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ABSTRACT

Fibroblasts and androgen signalling can influence the biology of cancer. In this thesis their
role has been explored in oesophageal adenocarcinoma (OAC), and in prostate cancer. In
both cancers there is a need for biomarkers to guide patient management, and more effective

treatments to reduce patient morbidity and mortality.

Oesophageal adenocarcinoma (OAC) has a dismal course, with a five-year survival of around
15%. Its incidence has increased rapidly in Western countries over the last four decades. The
cancer cells are embedded in a stroma of cells, predominantly fibroblasts, and extracellular
matrix. The cancer-associated (myo)fibroblasts (CAFs) differ phenotypically from normal
fibroblasts. This thesis documents differences in the genome-wide DNA methylation profiles
of primary fibroblasts derived from normal oesophageal mucosa and from OAC tissue,
consistent with a role for DNA methylation in establishing and maintaining the CAF

phenotype.

Interactions between these fibroblasts and OAC cells were to be investigated in direct or
indirect co-culture, to differentiate effects due to juxtacrine (cell-cell or cell-extracellular
matrix) or paracrine (soluble factors) signalling. Whilst unsuccessfully attempting to
immortalise the oesophageal fibroblasts, proof of concept experiments were undertaken using

co-cultures of prostate myofibroblasts and cancer cells.

This permitted the investigation of the effect of androgen receptor (AR) expression in the
myofibroblasts on their interactions with prostate cancer cells. This study was clinically
relevant since a reduction in stromal AR expression is associated with a poorer prognosis in
prostate cancer. The results suggest that AR-expressing myofibroblasts inhibit prostate
cancer progression through paracrine signals that slow proliferation and induce apoptosis in
the cancer cells, and that myofibroblasts lacking AR permit prostate cancer progression by

undergoing apoptosis in response to juxtacrine signals from the cancer cells.

Around 85% of OAC is diagnosed in males, for reasons unknown. A role for androgens was
therefore explored. The AR was expressed in 97% of OAC patients in a large cohort, and
appeared functional in the majority of these based on its nuclear localisation and expression

of the androgen-responsive gene FK506-binding protein 5 (FKBP5). Nuclear AR and FKBP5

v



expression were independently associated with decreased survival. Following on from this,
the effects of androgen signalling were studied in OAC cell lines stably transduced with AR.
Cell proliferation and gene expression were altered, and could be modified by the
concentration of the androgen and the presence of fibroblasts in co-culture. This was the first
reported study of the effect of androgen signalling in OAC cell lines in vitro, with results

consistent with a role for androgen signalling in this disease.

This thesis provides new insight into the role of androgens and fibroblasts in the regulation of
OAC and prostate cancer. The prognostic significance of AR expression and signalling in
both cancers is highlighted, and the in vitro studies suggest novel mechanisms by which the
microenvironment may contribute to the biology of these cancers. This research reveals areas
of investigation that could lead to the identification of clinically useful biomarkers, and the

development of novel treatments.

vi



DECLARATION

I certify that this work contains no material which has been accepted for the award of any
other degree or diploma in my name, 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 in my name, 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.

I acknowledge that copyright of published works contained within this thesis resides with the
copyright holder(s) of those works.

1. Smith, EY, Palethorpe, HM", Hayden, A, Young, JP, Drew, PA & Underwood, TJ.
Fibroblasts derived from oesophageal adenocarcinoma differ in DNA methylation profile
from normal oesophageal fibroblasts. Scientific Reports. 2017; 7: 3368. Copyright ©
2017, Smith et al., Macmillan Publishers Limited.

2. Leach, DA, Need, EF, Toivanen R, Trotta, AP, Palethorpe HM, Tamblyn DJ, Kopsaftis,
T, England, GM, Smith E, Drew, PA, Pinnock, CB, Lee, P, Holst, J, Risbridger, GP,
Chopra, S, DeFranco, DB, Taylor, RA, Buchanan, G. Stromal androgen receptor
regulates the composition of the microenvironment to influence prostate cancer outcome.

Oncotarget. 2015; 6(18): 16135-16150. Copyright © 2017, Impact Journals.

3. Palethorpe, HM, Leach, DA, Evdokiou, A, Need, EF, Smith, E & Drew, PA.
Myofibroblast androgen receptor expression determines cell survival in co-cultures of

myofibroblasts and prostate cancer cells in vitro. Submitted to Molecular Cancer, 2017.

4. Smith, E", Palethorpe, HM’, Ruszkiewicz, AR, Edwards, SE, Leach, DA, Underwood,
TJ, Need, EF & Drew, PA. Androgen receptor and androgen-responsive gene FKBPS5 are

independent prognostic indicators for esophageal adenocarcinoma. Digestive Diseases

vii



and Sciences. 2016; 61(2): 433-443. Copyright © 2015, Springer Science + Business
Media, New York.

5. Palethorpe, HM, Smith, E & Drew, PA. Androgen signalling in esophageal

adenocarcinoma cell lines in vitro. Submitted to Digestive Diseases and Sciences, 2017.

* Authors contributed equally

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 Search and also through web search
engines, unless permission has been granted by the University to restrict access for a period of

time.

I acknowledge the support I have received for my research through the provision of an

Australian Government Research Training Program Scholarship.

Helen Palethorpe
26™ July 2017

viii



ACKNOWLEDGEMENTS

I am grateful for this opportunity to acknowledge all those who have made this thesis

possible.

Firstly, I thank my supervisors Dr Paul Drew and Dr Eric Smith. The knowledge and
guidance you provided was invaluable throughout my candidature and I can’t thank you both

enough for your continued support and encouragement.

I thank the University of Adelaide for providing the opportunity to undertake this project, and
the Basil Hetzel Institute for Translational Health Research for being the fantastic facility that
it is, as well as the staff and students there for encouragement during times of need. I thank

The Hospital Research Foundation for generous financial support.

Finally, I thank my family and friends, especially my Mum, Dad, brother Mark, and my four
nephews, William, James, Thomas and Matthew. I would have given up long ago without
your support and encouragement. [ am eternally grateful to you all for seeing me through this

journey and for instilling values of hard work and perseverance. I love you.

X



ABBREVIATIONS

ADT androgen deprivation therapy
AR androgen receptor

ARE androgen response element
ARG androgen-responsive gene
ARKO androgen receptor knockout
aSMA alpha-smooth muscle actin
BMI body mass index

BO Barrett’s oesophagus

CAF cancer-associated fibroblast
CIC cancer initiating cell

CpG cytosine-phosphate-guanine
CRC colorectal cancer

CSC cancer stem cell

DBD DNA-binding domain

DHEA dehydroepiandrosterone
DHEAS dehydroepiandrosterone sulfate
DHT dihydrotestosterone

ECM extracellular matrix

EMT epithelial-mesenchymal transition
FAP fibroblast activation protein
FKBP5 FK506 binding protein 5

GFP green fluorescent protein
GORD gastro-oesophageal reflux disease
GR glucocorticoid receptor

HCC hepatocellular carcinoma



Hsp90
LBD

NDF
NFF
NTD

MMP
MR

OAC
OR
OSCC

PDGFRp

PG-40
PR

SGC

TDF
TGF-B

heat shock protein 90

ligand-binding domain
normal oesophageal mucosa-derived fibroblast
neonatal foreskin fibroblast

N-terminal domain

matrix metalloproteinase

mineralocorticoid receptor

oesophageal adenocarcinoma

oestrogen receptor

oesophageal squamous cell carcinoma
platelet-derived growth factor receptor beta
chondroitin sulfate proteoglycan
progesterone receptor

red fluorescent protein

scirrhous-type gastric carcinoma

tumour-derived fibroblast from OAC

transforming growth factor beta

Xi






CHAPTER 1: INTRODUCTION






1.1 Thesis overview

This thesis describes research that predominantly focuses on two aspects of cancer cell
biology, the role of fibroblasts, and of androgen signalling, in oesophageal adenocarcinoma
(OAC) and prostate cancer. The possibility that changes in DNA methylation may be at least
in part responsible for the phenotypic changes characteristic of cancer-associated fibroblasts
(CAFs) was investigated. A system for the direct co-culture of fibroblasts and tumour cells
was established. This permitted the visualisation and measurement of the effect of juxtacrine
(cell-cell or cell-extracellular matrix contact) or paracrine (soluble factors) signalling on the
behaviour of each of the cells. The prognostic significance of the expression of the androgen
receptor (AR) and the androgen-responsive gene (ARG) FK506-binding protein 5 (FKBPS) in
OAC tissues was determined, and the effect of androgen signalling on the behaviours of AR-

expressing OAC cell lines was assessed in vitro.

1.2 Oesophageal adenocarcinoma

Oesophageal adenocarcinoma (OAC) is a malignant tumour that develops from glandular
epithelium in the lower third of the oesophagus, or at the gastro-oesophageal junction (Lerut
et al. 2004, DiMaio et al. 2012, Lepage et al. 2013). It typically affects older, overweight,
white males (Bodelon et al. 2011, Cooper & Trudgill 2012, Lepage et al. 2013), and its
incidence has increased rapidly in Western countries over the last four decades (Bodelon et al.
2011, Chen et al. 2012, Edgren et al. 2013, Hur et al. 2013, Lepage et al. 2013). It has a
dismal prognosis, with a five-year survival of around 15% (Whiteman et al. 2008, Thrift &
Whiteman 2012, Edgren et al. 2013, Lagergren & Lagergren 2013, Domper Arnal et al.
2015). The cancer is often detected late, because it can remain symptomless until at an
advanced stage. Approximately 75% of patients are unsuitable for surgery at the time of
diagnosis, and, for those who undergo surgery, the recurrence rate is high (Kim et al. 2010,
Lagergren & Lagergren 2013, Gregson et al. 2016). Increased understanding of the biology
of this cancer may lead to the discovery of better biomarkers for early detection and

management, or more effective treatments.

The major risk factors for OAC are gastro-oesophageal reflux disease (GORD), Barrett’s
oesophagus (BO), and obesity (Rutegard et al. 2011, Nordenstedt et al. 2012). The risk of
OAC is strongly associated with the frequency and duration of GORD, being five-fold higher
in patients experiencing symptoms of reflux at least weekly (Lagergren et al. 1999, Anderson

et al. 2007, Xie & Lagergren 2016b). GORD is also the principal risk factor for BO, the



premalignant tissue from which OAC is generally believed to originate (Anderson et al. 2007,
Kendall et al. 2013, Zhang et al. 2014). In BO the normal oesophageal squamous epithelium
is replaced by a metaplastic columnar epithelium (Derakhshan et al. 2009, Chai & Jamal
2012, Kendall et al. 2013, Lagergren & Lagergren 2013, Spechler & Souza 2014, Domper
Arnal et al. 2015). This is thought to be a protective epithelial response to repeated damage
from GORD (Anderson et al. 2007, Spechler & Souza 2014). Only a small percentage of
GORD patients develop BO, and only 0.2-0.7% of patients with BO progress to OAC per
year (Gregson et al. 2016).

Obesity, the other major risk factor for OAC, can be estimated by the body mass index (BMI)
or measures of body fat distribution (Lagergren & Lagergren 2013). BMI is a crude estimate
of obesity, as it does not allow for differences in body composition or where the fat is
distributed (Lagergren 2011). Adverse outcomes from obesity are more related to properties
of visceral fat than subcutaneous fat (Matsuzawa 2008, Kendall et al. 2013, Tchernof &
Despres 2013). Visceral fat is commonly estimated by the waist circumference or waist:hip
ratio. Both obesity and abdominal obesity with a normal BMI are associated with an
increased risk of BO and OAC (Corley et al. 2008, Whiteman et al. 2008, O'Doherty et al.
2012, Kendall et al. 2013, Domper Arnal et al. 2015). Overall obesity, measured by BMI, is a
risk factor for OAC independent of acid reflux or smoking (Whiteman et al. 2008), and
abdominal obesity is a risk factor for BO or OAC independent of BMI or GORD (Corley et
al. 2008, Lagergren 2011, Kendall et al. 2013, Cook et al. 2015a).

1.3 A role for androgens in the biology of oesophageal adenocarcinoma
Many studies have reported that OAC occurs more frequently in males, with a male:female
ratio in the range of 7-10:1 (Rutegard et al. 2011, Nordenstedt et al. 2012). This
predominance cannot be explained by abnormal male:female ratios in GORD, BO or obesity
(Corley et al. 2008, Chandanos & Lagergren 2009, Lagergren 2011, Cooper & Trudgill 2012,
Lu & Lagergren 2012, Kendall et al. 2013, Menon et al. 2014). GORD occurs equally in
males and females in population controls and in BO cases (Chandanos & Lagergren 2009,
Kendall et al. 2013), and, although BO shows a male predominance, it is much lower than for
OAC, at only 2-4:1 (Awan et al. 2007, Nordenstedt et al. 2012, Kendall et al. 2013).
Increased BMI is equally prevalent in males and females. Whilst males have a higher
incidence of abdominal obesity or excess visceral fat than females, this is considered
insufficient to account for the very high male:female ratio in OAC (Corley et al. 2008,
Kendall et al. 2013, Cook et al. 2015b). Other factors must therefore contribute to this higher

4



incidence in males (Anderson et al. 2007). Epidemiological studies suggest that the observed
differences in incidence between males and females can be explained by a 20-year and 17-
year delay in the development of BO and OAC respectively in females (Chandanos &
Lagergren 2009, Derakhshan et al. 2009, Lagergren & Lagergren 2013). The gender
difference in the incidence of OAC suggests a role for sex hormones, since their levels change

over the lifetime and differ between the sexes.

For example, oestrogen and progesterone production decrease abruptly with menopause in
women. This correlates with the higher incidence of OAC in older females and suggests
oestrogen may protect from OAC (Rutegard et al. 2011, Mathieu et al. 2014). However
existing studies supporting a role for oestrogen are limited. There have been few reports of
oestrogen receptor expression in BO and OAC tissues (Akgun et al. 2002, Tiffin et al. 2003,
Liu et al. 2004, Kalayarasan et al. 2008), and studies investigating the effect of exogenous
oestrogens and reproductive factors on the incidence of OAC in women are conflicting
(Andersson et al. 1991, Curtis et al. 1996, Matsuyama et al. 2000, Lagergren & Jansson 2005,
Chandanos et al. 2006, Lindblad et al. 2006, Anderson et al. 2007, Chandanos & Lagergren
2009, Derakhshan et al. 2009, Green et al. 2012a, Green et al. 2012b, Lagergren & Lagergren
2013, Lagergren et al. 2014, Menon et al. 2014, Xie & Lagergren 2016b, Xie & Lagergren
2016a).

The studies reported in this thesis focused on the potential role of androgens in OAC, mainly
because a preliminary review of the literature indicated that this possibility had not been well
studied. Unlike the abrupt decline in oestrogen levels in menopausal women, men do not
experience abrupt changes in androgen levels with age (Muller et al. 2003b, Rutegard et al.
2011). Instead there is a steady decline in testosterone production throughout life in adult
men, decreasing as little as 1-3% per year, beginning around the age of 35-40 years (Muller et
al. 2003a, Rutegard et al. 2011, Horstman et al. 2012). Although women have much lower
testosterone levels than men, their testosterone production also declines with age (Sukocheva
et al. 2015), however the bioavailability of testosterone increases in women and decreases in
men. This is consistent with the incidence of OAC after 80 years of age, which declines in
males yet continues to increase in females (Morley 2001, Morley & Perry 2003, Mathieu et
al. 2014).



1.3.1 Androgens

Androgens are hormones with roles in a wide range of developmental and physiological
processes, including the development and maintenance of the male reproductive system and
secondary sexual characteristics (Lonergan & Tindall 2011, Davey & Grossmann 2016).
They also regulate skeletal muscle growth, bone formation, fat distribution, and sexual
function (Gao et al. 2005). Additionally, androgens act as precursors for the production and
synthesis of oestrogen and are important for the maturation of ovarian follicles in women

(Horstman et al. 2012).

Androgens are synthesised from cholesterol, mainly in the adrenal cortex, testes, and ovaries
(Sukocheva et al. 2015). Testosterone and its more active metabolite dihydrotestosterone
(DHT) are the major endogenous androgens. DHT is produced by the reduction of
testosterone by the enzyme 5-alpha reductase, which is produced in many tissues, but in
highest concentration in the prostate gland, skin, brain, and liver. For this reason, tissue
levels of DHT do not necessarily mimic serum levels of DHT or testosterone, and can differ
between tissues depending on which isoform of the reductase enzyme is present and its
concentration (Yassin & Saad 2007, Yamashita et al. 2009, Page et al. 2011). DHT is more
biologically active than testosterone, with a 2-fold higher affinity for the receptor (Gao et al.
2005, Munoz et al. 2015). There are other androgens of adrenal origin which bind with a low
affinity compared to testosterone and DHT. They include androstenedione,
dehydroepiandrosterone (DHEA), and DHEA sulfate (DHEAS) (Munoz et al. 2015,
Sukocheva et al. 2015). The circulating concentration of androgens is 20- to 25-fold lower in
women compared to men (Horstman et al. 2012). The predominant androgens in the
circulation are testosterone in men, and androstenedione and testosterone in women

(Yialamas & Hayes 2003).

Androgens mediate their effects predominantly through activation of the androgen receptor
(AR) (Matsumoto et al. 2013, Davey & Grossmann 2016). Their ability to activate the AR
depends on whether they are free or bound. Approximately 60% of circulating testosterone is
bound with low affinity to albumin, 40% is bound tightly to sex hormone binding globulin
and 1-2% is free (Yialamas & Hayes 2003, Gao et al. 2005). Both free and albumin-bound
testosterone is bioavailable to the tissues, however only free testosterone is able to activate the

AR (Sukocheva et al. 2015).



1.3.2 The androgen receptor

The AR is a ligand-dependent nuclear transcription factor (Matsumoto et al. 2013). Itis a
member of the steroid hormone nuclear receptor family (Shukla et al. 2016), the others being
the oestrogen receptor (OR), progesterone receptor (PR), glucocorticoid receptor (GR), and
mineralocorticoid receptor (MR) (Davey & Grossmann 2016). The AR gene is located on the
X chromosome, and encodes a 110 kDa protein, 919 amino acids in length (Gao et al. 2005,
Tan et al. 2015). There are three major functional domains; a poorly conserved N-terminal
domain (NTD), a highly conserved DNA-binding domain (DBD), and a moderately
conserved C-terminal ligand-binding domain (LBD) (Gao et al. 2005), each of which is

important for receptor function.

The AR is distributed widely throughout normal human tissues but is predominantly
expressed in the prostate, skeletal muscle, liver, and central nervous system (CNS)
(Sukocheva et al. 2015, Tan et al. 2015). The expression of AR is moderate to high in the
reproductive tissues of both females and males (Bennett et al. 2010), with the prostate,
adrenal gland, and epididymis having the highest (Gao et al. 2005). It is also expressed, at
lower levels, in fetal and adult non-genital tissues, including the brain, skin, kidney, thyroid,

intestine, thymus, fat, bone, and all vasculature structures (Bennett et al. 2010).

1.3.3 Androgen receptor function and androgen signalling

In its unbound state, AR resides primarily in the cell cytoplasm, typically associated with
molecular chaperones such as heat shock protein 90 (Hsp90) (Smith & Toft 2008, Lonergan
& Tindall 2011). Upon the binding of androgens, such as testosterone or DHT, the AR
undergoes conformational change, dissociation from the chaperone proteins and translocation
into the nucleus (Gao et al. 2005, Lonergan & Tindall 2011, Tan et al. 2015, Davey &
Grossmann 2016). There, AR dimerises and binds to androgen response elements (ARE)
within the genome where it regulates the transcription of androgen-responsive genes (ARGs)
(Thornton & Kelley 1998, Gao et al. 2005, Tan et al. 2015, Davey & Grossmann 2016,
Shukla et al. 2016). The transcriptional activity of androgen-bound AR is modified by the
availability of androgen and the relative availabilities of a number of pioneer, coactivator or
corepressor proteins, which are recruited by the AR-ARE complex (Lonergan & Tindall 2011,
Chang et al. 2013, Davey & Grossmann 2016, Shukla et al. 2016, Leach & Buchanan 2017).
In this manner specific ARGs that encode proteins and noncoding RNAs are up or down

regulated by androgen signalling via the AR (Matsumoto et al. 2013).



The nuclear translocation of AR and changes in the expression of ARGs are markers of
functional androgen signalling, and can be measured at the protein and transcript level
respectively. A classical and commonly measured ARG is FK506 binding protein 5
(FKBPS). It is commonly measured to identify functional androgen signalling in a tissue of
interest (Pei et al. 2009, Li et al. 2011, Leach et al. 2017). In this thesis, the nuclear
localisation of AR and the change in transcript abundance of FKBPS and other ARGs were

used as measures of functional androgen signalling in OAC tissues and cell lines.

