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Abstract

Aim: The purpose of our study is to investigate clinically significant prognostic factors at the time of interval
surgery (IS), comprising interval look surgery and interval debulking surgery, for T3c (International Federation
of Gynecology and Obstetrics stage Illc to IV) advanced ovarian cancer (AOC) patients during primary
treatment.

Methods: We reviewed records of patients with T3c AOC who underwent IS following neoadjuvant chemo-
therapy or up-front primary debulking surgery with adjuvant chemotherapy at our institution between
January 1996 and December 2010. For analysis of prognostic factors, cytology of peritoneal exfoliative cells at
IS was added to clinicopathological variables.

Results: A retrospective analysis was performed on 50 cases. The median age was 61.1 years (range, 38-78),
with median follow-up of 45.9 months (range, 12-122). Macroscopic tumors were completely resected in 32
cases (64%) at IS. Univariate analyses of clinicopathological factors for IS identified preoperative serum cancer
antigen-125 levels (220 IU/mL; P =0.0539), number of residual lesions at IS (220; P = 0.0554), incomplete
surgery at IS (P = 0.0171) and positive peritoneal cytology at IS (P = 0.0015) as significant factors for prognosis
regarding progression-free survival (PFS). Multivariate analysis identified positive peritoneal cytology
(P=0.0303) as a unique independent predictor of poor prognosis in PFS.

Conclusion: Positive peritoneal cytology at IS appears to be a significant factor for poor prognosis in PFS,
which may provide useful information for post-IS chemotherapy planning. IS in the treatment of AOC may be
useful for not only complete resection, but also for identification of patients with poor prognosis.
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Introduction

Ovarian cancer is the fifth most frequent cause of death
among women." The estimated annual incidence of
ovarian cancer is approximately 225 000 women, result-
ing in 140200 deaths per year?® In Japan, ovarian
cancer is diagnosed in approximately 7000 women
annually and continues to increase.* Approximately
70% of patients are diagnosed at an advanced stage
(stage III to IV) as there are little or no warning symp-
toms during early stages and screening has not proven
to be effective. Aiming for complete (no macroscopic
residual tumors) or optimal (residual tumors of <1 cm)
cytoreduction, primary debulking surgery (PDS), fol-
lowed by platinum-based combination chemotherapy
is the mainstay of treatment for patients with advanced
ovarian cancer (AOC).*® However, PDS is often not
feasible, especially in patients with advanced disease in
the upper abdomen or for those with poor functional
status.?'

To improve survival after incomplete primary treat-
ment, interval surgery (IS) is often pursued, allowing a
less aggressive surgery to be performed. However,
whether neocadjuvant chemotherapy (NAC) or PDSis a
more effective starting point in primary treatment, fol-
lowed by secondary surgery, remains controversial."'*
Thus, two treatment options remain available for treat-
ing patients with AOC. Recently, a large phase III trial
by the European Organization for Research and Treat-
ment of Cancer (EORTC) Gynecologic group has sug-
gested that NAC followed by interval debulking
surgery (IDS) had the same survival rate as PDS fol-
lowed by adjuvant chemotherapy, among those with
International Federation of Gynecology and Obstetrics
(FIGO) stage HIIC and IV ovarian cancer.’ In addition,
ongoing work of a second phase III randomized con-
trolled trial (CHORUS), investigating timing of initial
surgery, has been consistent with results from
EORTC55971, strengthening evidence for NAC as a
suitable alternative to PDS (Kehoe et al. ] Clin Oncol
(Meeting Abstracts)). In total, a number of reports have
recommended NAC followed by IDS. In contrast, a
multicentered prospective randomized trial conducted
by the Gynecologic Cancer Intergroup demonstrated
that it was unnecessary to perform secondary
cytoreductive surgery in cases in which PDS was per-
formed by a specialized gynecologic oncologist."> They
concluded that NAC plus IDS improved neither
progression-free survival (PFS) nor overall survival
(OS) compared with appropriately aggressive PDS.
However, even among specialized gynecologists,

surgical treatment remains widely variable by country
and individual, depending heavily on both surgical
skill and patient performance status.””"

The data supporting IS for AOC has remained com-
pelling and, consequently, most patients with stage Iilc
to IV primary ovarian cancer are treated with IS for
residual diseases following incomplete primary treat-
ments. Previous reports have demonstrated that PFS
was significantly improved after complete resection at
IDS.* Furthermore, Onda et al. have recently shown
that the optimal goal of IS is limited to removal of as
many tumor deposits as completely as possible, which
leads to relatively good OS compared with those with
microscopic residuals.” These data suggest that com-
plete surgical resection at IS confers a survival advan-
tage. While many studies have demonstrated the goal
of surgical procedure, clinicopathological factors at IS
which may influence prognosis have neither been
well defined nor thoroughly investigated. Therefore,
importantly, we retrospectively assessed factors at IS
associated with poor prognosis, including those on
preoperative evaluation.

Methods

Patients

All patients with stage Illc to IV (T3c) primary ovarian
carcinoma presenting to the University of Tokyo Hos-
pital from 1994 and 2010 were eligible for this study.
All cases were diagnosed as T3c per FIGO criteria,
defined as unilateral or bilateral ovarian cancer with
macroscopic peritoneal metastasis beyond the pelvis,
with tumor size of more than 2 cm in greatest dimen-
sion. Diagnosis of adenocarcinoma was proven by sur-
gical histology for PDS cases. NAC cases were staged
using imaging and primary investigation of peritoneal
cytology obtained by paracentesis or culdocentesis.
Staging and histologic data of study participants are
shown in Table1l. The study was performed with
written informed consent from patients in accordance
with ethical guidelines at the University of Tokyo
Hospital.

Treatments

All cases received one of the following first-line
platinum-based combination chemotherapy regimens:
CAP (cyclophosphamide, 400-600 mg/m?, and doxo-
rubicin, 30-40 mg/m? every 3 weeks with cisplatin,
50-75 mg/m?); conventional TC (paclitaxel 175 mg/m?,
carboplatin area under the curve [AUC] 6.0); weekly
TC (paclitaxel 60 mg/m? and carboplatin AUC 2.0, on
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Table 1 Patient and treatment characteristics before IS
(n =50)

No. of
patients
(n = 50)

Age, median (range), years
Follow-up period (months)

61.1 (38-78)
45.9 (12-122)

FIGO
Stage Ilc 36 (72%)
Stage IV 14 (28%)
Histology
High-grade serous, endometrioid 37 (74%)
Clear cell, mucinous, low-grade serous 4 (8%)
1Others 9 (12%)
Duration of primary chemotherapy 3.9 (2-6)
(months)
Pre-IS treatment
PDS + chemotherapy 33 (66%)
NAC 17 (34%)
Response of pre-IS chemotherapy
FcCR 26 (52%)
Non-cCR 24 (48%)

tUnclassifiable adenocarcinomas were included in this group.
$cCR was evaluated in all cases by Response Evaluation Criteria
in Solid Tumors, but one non-measurable case was included in
this group. cCR, clinical complete response; FIGO, International
Federation of Gynecology and Obstetrics; IS, interval surgery;
NAC, neoadjuvant chematherapy; PDS, primary debulking
surgery.

days 1, 8 and 15); or dose dense weekly TC (paclitaxel at
80 mg/m? on days 1, 8, and 15 and carboplatin AUC
6.0). PDS cases received bilateral/unilateral salpingo-
oophorectomy plus infragastric/radical omentectomy
with or without hysterectomy following three to four
cycles of chemotherapy prior to IS. After surgery,
pathological tumor-node-metastasis characterization
was performed. NAC cases received three to four
cycles of chemotherapy before IDS. After IS, all cases
received three to four courses of postoperative adju-
vant therapy to complete a total of eight courses of the
chemotherapy. Within 4 weeks of IS, all cases were
treated with postoperative chemotherapy. All clinical
records are kept as prospective computerized records
at the University of Tokyo Hospital.

