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FIG. 4. Effects of rapamycin on the FGF-
2-induced phosphorylation of p44/p42 MAP
kinase or p38 MAP kinase in MC3T3-El
cells. (A) The cultured cells were pretreated
with various doses of rapamycin for 60 min-
utes and stimulated by 30 ng/ml FGF-2 or
vehicle for 20 minutes. The extracts of cells
were subjected to SDS-PAGE with subse-

20

quent Western blotting analysis with anti-
bodies against phospho-specific p44/p42
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MAP kinase or pd44/p42 MAP kinase. (B)
The cultured cells were pretreated with vari-
ous doses of rapamycin for 60 minutes and
stimulated by 30 ng/ml FGF-2 or vehicle for
10 minutes. The extracts of cells were sub-
jected to SDS-PAGE with subsequent West-
A ern biotting analysis with antibodies against
phospho-specific p38 MAP kinase or p38
MAP kinase. The histogram shows quantita-
tive representations of the levels of FGF-2-
induced phosphorylation obtained from laser
densitometric analysis of three independent
experiments. Each value represents the
mean + SE of triplicate determinations. Simi-
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kinase,®>39 on the FGF-2-induced release of VEGF.
Rapamycin, which alone did not affect the basal levels of
VEGEF, significantly enhanced the FGF-2~induced release
of VEGF in a time-dependent manner (Fig. 2A). The am-
plifying effect of rapamycin was dose dependent in a range
between 1 and 50 ng/m] (Fig. 2B). Rapamycin at 50 ng/ml
caused ~200% enhancement in the FGF-2 effect.

lar results were obtained with two additional
and different cell preparations.

Effect of rapamycin on the FGF-2—stimulated
VEGF mRNA expression in MC3T3-EI cells

To clarify whether the enhancement of FGF-2-
stimulated VEGF release by rapamycin is mediated
through transcriptional events, we examined the effect of
rapamycin on the FGF-2-induced VEGF mRNA expres-



342

Phospho-p46 SAPK/JNK .

P46 SAPK/INK 400Gl §

TAKAI ET AL.

LANE 1 2 3 4 5 6
RAPAMYCIN(ng/ml) 0 0 10 10 30 30
FGF2 — + — 4+ - 4+
100 FIG. 5. Effect of rapamycin on the FGF-2-
induced phosphorylation of SAPK/JNK in
&k MC3T3-E1 cells. The cultured cells were pre-
l treated with various doses of rapamycin for
% 80 60 minutes and stimulated by 30 ng/ml
< t 3 FGF-2 or vehicle for 20 minutes. The ex-
1] tracts of cells were subjected to SDS-PAGE
o 60} 4 with subsequent Western blotting analysis
O with antibodies against phospho-specific
Z * SAPK/JINK or SAPK/INK. The histogram
Q 40! "1:— shows quantitative representations of the
-l 1  levels of FGF-2-induced phosphorylation ob-
8 tained {rom laser densitometric analysis of
three independent experiments. Each value
20 ¢ represents the mean + SE of triplicate deter-
minations. Similar results were obtained with
two additional and different cell prepara-
0 tions. *p < 0.05 compared with the control.
**p < 0.05 compared with the value of FGF-2
LANE 1 2 3 4 5 6 alone.

TABLE 1. EFFECT OF SP600125 ON THE ENHANCEMENT BY
RAPAMYCIN OF THE FGF-2-STIMULATED VEGF RELEASE IN
MC3T3-El CELLS

FGF-2

SP600125 VEGF (pg/ml)

<7.8
523 + 40*
<7.8
1586 + 1211
<78
111+ 121
<7.8
120 +15%

Rapamycin

o+ 4+ + 1
L+ o+
T T

+

The cultured cells were pretreated with 50 WM SP600125 or vehicle for 60
minutes and incubated with 50 ng/ml rapamycin or vehicle for 60 minutes.
The cells were stimulated by 70 ng/ml FGF-2 or vehicle for 24 h thereafter.
Each value represents the mean + SE of triplicate determinations. Similar
results were obtained with two additional and different cell preparations.

* p < 0.05 compared with the control.

' p < 0.05 compared with the value of FGF-2 alone.

*p < 0.05 compared with the value of FGF-2 with rapamycin pretreat-
ment.

sion by real-time PCR. We found that rapamycin signifi-
cantly upregulated the FGF-2-induced VEGF mRNA ex-
pression 6 h after stimulation (3.5 + 0.3-fold for 70 ng/ml
FGF-2 alone compared with the control; 5.2 + 0.3-fold for
70 ng/ml FGF-2 with 50 ng/ml rapamycin compared the
control). These results suggest that the amplifying effect of
rapamycin is mediated, at least in part, by upregulation of
VEGF mRNA expression in osteoblast-like MC3T3-El
cells.

