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Abstract

Cancer is one of the major leading causes of death all over the world. Primary and
secondary bone tumors can significantly deteriorate the quality of life (QOL) and the activity
of daily living (ADL) of the patients. These unwelcome diseases become a social and
economic burden seriously. Thus, more effective therapies for both primary and secondary
bone tumors are actually required. Bone homeostasis depends on the strictly balanced
activities between bone formation by osteoblasts and bone resorption by osteoclasts.
Imbalance of bone formation and resorption results in various bone diseases. Both primary
and secondary bone tumors develop in the unique environment bone, it is therefore necessary
to understand bone cell biology in tumoral bone environment. Recent findings strongly
revealed the significant involvement of the receptor activator of nuclear factor kB ligand
(RANKL)/RANK/osteoprotegerin (OPG) triad, the key regulators of bone remodeling in bone
oncology. Indeed, RANKL/RANK blocking successfully prevented the development of bone
metastases. Furthermore, some cancer cells express RANK which is involved in tumor cell
migration. Thus, the regulation of this triad will be a rational, encouraged therapeutic hot spot
in bone oncology. In this review, we summarize the accumulating knowledge of the
RANKL/RANK/OPG triad and discuss about its therapeutic capability in primary and

secondary bone tumors.
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Introduction

Nowadays, cancer is one of the major leading causes of death worldwide. Because of
the improvement of primary cancer site control by significant advance in the treatment, cancer
bone metastases become significant problem for patients with cancers. Bone is well-known
target organ of cancer metastasis as well as the lungs and the liver. Indeed, around 350,000
patients with bone metastases die annually in the United States [1]. Bone metastases result in
severe pain, pathological fractures, nerve palsy, and hypercalcemia [2] that can markedly
deteriorate the quality of life (QOL) and the activity of daily living (ADL) of the patients.
Once tumors metastasize to bone, they are usually incurable. For example, only 20 % of
patients with breast cancer are still alive in S5-year time point after the discovery of bone
metastasis [3]. Thus, the social and economic burden of this disease is increasing steadily. We
therefore consider that one of the main targets of cancer treatment in the near future is the
control of bone metastases. Primary bone tumors such as osteosarcoma are also significant
concerns as well as secondary one (metastases). The survival of osteosarcoma patients is
closely associated with the response of the tumor cells to anti-mitotic drugs and the presence
of pulmonary metastasis [4-7].

Thus, more effective and more safety therapies for both primary and secondary bone
tumors are badly required. Both primary and secondary bone tumors develop in the unique
environment bone, it is therefore necessary to understand bone cell biology in tumoral bone
environment.

Bone is always and continuously remodeled. The bone homeostasis depends on the
strictly balanced activities between bone formation by osteoblasts and bone resorption by
osteoclasts [8, 9]. The discovery of the key factors involved in bone remodeling has moved
bone research into a new era. Most notable of these factors belong to the tumor necrosis factor

(TNF)/TNF receptor family are receptor activator of nuclear factor KB ligand
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(RANKL/TNFSF11), its cognate receptor RANK (TNFRSF11A) and decoy receptor for
RANKL, osteoprotegerin (OPG/TNFRSF11B) [10-13]. Consequently, RANKL mediates
osteoclastogenesis and activates mature osteoclasts, whereas OPG negatively regulates
RANKL binding to RANK, reduces the half-life of membranous RANKL, therefore inhibits
bone resorption induced by osteoclasts [14]. Current findings have revealed that the
RANKL/RANK/OPG triad is the key regulator not only for normal but also pathological bone
metabolism [14-26]. Thus, the RANKL level is increased in osteolytic lesions associated with
malignant tumors [22], whereas the OPG level is increased in osteoblastic lesions [23]. In
fine, local RANKL/OPG ratio determines local bone feature.

