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Bone morphogenic protein-2 (BMP-2) is a member of
he transforming growth factor b (TGF-b) superfamily.
hile BMP-2 is capable of inducing bone formation

ctopically, little is known about its role on osteoclas-
ogenesis. In this study, we examined the effect of
MP-2 on osteoclast-like multinucleated cell (OCL)

ormation in cocultures of osteoblast-like cells and he-
atopoietic cells of bone marrow origin. BMP-2 alone

id not stimulate OCL formation in this culture sys-
em; however, it strongly enhanced OCL formation
n a dose-dependent fashion in the presence of
nterleukin-1a (IL-1a). Western blot analysis showed
hat a simultaneous addition of BMP-2 and IL-1a syn-
rgistically enhanced cyclooxygenase-2 (COX-2) ex-
ression in osteoblast-like cells. Moreover, Northern
lot analysis revealed that the level of osteoclast dif-
erentiation factor (ODF) mRNA increased by treat-

ent with BMP-2 and IL-1a in osteoblast-like cells. It
s noted that BMP-2 alone did cause an increase in the
xpression of both COX-2 and ODF genes. The stimu-
atory effect of BMP-2 was abolished by adding non-
teroidal anti-inflammatory drugs, such as indometh-
cin and a selective COX-2 inhibitor NS-398. Addition
f NS-398 inhibited the expression of the ODF gene in
steoblast-like cells treated with BMP-2 and IL-1a.
hese results indicated that the combination of BMP-2
nd IL-1a stimulated osteoblast-like cells to elevate

1 To whom reprint requests should be addresed at the Department
f Oral Science, National Institute of Infectious Diseases, 1-23-1,
oyama, Shinjuku-ku, Tokyo 162-8640, Japan. Fax: 81-3-5285-1172.
-mail: tatsujin@nih.go.jp.
Abbreviations used: ODF, osteoclast differentiation factor; OPGL,

steoprotegerin ligand; OPG, osteoprotegerin; OCIF, osteolcastogen-
sis inhibitory factor; COX-2, cylooxygenase-2; PGE2, prostaglandin
2; IL-1a, interleukin-1a; M-CSF, macrophage colony stimulating

actor; TGF-b, transforming growth factor beta; OCL, osteoclast-like
ultinucleated cell.
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n an enhanced OCL formation. Since BMP-2 alone
nduced the expression of COX-2 and ODF genes in
steoblast-like cells, it appears to be one of the regu-
ating factors of osteoclastogenesis. © 1999 Academic Press

Key Words: osteoclast; osteoblast; BMP-2; ODF;
PGL; COX-2; IL-1a; bone resorption.

Osteoclasts are unique multinucleated cells respon-
ible for bone resorption that are derived from a hema-
opoietic stem cell population (1, 2). Osteoclast-like
ultinucleated cells (OCLs) can be developed in vitro

rom hematopoietic cells by coculturing with osteo-
lasts or bone marrow stromal cells in the presence of
uch osteotropic factors as 1a,25-dihydrovitamin D3

1a,25(OH)2D3), prostaglandin E2 (PGE2), or inter-
eukin-1 (IL-1) (1, 2). The target cells of these osteo-
ropic factors are mostly osteoblasts or stromal cells (1,
). Very recently, an essential factor provided by osteo-
lasts or stromal cells has been identified and named
steoclast differentiation factor (ODF) (3) or osteo-
rotegerin ligand (OPGL) (4). ODF/OPGL stimulates
CL formation from hematopoietic cells in the pres-
nce of macrophage colony stimulating factor (M-CSF)
3, 4). It is noted that in vitro osteoclast formation
equires only ODF/OPGL and M-CSF (5, 6). Osteo-
lasts, stromal cells, or the above osteotropic factors
uch as 1a,25(OH)2D3 or PGE2 are not required in this
ulture system. It is also reported that the expression
f the ODF/OPGL gene is strongly upregulated in
steoblasts upon exposure to the osteotropic factors (3).
hese results strongly suggest that ODF/OPGL ex-
ression by osteoblasts or stromal cells is essential for
steotropic factor-mediated osteoclast formation.
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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f the transforming growth factor b (TGF-b) superfam-
ly and are known to induce ectopic bone formation
hen implanted into muscular tissues (7). BMPs are

mplicated in osteoblast differentiation during skeletal
evelopment (8, 9). Furthermore, several lines of evi-
ence indicate that the role of BMPs is extended to
iverse developmental events in animals (8). Since
MPs are involved in the differentiation of osteoblasts,

