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(Bacl(ground: The IVVY motif and TRAF-binding sites in the RANK cytoplasmic domain initiate distinct modes of action to
Results: The ability of the IVVY motif to mediate osteoclast lineage commitment for osteoclastogenesis requires TRAF-binding

Conclusion: The RANK IVVY motif cooperates with TRAF-binding sites to induce osteoclastogenesis.
Significance: This reveals a novel mechanism of RANK signaling in osteoclastogenesis.
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Receptor activator of NF-kB (RANK) activation by RANK
ligand (RANKL) mediates osteoclastogenesis by recruiting TNF
receptor-associated factors (TRAFs) via three cytoplasmic
motifs (motif 1, PFQEP3%°~373; motif 2, PVQEET?>>° %% and
motif 3, PVQEQG®%*~%%) to activate the NF-kB and MAPK sig-
naling pathways. RANK also has a TRAF-independent motif
(IVVY?>35-538) ‘which is dispensable for the activation of TRAF-
induced signaling pathways but essential for osteoclast lineage
commitment by inducing the expression of nuclear factor of
activated T-cells c1 (NFATcl) to regulate osteoclast gene
expression. Notably, TNF/IL-1-mediated osteoclastogenesis
requires RANK ligand assistance, and the IVVY motif is also
critical for TNF/IL-1-mediated osteoclastogenesis by rendering
osteoclast genes responsive to these two cytokines. Here we
show that the two types of RANK cytoplasmic motifs have to be
on the same RANK molecule to mediate osteoclastogenesis, sug-
gesting a functional cooperation between them. Subsequent
osteoclastogenesis assays with TNF or IL-1 revealed that,
although all three TRAF motifs play roles in TNF/IL-1-medi-
ated osteoclastogenesis, motifs 2 and 3 are more potent than
motif 1. Accordingly, inactivation of motifs 2 and 3 blocks
TNEF/IL-1-mediated osteoclastogenesis. Mechanistically, dou-
ble mutation of motifs 2 and 3, similar to inactivation of the
IVVY motif, abrogates the expression of nuclear factor of acti-
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vated T-cells c1 and osteoclast genes in assays reflecting RANK-
initiated and TNF/IL-1-mediated osteoclastogenesis. In con-
trast, double inactivation of motifs 2 and 3 did not affect the
ability of RANK to activate the NF-kB and MAPK signaling
pathways. Collectively, these results indicate that the RANK
IVVY motif cooperates with the TRAF-binding motifs to pro-
mote osteoclastogenesis, which provides novel insights into the
molecular mechanism of RANK signaling in osteoclastogenesis.

Osteoclasts, the sole bone-resorbing cells, play a critical role
in skeleton development and normal bone homeostasis (1).
Furthermore, osteoclasts are implicated in the pathogenesis of
various bone diseases, including postmenopausal osteoporosis
(2) and bone loss in inflammatory bone conditions such as
rheumatoid arthritis and periodontitis (3). Osteoclasts are
multinucleated giant cells that are derived from mononuclear
cells of the monocyte/macrophage lineage upon stimulation
by the monocyte/macrophage colony-stimulating factor
(M-CSF)? and RANKL (4). Although M-CSF stimulates the
proliferation and survival of osteoclast precursors (5), RANKL
drives osteoclast differentiation and regulates the survival and
activation of mature osteoclasts (4).

RANKL, a member of the TNF superfamily (6, 7), exerts its
effects by activating its receptor, RANK, on the cell surface of
osteoclast precursors. RANK belongs to the TNF receptor
superfamily (7). RANK contains three functional motifs,
PFQEP?¢°373 (motif 1), PVQEET>*°°%* (motif 2), and
PVQEQG®**~%% (motif 3), that recruit TRAF proteins to pro-
mote osteoclastogenesis (8 —10) (Fig. 1A). However, these three
TRAF-binding sites activate distinct sets of signaling pathways
during osteoclastogenesis. Specifically, in response to RANK

2 The abbreviations used are: M-CSF, macrophage/monocyte-colony stimu-
lating factor; TRAF, TNF receptor-associated factor; RANK, receptor activa-
tor of nuclear factor kB; RANKL, receptor activator of nuclear factor kB
ligand; BMM, bone marrow macrophage; a-MEM, a-minimal essential
medium.
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activation from RANKL stimulation, motif 1 activates the
NF-kB and three MAPK pathways (JNK, ERK, and p38) in bone
marrow macrophages (BMMs), which are primary osteoclast
precursors (9). In contrast, motif 2 activates the NF-«B and p38
pathways, and motif 3 only activates the NF-«B pathway in
BMMs (9). Collectively, these three RANK TRAF motifs trigger
the activation of the NF-«kB, INK, ERK, and p38 pathways (Fig.
1A) which play important roles in osteoclast formation and/or
function (10).

Moreover, our group further identified a TRAF-independent
motif (IVVY®**7>3%) in the RANK cytoplasmic domain by car-
rying out a detailed structure/function study and showed that
the IVVY motif plays an essential role in osteoclastogenesis by
committing BMM:s to the osteoclast lineage (11) (Fig. 14). The
importance of the IVVY motif in osteoclastogenesis is sup-
ported further by clinical data revealing that truncating muta-
tions causing the loss of a RANK region containing the [IVVY
motif has resulted in osteopetrosis in humans (12). Mechanis-
tically, our group and others showed that the IVVY motif,
unlike the TRAF motifs, plays a dispensable role in the activa-
tion of the NF-«kB, JNK, ERK, and p38 pathways (11, 13, 14).
However, the IVVY motif is critical for inducing the expression
of nuclear factor of activated T-cells c1 (NFATc1) (15, 16) and
the subsequent induction of the osteoclast genes encoding
matrix metalloproteinase 9 (MMP9), carbonic anhydrase 2
(Car2), cathepsin K (Ctsk), and tartrate-resistant acid phospha-
tase (TRAP) during osteoclastogenesis (17) (Fig. 1A).

