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Tumor necrosis factor-a (TNF) enhances osteoclast forma-
tion and activity leading to bone loss in various pathological
conditions, but its precise role in osteoclastogenesis remains
controversial. Although several groups showed that TNF can
promote osteoclastogenesis independently of the receptor acti-
vator of NF-«kB (RANK) ligand (RANKL), others demonstrated
that TNF-mediated osteoclastogenesis needs permissive levels
of RANKL. Here, we independently reveal that although TNF
cannot stimulate osteoclastogenesis on bone slices, it can induce
the formation of functional osteoclasts on bone slices in the
presence of permissive levels of RANKL or from bone marrow
macrophages (BMMs) pretreated by RANKL. TNF can still pro-
mote the formation of functional osteoclasts 2 days after tran-
sient RANKL pretreatment. These data have confirmed that
TNF-mediated osteoclastogenesis requires priming of BMMs by
RANKL. Moreover, we investigated the molecular mechanism
underlying the dependence of TNF-mediated osteoclastogen-
esis on RANKL. RANK, the receptor for RANKL, contains an
IVVY?>357538 motif that has been shown to play a vital role in
osteoclastogenesis by committing BMM:s to the osteoclast line-
age. We show that TNF-induced osteoclastogenesis depends on
RANKL to commit BMMs to the osteoclast lineage and RANKL
regulates the lineage commitment through the IVVY motif.
Mechanistically, the IVVY motif controls the lineage commit-
ment by reprogramming osteoclast genes into an inducible state
in which they can be activated by TNF. Our findings not only
provide important mechanistic insights into the action of
RANKL in TNF-mediated osteoclastogenesis but also establish
that the IVVY motif may serve as an attractive therapeutic target
for bone loss in various bone disorders.

TNF, a proinflammatory cytokine produced by many cells
including fibroblasts, endothelial cells, and macrophages, plays
a critical role in immune and inflammatory responses (1). Con-
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sequently, aberration in TNF expression and function has been
associated with many autoimmune disorders and inflammatory
complications (2). Moreover, this potent proinflammatory
cytokine has also been shown to be a pro-osteoclastogenic fac-
tor and thus promotes bone loss in postmenopausal osteoporo-
sis (3) and inflammatory conditions such as rheumatoid arthri-
tis (4) and periodontitis (5) by stimulating osteoclast formation
and function.

Osteoclasts, the sole bone-resorbing cells in the body, are
multinucleated giant cells derived from mononuclear cells of
the monocyte-macrophage lineage upon stimulation by the
macrophage/monocyte colony-stimulating factor (M-CSF)?
and RANKL (6). RANKL (also known as OPGL, ODF, and
TRANCE), identified as a member of the TNF superfamily (7,
8), stimulates osteoclast formation and function by activating
its receptor RANK, a member of the TNF receptor (TNFR)
superfamily (8). RANKL also has a soluble decoy receptor, osteo-
protegerin (OPG), which inhibits RANKL functions by competing
with RANK for binding RANKL (9). Members of the TNFR super-
family primarily employ TNF receptor-associated factors (TRAFs)
to transmit downstream signaling (10). Indeed, RANK contains
three functional TRAF-binding sites in its cytoplasmic tail
(PEQEP?*° 373 PVQEET®**~5¢% and PVEQG®™~°%) (11, 12)
that activate six major signaling pathways (NF-«kB, JNK, ERK, p38,
NFATcl, and Akt) to regulate osteoclast formation, function,
and/or survival (6, 13). Moreover, a TRAF-independent RANK
cytoplasmic motif (IVVY>?°~%%%) has recently been identified and
shown to play a vital role in osteoclastogenesis by committing
BMMs to the osteoclast lineage in vitro (14) and stimulating the
osteoclast formation and function in vivo (15). Consistently, trun-
cating mutations causing loss of a region containing the IVVY
motif has been reported to cause osteopetrosis in humans (16).

TNF was shown to regulate osteoclastogenesis indirectly by
enhancing the expression of RANKL in stromal and osteoblas-
tic cells (17, 18). However, the discovery of RANK as a member
of the TNFR superfamily (8) and the subsequent observations
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gerin; RANK, receptor activator of nuclear factor-«B; RANKL, receptor acti-
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ated factor; TRAP, tartrate resistant acid phosphatase; UAB, University of
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JOURNAL OF BIOLOGICAL CHEMISTRY 37427



RANK IVVY Motif Is Vital for TNF-induced Osteoclastogenesis

that RANK also utilizes TRAFs to activate intracellular signal-
ing pathways (19-21) have led to a hypothesis that TNF can
directly target osteoclast precursors to stimulate osteoclasto-
genesis in vitro independently of the RANKL/RANK system
(22, 23). Indeed, several studies showed that TNF can stimulate
osteoclastogenesis in vitro independently of the RANKL/
RANK system (22, 23). Nonetheless, TNF fails to induce hyper-
calcemia in vivo when administrated to RANK /" mice, and
rare appearance of TRAF-positive cells was seen only near the
site of administration (24). Furthermore, OPG prevents inflam-
mation-induced bone loss in animal model of arthritis (25).
These in vivo studies have raised concerns about the reported
ability of TNF to mediate osteoclastogenesis in vitro independ-
ently of RANKL. Consistent with the in vivo studies, other
groups demonstrated that TNF cannot induce osteoclastogen-
esis in vitro unless assisted by permissive dosages of RANKL
(26, 27). However, the molecular mechanism by which TNF-
mediated osteoclastogenesis requires the permissive levels of
RANKL has not yet been fully investigated. In this study, we
have sought to address further the regulatory role of TNF in
osteoclastogenesis and investigated the molecular basis of the
requirement of TNF-mediated osteoclastogenesis for permis-
sive levels of RANKL.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Chemicals were purchased from
Sigma unless indicated otherwise. All synthetic oligonucleo-
tides were from Sigma-Genosys (Woodlands, TX). Recombi-
nant GST-RANKL was purified as described previously (28).
Mouse M-CSF was prepared from a M-CSF-producing cell line,
CMG14-12, which was constructed and kindly provided by Dr.
Sunao Takeshita (29). Recombinant mouse TNF (410-TRNC-
050) was obtained from R&D Systems. Anti-human Fas-acti-
vating antibody (Fas-AB) was purchased from Millipore. Anti-
human Fas antibody conjugated with phycoerythrin (sc-
21730PE) for flow cytometry was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Alexa Fluor 488 phalloidin
(A12379) and Hoechst 33258 (H1398) were from Invitrogen.

