
The dissemination of cancer cells from sites of primary 
tumour growth is necessary for metastasis; however, few 
disseminated tumour cells (DTCs) survive to grow in 
distant organs. In addition to the invasive properties that 
these primary cancer cells require, they need the abil-
ity to interact with the microenvironment of the organ 
of metastasis in ways that favour colonization, survival  
and growth1.

In patients with certain common cancers, includ-
ing those of the breast and prostate, the skeleton is the 
most frequent site for metastasis2. Understanding of this 
owes much to Stephen Paget who, on the basis of autopsy 
studies of women with breast cancer, made the seminal 
observation that “in cancer of the breast the bones suffer 
in a special way”3. These insights led Paget to propose 
the “seed and soil” hypothesis in which the ‘soil’ of bone 
supports the survival and growth of the breast cancer cell 
‘seed’2,3. This concept has been expanded to the modern 
view that cancer cells need characteristics that enable 
them to grow in distant individual organs, and the spe-
cific organ microenvironment is critical to the develop-
ment of metastases. Each metastatic microenvironment, 
whether it is brain, lung, liver or bone, exerts specific, 
and probably unique, functions that either support or 
oppose colonization by metastatic cells4.

In the skeleton, the multi-step process of metastasis 
development (FIG. 1) begins with colonization, when cir-
culating cells enter the bone marrow compartment and 
engage in specialized microenvironments or ‘niches’. 
The second steps involve survival and dormancy, such 
that colonizing DTCs adapt to their new microenviron-
ment, evade the immune system and reside in a dormant 
state for long periods, possibly decades. The third step, 
reactivation and development, requires an ability to 

escape from the dormant state to proliferate actively and 
form a micrometastasis. The final step, growth, occurs 
when cells grow uncontrollably, become independent  
of the microenvironment and ultimately modify bone as  
the metastasis flourishes.

Although progress has been made in understanding 
how tumour cells bring about changes to bone and how 
the bone microenvironment can control tumour growth 
in what is termed the ‘vicious cycle’5, we have limited 
knowledge of the crucial early events of colonization, 
survival and dormancy, and reactivation. Yet arguably, 
this is when tumour cells are most vulnerable to thera-
peutic targeting and are likely to provide the best oppor-
tunity to eradicate disease. Fortunately, the development 
of new technologies has facilitated the study of rare 
cells in bone, including dormant cells, and stimulated 
renewed interest in understanding these early steps in 
metastasis development. As the term ‘dormancy’ can be 
used to denote different phenomena, we use this term 
to define individual tumour cells that are resident in the 
skeleton in a quiescent state, or state of low cell cycling, 
for sustained periods of time but with the capability to 
give rise to overt tumours.

In this Review, we consider first, the properties of 
bone that enable it to host tumour growth and, sec-
ondly, the early critical events in metastasis to the bone 
by DTCs from solid cancers and also by cells of haemato-
logical malignancies, notably multiple myeloma, which 
are commonly located in bone. Although it is clear that 
these different tumours originate from different tissues 
and indeed different cellular lineages, they share features 
in common, particularly an ability to localize to similar 
locations in bone. It is therefore likely that they share 
common cellular and molecular features that control 
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Abstract | During the past decade preclinical studies have defined many of the mechanisms used 
by tumours to hijack the skeleton and promote bone metastasis. This has led to the development 
and widespread clinical use of bone-targeted drugs to prevent skeletal-related events. This 
understanding has also identified a critical dependency between colonizing tumour cells and the 
cells of bone. This is particularly important when tumour cells first arrive in bone, adapt to their 
new microenvironment and enter a long-lived dormant state. In this Review, we discuss the role 
of different bone cell types in supporting disseminated tumour cell dormancy and reactivation, 
and highlight the new opportunities this provides for targeting the bone microenvironment to 
control dormancy and bone metastasis.
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a collagen matrix.
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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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The lineage that gives rise to 
cells that can make new bone; 
these include bone lining cells, 
osteoblasts and osteocytes.
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The cells responsible for the 
coordinated removal and 
replacement of a quantum of 
bone in bone remodelling.

