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Abstract

Background—The mechanism(s) by which androgen receptor (AR) splice variants contribute to 

castration-resistant prostate cancer (CRPC) is still lacking.

Methods—Expressions of Epithelial-to-Mesenchymal Transition (EMT) and stem cell markers 

were molecularly tested using prostate cancer (PCa) cells transfected with AR and AR3 (also 

known as AR-V7) plasmids or siRNA, and also cultured cells under androgen deprivation therapy 

(ADT) condition. Cell migration, clonogenicity, sphere forming capacity was assessed using PCa 

cells under all experimental conditions and 3, 3′-diindolylmethane (DIM; BR-DIM) treatment. 

Human PCa samples from BR-DIM untreated or treated patients were also used for assessing the 

expression of AR3 and stem cell markers.

Results—Overexpression of AR led to the induction of EMT phenotype, while overexpression of 

AR3 not only induced EMT but also led to the expression of stem cell signature genes. More 

importantly, ADT enhanced the expression of AR and AR3 concomitant with up-regulated 

expression of EMT and stem cell marker genes. Dihydrotestosterone (DHT) treatment decreased 

the expression of AR and AR3, and reversed the expression of these EMT and stem cell marker 

genes. BR-DIM administered to PCa patients prior to radical prostatectomy inhibited the 

expression of cancer stem cell markers consistent with inhibition of self-renewal of PCa cells after 

BR-DIM treatment.

Conclusion—AR variants could contribute to PCa progression through induction of EMT and 

acquisition of stem cell characteristics, which could be attenuated by BR-DIM, suggesting that 

BR-DIM could become a promising agent for the prevention of CRPC and/or for the treatment of 

PCa
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Introduction

Prostate cancer (PCa) initiation and progression is well known to be dependent on androgen 

receptor (AR) signaling. Despite initial favorable response to androgen deprivation therapy 

(ADT), most of the patients progress to a more aggressive castration-resistant prostate 

cancer (CRPC) and ultimately lead to metastasis, which is the primary cause of death of 

patients initially diagnosed with PCa. Therefore, it is critical to understand the underlying 

molecular mechanism(s) for the development of CRPC. Recent studies have shown that 

CRPC cells expressing Nkx3-1 (CARNs), a known regulator of prostate epithelial 

differentiation, exhibited the expression of stem cell signature genes [1]. These cells showed 

expression of luminal markers such as cytokeratin-18 and AR, and negative for basal cell 

marker p63, and also display self-renewal capacity in vivo. Furthermore, deletion of the 

PTEN tumor suppressor gene in CARNs led to the development of carcinoma after 

regeneration [1]. These results suggest that androgen deprivation could in part be 

responsible for PCa progression after ADT through the acquisition of stem cell signatures, 

mediated by the activation of oncogenes or inactivation of tumor repressors in AR-positive 

PCa cells. The question is why the cells expressing AR could survive after ADT and then 

initiate the processes of tumor progression and metastasis, the answer to such a question is 

currently lacking.

Recent studies have shown that the expression of AR splice variants lacking ligand-binding 

domain was found to be increased in androgen-independent PCa cell lines, CRPC and 

metastasis [2-7]. These AR splice variants are constitutively active and localized in the 

nuclear compartment, and their transcriptional activity is not regulated by androgens or anti-

androgens [5, 8, 9]. Human AR gene is structurally composed of eight exons and encodes a 

multi-domain protein, including an NH2 terminal transactivation domain (NTD, encoded by 

exon 1), a central DNA binding domain (DBD, encoded by exon 2-3), a hinge region 

(encoded by exon 4), and a COOH terminal ligand-binding domain (LBD, encoded by exon 

4-8). AR3 is encoded by exon 1-3 and 3b [10-12], which contains intact NTD and DBD but 

lacks the hinge region and LBD, and has been found to be associated with CRPC and higher 

risk of tumor recurrence [12]. These results suggest that PCa cells expressing AR splice 

variants might be the cells that are responsible for the development of CRPC phenotype 

after ADT, which in turn could be responsible for tumor progression, recurrence and 

metastasis.