Bone is a good environment for the colonization and progression of bone metastases.
It has been suggested that cancer cells produce soluble factors that activate directly (RANKL)
or indirectly via osteoblasts [parathyroid hormone-related peptide (PTH-rP), IL-8, etc.]
osteoclast differentiation and maturation [27-30]. During the bone degradation, osteoclasts
release tumor supportive growth factors stocked in the mineralized bone matrix (insulin-like
growth factor-1, fibroblast growth factor, etc.) [31]. This vicious cycle has been proposed to
explain the tumor development in bone [32]. Together with the essential role of the
RANKL/RANK/OPG triad in osteoclastogenesis, inhibition of osteoclastogenesis and
osteoclast activities by RANKL/RANK blocking constitutes a potential novel approach to
maintain skeletal integrity. Indeed, RANKL/RANK blocking by soluble RANK (sRANK) or
OPG successfully prevented the development of bone metastases [12, 13].

Alternatively, it has very recently reported functional RANK expression on some
bone-associated tumor cells [33-38]. Indeed, the migration of RANK-positive tumor cells was
induced by RANKL stimulation [20, 36, 39-41]. Taken together, these observations suggest
that increased RANKL expression in tumoral bone environment may be a promoting factor of

bone tumor development. Anatomically, immune and bone cells interact and influence each
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other in the bone marrow cavity. Recently, the term ‘osteoimmunology’ was coined to identify
the collaboration field of bone biology and immunology [42]. ‘Osteoimmunology’ is
remarkably noted and more and more important to understand the pathogenesis and to build
up new therapies of bone disease. We therefore consider that the RANKL/RANK/OPG triad is
a hot spot as a therapeutic device in the field of bone oncology.

In this review, we summarize the accumulating knowledge of the

RANKL/RANK/OPG triad and discuss about its therapeutic capability in bone tumors.

1. Primary bone tumors

1. 1 Giant Cell Tumor

Giant cell tumor (GCT), a rare primary osteolytic neoplasm, is characterized by bone
destruction [43]. It consists of osteoclast-like giant cells, stromal cells and CD68" monocytes
[44, 45]. The stromal cells are considered as a neoplastic factor of GCT, since they keep
proliferation in culture and positive for the proliferation marker, Ki67 [45]. The stromal cells
are one of the osteoblastic lineages [45-47] and are thought to support the recruitment and
formation of mature osteoclasts from its precursor cells [33]. The bone resorption by
osteoclasts causes the destructive osteolysis and results in morbidity in patients with GCT
[48]. Previous studies have shown that the spindle-shaped stromal-like mononuclear cells of
GCT are the most likely candidate cells for the tumor’s neoplastic component [43, 49-51]. In
addition, RANK expression was confined ~60% of CD45'CD14" cells in GCT, strongly
implying that these are committed as osteoclast precursors [33]. However, there is no
significant evidence that tumor cells of GCT themselves can induce bone destruction [52].
Instead, tumor cells of GCT recruits multinucleated osteoclast-like giant cells and
consequently promotes tumor-induced osteolysis [43, 53-55]. RANKL mRNA expression has

been detected in GCT using RT-PCR, in situ hybridization [33, 56] and immunofluorescence



inserm-00312770, version 1 - 26 Aug 2008

staining [57]. The stromal cells within GCT samples had increased RANKL/OPG ratio
compared to that of non-osteolytic bone tumors [33]. Moreover, addition of exogenous OPG
to cultured GCT cells inhibited bone resorption and osteoclast formation [57]. Thus, GCT
represent a paradigm for the direct promotion of both osteoclast formation and activity by
tumor cells via the RANKL/RANK/OPG system [56, 57]. The RANKL/RANK/OPG system
will be an appropriate therapeutic target for inhibiting bone resorption peculiar to the patients

with GCT.

1. 2 Osteosarcoma

Osteosarcoma, the most frequent primary malignant bone tumor is defined as a
malignant tumor originates from mesenchymal cells characterized by the direct malignant
osteoid and/or woven bone formation by tumor cells [58], approximately 1000 new cases are
seen per year in North America and a similar number in Europe [59]. Although several
important pathogenetic roles of p53, RB and mdm?2 have been already reported [60], the
pathogenesis of osteosarcoma and the role of the osteosarcoma in bone microenvironment are
not fully understood. The survival of the patients with osteosarcoma has significantly
improved over the past several decades by aggressive chemotherapy treatment [4]. Indeed,
survival of osteosarcoma patients estimates around 60-70% in the non-metastatic condition
[4]; however 20-30% with metastatic [5], and 10-30% in the relapse or recurrent conditions [0,
7]. Thus, understanding of the biological mechanisms that govern osteosarcoma growth at the
molecule level should be essential for the devising new strategies. Similarly to other bone
tumors, osteosarcoma is strongly associated with deregulated RANKL/RANK/OPG balance
that leads to pathological bone futures [61, 62]. Indeed, Grimaud ef al. demonstrated an

increase of the serum RANKL/OPG ratio in the patients with high grade osteosarcoma [62].

