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Abstract: Crizotinib, a small molecule inhibitor of anaplastic lymphoma kinase (ALK), c-ros oncogene 1 (ROS1)and c-
MET (also called MET or hepatocyte growth factor receptor), has been approved by the Food and Drug Administration
for the treatment of patients with advanced non-small cell lung cancer whose tumors have rearrangements in the
ALK or ROS1 gene. However, the anticancer effect of crizotinib on ovarian cancer is still unclear. In this study, our
data show that crizotinib can actively induce cell growth inhibition, cell cycle arrest at G2/M phase and apoptosis
with the decreasing phosphorylation of the downstream signaling effectors AKT and ERK in human ovarian cancer
cells. Crizotinib also increases the intracellular reactive oxidative species (ROS) levels, and pretreating with ROS
scavenger N-acety-L-cysteine partially reverses crizotinib-induced apoptosis. Moreover, crizotinib can synergistically
inhibit ovarian cancer cells growth in vitro and in vivo when combines with cisplatin. Altogether, crizotinib potently
potentiates the activity of cisplatin in ovarian cancer, suggesting the synergistic effect of crizotinib and cisplatin may

be valuable for ovarian cancer patients’ treatment.
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Introduction

Ovarian cancer is the seventh-most common
cancer and the eighth-most common cause
of death from cancer among women in the
worldwide [1]. Although initial response rates
to treatment including some combination of
surgery, radiation therapy and chemotherapy
are high, ovarian cancer recurs in the majority
of patients whose 5-years survival rate is ap-
proximately close to 36% [2]. Therefore, it is
important to develop new therapeutic drugs
for the treatment of ovarian cancer.

Crizotinib (PF-2341066, trade name Xalkori), a
small molecule inhibitor of anaplastic lympho-
ma kinase (ALK), c-ros oncogene 1 (ROS1) and
c-MET (also called MET or hepatocyte growth
factor receptor), has been approved by the
Food and Drug Administration for the treat-
ment patients with advanced non-small cell
lung cancer (NSCLC) whose tumors have rear-

rangements in the ALK or ROS1 gene [3]. In the
preclinical tests, crizotinib was highly selective
for ALK and potently inhibited cell proliferation,
which was associated with G1-S phase cell
cycle arrest and apoptosis in ALK-positive ana-
plastic large-cell ymphoma (ALCL) cells [4]. The
phase | clinical studies showed that as an oral
single agent in 37 patients with advanced can-
cer (included colorectal, pancreatic, sarcoma,
ALCL and NSCLC), crizotinib at 250 mg twice
daily in 28-day cycles was generally safe and
well tolerated with grade 1 or 2 treatment-relat-
ed adverse events and achieved a certain effi-
cacy in the ALK-positive lung cancer population
[5]. In the subsequent phase Il and Il clinical
studies compared crizotinib (250 mg twice
daily) with traditional chemotherapy regimens
(pemetrexed 500 mg/m? plus cisplatin 75 mg/
m? or carboplatin at area under the curve 5 to
6) every 3 weeks for up to six cycles in 347 ad-
vanced ALK-positive NSCLC patients the pro-
gression-free survival (PFS) and intracranial
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disease control rate in brain metastases of pa-
tients after treatment with crizotinib was sig-
nificantly better than those with chemotherapy
[6, 7]. In the study of crizotinib including 50
patients with advanced NSCLC who were test-
ed positive for ROS1 rearrangement, the objec-
tive response rate was 72% with 3 complete
responses and 33 partial responses, the medi-
an duration of response was 17.6 months, and
median PFS was 19.2 months [8]. Another clini-
cal trial of crizotinib including 30 patients had
stage IV lung adenocarcinoma with ROS1 re-
arrangement showed 4 patients with disease
progression, 2 patients with stable disease,
and objective response in 24 patients includ-
ing 5 complete responses (overall response
rate, 80%; disease control rate, 86.7%). Me-
dian PFS was 9.1 months, and the PFS rate at
12 months was 44% [9]. Currently, evaluation
of crizotinib alone or combined with other che-
motherapeutical drugs for multiple types of
cancers treatment is still in progress. In this
study, we investigate the anticancer effects of
crizotinib alone or in combination with cispla-
tin in human ovarian cancer.

