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Abstract: Castrate resistant prostate cancer (CRPC) remains a disease with significant morbidity and

mortality. The recent approval of abiraterone and enzalutamide highlight the improvements which can be

made targeting the androgen receptor (AR) axis. Nonetheless, resistance inevitably develops and there is

continued interest in targeting alternate pathways which cause disease resistance and progression. Here,

we review non-AR targets in CRPC, with an emphasis on novel agents now in development. This includes

therapeutics which target the tumour microenvironment, the bone metastatic environment, microtubules,

cellular energetics, angiogenesis, the stress response, survival proteins, intracellular signal transduction,

DNA damage repair and dendritic cells. Understanding the hallmarks of prostate cancer resistance in CRPC

has led to the identification and development of these new targets. We review the molecular rationale, as well

at the clinical experience for each of these different classes of agents which are in clinical development.
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Introduction

Since the initial experiences of Charles Huggins treating
with advanced prostate cancer, it has been clear that the
prostate cancer does not uniformly and completely regress
as a result of androgen ablation (1,2). Subsequently, there
have been decades of research to identify and characterize
pathways and targets which allow prostate cancer to
progress independently of androgens. More recently, it has
become clearer that the androgen receptor (AR) remains
a principal target even in castrate resistant prostate cancer
(CRPC). This is highlighted by the clinical success of
potent AR antagonists and steroidogenesis inhibitors in
men with CRPC (3-5). The continued usefulness of PSA as
a prognostic marker in CRPC also highlights how the AR
axis remains a principal target (6). However, despite these
recent improvements, CRPC remains a lethal disease and
the search for new and improved treatments continues.

In recent years, an increased understanding of the
molecular biology of CRPC has led to a proliferation of
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novel targeted therapeutics in clinical evaluation. Table 1
lists some of the non-AR targets which are in clinical
evaluation in CRPC. These novel targets emerge as CRPC
develops more genetic and epigenetic alterations over
time (7). In addition, tumours acquire resistance through
alternative pathways as a result of the selective pressure of
current treatments. Accordingly, the potent AR-targeting
agents abiraterone and enzalutamide will likely lead to
cancers that survive and proliferate through activation of
alternate pathways.

Along with the excitement of the number of new and
emerging non-AR therapeutics in the CRPC clinical space
also comes some hesitation as to their eventually utility
given the large number of recent disappointing phase III
trial results in CRPC. This includes almost all targeted
therapies in combination with docetaxel (7able 2). This
highlights the difficulties in the generalizability of pre-
clinical models and the need for well-designed and planned
Phase II and III clinical trials. Further, better selection
of patients for these non-AR therapies is another need
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Table 1 Selected approved and experimental therapeutics agents currently in clinical evaluation in CRPC which do not target the AR

(Source: clinicaltrials.gov)

Stress response  Proliferative signal Immune Critical cellular . .
. . ) Tumour microenvironment
pathways transduction targets escape proliferative components
Targets Clusterin; PI3K; Akt; mTOR; Dendritic cells; Microtubules; PARP1; Osteoclasts; IL-11Ra;
Hsp90; Bcl-2; Mu-opoid receptor; CTLA-4; PD-1  SERCA pump RANK-L; FAP; Endoglin;
Hsp27 elF4E; IGF-IR; Her-2 alpha V integrin; VEGF/
FGFR; Neurotransmitters;
Somatostatin receptor
Approved Sipuleucel-T Docetaxel; Cabazitaxel Denosumab; Radium-223
therapeutics
Experimental OGX-011; BEZ235; BKM120; Ipilimumab; Tesetaxel; Patupilone; Sibrotuzumab; TRC-105;
therapeutics  OGX-427 AZD5363; MK2206; BPX-201; Ixabepilone; G-202 EMD 525797; BMTP-11;
AZD8186; BMS-936558; Dovitinib; Bevacizumab;
Naltrexone; ISIS Pidilizumab Pazopanib; Phenelzine;

183750; Everolimus;
Temsirolimus;
Linsitinib; Lapatanib

Pasireotide

PI3K, phosphatidylinositol triphosphate kinase; CTLA4, cytotoxic T-lymphocyte antigen 4; PD1, programmed cell death protein 1;
AMPK, adenosine monophosphate-activated protein kinase; VEGF, vascular endothelial growth factor; mTOR, mammalian target

of rapamycin; PARP, poly-ADP ribose polymerase; IL-11Ra, interleukin-11 receptor alpha; SERCA, sarcoplasmic/endoplasmic

reticulum calcium adenosine triphosphatase.