In recent attractive study, OPG treatment achieved not only the prevention of
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osteosarcoma-induced osteolysis but also the inhibition of associated tumor development that
improved survival rate in OPG-treated animals [63]. This study failed to demonstrate direct
effect of OPG on tumor cells; the authors concluded that the anti-tumor effect of OPG was
indirect effect. Contraly, functional RANK expression in osteosarcoma has been recently
reported in a mouse osteosarcoma cell line (POS-1 cells) [34] and several human
osteosarcoma cell lines (Saos-2, MG-63 and MNNG/HOS) [35]. One of the likely
explanations of this discrepancy may be a heterogynous population of osteosarcoma cells
used in these studies. Interestinglyy, RANKL directly and significantly modulated
cancer-related genes expression in RANK-positive Saos-2 cells without change of tumor cells
migration and proliferation [36]. RANK is also detected in more than 50% of human
osteosarcoma specimens studied with a preferential expression on osteosarcoma developed in
bad responders to chemotherapy evaluated by Huvos score [35]. These all findings indicate
that the RANKL/RANK/OPG triad is strongly involved in osteosarcoma biology.
RANKUL-induced cancer-related gene modulations in osteosarcoma cell line, Saos-2 included
both tumor supportive and tumor protective one. In addition, except for the direct effect of
RANKL on RANK-positive osteosarcoma cells, RANKL could protect tumor development,
since it can act as a potent immune activator by inhibiting dendritic cell apoptosis [64].
Further experiments are needed to determine the real impact of RANKL on osteosarcoma,;
however RANK is undoubtedly hopeful and unprecedented therapeutic target of

RANK-positive osteosarcoma.

2. Metastatic bone tumors
Metastatic cancer is the most common type of bone malignancy, and the skeleton is
the third most common site for metastases following the liver and the lungs [65, 66].

Malignant bone lesions may be characterized by abnormal bone formation, bone loss or both
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[3, 66]; however osteolytic pattern is more common in patients suffering from bone

metastases.

2.1 Multiple Myeloma

Multiple myeloma (MM), a plasma cell malignancy is the second most common adult
hematologic malignancy, and is the most common cancer with skeleton as its primary site.
MM affects 70,000 people in the United States, with 15,000 new cases accruing yearly,
accounts for 1 to 2% of cancer-related death [67]. MM induces osteolysis and shifts the
balance of bone remodeling toward bone resorption [68]. The pure osteolytic feature observed
in MM is very different from other cancer bone metastases in which bone destruction is
followed by new bone formation. Even if MM patients response to anti-MM therapies, they
may still have progression of skeletal events without repair of osteolytic lesions [69, 70].
These patients frequently require radiation therapy, surgery and use of analgesics to overcome
pain as well as improve their QOL. As a result, diffuse osteopenia, focal osteolytic lesions,
pathologic fractures and hypercalcemia are represented clinical manifestations in patients with
MM and are key causes of morbidity and mortality [71]. Thus, the control of osteolysis is
very important in MM treatment.

