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Purvalanol A induces apoptosis and reverses cisplatin

resistance in ovarian cancer

Xiaoyi Zhang*, Shasha Hong?*, Jiang Yang, Jingchun Liu, Ying Wang,

Jiaxin Peng, Haoyu Wang and Li Hong

Cisplatin (DDP) resistance limits therapeutic efficacy in
patients diagnosed with ovarian cancer. Purvalanol A (Pur)
is a novel cyclin-dependent kinase (CDK) inhibitor that
has been demonstrated to induce apoptosis in various
cancer cells. The present study investigated the effect

of the combination treatment of Pur and DDP, and the
potential anticancer mechanisms in epithelial ovarian
cancer (EOC) cells in vitro and in vivo. We found that Pur
enhanced the anti-tumor efficacy of cisplatin in EOC cells.
The combination of Pur and DDP had more significant
effects on apoptosis induction in EOC cells compared with
the individual-treatment groups and the control group.

We further demonstrated that the combination of Pur and
DDP may trigger apoptosis and autophagy in EOC cells
by inducing reactive oxygen species (ROS). And the ROS/
Akt/mammalian target of rapamycin signaling pathway

as a potential mechanism for the initiation of autophagy

Introduction

Epithelial ovarian cancer (EOC) is the most lethal gyne-
cologic malignancy [1]. The standard strategy of treat-
ment for ovarian cancer includes surgery followed by
platinum-based chemotherapy [2,3]. However, most
patients already present with the advanced-stage disease
for the first diagnosis, and the 5-year survival rate of ovar-
ian cancer is approximately 49%, which is predominately
due to relapse and chemoresistance [4]. Cisplatin (DDP)
is widely applied in the clinic treatment of solid tum-
ors including ovarian cancer [5]. Long-term application
of DDP results in the development of chemoresistance
and toxicity [6]. Therefore, it is of vital importance to
seek novel strategies to enhance the sensitivity of EOC
to conventional chemotherapeutic drugs.

Cyclin-dependent kinases (CDKs) are critical kinase
family members that regulate cell cycle machinery and
cell proliferation in conjunction with their counterparts,
cyclins [7]. The regular activation of CDKs specifi-
cally controls each cell cycle stage to provide sufficient
time for restoring DNA damage, which is essential to
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induced by combination therapy. Similar results were
observed in vivo. These results demonstrated that Pur
sensitized the response of EOC cells to cisplatin in vitro
and in vivo, reversing the resistance to cisplatin in ovarian
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maintain the stability of the genome and cell survival
[8]. Abnormal function of cell cycle regulators results
in uncontrolled cell proliferation and may be related
to chemoresistance [9,10]. Multiple studies have sug-
gested that CDK inhibitors could be a more viable
cancer treatment strategy [11-13]. Moreover, dysregu-
lation of CDK1 or its cyclin partners was detected in
various cancers [14-16]. Currently, Inhibitors targeting
CDK1 have been validated in clinical trials or in-vitro
experiments for multiple cancer types as well [17-19].
Purvalanol A (Pur) is a CDK inhibitor, which exerts its
function by blocking the binding of CDK1 or CDK2
with their specific cyclin counterparts. Previous studies
have shown that Pur could induce apoptosis in various
cancer cells such as colon cancer [20], breast cancer
[21], and non-small cell lung cancer cells [22]. Although
there has been increasing evidence of the antitumor
effects of Pur, its clear underlying mechanism has
not been discovered. In particular, the interrelation
between autophagy and antitumor activity of Pur in
tumor cells is unclarified.

Autophagy is the major intracellular degradation sys-
tem by which cytoplasmic materials are delivered to and
degraded in the lysosome [23]. Substantial evidence has
demonstrated that autophagy may exert multifactorial
influences on the initiation and progression of cancer as
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well as therapeutic intervention [24,25]. Besides, auto-
phagy can be triggered and regulated via multiple mech-
anisms to exert its diverse efficacy, such as the reactive
oxygen species (ROS)/Akt/mammalian target of rapa-
mycin (mTOR) signaling pathway [26,27]. ROS acts as
important molecules in various cancer cellular processes
[28,29], and agents that trigger oxidative stress can be
potential therapeutic strategies for cancer [30]. The Akt/
m'TOR signaling pathway, one of the major cellular sign-
aling pathways, is frequently activated in human cancers
[31]. Aberrant activation of this pathway has been exten-
sively observed in various malignancies, which acceler-
ates proliferation, promotes metastasis, and participates
in the development of resistance to standard anticancer
therapy as well [32-34]. Nevertheless, whether the ROS/
Akt/m'TOR signaling pathway is involved in the antitu-
mor effect of Pur remains to be detected, and its effects
on autophagy also need further investigation.

In the present study, we demonstrated that Pur can syn-
ergistically enhance the antitumor effect of cisplatin in
ovarian cancer and thus reverses drug resistance, and such
a combinational treatment has the potential to become a
potent therapeutic strategy for ovarian cancer.