Tumor recurrence and metastasis are believed to be associated with the acquisition of stem 

cell signatures and Epithelial-to-Mesenchymal Transition (EMT) phenotype [13]. ADT has 

been shown to be linked with the acquisition of EMT phenotype [14-16]. Increasing 

evidences have demonstrated that EMT phenotypic cells are also the source for cancer stem 

cells [17-20]. Interestingly, recent studies have shown that AR splice variants (constitutively 

active) are associated with castration resistance phenotype in PCa [3, 5, 6, 10]. Thus, AR 

variants might contribute to the induction of EMT and the acquisition of stem cell signatures 

in PCa after ADT. We have recently shown that EMT markers are expressed in bone 

metastatic human PCa specimens [21]. These findings suggest that the inhibition in the 

expression of AR variants and/or inactivation of their function is urgently needed for the 

elimination of EMT phenotypic cells and cancer stem cells (CSCs) for the prevention of 
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tumor progression and/or treatment of aggressive and metastatic PCa. To that end, studies 

have shown that 3,3′-diindolylmethane (DIM obtained from BioResponse and termed as 

BR-DIM), which is typically found in cruciferous vegetables, is a very potent agent for the 

inhibition of PCa cell growth, which is in part mediated by alterations in multiple cellular 

signaling pathways [22-25], including inactivation of NF-κB. Studies have also shown that 

Enzalutamide (anti-androgen) resistance could be in part mediated through NF-κB, whose 

activation maybe attributed to increased expression of AR and AR variants [26].

In the current study, we found that BR-DIM significantly down-regulated the expression of 

AR and AR3, and caused down-regulation in the expression of AR target gene, PSA, in both 

androgen-dependent LNCaP cells as well as androgen-independent 22RV1 cells. PSA has 

been reported to promote cell proliferation, migration, invasion and metastasis of PCa cells 

through several mechanisms [27, 28]. As a proof-of-concept, here we provide evidence that 

administration of BR-DIM to PCa patients prior to radical prostatectomy led to reduced 

expression of AR and AR3 in the tumor specimens, and these results were consistent with 

our in vitro experimental findings. Thus, BR-DIM could become a promising natural agent 

for overcoming resistance to ADT, which will lead to achieve better treatment outcome of 

PCa patients.

Materials and methods

Cell lines and culture condition

PZ-HPV-7, RWPE-1, LNCaP, DU145, PC3, VCaP, 22RV1, and MDA-PCa-2b cells were 

purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). PZ-

HPV-7 and RWPE-1 cells were maintained in Keratinocyte Serum Free Medium (K-SFM, 

Invitrogen, Carlsbad, CA) supplemented with 0.05 mg/ml bovine pituitary extract (BPE) and 

5 ng/ml human recombinant epidermal growth factor (EGF), 50 units/ml Penicillin, and 50 

μg/ml Streptomycin. LNCaP, C4-2B, DU145, PC3, VCaP, 22RV1 and MDA-PCa-2b were 

maintained in RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine 

serum (FBS), 10 μmol/L Hepes, 50 units/ml Penicillin and 50 μg/ml Streptomycin. All cells 

were maintained in a 5% CO2-humidified atmosphere at 37°C.

Reagents and antibodies

Antibodies against AR (441), ZEB1, vimentin and Fibronectin were purchased from Santa 

Cruz (Dallas, Texas). AR3 (AR-V7) was obtained from A&G Pharmaceutical, Inc 

(Columbia, MD). Antibodies against PSA, Lin28B, Nanog were purchased from Cell 

Signaling (Danvers, MA), N-cadherin was obtained from BD Biosciences (Bedford, MA). 

Antibody to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was purchased from 

Affinity BioReagents (Golden, CO). Goat anti-mouse or anti-rabbit IgG (H + L)-HRP 

conjugates were obtained from Bio-Rad (Reinach, BL). BR-DIM, a formulated DIM, 

manufactured by BioResponse (Boulder, CO, abbreviated as BR-DIM), was kindly provided 

by Dr. Michael Zeligs, and was dissolved in DMSO and stored at -20°C in multiple aliquots 

for in vitro study.

Kong et al. Page 3

Prostate. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Plasmids and transfection

p5HBhAR-A plasmid expressing full length AR and p5HBhAR-1-2-3-CE3 expressing AR3 

were kindly provided by Scott M. Dehm (Masonic Cancer Center, University of Minnesota, 

Minneapolis, MN). The pCMV5 plasmid was purchased from ATCC (Manassas, VA). 

LNCaP, PC3 and DU145 Cells were transfected with p5HBhAR-A plasmid (AR), 

p5HBhAR-1-2-3-CE3 (AR3) or pCMV5 plasmid using ExGen 500 in vitro Transfection 

Reagent (Thermo Scientific Fermentas, Pittsburgh, PA). After transfection and incubation 

for different time, the cells were prepared for making cell lysates and isolation of RNA, or 

for cell migration and clonogenic assays.

