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• Apatinib does not appreciably affect the proliferation and vitality of ovarian cancer cells.
• Apatinib inhibits ovarian cancer cells migration.
• Apatinib suppresses the epithelial-mesenchymal transition (EMT).
• Apatinib inhibits the JAK/STAT3, PI3K/Akt and Notch signalling pathways.
• Apatinib inhibits tumour growth in vivo.
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Objective. Apatinib, a small molecule inhibitor of VEGFR-2 tyrosine kinase, shows strong anti-tumour activity
against various tumours. The function of apatinib in ovarian cancer, however, remains unclear. This study was
conducted to investigate the effects and potential mechanisms bywhich apatinib modulates the biological func-
tion of ovarian cancer cells in vitro and in vivo.

Methods. The effects of apatinib on ovarian cancer cells were determined by assessing cell viability, migration
and invasion. The cell cycle distribution and apoptosis of ovarian cancer cells were analysed using flow cytome-
try. Western blotting was performed to determine the levels of signalling pathway markers. A mouse xenograft
model was used to evaluate the efficacy of apatinib in preventing tumour growth.

Results.Apatinib did not appreciably affect ovarian cancer cell proliferation and vitality, but did inhibit ovarian
cancer cell migration. Apatinib suppressed the epithelial-mesenchymal transition in ovarian cancer cells by
inhibiting the JAK/STAT3, PI3K/AKT and Notch signalling pathways. Apatinib effectively inhibited tumour growth
in vivo.

Conclusion. Based on our findings, apatinib is a highly potent, orally active anti-angiogenic and anti-ovarian
cancer agent.

© 2019 Published by Elsevier Inc.
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1. Introduction

Epithelial ovarian cancer (EOC) is the second most common
gynaecologic cancer. It is the most fatal disease and the fifth leading
cause of cancer-related death among women [1]. Patients with ad-
vanced EOC have a 5-year survival rate of only 40% [2]. The standard
treatment for EOC is surgical cytoreduction followed by adjuvant com-
bination chemotherapy. Despite improvements in surgical and chemo-
therapeutic approaches, the majority of women with relapsed EOC
eventually die from the disease, and an unmet and urgent need to im-
prove treatment exists.
ngang District, Harbin 150040,
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Anti-angiogenic therapy is one of the most promising methods for
treating cancer. Apatinib, also known as YN968D1, is a new anti-
angiogenic therapy agent that has been confirmed to be a safe and effec-
tive small-molecule, anti-angiogenic, targeted drug for advanced gastric
cancer [3,4]. Independent intellectual property rights for this compound
were established in China in 2014. Apatinib is a small-molecule tyrosine
kinase inhibitor (TKI) that selectively binds to and potently suppresses
VEGFR-2 activity and then blocks VEGFR-2-mediated angiogenesis [5].
As one of the most recently developed oral anti-angiogenic agents,
apatinib shows encouraging preclinical and clinical results for the treat-
ment of various solid tumours [5–10].

However, themechanism underlying the effects of apatinib on ovar-
ian cancer remains unclear. This study was designed to evaluate the ef-
fects of apatinib on ovarian cancer cells both in vivo and in vitro and to
investigate the characteristics and possiblemechanisms of these effects.
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Fig. 1.A The effect of apatinib on cell proliferationwas determined by theMTT assay. B Flow cytometry assayswere conducted to evaluate the effect of apatinib on cell cycle progression. C
Flow cytometry assays were conducted to evaluate the effect of apatinib on apoptosis.
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Fig. 1 (continued).
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The results are expected to provide experimental data and a theoretical
basis for the use of the anti-ovarian cancer agent apatinib in clinical
practice.

2. Materials and methods

2.1. Reagents

Apatinib was obtained from Hengrui Medicine Co., Ltd. (Jiangsu,
China). For the in vitro studies, apatinib was dissolved in 100% dimethyl
sulfoxide and diluted to the desired concentration with Dulbecco's
Modified Eagle's Medium (DMEM) (Gibco, USA). For the in vivo studies,
apatinib was diluted in phosphate-buffered saline.