Materials and methods

Gene expression and survival analysis in ovarian cancer
dataset

Gene profiling data of ovarian normal surface epithe-
lial and ovarian cancer epithelial samples were down-
loaded from the GEO dataset. Pur-associated genes were
retrieved using the GeneCards database. The intersec-
tion of ovarian cancer-related gene expression datasets
(GSE14407, GSE27651, and GSE54388) was analyzed
using the online tool ‘GEO2R’. The intersection of
Pur-associated genes in ovarian cancer with previously
acquired differently expressed genes (DEGs) was per-
formed using the R package ‘ggplot2’. GEPIA (htep://
gepia.cancer-pku.cn/) which includes gene expression
data from The Cancer Genome Atlas (TCGA) and the
Genotype-Tissue Expression (GTEx) project was used
to compare the expression of CDK1 in EOC tissue and
normal tissues. The Kaplan-Meier (K-M) Plotter data-
base (www.kmplot.com) was used to assess the prognos-
tic relevance of CDK1 levels by survminer package. The
representative immunohistochemical images were from

the Human Protein Atlas databases (CAB003799).

Reagents and chemicals

Purvalanol A (purity 2 99%) was purchased from
MedChemExpress (HY-18299; MCE). Pur was dissolved
in dimethyl sulfoxide (DMSO, D2650; Sigma-Aldrich,
Shanghai, China) and stored at -20°C. Cisplatin (DDP)
(purity > 99%) was purchased from MedChemExpress
LLC, Shanhai, China (HY-17394; MCE). Other rea-
gent sources are listed below: fetal bovine serum (FBS),
trypsin/EDTA  solution (GIBCO-BRL, Gaithersburg,
Maryland, USA), RPMI-1640 (Gibco, Thermo Fisher

Scientific, Waltham, Massachusetts, USA), Cell Counting
Kit-8 (CCK-8) (BS350A; Biosharp), 3-methyladenine
(3-MA) (HY-19312; MCE), N-acetyl-L-cysteine (NAC)
(HY-B0215; MCE) and bicinchoninic acid (BCA) protein
assay kit (Beyotime Institute of Biotechnology, Jiangsu,
China).

Cell culture

T'he ovarian cancer cell lines SKOV3 and SKOV3/DDP
were gifts from professor Ma Ding (Cancer Biology
Research Center, Huazhong University of Science and
Technology, China). All cell lines were authenticated by
short tandem repeats profiling and tested negative for
mycoplasma contamination. All cell lines were incubated
in RPMI-1640 supplemented with 10% FBS and 1%
streptomycin-penicillin in a humidified atmosphere with
5% CO2 at 37°C. The resistant cell line SKOV3/DDP was
added DDP to maintain the resistance, and the maintain-
ing concentration is 2pM. Cells were passaged no more
than 6 months.

Cell proliferation assay

CCK-8 was used to evaluate the inhibitory effect of
agents. Cells were seeded at 96-well plates at a density
of 1x10*cells/well and incubated overnight. Various con-
centrations of Pur (0, 1, 2, 4, 8, 16, 32, and 64pM), and
DDP (0, 2, 4, 8, 16, 32, and 64pM for SKOV3 cells and
0, 2,4, 8,16, 32, 64, and 128 pM for SKOV3/DDP cells)
were incubated with the cells for 24 h and 48h. In order
to determine the combined effects of Pur and DDP, the
EOC cells were exposed to various combinations of var-
ious concentrations of Pur (0, 4, 6, and 8 M) and various
concentrations of DDP (0, 20, 30, and 40 pM) for 24 h.
Subsequently, 10 pLL of CCK-8 reagent was added and the
plates were incubated for 0.5-2h in an atmosphere with
5% CO2 at 37°C. The absorbance value (OD) at 450 nm of
cach well was measured with a PerkinElmerVictor3 1420
Multilabel Counter (Waltham, Massachusetts, USA).

Combination index

The combined effect of Pur and DDP on EOC cells was
evaluated using the combination index (CI). The com-
bined effect is classified as follows: ClI<1 represents a
synergistic effect, CI=1 represents an additive effect,
and CI>1 represents an antagonistic effect. CI analy-
sis was performed using Calcusyn Graphing Software
(Biosoft Inc., Missouri, USA).

Flow cytometric analysis of cell apoptosis

The SKOV3 and SKOV3/DDP cells were seeded into
six-well culture plates for 24h, and then treated with
Pur (8pM) or DDP (4pM for SKOV3 cells and 30 pM
for SKOV3/DDP cells) or the combination for 24h. To
assess apoptosis changes after using inhibitors, EOC cells
were pre-incubated with inhibitors (3-MA or NAC) for
2h before exposure to different agents. Then the cells
were harvested, washed twice with ice-cold PBS, and
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detected for apoptosis by double staining with annexin
V-PE and 7-AAD in binding buffer for 15 min. Annexin
V-PE/7-AAD Apoptosis Detection Kit (BD Biosciences,
San Diego, California, USA) was used for apoptosis anal-
ysis. A flow cytometry-fluorescence-activated cell sort-
ing (FACS) Calibur system (BD Biosciences, Franklin
Lakes, New Jersey, USA) was used to conduct the signal
collection, and then analyzed with Flow]o software (BD
Biosciences).

