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Abstract Fibroblast growth factor-2 (FGF-2) stimulates proliferation and inhibits differentiated function of
osteoblasts by suppressing synthesis of type I collagen and other proteins. However, little is known regarding the
molecular mechanisms regulating the suppressive effects of FGF-2 on type I collagen synthesis in osteoblasts. The zinc
®nger transcription factor Egr-1 and the basic helix-loop-helix (bHLH) family of proteins have been implicated in the
regulation of genes crucial to mesodermal cell growth and differentiation. The aim of this study was to determine
whether Egr-1 and TWIST might be potential transcriptional regulators of the inhibitory effects of FGF-2 on a2(I) collagen
expression in MC3T3-E1 osteoblasts which undergo a developmental sequence in vitro. Upon treatment of
undifferentiated MC3T3-E1 cells with 1 nM FGF-2, Egr-1 mRNA increased with the effect maximal after 30±60 min.
TWIST mRNA also increased with the effect maximal at 2 h. We analyzed the transcriptional control of a2(I) collagen
gene expression by FGF-2 by transient transfection of an a2(I) collagen-luciferase construct (pH5) into undifferentiated
MC3T3-E1 cells. The activity of the pH5 luciferase promoter decreased in a dose-dependent manner following treatment
with.01 and 1 nM FGF-2. We identi®ed putative Egr-1 and TWIST recognition sequences in the proximal region of the
promoter for the murine a2(I) collagen gene and a putative Egr-1 site in the 50 region of the murine TWIST promoter. In
gel mobility shift assays, potential Egr-1 response elements in the 50 region of the murine TWIST and a2(I) collagen genes
demonstrated speci®c Egr-1 binding activity with bFGF-treated nuclear extracts obtained from MC3T3-E1 cells. These
results indicate that Egr-1 and TWIST are expressed in undifferentiated MC3T3-E1 osteoblast-like cells following
treatment with FGF-2 and they may be potential transcriptional regulators of FGF-2s negative effects on a2(I) collagen
gene expression. J. Cell. Biochem. 80:550±559, 2001. Published 2001 Wiley-Liss, Inc.y
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The osteoblast, the cell responsible for bone
formation, arises from a postulated sequence of
differentiation events that start with the multi-
potential stem cell and progress to the osteo-
progenitor cell, preosteoblast, and ®nally, the
mature osteoblast [Stein et al., 1996]. Our
understanding of the extracellular factors that
promote cell differentiation and the temporal

expression of cell growth and osteoblast phe-
notype-related genes has greatly increased in
recent years. Type I collagen, the most abun-
dant collagen in the bone matrix, is deposited
by preosteoblasts during a stage of active
proliferation characterized by the expression
of cell cycle and cell growth genes including
type I collagen. Many cytokines, growth fac-
tors, and hormones regulate markers of osteo-
blast differentiation.

One such factor is ®broblast growth factor-2
(FGF-2), a heparin-binding growth factor, that
is synthesized by osteoblasts, deposited in the
extracellular matrix, and may exert its effects
in an autocrine or paracrine manner. When
administered continuously in vitro, this growth
factor inhibits the expression of osteoblastic
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differentiation markers including type I col-
lagen, osteocalcin, alkaline phosphatase, and
parathyroid-responsive adenylate cyclase acti-
vity [Hurley et al., 1994]. FGF-2 inhibits a1(I)
collagen gene expression by a transcriptional
mechanism and this is independent of cell
replication [Hurley et al., 1993]. The effects of
FGF-2 also appear to be differentiation stage
speci®c as this growth factor slightly induces
cell proliferation and inhibits expression of
osteoblast markers in less mature human
calvaria osteoblastic cells, while it stimulates
osteocalcin production and matrix mineraliza-
tion in more mature cells [Debiais et al., 1998].
The molecular mechanisms responsible for the
negative action of FGF-2 on markers of osteo-
blastic differentiation have not been clearly
de®ned, but most likely involve an orderly
activation of intracellular biochemical signals
and transcription factors that regulate expres-
sion of target genes involved in osteoblast dif-
ferentiation.

One transcription factor that may control the
effects of FGF-2 on the expression of type I
collagen is Egr-1 (also known as Zif268, Krox-
24, TIS8, and NGFI-A) [Gashler and
Sukhatme, 1995], an immediate early response
gene whose gene product binds with high
af®nity to the sequence 50-CGCCCCCGC-30.
Egr-1 is induced by diverse mitogenic, hyper-
trophic, and differentiation signals in various
cell types, including osteoblasts. Transcripts
of Egr-1 are highly expressed in bone and
cartilage during murine embryogenesis
[McMahon et al., 1990]. They are also induced
in osteoblasts by such stimuli as retinoic acid
[Suva et al., 1991], hydrogen peroxide [Nose
et al., 1991], epidermal growth factor [Fang
et al., 1995], prostaglandin E2 [Fang et al.,
1996], and prostacyclin [Glantschnig et al.,
1996].

