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nn Learning Objectives
By the end of chapter, the reader will

55 Have learned the basic concept of bone metastasis 
physiopathology;

55 Have reached in-depth knowledge of bone-target-
ed agents;

55 Be able to put acquired knowledge into clinical 
practice in the management of bone metastatic pa-
tients.

24.1   �Bone Metastases

Bone metastases are a common complication of several 
types of cancers, including breast, prostate, and lung 
cancer. The occurrence of bone metastases led to so-
called skeletal-related events (SREs), which include 
pathological fractures, spinal cord compression, and 
severe bone pain that require palliative radiotherapy 
and/or orthopedic surgery [1]. These complications 
influence patients’ quality of life, reducing mobility, 
social functioning, and overall survival (OS). The risk of 
bone fractures increases in patients of both sexes above 
the age of 70  years, even if  postmenopausal women 
from age 50 years onward have a major risk to develop 
SREs compared to men [2, 3].

Bone metastases differ depending on their tumor ori-
gin and are divided in osteolytic (breast and lung can-
cers), sclerotic (prostate cancer), or mixed (gastrointestinal 
and squamous cancers) metastases. Tumor cells secrete 
factors that may disrupt physiological bone remodeling 
processes through the deregulation of the normal osteo-
clast and osteoblast functions. Indeed, osteolytic bone 
metastases are mediated by stimulation of osteoclast 
activity through tumor-derived cytokines, driving to 
bone matrix degradation [4]. Instead, sclerotic metastases 
are characterized by excessive abnormal bone formation 
mediated by activated osteoblasts, resulting in low bone 
strength. Mixed metastases present both sclerotic and 
osteoblast features.

The abnormal activity of osteoclasts and osteoblasts, 
responsible for bone metastasis development, lead to the 
release of mitogenic factors influencing tumor growth 
and establishing the so-called vicious cycle of cancer. The 
vicious cycle, described for the first time in 1997 by Mundy 
[5], is a complex process based on the interaction between 
tumor and bone cells, where the resorption/bone forma-
tion and tumor proliferation feed off each other.

24.2   �Bone Metastasis Physiopathology

Bone is a dynamic tissue that undergoes a continuous 
vital process of remodeling made by bone cells: osteo-
blasts, osteoclasts, and osteocytes [6, 7]. These cells reg-

ulate the mineralization in a coordinating network 
responding to different stimuli such as mechanical load, 
cytokines, and hormonal signals. However, bone dis-
eases, including tumors, alter the physiological balance 
between bone deposition and desorption, leading to the 
loss of the skeleton integrity.

Bone metastases development is a consequence of 
several complex mechanisms that include tumor cell 
seeding, tumor dormancy, and the subsequent meta-
static growth.

In particular, some of cells released by primary 
tumor reach distant organs through the circulatory sys-
tem, while the majority dies. Primary tumor itself  can 
influence and alter the environment of secondary organs 
promoting the formation of supportive metastatic niche 
[8]. Bone metastatic niche represents the ideal site for 
dormant tumor cells (DTCs) stabilization, where they 
can survive in a dormant state stopping to proliferate or 
proliferating at a reduced rate. DTCs are resistant to 
cancer therapies and can remain in quiescence for long 
time, even beyond 10 years and then spread and colonize 
other organs [9]. The switch from dormant state to pro-
liferative one is regulated by bone metastatic niche [10]. 
In particular, it was known that factors including vascu-
lar endothelial growth factor (VEGF), fibronectin, and 
matrix metalloproteinases (MMPs) secreted from 
myeloid cells in the niche promote the angiogenic switch 
necessary to tumor cell escape from dormancy [11]. 
Thus, the reactivated tumor cells establish a complex 
interplay with bone cells leading to the vicious cycle of  
cancer that support the subsequent metastatic growth 
(.  Fig.  24.1, .  Table  24.1). In particular, tumor cells 
release several soluble factors such as parathyroid 
hormone-related protein (PTHrP9) and interleukine-6 
(IL-6) that determine a switch in receptor activator of 
nuclear factor kappa-B ligand/osteoprotegerin 
(RANKL/OPG) balance in favor of RANKL [12]. 
RANKL overexpression stimulates osteoclastic bone 
resorption and then the release of growth factors includ-
ing bone morphogenetic proteins (BMPs), fibroblast 
growth factor (FGF), platelet-derived growth factor 
(PDGF), tumor necrosis factor β (TGF-β) that, in turn, 
promote cancer cell survival and proliferation. Recent 
evidences have shown that tumor cells release other fac-
tors like endothelin-1 (ET-1) and activate Wnt pathway, 
resulting in OPG secretion [13, 14]. OPG stimulates 
osteoblast differentiation and activity promoting the 
formation of new, but unstructured bone, prone to frac-
ture [15]. RANKL production by activated osteoblast 
promotes osteoclastic activity and thus the release of 
bone matrix-derived factors that, in turn, stimulate can-
cer cells closing the cycle [12].

