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ABSTRACT A receptor that mediates osteoprotegerin li-
gand (OPGL)-induced osteoclast differentiation and activa-
tion has been identified via genomic analysis of a primary
osteoclast precursor cell cDNA library and is identical to the
tumor necrosis factor receptor (TNFR) family member RANK.
The RANK mRNA was highly expressed by isolated bone
marrow-derived osteoclast progenitors and by mature osteo-
clasts in vivo. Recombinant OPGL binds specifically to RANK
expressed by transfected cell lines and purified osteoclast
progenitors. Transgenic mice expressing a soluble RANK-Fc¢
fusion protein have severe osteopetrosis because of a reduc-
tion in osteoclasts, similar to OPG transgenic mice. Recom-
binant RANK-Fc binds with high affinity to OPGL in vitro and
blocks osteoclast differentiation and activation in vitro and in
vivo. Furthermore, polyclonal Ab against the RANK extracel-
lular domain promotes osteoclastogenesis in bone marrow
cultures suggesting that RANK activation mediates the effects
of OPGL on the osteoclast pathway. These data indicate that
OPGL-induced osteoclastogenesis is directly mediated
through RANK on osteoclast precursor cells.

Bone morphogenesis, remodeling, and resorption are con-
trolled in part by osteoclasts. These cells arise from hemato-
poietic precursors by physiologically controlled processes that
involve growth factors, cytokines, peptide, and steroid hor-
mone interactions with their receptors (1, 2). Osteoclast
differentiation and activation is now known to be positively and
negatively controlled by members of the tumor necrosis factor
(TNF) and TNF receptor (TNFR) superfamilies of proteins.
Osteoprotegerin (OPG), a secreted TNFR-related protein,
negatively regulates osteoclast differentiation in vitro and in
vivo (3, 4), is required for the maintenance of bone density (5,
6), and blocks pathophysiological induction of bone resorption
in rodent disease models (7). OPG exerts its effects by binding
to, and sequestering, OPG ligand (OPGL), a potent inducer of
osteoclast differentiation and activation (8—10). OPGL binds
to hematopoietic precursors that correspond to osteoclast
progenitor cells and induces changes in patterns of preosteo-
clast gene expression that manifests osteoclast differentiation
and culminates in the production of mature, bone resorbing
osteoclasts. In mice, the formation of mature osteoclasts is
absolutely dependent on OPGL (11), indicating that it, in
addition to colony-stimulating factor 1 (CSF-1)/macrophage
colony-stimulating factor (12), is a critical differentiation
factor that specifies the osteoclast maturation program, and
hence induction of bone resorption.
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The precise mechanism of OPGL activity is still unclear but
is presumably caused by binding a cell surface receptor(s) that
initiates a signal transduction cascade. In appropriate precur-
sors, this cascade culminates in osteoclast differentiation
and/or activation (8, 9). OPGL has also been described as the
ligand for the TNFR-related protein receptor activator of
NF«B (RANK) (13). RANK(TNFRSF11B) was identified as
a dendritic cell protein implicated in immune responses (13).
Its role in OPGL-mediated osteoclastogenesis remains to be
determined.

We took the genomic approach to examine genes expressed
in murine osteoclast precursors. In this report, we describe the
identification and characterization of the osteoclast differen-
tiation and activation receptor that is present on normal mouse
osteoclast progenitors and which mediates OPGL-induced
osteoclast differentiation and activation. The identified recep-
tor is indeed identical to the previously reported TNFR family
member RANK. Like several known TNFR family members,
the signaling pathway of RANK involves the interaction with
cytoplasmic TNFR-associated factor (TRAF) proteins. Cu-
mulatively, our findings reveal that OPGL-RANK-OPG com-
prise key regulatory proteins that govern osteoclast develop-
ment, and implicate TRAF family members and/or Jun N-
terminal kinase (JNK) as potential osteoclastogenic signal
transducers.