Clinical evaluation

Patients were routinely evaluated at the end of treat-
ment, including blood testing with preoperative
elevated tumor markers (e.g. cancer antigen [CA]-125,
carcinoembryonic antigen, CA19-9), chest and abdomi-
nal X-ray, transvaginal and transabdominal ultrasound
examination, computed tomography (CT), magnetic
resonance imaging and positron emission tomography,

© 2014 The Authors
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for evidence of disease recurrence. The following data
were recorded for statistical analysis: host characteris-
tics (age, gravidity, performance status), pathologic
findings (histological diagnosis, cell type, ascites cytol-
ogy, touch smear in peritoneal cavity), duration of
primary/subsequent perioperative chemotherapy,
extent of disease (FIGO stage, clinically measurable
diseases detected by preoperative CT scanning or at
surgery, preoperative serum CA-125 levels, size of
residual disease, cytological examination and ascites
volume) and success of surgical cytoreduction
(optimal/complete or incomplete). Clinical complete
response (cCR) was defined per Response Evaluation
Criteria in Solid Tumors 1.1 criteria.

IS

The IS, comprising the interval look surgery (ILS) and
the IDS, have been performed in our institute as previ-
ously described? The surgical procedures at interval
surgery were all performed by specialized gynecologic
oncologists. Our standard interval surgery is com-
prised of total abdominal hysterectomy, bilateral
salpingo-oophorectomy  and  infragastric/radical
omentectomy if these organs had not been removed at
initial management. When appropriate, complete intra-
peritoneal debulking with the above standard surgery
plus pelvic and aortic lymphadenectomy were per-
formed, except for patients with low performance
status (PS) or with any severe complications. Further
surgical attempts at cytoreduction following proce-
dures were performed, for example, rectosigmoid col-
ectomy, bladder resection, splenectomy, diaphragmatic
peritonectomy, hepatic resection and pancreas resec-
tion. Evaluation of residual lesions was determined by
specialized gynecologic oncologists for all visualized
abnormalities, including the size or number of residu-
als at visceral and peritoneal surface.

Collection of peritoneal cytology at IS

Immediately after direct visualization of pelvic organs,
ascites was aspirated from the pelvic cavity. For insuf-
ficient volume for floating cell cytology, peritoneal
washing was performed by instilling approximately
50 mL of 37°C normal saline into the peritoneal cavity.
The fluid was allowed to immerse the peritoneal sur-
faces and then aspirated from the pelvic region. In
addition, exfoliative peritoneal cells were intensively
wiped by cotton swab from five representative sites on
the abdominal peritoneum: (i) vesicouterine pouch; (ii)
cul-de-sac; (iii) right paracolic gutter; (iv) left paracolic
gutter; and (v) right subphrenic space. For staining of
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cytology, the conventional staining, consisting of Papa-
nicolaou, periodic acid-Schiff, May-Grunwald and
Giemsa were used before fixation. Peritoneal cytology
was considered positive if cancer cells were detected
microscopically in either peritoneal fluid or wiped
swabs.

End-points and statistical analysis

Standard statistical analyses were utilized. We analyzed
the duration of response, PFS and OS in 50 patients
who received secondary surgical cytoreduction,
including IS, with residual disease after primary treat-
ment (NAC or PDS). PES was calculated from the first
day of the secondary surgery. Patients whose disease
progressed at secondary surgery and subsequently
post-treatment, and who were therefore never
progression-free, were considered to have a time to
progression of zero. OS was calculated from the first
day of chemotherapy to death; patients who were still
alive at the last follow-up appointment were censored.
Life-tables were constructed to assess PFS and OS
using the Kaplan-Meier method and were compared
between groups using the log-rank test. Univariate and
multivariate analyses assessing prognostic factors on
PFS were performed using Cox proportional hazards
regression. All variables associated with P <0.10 on
univariate analysis were included in multivariate analy-
sis. All statistical tests were two-tailed at a level of 0.05,
and differences were considered statistically significant
at P<0.05. JMP-Pro version 10.0.2 software (SAS
Institute, Cary, NC, USA) was used for all statistical
analyses.

Results

Pre-IS clinical characteristics of the patients

A total of 50 T3c cases were analyzed in this study. The
median observation period in the group was 45.9
months (range, 12-122). The median age was 61.1 years
(range, 38-78). The majority of patients were FIGO
stage Illc (72%); the remaining were stage IV (28%). The
median preoperative serum CA-125 level was 2902 U/
mL. Characteristics of all cases are summarized in
Table 1. Of 50 cases, 33 (66%) were post-PDS, while the
remaining (34%) underwent NAC. Regarding histo-
logical findings, 33 cases evidenced serous adenocarci-
noma (66%). Both PDS and NAC cases received IS
followed by post-IS platinum-based adjuvant chemo-
therapy. Combination paclitaxel-carboplatin therapy
(TC) was introduced as first-line standard therapy in
our hospital in the year 2000. Clinical response of

pre-IS chemotherapy was evaluated by preoperative
CT scanning. Twenty-six cases (52%) demonstrated
cCR after primary treatment, while 24 (48%) did not
(non-cCR). Within these 26 cases, one patient with non-
measurable lesions (longest diameter, <20 mm) con-
firmed by normalized tumor markers with sufficient
shrinkage of lesions was included in this cCR group.
Twenty-four cases (48%) did not demonstrate any
response (non-cCR) during follow-up.

Macroscopic and cytological findings at IS

Macroscopic findings at IS and impact on tumor resec-
tion by IS are shown in Table 2. The number of residual
tumors was 19 or fewer in 37 cases (74%) at IS, while 20
or more in 13 cases (26%). The diameter of the largest
residual tumors was smaller than 2.cm in 25 cases
(50%). Complete cytoreduction was achieved in 32
cases (64%).

Both peritoneal floating and exfoliative cells were
collected from all cases by washing and touch swab,
respectively, at IS laparotomy. Of 50 cases, 22 (44%)
were cytology-positive, while the remaining (56%)
were negative. Complete cytoreduction by IS was
achieved in 82% (23/28) and 41% (9/22) of cytology-
negative and -positive cases, respectively (Table 3).
Cytology-negative cases were significantly more likely
to achieve complete cytoreduction compared with
cytology-positive cases (P =0.0035). Interestingly,
nine of 32 cases with complete cytoreduction were
cytology-positive, suggesting that residual cancer cells
remained microscopically present in the peritoneum.

Table 2 Findings at IS and impact on tumor resection by
IS (n =50)

Diameter of largest residual tumor nodule

found at IS
<lecm 21 (42%)
1-2 cm 4 (8%)
22 cm 25 (50%)
No. of residual lesions found at IS
<5 25 (50%)
6-19 12 (24%)
220 13 (26%)
Impact on IS
Complete 32 (64%)
Incomplete 18 (36%)
<lcm 14 (28%)
>l cm 4 (8%)
IS, interval surgery.
© 2014 The Authors
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Table 3 Correlation between surgical cytoreduction and
peritoneal cytology at IS (1 = 50)

IS Peritoneal cytology at IS
Negative Positive
Complete (n =32) 23 9
Incomplete (1 = 18) 5 13
Total 28 22

Fisher’s exact test, P = 0.0035. IS, interval surgery.

Identification of significant prognostic factors
detected at IS

As shown in Figure 1, median PFS and OS for all cases
were 14.8 and 50.7 months, respectively. The corre-
sponding 3-year PFS and OS for all cases were 13.1%
and 64.5%, respectively.

