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Abstract

In the context of breast cancer, the importance of the skeleton in the regulation of primary tumour 

development and as a site for subsequent metastasis is well characterized. Our understanding of 

the contributions made by the host bone and bone marrow cells increasingly demonstrates the 

extent of the interaction between tumour cells and normal host cells. As a result, the need to 

develop and utilize therapies that can impede the growth and/or function of tumour cells while 

sparing normal host bone and bone marrow cells is immense and expanding. The need for these 

new treatments is, however, superimposed on the orthopaedic management of patients’ quality of 

life, where pain control and continued locomotion are paramount. Indeed, the majority of the 

anticancer therapies used to date often result in direct or indirect damage to bone. Thus, although 

the bone microenvironment regulates tumour cell growth in bone, cells within the bone marrow 

niche also mediate many of the orthopaedic consequences of tumour progression as well as 

resistance to the antitumour effects of existing therapies. In this Review, we highlight the effects of 

existing cancer treatments on bone and the bone marrow microenvironment as well as the 

mechanisms mediating these effects and the current utility of modern orthopaedic interventions.

The importance of the skeleton in the regulation of primary tumour development and as a 

site for subsequent tumour progression is well characterized1,2. Our increasing 

understanding of the specific contributions of host bone and bone marrow cells to cancer 

progression is revealing the dynamic nature of the interaction between tumour cells and 

normal bone cells. In fact, many currently available anticancer therapies often result in direct 

or indirect damage to bone and bone health1,2. As a result, therapies that preserve bone 
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while eradicating the tumour urgently need to be developed and incorporated into clinical 

care. Additionally, an increased awareness of the response of the skeleton to these treatments 

from the perspective of the entire skeleton is essential for the development of improved 

therapies.

The consequences of anticancer treatment on the skeleton are primarily managed by a 

multidisciplinary team, whose interventions are largely aimed at the restoration of patient 

mobility and improved quality of life. In fact, the indications for surgery are frequently the 

presence of pathologic fractures or alterations in structural integrity of bone, to the extent 

that these manifestations elicit bone pain and/or increase the risk of fractures. With this 

caveat in mind, the central role of the skeleton in the development and regulation of bone 

metastasis, as well as the skeletal response to endocrine therapies (such as aromatase 

inhibitors and tamoxifen) and how these can be managed, are highlighted in this Review. 

Indeed, the skeletal consequences of bone metastasis from an orthopaedic perspective are 

largely under-represented at present and are specifically emphasized in this Review, which 

links orthopaedic consequences with cellular mechanisms of bone metastasis.

Bone microenvironment

The skeleton is a dynamic, multifunctional tissue responsible for a variety of processes that 

are fundamental to life. These processes include support, strength and mobility of the overall 

organism, protection of internal organs, as well as maintenance of calcium and phosphate 

homeostasis3. The dynamic nature of bone is a consequence of the constant removal of old 

or damaged bone by osteoclasts of the haematopoietic macrophage and/or monocyte lineage, 

followed by the formation of new mineralized bone matrix by osteoblasts of the 

mesenchymal lineage3. Moreover, bone is also an endocrine organ, whose cells are capable 

of regulating (and being regulated by) the central nervous system, energy and glucose 

metabolism, and gonadal function4.

Bone-forming osteoblasts and bone-resorbing osteo-clasts (and their precursors) reside in 

the bone marrow compartment throughout their maturation, along with other immune cells 

of the haematopoietic lineage, where they create stem-cell niches and microenvironments5 in 

which interdependence exists between haematopoietic stem-cell differentiation and 

mesenchymal stem cells6. In the context of cancer, the bone-marrow compartment provides 

favourable niches into which circulating tumour cells can migrate via blood vessels and 

proliferate, and where mesenchymal and haematopoietic progenitors at multiple stages of 

differentiation can influence, and be influenced by, circulating tumour cells during their 

colonization of bone1,2. Frequently, mesenchymal and haematopoietic progenitors are 

associated with the action of parathyroid hormone-related protein (PTHrP), a well-known 

regulator of tumour-associated bone destruction7, as well as the hypercalcaemia seen in 

many types of cancer8. Interestingly, PTHrP has also been implicated in the molecular basis 

of cancer cachexia, which although controversial is a negative risk factor for patient 

survival9.

The cells that orchestrate the complex bone remodelling process by coordinating the 

activities of both osteo-clasts and osteoblasts are osteocytes, which are terminally 
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differentiated, bone-matrix-encased cells of the osteo-blastic lineage that comprise >95% of 

total bone cells10. Osteocytes function as mechanosensors (integrators and transducers) in 

bone via their dendritic processes that extend throughout the bone matrix in canaliculi, 

sensing the extent of mechanical load and matrix damage as well as changes in fluid flow in 

the surrounding canalicular fluid3,11. In addition, osteocyte canalicular fluid carries 

hormones, exchanges circulating factors and provides access to potential drug therapies5,11. 

Via gap junctions, osteocyte dendrites have direct contact with other osteocytes, osteoblasts 

and lining cells along the bone surface, as well as directly reaching into the bone marrow. 

Osteocytes also express classic osteoblast genes such as osteocalcin. Importantly, similar to 

both osteo-blasts and T cells, osteocytes also activate the differentiation and function of 

osteoclasts via the production of receptor activator of nuclear factor κB ligand (RANKL), 

which is the essential factor for osteoclast formation12,13.

The demonstration that osteocytes can produce RANKL has expanded the multifunctional 

role of the osteocyte to include the regulation of bone resorption as well as the maintenance 

of bone metabolism11. Osteocytes interact extensively with cells of the bone marrow 

microenvironment, which implicates these bone-entombed cells in modification of the bone 

marrow microenvironment, including that of metastatic tumour cells11. The interactions 

between host bone cells and the immune system are only just beginning to be unravelled14. 

Most immune cells, including B cells, T cells, natural killer (NK) cells, marrow-derived 

suppressor cells, macrophages and neutrophils, and immune cytokines (interleukins and 

interferons) are variably involved in modulating or fine tuning bone turnover. The emergence 

of the primary malignancy followed by its establishment and growth in bone and/or bone 

marrow is now recognized to be associated with major changes that divert immune cells 

from attacking to collaborating with the tumour14,15. Thus, although the bone 

microenvironment regulates tumour cell growth in bone, other cells within the bone marrow 

niche also seem to mediate many of the orthopaedic consequences of tumour progression in 

bone as well as resistance to the antitumour effects of current treatments.

