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Purpose of review

Although the treatment of castration-resistant prostate cancer (CRPC) has benefited from the use of
increasingly potent androgen synthesis inhibitors and androgen receptor (AR) antagonists, it is only
marginally effective. There is therefore a critical need for a better understanding of the mechanisms
underlying the CRPC development and more effective therapeutic approaches. Here, we focus on the
advancements reported in the last 18 months, particularly with regard to the mechanisms of castration
resistance and potential therapeutic targets emerging from the studies with in-vivo models.

Recent findings

Recent findings indicate that AR-dependent mechanisms, for example, increased expression of CYP17A1
and AR splice variants, play important roles in in-vivo castration resistance to new antiandrogens and
androgen synthesis inhibitors. Whereas current therapeutic approaches focus on AR-dependent CRPC,
studies based on genetically engineered mouse models indicate that castration resistance can develop in
the absence of robust AR signaling. Furthermore, increasing evidence suggests that cellular plasticity of
prostate adenocarcinoma allows AR-independent CRPC development via various adaptive mechanisms.

Summary

Significant progress has been made in the understanding of AR-dependent and AR-independent
mechanisms involved in the development of CRPC. This may lead to identification of new therapeutic
targets and improved therapy.
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INTRODUCTION

Prostate cancer is the most commonly diagnosed
noncutaneous cancer and the second leading cause
of cancer-related death in North American men
[1]. While androgen deprivation therapy (ADT)
can induce marked tumor regression, resistance to
treatment inevitably emerges, leading to castration-
resistant prostate cancer (CRPC). There is evidence
that CRPC can be driven by very small amounts of
androgen, and new therapeutic approaches that
more potently target androgen–androgen receptor
(AR) signaling have been developed [2

&&

,3
&&

]. How-
ever, the mechanisms underlying the development
of castration resistance are still not clear and
treatment options for CRPC are limited. Although
current therapeutic development focuses on the
AR-dependent CRPC, it is hypothesized that the
use of more potent ADTs will increase the occur-
rence of treatment-induced, AR-independent CRPC,
such as neuroendocrine prostate cancer (NEPC),
ams & Wilkins. Unautho
an aggressive, AR-independent prostate cancer
subtype observed in 30–100% of CRPCs following
androgen deprivation [4,5]. There is therefore a
critical need for new, more effective approaches
for the treatment of advanced prostate cancer. In
this review, we focus on the advancements reported
in the last 18 months, particularly with regard to
the mechanisms of castration resistance and the
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KEY POINTS

� There is evidence that continued activity of androgen–
AR signaling remains an important mechanism
underlying castration resistance to highly potent
antiandrogen agents (e.g. enzalutamide) and androgen
synthesis inhibitors (e.g. abiraterone).

� Whereas current therapeutic approaches focus on AR-
dependent CRPC, AR-independent castration-resistant
mechanisms bypassing the androgen–AR axis will
likely develop following the use of increasingly potent
anti-AR and antiandrogen biosynthesis therapies.

� PI3K/AKT/mTOR signaling can bypass the need for
AR in PTEN null-mouse prostate cancer models,
indicating castration resistance can develop in the
absence of robust AR signaling.

� Increasing evidence suggests that the cellular plasticity
of prostate adenocarcinoma allows AR-independent
CRPC development via various adaptive mechanisms.
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potential therapies that are emerging from studies
with in-vivo models.
ANDROGEN-RECEPTOR-DEPENDENT
MECHANISMS

Significant benefit from therapy with increasingly
potent inhibitors of androgen synthesis and anti-
androgen reagents has indicated the importance of
AR-mediated signaling in castration resistance.
Mechanisms underlying the treatment resistance
can be divided into two categories: ligand-dependent
AR signaling (e.g., alternative androgen production
and AR gene amplification) and ligand-independent
AR signaling (e.g., induction of AR splice variants,
alterations of AR co-regulators and crosstalk of AR
signaling with other signaling pathways).
Ligand-dependent androgen receptor
signaling

Extratesticular androgen, producedbyadrenalglands
and apparently also de novo in CRPC, plays an essen-
tial role in therapy resistance of CRPC. Although
a new, potent CYP17 inhibitor, abiraterone acetate
(abiraterone), targeting 17a-hydroxylase/C17,20
lyase (CYP17A1) in testicular, adrenal and prostatic
tumor tissues, has shown significant improvement
in clinical outcomes, many patients do not show
a PSA response, and progression still occurs
despite treatment with this drug [3

&&

]. A better
understanding of the mechanism(s) underlying
abiraterone resistance is therefore important for
the development of new therapies. In a recent study,
Copyright © Lippincott Williams & Wilkins. Unaut
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increased expression of CYP17A1 was observed in
abiraterone-treated LuCaP35CR and LuCaP23CR
xenografts; as well, induction of steroidogenesis
was observed [6

&

]. Another study showed increased
intratumoral expression of CYP17A1 in abiraterone-
treated VCaP xenografts; upregulation of CYP17A1
was further confirmed in CRPC tissue biopsies
from patients treated with a CYP17A1 inhibitor
and a 5a-reductase inhibitor [7

&

]. Together, these
studies suggest that resistance to abiraterone may
occur through the upregulation of CYP17A1 and
induction of de novo androgen synthesis, and that
treatment resistance of CRPC may be overcome
by therapeutic approaches that can further suppress
de novo intratumoral androgen synthesis.

