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Abstract
The androgen receptor (AR) signaling axis plays a critical role in the development, function and homeostasis 
of the prostate. The classical action of AR is to regulate gene transcriptional processes via AR nuclear 
translocation, binding to androgen response elements on target genes and recruitment of, or crosstalk with, 
transcription factors. Prostate cancer initiation and progression is also uniquely dependent on AR. Androgen 
deprivation therapy remains the standard of care for treatment of advanced prostate cancer. Despite an initial 
favorable response, almost all patients invariably progress to a more aggressive, castrate-resistant phenotype. 
Considerable evidence now supports the concept that development of castrate-resistant prostate cancer 
(CRPC) is causally related to continued transactivation of AR. Understanding the critical events and complexities 
of AR signaling in the progression to CRPC is essential in developing successful future therapies. This review 
provides a synopsis of AR structure and signaling in prostate cancer progression, with a special focus on 
recent findings on the role of AR in CRPC. Clinical implications of these findings and potential directions for 
future research are also outlined.
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advanced or metastatic disease, the mainstay of treatment 
is androgen-deprivation therapy (ADT), typically with a 
luteinizing-hormone-releasing hormone (LRHR) agonist.[3] 
However, this effect is temporary and after a median of 18-
24 months, there is disease progression, heralded by rising 
serum prostate-specific antigen (PSA), increasing tumor size, 
new metastatic spread and disease-related symptoms.[4] This 
represents the lethal phenotype of the disease, and is referred 
to as castration-resistant prostate cancer (CRPC).

The androgen receptor (AR) plays a pivotal role in the 
normal growth and development of the prostate gland, and 
also in prostate carcinogenesis and progression to androgen-
independent disease. The AR is expressed to some degree 
in nearly all primary prostate cancers.[5-7] Studies in both 

BACKGROUND

Prostate cancer is the most frequently diagnosed non-
cutaneous malignancy in men, and the second leading cause of 
male cancer-related mortality in the United States.[1] Clinically 
localized prostate cancer is managed primarily through surgery 
or radiation therapy.[2] For patients who recur systemically 
following definitive treatment or who present with locally 
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humans and animal models suggest a relationship between 
the cellular AR level in both primary and metastatic lesions; 
and, in subsequent disease progression to CRPC.[8-10] This 
evolution from a clinically localized hormone-naïve state to 
a castrate-resistant phenotype involves a complex interplay of 
a network of signaling molecules and is attributed to aberrant 
AR signaling.[10-13]

Rising serum PSA, indicates that AR activity is inappropriately 
restored in CRPC,[14] a hypothesis that has been solidified 
though intensive investigation into the mechanisms of 
therapeutic failure. These mechanisms include (a) AR 
amplification/overexpression;[15] (b) gain-of-function AR 
mutations (mostly in the ligand-binding domain, conferring 
ligand promiscuity);[16] (c) intracrine androgen production;[17] 
(d) overexpression of AR cofactors (sensitizing cells to low 
levels of androgens);[18] (e) ligand independent AR activation 
by cytokines or growth factors;[19] and (f) constitutively active 
messenger ribonucleic acid (mRNA)  splice variants of AR.[20] 
Thus, AR remains a critical factor in the progression to CRPC. 
In the following sections, we will give an overview of androgen 
signaling in prostate cancer development and progression, with 
a special focus on recent findings on the role of AR in CRPC. 
Clinical implications of these findings and potential directions 
for future research are also outlined.

ANDROGEN RECEPTOR STRUCTURE

The human AR gene is a nuclear transcription factor and 
a member of the steroid hormone receptor superfamily 
of genes. It is located on the X chromosome (q11-12) and 
consists of 8 exons. It codes for a protein of 919 amino acids 
with a mass of 110 kDa. The AR consists of four structurally 
and functionally distinct domains [Figure 1], a poorly 
conserved N-terminal domain (NTD), a highly conserved 
deoxyribonucleic acid (DNA) -binding domain (DBD) and 
a moderately conserved ligand-binding domain (LBD). A 
short amino acid sequence called the ‘hinge region’ separates 
the LBD from the DBD and also contains part of a bipartite 
ligand-dependent nuclear localization signal (NLS) for AR 
nuclear transport. AR domain structure and function has 
been extensively reviewed elsewhere.[21-23]

N-terminal domain
The NTD (amino acids 1-537 coded by exon 1) is considered 
to be constitutively active, and can activate transcription 
independently of androgenic stimulus in LBD-deletion 
mutants.[24,25] The NTD also harbors transcriptional 
activation function (AF)-1, which encompasses two 
transcriptional activation units (TAU): TAU-1 and  
TAU-5.[26] The core domain mediating TAU1 transcriptional 
activity has been mapped to a discreet 178LKDIL182 motif 

within the NTD.[27,28] However, TAU5 is responsible for 
the majority of constitutive transcriptional activity within 
the NTD, and is mediated through the core sequence 
435WHTLF439, accounting for approximately 50% aberrant 
AR activity in CRPC cells.[29]

