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Abstract | Bone metastases develop in most patients with metastatic castration‑resistant prostate cancer 
(mCRPC). They affect the structural integrity of bone, manifesting as pain and skeletal‑related events (SREs), 
and are the primary cause of patient disability, reduced quality of life (QOL) and death. Understanding the 
pathophysiology of bone metastases resulted in the development of agents that improve clinical outcome, 
suggesting that managing both the systemic disease and associated bone events is important. Historically, 
the treatment of CRPC bone metastases with early radiopharmaceuticals and external beam radiation 
therapy was largely supportive; however, now, zoledronic acid and denosumab are integral to the therapeutic 
strategy for mCRPC. These agents substantially reduce skeletal morbidity and improve patient QOL. 
Radium‑223 dichloride is the first bone‑targeting agent to show improved survival and reduced pain and 
symptomatic skeletal events in patients with mCRPC without visceral disease. Five other systemic agents are 
currently approved for use in mCRPC based on their ability to improve survival. These include the cytotoxic 
drugs docetaxel and cabazitaxel, the hormone‑based therapies, abiraterone and enzalutamide, and the 
immunotherapeutic vaccine sipuleucel‑T. Abiraterone and enzalutamide are able to reduce SREs and improve 
survival in this setting. Novel agents targeting tumour and bone cells are under clinical development.

Body, J.‑J. et al. Nat. Rev. Urol. 12, 340–356 (2015); published online 5 May 2015; doi:10.1038/nrurol.2015.90

Introduction
Prostate cancer is the second most frequently diagnosed 
cancer and the fifth leading cause of cancer-related death 
in men, accounting for an estimated 15% (1.1 million) of 
all new cancer cases and 7% (307,000) of all c ancer-related 
deaths in men worldwide in 2012.1

Androgen-dependent prostate tumour growth is con-
trolled by surgical or medical castration. The drug classes 
used in medical castration or androgen deprivation 
therapy (ADT) include luteinizing hormone-releasing 
agonists or antagonists, and antiandrogens. This strategy 
is the standard of care for patients with advanced or meta-
static disease and it is continued after castration levels 
of testosterone have been confirmed.2,3 Patients remain 
on ADT throughout the course of their disease. In many 
men, the disease will progress, despite castration levels 
of testosterone, to become castration-resistant prostate 
cancer (CRPC).2,4

The majority (around 90%) of patients with metastatic 
CRPC (mCRPC) have radiological evidence of bone 
metastases, and bone is the first metastatic site in 80% of 
patients.5,6 Bone metastases lead to changes in the struc-
tural integrity of the bone and manifest as pain and debili-
tating skeletal-related events (SREs, Box 1) and are the 
primary cause of disability, reduced quality of life (QOL) 
and death.7,8 The extent of bone involvement in mCRPC 

negatively correlates with patient survival.9 SREs are also 
associated with reduced patient survival: in a Danish 
population- based study in men with prostate cancer, one-
year survival was 87% in men without bone metastases, 
47% in those with bone metastases but no SREs, but only 
40% in those with bone metastases and SREs.10

Currently, six therapies are approved for the treat-
ment of mCRPC, based on their capacity to improve 
overall survival in randomized controlled trials. These 
include the cytotoxic drugs docetaxel11,12 and cabazi-
taxel,13 the immuno therapeutic vaccine sipuleucel-T,14 
and the hormone-based therapies abiraterone15–17 and 
enzalutamide.18,19 In 2013, the bone-targeting radio-
pharmaceutical radium-223 dichloride (223Ra) was added 
to this list.20 Other bone-targeting agents are used in the 
support ive care of patients with mCRPC to reduce pain 
and the incidence of SREs, including osteoclast inhibitors 
such as zoledronic acid21,22 and denosumab,23 which have 
been shown to have the highest efficacy in delaying and 
redu cing skeletal c omplications of mCRPC in c omparison 
with other drugs.

Pain relief for bone metastases can be achieved with 
radiotherapy. External beam radiation therapy (EBRT) is 
recommended for patients with focal metastases.2 Bone-
targeting radiopharmaceuticals incorporated into new 
bone during turnover and remodelling at metastatic sites 
can be effective for patients with multiple metastases, and 
include β-particle-emitting radioisotopes, strontium-89 
(89Sr), samarium-153 (153Sm) and rhenium-186 (186Re), 
and α-particle-emitting 223Ra.24,25 In the treatment of 
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patients with mCRPC and bone metastases, the approval 
of 223Ra is an important development, as this agent is 
the first bone-targeting α-particle-emitting radiothera-
peutic to demonstrate a survival advantage in addition 
to reducing symptomatic skeletal events (SSEs) and 
associ ated pain.20,26,27 Thus, targeting bone metastases in 
patients with mCRPC offers a new treatment approach to 
improve survival in this setting. A better understanding 
of the pathophysiology of bone metastases has led to the 
development of agents that can both improve long-term 
outcomes and reduce the pain and skeletal morbidity 
associated with this condition.

In this Review, we describe the pathophysiology of 
prostate cancer bone metastases (PCBMs) and the clini-
cal burden of skeletal metastases in this setting. We review 
the clinical data from studies of bone-targeting agents 
in the palliative care of patients with mCRPC, includ-
ing bisphosphonates, β-particle-emitting radiopharma-
ceuticals and denosumab. We focus in particular on the 
development of 223Ra, a bone-targeting agent with effects 
on both skeletal and long-term outcomes. In this context, 
we further review the properties of both approved and 
novel systemic agents with regard to improving skeletal 
outcomes. Finally, we discuss the place of these agents in 
the overall therapeutic strategy for patients with mCRPC.

Bone metastasis in CRPC
Prostate cancer has a propensity to metastasize to bone. 
In an analysis of 1,589 autopsy reports of men older than 
40 years with prostate cancer, 35% of men had evidence 
of metastases, with the most frequent involvement (90%) 
being in bone.5 The most common sites for PCBMs are 
the ribs, spine and pelvis, although metastases in the skull 
and long bones have also been reported.28–30 The high 
prevalence of bone metastases in patients with mCRPC 
adds to the burden of the disease. Bone metastases cause 
substantial skeletal morbidities, including severe bone 
pain (requiring strong analgesics or EBRT), pathological 
fracture, spinal cord or nerve root compression, hypocal-
caemia (often asymptomatic) and myelosuppression.31,32 
As a result of these morbidities, patient QOL—including 
physical, emotional and functional wellbeing—is sub-
stantially reduced.8 Furthermore, metastasis-associated 
skeletal morbidities are negative predictors of survival in 
patients with mCRPC.9,33–35 Overall skeletal morbidity 
incurs marked increases in the costs of treating patients 
with bone metastases.36–38 Reducing the incidence of SREs 
or prolonging the time to occurrence of SREs is important 
in improving clinical outcome in patients with mCRPC 
and reducing the financial burden of the disease. Thus, 
regulatory authorities request the inclusion of SREs, 
and more recently SSEs, as clinical end points in the 
e valuation of new therapeutic agents in this setting.20–23,26

Pathological fractures constitute a classical feature of 
SREs, although they occur much less frequently as a result 
of bone metastases in mCRPC than in metastatic breast 
cancer.22,39 In clinical trials of bone-targeting agents, 
the occurrence of SREs has most often been monitored 
through periodic radiological review.21–23 Clinically 
identified SSEs differ from asymptomatic radiologically 
detected fractures, and can be viewed as more clinically 
relevant (Box 1). The main difference between SREs and 
SSEs lies in their assessment. For SREs, patients have a full 
systematic radiological survey every 4 weeks or 8 weeks 
to detect asymptomatic pathological fracture and spinal 
cord compressions. By contrast, detection of SSEs does 
not include serial radiological review; fractures and 
spinal cord compressions are assessed based on patient 
s ymptoms and are therefore identified clinically.

SSEs are considered to be more relevant to daily routine 
clinical care than classical SREs. Not surprisingly, the use 
of SSEs as an end point is becoming more common in 
clinical trial design. In 2013 and 2014, time to first SSE 
as an end point has been used in trials of bone-targeting 
agents shown to prolong overall survival.20,26 The valida-
tion of SSEs as a suitable endpoint for clinical studies was 
demonstrated in a randomized phase III trial in patients 
with CRPC with bone metastases, in which denosumab 
was shown to reduce the risk of skeletal complications 
regardless of whether the end point was SREs or SSEs.31

Bone physiology
The health and structural integrity of normal bone is 
maintained by an active and continuous cycle of bone 
resorption by osteoclasts and new bone formation by 
osteoblasts. Osteoclasts differentiate from monocyte 

Key points

 ■ Bone metastases are common in metastatic castration‑resistant prostate 
cancer (mCRPC) and lead to skeletal‑related events (SREs), which are a major 
cause of patient disability, reduced quality of life, and death

 ■ Understanding the pathophysiology of bone metastasis resulted in the approval 
of agents that improve clinical outcomes in patients with mCRPC, and new 
targeted agents are under development in this setting

 ■ Managing both the tumour and associated SREs is important to improve 
survival and quality of life of patients with mCRPC

 ■ Osteoclast inhibitors are part of the standard treatment of CRPC metastatic 
to bone; denosumab has been shown to reduce skeletal morbidity more than 
zoledronic acid

 ■ New antitumour agents increase survival and some, such as abiraterone and 
enzalutamide and 223Ra, also decrease skeletal morbidity

 ■ Ongoing clinical studies are investigating the optimal position and combinations 
of approved agents in the treatment paradigm to maximize patient benefit in 
this setting

Box 1 | Definitions of skeletal events in mCRPC

Skeletal‑related events22,23

 ■ Pathological fracture (confirmed by serial radiological 
review)

 ■ Radiation therapy to bone
 ■ Surgery to bone
 ■ Spinal cord compression (confirmed by serial 

radiological review)
 ■ Change in antineoplastic therapy to treat bone pain*

Symptomatic skeletal events20

 ■ Use of external beam radiation therapy to relieve 
skeletal symptoms

 ■ Symptomatic bone fracture
 ■ Surgery to bone
 ■ Symptomatic spinal cord compression

*Parameter used only in Saad et al.21,22 Abbreviation: mCRPC, 
metastatic castration‑resistant prostate cancer.
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or macrophage precursors, mediated by the expres-
sion of cytokines including M-CSF, RANKL, IL-6, IL-8 
and CCL2 (also known as C–C motif chemokine 2).40,41 
Osteoclasts attach to bone matrix to form a resorption 
vacuole, which they acidify and into which they secrete 
lytic enzymes. Bone resorption leads to the release of 
osteoblast-activating growth factors (including trans-
forming growth factor β-1 [TGF-β], bone morpho genetic 
proteins [BMPs], fibroblast growth factors [FGFs], 
platelet-derived growth factors [PDGFs], IGF-I and 
IGF-II) from the bone matrix, which regulates osteoblast 
growth and differentiation. Osteoblasts differentiate from 
stromal mesenchymal stem cells mediated by the activity 
of the runt-related transcription factor 2 and the Wnt-
signalling pathway.40 Activated osteoblasts produce an 
organic matrix, which is m ineralized over the course of 
several weeks.

At the molecular level, RANKL, its receptor (RANK) 
and osteoprotegerin (OPG) are crucial for normal bone 
physiology; the RANKL–RANK–OPG axis is the key 
regu lator of the interactions between osteoblasts and 

osteoclasts.41,42 RANK is a transmembrane protein 
expressed on the surface of osteoclast precursor cells and 
its ligand RANKL is produced by osteocytes, osteoblasts 
and bone marrow stromal cells. Binding of RANKL to 
RANK leads to stimulation of RANK signalling, which 
regulates osteoclast differentiation, activity and survival. 
This process is balanced by OPG, a soluble decoy receptor 
for RANKL, which is produced by mature osteoblasts and 
stromal cells. OPG binds RANKL on the surface of osteo-
clast precursor cells and negates the ability of RANKL to 
activate RANK. In turn, osteoclast differentiation, activa-
tion and bone resorption are diminished. Increasing the 
ratio of OPG to RANKL leads to increased bone mass.43 
Thus, the physiology of normal bone involves inter action 
between osteoclasts, osteocytes, osteoblasts and the 
bone microenvironment.

Pathophysiology of bone metastasis
PCBMs fit the ‘seed and soil’ hypothesis, first observed 
by Paget in 1889, which describes that seeds (metastatic 
cells) only thrive if the soil environment (bone) is amen-
able to growth.44 The bone microenvironment seems to 
facilitate prostate cancer cell growth, which subsequently 
leads to disruption of the normal balance of osteolytic 
and osteoblastic activity.45 The establishment and expan-
sion of prostate cancer metastases within bone involves 
paracrine signalling between tumour cells and the 
normal cells in the bone microenvironment.

