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i.

Foreword

The thesis herein represents the cumulative form of the habilitation to enable the results to be
presented in a clear and concise manner. The selected publications are appended according to their
order of citation and contain the experimental data as well as a detailed discussion of the relevant
results. However, the main findings of each publication are presented briefly in the body of this
thesis, particularly those that represent major findings within the subject area.
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ABSTRACT
Benign prostatic hyperplasia (BPH) and prostate cancer (PCa) are two of the most common
diseases affecting elderly males. Approximately 70% of men aged 60 show histological signs of
BPH, which is associated with symptoms such as urinary hesitancy, frequent urination, urinary
retention and even kidney damage. PCa is the most commonly diagnosed tumour and second
leading cause of male cancer death in Western nations. As such, these diseases are associated with
considerable morbidity, socio-economic burden and in the case of PCa, mortality. Thus, there is an
urgent need for a better understanding of molecular and cellular mechanisms underlying the
development

and

progression

of

proliferative disorders

of the

prostate to

improve

diagnostic/prognostic screening and enable the development of more effective treatment strategies.
The underlying causes for the development and progression of BPH and PCa remain poorly
understood. However, stromal remodelling in particular the transdifferentiation of fibroblasts into
myofibroblasts plays a central role in the pathogenesis of both diseases. Elevated production of
transforming growth factor beta 1 (TGFβ1) by the secretory epithelium is widely considered the
key stromal remodelling inducing stimulus. The main aim of the work contained within this
habilitation thesis was to provide a better understanding of the molecular and cellular mechanisms
underlying the aetiology of BPH and PCa, in particular those involved in pathogenic stromal
remodelling. Expression profiling analyses of TGFβ1 target genes in primary human prostatic
fibroblasts identified several new candidate genes, including Prostate-associated gene 4 (PAGE4),
NADPH oxidase 4 (NOX4), Insulin-like growth factor binding protein 3 and Selenoprotein P
plasma 1. Functional analyses of these candidate molecules demonstrated their role in biological
processes and signal transduction pathways known to be critical for the development of BPH and
PCa. As such, these newly identified molecules may serve as targets for novel therapeutic
strategies and in particular with respect to PAGE4 and NOX4 may also offer a means to identify
patients at risk of developing aggressive and potentially lethal PCa. Moreover, since dysregulated
fibroblast-to-myofibroblast transdifferentiation is implicated in the pathophysiology of impaired
wound healing, the stromal response of many solid tumours and diverse fibrotic conditions, the
significance of these data extends beyond the field of prostate research with broad implications for
the treatment of a host of pathologies associated with myofibroblast dysregulation.

ZUSAMMENFASSUNG
Die benigne Prostatahyperplasie (BPH) und das Prostatakarzinom (PCa) sind zwei der häufigsten
Erkrankungen des alternden Mannes. Etwa 70% aller 60-Jährigen sind von BPH betroffen, die sich
durch Symptome wie Restharngefühl, Blasenverschluss bis hin zu Schädigung der Nieren
manifestiert. Das PCa ist in den westlichen Industrieländern der häufigste Tumor und steht nach
Lungenkrebs – zusammen mit Dickdarmkrebs- in der Krebsmortalität bei Männern an zweiter
Stelle. Als solche sind diese Erkrankungen mit erheblicher Morbidität, sozioökonomischer
Belastung und im Falle des PCas auch Mortalität assoziiert. Daher benötigen wir dringend neue
therapeutische und diagnostische Ansätze. Hierzu ist es von Notwendigkeit, neue Zielstrukturen
innerhalb der Prostata für Therapeutika zu identifizieren. Die Ursachen für die Entstehung und
Progression von BPH und PCa sind nicht vollständig geklärt. Jedoch spielt eine stromale
Gewebsreorganisation

bedingt

durch

die

Transdifferenzierung

von

Fibroblasten

zu

Myofibroblasten in der Pathogenese von beiden Erkrankungen eine zentrale Rolle. Als
induzierender Stimulus für die Gewebsreorganisation wird diesbezüglich eine erhöhte
Transforming Growth Factor Beta 1 (TGFβ1) Sekretion des erkrankten Drüsenepithels
angenommen. Das Hauptziel der Arbeiten in dieser kumulativen Habilitationsschrift war ein
besseres Verständnis der molekularen und zellulären Mechanismen in der Ätiologie von BPH und
PCas zu gewinnen, vor allem die zur pathogenen stromalen Veränderungen führen. Durch eine
Expressionsanalyse von TGFβ1-Zielgenen in primären human Prostatafibroblasten konnten einigen
neuen Kandidatenmolekülen identifiziert werden z.B Prostate-associated gene 4, NADPH oxidase
4, Insulin-like growth factor binding protein 3 und Selenoprotein P plasma 1. Funktionelle
Analysen von diesen Kandidatenmolekülen zeigten deren Rolle bei biologischen Prozessen und
Signaltransduktionswegen, die kritisch für die Pathogenese von BPH und PCa sind. Deshalb
könnten diese neuen Kandidatenmoleküle als Zielstrukturen für neue therapeutische Strategien
dienen und insbesondere im Fall von PAGE4 und NOX4 eine Möglichkeit bieten, Patienten mit
erhöhtem Risiko auf aggressiven PCa zu identifizieren. Die dysregulierte Transdifferenzierung von
Fibroblasten zu Myofibroblasten spielt auch in der Pathogenese von Wundheilungsstörungen, den
stromalen Veränderungen bei vielen Tumoren und diversen fibrotischen Erkrankungen eine
zentrale Rolle. Die Bedeutung für diese neu gewonnenen Erkenntnisse geht daher über das Feld der
Prostataforschung hinaus mit großen potentiellen Auswirkungen auf die Behandlung von einer
Reihe von Pathologien, die mit Myofibroblast Dysregulierung assoziiert sind.

1
1.1

INTRODUCTION
Structural and cellular organization of the prostate

The human prostate is a fibromuscular glandular organ that surrounds the prostatic urethra. As a
sex accessory organ, the main function of the prostate is the secretion of prostatic fluid, which
forms an essential component of seminal fluid and provides nutrients and optimal ionic milieu and
pH for sperm. Four anatomically distinct zones are observed in the human prostate; peripheral
zone, transition zone, central zone and the anterior fibromuscular stroma (1). The glandular
compartment of each zone consists of acini lined by columnar secretory luminal cells, which are
separated from the basement membrane and prostatic stroma by a layer of basal cells considered to
be the proliferative compartment of the epithelium (2, 3). Interspersed within the epithelium are
networks of interconnecting neuroendocrine cells (4), which secrete numerous peptide hormones
that regulate growth, differentiation and secretory functions (5). Supporting the overlying
epithelium, the stroma consists of bundles of smooth muscle cells (SMCs), fibroblasts,
myofibroblasts and components of the extracellular matrix (ECM). Endothelial cells/blood vessels,
lymphatic vessels, nerves and some immune cells are also found embedded within the stroma. In
the normal prostate, reciprocal interactions between the epithelium and surrounding stroma
regulate cell proliferation, differentiation and migration to maintain proper prostate function and
tissue homeostasis. These interactions are mediated by a finely tuned balance of interacting sex
steroid hormone (both systemic and locally-derived) and growth factor signalling cascades via the
local cellular expression of cognate receptors (6, 7) (Fig. 1). Alteration of these stromal-epithelial
signalling networks plays a critical role in the development of proliferative disorders of the
prostate.

1.2

Proliferative disorders of the prostate

The human prostate is susceptible to two age-related proliferative disorders, namely benign
prostatic hyperplasia (BPH) and prostate cancer (PCa). BPH is detectable in ~70% of men aged 60

Fig. 1 Fibroblast-to-myofibroblast

transdifferentiation

plays

a

central

role

in

the

development and progression of BPH and PCa
Age-related changes in the production of systemic and locally-derived sex steroid hormones and growth
factors (including TGFβ), together with the altered secretome of senescent epithelial cells disrupt local
paracrine/autocrine signalling networks initiating the transdifferentiation of fibroblasts into myofibroblasts,
whose mitogenic secretome promotes stromal and epithelial hyperplasia. In H&E stained prostate biopsies,
the compact stroma (dark pink regions), which surrounds the regular arrangement of acinic ducts in normal
prostate biopsies (left), is visibly expanded in BPH. The enlarged prostate physically impinges on the free
flow of urine through the urethra (top right) leading to LUTS. In the presence of initiated epithelial cells,
altered growth factor/cytokine production by myofibroblasts in the remodelled stroma promotes PCa
development (bottom right; N, normal tissue, T, tumourigenic tissue).

with a 25-30% lifetime risk of surgery for lower urinary tract symptoms (LUTS) (8-10). Whereas
PCa is rare in men before their fifth decade of life, ~86% of patients are over 65 (11). Although
both diseases may coexist, BPH does not appear to directly predispose to PCa (12, 13). BPH and
PCa exhibit several common traits such as hormone-dependent growth, response to anti-androgen
therapy and some risk factors, such as ageing, inflammation, metabolic disruption and the presence
of circulating androgens. However, BPH and PCa also display several important differences. For
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example, BPH develops in the transition zone, whereas PCa arises predominantly in the peripheral
zone but also in the transition zone (14-16), a peculiarity, which has been attributed to differences
in zonal gene transcription programs (15, 16). Moreover, PCa and BPH exhibit marked differences
with respect to histology. In addition, whilst BPH remains a localised disease of the prostate, PCa
can metastasize and become systemic. Thus, BPH and PCa are different diseases with distinct
aetiology and cellular origin (12, 13).

1.2.1

Benign prostatic hyperplasia

BPH is predominantly a disease of the fibromuscular stroma, which becomes enlarged and altered
in its cellular composition (6, 17-19). The BPH stroma bears many similarities to a dysregulated
wound healing response typically observed in inflammation-induced fibrotic disorders, including
those of the lung, kidney, liver and skin (20-22). In particular, elevated ECM production and
transdifferentiation of stromal fibroblasts into SMCs and myofibroblasts, whose secretion of
mitogenic growth factors (such as insulin-like growth factor (IGF) and fibroblast growth factor
(FGF)) on the one hand induces fibroblast proliferation that regenerates the fibroblast pool, a
subpopulation of which however, further undergoes transdifferentiation into myofibroblasts (23,
24). Thereby, a vicious circle is generated whose consequence is manifested as the stromal
expansion and prostatic enlargement associated with BPH. By virtue of their secretion of mitogenic
factors, myofibroblasts are considered the major effector cell underlying the stromal
pathophysiology of BPH (19, 23, 25). In addition, focal proliferation of SMCs leads to a
characteristic nodular arrangement caused by budding and branching of epithelial glandular tissue
and is later accompanied by basal cell hyperplasia of the epithelium (26).

Age and genetic predisposition are well-established factors involved in the aetiology of BPH and
lower urinary tract symptoms (LUTS). More recently however, modifiable risk factors have been
identified such as serum dihydrotestosterone (DHT) levels, obesity, elevated fasting glucose,
diabetes, fat and red meat intake, and inflammation, that also increase the risk of developing
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symptomatic BPH (27, 28). Despite this knowledge, the molecular pathogenesis of BPH remains
poorly understood and several possible hypotheses have been postulated, including embryonic
reawakening, imbalance of androgen/oestrogen levels, stem cell defects and chronic inflammation
(8, 29-32). Undoubtedly however, secretion of the pro-inflammatory cytokine transforming growth
factor beta (TGFβ), a potent inducer of fibroblast-to-myofibroblast transdifferentiation in vitro and
in vivo, is elevated in BPH and is widely considered the key stromal remodelling stimulus. This
hypothesis is underscored by observations that elevated TGFβ levels correlate with disease risk and
that protein expression of TGFβ receptor II in BPH correlates with prostate volume (18, 33-36).
Elevated TGFβ ligand in BPH tissue appears to be secreted by prostatic luminal epithelial cells but
may also derive from other sources, including autocrine secretion by myofibroblasts and
inflammatory infiltrates, which display a clear association with BPH (24, 34, 37-39). It remains to
be determined however whether the association of BPH with chronic inflammation is causal or
simply a parallel occurrence. In addition to TGFβ, inflammatory infiltrates also secrete cytokines
such as interferon gamma (IFN γ) and interleukins 2 and 8 (IL-2, IL-8), which further contribute to
disease progression by promoting stromal proliferation (24, 40). IL-8 however most likely exerts at
least some of its stromal remodelling inducing effects via activation of the TGFβ signalling
pathway (41, 42). Additional factors implicated in the pathogenesis of BPH include the IGF axis
(43), which is in line with observations that metabolic disturbances such as obesity, disruption of
glucose homeostasis and metabolic syndrome are associated with higher risk for the development
of symptomatic BPH (27, 28).

Hyperplasia of stromal and epithelial prostatic elements surrounding the urethra impinges the free
flow of urine through the urethra leading to LUTS, urinary tract infection and bladder outlet
obstruction. In addition, abnormal SMC contraction mediated via α-adrenoceptors in the prostate,
bladder and urethra contribute significantly to outflow obstruction (44). Current pharmacological
approaches for BPH with LUTS thus employ anti-adrenergic agents to reduce adrenergic tone and
smooth muscle contraction of the prostate and bladder neck thereby improving urine flow and/or
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anti-androgenic approaches (e.g. 5α-reductase inhibitors) that induce apoptosis in the androgendependent epithelium, ductal atrophy and reduction of blood vessels thereby reducing prostate
volume (45, 46). However, such treatment strategies typically require long treatment periods and
are associated with insufficient efficacy and adverse effects including cardiovascular events,
decreased libido, impotence and antegrade ejaculation (47, 48). Notably, it was recently reported
that long-term treatment of BPH patients with 5α-reductase inhibitors appears to result in increased
local TGFβ signalling and thus may further increase the risk of fibrosis and stromal enlargement of
the prostate (49). Another major limitation of current treatment modalities is their failure to address
the expanding prostatic stromal compartment. Whilst transurethral resection of the prostate (TURP)
remains the gold standard for surgical treatment of BPH particularly following pharmacological
failure (50), non-surgical alternatives will become increasingly important as the demographic trend
towards an increasing elderly population continues. Thus, novel pharmacological approaches that
target pathogenic stromal remodelling are needed and can be expected to offer a significant
therapeutic benefit to patients with symptomatic BPH.

1.2.2

Prostate cancer

PCa is the most commonly diagnosed non-cutaneous malignancy in men and second leading cause
of male cancer death in Western societies (51). PCa is a multifocal, non-clonal and heterogeneous
tumour that most commonly originates in the peripheral zone of the prostate (52). Although
prostate tumours are slower growing in comparison to most tumours, they vary widely in their
aggressiveness and may be associated with metastases of the skeletal system, lung, pleura, liver,
adrenal glands and lymph nodes (53, 54). Clinically localized PCa is typically managed by wellestablished primary therapies, including radical prostatectomy, brachytherapy and radiation therapy
(55). Such definitive local therapy can cure many patients. However, a significant proportion (up to
one-third) will experience biochemical recurrence of disease as defined by rising levels of serum
prostate-specific antigen (PSA), which remains the biochemical marker of choice in PCa diagnosis
and prognosis, despite its limited sensitivity and specificity (56-58). In the absence of reliable and
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specific prognostic markers to distinguish aggressive tumours with a high metastatic potential from
tumours that will remain clinically indolent, many patients that experience biochemical recurrence
subsequently receive non-curative systemic androgen deprivation therapy (ADT), with its myriad
of side effects. Consequently, a problem of over-diagnosis and over-treatment has emerged (59).
Current treatment options for metastatic PCa and tumours that recur following ADT (termed
castration-resistant PCa; CR-PCa) are limited and merely palliative (60, 61). Although it should be
noted that a number of new agents are currently undergoing clinical trial to assess their suitability
for the treatment of CR-PCa and four new drugs have been approved since 2010, including
abiraterone acetate, enzalutamide, denosumab and sipuleucel-T (62). However, whilst these newly
approved agents can retard disease progression by several months, they are unable to prevent
disease development. Thus, there is still a continued need for more effective anti-cancer therapies,
particularly against CR-PCa and the development of reliable PCa-specific prognostic markers.

Risk factors for PCa development include age, the presence of circulating androgens, dietary
factors, familiar predisposition and chronic prostatic inflammation (63-66). Despite intense
research, the process of prostate oncogenesis and the cell of origin for PCa remain unclear.
However, it is hypothesised that PCa arises from the age-associated accumulation of
genetic/epigenetic changes (e.g. aneuploidy, loss of heterozygosity, mutations, inactivation of
tumour suppressors and activation of proto-oncogenes) in prostate stem/precursor cells, their
associated factors or in the stem cell niche (67-77). Such aberrations are thought to result in the
inappropriate differentiation of stem/precursor cells leading to the formation of pre-cancerous
lesions, of which high-grade prostatic intraepithelial neoplasia (HGPIN) is considered the most
likely pre-invasive lesion involved in the development of many prostatic adenocarcinomas and is
characterised histologically by luminal epithelial hyperplasia and progressive loss of basal cells
(78, 79). Whilst genetic aberrations appear to support the development/initiation of PCa, additional
factors are thought to promote disease progression, such as altered stromal/epithelial interactions
and dysregulated signalling by systemic and local sex steroid hormones (e.g. androgen and
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oestrogen) and locally-produced paracrine and autocrine acting growth factors e.g. IGF, TGFβ and
platelet-derived growth factor (PDGF) (33, 80-87).

Dysregulated signalling via the androgen receptor (AR), a ligand-inducible transcription factor that
mediates the cellular response to androgens plays a critical role in the early development of PCa as
well as during tumour progression (72, 88-92). This is underscored by the observation that upon
initial diagnosis 80-90% of PCa are androgen-dependent (93). Consequently, ADT remains the
most common systemic treatment strategy for local confined PCa. However, although
approximately 90% of patients respond to current first line ADT approaches, many patients
experience disease progression and succumb within three years to CR-PCa for which treatment is
merely palliative (94, 95). Despite low circulating androgen levels, signalling via the AR persists in
CR-PCa and plays a key role in disease progression (96). It is likely that extragonadal sources of
androgens, together with adaptive processes within tumour and neighbouring cells, are sufficient to
enable reactivation of AR signalling (97-99). Thus, targeting AR signalling is considered one of the
most promising therapeutic approaches, a view supported by the clinical efficacy of androgen
synthesis inhibitors (abiraterone) and second-generation AR antagonists (enzalutamide) that are the
first agents to improve the survival of patients with metastatic CR-PCa (100-102).

Whilst over 95% of prostate cancers are adenocarcinomas and epithelial in origin (52), the stromal
cell compartment also plays an essential role in promoting PCa development and progression (84,
103). For example, stromal AR, which is expressed in a subset of stromal fibroblasts, regulates the
expression of several paracrine-acting factors (including TGFβ, wingless homologs-Wnt and
Hedgehog), which stimulate PCa cell proliferation (104). Moreover, studies have shown that
stromal AR plays an important role during early prostate tumour development (105, 106) and may
even play a role in the development of PCa-associated stroma (107). Similarly to stromal
reorganisation in BPH, the prostatic stroma surrounding tumour foci undergoes significant
remodelling. This so-called “reactive stroma” bears many similarities to granulation tissue in
wound repair and is characterised by increased deposition of a modified ECM, increased
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microvessel density and elevated numbers of myofibroblasts, which are thought to arise via the
transdifferentiation of resident fibroblasts (18, 35, 84, 108, 109). Like BPH, the secretion of
numerous paracrine- and autocrine-acting growth factors and cytokines by myofibroblasts
generates a growth promoting microenvironment that enhances tumourigenic properties in vitro
and in vivo, including epithelial cell proliferation, tumour formation, angiogenesis, migration and
metastasis (110-113). In particular, elevated myofibroblast secretion of stromal cell-derived factor
1 (SDF-1), fibroblast growth factor 2 (FGF2) and connective tissue growth factor (CTGF) has been
shown to promote angiogenesis and tumour formation in vivo (83, 114, 115).

Reactive stromal activation is most likely induced by cancer-cell derived TGFβ1 (35, 85, 109, 116118) with elevated TGFβ1 levels positively correlating with disease risk and more rapid PCa
progression (33, 82). However, signalling by Wnts and FGFs has also been implicated in the
formation of PCa-reactive stroma (119, 120). For example, elevated epithelial Wnt signalling
synergistically accelerated FGFR1-induced prostate adenocarcinoma in mice and was associated
with elevated stromal TGFβ signalling and a reactive stromal-like phenotype (120). However, a
complex picture is emerging following recent observations that loss of the TGFβ receptor type II
(TGFβRII) in a subset of stromal cells and a concomitant increase in Wnt3a signalling promote
more aggressive disease (119, 121). This is in line with reports that decreased levels of stromal
TGFβRII but a concomitant increase in overall signalling are found in over 60% of PCa (119) and
is sufficient to induce malignant transformation in prostate reconstitutions and mouse models (116,
117, 122, 123). Interestingly, downregulation of TGFβRII appears to be mediated via synergistic
interactions between AR and microRNA-21 (124). Collectively, these findings have led to the
proposal of a two-step model whereby TGFβ-nonresponsive stromal cells are required for initial
epithelial transformation whereas TGFβ-responsive stromal cells are needed in the second step that
confers invasive abilities to initiated epithelial cells and thus promotes PCa progression (125). In
such bipartite models, additional factors such as Wnt3a, which was shown to be an essential
paracrine factor secreted by TGFβRII-deficient stromal cells (119), were required for epithelial
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transformation (125). Expression profiles of laser captured microdissected reactive stroma from
PCa have identified further candidate factors that may underlie the inductive capacity of
myofibroblasts (126, 127). Certainly, further investigations are required to fully understand the
molecular mechanisms by which PCa-reactive stroma promotes tumour development and
progression, however it should be noted that tumour-associated stromal remodelling occurs early
during PCa progression being observed in periacinar fibroblasts adjacent to pre-neoplastic foci
(PIN) and co-evolves during tumour progression to high-grade organ-confined disease (109, 113).
As such, targeting reactive stromal-carcinoma interactions represents a promising adjuvant to
current treatment modalities and is currently an area of intense research.

1.3

Summary

With increasing age, the prostate is highly susceptible to the development of BPH and PCa, two of
the most common diseases affecting elderly males. As such, these diseases are associated with
considerable morbidity, socio-economic burden and in the case of PCa, mortality. Thus, there is an
urgent need for a better understanding of molecular and cellular mechanisms underlying the
development

and

progression

of

proliferative disorders

of the

prostate to

improve

diagnostic/prognostic screening and enable the development of more effective treatment strategies.
Whilst BPH and PCa are distinct diseases with different aetiologies, the activated stromal
phenotype in both disorders exhibits many similarities and bears the hallmarks of a dysregulated
wound healing response with elevated numbers of myofibroblasts considered the major effector
cell underlying the inductive capacity of the BPH and PCa remodelled stroma. Although several
factors have been implicated in the pathophysiology of prostatic stromal remodelling, current
knowledge indicates that elevated epithelial secretion of the pleiotropic cytokine TGFβ in BPH and
pre-malignant PIN lesions is the key inducing stimulus. Despite the knowledge that TGFβ plays a
major role in initiating pathogenic stromal remodelling, its downstream targets that culminate in
the activated stromal phenotype remain largely unknown. Initial treatment for BPH and localconfined PCa exploits the androgen-dependence of the prostate by targeting local/systemic
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androgen metabolism and/or the AR itself resulting in apoptosis of androgen-dependent cells and
thereby reduced prostate volume. Whilst disrupting AR-dependent stromal cell growth may also
represent a minor contribution, neither approach specifically addresses the stromal component of
disease. Given that stromal remodelling is a pivotal event underlying the development of both PCa
and BPH, abrogating fibroblast-to-myofibroblast transdifferentiation may represent a novel
stromal-targeted strategy for the prevention or more effective treatment of PCa and BPH.

1.4

Aims

The studies herein aimed to provide a better understanding of the molecular and cellular
mechanisms underlying the aetiology of BPH and PCa, in particular those involved in pathogenic
stromal remodelling. It is hoped that this newly gained knowledge can be exploited to facilitate the
development of more effective treatment strategies and improve diagnostic/prognostic procedures
for proliferative prostate diseases.
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2

OVERVIEW OF EXPERIMENTAL APPROACHES

The experimental work incorporated in this thesis was carried out using state of the art techniques
that were selected for their suitability to investigate the research question at hand, whilst retaining
biological and functional relevance to the in vivo setting as far as possible. A detailed description of
the materials and methods used in each study is provided in the relevant publication, however an
outline of the main experimental systems is provided here.

2.1

Cell lines and ex vivo modelling of pathogenic stromal changes in BPH and PCa

In the absence of suitable cell lines or animal models to investigate pathogenic stromal remodelling
of BPH and PCa (69) (and Chapter 3.1), we employed primary human prostatic stromal cells
(PrSCs) isolated from non-malignant tissue wedges from hormone-naïve PCa patients undergoing
radical prostatectomy (18). The isolated PrSCs comprise a mixture of fibroblasts, SMCs and a few
sparse myofibroblasts (128). Thus, in contrast to immortalized cell lines, a level of heterogeneity
similar to the in situ stromal microenvironment is retained. In addition, primary prostatic basal
epithelial cells (PrECs) were typically also isolated from the same patient material. Given the
regular receipt of such tissue wedges, PrSCs could be isolated and used directly from culture
(without freezing) enabling low passage (3-4) cells to be used in each experiment. Experiments
employing primary patient material were replicated at least three times using cells isolated from
independent donors to exclude patient-specific effects. All patients gave prior written informed
consent. To investigate mechanisms of pathogenic stromal remodelling, PrSCs in media
supplemented with steroid hormone-depleted, charcoal-treated foetal bovine serum (ctFBS) were
exposed to basic FGF (bFGF) as control or TGFβ1 (1 ng/ml), which is considered the key inducer
of stromal remodelling in BPH and PCa (Chapter 1) and potently induces the robust
transdifferentiation of PrSCs into myofibroblasts (Fig. 2). This ex vivo model is an established
system employed by various laboratories (18, 35, 39, 128, 129).
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Fig. 2 Ex vivo model system of pathogenic stromal remodelling in BPH and PCa
PrSCs incubated in media containing ctFBS for 48 h with 1 ng/ml TGFβ1 stain positive for the
myofibroblast, SMC and reactive stromal markers alpha smooth muscle cell actin (α-SMA), calponin and
tenascin, respectively. Control cells treated with bFGF stain positive only for the mesenchymal marker
vimentin. Nuclei are counterstained with Sytox green. Adapted from (18).

2.2

Manipulation of target gene expression

To investigate the functional effects of candidate genes in primary cells, genes of interest were
silenced via lentiviral-delivered gene-specific short-hairpin RNAs (shRNA) and compared to
scrambled control. At least two distinct shRNA sequences were tested for each target gene to
exclude off-target and non-specific effects. Overexpression of target genes was achieved either via
transient transfection of cells or stable transfection using transposon technology. Stably transfected
cell lines were maintained as low passage, polyclonal cultures to maintain a heterogeneous
population of cells overexpressing the gene of interest from different random integration sites. In
addition, multiple independently generated polyclonal sublines were used for each experiment.

2.3

Data validation and statistics

Where possible, in vitro findings were validated in vivo. For example, immunohistochemistry
(IHC) was used to stain patient tissue specimens and tissue microarrays (TMAs) were employed to
investigate the expression levels of target proteins in different disease states and during disease
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progression. Where suitable antibodies were not available for the protein of interest, quantitative
real-time PCR (qPCR) was performed on total RNA extracted from prostate tissues. In addition,
human xenograft models of PCa were performed in athymic mice to investigate the effects of target
gene expression on tumour development in vivo. All data were analysed for robustness by
performing independent replicate experiments and using appropriate statistical methods.
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3
3.1

RESULTS AND INTERPRETATION
In vitro tools to study androgen receptor signalling in prostate cancer

Background
A significant challenge currently facing researchers investigating the pathophysiology of BPH and
PCa is the limited availability of suitable cellular and animal model systems. There are currently
very few models of primary PCa, which has been notoriously difficult to maintain either in vitro or
in vivo (130). Moreover, there is a lack of appropriate animal models that spontaneously develop
BPH and PCa. For example, BPH is confined to dogs, chimpanzees and humans. Of the numerous
transgenic/knockout mouse models of PCa, no single model develops all the features of human PCa
(131-133). In addition, the mouse prostate lacks the corresponding human transition zone (where
BPH exclusively develops), and the fibromuscular stroma is sparser with little smooth muscle
surrounding the acini. Consequently, this void has been filled with a plethora of cell lines, largely
derived from PCa metastases, and a host of different animal models, which largely carry prostate
cell type non-specific and constitutive genetic alterations (131-133). It is thus crucial to understand
each model, appreciate its advantages and disadvantages and to know which model is better suited
to investigate a particular research question.

Major findings and interpretation
[Attachment 1 (69)] Sampson N, Neuwirt H, Puhr M, Klocker H, Eder I (2013). In vitro model
systems to study androgen receptor signaling in prostate cancer. Endocr Relat Cancer 20:R49-64.

In this paper (69), we addressed this difficulty and assembled a work that may serve as a reference
guide for researchers in the prostate field, particularly for those that study mechanisms of
androgen/AR signalling and PCa. For example the major processes identified to date by which
prostate carcinoma overcomes ADT and progresses to CR-PCa are reviewed with respect to which
cell line is appropriate to study each particular escape mechanism (Fig. 3). In addition, a list of AR
gene mutations in commonly used PCa epithelial cell lines is provided as well as an overview of
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Fig. 3 In vitro cell models exhibiting characteristics of AR-dependent and –independent
mechanisms that promote prostate cancer progression to castration-resistance
Several pathways have been identified by which PCa cells can overcome androgen depletion and thereby
facilitate tumour progression to CR-PCa and can be divided into (1) ligand-dependent mechanisms, which
promote AR activation despite castrate levels of androgens, (2) ligand-independent mechanisms, which
facilitate AR activation by non-androgenic factors and/or altering the intrinsic behaviour/sensitivity of AR
and (3) indirect mechanisms that act downstream of AR activation (e.g. chromatin remodelling via histone
deacetylases, re-emergence of tumours via cancer stem cells and AR-dependent expression of oncogenic ETS
transcription factors). Cell lines that have been used to study these different mechanisms are indicated.

the characteristics of the most frequently employed benign and malignant human prostate epithelial
cell lines, including the AR+ LNCaP cell line and sublines thereof. Cell lines/model systems
appropriate for studies into current hypotheses of PCa initiation and development by PCa
stem/progenitor cells are discussed as well as the use of different benign and carcinoma-associated
prostate stromal cells to address the role of stromal AR in PCa development. Unfortunately
however expression of stromal AR by immortalized or primary prostatic stromal cells is lost under
current in vitro culture conditions (69). Thus, there is currently no model system to investigate
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endogenous stromal human AR at the functional level. Finally, recent technological advances into
the development of three dimensional (3D) in vitro cell culture models that aim to provide a more
biologically relevant in vitro setting to study the molecular pathophysiology of PCa are reviewed.
Importantly, current data from such systems indicate that reciprocal paracrine interactions between
the epithelium, stroma and ECM are essential for epithelial differentiation and both stromal and
epithelial androgen responsiveness in vitro. Similar models have been developed to study vessel
formation in tumour angiogenesis, tumour-immune cell interactions and metastasis. In summary,
much valuable knowledge has been gained from current in vitro prostate model systems. However,
given the heterogeneity of human PCa, it is likely that further development of such 3D systems will
be required to address multi-factorial aspects of this complex disease. It is expected that further
improvements in 2D as well as 3D in vitro model systems will significantly enhance basic PCa
research as well as providing more biologically relevant platforms for more rapid drug discovery
and design.

3.2

Functional characterisation of Prostate-Associated Gene 4 (PAGE4), a novel target that
modulates AR signalling

Background
Previous profiling analyses by the host laboratory to identify differentially expressed genes in
PrSCs during ex vivo stromal remodelling and fibroblast-to-myofibroblast transdifferentiation,
identified significant up-regulation of GAGEC1, a prostate-associated member of X-linked
cancer/testis antigens (CTAs) (18). The germ cell-associated gene (GAGE) family of CTAs are
highly similar, primate-specific proteins with unique primary structure and as yet undefined
cellular functions, although GAGE proteins have been shown to increase cellular resistance to
different cytotoxic stimuli (134, 135). CTAs typically exhibit restricted spatial expression to germ
cells, however most CTAs including GAGE genes are expressed at high levels in tumour cells of
diverse histological origin due to epigenetic dysregulation (136, 137). GAGEC1, which was later
renamed Prostate associated gene 4 (PAGE4) by the HUGO gene nomenclature committee,
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belongs to one of several subsets of GAGE-like CTAs that are expressed in additional normal
somatic tissues. The prostate-associated gene family (PAGE), which comprises six members of
unknown function, is expressed in females in the placenta and uterus and in males in the testis and
at low levels in the normal prostate (138). Although the function of PAGE4 remained unknown,
upregulation of PAGE4 had already been reported in symptomatic BPH and PCa, implicating a
possible role of PAGE4 in the pathophysiology of proliferative diseases of the prostate (139-141).

Major findings and interpretation
[Attachment 2 (142)]

Sampson N, Untergasser G, Lilg C, Tadic L, Plas E, Berger P (2007).

GAGEC1, a cancer/testis associated antigen family member, is a target of TGF-beta1 in age-related
prostatic disease. Mech Ageing Dev 128: 64-66.

To investigate the biological function of PAGE4, microarray expression data from the original
study (18) were first validated by PCR in PrSCs incubated with TGFβ1 to induce fibroblast-tomyofibroblast transdifferentiation. Consistent with the host laboratory’s previous finding, PAGE4
mRNA levels were visibly upregulated (Fig. 4). Notably, this effect was not restricted to PrSCs,
since TGFβ1 treatment of PrECs and the choriocarcinoma cell line JEG-3 also resulted in PAGE4
induction (Fig. 4 and data not shown). Bioinformatic analysis of the predicted PAGE4 amino acid

Fig. 4 Analysis of GAGEC1 expression in primary foreskin and prostatic cells in response to
TGFβ1 treatment
Nested PCR from primary cells (human prostatic stromal cells, PrSCs; human prostatic basal epithelial
cells, PrECs; foreskin fibroblasts, PFF) incubated for 48 h either with 1 ng/ml TGFβ1 or bFGF as control.
Negative control using water as substrate and positive control using a full-length IMAGE clone (ID
1694742) corresponding to GAGEC1 are shown. Porphobilinogen deaminase (PBGD) a low copy number
housekeeping gene served as loading control.
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sequence revealed a putative bipartite nuclear localisation signal towards the N-terminus. At that
time there were no antibodies against endogenous PAGE4. Thus, the subcellular localisation of
PAGE4 was investigated by transfecting PrSCs to transiently overexpress epitope-tagged PAGE4.
Indeed, PAGE4 exhibited a nucleocytoplasmic distribution in PrSCs (142). However,
overexpression

of

PAGE4

was

not

sufficient

to

induce

fibroblast-to-myofibroblast

transdifferentiation as indicated by immunofluorescent staining for myofibroblast markers such as
α-SMA (142). Thus, whilst PAGE4 does not drive pathogenic stromal remodelling associated with
BPH and PCa, it may nonetheless represent a therapeutic target by virtue of its elevated expression
in BPH and PCa and restricted spatial expression pattern.

[Attachment 3 (143)]

Sampson N, Ruiz C, Zenzmaier C, Bubendorf L, Berger P (2012). PAGE4

positivity is associated with attenuated AR signaling and predicts patient survival in hormone-naïve
prostate cancer. Am J Pathol 181: 1443-54.

In a second paper, the biological function of PAGE4 was characterised in more detail (143). A PCa
progression TMA was stained using an own-developed anti-PAGE4 monoclonal antibody to
evaluate PAGE4 protein levels. Whilst PAGE4 was expressed almost exclusively in the prostatic
stroma of the normal and BPH prostate, epithelial expression of PAGE4 was significantly higher in
HGPIN but subsequently decreased during progression to localised PCa with further lower levels in
metastatic PCa (Fig. 5). Upregulation of PAGE4 in HGPIN may reflect epigenetic remodelling
and/or TGFβ production, changes that are apparent in PIN and induce PAGE4 mRNA levels in
prostatic epithelial cells in vitro (Chapter 1.2.2 and Fig. 4).

Unfortunately, there are no primary or immortalised prostate-derived epithelial cell lines (benign or
malignant) that express detectable levels of PAGE4 protein. Thus, to investigate the functional
significance of elevated epithelial PAGE4 in PCa with respect to AR signalling, polyclonal
sublines of the AR+ PCa cell line LNCaP stably overexpressing different levels of native PAGE4
were generated (Fig. 6A). PAGE4 overexpression significantly attenuated expression of certain
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Fig. 5 Dysregulation of epithelial PAGE4 during PCa development and progression
(A-B) IHC analysis of PAGE4 on the PCa progression TMA. Representative images are shown, including a
pleural metastasis (A). (B) Mean epithelial PAGE4 staining intensity (±SEM) was quantified as described in
materials and methods. All pairwise comparisons were statistically significant (P<0.001) by Wilcoxon.

androgen-responsive genes, including PSA, caveolin 1 (CAV1) and IGF binding protein 3
(IGFBP3) but not that of two other primary androgen-regulated genes NKX3-1 and TMPRSS2,
suggesting that PAGE4 may exert its effects in a promoter-specific manner (129). In addition,
PAGE4 attenuated the androgenic proliferative response and potentiated AR inhibition by the
clinical AR antagonist bicalutamide (Fig. 6B), suggesting that mimicking PAGE4-mediated AR
inhibition may represent an adjuvant therapy to enhance the efficacy of current AR antagonists.
PAGE4 appears to mediate its inhibitory effects by attenuating AR phosphorylation at serines (Ser)
81 and 213 (Fig. 6C), which subsequently impairs AR protein stability and transcriptional activity,
perhaps as an indirect consequence of reduced AR nuclear translocation (Fig. 6D). Notably, AR
phosphorylation at Ser81 regulates receptor activity in a promoter-specific manner and likely
accounts for AR attenuation at selective androgen-responsive genes by PAGE4, a notion consistent
with studies showing that cis-acting AR regulators confer promoter specificity of androgen
signalling (144-147). The precise mechanism by which PAGE4 attenuates AR activity is currently
unknown. We were unable to detect an interaction between PAGE4 and AR, however like GAGE

27

N. Sampson Habilitationsschrift

proteins PAGE4 is reported to be an intrinsically disordered protein (IDP) thus it is possible that
PAGE4 forms a weak and transient but specific interaction with AR (148, 149).

Fig. 6 Attenuation of endogenous AR activity in PAGE4 expressing PCa cells
(A) PAGE4 immunoblotting in polyclonal LNCaP sublines stably overexpressing PAGE4 (#7-9) or vector
control. Values denote mean PAGE4 densitometric intensity (±SEM) relative to subline 7 normalised against

β-actin (n=3). (B) qPCR of PSA in vector and PAGE4:LNCaPs pre-blocked for 1h with 10 µM bicalutamide
(Bic) or vehicle equivalent (mock) before stimulation with 10 nM DHT in the presence or absence of Bic for
24h. Bars represent mean fold change in PSA expression (±SEM) relative to DHT-treated vector:LNCaP#1
in the absence of Bic (n=3). (C) Immunoblotting of AR phosphorylated at serine 81

in vector and

PAGE4:LNCaP#8 stimulated for 24h with 10 nM DHT (+) or vehicle equivalent (-). Membranes were
stripped and reprobed for total AR. Lysates from vector:LNCaPs treated as indicated were incubated with
lambda phosphatase prior to loading as specificity control. (D) Immunoblotting with the indicated antibodies
in nuclear and cytosolic extracts from vector and PAGE4:LNCaP cells stimulated for 1 h with 10 nM DHT
(+) or vehicle equivalent (-). Statistical significance is indicated: ns, not significant where P>0.05; *,
P<0.05; **, P<0.01.
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Fig. 7 PAGE4 inhibits PCa xenograft development in androgen-depleted hosts
(A) Maximal tumour incidence of vector and PAGE4:LNCaP#8 xenografts expressed as percent animals
inoculated. (B) Mean tumour volume ± SEM at the indicated interval post inoculation. (C) IHC of the
indicated xenografts isolated at day 63 and processed in parallel. Images are representative of four tumours
for each subgroup. (B) Statistical significance is indicated: *, P<0.05. n≥17 mice per subgroup.

To investigate whether elevated epithelial PAGE4 in PCa may be of functional significance with
respect to tumour development and progression, xenografts were established from AR+ LNCaP
cells stably overexpressing PAGE4 in intact or castrated male nude mice. PAGE4 expression
significantly impaired xenograft development in castrated animals but not in intact mice (Fig. 7A).
Moreover, of the few PAGE4-expressing tumours that did form in castrated animals, growth was
initially significantly retarded compared to vector control although not by experimental endpoint
(Fig. 7B). The sudden growth surge of initially retarded PAGE4-overexpressing tumours in
castrated hosts, suggested that PAGE4-mediated AR inhibition had been subverted enabling the
tumours to achieve castration-resistant status. Supportively, although PAGE4 was still highly
expressed at the mRNA level in these tumours, PAGE4 protein levels were significantly reduced
suggesting post-transcriptional silencing (Fig. 7C).
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Immunostaining of a second TMA comprising >250 clinical specimens from patients with
hormone-naïve or CR-PCa revealed that PAGE4 protein levels did not differ between hormonenaïve or CR-PCa and correlated neither with Gleason pattern nor proliferation index. Consistent
with the aforementioned in vitro findings however, PAGE4 levels inversely correlated with protein
levels of total AR and AR phosphorylated at Ser213 (pAR-Ser213) in both hormone-naïve PCa and
CR-PCa (Table 1). PAGE4 also inversely correlated with serum PSA in hormone-naïve PCa (Table
1). Importantly, patients with hormone-naïve PCa expressing lows levels of epithelial PAGE4
levels exhibited significantly reduced overall survival after transurethral resection of the prostate
(TURP) for local advanced PCa (Fig. 8). Moreover, in multivariate analyses high epithelial PAGE4
levels significantly predicted patient survival independently of Gleason pattern, age and cM stage
(Table 2).

Given that PAGE4 appears to attenuate AR in a promoter-specific manner, we hypothesise that
increased PAGE4 in PIN may result in attenuated AR signalling thereby favouring tumour
initiation. This is in keeping with studies showing that epithelial AR can suppress or promote
tumourigenesis depending on the cancer-initiating signal (105, 150). Since AR regulates distinct

Total AR *
Coefficient ‡
Hormonenaïve PCa
PAGE4

*

n = 253

-0.16
(n = 236)

CR-PCa

-0.13

n = 271

(n = 248)

P-value

0.0162

0.0394

pSer213-AR *
Coefficient ‡
-0.32
(n = 212)
-0.18
(n = 246)

P-value

Serum PSA †
Coefficient ‡

< 0.001

0.006

-0.32
(n = 81)
-0.19
(n = 67)

P-value

0.0034

0.121

Spot-by-spot analysis of epithelial PAGE4 IHC staining intensity with immunostaining levels of total AR

and AR phosphorylated at Ser213. † Comparison of serum PSA with PAGE4 IHC scores using the mean
epithelial PAGE4 staining intensity score per biopsy in cases where multiple spots were derived from a
single patient biopsy specimen.

‡

Values represent Spearman’s ρ correlation coefficients. Numbers in

brackets denote sample number (n) for which both parameters were available.

Table 1

PAGE4 inversely correlates with AR status in clinical PCa
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Fig. 8 PAGE4

levels

correlate

with

survival of patients with hormone-naïve
PCa.
Overall survival of patients with hormone-naïve
PCa following TURP for local advanced
obstructive

PCa

stratified

for

high

vs.

negative/low (neg/low) epithelial PAGE4 levels
on the advanced PCa TMA (3rd quartile of mean
epithelial PAGE4 intensity was set as cut-off).

Univariate

Multivariate
95% CI

Parameter

P-value

Hazard ratio

Lower

Upper

P-value

cM

0.030 *

1.55

0.82

2.92

0.173

Gleason pattern

0.005 *

1.68

1.04

2.80

0.033 *

Age at surgery

0.003 *

1.32

0.96

1.80

0.087

High PAGE4

0.009 *

0.67

0.45

0.95

0.024 *

Univariate and multivariate analyses assessed by log-rank test or Cox proportional hazard ratio, respectively,
for the indicated parameters with respect to hormone-naïve PCa patient survival (CI, confidence interval).
Cut-off scores were set as M0 vs. M1 for cM tumour stage, ≥ median patient age following TURP for local
advanced obstructive PCa and high epithelial PAGE4 staining intensity on the advanced PCa TMA with cutoff set as 3rd quartile of mean epithelial PAGE4 intensity. *denotes statistically significant differences where
P<0.05.

Table 2

PAGE4 levels are an independent predictor of survival for patients with

hormone-naïve PCa
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transcriptional programmes during PCa development/progression, it is plausible that the subsequent
downregulation of PAGE4 in localised PCa and metastases facilitates AR reactivation and
transcriptional programs required for progression to lethal advanced PCa. This hypothesis is in
keeping with the observation that PAGE4 impaired the development of CR-PCa xenografts, and in
the few tumours that did form PAGE4 was post-transcriptionally silenced. Moreover, the inverse
correlation of PAGE4 with AR status in clinical PCa together with the finding that low PAGE4
levels correlated with decreased patient survival in hormone-naïve PCa further support this
hypothesis. The lack of correlation of epithelial PAGE4 levels with different parameters in clinical
CR-PCa even though PAGE4 protein levels were not significantly different between hormonenaïve and CR-PCa raises the possibility that AR bypass pathways were major determinants of
tumour progression in these CR-PCa specimens and/or that PAGE4-mediated AR inhibition may
have been subverted e.g. via post-translational modifications required for AR inhibition but nondetectable by the PAGE4 monoclonal antibody employed. Further studies are required to
investigate these possibilities and to determine whether restoring PAGE4-mediated AR inhibition
may offer therapeutic benefit for patients with CR-PCa. Importantly, multivariate analyses
indicated that PAGE4 positivity independently predicted favourable survival of patients with
hormone-naïve PCa indicating that PAGE4 may represent a novel independent prognostic marker
to identify patients at risk of developing lethal PCa.

Collectively, these data strongly indicate a role of elevated epithelial PAGE4 in the pathogenesis of
PCa via PAGE4-mediated modulation of AR activity. However, it remains to be determined
whether PAGE4, which was initially identified as a candidate factor for pathogenic stromal
remodelling, plays a similar role in attenuating stromal AR signalling. Since there are currently no
suitable model systems to investigate endogenous stromal human AR at the functional level
(Chapter 3.1), it was not possible in the current paper to extend the above findings to prostatic
stromal cells. Rather, such studies will require the specific development of stromal-orientated
TMAs as well as the establishment of a new culture system to selectively isolate and culture AR+
and AR- PrSCs.
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3.3

Dysregulation of the IGF axis is involved in pathogenic stromal remodelling of the
prostate

Background
Signalling via the IGF axis plays an important role in regulating cellular homeostasis of the
prostate (151). The mitogenic ligands IGF1 and IGF2 predominantly mediate their effects by
binding to transmembrane tyrosine kinase receptors IGF1R and IGF2R and activating downstream
signalling cascades e.g. AKT, resulting in enhanced cell proliferation and survival (152). There are
seven IGF-binding proteins (IGFBP1-7, the latter also known as IGFBP-related protein-1) of which
IGFBP3 is the principal carrier of IGF ligands in serum (153). Although IGFBP3 may potentiate
IGF signalling, in many instances IGFBP3 action is inhibitory due to high-affinity IGF
sequestration and/or via poorly understood IGF-independent mechanisms (154-157). Consequently,
IGFBPs are generally considered to exert tumour-suppressive properties.

Several epidemiological studies have implicated signalling by the IGF axis in the pathophysiology
of BPH and numerous tumours, including PCa (43, 80). For example, circulating and prostatic
tissue levels of IGF ligands are elevated in PCa, whereas elevated tissue levels of IGF1R in PCaadjacent stroma positively correlated with Gleason grade (81, 158-162). Although there does not
appear to be a significant association between serum IGFBP3 levels and PCa incidence (81, 159),
tissue levels of epithelial IGFBP3 are reportedly decreased in PCa (163, 164). Consequently,
targeting the IGF axis is considered a promising therapeutic anti-cancer strategy (165-167).
Recently, high tissue levels of IGFBP3 mRNA were found to be independently associated with
high volume of the prostatic transition zone (where BPH develops) and independently predicted
higher total prostate volume, thus implicating local tissue levels of IGFBP3 in the pathogenesis of
BPH (168). Whilst the epithelial IGF axis has been intensely studied particularly with respect to
PCa development (151, 169, 170), comparatively little is known about the function and regulation
of IGF signalling components in the benign hyperplastic and malignant prostatic stroma. One
recent study however reported that stromal as well as epithelial IGFBP3 mRNA levels were

33

N. Sampson Habilitationsschrift

unchanged in PCa compared to benign prostate tissue areas (169), which is in disagreement with
the abovementioned decrease in tissue epithelial IGFBP3 levels (163, 164). By contrast, another
study demonstrated that stromal tissue levels of IGFBP3 are elevated in mouse models of PCa
(171), a finding consistent with a previous report by the host laboratory whereby IGFBP3 was
found to be significantly upregulated during TGFβ1-mediated fibroblast-to-myofibroblast
transdifferentiation of PrSCs (18). Thus, it remains to be investigated whether stromal IGFBP3
protein levels are also elevated in clinical specimens of BPH and PCa and whether its upregulation
in ex vivo models of stromal reorganisation is of functional significance with respect to disease
development.

