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YAP-mediated GPER signaling impedes proliferation
and survival of prostate epithelium
in benign prostatic hyperplasia

Zhifu Liu,"?3? Senmao Li,"%3*? Shengbin Chen, "7 Jindong Sheng,"**°? Zheng Li,"* Tianjing Lv,-*> Wei Yu
1,23 Yu Fan,’?3 Jinlong Wang,® Wei Liu,”-8 Shuai Hu,"?>* and Jie Jin"2:34.810.

SUMMARY

Benign prostatic hyperplasia (BPH) occurs when there is an imbalance between the proliferation and death
of prostate cells, which is regulated tightly by estrogen signaling. However, the role of G protein-coupled
estrogen receptor (GPER) in prostate cell survival remains ambiguous. In this study, we observed that
prostates with epithelial hyperplasia showed increased yes-associated protein 1 (YAP) expression and
decreased levels of estrogen and GPER. Blocking YAP through genetic or drug interventions led to
reduced proliferation and increased apoptosis in the prostate epithelial cells. Interestingly, GPER agonists
produced similar effects. GPER activation enhanced the phosphorylation and degradation of YAP, which
was crucial for suppressing cell proliferation and survival. The Gas/cAMP/PKA/LATS pathway, down-
stream of GPER, transmitted signals that facilitated YAP inhibition. This study investigated the interaction
between GPER and YAP in the prostate epithelial cells and its contribution to BPH development. It lays the
groundwork for future research on developing BPH treatments.

INTRODUCTION

As the world population ages, the incidence and prevalence of benign prostatic hyperplasia (BPH) have rapidly increased. ' Histologically, BPH
is characterized by an increased number of epithelial and stromal cells in the periurethral area of the prostate.” Alterations of the balance
between cell proliferation versus cell death owing to steroid hormones are considered to be a cause of BPH. And multiple lines of evidence
support a role for estrogens in BPH pathogenesis to date.’

Estrogen has been reported to promote the proliferation of prostate stromal cells and inhibit epithelial cell proliferation both
in vitro and in vivo, which is attributed to the classical nuclear estrogen-responsive receptors ERa and ERB.* Additionally, GPER
(G protein-coupled estrogen receptor) significantly modulates cell proliferation and apoptosis.'”'" It recently became clear to us
that GPER signaling plays a role in the growth and development of the prostate. High GPER expression in prostate basal epithelial
cells has been revealed,'” and selective GPER stimulation by G1 suppresses prostate cell (BPH-1,"® RWPE-1,"* and WPMY-1"° cells)
proliferation and arrests the cell cycle. The activation of GPER/ERK pathway and subsequent upregulation of p53 and p21 and down-
regulation of cyclin D1 in human prostate stromal cell line WPMY-1 was shown to inhibit proliferation.'” Yang. et al. recently demon-
strated that GPER activation induces prostate epithelial cell apoptosis to relieve hyperplasia in a Ca?" mobilization-dependent
manner.' However, downstream molecular alterations in prostatic epithelia after GPER activation during BPH development have
yet to be elucidated.

In this study, the liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis found that BPH tissues predominated by
epithelia showed lower estrogen content, weaker GPER expression but a higher expression of yes-associated protein 1 (YAP). YAP, along
with its homolog TAZ, are two downstream transcription coactivators and the core components of the Hippo signaling pathway.'® The Hippo
signaling pathway is an evolutionarily conserved pathway from Drosophila to mammals and serves as a key regulator of tissue growth and

Department of Urology, Peking University First Hospital, Beijing 100034, China

?Institute of Urology, Peking University, Beijing 100034, China

3Beijing Key Laboratory of Urogenital Diseases (Male), Molecular Diagnosis and Treatment Center, National Research Center for Genitourinary Oncology, Beijing 100034,
China

“Department of Urology, Peking University Shenzhen Hospital, Shenzhen 518036, China

SDepartment of Gynaecological Oncology, Tianjin Medical University Cancer Institute and Hospital, National Clinical Research Center for Cancer, Key Laboratory of Cancer
Prevention and Therapy of Tianjin, Tianjin's Clinical Research Center for Cancer, Tianjin 300060, China

éDepartment of Urology, Tibet Autonomous Region People’s Hospital, Lhasa 850000, China

7Shenzhen Key Laboratory for Neuronal Structural Biology, Biomedical Research Institute, Shenzhen 518036, China

8Shenzhen Peking University-The Hong Kong University of Science and Technology Medical Center, Shenzhen 518036, China

9These authors contributed equally

0L ead contact

*Correspondence: hushuai926@bjmu.edu.cn (S.H.), jinjie@vip.163.com (J.J.)

https://doi.org/10.1016/.isci.2024.109125

Creskor iScience 27, 109125, March 15, 2024 © 2024 The Author(s). 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:hushuai926@bjmu.edu.cn
mailto:jinjie@vip.163.com
https://doi.org/10.1016/j.isci.2024.109125
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109125&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience
OPEN ACCESS

A B - ! ar
_. , v Epithelium-hi Epithelium-lo
DEFA1 ] I 2.0
PRTN3 ] | ] 15
B2M | 1
CHD7 ] I 1.0
77C7 I D N Y D 0.5
S100A9 ] I
c S100A12 I B 00
S100A8 I | [ -0.5
_ LCN2 [ ] I
5 CYTSA I I I -0
g MPO I | [ ] 1.5
2 L7 I I . .
2 WeQEY 1 | ] ]
=3 ATRN [ I
o PROSC I D
ZFR I D .
sypL1 I I N D D
ATKY36 | ] I
° YAP1 I [ ]
£ UQCRHL [ s 1| T 1
3 znF18s I I
[ BASP1 ] | | ]
£ SKi2w [ I N .
& e [ ] ] ]
SMC I N Y . I
A B C D E F
b mm Epithelium-hi
_ mm Epithelium-lo - E _
o 06 *k % %k %k 30 © 4 % %k
< © |
> = o —
G g 'g 3 v
© - 20 2 3
8 8 o 2 IRV v
> @ s
= -10 S, ~ —_—
()]
c < O 14 VY
2 > L
= o
-0 0 T T
Intensity % Area Epithelium-hi  Epithelium-lo

Figure 1. YAP expression is elevated in epithelium-rich BPH group

(A) Left: Representative staining of -SMA in BPH tissue. Right: Analysis of the same tissue specimen showing epithelial and stromal components using the Strata
Quest Histo system (stroma in red, epithelia in green; Scale bars: 100 pm).

(B) Heatmap illustrating the differentially expressed proteins in BPH tissues from Epithelium-hi compared to Epithelium-lo, including YAP.

