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Introduction

Prostate cancer (PCa) is the most frequent cancer
in males, and one of the leading causes of death
by cancer. Despite majors advances in screening,
early detection and local treatment, a large num-
ber of patients will progress to an advanced stage
and require systemic treatment. Since the seminal
work of Charles Huggins, androgen deprivation ther-
apy (ADT), by means of orchiectomy or administration
of oestrogens, has been the cornerstone treatment
of advanced PCa [1]. Very early, however, Huggins
recognised that there were many failures with ADT:
“The first series of patients with prostatic cancer
treated by orchiectomy comprised 21 patients with
far advanced metastases; only 4 of them survived
for more than 12 years. Despite regressions of great
magnitude, it is obvious that there were many failures
of endocrine therapy to control the disease but; on
the whole, the life span had been extended by the
novel treatments and there had been a decrease
of man-pain hours” [2]. Indeed, despite inducing
a regression of large magnitude, ADT is usually
followed by a regrowth of the tumour, a mechanisms
known as androgen independence (AIPC), hormone
resistance (HRPC), or more recently castration resis-
tance (CRPC).

Very early, two opposing theories have emerged to
explain the progression in a low testosterone environ-
ment [3]. The first theory, known as the clonal se-
lection theory, postulates the existence of pre-existing
clones of CRPC cells that escape any hormonal manip-
ulation at any time. The second theory, known as the
adaptive theory, postulates the existence of subsequent
phases of up and down regulation or mutations of
important genes that help the cancer cells survive and
(re)grow after ADT. Today it is clear that these two
theories coexist in PCa patients. In most patients, PCa
are heterogeneous polyclonal tumours made of differ-
ent populations that respond heterogeneously to ADT.
Here, we will review the main molecular mechanisms
involved in these two predominant pathways allowing
to adapt to a low testosterone environment.
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Physiological bases of androgen
dependence of normal and cancerous
epithelial cells

The prostate is a sexual accessory gland involved in
the production of part of the semen. The growth and
maturation of the normal prostate is dependent on the
secretion of androgens by the testis.

The androgen receptor (AR)

The regulatory effect of androgens is mediated
through the androgen receptor (AR), a member of
the nuclear steroid hormone receptor super family.
The AR gene is located on the X chromosome
(Xql1-12), spanning approximately 180kb of DNA
with eight exons (exons 1-8). As the other nuclear
steroid hormone receptors, it comprises 4 domains: a
N-terminal domain (NTD), a highly conserved DNA-
binding domain (DBD), a short hinge region and a
moderately conserved C-terminal domain, the ligand
binding domain (LBD) [4]. The NTD is the main
transcriptional and co-activator binding domain. The
DBD is a classical two zinc-finger motif allowing
recognition and binding to specific DNA sequences
known as Androgen Response Elements (AREs). The
hinge region is important for the nuclear transloca-
tion of the AR. The LBD consists of the ligand-
binding pocket that is created by a specific spatial
arrangement of 12 conserved o-helices [4]. Binding
of ligand to the AR induces a conformational change
allowing the release of the AR from its chaperone
protein (e.g. HSP90), change to a more active form,
nuclear translocation, homodimer formation and DNA
binding. The binding of the AR to AREs allows the
recruitment of AR co-activators and/or co-repressors
that regulate the transcriptional machinery by direct
physical interaction with general transcription factors
and RNA polymerase, by facilitating AR/ARE binding
and chromatin remodelling, and by changing AR fold-
ing and AR subcellular localisation [5].
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Regulation of the growth and function of the
normal and cancerous prostate epithelium by
androgens

