
Introduction

The cells responsible for bone resorption were identified
by Kölliker1 who named the multinucleated cells he observed
on bone surfaces as "ostoklasts", and suggested that they
were responsible for bone resorption. Ultimately known as
osteoclasts, they were recognised to possess unique ultra-
structural characteristics which both distinguished them
from other cell types and enabled them to be motile and effi-
ciently resorb bone2,3. Apart from their multinuclearity, a
striking feature of the osteoclast is the presence of the "ruf-
fled border", which is a complex structure of deeply inter-
folded finger-like projections of the plasma and cytoplasmic
membranes adjacent to the bone surface, through which

bone-resorbing acids and enzymes pass4-6. Adjacent to and
surrounding the ruffled border is the clear zone. This is an
area of cytoplasm devoid of cellular organelles except for
numerous cytoplasmic actin filaments. The clear zone is also
known as the "sealing zone", since the plasma membrane in
this region comes into very close apposition with the bone
surface to ensure osteoclast attachment, and to separate the
bone-resorbing area beneath the ruffled border from the
unresorbed area, which maintains a favourable microenvi-
ronment for bone resorption2,6. Osteoclasts bring about dis-
solution of bone mineral by creating an acid microcompart-
ment under the ruffled border, adjacent to the bone surface7.

They are rich in tartrate-resistant acid phosphatase
(TRAP), which is a commonly used histochemical marker
for osteoclasts, although not exclusive to those cells. It is
nevertheless a convenient marker for in vitro generated cells
when combined with identification of calcitonin receptors8

and the ability to form resorption pits when grown on thin
slices of cortical bone or dentine. Some other properties are
indicated in Figure 1, including possession of vitronectin
receptors, cathepsin K, vacuolar ATP-ase, and chloride-7
channels. This combination of properties provides the phe-
notype that equips osteoclasts uniquely to resorb bone.
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Abstract

The molecular and physiological mechanisms of control of osteoclast formation and activity have been explained with the
discovery of three members of the Tumour Necrosis Factor superfamily. Receptor activator of NF-kB ligand (RANKL) is the
type II membrane protein in cells of the osteoblastic lineage which interacts with its receptor, RANK, on hemopoietic pre-
cursors to promote osteoclast formation and maintain their viability and activity. The process is further regulated by the decoy
receptor, osteoprotegerin (OPG), also produced by stromal/osteoblastic cells, and which binds to RANKL to prevent RANKL
stimulation of osteoclast formation. These discoveries fulfilled predictions that came from more than 20 years of research in
bone cell biology in predominantly rodent systems. The hypothesis that the osteoblast lineage directed osteoclast function
introduced the concept of intercellular communication in bone. It needed new methods to be developed to test it, and there
were many who contributed to this. With a number of identifiable milestones from the early 1980s on, a highly convincing case
was made for the existence of what turned out to be RANKL and RANK. As it happened, OPG came first, and the background
biological information was so instructive that it was obvious that OPG would lead to the final answer. By that stage the nec-
essary methods were all in place, and in a short time all the key molecular regulators were identified. Ultimate proof of their
physiological importance came from genetic experiments in mice.
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Origin of osteoclasts

Autoradiographic evidence led Tonna9 to conclude that
osteoclasts arise from fusion of osteoblasts and that osteo-
clasts can dissociate again into osteogenic precursor cells.
Young10 believed that osteoclasts and osteoblasts originate
from the same progenitor cell, the osteoprogenitor cell, and
at a later stage may return to the osteoprogenitor pool. In
1974, Rasmussen and Bordier11 proposed that endosteal
mesenchymal cells differentiate into pre-osteoclasts which
may then form an osteoclast by fusion. At a certain time and
place the osteoclast then dissociates into pre-osteoblasts,
giving rise to osteoblasts and osteocytes. These views of a
connective tissue cell origin of osteoclasts were subsequent-
ly superseded in the face of compelling evidence for a hemo-
poietic origin of osteoclasts.

Studies using a variety of model systems including quail-
chick chimera experiments, parabiosis experiments and the
restoration of bone resorption in osteopetrosis by bone mar-
row and spleen cell transplantation, showed that osteoclasts
are supplied to bone via the circulatory system, and are
formed by fusion of mononucleated precursors derived from
hemopoietic progenitor cells3,12-15. The important finding
common to these experiments was that the precursors of the
osteoclast could travel via the blood to an area where osteo-
clasts were needed, whereas osteoblasts were recruited from
local precursors. This suggested that local precursors could
not differentiate into osteoclasts and consequently that the
lineages of osteoblasts and osteoclasts are different15.
Although such experiments did not show definitively that the
osteoclast is derived from the hemopoietic stem cell, since
bone marrow is diverse and contains stromal cells in addition

to hemopoietic cells, the accumulated evidence strongly sug-
gested that the osteoclast is derived from the fusion of
mononucleated precursors of hemopoietic origin.

Regulation of osteoclast development

The life span of multinucleated osteoclasts in vivo appears
to be up to two weeks, with a half-life of around six to ten
days16, thus they need to be replenished continuously for
bone resorption to be maintained. Osteoclast formation is a
multistep process involving proliferation and recruitment of
osteoclast progenitor cells, differentiation of these progeni-
tors and fusion of mononucleated osteoclast precursors to
form multinucleated, mature osteoclasts. Many hormones
and cytokines are involved in their development. Since
osteoclasts are ultimately derived from hemopoietic stem
cells, it is not surprising that the colony-stimulating factors
and cytokines known to promote and co-ordinate hemopoi-
etic progenitor cell proliferation and differentiation play a
very important role in the formation and/or activation of
osteoclasts also.

In the development process, progenitor cells are capable
of proliferation but not self maintenance and have restricted
differentiation capacities, often committed to a single line of
differentiation. Osteoclast progenitors are cells without
readily recognisable characteristics, which do not express
acid phosphatase activity in vivo and are very sensitive to
irradiation. It is thought that osteoclast progenitors are
promonocytes or monoblasts17. Osteoclast precursors, or
pre-osteoclasts, are mononucleated, post-mitotic cells which
may be separated on the basis of enzyme activity into early
precursors, which are TRAP-negative, and late precursors,
which are TRAP-positive18. Pre-osteoclasts also possess
increasing numbers of CTRs8. In the final step, multinucle-
ated osteoclasts consist of fused mononucleated pre-osteo-
clasts, which may fuse with one another or with existing
osteoclasts. In addition, existing multinucleated osteoclasts
may fuse with each other to form even larger cells. Mature
osteoclasts express TRAP and, alone among the mono-
cyte/macrophage series, possess numerous CTRs8.

