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Abstract

Metastasis to bones is determined by both intrinsic traits of metastatic tumor cells as well as 

properties appertaining to the bone microenvironment. Bone marrow niches are critical for all 

major steps of metastasis, including the seeding of disseminated tumor cells (DTCs) to bone, the 

survival of microscopic metastases under dormancy and the eventual outgrowth of overt 

metastases. In this review, we discuss the role of bone marrow niches in bone colonization. The 

emphasis is on complicated and dynamic nature of cancer cells-niche interaction, which may 

underpin the long-standing mystery of metastasis dormancy, and represent a therapeutic target for 

elimination of minimal residue diseases and prevention of life-taking, overt metastases.
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Common Metastatic Traits vs. Bone Tropism

The survival of cancer patients has been significantly improved with advances in early 

detection and treatments. However, the spreading of cancers to distant organs, known as 

cancer metastasis, is often incurable and is the major cause of death in cancer patients. The 

skeleton is one of the most common metastatic sites, particularly in breast and prostate 

cancers [1]. Bone metastasis is most likely associated with a unique set of skeletal 

complications, including bone pain, pathologic fractures, hypercalcemia, and spinal cord 
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compression, which lead to a reduced quality of life or even death in these patients [2]. 

Similar to metastasis to other organs, bone metastasis is a process of multiple steps, 

including local migration and invasion, intravasation into the circulation, systemic 

dissemination, arrest and extravasation into bone marrow, survival under dormancy, 

reactivation and ultimate outgrowth (Figure 1) [3]. Thus, bone metastasis is partly regulated 

by processes and pathways commonly related to metastasis in general, such as epithelial-
mesenchymal transition (EMT, see Glossary), cancer stem cell (CSC)-like properties and 

escape of immunosurveillance in metastatic tumor cells [4]. On the other hand, organ 

tropism of metastasis has also been noticed since over a century ago. About 90% and 70% of 

patients dying of prostate and breast cancer, respectively, show evidence of skeletal 

involvement at autopsy [5, 6]. Tumor cells with certain molecular characteristics also appear 

to more commonly metastasize to the bone. Such metastatic predilection to bones can be 

intuitively explained by the ‘seed and soil’ hypothesis, that the metastatic tumor cells must 

interact with the unique bone environments to establish successful metastasis [7].

Origins of Bone Metastatic Traits

Bone is unique for its mineral content, matrix composition, extreme rigidity, high 

concentration of extracellular calcium, hypoxia and acidic pH [8]. Such unique environment 

imposes specific requirements of metastatic seeds (Box 1). In addition to these 

physiochemical properties, bone matrix is also enriched for matrix proteins, cytokines and 

growth factors, including ligands for integrins, insulin-like growth factors (IGFs), 

transforming growth factor beta proteins (TGFβs), fibroblast growth factors (FGFs), platelet-

derived growth factors (PDGFs), and bone morphogenetic proteins (BMPs), all of which 

have been proposed to regulate bone metastasis either directly or indirectly [9–12]. For 

example, TGFβ is deposited into the mineral bone by osteoblasts and could be released and 

activated by osteoclasts during bone remodeling [1, 8, 10]. Multiple important functions of 

TGFβ in bone metastasis have been implicated including induction of local invasion and 

angiogenesis, suppression of the anti-tumor immune system, regulation of tumor dormancy 

and initiation of osteolytic vicious cycle [11, 13].

The complex bone environment is selective for cancer cells with specific molecular traits. It 

is known that bone tropism is linked to sex steroid hormones and related pathways. 

Specifically, bone is the predominant metastatic site for estrogen receptor alpha (ERα) 

positive luminal breast cancer, whereas ERα negative basal-like breast cancer tends to 

metastasize to lungs and brains but less commonly to bones [14]. How such different organ-

tropism develop in different subtypes of breast cancer is largely unknown. We showed in a 

previous study that Src hyperactivation is tied to latent bone metastasis by supporting cancer 

cell survival in the bone microenvironment [15]. The mutual activation between Src and 

ERα may provide one possible mechanism of the bone-tropism of ERα+ breast cancer [16, 

17]. However, Src inhibitors, such as dasatinib, exhibited very limited clinical efficacies on 

heavily pre-treated metastatic breast cancer [18–20], suggesting that additional pathways 

may drive further metastasis progression and therapeutic resistance. By comparison, the role 

of androgen-androgen receptor (AR) axis is elusive in bone metastasis of prostate cancer. 

The metastases of prostate cancer are mainly androgen-independent but remain dependent 

on the activity of AR [21]. Meanwhile, activation of Src family kinases, which are also 
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directly activated by AR, was found to correlate with the occurrence of metastases in 

hormone-independent prostate tumors [22], suggesting the potential involvement of AR-Src 

pathway in prostate cancer bone metastasis.

