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Abstract
Activation of epithelial-AR signaling is identified as the major cause of hyperproliferation of the cells during benign and 
malignant prostate conditions. However, the contribution of stromal-AR is also precarious due to its secretory actions that 
contribute to the progression of benign and malignant tumors. The present study was aimed to understand the influence of 
stromal-AR mediated actions on epithelial cells during BPH condition. The secretome (conditioned media-CM) was col-
lected from AR agonist (testosterone-propionate-TP) and antagonist (Nilutamide-Nil) treated BPH patient-derived stromal 
cells and exposed to BPH epithelial cells. Epithelial cells exhibited increased cell proliferation with the treatment of CM 
derived from TP-treated stromal cells (TP-CM) but did not support the clonogenic growth of BPH epithelial cells. However, 
CM derived from Nil-treated stromal cells (Nil-CM) depicted delayed and aggressive BPH epithelial cell proliferation with 
increased clonogenicity of BPH epithelial cells. Further, decreased AR levels with increased cMyc transcripts and pAkt 
levels also validated the clonogenic transformation under the paracrine influence of inhibition of stromal-AR. Moreover, the 
CM of stromal-AR activation imparted positive regulation of basal/progenitor pool through LGR4, β-Catenin, and ΔNP63α 
expression. Hence, the present study highlighted the restricted disease progression and retains the basal/progenitor state of 
BPH epithelial cells through the activation of stromal-AR. On the contrary, AR-independent aggressive BPH epithelial cell 
growth due to paracrine action of loss stromal-AR directs us to reform AR pertaining treatment regimes for better clinical 
outcomes.
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Introduction

Benign prostate hyperplasia (BPH) and prostate cancer 
(PCa) share similar pathological factors and exhibit hyper-
proliferation of epithelial cells, alteration of stromal to epi-
thelial ratio with dissimilar cellular histology. BPH does not 
portray mortality, but it surely deteriorates the quality of 
life in aging men. Studies have shown that both BPH and 
PCa coexist in patients and are interlinked for tumor growth 
[1]. Additionally, a single largest BPH study on Danish men 
depicted that BPH poses a two- to threefold increased risk 

to develop PCa [2]. Yet, the coexistence of BPH and PCa 
in patients has remained paradox due to their molecular dif-
ferences. One of the key causal factors shared by BPH and 
PCa is androgen receptor (AR), as during mid-age, atypical 
activation of AR in epithelial cells becomes the key factor 
to drive BPH and PCa.

AR plays a critical function in the fetal development of 
the prostate by influencing AR-positive precursors to fibro-
blast and smooth muscle cells of urogenital sinus (UGS) 
and embryonic urogenital mesenchyme (UGM) [3]. Further, 
fetal androgens acting through stromal-AR maneuvre pros-
tate ductal morphogenesis, epithelial differentiation, and 
proliferation/apoptosis. Hence, the normal epithelial differ-
entiation and function depend on androgen-mediated stromal 
paracrine signals [4]. During adulthood, epithelial-AR domi-
nates stromal-AR expression to regulate cellular homeostasis 
and secretory functions of the prostate gland [5]. Overex-
pression of epithelial-AR has been reported during BPH and 
PCa. Though at the cellular level, different expression levels 
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of AR have been observed depending on the stage and grade 
of the PCa tumors [6]. Nevertheless, stromal-AR also plays 
an important role alongside with epithelial-AR for disease 
progression.

In PCa, not only cancer cells but surrounding stroma, 
known as carcinoma-associated fibroblasts (CAFs), con-
tributes to the survival and proliferation of tumor cells 
through its secretory anti-apoptotic factors, growth factors, 
and cytokines [5, 7, 8]. Similarly in BPH also, stromal cells 
continuously produce cytokines and growth factors to sup-
port tumor growth [9]. Thus, growth promotion and inhibi-
tion of malignant and non-malignant tumor cells depend on 
the stromal cell secretory factors. These secretory factors 
are strongly influenced by activation of AR that regulates 
the expression and secretion of several cytokines (CCLs, 
CXCLs, ILs, etc.) and growth factors (IGFs, FGFs, TGFs, 
etc.) that have paracrine action on epithelial cells during 
BPH and PCa conditions [10, 11]. Also, it has been observed 
that gain in stromal-AR in CAFs rescued rapid growth and 
progression of the cancerous tumors, whereas loss of stro-
mal-AR was directly correlated with advanced pathological 
stage of PCa [5]. However, the underlying role of stromal-
AR influencing the hyperplastic growth of epithelial cells 
during BPH condition is still obscure.

AR is the central regulatory protein in prostate devel-
opment and disease pathogenesis. It profoundly functions 
in epithelial cells during benign and malignant tumors. In 
addition to epithelia, stromal cell-derived factors are also 
implicated to regulate prostatic disease progression. Thus, 
the present study was aimed to explore the role of stromal-
AR mediated regulation of the epithelial cell growth and 
disease progression during BPH condition using patient-
derived stromal and epithelial cells. As AR targeted thera-
pies are widely used both for BPH and PCa patients, we also 
aimed to evaluate the implication of such drugs on stromal 
epithelial crosstalk in disease progression which will enable 
us to throw more light on the clinical relevance of AR tar-
geted therapies.

