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Abstract
Objectives Current treatments for localized prostate can-
cer include brachytherapy, external beam radiation, surgery,
and active surveillance. Unfortunately, 20–40% of prostate
cancer patients will experience recurrence and require hor-
monal therapies. These therapies involve androgen ablation
by chemical or surgical castration and application of antian-
drogens. Hormonal therapy is initially eVective, but will
inevitably fail and the disease will progress to lethal castra-
tion-resistant prostate cancer (CRPC) from which patients
succumb within 2 years. CRPC is considered to be depen-
dent on transcriptionally active androgen receptors (AR).
This article reviews recent advances in the discovery and
development of small molecule inhibitors of AR.
Methods A PubMed database search was performed for
articles focused on small molecule inhibitors of AR for
potential development for the treatment of prostate cancer.
Compounds with broad eVects on other pathways were not
included.
Results Currently, there are several novel antiandrogens
being tested in the clinic that have improved aYnity for the
AR and work by diVerent mechanisms to the current battery
of approved antiandrogens that are discussed. Small mole-
cule inhibitors that interact with regions other than the AR
ligand-binding pocket have been also been discovered.
These small molecules include allosteric inhibitors of the
LBD, compounds that alter AR conformation, and antago-
nists to the AR NTD and are highlighted.
Conclusions CRPC is dependent upon transcriptionally
active AR. Survival improvement may be achieved by com-

plete blockade of all AR activity using novel small mole-
cule inhibitors with unique mechanisms of action.
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Introduction

The prostate is an androgen-dependent tissue. Upon
removal of testicular androgens by chemical or surgical
castration, the prostate will involute with apoptosis of the
luminal epithelial cells. Androgen mediates its eVect
through the ligand-activated transcription factor, the andro-
gen receptor (AR). The dependency of prostate upon andro-
gen forms the rationale for blocking AR activity for the
treatment of advanced prostate cancer by androgen ablation
and competitive inhibitors to the AR. While initially eVec-
tive, all current forms of hormonal therapies to block  AR
activity ultimately fail and the disease will progress to
lethal castration-resistant prostate cancer (CRPC). This arti-
cle focuses on the recent advances in the development of
small molecule inhibitors of the AR.

Structure and function of the AR

AR is a member of the steroid receptor superfamily that
includes the closely related receptors, progesterone receptor
(PR) and glucocorticoid receptor (GR). Structural similarity
between these receptors is highest at the C-terminal ligand-
binding domain (LBD), and the DNA-binding domain
(DBD) being greater than 50 and approximately 80%,
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respectively, for each domain. AR LBD and DBD are
folded with the crystal structures solved. Inhibitors that
bind the AR LBD may also inhibit PR activity such as bica-
lutamide [1]. Generally, the LBD has 12 �-helices with
helices 3, 4, and 12 being integral to ligand-binding and
interactions with other proteins. The N-terminal domains
(NTD) have little sequence homology with less than 15%
between the AR and PR or GR. AR NTD is unique from
other steroid receptors because this domain contains most
of the transcriptional activity of the receptor. The transcrip-
tional activity of other steroid hormone receptors is pre-
dominantly located in the activation function-2 (AF-2)
region in the LBD. The NTD of AR, as well as other steroid
hormone receptors, has not been crystalized. Thus, drug
development to these largely disordered regions requires
empirical testing of each drug candidate.

Current therapies targeting AR

Conventional therapy for advanced prostate cancer has
focused on androgen-dependent activation of AR through
its C-terminal LBD by either (1) androgen ablation or (2)
antiandrogens that compete for the LBD to prevent binding
of the endogenous ligand.