Material and methods
Cell lines, cell culture and reagents

Human ovarian cancer cell lines A2780, SKOV3,
ES2, HO8910 and HO8910PM, cultured in Dul-
becco’s modified Eagle’s medium (DMEM) in-
cluding 10% fetal calf serum (FBS), streptomy-
cin (100 ng/ml) and penicillin (100 U/ml) at
37°C in a humidified incubator with 5% CO.,.
Crizotinib and cisplatin were purchased from
ApexBio and Qilu Pharmaceutical, respectively.
N-acetly-L-cysteine (NAC) and dihydroethidium
(DHE) were ordered from Sigma-Aldrich. Anti-
bodies like Anti-GAPDH (LK90O02T) were from
Tianjin Sungene Biotech., Anti-PARP (9542),
Anti-AKT (4691), Anti-p-AKT S473 (4060), Anti-
pPERK T202/Y204 (4370) and Anti-ERK (4695)
antibodies were bought from Cell Signaling
Technologies.

MTT proliferation assay

Cells were seeded in 96-well plates with 5000
cells per well. After 72 h incubated with drugs,
cell viabilities were measured by using 3-(4,
5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium
bromide (MTT) assays. The cells were allowed
to reduce MTT (0.5 mg/ml) into formazan crys-
tals (4 h at 37°C) the amount of which was
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measured the absorbance at 570 nm by plate
reader after lysing the cells in 50 ml of DMSO.
The Bliss method was applied to calculate the
half maximal inhibitory concentration (IC,)
from survival curves [10, 11]. For combination
index (Cl) analysis, cells were treated with crizo-
tinib alone (1, 3 and 10 uM), cisplatin alone (1,
3 and 10 uM) and with combinations of both.
CompuSyn software was used to analyze the
data by combination index (Cl) values (CI>1, =1,
and <1 suggested antagonism, additive effect,
and synergism, respectively) for drug combina-
tion experiments [12, 13].

Cell cycle assay

Cells were seeded on 6-well plates with 3.0 x
10° cells per well and treated with crizotinib,
cisplatin or in combination. Forty-eight hours
post treatment. Cells were harvested and
washed by cold phosphate-buffered saline
(PBS) twice, fixed them in ice-cold 70% ethanol
for 2 h at 4°C. Then resuspended and washed
them with 0.5 ml PBS, incubated them with
propidium iodide (PI) solution at 50 pg/ml, 0.1%
Triton X-100, DNase-free RNase (100 ug/ml),
and 0.1% sodium citrate for 30 min at 37°C in
the dark. Finally, the stained cells were ana-
lyzed by a FL-2 filter (585 nm) at an excitation
wavelength of 480 nm, and data were cal-
culated with ModFit LT 3.0 software (Becton
Dickinson) [14, 15].

Apoptosis assay

Cells were seeded in 12-well plates at 1.5 x
105 cells well and treated with relevant drugs,
48 h later, cells were harvested and washed
with PBS. Ethanol-fixed cells were stained with
Pl and Annexin V-FITC for 15 min at 37°C in the
dark, and analyzed by flow cytometry (FCM).
Cells with fluorescence were analyzed with FL-1
filter (530 nm) and FL-2 filters (585 nm) at an
excitation wave length of 480 nm. The data
were quantified using FlowJO software [16, 17].

ROS assay

Cells were treated with crizotinib for 48 h for
reactive oxygen species (ROS) assay. Cells were
observed under fluorescence microscope (Oly-
mpus, Japan) after fixed with dihydroethidium
(DHE) (10 uM) for 30 min at 37°C in the dark.
Five fields were observed randomly for each
well [18, 19]. ROS activation were analyzed by
calculate the percentage of positive cells.
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Figure 1. Crizotinib inhibits the growth of ovarian cancer cells in vitro. A. Chemical structure of crizotinib. B. Sum-
mary of IC 50 in the different ovarian cancer cells lines treated with crizotinib and cisplatin is shown. Cells were
grown in 96-well plates for 24 h and treated with the relevant concentrations of crizotinib or cisplatin for 72 h, and
cell survival was determined by MTT assay. C. The representative growth curves of five ovarian cancer cells lines
treated with crizotinib and cisplatin are shown. Data are mean + SD of three independent experiments.

