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Abstract

Background: Prostate cancer (PCa) patients with elevated level of androgen
receptor (AR) correlate with higher metastatic incidence. Protein expression of
AR and its target gene prostate-specific antigen (PSA) are elevated in metastatic
prostate tumors as compared to organ-confined tumors. Androgen treatment or
elevation of AR promotes metastasis of PCa in cell culture and murine model.
However, under androgen depleted condition, AR suppressed cell mobility and
invasiveness of PCa cells. Androgen deprivation therapy in PCa patients is asso-
ciated with higher risk of cancer metastasis. We therefore investigated the dual
roles of AR and miRNAs on PCa metastasis.

Methods: The PC-3*R (PC-3 cells re-expressing AR) and LNCaP cells were used
as PCa cell model. Transwell migration and invasion assay, wound-healing assay,
zebrafish xenotransplantation assay, and zebrafish vascular exit assay were used
to investigate the role of AR and androgen on PCa metastasis. Micro-Western
Array, co-immunoprecipitation and Immunofluorescence were applied to dis-
sect the molecular mechanism lying underneath. The miRNA array, miRNA
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BACKGROUND

inhibitors or plasmid, and chromatin immunoprecipitation assay were used to
study the role of miRNAs on PCa metastasis.

Results: In the absence of androgen, AR repressed the migration and invasion of
PCa cells. When androgen was present, AR stimulated the migration and invasion
of PCa cells both in vitro and in zebrafish xenotransplantation model. Androgen
increased phospho-AR Ser81 and yes-associated protein 1 (YAP), decreased
phospho-YAP Ser217, and altered epithelial-mesenchymal transition (EMT) pro-
teins in PCa cells. Co-IP assay demonstrated that androgen augmented the inter-
action between YAP and AR in nucleus. Knockdown of YAP or treatment with
YAP inhibitor abolished the androgen-induced migration and invasion of PCa
cells, while overexpression of YAP showed opposite effects. The miRNA array
revealed that androgen decreased hsa-miR-5001-5p but increased hsa-miR-203a
and hsa-miR-210-3p in PC-3AR cells but not PC-3 cells. Treatment with inhibitors
targeting hsa-miR-203a/hsa-miR-210-3p, or overexpression of hsa-miR-5001-5p
decreased YAP expression as well as suppressed the androgen-induced migration
and invasion of PCa cells. Chromatin immunoprecipitation (ChIP) assay demon-
strated that AR binds with promoter region of has-miR-210-3p in the presence of
androgen.

Conclusions: Our observations indicated that miRNAs 203a/210-3p/5001-5p
regulate the androgen/AR/YAP-induced PCa metastasis.

KEYWORDS

androgen, AR, miRNA, prostate cancer metastasis, YAP

mobility and invasiveness of PCa cells via inhibition of

Previous studies suggested a stimulating role of andro-
gen receptor (AR) on prostate cancer (PCa) metastasis.
Protein expression of AR and its target gene prostate-
specific antigen (PSA) was elevated in prostate tumors
from PCa patients with metastasis as compared to pa-
tient with organ-confined tumors.'” Prostate tumors
with higher AR expression level correlated with worse
clinical outcome.? Elevation of AR promoted metastasis
of PCa by induction of epithelial-mesenchymal tran-
sition (EMT), activation of elongation factor eIF5A2,
and reduction of KAT5.** Knockdown of AR decreased
migration and invasion of PCa cells.® Androgen en-
hanced metastasis of prostate tumors in murine PCa
model via activation of TMPRSS2/HGF/c-Met signaling
axis,” induction of matriptase, and increase of extra-
cellular matrix degradation.® Treating AR-positive PCa
cell lines with androgens resulted in increased uptake
of fatty acids, cholesterol, and low-density lipoprotein
particles, which were associated with disease progres-
sion and metastasis of PCa.” However, other studies
suggested a suppressive role of AR on PCa metastasis.
Under androgen-depleted condition, AR suppressed cell

EMT regulatory proteins.® PCa cells were found to re-
cruit pre-adipocytes, which promoted invasion of PCa
cells via suppression of AR, inhibition of miR-301a, and
activation of TGF-p1/Smad/MMP9 signaling.” Androgen
deprivation therapy (ADT) for months was reported to
increase expression of N-cadherin in prostate tumors,
which was associated with cancer metastasis.'® ADT in
xenograft model increased bone metastasis of prostate
tumors via repression of transcription factor SPDEF and
induction of TGFB 1." These contradictory findings sug-
gested that AR may have dual roles on PCa metastasis
and the molecular mechanism lying underneath may be
complicated.

MicroRNAs (miRNA or miR) are non-coding short
RNAs that regulate gene expression. The miRNAs have
been found to regulate PCa metastasis and AR signaling
in PCa cells. The miR-9, miR-21, miR-181a, and miR-186
have been reported to promote EMT, cancer metastasis
and cell proliferation in PCa cells, while miR-33a-5p, miR-
34, miR132, miR-212, miR-145, miR-141-3p, miR-200,
miR-204-5pmiR-532-3p, miR-335, miR-543, miT-505-3P,
miR-19a-3p, miR-802, miR-940, and miR-3622a have been
shown to suppress EMT and cancer metastasis in PCa
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cells.'? Additionally, miR-205, miR30b, miR-30d, miR-31,
miR-124a, miR-320, and miR-212 have been reported to
inhibit AR expression.”> As miRNAs may play important
role in PCa metastasis and AR signaling, we examined if
regulation of migration and invasion of PCa cells by AR
and androgen is regulated by miRNAs.

