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Objective: To identify the role of YAP in cisplatin resistance in human ovarian cancer cells
and in the regulation of autophagy in these cancer cells.

Materials and methods: The cisplatin-sensitive OV2008 parental cell line and its cisplatin-
resistant variant C13K were cultured. RNA interference was used to knock down the Y4 P gene.
Accumulation of GFP-LC3 puncta was performed by fluorescence microscopy. The formation
of autophagosomes was observed by transmission electron microscopy. Drug sensitivity was
examined using CCK-8 assay, while apoptosis, the level of intracellular rhodamine 123 and
lysosomal acidification were analyzed by fluorescence-activated cell sorting. Acid phosphatase
activity was measured using an acid phosphatase-assay kit. Real-time polymerase chain reac-
tion, Western blotting, and immunofluorescence detection were used to detect the protein and
messenger RNA expression of YAP, YAP target genes, CCND1, cleaved PARP, and caspase 3,
Atg-3 and -5, and the LC3B protein.

Results: YAP signaling may regulate cisplatin resistance in ovarian cancer cells by augmenting
cellular autophagic flux. After knockdown of YAP-sensitized C13K cells to cisplatin by inducing
a decrease in autophagy, YAP led to an increase in autophagy via enhancement of autolyso-
some degradation.

Conclusion: YAP-mediated autophagy may play a protective role in cisplatin-resistant human
ovarian cancer cells. Therefore, YAP-mediated autophagy should be explored as a new target for
enhancing the efficacy of cisplatin against ovarian cancer and other types of malignancies.
Keywords: YAP protein, autophagy, cisplatin resistance, ovarian carcinoma

Introduction

Ovarian cancer, one of the most common gynecologic malignancies, has the highest
mortality rate among all gynecologic malignancies.' Late diagnosis of ovarian cancer
and ineffective chemotherapy has resulted in the number of mortalities from ovarian
cancer exceeding that of any other cancer of the female reproductive system. Cisplatin
resistance is a major obstacle for the successful treatment of ovarian cancer; however,
the underlying mechanisms that promote cisplatin resistance in ovarian cancer cells
remain to be elucidated.

Previous studies have suggested that autophagy is also a response to certain forms of
therapeutic stress, including cytotoxic chemotherapy.? Autophagy-induced drug resistance
in cancer cells has been a challenge to cancer treatment,’ as it functions as an adaptive
response that mediates resistance to these treatments.* However, the role of autophagy
is still a topic of intense debate, as it is not clear whether this cellular process functions
as a pro-survival or pro-death mechanism to counteract or mediate the cytotoxic effects
of anticancer agents.>¢ There is growing evidence for the role of cisplatin treatment in
inducing autophagic response in various cancer cells,”® including human ovarian cancer
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cells.'®!" However, the underlying mechanism by which cispla-
tin induces autophagy is largely unclear. Therefore, exploring
the autophagy mechanism of cisplatin resistance is essential
for the successful treatment of ovarian cancer.

YAP, the gene for which is located in the genomic region
1122, is a transcriptional coactivator that can function as an
oncoprotein by interacting with several transcription factors. '
The expression of YAP is amplified in a variety of cancers,
including ovarian cancer; high levels of YAP are observed in
human liver tumors, and it is a key driver of hepatocellular
carcinoma tumorigenesis.!*!* YAP also plays a role in the
progression of human colorectal cancer.” Similarly, a cor-
relation between high YAP expression and poor prognosis
has been found in non-small-cell lung cancer and esophageal
squamous cell carcinoma.!®!” Recently, YAP expression was
shown to be positively correlated with chemotherapeutic drug
resistance.'® For example, hepatocellular carcinoma cells
with a high level of YAP expression were reported to exhibit
doxorubicin resistance."” Additionally, a high level of YAP
localized to the nucleus has been found in colon cancer cells
that are resistant to the antimetabolite 5-fluorouracil, as well
as castration-resistant prostate tumor samples.?*?' Further,
there has been ample evidence to show that upregulation of
YAP can induce resistance to the chemotherapeutic drugs
taxol and cisplatin in mammalian and ovarian cancer cells.”*?*
These studies, however, failed to explore the underlying
mechanisms via which YAP participates in cisplatin resis-
tance in ovarian cancer cells.