Western blot analysis

The proteins were extracted using RIPA buffer
with protease inhibitors to lyse cells. The pro-
tein concentrations were determined by Brad-
ford assay. Proteins lysates were subjected to
12% SDS-PAGE and transferred to polvinyli-
dene difluoride (PVDF) membranes. Blocking
was performed in 5% BSA for 1 h, followed by
probing with primary antibodies overnight at
4°C. The membranes were washed and incu-
bated with horseradish peroxidase-conjugated
secondary antibodies [20, 21].

In vivo xenograft assay

Female Balb/c nude mice were purchased from
the Guangdong Medical Laboratory Animal Six
female nude mice (5 weeks old) were used for
each group. Briefly, 2 x 10° A2780 cells were
suspended in 100 ul PBS and injected subcuta-
neously under the shoulder of female Balb/c
nude mic. When the volume of subcutaneous
tumor was about 0.3 x 0.3 cm?, mice were ran-
domly assigned to four groups, receiving 0.9%
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saline alone, crizotinib alone, cisplatin alone, or
a combination of crizotinib, respectively. Crizo-
tinib was dissolved in PBS to a working con-
centration of 50 mg/kg and cisplatin to a work-
ing concentration of 2 mg/kg. The tumor size
(the two perpendicular diameters (A and B))
and the body weights were measured every 4
days using digital calipers. The tumor volume
(V) was calculated according to the formula:

il
6 2
Tumor tissue was weighted after excised from

the mice. The rate of inhibition (IR) was calcu-
lated according to the formula [22, 23]:

_ Mean tumor weight of experimental group
Mean tumor weight of control group

IR=1 X100%

Statistical analysis

All results are expressed as mean * standard
deviation (SD). Statistical analysis of the differ-
ences between two groups is performed with
Student’s t-test. Values of P<0.05 are consid-
ered as significant differences.
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Figure 2. Crizotinib arrests ovarian cancer cell cycle at G2/M phase. A2780 (A) and SKOV3 (B) cells were treated
with crizotinib at the indicated concentrations. The distribution of cell cycle was examined by FCM with PI staining.
The percentages of subG1, G1/GO, S, G2/M phase were calculated by using ModFit LT 3.0 software. The results
of three independent experiments were shown through the representative and quantified charts. CRI: Crizotinib.
Statistical analysis of the difference between two groups is performed with Student’s t-test. *P<0.05 and **P<0.01
vs. corresponding control.

Result examined by the MTT assay. The results showed
that both crizotinib and cisplatin inhibits the
Crizotinib inhibits the growth of ovarian cancer growth of ovarian cancer cells.

cells in vitro
Crizotinib induces cell cycle arrest at G2/M

The increasing concentrations of crizotinib was phase in ovarian cancer cells in vitro

used to treat five human ovarian cancer cell
lines for 72 h. Crizotinib (O, 1, 3, 10, 30, 100
UM) meaningfully inhibited the growth of five
ovarian cancer cells in a dose-dependent trend
with the IC,  values range from 2.70 to 7.41
uM. Meanwhile, cisplatin (O, 1, 3, 10, 30, 100
uM) also inhibited the growth of cells with the
IC,, values range from 7.05 to 9.67 uM (Figure
1). The growth inhibitory effects of drugs were

A2780 and SKOV3 cells were treated with crizo-
tinib (1, 3 and 10 uM) for 48 h, stained with PI
and examined by FCM. As shown in Figure 2A
and 2B, crizotinib induced cell cycle arrest at
G2/M phase at the low concentration and
increases the cell population of sub G1 phase
at the high concentration in both cells, the
amount of which was analyzed with ModFit LT
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Figure 3. Crizotinib promotes apoptosis in ovarian cancer cells. A2780 (A) and SKOV3 (B) cells were treated with
crizotinib at the indicated concentrations. Cell apoptosis was detected by FCM Annexin V/PI staining. The propor-
tions of Annexin V+/PI- and Annexin V+/PI+ cells indicated apoptosis. Western blot was applied to examine protein
expression and GAPDH was used as loading control. The representative charts, quantified results and Western blot
results (C) of three independent experiments were shown. CRI: Crizotinib. Statistical analysis of the difference be-
tween two groups is performed with Student’s t-test. *P<0.05 and **P<0.01 vs. corresponding control.

