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Abstract

Bone metastasis involves tumor-induced osteoclast activation, resulting in skeletal tumor progression as well as skeletal
disorders. Aberrant expression of receptor activator of NF-kB ligand (RANKL), an essential cytokine for osteoclast dif-
ferentiation, induced by the metastatic tumor cells is responsible for the pathological bone resorption in bone metastasis. A
fully human anti-RANKL neutralizing antibody has been developed to block osteoclast activation and is now used for the
treatment of patients with bone metastasis and multiple myeloma. On the other hand, numerous studies have revealed that
the RANKL/RANK system also contributes to primary tumorigenesis as well as metastasis through osteoclast-independent
processes. Furthermore, emerging clinical and preclinical evidence has suggested anti-tumor immune effects of RANKL
blockade when added to immune checkpoint inhibitor therapies. Study on the pleiotropic functions of RANKL in tumori-
genesis and metastasis is now expanding beyond the bone field and has been established as one of the most important areas

of “RANKL biology”.
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Introduction

The tumor necrosis factor (TNF) family cytokine RANKL
is an essential cytokine for osteoclastogenesis [1]. RANKL
binds to its receptor RANK expressed on osteoclast precur-
sor cells to trigger osteoclast differentiation. The importance
of the RANKL/RANK system is not limited to bone remod-
eling. RANKL exactly acts as a multifunctional cytokine
that influences diverse physiological processes, including
immune organ development and mammary gland matu-
ration [1]. Pathologically, excess RANKL signal leads to
abnormal osteoclast activation and bone loss in theumatoid
arthritis, osteoporosis, and bone metastasis. Bone metasta-
sis critically involves osteoclastic bone resorption for tumor
burden in bone, producing skeletal-related events (SREs),
such as fracture, spinal cord compression, and the need for
bone irradiation or surgery [2]. As demonstrated by the clini-
cal benefits conferred by anti-RANKL treatment, RANKL
is crucial for pathological osteoclast activation that causes
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SREs in bone metastasis. On the other hand, recent stud-
ies have revealed that the RANKL/RANK system also cru-
cially contributes to tumorigenesis and metastasis through
osteoclast-independent processes in various situations. This
review presents a comprehensive overview of the pathologi-
cal roles of RANKL in cancer development and metastasis.

Osteoclast-dependent roles of RANKL
in bone metastasis and multiple myeloma

Osteolytic bone metastasis and RANKL

Bone is one of the most preferential metastatic target sites
for certain cancers [3]. In particular, 65-75% of patients with
advanced breast and prostate cancer, 30-40% of patients
with advanced lung cancer, and 14-45% of patients with
advanced melanoma develop bone metastases [4]. Bone
stores large amounts of growth factors including transform-
ing growth factor (TGF)-f and insulin-like growth factors
(IGFs), which can promote the proliferation and survival of
tumor cells. Thus, bone is an exclusively favorable environ-
ment for tumor metastasis, namely “seed and soil theory”
proposed by Stephen Paget in 1889 [5]. Bone metastasis
often causes serious skeletal complications including bone

@ Springer


http://orcid.org/0000-0001-5855-5357
http://crossmark.crossref.org/dialog/?doi=10.1007/s00774-020-01182-2&domain=pdf

72

Journal of Bone and Mineral Metabolism (2021) 39:71-81

pain, pathologic fractures, hypercalcemia and spinal cord
compression, which significantly worsen the quality of life
in the patients [2]. Bone metastasis can be largely classified
as osteolytic and osteoblastic [6]. Osteolytic bone metasta-
sis is often seen in breast cancer and lung cancer. In bone,
the tumor cells produce various cytokines or factors, such
as parathyroid hormone-related peptide (PTHrP), prosta-
glandin E,, interleukin (IL)-6, IL-8, IL-11, and TNF-a, to
induce RANKL expression in bone marrow stromal cells
such as osteoblasts, resulting in enhanced osteoclast for-
mation and bone resorption [7]. Tumor-induced osteoclas-
tic bone resorption subsequently results in the release of

