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Abstract

The bone marrow has been long known to host a unique environment amenable to colonization by 

metastasizing tumor cells. Yet, the underlying molecular interactions within this specialized 

microenvironment which give rise to the high incidence of bone metastasis in breast and prostate 

cancer patients have long remained uncharacterized. With the recent description of the bone 

metastatic “niche,” considerable focus has been placed on understanding how the bone stroma 

contributes to each step of metastasis. Discoveries within this field have demonstrated that when 

cancer cells home to the niche in which hematopoietic and mesenchymal stem/progenitor cells 

normally reside, a bidirectional crosstalk emerges between the tumor cells and the bone metastatic 

stroma. This communication modulates every step of cancer cell metastasis to the bone, including 

the initial homing and seeding, formation of micrometastases, outgrowth of macrometastases, and 

the maintenance of long-term dormancy of disseminated tumor cells in bone. In clinical practice, 

targeting the bone metastatic niche is evolving into a promising avenue for the prevention of bone 

metastatic relapse, therapeutic resistance, and other aspects of cancer progression. Here, we review 

the current knowledge concerning the role of the bone metastatic niche in bone metastasis.
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Introduction

The bone is an organ frequently infiltrated by the metastatic spread of solid tumors [1–4]. 

An estimated 350,000 people in the United States die each year with bone metastasis as 65–

80% of patients with metastatic breast or prostate cancer present skeletal complications, 

while lower rates are observed in patients with lung, kidney, thyroid or other cancers [1–3, 

5]. Despite the recent approval of several bone-specific agents to alleviate skeletal-related 

complications, bone metastasis remains largely incurable and such treatments are usually 

palliative in nature [5–7]. This status may soon change as significant advances in bone 

metastasis research in recent years have revealed an intricate interaction between the 

metastatic tumor cells and the resident bone microenvironment essential for the development 

of osteolytic or osteoblastic bone lesions[1–3, 5]. Collectively, the unique combination of 
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cell types, connective tissues, and signaling molecules has been named the “bone metastatic 

niche”.

Anatomically, the bone areas most frequently colonized by disseminated tumor cells (DTCs) 

are the axial skeleton, including the spine, ribs, and pelvic bones [8]. This pattern correlates 

with areas of red marrow in fully mature adults, indicating that active hematopoietic 

processes are available to provide ample cells, extracellular matrix, and nutrition to 

metastatic tumor cells at these sites [9]. These bone stromal cells, such as osteoblasts, 

osteoclasts, mesenchymal stem/stromal cells (MSCs), endothelial cells, macrophages, 

neutrophils, lymphocytes, and hematopoietic stem/progenitor cells (HSPCs), have been 

shown to either expedite or impede the progression of cancer cell metastases [10, 11]. 

Furthermore, a series of trophic factors, cytokines, and chemokines serve as bone stroma-

derived mediators that play critical roles in building the specialized bone metastatic niche. 

Of these known regulators, CX-chemokine ligand 12 (CXCL12), integrins, osteopontin 

(OPN), vascular cell adhesion molecule-1 (VCAM-1), transforming growth factor beta 

(TGF-β), Jagged 1, and the receptor activator of nuclear factor kappa-b ligand (RANKL) 

display the greatest influence in specifying the metastatic niche. Taken together, these BM 

niche cells and factors constitute a finely organized network that promotes DTC homing, 

seeding, hibernation, and proliferation, while facilitating the progressive breakdown of 

normal hematopoiesis and osteogenesis [12–14]. These tumor-stroma interactions not only 

serve as a quintessential proof for Stephen Paget’s visionary “seed and soil” hypothesis of 

cancer metastasis [15], but also led to the development of effective therapeutic agents, such 

as osteoclast-targeting bisphosphonates and the RANKL-neutralizing antibody (Denosumab) 

for controlling cancer-induced bone complications[1, 5]. In the future, a more 

comprehensive understanding of the bone metastatic niche will facilitate the development of 

novel therapeutic strategies for preventing or curing otherwise fatal bone complications.

The normal bone niche and homeostasis

The bone is the principal site that houses hematopoiesis and osteogenesis in healthy 

individuals. Accumulating evidence has shown that there is an intricately-organized 

microenvironment inside the bone that regulates the dynamic balance among various stem 

cells, progenitor cells, mature immune cells, and supporting stromal cells; this has been 

named the bone niche [12, 16]. In recent years, a remarkable progress has been made in the 

identification and characterization of the key cells and molecules regulating hematopoiesis 

and osteogenesis in the bone microenvironment. One emerging concept describes the 

existence of two primary niches in the bone marrow (BM): the osteoblastic niche and the 

perivascular niche. These contrasting niches house two types of adult stem cells and their 

progeny: hematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs) [16–18]. 

