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Abstract

We have previously reported that protein kinase C negatively
regulates basic fibroblast growth factor (FGF-2)-stimulated
synthesis of interleukin-6 (IL-6), a potent bone resorptive agent,
in_ osteoblast-like MC3T3-El cells. To further clarify the
mechanism underlying the synthesis of IL-6 in osteoblasts, we
investigated whether p70 S6 kinase is involved in the FGF-2-
sumulated [L-6 synthesis in these cells, Rapamycin, an inhibitor
of p70 56 kinase, significantly enhanced the FGF-2-stmulated
IL-6 synthesis in a dose-dependent manner. Downregulation of
p70 56 kinase by siRNA markedly amplified the FGF-2-
stimulated TL-6 synthesis. 12-O-Tetradecanoylphorbol-

13-acetate (TPA), a direct activator of protein kinase C, induced
the phosphorylation of p70 $6 kinase. Go6976 and bisindolyl-
maleimide 1, inhibitors of protein kinase C, suppressed the
TPA-samulated phosphorylation of p70 56 kinase. Additionally,
protein kinase C inhibitors markedly reduced the phosphory-
lation of p70 $6 kinase induced by FGF-2. These results strongly
suggest that p70 S6 kinase functions at a point downstream of
protein kinase C and limits the FGF-2-stumulated IL-6 synthesis
n osteoblasts.

Journal of Endocrinology (2008) 197, 131-137

Introduction

Interleukin-6 (IL-6), which is a mulnfuncrional cytokine that
has important physiological effects on a wide range of functions
such as promoting B-cell differentation, T-cell activation, and
inducing acue phase proteins (Akira et al. 1993, Heymann &
Rousselle 2000, Kwan er al. 2004), is one of the most potent
osteoclastogenic factors (Ishimi er al. 1990, Roodman 1992,
Akiraeral. 1993, Kwan et al. 2004). Bone metabolism is strictly
regulated by two funcuonal cells, osteoblasts and osteoclasts,
responsible for bone formation and bone resorption respec-
uvely (Nijweide eral. 1986). Bone resorption may be enhanced
by the increased local production of inflammatory cytokines
such as tumor necrosis factor-a and interleukin-1. In
osteoblasts (Helle er al. 1988, Ishimi er al. 1990, Littlewood
et al. 1991), it has been reported that bone resorptive agents
such as tumor necrosis factor-o and interleukin-1 stimulate the
synthesis of IL-6. Thus, accumulating evidence indicates thar
IL-6 secreted from osteoblasts plays a crucial role as a
downstream effector of bone resorptive agents.

Osteoblasts synthesize basic fibroblast growth factor (FGF-2),
and FGF-2 15 embedded 1n bone matrix (Baylink et af, 1993,
Hurley et al. 1993). It 1s well known that FGF-2 expression in
osteoblasts is detected during fracture repair (Bolander 1992).
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Therefore, there is no doubt that FGF-2 plays a crucial role in
fracture healing, bone remodeling, and osteogenesis (Marie
2003). We have previously reported that FGF-2 autopho-
sphorylates FGF receptors 1 and 2 among four structurally
related high-affimity receprors in osteoblast-like MC3T3-E1
cells (Suzuki er al. 1996). As for [L-6 synthesis in osteoblasts, we
have shown that FGF-2 induces IL-6 synthesis in osteoblasts
(Kozawa et al. 19974). In addition, we have reported that FGF-2
mduces IL-6 synthesis via the acuvation of p38 MAPK, but also
linuts the over-synthesis of 1L-6 via the acuvation of protein
kinase C pathways (Kozawa et al. 1997a, 1999). However, the
exact mechanism underlying the [L-6 synthesis in osteoblass
remains to be clarified.

It 15 well recognized that p70 S6 kinase is a mitogen-
activated serine/threomine kinase, which 1s required for cell
proliferation and G1 cell cycle progression (Pullen & Thomas
1997). In osteoblasts, it has been shown that luoroaluminate
upregulates p70 56 kinase phosphorylation (Susa et al. 1997).
We have previously reported that p70 S6 kinase plays a role as
a neganve regulator in plateler-derived growth factor
BB-sumulated synthesis of IL-6 in osteoblast-like MC3T3-
E1 cells (Takai er al. 2007q). With regard to FGF-2 effect on
osteoblasts, we recently demonstrated that FGF-2 induces the
acuvation of p70 S6 kinase in osteoblast-like MC3T3-E1
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cells, and the activated p70 S6 kinase plays an inhibitory role
in the FGF-2-sumulated release of vascular endothelial
growth factor (VEGF) through upregulation of stress-
activated protein kinase/c-Jun N-termmal kinase, composing
a negauve feedback loop, in osteoblasts (Takai et al. 20075).
However, the exact role of p70 56 kinase in osteoblasts has not
yet been fully elucidated.

In the present study, we investigated whether p70 S6 kinase
i5s involved mn the FGF-2-sumulated 1L-6 synthesis in
osteoblast-like MC3T3-E1 cells. We here show that p70 S6
kinase actuvated by FGF-2 negatively regulates 1L-6 synthesis
at a point downstream from protein kinase C in these cells.