Patients and prostate tissue specimen collection

Retrospective archival pre-treatment PCa tissues and matched adjacent normal tissues were 

collected from patients who underwent routine radical prostatectomy from 2004-2011 at 

Karmanos Cancer Institute (KCI), and obtained from Biospecimen Core of Karmanos 

Cancer Institute after obtaining institutional review board approval, and the PCa tissue 

specimens from our clinical trial of BR-DIM (B-DIM, http://clinicaltrials.gov/show/

NCT00888654) prior to radical prostatectomy of newly diagnosed PCa patients were also 

obtained after receiving approval from Wayne State University Institutional Review Board 

and written informed consents obtained from all study subjects. All tissues were retrieved 

from the formalin-fixed paraffin-embedded (FFPE) tissue blocks, and from which 10 micron 

sections were cut. The clinical characteristics of patients were obtained from the hospital 

database as shown in our previously published paper [23].

Clonogenic assay

LNCaP cells transfected with p5HBhAR-A plasmid expressing full length AR, 

p5HBhAR-1-2-3-CE3 plasmid expressing AR3 and control pCMV5 plasmid, and then 

incubated for 24 h. The cells were collected after trypsinization, and re-suspended in the 

complete medium for clonogenic assay performed as previously described by our laboratory 

[23].

Sphere-forming assay

Sphere-forming assay was used to determine the self-renewal capacity in vitro. Single cell 

suspensions of LNCaP, C4-2B and 22RV1 cells, or PC3 and DU145 cells transfected with 

p5HBhAR-A plasmids expressing full length AR and p5HBhAR-1-2-3-CE3 plasmids 

expressing AR3 as well as pCMV5 plasmids were seeded in 6-well plates with ultra-low 

attachment surface (Corning, Lowell, MA) at 2000 cells/well in DMEM/F12 (Invitrogen) 

supplemented with B27 and N2 (Invitrogen). Sphere-forming assay was performed as 

previously described by our laboratory [18].

Western blot analysis

Total cell lysates were prepared from transfected cells, sphere-forming cells and BR-DIM 

treated cells by lysing the cells in RIPA buffer. Protein concentration was measured using 

BCA protein assay kit (Pierce, Rockford, IL). Western blot assay was performed as 

previously described [25, 29].
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Real-time RT-PCR

The total RNA from cells was prepared using the RNeasy Mini Kit (Qiagen, Valencia, CA), 

and the DNA was removed through incubation of RNA extract with RNase-free NDase from 

an RNase-free NDase kit (Qiagen). 1μg of total RNA for each sample was reverse 

transcribed into cDNA using a High Capacity RNA-to-cDNA Kit (Applied biosystems, 

Fostor, CA) following the manufacturer's instruction. To measure the levels of mRNA in 

PCa patient tissues, the total RNA was isolated from formalin-fixed paraffin-embedded 

(FFPE) tissues using miRNeasy FFPE Kit (Qiagen) and the DNA was removed by treating 

the samples using RNase-free NDase according to the manufacturer's instruction. Real time 

PCR was conducted as previously described [23, 30]. The ΔΔCT method was used for 

calculation of the relative expression. The relative amount of mRNA was normalized to the 

expression of beta-actin or GAPDH.

Wound healing assay

PC3 and DU145 cells were seeded in 6-well plates and incubated for 24 h, and then 

transfected with plasmids expressing AR and AR3 or empty vector. After 48h incubation, 

the cells reached ∼80-90% confluence as a monolayer. The wound was made by scratching 

the monolayer with a 200 μl pipette tip across the center of the well. After scratching, gently 

washing the well twice with complete medium to remove the detached cells and then adding 

fresh complete medium into the wells. The images were captured for cell monolayer on a 

microscope. The cells were incubated for another 24h and then washed twice with PBS. The 

images of cells were taken using a microscope.

Immunohistochemistry

For the immunohistochemical staining, FFPE tumor tissue sections were used and incubated 

with specific primary antibody against Lin28B, followed by incubation with anti-rabbit 

secondary antibody and 3, 3′-diaminobenzidine (DAB). Sections were visualized under an 

Olympus microscope (Olympus, Japan) and images were captured by the camera linked to a 

computer.

Statistical methods

The data are presented as the mean and standard deviation (SD) in the bar graphs. 

Comparisons of the continuous variables between two independent groups were made using 

two tailed student's t test. Comparisons between two independent groups from patient 

samples were made using the Wilcoxon rank sum test. Spearman correlations were used to 

describe the strength of linear relationship between two variables. All statistical tests were 

two sided at significance level of 0.05.