In Vitro Osteoclastogenesis Assays in Tissue Culture Dish—
BMMs were isolated from long bones of 4—6-week-old C3H
mice from Harlan Industries (Indianapolis, IN) and were main-
tained in a-minimal essential medium (a-MEM) containing
10% heat-inactivated FBS in the presence of M-CSF (220 ng/ml)
as described previously (30). Mice were maintained, and the
experiments involving mice were performed in accordance
with the regulations of the University of Alabama at Birming-
ham (UAB) institutional animal care and use committee. To
generate osteoclasts from BMMs, 5 X 10* cells/well were plated
in 24-well tissue culture plates and cultured in the presence of
44 ng/ml M-CSF and different concentrations of purified GST-
RANKL as indicated in individual experiments. The osteoclas-
togenesis cultures were stained for tartrate resistant acid phos-
phatase (TRAP) activity with a Leukocyte Acid Phosphatase kit
(387-A) from Sigma. All assays were performed in triplicate and
repeated at least two times. A representative view from each
condition is shown.
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Immunofluorescence Analysis of in Vitro Osteoclastogenesis
on Bone Slices—BMMs (5 X 10* cells/well) were seeded on
bovine cortical bone slices plated in 24-well tissue culture plates
and then cultured under conditions indicated in individual
experiments for 4 days to stimulate osteoclastogenesis. The
bone slices were then fixed with 3.7% formaldehyde solution in
PBS for 10 min at room temperature. They were then treated
with 0.1% Triton X-100 in PBS for 8 min and stained with Alexa
Fluor 488 phalloidin and Hoechst 33258 for 15 min for actin
ring and nucleic staining, respectively. The bone slices were
analyzed and imaged using a Leica DMIRBE inverted UV SP1
confocal microscope system with Leica confocal software at the
Imaging Facility of UAB. The assays were performed in tripli-
cate, and a representative view from each assay is shown.

In Vitro Bone Resorption Assays—BMMs (5 X 10* cells/well)
were seeded on bovine cortical bone slices plated in 24-well
culture plates and were cultured under conditions indicated in
individual experiments to promote osteoclast formation and
bone resorption. The bone slices were then harvested, and the
cells were subsequently removed with 0.25 M ammonium
hydroxide and mechanical agitation. Bone slices were subjected
to scanning electron microscopy for analysis using a Philips 515
scanning electron microscope in the Material Engineering
Department at UAB. The assays were performed in triplicate,
and a representative view from each assay is shown. The data
were quantified by measuring the percentage of the resorbed
areas in three random resorption sites. The percentage of the
resorbed area was determined using Image] analysis software
obtained from the National Institutes of Health.

Preparation of Retrovirus and Infection of BMMs—293GPG
cells were cultured in DMEM with 10% heat-inactivated FBS
supplemented with tetracycline, puromycin, G418, and penicil-
lin/streptomycin as described previously (31). The chimeric
receptor constructs, pMX-puro-hFas-RANK (Ch1) and pMX-
puro-hFas-PM3 (Ch2), were generated in previous studies (32).
pMX-puro-GFP (GFP) was prepared by inserting a GFP cDNA
into pMX-puro vector. The retroviral vectors were transiently
transfected into 293GPG cells using Lipofectamine Plus rea-
gent (Invitrogen). Virus supernatant was collected at 48, 72, and
96 h after transfection. BMMs were then infected with virus for
24 h in the presence of M-CSF (220 ng/ml) and 8 ug/ml Poly-
brene. Cells were further cultured in the presence of M-CSF
(220 ng/ml) and 2 ug/ml puromycin for selection and expan-
sion of transduced cells. Selected cells were subsequently used
for various studies. For assays involving the activation of the
chimeric receptor, human Fas-AB was added at the concentra-
tions indicated in individual assays.

Flow Cytometric Analysis—Retrovirally infected BMMs (1 X
10°) were suspended in 200 ml of a-MEM containing 10% heat-
inactivated FBS supplemented with M-CSF (44 ng/ml). Cells
were then blocked with 1 pg of 2.4G2 antibody (33) for 30 min
at 4 °C. Under dim light, 10 ul of human Fas-AB conjugated
with phycoerythrin was added to the cell suspension, and cells
were incubated for an additional 30 min at 4 °C before centri-
fuging at 2,000 rpm for 5 min. Cells were then washed three
times in 1 ml of a-MEM. Cells were suspended in 1 ml of
a-MEM for cytometric analysis. Flow cytometric analysis was
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performed using a BD LSR II flow cytometer at the Center for
AIDS Research at UAB.