Materials and methods

Cell culture

The protocol for collection and isolation of cells from 
human BPH patient tissue was approved by the Institutional 
ethical committee for human research (protocol number: 
IECHR/2016-07) of the Department of Biochemistry, Fac-
ulty of Science, The Maharaja Sayajirao University of Baroda, 
Vadodara and informed patient consent was acquired to use 
the surgically excised tissue for the research purposes only. 
Briefly, after confirmation of histological BPH in surgically 
excised prostate tissue, tissue chips were subjected to smooth 

muscle cells (SMCs) isolation. BPH patient-derived SMCs 
were isolated using the previously described protocol with 
the modification to purify the stromal cells population from 
the BPH tissue sample [12]. Isolated SMCs were maintained 
in DMEM-F12 media (Gibco#12,500-062) supplemented 
with 1X penicillin–streptomycin (Gibco#15,140-122), 1X 
Glutamax (Gibco#35,050,061) and 10% fetal bovine serum 
(FBS; Gibco#10,270-106). Experiments performed with 
SMCs are on or before passage#6. Previously isolated BPH 
epithelial cell-line was also maintained in a similar fashion 
and experimented before passage#20 in charcoal-stripped 
serum (CSS) [12]. The CSS was prepared using a previ-
ously described protocol [13]. Briefly, a single lot of FBS 
(Gibco#10,270–106) was supplemented with 2% w/v activated 
charcoal (SRL#55,192) and incubated for 3 h at 4 °C with 
rotation followed by CSS retrieval through centrifugation and 
0.22-μm filter sterilization.

Immunocytochemistry

BPH patient-derived SMCs were grown on a glass cover-
slip in a 3  cm2 culture plate containing growth medium. The 
culture media was aspirated, washed with phosphate buffer 
saline (PBS) and fixed in 2% p-formaldehyde at room tem-
perature (RT) for 10 min followed by permeabilization with 
0.1% Triton-X-100 for 5 min. Cells were blocked with the 
buffer containing 1% bovine serum albumin (BSA) in PBS for 
1 h at RT. FITC labeled anti-α smooth muscle actin and PE-
labeled anti-vimentin antibodies were prepared in 0.1% BSA 
containing PBS and treated to SMCs overnight at 4 °C in dark. 
Primary Antibodies were removed by washing with 0.1% BSA 
containing PBS. Cells were then mounted to a clean glass slide 
in mounting medium containing anti-fade (Sigma#S6776) and 
imaging was performed on a Nikon T200 fluorescence micro-
scope and analyzed the data using NIS-Elements BR software.

Flow cytometry

SMCs were cultured in a 15  cm2 plate till 80% confluency. 
Cells were scraped and pipetted several times to prepare 
single-cell suspension in chilled PBS. Around 0.2 × 106 cells 
were counted and incubated with Anti-CD90 (FITC) and 
Anti-CD34 (FITC) antibodies separately for 1 h at RT in 
dark followed by washing. Flow cytometry was performed 
on FACS Aria III (BD Biosciences, San Jose, CA) instru-
ment and analysis was performed using FlowJo software 
(BD Biosciences, San Jose, CA).

Conditioned media (CM) preparation from Stromal 
cell and treatment to BPH epithelial cells

BPH patient-derived cells were serum-starved in DMEM-
F12 media for 48 h (hrs). Post serum starvation, SMCs 
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were replenished with serum-free media (SFM) (DMEM/
F12 Gibco#12,500-062) containing 10 nM Testosterone 
Propionate (TP) and 50 μM Nilutamide (Nil) for 48 h to 
activate and inhibit stromal-AR. Untreated CM (Control-
CM), TP-treated CM (TP-CM), and Nil-treated CM (Nil-
CM) were collected in a sterile 50 ml tube and centrifuged at 
4000 rpm for 30 min at 4 °C to remove cell debris, followed 
by filtration through 0.22-μm filter. The CM was then stored 
at − 80 °C until the treatment to epithelial cells and other 
experimental use.

Cell proliferation assay

Approximately 2500 cells were seeded in a 96-well plate 
and allowed them to adhere overnight. Treatments of CM or 
CM containing 10 ng/ml Anti-IGF-1- monoclonal antibody 
(mAb), 10 nM TP, and 50 µM Nil were given to respective 
cells. The temporal analysis was performed at 24, 48, and 
72 h for each treatment group. For assessing formazan con-
version from MTT, the culture media was aspirated from the 
respective wells and time, followed by supplementation of 
0.5 mg/ml MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) (HiMedia#TC191) in SFM. The cells 
were then incubated for 3 h in a humid incubator contain-
ing 5%  CO2. MTT media was aspirated post-incubation and 
formazan crystal in the cells was dissolved in DMSO (Dime-
thyl sulfoxide) giving a purple colored product. Absorb-
ance was taken at 540 nm using Multiskan™ plate reader 
(Thermo Scientific). Percent cell proliferation of the cells 
was calculated with respect to the control group.