High-throughput profiling speeds up the discovery of genetic and epigenetic traits associated 

with bone metastasis [15, 23–28]. Intriguingly, many such traits appear to be also relevant 

for regulation of bone hemostasis. For instance, the bone metastatic subline of MDA-

MB-231 breast cancer cells highly overexpress IL-11, which is produced by bone marrow 

stromal cells and osteoblastic cells to stimulate osteoclastogenesis [23, 29]. Human prostate 

cancer bone metastasis specimens and bone-tropic sublines of LNCaP cells show increased 

expression of bone related matrix proteins, including osteopontin (OPN), bone sialoprotein 

(BSP) and osteocalcin (OC) [30, 31]. Overexpression of BSP in brain-tropic subline of 

MDA-MB-231 cells could re-direct them to form metastases in the bone [32]. Thus, bone 

tropism may be related to the capacity of tumor cells expressing such bone related factors, 

known as osteomimicry [30, 33]. In addition to osteomimetic properties intrinsic to tumor 

cells, other components of primary tumors may also display bone stromal cell characteristics 

and therefore influence the selection of bone metastatic seeds. For instance, mesenchymal 
stromal/stem cells (MSCs) and cancer associated fibroblasts in breast tumors create a bone 

marrow-like environment through secreting C-X-C Motif Chemokine Ligand 12 (CXCL-12) 

and IGF1 [34]. The Src-hyperactive bone metastatic seeds are therefore pre-selected from 

the heterogenous tumor mass because of their survival advantage conferred by enhanced 

PI3K-AKT activity in this bone marrow-like environment [34]. This mechanism, termed 

‘metastasis seed-preselection’, may help explain why organ-specific metastatic outcome is 

associated with some gene expression features of primary tumors [34, 35].

It is now clear that the distant organs could be remotely conditioned by the primary tumors 

ahead of metastatic spread. The tumor-derived factors and extracellular vesicles prepare a 

‘fertile soil’ for future metastasis, which is now commonly termed as ‘pre-metastatic niche’ 

[36]. A special pre-metastatic niche mechanism was recently described in the context of 

bone colonization of ERα-breast cancer cells. Activation of HIF1α by the hypoxic 

environment in primary tumors stimulates the secretion of lysyl oxidise (LOX), thereby 

enhancing the bone resorptive activity of osteoclasts and creating a favorable, osteolytic 

lesion for arriving tumor cells [37]. In another study, Engblom et al found that lung cancer 

leads to increased osteoblastic activity and bone mass, even without the presence of bone 

metastases in mouse model and human patients [38]. This in turn triggers the production and 

infiltration of a specific population of tumor-promoting neutrophils into the primary tumors 

[38]. It remains to be determined if such increase of bone mass could be observed in other 

types of cancer and whether it contributes to bone metastasis. Organ tropism can also arise 

through extracellular vesicles or exosomes shed from primary tumors. The metastatic 

distribution of melanoma cells to bones was increased in mice pre-treated with exosomes 

derived from highly metastatic melanoma cells as compared to mice treated with exosomes 

from poorly metastatic melanoma cells, suggesting that tumor derived exosomes may 

educate bone environment to facilitate later metastatic colonization [39]. Furthermore, 

exosomes with distinct expression of specific integrins may target certain organs, where they 
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mediate organ-specific development of the pre-metastatic niche, yet the exosomes 

specifically targeting bones have not been characterized so far [40].

The Course of Bone Colonization

Compared to the metastatic diseases in other organs, bone metastases appear to follow a 

somewhat unique course. Firstly, the dissemination of tumor cells to bone marrow can be an 

early event, even preceding the formation of invasive primary tumors. In mouse models, 

cytokeratin-positive epithelial tumor cells were detected in the bone marrow in the pre-

malignant phase of breast tumors [41–43]. This was further supported by the presence of 

disseminated tumor cells (DTCs) in the bone marrow of patients with ductal carcinoma in 
situ (DCIS) and pathologically localized prostate cancer [41, 44, 45]. Secondly, DTCs are 

present in the bone marrow of patients with various types of cancers, including ovarian, 

gastric and colorectal cancers [46–48], yet clinically overt bone metastases were rarely 

observed in some of these cancer types [2], suggesting that dissemination to bone may not 

be sufficient for the onset of bone metastases. Lastly, despite their early dissemination, a 

significant proportion of overt bone metastases are detected very late, even decades after the 

diagnosis of primary tumors [9, 10, 15]. This is in contrast to the relatively fast progressing 

visceral metastases, and suggests a long dormancy period in bone metastases.

Clinical evidence and experimental models support that DTCs may remain in a quiescent 

state for years in the bone marrow [49]. This cellular dormancy is characterized by cell cycle 

arrest at G0 phase and a lack of proliferating markers [49, 50]. Multiple pathways have been 

implicated in regulating quiescence of DTCs, such as PI3K-AKT signaling, TGFβ2-p38 

axis, hypoxia signaling, BMPs and WNT family [50–54]. Notably, DTCs also express 

surface markers of stem cell-like population, such as CD44, EpCAM and ALDH1 [55–57]. 

Moreover, DTCs are resistant to the adjuvant therapies [58–60]. These suggest that DTCs 

share common features with CSCs.

The dormant DTCs could re-enter cell cycle and form multi-cellular micrometastases when 

the microenvironment becomes growth permissive. At this stage, although the tumor cells 

may be dividing, tumor mass could be steady or only slowly growing due to a balance 

between cell proliferation and apoptosis [49, 50]. Hurdles for tumor expansion may include 

active immunosurveillance and lack of angiogenic support [49, 50]. This clinically 

undetectable stage of metastasis was less characterized until recently. Several molecules and 

pathways have been identified by us and other groups to play important roles at this stage of 

bone metastasis, including VCAM-1-integrins, adhesion and gap junction proteins, IRF7, 

MSK1, and nephronectin [61–66]. For instance, we found that bone micrometastases 

predominantly reside in an osteogenic niche [62]. Tumor cells utilize E-cadherin to interact 

with N-cadherin on niche cells, and perturbation of this heterotypic junction can block 

niche-conferred growth advantage [62].

