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ABSTRACT 

 

Prostate cancer remains the second leading cause of cancer related death in Australian males, 

with approximately 28000 Australian men being diagnosed in 2007 and more than 3000 

deaths as a result of this disease. The probability of patient survival from prostate cancer is 

greatly diminished when the disease has spread outside of the confines of the prostate. 

Disease spread, or the potential for spread, also determines the therapy received by the 

patient, be it surgical removal, chemotherapy, radiotherapy, or hormonal therapy, or any of 

these in combination. The advent of serum PSA testing has allowed for both earlier and 

increased detection of prostate cancer over the past 20 years. Despite this, the mortality rate 

for prostate cancer has remained relatively constant. Moreover, it is thought that increased 

detection may lead to over diagnosis and over treatment of indolent disease in up to 50% of 

cases, burdening patients who would not actually die from prostate cancer. Central to this 

issue is that there is no accurate means of predicting, at the time of diagnosis, the likelihood 

of prostate cancer becoming aggressive and metastasising, and thus identifying the patient 

population that would benefit most from more aggressive treatment. 

 

The prostate is a glandular structure composed of secretory epithelial cells embedded in a 

stroma containing smooth muscle cells, fibroblasts, and extracellular matrix (ECM) proteins, 

as well as immune cells and vasculature. Prostate cancer arises from the epithelial cells, which 

can subsequently evolve the capacity to breach the basement membrane, navigate through the 

surrounding stroma and ultimately enter the bloodstream allowing metastasis to distant sites 

such as bone. Recent studies suggest that each of these processes depends on a bi-directional 

interaction between the cancer cells and the prostate microenvironment, and moreover that 
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structural or functional changes in that microenvironment are a necessary component of 

progressive tumourigenesis. As an example, activated cancer associated fibroblasts (CAFs) 

are thought to secrete paracrine factors that provide a more supportive environment, 

increasing cancer cell initiation and subsequent tumour growth.  

 

Another key aspect of prostate cancer development and maintenance are androgens, which act 

through their cognate receptor, the androgen receptor (AR). Current therapy for prostate 

cancer includes androgen deprivation therapy (ADT), which aims to ablate AR action. This 

therapy is most commonly used for advanced metastatic disease, however, in the USA 

between 1998 and 2005, ADT alone or in conjunction with radiotherapy was used as a 

primary treatment for advanced but organ confined prostate cancer in 70% of men. Studies 

have since shown an increased likelihood of disease progression and re-emergence in such 

cases. An explanation for the increased risk of progression may reside in understanding the 

role of AR in CAFs. Previously, CAF AR has been shown to be required for cancer initiation 

and tumour development. However, the specific cellular and molecular effect of androgens on 

fibroblasts is not well known, and the role of fibroblast AR in mediating progressive 

tumourigenesis of the cancer epithelia is unclear.  

 

The AR is a transcription factor which, upon activation by cellular internalized androgen, 

binds to DNA and mediates biological functions such as proliferation. Our understanding of 

the molecular actions of the AR are, however, almost entirely based on studies of its action in 

isolated prostate cancer epithelial cells, and inferences from the studies of other members of 

the nuclear receptor superfamily of ligand activated transcription factors. In general terms, the 

AR mediates the biological actions of androgens by becoming activated, translocating to the 
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nucleus, and acting in concert with accessory proteins and coregulators to control chromatin 

structure and transcription at specific genomic sites. Whether these same general principles 

apply in fibroblasts is not known. In this thesis, human prostatic myofibroblast cell lines 

expressing AR (PShTert-AR) were compared to AR negative fibroblasts (PShTert-ctrl) and 

epithelial cancer cell lines (C4-2B), with view to defining the molecular and physiological 

roles of fibroblast AR. Microarray profiling revealed that only 10% of genes regulated by 

androgens in fibroblasts were also regulated in epithelial cells. Genes regulated by AR in 

fibroblasts were involved in pathways such as proliferation, ECM production, and adhesion. 

Conversely, in epithelial cells, AR regulated genes were involved in apoptosis, mitosis, and 

signal transduction. Functional studies showed that AR has an intrinsic anti-proliferative 

action in fibroblasts, but also promotes the release of paracrine factors that enhance growth of 

prostate cancer cells, both in vitro and in vivo. Androgens also induced fibroblast-mediated 

deposition of ECM proteins, such as collagen, whilst reducing the expression of enzymes 

involved in ECM degradation such MMP1 and MMP3. Further in vitro testing, demonstrated 

that ECM produced under androgenic stimulation increased attachment of the fibroblasts 

themselves by 60% in under 30 minutes (p<0.05), as well as attachment of prostate cancer 

epithelial cells by up to 35% (p<0.05). In addition, androgens increased fibroblast cell 

adhesion and suppressed motility and invasion over a four hour period by 30% (p<0.05). 

 

Utilizing several sets of microarray data, qualitative and quantitative differences in expression 

of AR coregulators in fibroblasts and epithelial cells were also determined. Intriguingly, it 

was observed that a number of previously described epithelial-cell AR coregulators were 

expressed almost exclusively in fibroblasts, including several proteins such as the coactivator 

Hic-5 (TGFB1I1), known to interact with focal adhesions. Despite evidence in previous 
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studies for expression predominantly in fibroblasts, Hic-5 has been investigated almost 

exclusively in a small number of epithelial cell lines. Here, the biological roles of this AR 

coregulator were investigated using isogenic myofibroblasts with or without Hic-5, and in a 

transient siRNA model of Hic-5 depletion. Microarray and RT-qPCR investigation revealed 

that the level of Hic-5 affects the expression of over 50% of androgen mediated genes, and in 

the majority of cases (85%) works to amplify (coactivate) the natural androgenic response. 

Supporting this finding, depletion of Hic-5 decreased the androgenic response from 34 of the 

69 tested AR-responsive luciferase reporter constructs tested (p<0.01). Finally, in a novel and 

important finding, it was demonstrated that androgens result in a dynamic cellular localisation 

of Hic-5 in fibroblasts, and that this process is a key determinant of the observed androgen-

mediated responses, adhesion and motility. Collectively, these data demonstrate that Hic-5 is 

an important modulator of both androgen mediated gene transcription and androgen driven 

cell movement in fibroblasts. Furthermore, these studies demonstrate that the cell specificity 

of AR signalling may be mediated by unique interactions with pools of coregulators specific 

to fibroblasts, and that changes in these pools could significantly alter androgen signalling 

within the cancer environment. 

 

In order to assess the physiological relevance of fibroblast AR, a tissue microarray was 

constructed as part of this thesis that contained both benign and malignant prostate samples 

from 64 patients, on which quantitative immunohistochemical assessment of AR expression 

was performed in both epithelial and stromal compartments. Changes in epithelial AR 

expression did not affect patient outcome, but were significantly related to Gleason grade 

(p<0.001) and serum PSA (p<0.001). In contrast, expression of AR in stroma were 

significantly associated with prostate cancer related death (p<0.05). This relationship was 
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found to be unique to the cancer associated stroma, as AR expression in patient-matched 

benign tissue did not associate with any of the clinical parameters. Combined with the in vitro 

findings in this thesis, those data strongly suggest that although stromal AR is required for 

cancer initiation and growth, a subsequent loss of stromal AR produces a cancer more likely 

to be associated with a detrimental patient outcome.  

 

The findings from this thesis identify two mechanisms by which AR signalling in fibroblasts 

may contribute to prostate cancer progression. First, a loss of stromal AR results in increased 

fibroblast movement and proliferation, and the secretion of a permissive ECM for cancer cell 

detachment and movement. Second, AR activation by androgen results in redistribution of 

fibroblast-specific cofactors such as Hic-5 from the cytoplasm to the nucleus, leading to 

enhanced AR transcriptional activity. The movement of Hic-5 from focal adhesion sites 

concomitantly increases adhesion and reduces motility. By increasing the understanding of 

the molecular pathways and function of AR and androgens in the stroma, the research 

undertaken in this thesis has been able to establish new models of AR action in the cancerous 

environment. Significantly, these data provide a mechanism for the increased likelihood of 

disease progression and re-emergence upon treatment of advanced organ confined prostate 

cancer with ADT, as a loss of fibroblast AR activity and altered ECM production is predicted 

to enable cancer metastasis. This thesis concludes that dysregulation of AR action in the 

stroma potentiates prostate cancer progression, and may thus be used as an indicator of cancer 

aggressiveness and metastasis. 

 

  



x 

 

DECLARATION 

I certify that this work contains no material which has been accepted for the award of any 

other degree or diploma in any university or other tertiary institution and, to the best of my 

knowledge and belief, contains no material previously published or written by another person, 

except where due reference has been made in the text. In addition, I certify that no part of this 

work will, in the future, be used in a submission for any other degree or diploma in any 

university or other tertiary institution without the prior approval of the University of Adelaide 

and where applicable, any partner institution responsible for the joint-award of this degree. 

I give consent to this copy of my thesis when deposited in the University Library, being made 

available for loan and photocopying, subject to the provisions of the Copyright Act 1968. The 

author acknowledges that copyright of published works contained within this thesis resides 

with the copyright holder(s) of those works. 

I also give permission for the digital version of my thesis to be made available on the web, via 

the University’s digital research repository, the Library catalogue and also through web 

search engines, unless permission has been granted by the University to restrict access for a 

period of time. 

 

 

 

 

 

Damien Leach 



xi 

 

ACKNOWLEDGMENTS 

I would like to thank my supervisors, Dr Grant Buchanan, Dr Eleanor Need, Dr Andrew 

Trotta, and Prof Villis Marshall, for guiding me through my PhD. I’ve learnt so much from 

you all, and couldn’t think of better to have as my teachers. Thank you for the great guidance, 

unwavering support, and effort you’ve put in over the past few years. 

Grant, thank you for your continuous, and apparently limitless, enthusiasm. It made doing my 

PhD much easier and enjoyable. A big thanks for all the time you’ve put in given your full-on 

schedule, very much appreciated. And thanks for being a head of lab who is not only 

dedicated to the science and hard work, but can also actually have a laugh. Oh, and dragging 

me to the pub. 

Elle, thank you for your continued support, and humour, and the caring, and being the 

organised one. Thank you for putting up with my continued poor spelling and bad grammar. 

A massive thank you for actually coming back, I don’t know what I would have done if you 

didn’t, you’ve been a great mentor. 

Andrew, thank you for being such a good example for me. When I first started I quickly tried 

to follow your example of hard work and dedication, and I’m grateful that you showed the 

same efforts when coming back to the lab as a supervisor. 

Mel, thanks for being very patient with me when teaching me in the lab, and forgiving me 

when I melted the electrophoresis apparatus, oops. 

Thanks to Lauren, Erin, Bill, Irene, and all the other students at the BHI for stumbling through 

this PhD with me and providing laughs along the way. 

 



xii 

 

Coffee and beer, you know you’re great. 

Thanks to all my friends, for providing much needed exercises in sanity, and reminding me 

that life does exist outside of the lab. 

Thanks to Eb and Holy for always wagging their tails when I would come home from the lab, 

no matter how late that would be. 

Thanks to Mum and Dad, Kir and Jeremy, Meg and Rhett, for being heaps supportive and 

understanding, putting up with lateness and occasional grumpiness. Thanks to lil Oscar and 

Arley for cheering me up with photogenic-ness. 

  



xiii 

 

ABBREVIATIONS 

 

αSMA   alpha Smooth Muscle Actin 

ADT   Androgen Deprivation Therapy 

AF   Activation Function 

AKT   v-Akt murine Thymoma viral oncogene homolog 1 

AR   Androgen Receptor 

ARA70  Androgen Receptor Associated protein 

ARE   Androgen Response Element 

 

BIC   Bicalutamide 

BLM   Bladder Mesenchyme 

BPH   Benign Prostate Hyperplasia 

 

CAF   Cancer-Associated Fibroblast 

CBP   CREB Binding Protein 

ChIP   Chromatin Immunoprecipitation  

COL   Collagen 

CREB   cAMP-Response Element Binding Protein 

 

D   Aspartate 

DBD   DNA Binding Domain 



xiv 

 

DCC   Dextran Coated Charcoal 

DHEA   Dihydroepialdosterone 

DHT   Dihydrotestosterone 

DMSO   Dimethyl Sulfoxide 

DNA   Deoxyribonucleic Acid 

DRE   Digital Rectal Exam 

 

E2   17β-Oestradiol 

EBRT   External Beam Radiation Therapy 

ECM   Extracellular Matrix 

EDTA   Ethylene-diamine-tetra Acetic Acid 

EGF   Epidermal Growth Factor 

ELISA   Enzyme Linked ImmunoSorbent Assay 

EMT   Epithelial Mesenchymal Transition/Transformation 

ERK   Extracellular Regulated Kinase 

 

FA   Focal Adhesion 

FAK   Focal Adhesion Kinase 

FAP   Fibroblast Activation Protein 

FBS   Foetal Bovine Serum 

FBN   Fibronectin 

FBXO32  F-Box Only Protein 32 



xv 

 

FCS   Foetal Calf Serum 

FGF   Fibroblast Growth Factor 

FKBP   FK506 Binding Protein  

FSH   Follicle Stimulating Hormone 

 

GR   Glucocorticoid Receptor 

GTP   Guanine Triphosphate 

 

H   Hinge region 

HAT   Histone Acetyl Transferase 

HDAC   Histone Deacetylase 

HRE   Hormone Response Element 

HSP   Heat Shock Protein 

 

IGF   Insulin-like Growth Factor 

 

KLK   Kallikrein 

 

L   Leucine 

LBD   Ligand Binding Domain 

LD   Leucine Aspartate 

LDB   Low Dose Brachytherapy 



xvi 

 

LH   Leutenising Hormone 

LHRH   Leutenising Hormone Releasing Hormone 

 

MAPK   Mitogen Activated Protein Kinase 

MMP   Matrix Metalloproteinase 

 

N/C interaction Amino Terminal Domain/Carboxy Terminal Domain interaction 

NCOA   Nuclear Receptor Coactivator  

NES   Nuclear Export Signal 

NLS   Nuclear Locating Domain 

NPC   Nuclear Pore Complex 

NPF   Normal Prostatic Fibroblast 

NTD   Amino Terminal Domain 

NTMS   Nuclear Matrix Transport Signal 

 

OS   Oxidative Stress 

 

PCa   Prostate Cancer 

PIN   Prostatic Intraepithelial Neoplasia 

PKA   Protein Kinase A 

PKC   Protein Kinase C 

PRF   Phenol Red Free 



xvii 

 

PSA   Prostate Specific Antigen 

PTEN   Phosphatase and Tensin homolog 

PXN   Paxillin 

 

Raf1   V-Raf-1 Murine Leukemia Viral Oncogene Homolog 1 

RNA   Ribonucleic Acid 

RPMI   Roswell Park Memorial Institute 

RT-qPCR  Real Time Quantitative Polymerase Chain Reaction 

 

SFRP1   Secreted Fizzled Related Protein 1 

SHBG   Sex Hormone Binding Globulin 

shRNA  Short Hairpin Ribonucleic Acid 

siRNA   Small Interfering Ribonucleic Acid 

SMRT   Silencing Mediator for Retinoic acid and Thyroid receptor 

SRC1   Steroid Receptor Coactivator 1 

 

T   Testosterone 

Tfm   Testicular Feminized Mouse 

TGFB   Transforming Growth Factor Beta 

TGFBR  Transforming Growth Factor Beta Receptor 

TNM   Tumour, Lymph Node, Metastasis 

TURP   Transurethral Resection of the Prostate 



xviii 

 

 

UGE   Urogenital Epithelium 

UGM   Urogenital Mesenchyme 

UGS   Urogenital Sinus 

 

VEGF   Vascular Endothelial Growth Factor 

 

WT   Wild Type 

 

Y   Tyrosine 

  



xix 

 

CONFERENCE PRESENTATIONS 

 SA ASMR Scientific Meeting, 2010, Androgen signalling in prostate cancer stroma, 

Adelaide SA, DA Leach,  AP Trotta, EF Need, DB DeFranco, RA Taylor, GP 

Risbridger, & G Buchanan.. POSTER 

 Faculty of Health Sciences Postgraduate Research Conference, Adelaide SA, August 

2010. Androgen signalling in prostate cancer stroma, DA Leach,  AP Trotta, EF Need, 

DB DeFranco, RA Taylor, GP Risbridger, & G Buchanan. POSTER 

 Faculty of Health Sciences Postgraduate Research Conference, Adelaide SA, August 

2011. Androgen signalling in prostate cancer stroma, DA Leach, EF Need, S Chopra, 

RA Taylor, GP Risbridger, CB Pinnock, DB DeFranco & G Buchanan. POSTER 

 TQEH Research Day, Adelaide SA, October 2011. Androgen signalling in prostate 

cancer stroma, DA Leach, PA Drew, E Smith, EF Need, & G Buchanan. ORAL 

PRESENTATION 

 33rd Annual Lorne Genome Conference, Lorne VIC, February 2011. Androgen 

signalling in prostate cancer stroma, DA Leach, EF Need, S Chopra, RA Taylor, GP 

Risbridger, CB Pinnock, DB DeFranco & G Buchanan. POSTER 

 12th Australasian Prostate Cancer Conference, Melbourne VIC, August 2011, Stromal 

Androgen Receptor is inversely associated with prostate cancer related death, DA 

Leach, EF Need, S Chopra, RA Taylor, GP Risbridger, CB Pinnock, DB DeFranco & 

G Buchanan. POSTER 

 15th International Congress of Endocrinology, Florence, Italy, May 2012, 

Immunohistochemical, ChIP, and microarray analysis reveals how stromal AR 

controls prostate cancer outcome through fibroblast specific action of androgen 

signalling on ECM production and DNA licensing, DA Leach, EF Need, S Chopra, 



xx 

 

RA Taylor, GP Risbridger, CB Pinnock, P Lee, DB DeFranco & G Buchanan. 

POSTER 

 Faculty of Health Sciences Postgraduate Research Conference, Adelaide SA, August 

2012. Androgen signalling in prostate cancer stroma, DA Leach, EF Need, S Chopra, 

RA Taylor, GP Risbridger, CB Pinnock, DB DeFranco & G Buchanan. POSTER 

 TQEH Research Day, Adelaide SA, October 2012. Androgen signalling in prostate 

cancer stroma, DA Leach, PA Drew, E Smith, EF Need, & G Buchanan. POSTER 

 SA ASMR Scientific Meeting, 2013, Fibroblast Specific Androgen Signalling and 

Implications for Prostate Cancer, DA Leach. ORAL PRESENTATION. 

 Aus-Can PCRA Symposium, 2013, Stromal androgen receptor regulates a protective 

microenvironment and promotes poor outcome in prostate cancer, DA Leach, EF 

Need, R Toivanen, AP Trotta, S Chopra, DJ Tamblyn, T Kopsaftis, GM England, CB 

Pinnock, G Risbridger, DB DeFranco, P Lee, RA Taylor, & G Buchanan. POSTER 

 

  



xxi 

 

AWARDS 

 Discipline of Medicine Prize for Best Presentation. 2012 Faculty of Health Sciences 

Postgraduate Conference. 

 International Congress of Endocrinology Travel grant, 2012 

 Faculty of Health Sciences Postgraduate Travel Scholarship, 2012 

 South Australian Heath and Medical Research Institute Beat Cancer Project Travel 

Grant 2012 

  



xxii 

 

CO-AUTHORED PUBLICATIONS 

Trotta AP, Need EF, Selth LA, Chopra S, Pinnock CB, Leach DA, Coetzee GA, Butler LM, 

Tilley WT, and Buchanan G, 2013, Knockdown of the co-chaperone SGTA results in 

suppression 1 of androgen 2 and PI3K/AKT signalling and inhibition of prostate cancer cell 

proliferation. International Journal of Cancer. 

 

Bianco-Miotto T, Trotta AP, Need EF, Lee AMC, Ochnik AM, Giorgio L, Leach DA, 

Swinstead EE, O’Loughlin MA, Newman MR, Birrell SN, Butler LM,  Harris JM, and 

Buchanan G, 2013, Molecular and structural basis of androgen receptor responses to 

dihydrotestosterone, medroxyprogesterone acetate and Δ4-tibolone, Molecular and Cellular 

Endocrinology.  

 

  



 

1 

 

CHAPTER 1: INTRODUCTION 

 

1.1 Androgen in the prostate  

 

Androgens are a group of steroid hormones, which include testosterone (T) and 

dihydrotestosterone (DHT). Produced predominantly in the Leydig cells of the testes, 

following stimulation from pituitary-produced luteinizing hormone (LH) and follicle 

stimulating hormone (FSH), androgens are required for formation of the male genitalia and 

secondary sexual characteristics (Fig. 1A). Androgens are also highly important in prostatic 

development and homeostasis. During pre-puberty, androgens are low and prostatic growth is 

minimal, however with puberty comes a dramatic increase in androgens and accelerated 

prostatic growth (Donjacour and Cunha, 1988). Conversely, restricting androgen production 

or inhibiting androgen metabolism in the prostatic cells results in inhibition of the growth and 

development of normal prostatic architecture (Andersson et al., 1991). In the mature prostate, 

removal of androgens via castration results in apoptosis and general degeneration of the gland 

(Sugimura et al., 1986b). 

 

1.2  Prostate development 

 

The walnut sized prostate is an exocrine gland that surrounds the urethra and is located 

inferior to the bladder (Fig. 1B). The prostate gland is divided into three zones (Fig. 1B). 
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Extending distally from the centrally located urethra is the transitional zone, followed by the 

central zone, and then the peripheral zone extends to the surrounding prostatic capsule. 

During prostate development, the prostatic epithelium buds from the urogenital sinus (UGS) 

and grows into the surrounding urogenital mesenchyme (UGM). The bud elongates, branches, 

and undergoes a process of canalisation, ultimately forming tubular acinar epithelial structures 

consisting of secretory luminal cells, basal cells and occasional neuroendocrine cells (Fig. 