)
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calcium (Ca®*) and growth factors such as TGF- p and IGFs
from the degraded bone matrices, which further promote
tumor progression. The intercellular network by tumor cells,
bone marrow stromal cells, and osteoclasts referred to as
the "vicious cycle", is a central mechanism underlying the
pathogenesis of the osteolytic metastasis (Fig. 1) [3]. Stud-
ies using the mouse model of bone metastasis achieved by
injecting the human breast cancer cell line MDA-MB-231,
which forms osteolytic metastasis, demonstrated that in vivo
neutralization of RANKL by osteoprotegerin (OPG), which
is a decoy receptor for RANKL, inhibited skeletal tumor
burden and osteolysis via suppressing osteoclast activity
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Fig. 1 Roles of RANKL in bone metastasis. RANKL contributes to
bone metastasis by not only activating osteoclast activation but also
acting as a chemotactic factor for recruiting the tumor cells to bone.
Tumor cells induce RANKL expression on bone marrow stromal cells
such as osteoblasts via various cytokines and factors, leading to oste-
oclastic bone resorption. Increased bone resorption causes the release
of growth factors from bone matrix, thereby further increasing tumor
proliferation. Soluble RANKL is dispensable for osteoclast activa-
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tion in bone metastasis, suggesting that membrane-bond RANKL
(mRANKL) is mainly involved in this process. On the other hand,
soluble RANKL promotes the homing of tumor cells to bone tissues,
by directly acting on tumor cells expressing RANK. Chemokines
derived from bone marrow stromal cell and bone marrow endothelial
cell, such as CXCL12, CX;CL1, and CCL2, also contributes to the
tumor migration to bone
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[8, 9]. Oral administration of a small-molecule inhibitor
against RANKL signaling also suppressed tumor-induced
osteoclast differentiation and the tumor burden in a mouse
model of bone metastasis using MDA-MB-231 cells [10].
RANKL-induced osteoclast activation plays a central role
in the development of osteolytic lesions.

Osteoblastic metastasis of prostate cancer
and RANKL

Osteoblastic metastasis, which is commonly seen in prostate
cancer, involves excessive activation of osteoblasts adjacent
to metastatic tumor cells [11]. Factors locally produced by
the tumor cells, including bone morphogenetic proteins
(BMPs), fibroblast growth factors (FGFs), IGFs, TGF-f,
and endothelin-1, promote osteoblastogenesis and bone for-
mation [11]. Bone metastasis of prostate cancer most often
presents as osteoblastic lesions but is also accompanied
by mixed osteolytic features, thus indicating the effective-
ness of RANKL inhibition. Production of PTHrP, IL-6 and
RANKL is involved in the osteoclastic activity of prostate
cancer [12]. Notably, administration of OPG inhibited the
skeletal tumor progression in experimental bone metasta-
sis models using human prostate cancer cell lines, LNCaP
and LuCaP23.1 [13, 14]. Nevertheless, a study on human
prostate tumor samples showed that not only RANKL and
RANK but also OPG expression in the prostate tumor was
positively correlated with the aggressiveness [15]. OPG by
prostate cancer cells also has the capacity to facilitate tumor
survival by inhibiting TRAIL-induced apoptosis [16]. The
formation of mixed osteolytic/osteoblastic lesions in bone
metastasis of prostate cancer would be influenced by the
ratio of RANKL to OPG in the local microenvironment.

RANKL in multiple myeloma

Multiple myeloma is a malignant disorder caused by uncon-
trolled proliferation of monoclonal plasma cells in the bone
marrow [17]. Osteolytic lesion formation is a hallmark of
multiple myeloma, leading to SREs associated with morbid-
ity and mortality. MIP-1o/p plays a critical role in multiple
myeloma-induced osteolysis [18]. MIP-1a/p produced by
multiple myeloma cells stimulates osteoclast progenitor cells
and induces RANKL expression in bone marrow stromal
cells. Interaction between VLA-4 on multiple myeloma cells
and VCAM-1 on bone marrow stromal cells is implicated
in bone marrow homing and progression of multiple mye-
loma cells. VLA-4-VCAM-1 adhesion upregulates MIP-
la/p production, promoting osteoclastogenesis [19, 20]. A
primary #(4;14)(p16.3;q932.3) chromosomal translocation
in multiple myeloma also leads to upregulation of MIP-1
via FGFR3 expression [17]. In addition, multiple myeloma
cells exert osteoclastic activity by producing RANKL and

soluble factors that induce RANKL on bone marrow stro-
mal cells such as PTHrP [17]. It has been recently shown
that RANKL-induced osteoclastic bone resorption activates
dormant myeloma cells in the bone marrow [21]. Preclini-
cal studies using the mouse models of multiple myeloma
demonstrated that RANKL inhibition by OPG or RANK-Fc
administration reduced tumor burden and the formation of
osteolytic lesions [22, 23], indicating that RANKL-induced
osteoclastogenesis largely contributes to the development
of skeletal lesions in multiple myeloma. On the other hand,
multiple myeloma inhibits osteoblastic bone formation by
expressing the WNT pathway inhibitors such as Dickkopf-1,
sclerostin, and secreted Frizzled-related proteins [17].