Materials and Methods
Materials

Recombinant human FGF-2 and mouse IL-6 enzyme
immunoassay (ELISA) kit was purchased from R&D Systems
Inc. (Minneapolis, MN, USA). Rapamycin, bisindolylmalei-
mide I, Go6976, and calphosun C were obtained from
Calbiochem-Novabiochem Co. (La Jolla, CA, USA). 12-0-
Tetradecanoylphorbol-13-acetate (TPA) was purchased from
Sigma Chemical Co. Phospho-specific p70 S6 kinase antibodies
were purchased from Cell Signaling Inc. (Beverly, MA, USA).
Enhanced chemiluminescence (ECL) Western Blotting Detec-
tuon System was purchased from Amersham Biosciences.
Control short interfering RNA (siRINA; Silencer Negative
Control no. 1 siRNA) or p70 S6 kinase siRNA (Silencer Pre-
designed sIRINA, siRNA ID no. 75849, 75755, and 75942) was
purchased from Ambion (Austin, TX, USA). siLentFect was
purchased from Bio-Rad. Other materials and chemicals were
obtained from commercial sources. Rapamyein, TPA, bisindo-
lylmaleimide 1, Go6976, and calphostn C were dissolved in
dimethyl sulfoxide. The maximum concentration of dimethyl
sulfoxide was 0-1%, which did not affect the assay for IL-6 or
western blot analysis,

Cell culture

Cloned osteoblast-like MC3IT3-E1 cells derived from new-
born mouse calvaria (Sudo er al. 1993) were maintained as
described previously (Kozawa et al. 1997h). Briefly, the cells
were cultured in g-minimum essential medium (2-MEM)
containing 10% fetal calf serum (FCS) at 37°C in a
humdified atmosphere of 5% CQ,/95% air. The cells were
seeded onto 35 mm (5% 10") or 90 mm (5% 10% 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. Primary
cultured osteoblasts were obtained from the calvaria of
newborn (1 or 2 days old) balb/c mice as described previously
(Yoshida et al. 2004). The cells were seeded onto 90 mm
diameter dishes (25X 10" cells) in @-MEM containing 10%
FCS. The medium was changed every 3 days unul the cells
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reached confluence. Then, the medium was exchanged for
a-MEM containing 0-3% FCS. The cells were used for
experiments after 48 h,

IL-6 assay

The cultured cells were stimulated by various doses of FGF-2
in 1 ml «-MEM containing 0-3% FCS for the indicated
periods. When indicated, the cells were pretreated with
rapamycin for 60 min. The conditoned medium was
collected at the end of the incubation, and the IL-6
concentranon was measured by ELISA kit according o the
manufacturer’s instruction. The assay kit can detect the mouse
IL-6 in the range between 7-8 and 250 pg/ml. When the
samples generate values greater than 250 pg/ml, the samples
were adequately diluted with calibrator diluent provided with
the kit and re-assayed. The absorbance of ELISA samples was
measured at 450 nm with EL 340 Bio Kinetic Reader
(Bio-Tek Instruments Inc., Winooski, VT, USA).

Short interfering RNA transfection

To knock down p70 S6 kinase in MC3T3-E1 cells, the cells
were transfected with control sRNA (Silencer Negative
Control no. 1 siRINA) or p70 S6 kinase siRNA (Silencer Pre-
designed siRINA, siRNA ID no. 75849, 75755, and 75942,
Ambion) using the siLentFect (Bio-Rad) according to the
manufacturer’s protocol. In brief, the cells were seeded onto
35 mm (1 X 10°) diameter dish in 2-MEM containing 10% FCS
and subcultured for 48 h. After that, the cells were incubated at
37 °C for 48 h with 250 nM siR NA-siLentFect complexes. As
a result, we confirmed that siRNA 1D no. 75849 had a most
prominent effect to silence the p70 S6 kinase among these three
sitRNAs. The s RNA 1D no. 75849 caused ~80% reducuon in
the p70 86 kinase levels compared with those of control siRNA
(Takai et al. 20075). Then, we used iRNA 1D no. 75849 in the
experiment of the effect of p70 S6 kinase downregulation on the
FGF-2 stimulated [L-6 synthesis.

Western blot analysis

The culrured cells were simulated by TPA or FGF-2 in
2-MEM containing 0-3% FCS for the indicated periods,
When indicated, the cells were pretreated with bisindolyl-
maleimide [, Go6976, and calphostin C for 60 min. The cells
were washed twice with PBS and then lysed, homogenized,
and sonicated in a lysis buffer containing 62:5 mM Tris—=HCl
(pH 6°8), 2% SDS, 50 mM dithiothreitol, and 10% glycerol.
The cytosolic fraction was collected as a supernatant after
centrifugation at 125 000 g for 10 min at 4 °C. SDS-PAGE
was performed according to Laemmh (1970) mn 10%
polyacrylamide gel. Western blot analysis was performed as
described previously (Kato et al. 1996) using phospho-specific
p70 S6 kinase antibodies and p70 56 kinase antbodies, with
peroxidase-labeled anubodies raised in goat against rabbit 1gG
being used as secondary antibodies. Peroxidase actvity on the
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polyvinylidene fluoride (PVDF) sheet was wvisualized on
X-ray film by means of the ECL Western Blotung Detection
System. The densitometric analysis was performed using
Molecular Analyst/Macintosh {Bio-Rad Laboratories).

