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Abstract
Advanced clear cell carcinomas originating from both ovaries and kidneys with can-
cerous peritonitis have poor prognoses. Murine double-minute 2 (MDM2) is a po-
tential therapeutic target for clear cell ovarian carcinomas with WT TP53. Herein, 
we characterized the antiangiogenic and antitumor effects of the MDM2 inhibitors 
DS-3032b and DS-5272 in 6 clear cell ovarian carcinoma cell lines and 2 clear cell 
renal carcinoma cell lines, as well as in clear cell ovarian carcinomas s.c. xenograft and 
ID8 (murine ovarian cancer cells with WT TP53) cancer peritonitis mouse models. In 
clear cell ovarian carcinoma s.c. xenograft mouse models, DS-3032b significantly re-
duced WT TP53 clear cell ovarian carcinoma- and clear cell renal carcinoma-derived 
tumor volumes. In ID8 mouse models, DS-5272 significantly inhibited ascites produc-
tion, reduced body weight, and significantly improved overall survival. Additionally, 
DS-5272 reduced the tumor burden of peritoneal dissemination and decreased 
CD31+ cells in a dose-dependent manner. Furthermore, DS-5272 significantly de-
creased vascular endothelial growth factor concentrations in both sera and ascites. 
Combined therapy with MDM2 inhibitors and everolimus showed synergistic, and 
dose-reduction potential, for clear cell carcinoma treatment. Our findings suggest 
that MDM2 inhibitors represent promising molecular targeted therapy for clear cell 
carcinomas, thereby warranting further studies to evaluate the efficacy and safety of 
dual MDM2/mTOR inhibitors in clear cell carcinoma patients.
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1  | INTRODUC TION

Murine double-minute 2 is an E3 ubiquitin ligase that binds to 
and degrades p53 through proteasomes following polyubiquitina-
tion.1,2 Furthermore, MDM2 is a negative regulator of the TP53 
tumor-suppressor gene and acts by inhibiting TP53 transcriptional 
activity and its translocation from the nucleus to the cytoplasm.3 
More than 17% of tumors in humans show MDM2 amplification, 
which leads to poor prognosis and treatment failure with pres-
ent-day chemotherapeutics. Additionally, ~50% of all cancers 
retain WT p53, wherein the p53 pathway is inactivated by the 
overexpression of endogenous negative regulators. In particular, 
MDM2 amplification occurs in ~7% of all human cancers without 
concomitant TP53 mutation.

Recently, we showed that high levels of MDM2 in CCOC were neg-
atively correlated with PFS and OS and an independent factor associ-
ated with poor prognoses.4 Unlike early stage, advanced stage CCOC 
patients can develop deep vein thrombosis, pulmonary embolisms, 
peritoneal dissemination, and massive hemorrhagic ascites in the peri-
toneal cavity, with ascites development influencing the poor progno-
sis.5 In such cases, standard chemotherapy becomes insufficient due 
to these clinical complications.6 Effective alternative treatments have 
not been identified, and as such, the establishment of molecular-tar-
geting therapy focused on advanced CCOC is warranted.

Clear cell renal carcinoma accounts for ~80% of renal cell carcino-
mas and has histopathological and molecular biological similarities to 
CCOC7; however, gene mutations in CCRC include a high frequency 
of inactivating mutations in the Von Hippel–Lindau tumor-suppres-
sor gene (VHL) and only a low frequency of PI3K/Akt/mTOR pathway 
and TP53 mutations. Nevertheless, similar to CCOC, MDM2 levels 
are significantly correlated with PFS and OS in CCRC, and its high 
expression is reportedly an independent poor prognostic factor.8,9

Thus, MDM2 overexpression has been associated with increased 
metastasis and advanced disease in several cancers.10 Given the link 
between poor outcomes and p53 and MDM2 levels, blocking the 
MDM2-p53 interaction is expected to be a reasonable therapeu-
tic target for various advanced cancers.11 The MDM2-p53 binding 
inhibitors show antitumor effects both in vivo and in vitro in can-
cers with WT TP53.11 MDM2 and p53 interact at their first 120 
and first 30 N-terminal amino acid residues, respectively, through 3 
key binding residues, Phe19, Trp23, and Leu26.12 Inhibitors, such as 
Nutlin-3a and RG-7112, mimic the 3-D structure of these 3 residues, 
with RG-7112 capable of inducing apoptosis in CCOC through acti-
vation of p53.13 These results suggest that reactivating p53 could 
prove to be a promising therapeutic strategy for tumors expressing 
WT p53. Additionally, MDM2 reportedly increases the gene expres-
sion of hypoxia-inducible factor-1 (HIF-1) and VEGF.14,15 Moreover, 
the detachment and adhesion of cancer cells is strongly related to 

angiogenesis16; therefore, we investigated the antitumor effects and 
inhibition of ascites by an MDM2 inhibitor that also exerts an inhibi-
tory effect on VEGF activity in a WT TP53 CCOC cell line.

