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Yes-associated protein (YAP) is an effector of the Hippo tumor suppressor pathway. The functional significance of YAP in pros-
tate cancer has remained elusive. In this study, we first show that enhanced expression of YAP is able to transform immortalized
prostate epithelial cells and promote migration and invasion in both immortalized and cancerous prostate cells. We found that
YAP mRNA was upregulated in androgen-insensitive prostate cancer cells (LNCaP-C81 and LNCaP-C4-2 cells) compared to the
level in androgen-sensitive LNCaP cells. Importantly, ectopic expression of YAP activated androgen receptor signaling and was
sufficient to promote LNCaP cells from an androgen-sensitive state to an androgen-insensitive state in vitro, and YAP conferred
castration resistance in vivo. Accordingly, YAP knockdown greatly reduced the rates of migration and invasion of LNCaP-C4-2
cells and under androgen deprivation conditions largely blocked cell division in LNCaP-C4-2 cells. Mechanistically, we found
that extracellular signal-regulated kinase–ribosomal s6 kinase signaling was downstream of YAP for cell survival, migration, and
invasion in androgen-insensitive cells. Finally, immunohistochemistry showed significant upregulation and hyperactivation of
YAP in castration-resistant prostate tumors compared to their levels in hormone-responsive prostate tumors. Together, our re-
sults identify YAP to be a novel regulator in prostate cancer cell motility, invasion, and castration-resistant growth and as a po-
tential therapeutic target for metastatic castration-resistant prostate cancer (CRPC).

Prostate cancer is the most common malignancy and the sec-
ond leading cause of cancer-related mortality among men in

the United States (1). Although androgen deprivation therapy
(through medical or surgical castration) is highly effective for ad-
vanced prostate cancer (1, 2), the majority of patients eventually
develop resistance and progress to castration-resistant prostate
cancer (CRPC). Unfortunately, most cases of CRPC are currently
incurable (1). The cause of castration resistance is still not com-
pletely known. It is expected that understanding the molecular
mechanisms and identifying the molecular pathways underlying
the acquisition of castration resistance in prostate cancer are crit-
ical for the design of therapeutic strategies and may lead to the
discovery of novel targets.

The Hippo signaling pathway, originally defined by fly ge-
neticists, plays an important role in tumorigenesis by regulat-
ing cell proliferation and apoptosis (3–7). In mammals, protein
kinases Mst1/2 (mammalian sterile 20-like 1 and 2) and Lats1/2
(large tumor suppressor 1 and 2) and the adaptor proteins
WW45 (WW domain-containing protein) and Mob1 (Mps one
binder 1) are the Hippo core components. These proteins form
complexes to regulate their activity mainly through phosphor-
ylation. The Hippo core is tumor suppressive and exerts its
function by phosphorylating and inactivating YAP (Yes-asso-
ciated protein) and its paralog, TAZ (transcriptional coactiva-
tor with a PDZ-binding motif).

Recent genetic mouse models and studies with cancer patients
firmly demonstrated the critical roles of Hippo-YAP signaling in
cancer development. For example, Mst1/2 and WW45 suppress
the development of hepatocellular carcinoma in mice (8–11). Ac-
cordingly, the downregulation of Mst1/2 and Lats1/2 by promoter
hypermethylation is often observed in various types of human

cancer (12–15). Although mutations in the Hippo pathway are
rare, mutation or deletion of Lats2 is significant in malignant me-
sothelioma (16). Furthermore, the oncoprotein YAP has been im-
plicated in promoting the formation of several types of tumors,
such as liver and skin tumors and rhabdomyosarcoma (17–21). As
expected, overexpression or hyperactivation (nuclear localiza-
tion) of YAP is frequently detected in several human malignan-
cies, including liver, ovarian, breast, lung, and pancreatic cancer
(18–20, 22–28). In addition to the role of Hippo-YAP signaling in
cancer development, recent studies also implicate YAP in the met-
astatic progression of breast cancer and melanoma (29).

Accumulated evidence has shown that the Hippo-YAP path-
way activity is regulated by many cues and factors, including cell
adhesion, cell polarity, contact inhibition/cell density, and cyto-
skeleton dynamics/mechanical forces (6, 30). Recent studies have
also demonstrated that YAP/TAZ activity can be regulated inde-
pendently of Hippo signaling and YAP/TAZ cross talk with many
other canonical signaling pathways, including Wnt/�-catenin
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(31–37), transforming growth factor �/Smad (38–40), and Ras–
extracellular signal-regulated kinase (ERK) (28, 41, 42), in the
regulation of cancer cell proliferation, survival, and tumorigene-
sis. Despite the role of YAP signaling in mediating these physio-
logical processes, however, the biological significance of YAP in
prostate cancer has not been previously defined.

Here, we explored the functional role of YAP in prostate cancer
cell motility, invasion, and castration-resistant growth and deter-
mined the clinical relevance of YAP in CRPC. Our data identify
YAP to be a critical regulator in prostate cancer, especially for
CRPC, providing an alternative mechanism underlying the devel-
opment of castration resistance of prostate tumor cells.

