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Prostate cancer, the most common nonskin cancer in men, is estimated to 
cause 27,000 deaths annually in the USA. With the advent of prostate‑specific 
antigen screening, most are diagnosed with local disease, but approximately 
one-third of patients ultimately develop recurrence despite definitive local 
therapy. Despite the high initial response rate to androgen deprivation, 
castration resistance eventually develops. In this article, we examine 
mechanisms of androgen resistance and further discuss current progress 
in the development of novel endocrine therapy in the treatment of 
castration-resistant prostate cancer. We also explore the rationale of 
complete androgen blockade, with current ongoing investigation of 
combination hormonal therapy in this context.
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Prostate cancer, the most common nonskin cancer in men, is estimated to cause 
27,000 deaths annually in the USA [1]. While the introduction of widespread pros-
tate-specific antigen (PSA) screening has significantly increased cancer detection, 
approximately 2% of men have metastatic disease at the time of initial presenta-
tion [2]. In addition, approximately one-third of men treated with definitive local 
therapy will experience recurrent disease [3]. Despite often being considered an 
‘indolent’ disease, prostate cancer remains the second leading cause of cancer death 
in men in the USA, causing significant morbidity. 

Since Huggins et al. reported the link between androgens and prostate cancer, 
maneuvers to deplete testosterone have been the standard first-line therapy for 
patients with metastatic disease [4]. The vast majority of patients achieve a response 
to androgen deprivation therapy, as measured by various parameters including 
declines in serum PSA, improvement in pain and regression of measurable dis-
ease [5,6]. However, androgen deprivation therapy in the setting of metastatic pros-
tate cancer is not curative, and the vast majority of patients ultimately develop 
disease progression, despite castrate levels of serum testosterone.

While prostate cancer was once labeled ‘hormone refractory’ at the time of pro-
gression on androgen deprivation therapy, this term is now considered a misnomer, 
as many hormone refractory cancers are actually ‘hormone ultrasensitive’. Over the 
past decade, advancement in the understanding of androgen receptor signaling 
axis have led to insights into the multiple mechanisms of resistance to androgen 
deprivation therapy. These insights have had direct clinical relevance, with the rapid 
development of new therapeutics, which specifically target mechanisms of resistance 
to androgen deprivation. Here, we describe the laboratory and clinical findings that 
are redefining the role of androgen receptor (AR) signaling in castration-resistant 
prostate cancer (CRPC). 
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Redefining hormone refractory prostate cancer: 
clinical & laboratory evidence
The majority of androgens are produced in the testis, 
while the adrenal glands produce approximately 10% 
of physiologic serum androgen, particularly in the 
form of androstenediol and dehydroepiandrosterone. 
Testosterone, and its reduced metabolite dihydro
testosterone (DHT), are the principal stimulants of 
prostate cell growth. Testosterone is converted to DHT, 
via 5a-reductase, which binds to the AR. The DHT-
bound AR then acts in the nucleus, where it functions 
as a DNA-binding transcription factor, regulating 
expression of genes that promote prostate cell growth 
and proliferation [7]. 

The majority of metastatic prostate cancers are ini-
tially dependent on testosterone synthesized by the tes-
ticles for growth and survival. However, as evidenced 
by clinical responses to chemical or surgical castra-
tion, small clones of resistant cells are likely present at 
baseline. During treatment with androgen deprivation 
therapy, selective pressure allows these clones to prolif-
erate, while other clones with molecular changes will 
promote resistance to emerge. 

Multiple mechanisms of resistance to androgen 
deprivation have recently been identified (Box  1). 
Importantly, several of these mechanisms may be 
involved in any given patient, and may play a differing 
role at various times during the natural history of the 
disease (Figure 1). 

■■ Persistent intratumoral androgens  
despite castration
Mounting evidence suggests that despite chemical or 
surgical castration, and resultant lowering of the serum 
testosterone, intratumoral androgen levels may not be 
sufficiently suppressed to inhibit prostate cancer cell 
growth. For example, following androgen deprivation, 
DHT levels in prostate tissue remained at approximately 
25% of the amount measured before androgen depriva-
tion therapy [8]. Furthermore, prostate cancer cells may 
contribute to the synthesis of androgens themselves, 
as evidenced by increased intraprostatic expression of 
multiple enzymes involved in steroid synthesis in the 
setting of castration [9–11].