Several agents targeting these molecular pathways 
have been investigated in preclinical and clinical trials 
(.  Table 24.2).
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24.3   �Bone Metastasis Regulator Pathways

24.3.1	 �RANK–RANKL–OPG Axis

RANK–RANKL–OPG axis plays a crucial role in bone 
metastasis development. RANK expression has been 
founded in several tumor cell lines, including osteosar-
comas and breast and prostate cancers [16, 17]. 
Moreover, RANK/RANKL expression has been 
reported in human tumor biopsies as well as breast and 
prostate cancers and hepatocellular carcinoma. 
Preclinical studies suggest that RANK expression in 
tumor cells facilities their migration to the bone, where 
RANKL is abundantly expressed. In particular, murine 
in vivo models showed RANKL as a potent chemoat-
tractant in tumors and supported the pro-migratory 
activity of RANK-expressing breast and prostate can-
cer cell lines; moreover, in an in vivo melanoma model 
of bone metastases the inhibition of RANKL resulted 
in a reduction of bone lesions and tumor burden [18]. 
Finally, it has been demonstrated that RANK expres-
sion level in the primary tumor correlated with the 
occurrence of bone metastases, and RANK-expressing 
cancer could be found in up to 80% of bone metastases 
originated from solid tumor [19, 20]. Recently, evidences 

.      . Fig. 24.1  The modern tumor vicious cycle: a Tumor-derived growth 
factors stimulate osteoblast activity inducing an increasing of RANKL 
that activates osteoclast bone resorption. b Growth factors released 
from bone matrix degradation promote the proliferation of tumor cells 

leading to OPG production through WNT pathway activation. c OPG 
stimulates osteoblast mineralization promoting RANKL secretion and 
thus, osteoclast activity. Osteoclastic bone resorption produces soluble 
factor that, in turn, stimulate cancer cells closing the cycle

.      . Table 24.1  Principal activated pathways in the vicious 
cycle

Pathway Function References

RANK/
RANKL/
OPG axis

RANK expression on tumor 
cells facilities their migration 
into the bone
Tumor cells induce a shift in 
RANKL/OPG balance in 
favor of  RANKL
RANKL up-regulation 
increases bone resorption and 
the release of  pro-tumoral 
growth factors from bone 
matrix

[12, 15, 
18–20]

Endothelin 
axis

ET-1 released by tumor cells 
stimulates osteoblast 
proliferation and activity

[13]

Wnt/DKK-1 
axis

Canonical Wnt pathway 
induces OPG expression in 
osteoblasts promoting new 
bone apposition

[14]

RANK nuclear factor kappeB, RANKL nuclear factor kappeB 
ligand, OPG Osteoprotegerin, ET-1 Endothelin1, DKK-1 
Dickkopf-related protein 1
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suggest an important role for RANKL/RANK in the 
immune system including in lymph node development, 
lymphocyte differentiation, dendritic cell survival, T-cell 
activation, and tolerance induction. Detailed studies in 
mouse models have clearly demonstrated the involve-
ment of RANKL signaling in the functions of immune 
regulatory cells, such as dendritic cells, M-cells (special-
ized epithelial cells in mucosal tissues), and mTECs (epi-
thelial cells localized in the thymic medulla) [21]. 
Notably, the functions of dendritic cells and the mainte-
nance of M-cell numbers were impaired by the inhibi-
tion of RANKL signaling in adult mice leading to 
T-regs lymphocytes expansion and subsequent local and 
systemic immunosuppression [22]. The result of these 
alterations was an increase in bone resorption, tumor 
invasiveness, and cancer cells immune system evasion. 
The development and approval of denosumab, a fully 
monoclonal antibody against RANKL, has heralded a 
new era in the treatment of bone diseases by providing a 
potent, targeted, and reversible inhibitor of bone resorp-
tion [24].

24.3.2	 �Endothelin-1 (ET-1)

Endothelin-1 (ET-1) is an important factor released by 
tumor cells with physiological and pathological func-
tions that promotes bone metastasis development. ET-1 
is responsible to induce the release of several pro-
inflammatory molecules, such as IL-6, chemokine (C–C 
motif) ligand 2 (CCL2), monocyte chemoattractant pro-
tein 1 (MCP-1), cyclooxygenase (COX2), and MMPs 
that mediated tumor invasiveness and metastasis [25–27].

ET-1 promotes osteoblast proliferation and decreases 
osteoclast activity, leading to the formation of typical 
sclerotic lesions of metastatic prostate cancer [13]. Indeed, 
elevated ET-1 plasma concentrations were observed in 
hormone refractory prostate cancer patients compared to 
healthy control. Moreover, immunohistochemistry of 
prostate cancer biopsies showed ET-1 positivity [28, 29]. 
In addition, ET receptor expression is associated with 
reduced disease-free survival time and with the major 
clinicopathological markers of aggressiveness and poor 
prognosis in breast cancer patients [30].