Deoxyribonucleic acid-binding domain
The DBD (68 amino acids coded by exons 2 and 3) consists 
primarily of two zinc finger domains. The first zinc finger 
contains a conserved P-box motif that co-ordinates gene 
specific nucleotide contacts within the DNA groove. The 
second zinc finger contains a conserved D-box motif, 
which functions as a DBD/DBD binding site for receptor 
homodimer formation.[30]

Hinge region
A short sequence of approximately 50 amino acids (625-669) 
called the hinge region separates the LBD from the DBD. 
This region also contains part of a bipartite ligand-dependent 
nuclear localization signal (NLS) for AR nuclear import. 
A cytoskeletal protein Filamin-A (FlnA) interacts with the 
hinge, DBD and LBD of AR, facilitating AR translocation 
to the nucleus. FlnA negative cell lines do not show nuclear 
translocation of AR, and AR remains cytoplasmic even 
after prolonged androgen exposure.[31] FlnA cytoplasmic 
localization in clinical specimens also correlates with 
increased metastatic potential and a hormone-refractory 
phenotype.[32] Two additional NLS exist in the NTD and 
LBD with distinct pathways for nuclear import: the NLS 
of DBD is Ran and importin /β-dependent, whereas the 
NLSs of NTD and LBD are Ran dependent but importin 
/β-independent.[33] This suggests that the nuclear import of 
AR is regulated by interplay between each domain of the AR.

Ligand-binding domain
The AR LBD (amino acids 669-919) facilitates binding of the 
AR ligands, testosterone and dihydrotestosterone (DHT), 
which represents the primary control mechanism of the 
androgen-signaling axis. Similar to the AF1 region in the 

Figure 1: Schematic representation of the androgen receptor gene and 
protein, with indications of its specific motifs and domains
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NTD, AF2 interacts with LxxLL-containing co-regulators 
(the steroid receptor coactivator [SRC] /p160 family) and 
23FQNLF27 and 433WHTLF437 motifs in the NTD.[34,35] Most 
of the AR point mutations in prostate cancer have been 
mapped to regions of the LBD including: amino acids 670-
676, 701-730 and 874-919.[36] Although the association of 
point mutations in the AR with resistance to anti-androgens 
such as bicalutamide is strong, the overall frequency of AR 
mutations cannot account for most cases of CRPC.[37-39] 

CLASSICAL ANDROGEN RECEPTOR 
SIGNALING

Androgenic steroids are 19-carbon steroids of which, 
testosterone is the prototype. It is produced primarily by 
the testes in males with a small contribution from the 
adrenal glands. Androgens play a role in a wide range of 
developmental and physiological responses. The cytochrome 
P450 enzyme, 5α-reductase, which converts testosterone to 
DHT, is highly expressed within the prostate and genital 
tissues.[40,41] Both testosterone and DHT can bind to and 
activate AR under physiological conditions, with DHT having 
a significantly greater affinity for AR, therefore activating 
target genes at lower concentrations than testosterone.[42,43].

In the absence of ligand, the AR is located primarily in the 
cytoplasm [Figure 2], where it associates with heat shock 
proteins (HSP)-90, -70, -56, cytoskeletal proteins and other 
chaperones (reviewed in [44]). HSPs are believed to be tethered 
to cytoskeletal proteins, such as FlnA. FlnA interacts directly 
with the hinge-region of AR, thereby modulating nuclear 
translocation and transcriptional action of AR as well as 
androgen dependence of LNCaP cells.[31,45,46] Androgens 
enhance association and co-localization of AR with FlnA. 
This complex also recruits integrin beta 1 and induces 
activation of Rac1 and focal adhesion kinase (FAK), which 
both coordinate cell migration.[47] This complex appears to act 
as a link between androgen signaling and actin cytoskeleton, 
thereby driving cell migration and may affect prostate cancer 
progression and metastasis.

Binding of ligand to the AR ligand-binding pocket induces 
a conformational change in AR whereby helices 3, 4 and 12 
within the LBD, form the AF-2 binding surface. AF-2 is the 
principal protein-protein interaction surface used by nuclear 
receptors to recruit LxxLL-motif containing coactivators.[34] 
However, AR differs from other nuclear receptors in this 
respect and interacts with coactivators in a unique manner. 
This pocket in the LBD binds preferentially to FxxLF motifs 
found in the NTD, and interacts poorly with LxxLL motifs 
commonly found in coactivators.[48,49] 

