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The intricate balance maintained between cell growth and proliferation factors and apoptosis-
inducing factors is fundamental to the regulation of prostate growth. Disruptions in this homeostasis
often trigger the loss of apoptosis and the over-expression of factors promoting cell survival and
proliferation, inevitably leading to tumorigenesis and cancer. Deregulation of prostate growth during
prostate cancer development and progression is characterized by apoptotic evasion, uncontrolled
proliferation, and increased invasive potential. Thus, in advanced stages of disease progression,
surviving prostate tumour cells acquire the ability to migrate and invade heterotopic tissues, with the
bone and lymph nodes being the most common sites for human prostate cancer metastasis. The
challenges in the implementation of effective therapeutic strategies for the treatment of advanced
metastatic prostate cancer reflect the multidimensional nature and functional significance of
antiapoptotic pathways in the emergence of therapeutic resistance of prostate tumours. In this
chapter, we discuss the current understanding of the molecular mechanisms governing growth factor
signalling pathways with often overlapping functions that contribute to loss of apoptosis control and
activation of cell proliferation towards aggressive prostate tumorigenic growth and metastatic
behaviour. While a full understanding of the prosurvival characteristics of these growth factor
pathways is still evolving, the impact that growth factors such a epidermal growth factor and
transforming growth factor-b can be recognized by the vigorous attempts at therapeutic targeting
of their key signalling steps.
British Journal of Pharmacology (2006) 147, S144–S152. doi:10.1038/sj.bjp.0706635

Keywords: Apoptosis; hypoxia; angiogenesis; anoikis; prostate cancer; IGF-1; FGF; VEGF; TGF-b; growth factor signalling

Abbreviations: BPH, benign prostatic hyperplasia; EGF, epidermal growth factor; FGF, fibroblast growth factor; IGF-1, insulin-
like growth factor-1; MAPK, mitogen-activated protein kinase; PSA, prostate-specific antigen; TGF-b,
transforming growth factor-b; TbRII, TGF-b receptor II; VEFG, vascular endothelial growth factor

Introduction

The role of deregulation of apoptosis in human tumorigenesis

is complex and linked to successive and interdependent genetic

events that gradually lead to tumour formation. The intricate

balance maintained between cell growth and proliferation

factors and apoptosis-inducing factors is fundamental to the

regulation of prostate growth. Disruptions in this homeostasis

often trigger the loss of apoptosis and the overexpression of

factors promoting cell survival and proliferation. The inevi-

table result is a dysfunctional signalling pathway leading to

tumorigenesis and cancer. The deregulation of prostate growth

in prostate cancer cells is distinguished by apoptotic evasion,

uncontrolled proliferation, and loss of differentiation. In

addition, cancer cells gain the ability to migrate and invade

heterotopic tissues, with bone being the most common site of

human prostate cancer metastasis (see Scher & Chung, 1994).

Prostate cancer is the most common malignancy and is the

second leading cause of cancer death in males (see Society

American Cancer, 2005). Nearly 230,000 cases of prostate

cancer were reported in 2004, with approximately 30,000 of

them resulting in patient death (see Lara et al., 2004). Most

early tumours are androgen-dependent, and thus the most

common therapeutic option is to deprive the tumour of

androgens via surgical or medical castration (see Gnanapra-

gasam et al., 2003). While chemotherapy and androgen

ablation have proven to have significant effects on the early

stages of prostate cancer, advanced prostate cancer is resilient

to such treatments. Despite the early efficacy of androgen

ablation, prostate tumours eventually relapse into a hormone-

refractory (androgen-independent) disease, with devastating

results on morbidity and mortality rates (see Isaacs, 1994; Lara

et al., 2004). The transition to androgen independence is

followed by metastasis, with greater than 80% of all tumours

metastasizing to bone (see Scher & Chung, 1994).

