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ABSTRACT

Fgf9 Repression of Msx2 Gene Expression Enhances

Transcriptional Activity of Osteocalcin Gene

Mutations of either FGFR2 or MSX2 genes cause craniosynostosis via
similar gain-of-function mechanism. Both genes are known to play crucial
roles in the calvarial bone formation and are expressed in the early osteoblast
stage in the developing cranial suture. However, the regulatory function
between FGF/FGFR and MSX2 is not known. Thus, we asked if Fgf/Fgfr
signaling is an upstream regulator of Msx2 gene expression in the same
genetic pathway and wished to elucidate the possible regulatory role of these
genes in differentiating osteoblasts. To investigate further the molecular events
occurring in the cell level, we used an in vitro culture with primary mouse
calvarial osteoblasts. We demonstrated the expression pattern of murine Fgfr2
and Msx2 gene in different maturation stage, with peak expression of Msx2
gene preceding that of Fgfr2. To examine the effect of Fgf/Fgfr signaling on
the Msx2 gene expression, primary osteoblasts were treated with Fgf9, a

cognate ligand for Fgfr2, and Msx2 gene expression was significantly

iii



suppressed via a protein synthesis. To gain further insight into the significance
of this down-regulation, Msx2 was overexpressed in the osteoblasts using
adenovirus containing Msx2 gene tagged with hemagglutinin (HA) epitope.
An RT-PCR analysis showed that the overexpression of Msx2 inhibited the
increase of the endogenous osteocalcin gene expression induced by Fgf9.
Subsequent gel-shift assays revealed that Msx2 overexpression blocked the
binding of Cbfal/Runx2 on the cognate sequence (OSE2) in the presence of
Fgf9. Moreover, overexpression of Msx2 followed by transfection with
6XOSE2-luciferase construct resulted in reduced transcriptional activity of the
promoter in the presence of Fgf9. From these results, we propose a possible
model of osteoblast differentiation with integrated Fgf/Fgfr and Msx2 function,
implicating the suppressive role of Fgf/Fgfr on Msx2 expression by

modulating the Cbfal/Runx2, leading to increased osteocalcin transcription.

Key words; calvarial bone formation, FGF/FGFR, MSX2, mouse, osteoblast,

Cbfal/Runx2, osteocalcin



Fgf9 Repression of Msx2 Gene Expression Enhances

Transcriptional Activity of Osteocalcin Gene

Kee-Joon Lee, D.D.S., M.S.D.
Department of Dental Science, Graduate School, Yonsei University

(Directed by Prof. Young-Chel Park, D.D.S., M.S.D., Ph.D.)

I. INTRODUCTION

Critical molecular clues to the regulation of calvarial osteoblast
differentiation have been revealed in the pursuit of finding a cause of
craniosynostosis, i.e. premature fusion of cranial sutures, which leads to a
variety of craniofacial deformities (Opperman 2000, Kim et al. 1998, Rice et
al. 2000). Mutations in the genes encoding MSX2, fibroblast growth factor

receptors (FGFRs) and TWIST are known causes of various syndromic / non-



syndromic craniosynostosis (Hehr and Muenke 1999, Jabs et al. 1993, Liu et
al. 1995, El Ghouzzi et al. 1997). Since premature fusion of sutures results
from disrupted regulation of balanced proliferation and/or differentiation of
osteoblasts at the osteogenic front, these genes are thought to play crucial roles
for the regulation of calvarial osteoblast differentiation.

Point mutations in FGFR2 have been reported to cause human
craniosynsotosis syndromes, such as Apert, Pffeifer, Jackson-Weiss, and
Crouzon syndromes (Wilkie 1997, Wilkie et al. 1995, Jabs et al. 1994,
Reardon et al. 1994, Lajeunie et al. 1995, Rutland et al. 1995). Fgfrs are
transmembrane tyrosine receptor kinases and activated by a number of ligands,
Fgfs, showing complex ligand-binding specificity (Ornitz et al. 1996,
Shimoaka et al. 2002). Fgfr2 is a major isoform that is expressed at the
osteogenic fronts in the developing suture (Iseki et al. 1999), implicating
important roles in the calvarial bone formation (Eswarakumar et al. 2002, Rice
et al. 2003).

The net effect of Fgf/Fgfr signaling in the bone cells is complicated. Fgf2 is
known to stimulate osteoblast proliferation and inhibit differentiation markers
(Canalis and Raisz 1980, Hurley et al. 1992). In contrast, FGF induces
expression and transactivation of Cbfal/Runx2 (Kim et al. 2003, Xiao et al.
2002) and osteocalcin (Boudreaux and Towler 1996). Cbfal/Runx2 is a runt

domain transcription factor that has been shown to be exclusively essential for



the maturation of bone cells (Harada et al. 1999, Komori et al. 1997).
Osteocalcin is a small, calcium binding marker protein for mature osteoblasts
consisting of 49 amino acids and is expressed only in bones and teeth
undergoing mineralization (Newberry et al. 1998, Bidder et al. 1998). Gain-of-
function mechanisms of FGFR2 by either constitutive activation of receptors
or loss of ligand-binding specificity have been proposed (Neilson and Friesel
1996, Yu et al. 2000, Anderson et al. 1998) to explain the pathogenesis of
Craniosynsotosis..

The first molecular clue to the mechanism of craniosynostosis was the
Prol48His mutation in the human MSX2 gene that caused Boston-type
craniosynostosis (Jabs et al. 1993). Similarly, early fusion of sutures and
ectopic bone formation was reproduced in the transgenic mice models
expressing same mutant Msx2 (Ignelzi et al. 1995, Liu et al. 1995, Liu et al.
1999).

Msx2 is a homeodomain-containing transcription factor and is crucial for the
cranial bone formation (Davidson 1995, Satokata et al. 2000). In the
developing skull, Msx2 is mainly expressed in the sutural mesenchyme,
underlying dura mater and extreme ends of the osteogenic fronts (Rice et al.
2003, Kim et al. 1998, Opperman et al. 1993, Ma et al. 1996), implying its
significant role during early differentiation of osteoblasts (Towler et al. 1994).