Hyperparathyroidism
A disorder of the parathyroid 
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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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Reversal phase
The phase of bone remodelling 
between bone formation and 
bone resorption.

Endochondral ossification
One of the essential processes 
by which bone is formed via a 
cartilage cell precursor.

Canaliculi
The microscopic canals that 
link the lacunae occupied by 
osteocytes.

The endosteal bone surface. Although the BRC is an 
important feature of the bone microenvironment, it 
represents only a small proportion of the bone surface. 
Indeed, only 1–2% of the bone surface is undergoing 
bone resorption and approximately 20% is undergoing 
bone formation in humans at any one time38,39,44. Even if 
we consider the reversal phase, this would argue that less 
than 25% of the endosteal surface is actively involved 
in bone remodelling. The remaining endosteal surface 
is covered largely by bone lining cells and is relatively 
quiescent (FIG. 2). Capillaries are found associated with 
both quiescent and actively resorbing endosteal surfaces, 
although their frequency is higher at resorbing surfaces. 
The quiescent surface is also innervated and populated 
by cells other than bone lining cells, including F4/80 
(also known as ADGRE1)+ macrophages, which are also 
referred to as osteomacs)45.

The fact that colonizing tumour cells may be 
delivered to different bone microenvironments could  
be key to their fate. Those delivered to the BRC will be 
exposed to a rich microenvironment containing fac-
tors that promote growth and survival and thus the 
cells may grow immediately, whereas those arriving at 
quiescent surfaces will find a microenvironment that 
promotes tumour cell dormancy. Given that the qui-
escent endosteal surface predominates, it is conceiva-
ble that colonizing tumour cells may be more likely to 
become dormant than to proliferate when they arrive in 
bone. In this regard, it is already clear that cells present 
on the bone surface can provide a localized supportive 
microenvironment, or niche, in which specialized cells 
reside46. Although this has been best studied in relation 
to haematopoietic stem cells (HSCs), this may have 
direct implications for understanding how cancer cells 
survive in bone.

Bone cells and stem cell niches in bone. Early studies 
showed that HSCs home to spindle-shaped, N‑cadherin 
(also known as cadherin 2)+ CD45 (also known as 
PTPRC)− osteoblasts in endosteal regions of bone47–49 
and consequently, the HSC niche was referred to as the 
“osteoblast” or “endosteal” niche48,49. However, these 

studies could not specify which cells in the osteo-
blast lineage are present in these niches50,51. Studies in 
mice in which the parathyroid hormone/parathyroid  
hormone-related protein receptor (PTH/PTHrP recep-
tor; which is encoded by Pth1r) was overexpressed in 
the osteoblast lineage, or in which the bone morpho-
genetic protein (BMP) receptor type 1A (Bmpr1a) 
gene was deleted, demonstrated the importance of the 
osteoblast lineage, or preosteoblasts to the osteoblast 
or endosteal niche48,49. The importance of early osteo-
blast precursors in niche formation is supported by the 
discovery of pericyte involvement in the HSC niche52. 
Pericytes are mesenchymal stem cells (MSCs) that 
adhere to blood vessels in the bone marrow and are SSC 
precursors of osteoblasts22,28,29,53,54 (FIG. 2). Ex vivo real-
time and intravital imaging in animals indicates a close 
association between the endosteal osteoblastic HSC 
niche and vasculature, and that endochondral ossification 
is required for HSC niche formation55–57. Furthermore, 
activating mutations in β‑catenin that drive osteoblast 
differentiation have been shown to promote develop-
ment of acute myeloid leukaemia, which also develops 
in the bone marrow58. However, recent evidence points 
to cells early in the osteoblastic lineage playing a part 
in the HSC niche and there was no evidence in these 
studies that mature, bone-synthesizing osteoblasts have 
a role29,59,60. Although the precise nature of the cells that 
comprise the HSC niche has not been fully defined, it 
is clear that cells present on the endosteal bone surface 
have the capacity to support HSCs and may support 
colonizing tumour cells.