Mitochondrial membrane potential assay

JC-1 assay kit (C2006; Beyotime Institute of
Biotechnology, China) was used to detect the mitochon-
drial membrane potential (AWm). Cells were seeded at
six-well plates at a density of 1x 10’ cells/well and incu-
bated overnight. Then the EOC cells were exposed to
Pur (8uM) or DDP (4pM for SKOV3 cells and 30pM
for SKOV3/DDP cells) alone or in combination for 24 h.
Next, the cells were washed with PBS and incubated
in a medium containing 2mM JC-1 at 37°C for 20 min.
Subsequently, the cells were directly observed under a
fluorescence microscope after washing with ice-cold JC-1
buffer. For flow cytometry assessments, after exposure to
different treatments for 24 h, the cells were trypsinized,
collected in a medium containing JC-1, and then incu-
bated at 37°C for 20 min. After washing with ice-cold JC-1
buffer, the cells were analyzed using a FACS Calibur flow
cytometer, and Flow]o software (BD Biosciences) was
used for data analysis.

Flow cytometric analysis of cell cycle

An appropriate number of cells were plated on a six-well
plate (1x 10°cells/well) for 24h and then treated with
Pur (8uM) or DDP (4pM for SKOV3 cells and 30pM for
SKOV3/DDP cells) alone or in combination for 24h. Then
cells were trypsinized, washed with 1x PBS; centrifuged at
2000xg for 5min, and fixed with 75% ethanol overnight at
4°C. Then cells were centrifuged again, the supernatant
was removed and cells were resuspended and digested in
150 pl RNaseA (YEASEN, Shanghai, China) (250-500 pg/
ml) for 30min at 37°C and then 150pl PI (ANT161;
Antagene, Wuhan,China) (50 pg/ml.) was added at 4°C for
30min in the dark. Each sample contained approximately
1x10* cells and was analyzed by flow cytometer. The cell
cycle distribution was determined by a FACS Calibur flow
cytometer (BD Biosciences, Franklin Lakes, New Jersey,
USA), and Flow]o software (BD Biosciences) was used for
data analysis.

Wound healing assay

Cells were plated in six-well plates (5x 10°cells/plate)
and incubated until reaching 90% confluence. The cell
monolayer was scratched with a 200-pl sterile pipette
tip and washed with PBS buffer three times. Different
agents were carried out as mentioned above. Finally, pho-
tos of cell migration were taken by an Olympus inverted

microscope (Olympus Corp, Tokyo, Japan) at 0, 24, and
48h after scratching.

Colony formation assay

Cells were seeded at ~500 cells per well in six-well plates.
After 24 h, cells were treated with the indicated concentra-
tions of different agents for 72 h and were further incubated
in a drugfree medium to form colonies. The medium was
changed every 3days until the cells had formed colonies
that were of the appreciably right size. Finally, the plates
were washed with PBS twice, fixed with methyl alcohol
for 15min, and stained with 1% crystal violet (G1014;
Servicebio, Wuhan, China) for 5min. Image] software was
used to quantify the number of colonies.

Measurement of intracellular reactive oxygen species
Cells were seeded into six-well plates at an appropriate den-
sity (1x 10°cells/well) for 24h, and then treated with Pur
or DDP alone or in combination as mentioned above for
24h. The amount of ROS produced in cells was measured
by 2’,7’-dichlorodihydrofluorescein diacetate (Beyotime
Biotech, Nantong, China) according to the manufacturer’s
instructions. Cells were stained with 10 pM DCFH-DA for
30min at 37°C. Then, the cells were collected and washed
twice with pre-chilled PBS. The fluorescence intensity
was analyzed using a FACS Calibur flow cytometer (BD
Biosciences, California, USA). To assess the changes in
ROS after using inhibitors, cells were pretreated with 5 mM
NAC for 2h prior to exposure to compounds.

Measurement of intracellular superoxide dismutase
After total protein extraction from the EOC cells using
radio immunoprecipitation assay (RIPA) buffer containing
phenylmethylsulfonyl fluoride (PMSF). A BCA assay kit
(Beyotime, China.) was used according to the manufactur-
er’s instructions to detect the protein concentrations. Then
the cell extract was collected for measurements of the total
superoxide dismutase ('T-SOD) activity by WS'T-1 method
using the Superoxide Dismutase assay kit (Jiancheng Bio,
Nanjing, China). Every specimen was added into differ-
ent solutions according to the manufacturer’s instructions
and incubated at 37°C for 40 min. After that, 2mL of the
chromogenic agent was added and let stand for 10 min.
Last, the absorbance value (OD) at 550nm of each well
was measured with a PerkinElmerVictor3 1420 Multilabel
Counter (Waltham, Massachusetts, USA). The values were
expressed as units per mg protein (U/mg), and one unit of
SOD was defined as the amount of SOD inhibiting the
rate of reaction by 50% at 25°C.

