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Abstract

Bone metastasis (BM) in cancer remains a critical issue because of its associated clinical and biological

complications. Moreover, BM can alter the quality of life and survival rate of cancer patients. Growing evidence

suggests that bones are a fertile ground for the development of metastasis through a “vicious circle” of bone

resorption/formation and tumor growth. This review aims to outline the current major issues in the diagnosis and

management of BM in the most common types of osteotropic cancers and describe the mechanisms and effects

of BM. First, we discuss the incidence of BM through the following questions: Are we witnessing an increase in

incidence, and are we now better equipped with modern imaging techniques? Is the advent of efficient bone

resorption inhibitors affecting the bigger picture of BMmanagement? Second, we discuss the potential effects of

cancer progression and well-prescribed drugs, such as multitarget tyrosine kinase inhibitors, inhibitors of the

mammalian target of rapamycin, and immune checkpoint inhibitors, on BM. Finally, we examine the duality of the

effects of some therapies that may help in cancer treatment but may also contribute to further BM.

Translational Oncology (2020) 13, 308–320
Introduction
Bone metastasis (BM) can occur during the course of the disease in
many solid tumors. BM typically occurs in breast, lung, prostate,
thyroid, and renal carcinoma, and the bone is the third most prevalent
site of metastasis after the liver and lung [1,2]. However, this category
of “osteotropic” cancers is now largely out-of-date, and BM is
commonly identified in many other solid tumors, such as melanoma,
gastrointestinal tumors, and head and neck cancers [3]. The
management of BM has also gained much interest among clinicians,
because BM has major functional effects and can affect the quality of
life of patients. BM may cause complications such as pain, nerve root
or spine cord compression, vertebral or peripheral fractures,
hypercalcemia, and bone marrow infiltration that leads to cytopenia
[2,4,5]. These events also affect patient survival rates [6].

Many focal treatments that use bone resorption inhibitors (BRIs)
can prevent or reduce the occurrence of BM complications. The
detection of BM has also improved with the advent of imaging
techniques with increased sensitivity and specificity in detecting bone
lesions [7].

The results of fundamental scientific studies have also led to major
breakthroughs in understanding the mechanisms underlying BM
development. Bone tissue provides a good environment for metastatic
tumor cells and is rich in hematopoietic cells, bone cells, and growth
factors and other molecules involved in bone-homing and the growth,
dormancy, and resistance of tumor cells. This bone microenviron-
ment is also an active and fertile ground for the development of
BM [8].
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Systemic anticancer treatments such as chemotherapy, targeted
therapy, and immune checkpoint therapy can increase the survival
rate of patients. However, the mechanisms of action of these therapies
also affect the bone microenvironment, and these effects may result in
the development of a fertile ground for certain tumor cells, the
proliferation of which can lead to BM development.
This review aims to outline the current state of knowledge on BM,

particularly its epidemiology, diagnosis, treatment, and underlying
molecular mechanisms.

Epidemiology of Bone Metastasis
We examined the epidemiology of BM in the most common types of
osteotropic cancers, such as prostate, breast, lung, and renal cell
carcinoma, using the results of recent major phase III clinical trials
and meta-analyses that have been published over the past 10 years
(Table 1). Most of the phase III trials did not consider the BM
incidence rate, but among those studies that did, we found an increase
in the detection of BM during cancer progression.

Breast Cancer

A meta-analysis and review of literature was carried out by Body
et al., in 2017 to estimate the proportion of breast cancer patients
who later developed BM [9]. Their study collected data from
>175,000 patients included in clinical trials. Based on the data, 12%
of patients with stage IeIII breast cancer who had undergone surgery
developed BM. Their study also showed that the incidence of BM in
patients who developed metastases during follow-up was 55%. This
was lower than the rate reported in an autopsy series [10], in which
58% of patients with metastatic breast cancer from the outset had BM
[10]. An even higher value of 73% was reported in a monocentric
series of 264 patients after considering those treated across various
treatment lines [11].
Recent chemotherapy trials, such as the CLEOPATRA trial [12] of

first-line treatment and the EMILIA trial of second-line treatment,
stratified patients according to the presence of visceral and nonvisceral
disease (i.e., presence of BM) [13]. In the EMBRACE trial for
eribulin as third-line treatment for metastatic breast cancer, 60% of
patients had BM [14].
Recent trials of hormone therapy and anti-cyclin-dependent

kinasesdPALOMA-1, -2, and -3dstratified patients according to
the presence of “bone-only disease,” and the incidence of BM was
around 20% at baseline [15e17]. In the BOLERO-2 study, which
aimed to evaluate the potential of using mammalian target of
rapamycin (mTOR) inhibitors in combination with exemestane in a
subsequent line after unsuccessful first-line hormone therapy with
aromatase inhibitors, the BM incidence rate at the start of the study
was higher, at 76% [18]. In contrast, a recent trial of poly(ADP-ri-
bose) polymerase inhibitors in patients with BRCA mutations (the
OlympiAD trial) showed a low incidence rate of exclusive BM after at
least two lines of treatment, but the patients were “triple-negative”
patients with high rates of visceral metastases [19].