EXPERIMENTAL PROCEDURES

Recombinant Protein and Ab Generation. The production
of recombinant murine OPGL(158-316) and derivation of a
FITC conjugate (FITC-OPGL) has been previously described
(8). The PCR product encoding the entire RANK extracellular
domain was spliced in-frame to the human IgG-vy1 heavy chain
Fc region sequence, and the R ANK-Fc fusion protein product
was expressed in human 293 Epstein—Barr virus nuclear anti-
gen fibroblasts as described (4). Purified RANK-Fc fusion
protein was used as antigen to raise polyclonal anti-RANK
antiserum in rabbits (Babco, Berkeley, CA). A PCR fragment
encoding RANK extracellular domain (amino acid 31-211),
preceded with an artificial methionine, was subcloned for
expression in bacteria. The Escherichia coli-produced
RANK(31-211) product was purified from the soluble fraction
by using anion and cation-exchange chromatography, then
conjugated to CNBr-activated Sepharose according to manu-
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facturer’s suggestion (Pharmacia Biotech). The RANK(31-
211)-conjugated Sepharose column was then used to affinity
purify anti-RANK-specific Abs from rabbit immune serum.

Generation and Pathological Analysis of RANK Transgenic
Mice. A DNA fragment coding for the RANK-Fc fusion
protein was excised from the RANK-Fc/pCEP4 vector and
cloned into an expression vector under the control of the
human ApoE promoter and liver-specific enhancer element
(4). RANK transgenic mice were generated, and analyzed as
described (4).

Analysis of Recombinant RANK-Fc Protein. Young rapidly
growing male BDF1 mice aged 3-4 weeks received varying
doses of RANK-Fc fusion protein by single, daily subcutane-
ous injections in carrier [PBS containing 0.1% BSA (wt/vol)]
for 4 days. Administration of carrier alone served as the
control. After sacrifice, the right tibia of treated mice were
removed and fixed in 70% ethanol, and the bone density in the
proximal tibial metaphysis was analyzed by radiography or
peripheral quantitative computerized tomography (PQCT)
(Stratec, Pforzheim, Germany). Total bone mineral density
was defined as the average of the bone mineral content
(mg/bone area cm?) for two cross-sectional images of the tibia
at 1.5 mm and 2.0 mm distal to the proximal articular surface.
These data were analyzed by ANOVA JMP. In vitro osteoclast-
forming assay was performed as described (4, 8).

Transfection, Immunoprecipitation and Cross-Linking.
NF-«B reporter assay and coimmunoprecipitation assay were
performed as described (21). For the JNK kinase assay,
HA-JNK or endogenous JNK was first immunoprecipitated
with anti-HA (Babco) or anti-JNK mAb (PharMingen). The
kinase activity was then determined by using 2 ug of GST-JUN
as substrate according to the manufacturer’s recommenda-
tions (Stratagene). For cross-linking experiment, ~4 X 10°
cells obtained from the FITC-OPGL sorting were incubated
with 10 nM '*I-labeled OPGL on ice for 1 hr. Cells were then
washed with 10 ml PBS twice and resuspended in 500 ul PBS
supplemented with 1 mM disuccinimidyl tartrate. After a
30-min incubation in ice, cross-linking reactions were stopped
by addition of Tris'HCI to a final concentration of 20 mM.
After washing with PBS, cells were lysed with 500 ul RIPA
buffer, and subsequent immunoprecipitation was performed
as described (21).

RESULTS

RANK Mediates OPGL-Induced Osteoclastogenesis. We
have previously shown that OPGL binds to the surface of the
osteoclast precursor population from mouse bone marrow, and
that the positively sorted cells readily differentiated into
osteoclasts (8). To search for the OPGL receptor on osteoclast
precursor cells, the nonadherent fraction of mouse bone
marrow cells cultured in the presence of CSF-1 and OPGL for
24 hr were stained and sorted with FITC-OPGL. About 10%
of the nonadherent population from these conditions were
labeled with FITC-OPGL. About 1 X 108 FITC-OPGL binding
cells were used to construct a cDNA library for random
expressed sequence tag (EST) analysis (4). Among the first 400
EST sequences obtained, one appeared to encode the amino
terminus of RANK, a TNFR-related protein involved in
activation of NF-«B (13). The RANK DNA fragment was used
as probe in the Northern blot analysis of RNA from the
positive and negative FITC-OPGL cells. RANK mRNA was
highly expressed in the FITC-OPGL binding cells, but not the
negative binding population (Fig. 14). This expression pattern
suggested that RANK might represent a candidate osteoclast
differentiation and activation receptor.