One physiologically relevant and potential
target gene for Egr-1 in osteoblasts is type I
collagen, the most abundant form of collagen,
which is deposited in the extracellular bone
matrix by normal diploid osteoblasts during a
stage of active proliferation. Type I collagen is a
triple helical supercoil composed of two iden-
tical a1(I) chains and an a2(I) chain. There is a
potential Egr-1 recognition sequence which is
perfectly conserved in the 50 ¯anking region of
the rat and human a2(I) collagen genes and
highly conserved in mouse (eight out of nine
nucleotides match) [Guenette et al., 1992].

Basic helix-loop-helix (bHLH) transcription
factors have also been implicated in the
molecular regulation of cell development and
differentiation and are notable for binding to a
core sequence, CANNTG, an E-box motif, as
either homo- or hetero-dimers. Basic HLH
proteins may be expressed in a wide range of
tissues and cell types or be expressed in a
tissue-restricted manner. Investigators have
suggested that bHLH transcription factors may
function as a nuclear regulator of osteoblastic
cell growth and differentiation. The bHLH
transcription factor HES-1, the mammalian
counterpart of the Drosophila Hairy and
Enhancer of split proteins, is expressed in rat
osteosarcoma ROS17/2.8 cells and inhibited in
a dose-dependent manner by 1,25(OH)2 vita-
min D3 [Matsue et al., 1997]. Overexpression of
scleraxis, another HLH transcription factor, in
these osteoblastic cells results in increased
type II collagen, aggrecan, and osteopontin
mRNA and suppressed expression of osteoblast
phenotype-related genes such as type I collagen
and alkaline phosphatase [Liu et al., 1997].
The bHLH transcription factor DERMO-1 is
likely involved in negative regulation of osteo-
blastic differentiation as Dermo-1 mRNA
levels were lower in 21-day-old differentiated
MC3T3-E1 cells compared to undifferentiated
3-day-old MC3T3-E1 cells [Tamura and Noda,
1999].

TWIST is a HLH transcription factor that, in
vertebrates, regulates genes involved in spatial
differentiation of mesoderm and in the devel-
opment of cranial mesenchymal tissues.
TWIST gene mutations or deletions are present
in about 80% of patients with Saethre-Chotzen
syndrome, an autosomal dominant craniosy-
nostosis disorder [Gripp et al., 2000]. Interest-
ingly, FGF and FGF receptor signaling are
involved in the pathways regulating skull deve-
lopment, while TWIST interactions are impor-
tant in the cascade of signals responsible for
FGF action [Lajeunie et al., 1999]. TWIST may
function as a transcriptional regulator of ®bro-
blast growth factor receptors during mesoder-
mal patterning of Drosophila [Shishido et al.,
1993]. The level of TWIST mRNA is decreased
following osteoblastic maturation of the
MC3T3-E1 osteoblastic cell line [Murray et al.,
1992], fetal bone development in both the man-
dible and hindfoot of the rat [Alborzi et al.,
1996], and following exposure of C3H10T1/2
cells to BMP-2 [Tamura and Noda, 1999].
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Studies with the human osteoblast HSaOS-2
cells have demonstrated that cells overexpres-
sing TWIST de-differentiate and remain in an
osteoprogenitor-like state while TWIST anti-
sense expressing HsaOS-2 cells progress to a
more differentiated mature osteoblast-like
state [Lee et al., 1999].

The DNA±protein interactions and signal
cascade mediating the effects of FGF-2 on os-
teoblast differentiation are not clearly de®ned.
In this report, we hypothesize that the effects of
FGF-2 on differentiation of phenotypically im-
mature MC3T3-E1 osteoblasts involve expres-
sion of nuclear regulators Egr-1 and TWIST. A
potential DNA binding site for Egr-1 is present
in the regulatory region of TWIST and a pu-
tative DNA binding site for TWIST is present
in the proximal region of the promoter for the
a2(I) collagen gene. This suggests the possi-
bility that FGF-2 downregulates expression of
the a2(I) collagen gene via the Egr-1 and
TWIST motifs and subsequently leads to supp-
ression of osteoblast differentiation.