Prostate Cancer
The BM incidence rate is particularly high in patients with

metastatic prostate cancer. However, relevant data from all recent
trials are not available.
The GETUG-AFU 15 trial found an 81% incidence rate of BM in

patients with metastatic castration-naive prostate cancer [20], whereas
the STAMPEDE trial found a rate of 54% [21]; however, the
proportion of BM patients was not indicated in the CHAARTED
trial [22]. More recently, in a similar population, the phase III
LATITUDE trial on the efficacy of abiraterone in combination with
first-line hormone therapy found BM in >97% of patients [23].

In patients with metastatic castration-resistant prostate cancer
(mCRPC), the BM incidence rate is well described and appears to be
an important focus in new-generation hormone therapy trials
[24e28].
Lung Cancer
The BM incidence rate is also high in lung cancer (20e40%), with

BM being increasingly detected owing to recent progress in imaging
technology [29]. BM is diagnosed early in 80% of cases but can also
occur at a later stage during follow-up [29].

In nonesmall-cell lung cancer (NSCLC), adenocarcinoma is the
histological type most commonly associated with the onset of BM
[30]. However, most first-line clinical trials have not documented the
BM incidence rate. These trials include those testing epidermal
growth factor receptor (EGFR) inhibitors such as gefitinib [31,32],
anaplastic lymphoma kinase inhibitors such as crizotinib [33] or
alectinib [34], anddmore recentlydthird-generation EGFR inhibi-
tors such as osimertinib [35]. In contrast, the incidence rate of brain
metastasis was more commonly documented in such trials. Only the
EURTAC trial, a randomized phase III study comparing erlotinib
with standard platinum-based chemotherapy as the first-line treat-
ment in EGFR-mutant NSCLC, reported that 33% of patients had
BM at baseline [36]. Trials testing EGFR inhibitors in advanced
NSCLC also did not specify BM incidence rates, nor did trials testing
crizotinib in advanced lung cancers [37] or maintenance chemother-
apy trials such as the AVAPERL trial for bevacizumab [38] or the
PARAMOUNT trial for pemetrexed [39].

Regarding immune checkpoint inhibitors, the following four
recently published randomized phase III trials also did not document
BM incidence rates: CheckMate 017 [40], CheckMate 057 [41],
KEYNOTE-010 [42], and OAK [43].

Small-cell lung cancer is also associated with BM incidence,
although data are limited. In one study, the diagnostic rate of BM was
26.7% in a retrospective cohort of 363 patients in Greece [44].
Renal Cell Carcinoma
The bone is the most common metastatic site in renal cell

carcinoma [45]. Recent trials have found an increase in the
diagnostic rate of BM between the first and third lines of treatment
in renal cell carcinoma. The value started at 17.4% in patients with
BM at baseline [46], increasing to 22.4% in the second line of
treatment in the METEOR trial [47], and reached 38.5% in the
third line of treatment in a trial comparing dovitinib with sorafenib
in patients pretreated with targeted sunitinib antiangiogenic therapy
[48].

Improvement in the Detection and Management of
BM
Although it appears that clinical trials to date indicate that BM
incidence increases during cancer progression, this may in part be due
to the increased sensitivity of imaging techniques in detecting bone
lesions. This increased sensitivity along with the increased use of BRIs
and a more systematic search for the clinical consequences of BM has
made it possible to refine clinical procedures for improving patient
treatment.



Table 1. Updated Data of BM Rates from Clinical Trials and Meta-analysis on Most Common Osteotropic Cancers.

Primary Site Patients and Trial Characteristics Line of Treatment BM Rate Bone Event
(SRE, SSE)

Study
Ref

BREAST Randomized phase 2 study.
Comparing palbociclib þ letrozole vs letrozole alone.
N ¼ 165 patients, postmenopausal women with advanced estrogen receptor-positive and HER2-negative breast
cancer who had not received any systemic treatment for their advanced disease.

Line 1 20% palbociclib þ letrozole vs. 15%
letrozole (bone only)

NS PALOMA-1
Finn, 2015 [15]

Randomized phase 3 study.
Comparing palbociclib þ letrozole or placebo þ letrozole.
N ¼ 666 patients, postmenopausal women with ER-positive, HER2-negative breast cancer, who had not had
prior treatment for advanced disease.

Line 1 23.2% palbociclib-letrozole vs. 21.6%
letrozole (bone only)

NS PALOMA-2
Finn, 2016 [16]

Randomized phase 3 study.
Comparing pertuzumab, trastuzumab, and docetaxel with placebo, trastuzumab, and docetaxel.
N ¼ 808 patients, metastatic breast cancer who had not received previous chemotherapy or anti-HER2 therapy
for their metastatic disease to receive the pertuzumab combination or the placebo combination.

Line 1 12% “nonvisceral” NS CLEOPATRA
Swain, 2015 [12]

Randomized phase 3 study.
Comparing, fulvestrant plus palbociclib to fulvestrant plus placebo.
N ¼ 521 patients, women aged 18 years or older with hormone-receptor-positive, HER2-negative metastatic
breast cancer that had progressed on previous endocrine therapy.

L2 22% fulvestrant þ palbociclib vs. 21%
fulvestrant þ placebo (bone only)

NS PALOMA-3
Cristofanilli, 2016 [17]

Randomized phase 3 study.
Comparing everolimus and exemestane versus exemestane and placebo.
N ¼ 724 patients, with hormone-receptor-positive advanced breast cancer who had recurrence or progression
while receiving previous therapy with a nonsteroidal aromatase inhibitor in the adjuvant setting or to treat
advanced disease (or both).

