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ABSTRACT

Cyclin-dependent kinase 1 (Cdk1) is indispensable
for embryonic stem cell (ESC) maintenance and em-
bryo development. Even though some reports have
described a connection between Cdk1 and Oct4,
there is no evidence that Cdk1 activity is directly
linked to the ESC pluripotency transcription pro-
gram. We recently reported that Aurkb/PP1-mediated
Oct4 resetting is important to cell cycle maintenance
and pluripotency in mouse ESCs (mESCs). In this
study, we show that Cdk1 is an upstream regulator
of the Oct4 phosphorylation state during cell cycle
progression, and it coordinates the chromatin asso-
ciated state of Oct4 for pluripotency-related gene ex-
pression within the cell cycle. Upon entry into mito-
sis, Aurkb in the chromosome passenger complex
becomes fully activated and PP1 activity is inhibited
downstream of Cdk1 activation, leading to sustain-
ing Oct4(S229) phosphorylation and dissociation of
Oct4 from chromatin during the mitotic phase. Cdk1
inhibition at the mitotic phase abnormally results
in Oct4 dephosphorylation, chromosome deconden-
sation and chromatin association of Oct4, even in
replicated chromosome. Our study results suggest a
molecular mechanism by which Cdk1 directly links
the cell cycle to the pluripotency transcription pro-
gram in mESCs.

INTRODUCTION

Embryonic stem cells (ESCs) have a very unique cell cycle
pattern characterized by a very short G1 phase and a long
S phase (1,2). Recent studies have shown that this unusual
cell cycle pattern not only governs self-renewal and pluripo-
tency in ESCs but also provides a window of opportunity
for ESCs to differentiate into three germ layers. The onset
of differentiation in human and mouse ESCs (hESCs and
mESCs) occurs during the G1 phase (3–5). The S and G2
phases in hESCs establish the cells’ active roles in boosting
the pluripotent state (6). Therefore, cell cycle mechanisms
have been believed to have a key role in determining the fate
of ESCs in differentiation.

The mammalian cell cycle in somatic cells is strictly gov-
erned by four different types of cyclin-dependent kinases
(Cdks) and their binding partners, cyclins, at specific phases
of the cell cycle (7). In contrast, Cdks are regulated dif-
ferently through the cell cycle in ESCs. The Cdk4-cyclin
D complex exhibits little activity in mESCs (8), and the
Cdk4/6-cyclin D complex, which is connected with Smad
transcription factors during the late G1 phase and G1/S
transition, determines hESC differentiation toward to neu-
roectoderm (5). Cdk2 in both mESCs and hESCs has high
activity throughout the cell cycle and Cdk2 knockdown in
both types of ESCs leads to G1 arrest, indicating its piv-
otal role in the shortened G1 phase in ESCs (9,10). How-
ever, Cdk2 is unlikely to be critical for determining cell
fate during ESC differentiation because cdk2-knockout em-
bryos develop normally and cdk2-knockout mice are viable
(11,12).
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On the other hand, only the Cdk1/cyclin B complex is
selectively activated before the mitotic phase in ESCs (13).
Deficiency in Cdk1 results in embryonic lethality in the first
cell divisions. Embryos lacking Cdk1 do not divide despite
carrying a full complement of interphase Cdks, indicating
that Cdk1 is indispensable for cell cycle progression and
early embryonic development (14), and these results indi-
cate that Cdk1 tends to be connected with ESC pluripo-
tency programming for ESC fate decisions.

In fact, a series of studies have revealed that Cdk1 acti-
vates factors for maintenance of self-renewal in ESCs and
inhibits factors that induce differentiation. Cdk1 depletion
in mESCs induces reduction of pluripotency factor, Oct4,
Sox2, and Nanog mRNA expressions and results in a cell
shape similar to that in differentiated cells (15). Cdk1 has
been found to belong to the interactome of Oct4, a major
regulator of ESC pluripotency (16), and two other reports
have shown that Cdk1 associates with Oct4 (17,18).

Nonetheless, although Cdk1 is a serine/threonine kinase
working during the G2/M phase or the transition from the
M phase to the next G1 phase, it is unclear whether Cdk1
regulates the phosphorylation status of Oct4. Cdk1, inter-
playing with Oct4, suppresses differentiation to trophecto-
derm, but Cdk1 cannot directly phosphorylate Oct4 (18).
Moreover, Oct4 inhibits Cdk1 activity and delays mitotic
entry in ESCs (17), describing a nontranscriptional role of
Oct4 in the regulation of mitotic entry in ESCs.

We previously reported that the Aurkb-PP1 axis regu-
lates the phosphorylation of Oct4 serine-229 residue, which
is critical for Oct4-DNA binding (19). This spatiotempo-
ral regulation of Oct4(S229) phosphorylation during cell
cycle prompts Oct4 to reset pluripotency transcription on
re-entry into the following G1 phase. Previous study has re-
vealed that Cdk1 interacts with Oct4 and selectively func-
tions as an enzyme during G2 and mitotic phase in ESCs.
On that basis, we hypothesize that Cdk1 connects with Oct4
and functions through Aurkb/PP1-mediated Oct4 phos-
phorylation in ESCs.

In this study, we demonstrate that Cdk1 influences Au-
rkb and inhibits PP1 activity in early mitosis, as a result,
Oct4(S229) phosphorylation is maintained at a high level
during mitosis. Although mESCs entered mitosis, suppres-
sion of Cdk1 activity induced recovery of PP1 activity. Ab-
normal inhibition of Cdk1 in mitosis resulted in chromo-
some decondensation and Oct4(S229) dephosphorylation.
Therefore, normal fluctuation of Cdk1 activity is necessary
for regulating the phosphorylation state of Oct4. Cdk1 con-
trols the phosphorylation-dependent chromatin-associated
state of Oct4 and the transcriptional activity of Oct4 dur-
ing cell cycle progression. These results provide a molecu-
lar mechanism by which cell cycle machinery dynamically
modulates the pluripotency transcription program in ESCs.

MATERIALS AND METHODS

Cell culture

mESCs (E14 and ZHBTc4) in this study were cultured in
feeder free condition on 0.1% gelatin (Sigma-Aldrich, St.
Louis, MO, USA) coated dishes. mESCs were cultured in
DMEM (Hyclone, Logan, Utah) supplemented with 15%
FBS (Gibco, Grand Island, NY, USA), 2 mM L-glutamine,

55 �M �-mercaptoethanol, 1%(v/v) non-essential amino
acid, 100 U/ml penicillin and 100 �g/ml streptomycin
(all from Gibco) and 1000 U/ml ESGRO LIF (Millipore,
Germany). HEK293T and NIH-3T3 were maintained in
DMEM (Hyclone, Logan, UT, USA) supplemented with
10% FBS, 100 U/ml penicillin and 100 �g/ml streptomycin
(all from Gibco).

