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Fig. 2. Effectof Aktinhibitor on the sphingosine 1-phosphate (5-
1-Pl-induced levels of HSP27 in MC3T3-E1 cells. The cultured
cells were pretreated with 50 uM Akt inhibitor for 60 min, and
then stimulated by 30 uM of 5-1-P or vehicle for 6 h. The extracts
of cells were subjected to SDS—PAGE with subsequent Western
blotting analysis with antibodies against H5P27 or B-actin. The
histogram shows quantitative representations of the levels of S-1-
P-induced HSP27 after normalization to levels of f-actin. Similar
results were obtained with two additional and different cell
preparations. Each value represents the mean = 5D of triplicate
determinations from triplicate independent cell preparations.
*P < 0.05, compared to the value of 5-1-P.

the Akt substrates [Cross et al., 1995]. We found
that GSK-3p was time dependently phosphory-
lated by sphingosine 1-phosphate (Fig. 3). In
addition, Akt inhibitor attenuated the sphingo-
sine 1-phosphate-induced phosphorylation of
GSK-3p, suggesting that the Akt-mediating
pathway actually functions in sphingosine 1-
phosphate-stimulated MC3T3-E1 cells (Fig. 4).
Akt inhibitor (50 uM) caused about 50% reduc-
tion in the sphingosine 1-phosphate-effect.

Effects of LY294002 and Wortmannin on the
Sphingosine 1-Phosphate-Induced
Phosphorylation of Akt in MC3T3-E1 Cells

In order to clarify whether PISK acts at
a point upstream from Aki, we examined
the effect of LY294002, a specific inhibitor of
PI3K [Vlahos et al., 1994], on the sphingosine
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Fig. 3. Effect of sphingosine 1-phosphate (5-1-P) on the
phosphorylation of GSK-3p in MC3T3-E1 cells. The cultured
cells were stimulated with 30 uM 5-1-P for the indicated periods.
The extracts of cells were subjected to SD5-PAGE with
subsequent Western blotting analysis with antibodies against
phospho-specific GSK-3p or GSK-3p. The histogram shows
guantitative representations of the levels of S-1-P-induced
phosphorylation obtained from laser densitometric analysis of
three independent experiments. Similar results were obtained
with two additional and different cell preparations. Each value
represents the mean=+50D of triplicate determinations from
triplicate independent cell preparations. *P< 0.05, compared
to the value of control.

1-phosphate-induced phosphorylation of Akt.
LY294002 dose dependently suppressed the
sphingosine 1-phosphate-induced Akt phos-
phoryletion (Fig. 5A). LY294002 (10 pM)
caused almost complete reduction in the
sphingosine 1-phosphate-effect. Wortmannin,
another PI3K inhibitor [Arcaro and Wymann,
1993], also suppressed the phosphorylation of
Akt (Fig. 6B). Wortmannin (10 pM) caused
about 40% reduction in the sphingosine 1-
phosphate-effect. However, LY294002 did not
affect the sphingosine 1-phosphate-induced
phosphorylation of p38 MAP kinase in
MC3T3-E1 cells (data not shown). In addition,
SB203580, a specific inhibitor of p38 MAP
kinase [Cuenda et al., 1995] failed to affect the
sphingosine 1-phosphate-induced phosphoryla-
tion of Akt (data not shown).
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Fig. 4. Effectof Akt inhibitor on the sphingosine 1-phosphate (S-
1-Pl-induced phosphorylation of GSK-3p in MC3T3-E1 cells. The
cultured cells were pretreated with 50 uM Akt inhibitor for 60
min, and then stimulated by 30 uM S-1-P or vehicle for 20 min.
The extracts of cells were subjected lo SD5-PAGE with
subsequent Western blotting analysis with antibodies against
phospho-specific GSK-3f or GSK-3B. The histogram shows
quantitative representations of the levels of S$-1-P-induced
phosphorylation obtained from laser densitometric analysis of
three independent experiments. Similar results were obtained
with two additional and different cell preparations. Each value
represents the mean+5D of triplicate determinations from
triplicate independent cell preparations. *P < 0.05, compared
to the value of 5-1-P.

Effects of LY294002 and Wortmannin on the
Sphingosine 1-Phosphate-Stimulated Induction
of HSP27 in MC3T3-E1 Cells

LY294002 significantly suppressed the sphin-
gosine 1-phosphate-stimulated induction of
HSP27 in a dose dependent manner between

Fig. 5. Effects of LY294002 or wortmannin on the sphingosine
1-phosphate (S-1-P)-induced phosphorylation of Akt in MC3T73-
E1 cells. The cultured cells were pretreated with 10 pM
LY294002 (A) or 10 pM wortmannin (B) for 60 min, and then
stimulated by 30 uM S-1-P or vehicle for 20 min. The extracts of
cells were subjected to SDS-PAGE with subsequent Western
blotting analysis with antibodies against phospho-specific Akt or
Akt The histogram shows quantitative representations of the
levels of 5-1-P-induced phosphorylation obtained from laser
densitometric analysis of three independent experiments. Similar
results were obtained with two additional and different cell
preparations. Each value represents the mean = 5D of triplicate
determinations from triplicate independent cell preparations
*P < 0.05, compared to the value of control (without agonist and
inhibitor). **P < 0.05, compared to the value of 5-1-F alone.
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10 and 50 uM (Fig. 6A). Additionally, wortman-
nin markedly reduced the induction of HSP27
similarly to LY294002 (Fig. 6B).

DISCUSSION

We have previously shown that sphingosine
1-phosphate stimulates induction of HSP27 in
osteoblast-like MC3T3-E1 cells and that p38
MAP kinase takes a part in the sphingosine
1-phosphate-effect [Kozawa et al., 1999]. In the
present study, we first demonstrated that
sphingosine 1-phosphate stimulated the phos-
phorylation of Akt in a time-dependent manner
in MC3T3-E1l cells. In addition, we showed
that PISK inhibitors such as LY294002 and
wortmannin, suppressed the sphingosine 1-
phopshate-induced phosphorylation of Akt,
suggesting that Akt functions at a point down-
stream from PISK in these cells. PI3K is
recruited upon growth factor receptor activa-
tion and produces 3' phosphoinositide lipids
[Dudek et al., 1997; Katso et al., 2001]. The lipid
products of PISK act as second messengers by
binding to and activating diverse cellular target
proteins. These events constitute the start of a
complex signaling cascade, which ultimately
results in the mediation of cellular activities
such as proliferation, differentiation, chemo-
taxis, and survival. The PI3K/Akt signaling
pathway is currently considered to play a
critical role in mediating survival signals in a
wide range of cell types. The recent identifica-
tion of a number of substrates for the serine/
threonine kinase Akt suggests that it blocks cell
death by both impinging on the cytoplasmic cell
death machinery and by regulating the expres-
sion of genes involved in cell death and survival.
In addition, recent experiments suggest that
Akt may also use metabolic pathways to
regulate cell survival [Brunet et al., 2001;
Masuyama et al., 2001].

Therefore, we next examined the correlation
between the sphingosine 1-phosphate-stimu-
lated induction of HSP27 and PISK/Akt in
osteoblast-like MC3T3-E1 cells. In the present
study, the sphingosine 1-phosphate-stimulated
HSP27 induction was reduced by Akt inhibitor.
As for Akt inhibitor, 1L-8-hydroxymethyl-chiro-
inositol 2-(R)-2-0-methyl-3-O-octadecylcarbo-
nate [Hu et al., 2000], we found that it blocked
the phosphorylation of GSK-3p, one of the Akt
substrates [Cross et al., 1995]. In addition, we
showed that PI3K inhibitors also suppressed
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Fig. 6. Effects of LY294002 or wortmannin on the sphingosine
1-phosphate (5-1-P)-induced levels of HSP27 in MC3T3-E1 cells.
The cultured cells were pretreated with various doses of
LY294002 (A) or 50 pM wortmannin (B) for 60 min, and then
stimulated by 30 uM 5-1-P or vehicle for 6 h. The extracts of cells
were subjected to SDS-PAGE with subsequent Western blotting
analysis with antibodies against HSP27 or f-actin. The histogram
shows quantitative representations of the levels of 5-1-P-induced
HSP27 after normalization to levels of B-actin. Similar results
were obtained with two additional and different cell prepara-
tions. Each value represents the mean=SD of triplicate
determinations from triplicate independent cell preparations
*P<0.05, compared to the value of control. **P<0.05,
compared to the value of 5-1-P alone.
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the sphingosine 1-phosphate-stimulated HSP27
induction thorough the reduction of the sphin-
gosine 1l-phosphate-induced Akt phosphoryla-
tion. Therefore, based on our findings, it is most
likely that the sphingosine 1-phosphate-stimu-
lated induction of HSP27 is regulated by PI3K/
Akt in osteoblast-like MC3T3-E1 cells.