Results

Expressions of AR and AR3 in PCa tissue specimens and PCa cell lines

Activated AR signaling has been commonly found in PCa patients, especially in castration-

resistant prostate cancer (CRPC) patients. In this study, we found that the expression of AR 

was found to be increased in patients' tumor tissues with Gleason grade 6, but there were no 
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significant differences in patients' tumor tissues with Gleason grade ≥7 (Fig-1A). Whereas 

the expression of AR3 was significantly up-regulated in patients' tumor tissues, especially in 

patients' tumor tissues with Gleason grade ≥8 compared with adjacent normal tissues 

(Fig-1CB). Consistent with the results from patient tissues, the mRNA expression of AR and 

AR3 was found to be increased in PCa cell lines (LNCaP, C4-2B, MDA-PCa-2B, VCaP and 

22RV1 cells) compared with immortalized normal prostate epithelial cell lines (RWPE-1 

and PZ-HPV-7 cells; Fig-1C). The results from Western blots also showed increased 

expression of AR and AR3 as well as AR signaling target gene PSA in PCa cell lines 

compared with normal prostate epithelial cell lines (Fig-1D, left panel). Interestingly, the 

expression of stem cell markers including Nanog and Oct4 as well as mesenchymal marker 

such as fibronectin (FN) was up-regulated in PCa cell lines compared with normal prostate 

epithelial cell lines (Fig-1D, right panel). These results suggest that the expression of AR, 

especially AR3 is strongly associated with aggressive PCa in patients and in PCa cell lines.

Overexpression of AR and AR3 induced EMT and stem cell signatures

AR positive cell line, LNCaP and AR negative cell line, DU145 cells were transfected with 

wild-type AR and AR3 plasmids. The results from Western blot showed that overexpression 

of AR led to increased expression of mesenchymal markers such as fibronectin in LNCaP 

cells and ZEB1 in DU145 cells (Fig-2AC). Whereas interestingly, overexpression of AR3 

not only led to increased expression of fibronectin and ZEB1 in LNCaP and DU145 cells, 

respectively, but also increased the expression of stem cell markers such as Nanog in 

LNCaP cells and Lin28B in DU145 cells (Fig-2A), which were consistent with increased 

mRNA expressions of EMT and stem cell markers in LNCaP and DU145 cells transfected 

with AR or AR3 plasmids compared with transfected cells with control plasmids (Fig-2B). 

In contrast, down-regulation of AR3, but not AR through transfection with siRNA reduced 

the expression of Nanog, Oct4 and ZEB1 in 22RV1 cells (Fig-2C), which normally express 

high levels of AR3 (Fig-1D left panel). These results demonstrate that overexpression of 

AR, especially overexpression of AR3 leads to the acquisition of EMT and stem cell 

phenotype consistent with increased expression of EMT and stem cell marker genes, which 

is believed to be linked with increased cancer cell aggressiveness (increased tumor cell 

migration, invasion and tumor growth). As predicted, transfection of AR-negative cells 

(DU145 and PC3 cells) with AR and AR3 plasmids dramatically promoted cell migration 

after 24 hours as assessed by wound healing assay (Fig-2D). Moreover, overexpression of 

AR and AR3 in AR-positive LNCaP cells further promoted clonogenic growth of the cells 

compared with those cells transfected with control plasmids (Fig-2E). We also found that 

overexpression of AR3 but not AR increased prostaspheres (sphere-forming capacity of PCa 

cells) of PC3 (Fig-3A and 3C) and DU145 cells (Fig-3B and 3D) transfected with AR3 

plasmids compared with the cells transfected with control plasmids.

Androgen deprivation was linked with the acquisition of EMT and stem cell features

Androgen deprivation therapy (ADT) becomes ineffective even though most cancer cells in 

metastatic CRPC (mCRPC), especially bone metastasis are still AR positive [31, 32]. The 

molecular mechanisms for the promotion of more aggressive tumor growth after ADT 

remained widely elusive. In this study, we found that C4-2B cells cultured in charcoal 

stripped fetal bovine serum (CS-FBS) after 2 weeks showed increased expression of AR and 
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AR3, and decreased expression of PSA (Fig-4CA, left panel). Interestingly, androgen 

deprivation enhanced the expression of pluripotent stem cell factors including Lin28B, 

Nanog, and Sox2 as well as increased expression of EMT markers such as ZEB1, Twist, N-

cadherin and vimentin (Fig-4A, middle and right panels); whereas, dihydrotestosterone 

(DHT) treatment reversed the expression of these EMT and stem cell markers in C4-2B cells 

(Fig-4BC, upper panel). Moreover, DHT treatment significantly inhibited the expression of 

AR and AR3 whereas increased the expression of PSA concomitant with inhibition of EMT 

and stem cell factors in VCaP cells (Fig-4CB, lower panel), which were consistent with the 

results from Western blots showing that androgen deprivation for 2 weeks led to the up-

regulation of AR and AR3, and increased expression of Nanog after 4 weeks in C4-2B cells 

(Fig-4C). Whereas DHT treatment inhibited AR and AR3 expression concomitant with 

inhibition of Lin28B, vimentin and N-cadherin protein in C4-2B and VCaP cells (Fig-4D). 