TNF and IL-1 are two proinflammatory cytokines that play
crucial roles in immune and inflammatory responses (18, 19)
and are also implicated in the bone loss associated with various
pathological conditions, such as postmenopausal osteoporosis
(20), rheumatoid arthritis (21), and periodontitis (22). Notably,
although IL-1 and TNF can activate TRAF-dependent signaling
pathways through activation of their receptors (18, 19), they are
unable to stimulate osteoclastogenesis independently of
RANKL (23-26), indicating that RANK signaling is required for
TNE/IL-1-mediated osteoclastogenesis. Importantly, we have
shown recently that the RANK IVVY muotif is critical for TNE/
IL-1-mediated osteoclastogenesis by appointing osteoclast
genes to a TNF/IL-1-inducible state (15, 17). We have further
demonstrated that although IL-1 alone is unable to induce the
expression of NFATcl and osteoclast genes (Cstk, TRAP,
MMPY, and Car2), it can do so with the assistance of RANKL,
whose effect is drastically abrogated with the inactivation of the
IVVY motif (15). Notably, it has also been reported that inhib-
itory peptide targeting RANK-IVVY-induced signaling blocks
inflammatory bone loss and protects against bone loss in ovar-
iectomy (13). Taken together, these findings establish an essen-
tial role for the IVVY motif in osteoclastogenesis by promoting
osteoclast lineage priming by inducing the expression of
NFATcl and osteoclast genes despite playing a dispensable role
in the activation of most of the known osteoclast signaling
pathways.

In this study, we investigated the functional relationship
between the RANK IVVY motif and TRAF-functional sites
in osteoclastogenesis. Moreover, we examined whether
RANK TRAF sites play roles in inducing osteoclast lineage
commitment for TNF/IL-1-mediated osteoclastogenesis.
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This study uncovered a novel RANK signaling mechanism in
osteoclastogenesis.

Experimental Procedures

Chemical and Biological Reagents—All chemicals were from
Sigma. Synthetic oligonucleotides were purchased from Sigma-
Genosys (Woodlands, TX). Recombinant mouse IL-1« (catalog
no. 400-ML-005) and recombinant mouse TNF-« (TNF, cata-
log no. 410-TRNC-050) were purchased from R&D Systems
(Minneapolis, MN). Anti-human Fas-activating antibody
(a-Fas) was from Millipore (Temecula, CA). Anti-human Fas
(catalog no. sc-21730PE) and mouse anti-TNF receptor 1
(TNFRI) (catalog no. sc-12746PE) antibodies conjugated with
phycoerythrin were from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Recombinant GST-RANKL was prepared as described
previously (11). The anti-NFATc] (catalog no. sc-7294) antibody
was from Santa Cruz Biotechnology, Inc., and antibodies against
p44/42ERK (catalog no. 9102), phospho-p44/42ERK (catalog no.
9101s), INK (catalog no. 9252), phospho-JNK (catalog no. 9251s),
p38 (catalog no. 9212), phospho-p38 (catalog no. 9211s), IkBa
(catalog no. 9242), and phospho-IkBa (catalog no. 2859s) were
obtained from Cell Signaling Technology, Inc. (Beverly, MA).
Mouse M-CSF was generated from the M-CSF-producing cell line
CMG14-12 (27).

Preparation of the Retrovirus Encoding the Chimeras—The
retrovirus 293GPG-packaging cell line was cultured in DMEM
containing 10% heat-inactivated FBS supplemented with tetra-
cycline, penicillin/streptomycin, puromycin, and G418 as
described previously (28). The chimeric receptor constructs
pMX-Neo-hFas-mRANK-IVVY (hFas-mIVVY), pMX-puro-
TNFR1-mRANK-M123 (TNFR-mTRAF), pMX-puro-hFas-
mRANK-M123 (hFas-mTRAF), pMX-puro-hFas-mRANK-
M1 (hFas-M1), pMX-puro-hFas-mRANK-M2 (hFas-M2),
pMX-puro-hFas-mRANK-M3 (hFas-M3), pMX-puro-hFas-
mRANK-M12 (hFas-M12), pMX-puro-hFas-mRANK-M13
(hFas-M13), and pMX-puro-hFas-mRANK-M23 (hFas-M23)
were prepared as indicated in previous studies (9, 11, 29). The
pMX-puro-GFP (GFP), pMX-puro-hFas-RANK (hFas-WT),
and pMX-puro-TNFR1-RANK (TNFR-WT) constructs were
generated as in previous studies (9, 11). 293GPG cells were
transiently transfected with specific pMX constructs using
Lipofectamine and Plus reagent (Invitrogen), and the virus
supernatant was collected after 2, 3, and 4 days of transfection.
Harvested retroviruses were used in the subsequent osteoclas-
togenesis assays.

In Vitro Osteoclastogenesis Assays—BMMs were isolated
from long bones of 4- to 6-week-old C3H mice (Harlan Indus-
tries, Indianapolis, IN) for most of the assays or from TNF
receptor-deficient mice (TNFR1~/~R2~/~ mice) (The Jackson
Laboratory, Bar Harbor, ME) for the assays involving double
retroviral infection. BMMs were maintained in a-minimal
essential medium (a-MEM) supplemented with 10% heat-inac-
tivated FBS and M-CSF (220 ng/ml) (30) before infection with
the retrovirus for 24 h in the presence of M-CSF (220 ng/ml)
and 8 ug/ml Polybrene. Cells were further cultured with 220
ng/ml M-CSF and 2 pg/ml puromycin and/or 0.9 mg/ml G418
for selection and expansion. Selected BMMs (5 X 10* cells/
well), seeded in a 24-well tissue culture dish, were treated with
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M-CSF (44 ng/ml) and different dosages of a-Fas with or with-
out IL-1 (5 ng/ml) or TNF (5 ng/ml), as indicated in individual
assays. Cultures were then stained for TRAP activity using a
Leukacyte acid phosphatase kit (catalog no. 387-A, Sigma).
These assays were performed in triplicate and repeated at least
twice. The experiments involving mice were performed in
accordance with the regulations of the University of Alabama at
Birmingham Institutional Animal Care and Use Committee.