Table 2 Summary of selected Phase III clinical trials of combination therapy with docetaxel in CRPC. Adapted from Wissing et 4/. (8)

Docetaxel + prednisone with ~ Mechanism of action

Median OS

Estramustine Alkylating agent 17.5 vs. 15.6 months
High-dose calcitriol Vitamin D 17.8 vs. 20.2 months
Bevacizumab Angiogenesis inhibitor 22.6 vs. 21.5 months
Risedronate Bisphosphonate 19.2 vs. 18.4 months
Atrasentan Endothelin A receptor antagonist 18 months (Phase Ill)/
17.6 months (Phase ll)
GVAX Immunotherapy 13 months in both arms (predicted)
16 months in both arms (predicted)
Zibotentan Endothelin A receptor antagonist 24.5 vs. 22.5 months
Aflibercept VEGF-inhibitor No significant improvement
Lenalidomide Anti-angiogenesis, antineoplastic, immune modulation N/A as halted early
Dasatinib Tyrosine kinase inhibitor 21.5 vs. 21.2 months
OGX-011 Antisense clusterin inhibitor 23.8 vs. 16.9 months (Phase )

Phase lll results pending

All trials except the estramustine trial compared results to docetaxel + prednisone. DLT, dose-limiting toxicity; Gl, gastrointestinal;
N/A, not available; OS, overall survival; VEGF, vascular endothelial growth factor.

which may improve the success of new agents in clinical
evaluation.

The molecular classification of CRPC will continue
to evolve and is expected to play a large role in selecting
patients for future trials of targeted therapy. Most of the
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molecular targets under investigation are not specific to
prostate cancer, with overlap with other advanced cancers.
While the AR plays a unique role in prostate cancer, the
division of molecular targets in CRPC into AR targets vs.
non-AR targets can be misleading. Many non-AR cellular
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Figure 1 Current targets in castrate-resistant prostate cancer according to targeted cancer hallmarks. Adapted from Hanahan et a/.

Weinberg [2011]. PI3K, phosphoinositol triphosphate kinase; CTLA4, cytotoxic T-lymphocyte antigen 4; PD1, programmed cell death

protein 1; AMPK, adenosine monophosphate-activated protein kinase; VEGE, vascular endothelial growth factor; mTOR, mammalian

target of rapamycin; PARP, poly-ADP ribose polymerase.

targets appear to support continued activation of the AR-
axis through complex signalling and structural pathways.
For example, microtubules are considered important in AR
cellular transport (9). Similarly, the Akt pathway regulates
and is regulated by the AR (10,11). Further characterization
of the molecular changes which occur with CRPC
progression may allow for identification of predictive and
prognostic biomarkers for personalized targeted therapy.
"This review will highlight some of the recently approved
and currently researched molecular targets in CRPC beyond
novel AR antagonists and steroid synthesis inhibitors.
These targets, with their corresponding therapeutics, focus
on many of the hallmarks of cancer (Figure I). We will focus
on discussing both the biologic mechanisms and clinical
experience with these targets in CRPC. Particular emphasis
is on agents which have reached Phase II-III clinical trials.
With a particular concern that neuroendocrine cancers (also
known as small cell cancer of the prostate) will be more
prevalence as a result of recent treatment improvements, we
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will also discuss briefly this relatively rare subtype of CRPC.

