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Phosphatidylcholine-Hydrolyzing Phospholipase D
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Atsushi Suzuki, Junji Shinoda, Shigeru Kanda, Yutaka Oiso, and Osamu Kozawa

First Department of Internal Medicine, Nagoya University School of Medicine, Nagoya 466, Japan
(AS., J.S., Y.0.); Ludwig Institute for Cancer Research, Biomedical Center, S-751 24 Uppsala, Sweden
(8.K., O.K.); Department of Biochemistry, Institute for Developmental Research, Aichi Human Service
Center, Kasugai, Aichi 480-03, Japan (O.K.).

Abstract We examined the effect of basic fibroblast growth factor (bFGF) on the activation of phosphatidylcholine-
hydrolyzing phospholipase D in osteoblast-like MC3T3-E1 cells. bFGF stimulated both the formations of choline (ECsq
was 30 ng/ml) and inositol phosphates (ECso was 10 ng/ml). Calphostin C, an inhibitor of protein kinase C (PKC), had
little effect on the bFGF-induced formation of choline. bFGF stimulated the formation of choline also in PKC down
regulated cells. Genistein and methyl 2,5-dihydroxycinnamate, inhibitors of protein tyrosine kinases, significantly
suppressed the bFGF-induced formation of choline. Sodium orthovanadate, an inhibitor of protein tyrosine phosphata-
ses, enhanced the bFGF-induced formation of choline. In vitro kinase assay for FGF receptors revealed that FGF receptor
1 and 2 were autophosphorylated after FGF stimulation. bFGF dose-dependently stimulated DNA synthesis of these
cells. These results strongly suggest that bFGF activates phosphatidylcholine-hydrolyzing phospholipase D through the
activation of tyrosine kinase, but independently of PKC activated by phosphoinositide hydrolysis in osteoblast-like

cells. © 1996 Wiley-Liss, Inc.
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Fibroblast growth factors (FGFs) comprise a
family of heparin-binding growth factors that
include nine members. FGF-1 to 9 [Basilico and
Mascatelli, 1992]. It is well known that basic
FGF (bFGF or FGF-2) has mitogenic effects and
affects differentiation of many types of cells in-
cluding mesodermal and neuroectodermal cells
[Gospodarowicz et al., 1987]. In bone tissues, it
has been reported that bFGF is found in bone
matrix and that cultured osteoblast-like cells
produce bFGF [Globus et al., 1989; Baylink et
al., 1993; Hurley et al., 1994]. In addition, bFGF
expression in macrophages, osteoblasts, or chon-
drocytes is detected during all stages of fracture
repair: stage 1, immediate injury response; stage
2, intramembranous ossification; stage 3, chon-
drogenesis; stage 4, endochondral ossification
[Bolander, 1992]. Thus, it is now recognized
that bFGF plays an important role in bone me-
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tabolism and fracture healing. It has been re-
ported that bFGF stimulates proliferation of
osteoblasts [Hurley et al., 1994]. In addition,
bFGF has been reported to decrease the insulin-
like growth factor-I synthesis in rat calvaria
cultures, reduce alkaline phosphatase activity,
osteocalcin mRNA level, and type I collagen
mRNA level, which are markers of differentia-
tion of osteoblasts, in osteoblasts, including
mouse osteoblast-likee MC3T3-E1 cells [Rodan
et al., 1989; Canalis et al., 1993; Hurley et al.,
1993]. As for intracellular signaling system, it
has been reported that there are four structur-
ally related high affinity receptors (FGF recep-
tor 1 to 4) that have an intrinsic protein tyrosine
kinase activity, and elicit tyrosine autophos-
phorylation of the receptor [Coughlin et al,
1988; Johnson and Williams, 1993]. Tyrosine
phosphorylation creates high affinity sites for
binding of proteins that contain sr¢ homology
2-domain [Cadena and Gill, 1992]). In the FGF
receptor 1, two intracellular autophosphory-
lated tyrosine residues have been identified, at
Y653 and Y766, respectively [Hou et al., 1993].
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After the phosphorylation of Y766, phospholi-
pase C (PLC),, which has two src homology
2-domains, binds to this tyrosine residue and
PLC, can be activated following tyrosine phos-
phorylation [Burgess et al., 1990]. The Y766F
mutant FGF receptor 1 could not activate PLC,,
but still mediates a mitogenic signal [Moham-
madi et al., 1992; Peters et al., 1992] and allows
neurite outgrowth when expressed in PC-12
pheochromocytoma cells [Spivak-kroizman et al.,
1994]. It has been reported that FGF stimulates
phosphoinositide hydrolysis by PLC [Taylor et
al., 1988], resulting in the production of diacyl-
glycerol and inositol phosphates [Burgess et al.,
1990; Berridge, 1993]. Among these products, it
is well accepted that diacylglycerol is a physiologi-
cal activator of protein kinase C (PKC) [Nishi-
zuka, 1992]. However, the details of the intracel-
lular signaling system of FGF have not been
fully clarified yet.