Statistical analysis

The data were analyzed by ANOVA followed by the
Bonferrom method for muluple comparisons between parrs,
and P< 005 was considered significant. All data are presented
as the mean+s.e.m. of tnplicate determinations from three
mdependent cell preparations. Each experiment was repeated
three times with simular results,

Results

Effect of rapamycin on the FGF-2-stimulated IL-6 synthesis
in MC3T3-ET1 cells

We have previously shown that FGF-2 induces the activation of
p70 56 kinase in osteoblast-like MC3T3-E1 cells (Takai et al.
2007h). In addinon, we have also previously reported that the
levels of phosphorylated p70) S6 kinase reached its peak at
45 mumnutes after the sumulation of FGF-2 and decreased
thereafter (Takai et al. 2007b). In order to clarify the involvement
of p70 S6 kinase in the FGF-2-induced synthesis of IL-6 in
MC3T3-E1 cells or not, we examined the effect of rapamyain, a
specific inhibitor of p70 6 kinase (Kuo et al. 1992, Price et al.
1992), on the FGF-2-stimulated synthesis of IL-6. We have
previously showed that FGF-2 induces IL-6 synthesis by
MC3T3-El cells in a ume-dependent manner (Kozawa et al.
19974). Rapamyein, which had no effect on the basal levels of
IL-6, sigmficantly amplified the FGF-2-induced synthesis of
IL-6 in a ume-dependent manner. The amplifying effect
of rapamycin was observed at least 6 h after FGF-2 stimulation
(Fig. 1A). In additon, the amplifying effect of rapamyein was
dose dependent in the range between 1 and 50 ng/ml (Fig. 1B).
Rapamycin at 50 ng/m! caused ~300% enhancement in
the FGF-2 effect. We next examined the effect of rapamycin

Figure 1 Effect of rapamycin on the FGF-2-stimulated IL-6 synthesis in
osteoblasts. (A) Osteoblasi-like MC3IT3-E1 cells were pretreated with
10 ng/ml rapamycin (circles) or vehicle (squares) for 60 min, and then
stimulated by 70 ng/ml FGF-2 (solid symbols) or vehicle (open
symbaols) for the indicated periods. *P<0-0005, compared with the
control. **P<0-0005, compared with the value of FGF-2 alone.

(B) Osteoblast-like MC3IT3-E1 cells were pretreated with various doses
of rapamycin for 60 min, and then stimulated by 70 ng/ml FGF-2
(@) or vehicle (D) for 24 h, *P<0-001, compared with the value of
FGF-2 alone. ** P< 00005, compared with the value of FGF-2 alone.
(C) Primary culture of osteoblasts was pretreated with various doses of
rapamycin for 60 min, and then stimulated by 70 ng/ml FGF-2 or
vehicle for 24 h, *P<0-01, compared with value of the control.
**P<0-005, compared with the value of FGF-2 alone. (A-C) Each
value represents the mean +s.6.4. of triplicate determinations from
three independent cell preparations. Similar results were obtained
with two additional experiments,

Journal of Endocninology (2008) 197, 131137
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mn primary cultured mouse osteoblasts. We found that FGF-2
significantdy induced 1L-6 synthesic also in these osteoblasts, In
addinon, rapamyan significantly increased the FGF-2-stimu-
lated IL-6 synthesis in the range berween 10 and 50 ng/ml
(Fig. 1C).

Effect of p70 S6 kinase down regulation on the
FGFE-2-stimulated IL-6 synthesis in MC3T3-E1 cells

To further confirm the enhancement by rapamycin of [L-6
synthesis, we examined the effect of p70 S6 kinase down-
regulanon by p70 S6 kinase siRNA on the IL-6 synthesis
nduced by FGF-2 in osteoblast-like MC3T3-E1 cells.
We previously found that p70 S6 kinase siRNA (250 nM)
caused ~ 80% reduction in the p70 S6 kinase levels compared
with those of control siRINA (Takai er al. 2007h). In the
p70 S6 kinase downregulated cells, the basal levels of IL-6
were upregulated while the levels of IL-6 were undetectable
in the control sRNA-transfected cells (Fig. 2). The FGF-2-
mduced levels of [L-6 synthesis in p70 S6 kinase down-
regulated cells were markedly enhanced compared with
those in the control cells. Downregulation of p70 S6 kinase
caused approximately ten umes enhancement in the FGF-2
effect (Fig. 2).