L2 76% NS BOLERO-2
Baselga, 2012 [18]

Randomized phase 3 study.
Comparing either trastuzumab emtansine or capecitabine and lapatinib.
N¼ 991 patients, women aged 18 years or older with HER2-positive unresectable, locally advanced or metastatic
breast cancer previously treated with trastuzumab and a taxane.

>L2 32% “nonvisceral” NS EMILIA
Di�eras V, 2017 [13]

Randomized phase 3 trial.
Comparing olaparib to standard therapy with single-agent chemotherapy of the physician's choice (capecitabine,
eribulin, or vinorelbine).
N ¼ 302 patients, with a germline BRCA mutation and human epidermal growth factor receptor type 2
(HER2)-negative metastatic breast cancer who had received no more than two previous chemotherapy regimens
for metastatic disease.

>L2 7.8% olaparib vs. 6.2%
placebo (bone only)

NS OLYMPIAD
Robson, 2017 [19]

Randomized phase 3 study.
Comparing eribulin mesylate to Treatment physician choice.
N ¼ 762 patients, women with locally recurrent or metastatic breast cancer who had received between two and
five previous chemotherapy regimens (two or more for advanced disease), including an anthracycline and a
taxane, unless contraindicated.

>L2 60% NS EMBRACE
Cortes, 2011 [14]

PROSTATE Randomized phase 3 study.
Comparing androgen deprivation therapy (ADT) plus docetaxel to ADT alone.
N ¼ 192 patients.

Castration-naïve 81% NS GETUG 15
Gravis G, 2013 [20]

Randomized phase 3 study.
Comparing standard of care only (SOC-only; control), standard of care plus zoledronic acid (SOC þ ZA),
standard of care plus docetaxel (SOC þ Doc), or standard of care with both zoledronic acid and docetaxel
(SOC þ ZA þ Doc).
N ¼ 2962 patients. It recruits men with high-risk, locally advanced, metastatic, or recurrent prostate cancer who
are starting first-line long-term hormone therapy.

Castration-naïve 54% NS STAMPEDE
James MD, 2016 [21]

Randomized phase 3 study.
Comparing ADT plus docetaxel to ADT alone.
N ¼ 790 patients.

Castration-naïve NS NS CHAARTED
Sweeney, 2015 [22]

Randomized phase 3 trial.
Comparing ADT plus abiraterone acetate plus prednisone (abiraterone group) to ADT plus dual placebos (the
placebo group).
N ¼ 1199 patients.

Castration-naïve 97% abiraterone group vs. 98% placebo
group

15% bone pain and 2%
spinal cord compression

LATITUDE
Fizazi, 2017 [23]

Randomized phase 3 trial. Castration-r�esistant NS NS COU-AA-302
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TABLE 1
(continued)

Primary Site Patients and Trial Characteristics Line of Treatment BM Rate Bone Event
(SRE, SSE)

Study
Ref

Comparing abiraterone acetate plus prednisone (abiraterone group) to placebo plus prednisone (placebo group).
N ¼ 1088 asymptomatic or mildly symptomatic patients with chemotherapy-naive prostate cancer.

Ryan, 2015 [24]

Randomized phase 3 trial.
Comparing cabazitaxel 20 mg/m2 plus daily prednisone to 25 mg/m2 plus daily prednisone.
N ¼ 1168 patients.

Castration-resistant 88.7% arm C20 vs. 88.9 arm C25 NS FIRSTANA
Oudard, 2017 [25]

Randomized phase 3 study.
Comparing prednisone þ abiraterone acetate to placebo.
N ¼ 1195 patients, with metastatic castration-resistant prostate cancer progressing after docetaxel.

Castration-resistant 90% in both arms 29% (abiraterone) vs. 33%
(placebo)

COU-AA-301
Fizazi, Lancet, 2012 [26]

Randomized phase 3 study.
Comparing oral enzalutamide to placebo.
N ¼ 1199 men with castration-resistant prostate cancer after docetaxel.

Castration-resistant 92% included 38% of patients with >20
lesions

NS AFFIRM
Sher HI, NEJM, 2012 [27]

Randomized phase 3 study.
Comparing mitoxantrone to cabazitaxel 25 mg/m2.
N ¼ 755 patients, men with metastatic castration-resistant prostate cancer who had received previous hormone
therapy, but whose disease had progressed during or after treatment with a docetaxel-containing regimen.

Castration-resistant 83.6% (87% mitoxantrone vs. 80%
cabazitaxel)

45% TROPIC de Bono, 2010 [28]

LUNG Randomized phase 3 study.
Comparing oral erlotinib 150 mg per day or 3-week cycles of standard intravenous chemotherapy of cisplatin plus
docetaxel or gemcitabine. Carboplatin with docetaxel with gemcitabine was allowed in patients unable to have
cisplatin.
N ¼ 174 patients with NSCLC and EGFR mutations with no history of chemotherapy for metastatic disease.

NSCLC Line 1 33% NS EURTAC
Rosell, 2012 [36]

Randomized phase 3 study.
Comparing gefitinib or carboplatin-paclitaxel.
N¼ 230 patients with metastatic, NSCLC and EGFR mutations who had not previously received chemotherapy
to receive gefitinib or carboplatin-paclitaxel.