1C). A collagenous basement membrane separates the matured epithelium from the 

surrounding stroma of smooth muscle cells, fibroblasts, immune cells, vasculature, and a 

proteinaceous extracellular matrix (ECM; Fig. 1C).  
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Figure 1: Prostate: A) The pituitary gland releases LH and FSH, stimulating the production and 

release of testosterone from the testes. B) The mature prostate is located inferior to the bladder and 

seminal vesicles, and is divided into three zones around the central urethra. C) Androgen controls the 

development of the urogenital epithelium (UGE) as it grows and branches into the urogenital 

mesenchyme (UGM). The UGE matures into luminal epithelial cells (Ep) and basal cells (B), which 

are separated from mature stromal normal prostatic fibroblasts (NPFs) and smooth muscles cells 

(SMCs) of the UGM by a collagenous basement membrane (BM). 
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1.2.1 Stromal influence on prostate development 

 

The differentiation state and function of the prostate epithelia is highly dependent on stromal 

signals. In mouse models, the epithelium develops into glandular (prostate) or stratified 

(bladder) phenotypes when in the presence of urogenital sinus mesenchyme (UGM) or 

bladder mesenchyme (BLM), respectively (Cunha et al., 1983a). Recombinant rodent models, 

where UGM is implanted in varying ratios with urogenital sinus epithelium (UGE), 

demonstrated that glandular growth and acinar formation is dependent on UGM (Chung and 

Cunha, 1983). One mechanism through which this is achieved is via stromal cell secretion of 

paracrine factors (Fig. 2), including fibroblast growth factors (FGFs), transforming growth 

factor beta (TGFB), interleukins, vascular endothelial growth factors (VEGFs), platelet 

derived growth factors (PDGFs), and insulin-like growth factors (IGFs). In the development 

of prostatic epithelia, TGFB is involved in controlling the differentiation of epithelia, whilst 

FGFs, PDGFs, and VEGFs work to enhance epithelial cell proliferation (Cunha et al., 2004). 

Furthermore, stromal fibroblasts exocytose fibrous proteins and glycosaminoglycans, 

enabling the formation of a proteinaceous ECM, which is a secreted network of proteins that 

provides physical support to cells, alters intracellular signalling, and provides a repository for 

growth factors (Palumbo et al., 2012). 
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Figure 2: Prostate environment. Bidirectional paracrine signalling exists between the epithelial cells 

(Ep) and the stromal compartment, consisting of smooth muscle cells (SMC) and normal prostatic 

fibroblasts (NPFs), as well as between different stromal cell types. Adapted from Cunha et al. (2003). 

 

 

 

 

 

 

 

 

Figure 3: Prostate cancer environment. Most prostate cancers (PCa) develop from luminal epithelial 

cells, accompanied by the loss of basal cells and the replacement of normal prostatic fibroblasts 

(NPFs) by cancer associated fibroblasts (CAFs). Increased and/or altered paracrine and autocrine 

signalling then occurs throughout the cellular environment. Adapted from Cunha et al. (2003). 
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1.3 Prostate cancer 

 

Prostate cancer is the most frequently diagnosed non-skin related cancer in Australian males, 

and accounts for 13% of all cancer related morbidity (AIHW, 2010). There are a number of 

risk factors that have been associated with Prostate cancer emergence, including age (Magheli 

et al., 2007), family history (Brandt et al., 2010, Hemminki, 2012), genetics (Welch and 

Albertsen, 2009, Hemminki, 2012), environment (including diet and weight) (Calle et al., 

2003, Brandt et al., 2010, Hemminki, 2012, Marshall, 2012) and race (Brawley, 2012). 

Initially confined to the prostate, the cancer cells can be indolent and of minimal threat, or 

alternatively develop aggressively with an associated increased risk of metastasis. Progression 

of prostate cancer and invasion out of the prostate reduces patient survival by 50% (Hayat et 

al., 2007). Over the past 20 years there has been a dramatic increase in the ability to diagnose 

prostate cancer, but this has not resulted in a corresponding decline in mortality rates. This is 

in part due to the fact that, at the time of diagnosis, there is presently no accurate means of 

distinguishing between indolent and metastatic disease (or the likelihood of developing 

metastatic disease), and therefore there is limited ability to determine which patients are at 

risk of cancer related death and would therefore benefit from aggressive or additional 

treatment. 
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1.3.1 Prostate cancer initiation 

 

Prostate cancer arises predominately in the peripheral zone of the prostate from the epithelial 

layer of acinar glandular structures. Age is the greatest risk factor associated with prostate 

cancer, and a number of processes have been implicated to explain the molecular mechanisms 

behind the risk association. Chronic inflammation is an age related process associated with 

prostate cancer (De Marzo et al., 1999, De Marzo et al., 2003, De Marzo et al., 2007a, De 

Marzo et al., 2007b, Haverkamp et al., 2008, Bardia et al., 2009). Specifically, animal studies 

have shown that induction of chronic inflammation results in hyperplastic atypical epithelial 

cells, known as prostatic intraepithelial neoplasia (PIN) (Nakai et al., 2007). Oxidative stress 

(OS), the prevalence of which is associated with age and inflammation, causes DNA damage 

and may initiate mutagenesis. It has been noted that antioxidant enzymes, which combat OS, 

are reduced in prostate cancer (Bostwick et al., 2000). In addition, gains or losses of 

chromosomal regions as well as specific gene mutations are common in prostate cancer, and 

are potentially key initiating events in its development (Dong, 2001, Lapointe et al., 2007, 

Taylor et al., 2010).  

 

Shen and Abate-Shen (2010) have discussed that prostate cancer arises from a PIN state, 

which is characterised in humans by hyperplasia of atypical epithelial cells. PIN can be found 

either near to, or directly adjacent to, prostate cancer in prostatectomy samples (Bostwick and 

Qian, 2004). After diagnosis of high grade PIN, between 5-50% of patients will develop 

cancer at later biopsies (Godoy and Taneja, 2008). Cancer initiation can occur in either 
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luminal (Vander Griend et al., 2008, Wang et al., 2009b) or basal epithelial cells (Goldstein et 

al., 2010, Taylor et al., 2012).  

 

1.3.2 Development and progression 

 

Cancerous prostatic epithelial cells exhibit an altered gene expression profile compared to 

benign tissue, often with signals linked to sustained proliferation and resistance to growth 

suppression and cell death (Hanahan and Weinberg, 2011). Histologically, basal cells are lost, 

and epithelial cells become less differentiated (Fig. 3). The emerging atypical cells develop 

aberrant nuclei and nucleoli, and are less able to form glandular structures, instead clumping 

into sheets of malignant cells. There is also a change in protein and receptor expression, 

leading to altered communication with surrounding cells (discussed in Section 1.3.6). Indeed, 

stromal paracrine signals can promote malignant proliferation and control anti-survival 

signals in cancer cells (Picard et al., 1986, Miller et al., 1989, Gleave et al., 1991, Berry et al., 

2008).  

 

1.3.3 Invasion and metastasis 

 

Prostate cancer invasion is the spread of the cancerous cells out of the prostate into nearby 

tissues, and to further distant sites such as lymph nodes, lungs, and bone. The process begins 

with biological changes within the cancerous cells, which enhance the capacity of, or excite 

the potential for, cancer cell movement and lead to local invasion. This is followed by 
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intravasation into blood and lymphatic vessels, transit through the invaded circulatory system, 

and extravasation from the vessel into the parenchyma of distinct tissue. In the secondary site, 

small nodules of cancer cells form and grow from micro-metastases into large macro-

metastatic lesions (Hanahan and Weinberg, 2011). 

 

Within the environs of the prostate, invasion and metastasis is limited by cancer cell 

movement, which can be achieved by collective-cell or single-cell mechanisms (Fig. 4). 

Collective cell movement involves a multitude of cells moving as a large coordinated mass, or 

as small cohorts of cells (Friedl and Wolf, 2003). Singular cell movement can be described as 

amoeboid, where roundish cells without stress fibre formation or protease activity, squeeze 

through ECM components (Sabeh et al., 2009). Amoeboid movement is unequivocally the 

most noted form of movement in prostate cancer, which may be facilitated by epithelial 

mesenchymal transition (EMT) of the cancer cells. As a result of EMT, the cancer epithelial 

cells acquire mesenchymal properties, detach from surrounding cells and the ECM, and 

exhibit changes in cadherin expression. Cells that have undergone EMT then secrete proteases 

that degrade the ECM, facilitating their movement out of the prostate (Nauseef and Henry, 

2011). 
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Figure 4: Cancer cell invasion. Cancer cells move as a cohort of cells in collective cell movement, or 

singly via amoeboid cell movement squeezing though the extracellular matrix (ECM). Alternatively, 

cancer cells undergo epithelial-mesenchymal transition (EMT) and secrete proteases to degrade the 

ECM, thereby enabling cellular movement. Adapted from Friedl and Alexander (2011) 
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1.3.4 Prostate cancer diagnosis 

 

Prostate cancer is generally detected via abnormal digital rectal examination (DRE) and/or 

elevated serum prostate specific antigen (PSA) levels, which can occur with or without patient 

urinary dysfunction. Upon suspicion of prostate cancer, diagnosis of malignancy can be 

confirmed via histopathology of prostate biopsy. Since the development of serum PSA assays 

and the association between PSA and prostate cancer (Kuriyama et al., 1980, Kuriyama et al., 

1981, Catalona, 1994, Catalona et al., 1994), prostate cancer detection rates have increased 

significantly. Although PSA levels have been combined with clinical staging and histological 

grading to measure progression risk (D'Amico et al., 1998a, D'Amico et al., 1998b, D'Amico 

et al., 1998c), prostate cancer mortality rates have remained unchanged (Lin et al., 2011). As a 

consequence, the usefulness of serum PSA testing is being questioned, particularly in light of  

the potential for over-treatment and the lack of correlation between PSA testing and any 

reduction in mortality rates (Basch et al., 2012). 

 

1.3.4.1 Clinic/staging 

 

Prostate tumours are graded based on histological changes and clinical findings (Tables 1 and 

2). The Gleason score is calculated out of a scale of ten, based on the degree of 

disorganisation or de-differentiation of the two most prominent nodes of malignant epithelial 

cells within the tumour (Fig. 5). Low scores are characterised by small uniform glands of well 

differentiated cells, whilst high scores have masses or sheets of poorly differentiated cells 
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exhibiting a high degree of infiltration. Tumours with low scores (2-5) are usually treated 

effectively, whilst high scoring tumours (scores of 7-10) are considered a more aggressive 

form of the disease and are usually the most problematic for the patient. Prostate cancer is 

commonly staged according to anatomical characteristics (tumour, lymph node, metastasis 

(TNM) grading), on the basis of palpability, histological visibility and Gleason grade, 

percentage of prostate affected, confinement to the prostate, and invasion into seminal 

vesicles and other distant sites (Table 1, Fig. 6). Cancer that has spread from the prostate 

reduces 5 year survival rates by 50% (Hayat et al., 2007). However, neither Gleason grade or 

serum PSA levels can accurately predict tumour progression at the time of diagnosis, so there 

is no clear means of identifying patients who will develop metastatic disease.  

 

1.3.5  Treatment of clinically localized disease 

 

There are a large range of treatments for localized prostate cancer, with little agreement 

concerning optimal treatment strategies. Perceived risk of progression also plays a role in the 

ultimate choice of treatment regime. Low risk tumours, usually described as having a low 

Gleason grade and TNM stage, are often left untreated, with ‘watchful waiting’ employed 

until any advancement of the disease is noted. Higher risk tumours are more often surgically 

removed (radical prostatectomy), or irradiated via aimed radiation at the tumour (external 

beam radiotherapy; EBRT), or inserting a radiation source into or near the affected area 

(brachytherapy). After either surgery or radiotherapy, between 10-30% of men will relapse, 

and the cancer will re-emerge as locally advanced or metastatic disease (Amling et al., 2000, 
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Vassilikos et al., 2000, Han et al., 2001a, Han et al., 2001b, Freedland et al., 2005, Andren et 

al., 2009). 
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Primary Tumour (T) 

TX  Primary tumour cannot be assessed  

T0  No evidence of primary tumour      

T1  Clinically unapparent tumour neither palpable nor visible by imaging  

T1a  Tumour incidental histological finding in 5% or less of tissue resected  

T1b  Tumour incidental histological finding in more than 5% of tissue resected  

T1c  Tumour identified by needle biopsy (for example, because of elevated PSA)  

T2  Tumour confined within prostate  

T2a  Tumour involves one-half of one lobe or less  

T2b  Tumour involves more than one-half of one lobe but not both lobes 

T2c  Tumour involves both lobes  

T3  Tumour extends through the prostate capsule  

T3a  Extracapsular extension (unilateral or bilateral)  

T3b  Tumour invades seminal vesicle(s) 

T4 Tumour is fixed or invades adjacent structures other than seminal vesicles, such as external 

sphincter, rectum, bladder, levator muscles, and/or pelvic wall  

    

Pathologic (pT)  

pT2 Organ confined 

pT2a  Unilateral, one-half of one side or less  

pT2b  Unilateral, involving more than one-half of side but not both sides  

pT2c  Bilateral disease  

pT3  Extraprostatic extension  

pT3a Extraprostatic extension or microscopic invasion of bladder neck  

pT3b Seminal vesicle invasion  

pT4 Invasion of rectum, levator muscles, and/or pelvic wall 

    

Regional Lymph Nodes (N)  

NX Regional lymph nodes were not assessed 

N0  No regional lymph node metastasis  

N1 Metastasis in regional lymph node(s)  

pNX Regional nodes not sampled  

pN0 No positive regional nodes  

pN1 Metastases in regional node(s) 

    

Distant Metastasis  

M0  No distant metastasis  

M1  Distant metastasis  

M1a  Nonregional lymph node(s)  

M1b  Bone(s) 

M1c  Other site(s) with or without bone disease 

Table 1: TNM grading system based on various characteristics of the prostate cancer (Cheng 

et al., 2012) 
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Group T N M PSA Gleason 

I T1a-C N0 M0 <10 <6 

  T2a N0 M0 <10 <6 

  T1-T2a N0 M0 X X 

IIA T1a-C N0 M0 <20 7 

  T1a-C N0 M0 >10<20 <6 

  T2a N0 M0 >10<20 <6 

  T2a N0 M0 <20 7 

  T2a N0 M0 <20 >7 

  T2b N0 M0 X X 

  T2b N0 M0 Any Any 

IIB T2c N0 M0 >20 Any 

  T1-2 N0 M0 Any >8 

  T1-2 N0 M0 Any Any 

III T3a-b N0 M0 Any Any 

IV T4 N0 M0 Any Any 

  Any T N1 M0 Any Any 

  Any T Any N M1 Any Any 

Table 2: Prostate cancer types.  Combination of tumour (T), lymph node (N), metastasis (M), 

and PSA, and Gleason grade status (or not assessed, X), in to four groups/types (Cheng et al., 

2012).  
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Figure 5: Gleason Score. The two most prominent nodes of cancerous tissue are graded from 1 to 5 

to give a score out of 10. Grade 1) Small uniform glands. Grade 2) Spreading small glands. Grade 3) 

Cell infiltrating out of glandular margins. Grade 4) Mass of irregular cells with few noticeable gland 

structures. Grade 5) Sheets of irregular cells, no glandular structure. Adapted from Gleason (1992). 
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Figure 6: Cancer spread. Prostate cancer develops in the outer peripheral zone of the prostate, and is 

initially localized to the prostate. However, the disease ordinarily spreads first to the bladder and 

seminal vesicles, then to local lymph nodes and blood vessels and from there makes use of the 

circulatory system to invade distant sites such as bone. 
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1.3.5.1  Treatment of metastatic disease 

 

Huggins, Stevens and Hodges in 1941 first reported that surgical restriction of systemic androgen 

supply by bilateral orchiectomy significantly reduced prostate size (Huggins et al., 1941, Huggins 

and Hodges, 1941). Since then the use of androgen deprivation therapy (ADT) has remained the 

principle therapeutic approach to metastatic disease, aimed at reducing proliferation and 

increasing apoptosis in prostate cancer cells. Surgical castration has been replaced more recently 

by effective chemical castration approaches. Oestrogenic agonists as well as luteinizing hormone 

releasing hormone (LHRH) agonists and antagonists work to alter luteinizing hormone (LH) and 

follicle stimulating hormone (FSH) levels, thereby inhibiting androgen production in Leydig 

cells. Antiandrogens are also used, which act to inhibit androgen binding by competitively 

binding to AR. Whilst ADT is initially effective in combating tumour burden, disease re-

emergence is largely inevitable, with the prevailing cancer being impervious to the presence or 

absence of serum androgen for growth. In recent times, abiraterone acetate has been used to 

inhibit androgen biosynthesis and prolong survival of patients with castration resistant metastatic 

disease when used either by itself or in combination with chemotherapy (Ryan et al., 2013a, Ryan 

et al., 2013b, Ryan and Cheng, 2013).  
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1.3.5.2  Neoadjuvant ADT in localized prostate cancer 

 

Evidence suggests that ADT in a neoadjuvant setting, in combination with radiotherapy against 

localised prostate cancer can improve survival outcome (Denham et al., 2005, Jones et al., 2011). 

Despite ADT not usually deemed a standard treatment for confined prostate cancer, the 

CaPSURE registry showed increasing trends since 1990 for the use of ADT in a neoadjuvant 

setting either alone or in conjunction with of other forms of treatment (Cooperberg et al., 2007). 

Neoadjuvant use of ADT can reduce primary tumour size by 25-30% (Zelefsky et al., 1994, 

Henderson et al., 2003). However, recent studies using pre-existing patient cohort information 

identified that neoadjuvant use of ADT as a front-line therapy led to greater relative mortality 

when compared to surgery or radiation in a cohort of 7538 prostate cancer patients (Cooperberg 

et al., 2010). In a second population-based study of over 1900 men with T1-T2 prostate cancer, 

the use of primary ADT was associated with a lower prostate cancer-specific survival rate  (Lu-

Yao et al., 2008). In a study of 16000 men with well-to-moderately differentiated tumours, the 

use of primary ADT within the first six months of diagnosis was associated with worse rates of 

overall survival and prostate cancer specific mortality, regardless of any additional treatment after 

this first 6 months (Wong et al., 2009). A similar finding was reported by the European 

Organization for Research and Treatment of Cancer (EORTC) clinical trial, which investigated 

immediate and delayed use of ADT for treatment of locally defined tumours (Studer et al., 2006). 

The use of ADT for localized prostate cancer also increased the subsequent need for 

chemotherapy (Lu-Yao et al., 2012). Nonetheless, there have been other reports suggesting either 

no or a slight beneficial effect of primary ADT (Labrie et al., 2002, Akaza et al., 2006), but these 
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have had significantly smaller cohorts of 176 and 57 patients, respectively. Likewise, in a larger 

study of 1006 patients with low to intermediate prostate cancer treated with low dose 

brachytherapy (LDB), the use of ADT either three months prior to or concomitantly with LDB 

did not affect disease free or overall patient survival (Morris et al., 2012). Furthermore, studies 

which have reported unconventional forms of primary ADT (i.e. diethylstilbestrol) have had 

inconsistent results with benefit to T2 tumours but with deleterious effects in T1 tumours (Byar 

and Corle, 1988). Overall, the evidence suggests that neoadjuvant use of ADT may produce 

harmful effects through unknown mechanisms. However as discussed above, ADT is of well 

proven benefit in metastatic disease so the adverse response of this treatment when  used in a 

primary setting must be due to adverse targeting/response of the early stage tumours. It is entirely 

possible that this paradox is due to effects of androgen signalling in cancer fibroblasts associating 

with the primary/early stage lesions. 

 

1.3.6 Role of stroma in prostate cancer 

 

Tissue recombination studies have shown that genetic changes in prostate cancer are not confined 

to the epithelium, but also occur in stromal cells and are required for tumour formation 

(Thompson et al., 1993, Fukino et al., 2007). However, these genetic changes may be different 

from those in the epithelial compartment within the same patient tumour (Fukino et al., 2007). It 

has also been reported that factors derived from the stroma can activate intracellular pathways to 

promote cancer cell proliferation and aid evasion of apoptosis (Gleave et al., 2001, Berry et al., 
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2008, Azevedo et al., 2011, Hanahan and Weinberg, 2011). These findings imply that the stroma 

is far from an inert bystander in carcinogenesis, and may have an important role in prostate 

cancer development and/or progression. 

 

1.3.6.1  Cancer associated fibroblasts 

 

Coinciding with epithelial carcinogenesis is disorganisation of the stroma, along with changes in 

the proportion of different cell types present, including decreased presence of smooth muscle 

cells and increased numbers of fibroblasts with an activated myofibroblast phenotype (Fig. 3). 

These activated myofibroblasts are known as cancer associated fibroblasts (CAFs), and a series 

of gene signatures have been established to distinguish them from normal prostatic fibroblasts 

(NPFs) (Dakhova et al., 2009, Jia et al., 2011, Planche et al., 2011, Ashida et al., 2012, 

Reinertsen et al., 2012). There is also heterogeneity in CAF populations, including bone derived 

CD31 positive, or circulating mesenchymal stem cells, or non-bone derived resident prostatic 

fibroblasts or smooth muscle cells. CAFs almost always express alpha smooth muscle actin 

(αSMA), paladin, and fibroblast activated protein (FAP) (De Wever et al., 2008, Brentnall, 2012, 

Brentnall et al., 2012), and have elongated, thick bundles of actin stress fibres (Brentnall, 2012, 

Brentnall et al., 2012). 
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The perceived importance of the cancer fibroblast has often been downplayed in carcinogenesis 

due to the contention as to their origin, and whether they precede, or are a consequence of cancer. 

However, as will be discussed below, animal models have showed the importance of CAFs in 

prostate cancer progression. Combining non-tumourigenetic epithelial cells with CAFs produces 

tumours in animal models, an effect not seen when the same epithelial cells are combined with 

NPFs (Hayward et al., 1995, Olumi et al., 1999). Similarly, transplantation of fibroblasts with 

induced genetic alterations into mice with non-transformed epithelial cells results in tumour 

formation (Barcellos-Hoff and Ravani, 2000) and CAFs increase prostate cancer cell growth to a 

greater extent than NPFs (Wang et al., 2001). The change towards a CAF-dominant 

microenvironment leads to altered paracrine signalling between the epithelial and stromal 

compartments, potentially aiding malignant progression of epithelial cells (Taylor and Risbridger, 

2008, Liu et al., 2010). Furthermore, CAFs have been observed to create environmental 

conditions promoting chromosomal aberrations in epithelial cells (Hayward et al., 2001, Phillips 

et al., 2001). 