Major findings and interpretation
[Attachment 4 (129)]

Sampson N, Zenzmaier C, Heitz M, Hermann M, Plas, E, Schäfer G,

Klocker H, Berger P (2013). Stromal insulin-like growth factor binding protein 3 (IGFBP3) is
elevated in the diseased human prostate and promotes ex vivo fibroblast-to-myofibroblast
differentiation. Endocrinology 154: 2586-99.

In this paper (129), Affymetrix profiling revealed dysregulation of numerous components of the
IGF signalling axis during ex vivo remodelling of the prostatic stroma to an “activated” phenotype,
in particular upregulation of IGFBP3 as shown previously by the host laboratory (18) (Table 3).

Fold change in gene expression (± SEM)
Gene symbol
IGF1

Gene ID

Affymetrix a

qPCR b

3479

12.1 ± 3.2

24.8 ± 6.9

IGF1R
3480
2.1 ± 0.3
3.1 ± 0.7
IGFBP2
3485
1.0 ± 0.2
-1.3 ± 0.8
IGFBP3
3486
6.4 ± 2.1
9.5 ± 2.8
IGFBP4
3487
-1.1 ± 0.8
1.5 ± 1.1
IGFBP6
3489
-2.3 ± 0.1
-3.2 ± 1.2
PrSCs from three independent donors were treated with 1 ng/ml TGFβ1 or bFGF for 48 h. a Pooled RNA
was hybridized to Affymetrix Human Genome U133 Plus 2.0 GeneChips®. Values represent mean fold
change in expression relative to bFGF control cells from two independent hybridizations. b Values
represent mean fold change in expression by qPCR using single donor RNAs (n = 3).

Table 3

Dysregulation of the IGF axis during ex vivo fibroblast-to-myofibroblast

transdifferentiation of human PrSCs
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Fig. 9 IGFBP3 is essential for ex vivo stromal remodelling of PrSCs
(A-B) PrSCs in serum-free RPMI (SF-RPMI) were stimulated for the indicated duration with 1 ng/ml TGFβ1
or bFGF as stated before (A) western blotting of cell lysates using the indicated antibodies or (B) ELISA
quantification of secreted IGFBP3 from conditioned media of PrSCs. (C-D) PrSCs were incubated with
scrambled (scr) control or IGFBP3 shRNA-expressing lentivirus at multiplicity of infection 4 for 96 h and
subsequently stimulated with (C) 1 ng/ml bFGF (b) or TGFβ1 (t) as indicated or (D) TGFβ1 for 72 h before
(C) western blotting or (D) immunofluorescent staining with the antibodies indicated. (A, C-D) Images are
representative of three independent experiments using PrSCs from different donors. (B) Values represent
mean IGFBP3 concentration (ng/ml) ± SEM using PrSCs isolated from independent donors (n = 8).
Statistical significance is shown (*, P < 0.05; **, P < 0.01).

Further analyses identified that IGFBP3 is temporally induced when induction of the end-stage
transdifferentiation marker αSMA is already apparent (Fig. 9A). Moreover, elevated IGFBP3 is
actively secreted by activated myofibroblasts in significant quantities (111.3 ng/ml ± 18.3 after 72
h TGFβ1 treatment compared to 30.0 ng/ml ± 7.7 after 72 h bFGF treatment) (Fig. 9B).
Furthermore, using lentiviral delivered IGFBP3-specific shRNAs it was shown that elevated
IGFBP3 is essential for TGFβ1-mediated fibroblast-to-myofibroblast transdifferentiation of PrSCs
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Fig. 10 IGFBP3 potentiates TGFβ1-mediated transdifferentiation
(A) qPCR of the indicated genes in PrSCs treated for 72 h with the indicated concentration of rhIGFBP3 in
SF-RPMI treated with 1 ng/ml bFGF or TGFβ1 as stated. PrSCs treated with TGFβ1 alone served as
positive control. Values represent mean fold change in gene expression (± SEM) using PrSCs isolated from
three independent donors. (B) Western blotting using the indicated antibodies of cell lysates from PrSCs
treated for 72 h as in (A). Images are representative of four independent experiments using PrSCs from
different donors. (C) Densitometric quantification of assays as shown in (B). Values denote mean fold
change in densitometric intensity (±SEM) from four independent experiments using PrSCs from different
donors. (A, C) Statistical significance is indicated (ns, not significant where P > 0.05; *, P < 0.05; **, P <
0.01). (NOX4, NADPH oxidase 4; IGFBP3, insulin-like growth factor binding protein 3; SMA, smooth
muscle actin alpha 2; CNN1, calponin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase).

(Fig. 9C-D). However, whilst exogenous application of physiological concentrations of
recombinant human

IGFBP3 (rhIGFBP3)

alone

was not sufficient to induce

PrSC

transdifferentiation into myofibroblasts, rhIGFBP3 synergistically potentiated TGFβ1-mediated
transdifferentiation (Fig. 10). IGFBP3 mediated its inducing effects in an IGF-independent manner
as demonstrated by (i) the modest effect of IGFBP3 knockdown on PrSC proliferation, (ii) the
kinetics of TGFβ1-mediated AKT phosphorylation were not significantly altered upon IGFBP3
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knockdown, (iii) rhIGFBP3 still potentiated TGFβ1-mediated transdifferentiation of PrSCs in the
presence of IGF1 and LongR3-IGF1, an IGF1 analogue with low affinity for IGFBP3 and (iv) an
IGF1R neutralising antibody failed to recapitulate the potentiation of TGFβ1-mediated
transdifferentiation by rhIGFBP3 (129). These data indicate that whilst not an active mediator of
transdifferentiation,

IGFBP3

synergistically

potentiates

TGFβ1-mediated

fibroblast-to-

myofibroblast transdifferentiation in an IGF-independent manner. This conclusion is consistent
with several in vitro and in vivo studies, which have implicated IGFBP3 as well as IGFBP5 as
central mediators of the pro-fibrotic phenotype in tissues of diverse histological origin (172).
Moreover, elevated IGFBP3 levels were also reported in endometriosis, idiopathic pulmonary
fibrosis, systemic sclerosis, Crohn disease and hepatic fibrosis, diseases that exhibit many
histopathological similarities with the BPH and PCa remodelled stroma (172, 173). Similar to our
observations, IGFBP5 was shown to mediate its pro-fibrotic effects on dermal and pulmonary
fibroblasts independently of IGF1 (174-176). Our finding that IGFBP3 potentiated TGFβ1-induced
transdifferentiation is consistent with several studies that have reported similar synergistic effects
of IGFBP3 on TGFβ signalling in a variety of cell types (177-182). Analogously, IGFBP3
potentiated epidermal growth factor signalling with elevated phosphorylation of the cognate
receptor in mammary epithelial cells (183). Collectively, these data raise the intriguing possibility
that regulation of growth factor signalling may be a generic mechanism by which IGFBP3 exerts
some of its IGF-independent effects. Further investigations however are required to discern the
complex molecular mechanism underlying the synergistic effects of IGFBP3 during TGFβ1mediated transdifferentiation.

We next examined the localisation and abundance of IGFBP3 in BPH and PCa prostatic biopsy
specimens via IHC (Fig. 11 and 12). In BPH specimens, strong IGFBP3 staining was observed in
the epithelial cells of benign glands with weak/moderate staining of only a few interspersed cells in
the periglandular stroma (Fig. 11A). However, consistent with the above in vitro data and increased
numbers of myofibroblasts in BPH (40), the abundance of IGFBP3 positively stained cells was
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Fig. 11 IGFBP3 is elevated
in

the

hyperplastic

fibromuscular stroma of
the BPH prostate
IHC staining of IGFBP3 in a
whole tissue biopsy section from
a BPH patient. Note the low
number
cells

of

in

stroma

IGFBP3-positive
the

(A,

compared

periglandular
black

arrows)

the

abundant

to

number

of

IGFBP3

immunoreactive cells in the
hyperplastic
stroma

fibromuscular

of the same tissue

section

(B).

regions

(left

(A-B)
panels)

Boxed
are

enlarged (right panels). Images
are representative of whole
tissue section biopsy specimens
from six independent donors.

markedly increased in the hyperplastic fibromuscular stroma, which displayed a heterogeneous and
non-uniform distribution of stromal IGFBP3 (Fig. 11B). Whilst there did not appear to be a
significant difference in staining intensity of tumour cells in PCa specimens compared to the
adjacent benign epithelium (Fig. 12A), moderate/strong IGFBP3 immunoreactivity was observed
in the tumour-adjacent reactive stroma (Fig. 12A-B). This is in contrast to much lower levels of
stromal IGFBP3 staining in benign areas of the same tissue section (Fig. 12A). Thus, consistent
with the above in vitro observations, these findings indicate that IGFBP3 is elevated in the prostatic
stroma of BPH and PCa patients. Unfortunately, there is currently no single molecular marker
capable of distinguishing fibroblasts from myofibroblasts. Thus, it was not possible in the present
study to precisely determine whether IGFBP3-positive cells in the BPH and PCa stroma
represented myofibroblasts. However, given the induction of IGFBP3 in in vitro differentiated
myofibroblasts together with the well-documented elevated number of myofibroblasts in the

38

N. Sampson Habilitationsschrift

Fig. 12 IGFBP3 is elevated in PCa-associated reactive stroma
(A) IHC staining of IGFBP3 in adjacent benign epithelial (BE) and tumour (T) areas of a single whole tissue biopsy section from a patient with high grade PCa. Bottom
left and bottom right, enlargement of boxed areas (broken line and solid line, respectively). Note the low/weak staining of IGFBP3 in the periglandular stroma (black
arrows) of benign glands (BE, bottom left) whereas IGFBP3-positive cells are more abundant in the reactive stroma (red arrows) of adjacent PCa (T, bottom right). T
denotes foci of PCa. (B) High-grade PCa area from the same tissue section as in (A) reveals intense nucleocytoplasmic staining of IGFBP3 in PCa-adjacent reactive
stroma. Images are representative of whole tissue section biopsy specimens from eight independent donors.
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prostatic stroma of BPH and PCa (35, 40, 109), the observed staining pattern is strongly suggestive
of the myofibroblast phenotype and further supports the notion that stromal IGFBP3 plays a key
role in pathogenic stromal remodelling associated with BPH and PCa.

In summary, data presented herein demonstrate that stromal IGFBP3 acts in an IGF-independent
manner to play an amplifying and permissive role during TGFβ1-mediated fibroblast-tomyofibroblast transdifferentiation, a hallmark of stromal remodelling associated with PCa and
BPH. Due to their mitogenic action and positive association with increased risk of several cancers,
including PCa, (81, 159-162), significant effort is being devoted to developing IGF inhibitors for
the treatment of a variety of cancers (166, 184, 185). As natural inhibitors of IGF but not insulin
signalling, the anti-cancer potential of IGFBPs is consequently also being investigated, particularly
with respect to reducing the toxic side effects that currently limit many IGF1R targeting
approaches (166). However, data herein suggest that stromal IGFBP3 may exert pro-tumourigenic
effects by promoting stromal remodelling and transdifferentiation of fibroblasts into
myofibroblasts, whose mitogenic secretome exerts well-documented pro-proliferative and protumourigenic effects (103). Indeed, one such paracrine-acting mitogen may be stromal-derived
IGF1 itself, whereby degradation of myofibroblast-derived IGFBP3 by epithelial proteinases such
as PSA and matrix metalloproteinase-7 (MMP7) releases sequestered IGF1 and subsequently
promotes epithelial cell and tumour growth (186-189). Along similar lines, MMP7 cleavage of
IGFBP5 releases bound IGF2, which subsequently acted as a mitogen for colonic myofibroblasts
(190). Given that AR reactivation by non-androgenic ligands such as IGF1 is a key process by
which castration-resistant PCa can emerge (91), data herein indicate the therapeutic potential of
inhibiting stromal remodelling and the resulting dysregulation of the stromal IGF axis in
combination with current treatment modalities for advanced PCa.
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3.4

Role of NADPH oxidase-derived reactive oxygen species (ROS) and cellular redox
signalling in PCa

Background
NADPH oxidase (NOX) proteins are membrane-associated multi-subunit enzymes that generate
superoxide via the reduction of oxygen using cytosolic NADPH as an electron donor. Thus, NOX
enzymes are unique in that ROS production is their primary and sole function (191). This is in
contrast to ROS-producing enzyme systems such as xanthine oxidase or uncoupled endothelial
nitric oxide synthase, whose production of ROS occur secondary to their primary function. Of the
seven NOX enzymes in humans, NOX1 and NOX2 play a role in host defence whereas ROS
produced by other NOX members act primarily as second signalling messengers in a variety of
biological processes (192). NOX4 exhibits unique properties in comparison to other Nox isoforms.
Firstly, NOX4 is constitutively active with primary regulation occurring at the transcriptional level,
which can be induced by a variety of hormones, cytokines and growth factors including TGFβ
(192-194). In addition, unlike other Nox isoforms, which produce superoxide, the major detected
product and primary effector ROS of NOX4 is hydrogen peroxide (H2 O2), although this most likely
is a result of rapid superoxide dismutation (193, 195, 196). It is thought that a highly conserved
histidine residue within the E-loop of NOX4 promotes rapid dismutation of superoxide before it
leaves the enzyme (196), although this aspect of NOX4 biology requires further clarification. A
growing body of evidence indicates that signalling by NOX4 plays a central role in diverse cellular
processes such as proliferation, apoptosis, migration and differentiation (192). It is thus perhaps not
surprising that NOX4 dysregulation is associated with a number of human pathologies, including
idiopathic pulmonary fibrosis, diabetic nephropathy, cardiac disease, ischemic stroke and
tumourigenesis (197-202).

By virtue of their abundance and high rate constants for oxidation reaction, proteins are the primary
cellular targets of ROS (203). Oxidation induces changes in the charge, size, hydrophobicity or
polarity of amino acids. The resulting altered secondary and tertiary polypeptide structure can thus
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modify protein stability, macromolecular interactions and activity. Whilst many amino acids are
potential targets of oxidation, NOX-derived ROS are thought to primarily mediate their signalling
functions via reversible oxidation of sulphur-containing cysteine residues (204) (Fig. 13A). In
particular, the thiol groups of cysteine residues with a low pKa are highly sensitive to reversible
oxidation, which results in the formation of a sulphenic acid modification (RSOH) in target
proteins (Fig. 13A) (205). Low pKa values arise due to the immediate environment of the cysteine
residue and are aided in particular by nearby basic or aromatic residues that stabilise the thiolate
anion (RS-) by deprotonating the thiol to achieve a “reactive cysteine” (206). Only a small
proportion of cysteines exhibit this necessary structure to undergo transition to a sulphenic acid but
are observed in transcription factors, mitogen-associated protein kinases (MAPKs), protein tyrosine
phosphatases (PTPs) and protein tyrosine kinases (PTKs) (Fig. 13B) (207). Thus, a basis is
provided for specificity of thiol redox signalling.

Redox-sensitive elements (such as cysteine) are integrated into thiol redox circuits that are tightly
regulated by glutathione (GSH) and thioredoxin (TXN) (207). Glutathione peroxidases (GPX) and
thioredoxin reductases (TXNRD) are key enzymes in the redox cycling of GSH and TXN. The
essential trace element selenium (Se) is an integral component of GPX and TXNRD enzymes and
incorporated as seleno-cysteine (Se-Cys) at their active site (208). The expression and biosynthesis
of such selenoproteins is determined by Se status in a strict hierarchical manner (209, 210). Due to
its high levels in plasma and an unusually high Se-Cys content, Selenoprotein P plasma 1 (SEPP1)
is primarily thought to function as a Se transporter delivering Se to peripheral tissues. However it
may also possess intrinsic antioxidant properties (211-213).

Enhanced ROS production has been reported to promote cell proliferation and survival in various
cancer types, including glioma, melanoma, renal cell carcinoma, pancreatic cancer and thyroid
cancer (214-218). To date, there is no direct evidence indicating that ROS are involved in the
aetiology of PCa. However compared to normal prostatic cells, PCa cells exhibit increased
extramitochondrial ROS production, which correlates with a malignant and invasive phenotype
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A

B

Fig. 13 Reversible oxidation of cysteine residues underlies NOX-derived ROS signalling
(A) The sulphur-containing nucleophilic side chain of cysteine (RSH) is susceptible to oxidation forming the
sulphenic acid intermediate (RSOH), which in turn can form a disulphide bond when near to another
cysteine residue. Intracellular antioxidants such as thioredoxin, glutaredoxin and glutathione (GSH) can
reduce and reverse these modifications. Further oxidation leads to the irreversible formation of sulphinic
(SO2H) and sulphonic (SO3H) groups. Adapted from (206). (B) NOX-derived ROS signalling is initiated by
signals (such as growth factors) that induce NOX enzyme activation. In turn, NOX-derived ROS oxidise
cysteine residues at the active site of key intracellular proteins (including kinases, phosphatases) leading to
their altered activity and consequently to functional changes within the cell. Adapted from (204).
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(219). Moreover, antisense oligonucleotides targeting NOX5 inhibited the growth of DU145 PCa
cells (220), whereas targeting NOX2 subunits by siRNA reduced the migration and metastatic
potential of AT6.1 rat PCa cells (221). These data suggest that NOX-derived ROS may play a role
in the development of PCa. The following studies aimed to investigate whether NOX isoforms are
involved in the pathogenesis of PCa and to evaluate whether restoring cellular redox homeostasis
may represent a therapeutic strategy for the treatment of PCa.

Major findings and interpretation
[Attachment 5 (39)] Sampson N, Koziel R, Zenzmaier C, Bubendorf L, Plas E, Jansen-Dürr P,
Berger P (2011). ROS signaling by NOX4 mediates fibroblast-to-myofibroblast differentiation in
the diseased prostatic stroma. Mol Endocrinol 25: 503-515.

To further identify molecular changes during BPH/PCa-associated fibroblast-to-myofibroblast
transdifferentiation, the Affymetrix gene expression profiles (described in Chapter 3.3) of PrSCs
treated to undergo ex vivo stromal remodelling were analysed, which revealed significant
upregulation of NOX4 and concomitant downregulation of several genes encoding proteins with
ROS scavenging function, including Selenoprotein P plasma 1 (SEPP1), Glutathione peroxidase 3
(GPX3), Thioredoxin (TXN) and Thioredoxin reductase 1 (TXNRD1) (Fig. 14), suggesting that
TGFβ1-induced transdifferentiation of PrSCs is associated with a NOX4-driven pro-oxidant shift

Fig. 14 Dysregulation
regulators

during

of
ex

vivo

redox
stromal

remodelling
qPCR validation of ROS scavenging (white
bars) and ROS producing (black bars) enzymes
in PrSCs differentiated with 1 ng/ml TGFβ1
(48h) relative to control cells incubated with 1
ng/ml bFGF (48h) to maintain the fibroblast
phenotype. Values represent mean fold change
(±SEM) of four independent experiments using
different donors.
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Fig. 15 NOX4 correlates with the myofibroblast phenotype in vivo with specific loss of SEPP1
in PCa-reactive stroma
Top: qPCR of NOX4 in prostate specimens (n =13) relative to the expression of epithelial, stroma or
myofibroblast markers as described (39). Bottom: SEPP1 IHC (left) in normal/BPH and PCa biopsies
(Gleason 7), enlarged images are shown (right), pre-incubation of anti-SEPP1 antibody with blocking
peptide (centre). Periglandular stromal cells (short black arrows), periglandular tumour stroma (open
arrows), SMC bundles (long black arrow), weak immunostaining of SMCs due to incomplete blocking (grey
arrow). Sections were counterstained with Mayer’s haematoxylin. Tissue specimens were processed in
parallel. Images are representative of four independent experiments with specimens from at least eight
different donors.
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in redox homeostasis. Due to the lack of a NOX4-specific antibody, which remains a notorious
difficulty in this field (191), it was not possible to investigate NOX4 at the protein level in BPH
and PCa patient biopsy specimens. Rather NOX4 expression was verified by qPCR in nontumourcontaining small prostate samples derived from radical prostatectomies and compared to the
expression of a panel of epithelial-, stromal- and myofibroblast-specific markers (Fig. 15). NOX4
exhibited no correlation with 8 epithelial markers but weakly correlated with 6 stromal markers and
more strongly with 5 different myofibroblast markers. Thus, consistent with our observation from
ex vivo induced fibroblast-to-myofibroblast transdifferentiation of PrSCs, NOX4 mRNA levels
specifically correlate with the myofibroblast phenotype in vivo. Down-regulation of the Se
transporter SEPP1 during ex vivo transdifferentiation (Fig. 15) was investigated by IHC analyses of
prostate biopsies from normal/BPH and PCa patients. In the normal/BPH prostate, strong SEPP1
cytoplasmic staining in basal and luminal epithelial cells and SMCs was observed with moderate
staining of periglandular stromal cells (fibroblasts, perivascular and endothelial cells) (Fig. 15).
However, in PCa biopsies SEPP1 immunoreactivity was specifically lost in the periglandular
tumour-associated (reactive) stroma whereas adjacent bundles of SMCs and tumour cells stained
positive (Fig. 15). Thus, consistent with the reduction of SEPP1 in ex vivo transdifferentiated
PrSCs, the remodelled prostatic stroma in PCa exhibits specific loss of stromal SEPP1.

Subsequent experiments addressed the functional significance of elevated TGFβ1-induced NOX4
expression and suppression of ROS scavengers. These studies revealed that TGFβ1transdifferentiated PrSCs produced significantly higher levels of ROS in comparison to bFGF
control treated cells (Fig. 16A). Time course assays indicated that elevated ROS production began
2-6 h after addition of TGFβ1 with peak levels reached at 12 h, which remained steady thereafter
(Fig. 16B). Elevated ROS production closely correlated with temporal induction of NOX4
expression, whereas up-regulation of transdifferentiation markers SMA and IGFBP3 occurred later
(12-24 h; Fig. 16B), a finding confirmed at the protein level (Fig. 16C). Thus, TGFβ1-dependent
NOX4 induction and elevated intracellular ROS production precede PrSC transdifferentiation.
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Fig. 16 Sustained ROS production precedes fibroblast-to-myofibroblast transdifferentiation
(A) ROS production was measured in PrSCs 48 h post stimulation with TGFβ1or bFGF via H2DCFDA
staining and analysed by FACS. Values represent mean fluorescence of triplicate samples using three
different donors in independent experiments. Significance is indicated (** p< 0.01). (B) Time course assay of
ROS production (left y-axis) and qPCR (right y-axis) of PrSCs stimulated for the indicated duration with
TGFβ1. Mean values obtained from at least three experiments using independent donors are shown (±SEM).
(C) Western blotting of lysates from PrSCs stimulated with TGFβ1 for the indicated duration with the
antibody shown. Blots are representative of three independent experiments using different donors.

High levels of free radicals can result in non-specific oxidative damage to cell structures and
biomolecules. However, when produced in a regulated manner ROS, like nitric oxide and reactive
nitrogen species, play a critical role as biological second messengers in a variety of cellular
processes (222). Thus we next examined whether elevated ROS during transdifferentiation induce
oxidative stress. However, despite sustained elevated ROS levels and reduced expression of ROS
scavenging enzymes, there was no increase in Ser139 phosphorylation of histone H2A.X or protein
carbonylation, which are indicators of global DNA damage and protein oxidation, respectively
(223, 224). In addition, there was no significant increase in phosphorylation of p53 at Ser15, which
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serves as an early indicator of oxidative-stress induced DNA damage (225). Importantly,
exogenous application of superoxide dismutase (SOD) conjugated to polyethylene glycol (PEG) to
enhance cell permeation significantly attenuated TGFβ1-induced ROS levels and inhibited
induction of SMA and IGFBP3 as well as phenotypic switching (Fig. 17). Together, these data
indicate that elevated ROS are non-stress inducing and essential for TGFβ1-induced
transdifferentiation of PrSCs.

Fig. 17 ROS are essential for fibroblast-to-myofibroblast transdifferentiation
PrSCs were incubated with PEG-conjugated SOD (PEG-SOD, 60 U/ml) and bFGF or TGFβ1 as indicated
for 24 h before luminol-based chemiluminescent detection of ROS production (panel A), Western blotting
using the indicated antibodies (panel B) or phase contrast microscopy (panel C) (magnification x40). (A)
Values represent the mean (±SEM) of triplicate wells in three independent experiments using different
donors. Significance is indicated (*, p< 0.05; **, p< 0.01; ns, not significant). (C) Note the thin, elongated
and light refractive phenotype of bFGF-treated PrSCs (fibroblasts) in comparison to the flattened and less
light refractive morphology of TGFβ1-differentiated PrSCs (myofibroblasts). (B, C) Images are
representative of at least four independent experiments using different donors.

48

N. Sampson Habilitationsschrift

To confirm that NOX4 is the ROS-producing source in response to TGFβ1, NOX4-specific
lentiviral-delivered shRNA was employed. Since a basal level of NOX4-derived ROS is essential
for cell survival (215, 226), lentiviral concentrations were selected that significantly reduced
TGFβ1-induced NOX4 mRNA and ROS levels without impairing cell viability (Fig. 18A-B).
Under these conditions, NOX4 knockdown significantly attenuated TGFβ1-induction of IGFBP3
and SMA (Fig. 18A, C). Increasing lentiviral concentrations decreased TGFβ1-induced ROS levels
further indicating that NOX4 is the primary source of elevated ROS during ex vivo stromal
transdifferentiation. The intracellular response to cytokines such as TGFβ1 is transduced by the
concerted action of kinases and phosphatases, many of which are redox sensitive (205). Thus, we
screened a number of kinases that are phospho-activated during transdifferentiation and identified
that NOX4 knockdown attenuated TGFβ1-stimulated but not basal phosphorylation of N-terminal
c-Jun kinase (JNK, Fig. 18C). Moreover, the JNK-specific inhibitor SP600125 attenuated TGFβ1induction of IGFBP3 and SMA and morphological transdifferentiation downstream of TGFβ1mediated induction of NOX4 mRNA (Fig. 18D-E and data not shown). These data strongly suggest
that NOX4-derived ROS acts as an essential signalling mediator to modulate JNK phosphorylation,
which in turn coordinates the downstream transdifferentiation response to TGFβ1.

The data thus far strongly implicated NOX4-derived ROS in playing a critical role in fibroblast-tomyofibroblast transdifferentiation. As such, abrogating elevated NOX4-derived ROS signalling
may represent a therapeutic strategy to inhibit pathogenic stromal remodelling in BPH and PCa. In
the current absence of NOX4-specific inhibitors, we explored the alternative strategy of increasing
ROS-scavenging activity. The primary function of SEPP1 is considered the transport of Se to
peripheral tissues, which is required for the expression and biosynthesis of selenoproteins (209,
210, 227-229). Thus, we hypothesised that down-regulation of SEPP1 during transdifferentiation, a
direct transcriptionally-suppressed target of TGFβ1/SMAD (230), may result in cellular Se
deficiency, decreased selenoenzyme ROS scavenging activity and thereby potentiate NOX4derived ROS signalling. We therefore examined whether exogenous Se was sufficient to restore
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Fig. 18 NOX4-derived ROS mediate transdifferentiation via increased JNK phosphorylation
(A) qPCR of PrSCs infected with the indicated shRNA-expressing lentivirus at MOI 2 for 96 h before
stimulation for 24 h with TGFβ1. Mean values (±SEM) of three experiments using independent donors are
shown relative to nontransduced mock-treated PrSCs. (B) Luminol-based chemiluminescent detection of ROS
production by PrSCs treated as in (A). Values represent mean fold change in ROS production (±SEM) from
triplicate wells in at least three experiments using independent donors relative to vector control cells. (C)
Western blotting of total cell lysates from PrSCs treated as in (A) in the presence or absence of TGFβ1 for
24 h. A representative example of four independent experiments using different donors is shown. Values
denote densitometric quantification of bands from NOX4 shRNA treated lysates relative to combined scores
from vector and scrambled shRNA treated lysates (mean ±SEM). (D-E) PrSCs were treated with TGFβ1 and
the indicated inhibitor (JNK, 1 µM SP600125; ALK5/TGFβ R1, 1 µM SB431542) for 24 h before qPCR of the
indicated genes (panel D) or Western blotting of total cell lysates using the antibodies indicated (panel D).
(D) Mean values from four independent experiments using different donors are shown expressed as
percentage (±SEM) relative to mock control treated with TGFβ1 and dimethylsulphoxide (DMSO)
equivalent. (E) A representative example of three independent experiments using different donors is shown.
Significance is indicated (* p< 0.05, ** p< 0.01, *** p< 0.001).
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Fig. 19 Selenite restores expression and activity of ROS scavenging selenoenzymes
(A) qPCR of the indicated genes in PrSCs pre-treated for 12 h with 5 nM sodium selenite or mock control
before stimulation with TGFβ1 for a further 24 h. Values represent mean fold change in gene expression
(±SEM) relative to bFGF control (without selenite). (B) Western blotting of total cell lysates from cells preincubated with selenite as in (A) and subsequently stimulated either with bFGF or TGFβ1 as indicated in the
presence or absence of selenite for a further 24 h. Blots are representative of three independent experiments
using different donors. (C) Mean fold change in TXNRD1 enzyme activity (±SEM) in cell extracts from
PrSCs treated with 5 nM selenite relative to mock treated controls. (A-C) Data are derived from at least
three independent experiments using different donors. Significance is indicated (** p< 0.01, * p< 0.05).

expression/activity of Se-containing ROS scavenging enzymes and thereby abrogate NOX4derived ROS signalling to inhibit transdifferentiation. Indeed, subcytotoxic (5 nM) concentrations
of Se as inorganic sodium selenite inhibited TGFβ1-mediated downregulation of Se-containing
enzymes GPX3, TXN and TXNRD1, whereas expression of the non-Se-containing CAT remained
comparable to cells treated with TGFβ1 alone (Fig. 19A). Selenite had no effect on SEPP1 mRNA
levels, most likely due to upstream inhibition by TGFβ1/SMAD (230), however SEPP1 protein
levels were increased presumably via post-translational mechanisms (231). In addition, TXNRD1
mRNA and protein levels and enzyme activity were significantly increased upon selenite treatment
(Fig. 19B-C). Consistent with increased selenoenzyme ROS scavenging activity, selenite strongly
reduced TGFβ1-induced ROS levels without a reduction in TGFβ1-induced NOX4 mRNA (Fig.
20A-B). Basal levels of the transdifferentiation markers IGFBP3 and SMA were unaffected by
selenite treatment, however the attenuation of ROS induction by selenite was sufficient to (i)
inhibit TGFβ1-mediated induction of IGFBP3 and SMA, (ii) reduce phospho-JNK levels as
observed upon NOX4 knockdown and (iii) inhibit phenotypic switching associated with TGFβ1-
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Fig. 20 Selenite inhibits TGFβ1-mediated fibroblast-to-myofibroblast differentiation
PrSCs were pre-treated for 12 h with 5 nM sodium selenite or mock control before stimulation with 1 ng/ml
bFGF or TGFβ1 in the presence or absence of selenite for a further 24 h. Cells were subsequently processed
for (A) ROS determination via luminol-based chemiluminescence, (B) qPCR of the indicated genes, (C)
Western blotting of total cell lysates using the antibodies indicated or (D) phase contrast microscopy
(magnification x40). Note the thin, elongated and light refractive phenotype of bFGF-treated PrSCs
(fibroblasts) in comparison to the flattened and less light refractive morphology of TGFβ1-differentiated
PrSCs (myofibroblasts). (C, D) Images are representative of at least four independent experiments using
different donors. (A, B) Values represent mean fold change (±SEM) relative to bFGF control (without
selenite) from four independent experiments using different donors. Significance is indicated (** p< 0.01, *
p< 0.05, ns not significant).

induced transdifferentiation (Fig. 20). Collectively, these data strongly suggest that selenite
abrogates the initiated TGFβ1-induced transdifferentiation cascade by restoring the biosynthesis
and activity of ROS scavenging selenoenzymes, thereby depleting TGFβ1-induced NOX4-derived
ROS and preventing dysregulated NOX4/ROS signalling. These data are consistent with
substantial animal and human clinical data that indicate a potential protective effect of Se against
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PCa, although the mechanism of action remains largely unknown (232-237). However, there may
be a potential increased risk of diabetes with Se supplementation (238), thus further studies are
required to better understand the biological effects of Se to allow its use in the prevention and
treatment of cancer.

In summary, NOX4-derived ROS are essential TGFβ1 signalling effectors that induce the
phosphorylation of JNK. Thereby, downstream transcriptional cascades are activated leading to
prostatic fibroblast-to-myofibroblast transdifferentiation. ROS signalling and transdifferentiation
are supported by the concomitant downregulation of ROS scavenging selenoenzymes, which can
be attenuated by the addition of Se. To our knowledge, these data are the first to demonstrate
dysregulation of redox homeostasis in pathogenic activation of stromal fibroblasts in age-related
proliferative diseases of the prostate and point to the potential clinical benefit of Se
supplementation and/or local NOX4 inhibition in stromal-targeted therapy.

[Attachment 6 (239)] Sampson N, Berger P, Klocker H (2014). Re: Delia Gasi Tandefelt, Joost L.
Boormans, Hetty A. van der Korput, Guido W. Jenster, Jan Trapman: A 36-gene signature predicts
clinical progression in a subgroup of ERG-positive prostate cancers. Eur Urol 2013; 64:941-50. Eur
Urol, accepted. Letter to the Editor.

Subsequent to the above paper (39) demonstrating a role of NOX4 in pathogenic stromal
remodelling, Gasi Tandefelt et al. reported that NOX4 was part of a 36-gene signature that could
predict clinical outcome of primary PCa positive for ERG gene rearrangement(s) (240). In addition,
the authors reported that the TGFβ pathway was a main indicator of ERG-positive PCa progression
(240). These data are in agreement with our previous findings discussed above (39). However, the
authors did not identify the source of elevated NOX4 in this subtype of aggressive PCa nor did they
investigate the functional significance of elevated NOX4 with respect to the development of
aggressive disease. Thus, we published a response to the original article by Gasi Tandefelt et al.
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(240), in which we presented new data showing that NOX4 expression is significantly higher in
tumours of PCa patients that experience PSA relapse and are thus at higher risk of developing
aggressive disease (Fig. 21) (239). These new data support our previous findings that elevated
NOX4-derived ROS play a critical role in stromal remodelling which actively promotes PCa
progression (39) and also support those findings of Gasi Tandefelt et al. (240). In addition, we
highlighted our previous data showing that NOX4 is elevated in prostatic stromal cells following
TGFβ1 treatment (a finding of particular relevance since TGFβ signalling was the main pathway
that differed between the two ERG-positive subgroups) and our observations that NOX4 is not
expressed in benign or malignant prostatic epithelial cell lines (241). Thus, it seems likely that the
tumour-associated prostatic stroma is the source of elevated NOX4 in the identified gene signature
and in PCa tissue from patients experiencing biochemical recurrence. These data also indicate that
stromal-epithelial interactions are major contributors of ERG-positive tumour progression and thus
potential therapeutic targets for these aggressive PCa subtypes. Given that NOX4 is constitutively

Fig. 21 Expression of NOX4 is associated
with PSA relapse in primary prostate
tumours
Global gene expression profile of primary prostate
tumours removed by radical prostatectomy was
compared to histologically benign tissue obtained
from the same patient cohort using microarray
analysis of macro-dissected tissue samples (242).
There was no significant difference in NOX4
expression levels between tumours compared to
benign tissue or high compared to low Gleason
score tumours (not shown). However, NOX4
mRNA levels were significantly increased in the
tumours of patients who experienced PSA relapse
compared to those without relapse (P=0.026,
Mann-Wittney-U; n=19 and 20 for no-relapse and
relapse cases, respectively; HPRT1 was used as
house-keeping gene for calculation of relative
expression levels).
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active and appears to be regulated primarily at the transcriptional level (193, 194), our data together
with those of Gasi Tandefelt et al. strongly suggest that elevated NOX4 plays a functional role in
the development and progression of aggressive PCa (39, 240). Moreover, using dual NOX1/4
inhibitors currently undergoing clinical trial to target NOX4 either alone or in combination may
benefit patients with aggressive ERG-positive PCa.

[Attachment 7 (22)] Sampson N, Berger P, Zenzmaier C (2012). Therapeutic targeting of redox
signaling in myofibroblast differentiation and age-related fibrotic disease. Oxid Med Cell Longev
2012: 458276.

In this invited review paper, we highlighted the growing body of literature published by us and
others that demonstrates TGFβ-mediated dysregulation of cellular redox homeostasis driven in
particular by elevated NOX4-derived ROS signalling is a key process underlying myofibroblast
activation not only in BPH and PCa-reactive stroma but in a plethora of fibrosis-associated
pathologies. We reviewed literature from in vitro and in vivo studies, which implicate a role of
elevated TGFβ signalling and subsequent increased NOX4-derived ROS signalling in the
development of autoimmune hepatitis, cardiac remodelling following heart failure, idiopathic
pulmonary fibrosis, progressive kidney disease, intestinal fibrosis and liver cirrhosis (197, 243251). Whilst we and others demonstrated that JNK phosphorylation by NOX4-derived ROS was
essential for TGFβ1-induced myofibroblast differentiation of prostatic fibroblasts and
cardiomyocyte differentiation of pluripotent embryonal carcinoma cells (39, 252), it appears that
the NOX4-dependent fibrotic response can be mediated via multiple oxidative targets, including
ERK1/2 and Src (243, 253) as well as direct oxidative inactivation of MKP1, a dual specificity
MAPK phosphatase that targets JNK and p38 (254).

Importantly, we highlighted observations that once myofibroblast activation has begun, the
persistence of myofibroblasts together with autocrine TGFβ signalling may result in chronic NOX4
activation and ROS production resulting in a self-perpetuating cycle of myofibroblast
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Fig. 22 Feed-forward loop of TGFβ activation and myofibroblast transdifferentiation in
fibrosis
Upon injury activated platelets, infiltrating inflammatory and vascular cells secrete TGFβ, which acts on
local fibroblasts and other precursor cells (e.g. hepatic stellate cells, fibrocytes) inducing their production of
NOX4-derived H2O2. Activation of downstream MAPK signalling cascades results in transdifferentiation into
myofibroblasts, whose deposition of ECM facilitates wound closure. Prolonged injury or inflammation leads
to persistent myofibroblast activation via a feed-forward loop driven by several different factors. For
example, myofibroblasts themselves secrete large amounts of active TGFβ and thereby generate an autocrine
feed-forward loop characteristic of persisting myofibroblast activity (1) (38). Activation of latent TGFβ in
ECM deposits via dissociation of latency associated peptide (LAP) is promoted by various mechanisms,
including direct oxidative modification (2) (255-257). Thus, NOX4-derived H2O2 may drive myofibroblast
transdifferentiation not only by oxidative modulation of MAPK signalling cascades that culminate in
downstream transcriptional programs of differentiation (39), but also via its ability to freely diffuse across
biological membranes and oxidatively modulate components in the extracellular space. Myofibroblasts also
secrete high levels of ECM components. The resulting increase in mechanical tension and tissue stiffness can
activate ECM-bound latent TGFβ due to mechanical pulling of LAP by specific integrins at the myofibroblast
cell surface (3) (258). Thereby, TGFβ is released and activated from the latent complex, which in turn drives
further myofibroblast contraction and differentiation as well as ECM deposition (259). In addition to this
physical mechanism of TGFβ activation by the remodelled ECM, components of the remodelled ECM can
modulate TGFβ signalling in a biochemical manner (4) e.g. latent TGFβ binding proteins, fibrillins, fibulins,
fibronectin and proteoglycans (reviewed (260)). Moreover, a number of targets downstream of TGFβ
signalling provide feedback modulation of the ECM either directly or indirectly e.g. thrombospondin-1,
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metalloproteinases (39). Thus, the stiffened/remodelled ECM together with autocrine TGFβ and NOX4derived H2O2 actively perpetuate TGFβ signalling and myofibroblast transdifferentiation leading to fibrosis.

differentiation and accumulation, fibrosis and organ dysfunction (Fig. 22). In this respect it is
noteworthy that activation and release of TGFβ from its latency association peptide (LAP) is also
induced by oxidative modification of LAP with free radicals capable of stimulating TGFβ
expression and secretion in many cell types (255, 261) (Fig. 22). Thus, targeting elevated NOX4derived ROS either directly via NOX4 inhibition or indirectly by increasing the activity of ROS
scavenging enzymes represents a promising therapeutic strategy not only for the treatment of
proliferative disorders of the prostate but also for the treatment of diverse fibrotic pathologies.

As described above (39), elevated NOX4-derived ROS signalling is supported by a concomitant
decrease in Se-containing ROS scavenging enzymes, in particular downregulation of the Se
transporter SEPP1 and Se-containing ROS scavengers GPX3 and TXNRD1. Similar to our findings
that exogenous Se was sufficient to deplete TGFβ1-induced ROS downstream of NOX4 induction
and inhibit myofibroblast differentiation of prostatic fibroblasts (39), exogenous Se is also reported
in the literature to inhibit TGFβ-mediated myofibroblast transdifferentiation of hepatic stellate cells
(262). In this review paper (22), we presented new data demonstrating that exogenous Se restores
morphological and molecular characteristics typical of the fibroblast phenotype to in vitro
transdifferentiated prostatic myofibroblasts even in the continued presence of the TGFβ
transdifferentiation-inducing stimulus (Fig. 23). These findings are of potential significant clinical
interest particularly since it had long been considered that fibrosis and fibroblast-to-myofibroblast
transdifferentiation were irreversible processes. Moreover, the potential ability of Se to inhibit
myofibroblast transdifferentiation as well as clear the fibrotic pool of pre-existing myofibroblasts
by inducing their de-differentiation to the non-activated fibroblast/progenitor phenotype may offer
not only a means of preventing disease progression but may also represent a curative treatment.
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Fig. 23 Selenium reverses myofibroblast transdifferentiation of prostatic fibroblasts
Therapeutic targeting of myofibroblast dysregulation in fibrotic disease may be accomplished by promoting
myofibroblast de-differentiation to the non-activated fibroblast/progenitor phenotype. (A) Methodology
outline of selenium (Se)-mediated reversal of fibroblast-to-myofibroblast transdifferentiation in primary
human prostatic fibroblasts. Myofibroblast transdifferentiation was induced with 1 ng/ml TGFβ1 or bFGF as
mock control. After 72 hours, fresh media was added containing bFGF or TGFβ1 as before but
supplemented with selenium (Se) as sodium selenite or vehicle equivalent. Cells were incubated for a further
48 hours before harvesting. Reversal of myofibroblast transdifferentiation of primary human prostatic
fibroblasts treated as outlined in (A) was verified by (B) Western blotting for the myofibroblast markers, αSMA and IGFBP3 and (C) morphological analysis using phase contrast microscopy. (B) Induction of
myofibroblast transdifferentiation by TGFβ1 in the absence of Se (0 nM) is indicated by increased
production of myofibroblast markers. However, both α-SMA and IGFBP3 levels are reduced in the presence
of Se in a dose-dependent manner. (C) At the morphological level, Se restores the thin, elongated and light
refractive fibroblast-like phenotype to cells pre-differentiated with TGFβ1 (far right), whereas cells treated
with TGFβ1 alone (centre panel) exhibit the typical enlarged and flattened myofibroblast phenotype with
visible actin-like filaments. (B-C) Images are representative of three independent experiments using primary
cells isolated from different donors.
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4

DISCUSSION

The aim of the studies presented herein was two-fold. Firstly, investigations were conducted to
gain a better understanding of molecular and cellular mechanisms underlying the pathophysiology
of proliferative disorders of the prostate, in particular BPH and PCa. Secondly, it was hoped that
these investigations would identify new molecular targets with therapeutic potential for improved
treatment and or diagnosis/prognosis of BPH and PCa. In this respect, several candidate factors
were identified (namely PAGE4, IGFBP3, NOX4 and SEPP1) with functional analyses indicating
that they each play a role in biological processes fundamental to the development and/or
progression of BPH and PCa. As such, these candidate factors represent potential therapeutic
targets for the treatment of proliferative prostatic disorders.

PAGE4, which was initially identified as a candidate factor involved in pathogenic stromal
remodelling, was found to be expressed at high levels in the prostatic epithelium during early PCa
development. When overexpressed in LNCaP cells, PAGE4 attenuated AR signalling and
xenograft development and consistently was inversely correlated with total and phospho-AR levels
in clinical PCa specimens. Further studies are required to determine whether peptide mimicry of
PAGE4-mediated AR inhibition may offer therapeutic benefit to patients with advanced PCa.
Identifying patients with PCa at risk of progressing to lethal advanced disease is one of the greatest
challenges currently facing patients and urologists. Since PAGE4 positivity independently
predicted clinical outcome of patients with hormone-naïve PCa, future studies should also address
whether PAGE4 can be exploited as a prognostic molecular marker either alone or as part of a
biomarker panel. In addition, it remains to be determined whether stromal PAGE4, which is highly
upregulated in symptomatic BPH (141), also attenuates stromal AR. Synergistic interactions
between AR and TGFβ have been reported (263), however signalling by AR and TGFβ1 are
typically mutually exclusive, mediated at least in part by direct interactions between Smad
signalling intermediates and AR coregulators (264-267). Thus, on the basis of current data we

59

N. Sampson Habilitationsschrift

hypothesise that elevated stromal PAGE4 in symptomatic BPH due to increased epithelial TGFβ1
secretion may (transiently) attenuate stromal AR and thereby permit TGFβ1 signalling leading to
fibroblast-to-myofibroblast transdifferentiation and stromal expansion. Newly designed TMAs
with particular focus on selecting PCa tissues cores with sufficient stroma are required to
accurately assess any changes in stromal PAGE4 levels during PCa development and progression.
In addition, a new culture system is required that supports continued expression of endogenous
stromal AR and PAGE4 at levels suitable for functional analysis.

Despite extensive efforts, we were unable in the above papers to identify the mechanism by which
PAGE4 attenuated AR transactivation. However, two recent papers report that PAGE4 interacts
with and potentiates the activity of the transcription factor and proto-oncogene c-jun in a
phosphorylation-regulated manner in the AR- PCa cell line PC-3 (268, 269). Specifically, PAGE4
potentiated c-jun transactivation in a manner dependent on PAGE4 phosphorylation at Thr51.
However, PAGE4 interaction with c-jun was weakened by PAGE4 phosphorylation suggesting the
involvement of additional but as yet unidentified protein partner(s). Notably, c-jun is an AR
coactivator that binds to and promotes AR transactivation in androgen-dependent as well as
androgen-independent LNCaP cells (270). Thus, it is plausible that PAGE4 unphosphorylated at
Thr51 binds to and sequesters c-jun, thereby inhibiting its interaction with AR and leading to
attenuated AR activity. Further studies are required to investigate this hypothesis particularly in
AR+ PCa cell lines, however these data raise the possibility that targeting the PAGE4
phosphatase(s) and/or PAGE4-c-jun interactions may represent a therapeutic approach for the
treatment of PCa.

Whilst not an active mediator of ex vivo stromal remodelling, IGFBP3 plays an essential role
during transdifferentiation and synergistically potentiates the action of TGFβ1. The underlying
mechanisms remain unknown, however it is apparent that these effects of IGFBP3 are mediated in
an IGF-independent manner. Future studies will focus on addressing the molecular mechanism by
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which IGFBP3 supports TGFβ1-mediated transdifferentiation and stromal remodelling. However
like IGFBP3, IGFBP5 has also been shown to play a role in pro-fibrotic pathways via IGFindependent but otherwise undetermined mechanisms (172). Indeed, IGFBP3 and IGFBP5 have
been termed “central mediators” of the pro-fibrotic phenotype (172). Recently, IGFBP7 was
implicated in reactive stroma surrounding colorectal cancer (271). Thus, identifying the mechanism
underlying IGFBP3-dependent transdifferentiation is likely to be of broad significant interest,
particularly since besides BPH and PCa, elevated IGFBP3 levels have been reported in
endometriosis, idiopathic pulmonary fibrosis, systemic sclerosis, Crohn disease and hepatic
fibrosis. As discussed in Chapter 3.3, our observations that IGFBP3 is elevated in the reactive
stroma of high-grade PCa in vivo together with ex vivo analyses demonstrating its critical role in
fibroblast-to-myofibroblast transdifferentiation, suggest that stromal IGFBP3 exerts protumourigenic properties, which is in marked contrast to its anti-tumourigenic role by virtue of IGF
sequestration in the prostatic epithelium. Thus, these data raise concerns regarding the suitability of
anti-cancer strategies aiming to exploit IGFBPs as natural inhibitors of mitogenic IGFs (166) but
also suggest that inhibiting stromal IGFBP3 may represent a means to abrogate pathogenic stromal
remodelling in BPH and PCa.

Our studies to date focused on investigating the functional significance of elevated stromal
IGFBP3, however several additional components of the IGF axis were also dysregulated during ex
vivo stromal remodelling, in particular IGF1 mRNA levels were significantly higher in activated
myofibroblasts (129). Given the high affinity of IGFBP3 for IGF1, it might be expected that
elevated IGFBP3 would sequester IGF1 and thereby attenuate IGF signalling. However, since the
affinity of IGFBP3 for IGF1 is decreased by its binding to ECM components (272, 273), it is
plausible that the extensive ECM deposition that characterises stromal remodelling results in
elevated local IGF signalling despite increased IGFBP3 levels. In this respect, myofibroblastderived IGF1 may act in an autocrine manner to promote stromal cell proliferation and thereby
further contribute to stromal remodelling but may also act in a paracrine manner to (i) promote
tumour cell proliferation and (ii) act as a non-androgenic ligand and thereby facilitate AR
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reactivation in CR-PCa (91). Thus, these findings suggest that therapeutic strategies that target
stromal remodelling could potentially act at several levels and thus benefit patients with local
advanced PCa as well as CR-PCa.