Effect of TPA on the phosphorylation of p70 S6 kinase
in MC3T3-E1 cells

In our previous studies (Suzuki et al. 1996, Kozawa eral. 19974),
we have reported that FGF-2 stimulates the actvation of protein
kinase C through hydrolysis of phospholipase C-induced

-
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siANA cont cont S6K S6K

FGF-2 - + - +
Figure 2 Effect of p70 56 kinase (S6K) siRNA on the FGF-2-
stimulated IL-6 synthesis in MCIT3-E1 cells. The cultured cells were
transfected with control SIRNA (cont) or p70 56 kinase siRNA
($iRNA 1D no. 75849, Ambion; S6K) using the siLentFect according
to the manufacturer’s protocol. The cells were stimulated by
70 ng/ml FGF-2 or vehicle for 9 h. Each value represents the
mean +s.e.:, of triplicate determinations from three independent
cell preparations. Similar results were obtained with two additional
experiments. *P<0-0005, compared with the value of vehicle.
**P<0-0005, compared with the value of FGF-2 with control
SIRNA transfection.

fournal of Endocrinology (2008) 197, 131-137

phosphoinositide and phospholipase D-induced phosphatdyl-
choline in osteoblast-like MC3T3-E1 cells, and the protein
kinase C activation plays an inhibitory role in the FGF-2-
sumulated IL-6 synthesis. In order to invesugate whether
protein kinase C induces p70 $6 kinase acuvation in MC3T3-
E1 cells, we examined the effect of TPA, a direct acuvaror of
protein kinase C (Nishizuka 1991), on the phosphorylation of
p70 S6 kinase. The sumulanon of TPA ume dependenty
induced the phosphorylation of p70 S6 kinase (Fig. 3). The
effect of TPA was observed 10 mun after the sumulinon of FGF-
2 and the maxamum effect was at 45 min.

Effects of Go6976 or bisindolylmaleimide I on the TPA-induced
phosphorylation of p70 S6 kinase in MC3T3-E] cells

We examined the effect of Go6976, a potent inhibitor of
protein kinase C (Martiny-Baron et al. 1993), on the TPA-
induced phosphorylation of p70 S6 kinase in MC3T3-E1
cells. Go6976 markedly reduced the phosphorylation of p70
S6 kinase (Fig. 4A). The effect of Go6976 was dose dependent
in the range between 0-3 and 3 pM. In addition,
bisindolylmaleinude 1 (30 uM), another inhibitor of protein
kinase C (Toullec er al. 1991), almost completely suppressed
the TPA-induced phosphorylation of p70 6 kinase (Fig. 48).
The effect of bisindolylmaleimide | was dose dependent in the
range between 3 and 30 pM.

Phospho-p7086 ~ & & & @ & & &
p70 S8 —_

lane 1 2 3 4 5 6 7 8

Time(min) © 10 20 30 45 60 90 120

TPA = + + + + + + +

Fold increase

LaI'DP 1

2 3 4 5§ 6 7 &8

Figure 3 Efiect of TPA on the phosphorylation of p70 S6 kinase in
MUC3T3-E1 cells. The cultured cells were stimulated by 0-1 pM TPA
for the indicated periods. The extracts of cells were subjected to
SD5-PAGE with subsequent western blot analysis with antibodies
against phospho-specific p70 $6 kinase or p70 56 kinase. The
histogram shows quantitative representations of the levels of
FGF-2-induced phosphorylation ob d from laser densitometric
analysis of three independent experiments. Each value represents the
mean +s.e.m, of triplicate determinations from three independent
cell preparations. Similar results were obtained with two additional
experiments. *P<0-0001, compared with the value of control.
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Effects of Go6976, bisindolylmaleimide I, or calphosnn € on the
FGF-2-induced phosphorylation of p70 86 kinase in MC3T3-
E1 cells

We next examined the effects of protein kinase C inhibitors
on the FGF-2-induced phosphorylation of p70 $6 kinase in
MC3T3-E1 cells. The FGF-2-induced phosphorylauon of

A
Phospho-p70 S6 kinase = S - e < == -
P70 S8 kinase
Lane 1 2 3 4 5 6 7 8
GoB976(M) O 0 0303 1 1 3 3
TPA - + = + — + +
6
5
34
3
g .
1
Llﬂ.°123455?8
B

Phospho-p70 S6 kinase Sw e = & — - «
p70 S6 kinase i dba> o> o o ) -

Lane 1 2 3 4 5 6 7 B
Bisindolylmaleimide (M) 0 0 3 3 10 10 30 30
TPA - & = 4+ = + - =+

6 .

L I

E
: 1

-
. .
N[ [T
Lane

1 2 3 45678

Figure 4 Effects of Go6976 or bisindolylmaleimide | on the TPA-
induced phosphorylation of p70 56 kinase in MC3T3-E1 cells, The
cultured cells were pretreated with various doses of Gob976 (A} or
30 puM bisindolylmaleimide I, (B) for 60 min, and then stimulated by
0-1 uM TPA or vehicle for 20 min. The extracts of cells were
subjected to SDS-PAGE with subsequent western blot analysis with
antibodies against phospho-specific p70 56 kinase or p70 $6 kinase.
(A and B) The histogram shows quantitative representations of the
levels of FGF-2-induced phosphorylation obtained from laser
densitometric analysis of three independent experiments. Each
value represents the mean+s.e.m, of triplicate determinations from
three independent cell preparations. Similar results were obtained
with two additional experiments. *P=0-0001, compared with the
control. **P<0-005, compared with the value of TPA alone.
***P<0-0005, compared with the value of TPA alone.

www.endocrinology-journals org

p70 S6 kinase was markedly auenuvated by Go6976 or
bisindolylmaleimide 1 (Fig. 5A and B). Furthermore,
calphosun C, an inhibitor of protein kinase C (Kobayashi
et al. 1989), significantly suppressed the FGF-2-induced
phosphorylation of p70 86 kinase (Fig. 5C). Fnally, we
confirmed that the suppressive effects of these inhibitors were
dose dependent.

