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PROSTATE PROSPECTS

Molecular Regulation of Androgen
Action in Prostate Cancer

Scott M. Dehm and Donald J. Tindall*

Departments of Urology and Biochemistry and Molecular Biology, Mayo Clinic College of Medicine,
Rochester, Minnesota 55905

Abstract Androgens are critical regulators of prostate differentiation and function, aswell as prostate cancer growth
and survival. Therefore, androgen ablation is the preferred systemic treatment for disseminated prostate cancer. Androgen
action is exerted in target tissues via binding the androgen receptor (AR), a nuclear receptor transcription factor.
Historically, the gene expression program mediated by the AR has been poorly understood. However, recent gene
expression profiling and more traditional single-gene characterization studies have revealed many androgen-regulated
genes that are importantmediators of androgen action in both normal andmalignant prostate tissue. This reviewwill focus
on the androgen-regulated gene expression program, and examine how recently identified androgen-regulated genes are
likely to contribute to the development and progression of prostate cancer.Wewill also summarize several recent studies
that have attempted to unravel how these genes are deregulated in androgen depletion independent prostate cancer.
J. Cell. Biochem. 99: 333–344, 2006. � 2006 Wiley-Liss, Inc.
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Prostate cancer is the most frequently diag-
nosed male cancer and second leading cause of
cancer deaths in North America [Jemal et al.,
2004]. The transcriptional program activated
by the androgen receptor (AR) plays a critical
role in overall function of the prostate as well as
growth and survival of normal and malignant
prostate tissue. Therefore, the treatment regi-
men for locally advanced, relapsed, or meta-
static prostate cancer is based on inhibiting
AR transcriptional activity. Although this
approach is initially effective it is not curative,
and with time prostate cancer will recur in a
form resistant to further hormonal manipula-

tions. Mounting evidence suggests that the AR
is able to retain activity at this stage of the
disease through aberrant mechanisms of acti-
vation. Therefore, many of the AR-regulated
target genes that promote the growth and
survival of prostate cancer cells are likely still
expressed. An important aim of prostate cancer
research is to identify what these key AR-
regulated genes are, with the goal of exploiting
them as therapeutic targets in advanced pros-
tate cancer. In this review, we will focus on the
gene transcriptionprogramregulated by theAR
in the prostate. Specifically, we summarize the
enormous amounts of data that have recently
been generated by gene expressionprofiling and
determine how these studies have extended our
knowledge of androgen action in normal and
malignant prostate cells.

THE ANDROGEN SIGNALING AXIS

The AR is a 110 kDa phosphoprotein and
member of the nuclear receptor transcription
factor superfamily [Lambet al., 2001]. TheAR is
the key mediator of androgen action in target
tissues such as the prostate. Testosterone is
produced by Leydig cells in the testes and is the
most abundant (�90%) androgen in the circula-
tion. Androgens produced by the adrenal cortex,
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such as dehydroepiandrosterone (DHEA) and
androstenedione (4-dione), make up the re-
maining 10%. Both DHEA and 4-dione are
converted to testosterone in peripheral tissues
[Labrie et al., 2001].

The AR shares a common modular structure
with other nuclear receptors, containing an
N-terminal transactivation domain, a central
DNA binding domain, and a C-terminal ligand-
binding/transactivation domain [Heinlein and
Chang, 2004]. Testosterone is able to diffuse
into target cells anddirectly bind to and activate
the AR. However, in target tissues such as
the prostate, testosterone is first converted to
dihydrotestosterone (DHT) by the enzymes 5a-
reductase type I and II [Steers, 2001; Navarro
et al., 2002]. DHT is a more potent AR ligand
than testosterone because it dissociates more
slowly from the AR and induces a receptor
conformation more resistant to degradation
[Heinlein and Chang, 2004]. In the basal, un-
liganded state, the AR exists in the cytoplasm in
a complex that includes molecular chaperones
and cochaperones from the heat shock protein
(Hsp) family such as Hsp90, Hsp70, and Hsp56
[Heinlein and Chang, 2004]. This complex is
essential for the generation of a high-affinity,
ligand-binding conformation of the AR. After
binding to androgen, there is a change in the
conformation and composition of this complex,
which leads to AR nuclear translocation. In
the nucleus, the AR binds androgen response
elements (AREs) as a dimer in the promoter
and enhancer regions of various target genes
[Heinlein and Chang, 2004].

To transcriptionally activate target genes,
ARE-bound AR relies on the activity of coacti-
vator proteins. Many of these coactivators are
important for transcriptional activation by
other steroid hormone receptors, and include
the p160 family (SRC-1, GRIP1/TIF2, RAC3/
pCIP/ACTR/AIB1/TRAM1), P/CAF, CBP, and
p300 [Grossmann et al., 2001]. These coacti-
vators possess intrinsic histone acetyltrans-
ferase (HAT) activity, which can be directed
towards histone as well as other proteins
[Roth et al., 2001]. In addition to coactivators
with HAT activity, the AR has been shown to
specifically recruit the AR-associated (ARA)
coactivators ARA70, ARA55, and ARA54
[Grossmann et al., 2001]. The AR-induced
assembly of these multi-protein complexes
results in a finely regulated level of target gene
transcription.