(C) Representative immunohistochemical staining for YAP in Epithelium-hi and Epithelium-lo BPH tissues, demonstrating distinct expression patterns (Scale bars:
100 pm [left]; 25 um [right]).

(D) Scatterplot depicting the variation in YAP staining intensity and area within epithelial cells between the Epithelium-hi and Epithelium-lo groups.

(E) Comparative scores of epithelial YAP expression in the two groups (0 = lowest, 3 = highest), showing significantly higher YAP expression in the epithelial cells
of the Epithelium-hi group. Data were presented as mean + SD (n = 45). Significant difference was determined by two-tailed unpaired t test (D) or Mann-Whitney
test (E) (**p < 0.01, ***p < 0.001).

organ size by influencing cell proliferation and apoptosis.'’~'? YAP on and off drive distinct cell phenotype profiles, especially in various can-
cers.”” Recent studies have also implied that the Hippo/YAP pathway is actively regulated by estrogens and their corresponding receptors.
Zhou. et al. reported that the Hippo/YAP signaling pathway is a key downstream signaling branch of the GPER pathway and plays a critical role
in breast cancer cell proliferation and tumor growth.”’

These observations raise the possibility that the interactions between estrogen, estrogenic receptors and YAP may exert an influence on
the proliferation-apoptosis balance of prostate epithelial cell. In the present study, we investigated the crosstalk between GPER and YAP in
the prostatic epithelia, and explored its role in BPH pathogenesis.
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Figure 2. Restraint of YAP inhibits cell proliferation and induces cell apoptosis

(A-F) BPH-1 and RWPE-1 cell lines were subjected to either DMSO treatment or indicated concentrations of verteporfin. (A and B): Cell growth dynamics of both
cell lines were monitored through CCK-8 assays conducted at 24-h intervals. (C and D): After 48 h, FCM analysis determined the distribution of cells across
different cell cycle phases, with the histograms representing the proportion of cells in each phase. (E and F): Cell apoptosis was assessed after 48 h using
Annexin V-FITC/PI staining and FACS, with the histograms illustrating the apoptosis rates.
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Figure 2. Continued

(G) The efficacy of siRNAs targeting YAP was evaluated using RT-gPCR, with GAPDH serving as the endogenous control.

(H and 1) Post-RNAi knockdown of YAP in both cell lines, cell growth curves were charted using CCK-8 assays at 24-h intervals.

(J and K) Western blot analysis was conducted to measure the relative expression levels of YAP, CDK4/6, cyclin D1, Bax, and Bcl-2 following either verteporfin
treatment or RNAi intervention. B-Tubulin was used as a loading control. All blots shown are representative of three experimental replicates. Data are expressed
as mean + SD from a minimum of three independent experiments. Significant difference was determined by one way ANOVA followed by a Tukey's multiple
comparison tests (*p < 0.05, **p < 0.01, ***p < 0.001).

RESULTS
YAP expression is elevated in epithelium-rich BPH group
To investigate proteins potentially involved in the survival of prostate epithelial cells, we initially collected prostate tissues from 32 BPH pa-
tients (patient characteristics are detailed in Table S1). Subsequently, we conducted immunohistochemistry (IHC) staining using an anti-alpha-
smooth muscle actin (a-SMA) antibody, recognized as a marker for smooth muscle cells and myofibroblasts. We delineated the areas of the
stroma, glandular epithelium, and glandular lumen based on this staining®* (Figure 1A). We digitized and conducted subsequent analysis of
the relative percentage of different tissue components, including the stroma/epithelium ratio (S/E). Specimens were ranked based on the S/E
ratio, leading to the categorization of the 9 specimens with the lowest S/E into group 1 (Epithelium-hi), where the epithelial components may
have more significant roles in BPH development. Conversely, the 9 specimens with the highest S/E were placed in group 2 (Epithelium-lo).
Within each group, we further subdivided them into 3 subgroups labeled as A through E (details provided in Table S1). Subsequently, we
employed isobaric tags for relative and absolute quantitation (iTRAQ)-based liquid chromatography-tandem mass spectrometry (LC-MS/
MS) to identify the differentially expressed proteins (DEPs) between the two main groups. A total of 2,433 proteins were tested, resulting
in the discovery of 25 DEPs (Figure 1B), among which YAP exhibited a 1.57-fold increase in expression in the Epithelium-hi group.
Because we collected the total protein from the mixture of stroma and epithelium, precise localization and quantification of YAP in each
specimen became essential. Subsequent IHC staining of YAP revealed that it is predominantly expressed in the glandular epithelium. Further
staining of Epithelium-hi and Epithelium-lo group demonstrated significantly stronger YAP staining in the epithelial cells of Epithelium-hi
group (Figures 1C and S1). Statistical analysis of the 18 specimens confirmed that YAP levels were significantly higher in epithelial region
of the Epithelium-hi group. There was Quantitative analysis revealed a significant difference in epithelial YAP staining intensity (p =
0.0024) and area (p < 0.001) between the two groups (Figure 1D). The IHC score of YAP in Epithelium-hi group was higher than the other
(Figure 1E). Collectively, these findings suggest that YAP accumulated in the epithelia of epithelium-rich BPH group.

Restraint of YAP inhibits cell proliferation and induces cell apoptosis

As previously reported, the Hippo-YAP signaling pathway plays a pivotal role in regulating the balance between cell proliferation and
apoptosis.'”** However, the functionality of this pathway in the BPH prostatic epithelium remained unclear. Verteporfin (VP), a specific inhibitor
of YAP, prevents its nuclear localization and disrupts its interaction with TEAD.?*?° The Cell Counting Kit-8 (CCK-8) assay demonstrated that VP
effectively inhibited the proliferation of both BPH-1 (Figure 2A) and RWPE-1 (Figure 2B) cells in a time- and dose-dependent manner (p < 0.001).
Both cell types exhibited impaired proliferation and an increased rate of apoptosis, potentially preventing cell accumulation. Consequently, flow
cytometry (FCM) analysis was conducted to assess changes in cell proliferation and apoptosis following exposure to two different concentrations
(250 and 500 nM) of VP for 48 h. We observed that the proportion of cells in the Go/G; phase increased, while that in the S phase decreased with
increasing VP concentration in both cell lines, compared to the control group (Figures 2C and 2D). Additionally, the average percentage of
apoptotic BPH-1 cells, as determined by Annexin V-FITC/PI staining, increased from 8.85 £+ 1.01% (DMSO) in the control group to 14.51 +
0.56% (VP 250 nM, p < 0.001) and 19.75 + 0.75% (VP 500 nM, p < 0.001) in the VP-treated groups. For the RWPE-1 cells, the rate of apoptosis
also reached 16.97 + 1.01% (VP 250 nM, p < 0.05) and 23.15 + 2.98% (VP 500 nM, p < 0.01) following VP treatment (Figures 2E and 2F). Immu-
nofluorescence staining (Figure S2) and immunoblotting (Figure 2J) confirmed a dose-dependent suppression of YAP's expression and nuclear
localization by VP. Correspondingly, immunoblotting demonstrated a significant upregulation of the Bax/Bcl-2 expression ratio following VP
treatment relative to the DMSO group. In contrast, the expression of proteins involved in cell cycle progression, such as CDK4, CDKé, and cyclin
D1, was markedly diminished, thereby substantiating VP's role in G1 phase arrest (Figure 2J).