Expression plasmids and stable ESC line generation

cDNAs were synthesized from RNAs of E14 mESCs and
293T cells. Amplified ORFs using PCR were introduced
into pCAG-Flag-IP vector, which was generated by insert-
ing a Flag tag into pCAG-IP, kindly provided by Hitoshi
Niwa (RIKEN, Japan). For long-term transgene expression
in mESCs, expression plasmids were transfected using Lipo-
fectamine 2000 (Invitrogen). After 48 h of transfection, se-
lection with appropriate antibiotics (puromycin or blasti-
cidin) was performed to determine stable integration. An-
tibiotics resistant cells were expanded and analyzed by west-
ern blot.

shRNA mediated knockdown

pLKO.1 lenti-viral vectors for shRNAs targeting
mouse Cdk1, Aurkb, Incenp, Borealin and Survivin
were purchased from Sigma-Aldrich MISSON®

library. shRNA sequences used in this study are
as followed. shCdk1 #1(TRCN0000274559), #3
(TRCN0000274503), shAurkb #2 (TRCN0000374361),
#4 (TRCN0000321651), shINCENP #1
(TRCN0000072093), #2 (TRCN0000072094), shBore-
alin #1 (TRCN0000177470), #2 (TRCN0000177578),
shSurvivin #3 (TRCN0000054617). For shSurvivin #18
(5′-CCGCATCTCTACATTCAAGAA-3′) (20), annealed
oligomers were cloned into pLKO.1 vector. pLKO.1 puro
vector was used as a control.

Mitotic arrest-release and cell cycle analysis

For G2/M phase synchronization, E14 and ZHBTc4
mESCs were treated with 100 ng/ml nocodazole (Cal-
biochem, Germany) for 8 h. In order to release, synchro-
nized cells were washed three times with PBS, and incu-
bated for the indicated time in fresh culture media. Cdk1
inhibitor, RO3306 (ALX-270-463, Enzo Life Science, Farm-
ingdale, NY, USA) was added to the cells once they had
been blocked in mitosis by nocodazole, but without removal
of nocodazole (21). NIH-3T3 cells were treated with noco-
dazole for 16 h and harvested by mitotic shake-off. For cell
cycle analysis, the collected cells at the indicated time were
immediately fixed in 70% ethanol and stained with propid-
ium iodide (PI; Sigma, P4170) for 1 h at room tempera-
ture in the dark. To determine the distribution of pH3S10-
positive cells, fixed cells were incubated in pH3S10 anti-
body and secondary antibody (Alexa Fluor 488, Invitro-
gen, Carlsbad, CA, USA). Cell cycles were analyzed using
FACSCalibur flow cytometer (Becton Dickinson, Franklin
Lakes, New Jersey). Analysis of cell cycle data was per-
formed with BD CellQuest Pro Software.
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Coimmunoprecipitation

For coimmunoprecipitation of overexpressed proteins,
Flag-Oct4 and HA-Cdk1, Flag-CPCs and HA-Cdk1, Flag-
PP1s and HA-Cdk1 were cotransfected into HEK293T
cells. Cells were resuspended in IP150 buffer (150 mM
NaCl, 25 mM Tris–HCl, pH 8.0, 0.1% NP-40, 10% glyc-
erol, 1 mM EDTA and protease inhibitor cocktail) for 15
min ice and cell lysates were obtained by centrifugation at 15
000 rpm for 15 min. Flag-tagged proteins were immunmo-
precipitated by incubating lysates with Flag antibody and
protein G beads for 4 h at 4◦C. Beads were washed three
times with IP150 buffer and bound proteins were eluted
with 5× SDS-PAGE loading buffer, separated by 10% SDS-
PAGE, transferred to NC membrane and immunoblotted
with HA antibody. Flag-tagged proteins expressing mESCs
were washed twice with PBS and resuspended in IP150
buffer (150 mM NaCl, 25 mM Tris–HCl, pH 8.0, 0.1%
NP-40, 10% glycerol, 1 mM EDTA,10 mM NaF, 200 �M
Na3VO4 and protease inhibitor cocktail) or RIPA buffer
(150 mM NaCl, 50 mM Tris–HCl, pH 8.0, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, 10 mM EDTA, 10 mM
NaF, 200 �M Na3VO4 and protease inhibitor cocktail) for
30 min ice. Cell lysates obtained by centrifugation at 15 000
rpm for 15 min were pulled down with anti-Flag beads for
overnight at 4◦C. Bound beads were washed three times
with IP150 buffer and for bound protein elution, Flag elu-
tion solution were added to each sample. Samples were in-
cubated with gentle shaking for 30 min at 4◦C. Beads were
centrifuged for 2 min at 5000 rpm and the supernatants
were transferred to new tubes. Obtained elutes with 5×
SDS-PAGE loading buffer were boiled for 5 min and sepa-
rated by SDS-PAGE, transferred to NC membrane and im-
munoblotted with their respective antibodies.

Antibody for western blots

Anti-p-Oct4(S229) antibody was made by GenScript (Pis-
cataway, NJ, USA). Cdc2 p34 (sc-54), Oct4 (sc-5279),
PP1� (sc-6104) and PP1� (sc-6108) antibodies were pur-
chased from purchased from Santa Cruz Biotechnology;
Nanog (ab14959), PP1� (ab53315), Survivin (ab469), Bo-
realin (ab74473) were purchased from Abcam (UK); phos-
pho PP1�(T320) (#2581), phosphor Cdc2(Y15) (#9111),
INCENP (#2807) were acquired from Cell Signaling; Au-
rkb (611082) was purchased from BD Transduction Lab-
oratories); �-Actin (A5441) and Flag (F3165) were from
Sigma-Aldrich.

Immunofluorescence and confocal microscopy

Cells grown on coverslips were fixed in 4% (w/v)
paraformaldehyde and permeabilized in 0.5% (w/v)
Triton X-100 in PBS for 30 min at room temperature (RT).
After permeabilization, the cells were blocked with 5%
(w/v) goat serum for 30 min. Subsequently, they were
incubated in primary antibody for 1 h at RT. Antibody
dilutions were 1:500 for anti-Oct4 (Santa Cruz, Dallas,
TX, USA, sc-5279), 1:200 for anti-p-Oct4(S229), 1:200
for Cdk1 (Santa Cruz, Dallas, TX, USA, sc-54), 1:100
for Phospho-PP1� (Thr320) (Cell Signaling, #2581).
Secondary antibodies used in immunostaining were Alexa

Fluor 488 or 568 (Invitrogen, Carlsbad, California).
Confocal micro-images were obtained by a confocal laser
scanning microscope (Leica TCS SP8).

In vitro kinase assay

(His)6-tagged PP1 proteins were expressed in bacteria and
purified by using Ni-NTA agarose. For radioactive in vitro
kinase assay, (His)6-PP1 and GST-Oct4 were incubated
with Cdk1/CyclinB1 in kinase buffer (60 mM HEPES–
NaOH pH 7.5, 3 mM MgCl2, 3 mM MnCl2, 3 mM
Na-orthovanadate, 1.2 mM DTT, 0.25 mM ATP) with
0.1 mM � -32P-ATP (NEG002A250UC, purchased from
PerkinElmer, Waltham, MA, USA) for 30 min at 30◦C. Re-
actions were then stopped by the addition of 5× SDS-PAGE
loading buffer and loaded for separation on SDS-PAGE gel.
After staining with Coomassie Blue, the gels were dried and
exposed to films.