 

1.3.6.2  CAFs enabling tumour growth and development  

 

In normal prostatic development, the stroma extensively regulates differentiation and patterning 

of neighbouring epithelial cells via paracrine signalling (Cunha, 1972a, Cunha, 1972b, Cunha, 

1972c, Cunha, 1994). However, the relative levels of paracrine factors and their cognate receptors 

can decrease or increase in carcinogenesis. The classical example of altered paracrine signalling 
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in prostate cancer involves the three TGFB isoforms (TGFB1, 2, and 3) and their membrane 

receptors (TGFBRI, II, and III). In benign conditions, TGFB is expressed in both epithelia and 

stroma, however with cancer progression, TGFB expression increases in both compartments, 

resulting in desensitization of cancer cells and growth inhibitory effects of TGFB1, possibly due 

to a loss of TGFBRII expression on the surface of cancerous epithelial cells (Tu et al., 2003, 

Danielpour, 2005, Diener et al., 2010). Furthermore, TGFB stimulates myofibroblastic 

differentiation of fibroblasts, prompting carcinogenesis (Gerdes et al., 2004, Franco et al., 2011). 

Fibroblast TGFB signalling also affects the metastatic potential of adjacent epithelia and 

promotes invasion (Bhowmick et al., 2004b). Vascular endothelial growth factor (VEGF), 

another prominent cytokine, promotes vascularisation by mediating endothelial cell proliferation, 

differentiation, and movement. In prostate cancer, the expression of VEGF increases, resulting in 

excited endothelial activation and promotion of tumour vascularisation, thereby allowing tumour 

growth and increasing metastatic potential (Muir et al., 2006). Insulin-like growth factor (IGF1) 

is synthesized in the stroma, and controls differentiation of benign epithelia, but promotes 

proliferation of IGF receptor-positive cancerous cells (Li et al., 2007b, Saikali et al., 2008, 

Heidegger et al., 2012). Similarly, IL-6 and IL-6R are expressed in benign stroma and epithelial 

cells respectively, and both exhibit increased expression in prostate cancer. This culminates in 

activation of STAT, AKT, and MAPK pathways, thereby increasing survival and proliferation 

(Azevedo et al., 2011).  Fibroblast growth factors (FGFs) are secreted by fibroblasts, stored in the 

ECM, and have a wide variety of effects important to prostate development and homeostasis 

(Turner and Grose, 2010). Several FGFs have increased expression in prostate cancer stroma, and 

all four FGF receptors are expressed on the surface of epithelial cells. FGF promotes signal 
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transduction pathways that increase cancer cell proliferation, motility and invasion, and decreased 

apoptosis (Lin and Wang, 2010). Likewise, prostate cancer stroma has increased expression of 

epidermal growth factor (EGF), which enhances prostate cancer cell proliferation and ligand 

independent activation of AR signalling (Oosterhoff et al., 2005). Furthermore, increased 

expression of the EGF receptor (EGFR) in cancerous epithelial cells has been associated with 

Gleason grade and has been proposed as important for prostate cancer progression and invasion 

(Di Lorenzo et al., 2002, Festuccia et al., 2005, Oosterhoff et al., 2005). 

 

1.3.6.3  CAF enhancement of cancer cell invasion 

 

Compared to normal fibroblasts, paracrine signalling by CAFs through both secreted proteins and 

microRNAs, induces movement of cancer cells (De Wever et al., 2004, Denys et al., 2008, Zhang 

et al., 2011, Cai et al., 2012, Fuyuhiro et al., 2012, Aprelikova et al., 2013). Conversely, the 

movement of fibroblasts themselves and fibroblast maintenance of ECM can serve to enhance 

movement of cancerous epithelia directly (Gaggioli et al., 2007, Coulson-Thomas et al., 2010). 

This is described in more detail below in Section 1.3.6.3.1.  
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1.3.6.3.1  Cell movement 

 

CAFs have been observed to migrate in front of advancing cancer cells (Gaggioli et al., 2007) 

and have been observed to have greater motile and invasive abilities at the periphery of the 

tumour (Egeblad et al., 2008). Furthermore, the physical movement of CAFs has been suggested 

to produce a “guidance structure”, directing the path of tumour cell migration (De Wever et al., 

2008). Cell movement is initiated with a change in polarity, which gives rise to a leading front 

characterised by a cytoplasmic protrusion extending in a particular direction (Fig. 7A). 

Continuous extension occurs as a result of rapid polymerization of actin at the leading edge. The 

cytoplasmic contents of the cell are dragged forwards as a consequence of this actin fibre 

rearrangement, and the rear of the cell actively contracts to follow. The regulation of adhesion 

and cell movement is dependent on the activity of specialized contacts known as focal adhesions 

(FAs; Fig. 7B), which exist between the extracellular matrix and cell surface. The cellular 

component of FAs consists of dynamically assembled intracellular proteins around 

transmembrane integrin protein complexes. The arrangement of proteins within FAs changes 

with ECM attachment, resulting in differential regulation of intracellular signalling. Conversely, 

the differential arrangement of FA proteins around integrins influences cellular adherence to the 

ECM. 
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Figure 7: Cell movement and Focal Adhesions. A) The process of cell movement involves protrusion of 

the cytoplasm and a shift in cell distribution toward the leading edge. The process involves cyclic 

assemble and disassembly of focal adhesion (FA) points. B) Focal adhesion sites are located along the cell 

membrane and link the external ECM with internalized structures via transmembrane integrin receptors. 

Assembled around the intracellular portion of integrins are a number of proteins such as Focal Adhesion 

Kinase (FAK), talin, vinculin (VCL), tensin, paxillin (PXN), and Hic-5, which relay signalling through 

actin stress fibres and kinase intracellular signalling pathways. Modified from Vicente-Manzanares et al. 

(2005). 
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1.3.6.3.2  Extracellular matrix 

 

A major factor controlling cell movement is the surrounding ECM. Changes in the ECM 

constituents are associated with a number of cancers, including prostate, and have been linked 

with cancer invasion and metastasis (Stewart et al., 2004). The ECM is composed of a network of 

crosslinking protein fibres and proteoglycans. The fibrous bundles of collagen provide structural 

support, elastins provide tissue elasticity, fibronectins link collagens to cell surfaces, and 

laminins engage cytoplasmic extension during migration. Furthermore, polysaccharides such as 

proteoglycans and heparin sulphates incorporate into the protein meshwork and mediate 

hydration and growth factor storage. Other polysaccharides such as hyaluronic acid enable cell 

detachment and enhance movement (Koochekpour et al., 1995, Gomes et al., 2004). Aside from 

initiating intracellular signalling pathways via FAs, the physical characteristics of the ECM 

mediate the degree of cell movement. For example, the degree of ECM rigidity has a biphasic 

effect, specifically increasing cell movement until a point is reached where excessive adhesion 

overcomes the ability of the cell to disengage (Peyton and Putnam, 2005, Harjanto and Zaman, 

2013). However, it is the porosity between ECM fibres that has the greatest effect, with larger 

pores between the ECM fibres facilitating cell movement (Pathak and Kumar, 2011).   
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1.3.6.4  The clinical potential of the prostate cancer stroma. 

 

Given the importance of cancer associated stroma throughout development and progression of a 

tumour, it may hold significant prognostic information relating to the aggressive nature of the 

disease and/or the likelihood of pre-existing or subsequent metastasis. For example, the degree of 

morphological change of prostatic fibroblasts towards an activated myofibroblast phenotype, and 

their observed volume, has been be suggested to predict cancer reoccurrence post-radical 

prostatectomy (Ayala et al., 2003, Tomas et al., 2010, Ayala et al., 2011). Similarly, gene 

expression profiles in the stroma have been used to predict the likelihood of disease relapse one 

year after prostatectomy, as well as cancer related patient survival (Planche et al., 2011, Jia et al., 

2012). In order to better understand how the dysregulation of stroma is involved in 

carcinogenesis and might be of be of prognostic value, the molecular regulation and control by 

factors within fibroblasts, including androgens, needs to be explored in more detail.  

 

1.4 Androgen signalling axis 

 

Testosterone (T) is the main circulating androgen in serum and is generally bound to sex 

hormone binding globulin (SHBG). Cellular internalized testosterone can be metabolized into the 

more active dihydrotestosterone (DHT) via the enzyme 5-alpha reductase (Wilson and Gloyna, 

1970). Either T or DHT can bind to the androgen receptor (AR; Fig. 8). The AR is responsible 
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for mediating the biological effects of androgen, but this can be cell dependent, with androgen 

promoting proliferation in prostate epithelial cells, but inhibiting breast epithelial cell 

proliferation (Szelei et al., 1997, Lapointe and Labrie, 2001, Waltregny et al., 2001, Wang et al., 

2008).  The action of the AR through genomic and non-genomic signalling (as discussed below 

in section 1.4.4) is almost exclusively developed from studies in epithelial cells, and the function, 

action, and effect of AR signalling in other cells such as fibroblasts is relatively unknown. 
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Figure 8: Androgen signalling: Serum testosterone (T) enters the cell where it can be transformed into 

the more active dihydrotestosterone (DHT) via the enzyme 5-aplha reductase. DHT can then bind to the 

androgen receptor (AR), causing conformational change and non-genomic effects on kinase pathways, 

dissociation from chaperone proteins and translocation to the nucleus. In the nucleus, AR interacts with 

coregulators and/or directly binds to DNA, influencing gene transcription. Figure provided by Dr Grant 

Buchanan. 
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1.4.1 Androgen receptor gene 

 

The AR gene is greater than 90 kilobases long, with eight exons, and is located on the X 

chromosome at Xq11.2-12 (Fig. 9). The AR promoter region does not contain common cis-

regulatory transcription factor binding elements such as TATA or CCAAT. However, the SP1 

transcription factor has been shown to bind upstream of the initiation sequence (Takane and 

McPhaul, 1996), and, methylation of the presumed promoter region silences AR transcription and 

expression (Kinoshita et al., 2000). 

 

1.4.2 AR protein 

 

The 919 amino acid AR protein is composed of four domains, the amino-terminal (NTD), DNA 

binding (DBD), hinge (H), and ligand binding (LBD) domains (Faber et al., 1991) (Fig. 9). The 

NTD is the largest domain being 558 amino acids long, and forms a flexible coregulator 

interacting surface containing two transactivation domains; Activation function (AF)1 and AF5 

are needed for maximal ligand-induced transactivation (Dehm and Tindall, 2007). Specialised 

areas within the NTD, the 23-FQNLF-27, 433-WHTLF-473, and 501-535 peptide sequences, 

interact with the LBD in a ligand dependent manner, in a process known as amino-

terminal/carboxy-terminal (N/C) interaction (Need et al., 2009, Bennett et al., 2010). This 

interaction occurs in the cytoplasm and is reversed upon DNA binding (van Royen et al., 2007). 

The conformational changes that occur following ligand binding enhances AR steady state levels, 
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whilst also decreasing ligand dissociation and protein degradation (He et al., 2002). Changes in 

the NTD structure upon DNA or protein binding may additionally allow recruitment of AR 

cofactors and regulation of transcription (McEwan and Gustafsson, 1997).  

 

The LBD is 250 amino acids in length and adopts a three dimensional structure that includes 12 

alpha helices and four beta-pleated sheets, that together generate a site for high affinity binding 

accessed via a deep pocket (Sack et al., 2001). Androgen binds directly to five of the alpha-

helices and one of the beta sheets allowing for the formation of a three layered helical structure 

(Matias et al., 2000). The LBD also contains a nuclear export signal (NES) involved in trans-

membrane cycling of the receptor from the nucleus to the cytoplasm (Bennett et al., 2010).  

 

On the amino-terminal side of the LBD is the 44 amino acid hinge region. The flexibility of the 

hinge region enables N/C interactions vital to AR action (Haelens et al., 2007), and mutations in 

this region lead to greater AR transactivation capacity (Buchanan et al., 2001). Additionally, 

within the hinge region is a nuclear localisation signal (NLS), which upon ligand dependent 

phosphorylation and acetylation permits translocation of the AR to the nucleus (Bennett et al., 

2010). 

 

The DBD is structurally conserved, with two zinc fingers controlling DNA interaction. The first 

zinc finger facilitates specific binding interaction with the major groove in DNA. The second zinc 
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finger contains a Dbox motif, which allows DNA binding-dependent AR homodimer formation 

(Shaffer et al., 2004). The DBD facilitates preferentially binding of the AR to DNA sequences 

known as androgen response elements (AREs), as well as more general hormone response 

elements (HREs). Genome wide studies of AR binding reveal that the receptor is broadly 

distributed on DNA, with AREs often more than 10kb away from the start site of transcription of 

known androgen responsive genes (Bolton et al., 2007, Denayer et al., 2010).  
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Figure 9: The androgen receptor. The androgen receptor (AR) gene is composed of 8 coding exons, 

downstream of a Sp1 transcription factor binding site. The gene encodes a 919 amino acid protein 

composed of four domains, the amino-terminal domain (NTD), the DNA binding domain (DBD), the 

hinge region (H), and the ligand binding domain (LDB). Within these domains are the nuclear locating 

sequence (NLS) and the nuclear export sequence (NES), which are both involved in receptor trafficking 

between nucleus and cytoplasm (Bennett et al., 2010).  

 

 

 

 

 

 

 



 

42 

 

 

 

 

 

 

 

 

 



 

43 

 

1.4.3  Translocation 

 

In the absence of ligand, the androgen receptor resides in the cytoplasm associated with heat 

shock proteins (HSPs), cytoskeletal proteins, and chaperone proteins (Smith and Toft, 1993, 

Bohen et al., 1995, Bukau and Horwich, 1998, He et al., 1999, Ozanne et al., 2000). Ligand 

binding causes intramolecular N/C interaction and folding of the AR protein, forcing dissociation 

from HSPs, revealing the Hinge-DBD located NLS and allowing acetylation (Haelens et al., 

2007). The AR has two other NLS sites in the LBD and NTD regions, which also influence 

nuclear translocation (Kaku et al., 2008). With the aid of chaperone proteins such as FKBP52 and 

cytoskeletal proteins such as dynein, AR is transported through the cytoplasm along 

microtubules.  The NLS can be recognized by importins alpha and beta, which are members of 

the transport receptor superfamily, known specifically as import receptors. These mediate the 

movement of the AR through the nuclear pore complex (NPC). The NPC is composed of trans-

nuclear membrane proteins, termed nucleoporins, which line pores in the double nuclear 

membrane and create hydrophobic binding sites, controlling the passage of proteins over 50kDa 

in size.  Subsequent binding of the intranuclear RanGTP to the complex comprising AR, 

importins and NPC proteins results in the direct release of AR into the nuclear compartment 

(Kaku et al., 2008). This process can be reversed by intranuclear proteins known exportins 

(homologues of importins) which bind to the NES of AR, and use RanGTP to move the AR back 

though the NPCs and into the cytoplasm (Kaku et al., 2008). 
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1.4.4 Genomic effects 

 

Androgen mediated transcription is in part reliant on DNA accessibility. Tewari et al (2012) 

reported that half of all binding sites are accessible for transcriptional machinery prior to AR 

binding, whilst the remaining sites only become accessible post AR binding. The segment of 

DNA to which AR binds can have a variety of sequences, historically defined as an ARE with a 

5’-AGAACA---TGTACC-3’ motif. The dual motifs are thought to complement binding of AR as 

a homodimer, however, recently it has been shown that binding sites may only consist of half 

sites, or have multiple repeats, or no classical motifs (Claessens et al., 2001, Denayer et al., 

2010). Regardless, AR binding is accompanied by coregulator interaction (described below in 

Section 1.4.5), resulting in remodelling of local chromatin and the transcription start site. 

Chromatin remodelling enables or inhibits access of the transcription machinery to DNA, and 

thus mediates gene transcription (Fig. 10). In epithelial cell models, upwards of 65% of AR 

binding is located at distal non-promoter regions (Wang et al., 2005, Bolton et al., 2007, Jia et al., 

2008, Wang et al., 2009a, Yu et al., 2010). It is reasoned that DNA looping allows protein-

protein interaction between the distal AR binding sites with the proximal promoter bound 

proteins. This looping allows for AR dependent formation of transcriptional complexes, thereby 

initiating RNA polymerase II and the subsequent transcription of genes. Importantly, there can be 

multiple AR binding sites associated with each regulated gene by this mechanism, with the 

constituents appearing to be cell specific (Bolton et al., 2007, Wang et al., 2009a, Chen et al., 

2011). 
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Gene repression by the AR is an intriguing concept that can occur by several different 

mechanisms. Directly divergent from activation, the AR can recruit histone deacetylases and 

other proteins to form repression complexes, resulting in condensed chromatin and limited access 

by transcriptional factors (Liu et al., 2008, Lanzino et al., 2010). The AR can alternatively 

sterically interfere with the binding of other of transcription factors, and non-specifically inhibit 

transcription at local or other sites by through competition for coregulators and general 

transcription factors (Gast et al., 1998, Jorgensen and Nilson, 2001a, Jorgensen and Nilson, 

2001b, Chipuk et al., 2002, He et al., 2005, Nelius et al., 2007, Verras et al., 2007). 

 

1.4.5 Coregulators 

 

The complement of AR binding sites and the genes regulated by AR differs markedly between 

normal and malignant epithelial cells (Bolton et al., 2007), as well as between breast and prostatic 

epithelial cells, and between epithelial and non-epithelial cells (Bebermeier et al., 2006, Wang et 

al., 2011, Need et al., 2012). A potential explanation for such diversity is cell specific expression 

of AR accessory proteins termed coregulators. 

 

Nuclear receptor coregulators are a diverse group of molecules, that act to either enhance (co-

activate) or inhibit (co-repress) transcriptional capacity of the nuclear receptors, including AR 
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action. Coregulators exert these effects in two ways. First, when the AR is bound to DNA, 

coregulators can affect chromatin remodelling and recruitment of the transcriptional machinery 

via modifications including histone acetylation, methylation, and sumoylation. By opening or 

closing accessibility to DNA, the interaction between transcription factors and DNA is better 

controlled. Secondly, coregulators can affect the dynamic activity of the AR as a protein, 

influencing such parameters as stability, ligand binding, intracellular movement, and interaction 

with other coregulators. Importantly, the expression of coregulators varies considerably between 

organs, and even within tissues (Smith and O'Malley, 2004, Scarpin et al., 2009), with somatic 

expression changes implicated in a multitude of disease states (reviewed by Lonard et al (2007)).  

 

Since the description of the first coregulator, nuclear receptor coactivator (NCoA) 1 (Onate et al., 

1995) over 200 AR coregulators have been identified, which collectively include both proteins 

and folded RNAs (Lanz et al., 1999). As reviewed by Heemers and Tindall  (2007), coregulators 

can have a variety of secondary roles within the cell aside from modulating transcription. Such 

secondary roles include cytoskeletal scaffolding, endocytosis, signal transduction, ubiquitination, 

sumoylation, and cell-cycle associated processes. However, as with AR signalling in general, the 

biological role of coregulators has almost exclusively been investigated in epithelial cells, despite 

a number of coregulators being more prominently or exclusively expressed in the stroma 

(Bebermeier et al., 2006). 
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1.4.5.1  Coactivators 

 

A majority of the currently investigated coregulators are thought to act as coactivators. Those that 

are most well characterized possess histone-acetyl-transferase (HAT) activity, or are able to 

recruit HAT proteins. The presence of these HAT proteins with AR at AREs alters DNA and 

histone interactions, resulting in uncoiling of DNA and improved access for transcriptional 

factors. Indirectly, other coactivators can act in secondary transcription factor recruitment. For 

example, activation domains within NCoA1, NCoA2, and NCoA3 enable interactions and 

recruitment of the HAT containing CBP/p300 protein, thereby facilitating chromatin remodelling  

(Xu and Li, 2003). Other mechanisms of coactivation have also been described. For example, 

NCoA4 causes conformational changes in the AR LBD structure, enhancing stability of the 

ligand bound AR and receptor activity (Zakharov et al., 2011).  

 

1.4.5.2  Corepressors  

 

Two of the most well characterized corepressors are SMRT and NCoR, which disrupt coactivator 

interaction with the AR, and possess histone-deacetylase (HDAC) activity, condensing chromatin 

and thus preventing access to DNA. These direct corepressors interact with both ligand bound 

and unbound AR to prevent androgen mediated transcription (Buchanan et al., 2011). 

Alternatively, corepressors can act to competitively inhibit binding of coactivators to the AR 

(Grosse et al., 2012). 



 

48 

 

 

 

 

 

 

 

Figure 10: Gene transcription activation and repression. In activating gene transcription, ligand bound 

AR interacts with DNA in the presence of coactivators. Some of the recruited coactivators possess histone 

acetylation (HAT) activity, which opens the DNA allowing access for transcription factors to increase or 

allow transcription. Conversely, the AR is also involved in gene repression, where corepressors can bind 

to the AR and either block coactivator binding, or have intrinsic histone deacetylase (HDAC) activity, 

thereby inhibiting transcription.  
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1.4.6 Non-genomic AR signalling 

 

AR can also cause rapid non genomic effects on cells. Typically, AR and other related receptors 

have been shown to induce signal transduction cascades, including MAPK, AKT, protein kinase 

A (PKA), and protein kinase C (PKC) pathways. The NTD domain of AR interacts directly with 

the PI3K kinase, resulting in activation of PI3K kinase downstream targets (Baron et al., 2004). 

Within 5 minutes of AR activation by ligand, the NTD can also interact with the tyrosine kinase 

Src, stimulating signalling cascades leading to ERK2 and Raf1 activation (Migliaccio et al., 

2000, Kousteni et al., 2001). In the cytoplasm, AR can cause phosphorylation of MAPK which 

influences transcription factors and thus mediates gene expression (Schlessinger, 2000a, 

Schlessinger, 2000b, Lopez et al., 2001). Nonetheless, the precise involvement of non-genomic 

actions of AR in cancer cell signalling events is not well established. 