MATERIALS AND METHODS

Materials

All chemicals used were of reagent grade or
molecular biology grade. Recombinant human
®broblast growth factor-2 was obtained from
Bachem (Torrance, CA). The DNA probes in-
cluded a 1.4 kb EcoRI murine Egr-1 cDNA
fragment obtained from Dr. H. Herschman
(University of California, Los Angeles) and a
1.3 kb PstI rat glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) cDNA fragment ob-
tained from Dr. S. McDougall (University of
California, Los Angeles). A mouse pH5-luc
reporter construct (a 2054 base pair HindIII
fragment of the a2(I) collagen DNA promoter
sequenceÿ2000 to�54 50 ligated to the HindIII
site of the pA3LUC vector) was generously
provided by Dr. Benoit de Crombrugghe (M.D.
Anderson Hospital, Houston, TX) [Goldberg
et al., 1992].

Cell cultures

MC3T3-E1 cells [Quarles et al., 1992] were
kindly provided by Dr. M. Kumegawa (Meikai
University Dental School, Saitama, Japan).
These cells were maintained in a-modi®ed
minimum essential medium (a-MEM; Sigma
Chemical Co., St. Louis, MO) supplemented
with 5% fetal bovine serum (FBS; Hyclone,

Logan UT), 26.2 mM NaHCO3, 0.1 mg/ml strep-
tomycin, and 100 U/ml penicillin. Cells were
grown in a humidi®ed atmosphere of 10% CO2/
90% air at 37�C and subcultured every 3±4
days using 0.002% pronase/0.02% EDTA.

RNA Isolation and Northern Blot Analysis

Cells were plated at 275,000 cells per 10-cm
diameter dish until 80% con¯uency was re-
ached and then rendered quiescent by incu-
bating cells for 24 h in a-MEM medium
containing 0.1% bovine serum albumin (BSA).
Cells were then treated with vehicle or FGF-2
for various periods in serum-free a-MEM
medium containing 0.1% BSA. Total cytoplas-
mic RNA was isolated by acid guanidinium
thiocyanate±phenol±chloroform extraction as
described by Chomczynski and Sacchi [1987].
Fifteen micrograms each of total RNA was
electrophoresed on 1.5% formaldehyde agarose
gels. RNA was transferred onto UV-Duralon
nylon membrane (Stratagene, La Jolla, CA) via
capillary transfer and then crosslinked to the
membrane by ultraviolet light (UV Stratalin-
ker, Stratagene). cDNA probes were labeled
with [32P]-dCTP to a speci®c activity of about
108 cpm/mg DNA using a random primer kit
from Pharmacia (Piscataway, NJ). Filters were
prehybridized for 20 min and then hybridized
to the radioactive probes for 1.5 h at 68�C with
QuikHyb hybridization solution (Stratagene).
Blots were then washed twice in 1�SSC
(SSC� 0.15 M NaCl and 0.015 M sodium
citrate) and 0.1% sodium dodecyl sulfate
(SDS) for 15 min at 25�C and then once in
0.1�SSC and 0.1% SDS for 15 min at 37�C.
Blots were exposed to Kodak XAR-5 ®lm with
intensifying screens for 16±24 h. Selected auto-
radiograms were scanned with an AMBIS
Optical Imaging System (AMBIS, San Diego,
CA) using the AMBIS Core software package
(version 4.31). Equal loading of RNA in each
lane was checked by hybridization with 32P-
labeled GAPDH cDNA.

Reverse Transcriptase-Polymerase
Chain Reaction

Total RNA from MC3T3-E1 cells was used to
synthesize cDNAs with random oligonucleotide
primers and reverse transcriptase (Strata-
Script RT-PCR kit, Stratagene). cDNAs were
then ampli®ed using a pair of oligonucleotide
primers for the TWIST gene or for the GAPDH
gene and GeneAmp PCR core reagents from
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Applied Biosystems (Foster City, CA). The
primer sequences for TWIST are shown below:

Helix A 50-ACGCAGTCGCTGAACGAGGC-30

Helix B 50-GTCAGGGAAGTCGATGTACC-30

A RT-PCR Amplimer Set for the mouse
GAPDH 50 and 30 primers was obtained from
Clontech (Palo Alto, CA). To determine the
optimal ampli®cation conditions, a series of
pilot studies were conducted in which the
amounts of reverse transcription products and
cycle numbers of PCR ampli®cation were
varied. The linear portion of the ampli®cation
was determined for both TWIST and GAPDH
on the basis of these initial experiments.
TWIST and GAPDH samples were run simul-
taneously in PCR reactions that are carried out
for 25±30 cycles with each cycle at 95�C for
1 min, 60�C for 1 min, and 72�C for 1 min in an
Ericomp TwinBlock PCR machine. The ampli-
®ed DNA (10 ml/lane) was fractionated by a 3%
NuSieve 3:1 agarose gel electrophoresis and
stained with ethidium bromide. The density of
the bands was analyzed with an AMBIS
Optical Imaging System (AMBIS, San Diego,
CA) using the AMBIS Core software package
(version 4.31). The ampli®ed TWIST PCR
product was normalized with the correspon-
ding GAPDH PCR product by determining the
ratio between the optical densities of the
TWIST and GAPDH bands.