The impact of various clinicopathological factors for
poor PFS prognosis was examined by univariate and
multivariate analysis. On univariate analysis, we inves-
tigated the prognostic significance of the following
factors: age (260 years), histologic type (clear cell,
mucinous, low-grade serous vs endometrioid, high-
grade serous), primary treatment (NAC, PDS), preop-
erative serum CA-125 levels (titer, 220 U/mL),
response of pre-IS chemotherapy (cCR, non-cCR),
maximum diameter of largest residual tumor nodule
detected at IS (21 cm), number of residual lesions at IS
(number 220), peritoneal cytology positivity, and sur-
gical completeness (postoperative presence of residual
lesions). As shown in Table4, univariate analysis
revealed that preoperative serum CA-125 level (rela-
tive risk [RR]=1.060, 95% confidence interval
[CI]=0.568-1.960, P=0.0539), number of residual
lesions at secondary surgery (<20, RR=1.838, 95%
CI=0.936-3.502, P =0.0554 by log-rank test), positive
peritoneal cytology (RR =2.851, 95% CI = 1.437-5.821,
P =0.0015 by log-rank test) and surgical completeness
(RR=2.103, 95% CI=1.089-4.005, P=0.0171 by log-
rank test) were significant for PFS. Multivariate analy-
sis (Table 5) revealed that positive peritoneal cytology
(RR =2.355, 95% CI=1.084-5.285, P=0.0303 by log-
rank test) was the only independent poor prognostic
factor for PFS.

OS and PFS by prognostic factors at IS

Overall survival and PFS survival curves in our cases
were assessed for representative prognostic factors
using the Kaplan-Meier method and the log-rank test.
Complete cytoreduction cases at IS demonstrated sig-
nificantly better prognosis for both OS and PFES than
cases with incomplete surgery (OS, P <0.0001; PFS,

© 2014 The Authors
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P =0.017 by log-rank test) (Fig. 2). We also observed a
significant difference in both OS and PFS between peri-
toneal cytology-negative and -positive cases (OS,
P <0.0001; PFS, P=0.0015 by log-rank test) (Fig. 3).
Cytology-negative cases showed good prognosis even
in those with T3c disease, including a 3-year OS rate of
78% and median PFS of 18 months. Notably, nine of 32
cases with complete cytoreduction were cytology-
positive. Among these nine cases, all eventually expe-
rienced disease recurrence. Two of the nine survived
with recurrent diseases, while six patients died, likely
due to the chemoresistant status of disease. There was
no significant difference in OS and PFS by Kaplan-
Meier method in terms of amount of residual tumor
and serum CA-125 level, even though these factors
showed marginal significance on univariate analysis
(survival curves not shown).

Discussion

The role of IS was first shown by Berek et al. as a suit-
able option to prolong survival after incomplete
primary treatment® It remained controversial for
several decades thereafter whether NAC or PDS, fol-
lowed by IS, provided additional benefit compared
with standard treatment without 1S.%** However, it
was subsequently shown that NAC, followed by
appropriate interval cytoreduction, could indeed
improve survival in those with unresectable gross
tumors involving multiple intra-abdominal organs in
whom primary surgery was suboptimal due to low PS.
It was additionally suggested that this approach may
result in lower perioperative complication rates com-
pared with standard initial aggressive resection.'®*"*
Although the goal of the interval surgery is to have
minimal residual disease remaining at the completion
of the operative procedure, the determination of
optimal cytoreduction and postoperative therapy regi-
mens are primarily determined by intraoperative sur-
gical evaluation through subjective visualization and
palpation. Thus, a validated documentation system,
Intraoperative Mapping of Ovarian Cancer (IMO), has
been proposed as an informative guideline for evalua-
tion” However, though a validated documentation
system exists for identifying and recording tumor dis-
semination pattern and postoperative tumor residuals,
discordant results are not uncommon after intraopera-
tive assessment®? In contrast, peritoneal cytology,
with a sensitivity and specificity of approximately 66%
and 100%, respectively, is usually performed as a
subsidiary measurement in conjunction with direct
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Table 4 Univariate analysis for PFS

Figure 1 Overall survival (OS) and

progression-free survival (PFS)
of all stage T3c ovarian cancer
patients (n = 50). The median PFS
and OS for all cases in the study
were 14.8 and 50.7 months,
respectively. The corresponding
3-year PFS and OS for all cases in
the study were 64.5% and 13.1%,
respectively.

RR 95% CI p
Age (260 vs <60 years) 1.230 0.668-2.277 0.4907
Histology (CC + M + LGS vs HGS + E) 0.710 0.169-2.006 0.5563
Pretreatment of IS (NAC vs PDS + chemotherapy) 1.058 0.529-2.004 0.8621
CA-125 at IS (220 vs <20 IU/mL) 1.060 0.568-1.960 0.0539
Response of pre-IS chemotherapy (¢cCR vs non-cCR) 1.078 0.586-1.997 0.8019
Maximum size of residual tumor (21 cm vs <1 cm) 1.604 0.859-3.008 0.1210
No. of residual tumors at IS (220 vs <20) 1.838 0.936-3.502 0.0554
Peritoneal cytology at IS (positive vs negative) 2.851 1.437-5.821 0.0015
Any residual tumor after IS (complete vs incomplete) 2.103 1.089-4.005 0.0171

Bolding indicates statistical significance. CA, cancer antigen; CC, clear cell carcinoma; CI, confidence interval; cCR, clinical complete
response; E, endometrioid carcinoma; HGS, high-grade serous carcinoma; IS, interval surgery; LGS, low-grade serous carcinoma; M,
mucinous cell carcinoma; NAC, neoadjuvant chemotherapy; PDS, primary debulking surgery; PFS, progression-free survival; RR, relative

risk.

Table 5 Multivariate analysis for PFS

RR 95% CI P
CA-125 at IS (220 vs <20 U/mL) 1172 0.418-1.744 0.6625
No. of residual tumor at IS (20 vs <20) 1.261 0.511-3.053 0.6122
Any residual tumor after IS (complete vs incomplete) 1218 0.487-3.079 0.6750
Peritoneal cytology at IS (positive vs negative) 2.355 1.084-5.285 0.0303

Bolding indicates statistical significance. CA, cancer antigen; CI, confidence interval; IS, interval surgery; PFS, progression-free survival; RR,

relative risk.

visualization,”® confirming the presence of peritoneal
implants with few clinical biases. Further the inten-
sively wiped peritoneal swabs were additionally
assessed for the cytological evaluation of the peritoneal
cavity in our institute.

Although it may be necessary to investigate more
cases to draw a definite conclusion, it raises useful
suggestions of the significance of intraoperative diag-
nostic evaluation. Our study demonstrates diagnostic
value for predicting outcome of stage T3c ovarian
cancer patients at IS and shows that the presence of
positive peritoneal cytology at IS is an independent
adverse prognostic variable with regard to PFS on both
multivariate and survival analyses. In terms of diagnos-

tic significance, peritoneal cytology at IS may be a very
useful tool for predicting prognosis of T3c cases. More-
over, our data suggested that negative peritoneal cytol-
ogy was more strongly associated with favorable
prognosis compared with complete cytoreduction.
Thus, cytology-negative cases showed good prognosis
even in those with T3c disease, including a 3-year OS
rate of more than 60% and median PFS of 18 months. In
comparison, median PFS in EORTC trial cases was 12
months.

Notably, nine of 32 cases with complete
cytoreduction were cytology-positive, suggesting that
residual cancer cells, possibly chemoresistant,

remained microscopically present in the peritoneum.

© 2014 The Authors
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Figure 2 Impact of surgical reduction rate at interval surgery (IS): complete versus incomplete (1 = 50). Three-year overall
survival (OS) for complete cytoreduction cases in the study was 79%, and for incomplete cases was 13.1%. Complete
cytoreduction cases at IS have better prognosis for both OS and progression-free survival (PFS) significantly than cases that
ended as incomplete surgery (OS, P <0.0001; PFS, P = 0.017 by log—rank test).
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Figure 3 Comparison of peritoneal cytology at interval surgery (IS): positive versus negative (i1 = 50). A significant differ-
ence in both overall survival (OS) and progression-free survival (PFS) between the peritoneal cytology-negative and
-positive (OS, P <0.0001; PFS, P = 0.0015 by log—rank test) is shown. Cytology-negative cases show good prognosis even
for T3¢ cases; 3-year OS rate of 78% and median PFS of 18 months.