Enzyme‑linked immunosorbent assay

Collected CM of each treatment group was thawed 
from − 80  °C and IGF-1 was quantified by sandwich 
enzyme-linked immunosorbent assay (ELISA) kit 
(RayBiotech#ELH-IGF-1-1), according to the manufac-
turer’s instructions.

Gene expression analysis by qPCR

Epithelial cells were serum-starved for 12 h and then treated 
with CM for 48 h. Cells were then harvested in TRIZOL™ 
reagent (Invitrogen#15,596,018) for total RNA isolation fol-
lowed by cDNA was synthesized using High-Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems#4,368,814) 
as per the manufacturer’s protocol. Gene expression was 
assessed using SyBr Green (Takara#RR820A) and target 
gene-specific primers using ABI-7500™ (Applied Biosys-
tems) qPCR system. All real-time qPCR assays were car-
ried out in three independent cDNA syntheses using specific 
primers as follows:

Sr no Gene Sequence 
(5′–3′)

Prod-
uct 
size 
(BP)

Accession 
number

1 LGR4 Forward
Primer

GAA 
GAG 
CTA 
CAA 
TTG 
GCG 
GG

242 NM_018490.2

Reverse
Primer

CTG TTG 
TCA 
TCC 
AGC 
CAC 
AG

2 β-CATENIN Forward
Primer

GCG CCA 
TTT 
TAA 
GCC 
TCT 
CG

183 NM_001904.3

Reverse
Primer

AAA TAC 
CCT 
CAG 
GGG 
AAC 
AGG 

4 MYC Forward
Primer

TAC AAC 
ACC 
CGA 
GCA 
AGG 
AC

162 NM_002467.4

Reverse
Primer

GAG 
GCT 
GCT 
GGT 
TTT 
CCA 
CT

5 β-ACTIN Forward
Primer

ACT CTT 
CCA 
GCC 
TTC 
CTT 
CC

101 NM_001101

Reverse
Primer

CGT ACA 
GGT 
CTT 
TGC 
GGA 
TG

Immunoblotting

Cells were scraped in chilled PBS and centrifuged after 
completion of treatment time. Whole-cell lysates were 
extracted using laemmli buffer containing and sonicated 
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for total protein extraction. Total protein concentration was 
determined by the Bradford method and 40 μg of total pro-
tein was loaded in each 10% SDS-PAGE gel as described 
previously [14]. Proteins were transferred to a 0.22-μm 
nitrocellulose membrane by western blotting. Blocking 
was performed at RT for 1 h and incubated with specific 
primary antibody (listed below) overnight at 4 °C. Horse-
radish peroxidase (HRP) labeled secondary antibody was 
incubated for 1 h at RT and washed with PBS containing 
Tween20 (Promega#H5152) and PBS. Blots were devel-
oped with Bio-Rad enhanced chemiluminescence reagent 
on UVTECH™ Cambridge Alliance 4.7 instrument. Cap-
tured images were analyzed by measuring band intensities of 
control and treated groups normalized with loading control 
using ImageJ Software.

Sr. no Antibody Make Catalog

1 Androgen receptor Sigma A9853
2 LGR4 Thermo scientific PA527177
3 Total Akt CST 4691S
4 pAkt(s473) CST 4060P
5 β-Actin BD bioscience 612,657
6 β-Catenin Sigma 9AB4500545
7 α-Smooth muscle actin 

-FITC
Sigma F3777

8 Vimentin-Cy3 Sigma C9080
9 CD90-FITC BD bioscience 553,012
10 CD34-FITC BD bioscience 560,942
11 ΔNP63 CST 67,825
Antibody dilutions WB-1:1000; FACS-1:100; ICC-1:40

Clonogenic assay

Around ~ 20 × 10−3 BPH epithelial cells of (between pas-
sage#16–20) for secretome treatment and ~ 2.5 × 10−3 BPH 
epithelial cells for direct TP/Nil treatment were seeded in a 
six-well plate with DMEM/F12 media with 10% FBS and 
incubated overnight at 37 °C for adherence. The media was 
aspirated and supplemented with respective treatments of 

stromal secretome and 10 nM TP & 50 μM Nil prepared in 
5% charcoal-stripped serum (CSS) for 6 days with regular 
change of respective treatment media every two days. On 
the 6th day, treatment media was removed and cells were 
washed with PBS (Phosphate Buffer Saline). Cells were 
fixed with 4% formaldehyde for 10 min at RT followed 
by staining with 0.5% w/v crystal violet for 30 min. The 
solution was removed and washed with distilled water. The 
cells were then left to dry at RT. The image of the plate was 
then taken at 20× image resolution under a phase-contrast 
microscope.

Statistical analysis

All the experiments are performed thrice independently 
unless noted separately. All the values in the graph repre-
sent Means ± SEM. A comparison between the two groups 
was performed using t test. The significance between time 
and treatment variables of the groups was performed with 
two-way ANOVA and Bonferroni post-test. The statistical 
significance was considered with the p values ≤ 0.05.