Semiquantitative Reverse Transcription (RT)-PCR—Total
RNA was isolated from BMMs using TRIzol reagent (Invitro-
gen). 1 ug of total RNA was reversed-transcribed to cDNA with
oligo(dT) using the ThermoScript ™ RT-PCR system (Invitro-
gen). The RT was carried out in a 20-ul volume at 55 °C for 55
min followed by enzyme inactivation and RNA H digestion.
After completion, 40 ul of H,O was added to the reaction to
bring the volume to 60 ul. 5 wl was used for PCR amplification
of the MMP9, cathepsin K (Ctsk), TRAP, and GAPDH cDNAs
and 8 ul for carbonic anhydrase II (Car2) cDNA using the fol-
lowing condition: preheating at 95 °C for 2 min, (denaturing
95 °C for 30 s, annealing 58 °C for 30 s, and extension 72 °C for
30 s) X 20 cycles for MMP9, Ctsk, TRAP, and GAPDH tran-
scripts or X 25 cycle for Car2, followed by final extension 72 °C
for 5 min. PCR was performed with Go-Tag DNA polymerase
from Promega (Madison, WI) in a 50-ul reaction volume. PCR
primers are 5'-CTTCTTCTCTGGACGTCAAATG-3" and 5'-
CATTTTGGAAACTCACACGCC-3' for MMP9, 5'-AGAG-
AACTGGCACAAGGACTT-3" and 5'-CCTCCTTTCAGCA-
CTGCATTGT-3' for Car2, 5'-GATGCTTACCCATATGTG-
GGC-3" and 5'-CATATCCTTTGTTTCCCCAGC-3' for Ctsk,
5'-GCCAAGATGGATTCATGGGTGG-3' and 5'-CAGAGA-
CATGATGAAGTCAGCG-3' for TRAP, 5'-ACATCATCCC-
TGCATCCACTG-3" and 5'-TCATTGAGAGCAATGCC-
AGC-3' for GAPDH. 20 ul of PCR mixture was loaded on 2%
agarose gel for electrophoretic analysis. All semiquantitative
RT-PCR assays were independently repeated twice.

RESULTS

TNF Cannot Induce Osteoclastogenesis Partially Due to Its
Inability to Activate the Expression of Osteoclast Genes—Given
the controversy on the role of TNF in osteoclastogenesis, we
first independently examined whether TNF can mediate oste-
oclastogenesis in the presence of M-CSFE. Although BMM:s
treated with M-CSF and RANKL formed numerous osteoclasts
in tissue culture dish, those treated with M-CSF and TNF did
not form any osteoclast (Fig. 1A), replicating a finding from the
previous study that TNF cannot replace RANKL in mediating
osteoclastogenesis in tissue culture dish (26). To address this
issue further, we switched to a more physiologically relevant
assay to determine whether we can reproduce this finding on
bone slices (Fig. 1B). As a negative control, BMMs cultured on
bone slices with M-CSF alone remained mononuclear, did not
form actin ring, and were unable to resorb bone (fop row, Fig.
1B). As a positive control, M-CSF and RANKL promoted oste-
oclastogenesis on bone slices, which was substantiated by the
presence of multinucleation and actin ring, two important fea-
tures of mature osteoclasts, and numerous resorption pits (cen-
ter row, Fig. 1B). However, although M-CSF and TNF treatment
induced the formation of actin ring, the cells still remained
mononuclear (bottom row, Fig. 1B), revealing that TNF cannot
promote osteoclastogenesis on bone slices. The inability of
TNF to induce osteoclastogenesis on bone slices is further sub-
stantiated by lack of resorption pits on bone slices (far right
panel, Fig. 1B). Taken together, these results confirm that TNF
cannot replace RANKL in promoting osteoclastogenesis.
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FIGURE 1. TNF can neither induce osteoclastogenesis nor activate oste-
oclast genes. A, BMMs were treated with M-CSF (M, 44 ng/ml), M-CSF (44
ng/ml) and RANKL (100 ng/ml) (M+R), or M-CSF (44 ng/ml) and TNF (10
ng/ml) (M+T) in a tissue culture dish for 4 days (d). The cultures were then
stained for TRAP activity. B, BMMs on bone slices were cultured with M-CSF
(44 ng/ml), M-CSF (44 ng/ml) and RANKL (100 ng/ml), or M-CSF (44 ng/ml) and
TNF (10 ng/ml) for 4 days, and bone slices were then stained with Hoechst
33258 (Hoechst) or Alexa Fluor 488 phalloidin (Phalloidin). A separate set of
cultures was continued for 4 additional days to perform bone resorption
assays. C, BMMs were treated with M-CSF (44 ng/ml), M-CSF (44 ng/ml) and
RANKL (100 ng/ml), or M-CSF (44 ng/ml) and TNF (10 ng/ml) in a tissue culture
dish for 1, 2, or 4 days. Gene expression was determined by semiquantitative
RT-PCR.

Previous gene expression profiling studies have established
that RANKL stimulates osteoclast differentiation by altering
the expression of numerous genes (34-36). In particular,
RANKL dramatically up-regulates the expression of the genes
encoding MMP9, Car2, Ctsk, and TRAP (34, 35), which play
important roles in osteoclast formation and/or function and are
thus widely used as markers for osteoclasts (37, 38). To investi-
gate the molecular basis of the differential roles of RANKL and
TNF in osteoclastogenesis, we examined the effect of TNF on
the expression of the four osteoclast genes (Fig. 1C). Whereas
one-day RANKL treatment significantly increased the expres-
sion of these genes, TNF treatment as long as 4 days failed to do
so. This finding indicates that the inability of TNF to activate
the expression of genes required for osteoclast differentiation
accounts for its failure to promote osteoclastogenesis.

