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Novel therapeutic strategy for osteosarcoma targeting
osteoclast differentiation, bone-resorbing activity,
and apoptosis pathway
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Abstract
Osteosarcoma is the most common bone sarcoma, which
mainly affects adolescents and young adults. Although the
combination of modern surgery and systemic chemotherapy has improved osteosarcoma treatment dramatically,
no substantial change in survival has been seen over
the past 20 years. Therefore, novel therapeutic strategies
for osteosarcoma are required if the 35% of patients with
fatal metastases are to be successfully treated. Recently,
osteoclasts have drawn attention as a therapeutic target
in various bone disorders including osteosarcoma. The
osteoclast is the sole cell that resorbs bone and is central in pathologic situations, where bone destruction is
intricately involved. Osteosarcoma cells are of the osteoblastic lineage, the latter of which is characterized by cells
secreting the osteoclast-inducing factor, receptor activator of nuclear factor-KB ligand. Hence, osteosarcoma is
a better candidate for osteoclast-targeted therapy than
other primary and metastatic bone tumors. The rapid progress on the molecular mechanism regulating osteoclast has
propelled a development of new therapeutic approaches.
In this review article, we present the prospects of osteoclast-targeted therapy as a novel treatment strategy for
osteosarcoma. Receptor activator of nuclear factor-KB-Fc,
osteoprotegerin, bisphosphonates, and Src inhibitor are
shown as positive candidates and can control various aspects of osteoclast function. This review article will attempt
to discuss these issues in term. [Mol Cancer Ther 2008;
7(11):3461 – 9]
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Osteosarcoma is the most commonly diagnosed primary
malignant tumor of bone (1, 2). Contemporary treatment of
osteosarcoma requires multidisciplinary therapy incorporating surgery and systemic chemotherapy (1, 3). The prognosis of osteosarcoma patients significantly improved with
the advent of chemotherapy. In the pre-chemotherapy
era, when patients only received surgery, the survival rate
was <20% (4). In the 1970s, the role of chemotherapy before
surgery (neoadjuvant chemotherapy) was introduced offering the opportunity for evaluating chemotherapy-induced
tumor necrosis by histologic examination of the resected
surgical specimen (5). Adoption of chemotherapy saw an
increase in patient longevity that approached 65% to 70%
at 5 years.
In addition, developments in imaging techniques have
contributed to more effective management of osteosarcoma
(6). At the end of the 19th century, it was reported that the
majority of these tumors were inoperable either because
of their stage, from insufficient recognition, or even from
neglect (7). In other words, a large part of osteosarcoma
cases were invisible because of the below par imaging
techniques. Imaging techniques, including computed tomography and magnetic resonance evaluation of bone and
soft-tissue involvement, was a tremendous boon to surgical
planning and, when combined with functional nuclear
imaging and computed tomography of the chest for
detection of metastatic disease, decreased the local recurrence rate and improved patients’ survival rates dramatically. Furthermore, advances in limb-salvage surgery and
reconstructive techniques in selected patients, aside from
the advancement of imaging techniques, have enabled preservation of limb function without compromising oncologic outcomes (6, 8).
In the post-chemotherapy era, patient outcomes have
significantly improved (2). With these various forms of
advance of osteosarcoma therapy, a 5-year survival rate of
70% is expected for nonmetastatic osteosarcoma of the
extremity ages <40 years. However, for these 20 years, a
plateau in the survival rate seems to have been reached
after this dramatic improvement. Some reasons for this
stagnation have been pointed out. It is reported that dose
intensification alone is not able to improve prognosis of
localized osteosarcoma patients (3); thus, simple augmentation of existing chemotherapy is not effective. Even today,
metastatic or multifocal osteosarcoma is a severe problem.
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Osteoclast Biology
Osteoclastogenesis
Bone integrity is maintained through a balance between
bone formation and resorption. Osteoclast is primarily
involved in bone resorption (14). It is a multinucleated cell
created by the differentiation of monocyte/macrophage
precursor cells. The close interaction between osteoblasts/