2.2. Cell culture

The human ovarian cancer cell lines SKOV3 and HO-8910 were ob-
tained from the Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). Cells were cultured in DMEM
(Gibco, USA) containing 10% foetal bovine serum (FBS; Gibco, USA),
100U/mLpenicillin and 100 μg/mL streptomycin (penicillin-streptomy-
cin-glutamine; Gibco, USA) at 37 °C in a humidified atmosphere of 5%
CO2 in a Forma Steri-Cycle CO2 Incubator (Thermo Fisher Scientific,
Massachusetts, USA).

2.3. Cell proliferation assay

MTT assayswere performed to assess the proliferation of SKOV3 and
HO-8910 cells treated with apatinib. SKOV3 and HO-8910 cells were
harvested and seeded onto a 96-well plate at a density of 3 × 103 cells
per well. Following a 24-h incubation, cells were treated with 200 μL
of culture medium containing apatinib at final concentrations of 10,
20, 50 and 100 μmol/L for 24, 48, 72 and 96 h. Before the assay, the
medium was replaced with 100 μL of medium containing 10 μL of MTT
(5 mg/mL), and the cells were incubated for an additional 4 h. The ab-
sorbance of the solution was measured at 490 nm using a microplate
reader (Varioskan Flash, THERMO, USA).

2.4. Flow cytometry

The effects of apatinib on the cell cycle and apoptosis were detected
by flow cytometry.

2.4.1. Cell cycle assay
A flow cytometry analysis was conducted to assay cell cycle arrest in

SKOV3 and HO-8910 cells treated with 20 μmol/L apatinib. SKOV3 and
HO-8910 cells were seeded onto six-well plates at a density of 3 × 105

cells per well. Following a 24-h incubation, cells were treated with 20
μM apatinib for 24 h and then subjected to cell cycle assays. Cells were
harvested and washed twice with pre-chilled PBS, followed by fixation
with 70% ethanol at 4 °C for 2 h. After washes with PBS, cells were
stained with 1 μg/mL propidium iodide (PI) (THERMO, USA) in 1 mL
of PBS at 4 °C for 30 min. The stained cells were analysed using a flow
cytometer (FACS Aria II, BD Biosciences, USA).

2.4.2. Apoptosis assay
SKOV3 andHO-8910 cells were seeded onto six-well plates at a den-

sity of 3 × 105 cells per well. After a 24-h incubation, cells were treated
with 20 μM apatinib for 24 h and then subjected to apoptosis assays.
Cells were harvested and washed twice with pre-chilled PBS. Then, a
Dead Cell Apoptosis Kit with Annexin V Alexa Fluor® 488 and PI was
used to stain the cells for 15 min at room temperature according to
the manufacturer's instructions. The stained cells were analysed using
a flow cytometer (FACS Aria II, BD Biosciences, USA). FlowJo software
was used to analyse and process the results.



Fig. 2.A Apatinib significantly suppressed SKOV3 andHO8910 cellmigration, as assessed usingwound-healing assays (**P b 0.01). B Apatinib significantly suppressed SKOV3 andHO8910
cell migration, as determined using transwell assays (**P b 0.01). C Apatinib significantly suppressed SKOV3 and HO8910 cell migration, as determined using soft agar assays (**P b 0.01).
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Fig. 2 (continued).
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2.5. Cell migration

Changes in ovarian cancermigration in vitro after apatinib treatment
were detected using scratch wound-healing, transwell and soft agar
assays.
Fig. 3. After a 24-h treatment with 20 μM apatinib, protein levels of the EMT markers E-cadhe
determined by western blotting (*P b 0.05; **P b 0.01; ***P b 0.001).
2.5.1. Wound-healing assay
SKOV3 andHO-8910 cells were seeded in six-well plates at a density

of 5 × 105 cells per well and allowed to reach 100% confluence prior to
the wound-healing assays. The cell layer was wounded with a pipette
rin, N-cadherin, Vimentin, Snail1, Slug, Z0–1 and ZEB1 in Skov3 and HO-8910 cells were



