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Abstract
Prostate cancer is the most common, non-dermatologic cancer in men. Since prostate cancer is highly
associated with increased age, the incidence of this disease is expected to increase as the population
ages. In its initial stages prostate cancer depends upon the actions of androgen, and androgen
deprivation therapy induces tumor regression. Currently, androgen deprivation is achieved by either
surgical or chemical androgen blockade. Unfortunately, nearly all prostate cancer patients develop
tumors that grow despite androgen blockade and ultimately relapse. Many alterations in prostate
cancer cells contribute to this state. Although chemotherapy induces short remissions in some
patients, there are no curative therapies for metastatic disease. This review summarizes our current
understanding in androgen signaling and the mechanisms that allow tumor cells to bypass androgen
manipulation therapy. The identification of novel survival pathways and effector molecules that drive
androgen independent growth is necessary to develop effective therapies for advanced prostate
cancers.
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INTRODUCTION
In the last decade the number of newly diagnosed prostate cancer in men has increased
dramatically and currently is the second leading cause of cancer deaths in men in the United
States (Jemal et al., 2006). This increase is due to at least two factors. First, the introduction
of prostate-specific antigen (PSA) screening has identified many men with clinically silent
prostate cancer and has increased the percentage of patients identified with early stage disease.
In addition, prostate cancer is strongly associated with aging and 2 out of every 3 cases are
diagnosed in men older than 65 years of age (ACC, 2006). The incidence of prostate cancer
varies worldwide, with the highest rates found in the United States, Canada and Scandinavia,
and the lowest rates found in China, Japan and other parts of Asia (Crawford, 2003). These
differences are likely due to differential genetic susceptibility (family history and race),
exposure to unknown external risk factors and/or differences in health care and cancer
registration.
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Prostate cancer occurs when the cellular homeostasis of the prostate is disrupted. The normal
human prostate is a tubular-alveolar gland composed of epithelial acini surrounded by a stromal
compartment. The glandular acini contain basal and luminal cells, organized in a two-layered
epithelium. The stromal compartment contains nerves, fibroblasts, infiltrating lymphocytes
and macrophages, endothelial cell capillaries, and smooth muscle cells. Scattered throughout
the epithelial compartment are occasional neuroendocrine cells (Marker, Donjacour, Dahiya,
& Cunha, 2003). The luminal epithelial cells produce and secrete a major fraction of the seminal
fluid within the prostate.

Androgens are an important growth factor for the normal prostate, signaling through the
androgen receptor (AR) localized in the cytoplasm of stromal and secretory epithelial cells
(Chatterjee, 2003). AR is a member of the steroid hormone receptor transcription factor family.
Upon ligand binding, AR enters the nucleus and activates a panoply of target genes involved
in diverse biological processes such as proliferation, differentiation, apoptosis and secretion.
Androgens therefore balance proliferation and survival versus death within the prostate and
control prostate homeostasis (see Figure 1).

In current clinical practice, prostate cancer is usually diagnosed after an abnormal digital rectal
examination (DRE) or, more commonly, by finding elevated PSA levels, a well-characterized
component of the seminal fluid. Malignant cells produce aberrant PSA levels that can be
measured in the blood. Levels above 4 ng/mL are considered abnormal (Crawford, 2003).
Prostate cancer can also be discovered during bladder outlet obstruction surgery. The diagnosis
is then confirmed by transrectal ultrasound (TRUS)-guided biopsy and examined
pathologically where a Gleason score is assigned (NCCN, 2005). The Gleason score is the
most frequently used grading system for prostate cancer and is based on scoring the two most
predominant glandular differentiation patterns in the sample (Gleason & Mellinger, 1974). In
addition, perineural invasion, glomerulations or collagenous micronodules are of prognostic
relevance (DeMarzo, Nelson, Isaacs, & Epstein, 2003).

Although prostate cancer is quite common, the disease is characterized by a wide disparity in
the pace of natural progression. Even when diagnosed with prostate cancer, some men will
progress while others will have indolent disease. Although some factors including high PSA
doubling time and Gleason grade predict a worse prognosis, a significant percentage of men
progress even with apparently, early stage disease. Identifying predictive prognostic markers
that permit one to distinguish prospectively between patients with aggressive and indolent
disease remains an important area of active research.