Autophagy flux analysis

EOC cells were transfected with mRFP-GFP-1LC3 ade-
noviral vectors, which were purchased from HanBio
Technology (Shanghai, China), and were cultured in a
medium containing the indicated times and concentra-

tions of Pur and DDP as designed at 37°C. Autophagy
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flux observation and mounting were performed with laser
scanning confocal microscopy (FV1200; Olympus Corp,
"Tokyo, Japan).

Western blotting

After treatment according to the subject design, total
proteins were extracted using RIPA buffer containing
PMSF and phosphatase inhibitors. Equal amounts of
protein samples were subjected to 8-12% gel by SDS-
PAGE and transferred onto polyvinylidene fluoride
membranes. Membranes were blocked with 5% BSA at
room temperature for 1h and then incubated with the
corresponding primary antibodies overnight at 4°C. After
being washed with Tris-buffered saline with Tween-20,
the membranes were incubated with horseradish per-
oxidase-labeled goat anti-rabbit IgG (H + L) secondary
antibodies (1: 3000; Servicebio) for 1h at room temper-
ature. The reactive protein bands were visualized using
the Molecular Imager ChemiDoc Touch Imaging System
with Image Lab 5.2 quantitative assay system (Bio-Rad
Laboratories, Hercules, California, USA) with BeyoECL
Star (Beyotime).

The primary antibody information was as follows:
anti-p-actin  (1:3000, GB11001; Servicebio), anti-Bec-
lin-1(1:1000, 11306-1-AP; Proteintech), anti-1LC3 (1:1000,
14600-1-AP; Proteintech), anti-cytochrome C (1:1000,
#11940; CST), anti-Bcl-2 (1:1000, ab32124; Abcam),
anti-Bax (1:1000, ab32503; Abcam, ), anti-CDK1 (1:1000,
#4539; CST), anti-mTOR (1:1000, ab134903; Abcam),
anti-p-mTOR (1:1000, YP0176; Immunoway), anti-p62
(1:1000, #23214; CST), anti-Akt (1:1000, ab8805; Abcam),
anti-phospho-Akt (1:1000, #4060; CST), anti-Caspase12
(1:1000,  55238-1-AP;  Proteintech), anti-cleaved-
Caspase3 (1:1000, abs132005; Absin), anti-Atg16 (1:1000,
29445-1-AP; Proteintech), anti-Atg5 (1:1000, 10181-2-
AP; Proteintech), and anti-Atg3 (1:1000, 11262-2-AP;
Proteintech).

Tumor xenograft study

The ethical committee of the Institutional Animal Care
and Use Committee of Renmin Hospital of Wuhan
University approved all experimental procedures in this
study, and all experimental procedures were handled
according to the Guide for the Care and Use of Laboratory
Animals, eighth edition. Xenograft tumor models were
established in female BALB/c nude mice (nu/nu, aged
6-8weeks) that were purchased from the Center for
Animal Experiment of Wuhan University. Logarithmic
growth phase SKOV3/DDP cells (1x107/0.2mL) were
subcutaneously injected into the right flank of each
mouse. After the tumor volume reached 50mm3, treat-
ment was initiated. Twenty mice were randomized into
four groups (five/group) and were treated with normal
saline, DDP (5mg/kg), Pur (25mg/kg), and Pur (25 mg/
kg) +DDP (5mg/kg) by intraperitoneal injection. All
groups received their respective treatments every 3 days

six total times and were observed until 24 days. Mice
were sacrificed until the experiment was terminated, and
tumor tissues were removed for further analysis.

Histopathology and immunohistochemistry

Tissue samples isolated from xenograft tumors were sub-
jected to histological analysis. Tumor samples were first
fixed with formalin and then embedded in paraffin, cut
into 5pm sections, and stained with H&E for immuno-
histochemistry (IHC) staining. The primary antibodies
used were anti-LC3 (1:1000, 14600-1-AP; Proteintech),
anti-p-m’TOR (1:1000, YP0176; Immunoway), and anti-
phospho-Akt (1:1000, #4060; CST). Images were visual-
ized using an Olympus inverted microscope (Olympus
Corp.), and image analysis was performed by Image].

Statistical analysis

Statistical analysis was performed with GraphPad Prism
software version 7 (San Diego, California, USA). The data
are presented as mean + SEM. Student’s 7-tests (unpaired
two-tailed) were performed for comparisons in two
groups, and a one-way analysis of variance was used for
multiple comparisons in three or more groups. P values <
0.05 were considered significant. Statistical analysis was
performed with GraphPad Prism software version 7 (San
Diego, California, USA).