The more advanced stages of bone metastasis have been extensively studied, which involves 

the accelerating positive feedback between tumor and bone environment. Different 

molecular mechanisms drive the two different types of bone metastasis, osteoblastic (bone-

forming) metastasis and osteolytic (bone-resorbing) metastasis (Figure 2). While prostate 
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cancer predominantly generates osteoblastic lesions, metastases from breast cancer, multiple 

myeloma and lung cancer mostly result in osteolytic lesions in bone [1, 10, 67]. Despite the 

distinction, most bone metastases are mixtures of both types and exhibit simultaneously 

enhanced osteoclast and osteoblast activities [1, 10, 67], probably due to the tight coupling 

between osteoclast and osteoblast functions.

Overt metastases at distant organs are often incurable because of therapeutic resistance [68]. 

This resistance might arise in much earlier stages of colonization. Several studies have 

suggested that DTCs could persist after systemic adjuvant treatments [58–60]. Importantly, 

the presence of DTCs in bone marrow not only predicts skeletal metastasis but also 

metastases in other organs [69–72]. As the primary tumors and affected lymph nodes are 

mostly resected after diagnosis, these persisting minimal residue disease in bone might be 

the major source of seeds fueling metastases to distant sites. This idea is supported by the 

following evidence. First, metastatic tumor cells can be recirculated and colonize second 

distant organs in mouse models [73, 74]. Second, in the clinic, many patients die of 

metastases at multiple organs rather than single site metastasis [75]. Third, whole genomic 

sequencing of multiple metastases from the same cancer patient indicate the seeding of bone 

metastasis to other metastatic sites [76–78]. However, many questions remain unanswered. 

For instance, what proportion of metastatic lesions are seeded from other metastases? Does 

such metastasis-to-metastasis spreading utilize distinct mechanisms from primary tumor-to-

metastasis seeding? Can we specifically target this process? The answers to these questions 

will inform the development of new therapeutic strategies against metastatic spreading, 

especially tertiary metastasis from bone to other visceral organs, as bone-only single site 

metastasis is usually a confined disease and associated with better survival as compared to 

metastases in visceral organs [79].

Metastatic Bone Marrow Niches

Bone metastases occur most frequently in the axial skeletons, including the skull, the rib 

cage and the spine. These sites are also where hematopoiesis mainly occurs [2]. Normal 

hematopoiesis is sustained by hematopoietic stem cells (HSCs), which reside mainly in 

specialized bone marrow niches (Box 2) [80, 81]. HSC niches regulate the long-term 

quiescence, self-renewal and differentiation of residing HSCs. DTCs may compete with 

HSCs for niche support [82], and therefore, may be regulated by the niche in a similar 

fashion. Moreover, DTCs utilize similar molecules as HSCs to interact with niche 

components, such as CXCL12-CXCR4, parathyroid hormone-related protein (PTHrP)-

receptor, Jagged1-Notch, and heterotypic adherens junctions [62,67,83–85], suggesting that 

the knowledge of HSC niches may be applied to metastatic niches for tumor cells. In the 

following sections we will discuss the candidate niche cells and how they contribute to bone 

metastasis (Figure 3, Key Figure).

The endothelium is the first cellular barrier that circulating tumor cells may encounter in the 

bone marrow. Tumor cells must arrest in blood vessels, adhere to the endothelium, and 

extravasate into the parenchyma of bone marrow. In vitro cell adhesion experiments showed 

that bone tropic tumor cells preferentially adhere to bone marrow endothelium as compared 

to endothelial linings from other organs, suggesting the initial landing of tumor cells in bone 
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is not a completely stochastic event [86]. By intravital imaging, the engraftment of 

fluorescently tagged tumor cells into bone marrow was found to occur at a specialized 

perisinusoidal region, which expresses E-Selectin and CXCL12 [87]. Extravasation may not 

be a rate-limiting step due to the discontinuous and permeable nature of bone marrow 

endothelium [88]. After extravasation, the tumor cells may remain adjacent to endothelial 

cells, and be kept dormant by the perisinusoidal environment [89]. Ghajar et al demonstrated 

that the dormancy of perivascular mammary tumor cells is induced by TSP1 secreted by 

endothelial cells [90]. A recent study suggests that endothelial cells may transdifferentiate 

into osteoblasts in prostate cancer [91], adding further complexity to the role of endothelial 

cells in maintaining dormancy.

While residing in the perivascular niche, tumor cells may also be influenced by other 

perivascular stromal cells, specifically MSCs. The roles of MSCs in bone metastasis are 

debatable. MSCs have been demonstrated to facilitate tumor cells extravasation into bone 

marrow via secreting CXCL12 [92, 93]. However, a subpopulation of MSCs express both 

endothelial and pericyte markers, and was shown to suppress the homing of cancer cells to 

bone [94]. While several studies showed that tumor cells may enter a quiescent state when 

co-coculture with bone marrow derived MSCs [95–99], the proliferation-promoting effects 

of MSCs were also reported [62, 100–102]. The seemingly contradictory roles of MSCs in 

bone metastasis may reflect the phenotypic heterogeneity of this cell population, as 

discussed in the context of perivascular niches for HSCs (Box 2).

