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Abstract
Recent evidence indicates that the decoy receptor 3 (DcR3) of
the TNF receptor superfamily, which initially though prevents
cytokine responses of FasL, LIGHT and TL1A by binding and
neutralization, can modulate monocyte function through
reverse signaling. We show in this work that DcR3 can
induce osteoclast formation from human monocytes, murine
RAW264.7 macrophages, and bone marrow cells. DcR3-
differentiated cells exhibit characteristics unique for osteo-
clasts, including polynuclear giant morphology, bone resorp-
tion, TRAP, CD51/61, and MMP-9 expression. Consistent with
the abrogation of osteoclastogenic effect of DcR3 by TNFR-
Fc, DcR3 treatment can induce osteoclastogenic cytokine
TNF-a release through ERK and p38 MAPK signaling
pathways. We conclude that DcR3 via coupling reverse
signaling of ERK and p38 MAPK and stimulating TNF-a
synthesis is a critical regulator of osteoclast formation. This
action of DcR3 might play an important role in significant
osteoclastic activity in osteolytic bone metastases.
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Introduction

Osteoclasts, multinucleated giant cells that resorb bone,
develop from hemopoietic cells of monocyte/macrophage

lineage. 1,2 Osteoclasts and macrophages are known to have
several morphological, cytochemical, and functional charac-
teristics in common, and are derived from the same committed
population of hematopoietic precursors.3 In vitro studies have
shown that osteoclasts in both mouse and humans may form
directly from precursor cell populations of monocytes and
macrophages.4

To date, at least two key molecules that are essential and
sufficient to the promotion of osteoclastogenesis have been
identified, that is, macrophage colony-stimulating factor (M-
CSF) and the receptor for activation ofNF-kB ligand (RANKL).5

M-CSF, which is imperative for macrophage maturation, binds
to its receptor on early osteoclast precursors, thereby providing
signals required for their survival, proliferation, and differentia-
tion.4,6 RANKL, on the other hand, binds to receptors for
activation of NF-kB (RANK) and induces signals necessary for
both differentiation and activation of osteoclasts.2,7,8

In addition to M-CSF and RANKL, various cytokines and
hormones have been shown to play roles in the differentiation
of pluripotent osteoclast progenitors into mature multinu-
cleated osteoclasts,5,9 such as interleukin-1b (IL-1b),10

interleukin-6 (IL-6),11 interleukin-11,12 transforming growth
factor-b (TGF-b),13 1a, 25-dihydroxyvitamin D3,

14 glucocorti-
coids,5 and tumor necrosis factor-a (TNF-a).12,15–17 The
pleiotropic cytokine TNF-a has been implicated in the
pathogenesis of osteoclastogenesis via the activation of
TNF receptor 1 (TNFR1).15,18,19

Decoy receptor 3 (DcR3) is a member of the TNF receptor
superfamily and has been shown to be the decoy receptor for
Fas ligand (FasL),20 LIGHT,21 and TL1A.22 DcR3 lacks a
transmembrane domain and is regarded as a secreted
molecule. Recently, several lines of evidence suggest a
significant role for DcR3 in the immune suppression and tumor
progression. First, DcR3 is not detectable in normal tissues,
but is amplified in malignant tissues, such as human
adenocarcinomas of esophagus, stomach, colon, rectum,
pancreas, glioblastomas, and lymphomas.20,23–26 Clinical
data further indicate a significance of detecting serum DcR3
as a novel parameter for the diagnosis, treatment, and
prognosis of malignancies.27,28 Second, DcR3 through
neutralizing cytokine-mediated apoptosis can decrease T-
cell-mediated immunity and stimulate angiogenesis. In this
context, tumor cells engineered to release high amounts of
DcR3 are protected from FasL-induced apoptotic cell death
and chemotaxis, which results in decreased immune cell
infiltration in tumor xenografts.25 Through neutralization of
LIGHT-mediated tumor apoptosis and T-cell stimulation,
DcR3 protects tumor cells from immune surveillance.29,30

Moreover, DcR3 can neutralize TL1A, which is an angiostatic
factor in endothelial cells and provides T-cell co-stimulating
signals.22,31,32 Third, we recently observed novel actions of
DcR3 in monocytes. These include: (i) the modulation of
dendritic cells’ (DCs) differentiation and maturation, skewing
the immune response from Th1 to Th2,33 (ii) the modulation of
macrophage differentiation and impairment of macrophage
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function,34 and (iii) the enhancement of monocyte adhesion.35

These three actions of DcR3 in monocytes are triggered by
reverse signalings, irrelevant to cytokine neutralization, and
contributes to suppression of host antitumor immunity.
Growing evidence has demonstrated that members of the

TNF superfamily transduce the ‘reverse signals’ after en-
gagement with their receptors.29,36–39 Since our recent study
suggested that DcR3, like other members of the TNFR
superfamily, is capable of triggering ‘reverse signaling’ to
modulate monocyte differentiation,33–35 we are interested in
this study to understand whether DcR3 has any effects in
modulating osteoclastogenesis from monocytes/macro-
phages.

