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Abstract
Men with metastatic castration-resistant prostate cancer (mCRPC) carry poor prognosis despite the use of
docetaxel-based regimens which has modest survival benefit shown by randomized clinical trials. Significant
progress in the discovery of novel therapeutic agents has been made in the past few years. While sipuleucel-T,
cabazitaxel, and abiraterone gained regulatory approval in 2010 and 2011, several highly promising candidates/
regimens have failed in large scale clinical trials. Challenges remain to optimize the design and interpretation of
clinical trial results and develop more effective strategies for mCRPC. In this review, we examined the positive and
negative clinical trials in mCRPC in the past and discussed the various aspects of clinical trial design including
selection of targets and appropriate outcome measures, biomarker development and implementation, and
strategies for combination therapy.

Introduction
Prostate cancer is the most common non-cutaneous malignancy and the second leading cause of cancer deaths among
men in the United States, with an estimated incidence of
241,740 new cases diagnosed and approximately 28,170 men
expected to die of the disease in 2012 [1]. Men with metastatic castration-resistant prostate cancer (mCRPC) have a
poor prognosis with a median survival of 1–2 years, and until
recently, treatment options that improved survival in this setting were limited to docetaxel-based regimens [2,3]. The
responses to docetaxel and prednisone are generally shortlived with a modest survival benefit. Recent major advances
have resulted in the regulatory approval of sipuleucel-T [4]
and cabazitaxel [5] in 2010 and abiraterone acetate (AA) [6]
in 2011 for mCRPC patients. Despite these additions to the
therapeutic arsenal for this patient population, mCRPC
remains incurable and the demand for novel therapies will
continue with the pursuit of new druggable targets. In the
meantime, we have also witnessed the failure of several
highly promising candidates/regimens in late stage of development, reminding us that the road to fighting against
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prostate cancer is still paved with immense difficulties. Challenges remain for clinical scientists to improve upon existing
treatment paradigms and develop more effective strategies
for mCRPC. Careful scrutiny of past positive and negative
clinical trials will allow us to better optimize target selection,
design meaningful outcome measures, and advance biomarker development with implementation in future clinical
trials.

Target selection
Unraveling the molecular make up of cancer cells has
resulted in the successful development of specific targeted
therapies directed at particular molecular pathways. Studies
involving imatinib for CML and GIST, trastuzumab for
HER-2 positive breast cancer, crizotinib for ALK-mutated
lung cancer, and vemurafenib for BRAF-mutated advanced
melanoma have all confirmed the significance and feasibility of targeted therapy [7]. Considerable efforts have been
made in searching for such targets for prostate cancer
patients. Our understanding of the biologic and molecular
driving force of prostate cancer growth and progression in
the past few years have resulted in investigations of numerous novel targeted therapies, including androgen receptor
(AR) targeting agents, tyrosine kinase inhibitors (TKIs),
antiangiogenic agents, endothelin receptor antagonists,
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anti-apoptotic protein inhibitors and proteasome inhibitors
[8-10]. Many of them have either received FDA approval or
moved to the frontline of late stage development based on
improvement of soft intermediate surrogate markers in small
phase I/II trials. As bone metastasis is common in patients
with mCRPC, agents targeting the bone microenvironment
have been successful not only in the prevention of skeletalrelated events in men with bone metastases from mCRPC,
such as with denosumab and radium-223, but also in improving survival, such as with radium-223 [11,12].
The progression of mCRPC can occur as a result of AR
activation despite low levels of androgens. Numerous molecular and genetic aberrations have been postulated to be
responsible for gain-of-function changes in the AR signaling
pathway under androgen deprivation. This includes intratumoral androgen synthesis, AR protein overexpression, AR
gene amplification or point mutations, constitutively active
truncated AR splice variants, disturbance of AR-coactivatorcorepressor complex, and ligand-independent AR activation
by kinase cross-talk [8,13]. Patients who failed primary and/
or secondary hormonal therapies are still candidates for
more potent novel hormonal agents. AA, a specific inhibitor
of the key androgen synthesis enzyme CYP17, and
MDV3100, a second generation antiandrogen, represent two
such novel therapies targeting the androgen signaling axis in
mCRPC. In the recent phase III trial of AA (COU-AA-301)
[6], a 35% reduction in the risk of death (HR = 0.65;
p < 0.0001) and a 36% increase in median survival (14.8 vs.
10.9 months) were observed in patients treated with AA plus
prednisone, compared with patients who received placebo
plus prednisone. Encouraging antitumor activity was also
recorded in a multicenter phase I/II study of MDV3100 with
56% PSA response and 22% response in soft tissue diseases
[14], A randomized, double-blind, multinational phase III
trial (AFFIRM), comparing MDV3100 with placebo in
mCRPC patients previously treated with docetaxel, was terminated early due to a 4.8 months absolute survival advantage (18.4 vs. 13.6 months) per interim analysis [15].
On the other hand, zibotentan, an endothelin A receptor
antagonist blocking endothelin-mediated activation of multiple signaling transduction pathways [16], showed strong
inhibition of prostate cancer cell proliferation and delayed
progression of bone metastases in preclinical studies [17].
Phase II data demonstrated a statistically significant improvement in overall survival (OS) for patients treated with
zibotentan [18]. Interestingly, the study did not meet its primary endpoint of time to progression. Moreover, at the final
analysis (median follow-up of 22 months), the absolute OS
benefit diminished down to 3.6 months from 7.2 months.
[19] Based on the initial OS benefit, an expanded phase III
program was launched and included three trials (ENTHUSE
M0, ENTHUSE M1, and ENTHUSE M1c) in disease ranging from non-metastatic CRPC (M0) to mCRPC (M1 and
M1c), evaluating either single-agent zibotentan (M0 and
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M1) or in combination with docetaxel (M1c) [20]. However,
recent analysis of M1 showed that the study failed to meet
its primary endpoint of OS [21]. M0 was also terminated
following an early efficacy review indicating that zibotentan
monotherapy was unlikely to meet its primary efficacy endpoints. Whether targeting the endothelin axis in prostate
cancer is a valid approach remains an open question and
results from M1c are eagerly awaited.
Similar disappointing results were reported that led to
the termination of the late-stage trial of sunitinib, an antiangiogenic TKI, in combination with prednisone as
second-line therapy for mCRPC patients due to the lack of
OS prolongation, despite an improvement in progressionfree survival (PFS) (5.6 vs. 3.7 months; HR = 0.74; P = .0077)
[22]. The initiation of this phase III trial was based on the
modest anti-tumor activity of sunitinib in two phase II trials
[23,24]. One trial showed 6% prostate-specific antigen
(PSA) response rate and only one out of 29 evaluable
patients manifested as partial response radiographically at
week 12 [23]. Some discordance of PSA elevation with
radiographic response was observed and considered consistent with PSA dynamics under the unique influence of
TKIs, as previously established in a phase II trial of sorafenib in mCRPC [25]. Another phase II trial reported weak
antitumor activity with 12.1% PSA response rate and 11.1%
radiographic response with single-agent sunitinib [24]. Yet
a large phase III trial was implemented since 2008 and has
proved to be fruitless. Both examples demonstrate the need
to be more selective of agents to bring forward to be tested
in the phase III setting.
While recognizing the essential role of early clinical trials
in enhancing our understanding of disease biology, we
must be conscious about the limitations in interpreting
results owing to insufficient sample size, unreliable surrogate markers, or suboptimal outcome measures. Undoubtedly, such trials are required to facilitate efficient screening
for active compounds for further clinical development.
Selecting appropriate targets for development in phase III
trials and the decision to move the drug forward can be
difficult at times when early trials reveal only mild clinical
activity based on current, suboptimal trial designs. A more
stringent and validated benchmark in assessing a meaningful clinical benefit is in enormous demand.