Briefly, circulating prostate cancer cells are estab-
lished in bone via entry through the wide-channelled 
sinusoids of the bone marrow cavity. This process 
requires a capability to migrate across the sinusoidal 
wall, invade the marrow stroma and travel to the endo-
steal bone surface. The SDF-1–CXCR-4 pathway seems 
to be important for homing and invasion of metastases to  
bone.46,47 Tumour expression of the adhesion molecule 
integrin αvβ3, which binds the RGD peptide sequence 
found on extracellular matrix proteins, also seems to be 
important for invasion of the bone endosteum.48 In addi-
tion, activated RANK–RANKL signalling in prostate 
cancer cells is implicated in their colonization of bone 
during metastasis.49,50

Within the bone microenvironment, prostate cancer 
cells acquire properties of bone cells, expressing tran-
scription factors, including OSF-2, and interacting with 
bone marrow stem cells and haematopoietic cells in the 
metastatic niche to promote tumour growth.45

The interaction between prostate cancer cells and the 
bone microenvironment exists as a cyclic feedback loop 
(Figure 1). Growth factors released by PCBMs stimulate 
osteoblast activity and new bone formation. Tumour-
produced endothelin-1 (ET-1) stimulates osteoblasts 
via the endothelin A receptor.51 ET-1 activates Wnt sig-
nalling through the suppression of the Wnt antagonist 
Dkk-1, which is secreted in an autocrine regulatory loop 
by osteoblasts. Dkk-1 promotes osteolytic metastases 
in addition to modulating the development of osteo-
blastic metastases.52 Other tumour-secreted osteoblast- 
stimulating growth factors include adreno medullin, 
FGFs, PDGFs and BMPs.40,42,53 Tumour-secreted 
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Figure 1 | The cyclic feedback loop between PCBMs, osteoblasts and osteoclasts, 
and target sites of therapeutics. PCBMs release osteoblastic growth factors, such 
as ET‑1, which leads to formation of new bone (woven bone). In turn, osteoblasts 
release PCBMs‑stimulating growth factors, for example TGF‑β. In addition, 
stimulated osteoblasts release RANKL and PTH, which promote osteoclast activity, 
together with PCBMs‑released osteolytic factors, including uPA and PTHrP. 
The resulting release of growth factors from the bone matrix promotes the 
establishment of further PCBMs. Currently approved drugs for patients with 
PCBMs act on PCBMs directly or inhibit osteoclast activity via different molecular 
targets. Abbreviations: ET‑1, endothelin‑1; PCBMs, prostate cancer bone 
metastases; PTH, parathyroid hormone; PTHrP, PTH‑related protein; TGF‑β, 
transforming growth factor β‑1; uPA, urokinase‑type plasminogen activator. 
Adapted with permission obtained from Molecular and Cellular Endocrinology, 310, 
Casimiro, S. et al., The critical role of the bone microenvironment in cancer 
metastases, 71–81, © (2009), with permission from Elsevier.
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proteases (matrix metalloproteinases [MMPs], prostate-
specific antigen [PSA], and urokinase-type plasminogen 
activator [uPA]) lead to the release of osteoblastic pro-
moting growth factors from the extracellular matrix, 
including TGF-β and IGF-I.42,53

TGF-β is also deposited into the bone matrix by mature 
osteoblasts. However, the role of TGF-β in regulating 
bone formation and resorption is complex. For example, 
during early stages of differentiation, osteoblasts are 
sensitive to the mitogenic effects of TGF-β, whereas in 
later stages of their differentiation TGF-β can block the 
m aturation of osteoblasts and bone mineralisation.54,55

Increased tumour-induced osteoblast activity also 
leads to increased RANKL concentrations and hypo-
calcaemia, which leads to parathyroid hormone (PTH) 
release, both inducing osteoclast activity. Osteoclast 
activity is key in the establishment of PCBMs and the 
resultant release of growth factors from bone matrix 
promotes the establishment of prostate cancer cells, 
further feeding the ‘vicious cycle’ of bone growth 
and breakdown.

Prostate cancers have also been shown to over express 
PTH-related protein (also known as PTH-related 
peptide, PTHrP), which is an important stimulator of 
osteoclast activity.53,56 PTHrP is produced both by cancer 
cells and by cells within the bone microenvironment.53 
Increased PTHrP and IL-11 concentrations in the local 
environment drive RANKL expression and inhibit OPG 
secretion from osteoblasts and stromal cells, thereby 
activating osteoclastogenesis via the RANK recep-
tor expressed on osteoclast precursor cells. Activated 
osteoclasts lead to bone resorption and further release 
of growth factors embedded in the bone matrix, stimu-
lating tumour cell proliferation. Calcium released into 
the local bone environment during osteolysis might also 
contribute to growth and survival signals for the tumour 
cells. However, the role of PTHrP in PCBMs is contro-
versial. PTHrP expression from prostate cancer cells can 
also have anabolic effects on bone.57 Data from in vitro 
studies suggest that PSA cleaves PTHrP, converting it 
from an osteoclastic to an osteoblastic factor, although 
supporting in vivo studies are lacking.53

Clearly, osteolysis is important for the establishment 
of bone metastases and, once established, bone metasta-
ses facilitate osteolysis, but they also have an associated 
component of unregulated and increased bone forma-
tion during their aetiology and expansion. Thus, radio-
graphic patterns of bone metastases are varied, ranging 
from osteolytic or mixed lesions in most types of cancers 
to predominantly osteoblastic lesions characteristic of 
prostate cancer.42,56 Complex phenotypes often arise; 
mixed osteoblastic and osteolytic lesions can occur in 
a single patient.58

Osteoblastic activity from PCBMs is demonstrated 
by the detection of new woven bone (which has a dense 
appearance on radiographs), the increased uptake of 
bone scanning agents at lesion sites and raised bone-
specific alkaline phosphate (BALP) levels in the serum 
of affected patients.59 The presence of woven bone 
is confirmed by histology and histomorphometry.58 

The importance of osteolysis in the metastatic process is 
evidenced by histomorphometric studies and increased 
detection of bone resorption markers, such as urinary 
n-telopeptide (uNTx).59 Increased bone resorption is 
suggested to be a prerequisite for successful seeding of 
metastatic cells even in osteoblastic-predominant bone 
metastases.60 In preclinical models of prostate cancer, 
inhibition of osteoclasts can prevent bone metastases.53 
Prostate-cancer-induced woven bone is comprised of 
loosely packed, randomly orientated collagen bundles. 
Such bundles produce bone of suboptimal strength 
compared with mature, healthy bone, which is formed 
of lamellar bone comprised of collagen bundles packed 
in a linear fashion, resulting in optimum bone strength. 
Thus, the combination of inferior bone production and 
underlying osteolysis predisposes patients with PCBMs 
to fractures.61

Identifying biological and molecular mechanisms 
involved in the pathophysiology of PCBMs has led to 
the development of the therapeutic agents currently 
approved for treatment of patients with the disease. 
These agents act at different sites in the bone (Figure 1). 
However, our understanding of the mediators of impor-
tant processes for prostate cancer cell metastasis (includ-
ing the premetastatic niches, dissemination and homing 
of cancer cells, the establishment of prostate cancer cells 
within the bone, cancer cell dormancy in the bone and 
the vicious cycle) is clearly evolving.62–66 Advances in our 
understanding of these processes offer potential for new 
treatments in patients with PCBMs.

Persistent prostate-cancer-induced bone pain is also 
a complex process: it comprises components of neuro-
pathic, inflammatory and ischaemic pain, arising from 
ectopic sprouting and sensitization of primary afferent 
sensory nerve fibres within prostate-cancer-invaded 
bones. It is established and maintained through the cross 
talk that occurs between PCBMs, the bone matrix (osteo-
blasts and osteoclasts) and factors associated with the 
bone microenvironment.67 The complexity of the inter-
play between tumour cells, peripheral nerves and bone 
cells makes the associated pain difficult to manage.68 
Tumour-produced ET-1 activates endothelin recep-
tors on bone sensory nerve endings. Other receptors 
expressed on nociceptive nerve endings include TrK-A, 
Trpv1 and CGRP. Blockade of the endothelin A receptor 
and TrK-A has been shown to reduce pain associated 
with bone metastases.56

Bone-targeting therapies for mCRPC
In this Review, bone-targeting agents are defined as 
those compounds in clinical use that act primarily within 
bone. Here, we review the clinical development of bone- 
targeting agents approved for the treatment of patients 
with mCRPC and bone metastases and provide an over-
view of the effect of these agents in key randomized 
studies on selected skeletal outcomes (time to SRE and/
or SSE) and survival (Table 1). A detailed summary of the 
efficacy of bone-targeting agents, including end points 
measuring pain, QOL and markers of bone turnover, is 
provided in Supplementary Table 1 online.
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Osteoclast‑targeting agents
Bisphosphonates
Bisphosphonates were the first and are the most widely 
used bone-targeting agents for the treatment of skel-
etal metastases. These agents are structurally similar 
to pyrophosphate and bind to hydroxyapatite crystals 
integrating into the bone matrix.69 Nitrogen-containing 
bisphosphonates are potent inhibitors of farnesyl diphos-
phate synthase, leading to the blockade of protein iso-
prenylation and to an increase in osteoclast apoptosis.70 
Preclinical studies demonstrated that the nitrogen-
containing bisphosphonates (notably zoledronic acid) 
were more potent in inhibiting osteoclast-mediated 
bone resorption compared with other bisphospho-
nates.71 Other preclinical studies suggest that zoledronic 
acid might also affect prostate cancer cell adhesion and 
migration, and promote apoptosis in prostate cancer cells 
through the inhibition of tumour growth.69,72

In phase I studies in patients with solid tumours and 
bone metastases, zoledronic acid was found to be safe 
and potently inhibited bone resorption.73,74 A random-
ized phase III trial in 643 patients with mCRPC and 
bone metastases without severe bone pain examined 
the effect of zoledronic acid (4 mg or 8 mg) given every 
3 weeks for 22 cycles compared with placebo.22 The dose 
was changed to 4 mg for all participants midway through 
the trial owing to concerns over renal impairment in the 

high-dose group. Treatment with zoledronic acid reduced 
the proportion of patients with SREs compared with 
placebo (primary end point, 33% versus 44%, P = 0.021). 
After a follow-up period of 24 months, zoledronic acid 
compared with placebo decreased the risk of SREs by 
36% and increased the time to first SRE, although no 
significant difference was reported in survival (Table 1).21 
Bone pain (as determined by pain score, brief pain inven-
tory, and analgesic score) was s ignificantly reduced in 
patients receiving zoledronic acid.

Several biochemical markers of bone metabolism 
were measured in urine and serum samples from 
study patients (Supplementary Table 1 online).22 The 
uNTx:creatinine ratio, a measure of bone resorption, 
decreased by about 70% within 1 month of starting 
treatment with 4 mg zoledronic acid (95% CI –72.6% to 
–66.3%) and remained supressed. At the end of the study 
at 15 months, levels of serum BALP, a marker of osteo-
blastic bone formation activity, had increased signifi-
cantly more in patients in the placebo group than in 
patients who received 4 mg zoledronic acid (33.7% versus 
0.7%; P = 0.001). Conversely, levels of serum PTH, a regu-
lator of calcium homeostasis, were significantly higher in 
the patients who received 4 mg zoledronic acid compared 
with the placebo group (81.8% versus 17.1%; P = 0.001). 
No difference between the groups was reported in disease 
progression, p erformance status or QOL.22

Table 1 | Skeletal outcome and overall survival in randomized studies of bone‑targeting and disease‑modifying agents

Agent Study Treatment arms (n) Time to first SRE or SSE*
Median (months), HR [95% CI]

Overall survival
Median (months), 
HR [95% CI]

Bone-targeting agents

Zoledronic 
acid

Saad et al. (2002 & 2004)21,22 Zoledronic acid (214) vs placebo 
(208)

16.0 vs 10.5,‡ 0.677  
[0.505–0.908], P = 0.009

17.9 vs 15.2,‡ P = 0.091

Denosumab Fizazi et al. (2011)23 Denosumab (950) vs zoledronic acid 
(951)

20.7 vs 17.1,§ 0.82 [0.71–0.95], 
P = 0.0002 for non‑inferiority, 
P = 0.008 for superiority

19.4 vs 19.8, 1.03 
[0.91–1.17], P = 0.65

89Sr Porter et al. (1993)94

Oosterhof et al. (2003)99 
(EORTC‑GU group)

89Sr vs placebo (126 in total)
89Sr (101) vs local field radiotherapy 
(102)

NR
NR

6.2 vs 7.8,|| P = 0.06
7.2 vs 11,§ 1.34  
[1.01–1.75], P = 0.0457

223Ra ALSYMPCA; Parker et al. (2013),20 
Sartor et al. (2014)26

223Ra (614) vs placebo (307) 15.6 vs 9.8, 0.66 [0.52–0.83], 
P <0.001

14.9 vs 11.3,§ 0.70 
[0.58–0.83], P <0.001

Disease-modifying agents

Docetaxel TAX 327; Tannock et al. (2004)12

ASCENT; Beer et al. (2007)125

Docetaxel q3w + prednisone (335) vs 
mitoxantrone q3w + prednisone (337)
Docetaxel + calcitriol (125) vs 
docetaxel + placebo (125)

NR

13.4 vs 11.9, 0.78  
[0.57–1.074], P = 0.13

18.9 vs 16.5,§ 0.76 
[0.62–0.94], P = 0.009
NA vs 16.4, 0.67  
[0.45–0.97], P = 0.04

Cabazitaxel TROPIC; de Bono et al. (2010)13 Cabazitaxel + prednisone (378) vs 
mitoxantrone + prednisone (377)

NR 15.1 vs 12.7, 0.70 
[0.59–0.83], P <0.0001

Abiraterone COU‑AA‑301; Fizazi et al. (2012),16 
Logothetis et al. (2012)145

COU‑AA‑302;¶ Ryan et al. (2013)17

Abiraterone + prednisone (797) vs 
placebo + prednisone (398)
Abiraterone + prednisone (546) vs 
placebo + prednisone (542)

25.0 vs 20.3, 0.615  
[0.478–0.791] P = 0.0001
NR

15.8 vs 11.2, 0.74 
[0.64–0.86], P <0.0001
NA vs 27.2,§ 0.75 
[0.61–0.93], P = 0.01

Enzalutamide AFFIRM; Scher et al. (2012),18 
Fizazi et al. (2014)19

PREVAIL;¶ Beer et al. (2014)149

Enzalutamide (800) vs placebo (399)

Enzalutamide (626) vs placebo (532)

16.7 vs 13.3, 0.69 [0.57–0.84], 
P <0.001
31.1 vs 31.3, 0.72 [0.61–0.84], 
P <0.001

18.4 vs 13.6,§ 0.63 
[0.53–0.75], P <0.001
32.4 vs 30.2,§ 0.71 
[0.60–0.84], P <0.001

A detailed summary of efficacy data is provided in Supplementary Table 1 online and Supplementary Table 2 online. For comparisons between trials, values have been converted using a time 
conversion calculator (http://www.calculatorsoup.com/calculators/conversions/time.php). *Time to first SRE has been most often used, except for time to first SSE in the ALSYMPCA study 
or skeletal‑morbidity‑free survival in the ASCENT study. ‡Conversion of days to months. §Study primary end point. ||Conversion of weeks to months. ¶Performed in chemotherapy‑naive patients. 
Abbreviations: NA, not achieved; NR, not reported; SSE, symptomatic skeletal event; SRE, skeletal‑related event.
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In 2002, zoledronic acid was approved by the FDA and 
the European Medicines Agency (EMA) for the preven-
tion of SREs in patients with mCRPC. Interestingly, 
two studies published in 2014 did not corroborate 
the positive previous results. In the Alliance study 
(CALGB 90202), zoledronic acid failed to reduce the 
risk of SREs in patients with castration-sensitive pros-
tate cancer and bone metastases.75 Furthermore, in the 
ZEUS study, zoledronic acid was ineffective for the pre-
vention of bone metastases in patients with high-risk 
localized prostate cancer.76 The data from the Alliance 
and ZEUS studies in patients with early forms of the 
disease lend support to the view that bisphosphonates 
are only effective in patients with advanced mCRPC and 
bone metasta ses. Earlier randomized studies with two 
other, less potent, bisphosphonates (pamidronic acid and 
clodronic acid) failed to demonstrate efficacy of a level 
similar to z oledronic acid in patients with mCRPC.77,78