Current reports suggested that the RANKL/RANK/OPG triad is significantly involved
in myeloma bone disease. Recent characterization of osteoclast-activating factors (OAFs),
Dickkopf-1 and the RANKL/RANK/OPG triad have provided a better understanding of
myeloma bone disease at the molecular level. These OAFs include interleukin (IL)-1, IL-6,
IL-11, TNF, macrophage inflammatory protein-1, hepatocyte growth factor (HGF), PTH-rP
and others [72-78]. There is still considerable debate whether these bone-resorbing cytokines
are produced by the tumor cells, accessory cells or both [67]. MM has been shown to exhibit

high levels of RANKL and low levels of OPG [69]. Together with HGF and PTH-rP, OAFs
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increase expression of RANKL on the marrow stromal cell surface. The potent stimulatory
effects of RANKL on osteoclastogenesis are usually counteracted by secreted OPG, which
acts as a safeguard mechanism for bone destruction; however OPG mRNA expression is
markedly decreased in MM. Several reports revealed that cell-cell contact of myeloma cells
with both bone marrow stromal cells and osteoblasts suppress mRNA and protein expression
of OPG [79, 80]. Finally, the balance between RANKL and OPG shifts in favor of bone
resorption. Thus, improving RANKL/OPG ratio toward normal ratio and/or RANKL/RANK
blocking will prevent pure osteolytic feature seen in the MM patients and contribute to

improve their QOL.

2.2 Other solid Cancers

Breast cancer is the major cause of death among women in worldwide [81]. Bone
metastasis occurs in 16-73% of breast cancer patients. Breast cancer keenly metastasizes to
bone and forms osteolytic lesions, but the factors supporting breast cancer growth in bone
remain unknown. Bone destruction seen in breast cancer bone metastases is mediated either
directly by tumor cells or indirectly by osteoclasts [82, 83]. Contrary, prostate cancer is the
most common cancer diagnosed in men, currently the major leading cause of cancer death in
men [1, 84]. Prostate cancer bone metastases are observed in approximately 80% of the
patients with prostate cancer and represent the most serious complication of advanced stage,
frequently causing significant morbidity and mortality [1, 84]. Unlike other solid tumors that
are associated with osteolytic features, prostate cancer bone metastases present an overall
increase in both bone remodeling and bone volume [73]. Recent findings strongly suggested
the importance of osteoclast function in osteoblastic tumors as well as osteolytic tumors
[74-79]; however the mechanisms underlining these processes are not fully determined.

Accumulating data clearly revealed the significant involvement of the
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RANKL/RANK/OPG triad in metastatic bone cancers including breast and prostate cancer
bone metastases [16, 20, 41, 88, 93, 94-97]. Indeed, current studies have disclosed that
blocking of RANKL/RANK interaction prevented the progression of both breast and prostate
cancer in bone [88-91, 92, 93]. These anti-tumor effects were uniquely observed in bone, not
in other tissues such as subcutaneous [88, 89]. Thus, it has been considered that the anti-tumor
effect of RANKL/RANK blocking results of the inhibition of osteoclast activity [41].
Interestingly, breast and prostate cancer bone metastases preferentially present
respectively osteolytic and osteoblastic features, however both cancer cells express functional
RANK [37, 36-8]. We [41] and Jones ef al. [36] demonstrated that human breast cancer cellss
(MDA-MB231, Hs578T, MCF7) and human prostate cancer cells (DU145, PC3, LNCaP)
express functional RANK. Moreover, mouse melanoma cell line (B16F10), originate from
another cell lineage also express functional RANK [36]. RANK expressed on these cancer
cells does not change cancer cell proliferation; however it clearly induces cancer cell
migration [20, 36, 39, 41, 96]. Thus, it is possible that bone-specific anti-tumor effect by
RANKL/RANK blocking in breast and prostate cancer bone metastases is, at least in part, the
result of direct effect on these RANK-positive tumor cells. In breast cancer, a positive
correlation has been reported between constant expression of RANK with decreased/absent
expression of RANKL and a high metastatic phenotype [40]. Taken together, RANK-positive
cells are starving RANKL and preferentially attracted by RANKL rich bone environment,
where RANKL acts as a ‘soil’ factor that facilitates bone metastases development by
activating both kinds of RANK-positive cells (osteoclasts/osteoclast precursors and
RANK-positive cancer cells). These findings are all consistent with a high trend of breast and
prostate cancer bone metastases. RANKL/RANK blocking should be recommended as a
therapeutic target even if they have no influence on cell proliferation or survival, since these

agents can inhibit tumor cell migration. The therapeutic benefits of bitherapy associating
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anti-bone resorption and anti-tumoral agents in abrogating tumor recurrence have been
reported in bone metastases and primary bone tumors [98, 99]. RANK expressed on these

tumor cells therefore appeared as a novel therapeutic target.

