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Abstract

Androgen receptor (AR) regulation pathways are essential for supporting the growth and survival 

of prostate cancer cells. Recently, sub-populations of prostate cancer cells have been identified 

with stem cell features and are associated with the emergence of treatment-resistant prostate 

cancer. Here, we explored the function of AR in prostate cancer-associated fibroblasts (CAFs) 

relative to growth and stem-cell associated characteristics. CAFs were isolated from the murine 

cPten−/− L prostate cancer model and cultured with human prostate cancer epithelial (hPCa) cells. 

A murine-specific AR antisense oligonucleotide (ASO) was used to suppress expression of AR in 

the CAF cells. CAFs express low, but significant levels of AR relative to fibroblasts derived from 

non-malignant tissue. CAFs promoted growth and colony formation of hPCa cells which was 

attenuated by suppression of AR expression. Surprisingly, AR-depleted CAFs promoted increased 

stem cell marker expression in hPCa cells. Interferon gamma (IFN-γ) and macrophage colony 

stimulating factor (M-CSF) were increased in AR-depleted CAF cells and exhibited similar effects 

on stem cell marker expression as seen in the CAF co-culture systems. Clinically, elevated IFN-γ 
expression was found to correlate with histologic grade in primary prostate cancer samples. In 

summary, AR and androgen-dependent signaling is active in CAFs and exerts significant effects on 

prostate cancer cells. IFN-γ and M-CSF are AR-regulated factors secreted by CAF cells which 

promote expression of stem cell markers in prostate cancer epithelial cells. Understanding how 

CAFs and other constituents of stromal tissue react to anti-cancer therapies may provide insight 

into the development and progression of prostate cancer.
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Introduction

Androgen receptor (AR) regulated pathways are critical for prostate cancer (PCa) cell 

proliferation and survival. AR-targeting therapies are a mainstay of treatment in prostate 

cancer based primarily on effects observed on cell growth, treatment resistance and 

metastasis in malignant epithelial cells (Huggins and Hodges 1972; Niu, et al. 2008). 

However, AR is also instrumental in development and maintenance of non-malignant cells in 

prostate stroma. In utero, AR mediated stromal signals are required for the maturation of 

epithelial cells and the initiation of ductal morphogenesis during periods when epithelial AR 

expression is silenced (Cunha, et al. 2004; Prins and Putz 2008). In the post-natal period, AR 

expression in both stroma and epithelial compartments is required to complete the 

maturation of the prostate into a functional adult organ. While epithelial cells express higher 

levels of AR, stromal AR is still essential to maintain the homeostasis between stromal and 

epithelial cells through the regulation of epithelial cell survival, proliferation, differentiation, 

and regeneration (Kurita, et al. 2001; Yu, et al. 2012a).

Interactions between the stromal and epithelial compartments are important in the 

development of normal and malignant prostate tissue. Cancer-associated fibroblasts (CAFs) 

are the dominant cell type present in stromal tissue in cancer. Previous studies have shown 

that CAFs express functional AR and play a role in the development and progression of 

prostate cancer. For example, Niu et al. reported that stromal AR promotes the growth 

TRAMP and PC3 prostate cancer models (Niu et al. 2008). Lai and colleagues demonstrated 

that loss of stromal AR in the Pten+/− mouse model led to a reduced incidence of prostatic 

intracellular neoplasia (PIN) as well as a decreased proliferation rate in non-malignant 

epithelial cells (Lai, et al. 2012). Yu et al. demonstrated that knocking down AR in CAF 

cells led to decreased proliferation of normal, non-cancerous, prostate epithelium (Yu, et al. 

2012b). In contrast, clinical studies have shown decreased expression of stromal AR is 

associated with higher Gleason grade (Li, et al. 2008) and an increased risk of relapse after 

radical prostatectomy (Henshall, et al. 2001). Taken together, these studies support the 

importance of stromal AR in the development and progression of prostate cancer. However, 

the basis for tumor-promoting abilities of CAF on prostate cancer remains largely 

unexplored.

Standard androgen-deprivation therapy simultaneously targets both stromal and epithelial 

compartments, obscuring effects which may be specific to one compartment or the other. 

Moreover, concurrently targeting epithelial and stromal compartments precludes study of the 

cross-talk between compartments, which may uncover novel therapeutic targets. Here, we 

utilized a mixed-species, co-culture system to specifically explore effects of targeting 

expression and function of AR in stromal cells. Decreased-AR expression was achieved by 

co-incubation with a mouse-specific anti-sense oligonucleotide (ASO) to produce AR-

depleted CAFs. Mouse CAFs increased the growth of human epithelial PCa cell lines which 

was attenuated by co-incubation with AR-depleted CAFs. Interestingly, expression of 

several stem cell marker genes were upregulated in PCa cells grown with AR-depleted 

CAFs. Further, interferon gamma (IFN-γ) and macrophage colony stimulating factor (M-

CSF) were identified as secreted by AR-depleted CAFs which promoted expression of stem 

cell marker genes in human epithelial PCa cells.
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Material and Methods

Cell culture

Mouse prostatic stromal cells, NPF and CAF, were isolated and established from the 

cPten−/− prostate cancer mouse model as described previously (Liao, et al. 2010a). Briefly, 

mouse prostatic tissues were minced and cultured in the BFS medium with 1 nM R1881 

(Promega). After 2 to 4 passages, viable cells growing in a monolayer with flattened, 

polyhedral morphology consistent with fibroblasts were detectable with microscopy. The 

passage number of stromal cells used in this work was from 5 to 15 passages. Human 

prostate cancer cell lines, LNCaP, C4-2B, and PC3 were purchased from ATCC, cultured 

and maintained in RPMI1640 with 10% FBS and 1% antibiotics. Culture media was 

replaced every 3 days.

