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Bone marrow niches in the regulation of bone metastasis

Fenfang Chen’, Yujiao Han' and Yibin Kang ®'**

The bone marrow has been widely recognised to host a unique microenvironment that facilitates tumour colonisation. Bone
metastasis frequently occurs in the late stages of malignant diseases such as breast, prostate and lung cancers. The biology of bone
metastasis is determined by tumour-cell-intrinsic traits as well as their interaction with the microenvironment. The bone marrow is a
dynamic organ in which various stages of haematopoiesis, osteogenesis, osteolysis and different kinds of immune response are
precisely regulated. These different cellular components constitute specialised tissue microenvironments—niches—that play
critical roles in controlling tumour cell colonisation, including initial seeding, dormancy and outgrowth. In this review, we will
dissect the dynamic nature of the interactions between tumour cells and bone niches. By targeting certain steps of tumour
progression and crosstalk with the bone niches, the development of potential therapeutic approaches for the clinical treatment of

bone metastasis might be feasible.
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BACKGROUND

The dissemination of cancer cells from the primary growth site is
a necessary first step in metastasis. However, very few dissemi-
nated tumour cells (DTCs) manage to establish secondary
tumours at distant organs.' In addition to evolving to acquire
intrinsic invasive properties to leave the primary tumour, when
these DTCs reach their destination, they need to interact
productively with new organ microenvironments to facilitate
survival and colonisation.” Despite a steady increase in the
survival rate of cancer patients owing to advances in early
detection and better treatment options, an effective treatment for
metastatic disease —the major cause of death among cancer
patients—is still lacking.>* One of the most common sites for
metastasis is the skeleton, and bone metastasis occurs in 65-80%
of patients with advanced breast or prostate cancers,’ as well as
being frequent in patients with lung and many other cancers.
Bone metastases can be classified as osteoblastic or osteolytic,
depending on whether bone deposition or bone destruction,
respectively, predominates, although in many cases the metas-
tases are a mix of these phenotypes. Osteolytic metastases, which
tend to be more aggressive, are more often derived from breast
cancer, multiple myeloma, melanoma, and non-small cell lung
cancer, whereas osteoblastic lesions tend to occur more
frequently as a result of metastasising prostate cancer and small
cell lung cancer.® The most frequent sites of the lesions include
the vertebrae, sacrum, and the proximal femur and sporadically
include the bones distal to the knee and elbow.”® Complications
from bone metastasis, such as bone pain, fracture, hypercalcae-
mia and spinal cord compression, constitute some of most
devastating cancer-related morbidities.>°

Bone metastasis is a complex multistep process in which
circulating (disseminated) tumour cells extravasate, enter the
bone marrow compartment and occupy one of two specialised
microenvironments or ‘niches’—the perivascular niche, which is
consist of perivascular cells and endothelial cells of the sinusoids
in the bone marrow and the endosteal niche, which is composed
of key bone cells including the osteoblast lineage cells
and osteoclast lineage cells on the bone surface. This step is
followed by a period of dormancy in which the DTCs adapt,
survive and reside in the bone for a long period of time—possibly
years or even decades.'®"! The third step is reactivation of cancer
cells that have acquired the ability to escape from dormancy,
followed by their outgrowth to form micrometastasis, eventually
leading to the development of overt bone metastasis.'?

Our knowledge of these earlier steps of bone metastasis
formation, including early seeding, survival, dormancy and
reactivation, remains very limited. Yet, this window during early
bone metastasis is when tumour cells are likely to be most
vulnerable to therapeutic intervention, and represents the best
opportunity for a cure. In this review, we will describe the
properties of bone marrow niche cells that make bone a fertile
‘soil’ to host metastatic tumour growth. Both the endosteal niches
and the perivascular niches have been reported to impact the
three essential properties of DTCs: survival, temporary growth
arrest, and therapeutic resistance.'®> We will summarise the current
understanding of the molecular mechanisms that are involved in
early seeding, dormancy and outgrowth and therapeutic resis-
tance of DTCs during bone metastasis. Finally, we will discuss how
these molecular insights might facilitate the development of new
clinical strategies to prevent or treat bone metastasis.
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Fig. 1
osteogenesis—the endosteal niche and the perivascular niche.

