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Osteoclasts are highly specialized cells that resorb bone, and their
abnormal activity is implicated in a variety of human bone dis-
eases. In neoplastic bone metastasis, the bone destruction caused
by osteoclasts is not only associated with the formation and pro-
gression of metastatic lesions, but also could contribute to fre-
quent complications such as severe pain and pathological
fractures, which greatly diminish the quality of life of patients. Bis-
phosphonates, potent antiresorptive drugs, have been shown to
have efficacy for treating bone metastases in many types of can-
cer, and the development of various molecularly targeted agents
is currently proceeding. Thus, inhibition of osteoclast function is
now established as an important treatment strategy for bony
metastases. This review focuses on promising small molecules that
disrupt osteoclast function and introduces our chemical/biological
approach for identifying osteoclast-targeting small molecular
inhibitors. (Cancer Sci 2009; 100: 1999-2005)

B one is a dynamic organ that constantly repeats the cycle of
formation by osteoblasts and destruction (resorption) by
osteoclasts throughout life.""” Bone remodeling is necessary for
skeletal growth and to maintain normal bone tissue. Imbalances
of remodeling can result in gross perturbations in skeletal struc-
ture and function, potentially causing morbidity. Most adult
skeletal diseases are due to excess osteoclastic bone resorption,
including osteoporosis, theumatoid arthritis, and neoplastic bone
metastasis.®

Bone, as well as lung and liver, is one of the most preferential
metastatic sites for common human malignancies, notably
breast, prostate, and lung cancers.”” Bone metastases are fre-
quently associated with severe bone pain, pathological fractures,
hypercalcemia, and spinal cord compression syndromes that
greatly diminish the quality of life for patients. Although bone
metastases are histopathologically classified as osteolytic, osteo-
blastic, or mixed lesions, accumulating evidence suggests that
bone resorption by osteoclasts plays a pivotal role in the devel-
opment and progression of all types of metastasis.”™” In fact,
bone-residing metastatic cells are not directly able to destroy the
hard bone tissue to enable them to survive and grow within
bone. Instead, they secrete paracrine factors, such as parathyroid
hormone-related peptide (PTHrP) and interleukin-6 (IL-6),
which directly or indirectly stimulate osteoclast differentiation
and activation. In turn, bone resorption by osteoclasts releases
growth factors such as transforming growth factor-f# (TGF-p)
and insulin-like growth factor-1 (IGF-1) from the bone matrix
that promote tumor growth. This interaction between tumor cells
and the bony microenvironment results in a vicious cycle of
bone destruction and tumor growth (Fig. 1. Furthermore,
excessive osteoclastic bone destruction could be a factor that
causes the complications of metastases.
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The concept of the vicious cycle alters the approach to the
treatment of bone metastases, because it means that antiresorp-
tive agents might also decrease the tumor burden in bone. This
concept has recently been supported by the clinical performance
of bisphosphonates (BPPs), which are potent antiresorptive
drugs. Many clinical trials using zoledronic acid, a potent BPP,
showed remarkably reduced rates of skeletal-related events
(SREs), defined as pathological fractures, spinal cord compres-
sion, radiation therapy, or surgery to bone in various tumor
types. Additionally, zoledronic acid significantly increased the
time to the first SRE and significantly reduced the risk of devel-
oping an SRE.® In response, The United States Food and Drug
Administration has approved zoledronic acid for use in any solid
tumor with bony metastases. Currently, as the molecular mecha-
nisms of osteoclast function and regulation become clearer, vari-
ous molecularly targeted agents based on the specific inhibition
of osteoclastic activity are being developed, including denosu-
mab (AMG 162) and cathepsin K inhibitors. Denosumab is a
fully human monoclonal antibody that binds and neutralizes
human receptor activator of nuclear factor-kB ligand (RANKL),
which is the critical biological factor of osteoclastogenesis. A
phase 1 clinical trial in patients with breast carcinoma with bone
metastases or multiple myeloma showed that a single subcutane-
ous injection of denosumab caused rapid and sustained suppres-
sion of bone turnover markers and was well tolerated.
Denosumab is currently in phase 3 trials in patients with meta-
stat(i6c) disease in the skeleton and postmenopausal osteoporo-
sis.

