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Abstract

The Yes Associated Protein 1 (YAP1) is a transcriptional cofactor negatively regulated by Hippo Pathway. The dysregulation of
the pathway has been shown to have a role in tumorigenesis and metastasis in several cancers including prostate cancer (PCa). In
this study, YAP1 expression was upregulated in the whole cell lysates and cytoplasmic/nuclear extracts of AR negative (PC3)
compared to AR positive (LNCaP) prostate cancer cell lines and primary prostate epithelial cells (PrePEC). pYAP1 expression
elevated in LNCaP compared to PC3 and PrePEC in whole cell lysates and cytoplasmic extracts. The treatment of LNCaP and
PC3 with YAP1-targeting siRNA oligonucleotides (YAP1 siRNA) significantly reduced their proliferation in vitro. Furthermore,
treatment with YAP1 siRNA diminished the clonogenicity, anchorage-independent growth on soft agar, migration and invasion
of PC3 cells. Co-IP/WB experiments revealed that YAP1 and AR formed a complex and ChIP/PCR results confirmed that YAP1
was bound to androgen response elements (ARE) core region of the prostate specific antigen (PSA) promoter. The loss of
function experiments in LNCaP and PC3 revealed that YAP1 regulates proliferation, colony formation as well as anchorage-
independent growth and potentially plays an important role in migration and invasion. Finally, analysis of publicly available data
sets indicated that LNCaP had no YAP1 copy number alteration whereas PC3 had gain of YAP1 which was also reflected as an
increase in the mRNA level. Moreover, YAP1 copy number gain and elevated YAP1 mRNA expression were detected in clinical
samples analyzed in publicly available data sets. Taken together, these results suggested that YAP1 has a role in PCa
tumorigenesis.
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Introduction way kinases serine threonine kinase 1 and 2 (MST1/2) and the

large tumor suppressor serine/threonine protein kinases 1 and

The Hippo pathway is a prominent tumor suppressor
pathway controlling cell proliferation, cell death and differen-
tiation [1, 2]. The Yes associated protein 1 (YAP1) is a tran-
scription co-factor in the pathway regulating gene expression.
Its function is mediated by the core components of the path-
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2 (LATS1/2) through phosphorylation. When the Hippo path-
way is active, YAP1 is phosphorylated at serine 127 residue
(S127). This phosphorylation causes inactivation of YAP1 by
sequestration in the cytoplasm through binding to 14-3-3
binding proteins [3]. When the Hippo pathway is inactive,
YAPI translocates to the nucleus and drives the expression
of genes together with transcription factors functioning as
a transcription co-activator or co-repressor [4]. The best-
characterized transcription factors regulated by YAPI
are the TEAD/TEF family transcription factors [5].
Besides TEAD, YAPI also interacts with other transcription
factors such as SMAD [6], p73 [7], ERBB4 [§].

Prostate cancer is the most common solid tumor remaining a
leading common cause of death in males despite the early diag-
nostic efforts [9]. The most common metastatic targets for pros-
tate cancer cells are lymph nodes, bone, lung, and liver [10]. The
reason for most of the deaths is the development of distant
metastasis of prostate cancer cells to these sites. Androgen
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deprivation is the main therapy for the patients with metastatic
prostate cancer. However, many of the patients develop resis-
tance to androgen blockade resulting in castration resistant pros-
tate cancer (CRPC). The recurrent androgen receptor activation
as well as the contribution of transcription factors, oncogenes,
and tumor suppressors lead to the progression of prostate cancer
to an incurable state [11]. The loss of expression or overexpres-
sion of YAP1 has been observed in various cancer types impli-
cating that the protein has a role in carcinogenesis [12-16] . It
has also been reported that YAP1 has a role in the metastatic
progression of cholangiocarcinoma, colorectal cancer, gastric
cancer, head and neck cancers and non-small cell lung cancer
[14, 17-20]. In this study, using loss of function experiments in
prostate cancer cell lines followed by functional assays such as
cell viability, proliferation, migration, invasion, clonogenic and
anchorage-independent growth assays we examined the func-
tional significance of YAP1 in prostate cancer. Furthermore, we
investigated YAP1 and AR relationship in protein-protein inter-
action and genomic level by Co-IP and ChIP experiments
respectively.