As a result, the hydrophobic pocket within the AR LBD 
facilitates intramolecular and intermolecular interaction 
between the AR NTD and its carboxy-terminal domain 
(CTD ), resulting in the dimerization of AR. This NTD/
CTD   interaction occurs predominately when AR is not 
bound to DNA.[50] Several AR-associated coactivators that 
contain FxxLF motifs have been isolated,[51] suggesting that 
competition exists between these regulatory proteins and 
the NTD for binding to the AF-2. The significance of this 
is unclear, but suggests that additional binding sites outside 
this well-defined coactivator pocket enable AR to interact 
with its coactivators, and that different classes of coactivators 
may interact with different AR surfaces.[18] These interactions 
facilitate the nuclear targeting of AR and AR homodimer 
formation. Once inside the nucleus, AR binds to specific 
recognition sequences known as androgen response elements 
(AREs) in the promoter and enhancer regions of target genes. 
The AR transcriptional complex is completed by recruitment 
of coregulators, which ultimately results in modulation of 
gene expression.[52]

Androgen receptor  coregulatory proteins
Almost 200 AR coregulators have now been identified 
(reviewed by Heemers and Tindall.[18] These proteins 
have specific and distinct functions, either enhancing 
(coactivators) or repressing (corepressors) AR activity, 
depending on the target gene.[53] However, unlike general 
and specific transcription factors, they do not significantly 
alter the basal transcription rate and do not typically possess 
DNA binding capabilities. Instead, coregulators act at AR 
target gene promoter and/or enhancer regions to facilitate 

Figure 2: Summary of the major androgen receptor signaling pathways 
in prostate cancer. Upon binding to dihydrotestosterone, androgen 
receptor  translocates to the nucleus, binds to its target genes and 
regulates their expression. Androgen receptor can also be transactivated 
in the absence, or in very low levels of dihydrotestosterone. Activating 
signals arise from several, non-mutually-exclusive mechanisms 
including extracellular peptides such as Insulin-like growth factor, 
Epidermal growth factor and Interleukin-6 
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DNA occupancy, induce chromatin remodeling, and/or 
recruit general transcription factors associated with RNA 
polymerase activity.[18] These proteins are broadly divided 
into 4 main types: (i) molecular chaperones that coordinate 
AR maturation and movement, (ii) histone modifiers, (iii) 
coordinators of transcription and (iv) DNA structural 
modifiers. 

The formation of an active AR-directed transcription pre-
initiation complex occurs via the sequential recruitment 
of coregulators with distinct activities on the ligand-bound 
nuclear AR. The first identified and most widely understood 
of these coregulatory proteins is the p160 coactivator 
family, which consists of three 160 kDa proteins: SRC1, 
transcription intermediary factor 2 (TIF2; and its mouse 
homologue GRIP1) and SRC3. Immunohistochemical 
studies have shown that SRC1 expression is increased 
in 50% of androgen-dependent prostate cancer samples, 
compared to benign or normal prostate tissues. Moreover, 
SRC1 and TIF2 expression are increased in 63% of CRPC 
samples.[54] A correlation between increased levels of SRC3 
and prostate tumor grade and stage has been identified in 
clinically localized disease.[55,56] The p160 coactivators interact 
with the AR NTD[57] and also the LBD, thereby enhancing 
ligand-dependent, AR-mediated transcription of target  
genes.[58] Their recruitment directly influences AR 
transactivation capacity via intrinsic histone acetyltransferase 
activity,[59] and indirectly by acting as platforms for the 
recruitment of secondary coactivators possessing chromatin 
remodeling and protein acetyltransferase capabilities such 
as p300.[60] In tissue samples from patients with biopsy-
proven prostate cancer who underwent prostatectomy, p300 
levels not only correlated with proliferation in vivo, but also 
predicted larger tumor volumes, the likelihood of extra-
prostatic extension, seminal vesicle involvement at surgery as 
well as progression after surgery.[61] Further evidence in vitro 
has shown that an increase in p300 expression, fostered by 
androgen deprivation, offers a growth advantage to androgen-
insensitive prostate cancer cells.[62] 

The role of the non-AR specific coregulator, ARA70, is less 
clear. ARA70 protein has been found to be overexpressed 
in high grade prostate carcinomas, prostate cancer cell lines 
and xenografts,[63] whereas ARA70 mRNA   expression was 
found to be decreased in prostate tumor tissue,[64] increased 
in response to hormone deprivation[65] or unchanged between 
normal and prostate cancer in the same tissue.[66] As a result 
of ARA70’s ability to interact with other nuclear receptors, 
the significance of ARA70-AR interaction remains to be fully 
elucidated. ARA24/Ran interacts with the TAU-1 region 
of the NTD, leading to polyglutamine repeat expansion in 
AR.[67] The role of ARA24 in prostate cancer progression 

remains inconclusive. In one study, ARA24 mRNA 
expression was found to be increased in early primary prostate 
cancer specimens,[64] whereas another study found ARA24 
expression to be similar between benign prostate hypertrophy, 
primary prostate tumors and CRPC tumors.[68]

Overall, these studies providence evidence that prostate 
cancer is associated with overexpression of certain AR 
coregulators, which may contribute to disease progression. 
However, the simultaneous involvement of multiple 
coregulators and their overlapping interaction, suggest 
that additional studies are required to determine the full 
contribution of AR coregulators in prostate carcinogenesis. 