The recent data indicates that the YAP pathway plays a role
in integrating the processes of autophagy and apoptosis dur-
ing cellular stress.?** This finding led us to analyze whether
YAP could modulate autophagy in the context of cancer.
We hypothesized that the YAP pathway may play a role in
cisplatin resistance in ovarian cancer through regulation of
autophagy. Illustrating the interaction between YAP and the
autophagy pathway may be useful for the development of new
potential therapeutic targets in ovarian cancer.

Materials and methods

Cell lines and culture

The cisplatin-sensitive human ovarian cancer cell line
OV2008 and its cisplatin-resistant clone C13K were sup-
plied by Dr Wen-Cheng Ding (Cancer Biology Research
Center, Tongji Hospital, Tongji Medical College, Huazhong
University of Science and Technology). Cells were main-
tained in complete Roswell Park Memorial Institute (RPMI)
1640 medium supplemented with 10% fetal bovine serum
at 37°C in a humidified atmosphere containing 5% CO,.
The cisplatin-resistant C13K cells were cultured in RPMI

1640 supplemented with 10% fetal bovine-serum medium
containing 1 pumol/L cisplatin to maintain resistance.

The human cell lines (OV2008 and C13K) used in our
research is the established human cell lines, from which the
identity of donor(s) are not considered human subject and
thus institutional approval of use of human cell lines was
deemed unnecessary.

Reagents

Cisplatin was purchased from Hansoh Pharmaceutical Co
Ltd (Lianyungang, People’s Republic of China [PRC]).
Plasmid complementary DNA (pcDNA)3.1-GFP-LC3
was purchased from Yingrun Biotech Co Ltd (Changsha,
PRC). Chloroquine was purchased from Sigma-Aldrich Co
(St Louis, MO, USA) and used at a concentration of 50 uM
to treat cells. Rapamycin was purchased from Cell Signaling
Technology Inc (Danvers, MA, USA) and used at a concen-
tration of 20 UM to treat cells.

siRNA transfection

Small interfering RNA (siRNA) against the YAP gene
(sc-38637; Santa Cruz Biotechnology Inc, Dallas, TX, USA)
was used for loss-of-function experiments. The control
siRNA sc-37007 (Santa Cruz Biotechnology) was used as
a negative control. Each siRNA (37.5 nM) was transfected
into ovarian cells using Lipofectamine RNAIMAX (Thermo
Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. The knockdown of a target gene
was verified by Western blotting.

Drug sensitivity assay

Cells were seeded at a density of 1x10* cells per well in
96-well plates. After cellular adhesion, the C13K and
OV2008 cells were exposed to various doses of cisplatin
(0, 10, 30, and 50 uM) for 48 hours. Each treatment was
repeated in four wells. Measurement of viable cell mass
was performed using CCK-8 (Beyotime Biotechnology,
Shanghai, PRC). In brief, an aliquot of 10 uL of CCK-8 plus
100 uL RPMI 1640 was added to each well and incubated for
2 hours. Absorbance was measured with a microplate reader
(model 680; Bio-Rad Laboratories Inc, Hercules, CA, USA)
at a wavelength of 450 nm. Each experiment was repeated
three times. The concentration of cisplatin that produced
a 50% inhibition of growth (IC, ) was estimated using the
relative survival curve.

Quantitative real-time PCR analysis
When cells reached a confluence of 90%, they were collected
and RNA extracted using Trizol reagent (Thermo Fisher
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Scientific) according to the manufacturer’s instructions.
The cDNA was synthesized by reverse transcription using
the ThermoScript reverse-transcription polymerase chain
reaction (PCR) system (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Quantitative real-time
PCR was performed using SYBR Green PCR master mix
(204143; Qiagen NV, Venlo, the Netherlands) in a total
volume of 20 UL on the 7900HT fast real-time PCR system
(Thermo Fisher Scientific). The primers used were as fol-
lows: YAP, 5-CGCTCTTCAACGCCGTCA-3" (forward)
and 5'-AGTACTGGCCTGTCGGGAGT-3’ (reverse);
Cyr61, 5-ACTTCATGGTCCCAGTGCTC-3’ (forward)
and 5-AATCCGGGTTTCTTTCACA-3’ (reverse); 18s,
5’-GATCCATTGGAGGGCAAGTC-3" (forward) and
5-TCCCAAGATCCAACTACGAG-3’ (reverse); CCND1,
5-TGCCCTCTGTGCCACAGATG-3’ (forward) and
5’-TCTGGAGAGGAAGCGTGTGA-3’ (reverse); CTGF,
5’-GCAGGCTAGAGAAGCAGAGC-3’ (forward) and
5-ATGTCTTCATGCTGGTGCAG-3’ (reverse); and Beclinl
1, 5-GGCTGAGGGATGGAAGGGTCTAAG-3’ (forward)
and 5’-GTTTCGCCTGGGCTGTGGTAAGTA-3’ (reverse).
The levels of messenger RNA (mRNA) were calculated using
2724CT and normalized to human 18s mRNA levels.