In co-cultures, stromal cells were seeded and cultured in inserts (pore size: 8.0 um) (BD 

Bioscience) in 6 well plates with BFS medium. Meanwhile, human PCa cells were seeded in 

other 6 well plates supplied with RPMI1640 and 10% FBS. On the second day, inserts with 

stromal cells were placed above the wells with human PCa cells, and the medium was 

replaced by fresh RPMI1640 with 0.5% charcoal-stripped serum (CSS) and either ASOs or 

enzalutamide (Selleckchem Chemicals) or control treatments as described. Human PCa cells 

were collected and analyzed after 24 hours or 7 days in co-culture.

Quantitative reverse transcription PCR (RT-qPCR)

Total cellular RNA, extracted by RNeasy mini kit (Qiagen), was reverse transcribed to 

cDNA by iScript Reverse Transcription Supermix (Bio-Rad). The reverse transcription 

reaction was than subjected to PCR amplication using iScript SYBR Green Master (Bio-

Rad). PCR signals were recorded and analyzed in CFX96 Real-Time PCR Detection System 

(Bio-Rad) with CFX software (Bio-Rad). RT-qPCR primer sets used in this report are listed 

in Supplemental Table 1. All RT-qPCR results were normalized to either mouse β-actin for 

murine genes or human GAPDH for human genes and averaged across at least three 

independent replicates.

Cell proliferation analysis

Human cells were labeled with GFP and cultured with either mouse NPF or CAF cells in 

RPMI1640 (with 5% CSS and 1 nM R1881) and 2.5 μM ASOs. After three days in co-

culture, enumeration of GFP-positive cells was performed with flow cytometry.

Two-dimensional (2D) colony forming assay

Human PCa cells (500 cells) and mouse CAFs cells (5×104 cells) were mixed together and 

seeded in 6-well dishes with RPMI1640 and 10% FBS. Medium was replaced with 

RPMI1640 and 0.5% CSS after 24 hours. After 7 days, colonies-formed were imaged and 

counted. Plates were fixed in 4% PFA and stained by 0.05% crystal violet. Bright-field 

images across the entire plate were acquired and colony formation later quantified.
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Detection of PSA expression in co-culture

LNCaP cells (104 cells) were seeded with stromal cells (104 cells) in RPMI1640 with 10% 

FBS in 24 well plates for overnight. On the second day, medium was replaced by fresh 

RPMI1640 with 1% CSS. After 24 hours, supernatant was collected and tested for PSA by 

ELISA (American Qualex).

Cytokine antibody array assay

Mouse CAFs were seeded in BFS medium supplied with 10% FBS for overnight. On the 

second day, cells were further cultured in serum-free BFS medium for 6 hours, following by 

a 24-hour culture in BFS with 0.5% CSS and 2.5 μM ASOs. Supernatant was collected and 

examined in the mouse cytokine antibody array kit panel A (R&D Systems). Array images 

were analyzed by HLimage++ software (Machine Vision Tools).

Flow cytometry analysis

Cultured cells were trypsinized and washed in PBS. After blocking in Cell Staining Buffer 

(Biolegend) for 10 minutes on ice, cells were stained by FITC-conjugated CD44 antibody 

(eBioscience, 0.1 μg / 106 cells) and APC-conjugated CD133 (Miltenyi Biotechnology, 0.1 

μg / 106 cells) for 20 minutes on ice, and then examined using BD LSRII Flow Cytometer 

with BD FACSDiva and FlowJo software.

Immunohistochemistry (IHC) and immunofluorescent (IF) staining

Mouse prostatic tissues were dissected from cPten−/− Luc males. After overnight fixation in 

4% PFA, tissues were processed and sectioned. IHC was performed as previously described 

with anti-mouse AR antibody (Santa Cruz) at 1:1000 dilution (Liao et al. 2010a). For IF 

staining, mouse NPF and CAF cells were seeded on Lab Tek II chamber slides (Thermo 

Scientific) with BFS medium for 24 hours, followed by fixing in 4% PFA for 10 mins and 

washing with PBS. After blocking, Smooth Muscle Actin (SMA) antibody conjugated with 

Cy3 dye (Sigma) was applied for 1 hour at a 1:60 dilution. For vimentin (Santa Cruz; 1:50 

dilution) and N-Cadherin (Santa Cruz; 1:50 dilution), the primary antibody was applied for 1 

hour, following by the staining of secondary antibody conjugated with either FITC or 

rhodamine. Samples were counter-stained with DAPI and then examined with fluorescent 

microscopy (Observer.Z1, ZEISS).

Western blot analysis

Whole-cell lysates were prepared as previously described (Liao et al. 2010a) with anti- 

mouse AR (1:100; Santa Cruz) and anti- mouse β-actin (1:1,000; Santa Cruz).

Spheroid formation assay

The basic method was adapted from a previously published protocol (Liao et al. 2010a). 