Results

Effect of AR activation on BPH patient‑derived 
stromal cells

AR performs diverse functions in the prostate gland via 
regulating critical genes in epithelial and stromal cells to 
perform secretory functions. To understand the crosstalk 
between stromal and epithelial cells mediated by AR, the 
stromal cells were isolated and cultured from the surgically 
excised BPH patient tissue. The isolated cells demonstrated 
the expression of Vimentin (Red) and α-SMA (Green) con-
firming the presence of SMCs (Fig. 1a). Further, the flow 
cytometric evaluation of the expression of 75.5% CD90 and 
1.55% CD34 depicted  CD90+ve/CD34low population fur-
ther confirms the presence of SMCs (Fig. 1b). The treat-
ment with AR agonist (10 nM TP) significantly increased 
the AR protein levels (1.36 ± 0.08 fold; p ≤ 0.05) in SMCs, 
whereas AR antagonist (50 µM Nil) treatment declined AR 
protein expression (0.76 ± 0.05 fold; p > 0.05) (Fig. 1c). 
BPH patient-derived stromal cells showed a significant 
increase in percent cell proliferation with TP treatment at 
24-h (114.65 ± 3.73%; p ≤ 0.01)and 48 h (128.85 ± 3.6%; 
p ≤ 0.05) and then decreased at 72 h (98.51 ± 6.2; p ≤ 0.05) 
as compared to control SFM media (100.00 ± 2.2, 
109.05 ± 3.3, 120.53 ± 0.3% at 24, 48, 72 h, respectively). 
However, inhibition of AR with Nil treatment decreased 
the percent cell proliferation in a time-dependent manner at 
24 (82.70 ± 4.13%; p ≤ 0.01), 48 (92.91 ± 2.4%; p ≤ 0.01), 
72 (38.63 ± 2.7%; p ≤ 0.05) (Fig. 1d). Thus, activation and 

Fig. 1  Androgens regulates the cell proliferation of BPH patient-
derived SMCs. a α-SMA and Vimentin expression were assessed 
in isolated cells suggesting the presence of SMCs, confirming reso-
lution their identification as stromal cells; image − 20×; Scale bar: 
100  μm. b Flow cytometric analysis of CD90 and CD34 in BPH 
patient-derived SMCs. c AR protein expression in stromal cells 
upon 10  nM-TP and 50  µM-Nil treatments: Plotted values in bar 
graph represent Mean ± S.E.M. (n = 3; *p ≤ 0.05). d Assessment of 
stromal cell proliferation by MTT upon 10  nM-TP and 50  µM- Nil 
treatments: Bars represent percent cell proliferation of each treatment 
group at different time intervals. Data represented as Mean ± S.E.M.. 
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 all groups vs 24-h Control (SFM); 
@p ≤ 0.05, @@p ≤ 0.01 48-h Control (SFM) vs 48-h treatments; 
!p ≤ 0.05, !!!!p ≤ 0.0001 72-h Control (SFM) vs 72-h treatments

◂
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inhibition of stromal-AR influences the proliferative poten-
tials of SMCs derived from BPH patient.

Activation and inhibition of stromal‑AR affect 
the growth and clonogenicity of BPH epithelial cells

To evaluate the paracrine effect of stromal-derived 
secretome on epithelial cells, CM was prepared via 

activation of stromal-AR (TP-CM) and inhibition of stro-
mal-AR (Nil-CM) as described in Fig. 2a. Treatment with 
TP-CM to BPH epithelial cells demonstrated increased 
cell proliferation at 48 (122.25 ± 0.54%; p ≤ 0.05) and 72 
(151.01 ± 5.94%; p ≤ 0.01) hrs as compared to control-CM 
treatment (100.00 ± 3.7, 103.91 ± 2.9, 126.81 ± 5.7% at 24, 
48 and 72 h, respectively). Whereas, Nil-CM treatment to 
epithelial cells showed less but significant inhibition of 
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BPH epithelial cell growth at 48 h (91.42 ± 1.9%; p ≤ 0.05) 
against control-CM and TP-CM treatments. Strikingly, 
delayed cell proliferation was observed in Nil-CM treat-
ment at 72 h (141.53 ± 2.1%; p = 0.05) (Fig. 2b). On the 
contrary, direct exposure of 10 nM TP in SFM did not 
show proliferative effect in BPH epithelial cells. Whereas, 
direct exposure of 50 µM Nil significantly decreased the 
BPH epithelial cell growth at 24 (89.5 ± 0.7%; p ≤ 0.05), 
48 (66.03 ± 3.6%; p ≤ 0.01), 72 (41.9 ± 2.2%; p ≤ 0.01) 
hrs as compared to control (100 ± 3.45, 96.1 ± 5.03, 
89.4 ± 8.03% at 24, 48 and 72 h, respectively) (Fig. 2c).

Further, we investigated the potentials of the secretome 
to induce clonogenicity in epithelial cells. Results from 
clonogenic assay showed cell cluster formation with CM 
treatments of all the groups until day 3. Strikingly, com-
plete epithelial cell death was observed in the case of 
TP-CM treatment as compared to Control-CM and Nil-CM 
treatments on the 6th day of clonogenic assay. In contrast, 
Nil-CM treatment exhibited higher clonogenic expansion 
of BPH epithelial cells on the 6th day (Fig. 2d). Moreo-
ver, direct treatment of 10 nM TP to BPH epithelial cells 
formed large epithelial cell clusters, whereas 50 μM Nil 
exposed cell clusters were less in number and similar in 
size to untreated control. (Fig. 2e) Collectively, inhibition 
of stromal-AR imparted a high capacity for clonogenic 
expansion of epithelial cells. In contrast, activation of stro-
mal-AR counters the clonogenic growth of epithelial cells. 
Thus, the results demonstrated a completely antagonistic 
effect of stromal secretome derived from the modulation 
of AR and the direct action of AR in BPH epithelial cells.