Fig. 4. After a 24-h treatment with 20 μM apatinib, the levels of proteins involved in the
JAK/STAT3, PI3K/Akt, and Notch signalling pathways, including JAK, p-JAK, Stat3, p-Stat3,
PI3K, Akt, p-Akt, Notch1, Hes1 and Hey1, in Skov3 and HO-8910 cells were determined
by western blotting.
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tip, and the floating cells were removed by two washes with PBS. Cells
were then cultured in serum-free DMEM in the presence or absence of
apatinib (10 μM and 20 μM) for 24 h, during which the cells were im-
aged using a live cell imaging system (Zeiss, German). Wound healing
was assessed by measuring the distance between the lines of the
wounded area under a microscope at 100× magnification.

2.5.2. Transwell migration assay
Twenty-four-well transwell chambers (8-μm pore size, 6.5-mm di-

ameter) (Millipore, USA) were used to assay migration and invasion.
SKOV3 and HO-8910 cells that had been treated with or without
apatinib (20 μM) were harvested and resuspended in serum-free
DMEM at a density of 2 × 105 cells/mL. Next, 100-μL cell suspensions
were seeded into the upper chambers of the transwell plates, and 500
μL of DMEM containing 10% FBS were placed in the lower chambers.
After co-culture for 24 h, cells on the upper surfaces of the transwell
membranes were removed using cotton swabs, and those on the
lower surfaces were fixed with ice-cold methanol and stained with a
0.1% crystal violet solution. The number of migrated cells was counted
in five random fields.

2.5.3. Soft agar colony formation assay
A 6-well plate was coated with a 1:1 ratio of 1.2% agarose and 2×

DMEM that was allowed to solidify for 30min. The top portionwas pre-
paredwith 0.6% agarose and 2×medium, and SKOV3 andHO-8910 cells
that had been treatedwith orwithout apatinib (20 μM)were plated at a
density of 2000 cells/mL. Images were captured after 14 days of culture.

2.6. Western blotting

SKOV3 andHO-8910 cells were seeded onto six-well plates at a den-
sity of 3 × 105 cells per well. Following a 24-h incubation, cells were
treated with 20 μM apatinib for 24 h. Then, the cells were harvested,
washed twice with pre-chilled PBS, lysed with cell lysis buffer
(Beyotime Biotechnology, CHINA) containing 10 mM
phenylmethanesulfonyl fluoride (PMSF; Sigma, USA), an EDTA-free
protease inhibitor cocktail (Roche, Germany) and PhosSTOP™ (Roche,
Germany) for 30 min on ice, and centrifuged at 12,000 rpm for 15 min
at 4 °C. The protein concentrations of the supernatants were quantified
using a BCA protein assay kit (TIANGEN BIOTECH, CHINA), and equal
amounts of protein from each sample were loaded onto gels and sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). After separation was complete, the proteins in the gel
were transferred onto polyvinylidene fluoride (PVDF) membranes
(0.45 μm; Millipore, USA) and blocked with 5% Difco Skim Milk (BD,
USA) for 2 h at room temperature.Membraneswere subsequently incu-
bated with the indicated primary antibodies at 4 °C overnight. On the
next day,membraneswerewashedwith Tris-buffered saline containing
0.1% Tween-20 (TBST, pH 7.4) and incubated with the appropriate sec-
ondary antibody at room temperature for 1 h. The immunoblots were
detected by enhanced chemiluminescence (ECL, Beyotime Biotechnol-
ogy, CHINA), and the band densities were analysed using an
ImageQuant LAS 4000 system (GE, USA).

2.7. Mouse xenograft model

All experiments conformed to the “Guidelines and suggestions for
the care and use of laboratory animals” (Ministry of Science and Tech-
nology of the People's Republic of China, 2006). The rats were main-
tained under standard laboratory conditions (20–22 °C, 50–70%
relative humidity, 12:12-h light:dark cycle) and had free access to
food and water before and after the surgical procedures.

