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Abstract

The standard of care for patients who suffer from non-organ confined prostate cancer (CaP) is
androgen deprivation therapy (ADT). ADT exploits the reliance of CaP cells on androgen receptor
(AR) signaling throughout CaP progression from androgen-stimulated (AS) to castra-
tion-recurrent (CR) disease. AR is a member of the nuclear receptor family of ligand-activated
transcription factors. Ligand-activated AR relocates from the cytoplasm to the nucleus, where it
binds to Androgen Response Elements (AREs) to regulate transcription of target genes that
control CaP cell behavior and progression. Current forms of ADT interfere at 2 levels along the
AR signaling axis. At the pre-receptor level, ADT limits the availability of ligand for AR, while at the
receptor level, ADT interrupts AR-ligand interactions. Both forms of ADT induce remission, but
are not curative and, because of extraprostatic actions, are associated with severe side effects.
Here, the potential of interference with the molecular regulation of AR-dependent transcription
and the action of AR target genes, at the post receptor level, as the foundation for the devel-
opment of novel, more CaP- specific selective forms of ADT is explored.
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Current ADT acts at the pre-receptor and
the receptor level

Ever since the Noble prize-winning findings of
Huggins and Hodges [1], now more than 70 years ago,
ADT has been the cornerstone for the treatment of
advanced CaP. More detailed overviews of available
ADT approaches have been described before [2-4] and
are the topic of expert contributions to this issue of
The International Journal of Biological Sciences. This
manuscript will limit itself to a brief historical over-
view of the evolution of ADT and the perception of
the value of androgen signaling as a target for therapy
in CaP. Since the recognition that androgen depriva-
tion alleviates symptoms and disease progression in
metastatic CaP patients, ADT has focused initially on

preventing the synthesis of testosterone, the main
androgen in circulation, by testicular Leydig cells [2,
5]. Testosterone is converted into its more bioactive
metabolite dihydrotestosterone (DHT) by
5-alpha-reductases in peripheral tissues [6-8]. First
surgical castration or oestrogen administration, and
then medical castration using GNRH agonists or an-
tagonists, decreased testosterone levels as a source for
DHT. This means of androgen ablation can be used by
itself or in  combination with  steroidal
(e.g.cyproterone acetate) or non-steroidal
(e.g.bicalutamide) anti-androgens. Following the ap-
preciation that a cellular receptor for androgens exists
[9-11], the latter compounds were developed to com-
pete with androgens for binding to, and thereby acti-
vating, AR [2,4]. These forms of ADT cause CaP re-
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mission, but are not curative and almost invariably a
“castration-recurrent” (CR) form of CaP emerges
during ADT [12]. Steroid production by the adrenal
glands is responsible for 5 to 10 percent of androgen
precursors in the bloodstream, which are processed
further to DHT by a series of enzymatic steps in the
periphery. This knowledge served as an impetus to
explore whether adrenal androgen synthesis is a
therapeutic target in cases in which gonadal androgen
synthesis blockade has failed [2,4]. Bilateral adren-
alectomy or hypophysectomy represented a major
surgical intervention to remove the source or the
feedback mechanisms that regulate adrenal androgen
synthesis of androgens. Alternatively, drugs such as
ketoconazole and aminogluthetimide pharmacologi-
cally inhibited adrenal precursor production. Where-
as surgeries were complex and associated with con-
siderable morbidity, responses to pharmacological
intervention were so short-lived that they were
measured in days, and were accompanied also by
significant side effects. As a consequence, at that time
it was generally accepted that AR had lost its value as
a therapeutic target for CR-CaP, and treatment shifted
to non-AR targeting therapies such as chemotherapy
[13-17].

Around the early 2000s, several major para-
digm-shifting findings occurred almost simultane-
ously, which led androgen signaling to become the
prime focus for therapeutic intervention in CaP that
has failed primary ADT. A first breakthrough was the
appreciation that AR is expressed highly in CR-CaP at
levels that are similar to, and may exceed those seen
in androgen-stimulated (AS)-CaP or benign prostate
epithelium [18,19]. Observations of elevated AR levels
in CR-CaP patients samples were recapitulated in CaP
model systems [20], where silencing or inactivation of
AR inhibited CR-CaP cell proliferation [21,22]. Taken
together, these reports pointed to a critical role for AR
in the growth of CaP that had recurred during ADT
and provided a rationale to start screening for novel
and more efficient methods to inhibit AR activity for
CR-CaP treatment. Overexpression of AR in AS-CaP
cells was sufficient to convert an AR antagonist into
an agonist [20], providing both a mechanistic expla-
nation for failure of ADT and a basis for a search for
novel, second-generation antiandrogens with stronger
affinity for AR than their predecessors using
AR-overexpressing model systems. These studies re-
sulted in isolation of enzalutamide (formerly known
as MDV-3100), a novel and more potent AR antago-
nist [23]. At the same time, exploration of the cause(s)
for AR overexpression in CR-CaP led investigators to
look into the possibility that intratumoral ligands are
present that stabilize AR. CR-CaP clinical specimens
were shown to contain levels of testosterone that are

