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Adenovirus-mediated expression of bone morphogenetic
protein-2 activates titanium particle-induced
osteoclastogenesis and this effect occurs in spite of
the suppression of TNF-a expression by siRNA
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Abstract. The phagocytosis of wear particles by macrophages
results in the secretion of pro-inflammatory cytokines, such
as tumor necrosis factor-a (TNF-a), which play a major role
in promoting osteoclast recruitment. The inhibition of TNF-a
expression decreases osteoclastogenesis. In a previous study,
we demonstrated that bone morphogenetic protein-2 (BMP-2)
can activate wear debris-induced osteoclast recruitment in
the presence of receptor activator of nuclear factor (NF)-kB
ligand (RANKL); however, whether these effects are associ-
ated with pro-inflammatory cytokines remains unclear. In this
study, we constructed an adenoviral vector carrying TNF-small
interfering RNA (siRNA) (Ad-TNF-siRNA), as well as a
vector carrying both the BMP-2 gene and TNF-a-siRNA
(Ad-BMP-2-TNF-siRNA). The two adenoviral vectors
significantly suppressed the expression of TNF-a; however,
only treatment with Ad-TNF-siRNA significantly inhibited
osteoclastogenesis. We demonstrate that the overexpression
of BMP-2, despite the suppression of TNF-a expression by
Ad-BMP-2-TNF-siRNA, increases the size and number of
titanium (Ti) particle-induced multinuclear osteoclasts, the
expression of osteoclast genes, as well as the resorption area.
There were no differences observed between Ti particle-induced
and Ad-BMP-2-TNF-siRNA-induced osteoclast formation.
Moreover, Ad-BMP-2-TNF-siRNA directly acted upon osteo-
clast precursors by increasing the level of c-Fos, regulating
other signaling pathways, such as p38 phosphorylated c-Jun
N-terminal kinase (p-JNK) and phosphorylated IkB (p-IxB).
Taken together, these data demonstrate that treatment with
Ad-BMP-2-TNF-siRNA increases wear debris-induced osteo-
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clast formation by activating c-Fos and that these effects are not
associated with pro-inflammatory cytokines.

Introduction

The biological response to wear particles at the bone-implant
interface is considered the main cause of aseptic loosening
and osteolysis (1,2), by increasing osteoclastogenesis and bone
resorption (3). The phagocytosis of wear particles by macro-
phages results in the differentiation of macrophages into bone
resorbing osteoclasts (4-6), as well as in the enhanced expres-
sion of pro-inflammatory cytokines, such as tumor necrosis
factor-a. (TNF-a), interleukin (IL)-1 and IL-6 (7,8). TNF-a
has been demonstrated to play a fundamental role in the patho-
genesis of implant particle-induced osteolysis, which acts via
receptors on osteoblastic cells to enhance receptor activator
of nuclear factor (NF)-«B ligand (RANKL) expression (9,10).
Moreover, previous studies have indicated that TNF-a directly
stimulates macrophages to differentiate into osteoclasts by a
mechanism independent of RANKL (11,12). The knockdown
of TNF-a expression has been shown to decrease osteoclast
formation (13,14).

Bone morphogenetic protein (BMP)-2 belongs to the super-
family of TGF-p ligands, which initiate signaling by binding to
BMP type I (BMPR-IA and BMPR-IB) and type II (BMPR-II)
receptors, and then phosphorylate Smad, resulting in the
translocation of Smad to the nucleus (15,16). The significance
of BMP-2 signaling in the osteoclast lineage has not yet been
elucidated. A number of studies have suggested that BMPs can
indirectly activate osteoclasts through the enhanced expression
of osteoclastic-promoting factors by osteoblasts or stromal
cells (17,18) and that BMP-2 can directly stimulate osteoclast
differentiation (19-21).