Given that VP is an exogenous drug that inhibits the effect of YAP, we employed two small interfering RNAs (siRNAs) targeting YAP to
further validate its role in prostate epithelial cell survival. The effectiveness of these siRNAs is illustrated in Figure 2G. The CCK-8 assay yielded
similar results to those observed following VP treatment. YAP knockdown significantly inhibited BPH-1 and RWPE-1 cell proliferation
(Figures 2H and 2I; p < 0.001), impacting cell cycle progression and apoptosis (Figure S3). Similarly, immunoblotting revealed a downregu-
lation in the expression of CDK4, CDK6, and cyclin D1, accompanied by an increased Bax/Bcl-2 ratio (Figure 2K). Collectively, these findings
indicate that YAP plays a regulatory role in the proliferation and apoptosis of prostate epithelial cells.

YAP expression is negatively related to tissue estrogen and GPER level

BPH is a hormone-dependent disease, hormonal alterations, particularly dynamic changes in androgen and estrogen levels, are crucial in BPH
development.3 Therefore, we conducted an additional LC-MS/MS analysis to examine the hormonal profiles of the 32 BPH tissues (Table S1),
aiming to identify potential factors influencing YAP regulation, epithelium accumulation, and BPH development. A simple regression analysis
was then conducted to assess the linear relationship between specific hormones and the S/E ratio. The results indicated that a higher S/E ratio
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Figure 3. YAP expression is negatively related to tissue estrogen and GPER level

(A-F) These scatterplots display the levels of various hormones—17B-estradiol (E,), dihydrotestosterone (DHT), testosterone (T), androstenedione (A-dione), and
progesterone (P) —in BPH specimens characterized by S/E ratios. Notably, a higher S/E ratio was positively correlated with increased levels of E; in the tissues (R =
0.3136, p < 0.001, n = 32). However, no significant correlation was observed between the S/E ratio and the concentrations of other hormones studied.

(G) This panel shows consecutive histological sections of epithelial cells from the Epithelium-hi and Epithelium-lo groups, stained to reveal the expression of
GPER and YAP, respectively (Scale bars: 100 pm [up]; 25 um [down]).

(H) A scatterplot illustrating the scores for epithelial GPER staining intensity and area in the Epithelium-hi and Epithelium-lo groups (n = 45).

(I) Comparative scores of epithelial GPER expression in the two groups (0 = lowest, 3 = highest) (n = 45).

(J) A negative correlation was observed between the expression of YAP and GPER in the epithelial cells. Data are expressed as mean + SD. Significant difference
was determined by Pearson’s correlation analysis (A-F), two-tailed unpaired t test (H), Mann-Whitney test (E), or Chi-square test (J) (***p < 0.001).

(suggesting less epithelium and reduced YAP expression) was positively correlated with 17B-estradiol (E,) levels in the tissues (R? = 0.5710,
p <0.001, Figure 3A). Conversely, no significant correlation was observed between the S/E ratio and other hormones, such as dihydrotestos-
terone (DHT), testosterone (T), androstenedione (A-dione), and progesterone (P) (Figures 3B-3E). Similarly, no correlation was found between
the ratio of E; to DHT (E2/DHT) (Figure 3F), which has been previously reported to positively correlate with the proportion of stromal tissue.”’
These findings suggest that E; may have a negative impact on epithelial cell proliferation and survival.

Some recent studies have shown that the nonclassical estrogen-responsive receptor GPER is actively engaged in the regulation of
YAP.?'?% HC staining was performed to analyze the expression of epithelial GPER in regions exhibiting varying YAP levels. This analysis
demonstrated that GPER expression was markedly reduced in the YAP-accumulated epithelial cells of the Epithelium-hi group
(Figures 3G and S1). In the Epithelium-hi group, both epithelial GPER staining intensity (p < 0.001) and area (p < 0.001) were significantly lower
compared to the Epithelium-lo group (Figure 3H), as was the IHC score of GPER (Figure 3l). Subsequent statistical analysis revealed a negative
correlation between epithelial YAP expression and GPER expression (x? = 54.79, p < 0.001, Figure 3J). All of these observations led us to hy-
pothesize that GPER-mediated estrogen signaling may suppress the expression and function of YAP in epithelial cells, disrupting cell prolif-
eration and survival.

Activation of GPER impedes the proliferation and survival of prostate epithelial cells

To determine whether GPER activation affects the proliferation of BPH-1 and RWPE-1 cells, we treated these cells with G1, a selective GPER
agonist that does not activate classic nuclear estrogen receptors (ERs).”” Cell viability was assessed over four continuous days using the CCK-8
assay. We observed significant inhibition of BPH-1 cell proliferation when 1 uM and 2.5 uM G1 were applied (Figures 4A and 4C left panel,
p < 0.001). Similarly, cell proliferation was inhibited following treatment with 10 nM and 100 nM E; (Figures 4A and 4C middle panel, p < 0.001).
Additionally, the application of 5 tM and 10 uM 4-hydroxytamoxifen (OHT), an ER antagonist and GPER agonist,”’ mimicked the effects of G1
and VP (Figures 4A and 4C right panel, p < 0.001), suggesting that GPER activation alone could inhibit cell proliferation. Figure 4B depicts the
results for RWPE-1 cells following G1 and E2 treatment. To elucidate the mechanism underlying the inhibition of cell accumulation by these
GPER agonists, we conducted FCM analysis, revealing cell cycle G1 phase arrest (Figures 4E and 4F) and increased apoptosis (Figures 4G and
4H), akin to the effects observed with VP treatment. To validate the role of GPER activation in prostate epithelial cell survival, we investigated
the effects of G15, a G1 analog that preferentially inhibits GPER.*® We discovered that G15 counteracted the cell proliferation inhibition
induced by G1 and E2 (Figure 4l). Moreover, the knockdown of GPER expression using siRNAs mitigated the effects of G1 on BPH-1 cells
(Figure 4J). Additionally, immunoblotting revealed that G1 and E2 treatment upregulated the Bax/Bcl-2 expression ratio while downregulat-
ing CDK4, CDKé, and cyclin D1 expression, indicating alterations in proteins related to cell cycle and apoptosis (Figure 4K). Similarly, G15
counteracted the protein expression changes induced by G1 treatment (Figure 4L). Our findings confirm that GPER activation impedes
the proliferation and survival of prostate epithelial cells in BPH.