Biochemically, prostate cancer progression associated the

deregulation of specific growth factors with their respective

signalling pathways (see Djakiew, 2000; Stangelberger et al.,

2005). Growth factors can be placed into three categories:

positive growth factors, which promote growth and prolifera-

tion; negative growth factors, which regulate and inhibit cell

growth and proliferation, and often induce apoptosis, and

angiogenic growth factors, which provide the growth factors

necessary to build vascular and oxygen supplies necessary to

tissue growth and survival. Insulin-like growth factor-1 (IGF-

1) and its associated signalling pathway is one of the most

significant positive growth-promoting signal transduction*Author for correspondence; E-mail: nkypr2@uky.edu
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pathways, while the fibroblast growth factor (FGF) family of

growth factors plays the role of both a positive growth factor

and an angiogenic growth factor. Transforming growth factor-

b (TGF-b) is a negative growth factor crucial to the regulation
of cell differentiation and proliferation (see Zhu & Kyprianou,

2005). Progression of prostate cancer is dependent on

angiogenesis, mediated primarily via the increased expression

of vascular endothelial growth factor (VEGF). Molecular

dissection of the deregulation of growth factor signalling

pathways in prostate tumorigenesis may provide promising

new therapeutic targets for prostate cancer.

Degradation of extracellular matrix (ECM)-surrounding

tumours is a critical step in the invasion and metastasis of

malignant epithelial cells. The degradation process is mainly

mediated by zinc-dependent matrix metalloproteases (MMPs)

produced by stromal cells. An increasing amount of evidence

suggests that cancer cells can stimulate MMP production in

a paracrine manner. The epithelial–stromal interactions play

a prominent role in prostate cancer progression, thus tumour-

derived factors such as EMMPRIN (MMP inducer), recently

found to be highly expressed on the cell surface of highly

aggressive human prostate cancer cells (see Rennebecke et al.,

2005), may provide mechanistic and clinically relevant insights

into the functional contribution of tumour cell surface proteins

in prostate cancer development.

Post-translational modifications of cell surface proteins and

their associated proteins also play important role in apoptotic

signalling pathways. Focal adhesion kinase (FAK) and

integrin-linked kinase are two integrin-associated proteins that

can trigger downstream signalling pathways and result in

anoikis (detachment-induced apoptosis) (see Attwell et al.,

2003), Rho family GTPases (see Ryromaa et al., 2000),

phosphatidylinositol 3K-Akt (PI3K-Akt) kinase (see McFall

et al., 2001) and mitogen-activated protein kinases (MAPK)

(see Slack-Davis et al., 2003) are reported to be targets of

integrin-mediated signalling. Introduction of a constitutively

active form of FAK into anchorage-dependent cells can render

cells to become anchorage-independent (see Slack-Davis et al.,

2003), while activation of PI3K-Akt can block anoikis in

transformed and cancer cells, while inhibition of PI3K can

induce anoikis (see McFall et al., 2001). It is clear that proper

expression levels and post-translational modification states of

cell surface and intracellular proteins that might be partners

for the growth factor receptors and their signalling effectors,

respectively, which are critical for prostate homeostasis,

deregulation of which would contribute to prostate tumour

progression and metastasis.

In this review, we will discuss the current understanding of

the functional contribution of these growth factor signalling

pathways in prostate tumorigenesis, as well as the mechanistic

and therapeutic significance of their deregulation in prostate

cancer progression and development of novel treatment

approaches for advanced disease.

Cell growth: a balancing act

Insulin-like growth factor 1

IGF-1 exerts a highly mitogenic activity in cells (see Wu et al.,

2001). In addition, IGF-1 is often used to enhance the early

healing of bones, as it (in conjunction with TGF-b) induces

bone regeneration (see Schmidmaier et al., 2004; Srouji et al.,

2005). The IGF signalling axis consists of a complicated

network of IGFs, IGF-binding proteins (IGFBPs), IGF

tyrosine kinase receptors (IGF-Rs) and IGF-binding protein

proteases (see Moschos &Mantzoros, 2002). Nearly all normal

tissues produce low levels of IGF-1, but higher amounts are

found in tissues during adolescence – a stage at which cells are

growing and proliferating at faster rates (see Djavan et al.,

2001). Effective binding of IGF-1 ligand to the IGF-1 receptor

leads to the activation of signalling pathways that contribute

to nearly 50% of cell growth and proliferation, according to

IGF signalling models (see Baserga et al., 2003).