MATERIALS AND METHODS
Expression constructs. The pcDNA-YAP expression construct has been
described previously (18). Retroviral wild-type YAP and YAP mutant
constructs have been described previously (43). The lentiviral YAP short
hairpin RNA (shRNA) constructs and packaging vectors (psPAX2 and
pMD2.G) were from Addgene (Cambridge, MA). Point mutations were
generated by use of a QuikChange site-directed PCR mutagenesis kit
(Stratagene, La Jolla, CA) and verified by sequencing.

Cell culture, transfection, virus packaging, and infection. The
HEK293T, HEK293GP, RWPE-1, and LNCaP cell lines and related media
and supplements were purchased from the American Type Culture Col-
lection (ATCC; Manassas, VA), and the cell lines were cultured following
ATCC’s instructions. The cell lines were authenticated at ATCC and were
used at low (�25) passage numbers. The LNCaP-C4-2 and LNCaP-C81
sublines have been described previously (44–46). The Attractene and HiP-
erFect reagents (Qiagen, Valencia, CA) were used for transient overex-
pression and small interfering RNA (siRNA) transfections, respectively,
following the manufacturer’s instructions. R1881 was purchased from
PerkinElmer (Waltham, MA). YAP-specific siRNA oligonucleotides were
synthesized by GenePharma (Shanghai, China) on the basis of the follow-
ing target sequences: 5=-CAGGTGATACTATCAACCAAA-3= (YAP#1)
and 5=-GACCAATAGCTCAGATCCTTT (YAP#2). Ectopic expression of
empty vector, YAP, or the YAP S127A mutant (YAP-S127A) in the
RWPE-1 and LNCaP cell lines was achieved by a retrovirus-mediated
approach as described previously (47). The transduced cells were then
selected with 800 �g/ml of neomycin (at 48 h postinfection) to establish
cells stably expressing YAP or YAP-S127A. YAP downregulation in LN-
CaP-C4-2 cells was obtained by lentivirus-mediated YAP shRNA expres-
sion (48). Briefly, the YAP shRNA-expressing plasmid (2.5 �g) was
cotransfected with the psPAX2 (2.0 �g) and pMD2.G (1.0 �g) genes into
the virus-packaging cell line HEK293T. The medium was replaced, and
HEPES (10 mM) and sodium butyrate (10 mM) were added at 16 h post-
transfection. At 48 h posttransfection, the resulting lentiviral supernatant
was collected and further filtered through a 0.45-�m-pore-size filter and
used to infect cells in the presence of 10 �g/ml of Polybrene (Millipore,
Billerica, MA). The transduced cells were then selected with puromycin (2
�g/ml) to establish cell lines in which YAP expression was stably knocked
down.

Quantitative real time-PCR. Total RNA isolation, RNA reverse tran-
scription, and quantitative real time-PCR were done as described previously
(47). Other primer sequences were as follows: for TEAD1 (TEA domain-
containing protein 1), CTTGAATGTGCAATGAAGCG (forward [F]) and
CGAAGTTTGCCTCGGACTC (reverse [R]); for TEAD2, CTCACTCCGTA
GAAGCCACC (F) and TGCCTTCTTCCTGGTCAAGT (R); for TEAD3,
GCACCTTCTTCCGAGCTAGA (F) and TACGGCCGAAATGAGTTGAT
(R); for TEAD4, GCTCCACTCGTTGGAGGTAA (F) and CTTAGCGCAC
CCATCCC (R); for YAP, ACGTTCATCTGGGACAGCAT (F) and GTTGG
GAGATGGCAAAGACA (R); for TAZ, ATTCATCGCCTTCCTAGGGT (F)
and GGCTGGGAGATGACCTTCAC (R); for connective tissue growth fac-
tor (CTGF), TTGGCAGGCTGATTTCTAGG (F) and GGTGCAAACATGT
AACTTTTGG (R); for ITGB2 (integrin beta 2), ACTCCTGAGAGAGGAC

GCAC (F) and CAGGGCAGACTGGTAGCAA (R); for ANKRD1 (ankyrin
repeat domain 1), GTGTAGCACCAGATCCATCG (F) and CGGTGAGAC
TGAACCGCTAT (R); for Cyr61 (cysteine-rich angiogenic inducer 61), CC
CGTTTTGGTAGATTCTGG (F) and GCTGGAATGCAACTTCGG (R); for
SOX4 (SRY [sex-determining region Y] box 4), AATGTATGTTTCCCCC
TCCC (F) and TCGCTGTCGGGTCTCTAGTT (R); for survivin, CGAGGC
TGGCTTCATCCACT (F) and ACGGCGCACTTTCTTCGCA (R); for pros-
tate-specific antigen (PSA), ATATCGTAGAGCGGGTGTGG (F) and TCCT
CACAGCTGCCCACT (R); for NKX3.1 (NK3 homeobox 1), CAGATAAGA
CCCCAAGTGCC (F) and CAGAGCCAGAGCCAGAGG (R); for KLK2
(kallikrein-2), TGTCTTCAGGCTCAAACAGG (F) and GTACAGTCATGG
ATGGGCAC (R); and for PGC-1 (peroxisome proliferator-activated recep-
tor gamma coactivator 1-alpha), CTGCTAGCAAGTTTGCCTCA (F) and
AGTGGTGCAGTGACCAATCA (R).