2 | MATERIALS AND METHODS
2.1 | Cell culture, chemicals, and
plasmids

PC-3 and LNCaP FGC cells were purchased from
Bioresource Collection and Research Center (Hsinchu
City, Taiwan). PC-3 cells were transfected with LNCX-
2-wild type AR plasmid with neomycin G418 selection
to generate PC-3*R.!* Cells were maintained in DMEM
(Gibco/Invitrogen, Waltham, MA, USA) supplemented
with 10% charcoal-stripped fetal bovine serum (CS-FBS)."
FBS and dihydrotestosterone (DHT) was from Biological
Industries (Beit Haemek, Israel) and Sigma Aldrich (St.
Louis, MO, USA), respectively.

2.2 | Zebrafish xenotransplantation assay
Experimental procedures on fish embryos were ap-
proved by NHRI's Institutional Animal Care and Use
Committee (NHRI-IACUC-109036-A). Experimental
procedures are explained in Supplemental Methods.
Photos of embryos bearing tumor cells was taken by a
fluorescent microscope (ZEISS Discovery V8, 20X mag-
nification). The fluorescent area of CFSE signal were
quantified using MetaXpress (Molecular Devices, San
Jose, CA, USA). The transverse length of fluorescent sig-
nal was used to measure the metastatic distance and the
metastatic ability was clustered into Class 1 (cells with
fluorescence dye appear in head, body, and tail blood
vessels), Class 2 (cells with fluorescence dye appear in
head and tail blood vessels as well as a small portion in
the body), Class 3 (cells with fluorescence dye appear
only in the head and tail blood vessels), and Class 4 (the
amount of fluorescent cells is very little amount or al-
most undetectable).

2.3 | Zebrafish vascular exit assay

Three days after injection of fluorescent-labeled cancer
cells, a microscope (ZEISS Discovery V8, magnification
80x) was used to examine if fluorescent cancer cells were
located outside of blood vessel. If one or more fluorescent
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cancer cells were observed, the blood vessel area will be
considered as positive for cancer metastasis and will fur-
ther be confirmed with confocal microscope (Nikon A1R,
magnification 200x).

2.4 | RNA interference studies

YAP and AR were knocked down with Dharmacon ON-
TARGETplus SMART pool siRNA probes (Dharmacon,
Lafayette, CO, USA), and non-targeting control pool was
as a control. The siRNA was transfected at a concentra-
tion of 40nM with lipofectamine RNAIMAX reagent
(Invitrogen).

2.5 | Immunoblot analysis

Western blotting was conducted as previously described.'®
Information of antibodies detecting the specific proteins
are listed as following: androgen receptor (AR) and c-Myc
were from Abcam (Cambridge, MA, USA); CDK1, CDKS5,
CDKO, p-catenin, c-Jun, GSK-3a, Snail, Slug, TAZ, vimen-
tin, and YAP were from Cell signaling (Danvers, MA,
USA); GAPDH was from Novus (Littleton, CO, USA); E-
cadherin and N-cadherin were from BD (Franklin Lakes,
NIJ, USA); Twistl was from Genetex (Irvine, CA, USA);
phospho-AR S81 and IgG were from Santa Cruz (Dallas,
TX, USA). All experiments were repeated at least three
times.

2.6 | Immunofluorescence

Cells were seeded in Millicell EZ slide (Merck Millipore,
Burlington, MA, USA) and treated with DHT or not for
48h. Cells were fixed with 4% para-formaldehyde on ice
for 15min and permeabilized in 0.3% Triton X-100 (in
PBS) for 10 min. Samples were then blocked for an hour
and were stained with indicated antibody for 16h at 4°C.
Alexa Fluor 488 dye and Alexa Fluor 594 dye (Thermo
Fisher Scientific) were used as secondary antibody for
green and red fluorescent dye. The cell nuclei were stained
with DAPIL.

2.7 | Wound healing assay

Cells which pre-treated with 10nM DHT or control vehi-
cle for 48 h and cells were then seeded at 4 x 10 cells/100 pL
into ibidi culture inserts in a 24-well plate. After 24h,
wound healing assay was performed with ibidi culture
insert (Applied Biophysics, Troy, NY, USA). Cells were
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monitored with live imaging image system (Leica AF 6000
LX, Leica, Wetzlar, Germany).

2.8 | Transwell cell migration and
invasion assay

Migration and invasion assays were performed with a tran-
swell kit from BD Bioscience as previously described."”

2.9 | Co-immunoprecipitation
Detail of Co-immunoprecipitation is provided in the
Supplemental Materials & Methods.

210 | Micro-western arrays (MWA)

The MWA was conducted as previously described.'®
Odyssey Infrared Imaging System and Odyssey 3.0 soft-
ware were used for blot imaging scan and quantification,
respectively. Antibodies used in present study are reported
in Table S1.