Tumour cell colonization of bone
The success of colonizing cancer cells in establishing 
themselves in the bone microenvironment is likely to be 
determined by intrinsic properties of the DTCs, which 
are governed by the primary tumour microenvironment, 
as well as by acquired characteristics determined by the 
distant bone microenvironment. There are certainly 
many aspects of the biology of bone that are unique in 
providing influences that are unlikely to be available  
in other metastatic sites.

Box 1 | Cells of the osteoblast lineage and putative roles in tumour cell dormancy

Tumour cells interact with cells of the osteoblast lineage and influence their bone-forming ability. In the case of osteolytic 
disease this is usually associated with osteoblast suppression, whereas in osteosclerotic disease this results in increased 
osteoblast formation and function, and leads to inappropriate bone deposition. Osteoblast lineage cells also have a role 
in the early tumour cell colonization of bone and may prove to be pivotal in controlling tumour cell dormancy in the 
skeleton. Cells of this lineage have different roles at different stages and they should not be considered as a single entity:

•	Skeletal stem cells have the capacity to give rise to osteoprogenitors and cells of the osteogenic lineage.

•	Osteoprogenitors are derived from skeletal stem cells and undergo transition through the osteogenic lineage.

•	Osteoblasts are bone-forming cells; their short-lived nature makes them the least likely among the lineage to have a 
role in supporting the long-term dormancy of tumour cells in bone.

•	Bone lining cells are derived from osteoblasts that have completed their functional bone-forming activity. They cover 
the endosteal bone surface and are abundant, long-lived and relatively quiescent. They can be reawakened to form 
bone and are well placed to support the long-term dormancy of tumour cells that have successfully colonized bone.

•	Osteocytes are derived from osteoblasts that have become embedded in mineralizing bone. They respond to 
mechanical strain and are pivotal regulators of bone remodelling, communicating with the bone surface via canaliculi. 
Osteocytes are likely to respond to the presence of tumour cells that either are on the endosteal surface or have 
modified the bone microenvironment.
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Innate immune system
The cells and mechanisms 
present in readiness to fight 
microorganisms.

Elastic modulus
A measure of the elasticity 
or stiffness of a material.

Primary tumour determinants of bone metastasis. 
Gene expression studies have identified signatures in 
primary cancers in humans that are associated with poor 
outcome and metastasis61–63. In human breast cancer 
cells, bone metastatic signatures, which include expres-
sion of interleukin‑11 (IL11), connective tissue growth 
factor (CTGF) and SRC signatures have been defined64,65. 
Expression of transforming growth factor‑β (TGFβ) 
in the primary tumour also induces angiopoietin- 
like protein 4 (ANGPTL4) and promotes retention 
of metastatic cancer cells in the lungs, but not bone66. 
Furthermore, cancer associated fibroblasts (CAFs) in 
the primary tumour can impose selective pressure for 
tumour cell clones with a propensity to grow in bone, 
which seems to be mediated by C‑X‑C motif chemo
kine ligand 12 (CXCL12; also known as SDF1) and 
insulin-like growth factor 1 (IGF1) that are secreted by 
the CAFs67,68. By contrast, expression of interferon regu-
latory factor 7 (IRF7)-regulated genes in primary breast 
cancers is associated with increased bone metastasis-free 
survival, and interferon treatment or overexpression of 
IRF7 in 4T1 tumour cells prevents bone metastasis in 
mouse models69. This supports the notion that the con-
trol of the innate immune system by primary breast cancer 
cells restricts tumour immune surveillance, facilitating 
bone metastasis. Moreover, in prostate cancer, expres-
sion of CXCL16 by tumour cells mediates recruitment 
of MSCs into the primary tumour, controls their differ-
entiation into CAFs, induces epithelial–mesenchymal 
transition (EMT) and aids metastasis to bone68.