The contribution of adrenal androgens to the patho-
genesis of CRPC has been well recognized clinically 
for decades. Ketoconazole, an inhibitor of cytochrome 
p17 (CYP17) and consequently adrenal androgens, has 
antitumor activity in approximately 30% of patients in 
this clinical state [12]. In addition, Ryan and colleagues 
demonstrated that higher baseline levels of serum adre-
nal androgens, including DHEA and androstenedione, 
were predictive of response to ketoconazole, and that 
these levels declined after treatment with ketoconazole 
and rose again at the time of treatment resistance [13]. 
This latter observation suggests a mechanism of resis-
tance to ketoconazole that may be exploited with newer 
generation cytochrome p17 inhibitors. 

■■ AR gene amplification 
Approximately 30% of CRPCs harbor amplifications of 
the AR gene. These tumors may be more sensitive result-
ing in enhanced tumor proliferation despite low levels of 
androgens [14,15]. Other mechanisms of ‘adaptation’ to 
low levels of androgens have also been described, includ-
ing increased AR sensitivity to DHT [16], and increasing 
DHT levels via upregulation of 5‑a reductase activity [17]. 

■■ AR mutations
Mutated AR has been speculated to be activated by pro-
gesterone, estrogens, adrenal androgens and metabolic 
by-products of DHT [18–20]. In addition, it may also 
bind AR antagonists [21,22], as well as various cortico-
steroids [23]. For example, the clinical phenomenon of 
the antiandrogen withdrawal syndrome, a situation in 
which patients achieve a clinical response simply by dis-
continuing treatment with an antiandrogen, is hypoth-
esized to occur due to mutations in the AR, causing 
antiandrogens to function as receptor agonists rather 
than antagonists [24]. 

■■ Increased expression of AR coactivators/
decreased expression of AR corepressors
Co-activator and -repressor proteins can regulate 
ligand–AR binding and subsequent transcriptional 
activity, respectively. This has been demonstrated in 
several prostate cancer cell lines. One example of this 
phenomenon was reported by Rocchi et  al., report-
ing that androgen withdrawal in prostate cancer cell 
lines resulted in a significant increased hsp27 expres-
sion  [25,26]. Furthermore, increasing expression of 
Her2/Neu tyrosine kinase [27], bcl‑2 [28] and IGF-
binding protein 5 [29] have all been associated with the 
development and growth of androgen-independent 
prostate cancer. Likewise, numerous corepressors have 
been described and hypothesized to contribute to AR 
regulation [30]. AR repression can be achieved with 
direct sequestration by DAX‑1 [31], interruption of AR 

Box 1. Mechanisms of castration resistance.

■■ Persistent systematic (e.g., adrenal) and intratumoral androgen levels
■■ AR gene amplification
■■ AR mutation
■■ Increased expression of AR coactivators
■■ AR splice variants
■■ Epigenetic AR modification

AR: Androgen receptor.
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C- and N-terminal interaction by filamin-A [32], manip-
ulating another co-activator by PATZ [33], and well as 
other mechanisms involving corepressors.

■■ AR splice variants
AR splice variants (ARv) have recently been described 
and have been hypothesized to contribute to the devel-
opment of CRPC [34]. While under normal conditions, 
ligand binding is necessary to cause AR translocation 
into the nucleus and regulate expression of androgen-
responsive genes, ARv isoforms are constitutively active, 
promoting tumor cell growth in a ligand-independent 
manner [35]. This mechanism of castration resistance 
is problematic, as most currently existing hormonal 
agents, and those in development, would not be expected 
to effectively block this ligand-independent signaling. 
However, recent preclinical work has demonstrated that 

the novel antiandrogen MDV3100 inhibits the growth 
of ARv prostate cancer in vitro [36].