 

1.5 AR in the prostate 

 

Androgens acting via the AR are important for prostate development and homeostasis. However, 

a majority of investigations into AR function have been undertaken in cancer epithelial cells. In 

cancerous epithelia, AR is known to regulate genes involved in proliferation and survival, 

cholesterol and fatty acid synthesis, activation of intracellular protein kinase pathways (Castoria 

et al., 2004), and autophagy (Jiang et al., 2012). The predominantly positive effect of AR on cell 

survival has led to extensive investigations of epithelial AR signalling, the identification of 
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activating AR mutations in prostate cancer, and ultimately the development and refining of 

epithelial AR-focused therapies. Less extensively investigated are the consequences and 

outcomes of AR action in stroma. Indeed, of 7370 PubMed listed publications containing search 

terms “AR” and “prostate”, less than 1% appear to have investigated the AR in the context of 

stroma or fibroblasts. It is currently unclear whether AR signalling is the same mechanically and 

functionally in both epithelial and non-epithelial cells, and/or exerts similar consequences for the 

cellular environment in each lineage. 

 

1.5.1 Stromal AR in the normal prostate  

 

The ability of the mesenchyme to modulate prostatic development is dependent on androgen 

mediated signals. During prostatic budding, AR levels are higher in the mesenchyme than in the 

associated epithelia, and it is only after birth, during ductal canalization, that levels of epithelial 

AR surpass that in stroma (Moeller et al., 1987, Cooke et al., 1991a, Takeda and Chang, 1991, 

Prins et al., 1996). Those observations suggest that stromal AR is critically important throughout 

in utero prostatic development, whereas epithelial AR is involved only in the later stages of 

prostatic development. Indeed, it has been shown that AR positive UGM facilitates growth and 

differentiation of UGE, whilst AR negative (skin) mesenchyme does not (Cunha, 1972c). 

Supporting this mechanism, wild type (WT) UGM can stimulate normal prostatic structures with 

UGE extracted from Testicular feminized mice (Tfm) that have a non-functional AR. Conversely, 

UGM from Tfm mice is unable to generate prostatic structures with either WT or Tfm UGE 
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(Chung and Cunha, 1983). Further studies demonstrate poor differentiation of prostatic ducts in 

mice that lack stromal AR (Yu et al., 2011). The above data highlight the essential role of 

mesenchymal AR in prostatic growth and maintenance (Fig. 11). This concept appears to be 

moreover universal, as both male and female reproductive organs require activity of the 

appropriate hormone receptor in the adjacent stroma for organ-specific developmental and 

growth responses to oestradiol, progesterone or testosterone (Sugimura et al., 1986a, Cooke et al., 

1991a, Cooke et al., 1991b, Kurita et al., 1998). 

 

In the mature prostate, the epithelia secretes seminal fluid constituents as a direct consequence of 

androgen signalling within the epithelial cells themselves (Donjacour and Cunha, 1993). 

However, this process can also be modulated by the prostatic stroma (Cunha, 1994, Hayward et 

al., 1997). AR action in fibroblasts increases epithelial AR activity, as measured by transient 

transfection luciferase assays (Cano et al., 2007), resulting in increased AR regulated production 

of PSA (Arnold et al., 2008). Collectively, these findings suggest that AR activity in the stroma 

mediates epithelial cell maintenance and biological activity. 
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Figure 11: Stromal AR in prostate development. Urogenital epithelium (UGE) development into 

mature epithelial gland structures is dependent on the AR status of the urogenital mesenchyme (UGM) or 

stroma. Combining with AR positive stroma leads to the development of typical glandular structures, 

whilst combining with AR negative stroma leads to small irregular structures. Adapted from Cunha et al. 

(2004).  
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1.5.2 Stromal AR in prostate cancer initiation and growth 

 

Stromal AR activity is also required for epithelial tumour formation in recombinant mouse 

models (Wang et al., 2001). In those studies, AR negative, epithelial cells were implanted into the 

flanks of castrate mice together with AR negative or positive UGM. Mice were then treated with 

or without androgen. In mice implanted with epithelia alone, there was no tumour formation 

under any treatment condition. Where mice were co-implanted with epithelium and AR positive 

UGM, tumours formed in 36% of hormone treated mice (n=30/84), but in less than 0.5% 

untreated mice (n=1/218) (Wang et al., 2001). Whilst that study did not compare nuclear receptor 

positive versus negative UGM, it demonstrated the importance of the stroma in early stage 

cancer, and that androgens can mediate tumour formation via stromal signalling. More definitive 

were the comparative outcome of studies implanting epithelial cells with non-functional AR 

(Tfm) or WT mesenchyme (Ricke et al., 2012). Specifically, epithelia initiated via knockdown of 

the tumour suppressors PTEN and p53 generated tumours when combined with WT mesenchyme 

under hormonal stimulation (Fig. 12). When combined with the AR negative Tfm stroma, 

initiated epithelial cells only developed small non-invasive growths but not tumours (Fig. 12). 

Significantly, the presence of AR in the epithelial cells did not affect carcinogenesis (Ricke et al., 

2012). Moreover, in PTEN+/- mice that can spontaneously develop PIN, crossing lines with 

stromal AR knockout mice reduced PIN formation (Lai et al., 2012). Perhaps significantly, a 

higher expression of stromal AR has been reported in men of African descent, in which there is a  

higher incidence of prostate cancer compared to the Caucasian population (Olapade-Olaopa et al., 
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2004b). All of this evidence suggests that the stromal AR is likely to play an important, and often 

overlooked, role in prostate carcinogenesis. 

 

Unlike normal prostate cells, the action of AR in cancerous prostate epithelium is pro-

proliferative, and drives tumour growth. It is therefore particularly relevant that androgen action 

in fibroblasts has been shown to have a stimulatory effect on cancer cell function, both directly 

on intracellular signalling pathways as well as indirectly via post translational modifications of 

the epithelial AR  (Shigemura et al., 2009). For example, factors secreted from fibroblasts in 

response to androgens positively influences epithelial proliferation in vitro (Tanner et al., 2011). 

In vivo, AR positive stroma induces prostate tumour formation from grafted, transformed AR 

negative benign prostate hyperplasia (BPH) cells whereas AR negative stroma does not (Wang et 

al., 2001), while conversely, the induction of tumour growth is hindered in mice that lack stromal 

AR (Niu et al., 2008b). By contrast, proliferation of highly metastatic and AR negative PC3 cells 

co-inoculated in mice with WPMY-1 fibroblasts was unaffected by AR siRNA in the WPMY-1 

cells (Niu et al., 2008a). Overall however, the evidence seems to support a model in which 

stromal AR signalling acts to induce prostate cancer cell proliferation, which potentially plays an 

important role in the early stages of prostate carcinogenesis. 
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Figure 12: Stromal AR in prostate cancer initiation. Stromal AR mediates the initial stages of prostate 

cancer. Combining transformed receptor negative epithelial cells with AR positive mesenchyme results in 

cancer formation, whilst combining the same type of epithelial cells with AR negative stroma produces 

small benign structures. Adapted from Ricke et al. (2012). 
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1.5.3 Stromal AR in prostate cancer outcome 

 

Although increased AR expression is suggested as a mechanism for castrate resistance in 

metastatic tumours, there is inconsistent evidence for increased epithelial AR expression to 

enhance development of the primary tumour, or as reviewed in Tamburrino et. al (2012) affect 

patient outcome. In contrast, several studies have reported an association between the loss of AR 

in prostate stroma and clinical parameters and outcomes, strongly supporting a role for stromal 

AR expression in disease progression. In a study of twenty patients, AR immunostaining in 

cancer stroma was reported to be lower than in benign stroma (Mohler et al., 1996), but no 

correlation could be made between stromal AR and cancer progression, possibly due to the small 

cohort size. In a study of 154 patients treated with androgen deprivation however, stromal AR 

expression was inversely related to Gleason score and tumour stage, the response to androgen 

ablation, metastasis and progression (Wikstrom et al., 2009). In another study of 53 patients with 

organ confined disease at time of operation, low stromal AR expression related directly to 

biochemical relapse (Ricciardelli et al., 2005).  Low stromal AR was also associated with tumour 

stage and biochemical relapse in a cohort of 96 patients at a median of six years post radical 

prostatectomy (Henshall et al., 2001). Finally, lower expression of stromal AR was identified in 

39 prostate cancers compared to 17-age matched benign BPH lesions (Olapade-Olaopa et al., 

1999). Overall, the clinical studies suggest that lower stromal AR is associated with disease 

progression and poor clinical outcome, implying that AR in the stroma may play a protective role 

in later-stage prostate cancer. Furthermore, assessment of stromal AR levels may have prognostic 

benefit in the diagnosis of those patients most at risk of developing advanced disease. 
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Importantly, the above two sections highlight a fundamental contradiction: stromal AR appears to 

be necessary in the initiation of prostate cancer, but is protective against progression. Reconciling 

this paradox is difficult, as we know little about stromal AR action, its effect on the 

microenvironment or the consequences for epithelial cells. More fundamentally, we are not yet 

certain whether changes in stromal AR levels reflect a patient-specific predisposition to disease 

progression, or are reflective of the cancer process itself. This is an important distinction that can 

only be made by analysis of patient matched normal and benign samples. 

 

1.5.4 AR fibroblast function 

 

Despite observations that AR in the stroma is important at all stages of prostate development and 

carcinogenesis, little is known of stromal AR function. Myofibroblasts are the predominant cell 

type present in the tumour stroma, but in culture, fibroblasts rapidly lose expression of AR and all 

other steroid receptors. To overcome this, engineered solutions have been required. Webber et al 

in 1999 was the first to develop a myofibroblast cell line in which to investigate AR, These 

human prostatic myofibroblasts, termed WPMY-1 cells, were immortalized with SV40 large T 

antigen in the presence of the synthetic androgen, mibolerone (Webber et al., 1999). WPMY-1 

cells have been used to investigate the involvement of the AR coregulator Hic-5 (Heitzer and 

DeFranco, 2006b, Heitzer and DeFranco, 2007) in AR activation, and in recombinant mouse 

models, to investigate the effects of stromal AR on prostate cancer growth and progression. As 
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detailed above however, they have provided conflicting results (Niu et al., 2008a, Niu et al., 

2008b, Niu and Xia, 2009). Nonetheless, when AR is transfected into WPMY-1 cells they 

produce paracrine factors in response to androgen stimulation that are reported to affect epithelial 

cell growth (Tanner et al., 2011). A second model has been developed by stably inducing human 

prostate myofibroblasts to express AR, termed PShTert-AR (Li et al., 2008), these cells also 

produce paracrine factors capable of altering epithelial cell physiology following androgen 

stimulation (Li et al., 2008). To date however, no comprehensive approaches have been applied 

to determine the precise mechanism and function of the AR in prostatic fibroblasts. 

 

1.6  Summary 

 

Normal prostatic development, cancer initiation, and cancer growth are dependent on stromal 

androgen receptor signalling. However, there appears to be a dichotomy in stromal AR action in 

these processes. On the one hand, functional stromal AR is required for initiation of 

tumourigenesis and stimulates early cancer growth, while on the other the loss of stromal AR 

expression is correlated with poor clinical outcome. Our current knowledge of AR action, 

including the genes regulated by androgens and how cofactors work within the signalling 

process, is almost entirely based on data derived from epithelial cells, and there is almost no data 

on stromal AR responses. Given the current difficulties in both predicting and treating advanced 

prostate cancer, an opportunity exists to explore the role of stromal androgen signalling in 
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prostate cancer, and to test whether this pathway might be amenable to diagnosis and/or 

therapeutic intervention. 

 

1.7 Objectives.  

 

The objective of this thesis is to characterise AR signalling in prostate myofibroblasts, and to 

identify any impact of myofibroblast AR signalling on the prostate microenvironment and disease 

progression. Specifically, this study will: 

1) investigate AR levels in the stromal and epithelial compartments of human prostate 

cancer samples, and identify any association with clinical outcome 

2) determine how androgen signalling in prostate myofibroblasts affects the tumour 

microenvironment, and 

3) prove that stromal-specific coregulators play a role in AR signalling in prostate 

myofibroblasts, and demonstrate their effect on myofibroblast physiology.  
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CHAPTER 2: STROMAL ANDROGEN RECEPTOR REGULATES A 

PROTECTIVE MICROENVIRONMENT AND PREVENTS POOR 

OUTCOME IN PROSTATE CANCER 
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ABSTRACT 

 

There is extensive knowledge of androgen receptor (AR) signalling in cancer cells, but less 

regarding androgen action in stromal cells of the tumour microenvironment. We report here 

the genome-wide effects of a stromal cell specific molecular adapter and AR coregulator, 

hydrogen peroxide-inducible gene 5 (Hic-5/TGFB1I1), on AR function in prostate 

myofibroblasts. Following androgen stimulation, Hic-5 rapidly translocates to the nucleus, 

coincident with increased phosphorylation of focal adhesion kinase. As a coregulator, Hic-5 

acted to amplify or inhibit regulation of approximately 50% of AR target genes, affected 

androgen regulation of growth, cell adhesion, motility and invasion. These data suggest Hic-5 

as a transferable adaptor between focal adhesions and the nucleus of prostate myofibroblasts, 

where it acts a key mediator of the specificity and sensitivity of AR signalling. We propose a 

model in which Hic-5 coordinates AR signalling with adhesion and extracellular matrix 

contacts to regulate cell behaviour in the tumour microenvironment. 

 

 

Keywords: prostate cancer, androgen receptor, focal adhesions, stroma, microenvironment, 

fibroblasts 

 

Abbreviations: AR, androgen receptor; ARA55, androgen receptor-associated protein of 55 

kDa; cancer associated fibroblasts, CAFs; DHT, 5α-dihydrotestosterone; ECM, extracellular 

matrix; FA, focal adhesion; FAK, focal adhesion kinase; GR, glucocorticoid receptor; LBD, 

ligand binding domain; LIM, Lin11, Isl-1 and Mec-3 domain; LD, leucine and aspartate 
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domain; NES, nuclear export sequence; NMTS, nuclear matrix transport signal; NPF, normal 

prostatic fibroblasts; PCa, prostate cancer; PR, progesterone receptor; RT-qPCR, real time 

quantitative polymerase chain reaction; shRNA, short hairpin RNA; T, testosterone; 

TGFB1I1, transforming growth factor 1 inducible 1. 
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INTRODUCTION 

 

The prostate is composed of glandular acini, consisting of columnar epithelial cells 

surrounded by spheroid basal cells, embedded within a stroma containing smooth muscle and 

fibroblast cells, vasculature and immune components, and a proteinaceous extracellular 

matrix (ECM). Initial carcinogenesis of the prostate arises within the epithelial compartment, 

which then invades through the basement membrane and into the stroma. Often 

accompanying the tumorigenic process is a change in the composition of stromal fibroblasts 

from a state that is considered normal (i.e. normal prostatic fibroblasts; NPFs) to an activated 

myofibroblast phenotype specifically associated with cancer foci (i.e. cancer associated 

fibroblasts; CAFs) (Hayward et al., 1997, Olumi et al., 1999, Tuxhorn et al., 2001, Tuxhorn et 

al., 2002). In vivo experiments with xenografted tissue recombinants have identified a direct 

link between the presence of CAFs and initiation and development of prostate cancer 

(PCa)(Olumi et al., 1999, Hayward et al., 2001, Bhowmick et al., 2004b, Risbridger and 

Taylor, 2008, Franco et al., 2011). Distinct sets of paracrine-acting growth factors, cytokines, 

and other secreted factors by CAFs mediate the de-differentiation, proliferation, progression, 

and movement of cancerous epithelial cells (Gmyrek et al., 2001, Bhowmick et al., 2004b, 

Kuperwasser et al., 2004, Kwabi-Addo et al., 2004, Levental et al., 2009, Palumbo et al., 

2012). Furthermore, the ECM secreted by CAFs influences the invasive and metastatic 

capacity of cancer cells by controlling the spatial capacity for cell movement, as well as 

altering epithelial cell adhesion, actin-cytoskeletal organization and intracellular signalling 

pathways responsive to the ECM (Levental et al., 2009, Palumbo et al., 2012). In the prostate, 

androgens act via the androgen receptor (AR) as a driver of stromal paracrine effects on 
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cancer cells, but we have limited knowledge of the drivers of the distinct fibroblast androgen 

response, or its impact on ECM and paracrine signalling. 

 

The AR is a transcription factor that functions in both prostate epithelial and fibroblast cells. 

The non-ligand bound AR generally resides in the cytoplasm in association with molecular 

chaperone complexes (Smith and Toft, 1993, Bohen et al., 1995, He et al., 1999, Ozanne et 

al., 2000) and translocates to the nucleus upon binding testosterone (T), the more biologically 

active derivative 5α-dihydrotestosterone (DHT), or other androgens. Changes in the 

conformation of the ligand-bound AR results in the recruitment of specific cofactor proteins 

that collectively act to allow direct or indirect targeting of the AR to DNA, and the assembly 

of multi-subunit protein complexes. These complexes facilitate modification of chromatin and 

other transcriptional regulators, and are responsible for local engagement or disengagement of 

the general transcriptional machinery (McEwan and Gustafsson, 1997, Kaku et al., 2008).  

 

In normal prostate development, AR action in epithelia is required for patterning and 

differentiation of the stroma, whereas AR in the stroma promotes epithelial growth, 

maintenance and differentiation (Chung and Cunha, 1983, Cunha et al., 1983a, Cunha et al., 

1983b). AR adopts a more mitogenic role in cancerous epithelia, activating autologous 

proliferation and preventing cell death (Gregory et al., 2001, Kojima et al., 2006, Wang et al., 

2008). Many reports demonstrate an association between decreased stromal AR, PCa 

progression and poor outcome (Mohler et al., 1996, Olapade-Olaopa et al., 1999, Henshall et 

al., 2001, Olapade-Olaopa et al., 2004a, Olapade-Olaopa et al., 2004b, Ricciardelli et al., 

2005, Wikstrom et al., 2009). On the other hand, in vitro and in vivo tissue recombination 

experiments suggest that AR action in fibroblasts may support PCa initiation and enhance 
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tumour cell growth (Niu et al., 2001, Wang et al., 2001, Marques et al., 2005, Ricke et al., 

2012). The paradoxical switch of a tumour from a state dependent on stromal AR signalling, 

to a state in which a loss of stromal AR activity promotes effective metastasis, is potentially a 

critical event in PCa progression and a determinant of PCa patient outcome. However, the 

processes mediating these events have not yet been defined. 

 

AR coregulators play an important role in tissue-specific actions of androgens as they convey 

additional/accessory signalling cues or enzymatic activities, including acetylation, 

deacetylation, methylation or demethylation of chromatin and histones, and act to enhance 

(coactivator) or inhibit (corepressor) receptor transcriptional activity (Mellor, 2006, Li et al., 

2007a). The net result is either facilitation/stabilization or inhibition/destabilization of AR 

interaction with DNA and/or the transcription machinery (Mellor, 2006, Li et al., 2007a). 

Although it is well recognized that coregulators can modulate AR activity in a gene/locus 

specific manner (Yang et al., 2000), they are generally studied on a limited number of 

positively regulated genes, and in most cases only in epithelial cells (Chmelar et al., 2007, Jia 

et al., 2008). Importantly however, as many as 60 or more AR coregulators may be expressed 

at significantly different levels between prostatic epithelial and fibroblast cells (Bebermeier et 

al., 2006), which may explain some of the lack of commonality in AR gene regulation across 

different cell lineages. Studies also indicate that coregulator expression in CAFs compared to 

NPFs is altered (Cano et al., 2007, Hidalgo et al., 2007, Hidalgo et al., 2011). Alteration in 

coregulator levels may contribute to the dichotomous role of stromal AR in prostate cancer 

initiation and progression, but our understanding of the precise role of coregulators in 

fibroblast-specific AR action is currently limited. 
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Hydrogen peroxide-inducible gene 5 (Hic-5), also known as transforming growth factor 1, 

inducible 1 (TGFB1I1) and androgen receptor-associated protein of 55 kDa (ARA55), is an 

AR coregulator often reported as being predominantly expressed in prostate fibroblasts 

(Nessler-Menardi et al., 2000, Li et al., 2002, Mestayer et al., 2003, Chang et al., 2005, 

Heitzer and DeFranco, 2006b, Chmelar et al., 2007) and only rarely observed in cancerous 

epithelia (Li et al., 2011). Interaction of Hic-5 with the ligand binding domain (LBD) region 

of AR is mediated via four cysteine rich, zinc finger containing LIM domains at the carboxyl-

terminal end of the Hic-5 protein, which also  contains a series of amino-terminal leucine and 

aspartate (LD) motifs (Shibanuma et al., 1994, Fujimoto et al., 1999). Hic-5 has been shown 

to co-localize with AR at DNA, and enhance AR-mediated gene transcription at a limited 

number of genes (Heitzer and DeFranco, 2006a, Heitzer and DeFranco, 2006b). More 

broadly, Hic-5 is regarded as a molecular adaptor that coordinates multiple protein-protein 

interactions, and also interacts with focal adhesion kinase (FAK) through its LD domain to 

integrate intracellular signalling with plasma membrane receptors. The association of Hic-5 

with FAK mediates cell movement and adhesion, and overexpression of Hic-5 enhances cell 

motility (Fujita et al., 1998). 

 

In this study we comprehensively explore the role of Hic-5 as an AR coregulator in 

myofibroblast cells by ascertaining the global consequence of Hic-5 knockdown on 

myofibroblast response to androgens. We document bi-directional effects of Hic-5 signalling 

and AR activation on the intracellular movement of these proteins, and the subsequent 

functional consequences on myofibroblast motility and invasion. We propose a novel model 

of AR action in prostate myofibroblasts, mediated by a Hic-5-dependent interplay between 

AR and focal adhesions, translating androgen signalling into changes on the ECM and 
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fibroblast function. This has important implications for our understanding of the PCa 

microenvironment, and our knowledge of how coregulators affect AR function in a lineage 

specific manner. 
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MATERIALS AND METHODS 

 

Cell culture  

Telomerase immortalized human prostate stromal myofibroblast cells expressing AR 

(PShTert-AR) or matched empty vector control (PShTert-ctrl), and two isogenic WPMY-1 

prostate myofibroblast lines expressing shRNA for Hic-5 or a scrambled shRNA are as 

previously described (Li et al., 2008, Need et al., 2009, Trotta et al., 2012) and were 

maintained in RPMI 1640 (LifeTechnologies, Vic, Aus) supplemented with 5% foetal bovine 

serum (FBS; Sigma-Aldrich, Australia). PCa epithelial PC3 (ATCC, USA) and C4-2B cells 

(derived from subcutaneous LNCaP xenografts in castrated nude mice as previously described 

(Wu et al., 1994)) were maintained in RPMI 1640 supplemented with 5% FBS.  