Cells of the osteoblast lineage produce stimula-
tor(s) of osteoclast activity

The discovery in the late 1990s of the crucial physiological
roles of TNF ligand and receptor family members in the
physiological control of osteoclast formation and activity
found its origin in concepts developed a little over 20 years
ago, with the hypothesis that cells of the osteoblast lineage
are responsible for directing the process.

The observations that isolated osteoblasts of various ori-
gins responded to bone-resorbing hormones and possessed
receptors for these factors, in addition to the lack of evi-
dence demonstrating receptors or direct responses to these
hormones in osteoclasts, led to the concept that bone-

Figure 1. Morphological features, and some of the enzymes and
exchange systems involved in osteoclast function.
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resorbing factors must act firstly indirectly on osteoblasts,
most likely bone lining cells. This was proposed to release
factors that influence the bone-resorbing activity of osteo-
clasts18,29. Furthermore, since osteoclasts are derived from
hemopoietic progenitors and not from a local bone cell,
Chambers21 came to the same conclusion for other reasons.
He argued that since the osteoclast derives from a "wander-
ing" cell, it made sense to have its activity programmed by an
authentic bone cell, i.e., the osteoblast.

In the next few years, evidence was gathered from many
laboratories in support of this idea of an osteoblast-derived
bone resorption-stimulating factor. Chambers developed the
method of growing cells isolated from long bones of new-
born rat (or occasionally mouse) on slices of bovine bone or
dentine for up to 24 hours, and measuring the number
and/or areas of resorption pits that were generated by the
isolated osteoclasts22-27. Dose-dependent stimulation of
resorption could be achieved with treating agents such as
PTH, 1.25(OH)2 vitamin D, prostaglandins etc., and this
assay system was considered to be one in which osteoclast
activation was being measured. Other laboratories used this
method successfully also28,29, but the cells isolated in this way
from newborn bone were very heterogeneous in content, a
feature compounded by the fact that different investigating
laboratories varied in their approaches to isolation. Some
chopped the newborn rodent bones finely, some split them
open, washed the marrow out and scraped the endosteal sur-
faces, yet others removed the cells by fluid shear. The vari-
ous methods ensured great variation in the level of "purity"
of these isolated osteoclast cultures. An approach intro-
duced by Chambers30 was to wash the cultures thoroughly
after they had been allowed a short time (15–30 mins) to set-
tle, and to compare the responses of these cultures to those
that were allowed a long time to settle, and therefore had a
much higher level of contamination with other cells -
osteoblasts and fibroblasts predominantly. The short settle-
ment cultures were regarded as "functionally pure", since
they showed no increase in resorption when treated with the
resorbing agents such as PTH etc., whereas all of these treat-
ments were effective in the more heavily contaminated cul-
tures. This provided clear evidence that osteoclasts, in order
to respond to resorbing agents, needed the presence of other
cells - in this case presumed to be osteoblasts.

In some of these early studies of "osteoclast activation",
osteoblasts were found to release a factor(s) into the culture
supernatant, activating osteoclastic bone resorption in
response to stimuli such as 1.25(OH)2D3 and PTH24,31. No
progress was made towards isolating an active principle from
conditioned medium, and it is possibly explained by the pres-
ence in conditioned medium of growth-promoting activity
capable of increasing the number of non-osteoclasts in the
cultures during the experimental period. That possibility
raised a technical issue that bedevils this experimental
approach – was this assay simply an osteoclast activation
assay? In some circumstances it clearly was not, in that osteo-
clast numbers increased if the numbers of non-osteoclasts

were too great, either because of the method used in isola-
tion, or because the culture period was too long. This is illus-
trated best in studies of prolonged cultures of "isolated" rat
osteoclasts, growing on bone for several days32. Osteoblast
numbers increased 3-fold from 24 to 48 hours, and cultures in
which osteoclastic resorption was not responsive to PTH
within the first 24 hours, became responsive thereafter, as a
result of continuing increases in osteoclast numbers after 24
hours. We considered it possible therefore, that even in cul-
tures of less than 24 hours, the varying methods used to pre-
pare freshly isolated rodent osteoclasts could yield osteo-
clasts at different stages of maturation, as well as different
numbers of osteoblasts33. We therefore questioned the use of
this as an assay purely of osteoclast activity unless meticulous
care were to be taken, and suggested that in many cases it
would yield data that reflected osteoclast formation, but tak-
ing place in a culture system much more difficult to stan-
dardise than the co-cultures to be reviewed below.

It is easy to make such critical comments in retrospect, but
there is no doubt that these experiments did much to
strengthen the view that the cells of the osteoblast lineage did
indeed promote osteoclast activity and hence the concept at
that stage of "osteoclastic resorption-stimulating activity
(ORSA), which owes much in its development to the work of
Chambers. Perhaps the most significant observation made in
the course of those experiments, not recognised as such at the
time, but clearly so with hindsight, was that contact with
osteoblasts led to osteoclast activation in culture. Calcitonin,
in picomolar concentrations, induced a state of immotility in
osteoclasts which was demonstrable within a few minutes of
its administration22, but direct contact with osteoblasts
released osteoclasts from this quiescent state within ten min-
utes of contact, a response requiring cell-cell contact, since
separation of the two cell types by a filter failed to induce this
escape. That observation can readily be explained now by the
action of RANKL upon osteoclast activity.

Overall, the concept of the existence of an osteoclast
resorption stimulating activity took us some steps further in
understanding osteoclast regulation, but important ques-
tions remained by the mid-1980s. Did a single
stromal/osteoblastic cell factor exist which is responsible for
osteoclast activation, and if so is it cell-associated or secret-
ed? Would the formation of osteoclasts be at least as impor-
tant as regulation of their activity? The next real advances
came with the development of methods to study osteoclast
formation in vitro.

Contact-dependent stimulation of osteoclast
formation by osteoblastic cells

Several in vitro systems provided strong evidence that
accessory cells are necessary for the generation of osteo-
clasts from hemopoietic precursors. Burger et al.34, using a
co-culture system in which hemopoietic cells from embryon-
ic mouse liver were co-cultured with fetal long bone rudi-
ments from which the periosteum had been stripped, showed
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that living bone cells are required for osteoclast develop-
ment. However, it was the development of murine bone mar-
row cultures that led to major advances, with reproducible
assays of osteoclast formation35-38. These were used first to
show that treatment with bone resorbing agents such as
1.25(OH)2 vitamin D could promote osteoclast formation in
a dose-dependent manner, with osteoclast quantitation car-
ried out by counting TRAP-positive multinucleated cells
that were also CT receptor positive by receptor autoradiog-
raphy. In the course of these studies, Takahashi et al.35 made
an observation that turned out to be a crucial one. They
noted consistently that more than 90% of the TRAP-positive
mononucleated cell clusters and multinucleated cells formed
in mouse marrow cultures in response to bone resorbing
stimuli were located near colonies of alkaline phosphatase-
positive mononucleated cells (possibly osteoblasts). This led
them to the idea that osteoblastic cells are involved in osteo-
clast formation, in addition to the evidence produced in the
few earlier years of their influence on osteoclast activity.
They set out to determine whether close contact between
osteoclast progenitors and osteoblastic cells was necessary in
order for osteoclast formation to occur.