3.0 software. These results provided convinc- growth of ovarian cancer cells is due to induc-
ing data showing that crizotinib inhibits the tion of cell cycle arrest.
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Figure 4. Crizotinib induces ROS accumulation in ovarian cancer cells. A2780 (A) and SKOV3 (B) cells were man-
aged with crizotinib at the relevant concentrations and times, stained with DHE and photographed by florescent
microscope. The representative micrographs and quantified results of three independent experiments are shown.
CRI: Crizotinib. Statistical analysis of the difference between two groups is performed with Student’s t-test. *P<0.05

and **P<0.01 vs. corresponding control.

Crizotinib induces apoptosis in ovarian cancer
cells in vitro

A2780 and SKOV3 cells were treated with crizo-
tinib (1, 3 and 10 uM) for 48 h, stained with
Annexin V and evaluated by FCM. As shown in
Figure 3A and 3B, crizotinib dose-dependently
induced apoptosis in cells. The protein levels of
cleaved PARP which is a molecular marker of
apoptosis are increased in a dose-dependent
manner after volasertib treatment (Figure 3C).
In addition, crizotinib dose-dependently sup-
presses the activities of AKT and ERK by de-
creasing the expression of pAKT S473 and
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pPERK T202/Y204 in both cells (Figure 3C). The
data showed that crizotinib is able to induce
apoptosis in ovarian cancer cells.

Crizotinib induces ROS accumulation in ovar-
ian cancer cells

ROS plays a critical role in the response of can-
cer cells to chemotherapeutic agents. DHE, the
ROS fluorescent probe, is oxidized to ethidium
that intercalates with DNA and becomes fluo-
rescent in the presence of superoxide [24].
Cells were stained with dihydroethidium (DHE)
after treated with crizotinib for 48 h. Crizotinib

Am J Transl Res 2017;9(4):1667-1679
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Figure 5. Crizotinib-induced apoptosis was partially rescued by inhibition of ROS in ovarian cancer cells. A2780
(A, C) and SKOV3 (B, D) cells were treated with crizotinib at 10 uM for 48 hr in the presence or absence of 5 mM
NAC pretreatment for 1 h, stained with DHE and photographed under fluorescent microscope. The apoptosis was
detected by FCM with Annexin V/PI staining. The proportions of Annexin V+/PI- and Annexin V+/PI+ cells suggested
apoptosis. The representative micrographs, charts and quantified results of three independent experiments are
shown. CRI: Crizotinib. Statistical analysis of the difference between two groups is performed with Student’s t-test.

*P<0.05 and **P<0.01 CRI vs. CRI+NAC.

increased the fluorescent intensity of DHE in
both A2780 and SKOV3 cells in a dose- and
time-dependent manner (Figure 4). The results
provided that crizotinib can increase the intra-
cellular ROS level in ovarian cancer cells.

Inhibition of ROS partially rescues crizotinib-
induced apoptosis in ovarian cancer cells

A2780 and SKOV3 cells were treated with crizo-
tinib at 10 uM for 48 h with or without fixed
the ROS scavenger NAC (5 mM) pretreated for
1 h. Cells were stained with DHE before obser-
ved under fluorescence microscope (Olympus,
Japan). As shown in Figure 5A and 5B, NAC dra-
matically reversed the crizotinib-induced DHE
fluorescent signals in both cells. In addition,
cells were treated with crizotinib for 48 h with
or without NAC and stained with Pl and Annexin
V-FITC. The data analyzed by FCM showed that
NAC also partly inverted the crizotinib-induced
apoptosis in both cells (Figure 5C and 5D). This
phenomenon further suggests crizotinib can
trigger both ROS dependent and independent
apoptosis in ovarian cancer cells.