Stromal‑AR does not affect IGF‑1 secretion in BPH 
patient‑derived stromal cells

Expression and secretion of many peptides from stromal 
cells can regulate epithelial cell growth under the control 
of AR. One of the key growth factors secreted by pros-
tate stroma is IGF-1 that has a strong mitogenic effect on 
epithelial cells. The quantitative estimation of IGF-1 lev-
els depicted no significant change between Control-CM 
(2.58 ± 0.15 pg), TP-CM (3.26 ± 0.38 pg; p > 0.05), and 
Nil-CM (2.58 ± 0.21 pg; p > 0.05) groups (Fig. 3a). Further, 
treatment of Control-CM, TP-CM, and Nil-CM supple-
mented with Anti-IGF-1-mAb, depicted a significant decline 
in percent cell proliferation of epithelial cells with increasing 
incubation time. (Control-CM against Control-CM + Anti-
IGF-1-mAb (24-h: 100.00 ± 2.13 and 89.82 ± 3.33%; 48-h: 
105.17 ± 5.23 and 75.07 ± 3.7%; 72-h: 132.46 ± 1.2 and 
77.12 ± 8.8%), TP-CM against TP-CM + Anti-IGF-1-mAb 
(24-h: 107.26 ± 3.0 and 104.94 ± 9.3%; 48-h: 116.17 ± 6.1 
and 85.12 ± 1.5%; 72-h: 151.00 ± 5.9 and 86.19 ± 3.2%) 
and Nil-CM against Nil-CM + Anti-IGF-1-mAb (24-
h: 98.39 ± 1.8 and 175.2 ± 6.0%; 48-h: 91.4 ± 1.9and 
79.9 ± 0.7%; 72-h:141.53 ± 2.1 and 79.54 ± 1.7%) (Fig. 3b). 
Thus, the secretory levels of IGF-1 were not affected by the 
alterations in stromal-AR activity in BPH patient-derived 
stromal cells. However, results suggest a crucial role of stro-
mal secreted IGF-1 on epithelial cell proliferation.

Stromal‑AR inhibition influences cell survival 
and clonogenicity via altering AR, Akt, and cMyc 
expression

To evaluate the levels of epithelial-AR, AR protein expres-
sion was assessed. AR protein levels were significantly 
upregulated with TP-CM treatment (1.114 ± 0.01-fold; 
p ≤ 0.01) and downregulated with Nil-CM treatment 
(0.80 ± 0.06-fold; p ≤ 0.05). Apart from AR, IGF-1 plays a 
substantial role in disease progression via activation of Akt 
signaling. Evaluation of total Akt and phosphorylated Akt 
(pAktS473) depicted a profound increase in BPH epithelial 
cells upon both TP-CM (Total Akt: 3.53 ± 0.6-fold; p ≤ 0.05 
and pAkt: 1.24 ± 0.08-fold; p ≤ 0.05, respectively) and Nil-
CM (Total Akt: 3.71 ± 0.8; p ≤ 0.05 and pAkt: 1.46 ± 0.06-
fold; p ≤ 0.05, respectively) treatments as compared to 
Control-CM group. However, Nil-CM had significantly 
higher pAkt (p ≤ 0.05) than the TP-CM group supporting 
higher cell proliferation and survival capability (Fig. 4a). 
A previous report suggested increasing cMyc expression 
was determined as a vital oncogenic event during the early 
stage of PCa [15]. As we observed increased clonogenicity 
in BPH epithelial cells with Nil-CM treatment, we assessed 
the expression of cMyc in BPH epithelial cells. The sig-
nificant increase in cMyc transcript levels was detected in 

Fig. 2  Activation and inhibition of stromal-AR alters the cell prolif-
eration and clonogenicity of BPH epithelial cells. a Work plan for 
secretome preparation and collection, b Cell proliferation of BPH 
epithelial cells after treatment of Control-CM, TP-CM, and Nil-CM. 
Data represented as Mean ± S.E.M.; n = 3–4; @p ≤ 0.05 all groups 
48-h vs 48-h Control-CM treatment; !p ≤ 0.05 72-h of all groups vs 
72-h Control-CM treatment; $p ≤ 0.05 48 h vs 72-h TP-CM treatment; 
###p ≤ 0.001 48-h vs 72-h Nil-CM treatment. c Cell proliferation of 
BPH epithelial cells after treatment of 10 nM TP and 50 µM Nil in 
SFM. Data represented as Mean ± S.E.M.; n = 3; *p ≤ 0.05 vs 24-h 
Control; @@p ≤ 0.01 vs 48hrs Control; !!p ≤ 0.01 vs 72hrs Control. 
d Clonogenic growth of BPH epithelial cells treated with AR ago-
nist and antagonist exposed stromal cells derived CM (Control-CM, 
TP-CM, and Nil-CM) and images captured at different time inter-
vals; the left brightfield image panel was captured at day 0 (left), day 
3 (middle), day 6 (right) and right panel show crystal violet staining 
on  6th day of respective treatments during clonogenic growth of BPH 
epithelial cells. e Clonogenic growth of BPH epithelial cells treated 
with 10 nM TP and 50 µM Nil and images captured at different time 
intervals; the left panel represents brightfield images captured at day 
0 (left), day 3 (middle), day 6 (right) and right panel shows crystal 
violet staining on 6th day of respective treatments during clonogenic 
growth of BPH epithelial cells. n = 2, image − 4× and 20×; Scale bar: 
100 μm