The PI3K/Akt/mTOR signaling pathway, which in turn activates 
MDM2, is frequently triggered in cancers.17-21 Additionally, the 
mTOR inhibitors everolimus and temsirolimus have been used clin-
ically to treat renal cell carcinoma, neuroendocrine tumors, breast 
cancer, and tuberous sclerosis.22,23 In noncancerous cells, p53 
suppresses the PI3K/Akt signaling pathway by activating PTEN,24 
and Akt can directly phosphorylate and stabilize MDM2 and pro-
mote p53 degradation.25,26 However, PTEN mutations are only ob-
served in 5% of CCOC cases,21 suggesting that the mTOR signaling 
pathway and the MDM2 pathway are mutually affected in CCOC. 
Interestingly, the PI3K/mTOR coinhibitor DS-7423 shows an anti-
tumor effect against CCOC and a synergistic effect in combination 
with the aforementioned MDM2 inhibitor RG-7112.4,14,20

TP53 mutations occur in less than 10% of CCOC cases.27 
Furthermore, mutations in PIK3CA, which activates the PI3K/Akt/
mTOR pathway, are found in ~40% of CCOC cases, human epider-
mal growth factor receptor 2 gene (HER2) overexpression occurs 
in ~30%, and cMET is overexpressed in ~30% along with frequent 
activation of receptor tyrosine kinase.21,28 Based on this molecular 
biological background, the mTOR pathway is considered a promising 
therapeutic target against CCOC.

In the present study, we preclinically evaluated the antitumor ef-
fect of the MDM2 inhibitors DS-527229 and DS-3032b,30 as well as 
their ability to suppress ascites formation, on TP53 WT CCOC and 
CCRC. DS-3032b is currently in phase I clinical trials for relapsed 
acute myeloid leukemia (NCT02319369) and advanced solid tumors 
or lymphomas (NCT01877382). Additionally, we examined the in 
vivo and in vitro antitumor effects of their combination use of the 
MDM2 inhibitors with everolimus in CCCs originating from ovaries 
and kidneys.

2  | MATERIAL S AND METHODS

2.1 | Ethics approval and consent to participate

The study was carried out in accordance with the Declaration of 
Helsinki. This study was approved by the Animal Care and Use 
Committee of the University of Tokyo. Athymic mice were maintained 
in a specific pathogen-free facility according to our institutional guide-
lines, and experiments were undertaken according to an approved ani-
mal care protocol (P13-121). In the study, the allocation process was 
carried out by random selection without any other criteria.

Specific pathogen-free female nude mice (BALB/cAJc1-nu/nu) and 
C57/BL6 female mice were used in the study. Five-week-old BALB/
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cAJc1-nu/nu mice and 8-week-old C57/BL6 female mice were housed 
in groups of 5 per cage and subjected to treatment under specific 
pathogen-free conditions in the section of the clinical research center 
at the University of Tokyo according to approved protocols and guide-
lines of the Institutional Animal Care and Use Committee. The ani-
mals were kept under controlled environmental conditions (23 ± 1°C; 
12/12 h night-day cycle) with ad libitum access to food and water. 
Zeitgeber 0 was at 8:00 am. The mean body weight of all mice was ap-
proximately 21-22 g. All mice were naïve to previous drug treatments. 
All animals were randomly divided into 3 groups (n = 7-8/group) for 
the study.

2.2 | Tumor xenografts in nude mice

Specific pathogen-free female nude mice (BALB/cAJc1-nu/nu) were 
purchased from CLEA Japan (Tokyo, Japan). Nude mice bearing OVISE, 
Caki-1, or ES-2 tumor xenografts were established, as follows: OVISE, 
Caki-1, or ES-2 cells (2 × 107) were injected s.c. using 27-G needle into 
the 5-week-old mice, and the s.c. implanted tumor was allowed to grow 
to 5 mm in diameter. The mice were then randomly assigned to 3 groups 
(n = 7-8/group), and each mouse was treated daily for 3 weeks with 
either an oral dose of 50 mg/kg or 100 mg/kg DS-3032b or vehicle, or 
DS-3032b (50 mg/kg) and everolimus (5 mg/kg). Mice were weighed 
over time, and the tumor size and body weight of the xenograft mouse 
models were measured after the start of treatment. At the termination 
of treatment, all mice were anesthetized with 4% isoflurane (Fujifilm 
Wako, Tokyo, Japan) in 100% oxygen until loss of righting reflex and 
killed by cervical dislocation. Tumor volume was calculated according to 
the following formula: ([major axis] × [minor axis]2) / 2. Tumors were col-
lected from mice killed after 21 days of treatment, and tumor weights 
were compared between treated animals and controls using t tests.

