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Bone Mets: Introduction

• Bone Mets are common feature 
of advanced cancer 

• Are associated with significant 
morbidity and mortality 

• About 90% and 70% of pts die 
of prostate and breast Ca, 
respectively, show bone mets at 
autopsy 

Coleman RE, Clin Cancer Res 2006
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Frequency of skeletal metastases at 
autopsy

Tumour Bone metastases (%)

Breast

Prostate

Thyroid

Kidney

Lung

Oesophagus

GI tract/colon

Rectum

Bladder

Uterine/cervix

Ovaries

Liver

Melanoma

50-85
60-85

28-60

33-60

32-64

6

3-10

8-60

42

50

9

16

7

Garcia et al, 2007



Table 1. Molecular subtypes of breast cancer and bone metastasis.
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What the heck is “wrong” with bone? 
(or…the “seed and soil” theory revisited)



“Traveling” towards and “docking to” bone

•1889: Stephen Paget: “Seed and Soil” Theory 

•1940: Blood flow is increased to BM (Batson’s plexus) 

•BM sinusoids? 

•Focusing on the role of metastatic tumor cells 

•2000s: Seed and soil theory revisited 
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   “The best work in the 
pathology of cancer now is 
done by those who are 
studying the nature of the 
seed. They are like scientific 
botanists, and he who turns 
over the records of cases of 
cancer is only a ploughman, 
but his observations of the 
properties  of the soil might 
also be helpful”

St. Paget, 1889



The metastatic cell is a single genetic entity derived 
from a mass of cells possessing extensive genetic heteroge-
neity and consequent plasticity8. The distant tissue site will 
also have a distinct and specific extracellular matrix and 

cellular composition compared with that of the tumour tis-
sue from which the metastatic cell originated. Metastases 
must therefore be considered biologically different 
from primary tumour cells, at least in the early stages of 
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Fig. 1 | Overview of metastasis. Metastasis is a complex multistep process, and the very concept of designing a metastasis- 
specific therapeutic must consider which part of the process is best to target. Given that metastases are derived mainly 
from invasive tumours, therapeutic efforts have often targeted the intrinsic invasive propensity of tumour cells150,151. 
Tumour cell production of angiogenic factors and TGFβ can activate endothelial cells and fibroblasts to remodel tissues and 
promote tumour cell invasion of stromal- modified spaces152. Targeting stromal elements in cancers remains an active area 
of research153–157. Intravasation of tumour cells is promoted by binding to macrophages that cause transient permeability in 
the vasculature158; thus, targeting tumour- associated macrophages might reduce the number of circulating tumour cells 
(CTCs)159. Multiple factors intrinsic to tumour cells (including epithelial- to-mesenchymal transition, production of proteases 
and migratory capacity) improve intravasation, often via effects on cell types including fibroblasts, neutrophils and 
macrophages160. Most tumour cells that enter the vasculature die as a result of hydrodynamic physical damage or leukocyte 
attack160. However, platelets can bind to and protect CTCs and improve their ability to establish secondary sites161. Platelet–
CTC aggregates settled at distant sites can release cytokines that attract granulocytes162; targeting platelets or granulocyte 
recruitment can prevent metastasis162. Additionally , abrogation of platelet–CTC binding, leading to a reduction in the 
number of circulating and potentially metastatic cells163, might explain the suppression of metastasis by aspirin in breast 
and prostate cancer models164. Survival and proliferation of newly deposited cancer cells in a metastatic site are arguably 
the most important stages of the metastatic process. Cancers with a propensity to metastasize do not grow in all organs, 
indicating that a limited number of organs provide a suitable stromal environment for their colonization. Preferred 
colonization sites, termed pre- metastatic niches, can be prepared in advance of the arrival of disseminated tumour cells 
through the actions of myeloid- derived suppressor cells (MDSCs) and tumour cell- derived extracellular vesicles (EVs), such 
as exosomes17,165. Whether this process can provide novel therapeutic targets to limit the arrest and survival of metastatic 
cells remains unclear, with development of EV- specific drugs, for example, creating a challenge166. Evidence also supports 
roles for neutrophils167,168 and MDSCs169 in metastatic colonization. Evasion of the antitumour immune response is another 
critical factor in metastatic colonization. No single tumour type seems to exhibit all these mechanisms; therefore, targeting 
any one stage of the metastatic process requires a tumour- specific understanding of the mechanisms involved.

Anderson et al. Nat Rev Clin Oncol 2019

CTCs:  1:500,000– 1:1,000,000 circulating cells.  

Exosomes: EVs 30–150 nm in diameter  



Croucher et al. Nat Rev Cancer 2016

From BM Colonization to Overt Metastasis: 
a long-lasting road trip

Nature Reviews | Cancer
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Bone resorption
The process by which 
bone-resorbing cells break 
down bone.

Osteoblast lineage
The lineage of cells responsible 
for making new bone.

Osteoprogenitors
Cells that are derived from 
skeletal stem cells with the 
ability to transition through the 
osteogenic lineage.

Preosteoblasts
Cells that are committed to 
forming functional 
bone-forming osteoblasts.

Mineralization
The process by which mineral, 
including hydroxyapatite, is 
precipitated and deposited on 
a collagen matrix.

Pericytes
Cells located adjacent to 
endothelial cells of capillaries.

this behaviour. Therefore, this Review will consider 
these cancer types together and confine its comments 
to early events associated with colonization, survival and 
dormancy, and reactivation, as much has already been 
written about the molecular pathways that control active 
tumour growth in bone5,6.

The skeleton as a site for metastasis
Common though metastasis is, tumour growth at meta-
static sites is relatively less efficient than at primary sites, 
owing to the challenges faced by DTCs upon arrival at 
distant organs7–9. Although the skeleton is a permissive 
environment, the physical properties make it a harsh and 
unwelcoming site for colonizing DTCs. In experimen-
tal models of breast and prostate cancer dissemination, 
and multiple myeloma, substantial numbers of DTCs are 
present in the skeleton, but there are limited numbers of 
bone metastases or myeloma colonies10–13. Similarly, clin-
ical studies in women with breast cancer show DTCs in 
the bone marrow but not all patients develop metastatic 
bone disease14–16. Furthermore, only 24% of patients with 
circulating tumour cells are reported to have detectable 
DTCs in the skeleton14, suggesting that there are con-
siderable barriers to cells colonizing and growing in the 
bone microenvironment. The bone microenvironment 
encountered by colonizing tumour cells is certainly 
remarkably heterogeneous and constantly changing, 
features that must be navigated by cancer cells if they 
are to survive and grow.

Bone cells and bone remodelling. The skeleton is main-
tained by continuous removal and replacement of bone 
throughout life. This is controlled by the coordinated 
activity of specific bone cells, which also influence 
tumour cell behaviour. Osteoclasts are highly special-
ized multinucleated cells, derived from haematopoietic 
precursors in the myeloid lineage, that are the only cells 
capable of bone resorption17 (FIG. 2). Osteoclast forma-
tion is controlled by the receptor activator of nuclear 
factor-κB ligand (RANKL; also known as TNFSF11) 

and macrophage colony-stimulating factor (M-CSF; 
also known as CSF1), which are provided by cells of the 
osteoblast lineage18. Osteoclast-mediated bone resorption 
occurs in a sealed microenvironment in the area oppos-
ing the bone matrix. The resorption space is acidified 
by H+ ions, resulting in dissolution of the bone mineral, 
exposing the organic matrix to proteolytic enzymes, 
including cathepsin K, that degrade the bone matrix19. 
Bone resorption also releases growth factors deposited 
in bone, which can act locally on osteoblasts and tumour 
cells in the microenvironment. Following resorption, 
sites of bone remodelling are found associated with a 
poorly defined cell type known as the reversal cell20. 
These are believed to have the capacity to produce pro-
teinases and prepare the resorbed bone surface for bone 
formation by osteoblasts21 and would also be well placed 
to act on tumour cells.

Osteoblastic bone formation results from the pro-
liferation of primitive skeletal stem cells (SSCs), their 
differentiation into osteoblast precursors (osteopro-
genitors and preosteoblasts), maturation to become 
osteoblasts, formation of bone matrix and, finally, 
mineralization22 (BOX 1). Precursors of osteoblasts are 
derived from SSCs in the bone marrow, from blood 
and from pericytes and may also be found on the 
endosteal surface as components of the bone lining 
cell population or even the newly identified ‘canopy’ 
(discussed further below)21,23. Their fate is to become 
bone lining cells or to become embedded in bone as 
osteocytes (FIG. 2). Although the term ‘osteoblast’ is 
used to describe the cells responsible for synthesiz-
ing bone matrix, the osteoblast family also includes 
osteoblast precursors, bone lining cells and osteocytes, 
which change in phenotype as they transition through 
differentiation and each may have distinct roles when 
interacting with tumour cells (BOX 1). Gene expression 
patterns define the different stages24 and their location 
in bone, as well as the influence of local and humoral 
factors. The latter include signals between cells in the 
osteoblast lineage as well as signals from immune cells 

Figure 1 | The multi-step process of bone metastasis development. Bone metastasis development begins with tumour 
cells colonizing (panel a) the bone marrow microenvironment, a process that can occur early in the disease. Tumour cells 
survive and adapt to the local environment and, depending on their location, either grow immediately or enter dormancy 
(panel b), a phase that may last years or even decades. Of those cells that survive, a limited number will be reactivated  
(panel c) to form micrometastases, which ultimately enter a growth phase (panel d) and form microenvironment-modifying 
bone metastases. Tumour cells become progressively less dependent on the bone microenvironment for survival signals.
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in bone14. In patients with metastatic breast cancer, 
PTHRP expression levels are increased in bone metastases 
compared with the primary tumour67. Yin et al.68 showed 
that TGFβ in the bone microenvironment induced 
tumoural PTHRP production that resulted in enhanced 
bone resorption68. Subsequent studies, described below, 
showed that TGFβ in bone modulates many other  
pro-metastatic and osteolytic factors.

MMPs have been implicated in the general metastatic 
cascade, and more specifically in bone invasion and bone 
metastases through an increase in locally active RANKL. 
The effects can be direct, as exemplified by MMP7 cleav-
age of RANKL in prostate cancer30, or indirect, as shown 
by MMP1 and a disintegrin-like and metalloproteinase 
with thrombospondin motifs 1 (ADAMTS1), which pro-
teolytically cleave epidermal growth factor (EGF)-like 
ligands to decrease osteoblast-derived OPG and hence 
favour osteoclastogenesis69. Moreover, MMP13 can acti-
vate MMP9 and TGFβ to increase local expression of 
RANKL at the breast cancer–bone interface70.

Other autocrine–paracrine mechanisms that pro-
mote tumour osteolysis involve the Jagged 1–Notch 
signalling pathway. Jagged 1 expressed in breast cancer 

cells mediates bone metastasis by activating the Notch 
pathway in bone cells resulting in increased IL-6, which 
confers a growth advantage to tumour cells. γ-secretase 
inhibitors reduce Jagged 1-mediated bone metastasis by 
disrupting the Notch pathway in stromal bone cells and 
so provide the rationale for targeting this pathway to 
treat bone metastases71.

Transcription factors, such as GLI2, RUNX2 and 
hypoxia-induced growth factor 1α (HIF1α) in tumour 
cells have been implicated in promoting tumour oste-
olysis. The Hedgehog signalling molecule GLI2 induces 
PTHRP expression and resultant osteolysis in meta-
static human breast cancer cells72. GLI2 is also involved 
in TGFβ-mediated melanoma metastasis to bone73. The 
osteoblast transcription factor RUNX2 regulates MMP9 
in bone metastatic cancer cells and controls cell inva-
sion74. In support of this, impaired intranuclear traffick-
ing of RUNX2 in breast cancer cells inhibits osteolysis 
in vivo75. Tumour expression of HIF1α inhibits osteo-
blast differentiation and promotes osteoclast differentia-
tion, supporting HIF1α as a factor that promotes tumour 
osteolysis and tumour growth in bone76,77

Bone matrix and tumour growth. Beyond encounter-
ing cells that are resident in the bone marrow, there is 
an exchange of factors from the bone matrix that are 
released during resorption, the most notable being 
TGFβ, which affect tumour localization and growth. 
Calcium, which is abundant in the bone matrix, has a 
profound effect on tumour cells. Breast and prostate can-
cer cells express the calcium-sensing receptor (CASR) 
and respond to ionized calcium78 (FIG. 4). Calcium stimu-
lation of these cells leads to an inhibition of apoptosis 
and a stimulation of proliferation79. In addition, ionized 
calcium leads to increased PTHRP secretion by tumour 
cells and hence induces further resorption and calcium 
release80,81. The CASR has been shown to be central 
to prostate cancer skeletal metastasis, as short hairpin 
RNA knockdown of this receptor in prostate cancer 
cells reduced tumour localization in bone82. Ionized cal-
cium can be a potent chemoattractant to breast cancer 
cells and could support bone localization in addition to 
tumour cell proliferation83. Calcilytics, which are antago-
nists of the CASR, are under intensive investigation for 
the treatment of autosomal dominant hypocalcaemia, 
which results from activating mutations in the CASR84. 
Agents such as these could represent a strategy to restrict 
cancer growth in bone.

Bone matricellular proteins that could affect tumour 
localization include OPN, which is also released by 
stromal and tumour cells, secreted protein acidic and 
rich in cysteine (SPARC), periostin, bone sialoprotein, 
dentin matrix acidic phosphoprotein 1 (DMP1), syn-
decan 1 and decorin. SPARC, which is produced by 
osteoblasts, leukocytes and cancer cells, induces cancer 
cell migration by interacting with αvβ5 (REF. 85) (FIG. 4). 
OPN, which is derived from bone matrix, stromal and 
tumour cells, has an important role in tumour metas-
tasis. Experiments in mice deficient for OPN or over-
expressing OPN revealed that levels of OPN correlate 
with skeletal metastatic potential86. Periostin, which is 

Figure 2 | Cross-section of bone depicting stages of bone metastases. Schematic 
representation of tumour cell interactions within the bone microenvironment during 
stages of tumour metastasis to bone — tumour cell homing, dormancy, colonization and 
expansion. Tumour cells home to and enter the bone marrow cavity and either remain 
quiescent or dormant or begin growth and colonization. Tumour-mediated recruitment 
and modulation of bone-residing cells (osteoclasts, osteoblasts, fibroblasts, blood vessels, 
mesenchymal stem cells, haematopoetic stem cells (HSCs), lymphocytes, macrophages, 
platelets, neurons and osteocytes) and bone matrix modifications alter the bone 
environment thus favouring tumour growth and invasion and resulting in pain, fracture 
and further tumour dissemination.
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Cells of bone 

• Osteoprogenitors 
• Osteoblasts 
• Osteocytes 
• Lining cells 
• Osteoclasts 
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Osteogenic lineage
The lineage that gives rise to 
cells that can make new bone; 
these include bone lining cells, 
osteoblasts and osteocytes.

Basic multicellular units
The cells responsible for the 
coordinated removal and 
replacement of a quantum of 
bone in bone remodelling.

Hyperparathyroidism
A disorder of the parathyroid 
gland resulting in increased 
concentrations of circulating 
parathyroid hormone.

Bone marrow stromal 
progenitor cells
A population of stromal cells 
found in the bone marrow that 
can differentiate into a range of 
cell types including cells of the 
osteogenic lineage.

acting on cells of the osteoblast lineage25,26,27. For that 
reason, the cells of this lineage need to be identified 
in situ28,29.

The activity of osteoclasts and osteoblasts is coor-
dinated in time and space through the process of bone 
remodelling30. Bone remodelling occurs asynchronously 
at anatomically distinct sites called basic multicellular units 
(BMUs), and is crucial for adaptation of the skeleton to 
load and for repair of damaged bone (FIG. 2). The idea 
that bone cells might communicate with each other 
developed when it was proposed that cells of the osteo-
blast lineage produced factors that regulate the forma-
tion and activity of osteoclasts31, and led to the discovery 
that RANKL, its signalling pathway and the decoy recep-
tor osteoprotegerin (OPG; also known as TNFRSF11B), 
are essential regulators of osteoclast formation and activ-
ity17. This supported the concept of the supremacy of the 
osteoblast lineage over other lineages in control mech-
anisms within bone31. Furthermore, just as the osteo-
blast lineage regulates the osteoclast, communication 
also takes place in the reverse direction, with products 
of osteoclasts or resorption controlling bone formation 
in a process known as ‘coupling’32,33. Accordingly, osteo-
blast differentiation and bone formation within BMUs 
are programmed by activities that arise both from osteo-
clasts themselves and from the bone matrix25,34,35. The 
dynamic nature of the BMU and its role in controlling 
cell behaviour may therefore be crucial in controlling 
tumour development in the skeleton (discussed further 
below) and speaks to the vicious cycle theory of tumour 
growth in bone36,37.

The bone remodelling compartment. New evidence 
suggests that additional structures may control the 
behaviour of the BMU. A canopy of CD56 (also known 
as NCAM1)+ bone lining cells and capillaries covering 
the BMU has been described38–40, although a less well 
characterized layer of cells called the bone marrow 
envelope has recently been reported to cover the bone 
lining cells41. This structure is now referred to as the 
bone remodelling compartment (BRC)39 (FIG. 2). In a 
study of patients with hyperparathyroidism, chosen for 
the large number of sites of bone remodelling, can-
opies were identified over virtually all remodelling 
sites40. An abundant network of capillaries is present 
adjacent to the canopy surface (FIG. 2), and is even pro-
posed to penetrate the canopy40,42 to provide entry, via 
the circulation, for osteoclast and osteoblast precur-
sors. The opening of capillaries into the BRC has not 
been directly demonstrated, but preosteoclasts have 
been identified in adjacent capillaries as well as within 
the BRC, and accessibility to the circulation has been 
demonstrated by the fact that 5 minutes after ferritin 
injection in rabbits, ferritin was present within cano-
pies38. Bone marrow stromal progenitor cells and pericytes 
that adhere to nearby capillaries may also be important 
sources of osteoblast precursors22. It is conceivable that 
tumour cells may be delivered directly to the BRC, or 
the immediate microenvironment, by the capillaries 
associated with this structure, which could have impli-
cations for the development of tumours in bone. In 
support of this, myeloma cell–osteoclast hybrids have 
been reported43.