Transient Transfections

MC3T3-E1 cells were plated at 1.5� 103/cm2

in 60-mm tissue culture dishes in a-MEM
containing 5% FBS. After 24 h, cells were
cotransfected with 15 mg a2(I) collagen-lucifer-
ase DNA construct (pH5) and 10 mg pSV2bgal
by the calcium phosphate precipitation method
for 16 h [Graham and Van der Erb, 1973]. The
transfected cells were then incubated in serum-
free a-MEM medium containing 0.1% BSA for
16 h followed by the addition of FGF-2 for 24 h
in serum-free a-MEM medium supplemented
with 0.1% BSA. Cell lysates were prepared
using a luciferase assay system with reporter
lysis buffer (Promega, Madison, WI) and
luciferase activity measured as light units in
a Lumat LB9501 luminometer. b-Galactosi-
dase activity in the cell lysates was measured
using a Promega reagent kit. Luciferase activ-
ity of the transfected constructs was normal-
ized for the amount of b-galactosidase activity
present in the extracts. Preliminary experi-

ments conducted with MC3T3-E1 cells trans-
fected with empty vector followed by treatment
with or without FGF-2 revealed minimal luci-
ferase activity.

Gel Mobility Shift Assay

MC3T3-E1 cells were plated at 275,000 cells
per 10-cm diameter dish until approximately
80% con¯uency was reached and then rendered
quiescent by incubating cells for 24 h in a-MEM
medium containing 0.1% BSA. Cells were
treated with 1 nM FGF-2 or control for 2 h in
serum-free a-MEM medium containing 0.1%
BSA. Nuclear extracts were prepared by using
the TKM/sucrose/NP40 method to obtain nuclei
followed by removal of histones with salt
extraction [Henderson et al., 1994]. Protein
concentrations were determined by a dye-
binding assay using bovine serum albumin as
the standard (Bio-Rad Laboratories, Hercules,
CA), and the nuclear extracts were stored in 50-
ml aliquots at ÿ70�C until use. a2(I) collagen
and TWIST oligonucleotide probes containing
the Egr-1 binding site were synthesized on a
DNA synthesizer (Applied Biosystems Interna-
tional, Foster City, CA). The sequences and
locations of these oligonucleotides (the putative
Egr-1 binding domain is underlined) used in
the binding reactions are as follows:

Murine a2(I) 50-CTCCCCTGCTCCC ÿ149/ÿ125

CCGCAGTCTCCT-30

Murine TWIST 50-CGAGCCCA 650/674

CGCCCCCGC (reverse)

GACCCGCG-30

Gel shift oligonucleotides for the competition
studies (wild-type Egr-1, mutant Egr-1, Sp1,
AP-1, and CREB) and antibodies (p82 epitope
of Egr-1, p88 epitope of Egr-1, Wilms tumor
protein, and Sp1) were obtained from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). The
oligonucleotide sequence for the wild-type Egr-
1 is 50-GGATCCAGCGGGGGCGAGCGGGG
GCGA-30 with the consensus binding sites un-
derlined. The mutant Egr-1 oligonucleotide has
a ``GG'' (in bold)-! ``TA'' substitution in the
DNA binding regions.

Each oligonucleotide was annealed to its
complementary strand and end-labeled with
[g-32P]ATP using T4 polynucleotide kinase
(Boehringer Mannheim). The unincorporated
label was separated from the labeled oligonu-
cleotide by centrifugation of the sample follow-
ing addition to a Clontech TE-10 column.
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Competition studies were performed with
molar excesses of unlabeled double-stranded
oligonucleotides. The DNA binding reactions
were carried out at room temperature by
incubating nuclear protein fractions (10 mg)
from osteoblastic cells with 2mg of double-
stranded poly[d(I-C)] (Amersham Pharmacia
Biotech, Piscataway, NJ), 20 mM HEPES, pH
7.9; 1 mM dithiothretol; 5% glycerol; 0.5 mM
EDTA; and 1 mM MgCl2 for 5 min followed by
the addition of 1 ml of the radiolabeled oligonu-
cleotide (100,000 cpm) for an additional 20 min.
If antibodies were used in the reaction, they
were added to the binding reaction for 15 min
at room temperature followed by addition of the
radiolabeled oligonucleotide for 20 min. Pro-
tein±DNA complexes were resolved from free
probes in nondenaturing 5% polyacrylamide
gels. Electrophoresis was performed in 0.5�
TBE (0.045 M Tris-borate, 0.001 M EDTA) at
20 mAmps for 45 min. The gels were then dried
under vacuum and exposed to X-ray ®lm with
intensifying screens at ÿ70�C for 16±48 h.