Appropriate outcome measures
The efficient design of phase II trials to identify active compounds for phase III testing remains a challenge. Alternate
end points for screening phase II studies are urgently needed
to limit the high incidence of negative phase III trials.
Choosing the most suitable primary endpoints for prostate
cancer trials has been challenging historically. Although OS
is the gold standard for demonstrating clinical benefit due to
its objectivity, it requires larger patient numbers and longer
follow-up. Survival analysis may also be confounded by
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crossover or subsequent therapies administered after a study
drug is discontinued. Valid intermediate surrogate endpoints
have been the center of debate for the past few years. Analyses of PSA response rates, objective response rates and
PFS have all been proposed as means to accelerate the drug
development process.
Most phase II trials have used PSA decline of more than
50 percent as the primary endpoint, based on its high predictive value of survival from a multivariate analysis [26]
and the prostate cancer clinical trials working group’s
(PCWG1) recommendation [27]. Some trials also incorporate 3-month 30% PSA decline since it was found to be
the optimal biochemical surrogate from a retrospective
analysis of the phase III SWOG 9916 trial [28]. However,
the limitations of PSA and PSA-based surrogates in predicting survival have been increasingly recognized. In TAX
327, despite a statistical significant improvement in the
rates of PSA response in patients taking docetaxel weekly
compared to mitoxantrone (48% vs. 32%, p < 0.001, respectively), there was no difference in OS between the two
groups [3]. Prospective trials are required to validate PSAbased markers in selected patient populations before they
can be confidently used as predictors of survival and as
screening tools in early phase trials. Most phase II trials define disease progression by either radiographic or PSA progression as defined by PCWG1 and PCWG2 [27,29]. For
consistency of reporting clinical trials, the PCWG2 defined
PSA progression as the date that an increase of 25% or
more and absolute increase of 2 ng/mL or more from the
nadir are documented. For patients who have an initial
PSA decline during treatment, this must be confirmed by a
second value 3 or more weeks later. The significance of
solely using PSA progression without evidence of radiographic or symptomatic progression became questionable
as we gained more insight into the mechanisms of action
of phase II agents and the natural history of this disease.
Several trials involving TKIs have observed rising PSAs
after treatment [23,25]. The discordance between the PSA
increase and radiographic improvement may be due to the
effect of noncytotoxic agents modulating PSA secretion independent of its activity on tumor suppression [30]. Without other well-defined indicators for disease progression,
PSA progression is no longer considered representative of
treatment failure [29], thus, allowing these agents to be
fully evaluated in patients to achieve the maximum possible benefit. As such, the interpretation of post-therapy
PSA changes as an outcome measure in the era of targeted
agents is of unclear significance [31].
Response rates have also been assessed in patients with
measureable diseases on CT scans. However, the clinical picture of mCRPC is dominated by bone metastases in 90-95%
of the patients. Radionuclide bone scan is routinely used to
assess these bony lesions but the criteria for response
categorization are not well-defined and reported in clinical
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trials. Other imaging modalities (MRI and PET) to assess
bone metastasis are still under investigation [32]. Moreover,
as cytostatic biologic agents are increasingly being evaluated
in clinical trials, the expectation of tumor shrinkage by these
agents seems unrealistic. In a small number of patients, usually less than half of the study accrual [33], with soft tissue
or visceral metastases that are evaluable, the response rate
defined by RECIST criteria is far from being acceptable for
cytostatic agents. In the phase II sunitinib and sorafenib
trials, the response rates were in 2/18 and 1/23 (combined
stage I and II) patients, respectively [24,25,34]. Continuous
application of this intermediate surrogate marker in our trial
design will likely neglect the potential benefit of these agents
in delaying tumor progression. In this regard, the PCWG2
recommended the utilization of prevent/delay endpoints in
these trials rather than control/relieve/eliminate endpoints
commonly used for cytotoxic agents [29]. Thus, an alternative endpoint may be needed for this group of targeted
agents.
Whether PFS is a justifiable intermediate surrogate endpoint in prostate cancer is still an open question. PFS is
defined as the time from study entry or randomization of a
patient until objective tumor progression or death. The use
of PFS in trials has several advantages that include a smaller
sample size and shorter duration of follow-up. PFS is also
not affected by crossover or subsequent treatments. Various
definitions for PFS, including PSA, radiographic changes,
new metastatic lesions, and disease-related symptoms, have
been used in clinical practice. However, data has shown that
current measures of PFS for men with CRPC are not strong
surrogates for OS [35,36]. It again was demonstrated by the
failed phase III CALGB 90401 trial comparing docetaxel
with or without bevacizumab in mCRPC with OS as the
primary endpoint [37]. The development of this trial is
based on favorable PFS of 8 months in bevacizumab arm in
phase II CALGB 90006 trial [38]. Although improvements
were seen again in PFS, the bevacizumab arm did not improve OS and was associated with greater morbidity and
mortality in this large scale trial. In the phase III SPARC
(Satraplatin and Prednisone Against Refractory Cancer)
trial evaluating the use of satraplatin as second-line therapy
in mCRPC, a composite PFS end point was utilized. It consisted of radiographic progression, symptomatic progression (pain, analgesics, ECOG performance status, weight
loss, etc.), and occurrences of skeletal-related events [39].
Although the treatment of satraplatin plus prednisone was
associated with a statistically significant improvement
in the composite PFS endpoint (11.1 vs. 9.7 weeks;
P < 0.0001), it did not translate into a meaningful clinical
benefit such as a prolonged survival [39]. A meta-analysis
of multiple trials, to verify potential intermediate surrogates, detected that PFS is an acceptable surrogate in
advanced colorectal and ovarian cancer, but not in breast
and prostate cancer [40]. It is unclear whether the
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discrepancy is due to hormonal modulation or the predominance of bone metastasis not assessable by RECIST in the
majority of breast or prostate cancer cases. PFS appears to
not be an optimal surrogate for OS in circumstances where
disease is confined to bone. The current guideline only
requires either “no new lesions” or “new lesions” being
documented [29] for bone disease assessment and may
have overlooked subtle changes in bone which carries
meaningful survival value. The ability to accurately determine disease status in prostate cancer, i.e. PFS, is likely
compromised given the lack of reproducible and effective
modalities to delineate changes of bone metastases.