■■ Epigenetic AR modification
Ongoing work suggests that post-translational modi-
fications may modulate AR function and stability. 
Among the most well-characterized post-translational 
modifications in prostate cancer are DNA methylation 
and histone modifications, both of which have been 
demonstrated in preclinical models to play an impor-
tant role in progression to castration resistance [37]. 
In CRPC cells, the AR suppressor binding complex 
is downregulated secondary to hypermethylation, 
leading to high AR expression [38]. Conversely, DNA 
hypomethylation increases melanoma antigen gene 
protein-A11 expression during androgen deprivation, 
leading to increased AR signaling in CRPC [39]. 
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Figure 1. Androgen genesis and mechanisms of resistance in the evolution of castration-resistant prostate cancer. Represented 
are targets of novel endocrine therapeutic agents in the treatment of CRPC. 
A: Abiraterone; AR: Androgen receptor; CRPC: Castration-resistant prostate cancer; DHT: Dihydrotestosterone; M: MDV-3100;  
TA: TAK‑700; AP: Apoptone; TO: TOK-001.



www.future-science.com future science group536

Review: Clinical Trial Outcomes   Tsao, Seng, Oh & Galsky

The histone octamer has flexible N-terminal tails 
extending from the nucleosome, providing an amino 
acid-rich site for reversible post-translational modifi-
cation. Mechanisms include acetylation, methylation, 
ubiquitinylation, phosphorylation and sumoylation, 
resulting in changes in chromatin structure and tran-
scriptional activity [40]. Histone acetyl transferases and 
histone deacetylases, via regulation of chromatin–DNA 
interaction and acetylation of nonhistone proteins, exert 
control over AR transcription [41,42]. These enzymes 
have been implicated in the progression of CRPC, and 
several novel therapeutic strategies targeting these post-
translational modifications are now being explored in 
clinical trials [37,43]. 

Clinical results with novel endocrine therapies
Several of the mechanisms of resistance to castration 
described previously have been readily ‘actionable’, 
resulting in the development of novel therapeutics. 
These agents targeting the androgen receptor signaling 
axis have rapidly entered the clinic, and moved forward 
to definitive randomized trials (Figure 1, Table 1).

■■ Abiraterone
Abiraterone acetate is an irreversible oral inhibitor 
of the steroidal enzyme CYP17, a cytochrome p450 
complex that is involved in adrenal steroid synthesis. 
In contrast to ketoconazole, abiraterone is much more 
potent and selective in its inhibition of CYP17. In a 
Phase I study, Attard et al. reported that abiraterone 
could be safely administered in patients with metastatic 
CRPC at escalating doses between 250 and 2000 mg 

in three patient cohorts, with peak therapeutic effect at 
1000 mg [44]. The Phase I study provided proof of con-
cept, demonstrating that serum testosterone and adrenal 
androgen levels quickly plummeted after initiation of 
treatment, while mineralocorticoids increased (the latter 
which could be offset by the addition of epleronone). 
Adverse events in this trial were mostly attributed to 
mineralocorticoid excess, as coadministration of cor-
ticosteroids was not mandated per protocol; these 
included hypertension, hypokalemia and lower limb 
edema. Furthermore, early evidence of clinical activity 
was observed, including declines in PSA, reduction in 
analgesic use, improvement in symptoms and regression 
of measurable disease. A second Phase I study demon-
strated that responses were achieved even in patients 
previously receiving ketoconazole [45].

These encouraging results led two Phase  II tri-
als with abiraterone. In the study reported by Attard 
et al., 47 patients with CRPC received daily doses of 
abiraterone 1000 mg and dexamethasone 0.5 mg [46]. 
In chemotherapy-naive patients, >50% declines in PSA 
were achieved in 67% of the patients; 37.5% of patients 
with measurable disease by Response Evaluation Criteria 
In Solid Tumors (RECIST) had partial response, and at 
6 months follow-up, 66% of the patients had no radio-
graphic progression. Furthermore, pretreatment levels 
of DHEA, DHEA-S, androstenedione and estradiol 
were associated with increased probability of a >50% 
PSA decline and increased time to PSA progression. As 
expected, secondary mineralocorticoid excess resulted 
in hypokalemia (88%), hypertension (40%) and fluid 
overload (31%), requiring eplerenone treatment. 

Table 1. Ongoing and recently completed randomized Phase III trials of ‘novel’ hormonal therapies in prostate cancer.