Figure 2 | The endosteal bone surface. The majority (approximately 80%) of the endosteal bone surface is quiescent and 
covered by bone lining cells, adipocytes, osteomacs, cells of the immune system and neurons. Blood vessels, lined by 
vascular endothelial cells and pericytes, supply the quiescent bone surface. A minority of the endosteal surface 
(approximately 20%) undergoes active bone remodelling at any one time. This occurs in the bone remodelling 
compartment (BRC), which is separated from the bone marrow compartment by a canopy of bone lining cells or cells of 
the myeloid lineage. Adjacent to the BRC is a network of capillary blood vessels, which can provide nutrients and 
oxygenation. They contain osteoclast precursors and early cells of the osteogenic lineage that can differentiate into 
functional bone-resorbing osteoclasts and bone matrix-synthesizing osteoblasts, respectively (see text for details). The 
events leading to activation of bone remodelling and the formation of a BRC are complex and probably under the control 
of osteocytes embedded in the bone matrix.
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tumor microenvironment as a nonresident cellular component.
Factors secreted by primary tumor cells can activate resident
fibroblast-like stromal cells at a premetastatic site, resulting in
an increased production of the extracellular matrix (ECM) com-
ponent fibronectin, which enables the adhesion and clustering of
migratory BMDCs that express the fibronectin receptor VLA-4
(integrin a4b1), as well as genes related to their mobilization,
including MMP9 and Id3, in the premetastatic niche (1). This
leads to the expression of SDF-1 in the premetastatic niche,
resulting in the recruitment of CXCR4þ cancer cells. The
SDF-1/CXCR4 chemokine axis also participates in the homing
of BMDCs. A recent article shows that ECM metalloproteinase
inducer (EMMPRIN) in cancer cells can induce the expression and
secretion of several factors, such as SDF-1 and VEGF, that mediate
BMDCrecruitment to the lungs and liver (22). For primary tumors
with STAT3 activation, BMDC recruitment can be partially medi-

ated by tumor-secreted factors that are induced by STAT3 signal-
ing, such as IL6 and IL10 (23). These secreted factors lead to a
widespread STAT3 activation in premetastatic lungs, activate
fibroblasts to produce fibronectin, and induce the formation of
clusters of CD11bþ myeloid-derived suppressor cells (MDSC) in
the lungs, resulting in enhanced metastatic growth. MDSCs may
also be recruited to the premetastatic lung through hypoxia-
induced secreted factors, such as MCP-1 from the primary tumor
(24), and the induction of the inflammatory proteins S100A8 and
S100A9 in endothelial and myeloid cells (10). CCL9 is induced
through TGFb signaling in myeloid cells in the premetastatic
lungs, where it enhances tumor cell survival and promotes metas-
tasis (25). Another recent study has revealed that lysyl oxidase–
like 2 (LOXL2) and the bHLH transcription factor E47, which
function together to induce epithelial-to-mesenchymal transition
(EMT), also contribute to the recruitment of BMDCs to

© 2016 American Association for Cancer Research
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Figure 1.
Tumor-directed formation of a premetastatic niche. Recent studies, including those discussed in this review, suggest that extracellular vesicles (EV) and other
factors secreted by the primary tumor initiate and direct the formation of a premetastatic niche. At an early tumor stage (left), circulating tumor
cells (CTC) can be detected but are not capable of metastatic colonization due to insufficient invasive traits and/or lack of a permissive metastatic niche. Most
CTCs will die, but some may travel back to the primary tumor to evolve a more aggressive phenotype according to the tumor self-seeding model. As
the tumor grows and progresses (right), tumor cells experience additional genetic, epigenetic, or environmental alterations, including metabolic stresses (e.g.,
hypoxia), and secrete a variety of EV-associated and other factors. These tumor-secreted factors, upon release into the circulation, may cause a broad
spectrum of systemic effects, including the induction of angiogenesis, inflammation, ECM remodeling, and metabolic reprogramming at a premetastatic site.
All types of resident cells in a premetastatic organ can be affected directly or indirectly in this process. New types of noncancerous cells, such as the
bone marrow progenitor cells (BMPC), are recruited and often reprogrammed to form the premetastatic niche. Metastatic colonization will succeed once CTCs
have acquired sufficient intrinsic potential and a conducive premetastatic niche has been established. Combinatorial therapies targeting both cancer
cells and factors driving the formation of premetastatic niche may hold promise for the prevention and treatment of metastasis.
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Bone Marrow: A “love nest”  
where bone and HSCs meet

Yin and Li, 2006, Pantel Davos CIBD meeting 2010



Niche Engagement and Induction of Dormancy

Wang et al, Cancer Cell 2015 
Croucher et al. Nat Rev Cancer 2016

Nature Reviews | Cancer
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colonization and engagement in bone or whether it 
prevents activation of dormant cancer cells (discussed 
below) is unclear.

Bone cell control of dormancy
Having colonized the skeleton, tumour cells locate 
to specialized microenvironments, or niches, which 
support survival and dormancy. Whether colonizing 
tumour cells hijack HSC and/or progenitor niches115 or 
occupy distinct niches is unclear.

The osteoblast lineage, tumour cell survival and dor-
mancy. Like HSCs, there is evidence that colonizing 
tumour cells localize to niches containing cells of the 
osteoblast lineage, which support cell survival and con-
trol long-term dormancy13. However, the pathways that 
regulate colonization may be distinct from those  
that control dormancy (FIG. 3).

Tracing of 51Cr-labelled multiple myeloma cells 
in the 5T mouse experimental model showed that 
they home selectively to the bone marrow, liver and 
spleen, but survive only in bone and spleen116. The esti-
mate that thousands of multiple myeloma cells arrive 
in individual bones is supported by direct intravital 
imaging13. These cells localize to bone surfaces, inter-
act directly with type I collagen-expressing cells of the 
osteoblast lineage and are retained in a dormant state13.  

Indeed, cells of the osteoblast lineage maintain multiple 
myeloma cells in a dormant state and slow the transition 
to active growth13. Multiple myeloma cells isolated from 
patients also localize to an osteoblast niche in non-obese 
diabetic-severe combined immunodeficient (NOD-
SCID) mice117. Dormant multiple myeloma cells resist 
chemotherapies, are available to repopulate tumours 
and may contribute to disease relapse in experimental 
mouse models13,117. Although the crucial signals that 
support dormancy remain to be defined, cells of the 
osteoblast lineage express factors that could contribute, 
including IL-6 (REF. 118), BMPs119–122, WNT proteins and 
WNT antagonists123, decorin124 and membrane adhesion 
molecules and receptors such as the annexin II recep-
tor and growth arrest specific protein 6 (GAS6), which 
bind to annexin II and the AXL receptor tyrosine kinase 
(AXL, also known as UFO), respectively, on multiple 
myeloma cells13,125. Osteoblast lineage cells also produce 
OPG, which promotes tumour cell survival by binding 
to tumour necrosis factor-related apoptosis-inducing 
ligand (TRAIL; also known as TNFSF10)126–130.

In patients with solid tumours, DTCs can be detected 
at early stages of disease131–135 and in experimental mod-
els slow-cycling or dormant tumour cells can be found 
in the skeleton10–12,135. Shiozawa et al.115 demonstrated in 
mice that prostate cancer cells compete with HSCs for 
the HSC niche. Although the molecular mechanisms are 
poorly defined, both prostate cancer cells and multiple 
myeloma cells express the annexin II receptor, which, 
by binding to annexin II on bone cells, controls tumour 
growth136,125. In prostate cancer cells this interaction reg-
ulates expression of the receptor tyrosine kinases AXL, 
TYRO3 (also known as SKY) and MER (also known as 
MERTK)136, which encode the receptors for GAS6. The 
balance between the expression of GAS6 and expression 
of these receptors, particularly AXL, may be important 
in controlling dormancy, with relatively high levels of 
AXL being associated with dormancy in human xeno-
graft models of prostate cancer136–138. Interestingly, AXL 
is stabilized by hypoxia139 and the metaphyseal region 
of the long bone, a site in which tumours typically 
develop, is normoxic, whereas the diaphyseal region is 
more hypoxic140 and less prone to metastasis develop-
ment. Furthermore, endosteal regions are less hypoxic 
than deeper perivascular regions141, which may also 
have implications for maintaining cells in a dormant 
state. The recent demonstration that DTC–niche inter-
actions in breast cancer are mediated by heterotypic 
adherens junctions, with DTCs expressing E-cadherin, 
and N-cadherin being expressed by osteogenic cells, is 
also consistent with osteoblasts having an active role in 
controlling dormancy97.

The perivascular microenvironment and tumour cell 
dormancy. Although cells of the osteoblast lineage 
may control survival and dormancy, perivascular cells 
have also been implicated142. Disseminated breast can-
cer cells can be found associated with the vasculature 
in metastatic target tissues, including bone in mice143, 
and thrombospondin 1 (TSP1; also known as THBS1), 
produced by endothelial cells, maintains associated cells 

Figure 3 | Niche engagement and induction of dormancy. Tumour cells use a 
repertoire of molecules that are important in colonizing bone and engaging in a niche in 
bone (panel a). These include C-X-C motif chemokine receptor 4 (CXCR4), integrin α4β1, 
receptor activator of nuclear factor-κB (RANK), integrins αvβ5 and α5β3, osteopontin 
(OPN), bone sialoprotein (BSP) and E-cadherin, which bind to their cognate ligands on 
cells in the niche: C-X-C motif chemokine ligand 12 (CXCL12), vascular cell adhesion 
molecule 1 (VCAM1), RANK ligand (RANKL), OPN, BSP, fibronectin, vitronectin, integrin 
αvβ3 and N-cadherin, respectively. The engagement of cells in the niche leads to the 
expression of genes that can induce dormancy (panel b). These include the annexin II 
receptor and AXL on tumour cells and their ligands annexin II and growth arrest-specific 
protein 6 (GAS6) on bone lining cells. Local cytokines and growth factors, for example 
interleukin-6 (IL-6), may also control dormancy by binding IL-6 receptor (IL-6R) on 
tumour cells.
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Castration of male mice bearing prostate cancer cells, 
which also increases bone turnover, also promotes 
tumour development11.

Similar data have been reported in models of multiple 
myeloma. For example, ovariectomy increases multiple 
myeloma burden in the skeleton166, whereas inhibitors of 
bone resorption, including zoledronic acid and inhibi-
tors of RANKL, reduced multiple myeloma burden and 
increased survival109,111,167–170.

Osteoclasts reactivate dormant cancer cells in the skele-
ton. Although promotion of bone turnover and osteoclas-
tic resorption increases tumour growth, the mechanism 
responsible is unclear. It has been argued that tumour 
cells produce factors, including PTHrP, that stimulate 
bone resorption by upregulating RANKL and releasing 
bone-bound molecules, including TGFβ, that stimulate 
tumour growth5,157. However, the vicious cycle model does 
not consider the temporal development of the tumour, 
the part that dormant cells play or the events that initi-
ate the interdependence between osteoclasts and tumour 
cells. A refinement to this hypothesis is that osteoclasts 
initiate the process by first remodelling the bone niche 
to reactivate dormant tumour cells before establishing a 
microenvironment that modifies the tumour, which can 
then establish a vicious cycle (FIG. 4). Increasingly, evi-
dence supports this hypothesis. Studies of the HSC niche 
demonstrated that treatment of mice with granulocyte 
colony-stimulating factor (G-CSF; also known as CSF3) 
or soluble RANKL (sRANKL) both stimulates osteoclast 
resorption and mobilizes HSCs from the niche in bone171. 
Prostate cancer cells compete with HSCs for the endosteal 
niche and G-CSF treatment releases these cells from this 
microenvironment115. Cathepsin K, one of the major 
enzymes produced by osteoclasts, can cleave CXCL12 to 

prevent it interacting with its receptor, which is important 
in tumour cell engagement in this niche171. Recently, intra-
vital imaging has been used to follow the fate of tumour 
cells colonizing the osteoblast niche and has demonstrated 
that sRANKL treatment increases osteo clast numbers and 
decreases the numbers of dormant tumour cells engaged 
in the endosteal niche13. Together these data suggest 
that osteoclasts, by remodelling the endosteal niche, can 
release dormant cells from niche control and reactivate 
them to form overt tumours (FIG. 4).

Implications of osteoclast control of reactivation on 
the interdependency between tumour cells and bone. 
If osteoclasts reactivate dormant tumour cells in bone 
this argues that bone cells have distinct roles at different 
stages in the evolution of bone metastasis. Tumour cells 
may engage in a niche containing cells of the osteo blast 
lineage, which is crucial in retaining them in a dormant 
state. However, to release and reactivate these cells, 
alterations in the niche are required to down regulate 
expression of molecules responsible for maintaining 
tumour cells in a dormant state. As not all dormant 
cells are reactivated this suggests that these events are 
not synchronized, but are associated with events unique 
to individual niches. Bone resorption events represent 
the most likely mechanism for remodelling the niche 
and will be independent of the presence of individual 
dormant cells. As a consequence, osteoclast-mediated 
reactivation of dormant tumour cells could be consid-
ered a stochastic event, with the frequency of metastases 
being determined by both the numbers of dormant cells 
that successfully colonize the endosteal niche and the 
rate of bone resorption: the greater the rate of resorp-
tion the greater the likelihood of osteoclastic changes  
reactivating dormant cells.

Figure 4 | Osteoclast remodelling of the endosteal niche reactivates dormant tumour cells. Tumour cells engage 
with cells of the osteogenic lineage on the endosteal surface, which induces long-term tumour cell dormancy. Osteoclast-
mediated remodelling of the endosteal niche removes bone lining cells and releases dormant tumour cells from 
niche-dependent control, enabling them to proliferate and form micrometastases. The micrometastases then proliferate 
to establish the vicious cycle, promote osteoclast formation and become microenvironment modifying. It is possible that 
as the tumour expands, tumour cells will become environment independent and develop the capacity to leave the 
metastatic site and colonize other sites. Proliferating cells may retain the potential to re-engage in an endosteal niche 
and become dormant.
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Emerge of Tumor Cells from Dormancy 
and Metastasis Overgrowth:  

The Dual Role of OCL

Lawson et al, Nat Commun 2015 
Croucher et al. Nat Rev Cancer 2016

Senescence 
(Senescence-Associated Secretory Phenotype / SASP)
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The Concept of Osteomimicry
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cellular processes that drive breast cancer remains a matter of
intense debate.
In this review, we discuss the current knowledge found in the

literature concerning preclinical and clinical data on SNS modula-
tion of breast cancer. Most patients with metastatic breast cancer
present severe skeletal complications such as hypercalcemia, pain,
and an increased incidence of fractures18. Therefore, insight into
the sympathetic regulation of bone metastatic disease is also
discussed in the following sections.

BREAST CANCER AND THE SNS: A COMPLEX PICTURE
Adrenoreceptors (ARs) have been reported to be expressed in a
wide range of breast cancer cell lines (Table 1) as well as in tumor
samples from patients with breast cancer19–21. AR overexpression,
particularly β2-AR overexpression, was found to be correlated with
poor prognosis of ER− breast cancer patients in a recent study by
Kurozumi et al.21, where immune biomarkers, such as the grades of
tumor-infiltrating lymphocytes and programmed death ligand 1
expression, were shown to be significantly reduced in these
patients. Another report by Liu et al.19 demonstrated that the β2-AR
level was correlated with lower disease-free survival and higher
lymph node metastasis rates in a small cohort of HER2+ breast
cancer patients. Both of these studies point to a putative role of β2-
AR in breast cancer pathology, but scrutinizing the mechanisms by
which it promotes disease progression is still a complex exercise. In
this section, we assemble the available data regarding the effect of
multiple ARs on breast cancer, from primary tumor proliferation
and survival to extracellular matrix (ECM) invasion and entry into
the systemic circulation.

Proliferation and survival
Cancer cell proliferation and apoptosis inhibition are crucial
hallmarks of cancer22. Adrenergic signaling has been implicated
in several apoptosis pathways, and it has been previously
suggested that endogenous catecholamines directly exert prosur-
vival effects on breast cancer cells23–25 (Figs. 1, 2). Epi was
described as an antiapoptotic stimulus in human breast cancer
cells in vitro, inactivating the proapoptotic protein BAD through
phosphorylation in a PKA-dependent manner24. Furthermore,
another in vitro experiment by Reeder et al. showed that NE and
Epi decrease the efficacy of commonly used drugs targeting
proliferating cells, such as paclitaxel, since these catecholamines
arrest MDA-MB-231 breast cancer cells in G1 phase, decelerating
the cell cycle25. These results are consistent with evidence from
other in vitro studies showing that β2-AR agonists inhibit triple-
negative breast cancer cell proliferation and DNA synthesis23,26,27.
Strikingly, low concentrations of Epi increased MCF7 and MDA-MB-
231 cell proliferation, while the β2-AR agonist isoproterenol
decreased the proliferation of both cell lines27. These findings
could be explained by the observation that Epi was shown to

differentially bind to distinct ARs depending on its concentration,
with greater affinity for α2-AR at nanomolar concentrations and
shifting to β2-AR binding at micromolar concentrations23. More-
over, the increase in proliferation evoked by low concentrations of
Epi was abrogated by the addition of the α2-AR antagonist
rauwolscine23. Exciting questions remain, such as the following:
what is the impact of fluctuations in Epi or NE levels in the tumor
microenvironment on breast cancer progression, and how can this
knowledge be translated to a clinical setting? There is already
recent in vivo evidence that sheds some light on the impact of
circulating Epi on tumor growth; Walker and colleagues have
shown that adrenal denervation and inhibition of Epi release do
not impact disease progression28.
Some observations from in vivo studies point to a negligible

effect of β-ARs on primary tumor growth, since compared to
vehicle control treatment, isoproterenol stimulation of orthotopic
breast cancer tumors did not change primary tumor prolifera-
tion11,23,29,30. It is unclear whether these results arose from the
direct action of β2-AR on tumor cell proliferation, inhibition of

Table 1. AR expression in human breast cancer cell lines

Cell line Molecular subtype AR(s) expressed Reference

T47D Luminal A (ER+, PR+, HER2−) α2A-AR, α2B-AR, α2C-AR 130

MCF7 Luminal A (ER+, PR+, HER2−) α1-AR, α2B-AR, α2C-AR, β1-AR, β2-AR 19,50,131,132

ZR-75 Luminal A (ER+, PR+, HER2−) β1-AR, β2-AR 131

BT474 Luminal B (ER+, PR+, HER2+) β2-AR 19

SKBR3 HER2 (ER−, PR−, HER2+) β2-AR 19

MDA-MB-453 HER2 (ER−, PR−, HER2+) β2-AR 131

MDA-MB-231 Basal (ER−, PR−, HER2−) β2-AR 11,47,132,133

MDA-MB-468 Basal (ER−, PR−, HER2−) β1-AR, β2-AR 131,133

HS578T Basal (ER−, PR−, HER2−) α2A-AR 132

Invasion

Immune system
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Angiogenesis

Breast cancer cell

TAM

Sympathetic neuron

Lymphatic vessel

Blood vessel
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Fig. 1 Sympathetic control of breast cancer progression. NE
released from sympathetic neurons closely associated with blood
vessels, as well as Epi that diffuses from the circulation, modulate
several important hallmarks of breast cancer such as survival,
angiogenesis, immune surveillance escape, ECM remodeling and
invasion. NE, norepinephrine; Epi, epinephrine; TAM, tumor-
associated macrophage; ECM, extracellular matrix
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Molecules implicated in osteoblastic bone 
mets

• Endothelin-1: ↑ expression in the circulation of pts w/ OBL mets, prostate Ca and breast Ca cell 
cultures 

• TGF-β Family: stimulates OBL proliferation and bone formation in vitro (is expressed in high levels 
in prostate Ca cells) and in vivo 

• BMPs (2, 3, 4, 6, 7), FGFs (1, 2), PDGF (esp PDGF-BB isoform) 

• Wnt/β-catenin signal transduction pathway 

• Proteases (e.g. PSA), their activators (urokinase-type Plasminogen Activator-{uPA} from tumor 
cells) and their inhibitors (PAIs) 
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Morrissey and Vessella, 2007; Suva et al, 2011

“coupling” balance



Wnt Signalling in PCa Bone Mets

Hall et al, JCB 2006DKK: Dickkopf: Wnt antagonist
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Athens, 10 December 2019 

Dear Dr. ……, 

The Hellenic Group of Sarcoma and Rare Cancer  has decided to organize a Masterclass dealing with 
“Sarcoma and rare cancers” held on Athens, 20-21 March 2020. 