IGF-1, which is produced by prostatic stromal cells in

response to androgen stimulation, works in a paracrine

manner by stimulating the surrounding prostatic epithelial

cells, resulting in increased proliferation (see Moschos &

Mantzoros, 2002; Bogdanos et al., 2003; Garrison & Kypria-

nou, 2004). Proliferation of prostate cancer cells is stimulated

by an activated IGF-1 signalling pathway (see Stattin et al.,

2004). In normal cells, the IGF-1 pathway is inhibited by the

IGF binding proteins. IGFBPs bind to IGF-1 with high

affinity, effectively sequestering IGF-1 and preventing path-

way activation through interaction with its receptor (see

Grimberg & Cohen, 2000; Stewart & Weigel, 2005). Nearly

99% of free IGF is bound to IGFBPs in normal cells, with

most being bound to IGFBP-3 (see Djavan et al., 2001;

Moschos & Mantzoros, 2002).

The downstream targets of the IGF-1 signalling axis

ultimately promote cell survival. The primary cell survival

pathway activated in the IGF-1 axis is the PI3/Akt signalling

pathway (see Dillin et al., 2002). Binding of the IGF-1 ligand

to the IGF-1R results in the phosphorylation (and activation)

of phosphoinositol-3 kinase (PI3). PI3 then further activates

the Akt pathway, resulting in the phosphorylation (deactiva-

tion) of the proapoptotic Bad protein and effectively blocking

apoptosis (see Moschos & Mantzoros, 2002). In addition to

PI3/Akt pathway activation, IGF-1 also induces the activa-

tion of the MAPK pathway via the Ras protein. Moreover,

a downstream target of the Ras/MAPK pathway is the

proapoptotic protein Bad, which becomes deactivated upon

phosphorylation, leading to cell survival and proliferation (see

Moschos & Mantzoros, 2002).

A direct correlation between high plasma IGF-1 levels and

prostate cancer progression has led to the implication of IGF-1

as an aetiologic factor of prostate cancer (see Stattin et al.,

2004). As such, high serum levels of IGF-1 become promising

predictors for prostate cancer and increased risk of malignancy

(see Mantzoros et al., 1997; Wolk et al., 1998; Khosravi et al.,

2001). IGF-1 is commonly overexpressed in the prostatic

stroma, exerting its mitogenic action on prostatic epithelial

cells in a paracrine manner (see Tennant et al., 1996).

Targeting the Igf-1 gene in the prostatic stroma has emerged

as a potentially attractive modality for treating prostate

cancer.

One must also consider additional steps in the IGF-1

signalling pathway as molecular targets. For instance, down-

regulating the IGF-1R (which is constitutively expressed in

prostatic epithelial cells) induces apoptosis in prostate cancer

cells (see Reiss et al., 1998; Djavan et al., 2001; Baserga et al.,

2003). Another possibility would be to upregulate IGFBP

expression, which could lead to the binding of any excess

IGF-1, inhibiting the IGF-1 signalling axis (see Nickerson

A.R. Reynolds & N. Kyprianou Growth factors and the prostate S145
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et al., 1997). Indeed, the use of a new 5a-reductase inhibitor,
epristeride, promises such a therapeutic approach. In pre-

liminary studies, epristeride has been shown to lower IGF-1

protein and mRNA levels in both the stromal and epithe-

lial BPH cells (see Wu et al., 2001). In addition, epristeride

increases TGF-b expression, pointing to potential crosstalk
between two growth factor signalling pathways.

Fibroblast growth factors

The FGF family contains 22 members and four different

receptors (FGFRs) that bind the FGFs with very high affinity

(see Ropiquet et al., 1999; Ornitz & Itoh, 2001). FGFs

are highly conserved polypeptide growth factors that play

a formidable role in development, angiogenesis, growth and

proliferation, and when overexpressed, tumour formation

(see Ornitz & Itoh, 2001; Smith et al., 2001). One of the more

unique characteristics of FGFs is their high affinity for heparin

sulphate proteoglycans, and heparin analogues, in the ECM

(see Gospodarowicz & Cheng, 1986; Ornitz & Itoh, 2001).

Each FGF has distinct FGF receptor and heparin-binding

regions, and the ability to bind heparin in the ECM not only

protects FGFs from degradation but also creates somewhat of

an extracellular, growth factor repository (see Gospodarowicz

& Cheng, 1986; Faham et al., 1998; Ornitz & Itoh, 2001).