We have previously reported that the activa-
tion of p38 MAP kinase is involved in HSP27
induction by sphingosine 1-phosphate in osteo-
blast-like MC3T3-E1 cells [Kozawa et al., 1999].
Therefore, we investigated to clarify the rela-
tionship between p38 MAP kinase and PI3K/Akt
in these cells. Akt inhibitor and PI3K inhibitor,
LY294002 [Vlahos et al., 1994), failed to influ-
ence the sphingosine 1-phosphate-induced phos-
phorylation of p38 MAP kinase in MC3T3-E1
cells, and p38 MAP kinase inhibitor, SB203580
[Cuenda et al., 1995], had little effect on the
sphingosine 1-phosphate-induced phosphoryla-
tion of Akt. In addition, the inhibitory effect
of Akt inhibitor or wortmannin on the sphingo-
sine 1-phosphate-stimulated HSP27 induction
was partial. We have previously shown that
the suppressive effect of SB203580 on the HSP27
induction was partial [Kozawa et al.,, 1999].
These findings suggest that PI3K/Akt path-
way plays a role at least in part in addition to
p38 MAP kinase pathway in the sphingosine
1-phosphate-stimulated HSP27 induction in
MC3T3-E1 cells. Taking these results into
account as a whole, it is most likely that
sphingosine 1-phosphate stimulates the induc-
tion of HSP27 probably via two independent
pathways, PI3K/Akt and p38 MAP kinase, in
osteoblast-like MC3T3-E1 cells.

It is recognized that HSP27 is present at two
forms, an aggregated form and a dissociated
small form in unstressed conditions [Benjamin
and McMillan, 1998]. It has been shown that
HSP27 is constitutively expressed at high levels
in various tissues and cells, especially in
skeletal muscle cells and smooth muscle cells
[Benjamin and McMillan, 1998]. Post-transla-
tional modifications such as phosphorylation
and oligomerization are crucial regulators of its
functions [Benjamin and McMillan, 1998].
In our previous study [Kato et al., 1994], we
have reported that HSP27 is dissociated
concomitantly with the phosphorylation of
the aggregated form of HSP27. In addition, we
have shown that conversion from the non-
phosphorylated, aggregated form of HSP27 to
the phosphorylated, dissociated form results in

decreased tolerance to heat stress [Kato et al.,
1994]. It has been shown that estrogen-induced
resistance to osteoblast apoptosis is associated
with increased HSP27 expression [Cooper et al.,
2000]. We speculate that expression of HSP27
via p38 MAP kinase and PISK/Akt in osteo-
blasts might be related to the maintenance of
the number of viable osteoblasts in bone tissue.
Interestingly, sphingosine 1-phosphate report-
edly prevents apoptosis in primary rat osteo-
blasts and human osteosarcoma Sa0S-2 cells
[Grey et al., 2002]. Taking our findings into
account, it is probable that sphingosine 1-
phosphate directly affects osteoblasts through
the induction of HSP27 through PISK/Akt and
p38 MAP kinase. However, the physiological
significance of HSP27 in osteoblasts has not yet
been precisely clarified. Further investigations
are necessary to clarify the exact roles of HSP27
in osteoblasts.

In conclusion, these results strongly suggest
that sphingosine 1-phosphate stimulates the
induction of HSP27 via PI3K/Akt pathway in
addition to p38 MAP kinase in osteoblasts.
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Abstract

It has been shown that insulin-like growth factor-1 (IGF-I) stimulates the activity of alkaline phosphatase, a marker of mature osteoblast
phenotype, in osteoblasts. In the present study, we investigated the involvement of the mitogen-activated protein (MAP) kinase superfamily in the
IGF-I-stimulated alkaline phosphatase activity in osteoblast-like MC3T3-E| cells. IGF-I-stimulated alkaline phosphatase activity dose dependently
in the range between 1 1M and 0.1 pM. IGF-1 induced the phosphorylation of p44/p42 MAP kinase and p38 MAP kinase but not stress-activated
protein kinase/c-Jun N-terminal kinase (SAPK/INK). PD98059 and U0126, specific inhibitors of the upstream kinase that activates p44/p42 MAP
kinase, significantly suppressed the IGF-I-induced alkaline phosphatase activity. On the contrary, SB203580 and PD 169316, specific inhibitors of
p38 MAP kinase, failed to affect the activity induced by IGF-1. Specific inhibitors for phosphatidylinositol 3-kinase (PI3K)/Aki pathway (LY294002
and wortmannin) also had no significant effect on IGF-I-induced p44/p42 MAP kinase phosphorylation. The phosphorylation of pdd/pd2 MAP
kinase induced by IGF-1 was reduced by U0126. These results strongly suggest that pd4/p42 MAP kinase among the MAP kinase superfamily

plays a role in the IGF-I-stimulated alkaline phosphatase activity in osteoblast-like MC3T3-El cells.

© 2006 Elsevier Ireland Ld. All rights reserved.
Keywords: 1GF-I; Alkaline phosphatase; p44/p42 MAP kinase; Osteoblast

1. Introduction

It is well recognized that insulin-like growth factor-I (IGF-I)
plays a crucial role in the regulation of growth and bone
metabolism (Conover, 2000; Olney, 2003). 1GF-I, which 1s
mainly synthesized and secreted from liver, mediates a variety
of the actions of growth hormone that is secreted from pituitary
gland under the control of the hypothalamus. Accumulating
evidence suggests that IGF-I is necessary for fracture healing
(Trippel, 1998). Bone metabolism is regulated mainly by
two functional cells, osteoblasts and osteoclasts, the former
responsible for bone formation and the latter for bone resorption

* Corresponding author. Tel.: 481 58 230 6214; fax: +81 58 230 6215.
E-mail address: okozawa@ cc gifu-u.ac.jp (0. Kozawa).

0303-7207/% - see fronl maner © 2006 Elsevier Ireland Lid. All rights reserved.

doi:10,1016/j.mce.2006.02.014

(Nijweide et al., 1986). As for osteoblasts, it has been reported
that IGF-1 stimulates the proliferation of these cells and synthe-
size bone matrix proteins (Conover, 2000). We have previously
demonstrated that IGF-I induces DNA synthesis synergistically
with protein kinase C activation in osteoblast-like MC3T3-El
cells (Kozawa et al., 1989). In addition, 1GF-1 reportedly
stimulates alkaline phosphatase activity, a marker of mature
osteoblast phenotype (Robinson et al., 1973), in osteoblasts
(Schmid et al., 1984). Itis recognized that IGF-1 is also produced
by osteoblasts (Olney, 2003). In a previous study (Kozawa et
al.,, 1992b), we have shown that osteoblast-like MC3T3-El
cells secrete IGF-1 resulting in inducing mineralization, and
protein kinase C activation suppresses the secretion of IGF-1.
Based on these findings, there is no doubt that IGF-I secreted
from osteoblasts plays a pivotal role in the regulation of bone
metabolism.
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The mitogen-activated protein (MAP) kinase superfamily
is well recognized to play crucial roles in the intracellular
signaling of variety of agonists (Widmann et al., 1999), Three
MAP kinases, p44/p42 MAP kinase, p38 MAP kinase and stress-
activated protein kinase/c-Jun N-terminal kinase (SAPK/JINK),
are known as central elements used by mammalian cells to trans-
duce the various messages (Widmann et al., 1999), It has recently
been reported that IGF-1 up-regulated expression of core bind-
ing factor al through MAP kinase pathway in osteoblast-like
MC3T3-El cells (Pei et al., 2003). However, the exact role of
the MAP kinase superfamily in IGF-I-effect on osteoblasts has
not yet been clarified.

In the present study, we investigated whether the MAP kinase
superfamily is involved in the IGF-l-induced alkaline phos-
phatase activity in osteoblast-like MC3T3-El cells. We here
show that IGF-1 activates pd4/pd2 MAP kinase and p38 MAP
kinase in these cells, and that p44/p42 MAP kinase plays a part
in the IGF-I-stimulated alkaline phosphatase activity.

2. Materials and methods
2.1. Materials

IGF-1 was purchased from R&D Systems, Inc. ( . MN). Spe-
cific inhibitors for MEK (PD98059 and UD126), p38 MAP kinase (SB203580
and PD169316) and phosphatidylinositol 3-kinase (PI3K) (LY294002 and wort-
mannin) were obtained from Calbiochem-Novabiochem Co. (La Jolla, CA).
Phospho-specific p44/p42 MAP kinase antibodies, p44/p42 MAP kinase anti-
bodies, phospho-specific p38 MAP kinase antibodies, p38 MAP kinase anti-
bodies, phospho-specific SAPK/INK antibodies and SAPK/INK antibodies
were purchased from New England BioLabs, Inc. (Beverly, MA). ECL West-
em blotting detection sysiem was purchased from Amersham Japan (Tokyo.
Japan). Other materials and chemicals were obtained from commercial sources.
PD98059, UD126, SB203580 and PD169316 were dissolved in dimethyl sul-
foxide. The maximum concentration of dimethyl sulfoxide was 0.1%, which
did not affect assay for alkaline phosphatase activity or the analysis of MAP
kinases.

