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Abstract

Bone metastases are virtually incurable result-
ing in significant disease morbidity, reduced
quality of life, and mortality. Bone provides a
unique microenvironment whose local inter-
actions with tumor cells offer novel targets for
therapeutic interventions. Increased under-
standing of the pathogenesis of bone disease
has led to the discovery and clinical utility of
bone-targeted agents other than bisphospho-
nates and denosumab, currently the standard
of care in this setting.

In this chapter, we present the recent
advances in molecular-targeted therapies
focusing on therapies that inhibit bone resorp-
tion and/or stimulate bone formation and
novel antitumor agents that exert significant
effects on skeletal metastases, nowadays
available in clinical practice or in phase of
development.
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2.1 Biological Background:

The Bone Niche

Bone, particularly trabecular bone, is one of the
most preferential metastatic target sites for malig-
nancies such as breast, prostate, and lung can-
cers. Bone metastases are associated with a
reduced quality of life and an increased risk of
complications arising from bone weakness or
deregulated calcium homeostasis. These compli-
cations (such as pathological fractures, spinal
cord compression, or radiation, or surgery to the
bone) are collectively defined as skeletal-related
events (SREs). Additionally, the patient with
metastatic bone disease frequently experiences
significant pain that may be difficult to treat.

Depending on their radiographic appearance,
bone metastases can be predominantly osteolytic,
involving bone destruction, or osteoblastic char-
acterized by large amounts of newly deposed
woven bone. The lesion phenotype reflects the
local interaction between tumor cells and the
bone remodeling system [1-3].

Cross talk between tumor and bone cells, both
through direct cell-cell contact and through solu-
ble factors, is considered critical for the develop-
ment and progression of bone metastases.
Although tumor cells secrete proteolytic enzymes
and can directly destroy bone matrix in vitro, the
main mediators of bone destruction within a met-
astatic lesion are the osteoclasts (OCLs) [4].
Osteolysis activity causes the release of growth
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factors, stored in the bone matrix, into tumor
microenvironment. These factors stimulate the
growth of tumor cells and alter their phenotype,
thus promoting a vicious cycle of metastasis and
bone pathology. Physical factors within the bone
microenvironment, including low oxygen levels,
acid pH, and high extracellular calcium concen-
trations, may also enhance tumor growth [5].
Furthermore, there is evidence that osteolytic
lesions are linked not only with increased OCL
activity but also with impaired osteoblast (OBL)
differentiation, activity [6, 7], and apoptosis [8].
OBL metastases are characterized by a higher
OBL proliferation and bone matrix deposition
associated with an increased OCL activity [9,
10]. The net result is a raise of OBL proliferation
and differentiation that increases the deposition
of abnormal, woven bone.

Anatomically, the bone areas most frequently
colonized by disseminated tumor cells (DTCs)
are the axial skeleton, including the spine, ribs,
and pelvic bones. Bone stromal cells, such as
osteoblasts, osteoclasts, mesenchymal stem/stro-
mal cells (MSCs), endothelial cells, macro-
phages,  neutrophils,  lymphocytes, and
hematopoietic stem/progenitor cells (HSPCs),
have been shown to either expedite or impede the
progression of cancer cell metastases [11, 12].
Furthermore, a series of trophic factors, cyto-
kines, and chemokines serve as bone stroma-
derived mediators that play critical roles in
building the specialized bone metastatic niche.
Of these known regulators, CX-chemokine ligand
12 (CXCL12), integrins, osteopontin (OPN), vas-
cular cell adhesion molecule-1 (VCAM-1), trans-
forming growth factor beta (TGF-), Jagged 1,
and the receptor activator of nuclear factor kappa-
B ligand (RANKL) display the greatest influence
in specifying the metastatic niche. Taken together,
these bone marrow (BM) niche cells and factors
constitute a finely organized network that pro-
motes DTC homing, seeding, hibernation, and
proliferation while facilitating the progressive
breakdown of normal hematopoiesis and osteo-
genesis [5, 13, 14]. These tumor-stroma interac-
tions could lead to the development of effective
therapeutic agents, such as osteoclast-targeting
bisphosphonates and the monoclonal antibody,

which inhibits activation of the receptor activator
of nuclear factor kappa-B ligand (RANKL) deno-
sumab for controlling cancer-induced bone com-
plications [15].