In addition to the long-recognized role of the
ARas a transcription factor, recent studies have
revealed an important role for AR as a cyto-
plasmic signaling molecule. The first hints at
this phenomenon were provided when it was
discovered that ER antagonists could block
androgen-induced proliferation of LNCaP pro-
state cancer cells [Migliaccio et al., 2000].
Subsequent studies demonstrated that this
was due to an androgen- or estrogen-induced
complex formed between AR, estrogen receptor
(ER)a or ERb, and c-Src. Indeed, androgen or
estrogen stimulation results in rapid (2–15min)
activation of theSrc/Raf-1/ERKpathway,which
can be blocked by either antiandrogens or
antiestrogens. These effects are completely
independent of AR DNA binding, but rather
result fromdirect association betweenaproline-
rich region in the AR N-terminus and the c-Src
SH3 domain [Migliaccio et al., 2000]. Impor-
tantly, this non-genotropic mode of AR signal-
ing appears to be intact in osteoblasts, thus
mediating the antiapoptotic activities of estro-
gens and androgens in these cells [Kousteni
et al., 2001]. Furthermore, in NIH3T3 murine
fibroblasts, which express barely detectable
levels of AR protein, very low concentrations of
androgens can stimulate DNA synthesis while
higher concentrations can induce cytoskeletal
changes. Both of these effects appear to be
mediated via non-genotropicAR signaling path-
ways [Castoria et al., 2003]. As a result of these
important discoveries, a full understanding of
androgen action must also consider the cellular
activities regulated by cytoplasmic AR.

ANDROGEN ACTION IN ADULT
PROSTATE TISSUE

The prostate is a small, walnut-sized sex
accessory gland surrounding the urethra at the
base of the bladder. Secretions from theprostate
comprise a major fraction of the total seminal
plasma volume of human ejaculate. The pros-
tate epithelium forms glandular acini, which
are separated from a supporting stroma by
a basement membrane interface. Androgens
mediate key physiological processes in these
prostate tissue compartments suchas differentia-
tion, secretory function,metabolism,morphology,
proliferation, and survival. The prostate epithe-
lial cell compartment consists of three discrete
cell types: basal cells situated along the base-
ment membrane, luminal columnar secretory
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cells, and a small fraction of neuroendocrine
cells. The lineage and differentiation of these
epithelial cells is regulated by the surrounding
stroma [Sung and Chung, 2002]. In the adult
prostate, the AR is expressed in both the
epithelial and stromal cells [Litvinov et al.,
2003]. Androgen ablation results in prostate
involution, and the loss of epithelial cells via
apoptosis. Subsequent androgen re-administra-
tion induces the prostate to regain normal size
and function through rapid proliferation and
differentiation of stem cells in the basal epithe-
lial cell compartment [Litvinov et al., 2003].
Tissue grafting experiments in rodents have
suggested that the AR functions primarily to
maintain the differentiated secretory function
of prostate epithelial cells [Kurita et al., 2001].
The androgen-dependent survival of the epithe-
lial compartment is regulated in large part by
paracrine factors expressed and provided by the
supporting AR positive stromal cells [Kurita
et al., 2001]. This complex signaling relation-
ship between the epithelial and stromal com-
partments results in homeostasis whereby the
proliferative and apoptotic indices in the pros-
tate are balanced at approximately 1%–2%
[Litvinov et al., 2003].

ANDROGEN ACTION IN PROSTATE CANCER

The normal human prostate is divided into
three discrete regions, defined by their location
in relationship to the urethra. Importantly, the
cells within these zones vary significantly in
their contribution to the prevalence of prostate
cancer [Che and Grignon, 2002]. For example,
the transition zone comprises 5%–10% of
glandular tissue, and accounts for 20% of pro-
state adenocarcinomas. The central zone com-
prises approximately 25% of the glandular
tissue; however cancer arising from these
tissues is rare at 1%–5%. The peripheral zone
makes up the bulk of prostate tissue (�70%) and
accounts for the majority (�70%) of cancers.
Regardless of the origin of the neoplasm, these
cancer cells initially remain dependent on
androgens for growth and survival. Therefore,
if surgery is not curative, castration and/or
administration of AR antagonists are the main-
stays of systemic therapy. Initially, this andro-
gen ablation results inmarkedAR inhibition, as
indicated by reduced expression its target gene,
prostate-specific antigen (PSA), and concomi-
tant tumor regression [Feldman and Feldman,

2001]. Invariably, however, prostate cancer
relapses in a form that is resistant to these
hormonal manipulations, and further treat-
ment is essentially palliative [Grossmann
et al., 2001]. This stage of the disease is referred
to as androgen-independent, androgen-refrac-
tory, or androgen depletion-independent (ADI)
[Roy-Burman et al., 2005]. Although ADI
prostate cancer is resistant to further attempts
at blocking androgen action, the AR remains a
critical factor for the growth and survival of the
majority of these tumors [Feldman and Feld-
man, 2001; Grossmann et al., 2001; Litvinov
et al., 2003; Heinlein and Chang, 2004]. For
example,most ADI prostate cancer retains high
levels of AR expression [Buchanan et al., 2001].
Moreover, the PSA gene continues to be
expressed at this stage of the disease [Heinlein
and Chang, 2004]. Indeed, ribozyme, antisense,
and small-interfering RNA (siRNA) approaches
have shown that targeted inhibition of the AR
decreases PSA expression, cell proliferation,
and survival in various cell-basedmodels of ADI
prostate cancer [Eder et al., 2000; Zegarra-Moro
et al., 2002; Haag et al., 2005; Liao et al., 2005].
Thesefindings suggest thatADIprostate cancer
cells continue toproliferate and survive through
aberrant mechanisms of AR activation, and
thus the AR signaling axis remains a valid
target for therapy. A major goal has been to
elucidate the critical downstream targets of AR
signalingwhichplay a critical role in the growth
and survival of ADI prostate cancer cells.