Androgen ablation

To reduce circulating levels of androgen, chemical (GnRH/
LHRH analogs) or surgical castration have historically
been the standard forms of therapy. Unfortunately, reduc-
tion of testicular androgen by these approaches does not
completely eliminate tissue levels of androgen that can be
detected in metastatic prostate cancer [2]. Measurement of
residual androgen in prostate cancer tissue has led to sug-
gestion that adrenal androgens or de novo synthesis of
androgen by prostate cancer cells play contributing roles in
failure to current treatments. Development of inhibitors of
androgen synthesis has thus been renewed with abiraterone,
an irreversible inhibitor of 17, 20 lyase/CYP17, recently
approved by the FDA for patients who had received doce-
taxel. Abiraterone treatment in this patient group resulted in
a 3.9 months survival advantage [3]. Other small molecules
targeting androgen synthesis include ketoconazole, which
has been used for many years but associated with toxicities,
as well as investigational drugs TOK-001 (VN-124-1) and
TAK-700 that are currently in clinical trials. In addition to
inhibiting CYP17 to reduce synthesis of androgen, ketocon-
azole and TOK-001 are also reported to have antiandrogen
activities (Fig. 1a). TOK-001 also inhibits the growth of
cells not dependent upon AR or androgens for growth and
survival, such as PC3 and DU145 with an IC50 »7 �M by
induction of the endoplasmic reticulum stress response [4].

Other eVects of TOK-001 include decreased levels of AR
[5]. Interestingly, no similar reports of degradation of AR
or antiandrogen eVects have been reported for abiraterone
which has a similar structure (Fig. 1a). Bicalutamide [6] as
well as a plethora of compounds not necessarily speciWc for
AR have been reported to decrease the levels of AR
through various mechanisms.

Antiandrogens

Antiandrogens currently used in the clinic include
Xutamide, bicalutamide, and nilutamide (Fig. 1b).
Antiandrogens compete with androgen for the AR LBD
to inhibit the transcriptional activity of the AR.
Although each of these antiandrogens binds to the LBD,
there are subtle diVerences observed between these mol-
ecules, which probably explains why each compound
has shown additional therapeutic beneWt despite that all
bind to the same domain. Flutamide was the Wrst devel-
oped pure antiandrogen [7], followed by nilutamide [8]
and bicalutamide [9]. Preclinical assessment of these
antiandrogens showed that they bound to the AR or
prostate tissue and inhibited AR transcriptional activity
as measured by reporter gene constructs, gene expres-
sion, and/or in vivo caused atrophy of androgen-depen-
dent tissue and antitumor activity on prostate cancer
tumors. Unfortunately, all of these antiandrogens even-
tually fail as indicated by rising levels of serum prostate-
speciWc antigen (PSA) and return of clinical symptoms.
PSA is a gene regulated by AR, thus re-expression of
PSA indicates a transcriptional active AR in CRPC. Ces-
sation of antiandrogens in these failing patients can par-
adoxically result in a decline of serum PSA and
improvement, a phenomenon termed antiandrogen with-
drawal syndrome. Although anywhere for 18–30% of
patients are reported to display antiandrogen with-
drawal, the mechanism is complex with the detection of
gain-of-function mutations in the LBD associated with
these antiandrogens being relatively rare such as muta-
tions L874P and W741C/L. Rather these antiandrogens
are thought to fail due to increased levels of AR and its
coactivator proteins. Two families of AR interacting
proteins are CREB-binding protein (CBP) and steroid
receptor coactivator (SRC) which are elevated in CRPC
tissues. All antiandrogens to date, including the investi-
gational drug MDV3100, cause the normally cytoplas-
mic AR to translocate to the nucleus in the absence of
androgen thereby placing the AR in a dangerous vicinity
to promiscuously initiate transcription if cellular condi-
tions exist such as elevated coactivators. In addition to
nuclear translocation of the AR, bicalutamide also
causes the AR to bind DNA at known androgen response
elements (AREs) of target genes. Flutamide, bicalutamide,
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and nilutamide are partial agonists for AR, which in
combination with their relatively low aYnity for the AR
as compared to the natural ligand, (i.e., dihydrotestoster-
one (DHT) which has 30-fold higher aYnity than bicalu-
tamide [10]) is thought to contribute to their clinical
failure. This together with the recent discovery of resid-
ual levels of androgens in CRPC tissues supports the
need for the development of antiandrogens with better
aYnity for the AR.

