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Over-Expression of Fibroblast Growth Factor-2 Causes
Defective Bone Mineralization and Osteopenia in
Transgenic Mice
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Abstract Over-expression of human FGF-2 cDNA linked to the phosphoglycerate kinase promoter in transgenic
(TgFGF2) mice resulted in a dwarf mouse with premature closure of the growth plate and shortening of bone length. This
study was designed to further characterize bone structure and remodeling in these mice. Bones of 1–6 month-old wild
(NTg) and TgFGF2 mice were studied. FGF-2 protein levels were higher in bones of TgFGF2 mice. Bone mineral density
was significantly decreased as early as 1 month in femurs from TgFGF2 mice compared with NTg mice. Micro-CT of
trabecular bone of the distal femurs from 6-month-old TgFGF2 mice revealed significant reduction in trabecular bone
volume, trabecular number (Tb.N), and increased trabecular separation (Tb.Sp). Osteoblast surface/bone surface, double-
labeled surface, mineral apposition rate, and bone formation rates were all significantly reduced in TgFGF2 mice. There
were fewer TRAP positive osteoclasts in calvaria from TgFGF2 mice. Quantitative histomorphometry showed that total
bone area was similar in both genotypes, however percent osteoclast surface, and osteoclast number/bone surface were
significantly reduced in TgFGF2 mice. Increased replication of TgFGF2 calvarial osteoblasts was observed and primary
cultures of bone marrow stromal cells from TgFGF2 expressed markers of mature osteoblasts but formed fewer mineralized
nodules. The data presented indicate that non-targeted over-expression of FGF-2 protein resulted in decreased
endochondral and intramembranous bone formation. These results are consistent with FGF-2 functioning as a negative
regulator of postnatal bone growth and remodeling in this animal model. J. Cell. Biochem. 95: 83–94, 2005.
� 2005 Wiley-Liss, Inc.
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Basic fibroblast growth factor (FGF-2) is
an important regulator of bone cell function
[Hurley et al., 2002]. FGF-2 stimulates osteo-
blast replication [Globus et al., 1988], decreases
differentiation markers such as alkaline phos-
phatase and type 1 collagen [McCarthy et al.,
1989; Rodan et al., 1989; Hurley et al., 1993]

and stimulates osteoclast formation and bone
resorption [Kawaguchietal., 1995;Hurleyetal.,
1998; Nakagawa et al., 1999]. Intermittent
treatment stimulates bone formation in vitro
[Canalis et al., 1988] as well as in vivo
[Mayahara et al., 1993]. FGF-2 is expressed by
osteoblasts and stored in the extra cellular
matrix [Hauschka et al., 1986; Globus et al.,
1989; Saksela and Rifkin, 1990]. FGF-2 mRNA
and protein levels in osteoblasts are regulated
by hormones and local factors including para-
thyroid hormone, transforming growth factor b,
prostaglandins and interleukin-1 [Hurley et al.,
2002].

FGF-2 is encoded by a single copy gene
[Abraham et al., 1986]; however, multiple
FGF-2 protein isoforms produced from alterna-
tive translation start sites in have been describ-
ed [Florkiewicz and Sommer, 1989; Stachowiak
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et al., 1994]. Each isoform is a primary trans-
lation product with no precursor-product re-
lationship [Florkiewicz and Sommer, 1989;
Bugler et al., 1991; Quarto et al., 1991a;
Stachowiak et al., 1994]. Studies have shown
that selective expression of isoforms of FGF-2
can modulate cell phenotype and function
[Baldin et al., 1990; Quarto et al., 1991; Hill
et al., 1992; Hurley et al., 2002]. We previously
reported that global knockout of all isoforms of
FGF-2 protein resulted in decreased bone mass
in oldermice thatwasassociatedwithdecreased
proliferation of osteoprogenitor cells [Montero
et al., 2000].

Although constitutive over-expression of
FGF-2 cDNA linked to the phosphoglycerate
kinase promoter in transgenic (TgFGF2) mice
enhanced apoptosis of chondrocytes in the pro-
liferative, prehypertrophy, and hypertrophic
zones, and caused premature closure of the
growth plate and shortening of bone length of
femurs and humeri. [Coffin et al., 1995; Sahni
et al., 2001] resulting in murine dwarfism
[Coffin et al., 1995], the effects on postnatal
bone formation and bone remodeling were not
investigated. In this study, we assessed the
effect of FGF-2 over-expression on bone struc-
ture and function in vivo in TgFGF2 mice
harboring the full-length human FGF-2 coding
sequence.

Endochondral bone growth at the epiphyseal
plate requires growth, replacement, differentia-
tion, and programmed-death of chondrocytes.
Recently, several gene families have been
implicated in the intricate regulation of chon-
drocyte differentiation as they progress from
the resting zone to the hypertrophy zone. These
include transcription factors, growth factors,
and hormones that interact with a variety of the
extra cellular matrix proteins to form cartilage
and, ultimately, mature bone [Mundlos and
Olsen, 1997]. FGFs are important growth
factors that regulate endochondral bone growth
[Patstone et al., 1993; Trippel et al., 1993;
Muenke and Schell, 1995; De and Dickson,
1997; Hurley et al., 2002]. Human skeletal
disorders have been mapped to the fibroblast
growth factor receptors (FGFRs) [Muenke and
Schell, 1995; De and Dickson, 1997]. These
mutations are autosomal dominant, sporadic
point mutations clustered around the third Ig
domain, the transmembrane domain and the
tyrosine kinase domain of the FGFRs.Mutation
of the FGFR1 causes Pfeiffer’s syndrome,

[Muenke et al., 1994] and different mutations
of FGFR2 cause Jackson-Wiess, Crouzon, and
Alperts syndrome [Jabs et al., 1994; Reardon
et al., 1994]. Various mutations of FGFR3
cause Achondroplasia, Hypochondroplasia, and
Thanadophoric dysplasia [Shiang et al., 1994;
Tavormina et al., 1995]. All of these mutations
are believed to result in aberrant or amplified
signal transduction from the tyrosine kinase
domain of the FGFRs [Naski et al., 1996;
Schmermund et al., 1997]. Some of the syn-
dromes resulting from FGFR1 and FGFR2
mutations primarily affect the axial skeleton,
particularly the facial and skull bones, while
mutation of FGFR3 mostly affects the long
bones [Muenke and Schell, 1995].