Denosumab
Denosumab, a human monoclonal antibody to RANKL, 
targets the RANKL–RANK–OPG axis during bone turn-
over. Denosumab prevents binding of RANKL to RANK 
on the surface of osteoclasts, preventing their differen-
tiation and function and leading to the inhibition of 
bone loss (Figure 1).79 Preclinical data also suggest that 
neutralisation of RANKL might inhibit prostate cancer 
metastasis to the bone.49,50

Data from phase I and phase II trials indicate that 
denosumab decreased bone resorption in patients 
with bone metastases from breast cancer and multi-
ple myeloma.80,81 The efficacy of denosumab therapy 
was notably assessed in patients with bone metastases 
whose uNTX levels were not responding to intravenous 
bisphosphonate therapy. In this study, 111 patients with 
breast cancer, prostate cancer or other solid tumours 
were randomized to subcutaneous denosumab or 
continued intravenous bisphosphonate therapy for 
25 weeks.82 The patients had elevated uNTx levels at 
screening before randomization, despite still receiving 
intravenous bisphosphonates, and so were not consid-
ered to be responding adequately to bisphosphonate 
therapy. Compared with patients continuing on intra-
venous bisphosphonate therapy, a higher proportion 
of patients receiving subcutaneous denosumab had 
decreased urinary uNTx levels (<50 nmol/l; 71% versus 
29%) and they also had a lower incidence of SREs (8% 
versus 17%).82

An analysis of two phase II trials showed that deno-
sumab suppresses bone resorption independently of 
prior bisphosphonate treatment—even in patients 
who did not normalize bone resorption under prior 
treatment.83 A randomized, double-blind phase III 
trial compared denosumab with zoledronic acid in 
patients with CRPC and bone metastases.23 Patients 
received either 120 mg subcutaneous denosumab 
plus intra venous placebo every 4 weeks or 4 mg intra-
venous zoledronic acid plus subcutaneous placebo 
every 4 weeks. In 950 patients receiving denosumab, 
median time to first SRE was significantly longer than 

in 951 patients receiving zoledronic acid (primary 
end point, 20.7 months versus 17.1 months; HR 0.82, 
95% CI 0.71–0.95, P = 0.008). No difference in overall 
survival was reported (Table 1). Regarding exploratory 
end points, overall skeletal morbidity was lower in the 
denosumab group (Supplementary Table 1 online). 
Time to disease progression did not differ, and changes 
in median PSA concentrations and bone pain (based on 
Medical Dictionary for Regulatory Activities terms) were 
also similar between the treatment arms. At week 13, 
median decreases in bone marker turnover (uNTx and 
BALP) were significantly greater in patients receiving 
denosumab compared with zoledronic acid. The FDA 
and EMA subsequently approved the use of denosumab 
for the prevention of SREs in patients with mCRPC.84,85

Toxicity of osteoclast-targeting agents
Nephrotoxicity is the most commonly reported adverse 
event related to bisphosphonate treatment, especially 
following intravenous use. Monitoring serum creatinine 
levels before each dose, dose adjustment according to 
creatinine clearance and avoiding rapid infusion (infu-
sion should not take <15 minutes) are required to reduce 
the risk of impaired renal function owing to zoledronic 
acid. Other potential toxic effects include self-limiting 
bone pain and flu-like symptoms, typically occurring 
after the first infusion.86–88 By contrast, denosumab does 
not cause nephrotoxicity in men with prostate cancer and 
is safe regardless of renal function.89

Hypocalcaemia is most often asymptomatic with 
these agents; in the phase III trial in patients with CRPC 
and bone metastases, hypocalcaemia occurred more 
frequently with denosumab than with zoledronic acid 
(13% versus 6%; P <0.0001).23 In an integrated analysis 
of 5,723 patients from three randomized phase III trials, 
the safety profile for denosumab was better than for 
zoledronic acid, demonstrating no effect on renal func-
tion and no need for dose adjustment or renal monitor-
ing.90 In patients receiving denosumab the incidence of 
hypocalcaemia was higher than in patients receiving 
zoledronic acid (3.1% versus 1.3% for grade 3 or grade 4 
toxicities), though most cases were asymptomatic.90 
Thus, repletion of vitamin D levels before the initia-
tion of therapy and monitoring of calcium levels during 
therapy is recommended in the prescribing information 
of denosumab.84,85

A concern related to osteoclast-targeting therapies 
such as zoledronic acid and denosumab is the occur-
rence of osteonecrosis of the jaw (ONJ), which can be 
a serious complication.91 ONJ is a treatment-related 
adverse event. Although relatively rare, ONJ occurs more 
frequently (1–10%) in patients with cancer treated with 
high doses of bisphosphonates or denosumab at monthly 
intervals for reducing SREs in comparison with indivi-
duals treated for indications other than cancer. ONJ is 
defined as the presence of exposed bone in the maxillo-
facial region lasting for 8 weeks in patients without prior 
cranio facial radiation to the jaw, and can lead to treat-
ment interruptions and reduced patient QOL. In the 
integrated analysis of the three phase III trials mentioned 
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above, more patients receiving denosumab experienced 
ONJ compared with zoledronic acid (1.8% versus 1.3%), 
but the difference was not statistically significant.92 
The treating physician should be aware of strategies to 
reduce the incidence and con sequences of ONJ.92,93 Risk 
factors for ONJ include poor oral hygiene, maxillary or 
mandibular bone surgery, and the use of corticosteroids 
and antiangiogenic agents. Preventive strategies are 
encouraged, such as stabilisation of oral disease and the 
maintenance of good oral hygiene in the patient prior 
to the use of osteoclast- targeting therapies.93 Delaying 
the administration of these agents should be considered 
for patients undergoing extensive oral surgery until the 
surgical sites have healed with mature mucosal cover-
age. Conservative management of ONJ is recommended, 
including topical antibiotic rinses and systemic anti-
biotic therapy. Localised surgery has proven successful 
in patients with advanced u nresponsive disease.93

Radiopharmaceuticals
89Sr and 223Ra are cationic calcium mimetics that substi-
tute for calcium in inorganic complexes (hydroxy apatite) 
during mineral formation in areas of increased bone 
turnover around bone metastases.24 By contrast, 153Sm is 
an anionic non-calcium analogue with no natural affin-
ity for bone, but when conjugated with ethylene diamine 
tetramethylene phosphonate (153Sm lexidronam) it also 
localizes to bone in association with hydroxyapatite. Once 
located within the bone matrix, the radio pharmaceuticals 
have cytotoxic effects on adjacent PCBMs owing to the 
delivery of focal radiation (Figure 1). The reduction in 
serum markers of bone metabolism in patients treated 
with these agents suggests that they might also affect the 
bone microenvironment.20,94

The physical properties of approved radiopharmaceu-
ticals vary (Table 2). Both 89Sr and 153Sm are β-particle-
emitting radiopharmaceuticals; 153Sm also emits a small 
proportion of γ-radiation. Both agents have a relatively 
far-reaching tissue penetration and low linear energy 
transfer (LET). LET describes how much energy an 
ionising particle transfers to the material it is travel-
ling in over the distance it travels and is an indicator of 
the potential cytotoxicity a radionuclide can cause to 
t issues—a higher LET leads to potentially more cyto-
toxicity.95 However, despite the low LET, the penetra-
tion range of β-particle-emissions from 89Sr and 153Sm 
raises concerns over bone marrow toxicity associated 
with the use of these agents, particularly with 89Sr, which 
has a longer half-life than 153Sm. By contrast, 223Ra is an 
α-particle emitter that has high LET, delivering high 

energy transfer over a short range. High LET leads to a 
high frequency of DNA double-strand breaks in adjacent 
tumour cells, resulting in an enhanced biological effec-
tiveness with a lower chance of bone marrow toxicity 
compared with β-particle emitters.24,95 

The β-particle emitter 89Sr
89Sr is widely regarded as obsolete for treating PCBMs; 
however, discussion of 89Sr provides historical perspec-
tive to the development of radiopharmaceuticals and 
bone-targeting agents for mCRPC. For instance, the 
results of some small randomized studies suggested 
an improvement in overall survival in patients treated 
with 89Sr compared with those in the control arm.96,97 
Although these findings remain controversial, they sup-
ported the idea of the close interaction between prostate 
cancer and bone, and that targeting PCBMs could lead 
to an improvement in long-term outcome. However, the 
inherent concerns over toxicity and safety associated 
with β-particle-emitting pharmaceuticals demanded the 
development of alternative agents.

Following intravenous injection, 89Sr is rapidly incor-
porated into bone, with a 5–10-fold greater uptake 
at sites of metastases compared with normal bone. 
Unincorporated 89Sr is eliminated through both the 
urinary (80%) and gastrointestinal systems (20%). 89Sr is 
approved for the palliation of pain in patients with bone 
metastases arising from prostate cancer.

A number of randomized studies have evaluated 
89Sr in this setting with pain reduction as the primary 
response criterion.94,96,98–101 In a systematic review of 
studies in patients with prostate cancer, complete pain 
response varied between 8% and 77% (mean 32%), the 
mean for partial pain response was 44%, mean dura-
tion of clinical response was 15 months and reduction 
of analgesic use was between 71% and 81%.102 The first 
randomized, double-blind, multicentre, prospective trial 
of 89Sr compared this agent with placebo in 126 CRPC 
patients with bone metastases after receiving local field 
radiotherapy.94 Overall survival was longer in patients 
receiving placebo compared with 89Sr; skeletal out-
comes were not reported (Table 1). Pain relief (assessed 
by a Radiation Therapy Oncology Group analgesic 
and pain scoring system) at the index site (the site of 
initial pain) was similar between the treatment groups. 
By contrast, patients in the 89Sr group had statistically 
signifi cant improvements in QOL (assessed using a nine 
category QOL questionnaire) and palliation of pain, 
decreases in serum PSA and alkaline phosphatase levels 
(Supplementary Table 1 online).

Table 2 | Physical characteristics of bone‑targeting radiopharmaceuticals

Agent Structure Emitted 
radiation

Half‑life 
(days)

Maximum emission 
energy (MeV)

Standard dose Mean tissue 
penetration (mm)

Strontium‑89 89SrCl2 β 50.5 1.46 1.48–2.22 MBq/kg 5.5

Samarium‑153 lexidronam 153Sm‑EDTMP β and γ 1.9 0.81 37 MBq/kg 2.5

Radium‑223 33RaCl2 α 11.4 5.64 0.05–0.25 MBq/kg <0.1

Abbreviation: EDTMP, ethylene diamine tetramethylene phosphonate.
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Another double-blind study in 49 patients with pros-
tate cancer and skeletal metastases found no significant 
difference in pain relief (primary end point, evaluated 
using patients’ subjective reports) between 89Sr and 
placebo, although unexpectedly in this small study 
overall survival at 2 years was higher in the 89Sr arm 
than in the placebo arm (46% versus 4%).These find-
ings were surprising, as improvements in overall survival 
had not previously been reported with supportive use 
of β-particle-emitting radiopharmaceuticals. Skeletal 
o utcomes were not reported.96

A phase  III trial sponsored by the European 
Organization for Research and Treatment of Cancer 
(EORTC), comparing palliative local-field radiotherapy 
with 89Sr in 203 patients with CRPC and painful bone 
metastases, showed no significant differences in subjec-
tive pain response (assessed using the five-point WHO 
scale), the duration of pain response in responding 
patients and in progression-free survival (PFS) between 
the two treatment arms. Overall survival was longer in 
patients treated with local-field radiotherapy compared 
with 89Sr (Table 1).99

Re-treatment of painful metastases with radiopharma-
ceuticals might be required owing to the transient effects 
of these agents and the progressive course of the disease. 
The need for re-treatment often indicates a high tumour 
burden and patients who are more likely to have resistant 
disease. In one small single-centre study, 118 patients 
with painful skeletal metastases (predominantly from 
prostate, lung or breast tumours) were effectively re-
treated with 89Sr, without marked myelosuppression, 
if they had responded well to the first treatment with 
this agent.103 In a multicentre, observational study, 81 
of 881 patients with prostate cancer and painful bone 
metastases were re-treated with β-particle-emitting 
radiopharmaceuticals (including 89Sr). Patients who 
were re-treated with radionuclides had worse responses 
than those receiving their first treatment. The authors 
further reported that those patients who had failed to 
respond to their first treatment were unlikely to respond 
to subsequent 89Sr administrations.104 Comparison of 
these studies is problematic owing to differences in study 
designs, the small sample sizes investigated, and the dif-
ferences in the patient populations studied (prostate 
tumours versus multiple tumour types). In the absence 
of further studies, the effectiveness of re-treating patients 
with 89Sr is inconclusive. 

The β-particle emitter 153Sm lexidronam
Following intravenous administration, 153Sm lexidro-
nam localizes to bone with an affinity that is fivefold 
higher for metastatic sites than for normal bone. The 
agent is excreted in the urine and clearance from the 
bloodstream is completed 6 h after injection. Pain relief 
after 153Sm lexidronam treatment occurs in 60–85% 
of patients within 1 week of administration, with a 
clear dose–response correlation in dose escalation 
studies.105,106 In 1997, 153Sm lexidronam was approved by 
the FDA for the relief of pain of cancer that has spread 
to the bone.

In a phase I study of patients with solid tumours and 
disseminated skeletal metastases treated with escalating 
doses (10–36 MBq/kg) of 153Sm lexidronam, pain relief 
was reported in 65% of patients for periods ranging 
from 4 weeks to 35 weeks, following a single adminis-
tration of the drug. The dose-limiting toxic effect was 
myelosuppression manifested by delayed thrombocyto-
penia.107 A double-blind, placebo-controlled phase III 
study in patients with painful bone metastases second-
ary to different primary malignancies reported a signifi-
cant reduction in pain in 62–72% of patients during 
the first 4 weeks of treatment in the group receiving 
37 MBq/kg of 153Sm lexidronam compared with placebo 
(P <0.016). Reductions in pain score and analgesic use 
were signifi cantly correlated (P = 0.01).108 One random-
ized, controlled phase III study in men with CRPC and 
bone metastases reported significant improvement in 
subjective pain response (assessed using a clinical evalu-
ation and global assessment of each patient) in week 2 to 
week 4 following injection in patients treated with 153Sm 
lexidronam (37 MBq/kg) compared with those receiv-
ing placebo. Reductions in opioid use were observed at 
week 3 and week 4 (Supplementary Table 1 online).109 
Skeletal outcomes and effects on survival were not 
reported in this study.