AN OVERVIEW OF THE BONE IN NORMAL PHYSIOLOGY

The balance of osteoclast and osteoblast activity is critical for the
maintenance and remodelling of the skeleton system. During
postnatal bone remodelling, the formation of osteoblasts, which
are derived from skeletal stem cells (SSCs) and bone-lining cells, is
tightly regulated by a series of transcription factors and signalling
pathways. Runx2 and osterix are key transcription factors that are
responsible for promoting the commitment of bone marrow stromal
cells (BMSCs) to osteoprogenitors and their continued differentiation
to mature osteoblasts,'*'> which secrete bone matrix proteins for
bone formation.'® Osteoblasts finally become osteocytes, which
account for 95% of all bone cells.”'® Osteoclasts are large,
multinucleated cells of haematopoietic origin. Osteoclast maturation
requires various cytokines, including the receptor activator of nuclear
factor kB ligand (RANKL) and the macrophage colony-stimulating
factor (M-CSF or CSF-1), which are produced by neighbouring
osteogenic cells'®; mice that lack CSF-1 developed osteopetrosis as a
consequence of a lack of bone-resorbing osteoclasts.?>?' Osteoclast-
mediated bone resorption and osteoblast-mediated bone formation
are well balanced under physiological conditions. Furthermore, the
osteogenic lineage cells and osteoclasts form an endosteal niche to
maintain bone remodeling.*

As the tissue that hosts haematopoiesis and osteogenesis in
the human body, bone contains a variety of resident cell types, the
dynamic interactions between which regulate the highly active
environment of the bone marrow itself, and are crucial in
controlling blood and bone formation.*?> In addition, bone
marrow is an important source of developmental and self-renewal
signals, such as members of the transforming growth factor (3
(TGF-B) family, Wnt, Notch, Hedgehog, and CXC motif chemokine
12 [CXCL12, also known as stromal cell-derived factor-1 (SDF-1)],
which can facilitate tumour cell colonisation and outgrowth in the
bone.267%°

Research has focused on two niches in the bone marrow: the
perivascular niche, which is close to the sinusoids in the bone

marrow and the endosteal niche, which is localised on the surface
of cortical and trabecular bone (Fig. 1). These two niches interact
with each other to maintain normal bone homoeostasis,>**>? as
well as each hosting two adult stem cell populations—haemato-
poietic stem cells (HSCs) and mesenchymal stem cells (MSCs).
Disruption of the established bone niches and homoeostasis often
results in bone diseases such as osteoporosis, osteopetrosis,
osteoarthritis and bone malignancies.3*** Extensive studies have
elucidated both the location and cellular compartments of HSC
and MSC niches. Using new imaging methods for niches, lineage-
tracing analyses of the sources of key HSC-niche-supporting
factors such as stem cell factor (SCF)*> and CXCL123¢ in genetically
modified mice have observed different HSC frequencies in
different niche situations.

THE PERIVASCULAR NICHE AND ITS ROLE IN BONE
METASTASES

The perivascular niche, which usually consists of BMSCs,
endothelial cells and pericytes that closely line the sinusoids,
has been shown to be important for maintaining the survival and
full potential of HSCs>%37~*° (Fig. 2a). CXCL12 is mainly expressed
in perivascular BMSCs, which are also known as CXCL12-abundant
reticular cells (CAR cells), as well as in endothelial cells,
osteoprogenitors and osteoblasts.**? DTCs and HSCs often
occupy the same space in the bone compartment and share
certain molecular similarities, such as the expression of CXC
chemokine receptor type 4 (CXCR4), a known receptor for
CXCL12.87%

BMSCs

BMSCs are one of the most important cell types in the perivascular
niche. They are multipotent cells that can differentiate into
osteoblasts, chondrocytes and adipocytes.*® Different subsets of
BMSC populations with different combinations of characteristic
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Fig.2 The perivascular and endosteal niches in bone metastasis. Tumour cells interact with different niche cells for metastatic colonisation
in bone. a In the perivascular niche, similar to HSCs, tumour cells interact with bone-marrow stromal cells (BMSCs), which express the
chemokine ligand CXCL12. Endothelial E-selectin engages in tumour cell to promote mesenchymal-to-epithelial transition, stemness, survival,
and growth. b In the endosteal niche, tumour cells are thought to alter the normal balance of bone turnover by directly activating osteoclast
formation by expressing the Notch ligand Jagged1 or vascular cell adhesion molecule (VCAM)1 or by inducing osteogenic cells (stromal cells,
lining cells, osteoblasts and osteocytes) to produce the osteoclast-stimulating factors macrophage colony stimulating factor (M-CSF) and
receptor activator of nuclear factor kB ligand (RANKL). Osteoclast-mediated bone resorption leads to the release of transforming growth
factor (TGF)-p, which facilitates a ‘vicious cycle’ to fuel the development of osteolytic bone metastasis. Osteoblasts also promote bone
metastasis by secreting Wnta5a and interleukin (IL)-6 or forming gap junctions and E-cadherin/N-cadherin junctions.