However, neither wear particles nor BMP-2 can induce
osteoclast recruitment without RANKL, which is essential for
osteoclastogenesis (22). It is well known that mitogen-activated
protein (MAP) kinase family members [c-Jun N-terminal
kinase (JNK), p38 and extracellular signal-regulated kinase
(ERK)], NF-kB and activator protein-1 (AP-1) (c-Fos and
c-Jun) are essential in osteoclastogenesis (23,24); however,
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whether BMP-2 can affect these pathways remains unclear. In
a previous study, it was demonstrated that BMP-2 increased
the titanium (Ti) particle-mediated osteoclast differentiation
of RAW264.7 cells in the presence of RANKL (25). However,
whether TNF-a, the major particle-induced inflammatory
cytokine in the macrophage cell line, can alter the effects of
BMP-2 expression remains unclear. In the present study, we
constructed an adenoviral vector carrying TNF-a-small inter-
fering RNA (siRNA) (Ad-TNF-a-siRNA), as well as a vector
carrying both BMP-2 and TNF-a (Ad-BMP-2-TNF-siRNA).
We hypothesized that siRNA targeting TNF-a can suppress
the expression of TNF-a. We also induced the overexpression
BMP-2 to further characterize its role in Ti particle-induced
osteoclastogensis.

Materials and methods

Cultured cells and reagents. RAW264.7 mouse macrophage
cells (obtained from the Cell Bank of Chinese Academy of
Sciences, Shanghai, China) were cultured in DMEM with
glutaMAX (Gibco/Invitrogen, Carlsbad, CA, USA) containing
10% fetal bovine serum (FBS, HyClone, Logan, UT, USA) and
1% antibiotic-antimycotic (Gibco/Invitrogen) in a humidified
atmosphere of 5% CO, at 37°C.

Titanium particles. The Ti particles were kindly provided by
Zimmer Inc., (Warsaw, IN, USA). The average particle size
was 5 um, and the particles were rinsed in ethanol 3 times and
then rinsed 3 times with PBS. The particles were then auto-
claved at 135°C for 15 min, and mixed with culture medium
at a concentration of 50 pg/ml. The Ti suspensions were soni-
cated for 30 min prior to use.

Construction of adenoviral vectors expressing TNF-siRNA and
BMP-2-TNF-siRNA. To construct the adenovirus expressing
TNF-siRNA (Ad-TNF-siRNA), siRNA targeting the TNF-a
codingregion(sense,5'-GGUUGCCUCUGUCUCAGAATT-3
and antisense, 5'-UUCUGAGACAGAGGCAACCTG-3") was
firstly inserted into the Kpnl and Spel sites in the pSilencer
2.1-hU6 vector, then amplified with PCR and cloned into the
pGEMT vector. The TNF-a-siRNA was cut from the pPGEMT
vector with Kpnl and Spel, and cloned into the same restric-
tion sites of pAd5 EI-MCS-CMVeGFP. The plasmid was
amplified by transformation into DH5a cells and positive
clones were selected and confirmed by DNA Miniprep and
Kpnl digestion. The resultant plasmid, pAdSE1-hU6-TNF-a-
siRNA-CMVeGFP, was linearized with Pacl digestion and
subsequently co-transformed into HEK293 cells with E3
deleted Ad backbone.

To construct the adenovirus expressing BMP-2 and
TNF-a-siRNA (Ad-BMP-2-TNF-a-siRNA), the full-length
BMP-2 cDNA expressed in the pCDNA3.1 vector (Kpnl
and Xbal sites) was firstly cloned into the pAdSE3-CMV
shuttle plasmid using the Clal and Spel sites. The plasmid
was then amplified by transformation into DHS5a cells
and positive clones (pAdSE3CMV-mBMP-2-pA) were
selected and confirmed by DNA Miniprep and Pacl diges-
tion. To construct the pAdSE3-CMV-mBMP-2 backbone,
pAdSE3-CMV-mBMP-2-PA was linearized with Pacl diges-
tion and subsequently co-transformed into BJ5183 cells with
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pAd5S-backbone using Swal sites (26). Plasmids were amplified
by transformation into DH5a cells followed by DNA Maxiprep.
To construct the adenoviral vector expressing both BMP-2 and
TNF-0-siRNA, pAdSE1-hU6 TNF-a siRNA-CM VeGFP was
linearized with Pacl digestion and subsequently co-transformed
into HEK293 cells with linearized pAdSE3-CMV-mBMP-2
backbone.

