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mia, pathological fractures, spinal compression, and bone pain, which are associated with poor prognosis.
Highlight: Although the precise mechanisms are yet to be fully elucidated, accumulating evidence suggests
that bone provides a favorable microenvironment that enables circulating cancer cells to home, proliferate,

Keywords: and colonize, resulting in the formation of metastasis. Cancer cells that metastasize to bone also possess
Bone metastasis unique features, enabling them to utilize the bone microenvironment. Thus, communication between cancer
Bone microenvironment cells and bone is believed to be critical for the development and progression of bone metastases.

Bone-derived growth factors

Conclusion: Continued studies are warranted to understand the molecular mechanisms underlying bone
Cancer stem cells

metastases and to develop mechanism-based and effective therapeutic interventions.
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1. Introduction

Bone is the third most preferred site of metastasis in patients
with advanced cancer; however, some cancers show marked
osteotropism [1]. Around 70% of patients with breast and prostate
cancers and 30-40% of those with lung, kidney, and thyroid
cancers eventually develop metastases in bone. Bone metastases
are generally incurable using currently available treatments and
cause devastating complications called skeletal-related events,
including hypercalcemia, pathological fractures, spinal compres-
sion, and bone pain, which result in a poor prognosis. Although
the mechanisms underlying bone metastasis are yet to be
fully elucidated, growing evidence suggests that the bone
microenvironment significantly contributes to cancer bone trop-
ism. In addition, cancer cells that form bone metastases possess
unique abilities. In this review, we will discuss the most recent
reports on the interaction between cancer cells and the
bone microenvironment and its role in the development and
progression of bone metastases.

2. Cancer cell homing to bone

Cancer cell homing to a particular organ is a critical step in
organ-specific metastasis. Among several candidates, C-X-C motif
chemokine 12 (CXCL12), also known as stromal-derived factor 1
(SDF-1), which is produced by bone marrow stromal cells (BMSCs)
and osteoblasts, is a key molecule for mediating cancer cell
homing to bone. An in vitro study demonstrated that CXCL12
enhances transendothelial migration and invasion of cancer cells
expressing the CXCL12 receptor, C-X-C chemokine receptor type
4 (CXCR4); this was inhibited by an anti-CXCR4 antibody [2].
Furthermore, in vivo studies using mouse models revealed that
CXCR4 overexpression in cancer cells increased and administration
of the neutralizing antibody to CXCR4 decreased the formation of
bone metastases [3,4]. These findings suggest a critical role of the
CXCL12/CXCR4 interaction in the development of bone metastases.

In addition to its roles in cancer cell homing, CXCL12 also plays
a pivotal role in the homing to and maintenance of a niche for
CXCR4-expressing hematopoietic stem cells (HSCs) [5]. Shiozawa
et al. found that HSCs and bone-homed cancer cells co-localized to
the same niche in the bone marrow [6]. More importantly, they
clearly demonstrated that cancer cells compete with HSCs for
occupancy of the HSC niche. Thus, it is likely that metastatic cancer
cells home to bone and are maintained by the same mechanism
as HSCs.

3. Cancer metastasis and bone remodeling

Once cancer cells colonize bone, they disrupt physiological
coupling between bone formation and bone resorption maintained
by osteoblasts and osteoclasts, respectively [7]. When osteoclast
differentiation and function are enhanced by cancer cell-produced
osteoclastogenic factors, including parathyroid hormone-related
protein (PTHrP), which induce expression of the receptor activator of
nuclear factor-«xB (NF-«xB) ligand (RANKL) in BMSCs and osteoblasts
[8,9], bone resorption-dominant osteolytic-type bone metastases are
established. Conversely, when bone formation is stimulated by
cancer cell-derived osteoblast-activating factors, osteoblastic (or
osteosclerotic)-type metastases are formed. However, most solid
tumors usually produce both types in one lesion, which is so-called
mixed-type metastases.

It is rather surprising that osteoclastic bone resorption is
enhanced in osteolytic and even in osteoblastic metastases. A
clinical study showed that the bone resorption marker urinary

N-terminal telopeptide of type I collagen and the bone formation
marker serum bone alkaline phosphatase were increased in cancer
patients with osteoblastic metastases more than in those with
osteolytic metastases [10]. Yonou et al. reported that the number
of osteoclasts was markedly increased in the early stage of
osteoblastic metastatic development and decreased thereafter in a
mouse model [11]. Of note, our study showed that stimulation of
bone resorption in calvarial bones by repeated injections of
interleukin-1p (IL-1B) before cancer cell inoculation markedly
increased subsequent metastases to this local bone site, which was
markedly suppressed by treatment with the bisphosphonate,
zoledronic acid [12]. These findings, together with the fact that
bisphosphonates and anti-RANKL antibody (potent inhibitors of
osteoclastic bone resorption) inhibit bone metastases [13,14],
suggest that bone resorption plays a critical role in bone metastases.
The molecular mechanisms of how bone resorption contributes to
bone metastases will be described in the next section.