The adult prostate develops in two phases. Embryoni-
cally, it develops from the male urogenital sinus under
the stimulation of androgen. This process is controlled
by an epithelial-to-stromal paracrine interaction. A
specific subset of smooth muscle cells expressed both
the 5a-reductase (SAR) enzyme and the AR. The SAR
transforms the low level of circulating testosterone (T)
into dihydrotestosterone (DHT), which stimulates the
AR 10 times more than T. DHT binding to the AR
stimulates the secretion of paracrine and autocrine
growth factors, known as andromedins, such as IGF-1,
FGF-7 and -10, and VEGF [6]. These andromedins
activate the formation of blood vessels and the
maturation of undifferentiated epithelium into a simple
stratified glandular circular epithelium composed of
a basal layer of cuboidal cells making the epithelial
components of the basement membrane separating the
epithelial compartment from the stroma. A second
layer of columnar secretory—luminal cells forming
a glandular lumen is attached to these basal cells.
During puberty, serum T rises again and re-stimulates
production of andromedins by stromal cells, leading
the prostate to mature into its definitive architecture.
Interestingly, the prostate does not continue to grow
once it has reached its adult size, even though
there is continuous stimulation of the stromal cells
by circulating levels of androgens. Because of a
reciprocal positive feedback loop between stromal and
epithelium cells, the epithelial compartment enters a
steady-state maintenance phase in which the rate of
epithelial proliferation balances the rate of death, such
that neither overgrowth nor regression of the gland
normally occurs [7].

The normal prostatic epithelium is made of different
compartments (Fig. 1), with different levels of AR
expression and therefore different sensitivities to
androgens [8]. The basal compartment that is directly
separated from the stromal compartment by the basal
membrane comprises prostate adult stem cells (PAS)
and transit-amplifying (TA) cells. PAS cells are present
in very small proportions (<5%), have a very high
self-renewal capacity and expresses high levels of
02p1 integrins but no AR. Infrequently, PAS cells
will differentiate into transit-amplifying (TA) cells, a
progenitor cell type that undergoes a limited number
of proliferative replications before terminal differenti-
ation. As is the case with PAS cells, TA cells do not
express AR and are dependent for proliferation on an-
dromedins produced by stromal cells. TA cells express
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p63 and basal markers such as cytokeratins 5 and 14,
Jagged-1 and Notch-131. After a limited number of
cell divisions, TA cells mature into intermediate cells
that express cytokeratins 5, 8, 15 and 18, Prostate Stem
Cell Antigen (PSCA), and AR mRNA, but not yet
AR protein. AR protein will be found in intermediate
cells migrating in the [luminal-secretory layer. In
these cells, AR activation promotes differentiation
into secretory cells that will produce prostate-specific
antigen (PSA) and other secretion products. Interest-
ingly, in these luminal-secretory cells, AR activation
also plays an anti-proliferative role, for instance by
upregulating expression of cyclin-dependent kinase
inhibitors p21 and p27 [6]. Luminal-secretory cells
are the terminal stage of maturation of hierarchical
expanding stem cell units and thus, these luminal-
secretory cells are quantitatively the major epithelial
genotype present in the gland, even though they are
non-proliferating [6]. These luminal-secretory cells
depend on andromedins secreted by stromal cells for
survival.

There has been an intense search to identify the
specific epithelial cell subtype in which the initial
carcinogenic process could initiate [9]. In contrast
to normal epithelial cells, AR expression is found
in a wider variety of epithelial cancer cells. High-
Grade PIN and Prostatic Inflammatory Atrophy (PIA),
two common PCa precursors, express high levels of
AR [10]. This suggests that early during prostatic car-
cinogenesis, there is a gain-of-function that converts
the AR from a growth suppressor gene to an oncogene
during prostatic carcinogenesis. There is indeed good
evidence that PCa may originate in intermediate
prostatic epithelial cells, presumably derived from the
basal transit-amplifying cell population that normally
does not express AR or expresses only low levels
of it, through enhancement of AR expression. A
typical gain-of-function is the fusion by transloca-
tion of the promoter of the transmembrane protease
serine 2 (TMPRSS?2) gene, which contains AREs, to
selected members of the erythroblast transformation-
specific (ETS) transcription factor gene family [11].
Besides these malignancy-dependent transcriptional
changes, additional molecular changes result in AR
becoming part of the protein complex required to
‘license’ DNA replication in PCa cells [12]. Such
gain-of-function ability allows the AR to engage
the molecular signaling pathways stimulating the
proliferation and survival of these initiated prostatic
cells directly [13].
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Fig. 1. (A) The prostatic epithelium originates from AR-negative (AR—) prostate adult stem cells (PSA). These generate AR— transit-
amplifying (TA) cells and then AR- intermediate cells (I). AR-positive luminal secretory cells are the final adults secreting prostate
epithelial cells. (B) Upon suppression of circulating androgen, AR+ luminal cells massively induce apoptosis. (C) The adaptative theory of
castration resistance presupposes that some luminal secretory cells adapt their (epi)genetic program to allow growth in absence of androgens.
(D) The clonal theory of resistance to castration presupposes that the cancer develops from a pool of AR— cells that is already present in

the prostate.