GPER acts via inhibition of YAP

To determine whether YAP influences GPER-induced cell proliferation impairment, we analyzed the expression of YAP and its homolog TAZ
during the process. We observed that YAP and TAZ underwent significant phosphorylation and degradation in the presence of GPER agonists
(E2, G1, and OHT) (Figure 5A). In contrast, the phosphorylation of YAP/TAZ was not promoted by the addition of G1 following G15 pre-treat-
ment (Figure 5B). Consistent with these observations, GPER knockdown using siRNAs suppressed the effects of G1 on YAP degradation (Fig-
ure 5C). To exclude the effects of ERs, we examined the impact of E; on ERB-knockdown BPH-1 cells, yielding results that supported the same
conclusion (Figure S4). To confirm the functional inhibition of YAP by GPER activation, we analyzed the expression of YAP target genes. We
discovered that G1 and E; treatment significantly downregulated the mRNA levels of CTGF, CYR61, EDN1, EGR1, and ANKRD1 (Figure 5D).
Phosphorylation of YAP promotes its binding to 14-3-3 proteins and cytoplasmic retention.'®"'? We observed that G1 significantly reduced
total YAP expression and its nuclear translocation in BPH-1 cells, an effect that was largely reversed by G15 treatment (Figures 5E and 5F);
Correspondingly, further co-immunoprecipitation (colP) analyses revealed that GPER activation impeded the nuclear accumulation of YAP
and its interaction with TEAD1 in BPH-1 cells (Figure 5G). In summary, GPER activation inhibits YAP by inducing its phosphorylation and cyto-
plasmic retention, and degradation.

To validate the role of YAP, we induced YAP overexpression in BPH-1 cells (Figure S5). We observed that YAP overexpression markedly
attenuated the effects of G1 and E2 on cell proliferation (Figure 5H). Additionally, cell-cycle arrest (Figures 51 and 5J) and reduced survival
(Figures 5K and 5L) induced by these GPER agonists were significantly alleviated. In line with these observations, immunoblotting
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Figure 4. Activation of GPER impedes the proliferation and survival of prostate epithelial cells
(A and B) Growth curves for BPH-1 and RWPE-1 cell lines were established following treatment with G1, E2, or OHT at specified concentrations, using CCK-8

assays conducted every 24 h.

(C and D) Histograms illustrating cell viability on a daily basis with representative data.
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Figure 4. Continued

(E and F) FCM assessed the distribution of cells across various cell cycle phases after 48 h of treatment with G1 (1 pM) and E2 (10 nM). The histograms depict the
proportion of cells in each specific phase.

(G and H) Cell apoptosis was evaluated using Annexin V-FITC/PI staining FACS following GPER activation by G1 and E2 treatments, with histograms illustrating
the apoptosis rates.

(I) Pre-treatment with GPER blocker G15 (5 pM) for 1 h mitigated the G1 and E2-induced inhibition of cell proliferation and survival. Cell survival rates were
quantified using CCK-8 assays.

(J) GPER blockade via siRNA reduced the suppression of cell survival caused by G1, determined using CCK-8 assays.

(K) Western blot analysis was performed to determine the relative expression levels of CDK4/6, cyclin D1, Bax, and Bcl-2 post-treatment with G1 and E2. B-Tubulin
was used as the loading control.

(L) The relative expression of aforementioned proteins was analyzed by western blot after pre-treatment with G15. B-Tubulin served as the loading control. All
blots shown are representative of three experimental replicates. Data are expressed as mean + SD from a minimum of three independent experiments.
Significant difference was determined by one way ANOVA followed by a Tukey's multiple comparison tests (*p < 0.05, **p < 0.01, ***p < 0.001).

demonstrated the reversal of the increased Bax/Bcl-2 ratio and the restoration of cell cycle progression-related proteins (Figure 5M) following
YAP overexpression. Collectively, these findings led us to conclude that GPER activation impedes cell proliferation and survival through YAP
deactivation in the prostate epithelium.

GPER inhibits YAP through Goas/cAMP/PKA and LATS1 activation

To assess whether GPER acts via MST and LATS kinases, key components of the Hippo pathway, in regulating YAP phosphorylation, we inves-
tigated the effect of G1 on the activities of MST1/2 and LATS1 kinases. We observed that G1 had no detectable effect on MST1/2 kinase ac-
tivity. The ratio of phosphorylated MST (p-MST) to MST1 and MST2 was slightly reduced after G1 treatment (Figures 6A and 6B). Additionally,
we measured the phosphorylation level of LATS1 (S909), a determinant of LATS activity, and found it to be notably increased following G1
treatment (Figures 6A and 6B). Previous studies suggested that LATS activation and YAP inhibition following GPCR activation might depend
on the Gas/cAMP/PKA pathway,”' in addition to the classic MST1/2 pathway. Coincidentally, we noted enhanced phosphorylation of the
cAMP-responsive element-binding protein (CREB) (Figures 6A and 6B), implying that G1 stimulated Gas and cAMP production. Furthermore,
inhibition of PKA using H 89 2HCI (H89)** alleviated the G1-induced reduction in YAP/TAZ and upregulation of p-LATS1, LATS1 (Figure 4C).
Concurrently, pre-treatment with H89 reversed the G1-induced reduction in YAP expression and nuclear translocation (Figures 6D and 6E).
Moreover, cell-cycle arrest (Figures 6F and 6G upper) and apoptosis (Figures 6F and 6G lower) induced by G1 were significantly mitigated
when cells were pre-treated with H89. Collectively, these data confirm the role of the Gas/cAMP/PKA pathway in GPER activation-induced
YAP phosphorylation and degradation, as well as in the restriction of cell survival in the prostate epithelium.

DISCUSSION

A critical factor in the development and progression of BPH is the disruption in the balance between cell proliferation and death, which allows
proliferative processes to predominate. In this study, we discovered a protective role for GPER in epithelial hyperplasia, where GPER-medi-
ated estrogen signaling effectively limited prostate epithelial cell proliferation and induced cell apoptosis through YAP inhibition. Our data
also demonstrated that the Gas/cAMP/PKA pathway acted downstream of GPER to stimulate LATS kinase, promoting YAP phosphorylation
and degradation. As such, our findings may serve as a foundation for future studies aimed at developing therapeutic interventions for BPH.

