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Platelet-derived growth factor-BB mediates
pancreatic cancer malignancy via regulation of the
Hippo/Yes-associated protein signaling pathway
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Abstract. Platelet-derived growth factor (PDGF) is a
potent mitogen and chemoattractant that serves a role in the
development of several types of solid cancer, and abnormal
PDGF activity has been reported in numerous human tumors.
Tumor-derived PDGF ligands are considered to act in
either a paracrine or autocrine manner, serving roles in the
phosphorylation of receptors on tumor and stromal cells in
the tumor microenvironment. Despite the well-established
association between PDGF and tumor progression, the precise
mechanisms of autocrine PDGF signaling in pancreatic tumor
cells remain elusive. Therefore, the present study aimed to
analyze the influence of PDGF-BB in pancreatic cancer.
Pancreatic adenocarcinoma BxPC-3 cells were cultured and
treated with recombinant human PDGF-BB in vitro. Cell
proliferation was tested using an MTT assay. Cell apoptosis
was measured using flow cytometry. Tumor cell migration
and invasion were examined via wound-healing and Transwell
assays, respectively. The expression and subcellular localiza-
tion of Yes-associated protein (YAP) was determined using
western blotting and immunofluorescence. The transcriptional
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activity of target genes was tested using a luciferase assay
and reverse transcription-quantitative PCR. The present
study revealed that PDGF-BB significantly promoted cell
proliferation in pancreatic adenocarcinoma BxPC-3 cells and
enhanced the aggressiveness of this cell line, as demonstrated
by Transwell and wound-healing assays. Anoikis resistance
is an important mechanism by which metastatic cells avoid
apoptosis when detaching from adjacent cells or the extracel-
lular matrix. PDGF-BB treatment inhibited anoikis under
anchorage-independent conditions. Mechanistic experiments
revealed that PDGF-BB promoted the upregulation and acti-
vation of the transcriptional coactivator YAP, an effector of
the Hippo signaling pathway. RhoA or protein phosphatase-1
(PP-1) inhibition partially abolished the accumulation and
activation of YAP, suggesting PDGF-BB-mediated YAP
dephosphorylation and transactivation via the RhoA/PP-1
cascade. Pharmacologic inhibition of the PDGF receptor
directly downregulated YAP activity and the expression
levels of downstream genes. Furthermore, verteporfin, a small
molecular inhibitor of the Hippo/YAP signaling pathway,
partially reversed the effects of PDGF-BB on cell prolifera-
tion, anoikis resistance and cell migration. In conclusion, the
present study revealed that the Hippo/ YAP signaling pathway
may be involved in the tumor-promoting activity of PDGF-BB
in pancreatic cancer.

Introduction

Platelet-derived growth factor (PDGF) is a potent mitogen
and chemoattractant that stimulates cell proliferation, survival
and migration in numerous types of tumors, such as bladder,
breast and cervical carcinoma (1). The PDGF family consists
of five disulfide-bonded dimers: PDGF-AA, -AB, -BB, -CC
and -DD (2). The PDGF dimeric isoforms are synthesized as
precursor molecules. PDGF-AA, -AB and -BB are cleaved
and activated in secretory vesicles inside producer cells,
while PDGF-CC and -DD are secreted as inactive precursor
molecules that are converted into their active form by proteo-
lytic cleavage (3). PDGF isoforms exert their cellular effects
through structurally similar a- and B-tyrosine kinase receptors
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(PDGFRo. and PDGFR, respectively); PDGFRa can bind all
PDGEF isoforms, except PDGF-DD, while PDGFRf binds only
PDGF-BB and PDGF-DD with considerable affinity (4). The
binding of PDGF polypeptide chains to their receptors triggers
the dimerization and autophosphorylation of PDGFRs, which
in turn activate several downstream signaling pathways, such
as the ERK and PI3K/AKT signaling cascades (5).

Abnormal PDGF activity is frequently detected in a
number of human tumors (6-9). Tumor-derived PDGF ligands
are considered to act in either a paracrine or autocrine manner,
stimulating the phosphorylation of receptors on tumor and
stromal cells in the tumor microenvironment (10). Previous
studies suggested that tumor-derived PDGF may primarily
promote tumor angiogenesis by mediating the recruit-
ment and growth of stromal fibroblasts, perivascular cells
and endothelial cells (11-14). In this way, PDGF indirectly
affects tumor growth, metastatic dissemination and drug
resistance. PDGF autocrine signaling may also contribute to
tumorigenesis. The tumor-promoting functions of autocrine
PDGF have been demonstrated in multiple non-epithelial
malignancies, including squamous cell carcinoma, glioblas-
toma and osteosarcoma (15). Autocrine PDGF signaling is
capable of modulating the malignant phenotypes of tumor cell
proliferation, epithelial-to-mesenchymal transition (EMT),
energy metabolism, invasion, metastasis and colonization (5).
Targeting PDGF/PDGFR signaling may therefore represent a
therapeutic strategy in patients with cancer (2,5).