Previous studies showed that targeted dele-
tion of FGFR1 [Deng et al., 1994; Yamaguchi
et al., 1994] and FGFR2 in mice resulted in
embryonic lethality [Arman et al., 1998; Xu
et al., 1998]. However, targeted deletion of
FGFR3 in mice showed that loss of FGFR
function resulted in excessive longitudinal bone
growth [Colvin et al., 1996; Deng et al., 1996].
Interestingly, while transgenic over-expression
of wild-type FGFR3 caused no phenotype in
mice, over-expression of FGFR3 containing a
G380R mutation common to human dwarfism
resulted in achondroplasia and dwarfism
[Naski et al., 1998]. Knock-ins of the G380R
mutation into the endogenous FGFR3 gene
reproduced the mouse dwarf/achondroplasia
[Chen et al., 1999].

Mappingof thehumandwarfismsas sporadic,
autosomal dominant phenotypes put the
TgFGF2 related dwarfism inmice in a biological
context. Since the humanmutations are gain of
function, it follows that over-expression of the
ligand produces a similar result where FGF-2 is
a negative regulator of bone growth. This study
demonstrates that FGF-2 over-expression not
only reduces the size of the mouse skeleton but
also reduces bone mass and bone formation.

MATERIALS AND METHODS

Animal Breeding and Genotyping

Transgenicmice (in bred FVB/N background)
over expressing all isoforms of human FGF-2
were previously described [Coffin et al., 1995]
and are maintained in an inbred FVB/N back-
ground. Thesemicewere bred and housed in the
transgenic facility in the Center for Laboratory
Animal Care at the University of Connecticut
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Health Center. Hemizygous TgFGF2 males
were mated with non-transgenic (NTg) FVB/N
females to produce 1:1 litters of hemizygous
TgFGF2 and NTg mice. Mice were weighed
prior to sacrifice. Euthanasiawas carried out by
CO2 anesthesia followed by cervical dislocation.
Genotyping of mice by PCR of tail DNA was
performed using primers as previously de-
scribed [Coffin et al., 1995].

Western Blot Analysis and ELISA

The expression of FGF-2 protein isoformswas
determined by Western blot analysis [Coffin
et al., 1995]. Bones were harvested from mice
of both genotypes, washed with ice cold phos-
phate buffered saline (PBS) andhomogenized in
1� lysis buffer. Lysates were centrifuged at
10,000� g at 48C for 10 min and protein con-
centrations were determined using the BCA
protein assay reagent (Pierce Chemical, Rock-
ford, IL). Samples containing 50 mg of total
protein (TP)were loaded in each lane. Following
separation by SDS-polyacrilamide gel elec-
trophoresis on 12% gels, proteins were trans-
ferred to ImmobilonTM transfer membranes
(Millipore, pore, 0.45mm;MilliporeCorporation,
Bedford, MA). The membranes were blocked
with a solution of 1�TBS/ 0.1% Tween 20
(TBST) containing 5% non-fat dry milk for 2 h
then incubated with a mouse x human mono-
clonal antibody (Transduction Labs, Lexington,
KY) recognizing all FGF-2 isoforms diluted
1:250 for 1 h. Finally, a rabbit anti-mouse
secondary antibody (Amersham Pharmacia
Biotech, Piscataway, NJ) diluted 1:200 in
blocking solution was applied for 1 h. After
incubation with antibodies, the membranes
were washed four � 15 min in 1�TBST, and
then Western LightingTM Chemiluminescence
Reagent (Perkin Elmer Life Sciences, Boston,
MA)was used for detection. Signalwas detected
by KODAK X-OMAT autoradiography. Band
density was quantified densitometrically.
FGF-2 levels in bone TP homogenates was

determined using an ELISA kit purchased from
R&D Systems (Minneapolis, MN). This immu-
noassay is specific for human FGF-2 and does
not cross react with other cytokines. The assay
has a sensitivity of (0.28 pg/ml) and a normal
serum sample range of (0.5–32 pg/ml).

Dual Beam X-Ray Absorptiometry

Femoral bones were harvested and stored
in 70% ethanol at 48C. Bone mineral density

(BMD) and bone mineral content (BMC) were
measured using a Piximus Mouse 11 densi-
tometer (GE Medical Systems, Madison WI).

Microcomputed Tomography

The femoral cancellous bones of the distal
metaphysis were analysed by micro-CT in-
strumentation (mCT-20, Scanco Medical AG,
Bassersdorf, Switzerland) as previously re-
ported [Reugsegger andMueller, 1996;Montero
et al., 2000]. Using two-dimensional data from
scanned slices, three-dimensional morpho-
metric analyses were performed to calculate
morphometric parameters defining trabecular
bone mass and micro-architecture. These
include bone volume density (BV/TV), bone
surface density (BS/TV), trabecular thickness
(Tb.Th¼ 2�BV/bone surface [BS]), trabecular
number [Tb.N¼ (BV/TV)/Tb.Th], and trabecu-
lar separation [Tb.Sp¼ (1/Tb.N)�Tb.Th]. These
parameters were calculated by the parallel
plate model of [Parfitt et al., 1987].

Histomorphometry

Mice were weighed and injected with calcein
(25 mg/kg body wt), at 7 and 3 days prior to
sacrificed. Long bones and calvariae were
harvested at sacrifice. The right femurs were
fixed with 10% buffered formalin followed by
100% ethanol. The bones were embedded in
methyl methacrylate (MMA) for analysis of
parameters of bone formation. Five–micron
thick midfrontal sections of the distal femur
were obtained using a Reichert microtome
(Reichert-Jung,Heidelburg,Germany). The left
femurs were fixed with 10% buffered formalin,
embedded in amixture ofMMA,hydroxyglyucol
methacrylate, and 2-hydroxyehylacrylate and
polymerized at 48C.Undecalcified 5-mmsections
wereprepared and stained for tartrate resistant
acid phophatase (TRAP). Histomorphometry
was performed with a semiautomatic image
analyzing system linked to a light microscope
(Cosmozone 1S; Nikon, Tokyo, Japan). The
area of the secondary spongiosa was analyzed
excluding the region within 0.5 mm of the
growth plate-metaphyseal junction. Trabecular
bone volume density (BV/TV,%) was measured.
Trabecular thickness (Tb.Th, mm) and trabecu-
lar number (Tb.N, /mm) were calculated by
the parallel plate model [Parfitt et al., 1987].
Osteoclast surface (Oc.S/BS,%) and osteoclast
number (Oc.N/BS, mm) were determined.
For dynamic histomorphometry, mineralizing
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surface (DLS/BS,%), mineral apposition rate
(MAR, mm/day), and bone formation rate (BFR/
BS, mm3/mm2 per day) were also determined.