Western blotting

The cells were lysed in radioimmunoprecipitation lysis buffer
(Beyotime), and the protein concentrations were determined.
Approximately 60 g of protein was separated on a 10%
sodium dodecyl sulfate polyacrylamide gel and transferred to a
polyvinylidene difluoride membrane. The primary antibodies
used were as follows: YAP (sc-15407; Santa Cruz Biotechnol-
ogy), Cyr61 (sc-13100; Santa Cruz Biotechnology), CTGF
(sc-101586; Santa Cruz Biotechnology), CCND1 (sc-20044;
Santa Cruz Biotechnology), LC3B and Beclinl (3868S and
3738, respectively; Cell Signaling Technology), cleaved
PARP and caspase 3 (9541 and 9661, respectively; Cell
Signaling Technology), and Atg-3 and -5 (3415 and 2630,
respectively; Cell Signaling Technology).

Transmission electron microscopy

The cells were fixed using 2.5% glutaraldehyde in 0.1 M
phosphate buffer for 2 hours at 4°C, and then postfixed in
1% osmium tetroxide for 3 hours. The samples were scraped
and pelleted, dehydrated in a graded series of ethanol baths,
infiltrated, and embedded in Epon resin. Ultrathin sections
(70 nM) were cut using a Leica Ultracut Microtome (Leica
Microsystems, Wetzlar, Germany), stained with uranyl
acetate for 3 minutes, and examined using a JEM 1400 trans-
mission electron microscope (JEOL, Tokyo, Japan).

Green fluorescent protein—LC3

translocation

GFP-fused LC3 was used to detect autophagy. The
C13K and OV2008 cells were transfected with 2 g of
pcDNA3.1-GFP-LC3 using Lipofectamine 2000. After 24
hours, the transfected cells were cultured in the absence or
presence of 50 umol/L cisplatin for 48 hours, and the dis-
tribution and fluorescence of GFP—LC3 were visualized by
fluorescence microscopy.

Apoptosis analysis

For assessment of apoptosis, an annexin V—fluorescein isothio-
cyanate (FITC) staining kit was used. The cells were harvested
in 0.25% trypsin and washed once with phosphate-buffered
saline (PBS). After centrifugation, the cells were stained using
the annexin V-FITC/propidium iodide Apoptosis Detection
Kit (BD, Franklin Lakes, NJ, USA). Analysis of the apoptotic
cells was performed on a flow cytometer (BD). The experi-
ment was performed in triplicate.

Rhodamine 123 efflux

Cells were incubated with 5 pg/mL of rhodamine 123
(Rh-123) for 30 minutes at 37°C. At the end of incubation,
the cells were washed twice with PBS to remove free Rh-123
and maintained in dye-free medium. The fluorescence inten-
sity of Rh-123 in the cells was measured by fluorescence-
activated cell sorting using the LSR II flow cytometer (BD)
with CellQuest software.

Immunofluorescence assay

The C13K cells were grown on round glass coverslips
(Thermo Fisher Scientific) in 35 mm cell-culture dishes.
Following a 20-minute fixation with prechilled methanol,
the coverslips were washed with PBS, permeabilized with
0.2% Triton X-100-PBS for 15 minutes, and blocked with
2% bovine serum albumin—PBS for 30 minutes. The rabbit
monoclonal anti-LC3B (1:50) antibody was incubated with
the cells overnight at 4°C. After incubation with the appro-
priate secondary fluorescent antibody, the cells were stained
with propidium iodide and immediately observed under a
fluorescence microscope.