Cell fractionation assay. Cell fractionation assays were done with NE-
PER nuclear and cytoplasmic extraction reagents following the manufac-
turer’s instructions (Thermo Scientific/Pierce, Rockford, IL).

Antibodies and Western blot analysis. YAP antibodies from Cell
Signaling Technology (catalog number 4912; Danvers, MA) and Ab-
cam (catalog number 52771; Cambridge, MA) were used for Western
blotting throughout the study. Anti-�-actin, anti-androgen receptor
(anti-AR), anti-ERK1/2, anti-Akt, anti-glycogen synthase kinase 3�
(anti-GSK3�), anti-�-catenin, anti-ribosomal s6 kinase 1 (anti-
RSK1), and anti-RSK2 antibodies were from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Anti-Mst1, anti-Mst2, anti-Lats1, and anti-
Lats2 antibodies were from Bethyl Laboratory (Montgomery, TX).
Anti-phospho-YAP S127, anti-phospho-Akt T308, anti-phospho-Akt
S473, anti-phospho-GSK3� S9, anti-phospho-ERK1/2, anti-phospho-
Mst2 T180, anti-E-cadherin, antivimentin, and anti-poly(ADP-ri-
bose) polymerase (anti-PARP) antibodies were from Cell Signaling
Technology. Mouse monoclonal antibody against N-cadherin was
provided by Keith Johnson (University of Nebraska Medical Center)
(49). Anti-phospho-RSK S380 antibody was from BioLegend (San Di-
ego, CA). Anti-neurofibromatosis 2 (anti-NF2) and anti-�-tubulin
antibodies were from Sigma (St. Louis, MO). Total cell lysate prepa-
ration and Western blotting assays were done as previously described
(50).

Cell proliferation and anchorage-independent growth assays. For
cell proliferation assays, 5,000 (LNCaP-C4-2) or 10,000 (LNCaP) cells
were seeded in wells of a 24-well plate in triplicate. Cells were counted with
a hemocytometer (Thermo, Waltham, MA), and proliferation curves
were made on the basis of cell numbers of each well from three indepen-
dent experiments. Soft agar colony formation assays were conducted in
6-well plates as described previously (18).

Cell migration and invasion assays. In vitro analysis of invasion and
migration was performed using a BioCoat invasion system (BD Biosci-
ences, San Jose, CA) and a Transwell system (Corning, Corning, NY),
respectively, according to the manufacturers’ instructions. The cells were
trypsinized and resuspended in the medium without serum or growth
factors. Basal medium without serum was added to the bottom of the
migration assay chamber and the BioCoat invasion chamber. The above-
described cell suspension (400 �l containing 50,000 cells) was added to
the insert and incubated for 18 h at 37°C. The cells were fixed with 3.7%
paraformaldehyde (Sigma), and the cells inside the inserts were removed
with cotton swabs. The invasive and migratory cells were stained with
ProLong Gold antifade reagent with DAPI (4=,6-diamidino-2-phenylin-
dole). The relative rates of invasion and migration were calculated as
previously described (43, 51).

IHC staining. Tissue microarray slides (TMAs) were obtained from
the Prostate Cancer Biorepository Network (PCBN; New York University
site). The TMA consists of 7 naive (hormone-responsive) and 13 castra-
tion-resistant prostate cancer tumors collected from 1983 to 2002 at the
New York University Langone Medical Center. Slide deparaffinization,
antigen retrieval, and blocking were performed as we have described pre-
viously (18). The sections were then stained with anti-YAP antibody (1:
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100 dilutions; catalog number 4912; Cell Signaling) using a Histostain-
Plus immunohistochemistry (IHC) kit following the manufacturer’s
instructions (Invitrogen, Grand Island, NY). Cell nuclei were stained with
hematoxylin. A Ventana iScan HT scanner (Roche) was used for slide
scanning with a �20 lens. The staining results were independently evalu-
ated by three researchers, including two pathologists (S.M.L. and K.F.).
Both the YAP staining intensity (a scale of from 0 to 3 was used, where 0 is
negative, 1 is weak staining, 2 is moderate staining, and 3 is strong stain-

ing) and nuclear localization (the percentage of tumor cell nuclei stained,
where 0 is no staining, 1 is �10% of tumor cell nuclei stained, 2 is 10 to
50% stained, and 3 is �50% stained) were scored (52).