Briefly, the CELLection Biotin Binder kit (Invitrogen #115.33D) was used isolate CD44+ 

cells using the Indirect Isolation technique with anti-CD44 (eBioscience #13-0441-82) and 

anti-human CD16/CD32 and rat IgG2b K isotype as incubation controls 

(eBioscience14-0161-82 and 14-4031-82, respectively). One-thousand (103) CD44-selected 

cells were suspended in 2% Matrigel (BD Bioscience)/RPMI1640 (1% FBS) in a total 
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volume of 500 μL. The mixture was then overlaid into a 24-well plate pre-coated with 100 

μL Matrigel. Stromal cells were seeded into an insert (pore size 8.0-μm; BD Bioscience) 

incubated above the well. The mixture was supplied with additional 1.5 mL RPMI1640 

containing 1% FBS and ASOs and cultured at 37°C. Spheroids were stained by 0.05% 

crystal violet / PBS and counted at 7 days after plating.

TCGA dataset analysis

Normalized RNA-seq expression (RSEM) and patient specific clinical annotations were 

obtained from the cBio Cancer Genomes portal (http://www.cbioportal.org). The data as 

reported in The Cancer Genomes Atlas (2015) was derived from 236 patients with either low 

(n = 174) or high Gleason (n = 62) Scores. The unpublished provisional prostate cancer 

dataset was derived from 491 patients with low (n = 351) or high (n =140) Gleason scores. 

RSEM values corresponding to IFN-γ and M-CSF were analyzed using commercially 

available software (JMP pro, version 12, for Windows). A paired two-tailed t test with a 0.05 

confidence interval was used to compare the expression among high Gleason (9,10) or low-/

intermediate Gleason (6–8) biopsy scores.

Statistical analysis

All experimental results were repeated a minimum of three times (independent replicates) 

and are presented as means ± SD. Statistical calculations were done with Microsoft Excel 

analysis tools. Means were compared using a paired Student’s t test. A threshold of p<0.05 

was considered as significant.

Results

Cancer Associated Fibroblasts Express Low Levels of Androgen Receptor in the cPten−/−L 
mouse prostate cancer model

We compared distribution of AR expression in fibroblasts adjacent to normal prostate 

glands, prostate intra-epithelial neoplasia (PIN), and invasive adenocarcinoma in murine 

prostate tissue (Figure 1A). In wild-type (cPten+/+ Luc) animals, diffuse positive staining is 

noted in peri-glandular fibroblasts (indicated by black arrows). Interestingly, AR+ fibroblasts 

are also found adjacent (within ~ 10 μm) to a PIN lesion in cPten−/−Luc animals. In contrast, 

more AR− fibroblasts (green arrows) are noted in regions adjacent to invasive cancer (also in 

cPten−/−Luc animals). This pattern of low AR expression in CAFs is similar to that observed 

in human PCa patients (Li et al. 2008). We conclude that peri-tumoral stromal cell express 

low levels of AR relative to PIN or areas of normal prostate in the mouse cPten−/−L model.

Stromal cells were isolated from cPten−/−Luc animals for further study. Three mouse CAF 

cell lines, termed 2270, 3234, and 481, were established from cPten−/−Luc animals 

according to previously published methods (Liao et al. 2010a). A normal prostatic fibroblast 

(NPF) primary cell line (3395) was also established from a non-cancer (cPten+/+Luc) male 

mouse as a control. With phase contrast microscopy, both CAFs and NPFs demonstrated an 

elongated, bipolar morphology typical for fibroblasts (Figure 1B). All four lines exhibited 

similar expression levels of SMA, N-Cad, and Vimentin expression consistent with a 

fibroblast phenotype (Supplemental Figures 1–2). As expected the CAF lines demonstrated 
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low expression of CK18 expression, a epithelial cell marker, compared to a mouse prostate 

cancer cell line as previously described (Liao, et al. 2010c) (Supplemental Figure 2). 

Interestingly, RT-PCR demonstrated AR expression was observed to be 60–90% lower in 

CAF lines compared to the NPF control (Figure 1C). Taken together, the CAF2270, 

CAF3234, and CAF481 cell lines recapitulate the pattern of low AR expression in peri-

glandular stromal cells observed in cPten−/−Luc prostate cancer.

Mouse AR-ASO Specifically knocks-down AR Expression in Mouse Cells

We sought to investigate the functional significance of the low level of AR expression in 

CAFs using a siRNA-based knockdown strategy. Although siRNA is widely used in 

transient assays to suppress gene expression in cell culture, the short half-life and instability 

of siRNA make this technique difficult to study for longer-term exposures in vitro. Also, 

siRNA molecules are double-stranded and require lipid mediated transfection agents to 

deliver them into cells, which can cause non-specific effects on cells growing in culture and 

are poorly suited for use as a therapeutic agent in vivo (Frazier 2015). To address these 

issues, we utilized ASO with 2′–4′-constrained ethyl (cEt)- modifications, which have 

demonstrated significant pharmacological activities in both preclinical and clinical studies 

without the need for complex lipid delivery modalities (Hong, et al. 2015; Yamamoto, et al. 

2015).