Materials and Methods
Cell Culture

PC3, LNCaP cell lines were obtained from DSMZ (German
Collection of Microorganisms and Cell Cultures, GmbH,
Braunschweig, Germany). These cell lines were cultured
in RPMI media (Gibco, Grand Island, NY, USA) sup-
plemented with 10% FBS (Gibco) and 1% penicillin/
streptomycin (Gibco) in a humidified incubator contain-
ing 5% CO, at 37 °C. PrePEC cells were obtained from
Lonza (Walkersville, MD, USA). They were cultured in
PreEGM bullet kit (Lonza) as recommended by the
supplier.

siRNA Mediated Knockdown of YAP1

YAPI targeted siRNA pool and non-targeting control siRNA
were purchased from Dharmacon (GE Healthcare, Lafayette,
CO, USA). Non-targeting siRNA was served as control.
20 nM siRNA was used to transfect cells with DharmaFect
IT (GE Healthcare) or Lipofectamin 2000 (Invitrogen,
Carlsbad, CA, USA).

Cell Proliferation Assay

The cell proliferation was measured by cell counting. PC3 or
LNCaP cells were seeded in 6 well plates and
transfected with control or YAP1 siRNA on the following
day. After 72 h of incubation, the cells were harvested and
counted with a hemocytometer.
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Colony Formation Assay

After 48 h knock-down of YAP1 with siRNAs, second trans-
fection was performed in PC3 cells. Following 24 h of second
transfection, the cells were harvested and reseeded to 10 cm
cell culture dishes at a density of 2000 cells/plate. The cells
were incubated in normal growth medium for 21 days and
stained with 0.5% crystal violet (Santa Cruz, Dallas, TX,
USA) at the end of incubation period.

Soft Agar Colony Formation Assay

Following 48 h transfection with 20 nM YAP1 siRNAs, trans-
fection was repeated in PC3 cells. 24 h after second transfec-
tion cells were harvested and mixed with 0.6% agarose
(Invitrogen) in 1:1 ratio. 6 well plates were prepared by ap-
plying 0.5% agarose as a supporting matrix. Cells mixed with
agarose were layered up to this matrix. After 21 days of incu-
bation, formed colonies were observed under the microscope
(Nikon Eclipse LV150N, Amsterdam, Netherlands).

Immunofluorescence (IF)

The cells were seeded on coverslips in 6 well-plates. After
24 h, the cells were fixed with 4% formaldehyde; the cell
membrane was permeabilized with 0.2% Triton X-100 deter-
gent. The antibodies (YAP1 or pYAPI) (Cell Signaling
Technology, Danvers, MA, USA, 1:50) were applied and in-
cubated for 1 h at 37 °C. DAPI (4',6-diamidino-2-
phenylindole) (Abcam, Cambridge, UK) was used to counter-
stain the nucleus. The cells were observed under the fluores-
cence microscope (Zeiss, Oberkochen, Germany).

Cytoplasmic/Nuclear Fractionation and Western Blot
Analysis

The cytoplasmic and nuclear fractions were prepared accord-
ing to the manufacturer’s instructions (Affymetrix, Santa
Clara, CA, USA). Whole Cell lysates were prepared using
lysis buffer (150 mM NaCl, 20 mM HEPES, 0.5% NP40,
1 mM EDTA, 20 mM Tris-HCI supplemented with the phos-
phatase and protease inhibitors (Roche, Indianapolis, IN,
USA). The protein concentration was determined with DC
protein detection kit (Biorad, Hercules, CA, USA). Equal
amounts of proteins were separated by SDS polyacrylamide
gel electrophoresis and blotted to the nitrocellulose mem-
branes. The membranes were blocked with 5% skimmed milk
in PBS. The antibodies and their dilutions used for detection
were as follows: anti-YAP1 (1:1000), anti-3-actin (1:1000),
anti-pYAPS127 (1:1000) from Cell Signaling Technology and
anti-AR (1:1000) from EMD Millipore (Temecula, CA, USA)
and Cell Signaling Technology. The signals were detected
using SuperSignal® West Pico Chemiluminescent Substrate
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(Thermoscientific, Rockford, IL, USA) and visualized in
Azure ¢300 imaging system (Azure Biosystems, Dublin,
CA, USA).