HSCs differentiate to form the entire immune system and are the most well-defined stem 

cells, whereas the latter, the MSCs, have been recently revealed as a new niche component 

in the BM serving to differentiate into the mesenchymal lineage cells, which include 

osteoblasts, adipocytes, chondrocytes, fibroblasts, and other stromal cells. These two cell 

lineages are intertwined with each other in the bone niche to sustain normal bone 

homeostasis. Compromising the normal bone niche and homeostasis leads not only to bone 

complications such as osteopetrosis, osteoporosis, osteoarthritis and malignancy, but also 
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induces a series of broad disorders affecting most of the organs in the body [19]. While this 

new definition of the normal bone niche is still under development, a better understanding 

will help to understand how the niche functions under pathological conditions and may 

contribute to curative approaches for metastatic bone diseases.

The osteoblastic niche is the better described in terms of both composition and function. 

Localized at the inner surface of the bone cavity, this niche has been previously revealed to 

be the primary site to accommodates quiescent HSCs [20, 21]. Casting doubt on this old 

theory, the latest studies have suggested that HSCs are mostly localized in the perivascular 

niche where endothelial cells, CXCL12-abundant reticular (CAR) cells and MSCs regulate 

the HSCs through a series of growth factors, cytokines and chemokines such as stem cell 

factor (SCF), CXCL-12, and angiopoietin-1 [17, 22–24]. In particular, BM-MSCs, marked 

by expression of PDGFRα [25], CD51 [26], nestin [18], CD146, Mx-1 [27], leptin receptor 

(Lepr) [22, 23] and Prx [24], are capable of generating osteoprogenitor cells to form the 

osteoblastic niche, and releasing CXCL-12, SCF and other factors to maintain HSC self-

renewal in the perivascular niche (Figure 1). As a consequence of such exquisitely regulated 

machinery in the bone microenvironment, the hierarchical lineages of HSCs, such as 

myeloid cells, B lymphocytes, osteoclasts, as well as those derived from MSCs including 

osteblasts and adipocytes, are precisely maintained to fulfill the functions of hematopoiesis, 

osteoclastogenesis and osteogenesis. In addition to maintaining healthy local bone 

development, the bone niche continuously exports immune cells and tissue progenitor cells 

into circulation to constitute the peripheral immune system and sustain tissue repair and 

regeneration [28–30].

Bone marrow contributes to distinct steps of cancer progression by 

exporting tumor-modulating stromal cells

Many functions of the normal bone niche are hijacked to support the growth of both primary 

and metastatic cancers. In particular, the tumor microenvironment (TME) has attracted 

attention of researchers since numerous studies have outlined key roles of the TME in the 

growth, spread, and therapeutic resistance of primary tumors [31, 32]. In direct contrast to 

tumor cells, these stromal cells in the TME make for an attractive target in cancer 

therapeutics as they are genetically stable. However, research efforts have focused on the 

cells within primary tumor sites with the assumption that associated stromal cells are also 

derived from the local region. In fact, characterization of TME-stromal cells at the cellular 

and molecular level shows that many of them are primarily, if not exclusively, originated 

from the BM. This has been shown for myeloid-derived suppressor cells (MDSCs), tumor-

associated macrophages (TAMs), MSCs, and endothelial progenitor cells (EPCs) [33]. 

Carcinoma-associated fibroblasts (CAFs), another key tumor stromal population, have long 

been thought to derive from tumor resident tissue fibroblasts [34]. However, recent data 

demonstrated that CAFs can also originate from BM precursors such as BM-MSCs[35, 36]. 

The BM-derived CAFs, uniquely expressing alpha-smooth muscle actin (α-SMA) and 

certain pro-invasive molecules such as matrix metalloproteinase 13 (MMP13), represent 

20%–40% of the total CAFs varying among distinct tumor types [37–40]. Along with the 

BM-derived cells, some well-defined tumor-regulating growth factors and cytokines are also 
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largely derived from BM stromal cells, including vascular endothelial growth factor 

(VEGF), CXCL-12, TGF-β, etc [41]. Therefore, the impact of the BM microenvironment on 

tumorigenesis before metastasis into the bone niche is likely underestimated.