The central role of osteoblasts in bone metastasis has been extensively discussed. For 

instance, prostate cancer cells have been demonstrated to preferentially seed to the 

osteoblast-rich area in bone [103]. The increased secretion of growth factors by prostate 

tumor cells may promote recruitment, proliferation, and differentiation of osteoprogenitor 

cells, leading to osteoblastic metastasis [67]. Tumor-entrained pre-osteoblasts were shown to 

promote prostate cancer cells growth in a non-contact co-culture system [104]. For breast 

cancer, our work demonstrated that osteogenic cells form a growth supportive niche for ERα
+ breast cancer cells in early stage of bone metastasis [62, 66]. The interaction between 

osteogenic niches and residing tumor cells is mediated through adherens and gap junctions, 

which confer survival advantage to tumor cells via activation of mTOR signaling and the 

calcium influx from niche cells [62, 66]. Osteoblasts also play a role in osteolytic bone 

lesions. Bone-residing tumor cells secrete factors such as PTHrP and IL-11, which induce 

RANKL secretion and reduce OPG production in osteoblastic cells [8–10]. These molecular 

changes subsequently stimulate osteoclast development, drive the osteolytic vicious cycle, 

and promote bone resorption and tumor growth [10]. Interestingly, despite these above 

studies, there is also evidence suggesting an opposite role of osteoblasts in promoting 

dormancy, rather than progression. By intravital imaging, dormant myeloma cells were 

found to directly contact the endosteal surface, which suggests osteoblastic niches may be 

dormant niches in the context of myeloma [105]. Similarly, the secretome of osteoblastic 

cells induced quiescence of DTCs in prostate cancer models [106, 107]. These inconsistent 

conclusions may reflect the complicated natures of the seed-soil interaction. On one hand, 

cancer cells that contact osteoblasts using different mechanisms (e.g., adherens junctions vs. 

focal adhesion) may activate different intrinsic signals. On the other hand, osteogenic cells 

in variable functional and differentiation statuses may exert different influence on the 
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microenvironment. Thus, the precise effects of microenvironment niche need to be 

investigated in vivo at a single-cell resolution and in models that recapitulate relevant 

disease features (e.g., the estrogen receptor status of breast cancer) in the clinic.

Osteoclasts are a main force in remodeling the bone environment. In osteolytic lesions, 

osteoclasts are highly stimulated by cancer cells and osteoblasts to resorb the bone matrix. 

This releases deposited growth factors in bone, which in turn support the growth of tumor 

cells and osteoblasts. Therefore, a positive feedback is established leading to osteolytic 

vicious cycle [10]. Interestingly, the activity of osteoclasts is also increased in osteoblastic 

metastasis, suggesting the tight functional connection between osteoblasts and osteoclasts 

[108]. In multiple myeloma, osteoclasts were reported to remodel the endosteal niches and 

thereby activate the residing dormant tumor cells [105]. Osteoclast precursors have been 

shown to share similar markers with myeloid-derived suppressor cells (MDSCs), and exert 

T-cells suppressive activity in a murine model of rheumatoid arthritis [109, 110]. An et al 
demonstrated that osteoclasts attenuates T-cell-mediated cytotoxicity via upregulation of a 

series of immune checkpoint molecules in myeloma [111]. Thus, osteoclasts may play 

multiple roles other than bone remodeling in the context of bone metastasis.

Immune cells are another major cell population in the bone marrow. Compared to the 

extensively studied primary tumors, much less is known about the immune landscape in 

bone metastasis. Since the bone marrow is composed of a wide variety of immune cells 

[112], both anti-tumor and pro-tumor immune cells may participate in or influence the bone 

metastatic niche. Active CD4, CD8, Natural Killer T (NKT) cells, and Natural Killer (NK) 

cells may all contribute to the immune surveillance and eradication of bone metastasis [63, 

113–115]. Depletion of T cells and NK cells led to accelerate bone metastasis in a murine 

breast cancer model [63]. In contrast, active CD4 T cells may also have pro-metastasis roles. 

They were shown to promote osteoclastogenesis and induce pre-metastatic osteolytic 

lesions, which may facilitate the colonization of myeloma and breast cancer cells in bone 

[116, 117]. In addition, regulatory T cells can suppress osteoclast formation as well as 

cytotoxic T cell function, and therefore, contribute to immune evasion and increased bone 

deposition in prostate cancer bone metastasis [118, 119].