211 | The miRNA array

We used 1000ng of each sample to join a tail of
Poly(A) with a PolyA polymerase and labeled the sam-
ples with biotin following the protocol of FlashTag
Biotin HSR RNA Labeling Kit for Applied Biosystems
GeneChip miRNA arrays (Genisphere). 21.5puL of
Biotin-labeled sample were hybridized for 16h at
48°C on GeneChip miRNA 4.0 Array. GeneChips were
washed and stained in the Affymetrix Fluidics Station
450. GeneChips were scanned using the Affymetrix
GeneArray Scanner 3000 7G. Heatmap was generated
by Partek Genomics Suite.

212 |
analysis

The miRNA extraction and qPCR

Detail of micro-RNA extraction is provided in the

Supplemental Materials & Methods. The sequences for

qPCR primers were as follows:
hsa-miR-26a-5p TTC AAG TAA TCC AGG ATA GGC
hsa-miR-203a GTG AAA TGT TTA GGA CCA CTA G
hsa-miR-210-3p CTG TGC GTG TGA CAG CGG CTG A
hsa-miR-509-3p TGA TTG GTA CGT CTG TGG GTA G
hsa-miR-532-3p CCT CCC ACA CCC AAG GCTTGC A
hsa-miR-5001-5p AGG GCT GGA CTC AGC GGC GGA GCT

2.13 | Real-time quantitative PCR

RNA was extracted with a RNeasy Mini Kit (Qiagen,
Germantown, MD, USA). The primer sequences were as fol-
lows: YAP forward: 5-GGTGCCACTGTTAAGGAAAGG-3’
and reverse: 5-GTGAGGCCACAGGAGTTAGC-3'; CTGF
forward: 5-TGGTGCAGCCAGAAAGCTC-3' and re-
verse: 5-CCAATGACAACGCCTCCTG-3’; CYR61 for-
ward: 5-TTCTTTCACAAGGCGGCACTC-3’ and reverse:
5-AGCCTCGCATCCTATACAACC-3'. Expression of
GAPDH gene was used as loading control.

2.14 | Transfection of miRNA

20nM of miR-203a-3p inhibitor sequence (IH-300562-05,
Dharmacon, Lafayette, USA) or miR-210-3p inhibitor se-
quence (IH-300565-05, Dharmacon, Lafayette, USA) was
transfected into cells using Lipofectamine RNAIMAX trans-
fection reagent (Thermo Fisher). 2 pg of plasmid of miR-5001
(SC401955, OriGene, Rockville, USA) were transfected into
cells in 6-well using PolyJet reagent (SignaGen Laboratories,
Frederick, MD, USA). Sixteen hours post-transfection, me-
dium was replaced with fresh culture medium. After 48h for
recovery, cells were harvested for experiments.

215 | Chromatin immunoprecipitation
(ChIP) assay

ChIP assays were performed by using a Magna ChIP A/G
assay kit (Millipore, Burlington, MA, USA). Briefly, 2 x 107
PC-3 AR cells were cross-linked with 1% fresh formalde-
hyde for 10min and add glycine to a final concentration
of 125mM for 5min at RT. The cell lysates were sonicated
with Covaris-M220 for cell chromatin shearing and sub-
jected to IP using mouse anti-androgen receptor antibody
(Santa Cruz, TX, USA), mouse IgG (Bethyl) antibodies.
The precipitated DNAs were analyzed and quantified by
using SYBR Green/ROX real-time PCR (Thermo Fisher
Scientific, Waltham, MA, USA). A quantitative GAPDH
control primer was provided from Magna ChIP kit; the
promoter primer sequences were as follows: miR210-3p
Forward: 5-AGGGGAGGACAAAGAGCA-3’, miR210-3p
Reverse: 5'-TTCAGACGTGGAAGTATCGGA —-3'.

2.16 | Statistical analysis

Statistical analyses were performed using Student's ¢-test
and one-way ANOVA. Error bars represented standard
error. Statistically significant p values are abbreviated as
follows: *, p<0.05; **, p<0.01; ***, p<0.001.
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3 | RESULTS

3.1 | Activated androgen receptor
promotes the migration and invasion of
AR-positive PCa cells

To explore the effects of androgen receptor (AR) and an-
drogen on PCa metastasis, we compared the effects of an-
drogen on migration and invasion of AR-negative PC-3 and
AR-positive PC-3F cells. PC-3** is a cell line we previously
established by stably re-expressing full length human AR in
PC-3 cells® (Figure 1A). AR was undetectable in PC-3 cells
(Figure 1B). In PC-3"F cells, AR located in the cytoplasm
when androgen was absent but translocated into the nu-
cleus when androgen was present (Figure 1B). Migration
and invasion of PC-3 cells were not affected by androgen
(Figure 1C-E). However, the cell mobility and invasiveness
of PC-3"R cells was slower than PC-3 when androgen was ab-
sent. When androgen was present, androgen increased the
cell mobility and invasiveness of PC-3** cells (Figure 1C-
E). Androgen also enhanced the migration and invasion
of LNCaP C4-2B cells (Figure 1F). Knockdown of AR with
siRNA in LNCaP C4-2B cells reduced the migration and in-
vasion of LNCaP cells as well as hindered the androgenic
stimulation on migration and invasion (Figure 1F).