Three specific FGFs play a significant role in the develop-

ment of prostate cancer: FGF-2 (also known as basic FGF,

or bFGF), FGF-7, and FGF-8. FGF-2 acts as a mitogen

for prostatic stromal cells, and exerts its effect mainly in

an autocrine manner (see Ropiquet et al., 1999; Garrison &

Kyprianou, 2004). FGF-2 also maintains the ability to

contribute to angiogenesis (see Mydlo et al., 1988). In contrast,

FGF-7 exercises its effect in a paracrine manner, acting as a

mitogen for prostatic epithelial cells (see Ittman & Mansu-

khani, 1997). The mechanism of action for FGF-8 has not

been entirely elucidated, but FGF-8 is thought to play a role

in carcinogenesis due to its overexpression in prostate cancer

cells.

Recent evidence indicates that hypoxia induces FGF-2 and

FGF-7 production, secretion, and, in some cases, the devel-

opment of prostatic stromal and epithelial hyperplasia (see

Berger et al., 2003). FGF is secreted by the stromal cells via a

Naþ /Kþ ATPase pump (see Florkiewicz et al., 1998). Upon

ligand release, FGF receptors, which contain both immuno-

globin- and heparin-like binding domains, are able to bind to

FGFs with extraordinarily high affinity, initiating the tyrosine

kinase activity of the receptor (see Johnson et al., 1990). Once

activated, the FGFRs target the downstream MAPK pathway,

resulting in cell survival, proliferation, and angiogenesis (see

Tsang & Dawid, 2004; Yamada et al., 2004).

A growing body of evidence documents both the direct

and indirect contribution of FGF-2 and FGF-7 to prostate

tumorigenesis. FGF-2 and FGF-7 levels are found in

abnormally high levels (2–3-fold higher) in both benign and

malignant prostate cells (see Cronauer et al., 1997; Ropiquet

et al., 1999). In addition, the FGF-8 growth factor is over-

expressed in approximately 60% of tumours with a Gleason

grade of 7 and nearly all tumours (92%) with a Gleason grade

of 8 or higher (see Gnanapragasam et al., 2003). High levels of

all three of these FGFs in hyperplasic tissues are often

indicative of unmediated proliferation, tumour metastasis, and

extremely low survival rates (see Dorkin et al., 1999; Ropiquet

et al., 1999). Targeting the FGF signalling axis is crucial to

halting the powerful tumorigenic capabilities of the FGF

family.

Anvirizel, a novel FGF-targeting drug, is an extract of the

evergreen tree Nerium oleander and is currently undergoing

clinical evaluations as a potential mode of treatment. The

active components of Anvirizel appear to be the cardiac

glycosides oleandrin and oleandrigenin (see Smith et al., 2001).

Anvirizel exerts its mechanism of action by interfering

with specific membrane Naþ /Kþ ATPase pumps, effectively

inhibiting FGF-2 export (see Florkiewicz et al., 1998;

Smith et al., 2001). The lack of extracellular FGF-2 caused

by Anvirizel prevents the activation of the FGF-2 signalling

pathway, thus inhibiting prostate cancer cell proliferation

in vivo in both PC-3 and DU-145 prostate cancer cells (see

Smith et al., 2001); a similar effect was observed in breast,

lung, and melanoma cancer cells (see Smith et al., 2001; Manna

et al., 2000; McConkey et al., 2000). As such, the FGF

signalling axis is emerging as a clinically exciting target of

molecular intervention and justifiably warrants further ex-

ploration and targeted therapeutic development.

Apoptosis players in the prostate

Transforming growth factor-b

In the normal prostate, TGF-b inhibits epithelial cell

proliferation and stimulates apoptosis, thus acting in a tumour

suppressor-like manner (see Bello-DeOcampo & Tindall,

2003). TGF-b signal transduction is initiated by binding of
the TGF-b ligand to two distinct cell surface receptors (TbRI
and TbRII), both of which have serine/threonine kinase

domains (see Bello-DeOcampo & Tindall, 2003; Motyl &

Gajewska, 2004; Feng & Derynck, 2005). Originally named for

its ability to stimulate fibroblast growth, TGF-b has proven to
be a critical regulator of prostate cell growth due to its ability

to inhibit epithelial cell proliferation and induce apoptosis (see

Massague et al., 1992; Zhu & Kyprianou, 2005).