To determine whether OPGL binds RANK present on
osteoclast progenitor cells, cross-linking studies were per-
formed with 1>I-labeled OPGL and FITC-OPGL positive and
negative cells. Analysis of the cell lysates by SDS/PAGE
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FiG. 1. RANK mediates OPGL-induced osteoclastogenesis. (A4)
Expression of RANK in osteoclast precursor cells. A RANK-specific
probe was used in the Northern blot analysis of 4 ug of total RNA
prepared from the negative OPGL-binding population, positive
OPGL-binding population, or 32-D cells. (B) Cross-linking of OPGL~
RANK complexes on the surface of osteoclast precursors. OPGL
positive and negative binding cells were prepared by FACS, incubated
with 1>I-labeled OPGL, and then subjected to cross-linking with 1 mM
disuccinimidyl tartrate. One-tenth of the cell lysates were directly
fractionated by SDS/PAGE (lanes 1 and 2). The remainder of the cell
lysates were immunoprecipitated with either pre-immune serum (lanes
3 and 5) or anti-RANK ADb (lanes 4 and 6). (C) Anti-RANK Abs
stimulate osteoclastogenesis. Mouse bone marrow cells were cultured
with CSF-1 (30 ng/ml) with and without 5 ng/ml murine OPGL(158-
316) in the presence of various concentrations of either anti-R ANK Ab
or rabbit IgG. Osteoclastogenesis was quantified by TRAP solution
assay. A405 represents absorbance at 405 nm and is presented as the
mean £ SD (n = 3). TRAP cytochemical staining was shown at the
bottom. (Bar = 200 wm.)

indicates that OPGL binds to a protein from the FITC-
OPGL(+) cell pool and migrates in a complex with a molec-
ular weight of ~150 kDa (Fig. 1B). This protein was not
detected in the FITC-OPGL(—) pool, nor were any other
labeled proteins identified. Immunoprecipitates of the '2°1-
labeled OPGL cross-linked cells using anti-R ANK Abs showed
the same labeled complex from the FITC-OPGL(+) sorted
cells. These data indicate that OPGL recognizes RANK
expressed on osteoclast precursors. Thus, RANK is the likely
candidate for mediating OPGL signaling in osteoclast progen-
itors.

Definitive proof that RANK is an essential mediator of
OPGL in the induction of osteoclastogenesis came from
experiments where the effects of Abs specific for the RANK
extracellular domain were examined on the in vitro osteoclast
formation assay. Various concentrations of affinity-purified
polyclonal anti-R ANK Abs were added to mouse bone marrow
cultures containing CSF-1 with and without OPGL (5 ng/ml),
and following 5 days the cultures were evaluated for tartrate-
resistant acid phosphatase (TRAP) expression by using both
the TR AP solution assay and cytochemistry. The anti-R ANK
Abs alone stimulated osteoclast differentiation in a dose-
dependent manner with an ECsy of ~1 pg/ml (Fig. 1C). No
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induction was observed with the control rabbit IgG. The
combination of both OPGL and anti-RANK did not result in
an increased level of osteoclastogenesis, suggesting that both
proteins acted as agonists that were maximally stimulating the
same pathway. The agonist activity of RANK Ab provides
direct evidence that OPGL exerts its activity on osteoclast
precursor cells via RANK.