Supporting this notion, there is increasing evidence that BM-resident precursor cells and 

mature lineage cells could be actively recruited by tumor cells to migrate into either primary 

tumor sites or the distant organs in which the tumor cells metastasize, such as lung and brain 

[41]. Once BM-derived cells arrive at their new niche, they quickly adapt and cooperate 

with the local stromal cells to motivate further cancer progression [14, 42]. In a study 

specifically exploring the role of BM in the crosstalk among tumors with differentially 

aggressive capabilities, it was shown that the more vigorous primary tumors could instigate 

the outgrowth of otherwise-indolent tumors through activation and mobilization of BM 

stromal cells to the secondary tumors [43]. Therefore, through releasing abundant tumor-

modulating stromal cells, the BM microenvironment serves as a key site fostering the 

various steps of cancer progression.

The bone niche and bone metastasis

Bone metastasis is a frequent occurrence in late stages of solid tumors. The interaction 

between tumor cells and the bone microenvironment is critical in supporting the metastatic 

cascade, from the initial survival and seeding of DTCs, activation of indolent 

micrometastases, and expansion of osteolytic or osteoblastic bone lesions [1, 2, 5]. This 

mechanism does not appear to be niche-specific as both the osteoblastic and the perivascular 

niches have been reported to impact metastatic survival and tumor cell proliferation during 

bone metastasis. While direct competition for the osteoblastic niche has been observed 

between HSCs and metastatic cancer cells [44], the perivascular niche has also been 

characterized as an alternate site for bone metastatic colonization and accommodation of 

dormant cancer cells [10, 45–47]. The roles of bone metastatic niche in directing successive 

steps of bone metastasis of solid tumors are described below (Figure 2).

1. DTCs homing to the bone

The first step of metastasis requires the escape of metastasized tumor cells from the primary 

tumor into circulation. This invasion and intravasation are driven by tumor cell-intrinsic 

mechanisms, their associated stroma, and the local extracellular matrix (ECM) surrounding 

the primary tumor [48, 49]. Regulation of bone metastasis by early events at the primary 

tumor sites has been highlighted by a recent study showing that the CAF-enriched primary 

tumor stroma could mimic the CXCL12-rich bone metastatic niche and therefore pre-select 

the cancer cells that are primed for metastasis to bone [50].

When tumor cells successfully escape the primary tumors and disseminate into the 

periphery, only a very small percentage (0.02–0.1%) survive during circulation and homing 

to the secondary organs [51]. One essential pathway governing this tumor cell homing to the 

bone is the CXCL12–CXC-chemokine receptor 4 (CXCR4) signaling axis. CXCL12 

(stromal cell-derived factor 1: SDF-1) is predominantly produced by a diversity of BM 

stromal cells including BM-MSCs, endothelial cells, CAR cells, and osteoblasts. This 

pathway has been extensively studied for its role in controlling both HSC and leukemia cell 
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trafficking through BM [24, 52, 53]. By using mice with conditional deletion of Cxcl12 in 

candidate bone niche cells, recent studies have mapped the CXCL12-expressing bone 

stromal cells critical for HSC and leukemic cell maintenance in the bone. The results from 

these studies underlined a more important contribution of the perivascular niche than the 

osteoblastic niche in supporting quiescent HSCs [22, 24, 52]. Solid tumor cells employ the 

same homing mechanism by overexpressing CXCL12 receptors CXCR4 and CXCR7, which 

induce chemotaxis along CXCL12 gradients to home to the bone [54, 55]. In clinical cancer 

patients, CXCR4 expression predicts early metastatic relapse in breast, prostate, colorectal 

and other types of cancer [55, 56]. As such, targeting the CXCL12-CXCR4 (CXCR7) axis is 

emerging as a promising therapy for prevention and treatment of bone metastatic diseases 

[56]. In addition to this major signaling pathway, other chemokines and cytokines have also 

been reported to mediate the DTC homing to the bone, such as CCL-2 and CCL-22 [57, 58]. 

In contrast to homing mechanisms, certain growth factors such as granulocyte-colony 

stimulating factor (G-CSF) and granulocyte macrophage colony-stimulating factor (GM-

CSF), utilized for HSC mobilization out of BM, have been shown to similarly mobilize 

prostate cancer cells into the peripheral circulation [44, 59, 60].