GLOBAL PROFILING OF ANDROGEN
ACTION IN THE PROSTATE

There have been many studies in the past
several years aimed at comprehensively unra-
veling the complete androgen-regulated gene
expression program in normal and cancerous
prostate cells. The hugemass of data associated
with these reports can be attributed to new
technologies allowing researchers to study the
expression of thousands of individual genes in
response to androgenic stimuli. A summary of
these studies is depicted in Table I.

Model Systems Used to Discover
Androgen-Regulated Genes

The majority of large-scale gene expression
studies have been performed in LNCaP cells,
themost widely usedmodel cell line for prostate
cancer research [Waghray et al., 2001; Xu et al.,
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2001; Clegg et al., 2002; DePrimo et al., 2002;
Nelson et al., 2002; Segawa et al., 2002; Eder
et al., 2003; Meehan and Sadar, 2004; Shi et al.,
2004; Velasco et al., 2004; Febbo et al., 2005;
Oosterhoff et al., 2005]. The strength of this
system is that it is one of the few cell-based
models that retains several of the salient
features of human prostate cancer. For exam-
ple, LNCaP cells are epithelial in origin, express
the AR as well as AR-regulated genes, and are
androgen sensitive for growth and survival in
culture and as xenografts. Furthermore, as is

the case for the majority of prostate cancer,
androgen ablation only temporarily affects the
growth and survival of these cells, resulting in
eventual progression to an ADI phenotype.
However, the major caveat of this cell line is a
T877A mutation in the AR that renders it
responsive to other steroids, such as glucocorti-
coids and progestins, as well as antiandrogens
such as flutamide. Therefore any studies with
respect to AR function in these cells must be
interpreted in the context of a mutant receptor.
The second most frequently used model system

TABLE I. Expression Profiling of Androgen-Regulated Genes

Study Tissue source Conditions Profiling platform

Amler et al. [2000] 1. CWR22 1. ADa tumors established in male
mice, followed by castration for
0–480 h.

Incyte UniGEM 1.0 cDNA array

2. AIa subline 2. AIa tumors established in female
mice

Asirvatham et al. [2005] rVPECsa 48 h serum starve, followed by 2–12 h
10 nM R1881

Affymetrix RAE 230A
oligonucleotide array

Clegg et al. [2002] LNCaP 24 h with 10% CSSa, followed by 24 h
�1 nM R1881

ESTa sequencing

DePrimo et al. [2002] 1. LNCaP 1. 48 h with 10% CSSa, followed by
8–72 h 1 nM R1881

Custom cDNA arrays

2. MDAPCa2a 2. 48 h with 10%CSSa, followed by 24 h
with 10-1,000 nM DHT

1. 24,000 cDNA elements

3. MDAPCa2b
4. LAPC4

3. Culture in 10% CSSa with 1 nM
R1881, followed by 48–72 h in 10%
CSSa

2. 9,600 cDNA elements

Desai et al. [2004] 1. Rat VPa

2. Rat DLPa
1. Castrate rats for 72, 120, 168 h
2. Castrate rats for 72 h, followed by

AP Biosciences CodeLink UniSet
Rat Bio array

daily administration of testosterone
propionate (500 mg/dl) for 48 h

Eder et al. [2003] LNCaP 1. 48 h with AR antisense NIH 10 K cDNA array
2. 48 h with 10% CSSa

3. 48 h with bicalutamide
Febbo et al. [2005] LNCaP 48 h with 10% CSSa, followed by

0–18 h with 0.1 nM R1881
Affymetrix U95A2 array

Jiang and Wang [2003] 1. Rat VPa

2. Rat DLPa
Castrate rats for 168 h, followed by

administration of testosterone
propionate (2 mg/rat) for 14 h

Incyte rat toxicity array

Meehan and Sadar [2004] LNCaP 24 h serum starve, followed by 48 h
�10 nM R1881

ICAT 2-D LC MS/MSa

Nelson et al. [2002] LNCaP 24 h with 10% CSSa, followed by
0–48 h 1 nM R1881

Custom cDNA array with 3000
prostate specific cDNAs

Nantermet et al. [2004] Rat VPa Castrate rats for 216 h, followed by
administration of 5a-DHTa

(3 mg/kg) for 6–24 h.