Pancreatic cancer is one of the most lethal malignancies
worldwide, currently ranking as the fourth leading cause
of cancer-associated death in the USA and Europe, but is
expected to be the second leading cause of death by 2020 (16).
The treatment of this disease is currently problematic due to
the difficulty of initial diagnosis, strong aggressive features,
primary and secondary resistance to conventional chemo-
therapy, and high recurrence (17). Anoikis is a specialized type
of apoptosis in epithelial and endothelial cells that is triggered
by loss of contact with the extracellular matrix or adhesion
to inappropriate locations (18). Anoikis resistance is a mecha-
nism by which cancer cells avoid undergoing apoptosis during
tumor development and metastasis (19).

Numerous studies have revealed that multiple signaling
pathways are involved in the progression of pancreatic
cancer, such as NF-xB, MAPK, TGFf/Smad and Hedgehog
signaling pathways (20,21). Primary and metastatic malignant
endocrine pancreatic tumors express high levels of PDGFRf
compared with normal endocrine pancreatic tissues (22).
PDGFRS{ has been identified as a reliable prognostic marker
of pancreatic adenocarcinoma, since higher levels of PDGFRf
expression are associated with a poor prognosis, as well as
with lymphatic invasion and lymph node metastasis (23).
Additionally, in SW1990 human pancreatic cancer xenograft
models, PDGFRf activation is observed after radioimmuno-
therapy or chemotherapy with imatinib (24). Transcriptional
profiling and functional screening have identified PDGFRp
as both necessary and sufficient to mediate the proliferative
and pro-metastatic effects of mutant p53 (25). In addition,
Wnt-1/B-catenin signaling contributes to the autocrine activa-
tion of PDGF/Src signaling in pancreatic cancer (26). PDGF-BB
promotes the acquisition of the EMT phenotype in pancreatic
cancer AsPC-1 cells via the induction of microRNA-221 (27)

and mimics the serum-induced dispersal of pancreatic
epithelial cell clusters (28). Furthermore, dual-specificity
phosphatase 28 and PDGF-A form an acquired autonomous
autocrine signaling pathway that promotes chemoresistance
and migration in pancreatic cancer (29). A neutralizing anti-
body directed against PDGFRf enhances the antitumor and
anti-angiogenic activity of a VEGF antagonist (30).

Despite the well-established association between PDGF
and tumor progression via ERK and AKT signaling cascades,
the precise mechanisms of autocrine PDGF signaling in
pancreatic tumor cells remain elusive. A previous study has
revealed that PDGF can affect tumorigenesis via ERK- and
AKT-independent mechanisms (31). The present study aimed
to study the roles of PDGF in pancreatic cancer biology,
including cell proliferation, anoikis resistance and invasion, as
well as the underlying mechanism through the transcriptional
coactivator Yes-associated protein (YAP)/Hippo pathway.

Materials and methods

Cell culture and drugs. Pancreatic adenocarcinoma BxPC-3
cells were purchased from the Shanghai Institute of Cell
Biology (Chinese Academy of Sciences) and were cultured
in RPMI 1640 medium supplemented with 10% FBS (both
Gibco; Thermo Fisher Scientific, Inc.), penicillin (100 U/ml),
streptomycin (100 pg/ml) and 2 mM L-glutamine at 37°C in
a humidified 5% CO, incubator. Regarding drugs, PDGF-BB
(R&D Systems, Inc.) with concentrations 0, 10, 25, 50 and
100 ng/ml was added and incubated at 37°C in a 5% CO, incu-
bator for 24 h. Verteporfin, a drug able to stop the formation
of the YAP/TEAD complex in the nucleus (cat. no. HY-B0146)
was purchased from MedChemExpress. Various concentra-
tions (0.1, 0.5 and 1 gM) of Verteporfin were added into
the medium and incubated at 37°C in a 5% CO, incubator
for 24 h. CP-673451, a potent selective inhibitor of PDGFR
tyrosine kinase, was purchased from Selleck Chemicals
(cat. no. S1536). Cells were treated with 10 nM CP-673451
at 37°C for 24 h. Rhosin and calyculin A were purchased
from MedChemExpress (cat. nos. HY-12646 and HY-18983,
respectively). The cells were treated with 30 #M Rhosin and
30 uM calyculin A at 37°C for 24 h. PBS was used as a control.