They did so and established beyond doubt that osteoclast
formation requires a contribution from cells of the osteoblast
lineage. In doing this, they provided the concepts and tech-

niques that set the scene for the discovery of osteoclast con-
trol by RANKL, RANK and OPG. Their first, relatively sim-
ple experiment was remarkably informative. Takahashi et
al.36 prepared osteoblast-rich cultures from newborn mouse
calvariae and grew them in co-culture with mouse spleen
cells, and on treatment with 1.25(OH)2D3, osteoclasts were
formed. Most importantly though, separation of osteoblastic
cells from spleen cells by a 0.45 Ìm membrane filter in co-cul-
tures prevented osteoclast-like cell formation37, indicating
that direct contact is required between the two cell types in
order for osteoclast formation to occur (Figure 2). Similar
results were obtained with the bone marrow-derived stromal
cell lines MC3T3-G2/PA6, ST2 and KS-439,40, any of which
could be substituted for primary osteoblastic stromal cells in
co-cultures with spleen cells, to result in the formation of
osteoclast-like cells in the presence of 1.25(OH)2D3.
Importantly, those studies highlighted the fact that the abili-
ty to promote osteoclast formation was a property of the
osteoblast/stromal lineage, and not one which would ever
have been applied to mature, bone-forming osteoblasts. A
later illustration of this point came from the finding that
genetic ablation of mature osteoblasts in the mouse had no
influence on the ability of the mice to form osteoclasts41.

Studies of osteoclast generation in mouse cells from sev-
eral laboratories used convincing criteria to characterise the
multinucleated cells formed in culture as authentic osteo-
clasts35,42,43. These criteria included TRAP staining, CT
receptors and the formation of resorption pits on thin slices
of bone or dentine. Although Kurihara et al.44 proposed that
osteoblastic stromal cells are not required for osteoclast dif-
ferentiation, authentication of the osteoclast-like cells
formed in that study was not as rigorous, and the weight of
evidence at that time indicated that osteoblastic stromal cells
are necessary for the process of osteoclast formation from
hemopoietic precursors.

How hormones and cytokines influence contact-
dependent regulation of osteoclasts by osteoblas-
tic cells

With increasing acceptance of the concept that cells of the
osteoblast lineage control osteoclast formation and activity by
a contact-dependent mechanism, it was important to under-
stand how this process was regulated. Prostaglandin(PG)-
induced osteoclast formation in mouse bone marrow cultures
was found to be mediated by a mechanism involving cAMP45.
The potencies of the PGs in this respect was greatest for PGE1

and PGE2, followed by PGF2·, which correlated closely with
their relative potencies in increasing cAMP production in
osteoblastic and bone marrow cells and in increasing bone
resorption in organ culture19. Likewise, PTH and PTHrP, act-
ing through their common receptor, promoted osteoclast for-
mation in marrow cultures by a cAMP-dependent mecha-
nism46, and the effect of interleukin-1 (IL-1) resulted from the
generation of PGE2 as an intermediate effector47.

Figure 2. Summary of the approach and data in Takahashi et al.37.
Osteoclasts were formed in co-cultures of spleen cells with calvar-
ial osteoblasts only when the two cell types were grown on the same
surface and treated without being separated by a filter.
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A second signalling mechanism for regulation was provid-
ed by the steroid hormone, 1.25(OH)2D3, which had very
similar effects on osteoclast formation in marrow cultures
and in co-cultures of osteoblastic with hemopoietic cells37.
1.25(OH)2D3 uses an entirely different signalling system, in
which it combines with its receptor and translocates to the
nucleus to influence transcriptional events.

Finally, a membrane bound receptor complex involving a
130 kDa glycoprotein (gp130)48 provides for osteoclast for-
mation under the influence of the group of cytokines that
use this signalling mechanism. In mouse co-cultures, simul-
taneous treatment with IL-6 and its soluble receptor (sIL-6R)
induced osteoclast formation, but when added separately
they were ineffective48. The other cytokines in this group, IL-11,
leukemia inhibitory factor (LIF) and oncostatin M (OSM),
all of which use gp130 as a common transducer, also stimu-

lated osteoclast formation48. In following up this observa-
tion, using cells from IL-6R-overexpressing transgenic mice
in crossover cocultures with cells from wild-type mice,
expression of IL-6R by osteoblastic cells was shown to be
indispensable for the induction of osteoclasts49. This clear
demonstration that IL-6 stimulation of osteoclast formation
required the cytokine to act upon the osteoblast, despite the
fact that osteoclasts possessed its receptor, illustrated the
power of using ex vivo experimentation with cells from genet-
ically modified animals to study osteoclast formation.

Thus, the concept of stromal/osteoblastic regulation of
osteoclastogenesis was firmly established, and its regulation by
a number of circulating and local factors. Despite the fact that
they fell into three main classes with respect to their initial sig-
nalling mechanisms (Figure 3), it seemed that a common path-
way for these agents was the membrane stromal factor called

Figure 3. The stimulators of osteoclast formation are all predicted to promote formation of ODF/SOFA, but they fall into three distinct
classes as defined by their signalling mechanisms. It was proposed that their actions converged in the nucleus to achieve synthesis of the
osteoclast regulator molecule.
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variously "stromal osteoclast-forming activity" (SOFA)50 or
"osteoclast differentiation factor (ODF)38. It was assumed that
these agents must converge in their actions at some stage
before finally generating the crucial membrane factor33,51.

Were there candidate molecules for ODF/SOFA?

Overwhelming though the evidence was that such a mole-
cule existed, there were no credible candidates before the
discovery of RANKL. In particular, of the many multifunc-
tional cytokines that had some role in osteoclast formation,
none fulfilled the requirements. One variant of osteopetro-
sis resulted from a mutation in the coding region of the M-
CSF gene in the op/op mouse52,53, and M-CSF was found to
play a role in both proliferation and differentiation of osteo-
clast progenitors54. On the other hand M-CSF inhibited the
bone resorbing activity of isolated osteoclasts55, and osteo-
clasts were found to be rich in M-CSF receptor56. Bone
resorption in organ culture was reduced by M-CSF, GM-
CSF and IL-357, and all three cytokines inhibited the genera-
tion of osteoclasts in mouse bone marrow cultures. The con-
clusion from these and other observations was that none of
these hemopoietic growth factors fulfilled criteria expected
of one which is specific for osteoclast formation, and cer-
tainly not the predicted ODF/SOFA.