TGF-b is released from prostatic stromal cells and exerts its
impact in a paracrine manner, inhibiting prostatic epithelial

cell growth and inducing apoptosis (see Wu et al., 2001;

Bhowmick et al., 2004). TbRII is the primary receptor target
for TGF-b, and upon binding, TbRII heterodimerizes with
TbRI to initiate an intracellular signal transduction cascade
(see Guo & Kyprianou, 1999). TGF-b exhibits pleiotropy, and
as such, the TGF-b signalling axis stimulates a wide array
of downstream targets – all of which have antiproliferative

or apoptotic effects. Once the TbRI/TbRII heterodimer is
formed, the serine/threonine kinase activity of the receptors

is activated, effectively targeting the SMAD proteins as the

primary intracellular effectors of TGF-b signalling. Phosphory-
lation of the SMAD proteins, namely SMAD-2 and SMAD-3,

initiates the transduction of the TGF-b signal from the cell

membrane to the nucleus (see Massague, 1998; Motyl &

Gajewska, 2004). Upon nuclear translocation, the phosphory-

lated SMAD proteins trigger the activation of a series of

transcription factors that dictate the proliferative and/or

apoptotic outcomes of the cells (see Bello-DeOcampo &

Tindall, 2003). The transcription of Bax, a proapoptotic factor

that deactivates that antiapoptotic factor Bcl-2, is upregulated.

In addition, the SMAD-activated transcription factors down-
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regulate the transcription of the cell survival factor Bcl-2

(see Guo & Kyprianou, 1999). Further, the cell cycle is

effectively halted by the increased expression of the cyclin-

dependent kinase inhibitor p27Kip1 (see Guo & Kyprianou,

1999). Transcription activated by the TGF-b/SMAD signal-

ling pathway leads to increased expression of IGFBP-3, the

primary binding protein involved in sequestering the positive

growth factor IGF-1 (see Nickerson et al., 1997; Motyl &

Gajewska, 2004). Finally, the activated SMAD also has an

effect in the cytosol, activating the apoptosis initiation factor

caspase-1 (see Guo & Kyprianou, 1999).

Normal benign prostate cells express TGF-b in normal

levels, while prostate cancer cells tend to overexpress TGF-b
(see Perry et al., 1997; Lee et al., 1999; Zhu & Kyprianou,

2005). While the growth factor TGF-b might be overexpressed
in the vast majority of prostate tumours, the important facet to

examine is the direct correlation between prostate cancer

progression and decreased TGF-b receptor expression (see

Wikstrom et al., 1999). Receptor downregulation, mainly that

of TbRII, and the upregulation of TGF-b is typically

associated with the invasive, hormone-refractory forms of

prostate cancer (see Guo et al., 1997; Shariat et al., 2004). Yet,

the apoptotic potency of the TGF-b signalling pathway

remains present, even in malignant cells. Studies have shown

that overexpression of the TbRII receptor in prostate cancer
cells generates an apoptotic response, comparable to that

observed in normal prostate cells (see Hsing et al., 1996; Tu

et al., 1996).

Mechanistically, TGF-b apoptotic signalling has been

partnered with many key apoptotic regulators. The cell

survival factor Bcl-2 can inhibit apoptosis typically induced

by TGF-b in normal prostatic epithelial cells (see Bruckheimer
& Kyprianou, 2002). Upregulation of prostate-specific antigen

(PSA), often a hallmark of prostate cancer development, also

inhibits the apoptotic ability of TGF-b (see Kang et al., 2001).

Interestingly, androgens negatively regulate the expression of

both TGF-b and its receptors, thus providing a molecular
basis for the marked enhancement of TGF-b-induced prostate
epithelial apoptosis following androgen ablation (see Wik-

strom et al., 1999; Zatelli et al., 2000; Zhu & Kyprianou, 2005).

There appears to be a considerably active crosstalk between

the TGF-b signalling pathway and the androgen signalling
axis, the degradation of which may functionally contribute to

tumorigenesis (see Guo & Kyprianou, 1999; Gerdes et al.,

2004; Zhu & Kyprianou, 2005).