Targeting microtubules

Docetaxel and cabazitaxel are the two taxanes which are
in clinical use in CRPC. Taxanes function by stabilizing
the dynamic polymerization of microtubules. The ability
of microtubules to assemble and disassemble is critical for
mitosis and thus targeting microtubules preferentially targets
rapidly dividing cancer cells. It also affects AR signalling
through its alteration of microtubules-associated AR cellular
transport and nuclear translocation (9,12). Docetaxel is the
first approved agent outside of hormonal therapy which has a
demonstrated survival benefit in CRPC (13,14).

Two studies demonstrated the survival benefit of
docetaxel in CRPC patients. The TAX327 study showed
that docetaxel every 3 weeks plus daily prednisone was
superior to docetaxel every week plus prednison or weekly
mitoxantrone plus prednisone (14). Updated survival results
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indicate a median survival of 19.2 months in the q3weekly
docetaxel plus prednisose arm versus 17.8 months in the
weekly docetaxel arm plus prednisone versus 16.3 months
in the mitoxantrone/prednisone arm (13). The SWOG9916
study also found a 2-month survival benefit of docetaxel plus
estramustine compared to mitoxantrone plus prednisone (15).
However, no benefit in pain palliation or quality of life was
noted; subsequently, estramustine is not in clinical use in
CRPC.

Resistance to taxanes may be mediated through
overexpression of the multi-drug resistant P-glycoprotein
efflux pump (16), mutations in the microtubule binding sites,
and mutations in microtubule-associated proteins giving
greater stability to cellular microtubule assembly (17,18).
Cabizataxel is a newer taxane which was selected through
pre-clinical studies which found it had the greatest activity
against docetaxel-resistant cell lines 7z vitro and in vive (19).
However, there is no clear definition of clinical docetaxel
resistance. Similarly, the optimal duration of treatment
with docetaxel is usually based on physician judgement. In
the TAX-327, patients received up to 10 cycles; however
it appears that more can be given if patients are receiving
a tolerable response. Further, re-challenging patients
with docetaxel after the recurrence of CRPC has also
demonstrated some clinical success (20,21).

The TROPIC study established the role of cabazitaxel
as second line therapy in CRPC after docetaxel. This
study randomized men with progressive disease during
or after docetaxel to receive cabazitaxel plus prednisone
versus mitoxantrone plus prednisone (22). Cabazitaxel
improved overall survival by a median of 2.4 months in
this second-line setting. Cabazitaxel had a higher rate of
adverse effects, particularly myelosupression, though even
with mitoxantrone adverse events were higher than prior
trials (14,15), highlighting the selection of sicker patients
in this trial. Side effects of neutropenia and diarrhea were
common (82% versus 58% and 6% versus <1% cabazitaxel
versus mitoxantrone). Significantly, 28 patients (8%) in
the cabazitaxel group had febrile neutropenia during the
study versus 5 (1%) in the mitoxantrone arm. Two phase
IIT trials are ongoing: FIRSTANA assesses cabazitaxel prior
to docetaxel, while PROSELICA evaluates a lower dose
(20 versus 25 mg/m’) in men treated with prior docetaxel.

Newer therapeutics targeting the microtubules are in
development. In contrast to the parenterally administered
docetaxel and cabizataxel, tesetaxel is a novel, orally
available taxane (Tesetaxel in Chemotherapy-naive Patients
with Progressive, Castration-resistant Prostate Cancer
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http://clinicaltrial.gov/ct2/show/NCT01296243).1¢ is
currently in Phase II trials of men with CRPC. Epothilones
also target microtubules through a different mechanism of
action. Patupilone in a Phase II study recently demonstrated
antitumor activity and safety as second line therapy (23).
The oral synthetic epothilone, ixabepilone, demonstrated
better activity in chemo naive patients (24-26) compared
to use as second line therapy, but has not been advanced to
phase III trials.