 

Gene silencing and immunoblotting  

PShTert-AR cells were seeded into 6-well plates at 2 x104 cells per well and incubated for 

two days in phenol red free (PRF) RPMI 1640 with 5% charcoal stripped FBS (Sigma-

Aldrich, Australia; stripped media). A total concentration of 10nM siRNA (Ambion 

Silencer®Select, LifeTechnologies) was transfected into each well using LTX and Plus 

Reagent (LifeTechnologies). Cells were transfected for 24 hours, treated with fresh stripped 

medium for 24 hours and then harvested, run on 7.5% SDS-PAGE gels and transferred to 

nitrocellulose membrane as previously described (Buchanan et al., 2004). Proteins were 

visualized using Rabbit anti-Paxillin Y113 monoclonal antibody [(1/10,000), Abcam, UK, 

ab32084]; Mouse anti-Hic-5 monoclonal antibody ([1/5,000], BD Transduction Laboratories, 

USA, 611165); Rabbit anti-AR N20 polyclonal antibody ([1/10,000], Santa Cruz 
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Biotechnology, USA, sc-816); Rabbit anti-FAK polyclonal ([1/500], Abcam, ab61113), 

Rabbit anti-FAK phosphor Y397 ([1/1000] Abcam, ab4803) or Mouse anti B-Actin 

monoclonal antibody ([1/5,000] Sigma-Aldrich USA, A5441).  

 

Proliferation Assays 

For proliferation assays, PShTert-AR cells, which had been transfected with siNEG or siHic-5 

(described above), or WPMY-1 fibroblasts, were seeded into 24-well plates at 0.2x104 per 

well for 24 hours. Cells were treated with 10 or 100nM DHT or equivalent vehicle (ethanol) 

in stripped media. Cells were re-supplemented with fresh stripped media containing DHT or 

vehicle at day three. On every counting day, treatment media was removed, and cells were 

incubated with 0.25mg/ml MTT (LifeTechnologies) in serum free media for 2 hours. The dye 

was eluted with DMSO and absorbance read at 570 nm using a FLUOstar OPTIMA plate 

reader (BMG Labtech, Aus). Statistical differences were assessed by two-way ANOVA. 

 

 

Transactivation Assays 

WPMY-1 cells (as in Fig. 3) were seeded at 1x104 per well in 96-well plates for 48 hours, 

then transfected with 5ng per well of the AR expression construct pCMV-AR3.1 and with a 

one of 80 AR-targeted luciferase reporter constructs (100ng per well) derived from 

investigations into the AR cistrome on chromosomes 19 and 20 (Jia et al., 2008). The 

constructs used have either been described previously (Buchanan et al., 2007, Jia et al., 2008, 

Trotta et al., 2012) or are listed in Supplementary Table 1. Four hours after transfection, cells 

were treated with 0.1-1000nM of DHT or equivalent vehicle (ethanol), incubated for 22 hours 

and assayed for luciferase activity as previously described (Need et al., 2009, Trotta et al., 
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2012). PShTert-AR cells transfected with siNEG or siHic-5 (as described above) were plated 

at 1x104 per well in 96-well plates for 24 hours and then transfected with 25ng per well of 

probasin/ARR3 luciferase reporter constructs using LTX-Plus Reagent (LifeTechnologies). 

Cells were treated as above and assayed for luciferase activity as previously described (Need 

et al., 2009, Trotta et al., 2012). 

 

Chromatin Immunoprecipitation Assay 

 PShTert-AR cells transfected with siRNA against Hic-5 and a negative control (as described 

in section 2.2) were plated at 0.5x106 and 2 days after plating were treated with for 4 hours 

with 10nM DHT or equivalent vehicle control in stripped media. Experiment was performed 

as in (Need et al., 2009), briefly lysates were sonicated in 4x 30 second bursts on high 

(Diagenode Inc, USA). Samples were immunoprecipitated using 4ug of either anti-AR N20 

antibody (Santa Cruz Biotechnology, USA), anti-Hic-5 antibody (BD Transduction 

Laboratories, USA), or non-specific rabbit IgG (Santa Cruz Biotechnology, USA) as control. 

DNA was purified using phenol-chloroform extraction and resulting DNA samples were 

quantified using RT-qPCR (as described below in section 2.6) against primers stated in 

Supplementary table 2. 

 

Microarray and RT-qPCR 

PShTert-AR (including non-transfected and siRNA transfected cells), WPMY-1 or C4-2B 

cells were plated at 1.5x104 per well in 6-well plates and treated for 16 hours with either 

10nM DHT or vehicle control. RNA was extracted and DNAse treated using the RNeasy Kit 

according to manufacturer’s instructions (Qiagen, Vic, Aus). Before microarray analysis, 

samples were independently validated for knockdown of Hic-5 expression. In the case of 



 

142 

 

WPMY-SCR and WPMY-sh2Hic-5 cells, four replicate samples were pooled for analysis; for 

siRNA transfected PShTert-AR cells, three independent RNA samples were generated, each 

representing pooled RNA from three transfections. For global analysis, 100ng of each RNA 

was hybridized to Affymetrix 1.0st Gene Array (Adelaide Microscopy Centre, Aus). 

Bioinformatics was performed in R as implemented by Bioconductor and Limma, with linear 

model regression and Bayesian statistics applied to differential gene expression. Data is 

available publically on the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/gds; 

GSE47203, GSE47354). Functional pathways were analysed using The Database for 

Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resources 6.7 

http://david.abcc.ncifcrf.gov/home.jsp (Huang da et al., 2009a, Huang da et al., 2009b). 

Microarray results were validated on an independently generated quadruplicate biological set 

of RNA by RT-qPCR with specified primers and iQ SYBR Green SuperMix (Bio-Rad 

Laboratories, Aus) as previously described (Trotta et al., 2012). Specific primer sequences 

used in this study are detailed in Supplementary Table 2. Data is presented relative to 

GAPDH. Statistical differences were assessed by Student’s t-test. 

 

Immunofluorescence and immunohistochemical analysis 

PShTert-AR cells were plated onto glass coverslips at 5x104 per well in 6-well plates, treated 

with 10nM DHT or vehicle control for 60 minutes, formalin fixed and permeabilized with 

Triton X-100 (Sigma-Aldrich). Samples were blocked with normal goat serum (X0907, Dako 

Laboratories, CA, USA) for 1 hour before incubation with primary antibodies: Mouse anti-

Hic-5 monoclonal antibody ([1/100], 611165, BD Transduction Laboratories, USA); Rabbit 

anti-AR N20 polyclonal antibody [1/100], Santa Cruz Biotechnology, sc-816], for a further 

hour at room temperature. Primary antibodies visualized using Alexa Fluor® 488 goat anti-
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mouse IgG (A-11029, Molecular Probes, LifeTechnologies), or Alexa Fluor® 568 goat anti-

rabbit IgG (A-11036, Molecular Probes, LifeTechnologies) in 1% BSA/PBT. Samples were 

subsequently incubated with a second set of primary and secondary antibodies. Nuclei were 

stained using DAPI. Samples were adhered to slides using Fluorescence mounting media 

(S3023, Dako Laboratories). Fluorescence was captured using a Nikon Eclipse TE2000-U 

inverted microscope, and analysed using Nikon NIS-Elements Microscope Imaging Software. 

Samples stained for AR, were scored according to AR being visible in both nucleus and 

cytoplasm (C+N) or nucleus only (N). Samples stained for Hic-5 were scored according to 

Hic-5 observable in nucleus (N+ve) or absent from the nucleus (N-ve). Statistical differences 

were assessed by student’s t-test. Hic-5 immunohistochemistry images were obtained from 

protein atlas (http://www.proteinatlas.org) (Uhlen et al., 2005, Uhlen et al., 2010), and 

represent duplicate samples from 12 patients with prostate cancer, and three benign/normal 

prostate samples stained with anti-Hic-5 antibody (CAB020844, at 1/200 dilution).  

 

Cell fractionation 

PShTert-AR cells were plated in 10cm diameter dishes at 1x105 cells per dish in stripped 

media for three days, and then treated with 10nM DHT or equivalent vehicle control for 0-240 

minutes, and processed as previously described (Suzuki et al., 2010). Briefly, cells were 

washed two times with PBS, collected in 1ml of PBS, and pelleted by pulse centrifugation. 

Supernatant was replaced with 0.1% NP40 (Sigma-Aldrich) and an aliquot for whole cell 

fraction was removed. Supernatant collected after pulse centrifugation constituted the 

cytoplasmic fraction. The remaining pellet was resuspended in fresh NP40 and sonicated at 

low power for 5 seconds (Branson Sonifier 250, low power) to generate the nuclear fraction. 

Samples were immunoblotted with cytoplasm specific anti-MEK1 ([1/4000] 1662-P1 Thermo 
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Scientific, USA) and nuclear specific anti-Lamin A/C ([1/4000] #2032, Cell Signaling 

Technology, MA, USA), as well as for AR, Hic-5, and PXN using antibodies described 

above. 

 

Invasion/motility assays 

PShTert-AR and PShTert-ctrl cells (2x104 per well) were resuspended in RPMI 1640 and 

exposed to Calcein AM (1µg per ml of cell solution; LifeTechnologies) for 30 minutes. 

Geltrex matrigel (LifeTechnologies) was prepared in a 1:1 ratio with serum free PRF-RPMI 

1640 and applied to the top of the membrane of the 96-well motility/invasion assay plate, 

(ChemoTx, Neuro Probe, Gaithersburg, MD, USA). Growth medium was added to the bottom 

wells, and the gel was allowed to set for 30 minutes. Labelled cells were added to the top of 

the membrane or gel and incubated at 37⁰C for 6 hours. Calcein AM was measured in the 

bottom wells using a FLUOstar OPTIMA plate reader at 480nm excitation and 520nm 

emission wavelengths. Statistical differences were assessed by Student’s t-test. 
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RESULTS 

 

3.1 Cell specificity of Hic-5 expression 

 

In line with previous reports of higher Hic-5 levels in prostate stroma compared with epithelia 

(Nessler-Menardi et al., 2000, Li et al., 2002, Mestayer et al., 2003, Chang et al., 2005, 

Bebermeier et al., 2006, Heitzer and DeFranco, 2006a, Chmelar et al., 2007), Hic-5 levels in 

three normal/benign and 12 prostate cancer specimens from The Human Protein Atlas 

(http://www.proteinatlas.org; (Uhlen et al., 2005, Uhlen et al., 2010)), showed predominantly 

stromal immunoreactivity (Fig. 1A, Supplementary Fig. 1). Reinforcing a role as an 

endogenous stromal-specific AR coregulator, Hic-5 expression was tenfold higher in our 

representative WPMY-1 and PShTert-AR human prostate myofibroblast cell line models than 

in prostate cancer C4-2B cells (p<0.001, Fig. 1B), and detectable protein levels by 

immunoblot were present in myofibroblasts only (Fig. 1C). Hic-5 expression and protein 

levels were not affected in those experiments by treatment with 5α-dihydrotestosterone (DHT; 

Fig. 1B, C). 
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Figure 1. Expression of the focal adhesion gene, Hic-5, in prostate cancer stromal and epithelial 

cells. A. Example of immunohistochemical detection of Hic-5 protein levels in benign and cancerous 

human prostate from The Human Protein Atlas (http://www.proteinatlas.org; sections stained with 

CAB020844 antibody [1/200]) (Uhlen et al., 2005, Uhlen et al., 2010). Epithelial (*) and stroma 

(arrow) areas are indicated, dotted lines indicate examples areas of stromal (red) and epithelial 

(yellow) compartments. B. Expression of Hic-5 in prostate myofibroblast WPMY-1 (WPMY) and 

PShTert-AR (T.AR), and prostate cancer epithelial C4-2B cells determined by RT-qPCR. Cells were 

treated for 16 hours with 10nM DHT or equivalent vehicle control (V.C., ethanol). Results represent 

mean (± SD) expression in three biological replicate cell preparations, analysed in duplicate and 

normalized to GAPDH expression. C. Immunoblot analysis for Hic-5 protein lysates harvested after 

treatment as described in B. Beta actin (ACTB) acts as a loading control. 
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3.2 Fibroblasts depleted of Hic-5 have an altered transcriptome, physiology and AR 

responsiveness 

 

To understand the role of Hic-5 in myofibroblast physiology, independent of its function in 

androgen signalling, we next compared AR negative WPMY-1 lines stably expressing either a 

short hairpin RNA (shRNA) to Hic-5 (WPMY-sh2Hic-5) or a scrambled shRNA control 

(WPMY-SCR) (Heitzer and DeFranco, 2006a, Heitzer and DeFranco, 2007). Hic-5 RNA was 

80% lower in WPMY-sh2Hic-5 cells, resulting in almost undetectable levels of Hic-5 protein 

levels (p<0.001, Fig. 2A, B). While the gross morphology of these myofibroblast lines was 

indistinguishable (data not shown), genome-wide expression analysis revealed 567 genes with 

altered expression in Hic-5 depleted myofibroblasts, of which 89% (503/567) were expressed 

at lower levels (p<0.01; Fig. 2C). Gene changes on selected candidates were validated by RT-

qPCR using an independently prepared set of RNA samples (Supplementary Fig. 2). In line 

with the known role of Hic-5, the 567 genes differentially expressed upon Hic-5 silencing 

represent enrichment of pathways involving adhesion, cell migration and motility. In addition, 

we also observed enrichment of genes involved in phosphorylation, apoptosis and regulation 

of vascular development pathways (Table 1). When initially derived, WPMY-1 cells showed 

a minimal proliferative response to androgens and AR recruitment to stromal-specific 

promoters in response to DHT (Webber et al., 1999, Heitzer and DeFranco, 2006a). Here 

however, neither WPMY-1 line exhibited a significant proliferative response to DHT, 

possibly the result of further passage post-transduction. Nevertheless, Hic-5 depleted WPMY-

sh2Hic-5 cells displayed decreased proliferation in comparison to WPMY-SCR controls 

(p<0.05; Fig. 2D). 
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To enhance our ability to uncover the effect of Hic-5 on AR signalling in prostate fibroblasts, 

we transiently transfected the two WPMY-1 lines with an AR expression vector, and each of a 

panel of 80 AR-targeted luciferase reporter constructs that we previously generated (Jia et al., 

2008).  In general, AR transcriptional activity was much lower in WPMY-1 cells depleted of 

Hic-5 compared to controls (p<0.001; Fig. 3). In control WPMY-SCR cells, 69/80 reporter 

constructs were significantly activated by DHT compared to vehicle control (p<0.05), 

whereas in Hic-5 depleted WPMY-sh2Hic-5 cells only 35/69 were similarly responsive. 

Furthermore, of those 35 promoters responsive in WPMY-sh2Hic-5 cells, 26 had less than 

half of the activity recorded in control cells. Immunoblot analysis showed equivalent levels of 

AR protein in both WPMY-1 lines following transfection of increasing AR expression vector, 

which suggests a relatively equal transfection efficacy and a direct effect of Hic-5 depletion 

on AR transactivation activity in WPMY-sh2Hic-5 cells (Supplementary Fig. 3). These 

results are in line with reduced AR induction of KGF following transient Hic-5 ablation 

(Heitzer and DeFranco, 2006a), and suggest a requirement for Hic-5 for effective AR activity 

in prostate myofibroblasts.  
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Figure 2. Decreased Hic-5 expression affects the WPMY-1 transcriptome. A. Expression of Hic-5 

in isogenic prostate WPMY-1 myofibroblasts stably expressing shRNA to Hic-5 (WPMY-sh2Hic-5) 

or scrambled shRNA control (WPMY-SCR) as determined by RT-qPCR. Data represents mean (± SD) 

expression of Hic-5 from three biological replicates normalized to GAPDH. ***, p value <0.001 for 

difference between WPMY-sh2Hic-5 and WPMY-SCR by Student’s t-test. B. Immunoblot analysis 

for Hic-5 protein in isogenic WPMY-1 fibroblast lines, with ACTB as a loading control. C. Gene 

expression differences between WPMY-sh2Hic-5 and WPMY-SCR determined by microarray 

analysis of pooled RNA from five independently validated biological replicates. Data is presented as a 

volcano plot of log2 fold expression difference versus –Log10 p value determined by Bayesian 

statistical analysis. Statistical significance was set as a Benjamini and Hochberg adjusted p value of 

<0.01. D. Viability of WPMY-sh2Hic-5 and WPMY-SCR fibroblasts as determined by MTT assay. 

Cells were plated at 3x103 per well in 24-well plates and treated with a single dose of 10nM DHT for 

seven days. Data represents mean (± SEM) absorbance at 570nm in quadruplicate cultures normalized 

to absorbance at day 0. **, p value <0.01 on two-way ANOVA for difference between WPMY-SCR 

and WPMY-sh2Hic-5 cells with each treatment. 
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Table 1. Pathways distinguishing isogenic WPMY-SCR and WPMY-sh2Hic-5 fibroblasts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

@  Functional pathway analysis of androgen regulated genes only in PShTert-AR cells transfected with siNEG. 

% Fold change in functional pathway enrichment or depletion  
# Modified Fisher Exact P value score 

*  Number of regulated genes in each category  

^ Up to five example genes within each pathway 

Term@ Direction of regulation Fold Enrichment% p value# Count* Genes^ 

GO:0001944~vasculature development - 3.40 1.2E-06 23 IL8, TNFRSF12A, CTGF, LOX, PLAU 

GO:0016477~cell migration - 2.55 5.0E-04 19 B4GALT1, CX3CL1, CXCL12, COL5A1, LAMA1 

GO:0048870~cell motility - 2.29 1.7E-03 19 CDH2, CTGF, ITGA5, PDGFRB, ADAM17 

GO:0042325~regulation of phosphorylation - 2.07 8.4E-04 26 MAP3K5, CDKN2B, BMP4, CCND2, MAP3K13 

GO:0040012~regulation of locomotion - 2.70 2.1E-03 14 VCL, LAMA1, LAMA4, LAMA3, TEK 

GO:0043069~negative regulation of programmed cell death - 2.17 1.8E-03 21 SOX4, NOTCH2, IGF1R, SERPINB2, DHCR24 

GO:0009991~response to extracellular stimulus - 2.70 9.1E-04 16 BMP4, ARSB, AXL, CDKN2B, GSN 

GO:0048863~stem cell differentiation - 5.79 1.0E-02 5 LIF, NOTCH2, NOG, KIT, KLF4 

GO:0005925~focal adhesion - 3.13 7.9E-03 9 TNS3, ITGA5, FERMT1, AIF1L, ADAM17 

GO:0010941~regulation of cell death - 1.59 7.3E-03 35 PMAIP1, ARHGEF9, DAPK1, TNFSF10, ADAM17 

GO:0060548~negative regulation of cell death + 5.37 1.63E-03 7 AMIGO2, CCL2, ARNT2, IL1B, NRG1 

GO:0051384~response to glucocorticoid stimulus + 14.16 2.65E-03 4 IL6, CCL2, ADM, IL1B 

GO:0043067~regulation of programmed cell death + 3.06 7.23E-03 9 VDR, CCL2, IL1B, NRG1, KALRN 

GO:0016310~phosphorylation + 3.11 6.63E-03 9 RPS6KA2, NUAK1, PDK3, ADRBK2, MYLK 

GO:0048545~response to steroid hormone stimulus + 8.63 5.71E-04 6 CCL2, ADM, ARNT2, IL1B, THBS1 

GO:0030595~leukocyte chemotaxis + 22.38 7.59E-03 3 IL6, CCL2, IL1B 

GO:0006874~cellular calcium ion homeostasis + 6.03 2.70E-02 4 VDR, CCL2, ADM, IL1B 

GO:0031667~response to nutrient levels + 5.61 3.26E-02 4 VDR, CCL2, ADM, IL1B 

GO:0001819~positive regulation of cytokine production + 9.20 4.05E-02 3 IL6, IL1B, THBS1 

GO:0045785~positive regulation of cell adhesion + 13.80 1.91E-02 3 IL1B, NRG1, THBS1 
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Figure 3. AR transactivation activity is influenced by Hic-5 expression. Comparison of AR 

transactivation of 80 distinct AR-targeted luciferase reporter constructs in WPMY-SH2Hic-5 and 

WPMY-SCR cells. Cells were transfected in 96-well plates with AR expression plasmid and each of 

80 different reporters, and treated with vehicle control or 10nM DHT for 16 hours. Data represents, for 

each reporter, the mean Log2 fold DHT response compared to vehicle from five replicates. The dotted 

line represents a theoretical equality of DHT response for the reporters between the cell lines; the solid 

line represents a linear trend line of AR response from the experimental data. The insert Euler diagram 

summarizes number and overlap of individual reporters significantly responsive to DHT in each cell 

line (Student’s t-test, p value <0.01). 
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3.3 Role of Hic-5 on AR action in myofibroblasts  

 

To better explore the relationship between Hic-5 and androgen signalling in prostatic 

fibroblasts, we used a siRNA approach to modify Hic-5 expression in AR positive 

myofibroblast PShTert-AR cells. Those cells have been previously characterized as stably 

expressing a functional AR, and thus provides us with a unique model system  in which to 

assess how AR signalling can be modulated by changes in endogenous Hic-5 levels (Li et al., 

2008). It is important to note that primary prostatic fibroblast cells are an inadequate resource 

for this purpose, as expression of steroid receptors (including AR) is rapidly lost in culture 

(Shaw et al., 2006, Cano et al., 2007).  Compared to scrambled control (siNEG), transfection 

of Hic-5 specific siRNA (siHic-5) into PShTert-AR cells caused a greater than 85% reduction 

in Hic-5 mRNA levels, irrespective of DHT treatment (p<0.001), and a concomitant reduction 

in Hic-5 protein levels (Fig. 4A). Hic-5 depletion resulted in an approximately 50% reduction 

in AR activity on the probasin ARR3-tk promoter without affecting ligand sensitivity, and 

was not due to changes in AR steady state protein levels (p<0.001; Fig. 4B). To assess a role 

of Hic-5 in AR binding to DNA, we conducted chromatin immunoprecipitation analysis. 