Acid phosphatase activity assay

C13K cells that did not receive any treatment, C13K cells
treated with control siRNA, and C13K cells treated with
YAP siRNA were seeded in six-well plates and cultured
for 24 hours. The lysates were assayed using the acid
phosphatase-assay kit (CS0740; Sigma-Aldrich) following
the manufacturer’s protocol.
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Lysosomal acidification assay

Labeling of lysosomes with FITC—dextran was performed
according to previously reported procedures.?® Cells that did
not receive any treatment, cells treated with control siRNA,
and cells treated with YAP siRNA were seeded in six-well
plates at a concentration of 1x10° cells/well. The cells were
allowed to attach for 6 hours. Subsequently, the medium
was discarded and FITC—dextran (5 mg/mL) dissolved in
serum-free medium was added to the cells for 30 minutes;
this was followed by washing with serum-free medium and
subsequent incubation for 90 minutes. After labeling of the
lysosomes, the cells were washed with serum-free medium,
and complete medium was added to the cells. Fluorescence
intensity was measured using a PolarStar Galaxy microtiter
plate reader.

Statistical analysis

Results are presented as mean + standard deviation values.
Comparisons between two groups were performed using an
unpaired Student’s 7-test. P<<0.05 was considered to indicate
statistical significance.

Results
YAP confers cisplatin resistance to

ovarian cancer cells

The cell viability assay showed that the percentage of surviv-
ing cells decreased significantly in a dose-dependent man-
ner in the OV2008 cell line. However, the 48-hour IC, of
cisplatin in the OV2008 and C13K cells was 29.8+1.3 umol/L
and 91.312.1 umol/L, respectively (Figure 1A). As shown in
Figure 1B, the mRNA level of YAP in the C13K cells was
2.75 times higher than that in the OV2008 cells; the mRNA
level of Cyr61 was 3.13 times higher, CTGF was 2.57 times
higher, and CCND1 was six times higher. Western blot analy-
sis of the expression of the corresponding proteins confirmed
the mRNA findings, as the results showed that YAP, CTGEF,
Cyr61,and CCND1 were all overexpressed in the C13K cells
compared with the OV2008 cells (Figure 1C).

Cisplatin induces cytoprotective autophagy

in cisplatin-resistant ovarian cancer cells

We found that cisplatin treatment preferentially induced
autophagy in C13K cells but not in OV2008 cells, as evidenced
by upregulation of the mRNA and protein levels of Beclinl and
increased LC3 aggregation and formation of LC3 autophagic
vacuoles (Figure 2A-D). Next, C13K and OV2008 cells were
pretreated with chloroquine (50 wmol/L) for 24 hours, and
then incubated with 50 umol/L cisplatin for 48 hours. The

cell viability of the chloroquine-plus-cisplatin group and
the cisplatin group of C13K cells was 37.52%%11.98% and
73.15%19.85%, respectively. Treatment of OV2008 cells
with chloroquine plus cisplatin did not result in a decrease
in cell viability compared to treatment with cisplatin alone
(Figure 2E). These results suggest that cisplatin induced
canonical autophagy, and that induction of autophagy played
a protective role in ovarian cancer cells exposed to the cyto-
toxicity of cisplatin.

Inhibition of YAP enhances the sensitivity
of ovarian cancer cells to cisplatin via

impairment of autophagy

C13K cells were pretransfected with control siRNA or
YAP siRNA (37.5 nM) for 48 hours; this was followed by
cisplatin treatment (50 umol/L) for 48 hours. Figure 3A
shows inactivation of YAP via silencing of YAP expres-
sion by siRNA in C13K cells compared to YAP expression
in the cells expressing control siRNA. After transfection
with YAP siRNA, the protein levels of CCND1 decreased
with YAP knockdown, and the levels of CTGF and Cyr61,
which are transcriptional targets of YAP, were also down-
regulated (Figure 3A). The cell viability of the control
siRNA-plus-cisplatin group, cisplatin group, and YAP
siRNA-plus-cisplatin group of C13K cells was 72.2%110.8%,
75.6%%8.6%, and 33.26%+8.24%, respectively (Figure 3B).
The fluorescence intensity of Rh-123 was increased in C13K
cells treated with inhibitors of YAP siRNA in comparison
with the cells treated with the control siRNA and untreated
C13K cells (Figure 3C). We further demonstrated that sup-
pression of YAP significantly augmented cisplatin-induced
apoptosis, which was associated with a decrease in the levels
of Atg-3 and Atg-5 and an increase in the levels of cleaved
caspase 3 and PARP protein in the YAP siRNA C13K cells
compared to the control siRNA C13K cells (Figure 3D and
E). Furthermore, the number of autophagosomes in the YAP
siRNA group was also lower than that in the control siRNA
group (Figure 3F). Suppression of autophagy via inhibition
of YAP in the cisplatin-treated cells suggested a regulatory
role of YAP in cisplatin-resistant ovarian cancer cells.