Androgen receptor target genes
Defining the androgen-regulated gene expression program 
in normal and malignant prostate cancer cells has been an 
area of intense investigation over the last number of years. 
This has been facilitated by advances in high throughput 
gene expression analysis. The majority of these studies have 
been performed in LNCaP cells, with other models systems 
including rat ventral prostate, rat ventral prostate epithelial 
cells (rVPECs) and a variety of other human prostate cancer 
cell lines such as 22Rv1, MDACaP2a, MDACaP2b and 
LAPC4 (reviewed by Dehm and Tindall[52]). Studies have 
estimated the LNCaP transcriptome to be anywhere from 
10,570[69] to 23,448[70] polyadenylated RNAs, with 1.5-4.3% 
of the transcriptome either directly or indirectly regulated 
by androgens.[52] 

More recently, ChIP-on-chip analysis, a technique that 
combines chromatin immunoprecipitation (“ChIP”) 
with microarray technology (“chip”), has been used to 
screen for novel androgen responsive genes.[71] Wang and 
colleagues mapped the AR-binding sites on chromosomes 
21 and 22 in LNCaP cells by combining ChIP with tiled 
oligonucleotide microarrays[72] and expanded on this with 
comparisons between LNCaP and castrate-resistant LNCaP-
abl cells, in an attempt to identify direct AR-dependent target 
genes in both androgen-dependent disease as well as in  
CRPC.[73] Ultimately, they determined that the role of the 
AR in CRPC is to execute a distinct program resulting in 
androgen-independent growth, involving mitotic phase 
(M-phase)  regulatory genes and in particular, UBE2C which 
is overexpressed in CRPC tissues.[73] Significantly, silencing 
of UBE2C significantly decreases growth in CRPC cells 
by arresting Gap 2 (G2)/M and synthesis phases (S phases),  
providing an exciting potential therapeutic target.

One of the most significant findings with respect to prostate 
cancer development and progression was the identification 
of chromosomal rearrangements leading to novel fusions 
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between the androgen-regulated promoter of the TMPRSS2 
gene to the 3’ end of the oncogenic ETS transcription factor 
family members, ERG or ETV1.[74] TMPRSS2 was identified 
using complementary DNA (cDNA)  microarrays derived 
from human prostate tissues to examine the transcript 
expression profiles of androgen-responsive LNCaP cells 
under conditions of androgen deprivation or androgen 
supplementation. TMPRSS2 mRNA is induced within 2 
hours of androgen stimulation and reaches a maximum level 
within 24 hours.[75] Subsequent studies have reported that 
TMPRSS2 is highly specific to prostatic tissue and localized 
to prostate luminal epithelial cells.[76,77] Fusions between 
TMPRSS2 and ERG or ETV1 were identified using a novel 
bioinformatics approach called cancer outlier profile analysis 
(COPA)[74]. COPA was applied to databases of microarray data 
to identify overexpressed oncogenes in subsets of malignant 
versus normal tissues. Strong outlier profiles were identified 
for ERG and ETV1, and overexpression of these genes was 
confirmed for a subset of malignant 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 5’ end of the 
TMPRSS2 gene and the 3’ end of either ERG or ETV1. In 
microarray datasets, ERG1 or ETV1 was overexpressed in 
57% of prostate cancer cases but not in benign tissues, and 
the fusion with TMPRSS2 was found in 20 of 22 cases that 
overexpressed ERG or ETV.[74] Data from larger cohorts 
support these findings, and indicate that TMPRSS2 fusion 
with ETS members is the most frequent rearrangement 
in prostate cancer.[78,79] Recently, it has been reported that 
androgen treatment can induce these fusion events.[80,81] 

Interestingly, TMPRSS2:ERG fusion has been detected in 
non-malignant prostate cancer epithelial cells following 
long-term exposure to DHT,[82] suggesting that these fusions 
may be an early event in prostate carcinogenesis and play a 
pivotal role in prostate cancer progression. These landmark 
findings have positioned chromosomal rearrangements 
as critical initiating events in prostate cancer, elaborating 
our understanding the mechanisms of carcinogenesis  
and potentially opening new avenues for therapeutic 
intervention.[83,84]

ALTERNATIVE ANDROGEN RECEPTOR 
SIGNALING PATHWAYS

Considerable evidence now exists that AR remains 
transcriptionally active in CRPC. Numerous immunohis-
tochemical studies have shown that AR protein is expressed 
at high levels (compared to levels in untreated tumors), in 
most cases of CRPC.[5,85,86] Consistent with this finding, 
real-time quantitative reverse transcription-polymerase chain 
reaction assay  studies have shown that expression of AR 

mRNA in CRPC is higher compared to primary untreated 
tumors.[87,88] At least one mechanism for the increased AR 
mRNA expression is AR gene amplification, which occurs in 
20-33% of CRPC cases.[37,87,89-90] In addition to AR, multiple 
AR regulated genes (such as PSA) are expressed, indicating 
that AR transcriptional activity is active in CRPC.[37] AR 
mutations that occur in CRPC is a possible mechanism for 
this AR transcriptional activity, however the overall frequency 
of CRPC that harbor somatic mutations in the AR gene is 
approximately 10%,[39] and unlikely to account for most cases 
of CRPC. 