Molecular phenotypes and biomarker
development
Given that there are no validated surrogates of OS to assess early clinical benefit in CRPC trials, incorporation of
relevant biomarkers in early phases of clinical development is essential to improve the success of late phase III
testing. Clinical trial design is challenged by the ability to
correlate clinical outcome with specific biomarkers reflective of the tumor phenotype with predictive or prognostic
value. PSA has long been used as prognostic marker but
due to its limitations, various PSA-based biomarkers were
explored such as PSA velocity, PSA doubling time, etc. A
systematic review of the literature highlighted conflicting
data from heterogeneous studies on the use of such biomarkers as prognostic risk factors; [41] thus, the PCWG2
has discouraged the use of post-therapy changes of PSA
doubling time as a primary endpoint [29].
However, resistance is bound to occur as the median duration of radiographic response is 5.6 months and 47 weeks,
in patients treated with AA and MDV3100, respectively
[14]. Acquired drug resistance has been a problem with
many other targeted cancer agents. Finding strategies to
overcome resistance is of paramount importance. If predictive marker(s) for androgen deprivation therapy (ADT)
could be pinpointed to patients who are more likely to
benefit, then unnecessary exposure of toxicity to nonresponders would be avoided and the efficacy of these novel
agents would be enhanced. Genetic biomarkers or fingerprints of mCRPC will yield specific information about the
tumor and lead to a better understanding of the disease
and the development of more effective treatment options.
In addition, depending on the prior therapy received, metastatic tumors might acquire mutations or genetic changes
that were clonally selected to confer a survival advantage.
Obtaining tissue samples at various stages of the disease for
verification of the evolving biology of prostate cancer progression may be particularly difficult owing to the heterogeneous and multifocal nature of the disease. Many studies
have attempted to identify prostate cancer signature gene(s)
and other genetic alterations, and new findings are emerging. A population-based study proved the prevalence of
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ETS fusions with TMPRSS2 as the first recurrent genomic
alteration in prostate cancer. The ETS-related gene (ERG)
is the most common fusion partner for the androgenregulated gene TMPRSS2 [42]. The fact that ETS fusionpositive prostate cancer usually carries a more aggressive
phenotype but still respond to ADT owing to its 5’
androgen-regulated partner, makes it an ideal potential predictive biomarker for ADT. In fact, increased prevalence of
patients with hormone-regulated ERG gene rearrangement
was identified in a group of mCRPC patients treated with
AA who had more than 90% PSA declines [43]. However,
in an analysis of TMPRSS2-ERG fusion status in patients
enrolled in sequential phase II AA trials, similar rate of
PSA response were indentified in both groups regardless of
the presence of TMPRSS2-ERG fusion. Thus, the predictive
value of TMPRSS2-ERG for the response to hormonal
treatment is still uncertain at this time. Moreover, it has
been technically challenging in developing inhibitors of
ETS fusions targeting the 3’ ETS due to its poor accessibility
[44]. Newer technology such as RNA interference might
hold therapeutic promise and needs to be further explored
[45]. Other than gene fusions, germline DNA polymorphisms may be associated with the response or resistance to
ADT and increased uptake of testosterone in advanced
prostate cancer [46]. If these genetic biomarkers can be
validated in a large cohort of patients, they may be incorporated into future prospective clinical trials as both prognostic biomarkers to identify high-risk patients and predictive
markers for patient stratification before initiating therapy.
Investigations are ongoing to develop more specific and
sensitive tools to detect bone changes in prostate cancer.
PET scans with different tracers have been studied with
various success for its ability to detect metastatic diseases,
monitor response to therapies and prognosticate OS [47].
Digital-contrast enhanced-magnetic resonance imaging
was also employed. In a phase II trial using AZD2171, it
exhibited correlation between targeted activity and tumor
response [48]. Results from all these efforts will likely contribute to guideline updates of the criteria for evaluation
of bone diseases in the near future.
Circulating tumor cell (CTC) count has also been widely
implemented in various clinical trials and can be used for
risk-stratification, molecular subclassification, or as a surrogate endpoint in treatment efficacy studies. The decline
of CTC count after various treatments has been associated
with improved OS [49,50]. The clinical utility of monitoring CTC changes with treatment is currently undergoing
the efficacy-response biomarker qualification process, specifically as an intermediate endpoint for detecting survival
benefit from AR-targeted therapies. The enumeration of
CTC has been incorporated into several phase II studies
including trials of AA [51-53] with additional surrogacy
analyses embedded in phase III survival-based trials. While
changes in CTCs have also been proposed as possible
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pharmacodynamic markers of immune-based therapies,
such as sipuleucel-T or ipilimumab, their role remains to
be determined. Molecular determinants can be identified
and characterized in CTCs as potential predictive markers
of drug sensitivity or resistance to treatment. There are a
range of assessment methods that are in various stages of
development, validation, and clinical testing. Presently,
CellSearch (Veridex) is the only CTC assay that is FDAcleared for use in the clinic. Further development of CTC
evaluation technologies could facilitate the subclassification
of patients based on molecular profiles or a CTC-derived
molecular signature to allow for patient selection for targeted therapies or to guide treatment selection. Prospectively designed studies should further assess the role of
CTC biomarkers as strong intermediate endpoints for clinical benefit, in determining prognosis and monitoring
treatment effects to incorporate into clinical practice, and
for accelerating drug development.

