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Blockade of Osteoclast-Mediated Bone Resorption
Through Occupancy of the Integrin Receptor:
A Potential Approach to the Therapy of Osteoporosis
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Abstract Bone resorption requires the tight attachment of the bone-resorbing cells, the osteoclasts, to the bone
mineralized matrix. Integrins, a class of cell surface adhesion glycoproteins, play a key role in the attachment process.
Most integrins bind to their ligands via the arginyl-glycyl-aspartyl (R-G-D) tripeptide present within the ligand sequence.
The interaction between integrins and ligands results in bidirectional transfer of signals across the plasma membrane.
Tyrosine phosphorylation occurs within cells as a result of integrin binding to ligands and probably plays a role in the
formation of the osteoclast clear zone, a specialized region of the osteoclast membrane maintained by cytoskeletal
structure and involved in bone resorption.

Human osteoclasts express a1 and «,f5 integrins on their surface. Such signaling may also lead to “inside-out”
effects, like increased expression of integrin receptors on the cell surface, or increased affinity of the integrin to its
ligand. The «,B; integrin, a vitronectin receptor, plays an essential role in bone resorption. Antibodies to this integrin
and short synthetic RGD-containing peptides are able to block bone resorption in vitro. Echistatin, an RGD-containing
protein from a snake venom, binds to the «,B; integrin and blocks bone resorption both in vitro and in vivo. Peptides
containing the RGD motif are potential competitive "“antagonists’ of the osteoclast integrins and may have utility in the
blockade of bone resorption. Agonists may be identified by stimulation of intracellular signaling. In theory, tissue
specificity can be achieved by 1) introducing specific amino acids in positions adjacent to the RGD sequence, 2)
identifying non-RGD integrin binding domains, or 3) modulating the affinity of integrins for their endogenous
ligands. e 1994 Wiley-Liss, Inc.
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Bone resorption is carried out by osteoclasts,
multinucleated cells of the monocyte/macro-
phage lineage. The process requires migration
of osteoclasts to the future site of resorption and
the subsequent formation of a tightly sealed
compartment between the osteoclast convoluted
basal membrane (the “ruffled border’’) and the
mineralized bone matrix which demarcates an
area of underlying bone to be resorbed. This
compartment functions as an “‘extracellular ly-
sosome’’ into which acid and enzymes are se-
creted by the osteoclast (Fig. 1). The acid solubi-
lizes the mineral, allowing the proteolytic
enzymes to digest the matrix proteins. After
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attachment of the osteoclast to the mineralized
bone surface, the interfacial region of mem-
brane forms not only the ruffied border but also
the ““clear zone,”” an organelle-free annular cyto-
plasmic area which is enriched in the contractile
proteins vinculin and talin. The clear zone is
thought to be the site of osteoclast attachment
and tight-sealing to the bone surface.

Although the mechanism and the signal for
the selection of the site of attachment are not
known yet, it has become evident in the last few
years that integrins, cell surface adhesion recep-
tors, play a role in this process. The integrin
superfamily of adhesion molecules were discov-
ered a decade ago. The term integrin was coined
to describe their presumed role in integrating
the intracellular cytoskeleton with the extracel-
lular matrix. Adhesion is of fundamental impor-
tance to a cell; it provides anchorage, cues for
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Schematic of osteoclast structure and function. The drawing shows multiple nuclei, the
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migration and signals for growth and differentia-
tion. The importance of integrins in physiology
is being rapidly recognized. Integrins play a role
in platelet aggregation, immune function, and
tumor invasion. The potential therapeutic util-
ity of interfering with integrin-mediated events
isillustrated in vivo by the inhibition of platelet-
dependent coronary thrombus formation, or ar-
rest of growth of malignant metastases by soluble
integrin ligands or anti-integrin antibodies. Re-
search in the above-listed areas is far advanced
relative to studies of the role of integrins in bone
biology.

