no dif-

FIGURE 2. Dynamics of some histone post-translational modifications.
A, acid-extracted histones were probed using the indicated antibodies from
asynchronous (A), early mitotic, late mitotic, early G1, and G1 cells. Total his-
tones were stained with Coomassie G250. B, acid-extracted histones were
probed using the indicated antibodies from asynchronous or mitotic cells
overexpressing either GFP or OGT. C, the diagram depicts the histone tail of
H3 and the modifications investigated in this study. The type of post-transla-
tional modification is indicated by color: methylation in blue, acetylation in
green, and phosphorylation in red. The relative size of the amino acid code
represents how that particular modification is affected by mitosis; a larger
letter indicates that the modification increases, a smaller letter indicates that
the modification decreases, and a letter of the same size indicates that the
modification is not cell cycle-dependent. D, control blots demonstrating that
GFP and OGT were effectively overexpressed.
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ference in dimethylation of Arg-17 of H3 (Fig. 3C, upper left
panels) nor in CARM1 mitotic phosphorylation (Fig. 3C,
lower left panels), suggesting that it is the association of
CARM1 with OGT and not increases in global O-GlcNAc
levels that mediates the effects we observed. Using another
O-GlcNAcase inhibitor, NAG-thiazoline (39), we were able
to dramatically increase CARM1 O-GlcNAcylation without
affecting mitotic phosphorylation, again suggesting that

interaction with OGT during mitosis and not increases in
global O-GlcNAcylation is the mechanism that prevents
CARM1 mitotic phosphorylation.
We then used indirect immunofluorescence to detect

CARM1 cytolocalization during mitosis. Previous studies have
shown that mutation of one of the mitotic phosphorylation
sites of CARM1 from Ser to Glu, mimicking its mitotic phos-
phorylation, caused its exportation from the nucleus (36). As
reported previously, CARM1 was enriched in the nucleus in
interphase cells (Fig. 4A). As DNA condensed and began to
align on themetaphase plate, CARM1 concentrated to the peri-
centriolar area (Fig. 4A). In fact, CARM1 seemed to form a ring
around the centrosomes (Fig. 4, A�–C�), and the localization to
this area was stable throughout mitosis (Fig. 4, A–C).
In contrast, with OGT overexpression, we saw a marked

decrease in the number of cells showingCARM1 localization to
the pericentriolar area. CARM1 appeared diffuse throughout
the cell during mitosis (Fig. 5, A–C). We counted over 250
mitotic cells, and although greater than 87% of control cells
displayed CARM1 localization to the pericentriolar area during
mitosis, 46% of OGT-overexpressing cells did not. There was
also an increase in the number of cells in which the centro-
somes had been amplified (Fig. 5D) with OGT overexpression.
Additionally, OGT-overexpressing cells displayed errors in
chromosomal separation as we observed less condensed chro-
matin during anaphase (Fig. 5E) and the formation of chromo-
somal bridges (Fig. 5F). These phenotypeswere apparent even if
CARM1was found near the centrioles (Fig. 5,D–F), suggesting
that there are multiple mechanisms whereby OGT is acting to
produce DNA segregation errors. We counted over 200 cells
that were in anaphase or telophase from either control cells
or OGT-overexpressing cells. From these cells, 3% of control
cells displayed errors in chromosome segregation, which we
define as DNA trapped within the plane of division. On the
other hand, in OGT-overexpressing cells, 73% of these cells
displayed chromosomal abnormalities. Results are summa-
rized in Table 1.

DISCUSSION

Here, we demonstrate that OGT expression levels must be
balanced during the cell cycle. We found that OGT protein
amounts decreased duringM phase, which correlates with pre-
viously reported data showing thatOGTmRNA levels decrease
during this time (12). This partial decrease in OGT amounts
seems crucial in preventing inappropriate signaling complexes,
as was demonstrated in an earlier report showing that OGT
overexpression causes changes in mitotic phosphorylation and
mitotic O-GlcNAcylation of the cytoskeletal protein vimentin
(40). Additional support for this hypothesis comes from a
recent proteomic analysis of O-GlcNAc and phosphate in
mitotic cells. OGT overexpression alters several of the key sig-
naling pathways controlling the cell cycle, including increasing
the inhibitory phosphorylation of Cdk1 due to alterations in
upstream pathways leading to Cdk1 activation in mitosis (17).
Additionally, we show that overexpressing OGT caused

changes inmitotic post-translationalmodifications of histones.
Mitotic phosphorylation of the N-terminal tail of H3 occurs at
Thr-3 by haspin (41, 42), occurs at Ser-10 and -28 by Aurora