Strategies for combination therapies
Several new treatment options have recently become available for patients with mCRPC. Clinicians are now faced
with the challenge of understanding how to best utilize
these newer therapies. The post-docetaxel era has seen numerous trials combining docetaxel with multiple agents
with distinct mechanisms of action including TKIs, angiogenic inhibitors, bone-targeted agents, BCL-2 inhibitors,
chemotherapies, immunologic agents, and vitamin D analogs [10]. Analysis on a phase II combination trial of sunitinib and docetaxel showed a 56% PSA response rate and
42% RECIST-defined response rate [54]. A phase III randomized trial with this combination is currently underway.
However, two recent phase III trials combining docetaxel
with an antiangiogenic agent, either bevacizumab (CALGB
90401) or lenalidomide (MAINSAIL), failed to improve OS
in mCRPC patients [55,56]. Indeed, blocking neovascularization by VEGF antibody was found to induce hypoxia
which in turn up-regulate angiogenic factors such as bFGF,
chemokines and ephrin, and angiopoietin families, leading
to anti-angiogenesis rescue [57]. To overcome the hurdle
of multiple pre-existing or induced pro-angiogenic factors,
a strategy combining docetaxel with dual antiangiogenic
agents with distinct anti-angiogenic properties, bevacizumab and thalidomide, represented a new approach, and
was demonstrated in a phase II trial. It resulted in high response rates in PSA changes and measurable diseases, and
an encouraging estimated median survival rate in this patient population [58]. This demonstrated the feasibility
and potential activity of combining antiangiogenic agents
of different mechanisms of action with docetaxel.
Currently, an ongoing Phase II trial is investigating the
four-drug treatment regimen with thalidomide being
replaced by lenalidomide, a derivative of thalidomide with
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more potent immunostimulatory and antiangiogenic activity but less toxicity (ClinicalTrials.gov NCT00942578).
Hormonal therapy combined with docetaxel was also
tested in a phase I trial using ketoconazole and docetaxel.
Although docetaxel was given weekly (since the trial was
designed and implemented before the availability of the
TAX 327 data), active tumor response was observed in 62%
of patients with PSA response, and 28% with partial response in measurable disease [59]. This trial has suggested
the combination of cytotoxic and hormonal agents might
render an additive and possible synergistic antitumor activity. Several multicenter phase III trials combining first-line
conventional hormonal agents with docetaxel are currently
ongoing to address the question regarding early versus late
initiation of chemotherapy in metastatic, hormonal-sensitive
patients (ClinicalTrials.gov NCT00268476, NCT00104715).
The potency of ketoconazole in controlling disease/PSA
progression is usually not durable as adrenal androgen
levels were increased relative to their nadir at the time of
disease progression [60]. AA, on the other hand, has been
shown to be able to continuously inhibit adrenal androgen
synthesis even at the time of disease progression, as evident by continued suppressed level of serum androgen in
several phase I/II studies of AA [51,61]. This observation
excluded the possibility of resistance to AA due to
mutated CYP17 and inefficient androgen blockade. It
affirmed that the enzyme remained a valid target and still
required sustained application even at the time of progression and initiation of subsequent therapies. Perhaps a
combination therapy that integrates uninterrupted androgen deprivation by a novel, potent agent like AA and
cytotoxic agents with a proven survival benefit such as
docetaxel or cabazitaxel, will likely provide synergistic
clinical benefit and overcome resistance in mCRPC
patients. Such trials are currently underway in phase I
testing (ClinicalTrials.gov NCT01400555, NCT01511536).

Conclusions
In order to achieve sustained success in drug development,
researchers must remain conscious of the challenges and
limitations in conducting clinical trials in prostate cancer.
Given the heterogeneity of the disease at the molecular
level, it remains a challenge to identify suitable druggable
target(s). Subsequent molecular studies are warranted to
justify and/or validate the targeted therapy under investigation. Failures from several recent phase III trials based on
expedited approaches in advancing a drug from phase I/II
to III despite weak early phase trial data have taught us to
be more selective about what agents to bring forward to be
tested in the phase III setting. Reducing drug failures early
in development is far more important than filling a pipeline
with poorly chosen late-stage drugs.
Biomarkers can revolutionize both the development and
use of targeted therapeutics, but is contingent upon the
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establishment of a concrete validation process. During the
qualification process, a biomarker should be tested in
phase I and II efficacy trials to measure its robustness and
validate its association with predicted clinical outcome.
The incorporation of mechanism-based biomarker endpoints into early clinical trials has facilitated in making
early “go-no go” decisions in drug development [62,63]
and reduces the risk of drug failures in large-scale, costly
phase III trials. Finding reliable indicators of clinical efficacy of noncytotoxics or targeted agents is an area in need
of further development. Existing intermediate surrogate
biomarkers and easily accessible surrogates, such as CTC,
can be analyzed and validated prospectively in large phase
III trials and can be vital to the understanding of the benefits of particular agents and treatment combinations.
Whether OS remains the gold standard or the reliability of
PFS as a surrogate marker for emerging therapeutics will
need to be further clarified in future studies.