Targeting the immune response

The goal of immunotherapy is to boost the tumour
suppressive response of the patient’s own immune system.
"This approach has been validated in CPRC with the approval
of sipuleucel-T. Phase III randomized trials demonstrate
an overall survival benefit (27) in men with minimally or
asymptomatic metastatic prostate cancer, though an effect
on progression-free survival or PSA-response was not seen.
The treatment consists of re-infusing patient’s autologous
peripheral blood monocytes and antigen-presenting cells
which have been exposed ex vivo to the fusion protein of
prostatic acid phosphatase and granulocyte-macrophage
colony-stimulating factor (GM-CSF).

The approach of priming of the immune system to
tumour antigens has several advantages. It may result in a
durable decreased rate of tumour growth. While this has
yet to be identified, this theory corroborates with data
suggesting that immunotherapy is of greatest benefit in
patients with a lower burden of disease (28). The benefit
of immunotherapy in lower volume disease is not unique
to prostate cancer (29). The comparison of concurrent
or sequential treatment of sipuleucel-T with abiraterone
in patient with CRPC is underway and may help further
understand the sequencing of immunotherapy with other
available treatments. Further, in the case of sipuleucel-T,
the side effects of this therapy are very tolerable, limited
mostly to flu-like symptoms. However, the cost of this
treatment remains a challenge to its implementation in
many jurisdictions.

The PROSTVAC-VF vaccine similarly aims to boost
natural immunity against tumor cells in CRPC. The
vaccine consists of transgenes for PSA, as well as three
co-stimulatory molecules (B7.1, leukocyte function-associated
antigen-3 (LFA-3), and intercellular adhesion molecule-1
(ICAM-1) to enhance immune memory against the weakly
immunogenic PSA antigen (30). A priming injection is
followed by monthly booster injections. An ongoing Phase
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III placebo-controlled study evaluates the efficacy of this
vaccine +/- GM-CSF on the overall survival of men with
minimally symptomatic metastatic prostate cancer. A whole
cell vaccine, GVAX, has had two phase III trials terminated
early due to an absence of benefit and an increased
incidence of deaths in the treatment arm.

Checkpoint modulators of the immune system aim
to remove the negative feedback signals in the patient’s
own immune system, thereby decreasing the immune
system’s tolerance of tumour antigens. Both ipilimumab
and programmed death-(PD-1) inhibitors employ this
strategy. Ipilimumab has previously demonstrated success
in treating metastatic melanoma (31) It is a fully human
monoclonal antibody which targets CTLA-4. CTLA-4 is
an important negative regulatory receptor on T-cells. By
blocking CTLA-4, ipilimumab releases the homeostatic
negative feedback on T-regulatory cells which the immune
system normally establishes in order to avoid autoimmunity.
As a result, the immune system’s tolerance of tumour
antigens should decrease, resulting in greater immune-
mediated destruction of tumour cells. Two randomized
trials comparing ipilimumab versus placebo prior to and after
chemotherapy are underway in CRPC. Further, there has
also been reported some clinical success using an anti-PD-1
monoclonal antibody in refractory solid tumours (32). PD-1
is an immune inhibitory receptor expressed on T" cells which
also modulates the immune response. Blocking this receptor
reduces some of the negative self-regulation of the immune
system, conceptually similar to CTLA-4 inhibitors. In the
first large clinical trial of solid tumours, treatment responses
were observed in patients with lung, melanoma and renal cell
carcinoma, many of whom had failed multiple therapies (32).
In the small subset of 17 patients with CRPC, no objective
responses were seen, though clinical evaluation in CRPC
is ongoing (32). It is possible this target will have fewer
side effects than targeting CTLA-4 as a result of a greater
specificity for the tumour microenvironment.

Targeting angiogenesis and c-Met

Several trials evaluating anti-angiogenic agents in CRPC
have reported universally disappointing results, including
aflibercept, bevacizumab, lenalidomide, sunitinib and
sorafenib in combination with docetaxel or as second-
line monotherapy. Anti-angiogenic inhibitors currently in
phase III evaluation include tasquinimod and cabozantinib.
Other novel angiogenesis inhibitors currently in Phase
IT trials include TRC-105, which is a monoclonal
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antibody against endoglin, a receptor overexpressed on
proliferating endothelium and the vascular epithelial growth
factor(VEGF)/fibroblast growth factor receptor(FGFR)
inhibitor dovitinib (30).