markers have been identified. Cells similar to BMSCs and bone
marrow skeletal cells have been identified as site-specific skeletal
stem cells in other skeletal compartments such as periosteum and
the growth plate, showing different differentiation potential, as
these spatially restricted and local resident SSCs can form different
structure of the bone.”” BMSCs have been reported not only to
contribute to bone turnover by differentiating into bone-
producing osteoblasts, but also to provide a perivascular compart-
ment that maintains HSCs, known as the HSC niche.*%48>°

Less than 0.1% of DTCs survive during circulation and homing
to secondary organs.' Several perivascular niche cells, predomi-
nantly BMSCs, produce CXCL12, which assists DTC homing to the
bone, and these bone-tropic DTCs have a relatively high
expression of CXCR4 compared with primary tumour cells. The
overexpression of CXCR4 in breast cancer cells increased the
formation of bone metastasis,*> whereas its inhibition dramatically
reduced the bone metastatic burden in other cancers such as
prostate cancer and melanoma.>’ The CXCR4-CXCL12 interaction
can be disrupted pharmacologically by treatment with AMD3100,
a CXCR4 antagonist, and this agent was used to show that
inhibiting the CXCR4-CXCL12 interaction between cancer cells
and the stromal cells sensitises the metastatic cells to standard
chemotherapy.>? Furthermore, BMSCs express interleukin (IL)-6, a
potent osteoclast-activating factor that contributes to osteolysis in
both myeloma®® and neuroblastoma.>® IL-6 also acts as a pro-
tumorigenic cytokine to stimulate cancer cell proliferation and
survival.>> BMSCs also generate exosomes, which contain certain
miRNAs, such miR-23b, that are capable of inducing a dormant

phenotype in exosome-receiving cancer cells by inhibiting
myristoylated alanine-rich C-kinase substrate (MARCKS), which
encodes a protein that promotes cell cycling and motility. This
phenomenon was confirmed by the observation of increased miR-
23b levels and decreased MARCKS expression in metastatic breast
cancer cells in the bone marrow of patients.>®

Endothelial cells
The blood vessels in different type and location of the bone are
heterogeneous in structure and function, which enables optimal
delivery of oxygen and nutrients.’” Blood vessels in the bone are
not just transport conduits as the units of blood vessel tubules
—endothelial cells are important in regulating osteogenesis and
bone haematopoiesis.”® The sinusoidal endothelium in the bone
marrow is discontinuous, with flattened and irregular shapes and
inadequate coverage by thinner basal lamina. Such characteristics
allow the free exchange of large molecules and the passage of
haematopoietic and endothelial precursors, in contrast to the tight
cell-cell junctions that are present in barrier-forming continuous
capillaries.>>®° The sinusoidal vasculature also enables the free
exchange of DTCs from the blood circulation to the bone marrow,
and the detection of DTCs in the bone marrow in breast ductal
carcinoma in situ (DCIS)®' and in patients with localised prostate
cancer® supports this concept. However, results from other
studies indicate that endothelial cells present in the sinusoids act
as gatekeepers against extravasation and initial seeding.
E-selectin is widely expressed in the bone vasculature and
assists in the recruitment of immune cells from the blood during



inflammation®; it is also an important component of HSC vascular
niches. E-selectin has been demonstrated to be hijacked by cancer
cells to trigger mesenchymal-to-epithelial transition (MET), the
reverse process of epithelial-to-mesenchymal transition (EMT),
which is thought to be a crucial step in early colonisation in distal
organs.%* E-selectin binds to Golgi glycoprotein 1 (Glg1; E-selectin
ligand 1) or other E-selectin ligands that are glycosylated by the
al1-3 fucosyltransferases Fut3 or Futé on the surface of cancer
cells. This binding promotes MET while simultaneously sustaining
cancer stem cell traits by activating Wnt signalling.®®