1.3.4 The role of androgens and the androgen receptor in cancer cells

Androgen signalling in the cancer cells of a tumour has been implicated in the development
and progression of a number of carcinomas, including prostate, bladder, colon, and liver
(Chang et al. 2014, Munoz et al. 2015). The role of androgen signalling has been most
thoroughly researched in prostate cancer, in which it plays a central role (Munoz et al. 2015).
Prostate cancer is the second most common cancer in men worldwide, and a significant cause
of morbidity and mortality (Singh et al. 2014, Torre et al. 2015, Torre et al. 2016, Leach &
Buchanan 2017). The prostate is comprised of an epithelium of secretory luminal cells
outlined with basal cells, and a surrounding stroma of fibroblasts and smooth muscle cells
(Singh & Lee 2013). The prostatic epithelial stem cells give rise to cells that differentiate into
basal, intermediate, and luminal epithelial cells (Niu et al. 2010). The AR is expressed in the
epithelial and stromal cells of the prostate (Singh & Lee 2013, Singh et al. 2014), and this is
necessary for the development and maintenance of the normal prostate as well as the
development and progression of prostate cancer (Minamiguchi et al. 2003, Cunha et al. 2004,

Cano et al. 2007, Lonergan & Tindall 2011, Munoz et al. 2015, Shukla et al. 2016).

Studies have shown that the AR and androgen signalling in prostate epithelial cancer cells can
have opposing roles, either promoting or suppressing tumour progression (Chang et al. 2013).
It is reported that the differential effects of epithelial AR may depend in part on whether the
disease is in an early or late stage, and which epithelial cell type, luminal or basal, expresses
the AR (Chang et al. 2013, Matsumoto et al. 2013, Munoz et al. 2015). For instance,
clinically, the expression of AR is generally lower in prostate cancer compared to normal
prostate and in metastatic compared to primary disease (Li et al. 2004), however higher levels
of AR in the prostate cancer cells are associated with a higher degree of malignancy, more
advanced disease progression and poor biochemical recurrence-free survival (Henshall et al.
2001, Li et al. 2004, Ricciardelli et al. 2005). In transgenic mouse models of prostate cancer,

AR knockin and knockout experiments showed that AR in prostatic epithelial cells was
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associated with the development of prostate cancer (Han et al. 2005, Zhu et al. 2011), and
promoted the survival of luminal epithelial cells (Niu et al. 2008a), whereas it suppressed the
proliferation of basal and intermediate epithelial cells and suppressed prostate cancer
metastasis (Gingrich et al. 1997, Niu et al. 2008a, Niu et al. 2008b). In vitro studies in
prostate cancer cell lines are also consistent with the differential effect of epithelial AR. For
instance, AR expression in PC3 cells suppressed their proliferation and metastasis (Garcia-
Arenas et al. 1995, Heisler et al. 1997, Litvinov et al. 2004, Litvinov et al. 2006, Niu et al.
2008a), whilst it stimulated or suppressed the proliferation of LNCaP (Olea et al. 1990,
Kokontis et al. 1998, Eder et al. 2000), CWR22Rv1 (Niu et al. 2008a), and PC346C (Marques
et al. 2005) cells (Niu et al. 2010).

Whilst the evidence for a role for androgens is strongest in prostate cancer, there is also
evidence for its role in the biology of other cancers. Bladder cancer is 3-4 times more
common in males than females (Kakehi et al. 2010, Chang et al. 2013, Li et al. 2017, Siegel et
al. 2017b). Mice with knockout of AR, either total knockout or only in the urothelial cells,
had a lower incidence of carcinogen induced bladder cancer compared to their wild-type
littermates (Miyamoto et al. 2007, Hsu et al. 2013), and androgens have been shown to
promote the growth of human AR-expressing bladder cancer cell lines, both in mouse

xenografts (Miyamoto et al. 2007) and in vitro (Li et al. 2017).

The incidence of primary liver cancer is 2-4 times higher in males than in females
(Nordenstedt et al. 2010, Siegel et al. 2017b). Hepatocellular carcinoma (HCC) accounts for
approximately 90% of all primary liver cancers (Nordenstedt et al. 2010). The development
of carcinogen-induced HCC was suppressed in AR knockout (ARKO) mice, leading the
authors to conclude that functional androgen signalling was a key factor in its development
(Ma et al. 2008). In vitro, knockin of AR in human HCC cell lines resulted in increased
proliferation, decreased apoptosis, and increased anchorage-independent growth
independently of androgen, whilst therapeutic targeting of AR, through either knockdown or
anti-androgen therapy, suppressed proliferation, and enhanced apoptosis (Ma et al. 2008).

The incidence of colorectal cancer (CRC) is higher in males across all age groups (Majek et
al. 2013, Purim et al. 2013, Siegel et al. 2017a). Tumour incidence was reduced in castrated
males, but not in females who received exogenous hormone replacement of progestin and 17-
beta-estradiol following ovariectomy. This suggests that androgens promote CRC, and that

oestrogens are not protective (Amos-Landgraf et al. 2014).



1.3.5 Androgen receptor expression and androgen signalling in oesophageal

cancers

There are very few studies on AR expression or androgen signalling in oesophageal cancer.
Of these, the majority relate to oesophageal squamous cell carcinoma (OSCC). OSCC is 3
times more common in males than females, a lower ratio than for OAC. The higher incidence
in males has been generally attributed to higher tobacco usage and heavier alcohol
consumption (Mathieu et al. 2014, Xie & Lagergren 2016a, Xie & Lagergren 2016b), but

several studies suggest a potential role for AR and androgens.

In terms of AR expression in human OSCC tissues, one study showed expression in 3 of 14
cases (Tihan et al. 2001). Another study showed no AR expression in all of 10 cases, but 2 of
10 human OSCC xenografts implanted into nude mice expressed AR (Yamashita et al. 1989).
Neither study mentioned the location of the AR. In vivo, the incidence of chemically induced
OSCC was higher in intact male rats compared to castrated rats and was completely
suppressed in castrated rats treated with oestrogen. This research is difficult to interpret
however as there was no assessment of AR expression in the cancer cells (Kobayashi 1985).
In vitro, testosterone stimulated, and oestrogen inhibited, the growth of an AR-expressing
human OSCC cell line, KSE-1, but not an AR-negative human OSCC cell line, KSE-2
(Matsuoka et al. 1987), yet when the cell lines were implanted into intact mice, the

administration of DHT did not alter the growth rate of either cell line (Ueo et al. 1990).

In terms of AR expression in cancer tissues from OAC patients, studies are limited and, as for
OSCC, conflicting. One reported AR staining in 1 of 10 patients with no mention of where
the AR was located (Tiffin et al. 2003). A second detected expression in the cancer epithelial
cells of 5 of 11 patients with no expression in the stroma (Tihan et al. 2001). A third study
observed no expression in the cancer epithelial cells but did detect expression in the stroma of

13 of 18 patients (Awan et al. 2007).

Several studies have reported that serum testosterone levels are higher in men with BO and
OAC compared to normal age-matched controls (Awan et al. 2007, Cook et al. 2015b). This
suggests a role for androgens however studies of patients on anti-androgen therapy are
inconsistent. A Swedish study hypothesised that if hormonal factors explained the male
predominance then treatment that increased oestrogen and/or lowered testosterone would
reduce the risk of OAC. They assessed prostate cancer patients who received prolonged

treatment with anti-androgens, typically oestrogens, and showed no reduction in the risk of
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OAC, suggesting no role for either oestrogen or testosterone in the aetiology of this cancer
(Lagergren & Nyren 1998). Another study reported a reduced risk of OAC in patients with
primary prostate cancer treated with androgen-deprivation therapy (ADT), suggesting either
ADT, or its effect of lowering androgens, was protective. However, the possibility that there
were risk factors associated with prostate cancer which were negatively associated with OAC,
or that the risk of OAC was reduced as a result of lifestyle changes made following a prostate

cancer diagnosis, could not be excluded (Cooper et al. 2009, Cooper & Trudgill 2012).

It is not possible to draw definitive conclusions on a role for AR in OAC from these reported
studies. The patient cohorts used were underpowered and the results conflicting. Functional
androgen signalling, as opposed to AR expression, was not assessed. This led to two studies
reported in this thesis. The prognostic significance of functional androgen signalling in OAC
was assessed in a large patient cohort (Chapter 5). The effect of androgen signalling on the
behaviours of OAC cells was explored in vitro using OAC cell lines stably transduced with
AR (Chapter 6). These are the most comprehensive in vivo and in vitro studies of the role of

androgens and AR signalling in OAC reported to date.

1.4 Fibroblasts in cancer

The influence of stromal fibroblasts on the biology of OAC and prostate cancer was
investigated. Initially, the intention was to study cell interactions in co-cultures of
oesophageal fibroblasts and OAC cancer cells, comparing fibroblasts derived from normal
oesophageal mucosa (NDFs) to tumour-derived fibroblasts from OAC (TDFs), however the
isolation of fibroblasts from patient tissues proved challenging. Only 22 lines were ultimately
available - most proliferated very slowly, and many ceased to divide beyond around 10
subdivisions. Sufficient cells were harvested from early subcultures to permit a comparison
of the DNA methylation profiles of NDFs and TDFs (Chapter 2). For co-culture experiments,
the oesophageal fibroblasts were to be stably transduced with red fluorescent protein (RFP) to
differentiate them from OAC cell lines, which had been stably transduced with green
fluorescent protein (GFP). To undertake a long-term project studying these cells, it was clear

that the fibroblasts needed to be immortalised.

The attempts to immortalise the oesophageal fibroblasts were unsuccessful, very time
consuming, and, after 18 months, were abandoned. During this time, the feasibility of the
proposed co-culture experiments was determined in pilot studies using immortalised prostate

myofibroblasts labelled with RFP and the prostate cancer cell line, PC3, labelled with GFP.
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Since stromal fibroblasts normally express AR early in prostate cancer, and subsequent loss
of AR expression in the cancer-associated stroma is associated with a poorer prognosis
(Leach et al. 2017), two myofibroblast lines were used, one AR negative, PShTert, and a
subline stably transduced with AR, PShTert-AR. This was an attempt to study the effect of
myofibroblast AR on the myofibroblast-prostate cancer cell interaction (Chapters 3 and 4).
Since using primary oesophageal fibroblast lines was impractical, and attempts to generate
immortalised lines had failed, non-oesophageal fibroblast lines were used to investigate the

effect of fibroblasts on androgen signalling in OAC cells (Chapter 6).

1.4.1 The tumour stroma

An epithelial tumour is comprised of two compartments, the tumour epithelial cells and the
stroma within which the tumour cells exist (Turley et al. 2015, Kalluri 2016). The tumour
stroma includes fibroblasts of multiple phenotypes, particularly myofibroblasts and cancer-
associated fibroblasts (CAFs), immune and inflammatory cells, blood and lymph vessels,
nerves, neuroendocrine cells, and adipose cells, and the extracellular matrix (ECM) the
stromal cells produce (Mbeunkui & Johann 2009, Balkwill et al. 2012, Chen et al. 2015). As
well as providing physical support, there is a bi-directional crosstalk between the tumour
stroma and the malignant cells, by which one compartment influences the behaviour and
structure of the other. In this manner, the stromal cells can influence most or all aspects of
tumour development, including growth, metastasis, and chemoresistance (Quail & Joyce

2013, Turley et al. 2015, Gascard & Tlsty 2016).

1.4.2 Normal fibroblasts

Fibroblasts are the major cell type in the normal stroma and are found ubiquitously
throughout the body (Flavell et al. 2008, Phan 2008, Iacopino et al. 2012, Mao et al. 2013).
Identifying features include their spindle-shaped morphology, ability to adhere to plastic, and
their lack of epithelial, vascular and leukocyte lineage markers (Flavell et al. 2008, Franco et
al. 2010). Fibroblasts play the major role in the production and remodelling of the ECM.
They also create an environment that supports the normal functioning of neighbouring
epithelial and endothelial cells, and help to regulate immune and inflammatory responses

through the production of chemokines and cytokines (Jordana et al. 1994, Flavell et al. 2008).
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1.4.3 Cancer-associated fibroblasts

Normally fibroblasts are quiescent, and are present in the stroma in relatively low numbers.
In response to a range of stimuli they can undergo a process of activation, and are then
referred to as activated fibroblasts or myofibroblasts (Worthley et al. 2010, Kalluri 2016).
This response was first observed in wound healing and later in acute and chronic
inflammation and tissue fibrosis (Kalluri 2016). Activated fibroblasts differ from quiescent
tissue fibroblasts phenotypically and functionally, including their rate of proliferation and
migration, level of metabolic activity, and production of growth factors and extracellular
matrix. Some markers can help to differentiate between quiescent and activated fibroblasts,
such as a-smooth muscle actin (aSMA), platelet-derived growth factor receptor beta
(PDGFRp), and fibroblast activation protein (FAP) (Mao et al. 2013, Kalluri 2016). However
no marker is specific for fibroblasts or their state of activation, and activated fibroblasts may
not necessarily express all of the possible markers at the same time (Ohlund et al. 2014,
Kalluri 2016). It is feasible that fibroblasts may be able to differentiate into distinct
functional subsets with a range of activities, similar to T lymphocyte differentiation (Kalluri

2016).

Fibroblasts within the tumour stroma are commonly activated and are referred to as cancer-
associated fibroblasts (CAFs) (Lin et al. 2016). These are a major component of the tumour
stroma (Allen & Louise Jones 2011, Mao et al. 2013, Narunsky et al. 2014). They are
reported to arise variously from resident fibroblasts, smooth muscle cells, myoepithelial cells
or mesenchymal stem cells, or local endothelial or epithelial cells (Balkwill et al. 2012, Mao
et al. 2013, De Wever et al. 2014, Narunsky et al. 2014, Ohlund et al. 2014). Fibroblasts can
modify or change the fate of premalignant or malignant cells (Ohlund et al. 2014). Compared
to quiescent fibroblasts, which typically suppress carcinogenesis (Dumont et al. 2013, Chen et
al. 2015, Kalluri 2016), CAFs may suppress (Ozdemir et al. 2014, Rhim et al. 2014) or
promote tumour development and progression (Dumont et al. 2013, Narunsky et al. 2014,
Ohlund et al. 2014, Klemm & Joyce 2015, Kalluri 2016). This may reflect functional
heterogeneity within the CAF population, with activated fibroblasts differentiating into
distinct subsets of CAFs, or it may reflect the same subset having different functions

depending on the context of the specific tumour stroma (Kalluri 2016).

In terms of the tumour-promoting ability of CAFs, in vitro and tissue recombinant studies
have shown that CAFs, but not normal fibroblasts, can induce tumorigenesis in initiated
prostate epithelial cells (Olumi et al. 1999) and can promote the growth, invasion, and

metastasis of malignant cells from a range of cancers (Orimo et al. 2005, Gaggioli et al. 2007,
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Karnoub et al. 2007, Giannoni et al. 2011, Goetz et al. 2011, Sanz-Moreno et al. 2011, Calon
et al. 2012, Dumont et al. 2013, Mao et al. 2013). The CAFs have the potential to secrete
cytokines and other immunomodulatory signalling molecules that can modify local immune
responses. They can upregulate local inflammation and create a microenvironment that
supports tumour growth and angiogenesis, which would be particularly relevant early in the
development of a cancer (Ohlund et al. 2014). They can also promote local
immunosuppression, which may permit a tumour to flourish (Kalluri 2016). Clinically, the
increased expression of CAF specific markers is associated with a poor prognosis in a number
of tumours, including colorectal (Henry et al. 2007, Tsujino et al. 2007), breast (Yamashita et
al. 2012), and head and neck cancers (Marsh et al. 2011).

In relation to OAC, the chronic injury and inflammation associated with GORD and BO is
believed to activate fibroblasts, resulting in increased local levels of free radicals, cytokines,
and inflammatory enzymes. These result in intracellular damage in the epithelial cells and the
creation of a tissue microenvironment that promotes the development of OAC (Mbeunkui &
Johann 2009, Rieder et al. 2010, Worthley et al. 2010, Taddei et al. 2014, Verbeek et al. 2014,
Lin et al. 2016, Wang et al. 2016). Within the developed OAC, the CAFs can enhance OAC
cell growth, angiogenesis (Nie et al. 2014), invasion, and resistance to chemotherapy (Hayden
et al. 2012, Underwood et al. 2015), with higher expression of CAF-specific markers in OAC

tissues a predictor of poor survival (Underwood et al. 2015).

1.4.4 The extracellular matrix in cancer

The extracellular matrix (ECM) surrounds and supports the cells of solid tissues (Frantz et al.
2010, Bonnans et al. 2014). Specific ECM components include fibrous proteins, such as
collagens, elastins, laminins, and fibronectins, as well as proteoglycans and hyaluronans that
form a hydrated gel (Frantz et al. 2010, Peddareddigari et al. 2010, Rubashkin et al. 2014).
Each tissue has a unique ECM composition and topology (Frantz et al. 2010, Lu et al. 2012,
Hubmacher & Apte 2013). The ECM has several functional roles. It provides cells with
structural and mechanical support and serves as a reservoir for cytokines and growth factors.
The ECM proteins act as ligands for cell receptors, particularly integrins, thereby influencing
cellular functions such as adhesion, migration, proliferation, apoptosis, survival, and
differentiation (Peddareddigari et al. 2010, Lu et al. 2011, Bonnans et al. 2014, Narunsky et
al. 2014, Ohlund et al. 2014, Klemm & Joyce 2015, Sever & Brugge 2015).
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The functional properties of the ECM are determined by the composition and organisation of
the matrix components. This is regulated by ECM remodelling, a continuous process
whereby matrix components are synthesised, secreted, modified, and enzymatically degraded
(Cox & Erler 2011). Degradation of the ECM involves protease enzymes secreted mainly by
stromal cells or localised on the cell surface, particularly matrix metalloproteinases (MMPs)
(Mbeunkui & Johann 2009, Peddareddigari et al. 2010, Lu et al. 2011, Lu et al. 2012,
Bonnans et al. 2014). These ECM dynamics must be tightly regulated to ensure tissue
homeostasis (Bergamaschi et al. 2008, Frantz et al. 2010, Allen & Louise Jones 2011, Cox &
Erler 2011, Lu et al. 2012, Bonnans et al. 2014).

In cancer, ECM dynamics and structure are dysregulated (Franco et al. 2010, Allen & Louise
Jones 2011, Kim et al. 2011, Lu et al. 2011, Balkwill et al. 2012, Lu et al. 2012, Bonnans et
al. 2014, Narunsky et al. 2014, Klemm & Joyce 2015). Compared to normal tissue, tumours
are stiffer as a result of increased ECM deposition and modification by CAFs. The
modifications include the increased crosslinking of the collagen and elastin fibres by lysyl
oxidases secreted from the stromal cells, stiffening the tumour further (Frantz et al. 2010,
Allen & Louise Jones 2011, Balkwill et al. 2012, Narunsky et al. 2014). This promotes
cancer cell migration and integrin signalling pathways, which enhance tumour progression
(Egeblad et al. 2010, Allen & Louise Jones 2011, Sever & Brugge 2015). Elevated
expression of lysyl oxidases has been correlated with metastasis and decreased survival in
mouse models of cancer and in cancer patients (Erler & Giaccia 2006). Additionally, there is
upregulation of proteinase synthesis and secretion leading to aberrant remodelling of ECM
proteins (Peddareddigari et al. 2010, Allen & Louise Jones 2011, Sever & Brugge 2015). The
MMPs degrade the ECM, which releases chemokines, and growth and angiogenic factors,
thereby facilitating tumour growth and metastasis (Balkwill et al. 2012). The expression of
MMPs is involved in the progression from BO to OAC (Salmela et al. 2001, Grimm et al.
2010), and is associated with tumour stage in OSCC (Gu et al. 2005, Zhang et al. 2014). In
prostate cancer, the expression of genes encoding certain ECM proteins and ECM degrading
enzymes has prognostic significance, and breast cancer patients can be subclassified into
distinct groups with distinct clinical outcomes based on differences in the ECM gene profile

of the cancer tissue (Bacac et al. 2006, Bergamaschi et al. 2008).

1.4.5 DNA methylation

Several studies have shown that the phenotypic characteristics of CAFs are preserved during

subculture. A plausible explanation is that at least some of the CAF characteristics are
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maintained as a result of epigenetic modifications such as DNA methylation (Hu et al. 2005,
Madar et al. 2013, Albrengues et al. 2015). In DNA methylation there is the covalent
addition of a methyl group (CHs3) to, most commonly, the cytosine residue of a cytosine-
phosphate-guanine (CpG) dinucleotide (Jones & Takai 2001, Lim & Maher 2010). Many of
the CpG dinucleotides are concentrated in short stretches of DNA termed CpG islands. The
transcription start site of 70% of all human gene promoters, and also many enhancers, are
closely associated with CpG islands (Sharma et al. 2010, Dawson & Kouzarides 2012,
Zeisberg & Zeisberg 2013, Wagner et al. 2014). In normal cells these are typically
unmethylated. Methylation in these regions inhibits transcription and results in partial or

complete silencing of the associated genes (Zeisberg & Zeisberg 2013).