Phospholipase D (PLD) catalyzes the hydroly-
sis of phosphatidylcholine (PC), resulting in the
formation of phosphatidic acid, which is a precur-
sor of diacylglycerol [Billah and Anthes, 1990;
Exton, 1990]. Although it has been shown that
PC hydrolysis by PLD is secondary to the activa-
tion of PKC, recent evidence suggests that PC-
PLD is also activated via an independent path-
way from PKC activation [Billah and Anthes,
1990; Exton, 1990]. Nowadays, it is recognized
that PC-PLD plays a crucial role in modulating
cellular functions that require long-term activa-
tion of PKC, since PC is the principal phospho-
lipid in cell membranes [Nishizuka, 1992]. It
has recently been reported that bFGF stimu-
lates PC-PLD in baby hamster kidney fibro-
blasts and human umbilical vascular endothe-
lial cells [Motoike et al., 1993; Ahmed et al.,
1994]. In the present study, we examined the
effect of bFGF on PC-PLD activity in osteoblast-
like MC3T3-E1 cells. Herein, we show that bFGF
activates PC-PLD through the activation of tyro-
sine kinase, but independently of PKC activated
by phosphoinositide hydrolysis in these cells.

METHODS
Materials

bFGF was purchased from Boehringer Mann-
heim K K. (Tokyo, Japan), and acidic FGF (aFGF
or FGF-1) was a kind gift from Dr. Ralf F.
Pettersson (Ludwig Institute for Cancer Re-
search, Stockholm, Sweden). myo-[3H]Inositol
(90 Ci/mmol), [methyl-*H]choline chloride (85
Ci/mmol), [*'H]JPDBu (phorbol-12,13-dibutyl-

ate) (14.4 Ci/mmol), [methyl-*H]thymidine (22
Ci/mmol), and [y-32P]JATP (3 Ci/mmol) were
purchased from Amersham International (Buck-
inghamshire, UK). Calphostin C was purchased
from Funakoshi Pharmaceutical Co. (Tokyo. Ja-
pan). Methyl 2,5-dihydroxycinnamate (cinna-
mate) was purchased from Life Technologies,
Inc. (Gaithersburg, MD). 12-O-Tetradec-
anoylphorbol-13-acetate (TPA), PDBu, and so-
dium orthovanadate (vanadate) were purchased
from Sigma Chemical Co. (St. Louis, MO). Other
materials and chemicals were obtained from com-
merecial sources. Calphostin C, TPA, genistein,
and cinnamate were dissolved in dimethyl sul-
phoxide. The maximum concentration of di-
methyl sulfoxide was 0.1% and this did not
affect the assay for the formation of choline.

Antibody

Anti-FGF receptor 1 IgG was raised and affin-
ity-purified as described [Wennstrom et al.,
1991]. Anti-FGF receptor 2 and anti-FGF recep-
tor 3 IgG were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Anti-FGF
receptor 4 antiserum [Partanen et al., 1991] was
a kind gift from Dr. Kali Alitalo (Molecular and
Cancer Laboratory, University of Helsinki, Hel-
sinki, Finland).