The calvariae were fixed in 10% buffered
formalin at 48C, dehydrated in progressive
concentrations of ethanol, cleared in xylene,
and embedded in paraffin. Five-micron sections
were cut, deparaffinized and stained for TRAP.
The Bioquant program for histomorphometry
was utilized (Bioquant-True Color Windows,
Advanced Image Analysis Software, sVGA
Frame Grabber Image Processing Board,
Optronics DEI-470 Video Camera). Quantita-
tive microscopic analysis was performed by
measuring primary histomorphometric indices.

Serum Biochemistry

Serum was obtained from mice of both
genotypes at time of sacrifice for calcium and
phosphorous measurement using kits pur-
chased from Sigma (St. Louis, MO) according
to the manufacturer’s instructions.

Cell Cultures

To assess the effects of over-expression of
FGF-2 on osteoblasts proliferation, cells were
prepared from calvariae of NTg and TgFGF2
mice by sequential digestion with 0.1% collage-
nase (Worthington Biochemical Co.) and plated
in 100 mm dishes in Dulbeccos modified eagles
medium (DMEM) with 10% heat inactivated
fetal calf serum (FCS) (FCS, Hyclone, Logan
UT) in a 5% CO2 incubator at 378C. At con-
fluence, cells were replated at 5,000/cm2 in six-
well dishes in DMEM medium containing 10%
FCS for 7dayswithmedia change every3rdday.
For labeling studies, [3H] thymidine (10 mCi/
well) was added for the last 4 h of the culture to
measure cell proliferation.

Mouse bone marrow cells were isolated using
a modification of previously published methods
[Montero et al., 2000]. Tibiae and femurs from
8-week-old NTg and TgFGF2 mice were dis-
sected free of adhering tissue. Bone ends were
removed and the marrow cavity was flushed
with aminimal essential medium (aMEM,
GIBCO-BRL, Grand Island, NY) using a sterile
25-gauge needle. Marrow cells were collected
into tubeswashed twicewith serum freeaMEM.
Cells were plated in six-multi-well plates at 3�
106 cells/well and cultured in complete media
consisting of (aMEMwith 10% heat-inactivated
FCS, ascorbic acid (50 mg/ml); and beta-glycer-
ophosphate (BGP 8 mM) in the presence of

dexamethasone (DEX 10�8M) for 7 to 21 days.
Cultures were fed every 3rd day by replacing
80% of the medium with fresh medium. To as-
sess total cell number, cultures were harvested
7 days after plating and stained with crystal
violet. Cells for alkaline phosphatase (ALP)
staining were harvested on day 7, 14, and 21 of
culture. ALP staining was performed with a
commercial kit (Sigma Chemical Co., St. Louis
MO). Dishes were scanned and then counter
stained formineral by the von-Kossamethod, as
previously described [Montero et al., 2000].

RNA Isolation and Northern Blot Analysis

For assessment of gene expression, total RNA
[Chomczynski and Sacchi, 1987; Towbin et al.,
1979] was prepared from calvariae or femurs
using TRIZOL reagent according to the manu-
facturer’s instructions. For Northern Analysis,
20 mg of total RNA was denatured and fractio-
nated on a 1% agarose/2.2M formaldehyde gel,
transferred to filters by capillary blotting and
fixed to the filter by UV irradiation. After a 4-h
prehybridization, filters were hybridized over-
night with a [32P] cDNAprobe for themRNAs of
interest. Bands were normalized to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH).
Northern blots were quantified by autoradio-
graphy and densitometry.

Statistical Analysis

StatisticswasperformedusingpairedStudent
T-test or analysis of variance (ANOVA) to deter-
mine differences between groups at P< 0.05.

RESULTS

Hemizygous TgFGF2 mice appeared normal
and had no significant size orweight differences
compared with NTg mice. These results are
consistent with our earlier report on the initial
characterization of these mice [Coffin et al.,
1995]. We compared FGF-2 protein levels in
bones from NTg and TgFGF2 mice of different
ages. Total protein was extracted from femurs
of NTg and TgFGF2 mice at 4, 14, 28, 70, and
230 days post-partum (pp) and quantitated by
ELISA. The concentration of FGF-2 protein
(picograms/ml; pg/ml) as a fraction of TP was
higher at all time points in bones from TgFGF2
mice compared with NTg mice (Fig. 1A).
Western Blot analysis was performed to detect
FGF-2 protein isoform expression in whole
femurs from 8-week-oldNTg andTgFGF2mice.
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As shown in Figure 1B, femurs from TgFGF2
mice over-expressed all FGF-2 protein isoforms.
To assess whether bone mass was altered

in young TgFGF2 mice, BMD and BMC was
measured by Piximus DEXA in femurs from
1-month-old male mice of both genotypes. As
shown in Figure 2, there was a 19% decrease in
BMD and a 40% decrease in BMC in bones from
TgFGF2 compared with NTg mice.
In order to assess the structural parameters

of trabecular bone, we performed micro-CT

of the distal metaphysis of femurs harvested
from male mice of both genotypes. Three-
dimensional images of the femoral metaphysis
of 6-month-old male NTg and TgFGF2 mice are
shown in Figure 3A. There was reduction of the
plate like structure of the trabecular bone from
TgFGF2 mice compared with NTg mice. Quan-
titation of structural parameters of bones from
6-month-old male TgFGF2 mice (Fig. 3B) re-
vealed that trabecular bone volume (BV/TV)
and trabecular number (Tb.N) were reduced by
32%and28%,respectively (P< 0.05).Trabecular
separation (Tb.Sp) was significantly increased
by 34% compared with NTg mice (P< 0.01).
Trabecular thickness (Tb.Th) was not signifi-
cantly altered when compared with NTg mice.