To determine if androgen stimulates PCa metastasis
in vivo, we performed zebrafish xenotransplantation ex-
periment. The transverse length of fluorescent signal was
measured to monitor the metastasis of fluorescent human
PCa cells in zebrafish. The fluorescent human PCa cells
in fish were clustered from highest migratory ability
(Class 1) to lowest migratory ability (Class 4) (Figure 2A).
Androgen significantly increased metastasis of PC-3"}
cells, as Class 1 PC-3*R cells increased from 2.2% to 6.2%
and Class 2 PC-3*® cancer cell increased from 19.6% to
26.8% in fish cultured with androgen as compared to those
in fish cultured without androgen. On the other hand, an-
drogen had little effect on migration of PC-3 cells which
were AR-negative. Under androgen treatment, Class I
PC-3 cells changed from 41.2% to 41.6%, and Class II PC-3
cells changed from 29.4% to 24.7% (Figure 2B). A vascular
exit assay revealed that androgen treatment also increased
the migrated LNCaP cells in zebrafish (Figure 2C). These
observations suggested that androgen promoted the cell
mobility and invasiveness of AR-positive PCa cells in vivo.
Control PC-3 cells and PC-3"F cells were injected into cas-
trated or intact nude mice to examine the effect of andro-
gen ablation and re-expression of AR on metastasis and
angiogenesis of prostate xenografts. Re-expression of AR
reduced angiogenesis and metastatic tumors of PC-3 cells
(Figure S1). We did not observe a difference in number of
metastatic PC-3 tumors and PC-3*® tumors between in-
tact and castrated nude mice, possibly due to the relatively
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small number of metastatic tumors developed in the nude
mice.

3.2 | Androgen ][J{romotes EMT and YAP
signaling in PC-3"" cells

Micro-Western Array (MWA) was applied to determine the
mechanism how androgen enhances the motility and inva-
siveness of PCa cells (Figure 3A). Under androgen-depleted
condition, AR suppressed the Yes-associated protein 1
(YAP), TAZ, Snail, Slug, Wntl, vimentin, GSK3a, c-Jun,
c-Myc, Twist, and N-cadherin proteins but increased pro-
tein abundance of E-cadherin (Figure 3B) in PC-3*R cells
as compared to PC-3 cells. When androgen was present, AR
increased the protein abundance of YAP, Slug, Snail, Twist,
GSK3a, and N-cadherin but decreased the protein level of E-
cadherin, c-Myc, and vimentin in PC-3R cells as compared
to PC-3 cells (Figure 3B). Similar results were confirmed
by conventional western blot. In the absence of androgen,
AR decreased YAP, TAZ, Snail, Slug, c-Myc, c-Jun, GSK-3a,
Twist, N-cadherin, and vimentin while increased the ex-
pression of E-cadherin, CDK1, CDKS5, phospho-YAP S127,
phospho-AR $81, and LATS1 proteins in PC-3*F cells as
compared to PC-3 cells (Figure 3C). Androgen increased the
level of YAP, Slug, Snail, GSK-3«, Twist, CDK5, phospho-
AR S81, and N-cadherin proteins but decreased the protein
abundance of E-cadherin, CDK1, phospho-YAP S127, and
LATS1 in PC-3*R cells (Figure 3C). In LNCaP cells, siRNA
knockdown of AR increased E-cadherin but decreased
YAP, vimentin, Snail, and Slug (Figure 3D).

3.3 | AR interacts with YAP in the
presence of androgen

When the Hippo pathway is activated, YAP is phosphoryl-
ated at both serine 127 and serine 381."° Phosphorylation at
Ser127 recruits 14-3-3 proteins to bind YAP and retains YAP
in cytoplasm. YAP is therefore suppressed by spatial sepa-
ration from its target transcription factors which located in
nucleus."” We observed that androgen increased expression
of YAP but decreased phosphorylation of Ser127 on YAP
(Figure 3C). We next examined if AR directly interacts with
YAP when androgen is present. Confocal microscopy re-
vealed that YAP co-localized with AR in nucleus when andro-
gen was present (Figure 4A). Nikon's Structured Illumination
microscope imaging (N-SIM), which has better spatial reso-
lution than confocal microscope, clearly demonstrated that
AR co-localized with YAP in nucleus only when androgen
was present (Figure 4B). Co-immunoprecipitation (co-IP)
revealed that androgen augmented the interaction between
AR and YAP (Figure 4C). Additionally, androgen elevated
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FIGURE 1 Androgen promotes migration and invasion of PC-3" cells. (A) Protein expression of AR in PC-3 cells and PC-3"R cells with
or without androgen (10nM dihydrotestosterone (DHT)) treatment. (B) Expression and location of AR in control PC-3 cells and PC-3*R cells
was examined by immunofluorescence staining using Leica TCS SP5 AOBS Confocal Spectral Microscopy with red and blue fluorescence for
AR and DAPI staining, respectively. A yellow scale bar showing 7.5 pM was arranged at the lower right part of images. (C) Wound healing
assay was performed to determine the effect of androgen and AR on the migration of PC-3 and PC-3*F cells. (D) Quantification of wound
healing assay in (C) was shown. (E) Cell migration and invasion of PC-3 and PC-3"R cells with or without treatment of 10nM DHT were
determined by a transwell chamber assay. (F) Cell migration and invasion of LNCaP C4-2B siRNA scramble control and LNCaP C4-2B AR
siRNA knockdown cells with or without treatment of 10nM DHT were determined by a transwell chamber assay. Asterisks *, **, and ***
represent statistically significant difference p <0.05, p<0.01, and p <0.001, respectively.
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FIGURE 2 Zebrafish xenotransplantation model analysis of effects of androgen treatment on metastasis of PC-3** tumors. (A)
Representative images of Class 1, Class 2, Class 3, and Class 4 are shown. (B) A quantification of the percentage of Class 1-Class 4 in
zebrafish carrying PC-3*® or control PC-3 tumors incubated with control vehicle (0.1% ethanol) versus zebrafish carrying PC-3*® tumors
incubated with 10nM dihydrotestosterone (DHT). (C) Migrated fluorescent LNCaP cells across blood vessels in zebrafish treated with
control vehicle (0.1% ethanol) or 10nM DHT were assayed by vascular exit assay and quantified with counting using microscope.