Myeloid cells mostly assume immunosuppressive roles in the cancer setting. MDSCs are a 

heterogenous group of immunosuppressive cells. They include immature monocytic cells, 

neutrophil, and dendritic cells (DCs) [112, 120], and constitute up to 20–30% of all bone 

marrow stromal cells [112]. The effects of MDSCs on lymphocyte effector were mainly 

investigated in primary tumors. Their involvement in the bone marrow niche was also 

observed in multiple myeloma [121]. Besides the immunosuppressive function, MDSCs may 

be able to differentiate into osteoclasts, which may subsequently promote bone loss in bone 

metastasis [122, 123]. Plasmacytoid dendritic cells (pDCs) were found to be increased with 

bone metastasis in a breast cancer model, and depletion of this population could ameliorate 

bone loss and suppress tumor growth in bone [124]. In addition to MDSCs, macrophages 

represent another major myeloid cell population. In prostate cancer patients as well as 

mouse models, CD206+ M2-like macrophages were observed to be enriched in the growing 

metastatic lesions in bone [125, 126]. Conditional genetic depletion of tissue-resident 

macrophages reduced tumor burden in bone in mice carrying prostate tumors [126]. In 
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summary, the diversity of immune niches is just beginning to be appreciated, and 

accordingly, systemic investigation is required to elucidate the link between immune system 

and bone homeostasis as well as bone metastasis.

Other cell types have also been implicated in regulating bone metastasis. For instance, the 

activation of sympathetic nerve is accompanied by increased infiltration of M2-macrophages 

in primary tumors and thereby promote metastasis at distant organs including bones [127]. 

In addition, the sympathetic nervous system has also been suggested to stimulate bone 

marrow stromal cells and promote breast cancer bone metastasis in mouse. Increasing 

evidence also shows that bone marrow adipocytes can attract and interact with metastatic 

tumor cells, and provide an alternative source of growth factors and energy need supporting 

metastatic growth [128]. When co-cultured with human bone tissues ex vivo, breast cancer 

cells were observed to preferentially colonize into the adipose tissue compartment [129]. On 

the other hand, platelets were demonstrated to be critical in the preparation of pre-metastatic 

niches, however less study has been reported in the context of bone metastasis [36]. 

Targeting platelet aggregation by inhibiting activated integrin αllBβ3 significantly prevent 

the onset and later progression of bone metastasis in mouse models [12, 130]. Platelets not 

only protect circulating tumor cells from immune clearance, but also promote the osteolytic 

vicious cycle in bone [131]. The lysophosphatidic acid derived from platelets was shown to 

promote skeletal tumor growth and bone resorption by stimulating pro-osteoclast cytokines 

[130]. In contrast, their precursor cells, megakaryocytes, have been reported to correlate with 

increased bone mass and negatively associated with skeletal metastasis in murine prostate 

metastasis model [132]. In a recent study, increased number of megakaryocytes was found to 

be associated with the metastatic growth of breast cancer cells in bone in both mouse models 

and human specimens [133]. However, mice with deficient megakaryocytes developed more 

aggressive bone metastasis as compared to the wild type hosts, suggesting that the increase 

of megakaryocytes in bone marrow could be a protective mechanism against bone metastasis 

in breast cancer [133].

Current Limitations

The interaction between tumor cells and bone cells is crucial for the successful colonization 

of tumor cells in bone. Bone marrow niches not only provide a ‘sanctuary’ for tumor cells to 

escape adjuvant therapies but also serve as a ‘cradle’ of evil seeds to fuel local and distant 

relapse. A lot remains unknown (see outstanding questions) about the bone marrow niches 

for skeletal metastasis due to several challenges. First, the current preclinical models for 

bone metastasis are far from ideal. Few models can faithfully recapitulate the natural 

progress of bone metastasis, particularly the extended latency observed in patients, which 

poses a major limitation and hinders the translational application of preclinical research. In 

addition, more clinically relevant models, like syngeneic mouse models with hormone 

responsive tumors, are required for future study of immune regulation of bone metastasis. 

Besides better models, new approaches are required to capture the interaction between tumor 

cells and host cells at the single cell level. Although many cell types may contribute to bone 

colonization, we need to identify the key ones that directly promote progression and are 

therapeutically targetable. That requires a much more refined and precise map of where the 

different niches are located, and their spatial relationship with bone metastases at different 
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stages. The studies on HSCs provide us with a complex map of bone marrow niches (Box 3). 

Moreover, the map of bone marrow niches is dynamic. The bone constantly undergoes 

turnover, which can be influenced by many processes including menopause, aging, and drug 

treatments. It is likely that the metastatic niches evolve during these events, which in turn 

alter the fate of resident tumor cells. For instance, the decrease in estrogen level either due to 

menopause or endocrine therapies could significantly enhance osteoclast-mediated bone 

resorption by increasing the expression of RANKL while reducing the expression of OPG 

[134]. Src inhibitor dasatinib was shown to accelerate the differentiation of MSCs into 

osteoblasts but inhibit osteoclast activity [135, 136]. Chemotherapy agents induce Jagged1 

expression in osteoblastic lineage through ROS pathway, and subsequently promote the 

seeding of cancer cells to bone and their resistance to chemotherapy [84]. Finally, a 

combination of single cell sequencing, lineage tracing and cutting-edge microscopy may 

help us further refine this map and capture this complex and dynamic interaction between 

cancer cells and various niches.