In the last two decades, the bisphosphonates
and denosumab, a monoclonal antibody that
inhibits activation of the receptor activator of
nuclear factor kappa-B ligand (RANKL), have
become established as a valuable additional
approach to the range of current treatments.
Multiple randomized controlled trials have
clearly demonstrated that they are effective in
reducing skeletal morbidity from metastatic can-
cer [16]. Moreover, radiopharmaceuticals are
other interesting agents targeting bone metasta-
ses able to improve overall survival in patients
with prostate cancer bone metastases. Finally,
several molecules that are already approved as
anticancer agents (such as antiandrogens, mTOR
inhibitors, and c-Met inhibitors) are now in clini-
cal evaluation for their potential beneficial effects
on bone metabolism.

2.2  Bisphosphonates
Bisphosphonates are well established as success-
ful agents for the management of osteoporosis as
well as bone metastases in patients with solid
cancer and multiple myeloma [17].
Bisphosphonates are analogues of pyrophos-
phate with a strong affinity for divalent metal
ions, such as calcium ions, and for the skeleton.
Indeed bisphosphonates are incorporated into the
bone matrix by binding to exposed hydroxyapa-
tite crystals that provide a barrier to osteoclast-
mediated bone resorption and have direct
inhibitory effects on osteoblasts. In particular,
bisphosphonates are embedded in bone at active
remodeling sites, released in the acidic environ-
ment of the resorption lacunae under active
osteoclasts and are taken up by them. There are
two classes of bisphosphonates, nonnitrogen-
containing and nitrogen-containing bisphos-
phonates (N-BPs). The nitrogen-containing
biphosphonates (alendronic, ibandronic, pami-
dronic, risedronic, and zoledronic acid) are
more potent osteoclast inhibitors than
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nonnitrogen-containing bisphosphonates (e.g.,
clodronic, etidronic, and tiludronic acid) [18].
Moreover, nitrogen-containing bisphosphonates
inhibit farnesyl pyrophosphatase, an enzyme
responsible for the prenylation of GTPases that
are essential for osteoclast function, structural
integrity, and the prevention of apoptosis [18—
20]. The inhibition of farnesyl pyrophosphatase
also results in the accumulation of isopentenyl
diphosphate that is incorporated into a cytotoxic
nucleotide metabolite, Apppl [19]. Therefore,
bisphosphonates affect osteoclast differentiation
and maturation and thereby act as potent inhibi-
tors of bone resorption. Preclinical evidence
demonstrated that bisphosphonates do not affect
only the bone microenvironment but have also a
direct effect on macrophages, gamma delta T
cells, osteoblasts, and cancer cells showing anti-
tumor and/or antiangiogenic effects [21].

Strong evidence supports the role of bisphos-
phonates in the treatment of advanced breast can-
cer. A Cochrane Collaboration systematic review
and meta-analysis of nine studies, which included
2806 patients, demonstrated that bisphospho-
nates decreased the SRE rate by 15% compared
with placebo in women with breast cancer who
had bone metastasis [22]. All bisphosphonates
were effective (clodronic, pamidronic, iban-
dronic, and zoledronic acid) and reduced SREs
by 20—40%, depending on the agent [20, 23-29].
The Cochrane Collaboration meta-analysis did
not show an overall survival benefit for the use of
bisphosphonates in women with breast cancer
and bone metastasis. In addition, the review did
not show consistent improvement in global qual-
ity of life or improvement in bone pain associated
with bisphosphonate therapy. In a large random-
ized controlled trial that included more than 1000
patients, the effectiveness of zoledronic acid was
compared with that of denosumab. This study
showed the superiority of denosumab in delaying
the time-to-first SRE and time-to-subsequent
SREs [30]. However, overall survival, disease
progression, and rate of adverse events were sim-
ilar between the groups. Only a very modest
improvement in health-related quality of life was
noted, favoring the use of denosumab [31]. The
National Comprehensive Cancer Network

(NCCN), the American Society of Clinical
Oncology (ASCO), and the European Society of
Medical Oncology (ESMO) are consistent in rec-
ommending either zoledronic acid or denosumab
[32-34].