Animal studies. For in vivo xenograft studies, LNCaP cells expressing
vector or YAP in 50% Cultrex basement membrane extract (2.0 � 106

cells for each line/0.1 ml; Trevigen, Gaithersburg, MD) were subcutane-
ously injected into the left flank of 3-month-old castrated male SCID mice
(Charles River, Wilmington, MA). Six and nine animals were used for the
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control (vector) and experimental (YAP) groups, respectively. Mice were
euthanized at 8 weeks postinjection, and the tumors were excised and
fixed for subsequent histopathological examination and IHC analysis.
The animals were housed in pathogen-free facilities. All animal experi-
ments were approved by the University of Nebraska Medical Center In-
stitutional Animal Care and Use Committee.

Statistical analysis. Data were analyzed using a two-tailed, unpaired
Student’s t test. The Wilcoxon rank sum test was used to compare the IHC
staining data between groups. A P value of �0.05 was considered to indi-
cate statistical significance.

RESULTS
YAP transforms prostate epithelial cells and promotes cell mo-
tility and invasiveness. Previous studies showed that YAP over-
expression induces the transformation of immortalized pancre-
atic and mammary epithelial cells (18, 20). To investigate the
biological significance of YAP overexpression/hyperactivation in
prostate cancer, we first tested the role of YAP in RWPE-1 (im-
mortalized prostate epithelial) cells. As shown in Fig. 1, ectopic
expression of YAP stimulated cell proliferation and induced cel-

0

2

4

6

R
el

at
iv

e 
in

va
di

ng
 ra

te

***

***

Vector YAP S127A
0

2

4

6

R
el

at
iv

e 
m

ig
ra

tin
g 

ra
te

Vector YAP S127A

***

***

C D

Vector YAP S127A

Vector YAP S127A

In
va

si
on

A

M
ig

ra
tio

n

FBS

CSS

Vector YAP

0

2

4

6

8

10

LNCaP-Vector+FBS
 LNCaP-YAP+FBS
LNCaP-Vector+CSS
LNCaP-YAP+CSS

(X
10

  )4
C

el
l n

um
be

r

Days 0 3 5 7 10

R
el

at
iv

e 
m

R
N

A 
le

ve
l CTGF

0

10

20

30

40 ANKRD1
***

0

1

2
3

4

5 SOX4
***

Vector   YAP Vector   YAP

Cyr61

0

0.5

1

1.5

2

2.5
**

Vector    YAP

***

Vector    YAP
0

1

2

3

4

5

E

B

G

α-YAP

α-Actin
Ve

ct
or

YA
P

S1
27

A

LNCaP

PSA NKX3.1 PGC-1 KLK2

0

2

4

6

8

0

1

2

3

0

1

2

0

1

2

3

Vector    YAP Vector    YAP Vector    YAP Vector    YAP

***

***
*****

F

H

I

α-Akt -55

-43

α-p-Akt T308 -55

α-p-ERK

α-ERK

α-YAP -72

Ve
ct

or
YA

P

FBS CSS

-43

-43α-Actin

Ve
ct

or
YA

P

R
el

at
iv

e 
m

R
N

A 
le

ve
l

α-Akt

α-p-Akt S473

------------

-55

-55

FIG 2 YAP promotes migration, invasion, and androgen-insensitive growth and AR activation in LNCaP cells. (A) Establishment of LNCaP cells expressing
vector, YAP, or YAP-S127A. (B to D) Cell invasion (B, C) and migration (B, D) assays with the LNCaP cell lines described in the legend to panel A. (E)
Representative photos of LNCaP cells expressing vector or YAP that have been cultured in normal medium with fetal bovine serum (FBS) or androgen
deprivation medium with CSS for 3 days (medium with fetal bovine serum) or 5 days (medium with CSS). (F) Proliferation curves for various LNCaP cells. (G)
Relative mRNA levels of known targets of YAP (determined by quantitative RT-PCR) in LNCaP cells expressing the vector or YAP. (H) LNCaP cells expressing
the vector or YAP were cultured in normal medium with fetal bovine serum or androgen deprivation medium with CSS for 3 days. The total lysates were probed
with the indicated antibodies. Numbers to the right of the blots are molecular masses (in kilodaltons). p-Akt, phosphorylated Akt; p-ERK, phosphorylated ERK.
(I) Relative mRNA levels of known targets of androgen receptor (determined by quantitative RT-PCR) in LNCaP cells expressing the vector or YAP. Quantitative
data are expressed as the mean � SEM from three independent experiments. ***, P � 0.001; **, P � 0.01 (t test).

YAP in Prostate Cancer

April 2015 Volume 35 Number 8 mcb.asm.org 1353Molecular and Cellular Biology

http://mcb.asm.org


lular transformation in RWPE-1 cells (Fig. 1A to D). As expected,
the expression of constitutively active YAP-S127A (S127 is the
main Hippo-mediated phosphorylation site of YAP) enhanced
RWPE-1 cell proliferation and transformation to a greater extent
than that of wild-type YAP did (Fig. 1B to D). YAP expression
causes epithelial-mesenchymal transition (EMT) in mammary
epithelial (MCF10A) cells (20, 26). Surprisingly, YAP transformed
prostate cells without inducing an EMT, as the levels of E-cadherin
(an epithelial marker) and vimentin (a mesenchymal marker) re-
mained unchanged in the presence of YAP activation (Fig. 1E).
Consistent with this observation, YAP was not sufficient to induce
a full EMT in a nontransformed mammary epithelial cell line
(NMuMG) (29).