In the present study, the underlying molecular mechanisms of GPER-mediated indirect genomic signaling of estrogen in prostate epithe-
lial cell survival and the pathogenesis of BPH were explored, and a more comprehensive understanding of GPER in YAP regulation was es-
tablished. The estrogenic response in the prostate was determined by the type of ER present within prostate cells. Different actions may be
mediated by stromal ERa and epithelial ERB.® Prior evidence had indicated a controversial role for estrogen in BPH development. On the one
hand, estrogen promotes BPH-derived primary prostate stromal cell proliferation via ERa"“?; on the other hand, prostate epithelial cells are
induced to undergo apoptosis upon ERP stimulation,” but selectively blocking ERB only ameliorates this effect partially,"** indicating a
complicated mechanism is involved. Traditionally, estrogen is known to act through two classical transcription factors, ERa. and ERB, which
mediate the genomic effects of estrogen,” but very little is known about the GPER in prostate. It is believed that GPER directly mediates
or contributes to many of the rapid effects of estrogen in prostate. A recent study verified that GPER activation triggers Ca®* release from
the endoplasmic reticulum of prostate epithelial cells, which increases the mitochondrial Ca®* concentration and thus induces cell
apoptosis.'* However, this commonly used model has been challenged since GPER has been documented to participate in the genomic ef-
fects of estrogen.”"** And our newly reported work has revealed a pro-proliferation and pro-fibrosis role of GPER signaling via EGFR/ERK and
HIF-1a/TGF-B1 signaling in prostatic stromal cell during BPH progression.”® The observations that the expression of YAP was negatively
correlated with the tissue estrogen content and GPER expression in epithelia of BPH specimens support a model of YAP deactivation
by GPER in clinical samples. In this study, we confirmed that estrogen and G1 induced YAP phosphorylation and repressed their nuclear
accumulation, diminishing the interaction between YAP and the transcription factor TEAD1. All of these findings implied a crucial role for
the YAP pathway in mediating the genomic effects of GPER. Thus, we promote the understanding of the function of estrogen, especially
the GPER-mediated signaling in prostate epithelial cell survival. GPER, together with YAP may be potential biomarkers for the epithelium-
rich phenotype of BPH.
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Figure 5. GPER acts via inhibition of YAP

(A) GPER activation led to the phosphorylation of YAP in BPH-1 cells treated with 1 uM G1, 10 nM E2, or 5 uM OHT. Immunoblotting was utilized to assess the
relative expression levels of p-YAP/YAP, p-TAZ/TAZ, with GAPDH serving as the loading control.

(B and C) GPER mediated YAP phosphorylation. GPER was inhibited by 5 pM G15 pre-treatment (B) or siRNAs (C). Following this, BPH-1 cells were treated with
G1, and immunoblotting was conducted to analyze the phosphorylation levels.

(D) Activation of GPER suppressed the expression of YAP-induced target genes. BPH-1 cells treated with G1 or E2 for 24 h were subjected to quantitative PCR to
measure mRNA levels of specific target genes.

(E and F) G1 suppressed YAP's expression and nuclear localization. BPH-1 cells were treated with G1, with or without G15 pre-treatment. Immunofluorescence
staining for YAP was performed, and quantifications of YAP's subcellular localization and staining intensity were done based on 5 randomly selected fields. N
indicates nuclear localization; C indicates cytoplasmic.

(G) GPER activation hindered the nuclear translocation of YAP and its interaction with TEAD1 in BPH-1 cells. After 24 h of G1 treatment, cells were subjected to
immunoprecipitation using an anti-YAP antibody, followed by detection of coimmunoprecipitated TEAD1.

(H-M) YAP was required for GPER to impede the proliferation and survival of prostate epithelial cells. (H): Overexpression of YAP significantly diminished the
impact of G1 and E2 on cell proliferation, as determined by the CCK-8 assay. (I and J): FCM was used to evaluate the distribution of cells across different cell
cycle phases, with histograms indicating the proportion of cells in each phase. (K and L): Cell apoptosis was assessed using Annexin V-FITC/PI staining
FACS, with histograms showing apoptosis rates. (M): Immunoblotting was performed to analyze the relative expression of YAP, CDK4/6, cyclin D1, Bax, and
Bcl-2 following treatment with G1 and E2, both with and without YAP overexpression. B-Tubulin was used as the loading control. All blots shown are
representative of three experimental replicates. Data are expressed as mean + SD from a minimum of three independent experiments. Significant
difference was determined by one way ANOVA followed by a Tukey’s multiple comparison tests (D and F) and two-tailed unpaired t test (H, J, and L)
(*p < 0.05, **p < 0.01, ***p < 0.001, ns for non-significant).

Since the three disparate ERs play distinct and perhaps opposing roles in BPH, it is possible that selective ER modulators may be useful
therapeutic strategies. Recent attempt of ERB-signaling pathway disruption failed to improve symptoms in men with BPH.?* However, an
antagonist of ER but agonist of GPER, OHT, the active metabolite of tamoxifen, suppressed the proliferation of normal human prostate
epithelial and stromal cells in vitro.***” Our work showed that OHT both inhibited the function of YAP and induced cell apoptosis, which em-
phasizes that GPER is a promising target in BPH management, especially in patients with high expression of GPER or YAP in the epithelium.
Therefore, this study lays the foundations for further studies that may directly influence therapeutic development.

GPCRs are well-established upstream regulators of the Hippo/YAP pathway. YAP signaling is augmented by GPCR-induced Hippo
pathway quiescence in most cases, especially in tumorigenesis.*® However, the mostimportant observation in the present study was inhibition
of YAP following GPER stimulation. Phosphorylation of YAP was notably enhanced after G1 and E, treatment, resulting in degradation of the
key protein. The role of Ga, cAMP, and PKA in relaying signals was further verified. We attribute these differences to cell heterogeneity and
the different coupling proteins. GPCRs can potently modulate the phosphorylation states and activity of YAP via various G proteins. GPCRs
coupled with Gat12/13, Gog/11, or Gaiy, stabilize YAP,*3740 bt YAP expression is inhibited when GPCRs are coupled with Ga,*' which mainly
relies on cAMP/PKA and subsequent LATS activation.”’ Consistent with previous reports, GPER can modulate YAP both positively and nega-
tively. Zhou. et al. reported that estrogen activates YAP and oncoproteins downstream of the Hippo pathway through GPER.?" In contrast, the
work from Corte and colleagues showed that GPER-mediated estrogen signaling hampers YAP activation, modulating the mechanical re-
programming of myofibroblast-like cells in the tumor microenvironment of hepatocellular carcinoma and pancreatic cancer.”®*? Moreover,
the interaction between GPER and cAMP/PKA has been extensively described with other models. For example, in breast cancer cells, the
GPER/cAMP/PKA signaling axis triggers reprogramming of tumor energy metabolism, conferring tumor cells with multiple drug resistance.*?
Additionally, GPER mediates bone mesenchymal stem cell proliferation via the cAMP/PKA/p-CREB pathway and subsequently upregulates
cyclin D1/CDKé and the cyclin E1/CDK2 complex.** All of these findings confirm a reliable role for the GPER/cAMP/PKA axis in YAP expres-
sion inhibition and help to establish a more comprehensive understanding of GPER in YAP regulation.