stromal cells and bone marrow-type cells is essential for
osteoclastogenesis. Recently, it was recognized that two
hematopoietic factors, tumor necrosis factor (TNF)-related
cytokine receptor activator of nuclear factor-nB ligand
(RANKL) and macrophage colony-stimulating factor
(M-CSF), were critical for osteoclastogenesis (1) and the
subsequent activation of RANK on the surface of osteoclast
precursor cells (15, 16) that leads to the development
of mature osteoclasts (ref. 17; Fig. 2). RANKL expression is
induced in osteoblastic cells and bone marrow stromal cells
in response to osteotropic factors such as 1,25(OH)2 vitamin
D3, parathyroid hormone (PTH), and prostaglandins (14).
Binding of RANKL to RANK induces various intracellular
signaling cascades including TNF receptor-associated
factor 6 (TRAF6) and nuclear factor of activated T cells c1
(NFATc1) activation. TRAF family proteins are adapter
molecules. They mediate intracellular signaling of various
cytokine receptors including TNF receptor superfamily
and Toll/interleukin (IL)-1 receptor family members
(18, 19). Although RANK recruits several members of
TRAF family, only TRAF6 is indispensable for osteoclastogenesis signaling capability (18, 20). TRAF6 is pivotal not
only in the formation of osteoclast but also in the boneresorbing function of mature osteoclasts (20– 22). TRAF6induced intracellular signaling includes NF-nB, c-Jun
NH2-terminal kinase, and p38 mitogen-activated protein
kinase, which all are critically involved in osteoclast
development (14). Moreover, the TRAF6-induced intracellular signaling is activated by not only RANK but also CD40,
although only RANK signal can induce osteoclastogenesis.
The reason for this phenomenon is that the TRAF6 signal
amplification stimulated by RANK, and not by CD40,
induces NFATc1 expression (21).
NFATc1 is a master switch in osteoclastogenesis. RANK
signal is indispensable but insufficient for osteoclast differentiation alone and requires transcriptional up-regulation
of NFATc1 (14) for osteoclastogenesis to occur. Several
groups have used gene expression arrays to map changes
in osteoclast cell culture systems. It is reported that
NFATc1 is induced in response to RANKL stimulation of
the macrophage cell line, RAW264.7 cells, or osteoclast
precursors and that inhibiting NFAT activity by either
calcineurin/NFATc1 inhibitor cyclosporine A and FK506 or
antisense oligonucleotides suppressed osteoclast differentiation in vitro (23, 24). It is also shown that embryonic stem
cells deficient in NFATc1 were unable to differentiate into
osteoclasts in vitro and retroviral transduction of NFATc1
causes osteoclast precursor cells to engage in differentiation
without RANKL stimulation. Thus, NFATc1 is regard as a
terminal master regulator of osteoclastogenesis (24). It was
recently revealed that intracellular calcium (Ca2+) oscillation is an important stimulus to activate NFATc1, and
molecules containing immunoreceptor tyrosine-based activation motif, such as DNAX-activating protein 12 and Fc
receptor common g chain, facilitate the Ca2+-mobilizing
mechanism during osteoclastogenesis (25).
RANKL not only induces the differentiation of osteoclasts from their precursor cells but also promotes the
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Clinically detectable metastatic disease at initial diagnosis
in patients with high-grade osteosarcoma predicts a poor
outcome, with long-term survival rates between 10% and
40% (9). The prognosis of patients with synchronous
multifocal osteosarcoma is particularly poor. These reports
suggested that even potent conventional chemotherapy is
inadequate to address all metastases. Therefore, to improve
the survival of osteosarcoma patients, there is an imperative to develop novel tumor therapies.
One important challenge is to target not only the tumor
directly but also the biological systems that support it. In
the case of osteosarcoma, two points are significant. One is
the osteosarcoma cell lineage and the other is the primary
site of osteosarcoma. Although there are three major
subtypes of conventional osteosarcoma: osteoblastic osteosarcoma, chondroblastic osteosarcoma, and fibroblastic
osteosarcoma. The definition of osteosarcoma is a primary
intramedullary high-grade malignant tumor in which the
neoplastic cells produce osteoid (1). Osteoid is secreted by
osteoblasts or bone-forming cells (10). Thus, conventional
osteosarcoma possesses osteoblastic features.
Under normal conditions, the skeletal system undergoes
replacement continuously. Bone resorption, where the
existing bone is removed by osteoclasts, large multinucleated cells of monocyte-macrophage lineage, is coupled to
subsequent formation of new bone synthesized by osteoblasts. The balance of these two processes is disturbed in
pathologic states such as the development and progression
of primary or metastatic bone tumor. The majority of bone
tumor lesions are predominantly osteolytic, biased toward
excessive destruction of the bone. These primary and
metastatic bone tumors secrete osteoclast-stimulating cytokines, which stimulate bone resorption by osteoclasts. In
turn, tumor growth can be supported by the bone matrixreleasing factors during osteolysis. Thus, these accelerating
events constitute the so-called ‘‘vicious cycle’’ hypothesis of
bone tumor progression. In osteoblastic tumor lesions, an
excess of bone is deposited, although this bone is weak
with a disorganized woven structure (11). Some allude to
the important role of osteoclast in the formation of
osteoblastic lesion (12, 13). In most cases, osteosarcoma is
a mixed osteolytic and osteoblastic lesion. This situation
may be attributed to the fact that, being of the osteoblast
cell lineage, osteosarcoma forms bone as well as supports
osteoclastogenesis. Thus, osteoclast-targeted therapy is
potentially an important avenue for addressing the
progression of local and systemic disease (Fig. 1).
In this review article, we discuss the possibility of
osteoclast-targeted therapy as a new therapeutic strategy
for osteosarcoma.
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Figure 1. Vicious cycle of osteosarcoma. The feature of the vicious
cycle of osteosarcoma is that osteosarcoma cells can produce RANKL.
Thus, osteosarcoma cells can directly activate osteoclasts without osteoblast/stroma cells. Production of the
PTHrP by tumor cells activates osteoblasts to produce RANKL. This activates osteoclast precursors as well,
leading to degradation of bone matrix. The degradation of bone matrix
leads to the release of bone-derived
growth factors, such as transforming
growth factor-h and raises extracellular Ca2+ concentrations. These
factors promote tumor cell activation
and production of PTHrP.

Figure 2. Schematic representation of osteoclast functions. RANKL
and M-CSF can promote osteoclast
differentiation and elongate survival.
RANKL activates the bone resorptive
activity of mature osteoclast as well.
RANK-Fc and OPG can antagonize
and inhibit these RANKL activities.
Bisphosphonate and Src inhibitor
inactivate mature osteoclast and
promote osteoclast apoptosis.
Mol Cancer Ther 2008;7(11). November 2008

resorptive capacity is that the osteoclast itself is able to
form a microenvironment between itself and the adjacent
bone. This event mainly consists of migration and adhesion
to the bone surface, synthesis and directional secretion of
hydrolytic enzymes, and acidification of the bone-resorbing
compartment directly beneath the osteoclast. During this
process, the highly polarized osteoclasts form the sealing
zone. The sealing zone is formed by numerous actin
filaments surrounded by a ring containing the adhesionrelated cytoskeletal molecules and the structure is referred
to as the ‘‘actin ring.’’
Osteoclasts secrete several proteolytic enzymes into the
sealed compartment. These enzymes contain cathepsin
K and matrix metalloproteinase-9. Cathepsin K is an
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bone-resorbing activity of osteoclasts and prolongs their
survival (26). The other important component in this
signaling system is osteoprotegerin (OPG), which also
belongs to the TNF receptor superfamily. OPG is a soluble
decoy receptor of RANKL named for its effects to protect
against bone loss. OPG specifically binds to RANKL and
inhibits osteoclastogenesis induced by RANKL and bone
resorption promoted by treatment with Ca2+-inducing
factors (26). Thus, these events indicate that the RANK
signaling pathway regulates bone resorption and Ca2+
homeostasis.
Osteoclast Activity
Osteoclast is a terminally differentiated cell and primarily
responsible for bone resorption (27). The key to its