Affymetrix RGU34A
oligonucleotide array

Oosterhoff et al. [2005] 1. LNCaP
2. AIa subline

48 h with 5% CSSa, followed by 1–72 h
0.1 nM R1881

Agilent Human 1A cDNA array

Pfundt et al. [2005] 1. Normal rat prostates 1. Prostates from intact mice versus
336 h castrate mice

Sigma Genosys 5K oligonucleotide
set

2. Tumors from
Dunning model

2. H tumors (ADa) versus H1 (AIa)
tumors from Dunning rat model

Segawa et al. [2002] LNCaP 120 h with 10% CSSa, followed by
0–24 h with 0.1 or 10 nM R1881

Affymetrix HuGeneFL array

Shi et al. [2004] 1. LNCaP
2. 3 AIa sublines

120 h with 5% CSSa or 120 h complete
serum

Affymetrix Human Genome U95A
oligonucleotide array

Velasco et al. [2004] LNCaP 24 h with 5% CSSa, followed by 2–72 h
10 nM DHTa

Affymetrix Hu6800FL
oligonucleotide array

Waghray et al. [2001] LNCaP 72 h with 5% CSSa, followed by
24 h �1 nM DHTa

1. SAGEa

2. 2-DGE/ MALDI-TOF MSa

Xu et al. [2001] LNCaP 120 h with 5% CSSa, followed by
24 h �10 nM R1881

SAGEa

aAbbreviations: AD, androgen-dependent; AI, androgen-independent; CSS, charcoal-stripped (steroid-depleted) serum; DHT,
dihydrotestosterone; DLP, dorsolateral prostate; EST, expressed sequence tag; ICAT 2-D LC MS/MS, isotope coded affinity tag 2-
dimensional liquid chromatography tandemmass spectrometry; SAGE, serial analysis of gene expression;VP, ventral prostate; 2-DGE/
MALDI-TOF MS, 2-dimensional gel electrophoresis/matrix-assisted laser desorption ionization-time-of-flight mass spectrometry.
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has been the rat prostate [Jiang and Wang,
2003; Desai et al., 2004; Nantermet et al., 2004;
Pfundt et al., 2005]. The main caveat of this
system is the fundamental anatomical differ-
ences between human and rat prostates.
Whereas thehumanprostate is anencapsulated
organ, the rat prostate is composed of distinct
dorsal, lateral, ventral, and anterior lobes. The
ventral prostate is most commonly studied
because this lobe behaves in a manner similar
to normal human prostate tissue, wherein the
epithelial compartment undergoes massive
apoptosis in response to androgen ablation.
Re-administration of androgens results in
restored size and function. While data can be
interpreted in the context of a wild-type AR
when the rat ventral prostate is studied, care
must be taken because results arise from the
heterogeneous mixture of cell types within this
organ. Other model systems that have been
employed include rat ventral prostate epithelial
cells (rVPECs) [Asirvatham et al., 2005] and a
variety of human prostate cancer cell lines such
as CWR22 [Amler et al., 2000], MDACaP2a,
MDACaP2b, and LAPC4 [DePrimo et al., 2002].

Androgen Responsive Genes in
Prostate Cancer Cells

Profiling the expression of thousands of genes
in cells of prostate origin has allowed estimates
to be made regarding the total number of genes
expressed in prostate cells, referred to as the
prostate transcriptome. Serial analysis of gene
expression (SAGE) and massively parallel sig-
nature sequencing (MPSS) are two similar
technologies that allow the transcriptome to be
determined for an RNA sample isolated from a
collection of cells. SAGE and MPSS are not
selective for mRNAs that encode proteins,
which is an important consideration in light of
recent estimates that the human genome con-
tains roughly 25,000 distinct protein-coding
genesandover100,000distinctnon-codingpoly-
adenylated mRNAs [Claverie, 2005]. Three in-
dependent studies using either SAGE [Waghray
et al., 2001] or MPSS [Lin et al., 2005; Oudes
et al., 2005] have identified between 10,570
and 15,541 individual cDNAs and expressed
sequence tages (ESTs) in LNCaP and LNCaP-
derived cells. A separate study of the LNCaP
transcriptome using SAGE identified 23,448
individual known genes or ESTs [Xu et al.,
2001]. Therefore, the LNCaP transcriptome is
likely to be between 10,570 and 23,448 poly-

adenylated RNAs. Remarkably, regardless of
the androgen concentration, time-course, plat-
form, ormethod of data analysis used in various
expression profiling studies, the percentage of
the LNCaP transcriptome that is either directly
or indirectly regulated by androgens is consis-
tently found to be between 1.5% to 4.3%. SAGE-
based approaches have provided low-end
estimates, suggesting that 1.5% (351/23,448)
to 2.1% (351/16,750) of detected genes are
androgen-regulated in LNCaP cells [Waghray
et al., 2001; Xu et al., 2001]. Mid-range esti-
mates have arisen from oligonucleotide array
experiments, which have suggested that 2.8%
(98/3500) to 3.7% (251/6502) genes are andro-
gen-regulated [Segawa et al., 2002; Velasco
et al., 2004]. A high-end estimate comes from a
cDNA array hybridization experiment, which
suggested that 4.3% (195/4,491) of detected
genes are androgen-regulated [Oosterhoff
et al., 2005]. In a protein expression profiling
experiment, 1,031 individual proteins were
detected, 44 of which displayed a change in
intensity in response to androgens [Waghray
et al., 2001]. This finding suggests that a similar
fraction of cellular proteins are androgen-
regulated (4.3%). However, this study concur-
rently analyzed transcript expression by SAGE,
and very little correlation between the andro-
gen regulation of transcripts and proteins was
observed [Waghray et al., 2001]. This could be
due to the lack of sensitivity of current protein
profiling technologies compared to the sensitiv-
ity of gene expression profiling technologies.
This is demonstrated by the recent use of
isotope-coded affinity tag (ICAT) labeling coup-
led with 2-dimensional liquid chromatography
and tandem mass spectrometry (LC-MS/MS)
for the identification of androgen-regulated
proteins in LNCaP cells. This approach identi-
fied 139 proteins, 77 of which quantitatively
displayed androgen-regulation [Meehan and
Sadar, 2004]. However, ICAT-LC-MS/MS does
have a greater potential to provide deeper
coverage, as a more recent study obtained
quantitative profiles of 940 proteins in LNCaP
and LNCaP-derived ADI cells [Lin et al.,
2005].