PATHOGENESIS
Prostate architecture changes subtly as men age. Increased numbers of epithelial cells that
retain normal cell features are often seen in the prostates of older men. These benign changes
are pathologically defined as benign prostatic hyperplasia (BPH). The development of pre-
invasive lesions known as prostatic intraepithelial hyperplasia (PIN) also occurs with
increasing age. High-grade PIN can be clearly identified by traditional histopathology and
consists of prostate acini, lined by basal cells and by luminal cells that show dysplastic features
including nuclear hyperchromasia, nuclear crowding and prominent nucleoli (see Figure 2).
However, a causal association between PIN lesions and the development of adenocarcinomas
remains unclear as there are many early cancers that do not harbor adjacent PIN.

Carcinoma of the prostate requires the presence of malignant acini (see Figure 2). It can be
confined within the prostate (low stage, T2 or lower according to the TNM classification:
www.uicc.org/tnm), spread into adjacent tissue (advanced stage, T3) or metastatic, with bone
and lymph nodes being the most common colonizing sites for prostate cells. Prostate cancer,
as any other type of cancer, arises from cells that accumulate genome changes affecting
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regulatory genes resulting in a growth or survival advantage. However, early stage prostate
cancers exhibit the unique characteristic that androgens are able to regulate this aberrant tumor
cell proliferation. Prostate cancer cells retain androgen responsiveness in its initial stages, and
blockade of the AR pathway induces tumor regression in most patients. Indeed, the current
standard of care for patients with advanced prostate cancer is androgen deprivation, either by
surgical or chemical means. In late stages however, prostate cancer cells can acquire additional
genetic alterations and become hormone refractory. Currently no curative therapies exist for
metastatic, hormone-manipulation refractory forms of the disease.

Molecular changes associated with prostate cancer
The events associated with the initiation of prostate cancer remain poorly understood.
Mutations in classic oncogenes or tumor suppressor genes are uncommon, and unlike many
other cancers, few prostate cancer cell lines are available for in vitro studies. Moreover, the
majority of these cell lines are derived from metastatic tumors and provide little insight about
early stages of the disease (Peehl, 2005). Genomic tools such as comparative genome
hybridization, spectral karyotyping and allelic imbalance analysis have provided the means to
identify chromosomal alterations involved in prostate cancer. Losses at chromosomes 1p, 6q,
8p, 10q, 13q, 16q and 18q and gains at 1q, 2p, 7, 8q, 18q, and Xq have been reported [for a
recent review see (Shand & Gelmann, 2006)], however only few candidate genes have been
identified in these regions. A list of the genes implicated in prostate cancer is shown in Table
I.

Over the past several years, engineered prostate epithelial cell lines and mouse models have
recently become available for the study of the disease progression. The manipulation of
endogenous and viral oncogenes such as the SV40 Large T and small t antigens, Ras, Myc or
Akt and important tumor suppressors such as Nkx3.1, PTEN, p27Kip1, p53 or Rb have
permitted the development of several new experimental models of prostate cancer [summarized
in (Abate-Shen & Shen, 2002;Kasper, 2005) (Chen et al., 2005;Gao, Ouyang, Banach-
Petrosky, Shen, & Abate-Shen, 2006;Zhou et al., 2006)]. These models recapitulate many
aspects of prostate cancer progression and indeed, AR expression is necessary to maintain the
hormonal dependency characteristic of early stage tumors (Berger et al., 2004).

Androgen independent prostate cancer (AIPC)
Androgen independence defines a clinical stage in which prostate cancer cells are able to
survive and proliferate without the required signals delivered normally by circulating
androgens. This condition renders them insensitive to therapies that rely on androgen blockade,
and it is often referred to as androgen resistant, hormone refractory, hormone resistant or
castration resistant. Each of these terms is used interchangeably in the literature. Androgen
insensitivity reflects the ability to grow without (or with very low) circulating androgens, but
it should not be confused with an absence of the intracellular signaling activated downstream
of androgen binding to AR. Indeed, most mechanisms leading to such insensitivity still rely
on an active signaling through AR, which becomes able to activate its transcriptional targets
independently of hormonal binding (see Figure 3).