Transfection. Small interfering (si) RNA oligonucleotides
for YAP1 and scrambled non-targeting negative control
were purchased from Thermo Fisher Scientific, Inc. (Stealth
RNAI™ siRNA; cat. no. AM16708). Cells (5.0x10°) were
transfected with siRNA oligonucleotides (20 nM) using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) at 37°C for 24 h according to the manufacturer's protocol.
Cell culture medium was replaced post-transfection and cells
were allowed to grow for an additional 24 h before subsequent
experiments.

MTT assay. Briefly, cells (5x10° cells/well) were seeded in
96-well plates in the absence of or at 10, 25, 50 and 100 ng/ml
of PDGF-BB (R&D Systems, Inc.) for 24 h at 37°C. The treat-
ment was started 24 h after seeding. Subsequently, cells were
incubated with MTT solution at 37°C for 4 h, and formazan
crystals resulting from MTT reduction were dissolved by
adding 100 1 DMSO in each well and gently shaking for
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15 min. The absorbance of cultures was measured using a
multiwell spectrophotometer at a wavelength of 560 nm.
Results were calculated as the percentage of absorbance in
control cultures.

Anoikis assay. Anoikis assay was performed as previ-
ously described (32). In order to induce anoikis under
anchorage-independent conditions, ~1x109 cells/ml were plated
in an ultra-low attachment 6-well plate (cat. no. 3471; Corning,
Inc.) with or without PDGF-BB addition. BxPC-3 cells were
cultured under suspension or adherent conditions for 48 h and
then all cells were harvested using centrifugation at 500 x g at
room temperature for 5 min for apoptosis analysis.

Apoptosis assay. For cell apoptosis analysis, apoptotic
cells were measured using an Annexin V-FITC Apoptosis
Detection kit (Nanjing KeyGen Biotech Co., Ltd.) according
to the manufacturer's protocol. Cells were harvested, washed
twice with PBS and resuspended in 500 ul binding buffer. Cell
suspensions were stained with 5 yl Annexin V-FITC and 5 ul
PI for 30 min at room temperature in the dark. The cells were
evaluated immediately via CytoFLEX LX Flow Cytometer
(Beckman Coulter, Inc.). A minimum of 10,000 cells per
sample was measured, and the analysis of apoptotic cells
was performed using BD CellQuest Pro software v3.3
(BD Biosciences).

Wound-healing assay. Wound-healing assays were performed
to examine the capacity of cell migration. Briefly, after
BxPC-3 cells grew to 90-95% confluence in 6-well plates, a
single scratch wound was generated using a 200-ml dispos-
able pipette tip. Cells were washed to remove displaced and
floating cells, and then incubated in fresh serum-free RPMI
1640 medium for 24 h. Wound-healing was detected at O and
24 h within the scratched wounds, and representative fields
were photographed using an inverted light microscope with an
attached digital camera (Olympus Corporation; magnification,
x200), and the distance between the borders of the wound were
assessed for quantification using Image Pro-Plus 7.0 (Media
Cybernetics, Inc.).

Transwell assay. Transwell chambers (EMD Millipore;
8-um pore size) were coated with Matrigel® at 37°C for 12 h
(15 pg/filter). Cells (2.0x10%) were plated in serum-free DMEM
into the upper chambers, while the lower chambers were
filled with complete medium. Cells treated with PDGF-BB
or vehicle were allowed to invade across the Matrigel-coated
membrane at 37°C in 5% CO,. After 24 h of incubation, the
cells on the upper surface of the insert were removed, and the
cells on the lower surface of the insert were fixed with 4%
paraformaldehyde at room temperature for 5 min and stained
with 0.1% crystal violet for 3 min at room temperature. Images
of migrated cells were captured, and cell numbers in five
randomly selected fields were counted under light microscopy
(magnification, x200).

Luciferase assay. The 8xGTIIC-luc plasmid was obtained
from Addgene, Inc. Transient transfection was performed
using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. For the luciferase

reporter assay, BxPC-3 cells were seeded in 12-well plates.
The 8xGTIIC reporter plasmid containing TEA-domain
(TEAD)-binding elements together with Renilla-Luc plasmids
(Addgene, Inc.) were co-transfected into BXxPC-3 cells. After
4 h of transfection at 37°C, cells were exposed to 0, 10, 25,
50 or 100 ng/ml PDGF-BB. After treatment for 24 h at 37°C,
luciferase activities were measured using a Dual-Glo lucif-
erase assay kit (Promega Corporation) under a Victor3 1420
plate reader (PerkinElmer, Inc.). Normalized luciferase signal
was calculated by dividing the firefly luciferase signal by the
Renilla luciferase signal.