2.2 Cell culture

Cloned osteoblast-like MC3T3-E1 cells derived from newborn mouse cal-
varia (Sudo et al., 1983) were maintained as previously described (Kozawa et
al., 1992a). Briefly, the cells were cultured in a-minimum essential medium
(a-MEM) containing 10% fetal calf serum (FCS) at 37 °C in a humidified atmo-
sphere of 5% C0,/95% air. The cells were seeded into 35-mm diameter dishes
or 90-mm diameter dishes in a-MEM containing 10% FCS. After 5 days, the
medium was exchanged for a-MEM containing 0.3% FCS. The cells were used
for experiments after 48 h.

2.3. Assay for alkaline phosphatase activity

The cultured cells were pretreated with PD98059, U0126, SB203580 or
PD169316 for 60 min, and then were stimulated by IGF-l in 1 m! of a-MEM
containing 0.3% FCS for the indicated periods. At the end of the incubation,
the cells were harvested by scraping with a rubber policeman into | ml of 0.2%
Nonidet P-40 and disrupted by sonication. After centrifugation at 1500 x g for
5min of the homogenate, alkaline phosphatase activity of the supernatant was
measured by the method of Lowry et al. (1954),

2.4. Analysis of mRNA expressions

The cultured cells were stimulated by IGF-1 or vehicle in a-MEM con-
taining 0.3% FCS for 0, 12, 24, 36, 48 and 60h. The expression levels of

mRNAs were estimated by semi-quantitative reverse transcription-polymerase
chain reaction (RT-PCR) according to the method previously described by
Nakashima et al. (2005) and Ishisaki et al. (2004). In brief, at the end of
each incubation period, the total RNA was extracted from the cells using
Isogen (Nippongene, Toyama, Japan) and complementary DNA was synthe-
sized with Omniscript reverse transcriptase (Qiagen, Valencia, CA) using
an oligo(dT);s primer (1 uM) according to the manufacturer’s instructions.
Each PCR reaction was camried out in 50 ul of mixture containing |l
of cDNA, 5ul of 10x Qiagen PCR buffer, 10l of 5x Q-solution PCR
buffer, 1l of 10mM each deoxynucleotide triphosphate mix, 0.1 uM each
sense and antisense primers and 0.25 ul of Tag DNA polymerase (Qiagen).
Each reaction cc 1 of initial d ion at 94°C for 3min followed
by three-step cycling: denaturation at 94°C for 30s, annealing at a tem-
perature optimized for each primer pair for 30s, and extension at 72°C
for 1 min. Amplification was stopped within linear range and the reaction
underwent a final extension at 72°C for 10min. Twenty-five cycles were
undergone. Amplification prod were el ph d on 1.2%

gels and visualized by ethidium bromid ining foll ‘byLTthht
L!lununmion.ﬁquﬂlodhmokaAsmplesmchecbdbymwhﬁu-
tion of GAPDH cDNA. The primer sequences used for PCR amplifications,
annealing iemperature, and expecied fragment size were as follows: osteo-
calcin, forward primer 5'-CTGAGTCTGACAAAGCCTTC-3', reverse primer
5'-GCTGTGACATCCATACTTGC-3', 55 °C and 312 bp: osteopontin, forward
primer 5'-CGACGATGATGACGATGATGAT-3', reverse primer 5'-CTGGC-
TTTGGAACTTGCTTGAC-3', 60°C and 495bp; Runx2, forward primer
5'-AGCAACAGCAACAACAGCAG-3. reverse primer 5'-GTAATCTGA-
CTCTGTCCTTG-3', 55°C and 470bp; collagen al(l), forward primer
S-TCTCCACTCTTCTAGTTCCT-3', reverse prnimer 5'-TTGGGTCATTT-
CCACATGC-3', 51°C and 269bp: glyceraldehydes-3-phosphate dehydro-
genase (GAPDH), forward primer 5-TTCATTGACCTCAACTACATG-3',
reverse primer 5'-GTGGCAGTGATGGCATGGAC-3', 60°C and 443bp,
respectively.

2.5. Analysis of MAP kinases

‘The cultured cells were stimulated by IGF-1 in a-MEM containing 0.3% FCS
for the indicated periods. The cells were washed twice with phosphate-buffered
saline and then lysed, homogenized and sonicated in a lysis buffer containing
62.5mM Tris-HCL pH 6.8, 2% sodium dodecyl sulfate (SDS), 50 mM dithio-
threitol and 10% glycerol. The cytosolic fraction was collected as a supernatant
after centrifugation at 125,000 x g for 10 min at 4°C. SDS-polyacrylamide
gel electrophoresis (PAGE) was performed by Laemmli (1970) in 10% poly-
acrylamide gel. Western blotting analysis was performed as described pre-
viously (Kato et al., 1996) by using phospho-specific pd4/p42 MAP kinase
antibodies, p44/p42 MAP kinase antibodies, phospho-specific p38 MAP kinase
antibodies, p38 MAP lunm anubodnss. phospbo-speaﬁc SAPK/INK anti-
bodies or SAPK/INK a with p lase-labeled antibodies raised in
gwlgaimnbwlgﬁbmngusedumndmbodus Peroxidase activ-
ity on the n llulose sheet was visualized on X-ray film by means of
the ECL Wmem bloning detection system. When indicated, the cells were
pretreated with PD98059, U0126, PD169316, LY294002 or wortmannin for
60 min.

2.6. Determinations

The absorbance of enzyme immunoassay samples was measured at 450 nm
with EL 340 Bio Kinetic Reader (Bio-Tek Instrumemts, Inc., Winooski, VT).
The densitometric analysis was performed using Molecular Analyst/Macintosh
(Bio-Rad Laboratories, Hercules, CA).

2.7. Statistical analysis

The data were analyzed by ANOVA followed by the Bonferroni
method for multiple comparisons between pairs, and a p<0.05 was con-
sidered significant. All data are presented as the mean+ S.EM. of tripli-
cale determinations. Each experiment was repeated three times with similar
results.
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3. Results

3.1. Effect of IGF-I on alkaline phosphatase activity in
MC3T3-E| cells

It has been shown that IGF-I induces alkaline phosphatase
activity in osteoblasts (Schmid et al., 1984). We found that IGF-
I significantly stimulates the activity of alkaline phosphatase
in a dose-dependent manner in the range between 1nM and
0.3 uM (Fig. 1). The maximum effect of IGF-I on the activity
was observed at 0.3 uM. In addition, we investigated the effect of
IGF-I treatment on the several known osteoblast differentiation
markers (osteocalcin, osteopontin, Runx2 and collagen a1(I))
in MC3T3-El cells. GAPDH mRNA was served as a control.
We found that IGF-I had no significant effect on up-regulation
of these mRNA expressions at a dose (0.1 uM) that significantly
induces ALP activation (data not shown).

3.2. Effects of IGF-I on the phosphorylation of the p44/p42
MAP kinase, p38 MAP kinase and SAPK/JINK in
MC3T3-El cells

To investigate whether IGF-1 activates the MAP kinase super-
family in osteoblast-like MC3T3-El cells, we examined the
effects of IGF-1 on the phosphorylation of p44/p42 MAP kinase,
p38 MAP kinase and SAPK/INK. Stimulation of IGF-I signifi-
cantly induces the phosphorylation of p44/p42 MAP kinase and
p38 MAP kinase (Fig. 2). The phosphorylation of both MAP
kinases reached the peak at 10 min. On the contrary, IGF-I did
not substantially affect the phosphorylation of SAPK/INK (data
not shown).
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Fig. 1. Eifect of IGF-1 on alkaline phosphatase activity in MC3T3-E1 cells. The
cultured cells were stimulated by various doses of IGF-1 for 48 h. Each value
represents the mean + 5. E.M. of triplicate determinations. Similar results were
obtmined with two additional and different cell preparations. * p <0.05, compared
to the control valoe.
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Fig. 2, Effects of IGF-I on the phosphorylation of p44/p42 MAP kinase and
p38 MAP kinase in MC3T3-E1 cells. The cultured cells were pretreated with
0.1 wM IGF-I for the indicated periods. The extracts of cells were subjected to
SDS-PAGE with subsequent Western blomting analysis with antibodies against

phospho-specific p44/p42 MAP kinase, p44/p42 MAP kinase, phospho-specific
P38 MAP kinase or p38 MAP kinase. Similar results were obtained with two
additional and different cell preparations.