similar to those found in normal prostate and AS-CaP,
and levels of DHT, that albeit lower than those in
AS-CaP, were still in the nM range, which is sufficient
to activate AR [24-27]. These findings provided evi-
dence for intracrine androgen synthesis in CR-CalP
and rekindled interest in the development of more
efficient drugs to interfere with intratumoral produc-
tion of DHT, either from adrenal precursors, or from
cholesterol. Ultimately, these efforts led to the rede-
ployment of abiraterone acetate for CR-CaP treat-
ment. Abiraterone acetate is a more specific inhibitor
of CYP17A1, a key enzyme involved in the generation
of androgens, than ketoconazole, and was first evalu-
ated for CaP treatment in the late 1990s until its clini-
cal development was discontinued, in part due to
concerns of significant side effects (reviewed in [4]).

Alternative approaches to inhibits AR’s
action on CaP cells are needed

A decade after the initial observations of AR’s
sustained relevance for treatment of CR-CaP, these
insights have led to FDA-approval of 2 novel ADT
agents: abiraterone acetate and enzalutamide. Both
drugs have shown survival benefits in phase III clini-
cal trials [28-30] and have entered rapidly day-to-day
clinical practice, where they are part of a growing
arsenal of ADT agents to treat advanced CaP. Despite
these successes, it is becoming increasingly clear that
CR-CaP remission in response to secondary ADT is
relatively short-lived, lasting only a few months.
Moreover, the majority of CaP that recurs during
treatment with abiraterone acetate or enzalutamide
continues to rely on AR action and remains respon-
sive to further manipulation of androgen signaling
axis [31-34]. As a consequence, there is great interest
in how best to administer these ADT agents and how
to enhance the efficacy of current ADT to prolong
survival. The impact of timing, sequencing and/or
combination of these agents (with other CaP treat-
ments) on CaP progression is under intense investi-
gation. In September of 2013, the National Institute of
Health’s Clinical Trial site listed 69 and 21 clinical
trials addressing these questions for abiraterone ace-
tate and enzalutamide, respectively, in CaP. More and
novel compounds are being tested also for second-line
ADT. Newer drugs that have fewer side effects
(TAK-700) [35, 36] or combine blockade of CYP17A1
with anti-androgen activity and AR degradation
(Tok-001) [37] may provide alternatives for abi-
raterone acetate. Other next-generation antiandrogens
such as ARN-509 have passed phase I clinical trials
[38]. In addition, considerable efforts are directed to-
wards understanding and targeting the molecular
underpinnings of CaP’s resistance to second genera-
tion ADT. Available evidence indicates that the
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mechanisms by which AR activity reemerges during
second-line ADT are similar to those associated with
reawakened androgen signaling upon failure of
first-line ADT. Alterations in steroidogenic gene ex-
pression, for instance amplification of CYP17A1 ex-
pression in CaP cells under abiraterone acetate treat-
ment, indicate active intracrine androgen synthesis
despite the selective pressure of pre-receptor ADT [31,
32]. These observations are reminiscent of changes in
expression levels of several steroidogenic enzymes
that occur under first-line ADT [39]. Previously, sub-
stantial interpatient heterogeneity and distinct pat-
terns of coordinated aberrant steroidogenic enzyme
expression have been described in CR-CaP tissues
[40]. Dysregulated expression profiles of enzymes
involved in androgen metabolism in CaP indicates
flexibility in steroidogenic pathways that can lead to
intratumoral DHT production. Steroidogenic en-
zymes such 17p-hydroxysteroid dehydrogenase 6 [41]
and 3P-hydroxysteroid dehydrogenase type 1
(3BHSD1) [42], previously thought to be of a lesser
overall importance, are now gaining momentum as
potential new targets for therapy. Moreover, whole
exome sequencing approaches are revealing recurring
somatic mutations in steroidogenic enzymes in CaP
that has failed androgen ablation, and such mutations
are present under first-line and second-line ADT
[43-45]. Functional consequences of such mutations
have been highlighted recently by reports of a
gain-of-stability =~ mutation that leads to a
gain-of-function in 3HSD1 [45]. 3HSD1 catalyzes
the initial rate-limiting step in conversion of the ad-
renal-derived  steroid  dehydroepiandrosterone
(DHEA) to DHT. The mutation does not affect the
enzyme’s catalytic function, but renders it resistant to
degradation. Accumulation of mutant 3HSD1 accel-
erates conversion of DHEA to DHT, which is usually
very limited, and as such establishes a preference for
flux of adrenal precursors through this specific an-
drogen biosynthesis pathway. Events at the AR sig-
naling axis that contribute to failure of ADT are not
restricted to the pre-receptor level. In patients failing
first-line ADT, an antiandrogen withdrawal syn-
drome that results from somatic AR mutations is not
uncommon when treatment is stopped [46]. Recent
literature reports of CaP cells that become resistant to
second-line ADT using enzalutamide or ARN-509
because of novel acquired mutations in AR that con-
vert these antagonists into agonists are reminiscent of
this [47,48]. The escape from enzalutamide-dependent
AR blockade has been attributed also to the induction
of the expression of the glucocorticoid receptor (GR),
which then acts as an alternate to AR and activates a
similar but distinguishable set of target genes and
maintains the resistant phenotype [49]. Furthermore,