Adenoviral vectors were purified on 3 rounds of cesium
chloride (CsCl) density gradients, and dialyzed with viral
titers, determined by optical density and standard plaque assay
as previously described (27).

Adenovirus infection of RAW264.7 cells. RAW264.7 cells
were plated in a 24-well plate at a density of 2x10* cells/well.
Twenty-four hours after plating the cells, the cells were
incubated at a multiplicity of infection (MOI) of 50 of either
Ad-TNF-siRNA or Ad-BMP-2-TNF-siRNA in the presence
of RANKL and Ti particles. After 4 days, total mRNA was
extracted for gene expression by real-time RT-PCR and protein
was extracted for western blot analysis or ELISA.

Cell proliferation assay. The cells were plated in 96-well
plates at a density of 1x10* cells/well. Following treatment
with RANKL (50 ng/ml; R&D Systems, Minneapolis, MN,
USA) and Ti particles, the cells were treated with a MOI of 50
of Ad-TNF-siRNA or Ad-BMP-2-TNF-siRNA. Cell viability
was assessed by MTT assay (Sigma-Aldrich, St. Louis, MO,
USA) according to the manufacturer's instructions.

Tartrate-resistant acid phosphatase-positive (TRAP)
staining assay. In order to differentiate the RAW264.7 cells
into osteoclasts, the cells were seeded in 96-well plates
(1x10* cells/well) with RANKL (50 ng/ml) and Ti particles
(50 ug/ml), and were subsequently treated with Ad-TNF-siRNA
or Ad-BMP-2-TNF-siRNA. Multinucleated osteoclasts were
observed on day 5. TRAP staining kits (Sigma-Aldrich) were
used to evaluate TRAP expression. The TRAP(+) multinucle-
ated cells that contained =3 nuclei were counted as osteoclasts
under an optical microscope. ImagePro Plus software was used
to quantify the data.

Pit resorption assay. The effects of osteoclastic modulators
were examined with Corning Osteo assay surface 24-well
plates (Corning, Inc., Corning, NY, USA). RAW264.7 cells
(~5,000 cells/well) were transferred into each well for 9 days
with a medium change on day 3. After 9 days the plates were
washed with 6% sodium hypochlorite solution to remove the
cells. Individual pits or multiple pit clusters were observed
using a microscope at x5 magnification.

ELISA. To examine the TNF-a secretion, the RAW264.7 cells
were plated in 96-well plates at a density of 10* cells/well,
and the cells were incubated for 6, 12, 24 and 48 h with
Ad-TNF-siRNA or Ad-BMP-2-TNF-siRNA in the presence
of Ti particles (50 xg/ml). The control cells were only treated
with Ti particles for the indicated periods of time. The levels of
TNF-a secreted in the cell culture supernatant were measured
using ELISA kits (Shanghai Lianshuo Biological Technology
Co. Ltd., Shanghai, China) according to the manufacturer's
instructions.
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Quantitative real-time PCR. Total RNA was isolated from the
cells using TRIzol reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA) and quantified using NanoDrop 2000.
RNA was reverse transcribed to cDNA using the RevertAid
first strand cDNA synthesis kit (Fermentas, Beijing, China).
Quantitative real-time PCR was performed in triplicate using
the Bio-Rad iQ5 Gradient Real-Time PCR system (Bio-Rad,
Hercules, CA, USA). All reactions were performed in a 25-ul
reaction volume containing 12.5 ul of SYBR Premix Ex
Taq™ 1II (Takara Bio, Inc., Shiga, Japan) according to the
manufacturer's instructions. The sequences of the primers
used were: TRAP (forward), 5'-GCAGCCAAGGAGGACTAC
and (reverse), 5'-CCCACTCAGCACATAGCC; nuclear factor
of activated T-cells, cytoplasmic, calcineurin-dependent 1
(NFATcl) (forward), 5'-TCTTCCGAGTTCCATCC and
(reverse), 5-~ACAGCACCATCTTCTTCC; dendrocyte expressed
seven transmembrane protein (DC-STAMP) (forward),
5'"TGTGGCTGGAAGTTGAGAATG and (reverse),
5'-AGATAGGTCAGGACAGGAAGG; cathepsin K (CTSK)
(forward), 5'-CAGAACGGAGGCATTGAC and (reverse),
5'-CGATGGACACAGAGATGG; TNF-a (forward),
5'“TCTTCTCATTCTGCTTGTG and (reverse), 5'-ACTTGG
TGGTTTCTACG; BMP-2 (forward), 5'-TTGTATGTGGA
CTCAGTGATGTG and (reverse), 5'-AGTTCAGGTGG
TCAGCAAGG; and GAPDH (forward), 5-TCAACGGC
ACAGTCAAGG and (reverse), 5'-ACTCCACGACATAC
TCAGC.