YAP interferes with autophagic flux by
enhancing autolysosome degradation in
cisplatin-resistant ovarian cancer cells

To investigate which step was targeted by YAP, chloro-
quine was used as an inhibitor of autophagosome for-
mation and degradation. We found that the differences
in LC3B degradation between C13K cells treated with
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(B) The messenger RNA level of Beclinl was determined using a real-time polymerase chain-reaction kit. Data represent the mean and standard deviation values from
three independent experiments (*P<<0.05, **P<<0.01). (C) Cells were treated with 50 umol/L cisplatin for 48 hours and subjected to electron-transmission microscopy for
the detection of autophagic vacuoles; the black arrows indicate the autophagic vacuoles (magnification 10,000x, scale bar 2 um). (D) Analysis of LC3 aggregation in ovarian
cancer cells by fluorescence microscopy. Cells transiently transfected with GFP-LC3 using Lipofectamine 2000 were cultured in Roswell Park Memorial Institute medium
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(50 umol/L) for 48 hours. Cell viability was determined using the CCK-8 assay (**P<<0.01).

control siRNA and C13K cells treated with YAP siRNA
were attenuated in the presence of chloroquine in cells
treated with cisplatin (Figure 4A). Moreover, additional
treatment with rapamycin (20 uM), an inducer of autopha-
gosome formation, did not lead to any further increase in
the LC3B protein level in YAP siRNA cells compared
with the control siRNA cells (Figure 4A and B). The
data suggest that YAP might interfere with autophagy by
targeting the degradation and not the formation step of
autophagy. Lysosomal acidification is necessary for the
catalytic activity of lysosomal enzymes. Therefore, we

used FITC—dextran to compare the acidification of lyso-
somes in the different treatment groups. As expected, there
were no significant differences in FITC—dextran between
the different treatment groups (Figure 4C). Moreover, the
activity of acid phosphatase, a representative lysosomal
enzyme, was not affected by aberrant YAP protein levels
either (Figure 4D). These findings suggest that the effect
of YAP on autophagy is not brought about via lysosomal
acidification. YAP may increase autolysosome degrada-
tion, and it does not interfere with the fusion of autopha-
gosomes and lysosomes.
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Figure 4 YAP interferes with autophagic flux by enhancing autolysosome degradation in cisplatin-resistant ovarian cancer cells.