Studies investigating DNA methylation in cancer have mainly focused on changes in the
malignant epithelial cells with little attention being given to the fibroblasts (Gonda et al.
2010, Vizoso et al. 2015). The few studies that have looked suggest that there are DNA
methylation changes in fibroblasts and that these could play a role in the altered phenotype of
CAFs compared to normal fibroblasts. In prostate cancer, three genes important for prostate
cancer carcinogenesis showed high DNA methylation in the cancer-associated stroma
compared to normal stroma (Hanson et al. 2006). The treatment of dermal fibroblasts with
transforming growth factor beta (TGF-p) resulted in the induction of a sustained pro-invasive
phenotype which required DNA methylation for its maintenance, and CAFs isolated from
head and neck, lung or breast cancer cultured with DNA methylation inhibitors lost this
phenotype (Albrengues et al. 2015). In colorectal cancer, chondroitin sulfate proteoglycan
(PG-40) expression was associated with ECM alterations that supported tumour growth and
invasion and was enhanced in neoplastic stroma, but not normal stroma. This enhanced
expression was due to a hypomethylation of the PG-40 gene in the neoplastic stromal cells
(Adany et al. 1990, Adany & lozzo 1990, Adany & lozzo 1991). Differences in DNA
methylation profiles between normal fibroblasts and CAFs have been reported in breast (Hu

et al. 2005), gastric (Jiang et al. 2008), and colorectal (Mrazek et al. 2014) cancers.

The research reported in chapter 2 compared the genome-wide DNA methylation profiles of
fibroblasts derived from normal oesophageal mucosa (NDFs) and tumour-derived fibroblasts
from OAC (TDFs) using the [llumina 450K platform. At the time the experiments were
undertaken there were no reports of the assessment of genome-wide DNA methylation in
CAFs from any cancer, using the [llumina 450K platform. However, during the preparation

of the manuscript, Vizoso et al. published a comparison of the DNA methylation between
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normal fibroblasts and CAFs in non-small cell lung cancer using this methodology (Vizoso et

al. 2015).

1.5 The crosstalk between fibroblasts and epithelial cancer cells
Neighbouring cells can communicate with each other by either juxtacrine or paracrine
signalling. Juxtacrine signalling occurs via cell-to-cell or cell-to-ECM interactions and
requires close contact. Paracrine signalling occurs via the diffusion of soluble molecules,
such as growth factors, chemokines, and cytokines, or soluble subcellular organelles
including microvesicles and exosomes (Fang & Declerck 2013). Most studies of local cell
signalling in cancer have concentrated on paracrine signalling. However there is increasing
evidence to suggest that juxtacrine signalling, particularly between CAFs and cancer cells, is
very important (Yamaguchi et al. 2014). This may induce effects in either cell type to
promote cancer progression. In relation to the cancer cells, in vitro studies have shown that
direct cell-cell contact with CAFs enhanced cancer cell proliferation and invasion in lung and
breast cancer (Camp et al. 2011, Otomo et al. 2014) and promoted cancer cell invasion via
remodelling of the ECM (Krtolica et al. 2001, Gaggioli et al. 2007, Yamaguchi et al. 2014).
In non-small cell lung cancer, CAFs enhanced EMT and motility more strongly via direct
rather than indirect interactions (Choe et al. 2013), and in scirrhous-type gastric carcinoma
(SGC), SGC-associated fibroblasts required direct contact with SGC cells for the marked
fibroblast proliferation that is associated with rapid progression and a poor prognosis (Semba
et al. 2009). Direct interactions have also been shown to be important in the stemness, or
capacity for self-renewal and differentiation, of cancer stem cells/cancer-initiating cells
(CSCs/CICs). This was mediated by direct contact with the CD44 molecule on the CAF
surface (Kinugasa et al. 2014). The research presented in this thesis therefore investigated
direct interactions between fibroblasts and epithelial cancer cells, both cell-cell and cell-ECM,

since they are a relevant but rarely studied cellular interaction.

1.5.1 Co-culture techniques used to assess fibroblast-epithelial cancer cell

crosstalk
Paracrine signalling can be studied in vitro using indirect co-culture systems, the most
common of which is the transwell chamber. One cell type is seeded into the lower chamber,
the other into an insert with a permeable base. Signalling molecules can diffuse between the
two cell types through the pores of the insert. Another technique to investigate paracrine

signalling is to culture one cell type for a period, harvest the culture medium, and then add
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this conditioned medium, containing any secreted signalling molecules, to a monoculture of

the target cell (Miki et al. 2012).

Juxtacrine signalling can be studied in vitro using direct co-culture systems, in which two or
more cell types are seeded into the same well, allowing cell-cell and cell-ECM contact.
Direct co-culture has the potential to mimic more closely the in vivo environment than
indirect co-culture (Miki et al. 2012), however direct interactions have been less commonly
investigated in vitro predominantly due to the difficulty of visualising the different cell types
or sorting them for downstream analyses. In the direct co-culture experiments described in
this thesis the fibroblasts were seeded and allowed to form a monoculture over 48 hours, after
which a smaller number of cancer cells were overlaid. The two cell types were distinguished

by labelling them with different intracellular fluorescent dyes.

Another difficulty with direct co-cultures is that it is not possible to prevent paracrine
signalling, which would permit the study of juxtacrine signalling in isolation. It is therefore
common to study direct (paracrine and juxtacrine signalling) and indirect (paracrine
signalling) co-cultures in the same experiment as a way of attempting to distinguish juxtacrine

from paracrine signalling.

A modified form of direct co-culture permits the investigation of cell-ECM interactions. A
confluent monolayer of one cell type is grown. The cells are subsequently stripped away
using mild detergents or chelating agents, leaving a layer of matrix. A suspension of the
target cells can then be seeded onto this matrix layer and its effect on variables such as growth

or motility can be measured.

Co-cultures were used in two studies in this thesis. The first examined the influence of AR
signalling in the fibroblasts on the interactions between prostate cancer cells and fibroblasts
(Chapters 3 and 4). The second study examined the influence of fibroblasts on the response

of AR-expressing OAC cell lines to androgen (Chapter 6).

1.5.2 The significance of myofibroblast androgen receptor in prostate cancer

During the development and progression of prostate cancer there is a required, complex and
bidirectional cross talk between the stromal fibroblasts and the epithelial cells (Wen et al.
2015, Leach & Buchanan 2017), both of which can express the AR. The initial development

and the early stages of the progression of prostate cancer are dependent on AR expressed by
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the stromal cells (Cunha 1994, Hayward et al. 1997, Cunha et al. 2003, Cunha et al. 2004, Niu
et al. 2010, Singh et al. 2014, Wen et al. 2015). However, as the disease further progresses
there can be a significant decrease in the expression of AR in the stroma. Such a decrease is
associated with an increased risk of biochemical relapse and poorer prognosis (Mohler et al.
1996, Olapade-Olaopa et al. 1999, Henshall et al. 2001, Ricciardelli et al. 2005, Li et al. 2008,
Wikstrom et al. 2009, Leach et al. 2015, Leach et al. 2017).

The reason for the association between loss of stromal AR and poor outcome is not
understood. Indeed there are many experimental studies suggesting the opposite should
apply, that the loss of stromal AR should be associated with the suppression of prostate
tumorigenesis, and that stromal AR should promote prostate cancer progression, malignant
transformation, and metastasis. Some of these studies have been undertaken in vivo, using
AR knockout mouse models and tissue recombinants, and some in vitro, using indirect
methods to assess paracrine signalling (Niu et al. 2008a, Niu et al. 2008b, Niu et al. 2010, Lai
etal. 2012, Ricke et al. 2012, Yu et al. 2012, Yu et al. 2013). However none have assessed
the contribution of juxtacrine signalling in vitro. The research presented in this thesis
therefore determined the effect of myofibroblast AR in prostate cancer specifically in relation
to juxtacrine signalling, utilising both direct and indirect co-cultures with myofibroblasts
(AR-expressing and AR-negative) and prostate cancer cell line, PC3 (Chapter 4). Juxtacrine
signalling mediated by cell-ECM interactions was also investigated by growing PC3 cells in
direct contact with ECM produced by AR-expressing myofibroblasts treated with or without
androgen (Chapter 3).

1.5.3 The effect of fibroblasts on androgen signalling in oesophageal
adenocarcinoma

There have been extensive studies investigating how AR can modify the behaviours of cancer
cells (none using OAC cells) (Castoria et al. 2003, Cunha et al. 2003, Compagno et al. 2007,
Niu et al. 2008a, Niu et al. 2008b, Niu et al. 2010) and fibroblasts (Castoria et al. 2003, Cunha
et al. 2003, Li et al. 2008, Niu et al. 2008a, Niu et al. 2008b, Niu et al. 2010, Tanner et al.
2011, Lai et al. 2012, Ricke et al. 2012, Yu et al. 2013). There are very few studies
examining whether fibroblasts can modify the response to androgen in an AR-expressing
cancer cell (Culig et al. 1994, Blanchere et al. 1998, Cano et al. 2007, Eder et al. 2016).
Research reported in this thesis investigated the ability of fibroblasts to modify the androgen
response of an AR-expressing OAC cell line (Chapter 6). Normal foreskin fibroblasts (NFFs)
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and PShTert myofibroblasts were used in place of oesophageal fibroblasts, since attempts to

immortalise the primary cells had failed.

1.6 Aims of the study

The research presented in this thesis addressed three specific aims:
1. To compare the DNA methylation profiles of normal oesophageal fibroblasts and
tumour-derived fibroblasts from OAC (Chapter 2)
2. To establish a direct co-culture system for the study of juxtacrine and/or paracrine
signalling between fibroblasts and cancer cells in vitro (Chapters 3 and 4)
3. To investigate the expression of functional AR and its utility as a biomarker in OAC,
and the effect of androgen signalling on the behaviour of AR-expressing OAC cell

lines in vitro (Chapters 5 and 6)
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Oesophageal adenocarcinoma (OAC) is increasing in incidence and has a poor prognosis. Tumour
derived fibroblasts (TDFs) differ functionally from normal fibroblasts (NDFs), and play a pivotal role
in cancer. Many of the differences persist through subculture. We measured the DNA methylation
profiles of 10 TDFs from OAC with 12 NDF from normal oesophageal mucosa using Infinium
HumanMethylation450 Beadchips and found they differed in multidimensional scaling analysis. We
identified 4,856 differentially methylated CpGs (DMCs, adjusted p < 0.01 and absolute difference in
average 3-value > 0.15), of which 3,243 (66.8%) were hypomethylated in TDFs compared to NDFs.
Hypermethylated DMCs were enriched at transcription start sites (TSSs) and in CpG islands, and
depleted in transcriptional enhancers. Gene ontology analysis of genes with DMCs at TSSs revealed
an enrichment of genes involved in development, morphogenesis, migration, adhesion, regulation

. of processes and response to stimuli. Alpha-smooth muscle actin (c-SMA) is a marker of activated

. fibroblasts and a poor prognostic indicator in OAC. Hypomethylated DMCs were observed at the TSS of

. transcript variant 2 of a-SMA, which correlated with an increase in a-SMA protein expression. These

. data suggest that DNA methylation may contribute to the maintenance of the TDF phenotype.

Oesophageal adenocarcinoma (OAC), which has increased rapidly in incidence in the Western world over recent
decades!, has a five year survival rate of about 15%2. Most patients are unsuitable for treatment with curative
intent. The major risk factors include gastro-oesophageal reflux disease and obesity, which lead to the premalig-
nant condition, Barrett’s oesophagus, the only described precursor lesion for OAC. A deeper understanding of the
mechanisms that regulate the development and progression of OAC may lead to improvements in early diagnosis
and treatment.

: An emerging body of evidence demonstrates that fibroblasts play a significant role in the development and

. progression of solid tumours (reviewed in ref. 3). Within a cancer they are a phenotypically heterogeneous pop-

. ulation of cells, distinct from the fibroblasts found in normal tissue, and are referred to as activated, cancer asso-
ciated, or tumour derived fibroblasts (reviewed in ref. 4). These have been shown to promote tumour growth,
facilitate tumour cell invasion, migration and metastasis, promote therapeutic drug resistance and act to prevent

¢ immune cell infiltration. Expression signatures that characterise these fibroblasts are associated with poor sur-

. vival outcomes in many solid tumour types including OAC>-'°.

: A number of studies have reported that many of the phenotypic characteristics of tumour derived fibroblasts
(TDFs) are maintained in culture!®!2. This is consistent with at least some of the phenotypic alterations being
maintained by epigenetic mechanisms such as DNA methylation'*~!*, which involves the covalent addition of
a methyl group to, most commonly, the cytosine residue of a cytosine-phosphate-guanine (CpG) dinucleotide.

IDiscipline of Surgical Specialities, Adelaide Medical School, Faculty of Health Sciences, The University of Adelaide,
. South Australia, 5000, Australia. 2Department of Haematology and Oncology, The Queen Elizabeth Hospital,
¢ Woodville, South Australia, 5011, Australia. *Cancer Sciences Unit, Somers Cancer Research Building, University of
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Regions of the genome with a relatively high density of CpGs, CpG islands, and their flanking shores and shelves
are associated with 60-70% of all human genes'®. Methylation at the transcription start site (TSS) or within the
body of genes is frequently associated with the silencing of transcription, and methylation of transcriptional
enhancers may also affect gene transcription'’. Aberrant methylation in intergenic regions has been associated
with genomic instability or global silencing of large chromatin domains. Whilst genome-wide DNA methylation
profiles of many tumour types, including OAC'®-%, have been ascertained, these studies have been conducted
using whole tissue samples or cancer cell lines. There are reports of the genome-wide DNA methylation profiles
of TDFs in breast'?, gastric?, colorectal', and non-small cell lung carcinoma'®, but none in OAC.

The aim of this study was to compare the genome-wide DNA methylation profiles of low-passage primary
TDFs from patients with OAC to fibroblasts derived from macroscopically normal oesophageal squamous
mucosa. We show that the TDFs have a DNA methylation profile which distinguishes them from most NDFs.
Differentially methylated CpGs were observed at TSSs of genes which have a known role in cancer develop-
ment and progression, suggesting that the TDF phenotype may be regulated, at least in part, by epigenetic
mechanisms.

Results

Tumour derived fibroblasts were aberrantly methylated. Twenty-two primary fibroblast lines were
established from resected specimens of 16 patients with oesophageal cancer (Supplementary Table S1). There
were 10 TDFs and 12 NDFs, which included six patient matched fibroblast pairs. The median age of the patients
was 65 years (range 57 to 82). There was not a significant difference in the age of the patients from whom the
TDFs and NDFs were established. There were 13 males and three females. Five patients were treated with surgery
alone, and 11 received a combination of neoadjuvant chemotherapy and surgery.

The genome-wide DNA methylation profile of the fibroblasts was measured using the Infinium
HumanMethylation450 Beadchip. Unsupervised pairwise multidimensional scaling was performed using the
B3-values for all 408,329 probes included in the analysis (Fig. 1a). The distribution of the TDFs differed from
NDFs. The NDFs formed a tight cluster, with two outliers. In contrast, the TDFs were more widely dispersed.
The coefficient of variation (CV) for the median 3-values of each fibroblast was 7.6% for the NDFs and 10.2%
for the TDFs, but the variance of median (3-values of each fibroblast was not significantly different (p = 0.1836).
Comparing methylation in the TDFs and NDFs, there were 4,856 DMCs, of which 3,243 (66.8%) were hypo-
methylated and 1,613 (33.2%) hypermethylated. Hierarchical clustering of these 4,856 DMCs revealed that the
fibroblasts formed two major clusters, with 10 of the 12 NDF clustering together, the remaining two NDF (N.181
and N.217) within the TDF cluster (Fig. 1b).

Differentially methylated CpGs and functional genomic regions. We analysed the distribution of
the DMCs between the functional genomic regions. The probes were allocated as TSS1500, TSS200, 5'UTR, 1st
exon, gene body or 3’'UTR according to the Illumina probe annotation**. Many probes are annotated to more
than one genomic region since a locus may be within more than one gene, or more than one variant of a gene, so
that the sum of the loci in genomic locations is greater than the number of probes analysed. Probes which were
not annotated to a gene region were categorised as intergenic. The results in Table 1 show the proportion of all
CpGs analysed and DMCs in each of these regions. There was a significant difference in the distribution of the
DMC:s across the functional genomic locations compared to that of all the cytosines analysed (Chi square test
for proportions: p < 0.0001). The most significant differences were a depletion around the TSS, particularly the
TSS200 (3.6% of DMCs compared to 11.6% of all analysed) and the first exon (2.2% v 7.2%), and an enrichment
in the intergenic region (32.0% v 19.5%). Overall there were significantly fewer differentially methylated cytosines
associated with the promoter region (defined as TSS1500, TSS200, 5'UTR and 1st Exon; 27.9% versus 46.1%).
There were no significant differences in the distribution of DMCs within the annotated microRNAs or IncRNAs.
The proportion of hypomethylated and hypermethylated DMCs differed between the gene regions (Table 2).
Hypermethylated DMCs were more frequent in the TSS200 and 3’UTR, and less in the gene body and intergenic
regions.

Differentially methylated CpGs and CpGislands. CpG islands are important genomic regulatory ele-
ments that are defined by a high density of CpGs relative to entire genome. The regions 2 kilobases either side
of an island are defined as shores, the 2 kilobase regions flanking the shores are defined as shelves*, and here
we define the remainder of the genome as open seas. The distribution of DMCs in the context of CpG islands is
shown in Table 1. Of all the CpGs for analysis, 65.7% were in islands, shores or shelves, compared to 44.3% of the
DMCs. Within the CpG islands DMCs were significantly depleted (9.3% v 32.7% of all analysed cytosines), but
there was no significant difference in the distribution of DMCs in the shores or shelves. There was a significantly
greater proportion of DMCs in the open seas (55.7% v 34.3%). There was significant enrichment of hypermethyl-
ated DMCs in CpG islands and adjacent shores, and depletion in shelves and open seas (Table 2).

We then determined if there were a difference in the distribution of DMCs between CpG islands that overlap
annotated genes and those located in the intergenic regions. An island was classified as intragenic if any of its
CpGs were in an annotated gene region (that is, within the TS$1500 to 3’'UTR regions). Of the DMCs within CpG
islands, a significantly greater proportion were in islands in the intergenic regions (34.2% v 13.8% of all CpGs,
odds ratio (OR) 3.276, 95% confidence interval (CI) 2.696-3.981, p < 0.0001), and lesser in islands which over-
lapped genes (31.8% v 70.0%, p < 0.0001). The proportion of hypermethylated DMCs within CpG islands did not
significantly vary between intergenic and intragenic CpG islands (62.1% and 54.8% respectively, OR 1.389, 95%
CI0.9096-1.998, p=0.1647).
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Figure 1. Genome-wide DNA methylation profiles of TDFs and NDFs. (a) Multidimensional scaling
performed using the 3-values for all 408,329 probes for NDFs (blue triangles) and TDFs (red circles). (b)
Hierarchical clustering using the 4,856 DMC for NDFs (blue) and TDFs (red).

Differentially methylated CpGs and enhancer regions. Next, we investigated the distribution of
DMC:s between enhancer and non-enhancer regions. Of the total of 408,329 CpGs for analysis, 90,996 (22.3%)
were in enhancer regions. The DMCs were significantly enriched in enhancer (46.3% of DMCs compared to
22.3% of all analysed, p < 0.0001) compared to non-enhancer regions (53.7% v 77.7%) (Table 1). The propor-
tion of hypermethylated DMCs was significantly lower in enhancer compared to non-enhancer regions (Table 2;
p <0.0001). Further analysis of the DMCs in enhancers revealed that they were enriched in the intergenic com-
pared to intragenic regions (57.9% versus 40.1% respectively, OR 2.058, 95% CI 1.825-2.320, p < 0.0001). The
proportion of hypermethylated DMCs in enhancers was greater in those in intragenic compared to intergenic
regions (31.9% and 23.7% respectively, OR 1.507, 95% CI 1.248-1.919, p < 0.0001). The proportion of hypermeth-
ylated DMCs in non-enhancer regions was greater in the intragenic compared to intergenic regions (39.1% and
32.9% respectively, OR 1.310, 95% CI 1.093-1.570, p = 0.0040).

Methylation of ACTA2 correlated with decreased a-SMA protein expression. To ascertain the
potential functional significance of the observed DMC, we conducted gene ontology enrichment analyses using
genes that had one or more DMCs located within 1,500 bases of their TSS. Of the 4,856 DMCs, 1,354 (27.9%)
were located within 1,500 bases of a TSS, representing 1,145 unique Entrez Gene IDs. Of these, 743 (64.9%)
were hypomethylated in TDFs, and 402 (35.1%) were hypermethylated. Hypermethylated DMCs were observed
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| DMC (%) All CpGs Analysed (%) | OR (95% CI) p-value
Gene Regions
Total* 5,302 479,691
TSS1500 682 (12.9%) 73,530 (15.3%) 0.8137 (0.7505-0.8822) <0.0001
TSS200 192 (3.6%) 55,640 (11.6%) 0.2839 (0.2457-0.3280) <0.0001
5'UTR 488 (9.2%) 57,408 (12.0%) 0.7435 (0.6771-0.8164) | <0.0001
1% Exon 117 (2.2%) 34,391 (7.2%) 0.2898 (0.2415-0.3482) | <0.0001
Gene body 1,954 (36.9%) 148,809 (31.0%) 1.302 (1.231-1.377) <0.0001
3'UTR 173 (3.3%) 16,571 (3.5%) 0.9421 (0.8089-1.097) 0.4652
Intragenic 1,686 (32.0%) 93,342 (19.5%) 1.947 (1.837-2.064) <0.0001
microRNA 33 (0.6%) 2,331 (0.5%) 0.9995 (0.7114-1.404) >0.999
IncRNA 4(0.08%) 429 (0.01%) 0.658 (0.2562-1.675) 0.5835
CpG Island Regions
Total 4,856 408,329
CGI 453 (9.3%) 133,415 (32.7%) 0.2093 (0.1900-0.2306) <0.0001
Shores 1,208 (24.9%) 97,243 (23.8%) 1.060 (0.9929-1.132) 0.0836
Shelves 488 (10.0%) 37,691 (9.2%) 1.100 (1.001-1.209) 0.0502
Open sea 2,707 (55.7%) 139,980 (34.3%) 2.443 (2.307-2.586) <0.0001
Enhancer Regions
Non-enhancer 2,608 (53.7%) 317,333 (77.7%)
Enhancer 2,248 (46.3%) 90,996 (22.3%) 3.057 (2.888-3.246) <0.0001

Table 1. The proportion of all CpGs analysed and differentially methylated cytosines (DMC) in each annotated
region. “Probes may annotate to more than one gene region.

about the TSS of genes predominantly involved in development, morphogenesis and migration, whilst genes with
hypomethylated DMCs were involved in regulation of processes, response to stimuli, development and adhesion
(Supplementary Table S2).