Summary and future trends

As above mentioned, tumor and bone cells significantly interact each other and result
in pathological bone features. In this process, bone degradation by osteoclasts plays a crucial
role in bone tumor development and control of local osteoclast activity can provide a potential
therapeutic strategy. There is no doubt that the cytotoxic drugs inducing direct tumor cell
death and surgery remains the first line for debulking tumors. However, new therapy targeting
the RANK/RANKL/OPG triad will provide anti-tumor effect via different pathways, mainly
blocking vicious cycle which resides between bone degradation and tumor cells. Such therapy
may be used in combined setting with conventional therapeutic approaches (Fig. 1).

Since Paget has suggested his ‘seed and soil’ theory in 1880°s [100], the specific
involving factors have been unknown for a long time. We suggest that, at least in bone
metastases, RANKL acts as a ‘soil’ factor that facilitates bone metastases development by
activating both kinds of RANK-positive cells (osteoclasts/osteoclast precursors and
RANK-positive cancer cells) in tumoral bone environment. However, further studies are
needed to determine how RANKL is involved in the recruitment of RANK-positive tumor
cells to RANKL rich bone environment. Concerning primary tumors like osteosarcoma, it
appears that the biological function of RANK expressed on tumor cells is different from that
of metastatic one and remains to be determined.

Alternatively, SRANK or OPG have been used to block RANKL/RANK signaling;
however it should be prudent to use OPG. Since OPG is also a decoy receptor for TNF-related

apoptosis inducing ligand (TRAIL), it exerts inhibitory effect on TRAIL-induced cancer cell
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apoptosis. OPG thus represents a survival factor for prostate cancer cells [25]. In this context,
a fully human monoclonal antibody directed RANKL, denosumab (named AMG 162) has
been developed and currently under phase III clinical trials. After the confirmation of the
efficacy and safety of denosumab, this agent will be applicable to the RANKL/RANK
blocking in cancer bone metastases therapy. Furthermore, RANKL/RANK/OPG triad has an
impact on immune response. Thus, RANKL/RANK signaling is essential for lymph node
organogenesis [101]. RANKL/OPG are also strongly associated with the biology of dendritic
cells expressing RANK. RANKL inhibits dramatically the apoptosis of dendritic cells and
induces T lymphocyte proliferation [102], while OPG might contribute to this control since
OPG is expressed in dendritic cells and its expression is increased with their maturation [103].
Overall, the published data demonstrated that RANKL/OPG are key regulators of T
lymphocyte — dendritic cell communications, modulating immunity and bone remodeling
through dendritic cells [104]. Thus, the immunomodulatory functions of of
OPG/RANK/RANKL also participate to their therapeutic interests.

In conclusion, the RANKL/RANK/OPG triad and its signaling hold a great promise
for the treatment of malignant bone tumors. Further studies are needed to determine
orchestrated anti-tumor effect of these agents by inhibiting osteoclast activity, tumor

migration and immunomodulation as well as those safeties.
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Figure legends

Figure (1). The vicious cycle accelerates osteolysis and cancer cell proliferation. Cancer cells
(A) increase the expression of RANKL in osteoblasts by secreting parathyroid
hormone-related peptide (PTH-rP), (B) directly express RANKL and (C) secrete osteoblast
activity factors such as interleukin (IL)-la, 6, 8, 11, tumor necrosis factor-o (TNF-a),
macrophage colony-stimulating factor (M-CSF), and prostaglandin E; (PGE;). In bone
resorption, growth factors like insulin-like growth factors (IGFs), fibroblast growth factors
(FGFs), platelet-derived growth factor (PDGF) and bone morphogenetic proteins (BMPs)
released from the bone matrix promote cancer cell proliferation. In addition to the cytotoxic
drugs and surgery, a new therapy targeting the RANKL/RANK/OPG triad can show direct or

indirect anti-tumor effect by blocking vicious cycle between osteolysis and cancer cells.
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