Notes: Without treatment, control small interfering RNA (siRNA) and YAP siRNA CI3K cells were cultured for 48 hours. An immunofluorescence assay was performed
to monitor autophagy-related morphological changes. C13K plus control siRNA (A) or YAP siRNA (B) cells were subjected to different treatments: cisplatin, chloroquine
(CQ) + cisplatin, rapamycin (Rapa) + cisplatin, and CQ + Rapa + cisplatin. The presence of autophagosomes was detected by using the LC3B antibody and fluorescence
microscopy. Nuclei were counterstained with propidium iodide (LC3B green, Pl red); scale bar 20 um. (C) Comparison of lysosomal acidification in cells based on the ratio
of the emission intensity at 520 nm and at the two excitation wavelengths 485 nm and 460 nm. Results expressed as mean + standard error values from three independent
experiments. (D) Acid phosphatase (ACP) activity of the C13K cells was assayed. Data shown as mean =+ standard error.
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Discussion
In this study, we utilized cisplatin-sensitive OV2008 cells
and cisplatin-resistant C13K cells, which make an ideal pair
of cell lines for studying ovarian cancer resistance, since
the C13K cells are three times as resistant to cisplatin than
the parental cell line OV2008. To illustrate the role of YAP
in cisplatin resistance in ovarian cancer, we compared the
levels of YAP, Cyr61, CTGF, and CCNDI in the two ovarian
cancer cell types. CTGF and Cyr61 have been identified as
direct transcriptional targets of YAP, and the role of CTGF
and Cyr61 in the development of resistance to paclitaxel and
cisplatin treatment has been demonstrated in osteosarcoma
and ovarian cancer cells.?”? In the current study, the basal
mRNA and protein expression of YAP, Cyr61, and CTGF was
high in the C13K cells but low in the OV2008 cells. Further,
we found that the expression of CCND1 mRNA in the C13K
cells was six fold that in the OV2008 cells. These findings
suggest that the hyperactivation of YAP is involved in the
development of cisplatin resistance in ovarian cancer cells.
Following the treatment of the cells with different con-
centrations of cisplatin for 48 hours, we found that cisplatin
treatment preferentially induced autophagy in C13K cells but
not in OV2008 cells, as evidenced by the increase in LC3
aggregation and the number of LC3 autophagic vacuoles, and
the upregulation of Beclin1 protein. Recent studies have con-
sistently indicated that autophagy plays a protective role in
cisplatin resistance.?** Similarly, we have demonstrated here
that cisplatin-induced autophagy protects ovarian cancer cells
from the cytotoxic effects of cisplatin. Taken together, these
findings indicate that inhibition of autophagy contributed to
the reversal of cisplatin resistance in ovarian cancer cells.
There is an increasing amount of evidence to confirm
that activation of autophagy plays a role in chemoresistance
in cancer cells, and downregulation of autophagy sensitizes
cancer cells to therapeutic drugs. However, few reports have
studied the cross talk between the YAP signaling pathway
and autophagy in cisplatin resistance in ovarian cancer.
In this study, we report a previously unrecognized role of
YAP in regulating autophagy in ovarian cancer cells. First,
we demonstrated that transfection of C13K cells with YAP
siRNA results in a reduction in the protein expression of YAP,
CTGF, Cyr61, and CCNDI1; an increase in the fluorescence
intensity of Rh-123; and enhancement of the sensitivity of
C13K cells to cisplatin. Second, we confirmed that silencing
of YAP significantly augmented cisplatin-induced apoptosis,
as indicated by the increase in the intensity of annexin V stain-
ing and in the amount of cleaved caspase 3 and PARP present.
However, the expression of the autophagy-related proteins
Atg-3 and Atg-5 was downregulated as the expression of YAP

decreased. Furthermore, the amount of autophagosomes in
the YAP siRNA-transfection group was lower than that in
the control siRNA group. These data suggest that autophagy
mediated by YAP may play a key role in cisplatin resistance
here. Recently, it was shown that verteporfin, an autophagy
inhibitor, may have a direct inhibitory effect on the growth
of cancer cells without light activation but via disruption of
the YAP-TEAD complex and prevention of YAP-induced
oncogenic growth.3!*2 All the findings so far indicate that dis-
ruption of the function of YAP suppresses autophagy, which
makes YAP a potential target in ovarian cancer treatment.

We also show that under cisplatin exposure, YAP induced
an increased autophagy via enhancement of autolysosome
degradation. When we blocked autophagy with chloroquine
or the mTOR-inhibitor rapamycin, an increase in the amount
of LC3B protein was detected in the C13K cells transfected
with YAP siRNA than in those transfected with control
siRNA after treatment with cisplatin. Besides, we noticed that
YAP did not exert a direct effect on lysosome acidification
or the fusion of autophagosomes with lysosomes in ovarian
cancer cells. These data indicate that YAP might interfere
with autophagy by targeting the degradation and not the for-
mation step of autophagy. The precise contribution of YAP to
ovarian cancer may be complex, and the detailed molecular
mechanism underlying the regulation of autophagy via YAP
needs to be further investigated.

In summary, our study identified YAP as a novel regula-
tor of autophagy and demonstrated its involvement in the
modulation of cisplatin sensitivity. Inhibition of YAP can
enhance the sensitivity of ovarian cancer cells to this chemo-
therapeutic drug. YAP might therefore be a novel therapeutic
target for the prevention of chemotherapy resistance in tumor
cells and for the reinforcement of the efficacy of cisplatin
against malignant tumors.
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