Appendix
Metastatic castration resistant prostate cancer: Progressive metastatic prostate cancer despite castrate level
of testosterone.
Surrogate endpoints: Outcome measures that are
intended to substitute for a clinical endpoint and are
expected to predict clinical benefit based on scientific
evidence.
Promiscuous androgen receptor: Androgen receptor
protein that acquired mutations leading to the activation
of the androgen-signaling axis with ligands other than
testosterone and dihydrotestosterone.
Circulating tumor cell count: Enumeration of subpopulation of tumor cells derived from the primary cancer
site which has been shown to correlate with survival in
metastatic prostate cancer.
Prostate cancer clinical trials working group: A group
of expert clinical investigators who meet periodically in an
effort to standardize the eligibility and outcome measures
in clinical trials in patients with metastatic castration resistant prostate cancer.
Abbreviations
mCRPC: metastatic castration-resistant prostate cancer; AA: abiraterone
acetate; AR: androgen receptor; TKI: tyrosine kinase inhibitor; OS: overall
survival; PFS: progression-free survival; PSA: prostate-specific antigen;
PCWG: prostate cancer clinical trials working group; ERG: ETS-related gene;
CTC: circulating tumor cell.

Competing interests
The authors indicated no potential conflicts of interests.

Authors’ contributions
All authors participated in concept design, data collection and analysis,
drafting and critically revising the manuscript. All authors read and approve
the final manuscript.

Page 6 of 8

Authors’ information
Dr. William D. Figg is an internationally recognized pharmacologist and
principle investigator of multiple prostate cancer clinical trials at the National
Cancer Institute. He and his colleagues have made many original
contributions in the advancement of prostate cancer therapeutics.
Acknowledgements
This work was supported by the Intramural Research Program of the Center
for Cancer Research, National Cancer Institute, National Institutes of Health.
This is a US Government work. There are no restrictions on its use. The views
expressed within this paper do not necessarily reflect those of the US
Government.
Received: 22 March 2012 Accepted: 12 April 2012
Published: 2 July 2012
References
1. Siegel R, Naishadham D, Jemal A: Cancer statistics, 2012. CA Cancer J Clin
2012, 62:10–29.
2. Petrylak DP, Tangen CM, Hussain MH, Lara PN Jr, Jones JA, Taplin ME, Burch
PA, Berry D, Moinpour C, Kohli M, Benson MC, Small EJ, Raghavan D,
Crawford ED: Docetaxel and estramustine compared with mitoxantrone
and prednisone for advanced refractory prostate cancer. N Engl J Med
2004, 351:1513–1520.
3. Tannock IF, de Wit R, Berry WR, Horti J, Pluzanska A, Chi KN, Oudard S,
Theodore C, James ND, Turesson I, Rosenthal MA, Eisenberger MA: TAX 327
Investigators: Docetaxel plus prednisone or mitoxantrone plus
prednisone for advanced prostate cancer. N Engl J Med 2004, 351:
1502–1512.
4. Kantoff PW, Higano CS, Shore ND, Berger ER, Small EJ, Penson DF, Redfern
CH, Ferrari AC, Dreicer R, Sims RB, Xu Y, Frohlich MW, Schellhammer PF:
IMPACT Study Investigators: Sipuleucel-T immunotherapy for castrationresistant prostate cancer. N Engl J Med 2010, 363:411–422.
5. de Bono JS, Oudard S, Ozguroglu M, Hansen S, Machiels JP, Kocak I, Gravis
G, Bodrogi I, Mackenzie MJ, Shen L, Roessner M, Gupta S, Sartor AO: TROPIC
Investigators: Prednisone plus cabazitaxel or mitoxantrone for metastatic
castration-resistant prostate cancer progressing after docetaxel
treatment: a randomised open-label trial. Lancet 2010, 376:1147–1154.
6. de Bono JS, Logothetis CJ, Molina A, Fizazi K, North S, Chu L, Chi KN, Jones
RJ, Goodman OB Jr, Saad F, Staffurth JN, Mainwaring P, Harland S, Flaig TW,
Hutson TE, Cheng T, Patterson H, Hainsworth JD, Ryan CJ, Sternberg CN,
Ellard SL, Fléchon A, Saleh M, Scholz M, Efstathiou E, Zivi A, Bianchini D,
Loriot Y, Chieffo N, Kheoh T, et al: Abiraterone and increased survival in
metastatic prostate cancer. N Engl J Med 2011, 364:1995–2005.
7. Kris MG, Benowitz SI, Adams S, Diller L, Ganz P, Kahlenberg MS, Le QT,
Markman M, Masters GA, Newman L, Obel JC, Seidman AD, Smith SM,
Vogelzang N, Petrelli NJ: Clinical cancer advances 2010: annual report on
progress against cancer from the american society of clinical oncology. J
Clin Oncol 2010, 28:5327–5347.
8. Sartor AO: Progression of metastatic castrate-resistant prostate cancer:
impact of therapeutic intervention in the post-docetaxel space. J
Hematol Oncol 2011, 4:18.
9. Antonarakis ES, Carducci MA, Eisenberger MA: Novel targeted therapeutics
for metastatic castration-resistant prostate cancer. Cancer Lett 2010,
291:1–13.
10. Galsky MD, Vogelzang NJ: Docetaxel-based combination therapy for
castration-resistant prostate cancer. Ann Oncol 2010, 21:2135–2144.
11. Fizazi K, Carducci M, Smith M, Damiao R, Brown J, Karsh L, Milecki P, Shore
N, Rader M, Wang H, Jiang Q, Tadros S, Dansey R, Goessl C: Denosumab
versus zoledronic acid for treatment of bone metastases in men with
castration-resistant prostate cancer: a randomised, double-blind study.
Lancet 2011, 377:813–822.
12. Sartor AO HD, Helle SI, O'Sullivan JM, Fossa SD, Chodacki A, Demkow T,
Logue JP, Seke M, Widmark A, Johannessen DC, Nilsson S, Hoskin P, Solberg
A, James ND, Syndikus I, Vogelzang NJ, O'Bryan-Tear CG, Shan M, Parker C:
Radium-223 chloride impact on skeletal-related events in patients with
castration-resistant prostate cancer (CRPC) with bone metastases: A
phase III randomized trial (ALSYMPCA). J Clin Oncol 2012, 30(abstr 9).
13. Scher HI, Sawyers CL: Biology of progressive, castration-resistant prostate
cancer: directed therapies targeting the androgen-receptor signaling
axis. J Clin Oncol 2005, 23:8253–8261.