Mechanisms of bone metastasis

The growth of disseminated tumour cells in subsequent metastatic locations is the primary 

cause of death in patients with cancer16. During the development of a primary tumour, 

incipient malignant cells undergo a series of changes, both genetic and epigenetic, that 

enable them to overcome cellular and host tumour suppressor mechanisms and provide the 

cells with the ability to escape the confines of the primary tumour site, enter the systemic 

circulation and eventually find a distant site in which cell survival and growth are 

facilitated17. Despite being the focus of intense investigation, the molecular and cellular 

mechanisms that regulate the metastatic spread of disseminated tumour cells (DTCs) remain 

largely unknown. Several studies have highlighted the early timing and high frequency of the 

dissemination process in many cancers. More than 50% of patients with early-stage breast 

cancer have DTCs in their bone marrow at the time of diagnosis18. Multiple studies have 

identified the molecular changes that drive metastasis to bone and other sites19–22; however, 

little consistency exists between the molecular targets identified. Once resident within the 

bone marrow microenvironment, DTCs are able to orchestrate an extensive series of 

molecular events that culminate in the eventual colonization of the skeleton (FIG. 1).
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Collectively, it seems that the original ‘seed and soil hypothesis’ of Paget23 has evolved and 

that tumour metastasis is the result of a series of collaborative interactions between tumour 

cells and normal host cells at both the primary and secondary tumour sites. However, DTCs 

can be eliminated or enter a phase of dormancy—the interval between arrival in the bone 

marrow and the development of overt bone metastases—that might extend from years to 

decades24. Cellular dormancy is believed to be mediated by attenuating phosphatidylinositol 

3-kinase (PI3K)–protein kinase B (commonly known as AKT) signalling25 with out 

necessarily inhibiting signalling through mammalian target of rapamycin (mTOR)26, which 

leads to activation of autophagy and quiescence in DTCs. The microenvironment usually has 

a dormancy-permissive role that prevents the emergence of macrometastases by 

downregulating vascular cell adhesion protein 1 and periostin, and upregulating 

transforming growth factor β2 (TGF-β2), bone morphogenetic protein 4 (BMP-4) and 

BMP-7; however, the microenvironment can have a dormancy-restrictive role mediated by 

the opposite effects that leads to overt metastases24. The hypothetical major role of 

collaboration between immune cells and cancer cells at the primary site and in the bone 

marrow has gained momentum with the advent of novel checkpoint inhibitors that have 

proved very effective in redirecting immune effector cells against cancer cells, which leads 

to dramatic responses27. CD8+ T lymphocytes and to a lesser extent CD4+ T lymphocytes 

and NK cells maintain DTCs in dormancy, whereas type 2 T helper cells (TH2), macro-

phages, myeloid-derived suppressor cells and regulatory T (TREG) cells facilitate immune 

escape and the development of overt metastases28. Some of the prodormancy effects of the 

immune system are related to the cytotoxic effects of the immune effector cells but others 

are cytostatic and are related to the promotion of cell growth arrest and angiogenic control 

(so-called angiogenic dormancy) via IFN-γ and tumour necrosis factor receptor 1 signalling, 

and the action of potent angiogenic inhibitors CXC motif chemokine 9 (CXCL9) and 

CXCL10 (REF. 29).

Metastatic tumours represent the greatest threat to the survival of patients with cancer. When 

breast cancer is diagnosed early and metastases are not present, 5-year survival is ~90%, yet 

once metastases are present, 5-year survival is diminished to ~10%30. Indeed, in patients 

who develop metastatic tumours due to aggressive tumour growth at the primary site, bone 

metastases are fairly uncommon. This finding does not suggest that the metastatic tumour 

cells do not have the ability to grow in the skeleton, but rather that they do not have the 

opportunity to do so1.

The homing to and colonization of the bone-marrow microenvironment and the skeleton by 

tumour cells that have escaped the primary tumour site and survived to reach the bone 

marrow is critical for the development of eventual bone metastases1 and requires tumour 

control of the bone and bone-marrow microenvironment. Two haematopoietic niches have 

been described in the bone marrow: the endosteal (or osteoblastic) niche and the vascular 

niche. Stromal cell-derived factor 1 (SDF-1; also known as CXCL12) is constitutively 

expressed by bone-marrow stromal cells such as osteoblasts, endo-thelial cells and 

fibroblasts, and helps retain haematopoietic stem cells (HSCs) in the bone marrow by 

binding CXC chemokine receptor type 4 (CXCR-4), which is expressed on HSCs31. A small 

number of cancer cells of breast, prostate and other cancers express CXCR-4 (REFS. 32,33), 

which might explain why bone metastases arise almost exclusively in regions of the skeleton 
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containing red bone marrow. Indeed, the osteoblastic niche is responsible for maintaining 

HSC dormancy whereas the endothelial niche contains HSCs that have been induced to 

differentiate into mature haematopoietic cells31. Many cytokines, such as angiopoietin-1 and 

SDF-1, are secreted by osteoblasts and help retain HSCs and cancer cells in the niche and, 

by activating the Notch pathway, promote HSC and cancer cell ‘stemness’ and block their 

differentiation33. Drugs that target either CXCL12 or CXCR-4 are now used to mobilize 

HSCs for stem cell transplantation and in preclinical and clinical trials to ‘mobilize’ cancer 

cells out of their protective environment in the bone marrow, which decreases their invasive-

ness and leaves them more vulnerable to chemotherapy and radiation therapy34.

The cancers that most commonly metastasize to bone are breast and prostate cancer, but 

many other cancers can spread to bone, including lung, kidney and thyroid30,35,36. Once 

resident in bone, metastatic tumour cells (as well as factors secreted by the primary tumour) 

have the ability to activate local bone and bone marrow cells (osteoblasts, osteoclasts, 

osteocytes and immune-suppressive cells), thereby facilitating the release of factors from 

bone that support tumour survival and proliferation1. Once activated, tumour-induced 

osteoclast activation and bone resorption can proceed at a rate that is dangerous for patients 

and results in the development of bone lesions that cause considerable pain and patient 

morbidity. For many of these patients, treatment goals include decreasing tumour burden and 

growth, preventing further metastases and inhibiting the development of tumour-associated 

bone complications, such as fracture, pain or hypercalcaemia. Clearly, the tumour 

microenvironment, which develops and changes in parallel with the primary tumour burden 

as well as with disseminated tumour cell content and the activation of host responses, is a 

central participant in the complex process of bone metastasis1,37 (FIG. 1).

Although common practice to refer to bone metastases as either osteolytic or osteoblastic, 

this definition is not accurate as osteolytic and osteoblastic bone lesions are but two 

extremes of a spectrum of activity that drives the overall destruction of bone. When bone 

resorption predominates with little or no new bone formation, focal bone destruction occurs 

and the metastases have a lytic appearance on radiographs (FIG. 2a). By contrast, bone 

metastases characterized by an increase in osteoblastic activity appear largely sclerotic (FIG. 

2b). In particular, prostate cancer bone metastases are especially sclerotic; breast and lung 

tumour bone metastases also give rise to highly sclerotic lesions (FIG. 2b,c). Even though 

the dominant breast cancer bone metastasis lesion is lytic and destructive, a local bone 

formation response often exists, which presumably represents an attempt at local bone 

repair38 (FIG. 2d). Both bone homeostatic processes are tightly linked, and although bone 

turnover can be disrupted in cancer, bone resorption and formation are nevertheless always 

present39. In fact, the clinical measurement of bone biochemical markers has demonstrated 

that both bone resorption and formation can be increased in patients who have primary 

breast cancer but no clinical evidence of bone metastasis40–43.