Transwell Migration and Invasion Assay

The cells were seeded in 6 well-plates and transfected with
YAPI siRNA. After 24 h, the cells were transferred to 8 um
pore size transwells (Coming, Corning, NY, USA) in 1% FBS
medium. The medium with 10% and 20% FBS in the lower
chamber of transwell were used as chemo attractant for PC3
and LNCaP cells respectively. The transwells were treated
with 25% matrigel (Corning,) before seeding the cells for
invasion assay. After 48 h of incubation in transwells, the cells
in the upper chamber were removed by scraping with cotton
swabs. The cells transpassed in the lower part were fixed with
methanol and the nucleus of the cells were stained with DAPI
(Abcam) and imaged with the fluorescence microscope
(Zeiss). The quantification of migrated/invaded cells was per-
formed using ImageJ program.

Chromatin Immunoprecipitation (ChIP)
ChIP was performed using Pierce ChIP kit (Pierce

BiotechnologyRockford, IL, USA) by following the manufac-
turer’s instructions. Briefly, the cells were cross-linked with

Fig. 1 YAPI expression and a

1% formaldehyde in cell culture media for 10 min. The
crosslinking was terminated with glycine solution. The chro-
matin was prepared with MNase digestion and precipitated
with AR (EMD Millipore and Cell Signaling Technology in
1:1 ratio) or YAPI1 (Cell Signaling Technology) antibodies.
The precipitated DNA was isolated and the conventional
PCR was performed to detect target sequences. ARE in PSA
gene promoter region was used to confirm ChIP results. The
primer sequences were as follows: AREI F: 5> AGAACAGC
AAGTGCTAGCTC-3', R: 5’-AGGTGGTAAGCTTG
GGGC-3'. The PCR reaction conditions were: 94 °C 5 min,
94 °C 205,61 °C10s, 72 °C 30 s total 32 cycles and 72 °C
5 min final extension. The PCR products were separated in
2% agarose gel including ethidium bromide. The gel was vi-
sualized in Azure ¢300 bioimaging system (Azure
Biosystems).

Co-Immunoprecipitation (ColP)

Whole cell lysates were prepared with lysis buffer (100 mM
NaCl, 50 mM Tris-HCI, 1%NP40, 0.5%sodium deoxycholate
supplemented with the phosphatase and protease inhibitors).
The immune complexes were precipitated with AR antibody
(EMD Millipore and Cell Signaling Technology in 1:1 ratio)
and collected with Protein A/G agarose beads
(Thermoscientific). The immunoprecipitates were resolved
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in 4-12% SDS-PAGE and western blot analysis was per-
formed to detect YAP1 in the immune complexes.

Copy Number Alteration and Gene Expression
Analysis Using Publicly Available Datasets

The amplification and mRNA expression of YAP1 gene in
prostate cancer cell lines and tissue samples were analyzed
by using publicly available datasets. The data and graphs were
retrieved from cbioportal database [21, 22] The prostate can-
cer cell lines were analyzed using MSKCC, Cancer Cell 2010

Fig. 2 IF analysis of YAP1 and
pYAP1 localization in normal
prostate epithelial and cancer cells

PrePEC-pYAP1

PC3-YAP1

PC3-pYAP1

LNCaP-YAP1

LNCaP-pYAP1
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PrePEC-YAP1

dataset and the tissue samples were analyzed using TCGA
(The Cancer Genome Atlas), PanCancer dataset.
Results

YAP1 Localizes both in the Cytoplasm and Nucleus
of Prostate Cancer Cells

In order to determine how YAP1 expression and activity is
changed during prostate cancer progression from a less