.      . Table 24.2  Principal drugs targeting molecules involved in the vicious cycle

Drug Target Phase study Evidences References

Denosumab RANKL Phase III randomised study
Phase III randomised study
Phase III randomised study
Post hoc analysis of  the 3 
previous phase III trials

Superior to ZA in delaying or preventing 
SREs in bone metastatic breast cancer 
patients
Superior to ZA in preventing SREs in 
mCRPC patients
Not inferior to ZA in preventing or 
delaying first on-study SRE in patients 
with advanced bone metastatic cancer 
(excluding breast and prostate cancers) or 
myeloma
Superior to ZA in in preventing SREs in 
patients with bone metastases from 
advanced cancer

[23, 113–115]

Zibotentan
Atrasentan

ETAR Phase III randomised study
Phase III randomised trail
Phase III randomised trail
Phase III randomised trail

Absence of  survival benefits in 
non-mCRPC patients
Not significant improvements in OS in 
mCRPC patients
Not improvement in OS in mCRPC 
patients in combination with docetaxel
Not delay disease progression in men 
with mCRPC patients

[147–150]

BHQ880 DKK-1 Phase lb trial Potential clinical activity in patients with 
relapsed MM in combination with ZA 
and anti-myeloma therapy

[152]

ZA Zoledronic Acid, SREs Skeletal-related events, mCRPC metastatic castration resistant prostate cancer, ETAR Endothelin type A 
receptor, OS Overall survival, MM Multiple myeloma
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Atrasentan is an inhibitor of the ETA receptor that 
has been showed to block formation of osteoblastic 
metastases in mice. Nevertheless, in a placebo-controlled 
phase III trial in men with metastatic prostate cancer, 
atrasentan failed to demonstrate a reduction of overall 
survival, risk of disease progression, and cancer-induced 
bone pain [31].

Zibotentan (ZD4054) is an oral, specific ETA recep-
tor antagonist extensively investigated in the ENTHUSE 
clinical development program. ENTHUSE M1 trial 
showed no significant improvement in OS with ziboten-
tan monotherapy versus placebo in men with mildly 
symptomatic CRPC (24.5 versus 22.5  months, respec-
tively) [32]. Moreover, the ENTHUSE M0 trial of zibo-
tentan monotherapy in patients with non-metastatic 
CRPC has not demonstrated survival benefits [33]. 
Finally, in the ENTHUSE M1C randomized phase III 
trial zibotentan in combination with docetaxel has not 
showed improvement in OS compared to docetaxel 
alone in mCRPC patients [34].

24.3.3	 �Integrin and Cadherin

Tumor metastases require the activity of several adhe-
sion molecules including the superfamily of integrins 
and cadherins.

The heterodimeric (α and β monomers) transmem-
brane glycoproteins integrins have a cell-type specificity 
and anchor cells to the extracellular matrix (ECM) bind-
ing their ligands. Stable adhesion to the ECM is funda-
mental to cell survival, indeed detached cells undergo an 
apoptotic process, known as anoikis [35]. Metastatic 
cells elude this mechanism expressing aberrant integrins 
[36], activating different pathways like focal adhesion 
kinase (FAK) [37], epidermal growth factor receptor 
(EGFR) [38], and Src [40] and inhibiting apoptosis [39].

Several studies correlated integrin expression (αvβ3, 
αvβ5, α5β1, α6β4, α4β1, and αvβ6) with the progression 
of breast carcinoma, prostate, pancreatic and lung can-
cers, and melanoma [41]. In addition, a correlation 
between integrins α2 e α6 – and also c-MET- expression 
and bone metastases development was found [42]. 
Integrin β1 is another fundamental integrin in prostate 
cancer progression that promotes bone and node metas-
tasis formation through the activation of Akt pathway 
[43].

Cadherins, calcium-dependent transmembrane pro-
teins, regulate the formation of adherence junctions to 
bind cells with each other. Loss of function of cadherins 
has linked to bone metastasis development [44]. 
Depending on their form (E-cadherin or N-cadherin), 
these proteins can act as a suppressor or promotor of 
cancer invasion and metastases. Indeed, the switch from 

E-cadherin to N-cadherin is critical for epithelial to 
mesenchymal transition (EMT) and thus, for metastases 
onset [48]. In particular, Gravdal and colleagues demon-
strated that this switch is associated with decreased OS 
and higher skeletal recurrence in patients with prostate 
cancer undergone radical prostatectomy [45]. Another 
group showed that in human samples E-cadherin is 
higher express in bone metastasis compared to primary 
tumor [46]. The overexpression of N-cadherin in pros-
tate cancer cells [45] probably is due to a higher aggres-
siveness of the tumor and not by a bone tropic behavior 
of the cells, but nonetheless N-cadherin expression is a 
good marker of further skeletal recurrence.

Among all, cadherin 11 has demonstrated to pro-
mote bone metastases. In particular, it has observed that 
marrow stromal cells express cadherin-11 (OB-cadherin) 
that facilitates the homing of breast cancer cells to the 
bone as well as stimulates osteoclastogenesis [47].

Similarly, in preclinical models of prostate cancer, 
cadherin-11 enhances migration and invasiveness of 
tumor regulating also the expression of pro-invasive 
genes [49].

24.3.4	 �Wnt and Dkk-1

Wnt proteins represent a secreted group of glycopro-
teins that bind the 7-transmembrane domain receptors 
regulating several cellular functions (growth, differentia-
tion, and death). Wnt activity is also important for 
osteoblasts formation from their precursors, inhibiting 
in the same time osteoclastogenesis [50]. The activity of 
Wnt pathway is negatively regulated by the Dickkopf-
related protein 1 (Dkk-1) that binds its receptor block-
ing the downstream signaling.

The role of canonical Wnt signaling has been widely 
demonstrated in several tumor types [54].