Thus, suppressing osteoclastic bone resorption is now being
established as an important treatment strategy in cancer therapy.
In this review, we summarize the molecular mechanism and
activity of promising antiresorptive agents with a focus on small
molecule compounds. Furthermore, we describe our chemi-
cal/biological approach for identifying osteoclast-targeting
small molecule inhibitors.

Osteoclast Differentiation and Bone Resorption

Osteoclasts, multinucleated giant cells, are derived from hema-
topoietic stem cells of the monocyte/macrophage lineage. It is
well known that two critical factors supplied by osteoblasts and
stromal cells, RANKL, a member of the tumor necrosis factor
(TNF) superfamily, and macrophage-colony stimulating factor
(M-CSF), are essential for the differentiation and maturation of
osteoclast precursors in bone.” The binding of RANKL to the
RANK receptor on the precursor cells, mainly through recruiting
TNF receptor-associated factor 6 (TRAF6), results in the acti-
vation of the mitogen-activated protein kinase (MAPK) signal-
ing pathway, several transcriptional factors such as NF-kB and
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Fig. 1. The vicious cycle of bone metastasis.
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activator protein-1 (AP-1), and the calcium signaling cascade.
These activating processes are mediated by immunoglobulin
(Ig)-like receptors associated with the immunoreceptor tyrosine-
based activation motif (ITAM)-harboring adaptor molecules.
Then, these signals concertedly induce the activation and
expression of the nuclear factor of activated T cells cl
(NFATc1), which is the master transcription factor of osteoclas-
togenesis.® Osteoclasts that develop into multinucleated giant
cells by the fusion of osteoclast precursor cells are highly polar-
ized; they form tightly sealed compartments on the surface of
bone, and secrete protons and proteases such as cathepsin K
from the ruffled border, resulting in the degradation of bone
matrix that is composed of mineral and proteins, consisting of
type I collagen (Fig. 1).

Accordingly, possible targets for small molecule compounds
to selectively suppress osteoclast function would include the
following: (i) the interaction of RANKL with RANK, and trans-
duction molecules for the RANK signaling pathway; (ii) prote-
ases responsible for bone resorption and molecules involved in
the production of protons; (iii) molecules involved in cellular
attachment to the bone matrix; and (iv) specific functions and
environments of osteoclasts. Promising small molecules that
disrupt osteoclast function are described in Table 1 and Figure 2.

Small Molecules that Selectively Inhibit Osteoclast
Function

Bisphosphonates. BPPs are currently the major drugs used for
the treatment of bone diseases that are characterized by
enhanced osteoclastic bone resorption. They are structural ana-
logs of pyrophosphate but contain a carbon instead of an oxygen
atom. The phosphorus-carbon-phosphorus (P-C-P) structure
allows a great number of chemical designs, which are achieved
by changing the two side chains of carbon atoms.” The effect
of BBPs on osteoclasts is exerted through their accumulation
and deposition in the bone: BBPs have a high affinity for bone
mineral (hydroxyapatite), where they appear to be internalized
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CAll, carbonic anhydrase II; Cath K, cathepsin K;
M-CSF, macrophage-colony stimulating factor;
MMP-9, matrix metalloproteinase-9; PDGF,
platelet-derived growth factor.