FIGURE 3. CARM1 is affected by OGT overexpression. A, left panels, extracts
from synchronized cells were probed for CARM1 to demonstrate that it
becomes mitotically phosphorylated (indicated by arrows). Upper right panel,
phosphorylation was confirmed by immunoprecipitating CARM1 from asyn-
chronous (A) and mitotic (M) extracts and treating with phosphatase. CARM1
was immunoprecipitated from asynchronous and mitotic extracts and
probed for total O-GlcNAc levels. IgG was included as a specificity control.
Lower right panels, blots were stripped and reprobed for total CARM1 in the
immunoprecipitates (IP). �, �-phosphatase. B, total cell extract from asynchro-
nous or mitotic cells overexpressing either GFP or OGT were probed using
antibodies directed against OGT, CARM1, GFP, or tubulin. Overexpression of
OGT prevents CARM1 mitotic phosphorylation as indicated with asterisks.
CARM1 was immunoprecipitated from asynchronous and mitotic cells over-
expressing either GFP or OGT and probed for CARM1 and OGT. OGT does not
associate with CARM1 during mitosis in control cells, whereas in OGT-overex-
pressing cells, OGT associates with CARM1 regardless of cell cycle state. dark
exp, dark exposure. C, treatment of cells with the O-GlcNAcase inhibitor Thia-
met G (TMG) does not exhibit the same effects as OGT overexpression. Left
panel, acid-extracted histones were probed for the CARM1-specific target
H3R17me2. Middle and lower left panels, total cell extract was probed using
antibodies directed against O-GlcNAc (middle panel) and CARM1 and actin
(lower left panels). Right panels, inhibition of O-GlcNAcase using NAG-thiazo-
line dramatically increases CARM1 O-GlcNAcylation without affecting mitotic
phosphorylation. CARM1 was immunoprecipitated from asynchronous and
mitotic extracts treated with or without NAG-thiazoline and probed for
O-GlcNAc. Blots were stripped and reprobed for total CARM1 in the immuno-
precipitates. GT, NAG-thiazoline.
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kinase B (29, 43), and occurs at Thr-11 by death-associated
protein (DAP)-like kinase (Dlk), also known as zipper interact-
ing protein (ZIP) kinase (44). Although they display a distinct
spatio-temporal pattern, no specific function has been ascribed
for each modification. These mitotic histone marks have been
suggested to alter protein interactionwith chromatin as K9me3
adjacent S10P has been shown to evict heterochromatin pro-
tein 1 (HP1) from chromatin during mitosis (45, 46). Alterna-
tively, these mitotic phosphorylation sites may mark certain
parts of the chromatid as S10P is found in pericentromeric
regions and T11P is found in centromeres (44). These modifi-
cations may also play roles in compaction and segregation (47,
48) and, although not crucial for mitotic progression (4), pre-
vent abnormal distribution of DNA between daughter cells.

The attenuation of H3S10P and
increase inH3K9Ac andH3K27me3
observed with OGT overexpression
impacts all these possibilities. OGT
overexpression does not prevent
mitotic progression per se (11), but
in the studies shown here, affected
histone tail modifications and DNA
segregation. Of note, treatment of
cells with histone deacetylase inhib-
itors has been shown to cause chro-
mosomal instability through faulty
mitotic checkpoints (47, 49), con-
sistent with our observation of
increased H3K9Ac in OGT-overex-
pressing cells and the formation of
chromosomal bridges.
The mechanism by which OGT

overexpression affects these various
histone modifications remains an
area under active investigation. It is
possible that OGT can interact with
histone-modifying enzymes, pre-
venting them from recognizing
their substrates, as we have ob-
served for CARM1. This possibility
could, in fact, be the mechanism
that resulted in less H3S10P in
OGT-overexpressing cells as the
kinase that phosphorylates this site
during mitosis, Aurora kinase B, is a
known OGT-interacting protein
(40). Additionally, OGT over-
expression could increase O-
GlcNAcylation of histone-modify-
ing proteins, thereby affecting
enzymatic activity. In fact, several of
these enzymes have been identified
as O-GlcNAc proteins in separate
studies such as MLL5 (18) and
Jumonji domain containing dem-
ethylase 1C (17).
Interestingly, OGT localization

duringmitosis is similar to themitotic
kinases Polo-like kinase 1 (Plk1), Aurora kinase A, and Aurora
kinase B (50–53). OGT localizes to the spindle poles at prophase,
localizes at the spindles duringmetaphase and anaphase, and con-
centrates at the cleavage furrowat cytokinesis (11).One intriguing
possibility is that in normal cells, the OGT that is not associated
with themitotic spindle isdegraded.OGTco-immunoprecipitates
and co-localizes with some of these mitotic kinases, suggesting
that the association of OGT with these kinases could protect it
from degradation. Overexpression of OGT would then override
this normal process, causing abnormal signaling complex forma-
tion and sequestration of histone-modifying enzymes from their
mitotic substrates.
CARM1 is phosphorylated mitotically on Ser-217 and Ser-