AP staining

mESCs were trypsinized to a single cell and re-plated at low
to medium density. On day 5, aspirate media and fix cells
with 4% (w/v) paraformaldehyde for 2 min. Aspirate fixa-
tive and rinse with TBST. Fast Red Violet (FRV) solution
(1.6 mg in DW 2 ml) is mixed with Naphthol AS-BI phos-
phate solution (4 mg in AMPD buffer 1 ml). Add enough
stain solution to cover each well and incubate in dark at
RT for 15min. Aspirate staining solution and rinse wells
with TBST. Cover cells with PBS to prevent drying and then
count the number of colonies expressing AP.

ChIP

ChIP assays were performed as described (22). For
crosslinking, mESCs were treated with formaldehyde to a
final concentration of 1%. Formaldehyde-treated nuclear
lysates were subjected to immunoprecipitation with Oct4
antibody. Precipitated DNA fragments were amplified with
primers and quantified by real-time quantitative PCR using
SYBR® Green fluorescence on the CFX connect Real-time
System (Bio-Rad). Values were normalized as percentage of
input and presented as relative to control cells.

Quantitative realtime (qRT) PCR

Total RNAs were extracted from mESCs (E14 and
ZHBTc4) with TRIzol Reagent (Invitrogen). Extracted
RNAs were synthesized into cDNAs by reverse-
transcription with AMV Reverse Transcriptase for RT
PCR analysis. RT PCR for cDNA was performed using
SYBR premix Ex Tag (Takara) and normalized to 18S
rRNA. For ChIP assays, SYBR® Green qPCR mix
(Finnzymes, F-410) was used and the results are normal-
ized to 1% input chromatin on CFX Connect Real-time
PCR Detection System (Bio-Rad).

Reporter gene assay

The reporter gene assay was done as described (22). Briefly,
10 copies of Oct4-responsive element (10 × Oct4 RE)-
driven luciferase reporter gene was incorporated into the
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genome of NIH-3T3 cells by retroviral infection. To stably
incorporate reporter gene into genomic DNA, cells were se-
lected with puromycin for at least 2 weeks. These stable cells
were transfected with Flag-Oct4 and luciferase activity was
measured 2 days after transfection of Oct4.

Nascent RNA analysis

To prepare nascent RNA, Click-iT® Nascent RNA Cap-
ture Kit (Life Technologies, Carlsbad, CA, USA) was used
according to manufacturer’s instructions.

Statistics

All the data were presented as mean ± standard error from
at least three independent trials. All data fitting and statisti-
cal analysis was performed using GraphPad Prism software.

RESULTS

Chromosome passenger complex is required for maintenance
of ESC pluripotency and Oct4(S229) phosphorylation

We previously revealed that Aurkb activity is important for
Oct4 resetting of pluripotency and cell cycle genes (19).
Aurkb, together with Incenp, Survivin and Borealin, is a
component of the chromosomal passenger complex (CPC)
and phosphorylates several kinetochore substrates in cen-
tromeres and participates in chromosome bi-orientation
at prometaphase (23–25). Thus, we wondered whether the
CPC affects Oct4(S229) phosphorylation and pluripotency
in mESCs. However, as there is little information on the
molecular connection between CPC and Oct4 in mESCs,
we first investigated the expression pattern of CPC compo-
nents during mESC differentiation by analyzing previously
reported RNA-sequencing data (26). We observed that the
mRNA levels of CPC components fell during mESC differ-
entiation (Supplementary Figure S1A). Further, the protein
levels decreased by withdrawal of leukemia inhibitory fac-
tor (LIF) from growth media (Supplementary Figure S1B).
We completely eliminated Oct4 protein from ZHBTc4 cells
by 24 h treatment with doxycycline (dox) (27,28), and the
results indicated that the expression patterns of CPC com-
ponents in those cells are apparently independent of Oct4
transcriptional activity (Supplementary Figure S1C and D).

We then knocked down each of the CPC components
by introducing small hairpin RNAs (shRNAs) into mESCs
and examined their self-renewal capacity, as evidenced by
alkaline phosphatase (AP) staining results. The expressions
of pluripotency-related genes were reduced and lineage-
specific genes expressions were considerably increased in
CPC-knockdown mESCs. Knockdown of each of the CPC
components affected mESC self-renewal (Supplementary
Figure S2A–D). In the case of Borealin, knockdown #1
mESCs failed to survive and the number and size of AP-
positive colony are too small in comparison with knock-
down #2 mESCs. Mild knockdown of Borealin (knock-
down #2) disturbed mESCs pluripotency and changed
mESCs like differentiated cells. As Aurkb is a major cat-
alytic subunit of CPC, we wondered whether CPC compo-
nents could affect the phosphorylation state of Oct4(S229).
Following treatment of E14 mESCs with nocodazole for

8 h, Oct4(S229) phosphorylation was highly accumulated
at the G2/M phase. However, knockdown of each of the
CPC components decreased the Oct4(S229) phosphoryla-
tion and Aurkb(T232) auto-phosphorylation levels (Sup-
plementary Figure S2E), indicating that Aurkb, as a com-
ponent of CPC, can phosphorylate Oct4(S229) at the G2/M
phase.

Cdk1 is important for ESC pluripotency and preferentially
interacts with Oct4 at the G2/M phase

We next wanted to determine why Aurkb, as a CPC compo-
nent, specifically phosphorylates Oct4(S229) in a cell cycle-
dependent manner, particularly, at the G2/M phase. It has
been reported that Cdk1 solely controls the G2/M phase
and promotes CPC binding to Shugoshin and chromosome
bi-orientation by phosphorylating human Borealin, a CPC
component (23). On that basis, we speculated that Cdk1 is a
main regulator of the connection between Aurkb/CPC and
Oct4 during the G2/M phase.

To address this question, we first knocked down Cdk1
in E14 mESCs by using a shRNA construct that targets
Cdk1 (Figure 1A and Supplementary Figure S3A). Cdk1-
knockdown produced greater G2/M populations in PI
staining than those of control cells, as evidenced by the re-
sults of the FACS analysis (Supplementary Figure S3B).
This is due to delayed mitotic entry and arrest at the G2
phase in the Cdk1-knockdown mESCs. By AP staining,
the mESCs in which Cdk1 expression was severely knocked
down (knockdown #1) reduced the cell proliferation and
survival, while Cdk1-knockdown #3 mESCs resembled dif-
ferentiated cells (Figure 1B and C). Immunofluorescence
experiments also revealed that Cdk1-knockdown leads to
loss of the pluripotency in mESCs (Figure 1D).