Several publications summarised in Chapter 3.4 demonstrate that dysregulation of cellular redox
homeostasis is a key mechanism underlying the development and progression of PCa. In particular,
NOX4-derived ROS were shown to be critical mediators of TGFβ1-induced ex vivo stromal
remodelling, as supported by clinical data demonstrating elevated NOX4 mRNA levels in PCa
patients that experience biochemical relapse and as recently reported by Gasi Tandefelt et al. in an
aggressive subtype of ERG-positive PCa (239), (240). Moreover, a recently submitted manuscript
by the applicant as senior author indicates that NOX5 also plays a key role in pro-tumourigenic
processes of the prostate, namely prostate epithelial cell proliferation and survival and is expressed
in the prostatic epithelium in vivo. Elevated NOX4-derived ROS signalling during TGFβ1mediated fibroblast-to-myofibroblast transdifferentiation is supported by the concomitant
downregulation of several Se-containing ROS scavenging enzymes, in particular the Se transporter
SEPP1. Consistently, specific loss of SEPP1 was observed in PCa-reactive stroma of clinical PCa.
Collectively, these data indicate that redressing cellular redox homeostasis either (i) by restoring
ROS scavenging enzyme activity and/or (ii) via NOX4/NOX5 inhibition is likely to represent an
effective therapeutic strategy to attenuate pathogenic stromal remodelling and PCa development
(Fig. 24). In this respect, our findings that exogenous Se is sufficient to not only inhibit but also
reverse fibroblast-to-myofibroblast transdifferentiation even in the continued presence of TGFβ1 is
of particular potential clinical significance. Several animal models also support the therapeutic
potential of Se in attenuating myofibroblast activation (274, 275). However, Se supplementation
with respect to PCa remains a highly controversial topic.

A large body of data from experimental animal showed that Se deficiency or supplementation
increase or reduce tumour incidence, respectively (236, 237, 276). Moreover, low plasma Se levels
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have consistently been associated with increased PCa risk (277-279). Similarly, toenail Se levels (a
biomarker of long-term Se exposure) were associated with a substantially reduced risk of advanced
PCa in The Netherlands Cohort Study (280). However, several large-scale epidemiological studies
yielded conflicting results relating Se levels to PCa risk and the protective effect of Se
supplementation on PCa incidence (232, 277, 280-283). For example, the Nutritional Prevention of
Cancer (NPC) trial observed a significantly reduced risk of PCa upon supplementation of selenised
yeast (277, 284), whereas the Selenium and Vitamin E Cancer Prevention Trial (SELECT)
originally reported no effect of L-selenomethionine supplementation on PCa risk (282). However, a
recent case-cohort study based on SELECT data reported that Se supplementation even increased
the risk of high-grade PCa in men with high Se levels (285). A number of factors were proposed
that may have contributed to these inconsistencies e.g. the Se formulation and dose, baseline Se
levels, individual Se requirements and genetic variations within antioxidant and selenoprotein
genes (286, 287). Although genetic variants in GPX1 and SEPP1 were associated with advanced
PCa in The Netherlands Cohort Study, there was no statistical interaction with toenail Se levels
(288). Thus, it is unlikely that the disparate findings of the NPC and SELECT studies were due to
differences in SEPP1 and GPX1 genotype. Rather, focus is now increasingly turning to differences
in the Se formulation used, confounding factors as well as baseline Se levels (the SELECT subjects
had much higher baseline serum Se levels than in the NPC study) (289). In this respect, it is notable
that baseline toenail Se levels were not associated with PCa risk in a recent analysis of SELECT
data, which is in stark contrast to The Netherlands Cohort Study, as well as plasma Se levels from
the NPC trial and a meta-analysis of 12 studies comprising randomized controlled trials, casecontrol studies, and prospective cohort studies (277, 278, 280). Given that a number of studies prior
to and subsequent to SELECT, including data herein, still support the potential usefulness of Se in
the prevention of PCa, it remains possible that supplementation of selenised yeast may benefit
subpopulations in whom activity of disease-relevant selenoenzymes are suboptimal, perhaps due to
environmental factors or those men with relatively low Se levels and not those who are Se replete
(277, 280, 286, 291, 292). Thus, further studies are necessary to establish the safety and efficacy of
Se supplementation before advocating its use in the treatment of BPH and PCa.
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Fig. 24 Potential therapeutic targeting of myofibroblast transdifferentiation
Myofibroblast transdifferentiation plays a central role in the aetiology of pathogenic stromal remodelling
and fibrosis. TGFβ1, which is widely considered the foremost inducer of fibrosis, induces NOX4 resulting in
a persistent pro-oxidant shift in intracellular redox homeostasis mediated via H2O2, which modulates
downstream phosphorylation signalling cascades and transcriptional events culminating in fibroblast-tomyofibroblast transdifferentiation. The concomitant downregulation of selenium (Se)-dependent ROS
scavenging enzymes by TGFβ further potentiates NOX4-derived ROS signalling. Fibroblast-to-myofibroblast
transdifferentiation and subsequent tissue fibrosis are reversible processes (broken horizontal arrow). Thus,
pharmacological interference of these redox signalling processes to redress cellular redox homeostasis and
thereby restore the physiological fibroblast:myofibroblast ratio offers a promising therapeutic strategy for
the treatment of pathologies associated with myofibroblast dysregulation. Such pharmacological targeting
may succeed at multiple levels (pale blue boxes). For example, targeting NOX4 directly via NOX4 inhibitors
(NOX4i) or indirectly by ROS scavenging with Se or antioxidants would be expected to inhibit myofibroblast
transdifferentiation and moreover lead to the de-differentiation/inactivation of existing myofibroblasts to a
quiescent fibroblast-like phenotype. Adapted from (22, 290).
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Direct inhibition of NOX enzymes may represent an alternative strategy. However, the
development of isoform-specific inhibitors has to date proved elusive. Nonetheless, a dual
NOX1/NOX4 inhibitor GTK137831 is currently undergoing phase II clinical trials for diabetic
nephropathy and has shown promising results in mouse models of liver fibrosis and hypoxiainduced pulmonary hypertension (191, 244, 247, 293). Data summarised within this thesis strongly
suggest that inhibitors like the well-tolerated GTK137831 should be assessed for their suitability as
treatment modalities for aggressive PCa.

Findings summarised herein clearly indicate that multiple pathways are involved in the
development of BPH and PCa, and in particular in pathogenic stromal remodelling. Initial analyses
of the newly identified candidate factors focused on characterising their function within the
framework of established signalling pathways. However, signalling by sex steroid hormones and
locally produced cytokines and growth factors does not proceed in a linear manner but rather is
subject to extensive crosstalk. Although determining inter-pathway crosstalk was not the primary
focus of these initial investigations, several examples of integrated signalling between PAGE4,
IGFBP3 and NOX4-derived ROS signalling were nonetheless observed (Fig. 25). For example,
whilst rhIGFBP3 alone does not induce fibroblast-to-myofibroblast transdifferentiation of PrSCs
(Chapter 3.3), rhIGFBP3 was sufficient to induce expression of PAGE4 in PrSCs (Fig. 25A).
Moreover, PAGE4 overexpression in LNCaP cells was shown to modulate androgen-regulated
expression of endogenous IGFBP3 (143). As demonstrated in Chapter 3.4, NOX4 knockdown
experiments show that IGFBP3 induction during TGFβ1-mediated fibroblast-to-myofibroblast
transdifferentiation occurs in a NOX4-dependent manner (39). Interestingly, rhIGFBP3 and TGFβ1
synergistically interact leading to potentiation of NOX4 mRNA levels (Fig. 25B). However,
IGFBP3 knockdown did not significantly impair TGFβ1-mediated induction of NOX4 indicating
that IGFBP3 mediates its effects downstream of NOX4 induction. Potential crosstalk between
PAGE4 and NOX4 remains to be investigated however, we observe that NOX4 mRNA levels are
increased in xenografts established from wildtype LNCaP cells following prolonged androgen
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Fig. 25 Integrated signalling between PAGE4, IGFBP3 and NOX4-derived ROS mediate
pathogenic stromal remodelling
(A) PAGE4 mRNA levels in PrSCs either passaged until replicative senescence (approx. 30 passages),
treated with 30 µM tert-butylhydroperoxide for 72 h to induce oxidative stress, treated with 1 ng/ml TGFβ1
or 300 ng/ml rhIGFBP3 for 24 h. Values denote mean fold change in PAGE4 expression (±SEM) relative to
mock treated PrSCs normalised to the housekeeping gene HMBS. (B) PrSCs were incubated in serum-free
media with 1 ng/ml TGFβ1 in the presence or absence of 300 ng/ml rhIGFBP3 for 24 h before RNA isolation
and qPCR of the indicated genes using HMBS as housekeeping gene. Values denote mean fold change in
gene expression (±SEM) relative to PrSCs treated without TGFβ1. Note the potentiation of SMA as well as
NOX4 mRNA levels in the presence of rhIGFBP3 and TGFβ 1. (C) Xenografts were established from wildtype
LNCaP PCa cells in nude male mice. Once tumours were established (mean volume 46.2 mm3 ±4.2SEM), mice
were castrated and tumours harvested as indicated thereafter before qPCR of the genes stated using HMBS
as housekeeping gene. Values denote mean fold change in gene expression (±SEM) relative to tumours
harvested at day 0 (n≥8). Note the decrease in PSA mRNA levels at day 7 consistent with castration-induced
abrogation of AR signalling and the recovery at day 35 indicating that AR reactivation (castrationresistance) had occurred. Consistent with attenuation of AR signalling, PAGE4 mRNA levels are the inverse
of those for PSA. By contrast, NOX4 mRNA levels increase steadily following castration suggesting potential
crosstalk with androgen signalling. (A-B) Data are derived from three independent experiments using PrSCs
isolated from different donors. (A-C) Statistical significance is shown (*, P<0.05; **, P<0.01; ***,
P<0.001). (D) On the basis of data in A-C, a model is proposed in which pathogenic stromal remodelling is
mediated by an integrated signalling network driven, at least in part, by PAGE4, IGFBP3 and NOX4.
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depletion via castration (Fig. 25C). Thus, it is possible that PAGE4-mediated attenuation of AR
signalling may also lead to a similar increase in NOX4 mRNA levels. However, since NOX4
mRNA levels are very low/non-detectable in benign and malignant prostate epithelial cell lines
(241), it remains to be determined whether elevated NOX4 mRNA levels upon androgen depletion
are of functional significance. Furthermore, given that NOX4 expression appears to be primarily
restricted to the prostatic stroma, it should also be investigated whether PAGE4 and NOX4 interact
within the stromal compartment. Nonetheless, these findings are consistent with published reports
demonstrating that castration of rats induces prostatic NOX4 expression (294).

Given that each of these candidate factors are implicated in pathogenic stromal remodelling with
NOX4 and IGFBP3 shown to both be essential for TGFβ1-mediated fibroblast-to-myofibroblast
transdifferentiation, we hypothesise that signalling by these molecules occurs within the context of
an integrated signalling network with crosstalk occurring between pathways (Fig. 25D). On the one
hand, such an integrated signalling network would suggest that therapeutic targeting of just one of
these critical pathways may be sufficient to abrogate stromal remodelling associated with BPH and
PCa. However, it is also conceivable that the involvement of multiple pathways in a common
network may enable targeted pathways to be bypassed and stromal remodelling to persist. Along
similar lines, abrogation of AR signalling by current ADT strategies can be overcome by a
multitude of escape mechanisms enabling AR reactivation and development of CR-PCa (98, 295,
296). Thus, targeting multiple pathways fundamental to stromal remodelling may be required to
achieve therapeutic efficacy. In this respect, the work outlined in this thesis highlights several
candidate molecules involved in related but distinct pathways whose simultaneous targeting would
be expected to abrogate pathogenic stromal remodelling and thereby restrict the progression of
BPH and PCa.
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5

CONCLUSIONS AND FUTURE PERSPECTIVES

The studies presented herein describe the identification and functional characterisation of several
molecules involved in biological processes and signalling pathways critical to the development and
progression of BPH and PCa. Significantly, these data demonstrate that there are multiple effectors
through which TGFβ1 can induce pathogenic stromal remodelling. As the demographic trend
towards an increasingly elderly population continues, the development of more efficient
therapeutic strategies and better prognostic capabilities for age-related disorders such as BPH and
PCa will become pivotal. In this respect, the molecules identified herein provide new avenues and
possibilities for the development of novel therapeutic strategies and, in particular with respect to
PAGE4 and NOX4 may also offer a means to identify patients at risk of developing aggressive and
potentially lethal PCa.

The continuing development of modalities targeting AR and IGF signalling for the treatment of
advanced PCa will not only increase our understanding of these signal transduction pathways but
will also facilitate the future studies outlined in Chapter 4 that aim to assess whether PAGE4 and
IGFBP3 represent bona-fide therapeutic targets for BPH and PCa. In addition, redox regulation of
signal transduction by NOX enzymes is a rapidly progressing field and it can be expected that
targeted antioxidant-based therapeutics will emerge. Technological advances in three-dimensional
cell/tissue culture and screening platforms will enable better model systems to be established that
more accurately reflect the complex and heterogeneous microenvironmental conditions involved in
the pathogenesis of prostatic diseases. Such models will greatly facilitate studies of factors like
those herein that are critical for fibroblast-to-myofibroblast transdifferentiation as well as the
development of treatment modalities for BPH and PCa that specifically target the stromal
component of disease. Moreover, since aberrant fibroblast-to-myofibroblast transdifferentiation is
implicated in the pathophysiology of impaired wound healing, the stromal response of many solid
tumours and diverse fibrotic conditions, the significance of the data presented herein extends
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beyond the field of prostate research with broad implications for the treatment of a host of
pathologies associated with myofibroblast dysregulation.
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Abstract
Prostate cancer (PCa) is one of the most common causes of male cancer-related death in
Western nations. The cellular response to androgens is mediated via the androgen receptor
(AR), a ligand-inducible transcription factor whose dysregulation plays a key role during PCa
development and progression following androgen deprivation therapy, the current
mainstay systemic treatment for advanced PCa. Thus, a better understanding of AR signaling
and new strategies to abrogate AR activity are essential for improved therapeutic
intervention. Consequently, a large number of experimental cell culture models have been
established to facilitate in vitro investigations into the role of AR signaling in PCa
development and progression. These different model systems mimic distinct stages of this
heterogeneous disease and exhibit differences with respect to AR expression/status and
androgen responsiveness. Technological advances have facilitated the development of
in vitro systems that more closely reflect the physiological setting, for example via the use of
three-dimensional coculture to study the interaction of prostate epithelial cells with the
stroma, endothelium, immune system and tissue matrix environment. This review provides
an overview of the most commonly used in vitro cell models currently available to study AR
signaling with particular focus on their use in addressing key questions relating to the
development and progression of PCa. It is hoped that the continued development of in vitro
models will provide more biologically relevant platforms for mechanistic studies, drug
discovery and design ensuring a more rapid transfer of knowledge from the laboratory to
the clinic.

Key Words
"

three-dimensional coculture

"

castration-resistant

"

cell culture

"

stroma

"

tumor

Endocrine-Related Cancer
(2013) 20, R49–R64

Introduction
Prostate cancer (PCa) is the most commonly diagnosed
cancer in men and second leading cause of male cancer
death in Western societies (Siegel et al. 2012). Since the
androgen dependence of PCa was discovered, intensive
efforts have focused on better understanding of androgen
receptor (AR) signaling with our current knowledge being
largely derived from experimental cell culture and animal
http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-12-0401
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models. In vitro cell cultures have the advantage of being
relatively cheap and typically have a high replicative
capacity ensuring sufficient material for long-term use.
By contrast animal models, although expensive, more
closely recapitulate the in vivo paracrine and endocrine
environment of human PCa and also permit investigation of stromal–epithelial interactions, angiogenesis
Published by Bioscientifica Ltd.
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the development and progression of PCa (Sampson et al.
2007, Green et al. 2012, Yadav & Heemers 2012).
Androgenic action in the prostate is primarily mediated
by dihydrotestosterone (DHT), which derives predominantly from the reduction of testicular testosterone but
also adrenal dihydroepiandrosterone (DHEA) catalyzed by
locally produced 5a-reductase enzymes (Wilson 1996,
Mohler et al. 2004). The cellular response to androgens is
mediated via the AR, a ligand-inducible transcription
factor that comprises a C-terminal ligand-binding domain
(LBD), a highly conserved DNA-binding domain, a hinge
region and N-terminal transactivation domain (Brinkmann
2011, Bennett et al. 2012, Green et al. 2012). Upon ligand
binding, cytosolic AR undergoes conformational changes,
including interaction of the N- and C-terminal domains
and dissociation from heat shock proteins, enabling the
AR to interact with coregulatory molecules such as ARA70
and importin-a, which facilitate nuclear translocation and
dimerization (Fig. 1; Rahman et al. 2004, Schaufele et al.
2005, Cutress et al. 2008). In the nucleus, AR binds to the
promoters of androgen-regulated genes (ARGs), such as
prostate-specific antigen (PSA) and recruits various coactivators and RNA polymerase II to induce transcription

and metastasis. However, recently developed threedimensional (3D) coculture systems now permit
investigation of such processes in vitro.
A number of different in vitro and in vivo models have
been established to aid studies into prostatic disorders
such as benign prostatic hyperplasia (BPH) and various
stages of PCa, including castration-resistant (CR) and
metastatic disease. Each model system displays its own
characteristics regarding androgen responsiveness and AR
expression making it often difficult to select the most
appropriate model system for a particular question. This
review summarizes in vitro cell models currently available
to study AR signaling with particular focus on their use in
addressing key questions relating to the development and
progression of PCa. It is beyond the scope of the current
review to discuss in vivo models, which have been
reviewed recently elsewhere (Hensley & Kyprianou 2012,
McNamara et al. 2012, Toivanen et al. 2012).

Androgens play a critical role in the development of the
male phenotype during sexual differentiation but also in
DHEA
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Figure 1
Classic androgen receptor (AR) genomic activity via androgen. Androgens
derive predominantly from the testis (90–95%) but also to a lesser extent
from the adrenal glands (5–10%) and mediate their effects via binding to the
AR. Testicular testosterone (T) and adrenal DHEA or androstenedione are
converted locally in the prostate into bioactive DHT by the enzymes
5a-reductase 1 and 2. In the classic mode of AR genomic activity, androgen
binding to the AR induces a conformational change that leads to the
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dissociation of chaperone and heat shock proteins (HSP40, HSP90) and its
subsequent interaction with coregulatory molecules and importin-a, which
facilitate nuclear translocation of AR–ligand complexes. In the nucleus, the
AR undergoes phosphorylation and dimerization, which permits chromatin
binding to androgen-responsive elements (ARE) within androgen-regulated
target genes. The AR recruits a variety of coactivators (ARA70, SRC-1, -3, and
CBP/p300) and RNA polymerase II (Pol II) to induce gene transcription.
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(Veldscholte et al. 1992, Smith & Toft 1993, Truss & Beato
1993, Tsai & O’Malley 1994). This classic genomic mode of
AR action promotes the transcription of a variety of genes
encoding proteins necessary for the development, growth
and maintenance of the normal prostate. A comprehensive list of androgen-regulated target genes has been
recently published (Lamont & Tindall 2010). The AR can
also act via less well-understood nongenomic mechanisms
through reciprocal cross talk with numerous signaling
molecules at the plasma membrane. These nongenomic
AR actions have been recently reviewed in detail elsewhere
(Thomas 2012, Nyquist & Dehm 2013).

The role of the AR in PCa

Endocrine-Related Cancer

Inhibiting AR signaling remains one of the most common
and effective systemic methods to treat PCa (Miyamoto
et al. 2004). However, many patients relapse and succumb
to CR-PCa within 3 years (Molina & Belldegrun 2011).
Despite low circulating androgen levels, AR signaling is

frequently reactivated in CR-PCa and plays a key role in
disease progression (Chen et al. 2004). Several mechanisms
have been identified by which AR reactivation can occur,
including AR hypersensitivity, promiscuous/constitutive
AR activation via cross talk with other signaling pathways
or alternative splicing, elevated tumoral androgen production/uptake and altered recruitment/expression of AR
coregulators (Fig. 2 and Table 1; Dehm et al. 2008,
Steinkamp et al. 2009, Wegiel et al. 2010, Hu et al. 2011,
Lamont & Tindall 2011, Reis 2011, Green et al. 2012,
Sampson et al. 2012).
PCa and CR-PCa remain largely dependent on the AR
for growth (Chen et al. 2004). Thus, targeting AR signaling
is considered one of the most promising therapeutic
approaches and supported by the findings of phase III
clinical trials that AR targeting can improve survival of
patients with metastatic CR-PCa (Kim & Ryan 2012).
A number of agents have been developed that inhibit
androgen signaling either by directly targeting the AR or
by intervening with androgen synthesis (Schweizer &

Ligand-dependent mechanisms
• Aberrant androgen synthesis (e.g. adrenal gland T bypass)
(LNCaP, LAPC-4, VCaP, 22Rv1)

DHT

• Intracrine tumoral de novo androgen synthesis (LNCaP, DuCaP,

AR

VCaP, 22Rv1)

• Androgen uptake/transport (LNCaP, 22Rv1)
• AR gene amplification (VCaP, LNCaP-AI, LNCaP-ARhi, PC346Flu1)

Activation

Ligand-independent mechanisms
• Cytokines and growth factors (e.g. interleukins, IGF) (LNCaP,

AR

• Transcription factors (e.g. STAT3, NF-κB) (LNCaP, ARCaP, 22Rv1)
• Co regulator recruitment (all AR + PCa cell lines)

AR

LAPC-4, MDA-PCa-2b)

• AR splice variants (22Rv1, VCaP)
• AR mutation (mutant: LNCaP, MDA-PCa 2a / 2b, 22Rv1, E006AA;
wildtype: PC346C, VCaP, DuCaP, LAPC-3, LAPC-4)

Indirect AR mechanisms
• TMPRSS2:ETS gene fusions (VCaP, LNCaP, DuCaP)
• Prostate cancer stem cells (LNCaP, LAPC-4, C4-2)
• Epigenetic changes (LNCaP, LNCaP AI)

Progression to CR-PCa

Figure 2
In vitro cell models exhibiting characteristics of androgen receptor
(AR)-dependent and AR-independent mechanisms that promote prostate
cancer (PCa) progression to castration-resistance. Several pathways have
been identified by which PCa cells can overcome androgen depletion and
thereby facilitate tumor progression to CR-PCa and can be divided into:
i) ligand-dependent mechanisms, which promote AR activation despite
castrate levels of androgens; ii) ligand-independent mechanisms, which
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facilitate AR activation by nonandrogenic factors and/or altering the
intrinsic behavior/sensitivity of AR; and iii) indirect mechanisms that act
downstream of AR activation (e.g. chromatin remodeling via histone
deacetylases, re-emergence of tumors via CSCs and AR-dependent
expression of oncogenic ETS transcription factors). Cell lines that
have been used to study these different mechanisms are indicated.
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Veldscholte et al. (1990), Navone et al. (1997)
and Marques et al. (2005)
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Ligand-binding
domain
H874Y

Cell lines established directly from PCa
patient tissues
E2, estradiol; LBD, ligand-binding domain; P4, progesterone; ND, not determined; AR, androgen receptor; PCa, prostate cancer.

Attardi et al. (2004)

Navone et al. (1997) and Zhao et al. (1999)

Enhances transcriptional activity of AR to
MDA PCa 2a/2b
glucocorticoids
Induces conformational change in LBD, modulates 22Rv1
coregulator protein binding (enhances
p160-mediated AR transactivation). AR
activation by DHEA, E2, P4, flutamide
Altered stereochemistry of LBD, AR activation by LNCaP, MDA PCa 2a/2b, PC346Flu2
flutamide, E2, progestin, corticosteroids
L701H

N-terminus
DNA-binding
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K311R
S599G

ND
Dominant-negative loss of AR function

PC346DCC
E006AA

Webber et al. (1996a,b), Bello et al. (1997),
Klein et al. (1997), Korenchuk et al. (2001),
Lee et al. (2001), Gu et al. (2005), Marques
et al. (2005, 2006), Kim et al. (2007),
Waltering et al. (2009) and Yu et al. (2009)
Marques et al. (2005)
Koochekpour et al. (2004)
Benign: RC-165N/hTERT, PWR-1E,
RWPE1, BPH-1-AR
PCa: ARCaP, PC346C, VCaP, DuCaP,
LAPC-3, LAPC-4, PC346Flu1
–
Wild-type
AR

–

References
Cell line
Functional consequence
Location within AR
Mutation

Overview of AR point mutations in commonly used PCa cell lines.
Table 1

Endocrine-Related Cancer

AUTHOR COPY ONLY

Antonarakis 2012). For example, enzalutamide
(MDV3100) directly binds to the AR, thereby preventing
its nuclear translocation and coactivator recruitment to
the ligand–receptor complex. By contrast, abiraterone
acetate suppresses extragonadal androgen synthesis via
blockade of the enzyme CYP17. These agents demonstrate
high clinical potential. Nonetheless this remains an
intense area of active research with several new AR
antagonists and novel approaches under development,
including antisense technology to inhibit AR expression
(Cheng et al. 2006, Snoek et al. 2009, Desiniotis et al. 2010,
Mohler et al. 2012). The most commonly used and
pipeline AR-targeting agents have been comprehensively
reviewed recently (Schweizer & Antonarakis 2012).
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The first human prostatic tumor epithelial cell lines to be
spontaneously established were LNCaP, PC3 and DU145,
which were derived from PCa lymph node, bone and brain
metastases respectively and remain the most commonly
used PCa cell lines (Table 2; Bosland et al. 1996). Of these
three cell lines, only LNCaP expresses significant levels of
AR and consequently is the most widely used ARC cell
line. DU145 and PC3 cells are generally considered to be
ARK and thus commonly used as ARK controls or to study
androgen signaling by ectopic AR overexpression.
Although LNCaPs are androgen responsive and produce
PSA, it should be noted that they express a mutated AR
(T877A), which results in altered AR signaling
(Veldscholte et al. 1990). Recently, exome sequencing of
LNCaP cells revealed significant genetic variation and a
degree of genetic instability that should be considered
when working with this cell line (Spans et al. 2012). In
addition, AR signaling and androgen responsiveness of
LNCaPs appear to be sensitive to serial passaging and
culture conditions (Karan et al. 2001, Sieh et al. 2012). For
example, when grown in 3D hydrogels with Arg-Gly-Asp
(RGD) motifs (common recognition sites in extracellular
matrix (ECM) proteins), LNCaP cells formed tumor-like
structures and exhibited different kinetics of androgeninduced AR turnover and AR nuclear translocation with
higher basal expression levels of ARGs, a finding also
observed upon culture of LNCaPs on bone ECM (Robbins
et al. 1996, Sieh et al. 2012). Thus, LNCaP cells may be
particularly amenable for studies investigating the impact
of tumor cell–ECM interactions on AR signaling.
For many years, LNCaP was the only cell line available
for in vitro studies of AR signaling. Several additional
Published by Bioscientifica Ltd.
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Origins, characteristics and culture conditions of prostate epithelial cell lines.

Benign cell lines
BPH-1
PWR-1E
RC-165N/hTERT
RWPE1
ARC PCa cell lines
ARCaP
DUCaP
E006AA

LAPC
LNCaP
MDA PCa cells
PC346
Endocrine-Related Cancer

Androgen receptor signaling in
prostate cancer

22Rv1
VCaP
ARK PCa cell lines
DU145
PC3

Origin

Characteristics

References

Immortalized with SV40
Immortalized with human
papilloma virus 18
Immortalized with human telomerase reverse transcriptase
Immortalized with SV40

ARK
ARC, androgen responsive, express PSA,
nontumorigenic in nude mice
ARC, androgen responsive, express PSA,
nontumorigenic in nude mice
ARC, androgen responsive, express PSA,
nontumorigenic in nude mice

Hayward et al. (1995)
Bello et al. (1997)
Kim et al. (2007)
Webber et al. (2001)

Ascites fluid of the same patient
as MDA PCa cells
Brain metastasis
Primary PCa from an AfricanAmerican patient with hormone
naı̈ve localized PCa
Locally advanced or metastatic PCa

Low levels of AR and PSA, growth inhibited Zhau et al. (1996)
by androgens
Wild-type AR, androgen sensitive
Lee et al. (2001)
Mutated AR, do not express PSA, insensitive Koochekpour et al. (2004)
to androgens
and D’Antonio et al.
(2010)
Wild-type AR, express PSA, different sublines Klein et al. (1997) and
available
Craft et al. (1999)
Lymph node metastasis
Mutated AR, produce PSA, androgen
Horoszewicz et al. (1980)
responsive
Bone metastasis
Mutated AR, produce PSA, less responsive
Navone et al. (1997)
to androgens
Transurethral resection of localized Wild-type AR, different sublines available
Marques et al. (2006)
advanced PCa
Primary PCa
Mutated AR, low levels of AR and PSA
Sramkoski et al. (1999)
and Attardi et al. (2004)
Bone metastasis
Wild-type AR, androgen sensitive
Korenchuk et al. (2001)
Brain metastasis
Bone metastasis

ARK, do not respond to androgens
ARK, do not respond to androgens

ARC PCa cell lines have now been established, including
MDA PCa 2a and 2b, which were derived from a bone
metastasis of a patient with PCa (Navone et al. 1997).
Like LNCaP cells, MDA PCa cells also express AR and PSA
but are less responsive to androgens and the agonist
effects of nonandrogens (e.g. estrogens and progesterone) possibly due to the additional L701H
mutation in the AR LBD (Tables 1 and 2; Navone et al.
1997, Zhao et al. 1999). By virtue of their androgen
dependence, LNCaP and MDA PCa ARC cell lines are
useful models to investigate mechanisms underlying CR.
In addition, these cell lines have been employed to
investigate the efficacy of novel therapeutic compounds,
such as the histone deacetylase inhibitor valproic acid
and the GH-releasing hormone antagonist MZ-J-7-138
(Chou et al. 2011, Stangelberger et al. 2012). Interestingly, ARCaP cells, which were established from ascites
fluid of the same patient as MDA PCa cells, form tumors
with high incidence when injected s.c. or orthotopically
into intact or castrated male nude mice (Zhau et al.
1996). Moreover, unlike MDA PCa cells, ARCaPs express
low levels of AR and PSA, are highly metastatic and
http://erc.endocrinology-journals.org
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Stone et al. (1978)
Kaighn et al. (1979)

growth was inhibited by androgens due to G1 cell
cycle arrest and AR-dependent regulation of c-Myc,
Skp2, and p27Kip (Zhau et al. 1996, Chung et al. 1997,
Chuu et al. 2011).
E006AA is one of the few cell lines established from
primary PCa and originates from an African–American
patient with hormone naı̈ve localized PCa (Table 2;
Koochekpour et al. 2004). A stromal cell line (S006AA)
established in parallel from the same patient material
further extends the experimental value of E006AA by
enabling autologous epithelial–stromal interactions to be
studied in vitro. E006AA cells express a mutated AR
(harboring an S599G mutation in the AR DBD) but do
not express PSA and display loss of AR-dependent
growth suppression with cell growth insensitive to AR
knockdown, androgens and antiandrogens (D’Antonio
et al. 2010). This has important clinical implications
since patients with PCa tumors harboring such AR lossof-function mutations will not benefit from hormone or antiAR therapies despite AR protein expression. Thus, E006AA
cells represent an interesting in vitro model for dominant
negative AR loss-of-function in hormone-naı̈ve PCa.
Published by Bioscientifica Ltd.
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LNCaP cell line variants representing CR-PCa

Progression to CR-PCa is a major clinical problem and
subsequent treatment is mainly palliative. Several in vitro
model systems have been developed to study mechanisms
underlying the development of CR, including a panel of
LNCaP variants. These sublines differ widely in the
method of their establishment and culture conditions
(summarized in Table 3) but can be largely divided into
those established by long-term culture in androgendeprived media vs those established after in vivo passage
through athymic nude mice. In addition, some sublines
have been established by coculture with other cell types.
We observed that many of these variants (including the
LNCaPabl subline generated in our laboratory) are less
sensitive to apoptosis-inducing agents compared with
parental LNCaP cells (Culig et al. 1999, Pfeil et al. 2004).
We and others have used these sublines to gain an insight
into molecular mechanisms underlying CR-PCa and
demonstrate in proof-of-principle studies of the potential
clinical efficacy of AR targeting in CR-PCa (Desiniotis et al.
2010, McCourt et al. 2012).
AR overexpression is a common phenomenon in
CR-PCa that is mimicked in two LNCaP sublines,
LNCaP-ARmo and LNCaP-ARhi, which stably overexpress
AR at levels 2–4 and 4–6 times higher than parental
LNCaPs respectively (Waltering et al. 2009). These sublines
were recently used to demonstrate that AR overexpression
sensitizes receptor binding to chromatin, thus, providing
an explanation as to how AR signaling can be reactivated
in CR-PCa (Urbanucci et al. 2012).

Cell lines established from xenotransplanted tumors
A number of cell lines have been established from human
PCa tissue first heterotransplanted into immune-deficient
host animals. For example, VCaP and DuCaP cell lines
were established respectively from metastatic bone and
brain lesions of the same patient with CR-PCa via
xenografting into Scid mice and later harvested for
in vitro culture (Table 2). Both VCaP and DuCaP cells are
androgen-sensitive and express higher levels of wild-type
AR than LNCaP cells (Korenchuk et al. 2001, Lee et al.
2001, Marques et al. 2006, Waltering et al. 2009).
In addition, these cell lines also harbor a TMPRSS2:ERG
gene fusion and thus are frequently used to investigate the
functional significance of the genetic rearrangement
involving ERG, a member of the ETS family of transcription factors, which is the most common genetic aberration
http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-12-0401
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in PCa identified to date (Fig. 2; Tomlins et al. 2008, Paulo
et al. 2012). In addition to wild-type AR, VCaPs also
express several alternatively spliced AR isoforms in
response to castration or androgen deprivation with one
variant lacking the LBD (Dehm et al. 2008, Watson et al.
2010), which like other recently identified AR variants
appears to act as a constitutively active, ligand-independent transcription factor to support AR reactivation in
CR-PCa (Fig. 2; Dehm & Tindall 2011). Moreover, given
their upregulation of AR and numerous enzymes involved
in the metabolism of adrenal steroids following androgen
deprivation, DuCaPs may represent an ideal in vitro model
system to study intratumoral de novo androgen synthesis, a
key mechanism underlying progression to CR-PCa (Fig. 2;
Locke et al. 2008, Pfeiffer et al. 2011).
The LAPC cell lines were established from eight
different patients with locally advanced or metastatic
PCa following subcutaneous implantation into Scid mice
in the presence of Matrigel (Table 2). Established tumors
were then grown and serially passaged in vitro as eight
distinct cell lines, which have been described in detail
(Klein et al. 1997). Whilst LAPC-3 and LAPC-4 cells both
express wild-type AR and PSA, the latter also expresses
high levels of HER-2/neu receptor tyrosine kinase and
consequently has been used to study ligand-independent
AR activation (Craft et al. 1999). LAPC cells are important
tools to investigate wild-type AR and have proved
particularly useful in comparing drug efficacy (such as
the antiandrogen abiraterone acetate and small molecule
1(3-(2-chlorophenoxy)propyl)-1H-indole-3-carbonitrile
(CPIC)) with cell lines expressing mutated ARs (Cherian
et al. 2012, Li et al. 2012a).
The PC346 panel of cell lines, which originate from a
transurethral resection of localized advanced PCa, also
represents an interesting model system to study AR
signaling in different stages of PCa (Marques et al. 2006).
Xenografts (PC346P) were established from primary tumor
tissue subcutaneously implanted into male athymic mice
from which the wild-type AR expressing and androgendependent cell line PC346C was established. Three CR
PC346C sublines were generated following long-term
culture in steroid-stripped medium alone (PC346DCC) or
supplemented with the antiandrogen flutamide
(PC346Flu1 and PC346Flu2). Unlike their parental
counterparts, PC346DCC cells express low levels of AR
and do not produce PSA. By contrast, both PC346Flu cell
lines express high levels of AR and produce PSA. However,
whilst PC346Flu1 expresses wild-type AR, PC346Flu2
expresses a T877A-mutated AR and PC346DCC expresses
AR with a novel K311R mutation, although no difference
Published by Bioscientifica Ltd.
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Name

Establishment

Culture conditions

Characteristics

Culig et al. (1999)
and Pfeil et al.
(2004)
Lu et al. (1999)

Ishikura et al.
(2010)
Igawa et al.
(2002)
Gustavsson et al.
(2005)

Tso et al. (2000)
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McConkey et al.
(1996) and
Pettaway et al.
(1996)
McConkey et al.
(1996) and
Pettaway et al.
(1996)
PSA; LNCaP-M are nontumorigenic, LNCaP-C4, LNCaP- Thalmann et al.
(1994, 2000)
C5 are tumorigenic in castrated mice when co-injected with fibroblasts; C4-2 are tumorigenic in
castrated mice without fibroblasts and are able to
form soft agar colonies in serum-free medium; C4-2
have low AR expression and are nonresponsive to
androgen; they form metastases after s.c. and
orthotopic injection
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Cells isolated from tumors established by co-injection 10% FBS
of wtLNCaP cells with human osteosarcoma cells
into intact (-M) or castrated (-C4, -C5) male mice
C4-2, obtained from tumors established by co-injection of C4 and osteosarcoma cells into castrated
male mice

Gao et al. (1999)
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(1994, 1998)

N Sampson et al.

q 2013 Society for Endocrinology
Printed in Great Britain

Sublines established by culture under steroid-depleted conditions in vitro
104-S, 10% FBSC Slow growing in androgen-depleted medium (104-S);
LNCaP 104
Individual colonies selected after seeding serially
1 nM DHT; 104hypersensitive to androgen treatment; increased
(-S, -I, -R)
diluted wtLNCaP; one colony designated 104-S
I and 104-R,
AR expression and transcriptional activity; PSA
continuous passaging of which in androgen10% CS-FBS
positive; AR expression/activity elevated with
depleted medium generated two variants: 104-I,
increasing passage numbers
passage 40–70; 104-R, passage 80–100
AI LNCaP
wtLNCaP cultured in androgen-depleted medium for 10% CS-FBS
Increased AR levels; very low PSA levels; highly
6 months
resistant to drug-induced apoptosis; increased Bcl-2
expression
LNCaPabl
wtLNCaP cultured in androgen-depleted medium for 10% CS-FBS
Increased AR levels; hypersensitive to androgen up to
R40 passages
passage 75; antiandrogens (Bic and flutamide)
show agonistic effects; less sensitive to apoptosisinducing agents
LNCaP AI
wtLNCaP cultured in androgen-depleted medium for 10% CS-FBS
More resistant to apoptosis-inducing agents,
6 months
increased Bcl-2 expression compared to wt
LNCaP-CS10
wtLNCaP treated with Bic under androgen-depleted 10% CS-FBSC
Bic-resistant, androgen-independent cell line: androconditions for 4 months
10 mM Bic
gen-sensitive
LNCaP C-81
Serial in vitro passaging of wtLNCaP in normal growth 5% FBS
Decreased androgen responsiveness above passage
medium, C-81, cells of passage O81
33; no apparent difference in AR protein levels
LNCaP-19
wtLNCaP cultured in androgen-depleted medium, an 10% CS-FBS
Androgen-independent growth, lower PSA but
androgen-independent subline appeared after
higher VEGF levels than wt; in vivo tumors show
passage 19
increased microvessel density and altered vessel
morphology
CL-1, CL-2
CL-1, wtLNCaP cultured in androgen-depleted
10% CS-FBS
Potentiate growth of endothelial and bone marrow
medium; CL-2, CL-1 re-cultured in androgenstromal cells in coculture; resistance to radiation
containing medium
and cytotoxic agents; tumorigenic and metastatic in
nude mice without Matrigel; decreased AR levels;
overexpression of Bcl-2, bFGF, IL6, 8, TGFb1, b2,
EGFR, VEGF, loss of E-cadherin, decreased p53
Sublines established after in vivo passage through athymic nude mice
LNCaP-Pro1-5
Isolated from prostate tumors after orthotopic
10% FBS
Growth inhibited in androgen-ablated medium; do
implantation of wtLNCaP cells into athymic mice;
not grow in castrated mice; low potential to
serial passage through mouse prostate
metastasize in athymic mice; apoptosis resistant,
produce less PSA than wtLNCaP
LNCaP-LN1-4
Isolated from lymph node metastasis after orthotopic 10% FBS
Grow in castrated mice; high potential to metastasize
implantation of wtLNCaP cells into athymic mice;
in athymic mice; apoptosis resistant, produce more
serial passage through mouse lymph node
PSA than wtLNCaP
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in AR transactivation was observed (Tables 1 and 2;
Marques et al. 2005). The distinct growth and androgensensitivity properties of these CR-PCa sublines have been
exploited to characterize the AR transcriptional response
and identify AR bypass pathways during progression to
CR-PCa revealing that the AR regulates different
functional groups of genes at different stages of PCa
progression (Marques et al. 2010, 2011).
22Rv1 is an androgen-responsive cell line derived
from primary PCa that was xenografted and serially
propagated in mice after castration-induced regression and
relapse of the parental, androgen-dependent CWR22 xenograft (Sramkoski et al. 1999). Compared with LNCaPs, 22Rv1
cells secrete low levels of PSA and express lower levels of AR,
which also harbors a rare H874Y mutation (Table 2; Attardi
et al. 2004). In addition, 22Rv1 cells harbor two AR forms, a
larger one expressing three zinc finger motifs due to duplication of exon 3 and a C-terminally truncated, constitutively
active form, both of which have been functionally investigated by a number of groups (Dehm et al. 2008, Guo et al.
2009, Marcias et al. 2010, Watson et al. 2010, Dehm & Tindall
2011). Consequently, 22Rv1 has become a valuable model
system to study AR function, the efficacy of existing drugs
and to design novel anti-AR therapies that also target
nontruncated regions of AR (Laschak et al. 2012, Li et al.
2012b). However, these cells produce high titers of the
human retrovirus xenotropic murine leukemia virus-related
virus, which has implications not only for handling and
biosafety but also should be considered when interpreting
experimental results (Knouf et al. 2009).

Bic, bicalutamide; FBS, fetal bovine serum; PSA, prostate specific antigen; wtLNCaP, wild-type LNCaP; VEGF, vascular endothelial growth factor; TGFb, transforming growth factor b; bFGF, basic
fibroblast growth factor; IL6, interleukin 6; EGFR, epidermal growth factor receptor.

Better growth of REC4 and SF in castrated mice than
wt cells

Isolated from bone (B) or lymph node (Ln) metastases 10% FBS
developed after s.c. or orthotopic injection of C4-2
cells into athymic male mice
LNCaP-Pre, LNC- wtLNCaP cells injected into intact (LNCaP-Pre) or
Pre and REC4,
REC4, LNC-SF
castrated Scid mice (LNC-REC4)
10% FBS
LNC-SF: wtLNCaP cultured in androgen-depleted
SF, 5% CS-FBS
medium for 6 months

Cytogenetics revealed translocation between 12p and Thalmann et al.
17q in C4-2-Ln; C4-2-B contain both human and
(1994, 2000)
murine metaphases
Similar AR levels compared with wtLNCaP
Iwasa et al. (2007)
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LNCaP-C4-2-B,
LNCaP-C4-2-Ln

Name
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PCa stem/progenitor cells
In recent years the concept of a small population of tumor
cells that gives rise to the entire tumor has been
increasingly explored as a potential explanation for
phenomena such as cancer therapy resistance, tumor
recurrence and metastasis (Oldridge et al. 2012, Yu et al.
2012). These putative cancer stem cells (CSCs) are broadly
functionally defined as cells within a tumor that: i) possess
self-renewal capabilities and ii) can give rise to the
heterogeneous lineages of cancer cells that comprise the
tumor. Subpopulations of tumor cells with such CSC
characteristics have been identified in PCa and other solid
malignancies (Oldridge et al. 2012, Yu et al. 2012).
However, the notion of CSCs remains controversial largely
due to differences in experimental systems used to
determine their self-renewal capacity and uncertainty
regarding their cellular origin. For example, PCa stem
cells (PCSCs)/progenitor cells could potentially arise from
q 2013 Society for Endocrinology
Printed in Great Britain
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ARC luminal differentiated cells (which constitute the
major cell type within PCa) or ARK basal cells. Although
experimental data suggest that PCSCs can derive from
either of these cell types, prevailing evidence supports the
basal cell-of-origin theory in PCa whereby a small
proportion of transformed ARK basal stem cells can still
differentiate but form abnormal ARC luminal tumor
masses (Oldridge et al. 2012, Yu et al. 2012). In particular,
cells that display functional characteristics of PCSCs/progenitor cells express markers typically associated with
normal prostate stem cells, e.g. CD44, CD133 and
integrins. Notably, CD44 is also enriched in CSCs from
tumors other than the prostate, including colon, breast
and ovary. Given the low to nondetectable expression of
AR in CD44C PCa cells, such basal cell-derived PCSCs/PCa
progenitor cells would be expected to form a resistant core
after androgen ablation therapy, a notion consistent with
the frequent recurrence of PCa (Oldridge et al. 2012, Wang
et al. 2012, Yu et al. 2012). Interestingly however, recent
data indicate that CD44 may itself be subject to
androgenic regulation, raising the possibility that AR
regulation of putative stem cell markers may contribute
to malignant transformation (Marcinkiewicz et al. 2012).
Thus, there is an urgent need to better understand PCSC
biology and develop therapeutic strategies to deplete the
PCSC pool in PCa. Whilst it is generally preferable to
isolate PCSCs from primary cancer cells rather than PCa
cell lines, tissue availability is often a limiting factor.
Interestingly, several established PCa cell lines such as
LNCaP, LAPC-4 and C4-2 may also contain CD44C PCSCs
(Miki & Rhim 2008, Lee et al. 2013). Further studies are
required to determine whether established PCa cell lines
contain bona fide PCSCs and to assess the functional
contribution of AR signaling on PCSC behavior.

Benign prostate epithelial cell lines
In contrast to the abundance of PCa cell lines, there
are relatively few cell lines derived from benign
prostatic epithelium suitable for investigating AR
signaling. This is primarily due to difficulties in in vitro
immortalization and the terminally differentiated nature
of the androgen-dependent luminal epithelium such that
primary epithelial cultures predominantly exhibit an
androgen-independent but proliferative basal/intermediate phenotype (Untergasser et al. 2005, Niranjan et al.
2012). Nonetheless, there are currently three main ARC
normal prostate epithelial cell lines PWR-1E, RWPE1 and
RC-165N/hTERT, which were immortalized using SV40,
human papilloma virus 18 or human telomerase reverse
http://erc.endocrinology-journals.org
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transcriptase respectively (Webber et al. 1996a, Bello et al.
1997, Kim et al. 2007). These cell lines are androgen
responsive, express AR and PSA but do not form tumors
when injected into nude mice (Table 2). This latter
characteristic has been exploited to investigate the role
of putative oncogenes and carcinogens on tumorigenesis
indicating the suitability of these cell lines as potential
model systems to study processes of oncogenic transformation (Kim et al. 2010, Rhim et al. 2011). It should
be noted however that the process of immortalization
itself can result in genetic alterations and/or mutation
(Stepanenko & Kavsan 2012). To date, these cell lines have
predominantly been used to compare gene expression
levels and drug efficacy with PCa cell lines (Kim et al. 2007,
Deep et al. 2008, Mishra et al. 2010).
A current limitation of primary and some immortalized prostatic epithelial cell lines is their low expression of
AR and gradual loss of androgen-responsive differentiation
phenotype after serial passage of parental cells (Berthon
et al. 1997). AR promoter methylation was excluded as a
possible mechanism for the lack of AR expression in
primary prostate cell cultures (Grant et al. 1996, Tekur et al.
2001). Rather, it appears that the androgen-responsive
phenotype of human prostatic epithelial cells is dependent on their correct differentiation, which can be
maintained via 3D coculture with stroma and/or ECM
(see Section 3D in vitro cell culture models to study AR
signaling in PCa; Lang et al. 2001). As an alternative
strategy to overcome some of these limitations, a new
subline (termed BPH-1-AR) stably expressing AR was
recently generated from BPH-1 cells (Yu et al. 2009). The
parental BPH-1 cell line is a nontransformed ARK human
prostatic epithelial cell line immortalized with SV40 large
T antigen and displays a luminal epithelial cytokeratin
profile (Table 2; Hayward et al. 1995). The new subline
BPH-1-AR, which is androgen responsive, was used to
functionally evaluate novel nonsteroidal AR modulators
demonstrating its potential suitability as a screening tool
for drug discovery (Yu et al. 2009).