Western blot analysis. Whole cells were extracted in RIPA
buffer containing protease and phosphatase inhibitors
(Sigma-Aldrich). Proteins were resolved by SDS-PAGE, trans-
ferred onto PVDF membranes (Millipore, Billerica, MA, USA)
and incubated overnight at 4°C with primary antibodies against
BMP-2 (Abcam, Cambridge, UK), c-Fos (Cell Signaling
Technology, Inc., Danvers, MA, USA), phosphorylated p38
(p-p38) (Cell Signaling Technology, Inc.), phosphorylated INK
(p-JNK) (Anbo Biotechnology Co., Ltd., San Francisco, CA,
USA) and phosphorylated IkB (p-IxB) (Anbo Biotechnology
Co., Ltd.). The same membranes were probed with anti-f-actin
antibodies (Sigma-Aldrich) to normalize protein loading in
each lane. Immunoreactive bands were visualized using ECL
Plus substrate (GE Healthcare Life Sciences, Shanghai, China).

Statistical analysis. All experiments were performed in trip-
licate. Significant differences were determined using one-way
ANOVA. A p-value <0.05 was considered to indicate a statisti-
cally significant difference.

Results

Adenoviral vectors expressing TNF-siRNA and BMP-2-
TNF-siRNA in RAW264.7 cells. We constructed the adenoviral
vectors expressing BMP-2-TNF-siRNA (Ad-BMP-2-TNF-
siRNA) and TNF-siRNA (Ad-TNF-siRNA; Fig. 1A). First we
confirmed that the BMP-2 mRNA expression increased in the
RAW?264.7 cells and that the MOI of 50 of Ad-BMP-2-TNF-
siRNA induced the optimal expression level of BMP-2
compared to the control (Fig. 1C). This result was confirmed by
western blot analysis (Fig. 1B). We then confirmed the inhibitory
effect of the 2 vectors on the expression of TNF-a. As shown
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in Fig. 1D, the Ad-TNF-siRNA and Ad-BMP-2-TNF-siRNA
vectors significantly decreased the TNF-a levels at a MOI of
50 and 70. ELISA analysis of the cell supernatants further
demonstrated that although Ti particles markedly induced
the expression of TNF-a, this expression was successfully
inhibited by Ad-TNF-siRNA and Ad-BMP-2-TNF-siRNA at
a MOI of 50 (Fig. 1E). Furthermore, there was no statistically
significant difference observed between Ad-TNF-siRNA and
Ad-BMP-2-TNF-siRNA in inhibiting the expression of TNF-a.
These results indicated that we successfully constructed the
vectors, Ad-TNF-siRNA and Ad-BMP-2-TNF-siRNA. At a
MOI of 50, the 2 vectors inhibited particle-induced TNF-a
expression; Ad-BMP-2-TNF-siRNA also induced the optimal
expression level of BMP-2.