BALB/c-nu/nu mice aged 4–6 weeks and weighing 16–20 g were
used to establish the SKOV3 xenograft model. Themice were purchased
from Sino-British SIPPR/BK Lab Animal Co., Ltd. (Shanghai, China) and
maintained in pathogen-free cageswith standard rodent chowand ster-
ile water available ad libitum. Briefly, 5 × 106 SKOV3 cells were
suspended in 200 μL of PBS and inoculated subcutaneously into the
right flanks of the nudemice. When the tumours reached amean diam-
eter of 6 mm, themice were divided randomly into two groups: control
(10% DMSO) and apatinib (50 mg/kg). The mice were intragastrically
administered control or apatinib solutions every other day. Throughout
the treatment period, the mice were weighed, and their tumours were
measured with callipers every 3 days. Tumour volume (V) was calcu-
lated using the following formula: V = largest diameter × (smallest
diameter)2/2 mm3. After 40 days of treatment when the tumours had
grown to a proper size, the mice were sacrificed, and the tumours
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Fig. 5. A. Photograph of tumours from the vehicle-treated (upper tissues) and apatinib-treated groups (lower tissues). B. Tumour sizes of SKOV3 ovarian cancer xenografts from mice
treated with vehicle (blue curve) and 50 mg/kg apatinib (orange curve).
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were excised, weighed and stored at−80 °C or placed in 4%paraformal-
dehyde for further examination.

2.8. Statistical analysis

Each experiment was performed at least three times. Statistically
significant differences among groups were evaluated with t-tests
using SPSS18.0 software. P b 0.05 and P b 0.01 were considered to rep-
resent different levels of statistical significance.

3. Results

3.1. Apatinib does not appreciably affect the proliferation and vitality of
ovarian cancer cells

MTT assays were conducted to determine the effect of apatinib on
ovarian cancer cell proliferation. Apatinib did not appreciably affect
the proliferation of SKOV3 and HO8910 cells at 10 μM and 20 μM con-
centrations (Fig. 1A). Flow cytometry was then used to determine the
effects of apatinib on cell cycle progression and apoptosis. As shown in
Fig. 1B, the percentages of SKOV3 and HO8910 cells in G1/G0 phase
were 73.3 ± 2.14% and 73.4 ± 2.69%, in S phase were 22.34 ± 2.17%
and 23.64 ± 2.16%, and in G2/M phase were 4.35 ± 0.43% and 2.95 ±
0.53%, respectively. After treatment with 20 μM apatinib, the cell cycle
distributions of SKOV3 and HO8910 cells were: G1/G0 phase, 73.04 ±
0.74% and 76.98 ± 2.14%; S phase, 22.79 ± 0.95% and 18.4 ± 1.68%;
and G2/M phase, 4.16 ± 0.22% and 4.6 ± 0.46%, respectively. Regarding
the effects of apatinib on cell apoptosis, the number of apoptotic cells
was not different between SKOV3 and HO8910 cells treated with or
without apatinib (Fig. 1C). Apatinib did not appreciably affect the cell
cycle progression (Fig. 1B) or apoptosis (Fig. 1C) of SKOV3 and
HO8910 cells at concentrations of 20 μM. The 20 μM concentration
was selected as the maximum concentration for the subsequent exper-
iments to assay the anti-tumour activity of apatinib.

3.2. Apatinib inhibits the migration of ovarian cancer cells

We performed wound-healing, transwell and soft agar assays to de-
termine the anti-tumour activity of apatinib on ovarian cancer cell mi-
gration. Apatinib decreased the migratory capacities of SKOV3 and
HO8910 ovarian cancer cells at concentrations of 10 μM and 20 μM
(Fig. 2A) and 20 μM (Fig. 2B). We then used a soft agar growth assay
to investigate the effect of apatinib on the tumourigenesis of SKOV3
and HO8910 ovarian cancer cells. Fewer SKOV3 and HO8910 cell colo-
nies were observed after the 20-μM apatinib treatment than after the
control treatment (Fig. 2C). As shown in Fig. 2A–C, themigration and in-
vasion of both SKOV3 and HO8910 cells were significantly reduced fol-
lowing treatment with apatinib (P b 0.01).