To test the specificity of the mouse AR-ASO, mouse stromal (CAF2270, CAF234, CAF481, 

and NPF3395) and human PCa (LNCaP and C4-2B) cells were incubated with various 

concentrations of the mouse AR-ASO for 24 hours in the absence of any transfection 

reagent, and cellular RNA extracts were analyzed by RT-PCR. The results show a dose-

dependent decrease in mouse AR mRNA levels in the NPF and CAF cell lines compared 

with treatment with a control ASO with the same chemistry but no known targets in murine 

cells (Figure 2A). Additionally, because cells treated with 2.5 μM mouse AR-ASO showed a 

50% or greater suppression in mouse AR mRNA expression, this concentration was used for 

most of the co-culture experiments in this report, unless otherwise specified. The effect of 

AR-ASO on AR protein expression was confirmed by Western blot as we also observed a 

significant decrease in mAR protein expression in NPF and CAF cells after 24-hour 

incubation with 2.5 μM mAR-ASO. In contrast, no effect on AR expression was observed in 

cells treated with the control ASO (Figure 2B). Furthermore, as the cEt Gapmer chemistry is 

stable for several days in biologic conditions (Yamamoto et al. 2015), we tested the effect 

after 7 days with the mAR-ASO. Consistent with prior results, a significant decrease in 

mAR expression was observed after 1 day which was decreased even further at 4 and 7 days 

(Figure 2C). Next, we investigated if the mAR-ASO had any effect on the growth and 

survival of stromal cell cultures. NPF3395 and CAF2270 were treated with various 

concentration of mAR-ASO for 3 days and the effect on cell growth was measured with a 

MTS assay. Neither NPF3395 nor CAF2270 exhibited any decrease in cell growth following 

mAR-ASO treatment (Figure 2D). Finally, we tested the species specificity of the mAR-

ASO. As shown in Figure 3, we observed no effect following treatment with the mouse AR-

ASO on AR expression in the human-dervied, AR+ LNCaP or C42B cell lines. Taken 

together, our results indicate the mouse AR-ASO is able to specifically target and suppress 

AR expression without affecting cell growth in mouse prostate stromal cells.
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CAF-AR Supports Prostate Cancer Cell Growth

To understand the function of stromal AR in prostate cancer, human LNCaP and C4-2B 

prostate cancer cells were grown along with mouse CAFs. AR expression in CAFs was 

decreased by treatment with the mouse-specific AR-ASO. Prostate cancer epithelial tumor 

cells were labeled with GFP by lentiviral vector for enumeration in the co-culture growth 

assay. In cell proliferation assays, co-culture of LNCaP-GFP or C4-2B-GFP with CAF2270 

for 3 days produced a 25% and 200% increase in cell proliferation, respectively (Figure 4A–

4B). The growth promoting effect of CAFs was attenuated when AR expression was 

knocked-down in CAF cells by AR-ASO treatment with a 20% and 65% decrease in 

proliferation in LNCaP-GFP and C4-2B-GFP co-cultures incubated with AR-ASO, 

respectively.

We next investigated if AR expressed in CAFs influenced the expression of androgen-

dependent genes in prostate cancer cells. Using the co-culture approach, we found that 

CAF2270 increased expression of PSA from LNCaP cells by about 12-fold after 24 hours. 

However, adding the mouse specific AR-ASO to the co-culture attenuated PSA expression 

to only about 6-fold (Figure 4C). As AR is itself an important AR-target gene (reviewed in 

(Bluemn and Nelson 2012; Brooke and Bevan 2009; Heinlein and Chang 2004)), we next 

investigated the effect of knock-down of AR expression in CAFs on AR expression in cancer 

cells in the co-culture system. Incubation of LNCaP and C4-2B cells alone with control or 

the mouse specific AR-ASO had no effect on cell proliferation or AR expression (Figure 3 

and 4D–E). However, when LNCaP and C4-2B cells were grown with CAF cells, treatment 

with AR-ASO led to a decreased AR expression in prostate cancer cells within 1 day (Figure 

4D–E). Taken together, our data shows AR expressed in CAFs increases growth and 

expression of androgen-dependent genes in epithelial cancer cells.

Next, we sought to determine if AR expression in CAFs influenced tumorigenesis using a 

2D colony formation assay. Five hundred LNCaP-GFP cells were seeded with 5×104 mouse 

CAF cells and incubated with control or mAR-ASO. After 7 days, LNCaP-GFP cells formed 

colonies which were surrounded by fibroblast cells (Figure 5A). Co-culture of LNCaP cells 

with CAFs produced 2–3-fold more colonies than LNCaP cells cultures alone (Figure 5B). 

Knock-down of AR expression in CAF cells significantly reduced LNCaP colony formation 

while no effect was observed with the control ASO (Figure 5B and 5D). A similar effect was 

observed when AR− PC3 cells were incubated with CAFs in the presence of AR-ASO versus 

control ASO (Figure 5C). These results show the importance of AR expression in CAFs in 

supporting proliferation and 2D colony formation independent of expression or changes in 

AR-expression in epithelial cells. Overall, we demonstrate that AR expressed in CAFs 

influences the growth, AR expression, and tumorigenic phenotypes in human prostate cancer 

cells.

AR Expression in CAFs influences stem cell marker expression in epithelial cells

As previous work demonstrated CAFs can induce stem cell-like characteristics in prostate 

cancer cells and expression of stem cell markers is known to be related to tumorigenesis 

(Eppert, et al. 2011; Geary, et al. 2014; Hu, et al. 2015; Liao, et al. 2010b; Merlos-Suarez, et 
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al. 2011; Syed, et al. 2016), we investigated if selective suppression of AR in CAFs affected 

expression of stem cell markers in human prostate cancer cells.