2.3 | Cancer peritonitis mouse model

C57/BL6 mice were purchased from Japan SLC, and ID8 cells (2 × 106) 
in PBS were introduced into the mice by i.p. injection using a Hamilton 
syringe (27-G needle). After 7 weeks, the mice were randomly as-
signed to 3 groups (n = 7-8/group) and received daily oral treatment 
with 25, 50, or 100 mg/kg of DS-5272 or vehicle for 4 weeks. ID8 
mice were monitored twice every other day. At the termination of 
treatment, all mice were anesthetized with isoflurane, and killed. 
After mice were killed, blood and ascites were collected and ana-
lyzed. Peritoneal seeding that formed on the visceral peritoneum of 
the anterior abdomen was removed, along with the abdominal wall, 
and analyzed. Group means were compared by paired t tests.

2.4 | Cell lines and compounds

We used 6 human CCOC cell lines (OVISE, OVTOKO, JHOC-7, 
JHOC-9, ES-2, and SKOV-3), 2 CCRC cell lines (Caki-1 and Caki-2), 

and 1 mouse ovarian carcinoma cell line (ID8). The OVISE and 
OVTOKO cell lines were purchased from the Japanese Collection 
of Research Bioresources Cell Bank. JHOC-7 and JHOC-9 cell lines 
were purchased from the RIKEN Cell Bank. ES-2, SKOV3, Caki-1, 
and Caki-2 cell lines were purchased from ATCC. ID8 cells were 
kindly gifted by Dr Kathy Roby of the Department of Anatomy and 
Cell Biology at the University of Kansas Medical Center. All cell 
lines were cultured at 37°C in a humidified incubator with 5% CO2. 
All 9 cell lines were classified histologically as CCCs and authenti-
cated by short tandem repeat analysis. We used the International 
Cell Line Authentication Committee database to confirm that 
these cell lines were not cross-contaminated or misidentified. The 
MDM2 inhibitors DS-3032b and DS-5272 were provided by the 
Daiichi-Sankyo Company, and the mTOR inhibitor everolimus was 
purchased from LC Laboratories.

2.5 | Cell proliferation assays

Cells were seeded in 96-well plates (2 × 103 cells/well), and after 
24 hours, the medium was replaced with fresh medium containing 
various concentrations of DS-3032b, DS-5272, and/or everolimus. 
Cell viability was normalized to cells treated with 0.4% DMSO. After 
72 hours, CCK-8 solution (50 μL; Dojindo) was added to each well. 
Proliferation was quantified by monitoring changes in absorbance at 
450 nm using a microplate reader (BioTek).

2.6 | Cell cycle analysis

Cells were seeded in 60-mm dishes (2 × 105 cells/dish). After 
24 hours of incubation, the medium was replaced with fresh me-
dium containing various concentrations of DS-3032b, DS-5272, 
and/or everolimus and incubated for 48 hours. Cells were col-
lected using trypsin and stained in the dark with 50 μg/mL PI 
(Sigma-Aldrich) at 4°C for 30 minutes. Cell-cycle distribution 
was analyzed by flow cytometry on an Epics XL instrument 
(Beckman Coulter) using Cell Quest Pro software (version 3.1; BD 
Bioscience).

2.7 | Detection of apoptosis

Cells were seeded in 6-well plates (2 × 105 cells/well). After 
24 hours of incubation, the medium was replaced with fresh me-
dium containing DS-3032b, DS-5272, and/or everolimus and incu-
bated for 48 hours. Cells were collected using trypsin and washed 
twice with PBS. Collected cells were resuspended in 1× binding 
buffer and stained with FITC-conjugated annexin V/PI (annexin 
V-FITC apoptosis detection kit II; BD Biosciences) in the dark for 
15 minutes. Annexin V-FITC/PI double-positive cells were de-
tected by flow cytometry and expressed as a percentage of ap-
optotic cells.
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2.8 | Western blot analysis