Overall, RANKL is evidently important for the expansion
of tumor cells in bone through activating osteoclastic bone
resorption. A human monoclonal anti-RANKL antibody
denosumab is currently used for the prevention of SREs in
patients with bone metastasis and in patients with multiple
myeloma [24].

Osteoclast-independent roles of RANKL
in bone metastasis and tumorigenesis

RANKL as an attractant for tumor metastasis
to bone

RANKL contributes to the pathogenesis of bone metasta-
sis in another way. Bone metastasis is a complex process
including escaping from the primary tumor, invading into
circulation, surviving in the circulation, homing to the bone
and thriving in the bone microenvironment. Another role
of RANKL is relevant to the step of “homing to bone”.
RANKL acts directly on RANK-expressing tumor cells and
promotes cell migration via the induction of actin polymeri-
zation, which is a hallmark of chemokine receptor signal-
ing [25]. Chemotaxis assays revealed that the tumor cells
expressing RANK migrated according to the concentration
gradient of soluble RANKL in vitro [10, 25-28], indicat-
ing the chemoattractant activity of RANKL. Actually, it
has been shown that RANK is highly expressed in many
different tumor cells that exhibit a propensity to metasta-
size to bone [15, 25, 26, 29]. Among the RANK-expressing
metastatic cell lines, it is known that the murine melanoma
cell line B16F10 does not trigger osteoclast activation
[10, 25, 30]. Treatment with bisphosphonate had no effect
on bone metastasis of BI6F10 cells in the mouse model
of intracardiac injection [25]. However, administration of
OPG could suppress bone metastasis of B16F10 cells by
inhibiting the migration of tumor cells to bone [25]. We also
showed that oral administration of a small molecular inhibi-
tor against RANKL inhibited bone metastasis of B16F10
cells by suppressing RANKL-induced tumor cell migration
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[10]. RANKL-induced tumor migration has been demon-
strated using various RANK-expressing tumor cells, such
as MDA-MB-231 cells, human breast cancer cell MCF-7,
human breast cancer cell BT-474, human liver carcinoma
cell Huh7, and human kidney carcinoma cell Caki-1 [25,
26, 31-33]. Furthermore, human clinical studies reported
that the level of RANK expression in primary breast cancer
and renal cell carcinomas is positively correlated with the
frequency of bone metastases [29, 32]. BI6F10 cells also
have the capacity to metastasize to non-skeletal tissues such
as the adrenal glands and ovaries [10, 25]. Neither OPG
nor a small-molecule inhibitor against RANKL blocked the
metastasis of B16F10 cells to non-skeletal tissues [10, 25],
supporting the hypothesis that the chemoattractant activity
of RANKL is one of the crucial mechanisms underlying the
preferential metastasis of RANK-expressing tumor cells to
bone.