Although studies have found that matched primary 
cancers and metastases were more similar than those 
from different patients63, this has not been widely repli-
cated and indeed different gene expression profiles have 
been reported in primary and metastatic sites of breast 
and colon cancers70–72. This is not surprising, as signa-
tures from a primary cancer will be driven by exposure 
to a different microenvironment from that experienced 
in the metastatic site. Furthermore, independent pro-
gression of metastases arising from early DTCs is also 
likely to result in increased intraclonal variation between 
the primary tumour and individual bone metastases, a 
concept supported by the intraclonal heterogeneity 
described in prostate cancer bone metastases73,74,75. Thus, 
it may not be a surprise if gene signatures in the primary 
tumour differ from those of the bone metastasis.

The regulation of tumour cell colonization of bone. In 
bone, tumour cells initiate colonization through a pro-
cess controlled by the physical microenvironment, spe-
cific chemokines and adhesion molecules. Tumour cells 
entering bone encounter a physical environment differ-
ent from that of other organs. The bone extracellular 
matrix is more than 105 times more rigid than the extra-
cellular matrix found in soft tissue, and matrix rigidity 
controls cell behaviour, transformation and morpho
genesis76,77. Synthetic substrates, with elastic modulus val-
ues ranging from those of soft tissue to those of bone78, 
show that increasing matrix rigidity increases GLI2 and 
TGFβ signalling, and parathyroid hormone-like protein 
(Pthlh; the gene encoding PTHrP) promoter activity in 

breast cancer cells79,80, factors crucial in the develop-
ment of bone metastasis. This argues that the physical 
environment, although poorly understood, may be an 
important determinant in establishing tumours in bone.

Tumour cells express specific repertoires of mole-
cules that facilitate colonization. For example, expres-
sion of C‑X‑C motif chemokine receptor 4 (CXCR4) 
facilitates chemotaxis and invasion of a range of tumour 
cells into lymph nodes, lung and bone81–83. In bone, 
CXCR4 binds to CXCL12, which is expressed by mes-
enchymal cells adjacent to bone surfaces or by peri-
cytes84,85, and MDA‑MB‑231 breast cancer cells selected 
for their propensity to establish themselves in bone 
express CXCR4 (REF. 64). Human multiple myeloma 
cells also express CXCR4, which controls integrin- 
mediated migration and binding to vascular cell adhe-
sion molecule 1 (VCAM1) on local bone cells86,87 and 
upregulates macrophage inflammatory protein 1α 
(MIP1α; also known as CCL3)88, a pro-osteoclastic fac-
tor produced by multiple myeloma cells88–90. Importantly, 
inhibition of CXCR4 releases multiple myeloma cells 
from the bone and reduces tumour burden by increas-
ing tumour cell sensitivity to the proteasome inhibitor 
bortezomib91. Similarly, release of prostate and breast 
cancer cells from the control of the bone microenviron-
ment by CXCR4 antagonism increases their sensitivity to  
chemotherapeutic agents92,93.

Tumour cells also express integrins, including ανβ3 
and ανβ5 (REF. 94), which can bind to osteopontin (OPN), 
bone sialoprotein (BSP; also known as IBSP) and vit-
ronectin expressed by cells of the osteoblast lineage95,96, 
and E‑cadherin, which can bind to N‑cadherin on osteo
blasts97. Tumour cells also express OPN themselves and 
in women with breast cancer this is associated with bone 
metastasis98,99. BSP is also expressed in breast cancer cells 
and controls adhesion, migration and proliferation by 
binding to ανβ3 and ανβ5; cells lacking BSP expression 
have reduced bone metastatic potential100–102. In contrast, 
multiple myeloma cells express integrin α4β1 (REF. 103), 
which mediates interactions with bone cells via VCAM1, 
and treatment of mice bearing 5TGM1 mouse multiple 
myeloma cells with anti-integrin β1 antibody reduces 
tumour growth104, arguing for a functional role of  
integrin β1 in colonization.

