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Abstract

Androgen Receptor (AR) activity in prostate stroma is required to maintain prostate homeostasis. 

This is mediated through androgen-dependent induction and secretion of morphogenic factors that 

drive epithelial cell differentiation. However, stromal AR expression is lost in aggressive prostate 

cancer. The mechanisms leading to stromal AR loss and morphogen production are unknown. 

We identified TGFβ1 and TNFα as tumor-secreted factors capable of suppressing AR mRNA 

and protein expression in prostate stromal fibroblasts. Pharmacological and RNAi approaches 

identified NF-κB as the major signaling pathway involved in suppressing AR expression by 

TNFα. In addition, p38α- and p38δ-MAPK were identified as suppressors of AR expression 

independent of TNFα. Two regions of the AR promoter were responsible for AR suppression 

through TNFα. FGF10 and Wnt16 were identified as androgen-induced morphogens, whose 

expression was lost upon TNFα treatment and enhanced upon p38-MAPK inhibition. Wnt16, 

through non-canonical Jnk signaling, was required for prostate basal epithelial cell survival. These 

findings indicate that stromal AR loss is mediated by secreted factors within the TME. We 

identified TNFα/TGFβ as two possible factors, with TNFα mediating its effects through NF-κB 

or p38-MAPK to suppress AR mRNA transcription. This leads to loss of androgen-regulated 

stromal morphogens necessary to maintain normal epithelial homeostasis.
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INTRODUCTION

The normal human prostate gland is arranged in a series of ducts lined with secretory 

luminal epithelial cells sitting atop basal epithelial cells attached to a basement membrane. 

The epithelial ducts are embedded in a fibromuscular stroma consisting of fibroblasts and 

smooth muscle cells. Elegant tissue recombination and mouse genetic studies determined 

that AR expression in the stroma, but not in the luminal epithelial cells, is required for ductal 

luminal cell development and that formation of luminal cell-lined ducts is driven by stroma-

derived, androgen-regulated paracrine-acting morphogens [1–11]. However, the full details 

on the androgen-induced paracrine stroma factors that drive luminal cell differentiation 

have yet to be clearly delineated. Initially, FGF10 and FGF7 (aka KGF) were proposed to 

be secreted by the stroma in response to androgen, although the results surrounding KGF 

remain controversial [2, 4, 12–20]. When added exogenously to isolated basal epithelial 

cells in tissue culture, either FGF10 or FGF7 can induce luminal cell differentiation [8, 16, 

21–24]. It remains unclear whether these are the only androgen-induced morphogens.

Prostate cancer, which arises from the epithelial compartment, is dependent on androgens 

and intrinsic AR activity for their growth and survival. However, AR expression in the 

surrounding cancer stroma is reduced or absent in prostate cancers [25–30], and positively 

correlates with disease aggressiveness and poor outcome. Androgen deprivation therapy 

(ADT), which is the standard of care for advanced prostate cancer, also leads to loss of 

stromal AR function [6]. However, it is not known how AR is lost from the stroma or 

its consequence on stromal androgen signaling. Given stromal AR is required to maintain 

normal prostate homeostasis, its loss may contribute to cancer progression. The ability of 

tumor cells to convert underlying stromal cells into cancer-associated fibroblasts (CAFs) and 

the dependency of the tumor on CAFs is well documented [31–37]. Whether stromal AR 

loss is a consequence of CAF conversion is unknown.

The mechanisms that maintain AR levels are highly complex with control exerted by several 

pathways in a cell-, tissue-, and developmental stage-specific manner. Most studies on AR 
gene regulation were conducted primarily in tumor cells. The human AR promoter lacks a 

classical TATA-box and contains two initiation sites flanked by GC-rich Sp1 binding sites 

[38–40]. Numerous transcription factors have been mapped to the AR promoter [41]. Some 

reportedly enhance AR mRNA expression, such as Myc [42, 43], CREB [44], FOXO3a 

[45], Twist1 [46], Smad2/3 [47], Wnt/LEF-1 [48], Zeb1 [49], and GATA2 [50, 51], while 

others suppress AR transcription, such as p53 [52] and E2F1 [53, 54]. Two other regulators 

of AR mRNA expression, NF-κB and AR protein itself have been reported to act as both 

suppressors and activators depending on the context and cell type. Two AR binding sites 

are located within the second exon and coding region of the AR gene, where depending on 

the androgen response, can enhance or suppress AR gene transcription [43, 55, 56]. Several 
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NF-κB binding sites that enhance AR mRNA expression have been mapped on the human 

[57] and rat [58–60] AR gene promoters; however, these sites are not conserved between 

the species. One upstream NF-κB site in the rat [59] and a binding site in the 5’-UTR of 

the human AR gene reportedly repress AR expression [61, 62]. A caveat of all the human 

AR promoter studies is that they were conducted in metastatic prostate cancer cell lines, 

primarily LNCaP, which may not completely reflect how AR transcription is controlled in 

normal cells. One exception, ZEB1 binding to the human AR promoter was conducted in 

foreskin fibroblasts [49]. On the other hand, the rat studies were conducted in normal Sertoli 

or liver cells [58–60].

These studies highlight the varied ways in which AR gene transcription can be regulated 

and highlight the need to better understand specific mechanisms under specific responses 

in the relevant cell types. These studies also highlight the fact that the mechanisms driving 

AR gene expression in normal prostate stroma are unknown. In this study, we investigated 

how TNFα, secreted from tumor cells, induces signal transduction pathways that suppress 

transcriptional regulation of the AR gene in human prostate fibroblasts and the consequences 

on stromal fibroblast morphogens.