Currently zoledronic acid is also used in men
with bone metastatic prostate cancer that has pro-
gressed after initial hormone therapy. In this set-
ting zoledronic acid reduced the frequency of
SREs, prolonged median time-to-develop SREs,
and decreased pain and analgesic scores [35, 36].
Moreover, zoledronic acid efficacy in preventing
bone fractures was demonstrated in patients with
high grade and/or locally advanced, nonmeta-
static prostate adenocarcinoma receiving lutein-
izing hormone-releasing hormone (LHRH)
agonist and radiotherapy (RT) [37].

Currently, the key question is: what is the role
of zoledronic acid in hormone-sensitive prostate
cancer? In the STAMPEDE trial, the addition of
zoledronic acid to docetaxel did not improve sur-
vival outcomes or delay the SRE incidence [38].
In the CALGB/ALLIANCE 90202 study com-
paring early treatment in hormone-sensitive pros-
tate cancer versus delayed treatment in
castration-resistant prostate cancer (CRPC), no
difference in SRE-free survival and no change in
survival outcomes were noted. Thus, zoledronic
acid did not improve SRE in hormone-sensitive
disease (median time-to-first SRE  was
31.9 months in the zoledronic acid group and
29.8 months in the placebo group) but showed, as
previously described, benefit in SRE in castra-
tion-resistant disease [39].

2.3 Denosumab

The development and approval of denosumab, a
fully monoclonal antibody against RANKL, have
heralded a new era in the treatment of bone dis-
eases by providing a potent, targeted, and revers-
ible inhibitor of bone resorption.

The RANKL/RANK/OPG are members of the
TNF and TNF-receptor superfamily and act as
essential mediators of OCL formation, function,
and survival. In particular, RANKL in normal pro-
cess is secreted by OBLs and binds to its receptor
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RANK, expressed by OCL precursors and mature
OCLs stimulating bone resorption activity; at con-
trast osteoprotegerin (OPG), the decoy receptor
for RANKL, prevents OCL activation [40].
Moreover, RANKL acts as a key paracrine effector
for the mitogenic action of progesterone in mouse
mammary epithelium and modulating estrogen-
dependent expansion and regenerative potential of
mammary stem cells [41, 42], mechanisms known
to be important for mammary tumorigenesis.
Murine in vivo models showed RANKL as a
potent chemoattractant in tumors and supports the
pro-migratory activity of RANK-expressing breast
and prostate cancer cell lines; moreover in an
in vivo melanoma model of bone metastases, the
inhibition of RANKL results in a reduction of
bone lesions and tumor burden [43]. RANKL is
also expressed in some cancer cells, while in other
case, cell-to-cell contact of tumor cells with OBLs
enhances its expression; this contextually pro-
motes the entry of cancer cells into the vicious
cycle where the interaction with RANK-expressing
OCLs stimulate their activation [43].

Recently evidences suggest an important role
for RANKL/RANK in the immune system
including in lymph node development, lympho-
cyte differentiation, dendritic cell survival, and
T-cell activation and tolerance induction
[44-46].

Denosumab was developed for the treatment
of osteoporosis, cancer treatment-induced bone
loss, bone metastases, and other skeletal patholo-
gies mediated by OCLs. Denosumab showed
superiority to zoledronic acid in delaying time-
to-first SRE and time-to-first-and-subsequent
SRE in bone metastatic breast cancer patients, as
previously described [30]. In a castration-resis-
tant prostate cancer patient population presenting
bone metastases, the median time-to-first on-
study SRE for the denosumab arm was signifi-
cantly prolonged (21 months) compared to the
zoledronic acid ones (17 months) with no
improvements in the overall survival or progres-
sion of disease [47]. Another trial enrolled 1776
patients with myeloma-induced osteolysis and
solid tumors other than breast and prostate can-
cers [48]. The results showed a median time-to-
first on-study SRE of 21 months in the denosumab
group and 16 months in the arm receiving zole-

dronic acid demonstrating a non-inferiority for
denosumab versus zoledronic acid but neither a
superiority after adjustment for multiple com-
parisons nor an advantage in the overall survival
of denosumab over zoledronic acid.

Nevertheless, a post hoc analysis of these
three phase III trials in patients with breast cancer
[30], prostate cancer [47], or other solid tumors
[48] (excluding multiple myeloma patients)
showed that denosumab was superior to zole-
dronic acid in preventing SREs in patients with
bone metastases, regardless of ECOG perfor-
mance status, bone metastasis number, baseline
visceral metastasis presence/absence, and urine
N-telopeptide (uUNTX) level [49].