Statistical Analysis

Data were expressed as the means�SE. The
signi®cance of differences between mean
values was evaluated by the two-tailed Stu-
dent's t test and differences were considered
signi®cant at the P < 0:05.

RESULTS

Continuous or chronic treatment of osteo-
blasts in vitro with FGF-2 results in suppres-
sion of type I collagen synthesis [McCarthy
et al., 1989]. Type I collagen, the most abun-
dant extracellular protein found in bone, is
composed of two a1 chains and one a2 chain. To
determine whether FGF-2 regulates a2(I) col-
lagen gene expression at the transcriptional
level, a promoter-luciferase construct contain-
ing the a2(I) collagen DNA promoter sequence
ÿ2000 to �54 50 to the luciferase gene was
tested in transient transfection studies. Fol-
lowing treatment of transfected MC3T3-E1
cells with 0.01 nM or 1 nM FGF-2 for 24 h,
FGF-2 inhibited luciferase activity, with sup-
pression greater with the higher concentration
of FGF-2 (Fig. 1).

We carried out an analysis of the proximal
region of the a2(I) collagen promoter to identify
potential DNA sequence elements that may
bind transcription factors and consequently

regulate the expression of the a2(I) collagen
gene. Putative binding sites for the zinc ®nger
protein Egr-1 and the basic helix-loop-helix
factor TWIST were identi®ed. A putative DNA
binding site for Egr-1 was also identi®ed in the
promoter region for TWIST. We then examined
whether FGF-2 affects Egr-1 and TWIST gene
expression. Quiescent MC3T3-E1 preosteo-
blasts were treated with 1 nM FGF-2 and total
RNA extracted at various time points. North-
ern blot hybridization was carried out using
[32P]-dCTP labeled Egr-1 and GAPDH cDNAs
as probes. Treatment with FGF-2 induced Egr-
1 mRNA as early as 15 min after addition, with
a signi®cant decrease by 120 min (Fig. 2). Peak
stimulation occurred after treating the cells
with 1 nM FGF-2 for 30±60 min. Dose-response
experiments were next carried out to examine
the effect of varying concentrations of FGF-2 on
the induction of Egr-1 mRNA. Osteoblasts were
incubated with 0.01±100 nM for 60 min before
total cellular RNA was isolated for Northern
blot analysis. Maximum induction of Egr-1
mRNA occurred when cells were treated with
1 nM FGF-2 (Fig. 3).

To determine if TWIST mRNA is expressed
in undifferentiated MC3T3-E1 cells treated
with 1 nM FGF-2 at various times ranging
from 0.5 to 6 h, we performed reverse transcrip-
tion (RT)-PCR analysis using total RNA from

Fig. 1. Activity of a2(I) collagen-luciferase pH5 reporter gene
construct following FGF-2 treatment of transfected MC3T3-E1
cells. Cells were transfected with 15mg pH5 and 10mg
pSV2b2Gal for 16 h, then incubated for 16 h in 0.1% BSA,
followed by the addition of serum-free media containing 0.1%
BSA (control) or FGF-2 (bFGF) for 24 h. Luciferase values have
been normalized for the amount of b-galactosidase activity
present in the extracts. Values represent the mean� SEM of
three separate determinations. *Signi®cantly different from
control P < 0:05.

554 Fang et al.



MC3T3-E1 cells and TWIST and GAPDH
primers. The predicted size of ampli®ed pro-
ducts using the Helix A and Helix B primers
was 125 bp. TWIST mRNA was increased in
MC3T3-E1 cells following treatment with FGF-
2 with expression maximal after 2 h of exposure
to 1 nM FGF-2 (Table I).