Table 1. Promising small molecules that disrupt osteoclast function
Principal small molecules Target Stage of Reference
molecule development
Etidronate, Clodronate ATP-requiring Marketed ®
molecules
Alendronate, Zoledronate FPP synthase Marketed ©
MK-0822, AAE581 Cathepsin K Clinical (2
AZD0530, CGP76030 c-Src Clinical, a9)
Preclinical
L-000845704, SB265123 oyPs integrin  Clinical, @3,57)
Preclinical
FR202126, lejimalide A, B V-ATPase Preclinical (@6.30)
NS3736 ac-7 c- Preclinical G2
channel
KN-93 CaMKIV Preclinical G3)
LFM-A13 Btk/Tec Preclinical G4
(-)-DHMEQ, PDTC NF-«xB Preclinical (35.36)
Reveromycin A lleRS Preclinical (a3.44)

CaMKIV, Ca**/calmodulin-dependent kinase 1V; (-)-DHMEQ,
(-)-dehydroxymethylepoxyquinomicin; FPP, farnesyl pyrophosphate;
IleRS, isoleucyl-tRNA synthetase; PDTC, pyrrolidine dithiocarbamate.

selectively by bone-resorbing osteoclasts and inhibit osteoclast
function. BPPs can be grouped into two pharmacological classes
with distinct molecular mechanisms of action.
Non-nitrogen-containing BPPs such as etidronate (Fig. 2)
and clodronate can be metabolically incorporated into non-
hydrolysable analogs of adenosine 5’-triphosphate (ATP) that
may inhibit ATP-dependent intracellular enzymes. On the other
hand, the more potent, nitrogen-containing BPPs such as alendr-
onate and zoledronate (Fig. 2) inhibit a key enzyme, farnesyl
pyrophosphate (FPP) synthase, in the mevalonate pathway,
thereby preventing the biosynthesis of isoprenoid compounds
that are essential for the post-translational modification of small
GTP-binding proteins such as Rab, Rho, and Rac. The inhibition
of protein prenylation, especially protein geranylgeranylation,
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discussed in the text.

leads to dysfunction of the cytoskeletal rearrangement and mem-
brane ruffling, and ultimately causes apoptosis.” The recently
elucidated X-ray crystal structure of the human FPP synthase in
complexes with risedronate and zoledronate, and kinetic analy-
ses, reveal the detailed molecular mechanisms through which
these agents bind to the dimethylallyl/geranyl pyrophosphate
ligand pocket and exhibit a com?etrtlve type inhibition pattern
against geranyl pyrophosphate.‘

Thus, the selectivity of BPPs to osteoclasts is attributed not to
the specificity of their intracellular target molecules, but to their
physicochemical properties and their high affinity to bone.

Cathepsin K inhibitors. Cathepsin K is a lysosomal cysteine
proteinase that is highly expressed in osteoclasts and has been
identified as the crucial enzyme in collagen breakdown during
bone resorption. The essential role that cathepsin K plays in
bone resorption is shown by data obtained from cathepsin K null
mice, which display an osteopetrotic phenotype associated with
a severe impairment of the resorptive activity of osteoclasts in
the absence of any other overt pathological srgns Many
highly selective and potent cathepsin K inhibitors have been
developed recently, and preclinical studies have been shown that
cathepsin K inhibitors reduce tumor-induced osteolysis and the
skeletal tumor burden."'*' Several cathepsin K inhibitors,
including MK-0822 (odanacatib, Fig. 2), AAE581 (balicatib),
ONO-5334, and SB462795 (relacatib), are currently in clinical
trials for osteoporosis, osteoarthritis, and neoplastic bone metas-
tasis.

c-Src inhibitors. c-Src is a non-receptor tyrosine kinase that is
ubiquitously expressed in all cells. When this gene was deleted
in mice through homologous recombination, osteoclast inactiva-
tion was the only detectable phenotypic change."* ¢-Src is acti-
vated in osteoclasts after integrin binding when the cells attach
to the bone matrix to initiate bone resorption'”; it mediates the
complex intracellular cytoskeletal reorganization. c-Src is also
activated in response to the RANKL/RANK interaction after
the recruitment of TRAF6 to the intracellular domain of
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Reveromycin A

Methyl-gerfelin, R = Me

RANK."® It binds to TRAF6 and recruits several signaling pro-
teins, including Cbl, Pyk-2, and cortactin, which mediate polari-
zation of the cell and the formation of the actin ring and ruffled
border, in a process that is, as yet, incompletely understood.