RANKL is expressed in two types: membrane-bound
form on the cell surface and soluble form. Like other TNF
family molecules, RANKL is initially synthesized as the
membrane-bound form, and the soluble form is produced by
proteolytic ectodomain shedding mediated by metallopro-
teinases such as matrix metalloproteinase (MMP) 14, a dis-
integrin and metalloproteinase (ADAM) 10 and ADAM17/
Tumor necrosis factor-a-converting enzyme (TACE) [34,
35]. Accumulating evidence from in vitro studies has sug-
gested that membrane-bound RANKL exerts more effective
osteoclastogenic action than soluble RANKL [35, 36]. How-
ever, the functional difference between the membrane-bound
and soluble forms of RANKL had been poorly understood
in vivo. Recently, we have elucidated the physiological and
pathological significances of soluble RANKL by generating
mice that selectively lack soluble RANKL [30]. Mice lack-
ing the Tnfsfl11 gene (encoding RANKL) exhibited severe
osteopetrosis accompanied by a tooth eruption defect due
to a complete lack of osteoclasts [37]. On the other hand,
soluble RANKL-deficient mice had normal tooth eruption
and did not show any discernible osteopetrotic phenotype,
indicating that soluble RANKL is dispensable for physio-
logical bone remodeling [30]. Furthermore, soluble RANKL
made no contribution to ovariectomy-induced osteoporosis
or periodontitis-induced bone loss. As suggested by the
in vitro studies, it is likely that membrane-bound RANKL
mainly functions in osteoclastogenesis. Furthermore, unlike
RANKL-null mice [37], soluble RANKL-deficient mice
had normal development of the immune organs, including
lymph node development, medullary thymic epithelial cell
differentiation, and microfold (M) cell differentiation in gut,
as well as normal mammary gland maturation during preg-
nancy [30, 38]. Thus, direct cell-cell interaction through
membrane-bound RANKL would be important.

Soluble RANKL is physiologically dispensable but
plays an essential role as the chemoattractant factor for
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RANK-expressing tumor cells in bone metastasis. Solu-
ble RANKL deficiency in mice markedly suppressed the
metastasis of B16F10 cells to bone [30]. Intracardiac
injection of B16F10 cells into wild-type mice resulted in
rapid metastasis into bones. On the other hand, even at the
early time point, tumor progression in bone was reduced
in soluble RANKL-deficient mice compared with control
littermates. In contrast, in mice subcutaneously trans-
planted with B16F10 cells, the primary tumor growth was
not affected by the absence of soluble RANKL. As men-
tioned above, bone metastasis of B16F10 cells is dependent
on RANKL-mediated tumor migration in vivo, but not on
osteoclast differentiation [25]. Consistent with this, solu-
ble RANKL deficiency had no effect on osteoclasts at the
metastasis site [30]. Furthermore, by using RANK-negative
B16F10 cells generated by the CRISPR/Cas9 system, we
demonstrated that a deficiency of RANK in B16F10 cells
markedly reduced the frequency of bone metastasis, indi-
cating that RANK expressed on the surfaces of tumor cells
is important for bone metastasis [30]. Unlike the parental
RANK-positive B16F10 cells, there was no significant dif-
ference between wild-type and soluble RANKL-deficient
mice in bone metastasis of RANK-negative B16F10 cells,
indicating that soluble RANKL promotes bone metastasis
by directly acting on RANK on tumor cells. In addition, we
confirmed that soluble RANKL deficiency potently inhibited
bone metastasis of the breast cancer cell line EO771 [30].
Even though EO771 cells have the capacity to trigger osteo-
clast activation, soluble RANKL deficiency did not affect
osteoclast number at the tumor—bone interface, suggesting
that direct cell-cell interaction through membrane-bound
RANKL is mainly involved in tumor-induced osteoclast
activation. Collectively, membrane-bound RANKL is suf-
ficient for most of the physiological RANKL function, but
soluble RANKL specifically contributes to bone metastasis
by exerting a chemotactic activity in tumor cells expressing
RANK (Fig. 1).

Other than soluble RANKL, several chemokines are
also involved in tumor cell migration to bone (Fig. 1). The
CXCL12/CXCR4 axis is involved in homing of breast can-
cer, prostate cancer, multiple myeloma and lung cancer
cells to bone [39]. CXCL12 is highly expressed on the bone
marrow stromal cells, especially CXCL12-abundant reticu-
lar (CAR) cells, which are scattered throughout the bone
marrow and function as a hematopoietic stem cell niche
[1]. CX5CR1 signaling also mediates metastasis of breast
cancer cells specifically to bone [40, 41]. CX;CL1, a ligand
for CX;CR1, is expressed on endothelial cells and stromal
cells within the bone marrow. CCL2 produced by bone
marrow endothelial cells promotes the migration of CCR2-
expressing prostate cancer cells to the bone [42]. Chemokine
receptor-expressing cells move through the gradient towards
the area of the higher concentration of chemokine. Like
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chemokines, we consider that the physiological concen-
tration gradient of soluble RANKL from bone marrow to
serum is important for exerting a chemotactic activity in
tumor cells. In the bone, several types of mesenchymal
lineage cells including osteocytes and osteoblasts express
RANKL for bone metabolism. Although the previous reports
indicate that the osteocytes express a much higher amount of
RANKL than osteoblasts and bone marrow stromal cells [1],
further analyses will be required to understand the source
of soluble RANKL in the case of bone metastasis. Solu-
ble RANKL deficiency had no effect on the metastasis of
B16F10 and EO771 cells into non-skeletal tissues including
ovaries and adrenal glands [30], suggesting that RANKL-
mediated tumor migration is not associated with the metas-
tasis to organs that express low levels of RANKL. Taken
together, bone tissue possesses chemotactic factors that can
promote tissue-specific homing of cancer cells.