A gene which featured in several enriched biological processes was ACTA2. Multiple alternatively spliced vari-
ants of ACTA2 have been reported, and they each encode the same protein, alpha-smooth muscle actin (a-SMA).
Variant 2 varies from the other variants by an alternate TSS (Fig. 2a). We observed that the region about the
TSS for transcript variant 2 was hypomethylated in TDFs compared to NDFs (Fig. 2a and b). In contrast, the
B-values for the probes about the TSS of variant 1 and 3 varied little between TDFs and NDFs, and were relatively
low (3-value < 0.15). Sufficient material was available from three patient matched fibroblast pairs to analyse the
expression of a-SMA by western immunoblot. The results confirmed that a-SMA was elevated in these TDFs
compared to the NDFs (Fig. 2c and d). Methylation about the TSS of variant 2, but not variant 1 and 3, inversely
correlated with a-SMA protein expression (Fig. 2e), suggesting that the low a-SMA expression observed in cul-
tured oesophageal NDFs was associated with DNA methylation about the TSS of variant 2.

Discussion

This is the first study to compare the genome-wide DNA methylation profiles of oesophageal NDFs to OAC
TDFs using the high resolution Infinium HumanMethylation450 BeadChip. Multidimensional scaling analysis
of all probes analysed showed that, with respect to DNA methylation, the NDFs clustered tightly apart from two
outliers, whereas the TDFs were markedly heterogeneous. Hierarchical clustering using the 4,856 DMCs demon-
strated that the TDFs grouped differently to the NDFs. Detailed examination of the genomic locations of the
DMC:s revealed significant regional variation in DNA methylation between the two fibroblast groups. In TDFs,
the DMCs were depleted about the transcription start sites and in CpG islands and enriched in gene bodies,
open seas and in enhancers. The DMCs were observed in the TSSs of genes which have a known role in cancer
development and progression. Methylation was significantly decreased at the TSS of variant 2 of a-SMA, which
correlated with an increase in a-SMA protein expression.

Previous studies have investigated DNA methylation profiles of TDFs in breast'?, gastric?, colorectal', and
non-small cell lung carcinoma'®. Consistent with our findings, these studies demonstrated differences in DNA
methylation between TDF and NDFs, with general DNA hypomethylation and concomitant focal hypermethyla-
tion observed in TDFs compared to NDFs. Only one used the Infinium HumanMethylation450 BeadChip'®, and
reported a strikingly similar distribution of DMCs across the functional genomic regions, including the depletion
about TSSs and CpG islands, and the enrichment in gene bodies and open seas. In addition, we report the novel
observation of differential methylation in transcriptional enhancers. Multiple enhancers may cooperate to finely
tune the expression of a single transcript, and integrate extracellular signals with intracellular cell fate informa-
tion to generate cell type-specific transcriptional responses?. Together, these results suggest that differences in
DNA methylation, through their role in regulation of gene expression, contribute to the alterations in fibroblast
phenotypes observed in cancer.

The results from the multidimensional scaling of all CpGs analysed and the hierarchical clustering of DMCs
showed that the DNA methylation profiles of the TDFs were markedly more heterogeneous than the NDFs. The
primary function of fibroblasts is to establish, maintain, and modify connective tissue?. They are a heterogeneous
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Hypermethylated (%) | Hypomethylated (%) | Total OR (95% CI) p-value
Total 1,613 (33.2%) 3,243 (66.8%) 4,856
Gene Regions
TSS1500 237 (34.8%) 445 (65.2%) 682 1.083 (0.9133-1.284) 0.3823
TSS200 86 (44.8%) 106 (55.2%) 192 16.78 (13.59-20.72) <0.0001
5'UTR 166 (34.0%) 322 (66.0%) 488 1.041 (0.8540-1.268) 0.7302
1 Exon 39(33.3%) 78 (66.7%) 117 1.005 (0.6813-1.484) 0.9424
Gene body 705 (36.1%) 1,249 (63.9%) 1,954 0.7294 (0.6510-0.8173) <0.0001
3'UTR 77 (44.5%) 96 (55.5%) 173 1.643 (1.210-2.232) 0.0018
Intragenic 468 (27.6%) 1,228 (72.4%) 1,696 0.6707 (0.5896-0.7629) <0.0001
CpG Island Regions
CGI 270 (59.6%) 183 (40.3%) 453 1.954 (1.790-2.134) <0.0001
Shores 489 (40.5%) 719 (59.5%) 1,208 | 1.314(1.208-1.429) <0.0001
Shelves 138 (28.3%) 350 (71.7%) 488 0.8374 (0.7227-0.9703) <0.0001
Open sea 716 (26.4%) 1,991 (73.6%) 2,707 0.6337 (0.5848-0.6866) <0.0001
Enhancer Regions
Non-enhancer 976 (37.4%) 1,632 (62.6%) 2,608
Enhancer 637 (28.3%) 1,611 (71.7%) 2,248 0.6612 (0.5856-0.7464) <0.0001

Table 2. The percentage of hypermethylated or hypomethylated differentially methylated cytosines (DMC) in
each or the annotated region.

population of cells, particularly in disease. The origin of TDFs can be from resident fibroblasts, as well as infiltrat-
ing cells, including epithelial, endothelial, and bone marrow-derived mesenchymal stem cells?” and fibrocytes'
28 They can exist in differing states of activation and functional potential?*-*!. It is therefore highly likely that
primary cultures of TDFs contain differing proportions of fibroblast subpopulations. The heterogeneity of their
DNA methylation profiles most likely reflects the heterogeneity of their origins and functions in cancer.

Expression of a-SMA is commonly used as a marker for TDFs, and is associated with poor prognosis in a
range of cancers, including OAC!*3!, oesophageal squamous cell carcinoma®, colorectal®, breast*?, and head and
neck cancers®. In humans, the a-SMA protein is encoded by the ACTA2 gene, and transcript variant 2 varies
from 1 and 3 by an alternate TSS, with the entire first exon of each variant being a 5’UTR. We observed the novel
finding that DNA methylation about the TSS of variant 2 inversely correlated with a-SMA protein expression.
This raises the possibility that methylation of this region may be of functional significance in repressing c-SMA
expression in oesophageal fibroblasts. In rat lung fibroblasts, myofibroblasts, and alveolar epithelial type cells,
methylation of the ACTA2 promoter inversely correlated with expression®. In addition, inhibition of DNMT
activity led to significant induction of a-SMA expression, while ectopic expression of DNMTs suppressed its
expression, suggesting that DNA methylation plays a key role in the regulation of a-SMA gene expression during
myofibroblast differentiation®. Further experiments confirming the functional significance of the observed meth-
ylation are warranted, considering the prognostic significance of «-SMA expression.

It is possible that neoadjuvant chemotherapy might have altered the DNA methylation profiles in either of the
normal or cancer associated fibroblasts. To the best of our knowledge, there are no studies that demonstrate this
in fibroblasts, although several reports suggest that this may occur in cancer cells*® ¥. Future studies to compare
the DNA methylation of fibroblasts before and after chemotherapy would require the harvesting of sufficient
fibroblasts from the small amount of tissue obtainable by biopsy.

In conclusion, we compared the genome-wide DNA methylation profiles of 10 TDFs from oesophageal ade-
nocarcinoma tumour tissues with 12 NDFs from macroscopically normal oesophageal mucosa using Infinium
HumanMethylation450 Beadchips. The genome-wide DNA methylation profile of TDFs differed significantly
from that of NDFs. The focal distribution of the DMCs about the transcription start sites and within CpG islands
and transcriptional enhancers may, by the regulation of gene expression, contribute to the establishment and
maintenance of the TDF phenotype in vitro and in vivo.

Methods
Research Ethics.  All methods were carried out in accordance with relevant guidelines and regulations.

All experimental protocols were approved by the Southampton and South West Hampshire Research Ethics
Committee (09/H0504/66). Informed consent was obtained from all subjects.

Primary human oesophageal fibroblasts. Primary human oesophageal fibroblast lines were established
as described previously®. Briefly, macroscopically normal squamous mucosa and tumour tissues were sampled
from resection specimens and transported in HanKk’s balanced salt solution (Invitrogen, Carlsbad, CA, USA).
Tissues were washed twice in Dulbecco’s phosphate buffered saline (DPBS; Invitrogen), placed in fresh DPBS
supplemented with 250 ng/ml amphotericin B (Invitrogen), and diced into 2 mm? pieces. Single fragments of
tissue were then placed into individual wells of six-well plates, and cultured at 37 °C in a humidified atmosphere
with 10% CO,. The fibroblast culture medium was composed of Dulbeccos modified Eagle’s medium (Invitrogen)
supplemented with 10% (v/v) fetal bovine serum (Autogen Bioclear UK Ltd, Wiltshire, UK or Sigma-Aldrich,
St Louis, MO, USA), 100 units/ml penicillin, 100 pg/ml streptomycin, 250 ng/ml amphotericin B and 292 ug/ml
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Figure 2. DNA methylation and expression of a-SMA (ACTA2). (a) The relative location of ACTA2 splice
variants, individual 3-values for all NDFs (blue circles) and TDFs (pink circles), and CpG islands. The lines

for the B-values represent the average 3-value for the NDF and TDF groups. (b) The 3-values for all individual
NDF and TDF samples for the probes cg03221266 and cg10894512 located at positions —152bp or +102bp
respectively of the TSS of ACTA2 variant 2. *Benjamini-Hochberg adjusted p=8.55 x 10, **Benjamini-
Hochberg adjusted p=2.46 x 107". (c) Western immunoblot for a-SMA and the loading control HSC-70 for
the three available patient matched pairs of NDFs (N.251, N.217 and N.108) and TDFs (T.251, T.217 and T.108).
(d) Quantification of a-SMA protein expression for the three patient matched pairs. (e) Correlation between
a-SMA protein expression and 3-values for the probes about ACTA2 TSS of the splice variants for the three
patient matched pairs.
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L-glutamine (Invitrogen). The primary fibroblasts were expanded by subculturing in fibroblast medium, on tissue
culture treated plastic, at 37 °C in a humidified atmosphere with 5% CO,. The phenotype of ex-vivo fibroblasts
was confirmed as vimentin-positive, cytokeratin-negative, CD31-negative and desmin-negative, as described
previously®®.

Genome-wide DNA methylation profiling. Genomic DNA was isolated from the primary fibroblasts at
the earliest subculture that sufficient cells were available. The DNA was isolated using either the DNeasy Blood
and Tissue Kit (Qiagen, Hilden, Germany) or Trizol (Invitrogen), and concentrated, if required, using the phenol
chloroform ethanol precipitation method. The DNA (500-2000 ng) was bisulphite modified with the EZ DNA
Methylation-Gold Kit (Zymo Research, Irvine, CA, USA), as described previously**’. The bisulphite-modified
DNA was hybridized onto Infinium HumanMethylation450 BeadChips following the Illumina Infinijum HD
Methylation protocol, and scanned using an Illumina HiScan SQ scanner (Illumina, San Diego, CA, USA), as
described previously*'.

Raw fluorescence intensity values were normalised using the GenomeStudio Methylation Module (v1.8.5;
Ilumina), with background subtraction and normalisation to internal controls. Normalised intensities were used
to calculate 3-values. The 3-value represents the percentage of the cytosines at that locus which were methylated,
and ranges from 0 (no methylation) to 1 (complete methylation). The average 3-value at each locus was calculated
for the NDF and TDF groups.

Probes were excluded from the analysis if they did not target a cytosine within a CpG, or if they were known
to align to a single nucleotide polymorphism (SNP) or to multiple locations*, or if its target cytosine was two
or fewer nucleotides from a known SNP for which the SNP had a minor allele frequency above 0.05%, or if the
detection p value, which defines the chance that the target signal was not distinguishable from background, was
greater than 0.01 in any sample, or if the bead count was less than three. Probes on the X and Y chromosomes
were also excluded.

Differentially methylated CpGs (DMCs) between the TDF and NDF groups were determined using the
Ilumina Custom Model in the GenomeStudio Methylation Module with false discovery rate (FDR) adjustment.
The software calculates a p value for the significance of the difference in 3-values between the groups for each
locus, corrected for multiple testing using the Benjamini-Hochberg FDR adjustment. A CpG was considered
to be differentially methylated if p < 0.01 and the absolute difference in the average (3-values of each group was
>0.15. A DMC was defined to be hypermethylated if the average 3-value for the TDFs was greater than the
NDFs, and hypomethylated if the average 3-value for the TDFs was less than the NDFs. The allocation of DMCs
into gene regions, CpG islands, and enhancer regions was determined from the Illumina GenomeStudio probe
annotation®’,

Gene ontology enrichment analysis of differentially methylated CpGs. The DMCs were aligned
to the TSS of the nearest transcript using the FDb. Infinium Methylation. hg 19 annotation package (v2.2.0) in
R (v3.3.0). Transcripts with one or more DMCs located within 1,500 bases up- or down-stream of its TSS were
selected. The transcripts were converted to Entrez Gene IDs, and gene ontology enrichment analysis on all, hypo-
methylated, and hypermethylated DMC was performed using the clusterProfiler R package (v2.4.3)*.

Western immunoblot for alpha-smooth muscle actin (a-SMA).  Measurement of specific protein
expression by western immunoblots was performed as previously described'’. Briefly, adherent fibroblasts were
washed with DPBS, detached by trypsin digestion and pelleted by centrifugation. Pelleted cells were lysed with
50 pul RIPA buffer (0.75 M NaCl, 5% NP40, 2.5% deoxycholic acid, 0.5% SDS, 0.25M Tris, pH 8.0) for 15 minutes
at4°C, and clarified by centrifugation at 8000 x g for 5min. Protein was quantified by Bradford protein assay, and
20 pg was resolved using sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to Hybond-ECL
membranes (GE Healthcare Life Sciences, Buckinghamshire, UK). Membranes were immunostained using
mouse monoclonal anti-a-SMA (M085129-2, Dako) and mouse monoclonal anti-HSC-70 (sc-7298, Santa Cruz,
USA). Immunoreactivity was detected using horseradish peroxidase-labelled secondary antibody, and visualised
with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific Pierce, Waltham, MA, USA) using
a ChemiDoc-It Imager (UVP, Upland, CA, USA). The intensity of the a-SMA and the HSC-70 bands were deter-
mined using Image] (v1.47). The a-SMA expression was calculated as the ratio of the intensity of a-SMA divided
by the intensity of HSC-70.

Statistical analysis. Pairwise multidimensional scaling was conducted using the LIMMA R package
(v3.18.5). The equality of the fibroblast group variances was compared using the median centred Levene test
in the car R package (v2.1-2). The proportion of DMCs in gene regions, CpG islands, or enhancer regions and
the proportion of hypomethylated and hypermethylated DMC in each of these regions was analysed with the
Chi-squared test with Yates correction, using Prism 6.0 h for Macintosh (GraphPad Software, San Diego, CA,
USA). A two-tailed p < 0.05 was considered statistically significant.
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ABSTRACT

Androgen receptor (AR) signaling in stromal cells is important in prostate
cancer, yet the mechanisms underpinning stromal AR contribution to disease
development and progression remain unclear. Using patient-matched benign and
malignant prostate samples, we show a significant association between low AR levels
in cancer associated stroma and increased prostate cancer-related death at one,
three and five years post-diganosis, and in tissue recombination models with primary
prostate cancer cells that low stromal AR decreases castration-induced apoptosis.
AR-regulation was found to be different in primary human fibroblasts isolated from
adjacent to cancerous and non-cancerous prostate epithelia, and to represent altered
activation of myofibroblast pathways involved in cell cycle, adhesion, migration, and
the extracellular matrix (ECM). Without AR signaling, the fibroblast-derived ECM
loses the capacity to promote attachment of both myofibroblasts and cancer cells,
is less able to prevent cell-matrix disruption, and is less likely to impede cancer cell
invasion. AR signaling in prostate cancer stroma appears therefore to alter patient
outcome by maintaining an ECM microenvironment inhibitory to cancer cell invasion.
This paper provides comprehensive insight into AR signaling in the non-epithelial
prostate microenvironment, and a resource from which the prognostic and therapeutic
implications of stromal AR levels can be further explored.

www.impactjournals.com/oncotarget 16135 Oncotarget



INTRODUCTION

Prostate cancer causes more than 28,000 deaths
each year in the United States [1]. Critically, 10-33%
of clinically localized cancers treated by surgery will
eventually progress, indicative of undetected pre-
existing metastatic disease [2, 3]. Although epithelial
differentiation scored by Gleason pathology at diagnosis
aids in prognosis and management, it is imprecise in
prediction of sub-clinical metastases or low grade tumors
at risk of rapid progression. Recent studies of various solid
tumors suggest that the stromal microenvironment may
yield additional diagnostic information and novel avenues
for therapeutic intervention [4-7].

Prostate development and homeostasis requires
bidirectional signaling between epithelial cells and stromal
constituents, including fibroblast and smooth muscle
cells, vasculature, soluble factors and extracellular matrix
(ECM) proteins. This signaling is disrupted in cancer
[8-10], where the stroma becomes disorganized, normal
non-malignant prostatic fibroblasts (NPFs) are replaced
by activated cancer-associated fibroblasts (CAFs), and
the composition of the ECM is altered [11-14]. Compared
to NPFs, CAFs exhibit increased proliferation and
migratory behavior [15], induce malignancy in non-
tumorigenic prostate epithelial cells [16-18], and provoke
tumor progression via secretion of signaling factors [19-
22]. Moreover, genomic-level studies have identified
prognostic CAF-specific gene signatures in digestive,
non-small cell lung, breast and prostate cancers [4, 23-25].

In the adult prostate, activation of epithelial
androgen receptor (AR) by testosterone (T) and
Sa-dihydrotestosterone (DHT) is necessary for cell
survival and regulation of seminal fluid proteins including
prostate specific antigen (PSA) [26], which is used
clinically for tumour detection and monitoring. Although
targeting androgens through ablation is therefore an
effective initial treatment strategy for advanced cancer,
most reoccur by refractory reactivation of epithelial AR
[27-29]. In prostate development however, it is the stromal
AR that is necessary for establishment of normal prostatic
architecture, and for epithelial differentiation and function
[30]. Decreased stromal AR expression in cancer has been
associated with tumor resistance to androgen deprivation
[31], and with relapse and progression following radical
prostatectomy [25, 32, 33]. Currently however, we do not
know how decreased stromal AR contributes to prostate
cancer progression, or indeed how androgen action differs
between prostate stromal and epithelial cells.

In this study, we compared AR levels in epithelial
and stromal compartments of patient-matched benign
and malignant prostate tissue, and demonstrate an
association between low stromal AR levels and death
from prostate cancer at one, three and five years post
diagnosis. This is the first time that stromal AR changes
have been shown to be specific to the immediate cancer

microenvironment and not due to differences between
patients, and are related to adjacent malignant but not
benign regions of the same prostate. We further show that
androgen signaling in human prostatic myofibroblasts
induces a microenvironment inhibitory to the movement
and invasion of tumor cells, primarily by altering ECM
composition. This protective AR-mediated phenotype in
prostate cancer-associated stroma has implications for
understanding the early stages of cancer progression,
and for the use of androgen withdrawal in the absence of
surgical management.