Wnt pathway could be also activated by fibroblast-
secreted exosomes that contain active Wnt ligands or 
β-catenin-promoting motility and invasiveness of breast 
cancer cells [55].

The balance between Wnt and Dkk-1 activity deter-
mines the nature of bone metastasis in prostate cancer: 
Several studies have showed in preclinical settings that 
Wnt activation or inhibition are, respectively, linked to 
sclerotic and lytic bone lesions [56–58]. Indeed, prostate 
cancers usually express lower levels of Dkk-1 compared 
to normal prostate tissues, presenting mostly sclerotic 
metastases [53].

Higher Dkk-1 serum levels are associated with 
poorer OS, as demonstrated by Rachner et  al. [59]. 
Prognostic value of Wnt–DKK1 axis was further inves-
tigated by Chen et al. who showed that high expression 
of miR34a in primary tumor, a negative regulator of the 
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Wnt downstream effector TCF7, was found to be cor-
related to an improved OS in a retrospective analysis of 
24 patients with metastatic prostate cancer [60].

BHQ88O is a fully human anti-DKK1 neutralizing 
immunoglobulin G1 (IgG1) with high affinity for his 
target. The phase Ib trial showed that BHQ880 in com-
bination with zoledronic acid and anti-myeloma therapy 
was well tolerated and demonstrated potential clinical 
activity in patients with relapsed/refractory multiple 
myeloma [61].

24.3.5	 �CXCR4/CXCL12

The chemokine CXCL12, called also SDF-1, is a che-
moattracted cytokines that binding its receptors 
(CXCR4 and CXCR7) regulates cellular migration. 
Several studies have demonstrated the involvement of 
CXCL12–CXCR4–CXCR7 axis in the establishment of 
metastases from different tumors [62]. Indeed, in pros-
tate, cancer high levels of CXCL12 regulates the meta-
static spread in the bone marrow and the binding with 
its receptors activates divergent cellular responses such 
as cell survival, proliferation, and angiogenesis. 
Moreover, high levels of CXCR7 protein are associated 
to most aggressive tumors and promotes the release of 
proangiopoietic factors such as IL-8 and VEGF [63].

In breast cancer, CXCR4 and CXCL12 have a key 
role in the metastatic process as showed by Muller and 
colleagues who observed a higher expression of 
CXCR4  in breast tumor samples compared to normal 
breast tissues. Moreover, CXCR4 expression in primary 
tumor could predict bone metastasis occurrence over 
visceral metastasis onset in a case series of 40 patients 
with breast cancer [64]. CXCR4 down-streamed signal 
activated by CXCL12 causes actin polymerization and 
pseudopodia formation, promoting migration [65]. 
CXCR4–CXCL12 axis is also activated by mesenchymal 
stem cells and is crucial for melanoma tumor cells 
extravasation to the bone marrow [66].

24.3.6	 �TGF-β

TGF-β belongs to the TGF superfamily and has a cen-
tral role in regulating cellular homeostasis. Indeed, 
TGF-β blocks cell cycle–inducing differentiation and 
apoptosis-preventing aberrant cellular proliferation [67]. 
Unfortunately, several tumors develop the resistance 
against this growth inhibition because of genetic loss of 
TGF-β signaling elements or downstream signaling per-
turbation. Moreover, TGF-β pathway is linked to bone 

metastasis onset in several tumor types. In particular, it 
has demonstrated that two TGF-β secreted proteins, 
bone sialoprotein and osteopontin highly expressed in 
prostate and breast cancer tissues, are associated with 
tumor grade and represent prognostic indicators for 
bone lesions [68, 69, 70, 71]. Although in a mouse mela-
noma model, TGF-β receptor 1 inhibition prevent bone 
metastasis development, it does not affect visceral 
metastases onset [73].

TGF-β exerts its protumor action, affecting directly 
bone microenvironment. Indeed, TGF-β secreted and 
activated from osteoclast bone resorption promotes the 
release of PTHrP from tumor cells. PTHrP promotes 
osteoclastogenesis, inhibiting at the same time osteo-
blastogenesis modulating RANKL OPG ratio [74].

24.3.7	 �mTOR

The mammalian target of rapamycin (mTOR) pathway 
is involved in cell growth and survival, thus mTOR sig-
naling alterations are associated to several diseases such 
as bone metastatic cancers. Indeed, cancer cells exhibit 
a dysregulated growth due to genetic alterations that 
determine loss of function or persistent activation of 
common oncogenes leading to abnormal activation of 
mTOR.  Based on these evidences, mTOR inhibitors 
could represent a promising treatment for bone metasta-
ses. Preclinical data demonstrated that mTOR pathway 
is involved in bone remodeling, decreasing osteoclast 
apoptosis, and promoting osteoclast survival and growth 
through the activation of RANK–OPG pathway. mTOR 
pathway influence also cathepsin K expression, in fact 
treatment with mTOR inhibitor (everolimus) induces 
a decrease of its mRNA and protein levels [72, 75–80]. 
Moreover, in vivo studies have showed that mTOR inhi-
bition can also influence osteoblast differentiation [60].