MATERIALS AND METHODS

Cell culture.

Benign human prostate stromal cells (BHPrS1), immortalized with hTert, were obtained 

from Simon Hayward [9]. C4–2 and 22Rv1 cells were obtained from ATCC and grown in 

RPMI (Gibco) with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin at 37C 

in a humidified atmosphere containing 5% CO2. Three deidentified primary prostate punch 

biopsies from normal human patient tissue were obtained through our tissue biorepository 

using an approved IRB protocol. These biopsies were used to isolate stromal fibroblasts. 

Cells were grown and cultured in the same medium as BHP cells. HPV-immortalized human 

prostate basal epithelial cells were cultured in KSFM medium supplemented with EGF 

and BPE as previously described [63]. All cells were routinely tested for Mycoplasma 

contamination every six months using MycoAlert Mycoplasma Detection Kit (Lonza). Cell 

lines were validated annually by STR.

Reagents.

Inhibitors BAY-11–7082 (cat S2913), Caffeic Acid Phenethyl Ester (CAPE) (cat S7414), and 

Takinib (cat s8663) were purchased from Selleck chemicals. 5Z-7-Oxozeaenol (cat O9890) 

was purchased from Millipore sigma. Pan p38 and Jnk inhibitors, BIRB796, SB202190, 

AS601245, and SP600125 were purchased from Cayman chemical company.

Cytokine array.

Equal amounts of protein, 100μg, from C4–2 and 22RV1 cells were incubated with a human 

cytokine antibody array C2000 (Ray Biotech Inc) according to the manufacturer’s protocol. 

Array membranes were incubated with a 1:10 dilution of cell lysate for 2 hours. The array 

membrane was washed, incubated with a biotin-conjugated anti-cytokine mix for 2 hours, 

washed again, and developed for 2 hours with biotinylated streptavidin. The membrane 
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signals were captured by scanning and analyzed with the Ray Biotech Analysis tool. Signals 

were normalized relative to internal positive and negative controls included on the array. 

Signal intensity was used to rank high, medium high, and medium expression levels relative 

to the controls.

Conditioned medium assay.

22Rv1 tumor cells were cultured for 7 days in RPMI with 10% FBS and medium was 

collected (conditioned media). BHPrS1 or a primary human prostate stromal culture were 

starved 24 h, then treated with conditioned medium from 22Rv1 cells for 24 h. Cell lysates 

were assessed by immunoblotting.

Cell survival assay.

PrECs were plated at 50% confluency into 24 well tissue culture plates in KSFM with 

supplements. Cells were then starved in KSFM without supplements for 24h, then treated 

with different concentrations of Jnk inhibitors for 2–24h in the absence or presence of 0.2–

0.8μg/ml Wnt16. Cells were fixed in crystal violet, imaged, and quantified in Synergy2 plate 

reader.

Immunoblotting.

Cells are lysed in 1X RIPA from Cell Signaling Technology supplemented with a 1:100 

Protease/Phosphatase inhibitor cocktail (A32961 Thermo scientific). Protein concentrations 

were determined using the Pierce™ BCA Protein Assay Kit (23225 Thermo scientific) 

and 30μg of protein was resolved by electrophoresis on 10% SDS-PAGE. Proteins were 

transferred onto a PVDF membrane and blocked with 5% BSA in TBST buffer (0.01 M 

Tris-Cl, 0.15 M NaCl, 0.5% Tween-20, pH 8.0) at room temperature for 1h. The membrane 

was incubated with indicated antibodies (Supplementary Table S1) overnight at 4C or 3h 

at room temperature in 5% BSA/TBST followed by a LI-COR secondary antibody for 1h 

at room temperature. The signal was detected using a LI-COR Odyssey Infrared Imaging 

System. Alternatively, HRP-secondary antibodies followed by ECL imaging on Genesys 

system was used.

Immunofluorescence.

Cell lines grown on coverslips were exposed exogenously to 30ng/ml TNFα (R & D) or 

10ng/ml TGFβ1 (Tonbo bioscience) for 24h. The cells were fixed for 10 minutes in 4% 

paraformaldehyde, then permeabilized for 5 minutes in 0.5% Triton-X in PBS and blocked 

for 1h in 4% BSA in PBS at room temperature. Fixed cells were washed three times with 

PBS before every step. The indicated primary antibodies (Supplementary Table S1) were 

diluted in 1% BSA in PBS, while secondary fluorescent antibodies were diluted in PBS. 

Both were incubated at room temperature for 1h.

Quantitative real-time PCR.

Total RNA was isolated using the RNeasy Plus Kit (Qiagen). RNA (1μg) was employed 

for first-strand cDNA synthesis using qScript cDNA Super Mix (Quant Bio). The resulting 

cDNA (30ng) was used as templates for qRT-PCR to analyze mRNA expression using Apex 
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SYBR® Green PCR Master Mix (Genesee Scientific) with primers (Integrated DNA) for 

AR, FGF10, WNT16, and KGF (Supplementary Table S2). Data were normalized to 18S or 

GAPDH.

siRNA transfection.

Custom siRNA to knockdown Tak1, p38α, and p38δ (Supplementary Table S3) was 

purchased from Horizon, Inc. BLAST analysis showed no homology of the siRNA 

sequences to any other sequences in the Human Genome Database. 30nM siRNAs were 

transfected using Lipofectamine™ RNAiMAX (Thermo Fisher Scientific) according to 

Horizon protocol in six well plates. A control siRNA pool from Horizon served as a control.

Tet-inducible shRNA.

Doxycycline-inducible shRNA targeting RelA was generated as previously described [19]. 