Tasquinimod is a novel orally administered quinoline-
3-carboxamide with anti-angiogenic and anti-tumorigenic
effects which is now in Phase III trials. In contrast to other
angiogenesis inhibitors targeting VEGF and/or tyrosine
kinases receptors, tasquinimod disrupts cross talk within the
tumour microenvironment by modulating HDAC4 and also
targets S100A9 (33). Phase II results demonstrated in men
with minimally symptomatic metastatic disease a median
PFS of 7.6 compared to 3.3 months in the placebo arm
(P=0.0042) (34).

Cabozantinib (XL.184) is a dual c-MET and VEGF-receptor
inhibitor. ¢-MET is a receptor tyrosine kinase which
binds hepatocyte growth factor. When activated through
phosphorylation, c-MET activates downstream signalling
pathways involved in survival, growth and invasion. These
downstream pathways include the phosphatidylinositol
triphosphate (PI3K)/Akt pathway and the mitogen activated
protein kinase (MAPK) pathway (Figure 2). In reported
Phase II clinical trial results with cabozantinib, 68% of
patients at 12 weeks experienced an improvement on bone
scan, with 12% having complete remission (36). Further, the
median profession-free survival of those on treatment was
23.9 versus 5.9 weeks for placebo. However, randomization
was halted early in the trial due to the benefit seen, so the
numbers were small (36). Tivantinib is another c-MET
inhibitor which in is in Phase II clinical evaluation in CRPC
(NCTO01519414).

Targeting cellular energetics

Metformin has been demonstrated in several retrospective
and large cohort studies to confer an overall survival benefit
in men with prostate cancer (37,38), though the literature
is not entirely consistent (39,40). The survival benefit
appears particular to metformin, as no benefit was seen with
other anti-diabetic medications (37). The relative safety,
availability and cost of metformin make it an appealing
agent for further investigation in CRPC.

Metformin functions as an adenosine monophosphate-
activated protein kinase (AMPK) activator. Activated
AMPK regulates cellular energetics through inactivation of
enzymes involved in adenosine triphosphate consumption
such as fatty acid and protein synthesis. It also functions
through negative regulation on the mammalian target
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Figure 2 Schematic of the c-MET pathway. Adapted from Loriot ez /. (35). ERK, extracellular related kinase; mTOR, mammalian target of

rapamycin; PI3K, phosphoinositol triphosphate kinase.

of rapamycin (mTOR) pathway (37). Clinical studies
evaluating metformin alone and in combination with
docetaxel for CRPC are now underway (NCT01796028,
NCT01215032).

Targeting the stress-response

Molecular chaperones have an important role in the cellular
stress response through maintaining protein homeostasis
and regulating pro-survival networks. Chaperone proteins
stabilize intracellular proteins against against misfolding and
aggregation during stress, as well as facilitating intracellular
and compartmental transport (41). In CRPC, two stress-
activated cytoprotective chaperones, clusterin and Hsp27,
are targets in ongoing clinical trials.

Clusterin exists in two forms, nuclear clusterin and
secretory clusterin. Secretory clusterin (sSCLU) functions as
a cytoprotective chaperone which is up-regulated in CRPC.
sCLU has been demonstrated to play a role in inhibiting
endoplasmic reticulum stress, cytosolic protein aggregation
and also inhibits mitochondrial apoptosis (42-44). Custirsen
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(OGX-011) is a second-generation antisense oligonucleotide
against the clusterin mRNA. Preclinical studies demonstrate
that OGX-011 potently suppresses sCLU levels in vitro and
in vivo (45,46). Further, cotargeting of sSCLU and AR delays
CRPC progression in pre-clinical models models through
inhibiting the adaptive stress response and regulating AR
stability (47). In a Phase II clinical trial, a survival advantage
of 6.9 months for custirsen plus docetaxel and prednisone
over docetaxel and prednisone was seen (48). Phase III
results of this combination are expected in 2014.