AR variants that lack a ligand binding domain be-
cause of splicing or gene rearrangement events and
may activate AR target gene expression in androgen
independent manner [50] emerge also under newer
forms of pre-receptor and receptor level ADT [31,51].
Because of these and related findings, yet other means
to target AR for CaP treatment are being explored.
Such efforts are directed for instance at identifying
and exploiting the differences in the AR protein in-
teractome that is associated with wild-type or mutant
AR, development of novel agents that interfere with
the ligand-independent activity of AR [52,53], modu-
lation of the degradation rather than synthesis of in-
tratumoral androgens [54], or combined administra-
tion of an AR antagonist and an GR antagonist [49]. In
the era of precision medicine, it has been proposed to
tailor administration of these treatments based on a
CaP’s expression status of (mutant) AR, pattern of
expression or structural integrity of steroidogenic
enzymes. Based on available evidence of
AR-dependent CaP progression under current ADT
and the pattern of disease progression under other
targeted therapies, it is likely that AR- and androgen
biosynthesis-targeting approaches, will fail eventually
while CaP can continue to rely on androgen signaling.
One can anticipate CaP to become a chronic disease,
where following subsequent rounds of secondary,
tertiary and even quaternary ADT truly andro-
gen-independent CaP arises, for which kinases such
as Src and Aurora A may emerge as more appropriate
targets for therapy [55, 56]. In view of limitations to
current ADTs, exploring the possibility of targeting
androgen action at a different level of the AR signal-
ing axis to prolong patients’ survival and provide
alternatives for current AR-targeting therapies is
worthwhile.

Post-receptor androgen signaling as a ba-
sis for novel selective ADT

Common among current ADT approaches is a
focus on preventing ligand availability for AR and/or
ligand-AR interaction. These events precede and are
required for AR’s activity as a ligand-activated tran-
scription factor. Consistent with a previous report
[57], these events will be referred to as acting at the
pre-receptor (ligand availability) and receptor
(AR-ligand interaction) level, respectively, in the an-
drogen signaling axis (Figure 1). Interference with
AR’s transcriptional output, which ultimately controls
CaP cell behavior and progression, may be a viable
approach to develop novel forms of ADT that act at
the post-receptor level. Conceptually, post-receptor
level ADT approaches are attractive because they can
block selectively the CaP-specific segment(s) of an-
drogen action that is responsible for progression to
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lethal CaP. In such a scenario, post-receptor ADT will
induce remission while eliminating extra-prostatic
side effects on the cardiovascular system, cognition,
muscle and bone [58, 59] and will thus improve the
quality of life for men receiving ADT. In addition,
post-receptor ADT has the advantage that it can pool
from a broader range of potential targets for therapy
downstream of AR, which implies also more diversity
in alternative forms of additional post-receptor ADT
should resistance occur to such initial approaches.
Development of post-receptor ADT hinges on molec-
ular insights in the transcriptional regulation of AR
target genes that are responsible for CaP progression
to the lethal stage. One can envision such information
to lead to at least 2 novel opportunities for interfer-
ence with androgen action: first, therapeutically ex-
ploiting the molecular machinery responsible for
transcription of clinically valuable AR target genes,
and second, inhibiting the action of AR target genes
that drive CaP progression.
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Figure 1. Basic mechanism of androgen action. Testosterone (T) or
adrenal androgens (AA) are converted to DHT in CaP cells. Ligand acti-
vation induces a conformational change and nuclear translocation of AR.
Within the nucleus, AR binds AREs in target genes to regulate their
transcription and modulate CaP cell behavior. Pre-receptor level ADT
interferes with AR ligand production. Receptor level ADT impedes
AR-ligand interaction. Post-receptor level ADT exploits AR-dependent
action downstream of AR for therapeutic intervention.