RANK Expression by Osteoclasts. In situ hybridization of
embryonic and adult mouse bone was performed by using a
33P-labeled RANK riboprobe. In the long bones of the devel-
oping embryo, RANK-expressing cells were located in the
diaphysis at the interface of the embryonic marrow cavity and
developing growth plate (Fig. 2.4 and B). The grain density is
highest over multinucleated cells, with a morphology and
location (on bone and cartilage in the primary spongiosa)
consistent with osteoclasts (Fig. 2 C-E). In the adult, RANK-
expressing cells with an osteoclast morphology (see arrows in
Fig. 2 H and I) were located along both the metaphyseal side
of the growth plate in the primary spongiosa (Fig. 2H) and the
periosteal surface of the metaphysis (Fig. 21). These are areas
of intense resorptive activity by osteoclasts and the region
where the in situ signal for OPGL was most obvious (8). In
addition, it appears that a somewhat lower level of RANK
message is expressed by hypertrophic chondrocytes (see ar-
rowheads, Fig. 2H). In situ hybridization by using riboprobes
for cathepsin K, TRAP, and 83 demonstrate a similar expres-
sion pattern, except for B3, which is also detectable in

FiG. 2. Localization of RANK mRNA expression in developing
and adult bone by in situ hybridization. Sections of embryonic and
adult long bones were hybridized with 33P-labeled antisense riboprobes
to RANK, processed and stained with hematoxylin/eosin. Panels A-E
are from fetal (E15.5) femur, with B and D being darkfield images of
A and C, respectively. Panels F-I are from adult (6-week) femur, with
G being a darkfield image of F. RANK is expressed by multinucleated
cells attached to matrix, consistent with osteoclasts in areas of active
bone modeling in the fetus and adult. Hypertrophic chondrocytes in
the adult growth plate also appear to express RANK transcripts.
Arrows mark the position of osteoclasts, whereas arrowheads mark the
position of hypertrophic chondrocytes. [Bars = 400 um (A4 and F), 100
pm (C), and 25 pm (E and H).]
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megakaryocytes (data not shown). These data indicate that
RANK expression in bone is highest in osteoclasts within
regions of active bone resorption, with some expression by
maturing chondrocytes. The latter finding suggests a potential
role of RANK and OPGL in growth plate physiology in
addition to their role in bone modeling and remodeling.

Soluble RANK Transgenic Mice Present an Osteopetrotic
Phenotype. To gain further insights into the biological function
for RANK, transgenic mice were generated that expressed
entire extracellular domain of RANK fused with human
IgG-+v1 driven by the apolipoprotein E gene promoter (hepatic
expression), a model system that initially revealed the skeletal
activity of OPG (4). Founder mice harboring the RANK-Fc
transgene were identified by PCR analysis of genomic DNA
samples (data not shown). The relative level of RANK-Fc
fusion protein expression in liver extracts from mice 10 weeks
of age was determined by Western blot analysis with anti-
RANK Ab. The high and low RANK-Fc expressors along with
their normal littermates were subjected to systemic pathology
analysis.

The RANK-Fc-expressing transgenic mice were of normal
size and activity with erupted incisors. As with the OPG
transgenics, the RANK-Fc expressing animals had increased
radiodensity of all bones including the long bones, pelvic
girdle, and vertebrae compared with control littermates (Fig.
3A, Left). The bones of the expressors were also of normal size
and shape. Histologically, the bone marrow of the expressors
had increased amounts of nonresorbed primary spongiosa,
consisting of both bone and cartilage (Fig. 34, Middle). The
amount of space for bone marrow was markedly reduced in
these animals leading to a compensatory splenomegaly be-
cause of extramedullary hematopoiesis. Histochemical stains
for the osteoclast enzyme TRAP revealed a decreased number
of osteoclasts in the transgenic mice. In the high expressors,
osteoclasts were also reduced in size and detached from the
trabecular bone surface (Fig. 34, Right). No changes were
observed in other organs or organ systems, including lymph
node, thymus, and intestine. In sum, the osteopetrotic pheno-
type of the RANK-Fc transgenic mice highly resembled those
of the OPG transgenic mice (4).