INTEGRINS: GENERAL BACKGROUND

Integrins, a family of cell surface heterodi-
meric glycoproteins, are the primary mediators
of cell-to-extracellular matrix adhesion (Fig. 2).
All integrins are membranal receptors com-
posed of a single « subunit and a single B sub-
unit which are non-covalently linked [Hynes,
1992]. To date, 14 different « subunits and eight
B subunits have been identified and sequenced
at the cDNA level. Both integrin subunits have a
single transmembrane and a short cytoplasmic
domain, which lack conventionally recognized
motifs for stimulation of kinase or phosphatase
activities, for forming ion channels, or for acting
through G-proteins. Thus, integrin structure
per se does not predict intracellular signaling.
However, increasing evidence indicates that the
interaction between integrin and ligand does
result in signal transduction and a series of
intracellular events, including cytosolic alkalin-

ization, increase in cytosolic calcium levels, tyro-
sine phosphorylation and dephosphorylation in
proteins, early gene expression, and changes in
the mechanical properties of the cell [Hynes,
1992; Wang et al., 1993]

Most integrins are not cell specific; they are
expressed on more than one cell type. An excep-
tion is the GPIIL,/III,, a fibrinogen receptor,
which is expressed solely on platelets. In addi-
tion, most cells express several integrins, and
the profile of integrin display can be modulated
by growth factors. Furthermore, individual types
of integrins can often bind more than one li-
gand, and a given ligand is often recognized by
more than one integrin. This overlap presents a
challenge in targeting for therapeutic blockade a
given integrin on a given cell. Fortunately for
our objectives, the o,B3 integrin displays a nar-
row distribution across cell types other than
osteoclasts; it is expressed on platelets and endo-
thelial cells. It binds vitronectin, fibrinogen, os-
teopontin, thrombospondin, von Willebrand’s
factor, and bone sialoprotein.

Most integrins bind ligands which contain an
internal arginyl-glycyl-aspartyl (RGD) sequence.
This three amino-acid motif is found in various
extracellular matrix proteins, including fibronec-
tin, laminin, vitronectin, fibrinogen, von Will-
ebrand’s factor, and osteopontin. Short syn-
thetic peptides containing the RGD sequence
can mimic the biological activity of the intact
ligand and competitively inhibit cell adhesion to
native ligands [Ruoslahti et al., 1987]. The essen-
tial role of the RGD motif for cell attachment
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Fig. 2. Schematic structure of an integrin. Integrins are com-
posed of two noncovalently associated subunits designated o
and 3. Both subunits are integral membrane glycoproteins. The
extracellular domains contain the ligand-binding region. The «
subunit contains areas thought to bind calcium (Ca**). The
cytoplasmic domains of both subunits are relatively small and
contain regions capable of binding cytoskeletal elements that
link the integrins to the actin cytoskeleton.

was demonstrated by site-directed mutagenesis
of the RGD motif in fibronectin and vitronectin
to RGE (Arg-Gly-Glu), a conservative substitu-
tion which nevertheless resulted in the complete
loss of cell attachment activity for these matrix
proteins [Obara et al., 1988; Cherny et al., 1993].
Although the RGD motif represents a common
recognition sequence in many adhesion pro-
teins, other non RGD-containing cell-binding
domains have been identified. For example, the
sequences D-G-E-A in collagen type 1 [Staatz et
al., 1991], L-D-V in alternatively spliced fibronec-
tin [Humphries et al., 1986], and K-Q-A-G-D in
the y-chain of fibrinogen [Ginsberg et al., 1988]
have been shown to competitively inhibit RGD-
mediated cell attachment. Recently, a basic se-
quence in the viral protein tat, K-K-Q-R-R-R,
and a related sequence, H-R-N-R-K-G-V, pre-
sent in vitronectin, were found to bind to «,B;
{Vogel et al., 1993]. Immobilized peptides bear-
ing these sequences serve as cell attachment
sites. The role (if any) of these non-RGD contain-
ing binding sequences, which appear in matrix
proteins bearing the RGD motif, has not been
completely elucidated. These auxiliary integrin-
binding domains may play a role in modulating
the affinity and specificity of the interaction
between the integrin and the native ligand. They
may also operate additively, or even synergisti-

cally, with the RGD motif in functions related to
cell attachment or intracellular signalling.
Integrins not only stimulate signal transduc-
tion causing a cascade of intracellular events,
but intracellular signals have been demon-
strated, in turn, to modulate integrin function.
This concept of ‘“‘inside-out” signal transduc-
tion is illustrated in the platelet and polymorpho-
nuclear cell. In circulation, the GPII,/III, on the
surface of the resting platelet does not bind to
its ligand, soluble fibrinogen. However, when
platelets are activated by an appropriate ago-
nist, such as ADP, the affinity of the GPII,/III,
is markedly increased, probably due to a confor-
mational change in the integrin. This mecha-
nism of integrin activation may play a role in
selectivity and specificity of integrin function.