Crizotinib synergizes with cisplatin to inhibit
the growth and induce apoptosis of ovarian
cancer cells in vitro

Cisplatin currently is one of the first-line chemo-
therapeutic drugs for ovarian cancer in clinic
[25]. Cells were treated with crizotinib alone
(14, 3 and 10 pyM), cisplatin alone (1, 3 and 10
uM) and with combinations of both for 72 h. As
show in Figure 6A and 6B, compared with crizo-
tinib or cisplatin alone treatment in both cells,
the survival of ovarian cells was significantly de-
creased after combined treatment with crizo-
tinib and cisplatin. Meanwhile, Cl values of both
A2780 and almost all SKOV3 were <1, suggest-
ing that combination of both is synergistic to
inhibit the growth of ovarian cancer cells. In
addition, to further certify the co-treatment ef-
fects of crizotinib and cisplatin, we used FCM
to detected cell apoptosis. Combined treat-
ment of crizotinib and cisplatin also effectively
promoted apoptosis of both cell lines compared
to single treatment with crizotinib and cisplatin
(Figure 6C and 6D).
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Crizotinib synergizes with cisplatin to inhibit
the subcutaneous xenograft tumor growth of
ovarian cancer in nude mice

All four groups of mice were transplanted with
A2780 cells to engineer the subcutaneous
xenograft tumor models (Figure 7A-C). Co-treat-
ment with crizotinib and cisplatin significantly
decreased the substantial tumor volume and
weight compared to single treatment with crizo-
tinib and cisplatin in A2780 tumors. The inhibi-
tion rates of tumor growth in the combined
group were 46.84%, which were significantly
higher than those in cisplatin (2.55%) or crizo-
tinib (22.04%) alone group (Figure 7E). In addi-
tion, the data also detected that treatment
with cisplatin at the indicated dose causes cer-
tain toxicities in mice by observing the weight of
mice in the cisplatin alone and combined group
were lighter than those in control and crizotinib
alone group (Figure 7D). These results suggest
that combination of crizotinib and cisplatin sig-
nificantly inhibited tumor growth in vivo.

Discussion

In this study, our results show that crizotinib
can actively induce cell growth inhibition, cell
cycle arrest at G2/M phase and apoptosis with
the decreasing phosphorylation of the down-
stream signaling effectors AKT and ERK in
human ovarian cancer cells. This is consistent
with the previous report where critizonib reduc-
es tumor burden and metastasis in a preclinical
model of ovarian cancer metastasis with the
decreasing phosphorylation of AKT and ERK
[26]. It has been reported that aberrant ALK
expression was detected in 2% to 4% serious
ovarian carcinoma patients, and a novel trans-
membrane ALK fusion gene FN1-ALK found in
a stromal sarcoma patient was oncogenic and
sensitive to critizonib, suggesting ALK may be
a potential therapeutic target in a subset of
ovarian cancer patients [27]. Overexpression of
¢c-MET has been found in 11% to 96% of human
ovarian cancer tissues, and can be a prognos-
tic factor and an effective therapeutic target for
ovarian cancer patients [28-31]. Additionally,
we found that critizonib also increased the
intracellular ROS levels, and pretreatment with

Am J Transl Res 2017;9(4):1667-1679
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Figure 6. Crizotinib synergizes with cisplatin to suppress ovarian cancer cells growth and induce apoptosis in vitro.
A2780 (A, C) and SKOV3 (B, D) cells were treated with the indicated concentrations of crizotinib and cisplatin for 72
h, and MTT assay was used to detect cell survival. Results were shown as growth histogram, dose-effect curve, Cl

1675 Am J Transl Res 2017;9(4):1667-1679



Crizotinib synergizes with cisplatin in ovarian cancer

values and normalized isobologram by CompuSyn software. A2780 were treated with 1 uM crizotinib, 1 uM cisplatin
alone or combination for 48 h. SKOV3 treated with with 3 uM crizotinib, 3 uM cisplatin alone or combination for 48
h. The apoptosis was analyzed by FCM Annexin V/PI staining. The proportions of Annexin V+/PI- and Annexin V+/
Pl+ cells suggested apoptosis. The representative micrographs, charts and quantified results of three independent
experiments are shown. CRI: Crizotinib; DDP: Cisplatin. Statistical analysis of the difference between two groups is
performed with Student’s t-test. *P<0.05 CRI vs. CRI+DDP.
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Summary of Crizotinib and cisplatin on the growth of A2780 xenografts in nude mice.

