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Abstract: Prostate cancer is a leading cause of cancer death in men in developed countries. While early stage disease can often be cured, many patients eventually develop castration resistant prostate cancer (CRPC). The majority
of CRPC patients have bone metastases, which cause significant morbidity and mortality. Although there is no cure
for prostate cancer metastatic to bone, several bone-targeted agents have been approved to prevent skeletal-related events (SREs). Among them, bisphosphonates were the first class of drugs investigated for prevention of SREs.
Denosumab is a recently approved agent that binds to the receptor activator of nuclear factor-κB ligand (RANKL) as
a humanized monoclonal antibody. Both agents target prostate cancer skeletal metastasis through the inhibition of
bone resorption. Alpharadin is the first radiopharmaceutical agent that has significant overall survival benefit. It has
benefits in pain palliation and SREs as well. Another newly approved drug is Abiraterone acetate, which decreases
circulating levels of testosterone by targeting an enzyme expressed in the testis and the adrenal, as well as in prostate cancer tissues. This review outlines the clinical and preclinical data supporting the use of these and new agents
in development for CRPC with bone metastasis.
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Introduction
Prostate cancer (PCa) is the most common
malignancy and the second-leading cause of
cancer death in American men, with 238,590
new diagnoses and 29,720 deaths estimated
in the US in 2013 [1]. PCa patients identified
with early stage disease can often be cured
with local therapy like prostatectomy or radiation therapy. For more advanced prostate cancer that has spread beyond the prostate gland,
androgen-deprivation therapy is commonly
used before the prostate cancer becomes castration-resistant. After hormone-deprivation
therapy fails, chemotherapeutic are the next
option [2]. Docetaxel is the first-line chemotherapy for metastatic castrate resistant PCa. It
inhibits cell proliferation, improves overall survival modestly and reduces pain (35% versus
22% in placebo) [3]. However, for metastatic
castration-resistant prostate cancer (mCRPC)