RNA was isolated from LNCaP cells grown with CAFs in the presence of AR-ASO or the 

control ASO and the expression of genes associated with stem cells was analyzed by RT-

qPCR. After 1 day, a significant increase in Oct4, Sox2, and Nanog mRNA levels was noted 

in most cultures, and was observed in all cultures on day 7 (Figure 6A). We observed a 

similar trend in co-cultures of PC3 (Figure 6B) and C4-2B (Supplemental Figure 3) cells 

with CAFs. Our observations suggest that decreasing expression of AR in CAF cells 

increases the expression of “stemness” markers in prostate cancer cells.

Next, we sought to validate the relationship between AR expression in CAF and stem cell 

marker expression in prostate cancer cells at the protein level. CD133 and CD44 are 

considered markers for cancer stem cells based on their enrichment in cells with “stem cell-

like” properties such as tumor-initiation and treatment resistance (Clevers 2011; Collins, et 

al. 2005). Therefore, we tested whether inhibition of AR-expression in CAFs influenced the 

expression of CD133 and CD44 in prostate cancer cells (Figure 6C and 6D). No significant 

CD133 expression was detected in LNCaP cells in any of the conditions tested. However, 

CD44+ was detected in a small sub-population (~0.2%) of LNCaP cells. Co-culture of the 

LNCaP cells with CAF3234 significantly increased the proportion of CD44hi cells to ~1% 

which was even further increased to 2.2% by treatment with AR-ASO (Figure 6C and 6D). 

Thus, our results show that co-culture with AR-depleted CAFs leads to significantly 

increased expression of stem cell markers in human PCa cells.

Our previous study revealed that the spheroid-forming ability of PCa CSCs in 3D cultures is 

highly regulated by CAFs (Liao et al. 2010a). Therefore, to investigate whether stromal-AR 

in CAF may participate in this regulation, we performed spheroid-forming assay by co-

culturing CD44+ enriched LNCaP cells with CAFs and ASOs in Matrigel. While spheroid 

formation was observed in all conditions, incubation with AR-depleted CAFs significantly 

increased LNCaP spheroid formation compared to controls (Figure 6E). However, no effect 

was observed when AR-depleted CAFs were incubated with unsorted LNCaP cells (data not 

shown). These results suggest that AR-depleted CAFs promote the growth of a sub-

population of epithelial cancer cells with stem-cell like features.

IFN-γ and M-CSF are AR-regulated Factors Secreted by CAFs which affect Stem Cell 
Marker Expression in PCa cells

As the changes in stem cell marker expression were observed with CAFs grown on porous 

inserts placed above prostate cancer cells, we hypothesized that soluble factors produced by 

CAFs could mediate this effect. We used a commercially available antibody array to 

investigate differential expression of secreted proteins in CAF-conditioned media following 

culture with AR-ASO or control ASO. Mouse CAFs were seeded in RPMI1640 with 10% 

FBS overnight. Then, the media was changed to 0.5% CSS for 6 hours followed by 

treatment with AR-ASO or control ASO. The cell-free supernatants were collected and 

protein expression in the conditioned media was analyzed with a commercially available 

cytokine antibody array (Figure 7A). With this approach, we identified IFN-γ and M-CSF as 

candidate cytokines up regulated in AR-ASO treated CAF2270. Similar results were 
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observed with the other CAF cell lines such that treatment with mAR-ASO led to ~4–6-fold 

induction of IFN-γ (Figure 7B) and ~1–3-fold induction of M-CSF (Supplementary Figure 

4). We used RT-qPCR to confirm the results observed with the protein array. Specifically, we 

observed an increased in IFN-γ expression in CAFs following treatment with the AR-ASO 

(Figure 7D). Therefore, we hypothesized that IFN-γ and M-CSF could promote expression 

of stem cell genes in prostate cancer cells.

To further explore the effects of IFN-γ on human prostate cancer cells, LNCaP cells were 

treated with increasing doses of mouse IFN-γ (mIFN-γ, 10–200 ng/ml) or a vehicle control 

and the expression of Nanog, Sox2, and Oct4 were measured by RT-qPCR. The results show 

a dose-dependent increase in expression of all 3 stem cell markers following mIFN-γ 
treatment in LNCaP, PC3, and C4-2B cells (Figure 8A–C). Similar results were observed for 

human IFN-γ (hIFN-γ) treatment. Specifically, we also observed a dose-dependent increase 

in Oct4, Nanog, and Sox2 with hIFN-γ treatment of LNCaP cells (Figure 8D). Finally, the 

effect of mIFN-γ on stem cell marker expression was confirmed using a blocking antibody. 

Specifically, LNCaP cells were treated with mIFN-γ with or without an IFN-γ receptor 

blocking antibody (anti-hIFN-γR). The results show that anti-hIFN-γR decreases the 

stimulation of Oct4 and Nanog observed with mIFN-γ treatment of CAF cells.

A similar approach was used to explore the effects of M-CSF on stem cell marker expression 

in human prostate cancer cells. Accordingly, mouse M-CSF (mM-CSF) demonstrated a dose 

dependent increase in stem cell marker expression in LNCaP, PC3, and C4-2B cells 

(Supplemental Figure 5A–C). A similar dose-dependent effect on Oct4, Sox2, and Nanog 

expression was also observed in LNCaP cells treated with human M-CSF (Supplemental 

Figure 5D). Furthermore, M-CSF-receptor blocking antibody decreased the effect of mM-

CSF treatment on Oct4 and Nanog expression (Supplemental Figure 5E).