Ad-BMP-2-TNF-siRNA synergizes with Ti particles in
enhancing the differentiation of osteoclast precursors. In a
previous study, it was demonstrated that BMP-2 increased the
Ti particle- and RANKL-induced osteoclast differentiation of
RAW264.7 cells (25). To confirm whether BMP-2 can effect
osteoclast formation independently of the expression status
of TNF-a, RAW264.7 cells were pre-treated with RANKL
(50 ng/ml) and Ti particles (50 pg/ml) for 1 h and subsequently
treated with Ad-TNF-siRNA or Ad-BMP-2-TNF-siRNA
for 6 days. We performed TRAP staining to visualize the
differentiated osteoclasts (Fig. 2A). Although none of these
treatments induced osteoclast formation without RANKL
(data not shown), a high number of TRAP-positive cells was
observed following treatment with Ti particles in the pres-
ence of RANKL, and we also observed that Ad-TNF-siRNA
significantly inhibited this effect. Only small, mononucleated
cells were observed. However, when the RAW264.7 cells were
treated with Ad-BMP-2-TNF-siRNA, large, multinucleated
cells were observed again. These results are presented in Fig. 2B
and C; following treatment with Ad-BMP-2-TNF-siRNA, the
average number of osteoclasts per well and the average size
of the 20 largest osteoclasts per well was increased by least
3-fold compared to the Ad-TNF-siRNA-treated group, and
there were no statistically significant differences observed
between the Ti particle- and Ad-BMP-2-TNF-siRNA-treated
groups. The pit resorption per well further confirmed these
results, showing that the resorption area significantly increased
in both the Ti particle- and Ad-BMP-2-TNF-siRNA-treated
group (Fig. 2D). By contrast, treatment with Ad-TNF-siRNA
significantly decreased the resorption area. These data indicate
that BMP-2 enhances Ti particle-mediated osteoclast forma-
tion in the presence of RANKL, and that this effect occurs
independently of TNF-a expression.

Adenoviral vectors do not affect proliferation of RAW264.7
cells. To determine whether Ad-TNF-siRNA or Ad-BMP-
2-TNF-siRNA enhances osteoclast formation by increased
proliferation, we used MTT assay (Fig. 3). We detected only
a slight difference between treatment with Ad-TNF-siRNA,
Ad-BMP-2-TNF-siRNA and the control. Therefore, it can be
concluded that treatment with Ad-TNF-siRNA and Ad-BMP-2-
TNF-siRNA does not affect RAW264.7 cell proliferation.

BMP-2 increases the Ti particle-mediated expression of
osteoclast genes. We used real-time PCR to examine the
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Figure 1. Adenoviral vector expressing TNF-siRNA and BMP-2-TNF-siRNA. (A) The construction of adenovirus vectors expressing TNF-siRNA
(Ad-TNF-siRNA) and BMP-2-TNF-siRNA (Ad-BMP-2-TNF-siRNA). (B) The RAW264.7 cells were harvested following treatment with Ad-BMP-2-TNF-
siRNA for 24 h, then bone morphogenetic protein-2 (BMP-2) expression was detected by western blot analysis. (C) Quantitative real-time PCR analysis of
BMP-2 expression at increasing multiplicities of infection (MOIs). (D) The RAW264.7 cells were pre-treated with titanium (Ti) particles (50 ug/ml) for 1 h and
subsequently treated with Ad-TNF-siRNA or Ad-BMP-2-TNF-siRNA for 24 h at a MOI of 30, 50 and 70. Quantitative real-time PCR was used to detect the
expression of TNF-a in the treated cells, compared to that in the control cells pre-treated with Ti particles for 24 h. (E) ELISA was used to detect the protein
levels of TNF-a in the RAW264.7 cells transfected with Ad-TNF-siRNA (MOI of 50) or Ad-BMP-2-TNF-siRNA (MOI of 50) at the indicated times following
treatment with Ti particles (50 pg/ml) for 1 h. “p<0.01.
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Figure 2. Effects of treatment with Ad-TNF-siRNA (Ad-T) and Ad-BMP-2-TNF-siRNA (Ad-B-T) on titanium (Ti) particle-mediated osteoclast formation.
(A) Tartrate-resistant acid phosphatase-positive (TRAP) staining of RAW264.7 cell-derived osteoclasts. RAW264.7 cells (control) were pre-treated with
receptor activator of NF-«B ligand (RANKL) (50 ¢g/ml) and Ti particles (50 pg/ml) for 1 h (Ti group) and subsequently treated with or without Ad-TNF-siRNA
or Ad-BMP-2-TNF-siRNA for 6 days. (B) Quantitative analysis was used to detect the number of osteoclasts per well. (C) The average size of the 10 largest
osteoclasts in each well. (D) The pit resorption area per well. “P<0.05; “P<0.01.