MOLECULAR REGULATION OF ANDROGEN
ACTION IN THE PROSTATE

Collectively, the numerous gene expression
profiling studies have provided important
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global overviews of androgen action in prostate
cells. However, the ultimate goal of such studies
is the identification of androgen-regulated
genes that are key to fundamental processes in
normal and cancerous prostate tissue. Sophis-
ticated bioinformatics-based analysis tools have
played the most significant role in advancing
prostate cancer research towards this goal.
Assigning identified androgen-regulated genes
to commonpathways or regulatory processes, or
groups with common kinetics of induction/
repression are examples of these approaches.
As a result, these methods of analyses have
identified sets of genes that are candidate
regulators of prostate function, growth, and
survival. In addition, the bioinformatics-based
identification of putative regulatory AREs for
these androgen-regulated genes has led to a
candidate list of direct transcriptional targets of
the AR [Nelson et al., 2002; Nantermet et al.,
2004; Asirvatham et al., 2005]. In the next
section, we will discuss how gene expression
profiling coupled with validation and thorough
bioinformatic analysis has furthered our mole-
cular understanding of androgen action in

normal and cancerous prostate tissue. In addi-
tion, we will discuss several recent reports that
have identified and characterized androgen-
regulated genes that are likely keymediators of
growth and survival of prostate cancer. These
molecular determinants of androgen action are
summarized in Figure 1.

Androgen Regulation of Differentiation and
Prostate Function

The primary function of the prostate is to
produce secretions rich in proteins, organic
solutes, lipids, and cholesterol. These secre-
tions, which are a major component of seminal
fluid, support male fertility and insemination
and also protect the lower urinary tract from
infection. Androgens are key regulators of this
function. Indeed, some of the most abundant
proteins in human semen, such as PSA, kallik-
rein 2 (hK2), and prostatic acid phosphatase,
are also the best-characterized androgen-regu-
lated genes [Nelson et al., 1998]. PSA is a serine
protease responsible for liquefaction of semen
and is initially secreted as an inactive zymogen,
which must first be catalytically activated by

Fig. 1. A schematic representation of androgen action in prostate cancer cells. The androgen receptor (AR)
modulates key effector molecules through transcriptional activation/repression and non-genotropic
signaling. These key effector molecules mediate the effects of the active AR on differentiated cell function,
cell proliferation, and cell survival. Genes and pathways modulated by the AR are described in detail in
the text.
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the serine protease hK2 [Lilja, 2003]. Prostatic
acid phosphatase is a non-specific phosphatase
and its precise role in seminal plasma has not
been clearly elucidated.
In addition to thesewell-characterized andro-

gen-regulated genes, many of the additional
candidates identified in LNCaP and rat ventral
prostate gene expression profiling experiments
are predicted to be secreted proteins, or play a
role in prostate secretory function. For example,
a recent study investigated the genes that are
activated within 6 or 24 h by DHT in the rat
ventral prostate following 9 days of castration
[Nantermet et al., 2004]. This time period was
chosen because it precedes the massive revas-
cularization and proliferation of the ventral
prostate, thus providing a greater opportunity
to identify bona fide androgen-regulated genes.
Of the 234 androgen-regulated genes identified
in this study, 62 are known to play a role in
protein synthesis, degradation or maturation,
and 24 are known to play a role in regulating
secretory activity. Remarkably, most of the 86
genes involved in these processes displayed
induction in response to DHT. In contrast, for
the remaining androgen-regulated genes iden-
tified in this study, the number of genes induced
was similar to thenumber of genes repressed. In
line with these findings, a study that analyzed
the response of LNCaP cells toR1881 over a 72h
time course found that over 200 of a total 517
androgen-regulated genes contribute to the
synthesis andmodification of secretory proteins
[DePrimo et al., 2002]. Genes induced by
androgens in these studies have been shown to
participate in all steps ofmaturation of secreted
proteins, including transport to the endoplas-
mic reticulum, folding, and glycosylation. For
example, in the rat ventral prostate, signal
sequence receptor g (SSR3), which regulates
nascent polypeptide entry into the endoplasmic
reticulum, was induced fivefold within 6 h, and
10.4-fold within 24 h of DHT administration
[Nantermet et al., 2004]. Similarly, signal sequ-
ence receptor D (SSR4) was induced 2.6-fold
within 24 h [Nantermet et al., 2004]. Sequence
search algorithms identified three putative
AREs upstream of the SSR4 transcription start
sites conserved across human, mouse, and rat
genomes [Nantermet et al., 2004]. Genes that
regulate chaperone-assisted folding, such as
calreticulin, protein disulfide isomerase, and
BiP were also characterized as androgen-
induced [Nantermet et al., 2004]. Genes involv-