Heat shock protein-27 (Hsp27) is another abundant
stress-induced cellular chaperone protein implicated with the
AR signalling and treatment resistance (49,50). OGX-427
is a second-generation antisense oligonucleotide against
Hsp27 now in phase II trials as second line treatment in
metastatic CRPC in combination with abiraterone.

Targeting survival pathways

Deregulation of normal cellular functions of apoptosis is one
of the common characteristics of cancer. Bcl-2 is a regulator
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of apoptosis; several other anti-apoptotic family members
include Bel-2, Bel-XL, Mcl-1, BCL-W and BFL-1 (51).
The balance of cell survival or cell death is further regulated
by multidomain pro-apoptotic proteins such as BAX, BAK
and BOK. As in several advanced cancers, Bcl-2 gene
expression it is up-regulated in CRPC (52), presenting a
targetable oncogene.

A small phase II trial of 13-cis retinoic acid and
interferon-alpha2b in combination with paclitaxel
demonstrated the ability to modulate Bel-2 levels in
peripheral monocytes. However, the low treatment
response rates and decreased quality of life halted further
development. Similarly, the use of a Bcl-2 anti-sense
oligonucleotide showed promising data in vitro (53,54) and
demonstrated proof-of principle target inhibition in phase
I trials (55). However, challenges with a short half-life upon
infusion contributed to sub-optimal target inhibition and
disappointing phase II results (54,56).

BH3 mimetics target the function of Bcl-2 family
proteins through hydrophobic binding which displaces the
BH3-only proteins, allowing them to activate Bax or Bak
proteins and subsequently signal cell death (51). Examples
of BH3 mimetics include ABT-737 and its oral-derived
enantiomer ABT-263. A clinical trial aims to compared
ABT263 plus abiraterone to treatment with ABT263 plus
abiraterone and an autophagy inhibitor hydroxychloroquine
(NCT01828476).

Targeting DNA-damage repair

PARP inhibitors represent a different class of therapeutics
and include veliparib and olaparib. The enzyme poly-
ADP ribose polymerase (PARP) is responsible for repairing
single strand breaks in DNA. Inhibition of this enzyme
leads to alterations in the ability of DNA replication
to occur, causing cell death (57). It may have a specific
benefit in tumours with BRCA1 or BRCA2 mutations,
both of which are implicated in more aggressive prostate
cancer (58). BRCA1 and BRCA2 proteins are responsible
for repairing double-strand DNA breaks in DNA. With the
inhibition of PARP, single-strand breaks may become non-
repairable (and thus lethal) double-strand breaks in BRCA1/2
mutant cancers. Similarly, a synthetic lethality using DNA-
damage repair inhibitors has also been proposed to apply to
the common PTEN-deletion CRPC tumours, which are
reported to have defects in homologous recombination (59).
Therefore, this represents a possible tailored therapy for
patients with these mutations. A clinical trial is also underway
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for patients with ETS fusions, based on pre-clinical data
suggesting the involvement of TMPRSS2 gene fusions
with DNA repair cellular machinery, including PARP1 and
topoisomerase II (60).

Targeting the tumour microenvironment

With increased understanding the importance of the
tumour microenvironment on the progression of CRPC,
therapeutic strategies are emerging to target the adjacent
stroma (61,62). Further, it appears that treatments which
target both the stroma and epithelium compartments
may be expected to be more successful. Both androgen
androgen deprivation and cabozantinib are examples of this
approach: the AR and ¢c-MET are both active in both the
stroma and epithelial compartments during CRPC (63,64).
IGF-IR inhibitors also target both stroma and tumour
components (65). However, with the failure to date of
several angiogenesis inhibitors in CRPC, agents targeting
the microenvironment are likely best evaluated in rationale
combination strategies with other treatments. For example,
pre-clinical research suggests that IGF-IR blockade may
enhance Src inhibition (66).