The osteopetrotic transgenic phenotype was confirmed by
direct administration of soluble recombinant RANK-Fc fusion
protein. Young, rapidly growing male BDF1 mice were treated
by subcutaneous injections with doses of soluble recombinant
RANK-Fc fusion protein ranging from 0.5 to 5 mg/kg for 4
days. Radiographs of the proximal tibia demonstrated an
obvious accumulation of radiodense material beneath the
growth plate (data not shown). The density of the proximal
tibial metaphysis was measured by PQCT. The results indicate
that RANK-Fc treatments resulted in a dose-dependent in-
crease in total bone density as compared with the control
group (Fig. 3B) with significant effects seen at 1.5 and 5 mg/kg.
The effects of these two highest doses were comparable to the
effects of OPG (5 mg/kg), which served as a positive control.
These data clearly support a major role for RANK in medi-
ating osteoclast differentiation and activation signaling.

RANK Signals Through TRAF Proteins. OPGL is presumed
to act as a potent cytokine that induces osteoclast differenti-
ation and activation by inducing receptor-mediated intracel-
lular signal transduction. Darnay ef al. (14) and Wong et al.
(22) have recently reported that, like some other TNFR family
members, the intracellular domain of RANK is able to bind
directly with TRAF2, TRAFS, and TRAF6. To identify au-
thentic signaling molecules that RANK utilizes to initiate
osteoclastogenesis, a yeast two-hybrid library was generated
from primary mouse osteoclast precursor cells purified by
FITC-OPGL sorting. The whole intracellular domain of
RANK was used as bait in the yeast two-hybrid screen. From
~20 million transformants, 200 positive clones were recovered
as determined by activation of the Ais reporter gene. Of these
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F1G. 3. Soluble RANK-Fc increases bone density. (4) Increased
bone density in RANK-Fc transgenic mice. A high RANK-Fc express-
ing mouse (animal 6), medium expressing mouse (animal 78), and
control littermate (animal 4) were subjected to radiographic analysis
(Left) and histologic analysis (Middle and Right). Increased radioden-
sity of the long bones, pelvic bones, and the vertebrae were detected
in both the high and low expressors (Left) with no changes in bone
shape. The femoral diaphyses of the RANK-Fc transgenic mice
contained nonresorbed bone and cartilage with the highest expressor
(animal 6) having the greatest accumulation (Middle). TRAP histo-
chemical staining of the bones showed decreased osteoclast numbers
in the RANK-Fc expressors (Right). (B) PQCT analysis of mice treated
with RANK-Fc recombinant protein. Male BDF1 mice aged 3 weeks
received the indicated doses of R ANK-Fc fusion protein by single daily
subcutaneous injection for 4 days. The bone density in the proximal
tibial metaphysis was measured by peripheral quantitative computer-
ized tomography. Total density was presented as the mean = SD (n =
4). Treatment with RANK-Fc induced a dose-dependent increase of
total bone density (P < 0.001).

clones, the majority encoded TRAF2, and the rest of the
positives encoded TRAFS or TRAF6. Apart from the TRAF
proteins, we failed to identify other proteins that interacted
specifically with RANK in this two-hybrid screen.

To localize the TRAF interaction region within RANK, a
series of deletion mutants within the RANK intracellular
domain were fused to the GAL4 DNA-binding domain and
tested for their interaction with TRAF proteins in the yeast
two-hybrid binding assays. Our deletion analysis demonstrated
that the TRAF6-binding domain of RANK is located in a
region that is physically separated from the TRAF2/TR AF5-
binding domain (Fig. 44). The TRAF6-binding domain of
RANK resides between amino acid residues 336 and 454,
whereas the TRAF2 /TR AF5-binding domain locate at the C
terminus of RANK (Fig. 44).