 This Educational Seminar will also include an international faculty and will provide an excellent 
opportunity for scientific and didactic sessions to Greek physicians of various specialties, such as 
oncologists, surgeons, radiation oncologists, pathologists etc.  

On behalf of the Organizers, we are delighted to invite you to participate in this Seminar and to 
contribute to our effort by giving a lecture: 

Kindly note that the Organizer Committee will support your travel expenses and hotel accommodation in 
Athens. 
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again56. However, in reality, this cycle might be circum-
vented as tumours develop multiple evasion strategies 
and can avoid immunosurveillance owing to physio-
logical characteristics of the TME, including hypoxia, 
acidosis and nutrient deprivation58,59, which all counter 
effective antitumour immunity60. The key to unlock-
ing the link between obesity and cancer might be an 
improved understanding of how obesity affects immune 
cell function within the TME and the pre- malignant 
epithelium to both impair antitumour responses and 
promote inflammatory processes that can affect all the 
hallmarks of cancer. In this context, studies in colorec-
tal cancer and prostate cancer have demonstrated that 
at the local TME level, tumour cell–adipocyte inter-
actions within an adipocyte- rich microenvironment 
can lead to tumours becoming dependent on adipocyte- 
derived excess nutrients, growth factors and inflamma-
tory cytokines, potentially offering novel avenues for 
therapeutic targeting61,62.

Obesity- induced alterations in visceral adipose tis-
sue immune cell profiles. Although local interactions 
between immune cells, adipocytes and tumour cells 
occur within the TME, systemic alterations first occur 
at an organ level in adipose depots, in particular VAT, 
as obesity develops. The normal homeostatic profiles 
of innate and adaptive immune cell populations within 
VAT and the liver are substantially altered with increas-
ing levels of obesity, either through induced expansion 
in situ or active recruitment from blood, bone marrow 
and neighbouring tissues63. In VAT, factors including 
lipogenesis, lipotoxicity, polyunsaturated fatty acid 
composition and adipose tissue fibrosis are implicated  
in obesity- associated inflammation through alterations in  
immune cell subset composition and the production 
of cytokines and growth factors, including IL-6, leptin, 
VEGF and IGF1 (REFS64–67). In lean individuals, VAT 
is characterized by low numbers of activated neutro-
phils, mast cells, γδ T cells and a prevalence of M2-type 
macrophages, NK cells, invariant NK T (iNKT) cells,  
regulatory T cells (Treg cells) and CD4+ TH2 cells, with 
IL-4, IL-10 and adiponectin exerting important homeo-
static anti- inflammatory functions12,68–72 (FIG. 3). In  
humans, excessive caloric intake associated with obe-
sity can result in a several- fold increase in adipose tis-
sue volume, and as a result, the immune cell profile is 
substantially altered with a decrease in CD4+ TH2 cells, 
M2-type macrophages and FOXP3+ Treg cells and a con-
comitant increase in M1 macrophages, CD8+ T cells, 
NK cells, B cells, mast cells and OX40+ Treg cells68,70,73,74 
(FIG. 3). This profile is largely pro- inflammatory, with a 
dominance of TH1 cells, with consequent IFNγ prod-
uction being of considerable importance as a potential 
driver of macrophage polarization to the classically acti-
vated inflammatory M1 phenotype. Other character-
istics of the obesity- associated profile include elevated 
IL-6, TNF, IL-1β and leptin and reduced production 
of adiponectin. Overall, the predominant TH2-like 
anti- inflammatory immune cell phenotype in healthy, 
lean individuals is lost with obesity, and the ensuing 
pro- inflammatory state leads to a dysregulation of 
immune homeostasis.

Obesity- induced alterations in liver immune cell 
profiles. In obesity, the liver receives increased lev-
els of secreted inflammatory adipokines, particularly 
from VAT via the portal vein, as well as associated 
growth factors, hormones, cytokines, chemokines and 
free fatty acids35. In healthy, lean individuals, the liver 
maintains immunological tolerance by producing anti- 
inflammatory factors, predominantly IL-10, with selec-
tive expansion of hepatic Treg cells75 (FIG. 3). Resident 
hepatic lymphocytes are diverse and, similar to their 
innate counterparts, reflect their unique functional 
phenotype, including NK cells, NKT cells, mucosal- 
associated invariant T (MAIT) cells, γδ T cells, CD4+ and 
CD8+ T cells and B cell populations76–79. Excess visceral 
obesity is associated with NAFLD, which can progress 
with hepatic inflammation and immune cell activation 
to nonalcoholic steatohepatitis (NASH), which is a major 
risk factor for liver fibrosis and hepatocellular carci-
noma (HCC)80. Increased triglyceride content within 

Tumour microenvironment

Tumour microenvironment in obese state

Neutrophil or
granulocyte

Carcinoma cell
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Fig. 1 | The tumour microenvironment in obesity. The tumour microenvironment within 
an obese state is characterized by increased numbers of adipocyte- derived stem cells 
(ASCs). There are also increased numbers of fibroblasts and increased extracellular matrix 
(ECM) deposition along with an increase in numbers and activation of different immune 
cell populations. ASCs can differentiate into fibroblasts, and this process might be 
promoted by factors secreted by tumour cells, such as transforming growth factor- β or 
platelet- derived growth factor. Obesity stimulates interstitial fibrosis with alterations in 
ECM mechanics noted in the tumours of obese mice. ASC- derived pro- angiogenic factors 
might also affect tumour vascularity. Tumour vascularity is increased in obese mice versus 
lean controls, particularly in niches rich in ASCs, in which the proliferative index of cells 
adjacent to vessels and adipocytes is increased. MSC, mesenchymal stem cell.
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that target the obese TME. FIGURE 6 illustrates how the 
obesity state can influence the different cellular processes 
in the TME, specifically hypoxia, energy metabolism and  
angiogenesis, three processes that are interlinked.

Targeting obesity to prevent cancer
If the obesity and cancer paradigm is founded on con-
vincing epidemiological data, and the science discussed 
herein is increasingly consistent in linking the adipose 
and tumour microenvironments, an obvious question is 
whether a reverse paradigm exists: does treatment of obe-
sity or key associated metabolic and endocrine pathways 
reduce cancer risk? Clinical prospective studies or rand-
omized clinical trials to address this question, requiring 
many thousands of patients and years of follow- up, might 
not be feasible, and most indirect evidence is provided 
from long- term follow- up of patients who have had sur-
gery for morbid obesity, so- called bariatric surgery, or 
metabolic surgery when performed for obesity compli-
cated by T2DM. Diet and lifestyle changes usually result 

in the loss of 4% of body weight; however, bariatric sur-
gery generally leads to between 15% and 30% weight loss, 
maintained usually for at least 3 years and associated with 
a high rate of resolution of dysmetabolism, particularly 
T2DM232–237. Intriguingly, for cancer, although no rand-
omized data exist, there is considerable indirect evidence 
from observational studies that weight loss in the popu-
lation with obesity reduces cancer risk. In a prospective 
observational study from Sweden, the Swedish Obese 
Subjects (SOS) study, which included 2,010 patients with 
obesity who underwent bariatric surgery, and a well- 
defined matched comparison group of 2,037 individuals 
with obesity who received standard care with no specific 
intervention, there were fewer overall cancer diagnoses 
in the group who underwent surgery (HR 0.67, 95%  
CI 0.53–0.85, P = 0.0009). The effect was primarily 
observed in women, but the study was too small to inves-
tigate site- specific changes or to assess the effects on men, 
who comprised 29% of the cohort238. In another study 
from Utah, in the United States, wherein men represented 
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Fig. 6 | Links between obese adipose tissue and cellular process in the tumour microenvironment. The obese state 
leads to inflamed adipose tissue that stimulates the secretion of many inflammatory , metabolic and angiogenic mediators 
from adipocytes and immune cells, in addition to modulating leptin and adiponectin levels. These mediators can, in turn, 
stimulate the upregulation and dysregulation of a number of key cellular processes in the tumour micro environment, 
including altered energy metabolism, hypoxia and dysregulated angiogenesis, which all promote a tumour microenvironment 
favourable for driving disease progression and influencing treatment response. ANG, angiopoietin; HIF1α, hypoxia- 
inducible factor 1α; PKM2, pyruvate kinase M2; VEGF, vascular endothelial growth factor ; VEGFR , vascular endothelial 
growth factor receptor.
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The “Fat-Bone” Connection:  
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• PCa cells at Bone Mets exhibit adipomimetic properties 
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tumour vascularity, which is increased in obese mice 
compared with lean controls, particularly in niches rich 
in ASCs, where the proliferative index of cells adjacent 
to vessels and adipocytes is augmented116.

Fibroblasts and the extracellular matrix in the TME. 
Within the TME, ASCs promote fibrosis and provide 
a source of cancer- associated fibroblasts (CAFs)117,118 
(FIG. 5). CAFs are the dominant cell type in the stroma 
surrounding tumour cells119. CAFs are characterized 
by the expression of α- smooth muscle actin (α- SMA), 
neural/glial antigen 2 (NG2), tenascin C and platelet- 
derived growth factor receptor α (PDGFRα), and they 
might be associated with a more aggressive tumour bio-
logy and poorer survival119–121. For example, in a study 
of 183 patients with oesophageal adenocarcinoma who 
underwent surgery, 93% of tumours contained CAFs, 
and their density correlated with poor survival (HR 7.1,  
95% CI 1.7–29.4, P = 0.0016)122. The ECM or intra- 
tumour stroma content is also relevant. For instance, in 
stage II and III colon cancer, it is an independent predic-
tor of overall survival, with overall and disease- free sur-
vival times being substantially lower in patients whose 
tumours have a high stromal content, defined as >50%123.

In mice, obesity stimulates interstitial fibrosis medi-
ated by fibroblasts, with alterations in the ECM mechan-
ics. For example, a fibrotic phenotype has been reported 
in pancreatic neoplasia in a mouse model124 as well as in 
a study of patients with oesophageal cancer122. The ECM 
undergoes continuous remodelling, and the dynamics of 
the process are thought to be crucial to the normal func-
tion of tissue by providing an organizational platform for 
cellular migration and cell growth125. Disorganization of 

the ECM, as in cancer, might be permissive of uncon-
trolled tumour cell proliferation or evasion from apopto-
sis. In tumours associated with genetically induced and 
diet- induced obesity, ASCs differentiate into myofibro-
blasts, which leads to a stiffer ECM with increased depo-
sition of fibronectin and type I collagen20. Consequently, 
increased rigidity results in a reciprocal signalling loop 
between the ECM and cancer cells, enhancing invasive-
ness126, and this process might occur via mechanotrans-
duction, whereby mechanical stimuli are converted 
into chemical signals, promoting cancer progression 
and invasion20.

A dense and stiff ECM results in changes in cytokine 
signalling, epithelial cell morphology with a loss of polar-
ity and stem cell differentiation125,127,128. Receptors such as 
periostin seem to be required for tissue to be enriched 
with cancer stem cells129, creating a tumorigenic niche 
that is thought to be important for the development 
of metastatic disease. CAFs are pro- inflammatory; for 
example, CAFs from a mouse model of squamous skin 
carcinoma have a pro- inflammatory genetic signature, 
mediated via nuclear factor- κB (NF- κB)130. In gastric 
cancer, an inflammatory IL-6–STAT3 (signal transducer 
and activator of transcription 3) signalling cascade and 
associated MSCs result in the activation of neutro-
phils, and crosstalk between MSCs and neutrophils 
favours transformation of MSCs into CAFs131. Thus, 
the stroma is a key player in creating the environmen-
tal conditions that support the survival of tumour cells, 
with obesity promoting an environment conducive to  
tumour development.

Epithelial to mesenchymal transition. Another impor-
tant link between ASCs, the adipose microenvironment 
and the TME is the promotion of EMT in the TME, 
which results in an invasive tumour phenotype that 
might also be relatively chemoresistant132–134. EMT is the 
process by which epithelial cells acquire mesenchymal- 
like properties — an increased ability to migrate, evade 
apoptosis and produce ECM components — and is 
hypothesized to be a key method by which tumour cells 
acquire the ability to metastasize135. At the time of EMT, 
there is a loss of apical–basal polarity and cell–cell junc-
tions in epithelial cells, with cytoskeletal reorganization 
and associated changes in signalling and gene expres-
sion132. The process of EMT generally progresses through 
conserved pathways with minor variations according to 
tissue type136. Triggering factors for EMT are complex, 
and although transcription factors drive EMT, several 
master regulators are involved in the process, includ-
ing epigenetic changes and microRNAs137. Other fac-
tors within the TME promoting EMT include hypoxia, 
acidosis, leptin and low glucose138. Inflammatory 
cytokines fuel EMT in several different cancer cell lines, 
including HCC139. For example, in a mouse model of 
HCV- associated HCC, diet- induced obesity increased 
inflammatory signalling via STAT3, and this finding was 
associated with larger tumours with a cancer- stem-cell- 
like phenotype140. Oesophageal adenocarcinoma cell 
lines co- cultured with fat taken from patients with obe-
sity resulted in the upregulation of EMT programmes141 
and expression of matrix metalloproteinases (MMPs)142.
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Fig. 4 | Interplay between adipocytes, stem cells and the tumour microenvironment. 
Chemokines produced in the tumour microenvironment (TME), such as CXC- chemokine 
ligand 1 (CXCL1), CXCL8, CXC- chemokine receptor 4 (CXCR4) and CC- chemokine 
receptor 2 (CCR2), result in the recruitment of adipose- derived stem cells (ASCs) from 
adipose tissue, as well as potentially from the bone marrow107. ASCs act both as a source 
of adipocytes (upon differentiation) and as a source of adipokines, cytokines and 
angiogenic factors, which in turn might influence the TME. Adipocytes also act in a 
paracrine manner to secrete factors that favour tumour progression by promoting 
mechanisms such as angiogenesis, tumour fibrosis, altered extracellular matrix 
mechanics and mechanosignalling103,246,247.
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ASCs (or MSCs) from the stroma of adipose tissue 
can induce EMT- like changes in cancer cell lines143,144 
including colon cancer145 and pancreatic cancer146. The  
adipokine leptin has also been found to mediate 
the in vitro induction of EMT markers by ASCs from 
donors with obesity in breast cancer models147,148. 
Nonetheless, the link between an EMT–inflammation 
axis and cancer progression in the context of obesity 
remains unclear and inconsistent149. Furthermore, some 
studies demonstrate that the majority of cells within 
metastases are not derived from those that undergo 
EMT but rather are derived from circulating epithelial 
cells133,134, which might enter the circulation through 
collective epithelial cell migration150,151 or tumour frag-
mentation152 and survive even without association with 
other cells of the TME and in the absence of mesenchy-
mal markers. In this context, whether EMT is a common 
source of metastasis or merely a marker of metastatic 
potential requires future study, as does the influence of 
obesity on the EMT–inflammation phenotype.

From a therapeutic viewpoint, treatment of obesity- 
induced pancreatic tumours in mice using an angioten-
sin 1 inhibitor, losartan, reduced mechanical stress on 
the tumour cells and decreased tumour growth124. In a 
study comparing ASCs from lean adults and those with 
obesity, ASCs from the cohort with obesity expressed 
higher levels of CAF markers, suggesting that obesity 
resulted in more rapid conversion of ASCs to CAFs 
within the TME99. Although conceptually appealing, the 
role of ASCs and CAFs is dynamic and remains incom-
pletely understood, and it might be context- dependent, 
as shown by studies with HCC153,154, colon cancer155 
and pancreatic cancer156 cell lines, in which MSCs were 
found to both promote and inhibit cancer growth157. 
Moreover, the specific link between VAT, the TME and 
altered tumour biology is unclear. In addition, it should 
be acknowledged that the majority of studies to date 
on ASCs and cancer have been in non- gastrointestinal 
tumour sites103.

Processes linking obesity and the TME
Inflammation. Although inflammation in the TME can 
be influenced by systemic factors derived from VAT and 
fatty liver, as already discussed, tumour- adjacent adi-
pose tissue might also act as an energy source, supply-
ing non- esterified fatty acids and growth factors not 
only for tumour cells but also for immune and stromal 
cells within the TME158,159. The majority of studies on 
peritumoural fat have been in breast cancer, but many 
tumour types, including gastric cancer and colon cancer, 
develop in close contact with adipose tissue, suggesting 
that dysregulated peritumoural adipocytes affect the 
TME through the release of local inflammatory medi-
ators158. For example, Trevellin et al. highlighted a poten-
tial role for peritumoural adipose tissue in promoting 
lymph node metastasis in oesophageal adenocarcinoma, 
with human adipocyte- derived leptin influencing the 
expression of the EMT regulatory genes α- SMA and 
E-cadherin and promoting metastasis in the oesophageal 
adenocarcinoma cell line OE33 (REF.160).

The robust epidemiological data linking obesity and 
carcinogenesis suggest that obesity is permissive to can-
cer development in pre- malignant disease, which has 
led to studies in experimental models and in patients 
with gastrointestinal pre- malignant conditions, such 
as Barrett oesophagus, Helicobacter pylori- associated 
gastritis, NAFLD or NASH, and pancreatic intraepi-
thelial neoplasia. Rebours et al., for instance, evaluated 
obesity and pancreatic intraepithelial neoplasia and 
reported significant correlations of the lesions with 
VAT (P = 0.02), pancreatic fatty infiltration (extralobular 
(P = 0.01) and intralobular (P < 0.0001)) and intralobular 
fibrosis (P = 0.003)161.

Additionally, hepatic steatosis is thought to sensi-
tize the liver parenchyma in humans for progression to 
NASH and HCC as a result of multiple subsequent hits, 
including dysregulated adipokine production, lipotoxic-
ity, insulin resistance, oxidative stress, generation of reac-
tive oxygen species (ROS), defective mitochondrial ATP 
activity and hypoxia162,163. Oxidative stress in the liver 
results in increased IL-8 expression and the chemoat-
traction of neutrophils, which can further exacerbate 
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Fig. 5 | The role of cancer- associated fibroblasts in the tumour microenvironment. 
Cancer- associated fibroblasts (CAFs) are stromal cells of the tumour microenvironment 
(TME) that are derived from mesenchymal stem cells (MSCs) and also potentially from 
adipose- derived stem cells (ASCs)106,108. CAFs might be influenced by ASCs via 
bidirectional crosstalk , whereby ASCs migrate to the TME under the influence of factors 
produced by CAFs, and ASCs cause the activation of resident quiescent fibroblasts into 
CAFs. The pro- tumorigenic effects of ASCs (secretion of growth factors, angiogenic 
factors, inflammatory factors and hypoxia factors) might be mediated via CAFs rather 
than directly by ASCs. CAFs secrete and remodel extracellular matrix (ECM), but they 
also secrete numerous factors, such as growth factors and pro- angiogenic factors,  
which facilitate increased motility and proliferation of tumour cells as well as increased 
tumour angiogenesis109,248,249. CAFs contribute to an inflammatory and metabolically 
dysregulated TME through the production of hypoxia- inducible factor 1α (HIF1α) and 
lactate dehydrogenase (LDH), as well as inflammatory cytokines that lead to effects on 
the local immune cell infiltrate and on tumour cells. CAFs, perhaps with infiltrating 
immune cells, might also play a role in the development of tumour fibrosis, a factor 
thought to favour the persistence of cancerous epithelial cells through the production of 
growth factors or ECM components. Mouse models of obesity demonstrate increased 
fibrosis within the TME and altered ECM mechanics that, in turn, influence local tumour 
cells20,112. HGF, hepatocyte growth factor ; IGF, insulin- like growth factor ; PDGF, platelet- 
derived growth factor; TGFβ, transforming growth factor- β; VEGF, vascular endothelial 
growth factor.
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The role of OC, the orchestrators of 
bone remodelling  in BMs

• Oc are numerous 
• OC produce RANKL 
• OC are the cardinal 

mechanoreceptors / 
mechanoregulators of the skeleton 

• They can destroy bone (osteocytic 
osteolysis) 

• OC may have a significant role in B-
Mets development 

• OC could serve as promising targets 
for novel Tx
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Cancer is one of the leading causes of death world-
wide. Despite medical progress in controlling primary 
tumours, resulting in prolonged survival, most patients 
with cancer will eventually develop metastatic disease 
and die from the associated complications. The two 
most common malignancies in women and men, breast 
cancer and prostate cancer, respectively, have been the 
subject of major therapeutic improvements with increas-
ingly effective, rationally designed treatment options1,2. 
These tumour types share a high propensity for bone 
metastasis3. In autopsy studies from the era before mam-

with fractures, pain, disability, reduced quality of life 
and a poor prognosis8. Thus, the development of bone 
metastases marks a shift in treatment intent from cure 
to palliation, and thus increases the burden on both  
the individual and the health- care system.