Results

DcR3 induces osteoclast differentiation from
monocytes, macrophages, and bone marrow

Primary monocytes can differentiate into osteoclast-like cells
in the presence of RANKL (100 ng/ml). In the presence of M-
CSF (200 ng/ml), the osteoclastogenic effect of RANKL was
enhanced. This differentiation was verified not only by the
appearance of multinuclear cells (Figure 1a) but also by the
positive staining with TRAP (Figure 1d). Surprisingly, we
found that DcR3 itself can mimic the effects of M-CSF and
RANKL within 0.3–10mg/ml (Figure 1d). Moreover, the co-
presence of both cytokines additively enhanced the differ-
entiation effect of DcR3 (0.3–10 mg/ml).
The stimulating effect of DcR3 on osteoclast differentiation

was also observed inmurine RAW264.7macrophages and rat
bone marrow, where M-CSF (20 ng/ml) and RANKL (50 ng/
ml) were able to cause osteoclast formation. Culturing for 5
days in RAW264.7 cells (Figure 1b, e) and for 8 days in rat
bone marrow (Figure 1c, f), DcR3 dose-dependently stimu-
lated the formation of TRAP-positive cells. The morphology of
TRAP-positive cells induced by DcR3 was quite similar to that
induced by M-CSF/RANKL (Figure 1b, c). Comparing these
cell types, morphologically larger multinuclear cells were
observed in cells differentiated from RAW264.7 and bone
marrow cells than humanmonocytes.We not only counted the
number of TRAP-positive cells, but also the numbers of nuclei
per osteoclast to more properly compare the fusion abilities of
DcR3 and cytokines in different cell types. The fusion indexes
expressing the degree of osteoclastogenesis were as follows:
in human monocytes, 772% (n¼ 7) of control group were,
respectively, increased to 3173% (n¼ 9) and 2272% (n¼ 7)
in DcR3- and cytokine-treated groups; in murine RAW264.7
macrophages, 0% (n¼ 7) of control group were respectively
increased to 1173% (n¼ 9) and 3175% (n¼ 9) in DcR3- and
cytokine-treated groups; in bonemarrow, 0% (n¼ 3) of control
group were, respectively, increased to 1573% (n¼ 3) and
1372% (n¼ 3) in DcR3- and cytokine-treated groups.
To understand whether differentiated osteoclast-like multi-

nuclear cells induced by DcR3, RANKL, and M-CSF have
similar characteristics as osteoclasts, functional identification
was performed. First, the bone resorption was confirmed in an
in vitro culture system. Using commercial calcium phosphate
apatite as a resorption substrate, pit formation caused by
DcR3- and cytokine-treated monocytes (Figure 2a, c), and

RAW264.7 macrophages (Figure 2b, d) were observed in
profusion as compared to the cultures of cells without
differentiation agents. When using natural bone slices as the

Figure 1 DcR3-induced formation of osteoclast-like multinucleated cells from
human monocytes, RAW264.7 macrophages, and rat bone marrow cells. (a, d)
Human PBMC were plated in 96-well plates at 1.5� 105 cells/well, and the next
day the adherent monocytes were treated with DcR3 at the concentrations
indicated, M-CSF (200 ng/ml), and RANKL (100 ng/ml) for 7 days. After
incubation, cells were subjected to the TRAP assay. Cell morphology was
examined by light microscopy, and the number of TRAP-positive multinuclear cell
was quantified. (b, e) RAW264.7 cells were seeded at 2� 103 cells in 96-well
plates and incubated for 5 days with DcR3 at the concentrations indicated, M-
CSF (20 ng/ml), and RANKL (50 ng/ml). (c, f) Rat bone marrow cells were
cultured in 96-well plates (2� 104 cells/well) in the presence of DcR3 at the
concentrations indicated, M-CSF (20 ng/ml), and RANKL (50 mg/ml) for 8 days.
After incubation, cells were photographed or subjected to the TRAP assay.
Images in (a), (b), and (c) represent � 100 magnification and arrows indicate the
differentiated osteoclasts. Data in (d), (e), and (f) represent the mean7S.E.M.
from three-six independent experiments. *Po 0.05 as compared with control
without DcR3 and cytokine treatment; #Po0.05 as compared with DcR3 alone at
indicated concentrations
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substrate, we also showed that DcR3 and M-CSF/RANKL
were able to induce lacunar formation in bone marrow groups
(Figure 2e).
In addition to the functional characterization, we examined

whether CD51/61 (vitronectin receptor), TRAP, and MMP-9
were expressed. These three molecules have been widely
used as specific markers of osteoclasts.40 Compared to the
absence of CD51/61 protein in undifferentiated RAW264.7
macrophages, this marker was induced in cells cultured for 5
days in DcR3- or cytokine-containing medium (Figure 3a). In
the meantime, dramatic levels of TRAP mRNA and MMP-9
mRNA, which were absent in undifferentiated monocytes and
RAW264.7 macrophages, were induced by DcR3 and M-
CSF/RANKL (Figure 3b, c).