Static and dynamic histomorphometry was
performed to assess parameters of bone struc-
ture and function at the metaphysis of distal
femurs of 6-month-old male NTg and TgFGF2
mice. As shown in Figure 4A, static histomor-
phometry confirmed the results that were
obtained by micro-CT. BV/TV was significantly
reduced by 37% (P< 0.05) and Tb.Sp was also
significantly increased by 38% compared with
NTg mice (P< 0.05). The results of dynamic
histomorphometric parameters of bone forma-
tion at the metaphysis of distal femurs are
shown in Figure 4B. There was a 21% decrease
in osteoblast surface (Ob.S/BS), a 38%reduction
in double-labeled surface (D-LS/BS); a 21%
reduction in mineral apposition rate (MAR);
and a 49% reduction in bone formation rate
(BFR/BS), (P< 0.05) in bones from TgFGF2
mice.

To examine effects of FGF-2 over-expression
on osteoclast number and activity, TRAP stain-
ing and static histomorphometric analysis was
performed on calvariae from6–8-week-oldmale
mice. As shown in Figure 5A there were fewer
TRAP positive osteoclasts (OCL) in calvaria

Fig. 1. Comparison of FGF-2 protein levels in femoral bones
from NTg and TgFGF2 mice of different ages. A: FGF-2 protein
was measured by ELISA in bones from 4 to 230-days post partum
(pp) mice. N¼ 4 determination at each time point, 4, 14, 28, 70,
and 230 days pp. B: Western Blot analysis of FGF-2 protein
isoform profile expression in femurs from 8-week-old NTg and
TgFGF2 mice. Western blots analysis showed that TgFGF-2 mice
over-expressed multiple FGF-2 protein isoforms in femoral
bones.

Fig. 2. DXA analysis of bone mineral density (BMD) and bone mineral content (BMC) was determined on
freshly excised femurs harvested from 1-month-old male NTg and TgFGF2 mice. aSignificantly different from
NTg group; P<0.05.
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from TgFGF2 mice. Quantitative histomorpho-
metry, (Fig. 5B) showed that total bone area
(TA/TTA), was similar in both genotypes, how-
ever percent osteoclast surface (% Oc.S), and
osteoclast number/ bone surface (Oc.N/BS)were
significantly reduced inTgFGF2mice compared
to NTg mice.

To ascertainwhether reduced bone formation
was associated with systemic alteration in
mineral homeostasis we measured serum cal-
cium and phosphorus in NTg and TgFGF2.
Serum levels of calcium and phosphorous were
similar in both genotypes.

FGF-2 has been shown to inhibit chondrocyte
proliferation but stimulate osteoblast prolifera-
tion [Hurley et al., 2002]We therefore compared
the proliferative capacity of calvarial osteo-
blastic cells in NTg and TgFGF2 mice by
measuring thymidine incorporation into DNA
after 7 days of culture. Thymidine incorporation
intoDNAshowedasignificant increaseof85%in
osteoblast cultures from TgFGF2 mice (Fig. 6)
compared with NTg mice.

To further assess the mechanism of reduced
mass in TgFGF2 mice, formation of alkaline
phosphatase positive (ALP) colonies andminer-
alized nodules in bone marrow cultures from
NTgandTgFGF2micewas compared.As shown
in Figure 7A, after 7 days of culture, crystal

violet staining revealed increased numbers of
cells in cultures from TgFGF2 mice. At 7th day
the number of ALP positive colonies were
similar in both genotypes (Fig. 7B). However,
after 21 days of culture, therewere fewerminer-
alized (vonKossa-stained) colonies in TgFGF2
cultures Figure 7C and Figure 8.

Total RNA was extracted from calvarial and
femoral bones to examine the expression of
genes associated with osteoblast differentia-
tion as well as matrix proteins that may affect
mineralization. As shown in Figure 9, Northern
analysis of gene expression in calvariae or
femur from 6-month-old mice revealed similar
levels of expression of mRNA for type 1 collagen
(Col1a1), osteocalcin (OCN), bone-sialoprotein
(BSP), osteopontin (OPN), and runt-related
transcription factor (RUNX2). We also com-
pared the expression of these genes in femoral
bones from 1 to 6-month-old mice. As shown in
(Table I) there was similar expression of mRNA
for Col1a1, OCN, OPN, and BSP and RUNX2 in
femurs from both genotypes at 1 and 6 months
of age. Previous studies reported defective
mineralization with increased matrix gla pro-
tein (MGP) [Yagami et al., 1999]. However as
shown in Table I, the mRNA for MGP was
similar in bones from 1 to 6-month-old NTg and
TgFGF2 mice.

Fig. 3. Morphologic study by micro-CT scanning of the
trabecular bone of distal metaphysis of femurs of 6 month male
NTg and TgFGF2 mice. A: Note that the amount of trabecular
bone is reduced in the TgFGF2 mice compared with NTg mice. B:
Three-dimensional microstructural parameters calculated using
two-dimensional data obtained from micro-CT of femurs of

6-month-old male NTg and TgFGF2 mice. Calculated morpho-
metric indices included bone volume/trabecular volume (BV/
TV); Trabecular thickness (Tb.Th); Trabecular number (Tb.N),
Trabecular separation (Tb.Sp). aSignificantly different from NTg
group; P< 0.05. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Since defective bone mineralization has also
been reported in mice with targeted inactiva-
tion of FGFR2 in chondrocytes and osteoblasts
[Yu et al., 2003]) as well as FGFR3 knockout
mice [Valverde-Franco et al., 2004], we deter-
mined whether their mRNA expression was
altered. Furthermore, since FGFR1 can mod-
ulate osteoblast proliferation and differentia-
tion [Hurley et al., 2002], we also assessed its
expression. Northern blot analysis revealed no
significant differences in mRNA for FGFR1,
FGFR2, or FGFR3 (data not shown).

DISCUSSION

Our earlier studies demonstrated that con-
stitutive FGF-2 over-expression impaired long-
itudinal bone growth resulting in murine

dwarfism in the TgFGF2 mice [Coffin et al.,
1995] however; there was no functional char-
acterization of the bones of these mice. The
present study was undertaken to determine the
effect of FGF-2 over-expression on bone mass.
We observed that BMD and BMC were de-
creased in TgFGF2 mice as early as 1 month of
age. These results suggest a developmental
defect in the acquisition of bone mass. Struc-
tural analysis of bone by micro-CT and static
and dynamic histomorphometric studies de-
monstrated a marked reduction in bone mass
as well as decreased rate of endochondral bone
formation in TgFGF2 mice. The data reported
here suggest that the major defect in TgFGF2
mouse bone results from decreased bone
formation.

Fig. 4. Static histomorphometric parameters of bone structure
of the metaphysis of distal femurs of 6-month-old male NTg and
TgFGF2 mice. A: BV/TV; Trabecular bone volume density,
Tb.Th; Trabecular thickness, Tb.N; Trabecular number, Tb.Sp;
Trabecular separation were measured. aSignificantly different
from NTg group; P< 0.05. B: Dynamic histomorphometric

parameters of bone formation at the metaphysis of distal femurs
of 6-months-old male NTg and TgFGF2 mice. D-LS/BS; Double-
labeled surface, MAR; Mineral apposition rate, BFR/BS; Bone
formation rate, Ob.S/BS; osteoblast surface were measured.
Significantly different from NTg group; P<0.05. aSignificantly
different from NTg group; P<0.01.
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We previously reported that FGF-2 increased
osteoclast formation [Hurley et al., 1998], there-
fore, decreased bone mass in TgFGF2 mice
could be due to increased osteoclast formation
and activity resulting in increased bone resorp-
tion. Static histomorphometry of calvariae
showed that cortical width and total trabecular
area were not significantly different between

the NTg and TgFGF2 mice, however there was
a significant decrease in percent osteoclast
surface and osteoclast numbers/ bone surface
in TgFGF2 mice compared to NTg control mice.
Thus, bone resorption appears to be decreased in
the TgFGF2mice. Thus, FGF-2 over-expression
modulates both endochondrol and intramem-
branous bone formation.

Fig. 5. TRAP staining and static histomorphometry was performed on calvariae from 6–8-week-old NTg
and TgFGF2 mice. A: There were few TRAPþOCLs (arrows) in calvarial sections fron TgFGF2 mice. B:
Quantification of Static histomorphometric parameters is shown. Total trabecular bone area (TA/TTA);
percent osteoclast surface, (% Oc.S); osteoclast numbers/bone surface (Oc.N/BS) was determineded.
aSignificantly different from NTg group; P<0.05. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Fig. 6. Comparison of thymidine incorporation into DNA in
calvarial osteoblasts from neonatal NTg and TgFGF2 mice.
Osteoblastic cells were prepared from calvariae of neonatal mice
from both genotypes as described under methods and cultured in
10% FCS for 7 days and thymidine incorporation into DNA was
determined. Values are the mean� SEM for 6 determination/
group. aSignificantly different from NTg, P< 0.05.

Fig. 7. Comparison of the ability to form alkaline phosphatase
positive colonies and mineralized nodules as determined by von
Kossa staining in mouse bone marrow cultures from NTg and
TgFGF2 mice. Cells were cultured in differentiation medium for
the indicated times as described under methods. Crystal violet
staining reveal increased cell number in TgFGF2 mice cultures at
7days. ALP positive staining was similar but mineralized nodules
were reduced in TgFGF2 mice cultures at 21 days. This
experiment is representative of 3 independent experiments.
[Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Decreased bone formation was not due to per-
turbation in mineral homeostasis since serum
concentrations of calcium or phosphorous both
were similar between TgFGF2 and NTg mice.
The earlier onset of decreased bone mass at 1

month of age in TgFGF2mice can be contrasted
with our observation in the Fgf2�/� null mice
where decreased bonemasswas observed as the
mice aged [Montero et al., 2000]. Reduced bone
mass in Fgf2�/�mice appears to be due in part
to reduced numbers of osteoblast precursors. In
contrast to Fgf2�/� mice, there was increased
thymidine labeling in TgFGF2 osteoblasts sug-
gesting that there were no deficits in the
number of early osteoblast precursors. Further-
more total cell number was increased in
TgFGF2 marrow stromal cultures and alkaline
phosphatase colonies were similar in marrow
stromal cultures from both genotypes.
Previous studies found FGF-2 expression

in epiphyseal plates during physiological endo-
chondral bone formation and expression in
chondrocytes during the earliest stages of dif-
ferentiation [Hill et al., 1992b]. Staining for
FGF-2 was also present in ossification centers
in osteoblasts as well as calcified matrix [Hill
et al., 1992b]. Therefore, we measured FGF-2
levels in bones from TgFGF2 and NTg mice of
different ages using an ELISA that does not
cross react with other FGFs. FGF-2 levels were
much higher in bones from TgFGF2 mice of all
ages compared with bones from NTg mice. It is
possible that similar to our observation in vitro
[Hurley et al., 1993], continuous exposure to
high levels of FGF-2 in vivo caused decreased

osteoblast differentiation resulting indecreased
bone mass. In support of this possibility, we did
observe fewer mineralized colonies in stromal
cultures from TgFGF2 mice.

Although total colonynumberwas similar,we
observed reduced mineralization of colonies in
the TgFG2 mice. Previous studies showed that

TABLE I. Gene Expression (mRNA/GAPDH/
Ratios) in Femoral Bones From Male NTg

and TgFGF2 Mice

Age 1 month 6 months

Genotype NTg Tg NTg Tg

Col1a1 1.18 1.37 0.10 0.07
OCN 0.86 1.21 0.07 0.06
OPN 0.86 0.88 0.67 0.65
BSP 0.80 0.90 0.37 0.36
RUNX2 0.59 0.46 0.49 0.38
MGP 0.57 0.61 0.52 0.51

Fig. 9. Gene expression profile in bones from 6-month-old NTg
and TgFGF2 mice. Total RNA was extracted from calvariae and
femoral bones. Northern Blot analysis for mRNA for osteoblast
gene expression is described under methods. Filters were probed
for the mRNA of interest. Filters were reprobed for GAPDH.
Signals were quantitated by densitometry and normalized to the
corresponding value for GAPDH.

Fig. 8. Quantitation of mineralized colony area in mouse
bone marrow cultures from NTg and TgFGF2 mice cultured for
21 days in differentiation medium as described under methods.
von-Kossa stained mineralized colony area was measured by
NIH Image. Values are the mean� SEM (n¼ 3 replicates/group).
aSignificantly different form NTg group; P< 0.001.
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FGF-2 regulates the expression of OCN [Xiao
et al., 2002], OPN [Leali et al., 2003], and BSP
[Shimuzu-Sasaki et al., 2001]. This is relevant
to our studies since these non-collagen proteins
are important in bone mineralization [Chen
et al., 1992; Ducy et al., 1996; Rittling et al.,
1998]. In contrast, MGP [Yagami et al., 1999;
Zebboudj et al., 2002] has been associated with
defective mineralization. However, we did not
observe any difference in the expression of
genes for non-collagen proteins between the
two genotypes suggesting that they are not
important in defective mineralization in the
TgFG2 mice.

FGF-2 can signal via multiple FGF receptors
[Ornitz and Marie, 2002]. Since defective bone
mineralization has been reported in mice with
targeted inactivation of FGFR2 in chondrocytes
and osteoblasts FGFR2 [Yu et al., 2003], we
examinedFGFR2mRNA inbones fromTgFGF2
mice. We observed no significant differences in
FGFR2 expression in bones from NTg and
TgFGF2 mice. FGF-2 also signals via FGFR3
[Ornitz andMarie, 2002] and over-expression of
FGF-2 recapitulates short-limbed dwarfism
that is similar to mutations caused by constitu-
tive activation FGFR3. In contrast to activation
of FGFR3, disruption of FGFR3 did not cause
dwarfism in mice, however recent studies
showed reduced bone mass and impaired bone
mineralization in FGFR3 null mice [Valverde-
Franco et al., 1998]. Interestingly impaired
bone mineralization in FGFR3 null mice was
associated with increased matrix-GLA protein
(MGP) that was previously shown to block
mineralization [Yagami et al., 1999]. However,
we did not observe any differences in either
FGFR3 or MGP mRNA in bones of TgFGF2
mice, suggesting that neither MGP nor FGFR3
were important in reduced mineralization or
decreased bone mass in TgFGF2 mice.

In summary, we have shown that non-
targeted over-expression of FGF-2 not only
regulates bone development but also modulates
postnatal bone formation and bone remodeling.
Targeted over-expression of FGF-2 in chondro-
cytes and osteoblasts should provide important
information regarding the role of FGF-2 protein
in dwarfism and bone formation as well as
the signaling pathways that are involved.
The FGF regulatory pathways for bone growth,
beyond the ligands and receptors, are nowunder
intense scrutiny. Overall, genetic and bio-
chemical data for negative regulators such as

FGF-2 suggest that both endochondral and
epiphsyial bone growth is dependent on main-
taining a tightly regulated balance of the
growth factor regulatory molecules.

ACKNOWLEDGMENTS

This work was supported in part by NIH
grant AR-46025 (to MM Hurley).

REFERENCES

Abraham JA, Whang JL, Tumolo A, Mergia A, Friedman J,
Gospodarowicz D, Fiddes JC. 1986. Human basic fibro-
blast growth factor: Nucleotide sequence and genomic
organization. Embo J 5:2523–2528.

Arman E, Haffner-Krauz R, Chen Y, Heath JK, Lonai P.
1998. Targeted disruption of fibroblast growth factor
(FGF) receptor 2 suggests a role for FGF signaling in
pregastrulation mammalian development. Proc Natl
Acad Sci USA 95:5082–5087.

Baldin V, Roman A, Bosc-Bierne I, Amalric F, Bouche G.
1990. Translocation of bFGF to the nucleus was G1 phase
cell cycle specific in bovine aortic endothelial cells. Embo
9:1511–1517.

Bugler B, Amalric F, Prats H. 1991. Alternative initiation
of translation determines cytoplasmic or nuclear locali-
zation of basic fibroblast growth factor. Mol Cell Biol
11:573–577.

Canalis E, Centrella M, McCarthy T. 1988. Effects of basic
fibroblast growth factor on bone formation in vitro. J Clin
Invest 81:1572–1577.

Chen J, Shapiro HS, Sodek J. 1992. Development expres-
sion of bone sialoprotein mRNA in rat mineralized
connective tissues. J Bone Miner Res 7:987–997.

Chen L, Adar R, Yang X, Monsonego EO, Li C, Hauschka
PV, Yayon A, Deng CX. 1999. Gly369Cys mutation in
mouse FGFR3 causes achondroplasia by affecting both
chondrogenesis and osteogenesis. J Clin Invest 104:
1517–1525.

Chomczynski P, Sacchi N. 1987. Single-step method of
RNA isolation by acid guanidinium thiocyanate-phenol-
chloroform extraction. Anal Biochem 162:156–159.

Coffin JD, Florkiewicz RZ, Neumann J, Mort-Hopkins T,
Dorn GW, III, Lightfoot P, GermanR,Howles PN, Kier A,
O’Toole BA, Sassa J, Gonzales AM, Baird A, Doeschman
TC. 1995. Abnormal bone growth and selective transla-
tional regulation in basic fibroblast growth factor (FGF-
2) transgenic mice. Mol Biol Cell 6:1861–1873.

Colvin JS, Bohne BA, Harding GW, McEwen DG, Ornitz
DM. 1996. Skeletal overgorwth and deafness in mice
lacking fibroblast growth factor receptor 3. Nat Genet
12:390–397.

DeML, Dickson C. 1997. Skeletal disorders associated with
fibroblast growth factor receptor mutations. Curr Opin
Genet Dev 7:378–385.

Deng CX, Wynshawboris A, Shen MM, Daugherty C,
Ornitz DM, Leder P. 1994. Murine FGFR-1 is required
for early postimplantation growth and axial organiza-
tion. Gene Development 8:3045–3057.

Deng CX, Wynshawboris A, Zhou F, Kuo A, Leder P. 1996.
Fibroblast growth factor receptor 3 is a negative
regulator of bone growth. Cell 84:911–921.

92 Sobue et al.



Ducy P, Desbois C, Boyce B, Pinero G, Dunstan C, Smith E,
Bonadio J, Goldstein S, Gundberg C, Bradley A. Karsenty
G. 1996. Increased bone formation in osteocalcin-
deficient mice. Nature 382:448–452.

Florkiewicz RZ, Sommer A. 1989. Human basic fibroblast
growth factor gene encodes four polypeptides: Three
initiate translation from non-AUG codons. Proc Natl
Acad Sci USA 86:3978–3981.

Globus RK, Patterson-Buckendahl P, Gospodarowicz D.
1988. Regulation of bovine bone cell proliferation by
fibroblast growth factor and transforming growth factor
b. Endocrinology 123:98–105.

Globus RK, Plouet J, Gospodarowicz D. 1989. Cultured
bovine bone cells synthesize basic fibroblast growth
factor and store it in their extracellular matrix. Endocri-
nology 124:1539–1547.

Hauschka PV, Mavrakos AE, Iafrati MD, Doleman SE,
KlagsbrunM. 1986. Growth factors in bonematrix. J Biol
Chem 261:12665–12674.

Hill DJ, Logan A. 1992a. Cell cycle dependent localization
of immunoreactive basic fibroblast growth factor to
cytoplasm and nucleus of isolated ovine fetal growth
plate chondrocytes. Growth Factors 7:215–231.

Hill DJ, Logan A, Ong M, DeSousa D, Gonzalez AM. 1992b.
Basic fibroblast growth factor was synthesised and
released by isolated ovine fetal growth plate chondro-
cytes. Potential role as an autocrine mitogen. Growth
Factors 6:277–294.

Hurley MM, Abreu C, Harrison JR, Lichtler AC, Raisz LG,
Kream BE. 1993. 1993. Basic fibroblast growth factor
inhibits type I collagen gene expression in osteoblastic
MC3T3-E1 cells. J Biol Chem 268:5588–5593.

Hurley MM, Lee SK, Marcello K, Abreu C, Raisz LG,
Bernecker P, Lorenzo J. 1998. Basic fibroblast growth
factor induces osteoclastogenesis in bone marrow cul-
tures by a prostaglandin-mediated mechanism. Bone
22:309–316.

Hurley MM, Marie P, Florkiewicz R. 2002. Fibroblast
growth factor and vascular endothelial fibroblast growth
factor families. In: Bilezikian J, Raisz LG, Rodan G,
editors. Principles of Bone Biology, Vol 1. San Diego:
Academic Press. pp 825–851.

Jabs EW, Li X, Scott AF, Meyers G, Chen W, Eccles M,
Mao JI, Charnas LR, Jackson CE, JayeM. 1994. Jackson-
Weiss and Crouzon syndromes are allelic with mutations
in fibroblast growth factor receptor 2. Nat Genet 8:275–
279.

Kawaguchi H, PilbeamCC, Gronowicz G, Abreu C, Fletcher
BS, Herschman HR, Raisz LG, Hurley MM. 1995.
Transcription induction of prostaglandin G/H synthase-
2 by basic fibroblast growth factor. J Clin Invest 96:923–
930.

Leali D, Dell’Era P, Stabile H, Sennino B, Chambers AF,
Naldini A, Sozzani S, Nico B, Ribatti D, Presta M. 2003.
Osteopontin (Eta-1 and Fibroblast growth factor 2 cross-
talk in angiogenesis. J Immunology 171:1085–1093.

Mayahara H, Ito T, Nagai H, Miyajima H, Tsukuda R,
Takatomi S, Mizoguchi J, Kato K. 1993. In vivo
stimulation of endosteal bone formation by basic fibro-
blast growth factor in rats. Growth Factors 9:73–80.

McCarthy TL, Centrella M, Canalis E. 1989. Effects of
fibroblast growth factors on deoxyribonucleic acid and
collagen synthesis in rat parietal bone cells. Endocrinol-
ogy 125:2118–2126.

Montero A, Okada Y, Tomita M, Ito M, Tsurukami H,
Nakamura T, Doetschman T, Coffin JD, Hurley MM.
2000. Disruption of the fibroblast growth factor-2 gene
results in decreased bone mass and bone formation. J
Clin Invest 105:1085–1093.

Muenke M, Schell U. 1995. Fibroblast growth factor
receptor mutations in human skeletal disorders. Trends
Genet 11:308–313.

Muenke M, Schell U, Hehr A, Robin NH, Losken HW,
Schinzel A, Pulleyn LJ, Rutland P, Reardon W, Malcolm
S,Winter RM. 1994. A commonmutation in the fibroblast
growth factor receptor 1 gene in Pfeiffer syndrome. Nat
Genet 8:269–274.

Mundlos S, Olsen BR. 1997. Heritable diseases of the
skeleton. Part I: Molecular insights into skeletal devel-
opment-transcription factors and signaling pathways.
Faseb J 11:125–132.

Nakagawa N, Yasuda H, Yano K, Mochizuki S, Kobayashi
N, Fujimoto H, Shima N, Morinaga T, Chikazu D,
Kawaguchi H, Higashio K. 1999. Basic fibroblast
growth factor induces osteoclast formation by recipro-
cally regulating the production of osteoclast differentia-
tion factor and osteoclastogenesis inhibitory factor in
mouse osteoblastic cells. Biochem Biophys Res Commun
265:158–163.

Naski MC, Wang Q, Xu JS, Ornitz DM. 1996. Graded
activation of fibroblast growth factor receptor 3 by
mutations causing achondroplasia and thanatophoric
dysplasia. Nat Genet 13:233–237.

Naski MC, Colvin JC, Coffin JD, Ornitz DM. 1998.
Repression of hedgehog signaling and BMP4 expression
in growth plate cartilage by fibroblast growth factor
receptor 3. Development 125:4977–4988.

Ornitz DM, Marie PJ. 2002. FGF signaling pathways in
endochondral and intramembranous bone development
and human genetic disease. Genes and Dev 16:1446–
1465.

Parfitt AM, Drezner MK, Glorieux FH, Kanwas
JK, Malluche H, Meunier PJ, Ott SM, Recker RR. 1987.
Bone histomorphometry: Standardization of nomencla-
ture, symbols and units. J Bone Miner Res 6:595–610.

Patstone G, Pasquale EB, Maher PA. 1993. Different
members of the fibroblast growth factor receptor family
are specific to distinct cell types in the developing chicken
embryo. Dev Biol 155:107–123.

Quarto N, Finger F, Rifkin D. 1991a. The NH2-terminal
extension of high molecular weight bFGF was a nuclear
targeting signal. J Cell Physiol 147:311–318.

Quarto N, Talarico D, Florkiewicz R, Rifkin DB. 1991b.
Selective expression of high molecular wt basic fibroblast
growth factor confers a unique phenotype to NIH 3T3
cells. Cell Regulation 2:699–708.

Reardon W, Winter RM, Rutland P, Pulleyn LJ, Jones BM,
Malcolm S. 1994. Mutations in the fibroblast growth
factor receptor 2 gene cause Crouzon syndrome. Nat
Genet 8:98–103.

Reugsegger P, Mueller R 1996. 1996. A microtomographic
system for the nondestructive evaluation of bone archi-
tecture. Calcif Tissue Int 58:61–75.

Rittling SR, Matsumoto HN. McKee MD, Nanci A, An XR,
Novick KE, Kowalski AJ, Noda M. Denhardt DT. 1998
Mice lacking OPN show normal development and bone
structure but show altered osteoclast formation in vitro.
J Bone Miner Res 13:1101–1111.

Over-Expression of Fibroblast Growth Factor-2 93



Rodan SB, Wesolowski G, Yoon K, Rodan GA. 1989.
Opposing effects of fibroblast growth factor and pertussis
toxin on alkaline phosphatase, osteopontin, osteocalcin
and type I collagen mRNA levels in ROS 17/2.8 Cells.
J Biol Chem 264:19934–19941.

SahniM, Raz R, Coffin JD, Levy D, Basilico C. 2001. STAT1
mediates the increased apoptosis and reduced chondro-
cyte proliferation in mice over-expressing FGF-2. Devev-
lopment 128:2119–2129.

Saksela O, Rifkin D. 1990. Release of basic fibroblast
growth factor-heparan sulfate complexes from endothe-
lial cells by plasminogen activator-mediated proteolytic
activity. J Cell Biol 110:767–775.

Schmermund A, Baumgart D, Gorge G, Seibel R,
Gronemeyer D, Ge JB, Haude M, Rumberger J, Erbel
R. 1997. Coronary artery calcium in acute coronary
syndromes: A comparative study of electron-beam com-
puted tomography, coronary angiography, and intracor-
onary ultrasound in survivors of acute myocardial
infarction and unstable angina. Circulation 96:461–
1469.

Shiang R, Thompson LM, Zhu YZ, Church DM, Fielder TJ,
Bocian M, Winokur ST, Wasmuth JJ. 1994. Mutations in
the transmembrane domain of FGFR3 cause the most
common genetic form of dwarfism, achondroplasia. Cell
78:335–342.

Shimuzu-Sasaki E, Yamazaki M, Shunsuke F, Sugiya H,
Sodek J, Ogata Y. 2001. Identification of a novel response
element in the rat bone sialoprotein (BSP) gene promoter
that mediates constitutive and fibroblast growth factor–2
induced expression of BSP. J Biol Chem 276:5459–
5466.

Stachowiak M, Moffett J, Joy A, Puchacz E, Florkiewicz R,
Stachowiak E. 1994. Regulation of bFGF gene expression
and subcellular distribution of bFGF protein in adrenal
medullary cells. J Cell Biol 127:203–222.

Tavormina PL, Shiang R, Thompson LM, Zhu YZ, Wilkin
DJ, Lachman RS, Wilcox WR, Rimoin DL, Cohn DH,
Wasmuth JJ. 1995. Thanatophoric dysplasia (types I
and II) caused by distinct mutations in fibroblast growth
factor receptor 3. Nat Genet 9:321–328.

Towbin H, Staehelin T, Gordon J. 1979. Electrophoretic
transfer of proteins from polyacrylamide gels to nitro-
cellulose sheets: Procedure and some applications. Proc
Natl Acad Sci USA 76:4350–4354.

Trippel SB, Wroblewski J, Makower AM, Whelan MC,
Schoenfeld D, Doctrow SR. 1993. Regulation of Growth-
Plate Chondrocytes by Insulin-Like Growth Factor I and
Basic Fibroblast Growth Factor. J Bone Joint Surg [Am]
75A:177–189.

Valverde-FrancoG, LiuH, DavidsonD, Chai S, Valderrama-
Carvajal H, GoltzmanD, Ornitz DM,Henderson JE. 2004.
Defective bone mineralization and osteopenia in young
adult FGFR3�/� mice. Hum Mol Genet 13:271–284.

Xiao G, Jiang D, Gopalakrishnan R, Franceschi RT. 2002.
Fibroblast growth factor 2 induction of the osteocalcin
gene requires MAPK activity and phosphorylation of the
osteoblast transcription factor, Cbfa1/Runx2. J Biol
Chem 277:36181–36187.

Xu X, Weinstein M, Li C, Naski M, Cohen RI, Ornitz DM,
Leder P, Deng C. 1998. Fibroblast growth factor receptor
2 (FGFR2)-mediated regulation loop between FGF8 and
FGF10 is essential for limb induction. Development
125:753–765.

Yagami K, Suh JY, Enomoto-Iwamoto M, Koyama E,
Abrams WR, Shapiro IM, Pacifici M. 1999. Matrix GLA
protein is a developmental regulator of chondrocyte
mineralisation and, when constitutively expressed,
blocks endochondral and intramembranous ossification
in the limb. J Cell Biol 147:1097–1108.

Yamaguchi TP, Harpal K, Henkemeyer M, Rossant J. 1994.
Fgfr-1 is required for embryonic growth and mesodermal
patterning during mouse gastrulation. Gene Develop
8:3032–3044.

Yu K, Xu J, Liu Z, Sosic D, Shao J, Olson EN, Towler DA,
Ornitz DM. 2003. Conditional inactivation of FGF
receptor 2 reveals an essential role for FGF signaling in
the regulation of osteoblast function and bone growth.
Development 130:3063–3074.

Zebboudj AF, Imura M, Bostrom K. 2002. Matrix GLA
protein, a regulatory protein for bone morphogenetic
protein-2. J Biol Chem 277:4388–4394.

94 Sobue et al.