Among these nine cases, all eventually experienced
disease recurrence. Peritoneal cytology may be more
sensitive for detection of residual cancer cells at IS com-
pared with intraoperative surgical evaluation via visu-
alization and palpation, or CT scanning. Microscopic
residual cancer cells may progress to recurrent tumor
even after additional post-IS adjuvant chemotherapy,
followed by clinical recurrence. Our data suggests that
peritoneal cytology should be assessed at IS in order to
identify T3c cases with poor prognosis, most of which
develop intraperitoneal recurrence.

Given our data, peritoneal cytology at IS provides us
with additional information with which to predict PFS
in individual cases, as well as reconsider post-IS adju-
vant chemotherapy regimens for cytology-positive
cases. Recent reports from Japan have demonstrated
that i.p., versus i.v., administration of chemotherapy
was more effective in ovarian cancer cases in which
IDS ended with suboptimal surgery (KCOG9812).%
Cytology-positive cases may warrant either change of

© 2014 The Authors

regimen or route of administration for post-IS adjuvant
chemotherapy. Obviously, randomized well-designed
prospective studies are warranted to investigate new
strategies for post-IS adjuvant chemotherapy in perito-
neal cytology-positive cases.
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include four isoforms of the catalytic subunit (p110a, p110B,
p110y, and p1103). Among these four isoforms, p110a is broadly
mutated and predominantly activated in various types of human
cancers, although p110f and p1108 might be selectively activated
in certain tumors such as those with loss of PTEN function [2,3].
Mammalian target of rapamycin (mTOR) is the catalytic subunit
found in two distinct complexes: the raptor-containing complex
mTORC]1 and the rictor-containing complex mTORGC2 [4].

Introduction

The phosphatidylinositol 3-kinase (PI3K)-AKT signaling path-
way is frequently activated in various types of cancers, and several
inhibitors that target this pathway have been developed as
potential cancer therapeutics. The constitutive activation of the
PI3K-AKT pathway results from various types of alterations,
including the overexpression of receptor tyrosine kinases (RTKs),

as well as mutations of Ras, the catalytic subunit pl10o of
phosphoinositide-3-kinase (PIK3CA), and PTEN [1]. Class I PI3Ks
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AKT activates mTORCI signaling and also phosphorylates other
downstream proteins, including GSK3p, forkhead box-O tran-
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scription factors (FOXOs), and mouse double minute 2 homolog
(MDM2) [5]. mTORCI controls protein synthesis and cell
proliferation via the phosphorylation of its downstream targets,
4E-BP1 and S6 kinase 1 (S6K1) [6]. Rapamycin and its analogs
(rapalogs) block mMTORCI] activity, but not mMTORC2 activity [7].
One of the AKT downstream targets, MDM?2, is a negative
regulator of TP53 that induces its ubiquitination and subsequent
degradation [8]. Although the cytostatic effects of PI3K pathway
inhibitors have been reported in various types of cancers [9-12],
targeting the PISK pathway might induce cytotoxic effects by
suppressing anti-apoptotic signals through the dephosphorylation
of FOXOs and stabilization of TP53. It seems reasonable to
suspect that targeting the PI3K-mTOR axis might be a promising
therapeutic strategy to selectively induce apoptosis of cancer cells,
especially those without mutations in TP53.

Epithelial ovarian cancer is a leading cause of death resulting
from gynecological malignancies. Ovarian clear cell adenocarci-
noma (OCCA) is the second most common cause of death from
ovarian cancer, with a higher incidence in Asia, especially in Japan
(>25%), than in other continents [13]. OCCA is derived primarily
from ovarian endometriosis, and the clinical outcome is generally
poor, owing to low response rates to conventional platinum-based
chemotherapy [14]. Thus, novel therapeutic strategies are
warranted to improve the clinical outcome of OCCA. In
histological terms, ovarian serous adenocarcinoma (OSA) is the
most common variant of ovarian carcinoma [15]. It is highly
sensitive to platinum-based chemotherapy, with a primary clinical
response rate of >70%. The mutational spectrum differs between
OCCA and OSA, with 7TP53 mutations observed in almost all
(96%) OSA tumors, but in only 10% of OCCA tumors [15,16]. In
particular, mutations of RBI and BRCAI/2 are much more
common in OSA than in OCCA. However, PIK3CA mutations are
more frequent in OCCA (>40%) than in OSA (<10%) {17].
Although mutations of KRAS and PTEN are rare (<10%), the
overexpression of several RTKs has been reported in OCCA,
including human epidermal growth factor receptor 2 (HER?2) with
a frequency of approximately 40% and cMET with a frequency of
approximately 30% [18-21]. Taken together, these observations
suggest that the RTK-PISK/mTOR signaling axis might be
broadly activated in OCCA.

DS-7423 is a novel, small-molecule compound that inhibits both
PISK and mTOR (mTORC1/2). It inhibits all class I PI3K
isoforms with greater potency against p110c than against the other
pl10 isoforms. Relevant activity (ICso <200 nM) was not
observed in any of the 227 kinases tested, except for Mixed
Lineage Kinase 1 (MLK1) and Never-In-Mitosis Gene A (NIMA)-
related kinase 2 (NEK2). The compound is currently in phase 1
clinical trials for solid tumors. In this study, we evaluated its anti-
tumor efficacy in a panel of OCCA cell lines. We focused in
particular on the ability of DS-7423 to induce apoptosis, and on
whether the apoptosis might be mediated by TP53.

Materials and Methods

Small-molecule compounds

The small molecule compound DS-7423 was provided by the
Daiichi-Sankyo Company, Ltd (Tokyo, Japan). The drug infor-
mation about DS-7423 is available on the ClinicalTrials.gov
website (NCT01364844). The mTOR inhibitor rapamycin was
purchased from Cayman Chemical (Michigan, USA).

Cell lines

The OVTOKO, OVISE, OVMANA, RMG-I, OVSAHO,
OVKATE, and OV1063 lines were purchased from the Japanese
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Collection of Research Bioresources (JCRB) Cell Bank (Osaka,
Japan). The JHOC-7, JHOC-9, HTOA, JHOS-2, JHOS-3, and
JHOS-4 cell lines were purchased from the RIKEN Cell Bank
(Ibaraki, Japan). The TOV-21, ES-2, and SKOV3 cell lines were
from the American Type Culture Collection (Manassas, VA).
OVISE, OVTOKO, TOV-21G and ES2 were cultured in
RPMI1640 medium containing 10% fetal bovine serum (FBS).
OVMANA was cultured in RPMI medium containing 20% FBS,
JHOC-7 in DMEM/F12 medium containing 10% FBS, JHOC-9
and RMG-I in DMEM/F12 medium containing 20% FBS, and
SKOV3 in DMEM containing 10% FBS. The OVSAHO,
OVKATE, OV1063, HTOA, JHOS-2, JHOS-3, and JHOS-4
lines were cultured in DMEM medium containing 10% FBS. The
histological subtype of the SKOV3 cells was not unambiguously
defined even after extensive analysis, although it was confidently
identified as clear cell adenocarcinoma [22]. The immortalized
epithelial cell line from an ovarian endometrial cyst was a
generous gift from Dr. Satoru Kyo [23].

Polymerase chain reaction (PCR) and sequencing

The mutational status of all nine OCCA cell lines was analyzed
by PCR and direct sequencing. The PCR conditions and primers
for the analysis of PTEN (exons 1-9) and K-Ras (exon 1 and 2)
sequences were described previously [24-26]. The entire coding
region of PIK3CA was analyzed by reverse transcription (RT)-PCR
with LA-Taq according to the manufacturer’s protocol (Takara
BIO, Madison, WI) [27]. The PCR primers for analysis of TP53
(exons 4—-8) were described previously [28].

Proliferation assays

Assays of the suppression of cell proliferation were performed
with the Cell Counting Kit-8 using the tetrazolium salt WST-8 [2-
(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium, monosodium salt] (Dojindo, Tokyo, Japan) for
the methyl thiazolyl tetrazolium (MTT) assay. Using 96-well
plates, 2,000 cells were seeded on the appropriate medium and
treated with increasing doses (0-2,500 nM) of DS-7423 or
rapamycin for 72 h, starting from 24 h after seeding. Proliferation
was quantified by monitoring the changes in the absorbance at
450 nm, which were normalized relative to the absorbance of cell
cultures treated with DMSO alone.