228, rendering CARM1 catalytically inactive (36, 37). Interest-

FIGURE 4. CARM1 localizes to the pericentriolar region during mitosis. HeLa cells were stained for tubulin
(green), DNA (blue), and CARM1 (red) from cells in prometaphase (A), metaphase (B), and anaphase (C). CARM1
is found concentrated near the centrosomes. A�, B�, and C� are enlargements of CARM1 (black and white) and
merged images from A, B, and C to show the ring CARM1 forms around the centrosome.
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ingly, Ser-217 is in a Plk1 consensus motif ((D/E)X(S/T)(p)),
where p indicates the phosphorylated residue (54). CARM1
cytolocalization to the pericentriolar region during M phase is
similar to Plk1 (50). Plk1 could recruit CARM1 to this region
and phosphorylate it, thus inactivating it. The possible function

for CARM1 in this area is not
known. CARM1 could act as a scaf-
fold or protein complex stabilizer,
and in fact, previous studies have
shown that CARM1 catalytic activ-
ity is dispensable for transcription
fromsomeNF�B-dependentgeneex-
pression (55), suggesting that some
functional aspects of CARM1 do
not rely on catalysis.
Here, we show that OGT overex-

pression not only prevented the
upstream CARM1 kinase from
phosphorylating it, but it also pre-
vented CARM1 from methylating
Arg-17 of H3. H3R17me2 is primar-
ily linked with gene activation (32);
however, it may also serve as a
mitotic histone marker. In fact,
H3S10P, another marker for mito-
sis, is also associated with growth
factor stimulation (56). It is pos-
sible that a small population of
H3R17me2 associates with acti-
vated genes during interphase,
whereas in mitosis, this modifica-
tion rises throughout the whole
genome, much like the paradoxical
phosphorylation of Ser-10 of H3
(57). Interestingly, we also observed
a decrease in basal levels of dim-
ethylation on Arg-17 of H3 in asyn-
chronous extracts with OGT over-
expression. It is possible that OGT
overexpression is affecting events
upstream of CARM1 recruitment
to promoters. Kinetic chromatin
immunoprecipitation (ChIP) stud-
ies demonstrate that chromatin
remodeling and preinitiation com-
plex formation at an active estrogen
receptor promoter follow an
ordered assembly (58). Addition-
ally, ChIP-on-chip tiling arrays in
Caenorhabditis elegans show that
the O-GlcNAc modification is
enriched in promoter regions (59).
OGT overexpression could be af-
fecting events upstream of CARM1
binding to active gene promoters,
thus preventing dimethylation of
Arg-17.
O-GlcNAc is a proposed regula-

tor of energy homeostasis because its donor substrate,
UDP-GlcNAc, is centered around many metabolic pathways
(7). Cell cycle progression is clearly dependent on nutrient
availability, all of which are deregulated in diseases such as can-
cer andAlzheimer disease. Potentially, Alzheimer disease is the

FIGURE 5. OGT overexpression causes mislocalization of CARM1 and DNA abnormalities. OGT-overex-
pressing cells were stained for tubulin (green), DNA (blue), and CARM1 (red) from cells in prometaphase (A),
metaphase (B), and anaphase (C). CARM1 does not concentrate near the centrosome in panels A–C. In panels
D–F, CARM1 is found in the pericentriolar region; however, there is centrosome amplification in panel D, the
degree of DNA condensation in panel E is less than in control cells, and the formation of a chromosomal bridge
is shown in panel F; all are characteristics of cells overexpressing OGT.
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result of re-entry of postmitotic neurons into the cell cycle (60).
Additionally, the impaired glucose uptake associated with
Alzheimer disease could possibly reduce O-GlcNAc levels
within neurons (61). One possibility is that in normal postmi-
totic neurons, O-GlcNAc and OGT levels are sufficiently high
enough to prevent entry into cell cycle, perhaps through inhi-
bition of cyclin-dependent kinases. Once glucosemetabolism is
altered, O-GlcNAc levels decrease, allowing reactivation of
these kinases. In fact, recent studies demonstrate that decreases
inO-GlcNAc levels correlate with tau hyperphosphorylation, a
hallmark of Alzheimer disease (38, 62).With the recent insights
in how O-GlcNAc impacts phosphorylation at the site-specific
level as well as at the level of kinase regulation (8, 17, 63), our
current model of cell cycle progression being controlled solely
through the actions of kinases must be adapted.
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