Development of post-receptor ADT re-
quires insights in AR-ARE interaction

Pre-receptor and receptor level ADT were de-
veloped before the structure and function of AR had

been resolved. The presence of a cellular receptor to
which androgens bound was generally accepted
[9-11], but reliable antibodies that allowed character-
ization of AR did not become available until the mid
1980s [60, 61]. The gene encoding AR was first cloned
and sequenced in 1988 [62, 63]. Subsequently, AR was
found to belong to the nuclear receptor superfamily
that harbors also for instance GR. AR consists of the
modular structure that is typical for nuclear receptors:
an N-terminal domain (NTD) that harbors a lig-
and-independent transactivation function, a central
DNA-binding domain (DBD) responsible for se-
quence-specific interaction with genomic DNA, and a
C-terminal ligand-binding domain (LBD) through
which agonists, and antagonists, interact with AR [64,
65]. AR’s structure reflects the basic mechanism by
which AR is activated to control expression of target
genes. Following ligand binding to the LBD, activated
AR relocates from the cytoplasm to the nucleus,
where its DBD interacts with specific DNA sequences
known as Androgen Response Elements (AREs).
DNA-bound AR recruits a large number of function-
ally very diverse proteins, which include components
of the basal transcriptional machinery, other tran-
scription factors and coregulators. Combined activity
of AR’s LBD and NTD and these protein complexes
then controls the output from the AR transcriptional
complex [65, 66].

The AR'’s structure-function relationship and
transcriptional role have been described before. Es-
sential to AR’s regulatory effect on expression of its
target genes, the focus of this paper, is the interaction
of its DBD with AREs. The AR DBD shows remarka-
ble similarity to that of other nuclear receptors. It
consists of 2 Zn fingers; the first is responsible for
sequence-specific interaction between AR and AREs,
while the second mediates homodimerization be-
tween 2 ARs. AR-recruiting AREs consist of 2 repeats
of a typical hormone response element halfsite,
5-TGTTCT-3', separated by 3 bases, to which AR
binds as a homodimer [64, 65]. The resulting 15 bp
element that makes up an ARE also bares striking
resemblance to the genomic binding sites for other
nuclear receptors. Although the basis for the specific-
ity by which AR interacts with AREs has not been
completely resolved, it is now clear that select resi-
dues in AR’s second Zn finger and, at least to some
extent, the orientation of the 2 half-sites within AREs
are determining factors [67].

The first insights into AR-ARE interaction, some
of which preceded the formal identification of AR,
were derived from studies that used partially purified
AR from rodent prostates or recombinant (rat) AR
DBD in DNA cellulose competition assays or in vitro
footprinting assays. Electrophoretic mobity shift as-
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says and transactivation assays with reporter con-
structs driven by intact or mutant versions of the pu-
tative ARE (containing-regions) were done to func-
tionally validate and characterize the ARE [68]. At
that time, molecular insights in AR’s interaction with
AREs in target genes were limited because of the
small number of androgen-regulated genes that were
known. Typically, these were genes for which ex-
pression had been recognized to be andro-
gen-dependent in rodent prostates, such as the C3
component (C3) of prostatic binding protein (PBP),
sex limited protein (slp) or secretory protein (sc). The
corresponding AREs were identified predominantly
in regions surrounding the gene’s transcriptional start
sites such as promoters and first introns [69]. None-
theless, even under these experimental conditions it
was becoming increasingly clear that variability exists
in the manner in which ARE-driven transcription is
regulated by AR. This variation was attributed to
non-receptor events, more specifically to sequence
composition of the regions adjacent to or in close
proximity to ARE [70, 71]. These observations are re-
flected in the proposition of an Androgen Response
Unit, which consists of the ARE(s) and surrounding
DNA sequences to which other proteins bind and
cooperate with AR to regulate ARE-driven transcrip-
tion.

Appreciation of the full breath of this variability
in AR-dependent transcription, and its relevance to
CaP progression, required identification of more AR
target genes. Over the years, individual genes that
were androgen-regulated have been examined for the
presence of AREs. For instance, segments spanning
more than 100kb of the genomic sequence of the an-
drogen-induced gene that encodes Sterol Regulatory
Element Binding Protein (SREBP)-cleavage activating
protein (SCAP) were cloned in front of a reporter
gene. The androgen-responsiveness of the resulting
reporter constructs was tested systematically in
transactivation studies. Using this approach, an ARE
mediating SCAP’s androgen-responsiveness was
identified and subsequently validated and character-
ized in intron 8 [72]. Studies like this gradually in-
creased the number of AREs and provided initial ev-
idence that locations of AREs do not have to be re-
stricted to a gene’s promoter region or surrounding
areas. The development and advances in novel tech-
niques allowed to screen for and identify in a more
systemic manner and with increasing ge-
nomic-coverage androgen-responsive genes. First
subtractive hybridization and differential display ap-
proaches, followed by (custom) cDNA array, oli-
goarray and RNA-Seq assays were applied. Typically,
these studies examined RNA obtained from
AR-positive CaP model systems that had been cul-