The bone microenvironment is a distinct, highly 
dynamic compartment that hosts bona fide bone cells 
(osteoblasts, osteocytes, osteoclasts and their precur-
sors), cells of the haematopoietic and immune systems, 
stromal cells, adipocytes, fibroblasts and endothelial 
cells, as well as an extracellular matrix (ECM) with 

Novel approaches to target the 
microenvironment of bone metastasis
LorenzC.Hofbauer  1,2,3 ✉, AlineBozec4, MartinaRauner1,2, FranzJakob5,6, 

SvenPerner7,8 and KlausPantel  9 ✉

Abstract | Bone metastases are a frequent and severe complication of advanced- stage cancers. 

Breast and prostate cancers, the most common malignancies in women and men, respectively, 

have a particularly high propensity to metastasize to bone. Conceptually, circulating tumour cells 

(CTCs) in the bloodstream and disseminated tumour cells (DTCs) in the bone marrow provide  

a snapshot of the dissemination and colonization process en route to clinically apparent bone 

metastases. Many cell types that constitute the bone microenvironment, including osteoblasts, 

osteocytes, osteoclasts, adipocytes, endothelial cells, haematopoietic stem cells and immune 

cells, engage in a dialogue with tumour cells. Some of these cells modify tumour biology, while 

others are disrupted and out- competed by tumour cells, thus leading to distinct phases of  

tumour cell migration, dormancy and latency, and therapy resistance and progression to  

overt bone metastases. Several current bone- protective therapies act by interrupting these 

interactions, mainly by targeting tumour cell–osteoclast interactions. In this Review, we describe 

the functional roles of the bone microenvironment and its components in the initiation and 

propagation of skeletal metastases, outline the biology and clinical relevance of CTCs and DTCs, 

and discuss established and future therapeutic approaches that specifically target defined 

components of the bone microenvironment to prevent or treat skeletal metastases.
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Figure 1 | CTCs, DTCs and bone
metastasis and emerging diagnostic
opportunities.After detaching from the
primary tumour (1) or lymph node
metastases (2), circulating tumour
cells (CTCs) can be detected in the
circulation using standardized liquid…
biopsy assays, such as the FDA-
approved CELLSEARCH platform. This
approach presents a snapshot that can
provide conceptual insights into the
disease biology and inform clinical risk
stratification. Most CTCs succumb to
intrinsic or immune cell-mediated
mechanisms of cell death, although a
few survive and extravasate into
tissues, with some CTCs homing to the
bone microenvironment where they
occupy a ‘pre-metastatic niche’ — a
stem cell-fostering compartment of
relative immune privilege and vascular
access that is localized close to the
vascular system and bone marrow (3).
Detection of these disseminated
tumour cells (DTCs) requires bone
marrow aspiration. DTCs have cancer
stem cell-like properties, including
dormancy and phenotypic plasticity,
and utilize immune evasion strategies
to survive and ultimately proliferate
within these protective niches (see Box
2). In general, the presence of DTCs
confers an unfavourable patient
prognosis. The exit of DTCs from the
state of dormancy to form overt
metastases (4) and enter a vicious
cycle that can cause loss of bone
integrity and further metastatic spread
(5) might take years, or might not
occur at all, depending on the immune
status of the patient (including
macrophage and T cell activity), bone

Figure 2 | Bone remodelling and the
key regulatory signalling proteins.Large
multinucleated osteoclasts derived
from haematopoietic stem and
precursor cells (HSPCs) create
resorption lacunae and an acidic
atmosphere to remove calcium and…
digest collagenous and non-
collagenous proteins from the
extracellular matrix of bone. This
resorption process releases not only
calcium but also deposited growth
factors. Groups of osteoblasts that are
derived from mesenchymal skeletal
stem cells (MSCs) repair these zones
of resorption by depositing matrix that
is subsequently mineralized.
Osteocytes embedded in the mineral of
the bone act as mechanosensors and
communicate via dendrites and gap
junctions to coordinate and fine-tune
the actions of both osteoclasts and
osteoblasts. Osteocytes also produce
several key cytokines that regulate
bone remodelling. For example,
receptor activator of NF-κB ligand
(RANKL) is an essential cytokine for
osteoclastogenesis as well as
osteoclast survival and function that is
produced by osteocytes as well as by
osteoblasts, activated T cells and
tumour cells. In addition, osteocytes
produce sclerostin and Dickkopf-
related protein 1 (DKK1), which

Figure 3 | Interactions of tumour cells
with the bone microenvironment.a |
The classic vicious cycle of bone
metastasis reflects a dialogue between
tumour cells in the bone marrow and
osteoclasts. In brief, osteoclasts are
activated by tumour cells through…
direct and paracrine mechanisms to
resorb bone, thereby releasing growth
and survival factors that enhance
tumour progression as well as causing
damage to the bone. b | The current,
broader concept of this vicious cycle
involves interactions of tumour cells
with all three key types of bone-
residing cells, osteoblasts, osteoclasts
and osteocytes, their stem cell
progenitors (mesenchymal skeletal
stem cells (MSCs), which give rise to
osteoblasts and adipocytes, and
haematopoietic stem and progenitor
cells (HSPCs), which give rise to
cytotoxic CD8+ T cells (CTLs),
regulatory T (Treg) cells, macrophages,
and osteoclasts) as well as adipocytes,
endothelial cells, immune cells and
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Approved BTA
Bisphosphonates (BPs): BPs are pyrophosphate analogues, whose

chemical structure includes a P-C-P central domain binding to bone
matrix, and a variable R’ chain [39]. According to the presence, or not,
of a nitrogen atom in R’, BPs are defined as “nitrogen-containing” (N-
BPs: zoledronate, ibandronate, etc.) or “non-nitrogen containing” (non-
N-BPs: clodronate, etidronate, etc.). The former inhibit farnesyl pyr-
ophosphate synthase, which is essential for osteoclast survival and ac-
tivity; the latter are metabolized to cytotoxic adenosine triphosphate
analogues that induce osteoclast apoptosis [2].

BPs have been shown to target several cell types including immune

cells, osteoblasts and endothelial cells [40–42], while a direct anti-
tumor activity has also been described for N-BPs, both in vitro and in
vivo [43]. BPs stimulate innate anti-cancer immune response by up-
regulating γδT-cells [44]. Moreover, zoledronate is able to generate
tumor-suppressive BMSC in murine models of BC [45].

During the late 1990s, BPs became the standard of care for BM
treatment in both solid tumors and MM, as well as the major ther-
apeutic option for SRE prevention [46].

Several clinical trials demonstrated that, among N-BPs, zoledronate
was the most effective for SRE prevention in both MM and solid tumors,
while a significant improvement of survival outcomes was reached only

Fig. 4. Mechanisms of action of common
and potential therapeutic agents for BM
management. The image shows the me-
chanisms of action of common BTA, such
as denosumab and BPs, as well as poten-
tially novel therapeutic options which
warrant further investigation. On one
hand, denosumab interacts with RANK-L,
thus interfering with its binding to RANK
on osteoclasts (OC); on the other hand, BPs
directly act on the latter, compromising
their survival and/or bone-resorbing ac-
tivity. Moreover, BPs have been shown to
exert a direct anti-tumor activity (in vitro
and in vivo), and to stimulate an anti-
cancer immune response. Other agents
(e.g. Src-inhibitors, mTOR inhibitors) in-
hibit fundamental signaling pathways in
OC, while mTOR inhibitors also exert an
anti-cancer effect. Inhibitors of cathepsin-
K, a lysosomal enzyme involved in bone
matrix degradation, have also been devel-
oped, although routine use is limited by
their toxicity. Due to their ability to in-
terfere with osteoblast (OB) differentiation
and activity, both sclerostin and DKK-1 are
under investigation as therapeutic targets
for BM management.

Table 1
Inhibitors of bone resorption for the management of BM.
Drug class Mechanism of action Experimental phase Indication for BM treatment References

BPs N-BPs: ↓ mevalonate pathway, essential
for osteoclast activity and survival;
NoneN-BPs: ↑ osteoclast apoptosis

Phase III Treatment of BM and SRE prevention in MM, BC, CRPC and other
solid tumors (if clinically indicated)

[2, 46–55]

Denosumab Anti-RANK-L mAb:
↓ osteoclast differentiation and activity

Phase III Treatment of BM and SRE prevention in BC, CRPC and other solid
tumors (if clinically indicated). Recently approved by FDA in MM
setting.

[2, 46, 56–60]

Cathepsin-K
inhibitors

↓ bone matrix degradation by osteoclasts Discontinued No indications [28,62–64]

c-Src inhibitors ↓ RANK-L-induced osteoclast
differentiation

Phase I/II No indications [28,67–71]

mTOR inhibitors ↓ osteoclast differentiation and activity; ↑
osteoclast apoptosis

Phase III in BC
Phase II in other solid
tumors
Phase I in MM

Everolimus approved in association with exemestane in advanced
HR + HER2-BC with bone-prevalent disease; BPs or Denosumab
to be associated

[2, 74–82]

Proteasome
inhibitors

↓ osteoclastogenesis;
↑ osteoblast differentiation;
↑ synthesis of collagen and BMP

Phase III in MM Bortezomib and Carfilzomib + BPs (in association, or not, with
cht, IMiDs and steroids) approved in MM

[83–87]

Abiraterone acetate ↓ osteoclastogenesis and osteoclast
activity;
↑ osteoblast differentiation;
↑ bone matrix deposition;
anti-tumor effect

Phase III in CRPC Treatment of BM and SRE prevention in CRPC [88,89,92,93]

Acronyms: BM: bone metastases; BPs: bisphosphonates; N-BPs: nitrogen-containing BPs; non-N-BPs: non-nitrogen-containing BPs; MM: multiple myeloma; BC: breast
cancer; CRPC: castration-resistant prostate cancer; receptor activator of nuclear factor-κB ligand; mAb: monoclonal antibody; SRE: skeletal related events; FDA: food
and drug administration; mTOR: mammalian target of rapamycin; cht: chemotherapy; IMiDs: immunomodulatory drugs.
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lenalidomide + dexamethasone treatment in patients with newly di-
agnosed MM, in terms of median PFS (43 months vs 30 months of
control, P = 0.0018) and median OS (75 months vs 64 months of
control, P= 0.0025) [84]. Second generation inhibitors have been also
developed, to overcome bortezomib limitations [86,87].

Androgen modulators: At its earliest stages, PC is an androgen-de-
pendent disease which benefits from androgen-deprivation therapies.
Even in the CR setting, modulation of androgen signaling represents the
mainstay of PC treatment, and the introduction of novel agents (i.e.
abiraterone acetate and enzalutamide) in the clinical practice led to
significant improvements of OS and PFS in both chemotherapy-naïve
and docetaxel-treated patients [88–91].

Abiraterone acetate is a cytochrome P17 irreversible inhibitor
which blocks androgen biosynthesis [89], while enzalutamide selec-
tively inhibits the androgen receptor [90]. Both these agents have been
shown to improve bone pain and delay the onset of SREs [92], although
the mechanisms underlying these bone-specific effects have not been
completely elucidated. Iuliani et al. described that non-cytotoxic con-
centrations of abiraterone significantly inhibited osteoclast maturation
and activity, while stimulating osteoblast differentiation and bone
matrix deposition in vitro [93]. On the other hand, the effects of en-
zalutamide on bone seem to correlate with its anti-cancer effects rather
than modulation of bone turnover [92].

4.2.2. Osteoblast modulators
Impaired bone formation contributes to the onset of lytic BM; on the

other hand, sclerotic BM occur as a consequence of excessive osteo-
genesis. Thus, researchers explored also the development of osteoblast
modulators for BM management (Table 2). At present, none of the
agents belonging to this group has been licensed for the prevention of
SREs. Among anti-cancer agents, TK inhibitors (TKIs) may contribute to
restore the physiological osteogenesis and showed efficacy in terms of
bone-related outcomes, so will be discussed in this section.

PTH: PTH can exert anabolic effects on bone by up-regulating genes
involved in the Wnt pathway, while down-regulating DKK-1 and
sclerostin, in osteoblasts [94]. Interestingly, PTH improved bone mi-
neral density (BMD) in murine models of MM and BC by increasing
osteoblast differentiation [95] and reducing tumor cell migration to-
wards bone [96].

However, clinical data were less encouraging, since serum PTH
≥68.3 pg/mL at diagnosis correlated with unfavorable outcome in MM
patients [97]. Moreover, a PTH analogue (teriparatide) approved for

osteoporosis treatment was shown to induce osteosarcoma in mice [98],
arousing safety concerns about PTH administration to cancer patients.

Anti-sclerostin antibodies: as a Wnt-inhibitor, sclerostin operates a
potent brake on osteoblast differentiation, whose production has been
attributed to osteocytes, MPC and BC cells [99].

Terpos et al. [100] found higher serum levels of this protein in MM
patients with fractures, as compared to those without SREs at diagnosis
(P < 0.01), while a significant correlation between high sclerostin
levels and poor survival (P = 0.031) was also described.

Pre-clinical studies analyzed the effectiveness of anti-sclerostin an-
tibodies in skeletal diseases, showing bone anabolic activity in ovar-
iectomized mice and murine models of MM, together with anti-cancer
properties [101,102]. McDonald and colleagues have recently de-
scribed that treatment with an anti-sclerostin antibody may prevent the
onset of MM-bone disease while increasing resistance to fractures in
mice, especially when administered in combination with zoledronate
[103].

Anti-sclerostin antibodies (e.g. romosozumab, blosozumab and
BPS804) have been investigated in clinical trials of benign bone dis-
eases [104,105]; however, due to its cardiotoxicity, romosozumab was
not approved by the FDA for osteoporosis treatment.

DKK-1 inhibitors: DKK-1 is another Wnt inhibitor produced by sev-
eral tumors including MM, PC and BC. Alongside sclerostin, DKK-1
reduces β-catenin levels, leading to impaired osteoblastogenesis
[2,106,107].

Pre-clinical studies on DKK-1 inhibitors showed increased bone
formation and reduced osteolysis in MM-bearing mice, associated with
reduced secretion of IL-6 by BMSC [107].

Promising results came also from a phase IB clinical trial in-
vestigating the safety and efficacy of a DKK-1 inhibitor (BHQ880) in
MM, in combination with zoledronate and anti-myeloma treatment
[108].

An open-label multicenter phase II study evaluated the effect of
BHQ880 in smoldering MM at high risk of progression; preliminary
results confirmed the bone anabolic activity of this agent, evaluated in
terms of bone strength, but showed no anti-tumor effect [109].

Another potential treatment option, currently under preclinical
evaluation, is a bi-specific antibody against sclerostin and DKK-1 [110],
that should theoretically overcome resistance to single-target in-
hibitors.

Inhibitors of activin-A: activin-A is a cytokine secreted by BMSC,
osteoblasts and osteoclasts which stimulates osteoclastogenesis in

Table 2
Modulators of osteoblast activity for the management of BM.
Drug class Mechanism of action Experimental phase Indication for BM treatment References

PTH ↑ Wnt pathway Pre-clinical No indications [94–98]
↑ osteoblast differentiation
↓sclerostin and DKK-1
↓ tumor cell migration
towards bone

Anti-sclerostin antibodies Sclerostin inhibition: Pre-clinical No indications [99–105]
↑ Wnt pathway
↑ osteoblast differentiation

DKK-1 inhibitors DKK-1 inhibition: Phase I/II No indications [106–109]
↑ Wnt pathway
↑ osteoblast differentiation

Inhibitors of activin-A ↓ osteoclastogenesis Phase I/II No indications [28,111–117]
↑ osteoblast differentiation
↓ tumor cell migration
towards bone

ET-1 antagonists ↓ osteoblast inhibition of sclerotic BM Phase II/III No indications [24,118,119]
Cabozantinib TKI; Phase III Metastatic renal cell carcinoma (with/without BM) [121–124]

Inhibition of VEGF/VEGFR pathway

Acronyms: BM: bone metastases; PTH: parathyroid hormone; DKK-1: dickkopf1; ET: endothelin; TKI: tyrosine kinase inhibitor; VEGF: vascular endothelial growth
factor; VEGFR: VEGF receptor.
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In 2011, Niikura et al. compared the treatment outcomes
of the ET, CT (anthracycline regimens, taxanes, CT with
trastuzumab, high-dose CT), and combinatory therapy (CT
followed ET or ET combined with molecular targeted ther-
apy) among patients with breast cancer with bone-only
metastasis; the median OS time was 51.9 months (95% Cl,
46.8–57.5) and the median PFS interval was 16.3 months
(95% Cl, 13.6–17.7). In this study, patients who received
combinatory therapy had longer survival than those who
received CT or ET alone. In multivariate analyses, there was
no statistically significant difference in terms of PFS or OS
time in patients treated with combinatory therapy compared
with those who received ET alone. This study suggests ET
alone as the standard therapy for patients with HR+ tumors
and bone-only metastases [6]. In clinical practice, switching
to maintenance ET after first-line CT (usually after 4 to
6 months of CT) is a commonly used strategy by clinicians.
The aim of this strategy might be reducing treatment-
related side effects with stopping CT after a planned period
of treatment time and combining the survival benefit of
different treatment strategies, i.e. CT and ET [31].

CT has survival benefit in patients with MBC with bone
metastases. However, most effective regimen in treatment
of bone metastases has not been defined [32]. Because,
patients with bone-only disease are often excluded from
participating in clinical trials due to lack of measurable
disease according to response evaluation criteria. Also, in
the majority of chemotherapy trials, visceral disease
accounts for more than 50% of patient groups. There are
few studies ongoing focusing on response to CT per metas-
tasis type in breast cancer (Table 1).

Response rate of bone metastases in breast cancer to var-
ious single agents was reported to be in the range of 18–42%
in a study. Also, the response rates to commonly used combi-
nation CT regimens (cyclophosphamide, methotrexate, and 5-
fluorouracil and cyclophosphamide, doxorubicin, and 5-fluor-
ouracil, mitoxantrone and 5-FU, various combinations) were
reported between 56% and 87% [3,33]. In other studies, it is
reported that the response rates to taxanes (docetaxel and
paclitaxel) in patients with bone metastases in breast cancer
were much higher (30–67%) [34,35].