3464 Osteoclast-Targeted Osteosarcoma Therapy

ways. The central role of mammalian target of rapamycin/
S6K pathways in M-CSF- and/or RANKL-induced osteoclast survival was pointed out by rapamycin-inducing
osteoclast apoptosis (33, 34).
The features of apoptosis result from controlled cellular
degradation precipitated by intracellular cysteine proteases
called caspases. In response to apoptotic signals, these
enzymes are activated in a pathway-specific manner and
the classic caspase activation chain reaction is set in motion
(35). The apoptotic pathway can be divided into two major
cascades, extrinsic and intrinsic (35). The extrinsic pathway
is primed by the binding of extracellular death ligands to
their transmembrane receptors.
The mitochondrial pathway, one of the intrinsic pathways, is reported as a major pathway of osteoclast
apoptosis. Depolarization of the mitochondrial transmembrane potential, chromatin condensation, and cytochrome c
release from mitochondria into cytoplasm has been
observed in the apoptotic osteoclasts (36). Antiapoptotic
Bcl-2 family members have potentially important roles
in not only osteoclast survival but also osteoclast activity.
In support of this hypothesis, Bcl-2 mRNA expression in
osteoclasts is increased by M-CSF treatment, and adenovirus vector-mediated overexpression of Bcl-xL markedly
prolonged osteoclast survival in vitro (27, 37). TRAP
promoter-controlled Bcl-xL and SV40 large T antigen
transgenic mice showed increased numbers of osteoclast
precursors in vivo, and their osteoclast precursors showed
resistance to apoptosis in vitro, although their bone showed
mild osteopetrosis (38).
The BCL-2 family of proteins has a crucial role in the
regulation of apoptosis through the intrinsic pathway by
their ability to regulate mitochondrial cytochrome c release.
They contain between one and four BCL-2 homology
domains. The BCL-2 family comprises three subfamilies:
an antiapoptotic family, proapoptotic multidomain family,
and BH3-only protein family.
The activities of BH3-only proteins are strictly regulated
in programmed cell death through both transcription and
post-transcription mechanisms (39). Bim, one of the
members of BH3-only proteins, has an important role in
osteoclast apoptosis. Bim is expressed in hematopoietic,
epithelial, neuronal, and germ cells (40). Bim plays essential
roles in the apoptosis of T and B lymphocytes, neurons, and
osteoclasts (27, 41 – 43).
During osteoclast apoptosis, activation of Bim is controlled by a novel system, ubiquitylation-proteasome
degradation. In the presence of M-CSF, Bim is constitutively degraded by ubiquitylation, and cytokine deprivation induced a rapid up-regulation of Bim due to the
inhibition of its ubiquitylation (27). Bim ubiquitylation is
reduced in c-Cbl knockout osteoclasts; hence, c-Cbl is a
putative candidate for E3 ubiquitin ligase activity on Bim in
osteoclasts (27). Bim knockout osteoclasts exhibit prolonged survival both in vitro and in vivo (27). Another
group confirmed these data with the study that silencing
the Bim gene by small interfering RNA prolonged the
survival of osteoclasts (33). However, their bone-resorbing
Mol Cancer Ther 2008;7(11). November 2008
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osteoclast-specific protease and one of the main enzymes
responsible for the bone resorption (17, 26). Their roles in
bone mineral degradation are quite important. The proton
pump ATP6I and chloride channel ClC7 are key regulator
of osteoclast activity. Their function to keep the low pH
(pH 3-4) of the compartment is important for demineralization of the bone matrix (ref. 26; Fig. 1).
Src, a protein tyrosine kinase and the first described
proto-oncogene, is another key molecule in osteoclast
biology. Although Src is expressed ubiquitously, a unique
feature of osteoclasts is the requirement of Src for their
function. Unexpectedly, osteopetrosis is the sole phenotype of Src knockout mice, where impaired breakdown of
bone is described as a direct result of a functional defect in
osteoclasts. Osteoclasts express high levels of Src. Src
knockout mice form increased numbers of osteoclasts,
although the cells are morphologically abnormal and their
bone resorption functions are impaired. They show
defective phosphorylation of cellular proteins in response
to extracellular stimuli, such as M-CSF and engagement of
integrin receptors (28, 29). RANKL-RANK signal activates
c-Src, causing it to cross-talk with TRAF6 (30). TRAF6 is
involved not only in the formation of osteoclast but also in
the bone-resorbing function of mature osteoclasts (20 – 22).
Osteoclast Apoptosis
Osteoclast numbers decline dramatically in the absence
of trophic factors such as M-CSF and RANKL. This rapid
cell death of osteoclasts is caused by apoptosis, the
programmed cell death in vitro and in vivo (27). Increasing
research is being dedicated toward the examination of
signal transduction pathways regulating osteoclast apoptosis. It is well known that antiapoptotic factors such as
RANKL, IL-1, and M-CSF induce extracellular signalregulated kinase activation in osteoclasts.
Adenovirus infection systems used to transduce constitutively active mutant form of mitogen-activated protein
kinase/extracellular signal-regulated kinase kinase 1 and
dominant-negative form of Ras showed that the activation
of Ras/extracellular signal-regulated kinase pathway supported osteoclast survival and inhibited its apoptosis;
hence, Ras/extracellular signal-regulated kinase pathway
has an essential role in osteoclast survival (31). The critical
role of phosphatidylinositol 3-kinase/Akt pathways in the
survival of osteoclasts has also been suggested. Other
reports, supporting the importance of Akt for osteoclast
survival, showed that the survival of osteoclasts is
elongated by the adenovirus vector-mediated overexpression of constitutively active Akt and that the small G
protein Rac1 is critically involved in this process (32).
Moreover, a study using Src251 transgenic mice revealed
that AKT activation by the c-Src family was important for
osteoclast survival induced by RANKL (30). Src251 is a
truncated Src molecule that lacks the kinase domain and is
under the control of the TRAP promoter in transgenic mice.
The mice showed osteopetrosis and a reduced number of
osteoclasts. Some reports showed that osteoclast survival is
supported by the mammalian target of rapamycin/S6K
pathways not by phosphatidylinositol 3-kinase/Akt path-
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activity was significantly impaired, consistent with the
in vivo observation that Bim knockout mice showed mild
osteosclerosis, just like Bcl-XL/SV40T antigen transgenic
mice (27). The homology of both types of apoptosisimpaired osteoclasts, Bim knockout and Bcl-XL/SV40T
antigen transgenic cells, suggests that osteoclast apoptosis
is closely related to cellular activity and does not always
equate to reduction of bone resorption. Further studies
are required to elucidate the role of osteoclast apoptosis in
bone resorption regulatory mechanism.