Physiological basis of androgen suppression

In the normal prostate, the rate of prostatic cell
proliferation is balanced by an equal rate of prostatic
cell death such that neither involution nor overgrowth
of the gland normally occurs with time. If an adult
male is castrated, serum T rapidly decreases to below a
critical value. As a result, the prostate rapidly involutes
due to a major loss in the glandular epithelial cells that
are androgen dependent and undergo apoptosis follow-
ing castration. In the ventral prostate of an intact adult

rat, glandular cells constitute approximately 80% of
the total cells, and approximately 70% of these glan-
dular cells die by 7 days post castration [14]. By 12 to
24 h following castration, the intracellular DHT levels
are only 5% of intact control values, leading to
changes in nuclear AR function. This mechanism re-
lies on stromal—epithelial interactions since it requires
paracrine activity of stromal AR, the apoptosis of glan-
dular cells being initiated when besides DHT the level
of andromedins decreases to a critical level [15]. Sev-



S182

eral andromedins have been identified as excellent can-
didates to modulate the DHT-dependent survival, such
as the keratinocyte growth factor (KGF) and trans-
forming growth factor -1 (TGFp-1) [16,17]. Once
the level of these growth factors decreases to below a
critical level within a particular glandular cell, a major
epigenetic reprogramming of this cell occurs, resulting
in the activation phase of apoptosis. Genes that are
regulated include c-myc, c-fos, testosterone repressed
prostatic message-2 (TRPM-2) TGFpB-1, H-ras, and
calmodulin; genes that are down regulated include
secretory protein of the glandular cells, ornithine
decarboxylase (ODC), histone-H4, and p53 [18].

Using the human PC-82 prostatic xenograft sys-
tem, Kyprianou and Isaacs demonstrated that ADT
activates similarly the apoptotic pathway in androgen-
dependent human PCa cells [19]. Furthermore, they
demonstrated that apoptosis of androgen-dependent
human PCa cells induced by ADT does not require
these cells to be actively proliferating, but that these
cells die without leaving GO. Additional studies by the
same group demonstrated that ADT does not induce
apoptosis in androgen-independent PCa cells because
of a defect in the signaling phase [19].

From resistance to castration to resistance
to hormone therapy. How do cells progress
in a low testosterone environment?

It was clear from the seminal work of Huggins
that despite clinical response of great magnitude
the effect of ADT was of short duration and that
the tumour soon re-grew in absence of circulating
androgen. Over the years, this phenomenon has been
named hormone resistance or androgen independence,
although nowadays the usual term is resistance to
castration. In fact these terms overlap two clinical
different scenarios. There are patients who primarily
failed ADT and progress shortly after initiation of
ADT, and others who will progress after a variable
duration of ADT but still remain sensitive to further
hormonal manipulations.

For many years, researchers have tried to identify
the Golden Path to castration resistance. What is clear
today is that progression to CRPC is a very heteroge-
neous process between patients and within a patient’s
own cancer. Progression under low conditions of
testosterone invariably involves kaleidoscopic changes
in protein and gene regulation. In order to understand
these changes, it is important to artificially separate
this intricate problem into individual components that,
at least from the standpoint of the author, are relevant.
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There are two opposing theories explaining the
emergence of CRPC (Fig. 1). The most widely
accepted model is the “adaptation” model, which sup-
poses that CRPC cells arise through genetic/epigenetic
conversion of previously androgen-dependent cells
during conditions of ADT. The alternative model is
known as the “clonal selection” model, that suggests
that emergence of CRPC reflects the proliferation of
a previously quiescent population of rare castration-
resistant cells within an otherwise androgen-dependent
tumour [3].

The clonal theory

The clonal theory suggests that ADT induces se-
lective outgrowth of aggressive hormone-refractory
PCa clones expressing distinct cellular and molecular
properties not present in parental androgen-dependent
cancer cells [20].