Results

Pur-related gene CDK1 is upregulated in ovarian cancer
We first retrieved and analyzed ovarian cancer-related
gene expression datasets (GSE14407, GSE27651, and
GSE54388) to filter out DEGs (Fig. 1a). In the inter-
section, we chose CDK1 for further research. Next, the
expression of CDK1 was compared in ovarian tumors
and normal ovary tissues from TCGA and GTEx data-
bases. Compared to normal ovary tissues, the expression
of CDK1 was significantly upregulated in ovarian tumors
(Fig. 1b). Moreover, our data indicated that ovarian cancer
patients at FIGO stage IV exhibited an increased expres-
sion of CDK1 compared to other FIGO stages (Fig. 1c). In
addition, IHC staining for CDK1 protein displayed a sig-
nificantly higher expression in ovarian tumors than in nor-
mal ovary tissues (Fig. 1d). As a result, we chose Purvalanol
A, known as a CDK1 inhibitor, to further confirm the role
of CDKI in ovarian cancer. This was more fully demon-
strated by the intersection of the Pur-related genes (from
GeneCards database) in ovarian cancer with previously
acquired DEGs including the CDK1 gene (Fig.1e).

Pur alone, DDP alone, and their combination inhibit the
viabilities of ovarian cancer cells

In order to examine the effects of Pur and DDP individual
treatment on the viability of two EOC cell lines (SKOV3
and SKOV3/DDP) iz vitro, the cell proliferation assay was
performed. EOC cells were treated with Pur and DDP
at different concentrations for 24 and 48h, respectively.
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Fig. 1
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Pur-related gene CDK1 is upregulated in ovarian cancer. (a) The intersection of ovarian cancer-related gene expression datasets (GSE14407,
GSE27651, and GSE54388). (b) The intersection of Pur-associated genes in ovarian cancer with previously acquired DEGs. |logFC| > 2 and
P value < 0.05. (c) Gene expression of CDKT1 in epithelial ovarian tumors and normal epithelial ovary tissues according to TCGA and GTEx
databases. (d) Kaplan—Meier analysis between ovarian cancer at FIGO stage IV and CDK1 expression. (e) CDK1 was highly expressed in
EOC tissues from Human Protein Atlas (https://www.proteinatlas.org) analysis. CDK1 protein was not expressed in normal ovarian tissues
(https://images.proteinatlas.org/3799/10153_A_4_7jpg), whereas high expression was observed in EOC tissues (https://images.proteinatlas.
0rg/3799/10150_B_3_7jpg). EOC, epithelial ovarian cancer; GTEx, Genotype Tissue Expression; TCGA, The Cancer Genome Atlas.

As shown in Fig. 2a-d, both treatments with Pur alone
and DDP alone caused dose- and time-dependent loss of
viability in the two EOC cell lines. The 50% inhibitory
concentrations (IC50) values of Pur for SKOV3 cells were
determined to be 19.690 pM and 9.062 pM at 24 h and 48 h,
respectively; and for SKOV3/DDP cells, 15.920 pM and
4.604 pM. DDP IC50 values in SKOV3 cells, respectively,
were 8.617pM and 4.059pM at 24h and 48h, and for
SKOV3/DDP cells, 49.360 pM and 20.420 pM separately.

Subsequently, to determine whether low-toxicity
concentrations of Pur might synergistically enhance
DDP-induced cell growth inhibition in EOC cells, we
examined the effect of Pur/DDP combination treatment
on cell viability in EOC cells. The cell proliferation assay
demonstrated that, compared to single DDP treatment,
combination treatment with Pur remarkably decreased
the viabilities of both EOC cells (Fig. 2¢ and f). Drug
interaction of Pur and DDP was calculated by CI values,
and a CI below 1 is an indication of synergism [35]. The
CI results are shown in Table 1, and the vast majority
of the combinations showed synergistic effects (CI<1).
Therefore, we selected 8pM Pur and 4pM DDP for
SKOV3 cells, and 8 pM Pur and 30 pM DDP for SKOV3/
DDP cells in our subsequent experiments. Afterward,
the inhibitory effects on cell growth were evaluated by

colony formation assay. Compared with Pur or DDP
treatment alone, the combined treatment remarkably
decreased the colony formation in both SKOV3 and
SKOV3/DDP cells (Fig. 2g-1). The wound-healing assay
also showed that the combination of Pur and DDP evi-
dently decreased cell migration (Fig. 2j-1). These results
demonstrated that the combination of Pur and DDP
inhibited the growth and migration of EOC cells, sug-
gesting a reversal of resistance to cisplatin.