Despite many studies of human cancers, it remains con-
troversial whether there is a correlation between serum
RANKL concentration and incidence of bone metasta-
sis from solid tumors, such as breast cancer, lung cancer,
prostate cancer, and renal cancer [43, 44]. The incidence of
bone metastasis is evaluated after the tumors develop into
the clinically detectable size. In this context, it is necessary
to consider the possibility that serum RANKL levels can
be affected in various ways after the metastasis is estab-
lished. Interestingly, a recent report showed that high serum
levels of soluble RANKL and high RANKL/OPG ratio are
associated with the presence of disseminated tumor cells
in the bone marrow of breast cancer patients, which is the
initial phase of the metastasis [45]. Furthermore, patients
with high RANKL serum levels had a significantly increased
risk of developing bone metastases [45]. Therefore, soluble
RANKL may be effective as a serum biomarker for estimat-
ing the risk of developing bone metastases, but further inves-
tigation is needed to validate the potential value of soluble
RANKL in various situations.

RANKL-mediated control of the metastasis
phenotype of tumor cells

RANKL was originally identified as a T cell-derived
cytokine. Several preclinical studies highlight the importance
of RANKL on T cells within the tumor microenvironment as
a driver of tumor metastasis. RANKL on tumor-infiltrating
inflammatory cells including T cells and macrophages sup-
presses the expression of a metastasis suppressor Maspin via
IKKa activation in prostate cancer cells, thereby promoting
cancer metastasis [46]. RANKL on tumor-infiltrating regu-
latory T (Treg) cells is involved in pulmonary metastasis
of mammary tumor cells [47]. Cancer-associated myofi-
broblasts recruit Treg cells into primary mammary tumors
by releasing T-cell attracting chemokines such as CCL5.

Tumoral Treg cells highly express RANKL, which enhances
the pulmonary metastasis of RANK* mammary tumor cells
via the IKKa-Maspin pathway. Administration of RANK-
Fc markedly inhibited the pulmonary metastasis of mam-
mary carcinoma cells. Therefore, RANKL/RANK-mediated
interplay between tumor-infiltrating immune cells and tumor
modulates metastatic potential of tumor cells.

RANKL in the mammary gland and breast cancer

The RANKL/RANK system is indispensable for the forma-
tion of the lactating mammary gland during pregnancy [48].
Mammary glands of RANKL- and RANK-deficient mice
develop normally during puberty but fail to form lobuloalve-
olar structures for milk production during lactation, owing to
increased apoptosis and impaired proliferation of mammary
alveolar epithelial cells. RANKL induces the proliferation
of mammary alveolar epithelial cells through NF-kB—cyc-
lin D1 activation and inhibitor of DNA binding protein 2
(Id2) activation [49, 50]. The sex steroid hormone proges-
terone stimulates progesterone receptor-expressing luminal
epithelial cells to induce the expression of RANKL, which
subsequently acts on RANK on luminal epithelial and basal/
myoepithelial cells to promote their proliferation. Mammary
stem cells (MaSC), which reside in the basal/myoepithelial
compartment, give rise to all lineages of the mammary gland
including luminal epithelial and basal/myoepithelial cells
[48]. RANKL on luminal epithelial cells also directly stimu-
lates MaSC, increasing the MaSC pool during pregnancy.
Preclinical studies have revealed the intrinsic role of
RANKL signaling in mammary tumorigenesis [48]. Hor-
mone replacement therapy (HRT), estrogen alone or the
combination of estrogen and progestins, is used for the pre-
vention and treatment of osteoporosis in postmenopausal
women, but the combination HRT is known to increase the
risk of developing breast cancer compared to estrogen-alone
therapy. RANKL signaling is crucial for progestin-driven
breast cancer [51, 52]. Progestins such as medroxyproges-
terone acetate (MPA) trigger RANKL expression on luminal
epithelial cells, leading to increased proliferation of mam-
mary epithelial cells, expansion of MaSC, and inhibition
of DNA damage-induced apoptosis in mammary epithelial
cells. Pharmacological inhibition of RANKL suppressed
MPA-induced mammary tumor in mice, and spontaneous
mammary tumor development in the mouse mammary
tumor virus (MMTV)-neu transgenic mice model. Deletion
of RANK in the mammary epithelium also delayed the onset
of MPA-induced mammary cancer. In addition, RANKL sig-
nal was reported to induce epithelial-mesenchymal transi-
tion in human mammary epithelial cells [53]. Importantly,
RANKL signaling is involved in the proliferation of breast
cancer susceptibility gene 1 (BRCAI) mutant mammary pro-
genitor cells [54, 55]. Genetic inactivation of RANK in the