Those studies revealed both AR and Hic-5 binding to chromatin proximal to the androgen 

regulated gene, FBXO32 (Fig. 4C). Significantly, with Hic-5 knockdown, binding of AR to 

this site was markedly reduced (Fig. 4D). In viability assays, both 100nM DHT and siHic-5 

caused significant but independent reductions in myofibroblast viability compared to their 

individual controls (p<0.001 and p<0.05 respectively; Fig. 4E). The effect of Hic-5 depletion 

was considerably more modest than 100nM DHT in that experiment, but similar to the 

reduction in viability observed with 10nM DHT (Supplementary Fig. 4). It appears, therefore, 

that Hic-5 positively influences myofibroblast growth pathways or viability independent of 
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those negatively affected by AR, but is conversely necessary for AR binding and activity at 

certain loci. 

 

Since Hic-5 inhibits cell spreading and motility (Fujita et al., 1998), we next tested whether 

AR and/or Hic-5 regulate myofibroblast motility, adhesion and invasion. In chamber assays, 

migration and invasion of PShTert-AR cells was reduced by 35% in the presence of DHT 

(p<0.01; Fig. 5A, B), and reduced by 26% (migration) and 28% (invasion) with Hic-5 

depletion independent of androgen treatment (p<0.01, Fig. 5A, B). Interestingly, Hic-5 

depletion alone exerted a negative effect on these activities in PShTert-AR cells (Fig. 5A, B), 

but not in AR-negative PShTert-ctrl cells (Fig. 5C, D). In regards to migration and invasion, it 

appears therefore that myofibroblast cells are insensitive to Hic-5 loss in the absence of AR 

expression. Perhaps of significance, DHT treatment increased phosphorylation of the 

adhesion and motility modulator, FAK at tyrosine residue 397 (Y397), irrespective of Hic-5 

knockdown (Fig. 5E). Together, these results suggest that AR and Hic-5 may have important 

and interrelated physiological roles in prostate fibroblast proliferation, motility and invasion. 
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Figure 4. Androgen treatment and depletion of Hic-5 independently affect myofibroblast 

growth. PShTert-AR cells were transfected with Hic-5 specific siRNA (siHic-5) or non-specific 

scrambled siRNA control (siNEG) for 48 hours before additional treatments as indicated. A. Level of 

Hic-5 mRNA and Hic-5 protein following subsequent 16 hours treatment with vehicle control (V.C.) 

or 10nM DHT. Levels of RNA were determined by RT-qPCR and represent mean (± SD) expression 

from three individual biological replicates run in duplicate, presented normalized to GAPDH. Protein 

was assessed by immunoblot analysis with ACTB acting as the loading control. B. AR transactivation 

following siRNA Hic-5 silencing were transfected in 96-well plates with the ARR3-tk-Luc reporter 

and treated with 0-1000nM DHT as indicated. Data is presented as mean arbitrary light units (ALU) 

(±SEM) from six independently transfected wells. *** p value<0.001; two-way ANOVA for siHic-5 

compared to siNEG control. AR immunoblot was performed on unused luciferase assay lysate pooled 

by each treatment. C. AR and Hic-5 binding to DNA in PShTert-AR fibroblasts treated with 10nM 

DHT was measured using chromatin immunoprecipitation (ChIP) using anti AR N20, anti Hic-5 or 

nonspecific IgG antibody. Data represents percent input enrichment to a region of chromatin proximal 

to the FBXO32 transcriptional start site normalized to a nonspecific binding region. D. The binding of 

AR in PShTert-AR cells transfected with either siRNA against Hic-5 (siHic-5) or siNEG and treated 

as in C. Data represents the relative binding of AR in DHT treated siNEG and siHic-5 cells normalized 

to their respective vehicle controls. E. Viability of PShTert-AR cells post siRNA with 5 days of 

100nM DHT supplementation. Data represents mean (±SEM) absorbance at 570nm in quadruplicate 

cultures normalized to absorbance at day 0. Immunoblot analysis was performed using day five 

samples generated in parallel, and confirm maintenance of Hic-5 knockdown over the experimental 

period. ACTB was used as the loading control. ***, p value <0.001 for two-way ANOVA comparing 

DHT to V.C. #, p value <0.05; ###, p value <0.001 for two-way ANOVA comparing siNEG to siHIC-

5. 
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Figure 5. Androgen treatment and depletion of Hic-5 inhibits myofibroblast migration and 

invasion. A, C. (motility) and B, D. (invasion). PShTert-AR cells were transfected with Hic-5 specific 

siRNA (siHic-5) or non-specific scrambled siRNA control (siNEG) for 48 hours, loaded onto modified 

Boyden chambers and treated for a further 6 hours with vehicle control (V.C.) or 10nM DHT. Motility 

was assessed in native Boyden Chambers, invasion through a layer of Matrigel placed above the 

Boyden Chamber. Data represents mean (±SEM) arbitrary fluorescence units (AFU) from six 

independent replicates in three independent experiments. Student’s t-test: **, p value <0.01 for V.C. to 

DHT; ##, p value <0.01 for siNEG to siHic-5. E. Immunoblot for phosphorylated and total focal 

adhesion kinase (FAK) in PShTert-AR cells transfected and treated as detailed in Fig. 1. 
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3.4 Role of Hic-5 in the global AR transcriptional response  

 

To elucidate the influence of Hic-5 on AR signalling in myofibroblasts, we performed global 

expression microarray analysis of PShTert-AR myofibroblast cells, with and without DHT 

treatment, following transfection with negative control (siNEG) or Hic-5 specific siRNA 

(siHic-5). DHT altered the expression of 3004 genes in siNEG transfected cells, and 2958 in 

those receiving siHic-5 (p<0.01; Fig. 6A). These genes represent enrichment of pathways 

involved in proliferation, regulation of post translational modifications, and cell motility 

(Supplementary Table 3). Critically, DHT regulation of around a third of genes in each 

experiment was dependent on Hic-5 expression. Those responsive to DHT only when Hic-5 

was present (siNEG, 897/3004, Group A, Fig. 6A) represent enrichment of apoptosis 

regulation, intracellular vesicle regulation, and amino-acid modification (Table 2), while 

those responsive to DHT only with Hic-5 knockdown (siHic-5, 851/2958, Group B, Fig. 6A) 

represent RNA modifications, nuclear trafficking and GTPase activity (Table 3). Of interest, 

genes responsive to DHT only when Hic-5 was present (Group A) were more likely to be 

upregulated by DHT, whereas genes responsive to DHT with Hic-5 knockdown (Group B) 

were more likely to be downregulated (Supplementary Fig. 5A). 

 

Of the 2107 genes regulated by DHT in both the presence and absence of Hic-5 (Group C, 

Fig. 6A), the magnitude of the DHT response of 450/2107 (21.4%) was significantly altered 

by Hic-5 depletion (p<0.05; Group D), and may represent changes in proliferation, post-

translational modification and nuclear transportation (Table 4). Moreover, assessment of all 

2107 Group C genes, revealed that Hic-5 depletion decreased the median response of DHT 

upregulated genes, but amplified the median response of DHT downregulated genes 
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(Supplementary Fig. 5B). Validation of array findings was performed by RT-qPCR of 

candidate genes in Groups A, B and C using an independent set of RNA samples (Fig. 6B). 

 

On the basis of a limited set of target genes, Hic-5 has previously been described as a locus-

specific coactivator and corepressor of nuclear hormone receptors (Yang et al., 2000). In 

order qualify this at a global scale for AR, we analysed the effect of Hic-5 expression on the 

magnitude and direction of the DHT response in our microarray experiment. Of the total 3855 

DHT responsive genes (i.e. Groups A, B and C), the expression of 1657 (43%) was 

unaffected by Hic-5 level. Conversely, Hic-5 acted as an activator to amplify the DHT 

response, either upregulation or downregulation, in 985/3855 (26%) of cases, and as a 

repressor to suppress the DHT response of 1213/3855 (31%) genes. The magnitude and 

direction in which Hic-5 affects the DHT response of Group A, B and D genes is visualized in 

Fig. 6C. Group A and B genes almost exclusively represent Hic-5 acting respectively as an 

activator or repressor of DHT regulation. There were a small number of cases (14 genes; 0.4% 

of total) in which the direction of the DHT response was paradoxically reversed by Hic-5 

knockdown, and are highlighted separately in Fig. 6C. For Group D genes, Hic-5 acted 

mainly as a repressor to limit/prevent DHT downregulation. Across all three groups, Hic-5 

acts in most cases (1857/2185; 85%) as a positive regulator of transcription, either amplifying 

DHT upregulation or opposing DHT downregulation. Collectively, the above results provide 

the first global perspective of the mixed coactivator/corepressor roles of Hic-5, and imply that 

changes in Hic-5 expression will result in an altered cellular response to AR activation in two 

ways: an absolute loss or gain in androgen regulation of some genes, and an altered degree of 

regulation of others. Moreover, our findings highlight an often overlooked conceptualization 
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of nuclear receptor coregulators; that co-regulation encompasses both amplification of gene 

activation as well as enhancement of gene repression.  
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Figure 6. Microarray analysis suggests that the AR-regulated transcriptome is altered by Hic-5 

expression, with respect to both the actual genes targets and the degree of regulation. PShTert-

AR cells were transfected for 48 hours with Hic-5 specific siRNA (siHic-5) or non-specific scrambled 

siRNA control (siNEG), and treated for 16 hours with either ethanol as vehicle control (V.C.) or 10nM 

DHT and assessed in triplicate using Affymetrix expression microarrays or RT-qPCR. A. Euler 

diagram showing overlap of the DHT-responsive genes in siNEG and siHIC-5 transfected fibroblasts 

as determined by microarray analysis. Figures represent the number of DHT responsive genes 

satisfying Benjamini-Hochberg adjusted p value <0.01 as determined by linear regression and 

Bayesian statistical analysis. The DHT responsive genes are categorized as: Group A, DHT regulated 

only when Hic-5 is present (i.e. siNEG); Group B, DHT regulated only when Hic-5 levels were 

depleted (i.e. siHic-5); Group C, those genes regulated by in both the presence and absence of Hic-5; 

Group D, subset of Group C where the magnitude of the DHT response was significantly different in 

the presence and absence of Hic-5. B. RT-qPCR validation of candidate AR regulated genes from 

Groups A, B and C performed using an independently generated set of RNA samples. Data represents 

mean (±SD) expression relative to GAPDH from three biological replicates. *, p value <0.05 **, p 

value <0.01; ***, p value <0.001 by Student’s t-test between V.C. and DHT treatments. C. 

Visualization of the magnitude and direction in which Hic-5 affects the DHT response of Group A, B 

and D genes. For each group, microarray data from part A is presented as DHT response (x-axis; log2 

fold changes) versus the magnitude of the Hic-5 effect on that response (y-axis, log2 fold change). 

Genes coloured in yellow represent the 14 in which Hic-5 knockdown caused a paradoxical reversal in 

the direction of the DHT response. The percentage of total affected AR regulated genes and an 

interpretation of responses for each quadrant are provided. 
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Table 2. Pathways in DHT regulated genes in the presence of wild type Hic-5 levels (Group A). 
 

Term @ 
Fold 

Enrichment% 
p value# Count * Genes^ 

GO:0043066~negative regulation of apoptosis 1.90 1.19E-03 30 ERBB2, SNCA, FOXO1, DHCR24, PGAP2 

GO:0031903~microbody membrane 5.24 1.81E-03 7 ACOX1, PEX19, PEX2, ABCD3, CAT 

GO:0043038~amino acid activation 3.90 3.98E-03 8 DARS, SARS, RARS, GARS, FARSB 

GO:0048194~Golgi vesicle budding 8.96 8.36E-03 4 COPB2, COPA, GBF1, ARCN1 

GO:0045935~positive regulation of nucleobase, nucleoside, nucleotide 

and nucleic acid metabolic process 
1.44 2.03E-02 40 FOXO1, TRIM16, STAT6, NOTCH1, BMP6 

GO:0045860~positive regulation of protein kinase activity 1.71 4.15E-02 17 CCDC88A, KIAA1804, ERBB2, FPR1, MAP3K2 

GO:0009062~fatty acid catabolic process 3.11 7.48E-02 5 ACOX1, ECH1, EHHADH, ETFDH, DECR1 

GO:0016477~cell migration 1.62 4.05E-02 20 PRKCA, CCDC88A, PSG2, PTK2, DNER 

GO:0050852~T cell receptor signalling pathway 4.87 1.76E-02 5 BCL10, MAPK1, PSEN1, IKBKG, PSEN2 

 

@  Functional pathway analysis of androgen regulated genes only in PShTert-AR cells transfected with siNEG. 

% Fold change in functional pathway enrichment or depletion  

# Modified Fisher Exact score 
*  Number of regulated genes in each category out of the 897 genes inputted 

^ Up to five example genes within each pathway 
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Table 3. Pathways in the DHT regulated genes in cells depleted of Hic-5 (Group B). 
 

Term@ 
Fold 

Enrichment% 
p value# Count* Genes^ 

GO:0000377~RNA splicing, via transesterification reactions with 

bulged adenosine as nucleophile 
2.97 6.98E-05 19 DHX9, TRA2B, PTBP1, TRA2A, SF3A2 

GO:0017016~Ras GTPase binding 2.68 1.21E-02 10 FMNL3, DIAPH1, NOXA1, PAK1, ANXA2P1 

GO:0006188~IMP biosynthetic process 11.95 2.34E-02 3 PPAT, PFAS, GART 

GO:0006606~protein import into nucleus 2.22 6.78E-02 8 IPO5, PTTG1IP, BCL3, TNPO2, TGFB1 

GO:0009127~purine nucleoside monophosphate biosynthetic process 5.31 3.71E-02 4 AMPD2, PPAT, PFAS, GART 

GO:0046496~nicotinamide nucleotide metabolic process 2.99 8.44E-02 5 TPI1, KYNU, TALDO1, IDO1, RPIA 

GO:0007439~ectodermal gut development 7.17 6.27E-02 3 GATA4, GLI2, GLI3 

GO:0051924~regulation of calcium ion transport 2.42 6.78E-02 7 ORAI1, CACNA2D1, CREB3, STIM2, TGFB1 

GO:0046128~purine ribonucleoside metabolic process 3.30 1.19E-01 4 PANK4, HMGCR, QTRTD1, TPMT 

GO:0048762~mesenchymal cell differentiation 2.34 1.63E-01 5 NRP2, EDN1, LEF1, TGFB1, HNRNPAB 

 

@  Functional pathway analysis of androgen regulated genes only in PShTert-AR cells transfected with siHic-5. 

% Fold change in functional pathway enrichment or depletion  

# Modified Fisher Exact p value score 
*  Number of regulated genes in each category out of the 851 genes inputted 

^ Up to five example genes within each pathway 
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Table 4.  Pathways in DHT responsive genes that are quantitatively affected by Hic-5 knockdown (Group D). 
 

Term@ Fold Enrichment% p value# Count* Genes^ 

GO:0007067~mitosis 10.94 1.32E-45 61 PBK, CDK2, ANLN, SKA3, SMC2, CCNB1 

GO:0051327~M phase of meiotic cell cycle 8.45 3.73E-13 21 EXO1, MSH6, MKI67, BRCA2, CKS2 

GO:0043601~nuclear replisome 18.51 1.07E-05 6 POLD3, PRIM1, PRIM2, POLA1, MCM3 

GO:0007094~mitotic cell cycle spindle assembly checkpoint 17.93 1.15E-04 5 MAD2L1, BUB1, CENPF, TTK, CENPE 

GO:0006268~DNA unwinding during replication 14.09 3.29E-04 5 MCM7, MCM2, MCM4, MCM6, RAD51 

GO:0051653~spindle localization 15.78 1.68E-03 4 CENPA, NUSAP1, ESPL1, NDC80 

GO:0048477~oogenesis 5.19 1.51E-02 5 CCNB1, BRCA2, FBXO5, TRIP13, CDC25B 

GO:0051438~regulation of ubiquitin-protein ligase activity 4.05 3.53E-03 8 CCNB1, CDK1, MAD2L1, PLK1, BUB1B 

GO:0007089~traversing start control point of mitotic cell cycle 26.29 3.03E-04 4 CDC6, MTBP, CDC25C, CDK2 

GO:0007098~centrosome cycle 10.38 1.15E-03 5 SASS6, KIF11, BRCA2, CENPJ, BRCA1 

GO:0051603~proteolysis involved in cellular protein catabolic process 1.77 5.34E-03 27 RNF217, USP1, BRCA1, CCNB1, FBXO32 

GO:0032135~DNA insertion or deletion binding 25.88 5.08E-03 3 MSH6, MSH2, PCNA 

GO:0000076~DNA replication checkpoint 16.90 1.23E-02 3 CDC6, CDC45, CDT1 

GO:0002377~immunoglobulin production 5.26 3.93E-02 4 EXO1, MSH6, MSH2, UNG 

GO:0042325~regulation of phosphorylation 1.78 1.50E-02 21 CDC6, CKS1B, IL6ST, CDKN3, CDKN1A,  

GO:0051443~positive regulation of ubiquitin-protein ligase activity 3.38 3.19E-02 6 CCNB1, CDK1, FBXO5, CDC20 

GO:0006606~protein import into nucleus 3.21 2.17E-02 7 CEP57, CSE1L, NUP205, NFKBIA, TGFB2 

GO:0004529~exodeoxyribonuclease activity 16.17 1.36E-02 3 RAD1, EXO1, FEN1 

GO:0003896~DNA primase activity 32.35 3.10E-03 3 PRIM1, PRIM2, POLA1 

 

@  Functional pathway analysis of androgen regulated genes which are regulated irrespective of Hic-5 status but are also statistically altered by Hic-5 depletion. 

% Fold change in functional pathway enrichment or depletion  

# Modified Fisher Exact p value score 
*  Number of regulated genes in each category out of the 450 genes inputted  

^ Up to five example genes within each pathway 
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3.5 Dynamic nuclear localization of AR and Hic-5  

 

Since Hic-5 can adopt a variety of biological functions dependent upon its subcellular 

localization (Nishiya et al., 2001, Heitzer and DeFranco, 2006b), we sought to assess any 

relationship between Hic-5 and AR localization. In vehicle treated cells, AR and Hic-5 were 

found to be predominately cytoplasmic, whereas after one hour of DHT treatment there were 

significantly more cells with nuclear localization of both AR and Hic-5 (p<0.01, Fig. 7A, B). 

Concomitantly, immunoblot analysis following subcellular fractionation showed AR and Hic-

5 absent from the nucleus in vehicle treated cells, but present in the nucleus with DHT (Fig. 

7C). Time series analysis suggests both AR and Hic-5 enter the nucleus within 15 minutes of 

DHT treatment, and reach a maximum at 60 minutes (Fig. 7D). Nuclear AR persisted past 

240 minutes however, whereas nuclear Hic-5 declined rapidly after 90 minutes (Fig. 7D). 

This is consistent with efficient nuclear export of Hic-5 (Yang et al., 2000), or with a nuclear 

degradation mechanism. Paxillin, another focal adhesion protein and Hic-5 paralogue, was 

not observed in the nucleus at any time prior to, or following DHT treatment (Fig. 7D). 

Importantly, Hic-5 does not undergo nuclear transfer in response to DHT in AR negative 

PShTert-ctrl cells (Supplementary Fig. 6), strongly implying that nuclear translocation 

observed above is dependent on both AR and DHT. 
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Figure 7. DHT causes rapid cytoplasmic-nuclear shuttling of both AR and Hic-5. A, B. 

Immunofluorescence assays showing nuclear/cytoplasmic distribution of AR and Hic-5 in PShTert-

AR cells 60 mins after treatment with vehicle control (V.C.; EtOH) or 10nM DHT. A Representative 

immunofluorescent staining for AR (red) and Hic-5 (green). Nuclei are visualized with DAPI (blue). 

B Percentage of a minimum of 250 counted cells exhibiting different distribution patterns of AR and 

Hic-5. AR was scored as both nucleus plus cytoplasmic staining (N+C), or nucleus only (N). Hic-5 

was scored as present (N+ve) or absent (N-ve) from the nucleus. Data represents mean percent (±SD) 

in each treatment across three independent experiments. **, p<0.01; ***, p<0.001 by Student’s t-test 

for V.C. compared to DHT. C. Immunoblot for AR and Hic-5 in PShTert-AR cell fractions 60 mins 

after treatment with V.C. or DHT. W, whole cell; C, cytoplasmic; N, nuclear. Lamin A/C (LMNA) 

and MEK are used as nuclear and cytoplasmic specific controls respectively. D. Immunoblot 

fractionation experiment as described in C, but performed over a time-course of 0-240 mins of 

treatment with 10nM DHT. The focal adhesion protein paxillin (PXN) was also assessed. 
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DISCUSSION 

 

While Hic-5 expression in the prostate appears to be confined almost exclusively to 

fibroblasts (Nessler-Menardi et al., 2000, Li et al., 2002, Mestayer et al., 2003, Chang et al., 

2005, Bebermeier et al., 2006, Heitzer and DeFranco, 2006a, Chmelar et al., 2007), the 

majority of studies to date have assessed Hic-5 coregulator function using single synthetic 

reporter systems in epithelial cancer cells (Fujimoto et al., 1999, Yeh et al., 1999a, Yeh et al., 

1999b, Rahman et al., 2003, Heitzer and DeFranco, 2006b, Jia et al., 2008). The small 

number of studies conducted in fibroblasts have confirmed Hic-5 as a positive coregulator of 

AR and the glucocorticoid receptor (GR), demonstrated co-localization of Hic-5 with these 

nuclear receptors on DNA, and/or the role of Hic-5 in recruitment of the histone 

acetyltransferases and other factors (Yang et al., 2000, Guerrero-Santoro et al., 2004, Drori et 

al., 2005, Heitzer and DeFranco, 2006a, Heitzer and DeFranco, 2006b, Saelzler et al., 2006). 