Western blot analysis. Western blot analysis was performed
using total cell lysates. Total cell lysates from different
experiments were obtained by lysing the cells in RIPA buffer
(Beyotime Institute of Biotechnology) containing protease
inhibitors (100 xuM phenylmethylsulfonyl fluoride, 10 uM
leupeptin, 10 uM pepstatin and 2 mM EDTA). The protein
content was quantitated using a BCA Protein Assay kit
(Beyotime Institute of Biotechnology). Proteins (50 pg/lane)
were separated via 4-20% SDS-PAGE and transferred to nitro-
cellulose membranes (Pall Life Sciences). Membranes were
blocked with 5% non-fat milk for 1 h at room temperature and
probed overnight at 4°C with primary antibodies against YAP
(cat. no. 4912), phospho- (p-)YAP (Serl27; cat. no. 4911S),
Macrophage Stimulating 1 (MST1; cat. no. 3682), p-MST1/2
(Thr183/180; cat. no. 3681), Large Tumor Suppressor Kinase 1
(LATSI; cat. no. 3477), p-LATSI1 (Ser909; cat. no. 9157),
N-cadherin (cat. no. 13116), E-cadherin (cat. no. 14472) and
[-actin (cat.no.4970),all at a dilution of 1:1,000 (Cell Signaling
Technology, Inc.). Membranes were washed and incubated
with horseradish peroxidase-conjugated secondary antibodies
(1:5,000) (cat. nos. AS014 and AS003; ABclonal Biotech Co.,
Ltd.) at room temperature for 2 h, and were visualized using an
enhanced chemiluminescence system (EMD Millipore).

RNA isolation and reverse transcription-quantitative (RT-q)
PCR. Total RNA was isolated from cultured cells using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.).
The PrimeScript RT Master Mix kit (Takara Biotechnology
Co., Ltd.) was used to synthesize cDNA for mRNA detection
according to the manufacturer's protocol. qPCR was performed
with gene-specific primers using the SYBR Green PCR kit
(Takara Biotechnology Co., Ltd.) according to the manufac-
turer's protocol under the following thermocycling conditions:
95°C for 5 min, followed by 40 cycles at 95°C for 10 sec for
denaturation and 60°C for 30 sec for annealing/extension. The
expression levels of each target gene were calculated using the
2-44%4 method (33). Data were expressed as the fold-change
relative to GAPDH. The primer sequences were as follows:
c-MYC forward, 5'-CCCGCTTCTCTGAAAGGCTCTC-3'
and reverse, 5S-CTCTGCTGCTGCTGCTGCTGGTAG-3";
MCL-1 forward, 5-CCAAGGCATGCTTCGGAAA-3' and
reverse, 5S'-TCACAATCCTGCCCCAGTTT-3"; GAPDH
forward, 5"TCACTGGCATGGCCTTCCGTG-3' and reverse,
5'-GCCATGAGGTCCACCACCCTG-3"; N-cadherin forward,
5" TGAAACGGCGGGATAAAGAG-3' and reverse, 5-GGC
TCCACAGTATCTGGTTG-3"; and E-cadherin forward, 5'-
GGTTTTCTACAGCATCACCG-3' and reverse, 5'- GCTTCC
CCATTTGATGACAC-3.
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Figure 1. PDGF-BB affects cell proliferation, apoptosis resistance and migration of pancreatic cancer cells. (A) MTT assay of cell proliferation after BxPC-3
cells were incubated with increasing concentrations of PDGF-BB (0-100 ng/ml) for 24 h. PBS was used as a control. (B) Flow cytometric analysis of apoptosis
in BxPC-3 cells exposed to 100 ng/ml PDGF-BB or PBS and cultured in suspension for 48 h. (C) Percentage of apoptotic cells analyzed in three independent
experiments. (D) Wound-healing assays of BxPC-3 cells in the presence or absence of 100 ng/ml PDGF-BB. Wounds were allowed to heal for 24 h and imaged
under a microscope. (E) Wound-healing area analyzed in three independent experiments. (F) Transwell assay of cell invasion. BxPC-3 cells in the presence or
absence of 100 ng/ml PDGF-BB were induced to invade through Matrigel for 24 h. (G) Number of invading cells in 6 wells was analyzed in three independent
experiments. Results are presented as the mean + SD (n=3). "P<0.05 and “P<0.01 vs. mock/PBS. PDGF-BB, platelet-derived growth factor-BB.