t might be assumed that BMPs are involved in the
rocess of osteoclastogenesis as well. In fact, BMP-2
nd BMP-7/OP-1 (osteogenic protein-1) are reported to
timulate in vitro osteoclast formation (10, 11). How-
ver, the mechanisms of the stimulatory effect of these
MPs has not been elucidated.
In the present study, we report that BMP-2 promotes

steoclast formation in the presence of IL-1a. We also
ound that upregulation of cyclooxygenase-2 (COX-2)
nd ODF in osteoblasts is involved in this osteotropic
ffect of BMP-2. Our observations suggested that
MPs may play an important role in the production of
steoclastogenic factors in osteoblasts and stromal
ells during the process of osteoclastogenesis.

ATERIALS AND METHODS

Mice and reagents. Female mice, ddY strain, were obtained from
apan SLC (Hamamatsu, Japan). PGE2 and indomethacin were pur-
hased from Sigma Chemicals (St. Louis, MO, USA). 1a,25(OH)2D3

as purchased from Wako Pure Chemicals (Osaka, Japan). NS-398
as purchased from Calbiochem-Novabiochem International (San
iego, CA, USA). Recombinant IL-1a and TGF-b1 were purchased

rom R&D Systems (Minneapolis, MN, USA). Recombinant human
MP-2 and activin A were kindly supplied by Yamanouchi Pharma-
eutical Co. (Tokyo, Japan), and Ajinomoto Co. (Tokyo, Japan), re-
pectively.

Mouse bone marrow cultures. Bone marrow cells and primary
steoblast-like cells were isolated from ddY mice as described previ-
usly (12-14). The cells were suspended in alpha minimum essential
edium (a-MEM; GIBCO BRL, Grand Island, NY, USA) containing

0% fetal calf serum (FCS; GIBCO BRL). Marrow cells (1 3 106 cells
er well) and osteoblast-like cells (5 3 103 cells per well) were seeded
nto 24-well flat-bottomed culture plates. Cultures were fed every 3
ays by replacing 0.5 ml of old medium with fresh medium contain-
ng stimulants. After being cultured for 8 days, the adherent cells
ere then subjected to staining for tartrate-resistant acid phospha-

ase (TRAP) as the marker enzyme of osteoclasts, using an acid
hosphatase kit (Sigma) (14). TRAP-positive cells containing 3 or
ore nuclei were counted as OCLs (3–5, 12, 14). The results were

xpressed as the mean 6 SD of 4 cultures. Statistical differences
ere analyzed by a Student’s t-test.

Immunoblot analysis. The cells were dissolved in 50 mM Tris-
Cl containing 0.2% SDS (pH 6.8) and then centrifuged. The protein

oncentration of the supernatants was determined using a Bio-Rad
rotein assay reagent (Bio-Rad Laboratories, Richmond, CA, USA),
nd 50 mg of extracted proteins were separated in 7.5% SDS poly-
crylamide gels and then electroblotted on polyvinyldine fluoride
embranes. Goat anti-COX-2 antibody (Santa Cruz Biotechnology,
anta Cruz, CA, USA) was used for the immunodetection of the
OX-2 protein. Detection was performed using an ECL Western
lotting detection system (Amersham Pharmacia Biotech, Little
98
halfont, Buckinghamshire, UK) according to the manufacturer’s
nstruction.

Northern blot analysis. Primary osteoblast-like cells were cul-
ured for 18 h in a-MEM containing 10% FCS with or without
timulants. Poly (A)1 RNA was isolated from the osteoblast-like cells
sing a QuickPrep mRNA Purification Kit (Amersham Pharmacia
iotech). For Northern blotting, 2 mg of poly (A)1 RNA were resolved
y electrophoresis in formaldehyde gels and transferred onto nylon
embranes (Hybond N1; Amersham Pharmacia Biotech), then hy-

ridized with a 32P-labeled cDNA probes. Mouse ODF/OPGL cDNA
robe was cloned by reverse transcription-polymerase chain reaction
3, 4). Mouse COX-2 cDNA was purchased from Oxford Biomedical
esearch, Oxford, MI, USA. Glyceraldehyde-3-phosphate dehydroge-
ase (GAPDH) cDNA was used as a control probe.