Flow Cytometric Analysis—1 X 10° BMMs suspended in 200
ml of a-MEM supplemented with 10% heat-inactivated FBS
were blocked with 1 pg of 2.4G2 antibody for 30 min at 4 °C as
described previously (17). Under dim light, 10 ul of human Fas
or 20 ul of mouse TNFRI antibodies conjugated with phyco-
erythrin was added to each cell suspension, and cells were incu-
bated for another 30 min at 4 °C. Cells were then centrifuged at
2000 rpm for 5 min and washed three times by gently resus-
pending cells with a-MEM, followed by centrifugation at 2000
rpm for 5 min. Cells were finally suspended in 1 ml of a-MEM
for cytometric analysis using a BD LSR II flow cytometer at the
University of Alabama at Birmingham Center for AIDS
Research.

Semiquantitative RT-PCR Analysis—Total RNA from
BMMs was isolated using TRIzol reagent (Invitrogen). 1 ug of
total RNA was reverse-transcribed to cDNA with oligo(dT) in a
20-pul volume at 50 °C for 60 min using the SuperScript III RT-
PCR system (Invitrogen) as described previously (15). Amplifi-
cation of the MMP9, Cstk, TRAP, Car2, and GAPDH genes was
performed as described previously (17). 20 ul of PCR product
was loaded on 2% agarose gel for electrophoretic analysis.
These RT-PCR assays were repeated twice independently.

Western Blot Analysis—BMMs were first cultured in serum-
free a-MEM for 16 h and then treated with a-Fas as indicated in
the individual experiments. Cells were then washed twice with
ice-cold PBS and lysed in buffer containing 20 mm Tris (pH 7.5),
150 mm NaCl, 1 mm EDTA, 1 mm EGTA, 1% Triton X-100, 2.5
mM sodium pyrophosphate, 1 mm S-glycerophosphate, 1 mm
Na,VO,, 1 mm NaF, 1X protease inhibitor mixture 1 (Sigma,
catalog no. P-2850), and 1X protease inhibitor mixture 2
(Sigma, catalog no. P-5726). The cell lysate was submitted to
Western blot analysis as described previously (15). Membranes
were washed extensively, and an enhanced chemiluminescence
detection assay was performed using a SuperSignal West Dura
kit from Pierce. The experiment was repeated at least twice
independently.

Statistical Analysis—Some osteoclastogenesis assays were
quantified by counting the multinucleated TRAP-positive cells
(>3 nuclei) in a representative area in each of three replicate
samples. The results are shown as mean * S.D. of the number
or percentage of TRAP-positive cells. Statistical significance
was determined using Student’s ¢ test, and p values of less than
0.05 were considered significant (*, p < 0.05; **, p < 0.001).

Results

The IVVY and TRAF Functional Motifs Need to Be on the
Same RANK Molecule to Mediate Osteoclastogenesis—RANK is
amember of the TNF receptor superfamily, which also includes
TNER and Fas (31). Members of this superfamily of receptors
are activated by ligand-induced trimerization or oligomeriza-
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tion (32). Therefore, binding of RANK by RANKL leads to trim-
erization of RANK, which, in turn, activates the NF-«B, JNK,
ERK, and p38 pathways and induces the expression of NFATc1
to regulate the expression of genes involved in osteoclast for-
mation and/or function (Fig. 1B) (33). Previously, we developed
two chimeric receptors for performing RANK structural/func-
tional studies in osteoclastogenesis. The first chimera contains
the human Fas external domain linked to the transmembrane
and cytoplasmic domains of mouse RANK. This chimeric
receptor system can be activated specifically to transmit RANK
signaling by a-Fas as a surrogate for RANKL (Fig. 1C) (29). The
second chimera consists of the mouse TNFR1 external domain
linked to the transmembrane and cytoplasmic domains of
mouse RANK. These chimeras can be activated to initiate
RANK signaling by TNF as a surrogate for RANKL (Fig. 1D) (9).

RANK ' structural/functional studies using the chimeric
receptor approach have led to the identification of three TRAF-
functional motifs (motif 1, motif 2, and motif 3) and a TRAF-
independent IVVY motif in the RANK cytoplasmic domain (9,
11) (Fig. 2A). These two types of RANK motifs initiate distinct
modes of action to promote osteoclastogenesis. Specifically,
although these three TRAF sites collectively activate the NF-«B
and MAPK signaling pathways, the IVVY motif induces the
expression of NFATc]1 to regulate the expression of osteoclast
genes (Fig. 1A). Moreover, mutational inactivation of the IVVY
motif does not affect the activation of the NF-«B and MAPK
signaling pathways (11). These observations have raised the
possibility that these two types of RANK motifs may act inde-
pendently to initiate distinct modes of action to promote oste-
oclastogenesis. To address this possibility, we examined
whether concurrent but independent activation of the TRAF-
functional sites and IVVY motif in the same BMMs using the
two different types of chimeric receptors can promote oste-
oclastogenesis. The two chimeras containing normal RANK
transmembrane and intracellular domains, hFas-WT and
TNFR-WT, were prepared in our previous studies and used as
controls in this study (9, 29) (Fig. 2B). Here we further modified
the hFas-WT and TNFR-WT chimeras to generate two chime-
ras containing mutated RANK intracellular domains: hFas-
mIVVY and TNFR-mTRAF, respectively (Fig. 2C). hFas-
mIVVY consists of the human Fas extracellular domain linked
to the mouse RANK transmembrane and intracellular domains
bearing an inactivating mutation in the IVVY motif but with
normal TRAF sites. TNFR-mTRAF comprises the mouse
TNEFR1 extracellular domain linked to the mouse RANK trans-
membrane and intracellular domains bearing inactivating
mutations in all three TRAF sites but with a normal IVVY motif
(Fig. 2C). To select for BMMs expressing both hFas-mIVVY
and TNFR-mTRAF, we engineered hFas-mIVVY and its corre-
sponding control hFas-WT retroviral constructs with the
G418-resistant gene, but TNFR-mTRAF and its corresponding
control TNFR-WT retroviral constructs contain the puromy-
cin-resistant gene.