DNA mobility shift assays were conducted to
determine if Egr-1 and TWIST bind speci®cally
to their respective sequences identi®ed in the
proximal promoter region of a2(I) collagen gene
and the TWIST gene. The presence of Egr-1

protein in undifferentiated MC3T3-E1 cells
treated with FGF-2 was investigated with
oligonucleotides encoding potential Egr-1 bind-
ing sites in the a2(I) collagen promoter and
TWIST promoter and an oligonucleotide con-
taining a known Egr-1 binding site. We
observed a top DNA±protein complex (band I)
following treatment with 1 nM FGF-2 that was
competed out by excess of unlabeled a2(I)
collagen, TWIST, and Egr-1 (Fig. 4). The next
series of experiments were carried out to
determine the speci®city of binding to the
potential Egr-1 site in the murine a2(I) collagen
promoter. As shown in Figure 5, the double-
stranded oligonucleotide spanning the Egr-1
binding site of the murine a2(I) collagen pro-
moter formed a speci®c nuclear protein±DNA
complex (band I). This complex was readily
removed by an excess of unlabeled oligonucleo-
tide containing the Egr-1 binding site, but not
by excess of unlabeled oligonucleotide for the
unrelated transcription factors Sp1, AP-1, and
CREB. Moreover, this complex was super-
shifted by antibody A (p82 epitope of Egr-1)
but not by antibody B (p88 epitope of Egr-1),
antibody C (Wilm's tumor nuclear protein),
or antibody D (Sp1). Antibody D decreased
the amount of complex formation. An excess of
unlabeled mutant Egr-1 oligonucleotide does
not eliminate this complex (data not shown).

The speci®city of binding to the potential
Egr-1 site in the murine TWIST promoter was
investigated in additional DNA mobility shift
assays. The top DNA±protein complex formed

Fig. 2. Time course for induction of steady-state Egr-1
transcript levels by FGF-2. MC3T3-E1 cells were rendered
quiescent by growing cells in a-MEM medium containing 0.1%
BSA for 24 h and then exposing them to 1 nM FGF-2 for various
times. Total cytoplasmic RNAs were isolated, fractionated on
formaldehyde agarose gel, blotted onto nylon, and hybridized.
Fifteen micrograms of RNA were loaded per lane. The pGAPDH
probe was added to normalize RNA loading on the gel.

TABLE I. Time Course for Induction of
TWIST Transcript Levels in MC3T3-E1

Cells Treated With 1 nM FGF-2 by
the RT-PCR Assaya

Time (h) Control�SEM (%)

FGF-2 0.5 84�0.5
FGF-2 1 104�1.2
FGF-2 2 469*�3.4
FGF-2 4 153�1.7
FGF-2 6 133�1.3

aMC3T3-E1 cells were rendered quiescent by grow-
ing cells in a-MEM medium containing 0.1% BSA for
24 h and then exposing them to 1 nM FGF-2 for
various times. Total cytoplasmic RNAs were isolated
and RT-PCR performed. PCR products were run on
an agarose gel and results scanned with an AMBIS
Optical Imaging System and normalized to GAPDH.
Representative of three separate experiments.
*Signi®cantly different from control P < 0:05.

Fig. 3. Dose-curve for induction of steady-state Egr-1 transcript
levels by FGF-2. MC3T3-E1 cells were rendered quiescent by
growing cells in a-MEM medium containing 0.1% BSA for 24 h
and then exposing them to varying concentration of FGF-2 for
60 min. Total cytoplasmic RNAs were isolated, fractionated on
formaldehyde agarose gel, blotted onto nylon, and hybridized.

FGF-2 Inhibits a2(I) Collagen Gene Expression 555



following treatment of MC3T3-E1 cells with
1 nM FGF-2 was readily removed by an excess
of unlabeled oligonucleotide containing the
Egr-1 binding site, but not by unlabeled
oligonucleotide containing a mutant Egr-1
binding site (Fig. 6). In addition, this complex
was supershifted by antibody A (p82 epitope of
Egr-1) but not by antibody B (p88 epitope of
Egr-1), antibody C (Wilm's tumor nuclear
protein), or antibody D (Sp1). Antibody D
decreased the amount of complex formation.
This top complex (band I) was not removed by
an excess of unlabeled oligonucleotide for the
unrelated transcription factors Sp1, AP-1, and
CREB (Fig. 5).

DISCUSSION

FGF-2 and its receptors are important
clinically because of their roles in normal limb
development, osteoblast function, fracture re-
pair, and the inherited human skeletal dyspla-

Fig. 4. Gel mobility shift assay of Egr-1 binding using nuclear
extracts from MC3T3-E1 cells treated with FGF-2. Double-
stranded, labeled oligonucleotides containing the DNA binding
site for Egr-1 were incubated with nuclear extracts obtained
from MC3T3-E1 cells treated for 2 h with 1 nM FGF-2.
Increasing concentrations of unlabeled, double-stranded com-
petitor oligonucleotides were included in the binding reactions.