When we quantified the mRNA expression levels of the
pluripotency marker genes and the lineage-specific differ-
entiation marker genes in Cdk1-knockdown mESCs (Sup-
plementary Figure S3C), pluripotency-related gene expres-
sions were considerably reduced, while those of lineage-
specific genes were significantly increased, which is consis-
tent with previous reports that Cdk1 is critical for mainte-
nance of pluripotency in ESCs (9,15,18,29). Expression lev-
els of Nanog and Klf4 were reduced in Cdk1-knockdown
cells as assessed by immunostaining results, compared to
the control cells (Figure 1E). While Oct4 depletion slightly
reduced Cdk1 protein and mRNA expressions (Supplemen-
tary Figure S1C and D), Cdk1-knockdown significantly af-
fected Oct4 expression. Therefore, Cdk1 might be an up-
stream modulator for Oct4-driven ESC pluripotency during
cell cycle.

Even though several reports have shown the interaction
between Cdk1 and Oct4 in ESCs (16–18), it is still unclear
how two proteins are connected and regulated each other
during cell cycle progression. Therefore, to clarify their in-
teractions during cell cycle progression, we first investigated
the interaction between Cdk1 and Oct4 by immunopre-
cipitation with overexpressing HA-Cdk1 and Flag-Oct4 in
HEK293T cells. As expected, we detected Cdk1 in associ-
ation with Oct4 after precipitation with the Flag antibody.
We also found endogenous Cdk1 in Oct4 immunoprecipi-
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Figure 1. Cdk1 is important for ESC pluripotency and preferentially interacts with Oct4 at the G2/M phase. (A) Protein levels and mRNA levels of Cdk1-
knockdown mESCs (n = 3). (B and C) AP staining of Cdk1-knockdown mESCs. After staining to reveal AP activity, the colonies were scored and the
percentages of undifferentiated, partially differentiated, and fully differentiated colonies were calculated. AP staining experiments were repeated three times
(n = 3). Scale bar represents 500 �m. (D) Immunostaining of Cdk1-knockdown mESCs. Cdk1 was stained with anti-Cdk1 (green) and DNA was stained
DAPI (blue). Scale bar represents 100 �m. (E) Fluorescence images of Cdk1-knockdown mESCs. Nanog and Klf4 were stained with anti-Nanog (green)
and anti-Klf4 (green), respectively. DNA was stained with DAPI (blue). Scale bar represents 100 �m. (F) Flag-Oct4 and HA-Cdk1 were cotransfected
into HEK293T cells. Cell lysates were immunoprecipitated with anti-Flag antibody and probed with anti-HA antibody (left). Endogenous Cdk1 was
immunoprecipitated from E14 mESCs with anti-Oct4 antibody and immunoblotted with anti-Cdk1 antibody (right). (G) Changes in interaction of Cdk1
with Oct4 during cell cycle progression. Flag-Oct4-expressing ZHBTc4 mESCs were treated with nocodazole (100 ng/ml) for 8 h. At the indicated time
after release into fresh media, cell cycle progression was determined by FACS analysis (right). Cell lysates were pulled down with anti-Flag beads. Bound
proteins were eluted and then immunoblotted with the indicated antibodies. (A, asynchronous state; N, nocodazole treatment). (H) Changes in interaction
of Oct4 with Cdk1 depending on Cyclin B knockdown. After Cyclin B knockdown, Flag-Oct4-expressing ZHBTc4 mESCs were treated with nocodazole
for 8 h. Flag-Oct4 was immunoprecipitated by incubating lysates with anti-Flag beads. Following Flag elution, bound proteins were immunoblotted with
the indicated antibodies. (I) Colocalization of Cdk1 and p-Oct4(S229) in mitosis-arrested mESCs was analyzed by immunostaining. mESCs were treated
with nocodazole (100 ng/ml) for 8 h. Cdk1 was stained with anti-Cdk1 (green), p-Oct4(S229) was stained with anti-p-Oct4(S229) (red), and DNA was
stained with DAPI (blue). Scale bar represents 5 �m. (J) Radioactive in vitro kinase assay using recombinant Cdk1 to phosphorylate GST-Oct4 wild type
(WT) and S228A/S229A mutant. Autoradiogram showing incorporation of � -32P ATP (left). For the IP kinase assay, cell lysates of nocodazole-treated
E14 mESCs were immunoprecipitated with anti-CycB1 and Aurkb and subjected to an in vitro kinase assay using (His)6-PP1� and GST-Oct4 as a substrate
and followed by western blotting (right).
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tations in E14 mESCs (Figure 1F), which is consistent with
previous reports (16–18).

We next wondered whether Cdk1 interacts with Oct4 in
a cell cycle-dependent manner and wanted to determine the
cell cycle phases during which Cdk1 preferentially inter-
acts with Oct4. Flag-Oct4-expressing ZHBTc4 mESCs were
treated with nocodazole for 8 h. Under the nocodazole-
treated conditions, most of mESCs were arrested at G2/M
phase by evidencing that Ki-67 in mitotic cells covered
condensed chromosomes (Supplementary Figure S3D) and
over 85% of the cells were pH3S10-positive (Figure 1l).
Nocodazole-treated ESCs were then released to continue
cell cycle progression by the removal of nocodazole. Flag-
Oct4 strongly interacted with endogenous Cdk1 as well
as Cyclin B at the G2/M phase in Flag-Oct4-expressing
ZHBTc4 mESCs, while it also associated with endogenous
Cyclin A when cells were released for 4 h after nocodazole
treatment (Figure 1G).

To test whether Cyclin B is necessary for the Oct4–
Cdk1 interaction, we examined the in vitro interaction be-
tween Oct4 and Cdk1 using bacterially-purified recombi-
nant Cdk1-Flag, GST-Oct4, and (His)6-Cyclin B proteins.
We observed that Cdk1-Flag directly binds to GST-Oct4 re-
gardless of (His)6-Cyclin B (Supplementary Figure S4A).
However, knockdown of Cyclin B in mESCs severely re-
duced the Oct4–Cdk1 interactions under the nocodazole-
treated conditions (Figure 1H). These results implicated
that the Oct4–Cdk1 interactions might be regulated more
sophisticated than we expected during cell cycle progres-
sion.

We observed that Cdk1 was mainly located in cytoplasm
and Oct4 in nucleus in the asynchronous mESCs, while
Cdk1 was colocated with Oct4, as a phosphorylated form,
outside the condensed chromatin at the mitotic phase (Fig-
ure 1I), consistent with the above results showing that both
proteins strongly interact at the G2/M phase. However, pre-
vious reports indicate that Cdk1-cyclin B translocates to the
nucleus during prophase (30), and that Cdk1 and Oct4 are
colocalized in the form of nuclear foci in mESCs, whereas
Cdk1 is highly accumulated during late G1/S and S/G2
transitions in hESCs (9,18).