Dodig et al. reported that Msx2 retarded differentiation of the calvarial



osteogenic cells and maintained cells in a proliferative state (Dodig et al. 1996,
Dodig et al. 1999), contributing to the increase in the bone mass. Msx2 is also
a known suppressor of the osteocalcin promoter likely by protein-protein
interaction (Newberry et al. 1997). Like in the mutations of FGFR2, Maxson
et al. proposed a gain-of-function mechanism of the Pro148His mutation of
Msx2, demonstrating the increased DNA binding of mutant gene-encoded
Msx2 protein (Ma et al. 1996).

Normal Fgfr2 and Msx2 have been shown to be co-expressed in a variety of
sites in the developing mouse embryo as well as in the calvarial suture (Orr-
Urtreger et al. 1991, Orr-Urtreger et al. 1993, Rice et al. 2003) and mutations
of these genes lead to early fusion of sutures via similar gain-of-function of
the protein. The question then arises if FGF/FGFR2 and MSX2 lie in the same
genetic pathway in the differentiation of osteoblasts. Previous studies, utilizing
the in situ hybridization approach in the suture tissue, attempted to answer this
question only to show appreciable but still controversial results regarding the
effects of Fgf on the Msx2 gene expression (Kettunen and Thesleff 1998, Kim
et al. 1998, Ignelzi et al. 2003). However, individual events occurring in the
bone cells may be better understood by investigating the molecular functions
at the cell level.

We hypothesized that Fgf/Fgfr2 may be an upstream regulator of Msx2 in the

same genetic pathway in differentiating osteoblasts and wished to elucidate



further the role of these molecules during initial differentiation of calvarial
osteoblasts. We used in vitro culture system for primary mouse calvarial bone
cells. Expression of Fgfrs, Msx2 and some other bone marker genes were first
analyzed to characterize the phenotype of the cells obtained through serial
digestion of calvarial bones. We demonstrated that Fgf9 (a cognate ligand for
Fgfr2) treatment of calvarial osteoblasts significantly suppressed Msx2 gene
expression via a protein synthesis.

To gain further insight into the significance of this Fgf9-induced down-
regulation of Msx2, we overexpressed the Msx2 gene with an adenovirus
containing Msx2 tagged with hemagglutinin (HA) epitope (Takahashi et al.
1998). We then analyzed the effects of overexpression of Msx2 on the
transcriptional activity of endogenous osteocalcin gene through RT-PCR, on
the DNA binding of Cbfal/Runx2 through gel-shift assays, and on the
transcriptional activity of osteocalcin promoter through transfection and
luciferase assays using 6XOSE2 luciferase construct, in the presence or
absence of Fgf9. we propose a possible model of osteoblast differentiation
with integrated Fgf/Fgfr and Msx2 function, implicating the suppressive role
of Fgf/Fgfr on Msx2 expression by modulating the Cbfal/Runx2, leading to
increased osteocalcin transcription. This study proposes an important role of
Fgf/Fgfr signaling in the regulation of Msx2 for enhanced Cbfal/Runx2

function, which has been unnoticed until now.



II. MATERIALS AND METHODS

A. Primary Mouse Calvarial Bone Cell Culture

Primary mouse calvarial bone cells were cultured as previously described
(Dodig et al. 1996, Wong and Cohn 1974). Briefly, calvariae isolated from 7-
8-day-old mice were cleaned by gently removing fibrous tissue tags as well as
dura mater and were subjected to sequential enzymatic digestion in 1mg/ml
bacterial collagenase (Sigma Aldrich Co., St. Louis, MO) and 0.25% trypsin
(Invitrogen Corp., Carlsbad, CA) at 37°C for 20 min per digestion cycle.
Digestion was repeated to obtain the cells corresponding to each fraction 1 to
6. The cells were plated and grown in a-minimum essential medium (a-MEM,
Gibco Invitrogen, Carlsbad, CA) supplemented with 10% fetal calf serum
(FCS, Atlanta Biologicals, Norcross, GA), 100IU/ml penicillin and 100pg/ml
streptomycin (Invitrogen Corp.), at 37°C incubator with 5% CO,. Medium was
renewed every 48 hours. After 1 week, when the cells became confluent, the
first two fractions were discarded and the cells from fractions 3-6 were
released and pooled, centrifuged and resuspended. Viable cells were re-plated
at a density of 3.3 x 10* cells/cm” plate in a-MEM containing 10% FCS for
subsequent expreiments. Cells were given 24 hours for attachment and

appropriate Fgf9 (R&D System, Minneapolis, MN) treatment was followed.



Primary mouse calvarial osteoblasts with dominant negative (DN) Fgfr2 were
obtained from the transgenic mice expressing DN Fgft2, in the same way.

(Ratisoontorn et al. 2003)

Schematic diagram of primary mouse calvarial bone cell culture and
northern blot analysis
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Schematic diagram of normal and dominant negative (DN) Fgfr and the
functions
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B. RNA Isolation and Northern Blot Analysis

Total RNA was isolated using TRIzol Reagent (Invitrogen life Tech.,
Carlsbad, CA) as previously described (Chomczynski 1993, Sambrook et al.
1989). 10ug of RNA samples were separated on a 1% denaturing agarose gel,
containing 2.2 M formaldehyde and 1X MOPS, and transferred overnight onto
a nylon membrane (Maximum Strength Nytran, Schleicher & Schuell, Keene,
NH). The membrane was prehybridized in a solution containing 50%
formamide, 5X SSPE (0.75 M NaCl, 50mM NaH,PO,4, SmM EDTA, pH 7.4),
1.5% SDS, 5X Denhardt’s solution and 0.5mg/ml of denatured salmon sperm
DNA for two hours.

cDNA probes for mouse Fgfrl and Fgfr2, Msx2, Cbfal and alkaline

phosphatase were labeled with [0-*P]JdCTP (Amersham Biosciences,



Piscataway, NJ) using random primer labeling method (Rediprime ™I,

Amersham Biosciences) and were hybridized onto the nylon membranes at
42°C overnight. The blots were rinsed three times with 2X SSC (0.3 M NaCl
and 30 mM sodium citrate, pH 7.0) and 0.5% SDS for 10 min per wash at
room temperatue, and again washed three times in 0.2X SSC and 0.5% SDS
for 30 min per wash at 55 °C. X-ray films with intensifying screens were

exposed to the membrane for reading.