The combination treatment of Pur and DDP induces the
apoptosis of ovarian cancer cells

Next, to address whether co-treatment could result in
cellular apoptosis, annexin V-PE/7-AAD double stain-
ing was performed by flow cytometric analysis. As shown
in Fig. 3a-d, compared with single-agent treatment, the
combined treatment dramatically increased apoptotic cell
death in both SKOV3 and SKOV3/DDP cells. We then
detected the expression levels of apoptosis-related proteins
by western blotting. As shown in Fig. 3e, compared to the
control and single-agent groups, the expression levels of
proapoptotic proteins, such as cleaved caspase-3, Bax, and
cytochrome-C, were significantly upregulated in both EOC
cell lines, accompanied by a dramatic downregulation of the
antiapoptotic protein Bcl-2 after Pur/DDP co-treatment.
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Table 1 The combination index of Purvalanol A and cisplatin was calculated for the two epithelial ovarian cancer cell lines
SKOV3 SKOV3/DDP

DDP (uM) Pur (uM) Effect Cl DDP (uM) Pur (uM) Effect Cl
2 4 0.23 0.922 10 4 0.526 0.664
4 4 0.28 0.802 20 4 0.485 0.954
6 4 0.308 0.768 30 4 0.53 0.981
8 4 0.291 0.958 40 4 0.561 1.026
2 6 0.214 1.416 10 6 0.72 0.45
4 6 0.305 0.952 20 6 0.671 0.644
6 6 0.366 0.757 30 6 0.789 0.441
8 6 0.515 0.417 40 6 0.847 0.355
2 8 0.618 0.35 10 8 0.711 0.594
4 8 0.587 0.398 20 8 0.822 0.398
6 8 0.527 0.504 30 8 0.87 0.323
8 8 0.622 0.359 40 8 0.925 0.213

Cl, combination index; DDP, Cisplatin; Pur, Purvalanol A.

in the cytoplasm as a monomer characterized by green flu-
orescence. During apoptosis, the mitochondrial membrane
is disturbed with depolarization of AWm consequently, and
JC-1 aggregates transform into monomers, which leads to
the changes in the ratio of red to green fluorescence. The
results showed that co-treated cells exhibited the most sig-
nificant decline in red fluorescence and increase in green
fluorescence (Fig. 3k and 1). All these data demonstrated
that the combined treatment of Pur and DDP was effec-
tive in inducing apoptosis in ovarian cancer cells.

The combination treatment of Pur and DDP causes cell
cycle arrest in ovarian cancer cells

Given the critical role of CDKI1 in the G1/S or G2/M
Phases of the cell cycle, we then investigated the effect
of Pur (with or without cisplatin) on cell-cycle progres-
sion. Two EOC cell lines were treated with Pur, DDP
alone or in combination for 24 h, and cell-cycle analysis by
flow cytometry showed that both Pur and Pur/DDP treat-
ment resulted in an increased percentage of arrest in the
G2/M phase compared with the control group. However,
the application of DDP alone had no significant effect on
cell-cycle progression in all EOC cell lines (Fig. 4a-d). We
also investigated the expression levels of cell cycle-related
proteins after treatment alone or combined. As shown in
Fig. 4e-f, CDK1 expression was down-regulated follow-
ing 24h administration of Pur or Pur/DDP in EOC cells,
whereas the alterations were NS in the DDP group.

Treatment of Pur with or without DDP induces
autophagy in ovarian cancer cells

To investigate whether the combination treatment with
Pur and DDP could trigger the pro-apoptotic effect of
EOC cells by inducing autophagy, we performed western
blot analysis to evaluate the protein levels of several auto-
phagy markers. As shown in Fig. 5a-g, Pur/DDP combi-
nation treatment upregulated the expression of proteins
including Beclinl, Atg3, Atg5, and Atgl6 in EOC cells.
Moreover, LC3-11, a classical autophagy marker, showed
a striking increase in conversion in SKOV3 and SKOV3/
DDP cells after Pur/DDP co-treatment. Furthermore,
the expression of p62, another marker of autophagy,

was decreased after Pur/DDP co-treatment compared
with the control group. To dynamically track and quan-
tify intracellular autophagic flux, we transfected tandem
mRFP-GFP-LLC3 adenovirus into SKOV3/DDP cells
[36]. As shown in Fig. 5h and i, the quantity of detecta-
ble yellow autophagic I.C3 puncta (mRFP+/GFP+) accu-
mulated in the cytoplasm increased in the treated groups
compared with the control group. Moreover, red puncta
(mRFP+GFP-) containing mRFP-LC3 rather than green
puncta (nRFP-GFP+) became preponderantly evident
in cells undergoing the combined treatment. Collectively,
our data demonstrated that the combined treatment could
accumulate autophagosomes and autolysosomes, and acti-
vate complete autophagic flux in ovarian cancer cells.

Autophagy actually has widely different effects on tumor
development and treatment, such as cytoprotective and
pro-apoptotic. To evaluate whether combined treatment-in-
duced autophagy is related to cell viability and apoptosis,
we used 3-MA, an autophagy inhibitor, to block the auto-
phagy process. First, western blot data showed that 3-MA
decreased LLC3-II protein expression and increased p62
protein levels in EOC cells (Fig. 5j-n), indicating that the
autophagy induced by Pur/DDP co-treatment was attenu-
ated. Subsequently, compared with Pur or DDP treatment
alone, annexin V-PE/7-AAD assays showed that the com-
bination of 3-MA with Pur/DDP significantly increased
the number of apoptotic ovarian cancer cells (Fig. 50).
Correspondingly, the expression level of the pro-apoptotic
protein Bax was upregulated, and the antiapoptotic pro-
tein Bcl-2 was downregulated after autophagy blockage
(Fig. 5j-1). Taken together, these results suggested that the
combination treatment of Pur/DDP with 3-MA enhanced
the antitumor effect in ovarian cancer cells.