Toxicity of β-particle emitters 89Sr and 153Sm
Haematological toxicity is the most common adverse 
event associated with 89Sr, although this effect is revers-
ible.24,25 Leukocyte and platelet nadir counts (reduc-
tion range 11–65%) generally occur between 4 weeks 
to 6 weeks following injection in more than 50% of 
patients, with recovery by week 12. A flare phenom enon, 
a transitory increase in bone pain early in the course of 
t reatment, occurs in 15% of 89Sr-treated patients.24

Marrow toxicity is the principal adverse effect of 153Sm 
lexidronam.108,109 Leukocyte and platelet counts decrease 
between 3 weeks and 6 weeks, but generally recover by 
week 8.107,109 Across three randomized trials using a single 
administration of 153Sm, the incidence of thrombocyto-
penia and neutropenia equal or greater than grade 3 was 
3–15% and 5–14%, respectively.108–110 At standard doses 
(18.5–37 MBq/kg), mean reductions in platelet counts 
were 43–45% and mean declines in white blood cell 
counts ranged from 49% to 51%.108,110

Clinical utility of 89Sr and 153Sm
In summary, 89Sr and 153Sm are approved for the treat-
ment of bone pain in patients with cancer and painful 
skeletal metastases and bone pain from unresectable 
osteosarcoma. In prostate cancer, although the findings 
are not universal, both 89Sr and 153Sm seem to exert clini-
cally relevant analgesic effects in patients with painful 
bone metastases from CRPC, but have not been con-
vincingly shown to decrease the frequency of SREs or to 
prolong survival.

The haematological toxicity associated with 
β-particle-emitting radiopharmaceuticals requires the 
regular haematological monitoring of patients, includ-
ing measure ment of baseline blood cell counts prior 
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to first administration and regular monitoring (every 
week for 8 weeks) following administration; treatment-
free intervals can also be necessary. Thus, the associ-
ated haemato logical toxicity not only limits the use of 
β-particle-emitting agents as therapeutics, but can also 
compromise the administration of subsequent chemo-
therapy, which has an increasingly important role in 
the management of patients with advanced CRPC, but 
also often causes haematological toxi city.12,13 Other 
contraindications to the use of β-particle-emitting 
radiopharmaceuticals include radiotherapy within 
the previous 2 months, impending cord compres-
sion or pathological fracture, renal insufficiency, 
Karnofsky performance status <50% and disseminated 
intravascular coagulation.25,111

The α-particle emitter 223Ra
Animal studies demonstrated the preferential uptake 
of 223Ra in osteoblastic lesions compared with normal 
bone, and the short path length of this α-particle-
emitting compound.95 In clinical studies, the total 
skeletal uptake of 223Ra in patients was approximately 
40–60% of the administered dose.24,95 A dosimetry study 
after intra venous injection of 223Ra, showed that bone 
endo steum and red bone marrow contained the highest 
dose equivalents, followed by liver, colon and intes-
tine.112 Approximately 4% of the injected radioactivity 
remained in blood 4 h after injection and the majority 
of the remaining activity was found in the bone and 
intestine. A large proportion (63%) of 223Ra is excreted 
from the body within 7 days of injection. The main 
route of excretion is faecal, with the median cumula-
tive faecal and urine excretions within 48 hours after 
injection being 13% (range 0–34%) and 2% (range 
1–5%), respectively.113,114

Efficacy and safety of 223Ra
Early clinical studies demonstrated that 223Ra has a 
favourable safety profile with minimal myelotoxi-
city.115,116 Phase II studies showed that 223Ra reduces 
pain and improves levels of disease-related biomarkers 
BALP and PSA.116–118 In addition, one of the trials sug-
gested an overall survival benefit compared with placebo 
(65.3 weeks versus 46.4 weeks; HR 2.12, 95% CI 1.13–
3.98, P = 0.020) in patients with CRPC and bone metasta-
ses.116 This new finding of a potential survival benefit 
from the use of a bone-targeted radiopharmaceutical in 
this setting required that the results from the phase II 
study were independently verified in a r andomized 
phase III trial.

The pivotal phase III ALSYMPCA trial was a ran-
domized, double-blind, placebo-controlled trial of 
223Ra in 921 patients with symptomatic CRPC and two 
or more bone metastases (men with visceral metasta-
ses were excluded).20 Patients were eligible regardless of 
whether they had previously received docetaxel. Patients 
were randomly assigned (2:1) to receive six injections 
of 223Ra (50 kBq/kg) or placebo every 4 weeks. Baseline 
character istics were generally balanced between the 
two groups. In an interim analysis of overall survival 

(primary end point) involving 809 patients that was per-
formed after 314 deaths had occurred, a 30% reduction 
in the risk of death was reported in patients treated with 
223Ra compared with placebo. The survival benefit was 
maintained in an updated analysis following 528 deaths 
occurring in all recruited patients (Table 1). In subgroup 
analyses, the benefit of 223Ra over placebo for overall 
survival was evident in patients previously treated with 
docetaxel (14.4 versus 11.3 months; HR 0.70, 95% CI 
0.56–0.88) as well as those who did not receive prior 
docetaxel (16.1 versus 11.5 months; HR 0.69, 95% CI 
0.52–0.92).20,119

The effects of 223Ra on SSEs (secondary end point) in 
the ALSYMPCA study were also reported (Table 1 and 
Supplementary Table 1 online).26 The most commonly 
detected individual SSE component in the intention-to-
treat population (921 patients) was the need for EBRT 
for bone pain (291 patients, 32%). Symptomatic patho-
logical bone fracture occurred in 52 patients (6%), spinal 
cord compression in 46 patients (5%) and tumour-
related orthopaedic surgical intervention was performed 
in 19 patients (2%). Time to first SSE was longer and the 
risks of EBRT for bone pain and spinal cord compres-
sion were reduced in the 223Ra group compared with the 
placebo group. However, 223Ra treatment did not signifi-
cantly reduce the risk of symptomatic pathological bone 
fracture or the need for tumour-related orthopaedic sur-
gical intervention, but these events are relatively rare 
in mCRPC.26

In a post hoc analysis of pain parameters, in addition 
to reduced risk of EBRT for bone pain, fewer patients in 
the 223Ra group than in the placebo group reported bone 
pain as an adverse event (50% versus 62%).27 In patients 
with no opioid use at baseline, those in the 223Ra group 
experienced a significantly longer median time to initial 
opioid use with a risk reduction of 38% compared with 
patients in the placebo group (HR 0.621, 95% CI 0.456–
0.846). In addition, fewer patients in the radiopharma-
ceutical group than in the placebo group required opioid 
use for pain relief (36% versus 50%). Regarding other 
secondary end points in the ALSYMPCA study, time 
to increase in the total alkaline phosphatase level and 
time to increase in PSA levels were longer for patients 
in the 223Ra arm compared with those in the placebo 
arm.20 A significantly higher percentage of patients 
who received 223Ra compared with those who received 
placebo (25% versus 16%; P = 0.002) had a meaning-
ful improvement in QOL according to the Functional 
Assessment of Cancer Therapy-Prostate (FACT-P) 
total score during the period of drug administration 
(Supplementary Table 1 online).

Safety in the ALSYMPCA study was assessed in 
600 patients receiving at least one dose of 223Ra and 
301 patients receiving placebo.20 Safety profiles were 
similar between the treatment arms; no clinically mean-
ingful differences were reported in the frequency of any 
grade, or grade 3 or grade 4 adverse events between 
the treatment groups. Grade 3 febrile neutropenia was 
reported in one patient (<1%) in the 223Ra group and 
in one patient (<1%) in the placebo group. Only one 
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grade 5 haematological adverse event was considered 
to be possibly related to 223Ra. However, 223Ra has the 
potential for haematological toxicity with about 2% of 
patients in the 223Ra arm experiencing bone marrow 
toxicity and pancytopenia. Consequently, measure-
ment of haematological parameters is required before 
first administration and before every subsequent dose 
of 223Ra; before first administration, patient absolute 
neutrophil count should be ≥1.5 × 109/l, haemoglobin 
≥10 g/dl and platelet count should be ≥100 × 109/l.113,120 
Pregnant patients should not receive 223Ra. No other 
specific contraindications for use of 223Ra have 
been reported.113 Based on these results, 223Ra has been 
approved by the FDA and EMA for the treatment of 
patients with CRPC and e vidence of bone metastases 
but no known visceral disease.

In summary, historically, bone-targeting agents, in 
particular β-particle-emitting radiopharmaceuticals, 
were largely viewed as suitable for the supportive care 
of CRPC patients with bone metastases. Consequently, 
initial trials focused mainly on the alleviation of pain as 
a primary clinical end point and more recently in the 
case of osteoclast inhibitors (zoledronic acid and deno-
sumab) for the prevention of SREs or SSEs. Compared 
with these agents, 223Ra is the first bone-targeting agent 
to extend overall survival and reduce SSEs. Thus, 223Ra 
could be considered as a bone-targeting agent with 
disease-modifying properties. A number of active and 
ongoing clinical studies are further investigating the 
safety of 223Ra, and its use in combination with chemo-
therapy (specifically docetaxel)121 and with the new 
antiandrogens abiraterone and enzalutamide.122–124 The 
details of investigated treatments and specified primary 
outcomes in these studies are listed in Supplementary 
Table 2 online.

Systemic agents and skeletal outcome
Several systemic disease-modifying agents also have 
effects on skeletal outcomes and overall survival in 
patients with mCRPC (Table 1). A detailed summary of 
the efficacy of these agents in this setting is provided in 
Supplementary Table 3 online.

Cytotoxic chemotherapy
The taxanes docetaxel and cabazitaxel are approved 
for the treatment of patients with mCRPC and bone 
metastases. In the randomized, nonblinded phase III 
trial TAX 327, patients given daily prednisone and either 
weekly or 3-weekly docetaxel had longer overall survival 
(Table 1), and also experienced reductions in serum PSA 
levels, pain (assessed with the present pain intensity 
[PPI] scale from the McGill–Melzack questionnaire) 
and improvements in QOL (assessed with the FACT-P 
questionnaire) compared with those receiving predni-
sone and 3-weekly mitoxantrone.12 In the randomized, 
open-label phase III TROPIC trial, adding cabazitaxel 
to prednisone significantly improved overall survival in 
patients with mCRPC compared with those receiving 
prednisone plus mitoxantrone (median 15.1 months 
versus 12.7  months; HR  0.70, 95%  CI 0.59–0.83, 

P <0.0001).13 Patients receiving cabazitaxel also had 
longer study-specific PFS (defined as a composite of 
PSA progression, tumour progression, pain progression 
or death), however palliation of pain (assessed using the 
PPI scale) was similar between the groups. Neither 
the TAX 327 nor the TROPIC study reported SREs as 
an end point. In the ASCENT study in patients with 
androgen-independent prostate cancer, a trend towards 
increased SRE-free survival (planned secondary end 
point) was reported in men receiving docetaxel-based 
therapy (Table 1).125 None of these studies reported 
investigations of markers of bone turnover.

Biologically targeted therapies
The endothelin A receptor on bone sensory nerve 
endings and ET-1 are potentially prime targets for thera-
peutic intervention in mCRPC, although data from 
randomized phase III trials with endothelin A receptor 
antagonists atrasentan and zibotentan were disappoint-
ing in this setting. In a double-blind phase III trial in 
patients with mCRPC, single-agent atrasentan compared 
with placebo showed no improvement in the primary 
end point, time to tumour progression (radiological 
and clinical, including SREs), or secondary end points, 
including overall survival and time to PSA progression.126 
In exploratory analyses, increases from baseline to final 
BALP and PSA levels were significantly lower with 
atrasentan treatment compared with placebo (P <0.05), 
and atrasentan significantly prolonged the time to 
increase in BALP levels in comparison with placebo 
(505 days versus 254 days; HR 0.56, 95% CI 0.42–0.75).126 
A randomized phase III study of zibo tentan in men with 
mCRPC and bone metastases showed no difference of 
this agent compared with placebo in the primary end 
point overall survival, or reported secondary end points 
including PFS (radiological and clinical, including SREs), 
time to pain progression (pain assessed using the Brief 
Pain Inventory [BPI]), time to opiate use, time to PSA 
progression, and QOL (assessed using the FACT-P 
questionnaire).127 Combination of docetaxel with either 
atrasentan128 or zibotentan129 also failed to improve 
long-term outcomes compared with c hemotherapy plus 
placebo in this setting.

The Src family are non-receptor tyrosine kinases that 
regulate a wide range of cellular activities including 
osteoclastic activity, tumour growth and metastasis.130 
High levels of the proto-oncogene tyrosine-protein 
kinase Src are found in mature osteoclasts and Src 
activity is essential for bone remodelling through both 
the positive and negative regulation of osteoclasts and 
osteoblasts, respectively. Evidence exists that Src has 
a role in mediating prostate cancer development and 
metastasis to the bone.130 Dasatinib is a tyrosine kinase 
inhibitor of Src activity. Phase I and phase II studies 
in patients with mCRPC of dasatinib alone131–133 or in 
combination with docetaxel134 demonstrated encoura-
ging results including control of disease progression 
and bone activity (assessed by measurement of markers 
of bone turnover; uNTx and BALP). In the multi-
national, randomized, double-blind, placebo-controlled 
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phase III trial READY in men with mCRPC, adding 
dasatinib to docetaxel did not improve overall survival 
(21.5 months versus 21.2 months; HR 0.99, 95.5% CI 
0.87–1.13). No differences were observed in most of 
the secondary end points including reduction in uNTx 
levels, although an increase in median time to first 
SRE was reported in the dasatinib arm (median not 
reached versus 31.1 months; HR 0.81, 95% CI 0.64–
1.02).135 Other Src inhibitors (s aracatinib, KX2-391 and 
b osutinib) are in development.65

Hepatocyte growth factor receptor (encoded by 
MET), a receptor tyrosine kinase, its ligand hepatocyte 
growth factor and the vascular endothelial growth factor 
signalling pathway are all implicated in the develop-
ment and progression of CRPC.136 Cabozantinib is a 
novel receptor tyrosine kinase inhibitor of the hepato-
cyte growth factor receptor and VEGFR-2 and demon-
strated both direct antitumour activity and the ability 
to modulate osteoblast activity in human prostate 
cancer xenograft models in mice.137 In a randomized 
phase II discontinuation trial, patients with mCRPC 
and stable disease follow ing 12 weeks of daily treatment 
with cabozantinib were randomized to cabozantinib or 
placebo.136 The study enrolled 171 men; of 116 evalu-
able patients, with PCBMs at baseline and at least one 
follow-up bone scan, 68% demonstrated a response 
in their bone metastases on bone scan, including 
complete resolution in 12% of patients. The objective 
response rate at week 12 was 5%, with stable disease 
measured in 75% of patients. Following randomiza-
tion, PFS was significantly longer in patients receiv-
ing cabozantinib compared with placebo (23.9 weeks 
versus 5.9 weeks; HR 0.12, P <0.001). In 57% of evalu-
able patients, serum total alkaline phosphatase levels 
and plasma cross-linked C-terminal telopeptide of 
type I collagen levels were reduced by ≥50%. On retro-
spective review, bone pain improved in 67% of evalu-
able patients, with a decrease in the use of narcotics in 
56%. In September 2014, data were released from the 
randomized phase III study COMET-1 of cabozantinib 
in men with mCRPC.138,139 The study did not meet the 
primary end point of a statistically significant difference 
in overall survival in patients treated with cabozantinib 
compared with prednisone (median 11.0 months versus 
9.8 months; HR 0.90, 95% CI 0.76–1.06). Data for an 
exploratory end point PFS (investigator-assessed) were 
also available: median PFS was 5.5 months for patients 
in the cabozantinib arm compared with 2.8 months 
for the prednisone arm (HR 0.50, 95% CI 0.42–0.60, 
P <0.001). Owing to these results, enrolment in the 
COMET-2 study (primary end point pain reduction) 
has been halted and the study terminated.140

Hormone‑based therapies
Reactivation of androgen receptor (AR) signalling 
occurs in the progression of prostate cancers to CRPC, 
caused by a variety of mechanisms, including the 
upregulation of androgen biosynthesis enzymes or over-
activation of ARs in prostate tumours.141 Thus, CRPC 
tumours remain androgen-dependent on progression. 