DAPI
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aggressive to more aggressive state, we assessed the protein
level and localization in prostate cancer cell model systems. A
well differentiated, androgen-dependent LNCaP and less dif-
ferentiated, androgen-independent PC3 cell lines were chosen
for this purpose. A non-cancerous cell model PrePEC was
used as a control. Compared to the normal PrePEC cells,
YAP1 expression levels were down regulated in LNCaP cells
and upregulated in PC3 cells whereas the level of phosphory-
lation of YAP1 on S127 was increased in LNCaP and was not
changed in PC3 cells (Fig. 1a). The cell fractionation assays
indicated that PC3 cells (androgen receptor negative) had
more YAP1 protein in the cytoplasm and nucleus compared
to LNCaP cells (androgen receptor positive) and non-
cancerous PrePEC cells (Fig. 1b). The phosphorylation of
YAPI1 on S127 was higher in the cytoplasm of LNCaP cells
compared to PC3 and PrePEC. Immunofluorescence (IF) con-
firmed the westernblot analysis results (Fig. 2).

Fig. 3 Effects of YAP1 knock-
down on tumorigenic properties
of LNCaP cells. a. YAP1 was

a
LNCaP

Loss of YAP1 Expression Inhibited the Proliferation,
Migration and Invasion Potential of Prostate Cancer
Cells

To study the effect of YAP1 loss in prostate cancer cells,
YAP1 mRNA was knocked down with specific siRNA.
siRNA application reduced YAPI protein level both in
LNCaP (Fig. 3a) and PC3 (Fig. 4a) cell lines. After
72 h of siRNA treatment, cells were counted. The loss
of YAP1 expression decreased cell numbers both in
LNCaP and PC3 cell lines (Figs. 3b and 4b). When
the transwell assay was performed, YAP1 siRNA treated
LNCaP cells could not migrate to the other side of the
membrane (Fig. 3c, d). Both migration and invasion
ability of PC3 cells diminished upon YAP1 silencing (Fig.
41, g). The loss of YAP1 in PC3 cells caused a decline in the
monolayer colony formation ability of the cells (Fig. 4c, d). In
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addition, YAP1 siRNA treated PC3 cells formed smaller and
fewer colonies in soft agar (Fig. 4¢).

YAP1 Forms a Protein Complex with AR and Acts
as a Transcriptional Cofactor

YAPI1 is a transcriptional cofactor and AR is a well-
studied transcription factor in prostate cancer. These
facts led us to think that AR and YAP1 might act to-
gether to regulate the gene expression in prostate cancer cells.

In order to test this hypothesis, firstly, the protein inter-
action of YAP1 and AR were studied using ColP. It was
shown that AR and YAP1 formed a protein complex in
LNCaP cells (Fig. 5a). Secondly, the interaction be-
tween ARE in DNA and YAP1 protein was determined
by ChIP analysis. After precipitation of chromatin with
YAP1 antibody, it was shown that YAP1 resided in
ARE in an AR target gene PSA (Fig. 5b). The binding
of AR in the same region was also confirmed in our
ChIP experiment (Fig. 5b).
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YAP1 Gene Is Amplified and YAP1T mRNA Transcript is
Elevated in some of the Prostate Cancer Cell Lines
and Tissue Samples

To better elucidate if the overexpression of YAPI in
PC3 was cell model specific, genetic alteration of
YAPI1 gene was analyzed using publicly available pros-
tate cancer cell line data (MSKCC, 2010). The results
indicated that YAP1 was amplified in PC3 cell line but
not in LNCaP. This was also reflected in level of YAP1
mRNA. In our experimental work we also observed
higher YAP1 protein level in PC3 than in LNCaP.
This result may be due to the amplification of YAPI
gene in PC3 (Fig. 6a).

To assess if similar results were observed in prostate cancer
patients, the tissue samples in TCGA dataset (TCGA,
PanCancer dataset) was analyzed. YAP1 gene amplification
was detected in 3.2% of cases (Fig. 6b). This proved that
YAP1 amplification was not cell line specific but the clinical
samples also have the same genetic aberration. YAP1 gene
amplification was also reflected as increase in the expression
of YAP1 mRNA (Fig. 6¢).