Benign and carcinoma-associated prostate
stromal cells
The critical role of stromal cells in PCa development and
progression was first demonstrated in stromal–epithelial
recombination experiments in which nontumorigenic
prostatic epithelial cells formed tumors when combined
with carcinoma-associated stromal cells but not with
benign fibroblasts (Hayward et al. 2001, Cunha et al.
2002, 2003). This stromal reaction is an early feature
Published by Bioscientifica Ltd.
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common to many malignant epithelial neoplasms
initiated via the action of cancer cell-derived secreted
factors, in particular transforming growth factor b1, that
modify the surrounding stroma generating a microenvironment which in turn further supports tumor
growth and progression (Barclay et al. 2005, Ao et al.
2007, Verona et al. 2007, Sampson et al. 2011). The tumorassociated ‘reactive’ stroma is characterized in particular
by activation of fibroblasts but also by recruitment of
inflammatory cells, ECM remodeling and enhanced
angiogenesis. The inductive properties of reactive stroma
are primarily due to the mitogenic secretome of activated
fibroblasts, also termed myofibroblasts (Barron & Rowley
2012, Sampson et al. 2012).
Recombination experiments also demonstrated that
stromal AR is required for the inductive properties of
reactive stroma in PCa. For example, nontumorigenic
prostate epithelial cells only formed tumors in the
presence of functional mesenchymal AR (Cunha et al.
2004, Ricke et al. 2006). However, the role of stromal AR on
PCa development and progression appears to be complex
since on the one hand, stromal AR signaling is downregulated in clinical PCa, whereas stromal AR has also been
shown to suppress prostate tumorigenesis (Karlou et al.
2010). The underlying reason for these apparent conflicting findings remains unclear, although it may be noted
that the transcriptome of stromal AR remains poorly
studied, at least in part because only a subpopulation of
stromal cells expresses AR, which additionally appear to
require paracrine-acting epithelial signals (Lang et al.
2001, Cano et al. 2007, Berry et al. 2011). In general,
most immortalized stromal cell lines express only low or
undetectable levels of AR (Peehl 2005, Kogan et al. 2006).
Consequently, most studies analyzing the role of stromal
AR in prostate development and carcinogenesis have
utilized mouse urogenital sinus mesenchyme (Shaw et al.
2006, Cunha 2008). Clearly, further investigations into
the role and functional contribution of stromal AR on
prostate carcinogenesis are needed. In this respect, the
immortalized human prostatic myofibroblast cell line
WPMY-1, which is derived from the same prostatic tissue
material as RWPE1 cell line (Webber et al. 1999), was
recently used to determine the stromal androgenic
transcriptional response by generating a subline
(WPMY-AR), which expresses wild-type AR at levels
comparable with LNCaP cells and is responsive to DHT
(Tanner et al. 2011). In addition to WPMY-1 cells, other
studies of prostatic stromal AR have largely employed
primary human normal or carcinoma-associated prostatic
fibroblasts, which can be readily isolated from biopsy
http://erc.endocrinology-journals.org
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specimens of patients undergoing radical prostatectomy
(Cano et al. 2007, Berry et al. 2011, Sampson et al. 2011).

3D in vitro cell culture models to study AR
signaling in PCa
Studies using isolated cell lines in 2D culture offer a simple
reductionist approach to study cell behavior and have
significantly increased our understanding of molecular
pathways involved in PCa development and progression.
However, a recent study reported that in vitro 2D cultured
cell lines exhibit a significantly divergent profile of
AR-regulated genes compared with xenografts and
human PCa tissue. For example, the AR-promoter binding
profile of LNCaP, VCaP and 22Rv1 cell lines demonstrated
only a 3% overlap with CR-PCa tissue (Sharma et al.
2013). This suggests that the AR transcriptome in tissue is
distinct from that in cultured cell lines, a finding with
potential significant implications for preclinical studies
of novel AR-targeting agents. Thus, model systems that
more closely reflect the physiological setting of PCa
are required for improved translational research and preclinical drug screening.
Along these lines, a comprehensive panel of primary
and nontransformed prostate epithelial cells as well as
commonly used PCa cell lines cultured under 3D
conditions has been developed (Harma et al. 2010). The
gene expression and metabolic profiles of these 3D
cultured cell lines have been characterized together with
their cellular morphogenic properties as an initial step
toward evaluating their usefulness as preclinical screening
platforms (Harma et al. 2010). It will be interesting to
analyze such 3D culture systems to determine whether
they more closely recapitulate the AR transcription profile
of human tissue than 2D cultured cell lines. However, it
may not be sufficient to simply culture epithelial cells
under 3D conditions. For example, prostate epithelial cells
grown in Matrigel form acinus-like spheroids and show an
intermediate (ARK) phenotype in monolayer cultures but
differentiate when cocultured with fibroblasts into a more
luminal phenotype becoming polarized and ARC (Lang
et al. 2006). Moreover, LNCaP cells cultured together with
normal prostate fibroblasts on microcarrier beads under
microgravity-simulated conditions respond to inductive
androgenic signals with respect to growth and differentiation like that observed in vivo (Zhau et al. 1997).
Similarly, LNCaP cells grown in rotary wall vessels under
fluid rotation spontaneously form 3D organoids (Wang
et al. 2005). Interestingly however, the androgen responsiveness of LNCaP cells grown under these conditions
Published by Bioscientifica Ltd.
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becomes dependent on prostate stromal cells (Zhau et al.
1997, Wang et al. 2005). Moreover, a hyaluronic
acid-based bilayer hydrogel system supported not only
tumoroid formation of LNCaP cells, but also stimulated
reciprocal interactions with the tumor-associated stroma
(Xu et al. 2012). Collectively, these studies indicate that
reciprocal interactions between the epithelium, stroma
and ECM are critical for epithelial differentiation and both
stromal and epithelial androgen responsiveness in vitro.
Such 3D coculture model systems are not restricted to
investigating stromal–epithelial interactions but have also
been used for long-term analysis of PCa cell interactions
with immune cells, providing an in vitro platform for rapid
immunotherapy development (Florczyk et al. 2012). In
addition, PCa cells and human osteoblasts interacted
within a tissue-engineered bone construct in a manner
consistent with in vivo observations of PCa metastasis
indicating the suitability of this model to study
mechanisms of PCa metastasis (Sieh et al. 2010).

Conclusions
PCa remains one of the most common causes of male
cancer-related death in Western nations. The essential role
of AR signaling in normal prostate tissue homeostasis and
its dysregulation in PCa development forms the basis of
androgen deprivation therapy, the current mainstay
systemic treatment for advanced PCa. Recognition that
AR reactivation is a key mechanism in the progression to
CR disease has led to intensive efforts to discern
underlying molecular pathways and design novel therapeutic strategies. Consequently, a number of new in vitro
human cell models have been developed, which mimic
different stages and aspects of this heterogeneous disease,
for example, with respect to androgen responsiveness and
AR status. Although recent studies indicate that cancer
cells cultured in physiologically relevant, 3D matrices can
recapture many essential features of native tumor tissues,
by definition these remain in vitro cell models and do not
recapitulate all aspects of human PCa. However, the utility
of these models is demonstrated by our continued
increasing knowledge regarding molecular mechanisms
underlying the development and progression of PCa.
Future advances in molecular, cellular and bioengineering
technologies will support the continued development of
in vitro models, which in combination with in vivo
approaches will provide more biologically relevant platforms for mechanistic studies, drug discovery and design
ensuring a more rapid transfer of knowledge from the
laboratory to the clinic.
http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-12-0401

q 2013 Society for Endocrinology
Printed in Great Britain

Declaration of interest
The authors declare that there is no conflict of interest that could be
perceived as prejudicing the impartiality of the research reported.

Funding
This work was supported by an Elise Richter postdoctoral fellowship
(N Sampson, Austrian Science Fund, FWF V216-B13), the COMET Center
ONCOTYROL, which is funded by the Austrian Federal Ministries
BMVIT/BMWFJ (via FFG) and the Tiroler Zukunftsstiftung/Standortagentur
Tirol (SAT) (I E Eder, Oncotyrol 3.4), a grant from the Austrian Cancer
Society/Tirol (I E Eder), and the Austrian Science Fund (H Klocker, FWF
project ZFW011010-12).

References
Ao M, Franco OE, Park D, Raman D, Williams K & Hayward SW 2007 Crosstalk between paracrine-acting cytokine and chemokine pathways
promotes malignancy in benign human prostatic epithelium. Cancer
Research 67 4244–4253. (doi:10.1158/0008-5472.CAN-06-3946)
Attardi BJ, Burgenson J, Hild SA & Reel JR 2004 Steroid hormonal
regulation of growth, prostate specific antigen secretion, and transcription mediated by the mutated androgen receptor in CWR22Rv1
human prostate carcinoma cells. Molecular and Cellular Endocrinology
222 121–132. (doi:10.1016/j.mce.2004.04.013)
Barclay WW, Woodruff RD, Hall MC & Cramer SD 2005 A system for
studying epithelial–stromal interactions reveals distinct inductive
abilities of stromal cells from benign prostatic hyperplasia and prostate
cancer. Endocrinology 146 13–18. (doi:10.1210/en.2004-1123)
Barron DA & Rowley DR 2012 The reactive stroma microenvironment and
prostate cancer progression. Endocrine-Related Cancer 19 R187–R204.
(doi:10.1530/ERC-12-0085)
Bello D, Webber MM, Kleinman HK, Wartinger DD & Rhim JS 1997
Androgen responsive adult human prostatic epithelial cell lines
immortalized by human papillomavirus 18. Carcinogenesis 18
1215–1223. (doi:10.1093/carcin/18.6.1215)
Bennett NC, Gardiner RA, Hooper JD, Johnson DW & Gobe GC 2012
Molecular cell biology of androgen receptor signalling. International
Journal of Biochemistry & Cell Biology 42 813–827. (doi:10.1016/j.biocel.
2009.11.013)
Berry PA, Birnie R, Droop AP, Maitland NJ & Collins AT 2011 The calcium
sensor STIM1 is regulated by androgens in prostate stromal cells.
Prostate 71 1646–1655. (doi:10.1002/pros.21384)
Berthon P, Waller AS, Villette JM, Loridon L, Cussenot O & Maitland NJ
1997 Androgens are not a direct requirement for the proliferation of
human prostatic epithelium in vitro. International Journal of Cancer
73 910–916. (doi:10.1002/(SICI)1097-0215(19971210)73:6!910::AIDIJC25O3.0.CO;2-6)
Bosland MC, Chung LW, Greenberg NM, Ho SM, Isaacs JT, Lane K,
Peehl DM, Thompson TC, van Steenbrugge GJ & van Weerden WM
1996 Recent advances in the development of animal and cell culture
models for prostate cancer research. A minireview. Urologic Oncology 2
99. (doi:10.1016/S1078-1439(96)00077-4)
Brinkmann AO 2011 Molecular mechanisms of androgen action – a
historical perspective. Methods in Molecular Biology 776 3–24.
(doi:10.1007/978-1-61779-243-4_1)
Cano P, Godoy A, Escamilla R, Dhir R & Onate SA 2007 Stromal–epithelial
cell interactions and androgen receptor–coregulator recruitment is
altered in the tissue microenvironment of prostate cancer. Cancer
Research 67 511–519. (doi:10.1158/0008-5472.CAN-06-1478)
Chen CD, Welsbie DS, Tran C, Baek SH, Chen R, Vessella R, Rosenfeld MG
& Sawyers CL 2004 Molecular determinants of resistance to antiandrogen therapy. Nature Medicine 10 33–39. (doi:10.1038/nm972)

Published by Bioscientifica Ltd.

N Sampson et al.

Review

Androgen receptor signaling in
prostate cancer

20:2

Endocrine-Related Cancer

AUTHOR COPY ONLY

Cheng H, Snoek R, Ghaidi F, Cox ME & Rennie PS 2006 Short hairpin RNA
knockdown of the androgen receptor attenuates ligand-independent
activation and delays tumor progression. Cancer Research 66
10613–10620. (doi:10.1158/0008-5472.CAN-06-0028)
Cherian MT, Wilson EM & Shapiro DJ 2012 A competitive inhibitor that
reduces recruitment of androgen receptor to androgen-responsive
genes. Journal of Biological Chemistry 287 23368–23380. (doi:10.1074/
jbc.M112.344671)
Chou YW, Chaturvedi NK, Ouyang S, Lin FF, Kaushik D, Wang J, Kim I &
Lin MF 2011 Histone deacetylase inhibitor valproic acid suppresses the
growth and increases the androgen responsiveness of prostate cancer
cells. Cancer Letters 311 177–186. (doi:10.1016/j.canlet.2011.07.015)
Chung LW, Zhau HE & Wu TT 1997 Development of human prostate
cancer models for chemoprevention and experimental therapeutics
studies. Journal of Cellular Biochemistry. Supplement 28–29 174–181.
(doi:10.1002/(SICI)1097-4644(1997)28/29C!174::AID-JCB21O3.0.
CO;2-G)
Chuu CP, Kokontis JM, Hiipakka RA, Fukuchi J, Lin HP, Lin CY, Huo C &
Su LC 2011 Androgens as therapy for androgen receptor-positive
castration-resistant prostate cancer. Journal of Biomedical Science 18 63.
(doi:10.1186/1423-0127-18-63)
Craft N, Shostak Y, Carey M & Sawyers CL 1999 A mechanism for hormoneindependent prostate cancer through modulation of androgen receptor
signaling by the HER-2/neu tyrosine kinase. Nature Medicine 5 280–285.
(doi:10.1038/6495)
Culig Z, Hoffmann J, Erdel M, Eder IE, Hobisch A, Hittmair A, Bartsch G,
Utermann G, Schneider MR, Parczyk K et al. 1999 Switch from
antagonist to agonist of the androgen receptor blocker bicalutamide is
associated with prostate tumour progression in a new model system.
British Journal of Cancer 81 242–251. (doi:10.1038/sj.bjc.6690684)
Cunha GR 2008 Mesenchymal–epithelial interactions: past, present, and
future. Differentiation 76 578–586. (doi:10.1111/j.1432-0436.2008.
00290.x)
Cunha GR, Hayward SW & Wang YZ 2002 Role of stroma in carcinogenesis
of the prostate. Differentiation 70 473–485. (doi:10.1046/j.1432-0436.
2002.700902.x)
Cunha GR, Hayward SW, Wang YZ & Ricke WA 2003 Role of the stromal
microenvironment in carcinogenesis of the prostate. International
Journal of Cancer 107 1–10. (doi:10.1002/ijc.11335)
Cunha GR, Ricke W, Thomson A, Marker PC, Risbridger G, Hayward SW,
Wang YZ, Donjacour AA & Kurita T 2004 Hormonal, cellular, and
molecular regulation of normal and neoplastic prostatic development.
Journal of Steroid Biochemistry and Molecular Biology 92 221–236.
(doi:10.1016/j.jsbmb.2004.10.017)
Cutress ML, Whitaker HC, Mills IG, Stewart M & Neal DE 2008 Structural
basis for the nuclear import of the human androgen receptor. Journal of
Cell Science 121 957–968. (doi:10.1242/jcs.022103)
D’Antonio JM, Vander Griend DJ, Antony L, Ndikuyeze G, Dalrymple SL,
Koochekpour S & Isaacs JT 2010 Loss of androgen receptor-dependent
growth suppression by prostate cancer cells can occur independently
from acquiring oncogenic addiction to androgen receptor signaling.
PLoS ONE 5 e11475. (doi:10.1371/journal.pone.0011475)
Deep G, Oberlies NH, Kroll DJ & Agarwal R 2008 Isosilybin B causes
androgen receptor degradation in human prostate carcinoma cells via
PI3K–Akt–Mdm2-mediated pathway. Oncogene 27 3986–3998.
(doi:10.1038/onc.2008.45)
Dehm SM & Tindall DJ 2011 Alternatively spliced androgen receptor
variants. Endocrine-Related Cancer 18 R183–R196. (doi:10.1530/
ERC-11-0141)
Dehm SM, Schmidt LJ, Heemers HV, Vessella RL & Tindall DJ 2008 Splicing
of a novel androgen receptor exon generates a constitutively active
androgen receptor that mediates prostate cancer therapy resistance.
Cancer Research 68 5469–5477. (doi:10.1158/0008-5472.CAN-08-0594)
Desiniotis A, Schafer G, Klocker H & Eder IE 2010 Enhanced antiproliferative and proapoptotic effects on prostate cancer cells by simultaneously inhibiting androgen receptor and cAMP-dependent protein

http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-12-0401

q 2013 Society for Endocrinology
Printed in Great Britain

R60

kinase A. International Journal of Cancer 126 775–789. (doi:10.1002/
ijc.24806)
Florczyk SJ, Liu G, Kievit FM, Lewis AM, Wu JD & Zhang M 2012 3D porous
chitosan–alginate scaffolds: a new matrix for studying prostate cancer
cell–lymphocyte interactions in vitro. Advanced Healthcare Materials
1 590–599. (doi:10.1002/adhm.201100054)
Gao M, Ossowski L & Ferrari AC 1999 Activation of Rb and decline in
androgen receptor precede retinoic acid-induced apoptosis in androgen-dependent LNCaP cells and their androgen-independent derivative. Journal of Cellular Physiology 179 336–346. (doi:10.1002/
(SICI)1097-4652(199906)179:3!336::AID-JCP11O3.0.CO;2-Q)
Grant ES, Batchelor KW & Habib FK 1996 Androgen independence of
primary epithelial cultures of the prostate is associated with a
down-regulation of androgen receptor gene expression. Prostate 29
339–349. (doi:10.1002/(SICI)1097-0045(199612)29:6!339::AIDPROS1O3.0.CO;2-3)
Green SM, Mostaghel EA & Nelson PS 2012 Androgen action and
metabolism in prostate cancer. Molecular and Cellular Endocrinology
360 3–13. (doi:10.1016/j.mce.2011.09.046)
Gu Y, Kim KH, Ko D, Srivastava S, Moul JW, McLeod DG & Rhim JS 2005
Androgen and androgen receptor antagonist responsive primary
African-American benign prostate epithelial cell line. Anticancer
Research 25 1–8.
Guo Z, Yang X, Sun F, Jiang R, Linn DE, Chen H, Kong X, Melamed J,
Tepper CG, Kung HJ et al. 2009 A novel androgen receptor splice variant
is up-regulated during prostate cancer progression and promotes
androgen depletion-resistant growth. Cancer Research 69 2305–2313.
(doi:10.1158/0008-5472.CAN-08-3795)
Gustavsson H, Welen K & Damber JE 2005 Transition of an androgendependent human prostate cancer cell line into an androgenindependent subline is associated with increased angiogenesis. Prostate
62 364–373. (doi:10.1002/pros.20145)
Harma V, Virtanen J, Makela R, Happonen A, Mpindi JP, Knuuttila M,
Kohonen P, Lotjonen J, Kallioniemi O & Nees M 2010 A comprehensive
panel of three-dimensional models for studies of prostate cancer
growth, invasion and drug responses. PLoS ONE 5 e10431.
(doi:10.1371/journal.pone.0010431)
Hayward SW, Dahiya R, Cunha GR, Bartek J, Deshpande N & Narayan P
1995 Establishment and characterization of an immortalized but nontransformed human prostate epithelial cell line: BPH-1. In Vitro Cellular
& Developmental Biology. Animal 31 14–24. (doi:10.1007/BF02631333)
Hayward SW, Wang Y, Cao M, Hom YK, Zhang B, Grossfeld GD,
Sudilovsky D & Cunha GR 2001 Malignant transformation in a
nontumorigenic human prostatic epithelial cell line. Cancer Research
61 8135–8142.
Hensley PJ & Kyprianou N 2012 Modeling prostate cancer in mice:
limitations and opportunities. Journal of Andrology 33 133–144.
(doi:10.2164/jandrol.111.013987)
Horoszewicz JS, Leong SS, Ming CT, Wajsman ZJ, Friedman M, Papsidero L,
Kim U, Chai LS, Kakati S, Arya SK et al. 1980 The LNCaP cell line – a new
model for studies on human prostate carcinoma. In Models for Prostate
Cancer, pp 114–132. Ed GD Murphy. New York: Alan Liss.
Hu R, Isaacs WB & Luo J 2011 A snapshot of the expression signature of
androgen receptor splicing variants and their distinctive transcriptional activities. Prostate 71 1656–1667. (doi:10.1002/pros.21382)
Igawa T, Lin FF, Lee MS, Karan D, Batra SK & Lin MF 2002 Establishment
and characterization of androgen-independent human prostate cancer
LNCaP cell model. Prostate 50 222–235. (doi:10.1002/pros.10054)
Ishikura N, Kawata H, Nishimoto A, Nakamura R, Ishii N & Aoki Y 2010
Establishment and characterization of an androgen receptordependent, androgen-independent human prostate cancer cell line,
LNCaP-CS10. Prostate 70 457–466. (doi:10.1002/pros.21079)
Iwasa Y, Mizokami A, Miwa S, Koshida K & Namiki M 2007 Establishment
and characterization of androgen-independent human prostate cancer
cell lines, LN-REC4 and LNCaP-SF, from LNCaP. International Journal of
Urology 14 233–239. (doi:10.1111/j.1442-2042.2007.01532.x)

Published by Bioscientifica Ltd.

N Sampson et al.

Review

Androgen receptor signaling in
prostate cancer

20:2

Endocrine-Related Cancer

AUTHOR COPY ONLY

Kaighn ME, Narayan KS, Ohnuki Y, Lechner JF & Jones LW 1979
Establishment and characterization of a human prostatic carcinoma
cell line (PC-3). Investigative Urology 17 16–23.
Karan D, Schmied BM, Dave BJ, Wittel UA, Lin MF & Batra SK 2001
Decreased androgen-responsive growth of human prostate cancer is
associated with increased genetic alterations. Clinical Cancer Research
7 3472–3480.
Karlou M, Tzelepi V & Efstathiou E 2010 Therapeutic targeting of the
prostate cancer microenvironment. Nature Reviews. Urology 7 494–509.
(doi:10.1038/nrurol.2010.134)
Kim W & Ryan CJ 2012 Androgen receptor directed therapies in castrationresistant metastatic prostate cancer. Current Treatment Options in
Oncology 13 189–200. (doi:10.1007/s11864-012-0188-2)
Kim KH, Dobi A, Shaheduzzaman S, Gao CL, Masuda K, Li H, Drukier A,
Gu Y, Srikantan V, Rhim JS et al. 2007 Characterization of the androgen
receptor in a benign prostate tissue-derived human prostate epithelial
cell line: RC-165N/human telomerase reverse transcriptase. Prostate
Cancer and Prostatic Diseases 10 30–38. (doi:10.1038/sj.pcan.4500915)
Kim SH, Richardson M, Chinnakannu K, Bai VU, Menon M, Barrack ER &
Reddy GP 2010 Androgen receptor interacts with telomeric proteins in
prostate cancer cells. Journal of Biological Chemistry 285 10472–10476.
(doi:10.1074/jbc.M109.098798)
Klein KA, Reiter RE, Redula J, Moradi H, Zhu XL, Brothman AR, Lamb DJ,
Marcelli M, Belldegrun A, Witte ON et al. 1997 Progression of metastatic
human prostate cancer to androgen independence in immunodeficient
SCID mice. Nature Medicine 3 402–408. (doi:10.1038/nm0497-402)
Knouf EC, Metzger MJ, Mitchell PS, Arroyo JD, Chevillet JR, Tewari M &
Miller AD 2009 Multiple integrated copies and high-level production of
the human retrovirus XMRV (xenotropic murine leukemia virusrelated virus) from 22Rv1 prostate carcinoma cells. Journal of Virology
83 7353–7356. (doi:10.1128/JVI.00546-09)
Kogan I, Goldfinger N, Milyavsky M, Cohen M, Shats I, Dobler G, Klocker H,
Wasylyk B, Voller M, Aalders T et al. 2006 hTERT-immortalized prostate
epithelial and stromal-derived cells: an authentic in vitro model for
differentiation and carcinogenesis. Cancer Research 66 3531–3540.
(doi:10.1158/0008-5472.CAN-05-2183)
Kokontis J, Takamura K, Hay N & Liao S 1994 Increased androgen receptor
activity and altered c-myc expression in prostate cancer cells after longterm androgen deprivation. Cancer Research 54 1566–1573.
Kokontis JM, Hay N & Liao S 1998 Progression of LNCaP prostate tumor
cells during androgen deprivation: hormone-independent growth,
repression of proliferation by androgen, and role for p27Kip1 in
androgen-induced cell cycle arrest. Molecular Endocrinology 12 941–953.
(doi:10.1210/me.12.7.941)
Koochekpour S, Maresh GA, Katner A, Parker-Johnson K, Lee TJ, Hebert FE,
Kao YS, Skinner J & Rayford W 2004 Establishment and characterization of a primary androgen-responsive African-American prostate
cancer cell line, E006AA. Prostate 60 141–152. (doi:10.1002/
pros.20053)
Korenchuk S, Lehr JE, MClean L, Lee YG, Whitney S, Vessella R, Lin DL &
Pienta KJ 2001 VCaP, a cell-based model system of human prostate
cancer. In Vivo 15 163–168.
Lamont KR & Tindall DJ 2010 Androgen regulation of gene expression.
Advances in Cancer Research 107 137–162. (doi:10.1016/S0065-230X
(10)07005-3)
Lamont KR & Tindall DJ 2011 Minireview: alternative activation pathways
for the androgen receptor in prostate cancer. Molecular Endocrinology
25 897–907. (doi:10.1210/me.2010-0469)
Lang SH, Stark M, Collins A, Paul AB, Stower MJ & Maitland NJ 2001
Experimental prostate epithelial morphogenesis in response to stroma
and three-dimensional matrigel culture. Cell Growth & Differentiation
12 631–640.
Lang SH, Smith J, Hyde C, Macintosh C, Stower M & Maitland NJ 2006
Differentiation of prostate epithelial cell cultures by matrigel/ stromal
cell glandular reconstruction. In Vitro Cellular & Developmental Biology.
Animal 42 273–280. (doi:10.1290/0511080.1)

http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-12-0401

q 2013 Society for Endocrinology
Printed in Great Britain

R61

Laschak M, Spindler KD, Schrader AJ, Hessenauer A, Streicher W,
Schrader M & Cronauer MV 2012 JS-K, a glutathione/glutathione
S-transferase-activated nitric oxide releasing prodrug inhibits
androgen receptor and WNT-signaling in prostate cancer cells.
BMC Cancer 12 130. (doi:10.1186/1471-2407-12-130)
Lee YG, Korenchuk S, Lehr J, Whitney S, Vessela R & Pienta KJ 2001
Establishment and characterization of a new human prostatic cancer
cell line: DuCaP. In Vivo 15 157–162.
Lee SO, Ma Z, Yeh CR, Luo J, Lin TH, Lai KP, Yamashita S, Liang L, Tian J,
Li L et al. 2013 New therapy targeting differential androgen receptor
signaling in prostate cancer stem/progenitor vs non-stem/progenitor
cells. Journal of Molecular Cell Biology 5 14–26. (doi:10.1093/jmcb/
mjs042)
Li R, Evaul K, Sharma KK, Chang KH, Yoshimoto J, Liu J, Auchus RJ &
Sharifi N 2012a Abiraterone inhibits 3b-hydroxysteroid dehydrogenase:
a rationale for increasing drug exposure in castration-resistant prostate
cancer. Clinical Cancer Research 18 3571–3579. (doi:10.1158/10780432.CCR-12-0908)
Li Y, Hwang TH, Oseth LA, Hauge A, Vessella RL, Schmechel SC, Hirsch B,
Beckman KB, Silverstein KA & Dehm SM 2012b AR intragenic deletions
linked to androgen receptor splice variant expression and activity in
models of prostate cancer progression. Oncogene 31 4759–4767.
(doi:10.1038/onc.2011.637)
Locke JA, Guns ES, Lubik AA, Adomat HH, Hendy SC, Wood CA, Ettinger SL,
Gleave ME & Nelson CC 2008 Androgen levels increase by intratumoral
de novo steroidogenesis during progression of castration-resistant
prostate cancer. Cancer Research 68 6407–6415. (doi:10.1158/00085472.CAN-07-5997)
Lu S, Tsai SY & Tsai MJ 1999 Molecular mechanisms of androgenindependent growth of human prostate cancer LNCaP-AI cells.
Endocrinology 140 5054–5059. (doi:10.1210/en.140.11.5054)
Marcias G, Erdmann E, Lapouge G, Siebert C, Barthelemy P, Duclos B,
Bergerat JP, Ceraline J & Kurtz JE 2010 Identification of novel truncated
androgen receptor (AR) mutants including unreported pre-mRNA
splicing variants in the 22Rv1 hormone-refractory prostate cancer
(PCa) cell line. Human Mutation 31 74–80. (doi:10.1002/humu.21138)
Marcinkiewicz K, Scotland KB, Boorjian SA, Nilsson EM, Persson JL,
Abrahamsson PA, Allegrucci C, Hughes IA, Gudas LJ & Mongan NP
2012 The androgen receptor and stem cell pathways in prostate and
bladder cancers (review). International Journal of Oncology 40 5–12.
(doi:10.3892/ijo.2011.1212)
Marques RB, Erkens-Schulze S, de Ridder CM, Hermans KG, Waltering K,
Visakorpi T, Trapman J, Romijn JC, van Weerden WM & Jenster G 2005
Androgen receptor modifications in prostate cancer cells upon longterm androgen ablation and antiandrogen treatment. International
Journal of Cancer 117 221–229. (doi:10.1002/ijc.21201)
Marques RB, van Weerden WM, Erkens-Schulze S, de Ridder CM,
Bangma CH, Trapman J & Jenster G 2006 The human PC346 xenograft
and cell line panel: a model system for prostate cancer progression.
European Urology 49 245–257. (doi:10.1016/j.eururo.2005.12.035)
Marques RB, Dits NF, Erkens-Schulze S, van Weerden WM & Jenster G 2010
Bypass mechanisms of the androgen receptor pathway in therapyresistant prostate cancer cell models. PLoS ONE 5 e13500. (doi:10.1371/
journal.pone.0013500)
Marques RB, Dits NF, Erkens-Schulze S, van Ijcken WF, van Weerden WM &
Jenster G 2011 Modulation of androgen receptor signaling in hormonal
therapy-resistant prostate cancer cell lines. PLoS ONE 6 e23144.
(doi:10.1371/journal.pone.0023144)
McConkey DJ, Greene G & Pettaway CA 1996 Apoptosis resistance
increases with metastatic potential in cells of the human LNCaP
prostate carcinoma line. Cancer Research 56 5594–5599.
McCourt C, Maxwell P, Mazzucchelli R, Montironi R, Scarpelli M,
Salto-Tellez M, O’Sullivan JM, Longley DB & Waugh DJ 2012 Elevation
of c-FLIP in castrate-resistant prostate cancer antagonizes therapeutic
response to androgen receptor-targeted therapy. Clinical Cancer
Research 18 3822–3833. (doi:10.1158/1078-0432.CCR-11-3277)

Published by Bioscientifica Ltd.

N Sampson et al.

Review

Androgen receptor signaling in
prostate cancer

20:2

Endocrine-Related Cancer

AUTHOR COPY ONLY

McNamara KM, Handelsman DJ & Simanainen U 2012 The mouse as a
model to investigate sex steroid metabolism in the normal and
pathological prostate. Journal of Steroid Biochemistry and Molecular
Biology 131 107–121. (doi:10.1016/j.jsbmb.2011.10.009)
Miki J & Rhim JS 2008 Prostate cell cultures as in vitro models for the study
of normal stem cells and cancer stem cells. Prostate Cancer and Prostatic
Diseases 11 32–39. (doi:10.1038/sj.pcan.4501018)
Mishra DK, Chen Z, Wu Y, Sarkissyan M, Koeffler HP & Vadgama JV 2010
Global methylation pattern of genes in androgen-sensitive and
androgen-independent prostate cancer cells. Molecular Cancer
Therapeutics 9 33–45. (doi:10.1158/1535-7163.MCT-09-0486)
Miyamoto H, Rahman MM & Chang C 2004 Molecular basis for the
antiandrogen withdrawal syndrome. Journal of Cellular Biochemistry 91
3–12. (doi:10.1002/jcb.10757)
Mohler JL, Gregory CW, Ford OH, III, Kim D, Weaver CM, Petrusz P,
Wilson EM & French FS 2004 The androgen axis in recurrent prostate
cancer. Clinical Cancer Research 10 440–448. (doi:10.1158/1078-0432.
CCR-1146-03)
Mohler ML, Coss CC, Duke CB, III, Patil SA, Miller DD & Dalton JT 2012
Androgen receptor antagonists: a patent review (2008–2011). Expert
Opinion on Therapeutic Patents 22 541–565. (doi:10.1517/13543776.
2012.682571)
Molina A & Belldegrun A 2011 Novel therapeutic strategies for castration
resistant prostate cancer: inhibition of persistent androgen production
and androgen receptor mediated signaling. Journal of Urology
185 787–794. (doi:10.1016/j.juro.2010.10.042)
Navone NM, Olive M, Ozen M, Davis R, Troncoso P, Tu SM, Johnston D,
Pollack A, Pathak S, von Eschenbach AC et al. 1997 Establishment of
two human prostate cancer cell lines derived from a single bone
metastasis. Clinical Cancer Research 3 2493–2500.
Niranjan B, Lawrence MG, Papargiris MM, Richards MG, Hussain S,
Frydenberg M, Pedersen J, Taylor RA & Risbridger GP 2012 Primary
culture and propagation of human prostate epithelial cells. Methods in
Molecular Biology 945 365–382. (doi:10.1007/978-1-62703-125-7_22)
Nyquist MD & Dehm SM 2013 Interplay between genomic alterations and
androgen receptor signaling during prostate cancer development and
progression. Hormones & Cancer 4 61–69. (doi:10.1007/s12672-0130131-4)
Oldridge EE, Pellacani D, Collins AT & Maitland NJ 2012 Prostate cancer
stem cells: are they androgen-responsive? Molecular and Cellular
Endocrinology 360 14–24. (doi:10.1016/j.mce.2011.07.008)
Paulo P, Ribeiro FR, Santos J, Mesquita D, Almeida M, Barros-Silva JD,
Itkonen H, Henrique R, Jeronimo C, Sveen A et al. 2012 Molecular
subtyping of primary prostate cancer reveals specific and shared target
genes of different ETS rearrangements. Neoplasia 14 600–611.
Peehl DM 2005 Primary cell cultures as models of prostate cancer
development. Endocrine-Related Cancer 12 19–47. (doi:10.1677/erc.1.
00795)
Pettaway CA, Pathak S, Greene G, Ramirez E, Wilson MR, Killion JJ &
Fidler IJ 1996 Selection of highly metastatic variants of different human
prostatic carcinomas using orthotopic implantation in nude mice.
Clinical Cancer Research 2 1627–1636.
Pfeiffer MJ, Smit FP, Sedelaar JP & Schalken JA 2011 Steroidogenic enzymes
and stem cell markers are upregulated during androgen deprivation in
prostate cancer. Molecular Medicine 17 657–664. (doi:10.2119/molmed.
2010.00143)
Pfeil K, Eder IE, Putz T, Ramoner R, Culig Z, Ueberall F, Bartsch G &
Klocker H 2004 Long-term androgen-ablation causes increased resistance to PI3K/Akt pathway inhibition in prostate cancer cells. Prostate
58 259–268. (doi:10.1002/pros.10332)
Rahman M, Miyamoto H & Chang C 2004 Androgen receptor coregulators
in prostate cancer: mechanisms and clinical implications. Clinical
Cancer Research 10 2208–2219. (doi:10.1158/1078-0432.CCR-0746-3)
Reis LO 2011 Old issues and new perspectives on prostate cancer hormonal
therapy: the molecular substratum. Medical Oncology 29 1948–1955.
(doi:10.1007/s12032-011-9991-z)

http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-12-0401

q 2013 Society for Endocrinology
Printed in Great Britain

R62

Rhim JS, Li H & Furusato B 2011 Novel human prostate epithelial cell
culture models for the study of carcinogenesis and of normal stem cells
and cancer stem cells. Advances in Experimental Medicine and Biology
720 71–80. (doi:10.1007/978-1-4614-0254-1_6)
Ricke WA, Ishii K, Ricke EA, Simko J, Wang Y, Hayward SW & Cunha GR
2006 Steroid hormones stimulate human prostate cancer progression
and metastasis. International Journal of Cancer 118 2123–2131.
(doi:10.1002/ijc.21614)
Robbins SE, Shu WP, Kirschenbaum A, Levine AC, Miniati DN & Liu BC 1996
Bone extracellular matrix induces homeobox proteins independent of
androgens: possible mechanism for androgen-independent growth in
human prostate cancer cells. Prostate 29 362–370. (doi:10.1002/
(SICI)1097-0045(199612)29:6!362::AID-PROS4O3.0.CO;2-A)
Sampson N, Untergasser G, Plas E & Berger P 2007 The ageing male
reproductive tract. Journal of Pathology 211 206–218. (doi:10.1002/
path.2077)
Sampson N, Koziel R, Zenzmaier C, Bubendorf L, Plas E, Jansen-Durr P &
Berger P 2011 ROS signaling by NOX4 drives fibroblast-to-myofibroblast differentiation in the diseased prostatic stroma. Molecular
Endocrinology 25 503–515. (doi:10.1210/me.2010-0340)
Sampson N, Ruiz C, Zenzmaier C, Bubendorf L & Berger P 2012 PAGE4
positivity is associated with attenuated AR signaling and predicts
patient survival in hormone-naive prostate cancer. American Journal of
Pathology 181 1443–1454. (doi:10.1016/j.ajpath.2012.06.040)
Schaufele F, Carbonell X, Guerbadot M, Borngraeber S, Chapman MS,
Ma AA, Miner JN & Diamond MI 2005 The structural basis of androgen
receptor activation: intramolecular and intermolecular amino-carboxy
interactions. PNAS 102 9802–9807. (doi:10.1073/pnas.0408819102)
Schweizer MT & Antonarakis ES 2012 Abiraterone and other novel
androgen-directed strategies for the treatment of prostate cancer: a new
era of hormonal therapies is born. Therapeutic Advances in Urology
4 167–178. (doi:10.1177/1756287212452196)
Sharma NL, Massie CE, Ramos-Montoya A, Zecchini V, Scott HE, Lamb AD,
Macarthur S, Stark R, Warren AY, Mills IG et al. 2013 The androgen
receptor induces a distinct transcriptional program in castrationresistant prostate cancer in man. Cancer Cell 23 35–47. (doi:10.1016/
j.ccr.2012.11.010)
Shaw A, Papadopoulos J, Johnson C & Bushman W 2006 Isolation and
characterization of an immortalized mouse urogenital sinus
mesenchyme cell line. Prostate 66 1347–1358. (doi:10.1002/pros.20357)
Siegel R, Naishadham D & Jemal A 2012 Cancer statistics, 2012. CA:
A Cancer Journal for Clinicians 62 10–29. (doi:10.3322/caac.20138)
Sieh S, Lubik AA, Clements JA, Nelson CC & Hutmacher DW 2010
Interactions between human osteoblasts and prostate cancer cells
in a novel 3D in vitro model. Organogenesis 6 181–188. (doi:10.4161/
org.6.3.12041)
Sieh S, Taubenberger AV, Rizzi SC, Sadowski M, Lehman ML, Rockstroh A,
An J, Clements JA, Nelson CC & Hutmacher DW 2012 Phenotypic
characterization of prostate cancer LNCaP cells cultured within a
bioengineered microenvironment. PLoS ONE 7 e40217. (doi:10.1371/
journal.pone.0040217)
Smith DF & Toft DO 1993 Steroid receptors and their associated proteins.
Molecular Endocrinology 7 4–11. (doi:10.1210/me.7.1.4)
Snoek R, Cheng H, Margiotti K, Wafa LA, Wong CA, Wong EC, Fazli L,
Nelson CC, Gleave ME & Rennie PS 2009 In vivo knockdown of the
androgen receptor results in growth inhibition and regression of wellestablished, castration-resistant prostate tumors. Clinical Cancer
Research 15 39–47. (doi:10.1158/1078-0432.CCR-08-1726)
Spans L, Atak ZK, Van Nieuwerburgh F, Deforce D, Lerut E, Aerts S &
Claessens F 2012 Variations in the exome of the LNCaP prostate cancer
cell line. Prostate 72 1317–1327. (doi:10.1002/pros.22480)
Sramkoski RM, Pretlow TG, II, Giaconia JM, Pretlow TP, Schwartz S, Sy MS,
Marengo SR, Rhim JS, Zhang D & Jacobberger JW 1999 A new human
prostate carcinoma cell line, 22Rv1. In Vitro Cellular & Developmental
Biology. Animal 35 403–409. (doi:10.1007/s11626-999-0115-4)

Published by Bioscientifica Ltd.

N Sampson et al.

Review

Androgen receptor signaling in
prostate cancer

20:2

Endocrine-Related Cancer

AUTHOR COPY ONLY

Stangelberger A, Schally AV, Rick FG, Varga JL, Baker B, Zarandi M &
Halmos G 2012 Inhibitory effects of antagonists of growth hormone
releasing hormone on experimental prostate cancers are associated
with upregulation of wild-type p53 and decrease in p21 and mutant
p53 proteins. Prostate 72 555–565. (doi:10.1002/pros.21458)
Steinkamp MP, O’Mahony OA, Brogley M, Rehman H, Lapensee EW,
Dhanasekaran S, Hofer MD, Kuefer R, Chinnaiyan A, Rubin MA et al.
2009 Treatment-dependent androgen receptor mutations in prostate
cancer exploit multiple mechanisms to evade therapy. Cancer Research
69 4434–4442. (doi:10.1158/0008-5472.CAN-08-3605)
Stepanenko AA & Kavsan VM 2012 Immortalization and malignant
transformation of eukaryotic cells. Cytology and Genetics 46 36–75.
(doi:10.3103/S0095452712020041)
Stone KR, Mickey DD, Wunderli H, Mickey GH & Paulson DF 1978
Isolation of a human prostate carcinoma cell line (DU 145).
International Journal of Cancer 21 274–281. (doi:10.1002/ijc.
2910210305)
Tanner MJ, Welliver RC, Jr, Chen M, Shtutman M, Godoy A, Smith G,
Mian BM & Buttyan R 2011 Effects of androgen receptor and androgen
on gene expression in prostate stromal fibroblasts and paracrine
signaling to prostate cancer cells. PLoS ONE 6 e16027. (doi:10.1371/
journal.pone.0016027)
Tekur S, Lau KM, Long J, Burnstein K & Ho SM 2001 Expression of
RFG/ELE1a/ARA70 in normal and malignant prostatic epithelial cell
cultures and lines: regulation by methylation and sex steroids.
Molecular Carcinogenesis 30 1–13. (doi:10.1002/10982744(200101)30:1!1::AID-MC1008O3.0.CO;2-X)
Thalmann GN, Anezinis PE, Chang S-M, Zhau HE, Kim EE, Hopwood VL,
Pathak S, von Eschenbach AC & Chung LWK 1994 Androgenindependent cancer progression and bone metastasis in the LNCaP
model of human prostate cancer. Cancer Research 54 2577–2581.
Thalmann GN, Sikes RA, Wu TT, Degeorges A, Chang SM, Ozen M, Pathak S
& Chung LW 2000 LNCaP progression model of human prostate
cancer: androgen-independence and osseous metastasis. Prostate
44 91–103 (Jul 101; 144 (102)). (doi:10.1002/10970045(20000701)44:2!91::AID-PROS1O3.0.CO;2-L)
Thomas P 2012 Rapid steroid hormone actions initiated at the cell surface
and the receptors that mediate them with an emphasis on recent
progress in fish models. General and Comparative Endocrinology
175 367–383. (doi:10.1016/j.ygcen.2011.11.032)
Toivanen R, Taylor RA, Pook DW, Ellem SJ & Risbridger GP 2012 Breaking
through a roadblock in prostate cancer research: an update on human
model systems. Journal of Steroid Biochemistry and Molecular Biology
131 122–131. (doi:10.1016/j.jsbmb.2012.01.005)
Tomlins SA, Laxman B, Varambally S, Cao X, Yu J, Helgeson BE, Cao Q,
Prensner JR, Rubin MA, Shah RB et al. 2008 Role of the TMPRSS2–ERG
gene fusion in prostate cancer. Neoplasia 10 177–188. (doi:10.1593/
neo.07822)
Truss M & Beato M 1993 Steroid hormone receptors: interaction with
deoxyribonucleic acid and transcription factors. Endocrine Reviews
14 459–479.
Tsai MJ & O’Malley BW 1994 Molecular mechanisms of action of
steroid/thyroid receptor superfamily members. Annual Review of
Biochemistry 63 451–486. (doi:10.1146/annurev.bi.63.070194.002315)
Tso CL, McBride WH, Sun J, Patel B, Tsui KH, Paik SH, Gitlitz B, Caliliw R,
van Ophoven A, Wu L et al. 2000 Androgen deprivation induces
selective outgrowth of aggressive hormone-refractory prostate cancer
clones expressing distinct cellular and molecular properties not present
in parental androgen-dependent cancer cells. Cancer Journal 6 220–233.
Untergasser G, Plas E, Pfister G, Heinrich E & Berger P 2005 Interferon-g
induces neuroendocrine-like differentiation of human prostate basalepithelial cells. Prostate 64 419–429. (doi:10.1002/pros.20261)
Urbanucci A, Sahu B, Seppala J, Larjo A, Latonen LM, Waltering KK,
Tammela TL, Vessella RL, Lahdesmaki H, Janne OA et al. 2012
Overexpression of androgen receptor enhances the binding of the

http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-12-0401

q 2013 Society for Endocrinology
Printed in Great Britain

R63

receptor to the chromatin in prostate cancer. Oncogene 31 2153–2163.
(doi:10.1038/onc.2011.401)
Veldscholte J, Voorhorst-Ogink MM, Bolt-de Vries J, van Rooij HCJ,
Trapman J & Mulder E 1990 Unusual specificity of the androgen
receptor in the human prostate tumor cell line LNCaP: high affinity for
progestagenic and estrogenic steroids. Biochimica et Biophysica Acta
1052 187–194. (doi:10.1016/0167-4889(90)90075-O)
Veldscholte J, Berrevoets CA, Zegers ND, van der Kvast TH, Grootegoed JA
& Mulder E 1992 Hormone-induced dissociation of the androgen
receptor–heat-shock protein complex. Use of a new monoclonal
antibody to distinguish transformed from nontransformed receptors.
Biochemistry 31 7422–7430. (doi:10.1021/bi00147a029)
Verona EV, Elkahloun AG, Yang J, Bandyopadhyay A, Yeh IT & Sun LZ 2007
Transforming growth factor-b signaling in prostate stromal cells
supports prostate carcinoma growth by up-regulating stromal genes
related to tissue remodeling. Cancer Research 67 5737–5746.
(doi:10.1158/0008-5472.CAN-07-0444)
Waltering KK, Helenius MA, Sahu B, Manni V, Linja MJ, Janne OA &
Visakorpi T 2009 Increased expression of androgen receptor sensitizes
prostate cancer cells to low levels of androgens. Cancer Research 69
8141–8149. (doi:10.1158/0008-5472.CAN-09-0919)
Wang R, Xu J, Juliette L, Castilleja A, Love J, Sung SY, Zhau HE,
Goodwin TJ & Chung LW 2005 Three-dimensional co-culture models
to study prostate cancer growth, progression, and metastasis to bone.
Seminars in Cancer Biology 15 353–364. (doi:10.1016/j.semcancer.2005.
05.005)
Wang R, Sun X, Wang CY, Hu P, Chu CY, Liu S, Zhau HE & Chung LW 2012
Spontaneous cancer–stromal cell fusion as a mechanism of prostate
cancer androgen-independent progression. PLoS ONE 7 e42653.
(doi:10.1371/journal.pone.0042653)
Watson PA, Chen YF, Balbas MD, Wongvipat J, Socci ND, Viale A, Kim K &
Sawyers CL 2010 Constitutively active androgen receptor splice
variants expressed in castration-resistant prostate cancer require fulllength androgen receptor. PNAS 107 16759–16765. (doi:10.1073/pnas.
1012443107)
Webber MM, Bello D, Kleinman HK, Wartinger DD, Williams DE & Rhim JS
1996a Prostate specific antigen and androgen receptor induction and
characterization of an immortalized adult human prostatic epithelial
cell line. Carcinogenesis 17 1641–1646. (doi:10.1093/carcin/17.8.1641)
Webber MM, Bello D & Quader S 1996b Immortalized and tumorigenic
adult human prostatic epithelial cell lines: characteristics and
applications. Part I. Cell markers and immortalized nontumorigenic
cell lines. Prostate 29 386–394. (doi:10.1002/(SICI)10970045(199612)29:6!386::AID-PROS7O3.0.CO;2-6)
Webber MM, Trakul N, Thraves PS, Bello-DeOcampo D, Chu WW,
Storto PD, Huard TK, Rhim JS & Williams DE 1999 A human prostatic
stromal myofibroblast cell line WPMY-1: a model for stromal–epithelial
interactions in prostatic neoplasia. Carcinogenesis 20 1185–1192.
(doi:10.1093/carcin/20.7.1185)
Webber MM, Quader ST, Kleinman HK, Bello-DeOcampo D, Storto PD,
Bice G, DeMendonca-Calaca W & Williams DE 2001 Human cell lines as
an in vitro/in vivo model for prostate carcinogenesis and progression.
Prostate 47 1–13. (doi:10.1002/pros.1041)
Wegiel B, Evans S, Hellsten R, Otterbein LE, Bjartell A & Persson JL 2010
Molecular pathways in the progression of hormone-independent and
metastatic prostate cancer. Current Cancer Drug Targets 10 392–401.
(doi:10.2174/156800910791208562)
Wilson JD 1996 Role of dihydrotestosterone in androgen action. Prostate.
Supplement 6 88–92. (doi:10.1002/(SICI)1097-0045(1996)6C!88::AIDPROS17O3.0.CO;2-N)
Xu X, Gurski LA, Zhang C, Harrington DA, Farach-Carson MC & Jia X
2012 Recreating the tumor microenvironment in a bilayer,
hyaluronic acid hydrogel construct for the growth of prostate cancer
spheroids. Biomaterials 33 9049–9060. (doi:10.1016/j.biomaterials.
2012.08.061)

Published by Bioscientifica Ltd.