cases these treatments show little benefit [4].
More than 90% of patients with mCRPC develop bone metastases [5, 6], and most of them
are suffering from asymptomatic pain or skeletal-related events (SREs), such as spinal cord
compression, and pathological fractures. This
review will focus on current and promising therapeutic options specific for this stage of disease. This review will focus on the clinical evidence supporting current and prospective
bone-targeted therapies for CRPC.
Treatments target bone-tumor microenvironment
Bisphosphonates
Bisphosphonates are the first class of agents
that were investigated for SRE prevention in
patients with mCRPC for decades. Osteoporosis
is a common consequence of androgen depri-
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vation therapy for prostate cancer. Up to 20%
of patients on androgen deprivation therapy for
localized prostate cancer will have a bone fracture within 5 years [7]. Zoledronic acid was the
only FDA approved bisphosphonate for the prevention of SREs. Bisphosphonates exert a variety of actions on bone and tumor cells [8, 9].
The best characterized mechanism of bisphosphonates is their function as pyrophosphate
analogues, which adhere to hydroxyapatite
crystal-binding sites in the bone matrix, attach
to the sites in areas of active resorption and
prevent osteoclast adherence via inhibiting
osteoclast progenitor differentiation and survival through stimulation of osteoblasts [10,
11].
Abnormal osteoblastic and osteoclastic activities in the prostate metastatic bone microenvironment justify the rationale for using bisphosphonate therapy in mCRPC. In a randomized,
placebo-controlled trial, patients with mCRPC
were randomly grouped and received intravenous zoledronic acid at 4 mg, 8 mg, or placebo
every 3 weeks for 22 cycles [12]. A reduced proportion of SREs in patients who received zoledronic acid at 4 mg (44.2% versus 33.2% in
placebo; P=0.021) were observed. Meanwhile,
no significant difference in overall survival, disease progression, performance status, or quality of life was observed among the groups. At a
follow-up of 24 months, patients in the zolendronic acid group continued to demonstrate
decreased bone pain, and prolonged time to
first SRE (488 days in the treatment group versus 321 in the control, P=0.009) [13].
Disappointingly, subsequent studies of other
bisphosphonates, such as pamidronate and
clodronate, have not yielded similar results [14,
15]. Adverse effects including fatigue, anemia,
myalgia, fever, and lower extremity edema were
more common in the bisphosphonate-treated
patients than in controls. The identification of
cases of osteonecrosis of the jaw, an incredibly
rare condition in patient not receiving bisphosphonate therapy, has also raised concern in the
medical community regarding the possible
adverse reactions of this class of medications,
in spite of its positive effects [16, 17]. A best
practice guidelines of using bisphosphonates
in mCRPC patients will help to balance its
undisputed benefits with the increasingly safety concerns.
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Liposomes-improved drug delivery
Targeted drug delivery systems like liposomes
may help overcome drug resistance by achieving higher drug levels at the tumor site. In addition, targeted drug delivery can leading to fewere systemic side effects by limitingthe exposure of healthy tissue to drug. In light of the
extensive experience with several liposomal
anticancer formulations, liposomal targeting of
anticancer drugs to tumors in patients with
prostate cancer seems a plausible approach
[18].
The bone/bone-marrow microenvironment can
be exploited to selectively deliver anticancer
drugs to bone metastases. Bisphosphonatecoated liposomes may effectively target active
bone surfaces (hydroxyapatite), abundantly
exposed in the local bone metastatic environment. Tumor-associated macrophages promote
tumor growth on active bone surfaces by direct
release of growth and inflammatory factors
(EGF, VEGF, IL-10, IL-12, TNF-а), while osteoclasts mediate bone resorption, which leads to
the release of bone-matrix bound growth factors (TGF-β) [19-21].
Liposomal bisphosphonate zoledronic acid
resulted in decreased levels of tumor-associated macrophages, reduced angiogenesis and
inhibition of prostate xenograft growth [22]. In
metastatic xenograft models, liposomal delivery of clodronate, another bisphosphonate,
inhibited metastatic growth and reduced the
number of bone metastases through suppressant of tumor-associated macrophages, reduced levels of inflammatory cytokine IL-6 and a
reduction of osteoclast activity [23, 24].
Denosumab
Denosumab is a fully humanized monoclonal
antibody directed against the receptor activator of nuclear factor-κB ligand (RANKL). In
November 2010, it was approved by the FDA for
prevention of SREs in patients with bone
metastases from solid tumors, including prostate cancer. RANKL is a tumor necrosis family
(TNF) member that is expressed on cell surface
and is mainly released by osteoblasts and activated T cells. The binding between RANKL and
its receptor RANK on osteclast lineage cell surface is essential for the maturation and function of osteoclasts. Upon RANKL binding to
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RANK, a serial of signaling pathways are activated to stimulate osteoclast formation, activation, adherence, and survival, which eventually
leading to bone resorption [25-28].
Results from a phase II trial of denosumab in
cancer patients including bone metastatic
CRPC previous exposed to intravenous bisphosphonate therapy, treatment with denosumab
showed fewer on-study SREs than those continue receiving intravenous bisphosphonate
[29]. To further determine the effects of denosumab in men receiving androgen deprivation
therapy for prostate cancer, the HALT prostate
cancer trial randomized men to receive denosumab at a dose of 60 mg subcutaneously
every 6 months or placebo. At 24 months,