Bone is a densely mineralized tissue with a high rigidity and modulus, which makes bone a 

particularly harsh environment for any tumour cell to become established in and grow44. Of 

note, tumour osteolysis and bone destruction, as well as tumour-induced bone formation, are 

entirely the result of tumour activation of resident bone cells and are not related at all to any 

direct action of the tumour cells themselves on the skeleton. The ability to activate resident 
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bone and bone marrow cells is essential for tumour progression, but it is obvious that the 

most important phenotypic characteristic required of cancer cells to metastasize and colonize 

the skeleton is an ability to stimulate the activity of resident bone cells, osteoclasts and 

osteoblasts1,45–47. The repertoire of bone cells activated by tumour cells, once thought 

primarily to involve only osteoclasts and osteoblasts, must now be expanded to include 

matrix-embedded osteocytes11,48 along with the other components of the bone marrow1,46. 

Several studies have suggested that the osteocyte is a major regulator of the bone-marrow 

microenvironment12,13,49,50 and in the past few years these cells have been implicated in the 

local control of tumour proliferation51,52. That said, recognition that osteoclastic bone 

resorption is not only essential for normal bone remodelling53,54 but also for providing a 

demineralized site for tumour cell adhesion to bone matrix proteins55,56, as well as the 

establishment and expansion of tumour cells within the strict confines of the skeleton, is 

crucial.

Role of osteocytes

Several lines of evidence have demonstrated that the osteolytic process of bone metastasis 

involves the secretion of a plethora of tumour-cell-derived growth factors and cytokines; 

among these, PTHrP, TGF-β, IL-8, IL-6 and tumour necrosis factor either directly or 

indirectly activate the recruitment, differentiation and activity of osteoclasts and their 

progenitors1,2. In addition, metastatic breast cancer cells also inhibit osteoblast 

differentiation via the runt-related transcription factor 2 (commonly known as RUNX2)-

dependent expression of sclerostin by the tumour cells57,58. Such a sequence of events 

disrupts the tight coupling of bone formation and bone resorption, which enables 

osteoclastic bone resorption to proceed unimpeded and leads to profound skeletal 

destruction (FIG. 2).

Osteocytes have a role in the activation and progression of osteolytic metastases in part via 

control of osteocyte regulation of the Wnt pathway, and by expression of dickkopf-related 

protein 1 (DKK-1)59 and sclerostin by tumour cells51. Multiple myeloma cells produce 

RANKL, increase the RANKL: osteoprotegerin ratio60 and suppress bone formation by 

secreting sclerostin, thus possibly overriding the ability of the osteocyte to control bone 

formation61. These data raise the possibility that inhibition of sclerostin action and, thus, 

regulation of Wnt signalling might be a potential therapeutic route for treating bone 

metastasis in patients with breast cancer and multiple myeloma-related bone disease57,61,62. 

Indeed, early clinical trials with a sclerostin antibody romosozumab in postmenopausal 

women with low bone mass demonstrated increased BMD and bone formation despite 

decreased bone resorption63,64. These promising findings suggest the potential utility of 

romosozumab to also increase bone mass in patients with osteolytic bone metastasis. The 

potential benefit of this approach will require careful study, as existing anabolic bone agents 

such as parathyroid hormone are contraindicated in patients with cancer65,66 and are likely 

to replicate the tumour progression driven by PTHrP1.

The multitude of interactions that exist between bone cells and cells in the bone marrow that 

are necessary to maintain endocrine homeostasis creates a variety of bone-targeted 

therapeutic options to treat cancer cells resident in bone. However, the need to maintain bone 
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homeostasis and overall mass and strength of the skeleton during the necessary treatments to 

successfully kill tumour cells is critical. Indeed, several studies have indicated a lack of bone 

regeneration and/or healing after treatment of osteolytic metastases or following 

chemotherapy, which suggests that cancer cells (and specific treatments) might have altered 

the behaviour and/or differentiated activity of osteoclasts, osteoblasts and/or osteocytes67,68.

Role of microRNAs

The multiple modulatory effects of microRNAs (miRNAs) on gene expression identify them 

as regulatory hubs of cellular function69. Bone marrow stromal cell-derived mi RNAs can be 

transferred via gap junctions or exosomes to incoming cancer cells and might contribute to 

dormancy (Let-7c, miR-127, miR-197, miR-222, miR-223 and miR-23b) or enhance tumour 

progression (miR-204, miR-11, miR-379 and miR-34a), thereby providing a rationale for 

their use as biomarkers or therapeutic targets70–75. Once released, cell-free miRNAs 

circulate bound to their specific protein, Argonaute2, or to other carriers (HDL or LDL); 

they can also be packaged in exosomes or other microvesicles that act locally or distantly 

from the site of their formation and release. Circulating miRNAs are derived from both 

tumour and host cells and attempts at defining bone metastasis-associated signatures have 

proven successful. Serum from patients with breast cancer metastasis76 and animals with 

lung cancermeta stasis77 showed significantly increased levels of miR-16 and miR-378, and 

miR-326, respectively.

Managing skeletal complications of cancer

The key to managing patients with cancer-related skeletal complications is coordination 

between members of a multidisciplinary team of medical, surgical and radiation oncologists 

in addition to physical therapists and primary care physicians. In early stage cancer, the 

focus is on preventing metastases and treatment-related complications. In most cases of 

metastatic cancer, the treatment is palliative. However, in cases of oligometastatic disease, 

aggressive treatments can lead to prolonged remission that is similar to a cure. Regardless of 

the stage of cancer, the treatment is practically always a combination of cancer-directed 

therapy and bone-targeted therapy.

Cancer-directed therapies

After diagnosis, surgery and sometimes radiation therapy, patients are frequently offered 

systemic therapy (neoadjuvant or adjuvant chemotherapy, endocrine therapy or select 

targeted agents) with the hope that treatment will eradicate micrometastases and thereby 

decrease the risk of future recurrence. In the metastatic setting, patients are primarily treated 

with systemic chemotherapy, endocrine therapy or one of the targeted agents. In this case, 

achieving control of the cancer is considered a prerequisite for the healing of cancer-induced 

bone damage.

These treatments have been proposed to result in cure in many cases of early stage cancer, 

but the treatments invariably lead to marked decreases in bone integrity by either direct 

effects on the skeleton or indirectly via inducing gonadal failure with secondary bone deteri-

oration1. In the metastatic setting, these treatments can be, and often are, associated with 
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considerable bone destruction78,79. Chemotherapy-induced hypogonadism is frequently 

observed in women receiving cyclophosphamide-based chemotherapy, especially in those 

>40 years old (96% versus 33% in women aged 30–39 years)80. Hypogonadism is also seen 

in male patients receiving high cumulative doses of cisplatin for testicular cancer (>400 

mg/m2) or radiation therapy for prostate cancer81,82.