New antiandrogens

The relatively recent acceptance in the Weld that the AR
remains transcriptional active in CRPC is based on the
discovery of residual levels of androgen in CRPC tissue
together with impressive clinical responses obtained with
abiraterone in CRPC patients. These observations have
renewed interest in developing more potent antiandro-
gens.

Fig. 1 Small molecule inhibitors blocking the androgen axis. a CYP17 inhibitors. b Antiandrogens. c Allosteric antagonists of the LBD.
d Antagonists of unknown AR domain

Ketoconazole. MW 531.431 TOK-001/VN-124-1. MW 388.55 Abiraterone. MW 349.509 

A 

Flutamide. MW  276.212 Bicalutamide. MW 430.373 Nilutamide. MW 317.221 

B 

MDV3100. MW 464.44 RU59063 RD162 

Flufenamic acid. MW 281.23 3,3',5-Triiodothyroacetic 
acid. MW 621.93   

Triiodothyronine. MW 650.98 

C 

D36 D80 

D 

Pyrvinium pamoate. MW 1151.39 Harmol hydrochloride.  
MW234.69 
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MDV3100 and RD162

MDV3100 is an antiandrogen with a similar structure to
bicalutamide and was originally developed by using
RU59063 as the chemical scaVold for structure activity
relationship (SAR) studies (Fig. 1b). RD162 is structurally
related to MDV3100 and shows similar properties to
MDV3100 with IC50s for 18F-DHT-binding to AR of
30.9 § 9.2 and 21.4 § 4.4 nM, respectively, compared
with 160 § 29 for bicalutamide in cell-based assays [11].
Thus, RD162 and MDV3100 have improved aYnities
compared with bicalutamide. Inhibition of the expression
of androgen-regulated genes and proliferation were also
inhibited by RD162, albeit even better than MDV3100
which was unexpected in view of MDV3100 having better
aYnity for AR. RD162 had speciWcity for AR as compared
to binding with PR and GR, but this was not provided for
MDV3100. The inhibitory eVect of MDV3100 and RD162
on androgen-dependent proliferation of VCaP prostate
cancer cells was reversed by 1 nM synthetic androgen,
R1881 [11]. These data may forecast failure of MDV and
analogs in patients with residual levels of tissue androgens.
In addition, confocal micrographs reveal that MDV3100
causes the majority of AR to become nuclear in the
absence of androgens [11] which has been observed with
other antiandrogens and thought to be important in the ulti-
mate failure of these compounds. However, the ratio of
nuclear to cytoplasmic AR obtained with MDV3100 is
apparently less than Wvefold that obtained with bicaluta-
mide [11]. RD162 also caused some nuclear translocation
of the AR with about equal levels in the cytoplasm and
nucleus when examining confocal micrographs [11].
Strongly supporting that MDV3100 and RD162 have some
diVerences to bicalutamide includes their inhibitory eVect
on the AR W741C mutant [11] that is resistant to inhibi-
tion by bicalutamide and originally discovered from a
patient with antiandrogen withdrawal syndrome [12]. Both
RD162 and MDV3100 cause apoptosis of VCaP cells
while bicalutamide does not [11]. Transcriptional activity
of the AR is inhibited by MDV3100 and RD162 as
indicated by reduced endogenous expression of androgen-
regulated genes, reporter gene assays, and androgen-
dependent proliferation by a mechanism that involves
competition for the LBD with androgen and decreased
DNA-binding activity [11]. Pharmacokinetic parameters
for RD162 are promising with a long half-life of 11.6 (iv)
to 30.2 h (oral) and 47.4% bioavailability. In vivo, RD162
has impressive antitumor activity on LNCaP/AR-luc xeno-
grafts with regression of 12 tumors after 28 days. How-
ever, RD162 only slowed the growth of LAPC4/AR
xenografts, while MDV3100 was not tested in this model
[11]. Positive antitumour activity has been reported for
MDV3100 in Phase 1–2 studies [13].