Fig. 6. Whole tumour lysates were prepared and protein levels of the EMTmarkers E-cadherin, N-cadherin, Vimentin, and Snail were analysed by western blotting (**P b 0.01; ***P b 0.001).
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3.3. Apatinib suppresses the epithelial-mesenchymal transition (EMT) in
ovarian cancer cells

The EMT is closely related to tumour metastasis. Western blotting
was performed to measure the levels of EMT-associated markers in
SKOV3 and HO8910 cells after treatment with apatinib and investigate
whether apatinib suppresses the EMT in ovarian cancer cells. As
shown in Fig. 3, the level of the epithelial marker E-cadherin was in-
creased, while the levels of the mesenchymal markers Vimentin and
N-cadherin were decreased by the apatinib treatment. Moreover, the
levels of the transcription factors Snail and Zo-1 were also decreased
by the apatinib treatment. Based on these results, apatinib inhibits the
EMT in ovarian cancer cells.

3.4. Apatinib inhibits the JAK/STAT3, PI3K/Akt and Notch signalling path-
ways in human EOC cells

The JAK/STAT3, PI3K/Akt, and Notch signalling pathways are associ-
ated with the EMT. Therefore, western blotting was performed to mea-
sure the levels of markers of these three signalling pathways, including
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JAK, phosphorylated (p)-JAK, Stat3, p-Stat3, PI3K, Akt, p-Akt, Notch1,
Hes1 and Hey1, and to reveal the underlyingmolecularmechanisms as-
sociated with apatinib-induced EMT inhibition in ovarian cancer cells.
Apatinib decreased the levels of p-JAK, p-Stat3, p-Akt, PI3K, Notch1,
Hey1 and Hes1. JAK, Stat3 and Akt levels were unchanged between
the control group and the apatinib-treated group (Fig. 4). Therefore,
apatinib inhibits the EMT in human EOC cells via the JAK/STAT3, PI3K/
Akt, and Notch signalling pathways.

3.5. Apatinib inhibits tumour growth in vivo

After characterizing the effects of apatinib on ovarian cancer cells
in vitro, we studied its effect on tumour growth in vivo using a mouse
xenograft model. SKOV3 cells were introduced into immunocompro-
mised nude mice to evaluate the efficacy of apatinib in inhibiting tu-
mour growth. As shown in Fig. 5A and B, the oral administration of
apatinib significantly inhibited SKOV3 tumour growth compared to
the control treatment (P b 0.05). Tumour volumes were measured and
plotted after each treatment to evaluate the effect of apatinib on
mouse xenografts of ovarian cancer cells. After 40 days, the tumour vol-
ume of the 50mg/kg apatinib-treated group (644±28.6mm3)was sig-
nificantly smaller than the NC group (1139 ± 115 mm3) (P b 0.01). In
this xenograft model of ovarian cancer, apatinib significantly delayed
tumour growth in mice. No significant differences in the body weights
of themicewere observedbetween the groups before or after treatment
(data not shown).

Tumours were harvested, homogenized, and the levels of down-
streamprotein targets of the drugwere analysed usingwestern blotting
to further examine target modulation in vivo. As shown in Fig. 6, the
level of the epithelial marker E-cadherin was increased, while the levels
of themesenchymal markers Vimentin and N-cadherin were decreased
by the apatinib treatment.Moreover, the level of the transcription factor
Snail was also decreased by the apatinib treatment. Thus, apatinib in-
hibits the EMT in mice with ovarian cancer.