BM hematopoietic progenitor cells contribute to the “pre-metastatic” niche formation at 

secondary metastatic sites such as lung in animal models [42]. However, the “pre-

metastatic” niche at the bone during primary tumor progression is less studied, although a 

few reports showed the evidence of bone pre-metastatic conditioning by tumor cell-secreted 

proteins and exosomes [61, 62]. A lack of experimental evidence is likely due to limited 

spontaneous bone metastasis models available. Future efforts might be made to explore 

whether a receptive or resistant bone niche could be driven by primary tumor growth, the 

cellular and molecular mechanisms governing such niche formation, as well as their clinical 

relevance.

2. Seeding and formation of micrometastases

When DTCs arrive at the bone marrow niche, most are rapidly cleared by resident 

immunosurveillance while few survive after a firm adhesion to the BM stroma [63, 64]. 

Cell-cell adhesion is a critical step during the initial seeding of DTCs to the bone metastatic 

niche; multiple adhesion molecules have been implicated in this initial step. The expression 

of integrin αvβ3 on metastatic tumor cells primarily promotes their adherence to ECM 

components such as osteopontin, fibronectin, vitronectin, and thrombospondin [65]. On the 

other hand, cancer cells also express α4β1 integrin to engage to intercellular adhesion 

molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) expressed by BM 

stromal cells and vascular cells [65]. These integrin-mediated cell-cell adhesions have been 

described in prostate, breast, lung, and other cancer types, to provide survival, proliferation 

and osteoclast activation signals for developing the DTCs into overt macrometastases [66, 

67]. As a result, integrins have become another attractive target for the treatment of skeletal 

metastasis of solid tumors in pre-clinical studies and clinical trials [65].

In addition to integrins, annexin II, a protein mediating the adhesion of HSCs to osteoblasts, 

has also been reported to play a role in prostate cancer cell seeding on the bone niche [68]. 

In a recent study specifically exploring the early bone metastatic niche, it was shown that 
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breast cancer DTCs prefer to seed on the osteogenic niche through heterotypic adherens 

junctions (hAJs) between E-cadherin in tumor cells and N-cadherin in osteogenic cells. 

Upon hAJ interaction, such adhesion further activates mTOR and AKT signaling to promote 

the DTC proliferation to form micrometastases [69].

As these adhesion and seeding mechanisms are also employed by the bone niche to regulate 

HSC cell homing and retention in the BM, it has been hypothesized that DTCs may compete 

with the HSC cells for the limited number of niche sites. Indeed, in an experimental bone 

metastasis model of prostate cancer, it was shown that prostate cancer cells use the 

CXCL12-CXCR4 axis to home to the osteoblastic niche, where they compete with the HSC 

cells for niche support [44]. Supporting this notion, in human cancer patients the prevalence 

of DTCs in the BM were found to be independent of the primary tumor size, possibly due to 

the limited niche sites available in the bone [70]. Recent advances in the recognition of 

specific BM niches accommodating quiescent HSCs may provide insights to uncover the 

less-studied bone metastatic niche. Furthermore, stresses that perturb HSCs may in turn be 

exploited to treat bone metastasis [17, 18, 22–24].

3. Metastatic outgrowth in bone

Bone tissue constantly undergoes dynamic remodeling mediated by the balanced activity of 

osteoclasts and osteoblasts [13, 71, 72]. When metastatic cancer cells finally settle down in 

the bone niche by overtaking the host stroma, they often exploit the normal bone 

homeostatic process and tip the equilibrium toward either hyperactive bone lysis or bone 

growth to facilitate the formation of bone metastasis. The proclivity of breast cancer in 

forming osteolytic bone metastasis has been frequently cited as the classic example of “seed 

and soil” interactions between tumor and stroma in metastasis [2, 15]. A “vicious cycle” of 

molecular crosstalk between tumor cells and the bone metastatic niche often takes place in 

osteolytic bone metastasis [2]. In this process, tumor cells produced a variety of cytokines 

and growth factors such as tumor necrosis factor alpha (TNF-α), IL11, VCAM-1, MMP1, 

Jagged 1 and parathyroid hormone-related protein (PTHrP), which either directly stimulate 

the osteoclast maturation, or indirectly promote osteoclast differentiation through 

stimulating the BM osteoblasts to produce IL-6 and RANKL[2]. With the osteoclast 

activation, TGF-β and insulin-like growth factor-1 (IGF1) released by bone matrix 

resorption in turn promote the survival and proliferation of cancer cells, thus forming an 

amplifying loop to efficiently drive osteolytic metastasis [1, 2, 14]. The enzyme lysyl 

oxidase (LOX) secreted by primary tumor cells, previously shown essential for creating a 

permissive lung metastatic niche [73], is recently reported as an activator of osteoclasts 

during osteolytic bone metastasis [74]. In addition to these molecules, microRNAs have 

emerged as new players in mediating the interplay between osteoclasts and the tumor cells, 

adding another layer to the “vicious cycle” of osteolytic metastasis [75].