Interleukins
A considerable body of evidence now exists that implicates 
extracellular peptide signals in the form of growth factors 
and cytokines in the maintenance of the transcriptional 
activity of AR in CRPC. The role of interleukins (IL), and in 
particular IL-6 and IL-8, in the regulation of cellular events in 
different cancers has been extensively investigated (reviewed 
by Culig[91]). IL-6 is a multifunctional cytokine produced by 
many cells including prostate, immune cells and osteoblasts. 
IL-6 binds to the IL-6 receptor, which is composed of 
the ligand binding subunit gp80 and the ubiquitously 
expressed signal-transducing subunit gp130. This leads to 
phosphorylation of Janus kinases (JAK), after which signal 
transducer and activator of transcription (STAT) factor-3 is 
phosphorylated and translocated to the nucleus. However, 
activation of mitogen-activated protein kinase (MAPK) and 
phosphatidylinositol-3 kinase (PI3K) pathways can also occur 
depending on the cell type.[92] The rationale for studies on AR 
regulation by IL-6 is that elevated circulating IL-6 levels have 
been associated with advanced stage,[93,94] distant metastases,[95] 
metastasis-related morbidity[93,96] and decreased survival.[95] 
IL-6 can transactivate AR in prostate cancer cells; however, 
the effect of IL-6 on ligand-independent AR activation, tumor 
formation and castrate-resistant growth is variable depending 
on the status of AR, as well as crosstalk with other signaling 
pathways.[97,98] IL-6 enhances proliferation in LAPC-4 cells 
(which expresses wild-type AR) and PCa-2b (which expresses 
two AR substitution mutants at T877A and L701H), however 
IL-6 inhibits ligand independent AR activity in LNCaP cells 
(which express the AR T877A mutant in the LBD)[98]. PSA 
transcription is inhibited by IL-6 treatment in the presence 
of androgen in LNCaP cells, by preventing recruitment of 
p300 to the PSA promoter.[99] However, prolonged IL-6 
treatment of LNCaP cells leads to activation of AR and 
PSA expression, via STAT signaling, even in the absence of 
androgen.[100] STAT3 interacts directly with amino acids 234-
558 in the NTD of AR,[101] and AR transcriptional activation 
is dependent on phosphorylation of STAT3 at Serine- 
772.[102] As expression of IL-6 is increased in tissues and sera of 
CRPC, it has been explored as a target for therapy. Siltuximab 
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(CNTO 328) is a chimeric murine-human monoclonal IL-6 
antibody. Promising effects were observed in PC-3 cells and 
LuCap 35 xenografts where the antibody delayed tumor 
progression to CRPC.[103,104] Recently, a phase II clinical 
study found that the antibody has possible biological activity 
in patients previously treated with docetaxel, as evidenced 
by reduced C-reactive protein. However, a clinical response 
was not observed, and only 3.8% of patients had a PSA 
response.[105] Given the heterogeneous nature of CRPC, it 
may be reasonable to combine anti-IL-6 therapy with other 
established or experimental treatments.

IL-8 is another cytokine that has been implicated in prostate 
cancer progression. Serum levels of IL-8 correlate with 
prostate cancer clinical stage, and allow differentiation 
between benign and malignant disease.[106] IL-8 contributes to 
angiogenesis and metastasis by inducing metalloproteinase-9.
[107].Similar to IL-6, IL-8 upregulates AR transcriptional 
activity leading to enhanced tumor growth in vitro and in 
vivo.[108] Overexpression of IL-8 decreases the efficacy of 
the antiandrogen, bicalutamide, and promotes androgen 
independent tumor growth.[109] Interestingly, depletion of 
endogenous IL-8 in prostate cancer cells by small interfering 
RNA, induced apoptosis and increased sensitivity to 
the chemotherapeutic agent docetaxel.[110] However, the 
application of anti-IL-8 therapy to prostate cancer in the 
clinic has been limited so far. 