ERK and p38 MAPK are involved in DcR3 signaling

Three members of MAPKs, ERK, p38 MAPK, and JNK, have
been implicated in the mediation of cytokine-regulated

osteoclastogenesis.26,41–43 To elucidate the signaling path-
ways underlying DcR3 action, we examined the activation of
MAPKs in RAW264.7 cells treated with DcR3, RANKL, or M-
CSF by immunoblotting. Similar to the stimulation by RANKL
and M-CSF alone, DcR3 at 3mg/ml markedly induced the
phosphorylation of ERK and p38 MAPK (Figure 4a, b). In
contrast, DcR3 did not induce phosphorylation of JNK for up to
60min. Nevertheless, RANKL and M-CSF alone rapidly
induced the phosphorylation of JNK (Figure 4c). PD98059
and U0126 (two selective mitogen-activated protein/ERK
kinase (MEK) inhibitors), as well as SB203580 (a selective
p38 MAPK inhibitor) were used to further confirm the
involvement of ERK and p38 MAPK in the actions of DcR3
and cytokines. As shown in Figure 5, differentiation of
RAW264.7 macrophages or monocytes into TRAP-positive
multinuclear cells was attenuated to different extents (30–
55% inhibition) by these kinase inhibitors, no matter what
differentiation inducers were given. These results suggest
that ERK and p38 MAPK signaling pathways might contribute
to the osteoclastogenic effect of DcR3.

DcR3 stimulates the NF-jB signaling pathway in
the late stage

In addition to MAPKs, activation of transcription factor NF-kB
is also involved in osteoclast differentiation.17 Therefore, an
electrophonetic mobility shift assay (EMSA) was performed to
test the effects of DcR3 and cytokines on the DNA-binding
activity of NF-kB. A significant increase in NF-kB-DNA-
binding activity was observed after 1 h treatment of
RAW264.7 macrophages with M-CSF/RANKL or LPS
(Figure 6a). In contrast, DcR3 alone was unable to activate
NF-kB under the same conditions. Nevertheless, NF-kB
activation by DcR3 gradually increased after 3 h treatment,
and peaked at 12 h (Figure 6b). These data suggest that NF-
kBactivationmight not be the primary or direct action of DcR3,
while it might be an indirect consequence to the action of other
cytokine(s).

TNF-a synthesis mediates the effect of DcR3

Based on the delayed onset of NF-kB activation, we tried to
understand whether DcR3 could induce the secretion of some
cytokines, which subsequently induce NF-kB activation and
osteoclast differentiation. We first used RAW264.7 cells to
test whether TNF-a, IL-6, and TGF-b are involved in DcR3-
induced osteoclastogenesis. As shown in Figure 7a, TNF-a
(0.3–10 ng/ml) concentration dependently stimulated osteo-
clastogenesis of RAW264.7 macrophages, and this action
was abrogated by TNFR1-Fc (3 mg/ml). Likewise, IL-6 (10 ng/
ml) and TGF-b (3 ng/ml) were also able to induce the
differentiation of macrophages into osteoclasts, and their
actions were inhibited by IL-6 and anti-TGF-b antibodies,
respectively. It is interesting to note that the DcR3-induced
osteoclast formation from RAW264.7 cells was inhibited by
TNFR1-Fc, but was unaffected by IL-6 and TGF-b antibodies
(Figure 7b).
It has been shown that LIGHT, a ligand for DcR3,

lymphotoxin-b receptor (LTbR), and herpesvirus entry

Figure 2 DcR3-induced bone resorption activity. With different agents
treatment, human monocytes (a, c) and RAW264.7 macrophages (b, d) were
cultured in bone resorption wells, and rat bone marrow cells were cultured in a pig
bone slice (e). Cells were detached after 7 days (for the monocyte group), 5 days
(for the RAW264.7 group), or 8 days (for the bone marrow group) of culture. The
bone slices were then stained with 0.5% (v/v) toluidine blue for 3 min followed by
photography. The number of pits in each well was observed and calculated using
a microscope. Data in (c) and (d) represent the mean7S.E.M. from five
independent experiments. *Po0.05 as compared with control without DcR3 and
cytokine treatment
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mediator (HVEM),21,44 is released from activated macro-
phages. Since macrophages bear both LTbR and HVEM,
whichmediate the NF-kB signaling pathway, the possibility for
DcR3-mediated osteoclastogenesis resulting from the neu-
tralization of LIGHT was considered. In addition, the
possible involvement of released RANKL from macrophages
in DcR3 stimulation was considered. To clear both concerns,
LTbR-Fc and RANK-Fc were tested. Results indicate that
LTbR-Fc did not alter DcR3 action, while RANK-Fc
treatment slightly but significantly reduced the response
of DcR3 (Figure 7b). Under the same concentration
examined, RANK-Fc effectively inhibited M-CSF/RANKL-
mediated action. It is interesting to note that IL-6 antibodies
weakly but significantly inhibited osteoclastogenesis
induced by cytokines (Figure 7b). These findings
suggest that the mechanisms exerted by DcR3 and M-CSF/
RANKL to induce osteoclast differentiation are not exactly the
same.