BMMs were doubly infected with retroviruses encoding
hFas-mIVVY as well as TNFR-mTRAF and cultured with G418
and puromycin to select cells expressing both chimeras. Given
that TNFR-mTRAF consists of the mouse TNFR1 external
domain and is activated by TNF, BMMs from TNFR1 ™/~ R2™/~
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FIGURE 1. RANK signaling pathways in osteoclasts and schematic of the chimeric receptor systems for studying RANK signaling pathways in
osteoclasts. A, RANK motifs and their modes of action in osteoclast formation and/or function. B, model showing how RANKL activates its receptor,
RANK, to transduce signaling pathways for osteoclast formation and/or function. C, schematic of the chimeric receptor containing the human Fas
external domain linked to the transmembrane and cytoplasmic domains of mouse RANK, which can be stimulated by a-Fas to activate RANK signaling
for osteoclast formation and/or function. D, schematic of the chimeric receptor consisting of the mouse TNFR1 external domain linked to the trans-
membrane and cytoplasmic domains of mouse RANK, which can be stimulated by TNF to activate RANK signaling for osteoclast formation and/or

function. TM, transmembrane domain.

mice were used to avoid cross-signaling through endogenous
TNF receptors, as in our previous studies (9, 34). As controls,
TNFR1 /"R27/~ BMMs were infected with retroviruses
encoding GFP, hFas-WT, or TNFR-WT and selected with a
single antibiotic. Cell surface expression of hFas-mIVVY and
TNFR-mTRAF on doubly infected BMMs and that of hFas-WT
or TNFR-WT on singly infected BMMs was determined by flow
analysis (Fig. 2, D and E). Cell surface expression levels of hFas-
mIVVY (Fig. 2D) and TNFR-mTRAF (Fig. 2E) on doubly
infected BMMs were comparable with those of hFas-WT or
TNFR-WT, respectively, on singly infected BMMs. Moreover,
BMMs expressing hFas-WT generated numerous osteoclasts
when treated with M-CSF and a-Fas (Fig. 2F), and TNFR-WT-
expressing cells formed many osteoclasts in response to M-CSF
and TNF stimulation (Fig. 2G), indicating that the expression
levels of hFas-mIVVY and TNFR-mTRAF on doubly infected
BMMs were sufficient to be functional.

Next we determined whether BMMs expressing hFas-
mIVVY and TNFR-mTRAF could form osteoclasts when stim-
ulated with a-Fas to activate hFas-mIVVY and TNF to activate
TNER-mTRAF. As positive controls, BMMs expressing GFP or
both hFas-mIVVY and TNFR-mTRAF formed numerous oste-
oclasts when treated with M-CSF and RANKL (Fig. 2H). How-
ever, these cells failed to form osteoclasts when stimulated with
M-CSF plus a-Fas or M-CSF plus TNF, replicating our previous
findings that both the IVVY and TRAF motifs are essential for
osteoclastogenesis (9, 11). Interestingly, when BMMs express-
ing hFas-mIVVY and TNFR-mTRAF were treated with M-CSF
SASBMB
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and TNF plus a-Fas, the cells formed only few small osteoclasts
(Fig. 2H). These results indicate that the two types of RANK
motifs have to be on the same RANK molecule to efficiently
promote osteoclastogenesis.

The RANK TRAF Sites Are Involved in TNF-/IL-1-mediated
Osteoclastogenesis—Although TNF or IL-1 alone cannot medi-
ate osteoclastogenesis, they can stimulate osteoclastogenesis
with permissive levels of RANKL, indicating that TNF/IL-1-
mediated osteoclastogenesis requires prior commitment of
osteoclast precursors to the osteoclast lineage (23-26). The
permissive levels of RANKL required for TNF/IL-1-mediated
osteoclastogenesis is about one-tenth of the optimal RANKL
dosage (100 ng/ml) utilized for standard in vitro osteoclasto-
genesis assays involving M-CSF and RANKL treatment (23—
26). Mechanistically, we have reported that RANKL-evoked
TNEF/IL-1-mediated osteoclastogenesis involves the activation
of the IVVY motif, which, in turn, renders osteoclast genes in a
TNEF/IL-1 inducible state (15, 17) (Fig. 3A). To further address
the potential cooperation between the RANK IVVY motif and
the TRAF sites in osteoclastogenesis, we extended our study to
investigate whether the three TRAF-functional sites are also
involved in committing BMMs to the osteoclast lineage for
TNEF/IL-1-mediated osteoclastogenesis (Fig. 3A). We reasoned
that if the TRAF sites functionally collaborate with the IVVY
motif, then mutational inactivation of these sites should block
TNEF/IL-1-mediated osteoclastogenesis by abrogating the abil-
ity of the IVVY motif to initiate its mode of action, namely,
rendering osteoclast genes responsive to TNF or IL-1, and,
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thereby, blunt the osteoclast lineage. To this end, we used
hFas-WT and also prepared another chimeric receptor, hFas-
M123, which consists of the human Fas external domain linked