These results suggest that androgen deprivation is in part responsible for the induction of 

EMT and the expression of stem cell marker genes in PCa cells, which confers cancer cells 

to become more aggressive after ADT, and eventually leads to metastatic disease.

Up-regulation of AR3 in PCa tissue specimens, which was positively correlated with 
increased expression of Lin28B

The mRNA levels of Lin28B were measured by real time RT-PCR using RNA extracted 

from FFPE PCa tissue specimens in comparison with adjacent normal tissues. We found that 

Lin28B expression was significantly higher in tumor tissues with Gleason grade ≥7 

compared with adjacent normal tissues (Fig-5A and 5B). More importantly, AR3 expression 

was positively correlated with the expression Lin28B in PCa tissue specimens with Gleason 

grade 8 and 9 (Fig-5C), suggesting that AR3 could contribute to the regulation of Lin28B 

expression in PCa, and especially could be associated with the acquisition of cancer cell 

“stemness” that may be responsible for the development of CRPC and acquisition of 

therapeutic resistance. Therefore, elimination of stem cells by repression of stem cell 

markers or inactivation of AR and AR3 could become a promising strategy for the 

prevention of CRPC development and/or for the treatment of patients diagnosed with PCa, 

especially for the treatment of mCRPC with better treatment outcome. Interestingly, 3,3′-

diindolylmethane (DIM obtained from BioResponse and termed as BR-DIM) was able to 

significantly inhibit the expression of Lin28B in patients' tumor specimens (obtained from 

our BR-DIM clinical trial as described under “Material and Methods” section) compared 

with untreated patients' tumor tissue samples (Fig-5). Further proof-of-concept results came 

from in vitro studies as documented below.

BR-DIM inhibited the expression of AR and AR3, resulting in the repression of “stemness” 
in PCa cells

Sphere-forming capacity is the hallmark of stem cell characteristics. The prostaspheres 

(sphere-forming ability of PCa cells) derived from LNCaP cells showed increased 

expression of stem cell marker genes including Lin28B, Nanog, Oct4 and Sox2 (Fig-6A). 

Although there was no significant difference in the expression of AR and AR3 between 

prostaspheres from LNCaP (an androgen-responsive cell line), and the parental LNCaP cells 

(Fig-6A), the expression of AR and AR3 was found to be higher in prostaspheres derived 

from 22RV1 cells (an androgen-independent cell line), compared with the parental 22RV1 
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cells. Expressions of stem cell marker genes including Lin28B, Nanog, Sox2, CD44, and 

EMT markers such as ZEB1 and vimentin were also increased in prostaspheres derived from 

22RV1 cells (Fig-6B). Interestingly, BR-DIM treatment for 4 days inhibited the expression 

of AR variants and PSA (Fig-6C), and also inhibited the expression of Nanog (Fig-6D) in 

LNCaP and LNCaP-derived prostasphere cells. We also found that BR-DIM treatment for 4 

days repressed the expression of AR, PSA and AR3 mRNA concomitant with the inhibition 

in the expression of stem cell marker genes (Lin28B, Nanog, Oct4, Sox2 and CD44) in 

22RV1 prostasphere cells (Fig-6E). These results are consistent with the results from 

Western blot analysis showing that BR-DIM treatment down-regulates the expression of 

AR, AR3 and PSA proteins in 22Rv1 cells and prostaspheres derived from 22RV1 cells 

(Fig-6F). Furthermore, we treated LNCaP and C4-2B cells with BR-DIM for a shorter 

period of time such as 1, 2 or 3 days, and we found that BR-DIM treatment led to reduced 

expression of AR, AR variants, PSA and fibronectin but not Nanog as early as 24 hours 

(Fig-7A). Moreover, BR-DIM treatment not only inhibited the expression of AR, AR 

variants, PSA and EMT marker fibronectin, but also repressed the expression of stem cell 

markers such as Nanog (Fig-7B) in both LNCaP and C4-2B cell lines after 2 days or 3 days, 

which was consistent with the results showing that BR-DIM treatment repressed the 

prostasphere-forming capacity as documented by reduced numbers and size of prostaspheres 

(Fig-7C) and cell migration capacity (Fig-7D) of C4-2B cells compared with untreated cells. 

These results suggest that BR-DIM treatment could eliminate stem cell characteristics, and 

thus could prevent tumor recurrence and metastasis through inactivation of AR signaling. 

Collectively, our results suggest that BR-DIM might become a promising therapeutic drug 

for the prevention of tumor progression to CRPC and/or for the treatment of PCa.