tured in the presence and absence of androgens, or
antiandrogens, or in which AR had been silencing or
inactivated. These combined studies isolated hun-
dreds of androgen-dependent genes and led to more
fully appreciate the spectrum and role of andro-
gen-responsive transcriptome in CaP. Pathway anal-
yses on these gene profiles have identified functions
in CaP cell proliferation, survival and differentiation
(reviewed in [73]). An obvious limitation in using
such profiling approaches as a means to identify
ARE-driven genes is that these experiments do not
always allow for an easy distinction between direct,
ARE-driven, AR target genes and andro-
gen-responsive genes for which androgen regulation
is indirect. As a definition, direct target genes are an-
drogen-responsive because of AR interaction with
ARE(s) in its regulatory region(s) while indirect target
genes become androgen-responsive because of the
action of a direct AR target gene. The difference is
nicely illustrated when androgen regulation of the
gene encoding SCAP is compared to that of SREBP
target genes. Androgen exposure leads to rapid in-
crease in the expression of SCAP, which is the result
of AR interaction with an ARE within intron 8 [72].
Induction of SCAP expression causes an imbalance in
the regulatory protein complexes that normally keep
SREBPs from being activated. The resulting proteo-
lytic activation of SREBPs releases a transcriptionally
active SREBP fragment that translocates to the cell
nucleus where it binds to Sterol Regulatory Elements
(SREs) in SREBP target genes. As a consequence, an
entire SRE-driven lipogenic program is rendered an-
drogen-responsive. Indirect mechanisms of androgen
action, such as SREBPs’ control over lipogenic gene
expression, is characterized by delayed kinetics (Fig-
ure 2) and entails a significant amplification of the
initiating androgenic signal to which CaP cells have
been exposed [74].

Simple kinetics studies can thus provide first
mechanistic insights in the manner of androgen reg-
ulation of genes of interest and serve as a first screen
to tease out direct, ARE-driven genes. While useful,
this approach does have some limitations. First, for a
significant subset of androgen-dependent genes, the
distinction between direct or indirect AR target genes
is not made easily using available gene expression
profiling assays. Quite often, androgen treatment is
done for more than 16 hours, which makes it impos-
sible to determine whether androgen regulation of
gene expression is direct or indirect. Alternatively, in
cases where cells are treated with androgens for
shorter time points, it is likely that the fold androgen
regulation of a large fraction of genes is modest and
may not be captured fully because of detection or
sensitivity limits of the screening assays used.
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Figure 2. Direct versus indirect androgen action. In a direct mechanism of androgen action, AR
interacts with an ARE within a direct AR target gene, for instance the gene encoding SCAP. Androgen
regulation of direct AR target genes is characterized by fast kinetics (left panel). Indirect mechanisms of
androgen action are the result of androgen dependent changes in the expression of a direct AR target
gene. For instance, androgen induction of SCAP results in proteolytic activation of precursor SREBPs.
The N-terminal SREBP (N) fragment that is released translocates to the cell nucleus, where it binds SREs
and activates a lipogenic program that is executed by SREBP target genes. Indirect mechanisms of an-
drogen action are characterized by a delayed response to the androgenic stimulus (right panel).

sites has led to the proposal of
non-canonical ~ AREs [80].
However, mutational analysis
and in silico analysis using a
position-specific probability
matrix based on

None-the-less, a few more detailed kinetics studies
have been done, which generated temporal patterns
in which genes are classified as “late” or “early” [75,
76]. It is likely that the “early” gene lists are enriched
in direct AR target genes. Second, an indication of
direct regulation does not provide information on the
existence or location of ARE(s), which is required to
assess fully the molecular regulation of AR-ARE in-
teraction.

The androgen-dependent recruitment patterns of
AR throughout the genome have been the subject of
several studies that combined an AR ChIP approach
with high throughput microarray hybridization
(ChIP-chip) or deep-sequencing (ChIP-Seq) [77]. In
initial experiments, AR binding sites (ARBSs) were
determined on a few chromosomes (21 and 22, or 19
and 20), on a restricted number of genomic regions
selected by the ENCODE project or on selected pro-
moter or other gene regions. Technology evolved to
whole genome AR ChIP-chip and now AR ChIP-Seq,
which significantly increased genome coverage to
document genomic AR binding patterns (reviewed in
[77]). Chip-Seq is rapidly replacing ChIP-chip and has
the advantage that is covers the whole genome and is
less prone to artefacts because of fewer amplification
steps [78].