Over 90% of cancer deaths are due to metastasis rather than to
the primary tumors (53, 54). Migration and invasion are essential
steps for primary tumor cells to metastasize and grow (54–56). We
therefore examined the role of YAP in prostate cell motility. In-
terestingly, overexpression of YAP or YAP-S127A also signifi-

cantly promoted cell migration (Fig. 1F) and invasion (Fig. 1G
and H) in immortalized prostate epithelial cells. Next, we further
explored whether enhanced expression of YAP stimulates migra-
tion and invasion in prostate cancer (LNCaP) cells. Similarly, YAP
or YAP-S127A overexpression resulted in a significant increase in
the number of LNCaP cells that invaded through Matrigel and
migrated through filters compared to the number of vector con-
trol cells that did so (Fig. 2A to D). These data indicate that YAP
activation is a positive regulator of prostate cell oncogenic activity.

YAP promotes the androgen-insensitive growth of LNCaP
cells. Most prostate cancer patients with metastatic disease progress
to CRPC. We next assessed whether YAP expression is sufficient to
induce androgen-insensitive (castration-resistant) growth in LNCaP
cells, which grow completely in an androgen-sensitive and -depen-
dent manner. YAP overexpression stimulated the proliferation of
LNCaP cells (Fig. 2E and F). Interestingly, the most significant change
in these cells upon YAP expression was the ability to proliferate nor-
mally under androgen deprivation conditions (using charcoal-
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served as cytoplasmic and nuclear markers, respectively. C, cytoplasmic fraction; N, nuclear fraction. (C, D) Quantitative RT-PCR of YAP and its known targets
in LNCaP and castration-resistant sublines. (E) Quantitative RT-PCR of TEAD1 to TEAD4 in LNCaP and castration-resistant sublines. (F) LNCaP and
LNCaP-C4-2 cells were treated with cycloheximide (CHX) at the indicated times, and the total lysates were probed with YAP and actin antibodies. (G)
Quantitative RT-PCR of YAP and PSA in LNCaP cells treated with or without R1881 (1 nM) for 24 h. (H) LNCaP cells were treated with or without R1881 (1 nM)
for 24 h, and the total lysates were probed with the indicated antibodies. Quantitative data were derived from three independent experiments and expressed as
the mean � SEM. In panels A, B, F, and H, numbers to the right of the blots are molecular masses (in kilodaltons). **, P � 0.01; ***, P � 0.001 (t test).
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stripped serum [CSS] to deplete the medium of androgens); in con-
trast, the control parental cells stopped dividing without androgen
(Fig. 2E and F). These data indicate that enhanced expression of YAP
was sufficient to convert LNCaP cells from an androgen-sensitive to a
castration-resistant (androgen-insensitive) state.

TEAD1 to TEAD4 are the major transcriptional factors of the
Hippo pathway. Most of the known YAP-TEAD targets, including
ANKRD1, SOX4, CTGF, and Cyr61, were induced by YAP expres-
sion in LNCaP cells (Fig. 2G), indicating that YAP signaling is on
in YAP-expressing LNCaP cells. Survivin and ITGB2 were not
induced by YAP-overexpressing LNCaP cells (data not shown).
YAP was able to induce Akt and ERK activation in a cellular con-
text-dependent manner (41, 42). Interestingly, we also detected
moderate but reproducible increased phosphorylation of Akt on
T308 (but not S473) upon YAP expression (Fig. 2H). Both Akt and
ERK were strongly activated upon androgen depletion (Fig. 2H)
(57), suggesting that multiple cellular pathways are involved in
prostate cancer cell survival upon androgen deprivation.

We further explored whether YAP could regulate androgen
signaling activity. Indeed, the androgen receptor (AR) targets
PSA, NKX3.1, PGC-1, and KLK2 were all greatly induced by YAP
overexpression (Fig. 2I), suggesting that YAP promotes AR acti-
vation.