There are several mechanisms known to lead to androgen independence. Studies in prostate
cancer derived cell lines and tumor samples have identified several genes upregulated or lost
in AIPC, however their role in the pathogenesis of AIPC remains unclear. Indeed, only a few
genes have been shown to drive the proliferation of prostate cells in the absence of androgens.
These genes include AR and ERBB2/Her2, myc, Id-1, protocadherin-PC, IL-6, EGR1 and
certain p53 mutations. Among these genes, the biochemical and genetic evidence implicating
continued AR signaling is the most compelling.
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The role of AR in prostate cancer has been extensively studied. AR is only rarely mutated in
the early stages of the disease, however, a high percentage of tumors obtained from patients
who had failed androgen ablation overexpress AR. Approximately 30% of this overexpression
is associated with genetic amplification (Koivisto et al., 1997;Visakorpi et al., 1995) and 10–
40% with AR mutations (Fenton et al., 1997;Taplin et al., 1995). Androgen receptor pathway
can be hyperactivated through several mechanisms, which can be divided in three main
categories: (1) Hypersensitivity in the androgen receptor through genomic amplification,
mutations or increased systemic androgen levels, (2) Promiscuous activation of the receptor
by mutation or co-regulators alterations, and (3) Receptor activation by alternative pathways
such as growth-factors, receptor tyrosine-kinases or Akt (Feldman & Feldman, 2001) (see
Figure 3). Taken together, the acquisition of oncogenic mutations in the AR gene appears to
be responsible in many patients. Most of these mutations occur after androgen ablation therapy,
indicating the strong selective pressure to maintain AR activity for the survival of prostate
cells. Also the ligand-binding domain appears to be the more commonly mutated causing AR
to be responsive to other molecules, such as other hormone-like ligands, growth factors or
antiandrogens. To date, many mutations have been identified in the AR gene [for a detailed
database of mutations consult http://www.mcgill.ca/androgendb/ (Gottlieb, Beitel, Wu, &
Trifiro, 2004)]; however, only a few have been studied in any detail. Recently, two common
AR mutations have been directly related to prostate cancer progression, E231G and T877A
(Han et al., 2005;Sun et al., 2006).

Moreover, in the cases where AR is not hyperactivated, several investigators have shown that
alternative survival pathways are activated (see Figure 3D). Bcl2 overexpression or combined
loss of important tumor suppressors such as p53/Rb or PTEN/Nkx3.1 have been strongly
implicated in androgen independence (Gao, Ouyang, Banach-Petrosky, Shen, & Abate-Shen,
2006;Gleave et al., 1999;Raffo et al., 1995;Zhou et al., 2006). In addition, there is increasing
evidence to suggest that androgen-independent progenitors/stem cells may contribute in
important ways to the initiation of prostate cancers and in the development of androgen
independence (Tang et al., 2006). However, although there have been several reports of
pluripotency in precursor-like populations, markers that identify the true prostate cancer stem
cell have not yet been described.

CURRENT THERAPIES
Anti-androgen therapy

The first line therapy for patients with metastatic or recurrent disease is androgen deprivation,
either by surgical or medical castration. The beneficial effect of androgen ablation on prostate
cancer was described more that 40 years ago by Charles Huggins (Huggins, 1967). However,
despite this therapy, eventually all prostate tumors adapt to hormonal ablation therapy and
progress. Some evidence suggests that additional hormonal manipulations can be useful after
primary castration therapy. Indeed, non-steroidal androgens such as bicalutamide, flutamide
or nilutamide are able to further block androgen receptor and inhibitors of the adrenal androgen
production such as ketoconazole, corticosteroids or aminoglutethiamide have been useful to
inhibit testosterone production in both testes and adrenal glands. However, in the long term,
prostate cells are able to grow in the absence of androgens. Although no curative therapies
exist for such refractory prostate cancers, recent studies have demonstrated that treatment with
regimens containing docetaxel, a cytotoxic microtubule inhibitor, modestly prolongs survival
(2.5 months) in patients with metastatic, hormone refractory prostate cancer (Tannock et al.,
2004); however, it is clear that more effective therapies that target late stages of the disease
are required.
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New approaches in drug development: Re-focusing on the AR axis
Over 200 compounds have entered clinical trial for use in advanced prostate cancer, alone or
in combination with cytotoxic agents (Armstrong & Carducci, 2006). The identification of new
pathways important for the development of prostate cancer provides several potential
therapeutic targets. Several compounds are currently being tested in clinical trials in order to
explore their efficacy targeting prostate cancer cells. They include inhibition of survival
pathways through essential kinases (phosphatidylinosytol 3-kinase (PI3K), Akt, mTOR) and
growth factors (epithermal growth factor receptor (EGFR), platelet-derived growth factor
receptor (PDGFR), insulin growth factor receptor (IGFR), Her2/Her3), immunological
approaches, novel cytotoxic compounds and targeting of important cellular processes such as
angiogenesis, apoptosis, vitamin D metabolism, differentiation and stem cell biology [for a
recent review see (Mimeault & Batra, 2006)]. However, although efforts to develop new
therapies are promising, clinical efficacy of these compounds is yet to be proven.