Studies have also shown that DTCs can be protected from
chemotherapy by the vascular endothelium as inhibition of
integrin-mediated interaction between DTCs and the perivascular
niche, which is mediated in part by endothelial-derived von
Willebrand factor and vascular cell adhesion molecule 1 (VCAM1),
sensitises DTCs to chemotherapy.®®

THE ENDOSTEAL NICHE AND ITS ROLE IN METASTASES

The endosteal niche principally consists of different bone cells
derived from BMSCs (bone-lining cells, osteoblasts and osteocytes)
and from HSCs (osteoclasts).?* This niche plays a key role in
promoting both osteolytic and osteoblastic bone metastasis
(Fig. 2b).

Osteoclasts and osteolytic metastasis

In a mouse mammary tumour bone metastasis model, CSF-1
produced by tumour cells contributes to osteoclast development
and survival in the bone microenvironment.®” Nutrients and
growth factors can be rate-limiting for tumour growth after
tumour cells have colonised the bone microenvironment, but the
bone matrix represents a fertile ‘soil’ for supporting the growth of
metastatic cancer cells, acting as a reservoir of various growth
factors, minerals and ample nutrients. A classic model of osteolytic
bone metastasis is the so-called ‘vicious cycle’. In this model,
tumour invasion into the bone is associated with increased
osteoclast activation and their recruitment to the site. This results
in increased release of growth factors from the bone matrix,
which, in turn, can positively feed back to fuel the development of
osteolytic metastasis and enhance metastatic tumour growth in
bone in certain types of cancer.>%®7" A key component of this
cycle is TGF-B, which is released from the bone matrix as a
consequence of bone resorption by osteoclasts. TGF-B stimulates
tumour cells to produce parathyroid hormone-related protein
(PTHrP)”? and the Notch ligand Jagged1,”® which further facilitate
osteoclast maturation. Jagged1 promotes osteoclastogenesis by
directly promoting Notch signalling in pre-osteoclasts, while
PTHrP signals to osteoblasts and induces the production of
RANKL.’* By binding to its receptor RANK, RANKL triggers
downstream NF-kB signalling’® and induces osteoclast maturation
from haematopoietic precursors.”® Activated osteoclasts degrade
the bone matrix on cortical and trabecular surfaces, leading to the
release of numerous growth factors, including TGF-f, from the
bone matrix. In addition, TGF-B-induced Jagged1 further enhances
the vicious cycle by stimulating the expression of the tumour-
growth-promoting cytokine IL-6 from stromal cells and osteo-
blasts.”> VCAM1 is another vital tumour cell product that plays a
role in the outgrowth of indolent micrometastasis through the
recruitment of osteoclast progenitors that express integrin a4p1.”
Several therapies such as bisphosphonates, antibodies against
RANKL, Jagged1 and CSF-1, or small molecule inhibitors have
already been approved for clinical use or are under development
to treat osteolytic bone metastasis by preventing progression of
the vicious cycle.”37°

Osteoblasts and osteoblastic bone metastasis
Following osteoclast-mediated bone resorption, cells of osteogenic
lineage—osteoblasts—rebuild the bone. The continuous process of

Bone marrow niches in the regulation of bone metastasis
F Chen et al.

bone remodelling is achieved by communication between bone
cells and other cells in the microenvironment. Osteoblasts regulate
the formation and function of osteoclasts, but also respond to
signals from osteoclasts and other cells including tumour cells.'®
Whnt-family proteins are known to promote osteoblast differentiation
and bone formation,2° and prostate cancer cells are able to regulate
osteoblastic activity by expressing and secreting Wnts as well as the
endogenous Wnt inhibitor dickkopf-1 (DKK-1) to modulate Wnt
signalling®’ In addition, Wnt5a from osteoblastic cells induces
prostate cancer cell dormancy via the Wnt5a-ROR2-SIAH2 signalling
axis, suggesting a potential therapeutic utility to induce and
maintain prostate cancer cell dormancy and to prevent the
metastatic tumour formation in bone®? In breast cancer, DKK-1
promotes bone metastasis by regulating canonical Wnt signalling in
osteoblasts but inhibits lung metastasis through non-canonical Wnt
signaling.®