24.4   �Markers of Bone Metastases

Bone metastatic cancers determine changes in bone 
metabolism and then in bone remodeling proteins whose 
serum levels could predict metastasis onset [51]. These 
proteins represent the bone turnover markers and include 
markers of bone formation and markers of bone resorp-
tion [52]. Specifically, the bone formation markers include 
bone specific alkaline phosphatase (bALP), bone matrix 
proteins such as osteocalcin (OCN), and the procollagen 
extension peptides (P1NP and P1CP). bALP is an enzyme 
produced by osteoblasts that is released into circulation 
during the mineralization process [81].
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OCN is a non-collagenous protein synthetized by 
osteoblasts that binds to hydroxyapatite and is involved 
in calcium binding [82].

P1NP and P1CP are derived from the extracellular 
processing of the procollagen type I molecule, which 
contains amino-terminal and carboxy-terminal exten-
sions that are enzymatically cleaved upon procollagen 
secretion [83].

In different stages of disease of prostate cancer, sev-
eral bone turnover markers could predict the presence 
of bone metastasis on further radiologic imaging.

Jung et al. [81] found a correlation between the levels 
of several cone turnover markers and the disease state 
(bone metastatic vs. nonmetastatic) and they found that 
bALP, P1NP, and CTX predict OS.  Moreover, de la 
Piedra et al. found that high levels of these proteins can 
predict SREs occurrence [84].

Bone turnover markers might be a specific predictor 
of bone metastasis occurrence in a clinical setting since 
they could identify patients that are prone to bone 
metastasis formation due to comorbidities (i.e., osteo-
porosis), concomitant therapies (i.e., androgen depriva-
tion therapy) or due to any metabolic condition that 
enhance bone remodeling [85].

Others bone metastasis markers are the amino-
terminal-crosslinked telopeptide of type I collagen 
(NTX-I) and carboxy-terminal-crosslinked telopeptides 
of collagen type I (CTX-I and ICTP) [86]. These telo-
peptides are released from type I collagen degradation 
by proteases during bone resorption. Since serum CTX-I 
are influenced by food intake, urine NTX-I has been the 
preferred marker in the clinical setting [88].

The inhibitor of Wnt signaling Dkk-1 also repre-
sents a marker of bone metastases. With sclerostin, 
Dkk-1 is released into the blood and serum levels reflect 
inhibition of bone formation [89, 90].

Unfortunately, bone markers do not provide infor-
mation about the specific lesion site and changes in 
serum levels are associated with only bone homeostasis 
alteration without identifying the specific cause [82]. 
Nevertheless, bone markers might be helpful in better 
defining the prognosis and the risk for bone complica-
tions in patients with bone metastatic disease [87, 91].

24.5   �Treatment of Bone Metastases

Bone metastasis treatments depend on the features of 
disease and include bone-targeted agents and radio-
pharmaceuticals. Besides these, several molecules that 
are already approved, as anticancer agents (such as anti-
androgens and mTOR inhibitors) are now in clinical 
evaluation for their potential beneficial effects on bone 
metabolism (.  Table  24.3). Bone metastatic patients 

commonly develop resistance to systemic treatments, 
thus periodic changes of therapy are required.

In order to manage patients with bone metastases a 
multidisciplinary team of oncologists, radiotherapists, 
orthopedic surgeons, and nuclear medicine physicians is 
necessary.

24.6   �Bone-Targeted Agents

In the last two decades, the bisphosphonates and deno-
sumab, a monoclonal antibody of receptor activator of 
nuclear factor kappa-B ligand (RANKL), have become 
established as promising therapies for bone metastasis 
treatment.

Bisphosphonates are analogues of pyrophosphate 
with a strong affinity for divalent metal ions, such as cal-
cium ions, and thus for the skeleton. Bisphosphonates 
are the standard of care for the treatment of osteoporo-
sis as well as bone metastases, thanks to their action 
against osteoclast bone resorption [92]. Indeed, binding 
hydroxyapatite crystals of bone matrix bisphosphonates 
form a barrier that prevents osteoclast activity and the 
subsequent osteoblast bone deposition. There are two 
classes of bisphosphonates, non-nitrogen-containing 
(alendronate, ibandronate, pamidronate, risedronate, 
and zoledronic acid) and nitrogen-containing (e.g., clo-
dronate, etidronate, and tiludronate), that inhibit differ-
ently osteoclasts. Particularly, nitrogen-containing 
bisphosphonates are more active than other in blocking 
osteoclasts [93]. Indeed, they inhibit farnesyl pyrophos-
phatase, the fundamental enzyme for osteoclast func-
tion, survival, and morphology causing the accumulation 
of the cytotoxic nucleotide metabolite Appp1 [93–95]. 
Moreover, several data have demonstrated that bisphos-
phonates also affect immune cells (mainly macrophages 
and gamma delta T-cells) and tumor cells through anti-
tumor and/or antiangiogenic effects [96].

The strong effect of bisphosphonates in bone meta-
static breast cancer treatment was widely investigated. 
In particular, a meta-analysis which included 2806 
patients showed a reduction of SREs rate after bisphos-
phonates treatment compared to the placebo group [97]. 
Although all bisphosphonates reduced SREs, the effi-
cacy (by 20–40%) changed based on the agent [98–104]. 
Recently, a meta-analysis demonstrated that adjuvant 
bisphosphonates reduced breast cancer recurrence in 
bone and improved breast cancer survival in women 
who were postmenopausal when treatment began [105]. 
Starting from these evidences, the use of bisphospho-
nates is recommended as part of the adjuvant breast 
treatment in this group of women [106].