the gene expression of YAP1, connective tissue growth factor
(CTGF) and cysteine-rich angiogenic inducer 61 (CYR61) in
PC-3*R cells (Figure 4D). CTGF and CYR61 are target genes
of YAP. These findings indicated that androgen is required
for the interaction and activation of AR-YAP complex.

To determine the role of YAP on migration and invasion
of PC-3"R cells, we knocked down the YAP in PC-3%R cells
(Figure 5A). Interestingly, knockdown of YAP significantly
reduced protein level of AR in PC-3*® cells (Figure 5A).
Knockdown of YAP compromised the effects of andro-
gen and reduced the androgen-induced migration and
invasion (Figure 5B-E). A wound healing assay revealed
that YAP knockdown reduced the androgen-induced mo-
bility of PC-3"F cells (Figure 5F,G). Knockdown of YAP
hindered the androgenic stimulation of N-cadherin, AR,
and vimentin in PC-3"® cells (Figure 5H). On the other
hand, overexpression of YAP (Figure 6A) showed opposite
effects. In androgen-depleted condition, overexpression
of YAP slightly increased the migration and invasion of
PC-3%R cells (Figure 6B-D). In the presence of androgen,
overexpression of YAP further enhanced the migration,
invasion, and mobility (Figure 6B-D) of PC-3** cells.

Androgen increased the expression of both AR and
YAP proteins in LNCaP cells (Figure 7A). Knockdown of
YAP (Figure 7B) reduced the migration of LNCaP cells
(Figure 7C). DHT increased the migration of LNCaP cells,
while knockdown of YAP partially eliminated the andro-
genic induction of migration (Figure 7C). Treatment with
YAP inhibitor verteporfin repressed the migration of PC-
3*% and LNCaP cells in the absence of androgen as well as
eliminated the androgenic induction of migration in both
PC-3*® and LNCaP cells (Figure 7D). We examined the
correlation between the gene expression level of AR and
YAP1 in TCGA prostate cancer database (n=498). We ob-
served that AR gene level positively correlated with YAP1
gene level (r=0.4959) (Figure 7E) in prostate tumors.

3.4 | Androgen regulates EMT-related
miRNAs in PCa cells

We suspected that miRNAs regulate the androgen/AR/
YAP-induced migration/invasion in PCa cells. We used
miRNA array to determine if androgen and AR affects EMT
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FIGURE 3 Micro-western array (MWA) analysis of protein expression profile of PC-3 and PC-3"R cells with or without androgen

treatment. (A) A representative image of MWA assay of PC-3 and PC-3R cells with or without 10nM dihydrotestosterone (DHT) treatment
for 48 h. Red and green color was for anti-rabbit and anti-mouse 2nd antibody, respectively. The 12 samples printed in each well from left

to right were triplicates of PC-3 cells without DHT, PC-3*® cells without DHT, PC-3 cells being treated with 10nM DHT, and PC-3"F cells
being treated with 10nM DHT. (B) Proteins of which the expression level was significantly changed for at least 2-fold was shown. The
heatmap demonstrated the log, value of the changes of protein abundance. (C) Expression of AR, phospho-AR Ser81, YAP, phospho-YAP
Ser217, CDK1, CDKS5, CDK9, LATS1, TAZ, Wntl, c-Jun, Snail, Twist, c-Myc, Slug, N-cadherin, E-cadherin, vimentin, and GSK-3a proteins
in PC-3 and PC-3"R cells being treated with or without 10nM DHT was assayed by western blotting. The p-actin was used as loading control.
(D) Expression of AR, E-cadherin, YAP, vimentin, Snail, and Slug proteins in LNCaP C4-2B cells being treated with or without 10nM DHT

was assayed by western blotting. The p-actin was used as loading control. All experiments were repeated at least three times.

proteins and YAP signaling proteins via regulation of miR-
NAs. Androgen decreased the expression of 38 hsa-miRs but
increased the expression of 12 hsa-miRs (Figure S2). We are
interested in the miRNAs which the expression levels were
altered by androgen for at least 2 folds in PC-3** cells but not
in AR-negative PC-3 cells, because the expression of these
miRNAs was regulated by androgen via AR. The hsa-miR-
5001-5p, hsa-miR-26a-5p, hsa-miR-203a, hsa-miR-210-3p,
hsa-miR-509-3, and hsa-miR-532-3p fulfilled the requirement
(Figure 8A). The qRT-PCR showed that androgen decreased
the expression of hsa-miR-5001-5p but increased the expres-
sion of hsa-miR-203a and hsa-miR-210-3p in PC-3"} cells
(Figure 8B). The effect of androgen on other miRNAs was not
statistically significant as determined by qRT-PCR.