Huang et al. Journal of Hematology & Oncology 2012, 5:35
http://www.jhoonline.org/content/5/1/35

14. Scher HI, Beer TM, Higano CS, Anand A, Taplin ME, Efstathiou E, Rathkopf D,
Shelkey J, Yu EY, Alumkal J, Hung D, Hirmand M, Seely L, Morris MJ, Danila
DC, Humm J, Larson S, Fleisher M, Sawyers CL: Prostate Cancer
Foundation/Department of Defense Prostate Cancer Clinical Trials
Consortium: Antitumour activity of MDV3100 in castration-resistant
prostate cancer: a phase 1–2 study. Lancet 2010, 375:1437–1446.
15. Scher HI FK, Saad F, Taplin M, Sternberg CN, Miller K, De Wit R, Mulders P,
Hirmand M, Selby B, De Bono JS, AFFIRM Investigators: Effect of MDV3100,
an androgen receptor signaling inhibitor (ARSI), on overall survival in
patients with prostate cancer postdocetaxel: Results from the phase III
AFFIRM study. J Clin Oncol 2012, 30(5). LBA1.
16. Wu-Wong JR, Chiou WJ, Wang J: Extracellular signal-regulated kinases are
involved in the antiapoptotic effect of endothelin-1. J Pharmacol Exp Ther
2000, 293:514–521.
17. Carducci MA, Jimeno A: Targeting bone metastasis in prostate cancer
with endothelin receptor antagonists. Clin Cancer Res 2006, 12:
6296s–6300s.
18. James ND, Caty A, Borre M, Zonnenberg BA, Beuzeboc P, Morris T, Phung D,
Dawson NA: Safety and efficacy of the specific endothelin-A receptor
antagonist ZD4054 in patients with hormone-resistant prostate cancer
and bone metastases who were pain free or mildly symptomatic: a
double-blind, placebo-controlled, randomised, phase 2 trial. Eur Urol
2009, 55:1112–1123.
19. James ND, Caty A, Payne H, Borre M, Zonnenberg BA, Beuzeboc P, McIntosh
S, Morris T, Phung D, Dawson NA: Final safety and efficacy analysis of the
specific endothelin A receptor antagonist zibotentan (ZD4054) in
patients with metastatic castration-resistant prostate cancer and bone
metastases who were pain-free or mildly symptomatic for pain: a
double-blind, placebo-controlled, randomized Phase II trial. BJU Int 2010,
106:966–973.
20. Fizazi K, Miller K: Specific endothelin-A receptor antagonism for the
treatment of advanced prostate cancer. BJU Int 2009, 104:1423–1425.
21. Nelson JB, Fizazi K, Miller K, Higano CS, Moul JW, Morris T, McIntosh S,
Pemberton K, Gleave ME: Phase III study of the efficacy and safety of
zibotentan (ZD4054) in patients with bone metastatic castrationresistant prostate cancer (CRPC). J Clin Oncol 2011, 29(abstr 117).
22. Michaelson MD, Oudard S, Ou Y, Sengeløv L, Saad F, Houede N, Ostler PJ,
Stenzl A, Daugaard G, Jones RJ, Laestadius F, Bahl A, Castellano DE,
Gschwend J, Maurina T, Ye D, Chen I, Wang S, Maneval EC: Randomized,
placebo-controlled, phase III trial of sunitinib in combination with
prednisone (SU+P) versus prednisone (P) alone in men with progressive
metastatic castration-resistant prostate cancer (mCRPC). J Clin Oncol
2011, 29(abstr 4515).
23. Dror Michaelson M, Regan MM, Oh WK, Kaufman DS, Olivier K, Michaelson
SZ, Spicer B, Gurski C, Kantoff PW, Smith MR: Phase II study of sunitinib in
men with advanced prostate cancer. Ann Oncol 2009, 20:913–920.
24. Sonpavde G, Periman PO, Bernold D, Weckstein D, Fleming MT, Galsky MD,
Berry WR, Zhan F, Boehm KA, Asmar L, Hutson TE: Sunitinib malate for
metastatic castration-resistant prostate cancer following docetaxel-based
chemotherapy. Ann Oncol 2010, 21:319–324.
25. Dahut WL, Scripture C, Posadas E, Jain L, Gulley JL, Arlen PM, Wright JJ, Yu
Y, Cao L, Steinberg SM, Aragon-Ching JB, Venitz J, Jones E, Chen CC, Figg
WD: A phase II clinical trial of sorafenib in androgen-independent
prostate cancer. Clin Cancer Res 2008, 14:209–214.
26. Kelly WK, Scher HI, Mazumdar M, Vlamis V, Schwartz M, Fossa SD: Prostatespecific antigen as a measure of disease outcome in metastatic
hormone-refractory prostate cancer. J Clin Oncol 1993, 11:607–615.
27. Bubley GJ, Carducci M, Dahut W, Dawson N, Daliani D, Eisenberger M, Figg
WD, Freidlin B, Halabi S, Hudes G, Hussain M, Kaplan R, Myers C, Oh W,
Petrylak DP, Reed E, Roth B, Sartor O, Scher H, Simons J, Sinibaldi V, Small
EJ, Smith MR, Trump DL, Vollmer R, Wilding G: Eligibility and response
guidelines for phase II clinical trials in androgen-independent prostate
cancer: recommendations from the Prostate-Specific Antigen Working
Group. J Clin Oncol 1999, 17:3461–3467.
28. Petrylak DP, Ankerst DP, Jiang CS, Tangen CM, Hussain MH, Lara PN Jr,
Jones JA, Taplin ME, Burch PA, Kohli M, Benson MC, Small EJ, Raghavan D,
Crawford ED: Evaluation of prostate-specific antigen declines for
surrogacy in patients treated on SWOG 99–16. J Natl Cancer Inst 2006,
98:516–521.
29. Scher HI, Halabi S, Tannock I, Morris M, Sternberg CN, Carducci MA,
Eisenberger MA, Higano C, Bubley GJ, Dreicer R, Petrylak D, Kantoff P, Basch