Fwd 5’-CTA GCA TGG ATT CAT TAC AGC TTA ATT −3’ and Rev 5’-AAT TCA AAA 

AAT GGA TTC ATT ACA GCT −3’ oligos were purchased from IDT. Sense and antisense 

oligos was annealed and ligated into pLKO-Puro EZTetON lenti-viral vector using Nhe 

and EcoR1 sites, creating pLKO-EZTetONshRelA [24]. The integrity of the plasmids was 

verified by sequencing (Eton Biosciences). Lentivirus was packaged in HEK293 cells using 

packaging plasmids pMD2 and psPAX2 (Addgene) and virus collected 24h later. Virus was 

used to infect BHPrS1 cells and pools were selected and maintained with 2μg/ml puromycin. 

Doxycycline (Millipore) at 200 ng/ml was determined to be the optimal dose to inhibit 

expression within 48h and was used for subsequent assays.

Luciferase assays.

Wildtype AR promoter sequence, spanning −1040 to +499, was subcloned into the Nano 

luciferase reporter vector pNL3.2 [NlucP/minP] (cat N1041; Promega) using the KpnI and 

BglII (Gene Universal). AR promoter deletions were created by Gene Universal. Firefly 

luciferase reporter driven by the cytomegalovirus (CMV) promoter, pGL4.53[luc2/PGK (cat 

N1610; Promega), served as the internal control for signal normalization. A non-promoter 

luciferase reporter was used as a negative control for basal activity of the dual-reporter 

vector. The constructs were confirmed by DNA sequencing (Eton Biosciences).

BHPrS1 cells were cultured at a density of 2 × 104 cells/well in 96-well culture plates and 

co-transfected with plasmid reporter DNA either empty, wild type, or mutant AR (1 μg 

PNl-Nano) luciferase construct, along with Firefly luciferase (0.1 μg pGL4.53) for 48h using 

Fugene (Promega). The activities of Nano and Firefly were determined using the Nano Glo 

Dual Luciferase Assay Kit (Promega). The luminescence was measured using a Synergy 2 

plate reader. The Nano signal was normalized to Firefly.

ChIP assays.

Formalin-crossed chromatin was isolated from BHPrS1 cells treated with or without 

30ng/ml TNFα and digested with micrococcal nuclease using Cell Signaling Technology 

SimpleChIP Enzymatic Chromatin IP Kit. Total nuclear NF-κB and phosphorylated CREB1/

ATF1 were immunoprecipitated using ChIP validated antibodies, i.e., P-CREB/ATF1 (9198) 

and NF-κB (8242) from Cell Signaling Technology. Precipitated chromatin crosslinking was 
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reversed, purified, and used for qPCR using Apex SYBR® Green PCR Master Mix (Genesee 

Scientific) with primers (Integrated DNA) for regions within the AR promoter and 5’UTR. 

(Supplementary Table S4). Data was normalized to 2% input. Controls included IgG and 

Histone3 supplied with the kit.

Statistical analysis.

All results are from at least three independent experiments. Student’s t-test was used to 

compare two groups, while one-way analysis of variance (ANOVA) for comparing more 

than two groups. Graphs and statistics were generated using GraphPad Prism 9.0.2. A 

p-value less than 0.05 was considered statistically significant. Data met the assumptive 

criteria of normal distribution and variance.

RESULTS

Tumor-secreted factors TNFα and TGFβ1 suppress stromal AR expression.

To identify tumor-secreted factors that influence stromal AR expression, cytokine array 

profiling of two prostate cancer cell lines, C4–2, and 22Rv1, was used to identify secreted 

proteins shared by both cell lines (Fig. 1A; Supplementary Table S5). Treatment of normal 

BHPrS1 prostate fibroblasts with either TNFα or TGFβ1 for 24h resulted in suppression of 

AR mRNA and protein (Fig. 1B–F). Addition of 10nM synthetic androgen R1881 increased 

the level of AR protein (Fig. 1E), but not AR mRNA (Fig. 1F), consistent with the known 

role of androgen in stabilizing AR protein [64–66]. However, R1881 did not block the 

ability of TNFα or TGFβ1 to suppress AR mRNA or reduce AR protein (Fig. 1B,E,F). 

TGFβ1 treatment led to increased expression of CAF markers Col1A1 and αSMA, as well 

as morphological changes (not shown), as expected [31, 67, 68]; however, TNFα did not 

cause CAF conversion (Fig. 1D,E). Thus, the loss in AR expression by TNFα is not strictly 

due to CAF conversion. Three additional tested cytokines, GDF15, FGF9, and bFGF, were 

unable to suppress AR expression (not shown). These data suggest TNFα may specifically 

suppress AR expression in prostate stroma fibroblasts through transcriptional repression 

independent of CAF conversion.

TNFα activates TAK1, NF-κB, and MAPK (p38 and JNK) pathways.

Both TNFα and TGFβ1 downregulate AR expression equally and are not additive when 

used in combination (Fig. 1F), suggesting they share a common signaling pathway. Both are 

known to activate TAK1 leading to NF-κB and Jnk/p38 MAPK signaling [69–71]. Since 

TGFβ1 is a major driver of CAF conversion and TNFα induces AR loss in the absence of 

CAF conversion, we focused on TNFα. BHPrS1 fibroblasts were treated with TNFα for 

different times, from 10m to 24h, and activation of NF-κB, TAK1, p38, and Jnk signaling 

measured. Maximal down-regulation of AR was seen between 18h and 24h (Fig. 2A), which 

mirrored the activation kinetics of TAK1 (Fig. 2B) strongly suggesting a connection to 

AR suppression. Within 10min, TNFα rapidly increased IκB phosphorylation, resulting in 

subsequent IκB degradation, phosphorylation of NF-κB (Fig. 2A), and nuclear translocation 

(Supplementary Fig. S1A). A similar rapid activation of p38-MAPK and Jnk signaling was 

also observed (Fig. 2B), although a basal level of p38α activation and nuclear localization 
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was detected (Supplementary Fig. S1B). Activation of all these pathways was sustained 

through 24h. The p38 target, pCREB/pATF1 is constitutively phosphorylated (Fig. 2C).