C. Recombinant Adenovirus Infection

Adenovirus containing Msx2 tagged with hemagglutinin (HA) epitope under
the control of EF-1 promoter was a kind gift from Dr. Lillian Shum. (National
Institutes of Health, Bethesda, MD) (Takahashi et al. 1998, Mizushima and
Nagata 1990)

For the isolation of the RNA or nuclear extract, primary mouse calvarial bone
cells were cultured in a-MEM supplemented with 10% FCS 24 hours before
the viral infection. Virus (3 x 10° pfu/10° cells) was added in the medium and
infected cells were grown for 24 hours before proceeding to the next step.
Viral infectivity of the primary mouse osteoblasts was determined by both
immunoblot and immunostaining using an antibody specific for hemagglutinin

(rabbit anti-HA IgG; Santa Cruz Biotechnology Inc., Santa Cruz, CA).



D. Immunoblot Assay

Immunoblot analysis with nuclear extracts to detect virally produced Msx2-
HA proteins was performed as previously described (Takahashi et al. 1998).
The procedure for obtaining nuclear extracts is explained below. 20 pg of
nuclear extracts isolated from virus-infected or control cells were resolved on
a 10% (w/v) SDS-polyacrylamide gel and electrotransferred onto a
nitrocellulose membrane (Hybond ECL, Amersham Pharmacia Biotech,
Piscataway, NJ). Following blocking in a 5% nonfat milk solution (1X TBS
with 0.1% Tween20 ; TBST) for 1 hour and washing (4 times for 5 min. each
with 1X TBST), the blot was incubated with the primary antibody against HA
at 1:1000 dilution in 1X TBST with 5% nonfat milk overnight at 4°C. The blot
was again washed 4 times. A horseradish peroxidase (HRP)-conjugated goat
anti-rabbit or mouse IgG was used as secondary antibody (Amersham
Biosciences, Buckinghamshire, England) and incubation was continued for 1
hour at room temperature. Then, the antigen-antibody reaction was detected
using a chemiluminescent detection kit (Western Lightning Chemilumi-

nescence Reagent 1, Perkin Elmer Life Sciences, Boston, MA).

E. Immunostaining for Msx2-HA
Immnostaining was designed to localize the virally produced Msx2-HA

proteins in the cell culture system. Primary mouse osteoblasts were plated on

10



tissue culture slides (Falcon Cultureslide, Becton Dickinson, Franklin Lakes,
NJ), and were infected with adenovirus containing Msx2-HA gene. Both
infected and uninfected cells were fixed in 4% paraformaldehyde for 15 min.
and again in 70% ethanol for 30 min. Fixed cells were dried and re-hydrated
with PBS, followed by blocking in 10% normal goat serum for 1 hour. The
cells were then incubated with anti-HA polyclonal antibody (Santa Cruz
Biotechnology Inc., Santa Cruz, CA) for 3 hours at 37°C at 1:100 dilution in
PBS. After washing three times for 2 min. with PBS, subsequent incubation
with secondary biotin-goat anti-rabbit IgG (Zymed Laboratories, San
Francisco, CA) at 1:500 dilution for 30 min., and with streptavidin-HRP
conjugate at 1:250 dilution for 10 min. were carried out. Substrate-chromogen
mixture (DAB) was added for 5 min. After washing with distilled water, the

cells were counterstained with hematoxylin.

F. Reverese Transcriptase-Polymerase Chain Reaction (RT-PCR)

A reverse transcriptase-polymerase chain reaction (RT-PCR) was performed
to determine the expression of the endogenous osteocalcin gene. Total RNA
was reverse transcribed to obtain cDNA, using the SuperScript™ First-Strand
Synthesis System (Invitrogen Life Technologies, Carlsbad, CA). The cDNAs

were amplified through 40 cycles of PCR. Each cycle consisted of 1 min. of

11



denaturation at 94°C, 1 min. of annealing at 55°C and 1 min. of extension at
72°C, using the tagDNA polymerase (Promega, Madison, WI).

Since 2 different types of mouse (rat) osteocalcin gene with 1557bp and
1848bp are known, we used the overlapping sequences in the two genes as the
osteocalcin primer, as follows;

forward primer 5’-TCTCTGACCTCACAGGTATG-3" and

reverse primer 5’-ACACTGTACAAGAGGCTCCAG-3’.

The size of PCR product was anticipated to be 517 and 521bp, respectively.
As an internal control, a PCR was performed for 20 cycles using GAPDH

primer.

G. Extraction of Nuclear Protein and Gel Mobility Shift Assay

Nuclear extracts were isolated from the control and the virus-infected cells
with or without treatment of Fgf9. Cells were washed, harvested in TBS,
centrifuged for 10 min. at 4000 rpm at 4°C and then incubated for 15 min. on
ice in buffer A (10 mM HEPES, pH 7.9, 10 mM KCI, 0.1 mM EDTA, 1 mM
DTT, 0.2 mM PMSF, 1 mM NaVO3, cocktail of proteinase inhibitor (Sigma,
St Louis, MI) at 1:100 dilution). After adding 25ul of nonidet P-40, lysis
solution was vortexed and centrifuged for 5 min. at 4000 rpm at 4°C.
Supernatant was discarded and the remaining nuclei pellet was dissolved in

ice-cold buffer C (20 mM HEPES, 1 mM EDTA, 0.4 M NaCl, 2 mM PMSF,

12



0.1 mM TPCK, 10 mM NEM, 1 mM NaVO3, cocktail of proteinase inhibitor
at 1:100 dilution) for 1 hour at 4°C with gentle agitation. Protein concentration
was determined by Bradford assay using bovine serum albumin as a standard.
Gel mobility shift assays were carried out using commercially available
Nushift kit (Geneka Biotechnology Inc.,Montreal, Canada). According to the
manufacturer’s instruction, double-stranded oligonucleotides containing Cbfal
binding element (OSE2) in the (human) osteocalcin promoter oligonucleotides
(5’-CCCGTATTAACCACAATAAAACTCG - 3’) was radio-labeled with [a-
32p]dCTP. Mixtures of radio-labeled oligonucleotides (1pl) and nuclear
extracts were incubated for 20 min. at room temperature. Unlabeled
oligonucleotide was used as a competitor. Anti-Cbfal/Runx2 rabbit IgG for
observation of super-shift were incubated with nuclear extracts in the same
way.