Before Experiment After Experiment Weight Inhibition(%)
Groups Animals Weight(g) Animals Weight(g) Tumor(g)
Control 6 18.4310.94 6 21.08+2.5 3.01+1.42
CRI 6 18.37+1.06 6 21.96+2.15 2.93+1.81 2.55
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CRI+DDP 6 19.03+1.1 6 17.45+0.95 1.6+0.62 46.84°

Figure 7. Crizotinib synergizes with cisplatin to suppress the subcutaneous xenograft growth of ovarian cancer in
nude mice. A2780 cells (2 x 108 in 100 pl of medium) were injected subcutaneously in each mouse under the
axillia. When the subcutaneous tumors were approximately 0.3 x 0.3 cm? (two perpendicular diameters), mice
were randomized into four groups, and were injected intraperitoneally with vehicle alone (20% hydroxypropyl-3-
cyclodextrin), crizotinib alone (50 mg/kg), cisplatin alone (2 mg/kg), or a combination of crizotinib and cisplatin ev-
ery four days. The body weights of mice and tumor volume were monitoring every day. In the end of the experiment,
tumor tissue was excised from the mice after anaesthetized and weighted. The original tumors (A), tumor volume
(B), tumor weight (C), body weight (D) and summary data (E) were shown. The values presented are the means *
SD for each group. Statistical analysis of the difference between two groups is performed with Student’s t-test. CRI:
Crizotinib; DDP: Cisplatin. *P<0.05 and **P<0.01 CRI+DDP vs. corresponding control.
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ROS scavenger NAC partially reversed criti-
zonib-induced apoptosis in human ovarian can-
cer cells. Consistently, crizotinib also can in-
duce the accumulation of intracellular ROS
in human alveolar rhabdomyosarcoma cells
[32]. Cancer cells usually have the increased
basal levels of intrinsic oxidative stress, and a
further augment of intracellular ROS may lead
to cell death [33]. This oxidative shift results
in cancer cells susceptible to chemotherapeu-
tic agents that enhance ROS generation [34].
Consequently, our data suggest critizonib can
induce both ROS dependent and independent
apoptosis in human ovarian cancer cells.

Combination therapy as the main strategy
of cancer chemotherapy can overcome drug
resistance and improve treatment efficiency
[35]. Several groups have explored the com-
bined anticancer effects of crizotinib and other
agents in the preclinical and clinical studies.
Combining the HSP9O inhibitor ganetespib with
crizotinib synergistically inhibits the activity
of ¢-MET, its downstream signaling pathways,
and tumor growth in both crizotinib-sensitive
and -resistant MET-driven tumor models [36].
The combination of crizotinib and a selective
MTORC1 inhibitor Torin2 or a dual PI3K/mTOR
inhibitor PF-05212384 is more effective in
reducing tumor growth in ALK-mutated neuro-
blastoma compared to any of these agents
alone [37]. A combination of crizotinib and da-
satinib shows the significant cytotoxic across
multiple established and primary human glio-
blastoma multiforme cell lines [38]. Recently, it
has been reported that crizotinib synergizes
with chemotherapeutic agents topotecan and
cyclophosphamide in preclinical models of neu-
roblastoma [39]. Co-treatment with crizotinib
and temozolomide induces synergistic antitu-
mor activity on FIG-ROS1-positive glioblastoma
cells [40]. Interestingly, the combined treat-
ment with axitinib and crizotinib reduces bone
loss in @ mouse model of castration resistant
prostate cancer [41]. In our study, the combina-
tion of crizotinib with cisplatin can synergisti-
cally inhibit the growth of human ovarian can-
cer cells in vitro and in vivo. However, a recent
phase | study in patients with advanced NSCLC
has demonstrated that the combination of
crizotinib and dacomitinib shows limited anti-
tumor activity due to substantial toxicity [42].
Therefore, the combination of crizotinib with
cisplatin for the treatment of ovarian cancer
and other types of cancer need to be further
investigated in the clinical trials.
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Altogether, our study demonstrates that crizo-
tinib can inhibit the growth of ovarian cancer
cells by induction of cell cycle arrest and apop-
tosis and synergize with cisplatin in vitro and in
vivo. The combined treatment with crizotinib
and cisplatin may be valuable for the treatment
of ovarian cancer patients.
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