Upregulation of YAP in castration-resistant prostate cancer
cells. We further assessed the extent to which YAP expression/
activity is altered during progression from an androgen-sensitive
to an androgen-insensitive state. For this purpose, we took advan-
tage of a well-established prostate cancer cell model system.
LNCaP cells grow slowly and completely rely on androgen,
whereas the LNCaP-C81 and LNCaP-C4-2 sublines (both of
which are androgen insensitive and castration resistant) grow ag-
gressively even under androgen deprivation conditions. These
cancer cell models closely represent the transition of the initial
androgen-sensitive disease state to the androgen-insensitive state
(58, 59). Interestingly, we found that compared to the YAP expres-
sion levels in LNCaP cells, YAP expression levels were dramati-
cally upregulated in both LNCaP-C4-2 and LNCaP-C81 andro-
gen-insensitive cells (Fig. 3A). The level of phosphorylation of
YAP on S127 (the major phosphorylation site for the Hippo path-
way) was proportionally increased. Cell fractionation assays con-
firmed that the cytoplasmic-nuclear localization of YAP was not
significantly altered (Fig. 3B). In line with this observation, no
change in the level of expression or the activity of upstream Hippo
core components was detected (Fig. 3A and data not shown).
Consistent with the findings of previous studies (60), AR levels
were increased in LNCaP-C4-2 and LNCaP-C81 cells compared
to those in parental LNCaP cells (Fig. 3A). Finally, quantitative
reverse transcription-PCR (RT-PCR) showed that the levels YAP
mRNA but not those of the mRNA of its paralog, TAZ, were sig-
nificantly elevated in LNCaP-C4-2 and LNCaP-C81 cells, indicat-
ing that transcriptional regulation is involved in YAP upregula-
tion (Fig. 3C and data not shown). YAP targets were consistently
induced in LNCaP-C4-2 cells (Fig. 3D). TEAD4 mRNA but not
TEAD1 to TEAD3 mRNA was upregulated in LNCaP-C4-2 cells
(Fig. 3E). YAP protein stability was similar in both LNCaP and
LNCaP-C4-2 cells (Fig. 3F). Together, these results suggest that
YAP was transcriptionally upregulated during the transition of
LNCaP cells to androgen-insensitive growth.

Next we investigated whether androgen signaling could affect
YAP activity. Treatment with R1881 (a testosterone analog) failed

to alter YAP expression (Fig. 3G) or phosphorylation (localiza-
tion) (Fig. 3H). Together, these observations suggest that YAP
promotes AR activation and androgen signaling fails to regulate
YAP activity.

YAP promotes castration-resistant growth in vivo. We next
evaluated the influence of YAP on castration resistance in animals.
LNCaP cells expressing the vector control and YAP were subcuta-
neously inoculated into castrated male SCID mice. As expected,
most of the mice (all except one) injected with LNCaP cells carry-
ing the vector did not form palpable tumors (n � 6). However,
about 67% (6/9) of mice injected with YAP-expressing LNCaP
cells grew large tumors at the endpoint of the experiment (Fig. 4A
and B). The tumors on the mice harboring YAP-expressing
LNCaP cells were visible at 1 month postinjection (data not
shown). Histopathological examination revealed extensive tumor

Tu
m

or
 In

ci
de

nc
e 

(%
)

10
20

30
40
50
60
70

0

A B

Vector      YAP

T

T TT T T T

C

H
&

E

200X 400X

A
R

400X200X
N

T

N

T

N

N

200X 400X

YA
P

FIG 4 YAP confers castration resistance in vivo. (A) Castrated male SCID
mice were implanted with LNCaP cells carrying the vector control (top row) or
YAP-expressing LNCaP cells (bottom row) and photographed at 8 weeks
postinjection. T, tumor-harboring mice. (B) Tumor incidence of the mice
shown in panel A. (C) H&E and IHC staining of AR and YAP. T, tumor area; N,
necrotic area.

YAP in Prostate Cancer

April 2015 Volume 35 Number 8 mcb.asm.org 1355Molecular and Cellular Biology

http://mcb.asm.org


necrosis and hemorrhage (Fig. 4C, hematoxylin and eosin [H&E]
staining), which is an indicator of aggressiveness. Most of these
tumor cells expressed AR and YAP (Fig. 4C). These data strongly
suggest that YAP confers the castration-resistant growth of pros-
tate cancer cells in vitro and in vivo.

YAP knockdown impairs migration and invasion in castra-
tion-resistant prostate cancer cells. To explore the biological sig-
nificance of YAP upregulation in castration-resistant prostate
cancer cells, we reduced YAP expression by the use of shRNA
(constitutive) or siRNA (transient) in LNCaP-C4-2 cells (Fig. 5A
and B). Using Transwell and Matrigel assays, we demonstrated
that YAP knockdown greatly impaired migration and invasion in
LNCaP-C4-2 prostate cancer cells (Fig. 5C to J). These data, to-
gether with the gain of function of YAP (Fig. 1 and 2), suggest that
YAP plays an important role in motility and invasion in prostate
cancer cells.

YAP is essential for castration-resistant growth of prostate
cancer cells. The upregulation of YAP in androgen-insensitive cell
lines led us to further determine whether YAP is required for
growth without androgens in these cells. Under normal growth
conditions, LNCaP-C4-2 cells with YAP knockdown showed
only moderately slower proliferation than control LNCaP-C4-2
cells with YAP expression (Fig. 6A, top, and B). However, while
LNCaP-C4-2 cells were still able to proliferate (albeit at a lower
rate) in the absence of androgens (in CSS medium), YAP-knock-

down cells failed to divide under androgen deprivation conditions
(Fig. 6A and B). Consistent with this observation, LNCaP-C4-2
cells with reduced amounts of YAP form colonies well in soft agar
with complete serum (Fig. 6C and D); however, these cells failed to
grow under conditions with CSS (Fig. 6E and F). Again, LNCaP-
C4-2 control cells, but not LNCaP-C-2 cells lacking YAP, formed
colonies even when androgens were removed (Fig. 6E and F). In
total, these studies implicate that YAP is essential for the castra-
tion-resistant growth of prostate cancer cells.