Cell Culture

Cloned osteoblast-like MC3T3-E1 cells de-
rived from newborn mouse calvaria [Kodama et
al., 1981; Sudo et al., 1983] were generously
provided by Dr. M. Kumegawa (Meikai Univer-
sity, Sakado, Japan) and maintained in o-mini-
mum essential medium («-MEM) containing 10%
fetal calf serum (FCS) at 37°C in a humidified
atmosphere of 5% CO./95% air. The cells
(5 x 104) were seeded into 35-mm diameter
dishes in 2 ml of «-MEM containing 10% FCS.
After 5 days, the medium was exchanged for 2
ml of «-MEM containing 0.3% FCS. The cells
were used for experiments after 48 h. In experi-
ments for the formation of inositol phosphates,
the medium was exchanged for 2 ml of inositol-
free a-MEM containing 0.3% FCS. When indi-
cated, the cells were pretreated with TPA for
36 h.

Measurement of the Formation of Choline

To determine PC-hydrolyzing PLD activity,
the cultured cells were labeled with [methyi-
SH]choline chloride (2 wCi/dish) for 24 h. The
labeled cells were washed twice with 1 ml of an
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assay buffer [5 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES), pH 7.4, 150
mM NaCl, 5 mM KCl, 5.5 mM glucose, 0.8 mM
MgSO,, and 1 mM CaCly] and subsequently
incubated in 1 ml of the assay buffer containing
0.01% bovine serum albumin (BSA) at 37°C for
20 min. The cells were then stimulated by bFGF.
The reaction was terminated by adding 0.75 ml
ice-cold methanol. The dishes were placed on ice
for 10 min. The contents were transferred to
tubes to which chloroform was added and placed
on ice for 60 min. Chloroform and water were
then added at a final ratio of 1:1:0.9 (chloroform:
methanol:water). The tubes were centrifuged at
14,000g for 5 min and the upper aqueous metha-
nolic phase was separated for analysis of the
water-soluble choline-containing metabolites.
Separation was conducted on a 1 ml Dowex
50-WH* column (200-400 mesh) as described
[Cook and Wakelam, 1989] with a minor modifi-
cation. In brief, the phase was diluted to 5 ml
with water and applied to the column. Glycero-
phosphocholine and choline phosphate were re-
moved with 24 ml of water. The radiolabeled
choline was eluted with 8 ml of 1 M HCL. When
indicated, the cells were pretreated with calphos-
tin C, genistein, cinnamate, or vanadate for 20
min.

Measurement of the Formation of Inositol
Phosphates

Measurement of the formation of inositol
phosphates was performed as previously de-
scribed [Suzuki et al., 1994]. The cultured cells
were labeled with myo-[3H]inositol (3 pCi/dish)
for 48 h. The labeled cells were preincubated
with 10 mM LiCl for 10 min in 1 ml of the assay
buffer containing 0.01% BSA. The cells were
then stimulated by bFGF. The reaction was
terminated by adding 1 ml 30% trichloroacetic
acid. The acid supernatant was treated with
diethyl ether to remove the acid and neutralized
with 0.1 M NaOH. The supernatant was applied
to a 1 ml Dowex AG1-X8 column (100-200 mesh,
formate form). The radioactive inositol phos-
phates were eluted from the column with 8 ml of
0.1 M formic acid containing 1 M ammonium
formate.

Assay for [*H]PDBu Binding

The assay for [H]JPDBu binding was per-
formed as previously described with minor modi-
fications [Kikuchi et al., 1986]. In brief, the
cultured cells with or without 36 h pretreatment

by 0.1 uM TPA were washed twice with the
assay buffer, and then incubated in 1 ml of
a-MEM with 50 nM of [3H]JPDBu. The incuba-
tion was carried out for 20 min at 37°C and the
reaction was terminated by aspirating the me-
dium, and then immediately washed three times
with the assay buffer. Nonspecific binding was
determined by incubating the cells with
[BH]PDBu in the presence of 20 uM unlabeled
PDBu. Nonspecific counts represented less than
25% of the total counts.