In sex steroid (androgen, estrogen, and progesterone) responsive cancers such as prostate, 

breast, and ovarian cancer, the host endocrine changes caused by disease progression or 

hormone deprivation therapy can also promote the osteolytic bone metastasis [76]. Both 

clinical and pre-clinical evidence showed that reduction of the systemic sex steroid levels by 

castration or ovariectomy contributed to accelerated osteolytic bone metastases in multiple 

Ren et al. Page 6

J Mol Med (Berl). Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tumor models [77–79]. These effects involve a hormone-bone niche crosstalk as estrogen, 

androgen, vitamin D and other endocrine factors can directly or indirectly promote 

osteoclast apoptosis and simultaneously prolong the osteoblast lifespan [80–83]. As a 

consequence, hormone deprivation will induce a significant bone resorption leading to 

enhanced osteolytic lesion formation during bone metastasis. Currently, prevention of bone 

loss by inhibiting osteoclasts is a commonly applied strategy in clinical treatment of bone 

metastasis during hormone deprivation therapy [84, 85].

In contrast to the more frequent osteolytic metastasis leading to the aberrant bone resorption 

witnessed in hormone independent breast cancers and multiple myeloma, osteoblastic 

lesions found in prostate or hormone-dependent breast cancers involve increased osteoblast 

differentiation with uncontrolled bone formation [6]. In osteoblastic metastasis, WNT 

signaling originated from tumor cells is essential to direct osteoblast differentiation by 

activating transcription factor Runt-related transcription factor 2 (RUNX2) [6, 86]. 

Additionally, other factors such as fibroblast growth factor (FGF), bone morphogenetic 

proteins (BMPs) and IGFs can also be secreted by tumor cells to stimulate osteoblast 

differentiation and activity. Accompanied with the aberrant bone formation, abnormal 

osteolysis take place owing to the osteoblast-derived RANKL [87]. These relatively late 

stages of the bone metastasis occur primarily at the tumor-bone interface within the 

osteoblastic niche and both the osteoclasts and osteoblasts function as major players. 

Approved clinical therapies targeting bone metastasis, such as bisphosphonates (inhibitors of 

osteoclasts) and anti-RANKL antibody denosumab, are directed at this step and are therefore 

only palliative in nature [88].

4. Tumor cell dormancy in bone

Both clinical observations and animal studies suggest that metastases arise from the DTCs 

distributed among different organs [89, 90]. Metastatic relapse can arise years after primary 

tumor removal since DTCs can remain dormant and resistant to conventional therapies until 

reactivation. In some cases, these dormant cancer cells may correspond to the recently 

recognized “cancer stem cells” which are also shown to be quiescent with the corresponding 

ability to evade various stresses [91]. Both the cell-intrinsic and stromal factors regulating 

eventual outgrowth of indolent DTCs still remain largely uncharacterized and present the 

most-promising treatment avenue for reducing bone metastasis.

Among the organs harboring dormant tumor cells, the bone contains a unique hypoxic 

microenvironment populated with various stromal cells replete with anti-apoptotic and 

survival signals, which are important for quiescent HSCs [90, 92]. In clinical cancer 

patients, the presence of DTCs or micrometastases in the BM is a significant indicator of 

poor prognosis in breast cancer, squamous cell carcinoma and resected esophageal cancer 

[70, 93–95]. A valuable strategy for exploring the dormant BM niche for DTCs seeks to find 

the counterparts for maintaining HSC quiescence. With the recent progress in identifying the 

quiescent HSC niche, there are numerous research resources developed which may shed 

light on finding out the DTC dormant niche in the bone microenvironment [22–24]. 

