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Ovarian cancer is the most lethal disease among gynecological malignancies. More effective therapy is
required to counter high recurrence rates and chemotherapy resistance. We investigated the efficacy and
molecular mechanisms of three combined treatments (TCTs)—a novel histone deacetylase (HDAC) inhibi-
tor OBP-801/YM753, 5-fluorouracil (5-FU), and paclitaxel (PTX)—in human ovarian cancer SKOV-3 and
OVCAR-3 cells. The inhibition of cell growth was stronger with TCTs than with each single agent and with
two combined treatments. The TCTs significantly induce G, phase arrest in both cell lines. We then analyzed
the molecular mechanisms and found that the TCTs increased the phosphorylation of p38 (Thr180/Tyr182),
decreased the expression of CDC25C, and increased the phosphorylation of CDC2 (Tyr15), an inactive form
of CDC2. To examine the responsibilities of the p38 pathway for G, phase arrest induced by the TCTs, we
employed the p38 inhibitor SB203580. SB203580 inhibited G, phase arrest, suppression of CDC25C, and
phosphorylation of CDC2 (Tyr15) induced by the TCTs. These results suggest that the TCTs can induce
G, phase arrest through activation of the p38 signaling pathway. We therefore believe that this combination

is promising as a novel therapeutic strategy against ovarian cancer.
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INTRODUCTION

Ovarian cancer is the leading cause of death among
gynecological cancers'. Early stage ovarian cancer often
shows no symptoms, and the majority of patients are diag-
nosed at an advanced stage. The treatment strategy is sur-
gical therapy for reduction of the tumor and chemotherapy
including platinum-based drug and paclitaxel (PTX)>. In
ovarian cancer, the response rate of first-line chemother-
apy is approximately 70%. However, in the majority of
cases, relapse occurs within 5 years, and additional chemo-
therapy is needed’. In stage III and IV patients, the median
duration of progression-free survival after first-line che-
motherapy is 18 months®. Since relapsed cancer is usually
resistant to platinum-based drugs and PTX, these patients
are treated with other agents: 5-fluorouracil (5-FU), topo-
tecan, etoposide, gemcitabine, or doxorubicin. However,

the response rate of second-line chemotherapy is only
10%—-20%>°. Therefore, there is an urgent need for a novel
treatment strategy for the management of ovarian cancer.

Histone deacetylase (HDAC) inhibitor is promising
for the treatment of various cancers because of its ability
to induce cell cycle arrest and apoptosis®’. The FDA has
already approved several HDAC inhibitors (vorinostat,
romidepsin, and belinostat) for the treatment of cutane-
ous T-cell lymphoma or peripheral T-cell lymphoma®’.
In ovarian cancer cells, HDAC inhibitor has also been
reported to induce cell cycle arrest and apoptosis'®'".
A novel HDAC inhibitor, OBP-801/YM753, which was
originally identified as spiruchostatin A (an enhancer
of plasminogen activator inhibitor-1 gene expression'?),
was also identified as a novel HDAC inhibitor using p21
promoter reporter screening"’. OBP-801/YM753 showed
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the most potent HDAC-inhibitory activity in our studys; it
was about 50 times more effective than vorinostat". This
novel HDAC inhibitor, OBP-801/YM753, is under clini-
cal trial in the US.

As mentioned above, PTX is used in first-line chemo-
therapy in ovarian cancer treatment, and 5-FU is used in
second-line chemotherapy. However, a previous report
revealed that 5-FU inhibited PTX-induced M phase arrest
and apoptosis in breast cancer cells'’. Therefore, the com-
bination of PTX and 5-FU would not show a synergistic
effect as a chemotherapy treatment.

On the other hand, HDAC inhibitor augmented the
effectiveness of various traditional cytotoxic drugs includ-
ing 5-FU and PTX". For example, a previous report
showed that HDAC inhibitor enhanced the sensitivity of
5-FU'. On the other hand, it was reported that the com-
bination treatment of HDAC inhibitor and PTX syner-
gistically inhibited cell growth in ovarian cancer cells'”.