TNF Is Capable of Activating the Expression of Osteoclast
Genes in the Presence of Permissive Levels of RANKL—Lam et al.
demonstrated that TNF can induce osteoclastogenesis in tissue
culture dish in the presence of permissive levels of RANKL (26),
suggesting that permissive doses of RANKL may play a critical
role in rendering osteoclast genes responsive to TNEF. To
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FIGURE 2. TNF can induce osteoclastogenesis and activate osteoclast genes in the presence of permis-
sive levels of RANKL. A, BMMs were cultured with 44 ng/ml M-CSF (M) plus different doses of RANKL (R) with
orwithout TNF (T, 5 ng/ml) for 4 days (d) in a tissue culture dish. The cultures were then stained for TRAP activity.
B, BMMs were treated with M-CSF (44 ng/ml) and RANKL (10 ng/ml), M-CSF (44 ng/ml) and TNF (5 ng/ml), or
M-CSF (44 ng/ml) + RANKL (10 ng/ml) + TNF (5 ng/ml) for 1, 2, or 4 days. Gene expression was determined by
semiquantitative RT-PCR. C, BMMs on bone slices were treated with M-CSF (44 ng/ml) and RANKL (10 ng/ml),
M-CSF (44 ng/ml) and TNF (5 ng/ml), M-CSF (44 ng/ml) + RANKL (10 ng/ml) + TNF (5 ng/ml), or M-CSF (44
ng/ml) and RANKL (100 ng/ml) for 4 days, and bone slices were stained with Hoechst 33258 (Hoechst) or Alexa
Fluor 488 phalloidin (Phalloidin). A separate set of cultures was continued for 4 additional days to perform bone

resorption assays.

address this possibility, we first treated BMMs with M-CSF plus
different concentrations of RANKL in the absence or presence
of TNF for 4 days to identify subosteoclastogenic doses of
RANKL that can promote osteoclastogenesis in concert with
TNEF (Fig. 24). We further demonstrated that the longer treat-
ment (up to 8 days) of BMMs with the subosteoclastogenic dose
of RANKL (10 ng/ml) alone failed to promote osteoclast forma-
tion (supplemental Fig. 1). These data replicate a finding from
the previous study that low levels of RANKL, although unable
to promote osteoclastogenesis, can fully induce osteoclastogen-
esis in tissue culture dish when attended by TNF (26). To deter-
mine whether TNF can activate the expression of the four genes
in the presence of permissive levels of RANKL, we treated
BMMs with RANKL (10 ng/ml) and/or TNF (5 ng/ml) in the
presence of M-CSF for 1, 2, or 4 days (Fig. 2B). 10 ng/ml RANKL
barely activated the expression of the genes in the presence of
M-CSF (44 ng/ml) (lanes 1, 4, and 7). Similarly, TNF (5 ng/ml)
was unable to activate the osteoclast genes in the presence of
M-CSF (44 ng/ml) (lanes 2, 5, and 8). However, TNF (5 ng/ml)
and RANKL (10 ng/ml) together significantly up-regulated the
expression of Ctsk, TRAP, and Car?2 genes at day 1 (lane 3) and
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Thus, the data indicate that permis-
sive doses of RANKL play a crucial
role in TNF-mediated osteoclasto-
genesis by committing BMMs into
osteoclast lineage, which in part in-
volves rendering osteoclast genes
responsive to TNF.

Although we have recapitulated
the previous observation that TNF
can promote osteoclastogenesis in
tissue culture dish in the presence of
permissive levels of RANKL (Fig.
2A), it is still unclear whether TNF
can do so on the bone surface, which
represents physiological substra-
tum for osteoclasts. More impor-
tantly, it is also unknown whether
osteoclasts derived from stimula-
tion with TNF and permissive levels
of RANKL are functional. We
extended our study to address these
issues. We found that neither 10
ng/ml RANKL nor 5 ng/ml TNF
alone was able to mediate osteoclas-
togenesis on bone slices in the pres-
ence of M-CSF, as evidenced by lack
of multinucleation and resorption
pits (top two rows, Fig. 2C). In con-
trast, 5 ng/ml TNF plus 10 ng/ml
RANKL promoted osteoclastogen-
esis, which was substantiated by the
presence of multinucleation, actin
ring, and resorption pits (the third
row from top, Fig. 2C). As positive
control, 100 ng/ml RANKL stimu-
lated the formation of functional
osteoclasts on bone slices (bottom row, Fig. 2C). These data
demonstrate that TNF can promote osteoclastogenesis on the
bone surface in the presence of permissive levels of RANKL,
and more importantly, osteoclasts formed under this condition
are functional.