In addition to abiraterone, other potent andro-
gen biosynthesis inhibitors have been developed.
TAK-700 (Orteronel) is a highly potent and selective
17,20-lyase inhibitor of CYP17A; it has shown high
androgen synthesis-inhibitory capacity in vitro and
in male monkey models [8], and is currently in a
phase III trial. More compounds targeting androgen
synthesis have recently been developed and will
hopefully go into clinical trials.

Recently, a new mechanism of androgen bio-
synthesis enhancement has been discovered. Hyper-
insulinemia is a consistent systemic side-effect
induced by ADT, and using androgen-dependent
prostate cancer in-vitro models, it was found that
treatment with insulin upregulated the levels of
intracellular testosterone and secreted androgens
via induction of several key enzymes involved
in de novo steroidogenesis. Furthermore, increased
expression of the insulin receptor and its substrates
was associated with the development of castration
resistance in studies with LNCaP xenografts [9

&

]. The
results suggest that insulin can increase de novo andro-
gen synthesis in CRPC via direct action on prostate
cancer cells and further studies will likely reveal more
potential targets for inhibiting androgen synthesis.

Clinical benefit from the new-generation anti-
androgen, enzalutamide, suggests that development
of more potent AR antagonists could improve
patients’ survival. Recently, a structural analog of
enzalutamide, ARN-509, has been developed. It was
reported to inhibit both AR nuclear translocation and
AR binding to androgen response elements and to
have greater efficacy in mouse CRPC models than
enzalutamide, although in vitro it had a similar effi-
cacy. ARN-509 is also expected to result in a higher
therapeutic index than enzalutamide and reduce
the risk of seizure, a major side-effect induced
by treatment with the latter [10

&

]. It is anticipated
that ARN-509 may provide a new approach for
the treatment of CRPC as a single agent or in com-
bination with other agents that target key CRPC
horized reproduction of this article is prohibited.
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driving pathways. Ongoing clinical trials will show
whether it can achieve greater clinical benefit than
enzalutamide.
Ligand-independent androgen receptor
signaling

Driving of CRPC via AR signaling without androgen
binding is a major problem in the clinic, as conven-
tional hormone therapy in such a case is not effec-
tive. A number of processes have been shown to
play an important role in ligand-independent AR
signaling, including the development of AR splice
variants, altered expression of AR coactivators/
corepressors, and crosstalk between AR and other
signaling pathways.

Androgen receptor splice variants

Expression of several AR splice variants (AR-Vs), that
lack the ligand-binding domain of AR and are
constitutively active, is emerging as a mechanism
contributing to the development of CRPC. Recently,
treatment of CRPC xenografts with enzalutamide was
found to lead to increased expression of AR-Vs, but
not full-length AR, suggesting that an adaptive shift
toward AR-V-mediated signaling may be a mechan-
ism underlying acquired resistance to enzalutamide
[11

&

]. Another independent study highlights AR-Vs
as key mediators of persistent AR signaling and
resistance to current AR-directed therapies, indicating
potential usefulness of AR-Vs as therapeutic targets
in advanced disease [12

&

]. Furthermore, increased
expression of AR-Vs has been reported to contribute
to abiraterone resistance in LuCaP23 and LuCaP35
xenografts [6

&

]. However, whereas one study has
indicated that dimerization of AR splice variants with
full-length AR is required for their functionality [13],
some recent studies have shown that some of the
AR-Vs are independent of full-length AR for full tran-
scriptional activity [11

&

]. The function of such AR-Vs
would therefore not be effectively blocked by new,
potent AR antagonists such as enzalutamide. The
results of these studies indicate a reliance of CRPC
on AR-V-mediated transcriptional pathways. They
suggest that the combination therapy of novel agents
targeting AR-V at the amino-terminal domain, such
as EPI-001 [14], and agents targeting androgen bio-
synthesis could provide more complete blockage
of AR signaling and hence evoke a more prolonged
therapeutic response.