◂
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BPH epithelial cells treated with Nil-CM (5.63 ± 1.4 folds; 
p ≤ 0.05) against Control-CM treatment with no change in 
TP-CM group (0.84 ± 0.06-fold; p > 0.05) (Fig. 4b). Collec-
tively, BPH epithelial cells exhibited increased pAkt and 
cMyc with decreased AR levels due to the paracrine effect 
of CM derived by stromal-AR inhibition, supporting cell 
survival, and enhanced clonogenicity in epithelial cells.

Secretory actions of stromal‑AR activation 
positively influence the basal/progenitor state 
of the BPH epithelial cells

Previously isolated BPH epithelial cells used in this study 
depicted the expression of pluripotency and basal stem cell 
markers [16]. As secreted factors from prostate stroma regu-
late the basal/progenitor state of the epithelial cells [17], 
we intended to explore if the basal/progenitor populations 
are involved in clonogenic growth in BPH. Hence, LGR4 
and ΔNP63α basal/progenitor markers were investigated in 
BPH epithelial cells with the treatment of CM derived from 
activation and inhibition of stromal-AR. The transcript lev-
els of LGR4 (12.55 ± 3.1fold; p ≤ 0.05) and its downstream 
effector, β-Catenin (3.59 ± 0.7-fold; p ≤ 0.05) showed upreg-
ulation in BPH epithelial cells with TP-CM treatment as 
compared to Control-CM and Nil-CM treatments (Fig. 5a). 
Additionally, the protein expression of LGR4 (2.2 ± 0.2 

folds; p ≤ 0.05) and ΔNP63α (1.8 ± 0.16 folds; p ≤ 0.05) 
were significantly increased with TP-CM treatment no sig-
nificant alterations in LGR4 (0.74 ± 0.04-fold; p > 0.05) 
and ΔNP63α (0.98 ± 0.25-fold; p > 0.05) in Nil-CM treated 
group in BPH epithelial cells (Fig. 5b). Thus, the results 
suggest that activation of stromal-AR derived CM supports 
the increased levels of LGR4/β-Catenin/ΔNP63α suggesting 
a positive effect on basal/progenitor markers.

Discussion

Crosstalk between stromal and epithelial cells in the prostate 
tumor microenvironment has immense implications in tumor 
growth. The involvement of stroma has been identified as a 
key regulator of PCa tumors [18]. The cells of cancerous 
stroma, known as cancer-associated fibroblasts (CAFs), can 
aggressively induce PCa progression, metastasis, and ther-
apy resistance in patients [19, 20]. However, the role of AR 
in stromal-epithelial crosstalk is not largely explored during 
BPH condition. Hence, to explore the role of stromal-AR 
on epithelial cells, we have isolated fibroblasts from BPH 
patients expressing Vimentin and α-SMA, ensuring the pres-
ence of SMCs, the major cell type of adult prostate stroma 
[21, 22]. The majority of these isolated SMCs are  CD90+ve/
CD34−ve and interestingly,  CD90+ve stromal cells are in 

Fig. 3  Stromal-AR does not affect the secretion of IGF-1 in BPH 
patient-derived SMCs. a Quantitative estimation of IGF-1 in Control-
CM, TP-CM, and Nil-CM groups by ELISA; Mean ± S.E.M.; n = 3; 
b Cell proliferation of BPH epithelial cells after treatment of 10 ng/
ml anti-IGF-1-mAB in each secretome Control-CM, TP-CM, and Nil-

CM and compared with their respective treatment. Data represents 
Mean ± S.E.M.; n = 3;***p ≤ 0.001 all groups compared with SFM 
Control; $p ≤ 0.05, $$$p ≤ 0.001 Control-CM vs Control-CM + IGF-
1-mAb, ##p ≤ 0.01, ###p ≤ 0.001 TP-CM vs TP-CM + IGF-1-mAb, 
!p ≤ 0.05, !!p ≤ 0.01, !!!p ≤ 0.001 Nil-CM vs Nil-CM + IGF-1-mAb
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direct contact with the epithelial cells surrounding the acini, 
that express growth factors and genes related to cell motil-
ity, developmental process, and androgen biosynthesis to 
promote epithelial growth [23]. Hence, the isolated  CD90+ve 
SMCs in the present study must be directly influencing the 
epithelial cells in a paracrine manner.