Finally, we tested whether nitric oxide (NO) and eicosa-
noids are also involved in the formation of TRAP-positive
multinuclear cells induced by DcR3 and M-CSF/RANKL. The
reason for raising this possibility is the fact that both NO and
eicosanoids are major inflammatory mediators produced by
macrophages, and also play a regulatory role in osteoporosis.
We found NG-nitro-L-arginine methyl ester (L-NAME, a
selective inhibitor of inducible NO synthase) slightly attenu-
ated the effect of M-CSF/RANKL, but did not alter the effect of
DcR3. In contrast, NS-398 (a selective inhibitor of cycloox-
ygenase-2) did not affect the differentiation process induced
by cytokines and DcR3 (Figure 7b).
Subsequently, we conducted similar examination in human

monocytes. We found that the promotion of osteoclast
differentiation by DcR3 was abrogated by TNFR1-Fc, but
was not changed by other treatments (Figure 7c). In contrast,
M-CSF/RANKL-induced osteoclast differentiation of human
monocytes was inhibited by RANK-Fc, and IL-6 antibody.

Figure 3 Expression of osteoclast markers on osteoclasts differentiated by DcR3. RAW264.7 cells were treated with vehicle, DcR3 (3 mg/ml) or M-CSF (20 ng/ml) plus
RANKL (50 ng/ml) for 5 days. After incubation, cells were treated with anti-CD51/61-FITC and analyzed by flow cytometry (a). Human monocytes were cultured in the
presence of vehicle, DcR3 (3 mg/ml) or M-CSF (200 ng/ml) plus RANKL (100 ng/ml) for 7 days, and RAW264.7 cells were cultured in the presence of vehicle, DcR3 (3mg/
ml) or M-CSF (20 ng/ml) plus RANKL (50 ng/ml) for 5 days. After incubation, TRAP (b) and MMP-9 (c) mRNAs were detected by RT-PCR. Similar results were obtained
from another three separate experiments
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DcR3 induces TNF-a release through ERK and p38
MAPK signaling

Following our finding that TNF-a might mediate DcR3 action,
we directly assayed TNF-a level in cell culture medium.
Compared to the increased level in RAW264.7 cells and
monocytes, a higher release of TNF-a was detected in DcR3
group than in M-CSF/RANKL group (Figure 8a, b). The time-
dependent TNF-a release reached the peak at 24 h following
DcR3 (3mg/ml) treatment (Figure 8c). Compared to the action
of DcR3, the elicited TNF-a release by M-CSF/RANKL
displayed a rapid onset. We could not detect any significant
increases in IL-6, IL-1b, TGF-b, NO, or PGE2 in DcR3-treated
RAW264.7 cells (Figure 8a) and monocytes (Figure 8b). In
contrast, dramatic increases in TNF-a, IL-6, IL-1b, TGF-b,
NO, and PGE2 were observed in lipopolysaccharide (LPS,
1mg/ml)-treated cells (Figure 8a, b).
After we discovered the crucial role of TNF-a in DcR3

action, we elucidated whether the rapid onset of ERK and p38
MAPK activation contributes to TNF-a release. We found that
DcR3-stimulated TNF-a release from RAW264.7 macro-
phages was attenuated by PD98059, U0126, and
SB203580 (Figure 8d), suggesting the participation of ERK
and p38 MAPK in DcR3-induced TNF-a release.

Discussion

Since DcR3, a decoy receptor belonging to TNF receptor
superfamily, is expressed in a variety of tumor cells and a
large increase in bone resorption is associated with bone
metastases of many tumors, it is important to determine

whether DcR3 is one of the factors that contribute to the
osteolytic bone metastases. In this study, we demonstrate a
novel and unique action of DcR3 in osteoclastogenesis, and
provide a new insight into the molecular mechanism by which
cancer cells metastases to bone and cause secondary
osteoporosis.
The action of DcR3 in promoting osteoclast-like cell

formation was proven in three precursor cell models (human
monocytes, rat bone marrow cells, and murine RAW264.7
macrophages) and compared with RANKL and M-CSF, two
potent cytokines known to efficiently achieve osteoclast
differentiation.6,12,45,46 In RAW264.7 macrophages and hu-
man monocytes, our observations are in line with previous
reports showing that cytokines other thanRANKL andM-CSF,
such as TNF-a,12,15–17 IL-6,11 and TGF-b,13 are able to
enhance the formation of osteoclast-like cells. Although TNF-
a action is independent of RANKL, it is also known to
potentiate strongly with RANKL. For example, a minuscule
amount of RANKL is sufficient to synergize with TNF-a to
promote osteoclastogenesis from precursor cells.17,41,47

Figure 4 ERK and p38 MAPK activation by DcR3. RAW264.7 cells were
treated with vehicle, DcR3 (3 mg/ml), M-CSF (20 ng/ml), or RANKL (50 ng/ml) for
the indicated time periods. After stimulation, cells were solubilized, and cell
lysates were then subjected to Western blot analysis of ERK1/2 (a), p38 MAPK
(b), and JNKs (c). The trace shown in the top panel for each group indicates the
immunoreactivity of the phosphorylated kinase. The same membrane was then
stripped and reprobed with the kinase antibody recognizing the total protein level
of kinase (bottom panel). The results are representative of three separate
experiments