Equivalent amounts of lysate protein (10 μg) were subjected to Mini-
PROTEAN TGX precast protein gels (Bio-Rad) and electrophoretically 
transferred onto Trans-Blot Turbo transfer packs (Bio-Rad) using the 
Trans-Blot Turbo transfer system (Bio-Rad). After blocking, the mem-
branes were incubated overnight at 4°C with the primary Abs anti-
MDM2 (1:1000, sc-56154), anti-p53 (1:1000, sc-53394), and anti-p21 
(1:1000, sc-6246) purchased from Santa Cruz Biotechnology, mouse 
anti-p53 (1:200, ab26; Abcam), anti-phospho-TP53 (Ser15; 1:500, 
9286S), anti-cleaved PARP (1:1000; 5625S), anticleaved caspase 3 
(1:1000, 9664P), and anti-PUMA (1:1000, 4976S), anti-S6 (1:1000, 
2217), anti-4EBP1 (1:1000; 9644), anti-phospho-S6 (1:1000, 5364), 
anti-phospho-4EBP1 (1:1000, 2855) obtained from Cell Signaling 
Technology, anti-survivin (1:1000, 332; Novus Biologicals), and anti-β-
actin (1:10 000, AC74; Sigma-Aldrich). The blots were then incubated 
with the appropriate secondary Abs (anti-rabbit IgG [7074S, 1:2000] 
or anti-mouse IgG [7076S, 1:2000] purchased from Cell Signaling 
Technology) at room temperature for 1 hour. Protein signals were 
visualized with the enhanced chemiluminescence select western 

blotting detection kit (GE Healthcare Life Sciences), and the images 
were scanned using a luminescent image analyzer (Image Quant LAS 
4000 mini; GE Healthcare). The expression of target proteins was in-
ternally normalized to the optical density of β-actin (1:2000, A2228; 
Sigma-Aldrich) using ImageJ software (NIH).

2.9 | Colony formation assay

Cells were seeded in 6-well plates (1 × 103 cells/well), and after 
24 hours of incubation, the medium was replaced with fresh medium 
containing various concentrations of DS-5272 or 0.1% DMSO, fol-
lowed by 7 days of incubation. The cells were fixed with 100% meth-
anol for 5 minutes and stained with Giemsa (Wako) for 30 minutes.

2.10 | Cell apoptosis assay

Tissue sections collected from mice were fixed in 4% paraformal-
dehyde for 15 minutes at room temperature. After an endogenous 

F I G U R E  1   Cell viability in clear cell carcinomas (CCCs) treated with DS-3032b. A, B, Cell viability, as measured by MTT assay, in cells with 
(A) WT or (B) mutant (mut) TP53. After treatment with various concentrations of DS-3032b (4.9-5000 nmol/L) for 72 h, 8 CCC cell lines were 
subjected to a cell viability assay. Cell viability (%) was normalized to cells treated with 0.5% DMSO. C, IC50 values for DS-3032b in 8 CCC 
cell lines. D, Differences in cell viability in cell lines with WT or mutant TP53 exposed to the indicated concentrations of DS-3032b. Group 
means were compared by paired t test
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peroxidase block in H2O2 methanol, the sections were incubated on 
ice for 5 minutes with permeabilization buffer (MK505; TaKaRa Bio) 
and then treated with TdT enzyme (MK502; TaKaRa Bio) and Labeling 
Safe buffer (MK502; TaKaRa Bio) for 60 minutes at 37°C, followed 
by treatment with anti-FITC HRP conjugate (MK503; TaKaRa Bio) 
for 30 minutes at 37°C. Tumors were stained with 3,3-diaminoben-
zidine (Dako) and hematoxylin (Wako).

2.11 | Immunohistochemistry for CD31

Tumor sections were fixed in 4% paraformaldehyde at 4°C for 
10 minutes, immersed in 1% H2O2 at room temperature for 30 min-
utes to quench endogenous peroxidases, and blocked at room 
temperature for 30 minutes with Blocking One (Nacalai Tesque). 
Sections were then probed at 4°C overnight with 1:500 anti-CD31 
(PECAM-1; BD Biosciences), washed in TBS, labeled at room tem-
perature for 45 minutes with 1:400 biotinylated rabbit anti-rat 
(Dako), and then labeled at room temperature for 45 minutes with 
streptavidin-biotin (Dako). Sections were stained with 3,3-diam-
inobenzidine and hematoxylin. Harvested s.c. tumors were immu-
nostained with anti-mouse CD31 (PECAM-1; BD Biosciences). The 

number of stained microvessels was counted at 400× in 4 random 
fields for each tumor.

2.12 | Enzyme-linked immunosorbent assay

Blood samples were collected by jugular vein puncture before the 
mice were killed. After the mice were killed, the VEGF concentra-
tions in the ascites and sera were measured using a mouse VEGF 
Quantikine ELISA kit (MMV00; R&D Systems) according to the man-
ufacturer’s instructions.

2.13 | Statistical analysis

Statistical analysis of in vitro and in vivo assays was carried out using 
t tests. The definition CI was calculated by the Chou-Talalay method 
with CI < 1, CI = 1, and CI > 1 representing a synergistic, additive, and 
antagonistic effect, respectively. In all tests, differences were con-
sidered to be significant at P < .05. We compared the 4 compound 
groups (vehicle, DS-3032b, everolimus, and DS-3032b + everolimus) 
in the xenograft studies using 2-way ANOVA.