Hormone-deprivation therapy is a common strategy used to control hormone-receptor-

positive breast cancer and hormone-sensitive prostate cancer. Castration or gonadal 

suppression can be achieved by surgical, radiation or chemical means, and is frequently 

associated with bone loss (between 2% and 6% a year) that might in turn increase the 

propensity of cancer cells to grow in the bone83,84. In patients with prostate cancer, the risk 

of fracture increases with the number of gonadotropin-releasing hormone administrations85.

Tamoxifen, a selective estrogen receptor modulator, has a bone-preserving effect in 

postmenopausal women with osteoporosis86,87. Aromatase inhibitors (anastrozole, letrozole 

and exemestane) inhibit the conversion of androgens to estrogens in fat and muscle with an 

efficiency approaching 96–99% in postmenopausal women88. Due to the superiority to 

tamoxifen in preventing breast cancer recurrence and their lower risk of thromboembolic 

events and endometrial cancer, aromatase inhibitors have become the drugs of choice for 

postmenopausal women with hormone-receptor-positive breast cancer89. Their effects on 

BMD and fracture risk are greatest if treatment is started immediately after menopause and 

in patients with low BMD or baseline serum levels of estradiol. The increased fracture risk 

varies with individual agents and is between 15% and 115%90. In the adjuvant setting, 

complete estrogen deprivation induced by aromatase inhibitors possibly has two opposed 

effects on micrometastases in the bone marrow. On one side, aromatase inhibitors result in 

decreased proliferation or apoptosis of highly estrogen-dependent breast cancer cells. On the 

other side, estrogen deprivation induces high bone turnover that results in the release of 

many growth factors embedded in the bone, which might rescue estrogen-deprived cancer 

cells (insulin-like growth factors) or suppress the immune cells infiltrating and surrounding 

the tumour (TGF-β). The net effect is favourable in most patients, which might explain why 

antiresorptive therapy with bisphosphonates decreases recurrences only in postmenopausal 

women receiving aromatase inhibitors. This observation has been validated in an animal 

model91. Other systemic cancer treatments (TABLE 1) have been found to have a bone-

protective effect, including the combination of axitinib and crizotinib in lung cancer, 

antiandrogens alone in prostate cancer and afinitor in breast cancer92–94.

Tyrosine kinase inhibitors, the newest cancer-targeting agents, have off-target class effects 

on cells of the osteoclast and/or osteoblast lineage, which results in a bone-sparing effect95. 

Mast/stem cell growth factor receptor Kit (commonly known as proto-oncogene c-KIT), 

platelet-derived growth factor receptor α (PDGFR-α) and PDGFR-β, macrophage colony-

stimulating factor 1 receptor (commonly known as M-CSF-R), proto-oncogene tyrosine-

protein kinase Src (commonly known as SRC) and rearranged during transfection (RET) 

induce osteoclastogenesis when stimulated by their respective ligands95. The net effect of 

tyrosine kinase inhibition depends on the degree of inhibition of osteoclasts and osteoblasts. 

In all of these cases, tyrosine kinase inhibitors have demonstrated a bone-building effect95. 
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mTOR inhibitors have a dual effect on the cancer and osteoclasts, which results in a net 

bone-sparing effect.

In addition to the possibility of inducing hypo-gonadism, radiation therapy might also 

directly damage bone, which results in insufficiency fractures that are common in the pelvis 

in gynaecological, prostate, anal and rectal cancers, and in the ribs96. The development of an 

expanding series of radiopharmaceuticals might help to alleviate some of these important 

limitations.

Skeletal-related events—Regardless of their type, bone lesions compromise the integrity 

of the bone and result in many skeletal complications, so-called skeletal-related events 

(SREs)97. These events include pathologic fractures, cord compression, the need for surgery, 

the need for radiation therapy and hypercalcaemia1. Bone pain is very common even when 

not associated with fractures98. The morbidity associated with SREs is evident and their 

treatment undoubtedly improves patient quality of life; however, their effect on survival 

(hinted at from population-based cohort studies99) has not been confirmed in randomized 

controlled trials (RCTs), which showed no improvement in overall survival even though the 

number of SREs was considerably reduced as a result of treatment100–102. Some 

investigators have questioned the validity of SREs as an end point for assessing the benefit 

of bone-modifying agents and have suggested the use of symptomatic skeletal-related events 

(SSEs) as a more clinically relevant end point103. Two trials evaluating the effect of 223Ra 

and denosumab (a human monoclonal antibody that sequesters RANKL) in prostate 

cancer104,105 demonstrated that the experimental agents were better than the controls 

(placebo and zoledronic acid, respectively) at reducing the risk of SSEs.

Assessment of response—Different imaging methods are used to diagnose bone 

metastases and to assess the response to treatment. Although plain films and bone scans are 

acceptable modalities for the initial diagnosis of bone lesions or of their disappearance 

following treatment, they are inadequate to assess the response to treatment. Biochemical 

markers of bone resorption (serum C-terminal telopeptide [CTX], urinary N-terminal 

telopeptide [NTX] and others) and bone formation (bone-specific alkaline phosphatase 

[BSAP], serum N-terminal propeptide of type 1 collagen [PINP] and others) have been 

proposed for the diagnosis, prognosis and monitoring of bone metastases106,107. Their role 

in routine practice has yet to be defined with certainty, but a study evaluating the role of 

bone markers in the future selection of patients who might benefit from certain specific 

therapies is ongoing108. In addition, cross-sectional imaging techniques (CT or MRI) are 

considered adequate modalities to measure lytic or mixed lesions with a soft tissue 

component109.

Osteoclast-targeted agents

Bisphosphonates and RANKL inhibitors—The role of bisphosphonates in the 

treatment of cancer-related bone loss is well-established1. Much has been written regarding 

the inhibition of osteoclastic bone resorption as the primary treatment of choice for bone 

metastasis in major solid tumours and multiple myeloma. The primary mechanism of action 

for nitrogen-containing bisphosphonates is inhibition of the mevalonate pathway, which 
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induces cytotoxic effects on osteoclasts, to inhibit tumour-induced bone destruction and 

tumour growth16,110,111. In addition to their classic action on osteoclasts, bisphosphonates 

have also been suggested to enhance γδ T-cell proliferation, to inhibit tumour-associated 

macrophages and myeloid suppressor cells and to exert a potential antiangiogenic 

effect111–117. However, the exact mechanisms responsible for the reported nonbone effects 

of bisphosphonates remain controversial and the focus of ongoing investigations110.