ESULTS

Effect of BMP-2 on osteoclast formation mediated by
L-1a. In cocultures of bone marrow cells and
steoblast-like cells, BMP-2 alone did not produce
CLs (Fig. 1). However, in the presence of 1 ng/ml

L-1a, BMP-2 enhanced the formation of OCLs in a
ose-dependent manner (Fig. 1). The maximal effect
as seen at 100 ng/ml of BMP-2 which increased the
umber of OCLs by 3 to 4-fold as compared with the
ontrol cultures (IL-1a alone). A preliminary study in-
icated that the stimulating effect of BMP-2 was sim-
larly observed in the cultures containing higher con-
entrations of IL-1a (up to 10 ng/ml of IL-1a; data not
hown). BMP-2 also increased the number of OCLs in a
ose-dependent manner in the presence of 10 nM 1,25a
OH)2D3 (data not shown). Activin A, a member of the
GF-b superfamily, also enhanced the formation of
CLs in the presence of IL-1a (Fig. 2A), but the effect
f TGF-b on OCL formation was biphasic; it enhanced

FIG. 1. Effect of BMP-2 on IL-1a-mediated OCL formation in
ocultures of mouse bone marrow cells and osteoblast-like cells. Bone
arrow cells (1 3 106 cells per well) and osteoblasts (5 3 103 cells per
ell) were cocultured in the presence or absence of IL-1a and BMP-2

n 24-well culture plates. After being cultured for 8 days, the TRAP-
ositive multinucleated cells were counted. Data are expressed as
he means 6 SD of quadruplicate cultures. Significantly different
rom the culture of IL-1a alone; *p , 0.05 and **p , 0.01.
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he OCL formation at concentrations of 0.01 and 0.1
g/ml whereas it suppressed the OCL formation at a
oncentration of 1 ng/ml (Fig. 2B).

Involvement of PGE2 in the osteoclast formation me-
iated by BMP-2 and IL-1a. A radioimmunoassay for
GE2 in the culture supernatants of the coculture of
one marrow cells and osteoblast-like cells revealed
hat the concentration of PGE2 increased in cultures
timulated with the combination of BMP-2 and IL-1a
data not shown). COX-2 is known as a rate limiting
nzyme for the conversion of arachidonic acid to pro-
tanoids. Thus, we examined the expression of COX-2
n osteoblast-like cells by Western blot analysis, and
ound a synergistical increase of COX-2 level in
steoblast-like cells treated with BMP-2 and IL-1a
Fig. 3A). The increase of COX-2 levels was transient,
nd the levels were reduced at 3 days after the treat-
ents. An increase in COX-2 mRNA level was ob-

erved by Northern blot analysis as well (Fig. 3B).
reatment with BMP-2 alone caused an increase of the
OX-2 expression (Fig. 3).
Indomethacin and NS-398 are selective inhibitors of
OX-2, and abolish the production of PGE2. These
OX-2 inhibitors supressed the IL-1a-mediated OCL

ormation in the coculture system (Fig. 4). Moreover,
e found that they both effectively inhibited the OCL

ormation mediated by the combination of BMP-2 and
L-1a (Fig. 4).

Northern blot analysis of ODF expression. It is
nown that ODF is the key molecule in osteoclastogen-
sis. Therefore, we examined the expression of the
DF gene in osteoblast-like cells treated with BMP-2,

L-1a, or BMP-2 and IL-1a by Northern blot analysis.

FIG. 2. Effect of activin A (A) or TGF-b1 (B) on IL-1a-media
steoblast-like cells. Bone marrow cells (1 3 106 cells per well) and
lates. After being cultured for 8 days, the TRAP-positive multinuc
uadruplicate cultures. Significantly different from the culture of IL
ted OCL formation in cocultures of mouse bone marrow cells and
osteoblasts (5 3 103 cells per well) were cocultured in 24-well culture
leated cells were counted. Data are expressed as the means 6 SD of
-1a alone; *p , 0.05 and **p , 0.01.
99
FIG. 3. Western (A) and Northern (B) blot analysis of the effect
f BMP-2, IL-1a or BMP-2 and IL-1a on the expression of COX-2 in
ouse osteoblast-like cells. (A) Western blot. Cells were cultured in

he presence or absence of BMP-2 or IL-1a for 1, 3, or 6 days. COX-2
n cell lysates was detected by using the polyclonal anti-COX-2
ntibody. (B) Northern blot. Poly(A)1 RNA ( 2 mg) from osteoblasts
ultured for 18 h in the presence of BMP-2, IL-1a, or BMP-2 and
L-1a as indicated were blotted onto the nylon membranes. Blots
ere probed with COX-2 or GAPDH cDNA.
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pproximately 2.4 kb of ODF mRNA was detected in
steoblast-like cells treated with BMP-2, IL-1a, or
MP-2 and IL-1a (Fig. 5A). The combination of BMP-2
nd IL-1a gave the highest expression of ODF mRNA.