Immunofluorescence staining. After 100 ng/ml PDGF-BB
treatment for 24 h at 37°C, cells cultured on slides were
rinsed with PBS, fixed in 3.7% formaldehyde/PBS for 20 min
at room temperature and permeabilized using 0.1% Triton
X-100/PBS for 10 min at room temperature. Slides were
blocked for 1 h with 1% BSA/PBS (Beyotime Institute of
Biotechnology), and were incubated with antibodies against
YAP (1:100; cat. no. sc-101199; Santa Cruz Biotechnology,
Inc.) overnight at 4°C. Subsequently, cells were incubated
with FITC-conjugated secondary antibodies (1:1,000;
cat. no. F0382; Sigma-Aldrich; Merck KGaA) for 2 h at
room temperature. Slides were mounted with ProLong Gold
antifade reagent with DAPI (Invitrogen; Thermo Fisher
Scientific, Inc.). Fluorescence images were collected using
a fluorescence microscope (IX70; Olympus Corporation;
magnification, x600).

Statistical analysis. Data were expressed as the mean + SD.
Statistical analysis was performed using unpaired Student's
t-test or one-way ANOVA followed by Tukey's post hoc test for
comparisons among =3 groups using the statistical program
SPSS 11.0 (SPSS, Inc.) for Windows. P<0.05 was considered
to indicate a statistically significant difference.

Results

PDGF-BB promotes pancreatic cancer malignancy. To
determine the role of PDGF-BB in promoting tumor growth,
cell proliferation was determined in pancreatic adenocarci-
noma BxPC-3 cells using an MTT assay. After exposure to
PDGF-BB (0-100 ng/ml) for 24 h, BxPC-3 cells exhibited
a dose-dependent increase in proliferation (Fig. 1A). Cell
proliferation was significantly increased in BxPC-3 cells
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Figure 2. PDGF-BB affects YAP dephosphorylation, subcellular localization and downstream gene expression. (A) Western blot analysis of YAP, MST1/2
and LATSI expression and their phosphorylation levels in BxPC-3 cells exposed to 100 ng/ml PDGF-BB or PBS. (B) Immunofluorescence staining exhibiting
the subcellular localization of YAP protein after treatment of BxPC-3 cells with 100 ng/ml PDGF-BB for 24 h. (C) BxPC-3 cells were transfected with the
8xGTIIC-luc reporter and Renilla-luc plasmids and cultured under increasing concentrations of PDGF-BB (0-100 ng/ml) for 24 h. Relative firefly/Renilla
luciferase activity was measured. (D) Reverse transcription-quantitative PCR analysis of the expression levels of YAP target genes (MYC and MCL-1) in
BxPC-3 cells treated with PDGF-BB (0-100 ng/ml) or PBS. Relative mRNA levels were normalized to GAPDH. (E) Western blot analysis of E-cadherin
and N-cadherin expression in BXPC-3 cells after PDGF-BB treatment. (F) mRNA levels of E-cadherin and N-cadherin relative to GAPDH in the mock
and PDGF groups. Data are presented as the mean + SD (n=3). "P<0.05 and “P<0.01 vs. mock or 0 ng/ml. PDGF-BB, platelet-derived growth factor-BB;
YAP, Yes-associated protein; p, phosphorylated; MST1, Macrophage Stimulating 1; LATSI, Large Tumor Suppressor Kinase 1.

treated with concentrations >25 ng/ml PDGF-BB. Anoikis
is an anchorage-independent form of cell death that is initi-
ated after the disruption of the cell matrix and cell-cell
interactions; thus, anoikis resistance is an initial step in
the progression of metastatic cancer (34). Subsequently, the
effects of PDGF-BB on cell responsiveness to anoikis were
evaluated. BxPC-3 cells were cultured under suspension or
adherent conditions for 48 h, after which apoptotic cells were
analyzed via flow cytometry. Compared with adherent cells,
suspended BxPC-3 cells exhibited a higher rate of anoikis
after culture without PDGF-BB for 48 h, with >30% apop-
totic cells. Treatment with 100 ng/ml PDGF-BB significantly
decreased cell apoptosis in the suspended cells, but had no
significance in adherent cells, indicating enhanced anoikis
resistance (Fig. 1B and C). Subsequently, the migration
of BxPC-3 cells in the presence or absence of PDGF-BB
was examined via wound-healing and Transwell assays.
PDGF-BB significantly accelerated wound closure of BxPC-3
cells compared with that of untreated cells (Fig. 1D and E).
Consistently, the Transwell assay revealed that PDGF-BB
treatment increased the number of invading BxPC-3 cells
(Fig. 1F and G). These results suggested that PDGF-BB may
have a positive effect on cell migration. Overall, the present
data revealed that PDGF-BB may promote pancreatic cancer
malignancy via increasing cell proliferation, anoikis resis-
tance and cell migration.