Concluding Remarks

Bone metastasis is currently still incurable. Targeting the tumor-niche interaction and the 

niche components represents a promising direction of future therapeutic strategies to 

eliminate minimal residue disease and to prevent overt metastasis. For instance, the 

therapeutic antibody against Jagged1 on tumor cells and osteoblastic niches was shown 

recently to significantly reduce bone metastasis and overcome niche-induced 

chemotherapeutic resistance [84]. Our recent work suggests that a short interlude of 

treatment with everolimus plus arsenic trioxide could diminish the survival advantage of 

DTCs conferred by osteogenic niches, and significantly prevent the long-latency bone 

metastasis in mice [66]. Pharmacological modulation of the metastatic ‘soil’ towards a 

normalized bone environment can also ameliorate bone metastasis. A good example here is 

the application of bisphosphonates in treating bone metastasis. Although Zoledronic acid 

plus current standard adjuvant care failed to show additional overall benefit in patients with 

early breast cancer, it reduced the frequency of bone metastasis and improved disease-free 

survival in postmenopausal patients or patients with low estrogen level [137–142]. In 

addition to potential anti-tumor effects, their well-known function is to inhibit the increased 

bone resorptive activity of osteoclasts [143]. Importantly, bisphosphonates can also 

repolarize M2-like tumor associated macrophages to M1-like antitumor phenotype and 

activate T cells [144, 145]. Given the tight link of bone and immune system, it is rational to 

test the combination of immune checkpoint therapy with current therapies in treating bone 

metastasis.
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Glossary

Bone tropism
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the propensity of certain tumors, including prostate and breast cancer, to metastasize to the 

skeleton system.

Cancer stem cell
a rare subset of cancer cells within tumors with self-renewal, differentiation, and in vivo 
tumor initiation capacities.

Ductal carcinoma in situ
the earliest form of breast cancer. The cells have become malignant but have not spread out 

of the milk duct of the breast. It is considered as non-invasive disease.

Disseminated tumor cells
tumor cells that have left the primary tumor, survived the circulation and finally landed on 

the parenchymal of distant organs.

Epithelial-Mesenchymal transition
a conversion of polarized epithelial cells towards a mesenchymal phenotype, which is 

considered as the initiating step of metastasis. Tumor cells may lose cell-cell adhesion and 

gain migrative and invasive capacity during EMT.

Minimal residue disease
refers to the persistent tumor cells in cancer patients without symptoms or signs of disease 

after systemic treatments, including circulating tumor cells and disseminated tumor cells.

Hematopoietic stem cells
a population of progenitor cells that can differentiate into all types of blood and immune 

cells.

Immunosurveillance
a process whereby the immune system identifies and clears foreign pathogens and pre-

cancerous and cancerous host cells. Tumor cells must escape immunosurveillance to 

successfully colonize in distant organs.

Mesenchymal stromal/stem cells
a population of multipotent stromal cells giving rise to the specialized cells in skeletal 

tissues, including osteoblasts, chondrocytes, fibroblasts, and adipocytes. They are commonly 

perivascularly located.

Osteoblasts
bone cells originating from mesenchymal stem cells, which produce bone matrix and form 

new bones.

Osteoclasts
a type of large multinucleate cells breaking down bone tissues. They belong to the myeloid 

lineage, and are derived from HSCs.

Osteomimicry
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a phenomenon of bone tropic tumor cells to express genes and to secret matrix proteins that 

commonly restrict to bone cells.

Seed and Soil
a hypothesis raised by Stephen Paget to explain the metastatic preference to specific organs. 

The metastatic tumor cells (the seed) must interact with the distant organ microenvironment 

(the soil) to establish the successful colonization.
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Highlights

• Hi Bone metastasis is determined by cancer cell-intrinsic traits as well as their 

interactions with the unique bone microenvironment.

• The bone metastasis niche undergoes dynamic changes during different stages 

of bone colonization including dormancy, reactivation, and outgrowth.

• Various cell types including osteoblasts, osteoclasts and immune cells reside 

in and regulate the bone metastasis niche by direct cell-cell contact and 

paracrine signaling.

• Parallels with the hematopoietic stem cell (HSC) niche may aid our 

understanding of the bone metastasis niche.

• Bone may harbor a reservoir of tumor cells for further metastatic 

dissemination.

• Therapies targeting cancer-niche interactions may eradicate micrometastases 

and prevent overt metastases.
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Outstanding Questions

• What are the mechanisms underlying the homing of DTCs into a specific 

niche? Is it a stochastic process or a selective process for tumor cells with 

specific traits?

• Are there different niches for different metastatic seeds? Do different niches 

carry out different functions during bone metastasis? How do niche 

components co-evolve with the residing tumor cells?

• How will systemic changes, such as the obesity, aging, bone-modifying 

agents (e.g., bisphosphonates) and cancer treatments (e.g., endocrine therapies 

and chemotherapies), influence the niches? Can these conditions lead to 

redistribution of tumor cells among different niches, and consequently alter 

the kinetics of bone colonization?

• Can cancer cells migrate from one niche to another and thereby change their 

fates? If so, what are the underlying mechanisms?

• Do bone marrow niches educate residing tumor cells and promote further 

dissemination?

• What therapeutic opportunities can we get from a better understanding of the 

interaction between tumor cells and the bone marrow niches in bone 

metastasis?

Zhang et al. Page 21

Trends Cancer. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Box 1.

Adaptation to the Physiochemical Properties of Bone Environment.

Bone is unique in many aspects, and tumor cells must adapt to the unique environment to 

successfully colonize in bone.