TAK1 is not required for TNFα-mediated suppression of AR expression.

To determine if TNFα-mediated inhibition of AR is TAK1 dependent, stromal fibroblasts 

were treated with two TAK1 inhibitors, 5Z-7 or Takinib [72, 73]. Treatment with 5Z-7 

robustly inhibited the downstream pathways, NF-κB, p38α, and Jnk, and rescued TNFα-

induced inhibition of AR mRNA and protein (Supplementary Fig. S2A,B). However, 

Takinib only partially rescued AR expression, and had no effect on downstream pathways 

(Supplementary Fig. S2C). TAK1 expression was silenced with two different siRNAs. 

Efficient suppression of TAK1 expression failed to rescue AR expression (Supplementary 

Fig. S2D). Thus, TAK1 is not required for TNFα-mediated suppression of AR and is not 

required for TNFα-induction of NF-κB, p38, or Jnk. The apparent rescue by 5Z-7 is likely 

due to non-specific effects on other kinases [72, 73].

Inhibition of NF-κB reverses TNFα-induced AR suppression.

To determine whether NF-κB contributes to TNFα-mediated AR suppression, independent 

of TAK1, two different NF-κB inhibitors were used to suppress NF-κB signaling. 

BAY118012 blocks IκB phosphorylation [74], and CAPE blocks NF-κB nuclear 

translocation [75] (Supplementary Fig S1A). Both prevented TNFα-induced suppression 

of AR mRNA and protein (Fig. 2D,E). Similarly, doxycycline induced expression p65-RelA 

shRNA blocked TNFα-induced down-regulation of AR mRNA and protein (Fig. 2F,G). This 

occurred in the absence or presence of R1881. Thus, TNFα-induced loss of AR expression 

in prostate stromal fibroblasts is mediated primarily through NF-κB activation.

p38-MAPK represses basal AR expression.

To determine if MAPK signaling through p38 or Jnk is required for TNFα induced 

AR downregulation, p38 or Jnk signaling was inhibited. Inhibition of Jnk signaling with 

two different pan Jnk inhibitors did not rescue AR expression suppressed by TNFα 
(Supplementary Fig. S3). Treatment of prostate stromal cells with two different pan p38 

inhibitors, BIRB796 and SB202190, rescued AR mRNA and protein expression suppressed 

by TNFα (Fig. 3A–C). In fact, the amount of AR mRNA and protein in the p38 inhibitor-

treated cells was greater than that seen in the control cells. To investigate a possible role 

for p38, in the suppression of AR expression, independent of TNFα, the p38α isoform was 

silenced with siRNA in the absence of TNFα. Silencing p38α expression alone, with or 

without androgen stimulation, resulted in increased expression of AR mRNA (Fig. 3D). This 

indicates p38α plays a suppressive role, independent of androgen, to limit basal levels of AR 

expression in prostate stromal fibroblasts.

To further determine the role of p38α in the TNFα-mediated suppression of AR, two 

different siRNAs were used to silence p38α. However, efficient knockdown of p38α was 

not sufficient to rescue AR protein expression suppressed by TNFα (Fig. 3E). Prior studies 

demonstrated that other isoforms of p38, especially p38δ, are upregulated when p38α 
expression is inhibited [76]. Analysis of p38δ mRNA following p38α knockdown revealed 

a 1.5-fold increase in p38δ mRNA expression (Fig. 3F). To determine the extent to which 
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p38α and/or p38δ contribute to AR downregulation by TNFα, p38α or p38δ alone or in 

combination were silenced with siRNA. Like p38α knockdown, loss of p38δ also led to 

an increase in basal AR levels, but still was not sufficient to rescue AR loss induced by 

TNFα (Fig. 3H). Furthermore, combined loss of both p38α/p38δ also failed to prevent AR 
mRNA and protein downregulation induced by TNFα (Fig. 3G,H). Overall, these findings 

demonstrate p38α and p38δ are negative regulators of basal levels of AR expression, but 

they are not involved in TNFα-induced AR suppression.

NF-κB binding regions in the AR promoter are required for AR suppression.

The AR promoter contains several classical p65/RelA binding sites, some of which have 

been reported to suppress or enhance AR expression depending on the context [57, 59–

61]. In addition, the AR promoter contains several predicted CREB/ATF binding sites, 

classical p38-MAPK targets. To Identify key repressive AR regulatory regions, a set of 

luciferase reporters containing N- and C-terminal deletions in 1.5kb of the AR promoter 

were generated (Fig. 4A). After transient co-transfection with a firefly control plasmid, the 

ability of TNFα to suppress luciferase reporter activity was measured in WT and mutant 

reporter transfected cells. Treatment of cells with TNFα resulted in the suppression of 

luciferase activity on the WT promoter. However, TNFα was no longer able to suppress 

luciferase activity from mutants harboring deletions from −1040 to −300 (DM1) and from 

+140 to +300 (DM3) (Fig. 4B). In fact, significantly higher basal levels of luciferase activity 

were seen in DM1 relative to WT control.