Effects of rapamycin on the FGF-2-induced
phosphorylation of p70 S6 kinase in MC3T3-ET cells

We next examined the effect of rapamycin on the FGF-
2-induced phosphorylation of p70 S6 kinase. Rapamycin
almost completely attenuated the FGF-2-induced phos-
phorylation of p70 S6 kinase in a range between 10 and
50 ng/ml (Fig. 3).

Effects of rapamycin on the FGF-2-induced
phosphorylation of p44/p42 MAP kinase, p38 MAP
kinase, or SAPK/INK in MC3T3-E]1 cells

To study whether the amplifying effect of rapamycin on
the FGF-2-stimulated VEGF release was through activa-

- tion of p44/p42 MAP kinase, p38 MAP kinase, or SAPK/

JNK in MC3T3-E1 cells, we examined the effect of rapa-
mycin on the phosphorylation of p44/p42 MAP kinase, p38
MAP kinase, or SAPK/INK induced by FGF-2. Rapamycin
failed to affect the FGF-2-induced phosphorylation of p44/
p42 MAP kinase (Fig. 4A) ot p38 MAP kinase (Fig. 4B).
However, the FGF-2-induced phosphorylation of SAPK/ -
JNK was markedly enhanced by rapamycin (Fig. 5). Rapa-
mycin at 10 ng/ml caused ~100% enhancement in the
FGF-2 effect.

Effects of SP600125 on the amplification by
rapamycin of the FGF-2-induced VEGF release and
phosphorylation of SAPK/JNK in MC3T3-E] cells

SP600125, a specific SAPK/INK inhibitor,®" which by
itself did not affect the basal levels of VEGF, significantly
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FIG. 6. Effect of SP600125 on the enhance-
ment by rapamycin of the FGF-2-induced
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phosphorylation of SAPK/INK in MC3T3-
E1 cells. The cultured cells were pretreated
with 50 pM SP600125 or vehicle for 60 min-
utes and incubated by 30 ng/ml rapamycin
or vehicle for 60 minutes. The cells were
stimulated by 30 ng/m! FGF-2 or vehicle for
20 minutes. The extracts of cells were sub-
jected to SDS-PAGE with subsequent
Western blotling analysis with antibodies
against phospho-specific SAPK/JNK or
SAPK/INK. The histogram shows quantita-
tive representations of the levels of FGF-2-
induced phosphorylation obtained from laser
densitometric analysis of three independent
experiments. Each value represents the
mean + SE of triplicate determinations. Simi-

lar results were obtained with two additional
and different cell preparations. *p < 0.05
compared with the control. **p < 0.05

skeksfs)  compared with the value of FGF-2 alone.

***p < 0.05 compared with the value of

LANE 1 2 3 4 5

reduced the enhancement by rapamycin of FGF-2-induced
VEGEF release (Table 1). The enhanced levels by rapa-
mycin of FGF-2-induced VEGEF release were reduced
by SP600125 similar to the levels by FGF-2 with SP600125
treatment. In addition, SP600125 almost completely
suppressed both the FGF-2-induced phosphorylation
of SAPK/INK and its enhancement by rapamycin

(Fig. 6).

Effects of SP600125 on the upregulation by
rapamycin of the FGF-2-stimulated VEGF mRNA
expression in MC3T3-EI cells

To clarify whether the suppressive effect by SP600125 of
FGF-2-stimulated VEGF release is mediated through tran-
scriptional events, we examined the effect of SP600125 in
the presence or absence of rapamycin on the FGF-2-
stimulated VEGF mRNA expression by real-time PCR.
We found that SP600125 significantly downregulated the
FGF-2-induced VEGF mRNA expression 2 h after stimu-
lation (5.0 + 0.9-fold for 70 ng/ml FGF-2 alone compared
with the control; 3.2 x 0.4-fold for 70 ng/ml FGF-2 with 10
1M SP600125 compared with the control; 3.0 + 0.3-fold for
70 ng/ml FGF-2 with 10 uM SP600125 and 50 ng/ml rapa-
mycin compared with the control). These results suggest
that the suppressive effect of SP600125 is mediated, at least
m part, by downregulation of VEGF mRNA expression in
osteoblast-like MC3T3-E1 cells.