well-characterized AREs have
validated the previously estab-
lished ARE consensus region and rules of DNA en-
gagement by AR in a sample of selected AR binding
peaks [69]. Recruitment of AR to genomic sequences
that lack a recognizable ARE may indicate that AR can
function as cofactor for other transactivating factors,
as has been suggested before [81, 82]. Sequence anal-
yses of ARBSs have demonstrated also enrichment for
consensus binding motifs for secondary transcription
factors (e.g. FoxAl, GATA-2, NF1, ETS1...) in close
proximity to those AREs (e.g. [76,77,79,80]). These
findings are in line with the previously proposed
concept of an ARU. Conventional ChIP assays have
validated interaction of AR and these TFs with their
predicted DNA recognition motifs. Characterization
of the contribution of secondary TFs to AR-dependent
transcription provided further molecular insights in
the flexibility, and complexity, of the regulatory pro-
cess underling AR target gene expression. Physical
and functional interaction between these TFs and AR
occurred in an ARBS-selective and interdependent
manner [79, 80, 83]. These studies yielded unexpected
findings, for instance that TFs as FoxAl appear to
prevent AR from binding at certain sites. Deletion of
FoxAl induced changes in AR-dependent cistrome
with androgen-dependent recruitment of AR to sites
that were otherwise not occupied by AR [84-86]. This
finding may be relevant to the clinical situation in
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view of somatic mutations in FoxA1 that are isolated
in CaP patient specimens using NextGen sequencing
approaches [44].

To date, thousands of ARBSs have been identi-
fied, and it is unclear whether all of these are equally
important or even actively involved in AR-dependent
transcription. Integration of complementary andro-
gen-dependent gene expression profiles and ARBS
patterns is being used to isolate the ARBSs associated
with active AR-regulated transcription. An arbitrary
cut-off distance between the location of the ARBS (for
instance 25 kb) and the transcriptional start site(s) of
an androgen-responsive gene is accepted often to in-
dicate functional involvement of AR-recruiting re-
gions in regulation of gene expression [76]. The over-
lap or close proximity of the ARBS peaks with epige-
netic histone marks that have been associated with
active AR-dependent transcription and/or the pres-
ence or RNA polymerase II at those sites serves to
strengthen this assumption [76]. True validation of
functional involvement of AR in regulation of andro-
gen-dependence of these genes would require a form
of homologous recombination in which AREs or TF
binding sites are mutated selectively, but this seems
not feasible in light of the large number of ARBSs and
androgen-regulated genes identified already. In addi-
tion, such an approach would not address functional
interactions between ARBSs that occur over long dis-
tances, involve chromosome looping and are of piv-
otal importance to androgen dependence of the af-
fected genes [87]. As technology is continuously being
refined, it is expected that the complex interplay be-
tween proteins recruited to cooperative regulatory
elements within AR target genes will provide answers
to these questions by application of for instance
ChIA-PET [88]. Similarly, expansion of AR-centered
studies to include also the contribution of
AR-associated coregulators, which have been
demonstrated to differentially and selectively regulate
androgen-responsiveness of subsets of AR target
genes [89-91], will provide further insights in the
flexibility in regulation and composition of the AR
transcriptional complex at individual ARBSs.

Mounting evidence supports feasibility
of developing post-receptor level ADT

Ultimately, the goal of these AR-centered sys-
tems approaches-driven studies is to identify novel
and clinically valuable targets downstream of AR that
are actionable for therapeutic intervention. To isolate
these targets, several groups have taken the approach
to further integrate gene expression and genomic
ARBS patterns with data from gene expression pro-
files derived from clinical CaP specimens.
Cross-matching these diverse datasets aims to priori-

tize CaP target development to AR target genes that
are enriched or depleted in CaP patient specimens
and are critical to CaP progression. While still in its
infancy, this method has yielded already several at-
tractive targets and possible opportunities to interfere
therapeutically at different points at the post-receptor
level of the AR signaling axis (Figure 3).
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Figure 3. Post-receptor level ADT takes different forms. Several
methods of post-receptor ADT can be conceived. A few examples are
provided. A. Inhibition of the immediate action of the direct AR target gene
X with a key role in CaP progression. B. Inhibition of the action of the
direct AR target gene X prevents activity of an indirect mechanism of
androgen action with a critical role in CaP progression. C. Inhibition of the
activity of an indirect mechanism of androgen action that drives CaP
progression downstream of AR.