Figure 5 DcR3-induced osteoclast formation is dependent on ERK and p38
MAPK activation. RAW264.7 cells (a) and human monocytes (b) were pretreated
with vehicle, 50 mM PD98059, 1 mM U0126, or 1 mM SB203580 for 20 min prior to
stimulation with DcR3 (3 mg/ml), M-CSF, or RANKL. After a 7-day culture in
monocytes and a 5-day culture in RAW264.7 macrophages, cells were subjected
to the TRAP assay. The data represent the mean7S.E.M. from at least three
independent experiments. *Po0.05 as compared with the corresponding control
without kinase inhibitor pretreatment
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Consequently, resistance of the RANK null mouse to high-
level TNF-a administration was reported.48 In this study, we
demonstrated that the action of DcR3 in inducing TRAP-
positive multinucleated cells occurs via increased TNF-a
release, but is not associated with the action of IL-6, IL-1, or
TGF-b. This conclusion was evidenced by the use of
antagonistic antibodies and a direct cytokine assay. In
contrast, M-CSF/RANKL action was diminished by the
presence of IL-6 antibody. Since IL-6 possesses permissive
effect in RANKL-mediated osteoclast differentiation,49 we
suggest that the endogenous level of IL-6 plays a role in
RANKL action. Given the distinct antagonism of TNFR1-Fc
and IL-6 antibody, we suggest that DcR3 and M-CSF/RANKL
primarily use distinct pathways to elicit osteoclastogenesis.
Even though IL-1 is also involved in growth enhancement and
differentiation of mononuclear osteoclast precursors,10 IL-1
seems not involved in the DcR3-mediated differentiation
process. Intriguingly, we observed the constitutive expression
of RANKL and RANK in RAW264.7 cells, and found that
neither level was altered by long-term (up to 7 days) DcR3
incubation (unpublished data). Given the concept of synergy
between TNF-a and RANKL, and our data showing the slight
inhibition of DcR3 effect by RANK-Fc, we suggest that the
marked effect of DcR3 in osteoclastogenesis may result from
the permissive effect of the constitutive level of RANKL.
In addition to cytokines, the roles of two inflammatory

mediators, PGE2 and NO, in DcR3 and M-CSF/RANKL
actions were also analyzed. Both PGE2 and NO were shown
to stimulate the formation and function of osteoclasts.50,51

Here we excluded the involvement of either molecule in DcR3
action by pharmacological inhibitors and direct assays. In

contrast, the slight inhibitory effect of L-NAME on M-CSF/
RANKL-induced osteoclastogenesis from RAW264.7 macro-
phages suggests that the basal constitutive level of NO in
murine macrophages might contribute to a permissive
modulation of cytokine effect. In view of the prominent
increases in IL-6, NO, and PGE2 by the potent osteoclast
inducer, LPS, as well as the inhibitory effects of the IL-6
antibody, L-NAME, and NS-398 in reducing LPS-induced
osteoclastogenesis (unpublished data), we suggest that
osteoclast formation was induced by LPS results from the
coordination of multiple inflammatory mediators.
MAPK pathways have been shown to regulate TNF-a

expression and to be involved in TNF-a-induced osteoclast
formation. As previously reported, all three MAPK signaling
pathways (ERK, JNK, and p38 MAPK) are involved in the
transcription of TNF-a mRNA after LPS induction, and
activation of each MAPK signal leads to full induction of the
TNF-a gene.52–54 Based upon two aspects of our present
results, we suggest that ERK and p38 MAPK are pivotal
signaling events in the mediation of DcR3 response. First,
MEK inhibitors (PD98059 and U0126) and a p38 MAPK
inhibitor (SB203580) can inhibit DcR3-elicited TNF-a synth-
esis and osteoclast formation. The partial inhibition by each
inhibitor treatment implies the involvement of additional
pathways, and suggests both signaling cascades are required
for DcR3 action. Second, DcR3 administration indeed rapidly
stimulated ERK and p38MAPK phosphorylation. In addition to
the pivotal role of ERK and p38 MAPK in the upregulation of
TNF-a gene expression, both signaling pathways are also
involved in the osteoclastogenesis induced by TNF-a.16,17