Considering a dysfunctional TGF-b signalling pathway in
prostate tumorigenesis proves attractive for new steps of

therapeutic targeting. The loss of TbRII expression is quickly
becoming a potential marker for prostate tumour progression.

Being able to restore TbRII expression (or overexpressing it) in
hormone-refractory prostate cancer cells could effectively

reduce tumorigenicity and induce caspase-1-mediated apopto-

sis (see Guo & Kyprianou, 1999). The 5a-reductase inhibitor,
epristeride, the same drug shown to inhibit IGF-1 mRNA

expression, has been shown to increase TbRII expression,
again asserting evidence of crosstalk between these two path-

ways (see Wu et al., 2001). Quinazoline-based a1-andreno-
receptor blockers, such as doxazosin and terazosin, have also

been shown to induce the activation of the TGF-b signalling
axis (see Partin et al., 2003). Clearly, TGF-b and its associated
signalling pathway present a biochemically attractive avenue

for tumour suppression.

Building a blood supply: the angiogenesis route

Vascular endothelial growth factor

Transformed cells would encounter many obstacles to tumour

growth and progression, including hypoxia and nutrient

deprivation, changes in cell–cell and cell–matrix interactions,

inflammatory and growth inhibitory cytokines, and cell cycle

checkpoints. Moreover, angiogenesis plays a vital role in

tumour growth and progression (see Semenza, 2002a, b;

Nybert et al., 2005). A tumour cannot progress beyond

2–5mm in diameter without procuring its own blood supply

(see Kim et al., 1993; Lara et al., 2004; Gray et al., 2005).

Among the factors that induce neovascularization, VEGF is

perhaps the most widely studied (see Gray et al., 2005). VEGF

serves as a mitogen for endothelial cells, stimulating cells to

divide and promoting angiogenesis (see Ferrara & Henzel,

1989; Jackson et al., 2002). VEGF transduces its signal via the

action of two types tyrosine kinase receptors located on

endothelial cell membranes, VEGFR-I and VEGFR-II (see

Ferrara et al., 2003). There is considerable evidence indicating

that VEGF expression decreases significantly in response to

androgen ablation (see Joseph et al., 1997; Sordello et al.,

1998; Stewart et al., 2001; Lara et al., 2004).

An intact VEGF signalling pathway is critical to tumorigen-

esis and the expression of VEGF is mediated heavily by the

binding of signal transducer/activator of transcription-3

(STAT3) and hypoxia inducible factor 1-a (HIF-1a) to the
promoter region of the VEGF gene (see Wei et al., 2003; Gray

et al., 2005). As a tumour grows, the supply of oxygen that is

able to reach neoplastic cells gradually decreases, leading to a

condition aptly labelled hypoxia. The low oxygen tension

present in hypoxic conditions stimulates the activation of

Src, a tyrosine kinase that phosphorylates HIF-1a and STAT3
(see Semenza, 2002a, b; Gray et al., 2005). Activated forms

of HIF-1a and STAT3 both dimerize, and upon nuclear

translocation, they activate a variety of hypoxic response

elements – namely the expression of VEGF (Figure 1b) (see

Fu et al., 2005). Once VEGF is released, it binds to VEGF

receptors on adjacent endothelial cells and induces a series of

cell survival and mitogenic pathways, primarily through the

PI3/Akt pathway and the Ras-mediated MAP kinase pathway.

VEGF may also exert its action by positively feeding back

on the Src protein in the cytosol, maintaining the VEGF-

promoting stimulus. Thus, Src, HIF-1a, and STAT3 act to
regulate cell survival (see Semenza, 2003). In normal cells,

VEGF is present in very low amounts (if at all) since activation

of transcription factors STAT3 and HIF-1a is strictly regu-
lated (see Fu et al., 2005). In normoxia (normal oxygen levels),

the Src protein is inactive and, as such, cannot phosphorylate

STAT3 or HIF-1a (Figure 1b). Inactive STAT3 does not
dimerize or get transported to the nucleus, and any inactive

HIF-1a is subsequently ubiquitinated and targeted for

degradation by the von Hippel–Lindau protein (see Ivan

et al., 2001; Jaakkola et al., 2001; Masson et al., 2001; Yu

et al., 2001; Min et al., 2002; Fu et al., 2005). Inhibiting STAT3

and HIF-1a promoter site binding effectively reduces the

transcription of VEGF, consequently preventing any neovas-

cularization and thus preventing tumour progression

(Figure 1a) (see Gray et al., 2005; Nybert et al., 2005).