Line 1 NS NS North-East Japan Study Group
Maemondo, 2010 [31,32]

Randomized phase 3 study.
Comparing oral crizotinib to intravenous chemotherapy pemetrexed, plus either cisplatin, or carboplatin.
N ¼ 343 patients with advanced ALK-positive nonsquamous NSCLC who had received no previous systemic
treatment for advanced disease.

Line 1 NS NS PROFILE1014
Solomon, 2014 [33]

Randomized phase 3 study.
Comparing alectinib to crizotinib.
N ¼ 207 patients, ALK inhibitor-naive with ALK-positive NSCLC, who were chemotherapy-naive or had
received one previous chemotherapy regimen, in Japan.

Line 1 NS NS J-ALEX
Hida, 2017 [34]

Randomized phase 3 study.
Comparing osimertinib to a standard EGFR-TKI.
N ¼ 556 patients with previously untreated, EGFR mutation-positive advanced NSCLC.

Line 1 NS NS FLAURA
Soria, 2018 [35]

Randomized phase 3 study.
Comparing oral crizotinib to intravenous chemotherapy with either pemetrexed or docetaxel.
N ¼ 347 patients with locally advanced or metastatic ALK-positive lung cancer who had received one prior
platinum-based regimen.

>Line 1 NS NS NCT00932451
Shaw, 2013 [37]

Randomized phase 3 study.
Comparing two schemes of maintenance treatment with bevacizumab and bevacizumab plus pemetrexed
treatment, respectively, after an induction treatment with bevacizumab, cisplatin, and pemetrexed.
N ¼ 376 patients with advanced nonsquamous NSCLC received first line.

>Line 1 NS NS AVAPERL
Barlesi, 2013 [38]

Randomized phase 3 study.
Comparing maintenance pemetrexed plus best supportive care or with placebo plus BSC.
N ¼ 1022 patients with advanced non-squamous NSCLC with no previous systemic chemotherapy for lung
cancer. 939 participated in the induction phase. Of these, 539 patients were randomly assigned.

>Line 1 NS NS PARAMOUNT
Paz-Ar�es, 2012 [39]

� CheckMate 017: Randomized phase 3 study.
Comparing nivolumab to docetaxel.
N ¼ 272 patients, with stage IIIB or IV squamous-cell NSCLC who had disease recurrence after one prior
platinum-containing regimen were eligible.

>Line 1
Immune-checkpoint trials

NS NS CheckMate 017 Brahmer,
2015 [40]

(continued on next page)
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TABLE 1
(continued)

Primary Site Patients and Trial Characteristics Line of Treatment BM Rate Bone Event
(SRE, SSE)

Study
Ref

� CheckMate 057: Randomized phase 3 study.
Patients with NSCLC that had progressed during or after platinum-based doublet chemotherapy to receive
nivolumab or docetaxel.
Of 582 randomized patients, 287 were treated with nivolumab and 268 were treated with docetaxel.

CheckMate 057
Borghaei, 2015 [41]

� KEYNOTE-010: Randomized phase 2/3 study.
Patients with previously treated NSCLC with PD-L1 expression on at least 1% of tumor cells were randomly
assigned (1:1:1) to receive pembrolizumab 2 mg/kg, pembrolizumab 10 mg/kg, or docetaxel 75 mg/m(2) every 3
weeks.
N ¼ 1034 patients: 345 allocated to pembrolizumab 2 mg/kg, 346 allocated to pembrolizumab 10 mg/kg, and
343 allocated to docetaxel we enrolled.

KEYNOTE-010
Herbst, 2016 [42]

� OAK: Randomized phase 3 study.
N¼ 1225 patients recruited who had squamous or nonsquamous NSCLC, who had received one to two previous
cytotoxic chemotherapy regimens (one or more platinum-based combination therapies) for stage IIIB or IV
NSCLC. 425 patients were randomly assigned to receive atezolizumab, and 425 patients were assigned to receive
docetaxel.

OAK
Rittmeyer, 2017 [43]

KIDNEY Randomized phase 3 study.
Comparing the efficacy and safety of pazopanib and sunitinib as first-line therapy.
N ¼ 1110 patients with clear-cell, metastatic renal cell carcinoma, in a 1:1 ratio, to receive a continuous dose of
pazopanib (557 patients) or sunitinib (553 patients).

Line 1 20% pazopanib vs. 15% sunitinib NS COMPARZ
Motzer, 2013 [46]

Double-blind cross-over study evaluated patient preference for pazopanib or sunitinib and the influence of
health-related quality of life (HRQoL) and safety factors on their stated preference.
N ¼ 169 patients with metastatic RCC were randomly assigned to pazopanib then sunitinib or the reverse
sequence.

Line 2 NS NS PISCES
Escudier, 2014 [49]

Randomized phase 3 study.
Comparing axitinib with sorafenib as second-line therapy in patients with metastatic renal cell cancer.
N ¼ 723 patients, with clear-cell carcinoma who progressed despite first-line therapy containing sunitinib,
bevacizumab plus interferon-alfa, temsirolimus, or cytokines.

Line 2 18% NS AXIS
Rini, 2011 [50]

Randomized phase 3 study.
Comparing nivolumab with everolimus in patients with RCC who had received previous treatment.
N ¼ 821 patients with advanced clear-cell renal cell carcinoma for which they had received previous treatment
with one or two regimens of antiangiogenic therapy

Line 2 18% NS Nivolumab vs. Everolimus
Motzer, 2015 [51]

Randomized phase 3 study.
Comparing the efficacy and safety of cabozantinib versus the mTOR inhibitor everolimus
N ¼ 658 patients with advanced renal cell carcinoma who progressed after previous VEGFR tyrosine-kinase
inhibitor treatment.