Thus, we suggest that both MAPKs contribute to DcR3-
mediated response in two sequential events. The first event is
the mediation of DcR3-induced reverse signal transduction
(see below) in transcription of the TNF-a gene. The second
event is the mediation of the paracrine function of TNF-a in
osteoclast differentiation. Although DcR3 can trigger ERK and
p38 MAPK signals, it did not activate JNK phosphorylation
within 1 h incubation. Consistent with previous reports,16,41–43

we confirmed the ability of RANKL and M-CSF to activate all
three types of MAPKs. The differential effect on JNK
activation again suggests distinct signaling mechanisms
transduced by DcR3 and M-CSF/RANKL.
NF-kB is an important transcription factor involved in the

differentiation of osteoclast precursors,55,56 and is crucial for
the survival and activation of mature osteoclasts.41,43 Pre-
vious studies have demonstrated that NF-kB is involved in
osteoclast formation by TNF-a17 andRANKL41. The late onset
of NF-kB activation, peaking at 12 h, is in accordance with the
later gene transcription, protein translation, and TNF-a
release, which occurs at 12 h and achieves maximum at
24 h incubation. The released TNF-a in turn induces the
nuclear translocation and DNA binding of NF-kB through the
established TNFR1/TRAF2/NIK signaling cascades. In con-
trast, the rapid activation of NF-kB by RANKL occurs through
RANK/TRAF6/NIK signaling cascades.57 Even though a 5-
day differentiation of RAW264.7 cells to osteoclast was
usually performed and quantified in this study, 2-day incuba-
tion is sufficient to detect a significant increase of TRAP-
positive cell number, which becomes more obvious at 4- or 5-
day incubation (data not shown).

Figure 6 DcR3-induced NF-kB activation. RAW264.7 macrophages were
treated with vehicle, DcR3 (3 mg/ml), LPS (1mg/ml), or M-CSF (20 ng/ml) plus
RANKL (50 ng/ml) for different time periods. Nuclear extracts were prepared and
analyzed for DNA-binding activity of NF-kB using an NF-kB-specific
oligonucleotide probe. Results are representative of three separate experiments.
NS indicates nonspecific binding
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An increasing evidence has suggested that when members
of TNF are interacted with their receptors through cell–cell
contact, bidirectional signaling cascades are activated in cells
of the counterpart.36–39 This means, in addition to the well-
defined signaling cascades transduced by TNFR superfamily,
members of the TNF superfamily can transduce reverse
signal after engagement with their receptors. Our previous
reports on RANK and DcR3 have indicated additional players
by these soluble receptors in the regulation of cell function,
and confirmed the concept of reverse signaling.33–35,58 We
demonstrated that DcR3 could modulate the differentiation
and maturation of DC from CD14þ monocytes.33 Moreover,
DcR3 can suppress macrophage differentiation from mono-
cytes, but enhance monocyte adhesion.34,35 The present
observation that DcR3 can enhance osteoclast differentiation
from monocyte lineages through activation of ERK and p38
MAPK further strengthens the significance of reverse signal-
ing to modulate cell function. Aims for our future experiments
include the identification of the target ligands for DcR3 in
monocytes/macrophages and the clarification of the evoked
reverse signaling in more detail.
In conclusion, using an in vitro culture system, we provide

evidence to demonstrate that the decoy receptor for TNF
family cytokines, DcR3, is a novel effector molecule to
enhance osteoclast-like cell formation. We define the crucial
role of ERK and p38 MAPK signaling for the induced TNF-a
release, which subsequently mediates osteoclastogenesis.
The novel function of DcR3 demonstrated in this study
indicates a new role of DcR3 in osteolytic bone metastases,
and will be helpful in developing better strategies for the
treatment of this osteoporosis in the future.

Materials and Methods

Materials

MEM, DMEM, FBS, penicillin, and streptomycin were obtained from Gibco
BRL (Grand Island, NY, USA). PD98059, SB203580, U0126, L-NAME,
and NS-398 were purchased from Calbiochem (San Diego, CA, USA). M-
CSF, RANKL, IL-6, TNF-a, TGF-b, IL-6 monoclonal antibody, TGF-b
monoclonal antibody, IL-6 enzyme-linked immunosorbent assay (ELISA)
kit, TNF-a ELISA kit, and IL-1b ELISA kit were purchased from R&D
(Minneapolis, MN, USA). Human RANKL was from PeproTech EC
(London, UK). The ELISA kit for PGE2 was obtained from Cayman (Ann
Arbor, MI, USA). The sequences of the double-stranded oligonucleotides
specific for NF-kB binding (50-GATCAGTTGAGGGGACTTTCCCAGGC-
30) were synthesized on a PS 250 CRUACHEM DNA synthesizer
(Glasgow, UK), using the cyanoethyl phosphoroamidate method, and
purified by gel filtration. Polyclonal antibodies specific for ERK, p38 MAPK,
c-Jun N-terminal kinase (JNK), and protein A/G agarose beads were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies specific to
phosphorylated-p38 MAPK, phosphorylated-ERK, and phosphorylated-
JNK were from New England Biolab (Beverly, MA, USA). Ficoll-Hypaque,
[a-32P]ATP (3000 Ci/mmol), horseradish peroxidase-coupled anti-mouse
and anti-rabbit antibodies, and the enhanced chemiluminescence (ECL)
detection agent were purchased from Amersham Biosciences (Piscat-
away, NJ, USA). The osteoclast activity assay kit (OAAS-48) was
purchased from OCT USA (Torrance, CA, USA). Monoclonal anti-CD51/
61-FITC was from BD PharMingen (San Diego, CA, USA). TNFR1-Fc,
RANK-Fc, and LTbR-Fc were prepared as described previously.59,60 All