TNF Can Promote Osteoclastogenesis from BMMs Tran-
siently Exposed to RANKL—Next, we investigated whether
TNF is able to stimulate osteoclastogenesis from BMMs previ-
ously treated with RANKL in tissue culture dish (Fig. 34) and
bone slices (Fig. 3B). RANKL pretreatment as short as 6 h ren-
dered BMMs capable of forming osteoclasts in the tissue cul-
ture dish in response to subsequent TNF stimulation (top
panel, Fig. 3A). However, without subsequent TNF stimulation,
BMMs pretreated with RANKL for as long as 18 h failed to form
osteoclasts (bottom panel, Fig. 3A). The finding replicates the
conclusion from a previous study that TNF can promote oste-
oclastogenesis from BMM:s pretreated with RANKL (26). Con-
versely, we also examined whether TNF can prime BMMs to
form osteoclasts in response to subsequent RANKL stimula-
tion. BMMs were treated with 5 ng/ml TNF for 18 h, and then
the cultures were continued with 100 ng/ml RANKL for 3 days
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FIGURE 3. TNF can promote osteoclastogenesis and activate osteoclast genes in BMMs pretreated by
RANKL. A, BMMs were primed with M-CSF (M, 44 ng/ml) and RANKL (R, 100 ng/ml) for 6, 12, or 18 h and then
continued with M-CSF (44 ng/ml) alone or M-CSF (44 ng/ml) plus TNF (T, 5 ng/ml) for 3 days (d). BMMs treated
with M-CSF (44 ng/ml) plus RANKL (100 ng/ml) or M-CSF (44 ng/ml) plus TNF (5 ng/ml) served as positive and
negative controls, respectively. All cultures were then stained for TRAP activity. B, BMMs on bone slices were
primed with M-CSF (44 ng/ml) and RANKL (100 ng/ml) for 18 h and then treated with M-CSF (44 ng/ml) alone,
M-CSF (44 ng/ml) and TNF (5 ng/ml), or M-CSF (44 ng/ml) and RANKL (100 ng/ml) for 4 days, and bone slices
were then stained with Hoechst 33258 (Hoechst) or Alexa Fluor 488 phalloidin (Phalloidin). A separate set of
cultures was continued for 4 additional days to perform bone resorption assays. C, quantification of the bone
resorption assays is shown. Bars show averages * S.D. D, BMMs were primed with M-CSF (44 ng/ml) and RANKL
(100 ng/ml) for 18 h and then cultured 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 (5 ng/ml) for 1, 2, or 3 days. Gene expression was assessed by semiquantitative
RT-PCR.
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osteoclasts resulting from the con-
tinuous RANKL treatment (Fig. 3, B
and C), indicating that although
the TNF-induced osteoclasts are
functional, they do not resorb
bone as efficiently as those formed
by RANKL. Taken together, these
findings reveal that TNF can pro-
mote osteoclastogenesis from
BMMs transiently exposed to 100
ng/ml RANKL, but osteoclasts
formed under this condition have
lower capacity to resorb bone.
We then examined the effect of
RANKL pretreatment and subse-
quent TNF stimulation on the expres-
sion of the four osteoclast genes (Fig.
3D). The 18-h RANKL treatment ren-
dered all four genes persistently
responsive to TNF (lane 1 versus 3, 4
versus 6, and 7 versus 9, Fig. 3D).
Moreover, MMP9 transcripts were
not detectable 1 day after the pre-
treatment (lane 1, Fig. 3D), and the
expression levels of the Ctsk, TRAP,
and Car2 genes decreased with time
(lanes 1, 4, and 7, Fig. 3D), indicating
that 18-h RANKL pretreatment only
transiently turns on these genes.
However, once these genes are turned
on by RANKL pretreatment, their
expression can be further up-regu-
lated and maintained by TNF to pro-
mote osteoclast formation. These
findings support the notion that
RANKL primes BMMs into oste-
oclast lineage through rendering oste-
oclast genes responsive to TNF.
RANKL-mediated Osteoclast Lin-
eage Commitment Is Durable and
Involves Long Term Reprogramming
of Osteoclast Genes into an Induci-
ble State—TNF can promote oste-
oclastogenesis from BMMs previ-
ously exposed to RANKL (Fig. 3),
which suggests that RANKL-medi-

(supplemental Fig. 2). The data indicate that, unlike RANKL,
TNF cannot prime BMMs because BMMs pretreated with TNF
for 18 h formed smaller osteoclasts in response to subsequent
3-day RANKL treatment (supplemental Fig. 2), compared with
the assay involving 18-h RANKL pretreatment followed by
3-day TNF stimulation (Fig. 3A). Furthermore, whereas 18h
RANKL pretreatment without subsequent TNF stimulation
induced no osteoclastogenesis (top row, Fig. 3B), cultures con-
tinued with M-CSF plus TNF for 3 days formed osteoclasts on
the bone slices (center row, Fig. 3B). Nonetheless, osteoclasts
derived from RANKL pretreatment and subsequent TNF stim-
ulation gave rise to fewer resorption pits compared with control
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ated lineage commitment is durable. We performed additional
assays to address this possibility further (Fig. 4). The results
reveal that TNF can still promote osteoclastogenesis 2 days
after 18-h RANKL pretreatment (bottom right panel, Fig. 4A),
indicating that the RANKL-mediated lineage commitment is
not transient. Moreover, our gene expression assays show that
the expression of the genes decreases to almost undetectable
levels 3 days after the RANKL pretreatment (lanes 1, 4, and 7,
Fig. 4B). However, TNF can strongly restore the expression of
the four genes (lanes 3, 6, and 9, Fig. 4B), indicating that the
RANKL-mediated inducible state of the four osteoclast genes is
long term.
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FIGURE 4. RANKL mediated-BMM priming is durable. A, BMMs were treated with M-CSF (M, 44 ng/ml)
and RANKL (R, 100 ng/ml) for 18 h and then cultured with M-CSF alone for 0, 1, or 2 days (d) before treating
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 (T, 5
ng/ml) for 3 days. The cultures were stained for TRAP activity. B, BMMs were treated with M-CSF (44 ng/ml)
and RANKL (100 ng/ml) for 18 h and then cultured with M-CSF alone for 0, 1 or 2 days before treating 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 (5 ng/ml)
for 1 day. Gene expression was determined by semiquantitative RT-PCR. C, BMMs on bone slices were
treated with M-CSF (44 ng/ml) and RANKL (100 ng/ml) for 18 h and then cultured with M-CSF alone for 2
days before treating 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 (5 ng/ml) for 3 days, and bone slices were then stained with Hoechst 33258 (Hoechst) or
Alexa Fluor 488 phalloidin (Phalloidin). A separate set of cultures was continued for 4 additional days to
perform bone resorption assays. D, quantification of the bone resorption assays is shown. Bars show