Interference with the immediate action of a
direct AR target gene

Calcium/calmodulin-dependent protein kinase
kinase 2 (CAMKK2) was identified as a direct AR
target gene following integration of AR ChIP-Seq and
gene expression profiling of CaP cell lines before and
after androgen treatment. When AR target gene ex-
pression profiling was evaluated against multiple
independent gene expression data sets from clinical
prostate (cancer) specimens, CAMKK2 was consist-
ently overexpressed in CaP. AR ChIP using chromatin
from CaP patient specimens validated AR binding to
CAMKK? regulatory regions [76]. CAMKK2 plays a
central role in the cellular metabolism, which has been
identified as a seminal AR-dependent cell process in
CaP [74, 92]. An inhibitor for CAMKK2, STO-609, has
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been developed and is readily available. Silencing of
CAMKK?2 expression or pharmacological inhibition of
its action using STO-609 decreased proliferation of
CaP cells and reduced growth of CR-CaP in xenograft
models. Remarkably, no measurable effects of the
CAMKK?2 inhibitor on normal prostate size or cyto-
plasmic volume of prostatic epithelial cells were not-
ed. On the other hand, castration resulted in loss of
prostate size and atrophy of luminal epithelial cells
[76]. Greater selective effects on cancer tissues by tar-
geting the AR target gene CAMKK? than by complete
inhibition of AR action support the possibility to de-
velop more specific post-receptor level ADT.

Interference with the action of a direct AR
target gene to inhibit an indirect mechanism of
androgen action

As discussed above, androgen induction of the
direct AR target gene SCAP leads to coordinated an-
drogen control over SREBP target genes [74]. SREBP is
a key lipogenic transcription factor and central regu-
lator of cellular lipid metabolism. SREBP controls ex-
pression level of genes involved in both fatty acid and
cholesterol synthesis. Increased lipogenesis is a hall-
mark of many human cancers, including CaP, where
SCAP overexpression and SREBP activation have
been demonstrated. Increased lipogenesis in CaP
correlates with poor prognosis and is considered an
attractive target for novel therapies (reviewed in [74,
92]).

Compounds that prevent SREBP-dependent li-
pid synthesis may yield also a selective post-receptor
ADT. Small molecules that modulate activity of the
SCAP/SREBP pathway have been discovered [93, 94].
Most recently, fatostatin has been identified as a novel
agent that inhibits SREBP action by targeting SCAP
[94]. In a mouse model for obesity, where SREBP ac-
tion is also actively studied for therapeutic interven-
tion, fatostatin did not affect food intake, did not lead
to toxicity and caused a minor reduction only in
overall weight. Fatostatin did, however, lower serum
glucose, cholesterol and LDL levels and lowered he-
patic fat accumulation. The latter was accompanied by
decreased expression of SREBP target genes including
fatty acid synthase and 3-hydroxy-3-methylglutaryl-
CoA reductase [94]. Noteworthy, these SRE-driven
genes are overexpressed in CaP [74]. Effective shut-
down of the fraction of androgen action mediated by
SCAP may be particularly effective in preventing CaP
progression as androgen synthesis from cholesterol
may play a crucial role in emergence of CR-CaP [95,
96]. Interestingly, fatostatin suppressed se-
rum-independent growth of DU145 CaP cells [94].

Interference with an indirect mechanism of
androgen action

Yet an alternative approach to block clinically
valuable androgen action is to interfere selectively
with androgen-responsive gene expression that re-
sults from an indirect mechanism of androgen action.
Recently, we have identified a novel indirect mode of
AR action, in which androgen exposure activates the
secondary transcription factor Serum Response Factor
(SRF) [97, 98]. The SRF target gene signature that is
rendered androgen-responsive because of this sig-
naling event, was the first to be enriched in CaP
compared to benign prostate and is sufficient to dis-
tinguish between benign and malignant prostate.
SRF-dependent androgen action is associated with
aggressive CaP and biochemical recurrence after rad-
ical prostatectomy and is active in AS- as well as
CR-CaP. What makes this interesting from the per-
spective of therapeutic intervention is that andro-
gen-responsiveness is conveyed to SRF via androgen
activation of the small GTPase RhoA [99]. Activated
RhoA recruits RhoA effectors to transfer signaling to
downstream targets such as SRF. Actin polymeriza-
tion resulting from RhoA effector action induces
translocation of the critical SRF cofactor MKL1 to the
cell nucleus where it is required for SRF dependent
transcription [98, 99]. Inhibitors for RhoA effectors
such as RhoA associated kinase are available and have
been tested already in clinical trials for atherosclerosis
and glaucoma (clinicaltrials.gov), and could be moved
forward in CaP. In addition, CCG-1423, a small mol-
ecule that interferes with interaction between SRF and
MKL1 has been tested in preclinical CaP model sys-
tems, where it blunts CaP cell proliferation and inva-
sion [100, 101].

Limitations to clinical application of
post-receptor level ADT

These examples demonstrate the preclinical
promise of post-receptor level ADT using several
agents, some of which have been shown to be
well-tolerated in clinical trials. What are the most
important limitations when considering successfully
translating these findings from preclinical CaP models
into the clinic?