This theory is supported by preclinical and clin-
ical data demonstrating that multiple foci of PCa
may originate with different sensitivities. Bostwick
and colleagues have looked at the distribution and
prevalence of allelic imbalance at 6 microsatellite
polymorphic markers on chromosomes 7q, 8p, 8q,
and 18q in 84 microscopically excised foci of PIN
and 95 foci of PCa from 52 radical prostatectomy
specimens [21]. They observed significant genetic
heterogeneity. Allelic imbalance was observed in
at least 1 focus in 11 of 25 cases with multiple foci of
PIN (44%) and 20 of 25 cases with multiple PCa foci
(80%), therefore suggesting that multiple foci of PIN
arise independently within the same prostate. Craft
and colleagues have used the human PCa xenograft
LAPC-9 to demonstrated that PCa progress to CRPC
through two distinct stages, initially escaping depen-
dence on androgen for survival and, subsequently, for
growth [22]. They demonstrated that the latter stage
of CRPC results from clonal expansion of androgen-
independent cells that are present at a frequency of
about 1 per 10°-10°% androgen-dependent cells. These
data support the hypothesis that prostate tumours
are comprised of a spectrum of cells with varying
androgen sensitivities even before androgen therapy
is started. In addition, recent investigations of TM-
PRSS2-ETS rearrangements in end-stage, androgen-
independent prostate cancers provide strong evidence
that metastatic PCa arises through clonal expansion of
a single focus of a primary aggressive clone [23,24].

CPRC cells originate from a pool of androgen-
independent cells

CRPC cells may originate from a long-term resident
pool of PSA cells and TA cells that are insensitive to
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AR pathways [25]. The existence of these prostatic
epithelial stem cells is implied by the ability of
the adult prostate to undergo repeated cycles of
extensive regression in response to ADT, followed
by full regeneration following androgen restoration.
The cancer stem cell model is consistent with the
observed phenotypic heterogeneity found in many
tumours, including prostate adenocarcinoma.

This theory could also explain the specific features
of neuroendocrine cancers. Neuroendocrine cells are
rare cells originating from PAS or intermediate cells
that are located in the luminal layer of the epithelium
together with the secretory cells [26]. Approximately
10% of prostate cancer tumours show significant
neuroendocrine (NE) differentiation, which can be
induced by ADT. NE cells produce a number of
growth factors, including serotonin and bombesin,
which promote the growth of nearby exocrine tumour
cells via paracrine mechanisms. NE cells are AR inde-
pendent and do not induce apoptosis upon ADT [27].
NE differentiation may contribute significantly to the
development of CRPC due to its multiple drug-
resistance features [28].

Androgen-dependent PCa cells acquire mutations to
become androgen-independent

In contrast, a stochastic clonal CRPC model sug-
gests that the phenotypic heterogeneity of tumours
is due to variations in the genetic or epigenetic
composition of tumour subpopulations, but that these
subpopulations are not hierarchically organised and
have similar tumour-initiating ability under appro-
priate circumstances [29]. These CRPC clones may
appear from mutations acquired during cancer pro-
gression. An exhaustive description of these pathways
is out of the scope of this paper, but we will
mention three pathways that seem to play a particu-
larly interesting role: TMPRSS2-ETS rearrangements,
PI3K/AKT/PTEN pathways, and BCL-2.

TMPRSS2-ETS rearrangements

Chromosomal rearrangements are common genetic
alterations in solid tumours and haematologic ma-
lignancies. In 2005, Tomlins and colleagues dis-
covered in PCa tissues recurrent gene fusions of
the 5’ untranslated region of TMPRSS2 to ERG or
ETV1, two members of the erythroblastosis virus E26
transforming sequence (E7S) family of transcrip-
tion [12]. Initial in vitro studies suggested that the
androgen-responsive promoter elements of TMPRSS?2
mediate the overexpression of ETS family members
in PCa, thereby promoting carcinogenesis. Since then,
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TMPRSS2-ETS rearrangements have been detected in
about 20—80% of PCa, usually in relation with stage
and grade [11]. Since 2005, more gene fusion variants
involving ETS family transcriptional factors including
ERG, ETVI, ETV4, and ETV5 have been reported.