PDGF-BB activates YAP signaling. The transcriptional
coactivator YAP, an effector of the Hippo signaling pathway,
can act as an oncogene to promote tumor survival and metas-
tasis if its activity is increased abnormally (35). Therefore,
the present study estimated the effects of PDGF-BB on YAP
activity. Compared with the mock group, the total amount of
YAP, MST1 and LATSI protein were all upregulated, while
the phosphorylation of YAP at Ser127, MST1 at Thrl183,
and LATS]1 at Ser909 as the degradation forms were mark-
edly decreased in PDGF-BB-treated cells, indicating the
aberrant activation of YAP (Fig. 2A). Immunofluorescence
staining revealed the nuclear and cytoplasmic localiza-
tion of YAP in BxPC-3 cells in the absence or presence of
PDGF-BB, indicating that PDGF-BB caused a redistribution
of YAP and enhanced its nuclear accumulation (Fig. 2B). In
addition, BXxPC-3 cells were transfected with a luciferase
reporter plasmid (8xGTIIC-luc) containing TEAD-binding
elements. PDGF-BB administration at >25 ng/ml for 24 h
significantly potentiated YAP activity, as demonstrated
by the luciferase assay (Fig. 2C). Accordingly, RT-qPCR
revealed that PDGF-BB treatment significantly upregulated
the expression of two YAP downstream genes, namely the
MYC proto-oncogene and the MCL-1 apoptosis regulator
(Fig. 2D). MYC has a pivotal function in growth control,
while MCL-1 promotes tumor survival by enabling cells
to escape apoptosis (36). Since EMT is closely associated
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Figure 3. YAP inhibition interrupts PDGF-BB-enhanced cancer malignancy. (A) Western blot analysis of YAP expression in BxPC-3 cells after treatment
with 100 ng/ml PDGF-BB and increasing concentrations of verteporfin (0, 0.1, 0.5, 1 and 2 uM). MTT assay of cell proliferation after BxPC-3 cells were
exposed to (B) increasing concentrations of verteporfin (0, 0.1, 0.5 and 1 xM) for 24 h and (C) 100 ng/ml PDGF-BB with or without 0.1 M verteporfin for
24 h. (D) Analysis of cell apoptosis via flow cytometry of BxXPC-3 cells exposed to 100 ng/ml PDGF-BB with or without 0.1 M verteporfin and cultured in
suspension for 48 h. (E) Percentage of apoptotic cells. (F) Wound-healing assays of BxPC-3 cells in the presence of 100 ng/ml PDGF-BB with or without
0.1 uM verteporfin for 24 h. (G) Wound-healing area in three independent experiments. Data are presented as the mean + SD (n=3). "P<0.05 and ““P<0.01.
PDGF-BB, platelet-derived growth factor-BB; YAP, Yes-associated protein; Vert, verteporfin.

with tumor invasion and metastasis, and is also regulated
by Hippo/YAP signaling (37), the present study inves-
tigated the effect of PDGF-BB on EMT by detecting the
expression levels of epithelial and mesenchymal markers.
Western blot analysis suggested that the expression levels
of the epithelial marker E-cadherin were decreased after
PDGF-BB treatment, whereas the expression levels of the
mesenchymal marker N-cadherin were increased (Fig. 2E).
Similar results were obtained via RT-qPCR, indicating that
PDGF-BB treatment significantly suppressed E-cadherin
expression and promoted N-cadherin expression (Fig. 2F).
In summary, the current results strongly suggested that
PDGF-BB may stimulate YAP activity and the expression
of its downstream genes.

YAP activation contributes to PDGF-BB-enhanced
pancreatic cancer malignancy. To ascertain the effects
of YAP activity in PDGF-BB-induced cancer malignancy,
BxPC-3 cells were treated with verteporfin, a YAP inhibitor,
and PDGF-BB. Increasing concentrations of verteporfin
(0.1, 0.5 and 1 uM) gradually decreased the levels of YAP
protein (Fig. 3A). Treatment with verteporfin for 24 h had
no effect on cell proliferation, as measured via MTT assay
(Fig. 3B). Subsequently, the combined effects of 0.1 uM
verteporfin (the minimum effective dose) and PDGF-BB on
cell proliferation, anoikis resistance and cell migration were
assessed. Notably, 0.1 uM verteporfin partially reversed
the promoting effects of PDGF-BB on cell proliferation
(Fig. 3C). Additionally, verteporfin increased anoikis in the
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presence of PDGF-BB (Fig. 3D and E). A wound-healing
assay revealed that verteporfin attenuated the migration
of tumor cells enhanced by PDGF-BB (Fig. 3F and G).
Subsequently, YAP expression was knocked down using
three siRNAs, and siRNA2 was chosen for further experi-
ments (Fig. 4A). Similarly, YAP siRNA abrogated the cell
proliferation promoting effects of PDGF-BB (Fig. 4B)
and promoted anoikis in the presence of PDGF-BB
(Fig. 4C and D). A wound-healing assay indicated that YAP
siRNA reversed the PDGF-BB-enhanced migration of tumor
cells (Fig. 4E and F). These results revealed that blockade
of YAP activity with a pharmacological inhibitor partially
abrogated the effects of PDGF-BB on cancer malignancy,