ARN-509

The Aragon drug ARN-509 is currently in Phase 1 clinical
trials. Although no peer-reviewed data have been pub-
lished, Aragon’s website states “ARN-509 is unique in its
action in that it inhibits both AR nuclear translocation and
AR binding to androgen response elements in DNA. Impor-
tantly, and in contrast to the Wrst-generation anti-androgen
bicalutamide, it exhibits no agonist activity in prostate can-
cer cells that over-express AR.” It will be interesting to see
how this antiandrogen’s mechanism diVers from MDV3100
and whether it can achieve any additional clinical beneWt.

BMS-641988

Preclinical studies with the antiandrogen BMS-641988
inhibited the growth of prostate cancer cells in vitro and
had cytostatic eVect on xenografts [14]. The metabolite,
BMS-501949 caused seizures in dogs although no seizures
were observed with the parent compound [15]. Phase I
studies of sixty-one patients with CRPC treated daily with
BMS-641988 had outcomes of stable disease and partial
agonism as predicted from preclinical studies [15]. Due to
the limited antitumor activity and seizures, the study was
closed [15].

AR LBD allosteric antagonists

Three nonsteroidal anti-inXammatory drugs, Xufenamic
acid, 3,3�,5-triiodothyroacetic acid, and triiodothyronine
(Fig. 1c), were discovered using a Xuorescence polarization
(FP) screen to initially Wnd compounds that inhibited inter-
action between the AF-2 region in the LBD with 15 amino
acid residues encoding the LXXLL sequence of SRC2
known to interact with AF-2 followed by X-ray screens
[16]. The studies revealed a previously unknown regulatory
surface cleft, binding function (BP)-3 that was proposed to
be an allosteric regulatory site required for AR activity.
Binding of 3,3�,5-triiodothyroacetic acid to BP-3 was
shown by X-ray structure analysis to remodel the adjacent
interaction site on AF-2 thereby reducing coactivator bind-
ing [16]. These compounds were required at high concen-
trations to block interactions with recombinant proteins
(»50 �M), but inhibited reporter assays between 10 and
30 �M in cell-based assays [16]. SpeciWcity was not
addressed but since these compounds are ligands of thyroid
receptor, oV-target eVects would be expected. Further
chemistry to develop speciWc BP-3 inhibitors could provide
a novel approach to block ligand-activated AR.

Gesolin is a coactivator of the AR that interacts with the
AR DBD and LBD [17]. D36 and D80 were identiWed
(Fig. 1c) as novel allosteric antagonists of the AR by using
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a mammalian two-hybrid screen to measure interaction
between VP16-AR and Gal4DBD-gelsolin fusion protein,
followed by MMTV-luciferase reporter assays [18]. A Ki
of 9.0 § 0.37 and 17.0 § 0.86 �M for D36 and D80,
respectively, were calculated [18]. Both compounds eVec-
tively competed for 3H-R1881 with IC50s of 10 and 34 �M
for D36 and D80, respectively [18]. Surface plasmon
resonance using both full-length AR and LBD revealed
D36 bound LBD with same aYnity as full-length AR
(Kd = 90 �M), while D80 had reduced binding to solely the
LBD as compared to full-length AR (Kd = 40 �M) [18].
Importantly, binding of both compounds was independent
of saturating agonist thereby supporting that these com-
pounds do not bind to the ligand-binding pocket. In vitro,
both compounds inhibited proliferation of commonly used
prostate cancer cells that express AR. Neither compound
caused nuclear translocation of the AR or DNA-binding
activity in the absence of androgen. No studies were shown
to provide evidence for speciWcity or negligible oV-targets.