3.3. Effects of PD98059 and U0126 on the IGF-I-induced
alkaline phosphatase activity in MC3T3-E1 cells

To investigate whether p44/p42 MAP kinase is involved in
the IGF-I-stimulated alkaline phosphatase activity in MC3T3-
El1 cells, we examined the effect of PD98059, a highly specific
inhibitor of the upstream -kinase that activates p44/p42 MAP
kinase (Alessi et al., 1995), on the alkaline phosphatase activity.
PD98059, which alone hardly affected the basal level of alkaline
phosphatase activity, significantly reduced the IGF-I-induced
alkaline phosphatase activity (Fig. 3). The maximum inhibitory
effect of PD98039 at 30 uM caused about 65% reduction in
the IGF-I-effect. In addition, U0126, another inhibitor of the
upstream kinase that activates p44/p42 MAP kinase (Favata et
al., 1998), dose dependently reduced the alkaline phosphatase

ALP activity (n mol/ min/ dish)
E in

Fig. 3. Effect of PD98059 on the IGF-I-induced alkaline phosphatase activity
in MC3T3-El cells, The cultured cslls were pretreated with 30 uM PD98059
for 60min, and then stimulated by 0.1 WM IGF-1 or vehicle for 48 b Values
for IGF-I-unstimulated cells were subtracted to produce each data point. Each
valve represents the mean + S.E.M. of triplicate determinations. Similar results
were obtained with two additional and different cell preparations. **p<0.05,
compared to the value of IGF-1 alone.
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Fig. 4. Dose-dependent effect of U0126 on the IGF-I-induced alkaline phos-
phatase activity in MC3T3-E1 cells. The culiured cells were pretreated with
various doses of U0126 for 60 min, and then stimulated by 0.1 uM IGF- or
vehicle for 48 h. Valves for IGF-1 imulated cells were sub A to produce
each data point. Each value represents the mean £ S.EM. of triplicate deter-
minations. Similar results were obtained with two additional and different cell
preparations. “p < 0.05, compared to the value of IGF-I alone.

activity stimulated by IGF-I as well as PD98059 (Fig. 4). The
maximum inhibitory effect of U0126 at 30 uM caused about
55% reduction in the IGF-I-effect.

3.4, Effects of PD98059 and U0126 on the phosphorylation
of p44/p42 MAP kinase induced by IGF-I in MC3T3-E1
cells

We found that PD98059 truly suppressed the phosphory-
lation of p44/p42 MAP kinase induced by IGF-I in a dose-
dependent manner (Fig. 5). According to the densitometric
analysis, PD98059 at 30 M caused about 75% reduction of the
IGF-I-effect on the p44/p42 MAP kinase phosphorylation. Fur-
thermore, U0126 markedly inhibited the IGF-I-induced phos-
phorylation of p44/p42 MAP kinase (data not shown). Accord-
ing to the densitometric analysis, U0126 caused almost complete
reduction of the IGF-I-effect on the activity.

3.5. Effects of SB203580 and PD169316 on the
IGF-I-induced alkaline phosphatase activity in MC3T3-El
cells

To investigate whether p38 MAP kinase is involved in the
IGF-I-stimulated alkaline phosphatase activity in MC3T3-E1
cells, we examined the effects of SB203580 and PD169316,
highly specific inhibitors of p38 MAP kinase (Cuenda et al.,
1995; Kummer et al,, 1997), on the alkaline phosphatase activity.
However, SB203580 or PD169316 hardly affected the IGF-I-

Lane 1 2 a 4 s L]

Fig. 5. Effect of PD98059 on the IGF-l-induced phosphorylation of p44/p42
MAP kinase in MC3T3-El cells. The cultured cells were pretreated with var-
ious doses of PD98059 for 60 min, and then stimulated by 0.1 uM IGF-1 or
vehicle for 10 min. The extracts of cells were subjected to SDS-PAGE with
subsequent Western blotting analysis with antibodies against phospho-specific
p44/p42 MAP kinase or p44/p42 MAP kinase. The histogram shows quanti-
tative representations of the levels of IGF-I-induced phosphorylation obtained
from laser densitometric analysis of three independent experiments. Each value
represents the mean + S EM. of triplicate determinations. Similar results were
nhminndtdﬂttwoaﬂdhigmlinddiﬂuuﬂmﬂmﬁw"p<om.w
to the value of control; **p <0.05, compared to the value of IGF-1 alone.

induced alkaline phosphatase activity (15.5= 1.6nmol/
min/dish for IGF-I alone; 16.0 4 1.7 nmol/min/dish for IGF-I
with 30 .M SB203580; and 15.1 £ 1.4 nmol/min/dish for IGF-1
with 30 uM PD169316, as measured during the stimulation for
48h, values for IGF-I-unstimulated cells were subtracted to
produce each data point).

3.6. Effect of PD169316 on the IGF-I-induced
phosphorylation of p38 MAP kinase in MC3T3-El cells

We found that PD169316 markedly inhibited the phosphory-
lation of p38 MAP kinase induced by IGF-I (Fig. 6). According
to the densitometric analysis, PD169316 caused about 40%
reduction of the IGF-I-effect on the p38 MAP kinase phospho-
rylation.

3.7. Effect of LY294002 or wortmannin on the
IGF-l-induced phosphorylation of p44/p42 MAP kinase in
MC3T3-El cells

We have recently reported that in MC3T3-E| cells, IGF-I-
induced alkaline phosphatase is PI3K/Akt dependent (Noda et
al., 2005). To test the interaction between PI3K/Akt and p44/p42
MAPK pathway, we examined the effect of PI3K/Akt block-
ade on the IGF-I-induced p44/p42 MAPK phosphorylation in
MC3T3-El cells. LY294002 (Vlahos et al., 1994), a specific
inhibitor for PI3K/Akt pathway have no significant effect on
the IGF-I-induced p44/p42 MAPK phosphorylations in MC3T3-
E1 cells (Fig. 7). Wortmannin (Arcaro and Wymann, 1993), an
another inhibitor for PI3K/Akt pathway, also had no significant
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Fig. 6. Effect of PD169316 on the IGF-1-induced phosphorylation of p38 MAP
kinase in MC3IT3-El cells. The cultured cells were pretreated with 30 uM
PD169316 or vehicle for 60 min, and then stimulated by 0.1 wM IGF-10r vehicle
for 10 min. The extracts of cells were subjected to SDS-PAGE with subsequent
kinase or p38 MAP kinase, The histogram shows quantitative representations
of the levels of IGF-I-induced phosphorylation obtained from laser densito-
metric analysis of three independent experiments. Each value represents the
mean + 5.EM. of triplicate determinations. Similar results were obtained with
wo additional and different cell preparations. *p <0.05, compared to the value
of control; **p < 0,05, compared to the value of IGF-1 alone.
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Fig. 7. Bffect of LY294002 on the IGF-I-induced phosphorylation of p44/p42
MAP kinase in MC3T3-El cells. The cultured cells were pretreated with var-
fous doses of LY294002 for 60 min, and then stimulated by 0.1 pM IGF-I or
vehicle for 10min. The extracts of cells were subjected to SDS-PAGE with
subsequent Western blotting analysis with antibodies against phospho-specific
péd/pd2 MAP kinase or p44/p42 MAP kinase. The histogram shows quanti-
tative representations of the levels of IGF-I-induced phosphorylation obtained
from laser densitometric analysis of three independent experiments. Each value
represents the mean £ S EM. of triplicate determinations. Similar results were
obtained with two additional and different cell preparations.
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effect (data not shown). As shown in our previous study, the
inhibitor concentrations used were sufficient to block the IGF-
I-induced ALP activation in these cells (~50 uM for LY294002
and ~30nM for wortmannin).

4. Discussion

In the present study, we demonstrated that IGF-I induces the
phosphorylation of p44/p42 MAP kinase and p38 MAP kinase
but not SAPK/INK in osteoblast-like MC3T3-E1 cells. It is
currently understood that the MAP kinase superfamily medi-
ates intracellular signaling of extracellular agonists and plays
a crucial role in cellular functions including proliferation, dif-
ferentiation, and cell death in a variety of cells (Widmann et
al., 1999). Three major MAP kinase, p44/p42 MAP kinase,
p38 MAP kinase and SAPK/INK, are known as central ele-
ments used by mammalian cells to transducer the diverse mes-
sages (Widmann et al., 1999). It is well recognized that MAP
kinases are activated by phosphorylation of threonine and tyro-
sine residues by dual specificity MAP kinase kinase (Raingeaud
et al., 1995; Widmann et al., 1999). Therefore, taking these
results into account, it is most likely that IGF-1 induces both the
activation of p44/p42 MAP kinase and p38 MAP kinase without
activating SAPK/INK in‘osteoblast-like MC3T3-E1 cells.

We next investigated the involvement of p44/p42 MAP kinase
in the IGF-I-stimulated alkaline phosphatase activity in MC3T3-
E1 cells. Herein, we showed that PD98059 (Alessi et al., 1995)
and U0126 (Favata et al., 1998) significantly suppressed the
IGF-I-induced alkaline phosphatase activity in osteoblast-like
MC3T3-El cells. In addition, we found that these inhibitors truly
attenuated the phosphorylation of p44/p42 MAP kinase induced
by IGF-1, suggesting that the activation of p44/p42 MAP kinase
is involved in IGF-I-stimulated alkaline phosphatase activity in
osteoblast-like MC3T3-El cells. Therefore, our findings indi-
cate that p44/p42 MAP kinase participates at least in part in the
IGF-I-stimulated alkaline phosphatase activity.