In DM3, one known repressive NF-κB/B-Myb binding site, +142 to +182, one putative 

NF-κB site, +276 to +285, and one putative C site, +232 to +244 were removed (Fig. 4C). 

Loss of these elements completely blocked TNFα-induced suppression but did not lead to 

higher basal levels of expression, consistent with this being a primary region repressed by 

TNFα via NF-κB signaling. Shorter deletions 3’ to this region did not rescue AR expression 

(DM4, DM5). In DM1, removal of 5 putative ATF binding sites (−491 to −484; −563 -to 

−556; −873 to −862; −978 to −967; −1004 to −997) and 4 putative NF-κB sites (−1026 

to −1015; −910 to −899; −604 to −595; −426 to −415) (Fig. 4C), completely rescued 

TNFα-induced suppression and increased basal expression (Fig. 4B), indicating a site within 

this region that is both basally repressive and sensitive to TNFα signaling. However, further 

3’ deletion to −153 (DM4), restored TNFα suppression. This could be due to the inadvertent 

development of a new cryptic repressive site, or interactions between this 150bp region and 

the 5’UTR repressive region that mask its repressive activity.

ChIP was used to determine if NF-κB or phosphorylated CREB1/ATF1 bind to any of 

the predicted promoter elements in AR (Fig. 4C). NF-κB was inducibly bound to 2 sites 

in the AR 5’UTR and 3 sites in the AR promoter (Fig. 4D). In addition, phosphorylated 

CREB1/ATF1 was inducibly bound to one site in the 5’UTR. However, no phosphorylated 

CREB1/ATF1 was found bound to any of the 5 promoter regions in the AR promoter (not 

shown). Thus, TNFα primarily induces NF-κB binding to distinct regions within the AR 

promoter and 5’UTR. Activated phosphorylated CREB1/ATF1 at the AR 5’UTRmay also 

contribute to TNFα-mediated AR repression. However, phosphorylated CREB1/ATF1 were 

not bound within the AR promoter regions that confer repression via p38α/δ.
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AR suppression in primary patient stromal cells by TNFα, TGFβ, and p38.

To determine if TNFα or TGFβ can suppress AR in patient primary stroma, stromal 

cells from normal prostate tissue of three different patients were isolated and cultured in 
vitro using established methods [77]. When stromal cultures were treated with TNFα in 

the presence or absence of R1881, we saw a decrease in AR expression in two of three 

patients; however, this was reversed by androgen treatment (Fig. 5A,B,C). When the same 

three stromal cultures were treated with TGFβ1 in the presence or absence of R1881, AR 

protein was reduced in the presence or absence of androgen (Fig. 5A,B,C), even though 

androgen increased total AR expression. In three primary lines examined, the levels of 

p38α induction by TNFα were minimal, as similarly seen in the BHP cells (Fig. 5,B,C,D). 

To determine if p38 signaling contributes to AR downregulation, p38 was inhibited with 

BIRB796. Inhibition of p38 with two different concentrations of BIRB796 rescued the AR 

protein and mRNA expression suppressed by TNFα (Fig. 5D,E). In fact, the amounts of 

AR mRNA and AR protein in the p38 inhibitor-treated cells were greater than those seen 

in the control cells; as also seen in the BHP cells. We further demonstrated that TNFα, but 

not TGFβ, induces NF-κB phosphorylation in both BHP and primary cells (Fig. 5C). Thus, 

TGFβ likely suppresses AR expression through a mechanism that does not involve NF-κB 

or p38.

Conditioned medium (CM) was used to determine if it is TNFα, or something else, secreted 

from tumor cells that suppresses AR. BHPrS1 and primary stromal cells were treated for 24 

hours with CM collected from 22Rv1 tumor cells after 1 week in culture. 22Rv1-CM was 

sufficient to suppress AR expression in BHP cells, but not primary cells (Fig. 5F). However, 

no NF-κB signaling was detected in the CM-treated BHP cells. Furthermore, the primary 

cells, which are not responsive to TNFα but do respond to TGFβ (Fig. 5B), did not respond 

to CM. These data suggest that multiple factors may be involved in suppressing stromal AR 

expression depending on the context.

TNFα and p38-MAPK negatively control stromal AR target genes.

To determine what factors are secreted by the prostate stromal fibroblasts in response 

to androgen stimulation, qRT-PCR was used to interrogate known prostate morphogens. 

Treatment of stromal cells with R1881, increased the levels of FGF10 and WNT16 mRNA 

4-fold, but not FGF7 mRNA (Fig. 6A). Based on immunoblotting, R1881 led to a clear 

induction of FGF10 protein and a modest induction of Wnt16 (Fig. 6B). Due to their 

hydrophobic nature, secreted Wnts are difficult to detect by standard ELISA [91]. To better 

measure Wnt16 production by androgen, prostate stromal fibroblasts were treated with the 

porcupine inhibitor, IWP-2, to block Wnt secretion, which led to increased accumulation 

of Wnt16 within the cell (Fig. 6C). IWP-2-induced accumulation of Wnt16 in the cell was 

further enhanced by R1881 treatment (Fig. 6C), indicating androgen enhances Wnt16 levels.

When stromal fibroblasts were treated with TNFα in the presence of R1881, AR targets 

FGF10 and WNT16, but not FGF7, were downregulated (Fig. 6D). Conversely, when p38α 
was knocked down by siRNA, both FGF10 and WNT16 mRNA were increased ~3-fold, 

and this was dramatically enhanced up to 10-fold upon stimulation with androgen (Fig. 