F I G U R E  2   In vivo evaluation of DS-3032b efficacy using xenografted OVISE, Caki-1, and ES2 cells. A-C, OVISE (A), Caki-1 (B), and 
ES-2 (C) cells were injected s.c. into female BALB/cAJc1-nu/nu nude mice. The mice received a daily oral dose of DS-3032b for 3 weeks 
(n = 7-8/group). Tumor size and body weight of xenograft mouse models treated with DS-3032b were measured after the start of DS-3032b 
treatment. Tumors were collected from mice after 21 days of DS-3032b treatment. Tumor weights were compared between control and DS-
3032b-treated animals using t tests
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3  | RESULTS

3.1 | Antitumor effect of DS-3032b in CCCs with 
WT TP53

The antiproliferative effect of DS-3032b, an MDM2 inhibitor, was 
evaluated in 4 WT (OVISE, OVTOKO, JHOC7, Caki-1, and Caki-2) 
and 3 mutated (SKOV3, JHOC-9, and ES-2) CCC cell lines. DS-3032b 
only suppressed cell proliferation in a dose-dependent fashion in WT 
TP53 lines, with an IC50 range of 0.05 to 0.27 μmol/L (Figure 1A,C). By 
contrast, the IC50 was greater than 5 μmol/L in cell lines with mutant 
TP53 (Figure 1B,C). Additionally, cell viability differed significantly 
between tumors from WT and mutated TP53 cell lines (P < .001 by 
paired t test; Figure 1D). Western blot indicated that DS-3032b in-
creased levels of MDM2, p53, and p21 in WT-TP53 OVISE cells in a 
time- and concentration-dependent manner (Figure S1A,B). The p53 
residue, Ser15, is the primary target of the DNA-damage response 
and is phosphorylated by both ATM and ATR protein kinases, and the 
results in Figure S1A showed that Ser15 phosphorylation is required 
for p53 function induced by MDM2 inhibition. Moreover, MDM2 in-
hibition resulted in the upregulation of p53, p21, and PUMA levels 

after DS-3032b treatment. Furthermore, levels of survivin, an an-
tiapoptosis factor, were dramatically suppressed, whereas those of 
cleaved PARP and cleaved caspase-3 were enhanced by MDM2 inhi-
bition (Figure S1B). The WT TP53 cells OVISE (a CCOC cell line) and 
Caki-1 (a CCRC cell line) both showed increased p53, cleaved PARP, 
and cleaved caspase-3 levels in response to DS-3032b treatment, 
whereas these protein levels were not increased in the mutant TP53 
cell line ES-2 (Figure S1B,C).

To further examine whether the activation of p53 is associ-
ated with DS-3032b-induced cell death, we analyzed the cell-cycle 
distribution of CCCs (OVISE and Caki-1) with WT TP53 by fluo-
rescence-activated cell sorting after 48 hours of exposure to DS-
3032b. The proportion of cells in sub-G1 increased to between 
12% and 59% following treatment with 0.1 or 1 μmol/L DS-3032b, 
whereas the S phase population diminished (Figure S1D). Double 
staining with annexin V and PI indicated that the addition of 0.1 
or 1 μmol/L DS-3032b to OVISE and Caki-1 cells significantly in-
creased the ratio of apoptotic cells by 13% to 18% (Figure S1E).

To examine the antitumor activity of DS-3032b in vivo, we 
established s.c. tumor xenograft models in 5-week-old nude mice 
with OVISE, Caki-1, or ES-2 cells. At 50 mg/kg, DS-3032b began 

F I G U R E  3   In vivo evaluation of DS-5272 efficacy using the ID8 cancer peritonitis mouse model. A, ID8 cells were injected i.p. into C57/
BL6 mice. After 7 weeks, the mice received a daily oral dose of DS-5272 for 4 weeks (n = 7-8/group). B, Kaplan-Meier curves. C, D, Effects 
of DS-5272 on ascites were analyzed by measuring body weight (C) and ascites volume (D) of mice. Means were compared by paired t test. 
*P < .05. E, F, Antiangiogenic effects of DS-5272 evaluated by determining vascular endothelial growth factor (VEGF) concentration in 
ascites (E) and sera (F) of ascites. Error bars represent mean ± SD. Statistical significance was determined by Student’s t test. *P < .05. G, H, 
Total protein (G) and albumin (H) levels in sera. Error bars represent mean ± SEM. Statistical significance was determined by Student’s t test. 
*P < .05. I, Histologic examination of the visceral peritoneum of mice by H&E staining. J, Immunohistochemical staining of CD31 to detect 
microvessels in ID8 peritoneal dissemination from control and DS-5272-treated mice
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to suppress the growth of xenografted OVISE and Caki-1 cells, 
with this suppression becoming significant at 100 mg/kg (P < .005; 
Figure 2A,B). By contrast, DS-3032b did not inhibit tumor growth 
in xenografted ES-2 cells (Figure 2C). No distinct adverse events 
were observed with any of the experimental protocols during drug 
treatment, and no weight loss of more than 10% of initial body 
weight was observed. No signs of toxicity were observed in the 
treated mice during the follow-up examinations.