Identification and isolation of an "osteoclast colony-stim-
ulating factor" was claimed58, but the biological assay used in
that isolation work was the mixed bone marrow culture sys-
tem, containing both stromal and hemopoietic elements.
The material isolated therefore had no actions which could
distinguish it from any of a number of cytokines and hor-
mones known to be capable of promoting osteoclast forma-
tion with the mediation of stromal cells/osteoblasts. No evi-
dence was provided in that or in subsequent work from the
same group that the isolated factor could promote osteoclast
formation from purely hemopoietic cells. Indeed Lee et al.59

found it to promote formation of TRAP-positive cells from
bone marrow cells cultured in agar, as did IL-3 and stem cell
factor, results similar to those of Kurihara et al.44, using
spleen cells from 5-FU-treated mice. On the other hand,
when strict criteria for osteoclast identification were used,
none of the CSFs were able to induce osteoclast differentia-
tion in semi-solid cultures of mouse bone marrow cells.

A clue that might have been helpful had it not been over-
taken by subsequent events was the evidence that the c-fos
gene product is required for osteoclast development60.
Spleen cells from c-fos-/- mice were incapable of forming
osteoclasts when co-cultured with normal osteoblasts, but
could be rescued by infection with a c-fos expressing retro-
virus. This indicated that c-fos had a part to play in the cas-
cade that followed ODF signalling and resulted in osteoclast
formation. This subsequently proved to be so, with the dis-
covery of the essential role of c-fos in RANKL action61.

Although the hypothesis was compelling, there were no
further major advances by the mid-1990s. Some groups
tried to identify ODF/SOFA using methods of differential

gene display. These efforts were not successful, although
on occasions resulting in discovery of interesting new reg-
ulators of osteoclast formation, as we did with IL-1862. As
is so often the case, the answer came as a result of a mix-
ture of hard work with the methods already available, as
well as with some degree of serendipity. Four groups inde-
pendently cloned the molecule known now as RANKL,
and it is instructive to review briefly how each group
arrived at that point.

Final steps in the discovery process; the TNF lig-
and-receptor superfamily

Each of four research groups arrived independently and
at about the same time at the identification and cloning of
RANKL. Two of these groups in the final stages of their
work had the specific aim of identifying the long sought-after
membrane promoter of osteoclast formation. The other two
were immunology groups who in studying the T cell-depend-
ent immune response, identified RANKL in the process, but
only subsequently became aware of its role in bone.

The group at the Snow Brand Milk Products Company,
Japan, had found that a human embryonic lung fibroblast
cell line IMR90, secreted into the medium an activity that
inhibits osteoclast formation in mouse marrow culture. They
saw this as an opportunity to identify a key player in osteo-
clast control, which they began to call "osteoclastogenesis
inhibitory factor (OCIF)", and set out to purify it. The bioas-
say they used to monitor purification, i.e., inhibition of
osteoclast formation in mouse bone marrow cultures treated
with 1.25(OH)2D3, was technically demanding and time-con-
suming, with a very slow turnaround time (greater than 7
days). None of these features was favourable for protein
purification, and the fact that they succeeded in purifying
and sequencing the heparin-binding protein, OCIF63, must
be regarded as an outstanding technical achievement. Using
this sequence they cloned OCIF and soon showed that its
cDNA sequence was identical with that of OPG64, which had
been cloned by Simonet et al.65 (v infra) as a novel member
of the TNF receptor family.

Because OCIF/OPG strongly inhibited osteoclast forma-
tion in co-cultures or marrow cultures treated with
1.25(OH)2D3, PTH, or IL-11, it seemed to them evident that
OCIF would achieve its inhibition of osteoclast formation by
binding to the responsible effector molecule, i.e.,
ODF/SOFA. They had the means at their disposal to address
this question, knowing that certain mouse marrow stromal
cells would be expected to express ODF/SOFA strongly on
the cell surface when given appropriate stimuli, the most
effective of which would be combination of dexamethasone
and 1.25(OH)2D3

38. They used expression cloning of the lig-
and for OCIF/OPG with a cDNA library of mouse ST2 cells
that had been treated in this way, and identified a cDNA
encoding a 316 amino acid type II transmembrane protein of
the TNF ligand family66. Expression of the protein confirmed
its ability to promote osteoclast formation.
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A different path was followed by the Amgen group. In the
course of a fetal rat intestine cDNA sequencing project they
noted an expressed sequence tag (EST) with features suggest-
ing that it might be a member of the TNF receptor family,
based on known domain structures67. This was confirmed
when a full length clone was prepared and sequenced, reveal-
ing a 401 amino acid glycoprotein with features of a secreted
member of the TNF receptor family65. Being in the happy
position of being able to have transgenic mice generated when
new molecules of sufficient interest were discovered, they did
this, and found that hepatic expression of the novel protein
yielded mice that survived with profound osteopetrosis. This
they showed to be due to inhibition of late stages of osteoclast
differentiation, and furthermore, recombinant protein inhibit-
ed osteoclast formation in vitro and increased bone density
when administered to normal mice. They named the protein
"osteoprotegerin (OPG)", and they too recognised that it
could provide a crucial approach to unravelling the molecular
mechanisms of control of osteoclast formation.

Using recombinant OPG-Fc fusion protein as an
immunoprobe, they identified a mouse myelomonocytic line
that expressed on its surface a molecule which could be read-
ily detected. An expression library prepared from these cells
was constructed and screened for binding in pools of trans-
fected COS7 cells. A single plasmid clone was identified, and
when expressed, gave rise to on OPG-binding protein on the
surface of the expressing cells. They called this 316 amino-
acid protein OPG ligand (OPGL), and showed that there
was 87% conservation between mouse and human protein
sequences68. OPGL was able to promote osteoclast forma-
tion from hemopoietic precursors in the presence of M-CSF,
and to stimulate bone resorption and elevate the blood cal-
cium levels when administered in vivo68.

The publication by Simonet et al.65 of the identification of
OPG was a landmark event in the field, but although Tsuda
et al.62 did not win the publication "race", their independent
contributions were equally outstanding. From the ways in
which each of these groups discovered OPG/OCIF, and with
any appreciation of the concepts that had developed over the
previous decade or more of osteoclast control, it was quite
apparent that this discovery would prove to be central to
completing the picture of the control of osteoclastogenesis.