RESULTS

Association of AR levels in epithelium and stroma
of benign and malignant prostate tissue with
clinical parameters

The relationship between prostate cancer outcome
and AR levels in stroma and epithelium was investigated
by AR immunohistochemistry on 64 patient-matched
BPH and prostate cancer samples in patients of median
age 87 years (Fig. 1A). Similar to a previous report [33],
the median intensity of AR staining was lower in stroma
than in epithelia (Fig 1A, B). Median AR levels were
similar in malignant and benign epithelia, but were lower
in cancer-associated compared to benign stroma (p=4.1
x 10%, Fig. 1B, Table 1A). Consistent with established
clinical associations, patients with higher Gleason score
had a greater extent of disease, higher serum PSA levels,
and were more likely to have died from their disease at
censure. Additionally, a positive association between
serum PSA levels was observed for AR content in cancer
epithelia (p=0.004), but not with the other AR measures
(Supplementary Fig. S1A-D). Higher Gleason score
was associated with a higher median AR level in cancer
epithelia (p<0.05) and lower AR in cancer-associated
stroma (p<0.05; Fig.1C, Table 1A). Previous studies
have reported an association between low stromal AR
levels and biochemical recurrence [25, 32-34]. Here we
assessed stromal and epithelial AR levels in paired BPH
and cancer samples from the same patients, allowing
discrimination of changes specific to cancer stroma from
those related to an individual patient or prostate. Critically,
we observed that low AR levels in cancer stroma, but
not BPH stroma, were associated with prostate cancer
related death (p=0.02; Table 1A) at censure, which was
a minimum five years post initial diagnosis. The level of
AR in cancer or BPH epithelia was not associated with
outcome. We next dichotomized the cohort by median
AR level in cancer epithelia or cancer stroma. High
epithelial AR levels was associated with the extent of
disease, Gleason score and serum PSA (p<0.05), but not
with outcome (Table 1B). Conversely, low AR in cancer
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Table 1: AR levels in epithelia and stroma of prostate cancer and patient-matched benign regions.

Gleson <=7 Gleason >7 PCa Death | #
A. all (n=64)° (n=24)A’ (n=39) p value® NO=(n=38) % YES (n=26) p value
age 87 (60-100) 86 (67-97) 88 (60-100) ns 86 (67-98) 88 (60-100) ns
% Prostate cancer 50 (10-100) 22 (10-88) 80 (10-100) <0.0001 30 (10-100) 78 (12-99) 0.0051
Gleason score 8 (4-10) 7 (4-10) 9(7-10) 0.0002
PSA (ng/ml) 16.5 (0.5-8300) 6 (0.5-174) 26 (1-8300) 0.0011 14.3 (0.5-174) 18.4 (0.9-8300) ns
PCa death 26 3 23 0.0001%
PCa-epithelia ° 6.50 (0.67-8.83) 5.57 (3.43-7.57) 6.36 (0.67-8.83) 0.0179 6.50 (3.42-8.14) 6.36 (0.67-8.83) ns
PCa-stroma 'g 2.10 (0-5.15) 2.67 (0-4.86) 1.71(0.07-5.13)  0.0262 2.21 (0-4.86) 1.33(0.21-5.15) 0.028
BPH-epithelia | » | 5.89(3.17-8.14) [ 6.33(3.75-8.14) 5.86(3.17-74)  ns 6.30 (3.17-8.14)  5.86 (3.75-7.40) ns
BPH-stroma < | 414(0.71-6.00) | 4.75 (2.27-6) 3.77 (0.71-5.57) _ 0.0155 4.00(0.71-6.00) 4.5 (1.07-5.57) ns
B. AR Low PCa-Ep* AR High PCa-Ep AR Low PCa-St * AR High PCa-St
all (n=64)@ (n=28) (n=29) (n=29) (n=28)
5.43 (0.67-6.36) 7.00 (6.50-8.83)  p value” 1.23 (0.00-2.10) 3.28 (2.14-5.15) p value”
age 87 (60-100) 88 (71-100) 84 (60-94) 0.0115 88 (71-100) 85 (60-95) ns
% Prostate cancer 50 (10-100) 25(10-100) 80 (10-100) 0.0021 80 (12-100) 33 (10-99) 0.046
Gleason score 8 (4-10) 7 (4-10) 9 (6-10) 0.0139 9 (5-10) 7 (4-10) ns
PSA (ng/ml) 16.5 (0.5-8300) | 8 (0.5-174) 25 (2-8300) 0.0161 17 (1-2617) 16 (1-8300) ns
PCa death 24 13 11 ns* 16 8 0.0245%
PCa-epithelia o | 6.50(0.67-8.83) 6.50 (0.67-8.83) 6.36 (3.34-7.69) ns
PCa-stroma 9 | 2.10(0-5.15) 2.07 (0-5.15) 2.10(0.07-4.86)  ns
BPH-epithelia (: 5.89 (3.17-8.14) 5.86 (3.75-8.00) 6.15(3.75-8.14) ns 5.89 (3.75-7.43) 5.86 (3.86-8.14) ns
BPH-stroma < 4.14 (0.71-6.00) 4.50-1.50-6.00) 3.42 (0.71-5.79) ns 4.17 (0.71-6.00) 4.00 (1.17-5.71) ns
1-yr survival rate 88% 65%
PCa specific survival  3-yr survival rate 68% 45%
5-yr survival rate 56% 30%

@ Data for age, percent cancer in sample (% prostate cancer), Gleason score, PSA and AR staining score are presented as median (range),

N and for prostate cancer related death as absolute numbers

*  Samples dichotomized about the median AR score
Two-tailed Mann-Whitney U test unless otherwise indicated
Barnard's Exact test

stroma was associated with more extensive disease, and
a greater risk of prostate cancer-related death (p<0.05,
Table 1B). At the time of censure, the median prostate
cancer specific survival for patients with low stromal AR
was 622 days, which was significantly less than patients
with high stromal AR expression at 2528 days (p=0.013).
Finally, we observed lower 1, 3, and 5 year prostate cancer
specific survival in patients with low stromal AR (30% at
5 years) compared to high stromal AR (56% at 5 years;
Table 1B). Despite AR in epithelial cells being more
related to clinical parameters of histologically aggressive
disease, our data suggest the intriguing possibility that
AR in fibroblasts plays a more critical role in protecting
against prostate cancer progression. Moreover, AR level
in BPH stroma from the same patients was not associated
with progression, supporting the existence of pathological
cancer associated stroma in prostate cancer.

Gleason score and Prostate cancer (PCa) death status available at censure for 63/64 patients

Myofibroblast AR expression modulates patient
cancer cell response to castration in a tissue
recombination model

To investigate the role of stromal AR in cancer, we
utilized in vivo tissue recombination [35]. Human prostate
cancer tissues obtained from four patients with moderate
(Gleason 7) tumors were combined as heterotypic
recombinants with AR positive human prostate PShTert-
AR myofibroblasts or AR negative PShTert-ctrl and sub-
renally grafted into immunodeficient NOD-SCID mice.
Human cancer cells combined with both PShTert-AR and
PShTert-controls formed phenotypically similar ductal
structures that stained positive for the human-specific
epithelial marker p63/CK8.18 (Fig. 2A). The survival
of cancer foci, detected as p63/CKS8.18", was similar
in grafts from the four patients with PShTert-AR (65%,
11/17) and PShTert-ctrl (56%, 13/23) lines. As expected,
a significantly lower proportion of stroma in the grafts
containing PShTert-ctrl myofibroblasts expressed AR
(p<0.01; Supplementary Fig. 1E), with residual stromal
AR expression arising from mouse-derived stroma.
Castration resulted in significantly reduced tumor cell
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proliferation in both PShTert-AR (p<0.01; Fig. 2B) and
PShTert-ctrl myofibroblast (p<0.001; Fig. 2B) grafts, a
reduction in cancer p63/CKS8.18" foci (Fig. 2C), and a
higher percentage of apoptotic cancer cells (caspase-3
positive; p<0.001; Fig. 2D). More importantly, there
was significantly less cancer cell apoptosis in grafts with
PShTert-ctrl cells in comparison to grafts with PShTert-
AR cells (p<0.05; Fig. 2D). This latter result suggests that
low stromal AR reduces apoptosis of primary cancer cells
in response to androgen deprivation in vivo.

Transcription activity, gene regulation, chromatin
targeting and proliferation of prostate epithelial
and myofibroblast cells diverge in response to
androgens

We next sought to define the molecular actions of
AR in PShTert-AR myofibroblasts, and to contrast those

from androgen responses of prostate cancer epithelial
C4-2B cells. These lines have a comparable levels of
AR protein (Fig. 3A), and both have a functional AR
signaling pathway as demonstrated by increased FKBP5
protein levels and probasin reporter (PB3) transactivation
in response to DHT (Fig. 3A, Supplementary Fig. S2A).
These responses are AR specific, and could be blocked
by the AR antagonist, BIC (Fig. 3A, Supplementary Fig.
S2A). Transcriptional reporter assays suggest however,
that the DHT response of AR is 10-fold less sensitive in
myofibroblasts than in epithelia (Supplementary Fig. S2B),
and is not due to technical limitations such as reporter level
(Supplementary Fig. S2C). Furthermore, only classical
androgen agonists (DHT and T) and medroxyprogesterone
acetate (MPA) could produce a transcriptional response
in PShTert-AR cells (Supplementary Fig. S2D), compared
with the expected broader ligand responses in C4-2B
cells (Supplementary Fig. S2E). Nevertheless, the ability
of the AR to stimulate a panel of AR-targeted reporters

AR staining score

BPH-Ep
Ca-Ep 1

BPH-St 1
Ca-St o k-

Mean AR staining score (O, A.)

O CaEp
8| A Ca-St
p<0.01
6_ O/O/O—O/O\¢
4_
2_
p<0.05
0_
L © ~ ® o o
2 e

Gleason score

Figure 1: The expression of stromal AR is related to clinical parameters and outcomes of prostate cancer. A-C. Patient-
matched duplicate cores of BPH and cancer were immunostained with anti-AR antibody. Samples were scored by two independent
researchers, using a scale of high (3), moderate (2), low (1) intensity or absent (0) immunostaining in the epithelia and stroma and averaged
between the duplicate samples and scorers. B. Scores were evaluated in relation to disease state for stroma (St) and epithelia (Ep) and
compared using the Wilcoxon Rank-Sum test C. Mean AR score + SEM for both the cancer stroma (Ca-St) and epithelia (Ca-Ep) was

calculated for each Gleason grade.
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was consistent between PShTert-AR and C4-2B cells
(Supplementary Fig. S2F).

In order to more precisely define the transcriptional
role for AR in PShTert-AR cells, we performed expression
microarray analysis, identifying 2615 DHT regulated
genes in PShTert-AR myofibroblasts and 1000 in C4-2B
epithelial cells (>0.5 log2 fold change). Importantly, only
254 of those regulated genes were common between the
two cell lines, and half of those (127/254) were regulated
in the opposite direction (Fig. 3B). RT-qPCR analysis of an
independent sample set confirmed the uniquely regulated
(Fig 3C-D) and similarly regulated (Fig. 3E) responses
to DHT in each cell line. The AR-specific nature of
myofibroblast responses was confirmed by their absence in
PShTert-ctrl cells (Supplementary Fig. S3). ChIP analysis
of well-characterized androgen target genes suggests
that divergent AR occupancy of promoters/enhancers is

A

Intact Intact

responsible for the cell-specific regulation by DHT (Fig.
3F-H), consistent with a contemporary understanding of
AR chromatin targeting [36]. We next applied pathway
analysis to the top 1000 regulated genes in each cell line,
which in PShTert-AR cells comprised 390 upregulated
and 610 downregulated genes, and in C4-2B cells 648
upregulated and 352 downregulated genes. DHT-treated
myofibroblasts were enriched in adhesion and ECM
organization, but depleted in cell cycle and migration
(Supplementary Table 2). In contrast, DHT in C4-2B
cells drives processes of lipid and fatty acid synthesis and
migration, and depletion of apoptosis (Supplementary
Table 2). Importantly, a considerable number of pathways
were regulated in opposite directions by DHT in epithelial
and myofibroblast cells, despite limited commonality
in regulated genes (Fig. 3B; Supplementary Table 2).
Consistent with the divergent gene responses, DHT

20 *%
—
*%k%k
< 15 [ —
anti-P63/CKB.18 g
g
i 10
:EJ-
5 -
anti-AR |- ’_T_|
i = I T
PShTertPShTert PShTertPShTert
pes AR AR ctrl ctrl
PSh'I; " ;AR r—— intact 3 day CX intact 3 day CX
ert- ert-ctr
C 3 day CX 3 day CX ‘ D 204 —
=3 *
@ 15
anti-P63/CK8.18 §
&
S
= 107 *kk
z
& 5-
ti-AR |
anti- |
> ol =m | . |
PShTertPShTert PShTertPShTert

PShTert-AR

PShTert-ctrl

AR AR ctrl  ctrl
intact 3 day CX intact 3 day CX

Figure 2: Loss of myofibroblast AR protects cancerous prostatic epithelia from castration induced apoptosis. Tissue
recombination of patient prostate cancer tissues co-grafted with either PShTert-AR or PShTert-ctrl myofibroblasts into immune-deficient
host mice. After 8 weeks, host mice were castrated for a further three days. A. Human tissue was identified by dual immunostaining of
basal cell marker p63 (brown stain) and epithelial marker CK8/18 (pink stain); cancer foci were p63-CK8/18" highlighted by white outline.
AR levels were assessed in samples immunostained with anti-AR antibody. B. Epithelial proliferation was determined by the percentage of
cells immunostained for anti-Ki-67. C. Human cancer tissue grafts from castrated mice was assessed for CK8/18, p63 and AR as described
in (A). D. Epithelial cell death was measured through cleaved caspase-3 immunostaining and percent positive cells counted (*, p<0.05, **,

p<0.01, #**, p<0.001, Student’s T-test).
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stimulated C4-2B cells to proliferate as previously
reported [37] (p<0.05; Fig. 4A), but inhibited PShTert-AR
growth in a dose-dependent manner (p<0.001, Fig. 4B).
Cell death did not vary significantly between treatments in
C4-2Bs over the 6 day period, but was significantly altered
by all doses of DHT in PShTert-AR cells at days 3 and 4
(p<0.05; 5-20% of viable cells; Supplementary Fig. S4).
Importantly, BIC reversed these effects, confirming AR
mediation of the divergent growth responses (Fig. 4A, B;
right panels).

One mediator of the anti-proliferative effect of
androgen in myofibroblasts may be the fibroblast-specific
androgen regulated F-box protein 32 (FBX0O32) gene
product. FBXO32 is a member of the family of DNA-
licensing proteins that regulates progression from G1
phase by inhibiting cyclin D1 [38]. To determine whether
FBXO032 could regulate proliferation in AR expressing
myofibroblasts, we used siRNA knockdown (Fig. 4C).

FBXO32 depletion partially reversed the inhibitory effect
of DHT on myofibroblast cell growth over the course of
a five day period (p<0.05; Fig. 4D). Together, the above
results demonstrate that AR in epithelial and myofibroblast
lineages plays distinct roles, one of which is to direct
divergent proliferative responses to DHT.

AR action in myofibroblasts promotes epithelial
cancer proliferation

We next considered whether AR activity in
myofibroblasts could affect epithelial growth. Conditioned
media was collected from PShTert-AR and PShTert-ctrl
myofibroblasts treated with or without DHT. Compared
to vehicle, media from DHT treated AR positive
myofibroblasts increased C4-2B and PC-3 proliferation
by 1.64 and 2.72 fold respectively (p<0.05, Fig. 4E, F).
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Figure 3: Cell specificity of AR action may be mediated by interactions of AR with DNA. A. Lysates from C4-2B and
PShTert-AR cells treated with or without 10 nM DHT and 10 uM bicalutamide (BIC) were probed for AR and FKBP5. B. Affymetrix 1.0st
Gene Array of 10 nM DHT or vehicle control (V.C.) treated PShTert-AR or C4-2B cells, presented as a Venn-diagram of genes with >0.5
log, fold change in expression between treatments. C-E. Microarray was validated via RT-qPCR of independent samples produced under
the same conditions. Data is represented as mean + SEM of triplicate biological replicates (V.C. vs DHT * p<0.05, ** p<0.01, ***p<0.001
Student’s T-test). F-H. Chromatin immunoprecipitation (ChIP) was performed on C4-2B and PShTert-AR cells treated with 10 nM DHT
or vehicle, and immunoprecipitated with anti-AR N20 or nonspecific IgG antibody. ChIP samples were quantified by RT-qPCR and mean
percent input for each binding region in the proximity of (F) FBX032, (G) PSA and (H) FKBP5 was normalized to a non-specific binding

region.
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Figure 4: C4-2B and PShTert-AR cells have different proliferative responses to DHT. A-B. Proliferative response of C4-2B
and PShTert-AR cells to 10 nM DHT was measured daily via Trypan blue exclusion assays. C,D. The androgen mediated gene and DNA-
licensing factor, FBX032, was silenced via siRNA (C) and the effect on PShTert-AR growth in response to 10 nM DHT was measured via
Trypan blue exclusion assay (D). E,F. The effect of conditioned media from PShTert-AR and PShTert-ctrl on C4-2B and PC-3 cells was
measured as in A. Data represents the mean number of viable cells in triplicate wells + SEM. G,H. The presence of DHT in the conditioned
media was assessed via transactivation assays performed on C4-2B (G) and PShTert-AR (H) cells. Data presented as mean relative light
units (RLU) + SEM of six independently transfected wells.

www.impactjournals.com/oncotarget 16141 Oncotarget



Media from DHT treated AR negative myofibroblasts
did not alter the proliferative response of either epithelial
line. The addition of DHT to vehicle conditioned media
from PShTert-AR cells enhanced proliferation of C4-
2B but not AR negative PC-3 cells, an effect reversed
by co-treatment with BIC (Fig. 4E, F). In contrast, DHT
supplementation had no effect on the higher proliferation
seen with DHT stimulated myofibroblast conditioned
media (Fig. 4E, F). Residual DHT from the conditioning
process was not responsible for these effects, as high-
sensitivity transcriptional reporter assays did not reveal
any androgen activity in conditioned media (Fig. 4G, H).

It appears likely from these studies that DHT stimulation
of AR positive myofibroblasts produces secreted, soluble
factors that are pro-proliferative to epithelial cells.

AR action in prostate myofibroblast cells controls
adherence of myofibroblast cells

As pathways involving adhesion were highly
enriched in DHT treated myofibroblasts, we next assessed
whether this translated to altered attachment. Treatment
with DHT had no effect on trypsinization of C4-2B cells
or PShTert-ctrl cells, but increased retention of PShTert-
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Figure 5: DHT has pro-adherent effects on fast and long term adherence of myofibroblast cells. A-C. The quantity of C4-
2B, PShTert-ctrl, and PShTert-AR cells, treated with 10 nM DHT or equivalent vehicle (V.C.), remaining after trypsinization over 15 min
was measured using crystal violet staining. Presented as mean = SEM of six technical replicates, and representative of three independent
experiments. D,E. Adherence was measured by manually counting the number of 10 nM DHT, V.C. or 10 uM bicalutamide (BIC) treated
C4-2B, PShTert-ctrl, and PShTert-AR cells adhering after 30 min. Data is presented as mean + SEM of four samples and is representative of
three independent experiments. (* p<0.05 V.C. vs DHT, # p<0.05 DHT vs DHT+BIC Student’s T-test). F,G. PShTert-AR cells transfected
with siRNA against Hic-5 or scrambled control were assayed for adherence as described in D but measured over a 2 h period. Data is
presented as mean += SEM of four replicates and representative of three independent experiments. H-I. Hic-5 contribution to androgen-
mediated attachment was assayed as described in A-C. For all time course adherence data, significance (p<0.05) was determined by one-

way ANOVA.
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AR cells by 25.1 + 3.6% to 44.7 = 1.8% (p<0.0001, Fig.
5A-C). This response was DHT dose dependent and
reversible by BIC (p<0.05; Supplementary Fig. S5),
thus demonstrating AR involvement. Furthermore, DHT
treatment significantly increased attachment of PShTert-
AR cells by 33-44% at 30 min in a dose-dependent
manner, suggestive of an additional non-genomic effect
(p<0.05, Fig. 5D, E). This response was measurable for
4 h and could be reversed by BIC (Fig. 5D), but did not
occur with either C4-2B or PShTert-ctrl cells.

We recently reported that hydrogen peroxide-
inducible gene 5 (Hic-5/TGFBI1I1), a predominantly
fibroblast-specific AR coregulator and a component of the
focal adhesion (FA) complex, plays an important role in
AR-mediated activity in myofibroblasts [39-41]. To assess
whether Hic-5 might be involved in DHT/AR-mediated
adherence, we utilized siRNA knockdown in PShTert-
AR cells (Supplementary Fig. S6). Compared to negative
siRNA control, depletion of Hic-5 abolished the effect of
DHT on myofibroblast adherence (Fig. 5F, G). Similarly,
Hic-5 knockdown eliminated the positive effect of DHT
pretreatment on myofibroblast attachment (Fig. 5 H, I).
AR however retained the capacity to regulate FKBPS
expression when Hic-5 was depleted, implying that
decreased adherence was not due to absolute loss of AR
activity (Supplementary Fig. S6). Together, these results
suggest an active role for AR in myofibroblast attachment,
mediated via cellular interactions with a known AR
coregulator.

AR action in prostate myofibroblasts alters the
ECM to increase cancer cell attachment and
decrease cancer cell migration and invasion

As we had observed increased attachment and
altered expression of ECM components with DHT
treatment in the myofibroblast cells (Supplementary
Table 2), we next measured adherence of epithelial cells
to the myofibroblast-deposited matrix. PC-3 attachment
to matrix generated by DHT treated PShTert-AR cells
was increased 31 £+ 12% over matrix from vehicle treated
cells, and could be inhibited by BIC (p<0.05, Fig. 6A).
In contrast, PC-3 adhesion to matrix from PShTert-ctrl
cells was unaffected by ligand (Fig. 6A). Similarly, PC-3
migration over ECM generated by DHT treated PShTert-
AR cells was significantly less than migration over ECM
produced under vehicle control treatment after 7 (22+3%
vs 30£3.5%) and 11 (1£1.3% vs 7£2.4%) hours (p<0.05,
Fig 6B, Supplementary Fig. S7). As previously reported,
cancer cell migration was significantly faster over ECM
than cancer cell migration over plastic alone [42]. We next
assessed the adherence of cancer cells to a myofibroblast
conditioned 3D-ECM as previously described [43].
Consistent with the above results, a significant increase
in C4-2B attachment (Fig. 6C) and proliferation (Fig.