Importantly, the AR is also expressed on stromal cells 
in the bone microenvironment, and AR signalling 
also promotes tumour growth through its activity in 
stromal cells.142,143 Abiraterone is an inhibitor of steroid 
17-α-hydroxylase/17,20 lyase, a critical enzyme in tes-
tosterone biosynthesis, and blocks testosterone syn-
thesis in the adrenal glands, testes and the tumour.144 
Abiraterone is approved for use in patients with mCRPC 
either before or following chemotherapy.15–17

The double-blind, placebo-controlled, random-
ized phase III trial COU-AA-301 in patients with 
mCRPC previously treated with docetaxel, demon-
strated a significant improvement in overall survival 
on adding abiraterone to prednisone compared with 
placebo (P <0.001; Table 1).15 The median overall sur-
vival benefit was extended to 4.6 months in an updated 
analysis.16 In addition, a significant reduction in time 
to first SRE (P = 0.0001; Table 1) and effective pain 
palliation (assessed by BPI–Short Form [BPI-SF] and 
analgesic use) were reported in exploratory analyses of 
prospectively collected data (Supplementary Table 3 
online).145 In the randomized, double-blind, placebo-
controlled phase III study COU-AA-302, the combi-
nation of abiraterone with prednisone compared with 
prednisone alone in chemotherapy-naive patients 
with mCRPC signifi cantly improved overall survival 
(P = 0.01; Table 1) and PFS (co-primary end points) and 
demonstrated a marked improvement in secondary end 
points, including time to initiation of cytotoxic chemo-
therapy, PSA progression and palliation of cancer- 
related pain (assessed by BPI-SF) and QOL (assessed 
by FACT-P questionnaire).17,146 In this study, SREs were 
not reported. A prespecified final analysis of overall sur-
vival, after a follow-up period of >4 years, confirmed 
the survival benefit in patients receiving abiraterone 
compared with placebo (median 34.7 months versus 
30.3 months; HR 0.81, 95% CI 0.70–0.93, P = 0.0033).147

The antiandrogen enzalutamide inhibits the AR, 
affecting its nuclear translocation, DNA-binding and 
co-activator recruitment, and is currently approved 
for patients with mCRPC progressing on docetaxel.148 
The randomized phase III trial AFFIRM showed a 
signifi cant improvement in overall survival (P <0.001) 
and delay in the time to first SRE (P <0.001) in men 
with CRPC who received enzalutamide in compari-
son with placebo (Table 1).18,19 In a prospectively 
designed analysis of some of the AFFIRM secondary 
end points, enzalutamide was superior to placebo in 
all end points analysed, including the proportion of 
patients with reduction in PSA levels of ≥50% and time 
to PSA progression, as well as para meters of pain pal-
liation (assessed with BPI-SF, a diary of pain, narcotic 
analge sic use, and the FACT-P questionnaire) and QOL 
(according to FACT-P questionnaire); data presented 
in Supplementary Table 3 online.19 The double-blind, 
multinational, randomized phase III trial PREVAIL 
of enzalutamide compared with placebo in patients 
with CRPC who had not received prior chemotherapy 
showed enzalutamide to significantly improve overall 
survival (P <0.001; co-primary end point) and prolong 
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time to first SRE (P <0.001; Table 1). A beneficial effect 
in PFS (co-primary end point) and PSA progression 
(secondary end point) and in prespecified exploratory 
analyses for a decline in QOL (by FACT-P question-
naire) and in pain progression (by BPI-SF) was also 
demonstrated in enzalutamide-treated patients.149,150

In summary, most randomized studies of chemo-
therapy show an improvement in overall survival in men 
with CPRC, but have not examined skeletal outcome 
as an end point. New hormone-based treatments 
with abiraterone or enzalutamide improve survival 
and skeletal outcome—at least time to first SRE—in 
this setting. None of the reviewed studies reported on 
markers of bone turnover as an end point. Cabozantinib, 
an agent targeting both tumour cells and the bone 
microenvironment has shown efficacy in men with 
mCRPC in early clinical studies and is under further 
clinical development.

Treatment options for PCBMs
EBRT and bone-targeting radiopharmaceuticals are 
important in alleviating the pain associated with bone 
metastases in patients with mCRPC.2,3,94,98,109 In addi-
tion, the osteoclast-targeting agents zoledronic acid21,22 
and denosumab23 are key in reducing skeletal-related 
morbidity and improving QOL, which are associated 
with long-term outcome in this setting.34,35 Clinical 
guidelines recommend initiating zoledronic acid or 
denosumab treatment in all patients with mCRPC and 
bone metasta ses. However, consensus over the optimal 
duration of treatment is lacking.59

To address the issue of optimal duration of treatment 
more personalised patient data are required, accounting 
for response to antineoplastic treatment, number and 
location of bone metastases, bone pain, performance 
status, and levels of bone markers (BALP and uNTX). 
Biomarkers of bone metabolism (BALP, uNTX) gen-
erally reflect rates of overall ongoing bone resorption 
or turnover and are not specific to individual lesions. 
Changes in bone marker levels are also not necessarily 
disease-specific, but are associated with alterations in 
skeletal metabolism independent of underlying causes.59 
However, bone biomarkers might be useful in identify-
ing patients at high risk for bone metastasis or progres-
sion of their bone lesions and, therefore, might aid in 
d irecting future treatment.59,151

The prognostic and predictive value of biomarkers 
of bone metabolism was investigated in patients with 
mCRPC and skeletal metastases in the SWOG 0421 
study.152 Elevated baseline levels of uNTX, serum 
C-terminal type 1 collagen propeptide and BALP were 
associated with worse survival (P <0.001). Patients with 
the highest marker levels (upper 25th percentile for all 
markers) not only had poor prognosis (HR 4.3; P <0.01), 
but also demonstrated a survival benefit from treatment 
with the ET-1 antagonist atrasentan compared with 
placebo (median 13 months versus 5 months; HR 0.33, 
P = 0.005). However, data from ongoing clinical trials 
are required to evaluate the value of markers of bone 
m etabolism in clinical practice.59

For improving overall survival, docetaxel is a stan-
dard of care for patients progressing with mCRPC. 
However, not all can tolerate the treatment; many 
patients with CRPC might not be healthy enough to 
receive docetaxel, owing to poor performance status 
and/or comorbidities, or they decline treatment.11,12,153 
Furthermore, data presented in 2014 suggest that for 
some patients with metastatic hormone-sensitive pros-
tate cancer treatment with docetaxel should be consid-
ered as a first-line option together with castration.154 
Other systemic disease-modifying agents are available 
in this setting, including cabazitaxel,13 novel hormone-
based therapies (abira terone and enzalutamide)15–19,149 
and immunotherapy (sipuleucel-T).14 Among bone- 
targeting agents, 223Ra is currently the only agent suit-
able for improving overall survival in patients with 
mCRPC and bone metastases.

Prospective data addressing optimal treatment combi-
nations and sequencing in CRPC are not available and 
head-to-head comparisons of novel therapeutics have 
not been performed. However, based on the current 
treatment paradigm, three positions for novel agents 
seem to exist in the treatment schedule of patients with 
CRPC: before docetaxel, in combination with docetaxel 
or after docetaxel.155,156 Sipuleucel-T is preferred in 
chemotherapy-naive patients and abiraterone and 
enzalutamide are active both before and after docetaxel 
treatment.14,17,149 Currently cabazitaxel is approved for 
patients p rogressing on or after docetaxel treatment.13

For 223Ra, several positions in the treatment paradigm 
seem suitable. In the ALSYMPCA trial, the survival 
and toxicity profiles of patients receiving 223Ra either 
before or after docetaxel were similar.119 The consen-
sus in Europe is for 223Ra to be used either before or, 
a lternatively, after docetaxel.20,119,153

Evidence also exists that bone-targeting agents 
might be useful earlier in the treatment paradigm. In 
patients with CRPC and high risk of bone metastases, 
denosumab significantly increased bone-metastases-
free survival (HR 0.85, 95% CI 0.73–0.98, P = 0.028) 
and delayed time to first symptomatic bone metastasis 
(HR 0.84, 95% CI 0.71–0.98, P = 0.032) compared with 
placebo; however, overall survival was similar between 
the groups.157 An exploratory sensitivity analysis of the 
data reported a larger effect of denosumab when 
the PSA doubling time was short, but denosumab is not 
approved in this indication.158 By contrast, zoledronic 
acid was not effective in the ZEUS study in patients 
with high-risk nonmetastatic prostate cancer.76 223Ra 
has not yet been investigated in this treatment setting. 
Furthermore, its use might be limited unless repeat 
treatment cycles can be given. For example, in the 
absence of the bone turnover that is usually induced by 
bone metastases, 223Ra might not be incorporated into 
the bone and, thus, would be ineffective.

For combination therapy in the treatment of bone 
metastases in patients with mCRPC, with respect to 
improving long-term outcomes, combinations of sys-
temic agents, including dasatinib, atrasentan, or ziboten-
tan with docetaxel, have generally been disappointing, 
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possibly owing to the modest clinical activity reported 
for each as a single agent.128,129,134 For bone-targeting 
agents, some studies have demonstrated encouraging 
data from the combination of radio pharmaceuticals 
with docetaxel with respect to clinical pain response.24,97 
Preclinical data suggest that zoledronic acid might 
enhance the antitumour activity of cytotoxic agents.69 
In the TRAPEZE trial in patients with mCRPC and 
bone metastases, the addition of zoledronic acid to 
docetaxel was beneficial for prevention of SREs, but this 
c ombination did not improve survival.159

An ongoing phase I/IIa trial is investigating 223Ra 
in combination with docetaxel in men with CRPC 
and bone metastases.121 In the dose escalation part of 
the study (phase I), the treatment combination was 
overall tolerable, and a regimen of 3-weekly docetaxel 
(60 mg/m2) in combination with 6-weekly 223Ra 
(50 kBq/kg) versus docetaxel (75 mg/m2) alone was 
investigated in an expanded safety cohort in the ran-
domized phase IIa part of the trial.160 Combination of 
223Ra with bone-targeting agents such as zoledronic 
and denosumab might also have potential, whereby 
the effects on redu cing skeletal morbidity could be 
enhanced owing to the different modes of action of 
these agents, and the combination might be tolerated 
owing to non-overlapping toxicity profiles (223Ra is 
not associated with hypocalcaemia or renal toxicity). 
Combinations of bone- targeting agents with novel hor-
mone-based therapies are also under investigation. In 
2013, a post hoc analysis of data from the COU-AA-302 
study in chemotherapy-naive patients demonstrated 
that, in patients with bone metasta ses at baseline, treat-
ment with bone-targeting agents (including zoledronic 
acid and other bisphosphonates, denosumab, and/or 
other bone-targeting agents) in combi nation with abi-
raterone was associated with signifi cantly improved 
outcomes, including overall survival (HR  0.754, 
P = 0.012), time to opiate use (HR 0.801, P = 0.036), time 
to ECOG performance status deterior ation (HR 0.750, 
P <0.001), compared with those not receiving this 
combination.161 Clinical investigations of the combina-
tion of 223Ra with new hormone-based therapies (abi-
raterone or enzalutamide) are ongoing (Supplementary 
Table 2 online).122–124

Discussion and future perspectives
Historically, the treatment of bone metastases in mCRPC 
has largely been supportive and centred around the 
manage ment of pain through localized radiation therapy 
or targeting the bone microenvironment with β-particle-
emitting radiopharmaceuticals.94,99,109 In the past 15 years, 
reduction in SREs using osteoclast inhibitors has been 
demonstrated with bisphosphonates, such as zole-
dronic acid, and more effectively with denosumab.21–23 
However, improvements in long-term outcome for these 
patients were realistically only achievable with cytotoxic 
c hemotherapy, specifically docetaxel.11,12

Data from studies in the past decade demonstrate 
that targeting both the proliferating tumour cells and 
the bone microenvironment is an effective strategy 

for improving long-term outcome, including survival. 
For example, single-agent 223Ra significantly improved 
overall survival and reduced SSEs in patients with CRPC 
and bone metastases.20,26 Data from preclinical studies 
suggest that, in addition to inhibiting osteoclast activity, 
both zoledronic acid and denosumab have the poten-
tial to target prostate cancer metastases.69 However, to 
date, neither agent has demonstrated an improvement 
in overall survival in the clinical setting. New hormone-
based therapies abiraterone15–17 and enzalutamide18,19 
delay SREs and prolong overall survival, although the 
randomized studies did not elucidate whether these 
effects are caused through control of the metastatic 
cells, effects on bone microenvironment or both. 
Similarly, most studies with docetaxel11,12 and cabazi-
taxel13 did not include SREs or markers of bone turn-
over as end points, so the contribution of these agents to 
improving skeletal outcome is difficult to assess.