Immunoblotting

Cells were treated with DS-7423 or rapamycin for the indicated
time and at the indicated concentration, and were then lysed in the
cell lysis buffer (Cell Signaling Technology, Beverly, MA).
Antibodies to total Akt, phosphorylation of Akt (p-Akt) (Ser473,
Thr308), p-GSK3beta (Ser9), total S6, p-S6 (Ser235/236, Ser
240/244), p-4EBP1 (Thr37/46), p-FOXO1 (Thr24), p-FOXO3a
(Thr32), p-MDM2 (Ser 166), p-TP53 (Ser1)), cleaved-PARP, and
PARP (Cell Signaling Technology, Beverly, MA), beta-actin
(Sigma-Aldrich, St. Louis, MO), TP53 (Santa Cruz, CA, USA)
and p-TP53 (Ser46) (Calbiochem, Billerica, MA) were used for
immunoblotting, as recommended by the manufacturers. Signals
were detected using BioRAD western blotting systems (BioRAD,
Hercules, CA) with the detection reagents ECL advance and ECL
select (GE Healthcare, Piscataway, NJ).

Cell cycle analysis

Cells (5x10°) were seeded in 60-mm dishes and treated with
DS-7423 for 48 h. Floating and adherent cells were collected by
trypsinization and washed twice with phosphate buffer saline
(PBS). Cells were resuspended in cold 70% ethanol and
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maintained at 4°C: overnight. After being washed twice with PBS,
cells were incubated in RNase A (0.25 mg/mL) (Sigma) for 30 min
at 37°C, followed by staining with propidium iodide (PI; 50 pg/
mL) (Sigma) at 4°C. for 30 min in the dark. Cells were then
analyzed using flow cytometry (BD FACS Calibur HG, Franklin
Lakes, NJ). Cell cycle distribution was analyzed using CELL Quest
pro ver. 3.1. (Beckman Coulter Epics XL, Brea, CA). All

experiments were repeated three times.

Detection of apoptosis by staining with annexin-V FITC
Cells (5x10%) were cultured in 60-mm plates for 24 h before
treatment with either DMSO (control), and 156 nM DS-7423, or
2,500 nM DS-7423 for 48 h. Cells were trypsinized, washed twice
with PBS, and then analyzed after double staining with annexin-V
fluorescein isothiocyanate (FITC) (Abcam, Cambridge, MA) and
PI. The apoptotic cell population was analyzed using flow
cytometry. All experiments were performed three times.

Ethics statement for animal experiments

This study was approved by Animal Care and Use Committee,
Daiichi-Sankyo Pharmaceutical Co. Ltd. Athymic mice were
maintained in an SPF (Specific Pathogen Iree) facility according
to our institutional guidelines, and experiments were conducted
under an approved animal protocol.

Tumor xenografts in nude mice

Specific pathogen-free female nude mice (BALB/cAJcl-nu/nu),
6 weeks old, were purchased from CLEA Japan, Inc (Tokyo,
Japan). Subcutaneous xenograft tumors in the mice were
established by the injection of a 100-uL suspension containing
5%10° cells of the TOV-21, RMG-1, or ES-2 lines in PBS. Tumors
were removed after exponential growth, cut into 3-mm pieces, and
transplanted subcutaneously into other mice for RMG-I cells. DS-
7423 was suspended in 0.5 w/v% Methyl Cellulose 400 solution
(Wako Pure Chemical Industries, Ltd.) Oral daily administration
of DS-7423 started 8-22 days later, following the injection of the
cells (5-6x10° cells/0.1 mL). One weck after tumor transplanta-
tion, mice were assigned randomly to one of the three treatment
regimens: (1) non-treated control, (2) DS-7423 (1.5 mg/kg), (3)
DS-7423 (3 mg/kg), and (4) DS-7423 (6 mg/kg). Each treatment
group consisted of five mice. DS-7423 was injected orally (p.o.)
once a day. Tumor volumes (in mma) were calculated by the
formula: ([major axis] x [minor axis]?/2). After the treatment, the
tumors were removed and analyzed by western blotting. Tumor
weight (wet weight) was measured, and the average weight was
calculated for each group.

Semi-quantitative RT-PCR analysis

OCCA cells were treated with either DMSO or the indicated
concentration of either DS-7423 or rapamycin for 24 h. Total
RNAs of these cells were extracted with the RNeasy Mini Kit
according to the manufacturer’s instructions (QIAGEN, Valencia,
CA). cDNAs were synthesized from total RNAs by using the Super
Script III First-strand Synthesis SuperMix (Invitrogen, Carlsbad,
CA). The exponential phase of the RT-PCR occurred between
15-30 cycles, and these cycles were monitored to allow semi-
quantitative comparisons among the cDNAs developed from
identical reactions. The primers and conditions for the amplifica-
tion of ps3AIPI, p21, and GAPDH sequences were described
previously [29]. The PCR primers for PUMA were 5'-TGAGA-
CAAGAGGAGCAGCAG-3’ (forward) and 5'-AC-
CTAATTGGGCTCCAT CTC-3" (reverse). The primers for
p53R2, TIGAR, GLS2, GADD45, 14-3-3 sigma and PAI-1 were
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described previously [30-35]. Each PCR regimen involved a 2-
min initial denaturation step (94°C), which was followed by 15-30
cycles at 94°C for 30 s, then at 55°C for 30 s, and finally, at 72°C
for 30 s using a Thermal Cycler Gene Atlas instrument (ASTEC,
Fukuoka, Japan).

Gene silencing

Cells were plated at approximately 30% confluence in 100-mm
plates and incubated for 24 h before transfection with small
interfering RNA (siRNA) duplexes at the concentrations indicated,
using Lipofectamine 2000 RNAIMAX (Invitrogen, Carlsbad, CA)
and Opti-MEM medium (Life Technologies, Grand Island, NY).
The siRNAs specific for TP53 were purchased from Invitrogen. A
negative control kit was used as a control (Invitrogen, Carlsbad, CA).

Luciferase assay

Transfection was performed using Effectene reagent (QIAGEN,
Valencia, CA) according to the manufacturer’s recommendation.
The TP53 expression plasmid (0.1 pg/pL) was cotransfected with
pp53 TA Luc (0.25 pg/mkL). The phRL CMV-Renilla plasmid
(Promega, Madison, WI) was also transfected in all experiments as
the internal control to normalize the transfection efficiency. The
assays, each involving triplicate wells, were repeated three times.

Statistical analysis

The data were expressed as means * standard deviations of
three independent determinations. The significance of the
difference between two samples was analyzed using the Student’s
t-test, and a p-value of <0.05 was considered to denote a
statistically significant difference.

Results

Genetic alterations and activation of the PI3K-AKT
signaling pathway in OCCA cell lines

We evaluated the phosphorylation (p-) levels of the proteins in
the PISK-AKT pathway by using an immortalized epithelial cell
line from an ovarian endometrial cyst as a control. AKT was
phosphorylated at Thr308 in seven of the nine OCCA cell lines
tested (Figure 1). The cell lines OVMANA and ES-2 had low levels
of p-AKT (Thr308) (Figure 1). The phosphorylation levels of S6,
4E-BP1 and/or FOXO1/3a, the downstream targets of AKT,
were upregulated in the OCCA cells, including OVMANA and
ES-2.