On the other hand, the AR pathway is a well-established target for treating prostate cancer.
The currently available treatments targeting AR fail to fully block this signaling pathway.
Further strategies targeting AR signaling thus are likely to provide additional clinical benefit
while maintaining unique specificity for prostate tumors. Accomplishing this goal will require
us to more fully understand the pathways involved in AR signaling and how such pathways
become activated during the androgen insensitive state. Targeting such effector proteins alone
or in combination with current anti-androgen drugs may improve our ability to treat advanced
prostate cancer.
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Figure 1.
Pathways involved in proliferation induced by androgen in prostate cells. Testosterone, the
main circulating androgen, binds its cytoplasmic receptor androgen receptor (AR) and
translocates to the nucleus, where it activates a complex transcriptional program modulated by
co-activators (A) and co-repressors (R). AR can also induce proliferation through non-
transcriptional pathways that activate important mitogenic kinases.
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Figure 2.
Loss of tissue architecture in prostate cancer. (A) Normal prostate: Well-defined large ducts
containing luminal cells on top of a thin layer of basal cells. (B) High grade PIN: Well-defined
ducts containing sparse basal cells and luminal cells that spread towards the lumen. (C) Prostate
cancer: Undefined small ducts that fuse to each other and characterized by the complete absence
of basal cells.
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Figure 3.
Proliferation induced by androgen independent pathways. (A) Hypersensitive pathway: Lower
levels of androgen can activate signaling through the AR transcription factor. This state is
usually achieved by amplification of the receptor itself, but it can also occur in the presence of
activating mutations. (B) Promiscuous pathway: Mutations allow non-androgenic steroid
hormones to bind and activate AR signaling. (C) Outlaw pathway: AR is activated
independently of ligand binding by growth factors, cytokines, interleukins, cytoplasmic kinases
or nuclear co-activators. Importantly A, B and C rely in the presence of an active AR complex.
(D) Bypass pathway: Alternative survival pathways are activated and promote proliferation in
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the absence of androgens. The presence of an active AR is not required. Classification adapted
from (Feldman and Feldman, 2001).
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Table I
Genetic evidences in prostate cancer progression

1. Initiation References:

NKX3.1 (8q21 loss, 80%, no mutations found) (Asatiani et al., 2005;He et al., 1997;Voeller et al., 1997;Zheng et al., 2006)
PTEN (10q23 loss, 50–80%) (Cairns et al., 1997;Feilotter, Nagai, Boag, Eng, & Mulligan, 1998)
Rb (13q14 loss, 50%, rarely mutated) (Cooney et al., 1996;Li et al., 1998;Melamed, Einhorn, & Ittmann, 1997;Sarkar et al.,

1992)
p27/Kip1 (12p13, 50%, rarely mutated) (Kibel, Freije, Isaacs, & Bova, 1999;Kibel, Schutte, Kern, Isaacs, & Bova, 1998)
Myc (amplification, up to 70%) (Bubendorf et al., 1999;Van Den Berg et al., 1995)
Telomerase (increased activity, telomere shortening) (Sommerfeld et al., 1996;Zhang, Kapusta, Slingerland, & Klotz, 1998)
2. Advanced carcinoma and metastasis
Androgen receptor (Xq11-12 amplifications, 30%,
frequently mutated)

(Fenton et al., 1997;Koivisto et al., 1997;Taplin et al., 1995;Visakorpi et al., 1995)

p53 (17p loss, 30%, frequently mutated) (Bookstein, MacGrogan, Hilsenbeck, Sharkey, & Allred, 1993;Downing, Russell, &
Jackson, 2003;Effert, McCoy, Walther, & Liu, 1993;Heidenberg et al., 1995)

Bcl2 (overexpression) (Colombel et al., 1993;Furuya, Krajewski, Epstein, Reed, & Isaacs, 1996)
ETV1 and ERG1 (translocations, up to 80%) (Tomlins et al., 2005;Zhou et al., 2006)
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