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Abstract

:

to elucidate the mechanism of its stimulatory effects.
The obtain resuits were as follows:
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The Fibroblast growth factors(FGFs) plays an important role in the control of osteogenesis during skeletal de-
velopment. Especially, FGF-2 is a potent mesodermal inducer during embryogenesis and FGF receptors
(FGFRs) messages are strongly expressed in developing bones.

In this study, we investigated the effect of bFGF on osteopontin(OPN) gene expression in ST-2 cells and tried

The treatment of bFGF(1ng/ml) upregulates OPN, fibronectin mRNA levels and downregulates type I collagen
mRNA levels. But, there was no remarkable difference in alkaline phosphatase mRNA levels between two
groups. The OPN gene expression increased in a dose-dependent manner up to 10ng/ml and OPN gene began to
occur at around Sh with continuous increase up to 24h then decreased to basal level at 48h. 30 minutues pre-
treatment with cycloheximide (500ng/ml), a protein synthesis inhibitor, prior to addition bFGF resulted in
blocking bFOF induced OPN expression. These results suggest that bFGF increased the level of OPN mRNA in
a dose and time-dependent manner via the synthesis of certain transcriptional regulatory proteins.

[ . Introduction

Fibroblast growth factors (FGFs) are a family of at
least fifteen genes which are involved in the control of a
variety of processes such as proliferation, migration, dif-
ferentiation, and cell survival'®. The biological functions
of the prototypic members of this family, FGF-1 and
FGF-2, are mediated by binding to high-affinity recep-
tors. Prior association of FGFs with low-affinity heparan
sulfate proteoglycans is thought to facilitate their bind-
ing to the high-affinity receptors which subsequently
dimerize, leading to activation of intrinsic tyrosine phos-
phorylation and initiation of downstream kinase cas-
cades which culminate in altered gene transcription®”.
Another mechanism has been described whereby cyto-
plasmic FGF-2 can be translocated into the nucleus
where it activates gene transcription®®. In many cells,
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including osteoblasts, the synthesis of the nuclear proto-
oncogene products such as ¢-Fos and c-Jun and related
proteins is an immediate early response to bFGEF. c-Fos
can act as a transcriptional regulator and has been
shown to interfere with normal bone development”.
Several observations indicate that FGFs may play an
important role in the control of osteogenesis during
skeletal development. FGF-2 is a potent mesodermal in-
ducer during embryogenesis and FGF receptors (FGFRs)
messages are strongly expressed in developing bones™”.
Studies in bovine calvaria cells showed that FGF-2 is
produced by osteoblasts and accumulated in the bone
matrix’”. In bovine and rodent calvaria-derived cells,
FGF-1 and FGF-2 stimulate cell proliferation but inhibit
alkaline phosphatase (ALP) activity and reduce collagen
type I (Col I) and osteocalcin (OC) expression” ™
cating that FGF-2 has independent effects on calvaria

, indi-



cell replication and differentiation. The effects of FGFs
on osteoblastic cell differentiation and bone matrix for-
mation in long-term culture are conflicting since posi-
tive™ and negative' effects have been reported depend-
ing on the cell culture system. In humans, FGF-2 was
found to reduce osteoblasts markers in marrow stromal
cells”. In contrast, FGF-2 was found to promote os-
teoblast differentiation from precursor cells in the rat
bone marrow stroma and to stimulate of endosteal rat

bone formation'®** 200

" and fracture repair

Craniosynostosis, the premature fusion of cranial su-
tures, presumably involves disturbance of the interac-
tions between different tissues within the cranial su-
tures. Point mutations in the genes encoding for the fi-
broblast growth factor receptors cause various types of
human craniosynostosis syndromes. There are four fi-
broblast growth factor receptors, FGFR1-4, three of
which(FGFRs1-3) are known to play important roles in
skeletal differentiation and growth, as revealed by the
identification of specific mutations in previously recog-
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nized clinical syndromes™*'. They are transmembrane
receptors with three immunoglobuline-like domains (Ig
[,Igl, Igll) in the extracellular region and a split ty-
rosine kinase domain in the intracellular region of the
molecule™. Among these, the FGFR2 gene is of particu-
lar interest in the context of craniofacial development.
Dominantly acting missense mutations located mainly in
the Iglla/Igllc domain or in the Igl/Igll linker region
are associated with a variety of craniosynostosis syn-
dromes (Crouzon, Pfeiffer, Jackson-Weiss, Apert and
Beare-Stevenson syndromes)®”. There are two FGFR2
variants. One, known as KGFR, including the lla/lIb
domain, the other, known as BEK, including lla/llc do-
main®™. The bFGF, having affinity to BEK, is localized
in a pattern that is largely reciprocal of FGFR2 tran-
scripts, being high in areas in which bone differentiation
has been initiated and low within the suture mes-
enchyme and FGFRZ expression is correlated with cell
proliferation adjacent to and mutually exclusive with ar-
eas, in which bone differentiation is been initiated®.
These observations suggest that FQF/FGFR2 signal
transduction is indispensible for the osteoblastic differ-
entiation.