As we understand more about the pathophysiology 
of CRPC bone metastasis and identify potentially better 
agents to treat patients, we can improve the design of 
clinical trials to assess their efficacy. However, the high 
complexity in how the multiple cell types interact with 
each other over time represents a major challenge to 
determining the effects of specific growth factors and/
or cytokines or, indeed, targeted therapies in the pro-
gression of prostate cancer to the metastatic stage. In 
addition, comparisons between trials prove problem-
atic when trying to assess the potential effectiveness 
of a drug or drug combinations, because many studies 
have, over time, used different end points and different 
m ethodologies for assessing those end points.

The advent of the integration of computer modelling 
with biological models of mCRPC might aid in solving 
these problems. First, in the preclinical setting, these 
new approaches might enable the investigation of the 
complex interactions between different cells, proteins 
and drugs to delineate the importance of individual 
molecular pathways. Second, the integration of com-
puter models with individual patient-derived biological 
data might serve as a potential surrogate to costly and 
time-consuming clinical trials in an attempt to optimize 
therapy choice and sequence.62,162,163

Conclusions
Bone is often the first site for metastasis and bone metas-
tases develop in the majority of patients with mCRPC. 
Bone metastases are associated with increased skeletal 
morbidity and reduced overall survival of patients with 
CRPC.5–9 Advances in our understanding of prostate 
tumour biology have revealed that the growth of bone 
metastases involves the inter action between prolifer-
ating tumour cells and cells that naturally exist within 
the bone microenvironment. Elucidation of the molecu-
lar mechanisms underlying these cellular inter actions 
has identified potential targets for the development of 
therapeutic interventions in this disease, highlighted by 
the approval of the bone-targeting agents denosumab23 
and 223Ra,20,26 and has led to early and ongoing clinical 
i nvestigations of cabozantinib.136,139,140
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In the meantime, ongoing clinical studies are investi-
gating combinations of approved agents and their 
optimal position in the current treatment paradigm to 
improve clinical outcomes of patients with mCRPC. The 
regular inclusion of SREs and/or SSEs and biomarkers of 
bone turnover as end points in future trials might aid in 
characterizing further the cellular targets and the effi-
cacy of new agents. In addition, further understanding 
of the pathophysiology of bone metastases in mCRPC 
might lead to the identification of more e ffective 
t reatments for patients with this disease.

1. Ferlay, J. et al. GLOBOCAN 2012 v1.0, Cancer 
Incidence and Mortality Worldwide: IARC 
CancerBase No. 11 International Agency 
for Research on Cancer [online], http:// 
globocan.iarc.fr (2013).

2. Horwich, A., Parker, C., de Reijke, T. & Kataja, V. 
Prostate cancer: ESMO Clinical Practice 
Guidelines for diagnosis, treatment and 
follow‑up. Ann. Oncol. 24 (Suppl. 6), 106–114 
(2013).

3. National Comprehensive Cancer Network®. 
NCCN Guidelines for Patients: Prostate Cancer 
Version 1.2014 [online], http://www.nccn.org/
patients/guidelines/prostate/ (2015).

4. Scher, H. I., Buchanan, G., Gerald, W., 
Butler, L. M. & Tilley, W. D. Targeting the 
androgen receptor: improving outcomes 
for castration‑resistant prostate cancer. 
Endocr. Relat. Cancer 11, 459–476 (2004).

5. Bubendorf, L. et al. Metastatic patterns of 
prostate cancer: an autopsy study of 1,589 
patients. Hum. Pathol. 31, 578–583 (2000).

6. Scher, H. I. & Chung, L. W. Bone metastases: 
improving the therapeutic index. Semin. Oncol. 
21, 630–656 (1994).

7. Keller, E. T. et al. Prostate carcinoma skeletal 
metastases: cross‑talk between tumor and 
bone. Cancer Metastasis Rev. 20, 333–349 
(2001).

8. Weinfurt, K. P. et al. The significance of skeletal‑
related events for the health‑related quality of 
life of patients with metastatic prostate cancer. 
Ann. Oncol. 16, 579–584 (2005).

9. Sabbatini, P. et al. Prognostic significance of 
extent of disease in bone in patients with 
androgen‑independent prostate cancer. J. Clin. 
Oncol. 17, 948–957 (1999).

10. Nørgaard, M. et al. Skeletal related events, bone 
metastasis and survival of prostate cancer: 
a population based cohort study in Denmark 
(1999 to 2007). J. Urol. 184, 162–167 (2010).

11. Petrylak, D. P. et al. Docetaxel and estramustine 
compared with mitoxantrone and prednisone 
for advanced refractory prostate cancer. N. Engl. 
J. Med. 351, 1513–1520 (2004).

12. Tannock, I. F. et al. Docetaxel plus prednisone 
or mitoxantrone plus prednisone for advanced 
prostate cancer. N. Engl. J. Med. 351,  
1502–1512 (2004).

13. de Bono, J. S. et al. Prednisone plus cabazitaxel 
or mitoxantrone for metastatic castration‑
resistant prostate cancer progressing after 
docetaxel treatment: a randomised open‑label 
trial. Lancet 376, 1147–1154 (2010).

14. Kantoff, P. W. et al. Sipuleucel‑T immunotherapy 
for castration‑resistant prostate cancer. N. Engl. 
J. Med. 363, 411–422 (2010).

15. de Bono, J. S. et al. Abiraterone and increased 
survival in metastatic prostate cancer. N. Engl. 
J. Med. 364, 1995–2005 (2011).

16. Fizazi, K. et al. Abiraterone acetate for treatment 
of metastatic castration‑resistant prostate 
cancer: final overall survival analysis of the 
COU‑AA‑301 randomised, double‑blind, placebo‑
controlled phase 3 study. Lancet Oncol. 13, 
983–992 (2012).

17. Ryan, C. J. et al. Abiraterone in metastatic 
prostate cancer without previous chemotherapy. 
N. Engl. J. Med. 368, 138–148 (2013).

18. Scher, H. I. et al. Increased survival with 
enzalutamide in prostate cancer after 
chemotherapy. N. Engl. J. Med. 367, 1187–1197 
(2012).

19. Fizazi, K. et al. Effect of enzalutamide on time to 
first skeletal‑related event, pain, and quality of 
life in men with castration‑resistant prostate 
cancer: results from the randomised, phase 3 
AFFIRM trial. Lancet Oncol. 15, 1147–1156 
(2014).

20. Parker, C. et al. Alpha emitter radium‑223 and 
survival in metastatic prostate cancer. N. Engl. 
J. Med. 369, 213–223 (2013).

21. Saad, F. et al. Long‑term efficacy of zoledronic 
acid for the prevention of skeletal complications 
in patients with metastatic hormone‑refractory 
prostate cancer. J. Natl Cancer Inst. 96, 879–882 
(2004).

22. Saad, F. et al. A randomized, placebo‑controlled 
trial of zoledronic acid in patients with hormone‑
refractory metastatic prostate carcinoma. J. Natl 
Cancer Inst. 94, 1458–1468 (2002).

23. Fizazi, K. et al. Denosumab versus zoledronic 
acid for treatment of bone metastases in men 
with castration‑resistant prostate cancer: 
a randomised, double‑blind study. Lancet 377, 
813–822 (2011).

24. Rubini, G., Nicoletti, A., Rubini, D. 
& Asabella, A. N. Radiometabolic treatment 
of bone‑metastasizing cancer: from 186rhenium 
to 223radium. Cancer Biother. Radiopharm. 29, 
1–11 (2014).

25. Goyal, J. & Antonarakis, E. S. Bone‑targeting 
radiopharmaceuticals for the treatment of 
prostate cancer with bone metastases. 
Cancer Lett. 323, 135–146 (2012).

26. Sartor, O. et al. Effect of radium‑223 dichloride 
on symptomatic skeletal events in patients with 
castration‑resistant prostate cancer and bone 
metastases: results from a phase 3, double‑
blind, randomised trial. Lancet Oncol. 15,  
738–746 (2014).

27. Nilsson, S. et al. Pain analysis from the phase III 
randomized ALSYMPCA study with radium‑223 
dichloride (Ra‑223) in patients with castration‑
resistant prostate cancer (CRPC) with bone 
metastases [abstract]. J. Clin. Oncol. 
31 (Suppl. 6), 19 (2013).

28. Wang, C. & Shen, Y. Study on the distribution 
features of bone metastases in prostate cancer. 
Nucl. Med. Commun. 33, 379–383 (2012).

29. Wang, C. Y., Wu, G. Y., Shen, M. J., Cui, K. W. 
&  Shen, Y. Comparison of distribution 
characteristics of metastatic bone lesions 
between breast and prostate carcinomas. 
Oncol. Lett. 5, 391–397 (2013).

30. Conti, G. et al. Prostate cancer metastases to 
bone: observational study for the evaluation of 
clinical presentation, course and treatment 
patterns. Presentation of the METAURO protocol 
and of patient baseline features. Arch. Ital. Urol. 
Androl. 80, 59–64 (2008).

31. Smith, M. R. et al. Denosumab for the prevention 
of skeletal complications in metastatic 
castration‑resistant prostate cancer: 
comparison of skeletal‑related events and 
symptomatic skeletal events. Ann. Oncol. 26, 
368–374 (2015).

32. von Moos, R., Sternberg, C., Body, J. J. 
& Bokemeyer, C. Reducing the burden of bone 
metastases: current concepts and treatment 
options. Support. Care Cancer 21, 1773–1783 
(2013).

33. Halabi, S. et al. Pain predicts overall survival 
in men with metastatic castration‑refractory 
prostate cancer. J. Clin. Oncol. 26, 2544–2549 
(2008).

34. Oefelein, M. G., Ricchiuti, V., Conrad, W. 
& Resnick, M. I. Skeletal fractures negatively 
correlate with overall survival in men with 
prostate cancer. J. Urol. 168, 1005–1007 
(2002).

35. DePuy, V. et al. Effects of skeletal morbidities 
on longitudinal patient‑reported outcomes and 
survival in patients with metastatic prostate 
cancer. Support. Care Cancer 15, 869–876 
(2007).

36. Hagiwara, M., Delea, T. E., Saville, M. W. 
& Chung, K. Healthcare utilization and costs 
associated with skeletal‑related events in 
prostate cancer patients with bone metastases. 
Prostate Cancer Prostatic Dis. 16, 23–27 (2013).

37. Body, J. J., Chevalier, P., Gunther, O., 
Hechmati, G. & Lamotte, M. The economic 
burden associated with skeletal‑related events 
in patients with bone metastases secondary 
to solid tumors in Belgium. J. Med. Econ. 16,  
539–546 (2013).

38. Jayasekera, J. et al. The economic burden of 
skeletal‑related events among elderly men with 
metastatic prostate cancer. Pharmacoeconomics 
32, 173–191 (2014).

39. Lipton, A. Bisphosphonates and breast 
carcinoma: present and future. Cancer 88, 
3033–3037 (2000).

40. Ibrahim, T. et al. Pathogenesis of osteoblastic 
bone metastases from prostate cancer. Cancer 
116, 1406–1418 (2010).

41. Boyle, W. J., Simonet, W. S. & Lacey, D. L. 
Osteoclast differentiation and activation. Nature 
423, 337–342 (2003).

Review criteria

The PubMed data base was searched for articles written 
in English without restriction on publication date. American 
Society of Clinical Oncology abstracts were searched with 
a time limit from 2010–2014. Search terms in various 
combinations included: “metastatic castration‑resistant 
prostate cancer”, “bone metastases”, “chemotherapy”, 
“docetaxel”, “cabazitaxel”, “radiopharmaceuticals”, 
“radium 223”, “strontium 89”, “samarium 153”, 
“hormone therapy”, “abiraterone”, “enzalutamide”, 
“survival”, “skeletal events”.

REVIEWS

© 2015 Macmillan Publishers Limited. All rights reserved

http://globocan.iarc.fr
http://globocan.iarc.fr
http://www.nccn.org/patients/guidelines/prostate/
http://www.nccn.org/patients/guidelines/prostate/


354 | JUNE 2015 | VOLUME 12 www.nature.com/nrurol

42. Mundy, G. R. Metastasis to bone: causes, 
consequences and therapeutic opportunities. 
Nat. Rev. Cancer 2, 584–593 (2002).

43. Trouvin, A. P. & Goëb, V. Receptor activator of 
nuclear factor‑κB ligand and osteoprotegerin: 
maintaining the balance to prevent bone loss. 
Clin. Interv. Aging 5, 345–354 (2010).

44. Paget, S. The distribution of secondary growths 
in cancer of the breast. Lancet 133, 571–573 
(1889).

45. Casimiro, S., Guise, T. A. & Chirgwin, J. 
The critical role of the bone microenvironment 
in cancer metastases. Mol. Cell. Endocrinol. 310, 
71–81 (2009).

46. Wang, J., Loberg, R. & Taichman, R. S. 
The pivotal role of CXCL12 (SDF‑1)/CXCR4 axis 
in bone metastasis. Cancer Metastasis Rev. 25, 
573–587 (2006).

47. Taichman, R. S. et al. Use of the stromal cell‑
derived factor‑1/CXCR4 pathway in prostate 
cancer metastasis to bone. Cancer Res. 62, 
1832–1837 (2002).

48. Barthel, S. R. et al. Definition of molecular 
determinants of prostate cancer cell bone 
extravasation. Cancer Res. 73, 942–952 
(2013).

49. Jones, D. H. et al. Regulation of cancer cell 
migration and bone metastasis by RANKL. 
Nature 440, 692–696 (2006).

50. Chu, G. C. et al. RANK‑ and c‑Met‑mediated 
signal network promotes prostate cancer 
metastatic colonization. Endocr. Relat. Cancer 
21, 311–326 (2014).

51. Yin, J. J. et al. A causal role for endothelin‑1 
in the pathogenesis of osteoblastic bone 
metastases. Proc. Natl Acad. Sci. USA 100, 
10954–10959 (2003).

52. Pinzone, J. J. et al. The role of Dickkopf‑1 in bone 
development, homeostasis, and disease. Blood 
113, 517–525 (2009).

53. Guise, T. A. et al. Basic mechanisms 
responsible for osteolytic and osteoblastic 
bone metastases. Clin. Cancer Res. 12, 
6213s–6216s (2006).

54. Buijs, J. T., Stayrook, K. R. & Guise, T. A. TGF‑β 
in the bone microenvironment: role in breast 
cancer metastases. Cancer Microenviron. 4, 
261–281 (2011).