Remarkably enough, two other groups were successful in
identifying and cloning RANKL, each of them69,70 in fact pub-
lishing this work some months before either Lacey et al.68 or
Yasuda et al.65. Wong et al.69 identified and characterized a
TNF-related activation-induced cytokine (TRANCE) during
a search for apoptosis-regulatory genes in murine T cell
hybridomas, finding it to be predominantly expressed on T
cells and in lymphoid organs and controlled by the T cell
receptor through a calcineurin-regulated pathway. The puta-
tive receptor for TRANCE was detected on mature dendrit-
ic cells71. Wong et al.69,71 were not aware at that time of any
involvement of TRANCE in bone biology, and in their survey
of tissue distribution of TRANCE mRNA in mouse tissues,
bone was not examined. It might be noted that this omission

remains the case almost always, when new molecules of what-
ever variety are discovered, unless it takes place in the con-
text of investigators who have a direct interest in bone.

In studying the processing and presentation of antigens by
dendritic cells to T cells, Anderson et al.70 characterized
receptor activator of NF-kB (RANK), a new member of the
TNF receptor family derived from dendritic cells, and its lig-
and RANKL, which they recognized to be identical to
TRANCE69. A soluble form of RANKL augmented the abil-
ity of dendritic cells to stimulate T cell proliferation in a
mixed lymphocyte reaction and increased the survival of
RANK-positive T cells. Again, Anderson et al.70 were not
aware at the time of their first publication of any link
between RANK/RANKL and bone. Interestingly though,
the type I membrane protein, RANK, contained four extra-
cellular cysteine-rich domains, as was the case with OPG,
published earlier that year65.

Osteoclast regulation and function

These discoveries filled in the gaps that had been eluding
us for many years72. The concepts that drove the research to
such outcomes had been developed over years of study of
bone cell biology, relying virtually entirely on rodent sys-
tems, predominantly in vitro, but drawing on in vivo observa-
tions also. The ODF/SOFA hypothesis predicted a control
mechanism that was sufficiently important from the evolu-
tionary point of view that it was likely to be highly conserved,
and that has certainly proven to be so, both in respect of the
overall mechanism and of the conserved sequences of the
central molecules. By treating with RANKL and M-CSF it
was now possible for the first time to prepare osteoclasts in
relatively large numbers without the participation of stro-
mal/osteoblastic precursors, including the preparation of

Figure 4. The stimulators of Fig 3 now known to promote produc-
tion of RANKL, which binds to RANK and promotes osteoclast
formation and maintains viability and activity. OPG binds RANKL
to limit its activity.



T.J. Martin: Control of osteoclasts

250

human osteoclasts from peripheral blood73,74. The physiology
of the bone resorption regulatory system was in a short space
of time laid out before us with convincing evidence of the
essential regulatory function of RANKL, not only in pro-
moting osteoclast formation, but also their survival and
activity75, as was predicted from the earlier demonstration of
activation of osteoclasts through contact with osteoblastic
cells22,75. The concepts resulting from these discoveries are
summarised in Figure 4.

The most compelling evidence of all came from the vali-
dation studies in genetically manipulated mice.
Overexpression of OPG resulted in mice with osteopetrosis
because of failure to form osteoclasts65, whereas genetic
ablation of OPG led to severe osteoporosis77,78. Genetic abla-
tion of RANKL resulted in osteopetrosis because RANKL is
necessary for normal osteoclast formation79. Genetic abla-
tion of RANK led to osteopetrosis also because it is the
receptor for RANKL80. Finally, the link to the immune sys-
tem expressed itself both in the RANKL- and in the RANK-
null mice, each of which have severe abnormalities in that
system, with failure of lymph node development and
impaired immune responses. Other links may emerge of
course, since RANKL is produced in many tissues during
development and after birth81.

Nomenclature

The discovery of three new TNF superfamily members
that provided the final common pathway to the physiological
control of osteoclast formation and activity was certainly a
source of great excitement, and provoked a great flurry of
research activity – there were many obvious things to do, and
some surprises that emerged shortly after the discoveries.
Many of these will be discussed in other articles in this issue
of the journal.

With such exciting developments, and with the several
independent discoveries all taking place at about the same
time, and some in the context of a research area other than
bone, what resulted was a potentially bewildering array of
names and acronyms for these new effectors. The American
Society for Bone and Mineral Research took the initiative of
setting up a Special Committee on Nomenclature, compris-
ing representatives of the discoverers, a number of scientists
with long experience in the field, and editors of endocrine
and bone journals. After meeting several times and consult-
ing widely beyond the bone field, the Committee recom-
mended using the names of RANK for the membrane recep-
tor, RANKL for the ligand, and osteoprotegerin (OPG) for
the decoy receptor82.

Acknowledgements 

The author acknowledges support from the National Health and Med-
ical Research Council (Australia), and thanks Julian Quinn for helpful com-
ments and Karl Hausler for help with the Figures.

References

1. Kolliker A. Die Normal Resorption des Knochengewebes
und ihre Bedeutung die Entstehung der Typischen
Knochenformen. FCW Vogel, Leipzig; 1873.

2. Holtrop ME, King GJ. The ultrastructure of the osteo-
clast and its functional implications. Clin Orth Rel Res
1977; 123:177-196.

3. Mundy GR, Roodman GD. Osteoclast ontogeny and
function. In: Peck WA (ed) Bone and Mineral
Research. Elsevier, Amsterdam, 1987; 5:209-279.

4. Martin T, Ng K, Nicholson G. Cell biology of bone.
Baillieres Clin Endocrinol Metab 1988; 2:1-29.

5. Vaes G. Cellular biology and biochemical mechanisms
of bone resorption. A review of recent developments in
the formation, activation and mode of action of osteo-
clasts. Clin Orth Rel Res 1988; 231:239-271.

6. Baron R. Molecular mechanisms of bone resorption:
therapeutic implications. Rev Rhum Engl Ed 1996;
63:633-638.

7. Arnett TR, Dempster DW. Perspectives: protons and
osteoclasts. J Bone Miner Res 1990; 5:1099-1103.

8. Nicholson GC, Moseley JM, Sexton PM, Mendelsohn FA,
Martin TJ. Abundant calcitonin receptors in isolated
rat osteoclasts. Biochemical and autoradiographic char-
acterization. J Clin Invest 1986; 78:355-360.

9. Tonna EA. Osteoclasts and the ageing skeleton: a cyto-
logical, cytochemical and autoradiographic study. Anat
Rec 1960; 137:251-269.

10. Young RW. Cell proliferation and specialization during
endochondral osteogenesis in young rats. J Cell Biol
1962; 14:357-364.

11. Rasmussen H, Bordier P. The Physiological Basis of
Metabolic Bone Disease. Williams and Wilkins,
Waverley Press, Baltimore; 1974:1-314.