Growth Factors
The ability of AR to cross-talk with key growth factor 
signaling events in the regulation of cell cycle, apoptosis 
and differentiation in prostate cancer cells is an active 
area of research (reviewed by Zhu and Kyprianou[19]). 
Epidermal growth factor (EGF) and its membrane receptor, 
epidermal growth factor-1 receptor (EGFR) have been 
implicated in the pathogenesis of several cancers, including 
prostate cancer.[111] There is increased expression of both 
EGF and EGFR in patients with metastatic disease, and 
this correlates with disease progression to CRPC.[112] 
EGF and EGFR activation in prostate cancer cells leads to 
activation of the MAPK  pathway.[113] The first evidence 
of cross-talk between EGF and AR was shown over a 
decade ago, where EGF treatment was found to induce an 
AR-mediated reporter gene transcription in DU145 cells  
(a prostate cancer cell line that expresses neither AR nor  
PSA).[114] Growth factor-induced reporter gene expression was 
dependent on cotransfection of the AR expression construct, 
and was blocked by the AR antagonist, bicalutamide. These 
experiments demonstrated that growth factor signaling can 
regulate androgen responsive genes by a mechanism that 
is AR dependent and androgen independent. In prostate 

cancer cells that express endogenous AR such as LNCaP 
cells, treatment with EGF in the absence of androgen induces 
phosphorylation of AR at Tryrosine-267 and -534 by Src 
and Ack1 kinases.[115] Androgen-activated AR activates the 
MAPK pathway[116] and conversely, EGF-activated MAPK 
signaling cascade interferes with AR function, modulating 
the androgen response. MAPK extracellular kinase (MEK) 
inhibition reverses the EGF-mediated AR down regulation 
in differentiated cells, thus suggesting the existence of an 
inverse correlation between EGF and androgen signaling 
in non-tumor epithelial cells.[117] EGF can also induce IL-6 
upregulation in prostate cancer cells. 

Increased levels of STAT3 leads to STAT3-AR complex 
formation in response to EGF and IL-6. Moreover, STAT3 
increases the EGF-induced transcriptional activation of AR, 
while androgen pre-treatment increases STAT3 levels in an 
IL-6 autocrine/paracrine-dependent manner, suggesting an 
intracellular feedback loop.[102] With increased expression 
of EGFR in metastatic disease, and correlation with disease 
progression, EGFR has potential as a therapeutic target. 
Gefitinib, an EGFR-selective tyrosine kinase inhibitor, 
exhibits antitumor activity in xenograft models of both 
androgen-dependent and androgen-independent human 
prostate cancer.[118] However, as a single agent, gefitinib, 
failed to demonstrate any objective or PSA responses in 
phase II studies in patients with either metastatic or non-
metastatic CRPC.[119] A Phase II study in CRPC of lapatinib, 
an inhibitor of EGFR and human epidermal growth factor 
receptor 2 (HER2), showed a PSA response only in a very 
small number of patients.[120]

Insulin-like growth factor (IGF)-1 signaling is of significant 
biological importance. Large-scale epidemiological studies 
have suggested a correlation between elevated serum levels 
of IGF-1 and low levels of IGFBP-3 (Insulin-like growth 
factor-binding protein 3 , a serum protein that regulates the 
binding of free IGF-1 to the IGF receptor), and increased 
risk of developing prostate cancer.[121] However, several 
subsequent studies have failed to show this effect.[122,123] 
None-the-less, the IFG pathway has been implicated in the 
modulation of AR signaling. Potential mechanisms include 
AR phosphorylation,[124] AR translocation into the nucleus[124] 
or simulation of expression/activity of AR cofactors,[54] 
thereby affecting AR transcriptional activation both in the 
presence and absence of androgens. Activation of androgen-
responsive promoters with IGF-1 treatment is equivalent 
to androgen treatment in ectopic AR-expressing DU-145 
cells.[114] However, the cross-talk between IGF-1 and AR 
is apparent in other cell types, including non-transformed  
cells.[19] Therefore, the action of IGF-1 on AR activity appears 



77

Journal of Carcinogenesis 2011, 10:20  http://www.carcinogenesis.com/content/10/1/20

Journal of Carcinogenesis  
A peer reviewed journal in the field of Carcinogenesis and Carcinoprevention

to be non-specific. As a result, the IGF-1 signaling pathway 
is not an attractive pathway as a therapeutic target.

Intracellular Kinase Signaling
The extracellular signals discussed in the previous section 
represent just a small part of the complex mechanism of AR 
transactivation in the absence of androgens. These factors 
work in isolation or, more likely, in concert with each 
other to activate intracellular kinase signaling cascades that 
target fundamental cellular processes such as proliferation 
and transcription initiation. Kinase signal cascades are 
rapidly transduced and mediated through protein-protein 
interactions. The deregulated cell growth observed in cancer 
occurs as a result of perturbed signal transduction, with 
alterations in the activities of certain kinases driving the 
development and progression of many cancers, including 
those of the prostate.[125] Therapeutically, targeting these 
complex protein-protein interactions or phosphorylation 
events is difficult and requires vigorous validation and 
confirmation of specificity. However, an understanding of 
the principal intracellular signaling cascades responsible for 
prostate cancer progression provides important insights into 
the role of AR during progression to CRPC.