55. Maeda, S., Hayashi, M., Komiya, S., Imamura, T. 
& Miyazono, K. Endogenous TGF‑β signaling 
suppresses maturation of osteoblastic 
mesenchymal cells. EMBO J. 23, 552–563 
(2004).

56. Clines, G. A. & Guise, T. A. Molecular 
mechanisms and treatment of bone metastasis. 
Expert Rev. Mol. Med. 10, e7 (2008).

57. Stewart, A. F. PTHrP(1–36) as a skeletal anabolic 
agent for the treatment of osteoporosis. Bone 
19, 303–306 (1996).

58. Morrissey, C. et al. Effects of androgen 
deprivation therapy and bisphosphonate 
treatment on bone in patients with metastatic 
castration‑resistant prostate cancer: results 
from the University of Washington Rapid Autopsy 
Series. J. Bone Miner. Res. 28, 333–340 (2013).

59. Coleman, R., Body, J. J., Aapro, M., Hadji, P. 
& Herrstedt, J. Bone health in cancer patients: 
ESMO Clinical Practice Guidelines. Ann. Oncol. 
25 (Suppl. 3), 124–137 (2014).

60. Yonou, H. et al. Intraosseous growth of human 
prostate cancer in implanted adult human bone: 
relationship of prostate cancer cells to 
osteoclasts in osteoblastic metastatic lesions. 
Prostate 58, 406–413 (2004).

61. Keller, E. T. & Brown, J. Prostate cancer bone 
metastases promote both osteolytic and 
osteoblastic activity. J. Cell. Biochem. 91,  
718–729 (2004).

62. Cook, L. M., Shay, G., Araujo, A. & Lynch, C. C. 
Integrating new discoveries into the “vicious 
cycle” paradigm of prostate to bone 
metastases. Cancer Metastasis Rev. 33,  
511–525 (2014).

63. Frieling, J. S., Basanta, D. & Lynch, C. C. Current 
and emerging therapies for bone metastatic 
castration‑resistant prostate cancer. 
Cancer Control 22, 109–120 (2015).

64. Ell, B. et al. Tumor‑induced osteoclast miRNA 
changes as regulators and biomarkers of 
osteolytic bone metastasis. Cancer Cell 24, 
542–556 (2013).

65. Deng, X. et al. Recent advances in bone‑targeted 
therapies of metastatic prostate cancer. 
Cancer Treat. Rev. 40, 730–738 (2014).

66. Dayyani, F., Gallick, G. E., Logothetis, C. J. 
& Corn, P. G. Novel therapies for metastatic 
castrate‑resistant prostate cancer. J. Natl Cancer 
Inst. 103, 1665–1675 (2011).

67. Muralidharan, A. & Smith, M. T. Pathobiology and 
management of prostate cancer‑induced bone 
pain: recent insights and future treatments. 
Inflammopharmacology 21, 339–363 (2013).

68. Falk, S. & Dickenson, A. H. Pain and nociception: 
mechanisms of cancer‑induced bone pain. 
J. Clin. Oncol. 32, 1647–1654 (2014).

69. Neville‑Webbe, H. L. & Coleman, R. E. 
Bisphosphonates and RANK ligand inhibitors 
for the treatment and prevention of metastatic 
bone disease. Eur. J. Cancer 46, 1211–1222 
(2010).

70. Roelofs, A. J., Thompson, K., Gordon, S. 
& Rogers, M. J. Molecular mechanisms of action 
of bisphosphonates: current status. Clin. Cancer 
Res. 12, 6222s–6230s (2006).

71. Green, J. R., Müller, K. & Jaeggi, K. A. Preclinical 
pharmacology of CGP 42’446, a new, potent, 
heterocyclic bisphosphonate compound. J. Bone 
Miner. Res. 9, 745–751 (1994).

72. Body, J. J. Clinical research update: zoledronate. 
Cancer 80 (Suppl. 8), 1699–1701 (1997).

73. Berenson, J. R. et al. A phase I dose‑ranging trial 
of monthly infusions of zoledronic acid for the 
treatment of osteolytic bone metastases. 
Clin. Cancer Res. 7, 478–485 (2001).

74. Body, J. J., Lortholary, A., Romieu, G., 
Vigneron, A. M. & Ford, J. A dose‑finding study 
of zoledronate in hypercalcemic cancer patients. 
J. Bone Miner. Res. 14, 1557–1561 (1999).

75. Smith, M. R. et al. Randomized controlled trial 
of early zoledronic acid in men with castration‑
sensitive prostate cancer and bone metastases: 
results of CALGB 90202 (alliance). J. Clin. Oncol. 
32, 1143–1150 (2014).

76. Wirth, M. et al. Prevention of bone metastases 
in patients with high‑risk nonmetastatic prostate 
cancer treated with zoledronic acid: efficacy 
and safety results of the Zometa European 
Study (ZEUS). Eur. Urol. 67, 482–491 (2015).

77. Small, E. J., Smith, M. R., Seaman, J. J., 
Petrone, S. & Kowalski, M. O. Combined analysis 
of two multicenter, randomized, placebo‑
controlled studies of pamidronate disodium 
for the palliation of bone pain in men with 
metastatic prostate cancer. J. Clin. Oncol. 21, 
4277–4284 (2003).

78. Ernst, D. S. et al. Randomized, double‑blind, 
controlled trial of mitoxantrone/prednisone and 
clodronate versus mitoxantrone/prednisone and 
placebo in patients with hormone‑refractory 
prostate cancer and pain. J. Clin. Oncol. 21, 
3335–3342 (2003).

79. Kostenuik, P. J. et al. Denosumab, a fully human 
monoclonal antibody to RANKL, inhibits bone 
resorption and increases BMD in knock‑in mice 
that express chimeric (murine/human) RANKL. 
J. Bone Miner. Res. 24, 182–195 (2009).

80. Body, J. J. et al. A study of the biological 
receptor activator of nuclear factor‑κB ligand 
inhibitor, denosumab, in patients with multiple 
myeloma or bone metastases from breast 
cancer. Clin. Cancer Res. 12, 1221–1228 
(2006).

81. Lipton, A. et al. Randomized active‑controlled 
phase II study of denosumab efficacy and safety 
in patients with breast cancer‑related bone 
metastases. J. Clin. Oncol. 25, 4431–4437 
(2007).

82. Fizazi, K. et al. Randomized phase II trial of 
denosumab in patients with bone metastases 
from prostate cancer, breast cancer, or other 
neoplasms after intravenous bisphosphonates. 
J. Clin. Oncol. 27, 1564–1571 (2009).

83. Body, J. J. et al. Effects of denosumab in 
patients with bone metastases with and without 
previous bisphosphonate exposure. J. Bone 
Miner. Res. 25, 440–446 (2010).

84. US Food and Drug Administration. Highlights of 
prescribing information, XGEVA (denosumab) 
injection, for subcutaneous use [online], http://
www.accessdata.fda.gov/drugsatfda_docs/
label/2010/125320s007lbl.pdf (2010).

85. European Medicines Agency. Xgeva: EPAR - 
Product Information [online], http:// 
www.ema.europa.eu/docs/en_GB/ 
document_library/EPAR_‑_Product_Information/
human/002173/WC500110381.pdf (2014).

86. Body, J. J. Dosing regimens and main adverse 
events of bisphosphonates. Semin. Oncol. 28, 
49–53 (2001).

87. European Medicines Agency. Zometa: EPAR - 
Product Information [online], http:// 
www.ema.europa.eu/docs/en_GB/ 
document_library/EPAR_‑_Product_Information/
human/000336/WC500051730.pdf (2015).

88. Drugs.com. Zometa - FDA prescribing 
information, side effects and uses [online], 
http://www.drugs.com/pro/zometa.html 
(2015).

89. Saylor, P. J., Lee, R. J. & Smith, M. R. Emerging 
therapies to prevent skeletal morbidity in men 
with prostate cancer. J. Clin. Oncol. 29,  
3705–3714 (2011).

90. Lipton, A. et al. Superiority of denosumab to 
zoledronic acid for prevention of skeletal‑related 
events: a combined analysis of 3 pivotal, 
randomised, phase 3 trials. Eur. J. Cancer 48, 
3082–3092 (2012).

91. Body, J. J. Bisphosphonates for malignancy‑
related bone disease: current status, future 
developments. Support. Care Cancer 14,  
408–418 (2006).

92. Saad, F. et al. Incidence, risk factors, and 
outcomes of osteonecrosis of the jaw: 
integrated analysis from three blinded active‑
controlled phase III trials in cancer patients with 
bone metastases. Ann. Oncol. 23, 1341–1347 
(2012).

93. Khan, A. A. et al. Diagnosis and management 
of osteonecrosis of the jaw: a systematic review 
and international consensus. J. Bone Miner. Res. 
30, 3–23 (2015).

94. Porter, A. T. et al. Results of a randomized 
phase‑III trial to evaluate the efficacy of 
strontium‑89 adjuvant to local field external 
beam irradiation in the management of 
endocrine resistant metastatic prostate cancer. 
Int. J. Radiat. Oncol. Biol. Phys. 25, 805–813 
(1993).

95. Bruland, Ø. S., Nilsson, S., Fisher, D. R. 
& Larsen, R. H. High‑linear energy transfer 
irradiation targeted to skeletal metastases 
by the α‑emitter 223Ra: adjuvant or alternative 
to conventional modalities? Clin. Cancer Res. 12, 
6250s–6257s (2006).

REVIEWS

© 2015 Macmillan Publishers Limited. All rights reserved

http://www.accessdata.fda.gov/drugsatfda_docs/label/2010/125320s007lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2010/125320s007lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2010/125320s007lbl.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/002173/WC500110381.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/002173/WC500110381.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/002173/WC500110381.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/002173/WC500110381.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000336/WC500051730.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000336/WC500051730.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000336/WC500051730.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/000336/WC500051730.pdf
http://www.drugs.com/pro/zometa.html


NATURE REVIEWS | UROLOGY  VOLUME 12 | JUNE 2015 | 355

96. Buchali, K. et al. Results of a double blind study 
of 89‑strontium therapy of skeletal metastases 
of prostatic carcinoma. Eur. J. Nucl. Med. 14, 
349–51 (1988).

97. Tu, S. M. et al. Bone‑targeted therapy for 
advanced androgen‑independent carcinoma of 
the prostate: a randomised phase II trial. Lancet 
357, 336–341 (2001).

98. Lewington, V. J. et al. A prospective, randomised 
double‑blind crossover study to examine the 
efficacy of strontium‑89 in pain palliation in 
patients with advanced prostate cancer 
metastatic to bone. Eur. J. Cancer 27, 954–958 
(1991).

99. Oosterhof, G. O. et al. Strontium(89) chloride 
versus palliative local field radiotherapy in 
patients with hormonal escaped prostate cancer: 
a phase III study of the European Organisation for 
Research and Treatment of Cancer, Genitourinary 
Group. Eur. Urol. 44, 519–526 (2003).

100. Smeland, S. et al. Role of strontium‑89 as 
adjuvant to palliative external beam radiotherapy 
is questionable: results of a double‑blind 
randomized study. Int. J. Radiat. Oncol. Biol. Phys. 
56, 1397–1404 (2003).

101. Quilty, P. M. et al. A comparison of the palliative 
effects of strontium‑89 and external beam 
radiotherapy in metastatic prostate cancer. 
Radiother. Oncol. 31, 33–40 (1994).

102. Finlay, I. G., Mason, M. D. & Shelley, M. 
Radioisotopes for the palliation of metastatic 
bone cancer: a systematic review. Lancet Oncol. 
6, 392–400 (2005).

103. Kasalický, J. & Krajská, V. The effect of repeated 
strontium‑89 chloride therapy on bone pain 
palliation in patients with skeletal cancer 
metastases. Eur. J. Nucl. Med. 25, 1362–1367 
(1998).

104. Dafermou, A. et al. A multicentre observational 
study of radionuclide therapy in patients with 
painful bone metastases of prostate cancer. 
Eur. J. Nucl. Med. 28, 788–798 (2001).

105. Bayouth, J. E., Macey, D. J., Kasi, L. P. 
& Fossella, F. V. Dosimetry and toxicity of 
samarium‑153‑EDTMP administered for bone 
pain due to skeletal metastases. J. Nucl. Med. 
35, 63–69 (1994).

106. Collins, C. et al. Samarium‑153‑EDTMP in bone 
metastases of hormone refractory prostate 
carcinoma: a phase I/II trial. J. Nucl. Med. 34, 
1839–1844 (1993).

107. Turner, J. H., Claringbold, P. G., 
Hetherington, E. L., Sorby, P. & Martindale, A. A. 
A phase I study of samarium‑153 
ethylenediaminetetramethylene phosphonate 
therapy for disseminated skeletal metastases. 
J. Clin. Oncol. 7, 1926–1931 (1989).

108. Serafini, A. N. et al. Palliation of pain associated 
with metastatic bone cancer using 
samarium‑153 lexidronam: a double‑blind 
placebo‑controlled clinical trial. J. Clin. Oncol. 16, 
1574–1581 (1998).

109. Sartor, O. et al. Samarium‑153‑lexidronam 
complex for treatment of painful bone 
metastases in hormone‑refractory prostate 
cancer. Urology 63, 940–945 (2004).

110. Resche, I. et al. A dose‑controlled study of 153Sm‑
ethylenediaminetetramethylenephosphonate 
(EDTMP) in the treatment of patients with painful 
bone metastases. Eur. J. Cancer 33, 1583–1591 
(1997).

111. El‑Amm, J., Freeman, A., Patel, N. & 
Aragon‑Ching, J. B. Bone‑targeted therapies in 
metastatic castration‑resistant prostate cancer: 
evolving paradigms. Prostate Cancer 2013, 
210686 (2013).

112. Lassmann, M. & Nosske, D. Dosimetry of 223Ra‑
chloride: dose to normal organs and tissues. 

Eur. J. Nucl. Med. Mol. Imaging 40, 207–212 
(2013).

113. US Food and Drug Administration. Highlights of 
prescribing information, Xofigo (radium Ra 223 
dichloride) Injection, for intravenous use [online], 
www.accessdata.fda.gov/drugsatfda_docs/
label/2013/203971lbl.pdf (2013).

114. Carrasquillo, J. A. et al. Phase I pharmacokinetic 
and biodistribution study with escalating doses 
of 223Ra‑dichloride in men with castration‑
resistant metastatic prostate cancer. Eur. J. Nucl. 
Med. Mol. Imaging 40, 1384–1393 (2013).