Page 7 of 8

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

E, Kelly WK, Figg WD, Small EJ, Beer TM, Wilding G, Martin A, Hussain M:
Prostate Cancer Clinical Trials Working Group: Design and end points of
clinical trials for patients with progressive prostate cancer and castrate
levels of testosterone: recommendations of the Prostate Cancer Clinical
Trials Working Group. J Clin Oncol 2008, 26:1148–1159.
Dixon SC, Knopf KB, Figg WD: The control of prostate-specific antigen
expression and gene regulation by pharmacological agents. Pharmacol
Rev 2001, 53:73–91.
Fleming MT, Morris MJ, Heller G, Scher HI: Post-therapy changes in PSA as
an outcome measure in prostate cancer clinical trials. Nat Clin Pract Oncol
2006, 3:658–667.
Meirelles GS, Schoder H, Ravizzini GC, Gonen M, Fox JJ, Humm J, Morris MJ,
Scher HI, Larson SM: Prognostic Value of Baseline [18 F]
Fluorodeoxyglucose Positron Emission Tomography and 99mTc-MDP
Bone Scan in Progressing Metastatic Prostate Cancer. Clin Cancer Res
2010, 16:6093–6099.
Scher HI, Morris MJ, Kelly WK, Schwartz LH, Heller G: Prostate cancer
clinical trial end points: "RECIST"ing a step backwards. Clin Cancer Res
2005, 11:5223–5232.
Aragon-Ching JB, Jain L, Gulley JL, Arlen PM, Wright JJ, Steinberg SM,
Draper D, Venitz J, Jones E, Chen CC, Figg WD, Dahut WL: Final analysis of
a phase II trial using sorafenib for metastatic castration-resistant prostate
cancer. BJU Int 2009, 103:1636–1640.
Halabi S, Vogelzang NJ, Ou SS, Owzar K, Archer L, Small EJ: Progression-free
survival as a predictor of overall survival in men with castrate-resistant
prostate cancer. J Clin Oncol 2009, 27:2766–2771.
Scher HI, Warren M, Heller G: The association between measures of
progression and survival in castrate-metastatic prostate cancer. Clin
Cancer Res 2007, 13:1488–1492.
Kelly WK, Halabi S, Carducci M, George D, Mahoney JF, Stadler WM, Morris
M, Kantoff P, Monk JP, Kaplan E, Vogelzang NJ, Small EJ: Randomized,
Double-Blind, Placebo-Controlled Phase III Trial Comparing Docetaxel
and Prednisone With or Without Bevacizumab in Men With Metastatic
Castration-Resistant Prostate Cancer: CALGB 90401. J Clin Oncol 2012,
30(13):1534–1540.
Picus J, Halabi S, Kelly WK, Vogelzang NJ, Whang YE, Kaplan EB, Stadler WM,
Small EJ: A phase 2 study of estramustine, docetaxel, and bevacizumab
in men with castrate-resistant prostate cancer: results from Cancer and
Leukemia Group B Study 90006. Cancer 2011, 117(3):526–533.
Sternberg CN, Petrylak DP, Sartor O, Witjes JA, Demkow T, Ferrero JM,
Eymard JC, Falcon S, Calabro F, James N, Bodrogi I, Harper P, Wirth M, Berry
W, Petrone ME, McKearn TJ, Noursalehi M, George M, Rozencweig M:
Multinational, double-blind, phase III study of prednisone and either
satraplatin or placebo in patients with castrate-refractory prostate
cancer progressing after prior chemotherapy: the SPARC trial. J Clin
Oncol 2009, 27:5431–5438.
Buyse M: Use of meta-analysis for the validation of surrogate endpoints
and biomarkers in cancer trials. Cancer J 2009, 15:421–425.
Sutcliffe P, Hummel S, Simpson E, Young T, Rees A, Wilkinson A, Hamdy F,
Clarke N, Staffurth J: Use of classical and novel biomarkers as prognostic
risk factors for localised prostate cancer: a systematic review. Health
Technol Assess 2009, 13(iii, xi-xiii):1–219.
Tomlins SA, Rhodes DR, Perner S, Dhanasekaran SM, Mehra R, Sun XW,
Varambally S, Cao X, Tchinda J, Kuefer R, Lee C, Montie JE, Shah RB, Pienta
KJ, Rubin MA, Chinnaiyan AM: Recurrent fusion of TMPRSS2 and ETS
transcription factor genes in prostate cancer. Science 2005, 310:644–648.
Attard G, Swennenhuis JF, Olmos D, Reid AH, Vickers E, A'Hern R, Levink R,
Coumans F, Moreira J, Riisnaes R, Oommen NB, Hawche G, Jameson C,
Thompson E, Sipkema R, Carden CP, Parker C, Dearnaley D, Kaye SB, Cooper
CS, Molina A, Cox ME, Terstappen LW, de Bono JS: Characterization of ERG,
AR and PTEN gene status in circulating tumor cells from patients with
castration-resistant prostate cancer. Cancer Res 2009, 69:2912–2918.
Tomlins SA, Bjartell A, Chinnaiyan AM, Jenster G, Nam RK, Rubin MA,
Schalken JA: ETS gene fusions in prostate cancer: from discovery to daily
clinical practice. Eur Urol 2009, 56:275–286.
Sun C, Dobi A, Mohamed A, Li H, Thangapazham RL, Furusato B,
Shaheduzzaman S, Tan SH, Vaidyanathan G, Whitman E, Hawksworth DJ,
Chen Y, Nau M, Patel V, Vahey M, Gutkind JS, Sreenath T, Petrovics G,
Sesterhenn IA, McLeod DG, Srivastava S: TMPRSS2-ERG fusion, a common
genomic alteration in prostate cancer activates C-MYC and abrogates
prostate epithelial differentiation. Oncogene 2008, 27:5348–5353.