Elevation of reactive oxygen species generation in
ovarian cancer cells by the combination of Pur and
DDP is involved in apoptosis and autophagy by
mediating the AKT/mTOR signaling pathway
Subsequently, to determine whether ROS accumula-
tion is involved in combined treatment-induced apop-
tosis of EOC cells, we used the DCFH-DA probe to
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remarkable increase in ROS levels. We also measured
SOD activity to estimate intracellular oxidative stress.
As shown in Fig. 6¢ and d, treatment of cells with both

investigate the intracellular ROS levels after exposure
to Pur, DDP, and Pur/DDP combination. As shown

in Fig. 6a and b, combination treatment resulted in a
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Pur and DDP alone induced ascendant SOD activities,
but the combined treatment exhibited the most signif-
icant increase. These results suggested that ROS accu-
mulation might be a necessary event in the synergistic
mechanism. Furthermore, pretreatment with NAC, a
classic ROS scavenger markedly reversed the combined
treatment-induced increase in ROS levels (Fig. 6a and
b). Western blotting results showed that NAC pretreat-
ment exceedingly downregulated the expression level
of Bax and upregulated Bcl-2, correspondingly. In addi-
tion, the increase of autophagy-related marker LC3I1/
LC3I induced by combination treatment was also sig-
nificantly attenuated in the presence of NAC (Fig. 6k).
Likewise, the apoptosis induced by combination treat-
ment in EOC cells was significantly abrogated after pre-
treatment with NAC (Fig. 6h-j). Overall, these results
indicated the vital role of ROS in the synergistic effect
of Pur and cisplatin.

Moreover, we detected whether the downregulation of
the Akt/mTOR signaling pathway contributed to the
apoptosis and autophagy of EOC cells induced by the
combined treatment. Combined treatment downregu-
lated the phosphorylation levels of Akt and mTOR, and
NAC could partially reverse the reductions in p-Akt and
p-mTOR induced by Pur/DDP combination treatment
(Fig. 6e-p). In conclusion, our current results showed
that the apoptosis and autophagy induced by the com-
bination treatment of Pur and DDP in EOC cells could
be mediated by elevated ROS through Akt/mTOR sign-
aling pathway.

Pur and DDP inhibit tumor growth in vivo

To further investigate the inhibitory effect of Pur/
DDP combination treatment 7z vivo, we established
a xenograft model in immunodeficient mice. The
xenograft mice were treated with normal saline, Pur
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(25 mg/kg), DDP (5 mg/kg), or the combination of Pur
and DDP. As shown in Fig. 7a-c, tumor volume and
weight were reduced in all treated groups, particularly
in the combination treatment group. Besides, IHC
staining of tumor specimens revealed that the com-
bined treatment significantly increased the expression
levels of LC3II/ILC3I and decreased the protein lev-
els of p-Akt and p-mTOR compared with the control
group (Fig. 7d). These results suggested that the com-
bination of Pur and DDP could significantly inhibit

tumor growth 7z vive, which was consistent with those
in-vitro studies.

Discussion

DDP is one of the most widely used chemotherapeutic
agents for the treatment of ovarian cancer, but its efficacy
has been limited by the development of chemoresistance
[37]. Combination treatment possesses a broad prospect
of improving the efficacy of conventional treatment.
Hence, finding new drugs to enhance the antitumor
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effects of cisplatin or to reverse chemoresistance would
provide a new line of attack.

The mammalian cell cycle is well-organized by dif-
ferent CDKs and their functional cyclin partners.
Chemoresistance caused by aberrant activities of cell
cycle proteins has become a great obstacle in cancer
therapy, providing a theoretical basis for the study of
cell cycle-related inhibitors [38]. CDKI1 has previously
been reported to be one of the master regulators of can-
cer growth and a key regulator for the cell cycle [39,40].
Dysregulated CDK1 activity has been frequently
observed in cancers. A study on EOC demonstrated that
elevated CDK1 expression in the cytoplasmic predicted
low overall survival in EOC patients, and the inhibition
of CDK1 expression and activity reduced ovarian cancer
growth [41]. Other studies also reported that increased
CDK1 expression and activity were found in colorectal,
prostate, and lung cancer [42-44]. In our study, findings
from the TCGA cohorts and GEO databases indicated
that CDK1 was upregulated in ovarian cancer. K-M plots
indicated that CDK1 levels were linked to poorer FIGO
stages of EOC patients, in line with the oncogenic role
for CDK1. Results of our study, together with previously
reported findings, confirm that regulation of CDKI1 is
vital in the progression of cancer cells and that upregula-
tion of CDKT1 appears to contribute to the development
and poorer differentiation of ovarian cancer.