Line 3 23% Cabozantinib vs.
20% everolimus

NS METEOR
TK Choueiri, 2016 [47]

Randomized phase 3 study.
Comparing dovitinib with sorafenib as a third-line targeted therapy in metastatic RCC.
N ¼ 570 patients with clear-cell metastatic RCC who received one prior VEGF-targeted therapy and one prior
mTOR inhibitor.

Line 3 35% dovitinib vs 42% sorafenib NS GOLD RCC
Motzer, 2014 [48]

BM, bone metastasis; EGFR, epidermal growth factor receptor; mTOR, mammalian target of rapamycin; NS, not specified; NSCLC, nonesmall-cell lung cancer; RCC, renal cell carcinoma; SRE, skeletal-related event; SSE, symptomatic skeletal event; VEGF,
vascular endothelial growth factor.
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Awareness of the Clinical Consequences of BM

Skeletal-related events (SREs) include the occurrence of pain, need
for radiotherapy, hypercalcemia, pathological fracture, and spinal
cord or nerve root compression [2]. In clinical studies, SREs are
relevant methodological criteria for assessing the effects of BRIs.
Meanwhile, symptomatic skeletal events (SSEs) include a sympto-
matic fracture, need for surgery or bone radiotherapy for symptoms,
and symptomatic spinal compression [52]. SSEs require careful
detection because when they present as clinical consequences of BM,
they can mask the diagnosis of asymptomatic vertebral fractures that
can lead to musculoskeletal disorders and increase the risk of new
fractures and falls. SSEs and SREs are common in BM during cancer
progression and can impair the patients' quality of life [2,4,5]. The
major complications of BM typically occur early during cancer
progressiondevery 3e6 months on average if the bone disease is not
treated with BRIs [2]. These complications cluster around periods of
tumor progression, becoming more frequent as the disease progresses
and treatment options decrease. More than 80% of BM are located in
the axial skeleton; the vertebrae, ribs, and hips are therefore the sites
most frequently affected during SREs [4]. The percentage of patients
who experience SREs varies depending on the cancer type. In a
previous breast cancer series, SREs were present in 68% of patients in
general [53], 49% of patients with metastatic prostate cancer [54],
and 48% of patients with lung cancer [55]. The median number of
SREs per patient per year was reported to be 3.7 for breast cancer
[53], 1.47 for metastatic prostate cancer [54], and 2.71 for lung
cancer and other solid tumors [55].
Regarding the most recent data for prostate cancer, in the

COU-AA-301 trial, approximately 90% of patients in each arm had
BM at baseline and showed similar pain scores [26]. In new--
generation hormone therapy trials of abiraterone, the incidence of
SREs was 29% in patients receiving the drug, higher than the
incidence of 33% observed in the placebo group, and the time to
onset of SREs was significantly longer among those receiving the drug
(median, 25.0 vs. 20.3 months; p ¼ 0.0001) [28]. In chemotherapy
trials such as the TROPIC trial, which evaluated the effects of
cabazitaxel after previous treatment with docetaxel, the BM incidence
rate was 83.6% and the SRE rate was 45% [28].
For breast cancer, recent trials have not evaluated the occurrence of

SREs. Bone pain was observed in < 10% of cases, as a side effect of
treatment, and was not considered as SREs or SSEs.
In a study on small-cell lung cancer, the prognosis of patients with

an early onset of BM was worse than that of those with a late onset
(p ¼ 0.015). However, the SRE rate was similar in both groups:
20.8% in those with an early onset and 20.6% in those with a late
onset [44]. In a meta-analysis, the median survival time of patients
with BM and subsequent SREs was 7 months [56].

Evolution of Imaging Techniques
The rate of BM detection has improved considerably due to the

improvement in imaging techniques. Bone tissue is not included in
the Response Evaluation Criteria in Solid Tumors, as bone evaluation
is difficult because of the varying forms that bone metastatic disease
can take. Each imaging technique has its own proposed criteria for
evaluating BM; bone condensation of lytic lesions in computed
tomography (CT), fat colonization of bone lesions in magnetic
resonance imaging (MRI), and decreased standardized uptake values
in metabolic imaging can all be considered good markers of changes
in bone. However, the type of BM can differ for the same type of
cancer. In breast cancer, for example, BM can be lytic or mixed. In
addition, while BM may appear to be heterogeneous at baseline, each
lesion can progress differently during treatment. There are also no
guidelines and consensual criteria for the morphological evaluation of
BM burden, neither at diagnosis nor at evaluation during treatment.
Currently, there is no single reliable imaging technique that can
detect and evaluate all types of BM in all types of cancer [57].