Prepared samples were resolved on 5% non-denaturing polyacrylamide gel
for 2 hours at 12.5V/cm. Subsequently, the gel was dried at 80°C for 90 min.

under vacuum and was exposed to X-ray film overnight.

H. Transfection and Luciferase Assay
A reporter plasmid containing 6-repeats of the consensus Cbfal binding site
(6XOSE2) was kindly provided by Dr. Masahiro Iwamoto (Thomas Jefferson

University Medical School, Philadelphia, PA).

13



Both wild type and mutant (dominant negative, DN) mouse osteoblasts were
plated at 75,000/well density in a 12-well plate and infected with either control
virus or virus containing Msx2-HA gene. 24 hours after infection, cells were
cotransfected with 6XOSE2 Luc reporter vector (1ug/well) and PRL luciferase
(100ng/well) in a 10:1 ratio using the Fugene6 transfection reagent (Roche
Molecular Biochemicals, Indianapolis, IN) in Opti minimum essential medium
(Invitrogen Corp.). 24 hours after transfection, Fgf9 (10 ng/ml) was added in
the medium (1% FCS) and cells were incubated for 12 hours. Luciferase
activities were read on a luminometer using the Dual-Luciferase Reporter

Assay System (Promega, Madison, WI).

14



ITII. RESULTS

A. Phenotypic Characterization of Calvarial Osteoblasts; Expression

Pattern of Fgfr2 and Msx2 mRNA with Alternative Peaks.

Since osteoblastic cells do not show any remarkable morphological changes
during differentiation (Aubin et al. 1999), observation of gene expression
pattern is necessary to identify the differentiation status of the cells. Enzymatic
digestion appears to release cells in the superficial layer of the bone, thus the
cell population collected during the first digestion cycle will contain less
mature osteogenic cells while more mature bone cells are collected during the
final digestion cycle. Cells obtained from each digestion cycle were grown on
10 cm plates for 1 week until they become confluent and RNAs were isolated.

Northern analysis in Fig.1 demonstrated the basal level expression of Fgfrl,
Fgfrl, Msx2 and Cbfal/Runx2, along with alkaline phosphatase as a
differentiation marker.

First, significant Cbfal expression in fractions 2-6 is noted, which indicates
that the cells in fractions 2-6 are committed osteogenic cells. Second, gradual
increase of Msx2 mRNA was shown from fraction 1 to 3, with peak
expression at fraction 3 and 4 and decrease afterwards. The Fgfr2 expression

increased from fraction 1 to 5 in a similar pattern, and began to decrease at

15



fraction 6. Thus, Fgfr2 and Msx2 genes displayed alternative peak expression.
Fgfrl gene expression was detected at a much lower level than that of Fgfr2
but also showed gradual increase. The alkaline phosphatase gene expression
pattern represents the gradient of differentiation of osteoblastic cells.

From these results, cells from fraction 3-6 were regarded appropriate for
investigation of the relationship between Msx2 and Fgfr2 because they were
committed osteogenic cells and they showed considerable FGFR2 and Msx2

gene expression.

B. Msx2 Gene is Repressed by Fgf9 Treatment, Which Requires Protein

Synthesis.

To examine the time-dependent effect of Fgf9-induced signaling on Msx2
gene expression, primary mouse calvarial bone cells plated at a density of 2
million/10cm plate were treated with Fgf9 (10ng/ml) in a-MEM containing
1% FCS. RNAs were collected at 3, 6, 9, 12 and 24 hours, respectively.
Northern blot hybridization was conducted using the rat Msx2 probes.

Msx2 mRNA level was gradually reduced within 3 hours and reached the
lowest level after 12 hours of treatment. In spite of the continuous Fgf9

treatment, level of expression began to recover between 12 and 24 hours (Fig.

16



2 (A)). Since the down-regulation was the most apparent at 12 hours, we
applied 12 hours of treatment time to the subsequent experiments.

When the cells were treated with different concentrations of Fgf9 (1, 5, 10, 20
ng/ml), the effect of Fgf9 on the reduction in the Msx2 gene expression was
similar at concentrations ranging from 5-20 ng/ml (data not shown).

Next, the cells were preincubated with cyclohexamide (50, 100 pg/ml), an
inhibitor for protein synthesis, for 1 hour and again treated with Fgf9 for
additional 6 hours. At both concentrations of cyclohexamide, Msx2 level was
maintained even in the presence of Fg9, indicating that Fgf9-mediated down-
regulation of Msx2 expression requires protein synthesis (Fig 2 (B)).

Primary calvarial bone cells, obtained from wild type (wt) and dominant
negative (DN) mutant mice littermates were cultured in the presence or
absence of FGF9. A dominant negative receptor forms a dimer with normal or
mutant receptor and inhibits regular signal transduction induced by Fgfr2
activation (Ratisoontorn et al. 2003). Northern analysis was performed to
assess the change in the Msx2 gene expression.

Unlike the wild type cells, DN cells didn’t show any apparent change in the
Msx2 gene expression in the presence of Fgf9 (Fig 2 (C)). This indicates that

the down-regulation of Msx2 by Fgf9 is mediated through Fgft.

17



C. Msx2 Overexpression Blocks Fgf9-induced Increase in the

Endogeneous Osteocalcin Gene Expression.