Early stage cancer—Bisphosphonates and denosumab have been used to prevent 

treatment-related bone loss and fractures in breast and prostate cancer. Using different end 

points, two large RCTs demonstrated that the use of zoledronic acid or denosumab in 

women with early stage breast cancer who were receiving endocrine therapy increased 

BMD118 or decreased risk of fractures119, respectively. Smaller RCTs with ibandronate and 

risedronate demonstrated similar benefits120,121. Likewise, the use of pamidronate in 

patients with prostate cancer undergoing androgen-deprivation therapy proved to be effective 

in preventing bone loss122, whereas treatment with denosumab resulted in gains in BMD and 

a considerably decreased the risk of vertebral fractures123.

Bisphosphonates have been extensively investigated for the prevention of breast cancer 

recurrence in patients receiving endocrine therapy118. The Austrian Breast and Colorectal 

Cancer Study Group trial 12 (ABCSG-12 [REF. 124]) reported a significant benefit from the 

addition of zoledronic acid to endocrine therapy with a relative reduction of risk of disease 

recurrence of 36% (absolute risk reduction of 3.2%; P = 0.01). This study enrolled 

premenopausal women who underwent ovarian suppression before being randomly assigned 

to receive either tamoxifen or anastrozole. Two large subsequent trials reached different 

conclusions using zoledronic acid in hormone-receptor-positive patients with breast cancer. 

The ZO-FAST trial118 (comparing early versus late use of zoledronic acid in 

postmenopausal women with breast cancer receiving letrozole) showed a statistically 

significant improvement in disease-free survival (by 34%) in patients who received 

zoledronic acid early, thus confirming the results of the ABCSG-12 trial. However, an even 

larger study (AZURE) showed no benefit from adding zoledronic acid to endocrine therapy 

in premenopausal and postmenopausal women125. The majority (55%) of patients enrolled 

in this study were postmenopausal and 20% of all patients had hormone-receptor-negative 

breast cancer. Adjuvant oral clodronate trials in patients with early stage breast cancer 

produced similar conflicting results. The incidence of bone metastases was significantly 

decreased (by 41%) in patients who received clodronate daily for 2 years126. The effect was 

more pronounced in patients with stage II or III disease (51% decrease). However, the 

NSABP B34 study, which used clodronate daily for 3 years in a similar population, showed 

no benefit from the addition of clodronate127 to standard therapy. These conflicting results 

are intriguing. Subset analyses of the negative trials showed that postmenopausal women 

consistently derived considerable benefits from the inclusion of a bisphosphonate in their 

treatment. Possibly, osteoclast-targeted therapy only helps in the context of extreme 

hormonal deprivation, such as in postmenopausal women receiving aromatase inhibitors.

Two randomized studies in patients with prostate cancer with no systemic metastases using 

zoledronic acid failed to show improvement of bone-metastases-free survival128–130. By 

contrast, patients with castrate-resistant prostate cancer who were given denosumab showed 
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improvement of bone-metastasis-free survival from a median of 25.2 months on placebo to a 

median of 29.5 months on denosumab without any difference in overall survival131.

Treatment of bone metastases—In 2012, 34 RCTs of different bisphosphonates in the 

treatment of metastatic breast cancer were reviewed132. Interestingly, all bisphosphonates 

resulted in a significant reduction in SREs (~15%) in the treatment arms and this effect was 

most pronounced for intravenous zoledronate, pamidronate and ibandronate, with risk 

reductions of 41%, 23% and 20%, respectively, observed. Although the reduction in SREs 

was significant and profound, no improvement in patient survival was noted in either the 

metastatic or adjuvant settings. Similarly, the analysis suggested no overall benefit from the 

addition of a bisphosphonate to standard adjuvant treatments for early breast cancer132. 

However, the use of bisphosphonates (in particular zoledronic acid) does reduce bone 

metastases and improve disease outcome, especially in the case of women with established 

menopause133.

Bone-modifying agents have been used for preventive intent in patients with advanced-stage 

prostate cancer who did not have bone metastasis and for therapeutic purposes in those with 

bone metastases. The efficacy of this type of agent was only proven in patients with castrate-

resistant prostate cancer with bone metastases134. Clinica l trials using first and second-

generation biosphosphonates such as clodronate and pamidronate did not show any 

statistically significant decrease in SREs135. In the past decade, zoledronic acid has emerged 

as the only bisphosphonate with clinical efficacy superior to placebo in RCTs136. In a three-

arm RCT of placebo and two doses of zoledronic acid (4 mg and 8 mg every 3–4 weeks, 

administered intravenously over 15 min), a statistically significant improvement was found 

in the incidence of SREs with 4 mg zoledronic acid compared with placebo, as well as an 

improved pain and analgesic score137. The 8 mg dose was not more efficacious and was 

more frequently associated with renal complications than the 4 mg dose137,138; 

consequently, zoledronic acid is currently used at a dose of 4 mg, given every 3–4 weeks. In 

another noninferiority randomized placebo-controlled multicentre study of monthly 

intravenous injections of 4 mg zoledronic acid versus subcutaneous injections of 120 mg 

denosumab in patients with castrate-resistant prostate cancer, the denosumab group had a 

significantly improved time to first on-study SRE, demonstrating both noninferiority and 

superiority compared with zoledronic acid139.

RCTs comparing zoledronic acid and denosumab have also been performed in patients with 

breast cancer110. When directly compared, denosumab treatment improved the median time 

to first SRE (zoledronic acid: 26.4 months, denosumab: not reached), superiority in the 

prevention of subsequent SREs (23% risk reduction) and a 4 month delay in progression to 

moderate and/or severe disease in patients with breast cancer139,140.

Practical considerations—Current recommendations are to initiate treatment with a 

bone-modifying agent at the time of diagnosis of bone metastases in patients with breast or 

prostate cancer regardless of the presence of symptoms141. The choice of agent (denosumab 

or zoledronic acid) is left for the attending physician to decide. However, patients with 

abnormal kidney function might be selected to receive denosumab upfront whereas those 

who experienced severe acute phase systemic reaction to zoledronic acid might be switched 
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to denosumab. Zoledronic acid is contraindicated in patients with creatinine clearance <30 

ml/min. Hypocalcaemia is more common with denosumab than with zoledronic acid and 

should be treated with calcium supplements and vitamin D. Financial considerations can 

have a role as cost-effectiveness analyses show no superiority of denosumab over zoledronic 

acid141.

The recommended duration of treatment is 2 years in patients who have achieved stable 

disease status or in those with worsening kidney function78. Guiding the treatment by levels 

of bone turnover markers is inadequate142. De-escalation studies (OPTIMIZE-2 and others) 

have shown that switching to every 12-week dosing resulted in a similar rate of SREs, time 

to first-on-study SRE and mean skeletal morbidity rates (SMRs). However, follow up was 

limited to 1 year, which made making final conclusions all the more difficult, as levels of 

bone turnover markers increased on every 12-week schedule143.