Angiogenic growth factors tend to be maintained in low

levels in normal cells, keeping a steady balance between pro-
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and anti-angiogenesis, which often tilts in favour of angiogenic

prevention (see Nybert et al., 2005). However, the disruption

of the cellular ‘balance’ and subsequent upregulation of

VEGF, whether in response to improper signalling or hypoxia,

is responsible for the development of aggressive, invasive

metastases (see Ferrer et al., 1998; 1999; Nybert et al., 2005).

VEGF expression is quite high in most prostate cancers and

thus serves as a target for therapeutic treatments (see Lara

et al., 2004). Rosiglitazone, a thiazolidinedione PPAR-g ligand
used in the treatment of diabetes, has been shown to inhibit

VEGF production in tumour cells, successfully suppressing

their growth (see Kubota et al., 1998; Panigrahy et al., 2002).

Monoclonal antibodies specific against VEGF injected into

DU-145 prostate tumour mouse xenografts have also been

shown to prevent angiogenesis (see Borgstrom et al., 1998).

The ability to downregulate VEGF expression is a critical step

in arresting prostate tumour growth and progression, thus

presenting several attractive possibilities for therapeutic

intervention (see Jiang et al., 1997; Wiener et al., 1999; Gray

et al., 2005).

Signalling crosstalk: growth factor pathways find
common cell ground

Examination of just a few of these growth factor pathways has

revealed evidence of considerable crosstalk that exists between

the stromal and epithelial cells of the prostate. Clearly, the

growth factors expressed by stromal/fibroblast cells can exert a

paracrine growth influence by binding to receptors on adjacent

epithelial cells, or can exert an autocrine influence by binding

to receptors on other stromal cells. Epithelial cells can thus be

stimulated to release growth factors that can induce stromal

cell growth, and thus the stage is set for a cyclic pathway of

crosstalk between the stroma and epithelium of the prostate.

One can appreciate from Figure 2 that crosstalk between

stromal and epithelial cells is epitomized by the IGF-1 and

TGF-b pathways. Direct pathway activation of TGF-b
signalling in the normal prostate induces the expression of

IGFBP-3, which prevents activation of the IGF-1 growth and

survival pathway (Figure 2a). Conversely, dysfunctional

TGF-b signalling can lead to increased activation of the

IGF-1 growth factor pathway, eventually leading to tumori-

genesis (Figure 2b). Another facet of the crosstalk involves

the shared downstream effectors of the various growth factor

signalling pathways. A classic example of such a communal

intracellular target is the PI3/Akt signalling pathway. IGF-1-

mediated receptor activation immediately targets the PI3/Akt

pathway and subsequently deactivates the proapoptotic

protein Bad; VEGF operates by the same signalling mecha-

nism. Other signal transduction pathways, including the

MAPK pathway, also serve as downstream for effectors for

IGF-1, VEGF, and even for TGF-b.
Pharmacological exploitation of the critical crosstalk events

between the various growth factor signalling pathways

provides promising therapeutic possibilities for prostate

tumour targeting. Doxazosin and terazosin are quinazoline-

based a1-adrenoceptor antagonists that are clinically effective
in the relief of symptoms of BPH via their ability to selectively

antagonize the a1-adrenoceptors and relax prostate smooth
muscle tissue (see Kirby & Pool, 1997; Kyprianou, 2003).

Recent experimental and clinical evidence, however, indicates

that induction of prostate epithelial and smooth muscle cell

apoptosis by doxazosin and terazosin is one of the molecular

mechanisms contributing to the overall long-term clinical

efficacy of these medications in improving lower urinary tract

symptoms in BPH patients (see Kyprianou, 2003), as well as

suppression of tumour growth of androgen-independent human

prostate cancer xenografts (see Kyprianou & Benning, 2000;