It has been shown that Fgf/Fgfr signaling increases DNA binding of the
Cbfal/Runx2, as well as its mRNA levels (Kim et al. 2003). Cbfal/Runx2 has
its binding cognate (osteocalcin-specific cis acting element, OSE2) on the
osteocalcin promoter and upon binding, it increases the transcriptional
activation of osteocalcin gene (Xiao et al. 2002, Kim et al. 2003). On the
contrary, Msx2 is a known suppressor of the rat osteocalcin promoter (Towler
et al. 1994, Newberry et al. 1997) possibly by inhibiting the Cbfal/Runx2
function (Shirakabe et al. 2001). Therefore, we next asked whether the
Fgf9/Fgfr2-mediated downregulation of Msx2 might help the Fgfr2-mediated
up-regulation of the transcription factor Cbfal/Runx2 in the mouse bone cells.
To examine this, we overexpressed Msx2 in mouse primary osteoblasts with
adenovirus containing Msx2-HA and observed Cbfal/Runx2 function
regarding osteocalcin gene expression. We hypothesized that the
overexpression of Msx2 may inhibit Fgf9—induced Cbfal/Runx2 activity and
reduce endogenous osteocalcin gene expression.

To confirm the proper production of the virally encoded protein in the
primary mouse osteoblasts, immunohistochemical analysis and immunoblot

analysis were carried out. After 24 hours of infection, cells were fixed and
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immunostained with antibody specific for HA epitope. (Santa Cruz
Biotechnology, Santa Cruz, CA) The adenovirus-encoded Msx2 was distinctly
expressed and localized in the nuclei (Fig.3 (A)), while this was not observed
in the uninfected cells. An immunoblot analysis using the nuclear extract and
anti-HA antibody showed the specific band at 35 kD corresponding to the
Msx2-HA protein (Fig.3 (B)). Cytoplasmic expression of the Msx2-HA was
hardly detectable.

Primary calvarial bone cells were infected with control adenovirus or
adenovirus containing Msx2-HA for 24 hours, treated with 10ng/ml Fgf9 for
12 hours in a-MEM with 1% FCS. Isolated RNAs were reverse transcribed
and amplified through 40 cycles of PCR. The sizes of the PCR products were
estimated from the relative migration compared to the DNA ladder (Lambda
DNA/Hind III Markers, Promega, Madison, WI).

Endogenous osteocalcin gene was significantly increased by Fgf9 treatment in
uninfected cells and in cells treated with control adenovirus. In contrast, this
up-regulation was blocked in cells overexpressing Msx2. Basal level
expression was generally weak and didn’t seem to display any notable change.
GAPDH was used as internal control and the intensity of signal was almost the
same, regardless of Fgf9 treatment. Thus, Msx2 overexpression blocks the

Fgf9-induced increase in the endogenous osteocalcin gene expression.
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D. Msx2 Overexpression Suppresses Fgf9-induced Increase in the DNA

Binding of Cbfal/Runx2.

We next asked if the inhibition of the endogenous osteocalcin gene expression
by overexpressed Msx2 is associated with altered DNA binding of
Cbfal/Runx2. Msx2 suppression of osteocalcin promoter is mainly mediated
by protein-protein interaction (Willis et al. 2002, Towler et al. 1994,
Hoffmann et al. 1994).

To investigate the effect of overexpression of Msx2 on the DNA binding of
Cbfal, control or virally infected primary mouse osteoblasts were cultured
with or without Fgf9 treatment for 16-24 hours in a-MEM containing 1% FCS
and nuclear extracts were isolated. Electrophoretic mobility shift assays
(EMSA) were performed using radio-labeled Cbfal binding element (OSE2)
in the (human) osteocalcin promoter. This radioactive probe contains the
cognate binding sequence (GCAGTCA).

Diminished signal with the competitor and apparent supershift with the anti-
Cbfal/Runx2 IgG indicates the specific DNA-Cbfal/Runx2 complex (Fig.4
(A)). The signal was notably enhanced with the treatment of Fgf9 in
uninfected cells and cells infected with control virus. In contrast, the increase

was not found in cells overexpressing Msx2 (Fig.4). Although the exact
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mechanism is not clear, overexpression of Msx2 inhibited the Fgf-induced

DNA binding of Cbfal/Runx2.

E. Msx2 Overexpression Abrogates Fgf9-induced Increase in the

Osteocalcin Transcriptional Activity.

Since binding of transcription factor may stimulate or suppress transcription
of the gene, actual change of the transcriptional activity needed to be
examined. Therefore, the effect of overexpressed Msx2 on the transcriptional
activity needed to be measured as luciferase activity using 6XOSE2 Luc
reporter vector. We hypothesized that overexpression of Msx2 may change
osteocalcin transcriptional activity of Cbfal/Runx2.

Control or virally (either control virus or Msx2 virus) infected wild type or
dominant negative primary mouse osteoblasts were co-transfected with
6XOSE2 Luc reporter vector (1pg/well) and PRL luciferase (100ng/well) for
24 hours and Fgf9 treatment (10ng/ml) was followed in a-MEM containing
1% FCS. Luciferase activities were measured in 12-16 hours after Fgf9
treatment. The luciferase activity was normalized using the Renilla luciferase
activity.

Uninfected cells showed almost 8-fold increase in the luciferase activity when

treated with Fgf9. However, this increase was not observed in the cells
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overexpressing Msx2 (Fig.5 (A)). Particularly, DN cells did not show any
significant increase in the luciferase activity even in the presence of Fgf9
(Fig.5 (B)), indicating that the increase in the transcriptional activity induced
by Fgf9 is mediated through Fgfr signaling.

To summarize the results, overexpression of Msx2 in the primary mouse
calvarial osteoblasts inhibits Fgf9-stimulated Cbfal/Runx2 function.
Consequently, this leads to reduced osteocalcin gene expression and
transcriptional activity by decreased DNA binding of Cbfal. We also
speculate that Fgf9/Fgfr2 signaling suppresses the Msx2 expression and this
downregulation appears to help activation of the Cbfal function to increase

the OC gene expression.
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IV. DISCUSSION

Cranial Suture Development and Its Importance.