6

7

8 FGF-2 with rapamycin pretreatment.

Effect of p70 S6 kinase-siRNA on the
FGF-2-stimulated VEGF release in MC3T3-EI cells

To confirm the results from rapamycin, we examined the
effects of p70 S6 kinase downregulation by p70 S6 kinase
siRNA on the VEGF release and the phosphorylation of
SAPK/INK induced by FGF-2 in osteoblast-like MC3T3-
El cells. We found that p70 S6 kinase siRNA (250 nM)
successfully reduced the p70 S6 kinase levels compared
with those of control siRNA determined by the band in-
tensity of Western blot analysis (Fig. 7A). The FGF-2-
induced levels of VEGF release in p70 S6 kinase-down-
regulated cells were truly enhanced compared with those in
control siRNA-transfected cells. Downregulation of p70
S6 kinase caused ~180% enhancement in the FGF-2
effect (Table 2). FGF-2 significantly enhanced the phos-
phorylation levels of SAPK/INK in the p70 S6 kinase-
downregulated cells (Fig. 7B).

DISCUSSION

In this study, we found that FGF-2 time-dependently in-
duced the phosphorylation of p70 S6 kinase in osteoblast-
like MC3T3-EX1 cells, using phospho-specific p70 S6 kinase
(Thr389) antibodies. It is generally recognized that the ac-
tivity of p70 S6 kinase is regulated by multiple phosphory-
lation events.®” Tt has been shown that phosphorylation at
Thr389 among the phosphorylation most strongly corre-
lates with p70 S6 kinase activity.®®? Thus, it is probable that
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FIG. 7. Effect of p70 S6 kinase-siRNA in
GAPDH 7 ; MC3T3-E1 cells and effect of p70 S6 ki-
nase downregulation on the FGF-2-induced-
LANE 1 2 4 phosphorylation of SAPK/INK in MC3T3-
. — — E1 cells. The cells were transfected with
FGF-2 + + 250 nM of control siRNA or p70 S6 kinase
. siRNA by using the siLentFect. (A) Cells
siRNA CONTROL p70 S6 were incubated at 37°C for 48 h with SIRNA-
30 siLentFect complexes and subsequently
%% harvested for preparation of Western blot
analysis. (B) The cultured cells transfected
w l with control siRNA or p70 $6 kinase siRNA
were stimulated by 70 ng/ml FGF-2 or ve-
2 20 % hicle for 20 minutes and subsequently
w harvested for preparation of Western blot
14 analysis. The histogram shows quantitative
Q representations of the levels of FGF-2-
rd P
= induged phosphorylation obtainqd from laser
m] densitometric analysis of three independent
6’ 10 experiments. Each value represents the
Tl mean + SE of triplicate determinations. Simi-
lar results were obtained with two additional
and different cell preparations. *p < 0.05 com-
prep
pared with the value of vehicle. **p < 0.05
LAN EO 7 1 5 3 2 compared with the value of FGF-2 with con-
trol siRNA transfection.

FGF-2 induces the activation of p70 S6 kinase in osteoblast-
like MC3T3-El cells. To the best of our knowledge, this is
probably the first report showing the FGF-2-induced p70
S6 kinase activation in osteoblasts.

We have previously reported that FGF-2 stimulates the
release of VEGF in osteoblast-like MC3T3-E1 cells.®%
Therefore, we studied whether p70 S6 kinase functions in
FGF-2-stimulated VEGF release in osteoblast-like
MC3T3-E1 cells. Rapamycin, a specific inhibitor of p70 S6
kinase,®®>9 markedly enhanced the FGF-2-stimulated re-
lease of VEGF and expression of VEGF mRNA in
MC3T3-E1 cells. We confirmed that the FGF-2-induced
phosphorylation of p70 S6 kinase was truly attenuated by
rapamycin. In addition, downregulation of p70 S6 kinase by
siRNA markedly enhanced FGF-2-stimulated VEGF re-
lease in these cells. These results strongly suggest that FGF-
2-stimulated VEGF release is reduced by the activation of

p70 S6 kinase. Therefore, it is probable that FGF-2 acti-
vates the p70 S6 kinase pathway, resulting in negatively
regulating the release of VEGF. We speculate that p70 S6
kinase signaling activated by FGF-2 limits the FGF-2~-
induced over-release of VEGF in osteoblast-like MC3T3-
E1 cells. As far as we know, this finding is the first report to
show that the activation of p70 S6 kinase leads to negative
feedback regulation of VEGF release in osteoblasts.