Figure 7 DcR3-induced osteoclast formation is neutralized by soluble TNFR1
receptor, but is independent of RANKL, IL-6, TGF-b, LIGHT, NO, and
prostaglandins. RAW 264.7 macrophages (a, b) and human monocytes (c) were
treated with the indicated concentrations of cytokines (TNF-a, IL-6, TGF-b, M-
CSF, or RANKL), soluble receptors (DcR3, TNFR1-Fc, RANK-Fc, or LTbR-Fc),
antibodies (against IL-6 or TGF-b), L-NAME, or NS-398. After a 5- or 7-day
incubation, cells were subjected to the TRAP assay. The data represent the
mean7S.E.M. from at least three independent experiments. *Po 0.05 as
compared with the corresponding control of DcR3 or cytokine alone
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materials for SDS-PAGE were obtained from Bio-Rad (Hercules, CA,
USA). Other chemicals were obtained from Sigma-Aldrich (St. Louis, MO,
USA).

Cell culture

Human peripheral blood, obtained from healthy adult volunteers, was
collected in syringes containing 1000 U/ml of preservative-free heparin.
Peripheral blood mononuclear cells (PBMCs) were isolated by density
centrifugation using Ficoll-Hypaque and were re-suspended in MEM
supplemented with 10% heat-inactivated FBS. PBMCs were then plated in
96-well plates 1.5� 105 cells/well) and incubated overnight at 371C.
Nonadherent cells were then removed by washing the wells twice with
PBS, and the remaining adherent cells were grown in culture medium
containing vehicle or 200 ng/ml human M-CSF and 100 ng/ml human
RANKL for 7 days. The medium was replaced every 3 days. Murine
RAW264.7 cells (a mouse macrophage cell line obtained from ATCC)
were grown in DMEM supplemented with 10% heat-inactivated FBS and

1% penicillin/streptomycin at 371C in 5% CO2/95% air. For differentiation
of osteoclasts, RAW264.7 cells (2� 103 cells/96-well) were cultured in the
presence of 20 ng/ml M-CSF and 50 ng/ml RANKL for 5 days as previously
described.16 The medium was replaced every 3 days.

Isolation and culture of bone marrow cells

Bone marrow cells were prepared by removing femurs from 6–8-week-old
Sprague-Dawley rats and flushing the bone marrow cavity with a-MEM,
which was supplemented with 10% FBS, 2 mM glutamine, penicillin
(100 U/ml), and streptomycin (100 mg/ml). Cells were seeded at 2� 104

cells/well in 96-well plates in the presence of DcR3 at different
concentrations, 20 ng/ml human M-CSF, and/or 50 ng/ml human
recombinant soluble RANKL. The culture medium was replaced every 3
days with fresh complete medium containing the appropriate reagents.
After 8 days, cells were washed and subjected to a tartrate-resistant acid
phosphatase (TRAP) assay.

Figure 8 DcR3-induced TNF-a release. (a) RAW264.7 cells and (b) human monocytes were treated with DcR3 (3 mg/ml), cytokines (at concentrations as shown in
Figure 1), or LPS (1 mg/ml) for 24 h. Cell culture medium was then used to measure TNF-a, IL-1b, IL-6, PGE2, TGF-b, and NO levels. (c) RAW264.7 cells were treated
with DcR3 (3 mg/ml) or M-CSF (20 ng/ml) plus RANKL (50 ng/ml) at various periods as indicated. (d) RAW264.7 cells were pretreated for 20 min with PD98059 (50 mM),
U0126 (1 mM), or SB203580 (1 mM) prior to stimulation with DcR3 (3 mg/ml) for 24 h. The data represent the mean7S.E.M. from at least three independent experiments.
*Po0.05 as compared with the basal level (a–c) or corresponding control without kinase inhibitor pretreatment (d)
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Generation of DcR3 protein

The recombinant DcR3-Fc fusion protein was produced as previously
described.33 Recombinant DcR3 protein was cleaved from the
recombinant DcR3-Fc fusion protein by papain as previously described.32

Osteoclast differentiation assay

Osteoclast formation was measured by quantifying cells positively stained
by TRAP (Acid Phosphatase Kit 387-A; Sigma-Aldrich, St. Louis, MO,
USA). Briefly, the specimens were fixed for 30 s and then stained with
Naphthol AS-BI phosphate and a tartrate solution for 1 h at 371C, followed
by counterstaining with a hematoxylin solution. Osteoclasts were
determined to be TRAP-positive staining multinuclear (43 nuclei) cells
using light microscopy. The total number of TRAP-positive cells and the
number of nuclei per TRAP-positive cell in each well were counted. The
fusion indexes were calculated by using the following formula: fusion index
(%)¼ total number of nuclei within giant cells/total number of nuclei
counted. The morphological features of osteoclasts were also photo-
graphed.

Bone resorption assay

Human monocytes or RAW264.7 macrophages were plated into a calcium
phosphate apatite-coated 48-well plate (OAAS-48) at the same culture
conditions as described above. After a 7- day (for monocytes) or 5-day
(RAW264.7 cells) culture, each well was washed with saline, and a
solution of 5% sodium hypochlorite was left in the well for 5 min in order to
detach the cells. The number of pits in each well was counted under a
microscope. For the bone slice pit formation assay, bone slices were sawn
and ground to a thickness of 100mm with a diamond band saw and were
placed in 96-well plates. Rat bone marrow cells (2� 104 cells/well) were
added to each well with the same culture conditions described above. After
an 8-day culture, bone slices were placed in NH4OH (1 M) for 30 min and
washed with distilled water to remove adherent cells. Slices were then
stained with 0.5% (v/v) toluidine blue for 3 min, and washed again. The
extent of lacunar resorption was observed under a microscope.

Flow cytometry

Differentiated cells were harvested and washed twice with FACS washing
buffer (1% FCS and 0.1% NaN3 in PBS), followed by incubation with
monoclonal anti-CD51/61-FITC antibody at 41C for 20 min. After washing
with FACS washing buffer three times, the fluorescence of cells was
analyzed with a FACScan flow cytometer (Becton Dickinson, Mountain
View, CA, USA).

Reverse-transcription polymerase chain reaction
(RT-PCR) analysis

Total RNA was isolated from primary cells and murine cell lines using the
RNAzolt B Reagent (TEL-TEST, Friendswood, TX, USA). Single-strand
cDNA for the PCR template was synthesized from 10 mg of total RNA
using random primers and M-MLV reverse transcriptase (Promega Corp.,
Madison, WI, USA). The oligonucleotide primers used for the amplification
were as follows: human TRAP (GenBank Accession No. J04430) sense
(145–166), 50-CTG GCT GAT GGT GCC ACC CCT G-30 and antisense
(594–614), 50-CTC TCA GGC TGC AGG CTG AGG-30, with a produced
size 470 bp; and human metalloprotease-9 (MMP-9) (GenBank Accession
No. J05070) sense (376–395), 50-CAA CAT CAC CTA TTG GAT CC-30

and antisense (836–855), 50-CGG GTG TAG AGT CTC TCG CT-30, with a
produced size 480 bp; and mouse TRAP (GenBank Accession No.
M76110) sense (344-361), 50-TGA CAA GAG GTT CCA GGA-30 and
antisense (644–661), 50-AGC CAG GAC AGC TGA GTG-30, with a
produced size 318 bp; mouse metalloprotease-9 (MMP-9) (GenBank
Accession No. D12712) sense (533-552), 50-AGT TTG GTG TCG CGG
AGC AC-30 and antisense (1267-1286), 50-TAC ATG AGC GCT TCC GGC
AC-30, with a produced size 754 bp. In all experiments, b-actin was used
as an internal control. The following b-actin primers were used: sense
(613–632), 50-GAC TAC CTC ATG AAG ATC CT-30 and antisense (1103–
1122), 50-CCA CAT CTG CTG GAA GGT GG-30, with a produced size 510
bp. Equal amounts of each RT product (1mg) were amplified with PCR
using Taq polymerase in 35 cycles consisting of 1 min at 951C, 1 min at
581C (for TRAP and MMP-9), and 1 min at 721C. The amplified cDNA was
run on 1% agarose gels and visualized by ethidium bromide.

Immunoblotting analysis

As previously described,35 cells were lysed in a lysis buffer and whole-cell
extracts (120 mg) were electrophoresed on 10% SDS-PAGE and blotted
onto nitrocellular membranes. Immunoblot detection was performed with
the corresponding rabbit antiserum or mouse monoclonal antibody using
an ECL detection kit and exposure to photographic film.

Preparation of nuclear extracts and the EMSA

As previously described,61 nuclear lysates were prepared and the DNA-
binding reaction was performed at room temperature in a volume of 20 ml,
which contained the binding buffer (25 mM Tris-HCl, pH 7.5, 1.5 mM
EDTA, 7.5% glycerol, 75 mM NaCl, 1.5 mM dithiothreitol, 0.3% NP-40,
1 mg/ml BSA), 1 mg of poly (dI-dC), 105 c.p.m. of 32P-labeled kB probe,
and 8 mg of nuclear proteins. After incubation for 30 min, the samples were
fractionated on a 4% polyacrylamide gel and visualized by exposing dried
gel to film.

ELISA assay and NO measurement

Cell culture supernatants were collected at various intervals, and levels of
TNF-a, IL-1b, IL-6, TGF-b, and prostaglandin E2 (PGE2) were quantified
using commercial ELISA kits, according to the vendor’s instructions.
Measurement of nitrite production as an assay of NO release was
performed by using the Griess reagent as previously described.61

Data analysis

Each experiment was performed in duplicate and its average was included
for quantification. The data were expressed as the mean7S.E.M. of
averages from at least three experiments. Analysis of variance (ANOVA)
was used to assess the statistical significance of the differences, and a P-
value of less than 0.05 was considered statistically significant.
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