In addition to its role in osteoclasts, c-Src also has been
involved in varrous elements of human cancer development and
progression.!” Accordingly, c-Src inhibitors are expected to
target both tumor cells and osteoclasts, thus disrupting their
mutual interactions in bone metastases. CGP76030, a c-Src
inhibitor, decreased the morbidity and lethality and also sup-
pressed the metastasis-induced osteolysrs of the mice inoculated
with MDA-MB-231 breast cancer cell% By now, numerous
c-Src inhibitors have been developed, (19 and clinical trials are
in progress for some of them. Such c-Src inhibitors include pyri-
midinylaminothiazole-based BMS-354825 (dasatinib), quinazo-
line-based AZDO0530, quinoline-based SKI-606 (bosutinib),
pyridopyrimidinone-based = PD180970, pyrazolopyrimidine-
based PP1, and pyrrolopyrimidine-based CGP76030.

ayPs integrin inhibitors. Another relatively selective osteo-
clast-specific structure that seems to play a rate-limiting role in
osteoclast activity is the owP3 integrin. Integrins, a family of
cell-surface adhesion receptors that mediate cell-cell and cell—
matrix interactions, are transmembrane glycoproteins composed
of non-covalently linked o and B subunits. The adhesion of the
osteoclasts to bony surfaces is an important initial step in bone
resorption. Various studies have indicated that the most abun-
dant integrin in osteoclasts, oy, interacts in bone with the
extracellular matrix proteins that contain the arginine- glycme-
aspartic acid (RGD) sequence, mediating bone resorptron( 9 In
addition, integrins, like c-Src, are known to contrlbute to tumor
growth and metastasis in a variety of ways.?" Harms et al. dem-
onstrated that an antagonist of the o5 integrin suppressed the
development of osteolytic breast cancer metastases and could
inhibit the vicious cycle established between tumor cells and
osteoclasts during the development of bone metastases.*”
Moreover, clinical studies in women with postmenopausal

Cancer Sci | November 2009 | vol. 100 | no. 11 | 2001

© 2009 Japanese Cancer Association



osteoporosis have confirmed the usefulness of L-000845704, an
oty B3 integrin antagonist, as an antiresorptive drug.*>

Vacuolar H*-ATPase inhibitors. An essential component of
osteoclastic bone resorption is the acidic extracellular microen-
vironment formed on the surface of bone that dissolves the min-
eral content of bone. A vacuolar H"-ATPase (V-ATPase) in the
osteoclast membrane plays a key role in this process. Bafilomy-
cin, an inhibitor of this enzyme, has been shown to inhibit osteo-
clastic bone resorption in vitro and in vivo.** We also showed
that iejimalide (Fig. 2),*> a 24-membered macrolide obtained
from a marine tunicate, targeted V-ATPase and induced osteo-
clast cell death.?® It has been reported that the V-ATPase, an
enzyme present in virtually every cell, may have a unique
116-kD subunit in the osteoclast that is necessary for osteoclast-
mediated extracellular acidification.*” Recently, osteoclast-
selective V-ATPase inhibitors such as SB242784, FR167356,
and FR202126 (Fig. 2) were shown to inhibit osteoclastic bone
resorption in experimental animal models of osteoporosis and
metastatic bone disease.**>

Others. Chloride channels as well as V-ATPase play an
essential role in the acidification of the resorption lacuna. Mice
with a deficiency of the chloride channel, CIC7, show severe
osteopetrosis resulting from impairment of chloride ion
extrusion during osteoclastic bone resorption.*" Schaller et al.
demonstrated that NS3736, a chloride channel inhibitor,
suppressed bone loss in ovariectomized rats.?