12. Kahn AJ, Simmons DJ. Investigation of cell lineage in
bone using a chimaera of chick and quail embryonic tis-
sue. Nature 1975; 258:325-327.

13. Walker DG. Bone resorption restored in osteopetrotic
mice by transplants of normal bone marrow and spleen
cells. Science 1975; 190:784-785.

14. Gothlin G, Ericsson JLE. The osteoclast: review of
ultrastructure, origin and structure-function relation-
ship. Clin Orth Rel Res 1976; 20:201-231.

15. Nijweide PJ, Burger EH, Feyen JHM. Cells of bone:
proliferation, differentiation and hormone regulation.
Physiol Rev 1986; 66:855-873.

16. Loutit JF, Townsend KMS. Longevity of osteoclasts in
radiation chimaeras of osteopetrotic beige and normal
mice. Brit J Exp Path 1982; 63:221-223.

17. Burger EH, Van der Meer JWM, Van de Gevel JS,
Gribnau JC, Thesingh CW, Van Fyrth R. In vitro for-
mation of osteoclasts from long-term cultures of bone
marrow mononuclear phagocytes. J Exp Med 1982;
156:1604-1610.



T.J. Martin: Control of osteoclasts

251

18. Scheven BAA, Visser JWM, Nijweide PJ. In vitro osteo-
clast generation from different bone marrow fractions,
including a highly enriched hematopoietic stem cell
population. Nature 1986; 321:79-80.

19. Martin TJ, Partridge NC, Greaves M, Atkins D,
Ibbotson KJ. Prostaglandin effects on bone and role in
cancer hypercalcemia. In: MacIntyre I, Szelke M (eds)
Molecular Endocrinology. Elsevier, Amsterdam;
1979:251–264.

20. Rodan GA, Martin TJ. Role of osteoblasts in hormon-
al control of bone resorption: a hypothesis. Calcif
Tissue Int 1981; 33:349-351.

21. Chambers TJ. The cellular basis of bone resorption.
Clin Orthop 1980; 151:283-293.

22. Chambers TJ, Magnus CJ. Calcitonin alters behaviour
of isolated osteoclasts. J Pathol 1982; 136:27-39.

23. McSheehy PM, Chambers TJ. Osteoblast-like cells in
the presence of parathyroid hormone release soluble
factor that stimulates osteoclastic bone resorption.
Endocrinology 1986; 119:1654-1659.

24. McSheehy PM, Chambers TJ. Osteoblastic cells medi-
ate osteoclastic responsiveness to parathyroid hormone.
Endocrinology 1986; 118:824-828.

25. Thomson BM, Saklatvala J, Chambers TJ. Osteoblasts
mediate interleukin-1 stimulation of bone resorption by
rat osteoclasts. J Exp Med 1986; 164:104-112.

26. Thomson BM, Mundy GR, Chambers TJ. Tumor
necrosis factors alpha and beta induce osteoblastic cells
to stimulate osteoclastic bone resorption. J Immunol
1987; 138:775-779.

27. Collins DA, Chambers TJ. Effect of prostaglandins E1,
E2, and F2 alpha on osteoclast formation in mouse bone
marrow cultures. J Bone Miner Res 1991; 6:157-164.

28. Evely RS, Bonomo A, Schneider HG, Moseley JM,
Gallagher J, Martin TJ. Structural requirements for the
action of parathyroid hormone-related protein
(PTHrP) on bone resorption by isolated osteoclasts. J
Bone Miner Res 1991; 6:85-93.

29. Collin P, Guenther HL, Fleisch H. Constitutive expres-
sion of osteoclast-stimulating activity by normal clonal
osteoblast-like cells: Effects of parathyroid hormone
and 1.25-dihydroxyvitamin D3. Endocrinology 1992;
131:1181-1187.

30. Chambers TJ. The pathobiology of the osteoclast. J Clin
Pathol 1985; 38:241-252.

31. Perry HM, Skogen W, Chappel J, Kahn AJ, Wilner G,
Teitelbaum SL. Partial characterization of a parathyroid
hormone-stimulated resorption factor from osteoblast-
like cells. Endocrinology 1989; 125:2075-2082.

32. Fenton AJ, Martin TJ, Nicholson GC. Long-term culture
of disaggregated osteoclasts: inhibition of bone resorp-
tion and reduction of osteoclast-like cell number by cal-
citonin and PTHrP. J Cell Physiol. 1993; 155:1-7.

33. Martin TJ, Ng KW. Mechanisms by which cells of the
osteoblast lineage control osteoclast formation and
activity. J Cell Biochem 1994; 56:357-366.

34. Burger EH, Van der meer JWM, Nijweide PJ. Osteoclast
formation from mononuclear phagocytes: Role of bone-
forming cells. J Cell Biol 1984; 99:1901-1906.

35. Takahashi N, Yamana H, Yoshiki S, Roodman, GD,
Mundy GR, Jones SJ, Boyde A, Suda T. Osteoclast-like
cell formation and its regulation by osteotropic hor-
mones in mouse bone marrow cultures. Endocrinology
1988; 122:1373-1382.

36. Takahashi N, Akatsu T, Udagawa N, Sasaki T,
Yamaguchi A, Moseley JM, Martin TJ, Suda, T.
Osteoblastic cells are involved in osteoclast formation.
Endocrinology 1988; 123:2600-2602.

37. Takahashi N, Akatsu T, Sasaki T, Nicholson GC,
Moseley JM, Martin TJ, Suda T. Induction of calcitonin
receptors by 1.25-dihydroxyvitamin D3 in osteoclast-like
multinucleated cells formed from mouse bone marrow
cells. Endocrinology 1988; 123:1504-1510.

38. Suda T, Takahashi N, Martin TJ. Modulation of osteo-
clast differentiation. Endocr Rev 1992; 13:66-80.

39. Udagawa N, Takahashi N, Akatsu T, Sasaki T,
Yamaguchi A, Kodama H, Martin TJ, Suda T. The
bone marrow-derived stromal cell lines MC3T3-
G2/PA6 and ST2 support osteoclast-like cell differenti-
ation in co-cultures with mouse spleen cells.
Endocrinology 1989; 125:1805-1813.

40. Yamashita T, Asano K, Takahashi N, Akatsu T,
Udagawa N, Sasaki T, Martin TJ, Suda T. Cloning of an
osteoblastic cell line involved in the formation of osteo-
clast-like cells. J Cell Physiol 1990; 145:587-595.

41. Corral DA, Amling M, Premiel M, Loyer E, Fuchs S,
Ducy P, Baron R, Karsenty G. Dissociation between bone
resorption and bone formation in osteopenic transgenic
mice. Proc Natl Acad Sci USA 1998; 95:13835-13840.