Discussion

In our previous study, we showed that FGF-2 stimulated the
IL-6 synthesis nme dependently up to 48 h, and the effect was
dose dependent between 1 and 30 ng/ml (Kozawa e al.
19974). In this study, we investigated whether p70 56 kinase
funcuons in the FGF-2-sumulated IL-6 synthesis or not in
these cells. Rapamycin, a specific inhibitor of p70 $6 kinase
(Kuo e al. 1992, Price et al, 1992), significantly amplified the
FGF-2-stimulated synthesis of IL-6 in MC3T3-E1 cells. We
found that rapamycin enhanced the FGF-2-sumulated IL-6
synthesis also in primary cultured mouse osteoblasts. These
findings suggest that suppressive effect by p70 S6K on the
FGF-2-sumulated IL-6 synthesis 15 not specific in a clonal
osteoblast-like MC3T3-E1 cells but it is common in
osteoblasts. We previously found that rapamycin strongly
attenuated the FGF-2-induced phosphorylation of p70 S6
kinase (Takai et al. 20078). In addition, the FGF-2-sumulated
IL-6 synthesis was enhanced by downregulation of p70 S6
kinase by siRNA in MC3T3-E1. These results strongly
suggest that FGF-2-acuvated p70 $6 kinasc suppresses the
FGF-2-stimulated [L-6 synthesis. Therefore, it is possible that
p70 S6 kinase signaling activated by FGF-2 negatively
regulates the FGF-2-induced over-synthesis of IL-6 in
osteoblast-like MC3T3-E1 cells.

It is generally recognized that 1) the activity of p70 S6
kinase is regulated by multiple phosphorylation events (Pullen
& Thomas 1997) and 2) phosphorylation at Thr389 most
strongly correlates with p70 $6 kinase actvity among the
phosphorylaton sites (Pullen & Thomas 1997), In the present
study, we demonstrated that TPA nme-dependently induced
the phosphorylation of p70 S6 kinase at Thr389 in osteoblast-
like MC3T3-E1 cells using phospho-specific p70 S6 kinase
(Thr389) anubodies. In addition, the TPA-induced phos-
phorylation of p70 $6 kinase was markedly attenuated by
Go6976, a potent inhibitor of protein kinase C. Furthermore,
we found that bisindolylmaleimide 1, another protein kinase
C inhibitor, suppressed the p70 S6 kinase phosphorylation.
Based on these results, it is most likely that p70 S6é kinase
activation occurs via the acuvation of protein kinase C in
osteoblast-like MC3T3-E1 cells.

We have previously reported that FGF-2 induces the
activation of protein kinase C via phosphoinositide hydrolysis
and phosphaudylcholine hydrolysis in  osteoblast-like
MC3T3-E1 cells, resuling in the negative regulation of the
FGF-2-stimulated [L-6 synthesis (Suzuki ef al. 1996, Kozawa
et al. 19974). Taken together, our findings led us to speculate

Jounal of Endocrinology (2008) 197, 131-137
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that protem kinase C functions at a point upstream from p70
S6 kinase in the FGF-2-regulated IL-6 synthesis in MC3T3-
E1 cells. We showed here that the phosphorylated levels of
FGF-2-induced p70 S6 kinase were markedly reduced by
Go6976 and bisindolylmaleinude 1. In addition, we demons-
trated that calphosun C, another type inhibitor of protein
kinase C, suppressed the FGF-2-induced phosphorylation of
p70 56 kinase. Taking our findings into account as a whole, 1t
15 probable that p70 56 kinase acts as a negative regulator at a
point downstream from protemn kinase C in the FGF-2-
sumulated [L-6 synthesis in osteoblast-like MC3T3-E1 cells.

It is generally recognized that the p70 $6 kinase pathway
plays an important role in various cellular functions, especilly
cell eycle progression (Pullen & Thomas 1997). Based on our
results, it 1s probable that the p70 56 kinase pathway in
osteoblasts has a pivotal role in the control of the production
of IL-6, one of the key factors in bone remodeling. In our
previous study (Takai er al. 20074), we showed that p70
56 kinase downregulates platelet-derived growth factor-
BB-stimulated IL-6 synthesis in osteoblast-like MC3T3-E1
cells. Since IL-6 1s one of the most potent sumulators of
osteoclast acuvity (Kwan et al. 2004), our results lead us o
speculate that p70 S6 kinase signaling activated by growth
factors such as FGF-2 and platelet-derived growth factior-BB
in osteoblasts acts as a key regulator to suppress over-
synthesining IL-6, resulting in the prevention of excess bone
resorption in the process of bone remodeling. Therefore, the
p70 S6 kinase pathway in osteoblasts might be considered to
be a new candidate as a molecular target of bone resorpuion
concurrent with various bone diseases. On the other hand.
we have recendy reported that p70 S6 kinase acts as a neganve
regulator in the FGF-2-stimulated synthesis of VEGF factor
in MC3T3-E1 cells (Takai er al. 2007b). It 1s well recogmzed
that VEGF is angiogenic growth factor specific for vascular
endothelial cells that provide microvasculature indispensable
for bone remodeling (Erlebacher et al. 1995, Ferrama &
Davis-Smyth 1997). Taking our findings into account as a
whole, p70 S6 kinase might play a central role in bone
metabolism through the fine-tuning of the local factor
network. Further investigation is required to clanify the
exact role of p70 S6 kinase in bone metabolism.