On the basis of these previous reports, we speculated
that HDAC inhibitor could augment the effects of 5-FU
and PTX despite the offsetting effect between 5-FU
and PTX. We therefore investigated the efficacy of three
combined treatments (TCTs)—OBP-801/YM753, PTX,
and 5-FU—against ovarian cancer cells with elucidation
of the molecular mechanisms of these treatments.

MATERIALS AND METHODS
Cell Culture

Human ovarian cancer SKOV-3 and OVCAR-3 cells
were purchased as cell lines of NCI-60 from the NCI
Developmental Therapeutics Program (Bethesda, MD,
USA). These cell lines were expanded and placed in stock
within a month of receipt. For the experiments, cells were
used fewer than 3 months after resuscitation. SKOV-3
and OVCAR-3 cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum, 4 mM glutamine, 50 U/ml penicillin, and
100 pg/ml streptomycin. All cells were incubated at 37°C
in a humidified atmosphere containing 5% CO,.

Reagents

OBP-801/YM753 was provided by Oncolys Bio-
pharma (Tokyo, Japan). 5-FU and PTX were purchased
from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan).
SB203580 was purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA).

Cell Viability Assay

The number of viable cells was determined using a cell
counting kit-8 assay (Dojindo Laboratories, Kumamoto,
Japan) according to the manufacturer’s instructions. After
incubation for 72 h with the indicated concentrations of
various reagents, the kit reagent WST-8 was added to the
medium, and the cells were incubated for a further 4 h.
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The absorbance of samples (450 nm) was determined
using a multiwell spectrophotometer (Viento; DS Pharma
Biomedical Co., Ltd., Osaka, Japan).

Analysis of Cell Cycle

For cell cycle analysis, cells were incubated with
OBP-801/YM753 and/or PTX and/or 5-FU at the indi-
cated concentrations for 24 h and then harvested. After
washing with PBS, the cells were permeabilized with
0.1% Triton X-100, and the nuclei were stained with
propidium iodide (Sigma-Aldrich, St. Louis, MO, USA).
The DNA content was measured using FACSCalibur™
(Becton-Dickinson, Franklin Lakes, NJ, USA), and the
data were analyzed with ModFit LT™ (Verity Software
House, Topsham, ME, USA) and the Cell Quest software
package (Becton-Dickinson).

Western Blot Analysis

Cells were lysed with a lysis buffer (50 mM Tris-HCI,
1% SDS, 2 ug/ml leupeptin, 2 pg/ml aprotinin, 0.1%
2-mercaptoethanol, and 1 mM phenylmethylsulfonyl fluo-
ride). The protein extract was loaded onto a polyacrylam-
ide gel, subjected to electrophoresis, and transferred to a
PVDF membrane (EMD Millipore, Billerica, MA, USA).
The blots were blocked in 5% skim milk/TBS-T for 1 h
at room temperature and incubated with the appropri-
ate primary antibodies. Primary antibodies were obtained
for the following proteins: phospho-CDC2 (Tyrl5),
CDC2, cyclin B1, phospho-histone H3 (Ser10), histone
H3, phospho-histone H2A.X (Ser139), histone H2A.X,
CDC25C, phospho-CHK1 (Ser345), CHKI1, phospho-
CHK2 (Thr68), CHK?2, phospho-p38 (Thr180/Tyr182),
p38 (Cell Signaling Technology), GAPDH (HyTest Ltd.,
Turku, Finland), and B-actin (Sigma-Aldrich). An appro-
priate secondary antibody, anti-rabbit IgG, HRP-linked
antibody, or anti-mouse IgG, HRP-linked antibody (GE
Healthcare, Piscataway, NJ, USA), was incubated for
1 h at room temperature. The signals were detected with
Chemi-Lumi One (Nacalai Tesque, Kyoto, Japan) or Wes-
tern Chemiluminescent HRP Substrate (EMD Millipore).
The band intensity was assessed by ImagelJ software'®.