Measurement of DNA Synthesis

Measurement of DNA synthesis was per-
formed as previously described [Suzuki et al,
1993]. In brief, the cultured cells were incubated
with various doses of bFGF in 1 ml of «-MEM
containing 0.3% FCS at 37°C for 28 h. Six hours
before harvest, the cells were pulsed with
[methyl-H]thymidine (0.5 nCi/dish). The incu-
bation was terminated by adding 10% trichloro-
acetic acid and the radicactivity in the acid-
insoluble materials was determined.

In Vitro Kinase Assay

The cultured cells in 100-mm diameter dishes
were stimulated by aFGF (100 ng/ml) or bFGF
(100 ng/ml) at 37°C for 8 min. The cells were
rinsed with ice-cold Tris-buffered saline contain-
ing 500 M vanadate and 1 mM dithiothreitol
(DTT) and lysed in Triton X-100 lysis buffer (20
mM Tris-HCL, pH 7.5, 150 mM NaCl, 10% glyc-
erol, 1% Triton X-100, 5 mM EDTA, 500 pM
vanadate, 1 mM DTT, 100 U/ml aprotinin).
After a 15 min centrifugation at 15,000g at 4°C,
the supernatant was used for immunoprecipita-
tion with the indicated antibodies. The immune-
complex was collected using protein A-Sepha-
rose CL-4B, the beads were washed and
resuspended in kinase buffer (20 mM HEPES,
pH 7.5, 10 mM MgCl,, 2 mM MnCl,, 0.05%
Triton X-100, 1 mM DTT) and in vitro phosphor-
ylation was performed in the presence of
[v-32PJATP for 10 min on ice and reaction was
stopped by addition of 2 X sample buffer [8%
sodium dodecyl sulfate (SDS), 0.4 M Tris-HC],
pH 8.8, 1 M sucrose, 10 mM EDTA, 0.02%
bromophenol blue, 4% 2-mercaptoethanol]. The
samples were heated at 95°C for 4 min and
analyzed through SDS-gel electrophoresis in
5-12% gradient polyacrylamide gel. After fixa-
tion, the gel was treated with 1 M KOH for 30
min at 55°C, fixed again, dried, and exposed on
RX films (Fuji, Japan).
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Determination

The radioactivity of *H-samples was deter-
mined with a Beckman (Fullerton, CA) LS-
6000IC liquid scintillation spectrometer.

Statistical Analysis

The data were analyzed by Student’s ¢-test
and a P < 0.05 was considered significant. All
data are presented as the mean = S.E. of tripli-
cate determinations.

RESULTS

Effects of bFGF on Formations of Choline and
Inositol Phosphates in MC3T3-E1 Cells

bFGF significantly stimulated the formation
of choline up to 15 min in osteoblast-like
MC3T3-E1 cells (Fig. 1). The effect of bFGF was
dose-dependent in the range between 1 and 100
ng/ml (Fig. 2). The maximum effect of bFGF on
the formation of choline was observed at 100
ng/ml. In addition, we found that bFGF dose
dependently induced the formation of inositol
phosphates (Fig. 2). The effect of bFGF on the

Formation of choline (cpm x 10-3)

Time (min)

Fig. 1. Effect of bFGF on the formation of choline in MC3T3-E1
cells. The labeled cells were stimulated by 100 ng/ml bFGF (@)
or vehicle (O) for the indicated periods. Values represent the
means = S.E. of triplicate determinations of a representative
experiment carried out three times. *P < 0.05 vs. control
values.

Formation of choline (cpm x 10-3)
Formation of IPs (cpm x 10-4)

bFGF (ng/mi)

Fig. 2. Dose-dependent effects of bFGF on the formations of
choline (@) and inositol phosphates (IPs) (O) in MC3T3-E1
cells. The labeled cells were stimulated by various doses of
bFGF for 15 min. Values for control cells have been subtracted
from each data point. Values represent the means + S E. of
triplicate determinations of a representative experiment carried
out three times.

formation of inositol phosphates (EC5, was 10
ng/ml) was more potent than that on the cho-
line formation (ECso was 30 ng/ml).