Figure 5 Effects of Go6976, bisindolylmaleimide I, or calphostin
C on the FGF-2-induced phosphorylation of p70 56 kinase in
MC3T3-E1 cells. The cultured cells were pretreated with 3 pM
Go6976 (A), 30 uM bisindolylmaleimide | (B), or 0-7 uM calphostin
C (C) for 60 min, and then stimulated by 0-1 uM TPA or vehicle for
20 min. (A-C) The extracts of cells were subjected to SDS-PAGE
with subsequent western blot analysis with antibodies against
phospho-specific p70 S6 kinase or p70 56 kinase. The histogram
shows quantitative representations of the levels of FGF-2-induced
phosphorylation obtained from laser densitometric analysis of three
independent experiments. Each value represents the mean s.6m.
of triplicate determinations from three independent cell
preparations. Similar results were obtained with two additional
experiments. * P=0-0001, compared with the control. **P<0-005,
compared with the value of FGF-2 alone.
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In conclusion, our results strongly suggest that p70 S6
kinase functions at a point downstream of protein kinase C
and himits FGF-2-sumulated IL-6 synthesis in osteoblasts.
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We previously reported that transforming growth factor-f (TGF-) stimulates heat shock protein 27 (HSP27)
induction through p38 mitogen-activated protein (MAP) kinase and extracellular signal-regulated kinase 1/2
(ERK1/2) in osteoblast-like MC3T3-El cells. In the present study, we investigated whether (-)-
epigallocatechin gallate (EGCC), the major polyphenol found in green tea, affects the TGF-p-stimulated

m ' induction of HSP27 in these cells, and its underlying mechanism. EGCG significantly suppressed the HSP27
TG4 induction stimulated by TGF-j in a dose-dependent manner between 10 and 30 pM without affecting the
Heat shock protein HSP70 levels. TGF-{t with or without EGCG did not affect the advanced oxidation protein products. The TGF-
Protein kinase p-induced phosphorylation of p38 MAP kinase and ERK1/2 was not affected by EGCG. SP600125, a specific
Osteoblast inhibitor of stress-activated protein kinase (SAPK)fc-jun N-terminal kinase (JNK). markedly reduced the
HSP27 expression induced by TGF-. EGCG significantly suppressed the TGF-3-induced phosphorylation of
SAPK/INK without affecting the phosphorylation of Smad2. EGCG attenuated the phospharylation of both
MKK4 and TAK1 induced by TGF-f3, These results strongly suggest that EGCG suppresses the TGF-i-
stimulated induction of HSP27 via the attenuation of the SAPK/JNK pathway in osteoblasts, and that this

effect is exerted at a point upstream from TAK1.
© 2008 Published by Elsevier Inc.
Introduction of phosphorylation (Kato et al., 1994; Rogalla et al, 1999). The

Heat shock proteins (HSP) are induced in cells in response to the
biological stress such as heat stress and chemical stress (Hendrick and
Hartl, 1993 ). HSPs are classified into high-molecular-weight HSPs such
as HSP90 and HSP70, and low-molecular-weight HSPs based on their
apparent molecular sizes. Low-molecular-weight HSPs with molecular
masses from 10 to 30 kDa, such as HSP27 and aB-crystallin share high
homology in amino acid sequences, the “a-crystallin domain”
(Benjamin and McMillan, 1998; Inaguma et al, 1993). Though the
functions of the low-molecular-weight HSPs are known less than
those of the high-molecular-weight HSPs, it is generally believed that
they may have chaperoning functions like the high-molecular-weight
HSPs (Benjamin and McMillan, 1998; Inaguma et al., 1993). The H5P27
activity has been shown to be regulated by post-translational
modification such as phosphorylation (Gaestel et al, 1991; Landry
et al., 1992). Under unstimulated conditions, HSP27 exists as a high-
molecular weight aggregated form. It is rapidly dissociated as a result

* Corresponding author, Tel.: +81 58 230 6214; fax: +81 58 230 6215
E-maoil oddress: ok @gifu-uacip (0. K

0024-3205/5 - see front matter © 2008 Published by Elsevier Inc.
doi:10.1016/j.17s.2008,02.017

phosphorylation-induced dissociation from the aggregated form
correlates with the loss of molecular chaperone activity (Kato et al.,
1994 Rogalla et al,, 1999). The bone metabolism is regulated by two
functional cells, osteoblasts and osteoclasts, responsible for bone
formation and bone resorption, respectively (Nijweide et al., 1986).
The formation of bone structures and bone remodeling results from
the coupling process, bone resorption by activated osteoblasts with
subsequent deposition of new matrix by osteoblasts. In osteoblasts, it
has been shown that down-regulation of proliferation is accompanied
by a transient increase of the HSP27 mRNA expression (Shakoori et al.,
1992). In addition, heat-stimulated induction of HSP27 is reportedly
facilitated by estrogen (Cooper and Uoshima, 1994). However, the
exact role of HSP27 in osteoblasts remains to be clarified.