Although still under debate, accumulating evidence revealed that quiescent HSCs 

predominantly reside within the perivascular niche of the BM in mouse models [17, 22, 25, 
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26]. Consistent with these findings, a recent study with breast cancer models indicated that 

dormant cancer cells preferentially reside in the bone vascular niche, where the tumor cells 

keep quiescent through their adhesion to endothelial-derived thrombospondin-1. This 

dormancy could be disrupted by sprouting neovasculature mediated by TGF-β1 and 

periostin produced by endothelial tip cells [47]. Such a switch between dormancy and 

outgrowth has also been reported in another breast cancer study showing upregulation of 

VCAM-1 on the dormant DTCs would stimulate them to develop into overt bone metastasis 

by interacting with its cognate receptor integrin α4β1 expressed on osteoclasts [66]. 

Moreover, certain molecules such as BMP7, TGFβ2, and growth arrest-specific protein 6 

(GAS6), which regulate HSC quiescence, also appear to induce tumor dormancy in mouse 

models of prostate cancer and head and neck squamous cell carcinoma [96–98].

Despite these advances, many factors remain undescribed such as the physical location of 

the dormant bone niche, the cellular and molecular mechanisms balancing dormancy with 

reactivation, and the inability of many dormant DTCs to form bone metastasis. Generating a 

comprehensive understanding of the bone niche accommodating dormant DTCs will be an 

essential step toward developing clinical therapeutics to prevent tumor recurrence and 

metastasis. Directl targeting of the dormant tumor cells and the associated hypoxic niches 

represents a more effective treatment paradigm than waiting for the macrometastasis to 

emerge. Successful experience from treatments of leukemic stem cells and latent HIV may 

imply that disruption of the DTC niche could sensitize the dormant tumor cells to regular 

cytotoxic therapies [99, 100].

5. Bone metastatic niche alteration during cancer therapies

Conventional cancer therapies including chemotherapy and radiotherapy could cause a 

significant damage to the hematopoietic stem/progenitor cells and BM stromal cells [101, 

102]. During treatment of hematological malignancies, several recent studies suggested that 

the cancer therapies could re-organize the already dysfunctional BM niches and confer a 

robust chemoresistance for invading leukemia cells or lymphoma cells in vivo [103, 104]. 

Additionally, numerous studies have shown that chemotherapies might induce an acquired 

chemoresistance through modulating the CXCL12-CXCR4 interaction between BM stroma 

and the blood cancer cells [55, 105, 106]. In solid tumors such as breast and prostate cancer, 

bone metastasis-targeting therapies have also been reported to disrupt normal BM 

hematopoiesis [107]. Yet, how cancer therapies modulate the BM niche to impact further 

metastatic progression of DTCs remains an unexplored field. Limited evidence from studies 

of ovarian cancer and rhabdomyosarcoma demonstrated that radiotherapy or the 

chemotherapeutic drug cyclophosphamide were capable of upregulating several chemokines 

and growth factors in the BM niche such as CXCL-12, VEGF, CCL-2 and hepatocyte 

growth factor (HGF), as well as bioactive lipids sphingosine-1-phosphate (S1P) and 

ceramide-1-phosphate (C1P). These therapy-induced factors may play roles in promoting 

tumor cell survival and proliferation [108–110]. Further investigation into therapeutic-

induced bone metastatic niche alterations and their influence on bone metastatic relapse will 

not only deepen our understanding of microenvironmental control of cancer progression, but 

more importantly, may lead to new clinical strategies for improving the efficacies of current 

cancer therapeutics.
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Perspectives

In the past decade, we have witnessed considerable progress in the understanding of the 

BM-HSC niche. While not complete, this may stimulate both the conceptual insight and 

technological development needed to probe the lesser-known bone metastatic niche. Given 

that clinical observations have revealed the bone as one of the major organs accommodating 

DTCs, a deeper exploration of the bone metastatic niche at structural, cellular, and 

molecular levels will be extremely useful for designing novel therapies to treat the incurable 

bone complications associated with cancer progression. These therapies will need to 

specifically target the mechanisms underlying tumor dormancy, metastatic relapse, and 

therapeutic resistance. A better understanding of the bone metastatic niche will also be 

instructional to developing early interventions before the formation of macrometastasis, as 

well as treatments specific to different stages of the bone metastasis. Of the several major 

weaknesses in our understanding of the bone niche mentioned here, many additional steps 

must be taken to further advance our understanding of the bone metastatic disease:

1. Only a few spontaneous bone metastasis models have been established in either 

genetically engineered mice or orthotopic cancer models. Such spontaneous 

metastasis models more closely mimic the natural metastatic steps in human cancer 

patients. Although several intra-arterial tumor cell inoculation methods have been 

used to generate experimental bone metastasis at higher efficiency, such models 

may generate certain artificial interpretations due to omission of some key steps in 

cancer progression such as primary tumor growth, metastatic cell invasion and 

intravasation. It is also possible that different intravascular injections may alter the 

bone vascular niche. Development of improved mouse models of bone metastasis is 

needed to investigate different steps of bone metastasis development, particularly 

early steps of metastatic dissemination and seeding in the bone niche.