More broadly, Hic-5 has been shown to influence transcriptional activity of AR, GR and the 

progesterone receptor (PR) by acting as an adaptor for transcriptional coregulators including 

NCOA1, NCOA2, NCOA3, p300, RAC3, SMAD proteins, and Sp1 (Inui et al., 2000, 

Shibanuma et al., 2004, Heitzer and DeFranco, 2006b). In the current manuscript, our 

assessment of Hic-5 provides the first global assessment of AR coregulator function in 

myofibroblast cells. This non-biased view suggests that Hic-5 acts in a remarkably gene 

specific manner, exerting effects as a coactivator or corepressor for around 57% of androgen 

regulated genes. Interestingly, in the majority of cases, Hic-5 acted to maintain or increase 

transcription levels of target genes, which given that Hic-5 interacts with chromatin at AR 

response elements to maintain AR binding at these sites indicates a direct coregulator role of 

Hic-5 on AR activity. However, whether Hic-5 works in fibroblasts by recruiting other 
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coregulators, the general transcription machinery, or by actively directing AR binding to 

distinct loci, would be of considerable interest to address in future chromatin 

immunoprecipitation sequencing studies. 

 

Hic-5 interacts with proteins within focal adhesions (FAs), which are specialized membrane-

localized structures that converge on points of contact between cells and the ECM. At FAs, 

Hic-5 is thought to inhibit the phosphorylation and activity of proteins such as FAK and 

PXN, leading to decreased cellular movement and adhesion (Nishiya et al., 2001). In 

different cell types however, Hic-5 is thought to enhance migration by promoting formation 

of cell membrane protrusions known as invadapodia (Nishiya et al., 2001, Hetey et al., 2005, 

Wu et al., 2005, Avraamides et al., 2007, Tumbarello and Turner, 2007, Deakin and Turner, 

2011, Noguchi et al., 2012, Pignatelli et al., 2012). In this study, we show in human prostate 

myofibroblasts that androgen treatment increases FAK phosphorylation and nuclear 

translocation of Hic-5, and that Hic-5 depletion increases DHT mediated inhibition of 

motility and invasion. These data are consistent with Hic-5 acting as an inhibitor of FA 

activity in these cells, and supports a novel role for AR in myofibroblast adhesion and 

cellular motility (Fig. 8). In that model, ligand activation of the AR liberates Hic-5 from FAs, 

promotes nuclear translocation of both proteins, and facilitates nuclear Hic-5/AR interaction 

(Fujita et al., 1998, Fujimoto et al., 1999, Rahman et al., 2003). Once in the nucleus, Hic-5 

binds to chromatin to act as an activator or a repressor to enhance or inhibit the effects of 

androgen on specific gene transcription. Concomitantly, Hic-5 dissociation from FAs has 

been shown to expose both its nuclear matrix transport signal (NMTS) and potent nuclear 

export sequence (NES), thereby promoting its dynamic shuttling between the nuclear and 

cytoplasmic compartments (Shibanuma et al., 2003, Guerrero-Santoro et al., 2004). This may 
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explain the relatively short duration of increased nuclear Hic-5 protein observed following 

DHT treatment, and suggests that the effect of Hic-5 on AR gene regulation may be transient 

and/or limited to a short window after DHT exposure. Importantly, we know from our 

unpublished work that AR activity in prostate myofibroblasts stimulates and alters ECM 

production, and decreases matrix degradation, and from this study that Hic-5 depletion 

affected genes involved in migration, angiogenesis and other wound healing phenotypes, 

independent of AR. Although the mechanisms for those latter effects are unclear, it suggests a 

dynamic and potentially synergistic effect of Hic-5 and AR on the movement and adhesion of 

fibroblasts, and interaction with the ECM. With this in mind, it is perhaps significant that 

depletion of Hic-5 itself did not increase FAK phosphorylation. It will be of interest to test 

whether non-genomic interactions observed between AR and other signalling pathways in 

epithelia (Baron et al., 2004, Bonaccorsi et al., 2006, Boonyaratanakornkit and Edwards, 

2007, Bonaccorsi et al., 2008) play a role in these processes. 
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Figure 8. Model of AR and Hic-5 interaction in prostate fibroblasts. Testosterone or 

dihydrotestosterone (DHT) binds to and activates the cytoplasmic androgen receptor (AR), resulting 

in nuclear translocation of both AR and the focal adhesion (FA)-bound AR coregulator, Hic-5. The 

redistribution of Hic-5 releases inhibition on the FA complex, resulting in rapid FAK phosphorylation 

and increased cellular adhesion. In the nucleus, Hic-5 acts as a locus-specific coactivator or 

corepressor of AR, which drives changes in gene expression that slows cellular growth and produces 

secreted factors that reinforce the extracellular matrix. Androgen stimulation thus results in immediate 

intrinsic regulation of fibroblast adhesion and movement, and a delayed activation of factors that 

generate a pro-adherent local microenvironment. These changes have important consequences for the 

behaviour of fibroblasts, epithelia and other cells in the surrounding prostate parenchyma.  
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Although a number of studies have investigated changes in Hic-5 expression in PCa, the 

findings have been conflicting, and there have been several alternative hypotheses regarding 

the relevance and role of Hic-5 in the disease process. Lower Hic-5 levels in tumour 

progression have been reported on several occasions (Dhanasekaran et al., 2001, Magee et al., 

2001, Welsh et al., 2001, LaTulippe et al., 2002, Luo et al., 2002, Singh et al., 2002, Miyoshi 

et al., 2003, Lapointe et al., 2004, Yu et al., 2004, Yang et al., 2007), but it is unclear whether 

this represents an actual decline in Hic-5 expression, decreased stromal abundance, or 

variation in reactive stroma sampling (Heitzer and DeFranco, 2006a, Heitzer and DeFranco, 

2006b, Wikstrom et al., 2009, Li et al., 2011). From our perspective, the data presented here 

suggests that changes in Hic-5 level and/or activity may be more important in the context of 

decreased fibroblast AR expression in PCa (Mohler et al., 1996, Olapade-Olaopa et al., 1999, 

Henshall et al., 2001, Olapade-Olaopa et al., 2004a, Olapade-Olaopa et al., 2004b, 

Ricciardelli et al., 2005, Wikstrom et al., 2009). Specifically, our model suggests that the loss 

of AR would promote Hic-5 interaction with FAs, thereby enabling fibroblast movement, 

which is implicated in active guidance of cancer cell invasion (Gaggioli et al., 2007). 

Importantly, this affect might be mimicked by a low androgen state, such as occurs in the 

metabolic syndrome, during male aging, or even in a neoadjuvant androgen ablation setting 

for localized PCa. In that latter context, Hic-5 expression has been reported to increase in 

epithelial cells following castration (Fujimoto et al., 2007, Li et al., 2011), but whether this 

acts to amplify AR responses in the low androgen environment or promote androgen-

independent regression is uncertain. An alternative is that Hic-5 plays a role in prostate 

stromal smooth muscle differentiation as it does in development (Cai et al., 2005), or in 

epithelial-mesenchymal transition such as is observed in breast cancer progression 

(Tumbarello et al., 2005, Tumbarello and Turner, 2007, Pignatelli et al., 2012). In those latter 
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studies, overexpression of Hic-5 in breast cancer epithelial cells or Hic-5 upregulation by 

TGF-β promoted matrix degradation and invasion. Of considerable future interest will be 

studies that investigate Hic-5 levels and function in prostate CAFs versus NPFs, and the 

tripartite interaction of Hic-5, AR and TGF-β responses. 

 

In conclusion, our data show a bidirectional effect of AR and Hic-5 in prostate 

myofibroblasts. Androgens appear to liberate Hic-5 from FAs and drive its nuclear 

translocation, thereby releasing Hic-5 inhibition of FA activity. In turn, Hic-5 acts in the 

nucleus as both a positive and negative regulator of AR transcriptional activity. The sum of 

these effects is a coordinated cellular response to androgens, with the resulting 

myofibroblasts being more adherent and stationary, and secreting a modified ECM that 

reduces microenvironment permeability. These activities may act indirectly to obstruct 

movement of cancer cells, or directly in CAFs to prevent active fibroblast guidance of cancer 

cell movement and metastasis (Gaggioli et al., 2007). Conversely, decreased stromal AR and 

the concomitant localization of Hic-5 at FA, as may occur during early stages of PCa 

progression, might generate a fibroblast population and associated ECM permissive for 

metastatic spread. As such, interpreting or interrupting the fibroblast AR/Hic-5 axis may 

provide an alternative perspective on progression, risk, prognosis and therapeutic 

requirements of patients diagnosed with clinically localized disease. 
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SUPPLEMENTARY FIGURES  
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Supplementary Table 1: List of androgen receptor (AR) binding sites subcloned into a 

TK-luciferase reporter construct 

    Chromosomal fragment characteristics 

AR-responsive 

reporter 
Chromosome Nucleotide start site Nucleotide end site 

R01 chr19 18669547 18671067 

R02 chr19 33123567 33124216 

R03 chr19 33472147 33472847 

R04 chr19 35625025 35625625 

R05 chr19 36295986 36296586 

R06 chr19 37452445 37453028 

R07 chr19 38208245 38208645 

R08 chr19 39492984 39493584 

R09 chr19 39654911 39655411 

R10 chr19 43253030 43253530 

R11 chr19 45423619 45424368 

R12 chr19 46118727 46119527 

R13 chr19 50938148 50938501 

R14 chr19 60879409 60880129 

R15 chr20 4532309 4532809 

R16 chr20 5028493 5029063 

R17 chr20 8022897 8023497 

R18 chr20 8147983 8148483 

R19 chr20 9235062 9235462 

R20 chr20 9263603 9264003 

R21 chr20 10586970 10587470 

R22 chr20 10790097 10790797 

R23 chr20 11958998 11959598 

R24 chr20 12875352 12875652 

R25 chr20 14137370 14138070 

R26 chr20 19893053 19893653 

R27 chr20 19895467 19896285 

R28 chr20 20671911 20672588 

R29 chr20 20687968 20688568 

R30 chr20 21918062 21918662 

R31 chr20 22224407 22225307 

R32 chr20 23563845 23564345 

R33 chr20 25208394 25209294 

R34 chr20 31242776 31243576 

R35 chr20 31663266 31663766 

R36 chr20 31878183 31878583 

R37 chr20 34145184 34146084 

R38 chr20 35821463 35822163 

R39 chr20 36051213 36052906 

R40 chr20 36052413 36053055 
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Supplementary Table 1 (cont.): List of androgen receptor (AR) binding sites subcloned 

into a TK-luciferase reporter construct 

 

    Chromosomal fragment characteristics 

AR-responsive 

reporter 
Chromosome Nucleotide start site Nucleotide end site 

R41 chr20 36170828 36172138 

R42 chr20 36666815 36667391 

R43 chr20 37062104 37062704 

R44 chr20 38531029 38531929 

R45 chr20 41911859 41912430 

R46 chr20 43107462 43107762 

R47 chr20 43527309 43527709 

R48 chr20 44512660 44512960 

R49 chr20 45071133 45071562 

R50 chr20 45380509 45381358 

R51 chr20 45704446 45704946 

R52 chr20 47633544 47633893 

R53 chr20 11085885 11086685 

R54 chr20 32321640 32322190 

R55 chr20 35908300 35908900 

R56 chr19 40896909 40897359 

R57 chr20 45345031 45345581 

R58 chr20 42594416 42594866 

R59 chr19 50234581 50235131 

R60 chr19 44584677 44585327 

R61 chr20 31783803 31784553 

R62 chr19 56045778 56046295 

R63 chr19 39640521 39640921 

R64 chr19 45447048 45447348 

R65 chr19 61558523 61559223 

R66 chr20 819776 820412 

R68 chr20 5694565 5695065 

R69 chr20 15348321 15348921 

R70 chr20 15790826 15791226 

R71 chr20 20505679 20506779 

R72 chr20 20822783 20823211 

R73 chr20 29731678 29731978 

R74 chr20 33259294 33259985 

R75 chr20 37923427 37924027 

R76 chr20 38536070 38536570 

R77 chr20 39310384 39311284 
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Supplementary Table 2. RT-qPCR primers used in this study 

 

Chromatin Immunoprecipitation primers 

FBXO32_C1F GGCTCTCCAGCCGTGCATGA 

FBXO32_C1R AGCAGGTGTGCACGTCCCTC 

NC2_C1F GTGAGTGCCCAGTTAGAGCATCTA 

NC2_C1R GGAACCAGTGGGTCTTGAAGTG 

RT-qPCR expression primers 

ANLN_Q1F AATGTCTTTACTTGCACCATTGGCA 

ANLN_Q1R GGACTTTCATCACTTCTGCTGGTGTC 

 

ANXA10_Q1F CCCAGCTCCCAATTTCAATCCC 

ANXA10_Q1R GCAGCGCTGAGTCAGAATGTTGAT 

 

CDKN3_Q1F CCATAGACAGCCTGCGAGACCTAA 

CDKN3_Q1R AGATGTGCAGCTAATTTGTCCCGA 

 

CDRT1_Q1F CCAATGGCAGAGGCGATCCT 

CDRT1_Q1R CGATTCCATTCCATCCCACGTT 

 

CTGF_Q1F GTGTGACGAGCCCAAGGACCAA 

CTGF_Q1R GGACCAGGCAGTTGGCTCTAATCA 

 

FBXO32_Q1F CCCTTCAGCTCTGCAAACACTGTC 

FBXO32_Q1R CTCCAGTCAGCAGGGGGACC 

 

GAPDH_QF GTCATGGGTGTGAACCATGAGA 

GAPDH_QR GGTCATGAGTCCTTCCACGATAC 

 

MMP3_Q1F AGATGTGCAGCTAATTTGTCCCGA 

MMP3_Q1R CCTGGCTCCATGGAATTTCTCTTC 

 

PDGFRB_Q1F CTTCCATGAGGATGCTGAGGTCC 

PDGFRB_Q1R GACTGTCTGTTCCCCACTGTCAGG 

 

SERPINB2_Q1F AAGGTGTTTGGTGAGAAGTCTGCG 

SERPINB2_Q1R GCCTTTGGTTTGAGT 

 

SPINK_Q1F AGGCCCAGATTTTTGAATGAGGATA 

SPINK_Q1R CCTGTCTGTGGGACTGATGGAAATAC 

 

TGFB1I1_Q1F (HIC5) AAGGCCTCTGTGGCTCCTGCAATA 

TGFB1I1_Q1R (HIC5) TCTCGAAGAAGCTGCTGCCTCC 

 

THBS1_Q1F TTGGAACCACACCAGAAGACATCC 

THBS2_Q1R TGGCAGGGCTGGAACCATTC 

 

TNFSF10_Q1F AGCAGCTCACATAACTGGGACCAG 

TNFSF10_Q1R 

 

TCCCAGGAGTTTATTTTGCGGC 

 



 

184 

 

Supplementary Table 3: Androgen regulation of genes in siNEG PShTert-AR 
Diminished 

      

 

Term @ p value# Fold Enrichment% Count * Genes 
  

 

GO:0000279~M phase 2.03E-63 8.817746 95 KIF23, KIFC1, KIF22, XRCC2, PRC1 

 

GO:0022403~cell cycle phase 3.50E-63 7.671192 104 TTK, AURKA, PTTG1, AURKB, CDCA8  

 
GO:0022402~cell cycle process 9.00E-61 6.269594 116  OIP5, CDCA2, CCNA2, CDCA5, ASPM 

 

GO:0007067~mitosis 3.71E-54 10.27162 74 CDC6, CDK1, KIF11, DSN1, SGOL1  

 

GO:0000280~nuclear division 3.71E-54 10.27162 74 NUSAP1, ESPL1, PBK, UBE2C, WEE1  

 
GO:0051301~cell division 5.00E-42 7.453158 72 TIMELESS, SPAG5, ZWINT, BUB1B, HAUS8 

 

GO:0000777~condensed chromosome kinetochore 1.48E-29 16.189 31 CCDC99, KNTC1, SPC24, SPC25, KIF2C 

 

GO:0006281~DNA repair 8.75E-25 5.698852 53 TOP2A, FANCA, FANCB, USP1, LIG1 

 
GO:0033554~cellular response to stress 1.26E-20 3.668786 68 GAB1, FANCG, FAM129A, FANCA, TOP2A 

Enriched 

       

 

Term @ p value# Fold Enrichment% Count * Genes 
  

 

GO:0005624~membrane fraction 2.18E-07 2.299964 46 FGFR1, CAV1, CADM1, PTGS2, PTGS1  

 

GO:0042981~regulation of apoptosis 6.38E-05 1.948759 41 AKAP13, BNIP3, PMAIP1, SGMS1, ITSN1 

 

GO:0043067~regulation of programmed cell death 7.93E-05 1.929559 41 ITSN1, CITED2, IGF1R, SH3GLB1, SOS2 

 
GO:0010941~regulation of cell death 8.55E-05 1.922457 41 PTGS2, NFKBIA, AKAP13, BNIP3, PMAIP1 

 

GO:0051270~regulation of cell motion 1.66E-04 3.168057 16 IRS2, PLXNA3, PTPRM, ACVRL1, IGF1 

 
GO:0030334~regulation of cell migration 4.91E-04 3.165714 14 CITED2, IGF1R, S1PR1, LAMA3, F3 

 

GO:0016701~oxidoreductase activity 0.001706 4.586417 8 P4HA1, PTGS1, KDM4C, KDM3A, TET2 

 

GO:0051348~negative regulation of transferase activity 0.003583 3.582627 9 PSEN1, HEXIM1, HIPK3, PDCD4, GADD45A 

 
GO:0048514~blood vessel morphogenesis 0.009576 2.35446 13 EPAS1, MYO1E, TIPARP, TGFBR2, CITED2 

@  Functional pathway analysis of androgen regulated genes only in PShTert-AR cells transfected with siNEG. 

% Fold change in functional pathway enrichment or depletion  

# Modified Fisher Exact p value score 
*  Number of regulated genes in each category out of the 897 genes initially inputted from each cell type  

^ Up to five example genes within each pathway 
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Supplementary Figure 1 

Examples of Hic-5 immunostaining in A) benign or B) cancerous human prostate samples of 

epithelia (*) and stroma (arrow). (http://www.proteinatlas.org) (Uhlen et al., 2005, Uhlen et 

al., 2010). 
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Supplementary Figure 2 

RT-qPCR validation of genes differentially expressed in isogenic prostate myofibroblast WPMY-

SH2Hic-5 and WPMY-SCR cells. Cells were seeded (3x104/well in 6-well plates) and grown in 

normal growth medium for 48 hours until mRNA was extracted and analysed. Data represents mean (± 

SD) expression normalized to GAPDH as a reference gene from three independent biological replicate 

RNA samples. *, p<0.05; ***, p<0.001 by Student’s t-test for difference in expression. 
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Supplementary Figure 3 

Immunoblot analysis of AR transfection efficiency into isogenic WPMY-1 fibroblast lines. WPMY-

SCR and WPMY-SH2Hic-5 cells were transfected with increasing amounts of AR plasmid. Lysates 

were immunoblotted for AR, with ACTB immunoblotted as a loading control. 
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Supplementary Figure 4 

MTT viability showing the effect of DHT and Hic-5 on growth of PShTert-AR cells. Represents an 

independent assay similar to that shown in Figure 4C but extended out to 6 days and treated 

with 10nM DHT instead of 100nM. PShTert-AR fibroblasts were transfected with Hic-5 specific 

siRNA (siHic-5) or non-specific scrambled siRNA control (siNEG) for 24h, seeded into 24-well plates 

and treated with 100nM DHT or ethanol as vehicle control (V.C.) for 6 days. Data represents mean (± 

SEM) absorbance from quadruplicate samples normalized to day 0. **, p<0.01; ***, P<0.001 for two-

way ANOVA comparing DHT to V.C. #, p<0.05; ##, p<0.001 for two-way ANOVA comparing 

siNEG to siHIC5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

192 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

193 

 

 

 

 

 

Supplementary Figure 5 

Additional results from Affymetrix microarray experiments comparing PShTert-AR cells transfected 

for 48h with Hic-5 specific siRNA (siHic-5) or non-specific scrambled siRNA control (siNEG), and 

treated with ethanol as vehicle control or 10nM DHT. Results are from triplicate RNA 

samples/Arrays, with DHT responsive genes compared to vehicle identified by Bayesian regression 

analysis as satisfying a Benjamini-Hochberg adjusted p value of <0.01: Group A, 897 DHT responsive 

genes only in siNEG cells; Group B, 851 DHT responsive genes only in siHic-5 cells; Group C, 2107 

DHT responsive genes common to both siRNA treatments. A. Volcano plots of Group A and Group B 

DHT responsive genes. Data represents log2 fold DHT over vehicle for each gene versus –Log10 p 

value from the three biological replicate microarrays. With Hic-5 depletion, there is predominantly a 

loss of DHT upregulated genes, and a gain in DHT downregulated genes. B. Analysis of Group C 

genes that are DHT regulated in both siNEG and siHic-5 treated cells. Genes were separated into DHT 

upregulated (left panel) and DHT downregulated (right panel) categories by siNEG response, and 

presented as boxplots of DHT log2 fold change with siNEG and siHic-5 treatment. p values are Mann 

Whitney U differences in median log2 DHT response in siNEG versus siHic-5, and show that siHic-5 

treatment qualitatively decreases the DHT response of upregulated genes, and amplifies DHT 

downregulation. 
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Supplementary Figure 6 

Fractionation lysates from PShTert-ctrl cells were prepared as per Fig. 7C. Whole cell (W), 

cytoplasmic (C), and nuclear (N) fractions were analysed via immunoblot of Hic-5 (as described in 

Fig. 1). Lamin A/C and MEK were used a control for correct separation of nuclear and cytoplasmic 

fraction. 
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CHAPTER 4: DISCUSSION. 
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Knowledge of AR signalling, as well as how coregulators mediate AR action, is based 

primarily upon findings in epithelial cells. In contrast, the role of fibroblast AR in prostate 

cancer is not well defined. The findings in this thesis indicate that AR action in 

myofibroblasts alters paracrine signalling and the physical composition of the 

microenvironment, with important implications for cancer progression and metastasis. Of 

note, this thesis identified and characterised a novel relationship in fibroblasts between AR 

and its coregulator Hic-5, which acts to modulate adhesion, movement, AR responses and 

overall gene expression in the fibroblasts, as well as microenvironment constituents that affect 

behaviour of adjacent epithelia. Collectively, these findings have allowed us to propose two 

interrelated models that integrate the action of fibroblast AR in gene expression, control of 

cell movement and ECM production, and the generation of a tumour microenvironment 

protective against cancer spread. Importantly, these models are consistent with an inverse 

relationship between AR level in stroma and prostate cancer outcome identified here in 

clinical samples. 