YAP is considered a key regulator of organ growth during mammalian development and regeneration.'” And the crosstalk between YAP
regulation and steroid hormones makes vast difference in various hormone-related diseases, such as breast cancer and prostate cancer.”’*
Therefore, the role of YAP in BPH development and progression seems to be fairly attractive and significant. Previous reports have revealed
that there is more epithelium as the size of the prostate increases,®*’ indicating a potential role of epithelial cell proliferation in larger pros-
tates. We found that epithelium-rich BPH tissues showed higher YAP expression and verified that genetic (RNAI) and pharmacological (ver-
teporfin) disruption of YAP expression suppressed prostate epithelial cell proliferation and induced their apoptosis in BPH. Given human
prostate is the only glandular organ that continues to undergo net growth as a man ages,*® the YAP regulation may have important implica-
tions for the BPH development. However, future work is needed to clarify the relative contribution of YAP to prostate enlargement.

Limitations of the study

Although the present study has shown promising results regarding the inhibition of YAP and its downstream effects, there are still some un-
answered questions regarding the underlying mechanism(s). Recent studies have suggested that the expression of CDK4, CDK6, and cyclin
D1 is regulated directly or indirectly by YAP.*”*° In line with these findings, our data demonstrated a potent inhibition of expression of these
targets upon YAP phosphorylation and degradation, suggesting their potential involvement in the regulation of terminal cell cycle G1 arrest.
Moreover, the study presents a reasonably convincing argument for the relevance of this pathway in the cell line; however, the investigation
into its relevance in vivo is minimal, and the evidence provided is, at best, merely correlative. Therefore, future research should be directed
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Figure 6. GPER inhibits YAP through the Gas/cAMP/PKA pathway and LATS1 activation

(A and B) Treatment of BPH-1 cells with 1 uM G1 resulted in an elevation of phosphorylation levels for CREB and LATS1, whereas the phosphorylation levels of
MST1/2 were either unchanged or exhibited a slight decrease. The cells were treated and collected at 2, 4, 8, and 12 h for immunoblotting to detect the
phosphorylation levels of LATS, CREB, and MST1/2. The line chart depicts the time-dependent quantification of phosphorylation levels for CREB, LATS1, and
MST1/2.

(C) PKA was required for G1 to inhibit YAP expression. BPH-1 cells pre-treated with 10 uM PKA inhibitor H89 for 1 h underwent immunoblotting to assess the
phosphorylation level of LATS1 and the expression levels of YAP and TAZ.

(D and E) Pre-treatment with H89 mitigated the G1-induced reduction in YAP expression and its nuclear localization. BPH-1 cells were treated with G1, with or
without H89 pre-treatment, followed by immunofluorescence staining for YAP. Quantifications of YAP's subcellular localization and staining intensity were
conducted from 5 randomly selected fields. N indicates nuclear localization; C indicates cytoplasmic.

(F and Q) Blockade of PKA activity by pre-treatment with 10 pM H89 for 1 h counteracted the G1-induced cell-cycle arrest (upper) and apoptosis (lower).
Histograms display the proportion of cells in each cell cycle phase and the apoptosis rates. All blots shown are representative of three experimental
replicates. Data are expressed as mean + SD from a minimum of three independent experiments. Significant difference was determined by one way
ANOVA followed by a Tukey's multiple comparison tests (***p < 0.001 compared with DMSO treatment; ##p < 0.01, ###p < 0.001 compared with G1
treatment, ns for non-significant).

toward exploring how YAP mediates changes in molecules crucial for prostatic epithelial proliferation and apoptosis. Additionally, con-
ducting treatment studies in animal models would be a valuable extension of this work.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

YAP Cell Signaling Technology Cat#14074; RRID:AB_2650491
YAP/TAZ Cell Signaling Technology Cat#93622; RRID:AB_2904489

Phospho-YAP (Ser127)
Phospho-TAZ (Ser89)
CDK4

CDKé

Bax

Bcl-2

LATS1

LATS2

Phospho-LATS1 (Ser909)
MST1

MST2
Phosphor-MST1/MST2 (Thr180/183)
GPER

CREB

Anti-rabbit Alexa Fluor 488
Phosphor-CREB (Ser133)
Anti-mouse IgG-HRP
Anti-rabbit IgG-HRP
Cyclin D1

B-Tubulin

GAPDH

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
abcam

abcam

abcam

abcam

Immunoway

Immunoway

Immunoway

Proteintech

Proteintech

Proteintech

Cat#13008; RRID:AB_2650553
Cat#59971; RRID:AB_2799578
Cat#12790; RRID:AB_2631166
Cat#13331; RRID:AB_2721897
Cat#2772; AB_10695870
Cat#15071; RRID:AB_2744528
Cat#3477; RRID:AB_2133513
Cat#5888; RRID:AB_10835233
Cat#9157; RRID:AB_2133515
Cat#3682; RRID:AB_2144632
Cat#3952; RRID:AB_2196471
Cat#ab76323; RRID:AB_1523982
Cat#ab39742; RRID:AB_1141090
Cat#ab178322; RRID:AB_2827810
Cat# ab150077; RRID:AB_2630356
Cat#YP0075; RRID:AB_3064815
Cat#RS0001; RRID:AB_2943495
Cat#RS0002; RRID:AB_2943496
Cat#60186-1-lg; RRID:AB_10793718
Cat#10094-1-AP; RRID:AB_2210695
Cat#60004-1-lg; RRID:AB_2107436

Bacterial and virus strains

pLV-MCS-3FLAG-YAP-SVA0-EGFP-IRES- GeneChem N/A
puromycin

Biological samples

Human prostate tissues diagnosed with benign Peking University First Hospital N/A

prostatic hyperplasia (Beijing, China)