Osteogenic niches also play a role in the early outgrowth of
bone metastasis prior to the engagement of the osteolytic cycle.
Heterotypic cadherin interactions between tumour-cell-derived E-
cadherin and osteoblast-derived N-cadherin activate mammalian
target of rapamycin (mTOR) signalling in tumour cells to promote
their outgrowth.®* Breast cancer cells also benefit from calcium
obtained through connexin 43-containing gap junctions made
with osteogenic cells, as the cancer cells cannot obtain calcium
directly from the microenvironment.2> The activation of hypoxia-
inducible factor (HIF) signalling in osteoprogenitor cells under the
generally hypoxic condition in bone metastasis not only increases
the ability of breast cancer cells to metastasise to the bone, but
also promotes primary tumour growth and remote dissemination
to the lungs and other organs by regulating blood levels of
CXCL12, which binds to CXCR4 in breast cancer cells. These
findings suggest that cells of osteoblast lineage might serve as
systemic regulators of the tumour environment®® A precise
definition of the different stages of osteogenic cells, including
skeletal stem cells, osteoblast progenitors and mature osteoblasts,
by using diverse surface markers or specific transcription factor
expression levels, might be helpful to study their interactions with
cancer cells.

Osteocytes and lining cells
Other bone cells, such as osteocytes and lining cells, are also
important components of the endosteal niche. Osteocytes are
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Fig. 3 Other cells in the bone metastatic niche. Other cells in the
bone niches include immune cells in the bone marrow (dendritic
cells, macrophages, myeloid-derived suppressor cells (MDSCs),
natural killer (NK) cells, T cells and megakaryocytes), adipocytes
and sympathetic nerve cells. These bone stromal cells regulate the
immune escape, dormancy and proliferation abilities of
tumour cells.
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embedded in the bone matrix in a comprehensive dendritic
structure, which forms bone canaliculi through gap junctions.®”
This network allows osteocytes to sense other osteocytes and to
communicate local and distant signals, including biomechanical
stress and biological paracrine/endocrine signals.®® Recent evi-
dence has shown that prostate tumour growth in bone can
increase pressure within the medullary cavity, which leads to the
upregulation of pro-metastatic factors CC motif chemokine ligand
5 (CCL5) and matrix metalloproteinases in osteocytes—the main
mechanotransducing cells in bone. The fact that osteocytes can
sense physical forces induced by tumour growth, and respond to
tumours by secreting factors associated with cancer growth and
mobility suggests osteocytes are critical mediators in the bone
metastasis process.® Osteocytes can also produce RANKL to
induce osteoclast formation and activation, which provides an
amplifying loop to promote osteolytic metastasis.”

In normal physiology, lining cells regulate calcium balance and
collagen deposition,”’ but the function of lining cells in bone
metastasis is not well understood. However, given the fact that
lining cells interact with other bone cells, they might help tumour
cells sense the stiffness of the bone matrix, or possibly transduce
mechanotransduction signals.’?> As lining cells can serve as
osteoprogenitors, and can respond to signals that induce or
inhibit osteoblast differentiation, the interaction between lining
cells and tumour cells requires deeper investigation.

IMMUNE CELLS IN THE BONE NICHES
Immune cells are another major cell population in the bone
marrow. The pro- and anti-tumour effects of the immune system
at primary sites have been widely studied, but the crosstalk
between bone metastatic cancer cells and bone marrow immune
cells remains largely unexplored (Fig. 3).

T cells

Active CD4" T cells, CD8™ T cells and natural killer (NK) cells might
all contribute to the immune surveillance and elimination of bone
metastasis”>° and, indeed, the depletion of T cells and NK cells
accelerated bone metastasis in a murine breast cancer model.”®
However, active CD4" T cells might also have pro-metastatic roles,
as they have been shown to promote osteoclastogenesis and
induce premetastatic osteolytic lesions, which might facilitate the
colonisation of myeloma and breast cancer cells in bone.®”®
Considerably more CD4"/Foxp3™ regulatory T (T,e) cells were
found in the bone marrow of prostate cancer patients with bone
metastases than in the bone marrow of patients without bone
metastases, where they might confer immunosuppressive func-
tions.”® Treg cells obtained from bone metastatic prostate cancer
patients showed greater migratory and proliferative capacities and
were shown to be responsible for the inhibition of osteoclasts,
resulting in the generation of osteoblastic bone lesions. In
contrast, RANKL levels in CD3" T cells within the marrow of
BALB/c mice with transplanted 4T1 mammary tumours were
elevated compared with those of mice injected with non-
metastatic 67NR cells,®® consequently enhancing osteoclastic
activities in the bone and thereby leading to bone metastatic
colonisation of 4T1 cells.