Osteoblast-targeted agents and other novel agents

Radiopharmaceuticals—Radiopharmaceuticals currently available to treat painful bone 

metastases include 89Sr, 153Sm and 223Ra dichloride. These agents have a special avidity for 

osteoblasts144–146 and are all calcium and phosphorus analogues that accumulate in areas 

with high osteoblastic activity following intravenous administration. Radiopharmaceuticals 

are administered intravenously and are used to treat multiple lesions simultaneously. As their 

penetration is somewhat limited, they spare important adjacent structures. Several RCTs 

have been conducted with these agents, which demonstrated a slightly lower (but significant) 

benefit for 89Sr than for 153Sm (REF. 147) with 30–40% of patients achieving complete pain 

control and 40–50% achieving partial pain control148. Pain control was improved with the 

addition of bisphosphonates (50–65% achieved complete pain relief and 20–30% achieved 

partial pain relief)148. 223Ra was approved by the FDA in 2013 for use in patients with 

castrate-resistant prostate cancer with painful bone metastases. In a large phase III study 

(809 patients with castrate-resistant prostate cancer and bone metastases), all patients 

received best standard of care and were randomly assigned in a 2:1 ratio to receive 223Ra or 

placebo104,149,150. Median overall survival was extended from 11.2 months in the placebo 

arm to 14.9 months in the 223Ra arm and this benefit was associated with improved time to 

first SRE104,149,150. Adverse effects are manageable and myelosuppression with leukopenia, 

thrombocytopenia and lymphopenia is possible but mild104,149,150. Durable bone marrow 

failure with persistent pancytopenia is rare (~2%)104,149,150.

Patients eligible for radiopharmaceutical therapy are those with multiple bone metastases 

and a demonstrated increased tracer uptake on bone scintigraphy151. A transient ‘flare 

response’ with exacerbation of pain might happen a few days after administration in certain 

patients requiring analgesics and steroids. In addition, myelosuppression can also occur with 

a nadir (low point in blood cell count) at 3–6 weeks followed by a recovery 3–6 weeks 

later151.

Endothelin-1 receptor inhibitors—The endothelin ligands (endothelin-1 [ET-1], ET-2 

and ET-3) and their cognate membrane receptors (endothelin-1 receptor [ETA-R] and 

endothelin-2 receptor [ETB-R]) have emerged as therapeutic targets for prostate cancer152. 
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Endothelins are pleiotropic factors that activate multiple downstream signalling pathways, 

which leads to osteoblast differentiation and activation in bone153. Several large phase III 

studies with ETA-R and/or ETB-R inhibitors (zibotentan and atrasentan) in nonmetastatic 

and meta-static castrate-resistant prostate cancer and in metastatic ovarian cancer were 

completed after promising preclinical studies. Unfortunately, none of these trials showed a 

statistically significant benefit154–157, which led to the discontinuation of the development of 

these drugs.

Cathepsin K inhibitors—Cathepsin K is the primary protease secreted by osteoclasts and 

has a major role in bone resorption by degrading the organic bone matrix158. Cathepsin K 

inhibition with odanacatib in animal models of estrogen-deficient bone loss as well as in 

women with osteoporosis resulted in increased bone mass and decreased levels of bone 

turnover markers158,159. When used in patients with breast cancer and bone metastases in a 

double-blind study, odanacatib induced a similar decrease in levels of urinary NTX to that 

resulting from zoledronic acid treatment160.

MET and VEGFR2 inhibitors—The proto-oncogene c-MET (MET; also known as 

hepatocyte growth factor receptor), vascular endothelial growth factor A and hepatocyte 

growth factor are involved in the interaction between the tumour and bone 

microenvironment161–164. Cabozantinib, a dual MET–vascular endothelial growth factor 

receptor 2 inhibitor, has activity against osteoclasts and osteoblasts, as well as cancer 

cells165. Cabozantinib was tested in heavily pretreated patients with metastatic breast and 

castrate-resistant prostate cancer and in both cases the drug was effective in decreasing 

tumour burden, as assessed by improving bone scans and levels of bone biomarkers, as well 

as decreased pain, which resulted in decreased analgesic use166.

mTOR inhibitors—Mutations in the PI3K–AKT–mTOR pathway are common in patients 

with breast cancer167. mTOR has been implicated in resistance to endocrine therapy168 as 

well as the survival and differentiation of osteoclasts169,170. Hence, inhibition of this 

pathway is a logical strategy to target both the cancer and the bone disease171–173. The 

BOLERO-2 trial compared the combination of exemestane (an aromatase inhibitor) and 

everolimus (an mTOR inhibitor) to exemestane + placebo in patients with metastatic breast 

cancer after progression on nonsteroidal aromatase inhibitors and showed superior 

progression-free survival in the exemestane + everolimus arm for the whole population and 

for patients with only bone disease174. The bone subanalysis of the BOLERO-2 trial 

assessed clinical outcomes and levels of bone markers at 6 weeks and 12 weeks174. 

Compared with baseline, levels of bone makers (BSAP, P1NP and CTX) at 6 weeks and 12 

weeks decreased in the exemestane + everolimus arm and increased in the exemestane + 

placebo arm. The difference was statistically significant regardless of the presence of bone 

metastases or prior bisphosphonate therapy at baseline, which supports a direct effect of 

everolimus on the bone independent of its effect on the cancer.

Inhibition of Wnt signalling—The Wnt signalling pathway is a highly conserved 

pathway that controls multiple cellular processes, including cell fate determination, 

proliferation and differentiation175. Numerous studies have implicated Wnt pathway 
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activation in tumour development in both rodents and humans, as well as in tumour 

progression in bone58,176,177. A critical activity for the Wnt signalling pathway involves 

activation of the osteoblastic lineage and the maintenance of bone homeostasis. Studies 

using genetically engineered mice have convincingly shown that downstream effector 

molecules in the canonical Wnt pathway (for example, β-catenin) as well as endogenous 

inhibitors of Wnt signalling (such as DKK-1 and sclerostin) are important and direct 

regulators of osteoblasts that can also indirectly influence osteoclasts178,179.

With the ongoing clinical development of sclerostin antibodies (romosozumab), the Wnt 

pathway evidently represents a new therapeutic opportunity that justifies investigation. 

However, as Wnt signalling is a driver of both tumorigenesis and osteoblastic bone 

formation180, how the Wnt pathway should be targeted and modulated as a potential bone 

metastasis therapy is not entirely known. Stimulation of Wnt signalling via inhibition of 

DKK-1 or inhibition of β-catenin increased bone formation in osteolytic lesions and 

decreased osteolysis and pain59,181–183. Other investigators have shown that DKK-1-

mediated inhibition of Wnt signalling promotes tumour proliferation and metastasis184–188. 

Indeed, the extent of Wnt signalling in both the primary tumour and skeletal metastasis 

microenvironment seems to be tightly controlled and perhaps even specific for individual 

tumours. The potential utility of Wnt inhibitors in the context of treating bone metastasis, 

thus, remains unclear and tumours in which Wnt signalling is upregulated might represent 

the best potential use of Wnt inhibitors. However, concerns regarding the specificity and 

efficacy of these agents as well as the determination of the extent of Wnt signalling 

upregulation will require close scrutiny and careful trial design to ensure maximal patient 

benefit.