Next, we determined whether
TNF induces the formation of func-
tional osteoclasts on bone slices 2
days after the 18-h RANKL pre-
treatment (Fig. 4C). TNF can pro-
mote osteoclastogenesis on bone
slices 2 days after RANKL pretreat-
ment, as indicated by the presence
of multinucleation (right panels, Fig.
4C). More importantly, these oste-
oclasts are capable of resorbing
bone, but their bone-resorbing
capacity is much lower than those
derived from RANKL stimulation
(bottom row, Fig. 4, C and D). Thus,
we conclude that RANKL-mediated
osteoclast lineage commitment is
durable and involves long term
reprogramming of osteoclast genes
into an inducible state in which they
can be activated by TNF.

RANK IVVY*35=238 Motif Plays a
Critical Role in TNF-mediated Oste-
oclastogenesis by Rendering Oste-
oclast Genes Responsive to TNF—
We have previously shown that the
RANK IVVY?>**7538 plays an essen-
tial role in priming BMMs to the
osteoclast lineage in RANKL-medi-
ated osteoclastogenesis (14). Thus,
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FIGURE 5. RANK IVVY>35-338 motif plays a critical role in TNF-mediated
osteoclastogenesis. A, schematic diagram of Ch1 and Ch2. B, flow cyto-
metric analysis of BMMs infected with virus encoding GFP, Ch1, or Ch2.
C, BMMs expressing GFP, Ch1, or Ch2 were treated with M-CSF (M, 44
ng/ml) and Fas-AB (F, 100 ng/ml) for 18 h. The cultures were then contin-
ued with M-CSF (44 ng/ml) alone or M-CSF (44 ng/ml) and TNF (T, 5 ng/ml)
for 4 days (d). Infected BMMs treated with M-CSF (44 ng/ml) plus Fas-AB
(100 ng/ml) or M-CSF (44 ng/ml) plus TNF (T, 5 ng/ml) for 5 days served as
positive and negative controls, respectively. The cultures were then
stained for TRAP activity.
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we investigated whether this [IVVY

motif also plays a role in priming
BMMs in TNF-induced osteoclastogenesis. To this end, we uti-
lized two chimeric receptors (Chl and Ch2) that were previ-
ously developed and validated (14, 32). Specifically, the chime-
ras were generated by linking the external domain of human Fas
to the transmembrane and cytoplasmic domains of normal
mouse RANK (Ch1) or RANK-bearing inactivating mutations
in the IVVY motif (Ch2) (Fig. 54) (32). These chimeras can be
activated by a specific Fas-AB to activate RANK exclusively
without affecting endogenous mouse Fas (32). Flow cyto-
metric analysis showed that Chl and Ch2 were expressed at
comparable levels on the surface of infected cells (Fig. 5B).
Although Chl-expressing cells formed osteoclasts in response
to 5-day M-CSF and Fas-AB treatment, those expressing Ch2
generated no osteoclasts (top row, Fig. 5C), confirming our pre-
vious observation that the IVVY motif plays an essential role in
osteoclastogenesis (14). When Chl- or Ch2-expressing cells
were treated with M-CSF and TNF for 5 days, they both failed
to form osteoclasts (second row from top, Fig. 5C). However, in
the chimera-expressing cells that were treated with M-CSF plus
Fas-AB for 18 h prior to the TNF stimulation, the Ch1-express-
ing cells, but not Ch2-expressors, formed osteoclasts (¢hird row
from top, Fig. 5C). As a control, the chimera-expressing cells
pretreated with M-CSF plus Fas-AB for 18 h failed to induce
osteoclastogenesis in response to 4-day stimulation with
M-CSF alone (bottom row, Fig. 5C). These results indicate that
the IVVY motif is specifically responsible for priming BMMs.
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FIGURE 6. RANK IVVY>35-538 motif renders osteoclast genes responsive to
TNF. A, BMMs expressing GFP, Ch1, or Ch2 were treated with M-CSF (M, 44
ng/ml) alone, M-CSF (44 ng/ml) and Fas-AB (F, 100 ng/ml), or M-CSF (44
ng/ml) and TNF (7, 5 ng/ml) for 18 h. B, BMMs expressing GFP, Ch1, or Ch2
were treated with M-CSF (44 ng/ml) and Fas-AB (100 ng/ml) for 18 h, and the
cultures were then continued with M-CSF (44 ng/ml) alone or M-CSF (44
ng/ml) and TNF (5 ng/ml) for 4 days (d). Infected BMMs treated with M-CSF (44
ng/ml) plus Fas-AB (100 ng/ml) or M-CSF (44 ng/ml) plus TNF (5 ng/ml) for 5
days served as positive and negative controls, respectively. Gene expression
in A and B was determined by semi-quantitative RT-PCR.