patients received denosumab were associated
with increased bone mineral density at all sites
including lumbar spine, femoral neck, and total
hip. Denosumab also reduced the incidence of
new vertebral fractures among men receiving
androgen deprivation therapy for nonmetastatic prostate cancer [30, 31].
Two randomized, double-blinded phase III clinical trials have been conducted to investigate
denosumab efficacy in prostate cancer. One
trial compared denosumab with zoledronic acid
for prevention of SREs in 1904 men with bone
metastases from CRPC demonstrated a more
favorable efficacy of denosumab than zoledronic acid [32]. Among the 950 patients assigned
to denosumab, the median time to first SREs
was 20.7 months compared to 17.1 months in
the 951 patients assigned to zoledronic acid.
Another study was a placebo-controlled trial
designed specifically to gauge bone-metastasis-free survival in men at high risk of developing bone metastasis with PSA ≥8.0 μg/L or PSA
doubling time of ≤10.0 months [33]. Though
denosumab usage did not show benefit in overall survival, the denosumab-treated arm did
demonstrate a longer time to bone-metastases
by a median of 4.2 months.
Radiopharmaceuticals
Targeting of the prostate cancer bone metastasis microenvironment is an increasingly common adjunctive strategy in the management of
mCRPC. Radiopharmaceuticals differ from
other agents used for this purpose based on
their nuclear properties, clinical benefit, and
toxicity. Radiopharmaceuticals may emit radia-
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tion as either alpha or beta particles. An alpha
particle is ejected from a heavy nucleus during
alpha decay and consists of two neutrons and
two protons. A beta particle is an electron
released from a nucleus during beta decay
which converts a neutron into a proton, an electron, and a neutrino [6]. Both alpha- and betaparticles can send local ionizing radiation to
malignant tissue [34]. So far, due to the failure
to improve prostate cancer patient survival,
current beta-emitting radiopharmaceuticals
including strontium-89, 153Sm-EDTMP, and
Re-186 HEDP, have been only approved for palliation of pain caused by bone metastases in
CRPC patients [35].
Radium-223 chloride (Ra-223, Alpharadin) is
the first radiopharmaceutical agent demonstrated an overall survival advantage in CRPC
patients with bone metastases. Radium-223
targets sites of bone metastasis via emitting of
α-particles which provide more dense ionizing
radiation in a narrow range of <100 μm (corresponding to 2-10 tumor cell diameters) [36]. Its
short track-length significantly minimize myelotoxicity. A phase III, randomized, double-blind,
placebo-controlled study of Ra-223 in men with
CRPC and bone metastasis demonstrated a
significant improvement in overall survival
(14.9 V 11.3 months; P=0.00007) and time to
first skeletal-related event (15.6 V 9.8 months;
P=0.00037) for patients in the treatment arm
[34]. This trial led to alpharadin approval by FDA
in 2013 for patients with symptomatic mCRPC
to the bones in the absence of visceral metastases. The recommended dose and schedule
for using alpharadin is by slow administered
intravenously over 1 minute at 1.35 microcuries/kg every 4 weeks for 6 doses.
Immnotherapy
Vaccine Sipuleucel-T
Sipuleucel-T is a cancer vaccine involving the
reintroduction of antigen-presenting cells (APC)
using the hematopoietic progenitor cells prepared via leukapheresis from patients themselves. A fusing protein consisting prostate
acid phosphatase (PAP) conjugated with granulocyte-macrophage colony-stimulating factor
(GM-CSF) named PA2024 will be loaded to
these APC to stimulate the patient’s immune
responses against prostate cancer cells. After
being infused back into the patient, Sipuleucel-T
Am J Clin Exp Urol 2013;1(1):30-38
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specifically recognizes immature cytotoxic T
lymphocytes (CD8+ cells) and binds to the surface receptors of T cells first and subsequently
provides PAP epitopes to these T lymphocytes
which are further directed to mount an immune
reaction against prostate cancer cells. Sipuleucel-T also acts a vaccine to activate the helper CD4+ lymphocytes, which are able to directly
attack the cancer cells and retain other cytotoxic T lymphocytes via secretion of cytokines.
Influenced by the initial white blood cell removal when Sipuleucel-T is prepared, other immune
cells, such as T cells, B cells and natural killer
cells, can also exist in Sipuleucel-T [37, 38].
One of the prerequisite of Sipuleucel-T therapy
is the PAP expression in at least 25% of cancer
cells because PAP required as the navigating
epitome for this therapy to be effective. This
personalized treatment eventually induces
humoral and T cell immune response as demonstrated by the augments in IgM and IgG antibodies against PA2024 and PAP. The IgM and
IgG antibodies titers exceeding 400 were
observed in 66.2% and 28.5% of treated
patients. Both IgM and IgG antibodies are
around 20-fold higher compared to those ratios
in the placebo group. Similarly, in response to
PA2024 and PAP, T-cell proliferation was much
more frequent in Sipuleucel-T therapy group six
weeks after the infusion [39].
Three phase III clinical trials on Sipuleucel-T
suggested that it can significantly improve the
overall survival of patients. There was a 26.5%
reduction in risk of death from prostate cancer,
providing 4.1 months improvement (25.8
months versus 21.7 months) in median overall
survival. The median time to prostate cancer
progressionwith Sipuleucel-T therapy was no
different from that of placebo-treated patients
[39-41]. In 2010, Sipuleucel-T was approved by
the FDA for the treatment of asymptomatic or
minimally symptomatic CRPC. However, the
average monthly expenditure is $22,683 per
month of added median survival with sipuleucel-T [42]. Thus the high therapy costs may
restrict Sipuleucel-T as a standard treatment
option for CRPC.