Tumour cells also express cytokine receptors, which 
may contribute to colonization. For example, breast and 
prostate cancer cells and B16 melanoma cells express 
RANK, the receptor for RANKL, and RANKL pro-
motes motility of these cells in vitro, whereas inhibition  
of RANKL signalling with OPG prevented establishment of 
bone metastasis by intracardiac injection of B16 mela
noma cells105. In metastatic bone disease and myeloma, 
tumour cells promote RANKL production by osteoblast 
lineage cells106–109, and in experimental models RANKL-
targeted agents prevent bone disease and reduce tumour 
burden110–113. Stimulation of the sympathetic nervous 
system also enhances RANKL production by osteoblas-
tic cells and is associated with a pro-migratory effect on 
cancer cells in vitro and increases in breast cancer bone 
metastasis in vivo114. Whether the antitumour effect 
is mediated by blockade of the vicious cycle, blocking 
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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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Metastasis initiating cells
Cancer cells with the ability to 
give rise to overt metastasis in 
distant organs.

Cancer stem cells
Cancer cells with self-renewal 
and tumour-initiating abilities.

in a dormant state143. Physical changes to the micro
environment brought about by sprouting new blood ves-
sels remove this suppressive signal, releasing cells from 
dormancy and increasing breast cancer cell growth143. 
TGFβ and periostin, which are also expressed by osteo
blasts144,145 and implicated in breast cancer cell growth 
and metastasis64,146–150, are released from the endothe-
lial tip cells of the neovasculature to promote tumour 
growth in mice143.

The location of the bone metastasis niche in the skele-
ton. Although evidence suggests that the endosteal sur-
face and cells of the osteoblast lineage are important in 
tumour colonization of bone and may control dormancy, 
the specific identity of the cells that comprise the niche 
remains to be determined. Whether these cells are func-
tional bone-synthesizing osteoblasts, osteoprogenitors, 
bone lining cells or even SSCs has still to be established. 
Equally, other cells, including osteomacs45,151, endothelial 
cells, perivascular cells or neurons, also found associated 
with the endosteal surface, may have a role.

However, the long latency associated with bone metas-
tasis development suggests that niches are stable microen-
vironments that do not undergo short-term change. This 
provides clues to their locations and the identity of the 
cells that comprise the niche. This is certainly supported 
by the demonstration that stable microvasculature pro-
vides a niche for breast cancer cells, whereas the sprout-
ing microvasculature activates dormant cells143. This 
would argue against functional bone-synthesizing oste-
oblasts within the BRC being components of the niche, as 
human bone formation occurs over months rather than 
years152, and these cells will change during this period as 
their functional capacity declines and they become oste-
ocytes or bone lining cells. These changes would result in 
changes to the niche, removal of suppressive signals and 
would lead to reactivation of dormant cells. It is there-
fore likely that cells that exist in a long-term quiescent 
state such as bone lining cells are better placed to support  
long-term tumour cell dormancy (FIG. 2).

Control of dormant cell reactivation
The niche is crucial in capturing and retaining tumour 
cells in a long-term dormant state in bone. This may 
be a multi-step process. The first step of engagement 
occurs when tumour cells use a profile of receptors and 
adhesion molecules to locate and adhere to cells within 
the niche (FIG. 3). The second step occurs when cells 
in the niche regulate the phenotype of the colonizing 
tumour cells to stabilize the cell, ensure that they adapt 
to this environment and induce dormancy (FIG. 3). This 
is likely to be an active process requiring induction 
of new gene expression, and to be niche dependent. 
However, a crucial step will be the release of cells from 
the niche to form an overt metastasis. Currently, our 
understanding of how dormant cells escape control 
of the niche is limited. The selective release of some 
but not all dormant cells suggests a complex level of 
control13; however, we have only limited insights into 
what is arguably one of the most important questions 
in the field.

VCAM1 may be one tumour cell product that has 
a role in activation of indolent micrometastasis153–155. 
This is believed to be through recruitment of integ-
rin α4β1

+ osteoclast progenitors, which have a role in 
establishing a vicious cycle153. Although this remains 
an intriguing hypothesis it does not explain why only 
selected dormant cells get activated. Indeed, release 
from dormancy (reactivation)156 may be under tumour 
cell-autonomous (intrinsic) control. While dormant, 
metastasis-initiating cells have many of the characteristics 
of putative cancer stem cells156; only a small proportion 
are reactivated, suggesting that there is heterogeneity 
among this population. Whether these features are pres-
ent in the colonizing tumour cells or acquired once they 
have entered the bone metastasis niche is unclear (FIG. 3); 
however, the fact that dormant tumour cells cycle rarely 
argues that acquisition of new genetic or epigenetic 
events that facilitate reactivation is unlikely.