Trial Agent Clinical state Sample 
size (n)

Primary 
outcome

Secondary 
outcome

Status Ref.

COU‑AA-301 Abiraterone Castration-resistant, 
postchemotherapy

1158 OS PSAD Final data collection for 
primary outcome 6/2011

[103]

COU‑AA-302 Abiraterone Castration-resistant, 
prechemotherapy

1000 OS TBD Final data collection for 
primary outcome 4/2011

[104]

AFFIRM MDV3100 Castration-resistant, 
postchemotherapy

NA OS TBD Ongoing, not recruiting [105]

PREVAIL MDV3100 Castration-resistant, 
prechemotherapy

1680 OS
PFS

TTSE
TTICT

Final data collection for 
primary outcome 9/2014

[106]

NCT01193244 TAK‑700 Castration-resistant, 
chemo-naive

1454 rPFS
OS

cCTC
TTPP
PSA50

Final data collection for 
primary outcome 1/2013

[107]

NCT01193257 TAK-700 Castration-resistant, 
postchemotherapy

1083 OS PSA50
rPFS
PR

Final data collection for 
primary outcome 9/2013

[108]

cCTC: Changes in circulating tumor cells; NA: Not available; OS: Overall survival; PFS: Progression-free survival; PR: Pain response; PSA50: 50% PSA response; 
PSAD: PSA decline >50%; rPFS: Radiographic progression-free survival; TBD: To be determined; TTICT: Time to cytotoxic therapy; TTPP: Time to pain 
progression; TTSE: Time to skeletal event.
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Another multicenter Phase II trial by Danila et al. 
reported positive results with using abiraterone and 
prednisone in docetaxel-treated CRPC [47]. Given 
daily doses of abiraterone 1000 mg and prednisone 
10 mg, >50% PSA declines were achieved in 36% of 
the patients, including 26% of the ketoconazole-treated 
patients. Additional measures of antitumor activity in 
this postchemotherapy-treated population included 
18% partial radiographic response rate, 28% of patients 
demonstrating improved Eastern Cooperative Oncology 
Group (ECOG) functional status, and a median time 
to PSA progression of 169 days. Importantly, with the 
coadministration of prednisone, no clinical evidence 
of significant mineralocorticoid excess was observed. 
Based on these promising Phase I and II results, two 
large randomized trials of abiraterone were launched: 
COU-AA‑301 for patients with progressive disease 
despite prior chemotherapy and COU-AA‑302 for 
patients with chemotherapy-naive disease. 

While COU-AA‑302 is currently ongoing, intrigu-
ing results from COU-AA‑301 were recently reported. 
COU-AA‑301 was a 1180‑patient, multicenter, dou-
ble-blind, randomized Phase III study comparing abi-
raterone acetate plus prednisone versus prednisone plus 
placebo in CRPC patients who had previously received 
docetaxel. The primary end point of this trial was overall 
survival. The preliminary results of the COU‑AA-301 
trial were reported at the European Society for Medical 
Oncology (ESMO) 35th congress  [48], demonstrating 
that treatment with abiraterone results in a statistically 
significant improvement in overall survival compared 
with the prednisone group (14.8 vs 10.9 months; HR: 
0.65; p < 0.0001). Other secondary end points, includ-
ing time to PSA progression (10.2 vs 6.6 months; HR: 
0.58; p < 0.0001), radiographic progression-free survival 
(5.6 vs 3.6 months; p < 0.0001), and PSA response (38 
vs 10%; p < 0.0001), showing statistically significant 
differences favoring the combination treatment. The 
combination treatment group experienced more adverse 
events: fluid retention (30.5 vs 22.3%), hypokalemia 
(17.1 vs 8.4%), grade 3/4 hypertension (1.3 vs 0.3%), 
transaminitis (10.4 vs 8.1%), and cardiac dysfunction 
(12.5 vs 9.4%). However, these were generally low-grade 
and manageable. This marks the first hormonal treat-
ment that has shown a statistically significant improve-
ment in survival in patients with metastatic CRPC 
following treatment with docetaxel.