Macrophages and myeloid cells

In addition to T cells, macrophages also contribute to the
development of bone metastasis. In primary tumours, the
presence of tumour-associated macrophages (TAMs) is associated
with poor prognosis and the development of metastases.'®*'%" A
cell population named metastasis-associated macrophages
(MAMs), which are essential to promoting tumour metastasis,
has been found in different metastatic tissues.'®’ A 2020 study
found abundant macrophages in human and mouse breast cancer
bone metastases. These bone MAMs originate from inflammatory

monocytes and express high levels of CD204, which specifically
labels macrophages infiltrated inside bone metastasised tumour
well as the IL-4 receptor. Ablation of the IL-4 receptor in
monocytes/macrophages can effectively inhibit the growth of
bone metastasis, suggesting that MAMs can serve as a promising
target in bone metastasis.'%

Myeloid-derived suppressor cells (MDSCs) comprise a hetero-
geneous group of immunosuppressive cells, including immature
monocytic cells, neutrophils and dendritic cells, and constitute up
to 20-30% of all bone marrow cells.'® Besides their immunosup-
pressive function, MDSCs have the potential to differentiate into
osteoclasts, which might subsequently promote bone loss in bone
metastasis.'® Plasmacytoid dendritic cells were found to be
increased with bone metastasis in a breast cancer model, and
depletion of this population reduced bone loss and suppressed
tumour growth in the bone.'®®

The CCL2-CC motif chemokine receptor 2 (CCL2-CCR2) signalling
pathway and the CSF-1-CSF-1 receptor (CSF-1R) signalling pathway
are important for the differentiation of macrophages and myeloid
cells from their progenitors or precursors and for their recruitment to
the tumour microenvironment. CCL2 expressed by both tumour
cells and stromal cells can be recognised by CCR2-expressing
myeloid cells in the pre-metastatic niche, and this interaction
facilitates tumour cell extravasation and colonisation.'® As a potent
chemoattractant, CCL2 expressed by the tumour and stromal cells
then promotes metastatic progression by recruiting TAMs,'"”
MAM:s,'% monocytes'® and MDSCs.''® Inhibition of the CCL2-CCR2

interaction by anti-human CCL2 antibodies has been shown to
decrease prostate cancer cell growth in bone.'"" CSF-1-CSF-1R
signalling promotes the differentiation of myeloid progenitors into
monocytes, macrophages, dendritic cells and osteoclasts,''? as well
as reg7ulating the recruitment, polarisation and differentiation of
TAMs.”® A CSF-1R kinase inhibitor, JNJ-28312141, showed a potential
inhibitory effect on solid tumour growth and bone metastases by
reducing the number of TAMs through suppressing their recruit-
ment and differentiation.'’® In summary, the diversity of immune
niches is just beginning to be recognised, and further investigation
of the link between the immune system and bone homoeostasis as
well as bone metastasis is required.

ADDITIONAL CELL TYPES IN THE BONE NICHES

Other cell types have also been studied in the bone niches (Fig. 3).
The sympathetic nervous system has been suggested to stimulate
BMSCs and promote breast cancer bone metastasis in mice
through activation of the sympathetic nervous system mediated
through B-adrenergic signalling."'® This finding indicates that
patients’ systemic physiological conditions, especially the sympa-
thetic nervous system, can be involved in regulating the tumour
microenvironment and metastasis to bone and other organs.
Moreover, this concept highlights the possibility to develop new
therapeutic approaches by targeting sympathetic nervous system.
Increasing evidence also shows that bone marrow adipocytes can
attract and interact with metastatic tumour cells, and provide an
alternative source of growth factors and energy to support
metastatic growth.''> Mature polyploid megakaryocytes are
responsible for the production of platelets in response to
thrombopoietin (THPO). Previous research looking at the role of
megakaryocytes in regulating bone metastasis has been con-
troversial—although tumour growth increased megakaryocyte
numbers, both pro-metastatic and anti-metastatic roles of mega-
karyocytes have been observed."'®'"” Mice lacking megakaryo-
cytes developed more aggressive bone metastasis compared with
wild-type animals,''® and thrombopoietin-induced megakaryocyte
expansion in the marrow leads to decreased prostate cancer bone
metastasis formation,''® suggesting that the increase of mega-
karyocytes in bone marrow could confer a protective mechanism
against bone metastasis in breast cancer. On the other hand,