Discussion

Androgen receptor splice variants (AR-Vs) have been suggested to be mechanistically 

involved in castration-resistant prostate cancer (CRPC), and it has also been implicated in 

metastatic CRPC (mCRPC). These AR-Vs lacking a COOH terminal ligand-binding domain 

(LBD) localize in the nuclear compartment, and are constitutively active. In this study, we 

showed that AR expression was higher in prostate cancer (PCa) tissue specimens with 

Gleason grade 6, but not in those patient tissues with Gleason grade ≥7. In contract, one of 

the AR-Vs, AR3 expression was higher in patients' tumor tissues, especially in patients' 

tissues with higher Gleason grade. Moreover, AR3 expression but not AR expression was 

positively correlated with Lin28B expression in patients' tissues with higher Gleason grade. 

These results suggest that AR3 but not AR is involved in the regulation of stem cell marker 

gene expression, which are consistent with our results showing that overexpression of AR3 

but not AR induced stem cell signatures such as increased expression of Nanog and Lin28B, 

resulting in the promotion of cell migration and clonogenicity as well as led to enhanced 

prostasphere formation of PCa cells. Hu et al demonstrated that ligand-dependent full length 

AR and ligand-independent AR variants mediates different signaling pathway. AR full 

length signaling regulates the gene expression related to the biosynthesis, metabolism and 

secretion pathways, whereas AR-Vs up-regulates the expression of cell cycle genes such as 

UBE2C [33]. Moreover, they found that suppression of AR full length signaling pathway by 

targeting the AR-LBD via androgen deprivation or treatment with MDV3100 
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(Enzalutamide) led to increased expression of AR-Vs, especially the expression of AR3 

[33], which is consistent with our results showing that androgen deprivation leads to the 

inhibition in the expression of PSA, and increased the expression of AR and AR3 in PCa 

cells. Moreover, two PCa cell lines such as VCaP [34] derived from patients with hormone 

refractory PCa, and 22RV1 cells [35] derived from a xenograft that was serially propagated 

in mice after castration-induced regression and relapse of the parental, androgen-dependent 

CWR22 xenograft, showed higher levels of AR3 expression compared with LNCaP and 

C4-2B cells. These results suggest that the inhibition of AR signaling by targeting the AR-

LBD could activate the expression of AR-Vs, especially AR3, which might be responsible 

for the progression of PCa into CRPC and mCRPC after ADT in most PCa patients.

Although increasing evidence from in vivo and in vitro studies has indicated that androgen 

deprivation-mediated up-regulation of AR-Vs are involved in the progression of PCa into 

CRPC [5-7, 12], the mechanisms underlying castration resistance need to be further 

elucidated in order to design appropriate therapeutic strategy for better treatment of patients 

with CRPC, especially mCRPC. In the present study, we showed that androgen deprivation 

resulted in the induction of EMT phenotype and the expression of stem cell marker genes 

(acquisition of “stemness”) as characterized by up-regulated expression of EMT markers 

such as ZEB1, N-cadherin and vimentin and stem cell markers such as Lin28 and Nanog, 

which was found to be associated with increased expression of AR3. DHT treatment of PCa 

cells reversed these molecular changes, suggesting that the suppression of full length AR 

signaling-mediated activation of AR3 signaling could contribute to the induction of EMT 

and “stemness”. This was further confirmed by the results showing that overexpression of 

AR3 but not AR in PCa cell lines led to increased expression of Lin28B and Nanog, which 

was associated with increased prostasphere formation and clonogenicity. Overexpression of 

AR3 also promoted the expression of ZEB1, fibronectin and vimentin, which is linked with 

increased cell migration. These results are consistent with the findings from Cottard et al 

showing that overexpression of AR-Vs promotes the expression of N-cadherin, vimentin and 

ZEB1 [8]. Sun et al showed that androgen deprivation could induce EMT and stem cell-like 

features in normal mouse prostate tissue and human LuCaP35 prostate tumor explants. They 

also found that increased mesenchymal signatures in prostate tumors from patients treated 

with androgen-deprivation therapy [16]. A recent study further suggest that AR3 driven PCa 

initiation and progression can occur in a transgenic mouse model (AR3Tg) by modulating 

TGF-beta pathway, which was associated with the elaboration of EMT signatures and 

increasing prostatic progenitor cell population [11]. These in vivo results confirmed our 

findings indicating that androgen deprivation-mediated increased expression of AR3 

contributes to the development of CRPC and mCRPC by regulating EMT and stem cell 

pathways. Thus, one could envision that effective drugs for the treatment PCa would be 

those which can inhibit the acquisition of EMT and “stemness” characteristics and could 

also eliminate these cells. This indeed could be possible (as discussed below) by targeted 

inactivation of AR-Vs especially AR3 for the inhibition of tumor growth by eliminating 

stem cells to prevent tumor recurrence and metastasis after ADT.