In prostate cancer, choline positron emission tomography (choli-
ne-PET), MRI, and prostate-specific membrane antigenebased
positron emission tomography (PSMA-PET) allow better detection
of all metastases, especially BM [7,58]. In a meta-analysis on advanced
prostate cancer, Shen et al. showed that MRI (97%) was superior to
choline-PET (91%) and bone scan (79%) in terms of sensitivity of
detection. MRI showed a specificity of detection of 95%; choline--
PET, 99%; and bone scan, 82% [59]. With other cancers, irrespective
of whether they were osteotropic, the use of combined imaging
techniques led to the same results [59]. In another study of 123
patients who experienced a relapse in prostate cancer, PSMA-PET
showed a higher detection rate than choline-PET/CT for bone lesions
(98% vs. 64%), although ultimately there were mismatches for both
[60]. Nevertheless, the evaluation of bone tumor response in imaging
remains a topic of discussion in prostate cancer, because no single
imaging technique is consistently superior in detecting bonemetastatic
disease across all tumor types and clinical scenarios [61].
Efficacy of Bone Resorption Inhibitors
BRIs have been used to limit the clinical consequences of BM and

currently form part of the clinical routine [62]. Denosumab has been
found to be noninferior to zoledronic acid (ZA) in delaying time to
the first on-study SRE (hazard ratio [HR], 0.84; 95% confidence
interval [CI], 0.71e0.98; p ¼ 0.0007) in patients with advanced
cancer and BM (excluding breast and prostate cancer) or myeloma
[63].

An ad hoc analysis of the outcomes of a previous study showed that
denosumab significantly delayed the time to the first on-study SRE
(HR, 0.81; 95% CI, 0.68e0.96) and the time to the first and
subsequent SREs (rate ratio, 0.85; 95% CI, 0.72e1.00), compared
with ZA, in a subgroup of 1597 patients with solid tumors (excluding
those with multiple myelomas) [64].

For prostate cancer, in a trial by Fizazi et al., denosumab showed an
18% better median time to onset of the first bone event than did ZA,
suggesting its use for solid tumors [65]. Denosumab also reduced the
risk of complications of either SREs or SSEs in mCRPC [66].

For breast cancer, denosumab was superior to ZA in delaying the
time to the first on-study SRE (HR, 0.82; 95% CI, 0.71e0.95;
p ¼ 0.01) and the time to the first and subsequent on-study SREs
(rate ratio, 0.77; 95% CI, 0.66e0.89; p ¼ 0.001) [67].

The use of BRIs in current anticancer treatments has been shown
to cause bone remodeling and may also affect survival [68]. In an
exploratory analysis of Henry et al.'s trial, denosumab was found to be
associated with better overall survival in metastatic lung cancer than
was ZA [69].

Occurrence of Bone Metastasis during Cancer
Follow-Up
In US registries (Oncology Services Comprehensive Electronic
Records: 569,000 patients, 52 cancer centers), the cumulative
incidence of BM, including that for all solid tumors and stages, was
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2.9% at 30 days, 4.8% at 1 year, 5.6% at 2 years, 6.9% at 5 years, and
8.4% at 10 years. The incidence varied significantly by tumor type,
with the highest incidence of BM in prostate cancer (18e29%),
followed by lung (10.4e12.9%), kidney (5.8e9.9%), and breast
cancer (3.4e8.1%) [70]. A review by Hernandez et al. summarizes
the BM incidence rates during cancer progression [70].

A previous study revealed that in breast cancer with a longer
follow-up, the proportion of patients developing BM increased over
time due to the natural course of the disease and prolonged survival
[71]. As mentioned above, Body et al. confirmed that among patients
who developed metastatic disease during follow-up, 55% had BM [9].
The exclusive bone diseases in breast cancer were predominantly of
the luminal A phenotypes, with strong hormone receptor over-
expression, luminal B/HER2�, and luminal B/HER2þ features. The
difference in terms of exclusive bone disease was significant in
triple-negative and exclusive HER2þ breast cancer [71]. Significant
differences in exclusive bone disease according to age at diagnosis
(between <65 years and >65 years, in favor of older subjects) and
initial lymph node status were also found. A retrospective study by
Gerratana et al. supports the hypothesis that in addition to holding a
potential organotropism, the immunophenotype (luminal A, B,
HER2þ or triple negative) is the main driver of outcome [72].

Another explanation for the increase in BM incidence during
follow-up could be that the bone itself contributes to metastatic
phenomena through bone homing or, on the contrary, the bone itself
could be involved in mechanisms of resistance to cancer therapies.

Appearance of Further Bone Metastasis

Interactions between the Bone Microenvironment and Primary
Tumor

The hypothesis of a bone-induced “vicious circle” has been used to
describe how tumor cells interact with the bone microenvironment to
cause destruction of the bone, which in itself creates a fertile ground
for tumor growth [61].

Tumor cells destroy the virtuous cycle of bone remodeling by
stimulating osteoclast differentiation and activity through secretion of
interleukin (IL)-1, IL-6, tumor necrosis factor-alpha (TNFa),
monocyte colony-stimulating factor (M-CSF), and vascular endothe-
lial growth factor (VEGF). Thus, the destruction of the bone matrix
allows the release of transforming growth factor (TGF)-b, insulin-like
growth factor, fibroblast growth factor, bone metalloproteinases, and
platelet-derived growth factor (PDGF), which are pro-tumor growth
factors. Bone metastatic cells also influence osteoblast activity by
stimulating the production of the parathormone-related protein,
IL-1, IL-6, prostaglandin E2, TNFa, endothelin-1, bone metallo-
proteinase, and various growth factors. In turn, osteoblasts secrete
factors that stimulate osteoclastogenesis, including the receptor
activator of nuclear factor kappa-B ligand (RANKL), M-CSF, and
IL-6 [73]. The overexpression of RANKL then results in the increased
formation, activation, and survival of osteoclasts, thereby improving
bone resorption [74].