ed in glycosylation such as UDP-galactose
4-epimerase (2.8-fold at 6 h, 18.2-fold at 24 h),
UDP-galactose: N-acetylglucosamine b1,4-
galactosyltransferase (3.2-fold at 6 h, 15.3-fold
at 24 h), and a1,3-fucosyltransferase (7.2-fold at
6 h, 15.1-fold at 24 h) were some of the genes
most strongly induced by androgens in the rat
ventral prostate [Nantermet et al., 2004].
Components of the endoplasmic reticulum
oligosaccharyltransferase complex such as ribo-
phorins I and II, defender against cell death-1
(DAD1), and glucosidase-1, were also identified
as androgen-induced genes [Nantermet et al.,
2004]. Importantly, a separate gene expression
profiling study also reported DAD1 as a gene
inducedbyandrogens in the ventral, dorsal, and
lateral lobes of the rat prostate [Jiang and
Wang, 2003]. A rapid and dose-dependent
induction of DAD1 by androgens was further
confirmed via Northern blot of RNA from rat
prostates as well as LNCaP cells [Jiang and
Wang, 2003]. Additionally, three putativeAREs
were identified in regulatory regions upstream
of the DAD1 transcription start sites in human,
mouse, and rat genomes [Nantermet et al.,
2004].

Prostatic secretions are also rich in polya-
mines such as choline, spermine, and spermi-
dine. Ornithine decarboxylase (ODC) is an
enzyme that catalyzes one of thefirst committed
steps of polyamine synthesis and is a well-
described direct transcriptional target of the
AR. S-adenosylmethionine (SAM) decarboxy-
lase is another enzyme that catalyzes one of the
first steps of polyamine synthesis. Studies in
LNCaPcells [DePrimoet al., 2002] aswell as the
rat ventral prostate [Nantermet et al., 2004]
have shown that SAM decarboxylase is rapidly
induced by androgens. In addition, spermine
synthase and spermidine/spermine N-acetyl-
transferase have both been demonstrated to be
androgen-regulated in LNCaP cells and the rat
ventral prostate [DePrimo et al., 2002; Nanter-
met et al., 2004]. Proteomic analysis of LNCaP
cells also revealed that spermine synthase is
androgen-induced at the protein level [Meehan
and Sadar, 2004]. These findings suggest the
high polyamine content of prostate secretions is
due in large part to the coordinate androgen
regulation of key enzymes involved in poly-
amine biosynthesis.

Prostatic secretions provide the bulk lipid
content of seminal plasma. Indeed, androgen
stimulation of LNCaP cells results in marked
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lipogenesis, leading to accumulation of fatty
acids and cholesterol [Swinnen et al., 2004]. The
physiological significance of lipid accumulation
in response to androgens is not clear. This
accumulation may simply provide the building
blocks to make the cellular membranes needed
for cell division. Alternatively, increased lipid
content may alter the composition, concentra-
tion, and/or function of lipid rafts, which are
ordered lipid domains that spatially and tem-
porally control cell signaling. Yet another
hypothesis is that increased lipogenesis is
necessary for the synthesis of prostasomes,
which are prostate secretory vesicles in human
semen [Ronquist and Nilsson, 2004]. Regard-
less of the role of increased lipid content in the
prostate, most gene expression profiling studies
have demonstrated that a network of genes
involved in lipogenesis is under androgenic
control [Swinnen et al., 2004]. Most of the genes
within this network are likely not direct
transcriptional targets of the AR, but rather
are transcriptional targets of sterol regulatory
element binding proteins (SREBPs). SREBPs
are synthesized inan inactive formand retained
in endoplasmic reticulum membranes in asso-
ciation with SREBP cleavage activating protein
(SCAP) [Swinnen et al., 2004]. SCAP regulates
the activation of SREBPs in response to de-
creased cellular lipid concentrations [Swinnen
et al., 2004]. Recently, SCAP has been shown to
be a direct transcriptional target of the AR, via
an ARE in intron 8 of the gene [Heemers et al.,
2004]. This finding likely explains the mechan-
isms underlying the wealth of gene expression
profiling data demonstrating androgenic regu-
lation of lipogenic enzymes. This serves as an
excellent example of how androgenic regulation
of a key regulatory enzyme is likely to render an
entire metabolic pathway responsive to andro-
gens in prostate cells.