In 1986, Scheid et al. reported objective responses to dox-
orubicin-containing combinatory CT (FAC; 5-FU, doxorubicin,
and cyclophosphamide) in patients with bone-predominant

MBC. 195 of 1171 patients with MBC in this study had bone-
only metastases. Objective response to CT was observed in
59% patients; complete responses were noted in 7% and
partial responses in 52%. In this study, the majority of patients
appear to have derived a significant benefit from the treat-
ment of their bone lesions with CT [2].

A meta-analysis assessing the efficacy and safety of pallia-
tive single agent CT agents (capecitabine, vinorelbine, gemci-
tabine, and liposomal doxorubicin) in patients with MBC was
reported in 2011. The meta-analysis included eight rando-
mized Phase 2 trials and two Phase 3 trials in which at least
80% of patients (n, 1494) had received prior anthracycline and
taxane treatments, and it showed that the response rate was
18%, median PFS 4.2, and OS 13.5 months. A better efficacy
was observed with capecitabine and vinorelbine [36].

Early trials suggest vinorelbine may have less activity
against bone metastases as compared with the taxanes.
However, newer trials evaluating vinorelbine showed that it
was an effective treatment for this patient group. In a study
including the patients with ET-pretreated HR-positive breast
cancer with bone but not visceral involvement, first-line CT
with oral vinorelbine demonstrated high clinical activity. After
43 months’ median follow-up, median PFS of 8.2 months and
median OS of 35.2 months were observed. The clinical benefit
rate was 56% (95%Cl, 43–68%). Hematologic toxicity was
manageable. The most common grade ¾ adverse events
were neutropenia (seen in 38% of patients) but febrile neu-
tropenia was absent. Oral vinorelbine could be considered as
an active oral alternative to intravenous CT for endocrine-
pretreated breast cancer with bone metastases [37].

In clinical practice, single-agent oral CT (capecitabine,
vinorelbine) is a widely used choice as first-line treatment for
MBC, particularly in patients with bone-predominant, HR-posi-
tive metastatic disease in presence of endocrine resistance.
Because it has low toxicity profile and hospitalization for
treatment administration is not needed, patients’ daily activ-
ities are much less affected by oral chemotherapy [37,38].

Capecitabine, usually used as monotherapy, provided an
overall response rate of 26% and median survival greater than
1 year even in patients with pretreated with anthracycline and
taxanes, and with moderate toxicity profile and oral bioavail-
ability [38]. The recent study has reported that capecitabine
might be more active in patients with HR-positive MBC [39]. A
retrospective study investigating the efficacy and safety of

Table 1. Ongoing trials on breast cancer patients with bone metastases.

Study Phase Agent Mechanism Status

NCT03292536 Phase1B Merestinib c-met inhibitor Recruiting
NCT01015560 Phase 2 MLN1202 Anti-CCR2(anti-CD192) monoclonal antibody Completed
NCT02517918 Phase1 Sirolimus mTOR inhibitor combined with metronomic CT Recruiting
NCT00466102 Phase 2 Everolimus mTOR inhibitor Unknown
NCT00429507 Phase 2 Samarium sm-EDTMP(Sm-153 lexidronam pentasodium) Completed
NCT03239756 Phase 1 TK006 Full human monoklonal anti-RANKL antibody Recruiting
NCT01070485 Phase 2 Alpharadin Radium-223 Completed
NCT00051779 Phase 1 CAL Humanized monoclonal antibody to the parathyroid

hormone-related protein
Completed

NCT01644890 Phase 3 NK105 Nanoparticle drug delivery formulation Completed
NCT00912639 Phase 4 Genexol-PM Paclitaxel-loaded polymeric micelle Unknown
NCT02646319 Phase 1 Nanoparticle Nanoparticle albumin-bound rapamycin(mTOR) Active, not recruiting
NCT00505271 Phase 2 Rexin-G Nanoparticle bearing a dominant negative cyclin G1 Completed
NCT01441947 Phase 2 Cabozantinib Tyrosine kinase inhibitor against met and VEGFR2 Active, not recruiting
NCT00692458 Phase 3 Odanacatib Cathepsin K inhibitor Withdrawn

1308 Z. ORUÇ ET AL.
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Table 5 Currently ongoing clinical trials of bone-targeted agents for cancer-induced bone disease

Bone-
targeted
therapy

Patient population Clinical trial
acronym/
number

Phase Clinical trials.gov link

Denosumab High-risk early breast cancer D-CARE
NCT01077154

3 https://clinicaltrials.gov/ct2/show/NCT01077154?term=
NCT01077154&rank=1

Radium-223 Bone metastatic breast cancer with
endocrine therapy

NCT02258464 2 https://clinicaltrials.gov/ct2/show/NCT02258464?term=
NCT02258464&rank=1

Radium-223 Bone metastatic breast cancer treated
with exemestane

NCT02258451 2 https://clinicaltrials.gov/ct2/show/NCT02258451?term=
NCT02258451&rank=1

Radium-223 Osteosarcoma NCT01833520 1–2 https://clinicaltrials.gov/ct2/show/NCT01833520?term=
radium?223&cond=osteosarcoma&rank=1

Radium-223 Thyroid cancer refractory bone
metastases

RAD-THYR

NCT02390934

2 https://clinicaltrials.gov/ct2/show/NCT02390934?term=
NCT02390934&rank=1

Bortezomib Relapsed multiple myeloma
(comparison carfilzomib and
dexamethasone versus bortezomib)

NCT01568866 3 https://clinicaltrials.gov/ct2/show/NCT01568866?term=
Bortezomib&recrs=d&cond=
Multiple?Myeloma?in?Relapse&phase=2&rank=1

Bortezomib Relapsed multiple myeloma (addition
of daratumumab to bortezomib and
dexamethasone)

NCT02136134 3 https://clinicaltrials.gov/ct2/show/NCT02136134?term=
Bortezomib&recrs=d&cond=
Multiple?Myeloma?in?Relapse&phase=2&rank=2

Bortezomib Relapsed multiple myeloma
(pomalidomide, bortezomib and
low-dose dexamethasone)

OPTIMISMM

NCT01734928

3 https://clinicaltrials.gov/ct2/show/NCT01734928?term=
Bortezomib&recrs=d&cond=
Multiple?Myeloma?in?Relapse&phase=2&rank=3

Bortezomib Relapsed multiple myeloma
(comparison carfilzomib,
dexamethasose and once weekly
bortezomib versus twice weekly
bortezomib)

ARROW

NCT02412878

3 https://clinicaltrials.gov/ct2/show/NCT02412878?term=
Bortezomib&recrs=d&cond=
Multiple?Myeloma?in?Relapse&phase=2&rank=4

Bortezomib Relapsed multiple myeloma
patients(pomalidomide, bortezomib
and low-dose dexamethasone versus
high-dose dexamethasone)

NIMBUS

NCT01311687

3 https://clinicaltrials.gov/ct2/show/NCT01311687?term=
Bortezomib&recrs=d&cond=
Multiple?Myeloma?in?Relapse&phase=2&rank=5

Saracatinib Cancer-induced bone pain SarCaBon

NCT02085603

2 https://clinicaltrials.gov/ct2/show/NCT02085603?term=
NCT02085603&rank=1

Cabozantinib Bone metastatic castration-resistant
prostate cancer

NCT01599793 2 https://clinicaltrials.gov/ct2/show/NCT01599793?term=
cabozantinib&cond=Bone?Metastases%
2C?cancer&rank=1

Cabozantinib Advanced solid (non-breast, non-
prostate) malignancies and bony
metastases

NCT01588821 2 https://clinicaltrials.gov/ct2/show/NCT01588821?term=
cabozantinib&cond=Bone?Metastases%
2C?cancer&rank=4

Cabozantinib Non-metastatic and metastatic
castration-resistant prostate cancer

NCT01703065 Pilot https://clinicaltrials.gov/ct2/show/NCT01703065?term=
cabozantinib&cond=Bone?Metastases%
2C?cancer&rank=5

Cabozantinib Metastatic colorectal cancer CaboMAb

NCT02008383

1 https://clinicaltrials.gov/ct2/show/NCT02008383?term=
cabozantinib&recrs=abd&draw=1&rank=2

Cabozantinib Multiple myeloma NCT03201250 1-2 https://clinicaltrials.gov/ct2/show/NCT03201250?term=
cabozantinib&recrs=abd&draw=3&rank=11

Cabozantinib Androgen-dependent metastatic
prostate cancer

NCT01630590 2 https://clinicaltrials.gov/ct2/show/NCT01630590?term=
cabozantinib&recrs=abd&draw=3&rank=12

Cabozantinib Metastatic hormone receptor-positive
breast cancer

NCT01441947 2 https://clinicaltrials.gov/ct2/show/NCT01441947?term=
cabozantinib&recrs=abd&draw=3&rank=15

Cabozantinib Relapsed osteosarcoma or Ewing
sarcoma

NCT02243605 2 https://clinicaltrials.gov/ct2/show/NCT02243605?term=
cabozantinib&recrs=abd&draw=4&rank=22

Sotatercept Refractory multiple myeloma treated
with lenalidomide or pomalidomide
and dexamethasone

NCT02406521 1 https://clinicaltrials.gov/ct2/show/NCT01562405?term=
NCT01562405&recrs=abd&rank=1
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Abstract Cancer-induced bone disease is a major source
of morbidity and mortality in cancer patients. Thus,

effective bone-targeted therapies are essential to improve

disease-free, overall survival and quality of life of cancer
patients with bone metastases. Depending of the cancer-

type, bone metastases mainly involve the modulation of

osteoclast and/or osteoblast activity by tumour cells. To
inhibit metastatic bone disease effectively, it is imperative

to understand its underlying mechanisms and identify the

target cells for therapy. If the aim is to prevent bone
metastasis, it is essential to target not only bone metastatic

features in the tumour cells, but also tumour-nurturing bone

microenvironment properties. The currently available
bone-targeted agents mainly affect osteoclasts, inhibiting

bone resorption (e.g. bisphosphonates, denosumab). Some

agents targeting osteoblasts begin to emerge which target
osteoblasts (e.g. romosozumab), activating bone formation.

Moreover, certain drugs initially thought to target only

osteoclasts are now known to have a dual action (activating
osteoblasts and inhibiting osteoclasts, e.g. proteasome

inhibitors). This review will focus on the evolution of

bone-targeted therapies for the treatment of cancer-induced
bone disease, summarizing preclinical and clinical findings

obtained with anti-resorptive and bone anabolic therapies.
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DKK1 ! Bisphosphonates ! mTOR inhibitors ! Denosumab !
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Introduction

Bone metastases are frequent complications of solid

tumours [1, 2]. For example, the incidence of bone
metastases is 65–75% in breast cancer [1], 65–90% in

prostate cancer [2], 20–25% in renal cell carcinoma [3],

14–45% in melanoma [4], 65% in thyroid cancer [4],
17–64% in lung cancer [4], 40% in bladder cancer [4], 10%

in colorectal cancer and the incidence of cancer-induced

bone disease in cases of multiple myeloma is 70–95% [4].
Moreover, osteosarcoma, a primary bone cancer accounts

for 2% of childhood cancers, and the average 5-year sur-

vival rate for patients with localized disease is 60–80%,
and for metastatic patients 15–30% [5]. Therefore, pro-

viding appropriate relief and/or preventing the appearance
of bone metastases or cancer-induced bone disease in high-

risk cancer patients is a major challenge in the field.

Adding to the deleterious effects of bone metastases (e.g.
bone pain, fractures, spinal cord compression, hypercal-

cemia), certain anti-cancer therapeutic regimens also wor-

sen bone health (e.g. treatment induced bone loss [6]).
Thus, bone-targeted agents are also needed in such cases to

preserve bone quality.

The multifactorial, multi-step nature of bone metastasis
has unveiled different cellular and molecular targets in the
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have shown that cathepsin K inhibitors AFG-495 and L-
235, the former being structurally related to ODN, reduce
bone destruction and skeletal tumour burden in animal
models of breast cancer bone metastasis [4,6]. Clinical
trials for cathepsin K inhibitors in oncology are limited to

date (Table 1). A phase II trial in women with breast
cancer and bone metastases shows that ODN successfully
reduced bone resorption markers after 4 weeks of treat-
ment [4]. Cathepsin K inhibitors may represent a novel
therapy for treatment of metastatic breast cancer.
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Table 1

Bone-targeted therapies in clinical development.

Target* Compound Cancer Type Stage Description/Comment* Ref.

Cathepsin K Odanacatib Breast Phase II Safety and efficacy in comparison with ZOL. [4]
Src Dasatinib Prostate Phase III Dasatinib + docetaxel versus placebo + docetaxel in

men with CRPC (READY trial)/Negative trial. Dasatinib
does not improve OS, nor time to first SRE.

[7]

Saracatinib Breast/prostate Phase II Safety and efficacy in comparison with ZOL
(ClinicalTrials.gov identifier NCT00558272).

[4]

Bosutinib Breast Phase II Effect of bosutinib on PFS in pretreated patients with
locally advanced and metastatic cancer/bosutinib
prolongs PFS in chemotherapy-pretreated patients.
No effect of bosutinib on circulating levels of bone
turnover markers.

[8]

mTOR Everolimus Breast Approved Everolimus + exemestane versus
placebo + exemestane in metastatic ER-positive
breast cancer (BOLERO-2 trial)/It is reported an early
reduction in bone turnover markers prior to clinical
response and reduced bone complications in the
everolimus arm.

[9,12]

RCC Phase II Everolimus versus everolimus + ZOL in renal cell
carcinoma patients with ! 1 bone metastasis (RAZOR
trial)/Median time to first SRE was 9.6 months on
everolimus plus zoledronic acid vs 5.2 months on
everolimus (P = 0.03).

[13]

Endothelin-1 Atrasentan Prostate Phase III Docetaxel/prednisone + atrasentan versus docetaxel/
prednisone + placebo in men with metastatic CRPC
(SWOG S0421)/Does not improve OS or PFS.

[14]

Zibotentan Prostate Phase III Docetaxel + zibotentan versus docetaxel + placebo in
men with metastatic CRPC (ClinicalTrials.gov identifier
NCT00617669)/Does not improve OS or PFS.

[14]

Activin A Sotatercept Myeloma Phase IIa Safety and tolerability in relapsed multiple myeloma
patients/In patients without bisphosphonate use,
anabolic improvements in bone mineral density and in
bone formation relative to placebo occurred.

[18]

DKK-1 BHQ880 Myeloma Phase Ib Dose determination study. [10]
MET/VEGFR2 Cabozantinib Prostate Phase III Cabozantinib versus prednisone in men with

metastatic CRPC (COMET-1 trial)/Despite striking
results in phase II trials, this pivotal phase III trial did not
meet the primary endpoint of demonstrating improved
OS of patients treated with cabozantinib. However, the
median PFS for the cabozantinib arm was 5.5 months
versus 2.8 months for the prednisone arm
(P < 0.0001).

[22]

NGF Tanezumab Prostate, breast,
myeloma, RCC

Phase II Safety and efficacy in cancer patients with pain due to
bone metastasis/Study has been completed
(ClinicalTrials.gov identifier NCT00830180). No data
released.

–

Bone mineral Radium-223 Prostate Approved Radium-223 + best standard of care versus
placebo + best standard of care in men with CRPC and
bone metastasis (ALSYMPCA trial)/the median time to
first SRE in patients with bisphophosphonate use at
entry is 19.6 months on radium-223 versus
10.2 months on placebo (P = 0.00048)

[25]

Breast Phase IIa Safety and tolerability in women with breast cancer
and bone metastasis.

[27]

* CRPC: castration-resistant prostate cancer; DKK-1: dickkopf-1; mTOR: mammalian target of rapamycin; MET: hepatocyte growth factor receptor;
NGF: nerve growth factor; OS: overall survival; PFS: progression-free survival; RCC: renal cell carcinoma; SRE: skeletal-related event; Src: proto-
oncogene tyrosine-protein kinase; VEGFR2: vascular endothelial growth factor receptor 2; ZOL: zoledronic acid.
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Emerging therapies in bone metastasis
Lise Clément-Demange1,2 and Philippe Clézardin1,2

Skeletal lesions contribute substantially to morbidity and

mortality in patients with cancer. Emerging treatments for

metastatic bone disease have arisen from our understanding of

the biology of bone metastases. Tumour cells alter the

functions of bone-resorbing (osteoclasts) and bone-forming

(osteoblasts) cells, promoting skeletal destruction. Drugs that

inhibit osteoclast-mediated bone resorption (denosumab,

bisphosphonates) are the standard of care for patients with

skeletal metastases. In this review, we describe the progress

and future directions of novel bone-targeted therapies that not

only focus on osteoclasts, but also on osteoblasts and the bone

microenvironment.
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Introduction
Bone disease contributes substantially to morbidity and
mortality in patients with cancer. Approximately 70% of
patients with myeloma or advanced-stage (stage IV, i.e.,
metastatic) solid tumours (breast, prostate, lung) are
associated with a heavy burden of skeletal disease, with
potentially debilitating or life-limiting skeletal-related
events (SREs) such as pathological fractures, nerve com-
pression, hypercalcemia, and cancer-induced bone pain
[1].

Studies of the biology underlying bone metastasis support
the notion that in solid tumours and multiple myeloma,
cancer cells alter the functions of bone-resorbing (osteo-
clasts) and bone-forming (osteoblasts) cells and hijack
signals coming from the bone matrix, thereby disrupting
the physiological bone remodelling [1]. Indeed, tumour
cells residing in the bone marrow secrete factors [para-
thyroid hormone-related protein, interleukins (IL-6,
IL-8, IL-11), prostaglandins, . . .] that stimulate osteoclast
activity through the activation of the receptor activator of

nuclear factor-kB ligand (RANKL)/RANK pathway,
which is the primary mediator of osteoclast-mediated
bone resorption [1,2] (Figure 1). Additionally, tumour
cells (breast, lung, multiple myeloma) secrete factors
[e.g., activin A, dickkopf-1 (DKK-1), sclerostin, noggin]
that inhibit osteoblast differentiation and activity [1,2]
(Figure 1). This leads to an imbalance between bone
resorption and bone formation, resulting in the formation
of osteolytic skeletal metastases (Figure 1). Bone metas-
tases may be osteosclerotic (e.g., prostate cancer) or mixed
instead, because tumour cells secrete factors [endothelin-
1, vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF)-9, bone morphogenetic proteins
(BMPs)] that stimulate osteoblast activity [1]
(Figure 1). In addition, endothelin-1 and the RANKL
inhibitor osteoprotegerin (OPG), which are secreted by
tumour cells, inhibit osteoclast activity, thereby contrib-
uting to the osteosclerotic feature of cancer-associated
bone metastases [1]. As bone is resorbed, growth factors
[e.g., transforming growth factor-b (TGF-b) and insulin-
like growth factor-I (IGF-I)], that are stored in the bone
matrix, are released and stimulate tumour growth [1,2]
(Figure 1). Calcium released from bone mineral also
stimulates tumour growth through calcium-sensing recep-
tors expressed by tumour cells [1] (Figure 1). The reali-
zation that there exists in bone metastasis a cross-talk
between bone cells and tumour cells led to the use of
inhibitors of osteoclast-mediated bone resorption, such as
bisphosphonates and the RANKL inhibitor denosumab,
in the treatment of skeletal lesions [2] (Figure 1). These
bone-targeted treatments successfully delay the occur-
rence of bone metastasis and reduce the risk of skeletal
complications in patients with malignant bone disease [2].
However, progress in understanding the biology of bone
metastases clearly show that not only bone destruction
but also inhibition of bone formation is occurring in bone
metastases, suggesting that agents which counteract in-
hibition of osteoblast activity may be of interest in the
treatment of bone metastases. Other cell types in the
bone marrow microenvironment such as endothelial cells,
myeloid cells, immune cells, platelets and sensory nerve
fibres are also likely to contribute to the progression of
bone metastases and may be promising therapeutic tar-
gets [3].

