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Basic fibroblast growth factor (bFGF) inhibited
steoclast-like cell (OCL) formation in cocultures of
ouse spleen cells with either osteoblasts or a stro-
al cell line, ST2, in the presence of 1a,25-

ihydroxyvitamin D3 [1,25(OH)2D3]. bFGF directly
cted on osteoblasts/stromal cells, but not osteoclast
rogenitors, to inhibit 1,25(OH)2D3-induced OCL for-
ation. bFGF suppressed the mRNA expression of

steoclast differentiation factor (ODF) but did not
ffect that of osteoclastogenesis inhibitory factor
OCIF) in ST2 cells treated with 1,25(OH)2D3 and
examethasone. Enzyme-linked immunosorbent as-
ay showed that bFGF hardly affected OCIF produc-
ion in the treated ST2 cells. A genetically engi-
eered soluble form of ODF, but not anti-OCIF
eutralizing antibody, abolished bFGF-mediated in-
ibition of OCL formation. bFGF suppressed the
inding of 125I-labeled OCIF to both ST2 cells and
steoblasts treated with 1,25(OH)2D3. These findings
ndicate that bFGF inhibits 1,25(OH)2D3-induced
CL formation via suppression of ODF production
y osteoblasts/stromal cells. © 1999 Academic Press

Abbreviations used: bFGF, basic fibroblast growth factor; OCIF,
steoclastogenesis inhibitory factor; ODF, osteoclast differentiation
actor; sODF, soluble ODF; COX-2, cyclooxygenase-2; OCL,
steoclast-like cells; IL, interleukin; PTH, parathyroid hormone;
GE2, prostaglandin E2; 1,25(OH)2D3, 1,25-dihydroxyvitamin D3;
PG, osteoprotegerin; OPGL, OPG ligand; TRANCE, TNF-related
ctivation-induced cytokine; RANKL, receptor activator of NF-kB
igand; TNF, tumor necrosis factor; M-CSF, macrophage colony-
timulating factor; RANK, receptor activator of NF-kB; PG, prosta-
landin; TRAP, tartrate-resistant acid phosphatase; GAPDH,
lyceraldehyde-3-phosphate dehydrogenase; ELISA, enzyme-linked
mmunosorbent assay.
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85-53-1314. E-mail: fvbd7042@mb.infoweb.ne.jp.
45
Bone remodeling is regulated by the balance of bone-
orming osteoblasts and bone-resorbing osteoclasts.
oth osteoblasts and osteoclasts are regulated by a
ariety of hormones and local factors. An imbalance
etween bone formation and bone resorption causes
uch metabolic bone diseases as osteopetrosis and os-
eoporosis (1–3). Osteoclasts are multinucleated giant
ells that develop from hematopoietic cells of the
onocyte/macrophage lineage. A coculture system of

pleen cells with osteoblasts or bone marrow stromal
ells has been established to produce osteoclasts (4, 5).
n the cocultures, osteoclast-like cells (OCLs) are
ormed from spleen cells in the presence of such stim-
lators of bone resorption as interleukin 6 (IL-6), IL-
1, parathyroid hormone (PTH), prostaglandin E2

PGE2), and 1a,25-dihydroxyvitamin D3 [1,25(OH)2D3]
1, 2, 6). The cell-to-cell interaction between osteo-
lasts/stromal cells and osteoclast progenitors in the
ocultures has been found to be essential for the OCL
ormation. These osteotropic factors seem to act on
steoblasts/stromal cells to induce osteoclastogenesis.
uda et al. (1, 2, 6) hypothesized that a membrane-
ound factor, designated as “osteoclast differentiation
actor (ODF),” is expressed on osteoblasts/stromal cells
n response to osteotropic factors, and that it trans-
uces, to osteoclast progenitors, a signal essential for
steoclastogenesis, through cell-to-cell interaction.
We recently purified and molecularly cloned