The MAPK signaling pathway has been implicated in many 
cancers, including prostate cancer. As discussed in the 
previous section, a variety of extracellular stimuli can activate 
the MAPK signaling pathway. The many downstream targets 
of the MAPK pathway provide a huge number of potential 
regulators of AR activity, only a few of which have been 
characterized, including sarcoma-related kinase (Src) and 
p42/44 extracellular-signal-regulated kinases (ERK) .

Src is a powerful oncogene that is activated in a variety of 
tumors. In LNCaP and LAPC-4 cells, Src phosphorylates 
AR at Tyrosine-534, which induces transcriptional activity 
by promoting nuclear translocation and DNA binding in 
the absence of androgen.[126,127] Activation of Src occurs as 
a result of a number of stimuli, including EGF, described 
earlier. The activity of Src on AR transactivation is modulated, 
at least in part through its binding partner and associated 
scaffold protein, receptor for activated protein kinase C-1 
(RACK1)[127]. Treatment of C4-2 cells with the Src inhibitor, 
protein phosphatase-2 in androgen free conditions results in 
decreased AR activation of reporter activities and reduced 
recruitment of AR to the PSA enhancer region.[128]

p42/44 (ERK1 and ERK2, respectively) is another key effector 
of the MAPK pathway. Immunohistochemical studies of 
prostate tumors have shown the level of activated MAP  K 
increases with increasing Gleason score and tumor stage.[129] 
High levels of activated MAP kinase were also detected in 

CRPC, suggesting an increase in the activation of the MAP 
kinase signal pathway during prostate cancer progression.
[129] Treatment of C4-2 cells with the MAP kinase inhibitor, 
UO126 in steroid depleted conditions, substantially 
decreases AR stability and protein expression, suggesting that 
enhanced autocrine growth factor signaling contributes to the 
maintenance of AR expression and facilitates AR activity in 
the absence of androgens.[130] G protein-related factors have 
also been shown to regulate AR activity through stimulation 
of the MAP kinase pathway. The expression of Vav3, a Rho 
GTPase guanine nucleotide exchange factor, is upregulated in 
the progression of LNCaP cells to the androgen independent 
phenotype of LNCaP-R1 cells.[131].Vav3 has also been shown 
to enhance EGF activation of AR in the absence of androgens.
[132] This signaling pathway induces nuclear localization of AR 
via the activation of Rho GTPase, Rac1, whose downstream 
signaling includes members of the MAP kinase family, 
including ERK[132].

The phosphatidylinositol 3-kinase (PI3K) pathway has been 
implicated in prostate carcinogenesis to CRPC, however its 
precise function remains to be fully elucidated (reviewed by Sarker 
and colleagues[133]). Activation of PI3K leads to the generation 
of second messenger phosphatidylinositol 3,5-triphosphate 
(PIP3) from phosphatidylinositol 4,5-bisphosphate (PIP2).
This results in recruitment of pleckstrin homology domains 
of a number of signaling kinases including Akt (Akt/PKB is a 
serine/threonine protein kinase) , driving their conformational 
change and phosphorylation by the constitutively active 
phosphoinositide-dependent kinase 1 and 2. Activated Akt 
translocates to the nucleus and activates downstream targets 
involved in fundamental cellular processes such as proliferation, 
cell cycle progression, growth and angiogenesis. Akt is negatively 
regulated by the tumor suppressor, phosphatase and tensin 
homolog deleted on chromosome 10 (PTEN).[133] 

Immunohistochemical studies indicate that loss of PTEN 
expression is found in 20-27% of primary tumors[134] and 
in 79% of CRPC specimens.[135] PTEN loss correlates with 
advanced stage and Gleason score.[136] Functional loss of 
PTEN is associated with increased activity of Akt-1 and 
correlates with prognosis,[137] predicting disease recurrence 
after primary treatment.[138] Targeted Cre-mediated PTEN 
homozygous deletion in mice leads to a significant shortened 
latency of prostate intraepithelial neoplasia (PIN) formation 
and results in prostate cancer progression to a metastatic stage, 
despite androgen deprivation therapy, mimicking the disease 
progression seen in humans.[139] These data support the concept 
that PI3K signaling induces continued AR gain of function 
despite reduced androgen levels, possibly though activation 
by posttranslational modification or reduced corepressor  
activity.[133] 
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As discussed previously, the role of the TMPRSS2:ERG 
fusion in prostate carcinogenesis has gained considerable 
interest. Recent data has shown that loss of PTEN cooperates 
with TMPRSS2:ERG in prostate cancer. Transgenic mice 
expressing TMPRSS2:ERG in the prostate failed to develop 
PIN or invasive cancer. However, when they were crossed 
with either PTEN +/- mice or prostate-specific Akt transgenic 
mice, PIN but not invasive cancer developed.[140] Other 
studies have found transgenic overexpression of ERG in 
mouse prostate tissue promotes marked acceleration and 
progression of high-grade PIN to adenocarcinoma when 
crossed with PTEN +/- mice.[141] This study also showed 
prostate cancer specimens containing the TMPRSS2:ERG 
rearrangement are significantly enriched for PTEN loss.[141] 
Together these data suggest cooperativity between PI3K-
pathway activation and ERG aberration in induction of 
PIN, but suggest that additional events are likely required 
for invasive malignancy.