to RANK transmembrane and cytoplasmic domains bearing
inactivating mutations in all three TRAF sites but with a normal
IVVY motif (Fig. 3B). Importantly, the use of hFas-WT and
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hFas-M123 eliminates the need for TNFR1~/"R2™/~ BMM:s
because wild-type BMMs expressing endogenous TNFR and
IL-1R are required for assays aimed at studying the roles of TNF
and IL-1 in osteoclastogenesis. BMMs expressing comparable
cell surface levels of hFas-WT or hFas-M123 as assessed by flow
cytometry analysis (Fig. 3C) were treated with M-CSF and 10
ng/ml of a-Fas or M-CSF and 10 ng/ml of a-Fas plus TNF or
IL-1 to promote osteoclastogenesis (Fig. 3D). 10 ng/ml a-Fas
was used for these assays because the concentration is about
one-tenth of the a-Fas dose, which is capable of promoting
optimal osteoclastogenesis from BMMs expressing hFas-WT
(29). Although BMMs expressing hFas-WT failed to form oste-
oclasts when treated with M-CSF and 10 ng/ml of a-Fas, these
cells gave rise to many osteoclasts when stimulated with M-CSF
and 10 ng/ml of a-Fas plus TNF or IL-1 (Fig. 3D). However,
BMMs expressing hFas-M123 were unable to generate oste-
oclasts when treated with M-CSF and 10 ng/ml of a-Fas plus
TNF or IL-1. These results indicate that one or more of the
three RANK TRAF-functional sites are also required for TNF/
IL-1-mediated osteoclastogenesis.

We next sought to delineate which one of the three RANK
TRAF-functional sites is involved in TNF/IL-1-mediated oste-
oclastogenesis. To do so, we prepared three more chimeras that
contain the human Fas external domain linked to mouse RANK
transmembrane and intracellular domains bearing inactivating
mutations in motif 1 (hFas-M1), motif 2 (hFas-M2), or motif 3
(hFas-M3) (Fig. 4A). Flow cytometry analysis showed that
BMMs expressing hFas-WT, hFas-M1, hFas-M2, or hFas-M3
exhibited comparable cell surface levels (Fig. 4B). Although
BMMs expressing WT formed numerous osteoclasts when
treated with M-CSF and 10 ng/ml a-Fas plus TNF or IL-1 (Fig.
4C), cells expressing hFas-M1, hFas-M2, or hFas-M3 formed
15.7%, 75%, or 62% fewer osteoclasts, respectively, compared
with hFas-WT expressers treated with M-CSF and 10 ng/ml
a-Fas plus TNF (Fig. 4, C—E) and 13.4%, 76%, or 57.7% fewer
osteoclasts, respectively, compared with hFas-WT expressers
treated with M-CSF and 10 ng/ml «-Fas plus IL-1 (Fig. 4, C, F,
and G). These data demonstrate that, although all three RANK
TRAF-functional sites play a role in TNF/IL-1-mediated oste-
oclastogenesis, motif 2 and motif 3 are more potent than motif
1 in mediating TNF/IL-1-induced osteoclastogenesis.

Double Mutation of Motif 1 with Motif 2 or Motif 3 Results in a
Partial Reduction in TNF/IL-1-mediated Osteoclastogenesis—T o
further examine the contribution of the three TRAF-functional
sites to TNF/IL-1-mediated osteoclastogenesis, we investigated
the impact of mutating two of these three motifs in this oste-
oclastogenic setting. We engineered hFas-M12 and hFas-M13,
which consist of the human Fas extracellular domain linked to
mouse RANK transmembrane and intracellular domains bear-

ing a double inactivation of motif 1 and motif 2 (hFas-M12) or
motif 1 and motif 3 (hFas-M13) (Fig. 5A4). Flow cytometry anal-
ysis showed that BMMs expressing hFas-WT, hFas-M12, or
hFas-M13 exhibited comparable cell surface levels of these chi-
meras (Fig. 5B). As expected, the hFas-WT expressers formed
many osteoclasts when treated with M-CSF and «-Fas (10
ng/ml) plus TNF or IL-1 (Fig. 5C). However, BMMs expressing
hFas-M12 or hFas-M13 gave rise to 80.9% or 69.1% fewer oste-
oclasts, respectively, compared with hFas-WT expressers
treated with M-CSF and a-Fas (10 ng/ml) plus TNF (Fig. 5, D
and E) and 83.2% or 73.3% fewer osteoclasts, respectively, com-
pared with hFas-WT expressers stimulated by M-CSF and
a-Fas (10 ng/ml) plus IL-1 (Fig. 5, F and G). These data reveal
that double mutation of motif 1 with motif 2 or motif 3 mark-
edly inhibited TNF/IL-1-mediated osteoclastogenesis.
Mutation of Motif 2 and Motif 3 Blocks TNF/IL-1-mediated
Osteoclastogenesis—Given that inactivation of motif 2 or motif
3 alone resulted in more than a 70% or 55% reduction, respec-
tively, in TNF/IL-1-mediated osteoclastogenesis compared
with the hFas-WT control (Fig. 4), we reasoned that mutation
of both motif 2 and motif 3 might lead to a drastic reduction in
TNEF/IL-1-mediated osteoclastogenesis. To address this possi-
bility, we generated a chimeric receptor consisting of the
human Fas extracellular domain linked to mouse RANK trans-
membrane and intracellular domains bearing a double muta-
tion in both motif 2 and motif 3 (hFas-M23) (Fig. 6A4). Flow
cytometry analysis showed that BMMs expressing hFas-WT or
hFas-M23 exhibited comparable cell surface levels of the chi-
meras (Fig. 6B). BMMs expressing hFas-WT formed many
osteoclasts when treated with M-CSF and a-Fas (10 ng/ml) plus
TNF or IL-1, but the hFas-M23 expressers formed no oste-
oclasts under these treatment conditions (Fig. 6C), indicating
that double inactivation of motif 2 and motif 3 leads to com-
plete inhibition of TNF/IL-1-mediated osteoclastogenesis.
Motif 2 and Motif 3 Cooperate with the IVVY Motif to Induce
NFATcl Expression to Activate Gene Expression to Promote
Osteoclastogenesis—Having demonstrated that double muta-
tion of motif 2 and motif 3 blocks TNF/IL-1-mediated oste-
oclastogenesis, we then focused on motif 2 and motif 3 to deci-
pher the mechanism by which the TRAF sites cooperate with
the IVVY motif to induce osteoclastogenesis. Toward this end,
we first examined whether dual mutations of motif 2 and motif
3 affect the ability of RANK to activate the NF-«B, JNK, p38,
and ERK pathways using the hFas-WT and hFas-M23 chimeras
(Fig. 6A). As shown in Fig. 7, the capacity of hFas-M23 to acti-
vate the NF-«kB, JNK, p38, and ERK pathways is comparable
with that of hFas-WT, indicating that double inactivation of
motif 2 and motif 3 does not affect the ability of RANK to acti-
vate the NF-«B, NK, p38, and ERK signaling pathways. This is