Studies of the heterogeneity of TMPRSSE rear-
rangement provide very good support for the clonal
theory of PCa. In their study on 93 multifocal PCa,
Mehra and colleagues found TMPRSS?2 rearrangement
in 70% of cases, including 63% by deletion (loss of
the 3’ TMPRSS?2 signal), 27% by translocation (split
of 5’ and 3’ TMPRSS?2 signals), and 10% by both
mechanisms in different tumour foci [23]. Of the 30
TMPRSS? rearrangements, 30% showed concordance
in all tumour foci, whereas 70% were discordant in
at least one focus, suggesting that multifocal PCa is a
heterogeneous group of diseases arising from multiple,
independent clonal expansions. The impact of fusion
genes in castration resistance and their impact on
clinical outcomes have been studied in several trials
but remain controversial [30].

PI3K/AKT/PTEN signaling pathway

The phosphatidylinositol 3-kinase (PI3K) pathway has
been implicated in CRPC, so that PI3K and AKT
inhibitors are currently tested in humans. PI3Ks are
involved in the phosphorylation of membrane inositol
lipids, mediating cellular signal transduction [31].
Binding of ligands such as IGF-1 to receptor tyrosine
kinases (RTKs) results in the activation of PI3K
that phosphorylates and activates AKT/PKB kinases.
AKT translocates to the cytoplasm and nucleus and
activates a series of important downstream targets that
are involved in survival, proliferation, cell cycle pro-
gression, growth, migration, and angiogenesis [31].
One of the most important downstream proteins is
the mTOR complex 1, a serine/threonine kinase that
plays a critical role in protein synthesis, angiogenesis,
and cell cycle progression. AKT is negatively reg-
ulated by tumour suppressor protein PTEN, which
dephosphorylates PIP3. Deregulation of the pathway
can occur through several mechanisms, including
gain of function of the pl10a catalytic subunit of
PI3K and loss of function of the tumour suppressor
PTEN by gene deletion, mutation, microRNA ex-
pression, or epigenetic silencing. Several observations
suggest that PI3K/AKT/PTEN signaling pathways
are playing an important role in CRPC by helping
cells to maintain continued proliferation in low-
androgen environments. Functional loss of PTEN is
associated with increased AKT-1 phosphorylation and
appears to be involved in resistance to castration [32].
Homozygous and heterozygous deletions of PTEN
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have been detected in respectively up to 15% and
39% of metastases [31]. Immunohistochemical stud-
ies have indicated a loss of PTEN expression in
79% of CRPC samples [33]. Recently, Holcomb and
colleagues have looked at genomic alterations found in
primary PCa and corresponding soft tissue castration-
resistant metastases using array comparative genomic
hybridisation (array CGH), gene expression arrays,
and fluorescence in situ hybridisation (FISH) [34].
They found that 86% of CRPC had lost the 10q23.31
region that encompasses PTEN . Attard and colleagues
have characterised PTEN gene status in circulating
tumour cells from 89 CRPC patients being treated
in phase I/Il clinical trials of abiraterone acetate,
including 54 chemotherapy-naive and 35 docetaxel-
resistant patients. Overall, 30% of the chemo-naive
patients and 24% of the chemo-resistant patients had
homozygous or heterozygous loss of PTEN [35].
Similarly, recent reports have suggested a critical role
for the pl110p subunit of PI3K in prostate cancer.
In a mice model, ablation of pl10f prevents the
tumorigenesis caused by PTEN loss [36].

BCL-2 overexpression

Overexpression of BCL-2, an anti-apoptotic gene, is
another proposed AR-bypassing pathway mediating
the development of CRPC. BCL-2 is not normally
expressed in the secretary prostate epithelial cells, but
is expressed in CRPC [37]. Inhibition of BCL-2 with
antisense oligonucleotide prevented the emergence of
CRPC in xenograft models [37]. IHC studies have
demonstrated increased BCL-2 expression in CRPC
specimens compared with hormone-naive prostate
cancer tissues [38].

The adaption theory and the role of the AR in
resistance to castration

The major argument in favour of the ‘“adaptation”
model is the evidence of retention of AR signaling
in CRPC. Even when PCa progresses to CRPC,
AR activation and signaling remains sustained through
a variety of mechanisms [39—41]. Notably, castration-
resistant tumours express AR as well as AR target
genes such as PSA, indicating that pathway activity
is intact [42].