The yeast two-hybrid mapping of RANK-TRAF interac-
tions was confirmed by using coimmunoprecipitation assays in
a mammalian cell system. Expression plasmids that direct the
synthesis of full-length or C-terminal deletion mutants of
RANK were cotransfected with TR AF2 or TR AF6 expression
vectors into human embryonic kidney 293 cells. Both TRAF2
and TRAF6 were coimmunoprecipitated with wild-type
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Fi1G. 4. RANK interactions with TRAF proteins and activation of
NF-«B and JNK pathways. (A) Mapping of TR AF-binding domains of
RANK. Expression vectors encoding full-length or deletion mutants of
RANK intracellular domain fused to the GAL4 DNA-binding domain
were cotransformed into HF7C yeast strain with vectors expressing the
GAL4 activation domain fused with TRAF2, TRAFS5, or TRAF6 as
described (21). +, Growth after 1 week on the selection plates. (B)
Coimmunoprecipitation of RANK and TRAF proteins. After 24 hr of
transfection, 293 cell lysates were immunoprecipitated with pre-
immune serum or Ab against RANK extracellular domain. Copre-
cipitating TRAF2 or TRAF6 were detected by immunoblot analysis
with goat anti-TRAF2 or anti-TRAF6 Ab (Santa Cruz Biotechnolo-
gy). (C) Activation of NF-«B in RANK transfected 293 cells. Lucif-
erase activities were measured after 24 hr and normalized on the basis
of B-galactosidase expression levels. The values (means = SD) rep-
resent luciferase activities relative to vector transfection for represen-
tative experiments performed in duplicate. (D) Activation of JNK in
RANK-transfected 293 cells. After 24-hr transfection, 293 cell lysates
were immunoprecipitated with monoclonal anti-HA epitope Ab.
Immunoprecipitates were assayed for kinase activity by using 2 ug
GST-JUN (Stratagene) as substrate, and resolved by SDS/PAGE.

RANK by anti-RANK polyclonal Ab but not by pre-immune
serum. Anti-RANK immunoprecipitates of C-terminal RANK
deletion mutants (A548-625 and A453-625) contained
TR AF6 but not TRAF2 (Fig. 4B). Further C-terminal deletion
(A336-625) abolished RANK binding with TRAF6 (Fig. 4B).
Thus, the associations between RANK and TRAF proteins in
mammalian cells directly correlate with our yeast two-hybrid
interaction mapping results described above.

Like other TRAF-interacting TNFR family members,
RANK may also mediate NF-«B and JNK activation. To test
this possibility, we examined whether RANK overexpression in
293 cells could induce these two pathways. An NF-«kB-
dependent luciferase reporter was transfected into 293 cells.
Cotransfection with the RANK expression vector potently
induced luciferase activity (Fig. 4C). The RANK C-terminal
deletion mutants were also examined for their NF-«B activa-
tion activities. The TRAF6-binding mutants (A548-625 and
A453-625) were active, whereas the noninteracting mutant
(A336-625) was inactive (Fig. 4C), suggesting a correlation
between TRAF6-interaction and NF-«B activation. To exam-
ine JNK activation, a HA-tagged JNK expression plasmid was
cotransfected with vector or RANK expression plasmid into
293 cells. The kinase activity of JNK from cell lysates was
determined by immunoprecipitation with mAb against the HA
epitope followed by an in vitro kinase assay. RANK overex-
pression strongly activated JNK kinase activity (Fig. 4D).
Similarly, the JNK activation of RANK C-terminal deletion
mutants also correlated with their TR AF6-binding activities
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FiG. 5. OPGL and anti-RANK agonistic Abs stimulate osteoclast
differentiation of the murine myeloid RAW 264.7 cell line. (A4)
Northern blots of RNA from various sources hybridized with an
RANK probe. (B) Approximately 10° RAW cells were exposed to 100
ng/ml OPGL for the indicated length of time. The cell lysates were
immunoprecipitated with monoclonal anti-JNK Ab. Immunoprecipi-
tates were assayed for kinase activity by using GST-JUN as substrate
and resolved by SDS/PAGE. (C) RAW cells were plated on bone
slices and treated for 7 days with OPGL. The Upper and Lower panels
show the results of TRAP cytochemistry and toluidine blue staining,
respectively. Note that OPGL induces the formation of TR AP positive
cells (Upper) that form resorption lacunae (Lower). (Bars = 50 pum.)
(D) Total cell RNA was extracted from RAW cells treated with media
alone (lane 1) or media supplemented with either 100 ng/ml OPGL
(lane 2) or 1,750 ng/ml anti-RANK antibodies (lane 3). RNA from
OPGL plus CSF-1-treated bone marrow cultures (lane C) served as the
positive control. RNase protection assays were performed by using
probes for the calcitonin receptor (CTR), B3 integrin (B3), c-fms,
cathepsin k (cathK), TRAP, c-src, PU.1, and cyclophilin (cyclo). Lanes
P and Y represent the undigested probe and yeast hybridization
controls, respectively.