■■ MDV3100
Of the progressive changes in AR signaling in CRPC, 
the most frequent is AR amplification or overexpres-
sion [49]. In preclinical models, AR overexpression is 
sufficient to shorten tumor latency in castrate mice 
and confer resistance to bicalutamide [50]. MDV3100 

is a potent AR antagonist optimized from a screen for 
novel antiandrogens that retain activity in the setting of 
increased androgen-receptor expression [51]. Compared 
with bicalutamide, MDV3100 has greater affinity 
for AR, has no detectable agonist effects and inhibits 
nuclear translocation of AR. In a Phase I–II study, esca-
lating doses (30–600 mg/day) of MDV3100 were given 
to patients with progressive CRPC [52]. The most com-
mon grade 3 and 4 adverse event was fatigue (11%), with 
increased occurrence at daily dosage at or above 240 mg. 
In addition, three seizures (2%), occurred at doses 
higher than 360 mg daily or above. Consequently, a dose 
of 240 mg/day was selected for further investigation. 

Given early evidence of antitumor activity, cohorts 
receiving between 60 and 480 mg daily expanded to 
enroll 20–30 patients each. Post-treatment PSA declines 
of >50% were achieved in 56% of patients, objective 
responses in measurable disease occurred in 22% of 
patients, and stabilization of bone metastases occurred in 
56% of patients. In addition, PET imaging of 22 patients 
with the novel tracer, 18F-fluoro-5a-dihydrotestosterone, 
revealed decreased binding, confirming the hypothe-
sized mechanism of action of androgen receptor block-
ade with this agent. Based on these intriguing results, 
two randomized, placebo-controlled trials of MDV3100 
have been initiated, in patients with chemotherapy-naive 
and chemotherapy-resistant disease.

■■ TAK‑700 
TAK‑700 is a selective 17,20-lyase inhibitor that sub-
stantially reduces adrenal androgen levels in vivo in pre-
clinical models. Preliminary results of a Phase I/II, open-
label, dose-escalation study were presented at the 2010 
American Society of Clinical Oncology: Genitourinary 
(ASCO GU) symposium [53]. At the time of the ini-
tial data analysis, a total of 26 patients had received 
TAK‑700 at five dose levels: 100, 200, 300, 400 or 
600 mg twice daily. An additional cohort of patients 
received TAK‑700 400 mg twice daily plus predni-
sone 5 mg twice daily. No dose-limiting toxicities were 
reported. Of the 14 patients who had received TAK‑700 
≥300 mg for ≥3 cycles, 11 had PSA reductions ≥50% 
and four had PSA reductions ≥90%. Consequently, the 
Phase II portion proceeded with a dose of 400 mg twice 
daily. Based on observed antitumor activity, a Phase III 
trial is currently being planned.

■■ Apoptone
Apoptone, also known as 17a-ethynyl-5a-androstane-
3a, 17b-diol or HE3235, is a novel synthetic analogue of 
3b-androstanediol that is active in rodent models against 
prostate and breast cancer [54]. HE3235 decreased AR 
expression in an androgen-sensitive human prostate 
adenocarcinoma cell line, and suppressed growth and 
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tumoral androgen synthesis in a CRPC xenograft. 
HE3235 appears to bind to AR, downregulate Bcl‑2, and 
increase the expression of caspases. In addition, HE3235 
inhibits conversion of d-cholesterol to d-pregnenolone 
independent of CYP17 inhibition. A Phase I/II study is 
now ongoing evaluating its safety and activity in patients 
with both chemo-naive and chemotherapy-treated 
metastatic CRPC [55–57]. 

■■ TOK-001
TOK-001 is a multifunctional inhibitor of the AR signal-
ing axis. In preclinical studies, TOK-001 demonstrated 
three distinct mechanisms: inhibition of CYP17, antago-
nism of AR and decreasing AR level in prostate cancer 
cells. A Phase I/II study is ongoing, evaluating the safety 
and activity of escalating doses of  TOK-001. This trial is 
ongoing, with anticipated completion by July 2011 [101].