6D) was only observed in gelatin conditioned by DHT-
treated PShTert-AR cells, but not with gelatin conditioned
by vehicle-treated PShTert-AR cells, or with vehicle- or
DHT-treated PShTert-ctrl line (Fig. 6C, D). We also
identified a significant decrease in invasion of the cancer
cells through DHT-treated PShTert-AR gelatin matrix
in comparison to matrix conditioned by vehicle treated
PShTert-AR or DHT-treated PShTert-ctrl cells (Fig. 6E).

Candidate RT-qPCR analysis confirmed DHT
upregulation of ECM proteins with adhesive properties
(i.e. COLIAL, COL341, COL4A46, and FBNI), and
inhibition of ECM degrading enzymes (i.e. MMP1; Fig.
6F). Using ELISA, dose dependent DHT regulation
of Collagen 1 protein was confirmed (p<0.05; Fig.
6G). Significantly, in a set of human patient cancer-
adjacent, BPH, and normal fibroblasts (CAF, BAF, and
NPF respectively) we observed increased expression of
FBXO032 and COL4A46 genes when treated with DHT in
CAFs and BAFs only (p<0.05, Fig. 6H), and a marked
decrease in expression of MMP1 expression in all three
cell types (p<0.05, Fig. 6I). Collectively, the above results
suggest that stromal/fibroblast AR may act to alter the
composition of the ECM, resulting in a pro-adhesive, anti-
migratory matrix.

DISCUSSION

Extensive analyses of cancerous epithelia have
failed to significantly improve prediction of pre-existing
prostate metastases or subsequent progression [44].
However, it has been known for over a decade that the
level of stromal AR is inversely related to Gleason
score, response to therapy, metastasis and subsequent
biochemical relapse [25, 31-34]. This is the first study
to associate decreased stromal AR levels with increased
prostate cancer-related death, even in the context of
older patients with significant disease burden at the time
of diagnosis and initial management. Importantly, this
now establishes that there is no maximum age at which
stromal AR content cannot provide additional prognostic
information. Conversely, since Gleason score in our cohort
was found to be related to traditional tumor characteristics
of poor prognosis, such as serum PSA, cancer-related
death and epithelial AR content, the stromal AR results are
likely reflective of what also happens in younger patients.
In addition to confirming a protective role for stromal AR
against prostate cancer progression, our data suggest that
analysis of stromal AR levels and/or function may provide
useful information regarding tumor aggressiveness and/or
early metastasis, and could guide clinical decision making
in younger and older men alike. This is particularly
important in the latter group where there is a pervasive
belief that older men are more likely to die with prostate
cancer than from it.

Metastasis of solid tumors is accomplished by
either proteolytic migration, involving secretion of ECM
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Figure 6: AR in cancer associated fibroblasts and model of AR action in prostate stroma. A. PC-3 attachment to ECM
deposited by PShTert-ctrl and PShTert-AR cells treated with or without 10 nM DHT + 10 pM BIC was measured as described in Fig. 5D.
Data presented as mean adherence per mm? of four wells £ SEM. (* p<0.05 vehicle control (V.C.) vs DHT, # p<0.05 DHT vs DHT+BIC
Student T-test). B. Migration of PC-3 cells over matrices created from V.C. or DHT treated PShTert-AR myofibroblasts was assessed by
measuring the area of the cell-free gap over a 15 hour time period and calculated as a percentage of time point 0. Data represents mean + SEM
of three replicates. C-E. PShTert-AR or PShTert-ctrl cells were grown to confluence on a gelatin layer and allowed to deposit a 3D-ECM
for 8 d following 10 nM DHT or V.C. treatment before myofibroblast removal. C. Adherence of 5 x 10* C4-2B cells to the 3D-matrices
was determined after an hour. Data is presented as mean + SEM of four replicates and is representative of three independent experiments.
D. The effect of the 3D-matrices on epithelial proliferation was determined via Trypan blue exclusion assay. Data is presented as mean
+ SEM of four replicates and is representative of three independent experiments. E. Invasion of calcein-labeled C4-2B cells through the
myofibroblast 3D-matrices was determined via a modified Boyden chamber technique. Data is presented as mean + SEM of six samples and
is representative of three independent experiments. F. RT-qPCR analysis for expression of selected ECM genes in PShTert-AR cells. Data
represents the mean + SEM from triplicate biological replicates. G. ELISA analysis of collagen-1 (COL1) levels in conditioned media from
DHT treated PShTert-AR cells. Data is presented as the mean + SEM from six replicates representative of two independent experiments.
H. RT-qPCR gene analysis in human patient cancer associated fibroblasts (CAF), BPH associated fibroblasts (BAF), and normal prostatic
fibroblasts (NPFs), isolated and treated with either V.C. or 100 nM DHT. Data represents the mean of technical triplicates (+ SEM) from
N=1 for each cell type (in all panels * p<0.05, ***p<0.001, Student’s T-test). I. Model of AR action in prostate myofibroblasts. The AR
signaling in myofibroblasts causes increased production of ECM components and inhibition of MMP enzymes. When AR signaling in
myofibroblasts is lost, decreased expression of ECM components and enhanced MMP expression create an environment which decreases
cancer cell attachment and increases cancer cell invasion.
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degrading enzymes to create space into which cells
move, and/or amoeboid (non-proteolytic) squeezing of
cells through the ECM. The amount and arrangement of
ECM fibers, enzymes, and ECM pore size are capable of
altering each type of migration, and have been implicated
in malignant disease [45-47], and studies of malignant
ovarian and breast cancers have identified defects in matrix
protein cross-linking that render ECM more susceptible to
proteolytic degradation [48, 49]. We show here that AR
action in myofibroblasts leads to decreased expression
of enzymes involved in ECM digestion and increased
expression of key components of the ECM, both in our
model cell line and primary patient fibroblasts. These
results are supported by our findings that AR positive
myofibroblasts produce a more adhesive ECM when
treated with DHT, which inhibits migration and provides a
less invasive environment for prostate cancer cells. Further
work will be required to distinguish the role of androgen
regulation of matrix degrading proteases. Collectively,
our data suggest that fibroblast AR may play a key role
in regulating cell attachment, and in organization of the
ECM, and that a loss of stromal AR creates a passive
ECM environment that is less adhesive for cancer epithelia
and more conducive for metastatic spread (Fig. 6H). We
predict that defining the precise contribution that AR
makes to ECM composition may inform on early disease
spread and therefore overall patient outcome.

It appears from our results and those of others that
stromal AR may also promote prostate cancer proliferation,
as suggested here by the production of an unidentified
soluble mediator, and/or ECM-bound growth factor [50-
52]. On the surface, this appears at odds with clinical
data demonstrating an association between low stromal
AR and death from prostate cancer. Given decreased
stromal AR expression throughout progression however
[13, 50, 53, 54], or as shown here with increasing Gleason
score, these two findings may not be as paradoxical
as might be thought. Indeed, stromal AR may be pro-
proliferative in early prostate cancer; exogenous tumors
in mice grow larger when associated with AR sensitive
stroma [55], and are inhibited by stroma lacking AR [50].
Conversely in vivo knockdown of stromal AR was found
to be more effective at inhibiting tumor growth in early
stages of progression rather than at later stages [50, 56].
In this study, there was no difference between take rate or
cellular morphology of human tumors grafted with either
AR positive or AR negative myofibroblasts. Instead, we
found in grafts containing AR positive myofibroblasts
that cancer cells exhibit increased apoptosis following
castration. Collectively, these findings suggest that stromal
AR can play a pro-proliferative, pro-adhesive and/or anti-
migratory role in prostate cancer. It is entirely possible that
stromal AR is pro-tumorigenic in very early stage disease,
but prevents metastasis of evolving epithelial cancer cells
by altering the composition and permissiveness of the
ECM.

In conclusion, this manuscript is the first to show
that unique androgen/AR transcriptional responses in
prostate myofibroblasts play an important role in stromal-
mediated alterations to the ECM and microenvironment.
Clinically, it will be important to determine the key factors
affected by a loss of stromal AR that may influence patient
outcome and could be exploited by targeted therapies. The
precise composition of the ECM may be one such key
mediator of epithelial cancer cell invasiveness and thus
indicative of patient outcome, tumor aggressiveness and
treatment response.

MATERIALS AND METHODS

Clinical cohorts

The South Australia Prostate Cancer Clinical
Outcomes Collaborative (SA-PCCOC; http://www.sa-
pccoc.com/) tracks men diagnosed with prostate cancer
in the South Australian public health system. Using the
SA-PCCOC database, we identified 66 sequential patients
whom underwent TURP for symptomatic relief of BPH
urinary obstruction at the Repatriation General Hospital
(RGH; Daws Park, South Australia) between 2000 and
2007, in which there was (i) a first diagnosis of prostate
cancer on histological Gleason grading, (ii) cancer
comprising >5% of the specimen, and (iii) sufficient areas
of BPH and cancer in each sample from which multiple
cores could be obtained. Areas of BPH and cancer were
identified by H&E staining and mapped onto paraffin
embedded material by a pathologist. Duplicate five mm
cores of BPH and cancer from each individual were then
used to generate tissue microarrays. Clinical data relating
to each patient was acquired from the SA-PCCOC
database. Sample and data acquisition was performed
according to protocols approved by the Flinders Medical
Centre and RGH Ethics Committees (Protocol #042/10).

Immunohistochemistry was performed with the AR
N-20 antisera (Santa Cruz Biotechnology) and, detected
using the LSAB+ System-HRP kit (Dako Laboratories,
CA, USA). Staining was scored additively by two
researchers in three independent fields from 0 (no staining)
to 3 (very intense staining), yielding sample scores of 0-9
in epithelial and stromal compartments of both cancer
and BPH. No stromal compartment achieved very intense
staining. The mean sample score from the two researchers
yielded the AR staining intensity score. Differences in
staining intensity, Gleason Score, serum PSA and percent
prostate cancer were assessed using two-tailed Mann-
Whitney U tests. In samples dichotomized by median AR
level, differences in prostate cancer-specific death were
assessed using Barnard’s Exact test. Significance was set
at p<0.05.

Human tissue was obtained from consented patients
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in accordance with Human Ethics Research Approvals
34306 at Epworth Hospital, 03-14-04-08 at Cabrini
Hospital and RMO 2006/61082004000145 at Monash
University, and processed as previously published [18].
Briefly, tissue from patients with BPH or Gleason score
7 prostate cancers were extracted from TURP and radical
prostatectomy specimens respectively. Primary fibroblasts,
representing CAFs, BAFs and NPFs were isolated from
patient specimens, cultured in RPMI with 5% FCS and
100nM testosterone or equivalent vehicle (ethanol), and
assessed in vitro between passages 3-6. The integrity of
primary fibroblast cultures was confirmed in vitro by
growth properties, immunological markers and RNA
expression, and their tumorigenic potential in vivo using
tissue recombination with BPH-1 cells.

Cell lines

For in vitro experiments C4-2B [57] and PC-3
(ATCC, VA, USA) prostate cancer epithelial cells,
telomerase immortalized human prostate stromal
myofibroblast cells expressing AR (PshTertAR) or
matched empty vector control (PShTert-ctrl) [31], and
WMPY human prostate fibroblasts expressing Hic-5 or
scrambled shRNA [58] were used. All cell lines were
authenticated via Short Tandem Repeat testing in 2014,
completed at CellBank Australia (NSW, Australia). In
experimental conditions cells were incubated in stripped
medium (Phenol Red Free-RPMI 1640 with 5% dextran
coated (DCC) FBS) supplemented with 10 nM DHT or
vehicle, or 10 uM bicalutamide (BIC). For conditioned
media, confluent PShTert-AR and PShTert-ctrl cells were
incubated in stripped medium (Phenol Red Free-RPMI
1640 with 5% dextran coated (DCC) FBS) supplemented
with 10 nM DHT or vehicle. Media was collected at 6, 12,
18, 24, 36, or 48 h after initial treatment, centrifuged to
remove debris, filtered and frozen, and subsequently used
neat for transactivation assays or at a 1:1 dilution with
fresh stripped media for other cell studies.

Transactivation assays

Transactivation studies were performed as
described previously [59] using Lipofectamine 2000™
(Life Technologies, CA, USA) or LTX-plus (Life
Technologies) for transfection of luciferase constructs.
Following transfection, cells were treated with 0.1-1000
nM of steroids or equivalent vehicle (ethanol) control
for 22 h. Results are presented as mean (£ SEM) of six
independently transfected wells.

Chromatin immunoprecipitation (ChIP)

ChIP was performed as described previously [59],
using semi-confluent PShTert-AR or C4-2B cells were
treated for 4 hours with 10nM DHT or vehicle. Cells were
then formaldehyde fixed and sonicated to produce 300-
1500 bp fragments. Lysates were pre-cleared with yeast
tRNA and protein G sepharose, and immunoprecipitated
overnight with 4 pg of AR N-20 (Santa Cruz
Biotechnology) or rabbit IgG (Santa Cruz Biotechnology)
antiserum. Protein-DNA complexes were eluted from the
beads, digested with proteinase K and was DNA purified
by phenol-chloroform extraction. Resulting DNA samples
were assessed by RT-qPCR in triplicate, with primers
listed in Supplementary Table 1. Data was calculated
as percent input and normalized to non-specific control
(NC2). Results are representative of three independent
experiments.

ELISA

ELISA was used to measure collagen 1 levels
in media collected from confluent PShTert-AR
myofibroblasts treated with 50 pg/ml ascorbic acid
(Sigma-Aldrich, NSW, Australia) and either DHT, vehicle
control and or BIC. Media collected from six independent
treated confluent cells was plated into 96-well Maxisorp
(Nunc, Simga Aldrich) plates and incubated overnight at
4°C. Plates were washed in PBS supplemented with 0.1%
Tween (PBST), blocked in 2.5% BSA and washed in
PBST, plates were probed with rabbit anti-collagen type
1 antibody (0.25 pg/ml, Rockland Immunochemistry, PA,
USA) for 3 h and detected via a europium-tagged anti-
rabbit secondary antibody. The concentration of collagen
was subsequently fluorescently detected using 340 nm
excitation/615 nm emission spectra.

Tissue recombination

Renal capsule tissue recombination grafting of
PShTert-AR or PShTert-ctrl cells with pieces of patient-
derived primary human prostate cancer tissue into NOD-
SCID mice was performed and analyzed as previously
described [18, 35, 60]. Briefly, PShTert-AR or PShTert-
ctrl cells (2.5 X 10°) were combined with 2 mm X 2
mm X | mm pieces of patient-derived primary human
prostate cancer tissue in 30 pl of collagen/RPMI 1640 +
5% FBS with 0.1% penicillin-streptomycin for 24 h, and
grafted under the renal capsule of NOD-SCID mice for 8
weeks. Mice were castrated, and grafts allowed to grow
for an additional 3 days before being removed, paraffin-
embedded and sectioned. Immunohistochemistry for Ki-
67 (Sigma-Aldrich), caspase-3 (Sigma-Aldrich), and AR
(Sigma-Aldrich) was performed.
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Microarrays

RNA extracted from cells treated with either DHT
or vehicle using the RNeasy Kit (Qiagen, Melbourne,
Australia), was analyzed using Affymetrix 1.0st Gene
Arrays. Data was Bioinformatically analyzed using either
in R using Gene Ontology categories, or in R or using
DAVID Bioinformatics Resources http://david.abcc.
nciferf.gov/home.jsp (46, 47).

Quantitative real-time PCR (RT-qPCR)

cDNA created from sample RNA was analyzed
via RT-qPCR as previously described [61], using SYBR
Green (Biorad) and primer pairs detailed in Supplementary
Table 1. Data is presented relative to GAPDH, PPIA,
and mRPL19 as per GeNorm (http://medgen.ugent.
be/~jvdesomp/genorm/#introduction).

Immunoblot

Protein lysates in RIPA buffer were prepared as
previously described [59] and immunostained with anti-
AR (N20, Santa Cruz Biotechnology), anti-FKBP5 (H100,
Santa Cruz Biotechnology), anti-alpha tubulin (05-829,
Millipore, Bedford, MA), or anti-f-actin (A1978, Sigma-
Aldrich).

Proliferation, adhesion and motility

Proliferative response of PShTert-AR or C4-2B cells
to DHT and or BIC was measured in quadruplicate via
Trypan blue exclusion. Adhesion of PShTert-AR, PShTert-
ctrl, or C4-2B cells was measured using an adhesion assay
as described previously [62]. Briefly, 5 X 10* PShTert-AR,
PShTert-ctrl, or C4-2B cells were added to 24-well plates
containing treatment media and left to adhere for 15-240
min at 37°C. Media was removed and cells were washed
with PBS before manual counting. Cellular attachment
(trypsinization resistance) was measured using a crystal
violet assay adapted from a previous study [62]. Briefly,
PShTert-AR or C4-2B cells were plated in stripped media
(5 X 10* cells/well in 96 well plates) overnight and
treated with 1-100 nM DHT + 10 pM BIC or equivalent
vehicle control for 16 h. Cells were washed with PBS and
incubated with trypsin for 2.5 - 15 min. Cells were washed,
ethanol fixed and stained with 1% crystal violet solution.
Dye was eluted from cells with 10% glacial acetic acid
and the concentration measured at an absorbance of 595
nm. Motility and invasion was tested described previously
[63], using calcein labelled C4-2B cells were applied to
modified Boyden chambers (ChemoTx, Neuro Probe).
Calcein AM was measured in the bottom wells using a
FLUOstar OPTIMA plate reader at 480 nm excitation and

520 nm emission wavelengths.

Conditioned matrix

Matrices produced from confluent fibroblasts treated
with 50 pg/ml ascorbic acid and 10 nM DHT or vehicle
or 10uM BIC, were decellularized with EDTA and used in
adhesion assays (above) and trypsinization assays adapted
from previous descriptions [62].

3D-matrices

3D-matrices were produced from DHT or vehicle
treated fibroblasts seeded into gelatin coated wells as
previously described [43]. After decellularization with
extraction buffer containing PBS, 0.28% ammonium
hydroxide (Sigma-Aldrich), and 0.5% Triton-X (Sigma-
Aldrich), the remaining 3D-matrix was used for adherence,
proliferation, invasion, and motility/gap closure assays.

When the cells had grown to 100% confluence,
media was replaced with stripped media supplemented
with 50 pg/ml ascorbic acid and 10 nM DHT or equivalent
vehicle control. Treatment was repeated every 48 h. After
8 days, myofibroblasts were removed via an extraction
buffer containing PBS, 0.28% ammonium hydroxide
(Sigma-Aldrich), and 0.5% Triton-X (Sigma-Aldrich).
Remaining 3D matrix was gently washed in PBS prior to
adherence, proliferation and invasion assays.