It is well-known that transforming growth factor-j (TGF-f)
regulates cell growth, differentiation and extracellular matrix produc-
tion (Massague et al.. 2000). TGF-, which is abundantly stored in
bone matrix tissue, stimulates the recruitment and proliferation of
osteoblasts (Bonewald, 2002). The intracellular signaling of TGF-f3 is
initiated following ligand binding to the TGF-f3 type Il receptor, which
activates TGF-{# type | receptor (Miyazono et al., 2000). The activated
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type | receptor phosphorylates Smad2 and Smad3, thus resulting in
their translocation into the nucleus where they can bind to DNA in the
promoters of TGF-{3 target genes (Miyazono et al., 2001). In addition to
the Smad signaling pathway. other signaling pathways such as the
mitogen-activated protein (MAP) kinase superfamily have recently
been shown to mediate TGF-3 signaling (Miyazono et al,, 2001). Three
major MAP kinases. namely extracellular signal-regulated kinase 1/2
(ERK1/2), p38 MAP kinase, and c-Jun N-terminal kinase, are known to
be the central elements used by mammalian cells to transduce the
diverse messages (Kyriakis and Avruch, 2001). TGF-f3-activated kinase
(TAK1). a member of the MAP kinase kinase kinase family, has been
identified as an upstream kinase of MAP kinase (Yamaguchi et al., 1995),
The kinase activity of TAK1 is stimulated by TGF-{3 in osteoblast-like
MC3T3-E1 cells (Yamaguchi et al, 1995). In our previous study
(Hatakeyama et al., 2002), we showed TGF-f} to stimulate the induction
of HSP27 via p38 MAP kinase and ERK1/2 in osreoblast-like MC3T3-E1
cells. However, the precise roles of the MAP kinase superfamily in the
TGF-3 signaling system in osteoblasts remain to be clarified.
Compounds in foods such as fruits and vegetables possess
beneficial properties for human beings. Among them. flavonoids
reportedly show antioxidative, antiproliferative and proapoptotic
effects (Jankun et al., 1997; Harbourne and Williams, 2000). Catechins
are one of the major flavonoids, which are present in various species of
plants such as tea (Harbourne and Williams, 2000), In bone
metabolism, catechin has been reported to suppress bone resorption
(Delaisse et al,, 1986). As for osteoblasts, it has been shown that
catechin stimulates alkaline phosphatase activity, a mature osteoblast
phenotype and reduces bone-resorptive cytokine production in
osteoblast-like MC3T3-E1 cells (Choi and Hwang, 2003). However,
the exact role of catechin in osteoblasts has not yet been clarified.
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Fig- 1. The effect of ECCG on the TGF-fi-stimulated H5P27 induction in MCIT3-E1 cells.
The cultured cells were pretreated with 30 uM EGCG for 60 min, and then stimulated
with 10 ng/mi TGF- for 12 h. The extracts of cells were subjected 1o SDS-PAGE with a
subsequent Western blotting analysis with antibodies against HSP27, HSP70 or f+-actin.
The histogram shows quanritative representations of the levels of TGF-f-induced
H5P27 obtained from the laser densitometric analysis of three independent experi-
ments. Each value represents the mean+5SEM of triplicate determinations. Similar
results were obtained with rwo additional and different cell preparations. *p<0.05. in
comparison to the control. **p<0.05, in comparison to the value of TGF- alone.
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Fig. 2. The effect of EGCG on the TGF-ji-induced phasphorylation of ERK1/2 in MC3T3-
E1 cells. The cultured cells were pretreated with various doses of EGCG (0, 10, and
30 uM) for 60 min. and then stimulated by 10 ng/mi TGF-f* or vehicle for 120 min. The
extracts of cells were subjected to SDS-PAGE with a subsequent Western blotting
analysis with antibodies against phospho-specific ERK1/2 or ERK1/2. The histogram
shows quantitative representations of the levels of TGF-p-induced phosphorylation
obtained from the laser densitometric analysis of three independent experiments. Each
value represents the mean:5EM of triplicate determinations. Similar results were
obtained with two additional and different cell preparations.

In the present study, we investigated the effect of (-)-epigalloca-
techin gallate (EGCG), one of the major green tea flavonoids
(Harbourne and Williams, 2000], on the TGF-{}-stimulated induction
of H5P27 and the mechanism in osteoblast-like MC3T3-E1 cells. We
herein show that EGCG suppresses the TGF-f3-stimulated induction of
HSP27 via inhibirtion of the SAPK/INK pathway but not the p38 MAP
kinase pathway or the ERK1/2 pathway in these cells.