Future perspective: combination therapies
Controversy still remains over whether castration-resis-
tant clones exist even prior to hormonal treatment. If 
not, achieving complete androgen blockade theoreti-
cally could provide durable control for castration-naive 
disease. When added to medical or surgical castration, 
antiandrogenic agents have not provided a definitive sur-
vival benefit in advanced prostate cancer [58], although 
when excluding trials with cyproterone acetate, the 
improvement in 5‑year survival for combined androgen 
blockade was statistically superior to castration alone in 
a systematic meta-analysis (HR: 0.92, 2.9% improve-
ment in overall survival). Akaza and colleagues reported 
a Phase III, multicenter, double-blind, controlled trial 
comparing combined androgen blockade using newer 
antiandrogenic agent bicalutamide versus castration 
alone in the treatment of metastatic prostate cancer, 
which demonstrated an improvement of overall survival 
at a median follow-up of 5.2 years (HR: 0.78; 95% CI: 
0.60–60.99; p = 0.0498) [59]. Furthermore, recent efforts 

to block androgen production and binding at multiple 
levels, simultaneously, have shown promising results in 
early trials [60]. With more potent and selective means 
of blocking androgen production and binding, regimens 
combining the new generation of hormonal therapies in 
prostate cancer are of significant interest. For example, 
abiraterone is currently being evaluated in combination 
with leuprolide acetate in the neoadjuvant treatment of 
high-risk prostate cancer prior to radical prostatectomy 
(NCT00924469) [102]. This trial, with post-treatment 
tissue available for correlative analysis, will be valuable 
in not only determining the activity of this combina-
tion in castration-naive disease, but may shed light on 
mechanisms of synergy and resistance.

Another exciting approach involves combining endo-
crine therapy with cytotoxic chemotherapy. This strategy 
is based on the premise that androgen-deprivation ther-
apy will exert selective pressure, resulting in proliferation 
of resistant clones and subsequently castration resistance. 
Addition of a cytoxic agent aimed at controlling the 
growth of these castration-resistant clones may lead to 
improved clinical outcome. This approach has shown 
promising early results in pilot studies using docetaxel 
plus conventional hormonal therapies [61,62]. Trials com-
bining docetaxel plus TAK‑700 (NCT01084655) are 
ongoing, while trials combining docetaxel with other 
novel hormonal therapies are planned.

Conclusion
With recent breakthroughs in the treatment of metastatic 
prostate cancer, therapeutic options beyond docetaxel 
for castration-resistant disease are rapidly expanding. In 
the past year, cabazitaxel, sipuleucel-T and abiraterone 
have all been reported in randomized Phase III trials to 
be effective in improving overall survival in this deva
stating disease. Based on improved understanding of 
the mechanisms of resistance to androgen deprivation, 
additional agents including MDV-3100, TAK‑700, 

Executive summary

■■ Despite the use of population-wide prostate-specific antigen screening in the USA, approximately one third of patients 
eventually develop metastatic prostate cancer after definitive local treatment.

■■ Conventional systematic androgen deprivation therapy is largely effective, but with proliferation of resistant clones of resistant 
cells under selective pressure, as well as accumulation of molecular changes, castration resistance eventually develops.

■■ Multiple mechanisms of resistance to androgen deprivation have recently been identified, including: intratumor androgen 
production/conversion/sequestration, persistent serum androgens via adrenal production, AR gene amplification, AR mutation, 
increased expression of AR coactivators, AR splice variants and epigenetic AR modifications.

■■ With advances in the understanding of castration resistance, several novel agents targeting specific mechanisms are now in 
clinical trial testing for the treatment of metastatic castration-resistant prostate cancer.

■■ Abiraterone, an irreversible oral inhibitor of the steroidal enzyme CYP17, has demonstrated overall survival benefit in a 
randomized, Phase III (COU-AA‑201) clinical trial in the treatment of metastatic castration-resistant prostate cancer which had 
previously been treated with docetaxel.

■■ Regimens combining novel hormonal therapies may change the outlook for this difficult-to-treat disease and are being explored 
in recently launched clinical trials.
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Apoptone and TOK-001, have been developed and are 
already demonstrating promising antitumor activity 
in early clinical trials. The optimal combinations and 
sequencing of these novel therapies will be the focus of 
clinical research in the near future.
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