P12 3YC P123YC

(Fig. 4D). Considering the available genetic evidence indicat-
ing a role for both NF-«B and Fos/AP-1 (via JNK) during
osteoclast development in mouse, these data implicate a role
for TR AF6 binding to the cytoplasmic region RANK (residues
336-454) during the induction of osteoclastogenesis. The
importance of the TRAF2 and TRAFS5 signaling pathways
during osteoclastogenesis are unknown.

Induction of Osteoclast-Specific Gene Expression in
RANK-Expressing Cell Line. The in vitro study of osteoclasto-
genesis has historically relied on the use of nontransformed
hematopoietic progenitors, usually from the spleen, bone
marrow, or peripheral blood. Because RANK expression
identifies osteoclast progenitors in bone marrow (Fig. 1) (8),
we screened a number of transformed myeloid cell lines for
RANK mRNA expression to identify cell lines with osteo-
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clastogenic potential. As shown in Fig. 54, the RAW 264.7 cell
line was found to express high levels of RANK mRNA.
Treatment of RAW cells with murine OPGL readily stimu-
lated cell differentiation into osteoclast-like TRAP positive
cells (Fig. 5C, Upper Right). Functionally, the osteoclasts
readily formed resorption lacunae on bone slices, a critical test
for evaluating the osteoclast phenotype of large multinucle-
ated, TRAP positive cells (Fig. 5C, Lower Right). RAW cells
that were differentiated into osteoclasts in the presence of
OPGL express genes typical of the osteoclast lineage including
TRAP, cathepsin K, B3, c-src, and calcitonin receptor (Fig.
5D). To determine whether RANK mediates osteoclastogen-
esis in RAW cells as it does in primary osteoclast precursors,
cultures were also treated with anti-RANK agonistic Abs.
Anti-RANK treatment of RAW cell cultures results in the
induction of the same pattern of osteoclast-related genes seen
following OPGL treatment (5C, lane 2 vs. lane 3). These data
further support the role of RANK signaling during osteoclas-
togenesis, and they reveal the osteoclastogenic potential of this
murine myelomonocytic cell line.

We also examined whether OPGL induced JNK and/or
NF-«B activation in RAW cells. RAW cells were induced with
OPGL for various lengths of time. Endogenous JNK was
immunoprecipitated with an JNK-specific mAb, and its kinase
activity was determined by immune complex kinase assay.
Activation of JNK was readily detectable after 5 min of OPGL
exposure, and rapidly decreased after 30-min treatment (Fig.
5B). NF-«B activation was not detectable in OPGL-treated
RAW cells, as determined by gel shift analysis (data not
shown). These data, taken together, strongly suggested Jun
kinase as potential important osteoclastogenic signal trans-
ducers.

DISCUSSION

The approach used to identify an osteoclast receptor for
OPGL described here took into consideration what was known
about the biology of OPG (3, 4) and OPGL (8, 9) and focused
on the discovery of proteins expressed by osteoclast precursors
that were implicated in regulating osteoclastogenesis. We
purified a population of primary mouse hematopoietic pre-
cursors based on their ability to bind a fluorescent version of
OPGL, and prepared cDNA libraries for random expressed
sequence tag sequencing and bio-informatic analysis. One of
the proteins readily identified by this process was a TNFR-
related protein and was identical to the previously reported
dendritic cell protein RANK (13).