An alternative explanation is that release from dor-
mancy is under non-tumour cell (extrinsic) control 
(FIG. 4). This would require changes to the local micro
environment that result in removal of crucial signals 
that maintain cells in a dormant state. Alternatively, 
both models may operate with limited numbers of cells 
retaining the capacity to be reactivated once changes to 
the microenvironment remove inhibitory signals. Of 
course, the possibility that these two models operate 
independently cannot be excluded. Indeed, it has been 
proposed that in solid tumours there may be two differ-
ent metastasis-initiating cells156 and it is conceivable that 
these different populations respond differently to changes 
in the niche. There is certainly increasing evidence 
that bone cells regulate the behaviour of tumour cells 
and in doing so have the capacity to release dormant 
cells from niches in bone, arguing for extrinsic control 
of reactivation.

Bone turnover and osteoclasts regulate tumour growth. 
Manipulation of the bone microenvironment in exper-
imental models of solid tumour growth in bone is well 
known to alter tumour development. Examples include 
overexpression of PTHrP, vitamin D deficiency, calcium 
restriction and ovariectomy, which all increase bone 
turnover and all accelerate tumour development in the 
skeleton157–161. Interestingly, dietary calcium restriction 
increases osteoclastic resorption and tumour growth 
but has no effect on osteoblast numbers, suggesting that 
the effect is mediated by osteoclasts rather than osteo-
blasts158. Furthermore, resorption inhibition, with either 
OPG treatment or bisphosphonates, reduces tumour 
burden, arguing for a role for osteoclasts in reactivating 
tumour growth in bone162–164. Ottewell et al.10 recently 
demonstrated that breast cancer cells develop lesions 
in the skeleton of young but not mature (in which 
bone turnover is reduced) mice. This is despite the 
demonstration that DTCs can be detected in the bones 
of mature animals. Ovariectomy, which accelerates  
bone turnover in mature mice, increased the number of 
bone lesions, but not non-osseous lesions10. This is inhib-
ited by blocking osteoclastic resorption with the bis-
phosphonate zoledronic acid or recombinant OPG10,165. 

R E V I E W S

NATURE REVIEWS | CANCER	  VOLUME 16 | JUNE 2016 | 379

©
 
2016

 
Macmillan

 
Publishers

 
Limited.

 
All

 
rights

 
reserved. ©

 
2016

 
Macmillan

 
Publishers

 
Limited.

 
All

 
rights

 
reserved.



Nature Reviews | Cancer

Bone

Bone 
marrow

Osteoclast

Microenvironment 
dependent

Microenvironment 
dependent

Microenvironment 
modifying

Osteocyte

Activated tumour cells
(micrometastasis)

Dormant 
tumour 
cell

Overt metastasis

Vicious 
cycle

Re-engagement
and dormancy

Osteoblast 
lineage-induced 
dormancy

Osteoclast
reactivation

Bone lining cell

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 osteoclast 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 osteoblast 
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 downregulate 
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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Monoclonal gammopathy of 
unknown significance
(MGUS). A disorder 
characterized by the presence 
in the blood of an abnormal 
protein that is produced by 
plasma cells that in some 
individuals can transition to 
multiple myeloma.

The fact that stimulators of osteoclastic bone resorp-
tion accelerate bone metastasis and inhibitors of bone 
resorption all slow tumour growth in bone (as discussed 
above), supports this hypothesis. Although this has been 
interpreted as promoting the vicious cycle model of  
bone metastasis, it may now be appropriate to consider 
that osteoclastic resorption could have more than one 
role in the development of bone metastasis: the first in 
reactivating dormant tumour cells to promote tumour 
outgrowth in bone, and the second as part of the vicious 
cycle when the tumour is established and begins to  
modify the microenvironment (FIG. 4).