expression of the osteoclast marker genes, NFAT-cl, TRAP, PCR analysis indicated that treatment with Ti particles and
DC-STAMP and CTSK (28-31), to further determine the effect =~ Ad-BMP-2-TNF-siRNA exerted similar effects on TRAP,
of Ad-BMP-2-TNF-siRNA on osteoclast formation (Fig. 4). NAFTcl, DC-STAMP and CTSK gene expression. The
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Figure 3. Adenoviral vectors do not affect RAW264.7 cell proliferation.
RAW?264.7 cells (control) were pre-treated with receptor activator of NF-xB
ligand (RANKL) (50 #g/ml) and titanium (Ti) particles (50 yg/ml) for 1 hand sub-
sequently treated with or without Ad-TNF-siRNA or Ad-BMP-2-TNF-siRNA
for the indicated periods of time. The cell proliferation was expressed as the
absorbance ratio.

expression of TRAP, NAFTcl and CTSK genes was signifi-
cantly increased; however, the increase in the expression of the
DC-STAMP gene was not statistically significant.

Ad-BMP-2-TNF-siRNA synergizes with Ti particles in c-Fos
expression. c-Fos is expressed during the early stages of
osteoclast formation and is essential for RANKL-mediated
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osteoclast differentiation (32). Thus, we observed its expres-
sion from day 1 to 4 following treatment with Ad-TNF-siRNA
and Ad-BMP-2-TNF-siRNA. Immunoblot analysis showed
that the expression of c-Fos was effectively inhibited by
Ad-TNF-siRNA; only a weak c-Fos expression was observed.
However, following treatment with Ad-BMP-2-TNF-siRNA, a
higher c-Fos expression was observed from day 1 to 4 (Fig. 5).
To further investigate the signaling pathways which may be
activated by BMP-2, we detected the expression of p-p38,
p-1IkB and p-JNK by western blot analysis (Fig. 6). When the
cells were incubated with Ad-BMP-2-TNF-siRNA for 10 to
120 min, the expression level of p-p38, p-IxB and p-JNK was
higher compared to the cells treated with Ad-TNF-siRNA.
These results suggested that BMP-2 synergized with Ti
particles during osteoclastogenesis by directly stiumulating
the expression of p-IkB p-JNK and p-p38.

Discussion

Increasing osteoclastogenesis and the inhibition of bone
formation is considered the main cause of aseptic loosening
and osteolysis; thus, it is important to find a balance between
bone formation and resorption. Previous studies have mainly
focused on the inhibition of osteoclast formation (33,34), and
the significance of increasing bone formation has received little
attention. However, the role of BMP-2 in promoting osteoblast
differentiation has been extensively investigated (35,36). It has
been approved by the FDA as an alternative to bone grafts, for
spinal fusion, long bone fractures and healing in a number of
orthopedic and maxillofacial applications (37,38). However, its
function in particle-induced aseptic loosening and osteolysis
has not yet been elucidated. In this study, we found that inducing
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Figure 4. Expression of osteoclast marker genes. The RAW264.7 cells were pre-treated with receptor activator of NF-«kB ligand (RANKL) (50 yg/ml) and tita-
nium (Ti) particles (50 ug/ml) for 1 h and subsequently treated with or without Ad-TNF-siRNA (Ad-T) or Ad-BMP-2-TNF-siRNA (Ad-B-T) for 6 days. “p< 0.05.
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Figure 5. Western blot analysis was used to detect the expression of c-Fos. RAW264.7 cells were pre-treated with receptor activator of NF-xB ligand (RANKL)
(50 pug/ml) and titanium (Ti) particles (50 pg/ml) for 1 h and subsequently treated with Ad-TNF-siRNA or Ad-BMP-2-TNF-siRNA [multiplicity of infection