Surgery

The majority of patients with metastatic bone disease do not require operative intervention. 

However, when utilized, surgery is primarily palliative with the primary objective to 

decrease pain and improve overall function. Appropriate work-up should precede surgery to 

establish the diagnosis of metastatic cancer, its type and address possible complications (for 

example, hypercalcaemia)189,190. Indications for surgery are pathologic fractures191 and 

apparent alterations in the structural integrity of bone, to the extent that these elicit bone pain 

and/or increase the risk of fractures192. The early identification and treatment of these 

potential fractures provides many important clinical advantages (FIG. 2d,e). Early 

identification enables elective surgery and provides an easier recov-ery193–195. Currently, 

Mirel’s scoring system192 (based on lesion size, location, radiographic appearance and pain) 

for impending fractures is the most commonly utilized method for determining fracture risk 

in long bones and for which the results have been validated196. For solitary bone metastases 

(such as renal and thyroid), evidence exists supporting the value of surgical resection given 

the potential for improved patient survival193,195,197,198 (with or without cemented 

prosthetic reconstructions193,194) to improve surgical stability and immediate strength, 

which facilitates early weight-bearing and loco-motion193–195. Once wound healing has 

been achieved, radiotherapy is usually performed199. Improved functional status and implant 

survival has been demonstrated in patients under going surgical stabilization followed by 

postoperative radiation200.
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The case of spine metastases—Treatment goals for spine metastases are the 

maintenance or re-establishment of neurologic function, pain control and cancer control. 

Several scoring systems exist to assess eligibility for open surgery201–203. When open 

surgery is not indicated, vertebroplasty and/or kyphoplasty have shown excellent pain 

control with minimal morbidity204. Recommendations for the management of patients with 

metastatic spinal disease were reviewed in 2014 (REF. 205). Following diagnosis, 

radiosensitive tumours (such as multiple myeloma, small cell lung cancer and lymphoma) 

benefit from primary radiation therapy, with or without vertebroplasty or kyphoplasty. In the 

case of hormone-sensitive tumours (breast and prostate) with no spinal cord compression or 

spinal instability, hormonal therapy is the first-line treatment with or without vertebroplasty 

or kyphoplasty. Finally, radioinsensitive tumours (non-small cell lung cancer, melanoma, 

thyroid and renal cell cancer) benefit from surgery followed by radiation therapy206. Early 

decompression in cases of cord compression is considered the appropriate approach for 

select patients.

Radiation therapy and pain management

Multiple modalities are used to deliver palliative radiation to treat cancer-related bone 

pain207. External beam radiation therapy remains the primary modality for the treatment of 

painful bone metastases, can be administered in single or multiple fractions, and can be 

either traditional, intensity-modulated radiation therapy or stereotactic body radiation 

therapy207. Indeed, radiation has been demonstrated to be effective in relieving pain in the 

majority of patients with metastatic carcino-mas208. The type and amount of radiation 

administered for metastatic bone disease are in general the same as for other sites of 

metastasis199,208. Stereotactic body radiation therapy and intensity-modulated radiation 

therapy have been adapted for spinal metastases with the goal of delivering radiation more 

effectively at higher doses and decreasing risk to important structures such as the spinal 

cord208,209. Most commonly, radiotherapy is administered in multiple fractions in the USA, 

but single-dose treatments have been demonstrated to be equally effective in spinal 

metastases208.

Guidelines developed by the American Society of Radiation Oncology in 2011 recommend a 

single 8-Gy fraction for targeted bone lesions210. This dose provides the same pain relief 

with added convenience to the patient and caregiver, but is associated with an increased need 

to re-treat the same area (in 20% of cases with single dose treatment versus 8% for 

multifractionated radiation therapy)210. In addition, surgery, kyphoplasty and/or 

vertebroplasty, bisphosphonate use and prior radiopharmaceuticals are not contraindications 

to, nor do they obviate the need for, external beam radiation therapy210. If radiation therapy 

is deemed necessary after surgery, it should be multifractionated due to the lack of data on 

single-fraction radiation therapy in this setting. The major limitations of radiation therapy 

are the presence of multiple symptomatic metastases and/or the proximity of the metastases 

to critical structures207. The development of an expanding series of radio-pharmaceuticals 

might help to alleviate some of these important limitations.
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Conclusions

As discussed in detail in this Review, the effect of cancer cells and our current treatment 

modalities (both chemical and surgical) on the skeleton are complex. The fundamental role 

that bone has in the development and progression of primary tumours and subsequent bone 

metastases might explain why identifying agents that can eliminate tumour cells while 

leaving the skeleton intact is proving a challenge.

What does seem abundantly obvious is that the bone marrow microenvironment has a critical 

role in protecting metastatic and disseminated tumour cells, along with resident normal cells, 

during the development of subsequent bone metastases. This concept should also be 

extended to include the osteocyte, which is in close contact with the bone marrow11, and not 

simply focus on resident components of the bone marrow. Indeed, although the interaction 

between tumour cells and bone resorbing osteoclasts is crucial for tumour progression, 

interactions between tumour cells and osteo-cytes, as well as with bone marrow cells 

resident in the microenvironment, are probably equally important.

Once cancer cells have reached the bone marrow niche, they become exposed to influences 

that could result either in their eradication, dormancy or continued proliferation. High rates 

of bone turnover and an exhausted immune system28, as well as a high proliferative drive 

(due to raised levels of estrogen, increased estrogen sensitivity or oncogenic gain-of-function 

mutations) mediate growth of the tumour in bone, whereas the opposite leads to dormancy. 

Cancer treatments have both direct and indirect effects on these components. If the treatment 

increases bone turnover (for example, aromatase inhibitors) or suppresses the immune 

system (for example, chemotherapy), it might result in loss of some or all of the anticancer 

effects. Conversely, treatments that decrease bone turnover or reprime the immune system 

against the cancer might augment anticancer efficacy, while maintaining bone health. In any 

case, these concerns must be considered in the struggle to identify and develop new 

anticancer therapies.

If these ideas are correct, then current bone metastasis treatment approaches that focus 

almost entirely on targeting osteoclasts and their bone resorption activity require substantial 

revision. As discussed here, the number of anticancer therapies that, in addition to having 

profound antitumour efficacy, can also negatively affect the skeleton is increasing; a result 

that could have dire consequences for patients. The oncology field has responded to the 

treatment-associated negative effects on bone with a plethora of new and evolving targets 

that have the potential to individualize treatment and preserve bone mass and strength, while 

maintaining profound antitumour effects.