tion is stimulated by androgens [43]. Orchiectomy or administration of GnRH analogues
(chemical castration) is used to reduce androgen levels, 90% of which are produced in the
testes. However, 10% of androgens are synthesized in the adrenals and by tumor cells, which
are not amenable to these treatments. This
leak produces sufficient androgens to continue
stimulating prostate cancer cell growth [44].
The inhibition of 17α-hydroxylase-17, 20-lyase
(CYP17) is a more effective method to eradicate androgen secretion since CYP17 enzyme
is required in androgen biosynthesis regardless
of organs [45]. Abiraterone acetate is CYP17
inhibitor and functions as an androgen biosynthesis inhibitor in both pre- and postdocetaxel
setting of mCRPC. Another CYP17 inhibitor is
Ketoconazole, which is less potent and used as
an alternative when abiraterone is not available
[46]. In the COU-AA-301 phase III trial, overall
survival in the abiraterone with prednisone arm
was 14.8 months versus 10.9 months in the
prednisone only arm; a 35.4% reduction in the
risk of death. In addition, there have been
reports on its efficacy in pain palliation and prevention of SREs [47, 48]. The median time to
occurrence of first SRE was at 25 months with
abiraterone and prednisone compared to 20.3
months in the prednisone only arm. In patients
with clinically significant pain at baseline,
Abiraterone and prednisone resulted in less
pain in 157 of 349 (45.0%) of patients versus
47 of 163 (28.8%) of patients receiving monotherapy. Notably faster palliation was achieved
with abiraterone and prednisone with a median
time to palliation of 5.6 months versus 13.7
months in those who only received prednisone
[48]. Adverse effects, such as elevated mineralocorticoid levels, cardiac disorders and liverfunction test abnormalities, were common in
the abiraterone acetate treated patients. On
April 28, 2011, the FDA approved abiraterone
acetate for use in combination with prednisone
for the treatment of patients with mCRPC who
have received prior chemotherapy containing
docetaxel based on improvement overall survival.