Zoledronic acid demonstrated beneficial effects also 
in bone metastatic prostate cancer patients. Indeed, 
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Zoledronic acid treatment increased bone density and 
significantly reduced bone fractures at 6, 12, 24 months 
in patients with nonmetastatic prostate cancer after 
Androgen Deprivation Therapy [107]. Zoledronic acid 
reduced SREs onset and pain also patients that devel-
oped hormone-therapy resistance [108, 109].

In a phase III clinical study (STAMPEDE), the addi-
tion of zoledronic acid to docetaxel showed no evidence 
of survival improvement or delay of SREs incidence 
[110]. Similar results were obtained from the CALGB/
ALLIANCE 90202 study comparing early treated 
hormone-sensitive prostate cancer versus delayed treat-
ment in Castration Resistant Prostate Cancer (CRPC) 
[111, 149].

Denosumab is a monoclonal antibody against 
RANKL, developed for the treatment of osteoporosis, 
skeletal pathologies, and bone metastasis thanks to its 
inhibiting activity on osteoclasts [24]. The superiority of 
denosumab compared to zoledronic acid in reducing 
SREs onset was demonstrated in a large randomized 
controlled trial [23]. Nevertheless, no differences in OS 
disease progression and rate of adverse events were 
observed [112]. In a castration-resistant prostate cancer 
patient population presenting bone metastases, the 
median time-to-first on-study SRE for the denosumab 
arm was significantly prolonged (21 months) compared 
to the zoledronic acid ones (17  months), with no 
improvements in OS or progression of disease [113]. 
Another trial enrolled 1776 patients with myeloma-
induced osteolysis and solid tumors other than breast 

and prostate cancers [114]. The results showed a median 
time-to-first on-study SRE of 21 months in the deno-
sumab group and 16 months in the arm receiving zole-
dronic acid demonstrating a non-inferiority for 
denosumab versus zoledronic acid, but neither a superi-
ority after adjustment for multiple comparison nor an 
advantage in OS of denosumab over zoledronic acid. 
Nevertheless, a post hoc analysis of these three phase III 
trials in patients with breast cancer [23], prostate cancer 
[113], or other solid tumors [114] (excluding of multiple 
myeloma patients), showed that denosumab was supe-
rior to zoledronic acid in preventing SREs in patients 
with bone metastases, regardless of ECOG PS, bone 
metastasis number, baseline visceral metastasis pres-
ence/absence, and uNTx level [115].

On the basis of these evidences the National 
Comprehensive Cancer Network (NCCN), the 
American Society of Clinical Oncology (ASCO), and 
the European Society of Medical Oncology (ESMO) 
recommend zoledronic acid or denosumab as the stan-
dard of care in bone metastatic patients [116–118].

24.7   �Radiopharmaceutical

Radiopharmaceuticals are a group of radioactive drugs 
that recognize reactive metastatic bone sites and emit 
radiations according to their nature (commonly beta 
emission). In patients who present metastases in differ-
ent bone sites, the radiopharmaceuticals are more effec-

.      . Table 24.3  Anticancer agents with bone effect

Drug Subject/cells type Bone effect References

Everolimus Ovariectomiced rat model 
metastatic ER+ breast cancer 
patients

Decrease of  bone loss associated with estrogen 
deprivation
Reduction of  bone tumover markers and bone 
disease progression (BOLERO study)

[76, 127]

Abiraterone Human primary bone cells mCRPC 
patients

Increase of  osteoblast differentiation and activity 
and reduction of  osteociastogenesis and bone 
resorption
Delay of  SREs development and radiologival 
skeletal progression (COU-AA-301 study)

[133, 128]

Enzalutamide mCRPC patients mCRPC Improvement of  survival and skeletal responses 
(AFFIRM study)
Reduction of  radiographic progression and risk of 
first SRE (PREVAIL study)

[135, 161]

Cabozantinib Human primary bone cells mCRPC 
patients
metastatic clear-cell renal cell 
carcinoma

Inhibition of  ostaoclast differentiation and activity
Improvement of  bone scan responses and 
reduction of  SRE rates (COMET-1)
Delay of  SRE onset (METEOR study)

[147, 150, 151]

ER Estrogen Receptor, SREs Skeletal Related Events, mCRPC metastatic castration resistant prostate cancer
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tive than external local beam radiation, even if  the 
combination of both is recommended for the most 
painful bone lesions [119–121].

Different types of radiopharmaceuticals are cur-
rently used for bone metastasis treatment such as 
131-iodine that is the approved treatment for bone 
metastases of follicular thyroid carcinoma. In bone met-
astatic breast and prostate cancers, stronzium-89 and 
samarium-153 represent useful palliation of bone pain. 
Therefore, in a randomized control trial, stronzium-89 
improved progression free survival in mCRPC patients 
after six cycle of docetaxel [122, 123].