Pur, which interdicts the binding of CDK1 with its
specific cyclin counterpart, has shown a broad prospect
of in-vitro anticancer activities. For instance, Pur sup-
pressed the growth of human colon cancer cells [45], liver
cancer cells [46], and breast cancer cells [21]. Our results
showed that both Pur alone and DDP alone had inhibi-
tory effects on EOC cells in a time- and dose-dependent
manner. The CI values at combination regimens with
Pur (8 yM) and DDP (4 pM for SKOV3 cells and 30 pM
for SKOV3/DDP cells) at subtoxic concentrations were
0.398 and 0.323 separately, which indicated significant
synergistic anticancer effects of Pur on EOC cells. In
addition, we found that the combination treatment of Pur
and DDP displayed a greater inhibitory effect on the via-
bility, migration, and invasion of EOC cells. Moreover, we
validated the effects of Pur and DDP /7 vivo, which fur-
ther proved the combination treatment exhibited a dis-
tinct inhibitory effect on tumor growth. Previous studies
have proven that Pur could act as a synergist in traditional
cancer therapies. For example, a study of non-small cell
lung cancer confirmed that Pur enhanced the cytotoxic
effects of taxol in cancer cells [22]. Besides, the treatment
with Pur resulted in a significant increase in radiation-in-
duced gastric cancer cells death [47]. According to these
data, we can infer that Pur suppresses the growth of can-
cer cells and enhance the cytotoxic effect of different
anticancer agents in which DDP might be included, to
reverse chemoresistance.

Autophagy exerts a paradoxical role in antineoplastic
therapy since its complex and contradictory role in cancer
[25]. The intimate interaction between cell cycle regu-
lation and autophagy plays a key role in cellular homeo-
stasis maintenance machinery [48]. Besides, it has been
suggested that autophagy and apoptosis signaling path-
ways can interact with each other [49,50]. Recent research
declared that both autophagy and apoptosis could be
enhanced by Pur in colon cancer [20] and cervical cancer
cells [51]. Therefore, clarifying the role of autophagy, and
understanding the interaction between apoptosis and
autophagy may be conducive to explaining the underly-
ing synergistic mechanism of Pur in EOC. Similar to the
research above, we demonstrated that both autophagy
and apoptosis in EOC cells could be enhanced by Pur/
DDP treatment in the present study. However, the num-
ber of ovarian cancer cells with apoptosis caused by 3-MA
blocking autophagy increased significantly, strongly sug-
gesting that Pur/DDP-induced autophagy may have a
protective effect on EOC cells. Thus, autophagy inhib-
itors may be significant for ovarian cancer therapy if the
combination treatment is used in the future.

The Akt/mTOR signaling pathway is one of the major
survival pathways of tumor cells, and aberrant activa-
tion of the Akt/mTOR pathway is widely observed in
various malignant tumors, which is involved in acceler-
ating proliferation, promoting metastasis, and resistance
to anticancer therapy [52-54]. Furthermore, it has been
reported that Akt/mTOR signaling pathway negatively
regulates autophagy, and the inhibition of the Akt/mTOR
signaling pathway could directly stimulate autophagy and
apoptosis [55]. In addition, growing evidence has shown
that elevated ROS could regulate the AK'T/mTOR sig-
naling pathway [56,57]. A previous investigation has
illustrated that Pur can selectively induce apoptosis in
cancer cells by increasing intracellular ROS levels [51].
In a study on prostate cancer, Pur increased apoptosis and
autophagy in prostate cancer cells by suppressing PI3K/
Akt/mTOR pathway [58]. Similarly, our study found that
the Pur/DDP combination treatment not only resulted
in significant increases in ROS levels but also downreg-
ulated the Akt/mTOR signaling pathway in EOC cells.
On the other hand, pretreatment with NAC significantly
abolished the ROS increase and reversed the downregu-
lation of the Akt/mTOR pathway. What is more, the com-
bination treatment induced autophagy, and apoptosis was
decreased by NAC as well. Thereby, the results above
indicate that Pur combined with DDP can downregulate
the Ake/mTOR signaling pathway in EOC cells by irri-
tating oxidative stress, which may closely associate with
cytoprotective autophagy and apoptosis in EOC cells.

Conclusion

In summary, our study demonstrated that Pur markedly
enhanced the anti-tumor effect of DDP and induced
apoptosis, autophagy, and cell cycle arrest in EOC cells,
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reversing the resistance to DDP in ovarian cancer. In
addition, we found that the combined treatment induced
apoptosis and cytoprotective autophagy by inhibiting the
ROS/Akt/mTOR signaling pathway. These findings pro-
vide new insights into the molecular mechanisms of the
synergistic effects of CDK inhibitors with DDP and sug-
gest that such a combination treatment may be a promis-
ing strategy in ovarian cancer therapy.
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