115. Nilsson, S. et al. First clinical experience with 
alpha‑emitting radium‑223 in the treatment 
of skeletal metastases. Clin. Cancer Res. 11, 
4451–4459 (2005).

116. Nilsson, S. et al. Bone‑targeted radium‑223 
in symptomatic, hormone‑refractory prostate 
cancer: a randomised, multicentre, placebo‑
controlled phase II study. Lancet Oncol. 8,  
587–594 (2007).

117. Nilsson, S. et al. A randomized, dose‑response, 
multicenter phase II study of radium‑223 chloride 
for the palliation of painful bone metastases 
in patients with castration‑resistant prostate 
cancer. Eur. J. Cancer 48, 678–686 (2012).

118. Parker, C. C. et al. A randomized, double‑blind, 
dose‑finding, multicenter, phase 2 study of 
radium chloride (Ra 223) in patients with bone 
metastases and castration‑resistant prostate 
cancer. Eur. Urol. 63, 189–197 (2013).

119. Hoskin, P. et al. Efficacy and safety of radium‑223 
dichloride in patients with castration‑resistant 
prostate cancer and symptomatic bone 
metastases, with or without previous docetaxel 
use: a prespecified subgroup analysis from the 
randomised, double‑blind, phase 3 ALSYMPCA 
trial. Lancet Oncol. 15, 1397–1406 (2014).

120. European Medicines Agency. Xofigo: EPAR - 
Product Information [online] http:// 
www.ema.europa.eu/docs/en_GB/ 
document_library/EPAR_‑_Product_Information/
human/002653/WC500156172.pdf (2015).

121. US National Libraries of Medicine. ClinicalTrials.gov 
[online], https://clinicaltrials.gov/ct2/show/
NCT01106352 (2015).

122. US National Libraries of Medicine. ClinicalTrials.gov 
[online], https://clinicaltrials.gov/ct2/show/
NCT02043678 (2015).

123. US National Libraries of Medicine. ClinicalTrials.gov 
[online], https://clinicaltrials.gov/ct2/show/
NCT02097303 (2015).

124. US National Libraries of Medicine. ClinicalTrials.gov 
[online], https://clinicaltrials.gov/ct2/show/
NCT02034552 (2015).

125. Beer, T. M. et al. Double‑blinded randomized 
study of high‑dose calcitriol plus docetaxel 
compared with placebo plus docetaxel in 
androgen‑independent prostate cancer: a report 
from the ASCENT Investigators. J. Clin. Oncol. 25, 
669–674 (2007).

126. Carducci, M. A. et al. A phase 3 randomized 
controlled trial of the efficacy and safety of 
atrasentan in men with metastatic hormone‑
refractory prostate cancer. Cancer 110,  
1959–1966 (2007).

127. Nelson, J. B. et al. Phase 3, randomized, 
placebo‑controlled study of zibotentan (ZD4054) 
in patients with castration‑resistant prostate 
cancer metastatic to bone. Cancer 118,  
5709–5718 (2012).

128. Quinn, D. I. et al. Docetaxel and atrasentan 
versus docetaxel and placebo for men with 
advanced castration‑resistant prostate cancer 
(SWOG S0421): a randomised phase 3 trial. 
Lancet Oncol. 14, 893–900 (2013).

129. Fizazi, K. S. et al. Phase III, randomized, placebo‑
controlled study of docetaxel in combination with 

zibotentan in patients with metastatic castration‑
resistant prostate cancer. J. Clin. Oncol. 31, 
1740–1747 (2013).

130. Saad, F. & Lipton, A. SRC kinase inhibition: 
targeting bone metastases and tumor growth 
in prostate and breast cancer. Cancer Treat. Rev. 
36, 177–184 (2010).

131. Yu, E. Y. et al. Phase II study of dasatinib in 
patients with metastatic castration‑resistant 
prostate cancer. Clin. Cancer Res. 15,  
7421–7428 (2009).

132. Yu, E. Y. et al. Once‑daily dasatinib: expansion 
of phase II study evaluating safety and efficacy 
of dasatinib in patients with metastatic 
castration‑resistant prostate cancer. Urology 77,  
1166–1171 (2011).

133. Twardowski, P. W. et al. A phase II trial of 
dasatinib in patients with metastatic castration‑
resistant prostate cancer treated previously with 
chemotherapy. Anticancer Drugs 24, 743–753 
(2013).

134. Araujo, J. C. et al. Dasatinib combined with 
docetaxel for castration‑resistant prostate 
cancer: results from a phase 1–2 study. Cancer 
118, 63–71 (2012).

135. Araujo, J. C. et al. Docetaxel and dasatinib 
or placebo in men with metastatic 
castration‑resistant prostate cancer (READY): 
a randomised, double‑blind phase 3 trial. 
Lancet Oncol. 14, 1307–1316 (2013).

136. Smith, D. C. et al. Cabozantinib in patients with 
advanced prostate cancer: results of a phase II 
randomized discontinuation trial. J. Clin. Oncol. 
31, 412–419 (2013).

137. Dai, J. et al. Cabozantinib inhibits prostate 
cancer growth and prevents tumor‑induced bone 
lesions. Clin. Cancer Res. 20, 617–630 (2014).

138. Exelixis. Exelixis announces results from the 
COMET-1 phase 3 pivotal trial of cabozantinib in 
men with metastatic castration-resistant prostate 
cancer [online], http://ir.exelixis.com/phoenix.
zhtml?c=120923&p=irol‑
newsArticle&ID=1962549 (2014).

139. US National Libraries of Medicine. ClinicalTrials.gov 
[online], https://clinicaltrials.gov/ct2/show/
NCT01605227 (2015).

140. US National Libraries of Medicine. ClinicalTrials.gov 
[online], https://clinicaltrials.gov/ct2/show/
NCT01522443 (2015).

141. Mostaghel, E. A., Montgomery, B. & Nelson, P. S. 
Castration‑resistant prostate cancer: targeting 
androgen metabolic pathways in recurrent 
disease. Urol. Oncol. 27, 251–257 (2009).

142. Mantalaris, A. et al. Localization of androgen 
receptor expression in human bone marrow. 
J. Pathol. 193, 361–366 (2001).

143. Niu, Y. et al. Differential androgen receptor 
signals in different cells explain why androgen‑
deprivation therapy of prostate cancer fails. 
Oncogene 29, 3593–3604 (2010).

144. Reid, A. H., Attard, G., Barrie, E. & de Bono, J. S. 
CYP17 inhibition as a hormonal strategy for 
prostate cancer. Nat. Clin. Pract. Urol. 5,  
610–620 (2008).

145. Logothetis, C. J. et al. Effect of abiraterone 
acetate and prednisone compared with placebo 
and prednisone on pain control and skeletal‑
related events in patients with metastatic 
castration‑resistant prostate cancer: exploratory 
analysis of data from the COU‑AA‑301 randomised 
trial. Lancet Oncol. 13, 1210–1217 (2012).

146. Basch, E. et al. Abiraterone acetate plus 
prednisone versus prednisone alone in 
chemotherapy‑naive men with metastatic 
castration‑resistant prostate cancer: patient‑
reported outcome results of a randomised 
phase 3 trial. Lancet Oncol. 14, 1193–1199 
(2013).

REVIEWS

© 2015 Macmillan Publishers Limited. All rights reserved

http://www.accessdata.fda.gov/drugsatfda_docs/label/2013/203971lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2013/203971lbl.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/002653/WC500156172.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/002653/WC500156172.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/002653/WC500156172.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/002653/WC500156172.pdf
https://clinicaltrials.gov/ct2/show/NCT01106352
https://clinicaltrials.gov/ct2/show/NCT01106352
https://clinicaltrials.gov/ct2/show/NCT02043678
https://clinicaltrials.gov/ct2/show/NCT02043678
https://clinicaltrials.gov/ct2/show/NCT02097303
https://clinicaltrials.gov/ct2/show/NCT02097303
https://clinicaltrials.gov/ct2/show/NCT02034552
https://clinicaltrials.gov/ct2/show/NCT02034552
http://ir.exelixis.com/phoenix.zhtml?c=120923&p=irol-newsArticle&ID=1962549
http://ir.exelixis.com/phoenix.zhtml?c=120923&p=irol-newsArticle&ID=1962549
http://ir.exelixis.com/phoenix.zhtml?c=120923&p=irol-newsArticle&ID=1962549
https://clinicaltrials.gov/ct2/show/NCT01605227
https://clinicaltrials.gov/ct2/show/NCT01605227
https://clinicaltrials.gov/ct2/show/NCT01522443
https://clinicaltrials.gov/ct2/show/NCT01522443


356 | JUNE 2015 | VOLUME 12 www.nature.com/nrurol

147. Ryan, C. J. et al. Abiraterone acetate plus 
prednisone versus placebo plus prednisone 
in chemotherapy‑naive men with metastatic 
castration‑resistant prostate cancer 
(COU‑AA‑302): final overall survival analysis of 
a randomised, double‑blind, placebo‑controlled 
phase 3 study. Lancet Oncol. 16, 152–160 
(2015).

148. El‑Amm, J., Patel, N., Freeman, A. & 
Aragon‑Ching, J. B. Metastatic castration‑
resistant prostate cancer: critical review of 
enzalutamide. Clin. Med. Insights Oncol. 7,  
235–245 (2013).

149. Beer, T. M. et al. Enzalutamide in metastatic 
prostate cancer before chemotherapy. N. Engl. 
J. Med. 371, 424–433 (2014).

150. Loriot, Y. et al. Impact of enzalutamide on 
skeletal related events (SREs), pain and quality 
of life (QoL) in the PREVAIL trial [abstract]. 
Ann. Oncol. 25 (Suppl. 4), 762PD (2014).

151. Coleman, R. et al. Consensus on the utility of 
bone markers in the malignant bone disease 
setting. Crit. Rev. Oncol. Hematol. 80, 411–432 
(2011).

152. Lara, P. N. Jr et al. Serum biomarkers of bone 
metabolism in castration‑resistant prostate 
cancer patients with skeletal metastases: 
results from SWOG 0421. J. Natl Cancer Inst. 
106, dju013 (2014).

153. Fitzpatrick, J. M. et al. Optimal management of 
metastatic castration‑resistant prostate cancer: 
highlights from a European expert consensus 
panel. Eur. J. Cancer 50, 1617–1627 (2014).

154. Sweeney, C. et al. Impact on overall survival (OS) 
with chemohormonal therapy versus hormonal 

therapy for hormone‑sensitive newly metastatic 
prostate cancer (mPrCa): an ECOG‑led phase III 
randomized trial [abstract]. J. Clin. Oncol. 
32 (Suppl. 18), LBA2 (2014).

155. Omlin, A., Pezaro, C. & Gillessen Sommer, S. 
Sequential use of novel therapeutics in 
advanced prostate cancer following docetaxel 
chemotherapy. Ther. Adv. Urol. 6, 3–14 (2014).

156. Hurwitz, M. & Petrylak, D. P. Sequencing of 
agents for castration‑resistant prostate cancer. 
Oncology (Williston Park) 27, 1144–1149,  
1154–1158 (2013).

157. Smith, M. R. et al. Denosumab and 
bone‑metastasis‑free survival in men with 
castration‑resistant prostate cancer: results of 
a phase 3, randomised, placebo‑controlled trial. 
Lancet 379, 39–46 (2012).

158. Smith, M. R. et al. Denosumab and bone 
metastasis‑free survival in men with 
nonmetastatic castration‑resistant prostate 
cancer: exploratory analyses by baseline 
prostate‑specific antigen doubling time. J. Clin. 
Oncol. 31, 3800–3806 (2013).

159. James, N. D. et al. Clinical outcomes in 
patients with castrate‑refractory prostate 
cancer (CRPC) metastatic to bone randomized 
in the factorial TRAPEZE trial to docetaxel (D) 
with strontium‑89 (Sr89), zoledronic acid (ZA), 
neither, or both (ISRCTN 12808747) 
[abstract]. J. Clin. Oncol. 31 (Suppl. 18), 
LBA5000 (2013).

160. Morris, M. J. et al. Safety of radium‑223 
dichloride (Ra‑223) with docetaxel (D) in patients 
with bone metastases from castration‑resistant 
prostate cancer (CRPC): a phase I Prostate 

Cancer Clinical trials Consortium study 
[abstract]. J. Clin. Oncol. 31 (Suppl. 15), 5021 
(2013).

161. Saad, F. et al. Impact of concomitant 
bone‑targeted therapies (BTT) on outcomes 
in metastatic castration‑resistant prostate 
cancer (mCRPC) patients (pts) without prior 
chemotherapy (ctx) treated with abiraterone 
acetate (AA) or prednisone (P) [abstract]. J. Clin. 
Oncol. 31 (Suppl. 15), 5037 (2013).

162. Araujo, A., Cook, L. M., Lynch, C. C. 
& Basanta, D. An integrated computational 
model of the bone microenvironment in bone‑
metastatic prostate cancer. Cancer Res. 74, 
2391–2401 (2014).

163. Zhao, B., Pritchard, J. R., Lauffenburger, D. A. 
& Hemann, M. T. Addressing genetic tumor 
heterogeneity through computationally predictive 
combination therapy. Cancer Discov. 4, 166–174 
(2014).

Acknowledgements
The authors would like to express their gratitude to 
Dr P. Hoban (Cancer Communications & Consultancy 
Ltd, Knutsford, UK) for providing writing assistance 
funded by Bayer Consumer Care AG.

Author contributions
All authors were involved in researching data for the 
article, made substantial contributions to discussion 
of its content and were involved in writing and  
review/editing of the manuscript before submission.

Supplementary information is linked to the online 
version of the paper at www.nature.com/nrurol.

REVIEWS

© 2015 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/nrurol

	Targeting bone metastases in prostate cancer: improving clinical outcome
	Jean-Jacques Body, Sandra Casimiro and Luís Costa
	Introduction
	Bone metastasis in CRPC
	Bone physiology
	Key points
	Box 1 | Definitions of skeletal events in mCRPC
	Figure 1 | The cyclic feedback loop between PCBMs, osteoblasts and osteoclasts, and target sites of therapeutics. PCBMs release osteoblastic growth factors, such as ET‑1, which leads to formation of new bone (woven bone). In turn, osteoblasts release PCBM
	Pathophysiology of bone metastasis
	Bone-targeting therapies for mCRPC
	Systemic agents and skeletal outcome
	Treatment options for PCBMs
	Discussion and future perspectives
	Conclusions
	Review criteria
	Acknowledgements
	Author contributions