In another phase III trial, 1432 men with non-
metastatic castration-resistant prostate cancer
were randomly assigned to denosumab or pla-
cebo. Denosumab increased the time-to-develop-
ment of first bone metastasis by a median of
4.2 months compared with placebo, in a popula-
tion of men deemed to be at a high risk for the
development of metastatic disease. No difference
in the overall survival (OS) was noted [50].

24  Antiandrogen Agents

Recent advances demonstrated that androgen-
based pathways continue to have a clinically sig-
nificantrole in the progression of castrate-resistant
prostate cancer (CRPC). In addition to androgen
production by the adrenal gland and the testis,
several enzymes involved in the synthesis of tes-
tosterone and dihydrotestosterone, including
cytochrome P450 17 alpha hydroxysteroid dehy-
drogenase (CYP17), are highly expressed in
tumor tissue [51].

Persistent androgen signaling is a validated
therapeutic target in metastatic CRPC (mCRPC).
Preclinical and clinical findings confirm that
transition from endocrine-dependent to intracrine
androgen signaling progression is a milestone in
the lethal progression of prostate cancer and
resistance to standard androgen deprivation ther-
apy [52, 53]. Moreover, over the course of
mCRPC progression, androgen receptor (AR)
changes ensue. These include overexpression,
mutation, alternative splicing, posttranslational
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modifications, or interactions with other path-
ways (nonclassical AR signaling) [54, 55].

Randomized trials that led to regulatory
approval of CYP17 inhibitor, abiraterone acetate,
and antiandrogen, enzalutamide, in mCRPC have
also demonstrated that these drugs decreased the
time-to-first SRE onset and radiological skeletal
progression [56—60].

2.4.1 Abiraterone

Abiraterone acetate is an orally administered
selective androgen biosynthesis inhibitor derived
from the structure of pregnenolone. It potently
and irreversibly inhibits both the hydroxylase and
lyase activity of CYP17A with approximately
10-30-fold greater potency than ketoconazole
[61] resulting in virtually undetectable serum and
intratumoral androgen production in the adre-
nals, testes, and prostate cancer cells [62, 63].
Because adrenal inhibition of CYP17A results in
blockade of glucocorticoid as well as adrenal
androgen synthesis, abiraterone is co-adminis-
tered with prednisone to ameliorate the second-
ary rise in adrenocorticotropic hormone (ACTH)
that can lead to excess mineralocorticoid synthe-
sis [64].

In phase III studies in mCRPC patients, it was
demonstrated that abiraterone treatment is associ-
ated not only with a significant survival advantage
in both chemotherapy-treated [64] and chemo-
therapy-naive patients [65] but also with a better
pain control from skeletal metastases, a delay in
time-to-develop SREs and in radiological skeletal
progression in chemotherapy-treated patients. In
this group, 25% of patients developed a skeletal
event in 9.9 months when treated with abiraterone
and 4.9 months with placebo, and the time-to-first
SRE was 25.0 months with abiraterone compared
to 20.3 months with placebo [64]. The benefits of
abiraterone on metastatic bone disease may be not
only secondary to a systemic control of the dis-
ease due to a direct antitumor effect but also due
to a specific effect on bone microenvironment.
Indeed, recently direct bone anabolic and an anti-
resorptive effect of abiraterone both in vitro and in
mCRPC patients was found. In particular, abi-
raterone was found to be able to specifically mod-

ulate OCLs and OBLs leading to direct anabolic
and anti-resorptive effects both in the presence
and absence of steroids, suggesting a noncanoni-
cal mechanism of action that seems to be, at least
in part, androgen-independent [65].