Nuclear factor-κB (NF-κB) transcription factor members 
are important mediators of oncogenesis in many cancers, 
including prostate cancer. The activity of NF-κB is higher in 
androgen-independent cell lines, and androgen-independent 
xenografts compared with androgen-dependent grafts,[142] 
as well as in metastatic prostate cancer compared to 
localized disease.[143] Elevation of NF-κB activity in primary 
prostate cancer correlates with poor prognosis and predicts 
biochemical relapse.[144] Activation of NF-κB in transgenic 
mouse models leads to continued tumor growth despite 
surgical castration,[145] indicating that activation of the NF-κB 
pathway may play a critical role in progression of the tumor 
to androgen independence. The mechanism of this remains 
largely unknown; however, recent data suggests that NF-κB/
p52 can activate AR, leading to increased transcription of AR-
responsive genes in a ligand independent manner.[146] NF-κB/
p52 enhances nuclear translocation of AR by binding to the 
AR NTD and enhancing recruitment of AR coactivators 
such as p300 to the promoter regions of AR target genes.[146]

Protein kinase A, which is regulated by intracellular cyclic 
adenosine monophosphate (cAMP)  levels, can also modulate 
AR activity in the absence of androgens. This was first 
demonstrated over a decade ago.[147] AR can be activated 
in the absence of androgens through an alternate signaling 
pathway involving forskolin, which activates adenyl cyclase, 
thus increasing intracellular levels of cAMP and consequently 
protein kinase A (PKA) .[148] This activation is blocked by 
bicalutamide, confirming that this ligand-independent 
pathway is AR dependent.[147] Aurora-A is a serine-threonine 
protein kinase frequently overexpressed in several cancers, 
including prostate. It is overexpressed in high-grade PIN 
lesions,[149] primary prostate cancer specimens and also several 

prostate cancer cell lines.[150] In addition, Aurora-A expression 
correlates with tumorigenicity and invasive potential as well 
as the clinical staging, surgical margin status, and seminal 
vesicle invasion in radical prostatectomy specimens.[150] 
Aurora-A interacts with AR, phosphorylates AR at Threonine 
282 and Serine 293 and induces AR transactivation in a 
phosphorylation dependent-manner. Overexpression of 
Aurora-A in LNCaP cells induces PSA and cell survival. 
However, inhibition of Aurora-A sensitizes LNCaP-RF cells 
(an androgen independent subline) to apoptosis and cell 
growth arrest.[151] This data suggests that AR is a substrate 
of Aurora-A and that elevated Aurora-A may contribute 
to androgen-independent growth by phosphorylation and 
activation of AR. The Aurora kinase inhibitor, VX680, 
attenuates phosphorylation of histone H3 and reduces 
survival in PC3 and LNCaP cells[150]

Intracellular kinase signaling represents an important 
mediator of extra-cellular signals that promote cancer cell 
proliferation and survival. The ability of kinases such as 
those discussed here, to directly modify AR and promote AR 
activity in CRPC provides attractive targets for therapeutic 
intervention. The redundancy between many of these 
pathways makes achieving specific and durable inhibition 
difficult. This is further complicated by the uniquely 
heterogeneous nature of CRPC. Further investigation into 
the interplay between these pathways and AR [Figure 2], may 
lead to the identification of distinct subsets of CRPC patients 
who may benefit from a multi-drug approach.

CONCLUSIONS AND FUTURE DIRECTIONS

Ever since the seminal observation by Huggins and Hodges 
in 1941 that castration was beneficial in CRPC, abrogation of 
AR action has remained the therapeutic objective in clinical 
management of the disease. There is now incontrovertible 
evidence that the onset of CRPC coincides with renewed AR 
signaling. Given that metastatic prostate cancer is a molecularly 
heterogeneous disease even within a single patient,[152] 
multiple mechanisms may simultaneously and ultimately 
give rise to a molecularly diverse group of CRPCs. Despite 
these challenges, a new generation of AR antagonists such 
as MDV3100 and EPI-001 has shown promise. MDV3100 
which binds to the AR LBD, impairs nuclear translocation, 
DNA binding, and coactivator recruitment,[153] and has 
shown encouraging antitumor activity in phase 1-2 studies 
in patients.[154] In contrast to MDV3100, EPI-001 binds to the 
AR NTD. Data from preclinical studies has shown that EPI-
001 treatment leads to cytoreduction of CRPC in xenografts 
dependent on AR for growth and survival, without causing 
toxicity.[155] These emerging next-generation AR antagonists, 
used either alone or in combination with existing treatments 
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