Several mechanisms have been proposed to ex-
plain the reactivation of an AR-dependent pathway
(Fig. 2):

— Amplification of AR gene copy.
— Gain-of-function mutations of AR.
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Fig. 2. (A) Serum testosterone (T) freely diffuses in the prostatic
cells where it is rapidly converted to more active dihydro-
testosterone (DHT). DHT binds to the androgen receptor (AR)
and induces release from chaperone protein HSP90, conformational
change, homodimerisation and translocation to the nucleus where
it binds to the ARE of the DNA to stimulate transcription.
This is facilitated by recruitment of co-activators and co-
repressors. (B,C,D) Three modes of AR-dependent growth in low
testosterone environment. (A) Increased number of AR copies or
mutation of the AR leading to auto-activated AR. (B) Intracellular
production of androgens through overexpression of enzymes from
the steroidogenesis pathways. (D) Direct growth factor activation or
the AR independent of androgen binding.

— Deregulation of the AR/co-regulator/co-repressor
control.

— Intracellular steroidogenesis.

— Ligand-independent activation of AR.

Increased production of AR

Normal prostate epithelial cells possess one copy
of the AR gene. Amplification of AR gene copy
number occurs seldom in primary PCa but is found
in approximately one-third of CRPC [43-45]. This
results in a higher quantity of the wild-type AR protein
and therefore in a higher sensitivity and responsiveness
to low levels of circulating or intracellular androgens,
causing a survival and growth advantage upon castra-
tion. Palmberg and colleagues have demonstrated that
patients with an AR gene amplification progressing
after a first line of LHRH agonist had a 4.5 higher like-
lihood to respond to a subsequent maximal androgen
blockade [46]. In addition, an increased AR level can
convert an antiandrogen such as bicalutamide from an
AR antagonist to an AR agonist, and this is one of the
explanations for the well-known antiandrogen with-
drawal response [47]. Increased levels of AR protein
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result primarily from AR gene amplification, but also
from increased transcription rates, or stabilisation of
the mRNA or protein [48,49]. In the aforementioned
study by Attard and colleagues on CRPC patients,
AR gene copy number was available for 33 patients.
Noteworthy, no patient had only one copy of the
AR gene in all their CTCs. Eighty-five percent of
patients had CTCs harbouring a maximum of 3 copies
of AR, 30% had CTCs with a maximum of 4-5
copies, and 45% had CTCs with more than five
copies of AR [35]. These observations have motivated
the search for second-generation anti-androgens with
greater affinity, using cells that overexpress AR, such
as RD162 and MDV31005 [50].

Gain-of-function mutations of AR

Several mutations have been identified that may confer
increased AR protein stability, greater sensitivity
to androgens, aberrant responses to antiandrogens
or other steroid hormones, ligand-independent ac-
tivity, or increased recruitment of AR co-activator
proteins [51-55]. Because AR mutations occur in
a stochastic and heterogencous manner in different
metastases it is extremely difficult to correctly estimate
the real frequency of AR mutations in patients. An
updated and exhaustive list of AR gene mutations
can be found in the McGill Androgen Receptor Gene
Mutation Database'. AR gene mutations in the LBD
may alter ligand binding, leading to AR activation
by AR antagonists and other ligands that do not
activate wild-type AR, another explanation to the anti-
androgen withdrawal syndrome.

In rare cases, mutated AR may lack the entire LBD,
leading to an auto-activated mutant that mediates AR
signaling independent of any ligands [56]. Such AR
splicing variants lacking part of or the entire LBD,
ARALBD, have been generated artificially in vitro
to demonstrate that the AR can be constitutively
active [57]. These ARALBD are sufficient to confer
ligand-independent and castration-resistant growth.
The clinical relevance of these truncated AR variants
has been characterised by developing specific tech-
nologies [58]. In 2009, Hu and colleagues uncovered
seven AR variants lacking the LBD due to splicing
of “intronic” cryptic exons to the upstream exons
encoding the AR DNA-binding domain [58]. Two of
these ARALBD showed an average 20-fold higher
expression in CRPC compared to hormone-naive PCa.
More recently, Watson and colleagues demonstrated
that ARALBD increase acutely in response to ADT,
are suppressed by testosterone, and, in some models,

! http://androgendb.mcgill.ca/
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are coupled to full-length AR mRNA production [59].
Noteworthy, Watson and colleagues also showed that
anti-androgens, such as MDV3100, or selective siRNA
silencing of full length AR, block the growth of PCa
cells, suggesting that the growth-promoting effects of
ARALBD are mediated through full-length AR. These
authors hypothesise that the increase in ARALBD
expression in CRPC is an acute response to castration
rather than clonal expansion of cells expressing
ARALBD. More recently, Hornberg and colleagues
have demonstrated that ARALBD expression was
increased in CRPC compared to hormone-naive bone
metastases and associated with a particularly poor
prognosis [60].