42. Hattersley G, Chambers TJ. Generation of osteoclastic
function in mouse bone marrow cultures: multinuclear-
ity and tartrate–resistant acid phosphatase are unreli-
able markers for osteoclastic differentiation.
Endocrinology 1989; 124:1689-1695.

43. Shinar DM, Rodan GA. Biphasic effects of transform-
ing growth factor-beta on the production of osteoclast-
like cells in mouse bone marrow cultures: the role of
prostaglandins in the generation of these cells.
Endocrinology 1990; 126:3153-3158.

44. Kurihara N, Suda T, Muira Y, Nakauchi H, Kodama H,
Hiura K, Hakeda Y, Kumegawa M. Generation of
osteoclasts from isolated hemopoietic progenitor cells.
Blood 1989; 74:1295-1302.

45. Akatsu T, Takahashi N, Debari K, Morita I, Murota S,
Nagata N, Takatani O, Suda T. Prostaglandins promote
osteoclast-like cell formation by a mechanism involving
cyclic adenosine 3’5’-monophosphate in mouse bone
marrow cultures. J Bone Miner Res 1989; 4:29-35.

46. Akatsu T, Takahashi N, Udagawa N, Sato K, Nagata N,
Moseley JM, Martin TJ, Suda T. Parathyroid hormone
(PTH)-related protein is a potent stimulator of osteo-
clast-like multinucleated cell formation to the same



T.J. Martin: Control of osteoclasts

252

extent as PTH in mouse marrow cultures.
Endocrinology 1989; 125:20-27.

47. Akatsu T, Takahashi N, Udagawa N, Imamura K,
Yamaguchi A, Sato K, Nagata N, Suda T. Role of
prostaglandins in interleukin-1-induced bone resorp-
tion in mice in vitro. J Bone Miner Res 1991; 6:183-189.

48. Tamura T, Udagawa N, Takahashi N, Mujaura C,
Tanaka C, Yamata Y, Koishihara Y, Ohsugi Y, Kumaki K,
Taga T, Kishimoto T, Suda T. Soluble interleukin-6
receptor triggers osteoclast formation by interleukin-6.
Proc Nat Acad Sci USA 1993; 90:11924-11928.

49. Udagawa N, Takahashi N, Katagiri T, Tamura T, Wada S,
Findlay DM, Martin TJ, Hirota H, Taga T, Kishimoto T,
Suda T. Interleukin (IL)-6 induction of osteoclast dif-
ferentiation depends on IL-6 receptors expressed on
osteoblastic cells but not on osteoclast progenitors. J
Exp Med 1995; 182:1461-1468.

50. Chambers TJ, Owens JM, Hattersley G, Jat PS, Noble MD.
Generation of osteoclast-inductive and osteoclasto-
genic cell lines from the H-2KbtsA58 transgenic mouse.
Proc Natl Acad Sci USA 1993; 90:5578-5582.

51. Suda T, Takahashi N, Martin TJ. Modulation of osteo-
clast differentiation: update 1995. Endocr Rev 1995;
4:266-270.

52. Felix R, Cecchini MG, Fleisch H. Macrophage colony stim-
ulating factor restores in vivo bone resorption in the op/op
osteopetrotic mouse. Endocrinology 1990; 127:2592-2594.

53. Yoshida H, Hayashi S-I, Kunisada T, Ogawa M, Nishikawa S,
Okamura T, Sudo T, Shultz LD, Nishikawa S-I. The murine
mutation osteopetrosis is in the coding region of the
macrphage colony-stimulating factor gene. Nature
1990; 345:442-444.

54. Takahashi N, Udagawa N, Akatsu T, Tanaka H, Isogai Y,
Suda T. Deficiency of osteoclasts in osteopetrotic mice is
due to a defect in the local microenvironment provided by
osteoblastic cells. Endocrinology 1991; 128:1792-1796.

55. Hattersley G, Dorey E, Horton MA, Chambers TJ.
Human macrophage colony-stimulating factor inhibits
bone resorption by osteoclasts disaggregated from rat
bone. J Cell Physiol 1988; 137:199-205.

56. Hofstetter W, Wetterwald A, Cecchini MG, Felix R,
Fleisch HA, Mueller C. Detection of transcripts for the
receptor for macrophage colony-stimulating factor, c-fms,
in murine osteoclasts. Proc Natl Acad Sci USA 1992;
89:9637-9641.

57. Lorenzo JA, Sousa SL, Fonseca JM, Hock JM, Medlock ES.
Colony-stimulating factors regulate the development of
multinucleated osteoclasts from recently replicated
cells in vitro. J Clin Invest 1987; 80:160-169.

58. Lee MY, Eyre DR, Osborne WRA. Isolation of a
murine osteoclast colony-stimulating factor. Proc Nat
Acad Sci USA 1991; 88:8500-8504.

59. Lee MY, Lottsfeldt JL, Fevold KL. Identification and
characterization of osteoclast progenitors by clonal analy-
sis of hematopoietic cells. Blood 1992; 80:1710-1716.

60. Grigoriadis AE, Wang ZQ, Cecchin MG, Hofstetter W,

Felix R, Fleisch HA, Wagner EF. C-Fos: a key regula-
tor of osteoclast-macrophage lineage determination
and bone remodelling. Science 1994; 266:443-448.

61. Takayanagi H, Ogasawara K, Hida S, Chiba T, Murata S,
Sato K, Takaoka A, Yokochi T, Oda H, Tanaka K,
Nakamura K, Taniguchi T. T-cell-mediated regulation
of osteoclastogenesis by signalling cross- talk between
RANKL and IFN-gamma. Nature 2000; 408:600-605.

62. Horwood NJ, Udagawa N, Elliott J, Grail D, Okamura H,
Kurimoto M, Dunn AR, Martin T, Gillespie MT.
Interleukin-18 inhibits osteoclast formation via T cell
production of granulocyte macrophage colony-stimulat-
ing factor. J Clin Invest 1998; 101:595-603.

63. Tsuda E, Goto M, Mochizuki S, Yano K, Kobayashi F,
Morinaga T, Higashio K Isolation of a novel cytokine
from human fibroblasts that specifically inhibits osteo-
clastogenesis. Biochem Biophys Res Commun 1997;
234:137-142.

64. Yasuda H, Shima N, Nakagawa N, Mochizuki SI, Yano K,
Fujise N, Sato Y, Goto M, Yamaguchi K, Kuriyama M,
Kanno T, Murakami A, Tsuda E, Morinaga T, Higashio K.
Identity of osteoclastogenesis inhibitory factor (OCIF)
and osteoprotegerin (OPG): a mechanism by which
OPG/OCIF inhibits osteoclastogenesis in vitro.
Endocrinology 1998; 139:1329-1337.