suggesting that YAP activation may be a causal mechanism
for PDGF-BB-induced tumor progression.

PDGFR/RhoA/protein phosphatase-1 (PP-1) cascade
participates in PDGF-BB-induced YAP activation. There is a
complicated network regulating YAP activity. A previous study
revealed that platelets mediate YAP dephosphorylation and
promote its nuclear translocation via the RhoA/MYPT1/PP-1
cascade (32). Therefore, the present study explored the mecha-
nism associated with PDGF-induced YAP activation. Firstly,
CP-673451, a potent selective inhibitor of PDGFR tyrosine
kinase, was used to block PDGF downstream signaling.
Treatment with 10 nM CP-673451 completely abolished
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PDGF-BB-induced YAP stabilization and phosphorylation
(Fig. 5A). Secondly, Rhosin or calyculin A were used to inhibit
RhoA or PP-1 in the presence of PDGF-BB, respectively.
Treatment with 30 M Rhosin or 30 nM calyculin A partially
attenuated PDGF-BB-induced YAP accumulation and
dephosphorylation to different extents (Fig. 5B). Additionally,
a luciferase assay demonstrated that Rhosin and calyculin A
repressed the PDGF-BB-induced activity of the 8xGTIIC-luc
reporter (Fig. 5C). Therefore, the current data revealed
that the PDGFR/RhoA/PP-1 cascade may be involved in
PDGF-BB-induced YAP activation.

PDGFR inhibition decreases YAP activity and cancer
malignancy. PDGF is the principal mitogen in serum and
is produced by platelets and macrophages (3). In tumors,
PDGEF can be expressed by tumor or adjacent stroma cells,
thereby acting as either a paracrine or autocrine factor (10).
Therefore, the effects of CP-673451 on YAP activity and
cancer malignancy were investigated. A gradual decrease in
the total amount of YAP protein was observed during PDGFR
inhibition with up to 100 nM CP-673451 (Fig. 6A). As a
result, the expression levels of two YAP downstream genes
(MYC and MCL-1) were significantly decreased after treat-
ment with 50 yuM CP-673451 for 24 h (Fig. 6B). Additionally,
western blot analysis suggested that E-cadherin expression
was increased after CP-673451 treatment, while N-cadherin
expression was decreased (Fig. 6C). qPCR analysis indicated
that E-cadherin and N-cadherin expression was regulated by
CP-673451 (Fig. 6D). Furthermore, treatment with CP-673451
for 24 h alone induced BxPC-3 cells to undergo apoptosis in a
dose-dependent manner, as demonstrated by flow cytometric

Annexin V apoptosis analysis (Fig. 6E and F). Therefore, the
present results indicated that PDGF inhibition may inhibit
cancer malignancy by mediating YAP inactivation.

Discussion

Several studies have revealed the positive association
between abnormal YAP activity and tumorigenesis (38-41).
The findings of the present study suggested that PDGF-BB
signaling promoted the malignancy of pancreatic cancer via
YAP activation, that the RhoA/PP-1 cascade was involved in
the PDGF-BB-induced dephosphorylation of YAP and that
targeting PDGFR repressed YAP activity and induced tumor
apoptosis.

The transcriptional coactivators YAP and its paralog TAZ
are vital downstream effectors of the Hippo signaling cascade
and serve versatile roles in the control of developmental
transitions, organ size, cell fate and tumorigenesis (42-45).
When the Hippo-signaling pathway becomes active, the
MST1/2 and LATSI1/2 kinases are activated by phosphoryla-
tion (46). LATS1/2 kinases phosphorylate and inhibit YAP,
thereby sequestering YAP in the cytosol and limiting its
transcriptional activity (46). In addition, YAP phosphorylated
at Serl127 can be ubiquitinated by B-TrCP ubiquitin ligase
and subsequently targeted for proteasomal degradation (47).
In addition, YAP is a substrate of autophagy, and autophagy
accelerates the degradation of YAP (48). Thus, the total
protein forms and the phosphorylated forms of LATSI1/2,
MST1/2 and YAP are in a balance to maintain the activa-
tion of the Hippo signaling pathway (45). Upon silencing of
Hippo signaling, YAP is dephosphorylated and active YAP
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is translocated to the nucleus (45). Within the nucleus, YAP
functions as a transcriptional coactivator of TEAD transcrip-
tion factors (49). Furthermore, YAP can interact with Smad
family members and other transcription factors to regulate the
expression of target genes (50). In this way, YAP is implicated
in cell proliferation, apoptosis, migration, chemoresistance
and angiogenesis (51,52).