Next, we examined the role of the RANKIVVY motif in acti-
vating the expression of the MMP9, Ctsk, TRAP, and Car2
genes using the chimeric receptor approach. The expression of
the four genes was activated in the Chl-expresors but not in
Ch2-expressors following 18-h Fas-AB priming (lanes 5 and 6,
Fig. 6A), demonstrating that the [IVVY motif plays a crucial role
in the activation of the genes. These results also indicate that
the IVVY mediates BMM priming partly by activating the oste-
oclast genes. We then determined whether the IVVY motif is
involved in rendering these genes responsive to TNF (Fig. 6B).
We found that the expression of the four genes was activated in
BMMs expressing Chl but not Ch2, indicating that the RANK
IVVY motif is specifically response for reprogramming genes
into the inducible state.

We further investigated the role of the IVVY motif in TNEF-
induced osteoclastogenesis in the co-treatment setting
described in Fig. 2. BMMs expressing comparable levels of Ch1
or Ch2 (Fig. 7A) formed no osteoclasts when treated with
Fas-AB (10 ng/ml) and M-CSF for 5 days (top row, Fig. 7B).
However, Chl-expressing cells, but not those expressing Ch2,
formed osteoclasts when stimulated with Fas-AB (10 ng/ml)
plus TNF (5 ng/ml) in the presence of M-CSF for 5 days (bottom
row, Fig. 7B). These data further demonstrate that the IVVY
motif plays a critical role in TNF-mediated osteoclastogenesis.
Consistently, the expression of the four osteoclast genes was
activated in Chl-expressing cells, but not in those expressing
Ch2, when stimulated with Fas-AB (10 ng/ml) plus TNF (5
ng/ml) in the presence of M-CSF for 3 days (lanes 8 and 9, Fig.
7C). These results further demonstrate that the IVVY motif
plays a critical role in TNF-mediated osteoclastogenesis by
reprogramming osteoclast genes into an inducible state in
which they can be activated by TNF.
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FIGURE 7. TNF-induced osteoclastogenesis attended by permissive
Fas-AB dosage requires RANK IVVY>3>~*3%.mediated signaling. A, flow
cytometric analysis of BMMs infected with virus encoding GFP, Ch1, or Ch2 is
shown. B, BMMs expressing GFP, Ch1, or Ch2 were treated with M-CSF (M, 44
ng/ml) and Fas-AB (F, 10 ng/ml) with or without TNF (7, 5 ng/ml) for 5 days (d).
The cultures were then stained for TRAP activity. C, BMMs expressing GFP,
Ch1, or Ch2 were treated with M-CSF (44 ng/ml) and Fas-AB (10 ng/ml), M-CSF
(44 ng/ml) and TNF (5 ng/ml), or M-CSF (44 ng/ml) + Fas-AB (10 ng/ml) + TNF
(5 ng/ml) for 3 days. Gene expression was determined by semiquantitative
RT-PCR.

DISCUSSION

It was initially shown almost a quarter of century ago that
TNF stimulates bone resorption in organ cultures (fetal rat
bones) in vitro (39). This important observation prompted a
question of whether estrogen exerts its bone-sparing effect by
modulating the production of this cytokine (40). Indeed, subse-
quent studies demonstrated that human peripheral blood
monocytes from ovariectomized premenopausal women
secrete increased amounts of TNF (41). Moreover, it was also
shown that estrogen inhibits the expression of TNF in osteo-
blasts and stromal cells (42). These findings support the notion
that estrogen exerts its protective effect on bone by suppressing
the expression of TNF. The pathological role for TNF in post-
menopausal osteoporosis was further supported by animal
model studies demonstrating that knock-out mice deficient in
either TNF or TNFR1 are resistant to ovariectomy-induced
bone loss (43). As a potent proinflammatory cytokine impli-
cated in the pathogenesis of rheumatoid arthritis (4) and peri-
odontitis (5), TNF has later been demonstrated to play a role in
the bone loss associated with these inflammatory conditions (4,
5). Therefore, an effective therapy of the TNF-induced bone
loss certainly requires a precise understanding of the mecha-
nism by which TNF promotes bone loss.

Early studies indicated that TNF induces bone loss indirectly
by stimulating osteoblasts to produce numerous factors includ-
ing IL-6, M-CSF, and granulocyte-macrophage colony stimu-
lating factor, which in turn promote osteoclast formation and
function (40, 44). The discovery of the RANKL/RANK/OPG
system has led to a revelation that RANKL is also among the
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factors produced by osteoblasts in response to TNF stimulation
(17, 18), which further supports the indirect role of this cyto-
kine in osteoclastogenesis. Importantly, more recent investiga-
tions have found that TNF also directly targets osteoclast pre-
cursors and mature osteoclasts to modulate osteoclast
formation, function, and survival (22, 23, 45). However, how
exactly TNF directly regulates osteoclastogenesis remains con-
troversial. Whereas some groups showed that TNF can pro-
mote osteoclastogenesis in vitro independently of the RANKL/
RANK system (22, 23), others demonstrated that TNF cannot
induce osteoclastogenesis in vitro unless assisted by permissive
levels of RANKL (26, 27).

Our current studies have further confirmed the previous
finding that although TNF cannot stimulate osteoclastogenesis,
it can induce the formation of functional osteoclasts in the pres-
ence of permissive levels of RANKL. More importantly, we have
also shown that TNF can promote the formation of functional
osteoclasts 2 days after transient RANKL pretreatment. These
findings have important implications for not only better under-
standing the pathological roles of TNF and RANKL in various
bone disorders but also devising better therapeutic strategies.
For instance, although estrogen deficiency leads to an elevation
in the expression of TNF and RANKL in bone marrow cells (41,
43, 46), the magnitude and temporal pattern of the changes in
the expression of these two cytokines may differ among
patients. Given that RANKL is a potent osteoclastogenic factor
that alone sulffices to stimulate osteoclastogenesis in the pres-
ence of M-CSF, a persistent and high elevation in RANKL
expression, with or without a significant increase in TNF levels,
can lead to the development of osteoporosis. Based on the cur-
rent findings, it is reasonable to assume that either a low but
persistent elevation or a transient but significant increase in
RANKL levels, in concert with a dramatic increase in TNF lev-
els, can promote the development of osteoporosis in certain
patients. Consequently, although blockage of RANKL should
be an effective therapeutic approach in the former circum-
stance, inhibition of either RANKL or TNF can be used to pre-
vent and treat bone loss in the latter case.