BoneTumor Progression and Osteoclast
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Osteoclast-Targeted Treatments
There are three strategies for osteoclast-targeted therapy:
inhibiting tumor-induced osteoclastogenesis, suppressing
osteoclast bone resorption activity, and inducing osteoclastspecific apoptosis. Some agents have combined effects on
osteoclasts. From this view point, and based on several
supporting reports in the literature, four possible therapeutic model agents are discussed (Table 1).
OPG and RANK-Fc
RANKL has an important role in osteoclast biology,
specifically in osteoclastogenesis, osteoclast activity, and
osteoclast survival (Fig. 2). Therefore, it is quite expected to
target RANKL directly. There are two major candidates:
OPG and RANK-Fc. OPG is a soluble decoy receptor for
RANKL and strongly suppressed osteoclast differentiation
in vitro and in vivo (26, 47). On the other hand, RANK-Fc is
a recombinant RANKL antagonist that is formed by fusing
the extracellular domain of RANK to the Fc portion of
human IgG1 (48). The experimental effect of OPG on bone
metastasis model has been reported previously (49, 50).
These tumors included breast cancer, lung cancer, colon
cancer, prostate cancer, and osteosarcoma.
The therapeutic effect of OPG in the mouse and rat
osteosarcoma model has been shown (51). OPG gene
therapy was effective in suppression of the osteolytic lesion
formation, as reflected by a reduction in the number of
osteoclasts associated with tumor development, hence
reducing the tumor incidence and the local tumor growth
and leading to prolonged survival. On the contrary, OPG
did not inhibit the development of pulmonary metastatic
lesion alone. OPG therapy was only effective when the
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Certain primary tumors, including osteosarcoma, and
metastatic malignant tumors, such as breast, lung, and
prostate cancer, necessarily induce and stimulate osteoclasts to invade bone. There are different patterns of bone
tumor lesions, ranging from destructive or osteolytic to
bone-forming or osteoblastic, and the osteoclast has an
important role in progression of both types of bone tumor
lesions. In osteolytic lesions, bone destruction is not caused
by the direct effects of cancer cells on bone. It is promoted
by osteoclast stimulation (11). Tumors produce many
factors that stimulate osteolysis: PTHrP, IL-1, IL-6, IL-8,
IL-11, and transforming growth factor-h, which induce
RANKL expression in osteoblasts or bone marrow stromal
cells (11, 14). Interactions between tumor cells and
osteoclasts through these factors can induce the vicious
cycle of osteolytic lesions. They cause not only osteoclast
induction and subsequent bone destruction but also
aggressive growth and proliferation of the bone lesion.
PTHrP is able to activate osteoblasts to produce RANKL,
reduce OPG secretion, and stimulate osteoclast precursors,
leading to osteolysis. Briefly, PTHrP not only stimulates
osteoclast inducing factor, RANKL secretion but also
reduces production of RANKL-specific inhibitor, OPG.
Osteolysis leads to the release of bone-derived growth
factors, such as transforming growth factor-h, and increases
extracellular Ca2+ concentrations. These factors bind to
receptors on the tumor cell surface and activate autophosphorylation and signaling through pathways that involve
SMAD (cytoplasmic mediators of most transforming
growth factor-h signals) and mitogen-activated protein
kinase. Extracellular Ca2+ binds and activates a Ca2+ pump.
Signaling through these pathways promotes tumor cell
proliferation and production of PTHrP (11). Thus, this
constitutes the hypothesis of the vicious cycle and signifies
that therapies targeting osteoclasts and their regulatory
processes are potential therapeutic strategies for osteolytic
lesions (Fig. 1).
Despite a central role in bone destruction, osteoclasts
have also been implicated in the development of osteosclerotic bone lesions. Prostate cancer is well known as a
cancer forming osteoblastic bone metastasis. As a representative osteoblastic skeletal tumor, the possibilities of
relationship between the prostate cancer cell and the
osteoclast are intriguing. Increased OPG levels have been
reported in both histologic specimens and the serum of

patients with bone lesions due to primary prostate cancer.
The serum levels of soluble RANKL in such patients
were not increased above that of nonmetastatic controls
(13, 44, 45). On the contrary, OPG inhibits prostate tumor
growth in the bone in vivo and possesses little contribution to tumor cell proliferation (13). In both osteoblasts and
prostate cancer cells, increased levels of protein and mRNA
of OPG and RANKL were described in histologic sections
of bone metastatic lesions of prostate cancer (13, 44, 45).
As a result of pathologically increased bone turnover, a
heterogeneous pattern of woven bone formation close to
areas of osteolytic activity is observed in prostate cancer
metastatic to bone (13). The evidence of increased bone
resorption markers suggests that RANKL signaling is upregulated and that the vicious cycle promotes subsequent
tumor growth in bone (13).
Therefore, for the reasons stated above, osteoclasttargeted therapies may well deliver on the promise of
being a potent breakthrough for the treatment of both types
of bone tumors, including osteosarcoma. Osteosarcoma has
a unique and special feature; direct RANKL expression by
the osteosarcoma cell itself. Hence, osteoclast-targeted
therapy is possibly a more suitable therapeutic option for
osteosarcoma than for other primary and metastatic bone
tumors (46).
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Table 1. Advantages and disadvantages of osteoclast-targeting agents
Agent
OPG RANK-Fc
Bisphosphonates

c-Src inhibitor

Advantages

Disadvantages

Targeting osteoclast and possibly tumor cells
as well
Commonly used drugs; hence, side effects and
safety are known
Targeting both osteoclast and tumor progression