AR is the master driver of PCa through epithelial cell 
proliferation contributing to tumor growth [24]. In agree-
ment with Leimgruber’s report, stimulation of TP in the 
primary cultures of SMCs enhanced their cell prolifera-
tion [25]. Additionally, stimulation of androgen in primary 
fibroblasts of healthy human subjects showed increased AR 
protein expression [26]. Previously, tissue recombination 
and mouse knockout depicted that activation of stromal-AR 
promotes epithelial growth during gland development [27, 
28]. Further, activation and inhibition of stromal-AR have 
substantial involvement in the disease progression of the 

prostate gland [5]. These evidences support that stromal cell 
secretome derived through stromal-AR activation is vitally 
involved in fetal development of the gland PCa progression 
also. The coculture between AR-negative stromal cells and 
PC3 cells resulted in enhancement of the growth rate of 
PC-3 cells compared to individually grown PC-3 cells [29]. 
Similarly, the coculture of AR expressing CAFs with PCa 
cell-lines showed decreased invasive potentials of the can-
cer cells [30–32]. Moreover, a greater decrease of stromal-
AR has been reported in the cells of the cancerous tissue 
as compared to BPH tissue which was also associated with 
increasing tumor grade [29]. Further, androgen deprivation 
and loss of stromal-AR alters paracrine actions by promot-
ing the invasiveness via altering the extracellular matrix in 
PCa patients [33, 34]. These evidences support the present 
data where inhibition of stromal-AR derived from BPH 
patient imposed clonogenic growth in the BPH epithelial 

Fig. 4  Inhibition of stromal-AR 
affects Myc, AR, and Akt levels 
in BPH epithelial cells through 
secreted factors. a Immunoblot 
images and graphs represent-
ing protein expression of AR, 
tAKt and pAkt normalized with 
β-Actin in BPH epithelial cells 
upon Control-CM, TP-CM, and 
Nil-CM treatments; Data repre-
sented as Mean ± S.E.M.; n = 3; 
*p ≤ 0.05, **p < 0.01 as com-
pared to control-CM; @p ≤ 0.05, 
TP-CM vs Nil-CM. b Graph 
representing transcript levels of 
cMyc in BPH epithelial cells 
upon Control-CM, TP-CM, 
and Nil-CM treatments; Data 
represented as Mean ± S.E.M.; 
n = 4; *p ≤ 0.05 as compared to 
control-CM
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cells through patient-derived stromal cell secretory factors. 
Moreover, this is the first report to highlight two completely 
diverse effects of cell-specific AR expression in BPH condi-
tion; where epithelial-AR activation increases clonogenic-
ity, but stromal-AR activation decreases clonogenicity in the 
BPH patients.

One of the key mitotic growth factors synthesized and 
secreted by stroma is IGF-1, and its receptor (IGF-1R) 
expressed on prostate epithelial cells that activate Akt sign-
aling [35]. The bioavailability of serum IGF-1 was found 
to be increased in BPH patients and its overexpression 
caused the neoplastic transformation of the murine prostate 
epithelium [36, 37]. In the present study, IGF-1 secretion 
from BPH stromal cells derived CM was not affected due 
to alterations in stromal-AR. Yet, trapping secreted IGF-1 
with mAb significantly reduced the growth of BPH epithe-
lial cells suggesting a significant contribution of stromal 
secreted IGF-1in cell proliferation. Since BPH stroma does 
not have as extensive chromatin changes as in CAFs, AR 
may not be able to exert similar regulatory action. Addition-
ally, AR was also found to regulate other secreted factors as 
well [38], which may involve in the survival and clonogenic-
ity of BPH epithelial cells.

We showed that the secretome of inhibited stromal-AR 
induces cell survival and clonogenicity which is corrobo-
rated with increased pAkt and cMyc and decreased AR 
levels. Previously, higher levels of cMyc expression were 

detected in PCa patients as compared to BPH patients [39, 
40] and bestow an androgen-independent and invasive PCa 
tumor growth [41, 42]. Previously, Williams et al. showed 
that increased cMyc expression in BPH epithelium is suffi-
cient to induce carcinogenesis [43]. The initiation, advance-
ment, and reoccurrence of PCa are often found to be driven 
by cMyc proto-oncogene [44, 45]. Further, Myc overexpres-
sion also reduced AR signaling in mouse xenografts and 
drives resistance against AR inhibitors and profoundly occu-
pied the chromatin sites of decreasing AR levels and pro-
motes AR-independent tumor growth [46–48]. The bigenic 
(mpAkt/Hi-Myc) mice model discovered that Myc promoted 
Akt to form drug-resistant PCa and increased pAkt levels 
inhibits apoptosis and supports the survival and growth of 
tumor cells in PCa [49, 50]. The majority of the stromal 
secreted growth factors and cytokines acts via activation of 
the Akt pathway for cell survival and proliferation [51, 52]. 
Since AR, cMyc, and Akt expressions are interlinked in PCa 
survival and tumorigenesis, their role is explicitly relevant in 
this study also. This study, therefore, corroborates cell sur-
vival and clonogenic growth of BPH epithelial cells, which 
was mediated through paracrine action of stromal-AR inhi-
bition, which induced the upregulation of oncogene cMyc 
and Akt. Thus, the progressive loss of stromal-AR in BPH 
patients enhances the risk of oncogenic activation and cell 
proliferation/survival pathways, which can aid malignant 
changes in the tissue.