3.5 | Alteration of miRNAs regulates
EMT regulatory proteins and YAP in
PCa cells

To examine if changes of hsa-miR-203a, hsa-miR-
210-3p, or hsa-miR-5001-5p affects the expression of
EMT regulatory proteins and YAP, we treated PC-3*%
cells with hsa-miR-203a inhibitor, hsa-miR-210-3p in-
hibitor, or transfection with overexpressing plasmid of
hsa-miR-5001-5p. Treatment with inhibitors targeting
hsa-miR-203a or hsa-miR-210-3p, or overexpression of
hsa-miR-5001-5p decreased the protein expression of
androgen-induced N-cadherin and YAP but increased
the abundance of androgen-repressed E-cadherin protein
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FIGURE 4 Immunofluorescence analysis of the co-localization of AR and YAP in nucleus of PCa cells with or without androgen
treatment. Localization of AR and YAP in control PC-3 and PC-3*F cells being treated with or without 10nM dihydrotestosterone (DHT) for
48'h was observed by confocal microscopy (A) and Nikon's Structured Illumination microscope imaging (N-SIM) (B). The column from left
to right shows AR (red), YAP (green), DAPI (blue) and merged images. The magnification was 63x and 60X, respectively. The scale bars in
(A) (bright yellow) and (B) (white) represent 75 and 5 pm, respectively. (C) Co-immunoprecipitation analysis of the interaction between AR
and YAP in PC-3"R cells in the presence or absence of 10nM DHT for 48 h. IgG was used as a negative control. (D) Gene expression of AR,
YAP1, CTGF, and CYR61 in PC-3 and PC-3"R cells being treated with or without 10nM DHT for 48 h was analyzed with gRT-PCR. GAPDH
was used as loading control.
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FIGURE 5 Knockdown of YAP in PC-3*® cells hindered androgen-promoted cell migration. (A) Protein expression in PCa cells with
YAP siRNA or scramble control with or without androgen treatment (10nM dihydrotestosterone (DHT), 48 h) was determined by western
blotting assay. Migration (B) and invasion (C) of PCa cells with YAP siRNA or scramble control, all treated with androgen (10nM DHT,
48h), were determined by transwell migration and invasion assays, respectively. Images of migration and invasion transwell assays were
shown in (D) and (E), respectively. Migration of PCa cells with YAP siRNA or scramble control, treated with 10nM DHT for 0, 4, 8, 12, 16 h,
was examined with wound healing assay (F). The magnification of the microscope is 100x. The wound closure area was measured and
quantified in (G). Protein expression of N-cadherin, YAP, AR, and vimentin in PC-3*® and PC-3 mock cells being with or without siRNA
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FIGURE 6 Overexpression of YAP promotes migration and invasion of PCa cells in the presence of androgen. (A) Protein expression of
YAP and AR in PC-3*F cells with or without 10nM dihydrotestosterone (DHT) for 48 h or YAP overexpression was determined by western
blotting assay. Migration (B) and invasion (C) of the above PCa cells were determined by a transwell assay. Cells were seeded at identical
number and counted after 12h for a cell migration assay and 24 h for an invasion assay, respectively. Asterisks * and ** represent statistically
significant difference p <0.05 and p <0.01, respectively. (D) Wound healing assay was performed to determine the effect of androgen
treatment (10nM DHT, 48 h) or YAP overexpression on the migration ability of PC-3 cells 0-24 h after cell seeding. The magnification of the

Leica AF 6000 LX microscope is 100x.

(Figure 8C,D). These effects were compromised by DHT
(Figure 8D). Our observations suggested that androgen
treatment induced YAP and N-cadherin while suppressed
E-cadherin, at least partially, via regulation of hsa-miR-
203a, hsa-miR-210-3p, and hsa-miR-5001-5p in AR-
positive PCa cells.

3.6 | Androgen enhances PCa cancer
metastasis via regulation of miRNAs

To explore if androgen promotes cell mobility and in-
vasiveness of PCa cells via regulation of hsa-miR-203a,
hsa-miR-210-3p, or hsa-miR-5001-5p, we examined the
effects of inhibitor sequence targeting hsa-miR-203a or
hsa-miR-210-3p, as well as overexpression plasmid of hsa-
miR-5001-5p on cell movement and invasion of PCa cells.
Androgen increased expression of hsa-miR-203a and hsa-
miR-210-3p, while treatment with inhibitors significantly
suppressed the expression level of hsa-miR-203a and hsa-
miR-210-3p (Figure 8E). Inhibition of hsa-miR-203a or
hsa-miR-210-3p suppressed the androgen-induced migra-
tion (Figure 8F) and invasion (Figure 8G) in PC-3°F cells.
On the other hand, androgen decreased expression of hsa-
miR-5001-5p and overexpression plasmid increased the
expression of hsa-miR-5001-5p (Figure 8H). Elevation of
hsa-miR-5001-5p suppressed the androgen-induced mi-
gration and invasion (Figure 8I) in PC-3"F cells.