In order to clarify whether p38 MAP kinase plays a role in
the IGF-I-stimulated alkaline phosphatase activity, we exam-
ined the effect of specific inhibitors of p38 MAP kinase such
as SB203580 (Cuenda et al., 1995) and PD169316 (Kummer
et al., 1997) on the alkaline hatase activity. However,
either SB203580 or PD 169316 failed to affect the IGF-I-induced
activity of alkaline phosphatase. We found that PD169316 truly
reduced the IGF-I-induced phosphorylation of p38 MAP kinase.
Based on these results, it seems unlikely that p38 MAP kinase
is involved in IGF-I-stimulated alkaline phosphatase activity in
osteoblast-like MC3T3-E1 cells.

We have recently reported that in MC3T3-E1 cells, IGF-I-
induced alkaline phosphatase is PI3K/Akt dependent (Noda et
al., 2005). To confirm the interaction between PI3K/Akt path-
way and p44/p42 MAP kinase pathway, we examined the effect
of PI3K/Akt pathway blockade on the IGF-I-induced p44/p42
MAP kinase phosphorylation in MC3T3-E] cells, and found that
LY 294002 (Vlahos et al., 1994) and wortmannin (Arcaro and
Wymann, 1993) had no significant effect on the IGF-I-induced
p44/p42 MAP kinase phosphorylation in MC3T3-E1 cells. It
is likely that these two pathways independently regulate IGF-1-
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induced ALP induction, or at least, PI3K/Akt pathway does not
exert its effect at a point upstream of p44/p42 MAP Kkinase in
IGF-I-induced ALP activation.

It is well known that alkaline phosphatase is a biochemi-
cal marker of bone formation (Robinson et al.,, 1973; Seibel,
2000). During progression from an immature progenitor cell
10 a mature osleoblast resulting in mineralization, expression
of alkaline phosphatase occurs (Aubin and Liu, 1996). Thus,
it is generally recognized that alkaline phosphatase plays an
important role in mineralization although the precise function
of the enzyme is not clarified. It has been recently reported
that PD98059 blocks IGF-I-induced expression of core bind-
ing factor al in osteoblast-like MC3T3-El cells, suggesting
involvement of p44/p42 MAP kinase in the expression (Kummer
et al., 1997). Expression of core binding factor a1 is the earliest
osteoblast-specific event identified in the osteoblast differentia-
tion pathway and critical for osteoblastogenesis (Komori et al.,
1997). We here showed that p44/p42 MAP kinase plays a role in
the IGF-I-induced alkaline phosphatase activity in MC3T3-El
cells. It is most likely that p44/p42 MAP kinase activation has an
important role in IGF-I-induced bone formation. In response to
various physiological agonists, such as estrogen and parathyroid
hormone, the expression of IGF-I is known to be increased in
osteoblasts (Conover and Rosen, 2002), suggesting that IGF-T is
an autocrine/paracrine regulator of osteoblast functions. Thus,
it is likely that IGF-I-stimulated p44/p42 MAP kinase plays a
crucial role in the regulation of bone metabolism under the phys-
iological conditions. In addition, we investigated the effects of
IGF-I treatment on the several known osteoblast differentiation
markers (osteocalcin, osteopontin, Runx2 and collagen a1(I))
in osteoblast-like MC3T3-E1 cells. We found that IGF-I had no
significant effect on up-regulation of these mRNA expressions
at a dose that significantly induces ALP activation. It seems
unlikely that the involvement of IGF-I signaling is common in
differentially expressed osteoblast lineage markers. Mineraliza-
tion defects have reportedly seen in ALP knockout mouse (Fedde
et al,, 1999), Taking these findings into account, as a whole,
it is possible that the blockade of IGF-I signaling including
p44/p42 MAP kinase might result in the impairment of miner-
alization. Further investigations would be required to clarify the
details.

In conclusion, these results strongly suggest that p44/p42
MAP kinase among the MAP kinase superfamily plays a cru-
cial role in the IGF-1-stimulated alkaline phosphatase activity in
osteoblast-like MC3T3-El cells.
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Abstract It has been reported that platelet-derived growth factor (PDGF)-BB stimulates the synthesis of interleukin
(IL)-6 in osteoblasts. In the present study, we investigated whether the phosphatidylinositol 3-kinase (PI3K)/Aktis involved
in the PDGF-BB-induced IL-6 synthesis in osteoblast-like MC3T3-E1 cells. PDGF-BB markedly induced the
phosphorylation of Akt and GSK-3f. Akt inhibitor, 1.-6-hydroxymethyl-chiro-inositol 2-(R)-2-O-methyl-3-O-octade-
cylcarbonate, significantly amplified the synthesis of IL-6 by PDGF-BB. The PDGF-BB-induced GSK-3p phosphorylation
was suppressed by the Akt inhibitor. The IL-6 synthesis stimulated by PDGF-BB was markedly enhanced by LY294002 and
wortmannin, inhibitors of PI3K. Wortmannin and LY 294002 suppressed the PDGF-BB-induced phosphorylation of Akt
and GSK-3p. Takentogether, these results strongly suggest that PI3K/Akt negatively regulates the PDGF-BB-stimulated IL-6
synthesis in osteoblasts. |. Cell. Biochem. 99: 1564-1571, 2006. © 2006 Wiley-Liss, inc.
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It is generally known that platelet-derived
growth factor (PDGF) is a mitogenic factor,
which mainly acts on connective tissue cells
[Heldin and Westermark, 1999; Heldin et al.,
2002]). PDGF occurs as five different isoforms
[Heldin et al.,, 2002]. PDGF isoforms were
originally isolated from platelets, but have been
shown to be produced and released from a
variety of cell types including osteosarcoma
[Heldin et al., 1986; Heldin and Westermark,
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1999]. Bone metabolism is regulated by two
functional cells, osteoblasts and osteoclasts,
responasible for bone formation and bone resorp-
tion, respectively [Nijweide et al., 1986]. As for
stimulation of biological activities in bone cells,
PDGF-BB is a potent stimulator and induces
osteoblast proliferation and collagen synthesis
[Canalis et al, 1992]. It is recognized that
PDGF, released during platelet aggregation,
has a pivotal role in fracture healing as a
systemic factor and that PDGF also regulates
bone remodeling as a local factor [Canalis et al.,
1992]. PDGF receptor has an intrinsic protein
tyrosine kinase activity and associates with SH-
2 domain-containing substrates such as phos-
pholipase C and phosphatidylinositol 3-kinase
(PI3K) [Heldin and Westermark, 1999]. We
have previously reported that PDGF-BB acti-
vates phosphatidylcholine-hydrolyzing phos-
pholipase D via tyrosine kinase activation,
resulting in protein kinase C activation in
osteoblast-like MC3T3-E1 cells [Kozawa et al.,
1995]. However, the exact role of PDGF in
osteoblasts is not precisely known.
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Interleukin-6 (IL-6) is a multifunctional
cytokine that has important physiological
effects on a wide range of functions, such as
promoting B cell differentiation, T cell activa-
tion, and inducing acute phase proteins [Akira
et al., 1993; Heymann and Rousselle, 2000;
Kwan Tat et al., 2004]. As for bone metabolism,
IL-6 has been shown to stimulate bone resorp-
tion and promote osteoclast formation [Ishimi
et al., 1990; Roodman, 1992; Heymann and
Rousselle, 2000; Kwan Tat et al., 2004]. It has
been reported that bone resorptive agents such
as tumor necrosis factor-x (TNF-a) and IL-1
stimulate IL-6 synthesis in osteoblasts [Helle
etal., 1988; Ishimi et al., 1990; Littlewood et al.,
1991). Thus, accumulating evidence indicates
that IL-6 secreted from osteoblasts plays a key
role as a downstream effector of bone resorptive
agents. It has been shown that PDGF-BB
induces the transcription of IL-6 through the
activator protein-1 complex and activating
transcription factor-2 in primary cultured rat
osteoblasts [Franchimont et al.,, 1999]. How-
ever, the exact mechanism underlying PDGF-
BB-stimulated IL-6 synthesis in osteoblasts has
not yet been precisely clarified.

It is currently known that Akt, also called
protein kinase B, is a serine/threonine protein
kinase that plays crucial roles in mediating
intracellular signaling of variety of agonists
including insulin-like growth factor-I, PDGF,
and cytokines [Coffer et al., 1998]. It has been
shown that Akt regulates biological functions,
such as gene expression, survival, and oncogen-
esis [Coffer et al., 1998]. Accumulating evidence
suggests that PI3K functions at a point
upstream from Akt [Chan et al., 1999; Cantley,
2002]. Akt containing a pleckstrin homology
domain is recruited to the plasma membrane by
the lipid product of PI3K and activated. As for
osteoblasts, it has been reported that TNF-a and
PDGF induce translocation of Akt to the
nucleus [Borgatti et al., 2000]. In addition,
Akt is reportedly activated by cyclic stretch
[Danciu et al., 2003] or androgen [Kang et al.,
2004]. However, the exact role of Akt in PDGF-
BB-effect on osteoblasts has not yet been
clarified.