65. Simonet WS, Lacey DL, Dunstan CR, Kelley M, Chang MS,
Luthy R, Nguyen HQ, Wooden S, Bennett L, Boone T,
Shimamoto G, DeRose M, Elliott R, Colombero A, Tan HL,
Trail G, Sullivan J, Davy E, Bucay N, Renshaw-Gegg L,
Hughes TM, Hill D, Pattison W, Campbell P, Boyle WJ.
Osteoprotegerin: a novel secreted protein involved in
the regulation of bone density. Cell 1997; 89:309-319.

66. Yasuda H, Shima N, Nakagawa N, Yamaguchi K,
Kinosaki M, Mochizuki S, Tomoyasu A, Yano K, Goto M,
Murakami A, Tsuda E, Morinaga T, Higashio K,
Udagawa N, Takahashi N, Suda T. Osteoclast differen-
tiation factor is a ligand for osteoprotegerin/osteoclas-
togenesis-inhibitory factor and is identical to
TRANCE/RANKL. Proc Natl Acad Sci U S A 1998;
95:3597-3602.

67. Smith CA, Farrah T, Goodwin RG. The TNF receptor
superfamily of cellular and viral proteins: activation, co-
stimulation and death. Cell 1994; 76:959-962.

68. Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR,
Burgess T, Elliott R, Colombero A, Elliott G, Scully S,
Hsu H, Sullivan J, Hawkins N, Davy E, Capparelli C, Eli A,
Qian YX, Kaufman S, Sarosi I, Shalhoub V, Senaldi G,
Guo J, Delaney J, Boyle WJ. Osteoprotegerin ligand is
a cytokine that regulates osteoclast differentiation and
activation. Cell 1998; 93:165-176.

69. Wong BR, Rho J, Arron J, Robinson E, Orlinick J,
Chao M, Kalachikov S, Cayani E, Bartlett FS III,
Frankel WN, Lee SY, Choi Y. TRANCE is a novel lig-
and of the tumor necrosis factor receptor family that
activates c-Jun N-terminal kinase in T cells. J Biol
Chem 1997; 272:25190-25194.



T.J. Martin: Control of osteoclasts

253

70. Anderson DM, Maraskovsky E, Billingsley WL,
Dougall WC, Tometsko ME, Roux ER, Teepe MC,
DuBose RF, Cosman D, Galibert L. A homologue of
the TNF receptor and its ligand enhance T-cell growth
and dendritic-cell function. Nature 1997; 390:175-179.

71. Wong BR, Josien R, Lee SY, Sauter B, Li HL,
Steinman RM, Choi Y. TRANCE (tumor necrosis fac-
tor (TNF)-related activation-induced cytokine), a new
TNF family member predominantly expressed in T
cells, is a dendritic cell-specific survival factor. J Exp
Med 1997; 12:2075-2080.

72. Suda T, Takahashi N, Udagawa N, Jimi E, Gillespie MT,
Martin TJ. Modulation of osteoclast differentiation and
function by new members of the tumor necrosis factor
receptor and ligand families. Endocr Rev 1999; 20:345-357.

73. Quinn JM, Elliott J, Gillespie MT, Martin TJ. A com-
bination of osteoclast differentiation factor and
macrophage- colony stimulating factor is sufficient for
both human and mouse osteoclast formation in vitro.
Endocrinology 1998; 139:4424-4427.

74. Matsuzaki K, Udagawa N, Takahashi N, Yamaguchi K,
Yasuda H, Shima N, Morinaga T, Toyama Y, Yabe Y,
Higashio K, Suda T. Osteoclast differentiation factor
(ODF) induces osteoclast-like cell formation in human
peripheral blood mononuclear cell cultures. Biochem
Biophys Res Commun 1998; 246:199-204.

75. Jimi E, Akiyama S, Tsurukai T, Okahashi N, Kobayashi K,
Udagawa N, Nishihara T, Takahashi N, Suda T.
Osteoclast differentiation factor acts as a multifunc-
tional regulator in murine osteoclast differentiation and
function. J Immunol 1999; 163:434-442.

76. Jimi E, Nakamura I, Amano H, Taguchi Y, Tsurukai T,
Tamura M, Takahashi N, Suda T. Osteoclast function is
activated by osteoblastic cells through a mechanism involv-

ing cell-to-cell contact. Endocrinology 1996; 137:2187-2190.
77. Bucay N, Sarosi I, Dunstan CR, Morony S, Tarpley J,

Capparelli C, Scully S, Tan HL, Xu W, Lacey DL, Boyle WJ,
Simonet WS. Osteoprotegerin-deficient mice develop
early onset osteoporosis and arterial calcification.
Genes Dev 1998; 12:1260-1268.

78. Mizuno A, Amizuka N, Irie K, Murakami A, Fujise N,
Kanno T, Sato Y, Nakagawa N, Yasuda H, Mochizuki S,
Gomibuchi T, Yano K, Shima N, Washida N, Tsuda E,
Morinaga T, Higashio K, Ozawa H. Severe osteoporo-
sis in mice lacking osteoclastogenesis inhibitory fac-
tor/osteoprotegerin. Biochem Biophys Res Commun
1998; 247:610-615.

79. Kong YY, Yoshida H, Sarosi I, Tan HL, Timms E,
Capparelli C, Morony S, Oliveira-dos-Santos AJ, Van G,
Itie A, Khoo W, Wakeham A, Dunstan CR, Lacey DL,
Mak TW, Boyle WJ, Penninger JM. OPGL is a key regu-
lator of osteoclastogenesis, lymphocyte development and
lymph-node organogenesis. Nature 1999; 397:315-323.

80. Dougall WC, Glaccum M, Charrier K, Rohrbach K,
Brasel K, De Smedt T, Daro E, Smith J, Tometsko ME,
Maliszewski CR, Armstrong A, Shen V, Bain S,
Cosman D, Anderson D, Morrissey PJ, Peschon JJ,
Schuh J. RANK is essential for osteoclast and lymph
node development. Genes Dev 1999; 13:2412-2424.

81. Kartsogiannis V, Zhou H, Horwood NJ, Thomas RJ,
Hards DK, Quinn JM, Niforas P, Ng KW, Martin TJ,
Gillespie MT. Localization of RANKL (receptor acti-
vator of NFkappaB ligand) mRNA and protein in skele-
tal and extraskeletal tissues. Bone 1999; 25:525-534.

82. ASBMR President’s Committee on Nomenclature.
Proposed standard nomenclature for new tumor necro-
sis factor family members involved in the regulation of
bone resorption. J Bone Miner Res 2000; 15:2293-2297.