administration (57). Although osteonecrosis of the jaw is
an uncommon condition and the etiology is still unclear,
a dental examination and preventative dentistry before
beginning bisphosphonate therapy and regular dental care
(every 6 months) and good oral hygiene thereafter are
recommended in the recently published guidelines to
reduce the risk of osteonecrosis of the jaw (57).
ZOL inhibits not only osteolysis but also lung metastasis
in vivo (60, 61). ZOL or other new bisphosphonates are
anticipated to inhibit osteolysis and lung metastasis in
osteosarcoma patients through the suppression of osteoclast function or other unknown mechanisms. Recently, the
antiosteosarcoma effects of novel bisphosphonates have
been reported (60, 62). The direct effects of ZOL on tumor
cells contain the induction of osteosarcoma cell apoptosis,
inhibition of cell proliferation due to cell cycle arrest
(60, 61), and suppression of PTHrP expression (63). Moreover, ZOL inhibits cell migration and caused an increased
mRNA expression of osteocalcin and decreased expression
of alkaline phosphatase, osteopontin, osteonectin, and vascular endothelial growth factor, with no change in expression of OPG. These data suggest its ability to directly
halt tumor cell growth and metastasis via its effects on
viability, invasion, differentiation, and angiogenesis in
osteosarcoma management (60). Hence, bisphosphonates,
particularly ZOL, appear applicable in a clinical setting of
osteosarcoma therapy.
c-Src Inhibition
c-Src is a tyrosine kinase that is indispensable for
osteoclast bone resorption activity. c-Src is required for
the formation of the ruffled border phenomenon in
osteoclasts. This is revealed by the Src knockout mice,
which develop osteopetrosis because of the lack of bone
resorption due to osteoclast activity impairment. Consistent
reports suggest the involvement of c-Src in various human
cancer development and progression (64, 65). Therefore,
c-Src is one of a potential target candidates important to
both osteoclast and tumor cell biologies.
Metastases to bone and lung were more severe in
mice injected with wild-type or constitutively active cSrc-transfected MDA-MB-231 breast cancer cells, whereas
transfection in injected cells of a c-Src kinase-dead dominant-negative construct resulted in reduced morbidity,
lethality, and incidence of metastases (66, 67). The growth
in vitro and in vivo and production of PTHrP were promoted by transfection of constitutively active c-Src and
diminished in dominant-negative c-Src (66). CGP76030, Src
Mol Cancer Ther 2008;7(11). November 2008
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bone milieu was present because OPG has no direct effects
on osteosarcoma cells in vitro (cell binding, cell proliferation,
apoptosis, or cell cycle distribution). The effects of
recombinant OPG-Fc on bone metastasis models of breast
and prostate cancer are reported as well (49, 50). In both
cases, OPG-Fc therapy was effective and skeletal tumor
progression was inhibited. Although the RANK-Fc
therapeutic effect on osteosarcoma has never been reported,
positive effects of RANK-Fc on other malignant bone
tumor models have been observed (52). Thus, RANK-Fc is
a potent candidate as new osteosarcoma therapeutic agent,
one capable of targeting osteoclasts.
Bisphosphonates
Bisphosphonates are potent inhibitors of bone resorption.
Therefore, they are clinically applied for the treatment and
prevention of osteoporosis, Paget’s disease, tumor metastases in bone, and other skeletal disorders (53). They are
pyrophosphate analogues in which the oxygen bridge
between the two phosphorus atoms is replaced by a carbon
with various side chains (53). One of their therapeutic
effects depends on strong induction of osteoclast apoptosis
and this phenomenon was shown both in vitro and in vivo
(54). Although the precise osteoclast apoptosis induction
system of bisphosphonates has not been revealed yet, it is
speculated that the mevalonate pathways and small G
proteins are involved (55). Interestingly, although
bisphosphonates needed osteoclast apoptosis to suppress
bone resorption, the nitrogen-containing bisphosphonates
and alendronate- and risedronate-induced inhibition of
bone resorption do not require osteoclast apoptosis. The
pan-caspase inhibitor, zVAD-fmk, suppressed osteoclast
apoptosis and maintained the osteoclast number but did
not affect nitrogen-containing bisphosphonates activity,
whereas the activity of non-nitrogen-containing bisphosphonates was inhibited (56).
The third-generation bisphosphonates such as zoledronic
acid (ZOL) are clinically applied as novel therapeutic
agents reducing skeletal-related events of cancer patients
and recognized as generally safe and well tolerated (57).
ZOL has been shown to prevent or inhibit skeletal-related
events, to possess direct antitumor effects, and to synergistically augment the effects of anticancer agents in
various cancer cell lines (58, 59). The reported side effects
of oral bisphosphonates are gastrointestinal disorders
including indigestion, abdominal pain, and diarrhea. The
mild to moderate flu-like symptoms and osteonecrosis of
the jaw are recognized as side effects of i.v. bisphosphonate

Possibility of hindrance of skeletal development
and immune system impairment
Possibility of impaired skeletal development,
mild to moderate flu-like symptoms, and
osteonecrosis of the jaw
Possibility of skeletal development impairment
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Future Directions
This review has considered the possibility of osteoclasttargeted therapy as a novel management option for
osteosarcoma. To establish this novel therapy, intense basic
and clinical studies to uncover the potential advantages
and disadvantages of such therapy are needed. To date,
osteoclast-targeted therapy has focused on pathologies
occurring after completion of skeletal formation, such as
osteoporosis. Osteosarcoma commonly occurs in the
immature skeleton and the repeat administrations of
osteoclast-targeted agents may increase risks of skeletal
abnormalities, such as osteopetrosis-like abnormalities or
earlier termination of bone growth. Alternatively, possible
disadvantages of osteoclast-targeted therapy may result in
events not directly related to the osteoclast itself.
For instance, RANKL promotes not only osteoclast but
also dendritic cell survival with induction of Bcl-xL
expression. Therefore, anti-RANKL therapy can potentially
impair the function of dendritic cells. RANKL or RANK
knockout mice show complete defect of lymph nodes and
RANK signaling is indispensable for the lymph node
formation in the developmental stage but not for adult
lymph node function (70). OPG binds to TNF-related
apoptosis-inducing ligand (TRAIL) and inhibits TNFrelated apoptosis-inducing ligand-mediated apoptosis
(71). Therefore, OPG treatment may inhibit the function
of TNF-related apoptosis-inducing ligand. TNF-related
apoptosis-inducing ligand knockout mice were more
susceptible to experimental and spontaneous tumor
metastasis and more sensitive to chemical carcinogenesis as well. Hence, TNF-related apoptosis-inducing
ligand is an important molecule for host defense against
tumor (72).
However, no abnormality in the dendritic cell function
has yet been reported in anti-RANKL clinical studies.
Neither the induction of immune abnormalities nor the
exacerbation of tumor progression has been reported in the
Mol Cancer Ther 2008;7(11). November 2008

clinical trials of anti-RANKL antibody or OPG. However,
the mechanisms of avoiding possible side effects have not
been elucidated as yet.
Targeting RANKL may produce anticancer actions with
fewer side effects. RANKL is not only osteoclast differentiation factor but also possible key regulator of tumor cells.
For example, RANKL stimulates migration and metastasis of human epithelial cancer cells and melanoma cells
that express RANK (73). Human osteosarcoma biopsies
and cell lines showed functional RANK expression (74).
RANKL induces the phosphorylation of extracellular
signal-regulated kinase 1/2, p38, and InB and directly
modulates the gene expression profile of RANK-positive
human osteosarcoma cells (74, 75); thus, RANK-Fc or OPG
could be a potent therapeutic target.
In its infancy, osteoclast-targeted strategies for osteosarcoma have tremendous potential. Referring other osteolytic bone metastasis therapeutic reports, cathepsin K
inhibitor and PTHrP monoclonal antibody are possible
candidate for osteoclast targeting osteosarcoma therapy,
although the targets of reports are not osteosarcoma-induced
osteoclasts. Therefore, cautious and steady approaches
are needed for testing in a rigorous manner using reliable cell culture and in vivo model systems centering on
bone biology.