Cranial sutures serve as major growth sites of intramembranous bones during
mammalian skull development (Opperman 2000). For this function, sutures
need to remain patent until maturity to encompass the growing neurocranium,
while allowing new bone formation at the edges of approximating bone fronts.
Wide-open fontanels or osseous obliteration of the sutures are inferred as the
results of disturbed regulation of bone cell differentiation at the osteogenic
fronts (Cohen 1993, Opperman 2000).

Craniosynostosis has been an important subject in bone biology because it
represents a serious craniofacial deformity, and thereby it provides a good
model system for studying the gene and their functions in the regulation of

bone formation (Wilkie 1997).

Reciprocal Temporal Expression pattern of Fgfr2 and Msx2 in the

Calvarial Osteoblasts.

Fgft2 and Msx2 are both expressed in the early stage of osteoblast

differentiation and are involved in the pathogenesis of craniosynostosis. In fact,

23



FGF-impregnated bead (Kim et al. 1998, Ignelzi et al. 2003) induced
premature fusion of sutures, similarly in the transgenic mice with Fgfr2 knock-
in (Chen et al. 2003) or with overexpression of Msx2 (Liu et al. 1995). In
contrast, Bmp4, a potent inducer of osteogenesis, didn’t facilitate sutural
growth (Kim et al. 1998). This indicates that the early regulatory mechanism is
important in the pathogenesis of craniosynostosis.

In the same context, phenotypic assessment of the primary calvarial cells is
important to define the level of differentiation of the cells used for the study.
Besides, the action of Fgf on osteoblasts is known to be biphasic and stage-
specific (Rice et al. 2000). Fig.1 demonstrates that the majority of the cells are
likely to be proliferating osteoblast precursors. This can be inferred from the
low expression level of Fgfrl relative to the significant expression of Fgfr2
and Msx2. This is consistent with previous studies (Iseki et al. 1999). Cells in
fraction 6 showed high expression of alkaline phosphatase and also reduced
but still significant level of Fgfr2 and Msx2. Therefore, these primary cells

were considered suitable for studying the interaction of Fgfr2 and Msx2.

Fgf9 suppresses Msx2 mRNA.

Each Fgfr1-4 shows complicated ligand-binding specificity to individual

ligands. In particular, Fgf9 is a highly specific ligand for Fgfr2(Illc) isoform,
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while Fgfl activates all Fgfr splice variants (Ornitz et al. 1996). In this study,
we used Fgf9 in order to evaluate mainly the function of signaling mediated
by Fgfr2.

It is noteworthy that the Msx2 gene expression was suppressed by Fgf9
treatment. This is in contrast with previous reports where Msx2 increased or
showed no change in the presence of FGF (Ignelzi et al. 2003, Kim et al.
1998). Another interesting reaction is the recovery of Msx2 mRNA after 24
hours of FGgf9 treatment. This fluctuation pattern in 24 hours encouraged us
to define that the immediate and direct effect of Fgf9 is a suppression of Msx2.
This finding is also coincident with the results shown in Fig.1. Msx2 level
peaked at fraction 3 and 4 and then was reduced thereafter, while Fgfr2 peaked
at fraction 5.

Obviously, Msx2 expression peaked before Fgfr2 gene reached its highest
level, implying certain reciprocal action. Since Fgf9 is a known cognate ligand
for Fgfr2, and the relatively high expression of Fgfr2 compared to Fgfrl
encouraged us to speculate that the suppression action may be mainly
mediated through Fgfr2. Changes in Msx2 mRNA in the cells expressing DN
Fgfr2 substantiate this finding; when the Fgfr function was blocked, the
downregulation did not occur.

In spite of the continuous Fgf9 treatment, Msx2 returned to the initial level

between 12-24 hours. Recovery of Msx2 mRNA level may be mediated
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through another molecule. We speculate that Bmp2 may be involved in the
recovery, since it is known to upregulate Msx2 in the developing suture (Rice
et al. 2003, Vainio et al. 1993) and in our culture cells Fgf9 significantly
increased Bmp2 mRNA expression (Preliminary study; Data not shown).
However, this downregulation of Msx2 by Fgf9 still requires another protein
synthesis (Fig 2(B)). The main intracellular pathway and the type of protein

involved in the regulation of Msx2 need to be identified.

Role of Overexpressed Msx2 on Fgf9-induced Endogenous Osteocalcin

Gene Transcription.

Osteocalcin is indeed a powerful tool for studying nuclear protein-DNA
interaction that modulates transcriptional activities in the osteoblasts, due to
the identified selective binding sites for the key transcription factors
(Newberry et al. 1998).

Since the concentration of Fgf9 in this study was relatively low (10ng/ml),
compared to other bead implantation studies (Ignelzi et al. 2003), we speculate
this downregulation of Msx2 reflects the possible molecular event occurring in
vivo. Fgf is a known inducer of Cbfal/Runx2, (Kim et al. 2003) that itself is a
direct inducer of osteocalcin gene transcription (Geoffroy et al. 1997, Ducy

and Karsenty 1995). Although Fgf stimulated expression of Cbfal/Runx2
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(Kim et al. 2003), the actual osteocalcin transcriptional activity appears to be
associated with the functional activity of Cbfal/Runx2 as well. Therefore, we
examined both the endogenous osteocalcin mRNA expression and the
functional activity of osteocalcin promoter in the presence of Fgf9, with or
without infecting the cells with adenovirus containing Msx2 gene.

First, endogenous osteocalcin mRNA expression was not increased by Fgf9
treatment when Msx2 was overexpressed. This is in agreement with previous
studies. Although Msx2 is known to suppress both basal (Newberry et al.
1998) and Fgf2/Fsk-induced osteocalcin promoter activity (Newberry et al.
1997), the change in the basal level osteocalcin gene expression was hardly
noticeable in our study. Presumably, our primary cells were still undergoing
early differentiation but osteocalcin is a known late differentiation marker.
Therefore, Msx2 may not influence the scarce endogenous osteocalcin level at
this stage of cells.