Perhaps not surprisingly, identification of the fundamental contribution of the osteocyte to 

the control of the coupled activities of bone resorption and bone formation that are the basis 

of normal bone physiology13,54 has fostered increased interest in the role of these cells in 

tumour progression and metastasis. In our view, refining the focus on characterizing the 

normal cellular mechanisms linking the control of bone resorption and bone formation, and 

how these processes are disrupted by the formation of osteolytic and/or osteoblastic bone 

lesions is essential.
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Despite incomplete understanding, the treatment of patients with cancer to prevent bone 

metastases or those with bone metastasis is ongoing and evolving1,46. Many questions 

remain unanswered. For instance, is the ‘omics’ revolution going to produce appropriate 

tools to identify patients who will probably develop bone metastases? This question is 

important because not all patients are going to develop bone metastasis and, therefore, 

identifying those at the highest risk will increase the likelihood that a treatment will be 

effective. Will an understanding of the molecular mechanisms of cancer cell homing to the 

bone marrow facilitate eradicating dormant cancer cells without damaging HSCs? What is 

the mechanism of bone-modifying agents’ failure in the metastatic setting? The short answer 

to this question might be the failure of the anticancer treatment. However, a possibility exists 

that the failure might be the result of a treatment that does not match the primary mechanism 

by which the cancer drives bone disease (TABLE 1). Hence the question: is there a 

possibility to identify the principle underlying mechanism for every cancer and match the 

disease with the appropriate treatment? As bone-modifying agents have different 

mechanisms of action, is there a possibility that combination therapy might be more 

effective than single agents alone? Also, is there an optimal way to order the delivery of 

these agents such that patients benefit from all of them? For how long should we use bone-

modifying agents? And lastly, what is the best way to monitor the treatment and what 

laboratory tools or imaging techniques can be used to assess the efficacy of these agents 

beyond what is currently possible? Normal cells of the bone and bone marrow significantly 

affect the survival and activation of tumour cells. Indeed, in the case of multiple myeloma, 

but not yet demonstrated for solid tumour bone metastasis, a positive osteoblastic response is 

evidently capable of inducing remission and might be an effective treatment option211–213.

Increasing evidence also supports the idea that particular disease parameters, such as DTCs, 

might explain cancer recurrences. Therefore, further elucidation of the features of bone and 

bone marrow cells responsible for the survival of these cells represent valid therapeutic 

targets with the potential to improve patient care. We remain optimistic that, as the 

mechanisms driving bone metastases are identified, new and effective therapies selectively 

targeting tumour progression in bone and the associated activation of bone destruction, while 

leaving resident bone and bone marrow cells largely untouched, will be developed. Such 

treatment regimens would have profound consequences for preventing the emergence of 

bone metastases and for the quality of life of patients with metastatic cancer, as the skeleton 

would be protected and capable of sustaining the activities of daily living for which it has so 

elegantly evolved.
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Key points

• Metastatic tumours represent the greatest threat to the survival of patients 

with cancer

• The development of therapies that impede the growth and/or function of 

tumour cells, while sparing normal host cells, is critical to improving the care 

of patients with cancer

• In the case of bone metastases, cells within the bone marrow niche mediate 

many of the orthopaedic consequences of tumour progression as well as 

resistance to the antitumour effects of existing therapies

• Osteocytes have a key role in the activation and progression of osteolytic 

metastases
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Figure 1. Cells in the bone and bone marrow microenvironment
Circulating tumour cells, as well as normal circulating platelets and other normal 

haematopoietic progenitor cells, arrive in the bone marrow microenvironment from blood 

vessels in the highly vascularized bone marrow compartment (1). Tumour cells that arrive in 

the bone marrow are able to interact with the resident normal host haematopoietic and 

stromal cells to establish, maintain and survive in a bone marrow niche (2). Resident tumour 

cells are also able to drive the activity of resident bone-residing cells such as osteoclasts, 

osteoblasts and osteocytes (3). Activation of resident bone cells before, during or after the 

dissemination of metastatic tumour cells enhances the stimulation of osteolysis, osteoblast 

proliferation and even bone formation (4). These effects then provide additional growth 

factors and nutrients that continue the survival and progression of tumour cells as well as 

supporting resident bone and bone marrow cells (5). Activation of bone remodelling and 

normal marrow cells also results in the release of molecules that regulate the activity and 

function of bone cells (6). These combined events eventually result in tumour colonization 

of the skeleton.
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Figure 2. Presentation of lytic, blastic and mixed bone lesions
a | Anterior–posterior radiograph of the humerus demonstrating a mid-shaft lytic lesion 

(yellow square), in which >50% of the cortical bone has been destroyed. The radiograph is 

consistent with osseous involvement by metastatic adenocarcinoma of the lung. b | Anterior–

posterior radiograph of the pelvis demonstrating diffuse blastic lesions involving the pelvis 

and bilateral proximal femurs (white squares). The radiograph is consistent with diffuse 

osseous involvement by metastatic prostate cancer. c | Anterior–posterior radiograph of 

femur demonstrating mixed blastic (white square) and lytic lesions (yellow square) 

involving the proximal femur and shaft from a patient with hepatocellular carcinoma. d | 

Anterior–posterior radiograph of bilateral femurs demonstrating multiple lytic lesions in 

both femurs (yellow squares). Both femurs are at considerable risk of fracture. The 

radiograph is consistent with osseous involvement by metastatic breast cancer. e | 

Postoperative anterior–posterior radiograph of bilateral femurs (from part d) after 
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radiotherapy and surgical treatment with intramedullary nails for prophylactic stabilization 

of impending fractures and improved patient quality of life.
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Table 1

Treatments for bone metastasis

Drug Mechanism of action Indication

Everolimus174 mTOR inhibition Kidney cancer, breast cancer, pancreatic 
neuroendocrine tumours

Bevacizumab214 sorafenib215, sunitinib216 VEGF inhibition Colon cancer, kidney cancer, ovarian cancer, lung 
and liver cancers, carcinoid tumours

Bisphosphonates132 denosumab217,218 Osteoclast inhibition Breast cancer, prostate cancer, multiple myeloma, 
other solid tumours

Lapatinib219 EGFR/ERRB2 inhibition HER2-positive breast cancer

Sipuleucel-T220 ipilimumab221,222 Immunomodulation Prostate cancer (sipuleucel-T), melanoma 
(ipilimumab)

Gemcitabine223 pemetrexed disodium224 

satraplatin225
DNA synthesis inhibition Solid tumours

Docetaxel226 cabazitaxel227 Microtubule inhibition Solid tumours

Cabozantinib166 Tyrosine kinase inhibition (c-MET 
and VEGFR2)

Medullary thyroid cancer

223Ra chloride104 Alpha emitter targeting bone 
metastasis

Castrate-resistant prostate cancer

Odanacatib*160 Cathepsin K inhibition Osteoporosis, breast cancer

*
Not yet approved.

Abbreviations: c-MET, proto-oncogene c-Met (also known as hepatocyte growth factor receptor); EGFR, epidermal growth factor receptor; 
ERRB2, estrogen-related receptor β; HER2, receptor tyrosine-protein kinase erbB2; mTOR, mammalian target of rapamycin; VEGF, vascular 
endothelial growth factor A; VEGFR2, vascular endothelial growth factor receptor 2.
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