Implications for control of dormancy
With evidence that osteoblasts and osteoclasts control 
dormancy come important clinical implications (FIG. 5). 
These could include the use of biochemical markers as 
early predictors of disease progression. This is certainly 
supported by histomorphometric studies showing that 
increases in osteoclastic resorption in patients with  
monoclonal gammopathy of unknown significance (MGUS) 
are associated with progression to overt multiple 
myeloma172 and that increases in biochemical mark-
ers of bone resorption precede disease progression173. 
However, the most important implications may come in 
the context of treatment. This is likely to include impli-
cations for current therapies but also may provide new 
treatment strategies, including promoting long-term 
dormancy retention or dormant cell reactivation and 
targeting to eradicate minimal residual disease142.

Clinical implications of current therapeutic approaches. 
Currently used hormonal therapies have a direct impact 
on the skeleton. For example, androgen deprivation 
therapy (ADT), which is widely used in men with 
prostate cancer, is associated with osteoclast-mediated 
bone loss174. This can be prevented by inhibitors of bone 
resorption, including bisphosphonates175–178 and the 
anti-RANKL antibody denosumab179,180. Although this 
is important181, by increasing resorption ADT may have 
additional consequences, including the reactivation of 
dormant tumour cells11. This is also the case for aro-
matase inhibitors (AIs) used to treat women with breast 
cancer, which increase osteoclast-mediated bone loss182. 
Bisphosphonate treatment also prevents AI‑induced 
bone loss183 and may limit inadvertent activation of 
dormant breast cancer cells in bone.

Tumour-targeted agents also affect bone, yet with 
few exceptions this has rarely been recognized184. For 
example, in mice and humans, proteasome inhibi-
tors stimulate osteoblastic bone formation and sup-
press osteoclastic bone resorption185–188. In contrast, 
immunomodulatory drugs, such as thalidomide and 
lenalidomide, inhibit osteoblast differentiation and bone 
formation in vitro and in animal models189,190, and 
may inhibit osteoclastic bone resorption in vitro191–193. 
Similarly, doxorubicin causes bone loss by increasing 
bone resorption and suppressing bone formation194–196 
and can accelerate the development of bone lesions in 
preclinical models196, whereas the heat shock protein 
90 (HSP90) inhibitor 17‑N‑allyamino‑17‑demethoxy 

geldanamycin (17‑AAG) and methotrexate increase 
bone loss by promoting osteoclast formation and bone 
resorption in vitro and in mouse models195,197–199.

These agents that stimulate osteoclasts and bone 
resorption have the capacity to inadvertently reactivate 
dormant cells. Conversely, agents that promote osteo-
blastic bone formation may increase the number of cells 
that form the endosteal niche, retain dormant cells in the 
niche and slow progression. However, we cannot exclude 
the possibility that by creating more bone niches that can 
be populated by tumour cells this could have long-term 
deleterious effects. Only direct examination of the fate 
of dormant cells in the bone metastasis niche following 
therapeutic intervention will enable us to answer these 
questions.

New therapeutic opportunities. The discovery that bone 
cells control tumour cell dormancy opens up new thera
peutic opportunities. This includes exploiting bone- 
active agents to retain cells in a dormant state indefinitely, 
or reactivating dormant cells and killing them with existing 
tumour-targeting agents to effect a ‘cure’.

Drugs that target osteoclastic resorption, includ-
ing the bisphosphonates (such as zoledronic acid) and 
denosumab, are used to treat tumour-induced bone dis-
ease. These agents reduce skeletal-related events200–204. 
However, there is increasing evidence to suggest that 
they also improve survival. In patients with multiple 
myeloma, bisphosphonates are associated with increases 
in overall survival, and in the UK Medical Research 
Council (MRC) Myeloma IX trial this is independent 
of effects on skeletal disease204,205. In women with breast 
cancer, zoledronic acid treatment is also associated with 
improvements in recurrence of bone metastasis and over-
all survival200,206, although, among women with breast 
cancer, this is confined to postmenopausal women in 
whom bone resorption is increased200,207. Furthermore, 
in patients with castration-resistant prostate cancer, 
inhibiting bone resorption with denosumab increased 
bone-metastasis-free survival and delayed time to first 
bone metastasis208. Furthermore, recent clinical studies 
have shown that zoledronic acid treatment, commencing 
at the time of ADT initiation, improved the time to pros-
tate-specific antigen failure209,210. This was not observed 
when treatment started after ADT initiation 211, which 
supports the notion that immediate intervention prevents 
osteoclast reactivation of DTCs. Thus, early intervention 
with bone resorption inhibitors, particularly when osteo-
clastic resorption is elevated, may prevent reactivation of 
dormant cells and metastasis development (FIG. 5).