2.4.2 Enzalutamide

Another promising oral AR inhibitor that targets
multiple steps in the AR signaling pathway is
enzalutamide. In the randomized phase III
AFFIRM study, significant improvements in sur-
vival versus placebo were observed when enzalu-
tamide was used as a treatment for patients with
mCRPC following prior treatment with docetaxel.
Additional benefits included significant delay in
time-to-first SREs and improvement in several
measures of pain and health-related quality of life
[60]. Furthermore, in the phase III PREVAIL
study evaluating enzalutamide versus placebo in
patients with mCRPC, who had not received che-
motherapy, the antiandrogen significantly
decreased the risk of radiographic progression and
death. There were also significant improvements
in all secondary and prespecified exploratory end-
points, including delayed initiation of chemother-
apy and a high percentage of patients with
objective response compared with placebo [66].
Moreover, median time-to-first skeletal-related
event was longer in the enzalutamide group than in
the placebo group. Finally, treatment with enzalu-
tamide was associated with a reduction in the risk
of a first skeletal-related event, which was not
dependent on bisphosphonate or denosumab use at
baseline [67]. Ongoing and planned trials will help
further define the optimal use of both abiraterone
acetate and enzalutamide in the treatment of meta-
static prostate cancer.

2.5 mTOR Inhibitors

Preclinical analyses show that mTOR pathway is
involved in bone remodeling [68-74]. These
effects are likely exerted via signal transduction
by cytokines through the mTOR pathway, which
decreases osteoclast apoptosis and promotes
osteoclast survival [69, 70]. One cytokine pathway
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influenced by mTOR that is critical for osteoclast
growth and differentiation is the RANK/osteo-
protegerin pathway [69, 70, 75]. Notably, down-
regulating mTOR via suppression of mTOR
phosphorylation in the ST2 bone marrow-derived
stromal cell line led to upregulation of osteopro-
tegerin [72].

Other factors that reflect osteoclast activity
may also be influenced by mTOR inhibition
including cathepsin K, the main osteoclast-
derived protease responsible for digesting colla-
gen type I in the bone [71]. Cathepsin K mRNA
expression and protein levels in human osteo-
clasts decreased substantially after treatment
with everolimus, an inhibitor of mTOR signaling
[71]. Moreover, a study in bone marrow cells of
cultured rabbit demonstrated that treatment with
the mTOR inhibitor rapamycin decreased pro-
duction of CTX, a bone resorption marker [69].
Finally, inhibiting mTOR in mice decreased
osteoclast maturation and increased osteoclast
apoptosis [69], suggesting that blocking the
mTOR pathway may lead to a protective effect on
the bone.

The phase III study BOLERO-2 showed a sta-
tistically significant benefit in progression-free
survival (PFS) adding everolimus to nonsteroidal
aromatase inhibitor therapy in postmenopausal
women with estrogen receptor-positive breast
cancer progressing despite nonsteroidal aroma-
tase inhibitor therapy [74]. Moreover an explor-
atory analyses in this trial evaluating the effect of
everolimus on bone marker levels and bone dis-
ease progression showed a significant decrease of
bone marker level at 6 months and 12 months
from baseline and a reduction in bone disease
progression in the combination arm (everolimus
plus exemestane) [75]. As demonstrated by Gnant
et al. [75], differences in the incidence of bone
disease progression became evident between the
treatment arms by week 12, with a lower cumula-
tive incidence rate of bone disease progression
for the combination arm (3.5%) versus the
exemestane-only arm (6.6%) in the overall popu-
lation. Bone disease progression remained nearly
twofold lower in the combination arm versus the
exemestane-only arm through week 30 (8.1% vs

15.0%, respectively), and similar trends contin-
ued beyond 30 weeks [75]. The influence of
bisphosphonate use on bone marker level changes
was also examined in both treatment arms. At
12 weeks, bone marker levels were lower in the
combination arm versus the exemestane-only
arm and differences in changes from baseline
to week 12 between treatment arms at this
timepoint were larger in patients who received
baseline bisphosphonates versus those who did
not [75].

In a double-blind, placebo-controlled, phase
II, randomized discontinuation study (RADAR)
in breast cancer patients with HER2-negative
breast cancer patients with bone metastases only,
patients were randomized to everolimus-continu-
ation or placebo, after being stable on 8 weeks of
everolimus. Time to progression in patients with
everolimus-continuation ~was  37.0  versus
12.6 weeks (95% CI 7.1-17.9) with placebo sug-
gesting that patients with bone metastases only
may retrieve long-term benefit from everolimus
if they do not progress within 8 weeks of treat-
ment [76].

Finally, in an ongoing phase II study, symp-
tomatic skeletal event-free survival (SSE-FS) are
evaluated in metastatic breast cancer patients
treated with radium-223 dichloride in combina-
tion with exemestane and everolimus versus pla-
cebo in combination with exemestane and
everolimus (NCT02258451).