Other possible compounds that specifically inhibit osteoclast
function include inhibitors of transduction molecules within
the RANK signaling pathway, such as Ca®*/calmodulin-depen-
dent kinase IV (CaMKIV), Btk/Tec tyrosine kinases, and
NF-kB.379

Forward Chemical Genetics of Natural Products

Reveromycin A. Reveromycin A (RM-A; Fig. 2) is a poly-
ketide natural compound produced by Streptomyces sp. that
we previously found to be an inhibitor of the mitogenic activity
of egidermal growth factor (EGF) in mouse keratinocyte
lines.*”™*! Yeast genetic approaches revealed that the intracel-
lular molecular target of RM-A is isoleucyl-tRNA synthetase
(IleRS),“** which is one of the aminoacyl-tRNA synthetases that
catalyze the attachment of specific amino acids to their cognate
tRNAs, thereby ensuring the faithful translation of genetic code.
We recently found a unique biological activity: RM-A-induced
cell death occurred specifically in osteoclasts with a several hun-
dred-fold lesser concentration of RM-A than that which inhib-
ited the cell growth of various other cells, including osteoblastic
cells and osteoclast precursor cells.*® It is unlikely that such
selectivity is due to the target molecule of RM-A. Chemical
analysis of RM-A showed that it is an acidic compound with
three carboxylic groups in its structure (Fig. 2). This compound
is normally in a highly polar form, which has poor cell perme-
ability, with dissociation of protons from carboxylic acid moie-
ties in blood or cell culture medium. On the other hand,
osteoclasts, unlike other cells, form an acidic extracellular
microenvironment to aid the resorption of bone matrix (Fig. 1).
Therefore, it is likely that RM-A would be converted into a non-
polar form, which is more permeable into cells, by suppressing
the dissociation of protons under the acidic microenvironment
of osteoclasts, thereby being selectively incorporated into osteo-
clasts (Fig. 3). This hypothesis was supported bz the following
experimental results: (i) tritium-labeled RM-A (["HJRM-A) was
markedly and selectively incorporated into osteoclasts among
various cell types in culture; (ii) the incorporation of [PH[RM-A
into osteoclasts was suppressed by alkalinizing their acidic
microenvironment formation; and (iii) acidic culture medium
(pH 5.5) induced incorporation of [3H]RM—A into osteoclast
precursor cells and enhanced sensitivity of osteoclast precursor
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cells (inhibition of protein synthesis and cell growth) to RM-A,
which do not have an acidic extracellular microenvironment. In
osteoclasts, RM-A inhibited IleRS activity and protein synthesis,
resulting in the induction of apoptosis (Fig. 3). In vivo experi-
ments also showed a marked decrease in osteoclast number in
the bone of RM-A-treated animals with increased bone resorp-
tion. RM-A significantly suppressed bone loss in ovariectomized
mice without a loss in weight. In addition, RM-A significantly
inhibited bone metastasis formation through inhibition of osteo-
clastic bone destruction in various animal models of tumor bone
metastasis including lung and prostate cancer metastatic
cells. 46

As described above, the selectivity of RM-A to osteoclasts,
like that of BPPs, is not attributed to the specificity of its target
molecule, but to its physicochemical properties.

Methyl-gerfelin. In order to obtain new small molecules that
inhibit osteoclast function, we performed cellular phenotype-
based screening from the chemical library of RIKEN Natural
Products Depository (NPDepo).“” As a result, we found
fungus-derived gerfelin (GFN)*49 and its methyl ester deriva-
tive, methyl-gerfelin (M-GFN), as hit compounds (Fig. 2).(50)
M-GFN, which was stronger than GFN, suppressed RANKL-
induced osteoclastogenesis with no influence on the survival and
phagocytic ability of mouse bone marrow—derived macrophages
(BMMs).