FIG. 4. Effect of indomethacin or NS-398 on OCL formation
ediated by BMP-2 and IL-1a. Mouse bone marrow cells (1 3 106

ells per well) and osteoblast-like cells (5 3 103 cells per well) were
ocultured with IL-1a and BMP-2 in 24-well culture plates. Indicated
oncentrations (mM) of indomethacin (A) or NS-398 (B) were added to
he cultures. After being cultured for 8 days, the TRAP-positive
ultinucleated cells were counted. Data are expressed as the
eans 6 SD of quadruplicate cultures. Significant differences be-

ween the values indicated were shown; **p , 0.01.
100
f ODF mRNA (Fig. 5B).

ISCUSSION

IL-1, a potent mediator of inflammatory reactions,
ctivates osteoclasts to resorb bone, induces bone re-
orption in organ culture, and induces osteoclast for-
ation in vitro (1, 2, 15). Several in vitro and in vivo

tudies have established the potent bone-resorbing ef-
ect of IL-1, suggesting that IL-1 may be involved in the
athogenesis of bone destruction (15). In this study, we
ound that BMP-2, a potent bone-inducing cytokine
nd a member of the TGF-b superfamily, enhanced in
itro OCL formation in the presence of IL-1a. We also
ound that the amount of PGE2 in supernatants in-
reased in cultures stimulated with the combination of
MP-2 and IL-1a. Northern and Western blot analyses
evealed that BMP-2 and IL-1a synergistically in-
reased the COX-2 expression in osteoblast-like cells.
urthermore, OCL formation mediated by BMP-2 and
L-1a was inhibited by the addition of either indometh-
cin or NS-398. These results suggested that the up-
egulation of COX-2 levels in osteoblast-like cells may
e involved in the stimulatory effect of BMP-2 in IL-
a-mediated OCL formation.
Very recently, an essential factor of osteoclast differ-

ntiation was cloned and named ODF/OPGL (3, 4). It
as also been just reported that the OCL formation

FIG. 5. Expression of ODF mRNA in primary osteoblast-like
ells. Poly (A)1 RNA ( 2 mg) from osteoblasts cultured for 18 h in the
resence of BMP-2, IL-1a, or BMP-2 and IL-1a as indicated were
lotted onto the nylon membranes. Blots with RNA from cells cul-
ured in the absence (A) or in the presence (B) of NS-398 (0.1 mM)
ere probed with ODF or GAPDH cDNA.



mediated by PGE , 1a,25(OH) D , or IL-1 is inhibited
b
O
t
(
w
o
O
B
t
O
d
s
I
m
O
t
m
fi
B
P

l
g
t
T
e
h
i
g
[
s
l
O
2
r

A
d
s
m
B
t
b
m
s
e
s
f
k
a
c

s
o
v
s

and BMP-7/OP-1 alone are capable of inducing OCL
f
b
t
t
d
c
f
t
i
o
e
O
d
i
t
c

r
B
f
b
o
o

c
o
b
i
t
s
o
b
n
O
c
m
b

i
o
S
fi
p
fi
t
m
t
i

A

t
1
t
t
r

Vol. 259, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
2 2 3

y polyclonal anti-ODF antibodies, suggesting that the
CL formation mediated by these factors is through

he upregulation of ODF in osteoblasts or stromal cells
16). In the present study, we found that stimulation
ith BMP-2 and IL-1a enhanced ODF expression in
steoblast-like cells (Fig. 5). IL-1a alone induced the
DF expression as expected, and it is interesting that
MP-2 alone did stimulate it. However, the stimula-

ory effect of IL-a, BMP-2 and BMP-2 and IL-1a, on the
DF expression seems to depend on the PGE2 pro-
uced by the action of COX-2, because the ODF expres-
ion was abolished by the addition of NS-398 (Fig. 5B).
n this regard, Akatsu et al. (17) reported that indo-
ethacin completely inhibits IL-1-mediated in vitro
CL formation from bone marrow cells, suggesting

hat PGE2 is involved in the mechanism of IL-1-
ediated OCL formation. Our results supported their
ndings and indicate that the stimulatory effect of
MP-2 on OCL formation is also dependent on the
GE2 production (Fig. 4).
It has been reported that TGF-b shows both stimu-