Statistical Analysis

Significance was assessed by Student’s z-test. Differ-
ences were considered significant with a value of p<0.05.

RESULTS

The TCTs (OBP-801/YM753, 5-FU, and PTX)
Significantly Inhibit Cell Growth With G,/M
Phase Arrest in Ovarian Cancer Cells

We first investigated the effect of OBP-801/YM753,
5-FU, or PTX, individually, on the cell growth of human
ovarian cancer, SKOV-3 and OVCAR-3 cells, using a cell
counting kit-8 assay. OBP-801/YM753, 5-FU, or PTX
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Figure 1. Three combined treatments (TCTs)—OBP-801/YM753, 5-FU, and PTX—significantly inhibit the growth of human ovar-
ian cancer SKOV-3 and OVCAR-3 cells. Human ovarian cancer SKOV-3 cells were treated with DMSO (as control) and OBP-801/
YM753 (A), 5-FU (B), or PTX (C) at the indicated concentrations. Human ovarian cancer OVCAR-3 cells were treated with DMSO
(as control) and OBP-801/YM753 (E), 5-FU (F), or PTX (G) at the indicated concentrations. SKOV-3 (D) and OVCAR-3 (H) cells
were treated with DMSO or OBP-801/YM753 (3 nM) and/or 5-FU (100 nM) and/or PTX (2 nM). After incubation for 72 h, viable
cells were counted using a cell counting kit-8 assay. Data represent means +=SD of three determinations. *p<0.01 compared with the
TCTs versus DMSO-treated controls.
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inhibited the cell growth of SKOV-3 (Fig. 1A-C) cellsin a
dose-dependent manner. Moreover, the TCTs (OBP-801/
YM753, 5-FU, and PTX) showed a stronger inhibitory
effect on growth than each single agent and two combined
treatments (Fig. 1D). Similar results were found in another
human ovarian cancer, OVCAR-3 cells (Fig. IE-H).

The TCTs Induce G, Phase Arrest With the Induction
of the Phosphorylation of CDC2 and Suppression
of the Expression of CDC25C

Since it is known that 5-FU usually induces S phase
arrest, PTX induces M phase arrest, and HDAC inhibitors
induce both G, and/or G, phase arrest, we investigated
the effect of the TCTs on the cell cycle progression of
SKOV-3 cells using flow cytometry. As a result, TCTs
more significantly induced G,/M phase arrest than each
single agent and two combined treatments (Fig. 2A).

To investigate whether the cell cycle arrest induced
by the TCTs was G, or M phase arrest, we evaluated the
phosphorylation of histone H3 (Ser10), a well-known M
phase marker, the phosphorylation of CDC2 (Tyr15), and
the expression of p21, cyclin B1, and CDC25C (Fig. 2B).
After 24 h, the TCTs did not increase the phosphorylation
of histone H3. On the other hand, the TCTs increased the
phosphorylation of CDC2 and decreased the expression
of CDC25C. The expression of cyclin B1 was unchanged.
The expression of p21 was increased in all treatments,
including each single agent, but there were no accumula-
tive effects in the two or TCTs. These results suggest that
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the TCTs induced G, phase arrest, but not M phase arrest,
with the induction of the phosphorylation of CDC2 and
the suppression of CDC25C expression.

The TCTs Increase the Phosphorylation of p38,
but Neither the Phosphorylation of CHKI nor CHK?2,
Following DNA Damage

We also analyzed the phosphorylation of histone
H2A X, a well-known DNA damage marker. The TCTs
increased the phosphorylated form of histone H2A.X
(Fig. 3A and B). This result suggests that the TCTs
induced DNA damage.

To investigate the relationship between the G, phase
arrest and the DNA damage caused by the TCTs, we ana-
lyzed the effects on the phosphorylation of CHK1, CHK?2,
and p38, all of which are known to be activated by DNA
damage and subsequently suppress the expression of
CDC25C. The TCTs remarkably increased the phospho-
rylation of p38, but neither the phosphorylation of CHK1
nor CHK?2 (Fig. 3A and C-E). These results suggest that
the TCTs activate the p38 pathway, but not the CHK1 or
CHK2 pathways, following DNA damage.