6E). FGF7 mRNA was not repressed by TNFα but instead enhanced ~2-fold (Fig. 6D). 
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FGF7 mRNA was increased 3.5-fold by loss of p38α, but this was not further enhanced by 

androgen treatment (Fig. 6E). Altogether, these findings indicate that FGF10 and Wnt16, but 

not FGF7(KGF), are classical targets induced by androgen in prostate stromal cells; their 

expression is influenced by TNFα, NF-κB, and p38α, which also control AR expression.

Wnt16 maintains prostate basal cell survival via Jnk signaling.

Numerous studies have shown the primary function of FGF10 is to suppress epithelial 

proliferation and drive luminal cell differentiation [2, 8, 12, 16, 21, 63, 78]. To determine 

how Wnt16 contributes to epithelial cell homeostasis, PrEC cells were treated with Wnt16 

and the effects on canonical and non-canonical signaling measured. Treatment with Wnt16 

had no effect on β-catenin nuclear localization or its phosphorylation, but instead lead to a 

dramatic increase in Jnk signaling (Fig. 7A,B). Treatment of PrECs with two different Jnk 

inhibitors resulted in loss of Jnk signaling (Fig. 7C) and significant loss of PrEC viability 

(Fig. 7D; Supplementary Fig. S4), and loss of both basal and Wnt-induced Jnk signaling 

(Fig. 7E). Thus, Wnt16 contributes to epithelial homeostasis via non-canonical signaling to 

maintain basal cell survival.

DISCUSSION

The findings from this study provide new insights into possible molecular mechanisms 

underlying the regulation of AR expression in prostate stromal fibroblasts and has many 

implications for prostate cancer etiology. We identified at least two tumor-secreted factors, 

TNFα and TGFβ1, which could play a role in suppressing stromal fibroblast AR expression. 

Mechanistically, loss of AR expression occurs through transcriptional repression at the AR 
promoter. Specifically, TNFα mediates repression of AR expression through classical NF-

κB/RelA signaling, independent of CAF conversion, by acting at two regions encompassing 

5 binding sites within the AR promoter, −1000 to −300bp upstream and within the 5’-UTR. 

CREB1/ATF1 was also found to be activated within the 5’-UTR. Another unexpected 

mechanistic finding is that p38α and p38δ are negative regulators of basal AR expression. 

Suppression of AR by p38-MAPK is localized −1000 to −300bp upstream of the AR 
transcriptional initiation site. However, activated CREB1/ATF1 is not likely responsible for 

this repression. While these studies strongly support a transcriptional repressive mechanism, 

we cannot rule out the possibility there are additional mechanisms involved through 

regulation of mRNA or protein stability.

This is the first study to investigate the mechanisms of AR promoter repression in a normal 

human cell type. Most human AR promoter studies have been conducted in metastatic 

tumor cell lines where promoter dysregulation is a major mechanism driving prostate cancer 

progression. A few AR promoter studies have been conducted in normal tissues of rats, 

where there are distinct species differences [41]. In rat Sertoli cells, TNFα/TGFβ1 were 

shown to enhance AR expression [60]. However, NF-κB repressed AR expression in human 

tumor cells via the negative regulatory element within the 5’-UTR of the AR gene, through a 

RelA/Myb repressor complex [61]. Our studies suggest this same NF-κB repressive element, 

as well as one 100bp further downstream and close to a CREB1/ATF1 binding site may 

also be important for TNFα-mediated repression of AR in human prostate fibroblasts. Our 
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studies also identified a second TNFα-repressive region at −1000 to −300, where three 

TNFα-induced binding sites for NF-κB were identified.

The effects of TNFα or TGFβ1 on AR suppression were further validated in freshly isolated 

primary stromal cells. TGFβ1 significantly suppressed AR expression in three isolates, 

whereas TNFα only modestly repressed in two isolates. This discrepancy could be due 

to heterogeneity of the isolates, being made up of both smooth muscle and fibroblasts, 

and/or relative levels of respective receptor expression. TNFα also induced NF-κB signaling 

in primary cells, similarly to the immortalized cells, but TGFβ did not. Interestingly, 

blocking p38-MAPK signaling led to elevated AR expression, just as we observed in our 

immortalized cell line, strongly supporting the new finding that p38-MAPK signaling acts as 

a suppressor of AR expression in prostate stroma.

The biological implications of AR loss in the stroma are highlighted by the fact that loss 

of AR expression, either through TNFα or p38-MAPK signaling, leads to loss of two 

stromal AR target morphogens, FGF10 and Wnt16, but not FGF7 (aka KGF). FGF10 and 

FGF7 are known morphogens for prostate organogenesis, which act on the basal cells to 

initiate luminal cell differentiation [12, 13, 19, 21, 22, 79]. That FGF10 is an AR target 

is well-documented, but FGF7 doesn’t seem to be a strong candidate for an AR target in 

fibroblasts [14, 17, 18, 78]. However, one report suggests the source of AR-induced FGF10 

might be different from that of FGF7, i.e., one from fibroblasts and the other from smooth 

muscle. This would be consistent with mouse genetic studies where loss of AR in both cell 

types is more severe than either cell type alone [4, 5, 80]. It was first observed in the WPMY 

fibroblast cell line that overexpression of AR was sufficient to increase WNT16 mRNA 

expression [81]. In the BHPrS1 line, we found that just adding androgen was sufficient to 

induce WNT16 mRNA. Both FGF10 and WNT16 are super activated by androgen when 

p38α/δ signaling is blocked, further confirming these are true targets of androgen signaling 

via AR in prostate fibroblasts. We have not yet determined whether they are direct or 

indirect AR targets.