Deregulation of the AR/co-regulator/co-repressor
control

Several co-activators, including TIF2, SRC1 and
TIP60, have been shown to be overexpressed or
accumulated in the nucleus of recurrent PCa speci-
mens [61]. AR overexpression increases the expres-
sion of androgen-stimulated co-activators such as
MAK, BRCAL, AIBI, or CB. In addition, AR mutants
activated by androgens or alternative ligands show
differences in co-activator recruitment that will affect
receptor activity at the transcriptional level, with
subsequent effects on target gene regulation [51].

Intracellular steroidogenesis

One of the most interesting observations from the last
five years is the ability of CRPC to synthetise androgen
de novo or convert adrenal androgens into T and
DHT by expressing or up-regulating steroidogenic
enzymes including CYP17A1, HSD3B1, HSD17B3,
CYP19A1, or UGT2B17 [62-65]. Already in 1985,
F. Labrie, the father of maximal androgen block-
ade, suggested that adrenal androgens could induce
AR signaling after intra-prostatic conversion despite
low levels of circulating testosterone [66]. In 2005,
Titus and colleagues measured tissue level of T and
DHT from 18 men with local recurrence during
ADT and 18 men with benign prostatic hyperpla-
sia (BPH) receiving no hormonal treatments [65].
T levels were similar in CRPC (3.75pM/g tissue)
and BPH (2.75pM/g tissue, Wilcoxon two-sided,
P=0.30). DHT levels decreased by 91% in CRPC
(1.25pM/g tissue) compared with BPH (13.7pM/
g tissue; Wilcoxon two-sided, P <0.0001) although
DHT levels in most specimens of recurrent CRPC
were sufficient for AR activation. In 2006, Stanbrough
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and colleagues showed that progression to CRPC
was associated by a 5.8-fold increase in AR gene
expression but also that multiple genes mediating
androgen metabolism (HSD3B2, AKR1C3, SRD5AI,
AKR1C2, AKRICI1, and UGT2B15) were overex-
pressed [64]. Their conclusions supported Labrie’s
hypothesis of an intracellular conversion of adrenal
androgens to T and DHT. It was however Montgomery
and coworkers who demonstrated that in addition
to converting adrenal androgens, CRPC cells were
also capable of synthetising de novo androgens
from membranes’ cholesterol molecules. They showed
that median T levels within metastases from CRPC
men are approximately three-fold higher than levels
within the primary untreated PCa [63]. They also
elucidated the mechanism by demonstrating that this
increased production of androgens from intracellular
precursors was caused by up-regulating the expres-
sion of steroidogenic enzymes FASN, CYP17Al,
HSD3B1, HSD17B3, CYP19A1, and UGT2B17 and
down-regulating SRD5A2 expression (P <0.001 for
all) [63]. This pathway was the base of the develop-
ment of new therapies including abiraterone.

Ligand-independent activation of AR

The activation of different signal transduction path-
ways in CRPC cells can enhance the activity of the
AR or its co-activators in the presence of low levels or
even in the absence of androgens. For example, 1L-6,
KGF, EGF and IGF-1 are overexpressed in CRPC
and can stimulate AR transcription in the absence of
ligand [67,68]. The MAPK and PI3K/AKT pathways
are probably the leading pathways, which regulate the
phosphorylation of AR coactivators, such as SRC-1
and TIF2, or the AR protein itself [67—69].

Conclusions

As long as primary ADT remains the main therapeutic
option for advanced PCa, CRPC will remain the
main challenge to be tackled by physicians. Extensive
investment in basic sciences has started to unveil
some of the primary mechanisms underlying CRPC
acquisition. Already, it appears that it is very unlikely
that a unique prevailing pathway will emerge. To treat
this disease, we will need to solve the individual het-
erogeneity and develop tests to allow individualising
treatment to specific situations.
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