Eventually, newly formed mineralized bone matrix and osteoblasts
become entrapped and differentiated into osteocytes, the most
abundant cells of bone tissue. Osteocytes modulate bone turnover by
regulating osteoblasts and their functions through the secretion of
RANKL, sclerostin, and Dickkopf-related protein 1 [61].

Another major player in this vicious circle is theMET receptor. One
of the first studies on BM in prostate cancer that investigated the role of
MET and its main ligand, the hepatocyte growth factor (HGF), was
the Knudsen study, which showed a significant increase in MET
expression in BM and an inverse correlation between MET and
androgen receptor expression. The authors of the study analyzed 90
prostatectomy specimens and found thatMETwas expressed in half of
the primary cancers and in all metastases [75]. Another study byGrano
et al. described the expression and roles of HGF/MET binding in
osteoblasts and osteoclasts. The activation of MET increased the
intracellular calcium levels and promoted Src phosphorylation in
osteoclasts, whereas the activation of MET induced cell cycle
progression in osteoblasts. This finding suggests that the HGF ligand
is a coupling factor for osteoblasts and osteoclasts [76].

Finally, tumor-derived exosomes were recently shown to prepare a
favorable microenvironment at future metastasis sites and to mediate
nonrandom patterns of metastasis [77].
Role of Anticancer Therapies
Conventional cytotoxic chemotherapy has a limited effect on bone

tissue, while targeted therapies could have a direct effect on bone
remodeling [63]. This raises the question of a possible bone-induced
resistance against targeted therapies or, in contrast, further BM
induced by targeted therapies via the reinduction of the “vicious
cycle” (Figure 1).

Multitarget Tyrosine Kinase Inhibitors (TKIs). TKIs prescribed in
melanoma (vemurafenib and dabrafenib) and NSCLC (erlotinib and
crizotinib) cause the production of a complex “secretome” that
activates multiple pathways in cancerous cells sensitive to the drugs
used [78].

These TKIs also have proven antitumor efficacy in BM. In a
retrospective series of NSCLC, treatment with EGFR-TKIs was an
independent contributor to the occurrence of SRE throughout the
course of the disease. There were fewer SREs in patients receiving
EGFR-TKIs such as erlotinib or gefitinib than in patients treated with
conventional chemotherapy without bisphosphonates [79].

Multitarget TKIs seem to have significant effects on bone
remodeling, and the effects could differ depending on the molecules
and doses used [80]. The most equivocal clinical manifestations of
this bone remodeling are the osteosclerotic changes found on CT
scans that show renewed ossification [81]. In patients with BM who
were benefiting from gefitinib, the elevation of bone alkaline
phosphatase levels or levels of bone resorption markers such as
C-terminal telopeptide of type I collagen (ICTP) and the phosphatase
alkaline/ICTP ratio demonstrates the bone resorption inhibition and
antitumor effects of gefitinib [82].

For cabozantinib, a TKI that acts against VEGFR2, AXL, and
MET, the serum total alkaline phosphatase and ICTP levels were
reduced by �50% in 57% of evaluable patients [83]. Cabozantinib
was also tested in mCRPC patients in a phase III trial (COMET-1)
[84]. Despite a negative outcome for overall survival, a better response
was noted on bone scans in the cabozantinib arm (42% vs. 3% with
prednisone); levels of bone biomarkers such as bone-specific alkaline
phosphatase, N-terminal cross-linked telopeptides of type I collagen,
and C-terminal cross-linked telopeptides of type I collagen decreased,
suggesting an active effect on BM [87]. One of the most important
targets of cabozantinib is the MET receptor. Through MET/HGF
binding, CD14þ monocytes differentiate into mature osteoclasts. In
addition, the activation of MET can be triggered by osteoblasts and
lead to the migration of tumor cells from the blood to the bone [85].
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Collectively, the inhibition of c-MET and VEGFR2 in osteoblasts
reduces the expression of RANKL and M-CSF and is associated with
decreased tumor-induced osteolysis [86], suggesting that MET and
VEGFR2 may be promising therapeutic targets in BM. In prostate
cancer, the inhibition of VEGFR2 and MET in endothelial cells and
their direct effects on osteoblasts are responsible for cabozantinib-in-
duced tumor inhibition [87].
Some TKIs also exhibit dual effects on the bone. Imatinib, a

multitarget TKI against C-KIT and PDGFR, among others, can
inhibit the proliferation of osteoblasts but also activate them through
the inhibition of PDGFRb [88]. One of the options going forward
could be a drug dosage based on Gobin et al.'s work on osteosarcoma
cells, which showed that low doses of imatinib mesylate increase in
vitro mineralization, in contrast to high doses, which decrease
mineralization [89] (Figure 1).
mTOR Inhibitors.Deregulation of the PI3K/AKT/mTOR pathway

is involved in both physiological and carcinological osteoclastogenesis.
mTOR is an antiapoptotic target acting downstream of M-CSF,
RANKL, and TNFa, which are essential for the differentiation,
survival, and activity of osteoclasts [90] (Figure 1).
The inhibition of the mTOR pathway leads to increased

osteoprotegerin expression and apoptosis of osteoclasts, which could
also induce osteoblastogenesis. In an in vitro study of murine and
human breast cancer lines, everolimus showed an osteoprotective
effect [91]. Among clinical trials on breast cancer, the BOLERO-2
trial evaluated everolimus in combination with exemestane after
failure of a first-line hormone therapy with aromatase inhibitors. After
18 months, the incidence of bone progression, including the
appearance of a new BM or progression of preexisting BM, had
reduced. Survival without bone progression was also significantly
higher in the subset of patients with baseline BM in the combined
exemestane-everolimus arm. Interestingly, bone remodeling was
inhibited at 6 and 12 weeks in patients treated with everolimus and
exemestane, independent of the presence of BM and bisphosphonate
use at baseline [18]. All these data indicate the osteoprotective effect
of everolimus.