steoclastogenesis-inhibitory factor (OCIF) (7, 8) (also
alled osteoprotegerin [OPG] (9)). OCIF/OPG is a se-
reted member of the tumor necrosis factor receptor
TNFR) family, and it inhibits osteoclastogenesis stim-
lated by 1,25(OH)2D3, PTH, or IL-11. Analyses of rats

njected with OCIF/OPG (9, 10), transgenic mice over-
xpressing OCIF/OPG (9), and OCIF/OPG knockout
ice (11, 12) demonstrated that OCIF/OPG plays a

entral role as an inhibitor of osteoclastogenesis in
ivo. Subsequently, we succeeded in molecular cloning
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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f ODF as a ligand for OCIF/OPG (10). ODF (also
alled OPG ligand [OPGL] (13), TNF-related activa-
ion-induced cytokine [TRANCE] (14), and receptor ac-
ivator of NF-kB ligand [RANKL] (15)) is a member
f the membrane-associated tumor necrosis factor
TNF) ligand family, and it induces osteoclast differen-
iation from progenitor cells cotreated with macro-
hage colony-stimulating factor (M-CSF) in the ab-
ence of osteoblasts/stromal cells and osteotropic
actors (10, 13). In a fetal mouse long bone culture
ystem, a genetically engineered soluble-form ODF
sODF) induces bone resorption (16). Both anti-ODF
ntibody and OCIF/OPG negated bone resorption elic-
ted by osteotropic factors, such as 1,25(OH)2D3, PTH,
nd PGE2. The results established that ODF is a long-
ought ligand expressed on osteoblasts/stromal cells in
esponse to osteotropic factors, and that it mediates an
ssential signal to osteoclast progenitors for their dif-
erentiation into active osteoclasts (10, 16). Further-
ore, we demonstrated that the receptor activator of
F-kB (RANK) (15) is the signaling receptor essential

or ODF-mediated osteoclastogenesis (17). It is be-
ieved that ODF, RANK, and OCIF/OPG play essential
oles in the regulation in osteoclastogenesis (18, 19).

Basic fibroblast growth factor (bFGF) is a potent
egulator of both bone formation (20–22) and bone
esorption (23). bFGF is produced by bone cells (24, 25)
nd stored in extracellular matrix (26). It is a potent
itogen for a wide variety of cells, including osteo-

lasts/stromal cells (22, 27, 28), and a major inhibitor
f type I collagen synthesis in osteoblastic cells (29).
ittle is known about the physiological roles of bFGF in
one remodeling, because of its multiple effects on bone
ells. Clarification of the roles of bFGF in both physi-
logical and pathological conditions is essential for the
pplication of bFGF to such metabolic bone diseases as
steopetrosis and osteoporosis.
Jimi et al. (30) previously reported that basic fibro-

last growth factor (bFGF) inhibited 1,25(OH)2D3-
nduced OCL formation in cocultures of mouse bone

arrow cells and a mouse stromal cell line, ST2. How-
ver, little is known about the mechanism by which
FGF regulates osteoclast formation. Since 1,25(OH)2D3

p-regulates ODF expression and down-regulates OCIF
xpression in osteoblasts/stromal cells, it is suspected
hat bFGF regulates the expression of these two fac-
ors. In the present study, we analyzed the effects
f bFGF on the expression of ODF and OCIF in ST2
ells and/or osteoblasts cultured in the presence of
,25(OH)2D3, using Northern blot analysis, enzyme-
inked immunosorbent assay (ELISA), and 125I-OCIF
inding assay. We also examined whether sODF or
nti-OCIF neutralizing antibody abolishes bFGF-
ediated inhibition of osteoclast formation in the pres-

nce of 1,25(OH)2D3. The present study demonstrated,
or the first time, that bFGF inhibits 1,25(OH)2D3-
nduced osteoclastogenesis in cocultures of osteoblasts/
46
tromal cells and spleen cells, via suppression of ODF
roduction.

ATERIALS AND METHODS

Reagents. Recombinant human and mouse OCIF were prepared
s described previously (8, 31). sODF was prepared as described
reviously (10, 16). A neutralizing polyclonal antibody against OCIF
as prepared as described previously (32, 33). Control antibody was
repared by purifying immunoglobulin from rabbit preimmune se-
um. Human bFGF was purchased from AUSTRAL Biologicals (San
amon, CA); NS-398 was from Cayman CHEMICAL (Ann Arbor,
I); human M-CSF was from Yoshitomi Pharmaceutical Co. (Osaka,

apan); dexamethasone (Dex) and 1,25(OH)2D3 were from Wako
ure Chemical Co. (Osaka, Japan), and ST2 cells were from RIKEN
ELL BANK (Ibaraki, Japan).

Osteoclast formation assays. Primary osteoblastic cells were pre-
ared from calvaria of newborn ddY mice as described previously
34). Spleen cells (8 3 104 cells) prepared from normal male ddY mice
6 to 15 weeks old) were cocultured with osteoblastic cells (4 3 103

ells) for a week in 96-well plates in a-MEM supplemented with 10%
etal calf serum (FCS), in the presence of 1,25(OH)2D3 (10 nM), with
r without bFGF (10 ng/ml). Spleen cells were similarly cocultured
ith ST2 cells (4 3 103 cells), in the presence of 1,25(OH)2D3 (10 nM)
nd Dex (100 nM), with or without various concentrations of bFGF,
nti-OCIF antibody, mouse OCIF (mOCIF), sODF, or M-CSF. Dex
as used to enhance the effect of 1,25(OH)2D3 on OCL formation.
fter treatment, the cells were subjected to tartrate-resistant acid
hosphatase (TRAP, a marker enzyme of osteoclasts) staining or a
RAP solution assay, as described (5, 7).

Enzyme-linked immunosorbent assay (ELISA) for mouse OCIF.
T2 cells were pre-cultured for 24 h in T-25 flasks in a-MEM con-
aining 10% FCS, and then treated with or without bFGF (10 ng/ml),
n the presence of 1,25(OH)2D3 (10 nM) and Dex (100 nM). Condi-
ioned media obtained from the cultures were stored at 280°C until
se. OCIF concentrations in the conditioned media were determined
ith an ELISA system as described (35), with a modification in
hich anti-mouse OCIF monoclonal antibodies (mAbs) were used in
lace of anti-human OCIF mAbs.

Analysis of the binding of 125I-OCIF to ST2 cells. Radioiodination
f human OCIF was performed as described (8). ST2 cells (2.4 3 104

ells) were cultured in 24-well plates, in the presence of 1,25(OH)2D3

10 nM) and Dex (100 nM), with or without bFGF (10 ng/ml), as
escribed above. The binding analysis was performed as described
reviously (8).

Northern blot analysis. Isolation of total RNA and hybridization
ere done as described previously (10, 36). ST2 cells (9.4 3 105 cells)
ere pre-cultured for 24 h in T-75 flasks in a-MEM containing 10%
CS, and then treated with or without bFGF (10 ng/ml), in the
resence of 1,25(OH)2D3 (10 nM) and Dex (100 nM). A blot containing
0 mg of total RNA per lane from the cells treated as above was
robed with ODF, COX-2, OCIF, or glyceraldehyde-3-phosphate de-
ydrogenase (GAPDH) cDNA. GAPDH mRNA was used as an inter-
al control.

ESULTS

bFGF inhibits the 1,25(OH)2D3-induced OCL forma-
ion in the cocultures. TRAP-positive cells were
ormed in cocultures of mouse spleen cells with either

ouse osteoblastic cells or ST2 cells after 7 days of
ulturing in the presence of 1,25(OH)2D3. bFGF added
o each culture markedly inhibited the TRAP-positive
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ell formation (Fig. 1). To understand the molecular
echanism by which bFGF inhibits the 1,25(OH)2D3-

nduced OCL formation, we used the coculture system
f spleen cells and ST2 cells.
Although Jimi et al. (30) reported that the target

ells for bFGF in the inhibition of osteoclast formation
re not likely to be osteoclast progenitors but
steoblast/stromal cells, they could not completely ex-
lude the possibility that bFGF directly acts on the
steoclast progenitors. We therefore examined this
ossibility. When spleen cells were cultured for 7 days
ith 10 or 100 ng/ml of sODF and 20 ng/ml of M-CSF,

n the presence or absence of bFGF, numerous osteo-
lasts were formed, irrespective of the addition of
FGF (data not shown). The results indicate that bFGF
oes not affect osteoclast progenitors in the inhibition
f osteoclast formation in the cocultures.