Anti-androgen treatment promotes expression of IFN-γ and stem-cell markers

Enzalutamide is a highly potent antiandrogen recently approved for the treatment of 

metastatic castrate-resistant prostate cancer. As anti-androgen treatments are expected to 

exert effects equally on stromal and epithelial cells, we sought to confirm the results 

observed with the AR-depleted CAFs with enzalutamide treatment in the same co-culture 

system. First, we observed the treatment of CAF cells with 25 μM enzalutamide for 

increased IFN-γ expression analyzed with RT-qPCR (Figure 9A). As PC3 represents an 

AR− human prostate cancer cell line, enzalutamide has no effect on the growth of this cell 

line. In control cultures without CAFs, enzalutamide did not affect the mRNA expressions of 

Oct4, Sox2 and Nanog in PC3 after 24 hours (Figure 9B). However, when CAFs were grown 

along with PC3 cells, enzalutamide significantly increased stem cell marker expression 

(Figure 9B). Thus, these results support the importance of stromal AR signaling on 

promoting stem-cell expression in prostate cancer cells.

Elevated IFN-γ expression is associated with high Gleason grade

Pathologic Gleason grade is a critical pathologic feature used in prognostication and 

treatment planning for patients with newly diagnosed prostate cancer (Epstein, et al. 2006). 

Our data suggests that IFN-γ expression in prostate tissue would promote the growth of a 
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rare sub-population of epithelial cancer cells with stem-cell like phenotypes. Other data 

suggests that increases in a stem-cell like population would be expected to lead to worse 

prognosis. Thus, we investigated a possible link between IFN-γ and Gleason score. We 

identified two TCGA datasets (Cerami, et al. 2012; Gao, et al. 2013) with patient specific 

annotations including Gleason score and gene expression. Interrogation of these TCGA 

datasets revealed that INF-γ expression is elevated in patients with high Gleason score (p < 

0.006 and <0.0001, Figure 10 A–B).

Discussion

In this report, we explored the role of AR expressed in CAFs to the growth and development 

of prostate cancer. Our work suggests that while AR is decreased in fibroblasts isolated from 

areas near malignant glands compared with those isolated from non-malignant regions, this 

residual AR is still functional. Specifically, we show AR expressed in CAFs contributes to 

the tumor-promoting abilities that CAFs exert on epithelial prostate cancer cells. Further, we 

found that decreased AR expression in CAFs is also associated with an increase in stem cell 

marker gene expression in prostate cancer epithelial cells. Finally, we identify IFN-γ and M-

CSF as candidate cytokines secreted by CAFs and increased by AR-suppression, which 

promote the expression of stem cell markers in prostate cancer cells.

IFN-γ has been extensively studied based on its potent role as an immunomodulatory 

cytokine relevant to immune response and cancer (Borden, et al. 2007). Of particular 

relevance, IFN-γ has been associated with both pro- and anti-tumor effects depending on 

factors specific tumor types, microenvironments, and immune contexts (Zaidi and Merlino 

2011). While stem cell markers are not known to be direct IFN-γ regulated genes, IFN-γ 
has been associated with changes in development and differentiation in the hematopoietic 

and lymphocytic systems (Baldridge, et al. 2010; de Bruin, et al. 2013; Schroder, et al. 

2004). Similarly, increased IFN-γ signaling has been associated with aplastic anemia in 

patients (Chang, et al. 2010; Dufour, et al. 2004; Lin, et al. 2014; Serio, et al. 2011) and with 

induction of a hematopoietic stem cell phenotype in an animal model (Lin et al. 2014). 

However, we are not aware of any previous studies which suggested a role of IFN-γ in 

epithelial cell reprogramming or maintenance of cancer stem cells.

M-CSF (also known as colony-stimulating-factor-1, CSF1) has also been previously studied 

in the context of immune regulation and cancer (Stanley, et al. 1997). M-CSF controls 

survival and differentiation of macrophages. Mice homozygous for an inactivating M-CSF 

mutation exhibit osteopetrosis due to a defect in generation of osteoclasts, a specialized type 

of tissue macrophage (Yoshida, et al. 1990). High M-CSF expression has been associated 

with early development of metastasis and a poor prognosis for a variety of solid tumors 

including breast, ovarian, endometrial, sarcoma, and renal cell carcinoma (Laoui, et al. 

2014). M-CSF/CSF1R signaling is involved in recruitment of tumor associated 

macrophages. In particular, M-CSF/CSF1R promotes differentiations and survival of TAMs 

with an M2-like, “pro-tumorogenic” phenotype. Recently, Escamilla et al. reported on the 

role of M-CSF/CSF1R and androgen-deprivation therapy in prostate cancer. Specifically, 

they found that androgen-deprivation therapy induced recruitment of TAMs which expressed 

CSF1R and exhibited an M2-phenotype. Anti-androgen therapy increased M-CSF 
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expression in cancer cells and a CSF1R inhibitor increased the duration of response to 

androgen-blocking therapy. The current work shows that CAFs are also a potent source of 

M-CSF in response to androgen-targeting therapy which can also support recruitment of M2 

TAMs and may be therapeutically targeted with M-CSF/CSF1R inhibitors, which could lead 

to the improvement in the efficacy and durability of ADT for prostate cancer.