Androgen Regulation of Proliferation

Some of the most sought-after androgen-
regulated genes are those involved in cell-cycle
regulation. The success of androgen ablation
therapy in prostate cancer is attributed in
large part to the induction of cell-cycle arrest
[Heinlein and Chang, 2004]. Key questions,
therefore, are what are the direct AR targets
that regulate normal and malignant prostate
cell proliferation, and are these targets aber-
rantly activated in ADI prostate cancer? Based
on androgen concentrations used in LNCaP

cells, many gene expression profiling studies
have not been adequately designed to answer
these questions. For example, LNCaP and
LAPC4 prostate cancer cells display a biphasic
proliferative response to androgen stimulation:
androgen concentrations of 0.1 nM stimulate
proliferation, while 10 nM inhibits proliferation
and induces differentiation. At an androgen
concentration of 1 nM, which is most commonly
used for gene expression profiling studies,
LNCaP and LAPC4 cells do not display a
proliferative response [de Launoit et al., 1991].
Conversely, The MDA PCa 2a and 2b cell lines
proliferate in response to 1 nM androgens [Ye
et al., 1999]. Indeed, in comparing the gene
expression profiles of these four prostate cancer
cell lines in response to 1 nM R1881, DePrimo
et al. [2002] observed that a distinct prolifera-
tion-associated cluster of genes was induced in
MDAPCa2aand2b, but remainedunaffected in
LNCaP and LAPC-4 cell lines. This finding
could explain why most gene expression profil-
ing studies have been unable to reveal the
critical androgen-regulated genes that drive
cell proliferation. Nevertheless, several prolif-
eration- and transformation-associated genes
have recently been reported that could play
important roles in androgen-dependent pros-
tate cancer growth.

Wnt-induced secreted protein-2 (WISP-2),
also known as connective tissue growth factor/
cysteine-rich 61/nephroblastoma overexpres-
sed 5 (CCN5) is a secreted growth factor that
binds and activates integrins and stimulates
mitosis as well as other cellular processes
[Brigstock, 2003]. Previous gene expression
profiling of estrogen-regulated genes in breast
cancer cells revealed WISP-2 induction. In-
deed, subsequent studies demonstrated that
WISP-2 is a direct ER transcriptional target
[Brigstock, 2003]. In cultured rat ventral pro-
state epithelial cells (rVPECs), WISP-2 is indu-
ced by androgens within 12 h as assessed by
both array-based profiling and quantitative RT-
PCRconfirmation.Furtheranalysis revealed two
putative AREs upstream of the transcription
start site [Asirvatham et al., 2005]. Taken
together, these findings suggest that WISP-2
is a common target of both the AR and ER
signaling pathways, andmay play an important
role in thedevelopmentandprogression of these
hormone-related cancers.

Increased insulin-like growth factor-I (IGF-I)
levels in the serumhavebeenassociatedwithan
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increased risk of prostate cancer [Kaaks et al.,
2000]. In model systems, IGF-I has been linked
to prostate cancer cell proliferation in culture
and the progression of prostate cancer xeno-
grafts to an androgen refractory phenotype.
Previous studies of a potential link between
IGF-I signaling and androgens suggested that
IGF-I modulates AR activity by activating the
PI3K/Akt or Ras/MAPK pathways, leading to
AR phosphorylation and sensitization to low
concentrations of androgens [Heinlein and
Chang, 2004]. Interestingly, the IGF-I receptor
(IGF-IR) is induced by androgens at the mRNA
and protein level in LNCaP cells [Pandini et al.,
2005]. QuantitativeRT-PCRdemonstrated that
IGF-IR induction is rapid, but is independent of
AR DNA-binding activity. Rather, IGF-IR
androgen responsiveness appears to be depen-
dent on the Src/MAPK pathway, since various
modes of inhibition of this pathway can block
IGF-IR induction. Functionally, this non-geno-
tropic induction of IGF-IR was shown to
sensitize prostate cancer cells to IGF-I-induced
proliferation as well as chemoinvasion [Pandini
et al., 2005].
One of the most significant recent findings

with respect to prostate cancer development
and progression is the existence of recurrent
chromosomal translocations, which result in
novel fusions between the TMPRSS2 gene and
the Ets transcription factor family members,
ERG or ETV1 [Tomlins et al., 2005]. TMPRSS2
was first discovered as an androgen-regulated
gene by microarray-based profiling of LNCaP
cells [Lin et al., 1999]. As determined via
Northern blot, TMPRSS2 mRNA is induced
within 2 h of androgen stimulation and reaches
a maximum level within 24 h [Lin et al., 1999].
Subsequent studies have shown that TMPRSS2
expression is largely prostate restricted in its
expression, localized to prostate luminal epithe-
lial cells [Afar et al., 2001; Vaarala et al., 2001],
and likely androgen-regulated by virtue of a
putative ARE located 148bp upstream from the
transcription start site [Lin et al., 1999]. The
development and application of a novel bioinfor-
matic tool termed cancer outlier profile analysis
(COPA) led to the identification of fusions
between TMPRSS2 and ERG or ETV1 [Tomlins
et al., 2005]. COPAwas applied to existing gene
expression data sets to search for marked
overexpression of oncogenes in subsets of
cancerous versus normal tissues. Strong outlier
profiles were identified for ERG and ETV1, and

overexpression of these geneswas confirmed for
a subset of cancerous prostate tissue. ERG or
ETV1 overexpression was not observed in
prostate intraepithelial neoplasia (PIN), the
precursor to prostate cancer, or benign prostate
tissue. Using a combination of genomic analysis
techniques, ERG or ETV1 overexpression was
attributed to chromosomal translocations,
which result in various fusions between the 50

end of the TMPRSS2 gene and the 30 end of
either ERG or ETV1. Indeed, as would be
predicted, these translocations render expres-
sion of ERG and ETV1 androgen-responsive. It
is tempting to speculate that these fusion
products are the long sought-after key regula-
tors of prostate cancer development. However
further studies are necessary to address this
hypothesis. At the present time, the exact
prevalence of these mutually exclusive translo-
cations in prostate cancer is unknown. How-
ever, initial estimates suggest that it could
occur in up to 80% of prostate cancers [Tomlins
et al., 2005].