Recently, in the middle of the process elucidating the
effect of bFGF signaling on the rate of suture closure in
fetal mouse calvaria organ culture, we have shown that
implantation of bFGEF soaked bead onto both the os-
teogenic fronts and mid-mesenchyme of sagittal suture
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of mouth calvarial explants induces OPN expression.
But, positive regulation by bFGF of OPN transcriptional
activity in osteoblastic cells has not been demonstrated
in detail. Therefore, in this report, we investigated the
effect of bFGF on osteopontin gene expression and tried
to elucidate the mechanism of its stimulatory effects.

I . Material and Method
1. Materials

RPMI1640, fetal bovine serum, were purchased form
(ibeoBRL (Grand Island, NY, U.S.A)). The bFGF was
from Promega (Madison, WI, U.8.A.), Cycloheximide,
demethylformamide, formamide, and MOPS were from
Sigma Chemical Co. (St. Louis, MO, U.S.A.). Tissue
culture plastic wares were from Corning (NY, U.S.A.) or
Falcon (NJ, U.S.A.). Express Hyb solution was from
Clontech (Palo Alto, CA, U.S.A.). (e-32P]JdCTP,
Hybond-N+membrane, and Megaprime DNA labelling
system kit were from Amersham (Arilington, IL,
U.S.A).

2. Cell culture

Murine bone marrow-derived stromal cells(ST-2 cells)
were maintained in RPMI1640 containing 10% heat-in-
activated fetal bovine serum (FBS:Gibco BRL) and 100
U/ml penicillin /streptomycin at 37T in a humidified at-
mosphere containing 5% of CQ,. Cells were seeded at

6.5%10%/100mm culture plate and grown for 3 days.

After that, cells were treated with bFGF at given con-
centrations for 24h: controls were treated with equiva-
lent amount of bovine serum albumin (BSA) for 24h. To
test time course of bFGE on OPN expression, cells were
grown for 3 days. After that, cells were treated with
bFGF (1 ng/ml) for given times. Controls were treated
with equivalent amount of BSA. To assess the effect of
cycloheximide, cells were pretreated for 30min with
500ng/ml of cycloheximide dissolved in phosphate
buffered saline.

3. RNA extraction and Northern blot analysis

Total RNA was isolated as previously described
(Chomezynski and Sacchi, 1987) and quantified by spec-
trophotometer. 10 wg of total RNAs were heated to 656C
for 15 min in 50% formamide, 40 mM MOPS(3-{-N-



J Korean Acad Pediatr Dent 27(2) 2000

morpholino)propanesulfonic acid), 10mM sodium ac-
etate, ImM EDTA, 0.1mg/ml ethodium bromide prior to
gel electrophoresis on 1% agarose, 55% formaldehyde,
40 mM MOPS, 10 mM sodium acetate, ImM EDTA.
The RNA was blotted onto a Hybond-N+ membrane in
20X SSPE. RNA was cross-linked by exposure to ultra-
violet light and then air-dried. The probes were labelled
with (e-32P)JdCTP by Megaprime DNA labelling system
kit(Amersham pharmacia biotech). Prehybridization and
hybridization were performed by using the Express Hyb
solution. After hybridization, the membrane was washed
in 2XS8C-0.1%SDS at room temperature and then in
0.1x8S8C-0.1%SDS at 55T and exposed to Agfa X-ray
film at -70°C with intensifying screens.

L. Result

1. Treatment of ST-2 cells with bFGF upregulates
OPN, fibronectin(FN) mRNA levels and downregu-
lates type [ collagen mRNA levels. '

The effects of bFGF on OPN, FN, Col I, ALP were
studied in ST-2 cells. Northern blot analysis revealed
that bFGF upregulates OPN, FN mRNA levels and
downregulates type | collagen mRNA levels. But, there
was no remarkable difference in ALP mRNA levels be-

tween {wo groups.