We extended these studies to demonstrate that Wnt16 acts on basal prostate epithelial cells 

to sustain their survival through non-canonical Jnk signaling. Luminal cell adhesion to the 

basal cell layer via E-cadherin is critical for maintaining luminal cell survival in the normal 

gland [21], hence, loss of basal cells in the normal gland would disrupt homeostasis. Loss of 

basal cells is in fact a hallmark of high grade PIN in prostate cancer [82], where presumably 

intrinsic luminal AR or other pathways drive tumor cell survival. The mechanisms that lead 

to basal cell loss are unknown, but our studies strongly suggest that Wnt16 secretion is lost 

upon stromal AR loss, leading to basal cell death and their loss during oncogenesis.

Identification of NF-κB and p38 signaling as suppressors of AR expression in prostate 

tumor stroma opens the possibility of using these as biomarkers for prostate cancer 

aggressiveness, or in co-targeted therapies to restore AR signaling in the stroma. While 

we identified two possible tumor-secreted factors that can cause stromal AR loss, it seems 

that neither may be the dominant factor secreted by 22Rv1 cells that mediates this effect. 

Given there are multiple factors secreted by any one tumor, there are likely multiple ways 

to suppress stromal AR. The extent to which they cooperate, dominate, or negatively impact 
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each other still needs to be determined. Moreover, it is likely there are differences between 

patients. In addition, other cells within the tumor microenvironment could be a source for 

TNFα or TGFβ to suppress stromal AR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: TNFα and TGFβ suppress AR expression.
A) Relative level (high, med/high, and medium) of secreted proteins shared by two prostate 

cancer cell lines, C4–2 and 22Rv1, based on cytokine array profiling. B-F) BHPrS1 cells 

treated with 30ng/ml TNFα or 10ng/ml TGFβ1 for 24h with or without 10nM R1881. B) 
Immunostaining for AR and nuclear staining with Hoechst (DNA) after R1881 treatment, 

captured by epifluorescence imaging. C) Quantification of nuclear staining in B. n=50, 

****p<0.0001. D,E) Immunoblotting for AR, αSMA, Col1A1, and GAPDH (GDH) or 

Tubulin. F) Fold change in AR mRNA as measured by qRT-PCR, relative to GAPDH and 

expressed fold change relative to untreated control. Error bars = SD, n=3, ***p<0.001. n.s. 

not significant.
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Figure 2: TNFα activates NF-κB to mediate TNFα-induced AR suppression.
A,B) BHPrS1 cells treated with 30ng/ml TNFα for different times from 10m to 24h. 

Activation of TAK1 (P-TAK1), NFκB (P-NFκB, P-IκB), p38α (P-p38α), and Jnk (P-

Jun) measured by immunoblotting. Controls included Tubulin and total levels of TAK1, 

IκB, NFκB, p38α, and Jun. C) BHPrS1 cells treated with 30ng/ml TNFα for 24 hr. 

Activated CREB1/ATF1 (P-CREB/P-ATF1), NF-κB (P-NFκB), and total levels measured 

by immunoblotting. D,E) BHPrS1 cells treated with 30ng/ml TNFα for 24h w/wo 2μM 

BAY118012 or different concentrations of CAPE. D) Levels of AR, P-NFκB, P-IκB, IκB, 

and Tubulin assessed by immunoblotting. E) Fold change in AR mRNA measured by 

qRT-PCR w/wo 2μM BAY118012 and 20μM CAPE. Error bars = SD, n=3, ***p<0.001. 

F,G) Cells expressing Tet-inducible shRelA treated w/wo 200ng/ml doxycycline for 24h, 

followed by 30ng/ml TNFα, w/wo 10nM R1881 for 24h. F) Level of AR, P-NFκB, 
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P-TAK1, NFκB, and Tubulin measured by immunoblotting. G) Fold change in AR mRNA 

measured by qRT-PCR. Error bars = SD, n=3, **p<0.005, ***p<0.001.
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Figure 3: p38-MAPK suppresses basal levels of AR expression.
A,B) BHPrS1 cells treated with 30ng/ml TNFα for 24h w/wo several doses of p38-MAPK 

inhibitors, BIRB796 and SB202190. Levels of AR, P-p38α, P-Jun, and GAPDH (GDH) 

assessed by immunoblotting. C) BHPrS1 cells treated with 30ng/ml TNFα for 24h w/wo 0.5 

μM BIRB796 and fold change in AR mRNA measured by qRT-PCR. Error bars = SD, n=3, 

***p<0.001; ****p<0.0005. D) BHPrs1 cells transfected with scrambled (−) or siRNA to 

p38α (+) for 24h, then treated w/wo 10nM R1881 for 24h. Fold change in AR and p38α 
mRNA measured by qRT-PCR. Error bars = SD, n=3, **p<0.005, ***p<0.001. E) BHPrs1 

cells transfected with scrambled or two different siRNAs to p38α (#1, #2) for 24h, then 

treated with w/wo 30ng/ml TNFα for 24h. Levels of AR, p38α, and tubulin measured by 

immunoblotting. F) BHPrS1 cells transfected with scrambled (−) or siRNA to p38α (+) 

for 24h. Fold change in p38α and p38δ mRNA measured by qRT-PCR. Error bars = SD, 

n=5, *p<0.01, **p<0.005. G, H) BHPrS1 cells transfected with scrambled, siRNA to p38α, 
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siRNA to p38δ, or in combination, for 24h, then treated with w/wo 30ng/ml TNFα for 24h. 