Other data suggests that acquisition of stem cell marker expression and stem cell phenotypes 

are critical in primary prostate cancer tumorigenesis and progression to treatment resistant, 

metastatic prostate cancer (Glinsky, et al. 2005; Goldstein, et al. 2010; Markert, et al. 2011; 

Smith, et al. 2015). Based on the CSC hypothesis, cancer cells can be characterized into 

three groups: CSCs, transient-amplifying (TA) cells, terminal-differentiation (TD) cells, and 

only CSCs are immortalized with no limitation in proliferation and are able to resistant to 

cancer treatments (Pfeiffer and Schalken 2010). Here, we show that decreasing expression of 

AR in CAFs can stimulate stem cell marker expression in PCa cells, though it is unclear 

which cell subpopulation (CSC, TA or TD) is affected by the signals. Moreover, while both 

IFN-γ and M-CSF are identified as stromally-secreted factors which influence stem cell 

marker expression, our work does not exclude the presence of other factors which could 

work alone or together along with IFN-γ and M-CSF to promote cancer stem cell marker 

expression.

Interestingly, we found AR-depleted CAFs supported cancer epithelial cells to form 

spheroids in matrigel in 3D cultures, but not colonies in a 2D proliferation assay. It has been 

reported that cancer spheroids in biomaterial scaffolds are developed from single CSCs, 

which differentiate to various daughter cells that construct glandular-like spheroids in three-

dimensional environment (Leong, et al. 2008; Liao et al. 2010a). Similar to normal stem 

cells, the role of CSCs in cancer is majorly maintaining the homeostasis of cancer (Lawson 

and Witte 2007). And the growth of cancer is contributed by proliferation of more 

differentiated cancer cells (White and Lowry 2015). Hence, the secreted signaling by AR-

depleted CAFs is most likely directing the fate of CSCs, not differentiated cells, in prostate 

cancer development.

Our results should be viewed in context with other reports also focusing on the role of 

stromal AR expression in prostate cancer. Previously, Tanner et al. found that genes in the 

TGFβ, Wnt, Hedgehog, and MAP kinase pathways were differentially expressed in 

androgen-treated, AR-transfected human prostate stromal cell line (WPMY) (Tanner, et al. 

2011). Subsequently, Leach et al. found that stromal-AR is important in maintenance of an 

extra-cellular matrix which is less permissive to prostate cancer cell invasion using AR-

transfected, hTERT- immortalized prostate myofibroblast cell lines in a subrenal capsule 

tumor formation model (Leach, et al. 2015). Neither of these studies report changes in IFN-

γ or M-CSF expression after AR-transfection or androgen-stimulation. This may reflect 

inherent limitations in the techniques and cell lines used for these studies as our approach 

focused on changes in secreted proteins associated with decreased AR-expression. Thus, we 

provide the first evidence that stromal AR and epithelial stemness are linked through the 

IFN-γ and M-CSF regulation pathways.
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A unique feature of our approach is the use of murine-human co-culture system which 

allows for the species-specific knock down of mAR in CAF cells without direct effects on 

AR expression in epithelial cancer cells (Figures 2 and 3). Xenografts are a standard 

approach to study human prostate cancer cells in the context of murine stromal tissues in 

vivo. Here, we have extended this methodology by mixing murine stromal cells with human 

prostate cancer epithelial cells with a co-culture system in vitro. However, there are potential 

limitations inherent in our approach as it is possible that there are species-specific 

differences in signaling pathways and cellular responses which could limit the 

generalizability of our observations to human cancer patients. Although we did verify the 

effects of both human and murine-derived IFN-γ and M-CSF on prostate cancer cells, we 

cannot rule out the possibility the AR expression in human stromal cells reacts differently to 

AR-depletion than our studies based on murine CAFs.

The clinical relevance of our work extends to the use of androgen-deprivation therapy in 

caring for patients with advanced prostate cancer. While targeting the androgen axis in 

epithelial cancer cells has been the focus for drug development in caring for prostate cancer 

patients, our work suggests that efforts should also be directed at understanding the relative 

effects on androgen-targeting and other therapies on the stromal compartment as well. 

Further, one could envision a strategy of combining stromal- and epithelial-targeting 

therapies to produce maximize an anti-cancer effect. Additional studies will be needed to 

more directly translate these results into patient care.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of mouse prostatic cancer-associated fibroblasts. A, IHC staining of mouse 

AR on mouse tissue sections from wildtype, PIN and Cancer samples. Black dot line: 

separating prostate epithelium and stroma; red dot line: separating AR+ and AR− stromal 

cells; black arrow: AR+ stromal cell; green arrow: AR− stromal cell. Bar: 10 μm. B, bright 

field images of mouse NPF and CAF cells. Bar: 10 μm. C, comparison of mouse AR mRNA 

expressions in mouse NPF and CAF cells by RT-qPCR. This RT-qPCR were repeated at 

least 3 times. (*, p<0.05).
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Figure 2. 
Mouse AR-ASO decreases AR expression in stromal cell lines with little effect on 

proliferation. A, RT-PCR results of mouse AR mRNA levels in mouse NPF (3395) and CAF 

(2270 & 481) cells treated with the mouse AR-ASO for 24 hours. B, Western blot results of 

mouse AR expression in untreated NPF3395 and CAF2270 (lane 1) or following 24 hour 

treatment with 2.5 μM control ASO (lane 2) or AR-ASO (lane 3). Actin served as the 

loading control. C, Mouse CAF3234 cells were treated with mouse AR-ASO at various 

concentrations for 1, 4, and 7 days. Mouse AR expression was analyzed by RT-qPCR. 