Most recently, FDA approved the α-particle-emitting 
radiopharmaceutical, radium-223 as treatment for bone 
metastatic prostate cancer patients. As α-emitter, 
radium-223 delivers a highly localized radiation to bone 
surface than beta-emitters, causing DNA damages and 
the subsequent cell death giving less irradiation to 
healthy bone marrow [124]. Radium-223 improved OS 
of bone metastatic CRPC patients previously treated 
with docetaxel or unfit to receive docetaxel [125]; more-
over, it showed efficacy in all secondary end-points 
including time to the first symptomatic skeletal events 
(median, 15.6  months vs. 9.8  months respectively). 
Ongoing phase III trial are designed to evaluate the 
effect of a combined treatment of radium-223 and other 
new target therapies as abiraterone acetate in this group 
of patients (NCT01106352 and NCT02097303).

24.8   �Anticancer Agents with Bone Effect

24.8.1	 �mTOR Inhibitor

The mammalian target of rapamycin (mTOR) inhibitor, 
everolimus, had a positive effect on bone in preclinical 
and clinical studies. Indeed, in vivo study in ovariecto-
mized rat model showed that everolimus directly blocks 
osteoclastic bone resorption [76].

In addition, in BOLERO-2 study, the combination 
of the mTOR inhibitor everolimus with aromatase 
inhibitor showed a significant benefit in progression free 
survival (PFS) in postmenopausal women with estrogen 
receptor–positive breast cancer [126]. In particular, it 
has also demonstrated that this combination reduced 
bone disease progression, decreasing bone markers lev-
els at 6 months and 12 months from baseline [127].

The benefit of long-term treatment with everolimus 
in bone metastatic breast patients who do not progress 
within 8  weeks of treatment has demonstrated in 
RADAR study showing an improvement of time to pro-
gression (37 weeks vs 12.6 weeks of placebo group).

These evidences from phase III clinical trials suggest 
that mTOR inhibition in combination with exemestane 

may have both a beneficial effect on bone health in 
patients with bone metastases, reducing the incidence of 
bone metastases morbidity and mortality.

Currently, a phase II study is ongoing in order to 
evaluate whether the addition to radium-223 dichloride 
to aromatase inhibitor and everolimus could improve 
skeletal response in metastatic HER2 negative hormone 
receptor positive breast cancer patients (NCT02258451).

24.8.2	 �Antiandrogen Agents

Abiraterone acetate is an androgen biosynthesis inhibi-
tor that blocks both the hydroxylase and lyase activity 
of CYP17. In particular, abiraterone inhibition of 
CYP17A blocks glucocorticoid and adrenal androgen 
synthesis, leading to a virtually undetectable serum and 
intratumoral androgen production in the adrenals, tes-
tes, and prostate cancer cells [130, 131]. Abiraterone is 
co-administered with prednisone to ameliorate the sec-
ondary rise in adrenocorticotropic hormone (ACTH) 
that can lead to excess mineralocorticoid synthesis [132]. 
This agent showed not only a significant survival advan-
tage in metastatic prostate cancer patients [128, 129], but 
also a strong skeletal response. Indeed chemotherapy-
treated patients treated with abiraterone showed better 
pain relief  from skeletal metastases, a delay in time to 
development SREs (25  months vs 20.3 of placebo 
group), and in radiological skeletal progression [128]. 
Abiraterone effects on metastatic bone disease may be 
not only secondary to a systemic control of the disease 
due to a direct antitumor effect but also due to a specific 
effect on bone microenvironment. Recently the effect of 
abiraterone both in  vitro and in mCRPC patients as 
bone anti-resorption agents was demonstrated [133]. 
Our research team demonstrated that abiraterone was 
able to specifically modulate bone cells leading to direct 
anabolic and anti-reabsorptive effects, suggesting a non-
canonical mechanism of action [133].

Enzalutamide is an oral AR inhibitor that targets 
multiple steps in the AR signaling pathway. Two large 
phase III trials have demonstrated the efficacy of enzalu-
tamide in the treatment of patients with mCRPC [134, 
135]. In particular, the AFFIRM study showed that 
mCRPC patients treated with docetaxel and then with 
enzalutamide had improvements in survival and skeletal 
responses compared to placebo group [135]. In addition, 
the PREVAIL study demonstrated similar results in 
mCRPC patients treated with enzalutamide, who had 
not received docetaxel compared to placebo. Indeed, it 
has observed improvements in primary endpoints (OS 
and radiographic progression) and also in the secondary 
endpoints, including delayed initiation of chemotherapy 
and reduction in risk of first SRE [134].

Bone Health in Cancer Patients
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24.8.3	 �Cabozantinib

Cabozantinib is a multiple receptor tyrosine kinase 
inhibitor with a strong activity against c-MET and vas-
cular endothelial growth factor receptor 2 (VEGFR2). 
The hepatocyte growth factor (HGF), the only known 
ligand for c-MET, and c-MET signaling axis, is impor-
tant in the regulation of bone remodeling [136–139]. 
Indeed, both osteoclasts and osteoblasts express c-MET 
and VEGFR2, and secrete HGF [140–143]. Several pre-
clinical studies demonstrated the involvement of cabo-
zantinib in bone remodeling; in particular, cabozantinib 
inhibited tumor proliferation and bone resorption in 
metastatic prostate cancer animal models [144–146]. 
Moreover, our group showed that cabozantinib inhib-
ited osteoclast differentiation and bone resorption activ-
ity, both directly and indirectly reducing the RANKL/
OPG ratio in osteoblasts [147]. In phase II studies of 
CRPC patients, cabozantinib was associated with an 
increased resolution in bone scans, a pain relief  in more 
than 60% of patients and a marked improvement in pro-
gression free survival (PFS) compared with placebo 
[111, 148, 149].