Fig. 5  Activation of stromal-AR influences the basal/progenitor state 
of BPH epithelial cells through secreted factors. a Graphs represent-
ing transcript levels of LGR4 and β-Catenin in BPH epithelial cells 
upon Control-CM, TP-CM, and Nil-CM treatments; Data represented 
as Mean ± S.E.M.; n = 4; *p ≤ 0.05,**p ≤ 0.01 as compared to control- 

CM. b Immunoblot images and graphs representing protein expres-
sion of AR, LGR4 and ΔNP63α normalized with β-Actin in BPH 
epithelial cells upon Control-CM, TP-CM and Nil-CM treatments; 
Data represented as Mean ± S.E.M.; n = 3; *p ≤ 0.05, as compared to 
control-CM; @p ≤ 0.05, TP-CM vs Nil-CM
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The basal/progenitor cells profoundly contribute to the 
development of BPH and PCa [16]. AR expression is found 
negative or low in basal/progenitor cells, and increasing 
AR expression leads to differentiation of basal/progeni-
tor cells [53]. Furthermore, stromal secretory factors can 
regulate resident basal/progenitor cell populations in the 
prostate gland [54]. Kwon et al. recently discovered that 
coculturing stromal cells with basal stem cells increase 
basal phenotype and organoid forming activity of these 
cells through its paracrine activity [23]. Stromal cells 
produce multiple Wnt ligands that induce Wnt/β-Catenin 
signaling in prostate basal stem cells [55] which are regu-
lated by a key stemness marker, LGR4 [56, 57]. LGR4 
expression was depicted in both human basal and luminal 
cells and its overexpression drives AR signaling activation 
with increased cell survival during prostate tumorigenesis 
in PCa cell-lines [58, 59]. In this study, we have depicted 
that LGR4 and its downstream effectors AR and β-Catenin 
were increased in epithelial cells upon AR activated stro-
mal-AR secretome treatment. Increased β-Catenin can bind 
to the promoter of ΔNp63α and upregulate its expression 
[60, 61]. And ΔNp63α is the predominant isotype of P63 
that is specifically expressed in prostate basal stem cells to 
regulate the pool of the basal/progenitor population [62]. 
Thus, the upregulation of ΔNp63α in BPH epithelial cells 
supports positive regulation through the activation of stro-
mal-AR secretome. The present study exhibited the first 
key evidence on stromal-AR mediated positive regulation 
of ΔNp63α and LGR4/β-Catenin in basal/progenitor cells 

of BPH condition, which also rationalizes the pathological 
condition where increased basal/progenitor cells have been 
found due to expression of stromal-AR in the BPH tissue.

The current study reveals the regulatory role of AR 
that modulates the fate of epithelial cells via adjacently 
residing stromal cells in BPH condition. The study high-
lights the first evidence on activation of stromal-AR 
that maintains the basal state of the epithelial cells via 
LGR4, β-Catenin, and ΔNP63α expression but also lim-
its cell proliferation and inhibits clonogenic expansion in 
epithelial cells during BPH condition. On the contrary, 
secretome derived from stromal-AR inhibition, cause cell 
survival, and enhanced clonogenicity through cMyc and 
Akt leading to the hyperproliferative changes in BPH 
epithelial cells (Fig. 6). Although IGF-1 contributed to 
epithelial proliferation, the role of other secretory factors 
remained elusive. It has been reported that loss of AR is 
substantially more in PCa than in BPH patients, which is 
associated with poor outcome and relapse in PCa patients 
[32, 63]. Moreover, instances where BPH often coexist 
pathologically in a PCa patient [2, 64], stromal-AR has 
found to be lost in the tissue surrounding the PCa tumor, 
yet partially expressed surrounding the BPH tissue [64]. 
Hence, this study also validates the failure of androgen 
deprivation therapies in patients with coexisting BPH and 
PCa where loss or inhibition of stromal-AR in the BPH 
stroma can augment the growth or relapse of the PCa 
tumor. Hence, this in vitro study provides an insight into 
the complex role of stromal-AR loss that accomplice the 

Fig. 6  Stromal-AR exhibit diverse effects on BPH epithelial cells 
through secreted factors. Activation of stromal-AR limits the growth 
of the epithelial cells and regulates basal/progenitors. In contrast, 

inhibition of stromal-AR promotes AR-independent growth of the 
BPH epithelial cells with increased pAkt and cMyc expression, mak-
ing them prone to malignant transformation
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tumorous growth of BPH epithelial cells that could acquire 
malignant changes with androgen deprivation therapies.

Conclusion

Our study provides substantial evidence that stromal-AR 
activation protects the epithelial cells to acquire proliferative 
changes during BPH condition. Also, loss of stromal-AR 
and/or use of anti-androgens may bring an undesirable risk 
of aggressive tumor growth with malignant transformation 
of BPH epithelial cells. Thus, our study suggests the need 
for identifying the intriguing roles of stromal-AR and care-
fully designing treatment regimes of AR for better clinical 
outcomes in BPH and/or PCa patients.
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