Control, control-ASO (10 μM). (*, p<0.05). D, Mouse CAF and NPF cells were treated with 

10 μM control-ASO or mouse AR-ASO at indicated concentrations for 24 hours. 

Proliferation was assessed by MTS assay. Representative results are presented from ≥3 

independent replicates.
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Figure 3. 
Mouse AR-ASO does not affect the AR expression in human PCa cells. A, RT-qPCR results 

of the human AR mRNA expression in human prostate cancer LNCaP and C4-2B cells 

cultured with the mouse AR-ASO for 24 hours. B, Western blot results of human AR 

expression in untreated LNCaP or C4-2B (lane 1) or following 24 hour treatment with 2.5 

μM control ASO (lane 2) or AR-ASO (lane 3). Representative results are presented from ≥3 

independent replicates.
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Figure 4. 
AR expressed in mouse CAFs contributes to the growth of human PCa cells. A and B, 

Quantification of GFP-labeled LNCaP (A) and C4-2B (B) cells in co-cultures with 

CAF2270 assessed by flow cytometer (n=3). C, PSA secretion in media collected after 24-

hour co-cultures of LNCaP and mouse CAF2270 assessed by ELISA. D and E, Detection of 

human AR expression levels in LNCaP (D) and C4-2B (E) 1 day after co-culturing with 

CAFs and assessed by RT-qPCR (*, p<0.05). Representative results are presented from ≥3 

independent replicates.
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Figure 5. 
AR expression in CAFs increases colony forming ability of PCa cells. A, Cell morphology 

of LNCaP cells in colonies with CAFs under AR suppression or control. LNCaP cells were 

labeled with GFP. Bar, 50um. B and C, the comparison of the number of colony formed in 

LNCaP (B) and PC3 (C) in co-cultures with different CAFs treated with 2.5 μM mouse AR-

ASO or control ASO (Ctrl-ASO) (n=3) (*, p <0.05). D, Colonies (dark purple) formed from 

LNCaP in the wells of 6-well plates without or with CAFs on day 7 (n=3).
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Figure 6. 
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Decreased AR-expression in CAFs increases stem cell marker expression and stem cell 

population in PCa cells. Expression of Oct4, Sox2, and Nanog in LNCaP (after 1 or 7 days 

treatment) (A) and PC3 (after 7 days of treatment) (B) cells cultured with or without CAFs 

following the treatment with 2.5 μM AR-ASO or control ASO analyzed with RT-PCR is 

presented. C, Flow cytometry analysis of stem cell marker expression in LNCaP cells. 2D 

gating plot of CD133 and CD44 positive LNCaP cells after 7 days in the presence of 

CAF3234 and treatment with control-ASO or AR-ASO, as indicated. D, Relative abundance 

of CD44hi LNCaP cells in co-cultures with mouse ASOs with or without CAF3234. NS, not 

significant. E. Colony formation of CD44+ PCa cells co-cultured with 2.5 uM AR-ASO and 

control ASO, and colonies were counted after 7 days. (*, p<0.05). Representative results are 

presented from ≥ 3 independent replicates.
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Figure 7. 
Differential expression of secreted proteins in media obtained from CAF cells incubated 

with AR-ASO. A, Representative images of cytokine array incubated with the media from 

CAF2270 cells treated with AR-ASO or Ctrl-ASO. Tabulated results from multiple 

independent experiments are presented. Images were quantified and compared across 

duplicates for IFN-γ (B) with media obtained from CAF2270, CAF481, and CAF3234 

cells. C, RT-qPCR detection of IFN- IFN-γ in CAFs after treatment with ASOs. (*, p<0.05). 

Cytokine array analysis and RT-qPCR were repeated at least 3 times.
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Figure 8. 
IFN-γ stimulates expression of “stemness” markers in PCa cells, which is attenuated by 

anti- IFN-γR antibody. LNCaP (A), PC3 (B), and C4-2B (C) cells were treated with mIFN- 

γ treatment for 24 hours at the doses indicated. D, LNCaP cells were treated with hIFN-γ at 

the indicated doses for 24 hours. E, LNCaP cells incubated with mIFN-γ and anti-IFN-γR 

antibody for 24 hours at the doses indicated. NT, non-treated. (*, p<0.05). Representative 

results are presented from ≥ 3 independent replicates.
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Figure 9. 
Enzalutamide increases IFN-γ and stem cell marker expression in CAFs and prostate cancer 

cells. A, RT-qPCR results of IFN-γ expression in CAFs treated with 5 or 25 μM 

enzalutamide or no treatment (NT) control. B, RT-qPCR results of Oct4, Sox2 and Nanog 

expression PC3 cells co-cultured with CAFs and treated 5 or 25 μM enzalutamide for 24 

hours. *, p<0.05. Representative results are presented from ≥ 3 independent replicates.
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Figure 10. 
Patients with Gleason score 9 and above showed elevated IFN-γ expression. Two TCGA 

datasets with clinical annotation including Gleason scores were used to interrogate the RNA 

expression of IFN-γ: (A) 236 patients from the dataset published in Cell (2015) (2015) (* 

p<0.006), and (B) 491 patients from unpublished provisional prostate cancer dataset (Cerami 

et al. 2012; Gao et al. 2013)(** p<0.0001).
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