Moreover, Fgf9 treatment itself was sufficient to increase the osteocalcin
mRNA level, without the synergistic effect of cyclic AMP demonstrated in the
Towler’s study. This might be a characteristic response of the primary cells at
the early differentiation stage, or the specific effect of the ligand-Fgf9. Since
Fgf9 selectively activates Fgfr2 isoform (Ornitz et al. 1996), it possibly

represents the effects of selective activation of Fgfr2 in osteoblasts.
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We confirmed that the external Msx2 introduced via viral infection
functionally produces protein that is localized in the nucleus, but we couldn’t
quantitate the actual infection efficiency. According to Towler’s study,
inhibitory action of the Msx2 on the osteocalcin promoter was constant,
regardless of the amount of plasmid, and did not follow a dose-dependent
manner (Newberry et al. 1997). Thus, the amount of Msx2 protein doesn’t

appear to be critical in terms of osteocalcin gene regulation.

Inhibition of Fgf9-induced Osteocalcin Promoter Activation is Mediated

through Reduced DNA-protein Binding at OSE2.

There have been several sites of interest in the osteocalcin promoter that
implicate the Msx2 action for the modulation of the osteocalcin transcriptional
activity (Hoffmann et al. 1994). However, as already has been reported, Msx2
binding on the HOXBOX cognate is not required. Instead, direct binding onto
Cbfal/Runx2, (Shirakabe et al. 2001) Msx2 interaction with DIxS5,
(Newberry1998) and inhibition of protein binding on the OCFRE site (Willis
et al. 2002) have been proposed to be a regulatory mechanisms. We first
wished to focus on the Cbfal/Runx2 function, because it is a known potent

stimulator of osteocalcin and the Cbfal/Runx2 cognate DNA oligonucleotide
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(OSE2) could be easily recognized. Thereby we examined the effects of Msx2
overexpression on the Cbfal/Runx2-OSE2 binding.

Interestingly, Fgf9-induced increase in the DNA binding of Cbfal/Runx2
was abrogated under forced expression of Msx2. Our oligonucleotide
sequence contained the minimal sequence for Cbfal/Runx2 binding, that is
ACCACA, but not the OCFRE sequence (GCAGTCA, Willis et al. 2002).
This means that modulation of Cbfal binding may not be mediated through
another protein. From this result, we inferred that direct binding or direct
interaction with Cbfal/Runx2 protein is likely to be a mechanism by which
Msx2 modulates the Cbfal/Runx2 binding.

Next, luciferase assays additionally confirmed the effects of DNA binding on
the actual transactivation of osteocalcin gene. Msx2 infected cells didn’t show
any increase in the luciferase activity in the presence of Fgf9, implying that
the inhibited protein-DNA binding may have caused the actual suppression of
transcriptional activity. That is, the Msx2-induced transcriptional suppression
in the osteocalcin promoter is due to the reduced binding of Cbfal/Runx2 on
the binding cognate on the promoter. We couldn’t find any change in the basal
osteocalcin transcriptional activity even in the presence of Msx2, likely

because of the differentiation stage of the primary cells.
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Integration of Msx2 and Fgf/Fgfr in the Early Phase of Osteoblast

Differentiation.

Fgfr2 and Msx2 exhibited overlapping expression pattern and apparently
there is an interaction, which appear to be a reciprocal suppressive effect, not
synergistic effect. This can be figured in the initial ontogeny of calvarial
osteoblasts.

As a whole, these results substantiate the speculation that Ffg/Ffgr(2) is an
upstream regulator of Msx2 gene in mouse calvarial bone cells and
coordinated activity between FGF/FGFR and Msx2 may have a crucial role in
the modulation of the Cbfal function, regulating the differentiation of the cells.
At the early stage of differentiation, relatively high level of Msx2 appears to
inhibit Cbfal/Runx2 function. Therefore, the osteocalcin expression and
differentiation are also blocked and thus proliferation is sustained. However,
in cells expressing high level of Fgfr2, Msx2 is suppressed and thereby
Cbfal/Runx2 function is enhanced. This will lead to increased osteocalcin
transcription that leads to osteoblast differentiation. Briefly, Fgf/Fgfr signaling
suppresses Msx2 gene expression in order to facialitate transcription of
osteocalcin, leading to differentiation of osteoblasts (Fig 6).

Fgf/Fgfr is known to stimulate both proliferation and differentiation in the

osteoblasts, but with regard to the transcriptional activity of osteocalcin, Fgf
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obviously facilitates the differentiation of still immature osteoblast. Msx2
apparently retards the differentiation procedure. In this context, Fgf and Msx2
may have different roles in the pathogenesis of craniosynostosis; Fgft, through
increased early differentiation and Msx2, through suppressed differentiation.
This assumption needs to be further evaluated, involving ample information
on the differences in the clinical phenotypes depending on the type of

mutations.

V. CONCLUSION

The purpose of this study was to investigate if Fgf/Fgfr signaling is an
upstream regulator of Msx2 gene expression in the same genetic pathway and
to elucidate the possible regulatory role of these genes in differentiating
osteoblasts. For analysis of the molecular events occurring in the cell level, we
used an in vitro culture with primary mouse calvarial osteoblasts.