Consistent with our observations that YAP activates AR targets
(Fig. 2I), YAP knockdown reduced the basal levels of PSA and
NKX3.1 mRNA and partially blocked the AR targets induced by
R1881 (Fig. 6G), further suggesting that YAP regulates AR signal-
ing activity.

YAP is required for ERK-RSK signaling activation upon an-
drogen depletion in LNCaP-C4-2 cells. We next explored the
downstream signaling of YAP in the androgen-insensitive growth
of prostate cancer cells. The PTEN (phosphatase and tensin ho-
molog)/Akt axis and MEK-ERK signaling are critical regulators in
prostate tumor survival and progression (61, 62). Both Akt and
MEK-ERK pathways have recently been linked with YAP activity
(28, 41, 42, 63). Interestingly, we found that both Akt and ERK-
RSK signaling pathways were strongly activated upon androgen
depletion (Fig. 7A and B) (57), suggesting that LNCaP-C4-2 cells
proliferated without androgen, at least in part, by activating these
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survival pathways. Importantly, ERK1/2 and downstream RSK1/2
activation (revealed by phosphorylation) was largely blocked in
YAP-knockdown cells when androgens were removed (Fig. 7B).
However, Akt activity was only moderately reduced when YAP
was knocked down (Fig. 7A). Together, these data suggest that
YAP is required for ERK-RSK activation in LNCaP-C4-2 cells un-
der androgen depletion conditions.

To determine the functional role of ERK activation upon an-
drogen depletion, we inhibited MEK-ERK signaling with the in-

hibitor U0126 and analyzed migratory and invasive activity in
LNCaP-C4-2 cells. ERK inhibition partially suppressed migration
under normal conditions and to a greater extent in medium with-
out androgens (Fig. 7C and D). Interestingly, treatment with
U0126 had no effect on invasion in complete medium; however,
U0126 greatly impaired the invasive ability of LNCaP-C4-2
cells under androgen deprivation conditions (Fig. 7E and F). As
expected, knockdown of YAP significantly reduced the levels of
migration and invasion in LNCaP-C4-2 cells (Fig. 7C to F).
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Taken together, our data indicate that for LNCaP-C4-2 cells
ERK activation (probably downstream YAP) is essential to pro-
mote survival and migration/invasion under androgen deple-
tion conditions.

Upregulation and activation of YAP in castration-resistant
tumors. YAP is overexpressed and/or hyperactivated (as shown by
nuclear localization) in prostate primary tumor samples (18, 26).
However, it is not known to what extent YAP activity/expression
correlates with castration resistance. Having established the role of
YAP in androgen-insensitive prostate cancer growth in cell cul-
ture models, we further determined the functional relevance of
YAP in CRPC in the clinical setting. For this purpose, we obtained
tissue microarrays containing naive (hormone-responsive) and
castration-resistant prostate tumors and performed IHC staining.
Immunostaining demonstrated that overall YAP expression was
relatively weak in naive prostate tumors (n � 7) (Fig. 8A to A	),

and no single case was scored moderate or strong for YAP staining
(see Materials and Methods). Importantly, we observed the dra-
matic upregulation of YAP in most hormonal therapy-resistant
tumor samples (n � 13) (Fig. 8B to E). Nine of the resistant tu-
mors showed moderate or strong staining, and 4 of them had weak
staining (whereas all of the naive tumors showed weak to no stain-
ing) (P � 0.003 for resistant versus naive tumors). Furthermore,
strong nucleus-localized (hyperactive) YAP staining was detected
in 5 of the resistant tumors (Fig. 8B to B	, to D	, and F) (P � 0.001
for resistant versus naive tumors). Publically available data further
confirmed that the amount of YAP mRNA was significantly higher
in CRPC or metastatic prostate tumors than primary tumors (Fig.
8G and H). These data, together with the findings from our cell
culture and animal models (Fig. 2 to 7), identify YAP to be a
critical regulator in the castration-resistant growth of prostate
cancer.
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DISCUSSION