FIGURE 2. The IVVY motif and the TRAF sites need to be on the same RANK molecule to promote osteoclastogenesis. A, schematic of RANK. ECD,
extracellular domain; TM, transmembrane domain; ICD, intracellular domain. B, schematic of hFas-WT and TNFR-WT. C, schematic of hFas-mIVVY and TNFR-
mTRAF. D, flow cytometric analysis of BMMs from TNFR1~/~R2 ™/~ mice expressing GFP, hFas-WT, or hFas-mIVVY and TNFR-mTRAF. £, flow cytometric analysis
of BMMs from TNFR1~/~R2™/~ mice expressing GFP, TNFR-WT, or hFas-mIVVY and TNFR-mTRAF. F, BMMs expressing hFas-WT were treated with M-CSF (44
ng/ml) alone, M-CSF (44 ng/ml) and RANKL (100 ng/ml), or M-CSF (44 ng/ml) and a-Fas (100 ng/ml) for 5 days. G, BMMs expressing TNFR-WT were treated with
M-CSF (44 ng/ml) alone, M-CSF (44 ng/ml) and RANKL (100 ng/ml), or M-CSF (44 ng/ml) and TNF (100 ng/ml) for 5 days. H, BMMs expressing GFP control or
hFas-mIVVY and TNFR-mTRAF were treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml), M-CSF (44 ng/ml) and a-Fas (100 ng/ml), M-CSF (44 ng/ml) and TNF
(100 ng/ml), or M-CSF (44 ng/ml) and TNF (100 ng/ml) plus a-Fas (100 ng/ml) for 5 days. The cultures were stained for TRAP activity on day 5. Quantification of
the osteoclast formation assays in F-H is shown in the right panels as the mean number of multinucleated TRAF-positive cells (>3 nuclei) per well. Data are

mean * S.D. **, p < 0.001; NS, not significant. Scale bars = 200 um.
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FIGURE 3. Mutation of the RANK TRAF-functional motifs blocks TNF/IL-1-mediated osteoclastogenesis. A, roles of the RANK motifs in TNF/IL-1-mediated
osteoclastogenesis. OC, osteoclast. B, schematic of hFas-WT and hFas-M123. ECD, extracellular domain; TM, transmembrane domain; ICD, intracellular domain.
G, flow cytometric analysis of BMMs expressing GFP, hFas-WT, or hFas-M123. D, BMMs expressing GFP, hFas-WT, or hFas-M123 were treated with M-CSF (44
ng/ml) and a-Fas (10 ng/ml), M-CSF (44 ng/ml) and a-Fas (10 ng/ml) plus TNF (5 ng/ml), or M-CSF (44 ng/ml) and «-Fas (10 ng/ml) plus IL-1 (5 ng/ml) for 5 days.
BMMs expressing GFP or hFas-WT were used as negative and positive controls, respectively. The cultures were stained for TRAP activity at the end of the assays.
Quantification of the osteoclast formation assays is shown in the bottom panel as the mean number of multinucleated TRAF-positive cells (>3 nuclei) per well.

Data are mean = S.D. **, p < 0.001; NS, not significant. Scale bars = 200 um.

consistent with our previous findings that motif 1 alone is suf-
ficient to activate these signaling pathways (9) (Fig. 14).