In this review article, we provide an overview of emerging
targeted agents that might improve the pharmacologic
treatment and prevention of bone metastases. We have
classified these agents according to the cellular compart-
ment that they target. Some of these agents are already in
clinical development, and are tested in cancer patients
with metastatic disease (Table 1).
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Targeting osteoclasts
Cathepsin K inhibitors
Cathepsin K is a lysosomal cysteine protease highly
expressed in osteoclasts, which plays a major role in bone
resorption [4] (Figure 1). The cathepsin K inhibitor
odanacatib decreases bone resorption and maintains bone
formation, indicating this compound has an advantage

over other antiresorptive agents (bisphosphonates, deno-
sumab) in the treatment of diseases associated with bone
loss. In this respect, odanacatib (ODN) is currently in-
vestigated in a large phase-III Long-Term ODN Fracture
Trial (LOFT) for the treatment of postmenopausal wom-
en with osteoporosis [5]. Results regarding its anti-frac-
ture efficacy are expected soon. Pre-clinical experiments
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Present and emerging bone-targeted agents and their respective targets in osteolytic and osteosclerotic bone metastases. Tumour cells secrete
osteoclast-stimulating factors as well as factors that inhibit osteoblast activity, leading to the formation of osteolytic lesions. Conversely, tumour
cells may promote the formation of osteosclerostic lesions through the production of factors that stimulate osteoblast activity. Bisphosphonates
bind to hydroxyapatite and impede osteoclast-mediated bone resorption. Denosumab is a monoclonal antibody that targets RANKL and inhibits
osteoclast formation and activity. Both drugs have been approved to treat bone metastases. Several other drugs which target osteoblast activity
(BHQ880, DKN-01, sotatercept, robosozumab, cabozantinib), osteoclast activity (odanacatib, everolimus, Src kinase inhibitors), tumour cells in
bone (everolimus, Src kinase inhibitors, radium-223) and cancer-associated bone pain (tanezumab) are under development. BMPs: bone
morphogenetic proteins; DKK-1: dickkopf-1; ET-1: endothelin-1; FGF-9: fibroblast growth factor-9; IGFs: insulin-like growth factors; IL: interleukin;
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RANKL: RANK ligand; Src: proto-oncogene tyrosine-protein kinase; TGF-b: transforming growth factor-b; VEGF: vascular endothelial growth
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molecules to the T-cell receptor of naive CD8+ and CD4+

T cells, respectively. This priming of the T cells requires
additional co-stimulatory signals by binding of CD28 on the
naive T cell to CD80 and CD86 on the APC (Figure 1a).17 The
immune checkpoint molecule CTLA-4, however, can com-
pete with CD28 for binding to CD80 and CD86, and produce
inhibitory signals to the activated T cells, acting as a real break
and leading to T-cell anergy and apoptosis.18 Interestingly,
regulatory T cells (Treg cells) also need CTLA-4 for their
immunosuppressive function, suggesting that anti-CTLA-4
treatment might also interfere with the immunosuppressive
function of Treg cells.19 The importance of CTLA-4 in
maintaining a balanced immune response has been demon-
strated with CTLA-4 knockout mice that develop severe
autoimmune lymphoproliferative disease.20,21 By releasing
such an immunosuppressive brake, treatment with anti-
CTLA-4 antibodies result in an enhanced activation of naive
T cells. Although APCs can activate both CD4+ and CD8+

T cells, treatment with anti-CTLA-4 antibodies is believed to
mainly regulate the activity of CD4+ T cells, which can

develop in Th1 CD4+ cells after activation and provide
important cytokines, such as IL-2, for the activation of CD8+

T cells. These T cells can then migrate to the tumor tissues
and recognize tumor antigens presented in complex with
HLA class I at the surface of tumor cells, followed by
elimination of the latter.22

Anti-PD-1 and Anti-PD-L1 Antibodies
While the anti-CTLA-4 blockade strategy leads to a general
enhancement of T-cell priming, antibodies directed against
PD-1 and PD-L1 act on T cells that have already been
activated, but circulate in the lymph nodes or reside in the
tumor microenvironment itself. PD-1 is a surface protein
expressed on activated T and B cells while PD-L1 is mostly
expressed on APCs, such as macrophages and DCs, and
tumor-infiltrating lymphocytes (TILs), but can also be
expressed on tumor cells.23 In normal physiology, the
PD-1/PD-L1 axis represents an important immune check-
point to prevent immune-mediated tissue damage (Figure 2),
and PD-1 knockout mice have shown increased susceptibility

Figure 1 Schematic overview of the mechanism of action of anti-CTLA-4 antibodies. APCs take up tumor antigens in the periphery and migrate to the
lymph nodes. In the lymph nodes, the APCs present tumor antigens in complex with HLA class I molecules to naive T cells, which then become primed.
Complete activation of the naive T cell occurs when a co-stimulatory signal is provided by binding of CD80 or CD86 on the APC to CD28 on the naive T
cell (a). However, naive T cells can also express CTLA-4 that, by interacting with CD80 and CD86, transduces an inhibitory signal that leads to T-cell
anergy (b). Treatment with CTLA-4-blocking antibodies promotes activation of naive T cells, which can then migrate to tumor tissues and directly kill
tumor cells (CD8+ T cells) or provide an inflammatory environment (TH1 CD4+ cells) (c).

Predictive biomarkers for immune checkpoint inhibitors in sarcomas
R Veenstra et al

42 Laboratory Investigation | Volume 98 January 2018 | www.laboratoryinvestigation.org

to the development of autoimmune disorders.24 As PD-1 is
expressed on exhausted T cells, anti-PD-1 therapy can
reinforce the immune responses of this subset of T cells.25

However, PD-1 is also expressed during earlier stages of T-cell
activation, where it has an important role in the induction of
tolerance against self-antigens and the generation of active
cytotoxic T lymphocytes.26 Of note, PD-1 knockout mice
exhibit autoimmunity with a markedly augmented CD8
proliferation.24 Administration of anti-PD-1 or anti-PD-L1
antibodies aims to release this immunological break and
enhance the cytotoxic T-cell response, leading to tumor
control or elimination.

Various cancer types like non-small-cell lung carcinoma
and melanoma exploit this immunosuppressive interaction
and show expression of PD-L1.23,27,28 For example, the
expression of PD-L1 on tumor cells can be the result of
genetic alterations.29 More often, PD-L1 expression on tumor
cells, APCs, and other myeloid cells is induced by IFN-γ and
other inflammatory cytokines present in the tumor
microenvironment.30 In addition to the PD-1-mediated
immunosuppression, many of the tumor-infiltrating myeloid

cells, such as myeloid-derived suppressor cells and tumor-
associated macrophages (TAMs), show pro-tumorigenic
activity. Some sarcomas secrete factors such as colony-
stimulating factor-1 (CSF-1) and others to attract and
stimulate TAMs, creating an immunosuppressive
microenvironment.31,32 Recent data suggest that TAMs might
facilitate tumor resistance against anti-PD-1 and anti-PD-L1
therapy.33,34 To explore the combination of inhibition of
TAMs and enhancement of T-cell-mediated immune
responses, an ongoing clinical trial is exploring the combined
inhibition of the CSF-1 receptor and PD-1 pathway in GIST
and other solid tumors (ClinicalTrials.gov Identifier:
NCT02452424).

BIOMARKERS FOR IMMUNOTHERAPY IN SARCOMAS
There is a clear rationale for the use of immune checkpoint
inhibitors in sarcomas. Many sarcomas harbor chromosomal
translocations resulting in expressed fusion proteins, which
can provoke an immunological response. Of note, fusion
proteins of synovial sarcoma, clear cell sarcoma, and
desmoplasmic small round cell tumor have been

Figure 2 Schematic overview of the mechanism of action of anti-PD-1 and anti-PD-L1 antibodies. Tumor cells can upregulate PD-L1 expression by
genetic alterations or chromosomal translocation. INF-γ and other cytokines in the tumor microenvironment can also upregulate the expression of PD-L1
on tumor cells and myeloid cells, such as APCs. PD-L1 on these cells binds to PD-1 on active T cells, inhibiting the T-cell receptor-mediated proliferation
of the T cells, leading to reduced killing of the tumor cells. CD8+ T cells can interact with tumor cells and APCs through MHC class I molecules, whereas
CD4+ T cells interact with APCs through MHC class II molecules. (a) Administration of anti-PD-L1 and anti-PD-1 antibodies prevents immune inhibition
by the PD-L1 on the tumor cells or myeloid cells and subsequently enhances tumor killing (b).
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development of autoimmune or inflammatory disorders.
However, inhibition of the Teff response against cancer
cells contributes to immune evasion. These inhibitory
signals may come from extrinsic sources, such as regula-
tory T-cells (Tregs) and inhibitory cytokines, or intrinsic
sources, such as immune checkpoint proteins expressed
on the surface of Teff. It is the balance of these signals
that determines the success or failure of the immune
system to eliminate cancer cells.
Tregs play a critical role in the extrinsic suppression of

anti-tumor immunity. When Tregs are the dominant T-
cell population in the tumor microenvironment, they
inhibit tumor-antigen specific immunity and promote
tumor growth. Depletion of these Tregs can restore anti-
tumor immune activity. Similarly, other suppressive
immune cells [e.g. myeloid derived suppressor cells
(MDSCs), M2 macrophages] influence the balance of
regulatory signals.
Immune checkpoint receptors, such as cytotoxic T

lymphocyte-associated protein 4 (CTLA-4) and pro-
grammed cell death protein 1 (PD-1), have emerged as
critical intrinsic modulatory mechanisms impairing nat-
ural anti-neoplastic immunity (Fig. 1). These receptors
are negative regulators which attenuate normal T-cell
activation to prevent pathologic over-activation. Interfer-
ing with immune checkpoint signaling has been shown
to enhance anti-tumor immune responses through the
recovery of T-cell function. The CTLA-4 and PD-1 im-
mune checkpoint proteins function at different points in
the process, which may explain their differential activ-
ities and toxicities. The CTLA-4 immune checkpoint

regulates T-cell priming and activation, activities that
occur in the early phases of the immune response. Inhib-
ition of CTLA-4 during the T-cell priming/ activation step
leads to dysregulated expansion of auto-reactive T cells,
including tumor-specific T-cells. Anti-CTLA-4 inhibitors
have been associated with significant immune-related tox-
icities which are likely a result of the indiscriminate and
unselected activation of auto-reactive T-cells.
PD-1 is a cell surface receptor that is upregulated dur-

ing normal T-cell activation and modulates the activity
of antigen-experienced effector T-cells. Interaction of
PD-1 with either of its two known ligands, PD-L1 and
PD-L2, results in inhibition of T-cell signaling and cyto-
kine production as well as decreased effector T-cell
numbers due to limited T-cell proliferation and in-
creased susceptibility to apoptosis. Of the two ligands,
PD-L1 appears to be the more relevant in the tumor
microenvironment and is expressed on a wide range of
tumor cells. Tumor-infiltrating lymphocytes can induce
PD-L1 expression on tumor cells leading to reduced
anti-tumor immunity [3]. PD-L1 expression may also be
regulated through gene amplification or via oncogenic
signaling pathways [4–6]. Antibodies directed at either
PD-1 or PD-L1 result in abrogation of the negative
signal, thus restoring T-cell function.
An important distinction between CTLA-4 and PD-1/

L1 inhibitors is their location of action [7]. Because
CTLA-4 regulates T-cell priming and activation, anti-
CTLA-4 antibodies lead to activation of T-cells in
lymphoid peripheral tissues. Anti-PD-1/L1 effects appear
to be limited to the tumor microenvironment without

Fig. 1 Costimulatory and coinhibitory pathways regulate the T-cell response to antigen. APC: antigen-presenting cell, CTLA-4: cytotoxic T
lymphocyte-associated protein 4, MHC: major histocompatibility complex, PD-1: programmed cell death protein 1; PD-L1: PD-1 ligand, TCR:
T-cell receptor
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Fig. 1. Depiction of Bone-Tumor Immunology.
The establishment of onco-niche and involvement of anti- and pro-tumor responses of immune cells characterize the survival of metastatic tumor cells in the bone. A)
Disseminated Tumor cells (purple) home to the hematopoietic stem cell (blue) niche in bone marrow and establish an “onco-niche” that helps tumor cells escape immune
surveillance and initiate the tumor bone vicious cycle. B) Tumor derived signaling mediators like TGF-! stimulate osteoblasts (pink) to secrete RANKL, which binds to its
receptor RANK on osteoclasts (green). Activated osteoblasts secrete tumor promoting growth factors like PTHrP, thereby creating a positive feedback in tumor-bone vicious
cycle.  C) During an anti-tumor immune response, dendritic cells (light blue) recognize tumor associated antigens and present to T cells (orange) resulting in activation and
trafficking of Cytotoxic T lymphocytes (CTLs, light green) and NK cells (dark pink) to the tumor site. Cancer cells express PD-L1 to engage PD-1 on CTLs to evade immunogenic
cell  death. D) Pro-tumor responses from the immune system depend on regulatory T cells (T-Regs, light brown), which express CTLA-4 to suppress CTL activity. The secretion
of  inhibitory cytokine IL-10 from tumor associated M2  macrophages (pink) is a crucial step in tumor immunosuppression. Red boxes represent therapeutic agents targeting
the  crucial steps in bone tumor immunity cycle and skeletal related events.

Table 1
Standard of care treatment of bone metastases.

Treatment Mechanism Effect on Bone metastases Notes Refs

SRE Treatments
Zoledronic acid inhibition of farnesyl

pyrophosphate synthase
Inhibition of Osteolysis Action against TAMs as well.

Recommended for adjuvant use
(Vignani et al., 2016)

denosumab mAb  against RANKL Reduces osteoclast activity (Vignani et al., 2016)
Radium-223 Localizes to bone, releases

alpha radiation
Cytotoxic to tumor cells by
inducing dsDNA breaks

Offers less myelosuppression due
to shorter range of alpha radiation

(Aragon-Ching and El-Amm,
2016)

Immunotherapies
nivolumab Anti-PD-1 mAb  Currently unstudied in bone

metastases
ipilimumab Anti-CTLA-4 mAb  Currently unstudied in bone

metastases
pembrolizumab Anti-PD-1 mAb  Currently unstudied in bone

metastases
atezolizumab Anti-PD-L1 mAB  Currently unstudied in bone

metastases
Sipuleucel-T Dendritic cells stimulated

with GM-CSF and PAP
Unknown (Vanneman and Dranoff, 2012)

cells, endothelial cells, fibroblasts, and mesenchymal stem cells
are recruited to promote neo-angiogenesis and bone metastatic
growth (Croucher et al., 2016). Tumor-derived exosomes were
also shown to educate bone marrow progenitors to support tumor
growth (Peinado et al., 2012). Together, the resident and infil-

trated stromal cells and their molecular mediators constitute a
unique bone metastatic microenvironment that results in sustained
immunosuppression contributing to bone induced tumor growth
(Fig. 1) (Tables 1 and 2).
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Table  2
Emerging Targeted Therapies for Bone Metastases.

Treatment Mechanism Effect on Bone
metastases

Outcomes Notes Refs

Tumor-targeted
Osteoprotegerin Natural inhibitor of

RANKL
Inhibits
osteoclastogenesis and
subsequent bone
reabsorption

Conflicting outcomes
depending on dose and
type of administration

New models have
shown optimal
dosages, need to be
tested

(Morony et al., 2001; Ryser
et al., 2012)

Cabozantinib TKI, inhibits MET,
VEGFR-2, RET, KIT, AXL,
FLT3

inhibition of
osteoblastic and
osteolytic lesions in
xenografts

PFS- 5.9 to 23.9
months, pain palliation
in 57%, bone scan
response in 63%

OS improvement not
seen in phase III trial

(Basch et al., 2015;
Choueiri et al., 2016;
Escudier et al., 2016;
Schimmoller et al., 2011;
Smith et al., 2013; Smith
et al., 2015, 2014; Yakes
et al., 2011)

AP12009 (trabedersen) Nucleotide-based,
blocks production of
TGF-!2

Reverses
tumor-mediated
immune suppression
and prevented
metastases

No bone metastases
data reported

(Achyut and Yang, 2011;
Hau et al., 2007)

galunisertib Small molecule
inhibitor of TGF-!

Inhibit the bone-tumor
viscous cycle

Increased OS,
especially in patients
with low levels of
TGF-!

No specific end points
measured with bone
metastases

(de Gramont et al., 2017;
Melisi et al., 2016)

belagenpumatucel-L Vaccine with four
TGF-b2-antisense
gene-modified,
irradiated, allogeneic
NSCLC cell lines

Target tumor cells in
bone
microenvironment that
secrete TGF-!