These evidences from phase III clinical trial
suggest that mTOR inhibition in combination
with exemestane may have a beneficial effect on
bone health in patients with bone metastases,
reducing the incidence of bone metastases mor-
bidity and mortality.

2.6 Radiopharmaceutical

Radiopharmaceuticals are other interesting agents
targeting bone metastases; several studies showed
how beta-emitting radiopharmaceuticals allow
bone pain relief in mCRPC patients due to their
similarity to calcium, emitting radiation when they
are taken up at the site of osteoblastic activity.
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Strontium-89 and samarium-153 were the first
radiopharmaceuticals approved for bone metasta-
ses pain relief in patients with mCRPC [77, 78].
Although these radiopharmaceuticals are useful
tool for pain palliations, no study showed impact
on the overall survival, but only one randomized
control trial showed that strontium-89 after six
cycles of docetaxel improved clinical progression-
free survival (CPFS) despite frequent hematologi-
cal adverse events [79], limiting their use only in
symptomatic patients with multiple bone sites.

Radium-223 is an alpha emitter that differs
from beta emitter agents since it delivers a highly
localized radiation to bone surface, causing dou-
ble-stranded DNA breaks that lead to cell death,
giving less irradiation to healthy bone marrow
than beta emitters [80]. In particular it is a cal-
cium-mimetic molecule that forms complex with
hydroxyapatite, which forms 50% of the bone
matrix; their linking allows radium-223 to be
incorporated to the bone matrix emitting alpha
particle preserving the health of bone tissue and
bone marrow and limiting distribution to soft tis-
sue [81].

Radium-223 was recently approved by FDA
in men with symptomatic mCRPC with bone and
no visceral metastases, presenting a significant
impact on the overall survival in patients who
progress with docetaxel or unfit to docetaxel. The
rationale of its beneficial use as a bone target
comes from several phase I and II trials that show
safety and tolerability of Alpharadin, radium-223
chloride in solution, in mCRPC patients, with
significant effects on bone turnover markers such
as bone alkaline phosphatase (bALP) and uNTX
[82, 83]. These encouraging data allowed investi-
gators to conduct a randomized open-label, mul-
ticenter phase III trial evaluating the impact on
the overall survival of radium-223 in mCRPC
patients with bone metastases previously treated
with docetaxel or unfit to receive docetaxel. This
phase III trial was early stopped after preplanned
efficacy interim analysis, since OS was signifi-
cantly improved in the radium-223 arms versus
placebo control arm (median, 14.0 vs
11.2 months), respectively; updated analyses in
all 921 patients, performed before crossover from

placebo to radium-223, showed a similar survival
advantage for radium-223 treatment (median,
14.9 vs 11.3 months) [84]. Moreover radium-223
showed efficacy in all secondary end points

including time-to-first symptomatic skeletal
events (median, 15.6 months vs 9.8 months,
respectively).

Furthermore, a prespecified subgroup analysis
from this trial showed that radium-223 is effec-
tive and well tolerated irrespective of previous
docetaxel use [85]. Starting from these promising
results, new trials are under investigation to bet-
ter understand combination therapy with
docetaxel and other new emergent therapies, such
as abiraterone acetate, that will improve the over-
all survival in this subset of patients
(NCTO01106352 and NCT02097303).
Furthermore, several studies are also under eval-
uation in order to better understand the potential
role of Alpharadin in patients with other cancers
that have the tendency to metastasize to the bone
(e.g., lung cancer, NCT 02283749).

Finally, data exist to support the co-adminis-
tration of radium-223 with bisphosphonates.
Indeed in ALSYMPCA, 41% of patients were on
bisphosphonates at registration, and there was a
clear delay in symptomatic skeletal events (SSEs)
in these patients (19.6 vs 10.2 months). Although
only a hypothesis-generating subset analysis, this
observation suggests a possible positive interac-
tion between radium-223 and osteoclast-targeted
agents [86].