Chemicals, peptides, and recombinant proteins

Verteporfin (VP) Selleck Cat#51786
Estradiol (E,) Selleck Cat#51709
G-1 Selleck Cat#S0851
G-15 Selleck Cat#56651
4-hydroxytamoxifen (OHT) Selleck Cat#58956

H 89 2HCI (H89) Selleck Cat#51582
DAPI Solarbio Cat#C0065
Puromycin Solarbio Cat#P8230
Lipofectamine RNAIMAX Transfection Reagent Invitrogen Cat#13778075
TRIzol Invitrogen Cat#15596018CN

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

PageRuler Prestained Protein Ladder Thermo Scientific Cat#26616

Immobilon Western HRP Substrate Millipore Cat#WBKLS0500

Critical commercial assays

EasyScript First-Strand cDNA Synthesis TransGen Cat#AE301-02

SuperMix

TransStart Top Green gPCR SuperMix TransGen Cat#AQ131-01

CCK-8 kit KeyGEN Cat#KGA317-2

Cell Cycle kit KeyGEN Cat#KGA512

Cell apoptosis Kit KeyGEN Cat# KGA108

Deposited data

iTRAQ-based LC-MS/MS analysis raw data This paper PXD048857

Original western blot data/Data S1 (deposited This paper https://doi.org/10.17632/nz5zh5vyv7.1

on Mendeley)

Experimental models: Cell lines

Human: BPH-1 KeyGEN Cat#KG1008; RRID:CVCL_1091

Human: RWPE-1 ATCC Cat#CRL-3607; RRID:CVCL_3791

Oligonucleotides

siRNA for YAP RiboBio Cat#SIGS0003678-1

Primers for YAP, TAZ, CTGF, CYRé61, EDNT, Sangon N/A

EGR1, ANKRD1, GPER, GAPDH, see Table 52

Software and algorithms

ImageJ ImageJ https://imagej.nih.gov/ij/

Flowjo 10 Becton, Dickinson & Company https://www.flowjo.com/

LAS X Leica https://www.leica-microsystems.com/
products/microscope-software/p/
leica-las-x-Is/

SPSS 24.0 IBM https://www.ibm.com/cn-zh/spss

Graphpad Prism 8.0 Graphpad https://www.graphpad-prism.cn/

BioRender BioRender https://www.biorender.com/

RESOURCE AVAILABILITY

Lead contact

Information and requests for resources should be directed to and will be fulfilled by the lead contact, Dr. Jin Jie (jinjie@vip.163.com).

Materials availability

This study did not generate any new unique reagents.

Data and code availability

e Data: The iTRAQ-based LC-MS/MS analysis raw data reported in this paper have been deposited in the ProteomeXchange Consortium

via the iProx>"*?

partner repository with the project ID PXD048857. All relevant data are available from the lead contact upon request.
e Code: This paper does not report original code.

e Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patients and tissue samples

Thirty-two prostate tissues were obtained from Peking University First Hospital (Beijing, China), and the diagnosis was confirmed by two expe-
rienced pathologists. Patients who underwent transurethral resection of the prostate (TURP) were included in this study, but those with
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prostate cancer, prostatitis and urinary catheter insertions were excluded; those treated with alpha-adrenergic receptor antagonists or
Sa-reductase inhibitors were also excluded. All retrospective clinical data analyses and prostate specimen collection procedures were per-
formed after obtaining informed consent from all patients and approval from the Peking University First Hospital Institutional Review Board.
Patient information is included in Table S1. Prostate tissues obtained from patients post-surgery were allocated into four categories: one for
proteomic analysis, one for detecting endogenous steroids, one fixed overnight in 10% formalin buffer for subsequent staining analysis, and
the last stored in liquid nitrogen.

Cell culture and transfection

The BPH-1 cell line was purchased from KeyGEN (KG1008, KeyGen Biotech Co., Ltd., NJ, China) and cultured in Roswell Park Memorial Insti-
tute (RPMI)-1640 medium with 10% fetal bovine serum (Gibco) supplemented with 1% penicillin and streptomycin. The RWPE-1 cell line was
purchased from the American Type Culture Collection and cultured in complete keratinocyte serum-free medium (Invitrogen, USA). All cells
were cultured in a humidified atmosphere with 5% CO, maintained at 37°C and tested for mycoplasma on a regular basis. All cell lines were
regularly tested for mycoplasma contamination using the LookOut Mycoplasma PCR Detection Kit (Sigma).

For overexpression of YAP, recombinant pLV-MCS-3FLAG-YAP-SV40-EGFP-IRES-puromycin, the corresponding control plasmid vectors
and the lentivirus were produced by Shanghai GeneChem Co., Ltd. The stable cell line was established by lentivirus infection according to the
multiplicity of infection (MOI) value. The stable YAP-overexpressing BPH-1 cell line was selected with puromycin (1 pg/mL).

METHOD DETAILS

iTRAQ-based LC-MS/MS

Each tissue sample was homogenized with RIPA buffer (50 mM Tris-HCI, pH 7.4; 100 mM NaCl; 1 mM PMSF; 1 mM EDTA; 1% Triton X-100; 1%
sodium deoxycholate; and 2% SDS). A bicinchoninic acid (BCA) assay was performed to quantify the protein concentration in each sample.
The proteins were digested with trypsin and incubated at 37°C overnight. iTRAQ reagents were used to label peptides generated in accor-
dance with the protocols of the manufacturer of an 8-plex iTRAQ Multiplex kit (AB Sciex, Framingham, MA). Using the Easy nLC/Ultimate 3000
system (Thermo Scientific, USA), the labeled peptide mixtures were separated. Mass spectra were recorded on a Q Exactive mass spectrom-
eter configured with a Nano-ESI source (Thermo Scientific, USA). Protein identification was performed using the MASCOT search engine
(version 2.4.1; Matrix Science, London, UK) embedded in Proteome Discoverer 1.3 (Thermo Electron, San Jose, CA, USA). Totally 2433 pro-
teins were analyzed. p value less than 0.05 and the fold change ratio >1.5 or <0.8 were set as the threshold for DEPs.

Hormone analysis

E,, DHT, T, A-dione and P were measured by LC-MS/MS. The assay was adapted from that described by Surowiec et al.”® Prostate samples
were immediately frozen in liquid nitrogen and stored at —80°C until analysis after collected at the Peking University First Hospital. For analysis
of hormones in prostate, 500ulL of methanol with hormones of specific concentrations as an internal standard was added to 100mg tissue.
Standard solutions of all hormones were prepared in methanol as external standard. The mixture was homogenized using a vibration mill
with 2 tungsten carbide beads (diameter, 3mm) at a frequency of 30Hz for 2min. After extraction the methanol solution was centrifuged at
14 000rpm for 15 min at 4°C and the supernatant was kept at —80°C awaiting LC-MS/MS analysis.