Immune Checkpoint Inhibitors (ICI). An interplay exists between
bone tissue and the immune system. In particular, immune cells
within the bone marrow are found near osteoclasts and osteoblasts
[92]. Osteoimmune regulation, therefore, could be a determinant of
metastatic growth in the bone microenvironment.

The numerous niches in the bone microenvironment, with high
levels of immune cells, may have an effect on the progression of
primary tumors to BM [93,94]. Natural killer cells kill tumor cells by
apoptosis, mediated by granzyme B and perforin. Cytotoxic T-CD8þ
cells release TNFa and interferon (IFN)-g to eliminate cancerous
cells [95,96].

Deregulation of IFN type I is an essential mediator of bone tumor
progression. In fact, the loss of IFN type I signaling in metastatic
lesions results in a decrease in the regulation of immune cell
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activation, with inhibition of innate immune priming of cytotoxic
cells, and an increase in angiogenesis and bone degradation, leading to
ineffective bone homing of circulating immune cells (immune
exclusion), all of which facilitate metastatic progression [97].

Regulatory T cells promote bone cancerization via CXCR4/
CXCL12 signaling [98] or the RANK/RANKL axis [99,100].
Tumor-associated macrophages promote the tropism of tumor cells
to bone through CCL2/CCR2 or CSF-1/CSF-1R signaling [101]. At
the same time, these macrophages secrete high levels of IL-10 and
TGF-b to reduce the activation of CD4þ and CD8þ T cells [102].

TGF-b increases osteolytic and osteoblastic activity, which
destabilizes bone remodeling while simultaneously stimulating the
growth of tumor cells. This, in turn, promotes immunosuppression,
which is enhanced by the direct immune modulation of TGF-b in
plastic populations, such as neutrophils. Therapeutic blockade of
TGF-b has been effective in reducing bone tumor burden by
promoting antitumor immune activity and inhibiting bone destruc-
tion [97].

Dendritic cells suppress the cytotoxic capacity of CD8þ T cells by
producing arginase I, nitric oxide, TGF-a, and IL-10, which inhibit
the immune response and thus promote tumor progression [103].

Myeloid-derived suppressor cells release chemokines such as IL-6,
VEGF, basic fibroblast growth factor, and matrix metalloproteinase 9
and promote BM progression [92]. Tumor-associated neutrophils can
also release CXCR4, VEGF, and matrix metalloproteinase 9 for this
purpose [104]. Tumor cells also release other factors such as RANKL,
E-cadherin, CXCR4, and parathormone-related protein, which
promote bone homing and the occurrence of osteolytic bone lesions
[92] (Figure 1).

Bone Resorption Inhibitors. Modification of the microenvironmen-
tal secretome by the combined effects of multitarget TKIs and BRIs
can affect the bone, and this needs to be better evaluated in clinical
trials. The association between immune checkpoints and denosumab
seems to have been the most studied topic recently, because RANKL
is not only involved in osteoclastogenesis but also has immunological
effects [105].

The results of two retrospective observational studies in patients
with melanoma and lung cancer with BM, treated with anti-PD1 or
anti-CTLA, showed better survival and a better response rate in favor
of the association of ICI and BRI, without an increase in toxicities
[106,107]. Nevertheless, some interactions between BRIs and
targeted antiangiogenic therapies create a breeding ground for
complications, such as osteonecrosis of the jaw, which can affect
prognosis [108].
Conclusions and Perspectives
BM is now being considered more seriously in clinical practice
because of the improvement in imaging techniques and availability of
efficient BRIs and other anticancer treatments. Moreover, targeted
antitumor therapies provide a better survival rate for patients but may
also induce further BM during the follow-up period. In fact, while
combating disease progression, these targeted therapies might activate
specific pathways that can lead to an imbalance in the bone
microenvironment and cause metastasis to spread further. Altogether,
these concerns illustrate that the bone has a major role in
carcinogenesis because it is involved in both pro- and antitumor
metastatic processes and resistance to treatment. Consequently,
several axes of exploration need to be developed further:
- First, the evaluation of bone tumor burden needs to be standardized
through the elaboration of bone imaging criteria associated with
clinical and biological markers. This will allow effective determina-
tion of metastatic bone disease burden at diagnosis and better
evaluation of the response of BM to treatment.

- Second, the effects of targeted therapies on the bone need to be
assessed during clinical trials to determine what can be expected in
terms of BM progression and SREs.

- Third, the optimal use of BRIs (such as time to initiation, pattern
of administration, and time to discontinuation) must be
determined in the context of the global strategy of bone disease
treatment, including bone focal treatment and systemic treatment.

- Finally, knowledge to better understand the effects of targeted
therapies on the bone microenvironment and the factors involved
in both pro- and antitumor metastatic processes and resistance to
treatment must be refined.
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