2.7  Agents Targeting Dikkopf-1/

WNT Pathway

Dikkopf-1 (DKK1) is an inhibitory signal belong-
ing to the WNT pathway. It performs a critical
role in the onset of osteolytic skeletal metastases.
In this setting the inhibition of OBL activity has
been linked to the production of this soluble pro-
tein by tumor cells. DKK1 produced by tumor
cells (breast, prostate) induces osteolytic lesions
in in vivo animal models and sustains the forma-
tion of osteolytic cancer metastases. In addition
elevated DKKI1 levels are observed in serum of
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patients with multiple myelomas and in women
with breast cancer metastatic to bone. Compelling
evidences in humans and mice show that WNT
signaling pathway increases bone mass stimulat-
ing, at least in part, OBL proliferation and activ-
ity. In particullar WNT signaling acts by
upregulating OPG and downregulating OBL
RANKL expression [87] suggesting a mecha-
nism by which WNT indirectly regulates osteo-
clastogenesis. In this axis the role of DKKI1
inhibits OBL activity by blocking the action of
WNT proteins on these cells [15]. Several data
report that DKK1 promotes the formation of
osteolytic metastases and may facilitate the con-
version of osteoblastic metastases into an osteo-
lytic phenotype. Preclinical data suggest that
DKK-neutralizing antibodies restored the bone
mineral density (BMD) of the implanted myelo-
matous bone, increased the number of osteocal-
cin-expressing OBLs, and reduced the number of
multinucleated tartrate-resistant acid phospha-
tase (TRAP)-expressing OCLs. Furthermore, the
anti-DKK1-treated mice showed reduced tumor
burden [15].

Treatment with a DKK-I-neutralizing anti-
body, BHQS880, resulted in increased osteoblast
numbers and trabecular bone and inhibition of
multiple myeloma cells growth in murine MM
models [88]. This led to the evaluation of
BHQS880 in a number of clinical trials of which
the complete results have yet to be reported
(NCTO00741377, NCTO01302886, and
NCTO01337752). The phase Ib trial showed that
BHQS880 in combination with zoledronic acid
and anti-myeloma therapy was well tolerated and
demonstrated potential clinical activity in patients
with relapsed/refractory multiple myeloma [89].

2.8 AgentsTargeting c-MET/HGF

Pathway

The receptor tyrosine kinase MET and its ligand
hepatocyte growth factor (HGF) signaling path-
way promote stemness phenotype, tumor growth,
invasion, and metastases in several malignancies.
Prominent expression of MET has been observed

in primary and metastatic prostate carcinomas; in
particular, it has been demonstrated that bone
metastases have higher levels of expression of
MET oncogene compared with lymph node
metastases or primary tumors [90, 91].

Furthermore it is known that both HGF and
MET are expressed by OBLs and OCLs, medi-
ating cellular responses such as proliferation,
migration, and differentiation. In OCLs, HGF
and M-CSF signals, through tyrosine kinase
receptors, lead to phosphorylation of common
transducers and effectors such as Src, Grb2,
and PI3-kinase. Additionally it has been dem-
onstrated that HGF is able to support mono-
cyte-OCL differentiation in the presence of
RANKL as evidenced by the formation of
numerous multinucleated TRAP and vitronec-
tin receptor-positive cells which formed F-actin
rings and which were capable of lacunar
resorption [92]. On the other hand, HGF acti-
vates many signaling cascades in human mes-
enchymal stem cells, including rapid
phosphorylation of ERK, p38, and AKT/PI3K,
promoting OBL differentiation [93]. Moreover
c-Met activation increases osteopontin (OPN)
expression in human OBLs via the PI3K, Akt,
c-Src, c-Jun, and AP-1 signaling pathway [94].
Interestingly, OCLs are found to synthesize
and secrete biologically active HGF. These
data strongly suggest the possibility of an auto-
crine regulation of the OCLs by HGF and a
paracrine regulation of the OBLs by the HGF
produced by the OCLs [95].

Cabozantinib (XL184) is an orally bioavail-
able tyrosine kinase inhibitor with potent activity
against MET and VEGF receptor 2 (VEGFR2).