3.2 | Ascites inhibition and antitumor effect of DS-
5272 in the WT TP53 ID8 ovarian cancer model

In the mouse ovarian cancer cell line ID8, a colorimetric assay indi-
cated that DS-5272 inhibited cell proliferation in a concentration-
dependent manner, with an IC50 of 0.68 μmol/L (Figure S2A), and 
a colony formation assay subsequently confirmed cell growth inhi-
bition (Figure S2B). Flow cytometry of ID8 cells after 48 hours of 
exposure to DS-5272 revealed an increase in the sub-G1 popula-
tion and a shortened S phase (Figure S2C). Moreover, western blot 
analysis confirmed that DS-5272 increased MDM2 and p53 levels 

in a concentration-dependent manner (Figure S2D). To examine the 
ability of DS-5272 in improving prognosis and inhibiting ascites in 
vivo, a cancerous ascites mouse model was created using the ID8 cell 
line (Figure 3A). No cell deaths were observed in the DS-5272 group, 
and an apparent prolonging of survival was observed when com-
paring this group with the vehicle group according to the log-rank 
Kaplan-Meier method (P = .0026; Figure 3B). Furthermore, DS-5272 
significantly inhibited ascites in a concentration-dependent manner 
(P < .005; Figure 3C,D).

Additionally, VEGF production in ascites was suppressed 
by DS-5272 in a concentration-dependent manner (Figure 3E), 
whereas the decrease in serum VEGF levels was not significant 
among 25, 50, and 100 mg/kg DS-5272 (Figure 3F). We found that 
DS-5272 increased both total protein and albumin levels; however, 
although albumin levels increased significantly following treatment 
with both 50 and 100 mg/kg DS-5272, total protein levels only in-
creased significantly at a dose of 100 mg/kg (P < .005; Figure 3G,H). 
Moreover, DS-5272 suppressed the formation of peritoneal seed-
ing in a concentration-dependent manner (Figure 3I), with CD31 
staining of peritoneal seeding confirming the inhibitory effect of 
DS-5272 on angiogenesis (Figure 3J).

F I G U R E  4   Cell viability, cell cycle status, and expression of mTOR target proteins in clear cell carcinomas treated with everolimus. A, 
B, Cell viability, as measured by an MTT assay, in cells with WT (A) or mutant (mut) (B) TP53 after treatment with various concentrations 
of everolimus (0.32-1000 nmol/L) for 72 h. Cell viability (%) was normalized to cells treated with 0.1% DMSO. C, OVISE cells were treated 
with 10 nmol/L and 100 nmol/L everolimus or 0.1% DMSO for 4 h. Cell cycle status was analyzed by flow cytometry and propidium iodide 
staining. D, Western blot analysis of mTOR target proteins in OVISE cells after treatment with various concentrations of everolimus (0.244-
1000 nmol/L) or 0.01% DMSO for 4 h
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3.3 | Antitumor effect of combined DS-3032b and 
mTOR inhibitor therapy against CCCs with WT TP53

We then evaluated the antiproliferative effect of dual inhibition of 
MDM2 (by DS-3032b) and mTOR (by everolimus) using 5 WT TP53 
cell lines (CCOC cell lines OVISE, OVTOKO, and JHOC7 and CCRC cell 
lines Caki-1 and Caki-2), as well as the TP53 mutant cell line SKOV-3. 
The evaluation of the effects of everolimus alone by colorimetric as-
says confirmed its inhibitory effect on cell growth, which was ~50% 
for both WT TP53 and mutant cell lines (Figure 4A,B). The effect of 
everolimus on the cell cycle of OVISE cells after 48 hours of exposure 
showed an increased proportion of cells in the G1 phase, but no in-
crease in the sub-G1 population (Figure 4C). Furthermore, western 
blot analysis of the effect of everolimus on PI3K/Akt/mTOR signaling 
showed decreased phospho-S6 and phospho-4EPP1 levels (Figure 4D).