bFGF-mediated inhibition of OCL formation does not
epend on the production of OCIF. We first examined
hether bFGF exerts its inhibitory effect through pro-
uction of OCIF. As shown in Fig. 2, bFGF inhibited
he 1,25(OH)2D3-induced OCL formation, which was
xpressed as TRAP activity, in a dose-dependent man-
er, and gave a half-maximal inhibition at 1 ng/ml, and
maximal inhibition at 10 ng/ml (Fig. 2). As we have

reviously reported, mouse OCIF added to the cocul-
ures completely inhibited the OCL formation. The
nhibitory effect of bFGF was comparable to that of
CIF. The OCL formation reduced by bFGF was not

ecovered by the addition of anti-OCIF neutralizing
ntibody, which abolished OCIF activity, suggesting
hat OCIF is not involved in the bFGF-mediated inhi-
ition of OCL formation (Fig. 2). To confirm that bFGF
oes not induce OCIF production by ST2 cells, we mea-

FIG. 1. Effect of bFGF on 1,25(OH)2D3-induced OCL formation.
ouse spleen cells and either ST2 cells or osteoblastic cells were

ocultured for 7 days, with or without 10 ng/ml of bFGF, in the
resence of 10 nM 1,25(OH)2D3 and 100 nM Dex (only for ST2 cells),
xed and stained for TRAP. TRAP-positive cells per each well were
cored. ST2 cells, open boxes; osteoblastic cells, closed boxes. Data
re expressed as means 6 SD of five cultures.
47
he cell cultures with an ELISA. The OCIF concentra-
ion in the control ST2 cell culture was 3.5 ng/ml after
4 h of preculturing, and gradually increased and
eached a maximum (7.8 ng/ml) at 72 h. In contrast,
hen the cells were cultured in the presence of
,25(OH)2D3 and Dex, the OCIF concentration in the
onditioned medium was decreased, in a time depen-
ent manner (Fig. 3). bFGF added to the culture to-
ether with 1,25(OH)2D3 and Dex had little effect on
he decrease of OCIF concentration (Fig. 3).

sODF abolishes the inhibitory effect of bFGF on
,25(OH)2D3-induced OCL formation. We next exam-
ned whether sODF and M-CSF, the two factors essen-
ial for osteoclastogenesis, abolish the inhibitory effect
f bFGF on 1,25(OH)2D3-induced OCL formation. Con-
urrent addition of sODF with bFGF to the cocultures
n the presence of 1,25(OH)2D3 and Dex recovered the
educed OCL formation, in a dose-dependent manner,
nd completely abolished the inhibitory effect of bFGF
t 30 and 100 ng/ml (Fig. 4). In contrast, M-CSF did
ot recover the reduced OCL formation at all (Fig. 4).
either sODF nor M-CSF, added to the cocultures
ith bFGF, showed any additive or synergistic effect

Fig. 4).

bFGF suppresses 1,25(OH)2D3-induced production of
DF by osteoblasts/stromal cells Production of ODF
y ST2 cells was analyzed by measuring the binding of

FIG. 2. Effect of anti-OCIF antibody on bFGF-mediated inhibi-
ion of OCL formation. Mouse spleen cells and ST2 cells were cocul-
ured in the presence of 1,25(OH)2D3 and Dex for 7 days, with
arious concentrations of cytokines or antibodies, as indicated. OCIF
b, a neutralizing anti-OCIF polyclonal antibody; Control Ab, im-
unoglobulin purified from preimmune serum. OCL formation was

valuated by measuring TRAP activity. Data are expressed as
eans 6 SD of four cultures.
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125I-OCIF to the cells treated with or without bFGF, in
he presence of 1,25(OH)2D3 and Dex. As we have pre-
iously reported, 1,25(OH)2D3 and Dex induced ODF
roduction by ST2 cells in a few days. Concurrent
ddition of bFGF with 1,25(OH)2D3 and Dex markedly
ecreased the ODF production on days 3, 4, and 5 (Fig.
). Similar results were obtained from an experiment
sing mouse osteoblastic cells (data not shown). North-
rn blot analysis revealed that ODF mRNA level rap-
dly increased in ST2 cells cultured in the presence of

FIG. 3. Time course of OCIF accumulation in culture media of
T2 cells. ST2 cells were precultured for 24 h, and then treated for
he indicated time with or without 10 ng/ml of bFGF, in the presence
r absence of 1,25(OH)2D3 and Dex. The concentrations of OCIF were
easured by ELISA as described under Materials and Methods.
quare, control; circle, 1,25(OH)2D3 and Dex; triangle, 1,25(OH)2D3,
ex and bFGF. Data are expressed as means 6 SD of five cultures.

FIG. 4. Effect of sODF and M-CSF on bFGF-mediated inhibition
f OCL formation. Spleen cells and ST2 cells were cocultured for

days with the indicated concentrations of sODF, M-CSF, and
OCIF, in the presence of 1,25(OH)2D3 and Dex. OCL formation was

valuated by measuring TRAP activity. Data are expressed as
eans 6 SD of four cultures.
48
,25(OH)2D3 and Dex, reached a maximum on day 3,
nd then gradually decreased (Fig. 6). Concurrent ad-
ition of bFGF to the cell culture markedly reduced the
DF expression at any time point (Fig. 6). In contrast,
FGF had little effect on the 1,25(OH)2D3-induced de-
rease of OCIF mRNA (Fig. 6). bFGF also suppressed
he 1,25(OH)2D3-induced ODF expression in osteoblas-
ic cells (data not shown).

ISCUSSION

Jimi et al. (30) previously reported that bFGF inhib-
ts OCL formation in cocultures of mouse bone marrow
ells and ST2 cells, and suggested that bFGF may
timulate or inhibit the production of a factor(s), which
espectively blocks or facilitates OCL formation, from
T2 cells. In the present study, we demonstrated that
FGF-mediated inhibition of OCL formation induced
y 1,25(OH)2D3 was due to the suppression of ODF
roduction.
In the coculture system, osteoclast formation is mod-

lated by reciprocal expression of ODF and OCIF in
steoblasts/stromal cells (8, 10, 18, 19, 37). We previ-
usly reported that 1,25(OH)2D3 up-regulates the ODF

FIG. 5. bFGF suppressed the binding of OCIF to ST2 cells. ST2
ells were cultured with (closed boxes) or without (open boxes) 10
g/ml of bFGF, in the presence of 1,25(OH)2D3 and Dex, for the

ndicated periods, and they were incubated with 125I-OCIF as de-
cribed (8). Specific binding per cell is expressed as means 6 SD of
hree cultures.

FIG. 6. Downregulation of ODF mRNA expression by bFGF in
T2 cells in the presence of 1,25(OH)2D3 and Dex. A blot loaded with
0 mg of total RNA from ST2 cells cultured, for the indicated periods,
n the presence of 1,25(OH)2D3 and Dex, with (right panel) or without
left panel) bFGF, was probed with ODF, OCIF, or GAPDH cDNA.
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xpression and down-regulates the OCIF expression in
steoblasts/stromal cells (8, 10). In the present study,
orthern blot analysis, ELISA, and 125I-OCIF binding
ssay revealed that bFGF suppressed the ODF expres-
ion but had little effect on the OCIF expression in
steoblasts/stromal cells cultured in the presence of
,25(OH)2D3. Consistent with these observations,
ODF, but not anti-OCIF neutralizing antibody, recov-
red the OCL formation reduced by bFGF in the pres-
nce of 1,25(OH)2D3. Taken together, these results in-
icate that bFGF inhibits 1,25(OH)2D3-induced OCL
ormation via suppression of ODF production by
steoblasts/stromal cells. On the other hand, it is
nown that M-CSF produced by osteoblasts/stromal
ells is also essential for osteoclast formation (38). In
he present study, we showed that concurrent addition
f M-CSF with bFGF to the cocultures did not abolish
he inhibitory effect of bFGF. Jimi et al. (30) reported
hat bFGF suppresses neither the M-CSF-induced col-
ny formation of bone marrow cells nor the expression
f M-CSF in stromal cells. These results indicate that
-CSF is not involved in the bFGF-mediated inhibi-