Four of the nine cell lines possessed PIK3CA mutations (44%)
(Figure 1 and Table S1), and one of these four, TOV-21G, also
possessed mutations in PTEN and K-Ras (11%). TP53 mutations
were detected in three cell lines (33%) (Table S1). The mutational
status of PIK3CA was not associated with the phosphorylation of
AKT or proteins that act downstream of AKT. Next, the
expression and phosphorylation levels of three RTKs (HER2,
HER3, and MET), which have been reported to be overexpressed
in OCCA, were evaluated. The levels of phosphorylation of both
HER2 (Tyr1221/1222) and HER3 (Tyr1289) were correlated
with the abundances of these two proteins (Figure 1). p-HER2 and
p-HER3 levels were elevated in four (44%: OVISE, SKOVS,
JHOC7 and RMG-I) and six (67%: TOV-21G, OVISE,
OVMANA, OVTOKO, JHOC-7 and RMG-I) cell lines, respec-
tively (Figure 1). The expression of MET was higher in all nine
OCCA cell lines than in the control, although the level of p-MET
was increased in only two cell lines (22%: JHOC-7 and RMG-I).
Taken together, all the OCCA cell lines, except for ES-2 and
JHOC-9, possessed one or more activating alterations in the
RTK-PI3K genes examined (Figure 1 and Table S1). Each of the
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Figure 1. Phosphorylation and mutational status of genes that encode components of the RTK/Ras/PI3K pathway. Nine ovarian clear
cell adenocarcinoma (OCCA) and a control (Cntl) cell line (immortalized epithelial cells from ovarian endometrioma) were lysed in cell lysis buffer and
analyzed by western blotting. In general, most of the OCCA cell lines displayed higher levels of phosphorylation of Akt (Thr308) and its downstream
targets (GSK3B, FOXO 1/3a, 4EBP1 and S6) than the respective levels of phosphorylation in the control line. The abundances and levels of
phosphorylation of c-MET (Tyr1234/1235), HER2 (Tyr1221/1222), and HER3 (Tyr1289) were also evaluated. The mutational status of PIK3CA, PTEN, and

K-Ras is shown for each cell line.
doi:10.1371/journal.pone.0087220.g001

four cell lines with PIK3CA mutations showed concomitant
activation of RTKs, defined as high levels of phosphorylation of
HER2 and/or HER3.

Anti-proliferative effect of DS-7423 in OCCA cell lines
We tested the anti-proliferative effects of the dual PI3K/
mTOR inhibitor, DS-7423, and the mTOR (mTORCI)
inhibitor, rapamycin, in each of the nine OCCA cell lines.
Exposure to 156 nM DS-7423 inhibited cell growth by 70%-—
97%, and the ICsq values for cell proliferation were 20-75 nM
(Figure 2A). Dose-dependent growth suppression was more
clearly induced by DS-7423 than by rapamycin in each of the
nine cell lines (Figure 2A). The ICs, value was not reached with
rapamycin at any of the concentrations tested (2.45-2,560 nM)
in five (OVMANA, SKOV3, OVTOKO, JHOC-7 and RMG-I)
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of the nine OCCA cell lines. We also examined the effect of DS-
7423 in seven OSA lines. The ICsq values with DS-7423 were
>100 nM in four of these seven OSAs (Figure 2B). The ratio of
resistant cell lines ICs0 >100 nM) was significantly higher in
OSA cell lines (57%) than in OCCA cell lines (0%) (p=0.019 by
Fisher’s exact test).

We performed immunoblotting on the lysates prepared from the
cells treated with DS-7423 or rapamycin. DS-7423 suppressed the
phosphorylation of AKT (Thr308 and Ser473) and S6 (Ser235/
236 and Ser240/244) at doses of 39-156 nM and higher
(Figure 3A and Figure S1). DS-7423 suppressed the phosphory-
lation levels of the targeted proteins at comparable doses in the
AKT pathway (AKT, FOXO1/3a, and MDM?2) and mTORC1
pathway (S6). Rapamycin did not suppress p-Akt at any dose, and
suppressed p-S6 at 2.45 nM or higher doses (Figure 3B). On the

February 2014 | Volume 9 | Issue 2 | 87220

— 209 —



PI3K/mTOR Inhibitor in Ovarian Clear Cell Cancer

A e DS-7423
s [@PAMYCIN l IC5, by DS-7423 l
TOV-Z']G] 45nM JHOC-7 l 65nM
150 150 150 B
g S 8
2 100 <, 100 >.100
§ 50 é 50 é 50
® > z
o 0 D 0 : 2 D 0
01 1 10 100 1o000(M © 04 1 10 100 1000 ™M© 01 1 10 100 1000 (M)
OVISE | 25nM ES-2 l 45nM JHOC9 30nM
—~ 150 T 150 150 _—
% 100 = 100 = 100
£ 50 g 50 g so
T Z >
[GI} D 0 A ] 0
0.1 1 10 100 1000 (M} © 0.1 1 10 100 1000 (nm)© 0.1 1 10 100 1000 {nM)
OVMANA l 50nM OVTOKO | 30nMm RMG-1 75nM
150 150 150 —
g,mo gwo < 100
B so 2 5o 2 5
z 2 E
[0 0 o) 0 % 1
© o1 1 10 100 10000 C T 1 10 100 1000 ™F 01 1 10 100 1000 ™
B IC50 (nM)
1000 -
OSA IC50 (NM) 900
800 -
JHOS-3 45 00
HTOA 60 600 |
OVSAHO 65 500
JHOS-4 120 400 -
JHOS-2 250 zgg I
OV1063 700 oo |
OVKATE >2.500 0 B
OCCA OSA

Figure 2. Inhibition of cell proliferation by DS-7423 and rapamycin. (A) Cell viability for each cell line was analyzed using the methyl thiazoly!
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doi:10.1371/journal.pone.0087220.g002

contrary, rapamycin increased the levels of p-FOXO3a and p-

FOXO1 at 2,500 nM (Figure 3B).
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We conducted fluorescence-activated cell sorting (FACS)-
based cell cycle analyses in OCCA cells treated with DS-7423.
DS-7423 decreased the size of the S-phase population in the
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Figure 3. Inhibition of PIBK/mTOR signaling by DS-7423 and rapamycin in ovarian clear cell adenocarcinoma cell lines. (A)
Immunoblotting of total protein extracts from OCCA cells (OVISE and OVMANA) treated with DS-7423 at concentrations ranging from 0 to 2,500 nM.
(B) Immunobilotting of total protein extracts from OVISE cells treated with rapamycin at concentrations ranging from 0 to 2,500 nM.

doi:10.1371/journal.pone.0087220.g003

OCCA cells, although the change was weak in ES-2 cells.
(Figure 4A). G1 arrest was predominantly observed in six of the
nine cell lines. The sizes of sub-G1 populations increased in a
dose-dependent manner in six of the nine cell lines, especially in
OVISE and OVMANA cells.
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In vivo antitumor effect of DS-7423 in a mouse xenograft
model

In vivo antitumor activity of DS-7423 in mice implanted with
either TOV-21G cells or RMG-1 tumor pieces was examined.
Oral daily administration of DS-7423 significantly suppressed the
tumor growth of the xenografts of TOV-21G and RMG-I in a
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Figure 4. Flow cytometric analysis of the cell cycle in cancer cells treated with DS-7423, and /n vivo demonstration of the anti-tumor
effect of DS-7423 in nude mice. (A) Cells (5x10%) were seeded in the presence of 10% serum and treated with DS-7423 for 48 h at doses of
9.8 nM, 256 nM, or 2,500 nM. DS-7423 blocked OCCA cell cycle progression into the S phase in a dose-dependent manner. The relative size of the
sub-G1 population was increased in six of the cell lines (left) but was not affected in the remaining three cell lines (right). (B) Subcutaneous xenograft
tumors in athymic BALB/c mice were established following the injection of OCCA cells of either the TOV-21G (left) or RMG-I (right) cell lines. Mice were
treated daily (5-7 days per week) at the indicated doses of DS-7423 (1.5, 3, or 6 mg/kg, 8-10 days). Each treatment group contained five mice.
Estimated tumor volumes (upper graphs) and body weight losses (BWL) (lower graphs) were shown in the two OCCA cells. Tumor volumes were
calculated by the formula {(major axis)*(minor axis)?/2} mm>. Groups were compared at the end of treatment. Points, mean; bars, standard deviation

(SD); *p<0.05.
doi:10.1371/journal.pone.0087220.g004

dose-dependent manner (Figure 4B). No significant adverse effects,
including body weight loss of more than 10%, were observed in
the mice examined (Figure 4B). Treatment with DS-7423
suppressed the levels of p-AKT (Thr308) and p-S6 (Ser240/244)
in the TOV-21G and RMG-I xenografts (Figure S2A). Compared
with TOV-21G and RMG-I xenografts, the anti-tumor effect of
DS-7423 was weaker in xenografts with ES-2, for which the basal
level of p-Akt (Thr-308) was low (Figure S2B).