In a previous study [Kozawa et al., 1994], we
have shown that TPA stimulates PC-PLD
through the activation of PKC in MC3T3-E1
cells. Calphostin C, a highly selective inhibitor
of PKC [Kobayashi et al., 1989], which did not
affect basal formation of choline, had little effect
on the bFGF-induced formation of choline in
MC3T3-E1 cells (Fig. 3). The long-term pretreat-
ment with TPA had little effect on the formation
of choline stimulated by bFGF in these cells
(3,688 = 221 epm for control; 7,112 + 356 cpm
for 100 ng/ml bFGF alone; 3,499 + 307 cpm for
0.1 uM TPA pretreatment; 6,997 = 428 cpm for
100 ng/ml bFGF with 0.1 uM TPA pretreat-
ment, as measured during the stimulation for
15 min). We confirmed that binding capacity of
[BH]PDBu in the cells with TPA long-term pre-
treatment was reduced to 27% of the capacity in
intact cells (506.3 = 16 fmol/108 cells for con-
trol; 143.9 + 10 fmol/108 cells for the cells with
24 h pretreatment with 0.1 pM TPA, specific
activity for 20 min).
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Fig. 3. Effect of calphostin C on the bFGF-induced formation
of choline in MC3T3-E1 cells. The labeled cells were pretreated
with 100 nM calphostin C or vehicle for 20 min, and subse-
quently stimulated by 100 ng/ml bFGF or vehicle for 15 min.
Values represent the means = S.E. of triplicate determinations
of a representative experiment carried out three times.

Effects of Genistein and Cinnamate on Formation
of Choline Induced by bFGF in MC3T3-E1 Cells

We examined the effect of genistein, an inhibi-
tor of protein tyrosine kinases [Akiyama et al.,
1987], on the bFGF-induced formation of cho-
line in MC3T3-E1 cells. Genistein did not affect
basal levels, but markedly inhibited the bFGF-
induced formation of choline in MC3T3-E1 cells.
This effect of genistein was dose-dependent in
the range between 1 and 30 pg/ml (Fig. 4). The
maximum effect of genistein was observed at 30
wg/ml. We next examined the effect of cinna-
mate, another tyrosine kinase inhibitor chemi-
cally distinct from genistein [Umezawa et al.,
19901, on the bFGF-induced formation of cho-
line. The pretreatment with cinnamate did not
affect basal levels, but also suppressed the bFGF-
induced formation of choline (Table I).

Effect of Vanadate on Formation of Choline
Induced by bFGF in MC3T3-ET Cells

To clarify the role of tyrosine kinase in the
bFGF-induced formation of choline, we exam-
ined the effect of vanadate, an inhibitor of pro-
tein tyrosine phosphatases [Klarlund et al.,
1988], on the choline formation induced by bFGF

Formation of choline (cpm x 10-3)

|
=

Genistein (ug/mi

Fig. 4. Effect of genistein on the bFGF-induced formation of
choline in MC3T3-E1 cells. The labeled cells were pretreated
with various doses of genistein for 20 min, and subsequently
stimulated by 100 ng/ml bFGF (@) or vehicle (O) for 15 min.
Values represent the means = S.E. of triplicate determinations
of a representative experiment carried out three times. *P <
0.05 vs. value of bFGF alone.

TABLE I. Effect of Cinnamate on
bFGF-Induced Formation of Choline in
MC3T3-E1 Cells+

Choline formation (cpm)

Control 3,014 = 211
bFGF 6,826 = 411
Cinnamate + control 2,986 = 301
Cinnamate + bFGF 3,876 + 294*

+The labeled cells were pretreated with 30 pM cinnamate
for 20 min, and then stimulated by 100 ng/ml bFGF for 15
min. Each value represents the mean * S.E. of triplicate
determinations. Similar results were obtained with two addi-
tional and different cell preparations.

*P < 0.05 compared to the value of bFGF alone.

in MC3T3-E1 cells. Vanadate (30 pM) did not
affect basal choline formation, but significantly
enhanced the formation of choline induced by 30
ng/ml bFGF (Fig. 5).