G) Levels of AR, p38α, p38δ, and tubulin measured by immunoblotting. H) Fold change in 

AR mRNA measured by qRT-PCR. Error bars = SD, n=3, **p<0.005; ***p<0.001.
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Figure 4: NF-κB and p38-MAPK target RelA and ATF binding regions in the AR promoter to 
control AR expression.
A) Diagram of wild type AR promoter luciferase reporter and deletion mutants. B) 
BHPrS1 cells were transiently transfected with nano luciferase control vector, wild type AR 
promoter, or indicated mutant promoters along with firefly control. Transfected cells were 

treated w/wo 30ng/ml TNFα for 24h. Levels of nano luciferase activity relative to firefly 

control were measured. Error bars = SD. n=4, **p<0.005, ***p<0.001; ****p<0.0001. C) 
Predicted CREB/ATF and RelA binding elements in AR promoter deletion mutants DM1 

and DM3. PCR primer regions for ChIP assay indicated (P0-P4, UTR). D) ChIP qPCR 

quantification, as percentage of input, of NF-κB and phosphorylated CREB/ATF1 binding 

at indicated sites (C)) within the AR promoter and 5’-UTR. Error bars = SD. n=4, *p<0.05, 

**p<0.01, ***p<.005.
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Figure 5: AR suppression in primary stromal cells.
A,B) Primary stroma from different patients treated (#1, #2) treated with 30ng/ml TNFα 
and TGFβ1 for 24h w/wo R1881. Levels of AR, αSMA, pP38α, pJun, and Tubulin assessed 

by immunoblotting. C) Primary stroma #3 (Prim #3) and BHPrS1 (BHP) cells treated with 

30ng/ml TNFα or 10ng/ml TGFβ1 for 24 hr. Levels of AR, activated NF-κB (P-NFκB) and 

p38α (P-p38α), and GAPDH assessed by immunoblotting. D,E) Primary stroma #1 treated 

several doses of p38-MAPK inhibitors, BIRB796 w/wo 30ng/ml TNFα. D) Levels of AR, 

pP38α, pJun, assessed by immunoblotting. E) AR mRNA measured by qRT-PCR. Error 

bars = SD, n=2, **p<0.001. F) Conditioned medium (CM) was collected from 22Rv1 cells 

grown in culture for 1 week. Primary stroma #2 (Prim #2) and BHPrS1 (BHP) cells were 

treated with a 1:1 ratio of CM and fresh growth medium for 24 hours. Levels of AR and 

GAPDH assessed by immunoblotting.
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Figure 6: FGF10 and Wnt16 are stromal AR targets suppressed by TNFα and p38-MAPK.
BHPrS1 cells treated w/wo 10nM R1881 for 24h. A) Fold change in levels of FGF10, 

WNT16, and FGF7(KGF) measured by qRT-PCR. Error bars = SD. n=3, **p<0.005. B) 
Levels of AR, FGF10, Wnt16, and tubulin following treatment w/wo R1881 assessed 

by immunoblotting. C) Levels of Wnt16 after treatment w/wo 5μM porcupine inhibitor 

(IWP-2) for 24h w/wo 10nM R1881. D) BHPrS1 cells treated with 30ng/ml TNFα for 24 

hours w/wo 10nM R1881. Fold change in FGF7, FGF10, and WNT16 mRNA measured 

by qRT-PCR. Error bars = SD. n=3, **p<0.005, ***p<0.001, ****p<0.0001. E) BHPrS1 

cells transfected with scrambled or siRNA to p38α and treated w/wo 10nM R1881. Fold 

change in FGF7, FGF10, and WNT16 mRNA measured by qRT-PCR. Error bars = SD. n=3, 

*p<0.01, **p<0.005, ****p<0.0001.
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Figure 7: Wnt16 maintains prostate basal cell survival via Jnk signaling.
A,B) PrEC in starvation medium treated with 200ng/ml recombinant Wnt16 for 24h. A) 
Nuclear localization of β-catenin measured by immunostaining. B) Activation of β-Catenin 

(P-βCat), total β-catenin (βCat), and Jnk signaling, P-Jun and total Jun, and GAPDH 

measured by immunoblotting. C) PrEC in growth medium treated with 20μM Jnk inhibitor 

SP600125 for 24 hr. Levels of activated Jun (P-Jun), total Jun, and GAPDH measured by 

immunoblotting. D,E) PrEC in starvation medium treated w/wo 200ng/ml Wnt16 for 2 hours 

w/wo different concentrations of D) AS601245 or E) SP600125. D) Viability measured 

by crystal violet staining. E) Level of Jnk activation (P-Jun) and Tubulin measured by 

immunoblotting.

Shekha et al. Page 25

Oncogene. Author manuscript; available in PMC 2025 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Cell culture.
	Reagents.
	Cytokine array.
	Conditioned medium assay.
	Cell survival assay.
	Immunoblotting.
	Immunofluorescence.
	Quantitative real-time PCR.
	siRNA transfection.
	Tet-inducible shRNA.
	Luciferase assays.
	ChIP assays.
	Statistical analysis.

	RESULTS
	Tumor-secreted factors TNFα and TGFβ1 suppress stromal AR expression.
	TNFα activates TAK1, NF-κB, and MAPK (p38 and JNK) pathways.
	TAK1 is not required for TNFα-mediated suppression of AR expression.
	Inhibition of NF-κB reverses TNFα-induced AR suppression.
	p38-MAPK represses basal AR expression.
	NF-κB binding regions in the AR promoter are required for AR suppression.
	AR suppression in primary patient stromal cells by TNFα, TGFβ, and p38.
	TNFα and p38-MAPK negatively control stromal AR target genes.
	Wnt16 maintains prostate basal cell survival via Jnk signaling.

	DISCUSSION
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:

