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Abstract Disruption of the fibroblast growth factor 2 (FGF-2) gene results in reduced bone mass in mice and impairs
expression of bone morphogenic protein-2 (BMP-2) an important mediator of osteoblast and osteoclast differentiation.
Since the relationship between FGF-2 and BMP-2 in bone remodeling has not been fully determined, in this study we
examined whether endogenous FGF-2 was necessary for maximal effect of BMP-2 on periosteal bone formation in vivo
and bone nodule formation and osteoclast formation in vitro in Fgf2�/� mice. We showed that BMP-2 significantly
increased periosteal bone formation by 57% in Fgf2þ/þmice but the changes were not significant in Fgf2�/� littermates.
In line with these results we found no significant increase in alkaline phosphatase positive (ALP) activity in calvarial
osteoblasts or ALP mineralized colonies in stromal cultures from Fgf2�/� mice after BMP-2 treatment. Moreover, BMP-2
induced osteoclast formation was also impaired in marrow stromal cultures from Fgf2�/� mice. Interestingly, BMP-2
induced nuclear accumulation of the runt related transcription factor (Runx2) was markedly impaired in osteoblasts from
Fgf2�/�mice. Examination of the effect of loss of FGF-2 on BMP-2 signaling pathway showed that BMP-2 caused a similar
induction of phospho-Smad1/5/8 within 30 min in calvarial osteoblasts from both genotypes. In contrast BMP-2-induced
p42/44 MAPK was reduced in Fgf2�/�mice. These findings strongly demonstrated that endogenous FGF-2 is important in
the maximal responses of BMP-2 in bone and that this may be dependent on the p42/44 MAPK signaling pathway and
downstream modulation of Runx2. J. Cell. Biochem. 103: 1975–1988, 2008. � 2007 Wiley-Liss, Inc.
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Members of the family of fibroblast growth
factors and their receptors play important roles
in skeletal development and bone homoeostasis
[Gospodarowicz, 1990; Xu et al., 1999; Hurley
et al., 2002]. Fibroblast growth factor (FGF-2)
is expressed in osteoblasts and is stored in the
extracellular matrix (ECM) [Gospodarowicz,
1990; Hurley et al., 2002]. FGF-2 stimulates
osteoblast replication [Globus et al., 1998;
Hurley et al., 2002] and has both inhibitory

[McCarthy et al., 1989; Rodan et al., 1989;
Hurley et al., 1993], and stimulatory effects on
bone formation in vitro [Canalis et al., 1988] and
in vivo [Mayahara et al., 1993; Nagai et al.,
1995; Nakamura et al., 1995, 1998; Dunstan
et al., 1999; Liang et al., 1999]. In addition, bone
marrow stromal cells synthesize [Brunner et al.,
1991] and responds to FGF-2 in an autocrine/
paracrine manner [Oliver et al., 1990; Thomson
et al., 1993; Locklin et al., 1995]. Previously, we
reported that mice with disruption of the FGF-2
gene developed osteopenia with aging [Montero
et al., 2000] demonstrating that FGF-2 is an
important regulator of bone formation in vivo.
In vitro studies also demonstrated that FGF-2
mutant mice had impaired osteoclast formation
in response to parathyroid hormone [Okada
et al., 2003].

FGF-2 signals through tyrosine kinase fibro-
blast growth factor receptors (FGFRs) that are

� 2007 Wiley-Liss, Inc.

Grant sponsor: NIH; Grant number: AG021189.

*Correspondence to: Marja M. Hurley, MD, Division of
Endocrinology & Metabolism, University of Connecticut
School of Medicine, 263 Farmington Avenue, Farmington,
CT 06030. E-mail: hurley@exchange.uchc.edu

Received 10 July 2007; Accepted 30 August 2007

DOI 10.1002/jcb.21589



also important regulators of skeletal develop-
ment [Xu et al., 1999; Hurley et al., 2002]. FGF-
2/FGFRs activate several intracellular signal-
ing pathways including mitogen activated
protein kinases (MAPK), shown to be important
in cell proliferation and initiation of differ-
entiation [Hurley et al., 2002; Spector et al.,
2004].

Bone morphogenetic proteins (BMPs) are
members of the transforming growth factor-b
(TGFb) super family that are major modulators
of osteogenesis [Urist, 1965; Reddi and Huggins,
1972; Wozney, 1992]. Similar to FGF-2, BMPs
play an important role in the commitment and
differentiation of osteoprogenitors [Yamaguchi,
1995]. BMPs are synthesized, released by
osteoblasts and stored in the bone matrix
[Yamaguchi, 1995; Rosen and Wozney, 2002].
Since BMP-2 is a key regulator of osteoblast
precursor differentiation [Yamaguchi, 1995],
first we assessed whether BMP-2 regulated
FGF-2 gene expression, then we examined
whether endogenous FGF-2 was important in
the maximal effects of BMP-2 in bone.

Studies have shown that Runt-related tran-
scription factor 2 (Runx2) also known as cbfa1/
pebp2aA/AML3, plays an important role in
osteoblast differentiation [Ducy et al., 1997;
Komori et al., 1997; Otto et al., 1997].
Mice with disruption of Runx2 gene fail to
develop mineralized bone [Ducy et al., 1997;
Komori et al., 1997; Otto et al., 1997], while
haploinsufficient mice develop cleidocranial
dysplasia, which is characterized by delayed
ossification [Mundlos et al., 1997; Otto et al.,
1997]. Several studies showed that Runx2
regulated the expression of genes associated
with osteoblast differentiation [Banergee
et al., 1997; Ducy et al., 1997; Ji et al., 1998].
Of relevance to the present report, we previ-
ously reported that intermittent FGF-2 treat-
ment increased Runx2 mRNA in osteoblast/
stromal cells [Zhang et al., 2002] and that
Runx2 mRNA expression is impaired in osteo-
blasts from Fgf2þ/� and Fgf2�/� mice,
Naganawa et al. [2006]. In addition, other
studies showed that Runx2 protein is phos-
phorylated and activated by FGF2; [Xiao et al.,
2002; Kim et al., 2003] and that induction of
the osteocalcin gene by FGF-2 requires activa-
tion of MEK/ERK MAP kinase pathway as well
as Runx2 phosphorylation. Since Runx2, as a
transcription factor, act in the nucleus, we
assessed whether BMP-2 induced nuclear accu-

mulation of Runx2 was impaired in Fgf2�/�
osteoblasts.

Although the major signaling pathway for
BMP-2 action is via activation of SMADs, BMPs
also activate the MAPK signaling pathway
[Rosen and Wozney, 2002]. Both the p38MAPK
and extracellular signal regulated kinases p44/
42 were reported to be important in BMP-2
induced osteoblast differentiation [Kuo et al.,
2005]. We therefore examined the role of
modulation of SMAD/ MAPK signaling path-
ways in the impaired responses to BMP-2 in
Fgf2�/� osteoblasts.

MATERIALS AND METHODS

Materials

Recombinant Human (rh)BMP-2 was pur-
chased from R&D systems (Minneapolis, MN)
and rhFGF-2 was a gift from Dr. Judith
Abraham (Chiron Corp., CA). Anti-Phospho-
ERK, anti-ERK, anti-Phospho-Smad1/5/8, and
anti-phospho-p38 MAPKinase antibodies were
purchased from (Cell Signaling Technology,
Inc., Beverly, MA). Anti-Smad 1/5/8 antibody
was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA).

Animals

The development of Fgf2 null mice was
previously described [Zhou et al., 1998]. Heter-
ozygote male and female Fgf2þ/� mice that
are maintained on a Black/Swiss/129 Sv back-
ground were bred and housed in the transgenic
facility in the Center for Laboratory Animal
Care at the University of Connecticut Health
Center. Genotyping of littermate mice was
performed using primers as previously
described [Zhou et al., 1998]. Mice were sacri-
ficed by CO2 narcosis and cervical dislocation.
The Institutional Animal Care and Use Com-
mittee of the University of Connecticut Health
Center approved all animal protocols.

In Vivo Bone Formation Assay

Fgf2þ/þ and Fgf2�/� male littermate mice
at 3 months of age were weighed and injected
s.c. over the calvariae with vehicle (20 ml PBS
containing 0.1% BSA) or BMP-2 (20 mg/kg/
day� 5 days) [Chen et al., 1997]. To analyze
the changes in bone formation rate (BFR/
BS, mm3/mm2/day), mice were injected with
calcein (0.6 mg/kg) on days 7 and 12 and were
sacrificed on day 14. Calvariae were dissected
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free of tissue and fixed in 70% ethanol at
the time of sacrifice. The bones were dehydrated
in increasing concentrations of ethanol, cleared
in xylene, and embedded undecalcified in methyl
methacrylate. Five-micron-thick longitudinal
serial sections were cut on a Reichert-Jung
Polycut S microtome (Reichert-Jung, Germany)
with a D profile knife (Delaware Diamond
Knives Corp., Wilmington, DE).

Primary Calvarial Osteoblast Cell Cultures

Primary calvarial osteoblasts were isolated
from newborn (d1–d3) Fgf2þ/þ and Fgf2�/�
mice as previously described [Montero et al.,
2000]. Cells were grown in Dulbecco’s Modified
Eagle Medium (DMEM) without phenol red
(Sigma Chemical Co., St. Louis, MO) containing
10% heat-inactivated fetal calf serum (FCS),
penicillin (100 U/ml), and streptomycin (50 mg/
ml) in a humidified atmosphere of 5% CO2

at 378C.

Alkaline Phosphatase Activity (ALP) and Stains

Calvarial osteoblasts were plated in 6-well
plates and cultured for 7 days in differentiation
media (DMEM, 10% FCS, 8 mM b-glycerophos-
phate, 50 mg/ml ascorbic acid) in the presence or
absence of effectors. ALP activity in the lysate
was measured by the hydrolysis of p-nitro-
phenyl phosphate to p-nitrophenol. Absorbance
was determined at 405 nm and compared with a
p-nitrophenol (Sigma) standard titration curve.
ALP activity was normalized to total proteins
measured with a BCA protein assay kit (Pierce
Chemical Co., Rockford, IL). ALP staining was
performed with a commercial kit (Sigma).

Bone Marrow Stromal Cell Cultures

Stromal cells were isolated from bone marrow
of 3-month-old Fgf2þ/þ and Fgf2�/� mice as
previously described [Montero et al., 2000].
Cells were plated at 2� 106 or 10� 106 cells/
well, in 6-multiwell plates in aMEM containing
10% FCS; cultures were fed every 3 days with
fresh differentiation media. Cells were fixed
and stained for ALP positive colonies using a
commercially available kit (Sigma). Dishes
were scanned and then counterstained for
mineral with Von Kossa reagent as previously
described. Colony number and colony area
was determined by NIH Image (version 1.61;
National Institutes of Health, Bethesda, MD).

RNA Isolation and Northern Blotting

Total RNA was extracted from whole calvar-
iae or cultured calvarial osteoblasts using
TRizol-reagent (Invitrogen Life Technologies,
Carlsbad, CA) as previously described [Okada
et al., 2003]. For Northern analysis, 20 mg of
total RNA was denatured and fractionated on
0.8% agarose/1.1 M formaldehyde gel, trans-
ferred to nylon membrane by positive pressure,
and fixed to the filter by UV irradiation. After
4-h prehybridization, filters ware hybridized
over night with a random primer deoxycytosine
triphosphate (dCTP)-labeled-32p-cDNA probe
for the mRNA of interest. Signals were quanti-
tated by densitometry and normalized to the
corresponding value for GAPDH.

Osteoclast Formation

Tibiae and femurs from 8- to 12-week-old
littermate Fgf2þ/þ and Fgf2�/� mice were
dissected free of adhering tissue. Mouse bone
marrow cells were isolated by a modification of
previously published methods [Hurley et al.,
1998]; and cells were plated in 24-multiwell
plates (1� 106 cells/well) in aMEM containing
10% FCS. Cultures were fed every 3 days with
fresh medium. Effectors were added at the
beginning of the culture and with each medium
change. Cells for tartrate resistant acid phos-
phatase (TRAP) staining were fixed on days
5 and 6 of culture. TRAP staining was per-
formed with a commercial kit (Sigma). Osteo-
clasts (OCL) were defined as TRAP positive
multinucleated cells that contained greater
than 3 nuclei.

Protein Isolation and Western Blotting

Total and phosphorylated Smad, total and
P42/44 MAPK, total and p38 MAPK were
determined by Western blotting [Xiao et al.,
2004]. Calvarial osteoblasts were harvested in
lysis buffer (Cell Signaling). Protein concentra-
tion of the cell lysates was measured using BCA
protein assay (PIERCE, Rockford, IL). Protein
samples were separated on SDS-PAGE (Ready
Precast Gel, Bio-Rad Laboratories, Hercules,
CA) and transferred to PVDF membrane (Bio-
Rad). Membranes were blocked at room temper-
ature for 1 h in buffer containing (100 mM
Tris 7.5, 100 mM NaCl, 0.1% polyoxyethylene-
sorbitan monolaurate (Tween 20, Sigma), and
5% nonfat dry milk (Bio-Rad) and incubated
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with primary antibody overnight at 4C. Mem-
branes were washed for 30 min with TBS-T then
incubated with appropriate peroxidase-linked
species-specific antibody at R/T for 1 h. Immu-
noreactive proteins were visualized with the
Enhanced Chemiluminescence (ECL) system
(Amersham Pharmacia Biotech) following the
manufacturer’s instructions. Band Density was
quantified by densitometry.

Cell Cultures and Immunofluorescence

Fgf2�/� and Fgf2þ/þ calvarial osteoblasts
were plated at 5,000 cells/cm2, on coverslips
previously cleaned and sterilized, and grown for
4 days in DMEM medium containing 10% heat-
inactivated FCS, penicillin and streptomycin.
When at least 80% of confluence was reached,
cells were serum deprived for 24 h and treated
with BMP-2 (50 ng/ml) and FGF-2 (10 nM).
Control cultures were pulsed with only vehicle.
Then, cells were briefly rinsed with PBS 0.1 M,
pH 7.4, and fixed in 4% PFA diluted in PBS for
25 min at room temperature. Cells were washed
three times in PBS, permeabilized with 0.3%
Triton X-100 for 30 min and incubated with
0.5% BSA diluted in PBS for 20 min at room
temperature. Finally, cells were incubated with
a rabbit anti-Pebp2aA/Runx2 (Santa Cruz
Biotechnology) diluted 1:30 in PBS for 2 h at
room temperature. After rinsing, cells were
incubated with chicken anti-rabbit IgG Alexa
Fluor 488 conjugated (Molecular Probe) for 1 h
at room temperature. After washing, coverslips
were mounted on slides with PBS/glycerol (1:1).
Slides were imaged using fluorescent micro-
scopy on a Zeiss Axioplan microscopy. Reaction
controls were performed using a non-immune
rabbit immunoglobulin IgG, by complexing the
primary antibody with a relative blocking
peptide or by omitting the primary antibody.

CMV/Fgf2/ires/eGFP Retroviral Vector
Construction and Cell Infection

CMV/ires/eGFP (pMg1cla) vector containing
the enhanced GFP (eGFP) gene driven from
an internal cytomegalovirus (CMV) promoter
was previously described [Dong et al., 2004].
The coding sequence of the Fgf2 was cloned into
the EcoRI site of the CMV/ires/eGFP retroviral
vector. eGFP was used to visualize the expres-
sion of protein mediated by CMV vectors in cells.
Control virus was CMV/ires/eGFP vector with-
out inserted Fgf2 cDNA. 293GPG packaging
cell lines were infected by CMV/ires/eGFP or

CMV/Fgf2/ires/eGFP vector using the Lipofect-
MINETM 2000 Reagent (Invitrogen Life Tech-
nologies) following product protocol. Infected
293GPG packaging cell lines were grown
in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM; Life Technologies, Rockville,
MD) containing 10% heat-inactivated fetal
bovine serum (HIFBS), 1 mg/ml of puromycin,
1 mg/ml of tetracycline and 0.4 mg/ml of G418.
To produce vector virus, tetracycline and G418
were removed from the media, then conditioned
media were collected after 24, 48, 72, and 96 h,
filtered through a 0.2 mm Nalgene filter.
Condition media was measured for reverse
transcript activity by measurement of virus
production and then frozen at �808C.

Transduction of Mouse Primary
Calvarial Ostoblasts

Primary calvarial osteoblasts from Fgf2�/�
mice were plated in 6-well dishes and grown
in DMEM (Sigma–Aldrich) containing 10%
HIFBS plus 100 U/ml of penicillin and 100 mg/
ml of streptomycin. Cells were transduced with
virus when 50% confluent. Media including
5 ml of virus-containing media, 5 ml of DMEM
containing 10% FBS and 8 mg/ml of protamine
sulfate was added to the cell cultures for
approximately 16 h, followed by fresh media
replacement during 8 h. The cells were exposed
to three cycles of virus infection. Expression of
GFP was examined by a Zeiss Axioplan fluo-
rescent microscopy.

Statistical Analysis

An unpaired two-tailed Student’s t-test was
used to test for significant differences between
two groups with a minimum threshold of
P< 0.05. Comparison among multiple groups
were conducted using analysis of variance
(ANOVA), and the significant differences were
determined using the Bonferroni test with
P< 0.05 (StatView 4.1J Abacus Concepts, Inc.,
Berkely, CA).

RESULTS

Reduced Expression of BMP-2 mRNA in
Calvariae From Fgf2�/� and Fgf2þ/� Mice

We compared the expression of BMP-2 mRNA
in whole calvariae excised from 3-month-old
Fgf2þ/þ, Fgf2�/� and Fgf2þ/� mice. As shown
in Figure 1a, there was a marked reduction in
BMP-2 mRNA in calvariae from Fgf2�/� and
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Fgf2þ/� mice compared with Fgf2þ/þ litter-
mates. The result of pooled data for BMP-2/
GAPDH mRNA ratio from three experiments is
shown in Figure 1b.

BMP-2 Increases FGF-2 mRNA and Protein in
Osteoblasts From Fgf2þ/þ Mice

Primary osteoblast-enriched cells isolated
from neonatal Fgf2þ/þ mice were cultured for
7 days serum deprived for 24 h and treated
with vehicle or rhBMP-2. Time course studies
showed that BMP-2 (50 ng/ml) caused a max-
imal increase in FGF-2 mRNA at 3 h that was
sustained for 24 h (Fig. 2a). Pooled results
from three independent experiments (Fig. 2b)
showed that BMP-2 treatment caused a max-
imal increase in FGF2 mRNA between 3 and 6 h.
To assess whether new protein synthesis was
necessary for the stimulatory effect of rhBMP-2
on FGF2 mRNA, cultures were pretreated with
the protein synthesis inhibitor, cyclohexhimide
(CHX 10 mg/ml, Sigma). As shown in Figure 2c,
pretreatment with CHX did not block the
stimulatory effect of BMP-2 on FGF-2 mRNA
expression at 3 or 24 h. We, also, assessed
whether BMP-2-induced increase in FGF-2
mRNA resulted in increased FGF-2 protein.
As shown in Figure 2d, treatment with BMP-2
(50 ng/ml) from 3 to 48 h caused a 2-fold increase

in FGF-2 protein at 3 h with a maximum 2.4-fold
increase at 6 h.

BMP-2-Induced Periosteal Bone Formation is
Reduced in Fgf2�/� Mice

We examined in vivo periosteal bone forma-
tion in 3-month-old Fgf2þ/þ and Fgf2�/� male
mice that were treated with vehicle or BMP-2
(20 mg/kg body wt) for 5 days. There were no
significant differences in body wt pre- and
post-BMP-2 treatment in either genotype. As
shown in Figure 3a, rhBMP-2 caused a greater
increase in calvarial width in Fgf2þ/þ mice.
Quantitatative analysis (Fig. 3b) shows that
rhBMP-2 significantly increased calvarial
width by 13% (P< 0.05) in Fgf2þ/þ but caused
only a 5% increase in Fgf2�/�mice that was not
significant. As shown in Figure 3c, periosteal
bone formation rate (BFR/BS) was increased
by 57% (P< 0.05) in Fgf2þ/þ mice but the
changes were smaller 15% and not significant
in Fgf2�/� mice.

Impaired Ability of BMP-2 to Increase ALP
Positive Colonies and ALP Activity in Calvarial
Osteoblast From Neonatal Fgf2�/� Mice and

Marrow Stromal Cells From Adult Fgf2�/� Mice

Based on our in vivo observation of reduced
periosteal bone formation in response to BMP-2
in Fgf2�/� mice, we determined whether bone
nodule formation was reduced in calvarial osteo-
blasts cultures from neonatal mice. As shown in
Figure 4a, after 7 days of culture, there were
fewer ALP positive colonies in vehicle treated
Fgf2�/� osteoblasts. BMP-2 caused a greater
increase in ALP colonies in Fgf2þ/þ osteoblasts
cultures. Similarly, ALP activity was reduced
by 44% in vehicle treated Fgf2�/� calvarial
osteoblasts cultures. BMP-2 caused a 90%
increase in ALP activity in Fgf2þ/þ cultures
but only a 50% increase in Fgf2�/� calvarial
osteoblasts cultures (Fig. 4b).

We also determined if BMP-2 induced bone
formation was reduced in adult Fgf2�/� mice
using marrow stromal cultures from 3-month-
old Fgf2þ/þ and Fgf2�/� male mice. We
observed that there was a strong increase in
ALP positive colonies in all groups containing
Fgf2þ/þ cells at 14 and 21 days. At 21 days,
BMP-2 increased colony area fivefold in
Fgf2þ/þ cultures compared with vehicle
(16.6� 4.9 vs. 3.2� 2.6), but had no effect in
Fgf2�/� cultures (1.1� 0.4 vs. 0.0� 0.0). In con-
trast, FGF-2 increased colony area by 34-fold

Fig. 1. a: Representative Northern Blot of BMP-2 mRNA
expression in calvariae from 3-month-old Fgf2þ/þ, Fgf2�/�,
and Fgf2þ/� mice. Calvariae were isolated from all three
genotypes and total RNA was extracted for Northern blot analysis
as described in Materials and Methods Section. Filters were
probed for BMP-2 mRNA and results were normalized to
GAPDH ratio. b: BMP-2/GAPDH ratio represents pooled results
from three independent experiments.
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(102þ14.4) and 134-fold (134.4þ 7.5) in
Fgf2þ/þ and Fgf2�/� cultures, respectively.
There was no additive or synergistic effect of the
combination of FGF-2 plus BMP-2 in either
genotype (data not shown).

BMP-2-Induced Osteoclast Formation is Impaired
in Marrow Stromal Cultures From Fgf2�/� Mice

Since BMP-2 also increases the formation of
osteoclasts (OCL), we examined its effect on
OCL formation in Fgf2þ/þ and Fgf2�/� mar-
row cultures. As shown in Figure 5a, few OCLs
formed in vehicle treated marrow cultures from
either genotype. BMP-2 (50 ng/ml) increased
the number of TRAP positive OCL that formed
per well in cultures from Fgf2þ/þ mice at 5
and 6 days. In contrast, there were 50% fewer
OCLs formed in response to BMP-2 in marrow
cultures from Fgf2�/� mice. Quantitative
results are shown in Figure 5b.

We further examined the effect of BMP-2
(50 ng/ml) singly or in combination with FGF-2
(10 nM). As shown in Figure 6, in the presence of
FGF-2 the number of OCL in the cultures from
the Fgf2�/� mice were similar to that observed
in marrow cultures from Fgf2þ/þ mice treated

with BMP-2 alone. Interestingly, simultaneous
treatment of marrow cultures with FGF-2
plus BMP-2 caused an additive effect in
OCL formation in both Fgf2þ/þ and Fgf2�/�
cultures.

BMP2 Does Not Increase Runx2 Accumulation
and Nuclear Localization in Fgf2�/� Osteoblasts

We examined the effect of 24 h treatment
with BMP-2 (100 ng/ml) and FGF-2 (10 nM)
on Runx2 protein synthesis and localization
in cultures of osteoblasts from Fgf2þ/þ and
Fgf2�/� genotypes. Both BMP-2 and FGF-2
increased Runx2 labeling particularly evident
in the nucleus of Fgf2þ/þ calvarial osteoblasts
(Fig. 7). In contrast, while FGF-2 increased
nuclear labeling of Runx2 in Fgf2�/� osteo-
blasts, BMP-2 treatment did not.

BMP2 Increases Runx2 Accumulation and
Nuclear Localization in Fgf2�/� Osteoblasts
Transfected With a Retroviral Fgf2 Construct

To further confirm the above data (regarding
the involvement of FGF-2 in BMP-2 regulating
Runx2 protein accumulation and localization)
Fgf2�/� COBs were transfected with vector or

Fig. 2. Effect of BMP-2 on FGF-2 mRNA and protein expression
in neonatal calvarial osteoblastic cells. Cells isolated from
calvariae of 4-day-old Fgf2þ/þ mice were cultured for 7 days
serum deprived and treated with vehicle or rhBMP-2 (50 ng/ml)
for the indicated times. Total RNA was extracted for Northern
blot analysis or protein for Western blot analysis as described in
Materials and Methods Section. Filters were probed for FGF-2

mRNA and results were normalized to GAPDH ratio. a:
Representative time course of the effect of BMP-2 on FGF-2
mRNA. b: FGF-2/GAPDH ratio represents pooled results from
three independent experiments. c: Demonstrates that pretreat-
ment with CHX does not abrogate BMP-2 induced increase in
FGF-2 mRNA. d: Western blot of cell lysates shows that BMP-2
increases FGF-2 protein.
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Fgf2 retrovirus. In situ experiments showed
GFP labeling in COBs transfected with vector
(Fig. 8a) or Fgf2 construct (Fig. 8b). BMP-2 did
not increase Runx2 in cells transfected with
vector construct (Fig. 8a) but increased Runx2
perinuclear and nuclear labeling in Fgf2�/�
cells transfected with the Fgf2 construct
(Fig. 8b). FGF-2 treatment increased Runx2
protein in cells transfected with either vector or
Fgf2 construct (Fig. 8a,b).

BMP-2 Phosphorylates SMAD1/5/8 But Not p44/
42 ERK in Osteoblast From Fgf2�/� Mice

To examine the integrity of BMP-2 signaling
pathway, calvarial osteoblasts from Fgf2þ/þ

and Fgf2�/� mice were serum deprived for 24 h
and treated with BMP-2 (50 ng/ml) or vehicle for
10–120 min and proteins were analyzed by
Western blot. BMP-2 caused a marked and
similar induction of phospho-Smad1/5/8 within
30 min in osteoblasts from both Fgf2þ/þ and
Fgf2�/� mice (Fig. 9).

Stimulation with BMP-2 (50 ng/ml) for 10 min
increased phosphorylated ERK (phospho-p44/
42) in Fgf2þ/þ but not in Fgf2�/� osteoblasts
cultures (Fig. 10a). In contrast, treatment with
FGF-2 (10 nM) for 10 min caused a similar
increase in phospho-p44/42 in osteoblasts from
both genotypes that was still evident at 30 min
(Fig. 10b). Figure 10c shows the quantitative
densitometry data for phospho-p44/42 from
three independent experiments in which osteo-
blasts from both genotypes were treated for
10 min with either vehicle, BMP-2 or FGF-2.
BMP-2 caused a significant increase in phos-
pho-p44/42 in Fgf2þ/þ but not Fgf2�/� osteo-
blasts cultures. In contrast, FGF-2 treatment
caused a similar significant increase in phos-
pho-p44/42 in calvarial osteoblasts from both

Fig. 3. Effects of BMP-2 injection on calvarial width and
periosteal bone formation in Fgf2þ/þ and Fgf2�/� mice.
RhBMP-2 (20 mg/kg) was injected over the calvariae of 3-
month-old male Fgf2þ/þ and Fgf2�/� mice (n¼4 mice/group)
as described in Materials and Methods Section. a: Histo-
morphometry shows increased calvarial width in BMP-2 treated
Fgf2þ/þ mice. Quantitative histomorphometry revealed
(b) significant increased calvarial width and (c) periosteal bone
formation rate (BFR/BS) in Fgf2þ/þ but not Fgf2�/� mice.
Results are expressed as the mean� SEM.*P< 0.05 versus
vehicle treated Fgf2þ/þ mice. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.
com.]

Fig. 4. a: Comparison of the ability of BMP-2 to form ALP
positive colonies and (b) ALP activity in calvarial osteoblasts
cultures from Fgf2þ/þ and Fgf2�/� mice. Cells were cultured in
the absence and presence of BMP-2 (50 ng/ml) in differentiation
medium for 14 days as described in Materials and Methods
Section. Results shown in panel b are expressed as the mean�
SEM. *P<0.01 versus vehicle treated Fgf2þ/þ. **P<0.001
versus BMP-2 treated Fgf2þ/þ. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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genotypes. It should be noted that BMP-2
treatment for up to 120 min or treatment with
a higher dose of BMP-2 (100 ng/ml) did not
rescue the reduced induction of phospho-p44/42
observed in Fgf2�/� cells (data not shown).

We also examined the time course effect of
BMP-2 on p-38 MAPK. BMP-2 caused a small
but similar increase in p38 MAPK in osteoblasts
from both Fgf2þ/þ and Fgf2�/� mice (data not
shown).

DISCUSSION

The present study extends our character-
ization of bone remodeling in mice with dis-
ruption of Fgf2 gene by examining the changes
in endogenous BMP-2 expression and function
of exogenous BMP-2 on periosteal bone forma-
tion in vivo as well as effects on in vitro
osteoblast colony formation and osteoclasto-
genesis.

Our finding of reduced BMP-2 mRNA in
osteoblasts from Fgf2 mutant mice supports a
role for endogenous FGF-2 in regulating BMP-2
expression and is consistent with an earlier
report that exogenous FGF-2 treatment
increased BMP-2 mRNA expression in calvarial
osteoblasts [Choi et al., 2005]. However, the
present study also shows that BMP-2 increased
FGF-2 mRNA and protein in osteoblasts from
Fgf2þ/þ mice. Thus, there is reciprocal regu-
lation of FGF-2 and BMP-2 in osteoblasts.
Interestingly FGF-2 and TGFb were shown to
reciprocally regulate each other’s expression in
osteoblasts [Hurley et al., 2002]. Such reciprocal
regulation is probably of importance in the
process of bone remodeling. It should be noted
that our finding that BMP-2 regulates FGF-2
expression is in contrast to the earlier study
of [Choi et al., 2005], who reported that 48 h of
BMP-2 treatment did not increase the expres-
sion of FGF-2 mRNA in calvarial osteoblasts.
The difference between the two studies could
be due in part to the time points that were

Fig. 5. Effect of BMP-2 on osteoclast formation in marrow
cultures from Fgf2þ/þ and Fgf2�/� mice. a: Representative
experiment of TRAP-stained osteoclasts in bone marrow cultures
from Fgf2þ/þ and Fgf2�/� mice treated with vehicle or BMP-2
for 5 days. b: Time course effect of continuous treatment with
BMP-2 (50 ng/ml) on osteoclast formation in bone marrow
cultures from Fgf2þ/þ and Fgf2�/� mice. Results are expressed
as the mean� SEM. aP< 0.01 versus vehicle (Fgf2þ/þ);
bP< 0.05 versus vehicle (Fgf2�/�); cP<0.01 versus BMP-2
(Fgf2þ/þ). [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

Fig. 6. Effect of continuous treatment with BMP-2 (50 ng/ml) alone or BMP-2 (50 ng/ml)þ FGF-2 (10 nM) on
osteoclast formation in bone marrow cultures from Fgf2þ/þ and Fgf2�/�mice. Results are expressed as the
mean� SEM aP<0.01 versus vehicle. bP<0.05 versus vehicle; cP<0.01 versus BMP-2 (Fgf2þ/þ).
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examined. A single time point in the earlier
study versus the present report where time
course studies were performed showing that
BMP-2 increased FGF-2 mRNA within 3 h and
FGF-2 protein within 6 h in osteoblasts. In

support of our observations that BMP-2 does
regulate FGF-2 expression, other investigators
showed that BMP-2 treatment of premyoblast-
C2C12 cell line, an established model to study
osteoblast differentiation [Katagiri et al., 1994];

Fig. 7. Effect of BMP-2 and FGF2 on Runx2 localization in calvarial osteoblasts from Fgf2þ/þ and Fgf2�/�
mice. Localization of Runx2 was analyzed by immunocytochemical study. Micrographs, obtained by a Zeiss
Axioplan fluorescent microscopy show cells stained with a polyclonal antibody to Runx2 (green: FITC
staining). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Fig. 8. Effect of BMP-2 and FGF-2 on Runx2 labeling in
Fgf2�/� calvarial osteoblasts (COBs) transduced with either the
vector or Fgf2 construct. COBs from Fgf2�/� mice were
transduced with either CMV/ires/eGFP (Vector) or CMV/Fgf2/
ires/eGFP construct containing the enhanced GFP (eGFP) gene
used to visualize expression of protein mediated by CMV
promoter. a: Micrographs, obtained by a Zeiss Axioplan
fluorescent microscopy shows GFP labeling in cells transduced
with only vector. Micrographs shows no increased labeling for

Runx2 in cells transduced with only vector that were treated with
BMP-2. In contrast increased Runx2 labeling was observed in
cells transduced with vector that were treated with FGF-2
(red:Texas Red staining). b: Micrographs show GFP labeling in
cells transduced with the Fgf2 construct. Micrographs show
increased perinuclear and nuclear labeling for Runx2 in cells
transduced with Fgf2 construct (red:Texas Red staining). [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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identified FGF-2 as one of several genes linked
to BMP-2 mediated osteoblast differentiation
[Balint et al., 2003].

Interestingly, pretreatment with the protein
synthesis inhibitor cycloheximide did not block
BMP-2 induced expression of FGF-2 suggesting
that new protein synthesis was not required.

In view of the reciprocal regulation of BMP-2
and FGF-2 gene expression in osteoblasts as
well as the marked decrease in BMP-2 mRNA in
calvariae from Fgf2 mutant mice; we assessed
whether treatment with BMP-2 could rescue
reduced periosteal bone formation in the Fgf2
mutant mice. We chose the in vivo calvarial
periosteal bone formation model since similar
to FGF-2 [Hurley et al., 2002]. BMP-2 was
previously reported to increase periosteal bone
formation in rodents [Chen et al., 1997; Zhao
et al., 2002]. Consistent with these reports, we
observed a marked increase in BMP-2-induced
periosteal bone formation in the Fgf2þ/þ mice.
In contrast, BMP-2 failed to significantly
increase periosteal bone formation in the
Fgf2�/� mice suggesting that FGF-2 is indeed
important in mediating maximal effects of
BMP-2 on periosteal bone formation.

BMP-2 promotes both the commitment and
differentiation of marrow mesenchymal cells
towards the osteoblast lineage [Gori et al.,
1999]. In addition, BMP-2 was shown to syner-
gize with FGF-2 to maintain the osteogenic
differentiation of rat marrow-derived mesen-
chymal cells [Hanada et al., 1997; Hurley et al.,
2002]. Consistently, exogenous BMP-2 did not
rescue the decreased bone nodule formation in

Fgf2�/� mice, strongly suggesting that in the
absence of endogenous FGF-2, the ability of
BMP-2 to induce maximal osteoblast differ-
entiation is impaired consistent with the in vivo
data.

The process of bone remodeling is coupled and
FGF-2 is known to modulate both bone forma-
tion as well as resorption [Hurley et al., 2002].
Similar to FGF-2 [Hurley et al., 1998] in addition
to its effect on osteoblast differentiation, BMP-2
was shown to increase OCL formation in murine
models [Kanatani et al., 1995]. Consistent
with previous studies we observed that BMP-2
significantly increased OCL formation in
Fgf2þ/þ marrow stromal cultures but did not
significantly increase OCL formation in marrow
stromal cultures from Fgf2�/� mice suggesting
that endogenous FGF-2 is also important in
BMP-2-induced OCL formation. These results
are consistent with our previous observation
that OCL formation in marrow stromal cultures
from Fgf2�/� mice is impaired in response to
parathyroid hormone (PTH), receptor activator
of NFKB ligand (RANKL) and interleukin
11(IL-11) [Okada et al., 2003].

As previously stated Runx2 plays an impor-
tant role in osteoblast differentiation [Ducy
et al., 1997; Komori et al., 1997; Otto et al.,
1997] and several studies showed that Runx2
regulated the expression of genes associated
with osteoblast differentiation [Banergee et al.,
1997; Ducy et al., 1997; Ji et al., 1998]. We
previously reported that intermittent FGF-2
treatment increased Runx2 mRNA in osteo-
blast/stromal cells [Zhang et al., 2002] and that
Runx2 expression is impaired in osteoblasts
from Fgf2þ/� and Fgf2�/� mice [Naganawa
et al., 2006]. Other studies showed that Runx2 is
phosphorylated and activated by FGF-2 [Xiao
et al., 2002; Kim et al., 2003] and that induction
of the osteocalcin gene by FGF-2 requires Runx2
phosphorylation. Consistent with these reports,
in addition to reduced Runx2 mRNA, we
previously reported reduced osteocalcin mRNA
expression in osteoblast/stromal cells from
Fgf2�/� mice [Naganawa et al., 2006]. The
regulation of Runx2 by members of the FGF
superfamily has been particularly studied, as
has the role of FGF in controlling the expression
of multiple genes involved in osteoblast differ-
entiation, however we report, for the first time,
that the ability of BMP-2 to increase labeling
and nuclear accumulation of Runx2 is impaired
in calvarial osteoblasts from Fgf2�/� mice. In

Fig. 9. Time course of the effect of BMP-2 on Smad 1/5/8 signal
transduction in neonatal calvarial csteoblasts. Calvarial osteo-
blasts were isolated from 4-day-old Fgf2þ/þ and Fgf2�/� mice
cultured for 7 days serum deprived and treated with vehicle or
rhBMP-2 (50 ng/ml) for the indicated times. Whole cell extracts
were prepared for Western blot analysis using antibodies against
phosphorylated Smad and total Smad as described in Materials
and Methods Section. Representative Western blot of calvarial
osteoblasts from both genotypes treated with vehicle or rhBMP-2
(50 ng/ml) shows similar induction of pSMAD1/5/8 in Fgf2þ/þ
and Fgf2�/� osteoblasts.
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parallel, the observation that exogenous BMP-2
was only able to increase nuclear accumulation
of FGF-2 protein in Fgf2�/� cells transduced
with the Fgf2 construct, suggest either a direct
requirement for endogenous FGF-2 or that
endogenous FGF-2 is necessary for another
factor to mediate this accumulation.

Similar to FGF-2, BMP-2 can activate multi-
ple downstream signaling pathways. Classi-
cally, upon BMP-2 activation of cell surface
serine/threonine kinase receptors, cytoplasmic
signaling proteins Smads are phosphorylated

[Canalis et al., 2003]. Smads 1, 5, and 8 are
activated and transported to the nucleus where
they interact with nuclear factors [Canalis
et al., 2003]. Previous studies showed that
overexpression of Smad 1 and Smad 5 in
C2C12 mesenchymal cells resulted in osteo-
blastic differentiation. Therefore, we examined
the activity of this pathway in Fgf2�/� calvarial
osteoblasts. The results showed that BMP-2
phosphorylation of Smad 1, 5, 8 was active in
Fgf2�/� osteoblasts, suggesting that failure of
BMP-2 to induce OB differentiation was not

Fig. 10. Time course of the effect of BMP-2 and FGF-2 on
ERK1/2 Phosphorylation in neonatal calvarial osteoblasts from
Fgf2þ/þ and Fgf2�/� mice. Calvarial osteoblasts were cultured
for 7 days serum deprived and treated with effectors. Whole cell
extracts were prepared for Western blot analysis using antibodies
against total or phosphorylated ERK1/2 as described in Materials
and Methods Section. a: Representative Western blot of calvarial
osteoblasts from both genotypes treated with vehicle or rhBMP-2
(50 ng/ml). b: Representative Western blot of calvarial osteo-

blasts from both genotypes treated with vehicle or FGF-2 (10 nM)
for the indicated times. c: Pooled results of Western blots of
calvarial osteoblasts from both genotypes treated with vehicle or
rhBMP-2 (50 ng/ml) expressed as the mean� SEM for three
independent experiments *P< 0.01 versus vehicle (Fgf2þ/þ
cultures). Pooled results of Western blots of calvarial osteoblasts
from both genotypes treated with vehicle or FGF-2 (10 nM)
expressed as the mean� SEM for three independent experiments
*P<0.01 versus vehicle (Fgf2þ/þ and Fgf2�/� cultures).
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due to a defect in activating this signaling
pathway.

BMP-2 also activates Ras/MAPK signaling
resulting in activation of ERK/MAPK [Gallea
et al., 2001]. Interestingly, in addition to
increasing FGF-2 mRNA in the pluripotent
C2C12 cells [Canalis et al., 2003]; BMP-2 treat-
ment also increased p38 MAPK and ERK p42/
P44 that are important down stream signaling
pathways to mediate its effects on osteoblastic
differentiation of these cells [Gallea et al., 2001].
These reports are of interest, since we [Hurley
et al., 1996], and others [Spector et al., 2004],
have shown that FGF-2 also signals via activa-
tion of MAPK in OBs. The present study shows
that BMP-2 caused a similar increase in p38
MAP Kinase in both genotypes. However, BMP-
2 phosphorylation of ERK was impaired in
Fgf2�/� osteoblasts. In contrast FGF-2 incre-
ased phospho-ERK in osteoblasts from both
genotypes.

As previously noted studies by Xiao et al.
[2002] showed that induction of the osteocalcin
gene by FGF-2 requires activation of MEK/ERK
kinases pathway as well as Runx2 phosphor-
ylation. These results identify the regulatory
critical point in OB differentiation where the
essential role of FGF-2 is its ability to allow
other factors such as BMP-2 to modulate bone
formation via the ERK signaling pathways and
Runx2 activation.
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