Androgen receptor coactivators and
corepressors

AR coactivators and corepressors have been
implicated in the development of CRPC. L-DOPA
pyright © Lippincott Williams & Wilkins. Unautho
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decarboxylase (DDC) is an AR coactivator that
increases in the expression with disease progression
and its coexpression with AR in prostate adeno-
carcinoma cells can enhance AR activity [15].
Recently, it was demonstrated that carbidopa, an
FDA-approved DDC inhibitor for the treatment of
Parkinson’s disease, can abrogate DDC coactivation
of AR in prostate cancer cells, reduce tumor growth
and delay CRPC development in an LNCaP xeno-
graft model [16]. Furthermore, combination therapy
of bicalutamide and carbidopa has been shown to
significantly delay CRPC progression in vivo [17].
Another study by Li et al. [18] reported that prostate
leucine zipper (PrLZ) could function as an AR
activator to transactivate AR target genes and
increase AR-mediated prostate cancer cell growth.
Targeting the AR–PrLZ complex with PrLZ-siRNA
resulted in growth suppression of various human
prostate cancer cell cultures and in-vivo mouse
prostate cancer models. These results suggest that
the use of AR coactivator-targeting drugs in combi-
nation with antiandrogens can improve the efficacy
of the antiandrogens. Future studies, combining
carbidopa or a PrLZ inhibitor with recently devel-
oped antiandrogens in clinically relevant animal
models, may provide support for such combination
therapy in the clinic.

Survival signaling pathways

Interaction of AR signaling with oncogenic
pathways also plays a role in ligand-independent
activation of AR. Loss of PTEN function, and
consequently deregulation of PI3K/AKT signaling,
is one of the most common alterations found in
prostate cancers. However, the interaction between
the PTEN/PI3K/AKT pathway and AR signaling
and its role in CRPC development are not clear.
Results of two recent studies, using conditional
PTEN-knockout mouse models of prostate cancer,
have indicated that PTEN deletion can reduce AR
expression via different mechanisms. Studies by
Carver et al. [19

&&

] indicated that loss of PTEN and
activation of HER kinase can decrease AR activity.
As demonstrated by Mulholland et al. [20

&&

]
with genetically engineered mouse (GEM) models
harboring conditional PTEN and AR knockouts, AR
function is not a prerequisite for the development of
prostate cancer. It was shown that loss of PTEN
inhibited the expression and activity of a number
of proteins involved in modulating AR activity and
consequently repressed AR activity. Furthermore,
AR-null cancers arising in PTEN null mice showed
increased rates of cancer cell proliferation. Together,
the data suggest that PTEN loss and AKT activation
can suppress AR signaling, and that prostate cancer
rized reproduction of this article is prohibited.
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development can occur in the absence of robust AR
signaling. These experimental studies based on GEM
models suggest that an AR-independent mechanism
may underlie the development of CRPC. Further-
more, combination therapies targeting AR signaling
and AKT/mTOR activity may improve disease
management and patient survival.

Proliferative signaling pathways

Deregulation of certain genes and molecular path-
ways has been associated with prostate cancer pro-
gression, including activation of PI3K–AKT–mTOR
and RAF–MEK–ERK–MAPK pathways and increased
expression of MYC. However, the mechanisms by
which MYC is activated and its interaction with
other signaling pathways remain unclear. Recently,
Wang et al. [21

&

] have shown that upregulation of
c-Myc cooperated with the activation of PI3K–AKT–
mTOR and MAPK signaling pathways in a GEM
model, in which conditional loss-of-function of
PTEN was combined with the activation of onco-
genic Braf. Accordingly, therapeutic treatments
targeting these pathways attenuated c-Myc levels
and reduced tumor and metastatic burden in the
same system. It was suggested that Myc pathway
activation is an important consequence of acti-
vation of PI3K–AKT–mTOR and MAPK signaling
in advanced prostate cancer. These findings provide
novel insights into Myc as a target for therapeutic
intervention. It should be noted that the oncogenic
mutation of BRAF and pattern of CRPC tumor
development (lacking a regression phase after
castration) in this model are rarely observed in
the clinic [22,23]. Further validation of these find-
ings in clinical studies is therefore needed.

Cytoprotective chaperone proteins

Cytoprotective proteins such as clusterin (CLU) and
other heat shock proteins (HSPs) have been shown
to contribute to CRPC progression. Small-molecule
HSP inhibitors show promise in the treatment of
CRPC; however, such HSP inhibitors trigger a heat
shock response which is associated with increased
expression of HSPs, including CLU, that attenuates
their efficacy. Recent studies by Lamoureux et al.
[24] showed that inhibition of CLU in vitro abrogates
the heat shock response induced by Hsp90 inhibi-
tors. In vivo, Hsp90 inhibitors in combination
with OGX-011, an antisense CLU-targeting drug,
markedly enhanced antitumor efficacy in xenograft
models of human CRPC, leading to an 80% inhi-
bition of tumor growth with prolonged survival
compared with Hsp90 inhibitor monotherapy.
This study indicates that strategies targeting CLU
in combination with Hsp90 inhibitors can improve
patient outcome in CRPC. Furthermore, CLU has
Copyright © Lippincott Williams & Wilkins. Unaut
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been reported to mediate TGF-b-induced epithelial–
mesenchymal transition (EMT) and its suppression
was found to inhibit metastasis in an in-vivo prostate
cancer model. As such, inhibition of CLU may
represent a promising therapeutic option for sup-
pressing prostate cancer metastatic progression [25].
ANDROGEN RECEPTOR-INDEPENDENT
MECHANISMS AND CELLULAR
PLASTICITY