The p38 Inhibitor Suppresses the G, Phase Arrest
Induced by the TCTs

To evaluate the contribution of the activation of p38
pathway in the G, phase arrest induced by the TCTs, we
employed a p38 selective inhibitor, SB203580. SB203580
significantly suppressed the G, phase arrest caused by the
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Figure 2. The TCTs induce G, phase arrest. (A) SKOV-3 cells were treated with DMSO or OBP-801/YM753 (3 nM) and/or 5-FU
(100 nM) and/or PTX (2 nM) for 24 h and were analyzed by flow cytometry. Data represent means+SD of three determinations.
*p<0.01 compared with TCTs versus DMSO-treated controls (indicated for the G,/M phase only). (B) Western blotting for p-CDC2
(Tyr15), CDC2, cyclin B1, p21, CDC25C, p-histone H3 (Ser10), and histone H3 was performed with the lysate of cells treated for 24 h
with DMSO or OBP-801/YM753 (3 nM) and/or PTX (2 nM) and/or 5-FU (100 nM) in SKOV-3 cells. GAPDH and B-actin were used

as loading controls.
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Figure 3. The TCTs induce the phosphorylation of p38, but neither the phosphorylation of CHK1 nor CHK2, following DNA damage.
(A) Western blotting for p-histone H2A.X (Ser139), histone H2A.X, p-CHK1 (Ser345), CHKI1, p-CHK2 (Thr68), CHK2, p-p38
(Thr180/Tyr182), and p38 was performed with the lysate of cells treated for 24 h with DMSO or OBP-801/YM753 (3 nM) and/or 5-FU
(100 nM) and/or PTX (2 nM) in SKOV-3 cells. GAPDH was used as a loading control. The phosphorylation ratio of histone H2A.X
(B), CHK1 (C), CHK2 (D), and p38 (E) was determined as a ratio of each phosphorylated protein compared to each total protein and
expressed as fold induction relative to control. Band intensity was quantified with ImageJ.

TCTs (Fig. 4A). Moreover, SB203580 suppressed the
phosphorylation of CDC2 caused by the TCTs (Fig. 4B).
In another human ovarian cancer, OVCAR-3 cells, the
TCTs induced G, phase arrest (Fig. 4C) and the phospho-
rylation of both p38 and CDC2 (Fig. 4D). Furthermore,
SB203580 significantly suppressed the G, phase arrest
and the phosphorylation of CDC2 caused by the TCTs
(Fig. 4C and D). These results suggest that the TCTs can
induce G, phase arrest through the activation of the p38
signaling pathway in human ovarian cancer cells.

DISCUSSION

In this study, we demonstrated that the TCTs—a novel
HDAC inhibitor OBP-801/YM753, 5-FU, and PTX—
significantly induced G, phase arrest in human ovarian

cancer cells. It is known that CDC2 and CDC25C regu-
late the transition from G, to M phase, called the “G,/M
checkpoint””. The cell cycle transition from G, to M
phase is regulated by the dephosphorylation of CDC2 by
CDC25C"*. In our data, the TCTs increased the phos-
phorylation of CDC2 with the suppression of CDC25C
but did not increase the phosphorylation of histone
H3, a well-known M phase marker. These results sug-
gest that the TCTs induced G, phase arrest at the G,/M
checkpoint.