2. The effect of bFGF on OPN mRNA levels in-
crease in a dose-dependent manner

To test the dose response of OPN mRNA induction by
bFGF, confluent ST-2 cells were treated with at a given
concentration of bFGF (0, 0.1, 1, 10, 20, 30ng/ml) for
24h. Total RNAs were isolated and analyzed. Northern
blot analysis revealed the increase in OPN gene in a
dose~dependent manner. But, there was no remarkable
difference between 10ng/ml and higher concentrations.

3. bFGF requires hours of incubation to increase os-
teopontin gene expression

To test the time response of OPN mRNA induction by
bFGF, confluent ST-2 cells were treated with 1 ng/ml
bFGF and at various times total RNAs were isolated and
analyzed. Northern blot analysis revealed the increase in
OPN gene began to occur at around 3h with continuous
increase up to 24h, and then decreased to the basal level
at 48h. Although, untreated cells expressed the same
patterns those of treated groups, the amount of RNAs
were lower. This observation indicates that bFGF seems
to require at least 3 hours to induce OPN transcription.

FN

rRNA

L
Fig. 1. Effects of bFGF on OPN, ALP, Col T, FN mRNA

ST-2 cells were plated at 8.5%1Ccells/100mm culture plate in 10% FBS. Thiee days later, media were changed and cells were
cultured for 24h in the abscence (C) or presence (F) of 1 ng/ml bFGF. Total RNA (10 wg) were analyzed by Northern blot hybridization
with cDNA probe for osteopontin. The amount of IRNA in the same samples was visualized by ethidium bromide staining.
OPN,osteopontin: ALP alkaline phosphatase: Col I ,type [ collagen: FN,fioronectin.
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Fig. 2. Dose response experiments for the effect of bFGF on OPN mRNA levels.

ST-2 cells were plated at 6,5x10°cells/100mm culture plate in 10% FBS, Three days later media were changed and cells were cul-
tured at a given concentration of bFGF (0, 0.1, 1, 10, 20, 30 ng/ml). Controls were added eguivalent amount of BSA. Total RNA (10
wug) were analyzed by Northem blot hybridization with cDNA probe for osteopontin. The amount of rRNA in the same samples was visu-
alized by ethidium bromide staining. Lane 1: control, lane 2, 3, 4, 5, and 6 are bFGF at 0.1, 1, 10, 20, 30 nM respectively.

0 30C 30F 1C 1F 2C 2F 3C 3F 6C 6F 12C12F24C24F48C48F

OPN

L \ rRNA

Fig. 3. Time course for the effect of 1nM bFGF on OPN mRNA levels in ST-2 cells.
ST-2 cells were plated at 6,5x10°cells/100mm culture plate in 10% FBS. Three days later media were changed and cells were cul-
tured for 30 min, 1, 2, 3, 6, 12, 24 and 48h in the abscence (C) or presence (F) of 1 ng/ml bFGF. Total RNA (10 ue) were analyzed

by Northern blot hybridization with cDNA probe for osteopontin. The amount of rRNA in the same samples was visualized by ethidium
bromide staining.

4. bFGF-induced ostecpontin gene expression re- crease in steady-state OPN mRNA requires the synthe-
quires de novo protein synthesis sis of new protein. ST-2 cells were treated with bFGF (1
ng/mi) alone, or in combination with cycloheximide (500

In order to determine whether bFGF-stimulated in- ng/ml), a protein synthesis inhibitor. Cells were cultured
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Fig. 4. The effect of bFGF on osteopontin gene expression in combination with cycloheximide.

ST-2 cells were plated at 6,5% 10°cells/100mm cuiture plate in 10% FBS. ST-2 cells were cultured for 3 days and treated for final 24h
with or without bFGF (1 ng/m!) alone or in combination with cycloheximide (500 ng/mi). Total RNA (10 ug) were analyzed by Northern
blot hybridization with ¢cDNA probe for ostecpontin. The amount of rRNA in the same samples was visualized by ethidium bromide
staining. OPN, osteopontin: bFGF, basic fibroblast growth factor; CHX, cycloheximide.

for 3 days and prior to the addition of bFGF, cells were
pretreated for 30 minutes with 500 ng/ml of cyclohex-
imide in case of the treatment of both bFGF and cyclo-
heximide.