RANK mRNA was found to be exclusively expressed in
osteoclast progenitors within the bone marrow cells sorted by
OPGL binding, consistent with the idea that it is a candidate
OGPL receptor. In vitro binding assays using soluble murine
OPGL(158-316) and soluble RANK-Fc indicate that they
interact with a Kg of ~3 X 107 M (M.J.K. and D. Powers,
unpublished data). In addition, radiolabeled OPGL binds only
to OPGL-sorted osteoclast precursors in bone marrow, and
analysis of the protein it binds reveals that it is the RANK
polypeptide. Furthermore, soluble RANK blocks osteoclast
differentiation and activation in vitro (data not shown) and in
vivo, indicating that a major physiological pathway antago-
nized by soluble RANK is mediated by the osteoclast. Finally,
Ab specific for the RANK extracellular domain has agonistic
properties, and they induce osteoclast differentiation and
activation of osteoclast-specific gene expression. These data
indicate that ligation of RANK on osteoclast precursors is
sufficient for induction of osteoclastogenesis and for initiation
of bone resorption.

Darnay et al. (14) reported the mapping of RANK and
TRAF protein interaction to the extreme cytoplasmic tail of
RANK. Recently, Wong et al. (22) reported the presence of
additional TRAF6-binding sites within RANK intracellular
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domain. We found that the RANK intracellular domain
contains two distinct TRAF binding domains, each of which
recognize different TRAF proteins specifically. The C-
terminal region of RANK, between amino acid residues 547
and 581, interacts with TRAF2 and TRAF5 but not with
TRAF6. The TR AF6-binding domain resides in the middle of
the RANK intracellular region, between amino acid residues
336 and 453. In addition, the NF-«B and JNK activation
induced by overexpression of RANK C-terminal deletion
mutants in 293 cells correlated with TR AF6-interacting activ-
ities. A role for the involvement of TR AF proteins in osteoclast
signaling is currently under study, and recent results indicate
that the TRAF6 knockout mice exhibit an osteopetrotic
phenotype because of a defect in bone resorption (M. Lomaga
and T. Mak, personal communication). The TRAF2 and
TRAF3 knockout mice have been analyzed and no bone
phenotypes detected (15, 16), although specific examination of
the skeleton was not performed. The role of TRAFS in
osteoclastogenesis remains undefined. These findings suggest
that TRAF6 may play an important role in osteoclastogenesis
mediated through RANK. Both c-Fos knockout mice and
p50/p52 double knockout mice present with impaired oste-
oclast maturation and a severe osteopetrosis (17-19). Like
other TRAF-binding TNFR family members, overexpression
of ODAR in 293 cells induced both NF-«B activation and JNK
activation. However, OPGL readily activated JNK but not
NF-«B in RAW cells, a murine myelomonocytic cell line that
differentiates to osteoclasts on OPGL treatment. Although the
role of NF-«B in OPGL-induced osteoclastogenesis remains to
be determined, our data strongly support JNK as an important
early signaling molecule along ODAR signal transduction
pathway.

It is now clear that in the mouse, the development and
activation of osteoclasts are governed by OPGL—RANK-
OPG. Based on both the loss and gain of OPG function
previously shown in mouse (4, 5), we conclude that the level of
OPG expression in mouse directly correlates to the level of
bone mass. Recently, it has been shown that expression of the
OPG gene is regulated by estrogen, a critical hormone that
controls diverse physiological processes including the mainte-
nance of bone mass (20). In addition, OPGL gene expression
has been shown to be induced by parathyroid hormone and
vitamin D3, hormones that are known to induce osteoclast
function and increase bone resorption (9). Thus, regulation of
both OPG and OPGL levels are directly implicated as the end
effectors of circulating hormones and cytokines involved in the
physiological and pathological regulation of bone density via
the osteoclast. At the level of the osteoclast, the diverse
humoral signaling regulating bone density ultimately regulates
the activation of RANK on the osteoclast/osteoclast precursor
cell surface, and the precise signal transduction pathways that
emanate from this receptor will define the key intracellular
processes that control osteoclastogenesis.
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