We demonstrated the expression pattern of Fgfr2 and Msx2 gene in different
maturation stage, with peak expression of Msx2 gene preceding that of Fgfr2.
To examine the effect of Fgf/Fgfr signaling on the Msx2 gene expression,
primary osteoblasts were treated with Fgf9, a cognate ligand for Fgfi2, and
Msx2 gene expression was significantly suppressed via a protein synthesis. To

gain further insight into the significance of this down-regulation, Msx2 was
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overexpressed in the osteoblasts using adenovirus containing Msx2 gene
tagged with hemagglutinin (HA) epitope. Subsequent series of RT-PCR, gel-
shift assay and transfection & luciferase assay showed that the overexpression
of Msx2 inhibited the Fgf9—induced increase in the endogenous osteocalcin
gene expression, likely by altering the binding of Cbfal/Runx2 on the OSE2
sequence in the osteocalcin promoter. From these results, we propose a
possible model of osteoblast differentiation with integrated Fgt/Fgfr and Msx2
function, implicating the suppressive role of Fgf/Fgfr on Msx2 expression by

modulating the Cbfal/Runx2, leading to increased osteocalcin transcription.
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Legends

Fig.1 Phenotypic Characterization of Calvarial Osteoblasts; Expression
Pattern of Fgfr2 and Msx2 mRNA with Alternative Peaks.

Cells were obtained from repeated digestion of the mouse calvarial bones.
Early fraction cells were released from the superficial layer, representing less
mature phenotype, than the late fraction cells. Significant Cbfal expression in
fractions 2-6 is noted. Gradual increase of Msx2 mRNA was shown from
fraction 1 to 3, with peak expression at fraction 3 and 4 and decrease
afterwards. The Fgft2 expression increased from fraction 1 to 5 in a similar
pattern, and began to decrease at fraction 6. Fgfrl mRNA is still scarce.
Alkaline phsphatase (ALP) gene level shows the gradual differentiation

pattern.

Fig.2 Fgf9 Suppresses Msx2 Gene Expression and This Down-regulation
Requires Protein Synthesis.
(A) Primary mouse calvarial bone cells plated at a density of 2 million/10 cm

plate were treated with Fgf9 (10ng/ml) in a-MEM containing 1% FCS. RNAs

were collected at 3, 6, 9, 12 and 24 hours, respectively. Fgf9 reduced Msx2
gene within 3 hours. Msx2 gene level reached the lowest level at 12 hours and

began to recover between 12 and 24 hours.
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(B) Primary mouse osteoblasts were preincubated with cyclohexamide (50,
100 pg/ml) for 1 hour and were treated with Fgf9 for additional 6 hours. It is

noticed that either concentration of cyclohexamide blocked Fgf9-induced
downregulation of Msx2, indicating that the Fgf9-mediated down-regulation
of Msx2 expression requires a protein synthesis.

(C) Cells obtained from wild type (wt) and dominant negative mutant (DN)
mice littermates were cultured in the presence or absence of Fgf9. Down-
regulation of Msx2 gene expression is found in the presence of Fgf9 in wt
cells, but not in DN cells where normal Fgfr function is scarce. This confirms

that the Msx2 down-regulation is mediated through FGF/FGFR signaling.

Fig.3 Msx2 Overexpression Blocks Fgf9-induced Increase in the
Endogeneous Osteocalcin Gene Expression.

(A) 24 hours after infection with adenovirus containing Msx2, cells were fixed
and immunostained with antibody specific for HA epitope. The adenovirus-
encoded Msx2 was distinctly expressed and localized in the nuclei (arrow),
while this was not observed in the uninfected cells.

(B) An immunoblot analysis using the nuclear extract and anti-HA IgG
showed the specific band at 35 kD corresponding to the Msx2-HA protein.

(C) Primary calvarial bone cells were infected with either control adenovirus

or adenovirus containing Msx2-HA for 24 hours, then treated with 10ng/ml
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Fgt9 for 12 hours in a-MEM with 1% FCS. RNAs were amplified by RT-PCR

using mouse osteocalcin primer. Endogenous osteocalcin gene was
significantly increased by Fgf9 treatment in uninfected cells and in cells
infected with control adenovirus. To the contrary, this up-regulation was
blocked in cells overexpressing Msx2 (left panel). GAPDH was used as

internal controls (right panel).

Fig.4 Msx2 Overexpression Suppresses Fgf9-induced Increase in the DNA
Binding of Cbfal/Runx2.
Control or virally infected primary mouse osteoblasts were cultured with or

without Fgf9 treatment for 16-24 hours in a-MEM containing 1% FCS and

nuclear extracts were isolated. Diminished signal with the competitor
(unlabeled probe) and apparent supershift with the anti-Cbfal/Runx2 IgG
indicate that the arrowed band is the specific DNA-Cbfal/Runx2 complex (left
panel). The signal was notably enhanced with the treatment of Fgf9 in
uninfected cells as well as in cells infected with control virus (middle and right
panel). To the contrary, the increase was not found in cells overexpressing
Msx2 (middle panel).

(Ad-Cont ; cells infected with control adenovirus

Ad-Msx2 ; cells infected with Msx2 adenovirus)
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Fig.5 Msx2 Overexpression Abrogates Fgf9-induced Increase in the
Osteocalcin Transcriptional Activity.

Control or virally (Msx2 adenovirus) infected wild type or DN primary mouse
osteoblasts were co-transfected with 6XOSE2 luciferase reporter vector

(1pg/well) and PRL luciferase (100ng/well) vector for 24 hours and Fgf9
treatment (10ng/ml) was followed. Bars are mean £ SD.

(A) Uninfected cells showed almost 8-fold increase in the luciferase activity
when treated with Fgf9, however, this increase was not observed in the cells
overexpressing Msx2.

(B) DN cells did not show any significant increase in the luciferase activity

even in the presence of Fgf9.

Fig. 6 A model of osteoblast differentiation with integrated Fgf/Fgfr and
Msx2 with regard to Cbfal/Runx2 function and transcription of
osteocalcin.

Fgf/Fgfr is an upstream regulator of Msx2 gene, and a coordinated activity
between the two appears to play an important role during differentiation of
committed osteoblastic cells. At the early stage of differentiation, relatively
high level of Msx2 appears to inhibit Cbfal/Runx2 function. Therefore, the
osteocalcin expression and differentiation are also blocked and thus

proliferation may be sustained. However, when cells start to express high level

4 8



of Fgfr2, Msx2 is suppressed and thereby suppressed Cbfal/Runx2 function is
relieved. This will lead to increased osteocalcin transcription that leads to

osteoblast differentiation.
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