Fig.5 Interaction of AR and YAP1
in LNCaP cells. a. AR formed a
protein complex with YAP1 in
LNCaP cells. b. YAP1 was
recruited to ARE in AR target gene
PSA. DHT:Dehydrotestesterone. c.
[llustration of YAP1 and AR
interaction. GTF: General
transcription factor and TBP: TATA
box binding protein

1
]
YAP1
1

a
IP: AR

Discussion

YAP1 is a member of the Hippo pathway which plays impor-
tant roles in cellular proliferation, apoptosis and contact inhi-
bition [23]. As the transcriptional effector of the pathway,
YAPI is a crucial member whose role needs to be elucidated
clearly. There have been conflicting outcomes in cancer stud-
ies suggesting YAP1 as a tumor suppressor or promoter [12,
13]. These results make it difficult to suggest YAP1 as a ther-
apy target. In our study, we aimed to understand the role of
YAP1 in cellular proliferation, migration, invasion, monolayer
and 3D colony formation abilities in prostate cancer cell
models. Furthermore, AR and YAPI interaction in protein
and genomic levels were studied.

One of the basic features of cancer cells is to proliferate fast
and in an uncontrolled manner. In our study, we determined
that both AR positive LNCaP cells and AR negative PC3 cells
proliferated slower when YAPI expression was silenced.
Zhang et al. observed the same effect in LNCaP-C4-2 cells
which are castrate resistant prostate cancer cell model. They
also showed that culturing cells in growth factor deprived
medium instead of whole serum supplemented medium
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enhanced this effect emphasizing YAPI as a target in over-
coming castrate resistance in prostate cancer [24]. Kuser-
Abali et al. confirmed this result even in serum fed conditions
[25]. Sheng et al. further analyzed the cell cycle and apoptosis
upon YAPI silencing in PC3 cells and found out that YAP1
knock down arrested cells in G1/S and caused apoptosis [26].

The organ confined stage of prostate cancer is manageable
with existing therapies. However, when the disease metasta-
sizes to other organs, few therapy options are available. Many
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<« Fig. 6 Analysis of YAP1 copy number alterations and mRNA level in
prostate cell lines and tissue samples using publicly available datasets. a.
LNCaP cell line had no copy number alteration in terms of YAP1 but PC3
had. Therefore, mRNA level of YAPI was also higher in PC3
(dataset:MSKCC, Cancer Cell 2010). b. In prostate cancer tissue
samples, gain of 11q was seen in 3.2% of the cases (14/430). This gain
also altered the copy number of YAP1 gene (dataset: TCGA, PanCancer).
c. Copy number gain in YAP1 gene also increased the mRNA level of
YAP1 (dataset: TCGA, PanCancer). All the data and graphs were
retrieved from cbioportal database. (Gao J, Aksoy BA, Dogrusoz U,
Dresdner G, Gross B, Sumer SO, et al. Integrative analysis of complex
cancer genomics and clinical profiles using the cBioPortal. Sci. Signal.
2013;6:pll)

studies have pointed out the role of YAP1 in prostate and other
solid tumors metastasis. It was found as a driver for metastasis
in medullablastoma by comparing primary and metastatic tu-
mor of the same patient with proteomic analysis [27]. Lee
et al. enlightened the role of YAP1 in tumor cell migration
in prostate cancer cells mechanistically. The shear stress in
lymphatics wall induced ROCK mediated stress fiber forma-
tion and this activated YAP1 mediated gene transcription.
YAP1 changed the transcription of genes with roles in chemo-
taxis, formation of lamellipodia/filopodia, invasion and adhe-
sion [28]. Consistent with this explanation, we found out that
YAP1 silenced PC3 and LNCaP cells had a decline in their
migration ability. Kuser-Abali et al. observed that YAP1 si-
lencing reduced invasion rate of LNCaP C4-2 cells extending
our observation to a castration resistant cell model [25]. The
role of YAPI in migration and invasion is evident even in
normal prostate cell line RWPE1. Zhang et al. demonstrated
that RWPE1 cells could gain migration and invasion potential
when YAP1 was overexpressed [24].