4. Discussion

As Judah Folkman first proposed in 1971, tumour growth depends
on angiogenesis [11]. Inhibitors of angiogenesis have become an impor-
tant therapeutic strategy in the treatment of various tumours. Tumour
angiogenesis plays an important role in the occurrence, development,
and metastasis of ovarian cancer. Apatinib is a small-molecule VEGFR
TKI that tightly binds and inhibits VEGFR-2 [5]. It is now recognized as
a first generation oral anti-angiogenesis drug in China, where it is also
a potential new third-line option for treating refractory gastric cancer
[12]. Currently, the definitive efficacy of apatinib cannot be estimated
due to an insufficient number of patients recruited for clinical trials.
However, in many pretreated patients, the survival rates, including
overall survival and progression-free survival, have been improved
[13]. Apatinib inhibits the migration and proliferation of endothelial
cells stimulated by VEGF. Thus, it is considered a promising VEGFR-2 in-
hibitor that blocks tumour-induced angiogenesis [5,14]. The present
study was performed to explore the anti-tumour activity of apatinib in
ovarian cancer both in vitro and in vivo. We aimed to provide evidence
supporting the use of apatinib as a treatment for ovarian cancer in clin-
ical practice.

Recent studies have reported the direct anticancer activity of
apatinib in various cancer cell lines [15,16]. The proliferation of colon
cancer cells was inhibited upon treatmentwith different concentrations
of apatinib (20 and 40 μM) [17]. According to the results of theMTT pro-
liferation assay, significantly lower viability of melanomaMUM-2B cells
is observed in apatinib-treated groups [18]. In another study, when
HCT116 and SW480 cells were treatedwith 20 μMapatinib, the apopto-
sis percentageswere 3.7% and 5.8%, respectively. As the drug concentra-
tion increased to 40 μΜ, the apoptosis percentages increased to 11.9%
and 13.5%. Moreover, the cell cycle was also altered [17]. However, in
our study, we did not observe cytotoxic effects of apatinib on ovarian
cancer cells. The inhibitory mechanism of apatinib in ovarian cancer
cells was further investigated by detecting changes in the cell cycle
and cell apoptosis. But, in our study, apatinib did not alter the ovarian
cancer cell cycle or cell apoptosis.

In this study, apatinib substantially inhibited the migration and
invasion of ovarian cancer cells. (1) Tumour cell motility is an essen-
tial factor for tumour invasion and metastasis, and the JAK-STAT3
signalling pathway is commonly over-activated in many physiologi-
cal cellular pathways involving cell motility [19]. Accordingly, the
JAK-STAT3 signalling pathway plays an important role in cell adhe-
sion, migration and other processes. (2) Tumour angiogenesis refers
to the growth of capillaries induced by tumour cells and the estab-
lishment of blood circulation in tumours. According to previous
studies [20,21], STAT3 directly regulates the transcription of VEGF,
and the persistent overactivation of the JAK-STAT3 signalling path-
way in tumour cells therefore promotes tumour angiogenesis
through VEGF, thereby resulting in tumour invasion and metastasis.
(3) Degradation of the extracellular matrix (ECM) is a crucial step in
tumour invasion and metastasis. The JAK-STAT3 signalling pathway
has consistently been shown to be involved in ECM degradation by
directly or indirectly regulating the expression of matrix metallopro-
teinase genes [22]. (4) During the embryonic development of
zebrafish, blockade of the K-Ras signalling pathway impairs
haematopoiesis and angiogenesis, suggesting that the PI3K/Akt
pathway is involved in haematopoiesis and angiogenesis mediated
by the K-Ras signalling pathway [23]. Apatinib inhibits the EMT in
ovarian cancer cells by inhibiting the JAK/STAT3 and PI3K/Akt signal-
ling pathways to subsequently inhibit ovarian cancer cell motility
and invasion, suppress tumour cell volume growth in vivo and indi-
rectly inhibit tumour invasion and metastasis by inhibiting tumour
angiogenesis.

5. Conclusion

In summary, apatinib significantly inhibits the biological functions of
ovarian cancer cells in vitro and in vivo, and our study provided evi-
dence supporting the use of apatinib as a treatment for ovarian cancer
in clinical practice.
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