Summary
Osteosarcoma is the most common skeletal sarcoma, which
appears more commonly in the second to third decades of
life. Although the outcome of osteosarcoma treatment has
been improved by the chemotherapy-based combination
therapy, progress has been painfully slow for the past
20 years. Therefore, novel treatment concepts are required
to generate further improvement. Recently, osteoclasttargeted therapy has commanded considerable attention
for skeletal disorders. The osteoclast is a unique cell that
resorbs bone and is central in skeletal pathologic situations,
where bone destruction is evident. Osteosarcoma cells are
of the osteoblastic lineage, cells secreting the osteoclastinducing factor, RANKL and able to induce osteoclastogenesis. Hence, osteosarcoma is a better candidate for
osteoclast-targeted therapy than many other bone tumors.
The rapid progress on the molecular mechanisms regulating osteoclast has propelled a development of new
therapeutic approaches against bone tumors including
osteosarcoma. RANK-Fc, OPG, bisphosphonates, and Src
inhibitors are shown as positive candidates and can control
all or some aspects of osteoclast function: osteoclast
differentiation, bone resorbing activity, and cell survival.
To establish this novel therapy, intense basic and clinical
studies to uncover the potential advantages and disadvantages of such therapy are needed. Several possible side
effects were expected, although none have been reported
yet. Interestingly, possible beneficial effects have been
reported recently in preclinical studies. As future challenges, lower toxicity therapy, such as the tumor sitespecific osteoclast-targeted therapy, or development of
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tyrosine kinase inhibitor, decreased morbidity and lethality
and suppressed metastasis-induced osteolysis of the mice
inoculated with MDA-MB-231 breast cancer cells as well
(67). The relationship between c-Src activity and osteosarcoma progression was reported as well. The Src kinase
is activated in human sarcomas and sarcoma cell lines
including osteosarcoma.
Inhibition of c-Src activity by dasatinib, a Src inhibitor, or
small interfering RNA induced osteosarcoma cell line
apoptosis and inhibited cell motility and invasion in vitro
(68). Novel Src inhibitor SI-83 induced apoptosis in SaOS-2
cells and had a far lower effect in primary human osteoblasts in vitro. It decreased in vivo osteosarcoma tumor
mass in a mouse model as well (69). Src targeting therapy
means osteoclast and Src-related tumor-targeted therapy,
because Src deficiency affects only osteoclasts in the
healthy body and Src promotes tumor progression as a
proto-oncogene (28, 29, 64 – 67). Thus, Src targeting therapy
is a plausible treatment for osteosarcoma.
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combination therapies with therapies in existence remain
to be developed. Osteoclast-targeted strategy for osteosarcoma may represent the next phase of research and
development in osteosarcoma treatment.

Disclosure of Potential Conflicts of Interest

RANK-mediated amplification of TRAF6 signaling leads to NFATc1
induction during osteoclastogenesis. EMBO J 2005;24:790 – 9.
22. Kadono Y, Okada F, Perchonock C, et al. Strength of TRAF6 signalling
determines osteoclastogenesis. EMBO Rep 2005;6:171 – 6.
23. Ishida N, Hayashi K, Hoshijima M, et al. Large scale gene expression
analysis of osteoclastogenesis in vitro and elucidation of NFAT2 as a key
regulator. J Biol Chem 2002;277:41147 – 56.

No potential conflicts of interest were disclosed.

24. Takayanagi H, Kim S, Koga T, et al. Induction and activation of the
transcription factor NFATc1 (NFAT2) integrate RANKL signaling in
terminal differentiation of osteoclasts. Dev Cell 2002;3:889 – 901.

References

25. Koga T, Inui M, Inoue K, et al. Costimulatory signals mediated by the
ITAM motif cooperate with RANKL for bone homeostasis. Nature 2004;
428:758 – 63.

1. Raymond AK, Ayala AG, Knuutila S. Conventional osteosarcoma. In:
Fletcher CDM, Unni KK, Mertens F, editors. World Health Organization
classification of tumors. Lyon: IARC Press; 2002. p. 264 – 70.

3. Ferrari S, Palmerini E. Adjuvant and neoadjuvant combination chemotherapy for osteogenic sarcoma. Curr Opin Oncol 2007;19:341 – 6.
4. Marcove RC, Mike V, Hajek JV, Levin AG, Hutter RV. Osteogenic
sarcoma under the age of twenty-one. A review of one hundred and fortyfive operative cases. J Bone Joint Surg Am 1970;52:411 – 23.
5. Rosen G, Caparros B, Huvos AG, et al. Preoperative chemotherapy for
osteogenic sarcoma: selection of postoperative adjuvant chemotherapy
based on the response of the primary tumor to preoperative chemotherapy. Cancer 1982;49:1221 – 30.
6. Wittig JC, Bickels J, Priebat D, et al. Osteosarcoma: a multidisciplinary approach to diagnosis and treatment. Am Fam Physician 2002;65:
1123 – 32.
7. Freeman L VIII. Periosteal osteosarcoma of upper extremity of femur;
ligation of common iliac artery, with amputation at hip-joint and removal of
portion of pelvis, etc.; recovery, with freedom from recurrence at end of
nearly sixteen months. Ann Surg 1901;33:318 – 22.
8. Marina N, Gebhardt M, Teot L, Gorlick R. Biology and therapeutic
advances for pediatric osteosarcoma. Oncologist 2004;9:422 – 41.
9. Kager L, Zoubek A, Kastner U, et al. Skip metastases in osteosarcoma:
experience of the Cooperative Osteosarcoma Study Group. J Clin Oncol
2006;24:1535 – 41.
10. Franz-Odendaal TA, Hall BK, Witten PE. Buried alive: how osteoblasts
become osteocytes. Dev Dyn 2006;235:176 – 90.
11. Mundy GR. Metastasis to bone: causes, consequences and therapeutic opportunities. Nat Rev Cancer 2002;2:584 – 93.