Immunohistochemistry and immunofluorescence

The TURP-operated prostate tissue was fixed overnight in 10% formalin buffer at 4°C, dehydrated, and conventionally embedded in paraffin.
Then, the sections were cut into 5um sections. After dewaxing, hydration, and heat-induced epitope retrieval, 3% hydrogen peroxide was
used to inactivate endogenous peroxidase. Non-specific binding was blocked by incubating sections in serum. Primary antibodies were incu-
bated overnight at 4°C. Anti-YAP (1:400) and anti-GPER (1:500) antibodies were used for staining. Sections incubated with secondary anti-
bodies in the absence of primary antibodies were used as negative controls. All analyses were performed by two experienced pathologists
in a blinded fashion. Each slice was selected from five random 200-fold visual horizons for observation, and the staining results were recorded.
Image-Pro Plus 6.0 and ImageJ software was used for further quantification of DAB intensity and the percentage of staining area. The intensity
and staining area values for epithelial YAP and GPER were classified into corresponding groups based on the following scoring system:
0 (negative staining), 1 (weak staining), 2 (moderate staining), and 3 (strong staining).

For immunofluorescence, BPH-1 cells were seeded on glass coverslips and treated with the corresponding agents. Sections were
then incubated with the primary antibody against YAP followed by incubation with the secondary antibody, Alexa Fluor 488-labeled goat
anti-rabbit 1gG (1:1000; abcam), for detection. DAPI (Solarbio) was used to identify cell nuclei, and fluorescence was detected with a TCS
SP8 MP FLIM system (Leica). Fluoresence intensity of each observation was quantified by ImageJ software.

RNAi

Synthetic siRNA oligonucleotides were synthesized by RiboBio (Guangzhou, China). Transfection of the siRNAs using RNAIMAX (Invitrogen,
Carlsbad, CA, USA) was performed according to the manufacturer’s instructions.
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RNA extraction and quantitative real-time PCR (qRT-PCR)

Total RNA from treated cells was isolated using TRIzol reagent (Invitrogen). Total RNA (1pg) was reverse transcribed into cDNA using
EasyScript First-Strand cDNA Synthesis SuperMix (TransGen Biotech) according to the manufacturer’s instructions. PCR amplification of
the resulting cDNA templates was conducted using the following conditions in forty cycles: denaturation at 94°C for 30 s, annealing at
60°C for 45 s and extension at 72°C for 30 s. PCR products were separated on a 1.5% agarose gel and visualized by staining with ethidium
bromide. Real-time PCRs were performed using TransStart Top Green gPCR SuperMix (TransGen Biotech) for a two-step cycling protocol
on a 7500 Fast Real-Time PCR System (ABI). Relative expression levels were calculated using the 2722t method. Primer for g-RT PCR analysis
see Table S2.

Western blot analysis

Adherent cells were rinsed with ice-cold PBS and removed from the dish using a cell scraper. RIPA buffer, supplemented with freshly added
protease and phosphatase inhibitors, was employed for cell lysis. The lysate underwent centrifugation at a high speed (12,000g) for 15 min at
4°C, and the resultant supernatant was carefully collected. The protein concentration was quantified using a BCA protein assay. SDS-PAGE
and Western blotting were carried out following standard protocols. Thermo Scientific PageRuler Prestained Protein Ladder was applied as
protein ladder. The NC membranes were blocked with 5% skim milk and incubated overnight at 4°C with the primary antibodies, which are
described in the Chemicals and antibodies section. Then, the membranes were incubated with the appropriate secondary antibodies (1:5000;
Abcam, USA) and visualized with enhanced chemiluminescence using an ECL kit (Millipore). Western blot bands were exposed to X-ray films
and quantified by Genesys software. The relative expression of protein was standardized by comparison with anti-GAPDH or anti-B-tubulin
antibody. All primary antibodies used in this work were appropriately diluted at 1:1000. All the western blot results from this experiment were
included in the supplementary data (Data S1), which contains images of all original western blots, encompassing three experimental
replicates.

CCK-8 cell proliferation assay

Cell proliferation was determined with a CCK-8 kit (KeyGEN) according to the manufacturer’s instructions. A total of 1000 cells/well were
seeded in a 96-well flat-bottomed plate. After the cells adhered to the well, the culture medium was replaced with the corresponding treat-
ment. Cell proliferation was detected every 24 h for 4 successive days. At each time point, 10 uL of CCK-8 reagent was added to each well, and
the cells were incubated at 37°C for 3 h. The absorbance was finally detected at a wavelength of 450 nm with a microplate reader (Thermo
Scientific, USA). Experiments were repeated at least three times.

Flow cytometry analysis

For cell cycle assessment, prostate epithelial cell lines (RWPE-1 and BPH-1 cell lines) were seeded on a six-well cell culture plate and treated
with VP(250 nM, 500 nM), G1 (1 uM), E, (10 nM)or siNC, siYAP (final concentration of 100 nM) for 48 h. The cells were collected and fixed in 70%
cold ethanol overnight at 4°C and then incubated with RNase A at 37°C for 60 min in the dark and subsequently stained with propidium iodide
(P1) (KeyGen) staining solution. The samples were immediately analyzed on a FACSort flow cytometer (FACS Calibur, Becton Dickinson). The
data were processed by FlowJO software.

Cell apoptosis was assayed by staining with Annexin V-FITC and Pl (KeyGEN) following the manufacturer’s instructions and detected with a
flow cytometer (FACS Calibur, Becton Dickinson). Cells without staining or Annexin V-FITC and Pl double staining were tested to adjust
voltage and compensation before collecting data. Prostate epithelial cell lines (RWPE-1 and BPH-1 cell lines) were seeded on a six-well
cell culture plate, and after the adherent cells reached 50-60% confluency, they were treated with the corresponding reagents for 48h. Ex-
periments were repeated at least three times.

QUANTIFICATION AND STATISTICAL ANALYSIS

In this study, all data were statistically analyzed using SPSS 24.0 and GraphPad Prism 8.0 software. Each experiment was repeated at least
three times, and the measurement data are expressed as the means + standard deviation. All continuous variables were compared between
groups using t-tests and analysis of variance (ANOVA), and all discrete variables were compared between groups using nonparametric tests
(Mann-Whitney test). Pearson’s correlation analysis and Chi-square test were applied to determine whether there is a significant association
between two variables. p < 0.05 was considered to be statistically significant.
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