In the subsequently COMET-1 study, although 
cabozantinib did not increase the OS of mCRPC 
patients, it improved bone scan responses, progression-
free survival, and reduced SRE rates, compared to pred-
nisone [150]. In metastatic renal cell carcinoma, 
METEOR study demonstrated that cabozantinib 
reduced the risk of tumor progression and death com-
pared to everolimus, and improved the progression-free 
survival and the delay of SRE onset [151–153].

24.9   �Osteoimmunology in Bone Metastases

The immune system has long been known to have a cen-
tral role in preventing tumor growth, but more recent 
evidence suggest the importance of the immune cell 
response in the tumor bone microenvironment as main 
regulator of cancer progression and metastases.

Once in the bone marrow, tumor cells can, directly or 
not, interact with different resident immune cells and 
modify the balance of immune effector and suppressor 
cells creating a microenvironment suitable for their 
growth [154, 155].

In advanced bone metastatic cancers there is a preva-
lence of immunosuppressive cells, mainly myeloid-

derived suppressors cells (MDSCs) and regulatory 
T-cells. Indeed, tumor cells secrete soluble factors such 
as IL-4, IL-13 VEGF, granulocyte–macrophage colony-
stimulating factor (GM-CSF), granulocyte colony-
stimulating factor (G-CSF), and TGF-β that recruit and 
activate MDSCs. MDSCs stimulates osteoclast differen-
tiation and activity and also support the polarization of 
macrophages into a tumor-promoting phenotype [156–
158]. Recent evidences support a role of osteoblasts in 
osteoimmunology mediated by the release of cytokines 
and growth factors in the microenvironment [159]. In 
particular, PTHrP, produced by tumor cells, stimulates 
osteoblasts to produce CCL2, IL-6, and VEGF (A) that 
recruit and stimulate MDSCs.

Tumor-associated inflammation is not always a sig-
nal of immune system response to tumor cell growth, 
but sometimes creates a microenvironment that facilities 
neoplastic development.

Indeed, CD68+ osteal macrophages, that have a pro-
tumor phenotype, establish a complex crosstalk with 
cancer and bone cells, leading to tumor progression in 
the skeleton, especially in breast and prostate cancers 
[160].

Finally, different immune cell types are involved in 
the establishment of tumor cells in the metastatic niche, 
mainly in bone. Indeed, some inflammatory cells express 
RANKL that mediates RANK+ tumor cells migration 
into the bone [18–20].

24.10   �Conclusion

Recent advances supported the important role of bone 
microenvironment for metastasis adaptation and the 
subsequent crosstalk between tumor and bone cells that 
lead to cancer progression. Despite different approaches 
have been investigated to target this crosstalk, up to now 
only denosumab and bisphosphonates demonstrated to 
be a changing practice agent in delaying SRE. Besides 
these agents, others are anticancer drugs, but at the same 
time, have effects on bone microenvironment altering 
bone turnover. Anyway, currently, we are still far from 
fully understanding what really happens when disrupt-
ing the RANK–RANKL axis in the “real world” and we 
do not know which patients could benefit from these 
approaches. For these reasons, the goal of ongoing clin-
ical trials is to evaluate whether combinations of differ-
ent treatments could improve patient bone health.
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Expert Opinion
Antonio Russo

Key points
55 Bone metastases led to so-called “skeletal-related 

events” (SREs) that negatively affect patients’ quality 
of life.

55 Tumors alter the physiological balance between bone 
deposition and resorption, leading to the loss of the 
skeleton integrity.

55 Bone metastatic niche is the ideal site for dormant 
tumor cells (DTCs) colonization.

55 Bone metastasis onset is regulated by several pathways, 
including RANK–RANKL–OPG, ET-1, integrins and 
cadherins, WNT–DKK1, CXCR4–CXCL12, TGF-β 
and mTOR.

55 bALP, OCN P1NP, P1CP, NTX-I, CTX-I, and ICTP are 
the principal markers of bone metastases.

55 Bone metastasis treatments include bone-targeted 
agents (bisphosphonates and denosumab) and radio-
pharmaceuticals.

55 mTOR inhibitors, antiandrogen drugs, and cabozan-
tinib are anticancer agents with bone effects.

55 In advanced bone metastatic cancers there is a prevalence 
of immunosuppressive cells, mainly myeloid-derived 
suppressors cells (MDSCs) and regulatory T-cells.

55 Different immune cell types are involved in the estab-
lishment of tumor cells in the bone metastatic niche.

Hints for Deeper Insight
55 Besides bone target agents, others new anticancer 

drugs have effects on bone microenvironment altering 
bone turnover. It would be interesting to deepen the 
direct effects of these new agents on bone cells.

55 The bone marrow is a fertile soil containing a complex 
composition of immune cells that may actually provide 
an immune-privileged niche for disseminated tumor 
cells to colonize and proliferate. It would be interesting 
to investigate deeply the role of immune cells in 
promoting tumor cells seeding in bone niche.
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