ating and inhibiting effects on bone resorption in or-
an cultures and in vitro osteoclast formation (18). In
his study, we found that a lower concentration of
GF-b enhanced in vitro OCL formation in the pres-
nce of IL-1a, while it inhibited the OCL formation in
igher concentrations (Fig. 2B). Very recently, TGF-b

s reported to stimulate the production of osteoclasto-
enesis inhibitory factor (OCIF) (or osteoprotegerin
OPG]) (19, 20) by mouse primary osteoblasts, the
tromal-like cell line, ST-2, and the osteoblast-like cell
ine, MC3T3-E1 (21, 22). Therefore, the decrease in
CL formation in higher concentrations of TGF-b (Fig.
B) may be due to the production of OCIF/OPG, a decoy
eceptor of ODF/OPGL (16, 19, 20).

Another member of the TGF-b superfamily, activin
, is reported to enhance the formation of OCLs in a
ose-dependent manner either in the presence or ab-
ence of 1a,25(OH)2D3 or parathyroid hormone in
ouse bone marrow cultures (23). Similarly, BMP-2 and
MP-7/OP-1 increase the capacity of 1a,25(OH)2D3

o induce OCL formation (10, 11). We also found that
oth BMP-2 and activin A enhanced in vitro OCL for-
ation in the presence of 1a,25(OH)2D3 (data not

hown). In these cases, the upregulation of COX-2 and
nhanced production of PGE2 may be involved in the
timulatory effect of BMP-2 or activin A on the OCL
ormation in the presence of 1a,25(OH)2D3. In fact, it is
nown that simultaneous stimulation with 1a,25(OH)2D3

nd PGE2 enhances OCL formation in bone marrow
ultures (1, 2, 12).

In this study, we found that although BMP-2 alone
timulated both ODF and COX-2 expression in
steoblast-like cells, it did not induce OCL formation in
itro. It is difficult to explain this fact, since previous
tudies (10, 11) have reported that both BMP-2 alone
101
ormation from mouse hemopoietic blast cells and rat
one marrow cells, respectively (10, 11). It is possible
hat in the previous studies a trace amount of osteo-
ropic factors such as IL-1 may be spontaneously pro-
uced by the bone marrow cells or hematopoietic blast
ells, triggering the OCL differentiation. Moreover,
urther explanations may be possible: 1) In our study,
he stimulatory effect of BMP-2 on osteoblasts was
nsufficient for OCL formation because its effect was
nly transient (Fig. 3A). 2) BMP-2 induces OCIF/OPG
xpression in osteoblasts, which should inhibit the
CL formation. It is noted that IL-1 is reported to
ownregulate OCIF expression (22). Thus, it would be
nteresting to investigate whether BMP-2 stimulates
he production of OCIF/OPG in osteoblasts or stromal
ells in the presence or absence of IL-1a.
Since it is reported that the osteoclast formation

equired not only ODF/OPGL but also M-CSF (5, 6),
MP-2 or IL-1a may also stimulate M-CSF production

rom osteoblasts or stromal cells. However, a Northern
lot study suggested that the expression of M-CSF in
steoblast-like cells was not influenced by the addition
f BMP-2 nor IL-1a (data not shown).
Although it must be noted that the osteoblast-like

ells used in this study may be composed of not only
steoblastic cells at various stages of differentiation
ut also fibroblasts and chondrocytes (13), our prelim-
nary study revealed that ST-2, a cell line of osteoblas-
ic and stromal cell characters, showed essentially the
ame responses against BMP-2 and IL-1a as the
steoblast-like cells used in this study. ST-2 cells will
e a useful cell line to elucidate the molecular mecha-
isms by which BMP-2 regulates the expression of
DF or COX-2 in the complicated network of various

ell types in the bone microenvironment. The precise
echanism of regulation mediated by BMP-2 is now

eing examined in our laboratory using ST-2 cells.
In conclusion, BMP-2 stimulates osteoclast formation

n the presence of IL-1a by a mechanism involving not
nly PGE2 but also ODF in mouse marrow cultures.
ince BMPs are potent bone inducing cytokines, they are
nding clinical applications in orthopedics, dentistry,
eriodontology, and plastic surgery (9). However, our
ndings indicated that BMP-2 may enhance bone resorp-
ion instead of bone formation in inflammatory environ-
ents, suggesting that the control of inflammatory reac-

ion in the target tissues may be one of the critical steps
n clinical application of BMPs in orthopedics.
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