Huang et al. Journal of Hematology & Oncology 2012, 5:35
http://www.jhoonline.org/content/5/1/35

46. Sharifi N, Dahut WL, Figg WD: The genetics of castration-resistant prostate
cancer: what can the germline tell us? Clin Cancer Res 2008, 14:4691–4693.
47. Jadvar H: Prostate Cancer: PET with 18 F-FDG, 18 F- or 11 C-Acetate, and
18 F- or 11 C-Choline. J Nucl Med 2011, 52:81–89.
48. Karakunnel JJ GJ, Arlen PM, Mulquin M, Wright JJ, Turkbey IB, Choyke P,
Ahlers CM, Figg WD, Dahut WL: Phase II trial of cediranib (AZD2171) in
docetaxel-resistant, castrate-resistant prostate cancer (CRPC). J Clin Oncol
2008, 26(abstr 5136).
49. Scher HI, Jia X, de Bono JS, Fleisher M, Pienta KJ, Raghavan D, Heller G:
Circulating tumour cells as prognostic markers in progressive, castrationresistant prostate cancer: a reanalysis of IMMC38 trial data. Lancet Oncol
2009, 10:233–239.
50. de Bono JS, Scher HI, Montgomery RB, Parker C, Miller MC, Tissing H, Doyle
GV, Terstappen LW, Pienta KJ, Raghavan D: Circulating tumor cells predict
survival benefit from treatment in metastatic castration-resistant
prostate cancer. Clin Cancer Res 2008, 14:6302–6309.
51. Attard G, Reid AH, A'Hern R, Parker C, Oommen NB, Folkerd E, Messiou C,
Molife LR, Maier G, Thompson E, Olmos D, Sinha R, Lee G, Dowsett M, Kaye
SB, Dearnaley D, Kheoh T, Molina A, de Bono JS: Selective inhibition of
CYP17 with abiraterone acetate is highly active in the treatment of
castration-resistant prostate cancer. J Clin Oncol 2009, 27:3742–3748.
52. Reid AH, Attard G, Danila DC, Oommen NB, Olmos D, Fong PC, Molife LR,
Hunt J, Messiou C, Parker C, Dearnaley D, Swennenhuis JF, Terstappen LW,
Lee G, Kheoh T, Molina A, Ryan CJ, Small E, Scher HI, de Bono JS:
Significant and sustained antitumor activity in post-docetaxel, castrationresistant prostate cancer with the CYP17 inhibitor abiraterone acetate. J
Clin Oncol 2010, 28:1489–1495.
53. Danila DC, Morris MJ, de Bono JS, Ryan CJ, Denmeade SR, Smith MR, Taplin ME,
Bubley GJ, Kheoh T, Haqq C, Molina A, Anand A, Koscuiszka M, Larson SM,
Schwartz LH, Fleisher M, Scher HI: Phase II multicenter study of abiraterone
acetate plus prednisone therapy in patients with docetaxel-treated
castration-resistant prostate cancer. J Clin Oncol 2010, 28:1496–1501.
54. Zurita AJ, George DJ, Shore ND, Liu G, Wilding G, Hutson TE, Kozloff M,
Mathew P, Harmon CS, Wang SL, Chen I, Maneval EC, Logothetis CJ:
Sunitinib in combination with docetaxel and prednisone in
chemotherapy-naive patients with metastatic, castration-resistant
prostate cancer: a phase 1/2 clinical trial. Ann Oncol 2011, 23(3):688–694.
55. Kelly WK HS, Carducci MA George D, Mahoney JF, Stadler WM, Morris M,
Kantoff P, Monk JP, Kaplan E, Vogelzang NJ, Small EJ: A randomized,
double-blind, placebo-controlled phase III trial comparing docetaxel,
prednisone, and placebo with docetaxel, prednisone, and bevacizumab
in men with metastatic castration-resistant prostate cancer (mCRPC):
Survival results of CALGB 90401. J Clin Oncol 2010, 28(LBA4511).
56. Celgene International Sàrl [http://ircelgenecom/phoenixzhtml?
c=111960&p=irol-newsArticle&ID=1633148&highlight>=]
57. Bergers G, Hanahan D: Modes of resistance to anti-angiogenic therapy.
Nat Rev Cancer 2008, 8:592–603.
58. Ning YM, Gulley JL, Arlen PM, Woo S, Steinberg SM, Wright JJ, Parnes HL,
Trepel JB, Lee MJ, Kim YS, Sun H, Madan RA, Latham L, Jones E, Chen CC,
Figg WD, Dahut WL: Phase II trial of bevacizumab, thalidomide,
docetaxel, and prednisone in patients with metastatic castrationresistant prostate cancer. J Clin Oncol 2010, 28:2070–2076.
59. Figg WD, Woo S, Zhu W, Chen X, Ajiboye AS, Steinberg SM, Price DK,
Wright JJ, Parnes HL, Arlen PM, Gulley JL, Dahut WL: A phase I clinical
study of high dose ketoconazole plus weekly docetaxel for metastatic
castration resistant prostate cancer. J Urol 2010, 183:2219–2226.
60. Small EJ, Halabi S, Dawson NA, Stadler WM, Rini BI, Picus J, Gable P, Torti FM,
Kaplan E, Vogelzang NJ: Antiandrogen withdrawal alone or in combination
with ketoconazole in androgen-independent prostate cancer patients: a
phase III trial (CALGB 9583). J Clin Oncol 2004, 22:1025–1033.
61. Attard G, Reid AH, Yap TA, Raynaud F, Dowsett M, Settatree S, Barrett M,
Parker C, Martins V, Folkerd E, Clark J, Cooper CS, Kaye SB, Dearnaley D, Lee
G, de Bono JS: Phase I clinical trial of a selective inhibitor of CYP17,
abiraterone acetate, confirms that castration-resistant prostate cancer
commonly remains hormone driven. J Clin Oncol 2008, 26:4563–4571.
62. Sarker D, Workman P: Pharmacodynamic biomarkers for molecular cancer
therapeutics. Adv Cancer Res 2007, 96:213–268.
63. Tan DS, Thomas GV, Garrett MD, Banerji U, de Bono JS, Kaye SB, Workman P:
Biomarker-driven early clinical trials in oncology: a paradigm shift in
drug development. Cancer J 2009, 15:406–420.

Page 8 of 8

doi:10.1186/1756-8722-5-35
Cite this article as: Huang et al.: Challenges to improved therapeutics
for metastatic castrate resistant prostate cancer: from recent successes
and failures. Journal of Hematology & Oncology 2012 5:35.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