Firstly, the inorganic phase of bone is mainly composed of the mineral hydroxyapatitea 

nanocrystals (HA). HA crystals have been shown to promote the mitogenesis and 

secretion of matrix remodeling enzymes of breast cancer cells [146]. Furthermore, the 

bone tropic subline of MDA-MB-231 cells showed increased secretion of pro-osteoclastic 

interleukin-8 in an HA-rich environment, which may therefore contribute to the vicious 

cycle [147]. In a recent study, the skeletal sites with less mature HA were found to be 

more likely to develop bone metastasis in a mouse model of breast cancer [148].

Secondly, the extracellular bone matrix is enriched with type-I collagen, osteopontin 

(OPN), and bone sialoprotein (BSP). Elevated expression of OPN and BSP have been 

observed in cancers with bone tropism [31]. Overexpression of integrin αvβ3 in breast 

cancer cells facilitates tumor cell adhesion to collagen and BSP, and is associated with an 

increased metastatic propensity to bone [149]. Moreover, inhibition of a collagen 

receptor, discoidin domain receptor-1(DDR1), has been shown to reduce the homing and 

colonization of lung cancer cells to bone [150].

Thirdly, the high mineralization content of bone gives rise to its rigidity. Bone tropic 

cancer cells can benefit from the high stiffness by enhancing the production of PTHrP 

and the response of Fyn kinase to a rigid matrix [151–153].

Fourthly, the bone environment is imbued with calcium ions. A high calcium level has 

long been proposed to activate pathways that promote the survival and metastatic 

capacity of tumor cells [66, 154–156]. Additionally, calcium plays a key role in osteolytic 

vicious cycle by stimulating the production of PTHrP in tumor cells [157].

Fifthly, the bone marrow is known to be a highly hypoxic environment. As a result, the 

overexpression of hypoxia induced factor 1α(HIF1α) was observed in two thirds of bone 

metastases [158]. Hypoxia is known to modulate multiple steps of bone metastasis, 

including the premetastatic niches, dormancy and osteolytic vicious cycles [37, 50, 159].

Lastly, the acidic environment of bone may be further exemplified by abnormal metabolic 

activities of metastatic cancer cells [160, 161]. An acidic milieu increases bone resorptive 

activity, which may contribute to the osteolytic vicious cycle [162].
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Box 2.

Hematopoietic Stem Cell Niches in Bone Marrow

The mapping of the HSC niche represents an area of ongoing active research. Two 

anatomically different HSC niches have been proposed based on their location in the 

bone, namely the endosteal niche and the perivascular niche [80, 81].

The endosteal niche (or osteoblastic niche) is immediately adjacent to the osteoblastic 

lining cells of the inner bone surface. In an early study, Nilsson et al demonstrated that ex 

vivo labelled HSCs preferentially seed in the endosteal region after being transplanted 

into mice [163]. Increase in the number and activity of osteoblasts through genetic 

modulation of PTH/PTHrP receptors or BMP signaling was reported to correlate with 

increased number of HSCs [164, 165]. Later, Ang-1, mainly produced by osteoblastic 

cells, was demonstrated to activate Tie2 on HSCs and enhance the quiescence and 

survival of HSCs by promoting tight adhesion between HSCs and osteoblasts [166]. 

However, the direct effects of endosteal niches in regulating HSCs have been challenged 

later by several studies showing that manipulations of the adhesion molecules either on 

HSCs or osteoblasts does not affect HSC numbers [167–169].

One the other hand, in a landmark study, Kiel et al proposed that HSCs are localized to 

the perivascular niche [170]. Subsequent studies suggested that these perivascular HSCs 

may reside next to sinusoidal blood vessels (the perisinusoidal niche) or arterioles (the 

periarteriolar niche) [171–176]. In both niches, endothelial cells support HSCs through 

direct cell-cell contact and paracrine factors, including E-selectin, Notch, CXCL12 and 

SCF [172–174, 177, 178]. Other perivascular stromal cells broadly defined as MSCs also 

play a role [171, 172, 179, 180]. Specifically in the perisinusoidal niche, MSCs 

expressing various markers have been shown in mouse models to support HSC 

maintenance, including CXCL12-abundant reticular (CAR) cells, Nes-GFP dim, LepR-

Cre+ or Prx-1-Cre+ cells [174]. Notably, some of these marker-defined cell populations 

are overlapping [181]. For example, CXCL12-GFP+ cells are also targeted by Prx-1-Cre 

and about 80% of LepR-Cre+ cells are also Nes-GFP+ [182]. In the periarteriolar niche, 

HSCs are regulated by Nes-GFP bright, NG2-Cre+ MSCs, and conditional depletion of 

NG2-Cre+ cells leads to the exhaustion of HSCs [175].
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Box 3.

The Complexity of Hematopoietic Stem Cell Niches

The complexity of HSC niches is under active investigation.

Firstly, more bone marrow stromal cells are recently implicated to either directly or 

indirectly regulate HSCs, including osteoclasts, macrophages, adipocytes, 

megakaryocytes, and sympathetic nerves [183–187].

Secondly, recent studies have revealed the heterogenous nature of bone marrow niches. 