We then examined whether Cdk1 directly phosphory-
lates Oct4(S229) by using an in vitro32P-ATP-labeled ki-
nase assay and western blotting with anti-p-Oct4(S229).
We observed that neither recombinant Cdk1 nor the Cdk1
immunoprecipitated with Cyclin B antibody phosphory-
lated GST-Oct4(S229), whereas recombinant Aurkb specif-
ically phosphorylated Oct4(S229) (Figure 1J), indicating
that Cdk1 indirectly regulates Aurkb-mediated phosphory-
lation of Oct4(S229) at the G2/M phase rather than directly
phosphorylating Oct4(S229).

Cdk1 connects Aurkb/CPC with Oct4 phosphorylation at the
G2/M phase

To address whether Cdk1 regulates Aurkb/CPC-mediated
phosphorylation of Oct4(S229) at the G2/M phase, we ex-
amined the interaction of Cdk1 with CPC components
during cell cycle progression. We first confirmed that ex-
ogenous Flag-Cdk1 co-precipitated with HA-Aurkb, HA-
Incenp, and HA-Survivin in HEK293T cells and exoge-

nous HA-Oct4 co-precipitated with each of Flag-tagged
CPC components (Supplementary Figure S4B and C).
Then, we synchronized Flag-Cdk1-expressing mESCs by
using nocodazole. We observed that Flag-Cdk1 bound to
endogenous CPC components at the G2/M phase when
both Cdk1 and Aurkb were activated (Figure 2A). Inter-
estingly, when nocodazole-arrested mESCs were released,
Flag-Cdk1 was dissociated with Aurkb and Survivin; more-
over, Aurkb(T232) autophosphorylation, an active marker
of Aurkb, gradually decreased. Under the same conditions
in which Flag-Oct4-expressing ZHBTc4 mESCs were ar-
rested at the G2/M phase, Flag-Oct4 was strongly associ-
ated with endogenous Aurkb and Survivin, and dissociated
from them when mESCs were released into the G1 phase
(Figure 2B).

To address whether Cdk1 is critical for activating Aurkb
and sustaining Oct4(S229) phosphorylation at the G2/M
phase in mESCs, we treated Cdk1-knockdown mESCs with
nocodazole. The results showed that p-Oct4(S229) levels in
Cdk1-knockdown mESCs were significantly reduced from
that in wild type mESCs. In addition, auto-phosphorylated
Aurkb(T232) level was decreased in nocodazole-treated
Cdk1-knockdown cells (Figure 2C and Supplementary Fig-
ure S4D).

At this point, we raised the question of whether G2 ar-
rest by Cdk1-knockdown naturally blocks the progression
to mitosis so that, eventually, Oct4(S229) phosphorylation
may not increase. To address this question, we investigated
the role of Cdk1 on Oct4(S229) phosphorylation during
mitosis by treating nocodazole-pretreated mESCs with the
Cdk1 inhibitor, RO3306. We observed that Cdk1 inhibition
during the mitotic phase resulted in a considerable decrease
in level of Oct4(S229) phosphorylation, Aurkb autophos-
phorylation, and H3(T3) phosphorylation (Figure 2D and
Supplementary Figure S4E). In addition, we observed simi-
lar results by using confocal microscopy (Figure 2E). When
mESCs were arrested at the G2/M phase, over 90% of
cells were pH3S10-positive and Ki-67 occupied around
condensed chromosomes (Supplementary Figure S4F). p-
Oct4(S229) was located outside the nucleus and appeared
to be dissociated from chromatin in mitotic cells. Once
Cdk1 was inhibited in nocodazole-pretreated mESCs, the p-
Oct4(S229) level significantly decreased and condensed mi-
totic chromosome was decondensed. These results support
the hypothesis that Cdk1 governs Aurkb/CPC activity and
sustains Aurkb-mediated phosphorylation of Oct4(S229)
during the G2/M phase.

Next, to verify whether interaction between CPC and
Oct4 is dependent on Cdk1, we inhibited Cdk1 by using
shRNAs or a chemical Cdk1 inhibitor, RO3306, and per-
formed immunoprecipitation with Flag-Oct4 in Flag-Oct4-
expressing ZHBTc4 mESCs. When we co-precipitated CPC
components with Flag-Oct4 in nocodazole-treated Cdk1-
knockdown mESCs, the amount of binding was reduced in
the Cdk1-knockdown cells, indicating that Cdk1 mediates
binding of Oct4 with CPC components at the G2/M phase
(Figure 2F).

When G2/M-arrested cells were treated with a Cdk1 in-
hibitor, RO3306, the level of association of Oct4 with CPC
components such as Survivin and Borealin, expect for Au-
rkb, was significantly reduced. Under the same conditions,
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Figure 2. Cdk1 connects Aurkb/CPC with Oct4 phosphorylation at the G2/M phase. (A) Changes in interaction of Cdk1 with CPC during cell cycle
progression. Flag-Cdk1-expressing E14 mESCs, treated with nocodazole (100 ng/mL) for 8 h, were released for 2 or 6 h. Cell lysates were pulled down
with anti-Flag beads. Beads were washed three times and bound proteins were eluted with Flag peptide. Elutes were immunoblotted with the indicated
antibodies. The FACS profiles of cells were shown in the below. (B) Changes in interaction of Oct4 with CPC during cell cycle progression. Flag-Oct4-
expressing ZHBTc4 mESCs were arrested with nocodazole for 8 h and released into fresh media for the indicated time. Cell lysates were pulled down with
anti-Flag beads. Bound proteins were eluted by using Flag peptide. Obtained samples were immunoblotted by using the indicated antibodies. (C) Cdk1-
knockdown in E14 mESCs reduced the levels of p-Oct4(S229), p-Aurkb(T232), and p-H3(T3). (D and E) Nocodazole-pretreated E14 mESCs were treated
with RO3306 without removal of nocodazole. Cdk1 inhibition in nocodazole-pretreated E14 mESCs reduced the p-Oct4(S229) level. Scale bar represents 10
�m. Representative FACS profiles showing the distribution of pH3(S10)-positive cells (x, DNA content; y, pH3(S10)) of E14 mESCs. Numbers indicate the
percentage of pH3(S10)-positive cells in each case. (F) Changes in interaction of Oct4 with CPC depending on Cdk1-knockdown. After Cdk1-knockdown,
Flag-Oct4-expressing ZHBTc4 mESCs were treated with nocodazole for 8 h. Flag-Oct4 was immunoprecipitated by incubating lysates with anti-Flag beads.
Following Flag elution, bound proteins were immunoblotted with the indicated antibodies. (G) Changes in interaction of Oct4 with CPC depending on
Cdk1 inhibition. Nocodazole-pretreated Flag-Oct4-expressing ZHBTc4 mESCs were treated with RO3306 without removal of nocodazole. Cell lysates
were pulled down with anti-Flag beads and immunoblotted with the indicated antibodies.
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binding of Oct4 with Cdk1 was also reduced (Figure 2G).
Despite the Cdk1 inhibition, Aurkb was still associated
with Oct4 (Figure 2G). The inhibition of Cdk1 by chemi-
cal inhibitor seemed to reduce the interaction of CPC com-
ponents (Survivin and Borealin) with Oct4 more signifi-
cantly than Cdk1-knockdown, probably due to that Cdk1-
knockdown using shRNA could not completely eliminate
Cdk1 protein. These results indicate that Cdk1 activity is
critical for connecting Aurkb/CPC with Oct4 phosphoryla-
tion during the mitotic phase. In addition, the knockdown
of Aurkb in mESCs severely reduced the Oct4–Cdk1 inter-
action at the G2/M phase (Supplementary Figure S4G), in-
dicating that Oct4, Cdk1 and Aurkb are tightly connected
together at G2/M phase.