27. Akiyama T, Bouillet P, Miyazaki T, et al. Regulation of osteoclast
apoptosis by ubiquitylation of proapoptotic BH3-only Bcl-2 family member
Bim. EMBO J 2003;22:6653 – 64.
28. Lowe C, Yoneda T, Boyce BF, Chen H, Mundy GR, Soriano P.
Osteopetrosis in Src-deficient mice is due to an autonomous defect of
osteoclasts. Proc Natl Acad Sci U S A 1993;90:4485 – 9.
29. Tanaka S, Amling M, Neff L, et al. c-Cbl is downstream of c-Src in a
signalling pathway necessary for bone resorption. Nature 1996;383:
528 – 31.
30. Wong BR, Besser D, Kim N, et al. TRANCE, a TNF family member,
activates Akt/PKB through a signaling complex involving TRAF6 and c-Src.
Mol Cell 1999;4:1041 – 9.
31. Miyazaki T, Katagiri H, Kanegae Y, et al. Reciprocal role of ERK and
NF-nB pathways in survival and activation of osteoclasts. J Cell Biol 2000;
148:333 – 42.
32. Fukuda A, Hikita A, Wakeyama H, et al. Regulation of osteoclast
apoptosis and motility by small GTPase binding protein Rac1. J Bone Miner
Res 2005;20:2245 – 53.
33. Sugatani T, Hruska KA. Akt1/Akt2 and mammalian target of
rapamycin/Bim play critical roles in osteoclast differentiation and survival,
respectively, whereas Akt is dispensable for cell survival in isolated
osteoclast precursors. J Biol Chem 2005;280:3583 – 9.
34. Glantschnig H, Fisher JE, Wesolowski G, Rodan GA, Reszka AA.
M-CSF, TNFa and RANK ligand promote osteoclast survival by signaling
through mTOR/S6 kinase. Cell Death Differ 2003;10:1165 – 77.
35. Hengartner MO. The biochemistry of apoptosis. Nature 2000;407:
770 – 6.

12. Demers LM, Costa L, Lipton A. Biochemical markers and skeletal
metastases. Clin Orthop Relat Res 2003;415:S138 – 147.

36. Akiyama T, Miyazaki T, Bouillet P, Nakamura K, Strasser A, Tanaka S.
In vitro and in vivo assays for osteoclast apoptosis. Biol Proceed Online
2005;7:48 – 59.

13. Saad F, Markus R, Goessl C. Targeting the receptor activator of
nuclear factor-nB (RANK) ligand in prostate cancer bone metastases. BJU
Int 2007;101:1071 – 5.

37. Okahashi N, Koide M, Jimi E, Suda T, Nishihara T. Caspases
(interleukin-1h-converting enzyme family proteases) are involved in the
regulation of the survival of osteoclasts. Bone 1998;23:33 – 41.

14. Tanaka S. Signaling axis in osteoclast biology and therapeutic
targeting in the RANKL/RANK/OPG system. Am J Nephrol 2007;27:
466 – 78.

38. Hentunen TA, Reddy SV, Boyce BF, et al. Immortalization of
osteoclast precursors by targeting Bcl-XL and simian virus 40 large T
antigen to the osteoclast lineage in transgenic mice. J Clin Invest 1998;
102:88 – 97.

15. Nakagawa N, Kinosaki M, Yamaguchi K, et al. RANK is the essential
signaling receptor for osteoclast differentiation factor in osteoclastogenesis. Biochem Biophys Res Commun 1998;253:395 – 400.

39. Youle RJ, Strasser A. The BCL-2 protein family: opposing activities
that mediate cell death. Nat Rev Mol Cell Biol 2008;9:47 – 59.

16. Hsu H, Lacey DL, Dunstan CR, et al. Tumor necrosis factor receptor
family member RANK mediates osteoclast differentiation and activation
induced by osteoprotegerin ligand. Proc Natl Acad Sci U S A 1999;96:
3540 – 5.

40. O’Reilly LA, Cullen L, Moriishi K, O’Connor L, Huang DC, Strasser A.
Rapid hybridoma screening method for the identification of monoclonal
antibodies to low-abundance cytoplasmic proteins. Biotechniques 1998;
25:824 – 30.

17. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and
activation. Nature 2003;423:337 – 42.

41. Bouillet P, Metcalf D, Huang DC, et al. Proapoptotic Bcl-2 relative Bim
required for certain apoptotic responses, leukocyte homeostasis, and to
preclude autoimmunity. Science 1999;286:1735 – 8.

18. Naito A, Azuma S, Tanaka S, et al. Severe osteopetrosis, defective
interleukin-1 signalling and lymph node organogenesis in TRAF6-deficient
mice. Genes Cells 1999;4:353 – 62.
19. Inoue J, Ishida T, Tsukamoto N, et al. Tumor necrosis factor receptorassociated factor (TRAF) family: adapter proteins that mediate cytokine
signaling. Exp Cell Res 2000;254:14 – 24.
20. Kobayashi N, Kadono Y, Naito A, et al. Segregation of TRAF6mediated signaling pathways clarifies its role in osteoclastogenesis. EMBO
J 2001;20:1271 – 80.
21. Gohda J, Akiyama T, Koga T, Takayanagi H, Tanaka S, Inoue J.

42. Enders A, Bouillet P, Puthalakath H, Xu Y, Tarlinton DM, Strasser A.
Loss of the pro-apoptotic BH3-only Bcl-2 family member Bim inhibits BCR
stimulation-induced apoptosis and deletion of autoreactive B cells. J Exp
Med 2003;198:1119 – 26.
43. Putcha GV, Moulder KL, Golden JP, et al. Induction of BIM, a
proapoptotic BH3-only BCL-2 family member, is critical for neuronal
apoptosis. Neuron 2001;29:615 – 28.
44. Chen G, Sircar K, Aprikian A, Potti A, Goltzman D, Rabbani SA.
Expression of RANKL/RANK/OPG in primary and metastatic human

Mol Cancer Ther 2008;7(11). November 2008

Downloaded from http://aacrjournals.org/mct/article-pdf/7/11/3461/1878011/3461.pdf by guest on 18 May 2022

2. Tan JZ, Schlicht SM, Powell GJ, et al. Multidisciplinary approach to
diagnosis and management of osteosarcoma—a review of the St Vincent’s
Hospital experience. Int Semin Surg Oncol 2006;3:38.

26. Tanaka S, Nakamura K, Takahasi N, Suda T. Role of RANKL in
physiological and pathological bone resorption and therapeutics targeting
the RANKL-RANK signaling system. Immunol Rev 2005;208:30 – 49.

Molecular Cancer Therapeutics

prostate cancer as markers of disease stage and functional regulation.
Cancer 2006;107:289 – 98.

60. Dass CR, Choong PF. Zoledronic acid inhibits osteosarcoma growth in
an orthotopic model. Mol Cancer Ther 2007;6:3263 – 70.

45. Brown JM, Corey E, Lee ZD, et al. Osteoprotegerin and rank ligand
expression in prostate cancer. Urology 2001;57:611 – 6.