 

4.1 Major Findings 

 

4.1.1 Prostate cancer outcome is inversely associated with AR expression in cancer 

associated stroma  

 

Over two-thirds of studies quantifying AR expression in primary prostate tumours have failed 

to identify a statistically meaningful relationship between epithelial AR expression and 
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clinical outcome (reviewed by Tamburrino et al, (2012)). Nevertheless, increased AR 

expression in cancerous epithelial cells remains a proposed mechanism for castrate resistance 

(Chen et al., 2004, Fugimoto et al., 2007, Waltering et al., 2009). Although gene amplification 

is one way by which this can occur, this mechanism is observed in only a limited number of 

cancers post ADT, and is not found in primary cancers before treatment (Visakorpi et al., 

1995, Koivisto et al., 1997, Bubendorf et al., 1999, Miyoshi et al., 2000, Linja et al., 2001). 

Perhaps more relevant, late stage/metastatic tumours seem to invariably result in retention and 

activation of AR signalling via a multitude of different mechanisms influenced by the nature 

of the applied ADT (Chen et al., 2004, Knudsen and Kelly, 2011). The prognostic usefulness 

of changes in epithelial AR content of the primary tumour thus appears limited. 

 

In response to the above conclusions, the focus has shifted to whether changes in cancer 

associated fibroblasts or the cancer microenvironment might have diagnostic potential. 

Indeed, the degree of myofibroblast differentiation has been linked to prostate cancer 

progression (Tomas et al., 2010), and stromal gene signatures have been proposed to predict 

prostate cancer progression and outcome (Planche et al., 2011, Chen et al., 2012, Jia et al., 

2012). Importantly, findings in this thesis suggest that a large proportion of genes that make 

up those stromal progression signatures are AR regulated, supporting a critical role for 

stromal AR in the process of disease progression. Supporting that hypothesis, this thesis 

identified, for the first time, an inverse association between low stromal AR levels and 

prostate cancer related death. This extends the findings of previous studies that identified a 

correlation between low stromal AR and disease progression, metastatic reoccurrence, and/or 

castrate resistance (Olapade-Olaopa et al., 1999, Henshall et al., 2001, Ricciardelli et al., 
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2005, Wikstrom et al., 2007, Li et al., 2008). Unique to the cohort used in this thesis was the 

availability of matched benign and cancerous tissue from each patient, as opposed to the age-

matched patient samples used previously. The fact that AR levels in cancer associated, but not 

benign associated stroma were related to outcome suggests that decreased AR levels are a 

unique/somatic effect within CAFs, and not a consequence of naturally low-stromal AR 

expression in an individual patient. Furthermore, stromal AR expression dichotomized by low 

or high AR levels was not associated with either Gleason score or serum PSA levels, 

suggesting that the cancer associated stroma may provide unique and independent prognostic 

detail. We hypothesise that androgen dysregulation in the cancer-associated stroma is pivotal 

to patient outcome, and that the use of stromal AR levels and signalling might be useful in the 

prediction of pre-existing or subsequent prostate cancer progression in early prostate cancer 

biopsy specimens. Unlike breast cancer, a hormone driven cancer, where 

immunohistochemistry is routinely used to subgroup tumours based on hormone receptor 

status, or leukaemia, melanoma, gastric, colorectal, or lung cancers where biomarkers are 

clinically used (Kelloff and Sigman, 2012, Pavlou et al., 2013), there are no clinically utilized 

tissue markers used in prostate cancer. Furthermore, a growing number of studies are 

reporting on the prognostic application of stromal signatures in a variety of cancers. Thus the 

stromal AR, would be of significant advantage to both patients and clinicians in the process of 

decision making around treatment, active surveillance or watchful waiting by providing a 

means of distinguishing indolent from aggressive disease. 
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4.1.2 Fibroblast AR signalling is mediated by cell specific coregulators 

 

The research reported in this thesis comprehensively documents AR mediated signalling 

outcomes in prostatic fibroblasts. Importantly, those data reveal that the consequence of AR 

signalling in fibroblasts is much broader than paracrine signalling to epithelial cells, and can 

be extended to include regulation of genes involved in cell adhesion, motility/locomotion, and 

cell cycle control. Studies from the laboratory of Buttyan identified a similar gene response in 

WPMY-1 human fibroblasts transfected with AR and treated with androgen (Tanner et al., 

2011). Not unexpectedly here, AR signalling was found to be lineage specific, with less than 

10% overlap between androgen regulated genes regulated in prostatic fibroblasts and 

cancerous epithelial cells. Nevertheless, androgen action in the two cell types is predicted to 

have opposing effects on key regulatory pathways. This is exemplified by the opposing 

effects of androgens on proliferation, driving the growth of epithelial cancer cells and 

supressing/halting growth of the prostate fibroblasts. That finding raises a potentially 

important concern in the use of ADT in a neoadjuvant setting, as has been increasingly 

occurring. Specifically, ADT could be predicted to promote CAF proliferation and, as CAFs 

are known to be highly mitogenic for cancerous epithelial cells (Hayward et al., 2001, 

Bhowmick et al., 2004b, Cooperberg et al., 2007), the resulting microenvironment would be 

optimal for the resurgence of any surviving cancer cells. In support, this thesis and other 

studies report that AR in the cancer stroma is vital in tumour cell response to ADT by 

regulating the severity of epithelial apoptosis and survival (Halin et al., 2007, Ohlson et al., 

2007, Johansson et al., 2007). This thesis provides the first integrated mechanistic 
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understanding that may explain why the level of AR in fibroblasts may be critical in 

determining tumour behaviour and response to ADT. 

 

Coregulator interactions are a major contributor to cell-lineage-specific regulation of genes by 

androgens, and it is known that the expression of AR coregulators are cell specific (Fujimoto 

et al., 2001, Bebermeier et al., 2006). In this thesis, our data shows that the coregulator Hic-5 

shapes the genomic response of the AR to androgens in prostate myofibroblasts. While 

chromatin state undoubtedly plays a large role in governing the access of the receptor to DNA 

(Jia et al., 2006), the importance of coregulators in shaping AR transcriptional response are 

also of critical importance. Indeed, the specificity of AR-chromatin interactions has been 

demonstrated to be imparted by coregulator availability (Zakharov et al., 2011). In that 

context, this study highlights an often understated/misunderstood aspect of coregulator 

activity, in that coactivators not only enhance the positive effect of AR on gene transcription 

but may also enhance the repression of those genes downregulated by AR. Conversely, co-

repressor activity can also be seen by the inhibition/reversal of AR-mediated repression in 

addition to the traditionally stated ability to decrease the upregulation of genes by the AR. 

The data presented here demonstrates the broad scope that observed changes in coregulator 

expression have in altering cellular and lineage specific effects. Indeed, the functional change 

in AR from being pro-differentiation and pro-secretory in benign prostate epithelium, to 

growth promoting in cancer progression may be an effect of changed coregulator profile seen 

with cancer progression (Chmelar et al., 2007). It would be interesting to examine the 

consequences for AR action if the expression of more than one coregulator was 

simultaneously altered, and if these changes in coregulators would recapitulate the altered 
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gene expression patterns seen in cancer progression. Understanding the precise roles, 

functions, and expression of AR coregulators in a lineage specific manner, and their changes 

in both epithelia and stroma in prostate cancer progression (Bebermeier et al., 2006, Chmelar 

et al., 2007), is vital if we are to comprehensively understand AR signalling and the 

consequences of ADT in each cell lineage, and to ensure efficacy of treatment. 

   

4.1.3 AR regulation of adhesion and cell movement is mediated by Hic-5 

 

This thesis identified a novel relationship between the AR, focal adhesions and coregulators, 

with important cellular consequences for fibroblasts. Specifically, androgen signalling was 

found to increase the adhesion of fibroblasts, and was mediated via concerted action of AR 

with its coregulator and focal adhesion protein, Hic-5. Reciprocally, Hic-5 was found to be 

able to modulate fibroblast migration and invasion in an AR-dependent manner.  

 

When present at focal adhesions, the interaction of Hic-5 with FAK and paxillin is known to 

inhibit adhesion and to promote cell motility (Owen et al., 1999, Petit et al., 2000, Nishiya et 

al., 2001, Avraamides et al., 2007, Pignatelli et al., 2012). Conversely, stimuli such as 

oxidative stress and cyclic strain that cause translocation of Hic-5 from focal adhesions, 

enhance cell attachment and decrease motility (Yan and Novak, 1999, Desai et al., 2009, 

Lamers et al., 2011). A novel finding in this thesis was that androgen treatment mediates a 

rapid translocation of AR and Hic-5 to the nucleus, consistent with an effect of both proteins 

on fibroblast adhesion and movement within a short time frame. Importantly, AR activation 
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also results in the sustained upregulation of gene networks involved in stimulating adhesion 

itself. With other studies, these data suggest that mechanistically, the movement of AR and 

Hic-5 to the nucleus will free focal adhesion sites, and that their activity in the nucleus will 

promote transcription of ECM constituents and pro-adhesive factors. Those two activities will 

collectively result in non-motile fibroblasts, and as far as can be ascertained, is the first report 

of convergence of genomic and non-genomic nuclear receptor signalling affecting both 

adhesion and motility. If fibroblast AR expression is lost, as observed in more advanced 

prostate cancers and those most likely to have progressed, we predict that nuclear 

translocation of Hic-5 will be inhibited, resulting in reduced fibroblast adhesion and enhanced 

fibroblast migration and invasion. These data have two important implications; first in 

prostate cancer progression, where motile fibroblasts are believed to be able to guide cancer 

cells away from the primary site (Gaggioli et al., 2007, De Wever et al., 2008), and second in 

understanding more broadly how androgen control of fibroblasts establishes a co-ordinated, 

flexible, dynamic and controllable response of the prostate microenvironment. In this context, 

AR and its interaction with focal adhesions in fibroblasts, or fibroblast movement itself, may 

provide a novel target for future therapeutic strategies. In support of this, both abnormal 

assembly and dissociation of focal adhesions are known to be important in cancer cell 

spreading and invasion (Donald et al., 2001, Naik et al., 2008, Mendoza et al., 2013, Wilson 

et al., 2013), with the activity of downstream kinases altered due to either excessive assembly 

or increased disassembly of focal adhesion being observed in many types of cancer cells 

(Kaneda et al., 2008). Both increased and decreased protein levels and mRNA expression of a 

number of focal adhesion proteins (including FHL2, Hic-5, and FAK) have been observed in 

cancers and suggested to promote cell movement (Yan et al., 2008, Deakin et al., 2012, Fang 

et al., 2013, Verset et al., 2013). However, in many cases, these changes may reflect 
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alterations in the proportion of stroma investigated in the cancer due to tissue sampling 

artefacts rather than alterations in levels or expression (Chmelar et al., 2007). There has been 

less research into the role of focal adhesions in stroma, although there are suggestions that 

altered expression of focal adhesion proteins may be associated with cancer progression and 

prognosis (Gullotti et al., 2011, Navab et al., 2011). This thesis provides one explanation for 

how stromal focal adhesion proteins may be involved in cancer progression. By regulating 

fibroblast movement and androgen signalling, focal adhesion proteins are capable of 

bidirectionally regulating the stroma to provide a microenvironment which enhances cancer 

invasion. Changes in focal adhesion assembly, CAF markers, and cell specific AR 

coregulators have also been studied in animal models as targets for therapeutic intervention, 

decreasing tumour burden and inhibiting progression (Scott et al., 2003, LeBeau et al., 2009, 

Zakharov et al., 2011, Brennen et al., 2012, Ravindranathan et al., 2013), and supports the use 

of the novel fibroblast AR-focal adhesion interaction as a viable therapeutic target.  

 

4.1.4 AR regulation of ECM deposition by fibroblasts provides a potential mechanism 

for stromal AR control of prostate cancer invasion 

 

Cancer cell dissemination from the primary tumour and invasion though the ECM is 

dependent upon the cancer cells, but also on the physical and chemical constituents of the 

ECM itself. The size of the pores between fibres and the steric hindrance imparted upon cells 

by the ECM determine the degree of invasion (Sahai, 2005, Peyton and Putnam, 2005, Ehrbar 

et al., 2011, Tsuruta et al., 2011). In other studies, ECM stiffness or abundance in 3D culture 

models have been inversely related with cell motility (Ulrich et al., 2009, Ulrich et al., 2010, 
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Pathak and Kumar, 2011). Indeed, the physical arrangement of ECM proteins is also thought 

to provide guidance pathways for invasion, and has been shown be mediated via proteolytic 

enzymes secreted by stromal cells (Friedl et al., 1997, Li et al., 2001, Wilson et al., 2002, 

Demou et al., 2005, Kaufman et al., 2005, Coulson-Thomas et al., 2010). Data in this thesis 

suggests that the loss of AR in fibroblasts results in decreased production of pro-adherent 

ECM components such as collagens and fibronectin, and instead produces 

glycosaminoglycans and proteases that lubricate the surrounding ECM field or result in its 

degradation, such as hyaluronic acid and MMPs.  The findings here suggest that loss of 

stromal AR may enable cancer invasion and metastasis by producing an environment with 

less adhesive capacity, with less steric hindrance, and greater porosity. Indeed, ECM 

produced by AR positive myofibroblasts under androgen stimulation enhanced attachment of 

cancer epithelial cells in addition to the fibroblasts themselves, and prevented movement of 

both lines. Collectively, the findings in this thesis provide evidence for fibroblast AR playing 

an integral role in prostate cancer progression via the production of an ECM that is protective 

against prostate cancer spread.  

 

4.2 Future Directions 

 

4.2.1 Characterising androgen induced changes in ECM 

 

The current study suggests that AR-mediated ECM deposition and maintenance are important 

factors in determining cancer progression. By collecting labelled proteins deposited by 
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PShTert-AR fibroblasts under androgenic and non-androgenic conditions, differentially 

expressed proteins could be isolated by 2-D gels and identified via mass spectrometry. Those 

data would thereby quantify the global effect of AR signalling on ECM protein secretion and 

accumulation. Findings could be further validated by ELISA specific for individually 

identified proteins. As discussed earlier (Section 4.1.4), it is not only the abundance of 

individual proteins within the ECM, but the structure of the matrix that has critical effects on 

the microenvironment. One technique to characterize this could be the ECM capture and 

preservation of 3D structure approach employed by Castello-Cross et al (Castello-Cros and 

Cukierman, 2009). Specifically, PShTert cell lines and/or AR positive and negative primary 

prostatic fibroblasts would be grown in a gelatine medium, and characterized using specific 

histochemical stains such as mason trichrome, and/or by immunofluorescence. Gelatine-

containing matrix techniques could also be employed to examine the effect of ECM proteins 

on cancerous epithelial cell movement and invasion via transwell motility and invasion 

assays. Candidate ECM proteins identified from the above experiments could be quantified in 

prostate cancer clinical samples by a variety of techniques, and assessed for association with 

clinical parameters, progression and/or outcome. Such studies would better identify the end 

effect of androgen signalling on the architecture and composition of the ECM, and will 

provide new insight into stromal AR control of the prostate cancer microenvironment. 

 

4.2.2  Mapping AR binding throughout whole fibroblast genome 

 

The current study identified a remarkable divergence in the composition of AR-regulated 

genes in prostate myofibroblast and cancer epithelial cells. It appears from limited candidate 
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ChIP analysis that this divergence might be mediated via cell type specific targeting of AR to 

DNA. In order to gain a balanced global understanding of lineage-specific AR action in the 

prostate, ChIP sequencing could be employed to map AR binding across the whole genome. 

Optimisation for this approach is currently underway. Upon completion, this would be the 

first AR ChIP sequencing completed in non-epithelial prostatic cells, It could provide 

valuable information on the cell specific distribution AREs, as well the propensity of AR in 

myofibroblasts to use full or half site AREs or the use of general HREs. That approach could 

also be complemented with DNAse sequencing to examine how chromatin accessibility 

mediates AR binding and gene transcription. A better understanding of AR interaction with 

DNA in different cell will provide a basis for further research into how stromal AR can be 

used in prognostic and therapeutic settings. 

 

4.2.3 Mouse model to investigate the role of decreased fibroblast AR expression on 

prostate cancer invasion 

 

To demonstrate that a subsequent loss of stromal AR expression facilitates cancer invasion, 

inducible AR knockdown plasmids (Snoek et al., 2009) could be engineered into PShTert-ctrl 

fibroblasts. These fibroblasts would be orthotopically transplanted into nude mice with GFP 

or luciferase labelled cancer epithelial cells. After tumour formation, the KO of stromal AR 

could be initiated via tetracycline. The timing of the knockdown is critical, as stromal AR 

appears to be necessary in cancer initiation and development. Live imaging of mice 

periodically over a 5 week period would determine stromal AR effects on PCa progression 

and invasion. At the end of the proposed time of study, immunohistological examination of 
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the tumours for AR, ECM proteins and MMPs could be completed. Furthermore, serum 

samples taken throughout the course of the experiment could be used to investigate secreted 

markers of stromal AR activity. That aim would be facilitated by cross referencing microarray 

data in this thesis, specifically CAF and NPFs with the AR response in myofibroblasts. In that 

manner, a list of CAF-specific AR-regulated candidates could be assessed in serum and/or 

conditioned media from cells in culture by either Western blot and/or ELISA. These studies 

would enhance our understanding of the effect of stromal AR on cancer progression and/or 

metastasis, and facilitate identification of new markers that could be used to identify and 

monitor prostate cancer, and/or help in risk stratification for metastatic disease. Any identified 

proteins could be subsequently investigated clinically in archived human serum samples from 

prostate cancers, or prospectively assessed in ongoing clinical trials. 

 

4.2.4  The role of fibroblast AR and Hic-5 in guiding cancer cell invasion. 

 

Further studies could ask whether the fibroblast movement mediated by AR and Hic-5 is a 

means by which cancer cell invasion is guided. Hic-5 positive and negative PShTert-AR and 

PShTert-ctrl fibroblasts treated with DHT could be co-cultured  with labelled epithelial cells, 

and the effects of the different fibroblasts on epithelial invasion assessed as outlined by 

Gaggioli et al (2007). These experiments could be up-scaled to Chick-Chorioallantoic assays 

and in-vivo mouse models as required (Lokman et al., 2012). If such studies could validate the 

mechanism by which AR signalling in fibroblasts affects cancer progression, it would have 

significant clinical implications.  
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4.2.5  Determining why stromal AR is lost. 

 

This thesis provides considerable evidence for the importance of AR expression in cancer 

stroma, but has not identified the mechanism of decreased expression that occurs in more 

aggressive cases. It is known that AR expression can be altered by methylation, p53 levels, 

nitric oxide, cytokines such as interleukins, interferons, and miRNAs. Fibroblasts with high or 

low AR levels, as well as the adjacent cancerous epithelial cells, could be collected from 

frozen or paraffin archived clinical prostate cancer samples via laser-capture microdissection. 

Genetic material could be analysed for changes in gene expression, genetic variation, and 

DNA epigenetic state proximal to the AR gene. Subsequently, any identified changes could be 

recapitulated in appropriate cell-line models to as a means of validating decreased AR 

expression. By understanding how stromal AR is lost, it may be possible to design therapies 

that preserve stromal AR expression, thereby potentially inhibiting cancer invasion and 

metastasis. 

 

4.3  Conclusion 

 

The work completed for this thesis has provided several novel insights into the mechanisms of 

androgen signalling in the prostate microenvironment. Findings from the clinical cohort 

provide two important concepts. First, the inverse relationship between stromal AR and 

outcome may provide an additional prognostic measure that is independent of serum PSA 
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levels. As low stromal AR likely signifies pre-existing metastatic disease, this could provide 

valuable information for both patients and clinicians alike in decisions regarding treatment.  . 

Second, the correlation of outcome with stromal AR, but not epithelial AR, challenges the 

prevailing concept that only AR signalling within epithelial cells is important in prostatic 

cancer progression and metastatic potential.  

This thesis provides a comprehensive study of androgen signalling within fibroblasts, and 

identifies androgen control of paracrine factors, maintenance of ECM, and control of 

fibroblasts adhesion and motility. It moreover describes and documents lineage specific 

actions of, and responses to, androgen signalling, and postulates that this diversity is in part 

due to differential coregulator expression. The characterization of Hic-5 as a cell-specific AR 

coregulator has identified a novel aspect of AR signalling in fibroblasts, namely the 

incorporation of genomic and non-genomic signalling in AR regulation of adhesion, ECM 

constituents, movement and gene transcription. By understanding how androgen signalling 

works, the research presented here provides a novel understanding of how low AR expression 

in fibroblasts paradoxically associates with prostate cancer outcome. The ECM environment 

produced by fibroblasts without AR signalling is less adhesive for cancer cells, thus allowing 

for their movement, migration and greater dissemination (Fig. 4.1). This work also suggests a 

mechanism for the negative outcomes associated with neoadjuvant use of ADT for 

primary/confined disease, namely by reducing the protective effect of fibroblast AR responses 

and aiding the spread of malignant epithelia. 

 

Overall, this thesis provides new insights into the involvement of the stroma and androgen 

signalling in the prostate cancer microenvironment and in prostate cancer outcome. By 
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understanding the dynamic role of the AR in fibroblasts, this thesis provides novel concepts in 

understanding the influence of the microenvironment on tumours, and provides unique 

perspectives into the risk of progression and therapeutic needs of patients with clinically-

localised prostate cancer. 
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Figure 4.1: Model of how myofibroblast AR and Hic-5 expression controls prostate 

cancer invasion and metastasis. AR expression and activation in myofibroblasts induces 

nuclear translocation of Hic-5 creating stationary fibroblasts which secrete an adhesive 

environment with depleted proteolytic enzymes, thereby confining prostate cancer cells. 

Depletion of AR levels results in cytoplasmic Hic-5 and motile fibroblasts, which produce a 

less adhesive environment through reduced ECM production and increase proteolytic 

enzymes, allowing for cancer cell dissemination and invasion. Furthermore, the more motile 

myofibroblasts may create a guidance structure for cancer cell invasion through the stroma. 
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