@ Springer



76

Journal of Bone and Mineral Metabolism (2021) 39:71-81

mammary gland or pharmacologic RANKL-blockade abro-
gated the occurrence of Brcal mutation-driven breast cancer
in mice. Interestingly, six SNPs in the TNFRSF11A locus
(encoding RANK) were found to be significantly associated
with breast cancer risk in women with BRCAI mutations
[54]. Moreover, in the pilot window study “BRCA-D”, cell
proliferation in breast tissues from BRCA /-mutation carriers
was decreased after denosumab treatment [55], indicating
the therapeutic potential value of RANKL inhibition for the
prevention of breast cancer.

RANKL and lung cancer

RANKL signaling is involved in primary lung cancer. High
RANKL, high RANK, and low OPG are found to be associ-
ated with a worse prognosis for lung cancer patients [56]. In
a mouse model of Kras®?? mutation-induced lung cancer,
selective deletion of RANK in pneumocytes inhibited tumor
progression. RANKL directly drives the expansion of lung
cancer stem-like cells by regulating mitochondrial respira-
tion. Moreover, female sex hormones enhance Kras®’ 2b_
driven lung cancer via the RANKL/RANK pathway. These
findings might explain the sex-biased tendencies in the pro-
gression of lung cancer.

RANKL for anti-tumor immune response

Cancer immunotherapy, especially immune checkpoint
inhibitors (ICI) and CAR-T cells has recently attracted con-
siderable interest in the file of oncology as well as immunol-
ogy. ICI such as anti-CTLA4 antibody, anti-PD-1 antibody,
and anti-PD-L1 antibody can restore and augment anti-
tumor immune responses by blocking the immune-suppres-
sive molecules. ICI has opened up a new direction of cancer
treatment, but a substantial proportion of patients still do not
respond to ICI, indicating the need to develop additional
therapeutic options. Recently, human clinical studies have
demonstrated the significant efficacy of the combination
therapy with denosumab and anti-CTLA-4, anti-PD-1 or
anti-PD-L1 antibodies in patients with metastatic melanoma
and lung cancer [57, 58]. Interestingly, preclinical studies
using melanoma, prostate cancer, and colon adenocarcinoma
cell lines showed that addition of anti-RANKL antibody to
ICI enhanced the anti-tumor efficacy by increasing effector T
cell function in mouse subcutaneous tumor models or natu-
ral killer cell function in lung metastasis models [59, 60].
Furthermore, the efficacy of a recently developed bispecific
antibody co-targeting RANKL and PD-1 has been validated
in mouse models of cancer [61]. Given various immune cells
expressing RANKL and RANK such as macrophages, den-
dritic cells, myeloid-derived suppressor cells, and T cells
within the tumor microenvironment, it can be speculated that
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RANKL modulates local immunosuppressive circumstance
advantage for tumor. A recent study has shown that exces-
sive amounts of TGF-f induced by osteoclastic bone resorp-
tion affect anti-tumor T cell function in bone metastasis of
prostate cancer [62], suggesting that RANKL can affect anti-
tumor immune response in an osteoclast-dependent man-
ner under certain conditions. Taken together, these findings
warrant further investigation on the molecular mechanism
of how RANKL/RANK signaling regulates anti-tumor
immunity.