N Sampson et al.

Review

Androgen receptor signaling in
prostate cancer

20:2

AUTHOR COPY ONLY

Yadav N & Heemers HV 2012 Androgen action in the prostate gland.
Minerva Urologica e Nefrologica 64 35–49.
Yu S, Wang MW, Yao X & Chan FL 2009 Establishment of a novel
immortalized human prostatic epithelial cell line stably
expressing androgen receptor and its application for the functional
screening of androgen receptor modulators. Biochemical and
Biophysical Research Communications 382 756–761. (doi:10.1016/j.bbrc.
2009.03.110)
Yu C, Yao Z, Jiang Y & Keller ET 2012 Prostate cancer stem cell biology.
Minerva Urologica e Nefrologica 64 19–33.
Zhao XY, Boyle B, Krishnan AV, Navone NM, Peehl DM & Feldman D 1999
Two mutations identified in the androgen receptor of the new human

prostate cancer cell line MDA PCa 2a. Journal of Urology 162 2192–2199.
(doi:10.1016/S0022-5347(05)68158-X)
Zhau HYE, Chang S-M, Chen B-Q, Wang Y, Zhang H, Kao C, Sang QA,
Pathak SJ & Chung LWK 1996 Androgen-repressed phenotype in
human prostate cancer. PNAS 93 15152–15157. (doi:10.1073/
pnas.93.26.15152)
Zhau HE, Goodwin TJ, Chang SM, Baker TL & Chung LW 1997
Establishment of a three-dimensional human prostate organoid
coculture under microgravity-simulated conditions: evaluation of
androgen-induced growth and PSA expression. In Vitro Cellular &
Developmental Biology. Animal 33 375–380. (doi:10.1007/
s11626-997-0008-3)

Endocrine-Related Cancer

Received in final form 9 February 2013
Accepted 26 February 2013
Made available online as an Accepted Preprint
27 February 2013

http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-12-0401

q 2013 Society for Endocrinology
Printed in Great Britain

R64

Published by Bioscientifica Ltd.

Mechanisms of Ageing and Development 128 (2007) 64–66
www.elsevier.com/locate/mechagedev

Short communication

GAGEC1, a cancer/testis associated antigen family member, is a
target of TGF-b1 in age-related prostatic disease
N. Sampson a, G. Untergasser b, C. Lilg a, L. Tadic a, E. Plas c, P. Berger a,*
b

a
Institute for Biomedical Aging Research, Austrian Academy of Sciences, Innsbruck, Austria
Tumor Biology & Angiogenesis Laboratory, Division of Hematology and Oncology, Medical University of Innsbruck, Innsbruck, Austria
c
Ludwig Boltzmann Institute for Andrology and Urology, Hospital Lainz, Vienna, Austria

Available online 20 November 2006

Abstract
Transforming growth factor beta (TGF-b) is a multi-functional cytokine that plays a fundamental role during embryonic development and tissue
homeostasis in metazoans. Changes in TGF-b signalling are implicated in prostate cancer (PCa) and benign prostatic hyperplasia (BPH), two of the
most common diseases affecting ageing males. GAGEC1 belongs to the GAGE-related family of cancer/testis associated antigens and in males is
expressed only in prostate and testis. Previous reports demonstrate that GAGEC1 is up-regulated in symptomatic BPH and PCa. We demonstrate
GAGEC1 up-regulation by TGF-b1 in primary prostatic stromal and epithelial cells. Our data suggest that disease-associated increases in TGF-b1
may account for the increase in GAGEC1 expression in BPH and PCa. Given its restricted spatial expression in males, GAGEC1 represents a
promising target for therapeutic intervention of BPH and PCa.
# 2006 Elsevier Ireland Ltd. All rights reserved.
Keywords: Hyperplasia; Prostate; Differentiation

Transforming growth factor beta (TGF-b) is a multifunctional cytokine that plays a fundamental role during
embryonic development and tissue homeostasis in metazoans
(Moustakas et al., 2002). In the normal prostate, TGF-b1 is
produced mainly in the basal epithelial cell compartment and is
thought to induce differentiation, inhibit epithelial cell proliferation and promote apoptosis of degenerated luminal cells
(Itoh et al., 1998; Royuela et al., 1998). Changes in TGF-b
signalling are implicated in the pathogenesis of numerous
diseases, including benign prostatic hyperplasia (BPH) and
prostate cancer (PCa), two of the most common proliferative
disorders affecting the ageing male (Caprino, 2000; Jemal et al.,
2005). TGF-b1 is up-regulated in BPH and PCa being secreted in
large amounts by hypertrophic basal cells and cancer cells,
respectively (Mori et al., 1990; Eastham et al., 1995; Royuela
et al., 2002). TGF-b1 enhances tumour growth by stimulating
angiogenesis and metastasis and inhibiting immune responses
directed against tumour cells. In addition, TGF-b1 is also

Abbreviations: CLSM, confocal laser scanning microscopy; ORF, openreading frame; RT-PCR, reverse transcription polymerase chain reaction
* Corresponding author. Tel.: +43 512 583919 24; fax: +43 512 583919 8.
E-mail address: peter.berger@oeaw.ac.at (P. Berger).
0047-6374/$ – see front matter # 2006 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.mad.2006.11.012

implicated in stromal tissue remodelling, in particular, fibroblast
to myofibroblast and smooth muscle cell (SMC) transdifferentiation, a salient feature of BPH and tumour-associated
‘‘reactive stroma’’ (Tuxhorn et al., 2001, 2002; Untergasser et al.,
2005a, b). We previously identified GAGEC1 (JM-27/PAGE4), a
gene of unknown function as being strongly (4.5 fold) upregulated by TGF-b1 in in vitro models of prostatic stromal
transdifferentiation (Untergasser et al., 2005a, b). GAGEC1
shows limited sequence homology with members of the GAGE
and GAGE-related family of cancer/testis associated antigens
(Brinkmann et al., 1999). In contrast to GAGE genes that in nontumourigenic tissues are present generally only in testis and
ovary, GAGEC1 is additionally expressed in prostate, uterus and
placenta (Brinkmann et al., 1998).
To further investigate TGF-b1-mediated induction of
GAGEC1, primary prostatic epithelial cells (PrECs), primary
prostatic stromal fibroblasts (PrSCs) and primary foreskin
fibroblasts (PFF) were stimulated with 1 ng/ml TGF-b1 for
24 h. All cell types underwent a visible morphological change
upon TGF-b1 stimulation becoming enlarged, flattened and
less light refractive (not shown), similar to previous reports for
transdifferentiated PrSCs and PrECs (Tuxhorn et al., 2002;
Untergasser et al., 2003, 2005a, b). Amplification of GAGEC1
by RT-PCR generated insufficient product to visualise directly.
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Fig. 1. Analysis of GAGEC1 expression in primary foreskin and prostatic cells in response to TGF-b1 treatment. Primary foreskin fibroblasts (PFF), prostatic stromal
fibroblasts (PrSCs) and prostatic epithelial cells (PrECs) were isolated from organoids from at least two different donors according to published protocols
(Untergasser et al., 2003, 2005a, b). Cells of early passage were incubated for 16 h in the presence of 1% charcoal-treated foetal bovine serum in RPMI 1640 media.
Subsequently, cells were treated with 1 ng/ml basic fibroblast growth factor (bFGF) or transforming growth factor-beta1 (TGF-b1) for 24 h. RNA from primary cells
was isolated and 2 mg total RNA reverse transcribed. 1 ml first strand cDNA was used in a first round of PCR using GAGEC1-specific primers. PCR products from a
second round of nested PCR using internal GAGEC1-specific primers are shown. Negative control using water as substrate and positive control using a full-length
IMAGE clone (ID 1694742) corresponding to GAGEC1 are shown. Porphobilinogen deaminase (PBGD) a low copy number house-keeping gene was used as a
loading control.

However, a subsequent round of nested PCR revealed significant
induction of GAGEC1 in PrSCs and PrECs in comparison to
bFGF treated controls (Fig. 1). Although the morphology of PFFs
indicated that transdifferentiation occurred upon TGF-b1
treatment, there was no detectable induction of GAGEC1 despite
identical ex vivo conditions indicating that the induction of
GAGEC1 in PrECs and PrSCs is a cell-specific response to TGFb1. TGF-b1 induction of GAGEC1, however, is not a feature
unique to prostate-derived cells since a similar induction is
observed in the choriocarcinoma cell line JEG3 (our observation,

not shown). Since the biological function of GAGEC1 (UniGene
Hs.441038) remains unknown, the pathophysiological relevance
of GAGEC1 up-regulation by TGF-b1 in terms of prostatic
disease is unclear. However, up-regulation of GAGEC1 is
observed in symptomatic BPH and PCa (Brinkmann et al., 1998;
Bull et al., 2001; Prakash et al., 2002). Although similarly
expressed in the prostate and testis, expression of the related
GAGEB1/PAGE1 gene, which is detectable in PrECs and PrSCs,
was not induced by TGF-b1 (our observation, not shown)
suggesting these two genes are differently regulated.

Fig. 2. GAGEC1 localises to the nucleo-cytoplasmic compartment of primary prostatic stromal fibroblasts. pcDNA3.1-GAGEC1-E tag (G) constructs or pcDNA3.1E tag vector (V) control were transiently transfected into the cell lines indicated. Forty eight hours post transfection cells were processed either for western blotting of
total cell lysates prepared in SDS lysis buffer (A) or for immunofluorescence by CLSM (B). In all cell lines tested, a single band of 27 kDa in cells expressing
GAGEC1-E tag is detected by western blotting, which is in agreement with previous reports (Shah et al., 2004). Immunofluorescent staining of GAGEC1-E tag
expressing PrSCs using anti-E tag (Bethyl Laboratories) and anti-goat FITC (DAKO) reveals a nucleo-cytoplasmic localisation of GAGEC1-E tag. Co-staining for
markers of smooth muscle cells (anti-a-SMC actin; Sigma) and the mesenchymal marker vimentin (anti-vimentin, Santa Cruz Biotechnology) indicating the
fibroblast origin of these cells are shown (anti-mouse TRITC; DAKO). An overlay of red and green channels is presented. The E tag of pcDNA3.1 vector control lacks
an ATG start codon and is therefore only expressed in the presence of an insert. As a positive control for transdifferentiated PrSCs, mock-transfected cells were treated
with 1 ng/ml TGF-b1 for 24 h. Magnification 40!.
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Despite extensive searching of GenBank (including dbEST),
we could find no detectable orthologues for GAGEC1 or any other
member of GAGE or GAGE-related families in rodents
suggesting this family appeared after human–mouse lineages
diverged. However, putative GAGEC1 orthologues were identified in cow, pig and rhesus monkey (GenBank XP_582062,
BX919117 and XP_521061, respectively). Comparison of the
predicted amino acid sequences revealed significant interspecies
similarity, particularly at their N-termini (100% identity between
residues 1–14) suggesting the presence of a functionally
conserved motif. This region is rich in alternating arginine
residues and may represent a nuclear localisation signal. To
investigate this possibility, the GAGEC1 ORF was cloned inframe upstream of the E epitope tag (GAPVPYPDPLEPR) into
the expression vector pcDNA3.1 (GAGEC1-E tag). In all tumour
cell lines and primary PrSCs tested, the 27 kDa GAGEC1-E
tagged protein localises to both nuclear and cytoplasmic cell
compartments in a diffuse manner (Fig. 2). Overexpression of
GAGEC1-E tag in PrSCs however does not appear alone to be
sufficient to induce neither the morphological changes nor
expression of smooth muscle cell/myofibroblast markers
associated with TGF-b1 stimulation (Fig. 2).
Given that TGF-b1 is enhanced in BPH and PCa, the TGFb1-mediated induction of GAGEC1 in primary PrSCs and
PrECs suggests a possible mechanism that may in part be
responsible for the apparent up-regulation of GAGEC1
expression in symptomatic BPH and PCa. In addition, the
nucleo-cytoplasmic localisation of GAGEC1-E tag is similar to
that of numerous GAGE proteins (Gjerstorff et al., 2006),
suggesting their involvement in a common intracellular
pathway. Further investigations are underway to determine
the biological function of GAGEC1 and to investigate its
potential role in disease development/progression. Whilst
GAGEC1 does not appear to be the driving force of prostatic
stromal transdifferentiation, its association with symptomatic
BPH and PCa and restricted spatial expression in normal tissues
make GAGEC1, nonetheless, a promising target for treatment
of proliferative disorders of the ageing prostate.
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PAGE4 Positivity Is Associated with Attenuated
AR Signaling and Predicts Patient Survival in
Hormone-Naive Prostate Cancer
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Aberrant activation of the androgen receptor (AR)
plays a key role during prostate cancer (PCa) development and progression to castration-resistant prostate cancer (CR-PCa) after androgen deprivation therapy, the mainstay systemic treatment for PCa. New
strategies to abrogate AR activity and biomarkers that
predict aggressive tumor behavior are essential for
improved therapeutic intervention. PCa tissue microarrays herein reveal that prostate-associated gene
4 (PAGE4), an X-linked cancer/testis antigen, is highly
up-regulated in the epithelium of preneoplastic lesions compared with benign epithelium, but subsequently decreases with tumor progression. We show
that AR signaling is attenuated in PAGE4-expressing
cells both in vitro and in vivo, most likely via impaired androgen-induced AR nuclear translocation
and subsequently reduced AR protein stabilization
and phosphorylation at serines 81 and 213. Consistently, epithelial PAGE4 protein levels inversely correlated with AR activation status in hormone-naive
and CR-PCa clinical specimens. Moreover, PAGE4 impaired the development of CR-PCa xenografts, and
strong PAGE4 immunoreactivity independently predicted favorable patient survival in hormone-naive
PCa. Collectively, these data suggest that dysregulation of
epithelial PAGE4 modulates AR signaling, thereby promoting progression to advanced lethal PCa and highlight the
potential value of PAGE4 as a prognostic and therapeutic
target. (Am J Pathol 2012, 181:1443–1454; http://dx.doi.org/

inducible transcription factor whose dysregulation is associated with the development/progression of prostate
cancer (PCa), the second leading cause of male cancer
death in Western societies.2 On initial diagnosis, 80% to
90% of PCa are androgen-dependent.3 Approximately
90% of patients respond to current first-line androgen
deprivation therapy, however, many patients experience
disease progression and succumb to castration-resistant
PCa (CR-PCa) within 3 years.4,5 Despite low circulating
androgen levels, AR signaling frequently is reactivated in
CR-PCa and plays a key role in disease progression.6,7
AR reactivation may be attributed to AR hypersensitivity,
promiscuous AR activation, local tumoral androgen production, and altered recruitment/expression of AR coregulators.8 Such cis-acting AR regulators confer promoter specificity of androgen signaling by modulating AR
maturation and posttranslational modification, AR-protein
interactions, histone modification, or local chromatin remodeling.9 –16 Thus, the AR and regulators thereof remain
therapeutic targets for CR-PCa.
We previously reported up-regulation of prostate-associated gene 4 (PAGE4) on exposure of primary prostatic
epithelial and stromal cells to transforming growth factor
!.17,18 PAGE4 is a related member of the germ cellassociated gene cancer/testis antigens (CTAs),19 an Xlinked gene family with restricted expression to germ
cells in normal tissues yet present in tumor cells of diverse histologic origin.20 In addition to testis, the sixmembered PAGE subfamily is expressed highly in placenta and at lower levels in normal prostate and uterus.19
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Because of their high immunogenicity and restricted spatial expression, CTAs are considered potential tumorspecific diagnostic and therapeutic targets.21 Although
the biological function of most CTAs including PAGE4 is
unknown, recent studies have shown that PAGE4 and
PAGE5 are highly intrinsically disordered proteins, a
characteristic that favors low affinity but highly specific
interactions.22–24 Consequently, intrinsic disorder is prevalent among regulatory and signaling proteins, including
nuclear hormone receptors such as AR.25 This study aimed
to investigate the function of PAGE4 and evaluate its potential as a diagnostic and/or therapeutic target in PCa.

Materials and Methods
Reagents and Cell Culture
Reagents were from Sigma Aldrich (St. Louis, MO) unless
otherwise specified. "-Tubulin was from Santa Cruz Biotechnology (Santa Cruz, CA), AR (PG-21) and pSer81-AR
were from Millipore (Billerica, MA), pSer213-AR was from
Imgenex Corp. (San Diego, CA), E-tag was from Bethyl
Laboratories (Montgomery, TX), horseradish-peroxidase–
conjugated secondary antibodies were from Promega
(Madison, WI), and Alexa Fluor–labeled secondary antibodies were from Invitrogen (Carlsbad, CA). The proteasome
inhibitor MG132 was from Calbiochem (La Jolla, CA), and
bicalutamide was from Molekula (Munich, Germany). Cell
lines were from ATCC (LGC Standards, Wesel, Germany).
For steroid hormone stimulation, cells were incubated for 16
hours in media supplemented with charcoal-treated bovine
calf serum (Hyclone Laboratories, Logan, UT) before addition of dihydrotestosterone (DHT), progesterone, dexamethasone, or vehicle equivalent at the indicated concentration for the duration stated. For analysis of pSer213-AR,
cells were incubated for 30 hours in media supplemented
with charcoal-treated bovine calf serum before addition of
DHT or insulin-like growth factor-1 (IGF-1), either alone or in
combination for 4 hours.

Plasmids and Generation of PAGE4Overexpressing LNCaP Sublines
PAGE4:Etag was described previously,17 other plasmids
were generous gifts: wild-type AR expression vector
(pARO) and androgen-responsive luciferase reporter
(pARE2tataLuc; Guido Jenster, Rotterdam, The Netherlands). Glucocorticoid receptor (GR) alpha expression
vector " expression vector (pGR"), glucocorticoid-responsive luciferase reporter (pGREtkLuc), and pMMTVLuc (Stoney Simons Jr, Bethesda, MD). LNCaP and PC3
cells were stably transfected with Sleeping Beauty transposase (SB11) and shuttle transposon (pT2) containing
the PAGE4 open reading frame downstream of the cytomegalovirus promoter. Polyclonal lines resistant to 1
#g/mL neomycin were selected.

Table 1. Primer Sequences
Gene
symbol

Gene
ID

367 F:
R:
HMBS
3145 F:
R:
IGFBP3
3486 F:
R:
KLK3
354 F:
(PSA)
R:
NKX3-1
4824 F:
R:
PAGE4
9506 F:
R:
RGS2
5997 F:
R:
TAT
6898 F:
R:
TSC22D3 1831 F:
(GILZ)
R:
TMPRSS2 7113 F:
R:
AR

Primer sequence*
5=-CCTGGCTTCCGCAACTTACAC-3=
5=-GGACCTGTGCATGCGGTACTCA-3=
5=-CCAGGACATCTTGGATCTGG-3=
5=-ATGGTAGCCTGCATGGTCTC-3=
5=-CAAGCGGGAGACAGAATATG-3=
5=-TTATCCACACACCAGCAGAA-3=
5=-TTGACCCCAAAGAAACTTCA-3=
5=-TGACGTGATACCTTGAAGCA-3=
5=-GAGACGCTGGCAGAGACC-3=
5=-ATCACCTGAGTGTGGGAGAA-3=
5=-AATGGATCTGGAAAAGACTCG-3=
5=-GTGACATCAGCCATGTGTGTA-3=
5=-CCCAAAAGCTGTCCTCAAAA-3=
5=-TTCTGGGCAGTTGTAAAGCA-3=
5=-CAGGGAGCTCTGAAAAGCAT-3=
5=-CAACGCCCCATAACAGAGAT-3=
5=-TGGTGGCCATAGACAACAAG-3=
5=-CAGGGTCTTCAACAGGGTGT-3=
5=-GGCTTTGAACTCAGGGTCAC-3=
5=-GGTAGTACTGAGCCGGATGC-3=

*Primer sequences are given 5= to 3=, annealing temperature for all primers in quantitative PCR is 56°C, and all primers span at least one intron.
F, forward; R, reverse.

PAGE4 Antibody Generation
Synthetic peptides corresponding to residues 45 to 60 of
the PAGE4 amino acid sequence (NP_008934) were coupled to a lysine core generating multiple antigenic peptides
(AltaBioscience, Birmingham, UK). BALB/C mice were immunized with 100 #g peptide diluted with an equal volume
of Freund’s adjuvant. Once optimal titers were obtained,
mice were surrendered for monoclonal antibody isolation.26

Real-Time Quantitative PCR
RNA isolation, cDNA synthesis, and quantitative PCR
were performed as described.27 Primer sequences are
shown in Table 1. For quantitative PCR, cDNA concentrations were normalized to the internal standard hydroxymethylbilane synthase, a moderate copy number
housekeeping gene not regulated under the experimental conditions used. Fold change in gene expression was
determined using the mathematical model ratio 2!""CT.28

Luciferase Reporter Assays, Transfection, and
siRNA-Mediated Knockdown
Cells seeded in triplicate in 24-well plates in media supplemented with charcoal-treated bovine calf serum were
transfected with firefly luciferase reporter vector (225 ng/
well) and where indicated with 75 ng/well pARO/GR "
expression vector and 400 ng/well PAGE4:Etag using
Lipofectamine 2000 (Invitrogen). pGL4.73, a SV40-driven
renilla luciferase reporter vector (Promega), served as
transfection control. Equal DNA concentrations were
maintained using appropriate empty vectors. Six hours
after transfection, media were exchanged supplemented
with the indicated steroid hormone or vehicle equivalent

PAGE4 Positivity Predicts Hormone-Naive PCa
1445
AJP October 2012, Vol. 181, No. 4

Cell Proliferation

sion TMA and scoring system have been described.30,31
Briefly, the arrays were reviewed by an experienced pathologist (L.B.) and the score was calculated by multiplying the given intensity (between 0 and 3) by the percentage of cells within this intensity. Thus, a score between 0
and 300 was possible. The advanced PCa TMA comprises 305 surgical specimens from palliative transurethral resections of the prostate (TURP) from patients with
local advanced obstructive PCa (see Supplemental
Table S1 at http://ajp.amjpathol.org) that typically infiltrate
into the transition zone. Thus, a distinction between peripheral or transition zone PCa no longer applies, enabling direct comparison of epithelial PAGE4 levels in
TURP resections from patients with benign prostatic hyperplasia (BPH) (without PCa) versus patients with PCa.
Each specimen is represented by three to four cores. For
PAGE4 analysis, the average value of evaluable spots
per specimen was calculated (denoted as mean PAGE4).
IHC was performed as described.27 Where indicated,
PAGE4 antibodies were pre-incubated overnight at 4°C
in 1% bovine serum albumin/PBS containing 40 #g/mL
blocking peptide (residues 45 to 60) or nonblocking peptide corresponding to residues 77 to 92 of the PAGE4 aa
sequence. Sections were counterstained with hematoxylin. Peroxidase-stained TMAs were visualized using a
Zeiss AXIO Imager.A1, using Axio Vision software version
4.6 (Carl Zeiss AG, Feldbach, Switzerland). Peroxidasestained xenograft tumor sections were visualized using
an inverted Nikon Eclipse TE300, using Nikon Plan Fluor
ELWD objectives and images acquired using NIS Elements Basic Research software (Nikon Instruments, Inc.,
Amsterdam, The Netherlands). Fluorescent microscopy
was performed using a confocal laser microscope with
constant laser intensity settings (Zeiss Axiophot, #-Radiance scanning system; Carl Zeiss Laser Optics/Laser Sharp Software from Bio-Rad).

Cell proliferation was determined by WST1 assay (Roche
Applied Science, Indianapolis, IN) as described.29

Statistical Analysis

for 24 hours. Luciferase activity was measured using the
Dual-Glo luciferase assay system (Promega) on a Chameleon luminometer (HVD Life Sciences, Vienna, Austria)
and values were normalized to renilla luciferase activity
and total protein content determined by Bradford assay
(Bio-Rad). For knockdown experiments, JEG3 cells were
transfected with scrambled or PAGE4 small-interfering
RNA (siRNA) duplexes (Invitrogen) for 96 hours before processing for quantitative PCR or transfection with pGREtkLuc
(for luciferase assays) as described earlier.

Subcellular Fractionation, Western Blotting, and
PSA Determination
Nuclear and cytosolic fractions were prepared using the
NE-PER extraction kit according to the manufacturer’s
instructions (Thermo Fisher Scientific, Vienna, Austria).
Total cell lysates were prepared as described27 and normalized against total protein content via Bradford assay
(Bio-Rad Laboratories, Hercules, CA) before SDS-PAGE,
Western blotting, and densitometric quantification as described.27 As specificity control for pSer81- and
pSer213-AR immunoblotting, lysates were incubated with
or without 400 U lambda phosphatase (Cell Signaling
Technology, Danvers, MA) as indicated at 30°C for 30
minutes before SDS-PAGE. Densitometric data were normalized against !-actin or total AR (for pSer81-AR and
pSer213-AR) as indicated. Prostate-specific antigen
(PSA) concentration in conditioned media was determined using the ADVIA Centaur clinical diagnostic PSA
test (Siemens Health Care Diagnostics, Inc., Tarrytown,
NY) and normalized to total protein concentration of the
corresponding cell lysates.

Xenografts
Six-week-old male athymic mice (Charles River Laboratories, Wilmington, MA) were injected subcutaneously into the
hind flank with 2 # 106 vector or PAGE4:LNCaP (subline #8)
cells resuspended in 50 #L sterile PBS and an equal volume of Matrigel (BD Biosciences). At the time of inoculation,
mice were either castrated or sham-castrated (each subgroup, n $ 17). Harvested tumors were halved, with one half
snap-frozen in liquid nitrogen for RNA isolation and the
second half placed into 4% formaldehyde in PBS for immunohistochemistry (IHC). Experiments were approved by the
Austrian Animal Experimentation Ethics Committee.

Immunofluorescence, IHC, TMA, and
Microscopy
Immunofluorescence was performed as described.29
Use of the clinical samples for tissue microarray (TMA)
construction was approved by the Ethical Committee of
the University of Basel (Switzerland). The PCa progres-

Numeric data are presented as mean % SEM from at
least three independent experiments. Statistical differences between treatments were calculated using a
paired Student’s t-test. TMAs were analyzed using the
statistical test indicated using JMP 8.0 software (SAS
Corporation, Cary, NY). For patient survival analyses, the
third quartile of mean epithelial PAGE4 staining intensity
was set as the cut-off with negative/low PAGE4 levels
defined as less than 130 and high PAGE4 levels defined
as 130 or higher. Time point zero for survival statistics was
TURP for local advanced obstructive PCa. P values were
calculated using log-rank tests for univariate analysis and
the Cox proportional hazard model for multivariate analysis.

Results
Dysregulation of Epithelial PAGE4 during
Prostate Cancer Progression
Consistent with previous reports,32 IHC of benign prostate tissue sections using an in-house anti-PAGE4 mono-
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Figure 1. Dysregulation of epithelial PAGE4 during prostate cancer development and progression. A and B: IHC analysis of PAGE4 on the PCa
progression TMA. Representative images are shown, including a pleural
metastasis (A). B: Mean epithelial PAGE4 staining intensity (%SEM) was
quantified as described in Materials and Methods [high-grade PIN (HGPIN)].
All pairwise comparisons were statistically significant (P ' 0.001) by Wilcoxon rank sum test.

clonal antibody (see Supplemental Figures S1 and S2 at
http://ajp.amjpathol.org) revealed intense nucleocytoplasmic PAGE4 staining of smooth muscle cells and to a
lesser extent in the stromal cells of the prostate. Either
none or only weak PAGE4 was detectable in endothelial
cells and luminal epithelial cells of benign glands (see
Supplemental Figure S1 at http://ajp.amjpathol.org).
PAGE4 was not detectable in basal epithelial cells. On a
PCa progression TMA, however, high levels of epithelial
PAGE4 were observed in preneoplastic high-grade prostatic intraepithelial neoplasia (PIN) lesions with progressively lower levels in localized PCa and metastases (Figure 1). In contrast to the nucleocytoplasmic localization of
PAGE4 in benign tissue (see Supplemental Figure S1 at
http://ajp.amjpathol.org), PAGE4 was confined mostly to
the cytoplasm in high-grade PIN and PCa (Figure 1A).

Attenuation of AR and GR Activity in
PAGE4-Positive Cells
Because PAGE4 spatially is restricted to steroidogenic
tissues and aberrant AR signaling is implicated in PCa
development/progression, we investigated whether
PAGE4 modulates AR activity. In the presence but not

absence of wild-type AR, basal and ligand-induced androgen-responsive luciferase activity was reduced in
PAGE4-expressing COS7 cells (see Supplemental Figure
S3A at http://ajp.amjpathol.org). Similar attenuated activity was observed for the structurally related GR from a
glucocorticoid-responsive reporter (see Supplemental
Figure S3B at http://ajp.amjpathol.org), but not for the
endogenous progesterone receptor in LNCaP cells (see
Supplemental Figure S3C at http://ajp.amjpathol.org).
In contrast to a recent study,22 we and others observed very low endogenous PAGE4 mRNA levels in
prostate-derived primary cells and PCa cell lines with
PAGE4 undetectable at the protein level (not shown and
G. Jenster, unpublished data). Thus, it was not possible
to perform siRNA-mediated PAGE4 silencing in prostatic
cells. However, consistent with high expression of PAGE
genes in placenta,19 endogenous PAGE4 was readily
detectable in JEG3 (GR&) choriocarcinoma cells (Figure
2A), localizing to the nucleocytoplasm (Figure 2B) and
consistent with the earlier-described findings (Figure 1;
see also Supplemental Figure S1 at http://ajp.amjpathol.
org). PAGE4-specific siRNA decreased endogenous
PAGE4 mRNA by 6.3 % 0.8-fold, markedly reduced
PAGE4 protein levels, and significantly potentiated basal
and ligand-induced activity of a glucocorticoid-responsive luciferase reporter relative to scrambled control
(Figure 2, C–E). Moreover, PAGE4 silencing significantly
potentiated basal expression of the primary glucocorticoidresponsive genes GILZ, TAT, and RGS2 with the expression
of GILZ and TAT potentiated to levels comparable with those
in dexamethasone-treated scrambled control cells (Figure
2F). In the presence of dexamethasone, PAGE4 knockdown
significantly potentiated dexamethasone-mediated induction of RGS2 and GILZ (Figure 2F). Similar results were
obtained for a second siRNA targeting a distinct region of
the PAGE4 mRNA transcript (not shown).

Attenuation of Endogenous AR in PAGE4Expressing PCa Cells
Subsequent experiments investigated the functional significance of increased epithelial PAGE4 in PCa with respect to AR activity using polyclonal LNCaP (AR& GR!)
sublines overexpressing different levels of native PAGE4
(PAGE4:LNCaP) relative to empty vector control (vector:
LNCaP; Figure 3A). Similar to the earlier description (see
Supplemental Figure S3 at http://ajp.amjpathol.org), basal
and ligand-induced transactivation of endogenous AR
was dose-dependently attenuated in PAGE4:LNCaPs
(Figure 3B), with relative fold induction by DHT (P $
0.0006) also significantly reduced. Although AR mRNA
levels were not altered, expression of the primary androgen-responsive genes PSA, CAV1, and IGFBP3 was reduced significantly in PAGE4:LNCaPs but not in parallelgenerated LNCaP sublines overexpressing Dickkopf
homolog 3, a member of the Dickkopf family of winglesstype MMTV integration site (Wnt) antagonists (see Supplemental Figure S4, A and B, at http://ajp.amjpathol.org),
indicating that these effects are PAGE4-specific and not
an artifact of the overexpression system. Interestingly,
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Figure 2. Potentiation of endogenous GR activity on PAGE4 knockdown. A: Immunoblotting of endogenous PAGE4 in wild-type (wt) JEG3 cell lysates. PAGE4overexpressing LNCaP subline #8 served as positive control (top panel, short exposure; middle panel, longer exposure). B: Immunofluorescence of endogenous
PAGE4 in JEG3 cells using anti-PAGE4 monoclonal antibody (green) pre-incubated with or without blocking peptide. Nuclei were counterstained with 7-aminoactinomycin D (7-AAD, red). Merged images are shown (right). Quantitative PCR (C) or Western blotting (D) of endogenous PAGE4 in JEG3 cells transiently transfected with
scrambled (scr) or PAGE4 siRNA for 72 hours before stimulation with 10 nmol/L dexamethasone (DEX) or vehicle equivalent (mock) for 24 hours. E: Luciferase activity
from the glucocorticoid-responsive reporter pGREtkLuc in JEG-3 cells treated as in C and stimulated with 10 nmol/L DEX (&) or vehicle equivalent (!) for 24 hours.
Values represent mean relative light units (RLU) % SEM of triplicate wells (n $ 4). F: Quantitative PCR of glucocorticoid-responsive genes in JEG3 cells treated as in C.
A, B, and D: Images are representative of three independent experiments. C and F: Values represent mean fold-change in expression % SEM relative to mock-treated
scrambled control from three independent experiments. C, E, and F: Statistical significance is indicated: NS, not significant where P ( 0.05, *P ' 0.05, **P ' 0.01.

PAGE4 expression did not influence that of two other
primary androgen-responsive genes (NKX3-1, TMPRSS2; see Supplemental Figure S4A at http://ajp.amjpathol.org), suggesting that PAGE4 may exert its effects
in a promoter-specific manner. CAV1 and PSA expression was investigated further in the presence or absence
of 10 nmol/L DHT (Figure 3C). Relative to vector control,
basal expression and relative fold induction of CAV1 and
PSA by DHT were attenuated significantly in a PAGE4 dosedependent manner (Figure 3C). Similar findings were observed for PSA secretion (Figure 3C).
To investigate whether the androgenic proliferative response also was attenuated, vector or PAGE4:LNCaPs
were incubated in the presence or absence of proliferation-inducing concentrations of DHT (0.1 nmol/L). Relative to vector control, basal proliferation of PAGE4:
LNCaPs was reduced marginally in sublines 7 and 8
whereas DHT induction of proliferation was attenuated
across all PAGE4:LNCaP sublines in a dose-dependent
manner (Figure 3D). These effects on proliferation appear
to be AR-dependent because stable overexpression of
PAGE4 in AR! PC3 PCa cells had no significant effect on
cell proliferation (see Supplemental Figure S4C at http://
ajp.amjpathol.org). Collectively, these data indicate that AR

signaling is attenuated in both a ligand-dependent and ligandindependent manner in PAGE4-expressing PCa cells.

Potentiated AR Inhibition by the Clinical AR
Antagonist Bicalutamide in PAGE4-Expressing
PCa Cells
We next compared the level of AR inhibition in PAGE4:
LNCaPs with that achieved by the nonsteroidal anti-androgen bicalutamide by treating vector and PAGE4:
LNCaPs with DHT in the presence or absence of bicalutamide. DHT-mediated induction of PSA served as a molecular readout for AR activity (Figure 3E). In PAGE4:
LNCaPs treated with DHT alone, PSA mRNA levels were
either comparable with (sublines 7 and 9), or lower than
(subline 8), bicalutamide and DHT combined treated
vector:LNCaPs (Figure 3E). In bicalutamide and DHT
combined treated PAGE4:LNCaP sublines 7 and 9, PSA
mRNA levels were reduced significantly further. Bicalutamide had no synergistic effect on PSA expression in
PAGE4:LNCaP#8 (Figure 3E), suggesting that under these
conditions AR inhibition in this subline (which expresses the
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Figure 3. Attenuation of endogenous AR activity
in PAGE4-expressing PCa cells. A: PAGE4 immunoblotting in polyclonal LNCaP sublines stably
overexpressing PAGE4 (#7 to 9) or vector control.
Values denote mean PAGE4 densitometric intensity (%SEM) relative to subline 7 normalized
against !-actin (n $ 3). B: Androgen-responsive
luciferase reporter activity (pARE2tataLuc) in vector and PAGE4:LNCaPs stimulated with 10 nmol/L
DHT or ethanol equivalent (mock) for 24 hours.
Values represent mean relative light units (RLU) %
SEM relative to mock-treated vector:LNCaP from
triplicate wells normalized against renilla luciferase
activity and total protein content (n $ 3). C: Vector and PAGE4:LNCaPs stimulated with vehicle
(mock) or 10 nmol/L DHT for 24 hours (left and
center) or 72 hours (right) before quantitative
PCR of CAV1 and PSA. Enzyme-linked immunosorbent assay quantification of PSA in 72-hour
conditioned medium (right). Data represent
mean fold-change % SEM relative to mocktreated vector:LNCaPs (n $ 4). D: Proliferation
of vector and PAGE4:LNCaPs treated with 0.1
nmol/L DHT or vehicle equivalent (mock) for 24
hours. Mean absorbance % SEM of triplicate
wells is shown (n $ 3). E: Quantitative PCR of
PSA in vector and PAGE4:LNCaPs preblocked
for 1 hour with 10 #mol/L bicalutamide (Bic) or
vehicle equivalent (mock) before stimulation
with 10 nmol/L DHT in the presence or absence
of Bic for 24 hours. Bars represent mean foldchange in PSA expression (%SEM) relative to
DHT-treated vector:LNCaP#1 in the absence of
Bic (n $ 3). NS, not significant where P ( 0.05,
*P ' 0.05, **P ' 0.01, and ***P ' 0.001.

highest levels of PAGE4) had reached maximal levels with
respect to AR-dependent regulation of PSA.

Attenuation of AR Phosphorylation in PAGE4Expressing PCa Cells

Ligand-Mediated AR Protein Stabilization Is
Attenuated in PAGE4-Expressing PCa Cells

AR phosphorylation at serine (Ser) 81 and Ser213 is
implicated in regulating AR protein stabilization.34 –36 In
addition, ligand-mediated AR phosphorylation at Ser81
increases AR chromatin binding and transcriptional activity in a promoter-specific manner.34,37–39 Consistent
with the well-documented cross-talk between AR and
IGF1 signaling pathways,40 – 42 AR phosphorylation at
Ser213 after IGF1-induced AKT activation also is implicated in regulating hormone-binding, AR transcriptional
activity, and is associated with decreased survival of
CR-PCa patients.35,36,43 In accordance with previous observations,34 DHT increased pAR-Ser81 levels 1.8 % 0.1fold in vector:LNCaPs (Figure 4, A and B). Although basal
levels of pAR-Ser81 were unaltered in PAGE4:LNCaPs
relative to vector control, DHT-mediated induction of
pAR-Ser81 was attenuated (Figure 4, A and B). Similarly,
the synergistic induction of pAR-Ser213 after combined
treatment of vector:LNCaP cells with IGF1 and DHT
(2.1 % 0.3-fold) was attenuated significantly in PAGE4expressing cells (0.9 % 0.2-fold; P $ 0.027 relative to
combined treated vector:LNCaPs; Figure 4, C and D).
Ligand-induced AR-Ser81 phosphorylation is temporally significantly slower than the kinetics of AR nuclear
import.34,44 In addition, pAR-Ser213 appears to be localized predominantly to the nucleus.45 We thus investigated whether AR nuclear translocation also was atten-

We next sought to investigate the mechanism by which
PAGE4 attenuates AR activity. Subsequent experiments
used PAGE4:LNCaP#8; however, similar findings were
observed for sublines 7 and 9 (not shown). Although
PAGE4 did not alter AR mRNA levels (see Supplemental
Figure S4 at http://ajp.amjpathol.org) or basal AR protein
levels, ligand-mediated AR stabilization was attenuated
in PAGE4:LNCaPs (see Supplemental Figure S5, A and
B, at http://ajp.amjpathol.org). Consistent with previous
reports,33 the proteasome inhibitor MG132 significantly
increased AR protein levels both in the presence and
absence of DHT in vector:LNCaPs. In PAGE4:LNCaPs,
however, MG132 did not rescue suppression of ligandinduced AR protein stabilization, indicating a proteasome-independent mechanism. DHT-mediated AR stabilization was investigated further in the presence of
cycloheximide (10 #g/mL) to inhibit de novo protein synthesis (see Supplemental Figure S5, C and D, at http://
ajp.amjpathol.org). Compared with vector:LNCaP cells,
AR levels decreased at a faster rate in PAGE4:LNCaPs
(relative t1/2, 2.6 % 0.3-fold; P ' 0.05), with significantly
lower AR levels detected at 12 hours (see Supplemental
Figure S5, C and D, at http://ajp.amjpathol.org).
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Figure 4. Ligand-mediated AR nuclear translocation and phosphorylation are attenuated in PAGE4-expressing PCa cells. Immunoblotting of AR phosphorylated
at serine 81 (A) or serine 213 (C) in vector and PAGE4:LNCaP#8 stimulated for 24 hours with 10 nmol/L DHT (&) or vehicle equivalent (!). For pSer213-AR, IGF-1
(100 ng/mL) subsequently was added to existing media as indicated for a further 4 hours. Membranes were stripped and reprobed for total AR. Lysates from
vector:LNCaPs treated as indicated were incubated with lambda phosphatase before loading as specificity control. B and D: Densitometric quantification of assays
in A and C, respectively, relative to mock-treated vector control normalized against total AR (n $ 4). E: Immunoblotting with the indicated antibodies in nuclear
and cytosolic extracts from vector and PAGE4:LNCaP cells stimulated for 1 hour with 10 nmol/L DHT (&) or vehicle equivalent (!). Nuclear fractions were
reloaded for longer exposure (5#) enabling detection of nuclear PAGE4 (lower two panels). F: Mean fold-change in AR densitometric intensity (%SEM) in
extracts prepared as in F from four independent experiments relative to mock-treated vector control and normalized against lactate dehydrogenase (LDH, cytosolic
fractions) or lamin B (nuclear fractions). A, C, and E: Representative images are shown. B, D, and F: NS, not significant where P ( 0.05, *P ' 0.05, **P ' 0.01.

uated in PAGE4-expressing cells (Figure 4, E and F). In
the absence of DHT, AR was confined predominantly to
the cytosol at comparable levels in both PAGE4 and
vector:LNCaP cells. However, after 1 hour of treatment
with DHT (when total AR protein levels remain comparable between PAGE4 and vector:LNCaPs; see Supplemental Figure S5, C and D, at http://ajp.amjpathol.org),
nuclear AR levels increased 14.5-fold in vector:LNCaP
cells but were increased only 8.1-fold in PAGE4:LNCaPs
(!1.8-fold; P $ 0.008; Figure 4, E and F). Under these
conditions, nuclear and cytosolic PAGE4 levels were not
altered significantly in the presence of DHT relative to
mock-treated cells (Figure 4E and data not shown). Collectively, these data suggest that PAGE4 may impair AR
activity by attenuating AR phosphorylation and subsequently transcriptional activity, perhaps as an indirect
consequence of reduced AR nuclear translocation.

Attenuation of CR-PCa Xenograft Development
of PAGE4-Expressing PCa Cells
To investigate the significance of increased PAGE4 in
PCa (Figure 1) on tumor development and progression to
CR-PCa, PAGE4 and vector:LNCaP xenografts were established in sham-castrated or castrated animals. In intact mice, there was no significant difference in vector or
PAGE4:LNCaP xenografts with respect to tumor incidence or volume (Figure 5, A and B). In agreement with
the earlier-described in vitro observations, PSA mRNA
and protein levels were significantly lower in PAGE4 versus vector:LNCaP xenografts from sham-castrated ani-

mals (Figure 5, C and D). Thus, despite attenuation of AR
in PAGE4:LNCaPs in vivo, tumorigenicity was not altered
in androgen-replete animals, probably owing to residual
AR activity because serum PSA still was detectable in
mice harboring PAGE4:LNCaP xenografts (2.0 % 0.7
ng/mL compared with 8.2 % 3.2 ng/mL in vector control
mice; P $ 0.04).
In castrated animals the tumor incidence was reduced
markedly by PAGE4 compared with vector control (Figure 5A). Initially, growth of the PAGE4:LNCaP tumors that
successfully developed was retarded significantly relative to the corresponding vector:LNCaP tumors (Figure
5B). After day 43, however, PAGE4:LNCaP tumors in
castrated mice underwent a marked growth surge,
reaching a mean volume comparable with their vector
control counterparts by day 57 (Figure 5B). Consistent
with progression to CR-PCa, AR and PSA mRNA and
protein levels were increased significantly in vector:
LNCaP tumors from castrated hosts relative to intact animals (Figure 5, C and D). Similar up-regulation of AR and
PSA also was observed in PAGE4:LNCaP xenografts in
castrated mice, in contrast to AR inhibition in intact hosts
with PAGE4:LNCaP tumors (Figure 5, C and D), raising
the possibility that AR inhibition was subverted in these
successful PAGE4:LNCaP tumors. Consistently, although
unchanged at the mRNA level (not shown), PAGE4 protein levels were reduced in PAGE4:LNCaP tumors from
castrated animals compared with the co-harvested and
parallel-stained PAGE4:LNCaP tumors from sham-castrated hosts (Figure 5D).
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Figure 5. PAGE4 inhibits PCa xenograft development in androgen-depleted hosts. Xenografts from vector and PAGE4:LNCaP#8 were established as described in
Materials and Methods (n $ 17 mice per subgroup). A: Maximal tumor incidence expressed as the percentage of animals inoculated. B: Mean tumor volume % SEM at
the indicated interval after inoculation. C: AR and PSA quantitative PCR in vector and PAGE4:LNCaP tumors harvested at day 63 from sham or castrated animals. Mean
fold-change in expression % SEM is shown relative to vector:LNCaP tumors from sham-castrated hosts (n $ 6). D: IHC of the indicated xenografts isolated at day 63 and
processed in parallel. Images are representative of four tumors for each subgroup. B and C: NS, not significant where P ( 0.05, *P ' 0.05, and **P ' 0.01.

PAGE4 Levels Inversely Correlate with AR
Status in PCa Clinical Specimens
By using a second independently stained TMA (advanced PCa TMA), we investigated whether PAGE4 levels were associated with AR inhibition and progression to
advanced PCa in clinical specimens. Epithelial PAGE4
levels did not differ between hormone-naive PCa or CRPCa (see Supplemental Table S2 at http://ajp.amjpathol.

Table 2.

org) and correlated neither with Gleason pattern nor proliferation index (see Supplemental Tables S3 and S4 at
http://ajp.amjpathol.org). However, PAGE4 levels inversely correlated with total AR and pAR-Ser213 levels in
both hormone-naive PCa and CR-PCa with the inverse
correlation more strongly associated with hormone-naive
PCa (Table 2). Unfortunately, the reagents to address
pAR-Ser81 by IHC are lacking to date. Epithelial PAGE4
levels also inversely correlated with serum PSA in hor-

PAGE4 Inversely Correlates with AR Status in Clinical PCa
Total AR*

PAGE4
Hormone-naive PCa
n $ 253
CR-PCa
n $ 271

Serum PSA†

pSer213-AR*

Coefficient‡

P value

Coefficient‡

P value

Coefficient‡

P value

!0.16
(n $ 236)
!0.13
(n $ 248)

0.0162

!0.32
(n $ 212)
!0.18
(n $ 246)

'0.001

0.32
(n $ 81)
!0.19
(n $ 67)

0.0034

0.0394

0.006

0.121

*Spot-by-spot analysis of epithelial PAGE4 immunohistochemistry staining intensity with immunostaining levels of total AR and AR phosphorylated at Ser213.
†
Comparison of serum PSA with PAGE4 immunohistochemistry scores using the mean epithelial PAGE4 staining intensity score per biopsy specimen
in cases in which multiple spots were derived from a single patient biopsy specimen.
‡
Values represent Spearman % correlation coefficients. Numbers in parentheses denote sample number (n) for which both parameters were available.
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Discussion

Figure 6. PAGE4 levels correlate with survival of patients with hormonenaive PCa. Overall survival of patients with hormone-naive PCa after TURP
for local advanced obstructive PCa stratified for high versus negative/low
(neg/low) epithelial PAGE4 levels on the advanced PCa TMA (third quartile
of mean epithelial PAGE4 intensity was set as the cut-off level).

mone-naive PCa (P $ 0.003; Table 2) but not in CR-PCa,
where PSA and PAGE4 levels showed an inverse but
nonsignificant trend (Table 2).

PAGE4 Levels Correlate with and Predict
Survival of Patients with Hormone-Naive PCa
Epithelial PAGE4 levels were analyzed with respect to
overall patient survival after TURP for local advanced
obstructive PCa. In CR-PCa, PAGE4 was not associated
with patient survival (P $ 0.8851). In hormone-naive PCa,
however, median survival of patients with tumors expressing high PAGE4 levels was 8.2 years (95% CI, 3.4 to
10.6) compared with 3.1 years (95% CI, 2.4 to 4.3) for
patients with tumors expressing negative/low levels of
PAGE4 (P $ 0.0096; Figure 6). In univariate analyses,
significant associations with hormone-naive patient survival were also observed for non-metastatic versus metastatic PCa (cM stage M0/M1, respectively), patient age
at TURP (cut-off $ median), and Gleason pattern (Table
3). A multivariate analysis with the same parameters revealed that high epithelial PAGE4 levels significantly predicted patient survival independently of Gleason pattern,
age, and cM stage (Table 3).

Table 3.