INTEGRINS AND OSTEOCLAST-MEDIATED
BONE RESORPTION

Osteoclasts express oypB; and «,ps integrins
[Hughes et al., 1993]. ayB, associates preferen-
tially with collagen, while the a,B5 (vitronectin-
type) receptor is relatively non-selective and
binds vitronectin, fibronectin, fibrinogen, and
von Willebrand’s factor. Human osteoclastoma-
derived osteoclasts, as well as rat and chicken
osteoclasts, display abundant «,B3 receptors on
their surface [Zambonin-Zallone et al., 1989].
Conflicting data have been published as to the
presence of the vitronectin receptor in the clear
zone at the tip of osteoclast podosomes. The
clear zone contains a high concentration of mi-
crofilaments in a specific arrangement consist-
ing of a central axis of F-actin, surrounded by
vinculin, a-actinin and talin. Zambonin-Zallone
and colleagues [1989] have demonstrated the
accumulation of a protein in the region of the
podosomes which is immunoreactive with anti-
bodies to B5 integrin. Moreover, a role for o83 in
the tight attachment of the osteoclast to bone
has been suggested by Reinholt et al. {1990] and
Sato et al. [1990], who demonstrated co-localiza-
tion at the osteoclast clear zone of the «, subunit
and the cytoskeletal proteins talin, «-actinin
and vinculin,

Other studies have yielded discrepant find-
ings. Davis et al. [1989] have found no indica-
tion of the presence of B;-containing integrins in
podosomes and Lakkakorpi et al. [1991] local-
ized o, B3 not to the clear zone, but to the ruffled
border and the basolateral membrane of the
osteoclast. Lakkakorpi and colleagues suggest
that the vitronectin receptor is physically ex-
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cluded from the area of closest attachment to
the bone and may be involved in some other
function, such as initial attachment to bone
and/or cell spreading before clear zone forma-
tion. It is also possible that the lack of integrin
staining reported by some is artificial: the clear
zone may not be penetrated by multimeric mol-
ecules such as antibodies which were used to
visual the presence of these integrins.

An evolving hypothesis suggests that the o,B;
integrin present on the osteoclast surface medi-
ates the initial attachment of the osteoclast to
the mineralized matrix. This interaction results
in intracellular signaling and the phosphoryla-
tion of cytoskeletal proteins which induce cell
shape changes and formation of the tight seal.
There is circumstantial evidence suggesting that
phosphorylation events may play an important
role in the attachment of cells to their sub-
strates (matrix) and may be involved in osteo-
clast activation. The transformation of fibro-
blasts with the src oncogene results in increased
tyrosine phosphorylation of a number of cyto-
skeletal components, including two related pro-
teins of 80 kD and 85 kD which colocalize with
F-actin in the podosomes. Interestingly, trans-
genic mice in which the c-src gene was ‘“‘knocked
out,” developed osteopetrosis, a phenotype re-
sultant from impaired bone resorption. Osteo-
clasts were found have high levels of pp60c-src,
comparable to the levels found in brain and
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Fig. 3. Integrins and intracellular signaling: the cytoskeleton
and protein tyrosine phosphorylation. The cytoplasmic domain
of integrins is connected to the cytoskeleton which is com-
posed of short actin filaments, spectrin, talin, vinculin, and
actin-binding protein. Upon ligand binding to the extracellular
domain of the integrin, redistribution of cytoskeletal compo-

platelets. Recent data indicate that pp60-src ex-
pression is not required for osteoclast formation
but is required for their function, as evidenced
by the observation that bone marrow cells from
src-deficient animals are able to form multinucle-
ated cells. However, these cells do not form
ruffled borders or resorb bone. The absence of
ruffled borders is probably due to defective phos-
phorylation of cytoskeletal proteins. Further-
more, other data suggest that two pp60c-src
substrates, the cytoskeletal proteins cortactin
(also called P80/85) and focal adhesion kinase
(p125FAK) play a role in bone resorption. How-
ever, the exact cascade of intracellular events
has not yet been elucidated (Fig. 3).