Cdk1-mediated phosphorylation of PP1 sustains Oct4(S229)
phosphorylation at the G2/M phase

It was previously reported that PP1 antagonizes Aurkb-
mediated phosphorylation of Oct4(S229) (19), and the ac-
tivities of three isoforms of PP1 are inhibited by Cdk1-
mediated phosphorylation of conserved threonine residues
(T320 in PP1�, T316 in PP1�, T311 in PP1� , thereafter
collectively designated as p-PP1*) (24,31–34). Therefore,
we wondered whether Cdk1 inhibits PP1 activity and sus-
tains Aurkb-mediated phosphorylation of Oct4(S229) at
the G2/M phase in mESCs. We observed that ectopically-
expressed Cdk1 interacts with all PP1 isoforms (�, � and
� ) (Supplementary Figure S5A). In addition, by using an
in vitro Cdk1 kinase assay with recombinant PP1 proteins
purified from Escherichia coli, we observed that Cdk1 can
phosphorylate all three PP1 isoforms (Supplementary Fig-
ure S5B).

To determine whether the interaction of Cdk1 with
PP1 is cell cycle dependent, we immunoprecipitated the
endogenous PP1 isoforms with Flag-Cdk1 after releas-
ing nocodazole from G2/M-arrested Flag-Cdk1-expressing
E14 mESCs. Flag-Cdk1 was associated with all three PP1
isoforms (�, � and � ), especially with phosphor-PP1* after
8 h treatment with nocodazole, when the majority of cells
are in the G2/M phases (Figure 3A). Once these cells were
released into the next G1 phase by withdrawal of nocoda-
zole, Flag-Cdk1 became dissociated from the PP1 isoforms.
We then examined phosphor-PP1* via confocal microscopy
in E14 mESCs, which revealed that p-PP1* in E14 mESCs
were observed in mitotic cells (Figure 3B). As expected, the
results show that Cdk1 colocalizes with p-PP1* outside the
condensed chromatin at the mitotic phase. At this point, Ki-
67 covered condensed chromosomes (Supplementary Fig-
ure S5C).

When Cdk1-knockdown cells were treated with nocoda-
zole, p-PP1* levels significantly decreased; however, pro-
tein levels of PP1�, PP1�, and PP1� remained unchanged
(Figure 3C). Moreover, Oct4(S229) phosphorylation co-
existed with phosphor-PP1* in nocodazole-treated G2/M
phase mESCs. In addition, upon RO3306 treatment of
nocodazole-pretreated mESCs, the phosphorylation status
of both Oct4(S229) and PP1 were rapidly decreased after in-
hibition of Cdk1 activity for 10 min (Figure 3D and Supple-
mentary Figure S5D). Under the same conditions, p-PP1*
colocalized with Oct4 outside the condensed chromosome

in mitotic cells. However, treatment of RO3306 with mitotic
cells significantly reduced p-PP1* levels and induced chro-
mosome decondensation (Figure 3E), suggesting that Cdk1
sustains p-Oct4(S229) by binding and phosphorylating PP1
in mitotic mESCs.

To further confirm that Cdk1-mediated phosphoryla-
tion of PP1 induces inactivation of PP1 and maintenance
of p-Oct4(S229), we depleted Cdk1 in Flag-PP1� (WT)-
expressing E14 mESCs. After knockdown of Cdk1, we
treated with nocodazole for 8 h and immunoprecipitated p-
Oct4(S229) with Flag-PP1� . As a result, binding of Flag-
PP1� to p-Oct4(S229) was reduced in Cdk1-knockdown
G2/M-arrested mESCs (Figure 3F).

Next, we altered the Cdk1-mediated phosphorylation
site from threonine to alanine in PP1s [PP1�(T320A),
PP1�(T316A), PP1� (T311A)] by site-directed mu-
tagenesis and, thereby, generated isoforms of Flag-
phosphor-defective-PP1-expressing E14 mESCs. After
Flag-immunoprecipitation, three wild types of the PP1
isoforms exhibited strong binding to p-Oct4(S229) at the
G2/M phase. In contrast, phosphor-defective mutants
weakly bound to p-Oct4(S229) (Figure 3G, Supplementary
Figure S6A and B), suggesting that phosphor-defective
PP1 mutants are free from Cdk1 activity and, thus, de-
phosphorylate p-Oct4(S229) despite the onset of mitosis.
Therefore, these results imply that phosphorylation and
inhibition of PP1s by Cdk1 are important in sustaining the
level of p-Oct4(S229).

We then generated three E14 mESCs expressing
phosphor-mimetic Flag-PP1 mutants [PP1�(T320D),
PP1�(T316D), PP1� (T311D)]. Phosphor-mimetic mu-
tants, as inactive forms, should bind to Oct4 but not
strongly dephosphorylate p-Oct4(S229) in the next G1
phase. Unexpectedly, the p-Oct4(S229) levels in the E14
mESCs expressing phosphor-mimetic Flag-PP1 mutants
disappeared after 2 h release (Supplementary Figure
S6C–E). That result is probably due to the PP1 isoforms
interacting with each other and sharing functional redun-
dancy. Previously reported protein–protein interaction
data indicate that PP1� interacts with PP1� and PP1�
in human cells (35,36). Indeed, in this study, mutants of
PP1� (T311A) and PP1� (T311D), as well as PP1� (WT),
were able to associate with endogenous PP1� (Supple-
mentary Figure S6F). To eliminate the redundancy among
the PP1 isoforms, we simultaneously knocked down three
PP1 isoforms (Supplementary Figure S6G–J). Based
on AP staining results, the PP1s-knockdown mESCs
appeared differentiated. In addition, re-entering G1 and
p-Oct4(S229) dephosphorylation were relatively retarded
upon withdrawal of nocodazole in comparison with that in
wild type mESCs.