This study aimed to investigate the function of PAGE4, a
prostate-associated member of CTAs, and whether
PAGE4 dysregulation may play a role in PCa development/progression. Collectively, in vitro and in vivo studies
herein indicate that signaling by AR and structurally related GR are attenuated in PAGE4-expressing cells, findings consistent with the spatial restriction of PAGE4 to
steroidogenic tissues and with observations that intrinsically disordered proteins, including AR/GR, often are involved in regulatory processes and cell signaling.25 Attenuation of AR/GR is unlikely to be a nonspecific artifact
of PAGE4 overexpression because (i) no effect on progesterone receptor activity (which also is related closely
to AR/GR) was observed on PAGE4 overexpression, (ii)
attenuated proliferation was observed in PAGE4-expressing AR& LNCaP cells but not AR! PC3 cells, (iii) AR
activity was unaltered in parallel-generated LNCaP sublines overexpressing Dickkopf homolog 3, (iv) attenuation
of total/phospho-AR levels in PAGE4-expressing cells in
vitro similarly was observed in clinical specimens, and (v)
PAGE4 silencing in JEG3 cells (the only cell line identified
that expresses detectable protein levels of endogenous
PAGE4) potentiated endogenous GR activity, a finding
analogous to attenuated GR activity in COS7 cells on
PAGE4 overexpression. The structural and functional
similarity of GR with AR was exploited as the only means,
to our knowledge, of examining the effect of endogenous
PAGE4 knockdown on steroid hormone receptor signaling. Further investigation into the significance of dysregulated epithelial PAGE4 with respect to GR signaling in
PCa development/progression will be the subject of future investigations.
Despite very low PAGE4 mRNA levels (our observations and that of G. Jenster, unpublished data), a recent
study reported detectable levels of endogenous PAGE4
protein in LNCaP cells, siRNA-mediated silencing that
induced apoptosis, and attenuated xenograft growth in
intact mice, whereas PAGE4 overexpression in HEK293T
and CWR22rv1 cells (both strongly GR&) enhanced proliferation.22 On the basis of data herein, it is possible that
enhanced proliferation on PAGE4 overexpression in
these cell lines reflects attenuation of antiproliferative,
pro-apoptotic GR signaling. Supportively, PAGE4 over-

PAGE4 Levels Are an Independent Predictor of Survival for Patients with Hormone-Naive PCa
Multivariate
95% CI

Parameter

Univariate
P value

Hazard ratio

Lower

Upper

P value

cM
Gleason pattern
Age at surgery
High PAGE4

0.030*
0.005*
0.003*
0.009*

1.55
1.68
1.32
0.67

0.82
1.04
0.96
0.45

2.92
2.80
1.80
0.95

0.173
0.033*
0.087
0.024*

Univariate and multivariate analyses assessed by log-rank test or Cox proportional hazard ratio, respectively, for the indicated parameters with respect
to hormone-naive PCa patient survival. Cut-off scores were set as M0 versus M1 for cM tumor stage, $median patient age after TURP for local advanced
obstructive PCa, and high epithelial PAGE4 staining intensity on the advanced PCa TMA with the cut-off value set as the third quartile of the mean epithelial
PAGE4 intensity.
*P ' 0.05.
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expression in PC3 cells (AR! GR&) modestly increased
cell proliferation at day 3, although this was not significant
by day 5 (see Supplemental Figure 4C at http://ajp.
amjpathol.org). We were unable to detect endogenous
PAGE4 in LNCaP or other PCa cell lines using commercial polyclonal or our in-house developed monoclonal
PAGE4 antibodies (Figure 3A), which show high specificity by signal quenching with blocking but not nonblocking PAGE4 peptides (see Supplemental Figure S1 at
http://ajp.amjpathol.org). It also may be noted that the
authors of the aforementioned study22 previously identified PAGE4 protein in rat prostate,46 an unexpected observation because many CTAs, including PAGE4, lack
identifiable orthologs in rodent genomes.47 Thus, it is
possible that apoptosis induction by PAGE4 siRNAs in
PCa cell lines22 that express little or no detectable
PAGE4 may represent off-target effects. Supportively,
PAGE4 siRNAs had no significant effect on PSA mRNA
levels in wild-type LNCaP cells (our observation, not
shown). However, it also is plausible that very low basal
levels of PAGE4 are required to maintain cell viability,
whereas at increased concentrations (as observed in
high-grade PIN/localized PCa and mimicked in PAGE4:
LNCaPs) PAGE4, as an intrinsically disordered protein,
may engage in low affinity but specific protein-protein
interactions to modulate AR/GR activity.
PAGE4 expression was associated with impaired ligand-induced AR nuclear translocation, reduced phosphorylation at Ser81 and Ser213, and decreased AR stability. Consistently, total/pSer213-AR levels inversely
correlated with PAGE4 levels in clinical PCa. AR phosphorylation at Ser81 and Ser213 is directly mechanistically linked to AR stabilization and activity, the former
regulating AR in a promoter-specific manner37–39 and
likely accounting for AR attenuation at selective androgen-responsive genes in PAGE4:LNCaPs. This is consistent with studies showing that cis-acting AR regulators
confer promoter specificity of androgen signaling.11–16
However, AR phosphorylation at Ser81 is temporally
slower than the kinetics of nuclear import, whereas
Ser213 phosphorylation is rapid but apparently confined
to the nucleus.34,45 These observations, together with the
absence of PAGE4 sequence homology to known phosphatase or enzyme domains, suggest that impaired AR
phosphorylation, stabilization, and activity are likely
downstream consequences of attenuated nuclear translocation.
Precisely how PAGE4 attenuates AR nuclear translocation remains to be determined. In the absence of androgens, AR is sequestered in the cytoplasm via association with multiprotein complexes of chaperones.9 On
ligand binding, AR undergoes a conformational change
resulting in the sequential loss of chaperones and unmasking of the nuclear localization signal resulting in AR
nuclear translocation. Although PAGE4 is present in the
nucleus, a large fraction localizes to the cytosol, both in
vitro and in vivo. Thus, it is plausible that PAGE4 may
directly sequester the AR in the cytoplasm. However,
co-immunoprecipitation experiments failed to identify an
interaction between PAGE4 and AR (not shown), although it cannot be excluded that as an intrinsically dis-

ordered protein, PAGE4 interacts with AR in a specific,
but weak and/or transient, manner. Future studies thus
will focus on identifying PAGE4-interacting partners and
whether PAGE4 associates with AR kinases/phosphatases or proteins known to modulate AR subcellular localization, for example, heat shock protein chaperones,
phosphatase and tensin homolog deleted on chromosome 10, p21-activated kinase 6, and protein interacting
with amyloid precursor protein tail 1 (PAT1/ARA67).48 –50
Up-regulation of epithelial PAGE4 in high-grade PIN
possibly reflects increased epigenetic remodeling and/or
transforming growth factor-!1 production, changes that
are apparent in PIN and induce PAGE4 mRNA in prostatic
epithelial cells in vitro17,51,52 (and data not shown). In
localized PCa and metastases, epithelial PAGE4 levels
subsequently were decreased. This is the first study reporting dysregulation of PAGE4 at the protein level during
PCa development/progression and is in agreement with
mRNA-based studies.53–57 Given that PAGE4 appears to
attenuate AR in a promoter-selective manner, we hypothesize that increased PAGE4 in PIN may result in attenuated AR signaling, favoring tumor initiation. It should be
noted that although established tumors are AR-dependent, epithelial AR can suppress or promote tumorigenesis depending on the cancer-initiating signal.58,59 AR
regulates distinct transcriptional programs during PCa
development/progression owing, at least in part, to dysregulation of AR coregulators.11–16,60,61 Thus, the subsequent down-regulation of epithelial PAGE4 in localized
PCa and metastases may facilitate AR reactivation and
transcriptional programs required for progression to lethal advanced PCa. This hypothesis is supported by the
following observations: i) PAGE4 impaired the development of CR-PCa xenografts; ii) the few CR-PCa xenografts that did establish, showed posttranscriptional
PAGE4 silencing; iii) PAGE4 levels inversely correlated
with AR status in clinical PCa; and iv) low PAGE4 levels
correlated with decreased patient survival in hormonenaive PCa. Such promoter-specific regulation of AR by
PAGE4 and the distinct AR transcriptional program in
PCa versus CR-PCa also may explain why PAGE4 impaired xenograft development in androgen-depleted but
not replete animals.
In contrast to impaired development of CR-PCa xenografts by PAGE4:LNCaPs and reduced survival of hormone-naive patients with high PAGE4-expressing tumors, epithelial PAGE4 protein levels did not correlate
with serum PSA or patient survival in clinical CR-PCa,
even though total/pSer213-AR levels inversely correlated
with epithelial PAGE4, albeit less strongly than in hormone-naive PCa. Interestingly, PAGE4 protein levels
were comparable in CR-PCa and hormone-naive PCa,
suggesting that in these clinical CR-PCa specimens AR
bypass pathways were major determinants of tumor progression (eg, BCL2, cyclooxygenase-2, or neuroendocrine differentiation)62 and/or PAGE4-mediated AR inhibition may have been subverted, perhaps via altered
PAGE4 posttranslational modification(s) required for AR
inhibition, but not detected by the current monoclonal
antibody. Further studies are underway to investigate this
possibility and to determine whether restoring PAGE4-

PAGE4 Positivity Predicts Hormone-Naive PCa
1453
AJP October 2012, Vol. 181, No. 4

mediated AR inhibition may offer therapeutic benefit for
patients with CR-PCa.
Loss of PAGE4 correlated with poor overall survival in
hormone-naive PCa patients. Contemporary survival data
for hormone-naive PCa are somewhat higher than those
herein, but typically derive from asymptomatic patients
with low-grade PCa, whereas the hormone-naive PCa
patient cohort in the current study underwent TURP for
local advanced obstructive PCa. In support of our findings, PAGE4 mRNA levels recently were reported to be
lower in biochemical recurrent PCa, but although positively associated with delayed biochemical recurrence,
PAGE4 mRNA levels were not independent predictors of
biochemical recurrence.57 At the protein level, however,
multivariate analyses showed that PAGE4 positivity predicted favorable survival of patients with hormone-naive
PCa independently of Gleason pattern, age at surgery,
and cM tumor stage. Thus, PAGE4 represents a potential
independent prognostic molecular marker to identify patients at risk of developing lethal advanced PCa.
In summary, these data are consistent with an AR/GR
repressor function of PAGE4, which, when dysregulated,
may play a functional role during tumor progression to
advanced lethal PCa, and highlight the potential value of
PAGE4 as a prognostic/therapeutic target.
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Stromal Insulin-Like Growth Factor Binding Protein 3
(IGFBP3) Is Elevated in the Diseased Human Prostate
and Promotes ex Vivo Fibroblast-to-Myofibroblast
Differentiation
Natalie Sampson, Christoph Zenzmaier, Martin Heitz, Martin Hermann,
Eugen Plas, Georg Schäfer, Helmut Klocker, and Peter Berger
Institute for Biomedical Aging Research (N.S., C.Z., M.Hei., P.B.), University of Innsbruck, and
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Dysregulation of the IGF axis is implicated in the development of benign prostatic hyperplasia (BPH)
and prostate cancer (PCa), 2 of the most common diseases affecting elderly males. PCa is the second
leading cause of male-related cancer death in Western societies. Although distinct pathologies,
BPH and PCa are both characterized by extensive stromal remodeling, in particular fibroblast-tomyofibroblast differentiation, thought to be induced by elevated local production of TGF!1. We
previously showed that TGF!1-mediated fibroblast-to-myofibroblast differentiation of primary
human prostatic stromal cells resulted in the dsyregulation of several components of the IGF axis,
including the induction of IGF binding protein 3 (IGFBP3). Using isoform-specific lentiviral-mediated knockdown, we demonstrate herein that IGFBP3 is essential for TGF!1-mediated differentiation. Although recombinant human IGFBP3 alone was not sufficient to induce differentiation,
IGFBP3 synergistically potentiated TGF!1-mediated stromal remodeling predominantly via an IGFindependent mechanism. Consistent with these in vitro findings, IGFBP3 immunohistochemistry revealed elevated levels of IGFBP3 in the hyperplastic fibromuscular stroma of BPH specimens and in the
tumor-adjacent stroma of high-grade PCa. Collectively these data indicate that the dysregulation of the
stromal IGF axis, in particular elevated IGFBP3, plays a crucial role in fibroblast-to-myofibroblast differentiation in the diseased prostatic stroma and indicate the therapeutic potential of inhibiting stromal remodeling and the resulting dysregulation of the stromal IGF axis as a novel strategy for the
treatment of advanced PCa and BPH. (Endocrinology 154: 2586 –2599, 2013)

S

ignaling via the multicomponent IGF axis regulates the
physiological and pathophysiological growth of
many tissues and organs, including the prostate (1). The
mitogenic ligands IGF-I and IGF-II predominantly mediate their effects by binding to transmembrane tyrosine
kinase receptors, IGF-I receptor (IGF1R) and IGF-II receptor, and activating downstream signaling cascades,
eg, AKT, resulting in enhanced cell proliferation and

survival (2). There are 7 IGF-binding proteins (IGFBPs;
IGFBP1–7, the latter also known as IGFBP related protein-1) of which IGFBP3 is the principal carrier of IGF
ligands in serum (3). Although IGFBP3 may potentiate
IGF signaling, in many instances IGFBP3 action is inhibitory due to high-affinity IGF sequestration and/or
via poorly understood IGF-independent mechanisms
(4 –7).
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Epidemiological studies have implicated the IGF axis in
the development of benign prostatic hyperplasia (BPH)
and numerous solid tumors, including prostate cancer
(PCa) (8 –10). For example, circulating and prostatic tissue levels of IGF ligands are elevated in PCa, whereas
elevated tissue levels of IGF1R in PCa-adjacent stroma
positively correlated with Gleason grade (11–16). Although there does not appear to be a significant association between serum IGFBP3 levels and PCa incidence (12,
13), the tissue levels of epithelial IGFBP3 are reportedly
decreased in PCa, whereas the stromal tissue levels of
IGFBP3 are elevated in mouse models of PCa (17–19).
Targeting the IGF axis is thus considered a promising therapeutic anticancer strategy (20 –22).
BPH and PCa are 2 of the most common diseases affecting aging males (8, 23, 24). PCa is the second leading
cause of male cancer-related death in Western societies (8,
23, 24). Although distinct pathologies, BPH and PCa are
both associated with changes in the stromal microenvironment that actively promote disease development (25–
28). In particular, the BPH- and PCa-adjacent stroma (the
latter also termed reactive stroma) are characterized by
increased extracellular matrix (ECM) deposition, capillary density, and differentiation of fibroblasts into myofibroblasts, whose mitogenic secretome promotes proliferation, angiogenesis, and tumorigenesis (28 –33). Initial
systemic treatment for BPH and local-confined PCa targets androgen signaling/metabolism resulting in the apoptosis of androgen-dependent cells and reduced prostate
volume (34, 35). Approximately 90% of patients respond
to current first-line androgen deprivation therapy; however, many patients experience disease progression and
succumb to castration-resistant PCa within 3 years (36,
37). Importantly, neither approach specifically addresses
the stromal component of disease. Thus, understanding
the mechanisms underlying stromal remodeling, in particular fibroblast-to-myofibroblast differentiation, may
facilitate the development of preventative or more effective treatment strategies.
Elevated production of the cytokine TGF!1 is observed
in BPH and preneoplastic prostatic intraepithelial neoplasia lesions with tissue and circulating levels positively correlating with disease risk and more rapid PCa progression
(38, 39). Moreover, we and others demonstrated that
TGF!1 induces fibroblast-to-myofibroblast differentiation and stromal remodeling both in vitro and in vivo
(40 – 43). Differentiation of primary prostatic fibroblasts
into myofibroblasts can be detected by the induction of
nicotinamide adenine dinucleotide phosphate oxidase 4
and early smooth muscle differentiation markers (eg,
smooth muscle cell actin and calponin) together with continued expression of the mesenchymal marker vimentin
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(40 – 42). Thus, TGF!1 is widely considered a key inducer
of pathogenic stromal reorganization; however, the
downstream effectors and hence potential therapeutic targets remain largely unknown. Using Affymetrix expression profiling, we previously showed that TGF!1-mediated fibroblast-to-myofibroblast differentiation of
primary human prostatic stromal cells (PrSCs) is associated with the dysregulation of several components of the
IGF axis, in particular the induction of IGFBP3 (40, 42).
Similar findings were also reported by others (44, 45).
Although the epithelial IGF axis has been intensely studied,
particularly with respect to PCa development (1, 46, 47),
relatively little is known about the function and regulation of
IGF signaling components in the benign hyperplastic and
malignant prostatic stroma. This study aimed to determine
the functional significance of elevated stromal IGFBP3 during fibroblast-to-myofibroblast differentiation, a key process
involved in the pathogenesis of BPH and PCa.

Materials and Methods
Reagents
Reagents were from Sigma Aldrich (St Louis, Missouri) unless
otherwise specified. Recombinant human TGF!1 and IGFBP3
(rhIGFBP3) were from R&D Systems (Minneapolis, Minnesota). Antibodies were obtained as follows: "-tubulin (Santa
Cruz Biotechnology, Inc, Santa Cruz, California); IGFBP3 and
phospho-phosphorylated mothers against decapentaplegic
(Smad)-2 (R&D Systems); !-actin, calponin, "-smooth muscle
cell actin ("-SMA) and fluorescein isothiocyanate-"-SMA (Sigma); glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Abcam, Cambridge, Massachusetts); phospho-specific antibodies
against AKT, IGF1R, ERK1/2, and c-Jun N-terminal kinase and
total AKT and total IGF1R (Cell Signaling Technology, Danvers,
Massachusetts); IGF1R neutralizing antibody, "IR3 (Millipore,
Bedford, Massachusetts); horseradish peroxidase-conjugated
secondary antibodies (Jackson ImmunoResearch Europe,
Newmarket, United Kingdom); and AlexaFluor secondary antibodies (Invitrogen, Vienna, Austria). For immunohistochemistry and immunofluorescence, anti-IGFBP3 antibody
(H-98) was from Santa Cruz Biotechnology. Additional competition immunofluorescent staining experiments in which the
antibody was preincubated with a 20-fold molar excess of
rhIGFBP3 (200 ng/mL) were performed to confirm the specificity of the H-98 IGFBP3 antibody (Supplemental Figure 1,
published on The Endocrine Society’s Journals Online web
site at http://endo.endojournals.org).

Primary cell culture
Human PrSCs were established from regularly supplied prostate biopsy tissue as described (42), which provided a regular
source of benign material from different donors for PrSC isolation. PrSCs from a total of 34 patients were used in this study. All
patients gave written informed consent. Each experiment was
repeated at least 3 times with primary cells of passages 2– 4 from
different donors. PrSCs were maintained for routine culture at
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37°C in a humidified atmosphere of 5% CO2 in stromal cell
growth medium (Lonza, Basel, Switzerland), which contains basic fibroblast growth factor (bFGF). For differentiation, PrSCs
were incubated for 12 hours in serum-free RPMI 1640 supplemented with L-glutamine and antibiotics (PAA Laboratories,
Pasching, Austria), hereafter referred to as SF-RPMI. Cells were
subsequently stimulated with rhIGFBP3, IGF-I, or LongR3IGF1 at the indicated concentration in SF-RPMI alone or in the
presence of either 1 ng/mL bFGF (as control to maintain the
fibroblast phenotype) or 1 ng/mL TGF!1 for the indicated duration. For IGF1R neutralization experiments, and where the
cells were treated with a combination of rhIGFBP3 and IGF-I or
LongR3-IGF1, media were prepared with the indicated concentration of reagents and incubated at room temperature with endover-end rotation for 2 hours prior to the addition to cells.

RNA isolation, cDNA synthesis, and quantitative
real-time PCR (qPCR)
RNA isolation, cDNA synthesis, and qPCR were performed
as described (40). Primer sequences are given in Supplemental
Table 1. cDNA concentrations were normalized against hydroxymethylbilane synthase (HMBS), a moderate copy number
housekeeping gene not regulated under the experimental conditions used. Fold change in gene expression was determined from
the change in cycle threshold values using the mathematical
model ratio 2-!!CT as described (48).

Microarrays
PrSCs from 3 independent donors incubated overnight in RPMI
1640 supplemented with 1% charcoal-treated bovine calf serum
(Hyclone Laboratories, Logan, Utah) were stimulated with either 1
ng/mL bFGF as mock control or 1 ng/mL TGF!1 for 48 hours. Two
micrograms of total RNA from each donor were pooled, and hybridization to Affymetrix Human Genome U133 Plus 2.0 GeneChips was performed at the Microarray Facility (Tübingen, Germany). A technical replicate array was performed. Raw expression
data were normalized using the GRCMA algorithm at CARMAweb (49, 50). The complete microarray data set is available at
ArrayExpress (E-MEXP-2167) from the European Bioinformatics
Institute at www.ebi.ac.uk/arrayexpress.

Cell proliferation
PrSCs were seeded in quadruplicate in 96-well plates at 4000
cells/well in SF-RPMI. The following day, cells were treated with
1 ng/mL bFGF or TGF!1 as indicated for the duration stated.
Proliferation was determined after incubation with 10 #M
5-bromo-2"-deoxyuridine for 14 hours using a colorimetric
ELISA according to the manufacturer’s instructions (Roche Applied Science, Indianapolis, Indiana).

Lentiviral-mediated knockdown of IGFBP3
IGFBP3 and scrambled short hairpin RNA (shRNA) sequences and generation of lentiviral particles have been described previously (40, 51). For viral transduction, 1 # 105 PrSCs
were seeded in 6-cm dishes in stromal cell growth medium. The
following day, media were replaced, supplemented with 8 #g/mL
polybrene and virus-containing supernatant at a multiplicity of
infection (MOI) of 4.0. After 24 hours, puromycin was added
directly to existing media to a final concentration of 1 #g/mL and
incubated for a further 72 hours. For qPCR and Western blot-

Endocrinology, August 2013, 154(8):2586 –2599

ting, cells were subsequently incubated overnight in SF-RPMI
before stimulation with 1 ng/mL bFGF or TGF!1 as indicated for
the duration stated. For proliferation analyses, cells transduced
with lentiviruses as above in 6-cm dishes were trypsinized 96
hours after transduction before seeding in 96-well plates and
treating for proliferation analysis as described above.

Western blotting and IGFBP3 ELISA
Isolation of total cell lysates and Western blotting were performed as described (40) and normalized for total protein content via bicinchoninic acid protein assay according to the manufacturer’s instructions (Thermo Fisher Scientific, Vienna,
Austria). Conditioned media (CM) were harvested from cells
treated for the indicated duration with 1 ng/mL bFGF or TGF!1
in SF-RPMI. After centrifugation for 5 minutes at 700 rpm, CM
were normalized against the total protein content of the corresponding cell lysate and stored at $80°C. Secreted IGFBP3 was
analyzed by Western blotting or ELISA according to the manufacturer’s instructions (Mediagnost, Reutlingen, Germany).

Immunofluorescence and immunohistochemistry
Immunofluorescence was performed as previously described
(52) with the exception that 5 hours prior to fixation in 4%
paraformaldehyde, cells were incubated with 10 #g/mL Brefeldin A to reduce IGFBP3 secretion enabling immunofluorescent
detection of intracellular IGFBP3. For competition experiments,
H-98 IGFBP3 antibody was preincubated with 200 ng/mL
rhIGFBP3 for 2 hours at room temperature with end-over-end
rotation. Confocal microscopy was performed with a microlensenhanced Nipkow disk-based confocal system UltraVIEW RS
(PerkinElmer, Wellesley Massachusetts) mounted on an Olympus IX-70 inverse microscope (Olympus, Nagano, Japan). Images were captured with a cooled digital charge-coupled device
camera (Hamamatsu Photonics K.K., Hamamatsu City, Japan)
in combination with the UltraVIEW RS from PerkinElmer. Prostate tissue sections from paraffin blocks of formalin-fixed,
whole-biopsy specimens were obtained from the archives of the
Institute of Pathology at the University Hospital Basel (Basel,
Switzerland). All patients gave written informed consent. Samples were processed for immunohistochemistry as described (40)
with the exception that antigen retrieval was performed in Target
Antigen Retrieval solution, pH 9 (Dako, Vienna, Austria) for 20
minutes at 95°C and incubated with antirabbit IGFBP3 antibody
(H-98; Santa Cruz Biotechnology) or control rabbit IgG (negative control) was performed at 37°C for 2 hours before transferring to 4°C for a further 10 hours. Stained sections were analyzed and imaged by a uropathologist (G.S.) on an Olympus BX
50 microscope (Olympus, Tokyo, Japan) with a Pixelink PLA642 microscope camera using PicEd software (Pixelink, Ottawa, Canada).

Statistical analysis
Numerical data are presented as mean % SEM from at least
3 independent experiments using PrSCs isolated from independent donors. Statistical differences were calculated after 1-way
ANOVA and subsequent pairwise comparisons analyzed via
Dunnett’s post hoc test (SPSS software version 20; SPSS Inc,
Chicago, Illinois). Statistically significant differences are denoted: *, P & .05; **, P & .01; ***, P & .001; ns, not significant
where P ' .05.
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Results
Dysregulation of the stromal IGF axis during
prostatic fibroblast-to-myofibroblast
differentiation
To investigate molecular changes during BPH/PCa-associated fibroblast-to-myofibroblast differentiation, we
previously established an in vitro model system in which
PrSCs treated with TGF!1 undergo differentiation into
myofibroblasts as defined by their continued expression of
the mesenchymal marker vimentin and induction of early
smooth muscle differentiation markers, such as "-SMA
and calponin (CNN1) (41, 42). Recently we reported Affymetrix expression profiles of TGF!1-induced differentiated and nondifferentiated PrSCs, which revealed an essential role of nicotinamide adenine dinucleotide
phosphate oxidase 4 (NOX4) in the downstream induction of SMA during TGF!1-mediated PrSC differentiation
(40). Additional pathway analyses revealed significant
dysregulation of several components of the IGF axis during differentiation, a finding validated in this study by
qPCR (Table 1). Under basal conditions, PrSCs express
low levels of IGF1 and IGF2 and moderate levels of
IGF1R, whereas differentiated PrSCs express significantly
higher levels of IGF1 and IGF1R (Table 1). Of the 7
IGFBPs, PrSCs under basal conditions express low levels
of IGFBP5 and -7 (Supplemental Figure 2) but no detectable IGFBP1. These IGFBP isoforms were thus not investigated further. PrSCs, however, express much higher levels of IGFBP2, -3, -4, and -6 (Supplemental Figure 2).
IGFBP3 was strongly up-regulated during differentiation
(9.5 % 2.8-fold by qPCR), whereas IGFBP6 was slightly
down-regulated ($3.2 % 1.2-fold by qPCR). No differential regulation of IGFBP2 or -4 was observed during
differentiation (Table 1).
Table 1. Dysregulation of the IGF Axis During
Fibroblast-to-Myofibroblast Differentiation

Gene
Symbol

Gene
Identification

IGF1
IGF1R
IGFBP2
IGFBP3
IGFBP4
IGFBP6

3479
3480
3485
3486
3487
3489

Fold Change in Gene
Expression ("SEM)
Affymetrixa

qPCRb

12.1 % 3.2
2.1 % 0.3
1.0 % 0.2
6.4 % 2.1
$1.1 % 0.8
$2.3 % 0.1

24.8 % 6.9
3.1 % 0.7
$1.3 % 0.8
9.5 % 2.8
1.5 % 1.1
$3.2 % 1.2

PrSCs from 3 independent donors were treated with 1 ng/mL TGF!1
or bFGF for 48 hours.
a
Pooled RNA was hybridized to Affymetrix Human Genome U133 Plus
2.0 GeneChips. Values represent mean fold change in expression
relative to bFGF control cells from 2 independent hybridizations.
b
Values represent mean fold change in expression by qPCR using
single-donor RNAs (n ( 3).
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IGFBP3 is abundantly secreted during prostatic
stromal differentiation
Of the 4 abundantly expressed IGFBP isoforms in
PrSCs under basal conditions, IGFBP3 exhibited the highest degree of differential expression in PrSCs treated with
TGF!1 relative to bFGF control. Subsequent experiments
therefore focused on determining the functional significance of elevated IGFBP3 during stromal remodeling. The
temporal dynamics of IGFBP3 up-regulation were examined in time-course assays of TGF!1 stimulation. In contrast to the rapid (& 2 hours) up-regulation of the reactive
oxygen species-producing enzyme NOX4, which we previously showed to be an essential mediator of TGF!1induced PrSC differentiation (40), induction of IGFBP3
occurred with delayed dynamics (12–24 hours; Figure
1A). Temporal induction of IGFBP3 closely correlated
with that of the early smooth muscle cell differentiation
markers SMA and CNN1. Notably, however, maximal
induction of NOX4, CNN1, and SMA mRNAs was
reached after 12 hours, whereas induction of IGFBP3 continued to increase, even after 48 hours of TGF!1 stimulation (Figure 1A). Similar findings were also observed at
the protein level (Figure 1, B–D).
Like all members of the IGFBP family, IGFBP3 is a
secreted glycoprotein (6). To investigate whether elevated
IGFBP3 during TGF!1-mediated differentiation is secreted by PrSCs, IGFBP3 levels were determined in PrSC
CM by Western blotting and ELISA (Figure 1, C and D).
Under basal conditions (bFGF control), IGFBP3 was detected at low concentrations in PrSC CM after 24 hours
(6.0 % 1.8 ng/mL), which progressively increased over the
time course examined (7.7 % 1.1-fold at 72 hours; P &
.001; Figure 1, C and D). TGF!1 significantly increased
secreted IGFBP3 levels. After 24 hours of TGF!1 treatment, secreted IGFBP3 concentrations were comparable
with those in the CM from bFGF-treated cells after 48
hours (15.3 % 2.6 relative to 18.1 % 4.5 ng/mL, respectively; Figure 1, C and D). Moreover, after 72 hours of
TGF!1 treatment, secreted IGFBP3 levels were 111.3 %
18.3 ng/mL compared with 30.0 % 7.7 ng/mL after 72
hours of bFGF treatment (P ( .018; Figure 1, C and D).
Collectively these data indicate that IGFBP3 is secreted at
elevated levels during TGF!1-mediated differentiation of
PrSCs.
IGFBP3 is essential for TGF!1-mediated fibroblastto-myofibroblast differentiation
To determine whether IGFBP3 is required for TGF!1induced fibroblast-to-myofibroblast differentiation, lentiviral-mediated, isoform-specific knockdown was used
(Figure 2). Under basal (bFGF) conditions, IGFBP3
shRNA significantly reduced IGFBP3 expression at both
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Figure 1. IGFBP3 is abundantly secreted during stromal differentiation. PrSCs seeded in SF-RPMI were stimulated for the indicated duration with
1 ng/mL TGF!1 before qPCR of the indicated genes (A) or Western blotting of cell lysates (B) using the indicated antibodies. A, Values represent
mean fold change in gene expression (% SEM) using PrSCs isolated from 3 independent donors. C, PrSCs seeded in SF-RPMI were stimulated for
the indicated duration (hours) with 1 ng/mL bFGF or TGF!1 as stated, before Western blotting of CM and corresponding cell lysates using the
antibodies shown. D, ELISA quantification of secreted IGFBP3 from CM of PrSCS treated as in panel C. Values represent mean IGFBP3
concentration (nanograms per milliliter) % SEM using PrSCs isolated from independent donors (n ( 8). Statistical significance is shown: *, P & .05;
**, P & .01). B and C, Images are representative of 3 independent experiments using PrSCs from different donors. SMAD2, Smad family member 2.

the mRNA ($7.5 % 3.2-fold; P & .001) and protein level
compared with cells treated with scrambled (scr) shRNA
(Figure 2, A and B). Similar findings were observed for a
second shRNA sequence targeting a distinct region of
IGFBP3 (not shown). Moreover, in TGF!1-treated cells,
the 4.7-fold (%1.4-fold) induction of IGFBP3 mRNA in
scr shRNA-treated cells was strongly inhibited in cells
treated with IGFBP3 shRNA ($4.6 % 0.5-fold; P ( .003;
Figure 2A). Similar findings were observed at the protein
level (Figure 2B). Furthermore, immunofluorescent staining revealed that TGF!1-mediated induction of IGFBP3
was uniformly attenuated in cells treated with IGFBP3
shRNA, indicating high homogeneity of lentiviral infection (Figure 2C). Competition experiments in which antibody was preincubated with rhIGFBP3 prior to immunofluorescent staining indicated the high specificity of the
IGFBP3 antibody used (Supplemental Figure 1). Importantly, mRNA levels of other IGFBP isoforms expressed in
PrSCs (IGFBP2–7) were not significantly altered by
IGFBP3 knockdown relative to scr shRNA (Supplemental
Figure 3), demonstrating that IGFBP3 shRNA is isoform
specific and that there was no compensatory increase in
other IGFBP isoforms.

We next investigated the effect of IGFBP3 knockdown
on TGF!1-mediated induction of differentiation markers,
including NOX4, SMA, and CNN1 (Figure 2, A–C). After
72 hours TGF!1 treatment, IGFBP3 shRNA significantly
attenuated induction of NOX4, SMA and CNN1 mRNAs
relative to scr shRNA, a finding also observed at the protein level for SMA and CNN1 at 24 and 72 hours (Figure
2, A–C). Furthermore, immunofluorescent staining revealed that IGFBP3 knockdown reduced the appearance
of SMA-immunoreactive filaments induced by TGF!1, indicating that fibroblast-to-myofibroblast differentiation
was also attenuated at the morphological level (Figure
2C). Collectively these data indicate that induction of
IGFBP3 is essential for TGF!1-mediated fibroblast-tomyofibroblast differentiation.
IGFBP3 synergistically potentiates TGF!1-mediated
differentiation
The functional significance of increasing IGFBP3 levels
during differentiation was further investigated in PrSCs
incubated under serum-free conditions with 300 ng/mL
rhIGFBP3 (Figure 3), a concentration selected to mimic
that secreted by PrSCs after 72 hours of TGF!1 treatment
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Figure 2. IGFBP3-specific knockdown attenuates TGF!1-mediated differentiation. A, PrSCs were incubated with scr or IGFBP3 shRNA-expressing
lentivirus at MOI 4 for 96 hours and subsequently stimulated for 72 hours with 1 ng/mL bFGF or TGF!1 as indicated before qPCR of the indicated
genes. B, Western blotting using the antibodies depicted from PrSCs treated as in panel A but incubated for 24 or 72 hours with 1 ng/mL bFGF (b)
or TGF!1 (t) as indicated. C, Confocal laser-scanning microscopy of PrSCs treated as in panel A and stained via immunofluorescence with the
indicated antibodies. Merged images with 4",6"-diamino-2-phenylindole nuclear counterstaining are shown (right). A, Values represent mean fold
change in gene expression (%SEM) using PrSCs isolated from 3 independent donors. Statistical significance is indicated: *, P & .05; **, P & .01. B
and C, Images are representative of 3 independent experiments using PrSCs from different donors.

(111.3 % 18.3 ng/mL; see Figure 1D), taking into consideration that recombinant purified protein may exhibit reduced activity relative to native IGFBP3 and is similar to
concentrations used by others (53, 54). Relative to bFGFtreated PrSCs, rhIGFBP3 alone did not significantly alter
expression of the differentiation markers investigated either at the mRNA or protein level (Figure 3, A–C, and data
not shown). In addition, rhIGFBP3 alone exerted no
change on the phosphorylation status of Smad2, ERK, or
c-Jun N-terminal kinase (Supplemental Figure 4), which in

addition to AKT represents the key downstream signaling
transducers of TGF!1-mediated differentiation in PrSCs
(40, 55). Consistent with IGF sequestration, however,
rhIGFBP3 reduced phosphorylated AKT (pAKT) levels,
demonstrating that rhIGFBP3 used in this study is biologically active (Supplemental Figure 4). These data indicate
that elevated IGFBP3 alone is not sufficient to induce fibroblast-to-myofibroblast differentiation.
Given that IGFBP3 is first significantly induced when
phenotypic transformation becomes morphologically ap-
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IGFBP3 induction (Figure 4, A and
B, and Figure 1B). Upon IGFBP3
knockdown, this decrease was initially attenuated (1.0 % 0.1 from 8 to
24 hours). Thereafter, however
(24 –72 hours), pAKT levels declined
at a rate comparable with scr control
(Figure 4, A and B), indicating that
during differentiation pAKT levels
are predominantly determined by
factors other than IGFBP3, which
exerts only a minor and temporally
defined effect (at 8 –24 hours) on
AKT phosphorylation.
As a more direct approach to determine whether IGFBP3 potentiates
PrSC differentiation in an IGF-dependent manner, we asked whether
Figure 3. IGFBP3 potentiates TGF!1-mediated differentiation. A, qPCR of the indicated genes in
IGF-I or an IGF-I analog with low
PrSCs treated for 72 hours with the indicated concentration of rhIGFBP3 in SF-RPMI treated with
1 ng/mL bFGF or TGF!1 as stated. PrSCs treated with TGF!1 alone served as a positive control.
affinity for IGFBP3 (LongR3-IGF1)
Values represent mean fold change in gene expression (%SEM) using PrSCs isolated from 3
could modulate TGF!1-induced difindependent donors. B, Western blotting using the indicated antibodies of cell lysates from PrSCs
ferentiation or ablate IGFBP3 potentreated for 72 hours as in panel A. Images are representative of 4 independent experiments using
PrSCs from different donors. C, Densitometric quantification of assays are as shown in panel B.
tiation of TGF!1-induced differenValues denote mean fold change in densitometric intensity (%SEM) from 4 independent
tiation. Although LongR3-IGF1
experiments using PrSCs from different donors. A and C, Statistical significance is indicated
increased PrSC proliferation and
(where P ' .05; *, P & .05; **, P & .01). GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
thus was biologically active (Supplens, not significant.
mental Figure 5), it had no effect on
TGF!1-mediated induction of difparent ('12 hours of TGF!1 stimulation), we next examined whether IGFBP3 may support TGF!1-mediated ferentiation markers NOX4, IGFBP3, or SMA (Figure 4,
differentiation. To this end, PrSCs were incubated with C–E). Similar findings were observed for wild-type recomrhIGFBP3 and TGF!1 in combination. Indeed, rhIGFBP3 binant IGF-I (not shown). Moreover, the synergistic inpotentiated TGF!1-mediated induction of SMA and duction of differentiation markers SMA and CNN1 by
CNN1 at both the mRNA and protein level (Figure 3, IGFBP3 and TGF!1 still occurred in the presence of IGF-I
A–C). Similarly, combined treatment of PrSCs with or LongR3-IGF1 (Figure 4, D and E, and data not shown).
rhIGFBP3 and TGF!1 resulted in synergistic induction of Furthermore, the IGF1R neutralizing antibody "-IR3,
phospho-levels of Smad2 and ERK1/2 (Supplemental Fig- which effectively attenuated IGF-I-mediated phosphoryure 4). Collectively these data indicate that although not lation of IGF1R and its downstream target AKT (Figure
an active mediator of differentiation, IGFBP3 synergisti- 4F), had no effect on TGF!1-mediated induction of difcally potentiates TGF!1-mediated fibroblast-to-myofi- ferentiation markers (Figure 4G). It may be noted that
neither IGFBP3 mRNA nor protein levels are altered by
broblast differentiation.
IGF-I or LongR3-IGF1 treatment in PrSCs (Figure 4D and
IGFBP3 promotes differentiation in an IGFnot shown). Moreover, IGF1R is not detectably phosindependent manner
phorylated during TGF!1-mediated fibroblast-to-myofiTo investigate whether IGFBP3 promotes differentia- broblast differentiation (Figure 4D). Collectively these
tion as a consequence of attenuated IGF signaling, we next data indicate that IGFBP3 potentiates differentiation in an
examined AKT phosphorylation, which serves as a marker IGF-independent manner.
of IGF signaling (56). There was no significant difference
in TGF!1-induced AKT phosphorylation up to 8 hours Stromal IGFBP3 is elevated in BPH and PCa
The above-mentioned in vitro data indicated that
after TGF! treatment of scr and IGFBP3 shRNA-treated
cells (Figure 4, A and B). Thereafter pAKT levels subse- IGFBP3 may play a role in stromal remodeling associated
quently decreased in scr control cells ($1.5 % 0.3-fold with BPH and PCa, in particular in myofibroblast differfrom 8 to 24 hours), which temporally correlates with entiation. Thus, we next examined the localization and
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Figure 4. IGFBP3 exerts its effects during fibroblast-to-myofibroblast differentiation in an IGFindependent manner. A, Western blotting using the antibodies depicted of PrSCs incubated with
scr control or IGFBP3 shRNA-expressing lentivirus at MOI 4 for 96 hours and subsequently
stimulated for the indicated duration with 1 ng/mL TGF!1. B, Densitometric quantification of
assays as shown in panel A. Values denote mean fold change in densitometric intensity (%SEM)
from 4 independent experiments using PrSCs from different donors. C, qPCR of the indicated
genes in PrSCs treated for 24 hours in SF-RPMI with 100 ng/mL LongR3-IGF1 or vehicle
equivalent in the presence or absence of 1 ng/mL TGF!1. PrSCs treated with TGF!1 alone served
as a positive control. Values represent mean fold change in gene expression (%SEM) using PrSCs
isolated from 3 independent donors. D, Western blotting using the antibodies depicted of PrSCs
incubated for 72 hours with 100 ng/mL LongR3-IGF1, 300 ng/mL rhIGFBP3, or 1 ng/mL TGF!1
alone or in combination as indicated. E, Densitometric quantification of assays as shown in panel
D. Values denote mean fold change in densitometric intensity (%SEM) from four independent
experiments using PrSCs from different donors. F, Western blotting using the antibodies
indicated for PrSCs treated for 1 hour in SF-RPMI with vehicle or 100 ng/mL IGF1 alone or in
combination with 1 #g/mL IGF1R-neutralizing antibody "IR3. G, qPCR of the indicated genes in
PrSCs treated as indicated for 24 hours in SF-RPMI with 1 ng/mL bFGF or TGF!1 in the presence
or absence of 1 #g/mL "IR3 antibody or mouse IgG1 isotype control. Values represent mean fold
change in gene expression (%SEM) using PrSCs isolated from 3 independent donors. B and E,
Statistical significance is indicated (where P ' .05; *, P & .05; **, P & .01). ns, not significant .
A, D, and F, Images are representative of at least 3 independent experiments using PrSCs
from different donors. AKT, v-akt murine thymoma viral oncogene homolog 1; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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abundance of IGFBP3 in BPH and
PCa prostatic biopsy specimens via
immunohistochemistry (Figures 5
and 6). In BPH specimens, strong
IGFBP3 staining was observed in the
epithelial cells of benign glands with
weak/moderate staining of only a
few interspersed cells in the periglandular stroma (Figure 5A). However,
consistent with the above-mentioned in vitro data and increased
numbers of myofibroblasts in BPH
(57), the abundance of IGFBP3 positively stained cells was markedly increased in the hyperplastic fibromuscular stroma, which displayed a
heterogeneous and nonuniform distribution of stromal IGFBP3 (Figure
5B). Specificity of antibody staining
was verified in parallel-stained sections with control rabbit IgG and
in competition experiments with
rhIGFBP3 (Supplemental Figures 1
and 6). A similar staining pattern
was observed with a second antiIGFBP3 antibody (data not shown).
Although there did not appear to be
a significant difference in staining intensity of tumor cells in PCa specimens compared with the adjacent
benign epithelium (Figure 6A), moderate/strong IGFBP3 immunoreactivity was observed in the tumor-adjacent reactive stroma (Figure 6, A
and B). This is in contrast to much
lower levels of stromal IGFBP3
staining in benign areas of the same
tissue section (Figure 6A). Thus, consistent with the above-mentioned in
vitro observations, these findings indicate that IGFBP3 is elevated in the
prostatic stroma of BPH and PCa
patients.