In a recent study, Haemmerle et al. studied the effect of
platelets in tumor microenvironment on tumor anoikis and
metastasis. They disclosed that platelets induced resistance
to anoikis and promoted metastasis. When the mechanism of
this effect was investigated, it became clear that YAP1 in
tumor cells mediated the effect of platelets. Silencing of
YAP1 in vivo abolished the platelets induced metastasis.
Moreover, overexpression of YAP1 in ovarian cancer cell
lines induced anchorage independent growth in soft agar
colony formation assay both independent and dependent
on platelets [29]. In parallel to this finding we also
observed that silencing YAP1 in PC3 cells reduced the colony
formation ability both in two dimensions (2D) and three di-
mensions (3D).

YAPI1 does not have the DNA binding ability itself but
elucidates its effect by interacting with other transcription fac-
tors. The well-known binding partners of YAP1 are TEAD1-+4
transcription factors [30]. SMADI1 [6], SMAD2/3 [31],
SMAD7 [32], RUNX1/2 [33], ErtbB4 [34] are other transcrip-
tion factors reported to interact with YAP1. AR is a member of
nuclear receptor family. It acts as a transcription factor in a
ligand dependent manner. AR is crucial for function of normal
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prostate epithelium and its aberrations such as mutations, am-
plification and overexpression are common in castration resis-
tant prostate cancer (CRPC) [35]. Therefore, it is a therapy
target for prostate cancer especially for CRPC. Several tran-
scriptional cofactors for AR have been reported in the litera-
ture [36]. In our study we determined that AR and YAP1
protein interacted in LNCaP cells in full growth medium.
Kuser-Abali et al. observed the same result and they
also showed that this protein complex formation oc-
curred in the nucleus of LNCaP and LNCaP-C4-2 cells.
Furthermore, they also determined that this protein in-
teraction was direct and N terminal domain of AR was
bound to the WW/SH3 domain of YAP1 [25]. We also
showed that YAP1 resided in the promoter region of
AR target gene PSA in LNCaP cells by ChIP experi-
ment. Kuser-Abali et. al uncovered that YAP1 silencing
inhibited the transcription of AR target genes PSA,
FKBP5, PSMA, TMPRSS2 [25]. Zhang et al. reported
that YAP1 knockdown reduced the basal levels of PSA and
NKX3.1 mRNA [24]. These results together with our findings
revealed that YAP1 can act as a cofactor for AR in AR medi-
ated gene transcription (Fig. Sc).

The present study pointed out that the expression and lo-
calization of phosphorylated and unphosphorylated YAP1
proteins were dysregulated in prostate cancer cell lines indi-
cating that YAPI1 regulation and interactions with re-
spect to other proteins changed in PCa progression.
Nguyen et al. studied YAP1 and ERG interaction in
prostate cancer and determined that ERG resided around
TEAD binding motifs on DNA and increased histone H3K9/
14 acetylation to facilitate YAP1 mediated transcriptional ac-
tivation of target genes [37, 38].

Although aberrant overexpression of some proteins is a
mechanism for tumor development, this is not the sole mech-
anism [39]. As it was observed in this study, knock-down of
YAPI displayed anti-cancer effect such as decrease in prolif-
eration and migration both in PC3 and LNCaP cell lines.
However, only PC3 cells had amplification and overexpres-
sion of YAP1 (Fig. 6a). Therefore, the results did not exclude
other mechanisms such as change in protein-protein interac-
tions would cause cancer promoting effect of YAP1 rather
than the overexpression. In accordance with other published
studies, this study demonstrated that YAP1 regulated motility,
invasion and proliferation of prostate cancer cells. It could be
speculated that this regulation could be mediated by YAPI
and AR protein-protein interactions as observed in AR posi-
tive LNCaP cells. Further studies are also needed to explain
the mechanism of action of YAP1 in androgen insensitive AR
negative cell line PC3.
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