Antagonists of unknown AR domain

Pyrvinium pamoate and harmolhydrochloride (Fig. 1d)
inhibit AR conformation in living cells [19]. The binding
site on the AR is unknown, although they do not compete
with hydroxyXutamide or DHT thereby suggesting they do
not bind to the ligand-binding pocket in the LBD. IC50s
using reporter gene constructs were impressive in the nM
range. Chromatin immunoprecipitation experiments
revealed that pyrvinium pamoate had no eVect on blocking
androgen-induced AR recruitment to AREs, while harmol
hydrochloride did block this interaction [19]. Both com-
pounds reduced RNA polymerase II recruitment and had
some eVect on blocking androgen-dependent proliferation
of LNCaP cells without eVects on HEK293 cells in vitro
[19]. Harmol hydrochloride was quickly metabolized and
not assessed in vivo. Plasma concentrations of pyrvinium
pamoate ranged between 150 and 20 nM using a once daily
i.p. regime of 1 mg/kg body weight [19]. After 4 weeks of
treatment, no eVect was observed on the weights of prostate
with solely pyrvinium pamoate in spite of repression of
some androgen-regulated genes. However, a combination
of pyrvinium pamoate with bicalutamide resulted in a 63%
decrease in prostate weight compared to 35% with bicaluta-
mide alone [19].

AR NTD allosteric antagonists

The AR NTD contains the AF-1 that contributes most of
the activity to the ligand-bound AR and contributes all of
the activity to AR activated by alternative pathways in the

absence of ligand [20, 21]. Recently, naturally occurring
splice variants of the AR that lack the LBD have been
reported in prostate cancer cell lines and also in CRPC [22–
25]. These mutants are constitutively active and would not
be inhibited by current therapies that target the AR LBD
such as antiandrogens and androgen ablation therapy.
Proof-of-concept that targeting the AR NTD blocks in vivo
prostate cancer tumor growth in the presence (androgen
sensitive) and absence of androgens (CRPC) was shown by
decoy molecules encoding the 558 amino acid residues of
the AR NTD [26].

AR AF-1 has characteristics of a collapsed disordered
region meaning that it is predicted to have some proportion
of secondary structure, but not a stable tertiary structure. To
date, very few small molecule inhibitors of intrinsically dis-
ordered proteins have been discovered, and contrary to
intuition that they should be large and bulky molecules,
those discovered tend to be relatively small in size (Fig. 2a;
for a review see [27]). The limited structure of the AR NTD
is thought to require interactions with other proteins to
assume correct folding for further protein–protein interac-
tions including interactions with bridging factors and the
basal transcriptional machinery to result in active transcrip-
tion. However, because of this high degree of intrinsic dis-
order and lack of a solved crystal structure, it is not possible
to be used for structure-based drug design. Instead, screen-
ing assays are required that test each drug empirically.
Using a cell-based screen, two structurally unrelated small
molecules, EPI-001 and SINT1 (sintokamide), that inhibit
transactivation of the AR NTD have recently been reported
(Fig. 2b).

SINT1 is a novel structure that was isolated from an
extract of Dysidea sp. sponge collected in Indonesia.
SINT1 (5 ug/ml) blocks AR transcriptional activity induced
by androgen and androgen-induced proliferation of LNCaP
cells without aVecting the proliferation of PC3 cells that do
not depend on AR for growth [28]. Transactivation of the
AR NTD can be induced by forskolin that stimulates the
PKA pathway or by interleukin-6 [20, 21]. SINT1 reduced
forskolin-induced transactivation of AR NTD to baseline
levels [28]. Further studies are required to verify speciWcity
and in vivo eYcacy.