As expression levels of these miRNA were affected by
androgen, we suspected that there is androgen response
element (ARE) within the promoter region of these
miRNA gene sequence. Using PROMO computational
website (http://alggen.Isi.upc.es/cgi-bin/promo_v3/
promo/promoinit.cgi?dirDB=TF_8.3), we identified three
potential ARE sequences in the promoter region of hsa-
miR-203a, four potential ARE sequences in the promoter
region of miR-210-3p, and two potential ARE sequences
in the promoter region of hsa-miR-5001 (Figure S3). These
ARE elements may be involved in the androgenic regula-
tion of hsa-miR-203a, hsa-miR-210-3p and hsa-miR-5001.
A ChIP assay demonstrated that AR binds with promoter
region of has-miR-210-3p in the presence of androgen,
suggesting that androgen can regulate has-miR-210-3p via
AR binding to ARE of has-miR-210-3p (Figure 87).

4 | DISCUSSION

In this study, we demonstrated that hsa-miR-203a, hsa-
miR-210-3p, and hsa-miR-5001 regulated the androgen/
AR/YAP-induced PCa metastasis. We discovered that
the expression of hsa-miR-203a and hsa-miR-210-3p was
enhanced by androgen while androgen decreased the ex-
pression of hsa-miR-5001-5p. All three of these miRNAs
contained potential ARE region. ChIP assay demonstrated
that AR binds with promoter region of has-miR-210-3p.
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FIGURE 7 Knockdown of YAP or treatment of YAP inhibitor hindered androgen-promoted cell migration in LNCaP and PC-3*F.
Protein expression of AR and YAP in LNCaP cells with or without of 10nM dihydrotestosterone (DHT) (48h) (A) or in LNCaP cells
transfected with YAP siRNA or scramble control (B) in the presence or absence of 10nM DHT (48 h) was determined. (C) LNCaP cells

with scramble control or YAP siRNA were treated with 10nM DHT for 0, 12, 18, 24, 30h, and migration of these cells was examined with
wound healing assay. The magnification of the microscope is 100x. (D) Migration of PC-3*® or LNCaP cells being treated with 48 h of 10nM
DHT and/or 20 uM YAP inhibitor Verteporfin for 0, 4, 8, 12, 16, 20, 24 h was examined with wound healing assay. The magnification of the
microscope is 100x. (E) Correlation between the gene expression level of AR and YAP1 in TCGA prostate cancer database (n =498) was
analyzed. The gene expression level was demonstrated using log, value.

Inhibition of hsa-miR-203a or hsa-miR-210-3p, or over-
expression of hsa-miR-5001-5p suppressed the migration
and invasion of PCa cells. Our observation pointed out
that expression of miR-210-3p was activated by androgen
and promoted PCa metastasis, while knockdown of miR-
210-3p decreased the expression of AR and YAP in PCa
cells. The miR-210-3p has previously been reported to be
increased in bone metastatic PCa and elevation of miR-
210-3p was found positively correlated with high PSA
levels, high Gleason grade, and bone metastasis in PCa
patients.”” Overexpression of miR-210-3p was observed to
activate NF-kB signaling and to stimulate EMT, migration