Androgen Regulation of Apoptosis/Survival

Another set of sought-after androgen-regu-
lated genes are those involved in cell survival.
Perhaps the best-described apoptotic regulator
is thep53 tumor suppressor gene.Whilep53has
not been described as an androgen-regulated
gene, gene expression profiling studies have
suggested that p53 is under androgenic control
in the prostate. For example, in LNCaP cells,
androgens significantly decrease cellular p53
levels in a dose- and time-dependent manner
[Rokhlin et al., 2005]. Similarly, in the rat
ventral prostate, androgens decrease the over-
all level of cellular p53, which correlates with
decreased expression of p53 in the nucleus. The
decreased expression of p53 observed in the rat
ventral prostate is blocked by cyclohexamide,
thus suggesting an indirect mechanism of
repression [Nantermet et al., 2004]. Indeed,
expression profiling demonstrated that andro-
gens induce the expression of the negative p53
regulator Mdm2, and decrease the expression
of the positive p53 regulators, Hox5a and Egr1
[Nantermet et al., 2004]. Furthermore, gene
expression changes consistent with decreased
p53 function have been observed in the rat
ventral prostate in response to androgens: the
p53-activated genes Rb, Scyd1/fractalkine,
IGFBP3, and BTG-2/TIS21/PC3 are all repre-
ssed, while the p53-repressed gene, hexokinase
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II, is induced [Nantermet et al., 2004]. There-
fore, androgens likely influence prostate cell
survival in part by negatively regulating the
p53 pathway.

An additional apoptotic regulator, caspase-2,
has recently been shown to be a direct target of
theAR inLNCaPandother prostate cancer cells
[Rokhlin et al., 2005]. Caspase-2 is highly
conserved across species and is unique in its
class in that it possesses both initiator and
effector caspase activities [Zhivotovsky and
Orrenius, 2005]. In investigating the mechan-
isms by which androgens protect LNCaP cells
from death induced by tumor necrosis factor a
(TNFa), Rokhlin et al. [2005] found that cas-
pase-2 expression is decreased by androgens in
a dose-dependent manner. They further identi-
fied a consensus ARE within intron 8 of the
caspase-2 gene and confirmed its occupancy by
the AR using chromatin immunoprecipitation
(ChIP). Their findings demonstrate that cas-
pase-2, a critical regulator of apoptosis in
response to TNFa, is repressed by androgens
in prostate cancer cells.

Androgens also protect cells fromapoptosis by
inducing the expression of c-FLIP, an inhibitor
of Fas/FasL-mediated apoptosis [Gao et al.,
2005]. c-FLIP inhibits pro-apoptotic Fas signal-
ing by directly blocking caspase-8 activation at
the death-induced signaling complex (DiSC)
[Thome and Tschopp, 2001]. c-FLIP is directly
induced by androgens in LNCaP cells via a
cluster of four AREs within a 156 bp region
downstream from the transcription start site
[Gao et al., 2005]. The importance of c-FLIP for
prostate cancer survival has been further
demonstrated by overexpression in LNCaP
cells. c-FLIP overexpression accelerated the
transition to androgen refractory growth for
LNCaP xenografts in castrated mice by inhibit-
ing apoptosis [Gao et al., 2005].

CONCLUDING REMARKS

High-throughput gene expression profiling
approaches coupled with traditional character-
ization of candidate genes have provided impor-
tant glimpses into the molecular basis of
androgen action in normal and malignant
prostate tissue. These studies have revealed
several key androgen-regulated genes that are
likely responsible for the maintenance of pros-
tate function, growth, and survival. Additional
mechanistic studies are necessary to fully

confirm the importance of these candidate genes
for their predicted cellular processes. A critical
remaining question iswhether these targets are
aberrantly activated in ADI prostate cancer.
Recent comparisons of the gene expression
profiles of androgen-dependent and ADI pros-
tate cancer cells have provided initial clues to
this question. For example, in comparing andro-
gen-dependent LNCaP with ADI LNCaP-LN0
cells, Oosterhoff et al. [2005] demonstrated that
21% of the genes with constitutively higher
expression in LN0 versus LNCaP are androgen-
induced genes in LNCaP cells, and 14% of the
genes with constitutively lower expression in
LN0 versus LNCaP are androgen-repressed
genes in LNCaP cells. Similarly, Amler and
colleagues monitored gene expression profiles
as androgen dependent CWR22 xenografts
were subjected to androgen ablation and pro-
gressed to an ADI stage (CWR22-R). Their
study demonstrated that the vast majority of
the genes in CWR22 xenografts that were
altered in response to castration were even-
tually restored in CWR22-R to the levels
initially observed in intact mice [Amler et al.,
2000]. Taken together, these findings suggest
that many androgen-regulated genes display
aberrant constitutive activation or repression in
ADI prostate cancer. This supports the hypoth-
esis that the AR is able to achieve critical levels
of activity through various mechanisms of
aberrant activation at this stage of the disease.
Therefore, the AR as well as deregulated AR-
responsive genes should be considered as valid
targets for therapeutic intervention in ADI
prostate cancer.
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