Although, ST-2 cells slightly expressed OPN mRNA in
the presence of cycloheximide, treatment with cyclohex-
imide at 500 ng/mi effectively diminished the increase in
OPN mRNA that was induced by bFGEF in the absence
of cycloheximide. This result implicates that bFGF in-
duced OPN expression takes place at least in two steps.
the direct induction of the transcription of a transcrip-
tional regulatory protein, in turn, activates other genes
and produce a delayed, secondary response.

IV. Discussion

OPN, a secreted glycosylated phosphoprotein of Mr-
66,000, is rich in acidic amino acids and sialic acid, and
it is expressed in various tissues, including bone®™, carti-

29)

lage™, kidney”™, decidua and placenta®, smooth muscle

cells of arteries®™ and cells of the immune system®’. OPN

is also expressed by carcinomas and sarcomas™

and by
mouse

epidermal cells treated with 12-O-tetradecanoylphor-
bol-13-acetate®. The primary sequence of OPN from

various mammalian species exhibits several motifs, such
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as a cell surface-attachment sequence(Arg-Gly-Asp),
numerous phosphorylation sites for various protein ki-
nases, a polyaspartate motif, an N- and several O-glyco-
sylation sites, three thrombin cleavage sites, and two

% The tissue localization, pri-

heparin binding domains
mary structure, and theoretical considerations have led
to the notion that osteopontin is various extracellular
functions. These functions include the initiation and lo-
calization of apatite crystals in bone®™, the regulation of
calcium and phosphate™, the attachment of normal os-
teoclasts to the bone surface during the process of bone
remodeling® and of neoplastic cells to the extracellular
matrix’?, and the immune response®.

In rat calvaria osteoblast, Thomas et al. showed that
the expression pattern of OPN gene exhibits a biphasic
pattern during the osteoblast development sequence,
with mRNA levels during the period of cell proliferation
that are about 25% those observed during the period of
mineralization®™. At the transcriptional level, OPN has
been shown to be regulated by a number of hormones
and growth factors associated with bone formation and
bone remodeling, such as TGF-A1, TGF-$2, retinoic acid,
endothelin and bone morphogenetic protein (BMP).
Here, we investigated the effect of bEGF on OPN gene
expression in rat bone marrow derived stromal cells.

In the present study, we showed that in ST-2 cells,



bFGF upregulates OPN, FN mRNA levels and downreg-
ulates type [ collagen mRNA levels. But, there was no
remarkable difference in ALP mRNA levels between two
groups (Fig.1). Our studies are consistent with the pre-
vious studies having shown that bFGF inhibits type I
collagen gene' and increases OPN mRNA®™

OPN and FN contain RGD(Arg-Gly-Asp) sequence in
their genes and are expressed during the period of prolif-
eration in rat calvaria osteoblast. The GRGDS (RGD)
sequence has been shown in numercus studies to be in-
volved in cell attachment and spreading, intracellular
signaling, and cell migration, mediated by its interaction
with cell surface integrins®. Somerman et al.(1987)%
showed that OPN was as effective as fibronectin in pro-
moting the attachment and spreading of fibroblast. The
attachment activity of OPN was long-lived, relative to
that of fibronectin: OPN continued to enhance cell at-
tachments for more than 24h, while the activity of fi-
bronectin was diminished after 90 minutes. Considering
these results, we could postulate that bFGF may involve
in osteogenesis through the regulation of genes involved
in cell attachment and spreading.

Our studies showed that bFGF upregulated OPN
gene expression in a dose and time- dependent manner.
bFGF increased OPN mRNA levels up to the concentra-
tion of 10ng/ml bFGF (Fig. 2). In the time course, OPN
gene began to occur at around 3h with continuous in-
crease up to 24h, then decreased to the basal level at
48h. Although, untreated cells expressed the same pat-
terns those of treated groups, the amount of RNAs were
lower (Fig. 3). In recent experiments, implantation of
bFGF soaked beads onto the fetal coronal suture result-
ed in ectopic OPN expression, encircled by FGFR2 ex~
pression, and increased FGF/FGFR signaling resulted
in shifting the cell proliferation/differentiation balance
towards differentiation by enhancing the normal
paracrine downregulation of FGFR2® and Sue*”’ report-
ed that FGF-mediated FGFR signaling has a important
role in regulating the cranial bone growth and mainte-
nance of cranial suture, and suggested that FGF-medi-
ated FGFR signaling is involved in regulating the bal-
ance between the cell proliferation and differentiation
through inducing the expression of OPN and Msx1
genes.