BR-DIM has been demonstrated to possess anti-tumor activity in vivo and in vitro by 

regulating multiple pathways [23-25]. In this study, we showed that BR-DIM not only 
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inhibited the activity of AR canonical signaling pathway as characterized by significant 

inhibition of PSA expression, but also repressed the expression of AR variant (AR3), 

resulting in the suppression in the expression of EMT markers including ZEB1, N-cadherin, 

fibronectin as well as stem cell markers such as Nanog and Lin28B. These results were 

further associated with the inhibition of sphere-forming capacity of PCa cells. One recent 

study has shown that the inhibition of AR-FL signaling by targeting AR-LBD via androgen 

deprivation or treatment of cells with MDV3100 (enzalutamide), which inhibits AR activity 

by binding to AR-LBD, led to increased expression of AR variants [33], which has been 

involved in PCa progression to more aggressive CRPC and mCRPC [3, 5, 6, 9, 12, 36, 37]. 

The results of our study suggest that AR-Vs especially AR3 could contribute to the 

acquisition of CRPC by regulating EMT and stem cell related pathways. Interestingly, BR-

DIM showed inhibition of both AR-FL and/or AR3 in PCa cells in vitro and also in vivo as 

documented through using PCa tissue specimens obtained from BR-DIM clinical trial. Thus, 

BR-DIM treatment could not only inhibit tumor growth by blocking the signaling of AR-FL, 

but could also prevent tumor recurrence and metastasis after conventional ADT and/or 

enzalutamide (MDV3100) treatment, suggesting that BR-DIM could serve as a promising 

agent for the prevention of tumor progression and/or treatment of PCa especially CRPC and 

mCRPC.
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Fig-1. AR and AR3 expression in PCa tissue specimens and PCa cell lines
(A) The expression of AR mRNA was increased in PCa tissue specimens with Gleason 

grade 6, but not in patients' samples with Gleason score ≥7 compared with adjacent normal 

tissues. Similar data for AR mRNA levels were reported previously [Kong et at. Am J 

Transl Res 2012; 4(1): 14-23], and also showed different expression pattern between AR 

and AR3 in PCa tissue specimens (TumorG6: tumor tissues from patients with Gleason 

grade 6. N = 93 for normal, N=136 for tumor, N = 42 for Tumor G6, N = 45 for Tumor G7, 

N = 49 for Tumor G8 and 9). (B) The levels of AR3 were found to be significantly up-
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regulated in PCa tumor tissue specimens and especially in tumor tissues with Gleason 

grade≥8 compared with adjacent normal tissues. (N = 91 for normal, N=134 for tumor, N = 

42 for Tumor G6, N = 44 for Tumor G7, N = 48 for Tumor G8 and 9). (C) Significant up-

regulation in the expression of AR and AR3 mRNA in PCa cell lines compared with 

immortalized normal prostate epithelial cell lines such as RWPE-1 and PZ-HPV-7. (D) 

Increased protein levels of AR and AR3 as well as stem cell markers such as Nanog and 

Oct4, and mesenchymal marker fibronectin (FN) in PCa cell lines compared with normal 

prostate epithelial cell lines. Expression of PSA was found to be increased in PCa cell lines, 

which was inversely correlated with AR3 expression.
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Fig-2. Overexpression of AR and AR3 resulted in the induction of EMT and stem cell phenotype 
in PCa cells
(A) and (B) Transfection of LNCaP and DU145 cells with plasmids expressing AR showed 

increased expression of mesenchymal markers such as fibronectin (FN), ZEB1 and Twist. 

Transfection of LNCaP and DU145 cells with plasmid expressing AR3 showed not only 

increased expression of mesenchymal markers such as fibronectin and ZEB1 but also 

enhanced expression of stem cell marker genes such as Nanog, Lin28B and CD44 (* p<0.05, 

** p<0.01). (C) Down-regulation of AR3 but not AR by transfection of 22RV1 cells with 

siRNA inhibited the expression of Nanog, Oct4 and ZEB1. (D) Overexpression of AR and 
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AR3 by transfection of DU145 and PC3 with plasmids expressing AR and AR3 promoted 

cell migration. (E) LNCaP cells transfected with plasmids expressing AR (LNCaP-AR), 

AR3(LNCaP-AR3) or control vector (LNCaP-con) and incubated for 24 hours, then the 

transfected cells were collected and seeded in 100 mm dishes at density of 2000 cells. After 

2 weeks of incubation, the colonies were stained and photographed.
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Fig-3. Overexpression of AR3 increased sphere-forming (prostasphere-forming) capacity
(A) and (C) PC3 cells transfected with AR3 but not AR showed increased prostasphere-

forming ability. (B) and (D) DU145 cells overexpressing AR3 but not AR showed increased 

prostasphere numbers and Size (**, p<0.01).
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Fig-4. EMT and stem cell signatures were found in PCa cells grew in androgen deprivation 
condition
(A) C4-2B cells grew in charcoal stripped fetal bovine serum (CS-FBS), at least 2 weeks, 

showed increased expression of AR and AR3 mRNA, inhibited the expression of PSA, and 

also up-regulated the expression of stem cell marker genes such as Lin28B, Nanog and 