Combined treatment with DS-3032b (4.9-5000 nmol/L) and 
everolimus (1 or 10 nmol/L) significantly reduced the viability of the 
CCC cell lines (Figure 5A), with CI (as determined by the Chou-Talalay 
method) <1.0 in all 5 cell lines (range, 0.571-0.725; Figure 5B), indicat-
ing the synergistic effect of these 2 inhibitors. The IC50 values of DS-
3032b or everolimus alone are summarized in Figure 5B. Moreover, 
combined DS-3032b (250 or 1000 nmol/L) and everolimus (15.6 nmo-
l/L) treatment increased the sub-G1 fraction of cells (from 41.0% 
to 53.2%; Figure 5C) and induced the expression of proapoptotic 

proteins, such as PUMA (Figure 5D). In OVISE cells, MDM2 and p53 
levels were increased by DS-3032b treatment, whereas phospho-S6 
and phospho-4EPB1 levels were decreased by everolimus treatment 
(Figure 5D). The results obtained showed both DS-3032b and evero-
limus targeted the signaling pathways individually.

We evaluated the in vivo antitumor activity of combined treat-
ment using the xenograft models of OVISE, Caki-1, and ES-2 cells. The 
group receiving combined treatment showed a significantly smaller 
tumor diameter (P < .05) compared with that of the control group or 
the single-agent groups (Figure 6A-C). The mice displayed no other 
observable behavioral or visual changes. Additionally, TUNEL assays 
revealed the apoptosis-inducing ability of combined treatment, with 
a significant increase in TUNEL+ cells relative to those observed in 
controls (Figure 6D). Moreover, the CD31 immunohistochemistry of 
the xenografted tumors showed a significantly reduced number of 
CD31+ cells following combined treatment relative to that observed 
following treatment with either agent alone (Figure 6E).

4  | DISCUSSION

The present study examined the antitumor effects and inhibition of 
ascites by the combined inhibition of MDM2 and mTOR in CCOC and 
CCRC cells with WT TP53. Clear cell ovarian carcinoma was originally 

F I G U R E  5   Synergic effect of combined treatment with DS-3032b and everolimus in vitro. A, After treatment with various concentrations 
of DS-3032b (4.9-5000 nmol/L) and everolimus (0.1, 1, and 10 nmol/L) for 72 h, 4 clear cell carcinoma (CCC) cell lines with WT TP53 were 
subjected to a cell viability assay. Cell viability (%) was normalized to cells treated with 0.1% DMSO. B, IC50 values and the combination index 
for DS-3202b and everolimus in 4 CCC lines. C, Combined treatment increased the ratio of the sub-G1 fraction in OVISE cells. OIVSE cells 
were treated with 250 nmol/L DS-3032b and 15.6 nmol/L everolimus or 0.1% DMSO for 4 h, and cell cycle status was analyzed by flow 
cytometry and propidium iodide staining. D, Expression of MDM2, p53 target proteins, and mTOR target proteins according to western blot 
analysis
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termed mesonephroid, as it was thought to originate from the me-
sonephric structure and resembled renal carcinoma.31 Therefore, 
CCOC and CCRC are considered developmentally and histologically 
similar. Unsupervised clustering assays show that the transcriptomic 
landscape of CCOC is closer to that of CCRC than to other ovarian 
and endometrial cancers.7 However, the standard treatment regimens 
for these diseases are currently vastly different from one another. 
Patients with CCOC are conventionally treated with surgery and com-
bination chemotherapy; however, the 3-year survival rate of these pa-
tients with residual tumors larger than 2 cm is only 10.2%.32 Vascular 
invasion observed in patients with CCOC and CCRC, and specifically 
ascites in patients with CCOC, is particularly associated with poor dis-
ease outcomes.33 The MET inhibitor cabozantinib shows therapeutic 
efficiency against CCRC but was clinically ineffective in 13 patients 
with recurrent CCOC.34 Therefore, the development of a novel thera-
peutic strategy to improve the prognosis of CCC is warranted.

Here, we revealed the activity of MDM2 inhibitors against CCCs 
originating from both ovaries and kidneys and confirmed that DS-
5272 showed p53-mediated inhibition of cell growth of the WT TP53 
mouse ovarian cancer cell line ID8 (Figure S2). To evaluate the direct 

inhibitory effect of DS-5272 on ascites production, an ID8 mouse 
model with cancerous ascites was created to mimic the malignant 
hemorrhagic ascites observed in CCCs.35 We found that DS-5272 
significantly decreases ascites volume and serum VEGF levels 
(Figure 3E,F), indicating p53-dependent or -independent VEGF inhi-
bition directly through MDM2 inhibition. Although the suppression 
of ascites likely occurs due to multiple physical factors, our results 
indicated that a decrease in tumor volume reduces VEGF secretion 
from tumor cells. In turn, this improves peritoneal permeability and 
increases the reabsorption of ascites by improving lymphatic ob-
struction and abdominal distension. In recent years, several thera-
peutic agents for cancerous ascites have been developed, including: 
catumaxomab, a mAb against the epithelial cell-adhesion molecule; 
aflibercept, a VEGF target fusion protein; ramucirumab, a VEGF2 
Ab; and bevacizumab, an anti-VEGF Ab. However, although known 
to significantly reduce ascites volume, none of these agents im-
proved OS in clinical trials.36 Regarding MDM2 inhibitors, previous 
studies reported that LQFM030 shows antitumor effects and an in-
hibitory effect on ascites production on Ehrlich ascites tumor cells 
derived from breast cancer.37,38 Although the genetic and biological 