however, silencing THPO, which reduces the number of platelets
and density of mature megakaryocytes, inhibits tumour progres-
sion and metastasis in a mouse mammary tumour model (MMTV-
PyMT)."*° Furthermore, megakaryocytes can produce factors such
as RANKL, VEGF and TGF-, which have been shown to promote
bone metastasis.'*’ More research is therefore needed to clarify
the context-dependent role of platelets and megakaryocytes in
different stages and different types of cancer bone metastasis.

CURRENT THERAPEUTIC APPROACHES IN BONE METASTASES
Current strategies for the treatment of bone metastases depend
on three principles. First, cancer cells might be eliminated by
systemically/locally targeting them, thereby suppressing their
proliferation and any metastatic traits. Second, stromal cells can
also be therapeutic targets by disrupting the interaction between
the altered bone niche and cancer cells. This strategy can be
achieved based on the studies revealing the nature of niche and
cancer cells during bone metastasis. And, third, additional lines of
treatment comprise palliative therapies, with the purpose of
alleviating symptoms or morbidity associated with bone metas-
tasis. This approach can be very helpful in improving the quality of
life for cancer patients, as bone metastasis can be extremely
debilitating and painful.

In general, systemic therapy is often required for the treatment
of advanced bone metastasis, and chemotherapy, hormonal
therapy, targeted therapies or a combination of these options
can be used.

Hormonal therapy

In advanced, hormone-driven tumours, such as prostate and breast
cancers, the first-line approach very often involves hormone
deprivation to repress proliferative signalling in the cancer cells.
However, although patients have benefited from hormone-
deprivation therapies, the need for improved treatment exists
when considering the impact that hormone deprivation has on the
bone niche. Oestrogen and androgen can promote osteoclast
survival and enhance osteoblast activity directly or indirectly, which
leads to an imbalance in bone remodelling.'*>"'** Hormone
deprivation therapy could further induce a loss of bone mineral
density and enhance the formation of osteolytic lesions in bone
metastatic cancer patients.'*®

Osteoclast-targeted therapy

Drugs that inhibit osteoclast-mediated resorption, including
bisphosphonates (such as zoledronic acid) and denosumab
(RANKL antibody), are currently used to treat tumour-induced
bone disease. Bisphosphonates have been used to prevent bone
loss in multiple clinical indications, such as osteoporosis and
Paget's disease, as well as bone metastatic cancer.'?® However, the
role of bisphosphonates in treating breast cancer bone metastasis
remains controversial. Bisphosphonate treatment has been
reported to only be effective in improving the survival of patients
who were postmenopausal when treatment started.'?” This result
has been validated in mice, as zoledronic acid only works in mice
with low oestrogen levels.'?® These findings can be explained by
the observation that oestrogen binding to the oestrogen receptor
induces osteoclast apoptosis in females to prevent bone loss,'**
suggesting that oestrogen and bisphosphonates might act
redundantly. It is therefore crucial to monitor bone structure
while administering hormonal therapies. Denosumab was
approved by the FDA based on a study showing that this agent
prolonged time to a skeletal-related event (pathological fracture,
radiation therapy, surgery to bone, or spinal cord compression)
when compared with zoledronic acid treatment.'?*'*® Denosu-
mab is a human monoclonal antibody that has the ability to bind
to both membrane-bound and soluble RANKL with high
affinity.*' As mentioned before, RANKL is secreted abundantly
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by BMSCs, osteoblasts and osteocytes, and when it is bound to
RANK, which is located on the surface of osteoclasts, it promotes
osteoclastic activity and bone destruction. By disrupting the
RANKL-RANK interaction, denosumab therefore inhibits osteoclast
activation and bone resorption. Denosumab has been shown to
be clinically effective in alleviating pain and hypercalcaemia
associated with malignancy.'®? Further approaches used to target
osteoclasts in bone metastatic cancer include the cathepsin-K
inhibitor odanacatib and the c-Src inhibitor dasatinib. Odanacatib
inhibits bone resorption activity of osteoclasts while does not
reduce osteoclast number.”** In preclinical studies, osteoclast-
specific cathepsin K ablation inhibits bone resorption while
maintaining the number of osteoclasts that are sufficient to
maintain bone homoeostasis.'>* Dasatinib can accelerate osteo-
blast differentiation through inhibition of both Src and Abl, but
inhibit osteoclast activity through inhibition of M-CSF receptor C-
FMS.'3>7137 Synergistic benefits could potentially be achieved by
combining inhibitors of bone resorption with traditional treat-
ments such as chemotherapy, radiation and hormonal therapy.