An analog of EPI-001 was Wrst isolated from the marine
sponge Geodia lindgreni collected in Papua New Guinea.
Approximately 20 analogs were tested in cell-based assays
to obtain additional SAR for the pharmacophore. The com-
pound EPI-001 had the most potent activity with an IC50 of
6 �M for blocking transactivation of the NTD [29]. EPI-
001 was found to: inhibit AR activity and block transactiva-
tion of the AR NTD; have speciWcity to the AR and did not
inhibit related steroid receptors; block androgen-induced
proliferation without eVects on proliferation of cells
not dependent on AR for growth; inhibit expression of
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endogenous genes regulated by AR; prevent AR interaction
with AREs of target genes in response to androgen; and
inhibit a constitutively active AR lacking the LBD [29].
The mechanism of action involves EPI-001 binding AF-1
to alter its conformation and prevent essential interaction
with CBP and N/C interaction that are required for tran-
scriptional activity [29]. In vivo, EPI-001 (50 mg/kg body
weight) delivered intravenously blocked the growth of
androgen-dependent and CRPC xenografts, as well as
reduced the weight of benign prostate in non-castrated
hosts, without any apparent toxicity. Fourteen days after
the Wrst injection, EPI-001 caused regression of LNCaP
xenografts in 8 of 10 animals between 11 and 66%
(mean = 33 § 18%) [29] which is comparable to the 10–
40% regression reported in a very small number of animals
(n = 4) after 28 days of treatment with MDV3100 also in
LNCaP xenografts [11]. Analogs of EPI-001 are currently
in development for clinical trials.

Advantages of AR NTD antagonists

All hormonal therapies in the clinic and in clinical trials tar-
get AR LBD directly with antiandrogens or indirectly by
reducing ligand (Fig. 3a). Unfortunately, all of these thera-
pies eventually fail by mechanisms thought to involve con-
stitutively active splice variants of the AR, breakthrough of
androgen/steroid blockade, increased expression of AR and
coactivators, and/or rarely including gain-of-function muta-
tions in the LBD. Although no long-term studies have been
reported for EPI-001, there is low potential for gain-of-
function point mutations to develop because the AR NTD is
intrinsically disordered. Importantly, failure of current hor-
monal therapies is considered to still involve transcription-
ally active AR species. Rationale for blocking the AR NTD

is based on AF-1 being located in this business end of the
molecule and AF-1 is absolutely essential for transcrip-
tional activity by a mechanism that involves protein–pro-
tein interactions. Thus, inhibitors of the NTD should block
the activities of all AR species regardless of ligand, some-
thing that antiandrogens, castration, and CYP17 inhibitors
cannot achieve.

Based upon the results reported with EPI-001, advanta-
ges of an NTD inhibitor include: (1) it does not cause
nuclear translocation of the AR in the absence of ligand
contrary to all antiandrogens; (2) it does not cause the AR
to bind AREs unlike bicalutamide (Fig. 3b); (3) it inhibits
protein–protein interactions that are necessary for transcrip-
tion such as CBP, RAP-74, and N/C interactions (Fig. 3c);
and (4) it is the only known inhibitor of constitutively
active AR splice variants that lacks the LBD (Fig. 3d). AR
constitutively active splice variant, v567es, lacks the LBD
and is solely expressed in 20% of metastases obtained from
CRPC patients [24]. Expression of AR splice variants is
increased in CRPC bone metastases and is associated with
poor prognosis [25]. Blocking the LBD or decreasing the
levels of androgen would have no eVect on the activities of
these AR variants present in CRPC metastases.

Conclusions

The dependence of CRPC on transcriptionally active AR by
the mechanisms involving residual androgens, constitu-
tively active splice variants lacking LBD, increased expres-
sion of AR and coactivators, and alternative signaling
pathways has resurged the interest in developing small mol-
ecule inhibitors to AR or androgen axis. Importantly, dis-
covery of these mechanisms of CRPC has revealed targets
for drug development that include blocking androgen

Fig. 2 Small molecule inhibi-
tors of intrinsically disordered 
regions. a Small molecules 
inhibitors of EWS-FLI1 and 
c-Myc. b Small molecule 
inhibitors of AR NTD
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synthesis and targeting domains other than the ligand-bind-
ing pocket of AR LBD. Development of small molecule
inhibitors of AR that work through diVerent mechanisms
should each translate into clinical beneWt as already shown
for the battery of antiandrogens currently used in the clinic.
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