In Vitro Kinase Assay for FGF Receptors
in MC3T3-E1 Cells

There are four types of FGF receptors which
have a tyrosine kinase domain and can trans-
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Fig. 5. Effect of vanadate on the bFGF-induced formation of
choline in MC3T3-E1 cells. The labeled cells were pretreated
with 30 M vanadate for 20 min, and subsequently stimulated
by 30 ng/ml bFGF or vehicle for 15 min. Values represent the
means + S.E. of triplicate determinations of a representative
experiment carried out three times. *P < 0.05 vs. value of bFGF
alone.

duce biological signals. To identify the receptor
type that has activated PLD activity in
MC3T3-E1 cells, in vitro kinase assay followed
by immunoprecipitation using specific FGF re-
ceptor antibodies was performed. The reasons
why this method was chosen are its high sensi-
tivity and ability to identify the ligand-stimu-
lated tyrosine kinase activity. FGF receptor 1
and 2 were autophosphorylated after both aFGF
and bFGF stimulation, and phosphorylated FGF
receptor 3 and 4 proteins were not observed
after aFGF or bFGF stimulation (Fig. 6).

Effect of bFGF on DNA Synthesis
of MC3T3-E1 Cells

We next examined the proliferative effect of
bFGF on MCS3T3-E1 cells. bFGF stimulated
DNA synthesis of these cells in a dose-depen-
dent manner in the range between 1 and 100
ng/ml (Fig. 7).

DISCUSSION

In the present study, we showed that the
bFGF-induced formation of choline was inhib-
ited by genistein in osteoblast-like MC3T3-E1

cells. Genistein is known to be a potent inhibitor
of protein tyrosine kinases [Akiyama et al., 1987].
So it seems that protein tyrosine kinase is in-
volved in regulating the bFGF-induced PC-PLD
activation in MC3T3-E1 cells. In addition, we
showed that cinnamate, which is an inhibitor of
protein tyrosine kinases chemically distinct from
genistein [Umezawa et al., 1990], also inhibited
the bFGF-induced choline formation. Thus,
these results suggest that the suppression by
genistein and cinnamate of the bFGF-induced
choline formation is mediated through the inhi-
bition of tyrosine kinase. Furthermore, we dem-
onstrated that vanadate, an inhibitor of protein
tyrosine phosphatases [Klarlund et al., 1988],
significantly enhanced the bFGF-induced forma-
tion of choline in MC3T3-E1 cells. Therefore, it
is most likely that bFGF stimulates PC-PLD
activity through the activation of tyrosine ki-
nase in osteoblast-like MC3T3-E1 cells.

In a previous study [Kozawa et al., 1994}, we
have shown that TPA stimulates PC-PLD
through the activation of PKC in MC3T3-E1
cells. In the present study, we demonstrated
that bFGF stimulated both the formations of
choline and inositol phosphates in these cells. It
is well recognized that bFGF stimulates receptor-
associated tyrosine kinase, and it has been shown
that bFGF subsequently activates PLC, which
hydrolyzes phosphoinositides [Taylor et al., 1988;
Burgess et al., 1990]. Phosphoinositides are hy-
drolyzed by PLC resulting in the formation of
diacylglycerol and inositol phosphates [Ber-
ridge, 1993]. Among these products, diacylglyc-
erol is responsible for the activation of PKC.
However, we found that calphostin C, a highly
selective inhibitor of PKC [Kobayashi et al.,
1989], had little effect on the bFGF-induced
formation of choline. Furthermore, we demon-
strated that long-term pretreatment with TPA
had little effect on the bFGF-induced formation
of choline in these cells. It has been reported
that 24 h pretreatment with TPA down regu-
lates PKC in MC3T3-E1 cells [Sakai et al., 1992],
and we here confirmed that the binding capacity
of PDBu in the cells with TPA long-term pre-
treatment was significantly reduced. So, it is
unlikely that PKC activated by phosphoinosit-
ide hydrolysis is involved in the bFGF-induced
formation of choline. Therefore, our findings
suggest that bFGF stimulates PC-PLD indepen-
dently from the activation of PKC in osteoblast-
like MC3T3-E1 cells. It has recently been re-
ported that PKC is responsible for bFGF-induced
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Fig. 6. Analysis of the expression of FGF receptors on
MC3T3-E1 cells. The expression of FGF receptors was analyzed
using in vitro kinase assay following immunoprecipitation (IP)
with specific anti-FGF receptor (FGFR) antibodies, with or
without stimulation of cells with aFGF (100 ng/ml) or bFGF
(100 ng/ml). After precipitation of receptor proteins, [y-32P]ATP