Androgen deprivation therapy initially decreases the volume of
both primary and metastatic lesions; however, most men experi-
ence eventual relapse. Recurring prostate cancer is typically cas-
tration resistant, since removal of testicular androgen by chemical
or surgical castration does not affect tumor growth or metastasis.
Ultimately, in the vast majority of cases, CRPC is lethal. Thus,
there is an urgent need to identify drug targets and develop new
therapeutic strategies to treat CRPC. Although the underlying
mechanisms of castration resistance are not fully understood,
both androgen receptor-dependent and -independent signaling
pathways are known to be involved (64). Androgen receptor over-
expression, activation, and androgen secretion are the major con-
tributors to androgen receptor-dependent CRPC (64–66). For ex-
ample, androgen receptor selectively upregulates M-phase cell
cycle genes to promote CRPC (67). Interestingly, a recent study

found that a gain-of-function mutation in dihydrotestosterone
(the most potent androgen) synthesis partially accounts for cas-
tration resistance (68). However, some other studies have chal-
lenged the androgen receptor-dependent mechanism, as castra-
tion induces the activation of many kinases (69) and increases the
expression of antiapoptotic genes independently of the androgen
receptor (70). Furthermore, prostate cancer stem cells have been
proposed to be the origin of prostate cancer progression, and they
may not express androgen receptor (71). Our current study im-
plicates YAP as a potent regulator for CRPC in vitro and in vivo
(Fig. 2 to 4, 6, and 7) and in clinical samples (Fig. 8), thus identi-
fying YAP to be a potential alternative regulator/pathway for the
acquisition of castration resistance by prostate tumor cells.

Hippo-YAP signaling is often deregulated in cancer and is a
potential target for cancer therapy (5–7). Among the components,
the YAP-TEAD complex represents the most attractive target for
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several reasons. First, TEAD transcription factors are required for
YAP’s oncogenic activity both in cell culture and in vivo (48, 72).
Second, TEAD is largely dispensable during normal tissue growth
in the mouse liver (72) and in Drosophila (73) (i.e., TEAD be-
comes critical only when YAP is hyperactivated/overexpressed).
Thus, there is a strong rationale for developing YAP-TEAD com-
plex-disrupting agents as anticancer therapeutics against YAP-
driven oncogenesis. Indeed, Liu-Chittenden et al. screened a
small-molecule library (consisting of 3,300 FDA-approved drugs)
for agents that inhibit YAP-TEAD activity in a cell-based assay
(72). Verteporfin was identified to be a compound effective at
preventing hepatic tumorigenesis driven by YAP overexpression
(72) and the growth of xenograft tumors in immunodeficient
mice (52, 74). Thus, administration of verteporfin is an effective
pharmacologic approach to inhibit YAP signaling, and these stud-
ies strongly support the feasibility of targeting YAP in human
cancer in which Hippo-YAP is deregulated. Importantly, the cur-
rent study showed that depletion of YAP could cause castration-
resistant prostate cancer cells to stop growing and become andro-
gen sensitive (Fig. 6 and 7). Therefore, inhibition of YAP (e.g., by
verteporfin) combined with hormonal therapy is a potential
novel therapeutic strategy for prostate cancer patients with
CRPC (Fig. 7G).

Previous studies, including ours, demonstrated that YAP is
overexpressed or hyperactivated in prostate tumor samples (18,
26). Furthermore, Lats2 expression is significantly lower in meta-
static prostate tissues than normal prostate tissue samples (75).
Interestingly, Lats2 and MstI have been shown to be associated
with androgen receptor and regulate its activity (76, 77). These
reports suggest that the Hippo-YAP pathway plays a role in the
pathogenesis of prostate cancer. This study adds further evidence
showing that the Hippo effector YAP regulates cell motility, inva-
sion, and the castration-resistant growth of prostate cancer cells.
Together, these studies demonstrated the biological significance
of the Hippo-YAP signaling in prostate cancer. There are several
questions that need to be addressed. How is YAP upregulated in
androgen-insensitive prostate cancer cells? Our observations sug-
gest that the upregulation of YAP is androgen receptor indepen-
dent (Fig. 3G) and methylation is dispensable for YAP transcrip-
tion in LNCaP and LNCaP-C4-2 cells (L. Zhang and J. Dong,
unpublished observations). Large-scale studies failed to identify
YAP amplification and mutation in CRPC (78). Therefore, future
studies are needed to address the underlying mechanisms of YAP
upregulation in CRPC. Furthermore, how is Hippo-YAP deregu-
lated, and what are the clinical outcomes? Answers to and under-
standing from answers to these questions may provide additional
insights into the pathogenesis of prostate cancer.

Genetically engineered mouse alleles of most Hippo compo-
nents are available, and these animal models have provided com-
pelling evidence showing the importance of Hippo-YAP signaling
in human malignancies (8–11, 17–21, 79). However, no single
such model has been developed for the prostate. Such genetic
models are expected to further provide evidence demonstrating
the significance of Hippo-YAP signaling in prostate cancer. Since
PTEN is an important tumor suppressor in prostate cancer and
specific deletion of PTEN in the prostate leads to metastatic pros-
tate cancer and castration resistance (80, 81), one might consider
use of a combination of the PTEN alleles with Hippo (loss-of-
function)-YAP (gain-of-function) signaling when these animal
models are developed. Interestingly, a recent report showed that

MstI/2 deletion or YAP activation could downregulate PTEN,
suggesting a potential link between the Hippo-YAP pathway and
PTEN signaling (63).
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