Therapy target androgen pathway

Enzalutamide

CYP17 inhibitor abiraterone

Enzalutamide is a second-generation oral
androgen receptor (AR) signaling inhibitor or
antagonist previously known as MDV300. It has
been approved by the FDA in 2012 for the treat-

Hormone therapy is based on the observation
that up to 80% of prostate cancer cell prolifera33
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ment of progression mCRPC in the postdocetaxel setting. The phase III AFFIRM was an
international double-blind placebo controlled
trial in 1199 men from 166 sites with mCRPC
who have failed prior docetaxel-containing chemotherapy regimens. The primary endpoint of
the trial was overall survival. Secondary endpoints included radiographic progression-free
survival, time to PSA progression, quality of life,
and time until first skeletal-related event. An
improvement in the primary endpoint was
achieved with a median of 18.4 months in men
who received enzalutamide versus 13.6
months in men received placebo. For the secondary endpoint, enzalutamide was also able
to retard SREs with delayed first SRE time at
16.7 months while those who received placebo
had first SRE time in 13.3 months in avaerage
(hazard radio, 0.62; P<0.001). All parameters
on pain palliation confirmed the more favorable
response to enzalutamide compared to the placebo arm, including pain progression time,
mean reduction in pain intensity and interference [49, 50]. This result demonstrated a favorable side effect profile of Enzalutamide indicating it is very well tolerated in patients.
Treatment strategy targets tyrosine or Src
kinases
Cabozantinib
Cabozantinib (XL184) is a novel receptor tyrosine kinase inhibitor which inhibits the vascular
endothelial growth factor receptor 2 (VEGFR2)
and the hepatocyte growth factor c-Met. In a
phase II trial of prostate cancer patients, 87%
of whom had bone metastases, cabozantinib
resulted in the partial resolution of bone lesions
in 56% of patients and complete resolution in
19% [51]. In a dose-finding study, 40 mg cabozantinib was found to be associated with a high
rater of bone scan response than 20 mg and
with better tolerability than 60 mg [51].
Encouraging data from the phase II trials has
led to the development of two phase III trials of
cabozantinib in mCRPC, COMET-1 (NCT01605227) and COMET-2 (NCT01522443). First
results of these two trials will not be available
until mid-2014.
Src Family Kinase (SFK) inhibitors
The nonreceptor protein tyrosine kinase Src
plays a pivotal role in the signal transduction
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pathways involved in both normal and malignant cell functions including proliferation,
migration, and adhesion. SFKs are also essential for bone remodeling by stimulating osteoclasts and suppressing osteoblasts [52-56].
Several dual inhibitors of Src and Bcr-Abl tyrosine kinases, such as Dasatinib, Saracatinib
and Bosutinib, have been studied in patients
with prostate cancer.
Dasatinib is not only effective as a monotherapy in trials for CRPC patients, but may also
function synergistically in combination with
other chemotherapies [57-60]. The combination of Dasatinib and Docetaxel demonstrated
a >50% reduction in PSA among 57% of
patients and a partial disease response among
60% of patients. Urinary N-telopeptide of type I
collagen (NTx) levels, an indicator of bone
resorption, decreased in 87% of the patients
with manageable toxicity [61]. A follow-up study
demonstrated improvements in bone scans,
high rates of soft tissue responses, and modulation of markers of bone turnover in 46
patients with mCRPC [58]. Phase II trials of
Saracatinib (AZD-0530) have been carried out
as a mono-therapy for patients with castrate
resistant PCa (NCT00513071) in comparison
with ZA on patients with metastatic PCa or
breast cancer. The results are pending.
Bosutinib (SKI-606) was shown to block PCa
invasion, growth, and metastasis in preclinical
studies [62].
The only Src-specific inhibitor, KX2-391 (Kinex
Pharmaceuticals, NY, US), is a small molecule
that binds to Src’s peptide substrate-binding
side. In a single-arm Phase II study in men with
metastatic CRPC, twice daily use of 40 mg of
KX2-391 did not show antitumor activity, even
though modest effects on bone turnover markers were observed [63]. In summary, SFK inhibitors for inhibition of PCa bone metastasis are a
promising class of agents, but more clinical
studies are required to determine their optimal
dosage and most effective combinations.
Conclusion
As summarized in the Table 1, in recent years,
with better understanding of bone metastatic
mechanisms, novel and more specific chemotherapeutic, immunologic, and radiopharmaceutical agents have demonstrated survival
benefit and prevention SREs [47, 49, 64].
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Table 1. List of the current and pending medications for CRPC
Name

Category

Main target

Status

Bisphosphonates

Compound

Bone environment: bone resorption

Approved

Denosumab

Humanized monoclonal antibody

Bone environment: bone resorption
Directed against RANK-L

Approved

Alpharadin

α emitting Radiopharmaceutical

Sites of bone metastasis

Approved

Sipuleucel-T

Vaccine

T lymphocytes and helper CD4+ lymphocytes

Approved

Abiraterone

Compound

androgen biosynthesis inhibitor inhibits 17α-hydroxylase-17,
20-lyase (CYP17)

Approved for use
with prednisone

Enzalutamide (MDV300) Compound

Androgen receptor (AR) signaling pathway

Approved

Cabozantinib

Compound

Receptor tyrosine kinases inhibitor Hepatocyte growth factor
c-Met and VEGFR2

Phase III

Dasatinib

Compound

dual inhibitors to Src and Bcr-Abl tyrosine kinases

Phase II

Saracatinib

Compound

dual inhibitors to Src and Bcr-Abl tyrosine kinases

Phase II

Bosutinib

Compound

dual inhibitors to Src and Bcr-Abl tyrosine kinases

preclinical

KX2-391

Compound

Src-specific inhibitor

Phase II

Despite that the approved drugs still cannot
prevent bone-metastasis prostate cancer progression, novel strategies have been proposed
to further potentiate the antitumor effects of
these agents or reduce their adverse effects
and complications. Now with a lot of expanded
treatment options available for treatment of
mCRPC, making a tailored treatment for each
patient to maximize the treatment efficacy in
disease control may require better molecular
characterization of the tumor cells. Further
investigations on the selection criteria to determine those most likely to respond to a certain
therapy are essential. Better understanding of
the molecular mechanism at the individual
patient level may aid clinicians in making the
best choice among many therapeutic options
for each patient. Further efforts are necessary
to optimize the drug combination to prolong
progression free and overall survival, as well as
to improve and quality of life of affected patients.
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