In the present study, we investigated whether
PI3K/Akt is involved in the PDGF-BB-stimu-
lated IL-6 synthesis in osteoblast-like MC3T3-
E1 cells. We here show that PI3-kinase/Akt
activated by PDGF-BB plays an inhibitory role
in the IL-6 synthesis in these cells.

MATERIALS AND METHODS
Materials

PDGF-BB and mouse IL-6 enzyme immu-
noassay kit were purchased from R&D
Systems, Inc. (Minneapolis, MN). Akt inhibi-
tor (1L-6-hydroxymethyl-chiro-inositol 2-(R)-2-
O-methyl-3-0-octadecylcarbonate), LY294002
and wortmannin were obtained from
Calbiochem-Novabiochem Co. (La Jolla, CA).
Phospho-specific Akt antibodies, Akt antibodies,
phospho-specific GSK-3f antibodies, and
GSK-3p antibodies were purchased from Cell
Signaling, Inc. (Beverly, MA). ECL Western
blotting detection system was purchased
from Amersham Japan (Tokyo, Japan). Other
materials and chemicals were obtained from
commercial sources. Akt inhibitor, wortmannin
or LY294002 were dissolved in dimethyl sulf-
oxide (DMSO). The maximum concentration of
DMSO was 0.1%, which did not affect the assay
for IL-6 or Western blot analysis.

Cell Culture

Cloned osteoblast-like MC3T3-E1 cells deriv-
ed from newborn mouse calvaria [Sudo et al.,
1983] were maintained as previously described
[Kozawa et al., 1992]. Briefly, the cells were
cultured in s-minimum essential medium (o-
MEM) containing 10% fetal calf serum (FCS) at
37°Cin a humidified atmosphere of 5% CO4/95%
air. The cells were seeded into 35-mm or 90-mm
diameter dishes in «-MEM containing 10% FCS.
After 5 days, the medium was exchanged for «-
MEM containing 0.3% FCS. The cells were used
for experiments after 48 h. The g)lat.ing density
of the cells was about 8 x 10° cells/dish for
35-mm diameter dish, or 7 x 10° cells/dish for
90-mm diameter dish. The media were changed
again when the various inhibitors and/or
PDGF-BB were subsequently added.

IL-6 Assay

The cultured cells were stimulated by var-
ious dose of PDGF-BB in 1 ml of «-MEM
containing 0.3% FCS for the indicated periods.
When indicated, the cells were pre-treated
with Akt inhibitor, wortmannin or LY294002
for 60 min. The conditioned medium was
collected at the end of the incubation, and the
IL-6 concentration was measured by ELISA
kit.
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Western Blot Analysis

The cultured cells were stimulated by PDGF-
BB in «-MEM containing 0.3% FCS for the
indicated periods. The cells were washed twice
with phosphate-buffered saline and then lysed,
homogenized, and sonicated in a lysis buffer
containing 62.5 mM Tris/HCl, pH 6.8, 2%
sodium dodecyl sulfate (SDS), 50 mM dithio-
threitol, and 10% glycerol. The cytosolic fraction
was collected as a supernatant after centrifuga-
tion at 125,000g for 10 min at 4°C. SDS-
polyacrylamide gel electrophoresis (PAGE)
was performed by Laemmli [1970] in 10%
polyacrylamide gel. Western blotting analysis
was performed as described previously [Kato
et al., 1996] by using phospho-specific Akt
antibodies, Akt antibodies, phospho-specific
GSEK-3p antibodies, or GSK-3p antibodies, with
peroxidase-labeled antibodies raised in goat
against rabbit IgG being used as second anti-
bodies. Peroxidase activity on the PVDF sheet
was visualized on X-ray film by means of the
ECL Western blotting detection system.

Determination

The absorbance of enzyme immunoassay
samples was measured at 450 nm with EL 340
Bio Kinetic Reader (Bio-Tek Instruments, Inc.,
Winooski, VT). The densitometric analysis was
performed using Molecular Analyst/Macintosh
(Bio-Rad Laboratories, Hercules, CA).

Statistical Analysis

The data were analyzed by ANOVA followed
by the Bonferroni method for multiple compar-
isons between pairs, and a P < 0.05 was con-
sidered significant. All data are presented as the
mean = 8D of triplicate determinations. Each
experiment was repeated three times with
similar results.

RESULTS

Effect of PDGF-BB on the Phosphorylation
of Akt in MC3T3-E1 Cells

We examined the effect of PDGF-BB on the
phosphorylation of Akt in order to investigate
whether PDGF-BB activates Akt in osteoblast-
like MC3T3-E1 cells. PDGF-BB time-depen-
dently stimulated the phosphorylation of Akt up
to 120 min (Fig. 1). The maximum effect of
PDGF-BB on the phosphorylation of Akt was
observed at 20 min after the stimulation.

12 3 4 56T GEB

Fig. 1. Effect of PDGF-BB on the phosphorylation of Akt in
MC3T3-E1 cells. The cultured cells were stimulated by 50 ng/ml
PDGF-8B for the indicated periods. The extracts of cells were
subjected to SDS-PAGE with subsequent Western blotting
analysis with antibodies against phospho-specific Akt or Akt
The histogram shows quantitative representations of the levels of
PDCF-8B-Induced phosphorylation obtained from laser densito-
metric analysis of three independent experiments. The phos-
phorylation levels were expressed as the fold increase to the basal
levels presented as lane 1. The values were calculated as the
average values of lane 1 to be 1.0. Each value represents the
mean =50 of wiplicate determinations. Similar results were
obtained with two additional and different cell preparations.
'P < 0.05, compared to the value of control,

Effect of Akt Inhibitor on the IL-6 Synthesis by
PDGF-BB in MC3T3-E1 Cells

It has been reported that PDGF-BB induces
IL-6 transcription in osteoblasts from fetal rat
calvariae [Franchimont et al., 1999]. We found
that PDGF-BB stimulated IL-6 synthesis in a
dose-dependent manner between 10 ng/ml and
70 ng/ml in osteoblast-like MC3T3-El1 cells
(data not shown). In order to clarify the
involvement of Akt pathway in the PDGF-BB-
stimulated IL-6 synthesis in these cells, we first
examined the effect of Akt inhibitor, 1L-6-
hydroxymethyl-chiro-inositol 2-(R)-2-O-methyl-
3-O-octadecylcarbonate [Hu et al., 20001, on the
IL-6 synthesis. The Akt inhibitor, which by
itself hardly affected the IL-6 levels, signifi-
cantly enhanced the PDGF-BB-stimulated
synthesis of IL-6 (Fig. 2). The amplifying effect
of the Akt inhibitor on the IL-6 synthesis was
dose-dependent between 1 pM and 3 uM (Fig. 2).
The Akt inhibitor at 10 pM caused about 100%
enhancement in the PDGF-BB-effect.

Effect of Akt Inhibitor on the Phosphorylation of
GSK-3B Induced by PDGF-BB in MC3T3-E1 Cells

It is generally known that GSK-3p is a critical
downstream target molecule of the Akt, and its
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Fig. 2. Effect of Akt inhibitor on the PDGF-BB-stimulated IL-6
synthesis in MC3T3-E1 cells. The cultured cells were pre-treated
with various doses of Akt Inhibitor for 60 min, and then
stimulated by 50 ng/ml PDGF-BB or vehicle for 24 h. Each
value represents the mean=SD of triplicate determinations.
Similar results were obtained with two additional and different
cell preparations. "P < 0.05, compared to the value of PDGF-BB
alone.

Lane ° 12 3 4 8 8 7 &
Fig. 3. Effect of PDGF-BB on the phosphorylation of GSK-3 in
MC3T3-E1 cells. The cultured cells were stimulated by 50 ng/ml
PDGF-8B for the indicated periods. The extracts of cells were
subjected to SDS-PAGE with subsequent Western blotting
analysis with antibodies against phospho-specific G5K-3p or
GSK-3p. The histogram shows quantitative representations of the
levels of PDGF-BB-induced phosphorylation obtained from laser
densitometric analysis of three independent experiments. The
phosphorylation levels were expressed as the fold Increase to the
basal levels presented as lane 1. The values were calculated as
the average values of lane 1 to be 1.0. Each value represents the
mean=50 of triplicate determinations. Similar results were
obtained with two additional and different cell preparations.
"P<0.05, compared to the value of control.

activity can be inhibited by Akt-mediated
phosphorylation of GSK-3f at Ser9 [Cross
et al., 1995; Srivastava and Pandey, 1998]. We
found that PDGF-BB truly induced the Akt-
mediated phosphorylation of GSK-3p in a time-
dependent manner in MC3T3-E1 cells (Fig. 3).
The maximum effect of PDGF-BB on the
phosphorylation of GSK-3p was observed at
60 min after the stimulation. We next examined
the effect of Akt inhibitor on the phosphoryla-
tion of GSK-3p induced by PDGF-BB in these
cells. Akt inhibitor markedly reduced the
PDGF-BB-induced phosphorylation of GSK-3
(Fig. 4).

Effects of LY294002 or Wortmannin on the
PDGF-BB-Induced Phosphorylation of
Akt in MC3T3-E1 Cells

To clarify whether or not PI3K functions at a
point upstream from Akt in MC3T3-E1 cells, we
examined the effect of LY294002, a specific
inhibitor of PI13-kinase [Vlahos et al., 1994), on
the Akt phosphorylation induced by PDGF-BB.

Phospho-GSK35 I

¥ a3 @

Fig. 4. Effect of Akt inhibitor on the PDGF-BB-induced
phosphorylation of GSK-3f in MC3T3-E1 cells. The cultured
cells were pre-treated with 50 uM Akt inhibitor for 60 min, and
then stimulated by 50 ng/ml POGF-BB or vehicle for 60 min. The
extracts of cells were subjected to SDS-PAGE with subsequent
Western blotting analysis with antibodies against phospho-
specific GSK-3f or GSK-3p. The histogram shows quantitative
representations of the levels of PDGF-BB-induced phosphoryla-
tion obtained from laser densitometric analysis of three
independent experiments. The phosphorylation levels were
expressed as the fold increase to the basal levels presented as
lane 1. The values were calculated asthe average values of lane 1
to be 1.0. Each value represents the mean = SD of triplicate
determinations. Similar results were obtained with two addi-
tional and different cell preparations. P < 0.05, compared to the
value of PDGF-BB alone
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1.Y294002 suppressed the PDGF-BB-induced
phosphorylation of Akt (Fig. 5). The inhibi-
tory effect of LY294002 was dose-dependent
between 10 uM and 50 pM. In addition, the
PDGF-BB-induced phosphorylation of Akt was
markedly attenuated by wortmannin, another
PI3-kinase inhibitor [Arcaro and Wymann,
1993], (Fig. 6).

Effects of LY294002 or Wortmannin on the
PDGF-BB-Stimulated IL-6 Synthesis and
Phosphorylation of GSK-3p in MC3T3-E1 Cells

LY294002, which by itself hardly affected the
IL-6 levels, significantly amplified the PDGF-
BB-stimulated synthesis of IL-6 (Fig. 7). The
amplifying effect of LY294002 was dose-depen-
dent between 1 uM and 10 uM. The LY294002
at 10 pM caused about 80% enhancement in
the PDGF-BB effect. Wortmannin, as well as
1.Y294002, also enhanced the PDGF-BB-stimu-
lated synthesis of IL-6 without affecting IL-6
synthesis alone (data not shown). In addition,
we found that the phosphorylation of GSK-3p

Phospho-AKt = =
G ——— e
Lane 1 2 3 4 5 6 7 B8

LY294002 (uM) 0 0 10 10 30 30 S50 50

PDGFBE — 4+ — + — + — +
30
Em
£
=

*
*

lane = 1 2 3 4 5 6 7 8

Fig. 5. EffectofL'Y294002 on the PDGF-BB-induced phosphor-
ylation of Akt in MC3T3-E1 cells. The cultured cells were pre-
treated with various doses of LY294002 for 60 min, and then
stimulated by 50 ng/ml PDGF-BB or vehicle for 20 min. The
extracts of cells were subjected to SDS-PAGE with subsequent
Western blotting analysis with antibodies against phospho-
specific Akt or Akt. The histogram shows quantitative representa-
tions of the levels of PDGF-BB-induced phosphorylation
obtained from laser densitometric analysis of three independent
experiments. The phosphorylation levels were expressed as the
fold increase to the basal levels presented as lane 1. The values
were calculated as the average values of lane 1 to be 1.0. Each
value represents the mean=5D of triplicate determinations.
Similar results were obtained with two additional and different
cell preparations. P < 0.05, compared to the value of PDGF-BB
alone,

Fold increase
~ = o
l L]

0
lane 1 2 3 4 65 &

Fig. 6. Effect of wortmannin on the PDGF-BB-induced phos-
phorylation of Akt in MC3T3-E1 cells. The cultured cells were
pre-treated with various doses of wortmannin for 60 min, and
then stimulated by 50 ng/m| PDGF-BB or vehicle for 20 min. The
extracts of cells were subjected to SDS-PAGE with subsequent
Western blotting analysis with antibodies against phospho-
specific Akt or Akt. The histogram shows quantitative representa-
tions of the levels of PDGF-BB-induced phosphorylation
obtained from laser densitomettic analysis of three independent
experiments. The phosphorylation levels were expressed as the
fold increase to the basal levels presented as lane 1. The values
were calculated as the average values of lane 1 to be 1.0. Each
value represents the mean=5D of triplicate determinations.
Similar results were obtained with two additional and differemt
cell preparations, "P < 0.05, compared to the value of PDGF-BB
alone.

IL-6 (pg/mi x 109)

Fig. 7. Effect of LY294002 on the PDGF-BB-stimulated IL-6
synthesis in MC3T3.E1 cells. The cultured celis were pre-treated
with various doses of LY294002 for 60 min, and then stimulated
by 50 ng/ml PDGF-BB or vehicle for 24 h. Each value represents
the mean £ 5D of triplicate determinations. Similar results were
obtained with two additional and different cell preparations.
“P < 0.05, compared to the value of PDGF-BB alone.
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Fig. B. Effects of LY294002 or wortmannin on the PDGF-BB-
induced phosphorylation of GSK-3p in MC3T3-E1 cells. The
cultured cells were pre-treated with 30 uM of LY294002 (A),
30 pM wortmannin (B) or vehicle for 60 min, and then stimulated
by 50 ng/m| PDGF-BB or vehicle for 60 min. The extracts of cells
were subjected to SD5-PAGE with subsequent Western blotting
analysis with antibodies against phospho-specific GSK-3p or
GSK-3p. The histogram shows quantitative representations of the

induced by PDGF-BB was significantly reduced
by LY294002 or wortmannin (Fig. 8A B).

DISCUSSION

In the present study, we found that PDGF-BB
time-dependently induced the phosphorylation
of Akt in osteoblast-like MC3T3-E1 cells. It has
been reported that Akt is activated by PDGF-
BB in osteoblastic cells [Chaudhary and
Hruska, 2001]. In addition, we demonstrated
that PI3K inhibitors, such as LY294002 [Vlahos
et al, 1994] and wortmannin [Arcaro and
Wymann, 1993] attenuated the PDGF-BB-
induced phosphorylation of Akt in MC3T3-E1
cells. It has been shown that Akt is activated by
phosphorylation of threonine and serine resi-
dues [Coffer et al., 1998; Chan et al., 1999]. The
Akt signaling pathway is currently recognized
to play a critical role in mediating survival
signals in a wide range of cell types [Chanet al.,
1999]. Therefore, these results suggest that
PDGF-BB activates Akt via PI3K in osteoblast-
like MC3T3-E1 cells,

We investigated whether or not PI3K/Akt
functions in the PDGF-BB-stimulated IL-6
synthesis in osteoblast-like MC3T3-E1 cells.
First, Akt inhibitor [Hu et al., 2000] signifi-
cantly enhanced the PDGF-BB-stimulated
synthesis of IL-6, It is generally known that
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levels of PDGF-BB-induced phosphorylation obtained from laser
densitometric analysis of three independent experiments. The
phosphorylation levels were expressed as the fold increase to the
basal levels presented as lane 1. The values were calculated as
the average values of lane 1 to be 1.0. Each value represents the
mean+ S0 of triplicate determinations. Similar results were
obtained with two additional and different cell preparations.
"P< 0.05, compared to the value of PDGF-BB alone.

GSK-3p is a downstream target of Akt and
phosphorylated by Akt [Cross et al.,, 1995;
Srivastava and Pandey, 1998]. We confirmed
that the PDGF-BB-induced phogphorylation of
GSK-3p was truly reduced by the Akt inhibitor.
These results suggest that the activated Akt has
an inhibitory effect on IL-6 release by PDGF-BB
in osteoblast-like MC3T3-E1 cells. In addition,
we found that wortmannin [Arcaro and
Wymann, 1993] and LY294002 [Vlahos et al.,
1994] markedly amplified the PDGF-BB-
induced IL-6 synthesis. Furthermore, the
PDGF-BB-induced phosphorylation of GSK-3p
was suppressed by wortmannin or LY294002.
Therefore, taking our results into account as a
whole, it is most likely that PDGF-BB activates
the PISK/Akt pathway, resulting in the reduc-
tion of IL-6 synthesis. It is probable that the
PISK/Akt signaling pathway activated by
PDGF-BB limits the PDGF-BB-stimulated IL-
6 synthesis. To the best of our knowledge, our
present finding is probably the first report to
show that the activation of PI3K/Akt leads to
the negative-feedback regulation of IL-6 synth-
esis in osteoblasts.