4. Bone-derived growth factors

Bone is a storehouse of a variety of growth factors, including
insulin-like growth factors (IGFs), transforming growth factor
(TGFp), fibroblast growth factors, platelet-derived growth factors,
and bone morphogenetic proteins [15], which are continuously
released into the bone microenvironment by bone resorption. In
physiological conditions, these bone-derived growth factors play a
role in regulating bone remodeling [16,17]; however, they are also
crucially involved in multiple aspects of bone metastasis.

4.1. Vicious cycle theory

The vicious cycle theory, a hypothesis proposed by Mundy and
his colleagues [7], explains how communication between cancer
cells and the bone microenvironment drives bone metastasis. In
brief, bone-derived growth factors released through osteoclastic
bone resorption stimulate the production of osteoclast-stimulating
factors (OSFs), such as PTHrP, by cancer cells, which up-regulates
RANKL
expression in BMSCs and osteoblasts. RANKL then promotes
differentiation of RANK-expressing osteoclast precursor cells to
mature osteoclasts, leading to further bone destruction (Fig. 1).
Additionally, bone-derived growth factors enhance angiogenesis
and cancer cell proliferation, invasion, and homing to bone.

4.2. IGFs

IGFs, the most abundant growth factors stored in bone [15],
have been implicated in the development, progression, and
aggressiveness of many cancer types [18]. Our study using clinical
specimens revealed that, in the majority of cases (86.7%),
metastatic cancer cells in bone were positive for IGF type I
receptor (IGF-IR), the primary receptor for IGFs [12]. Furthermore,
a preclinical study using a mouse model of bone metastasis
demonstrated that inhibition of IGF signaling in cancer cells
through introduction of dominant-negative IGF-IR and IGF-IR
knockdown significantly inhibited bone metastasis formation with
decreased mitosis and increased apoptosis in metastatic breast
cancer cells in bone [12]. Similar results were also obtained in
mouse models of multiple myeloma [19], neuroblastoma [20], and
prostate cancer [21]. Inhibition of Akt and NF-xB pathways, which
are activated through IGF-IR, also suppressed bone metastases
[12]. These results suggest that bone-derived IGFs promote bone
metastases with increased proliferation and decreased apoptosis
in metastatic cancer cells through the IGF-activated IGF-IR, Akt,
and NF-xB pathway.
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Fig. 1. “Vicious cycle” in bone metastases. Bone-derived growth factors such as IGFs
and TGFp, which are released continuously from the bone matrix due to osteo-
clastic bone destruction (1), promote cancer cell proliferation (2) and the produc-
tion of OSFs (3). OSFs upregulate RANKL expression by BMSCs and osteoblasts,
which interacts with RANK expressed by osteoclast precursor cells (OPCs). This
interaction promotes osteoclastogenesis and, further, bone destruction (4), result-
ing in the establishment of a “vicious cycle.” In addition, bone-derived growth
factors play a variety of roles in cancer progression, including cell invasion,
angiogenesis, and homing. Images have been adapted from Servier Medical Art
(https://smart.servier.com/).

4.3. TGFp

TGFg, the second most-abundant growth factor stored in bone
[15], has been shown to promote the production of osteolytic
factors, including PTHrP and IL-11 [3,22]. These factors induce
RANKL expression and inhibit osteoprotegerin expression in
BMSCs and osteoblasts, thereby stimulating osteoclastic bone
destruction and progression of bone metastases. In support of this
notion, the introduction of dominant-negative TGFp type Il
receptor (dnTBIIR) to cancer cells and administration of TGFp
receptor kinase inhibitors were found to suppress bone metastases
in mice [22,23]. Our previous study revealed that TGFp also
increases the expression of cyclooxygenase-2 (COX-2) and pros-
taglandin E2, which is a major metabolite of COX-2 and an OSF, in
cancer cells [24]. Overexpression of dnTpIIR decreased bone
metastases along with impaired COX-2 expression in cancer cells
in mice. Additionally, COX-2 inhibitors suppressed bone metas-
tases with the reduced number of osteoclasts. Furthermore, Sethi
et al. demonstrated that TGFB enhances Jagged1 expression in
cancer cells [25]. Jagged1-Notch signaling induced the release of
IL-6 from osteoblasts and activated bone destruction, thereby
promoting bone metastases. These findings collectively suggest
the critical involvement of bone-derived TGFp in bone metastases.