61. Heymann D, Ory B, Blanchard F, et al. Enhanced tumor regression and
tissue repair when zoledronic acid is combined with ifosfamide in rat
osteosarcoma. Bone 2005;37:74 – 86.

46. Kinpara K, Mogi M, Kuzushima M, Togari A. Osteoclast differentiation factor in human osteosarcoma cell line. J Immunoassay 2000;21:
327 – 40.
47. Udagawa N, Takahashi N, Yasuda H, et al. Osteoprotegerin produced
by osteoblasts is an important regulator in osteoclast development and
function. Endocrinology 2000;141:3478 – 84.
48. Sordillo EM, Pearse RN. RANK-Fc: a therapeutic antagonist for RANKL in myeloma. Cancer 2003;97:802 – 12.

62. Evdokiou A, Labrinidis A, Bouralexis S, Hay S, Findlay DM. Induction
of cell death of human osteogenic sarcoma cells by zoledronic acid
resembles anoikis. Bone 2003;33:216 – 28.
63. Tenta R, Sourla A, Lembessis P, Koutsilieris M. Bone-related growth
factors and zoledronic acid regulate the PTHrP/PTH.1 receptor bioregulation systems in MG-63 human osteosarcoma cells. Anticancer Res 2006;
26:283 – 91.

49. Armstrong AP, Miller RE, Jones JC, Zhang J, Keller ET, Dougall WC.
RANKL acts directly on RANK-expressing prostate tumor cells and
mediates migration and expression of tumor metastasis genes. Prostate
2008;68:92 – 104.

64. Ishizawar R, Parsons SJ. c-Src and cooperating partners in human
cancer. Cancer Cell 2004;6:209 – 14.

50. Canon JR, Roudier M, Bryant R, et al. Inhibition of RANKL blocks
skeletal tumor progression and improves survival in a mouse model of
breast cancer bone metastasis. Clin Exp Metastasis 2007;25:119 – 29.

66. Myoui A, Nishimura R, Williams PJ, et al. C-SRC tyrosine kinase activity is associated with tumor colonization in bone and lung in an animal
model of human breast cancer metastasis. Cancer Res 2003;63:5028 – 33.

51. Lamoureux F, Richard P, Wittrant Y, et al. Therapeutic relevance of
osteoprotegerin gene therapy in osteosarcoma: blockade of the vicious
cycle between tumor cell proliferation and bone resorption. Cancer Res
2007;67:7308 – 18.

67. Rucci N, Recchia I, Angelucci A, et al. Inhibition of protein kinase cSrc reduces the incidence of breast cancer metastases and increases
survival in mice: implications for therapy. J Pharmacol Exp Ther 2006;
318:161 – 72.

52. Feeley BT, Liu NQ, Conduah AH, et al. Mixed metastatic lung cancer
lesions in bone are inhibited by noggin overexpression and Rank:Fc
administration. J Bone Miner Res 2006;21:1571 – 80.

68. Shor AC, Keschman EA, Lee FY, et al. Dasatinib inhibits migration and
invasion in diverse human sarcoma cell lines and induces apoptosis in bone
sarcoma cells dependent on SRC kinase for survival. Cancer Res 2007;67:
2800 – 8.

54. Hughes DE, Wright KR, Uy HL, et al. Bisphosphonates promote
apoptosis in murine osteoclasts in vitro and in vivo. J Bone Miner Res
1995;10:1478 – 87.
55. Green JR, Clezardin P. Mechanisms of bisphosphonate effects on
osteoclasts, tumor cell growth, and metastasis. Am J Clin Oncol 2002;25:
S3 – 9.
56. Halasy-Nagy JM, Rodan GA, Reszka AA. Inhibition of bone resorption
by alendronate and risedronate does not require osteoclast apoptosis.
Bone 2001;29:553 – 9.
57. Costa L. Bisphosphonates: reducing the risk of skeletal complications
from bone metastasis. Breast 2007;16 Suppl 3:S16 – 20.
58. Budman DR, Calabro A. Zoledronic acid (Zometa) enhances the
cytotoxic effect of gemcitabine and fluvastatin: in vitro isobologram
studies with conventional and nonconventional cytotoxic agents. Oncology 2006;70:147 – 53.
59. Neville-Webbe HL, Evans CA, Coleman RE, Holen I. Mechanisms of
the synergistic interaction between the bisphosphonate zoledronic acid
and the chemotherapy agent paclitaxel in breast cancer cells in vitro .
Tumour Biol 2006;27:92 – 103.

Mol Cancer Ther 2008;7(11). November 2008

65. Dehm SM, Bonham K. SRC gene expression in human cancer: the role
of transcriptional activation. Biochem Cell Biol 2004;82:263 – 74.

69. Spreafico A, Schenone S, Serchi T, et al. Antiproliferative and
proapoptotic activities of new pyrazolo[3,4-d]pyrimidine derivative Src
kinase inhibitors in human osteosarcoma cells. FASEB J 2008;22:1560 – 71.
70. Yoshida H, Naito A, Inoue J, et al. Different cytokines induce surface
lymphotoxin-ah on IL-7 receptor-a cells that differentially engender lymph
nodes and Peyer’s patches. Immunity 2002;17:823 – 33.
71. Emery JG, McDonnell P, Burke MB, et al. Osteoprotegerin is a
receptor for the cytotoxic ligand TRAIL. J Biol Chem 1998;273:14363 – 7.
72. Cretney E, Takeda K, Yagita H, Glaccum M, Peschon JJ, Smyth MJ.
Increased susceptibility to tumor initiation and metastasis in TNF-related
apoptosis-inducing ligand-deficient mice. J Immunol 2002;168:1356 – 61.
73. Jones DH, Nakashima T, Sanchez OH, et al. Regulation of cancer cell
migration and bone metastasis by RANKL. Nature 2006;440:692 – 6.
74. Mori K, Le Goff B, Berreur M, et al. Human osteosarcoma cells
express functional receptor activator of nuclear factor-nB. J Pathol 2007;
211:555 – 62.
75. Mori K, Berreur M, Blanchard F, et al. Receptor activator of nuclear
factor-nB ligand (RANKL) directly modulates the gene expression profile of
RANK-positive Saos-2 human osteosarcoma cells. Oncol Rep 2007;18:
1365 – 71.

Downloaded from http://aacrjournals.org/mct/article-pdf/7/11/3461/1878011/3461.pdf by guest on 18 May 2022

53. Rodan GA. Mechanisms of action of bisphosphonates. Annu Rev
Pharmacol Toxicol 1998;38:375 – 88.

3469