2. Most of the bone metastatic niche studies are based on animal models and it is not 

known how much similarity there is between animals and human patients regarding 

the histological structures, cellular components and molecular pathways of the bone 

metastatic niche. The combination of human cancer patient specimen analysis with 

application of humanized animal model may improve this issue and facilitate the 

clinical translation.

3. Although many signaling pathways have been recently identified to regulate 

metastatic tumor cells and the BM stromal cells during bone metastasis, many 

conclusions are drawn from the in vitro culturing systems. It is unclear to what 

extent the distinct bone stromal cells, especially osteoblasts, BM-MSCs and 

endothelial cells in specific niches (perivascular niche vs osteoblastic niche), play a 

role in controlling each step of bone metastasis in vivo. Efforts might be made to 

define the functional contributions of the specific niche cells by applying 

genetically modified mice, lineage-specific tracing and ablating, intravital imaging 

and other related techniques.

4. It was recently shown that circadian rhythm and its associated sympathetic nervous 

system play a critical role in regulating HSC niche and functions [111, 112]. It 
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might be interesting to further explore whether the nervous system and 

physiopathological stress also contribute to orchestrate the bone metastatic niche 

during bone metastasis [113].

5. As mentioned above, the impact of cancer therapies on bone metastatic niche 

alterations and the influence of such changes on further metastatic progression 

remain largely undefined. This is an important question for cancer patients to 

investigate how different therapies functionally modify the bone metastatic niche 

into either a cancer-permissive or cancer-restrictive microenvironment, and the 

answers may help build the personalized cancer therapy.
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Figure 1. The normal bone niche and homeostasis
There are two major identified BM niches supporting hematopoiesis and osteogenesis: 

osteoblastic niche and perivascular niche. Within these niches, two types of adult stem cells 

HSCs and MSCs along with a hierarchy of their differentiated progenitor cells and mature 

lineage cells contribute to sustaining a healthy bone microenvironment. As well, HSCs and 

MSCs play crucial roles to maintain the systemic homeostasis via exporting immune cells 

and tissue progenitor and stromal cells. Albeit still under debate, recent studies implicated 

that quiescent HSCs may mainly reside in the perivascular niche, whereas early B-cells 

occupy the osteoblastic niche. Further identification of the HSC niches and their functions 

will shed light on exploring the less-defined bone metastatic niche. Abbreviations: CAR, 

CXCL12-abundant reticular cells; MSC, mesenchymal stem cells; HSC, hematopoietic stem 

cells; CLP, common lymphoid progenitors.
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Figure 2. Bone metastatic niche in distinct steps of bone metastasis
Bone niche cells including vascular cells, BM-MSCs and osteoblasts recruit CXCR4+ DTCs 

to home to the bone via releasing CXCL12. The DTCs then seed onto either vascular niche 

or osteoblastic niche by stroma-mediated adhesion. These DTCs either enter a dormant 

status or develop into osteolytic or osteoblastic macrometastasis. Abundant studies have 

illustrated a “vicious cycle” in tumor-stroma interaction toward formation of the 

macrometastasis at relatively late stages of bone metastasis. Endocrine factors especially the 

sex steroids serve to impede such an osteolytic process by induction of osteoclast apoptosis 

or inhibition of osteoclast activation. In contrast to the macrometastasis-supporting niche, it 

remains largely uncharacterized for the early metastatic niche as well as the niche governing 

tumor cell dormancy. Abbreviations: ECM, extracellular matrix; DTC, disseminated tumor 

cells; MSC, mesenchymal stem cells; HSC, hematopoietic stem cells; LOX, lysyl oxidase; 

MMP, matrix metalloproteinase; PTHrP, parathyroid hormone-related protein; IGF, insulin-

like growth factor.
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