OS benefits in patients
with prior
chemotherapy or
radiotherapy

No specific end points
measured with bone
metastases

(de Gramont et al., 2017;
Nemunaitis et al., 2006;
Nemunaitis and Giaccone,
2014)

Abiraterone + prednisone Androgen synthesis
inhibitor via CYP17A1
inhibition

Shown to inhibit
progression of prostatic
lesions in the bone

significantly increase
palliative benefit and
decrease SREs

Only for use in mCRPC,
SoC

(Logothetis et al., 2012)

P62  DNA Vaccine P62 in plasmid
administered created
antibody response

Decreases tumor size,
suppresses metastases,
increased TIL, and
decreases
osteoclastogenesis

Suppression of
osteoporosis

Currently only studied
in animal models

(Durán et al., 2004; Gabai
et al., 2014; Sabbieti et al.,
2015; Zhang et al., 2016)

Stromal-targeted
Zoledronic acid Acts on TAMs, change

from M2 to M1
phenotype

PLX3397 Multi-targeted TKI,
inhibits CSF-1

Prevents recruitment
of M2  TAMs/MDSCs,
improves immune
response

Significantly decreased
tumor volume with
ACT

Preclinical data only (Mok  et al., 2014; Ngiow
et al., 2016; Sluijter et al.,
2014)

Bindarit Inhibits CCL2 Prevents macrophage
recruitment, Inhibits
establishment of
tumor-stromal niche

Reduced metastasis
formation

Animal models only (Steiner et al., 2014; Zollo
et al., 2012)

Tasquinimod Blocks S100A9 inhibits angiogenesis,
immunomodulates
through TAMs,
prevents of the
establishment of the
bone-metastatic niche

patients with bone
metastases 8.8 months
vs 3.4 months
(placebo) PFS, no OS
benefit seen

No further research
after failed phase III
trial

(Pili et al., 2011; Sternberg
et al., 2016)

Pirfenidone, and
nintedanib

Target CAFs No data published (Antonia et al., 2016)

Ac-PhScN-NH2
inhibitor

"5!1  inhibition
through a small
peptide

prevents metastases
and angiogenesis, due
to vicious cycle of
osteolytic lesions

reduced intratibial
colony progression by
almost 80% in mouse
model

2nd generation is
100,000 x more potent.
1st gen saw 14 months
PFS

(Jia et al., 2004; Yao et al.,
2016)

Sunitinib TKI, blocks STAT3 and
IDO pathways

Decreases MDSCs,
Tregs. Increased TIL

Reduced tumor
volume, increased OS
in mouse model, No
change in tumor
burden in RCC patients

Co-administered with
CEA vaccine

(Farsaci et al., 2012; Ko
et al., 2009)

Imatinib TKI, blocks STAT3 and
IDO pathways

activates CD8+ T cells,
induces Treg apoptosis

Increased anti-tumor
response with
immunotherapies

In mouse models only (Balachandran et al., 2011;
Larmonier et al., 2008)

Bevacizumab Anti-VEGF mAB  Prevents dysfunction of
DC into MDSCs

Ex vivo DCs from MM
patients functioned
normally

At lower doses
normalization of
vasculature, increased
TIL

(Huang et al., 2015; Yang
et al., 2009)
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Table 2 (Continued)

Treatment Mechanism Effect on Bone
metastases

Outcomes Notes Refs

Temsirolimus mTOR inhibitor, acts on
IDO pathway

Activates CD8+ T cells,
inhibits Tregs

Better PFS in RCC
patients

(Chen and Kuo, 2016;
Procaccini et al., 2010;
Wang et al., 2011)

RG7386 Tetravalent FAP-DR5
Antibody

targets CAFs and
defective apoptosis
pathway on tumor cells

Stable disease and
complete tumor
regression with
doxorubicin in vivo

Low toxicities (Brünker et al., 2016)

Immune-targeted
Chitosan thermogels Specific targeting of

ACT to solid tumor
More direct
administration of ACT
to  bone metastases

Limited research in rat
models

(Monette et al., 2016)

Vaccines via whole
tumor
lysates/fusions

DCs activated against a
variety of TAAs

Better and more
specific activation of
DCs in bone
microenvironment

Increased survival
among patients with
metastatic disease

Multiple trials done,
see 97

(de Gruijl et al., 2008;
Kajihara et al., 2015)

Carbon black
nanoparticles &
Antigens with
mannosylated
dendrimers

Increase antigen
uptake and activate
DCs

Significant increase of
bone-marrow DC
activation

Increased effectiveness
of other vaccine-based
therapies

(Koike et al., 2008; Sheng
et al., 2008)

DC-derived exosomes Endocytosis of
exosomes for
polyepitopic antigen
presentation and
response

Strong anti-tumoral
T-cell response

High tolerability, with
stable disease and
partial responses in
metastatic disease

Only one phase II trial
done, may  be more
effective with different
TAA

(Amigorena, 2000;
Klippstein and Pozo, 2010;
Zitvogel et al., 1998)

Sialidase Exogenous sialic acid
removal

Increased maturation
and stimulation of
autologous T-cells

Increased tumor cell
apoptosis in murine
model

(Silva et al., 2016)

Toll-like receptor
agonists
(resiquimod,
imiquimod, poly
ICLC)

Activation of
macrophages DCs and
other lymphocytes

Alone or in
combination with
vaccines, decrease
immune suppression in
tumor
microenvironment, can
directly induce
apoptosis of tumor
cells

Dramatic results seen
specifically with poly
ICLC with complete
tumor regression

Considered adjuvants,
Montanide also acts
similarly

(Liu et al., 2005; Sabado
et al., 2015; Salazar et al.,
2014; Thapa et al., 2009;
Valmori et al., 2007; Wang
et al., 2008)

CRISPR-CaS9 edited
CAR T-cells

PD-1 knockout Increase CAR T-cell
proliferation and
cytotoxicity

No study results posted NCT02793856

TRUCKs IL-12 secreting CAR
T-cells

Overcomes
immunosuppression in
tumor
microenvironment

Increased efficacy of
CAR T-cells, decreased
immunosuppression of
bone-derived stroma
cells

(Chmielewski and Abken,
2012; Chmielewski et al.,
2014; Kerkar et al., 2011)

CAR  T-cells with
chemokine receptors

CCR2 and CXCR4
receptors engineered
into CAR T-cells

Better T-cell trafficking
to tumor metastases,
specifically prostatic
metastases for CXCR4

Dramatic increase of
TIL including in bone
microenvironment

CXCR4 can also be
therapeutic target, but
inhibition increases
osteoclastogenesis

(Asai et al., 2013; Bleul
et al., 1996; Craddock et al.,
2010; Hillerdal and Essand,
2015; Hirbe et al., 2010;
Kantele et al., 2000; Moon
et al., 2016)

Anti-FAP CAR T-cells Targets CAFs Reverses
immunosuppression,
activates T-cells
against TAAs

Synergy with
vaccination, decreasing
tumor volume and OS
in mouse model

(Gottschalk et al., 2013;
Kakarla et al., 2013;
Kraman et al., 2010; Wang
et al., 2014; Y. Zhang and
Ertl, 2016)

Bispecific T-cell
Engagers

Target TAA and CD3 for
T-cell activation

Increased T-cell
cytotoxicity in
metastatic disease,
unaffected by tumor
immunosuppression

Less efficacy compared
to CARs due to inability
to induce T-cell
memory

Low toxicities, easily
produced

(Fan et al., 2015; Hillerdal
and Essand, 2015)

Cryoablation Direct destruction of
metastases through
liquid-cooled probes

Rapid necrotic release
of TAA induces
immune response
throughout body

With anti-ALCAM
antibody, complete
response in 100% of
mouse models,
significant pain
palliation in patients

Use of Anti-CTLA
antibody and adjuvants
also improves response

(Brok, 2006; Brok et al.,
2006; Gazzaniga et al.,
2001; Kudo-Saito et al.,
2016; Sabel, 2009;
Ravindranath et al., 2002;
Udagawa et al., 2006;
Waitz et al., 2012)

Vesicular stomatitis
virus

Oncolytic virus, highly
sensitive to IFN-!
response

Targets tumors with
defective JAK1
pathway associated
with immune
resistance

Currently unstudied Could be next-line
treatment after failure
of immunotherapies

(Cataldi et al., 2015;
Escobar-Zarate et al., 2013;
Felt et al., 2015; Greig,
2016; Zaretsky et al., 2016;
Zhou et al., 2016)
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a  b  s  t  r  a  c  t

Bone  metastases  are  present  in up to 70%  of  advanced  prostate  and  breast  cancers  and  occur  at  signif-
icant  rates  in a variety  of other  cancers.  Bone  metastases  can  be  associated  with  significant  morbidity.
The  establishment  of  bone  metastasis  activates  several  immunosuppressive  mechanisms.  Hence,  under-
standing  the tumor-bone  microenvironment  is  crucial  to inform  the  development  of  novel  therapies.
This  review  describes  the  current  standard  of  care  for patients  with  bone  metastatic  disease  and  novel
treatment  options  targeting  the  microenvironment.  Treatments  reviewed  include  immunotherapies,
cryoablation,  and  targeted  therapies.  Combinatorial  treatment  strategies  including  targeted  therapies
and  immunotherapies  show  promise  in pre-clinical  and  clinical  studies  to  overcome  the  suppressive
environment  and  improve  treatment  of  bone  metastases.
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Table 5 Currently ongoing clinical trials of bone-targeted agents for cancer-induced bone disease

Bone-
targeted
therapy

Patient population Clinical trial
acronym/
number

Phase Clinical trials.gov link

Denosumab High-risk early breast cancer D-CARE
NCT01077154

3 https://clinicaltrials.gov/ct2/show/NCT01077154?term=
NCT01077154&rank=1

Radium-223 Bone metastatic breast cancer with
endocrine therapy

NCT02258464 2 https://clinicaltrials.gov/ct2/show/NCT02258464?term=
NCT02258464&rank=1

Radium-223 Bone metastatic breast cancer treated
with exemestane

NCT02258451 2 https://clinicaltrials.gov/ct2/show/NCT02258451?term=
NCT02258451&rank=1

Radium-223 Osteosarcoma NCT01833520 1–2 https://clinicaltrials.gov/ct2/show/NCT01833520?term=
radium?223&cond=osteosarcoma&rank=1

Radium-223 Thyroid cancer refractory bone
metastases

RAD-THYR

NCT02390934

2 https://clinicaltrials.gov/ct2/show/NCT02390934?term=
NCT02390934&rank=1

Bortezomib Relapsed multiple myeloma
(comparison carfilzomib and
dexamethasone versus bortezomib)

NCT01568866 3 https://clinicaltrials.gov/ct2/show/NCT01568866?term=
Bortezomib&recrs=d&cond=
Multiple?Myeloma?in?Relapse&phase=2&rank=1

Bortezomib Relapsed multiple myeloma (addition
of daratumumab to bortezomib and
dexamethasone)

NCT02136134 3 https://clinicaltrials.gov/ct2/show/NCT02136134?term=
Bortezomib&recrs=d&cond=
Multiple?Myeloma?in?Relapse&phase=2&rank=2

Bortezomib Relapsed multiple myeloma
(pomalidomide, bortezomib and
low-dose dexamethasone)

OPTIMISMM

NCT01734928

3 https://clinicaltrials.gov/ct2/show/NCT01734928?term=
Bortezomib&recrs=d&cond=
Multiple?Myeloma?in?Relapse&phase=2&rank=3

Bortezomib Relapsed multiple myeloma
(comparison carfilzomib,
dexamethasose and once weekly
bortezomib versus twice weekly
bortezomib)

ARROW

NCT02412878

3 https://clinicaltrials.gov/ct2/show/NCT02412878?term=
Bortezomib&recrs=d&cond=
Multiple?Myeloma?in?Relapse&phase=2&rank=4

Bortezomib Relapsed multiple myeloma
patients(pomalidomide, bortezomib
and low-dose dexamethasone versus
high-dose dexamethasone)

NIMBUS

NCT01311687

3 https://clinicaltrials.gov/ct2/show/NCT01311687?term=
Bortezomib&recrs=d&cond=
Multiple?Myeloma?in?Relapse&phase=2&rank=5

Saracatinib Cancer-induced bone pain SarCaBon

NCT02085603

2 https://clinicaltrials.gov/ct2/show/NCT02085603?term=
NCT02085603&rank=1

Cabozantinib Bone metastatic castration-resistant
prostate cancer

NCT01599793 2 https://clinicaltrials.gov/ct2/show/NCT01599793?term=
cabozantinib&cond=Bone?Metastases%
2C?cancer&rank=1

Cabozantinib Advanced solid (non-breast, non-
prostate) malignancies and bony
metastases

NCT01588821 2 https://clinicaltrials.gov/ct2/show/NCT01588821?term=
cabozantinib&cond=Bone?Metastases%
2C?cancer&rank=4

Cabozantinib Non-metastatic and metastatic
castration-resistant prostate cancer

NCT01703065 Pilot https://clinicaltrials.gov/ct2/show/NCT01703065?term=
cabozantinib&cond=Bone?Metastases%
2C?cancer&rank=5

Cabozantinib Metastatic colorectal cancer CaboMAb

NCT02008383

1 https://clinicaltrials.gov/ct2/show/NCT02008383?term=
cabozantinib&recrs=abd&draw=1&rank=2

Cabozantinib Multiple myeloma NCT03201250 1-2 https://clinicaltrials.gov/ct2/show/NCT03201250?term=
cabozantinib&recrs=abd&draw=3&rank=11

Cabozantinib Androgen-dependent metastatic
prostate cancer

NCT01630590 2 https://clinicaltrials.gov/ct2/show/NCT01630590?term=
cabozantinib&recrs=abd&draw=3&rank=12

Cabozantinib Metastatic hormone receptor-positive
breast cancer

NCT01441947 2 https://clinicaltrials.gov/ct2/show/NCT01441947?term=
cabozantinib&recrs=abd&draw=3&rank=15

Cabozantinib Relapsed osteosarcoma or Ewing
sarcoma

NCT02243605 2 https://clinicaltrials.gov/ct2/show/NCT02243605?term=
cabozantinib&recrs=abd&draw=4&rank=22

Sotatercept Refractory multiple myeloma treated
with lenalidomide or pomalidomide
and dexamethasone

NCT02406521 1 https://clinicaltrials.gov/ct2/show/NCT01562405?term=
NCT01562405&recrs=abd&rank=1
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Abstract Cancer-induced bone disease is a major source
of morbidity and mortality in cancer patients. Thus,

effective bone-targeted therapies are essential to improve

disease-free, overall survival and quality of life of cancer
patients with bone metastases. Depending of the cancer-

type, bone metastases mainly involve the modulation of

osteoclast and/or osteoblast activity by tumour cells. To
inhibit metastatic bone disease effectively, it is imperative

to understand its underlying mechanisms and identify the

target cells for therapy. If the aim is to prevent bone
metastasis, it is essential to target not only bone metastatic

features in the tumour cells, but also tumour-nurturing bone

microenvironment properties. The currently available
bone-targeted agents mainly affect osteoclasts, inhibiting

bone resorption (e.g. bisphosphonates, denosumab). Some

agents targeting osteoblasts begin to emerge which target
osteoblasts (e.g. romosozumab), activating bone formation.

Moreover, certain drugs initially thought to target only

osteoclasts are now known to have a dual action (activating
osteoblasts and inhibiting osteoclasts, e.g. proteasome

inhibitors). This review will focus on the evolution of

bone-targeted therapies for the treatment of cancer-induced
bone disease, summarizing preclinical and clinical findings

obtained with anti-resorptive and bone anabolic therapies.

Keywords Bone metastasis ! RANKL ! Sclerostin !
DKK1 ! Bisphosphonates ! mTOR inhibitors ! Denosumab !
Romosozumab ! Radium 223 ! Cathepsin k inhibitors !
c-Src inhibitors

Introduction

Bone metastases are frequent complications of solid

tumours [1, 2]. For example, the incidence of bone
metastases is 65–75% in breast cancer [1], 65–90% in

prostate cancer [2], 20–25% in renal cell carcinoma [3],

14–45% in melanoma [4], 65% in thyroid cancer [4],
17–64% in lung cancer [4], 40% in bladder cancer [4], 10%

in colorectal cancer and the incidence of cancer-induced

bone disease in cases of multiple myeloma is 70–95% [4].
Moreover, osteosarcoma, a primary bone cancer accounts

for 2% of childhood cancers, and the average 5-year sur-

vival rate for patients with localized disease is 60–80%,
and for metastatic patients 15–30% [5]. Therefore, pro-

viding appropriate relief and/or preventing the appearance
of bone metastases or cancer-induced bone disease in high-

risk cancer patients is a major challenge in the field.

Adding to the deleterious effects of bone metastases (e.g.
bone pain, fractures, spinal cord compression, hypercal-

cemia), certain anti-cancer therapeutic regimens also wor-

sen bone health (e.g. treatment induced bone loss [6]).
Thus, bone-targeted agents are also needed in such cases to

preserve bone quality.

The multifactorial, multi-step nature of bone metastasis
has unveiled different cellular and molecular targets in the
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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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Figure 1. Targeted therapies and their potential effects on bone remodeling and suggested contribution to bone carcinogenesis
and resistance to treatment. Targeted therapies have improved the outcomes of patients with osteotropic cancers, but the
reactivation of different pathways can induce bone disorders and contribute to resistance to treatment. This remodeling of the
tumor, bone microenvironment, and immunity may participate in clonal selection of metastases, both in the bonedby reactivating
a “vicious circle” promoting bone homingdand in other organs. bFGF: basic fibroblast growth factor, BMP: bone marrow protein,
DKK-1: Dickkopf-related protein 1, ET-1: endothelin-1, HGF: hepatocyte growth factor, IGF: insulin growth factor, IL: interleukin,
IFNg: interferon-gamma, M-CSF: monocyte-colony stimulating factor, MDSC: myeloid-derived suppressor cells, MMP-9: matrix
metalloproteinase 9, NO: nitric oxide, NK: natural killer cell, PEG2: prostaglandin E2, PDGF: platelet-derived growth factor, PTHrP:
parathormone-related protein, RANK: receptor activator of nuclear factor kappa-B, RANKL: receptor activator of nuclear factor
kappa-B ligand, SOST: sclerostin, TAM: tumor-associated macrophages, TAN: tumor-associated neutrophils, TGF: transforming
growth factor, TNFa: tumor necrosis factor-alpha, Treg: regulatory T cells, VEGF: vascular endothelial growth factor. Arrows in red
(þ): activation process. Arrows in blue ("): inhibition process.
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Fig. 1. Depiction of Bone-Tumor Immunology.
The establishment of onco-niche and involvement of anti- and pro-tumor responses of immune cells characterize the survival of metastatic tumor cells in the bone. A)
Disseminated Tumor cells (purple) home to the hematopoietic stem cell (blue) niche in bone marrow and establish an “onco-niche” that helps tumor cells escape immune
surveillance and initiate the tumor bone vicious cycle. B) Tumor derived signaling mediators like TGF-! stimulate osteoblasts (pink) to secrete RANKL, which binds to its
receptor RANK on osteoclasts (green). Activated osteoblasts secrete tumor promoting growth factors like PTHrP, thereby creating a positive feedback in tumor-bone vicious
cycle.  C) During an anti-tumor immune response, dendritic cells (light blue) recognize tumor associated antigens and present to T cells (orange) resulting in activation and
trafficking of Cytotoxic T lymphocytes (CTLs, light green) and NK cells (dark pink) to the tumor site. Cancer cells express PD-L1 to engage PD-1 on CTLs to evade immunogenic
cell  death. D) Pro-tumor responses from the immune system depend on regulatory T cells (T-Regs, light brown), which express CTLA-4 to suppress CTL activity. The secretion
of  inhibitory cytokine IL-10 from tumor associated M2  macrophages (pink) is a crucial step in tumor immunosuppression. Red boxes represent therapeutic agents targeting
the  crucial steps in bone tumor immunity cycle and skeletal related events.

Table 1
Standard of care treatment of bone metastases.

Treatment Mechanism Effect on Bone metastases Notes Refs

SRE Treatments
Zoledronic acid inhibition of farnesyl

pyrophosphate synthase
Inhibition of Osteolysis Action against TAMs as well.

Recommended for adjuvant use
(Vignani et al., 2016)

denosumab mAb  against RANKL Reduces osteoclast activity (Vignani et al., 2016)
Radium-223 Localizes to bone, releases

alpha radiation
Cytotoxic to tumor cells by
inducing dsDNA breaks

Offers less myelosuppression due
to shorter range of alpha radiation

(Aragon-Ching and El-Amm,
2016)

Immunotherapies
nivolumab Anti-PD-1 mAb  Currently unstudied in bone

metastases
ipilimumab Anti-CTLA-4 mAb  Currently unstudied in bone

metastases
pembrolizumab Anti-PD-1 mAb  Currently unstudied in bone

metastases
atezolizumab Anti-PD-L1 mAB  Currently unstudied in bone

metastases
Sipuleucel-T Dendritic cells stimulated

with GM-CSF and PAP
Unknown (Vanneman and Dranoff, 2012)

cells, endothelial cells, fibroblasts, and mesenchymal stem cells
are recruited to promote neo-angiogenesis and bone metastatic
growth (Croucher et al., 2016). Tumor-derived exosomes were
also shown to educate bone marrow progenitors to support tumor
growth (Peinado et al., 2012). Together, the resident and infil-

trated stromal cells and their molecular mediators constitute a
unique bone metastatic microenvironment that results in sustained
immunosuppression contributing to bone induced tumor growth
(Fig. 1) (Tables 1 and 2).
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a  Localized disease

b  Regional disease

c  Distant disease

Localized disease
In the clinic, disease that is 
limited to the tissue or organ in 
which it began.