Although the different observations regarding
the localization of the o,B; on the osteoclast
surface mentioned above need to be reconciled,
it is apparent that a,B; plays a key role in bone
resorption. Antibodies to this integrin inhibit
bone resorption by isolated osteoclasts in vitro
[Horton et al., 1991; Ross et al., 1993]. Perhaps
most convincing is the finding that ligands which
bind to this integrin can block parathyroid hor-
mone (PTH)-induced bone resorption in vivo.

INHIBITION OF OSTEOCLAST-MEDIATED
BONE RESORPTION BY INTEGRIN
ANTAGONISTS

The importance of the RGD motif to osteo-
clast-mediated bone resorption was first demon-
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nents, and protein phosphorylation occur. The src-family of
protein kinases is activated. Amongst phosphorylated proteins
are cytoskeletal components like paxillin, a vinculin binding
protein, and the protein tyrosine kinase focal adhesion kinase
(FAK).
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strated when short, synthetic RGD-containing
peptides were shown to inhibit bone resorption
in vitro by isolated osteoclasts [Horton et al.,
1991]. The endogenous ligand within bone for
the osteoclast a,B; integrin has not been estab-
lished definitively. Various bone matrix pro-
teins, such as osteopontin, bone sialoprotein,
thrombospondin, collagen, and fibronectin, con-
tain an RGD sequence and could serve as ligands
for the osteoclast vitronectin-type receptor.

A role for osteopontin as an anchor within the
bone matrix for osteoclast attachment has been
postulated [Reinholt et al., 1990]. Osteopontin,
a 357-amino acid glycoprotein, is biosynthesized
by osteoblasts in their early stages of differentia-
tion. There is also evidence that osteoclasts can
synthesize osteopontin [Tkeda et al., 1992]. Elec-
tron microscopic immunohistochemistry stud-
ies of whole bone tissue have demonstrated an
increased concentration of osteopontin in bone
at a site opposite the clear zone of osteoclasts. In
this locale, osteopontin and o3 colocalize [Rein-
holt et al., 1990]. Recently, it has been demon-
strated that RGD-containing peptides inhibit
the attachment of isolated osteoclasts to osteo-
pontin. In addition, a polyclonal antibody to
osteopontin inhibits attachment of osteoclasts
to whole bone particles [Reinholt et al., 1990].

Further insight into the role of RGD-binding
adhesion molecules was obtained through study
of the ‘‘disintegrins,” a group of relatively small
RGD-containing proteins, such as echistatin
[Gan et al., 1988], bitistatin [Musial et al., 1990],
kistrin [Yasuda et al., 1991], trigrammin [Huang
et al., 1987], and applaggin [Savage et al., 1990],
which are present in snake venoms. These pro-
teing are potent inhibitors of the integrin-
mediated aggregation of platelets, via the fibrino-
gen receptor (the integrin GPII,/II1,) present on
the platelet surface. Echistatin, a 49-amino acid
RGD-containing protein purified from the venom
of the viper Echis carinatus, was first found to
be a highly potent inhibitor of bone resorption
in vitro. Echistatin inhibited both excavation of
bone by rat osteoclasts (IC50 = 0.1 nM) and
[3H]proline-release from prelabeled bone par-
ticles by chicken osteoclasts (IC5, = 100 nM). In
addition, exposure of chicken osteoclasts to low
concentrations (14 nM) of synthetic echistatin
significantly reduced osteoclast attachment to
bone particles [Sato et al., 1990]. Furthermore,
lamellipodia retraction and subsequent detach-
ment of rat osteoclasts from glass could be in-
duced by approximately 4 nM echistatin. These
activities are dependent upon the RGD domain:

substitution of the arginine of the RGD se-
quence in echistatin with alanine, as in
[Ala?*lechistatin, resulted in the loss of inhibi-
tory effect on bone resorption [Sato et al., 1990].
Echistatin displays an ICs, in the nanomolar
range, compared to the micromolar inhibitory
potency of short RGD-containing peptides [Sato
et al., 1990]. Immunochemistry has shown colo-
calization of echistatin with an «,-like subunit
at the osteoclast clear zone, suggesting that
echistatin blocks bone resorption by interacting
with the osteoclast functional integrin [Sato et
al., 1990] and prevention or disruption of tight
seal formation.