In examining this notion, we next sought to investigate
whether mutations of these two TRAF sites affect the ability of
the IVVY motif to initiate its mode of action in osteoclastogen-
esis; namely, IVVY motif-mediated NFATcl expression (15,
16) and the subsequent induction of osteoclast genes (17) (Fig.
1A). In line with our recent report on the role of the IVVY motif
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in inducing NFATc1 expression, we revealed that double inac-
tivation of motif 2 and motif 3 drastically impaired the ability of
hFas-M23 to induce NFATc1 expression despite the presence
of a normal IVVY motif (Fig. 84). On the basis of this finding,
we investigated the roles of motif 2 and motif 3 in the expres-
sion of the aforementioned osteoclast genes using BMMs
expressing hFas-WT or hFas-M23 (Fig. 8B). Treatment of
BMMs expressing hFas-WT or hFas-M23 with M-CSF and 10
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FIGURE 4. The RANK functional TRAF motifs exert different effects on TNF/IL-1-mediated osteoclastogenesis. A, schematic of hFas-WT, hFas-M1, hFas-
M2, and hFas-M3. ECD, extracellular domain; TM, transmembrane domain; /CD, intracellular domain. B, flow cytometric analysis of BMMs expressing GFP,
hFas-WT, hFas-M1, hFas-M2, or hFas-M3. C, BMMs expressing GFP, hFas-WT, hFas-M1, hFas-M2, or hFas-M3 were treated with M-CSF (44 ng/ml) and a-Fas (10
ng/ml), M-CSF (44 ng/ml) and a-Fas (10 ng/ml) plus TNF (5 ng/ml), or M-CSF (44 ng/ml) and «-Fas (10 ng/ml) plus IL-1 (5 ng/ml) for 5 days. BMMs expressing GFP
or hFas-WT were used as negative and positive controls, respectively. The cultures were stained for TRAP activity on day 5. Scale bars = 200 um. D and E,
quantification of the osteoclastogenesis assays induced by TNF is shown in mean number (D) or mean percentage (E) of multinucleated TRAP-positive cells (<3
nuclei) per well. F and G, quantification of the osteoclastogenesis induced by IL-1 is shown in mean number (F) or mean percentage (G) of multinucleated
TRAP-positive cells (>3 nuclei) per well. Data are mean =+ S.D. *, p < 0.05; **, p < 0.001.
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FIGURE 5. Double mutation of motif 1 with motif 2 or motif 3 results in a partial reduction in TNF/IL-1-mediated osteoclastogenesis. A, schematic of
hFas-WT, hFas-M12, and hFas-M13. ECD, extracellular domain; TM, transmembrane domain; ICD, intracellular domain. B, flow cytometric analysis of BMMs
expressing GFP, hFas-WT, hFas-M12, or hFas-M13. C, BMMs expressing GFP, hFas-WT, hFas-M12, or hFas-M13 were treated with M-CSF (44 ng/ml) and a-Fas (10
ng/ml), M-CSF (44 ng/ml) and a-Fas (10 ng/ml) plus TNF (5 ng/ml), or M-CSF (44 ng/ml) and a-Fas (10 ng/ml) plus IL-1 (5 ng/ml) for 5 days. BMMs expressing GFP
or hFas-WT were used as negative and positive controls, respectively. The cultures were stained for TRAP activity on day 5. Scale bars = 200 um. D and E,
quantification of the osteoclastogenesis assays induced by TNF is shown in mean number (D) or mean percentage (E) of multinucleated TRAP-positive cells (<3
nuclei) per well. Fand G, quantification of the osteoclastogenesis assays induced by IL-1 is shown in mean number (F) or mean percentage (G) of multinucleated
TRAP-positive cells (>3 nuclei) per well. Data are mean = S.D. *, p < 0.05; **, p < 0.001.
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ng/ml of a-Fas failed to stimulate the expression of MMP9,
Cstk, Car2, and TRAP, replicating our previous finding that
permissive RANK activation is insufficient to induce the
expression of osteoclast genes (17). Furthermore, although
M-CSF and 10 ng/ml of a-Fas plus TNF or IL-1 up-regulated
the expression of these osteoclast genes in BMMs expressing
hFas-WT, the same treatment failed to stimulate gene expres-
sion in hFas-M23 expressers (Fig. 8B). These results demon-
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strate that motif 2 and motif 3 are required for inducing oste-
oclast genes in TNF/IL-1-mediated osteoclastogenesis.

Discussion

The objective of this work is to investigate the functional
relationship of the two types of motifs in the RANK cytoplasmic
domain in osteoclastogenesis. We have shown previously that
inactivation of the IVVY motif exerts no impact on the activa-
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FIGURE 7. Double inactivation of motif 2 and motif 3 does not affect the
ability of RANK to activate the NF-«B, JNK, p38, and ERK pathways. BMMs
expressing hFas-WT or hFas-M23 were treated with a-Fas (100 ng/ml) for 0, 5,
or 10 min as indicated. The activation of the NF-«B, JNK, p38, and ERK path-
ways was assessed as phosphorylation of 1kB, JNK, p38, and ERK by Western
blot analysis. BMMs expressing hFas-WT were used as a positive control.
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FIGURE 8. Inactivation of motif 2 and motif 3 drastically impairs the abil-
ity of RANK to up-regulate NFATc1 expression and abrogates the capac-
ity of TNF/IL-1 to activate the expression of osteoclast genes. A, effects of
inactivation of motif 2 and motif 3 on NFATc1 expression. BMMs expressing
GFP, hFas-WT (WT) or hFas-M23 (M23) were treated with M-CSF (44 ng/ml)
and a-Fas (100 ng/ml) for 3 days. The expression of NFATc1 was assessed by
Western blot analysis using B-actin as a loading control. BMMs expressing
GFP or WT were used as negative and positive controls, respectively. B, effects
of inactivation of motif 2 and motif 3 on the expression of osteoclast genes.
BMMs expressing GFP, hFas-WT, or hFas-M23 were treated with M-CSF (44
ng/ml) and a-Fas (10 ng/ml), M-CSF (44 ng/ml) and a-Fas (10 ng/ml) plus TNF
(5 ng/ml), or M-CSF (44 ng/ml) and «-Fas (10 ng/ml) plus IL-1 (5 ng/ml) for 3
days. BMMs expressing GFP or WT were used as negative and positive con-
trols, respectively. Gene expression was determined by semiquantitative RT-
PCR using GAPDH as a loading control.

tion of the NF-«kB, ERK, JNK, and p38 signaling pathways in
BMMs stimulated by RANKL (11). Furthermore, the IVVY
motif is not involved in the activation of the NF-«B, ERK, JNK,
and p38 signaling pathways because mutant RANK bearing
inactivating mutations in all three TRAF sites, but with a func-
tional IVVY motif, is unable to activate any of these signaling
pathways (9). Our recent work has revealed that the IVVY motif
is also essential for TNF/IL-1-induced expression of osteoclast
genes and, thereby, allows these cytokines to promote oste-
oclastogenesis (15, 17). On the basis of these findings, we ini-
tially hypothesized that the TRAF sites and IVVY motif in the
RANK cytoplasmic domain act independently to initiate dis-
tinct modes of action to promote osteoclastogenesis. However,
when these two types of motifs were activated in the same cells
using different chimeras in which either the TRAF sites or the
IVVY motif were mutated, we found, unexpectedly, that the
expressing cells could barely mediate osteoclastogenesis (Fig.
2H). This intriguing finding indicates that the TRAF-functional
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sites and the IVVY motif have to be in the same RANK molecule
to be functional, suggesting that the TRAF sites cooperate with
the IVVY motif to promote osteoclastogenesis.