Chemotherapy

Chemotherapy is commonly used in the control of systemic
diseases. However, recent studies indicate that chemotherapy-
induced change in bone nice may have unintended consequence
in affecting metastatic progression. Chemotherapy agents induce
the expression of Jagged1 in cells of osteoblastic lineage through
the generation of reactive oxygen species, and subsequently
promote the seeding of cancer cells to bone as well as their
resistance to chemotherapy.”® Importantly, combining chemother-
apy with Jagged1 neutralising antibody treatment achieved
synergistic benefit in reducing the risk of metastatic relapse in
bone, indicating a potential avenue to increase the efficacy of
adjuvant chemotherapy.

CONCLUSIONS AND PERSPECTIVES
Bone niche consists of multicellular components with intricate
interactions.

The sinusoidal endothelium and BMSCs that closely lining the
sinusoids in the bone marrow provide a perivascular niche to
support HSCs, as well as to support DTCs homing to the bone and
their resistance to chemotherapy. Osteoclasts, osteoblasts, osteo-
cytes and lining cells, by remodelling the endosteal niche, not only
can maintain normal bone homoeostasis but also can foster
tumour cells during dormancy/micrometastasis as well as during
the development of overt lesions. Immune cells and other
components in the bone marrow display both pro-tumour and
anti-tumour effects and participate in the regulation of bone
metastasis. Tumour cells take advantage of the bone niche and, at
the same time, remodel the bone microenvironment to facilitate
the development and treatment resistance of bone metastasis.

Although significant progress has been made in understanding
the nature of bone metastasis, the disease remains mostly
incurable once tumour cells gain a foothold in bone and start
proliferating. The steps of metastasis—from initial seeding in bone
to dormancy and finally outgrowth—need to be investigated in
further detail in order to prevent the occurrence and progression
of bone metastasis. Different animal models, each with their own
advantages and disadvantages, have been used in studies that
focus on elucidating the mechanisms governing each step.
Spontaneous metastasis models are generated by using trans-
genic mice or mice with orthotopically transplanted tumours.
These models provide a comprehensive overview of the whole
process from primary tumour growth to spontaneous metastasis.
However, they often exhibit long latency and a limited incidence
of metastases with a high degree of variation. Experimental
models involve injecting tumour cells into the circulation via
arterial or venous routes, or directly into different organs. These
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methods are useful to study metastatic mechanisms in the
secondary sites but are not able to trace the initial process of
metastasis.'>® Owing to the lack of good models, our knowledge
about some of the crucial early phases of bone metastasis, such as
how tumour cells survive through dormancy, is still very limited.
Substantial evidence suggests that cancer cells interact with cells
in the bone niches to modify normal physiological processes and/
or hijack the niche factors in favour of promoting tumour cell
seeding, survival via dormancy, and outgrowth in the bone.
Understanding the molecular basis of such interactions depends
on the development of mouse models that closely mimic the
natural process of dormancy in human cancer development and
that allow single or small nodules of dormant cells to be visualised
and their progression monitored during metastasis development.

Studies of the interactions between cancer cells and the bone
microenvironment, including the perivascular niche and endosteal
niche, are revealing promising therapeutic targets. However, there
are still many unknown areas that need to be explored: the nature
of other niche factors that participate in the crosstalk between
cancer cells and niches; how cancer cells influence normal bone-
resident stem cells such as HSCs, and the differentiation and
mobilisation of HSC-derived immune cells; how these interactions
affect the immune regulation in the whole body to favour
metastatic colonisation into other organs; and the development of
immune evasion of cancer. Continued progress in these research
areas will help shape the future of cancer therapeutics.
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