Although the «,B3 integrin shares a common
B subunit with the platelet fibrinogen receptor
(GP IIb/IlIa), echistatin is approximately 300-
fold more potent in producing its anti-bone re-
sorbing effects than its anti-platelet aggregation
effects [Sato et al., 1990]. Independent studies
with another series of “disintegrin’ proteins
also indicate that relative selectivity for a spe-
cific integrin (a,B3 vs. GPIla/Illb) can be
achieved and may be encoded in the amino acids
adjacently positioned to RGD [Scarborough et
al., 1993]. These observations have extremely
important implications since they indicate that
it is possible to identify RGD-containing pep-
tides with relative specificity for the a,B3 recep-
tor in bone; hence, some degree of tissue selectiv-
ity can be achieved.

The therapeutic potential of an integrin an-
tagonist in the treatment of diseases associated
with bone loss was first demonstrated in an
acute in vivo study using PTH-stimulated, bone-
dependent increases in serum calcium in the rat
[Fisher et al., 1993]. In this model, the effects of
the endogenous calciotropic peptide hormones,
PTH and calcitonin, are eliminated by surgical
removal of the thyroid and parathyroid glands
(TPTX). Serum calcium levels fall to 50-70% of
basal levels approximately 20 h after surgery
and fasting. Then anesthetized animals are in-
fused with either PTH or the combination of
PTH and echistatin. Infusion of PTH was found
to reverse the decline and restored serum cal-
cium to pre-TPTX levels. Echistatin, when coin-
fused with PTH, completely blocks the hormone-
induced serum calcium rise. Under these
experimental conditions, the calcium mobilized
by exogenous PTH has been determined to be of
skeletal origin and the result of hormone-
induced osteoclast activation [Thompson et al.,
1988; Horiuchi et al., 1987]. The effect of
echistatin was dependent on the RGD sequence:
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when alanine was substituted for Arg?4,
[Ala?*]echistatin was ineffective at blocking the
PTH-dependent serum calcium increase.

The mechanism by which echistatin achieves
blockade of bone resorption has not been defini-
tively established. Extension of these in vivo
studies provides direct evidence for osteoclast-
mediated bone resorption in this calcium-mobi-
lizing model based on histomorphometric analy-
sis [Yamamoto et al., 1993]. Echistatin might
act by one or more of several mechanisms: 1)
disrupting the integrity of the osteoclast’s tightly
sealed extracellular compartment, thereby caus-
ing the escape or inactivation of lysosomal en-
zymes and acid (Fig. 4); 2) inhibiting osteoclast
formation, recruitment, or de novo attachment
to the bone surface, either at the time of initial
attachment or subsequent formation of the tight-
sealing zone [Sato et al., 1990; Reinholt et al.,
1990; Lakkakorpi et al., 1991]; or 3) activating
the a,Bs integrin as a signal transducing recep-
tor [Hynes, 1992]. Which of these, or other
possible mechanisms, is responsible for the ob-
served effects remains to be elucidated. These
results, taken together with the in vitro data of
Sato et al. [1990], suggest that echistatin inter-
action with the osteoclast «,8; integrin receptor
reduces osteoclast activity.

The information cited above indicates an es-
sential role for the RGD sequence in osteoclast-
mediated bone resorption. The in vivo data serves
as the impetus for identifying and designing
shorter and more potent antagonists of the a,B3
integrin. Until the last few years, progress in

Osteoclast

acld enzymes

Integrin

structure-activity studies for peptide ligands was
limited by the number of peptides that could be
prepared for biological evaluation. This con-
straint tends to be true particularly in the early
stages of an analog design program, when an
extensive, but empirical survey of peptide struc-
ture must be undertaken before clearer direc-
tions for analog design can be identified. Re-
cently, it has been possible to generate collections
of peptides which possess enormous numbers
and diversity of peptides. Often, the array con-
tains a wide spectrum of peptides, many of which
differ from each other only in subtle, but poten-
tially important, structural features. Novel
methodologies have been devised for preparing
large combinatorial peptide diversity libraries
which include both natural and non-natural
amino acids.