Since the G,/M checkpoint is known to arrest the cell
cycle at the G, phase in order to repair damaged DNA, we
speculated that the TCTs may cause DNA damage. As a
result, the TCTs induced the phosphorylated form of his-
tone H2A.X, a well-known DNA damage marker. Since
HDAC inhibitors are known to increase DNA damage



1250 AKIYAMA ET AL.
A SKOv-3 B SKOV-3

g™ ] OBP-801/5-FU/PTX — — + -+
s 80 1 $B203580 — 4+ — 4
3 60 -
5 e CDC25C [ e |
0 @s p-CDC2 (Tyr1s) | - |
_‘i 20 A mG1
° CDC2 — — - —
° 0 A
o

& T GAPDH [ s s s

(&X
c OVCAR-3 D OVCAR-3

§100 .
5 80 OBP-801/5-FU/PTX — — + +
3 o0 A $B203580 - + —
3 scym p-p38 (Thr180/Tyr182) | — |
; 0 =S p38 [ ————
T 0 mo1 p-CDC2(Tyr1s) [ == |
3 0 - CDC2 o e |

EY & < <

s A GAPDH | se—

&

Figure 4. p38 inhibitor suppresses G, phase arrest and the phosphorylation of CDC2 caused by the TCTs. SKOV-3 (A) and OVCAR-3
(C) cells were treated with or without the TCTs for 24 h and/or pretreatment with SB203580 (20 uM) for 2 h. The population, in terms
of the phases of the cell cycle, was analyzed by flow cytometry. Data represent means +SD of three determinations. *p<0.01 com-
pared with the TCTs versus the TCTs with SB203580 (indicated for the G,/M phase only). SB, SB203580; combo, TCTs (OBP-801/
YM?753, PTX, and 5-FU). Western blotting for CDC25C, p-CDC2 (Tyr15), CDC2, p-p38 (Thr180/Tyr182), and p38 was performed
with the lysate of cells treated with or without the TCTs for 24 h and/or pretreatment with SB203580 (20 uM) for 2 h in SKOV-3 (B)

and OVCAR-3 (D) cells. GAPDH was used as a loading control.

by the downregulation of DNA repair proteins such as
Rad51, Ku-70, Ku-86, and DNA-PKcs*'?, our results
suggest that OBP801/YM753, an HDAC inhibitor, of the
TCTs may prolong DNA damage, resulting in activation
of the G,/M checkpoint.

In response to DNA damage, phosphorylation and the
inactivation of CDC25C by CHK1/2 play a major role
in G, phase arrest” . However, following DNA dam-
age, p38 also phosphorylates and inactivates CDC25C,
inducing G, phase arrest””’. Therefore, we examined
whether CHK1/2 or the p38 pathway is responsible for
this G, phase arrest followed by DNA damage. Our data
indicate that the TCTs increased the phosphorylation of
p38, but not the phosphorylation of CHK1/2. Moreover,
SB203580, a p38 selective inhibitor, suppressed both the
phosphorylation of CDC2 and G, phase arrest caused
by the TCTs. These data suggest that G, phase arrest
caused by the TCTs depends on the p38 pathway, not the
CHK1/2 pathway, following DNA damage. Although
previous studies showed that 5-FU or PTX inactivated
CDC25C*™, we could detect neither DNA damage nor

the inactivation of CDC25C by each single treatment
at the concentrations we used. Therefore, it is of inter-
est to elucidate further the mechanisms of the specific
activation of the p38 pathway following DNA damage
by the TCTs.

On the basis of our results, we considered that the
TCTs caused DNA damage followed by the activation of
p38 and the inactivation of CDC2, consequently leading
to cell growth inhibition with G, phase arrest in ovar-
ian cancer cells (Fig. 5). Recently, it was reported that
the inefficient combination of oxaliplatin and cetuximab
against colorectal cancer in clinical trials was due to the
inactivation of p38 by cetuximab’'. This report and our
results suggest the importance of the activation of the p38
pathway in the efficacy of chemotherapy.

In conclusion, this is the first report to demonstrate that
treatment with three combined agents—a novel HDAC
inhibitor OBP-801/YM753, 5-FU, and PTX—induces G,
phase arrest through the p38 pathway in human ovarian
cancer cells. We believe that this treatment is a promising
therapy for ovarian cancer.
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Figure 5. The scheme of mechanisms of inducing G, phase
arrest through the p38 pathway by the TCTs.
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