For instance, HSCS have different reactive oxygen species (ROS) lvels at arteriolar and 

sinusoidal sites due to the different vascular permeability, which in turn regulates their 

migration, differentiation and survival [188]. Moreover, endothelial cells at perisinusoidal 

and periarteriolar niches differ in their expression of surface markers, their secretion of 

niche factors as well as their functional contribution to HSC niches [189]. Interestingly, 

the same cytokine factors also have different contributions to HSC maintenances at 

different perivascular sites [190]. For example, selectively ablation of CXCL12 from 

arteriolar NG2-Cre+ cells, but not from sinusoidal LepR-Cre+ cells, reduces HSC 

numbers [190].

Thirdly, the niches and residing HSCs are not static. Endothelial cells are shown to 

remodel to surround HSCs after their arrival at the perivascular niches [191]. MSCs, 

which are close to the endothelial pocket, were shown to orientate HSC division [191].

Lastly, the endosteal niches and perivascular niches may overlap to some extent. 

Perivascular MSCs are known to be precursors of osteoblastic cells, and importantly, the 

endosteal surface is also highly vascularized, suggesting that the endosteal niche and 

perivascular niche may be a common niche. This can be supported by a recent study 

showing that the endosteal but not central bone marrow vasculatures were degraded and 

correlated with the loss of HSCs in acute myeloid leukemia model [192]. Taken together, 

all the above suggest the dynamic and complex nature of HSC niches.
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Figure 1. Steps of Bone Metastasis
Bone metastasis is a multiple-step and lengthy process. Facilitated by EMT and the primary 

tumor microenvironment (eg. hypoxia and cancer associated fibroblasts), invasive tumor 

cells may intravasate into the blood vessel as single circulating tumor cells (CTCs) or CTC 

clusters. While in circulation, CTCs may aggregate with platelets to survive against 

physiochemical pressure and immunosurveillance. After arrival at the bone marrow 

vasculature, CTCs attach and adhere to the bone marrow endothelium via intercellular 

adhesion, and extravasate into bone marrow parenchyma. T umor cells may subsequently 

enter a dormant state for a prolonged period of time, until they are re-activated under 

favorable conditions to form micrometastasis. The progression of micrometastases into overt 

metastases is limited by neo-angiogenesis and immunosurveillance mechanisms. Overt 

metastases in bone commonly leads to abnormal bone growth or resorption, both of which 

reduce bone strength and increase the risk of bone fracture.
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Figure 2. Mechanism of Osteoblastic and Osteolytic Metastasis
Both osteoblastic and osteolytic metastasis involve the interactions between tumor cells, 

osteoblasts, and osteoclasts. Tumor cells directly and indirectly alter the balance between 

RANK ligand (RANKL) and its antagonist osteoprotegerin (OPG), which has profound 

effects on bone homeostasis. In osteoblastic lesions, tumor cells secrete cytokines to 

promote osteoprogenitor cell recruitment and differentiation, as well as osteoblast 

proliferation. The activated osteoblasts may create a tumor favorable environment by 

producing bone matrix proteins and growth factors. Due to the coupling of osteoblast and 

osteoclast activities, osteoclasts are also stimulated in osteoblastic lesions. However, the 

overall bone resorption rate is lower than that of bone formation, possibly due to a relatively 

low ratio of RANKL to OPG in the environment. Thus, the net effect on bone is an abnormal 

increase in bone mass. On the other hand, osteolytic tumor cells secrete osteolytic factors 

such as PTHrP and IL-11, which induces osteoblast production of RANKL, therefore 

promoting osteoclastogenesis. Osteolytic tumor cells can also directly activate osteoclasts 

through expressing RANKL, Jagged1, and metalloproteinases. Increased osteoclastic 

activity leads to bone destruction, and releases growth factors and calcium from the bone 

matrix, which in turn support the expansion of tumor cells. In multiple myeloma, tumor 

secretions can also inhibit the differentiation of osteoprogenitor cells and contribute to the 

reduced bone formation.

Zhang et al. Page 26

Trends Cancer. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3, Key Figure Bone Marrow Niches for Metastatic Tumor Cells
Generally, two different bone marrow niches may host tumor cells. Osteogenic niches (or 

endosteal niches) are adjacent to the endosteum, which are comprised mainly of osteoblastic 

cells. Our work suggested that osteogenic cells establish physical connection with residing 

tumor cells through heterotypic adheren junctions and gap junctions. This interaction 

activates the mTOR pathway in cancer cells and triggers calcium influx from niche cells, 

which promotes cancer cell survival and proliferation. By contrast, the perivascular niche is 

proposed to be a dormancy permissive niche. TSP-1 from endothelial cells maintains tumor 

cells in a dormant status. Other stromal cells in the perivascular niche are highly 

heterogenous, including MSCs expressing NG2+, Nes-GFP+, LepR+, or CXCL12 abundant 

reticular cells (CAR). As such, the perivascular niches may exert complex effects on residing 
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tumor cells. Given that the endosteum is also highly vascularized, it is plausible that 

osteogenic niches and perivascular niches may spatially overlap in the endosteal region. In 

addition, MSCs can undergo osteogenic differentiation to generate osteoblastic lineage in 
vivo. Other cells types found in the bone marrow, including lymphocytes, MDSCs, 

macrophages, adipocytes, osteoclasts, megakaryocytes, and sympathetic nerves, can directly 

and indirectly participate in these two niches to orchestrate the progression of bone 

metastasis.
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