Sox2, and EMT markers such as ZEB1, Twist, N-cadherin and vimentin. (B) C4-2B (upper 

panel) and VCaP cells (lower panel) grew in CS-FBS for 3 days and then treated with or 

without 10 nM DHT and incubated for another 24 hours. DHT treatment inhibited mRNA 

expression of AR and AR3, concomitant with decreased mRNA expression of Lin28B, 
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Nanog, ZEB1, Twist and vimentin in C4-2B cells, and depressed mRNA expression of 

Sox2, N-cadherin and vimentin in VCaP cells. (C) C4-2B cells grew in CS-FBS for, at least 

2 weeks, promoted protein expression of AR, AR3 and mesenchymal marker such as 

vimentin, whereas C4-2B cells grew in CS-FBS for 4 weeks showed increased protein 

expression of stem cell marker such as Nanog. (D) DHT treatment for 24 hours reversed 

protein expression of AR, AR3, PSA, Lin28B, vimentin and N-cadherin in C4-2B and VCaP 

cells (*p<0.05; **p<0.01).
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Fig-5. Lin28B was increased in PCa tissue specimens, which was positively correlated with AR3 
expression, and abrogated by BR-DIM treatment in a phase II clinical trial
Total RNA was obtained from formalin-fixed paraffin-embedded (FFPE) tissue specimens 

of PCa patients and BR-DIM clinical trial samples with matched tumor Gleason grade, 

tumor stage and patient age as control group. BR-DIM was given to patients for 2-4 weeks 

prior to surgery. (A) The levels of Lin28B mRNA were found to be significantly increased 

in patients' tumors with higher Gleason grade (Gleason score ≥7) compared with adjacent 

normal tissues (N = 75 for normal, N = 38 for Tumor G6, N = 46 for Tumor G7, N = 34 for 

Tumor G8 and 9). (B) Immunohistochemical staining showed increased expression of 
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Lin28B localized in the cytoplasm. (C) Lin28B expression was positively correlated with 

expression of AR3 in patients' tumors with Gleason grade ≥8 (N = 36). (D) BR-DIM 

treatment led to decreased expression of Lin28B (N = 67 for patients, N = 7 for patients with 

BR-DIM treatment).
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Fig-6. BR-DIM treatment inhibited the expression of AR, AR variants and stem cell markers
Single cell suspensions of LNCaP and 22RV1 cells were plated in 6-well plates with ultra-

low attachment surface at 2000 cells/well and incubated for 3 days. The cells subsequently 

received fresh medium with or without BR-DIM, and then incubated for another 4 days. 

Prostasphere cells were collected for preparation of cell lysates or isolation of RNA. (A) 

Increased expression of Lin28B, Nanog, Oct4 and Sox2 mRNA were found in sphere-

forming cells from LNCaP. (B) The mRNA expression of AR, AR3, EMT markers such as 

ZEB1 and vimentin, and stem cell markers such as Lin28B, Nanog, Sox2 and CD44 were 
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found to be increased in sphere-forming cells from 22RV1 cells. (C) BR-DIM treatment 

decreased the expression of AR variants (AR-Vs) and PSA in LNCaP and LNCaP sphere-

forming cells. (D) BR-DIM treatment inhibited the expression of stem cell marker: Nanog in 

LNCaP and LNCaP sphere cells. (E) BR-DIM treatment also repressed the mRNA 

expression of stem cell markers such as Lin28B, Nanog, CD44, Sox2 and Oct4 in 22RV1 

sphere cells. (F) Expression of full length AR (AR-FL), AR variants and AR3 was reduced 

by BR-DIM treatment in 22RV1 cells and 22RV1 sphere-forming cells (*p<0.05; 

**p<0.01).
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Fig-7. BR-DIM treatment inhibited cell migration and prostasphere-forming ability
(A) BR-DIM treatment for 24 hours down-regulated the expression of AR, AR variants, 

AR3 and PSA as well as fibronectin (FN) in LNCaP and C4-2B cells. (B) BR-DIM 

treatment for 2 days and 3 days inhibited the expression of AR, AR variants, AR3, PSA, 

fibronectin and Nanog in LNCaP and C4-2B cells. (C) BR-DIM treatment significantly 

reduced prostasphere numbers and size (**p<0.01). (D) BR-DIM treatment significantly 

inhibited C4-2B cell migration after 24h.
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