Cdk1 inhibition affects the binding of Oct4 to chromatin and
its transcriptional activity

Based on the results showing that inhibition of Cdk1 at
mitosis induces dephosphorylation of p-Oct4(S229), we
hypothesized that Cdk1 might modulate the binding of
Oct4 to chromatin for pluripotency-related gene expres-
sions. To investigate the effect of Cdk1 on the binding
of Oct4 to chromatin areas of pluripotency-related genes,
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Figure 3. Cdk1-mediated phosphorylation of PP1 sustains Oct4(S229) phosphorylation at the G2/M phase. (A) Changes in interaction of Cdk1 with PP1
during cell cycle progression. Flag-Cdk1-expressing E14 mESCs, treated with nocodazole for 8 h, were released into fresh media for 2 or 6 h. Flag-Cdk1 in
the lysates were immunoprecipitated by using anti-Flag beads and immunoblotted with their respective antibodies. The FACS profiles of each cell sample
are shown in the right panel. (B) Colocalization of Cdk1 with p-PP1* in mitosis-arrested mESCs was analyzed by immunostaining. E14 mESCs were
untreated or treated with nocodazole (100 ng/mL) for 8 h. Cdk1 was stained with anti-Cdk1 (green), p-Oct4(S229) was stained with anti-p-Oct4(S229)
(red), and DNA was stained with DAPI (blue). Scale bar represents 5 �m. (C) Cdk1-knockdown in mitosis reduced levels of p-Oct4(S229) and p-PP1*.
(D and E) Nocodazole-pretreated E14 mESCs were treated with RO3306 without removal of nocodazole. Cdk1 inhibition in mitosis reduced levels of
p-Oct4(S229) and p-PP1*. Scale bar represents 10 �m. (F) Changes in p-Oct4(S229) level depending on Cdk1-knockdown. After Cdk1-knockdown, Flag-
PP1� (WT)-expressing E14 mESCs were treated with nocodazole for 8 h. Cell lysates were incubated with anti-Flag beads and bound proteins were im-
munoblotted with the indicated antibodies. (G) Comparisons of p-Oct4(S229) levels in PP1� (WT) and PP1� (T311A)-expressing mESCs. Flag-PP1� (WT)-
and PP1� (T311A)-expressing E14 mESCs were treated with nocodazole for 8 h and released for 2 h. Cell lysates were pulled down with anti-Flag beads.
Elution samples were immunoblotted with the indicated antibodies. Compared to PP1� (WT), PP1� (T311A) is more weakly bound to p-Oct4(S229). Com-
parisons of p-Oct4(S229) levels in PP1�(WT) and PP1�(T320A) as well as in PP1�(WT) and PP1�(T316A) are shown in Supplementary Figure S6A and
B.
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we performed ChIP-qPCR assay by treating nocodazole-
pretreated E14 mESC with RO3306. Binding of Oct4 to
chromatin areas of pluripotency-related genes declined
when cells were arrested at the G2/M phase but increased
when RO3306 was added in the presence of nocodazole
(Figure 4A), which is consistent with results showing that
high amounts of p-Oct4(S229) that accumulate in the
G2/M phase vanish quickly after treatment the RO3306
Cdk1 inhibitor (Figures 2D and 3D). Thus, inhibition of
Cdk1 at the mitotic phase might force association of Oct4
on its target genes. In addition, binding of Oct4 to target
chromatins was augmented in nocodazole-treated Cdk1-
knockdown cells when compared to the binding of Oct4 to
target genes in nocodazole-treated control cells (Figure 4B).

To examine how Cdk1 affects the transcriptional activity
of Oct4, we transfected Flag-Oct4 into NIH-3T3 cells that
stably harbored Oct4-driven luciferase reporter genes. After
48 h of transfection, we treated the cells with nocodazole
for 16 h, followed by RO3306 treatment for 2 h (without re-
moval of nocodazole). Nocodazole treatment significantly
reduced Oct4 transcriptional activity. However, treatment
with RO3306, a Cdk1 inhibitor, of the G2/M-arrested cells
triggered recovery of Oct4 transcriptional activity (Figure
4C).

To verify that Cdk1 is important for Oct4-dependent
gene expressions, we measured nascent RNA levels of
pluripotency-related genes. When E14 mESCs were arrested
in the G2/M phase, nascent RNA levels of a subset of
Oct4-targeting pluripotency genes were significantly lower
than those in asynchronous mESCs. Nascent RNA levels of
some Oct4 target genes were upregulated after RO3306 was
added to G2/M-arrested mESCs (Figure 4D). These results
indicate that Cdk1 inhibition triggers abnormal transcrip-
tion of Oct4 to target genes, even in replicated chromosome.
Therefore, we suggest that Cdk1 tightly links cell cycle pro-
gression to the transcriptional activity of Oct4 to pluripo-
tency genes.

Cdk1 inhibitor-treated mESCs in the presence of noco-
dazole were released for 10 h by simultaneous removal of
both drugs (Supplementary Figure S7A). Intriguingly, these
cells could not progress to next G1 phase after releasing cells
by withdrawal of these drugs. FACS analysis with PI stain-
ing showed that cell populations with >4N DNA contents
increased. These populations have larger size of cells than
that of asynchronous cells (Supplementary Figure S7B and
C). These polyploidy cells formed AP-positive colonies and
were differentiated by removal of LIF (Supplementary Fig-
ure S7D). It will be interesting to study the ESC signatures
in polyploidy cells through long-term observation.

DISCUSSION

Based on the results of this study, we propose a model in
which Cdk1 serves as an upstream regulator for Oct4 phos-
phorylation by controlling the activities of Aurkb and PP1
toward Oct4 and coordinates cell cycle progression through
the expression of pluripotency genes in mESCs (Figure 5).

In ESCs, only Cdk1 is selectively activated during cell
cycle progression, and Cdk1 knockout is lethal in mice
at an early embryonic stage (13,14). Moreover, Cdk1 has
been identified as an Oct4 binding partner (15,16,18), thus,

Cdk1 activity is likely to be intertwined with pluripotency
transcription in ESCs. Nonetheless, whether kinase activ-
ity of Cdk1 is related to transcriptional activity of Oct4
in ESCs remains to be determined. In this study, we con-
firmed that Cdk1 interacts with Oct4, but it does not di-
rectly phosphorylate Oct4. Intriguingly, we also found that
Cdk1 specifically interacts with Oct4 and affects the phos-
phorylation state of Oct4(S229) at the G2/M phase (Figure
1). In vitro binding experiments showed that Cdk1 appar-
ently interacts with Oct4 regardless of its regulatory sub-
unit, Cyclin B (Supplementary Figure S4A), but in vivo co-
immunoprecipitation experiments, Oct4 specifically associ-
ated together with Cdk1/Cyclin B at the G2/M phase, and
knockdown of Cyclin B in mESCs reduced the Cdk1-Oct4
interaction at G2/M phase (Figure 1H). In fact, previous
reports have shown the discrepancies that Cdk1 associates
with Oct4 without Cyclin B in vitro (18), while Cdk1 did
not associate with Oct4 without cyclins (17). Therefore, we
thought that the Cdk1–Oct4 interactions at cellular level are
presumably regulated by more complicated manners such
as post-translational modifications and their binding part-
ners, including chromosome passenger components, at the
G2/M phase.

We wanted to determine why this specific interaction
emerges at the G2/M phase because we recognized that
this interaction correlates with results in our previous work
into specific phosphorylation of Oct4(S229) at the G2/M
phase (19). Therefore, we hypothesized that Cdk1 might
regulate the Aurkb-mediated Oct4(S229) phosphorylation
in mESCs.