Hedgehog signalling is an important paracrine factor
during organogenesis and appears to be de-regulated during
prostate cancer progression. Sonic hedgehog secreted by the
tumour appears to alter the tumour microenvironment to
ultimately increase oncogenic Gli-1/2 transcription factors
through paracrine signalling. Sonic hedgehog ligands signal
via Patched-1 and result in the loss of the Smoothened
repression on Gli-1 and Gli-2. Hedgehog signalling
appears to be up-regulated following androgen deprivation
conditions (67,68). Preclinical data on TAK-441 and
GDC-0449 (vismodegib) in CRPC models (68,69) and an
ongoing neo-adjuvant study of GDC-0449 should lead to
upcoming clinical trials in CRPC patients.

Another novel drug which targets the tumour
microenvironment is the monoclonal antibody sibrotuzumab.
It targets fibroblast-activated protein (FAP). This protein
expressed in cancer-associated stroma, but not normal
stroma-associated with epithelial cancers. It is considered to
play a role in tumor growth and proliferation (70).

Targeting the bone micro-environment

Therapeutic targeting of the bone microenvironment
addresses side effects associated with androgen deprivation
therapy as well as the commonest metastatic location of
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CRPC. Several clinical trials have now established new
treatment options for patients with CRPC and should
be used appropriately alongside lifestyle changes and
calcium supplementation. Bisphosphonates were the first
agents approved for men with metastatic prostate cancer.
Zoledronic acid was approved based on studies which
demonstrated an improvement in skeletal related events,
though no survival benefit was observed (71,72). More
recently, denosumab has been approved has been approved
for me with CRPC. It functions as a monoclonal antibody
against RANK-L, which prevents bone loss through the
inactivation of osteoclasts. Further, denosumab also appears
to have an effect on the metastatic niche, with a delay in
the appearance of bone metastasis (73). However, this did
not result in differences in overall survival. Compared to
zoledronic acid, denosumab appears to have superior potency,
with a greater reduction in skeletal-related events (74).

Radiopharmaceuticals also target the bone metastatic
environment. Historical agents Rhenium-186 and
Samarium-135 have demonstrated improved bone pain in
patients with metastatic CRPC in small randomized trials
(75,76). Strontium-89 is another radiopharmaceutical
which as a calcium mimetic has a strong propensity for
the bone microenvironment (77,78). An ongoing phase III
trial evaluates St plus docetaxel and prednisolone versus
docetaxel and prednisolone. Radium-223 chloride is a newer
calcium mimetic radiopharmaceutical. In contrast to the
aforementioned agents which emit beta-radiation, it emits
alpha radiation. Alpha-radiation has a shorter penetration
depth with higher energy and is therefore less toxic to the
bone marrow. Bone marrow toxicity is a challenging toxicity
in men with CRPC and bone metastasis who often have
anemia to begin with. Clinical experience has demonstrated
now significant differences in hematologic side effects using
radium-223. Notably, radium-223 has also demonstrated
an improvement in overall survival in recent clinical trials
of men with painful bone metastasis (79,80). In a placebo-
controlled trials, the radium-223 treated arm had a hazard
ratio of 0.70 for overall survival at the interim analysis (81).
As well as validating the benefit of this drug, these studies
suggest that a survival benefit may be achieved through
targeting of metastatic disease.

Targeting intra-cellular signalling transduction
pathways

Further understanding of the molecular biology of cancer
has led to several intracellular transduction pathway
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inhibitors now in clinical evaluation. Often, these agents are
evaluated in combination with current treatment strategies
to synergize anti-cancer activity and minimize toxicity. For
example, studies suggest a synergist effect of targeting of
both AR and signal transduction pathways such as PI3K/
Akt and MAPK pathways (11,82).

The phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR
pathway represents the most commonly activated pathway
in CRPC. Alterations in this pathway have been identified in
42% of primary tumours and 100% of metastases (83). This
pathway is also active in many other advanced cancers (84).
Loss of function of the PTEN repressor results in increased
levels of activated Akt and downstream effects, as does
an activating mutation of the PIK3A gene. The activated
downstream effectors, including GSK3f and S6 kinase,
result in cell survival, proliferation, migration and invasion
(Figure 3) (84-87). Activation of the PI3K/Akt pathway is
associated with higher Gleason score, decreased metastasis
free survival (87). Due to the reciprocal interactions of
this pathway, combination targeting strategies with AR
antagonists are under investigation using novel therapeutics
targeting nodes of this pathway (11,88).

The Src family nonreceptor tyrosine kinases are another
intra-cellular target of interest in CRPC. There are nine
members of this kinase group (Blk, Fgr, Fyn, Hck, Lck, Lyn,
Src, Yes, and Yrk) (89). Src is the most studied as it relates
to prostate cancer progression. Src and related kinases
are associated with prostate cancer progression through
various mechanisms, including proliferation, invasion and
interactions with the AR (90-92). Src signalling is also
involved in regulating bone turnover in prostate cancer (93)
and may therefore be important in the progression of bone
metastasis, a common event in CRPC.

Dasatinib and saracatinib (AZD0530) are two Src
inhibitors which have completed phase II trials in CRPC.
Dasatinib is a small-molecule multi-tyrosine kinase inhibitor
of with broad activity against receptor tyrosine kinases, Src
family kinases, c-Kit, PDGFR, Ber-Abl and ephrins (94). In
a Phase I/1I trial of dasatinib plus docetaxel, 30% of patients
had disappearance of lesions on bone scan and 57% of
patients experienced a durable PSA response (95). In Phase 11
dasatinib monotherapy trials in men prior to chemotherapy,
no responses were seen but there was a lack of progression
in 43% of patients at 12 weeks (96). Results of the phase III
READY trial of dasatinib in addition to standard docetaxel
in metastatic CRPC presented at GU-ASCO 2013 showed
no benefit to OS (97). Dasatinib is currently in Phase III
trials in combination with abiraterone.
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Figure 3 Schematic of the PI3K/Akt pathway. mTOR, mammalian target of rapamycin; PTEN, Phosphatase and tensin homolog; NF«,

nuclear factor kappa beta; PI3K, phosphoinositol triphosphate kinase.

Targeting neuroendocrine prostate cancer

Neuroendocrine prostate cancer is a separate entity from
most cases of CPRC. Clinically, it remains a relatively rare
and thoroughly aggressive phenotype. Disease progression
appears entirely unrelated to the AR axis with patients
usually identified through a disproportionately low PSA.
Visceral and brain metastases are more common. Serum and
tissue markers of chromogranin A, NSE and synaptophysin
are commonly elevated. Recently, protocadherin-PC has
also been suggested to be a marker of neuroendocrine
transdifferentiation (98).

There is a renewed interest in this subtype of CRPC
for a couple reasons. Firstly, the increasing use of potent
AR antagonism is postulated to increase the incidence of
NEPC, though this requires further research to validate this
hypothesis. Secondly, new treatments for this aggressive entity
are now in development. Aurora kinase inhibitors such as
MLNS8237 target neuroendocrine/small cell prostate cancer.
Sequencing studies have identified overexpression and gene
amplification of aurora kinase A and N-myc in 40% of NEPC
vs. 5% of prostate cancers (99). Phase 1I trials of MLLN8237
are ongoing in men with elevated NEPC markers.
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Conclusions

An improved understanding of the molecular biology of
CRPC has led the way to a relative explosion in the number
of targets and novel treatments for this lethal disease.
Many new targets beyond the AR have the potential to
further improve the outcomes for patients. Past failures of
non-AR agents in clinical trials highlight the need for
rigorous evaluation of agents which are selected to proceed
to Phase III clinical evaluation. Combination strategies
will likely optimize the efficacy of targeting alternate
pathways. Further, the molecular classification of tumour
subtypes will further aid in patient selection for these
targeted therapies.
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