Induction of apoptosis by DS-7423 in TP53 wild-type cell
lines

The data collected from FACS analysis suggested that DS-7423
has a cytotoxic and cytostatic effect in certain OCCA cell lines. We
combined the DS-7423 treatment (156 nM or 2,500 nM) with
double staining with annexin-V FITC and PI to evaluate the
proportion of cells that underwent apoptosis. DS-7423 at 156 nM
induced apoptosis at 4-12% in five of the six cell lines that lacked
mutations in T7P53 (Figure 5A and 5B). In these five cell lines,
2,500 nM DS-7423 induced apoptosis in 10~16% of the cells. In
three cell lines with 7P53 mutations, DS-7423 did not induce
apoptosis in >5% of the cells at any of the doses tested (Figure 5A).
The size of the population of apoptotic cells was significantly
higher in cells that lacked mutations in TP3 when compared with
cells with mutated TP3 at either 156 nM (p =0.0352) or 2,500 nM
(p=0.0368) DS-7423 according to the Student #test (Figure 5C).
Rapamycin did not induce apoptotic cell death in >5% of the
OCCA cells, even at 2,500 nM. The percentage of apoptotic cells
was significantly higher in OVISE cells treated with DS-7423 than
that in those treated with rapamycin (Figure S3). This result
indicates that mTORGC]1 inhibition alone is insufficient to induce
apoptosis in OCCA cell lines. Immunoblotting analysis revealed
that DS-7423 induced the cleavage of PARP within 2 h in
OVMANA cells without mutations in 7P53 (Figure 5D). The
induction of cleaved-PARP was observed at 39 nM, and the effect
increased in a dose-dependent manner up to a concentration of
2,500 nM (Figure 5D).

Induction of p-TP53 at Ser46 and expression of p53AIP1
by DS-7423

The phosphorylation of MDM2 is associated with the activation
of MDM2 and degradation of TP53, with the phosphorylation of
TP53 at Ser46 playing a key event in the TP53-dependent
apoptosis (28). Treatment with DS-7423 reduced the level of p-
MDM2 in a dose-dependent manner (Figure 3A and 6A).
Inversely, DS-7423 increased TP53 level even at lower doses,
resulting in increased expression of p-TP53 (Serl5 and Ser46)
(Figure 6A). However, only p-TP53 (Ser46), not p-TP53 (Serl5),
was clearly induced by high doses of DS-7423 (156-2,500 nM).
We then used semi-quantitative RT-PCR to evaluate the
regulation of genes that are directly regulated by TP53 in
OVMANA and OVISE cells. DS-7423 induced the expression
of the pro-apoptotic genes p534IP1 and PUMA at 39 nM or higher
doses, but did not induce the expression of p21 at any of the three

PLOS ONE | www.plosone.org

doses tested (39, 156, and 2,500 nM) (Figure. 6B and 6C). We also
performed semi-quantitative RT-PCR of other TP53 target genes
involved in DNA repair (p53R2), metabolism (TIGAR and GLS2),
G2/M arrest (GADD45), and cell cycle arrest/senescence (14-3-3
sigma and PAI-1) to test whether other TP53 target genes are
induced by DS-7423. GADD45 was significantly induced by DS-
7423 in OVISE cells (Figure 6B and 6C), in which G2/M arrest
was enhanced by DS-7423 according to the MTT assay
(Figure 4A). The other TP53-downstream genes tested were not
induced by DS-7423 in both OVISE and OVMANA cells, and
expression of TIGAR was rather decreased in OVMANA cells
(Figure S4).

TP53 activation is responsible for DS-7423-mediated
apoptosis

We used siRNAs specific to 7TP53 to knockdown TP53
expression in OVISE cells, and treated the cells with DS-7423
at either 156 or 2,500 nM. The size of the population of apoptotic
cells was calculated by annexin-V FITC-PI double staining 48 h
after treatment of DS-7423. Knockdown of TP53 levels rescued
cells from apoptotic cell death induced by treatment with both DS-
7423 doses (Figure 6D). Immunoblotting indicated that two
independent siRNAs (siRNAI and siRNA2) specific to TP53
suppressed the expression of TP53 by >80% (Figure 6E). Next, we
performed the MTT assay by applying both DS-7423 and siRNA
to TP53 in OVISE cells (wild-type TP53). The anti-proliferative
effect of DS-7423 was significantly reduced when combined with
the knockdown of TP53 (Figure 6F). The effect of DS-7423 on the
transcriptional activity of TP53 was also examined by luciferase
assays in ES-2 cells with mutations in 7P53. The cells were treated
with DS-7423 for 24 h at the indicated doses, and then
cotransfected with both pp53-TA-luc plasmid (containing TP53
binding sites) and a plasmid that encodes TP53. The relative
luciferase activity of TP53 was significantly enhanced by DS-7423
in a dose-dependent manner (Figure 6G).

Discussion
The effects of the PI3K/mTOR inhibitor, DS-7423, on OCCA

cell lines were examined with a particular focus on (i) the anti-
proliferative effect of DS-7423, (ii) the induction of apoptosis by
DS-7423, and (iii) the identification of predictive biomarkers for (i)
and (ii).

MTT assays revealed a clear dose-dependent effect of DS-7423
on cell proliferation, with all nine OCCA cell lines displaying
sensitivity to DS-7423 (ICs5o at 75 nM or lower), regardless of
mutations on PIK3CA. The sensitivity to DS-7423 was significantly
higher in OCCA than in OSA cell lines. The prevalence in OCCA
cell lines of activating mutations in genes that encode components
of the RTK-PI3K-AKT signaling pathway might account, at least
in part, for their broad sensitivity to DS-7423. Differences in the
dose-dependence of the anti-proliferative effects of DS-7423 and
rapamycin suggest differences in the modes of action of these two
drugs. Whereas DS-7423 showed a more robust anti-proliferative
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Figure 5. DS-7423-mediated induction of apoptosis in ovarian clear cell adenocarcinoma cell lines. (A) All nine OCCA cells were treated
with DS-7423 at 156 or 2,560 nM for 48 h, and apoptotic cell proportion was evaluated using annexin-V fluorescein isothiocyanate (FITC) and
propidium iodide (Pl) double staining, followed by analysis using flow cytometry. The experiments were repeated 3 times, and each value is shown as
the mean of 3 experiments * standard deviation (SD). (B) The apoptotic cells were calculated using flow cytometry by counting the cell population in
the right boxes. The example shown (OVISE cells) is representative of the results obtained for all the cell lines tested. (C) The proportion of cells
rendered apoptotic by exposure to DS-7423 at 156 nM and 2,560 nM was significantly higher in OCCA cells without mutations in TP53 than in OCCA
cells that carry mutations in TP53. (D) Cleaved poly(ADP-ribose) polymerase (PARP) induction was evaluated by immunoblotting in OVISE cells. OVISE
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doi:10.1371/journal.pone.0087220.g005

effect at the higher concentrations tested (>40 nM), rapamycin ting data and several previous reports in other types of cancers
suppressed cell proliferation even at lower concentrations [10,12,36]. The cell cycle profile was distinct among each cell line.
(<10 nM), and concentrations >10 nM failed to suppress the For example, G1 arrest was not induced and G2/M ratio was high
proliferation any further. This dose dependency is compatible with in OVISE cells under DS-7423 exposure. This might be partly
the phosphorylation levels of the target proteins in immunoblot- explained by the fact that GADD45 was induced by DS-7423 in
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each value is shown as the mean of 3 experiments = SD. *p<<0.05.
doi:10.1371/journal.pone.0087220.g006

these cells. Thus, the action mechanism of DS-7423 might be
distinct in each type of cells, regardless of the TP53 status.
Resistance to mTOR (mTORCT) inhibitors might be induced by
several mechanisms, including increased activity of another
mTOR complex, mTORC2, or upregulation of receptor tyrosine
kinases such as insulin-like growth factor-1 receptor (IGF-R1)
[37,38]. The use of mTORCI inhibitors to treat OCCAs is
currently being investigated in phase 2 clinical trials. The currentdy
ongoing GOG  (Gynecologic  Oncology  Group)-0268
(NCTO01196429) trial recruits OCCA patients and treats the
subjects with carboplatin and paclitaxel, followed by temsirolimus
(CCI-779). A report on six cases with weekly administration of
temsirolimus in recurrent OCCA patients showed partial response
in one patient and stable disease in another patient [39]. However,
given that our data suggest that dual PI3K/mTOR inhibitors,
such as DS-7423, might be more promising than single mTORC1