Regional disease
Cancer that has grown 
beyond the original tumour 
and spread to nearby lymph 
nodes or tissues.

gene expression. Genomic instability can be found in a 
metastatically competent subclone of a primary tumour 
and/or can appear in the metastatic lesions5–9. Genomic 
instability is hypothesized to create many cellular 
pheno types, any one of which may have all the neces-
sary properties to complete the metastatic process. Can 
therapeutic targeting of processes that control genomic 
stability improve outcome? Few of the tumour cells that 
originally invade the surrounding tissue of the primary 

tumour complete the metastatic process10; however, those 
that do go on to kill the patient. Can we identify the meta-
statically competent tumour cells or their products in the 
circulation as biomarkers or end points for earlier inter-
vention? These and other complexities of metastasis must 
be thoughtfully confronted to produce successful drugs.

This Review identifies functional pathways of metas-
tasis that are potentially efficacious for the prevention 
and treatment of metastases. It discusses the preclinical 
credentials that are required of lead antimetastatic agents. 
Finally, it looks into how we demonstrate an antimeta-
static outcome in the clinic within reasonable time, 
patient and funding limits and how these drugs could be 
incorporated into the existing SOC.

Where are we?
Patient survival. For the overwhelming majority of cancer 
patients, a diagnosis of metastatic disease indicates a ter-
minal illness. Although cancer death rates have declined, 
do patients with metastatic disease share equally in the 
improvements? Cancer incidence and 5-year survival 
data11,12 provide a broad impression (FIG. 1). Patients initially 
diagnosed with localized disease often experience excel-
lent 5-year survival (FIG. 1a).Those with regional disease at 
diagnosis (for example, patients with invasion of cancer 
to the regional lymph nodes) have lower survival overall, 
but, excluding patients with bladder or prostate cancer, 
patients often have survival gains between the 2005 and 
2015 reporting periods (FIG. 1b). Only 4 of the 12 cancer 
sites assessed (colorectal, oesophageal, lung and oral) 
were associated with gains in the survival of patients with 
distant metastatic disease at diagnosis, and only 1 site 
demonstrated a survival gain of more than 3% (FIG. 1c). 
Alarmingly, the 5-year survival of several types of cancer 
(including ovarian, prostate and uterine cancer) decreased 
between the two reporting periods. These trends could 
be debated because newer immunotherapy and molecular 

Figure 1 | Few improvements in 5-year survival for 
cancer patients initially diagnosed with metastatic 
disease. The percentage of patients surviving for 5 years is 
plotted based on their initial disease staging of localized 

(organ confined), regional (invasion to lymph nodes) or 

distant (metastases detected by imaging) using the US 

National Cancer Institute Surveillance, Epidemiology and 

End Results (SEER) registries11,12. Data covering 1995–2000 

and 2004–2010 were reported in 2005 and 2015, 

respectively, to determine where improvements were 

attained. With few exceptions, 5-year survival after a 

diagnosis of localized disease was excellent; where it was 

low in 2005, gains were observed in 2015. Regional disease 

survival rates fluctuated by cancer type, but the majority 

saw increased survival in the later reporting period. 

Patients with metastatic disease at diagnosis had lower 

overall 5-year survival rates, with fewer than 20% of 

patients surviving after 5 years for half of the cancer sites. 
The increase in survival between the 2005 and 2015 

reporting periods was under 3% in three of the four cancer 

types for which increased survival was seen. For each type, 

stage categories may not total 100% because of 

insufficient information for all cases. Beneath each plot is 

the incidence of each stage at diagnosis for the reporting 

period. *Localized and regional data were combined.

◀

REV IEWS

202 | APRIL 2016 | VOLUME 16 www.nature.com/nrc

ǟ
ɥ
ƐƎƏƖ

ɥ
�!,(++�-

ɥ
�4 +(2'#12

ɥ
�(,(3#"ƥ

ɥ
�++
ɥ
1(%'32

ɥ
1#2#15#"ƥ ǟ

ɥ
ƐƎƏƖ

ɥ
�!,(++�-

ɥ
�4 +(2'#12

ɥ
�(,(3#"ƥ

ɥ
�++
ɥ
1(%'32

ɥ
1#2#15#"ƥ

…alarmingly, however! 



Steeg, Nat Rev Ca 2016Nature Reviews | Cancer

Incidence
(%)

5-
ye

ar
 s

ur
vi

va
l (

%
)

5-
ye

ar
 s

ur
vi

va
l (

%
)

63 61 74 35 39 40 26 21 16 15 83 84 34 31 19 15 55 47 72 688 9 90 81*
0

10

20

30

40

50

60

70

80

90

100

Reporting 
year:

2005
2015

Bre
ast

Bladder

Colore
cta

l

Oeso
phagus

Lung

Melanoma
Ora

l

Ovary

Pancre
as

Pro
sta

te

Cervix

Ute
rin

e

Cancer site

Cancer site

Reporting 
year:

2005
2015

Reporting 
year:

2005
2015

Incidence
(%)

29 32 19 7 38 36 30 30 37 22 11 9 50 47 7 18 36 53 20 6826 28 90 81*
0

10

20

30

40

50

60

70

80

90

100

10

20

30

40

50

60

70

80

90

100

Bre
ast

Bladder

Colore
cta

l

Oeso
phagus

Lung

Melanoma
Ora

l

Ovary

Pancre
as

Pro
sta

te

Cervix

Ute
rin

e

5-
ye

ar
 s

ur
vi

va
l (

%
)

Cancer site

Incidence
(%)

6 5 3 4 19 20 27 27 39 57 3 4 10 18 68 61 7 12 8 852 53 5 4
0

Bre
ast

Bladder

Colore
cta

l

Oeso
phagus

Lung

Melanoma
Ora

l

Ovary

Pancre
as

Pro
sta

te

Cervix

Ute
rin

e

a  Localized disease

b  Regional disease

c  Distant disease

Localized disease
In the clinic, disease that is 
limited to the tissue or organ in 
which it began.

Regional disease
Cancer that has grown 
beyond the original tumour 
and spread to nearby lymph 
nodes or tissues.

gene expression. Genomic instability can be found in a 
metastatically competent subclone of a primary tumour 
and/or can appear in the metastatic lesions5–9. Genomic 
instability is hypothesized to create many cellular 
pheno types, any one of which may have all the neces-
sary properties to complete the metastatic process. Can 
therapeutic targeting of processes that control genomic 
stability improve outcome? Few of the tumour cells that 
originally invade the surrounding tissue of the primary 

tumour complete the metastatic process10; however, those 
that do go on to kill the patient. Can we identify the meta-
statically competent tumour cells or their products in the 
circulation as biomarkers or end points for earlier inter-
vention? These and other complexities of metastasis must 
be thoughtfully confronted to produce successful drugs.

This Review identifies functional pathways of metas-
tasis that are potentially efficacious for the prevention 
and treatment of metastases. It discusses the preclinical 
credentials that are required of lead antimetastatic agents. 
Finally, it looks into how we demonstrate an antimeta-
static outcome in the clinic within reasonable time, 
patient and funding limits and how these drugs could be 
incorporated into the existing SOC.

Where are we?
Patient survival. For the overwhelming majority of cancer 
patients, a diagnosis of metastatic disease indicates a ter-
minal illness. Although cancer death rates have declined, 
do patients with metastatic disease share equally in the 
improvements? Cancer incidence and 5-year survival 
data11,12 provide a broad impression (FIG. 1). Patients initially 
diagnosed with localized disease often experience excel-
lent 5-year survival (FIG. 1a).Those with regional disease at 
diagnosis (for example, patients with invasion of cancer 
to the regional lymph nodes) have lower survival overall, 
but, excluding patients with bladder or prostate cancer, 
patients often have survival gains between the 2005 and 
2015 reporting periods (FIG. 1b). Only 4 of the 12 cancer 
sites assessed (colorectal, oesophageal, lung and oral) 
were associated with gains in the survival of patients with 
distant metastatic disease at diagnosis, and only 1 site 
demonstrated a survival gain of more than 3% (FIG. 1c). 
Alarmingly, the 5-year survival of several types of cancer 
(including ovarian, prostate and uterine cancer) decreased 
between the two reporting periods. These trends could 
be debated because newer immunotherapy and molecular 

Figure 1 | Few improvements in 5-year survival for 
cancer patients initially diagnosed with metastatic 
disease. The percentage of patients surviving for 5 years is 
plotted based on their initial disease staging of localized 

(organ confined), regional (invasion to lymph nodes) or 

distant (metastases detected by imaging) using the US 

National Cancer Institute Surveillance, Epidemiology and 

End Results (SEER) registries11,12. Data covering 1995–2000 

and 2004–2010 were reported in 2005 and 2015, 

respectively, to determine where improvements were 

attained. With few exceptions, 5-year survival after a 

diagnosis of localized disease was excellent; where it was 

low in 2005, gains were observed in 2015. Regional disease 

survival rates fluctuated by cancer type, but the majority 

saw increased survival in the later reporting period. 

Patients with metastatic disease at diagnosis had lower 

overall 5-year survival rates, with fewer than 20% of 

patients surviving after 5 years for half of the cancer sites. 
The increase in survival between the 2005 and 2015 

reporting periods was under 3% in three of the four cancer 

types for which increased survival was seen. For each type, 

stage categories may not total 100% because of 

insufficient information for all cases. Beneath each plot is 

the incidence of each stage at diagnosis for the reporting 

period. *Localized and regional data were combined.

◀
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Targeting a Concept: Niche-Targeted Tx for Bone Mets
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Perivascular niche
A specialized 
microenvironment located 
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tumour burden in bone in an intratibial nude rat model 
of breast cancer214; however, the effect of this agent on 
dormant cell reactivation in the bone is unclear.

An alternative approach is to promote release  
of dormant cells from the protective environment of 
the niche, and target cells with currently available 
tumour-targeting agents (FIG. 5). This could be achieved 
in several ways. First, agents that stimulate osteoclast 
formation, such as G-CSF or even sRANKL, could be 
used to promote osteoclast-mediated remodelling of 
the endosteal niche and reactivation of dormant cells. 
Once active, these cells could be targeted by conven-
tional antitumour agents (FIG. 5). Secondly, the discov-
ery of specific molecules, for example AXL, expressed 
by dormant tumour cells engaged in the endosteal niche 
raises the possibility that these could be targeted to facili-
tate mobilization of tumour cells and targeting with 

conventional agents. Finally, it may be possible to use 
our new understanding of key regulators of dormancy to 
target dormant cells within the endosteal niche to effect 
tumour cell killing directly, as has been proposed for 
cells in the perivascular niche142.

Challenges and future requirements
Despite progress in understanding the early events in 
bone metastasis development, much greater under-
standing of colonization, survival and dormancy and 
the selective reactivation of dormant cells is required if 
we are to exploit this knowledge for therapeutic benefit.

Improved models of the early events in bone metas-
tasis are required. Most current models are based on 
dissemination of human cell lines into the skeleton of 
immunocompromised mice following intracardiac 
injection. As these cells are presented simultaneously 

Figure 5 | Niche-targeted therapies to prevent bone metastasis. a | In the absence of treatment, dormant cells are 
retained in an endosteal niche. Stochastic reactivation by osteoclasts releases cells from dormancy. b | Treatment with 
anti-resorptive agents, including bisphosphonates and anti-receptor activator of nuclear factor-κB ligand (RANKL) 
strategies (such as denosumab), offers the potential for long-term dormant cell retention. c | In contrast, stimulation of 
bone resorption with agents that promote osteoclast formation, including granulocyte colony-stimulating factor (G-CSF), 
soluble RANKL (sRANKL), or even androgen and oestrogen deprivation (through treatment with androgen deprivation 
therapy (ADT), or aromatase inhibitors or ovariectomy, respectively), will reactivate dormant cells, making them 
susceptible to conventional tumour-targeted agents. Equally, promoting reactivation by targeting regulators of 
colonization and/or dormancy, for example, with AMD3100 or inhibitors of the receptor tyrosine kinase AXL or growth 
arrest-specific protein 6 (GAS6), will also reactivate cells for conventional targeting. This may facilitate eradication of 
dormant cells (orange arrows) and effect a ‘cure’.
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of dormant cells from the protective environment of 
the niche, and target cells with currently available 
tumour-targeting agents (FIG. 5). This could be achieved 
in several ways. First, agents that stimulate osteoclast 
formation, such as G-CSF or even sRANKL, could be 
used to promote osteoclast-mediated remodelling of 
the endosteal niche and reactivation of dormant cells. 
Once active, these cells could be targeted by conven-
tional antitumour agents (FIG. 5). Secondly, the discov-
ery of specific molecules, for example AXL, expressed 
by dormant tumour cells engaged in the endosteal niche 
raises the possibility that these could be targeted to facili-
tate mobilization of tumour cells and targeting with 

conventional agents. Finally, it may be possible to use 
our new understanding of key regulators of dormancy to 
target dormant cells within the endosteal niche to effect 
tumour cell killing directly, as has been proposed for 
cells in the perivascular niche142.

Challenges and future requirements
Despite progress in understanding the early events in 
bone metastasis development, much greater under-
standing of colonization, survival and dormancy and 
the selective reactivation of dormant cells is required if 
we are to exploit this knowledge for therapeutic benefit.

Improved models of the early events in bone metas-
tasis are required. Most current models are based on 
dissemination of human cell lines into the skeleton of 
immunocompromised mice following intracardiac 
injection. As these cells are presented simultaneously 

Figure 5 | Niche-targeted therapies to prevent bone metastasis. a | In the absence of treatment, dormant cells are 
retained in an endosteal niche. Stochastic reactivation by osteoclasts releases cells from dormancy. b | Treatment with 
anti-resorptive agents, including bisphosphonates and anti-receptor activator of nuclear factor-κB ligand (RANKL) 
strategies (such as denosumab), offers the potential for long-term dormant cell retention. c | In contrast, stimulation of 
bone resorption with agents that promote osteoclast formation, including granulocyte colony-stimulating factor (G-CSF), 
soluble RANKL (sRANKL), or even androgen and oestrogen deprivation (through treatment with androgen deprivation 
therapy (ADT), or aromatase inhibitors or ovariectomy, respectively), will reactivate dormant cells, making them 
susceptible to conventional tumour-targeted agents. Equally, promoting reactivation by targeting regulators of 
colonization and/or dormancy, for example, with AMD3100 or inhibitors of the receptor tyrosine kinase AXL or growth 
arrest-specific protein 6 (GAS6), will also reactivate cells for conventional targeting. This may facilitate eradication of 
dormant cells (orange arrows) and effect a ‘cure’.
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Targeting a Concept: Niche-Targeted Tx vs Bone Mets



However, organs differ markedly in the structure and composition of 
their tissues, and their overt colonization involves distinct organ-specific 
metastatic traits112. This translates into patterns of metastasis distribution 
that vary greatly depending on the tumour type. For example, prostate 
cancer has a propensity to relapse in bone; uveal melanoma tends to recur 
in the liver; and sarcomas often return in the lungs. In contrast, mela-
nomas, breast carcinomas and lung adenocarcinomas tend to relapse in 
multiple organs. The kinetics of relapse also varies. For example, whereas 
recurrence in the brain frequently occurs at an early stage in metastatic 
lung cancer, this is typically a late event in metastatic breast cancer. Cer-
tain oncogenic mutations seem to affect metastatic tropism. For example, 
KRAS-mutant colon cancer advances to colonize the lungs from estab-
lished liver metastases113.

Bone metastasis is the best-understood case of overt colonization 
and offers clear examples of the organ-specific traits that determine this 
final stage of metastasis. Osteolytic bone metastasis occurs when the 
balance of bone-generating and bone-resorbing osteoclasts is altered 
to favour the latter. Numerous mediators of osteoclast activation have 
been implicated in this process114. Cancer-cell-derived parathyroid hor-
mone-related protein (PTHrP), IL-11 and TNF-α prompt osteoblasts 
to release receptor activator of NFκB ligand (RANKL), a protein that 
stimulates osteoclast maturation114–116. Bone metastatic cells also produce 
MMPs, which increase RANKL activity117 and reduce the levels of the 
RANKL antagonist osteoprotegerin118. Expression of the Notch ligand 

Jagged1 and cell-adhesion molecules VCAM1 and soluble intercellular 
adhesion molecule 1 (sICAM1) also contributes to the mobilization of 
osteoclasts95,119,120. Bone-matrix degradation by hyperactivated osteo-
clasts releases TGF-β that, in turn, augments the production of PTHrP, 
IL-11 and Jagged1 in the cancer cells and drives a vicious cycle of bone 
destruction114–116.

Interestingly, prostate cancer cells that spread to bone alter the homeo-
static balance in favour of osteoblastic activity, which stimulates the dep-
osition of bone matrix and leads to eventual displacement of the bone 
marrow. Cancer-cell factors that are implicated in osteoblastic metasta-
sis include fibroblast growth factors (FGFs), insulin-like growth factors 
(IGFs) and VEGFs, as well as endothelin 1, Wnt factors and BMPs114. 
Thus, bone metastasis provides a compelling example of how cancer cells 
engage their host microenvironment in overt metastasis. Similarly, spe-
cific stromal components can be engaged in other organs by metastatic 
cells with the necessary organ-specific colonization traits. For example, 
when breast and lung carcinomas spread to the brain, the cancer cells can 
profitably engage astrocytes and microglia by expressing endothelin 1 
(ref. 121). However, our knowledge of overt-colonization traits that are 
specific to organs other than bone is limited, and these traits need further 
investigation.

In certain groups of patients, metastasis is confined mainly to a 
particular organ that is better able to resist therapy than others. An 
example is the rise in the incidence of late brain and leptomeningeal 

Figure 4 | The biology of metastasis, before and after cancer therapy.  
Latent metastasis occurs owing to conditions that preserve the survival and 
tumour-initiating ability of disseminated cancer cells. The elimination of latent 
metastasis by targeting these survival mechanisms would prevent metastasis. 
Cancer cells that exit latency form manifest metastases. This condition is 
treated with combinations of conventional chemotherapy, targeted therapy 
and immunotherapy. Although treatment can dramatically reduce the 
metastatic burden, tumour elimination is frequently incomplete. A considerable 

proportion of the tumour cell population will withstand treatment by adaptating 
its intracellular pathways or by activating supportive paracrine inputs. The stress 
of targeted therapy causes drug-sensitive cancer cells to express a large number 
of secreted factors, known as a therapy-induced secretome, that can salvage 
drug-sensitive cells and accelerate the growth of minority drug-resistant cancer 
cells. This accelerated growth drives relapse as a drug-resistant tumour. The 
survival and growth mechanisms that residual cancer cells use during cancer 
therapy might resemble those used by their predecessors in the latent phase.
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Future Directions
• Identification of metastasis mediators, common to different organs and tumor 

types that could serve as potential Tx TARGETs (e.g check-check-point ImmunoTx) 

• CT DNA, EV, CTC, DTC analysis to monitor Tx response and early recurrence 

• Therapeutic strategies towards quiescent DTC/Ca stem cells and not just growing 
cancer cells 

• Better understanding of CTC colonisation 

• Unveil bone cell biology secrets 

• Multidisciplinary approach 

• Further clinical investigation to confirm preclinical data 

• Better priclinical models 

• Prevention (…lifestyle)!
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