AR-independent mechanisms will likely develop
following the use of increasingly potent anti-AR
and antiandrogen biosynthesis therapies. Following
androgen ablation therapy, prostatic adenocarci-
noma cells can display cellular plasticity which
is evidenced by transdifferentiation processes
such as EMT, neuroendocrine transdifferentiation
and dedifferentiation into stem cell-like cancer cells.
Such plasticity is also reflected in epithelial to
immune cell-like transition (EIT), a proposed trans-
differentiation process by which prostate cancer can
overcome the immune response.

EMT was initially identified as a process of
epithelial cells acquiring an invasive mesenchymal
phenotype in morphogenesis and was subsequently
found to promote cancer metastasis and treatment
resistance. Recently, it was shown with LuCaP35
prostate cancer xenografts that androgen depri-
vation caused EMT as well as increased stemness
in the surviving cancer cells. Similar changes were
observed in prostate cancer samples obtained from
ADT-treated patients [26

&

]. The results of the study
raise the possibility that EMT is an underlying mech-
anism of castration resistance. Future experiments
will have to establish whether it provides a useful
target for the treatment of CRPC.

NEPC does not express AR and therefore does
not respond to androgen ablation. The cellular
origin of NEPC and the molecular mechanisms
involved in its development are largely unknown.
Recently, we obtained experimental evidence for
neuroendocrine transformation, using a patient’s
prostate adenocarcinoma tissue-derived xenograft
model, which retains high fidelity to the cancer of
origin (www.livingtumorlab.com). Several months
after host castration, the recurrent tumor was
entirely AR negative and exhibited a typical neuro-
endocrine phenotype as well as androgen-
independent growth. The similarity of the gene
copy number profiles of the original and recurrent
xenografts indicates that a complete transformation
of adenocarcinoma to NEPC had taken place via an
adaptive mechanism (unpublished observation).
The data suggest epithelial plasticity of conven-
tional adenocarcinoma and also underscore the
horized reproduction of this article is prohibited.
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usefulness of patient-derived xenografts for in-
depth studies of the dynamic progression of
neuroendocrine transdifferentiation. Another study
demonstrated that a combination of such patient-
derived cancer models with advanced genomic
profiling techniques can lead to the discovery
of key therapeutic targets and the development
of therapies potentially useful for personalized
chemotherapy [27

&

]. The mechanism of NEPC
development was also studied with patient tissue-
derived NEPC xenograft models developed by
Tzelepi et al. [28]. Gene expression and genomic
profiling of NEPC xenografts compared with typical
prostate adenocarcinoma xenografts revealed upre-
gulation of mitotic genes, coupled to loss of AR, RB
and cyclin D1 expression. These findings, validated
immunohistochemically using a panel of clinical
CRPC samples, suggest that the observed gene-
expression changes contribute to the development
and AR-independent growth of NEPC.

The EMT, neuroendocrine transdifferentiation,
as well as EIT, a newly proposed mechanism
underlying the immune-suppressive activity of
epithelial cancers [29], are transdifferentiation
processes aimed at the survival of prostate cancer
cells that reflect their plasticity. Such ability suggests
that adaptive mechanisms could underlie the
development of castration resistance. In view of
this, such adaptive responses could serve as a poten-
tial target for therapy.
CONCLUSION

Recent studies based on in-vivo models have
provided additional evidence that continued
activity of AR signaling is an important mechanism
underlying castration resistance, even when highly
potent antiandrogens and androgen synthesis
inhibitors are used, such as enzalutamide and
abiraterone. The findings suggest that combination
therapy of novel agents targeting AR and andro-
gen biosynthesis could improve the therapeutic
response. Alternative resistance mechanisms inde-
pendent of AR signaling will likely evolve follow-
ing treatment with increasingly potent anti-AR
and antiandrogen therapies, as suggested by the
recent findings that PI3K/AKT/mTOR signaling
can circumvent the need for AR signaling in PTEN
null-mouse prostate cancer models. Increasing
evidence suggests that the cellular plasticity of
prostatic adenocarcinoma allows CRPC develop-
ment and progression via various adaptive AR-
independent mechanisms. A better understanding
of the AR-independent mechanisms may lead to
the identification of novel therapeutic targets for
better management of the disease.
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