Discussion
This study aimed to investigate the
functional role of IGFBP3 as part of
the stromal IGF axis with respect to
pathogenic stromal differentiation, a
key hallmark of BPH and PCa. We
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ylated during TGF!1-mediated differentiation of PrSCs, suggesting
that IGF1R signaling does not play a
significant role during fibroblast-tomyofibroblast differentiation. These
data strongly indicate that IGFBP3 is
not merely sequestering mitogenic
IGF to promote fibroblast-to-myofibroblast differentiation of PrSCs but
rather is acting in an IGF-independent manner. This latter conclusion
is consistent with reports that
IGFBP3 inhibits the growth of fibroblasts containing a targeted disruption of IGF1R (59). Collectively
findings herein indicate that dysregulation of stromal IGFBP3 plays
an amplifying but permissive role
during TGF!1-mediated fibroblastto-myofibroblast differentiation.
The precise mechanism by which
IGFBP3 promotes PrSC differentiation in response to TGF!1 is curFigure 5. Elevated IGFBP3 in the hyperplastic fibromuscular stroma of the BPH prostate.
rently unclear. However, our obserImmunohistochemical staining of IGFBP3 in a whole-tissue biopsy section from a BPH patient.
vations are consistent with several in
Note the low number of IGFBP3-positive cells in the periglandular stroma (A, black arrows)
compared with the abundant number of IGFBP3-immunoreactive cells in the hyperplastic
vitro and in vivo studies, which have
fibromuscular stroma of the same tissue section (B). A and B, Boxed regions (left panels) are
implicated IGFBP3 as well as
enlarged (right panels). Images are representative of whole-tissue section biopsy specimens from
IGFBP5 as central mediators of the
6 independent donors.
profibrotic phenotype in tissues of
observed a dysregulation of numerous components of the diverse histological origin. Moreover, elevated IGFBP3
IGF axis during TGF!1-induced fibroblast-to-myofibro- levels were also reported in endometriosis, idiopathic pulblast differentiation in PrSCs, in particular the up-regula- monary fibrosis, systemic sclerosis, Crohn disease, and
tion of IGFBP3, one of the most abundantly expressed hepatic fibrosis, diseases that exhibit many histopathoIGFBP isoforms in PrSCs under basal conditions that was logical similarities with the BPH and PCa remodeled
also detectable in the benign prostatic stroma in vivo. In stroma (60, 61). Similar to our observations, IGFBP5 was
contrast to rapid TGF!1-mediated induction of NOX4, shown to mediate its profibrotic effects on dermal and
which we previously showed to be a driving mediator of pulmonary fibroblasts independently of IGF-I (62– 64).
TGF!1-induced differentiation (40), the up-regulation of
The mechanisms, however, by which IGFBP3/IGFBP5 meIGFBP3 occurred much later and continued to increase
diate these effects remain unknown. Our finding that
after the completion of morphological differentiation. AlIGFBP3 alone was insufficient to induce differentiation
though IGFBPs share a similar overall 3-domain structure
but supported TGF!1-induced differentiation in a manner
and possess highly conserved N- and C-terminal regions
that mimicked the action of TGF!1 suggests that IGFBP3
(58), IGFBP3-specific knockdown revealed that this member of the IGFBP family plays a unique and essential role mediates its effects by activating TGF!1 signaling. Such
during differentiation. However, although rhIGFBP3 synergistic effects of IGFBP3 on TGF! signaling have been
alone did not induce differentiation, IGFBP3 synergisti- reported in a variety of cell types (53, 65– 69). As demoncally potentiated TGF!1-induced differentiation. This ef- strated herein for PrSCs, however, these effects of IGFBP3
fect was not abrogated by either the addition of IGF-I or were dependent on the presence of TGF!1 (68, 69). Analan IGF-I analog with low affinity for IGFBP3. Moreover, ogously, IGFBP3 potentiated epidermal growth factor sigan IGF1R-neutralizing antibody failed to recapitulate the naling with elevated phosphorylation of the cognate repotentiation of TGF!1-mediated differentiation by ceptor in mammary epithelial cells (70). Collectively these
rhIGFBP3. In addition, IGF1R is not detectably phosphor- data raise the intriguing possibility that the regulation of
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Figure 6. IGFBP3 is elevated in PCa-associated reactive stroma. A, Immunohistochemical
staining of IGFBP3 in adjacent benign epithelial (BE) and tumor (T) areas of a single whole-tissue
biopsy section from a patient with high-grade PCa. Bottom left and bottom right panels,
enlargement of boxed areas (broken line and solid line, respectively). Note the low/weak staining
of IGFBP3 in the periglandular stroma (black arrows) of benign glands (BE; bottom left panel),
whereas IGFBP3-positive cells are more abundant in the reactive stroma (red arrows) of adjacent
PCa (T; bottom right panel). T denotes foci of PCa. B, High-grade PCa area from the same tissue
section as in panel A reveals intense nucleocytoplasmic staining of IGFBP3 in PCa-adjacent
reactive stroma. Images are representative of whole-tissue section biopsy specimens from 8
independent donors.
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growth factor signaling may be a generic mechanism by which IGFBP3
exerts some of its IGF-independent
effects.
IGFBP3 and TGF! cross talk may
occur via direct interaction of
IGFBP3 with TGF! receptor type
V/low-density lipoprotein receptorrelated protein I or by IGFBP3 modulating interactions between TGF!
receptor type I and type II, the latter
most likely in an indirect manner
(53, 71–73). However, given that
treatment of PrSCs with rhIGFBP3
alone did not alter the phosphorylation status of phosphorylated
Smad2 or phosphorylated ERK1/2,
which serve as markers of activated
TGF! receptor types I/II and TGF!
receptor type V, respectively (74 –
78), it is unlikely that IGFBP3-mediated potentiation of TGF!1-induced differentiation is occurring
via IGFBP3 interaction with TGF!
receptors.
IGFBP3 is known to bind integrins, ECM components, and ECMbound factors (79 – 83). Thus, an alternative possibility is that IGFBP3
secreted by PrSCs in response to
TGF!1 potentiates differentiation
by modulating ECM dynamics
and/or the bioavailability of unknown
ECM-sequestered factors. Analogously, IGFBP3 enhanced EGF-dependent signaling and downstream
proliferation of breast epithelial cells
in a fibronectin-dependent but IGF-independent manner (84). However, although IGFBP3 is known to bind latent TGF!-binding protein 1, which
tethers mature TGF! to the ECM in an
inactive state (79 – 83, 85, 86), we observed no effect of IGFBP3 on latent
TGF!1 activation and no difference in
potentiation of differentiation in the
presence or absence of fibronectin (not
shown). Further investigations are
thus required to discern the complex
molecular mechanism underlying the
synergistic effects of IGFBP3 during
TGF!1-mediated differentiation.
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Consistent with our in vitro observations, immunohistochemistry indicated that stromal IGFBP3 levels were significantly higher in BPH- and PCa-adjacent stroma compared with nondiseased regions of the prostate. To our
knowledge, this is the first report demonstrating dysregulation of stromal IGFBP3 in pathological conditions of the
prostate. Previous studies in the prostate have focused
largely on epithelial localized IGFBP3, although 2 studies
also reported weak or intense but heterogeneous staining
of stromal IGFBP3 in vivo (17, 44). This most likely reflects the highly particular staining conditions required to
robustly visualize the stromal IGFBP3 signal, including
antigen retrieval under alkaline conditions (our observation). It may be noted that IGFBP3 has been reported in the
stromal and epithelial compartments of other tissues, including the endometrium and colon (61, 87). Unfortunately, there is currently no molecular marker capable of
distinguishing fibroblasts from myofibroblasts. Thus, it
was not possible in the present study to precisely determine
whether IGFBP3-positive cells in the BPH and PCa stroma
represented myofibroblasts. However, given the induction
of IGFBP3 in in vitro-differentiated myofibroblasts together with the well-documented elevated number of myofibroblasts in the prostatic stroma of BPH and PCa (41, 57,
88), the observed staining pattern is strongly suggestive of
the myofibroblast phenotype and further supports the notion that stromal IGFBP3 plays a key role in pathogenic
stromal remodeling associated with BPH and PCa.
IGFs promote cancer cell growth, and high circulating
IGF levels are associated with an increased risk of several
cancers, including PCa (12–16). Thus, a significant effort
is being devoted to developing inhibitors of IGF action for
the treatment of cancer (21, 89, 90). Many clinical trials to
date have focused on targeting IGF1R; however, this remains a challenging field due to the complexity, widespread, and multifunctional role of the IGF/insulin axis
(21, 22). As natural inhibitors of IGF but not insulin signaling, the anticancer potential of IGFBPs is consequently
also being investigated, particularly with respect to reducing the toxic side effects that currently limit many IGF1R
targeting approaches (21). However, data herein suggest
that stromal IGFBP3 may exert protumorigenic effects by
promoting stromal remodeling and differentiation of fibroblasts into myofibroblasts, whose mitogenic secretome
exerts well-documented proproliferative and protumorigenic effects (28). Indeed, one such paracrine-acting mitogen may be stromal-derived IGF-I itself, whereby degradation of myofibroblast-derived IGFBP3 by epithelial
proteinases such as prostate-specific antigen and matrix
metalloproteinase-7 releases sequestered IGF-I and subsequently promotes epithelial cell and tumor growth (91–
94). Along similar lines, the matrix metalloproteinase-7
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cleavage of IGFBP5 releases bound IGF-II, which subsequently acted as a mitogen for colonic myofibroblasts
(95). Given that reactivation of androgen receptor by nonandrogenic ligands such as IGF-I is a key process by which
castration-resistant PCa can emerge (96), data herein indicate the therapeutic potential of inhibiting stromal remodeling and the resulting dysregulation of the stromal
IGF axis in combination with current treatment modalities
for advanced PCa.
In summary, data presented herein demonstrate that
stromal IGFBP3 acts in an IGF-independent manner to
play an amplifying and permissive role during TGF!1mediated fibroblast-to-myofibroblast differentiation, a
hallmark of stromal remodeling associated with PCa and
BPH. Because aberrant fibroblast-to-myofibroblast differentiation is implicated in the pathophysiology of impaired wound healing, the stromal response of many solid
tumors and diverse fibrotic conditions, these data suggest
that modulating stromal IGFBP3 may represent a therapeutic strategy not only in the treatment of prostatic disease but also for other pathologies associated with myofibroblast dysregulation.
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ROS Signaling by NOX4 Drives Fibroblast-toMyofibroblast Differentiation in the Diseased
Prostatic Stroma
Natalie Sampson, Rafal Koziel, Christoph Zenzmaier, Lukas Bubendorf,
Eugen Plas, Pidder Jansen-Dürr, and Peter Berger
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Stromal remodeling, in particular fibroblast-to-myofibroblast differentiation, is a hallmark of benign
prostatic hyperplasia (BPH) and solid tumors, including prostate cancer (PCa). Increased local production of TGF!1 is considered the inducing stimulus. Given that stromal remodeling actively promotes
BPH/PCa development, there is considerable interest in developing stromal-targeted therapies. Microarray and quantitative PCR analysis of primary human prostatic stromal cells induced to undergo
fibroblast-to-myofibroblast differentiation with TGF!1 revealed up-regulation of the reactive oxygen
species (ROS) producer reduced nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4) and
down-regulation of the selenium-containing ROS-scavenging enzymes glutathione peroxidase 3, thioredoxin reductase 1 (TXNRD1), and the selenium transporter selenoprotein P plasma 1. Consistently,
NOX4 expression correlated specifically with the myofibroblast phenotype in vivo, and loss of selenoprotein P plasma 1 was observed in tumor-associated stroma of human PCa biopsies. Using lentiviral
NOX4 short hairpin RNA-mediated knockdown, pharmacological inhibitors, antioxidants, and selenium, we demonstrate that TGF!1 induction of NOX4-derived ROS is required for TGF!1-mediated
phosphorylation of c-jun N-terminal kinase, which in turn is essential for subsequent downstream
cytoskeletal remodeling. Significantly, selenium supplementation inhibited differentiation by increasing ROS-scavenging selenoenzyme biosynthesis because glutathione peroxidase 3 and TXNRD1 expression and TXNRD1 enzyme activity were restored. Consistently, selenium depleted ROS levels
downstream of NOX4 induction. Collectively, this work demonstrates that dysregulated redox homeostasis driven by elevated NOX4-derived ROS signaling underlies fibroblast-to-myofibroblast differentiation in the diseased prostatic stroma. Further, these data indicate the potential clinical value
of selenium and/or NOX4 inhibitors in preventing the functional pathogenic changes of stromal cells
in BPH and PCa. (Molecular Endocrinology 25: 503–515, 2011)

B

enign prostatic hyperplasia (BPH) and prostate cancer (PCa) are two of the most common diseases affecting aging males (1–3). Although distinct pathologies,
BPH and PCa are both associated with changes in the
stromal microenvironment that actively promote disease
development (4, 5). In particular, the BPH and PCa-adjacent stroma (the latter also termed “reactive stroma”) are
characterized by increased extracellular matrix (ECM)
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deposition, capillary density, and differentiation of fibroblast into myofibroblasts, the mitogenic secretome of
which promotes proliferation, angiogenesis, and tumorigenesis (6 –9). Initial treatments for BPH and local-confined PCa target androgen signaling/metabolism, which
Abbreviations: bFGF, Basic fibroblast growth factor; BPH, benign prostatic hyperplasia; CMH2DCFDA 5-(and-6)-chloromethyl-2!,7!-dichlorodihydrofluorescein diacetate, acetyl ester;
ctBCS, charcoal-treated bovine calf serum; ECM, extracellular matrix; GPX3, glutathione peroxidase 3; HBSS, Hanks’ Buffered Salt Solution; HMBS, hydroxymethylbilane
synthase; IGFBP3, IGF binding protein 3; MOI, multiplicity of infection; NOX, reduced
nicotinamide adenine dinucleotide phosphate oxidase; PCa, prostate cancer; PEG,
polyethylene glycol; PrSC, primary prostatic stromal cell; PTEN, phosphatase and
tensin analog; qPCR, quantitative PCR; SEPP1, selenoprotein P plasma 1; shRNA, short
hairpin RNA; SMA, smooth muscle cell actin; SMC, smooth muscle cell; SOD, superoxide dismutase; TXN, thioredoxin; TXNRD1, thioredoxin reductase 1.
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result in apoptosis of androgen-dependent cells and reduced prostate volume (10, 11). However, neither approach specifically addresses the stromal component of
disease. Understanding the mechanisms underlying stromal remodeling in particular fibroblast-to-myofibroblast
differentiation may facilitate the development of preventive or more effective treatment strategies.
Elevated production of the cytokine TGF!1 is observed in BPH and pretumorigenic prostatic lesions with
tissue and circulating levels positively correlating with
disease risk and more rapid PCa progression (12, 13). We
and others demonstrated that TGF!1 induces fibroblastto-myofibroblast differentiation and stromal remodeling
both in vitro and in vivo (14 –16). TGF!1 is thus considered a key inducer of pathogenic stromal reorganization;
however, its downstream molecular effectors and hence
potential therapeutic targets remain unknown.
Excessive levels of reactive oxygen species (ROS) are
associated with the pathology of many human diseases.
By contrast, various cellular stimuli (e.g. growth factors,
cytokines, and hormones) induce the regulated production of low levels of ROS. In such cellular contexts, ROS
act as signaling messengers regulating diverse physiological processes via reversible oxidative modification of lipids, DNA, and specific cysteine residues of susceptible
proteins (e.g. transcription factors, protein tyrosine kinases, and protein tyrosine phosphatases) resulting in altered activity and function (17).
The reduced nicotinamide adenine dinucleotide phosphate oxidase (NOX) family is a major source of intracellular ROS (18). NOX enzymes catalyze the reduction
of oxygen using cytosolic reduced nicotinamide adenine
dinucleotide phosphate as an electron donor generating
superoxide, which may undergo subsequent dismutation
to hydrogen peroxide. Of the seven NOX enzymes in
humans, NOX1 and NOX2 play a role in host defense
whereas ROS produced by other NOX enzymes act primarily as signaling molecules (19). Dysregulated NOX4 expression is implicated in differentiation associated with cardiac
fibrosis and idiopathic lung pulmonary fibrosis (20, 21).
However, the molecular mechanism by which NOX4-derived ROS directed differentiation was not identified.
The potentially damaging effects of ROS are limited by
antioxidant systems, such as glutathione peroxidases
(GPXs) and thioredoxin reductases (TXNRDs). An integral component of GPX and TXNRD enzymes is the essential trace element selenium (Se), which is incorporated
as selenocysteine at their active site (22). The expression
and biosynthesis of such selenoproteins are determined by
Se status in a strict hierarchical manner (23, 24). Due to
its high levels in plasma and an unusually high selenocys-

teine content, selenoprotein P plasma 1 (SEPP1) is primarily thought to function as a Se transporter (25).
We demonstrate that TGF!1-mediated fibroblast-tomyofibroblast differentiation of primary human prostatic
stromal cells (PrSCs) is driven via induction of NOX4/
ROS signaling. NOX4/ROS induce the phosphorylation
of c-jun N-terminal kinase (JNK), which subsequently
activates the downstream transcriptional program of differentiation. Elevated ROS signaling is supported by the
concomitant down-regulation of selenium-containing
ROS-scavenging enzymes and the selenium transporter
SEPP1. Selenium supplementation restored expression of
selenium-containing ROS scavengers, increased thioredoxin reductase 1 (TXNRD1) activity, depleted NOX4derived ROS levels, and attenuated differentiation. The
potential clinical value of selenium and/or NOX4 inhibitors in preventing the transformation of stromal cells in
BPH and PCa is indicated.

Results
Dysregulation of redox regulators during prostatic
fibroblast differentiation
To investigate the molecular changes during BPH/PCaassociated fibroblast-to-myofibroblast differentiation,
the expression profiles of TGF!1-induced differentiated
and nondifferentiated PrSCs were analyzed by Affymetrix
microarray; 1611 genes were identified with at least 2.5fold change in their expression levels. Consistent with
previous reports, a significant proportion of regulated
genes encoded ECM components or enzymes involved in
ECM remodeling (9, 15) (Supplemental Table 1 published on the Endocrine Society’s Journals online web
site at http://mend.endojournals.org). One of the most
strongly induced genes was NOX4 (436.6 " 20.8-fold).
Of the other known NOX and associated genes, the regulatory phox subunit p67phox (NCF2) was also significantly up-regulated. In addition, several genes encoding
proteins with ROS-scavenging function were significantly
down-regulated, including selenoprotein P plasma 1
(SEPP1), glutathione peroxidase 3 (GPX3), thioredoxin
(TXN), and thioredoxin reductase 1 (TXNRD1) (Supplemental Table 1). These data were verified by quantitative
PCR (qPCR; Fig. 1). The superior sensitivity of qPCR
over microarray for the detection of low-abundance transcripts revealed that despite their very low basal expression (ct value #35) NOX1 and NOX5 were marginally
but significantly down-regulated during TGF!1-induced
differentiation ($2.8 " 0.4 and $2.9 " 0.4 fold, respectively; P-value % 0.0005). NOX2 or NOX3 was not detectably expressed in PrSCs (data not shown). These data
suggest that TGF!1-induced differentiation of PrSCs is
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associated with a NOX4-driven prooxidant shift in redox homeostasis.
NOX4 expression correlates with
the myofibroblast phenotype
in vivo
NOX4 expression was verified by
qPCR in non-tumor-containing small
prostate samples derived from radical
prostatectomies (n % 13, Fig. 1B) and
compared with the expression of a
panel of epithelial-, stromal-, and myofibroblast-specific markers (Fig. 1C).
NOX4 exhibited no correlation with
eight epithelial markers but weakly
correlated with six stromal markers
(R2 % 0.21) and more strongly with
five different myofibroblast markers
(R2 % 0.76). Thus, consistent with our
observation from in vitro induced fibroblast-to-myofibroblast differentiation of PrSCs, NOX4 mRNA levels
specifically correlate with the myofibroblast phenotype in vivo.

FIG. 1. NOX4 and SEPP1 are associated with stromal remodeling in vivo. A, qPCR of ROS-scavenging
(white bars) and ROS-producing (black bars) enzymes in PrSCs differentiated with 1 ng/ml TGF!1 (48 h)
relative to control cells incubated with 1 ng/ml bFGF (48 h) to maintain the fibroblast phenotype.
Values represent mean fold change ("SEM) of four independent experiments using different donors. B
and C, NOX4 expression was evaluated in non-tumor-containing human prostate samples. B, RT-PCR
of NOX4 (negative control using water as substrate; positive control using plasmid DNA containing
full-length NOX4 cDNA). RT-PCR of HMBS is shown as loading control. C, qPCR of NOX4 in prostate
specimens (n % 13) relative to the expression of epithelial, stroma, or myofibroblast markers as
described in Materials and Methods. D, Western blotting of SEPP1 in lysates and supernatants (SN) of
PrSCs treated with 1 ng/ml bFGF or TGF!1 for 48 h. !-Actin is shown as loading control. A
representative blot of three independent experiments is shown. E, SEPP1 immunohistochemistry (left) in
normal/BPH and PCa biopsies (Gleason 7), enlarged images are shown (right), preincubation of antiSEPP1 antibody with blocking peptide (center). Periglandular stromal cells (short black arrows),
periglandular tumor stroma (open arrows), SMC bundles (long black arrow), weak immunostaining of
SMCs due to incomplete blocking (gray arrow). Sections were counterstained with Mayer’s
hematoxylin. Tissue specimens were processed in parallel. Images are representative of four
independent experiments with specimens from at least eight different donors.

Specific loss of SEPP1 in
tumor-associated stroma of
human prostate biopsies
Down-regulation of the Se transporter SEPP1 during differentiation
($14.2 " 2.8-fold by qPCR; Fig. 1A)
was confirmed at the protein level
in cell lysates by Western blotting
($2.4 " 0.2 fold; Fig. 1D). Moreover,
secreted SEPP1 could be detected in the
culture media from prostatic fibroblasts but not in the supernatants from
TGF!1-induced differentiated PrSCs
(Fig. 1D).
To determine whether loss of SEPP1
is associated with pathogenic stromal
remodeling in vivo, prostate biopsies
from normal/BPH and PCa patients
were stained for SEPP1 by immunohistochemistry (Fig. 1E). Specificity of the
SEPP1 signal was verified by preblocking with a peptide corresponding to
residues 244 –258 of human SEPP1
against which the antibody was raised
(Fig. 1E) (26). In normal prostate (n %
12), strong SEPP1 cytoplasmic staining
was observed in basal and luminal ep-
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ithelial cells and smooth muscle cells (SMCs). Periglandular stromal cells (fibroblasts, perivascular, and endothelial cells) were moderately stained (Fig. 1E). However, in
biopsies of PCa patients (Gleason 7, n % 8) SEPP1 immunoreactivity was specifically lost in the periglandular
tumor-associated (reactive) stroma whereas adjacent
bundles of smooth muscle and tumor cells stained positive
(Fig. 1E). Thus, consistent with the reduction of SEPP1 in
differentiated PrSCs, the remodeled prostatic stroma in
PCa exhibits specific loss of stromal SEPP1.

tor (bFGF)-treated control cells, TGF!1-differentiated
PrSCs produced significantly elevated ROS levels (2.6fold " 0.1 by H2DCFDA and 10.2-fold " 1.7 by luminol), which could be rapidly ablated with the NOX inhibitor diphenylene iodonium (Fig. 2A). No significant
change in ROS levels was observed upon PrSC stimulation with phorbol 12-myristate 13-acetate or ionomycin,
which induce NOX1 and NOX5 activity, respectively
(data not shown). This is consistent with their low expression in PrSCs (as before) and indicates that NOX1 and
NOX5 do not significantly contribute to the elevated
ROS detected during differentiation.
In agreement with tetracycline-inducible NOX4 systems (27), elevated ROS production began 2– 6 h after
addition of TGF!1. Peak levels were reached at 12 h and
remained steady thereafter (Fig. 2C). Cycloheximide
completely abolished TGF!1-mediated induction of ROS
production indicating that de novo protein synthesis is
required (data not shown). Elevated ROS production
closely correlated with temporal induction of NOX4

Elevated ROS production precedes
fibroblast differentiation
To determine the functional significance of TGF!1induced NOX4 expression and suppression of ROS scavengers, ROS production was measured in PrSCs via luminol-based chemiluminescence and using the intracellular
probes dihydroethidium (DHE) and 5-(and-6)-chloromethyl-2!,7!-dichlorodihydrofluorescein diacetate, acetyl
ester (CM-H2DCFDA) (Fig. 2, A and B, and data not
shown). In comparison with basic fibroblast growth fac-

FIG. 2. Sustained ROS production precedes fibroblast-to-myofibroblast differentiation. A, ROS production was measured real-time in PrSCs 24 h
after stimulation with TGF!1 or bFGF as control via luminol-based chemiluminescence. Values represent mean of triplicate wells ("SEM). A
representative example of at least three experiments using independent donors is shown. B, ROS production was measured in PrSCs 48 h after
stimulation with TGF!1or bFGF via H2DCFDA staining and analyzed by fluorescence-activated cell sorting. Values represent mean fluorescence of
triplicate samples using three different donors in independent experiments. Significance is indicated (**, P # 0.01). C, Time course assay of ROS
production (left y-axis) and qPCR (right y-axis) of PrSCs stimulated for the indicated duration with TGF!1. Mean values obtained from at least three
experiments using independent donors are shown ("SEM). D, Western blotting of lysates from PrSCs stimulated with TGF!1 for the indicated
duration with the antibody shown. Blots are representative of three independent experiments using different donors. RLU, Relative light units.
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expression, whereas up-regulation of differentiation
markers smooth muscle cell actin (SMA, ACTG2) and
IGF-binding protein 3 (IGFBP3) occurred later (12–24
h; Fig. 2C), a finding confirmed at the protein level (Fig.
2D). Thus, TGF!1-dependent NOX4 induction and
elevated intracellular ROS production precede PrSC
differentiation.
Elevated ROS during differentiation do not impose
major global DNA damage or protein oxidation
When cellular ROS-scavenging activity is deficient,
high ROS levels may induce nonspecific damage to DNA,
proteins, and lipids via irreversible oxidation, termed
“oxidative stress” (28). We therefore analyzed the impact
of TGF!1-induced NOX4 activity on "H2A.X levels and
the degree of protein carbonylation as markers of
genome-wide DNA damage and oxidation in the cellular
proteome, respectively (29, 30). Although there was a
marginal increase in "H2A.X levels (1.3-fold) during
TGF!1-mediated differentiation, the degree of DNA
damage was significantly lower (P % 0.0002) than in hydrogen peroxide control-treated cells (2.2-fold, P %
0.0006) (Fig. 3A). Moreover, no significant change in
protein carbonylation was detected in TGF!1-treated
cells relative to bFGF control (Fig. 3B). More specifically,
only the reduced (active) form of the readily oxidized
protein tyrosine phosphatase family member phosphatase and tensin analog (PTEN), which migrates slower
under nonreducing SDS-PAGE relative to the oxidized
(inactive) phosphatase (31), was present in lysates of
PrSCs stimulated for 24 h with bFGF or TGF!1 (Fig. 3C).
Furthermore, in PrSCs incubated for 24 –72 h with
TGF!1, there was no significant increase in phosphorylation of p53 at Ser15, which serves as an early indicator
of oxidative stress-induced DNA damage (32) (Fig. 3D).
Thus, despite sustained elevated ROS levels and reduced
expression of ROS-scavenging enzymes, ROS produced
in response to TGF!1 do not impose major global DNA
damage or protein oxidation.
Elevated ROS are essential for
fibroblast-to-myofibroblast differentiation
ROS produced in response to growth factors and cytokines are emerging as important second signaling messengers. We therefore investigated whether the elevated
ROS produced in response to TGF!1 are required for
PrSC differentiation. To this end, the antioxidant enzyme
superoxide dismutase (SOD) conjugated to polyethylene
glycol (PEG) to enhance cell permeation was employed.
SOD, which catalyzes the dismutation of superoxide into
H2O2 and O2, significantly reduced TGF!1-induced ROS
levels as determined by luminol-based chemiluminescence (Fig. 4A). Moreover, SOD inhibited induction of
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the differentiation markers IGFBP3 and SMA and phenotypic switching (Fig. 4, B and C). These data provide key
evidence that ROS, most likely superoxide, are essential
for TGF!1-induced differentiation in PrSCs.
NOX4 is essential for
fibroblast-to-myofibroblast differentiation
To confirm that NOX4 is the ROS-producing source
in response to TGF!1, NOX4-specific lentiviral-delivered shRNA was employed (Fig. 5A). NOX4 short hairpin RNA (shRNA) reduced basal NOX4 expression in a
dose-dependent manner and significantly attenuated
TGF!1-induced NOX4 expression (45.9 "4.7-fold in
vector and scrambled control cells) to just 8.3 " 2.8-fold
[multiplicity of infection (MOI) 2; Fig. 5B]. Expression of
the weakly detectable NOX1 and NOX5 was not significantly altered (data not shown). Due to the limited availability of NOX4-specific immunological agents (33), it was not
possible to verify NOX4 knockdown at the protein level.
We next investigated whether NOX4 silencing reduced
TGF!1-induced ROS production. Indeed, NOX4 knockdown reduced TGF!1-induced ROS levels by 64.9% "
9.1 (Fig. 5C). Residual ROS levels were most likely due to
incomplete silencing of NOX4 because higher levels of
NOX4 lentivirus (MOI 5) further reduced TGF!1-induced ROS production (data not shown). However, cell
viability was impaired at MOI & 6, which is consistent
with a threshold basal level of NOX4-derived ROS being
essential for cell survival (34, 35). Subsequent experiments thus employed lentivirus at MOI 2. Under these
conditions, NOX4 knockdown significantly attenuated
TGF!1 induction of differentiation markers IGFBP3 and
SMA at the mRNA ($3.7 " 0.2- and $2.5 " 0.4-fold,
respectively; Fig. 5B) and protein level (Fig. 5D) compared with vector and scrambled control cells. Basal
IGFBP3 and SMA mRNA and protein levels were not
affected by NOX4 knockdown (Fig. 5, A and D, respectively). The morphological changes of PrSC fibroblast-tomyofibroblast differentiation (15) were also inhibited upon
NOX4 silencing (data not shown). Collectively, these data
establish NOX4 as the predominant ROS-producing source
induced by TGF!1 in PrSCs and an essential mediator of
fibroblast-to-myofibroblast differentiation.
NOX4 induces JNK phosphorylation to
mediate differentiation
The intracellular response to cytokines including
TGF!1 is transduced by the concerted action of numerous kinases and phosphatases, the activity of which is
frequently redox sensitive (17). We therefore examined
the effect of NOX4 silencing on the phosphorylation status of different kinases during differentiation. TGF!1induced phosphorylation of PKC and PKB/AKT was not
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FIG. 3. Elevated ROS production during differentiation do not induce major global DNA damage or protein oxidation. A, H2A.X phosphorylated
at Ser139 was quantified via flow cytometry in PrSCs stimulated for 48 h with either bFGF or TGF!1. Top panel, Histograms from a single
experiment of "H2A.X staining intensity in PrSCs treated as indicated (negative control, omission of primary antibody in bFGF-treated samples).
Note the increased (rightward) shift in staining intensity in H2O2 relative to bFGF and TGF!1-treated samples. Lower panel, Mean values ("SEM) of
triplicate samples using different donors in three independent experiments. B (top panel), PrSCs were treated for the indicated duration with either
bFGF or TGF!1 before detection of total protein carbonyl levels via immunoblotting for anti-2,4-Dinitrophenol (DNP) immunoreactive proteins in
cell extracts derivatized with 2,4-dinitrophenylhydrazine (DNPH). Negative control, nonderivatized cell lysate from H2O2 treated PrSCs. B (lower
panel), Densitometric quantification of total protein carbonyl levels in PrSCs treated as before. Mean values ("SEM) of three independent
experiments using different donors are shown. Significance is indicated (**, P # 0.01; ns, not significant). C and D, Western blotting of lysates
from PrSCs stimulated with bFGF or TGF!1 for the indicated duration (panel C, 24 h; panel D, hours) with the antibody shown. Blots are
representative of three independent experiments using different donors. A–D, As positive control, PrSCs were incubated with bFGF for 24 (panels
B–D) or 48 h (panel A) before subsequent treatment with 250 #M H2O2 for 60 min. DTT, Dithiothreitol.

perturbed by NOX4 knockdown, and p38 MAPK was
not detectably phosphorylated in PrSCs before or after
differentiation (data not shown). However, NOX4 silencing reduced TGF!1-stimulated but not basal phosphorylation of JNK (Fig. 5D).
Using a JNK-specific inhibitor (SP600125), we examined the requirement of JNK during differentiation. Although there was no significant change in TGF!1 induction of NOX4 mRNA (Fig. 5E), TGF!1-induction of
IGFBP3 and SMA and morphological differentiation
were inhibited by SP600125 (Fig. 5F and data not

shown). Collectively, these data indicate that NOX4 is
required for JNK phosphorylation, which in turn coordinates the downstream differentiation response to TGF!.
Selenium attenuates differentiation by restoring
ROS-scavenging selenoenzyme activity
The above data suggest that abrogating NOX4-derived ROS signaling may represent a therapeutic strategy
to inhibit fibroblast-to-myofibroblast differentiation in
BPH and PCa; however, there are currently no NOX4specific inhibitors. We therefore examined whether exog-
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differentiation markers IGFBP3 and
SMA were unaffected by selenite treatment (Fig. 7C and data not shown).
However, the attenuation of ROS induction by selenite was sufficient to inhibit
TGF!1-mediated induction of IGFBP3
and SMA at the mRNA and protein level
(Fig. 7, B and C). In addition, selenite
reduced pJNK levels as observed upon
NOX4 knockdown. Moreover, selenite
inhibited phenotypic switching associated with TGF!1-induced differentiation (Fig. 7D). Collectively, these data
indicate that selenite abrogates the initiated TGF!1-induced differentiation cascade by restoring the biosynthesis and
activity of ROS-scavenging selenoenzymes, thereby depleting NOX4-derived
ROS and attenuating ROS signaling.
FIG. 4. ROS are essential for fibroblast-to-myofibroblast differentiation. PrSCs were
incubated with PEG-conjugated SOD (PEG-SOD, 60 U/ml) and bFGF or TGF!1 as indicated for
24 h before (panel A) luminol-based chemiluminescent detection of ROS production (panel
A), Western blotting using the indicated antibodies (panel B) or phase contrast microscopy
(panel C) (magnification '40). A, Values represent the mean ("SEM) of triplicate wells
in three independent experiments using different donors. Significance is indicated
(**, P # 0.01; ns, not significant). C, Note the thin, elongated, and light-refractive phenotype
of bFGF-treated PrSCs (fibroblasts) in comparison with the flattened and less light-refractive
morphology of TGF!1-differentiated PrSCs (myofibroblasts). B and C, Images are
representative of at least four independent experiments using different donors. RLU, Relative
light units.

enous Se was sufficient to restore expression/activity
of selenium-containing ROS-scavenging enzymes and
thereby abrogate NOX4-derived ROS signaling to inhibit
differentiation. Subcytotoxic concentrations (5 nM) of selenium as inorganic sodium selenite significantly increased basal expression of TXN and the selenoenzymes
GPX3 and TXNRD1 but not that of non-selenium-containing CAT (data not shown). Moreover, differentiation-associated down-regulation of GPX3, TXN, and
TXNRD1 was completely inhibited, whereas CAT expression remained comparable to cells treated with
TGF!1 alone (Fig. 6A). Despite SEPP1 mRNA levels being unchanged by selenite treatment (Fig. 6A), SEPP1 protein levels increased upon addition of selenite (Fig. 6B). In
addition, TXNRD1 mRNA and protein levels and enzyme activity were significantly increased upon selenite
treatment (TXNRD1 activity 2.0 " 0.1; P % 0.004) (Fig.
6, B and C).
Consistent with increased selenoenzyme ROS-scavenging activity, selenite strongly reduced TGF!1-induced ROS
levels (9.0 " 3.8-fold; P % 0.01) without significantly attenuating TGF!1 induction of NOX4 mRNA ($2.1 " 0.3
fold, p-value % 0.07) (Fig. 7, A and B). Basal levels of the

Discussion

Stromal remodeling via fibroblastto-myofibroblast differentiation promotes the development of BPH and
PCa. Elevated production of TGF!1, a
potent inducer of fibroblast differentiation in vitro and in vivo, is considered
the inducing stimulus (15, 16, 36, 37).
We demonstrate that ROS signaling by NOX4 induces
fibroblast-to-myofibroblast differentiation in PrSCs by
increasing phosphorylation of JNK, which coordinates
downstream cytoskeletal remodeling and phenotypic differentiation. NOX4 specifically correlated in vivo with
the myofibroblast phenotype, the predominant stromal
cell type in BPH and PCa. Moreover, loss of the Se transporter SEPP1 was observed in the tumor-associated
stroma of PCa biopsies. To our knowledge this is the first
report demonstrating dysregulation of redox homeostasis
in stromal remodeling in BPH and PCa.
NOX4 is the major source of elevated ROS during
TGF!1-mediated PrSC differentiation as demonstrated
by isoform-specific knockdown. The abrogation of differentiation upon depletion of superoxide by SOD demonstrated the critical role of NOX4-derived ROS as mediators of differentiation and, moreover, suggested that
superoxide is the primary ROS signaling mediator rather
than its dismutation product H2O2.
In contrast to many peptide growth factors that induce
transient ROS production, PrSCs undergoing differentiation produce sustained elevated levels of intracellular
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FIG. 5. NOX4-derived ROS mediate differentiation via increased JNK phosphorylation. A, qPCR of PrSCs infected with the indicated shRNAexpressing lentivirus at MOI 2 [vector (vec) and scrambled (scr)] or the indicated MOI (NOX4) for 96 h. B, qPCR of PrSCs infected as above (MOI 2)
and subsequently stimulated for 24 h with TGF!1. A and B, Mean values ("SEM) of at least three experiments using independent donors are
shown relative to nontransduced mock-treated PrSCs. C, Luminol-based chemiluminescent detection of ROS production by PrSCs treated as in
panel B. Values represent mean fold change in ROS production ("SEM) from triplicate wells in at least three experiments using independent donors
relative to vector control cells. D, Western blotting of total cell lysates from PrSCs treated as in panel B in the presence or absence of TGF!1 for
24 h. A representative example of four independent experiments using different donors is shown. Values denote densitometric quantification of
bands from NOX4 shRNA-treated lysates relative to combined scores from vector and scrambled shRNA-treated lysates (mean " SEM). E and F,
PrSCs were treated with TGF!1 and the indicated inhibitor (JNK, 1 #M SP600125; ALK5/TGF!R1, 1 #M SB431542) for 24 h before qPCR of the
indicated genes (panel E) or Western blotting of total cell lysates using the antibodies indicated (panel B). E, Mean values from at least three
independent experiments using different donors are shown expressed as percentage ("SEM) relative to mock control treated with TGF!1 and
dimethylsulfoxide (DMSO) equivalent. F, A representative example of three independent experiments using different donors is shown. Significance
is indicated (*, P # 0.05; **, P # 0.01; ***, P # 0.001).

ROS as demonstrated using the intracellular redox-sensitive probes DHE and H2DCFDA. Nonetheless, TGF!1differentiated PrSCs do not exhibit major global DNA
damage or protein oxidation, indicating that ROS produced in response to TGF!1 in PrSCs act primarily as

intracellular signaling molecules to coordinate differentiation. In addition to the prostate, TGF!1, as well as other
peptide growth factors, induces NOX4 expression and
ROS production in cells from diverse tissues, including
liver, lung, heart, and kidney (20, 21, 38). This suggests
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that NOX4 modulates pJNK levels, at
least in part, by targeting transcription
factor(s) that regulate the expression of
DUSP phosphatase(s).
Although targeting NOX4-derived
ROS signaling directly for therapeutic
intervention of PCa/BPH remains a
possibility, there are currently no specific NOX4 inhibitors. We therefore
explored the alternative strategy of
increasing ROS-scavenging activity.
The primary function of SEPP1 is
considered the transport of Se to peripheral tissues, which is required for
the expression and biosynthesis of selenoproteins (23, 24, 40 – 42). Thus,
down-regulation of SEPP1 during differentiation, a direct transcriptionally
suppressed target of TGF!1/SMAD
(43), may result in cellular Se deficiency
and decreased selenoenzyme ROS- scavFIG. 6. Selenite restores expression and activity of ROS-scavenging selenoenzymes. A, qPCR
enging activity and thereby potentiate
of the indicated genes in PrSCs pretreated for 12 h with 5 nM sodium selenite or mock control
NOX4-derived ROS signaling. Indeed,
before stimulation with TGF!1 for a further 24 h. Values represent mean fold change in gene
expression ("SEM) relative to bFGF control (without selenite). B, Western blotting of total cell
selenite-mediated inhibition of differenlysates from cells preincubated with selenite as in panel A and subsequently stimulated either
tiation was associated with 1) reduced
with bFGF or TGF!1 as indicated in the presence or absence of selenite for a further 24 h.
TGF!-induced ROS without a reduction
Blots are representative of three independent experiments using different donors. C, Mean
in NOX4 mRNA levels; 2) elevated
fold change in TXNRD1 enzyme activity ("SEM) in cell extracts from PrSCs treated with 5 nM
selenite relative to mock-treated controls. A–C, Data are derived from at least three
mRNA levels of the selenoenzymes
independent experiments using different donors. Significance is indicated (**, P # 0.01;
GPX3 and TXNRD1 as reported previ*, P # 0.05).
ously (41, 42, 44); 3) induced TXNRD1
protein levels; and 4) increased TXNRD1
that NOX4-derived ROS are a common mediator of
enzyme activity. Selenite had no effect on SEPP1 mRNA
TGF!/peptide growth factor signal transduction.
levels, most likely due to upstream inhibition by TGF!1/
The signaling functions of ROS are primarily mediated
SMAD (43); however, SEPP1 protein levels were inby oxidative modification of redox-sensitive proteins, increased presumably via posttranslational mechanisms
cluding transcription factors (e.g. nuclear factor-$B, acti(45). Collectively, these data suggest that selenite attenuvator protein 1, hypoxia inducible factor 1, p53), protein
ates fibroblast-to-myofibroblast differentiation via entyrosine phosphatases, and protein tyrosine kinases (17).
hanced biosynthesis of ROS-scavenging selenoenzymes,
Typically, ROS inactivate protein tyrosine phosphatases
but activate protein tyrosine kinases and thereby promote which depletes TGF!1-induced NOX4-derived ROS,
kinase cascades. Consistently, PrSC differentiation was thereby preventing dysregulated NOX4/ROS signaling.
These findings are consistent with a large body of data
associated with NOX4/ROS-dependent phosphorylation
in
experimental
animals that Se deficiency or supplemenof JNK, which was confirmed using pharmacological
inhibition to be essential for transducing the TGF!1 dif- tation increases or reduces tumor incidence, respectively
ferentiation signal downstream of NOX4. The precise (46 – 48). However, several large-scale clinical and epideNOX4/ROS target(s) that is responsible for elevated JNK miological studies yielded conflicting results relating
phosphorylation remain to be identified; however, during plasma Se levels to the risk of PCa and the protective
differentiation we observed NOX4/ROS-dependent down- effect of Se supplementation on PCa incidence (49 –52).
regulation of DUSP10, which encodes a dual-specificity Clearly, further well-designed studies are required to enphosphatase that selectively dephosphorylates JNK and compass a number of factors that may have contributed
p38 (39) (data not shown). These data would be consis- to these inconsistencies, e.g. the source and dose of the Se
tent with the sustained NOX4/ROS-dependent phos- supplement employed, baseline Se levels, individual Se
phorylation of JNK during differentiation and suggest requirements, and genetic variations within antioxidant
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FIG. 7. Selenite inhibits TGF!1-mediated fibroblast-to-myofibroblast differentiation. PrSCs were pretreated for 12 h with 5 nM sodium selenite or mock
control before stimulation with 1 ng/ml bFGF or TGF!1 in the presence or absence of selenite for a further 24 h. Cells were subsequently processed for
(A) ROS determination via luminol-based chemilumiscence (panel A), qPCR of the indicated genes (panel B), Western blotting of total cell lysates using the
antibodies indicated (panel C) or phase contrast microscopy (panel D) (magnification '40). Note the thin, elongated, and light-refractive phenotype of
bFGF-treated PrSCs (fibroblasts) in comparison with the flattened and less light-refractive morphology of TGF!1-differentiated PrSCs (myofibroblasts). C
and D, Images are representative of at least four independent experiments using different donors. A and B, Values represent mean fold change ("SEM)
relative to bFGF control (without selenite) from four independent experiments using different donors. Significance is indicated (**, P # 0.01; *, P # 0.05;
ns not significant).

and selenoprotein genes (53, 54). However, together with
the data herein the significant reduction in PCa incidence
observed in the Nutritional Prevention of Cancer study
suggests that Se supplementation may benefit subpopulations in whom activity of disease-relevant selenoenzymes
are suboptimal, perhaps due to environmental and/or genetic factors (52, 53).
In summary, NOX4-derived ROS are essential TGF!1
signaling effectors that induce the phosphorylation of JNK.
Thereby, downstream transcriptional cascades are activated
leading to prostatic fibroblast-to-myofibroblast differentiation. ROS signaling and differentiation are supported by the
concomitant down-regulation of ROS-scavenging selenoenzymes, which can be attenuated by the addition of Se. To our
knowledge, these data are the first to demonstrate dysregulation of redox homeostasis in pathogenic activation of stromal fibroblasts in age-related proliferative diseases of the
prostate and point to the potential clinical benefit of Se supplementation and/or local NOX4 inhibition in stromal-targeted therapy. Given that TGF! signaling and myofibroblast activation are associated with numerous fibrotic
disorders (e.g. idiopathic lung pulmonary fibrosis, nephrogenic systemic fibrosis, hypertrophic scarring, proliferative

vitreoretinopathies, atherosclerotic lesions) and tumorigenesis, it will be interesting to determine whether similar
NOX4-dependent processes are at work.

Materials and Methods
Reagents
Reagents were from Sigma Aldrich (St. Louis, MO) unless
otherwise specified. Human recombinant TGF!1 was from
R&D Systems (Minneapolis, MN); kinase inhibitors and concentrations employed were as follows: TGF! type 1 receptor
activin receptor-like kinase ALK5 inhibitor SB431542 (1 #M;
Tocris Bioscience, Ellisville, MO), JNK inhibitor SP600125 (1
#M; Calbiochem, La Jolla, CA). Antibodies were obtained as
follows: p53, phospho-JNK, TXNRD1, and %-tubulin (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA); IGFBP3 and phospho-SMAD2/3 (R&D Systems); !-actin and %-SMA (Sigma),
phospho-p53, -H2A.X, and PTEN (Cell Signaling Technology,
Danvers, MA); and horseradish peroxidase-conjugated secondary antibodies (Promega Corp., Madison, WI) SEPP1 was a kind
gift from Holger Steinbrenner (Düsseldorf, Germany).

Primary cell culture
Human primary prostatic fibroblasts (PrSCs) were established from prostate organoids as described previously (15).
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PrSCs were maintained for routine culture in stromal cell
growth medium (Lonza, Basel, Switzerland) at 37 C in a humidified atmosphere of 5% CO2. For all experiments, cells of passage 2– 4 were used directly from culture (not previously frozen). For differentiation, PrSCs were incubated for 12 h in RPMI
1640 (Lonza) supplemented with 1% charcoal-treated bovine
calf serum (ctBCS) (Hyclone Laboratories, Logan, UT) and antibiotics. Cells were subsequently stimulated with either 1 ng/ml
bFGF as mock control or 1 ng/ml TGF!1 for the indicated
duration. For kinase/antioxidant inhibition, cells were pretreated for 1 h with the appropriate kinase inhibitor/antioxidant
or dimethylsulfoxide/PEG equivalent before stimulation with
bFGF or TGF!1 as indicated. All experiments were performed
at least three times with primary cells from different donors.

RNA isolation, cDNA synthesis and qPCR
Prostate samples from the ventral part of the prostate were
obtained after radical prostatectomy (n % 13), snap frozen, and
stored in liquid nitrogen before homogenization and total RNA
isolation using TriZol reagent (Invitrogen, Carlsbad, CA). Total
RNA from PrSCs was isolated using TriFast reagent (PeqLab,
Erlangen, Germany). cDNA synthesis and qPCR were performed as described elsewhere (15). Primer sequences are given
in Supplemental Table 2. For PrSC experiments cDNA concentrations were normalized by the internal standard hydroxymethylbilane synthase (HMBS), a moderate copy number housekeeping gene not regulated under the experimental conditions
employed. Relative changes in gene expression were calculated
as described elsewhere (55). For prostate samples cDNA concentrations were normalized to HMBS and EEF1A1. NOX4
expression was compared with the geometric mean expression
(ct) value of epithelial markers (KLK3, KLK2, DPP4, EHF,
CDH1, TMPRSS2, CORO2A, and KRT5), stromal markers
(SMA, IGF-I, TGFB1I1, OGN, CNN1, PAGE4), or myofibroblast markers (COMP, PLN, RARRES1, COL4A1, TNC).
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Determination of ROS production
For luminol-based chemiluminescent ROS detection, 20,000
PrSCs in triplicate in 24-well plates were incubated overnight in
1% ctBCS in RPMI before stimulation as indicated. Cell monolayers were rinsed with prewarmed Hanks’ Buffered Salt Solution (HBSS, Lonza) without Ca2( and Mg2( and incubated
with 4 U/ml horseradish peroxidase and 10 #g/ml luminol in
HBSS. Luminescence was measured on a Chameleon luminescence counter (HVD Life Sciences, Vienna, Austria) at 37 C.
Values were normalized against cell number using the Cell Titer
Glo Luminescence assay reagent (Promega).
ROS production was also measured via CM-H2DCFDA in
2 ' 105 PrSCs seeded in triplicate in 6-cm dishes and differentiated as above. Cells were trypsinized and rinsed in prewarmed
HBSS before loading with 10 #M CM-H2DCFDA (Invitrogen)
in HBSS for 30 min at 37 C. After washing, cells were resuspended in 500 #l HBSS and analyzed by flow cytometry on a
FACSCanto II (BD Biosciences, Palo Alto, CA).

Western blotting and immunohistochemistry
Isolation of total cell lysates and Western blotting were performed as described previously (15) and normalized for total
protein content via Bradford assay (Bio-Rad Laboratories, Hercules, CA). Detection of protein carbonylation was performed
as described elsewhere (59). For analysis of PTEN oxidation,
lysates were prepared in the presence of 10 mM N-ethylmaleimide to prevent cysteine oxidation during lysis. Prostate tissue
sections from paraffin blocks of formalin-fixed whole-biopsy
specimens (obtained from the archives of the Institute of Pathology at the University Hospital Basel, Switzerland) were processed for immunohistochemistry as described elsewhere (60).
Where indicated SEPP1 antibody (1:500) was preblocked
overnight at 4 C in 1% BSA/PBS containing 50 #g/ml blocking peptide (244 –258 amino acids, AltaBioscience, Birmingham, UK).

Analysis of oxidative damage to DNA
Microarrays
PrSCs from three independent donors incubated overnight in
1% charcoal-treated FBS/RPMI were stimulated either with 1
ng/ml bFGF as mock control or with 1 ng/ml TGF!1 for 48 h.
From each donor 2 #g total RNA were pooled and hybridization to Affymetrix Human Genome U133 Plus 2.0 GeneChips
was performed at the Microarray Facility (Tübingen, Germany).
A technical replicate array was performed. Raw expression data
were normalized using the GRCMA algorithm at CARMAweb
(56, 57). The complete microarray dataset is available at
ArrayExpress (E-MEXP-2167).

Lentiviral-mediated knockdown of NOX4
NOX4, scrambled, and empty vector shRNA lentiviral particles were generated as described elsewhere (58). For viral
transduction, PrSCs were seeded in appropriate vessels in stromal cell growth medium. The following day, media were replenished supplemented with 8 #g/ml polybrene and virus-containing supernatant at the MOI indicated. After 96 h, cells were
incubated overnight in 1% ctBCS-supplemented RPMI containing antibiotics before stimulation with 1 ng/ml TGF!1 for the
duration indicated. In all experiments, empty pLKO.1 vector
and/or scramble shRNA vector (Addgene plasmid 1864) was
used as controls.

PrSCs (5 ' 105) seeded in triplicate in 10-cm dishes were incubated overnight in 1% ctBCS in RPMI before stimulation with
bFGF or TGF!1 for 48 h. Histone H2A.X phosphorylated at
Ser139 ("H2A.X) was detected via flow cytometry on a FACSCanto II (BD Biosciences) after immunostaining according to the
manufacturer’s instructions (Cell Signaling Technology). PrSCs
treated with non-apoptosis-inducing concentrations of H2O2 (250
#M for 60 min) served as positive control.

TXNRD1 enzyme activity
PrSCs (4.5 ' 105) seeded in duplicate in 6-cm dishes were
differentiated for 48 h. Cell monolayers were rinsed in ice-cold
PBS before being resuspended in 150 #l lysis buffer (0.5% Triton X-100; 0.5% deoxycholate; 150 mM NaCl; 10 mM TrisHCl, pH 7.5; 5 mM EDTA; and protease inhibitors). Samples
were incubated on ice for 30 min before centrifugation at
13,000 rpm for 15 min at 4 C. Cleared supernatants were normalized for total protein content via Bradford assay before determination of TRXND1 activity by a TXNRD1 activity assay
kit (Abcam, Cambridge, MA) according to the manufacturer’s
instructions.

Statistical analysis
Numerical data are presented as mean " SEM from at least
three independent experiments using independent donors. Sta-
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tistical evaluation was performed using a Student’s t test (not
significant (ns) P & 0.05; *, P # 0.05; **, P # 0.01).
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Letter to the Editor
Re: Delila Gasi Tandefelt, Joost L. Boormans,
Hetty A. van der Korput, Guido W. Jenster, Jan Trapman.
A 36-gene Signature Predicts Clinical Progression in a
Subgroup of ERG-positive Prostate Cancers.
Eur Urol 2013;64:941–50
Gasi Tandefelt et al. recently identified a 36-gene signature
that predicts clinical outcome of ERG-positive primary
prostate cancer (PCa) [1]. One of the signature genes was
NADPH oxidase 4 (NOX4), a member of the NOX family of
membrane-associated enzymes that generate superoxide
via the reduction of oxygen [2]. In addition, the transforming growth factor beta (TGFB) pathway was identified as a
main indicator of ERG-positive PCa progression [1]. Considering previous data that identified NOX4 as an essential
inducer of TGFB1-initiated prostate stromal ‘‘activation’’
[3], it is apparent that stromal-epithelial interactions are
major contributors to ERG-positive tumor progression and
thus are potential therapeutic targets for these aggressive
cases. NOX4-derived reactive oxygen species (ROS) function
as second signaling messengers in fundamental biological
processes, including proliferation, migration, and differentiation [4]. The question arises whether elevated NOX4 in
aggressive ERG-positive PCa is simply a parallel occurrence
or whether it is functionally significant with respect to
development of aggressive disease.
The prostatic stroma in PCa undergoes extensive
remodeling characterized in particular by the differentiation of fibroblasts into myofibroblasts, the mitogenic
secretome of which disrupts stromal-epithelial interactions, thereby actively promoting disease development and
progression [5]. TGFB1-mediated induction of stromal
NOX4-derived ROS signaling underlies fibroblast-tomyofibroblast differentiation in an in vitro model of PCareactive stroma [3]. Moreover, NOX4 expression correlated
specifically with the myofibroblast phenotype in vivo [3]
and is significantly higher in tumors of PCa patients that
experience prostate-specific antigen (PSA) relapse (Supplemental Fig. 1). These data support the findings of Gasi
Tandefelt et al. [1] and implicate elevated NOX4 in the
progression of aggressive ERG-positive PCa.
The study by Gasi Tandefelt et al. [1] does not allow
identification of the NOX4-expressing cells. NOX4 is
undetectable in benign or malignant prostatic epithelial

cell lines (unpubl. data; pers. comm., G. Jenster, Rotterdam,
Netherlands). However, NOX4 is expressed in primary
prostatic stromal cells with elevated expression following
treatment with TGFB [3], a finding of particular relevance
because TGFB signaling was the main pathway that differed
between the two ERG-positive subgroups [1]. Thus, it seems
likely that the tumor-associated prostatic stroma is the
source of elevated NOX4 in the identified gene signature.
Despite extensive efforts, we are unable to detect NOX4
protein via immunohistochemistry in prostatic specimens,
most likely due to antibody failure, which remains a major
limitation in the NOX field [2]. However, given that NOX4 is
constitutively active and appears to be regulated primarily
at the transcriptional level [2], our data, together with those
of Gasi Tandefelt et al. [1], strongly suggest that elevated
NOX4 plays a functional role in the development and
progression of aggressive PCa [1,3].
Importantly, these data suggest that targeting NOX4
either alone or in combination with current therapeutics
may benefit patients with aggressive ERG-positive PCa.
Several NOX inhibitors are available [2], of which the most
promising is a dual NOX4/NOX1 inhibitor GTK137831,
which is currently entering a phase 2 clinical trial for
diabetic nephropathy. The data summarized herein indicate
that the further development of isoform-specific NOX4
inhibitors for the treatment of aggressive PCa may be
warranted.
Conflicts of interest: The authors have nothing to disclose.

Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.eururo.2014.01.038.
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Myofibroblast activation plays a central role during normal wound healing. Whereas insuﬃcient myofibroblast activation impairs
wound healing, excessive myofibroblast activation promotes fibrosis in diverse tissues (including benign prostatic hyperplasia,
BPH) leading to organ dysfunction and also promotes a stromal response that supports tumor progression. The incidence of
impaired wound healing, tissue fibrosis, BPH, and certain cancers strongly increases with age. This paper summarizes findings
from in vitro fibroblast-to-myofibroblast diﬀerentiation systems that serve as cellular models to study fibrogenesis of diverse
tissues. Supported by substantial in vivo data, a large body of evidence indicates that myofibroblast diﬀerentiation induced
by the profibrotic cytokine transforming growth factor beta is driven by a prooxidant shift in redox homeostasis due to
elevated production of NADPH oxidase 4 (NOX4)-derived hydrogen peroxide and supported by concomitant decreases in nitric
oxide/cGMP signaling and reactive oxygen species (ROS) scavenging enzymes. Fibroblast-to-myofibroblast diﬀerentiation can
be inhibited and reversed by restoring redox homeostasis using antioxidants or NOX4 inactivation as well as enhancing nitric
oxide/cGMP signaling via activation of soluble guanylyl cyclases or inhibition of phosphodiesterases. Current evidence indicates
the therapeutic potential of targeting the prooxidant shift in redox homeostasis for the treatment of age-related diseases associated
with myofibroblast dysregulation.

1. Myofibroblast Biology
The myofibroblast is a specialized cell type that combines
the extracellular matrix (ECM)-producing characteristics of
fibroblasts with the cytoskeletal and contractile properties
of smooth muscle cells (SMCs) as reviewed recently [1].
Defined by (i) their de novo expression of alpha-smooth
muscle cell actin (α-SMA, encoded by the gene ACTA2) in
stress fibers and (ii) contractile force, myofibroblasts play a
critical role during normal wound healing and thereby in
maintaining tissue integrity [2]. In addition, myofibroblasts
secrete growth factors that attract epithelial cells for subsequent wound closure (reepithelialization) [3–5]. Normal
tissue function and architecture is restored upon completion
of reepithelialization via massive apoptosis of myofibroblasts

and vascular cells followed by their subsequent clearance
from the wound site [6]. Whilst relatively poorly understood,
induction of cellular senescence via telomere-dependent and
-independent mechanisms may also facilitate completion
of wound healing [7–10]. For example, upon tissue injury
telomerase activation is thought to enable cell proliferation
for repair of local tissue damage [9]. However, its subsequent
downregulation appears to be required for downstream
induction of cellular senescence, cessation of wound healing,
and cell clearance by the immune system [7, 10].
Dysregulation of the wound healing response has significant pathological consequences. On the one hand, a
major clinical problem in the elderly is impaired wound
healing, whereby wound repair is temporally delayed and
all phases of wound healing exhibit characteristic changes
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[11]. By contrast, excessive and/or persistent myofibroblast
activity results in continued synthesis of ECM, dysregulation
of growth factor signaling and consequently to tissue fibrosis
and organ dysfunction [12]. This paper focuses on growing evidence indicating that redox signaling downstream
of dysregulated transforming growth factor beta (TGFβ)
promotes myofibroblast diﬀerentiation and the development/progression of several age-related fibrotic diseases.
Findings from cellular fibrosis models are highlighted, which
have improved our understanding of the molecular mechanisms underlying such disorders.

2. Myofibroblast Origin and Induction
Although cell types other than fibroblasts, (e.g., vascular
SMCs, pericytes, bone marrow-derived fibrocytes, resident
epithelial cells via epithelial-to-mesenchymal transition, and
endothelial cells via endothelial-to-mesenchymal transition)
have been reported to undergo diﬀerentiation into myofibroblasts in vitro, the extent of their contribution to the
in vivo myofibroblast pool remains controversial [12, 13].
Rather, it is widely considered that myofibroblasts predominantly originate from the diﬀerentiation of local tissue fibroblasts [13].
Following injury or during chronic inflammation, fibroblast-to-myofibroblast diﬀerentiation occurs via a two-step
process, initiated by changes in mechanical tension of the
ECM that are transmitted to the fibroblast cytoskeleton
via RhoA/ROCK signaling [14]. Consequently, fibroblasts
adopt an “activated” phenotype (referred to as “protomyofibroblast”) and deposit new ECM components [15].
Soluble factors and cytokines produced by platelets and
infiltrating leukocytes play a major role in the diﬀerentiation to the α-SMA-expressing myofibroblast phenotype.
In particular, the combined action of the splice variant
ED-A of cellular fibronectin and TGFβ, especially TGFβ1,
that initially is secreted by platelets and phagocytic cells
at the wound site [15]. However, proto-myofibroblasts and
myofibroblasts also secrete and activate TGFβ1 thereby
generating an autocrine feed-forward loop further driving
myofibroblast diﬀerentiation [3, 16].
TGFβ1 is a key inducer of myofibroblast diﬀerentiation
in cells of diverse histological origin, including breast, skin,
prostate, kidney, heart, lung, and liver [17–23]. TGFβ1 exerts
its eﬀects via transcriptional events downstream of Smad2/3
activation and Smad-independent regulation of mitogenactivated protein kinase (MAPK) and PI3 kinase/Akt pathways [1, 3, 24]. Collectively, activation of these pathways
results in the deposition of ECM and secretion of paracrineand autocrine-acting growth factors [3, 25]. Importantly, the
ECM can directly bind to and release growth factors, such
as heparan sulfate binding to fibroblast growth factor 2 [26].
Such interactions can serve to sequester and protect growth
factors from degradation and/or enhance their activity [27].
In addition, indirect interactions are required for signal
transduction of some growth factors, for example, integrin
binding is necessary for induction of angiogenesis by vascular
endothelial cell growth factor [28]. Thus, maintaining ECM
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homeostasis is critical to regulate not only tissue architecture
but also cellular signaling cascades.

3. Aging, Dysregulation of Myofibroblast
Differentiation, and Fibrosis
Dysregulation of the wound healing response, particularly
in association with chronic inflammation and injury (e.g.,
in the liver due to viral infection, in the lung from chronic
obstructive pulmonary disease, in the heart following myocardial infarction) can result in excessive myofibroblast
activation and organ fibrosis [29]. It is perhaps therefore
not surprising that the incidence of many fibrosis-associated
diseases increases sharply with advancing age, for example,
cardiovascular disease, fibrosis of the liver, lung and kidney,
and benign prostatic hyperplasia (BPH), a classic agerelated fibrotic-like disease characterized by fibroblast to
myofibroblast diﬀerentiation and ECM deposition [24, 30–
35]. Fibrosis is also observed in the stromal response to
many tumors, including liver and prostate cancer, both of
whose incidence is strongly linked with aging and chronic
inflammation [36–39]. Myofibroblasts in the tumor-adjacent
stroma (termed “reactive stroma”) not only actively promote
tumorigenesis and angiogenesis via ECM deposition and
mitogen secretion but also support cancer cell invasion and
metastasis by producing ECM remodeling enzymes [40–44].
Tissue and organ fibrosis are thought to arise from
failure of the wave of myofibroblast apoptosis during wound
healing, resulting in persistent myofibroblast activation,
excessive ECM deposition, altered growth factor signaling
and cellular proliferation [12, 45]. In addition, failure of
the timely induction of cellular senescence and dysregulation
of telomere biology may also lead to organ fibrosis [7–10].
Consistently, shortened telomeres and telomerase mutations
have been observed in familial and idiopathic pulmonary
fibrosis [46, 47]. However, cell senescence also ameliorates
fibrosis via telomere-independent mechanisms [8] and may
partially explain discrepancies observed in rodent fibrosis
models, whereby telomere deficiency had no eﬀect on
chemical-induced fibrosis [48]. The contribution of cellular
senescence and telomere biology to age-related fibrosis
pathologies remains to be fully investigated.
Given its potent myofibroblast diﬀerentiating eﬀects and
ability to promote myofibroblast survival in an autocrine
manner, TGFβ1 is considered a key molecule underlying the
pathophysiology of fibrotic disease [29, 49, 50]. Interestingly,
the TGFβ signaling intermediate Smad3 is a direct repressor
of telomerase reverse transcriptase [51, 52], a key enzyme
required for telomerase activity, suggesting that autocrine
TGFβ signaling by myofibroblasts may override the protective mechanism of cellular senescence further exacerbating
tissue fibrosis. Consistent with its central role in ageassociated fibrogenic pathologies, elevated TGFβ1 levels and
signaling are observed in BPH and preneoplastic prostatic
lesions, tumor-associated reactive stroma, cardiovascular
remodeling, renal interstitial fibrosis, chronic obstructive
pulmonary disease, idiopathic pulmonary fibrosis (IPF), and
in chronic liver disease [44–52].
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4. Cellular versus Animal Model Systems for
Studying Age-Associated Fibrosis
Several animal models for fibrotic diseases such as systemic
sclerosis, pulmonary, liver, cardiac, and renal fibrosis have
been established [53–58]. Whilst such models can be valuable
tools to understand disease pathology and evaluate novel
therapeutic strategies, fibrosis does not normally develop
spontaneously in these animals and typically has to be
artificially induced, for example by chemical means [53–58].
Moreover, there may be species-specific diﬀerences in organ
anatomy, physiology, and disease susceptibility. A notable
example is the prostate gland [32, 59, 60]. Significant anatomical diﬀerences between rodents and humans also have to
be considered in other organs for example, lung and skin
[61, 62]. In addition, whilst favorable for experimental reproducibility, the use of genetically identical inbred strains does
not recapitulate the heterogeneity of human pathologies.
Furthermore, animal models are costly and time-consuming
and thus not suitable for high throughput drug screening.
Fibrotic diseases are often associated with inflammation,
thus it is diﬃcult to dissect if fibrosis suppression in animal
models is due to direct antifibrotic eﬀects of a drug or due
to indirect anti-inflammatory eﬀects. Cellular in vitro model
systems to investigate specific cellular or molecular responses
can be very useful to elucidate inflammation-independent
antifibrotic targets. Moreover, cellular in vitro models oﬀer
the significant advantage that human-derived cells can be
analyzed. In addition, they are less costly, deliver more rapid
results than animal models, can be easily genetically manipulated and are amenable for high throughput screening.
Numerous in vitro models of fibrosis have been successfully devised. In vitro culture of fibroblasts in 3D collagen-gel
matrices leads to progressive contraction of the gel over the
course of several days mimicking wound contraction [63].
This model has been widely used to investigate the contractility of fibroblasts/myofibroblasts derived from various
tissues aﬀected by fibrotic disease including skin, mucosa,
lung, cornea, and heart [64–71].
Overwhelming in vitro and in vivo data demonstrate
the central role of TGFβ1 and myofibroblast diﬀerentiation
in the etiology of diverse fibrotic disorders (see above).
Thus, an in vitro approach successfully employed by us
and others to model fibroblast-to-myofibroblast diﬀerentiation in BPH and prostate cancer reactive stroma applies
TGFβ1 to primary prostatic fibroblasts, which induces their
robust diﬀerentiation into myofibroblasts [3, 25, 39, 72, 73]
(Figure 1). This approach has also been extensively employed
to model myofibroblast diﬀerentiation of hepatic stellate cells
and of fibroblasts from breast, skin, kidney, heart, and lung
[20, 21, 23, 74–77]. Myofibroblast diﬀerentiation can be
subsequently monitored at the molecular level by the induction of molecular markers such as α-SMA and collagens as
well as at the morphological level whereby the thin and
elongated phenotype characteristic of fibroblasts changes to
the flattened, less light refractive myofibroblast phenotype,
which is accompanied by the appearance of contractile actin
bundles (Figure 1). The validity of this in vitro model system
is highlighted by numerous molecular and cellular parallels
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with animal models and patient specimens that collectively
reveal a central role of dysregulated redox signaling by
NADPH oxidase 4 (NOX4) and nitric oxide (NO)/cyclic
guanosine monophosphate (cGMP) in the development of
age-related fibrotic disease.

5. NADPH Oxidase-Derived Reactive
Oxygen Species in the Regulation of
Myofibroblast Differentiation
Accumulation of nonspecific oxidative damage by high levels
of free radicals is thought to be a major contributor to organismal aging [78]. However, when produced in a regulated
manner, reactive oxygen species (ROS), NO, and reactive
nitrogen species (RNS) can act as biological second messengers in a variety of signal transduction pathways, including
myofibroblast diﬀerentiation [79].
The NADPH oxidase (NOX) enzyme family, comprising
seven members, catalyzes the transfer of electrons across
biological membranes from NADPH to oxygen thereby generating superoxide (O2 •− ) [80]. The NOX family is thereby
unique as ROS production is their primary function and not
a byproduct as is the case for other ROS-producing enzyme
systems, such as xanthine oxidase, mitochondrial respiratory
chain, lipid peroxidases, or uncoupled endothelial NO
synthase [81].
NOX4 is unique among NOX enzymes in that it is
constitutively active with primary regulation occurring at
the transcriptional level [82, 83]. Moreover, whilst other
NOX enzymes produce superoxide, NOX4 is associated with
constitutive hydrogen peroxide (H2 O2 ) production, however
whether this occurs via superoxide dismutation or direct
H2 O2 production remains controversial [82, 84, 85]. The
greater stability but lower reactivity of H2 O2 compared to
superoxide is consistent with a signaling function of NOX4derived ROS as underscored by observations that sustained
and elevated NOX4-derived ROS levels induced by cytokines
and growth factors do not induce oxidative damage [3, 86,
87].
Critically, several growth factors, in particular TGFβ1,
and stimuli implicated in the pathogenesis of fibrotic disease
induce NOX4 expression in diverse cell types as reviewed
recently [88]. Consequently, NOX4-derived ROS have been
implicated in the pathophysiology of fibrotic disorders,
including BPH, IPF, cardiac remodeling, renal, and liver
fibrosis, tumorigenesis and the stromal response to prostate,
breast and liver cancers [3, 20, 74, 89, 90].
Using in vitro model systems, NOX4-derived ROS have
been shown to be essential downstream inducers of TGFβ1mediated myofibroblast diﬀerentiation in a myriad of cell
types of diverse histological origin. For example, we demonstrated using NOX4 silencing and antioxidants that induction of NOX4-derived ROS in response to TGFβ1 drives
myofibroblast diﬀerentiation of prostatic fibroblasts [3].
Similarly, TGFβ1-induction of NOX4-derived ROS was
required for fibroblast-to-myofibroblast diﬀerentiation in in
vitro models of cardiac, pulmonary, renal, and adventitial
fibrosis [20, 21, 74, 75, 91]. Besides inducing diﬀerentiation
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Figure 1: In vitro modeling of fibroblast-to-myofibroblast diﬀerentiation. Fibroblast-to-myofibroblast diﬀerentiation is induced following
incubation of fibroblasts for at least 24 hours with 1 ng/mL transforming growth factor beta 1 (TGFβ1) in RPMI-1640 media supplemented
with 1% steroid hormone-depleted charcoal-treated bovine calf serum (ctBCS). Steroid hormone depletion is particularly important
for fibroblasts derived from endocrine tissues such as the prostate, since androgens attenuate TGFβ signaling and vice versa [32].
Similar to commercial formulations of fibroblast growth media, the fibroblast phenotype of mock control cells is maintained with
1 ng/mL basic fibroblast growth factor (bFGF) and serves to inhibit diﬀerentiation-inducing stimuli (e.g., TGFβ) in serum. Myofibroblast
diﬀerentiation can be monitored at the morphological level by phase contrast microscopy (a) and molecular level by Western blotting
(b) or immunofluorescence (c). (a) Primary human dermal fibroblasts (top left) and prostatic fibroblasts (lower left) exhibit a typical
thin, elongated, and light refractive phenotype, whereas upon diﬀerentiation with TGFβ1 for 24 hours dermal (top right) and prostatic
myofibroblasts (lower right) display a flattened, less light refractive phenotype. (b) TGFβ1 induces the expression of myofibroblasts
markers α-smooth muscle cell actin (α-SMA) and insulin-like growth factor binding protein 3 (IGFBP3) [25] in primary human dermal
(left) and prostatic (right) fibroblasts as determined by Western blotting. GAPDH served as loading control. (c) TGFβ1 treatment of
primary human prostatic fibroblasts induces the expression of myofibroblast markers tenascin and filamentous α-SMA as determined
by immunofluorescence and confocal laser scanning microscopy. Both myofibroblasts and fibroblasts express the mesenchymal marker
vimentin. Nuclei were counterstained with SytoxGreen. (c) Adapted from [25], used with permission.

of fibroblasts, NOX4 was shown to play a role in TGFβ1mediated cytoskeletal remodeling of vascular endothelial
cells and in maintaining the diﬀerentiated phenotype of
vascular SMCs [92, 93]. Moreover, induction of NOX4
by TGFβ1 is required for hepatic stellate cell activation
and their subsequent transdiﬀerentiation into myofibroblasts
[22]. Interestingly, NOX4 induction was also required for
insulin-induced adipocyte diﬀerentiation of preadipocytes
[94]. Collectively, these data suggest a broader role of NOX4
in regulating diﬀerentiation in response to changes in the
cellular environment.
These findings from in vitro fibroblast-to-myofibroblast
diﬀerentiation model systems are supported by several in vivo
data. We demonstrated that NOX4 mRNA levels specifically
correlated with the myofibroblast phenotype in benign prostatic tissue [3]. NOX4 expression was higher in pulmonary

fibroblasts from patients with IPF compared with controls
and correlated with mRNA levels of the myofibroblast
markers α-SMA and procollagen I α1 [75]. Consistently,
NOX4 is expressed in situ in fibroblastic foci in the lung of
IPF patients and two mouse models of pulmonary fibrosis.
Moreover, targeting NOX4 via siRNA or a nonspecific NOX
inhibitor diphenylene iodonium attenuated lung fibrosis in
two murine models of lung injury [74]. NOX4 may also be
involved in vascular remodeling associated with IPF [95].
In animal models of diabetic nephropathy, treatment of
diabetic rats with NOX4 siRNAs attenuated renal fibrosis
strongly implicating a causative role of NOX4-derived ROS
in the fibrogenic response to renal injury [96]. Recently,
high levels of NOX4 were found in liver biopsy samples
from patients with autoimmune hepatitis, which colocalized
with α-SMA. Moreover, liver fibrosis could be attenuated in
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mouse models via genetic deletion of NOX4 or application of
a dual NOX1/NOX4 inhibitor GKT137831 [22], indicating a
direct role of NOX4 in the pathogenesis of fibrosis.
NOX4 induction does not appear to contribute to fibrogenesis via direct oxidative stress but rather by chronic
dysregulation of downstream signaling pathways. NOXderived ROS mediate their signaling functions via reversible
oxidation of thiol groups of low pKa cysteine residues
in target proteins, including transcription factors, MAPKs,
protein tyrosine phosphatases (PTPs), and protein tyrosine
kinases (PTKs) [87]. Typically, thiol oxidation results in PTP
inactivation but kinase activation thus promoting phosphorylation signaling cascades [87]. Only a small proportion
of cysteines exhibit the necessary close proximity to basic
amino acids to undergo transition to a sulfenic acid, thereby
providing a basis for specificity of thiol redox signaling which
reversibly regulates biological function by (i) chemically
altering active site cysteines, (ii) altering macromolecular
interactions, and (iii) modifying allosteric Cys [97].
The precise oxidative target(s) of NOX4-derived ROS
that culminate in myofibroblast diﬀerentiation in response to
TGFβ remain largely unknown. However, in lung fibroblasts
TGFβ1 induced NOX4-derived ROS directly oxidatively
inactivate MKP1, a nuclear dual-specificity MAPK phosphatase that targets JNK, and p38, leading to sustained activation of JNK and p38 MAPKs [98]. Similarly, in prostatic
fibroblasts, NOX4-derived ROS were required for sustained
phosphorylation of JNK whose activity in turn was essential
for downstream α-SMA induction, and myofibroblast differentiation [3]. By contrast, NOX4 mediates TGFβ-induced
myofibroblast diﬀerentiation of renal fibroblasts via ERK1/2
[21], whereas angiotensin II-induction of NOX4-derived
ROS and fibronectin/ECM deposition in renal mesangial
cells occurred via Src activation [99]. Thus, it is likely that
the oxidative target(s) of NOX4-derived ROS are tissue-, celltype, and/or context-specific.
In summary, whilst acute induction of NOX4 may be
beneficial in inducing the myofibroblast phenotype for
wound repair, the persistence of myofibroblasts together
with autocrine TGFβ signaling may result in chronic NOX4
activation and dysregulation of signaling pathways culminating in myofibroblast diﬀerentiation, fibrosis, and organ
dysfunction.
The cellular redox status and thus signaling potential
of NOX4-derived ROS is regulated by antioxidant systems.
Concomitant to TGFβ1-mediated induction of NOX4 during
prostatic myofibroblast diﬀerentiation, a number of ROSscavenging enzymes were downregulated, including the
selenium transporter SEPP1 and selenium (Se)-containing
ROS scavenging enzymes such as glutathione peroxidase 3
(GPX3) and thioredoxin reductase 1 (TXNRD1) [3]. The
essential trace element Se is an integral component of GPX3
and TXNRD1 enzymes being incorporated as selenocysteine
(Sec) at their active site and is critical for correct protein
folding/function [100]. Consistent with the role of SEPP1
in delivering Se to peripheral tissues for selenoprotein
biosynthesis [101, 102], supplementation of prostatic fibroblasts with exogenous Se restored expression of GPX3 and
TXNRD1 as well as TXNRD1 enzyme activity, depleted
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TGFβ1-induced ROS downstream of NOX4 induction and
inhibited myofibroblast diﬀerentiation [3].
Given the central role of elevated TGFβ1 in fibrogenesis
and that SEPP1 is a direct transcriptionally-suppressed target
of TGFβ1 [103, 104], it is plausible that dysregulation of Sedependent antioxidant systems occurs not only in BPH and
the stromal response to prostate cancer but also in other
fibrotic disorders. Indeed, the antifibrotic potential of Se
is not restricted to prostatic stromal cells since exogenous
Se also inhibited TGFβ-mediated myofibroblast transdiﬀerentiation of hepatic stellate cells [105]. Moreover, in a rat
model of thyroid fibrosis, Se deficiency promoted thyroid
fibrosis in a TGFβ-dependent manner [106], whereas Se
supplementation decreased hepatic fibrosis in mice [107].
Consistent with in vitro findings, SEPP1 was specifically lost
in the periglandular tumor-associated stroma of prostate
cancer patients [3]. These findings are consistent with a large
body of animal and human clinical data that Se deficiency
or supplementation increases or reduces tumor incidence,
respectively [108–111]. Moreover, a recent dose-response
meta-analysis revealed that overall prostate cancer risk was
15–25% (for advanced PCa: 40–50%) lower in men with
plasma/serum Se levels between 135–170 ng/mL compared
with 60 ng/mL [112].
Collectively, data from in vitro fibroblast-to-myofibroblast diﬀerentiation models together with in vivo findings
indicate that myofibroblast diﬀerentiation in fibrotic disorders and tumor-reactive stroma is driven by a prooxidant
shift in intracellular redox signaling caused by elevated ROS
and/or reduced antioxidative potential. NOX4 appears to
be the major source of elevated ROS and central mediator
of TGFβ-induced myofibroblast diﬀerentiation in diverse
tissues. Thus, restoring cellular redox homeostasis, for example by (i) targeting NOX4, (ii) Se supplementation, and/or
(iii) application of antioxidants may represent a promising
therapeutic strategy for fibrotic disease.

6. Nitric Oxide/cGMP Signaling in the
Regulation of Myofibroblast Differentiation
The free radical NO is an important signaling molecule in a
variety of biological processes. In vivo NO is biosynthesized
from L-arginine by nitric oxide synthases (NOS), involving
the oxidation of NADPH and the reduction of molecular
oxygen. NO activates soluble guanylyl cyclase (sGC), which
generates the second messenger cGMP. cGMP exerts multiple
eﬀects, for example it regulates cGMP-dependent protein
kinases such as protein kinase G (PKG), cyclic nucleotide
phosphodiesterases (PDEs), and cation channels and may
have other unknown eﬀects [113].
PDEs comprise a superfamily of phosphohydrolases that
regulate cellular cGMP and cyclic adenosine monophosphate
(cAMP) levels. PDE type 5 (PDE5) specifically hydrolyzes
cGMP and is the major therapeutic target in erectile dysfunction (ED), whereby PDE5 inhibitors increase intracellular
cGMP levels to enhance NO/cGMP signaling and thereby
promote vasodilation [114].
Besides treatment of ED, PDE5 inhibitors are employed
in the treatment of pulmonary arterial hypertension and
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BPH [115, 116]. Noticeably, patients treated with PDE5
inhibitors for ED exhibited beneficial eﬀects on lower urinary
tract symptoms (LUTS) secondary to BPH [117, 118]. These
eﬀects were thought to be due to changes in prostatic
smooth muscle tone [119–121]. However, our data implicate
a direct role of PDE5, which is predominantly expressed
in the stromal compartment of the prostate in vivo, and
NO/cGMP signaling in myofibroblast diﬀerentiation [73].
Pharmacological or genetic inhibition of PDE5 significantly
attenuated TGFβ1-induced myofibroblast diﬀerentiation of
prostatic fibroblasts in vitro, indicating that enhancing intracellular cGMP levels inhibits myofibroblast diﬀerentiation
[73]. Consistently, stimulating the generation of intracellular
cGMP by the soluble NO donor sodium nitroprusside (SNP)
dose-dependently inhibited TGFβ1-induced diﬀerentiation
and additional blocking of cGMP hydrolysis by the PDE5
inhibitor tadalafil synergistically enhanced this eﬀect [73].
These findings are consistent with numerous studies
implicating an inhibitory role of the NO/cGMP pathway in
fibroblast-to-myofibroblast diﬀerentiation in other tissues.
On the one hand, treatment of human dermal fibroblasts
with TGFβ1 significantly reduced NOS activity and NO
levels, whereas restoring cGMP signaling downstream of
NOS using SNP and the cell-permeable cGMP analog 8bromo-cGMP significantly suppressed TGFβ1-induced collagen production [122]. Furthermore, the NOS inhibitor
Nω -nitro-L-arginine methyl ester (L-NAME) synergistically
potentiated TGFβ1-induced collagen production in dermal
fibroblasts [122]. In addition, increasing cGMP levels using
the PDE5 inhibitor sildenafil alone or in combination with
the sGC activator BAY 58-2667 attenuated myofibroblast
diﬀerentiation of fibroblasts from human Peyronie’s disease plaques or lung, respectively [23, 123]. In a similar
approach, 8-bromo-cGMP inhibited TGFβ1-induced myofibroblast diﬀerentiation of cardiac fibroblasts isolated from
wild-type mice [76]. Likewise, the sGC stimulator BAY
41-2272 elevated intracellular cGMP levels and inhibited
myofibroblast diﬀerentiation in cardiac fibroblasts [77] and
dermal fibroblasts from healthy individuals and patients with
systemic sclerosis [124].
In addition to the documented improvement of LUTS
secondary to BPH by PDE5 inhibitors [117, 118], beneficial
eﬀects of enhancing NO/cGMP signaling have also been
reported in several fibrosis models in vivo. For example,
attenuating NO signaling by inhibition of inducible NOS
(iNOS) activity in rats with TGFβ1-induced fibrotic plagues
of tunica albuginea (a model of Peyronie’s disease) resulted in
increased myofibroblast abundance and collagen I synthesis
in the plaques [125]. Similarly, fibrosis in the penile corpora cavernosa upon streptozotocin-induced diabetes was
intensified in iNOS knockout mice compared with wild
type [126]. Consistently, stimulating NOS activity in rats
via oral administration of the NOS substrate L-arginine
resulted in an 80–95% reduction in both plaque size and
collagen: fibroblast ratio in PD-like plaques induced by
TGFβ1 [123]. Similar eﬀects were observed in parallel groups
that received the competitive nonselective PDE inhibitor
pentoxifylline or PDE5-selective inhibitor sildenafil [123].
Likewise, promoting NO synthesis via administration of the
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NOS substrate L-arginine, significantly elevated endothelial
NOS expression but decreased TGF-β1 expression and
ultimately ameliorated renal interstitial fibrosis, which was
markedly aggravated by L-NAME administration in rats with
unilateral ureteral obstruction [127].
Alternative approaches to increase cGMP production
and NO/cGMP signaling by stimulating sGC activity exhibit
similar antifibrotic eﬀects. The sGC stimulator BAY 412272 significantly limited progression of anti-Thy-1-induced
chronic renal fibrosis in rats [128]. Likewise, BAY 41-2272
reduced the number of myofibroblasts and decreased collagen accumulation in hypertension-induced cardiac fibrosis
in rats [77]. Another sGC stimulator riociguat (BAY 632521) exerted similar inhibitory eﬀects on cardiac and renal
interstitial fibrosis in two rat models of hypertension [129]
and attenuated fibrotic tissue remodeling in the myocardium
and renal cortex of Dahl salt-sensitive rats [130]. Furthermore, BAY 41-2272 prevented the development of
bleomycin-induced dermal fibrosis and skin fibrosis in Tsk-1
mice [124]. Interestingly, NO-independent activation of sGC
by BAY 60-2770 also attenuated liver fibrosis in rats [131].
Many studies investigating NO/cGMP signaling in fibrotic disease exploit the specific hydrolytic activity of PDE5 for
cGMP to indirectly enhance cGMP levels and thereby promote NO signaling. However, an active role of PDE5 in fibrogenesis via altered enzyme activity has also been reported.
Glomerular PDE5 expression was increased during antiThy1-induced mesangial proliferative glomerulonephritis in
the rat kidney in vivo, and PDE5 inhibition by vardenafil
increased glomerular cGMP levels leading to subsequent
inhibition of mesangial cell proliferation and ECM accumulation [132].
Collectively, findings from in vitro and in vivo model systems indicate that myofibroblast diﬀerentiation is associated
with reduced NO/cGMP signaling, suggesting the potential
therapeutic benefit of enhancing NO/cGMP signaling (by
stimulating sGC activity, and/or preventing cGMP degradation via PDE5 inhibition) in fibrotic disease.

7. Potential Interplay of ROS and
NO/cGMP Signaling in Regulating
Myofibroblast Differentiation
NOX4-derived ROS play a key role in driving myofibroblast
diﬀerentiation in response to TGFβ1, whereas increasing
NO/cGMP signaling attenuates TGFβ1-induced fibroblastto-myofibroblast diﬀerentiation. This raises an interesting
possibility that crosstalk between NO/cGMP and NOX4derived ROS signaling may coordinately regulate myofibroblast diﬀerentiation.
Crosstalk between superoxide and NO signaling has
been extensively documented, in particular the ability of
superoxide to reduce NO levels by direct chemical scavenging
or by NOS uncoupling. For example, superoxide can react
with NO generating peroxynitrite (ONOO− ), thereby depleting NO levels [133]. In addition, superoxide can oxidize
the critical nitric oxide synthase (NOS) cofactor tetrahydrobiopterin (BH4 ) leading to NOS uncoupling, which
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results in superoxide generation rather than NO production
[134]. However, TGFβ-induced fibroblast-to-myofibroblast
diﬀerentiation is associated with induction of NOX4 and
thus presumably generation of H2 O2 [84, 85], which unlike
superoxide does not appear to react directly with NO. Thus,
any opposing regulation of myofibroblast diﬀerentiation by
NO/cGMP signaling and NOX4-derived H2 O2 presumably
occurs via distinct mechanism(s).
Several examples of opposing interaction between H2 O2
and NO/cGMP signaling have been reported. For example,
incubation of isolated rat hepatocytes with an NO donor
prevented H2 O2 -induced cell death, presumably via cGMPactivated downstream signaling since the prosurvival eﬀect
of NO was ablated by cycloheximide indicating the requirement of de novo protein synthesis [135]. Conversely, H2 O2
impaired NO production in porcine aortic endothelial cells,
possibly via direct oxidative inactivation of eNOS cofactors [136]. Moreover, H2 O2 eliminates the endotheliumdependent vasodilatory response to acetylcholine, a potent
inducer of NO synthesis [137].
There are several potential mechanisms by which NOX4derived H2 O2 and NO/cGMP signaling may interact to elicit
opposing functions during myofibroblast diﬀerentiation. For
example, both NOS and NOX require NADPH as an electron
donor for enzyme activity. NOX4 induction is an early event
during TGFβ1-mediated diﬀerentiation [3, 20], whereas
enhancing cGMP levels inhibits/reverses prostatic fibroblastto-myofibroblast diﬀerentiation without impairing NOX4
mRNA induction by TGFβ1 (our unpublished observations)
[138], indicating that NO/cGMP signaling acts downstream
of NOX4-derived H2 O2 production. Thus, NADPH consumption/depletion due to elevated NOX4 activity may
attenuate NO-dependent cGMP production and thereby impair NO/cGMP-mediated inhibition of diﬀerentiation.
A further potential mode of opposing interaction may
occur via mutually exclusive modification of NOX/NO
target proteins. For example, NO upregulates the activity of
sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) via Sglutathiolation on cysteine 674 [139]. Interestingly, TGFβ1mediated induction of NOX4 in aortic SMCs resulted in
SERCA oxidation of the same thiol group, inhibited NOmediated S-glutathiolation, and attenuated NO inhibition
of SMC migration [140, 141]. Similar eﬀects were observed
upon exposure of vascular SMCs to H2 O2 or high glucose,
which induced NOX4 levels leading to SERCA oxidation,
inhibition of NO-induced S-glutathiolation and migration.
Moreover, NOX4 knockdown decreased SERCA oxidation
and restored the inhibition of SMC migration by NO [142].
NOX4-derived H2 O2 may also attenuate NO signaling
by downregulating sGC expression/activity and consequently
NO-dependent cGMP generation. H2 O2 decreased sGC
expression and NO-dependent cGMP generation in pulmonary arterial SMCs from lambs with persistent pulmonary hypertension of the newborn [143]. Moreover, incubation of rat aortic SMCs or freshly isolated vessels with ROSgenerating agents (including H2 O2 ) significantly decreased
sGC expression and reduced SNP-induced cGMP formation
in the SMCs [144]. In addition, PTP inhibitors or H2 O2
promoted tyrosine phosphorylation of the beta 1 subunit
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of sGC, most likely via Src-like kinases [145]. Subsequent
studies revealed that cGMP levels are cross-regulated via a
mechanism that involves c-Src-dependent phosphorylation
of sGC, which attenuates sGC activity and cGMP formation
[146]. These studies suggest that elevated NOX4-derived
H2 O2 during myofibroblast diﬀerentiation may oxidatively
inactivate protein tyrosine phosphatases and/or activate Src
kinase, which in turn promote inhibitory phosphorylation of
sGC leading to reduced cGMP signaling.
Interactions between TGFβ and NO signaling have also
been reported. For example, the NO donor S-nitrosoN-acetyl-penicillamine or treatment with 8-bromo-cGMP
decreased TGFβ3 mRNA levels in neonatal rat cardiac fibroblasts, whereas TGFβ1 mRNA levels were modestly increased
[147]. Furthermore, S-nitroso-N-acetyl-penicillamine and
ROS, most likely H2 O2 , both increased TGFβ1 release from
human epithelial alveolar cells [148]. On the other hand,
TGFβ1 decreased sGC and PKGI expression in pulmonary
artery and aortic SMCs from adult rats and mice and a TGFβneutralizing antibody prevented the reduction of sGC and
PKGI protein expression in chronic oxygen-induced lung
injury in mouse pups [149].
Thus, similar to reciprocal inhibition of superoxide and
NO, H2 O2 , and NO also appear to interact in a functionally opposing manner during myofibroblast diﬀerentiation.
However, rather than direct radical quenching as observed
for superoxide and NO, the basis of reciprocal inhibition
between H2 O2 and NO apparently occurs at multiple indirect
levels. Cumulatively, such interplay would be expected to lead
to downregulation of NO/cGMP signaling upon TGFβ1mediated induction of NOX4-derived H2 O2 and thereby
promote fibroblast-to-myofibroblast diﬀerentiation. Consistent with this hypothesis, TGFβ1 significantly decreased NO
production in dermal fibroblasts, whereas increasing NO
signaling by stimulating sGC generation and/or inhibiting
cGMP degradation counteracted ROS-mediated inactivation
of NO signaling and prevented myofibroblast diﬀerentiation
[122]. Inhibition of diﬀerentiation can also be achieved
by treatment with 8-bromo-cGMP [122], indicating that
suppression of myofibroblast diﬀerentiation by enhanced
NO signaling is mediated by downstream cGMP-dependent
mechanisms and not via the NO radical per se.

8. Reversal of Myofibroblast Differentiation
and Clinical Implications
Tissue fibrosis is thought to arise from failure of the
myofibroblast apoptotic wave during wound healing [12, 45].
Thus, whilst inhibition of myofibroblast diﬀerentiation may
be suitable to prevent disease progression, curative treatments would also require targeting of preexisting myofibroblasts. Although some promising data for such approaches
exist [150], extensive fibroblast heterogeneity and the lack
of a consensus “myofibroblast-specific” surface marker mean
that tissue- and even disease-specific targeting strategies will
be required.
An alternative approach to clear the fibrotic myofibroblast pool envisages inducing their dediﬀerentiation to the
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Figure 2: Selenium reverses myofibroblast diﬀerentiation of prostatic fibroblasts. Therapeutic targeting of myofibroblast dysregulation in
fibrotic disease may be accomplished by promoting myofibroblast dediﬀerentiation to the nonactivated fibroblast/progenitor phenotype.
(a) Methodology outline of selenium (Se)-mediated reversal of fibroblast-to-myofibroblast diﬀerentiation in primary human prostatic
fibroblasts. Myofibroblast diﬀerentiation was induced with 1 ng/mL TGFβ1 or bFGF as mock control. After 72 hours, fresh media was added
containing bFGF or TGFβ1 as before but supplemented with selenium (Se) as sodium selenite or vehicle equivalent. Cells were incubated for a
further 48 hours before harvesting. Reversal of myofibroblast diﬀerentiation of primary human prostatic fibroblasts treated as outlined in (a)
was verified by (b) Western blotting for the myofibroblast markers, α-SMA, and IGFBP3 and (c) morphological analysis using phase contrast
microscopy. (b) Induction of myofibroblast diﬀerentiation by TGFβ1 in the absence of Se (0 nM) is indicated by increased production of
myofibroblast markers. However, both α-SMA and IGFBP3 levels are reduced in the presence of Se in a dose-dependent manner. (c) At the
morphological level, Se restores the thin, elongated and light refractive phenotype to cells prediﬀerentiated with TGFβ1 (far right), whereas
cells treated with TGFβ1 alone (center panel) exhibit the typical enlarged and flattened myofibroblast phenotype with visible actin-like
filaments. (b-c) Images are representative of three independent experiments using primary cells isolated from diﬀerent donors.

nonactivated fibroblast/progenitor phenotype. It has long
been considered that fibrosis and fibroblast-to-myofibroblast
diﬀerentiation are irreversible processes. However, recent
data from in vitro and in vivo models indicate that tissue
fibrosis and fibroblast-to-myofibroblast diﬀerentiation can
indeed be reversed. For example, we observe that exogenous
Se or PDE5 inhibition restore morphological and molecular
characteristics typical of the fibroblast phenotype to in
vitro diﬀerentiated prostatic myofibroblasts even in the
continued presence of the TGFβ diﬀerentiation-inducing
stimulus (Figure 2) [138]. Our data are supported by studies
employing myofibroblasts from IPF patients and a threedimensional coculture model of porcine skin fibrosis that
similarly demonstrate the potential utility of ROS scavenging in promoting myofibroblast dediﬀerentiation [151,
152]. Moreover, treatment of in vitro diﬀerentiated corneal
myofibroblasts with fibroblast growth factor in combination with heparin decreased expression of α-SMA, TGFβ
receptors, and cadherins, indicating reversal of myofibroblast
diﬀerentiation to a fibroblast-like phenotype [153]. Recently,
pharmacological inhibition of NOX4 after induction of
liver fibrosis in mice was shown to reduce ROS levels and
significantly attenuate fibrosis [22].
The principle of enhancing NO/cGMP signaling to
induce myofibroblast to fibroblast reversal has also been
successfully demonstrated in animal models. Treatment
with the PDE5 inhibitor vardenafil reduced myofibroblast

numbers and total size of preformed TGFβ1-induced Peyronie’s disease plaques in rats [154]. Moreover, BAY 41-2272
reduced established fibrosis in a modified mouse model of
bleomycin-induced skin fibrosis and in Tsk-1 mice [124].
Collectively, these findings and those discussed above
suggest that signaling via ROS and local growth factors (such
as TGFβ and fibroblast growth factor) play key roles not
only in driving fibroblast-to-myofibroblast diﬀerentiation
but also in subsequently maintaining the myofibroblast
phenotype. Thus, we hypothesize that high NO/cGMP signaling and low NOX4-derived ROS production coordinately
maintain the fibroblast phenotype, whereas diﬀerentiation
into the myofibroblast phenotype may proceed upon elevated NOX4-derived ROS signaling and/or concomitant
inactivation of NO/cGMP signaling (Figure 3).
The observation that fibroblasts and myofibroblasts are
interconvertible phenotypes rather than terminally diﬀerentiated cell types has significant clinical implications for
potential curative therapy of advanced fibrotic disease. In
this respect, pharmacological regulation of redox signaling
via NOX4 inhibitors, antioxidants, and/or enhancement
of NO/cGMP signaling provides a promising option to
modulate the fibroblast/myofibroblast ratio at multiple levels
in several pathological conditions (Figure 3). For example,
local activation of myofibroblast diﬀerentiation may provide
a means to overcome impaired wound healing in the elderly,
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Figure 3: Potential therapeutic targeting of myofibroblast diﬀerentiation in the treatment of age-associated fibrotic disease. Myofibroblast
diﬀerentiation induced by TGFβ1 plays a central role in the etiology of numerous age-related fibrotic disorders. In particular, TGFβ induces
a prooxidant shift in intracellular redox homeostasis via the induction of NOX4-derived ROS (in particular H2 O2 ), which modulates
downstream phosphorylation signaling cascades and transcriptional events that culminate in myofibroblast diﬀerentiation. The concomitant
downregulation of selenium-dependent ROS scavenging enzymes by TGFβ further potentiates NOX4-derived ROS signaling, which also
downregulates NO/cGMP signaling and thereby relieves inhibition of myofibroblast diﬀerentiation by NO. Fibroblast-to-myofibroblast
diﬀerentiation and subsequent tissue fibrosis are reversible processes (broken horizontal arrow). Thus, pharmacological interference of these
redox signaling processes to redress redox homeostasis and thereby restore the physiological fibroblast: myofibroblast ratio oﬀers a promising
therapeutic strategy for the treatment of age-related pathologies associated with myofibroblast dysregulation. Such pharmacological targeting
may succeed at multiple levels. For example, targeting NOX4 directly via NOX4 inhibitors (NOX4i) or indirectly by ROS scavenging with Se
or antioxidants would attenuate NOX4-derived ROS signaling and restore the inhibitory eﬀects on diﬀerentiation by NO/cGMP signaling.
Enhancing NO/cGMP signaling is also suﬃcient to prevent and reverse fibroblast-to-myofibroblast diﬀerentiation and may be achieved by
(i) sGC stimulation using the NO donor sodium nitroprusside (SNP) and/or direct sGC stimulators/activators (BAY), (ii) promoting cGMP
synthesis via administration of natriuretic peptides that bind to and activate transmembrane guanylyl cyclase natriuretic peptide receptors
(NPRs), or (iii) by inhibiting phosphodiesterase (PDE)-mediated cGMP hydrolysis using PDE inhibitors (PDEi).

whereas inhibiting fibroblast-to-myofibroblast diﬀerentiation and restoring the fibroblast phenotype may represent a
therapeutic strategy for fibrotic disease and also serve as a
stromal-targeted chemotherapy approach for solid tumors,
such as breast, liver, and prostate cancer.
Despite its critical role in the pathogenesis of fibrosis,
TGFβ is not considered a direct clinical target due to its
critical function in diverse biological processes and homeostatic maintenance [155]. As central downstream components of TGFβ signaling during fibroblast-to-myofibroblast
diﬀerentiation, targeting NOX4-derived ROS and NO/cGMP
might also be expected to elicit broad and undesirable eﬀects.
However, PDE5 inhibitors have a successful history in the
treatment of ED, pulmonary arterial hypertension, and BPH
[114–116]. Moreover, it should be noted that (i) none of the
published Nox4 knockout animals display an obvious basal
phenotype, (ii) a dual NOX1/NOX4 inhibitor (at doses that
reduced liver fibrosis in mice) does not exert toxic eﬀects
in animal models, and (iii) the same inhibitor was also well
tolerated in phase I clinical trials [22, 81]. This likely reflects
observations that NOX4 does not mediate all of the signaling
functions of TGFβ, as illustrated by the delayed temporal
induction of NOX4 expression and ROS production (∼2
hours following TGFβ1 treatment) compared to the rapid
induction of phosphorylation cascades, such as phosphorylation of Smad2/3 and ERK1/2 that occurs within 5 minutes

of TGFβ treatment [3, 20, 83]. Thus, selective modulation of
NOX4, PDE5, and/or sGC activities may permit continued
physiological ROS/NO signaling due to the presence of
multiple NOX, PDE, and GC isoforms. Moreover, the fact
that these enzymes belong to multimembered families may
be clinically exploited to selectively target those isoforms
underlying pathology in a given tissue or disease state. For
example in the heart, PDE1A appears to play a critical role
in cardiac fibrosis and its selective targeting in rats and mice
led to regression of cardiac remodeling that is associated with
various cardiac diseases [156].

9. Conclusions
Myofibroblast activation and diﬀerentiation are central processes of normal wound healing. However, these beneficial
eﬀects of myofibroblasts are dysregulated in fibrotic disorders and in the reactive stromal response that promotes
tumorigenesis and metastasis. Whilst TGFβ plays a key
role in initiating myofibroblast diﬀerentiation and ECM
deposition during normal wound healing, failure of myofibroblast clearance together with their autocrine production of TGFβ leads to ECM accumulation, fibrosis, and
ultimately organ dysfunction. A large body of data from
in vitro fibroblast-to-myofibroblast diﬀerentiation models
indicates that TGFβ1-induced myofibroblast diﬀerentiation
is mediated via induction of NOX4-derived H2 O2 , which
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modulates downstream phosphorylation signaling cascades
and transcriptional events that culminate in cytoskeletal
remodeling and myofibroblast diﬀerentiation. In addition,
NOX4-derived H2 O2 appears to downregulate NO/cGMP
signaling via multiple mechanisms and thereby relieves
inhibition of myofibroblast diﬀerentiation by NO. Findings
from these in vitro cellular models of fibrosis are supported
by extensive in vivo data, underscoring the value of in
vitro models in defining molecular mechanisms underlying
fibrogenic disease and serving as screening platforms for the
discovery of novel therapeutics. Targeting NOX4 directly via
NOX4 inhibitors or indirectly by ROS scavenging with Se,
antioxidants or enhancing NO/cGMP signaling by sGC stimulation, and/or inhibition of cGMP degradation attenuates
TGFβ1-induced diﬀerentiation and inhibits myofibroblast
activation. Moreover, these agents induce the dediﬀerentiation/reversal of preexisting myofibroblasts to a quiescent
fibroblast phenotype. Thus, pharmacological interference of
these redox signaling processes to restore the physiological
fibroblast: myofibroblast ratio oﬀers a promising therapeutic
strategy not only for the treatment of fibrotic diseases but
also for managing tumor invasion and metastasis at the level
of stromal remodeling.
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