ion of OCL formation.
There is a discrepancy in the effects of bFGF on OCL

ormation. We and Jimi et al. (30) showed that bFGF
nhibits 1,25(OH)2D3-induced OCL formation in the
ocultures. On the other hand, Hurley et al. (39) pre-
iously reported that bFGF induces osteoclast forma-
ion in mouse bone marrow cultures by mechanisms
hat require prostaglandin synthesis. Kawaguchi et al.
40) reported that bFGF induces cyclooxygenase-2
COX-2) mRNA expression in osteoblastic cells and
timulates the synthesis of PGE2, which is known to
nduce osteoclast formation in mouse bone marrow cul-
ures or the cocultures of mouse osteoblastic cells and
pleen cells (5, 41, 42). We examined the involve-
ent of prostaglandin synthesis in the inhibition of

,25(OH)2D3-induced OCL formation by bFGF. A selec-
ive COX-2 inhibitor, NS398, had no effect on the in-
ibition of OCL formation, when added to the cocul-
ures of spleen cells and ST2 cells, together with bFGF
n the presence of 1,25(OH)2D3 and Dex (our unpub-
ished observations). The results suggest that the in-
ibitory effect of bFGF on 1,25(OH)2D3-induced OCL
ormation in the cocultures does not depend on prosta-
landin synthesis, and that the effect is independent of
he mechanism by which bFGF induces OCL formation
n bone marrow cultures. In fetal rat long bone cul-
ures, bFGF stimulates resorption by a mechanism
ndependent of prostaglandin synthesis (23). In con-
rast, in mouse calvaria organ cultures, bFGF-induced
one resorption is dependent on prostaglandin synthe-
is (40). Administration of bFGF to animals induces
one synthesis rather than bone resorption (43, 44).
ecently, we found that bFGF up-regulates the ODF
xpression and down-regulates the OCIF expression by
steoblastic cells while inducing osteoclastogenesis in
49
2D3 (manuscript in prepara-
ion). In bone, bFGF produced by osteoblastic cells is
eposited in bone matrix (24–26). Once bone resorp-
ion is initiated, bFGF may be released from the bone
atrix and affects bone remodeling. Together with the

revious reports showing that reciprocal gene expres-
ion of OCIF and ODF in osteoblasts/stromal cells is
mportant in inducing OCL formation (8, 10, 33, 37,
5), these results support the hypothesis that bFGF
lays an important role in bone remodeling by modu-
ating the production of ODF and OCIF by osteoblastic
ells. The different effects of bFGF both on osteoclast
ormation and the expression of ODF and OCIF in
ifferent experimental conditions (e.g., in the presence
r absence of 1,25(OH)2D3), may indicate the compli-
ated functions of bFGF in bone remodeling.
In the present study, we showed that bFGF inhibits

he 1,25(OH)2D3-induced OCL formation in cocultures
f osteoblasts/stromal cells and spleen cells via the
uppression of ODF production by osteoblasts/stromal
ells. These findings may provide important informa-
ion for the use of bFGF in the treatment of osteoporo-
is. Further studies are required to elucidate the mo-
ecular mechanisms by which bFGF regulates the
xpression of OCIF and ODF in osteoblasts/stromal
ells treated with such bone-resorbing factors as
,25(OH)2D3 and PTH. This line of studies will shed
ight on identification of the cytokine network modu-
ating the expression of OCIF and ODF in osteoclasto-
enesis.
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