and invasion of PCa cells, while transfection of anti-miR-
210-3p increased survival and decreased PC-3 bone metas-
tasis in murine model of left cardiac ventricle inoculation.?
Secreted miR-210-3p reduced sensitivity of PCa cells to
docetaxel treatment.”’ We believe that miR-210-3p plays
an important role in promoting PCa metastasis. The miR-
210-3p has also been found to regulate metastasis of other
cancers. For example, miR-210-3p increased the secreted
exosomes from hypoxic neuroblastoma cells which stim-
ulated the migration and invasion of neuroblastoma.*
The HIF-1a/miR-210-3p/CPEB2 signaling axis regulated
the EMT and metastasis of hepatocellular carcinoma.”
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hsa-miR-203a, hsa-miR-210-3p, hsa-509-3, and hsa-miR-532-3p in PC-3 and PC-3"R cells with or without 10nM DHT for 48 h was examined
by qRT-PCR. (C) Protein expression of E-cadherin, N-cadherin, AR, and YAP in PC-3*R cells being treated with 10nM DHT (C) or with or
without 10nM DHT (D) as well as inhibitor targeting hsa-miR-203a or hsa-miR-210-3p, or overexpression plasmid for hsa-miR-5001-5p
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absence of 10nM DHT for 24 h was examined by qRT-PCR and transwell assay, respectively (J) Binding of AR with promoter of miR210-
3p in PC-3AR cells being treated with 0 or 10nM DHT as determined by chromatin immunoprecipitation (ChIP) assay. *, **, *** represent
statistically significant difference p<0.05, p<0.01, p <0.001 respectively.
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Lung cancer stem cell-derived exosomal miR-210-3p
bound fibroblast growth factor receptor-like 1 and pro-
moted metastasis of lung cancer.” Hypoxia upregulated
miR-210-3p and promoted EMT in glioma cells.”® For
miR-203, our results suggested a stimulating role of miR-
203 on PCa metastasis. However, some previous studies
reported an anti-metastatic role of miR-203 in PCa cells.
Overexpression of miR-203 in PC-3 cells was found to at-
tenuate the development of bone metastasis in murine
model.?® Activated AR was reported to activate miR-203,
which bound SRC and reduced stability of SRC, result-
ing in reduction of cell proliferation and migration in PCa
cells.”’ The opposite effects of miR-203 in these two studies
as compared to our current result may be due to the fact
that AR-negative PC-3 was used in*® and the migration of
LNCaP cells in?” was suppressed by androgen. Most other
studies reported that androgen can enhance migration of
LNCaP cells,>*®** which was consistent with our observa-
tion that androgen increased motility and invasiveness of
PCa cells. We believed that miR-203a acted as an inducer
for PCa metastasis when androgen was present. Long non-
coding RNA (LncRNA) GAS5 was observed to repress the
osteosarcoma metastasis via sponging miR-203a, which
regulated PI3K-AKT signaling in osteosarcoma.** SOX9
promoted esophageal cancer progression via activation of
PI3K-Akt pathway through miR-203a.*' We suspected that
the miR-203a may enhance the migration and invasion of
PCa cells via activation of PI3K-Akt signaling. The role of
miR-5001-5p in PCa is unclear. However, previous study
showed an anticancer effect of miR-5001-5p in colorectal
cancer. Long non-coding RNA CCMAInc downregulated
miR-5001-5p and overexpression of CCMAInc increased
the proliferation and invasion of colorectal cancer cells.** It
will be interesting to trace the expression of these miRNAs
during the disease progression of PCa.

We demonstrated that AR has dual and opposing role
on migration and invasion of PCa cells, depending on the
status of androgen and YAP. Residual androgens were
found in the microenvironment of ADT-treated prostate
tissues.”** Metastatic CRPC tumors exhibit higher in-
tracrine steroidogenesis as well as higher levels of ste-
roidogenic enzymes and AKR1C3.**" According to our
current study, these residual androgen in tumor micro-
environment can promote metastasis of AR-positive PCa
cells. Indeed, PCa patients expressing detectable PSA
12months after the ending of ADT showed increased risk
of metastasis.*® Additionally, enzalutamide treatment for
PCa patients with high PSA level led to a 71% decrease
of the risk of metastasis or death,*® which was consistent
to our observation that AR suppressed PCa metastasis in
androgen-depleted condition.

In this study, we showed that YAP is essential for an-
drogen/AR-induced PCa metastasis. YAP is important in
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regulation of cell development* and EMT.**** Upon ac-
tivation of the Hippo pathway, YAP is phosphorylated on
serine 127, which prevents its translocation into the nu-
cleus.*” WW/SH3 domain of YAP directly interacts with
N-terminal domain of AR* and the AR-YAP interaction is
suppressed by MST1 via the regulation of Ser217 on YAP.*
Androgen enhances the interaction between AR and
YAP, while antiandrogen enzalutamide attenuated the
AR-YAP interaction.** YAP-mediated G protein-coupled
estrogen receptor signaling is essential in regulation of
proliferation and survival of prostate epithelium in be-
nign prostatic hyperplasia.*® AR regulates YAP transla-
tion and AR-mediated YAP activation is regulated by the
RhoA GTPases transcriptional mediator, serum response
factor (SRF).*” Our observations revealed that androgen
suppressed the protein level of LATS1 and phosphoryla-
tion of YAP on Ser217, increased the nuclear accumula-
tion of YAP, and enhanced the binding between AR and
YAP. YAP transcriptionally activates Slug by binding to
Transcriptional Enhanced Associate Domains (TEAD).®
Slug and AR reciprocally regulates each other.*’ As we ob-
served that AR and YAP accumulate in the nucleus when
androgen is present, AR and YAP can transcriptionally
activate the expression of SNAI1 and SNAI2 genes and
therefore stimulate PCa metastasis. CDK5 has been found
to affect the level of nuclear YAP and migration of mel-
anoma cells.”® The induction of CDK5 by androgen ob-
served in our study may thus increase the level of nuclear
YAP and contributes to PCa metastasis. It was interesting
that we observed knockdown of YAP in PC-3"F cells re-
duced the protein level of AR, this has not been reported
before. However, we did not observe an increase of AR
protein in PC-3"F cells overexpressing YAP. It is possible
that YAP directly or indirectly regulates the phosphoryla-
tion of AR and thus regulates the stability of AR protein.
Knockdown of YAP will reduce the stability of AR protein
and thus decrease the AR protein level. We also believe
that YAP does not regulate the transcription of AR, there-
fore overexpression of YAP will not increase the transcrip-
tion of AR mRNA and will not increase the AR protein
level.

5 | CONCLUSIONS

In conclusion, we demonstrated that miRNAs 203a/210-
3p/5001-5p regulate the androgen/AR/YAP-induced PCa
metastasis. These miRNAs and YAP can be useful targets
for treating advanced PCa.
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