First and most obviously, targeting AR function
at the post-receptor level will be valuable for CaP
treatment only if such an approach is directed against
androgen action that is relevant to clinical CaP. Many
studies have described in detail the transcriptional
programs under control of AR, but used preclinical
CaP models only, with a few selected AR binding sites
ARBSs tested only in tissue [73-76, 79, 80, 102-107].
Application of the resulting cell-line derived AR tar-
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get gene signatures to expression profiles from patient
specimens has suggested loss of AR signaling in lo-
calized CaP compared to benign prostate [98, 108],
and diminished AR activity in CR-CaP relative to
AS-CaP [107, 108]. These findings contrast with ob-
servations from functional studies and the success of
novel ADTs, which indicate that cell lines do not ad-
equately model the AR transcriptional program in
clinical CaP. This may be related in part to the ex-
perimental  conditions  chosen to  isolate
AR-dependent gene signatures from cell line models
(discussed in [73]). On the other hand, it is also possi-
ble that the AR-dependent cistrome derived from CaP
model systems is fundamentally different from that in
clinical specimens. Only over the last year has it be-
come technically feasible to obtain whole-genome
datasets with high sensitivity for both AR recruitment
to DNA and transcriptional changes associated with
those recruitment events directly from clinical sam-
ples. For the first time, the existence of an in vivo re-
stricted set of AR target genes and a tissue-specific
transcriptional network in clinical CR-CaP samples
that is not present in cell line models has been
demonstrated [83]. These findings indicate con-
text-dependence of AR function, which has significant
implications for our understanding and evaluation of
the role of AR in clinical CaP. These observations for
CR-CaP are reminiscent also of previous reports on
the expression level of cell line-derived AR target
genes in AS-CaP. When evaluated at baseline and at
different time points after neoadjuvant ADT, expres-
sion of many of these genes was not altered in radical
prostatectomy samples from men with localized CaP
[26], which suggests that similar context-dependence
also may apply to AS-CaP.

Second, it is important to realize that the spec-
trum of AR target genes may evolve considerably
during CaP progression. A growing body of evidence
derived from isogenic CaP model systems indicates
that the transcriptional program under direct control
of AR and the AR-interacting proteome undergoes a
shift during the transition from AS-CaP to CR-CaP
[83, 106, 109]. This evolution is likely related to the
amplification and overexpression of AR, the genera-
tion of AR variants that lack ligand-binding domain,
and the introduction of mutations in AR that occur
while CaP is subjected to ADT [47, 66, 110]. A sys-
tematic and unbiased comparison of genomic sites
that are bound by wild-type, mutated or variant forms
of AR has yet to be performed. The nature of the tis-
sue microenvironment, which changes during disease
progression, may have an important influence of AR
function. It may be necessary to adjust post-receptor
level ADT during CaP progression to address accu-
rately such variation in AR activity.

Third, most, if not all, studies that have reported
on AR target gene signatures in clinical CaP have
overlooked the critically important fact that CaP is a
heterogeneous disease. The majority of prostates that
are removed by radical prostatectomy for CaP treat-
ment with curative intent harbor multiple topo-
graphically separate and clonally distinct foci of CaP.
These intraprostatic CaPs, of which 5 to 7 are present
per radical prostatectomy specimen [111, 112], are
independent clones that can develop at different times
or simultaneously, harbor unique genetic mutations
and are characterized by varying biological aggres-
siveness [111, 113-117]. Whether each of the individ-
ual CaPs conduct androgen metabolism in the same
way or respond to different forms of ADT similarly is
not known. The patterns of ARBSs and AR target gene
expression between intraprostatic CaPs have not been
investigated. Whether the individual CaPs are the
same somatically as the patient is genomically, and
the impact of mutations in regulators of androgen
action on response to ADT remains to be resolved. In
contrast to the multiclonal nature of localized CaP,
analyses of disseminated, separate CaP samples from
patients that succumbed to lethal metastatic CaP have
indicated a monoclonal origin [118]. These findings
suggest that a single intraprostatic CaP is responsible
for development of aggressive and lethal disease, and
that biological heterogeneity among different in-
traprostatic CaPs underlies variability in response to
ADT. Heterogeneity among the 5-7 individual
AS-CaP foci in the average radical prostatectomy
specimens may need to be taken into account in the
decision how best to administer post-receptor level
ADT.

Conclusions

Ongoing investigation of the mechanisms by
which AR exerts its effects on CaP cells is uncovering
considerable variability and flexibility in the manner
in which androgen-dependent gene expression is
regulated. A growing body of evidence suggests that
discrete signaling events downstream of lig-
and-activated AR may represent attractive targets for
post-receptor level ADT. Further validation of
AR-dependent signaling that show promise for ther-
apeutic intervention in preclinical models using pa-
tient specimens and direct application of systems bi-
ology approaches to intraprostatic CaPs may lead to
novel androgen ablation approaches that selectively
prevent only those androgen-dependent events that
drive CaP progression to the lethal stage.
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