We have previously shown that FGF-2 induces the phos-
phorylation of p44/p42 MAP kinase, p38 MAP kinase, and
SAPK/INK in MC3T3-E1 cells.?®'7 It is generally recog-
nized that the MAP kinase superfamily mediates intracel-
lular signaling of extracellular agonists and plays a crucial
role in cellular functions including proliferation, differen-
tiation, and apoptosis in a variety of cells.*® Three major
MAP kinases, p44/p42 MAP kinase, p38 MAP kinase, and
SAPK/INK, are known as central elements used by mam-
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TaBLE 2. EFrEcT OF p70 S6 KiNAsE (S6K) siRNA oN TIE
FGF-2-STMtn ATED VEGF REIFASF IN MC3T3-E1 Cr118

siRNA FGF-2 Time (h) VEGF (pg/ml)
Control - 4 <7.8
Control + 4 244 + 32+
S6K - 4 <7.8

S6K + 4 558 + 73t
Control - 9 <7.8
Control + 9 681 + 106*
S6K - 9 <7.8

S6K + 9 1269 + 2261

The cultured cells were transfected with control siRNA or p70 S6 kinase
siRNA by using the siLentFect according (o the manufacturer's protocol.
The cells were stimulated by 70 ng/ml FGF-2 or vehicle for the indicated
time periods. Each value represents the mean + SE of triplicate determi-
nations. Similar results were obtained with two additional and different cell
preparations.

*p < 0.05 compared with the value of vehicle.

" p < 0.05 compared with the value of FGF-2 with control siRNA trans-
fection.

malian cells to transducer the diverse messages.'® In our
previous studies,"'%'” we showed that p44/p42 MAP kinase
and SAPK/INK act as positive regulators in FGF-2-induced
VEGEF release. On the other hand, FGF-2-activated p38
MAP kinase negatively regulates VEGF release. These
findings lead us to speculate that there is cross-talk regula-
tion between p70 S6 kinase and these MAP kinases in FGF-
2-stimulated VEGF release in these cells. However, rapa-
mycin®3 failed to affect the phosphorylation of p44/p42
MAP kinase and p38 MAP kinase. Therefore, it seems un-
likely that the p70 S6 kinase signaling pathway affects FGE-
2-stimulated release of VEGF through the amplification of
activities of p44/p42 MAP kinase and p38 MAP kinase in
osteoblast-like MC3T3-E1 cells. On the contrary, we
showed that the phosphorylation levels of FGF-2-induced
SAPK/INK were strengthened by rapamycin and p70 S6
kinase siRNA transfection. In addition, the amplification by
rapamycin of the FGF-2-stimulated VEGF release and
mRNA expression was suppressed by SP600125, a specific
inhibitor of SAPK/INK,®? similar to the levels of FGF-2
with SP600125. Furthermore, we showed that SP600125 al-
most completely reduced the rapamycin-enhanced phos-
phorylation of SAPK/JNK and FGF-2-induced phosphor-
ylation of SAPK/INK. Taking our findings into account, it
is probable that the p70 S6 kinase signal pathway affects the
FGF-2-stimulated VEGF release through upregulation of
SAPK/INK in osteoblast-like MC3T3-E1 cells.

The p70 $6 kinase pathway is recognized to play a crucial
role in various cellular functions, especially cell cycle pro-
gression.®® These results indicate that the p70 S6 kinase
pathway in osteoblasts has an important role in the control
of the production of VEGF, one of the key regulators of
bone metabolism. Bone remodeling carried out by osteo-
clasts and osteoblasts is accompanied by angiogenesis and
capillary outgrowth.?® Because VEGF is a specific mito-
gen of vascular endothelial cells,*) these results lead us to
speculate that FGF-2-activated p70 S6 kinase signaling acts
as a negative regulator of the microvasculature develop-
ment in bone. Thus, the p70 S6 kinase pathway in osteo-
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blasts might be considered to be a new candidate as a mo-
lecular target of bone resorption concurrent with various
bone diseases. On the contrary, we have previously shown
that p70 S6 kinase acts as a positive regulator in bone mor-
phogenetic protein-4-stimulated release of VEGF in
MC3T3-E1 cells.*® The physiological significance of a
regulatory mechanism by p70 S6 kinase in osteoblasts still
remains unclear. Further study is required to clarify the
exact roles of p70 S6 kinase in osteoblasts and bone me-
tabolism.

In conclusion, these results strongly suggest that p70 S6
kinase plays an important role in the regulation of FGF-2-
stimulated VEGF release in osteoblasts and may serve as a
negative feedback mechanism to prevent oversynthesizing
of VEGF through SAPK/INK in these cells.
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