YAP induces EMT and promotes the progression of
cholangiocarcinoma (53). In addition, YAP participates in
the development, progression and recurrence of pancreatic
cancer (49). Furthermore, YAP is associated with chemoresis-
tance and poor prognosis in pancreatic cancer (49). Verteporfin,
an agent that disrupts YAP-TEAD complexes, suppresses

the survival of pancreatic ductal adenocarcinoma cells (54).
Verteporfin inhibits tumor angiogenesis by downregulating
angiopoietin-2 and suppresses vasculogenic mimicry by
decreasing the expression levels of matrix metallopeptidase 2,
vascular endothelial cadherin and a-smooth muscle actin (55).
YAP activation through cyclin-dependent kinase 1-mediated
mitotic phosphorylation promotes pancreatic cancer cell
motility, invasion and tumorigenesis (56). Considering the
role of YAP in pancreatic malignancy and clinical outcome,
it is reasonable to develop drugs targeting YAP for future
interventions.

The results of the present study indicated that PDGF-BB
induced YAP activation, contributing to cancer malignancy
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in pancreatic cancer cells. The YAP inhibitor verteporfin
partially attenuated the effects of PDGF-BB on cell prolif-
eration, apoptosis and migration. Additionally, PDGF-BB
upregulated MYC expression, an oncogene that promotes cell
division. Furthermore, PDGF-BB enhanced MCL-1 expres-
sion, which is a member of the BCL-2 family and prevents
cells from undergoing apoptosis (57). Knockdown of MCL-1
by RNA interference renders B-RAF melanoma cells sensi-
tive to anoikis, which is a unique anchorage-independent form
of apoptotic cell death that occurs as a result of insufficient
cell-matrix interactions (58). Anoikis resistance is a critical
contributor to tumor invasion and metastasis, and malignant
cells take advantage of several mechanisms to resist anoikis
and thereby maintain survival (59). In addition, the present
study revealed that PDGF-BB treatment altered the expression
levels of E-cadherin and N-cadherin, two master regulators of
EMT. Consistently, PDGF-BB increased the aggressive capa-
bility of pancreatic cancer cells, as demonstrated by Transwell
and wound-healing assays. Finally, YAP inhibition effectively
reversed the oncogenic effects of PDGF-BB.

Meanwhile, CP-673451, an inhibitor of PDGFR signaling,
was used to block the effects of PDGF. CP-673451 down-
regulated YAP activation and repressed tumor malignancy.
Its effects suggested that PDGF signaling may activate
YAP to affect cell proliferation, survival and migration.
Furthermore, the current results revealed that PDGF-BB
resulted in YAP dephosphorylation and transactivation via
the RhoA/PP-1 cascade, as RhoA or PP-1 inhibition abolished
YAP activation. A previous study revealed that platelets can
promote YAP dephosphorylation and nuclear translocation
via the RhoA/MYPT1/PP-1 cascade to induce a pro-survival
gene expression signature (32). Small GTPases, such as
RhoA, Rac and Cdc42, can activate YAP by inhibiting its
phosphorylation (60). PP-1 is a mediator of PDGF signaling in
primary cultures of vascular smooth muscle cells (61). RhoA
is one of the determinants of the PDGF-BB-induced migra-
tion of rat hepatic stellate cells (62). Notably, YAP is regulated
by complicated mechanisms. A previous study revealed that
PDGF can regulate YAP transcriptional activity via Src family
kinase-dependent tyrosine phosphorylation (63). Conversely, a
study on genome-wide profiling of highly aggressive Schwann
cell lineage-derived sarcomas revealed that TAZ/YAP-TEAD
complexes can directly activate PDGFR signaling and other
oncogenic programs (64).

In conclusion, the present study suggested that there may
be a convergence between the Hippo/ YAP and PDGF-PDGFR
signaling pathways in the malignant progression of pancreatic
cancer. Therefore, the concomitant manipulation of the YAP
and PDGF signaling pathways may improve the efficacy of
therapy against malignant tumors.
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