Fig. 5. Competition experiments and antibody analysis in gel
shift assays. The murine a2(I) collagen or TWIST double-
stranded, labeled oligonucleotide was incubated with nuclear
extracts obtained from MC3T3-E1 cells treated for 2 h with 1 nM
FGF-2. Excess concentrations of unlabeled, double-stranded
oligonucleotides containing the Egr-1, Sp1, AP-1, or CREB
binding site were added as competitors during the binding
assays. The effect of various transcription factor antibodies on
DNA±protein binding was studied by adding antibody A (p82
epitope of Egr-1), B (p88 epitope of Egr-1), C (Wilms tumor
protein), or D (Sp1) to the nuclear extract prior to the binding
reaction. Representative of three experiments.

Fig. 6. Competition experiments and antibody analysis in gel
shift assays. The murine TWIST double-stranded, labeled TWIST
oligonucleotide was incubated with nuclear extracts prepared
from MC3T3-E1 cells treated for 2 h with 1 nM FGF-2.
Increasing concentrations of unlabeled, double-stranded Egr-1
or mutant oligonucleotides were added as competitors during
the binding assays. The effect of various transcription factor
antibodies on DNA±protein binding was studied by adding
antibody A (p82 epitope of Egr-1), B (p88 epitope of Egr-1), C
(Wilms tumor protein), or D (Sp1) to the nuclear extract prior to
the binding reaction.

556 Fang et al.



sias [Xu et al., 1999; Boyce et al., 1999]. FGF-2
likely is important in regulating osteoblast
differentiation and function in vivo since dis-
ruption of the FGF-2 gene in mice results in
signi®cant reduction in both bone mass and
bone formation [Montero et al., 1999]. Contin-
uous administration of exogeneous FGF-2 in
vivo and in vitro inhibits markers of the oste-
oblast phenotype such as type I collagen,
alkaline phosphatase, and parathyroid hor-
mone responsive adenylate cyclase [Mundy,
1995].

Type I collagen, one of the markers of osteo-
blast differentiation, is the most abundant pro-
tein in the bone extracellular matrix and is the
predominant protein synthesized and secreted
by osteoblasts undergoing proliferation and
differentiation. Type I collagen is a triple heli-
cal supercoil composed of two identical a1(1)
chains and an a2(1) chain. In phenotypically
immature MC3T3-E1 calvarial osteoblasts,
FGF-2 inhibits collagen synthesis by a tran-
scriptional mechanism and the inhibitory locus
is located between ÿ3.5 and ÿ2.3 kb within the
a1(1) collagen promoter [Hurley, et al., 1993]. A
cascade of second messenger and nuclear
mechanisms is initiated when FGF-2 binds to
its receptors on the cell surface and then go on
to inhibit type I collagen gene synthesis. The
extracellular-signal regulated kinase (ERK)
mitogen-activated protein kinase pathway has
been implicated in the downregulation of type I
collagen gene expression by FGF-2 in MC3T3-
E1 cells [Chaudhary and Avioli, 2000]. The zinc
®nger transcription factor Egr-1 and the basic
helix-loop-helix transcription factor TWIST
have been identi®ed as possible regulators of
FGF-2s inhibitory effect on a2(1) collagen gene
expression. The Egr-1 binding motif is present
in the TWIST and a2(1) collagen promoters and
the TWIST binding sequence has been identi-
®ed in the a2(1) collagen promoter. The experi-
ments described herein indicate that FGF-2
inhibits expression of a2(I) collagen by a
transcriptional mechanism and induces mRNA
expression of the transcription factors Egr-1
and TWIST. There is sequence-speci®c inter-
action of the Egr-1 recognition motif in both the
TWIST and a2(1) collagen promoters.

Egr-1 is induced by diverse mitogenic, hyper-
trophic, and differentiation signals in various
cell types, including osteoblasts. This zinc
®nger transcription factor appears to have a
major role in the regulation of the growth and

differentiation of osteoblasts since transcripts
of Egr-1 are highly expressed in bone and car-
tilage during murine embryogenesis. The
putative morphogen retinoic acid increases
Egr-1 mRNA expression in rat preosteoblasts
but not in more differentiated osteoblasts
[Suva et al., 1991]. Hydrogen peroxide [Nose
et al., 1991], hypergravity [Nose and Shiba-
numa, 1994], epidermal growth factor [Fang
et al., 1995], prostaglandin E2 [Fang et al.,
1996], prostacyclin [Glantschnig et al., 1996],
mechanical deformation [Dolce et al., 1996],
¯uid ¯ow [Ogata, 1997], and change in pH from
7.4 to 6.8 [Frick et al., 1997] will transiently
induce Egr-1 mRNA in osteoblasts. Our results
are the ®rst to demonstrate downstream target
genes for Egr-1, namely TWIST and a2(1)
collagen promoters, in osteoprogenitor cells
exposed to FGF-2.