(MOI) of 50] for the indicated periods of time.
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Figure 6. Bone morphogenetic protein-2 (BMP-2) regulates the expression of
p-p38, p-INK, p-IxB. RAW264.7 cells were pre-treated with receptor activator
of NF-«B ligand (RANKL) (50 pg/ml) and titanium (Ti) particles (50 yg/ml) for
1 h and subsequently treated with Ad-TNF-siRNA or Ad-BMP-2-TNF-siRNA
[multiplicity of infection (MOI) of 50] for the indicated periods of time. p-p38,
p-IxB and p-JNK expression was detected by western blot analysis.

the overexpression of BMP-2 by adenoviral vectors increased
multinuclear osteoclast formation with suboptimal levels of
RANKL; this effect occurred even though we effectively inhib-
ited the expression of TNF-a. Our study challenges the view
that BMP-2 may be used in the treatment of osteolysis (39-41).
The process of particle-induced osteolysis is complex and
involves the interaction of numerous cells, cytokines, chemo-
kines and growth factors (42). TNF-a has been demonstrated
to play a fundamental role in the pathogenesis of implant
particle-induced osteolysis. It has been reported that osteoclast
precursors are direct targets of TNF-a (13,43). Our study
confirmed this result; we constructed an adenoviral vector
carrying TNF-siRNA which significantly inhibited Ti particle-
induced osteoclast formation. In a previous study, it was shown
that BMP-2 increased the Ti particle- and RANKL-induced
osteoclast differentiation of RAW264.7 cells (25). In order to
determine the crosstalk between BMP-2 and TNF-a, in this
study, we constructed another adenoviral vector carrying both
BMP-2 and TNF-siRNA (Ad-BMP-2-TNF-siRNA). We found
that treatment with Ad-BMP-2-TNF-siRNA increased the
size and number of multinuclear osteoclasts, the expression of
osteoclast genes, as well as the resorption area, compared to
treatment with Ad-TNF-siRNA, which significantly suppressed
osteoclast formation. We also demonstrated that there were
no significant differences between Ti particle-induced and
Ad-BMP-2-TNF-siRNA-induced osteoclast formation. There
was no significant difference in cell viability between the
groups. This result indicated that BMP-2 directly acts upon
osteoclast precursors to stimulate osteoclast formation, and that
this effect is not associated with pro-inflammatory cytokines.
It has been demonstrated that c-Fos and NFATcl play a
critical role in the regulation of genes for osteoclast differen-
tiation. These two transcription factors are also functionally

linked together; c-Fos is essential for the RANKL-mediated
induction of NFATcl and it further regulates NFATcl gene
expression by binding to the promoter region of NFATcl (44).
In this study, we demonstrate that treatment with Ad-BMP-2-
TNF-siRNA stimulates c-Fos and NFATcl expression, and
acts upon downstream signaling pathways, such as p-JNK
p-p38 and p-IkB; this effect occurs in spite of the inhibition of
these pathways by treatment with TNF-a-siRNA.

In conclusion, we demonstrate that BMP-2 increases Ti
particle-induced osteoclast differentiation of RAW264.7 cells
in the presence of suboptimal levels of RANKL by activating
the p-JNK p-p38 and p-IkB signaling pathways.
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