Our second goal was to investigate the molecular basis of the
RANKL-mediated priming for TNF-mediated osteoclastogen-
esis. It was shown previously that RANKL and TNF, through
the transient activation of the JNK and NF-«B pathways,
exhibit a synergistic effect which may underlie the priming of
BMMs by RANKL (26). Our new data indicate that RANKL-
mediated priming is durable because TNF can still promote
osteoclastogenesis 2 days after the 18-h RANKL priming (Fig. 4,
A-C). Thus, we suspected that other mechanisms may also be
involved in priming BMMs. Although RANKL also activate sev-
eral other signaling pathways such as Akt, ERK, and p38 (6, 13),
these pathways are unlikely to mediate the RANKL-mediated
BMM priming because they are also transiently activated by
RANKL. Previous studies have established that RANKL pro-
motes osteoclastogenesis by regulating the expression of a large
set of genes (34-36). Hence, we decided to investigate the
molecular basis of the RANKL-mediated priming at the gene
expression level by examining the role of RANKL in the expres-
sion of four osteoclast genes (MMP9, Ctsk, TRAP, and Car2).
We found that although TNF cannot activate these genes, the
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presence of permissive levels of RANKL in the cultures or 18-h
RANKL pretreatment of BMMs renders these genes responsive
to TNF treatment. Most importantly, we have also revealed that
the RANK IVVY>?*723% motif is responsible for the RANKL-
mediated priming and reprogramming the selected osteoclast
genes into an inducible state. Although we only chose four
highly recognized osteoclast genes for the study, it is reasonable
to conclude that RANKL primes BMMs in part by reprogram-
ming some of osteoclast genes into an inducible state in which
they can be activated by TNF. It is noted that although TNF can
promote the formation of multinucleated TRAP-positive cells 2
days after the 18-h RANKL priming, these cells are less efficient
in resorbing bone (Figs. 3B and 4C). Thus, it is likely that
RANKL can reprogram only a subset of osteoclast genes into an
inducible state which is sustainable.

As discussed above, an effective blockage of RANKL can be
used to prevent and treat bone loss in various bone disorders.
Because the RANKL/RANK/OPG axis not only plays a pivotal
role in osteoclast formation and function (19) but is also
involved in other biological processes such as dendritic cell sur-
vival and activation (47), T cell activation (48), and B cell differ-
entiation (48), use of agents that function to inhibit RANKL-
RANK interaction may cause deleterious effects on immune
responses (49). Previously, we demonstrated that the IVVY
motif plays an essential role in RANKL-mediated osteoclasto-
genesis by committing BMMs into the osteoclast lineage (14).
In the current study, we have shown that the IVVY motifis also
crucially involved in TNF-mediated osteoclastogenesis. More-
over, it has been shown that IVVY is not involved in the activa-
tion of the known RANK signaling pathways (14, 15). Thus, we
believe that the RANK IVVY motif and its downstream signal-
ing pathway(s) may have the potential to serve as better thera-
peutic targets for bone loss associated with various pathological
conditions.

In summary, our key findings are as follows. (i) although TNF
cannot stimulate osteoclastogenesis on bone slices, it can
induce the formation of functional osteoclasts on bone slices in
the presence of permissive levels of RANKL. (ii) TNF can also
promote the formation of functional osteoclasts 2 days after
transient RANKL pretreatment. (iii) TNF cannot stimulate
osteoclastogenesis in part because of its inability to activate the
expression of osteoclast genes. (iv) RANKL plays a crucial role
in TNF-induced osteoclastogenesis by reprogramming genes
into an inducible state in which they can be activated by TNF.
(v) the RANK IVVY>3°~°38 motif mediates the reprogramming
of osteoclast genes into an inducible state. These observations
provide important new insights into the molecular mechanism
by which RANKL regulates TNF-mediated osteoclastogenesis.
Our work has further addressed the controversy regarding the
regulatory role of TNF in osteoclastogenesis, which helps better
understand the pathological role of TNF in bone loss in various
bone disorders. Significantly, the IVVY motif, due to its critical
role in TNF-mediated osteoclastogenesis, has the potential to
serve as a new therapeutic target for bone disorders. Interest-
ingly, a recent study has shown that that the IVVY motif
engages Vav3 indirectly via an unknown adaptor protein to reg-
ulate osteoclastogenesis (15). Thus, one potential mechanism
by which RANKL primes BMMs may involve the reorganiza-
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tion of cytoskeleton by the IVVY motif-mediated signaling,
leading to the constitutive activation of the RANK signaling
required for osteoclastogenesis. Alternatively, because the
IVVY motifis involved in reprogramming osteoclast genes into
an inducible state, the IVVY motif-mediated signaling may
prime BMMs by inducing epigenetic changes in the promoters
of osteoclast genes, rendering them inducible by TNF. Hence,
future studies aimed at identifying the unknown adaptor pro-
tein directly interacting with the IVVY motif may facilitate the
unraveling of the molecular mechanisms by which RANKL
primes BMMs and/or reprograms osteoclast genes into an
inducible state.
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