Increase in OPN gene expression by bFGF seems to
lead new protein synthesis since northern blot analysis
(Fig. 4) showed that bFGF didn’ t increase basal steady-
state OPN mRNA level in the case of the pretreatment
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of cycloheximide (500ng/m{), whereas OPN mRNA level
was markedly upregulated in ST-cells treated with
bFGF alone. Cycloheximide, an inhibitor of protein syn-
thesis, suppress of the transcription of secondary-re-
sponse genes. The direct induction of the transcription of
a small number of specific genes within about 30 min-
utes is known as ‘the primary response , the products of
these genes ,in turn, activate other genes and produce a
delayed, secondary response. In our studies, we have
shown that it requires at least 3 hours to induce OPN
gene transcription by bFGF. This result suggests that
induction of OPN gene transcription by bFGF requires
more than two transcription steps. The promoter region
of OPN contains several sites to which transcription fac-
tors are expected to bind. The major candidates for the
transcriptional factors are steroid hormone receptors in-
cluding vitamin D receptors, AP-1 (fos/jun), bHLHS, ets
gene family and runt gene family etc*”. Sato et
al.(1998)*” reported that in polyomar enhancer binding
protein (PEBP) 2¢A knockout mice, the marked de-
crease of OPN mRNA expression. This result suggests
that the transcription of OPN gene is controlled by
PEBP2e¢A.

In conclusion, the present study provides evidences
that bFGF increased the level of OPN mRNA in a dose
and time-dependent manner via the synthesis of certain
transcriptional regulatory proteins in rat bone marrow-
derived stromal cells.

V. Summary

The treatment of bFGF (1ng/mi) upregulates OPN, FN
mRNA levels and downregulates type [ collagen mRNA
levels. But, there was no remarkable difference in ALP
mRNA levels between two groups. OPN gene expression
increased in a dose-dependent manner up to 10ng/ml
and OPN gene began to occur at around 3h with contin-
uous increase up to 24h then decreased to basal level at
48h. 30 minutues pretreatment with cycloheximide (500
ng/ml), a protein synthesis inhibitor, prior to addition
bFGF resulted in blocking bFGF induced OPN expres-
sion. These results suggest that bFGF increased the lev-
el of OPN mRNA in a dose and time-dependent manner
via the synthesis of certain transcriptional regulatory
proteins.
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Fibroblast growth factor(FGF)< MEe] 473 ol %, 39 &3 A ofA7x] B3 & 2dsle Ao daid
AT, ol&<] prototypetl FGF-13F FGF-2& FGF receptors (FGFRs)E Sal4 A ZH 2 A5 S Ageted, A8
7ol 271%%E Eol= craniosynostosise FGFRs%, 53] FGFR-29] point mutationd] 2J8)A of7|®t}. HZ oe
H3dA FGF/FGFR A3A2-& Fop 29 £3lo) glo] B42el 9488 dttn 3192, bFGF soaked bead® # F
NES) A3E-35-9] mid-mesenchyme} osteogenic frontoll 288192 W osteopontin(OPN) #3121l L& L &
Egirha siith. ool & AFelAE ST-2 cell lineZ o3 in vitro A& llA bFGF7F OPN 37} W&ol ux]& gk
7} 1 713 Northern blot analysis® 314 d7-8ta#} 3190}, 1 ng/ml bFGFS| & OPN, fibronectin #22F %
& F7MA A, type I collagen -2k & 2+2A1Z 2 alkaline phosphatase Fr87 H&d & G&S vAA] &
Skt OPN2 1 @ ddo] bFGFY F= $710) uet Z7lste oz vyeigon Azasd ug 333 s bFGF
Fo A RE bFGFE Fog TollA dizel w8 A4 vehdon ol 244171742 A7ke] Al wet Zrbske o
3& Bch @8 d F43 JAAQ cycloheximide® A2l FolAE OPNY| %7} P4 Holx| gkt ol bFGRe)
o3 OPN f3a ddo] 2o AAkEd did §4 59 o8 GAE AAA doldg 9n|ditt, 22402 bFGF=
A2& AXzd dde] §48 E3A OPN a4 23S 55 2 A7t &40 g Z7hA7I)

F20: Basic Fibroblast growth factor, Osteopontin, Craniosynostosis, Fibroblast growth factor receptor
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