We next planned to identify the molecular target of M-GFN
in inhibiting osteoclastogenesis by using M-GFN-immobilized
beads, which were made by using our recently developed photo-
cross-linking method (Fig. 4a).®'™* This photocross-linking
method is a coupling technique that enables the introduction of
a variety of small molecules onto solid supports through a phot-
oaffinity reaction. In this method, aryldiazirine groups cova-
lently attach to solid supports and are transformed by ultraviolet
(UV) irradiation into highly reactive carbenes, which bind to or
irreversibly insert into proximal small molecules in a functional
group-independent manner. This would allow the small mole-
cules immobilized in a functional group-independent manner to
bind to all potential intracellular binding proteins because all
surfaces of the small molecules are virtually presented on beads.
Affinity purification experiments using M-GFN-immobilized
beads showed that M-GFN bound directly to glyoxalase I
(GLOI1) and sterol carrier protein 2 (SCP2). Knockdowns of
GLO1, but not SCP2, inhibited RANKL-induced osteoclast for-
mation, which suggests that GLO1 is involved in osteoclasto-
genesis. GLO1 (EC 4.4.1.5) is an essential component in
pathways leading to the detoxification of a-oxoaldehydes, espe-
cially methylglyoxal (MG), which is continuously generated as
a side product of glycolysis.®* The substrate for GLOI is
hemithioacetal, which is formed through the nonenzymatic con-
jugation of MG with glutathione (GSH). The product of the
GLOl1-catalyzed reaction is S-p-lactoylglutathione, which is
then hydrolyzed by GLO2 (EC 3.1.2.6) to p-lactate. An enzyme
kinetics analysis showed that M-GFN inhibited mouse GLOI1
activity in a competitive manner (K; = 0.23 pm). Moreover,
increased intracellular MG levels were observed in M-GFN-
treated BMMs, and the addition of MG to BMMs suppressed
osteoclastogenesis, which strongly suggests that M-GFN inhibits
GLOL1 activity, thereby allowing the accumulation of MG,
resulting in the inhibition of osteoclastogenesis (Fig. 4b).

To clarify the binding mode of M-GFN, we determined the
crystal structure of mouse GLOI complexed with M-GFN at
1.7-A resolution (Fig. 4c). This structural model contains one
protein homodimer, two zinc ions, and two M-GFN molecules
in an asymmetrical unit. In the active site, which is located at
the dimer interface, the zinc ion is in an octahedral coordination
and is bound by four amino acid residues and two hydroxyl
groups (20H and 30H) of M-GEN. This binding mode of
M-GFN seems to mimic that of the intermediate reaction. Thus,
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it was revealed that M-GFN binds to GLO1 at the active site,
mainly by coordination bonding via the zinc ion and a hydro-
phobic interaction with the hydrophobic region.

Although the validation of GLOI1 as a target of antiresorptive
agents remains to be elucidated, these findings can facilitate the
study of osteoclast biology and the development of therapeutic
agents.

Concluding Remarks

According to the clinical performances of BPPs, suppression of
the functions of osteoclasts could be established as an important
treatment strategy for bone metastases. c-Src and o5 integrin
inhibitors are expected to have a beneficial effect on bone
metastasis treatment because they target both osteoclasts and
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tumor cells. In addition, a combined approach of chemical biol-
ogy/chemical genetics, which is aimed at understanding and
regulating vital functions using small molecules, could lead to
further elucidation of osteoclast function and development of
new antiresorptive agents. For example, our photocross-linking
method is useful in the preparation of chemical probes for fish-
ing binding proteins (Fig. 4a) and for chemical arra%ls for high-
throughput ligand screening for proteins of interest. 3539 Since
this method is able to immobilize uniformly any compounds that
have a diversity of structure on solid supports, it is possible to
prepare a chemical array that has several thousand compounds
on a single glass slide. Indeed, by high-throughput ligand
screening of carbonic anhydrase IT (CAII), which is involved in
proton generation in osteoclasts (Fig. 1) using the chemi-
cal array, we have obtained a small molecule compound that
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inhibits CAII activity more strongly than the known inhibitor,
acetazolamide.®”

Since the discovery of the RANKL, our understanding of the
osteoclast in bone biology has advanced considerably, but there
are still questions to solve. Especially, the molecular mecha-
nisms involving in the balanced coupling between bone resorp-
tion and bone formation remain poorly understood.
Furthermore, little is known of the mechanisms that are respon-
sible for the distortion of this process that occurs in metastatic
cancer growing within bone. Further understanding of osteoclast
functions and of the pathophysiology of bone metastases will
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