In a multicenter, phase II, nonrandomized
expansion study of men with CRPC, bone metas-
tases, and disease progression despite docetaxel
treatment, cabozantinib was associated with
improvements in bone scans, patient-reported
pain and analgesic use, measurable disease,
CTCs, and bone biomarkers. The randomization
was stopped because of these improvements in
bone response, and a group of 31 patients had
been randomly assigned. In this group, there was
a marked improvement in the primary end point
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of progression-free survival (PES) in patients
receiving cabozantinib compared with placebo
(median, 23.9 vs 5.9 weeks, respectively) [96].
Anyway in a following phase III trial (COMET-
1), cabozantinib did not meet its primary end
point of demonstrating a statistically significant
increase in the overall survival (OS) compared to
prednisone. COMET-1 yielded a median overall
survival (OS) for men treated with cabozantinib
of 11 months, compared with 9.8 months for the
prednisone arm, which was not statically signifi-
cant [97]. However, cabozantinib was associated
with an improvement in bone scan responses at
week 12 (42% for cabozantinib vs 3% for predni-
sone), in progression-free survival (median of
5.5 months in cabozantinib group vs 2.8 months
in prednisone group), and with a reduction of
skeletal-related event (SRE) rates (14% among
patients on cabozantinib and 21% in patients on
prednisone) [97]. Recently, a phase III study
(METEOR) showed that cabozantinib reduced
the risk of disease progression or death compared
to everolimus in patients with metastatic renal
cell carcinoma (RCC) [98]. Furthermore, in a
prespecified analysis in the subgroup of patients
with metastatic bone disease treated with cabo-
zantinib (23%), a marked prolongation of PFS
was observed (7.4 months in the cabozantinib
arm vs 2.7 months in the everolimus arm).
Moreover, SRE, in men who showed previous
events, was observed in 15 of 91 patients (16%)
in the cabozantinib arm and in 31 of 90 patients
(34%) in the everolimus arm [99, 100].

Our group has previously demonstrated that
cabozantinib inhibits OCL functions “directly”
and “indirectly,” reducing the RANKL/osteo-
protegerin ratio in OBLs [101]. In particular,
cabozantinib significantly inhibited OCL differ-
entiation and bone resorption activity and down-
modulated the expression of osteoclast marker
genes in primary human OCLs. Differently,
cabozantinib treatment had no effect on osteo-
blast viability or differentiation but increased
osteoprotegerin mRNA and protein levels and
downmodulated receptor activator of nuclear fac-
tor kappa-B ligand (RANKL) at both mRNA and
protein levels.

Conclusions

Recent advances showed the important role
played by adaptation of metastatic cells in the
bone environment and the subsequent cross
talk between tumor and host tissue, underlin-
ing their involvement in skeletal metastasis
growth.

Despite the different approaches investi-
gated to target this cross talk, up to now, only
denosumab and bisphosphonates demon-
strated to be a changing practice agent in
delaying SRE. Moreover translational evi-
dence seems to indicate some kind of efficacy
of these compounds as direct anticancer
agents. Anyway, currently, we are still far
from fully understanding what really happens
when disrupting the RANK/RANKL axis in
the “real world,” and, at the same time, we do
not know which patients could benefit from
this approach over and above the effects of
denosumab as an antiresorptive agent.

Radium-223 is the first radiopharmaceuti-
cal with an overall survival benefit approved
for the palliation of pain in patients with pros-
tate cancer bone metastases. The significant
efficacy in a hard-to-treat setting such as
CRPC makes this compound worth of further
exploration either in prostate cancer (hor-
mone-sensitive setting, combination with che-
motherapy or androgen deprivation therapy)
or bone metastases from other solid tumors.

Recent interesting evidences demonstrated
that antiandrogen molecules such as abi-
raterone and enzalutamide may simultane-
ously target prostate cancer cells and bone
microenvironment. This could significantly
influence future therapeutic approaches evalu-
ating the possibility to combine antiandrogen
treatment with bone-modifying agents
(bisphosphonates, denosumab) in order to
achieve a better disease control and manage-
ment of prostate cancer bone metastases.

One of the most promising pathways,
which deserves to be investigated more in
detail, is mTOR signaling. Indeed the mecha-
nisms underlying the anabolic antiresorptive
effects of mTOR inhibition remain unknown
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as well as the biological elucidation of poten-
tial synergism with other bone target
therapies.

Due to the extremely new mechanisms of
the action of cabozantinib, it will be interest-
ing to design novel clinical trials in order to
investigate the activity of cabozantinib on
skeletal disease-related end points and its
potential synergism with standard antiresorp-
tive agents in patients with bone metastatic
solid tumors.

In the future, a more comprehensive under-
standing of the bone metastatic niche will
facilitate the development of novel therapeutic
strategies for preventing or curing otherwise
fatal bone complications.
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