5. Hypoxia

Intratumoral hypoxia is a hallmark of the cancer microenviron-
ment, which is caused by increased oxygen consumption and/or

insufficient blood supply [26]. The recent study using a two-photon
phosphorescence lifetime microscopy technique clearly demon-
strated that the bone marrow is a hypoxic tissue [27]. Hypoxia
signals are mainly transduced by activation of hypoxia-inducible
factors (HIFs), which act as regulators of cancer progression [26].
Hypoxia was also shown to affect both bone and cancer cells.
Osteoclast-like cell formation was increased and osteoblastic
differentiation was inhibited under hypoxic conditions [26].

Although the precise oxygen concentrations in bone metastases
of cancer patients have not yet been determined, our
immunohistochemical study using the hypoxia marker, pimonida-
zole, revealed the presence of hypoxic regions in mouse bone
metastases, in which nuclear accumulation of HIF-1a in cancer cells
was observed [28]. Furthermore, the stable expression of either
constitutively active or dominant-negative HIF-la increased or
decreased the development of bone metastases, respectively [28].

A hypoxia-activated pro-drug, TOP3, is a fusion protein com-
prised of a protein transduction domain embedded in the human
immunodeficiency virus-trans-activator of transcription (HIV-TAT)
protein, oxygen-dependent degradation domain, and procaspase-3
[29]. TOP3 induces caspase-3-mediated cell death, specifically under
hypoxic conditions. We reported that TOP3 selectively induced
apoptosis in hypoxic tumor cells in vitro and significantly reduced
bone metastases in mice [28]. These results collectively suggest that
intratumoral hypoxia and the resulting activation of HIF-1 promote
bone metastases. It is also likely that hypoxia leads to the develop-
ment of osteolytic bone metastases by suppressing osteoblast
differentiation and promoting osteoclastogenesis.

6. Cancer stem cells (CSCs)

The CSC hypothesis is a concept that cancers are sustained by a
small population of cancer cells with tumor-initiating potential
[30]. CSCs are supposed to have the capabilities of self-renewal
and differentiation, which lead to the development of cancers
composed of heterogeneous cell populations. Because these stem-
cell-like properties are required to initiate secondary tumor
formation in distant organs, CSCs are expected to play a central
role in the development of bone metastases.

CD44 is an adhesion molecule that binds to the extracellular
matrix, mainly hyaluronan (HA), and has been implicated in cancer
cell migration, invasion, and metastasis [31]. CD44 is also currently
recognized as a representative marker for stem cells of several
cancer types. Consistent with this notion, our study showed that
CD44 knockdown in cancer cells significantly inhibited tumor
sphere formation, cell migration and invasion in vitro, and tumor
formation in orthotopic sites in mice [32]. More importantly,
downregulation of CD44 markedly suppressed bone metastases
with a decreased number of osteoclasts. Of interest, the expression
of HA synthase 2 (HAS2), one of the HASs, was downregulated in
CD44-knockdown cells, and HA localization in bone metastatic
lesions was markedly reduced. Moreover, 4-methylumbelliferone,
an inhibitor of HA synthesis, decreased tumor sphere formation
and osteoclast-like cell differentiation in vitro and suppressed
bone metastasis formation with a reduced number of osteoclasts
in mice. These results suggest that CD44 expression in cancer cells
promotes bone metastases by enhancing tumorigenicity, cell
migration and invasion, and HA production. It may also be possible
that HA provides a niche for bone-metastatic CSCs.

It should be noted that CD44 has a variety of alternatively
spliced isoforms [31]. The standard isoform of CD44 (CD44s) and
the variant isoforms (CD44v) have been suggested to play distinct
functional roles in cancer cell biology. However, so far, we have not
been able to find differential roles between CD44s and CD44v,
particularly CD44v8-10, in bone metastases [33].
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Epithelial cell adhesion molecule (EpCAM), which is expressed
in a wide variety of cells of epithelial origin, is also defined
as a marker for some types of CSCs [30]. Our study using EpCAM-
negative and -positive (EpCAM"®¢ and EpCAMP®*) cell populations
isolated from cancer cell lines showed that EpCAMP®, but
not EpCAM"®%, cells possessed CSC-like properties, including
self-renewal, differentiation, and tumorigenic abilities [34].
Furthermore, the development of bone metastases was markedly
increased in mice inoculated with EpCAMP® cells. These results
again suggest that cancer stem-like properties contribute to the
enhancement of bone metastases.

7. Conclusion

As described, in part, above, preclinical studies to date have
shown the involvement of a variety of molecules in the develop-
ment and progression of bone metastases. Recent advances in our
understanding of the mechanisms underlying bone metastases
have led to the development of a variety of novel therapeutic
agents. Some of them, represented by bisphosphonates and the
anti-RANKL antibody denosumab, are widely and successfully
being used for bone metastasis treatment, whereas others are
under clinical investigation [35]. It is hoped that these efforts will
lead to new and innovative therapeutic strategies for blocking and
curing bone metastases.
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