The PI3K/Akt pathway is recognized to play
a crucial role in several cellular functions,
such as proliferation and cell survival in a
variety of cells [Coffer et al., 1998]. Our present
results indicate that the PI3K/Akt pathway in
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osteoblasts has an important role in the reg-
ulatory mechanism of the production of IL-6 in
bone metabolism. As for the PDGF-induced IL-6
production, it has been reported that three
isoforms of PDGF including PDGF-BB induces
the expression of IL-6 gene, resulting in the
proliferation of human fibroblasts, vascular
smooth muscle cells, and mesangial cells [Roth
et al., 1995]. In addition, hypoxia-induced IL-6
production associated with the cell proliferation
isreportedly mediated by PDGF in human lung-
derived fibroblasts and vascular smooth muscle
cells [Tamm et al., 1998]. However, the role of
PI3K/Akt pathway in the PDGF-induced IL-6
production has not yet been clarified. As far as
we know, this is probably the first report
showing the role of PIBK/Akt as a negative
regulator in the IL-6 production elicited by
PDGF-BB. It is well recognized that IL-6 is a
potent bone resorptive agent and induces
osteoclast formation [Kwan Tat et al., 2004].
Therefore, our present results lead us to spec-
ulate that PDGF-BB-activated PISK/Akt sig-
naling acts as a negative regulator against bone
resorption. It is possible that the PI3/Akt path-
way in osteoblasts might be considered as a new
candidate as a molecular target of bone resorp-
tion concurrent with various bone diseases. The
physiological significance of the auto-regulation
by PI3K/Akt of PDGF-BB effect remains still
unclear. Further investigation is necessary to
clarify the exact role of PI3K/Akt in osteoblasts.

In conclusion, our results strongly suggest
that PISK/Akt plays a crucial role in the
regulation of PDGF-BB-stimulated IL-6 synth-
esis in osteoblasts, and may serve as a negative-
feedback mechanism to avoid the over-synth-
esis of IL-6.

ACKNOWLEDGMENTS

We are very grateful to Yoko Kawamura and
Seiko Sakakibara for their skillful technical
assistance.

REFERENCES

Akira S, Taga T, Kishimoto T. 1993. Interleukin-6 in
biology and medicine. Adv Immunol 54:1-78,

Arcaro A, Wymann MP. 1993. Wortmannin is & potent
phosphatidylinositol 3-kinase inhibitor: The role of
phosphatidylinositol 3,4,5-trisphosphate in neutrophil
responses. Biochem J 296:297-301.

Borgatti P, Martelli AM, Bellacosa A, Casto R, Massari L,
Capitani S, Neri LM. 2000. Translocation of Akt/PKB to

the nucleus of psteoblast-like MC3T3-E1 cells exposed to
proliferative growth factors. FEBS Lett 477:27-32.

Canalis E, Varghese S, McCarthy TL, Centrella M. 1992,
Role of platelet derived growth factor in bone cell
function. Growth Regul 2:151-155.

Cantley LC. 2002. The phosphoinositide 3-kinase pathway.
Science 296:1655-1657.

Chan TO, Rittenhouse SE, Tsichlis PN. 1999. AKT/PKB
and other D3 phosphoinositide-regulated kinases:
Kinase activation by phosphoinositide-dependent phos-
phorylation. Annu Rev Biochem 68:965-1014.

Chaudhary LR, Hruska KA. 2001. The cell survival signal
Akt is differentially activated by PDGF-BB, EGF, and
FGF-2 in osteoblastic cells. J Cell Biochem B81:304-311.

Coffer PJ, Jin J, Woodgett JR. 1998. Protein kinase B
(c-Akt): A multifunctional mediator of phosphatidylino-
sitol 3-kinase activation. Biochem J 335:1-13.

Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings
BA. 1995. Inhibition of glycogen synthase kinase-3 by
insulin mediated by protein kinase B. Nature 378:785—
789,

Danciu TE, Adam RM, Naruse K, Freeman MR, Hauschka
PV. 2003. Calcium regulates the PI3K.Akt pathway in
stretched osteoblasts, FEBS Lett 536:193-197,

Franchimont N, Durant D, Rydziel S, Canalis E. 1999,
Platelet-derived growth factor induces interleukin-6
transcription in osteoblasts through the activator pro-
tein-1 complex and -activating transcription factor-2.
J Biol Chem 274:6783-6789.

Heldin CH, Westermark B. 1999. Mechanism of action and
in vivo role of platelet-derived growth factor. Physiol Rev
T79:1283-1316.

Heldin CH, Johnsson A, Wennergren S, Wernstedt C,
Betsholtz C, Westermark B. 1986. A human osteosar-
coma cell line secretes a growth factor structurally
related to a homodimer of PDGF A-chains. Nature 319:
511-514.

Heldin CH, Eriksson U, Ostman A. 2002. New members of
the platelet-derived growth factor family of mitogens.
Arch Biochem Biophys 398:284—290.

Helle M, Brakenhoff JP, De Groot ER, Aarden LA 1988,
Interleukin 6 is involved in interleukin 1l-induced
activities. Eur J Immunol 18:957-959.

Heymann D, Rousselle AV. 2000. gp130 Cytokine family
and bone cells. Cytokine 12:1455-1468.

Hu Y, Qiao L, Wang S, Rong SB, Meuillet EJ, Berggren M,
Gallegos A, Powis G, Kozikowski AP. 2000. 3-(Hydro-
xymethyl)-bearing phosphatidylinositol ether lipid ana-
logues and carbonate surrogates block PI3-K, Akt, and
cancer cell growth. J Med Chem 43:3045-3051.

Ishimi ¥, Miyaura C, Jin CH, Akatsu T, Abe E, Nakamura
Y, Yamaguchi A, Yoshiki S, Matsuda T, Hirano T. 1990.
IL-6 is produced by osteoblasts and induces bone
resorption. J Immunol 145:3297-3303.

Kang HY, Cho CL, Huang KL, Wang JC, Hu YC, Lin HK,
Chang C, Huang KE. 2004. Nongenomic androgen activat-
ion of phosphatidylinositol 3-kinase/Akt signaling pathway
in MC3T3-E1 osteoblasts. J Bone Miner Res 19, 1181-1190.

Kato K, Ito H, Hasegawa K, Inaguma Y, Kozawa O, Asano
T. 1998. Modulation of the stress-induced synthesis of
hsp27 and alpha B-crystallin by cyclic AMP in C6 rat
glioma cells. J Neurochem 66:946-950.

Kozawa O, Tokuda H, Miwa M, Kotoyori J, Oiso Y. 1992,
Cross-talk regulation between cyclic AMP production

- 136 -



Regulation by PI3K/Akt of IL-6 Synthesis 1571

and phosphoinositide hydrolysis induced by prostaglan-
din E2 in osteoblast-like cells. Exp Cell Res 198:130-134.

Kozawa O, Suzuki A, Watanabe Y, Shinoda J, Oiso Y. 1995.
Effect of platelet-derived growth factor on phosphatidyl-
choline-hydrolyzing phospholipase D in osteoblast-like
cells. Endocrinology 136:4473-4478.

Kwan Tat S, Padrines M, Theoleyre S, Heymann D, Fortun
Y. 2004. IL-6, RANKL, TNF-alpha/IL-1: Interrelations in
bone resorption pathophysiology. Cytokine Growth Fac-
tor Rev 15:49-60.

Laemmli UK. 1970. Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature
227:680-685.

Littlewood AJ, Russell J, Harvey GR, Hughes DE, Russell
RG, Gowen M. 1991. The modulation of the expression of
IL-8 and its receptor in human osteoblasts in vitro.
Endocrinology 129:1513-1520.

Nijweide PJ, Burger EH, Feyen JH. 1986. Cells of bone:
Proliferation, differentiation, and hormonal regulation.
Physiol Rev 66:855-886.

Roodman GD. 1992. Interleukin-6: An osteotropic factor?
J Bone Miner Res T:475-478.

Roth M, Nauck M, Tamm M, Perruchoud AP, Ziesche R,
Block LH. 1995, Intracellular interleukin-6 mediates
platelet-derived growth factor-induced proliferation of
nontransformed cells, Proc Natl Acad Sci USA 92:1312-
13186.

Srivastava AK, Pandey SK. 1998. Potential mechanism(s)
involved in the regulation of glycogen synthesis by
insulin. Mol Cell Biochem 182:135-141.

Sudo H, Kodama HA, Amagai Y, Yamamoto S, Kasai 8.
1983. In vitro differentiation and calcification in a new
clonal osteogenic cell line derived from newborn mouse
calvaria. J Cell Biol 96:191-198.

Tamm M, Bihl M, Eickelberg O, Stulz P, Perruchoud AP,
Roth M. 1998, Hypoxia-induced interleukin-6 and inter-
leukin-8 production is mediated by platelet-activating
factor and platelet-derived growth factor in primary
human lung cells. Am J Respir Cell Mol Biol 19:653—
661.

Vlahos CJ, Matter WF, Hui KY, Brown RF, 1994. A specific
inhibitor of phosphatidylinositol 3-kinase, 2-(4-mor-
pholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002)
J Biol Chem 269:5241-5248,

-137-