PLD activation in human umbilical endothelial
cells [Ahmed et al., 1994]. The discordance may
be due to the difference of cell type.

In this study, we identified the expression of
functional FGF receptors 1 and 2. To identify
the type of expressed FGF receptors, we used
both aFGF and bFGF because of the difference
of ligand affinity. By the alternative splicing,
FGF receptors 1, 2, and 3 have several isoforms
especially observed in the third immunoglobulin-
like domain of the extracellular part of the recep-
tors and the difference in this domain mainly
affects the ligand affinity [Johnson and Wil-
liams, 1993]. In the case of FGF receptor 4, the
isoform of this domain has not been reported yet
[Partanen et al., 1992]. But using both aFGF
and bFGF as a ligand for the detection of kinase
activity, we could identify the expression of all 4
types of FGF receptors, because all isoforms
reported are able to bind either aFGF or bFGF,

was incorporated into proteins and the samples separated by
SDS-polyacrylamide gel electrophoresis, and then fixed, dried,
and exposed. The numbers described on the left of the figure
indicate the molecular weights (kDa). On the right, the migra-
tion position of the mature forms of FGF receptor 1 (R1) and
FGF receptor 2 (R2) are indicated.

or both FGFs. According to our results,
MC3T3-E1 cells expressed kinase active FGF
receptors 1 and 2. So, these findings suggest
that PC-PLD activation by bFGF is transduced
via FGF receptors 1 and/or 2 in MC3T3-E1
cells. Unfortunately, we could not identify which
receptor could transduce the signal of PC-PLD
activation. The transfection of the chimeric re-
ceptor into MC3T3-E1 cells, of which the extra-
cellular part is changed to the other type of
receptor that is not expressed on MC3T3-E1l
cells, and the intracellular part is from FGF
receptors 1 or 2, will give us an answer to this
question.

It has been reported that bFGF stimulates the
proliferation of osteoblasts [Baylink et al., 1993],
and we showed here that bFGF stimulated the
DNA synthesis of osteoblast-like MC3T3-E1 cells
dose dependently. In a previous study [Kozawa
et al., 1989], we have reported that PKC is
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Fig. 7. Effect of bFGF on DNA synthesis of MC3T3-E1 cells.
The cells were stimulated with various doses of bFGF for 28 h.
Six hours before harvest, the cells were pulsed with [methyi-
3Hlthymidine (0.5 pCi/dish). Values represent the means =+
S.E. of triplicate determinations of a representative experiment
carried out three times.

involved in the process that directs osteoblast-
like MC3T3-E1 cells toward proliferation. It is
generally accepted that PKC is activated physi-
ologically by diacylglycerol [Nishizuka, 1992].
Diacylglycerol is recognized to be produced not
only from phosphoinositide hydrolysis by PLC,
but also from PC hydrolysis by PLD [Billah and
Anthes, 1990; Exton, 1990; Nishizuka, 1992]. In
the present study, we demonstrated that bFGF
stimulated both phosphoinositide hydrolysis by
PLC and PC hydrolysis by PLD in MC3T3-E1
cells. Therefore, these results suggest that PKC
activation through the stimulation of both PL.C
and PLD takes part in the bFGF-induced prolif-
eration of osteoblast-like MC3T3-E1 cells.

In conclusion, our results strongly suggest
that bFGF activates PLD through the activa-
tion of tyrosine kinase, but independently from
the activation of PKC in osteoblast-like cells.
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