Benning & Kyprianou, 2002; Tahmatzopoulos & Kyprianou,

2004). More recent evidence established the ability of the

quinazoline-based a1-adrenoceptor antagonist, doxazosin, but
not the sulphonamide-based a1-adrenoceptor antagonist, tam-
sulosin, to trigger the phenomenon of anoikis, inhibit cell

adhesion, and induce apoptosis of benign and malignant

prostate epithelial cells and tumour-derived endothelial cells

(see Keledjian et al., 2005; Garrison & Kyprianou, 2006). Both

quinazoline-based a1-adrenoceptor antagonists (doxazosin and
terazosin) can directly target VEGF-mediated angiogenesis and

inhibit endothelial cell adhesion and migration (see Keledjian

et al., 2005), via a death receptor-mediated apoptotic signalling

(see Garrison & Kyprianou, 2006). Doxazosin also interferes

with FGF-2 growth signalling and restimulates the TGF-b
signalling pathway, which is absent in tumour cells (see Shaw
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Figure 1 Angiogenesis outcomes: hypoxia and VEGF signalling.
Involvement of angiogenesis in tumour formation. Under normal
oxygen levels (a), the Src protein is inactive, consequently preventing
the phosphorylation and activation of STAT3 and HIF-1a. These
inactive transcription factors cannot bind to the VEGF promoter
and therefore prevent the expression of the VEGF gene, effectively
halting angiogenesis and suppressing tumour growth. Hypoxic
conditions (b) activate the Src protein, which then phosphorylates
STAT3 and HIF-1a. These active transcription factors bind to the
VEGF promoter region, leading to the expression of VEGF,
subsequent endothelial cell proliferation, and angiogenesis.

S148 A.R. Reynolds & N. Kyprianou Growth factors and the prostate

British Journal of Pharmacology vol 147 (S2)



et al., 2004; Tahmatzopoulos et al., 2004). Additional

signalling mechanisms involving disruption of cell attachment

to the ECM and subsequent induction of anoikis have been

functionally implicated in a crosstalk with integrin signalling

to be driving the cell death action of the quinazolines against

the prostate. Indeed, cell detachment emerges as a critical

event in apoptosis induction by doxazosin, which is a conse-

quence of loss of cell attachment (anoikis induction), rather

than the contributing executioner of apoptotic cell death (by

the drug). Ongoing studies focus on dissecting the molecular

mechanism underlying the antigrowth action of the quinazo-

line-based a1-adrenoceptor antagonists, doxazosin and tera-
zosin, towards the development of a drug-discovery structure–

function approach for the identification of the therapeutic

efficacy of novel lead quinazoline-based compounds.

Summary

Future directions must involve the powerful molecular techno-

logy that is becoming increasingly available in combination with

bioinformatics approaches. Mass spectrometry analysis can be

directly applied to identify unknown growth actors and their

signalling patterns and characterize post-translational modifica-

tion and protein abundance (see Mann et al., 2001). Ongoing

studies in this laboratory seek to specifically identify novel

players of the TGF-b intracellular signalling that facilitates the
intercellular protein circuitry in prostate cancer cells towards

apoptosis induction. This is accomplished by introduction of the

2-DE MS/MS technique to compare the differential response of

androgen-sensitive and TGF-b-resistant to androgen-sensitive
and TGF-b1-responsive prostate cancer cells to TGF-b1 treat-
ment. While such analysis represents only one example of the

plethora of possibilities in the application of the proteomics

approach towards the identification of novel signalling partners

of a known growth factor, and their receptors, the value for

such analysis in dissecting critical targets in key growth factor

signalling pathways towards apoptosis induction in human

prostate cancer cells holds considerable diagnostic, prognostic,

and therapeutic promise for the detection and treatment of a

disease so pervasive and debilitating that it threatens a large

population of ageing North American males.

Deregulation of growth factors, such as IGF-1, FGFs, and

VEGF, coupled with the loss of the TGF-b signalling pathway
both play a role in prostate cancer development and progres-

sion. The growth factor signalling pathways regulating

apoptosis and proliferation offer significant molecular targets

for therapeutic targeting of hormone-refractory prostate

cancer. Dysfunctional apoptotic programming leading to loss/

suppression of apoptosis has been heavily implicated in prostate

cancer progression; thus, reinstating apoptosis holds consider-

able promise as the molecular basis of effective therapeutic

approaches for the treatment of hormone-refractory tumours.
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