For cancer cell gap closure assays, into each well,
sterile silicon culture-inserts (Ibidi 80209) were positioned
into wells containing 3-D matrices, and PC3 cells (3.5 x
10* cells per chamber) in stripped medium were aliquoted.
Following 16h by incubation, Ibidi inserts were removed,
leaving a 500um cell-free gap. Migration of PC3 cells
across the gap was monitored for 0, 3, 7, 11, and 15 h
time-points, using a Zeiss Axio Observer.Z1 with HBO
100 microscope illuminating system (Zeiss, Gottingen,
Germany). Migration was measuring as cell-free gap-
closure using AxioVision Rel 4.8 software, and analysed
with the MRI Wound Healing Tool (Image] software,
version 1.47v).
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Supplementary Material

Supplementary Table 1: PCR Primers

Use® Gene” | Direction | Sequence* | Refs”
Q GAPDH forward GTCATGGGTGTGAACCATGAGA
reverse GGTCATGAGTCCTTCCACGATAC (11)
Q PSA forward GGCAGCATTGAACCAGAGGAG
reverse GCATGAACTTGGTCACCTTCTG 11)
Q FKBP5 forward ATTATCCGGAGAACCAAACG
reverse CAAACATCCTTCCACCACAG
Q ABCC4 forward CCCCGTGGGAGCAGGGAAGT
reverse CCGAGAACACCCAGGGCTGC
Q WNT5A forward AAGGAGTTCGTGGACGCCCG
reverse GCAGGCCACATCAGCCAGGT
Q SLC45A3 forward GCCTCCCTCTACCACCGGGA
reverse GCCTGGCAGGAAGCTGGTCA
Q NKX3-1 forward CCGAGACGCTGGCAGAGACC
reverse GTGGGAGAAGGCAGCTCGGG
Q FBXO32  forward CCCTTCAGCTCTGCAAACACTGTC
reverse CTCCAGTCAGCAGGGGGACC
Q TGFB3 forward GGCCCTTGCCCATACCTCCG
reverse AGCAAGGCGAGGCAGATGCT
Q FGF5 forward CGGATGGCAAAGTCAATGGATCC
reverse CGCTCCCTGAACTTGCAGTCAT
Q PPIA forward GCATACGGGTCCTGGCAT
reverse ACATGCTTGCCATCCAACC
Q MRPL19 forward TGCCAGTGGAAAAATCAGCCA
reverse CAAAGCAAATCTCGACACCTTG
Q FBN1 forward CTCCTGGAAGTTTTGTCTGTACCTGC
reverse GGGCTGTTCTTGCAGACTCCATTA
Q COL1A1  forward AGGGCTCCAACGAGATCGAGATCCG
reverse TACAGGAAGCAGACAGGGCCAACGTCG
Q COL3A1 forward AGCTGGCTACTTCTCGCTCTGCTT
reverse CGCATAGGACTGACCAAGATGGG
Q COL4A6 forward AGGACTGCAGTGGGAGCTGTCAGT
reverse AGGACCTGTTGGGCCTTGAATTC
Q MMP1 forward GACGTTCCCAAAATCCTGTCCAG
reverse GGTAGAAGGGATTTGTGCGCATGT
c NC2 forward GTGAGTGCCCAGTTAGAGCATCTA
reverse GGAACCAGTGGGTCTTGAAGTG (12)
c FKBP5 forward GCTCTGACTTATTGTTCTCTTACTGCCC
reverse TTGCTGTCAGCACATCGAGTTCA (13)
c PSA forward GCCTGGATCTGAGAGAGATATCATC
reverse ACACCTTTTTTTTTCTGGATTGTTG 11)
c FBXO32  forward GGCTCTCCAGCCGTGCATGA
reverse AGCAGGTGTGCACGTCCCTC

@ Primers used in either RT-QPCR (Q) or ChIP (C)
% Gene primer raised against

*  Sequence primer raised against

# Reference for primers used, were applicable
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Supplementary Figure S1: Stromal and epithelial AR in relation to Gleason grade and
serum PSA. A-D. The average AR score from each compartment in benign or cancerous state were
analyzed in relation to serum PSA. E. Mean AR scores for stromal (St) and epithelial (Ep)
compartments in patient BPH samples (stained overnight with anti-AR N20) were analyzed in relation

to Gleason grade of the matched cancer sample.
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Supplementary Figure S2: Fibroblast and epithelial androgen signaling in response to
reporter concentration and different ligands. A. C4-2B and PShTert-AR cells were
transfected with probasin reporter (PB3) and treated with 10 nM vehicle or DHT in the presence or
absence of bicalutamide (BIC). B-C. C4-2B and PShTert-AR cells were transfected with 25-200 ng of
PB3 reporter vector and treated with 0-100 nM DHT as described in materials and methods. Data
represents mean + SEM of six independently transfected wells. D,E. PShTert-AR (D) and C4-2B (E)
cells were transfected with 25 ng probasin reporter (PB3) and treated with 0-100 nM testosterone (T),
dihydrotestosterone (DHT), progesterone (PROG), estradiol (E2), and medroxyprogesterone acetate
(MPA). F. C4-2B and PShTert-AR cells were transfected with a variety of AR reporter constructs as
described in (4, 12, 14), and stimulated with 10 nM DHT. Data represents mean + SEM relative light

units (RLU) of six independently transfected wells.
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Supplementary Figure S3: Microarray validation. Triplicate RNA samples from 10 nM DHT
or vehicle treated PShTert-ctrl or PShTert-AR cells were pooled and analyzed via RT-qPCR. Data
represents mean + SEM of triplicate biological replicates measured in duplicate PCR samples.
Significance between DHT and V.C. treatments was calculated via Student’s T-test; * p<0.05, **

p<0.01, **%p<0.001.
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Supplementary Figure S4: Cell death in response to androgen treatment.
PShTert-AR or C4-2B cells (1.5 x 10° cells/well in 24 well plates) were treated with 0.1-100 nM
DHT, and/or 10 uM bicalutamide (BIC), or equivalent vehicle control. Dead cells were analyzed as

previously described (15), and are presented as the mean +£ SEM of the percentage of total cells.
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Supplementary Figure S5: PShTert-AR cells (1 x 10* cells/well in 96 well plates) were treated
with 0.1-100 nM DHT, and/or 10 uM bicalutamide (BIC), or equivalent vehicle control. Cells were
treated with trypsin for 5 minutes, and remaining attached cells were stained with crystal violet. Data
represents mean + SEM absorbance of six independently transfected wells and is presented as the

percentage of vehicle control.
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Supplementary Figure S6: Hic-5 silencing alters Hic-5 protein levels but does not
affect AR transactivation of FKBP5 Lysates from PShTert-AR cells transfected with siRNA
against Hic-5 or control siRNA were treated with 10 nM DHT or equivalent vehicle control (V.C.)
and 10 uM bicalutamide (BIC). Lysates were prepared as described in materials and methods, and
were probed using anti-AR N-20 (Santa Cruz Biotehnology), anti-FKBPS H100 (Santa Cruz

Biotehnology), and anti-Hic-5 611165 (BD Transduction Laboratories, USA). Anti-B-Actin

(Millipore, Bedford, MA) was used as a loading control.
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Supplementary Figure S7: PC-3 gap closure across PShTert-AR derived matrix. PC-3
cells expressing GFP were seeded onto matrices created by PShTert-AR treated with or without DHT,
or non-matrix controls. Using an Ibidi chamber a 500um space was created in the PC-3 monolayer.

The closure of this gap was measured over a 15 hour period.
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ABSTRACT

Background

Fibroblasts express the androgen receptor (AR) in the normal prostate and early during
prostate cancer development. We have previously shown that loss of AR expression in
prostate cancer-associated fibroblasts is a poor prognostic indicator. Here we investigated the
outcomes of direct and indirect co-cultures of immortalised AR-positive (PShTert-AR) or

AR-negative (PShTert) myofibroblasts and the prostate cancer cell line, PC3.

Methods

To differentiate the cells, prostate myofibroblasts were stably transduced with red fluorescent
protein and the prostate cancer cell line, PC3, with green fluorescent protein. The PC3 cells
were co-cultured with myofibroblasts in direct co-culture or in transwells (indirect co-
culture), or were grown in myofibroblast conditioned culture medium (CCM). To determine
the effect of androgen receptor signalling, cultures were supplemented with the AR ligand,
Sa-dihydrotestosterone (DHT), or vehicle, with or without bicalutamide. Outcome measures

included cell morphology, counts, proliferation, cell cycle analysis and apoptosis.

Results

There was a significant reduction in PC3 cell counts following direct and indirect co-culture
with PShTert-AR myofibroblasts compared to PShTert myofibroblasts (P < 0.0001).
Microscopically, in direct co-culture, the PC3 cells were lost with the PShTert-AR
myofibroblasts, whereas with the PShTert they formed cohesive rafts of cells and there was
total loss of the underlying and adjacent myofibroblasts. The PShTert-AR myofibroblasts
induced PC3 cell apoptosis by paracrine signalling, and PC3 cells induced PShTert
myofibroblast apoptosis by juxtacrine signalling. The addition of DHT to cultures moderated,
but did not prevent, the effects of the PShTert-AR myofibroblasts, and did not alter the effect
of the PShTert myofibroblasts.

Conclusions
These results suggest, at least in part, an explanation for the clinical observation that a
reduction in stromal AR expression is associated with a poorer outcome, and a mechanism by

which the stroma may inhibit or promote prostate cancer progression.
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BACKGROUND

Androgens are essential for the normal development of the prostate, and, in the adult, are
required for prostate epithelial cell survival and function. In the early phases of prostate
development the androgen receptor (AR) is expressed exclusively in mesenchymal cells,
which in turn regulate epithelial cell growth and differentiation, and thereby prostate size [1].
In the adult prostate, AR is expressed in both stromal and epithelial compartments [2, 3].
Here androgens help maintain stromal smooth muscle and epithelial differentiation and

function via reciprocal stromal-epithelial cell interactions [2].

Androgens and AR also play a pivotal role in the development and progression of prostate
cancer. The majority of studies investigating the role of AR in prostate cancer have focused
on its function in the malignant epithelial cells, however it is becoming increasingly apparent

that androgen signalling in the stroma influences cancer development and progression.

The stroma of the normal prostate is comprised predominantly of smooth muscle cells, with a
small number of fibroblasts and myofibroblasts. In prostate cancer, the myofibroblast, or
cancer-associated fibroblast (CAF), is the predominant stromal cell type and influences the
growth, invasiveness and metastasis of cancer cells [4-6]. The AR is strongly expressed in
the stroma in early prostate cancer, but may be decreased in areas surrounding cancerous
tissue, especially in androgen-independent cancer [7, 8], and this can be associated with early
relapse [3]. We have shown a significant association between low AR levels in cancer-
associated stroma and increased prostate cancer-related death at 1, 3, and 5 years post-
diagnosis [5, 6]. High epithelial AR levels were associated with higher Gleason score and
higher serum PSA levels, but not with outcome, whilst, in contrast, low stromal AR levels
were associated with more extensive disease, and a greater risk of prostate cancer-related
death [5]. Whilst this indicates that AR expression in the prostate stroma is an important

prognostic biomarker [9-12], how AR influences cancer progression is unclear.

Fibroblasts have the potential to influence the behaviour of epithelial cells via soluble or non-

soluble factors. Soluble factors, such as growth factors, are typically studied using indirect
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co-culture systems, such as transwell chambers, or conditioned culture medium (CCM).
Insoluble factors, which include matrix or cell membrane molecules, are studied in direct co-
cultures, usually where the epithelial cells are added onto established stromal cell monolayers.
Studying the behaviour of cells in direct co-cultures is challenging because it is difficult to
distinguish and analyse each cell type separately.

We have overcome this limitation by stably transducing red fluorescent protein (RFP) into
stromal myofibroblasts, and green fluorescent protein (GFP) into epithelial cancer cells,
allowing monitoring or measuring by fluorescence microscopy or flow cytometry. In this
study we have co-cultured the prostate cancer cell line PC3 with two sublines of a telomerase
immortalized human prostate stromal myofibroblast cell line, one stably transduced with AR,
the other with empty vector and not expressing AR, to determine the effect of myofibroblast

AR expression on myofibroblast-prostate cancer cell interactions in vitro.

METHODS

Cell lines and cell culture

The prostate cancer cell lines PC3, LNCaP, C4-2B and DU145 were maintained in complete
RPMI consisting of RPMI 1640 (Life Technologies, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS; Sigma-Aldrich, St Louis, MO, USA), 200 U/ml penicillin
and 200 pg/ml streptomycin (Life Technologies). Telomerase immortalised human prostate
stromal myofibroblasts stably transduced with AR (PShTert-AR) or empty vector (PShTert)
[5, 7] were maintained in DMEM (Life Technologies) supplemented with 10% FBS, 200
U/ml penicillin and 200 pg/ml streptomycin. The AR status of the cell lines was confirmed
by western blotting. All cells were cultured at 37°C with 5% CO; in air.

Fluorescent labelling of cell lines

The PC3 and LNCaP cells were stably transduced with the triple reporter gene construct SFG-
NES-TGL to express green fluorescent protein (GFP) as described previously [13]. The C4-
2B and DU145 cells were labelled using the CellTrace Violet (CTV) Cell Proliferation Kit
according to the manufacturer’s protocol (Life Technologies). The PShTert-AR and PShTert
myofibroblasts were stably transduced with the SFG-RFP/Rluc construct to express red
fluorescent protein (RFP) [14].
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Direct/indirect co-cultures and confrontation assays

RFP-labelled myofibroblasts were cultured for 24 h in phenol red free RPMI 1640 containing
L-glutamine (Life Technologies), supplemented with 10% dextran-coated charcoal-stripped
FBS (Equitech-Bio, Inc., Kerrville, TX, USA), 200 U/ml penicillin and 200 pg/ml
streptomycin (stripped medium), then seeded in stripped medium into six-well plates (BD
Biosciences, San Jose, CA, USA), or dishes with imprinted cell relocation grid (u-Dish
35mm, Grid-500; Ibidi, Martinsried, Germany), and incubated for 48 h. Labelled prostate
cancer cells resuspended in stripped medium were either seeded onto the myofibroblast
monolayer for direct co-culture, or onto polyester membrane inserts, with 0.4 pum pores
(Corning Inc. Life Sciences, Tewksbury, MA, USA), placed in wells of myofibroblast
monolayers for indirect co-culture. The medium was replaced with fresh, stripped medium on
day 3 of co-culture. To test the effect of androgen on the cultures, either vehicle (0.1%
ethanol), 10 nM Sa-dihydrotestosterone (DHT; Sigma-Aldrich), 10 uM bicalutamide (Bic;
Sigma-Aldrich), or 10 nM DHT and 10 uM Bic were added at the time that the
myofibroblasts were seeded into wells (day -2), on the addition of the PC3 cells (day 0), and
on day 3 of co-culture. Confrontation assays between myofibroblasts and PC3 cells were
prepared by seeding the cells in separate chambers (500 uM apart) of the Ibidi Culture-Insert
2 well positioned in an Ibidi p-Dish 35 mm (3.5 x 10* cells per well). Cells were left to
adhere for 16 h under standard culture conditions. Culture inserts were carefully removed and
the cells washed with DPBS 3 times followed by replacement with stripped medium. The
interface where the two cell types met as they proliferated and migrated was monitored by

time-lapse fluorescence microscopy.

Morphological evaluation

Cell morphology was assessed daily by fluorescence microscopy using an Axio Observer.Z1
with HBO 100 illuminator and AxioVision Rel 4.8 software (Carl Zeiss Microscopy GmbH,
Jena, Germany). High-power images were acquired using a LSM 700 confocal microscope

with Zen software (Zeiss).

Cell counts

Cells were washed with Dulbecco’s phosphate buffered saline (DPBS; Life Technologies),
incubated with 0.25% trypsin-EDTA (Life Technologies), and resuspended in stripped
medium. Cells were centrifuged at 300 x g for 5 min, and resuspended in DPBS.
Fluorescently labelled cells were counted using a haemocytometer under fluorescence

microscopy.
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Preparation of myofibroblast conditioned culture medium

RFP-labelled PShTert-AR or PShTert myofibroblasts were cultured for 24 h in stripped
medium, and then seeded into flasks in stripped medium at 7.2 x 10° cells per 175 cm”.
Conditioned culture medium (CCM) was collected and replaced with fresh, stripped medium

every 2 days for 6 days.

Cell proliferation

GFP-labelled PC3 cells were labelled using the CTV Proliferation Kit, seeded in stripped
medium at 2.5 x 10* cells per well in six-well plates, and incubated for 5 h until the cells were
adherent. The medium was replaced with freshly prepared myofibroblast CCM every 2 days
for up to 6 days. Cells were harvested every day for 6 days, washed, and resuspended in
DPBS. Cell counts were performed and the CTV fluorescence intensity was determined using
a FACSCanto II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Cell doublets
were excluded by doublet discrimination, based on non-linearity of forward scatter and side

scatter area versus height plots. Proliferation was quantitated by dye dilution.

Cell cycle analysis

GFP-labelled PC3 cells were seeded in stripped medium at 5 x 10° cells per well in six-well
plates, and incubated for 24 h. The medium was replaced with freshly prepared myofibroblast
CCM every 2 days for 6 days. Cells were harvested every day for 6 days, washed,
resuspended in DPBS, and fixed with a final concentration of 70% ice cold ethanol. Next,
cells were pelleted, rehydrated with 0.25% Triton X-100 in DPBS, and stained for 2 h with 25
pg/ml propidium iodide in DPBS containing 40 png/ml RNase A. Cells were analysed using a
FACS Canto II flow cytometer, with doublets excluded. Cells in GO/G1 and G2/M were
calculated as the percentage of total cells (i.e., total events minus subG1 events). The subG1

population was calculated as the percentage of total events.

Investigating caspase-3/7 activity and cell death pathways

To measure apoptosis induced by myofibroblast CCM, unlabelled PC3 cells were seeded at
2.86 x 10° cells per well in p-Plate 96-well plates (Ibidi) and cultured overnight. The medium
was replaced with either stripped medium or fresh CCM supplemented with 1 pM CellEvent
Caspase-3/7 Green Detection Reagent (Life Technologies).

To measure apoptosis in direct co-cultures, RFP-labelled PShTert myofibroblasts in stripped
medium were seeded at 1.1 x 10* cells per well in p-Plate 96-well plates and cultured for 2

days. Next, 1.43 x 10’ GFP-labelled PC3 cells per well in stripped medium supplemented
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with 1 uM CellEvent Caspase-3/7 Green Detection Reagent were added directly onto the
myofibroblast monolayer. Cells treated with 200 nM actinomycin D (Sigma-Aldrich) were
used as a positive control. Cells were monitored for 5 days using a LSM 700 confocal
microscope. The mean percentage of apoptotic cells was determined from two high-power
fields of view. To measure the effect of caspase inhibition, PShTert myofibroblasts (4 x 10°)
were seeded for 48 h and then overlaid with medium containing either no cells or PC3 cells (5
x 10%), and supplemented with either vehicle (0.1% dimethyl sulfoxide; Sigma-Aldrich), a
pan-caspase inhibitor (PCI; Z-VAD-FMK; 20 uM; Calbiochem Merck, Darmstadt, Germany),
or a caspase-8 inhibitor (C8I; Z-IETD-FMK; 20 uM; R&D Systems, Minneapolis, MN,
USA). Actinomycin D (200 nM) was used with the pan-caspase inhibitor as a positive

control. The medium was replaced on day 3 and the cells counted on day 6.

Data analysis

All graphs and statistical analyses were generated using GraphPad Prism version 6.0d
(GraphPad software Inc., San Diego, CA). Unless otherwise indicated, groups were
compared using student #-tests, and differences were considered significant when P-values

were <0.05.

RESULTS

The fate of PC3 cells in co-culture depended on myofibroblast AR status

The growth of the PC3 cells in direct co-culture with myofibroblasts was compared to that of
cells in monoculture. After 6 days in monoculture the majority of PC3 cells were polygonal
in shape, with distinct cell borders and minimal variation in size or shape. A fine perinuclear
granulation was visible by phase contrast microscopy throughout the culture period. The PC3
cells were arranged singly or in small discohesive clusters on days 1 and 2, and then expanded

in number to form cell aggregates, which ultimately coalesced into a cohesive sheet with

well-defined cell borders by day 6 (Fig. 1a).

The PC3 cells in direct co-culture with PShTert-AR myofibroblasts were enlarged and
pleomorphic within 24 hours, compared to the cells grown in monoculture. They formed
short cytoplasmic extensions, which lengthened and narrowed by day 2 to 3, and failed to
form the cohesive aggregates observed in monoculture. There was prominent cellular and

nuclear shrinkage from day 2, followed by cell disintegration, leaving remnants of adherent
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extensions and cell fragments either attached to the well or free in the growth media (Fig. 1b

and 2a).

The PC3 cells grown in direct co-culture with PShTert myofibroblasts showed increased
perinuclear granulation, together with cytoplasmic accumulation of numerous large, coarse
granules from day 1. Short cytoplasmic extensions were observed from day 2 and these
progressively narrowed and lengthened from days 3 to 6 as the cells proliferated. The number
of PC3 cells increased rapidly, forming interconnected smallish rafts with clearing of the
PShTert myofibroblasts immediately beneath. By day 6 the PC3 cells had formed large

cohesive rafts of cells in the centre of the well (Fig. 1c and 2b).

The fate of myofibroblasts in co-culture depended on their AR status

The PShTert-AR myofibroblasts grown in direct co-culture with the PC3 cells retained the
morphological features seen in monoculture. By 48 h after seeding they were irregular in size
and shape with a dense cytoplasm, and formed wide, cohesive bands of randomly orientated
cells with occasional spaces between the bands (Fig. 1b, day 0). This appearance did not

change throughout the period of co-culture.

The PShTert myofibroblasts grown in direct co-culture with the PC3 cells retained the
morphological features seen in monoculture in areas where there were no PC3 cells. There
they grew as a relatively complete and uniform monolayer of narrow cells with clearly
defined edges (Fig. 1c, day 0). However, in areas underlying or immediately adjacent to PC3
cells, the PShTert myofibroblasts, over days, became condensed, elongated, irregularly
shaped, and eventually disappeared. As the population of PC3 cells expanded, the numbers of
PShTert myofibroblasts decreased significantly (Fig. 1c and 2b). The density and
morphology of myofibroblasts remote from the PC3 cells appeared similar to that of cells in

monoculture.

In confrontation assays the myofibroblasts and PC3 cells were separated by a 500-uM gap at
the time of seeding. The cells proliferated and migrated during culture, and the interactions
were observed where the two cell fronts met. The fates of the cells in this assay were similar
to those seen in direct co-cultures. For the PC3 cells and PShTert-AR myofibroblasts the gap
closed relatively slowly, and where the migrating fronts met the morphology of the PC3 cells
altered and their number reduced with time (Supplementary Fig. S1a). With PC3 cells and
PShTert myofibroblasts the gap closed more rapidly. After 96 h, the PC3 cells had formed a

distinct and much denser border of cells at the boundary of the two cell fronts, and appeared
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to invade through and clear the PShTert myofibroblasts. Where there were no PC3 cells, the

PShTerts retained their morphology as observed in monoculture (Supplementary Fig. S1b).