Given the complex nature of the experimental manipulation
involving the chimeric receptor system, we felt that it was
important to address the functional cooperation between the
TRAF and IVVY motifs using different assays involving simpler
experimental manipulation. Therefore, we expanded upon our
previous findings on the role of the IVVY motif in TNF/IL-1-
mediated osteoclastogenesis to investigate whether the TRAF
motifs are also required for these osteoclastogenesis assays.
Specifically, these assays aimed to address whether the three
RANK TRAF-functional sites function with the IVVY motif to
mediate the commitment of BMMs into the osteoclast lineage,
a prerequisite for TNF/IL-1-mediated osteoclastogenesis (15,
17). We revealed that these TRAF sites are critical for TNF/IL-
1-mediated osteoclastogenesis (Fig. 3), which further supports
the functional cooperation between the TRAF sites and the
IVVY motif. However, we noted that the TRAF sites contribute
to TNF/IL-1-mediated osteoclastogenesis to different extents
because mutation of motif 1, motif 2, or motif 3 leads to roughly
13%, 75%, or 58% reduction, respectively, in osteoclast numbers
(Fig. 4). In other words, motif 2 and motif 3 are much more
potent than motif 1 in promoting TNF/IL-1-mediated oste-
oclastogenesis. Consistently, double mutation of motif 2 and
motif 3 blocked TNF/IL-1-mediated osteoclastogenesis (Fig. 6),
whereas double mutations of motif 1 with either motif 2 or
motif 3 only led to a partial reduction in these osteoclastogen-
esis assays (Fig. 5). Because of the ability of double inactivation
of motif 2 and motif 3 in blocking TNF/IL-1-mediated oste-
oclastogenesis, we focused on these two motifs to delineate the
molecular mechanism underlying the functional cooperation
between the TRAF sites and IVVY motifs in mediating TNF/IL-
1-mediated osteoclastogenesis. We showed that inactivation of
motif 2 and motif 3 drastically impaired the ability of RANK to
induce NFATcl expression and, consequently, abrogated the
capacity of TNF/IL-1 to up-regulate osteoclast genes, which
affects their ability to promote osteoclastogenesis with RANK
activation (Fig. 8). These findings support the notion that motif
2 and motif 3 cooperate with the IVVY motif to up-regulate
NFATCcl expression, which then regulates the osteoclast gene
for osteoclastogenesis.

On the basis of the findings from this work, we propose that
the functional cooperation between motif 2/motif 3 and the
IVVY motif is mediated by the direct or indirect effect(s) of
TRAF proteins binding to these two TRAF sites (protein Y and
protein Z, Fig. 9) on the protein recruited by the IVVY motif
(protein X, Fig. 9). It is likely that proteins X, Y, and Z form a
signaling complex via direct or indirect interactions to mediate
gene expression and, thereby, induce osteoclast lineage com-
mitment. This notion is consistent with our finding that these
two types of RANK motifs have to be on the same molecule to
be functional. This is further supported by the fact that motif 2
(559 -564) and motif 3 (604 —609) are about 21 and 66 amino
acid residues apart, respectively, from the IVVY motif. Given
that the inactivation of the IVVY motif does not affect the acti-
vation of the TRAF-mediated signaling pathways in RANKL-
stimulated BMMs (11), the functional cooperation between
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FIGURE 9. Proposed model for the molecular basis of the functional coop-
eration between motif 2/motif 3 and the IVVY motif. X, the protein binding
to the IVVY motif to mediate osteoclast lineage commitment; Y, the TRAF
protein binding to motif 2; Z, the TRAF protein binding to motif 3; dashed
circle, the proposed formation of the signaling complex by proteins X, Y, and
Z. Black arrows highlight the unidirectional nature of the functional coopera-
tion between motif 2/motif 3 and the IVVY motif.

motif 2/motif 3 and the IVVY motifis likely to be unidirectional
in that the function of the IVVY motif/protein X to up-regulate
NFATcl expression for the activation of osteoclast gene
expression requires motifs 2/3 and protein Y/Z, but the capac-
ity of motifs 2/3 and proteins Y/Z to activate the NF-«kB and
MAPK signaling pathways does not depend on the IVVY motif/
protein X (Fig. 9).

The IVYY motif has been shown to regulate the late stage of
osteoclastogenesis by recruiting early estrogen-induced gene 1
(EEIG 1), which forms a complex with GRB2-associated bind-
ing protein 2 (Gab2), resulting in the activation of NFATc1 via
the phospholipase Cy2 (PLC+y2) signaling pathway (14, 16).
Also, the IVVY motif can promote the function of mature oste-
oclasts through indirect interaction with Vav3 to regulate the
osteoclast cytoskeleton (13). However, the protein that binds to
the IVVY motif to regulate osteoclast lineage commitment has
not yet been identified. Moreover, the TRAF proteins binding
to motif 2 and motif 3 have not been identified convincingly. An
early in vitro study showed that motif 2 interacts with TRAF3
and that motif 3 is capable of binding TRAF1, TRAF2, and
TRAFS5 (35). Another in vitro study showed that neither TRAF1
nor TRAF3 interacts with RANK (36). Therefore, a better
understanding of the molecular mechanism underlying the
functional cooperation between motif 2/motif 3 and the IVVY
motif depends on the identification of the protein that binds to
the IVVY motif to regulate osteoclast lineage commitment as
well as the unambiguous elucidation of proteins binding to
motif 2 and motif 3.

In conclusion, our data reveal, for the first time, that the
IVVY and TRAF motifs of RANK do not function indepen-
dently in mediating osteoclastogenesis. The function of the
IVVY motif requires the presence of intact TRAF sites in the
same RANK molecule. Moreover, this functional cooperation is
critical for osteoclastogenesis and the induction of osteoclast
genes. These findings provide novel insights into the mecha-
nism by which the RANKL/RANK system regulates osteoclas-
togenesis and suggests that RANK signaling in osteoclasts is
more complex than previously thought. Nevertheless, the pre-
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cise molecular mechanism underlying the functional coopera-
tion between the TRAF and IVVY motifs remains to be deter-
mined. As an important next step in addressing this issue,
future research should be directed toward identifying the pro-
tein(s) with which the IVVY motif interacts and TRAF proteins
binding to motif 2 and motif 3 to promote osteoclastogenesis.
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