Interestingly, a new agent in clinical development for 
osteoporosis, the cathepsin K inhibitor odanacatib, inhib-
its bone resorption while maintaining non-resorbing 
osteoclasts212. In preclinical studies, osteoclast-specific 
cathepsin K ablation inhibits bone resorption while 
maintaining the number of osteoclasts that are proposed 
to generate sufficient activity to maintain bone forma-
tion213. This raises the possibility that the various inhib-
itors of bone resorption may have differential effects on 
tumour development in bone depending on their mech-
anism of action. Odanacatib has been shown to reduce 
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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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Calvaria
The bones of the skull 
(cranium) that protect the 
brain.

Two-photon 
photoconversion
The use of two-photon 
excitation light to convert the 
emission spectra of a 
photoconvertible fluorescent 
probe from one colour (for 
example, green) to another (for 
example, red).

in large numbers to bone, any property they have of 
promoting osteoclast formation predominates, favour-
ing their establishment and survival. These models also 
lack crucial components of the immune system, which 
is important in metastasis development69. Although syn-
geneic models have attempted to address this13,111,215, we 
have some way to go. The heterogeneity found clinically 
is also not captured in most current models, so systems 
developed directly from patient bone metastases or pri-
mary material will be important, an approach that is now 
feasible216,217. However, where real progress is required is 
in the development of genetic models. The application 
of next-generation sequencing to bone metastases iso-
lated from individuals with disease will surely identify 
genetic drivers of metastasis74,75, which will be key in the 
construction of models in the future.

With the development of models comes the need to 
better visualize the dynamic nature of tumour cell–niche 
interactions. It will be particularly important to be able to 
visualize and follow the fate of individual tumour cells as 
they engage in the niche, acquire a dormant state and are 
then reactivated to form overt bone metastases. Although 
intravital microscopy has been used to examine niches 
in the calvaria56,218,219, this has not typically been applied 
to the study of tumour development in other skeletal 
sites. However, the application of new intravital imag-
ing methodologies now provides opportunities to study 
these events in different bone compartments in real 
time13. Furthermore, coupling this technology with recent 
advances in fluorescent probe development, includ-
ing two-photon photoconversion for tracking the fate of 
single cells in live animals, provides the real prospect  
of studying the evolution of bone metastasis220,221. In addi-
tion, the application of next-generation technologies to 

understand the intraclonal heterogeneity of bone metas-
tasis, as well as transcriptional profiling of colonizing and 
dormant tumour cells, will be key to defining the crucial 
molecular events that define the early steps in metastasis 
development and identifying tractable therapeutic targets.

Summary and conclusions
Progress in visualizing and studying the early events of 
tumour colonization, dormancy and reactivation has 
provided new insights into the role of bone cells in con-
trolling bone metastasis. Cells of the osteogenic lineage, 
probably SSCs and bone lining cells, present on quiescent 
endosteal surfaces, but not functional bone synthesiz-
ing osteoblasts, are crucial in providing a niche for the 
long-term retention of dormant tumour cells that have 
colonized the skeleton. Conversely, osteoclasts, by remod-
elling the endosteal bone surface, release dormant tumour 
cells from the active control of the bone niche, facilitat-
ing reactivation and tumour growth, which probably 
explains why only limited numbers of dormant cells get 
reactivated. This stochastic reactivation of dormant cells 
and metastasis initiation by osteoclasts argues that we 
need to revisit the vicious cycle model of bone metastasis 
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