PShTert-AR myofibroblasts induced PC3 cell apoptosis by paracrine signalling

To determine the role of juxtacrine and paracrine signalling on the changes in cell growth
observed, we compared the cell counts in the direct co-cultures to indirect co-cultures in
transwell chambers. The results in Fig. 3 show that after 6 days there were approximately 15-
fold fewer PC3 cells following direct (Fig. 3a) and indirect (Fig. 3b) co-culture with PShTert-
AR myofibroblasts compared to PShTert myofibroblasts. The PC3 cells in indirect co-culture

were similar in morphology to those in direct co-culture.

We then investigated the effect of altering the seeding ratios of the two types of cells in the
co-cultures to determine if this would influence the outcomes. Seeding a constant number of
PC3 cells against decreasing numbers of myofibroblasts, revealed an inverse relationship
between the number of PShTert-AR myofibroblasts seeded and the number of PC3 cells after
6 days of culture, but a direct relationship between the PShTert myofibroblasts and PC3 cells
(Fig. 3¢). Increasing the number of PC3 cells seeded to a constant number of myofibroblasts
did not alter the inhibitory effect of the PShTert-AR or the pro-proliferative effect of the
PShTert myofibroblasts on the PC3 cell counts (Fig. 3d). Thus, the ratio of myofibroblasts to
PC3 cells influenced the degree, but not the nature, of the interactions between the co-cultured

cells.

The results from the indirect co-culture experiments suggested that soluble factors from the
PShTert-AR myofibroblasts were associated with the reduction in PC3 cell counts. We
confirmed that the addition of PShTert-AR CCM to PC3 monocultures resulted in a
significant reduction in PC3 cell numbers from day 3 onwards compared to cells grown in
PShTert CCM (Fig. 4a). The PC3 cells cultured with CCM from the myofibroblasts showed
similar changes in cell morphology to those seen in co-cultures. These results showed that
paracrine factors from the myofibroblasts were at least in part responsible for the changes

observed in the PC3 cell morphology and number in co-culture.

We investigated the mechanism for the reduction in PC3 cell numbers. There was a
significant reduction in the rate of PC3 cell proliferation following treatment with CCM from
PShTert-AR myofibroblasts, as evidenced by a reduction in the rate of dilution of CellTrace
Violet fluorescence, evident from day 2 (Fig. 4b). This was accompanied by an alteration in

the cell cycle kinetics. There was an increase in the percentage of cells in GO/G1 from day 1
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(Fig. 4c), followed by a significant increase in subG1 events from day 4 onwards (Fig. 4d).
The latter was associated with a marked increase in the percentage of caspase-3/7 positive
apoptotic cells (Fig. 5). Together, these results show that CCM from the PShTert-AR
myofibroblasts reduced PC3 cell numbers through inhibition of proliferation and induction of

apoptosis.

PC3 cells induced apoptosis in PShTert myofibroblasts by juxtacrine signalling

Next we investigated the destruction of the PShTert myofibroblasts in direct co-culture with
PC3 cells. There was a significant reduction in total PShTert myofibroblast counts in direct
(Fig. 6a), but not indirect (Fig. 6b) co-culture, apparent microscopically from day 3. The
number of surviving PShTert myofibroblasts in direct co-cultures with PC3 cells was

inversely proportional to the PC3 cell seeding density (Fig. 6¢).

Apoptosis was assessed as a mechanism for PShTert loss. Microscopically, only the PShTert
myofibroblasts in close proximity to PC3 cells were positive for caspase-3/7 activation
(Supplementary Fig. S2), suggesting the PShTerts were undergoing apoptosis in response to
juxtacrine signals from PC3 cells. The loss of PShTerts in direct co-culture could be blocked
almost completely by a pan-caspase inhibitor (PCI) and completely by a caspase-8 inhibitor

(C8I) (Fig. 6d), providing further evidence that apoptosis was the mechanism involved.

To determine if our observations were specific to PC3 cells, we set up direct co-cultures of
myofibroblasts (4 x 10° cells per well) and LNCaP, C4-2B or DU145 prostate cancer cell
lines (5 x 10° cells per well). There was a significant reduction in the cell count of each of
these prostate lines when co-cultured with PShTert-AR myofibroblasts (Fig. 7a). Whilst there
was not a significant reduction in the total counts (Fig. 7b), there was an obvious focal
destruction of the PShTert myofibroblasts in the immediate proximity of the cancer cells for

each of these cell lines (Fig. 8).

DHT reduced PShTert-AR counts and this increased PC3 counts in co-culture

The results in Fig. 9 show the effect of activation of the AR signalling pathway on the
outcome of co-culture. The addition of the AR ligand DHT to co-cultures with PShTert-AR
myofibroblasts resulted in a significant 4-fold increase in the number of PC3 cells in both
direct (Fig. 9a) and indirect (Fig. 9b) co-cultures. This increase in PC3 cell counts was
abrogated by bicalutamide in indirect co-culture (Fig. 9¢c), confirming that DHT was acting
through the AR signalling pathway in the myofibroblasts. DHT had no significant effect on
PC3 cell counts in direct (Fig. 9a) or indirect (Fig. 9b) co-culture with PShTert
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myofibroblasts, consistent with the lack of AR in both cell types. The addition of DHT to
myofibroblast monocultures resulted in a reduction in the number of PShTert-AR
myofibroblasts over the period of culture, but no change in the number of PShTert
myofibroblasts, as reported in a previous study [5]. In direct co-cultures with DHT there was
also a significant reduction in the number of PShTert-AR myofibroblasts but not of PShTert
myofibroblasts (Fig. 9d). The focal destruction of the PShTert myofibroblasts observed
adjacent to PC3 cells in direct co-cultures was not altered by the DHT. The higher recovery
of PC3 cells with PShTert-AR in the presence of DHT, together with the results in Fig. 3c,
which show an inverse relationship between PShTert-AR and PC3 numbers in co-cultures,
suggest that the increase in PC3 cell numbers is a result of a DHT induced decrease in the

number of PShTert-AR myofibroblasts.

DISCUSSION

Androgen receptor (AR) expression in stromal fibroblasts is required for the development and
maintenance of the normal prostate, and for the development of prostate cancer, yet
interestingly stromal AR expression is frequently reduced in prostate cancer, with associated
poor clinical outcomes [5]. Previously, we showed in a cohort of 64 patients that low AR
expression is significantly associated with prostate cancer-related death at 1, 3, and 5 years
post-diagnosis [5]. Others have also reported that the progressive loss of stromal AR
correlates with progression of the disease, high-risk clinical parameters and/or poor outcome

[3, 8, 15-18]. Why poor outcome is associated with the loss of stromal AR is unknown [6].

Here we provide new insights, with the first comprehensive in vitro study of the effect of AR
expression in prostate myofibroblasts on the outcomes of direct and indirect co-culture with
prostate cancer cells. We used hTERT immortalised myofibroblasts transduced with either
AR (PShTert-AR), or empty vector (PShTert), in co-culture with an AR-negative prostate
cancer cell line PC3, so that we could isolate the effect of AR expression to the myofibroblast
alone. Firstly, we observed a reduction in PC3 cell counts following direct or indirect co-
culture with PShTert-AR myofibroblasts, compared to PShTert myofibroblasts, and showed
that this effect was consistent across three other prostate cancer cell lines. There was an
inverse relationship between the numbers of PC3 cells recovered and the numbers of PShTert-
AR myofibroblasts seeded. These effects were due to paracrine signals from the PShTert-AR
myofibroblasts, which slowed the proliferation of the PC3 cells, with arrest at GO/G1, and

increased their apoptosis. Secondly, we report the novel finding that direct but not indirect
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co-culture with PC3 cells significantly reduced the numbers of PShTert myofibroblasts, with
apoptosis mediated by juxtacrine signalling between the two cell types. The morphological
changes and apoptosis were detected exclusively in PShTert myofibroblasts in contact with
PC3 cells. In a confrontation assay the PShTert myofibroblasts promoted the migration and
invasion of PC3 cells. Thirdly, we found that DHT reduced the proliferation of the PShTert-
AR myofibroblasts, and as a result of their reduced number, the number of PC3 cells
increased. The PShTert-AR myofibroblasts therefore contained and killed the cancer cells, in
contrast to the PShTert myofibroblasts, which did not exert any noticeable inhibitory control

and were destroyed.

Whilst a number of studies have investigated the interaction between fibroblasts and cancer
cells in co-culture in vitro, most have compared different fibroblasts, such as normal versus
cancer-associated, or different epithelial cells, such as normal versus malignant [19-28]. Few
studies have investigated the effect of AR expression or signalling in prostate cancer
myofibroblasts. The major difficulty is that while myofibroblasts are the major cell type in
the prostate cancer stroma, and they express AR, primary human prostate myofibroblasts,
within several passages in vitro, generally lose AR expression or do not express it at levels

adequate to show androgen-dependent changes in gene expression [29].

One way to overcome this limitation is to stably transduce immortalised human prostate
myofibroblasts with AR. This has been done previously using WPMY myofibroblasts
transduced with either AR (WPMY-AR) or empty vector (WPMY-Vec), with conditioned
medium from DHT-treated WPMY-AR cells significantly increasing the growth of LNCaP
prostate cancer cells, compared to conditioned medium from WPMY-Vec cells [29].
However in this study the role of myofibroblast AR was investigated in the context of
paracrine signalling alone. We explored both paracrine and juxtacrine effects using hTERT
immortalised human prostate myofibroblasts, transduced with AR or empty vector. To our
knowledge, ours is the first in vitro investigation of juxtacrine signalling in prostate cancer in

the context of myofibroblast AR.

The hTERT myofibroblasts we used are representative of cancer-associated fibroblasts and
the PShTert-AR line has been shown to have a similar AR binding profile, and gene
regulation, as primary fibroblasts and in vivo stroma [30]. Tissue recombination studies using
these cell lines have produced results consistent with our in vitro findings. Nude male mice
were co-injected subcutaneously with PC3 cells and either PShTert-AR or PShTert
myofibroblasts, with tumour growth reduced by PShTert-AR and promoted by PShTert [7].
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Similarly, using immunodeficient NOD-SCID mice sub-renally grafted with human-derived
primary prostate cancer tissue, and either PShTert-AR or PShTert myofibroblasts, we found
that grafts with PShTert-AR showed significantly more apoptosis in the cancer cells than

grafts with PShTert, in castrated mice [5]. Here we extend these two in vivo studies further

by investigating the mechanistic basis for these observations.

We have shown that paracrine signalling by AR expressing myofibroblasts slowed PC3
proliferation, and induced apoptosis in vitro. The death of cancer cells caused by fibroblasts
has been reported by others, but not in the context of myofibroblast AR. In prostate cancer,
conditioned culture medium, from bone marrow stromal cells, decreased the proliferation of
and induced apoptosis in LNCaP and C4-2B, but not PC3 cells [31], CAFs induced apoptosis
in gastric cancer cells [32], and human mesenchymal stem/stromal cells (hMSCs) and CAFs,
activated to express tumour necrosis factor (TNF)-alpha-related apoptosis-inducing ligand
(TRAIL), induced apoptosis in breast cancer cells [33, 34]. Conversely, a number of other
studies have reported that normal fibroblasts and/or CAFs inhibit cancer cell apoptosis [35-

37]. None of the aforementioned studies indicated fibroblast AR status.

Additionally, our results show that juxtacrine signalling was responsible for the destruction of
the AR-negative myofibroblasts by apoptosis, and this allowed the PC3 cells to grow. The
inability of these myofibroblasts to control the expansion of the cancer cells may explain why
an AR-negative stroma is associated with more advanced prostate cancer. Several studies
report observations consistent with ours, but not in the context of stromal AR. Normal human
fibroblasts, in direct co-culture with prostate cancer cell lines PC3 and DU145, formed islands
around the cancer cells early on and were eventually overtaken and almost completely
destroyed by the growing cancer cells [28]. This arrangement of fibroblasts around tumour
cells has also been described previously in direct co-cultures with HeLa cells [38], and in
direct co-cultures of normal or malignant prostate epithelial cells with prostatic stromal cells
from malignant tissue, where the epithelial cells displaced and grew within the stromal cells
rather than growing on top [25, 37]. Breast cancer cells have been reported to release soluble
factors that induced apoptosis in human bone marrow stromal cells in vitro [39], and lung
fibroblasts were reduced in number, with evidence of apoptosis, following 3D co-culture with
non-small cell lung cancer cell lines [40]. Another study reported that CAFs formed stromal
islands in co-culture spheroids with prostate cancer cells, and were lost over time, with less
then 10% remaining by day 8. The authors suggested juxtacrine interactions were involved
but did not investigate the mechanisms, and, although they mentioned the CAFs were AR-
negative, they did not explore whether similar effects occurred with AR-positive CAFs [41].

84



Here, we have confirmed that juxtacrine interactions were responsible for the loss of the AR-
negative myofibroblasts, through the induction of apoptosis, with no loss of myofibroblasts

that expressed AR.

Interestingly, the differential effects of myofibroblasts stably transduced with AR compared
to those transduced with empty vector, occurred in the absence of ligand. The experiments
were performed in stripped media which has no, or a very low, concentration of androgen.
This suggests the expression of AR, in itself, can have significant biological effects
independent of ligand binding. Several studies support this conclusion. The stable
transduction of AR into WPMY human prostate myofibroblasts significantly altered their
gene expression pattern compared to those transduced with empty vector, in the absence of
DHT [29]. Knockdown of AR by siRNA in an AR-positive cancer-associated fibroblast line
produced significant differences in the expression of several growth factor genes, and the
proliferation and migration of PC3 cells in transwell co-cultures [42], and the transfection of
human AR into AR-deficient mouse Sertoli cells significantly altered the expression of 672
genes in the absence of androgen stimulation [43]. These two studies did not specify whether
stripped medium was used. Together, these studies provide strong evidence that there are

ligand independent effects from AR expression in prostate cancer myofibroblasts.

CONCLUSIONS

Relatively little is known regarding the functional effects of AR expression in prostate
myofibroblasts. We have shown that the outcome of co-culturing prostate myofibroblasts and
the PC3 cell line differs depending on whether the myofibroblast expresses AR or not, and
involves paracrine and juxtacrine signalling. Our findings suggest AR-expressing
myofibroblasts inhibit prostate cancer progression through paracrine signals that slow
proliferation and induce apoptosis in the cancer cells, and that myofibroblasts lacking AR
permit prostate cancer progression by undergoing apoptosis in response to juxtacrine signals
from the cancer cells. This is consistent with our published findings that a loss of stromal AR
is associated with reduced survival in prostate cancer. Understanding the regulation and
function of AR expression in stromal myofibroblasts may lead to the development of novel

treatments that modify prostate cancer progression.
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Abbreviations

AR: Androgen receptor BIC: Bicalutamide CAF: Cancer-associated fibroblast CCM:
Conditioned culture medium DHT: 5a-dihydrotestosterone

FBS: Fetal bovine serum DPBS: Dulbecco’s phosphate buffered saline GFP: Green

fluorescent protein RFP: Red fluorescent protein
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A PC3 monoculture

Day 0

Day 2

Day 4

Day 6

Figure 1. PC3 cells in monoculture and direct co-culture with myofibroblasts. PC3 cells
(GFP-labelled; 5 x 10°) were added to culture dishes with imprinted relocation grid (Ibidi)
either in a monoculture or direct co-culture with 1.5 x 10° RFP-labelled b PShTert-AR, or ¢
PShTert myofibroblasts. Original magnification 100 x. Scale bar 200 pM.
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Figure 2. Specific morphological changes. a Changes in PC3 cells directly co-cultured with
PShTert-AR myofibroblasts. Arrows show extensions of the cytoplasm (left), cell
disintegration (centre) and remnants of adherent extensions (right). b Progressive destruction

of PShTert myofibroblasts directly co-cultured with PC3 cells.
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Figure 3. PC3 cell counts on day 6 of direct and indirect co-culture. PC3 cells (5 x 10°) were
either a directly or b indirectly co-cultured with PShTert-AR or PShTert myofibroblasts (4 x
10%). Medians of independent experiments shown; n = 15 (direct), n = 12 (indirect). P-values
determined by Mann-Whitney U-test. ¢ PC3 cells (5 x 10”) were directly co-cultured against
decreasing numbers of myofibroblasts. d Increasing numbers of PC3 cells were directly co-
cultured against a constant seeding density of myofibroblasts (4 x 10°). Medians with range

shown of a single experiment performed in triplicate.
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Figure 4. The effect of myofibroblast CCM on cell counts, proliferation and cell cycle. PC3
cells (2.5 x 10%) were treated for 6 days with PShTert-AR or PShTert CCM replaced every 48
h. PC3 cells were a counted and b CellTrace violet fluorescence intensity measured daily.
For cell cycle analysis, PC3 cells (5 x 10°) were treated with myofibroblast CCM every 48 h
for 6 days. Cells were harvested and stained (25 pg/ml propidium iodide in DPBS containing
40 pg/ml RNase A) daily. ¢ The percentage of total cells in GO/G1 of the cell cycle. d The
percentage of total events in subG1. Data is the median and range of a single reproducible

experiment.
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Figure 5. The effect of myofibroblast CCM on caspase-3/7 activity in PC3 cells. Unlabelled
PC3 cells (2.86 x 10%) were seeded overnight in p-Plate 96-well plates (Ibidi) and treated with
either PShTert-AR or PShTert CCM supplemented with CellEvent dye (1 uM). A positive
control of PC3 cells treated with actinomycin D (200 nM) for 24 h, and a negative control of
PC3 cells in normal stripped medium, were also prepared with the inclusion of CellEvent.
Cells were observed for 96 h in real-time to detect the formation of a green fluorescence,

indicative of activated caspase-3/7.
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Figure 6. Myofibroblast counts in co-culture with PC3 cells. Myofibroblast cell counts
following 6 days of a direct and b indirect co-culture with PC3 cells compared to
monoculture without PC3 cells. Medians of independent experiments shown; n = 15 (direct),
n =9 (indirect). P-values determined by Mann-Whitney U-test. ¢ PShTert myofibroblast
counts following 3 and 6 days of direct co-culture with PC3 cells of increasing seeding
density. Medians and range from a single reproducible experiment. P-values calculated by
unpaired, parametric Student’s 7-test. d The effect of pan-caspase (PCI), and caspase-8 (C8I)
inhibitors on PShTert myofibroblast counts in monoculture and direct co-culture with PC3
cells for 6 days. Medians and range of independent experiments; n = 2. P-values calculated

by unpaired, parametric Student’s #-test.

95



A = 30 R 30
£ £ g P=0.0001

x P<0.0001 x P<0.0001 x .

£ 20 2 20 £ 204 M

§ N § —eo— 3

= S . =

8 10 8 10 8 10

o m [T

© ~ <

) < 5

- 0 = 0- (=] 0 O .o

PShTert-AR  PShTert PShTert-AR ~ PShTert PShTert-AR ~ PShTert

B&g™ 0 Without LNCaP £ 10 o WithoutC4-2B = 0 o WithoutDU145

x e With LNCaP x e With C4-2B = e With DU145

8 NS 2 2

c 100 € 100 € 100f NS

3 o § P=0.005 3 — NS

k7 ® - NS 7] NS 7] T - 1

o [ ° D e °

o 50 o 50 S 50 Qe %

o o o ) P e o

a QU v 8 —e» a

= = =

S 3 S

= 9 ; ‘ = 9 ; ; = 9 ‘ ‘

PShTert-AR  PShTert PShTert-AR  PShTert PShTert-AR PShTert

Figure 7. Cell counts after 6 days of direct co-culture between myofibroblasts and other
prostate cancer cell lines. PShTert myofibroblasts (4 x 10°) were directly co-cultured with,
either LNCap, C4-2B, or DU145 prostate cancer cell lines (5 x 10°) with cells harvested and
counted on day 6. Cell counts for a prostate cancer cell lines and b myofibroblasts in
monoculture and direct co-culture. Medians presented from a reproducible experiment. P-

values calculated by unpaired, parametric Student’s z-test.
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Figure 8. Morphology of PShTert myofibroblasts in direct co-culture with other prostate

LNCaP

C4-2B

DU145

cancer cell lines. PShTert myofibroblasts (red) were directly co-cultured with GFP-labelled
LNCaP (green), or CellTrace Violet-labelled C4-2B, or DU145 prostate cancer cell lines
(blue), with images captured on the LSM 700 in real-time for 6 days. Images represent
morphology of PShTerts on day 3 and 6 of direct co-culture. Images on far right show the red
channel (RFP) only for the day 6 images to show the morphological changes in PShTert
myofibroblasts. Magnification 200 x. Scale bar 75 uM.
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Figure 9. The effect of DHT on PC3 cell and myofibroblast counts in co-culture. The effect
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of DHT on PC3 cell counts on day 6 of both a direct and b indirect co-culture with

myofibroblasts. ¢ Abrogation of the effect of DHT on PC3 cells indirectly co-cultured with
PShTert-AR myofibroblasts by bicalutamide (n = 7). d The effect of DHT on myofibroblast

counts (direct co-culture shown). Median values of multiple, independent experiments: a n =
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