To identify the mechanism by which Cdk1 regulates
Oct4(S229) phosphorylation, we investigated the control of
CPC by Cdk1 during G2/M phase. Cdk1 augments Aurkb
activity, a central catalytic subunit of CPC, which, in turn,
promotes CPC binding to Shugoshin and chromosome bi-
orientation during mitosis (23). Similarly, in the present
study, we showed that Oct4 strongly interacts with Cdk1
and CPC components at the G2/M phase, which is followed
by Cdk1-activating Aurkb phosphorylation of Oct4(S229)
(Figures 1G and 2B). In addition, we observed that the
level of interaction of CPC with Oct4 was reduced when
Cdk1 activity was inhibited at the G2/M phase. These re-
sults indicate that Cdk1 activity is important in the link of
Aurkb/CPC with Oct4 phosphorylation. Following treat-
ment with the Cdk1 inhibitor RO3306, Aurkb was still as-
sociated with Oct4. Thus, it appears that inhibition of Cdk1
activity does not affect the interaction of Oct4 and Aurkb,
once Aurkb has interacted with Oct4 (Figure 2G).

It has been reported that Cdk1 phosphorylates PP1 and
inhibits PP1 activity during early mitosis (37). As PP1
isoforms antagonize Aurkb-mediated p-Oct4(S229) during
the next G1 entry (19), we examined whether Cdk1 af-
fects PP1-mediated dephosphorylation of Oct4(S229). In
mESCs, Cdk1 interacted with three isoforms of PP1 and
phosphorylated them at the G2/M phase (Figure 3A).
Simultaneously, Cdk1 colocalizes with phosphor-PP1* as
well as p-Oct4(S229). Both p-Oct4(S229) and phosphor-
PP1* decreased when Cdk1 was inhibited in G2/M-arrested
mESCs, supporting the suggestion that Cdk1 modulates
phosphorylation of Oct4(S229) by phosphorylating PP1
and inhibiting PP1 activity (Figure 3C and D).
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Figure 4. Cdk1 inhibition affects the binding of Oct4 to chromatin and its transcriptional activity. (A) E14 mESCs arrested with nocodazole were treated
with RO3306. ChIP analysis of mESCs with anti-Oct4 in regions of pluripotency-associated Oct4 target genes under the condition that Cdk1 is inhibited
in mitosis. IgG was used as a control (n = 3). (B) ChIP analysis of Cdk1-knockdown mESCs with anti-Oct4 in regions of pluripotency-associated Oct4
target genes. IgG was used as a control (n = 3). (C) Measurement of Oct4-driven transcriptional activity. Ten copies of Oct4-responsive element (10 × Oct4
RE)-driven luciferase reporter gene were incorporated into the genome of NIH-3T3 cells. These stable cells were transfected with Flag-Oct4 and treated
with nocodazole for 16 h. Nocodazole-treated NIH-3T3 cells were harvested by mitotic shake-off and then treated with RO3306 (n = 3). (D) Nascent RNA
of pluripotency-associated Oct4 target genes from E14 mESCs were collected and analyzed by performing qRT-PCR. Levels of each nascent RNA were
normalized by those in asynchronous E14 mESCs (n = 3). Data are presented as means ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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To understand the effect of Cdk1 on transcriptional ac-
tivity of Oct4, we used RO3306, an ATP-competitive Cdk1
inhibitor, as a specific and reversible probe (38). When
we treated RO3306 to mESCs that had been nocodazole-
pretreated for mitotic arrest, the condensed chromosome
produced by the nocodazole treatment was markedly de-
condensed (Figures 2E and 3E). In addition, Cdk1 inhibi-
tion during mitosis abnormally resulted in Oct4 binding to
chromatin and evoked the transcriptional activity of Oct4
even in replicated and decondensed chromosome (Figure
4A and C). Moreover, we obtained similar results in Cdk1-
knockdown mESCs (Figure 4B). These findings support the
suggestion that Cdk1 modulates the chromatin-associated
state of Oct4 during cell cycle progression.

Previous studies have shown that transcription factors
dissociate from chromatin at the onset of mitosis (39,40) due
to condensed mitotic chromatin physically restraining the
binding of transcription factors to promoters/enhancers at
target genes. But, some transcription factors, which are par-
ticularly related with lineage-specific differentiation includ-
ing Runx2 and Brd4, occupy chromatin even during mitosis
(referred to as gene bookmarking) and accelerate the reac-
tivation of lineage-specific transcription (41,42).

Recent studies reported that core transcription factors,
including Oct4, in pluripotent stem cells associate with
chromatin during mitosis (43–46). In term that bookmark-
ing of transcription factors relies on the specific binding
on their own DNA-sequence during mitosis, these find-
ings still remain to be debated because Oct4 and Sox2 were
reported to lose the DNA-binding ability during mitosis
by Aurk-mediating phosphorylation of their DNA-binding
domains, which affects the maintenance of pluripotency in
ESCs (19,47).

In this work, we showed that Oct4 seems to be actively
dissociated from chromatin during cell cycle progression
by Cdk1-mediated phosphorylation. Our previous report
showed that the S229 residue belonging to the DNA bind-
ing domain of Oct4 is critical for transcription-associated
DNA binding; thus, Cdk1-mediated phosphorylation of
Oct4(S229) results in active displacement of Oct4 from
chromatin during mitosis. Hence, Cdk1 is proposed to be
a master regulator for the Oct4 phosphorylation state at

mitosis and reduces Oct4 binding to chromatin, eventually
leading to reduce Oct4 transcriptional activity at mitosis.
At present, although we cannot exclude the possibility that
a small portion of Oct4 might be bookmarked at specific
target genes because Oct4 also works as a lineage-specific
transcription factor for endoderm differentiation (48,49),
we are able to provide evidence that Cdk1 displaces Oct4
from chromatin at mitosis by regulating the phosphoryla-
tion state of Oct4(S229) and governs Oct4 transcription ac-
tivity for ESC pluripotency.

Although Oct4 is mainly responsible for ESC pluripo-
tency, Oct4 seems to be dissociated from chromatin dur-
ing mitosis. Such dissociation might result in risky situa-
tion that ESCs lose self-renewal and pluripotency during
cell cycle progression. Considering that ESCs have a great
potential to differentiate into various types of lineage cells
upon receipt of differentiation cues, dissociation of Oct4
from chromatin during mitosis might give rise to an ‘open
window of opportunity’ for ESCs to differentiate upon re-
entry into the following G1 phase.

In this study, we demonstrated that Cdk1 can regulate
Oct4(S229) phosphorylation via activation of Aurkb/CPC
and inactivation of PP1 during mitosis and, eventually,
can have an impact on transcriptional activity of Oct4 for
pluripotency-related gene expression. By identifying Cdk1
as a regulator of Oct4 phosphorylation, we have elucidated
a mechanism by which Cdk1 acts as a master regulator
for connecting cell cycle progression with the pluripotency
transcription program in ESCs, and that mechanism might
provide a small window during M/G1 transition through
which ESCs can differentiate.
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