Clinical studies evaluating
osteoclast-independent effects of RANKL
blockade

RANKL contributes to the pathogenesis of bone metasta-
sis by driving the vicious cycle as an essential cytokine for
osteoclastogenesis. Denosumab has demonstrated remark-
able efficacy as a blockade of SREs in patients with bone
metastasis and multiple myeloma. On the other hand, a
number of preclinical mouse studies unveiled the osteoclast-
independent functions of RANKL in primary tumorigen-
esis and metastasis, implicating the potential of RANKL
blockade for treatment and prevention of tumor develop-
ment and metastasis. However, it is notable that the osteo-
clast-independent effects of RANKL blockade need to be
precisely and carefully validated under the various tumor
conditions in human. In a randomized double-blind phase
III trial study, denosumab was reported to be non-inferior
to the bisphosphonate zoledronic acid in preventing SREs,
but to significantly improve overall survival (OS) of patients
with non-small-cell lung cancer (NSCLC) compared to the
bisphosphonate, implying an osteoclast-independent effect
of denosumab [63, 64]. A randomized phase III trial of
patients with multiple myeloma also showed that denosumab
has almost the same effect as zoledronic acid in terms of
SRE prevention, but is superior in terms of progression-
free survival [65]. The placebo-controlled phase III trial
(ABCSG-18) provides convincing evidence that denosumab
improves disease-free survival of hormone receptor-positive
postmenopausal breast cancer patients receiving aromatase
inhibitor therapy, whereas bone metastasis-free survival
has not been evaluated yet [66]. In contrast, a randomized
phase III trial (SPLENDOUR) in a large cohort of patients
with advanced-stage NSCLC has recently concluded no sig-
nificant difference in OS between standard chemotherapy
alone and the combination with denosumab [67]. Regard-
ing the prevention of bone metastasis, a randomized pla-
cebo-controlled study showed that RANKL inhibition with
denosumab delayed bone metastasis in men with prostate
cancer [68]. On the other hand, the most recent phase III trial
D-CARE for women with high-risk early-stage breast cancer
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selected immune-
related adverse
genomic profile,
and immunohisto-
chemistry

free survival, and
events

occurrence of
scriptional and

Primary outcome

Median progression-

T cell receptor
clonality, tran-

No comparator

8, 15, 29 and then

every 4 weeks
120 mgon day 1, 15 Nivolumab

Treatment method of Comparator

Denosumab
120 mg on day 1,

nivolumab with or
without ipili-
mumab
nivolumab

Intervation
Denosumab plus

Denosumab and

Status

NCT03161756 (CHARLI) Recruting
ACTRNI12618001121257 Recruting

Phase Trial identifier*®

Ib/lI

metastatic mela-
cell lung cancer

noma

Information on studies with a NCT number is available on https://clinicaltrials.gov. Information on study with a ACTRN number is available on http://www.anzctr.org.au

Table 1 (continued)
Cancer type

Unresectable or

Resectable non-small Ib/II

s

has reported that denosumab did not delay bone metastasis
compared with placebo. In a window study, D-BEYOND
focusing on denosumab treatment for pre-menopausal breast
cancer patients, a short time treatment of denosumab did
not suppress tumor proliferation, but significantly increased
the number of tumor-infiltrating lymphocytes accompanied
by decreased Treg, thus suggesting an immunomodulatory
effect of denosumab. Ongoing clinical trials would further
address the osteoclast-independent anti-tumor effects of
denosumab (Table 1).

Concluding remarks

RANKL has multiple functions in our bodies, and emerging
evidence from preclinical studies has revealed that RANKL
contributes to cancer development and metastasis in multi-
ple ways, not only through the osteoclast-dependent path-
way but also the osteoclast-independent pathway. With the
progression of cancer immunotherapy, the potential activity
of RANKL to regulate anti-tumor immunity has attracted
much attention in the oncology field. Actually, clinical tri-
als for the efficacy of the combination of denosumab with
ICT are also now underway (Table 1). Accumulating clinical
data as well as state-of-the-art techniques such as mutiom-
ics and single-cell analysis actively utilized in the oncology
field would help to provide a more comprehensive picture
of the benefits of RANKL blockade in cancer treatment,
and new insights to guide the development of more effective
combined cancer therapies from the viewpoint of RANKL
inhibition.
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