Once a critical functional domain within a
peptide or protein sequence has been identified,
the optimization of its structure in order to
achieve selectivity, metabolic stability, and im-
proved bioavailability become important goals
in drug design. There are many instances in
which modification of the native sequence of a
ligand results in further improvement in affinity
between the ligand and its macromolecular tar-
get. Specificity for a single target amongst a
family of closely related structures can also be
achieved with novel ligand analogs. This princi-
pal is illustrated in the platelet aggregation sys-
tem where low molecular weight, selective, highly
potent non-peptide antagonists of the fibrinogen
receptor (GPII,/III,) were developed that mimic

reo I RGP ! .

Fig. 4. Schematic model of the potential utility of RGD-
containing peptides in the blockade of bone resorption. RGD-
containing peptides compete with extracellular bone matrix
proteins and occupy the osteoclast functional integrin o,B;

BONE

leading to disruption of the tight seal between the osteoclast
clear zone and the bone surface. This results in leakage of acid
and proteolytic enzymes, which are essential in high concentra-
tions for bone resorption.
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the RGD sequence [Hartman et al., 1992]. In the
case of extracellular matrix proteins, (e.g., vitro-
nectin, fibrinogen, osteopontin, etc.) a range of
affinity and selectivity for a,B; is displayed. Since
these proteins share a common RGD motif, dif-
ferences in binding properties most likely can be
attributed to the amino acids flanking RGD.
Recently we have been able to prepare such a
library containing an estimated 360,000 pep-
tides all of which contain RGD, but which vary
in the sequences flanking the tripeptide motif.
Availability of this and other libraries will facili-
tate efficient screening of large numbers of pep-
tides based on their binding affinities and/or
other functional properties. Constructing and
screening combinatorial libraries of synthetic
peptides based on defined endogenous sequences
or random substitutions is likely to facilitate
identification of osteoclast-specific integrin an-
tagonists which may provide the leads for the
development of a new class of inhibitors of bone
resorption which will have clinical utility in
osteoporosis and other related metabolic bone
diseases.

Approaches to the treatment of osteoporosis
have focused on restoring the balance between
bone formation and resorption by either decreas-
ing the overall rate of bone turnover through
direct inhibition of bone resorption or stimulat-
ing bone formation. While promising agents such
as the bisphosphonates, synthetic PTH analogs,
and synthetic estrogen analogs are in clinical
trials, currently available medications for the
treatment and prevention of osteoporosis are
few, their efficacy is limited and side-effects are
problematic. These include estrogen, calcitonin,
calcium and vitamin D. The efficacy of combina-
tion therapy composed of an anti-resorptive
agent and a bone formation stimulator, such as
PTH and estrogen, or bisphosphonate and estro-
gen, is currently being studied. Future research
will reveal if osteoclast integrin antagonists may
have synergistic or additive effects with any of
the agents mentioned above.

Tissue specificity and toxicity are major con-
cerns in drug design. Bone specific integrin an-
tagonists may be developed by identifying spe-
cific amino acids adjacent to the RGD motif,
non-RGD binding domains in bone matrix pro-
teins, and by modulating the affinity of the
osteoclast a, B3 integrin for its endogenous ligand.
Coagulopathy and bleeding secondary to interfer-
ence with platelet aggregation is one of the poten-
tial risks associated with osteoclast integrin an-

tagonists. Although this side-effect was not found
in animals treated with echistatin for a number
of hours, this potential side-effect of chronic
administration should be further studied.

Finally, drug delivery remains an important
issue for this line of investigation. Peptides are
generally not bioavailable orally and usually re-
quire parenteral administration. However, orally
active non-peptide fibrinogen (GPII,/111,) recep-
tor antagonists have been designed. This prece-
dent provides encouragement for those under-
taking initiatives to block bone resorption and
treat osteoporosis through use of integrin (a,8;)
antagonists.
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