F I G U R E  6   Synergic effect of combined treatment with DS-3032b and everolimus in vivo. A-C, OVISE (A), Caki-1 (B), and ES-2 (C) cells 
(2 × 107) were injected s.c. into specific pathogen-free female nude mice (BALB/cAJc1-nu/nu) randomly assigned to 3 groups (n = 7-8/group) 
and receiving a daily oral dose of DS-3032b and/or everolimus for 3 wk. Tumor size and body weight of xenograft mouse models orally 
treated with DS-3032b and/or everolimus were measured after the start of DS-3032b treatment. D, Tumors were collected from mice killed 
after 21 d of DS-3032b and/or everolimus treatment. The number of TUNEL+ cells was compared with that following treatment with either 
agent alone. E, CD31 immunohistochemistry of the xenografted tumors. The number of CD31+ cells following DS-3032b and/or everolimus 
treatment was compared with that following treatment with either agent alone
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characteristics of CCCs are becoming clear, no single specific inhibi-
tor has been shown to be sufficiently effective.

To the best of our knowledge, this is the first preclinical study 
to investigate the inhibitory effect of an MDM2 inhibitor on both 
the suppression of ascites production and the prolongation of sur-
vival time in CCCs originating from both ovaries and kidneys. One 
of the most useful applications of preclinical mouse models in basic 
research should be to clarify therapeutic mechanisms. The preclin-
ical models used in this study were necessary to mimic ovary and 
kidney CCCs with cancerous ascites in vivo. Murine double-minute 
2 inhibitors are currently undergoing phase I through III clinical trials 
as therapeutic agents against various carcinomas, such as malignant 
lymphoma, leukemia, and cancers.12,39-41 The disease-control rates 
of phase I studies range from 21% to 83%; however, no clinical tri-
als of MDM2 inhibitors against both ovary and kidney CCCs have 
been undertaken, and as such, further development in this field 
is strongly desired. As shown in our previous publication, the fre-
quency of CCOCs that have both WT TP53 and MDM2 amplification 
is estimated to be approximately 30% of all CCOCs. It is notewor-
thy that this population of CCOC patients was associated with poor 
prognosis.4

Currently, several clinical trials, including those testing 
the combination of everolimus and the VEGF inhibitor bevaci-
zumab,42,43 are targeting the PI3K/Akt/mTOR pathway. To eval-
uate the effectiveness of the combined inhibition of Akt/mTOR 
and MDM2 against CCCs, we evaluated everolimus as a concom-
itant drug with DS-3032b. We observed a synergistic antitumor 
effect of everolimus in vitro when used in combination with the 
MDM2 inhibitor DS-3032b (Figure 5). Moreover, both DS-3032b 
and everolimus independently inhibited cell growth in vivo, and 
these inhibitory effects appeared to work synergistically against 
CCCs (Figure 6).

There are several limitations to this study. First, we used cultured 
cell lines for preclinical models. Patient-derived xenografts from pri-
mary tumors could be superior to current models, as MDM2 expres-
sion varies among CCC specimens. Further investigation is needed 
using patient-derived xenografts to determine whether TP53 muta-
tions and MDM2 expression are measurable biomarkers that predict 
MDM2 inhibitor sensitivity in CCC patients. In recent years, clinical 
gene panel sequencing tests have been utilized for advanced med-
ical treatment. It is hoped that genetic testing will reveal activating 
mutations or amplification of MDM2 or PI3K/Akt/mTOR pathway 
genes, and if no TP53 mutation is found, an MDM2 and/or mTOR in-
hibitor could increase the antitumor effect. Indeed, of the 230 gene 
panel tests undertaken by the recently approved NCC Oncopanel 
System, we found 2 cases where an MDM2 inhibitor was used due to 
MDM2 amplification, and 1 case where an mTOR inhibitor was used 
due to a PIK3CA mutation.44

Overall, our study suggests that MDM2 inhibitors potently in-
hibit both angiogenesis and cell growth in CCCs originating from 
both ovaries and kidneys. The combined use of an mTOR inhibitor 
significantly reinforced this effect, with no visible toxic effects, in-
cluding weight loss, observed in in vivo experiments. Further studies 

targeting the disruption of TP53-MDM2 binding, including the char-
acterization of effective concentrations, are required before pro-
ceeding to clinical trials that target advanced CCCs in patients with 
massive ascites.
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