PLOS ONE | www.plosone.org

inhibitors, clinical trials that involve a dual PI3K/mTOR
inhibitor, such as DS-7423, seem warranted for OCCA.
DS-7423 induced significantly higher levels of apoptotic cell
death in OCCA cells without mutations in 7P53 than in OCCA
cells with 7P53 mutations. This result suggests both that the
mutational status of 7P53 might be a good biomarker to predict
apoptosis induction by DS-7423, and that apoptosis depends on
TP53 function. TP33 is degraded by MDM2, a ubiquitin ligase for
TP53, and the MDM2 function is augmented by the kinase
activity of Akt. Akt-mediated phosphorylation of MDM2 blocks its
binding to pl9ARF, increasing the degradation of TP53 [40,41].
DS-7423 increased the level of p-TP53 at Ser46, which results in
induction of p534IP! and PUMA (genes involved in TP53-
mediated apoptosis) [29,42-44]. This data suggests that the
apoptotic effect of DS-7423 depends, at least in part, on TP53
activity. The reasons for p-TP53 (Ser46), not p-TP53 (Serl5),
being clearly induced and for apoptosis being preferentially
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induced by high doses of DS-7423 should be further clarified. In
addition, other non-apoptotic genes were not significantly induced
by DS-7423, except for GADD45 in OVISE cells. Further
analyses are warranted whether TP53 function is more involved in
apoptosis rather than in cell cycle arrest and/or DNA repair
process by DS-7423. Another possibility is that other proteins
(such as FOXOs) which act downstream of Akt might also play a
role in the induction [45]. Dephosphorylation of FOXOs at their
Akt sites induces their nuclear translocation and triggers apoptosis
by induction of prosurvival genes of the BGL2 family [46,47]. The
observation that the phosphorylation of FOXO1/3a was sup-
pressed by DS-7423, regardless of TP53 status, suggests that the
pro-apoptotic effect of DS-7423 cannot be explained exclusively
by the phosphorylation of FOXOs. The use of siRNA to
knockdown TP53 rescued OCCA cells from apoptosis caused by
DS-7423. We also confirmed by MTT assay that the anti-
proliferative effect of DS-7423 was significantly diminished by
knocking down TP53, suggesting that intact TP53 function might
enhance the anti-tumor effect of DS-7423. Recendy, it was
reported that cell death caused by a PISK inhibitor, BKM-120,
was associated with TP53 status in glioma cells [48], and that
PI3K/AKT inhibition was suggested to induce TP53-dependent
apoptosis in HTLV-1-transformed cells [49]. These data also
support the importance of wild-type TP53 in the induction of the
cytotoxic effect of PI3K pathway inhibitors.

The involvement of multiple molecules in the activation of the
PI3K/mTOR pathway underscores the critical need to develop
predictive biomarkers that might also serve as therapeutic targets.
Mutations of PIR3CA and amplification of HER2 have been
proposed to be useful biomarkers in breast cancer [50,51], whereas
mutant Ras has been suggested to be a biomarker of resistance in
several solid tumor cells [52]. All these biomarkers (PIK3CA,
HER?2 and Ras) are focused on the RTK/Ras/PI3K pathway
itself, and not on the cytotoxic effects associated with PI3K/
mTOR inhibitors. Our data suggest that the presence of PIK3CA
mutation and any other PI3K-activating alteration alone might
not predict the sensitivity of OCCA cells to DS-7423. ES-2 cells,
with no mutations in the RTK/Ras/PI3K pathway genes
examined, showed low level of p-Akt, and the effect of DS-7423
in ES-2 xenografts was less robust, suggesting that the level of
PI3K pathway activation would still be important for the
sensitivity. However, the mutational status of TP533 might
represent a better biomarker for the selection of tumors that
could be killed by DS-7423 treatment. The frequency of mutations
in TP53 in OCCA was much less frequent than for ovarian
cancers with other histology types [15,53]. These results indicate
that OCCAs would be good candidates for clinical studies on the
dual PI3K/mTOR inhibitor, DS-7423.

Our study has several limitations. First, cytostatic effect is still
essential to suppress cell proliferation, regardless of TP53 status.
Second, the ratio of apoptotic cells is low (less than 20%) even at
high concentrations of DS-7423. Third, the mechanism of
cytostatic effect by DS-7423 in OCCA is cell type dependent
(i.e. G1 arrest was not induced in OVISE and ES-2 cells). Thus,
careful consideration is required to evaluate the TP53-dependent
cytotoxic effect of DS-7423. Further studies are warranted to
elucidate the mechanism of action of DS-7423, and more efficient
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Supporting Information

Figure S1 Immunoblotting of OCCA cells (ES-2 and
JHOC-9), treated with DS-7423 at concentrations rang-
ing from 0 to 2,500 nmol/L. As shown in Figure 3,
phosphorylation of AKT and its target proteins were downregu-
lated by DS-7423. In ES-2 cells, basal level of p-AKT at Thr 308
was very low (as shown in Fig. 1), but p-AKT at Ser473 was clearly
suppressed by DS-7423.

(PPTX)

Figure S2 In vivo effect of DS-7423 in nude mice. (A)
Western blot of total lysates from the TOV-21G and RMG-1
xenogralls. total lysates were harvested 2 and 6 h after the last
drug administration of DS-7423. The levels of p-Akt (Thr-308)
and p-S6 (Ser-240/244) were assessed. (B) Subcutaneous xenograft
tumors in athymic BALB/c mice were established after injection of
ES-2 cells. Mice were treated daily at the indicated doses (1.5, 3 or
6 mg/kg/day, totally 8 times) of DS-7423 or non-treated control.
Estimated tumor volumes were smaller in mice treated daily with
6 mg/kg of DS-7423, compared to the control. Western blot of
total lysates from the ES-2 xenografts (treated with 6 mg/kg of
DS-7423) was also shown below.

(PPTX)

Figure S3 The size of apoptotic cell population was
compared between DS-7423 and rapamycin in OVISE
cells, using annexin-V FITC and PI double staining (as
shown in Fig. 5A-5B). The percentage of apoptotic cells was
significantly higher in cells treated with DS-7423, compared with
those with rapamycin.

(PPTX)

Figure S4 Semi-quantitative RT-PCR in OVMANA and
OVISE cells treated with DS-7423 at the indicated doses.
Each expression level of p53R2, TIGAR, GLS2, GADD45, 14-3-
3 sigma and PAI-1 was not enhanced by DS-7423. Each
experiment was repeated 3 times, and ecach value is shown as
the mean of 3 experiments * SD.

(PPTX)

Table S1 Phosphorylation and mutational status in 9
OCCA cell lines. Elevated phosphorylation of cMET, HER?2
and HERS3, and mutations of PIK3CA, PTEN, KRAS and TP53
were listed in each cell line.

(XLSX)
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