FGF-2 likely inhibits collagen synthesis and
other markers of osteoblast differentiation
through complex molecular mechanisms invol-
ving transcription factors which coordinately
regulate osteoblastic protein±DNA and pro-
tein±protein interactions. In vertebrates,
TWIST appears to be involved in the negative
regulation of cellular determination and differ-
entiation of several lineages, including muscle
and bone [Glackin et al., 1994; Hebrok et al.,
1997; Spicer et al., 1996]. Levels of TWIST
mRNA are decreased during fetal bone devel-
opment in both the mandible and hindfoot of
the rat [Alborzi et al., 1996]. Humans osteo-
blast HSaOS-2 cells which overexpress TWIST
appear to dedifferentiate and remain in an
osteoprogenitor state; conversely, those cells
which underexpress TWIST progress to a more
differentiated osteoprogenitor state [Lee et al.,
1999].

Mice heterozygous for TWIST null mutations
have a phenotype exhibiting minor skull and
limb abnormalities resembling those seen in
the Saethre-Chotzen syndrome, an autosomal
dominant craniosynostosis syndrome [Bour-
geois et al., 1998]. Mutations in the human
TWIST gene have been identi®ed in the
Saethre-Chotzen syndrome that involve frame-
shift deletions/insertions and nonsense and
missense mutations [El Ghouzzi et al., 1999].
There is genetic heterogeneity in the Saethre-
Chotzen syndrome as some people have been
identi®ed with mutations of the FGF receptor
rather than mutations within or upstream of
TWIST [Paznekas et al., 1998]. These studies

FGF-2 Inhibits a2(I) Collagen Gene Expression 557



suggest that TWIST and FGF receptors are
part of the same molecular pathway modu-
lating development of the limb and craniofacial
bones.

Our data extends that hypothesis by demon-
strating that FGF-2 induces expression of the
zinc ®nger transcription factor Egr-1 and the
basic helix-loop-helix factor TWIST, and that
FGF-2 inhibits a2(I) collagen promoter activity.
Further studies are needed to establish whe-
ther Egr-1 and TWIST have functional roles in
mediating FGF-2 dependent inhibition of a2(I)
collagen promoter activity and whether TWIST
binds to its putative site in the a2(I) collagen
promoter. Because putative Egr-1 sites were
identi®ed in both the TWIST and a2(I) collagen
promoters, this suggests the possibility that
multiple distinct signaling pathways are likely
involved in the actions of FGF-2 on the a2(I)
collagen promoter. Our experiments suggest
that Egr-1 may mediate FGF-2 induction of
TWIST since the time course of TWIST mRNA
induction by FGF-2 was slower than FGF-2
induction of Egr-1 mRNA in the MC3T3-E1 cell
line. Additional studies will help de®ne whe-
ther (1) FGF-2 ®rst stimulates Egr-1, which in
turn enhances TWIST expression and subse-
quently regulates a2(I) collagen expression, (2)
FGF-2 directly stimulates TWIST, without the
assistance of Egr-1, or (3) a combination of the
two alternatives.

In conclusion, our results presented in this
report show that FGF-2 inhibits a2(1) collagen
promoter activity and implicate nuclear factors
Egr-1 and TWIST in downregulating a2(1)
collagen gene transcription. FGF-2 induces
expression of Egr-1 and TWIST mRNA and
Egr-1 has sequence-speci®c interaction with its
recognition motif in the a2(1) collagen promo-
ter. Previous investigators have shown that
Egr-1 and TWIST are expressed in undiffer-
entiated osteoblasts and that the level of
expression declines as the osteoblast differen-
tiates [Murray et al., 1992; Suva et al.,
1991]. Moreover, cells that overexpress TWIST
de-differentiate and remain in an osteopro-
genitor-like state, while anti-sense TWIST
cells progress to a more differentiated mature
osteoblast-like state [Lee et al., 1999].
Although we do not have direct evidence to
support a role for Egr-1 and TWIST in regu-
lating FGF-2 effects on osteoblast develop-
ment, these observations suggest that
de®ning the effects of Egr-1 and TWIST on

osteoblast growth and differentiation will be
important future directions.
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