Materials and methods
Materials

TGF-f5 and HSP27 antibodies were obtained from R&D Systems, Inc.
(Minneapolis, MN). B-actin antibodies were purchased from Sigma
Chemical Co. (St. Louis, MO). EGCG (>99%) and SP600125 were
obtained from Calbiochem-Novabiochem (La Jolla, CA). The advanced
oxidation protein products (AOPP) assay kit was obtained from
Immunediagnostic Co., Bensheim, Germany, Phospho-specific ERK1/
2 antibodies, ERK1/2 antibodies, phospho-specific p38 MAP kinase
antibodies, p38 MAP kinase antibodies, phospho-specific SAPK/JNK
antibodies, SAPK/JNK antibodies, phospho-specific Smad2 antibodies.
Smad2 antibodies, phospho-specific MKK4 antibodies, MKK4 anti-
bodies, phospho-specific TAK1 antibodies and TAK1 antibodies were
purchased from Cell Signaling Technology, Inc. (Beverly, MA). An ECL
Western blotting detection system was obtained from Amersham
Japan (Tokyo, Japan). All other materials and chemicals were obtained
from commercial sources, SP60D125 was dissolved in dimethyl
sulfoxide. The maximum concentration of dimethyl sulfoxide was
0.1%, which did not affect the Western blot analysis.

Cell culture

Cloned osteoblast-like MC3T3-E1 cells derived from newborn
mouse calvaria (Sudo et al., 1983) were maintained as previously
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described (Kozawa et al., 1997). Briefly, the cells were cultured in a-
minimum essential medium (a-MEM) containing 10% fetal calf serum
(FCS) at 37 °C in a humidified atmosphere of 5% C0,/95% air. The cells
were seeded into 90-mm diameter dishes (25x10%/dish) 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. When indicated, the cells were pretreated with various doses of
EGCG (0. 10 and 30 pM).

Western blot analysis

The cultured cells were stimulated by 10 ngfml TGF-f5 or vehicle in
serum-free a-MEM for the indicated periods. The cells were washed
twice with phosphate-buffered saline and then lysed. homogenized,
sonicated, and immediately boiled in a lysis buffer containing
62.5 mM Tris/Cl, pH 6.8, 2% sodium dodecyl sulfate (SDS), 50 mM
dithiothreitol, and 10% glycerol, The sample was used for the analysis
by Western blotting. SDS-polyacrylamide gel electrophoresis (PAGE)
was performed by the method of Laemmli (1970) in 10% polyacryla-
mide gel. The Western blot analysis was performed as described
previously (Kato et al, 1996), using HSP27 antibodies, [i-actin
antibodies, phospho-specific ERK1/2 antibodies, ERK1/2 antibodies,
phospho-specific p38 MAP kinase antibodies, p38 MAP kinase
antibodies, phospho-specific SAPK/JNK antibodies, SAPK/JNK antibo-
dies, phospho-specific Smad2 antibodies, Smad2 antibodies, phospho-
specific MKK4 antibodies, MKK4 antibodies, phospho-specific TAK1
antibodies or TAK antibodies, with peroxidase-labeled antibodies
raised in goat against rabbit IgG being used as second antibodies. The
peroxidase activity on PVDF membranes was visualized on X-ray film
by means of the ECL Western blotting detection system and it was
quantitated using the NIH image software program. All of the Western
blot analyses were repeated at least three times in independent
experiments.

Phospho-plE e @GP —- WS -~ -

PH o o e —— —

EGCGuM) 0 0 10 10 30 30
TGF-(10 ng/ml) = + - . - .

EGCG (uM)
TGF- (10 ng/ml)

- + - + - +

Fig. 3. The effect of EGCG on the TGF--induced phosphorylation of p38 MAP kinase in
MC3T3-E1 cells. The cultured cells were pretreated with various doses of EGCG (0. 10,
and 30 uM) for 60 min, and then stimulated by 10 ng/ml TGF-{% or vehicle for 120 min.
The extracts of cells were subjected to SDS-PAGE with a subsequent Western blotting
analysis with anti against phospho-specific p38 MAP kinase or p38 MAP kinase.
The histogram shows guantitative representations of the levels of TGF-ji-induced
phosphorylation obtained from the laser densitometric analysis of three independent
experiments. Each value represents the mean £ SEM of triplicate determinations. Similar
results were obtained with two additional and different cell preparations.
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Fig. 4, The effect of SP600125 on the TGF-p-stimulated HSP27 induction in MCIT3-E1
cells. The cultured cells were pretreated with 20 pM SP600125 for 60 min, and then
stimulated with mwnﬂmmmnhmm::nm ts of cells were subjected 1o
SD5-PAGE with a sub lysis with antibodies against HSP27 or
feactin. The | shows n of the levels of TGF-{i-
IMLﬂdHSPZ?ubwmcfmmﬂthnr‘ i tric analysis of three ind d
experiments. Each value represents the mean £ SEM of triplicate ﬁrmmhmnnm Similar
results were obtained with two additional and different cell preparations. *p<0.05, in
comparison ta the control, **p<0.05, in comparison to the value of TGF-j alone.

AOPP assay

The cultured cells were pretreated with various doses of EGCG (0,
10 and 30 pM) for 60 min, and then stimulated by 10 ng/ml TGF-{ or
vehicle for 12 h. The cell lysates were prepared according to the
manufacture's instructions, and the AOPP contents of cell lysates were
measured using an AOPP assay kit.

Statistical analysis

The data were analyzed by ANOVA followed by the Bonferroni
method for multiple comparisons between pairs, and a p<0.05 was
considered significant. All data are presented as the mean+SEM of
triplicate determinations.

Results
Effect of EGCG on the TGF-{3-stimulated HSP27 induction in MC3T3-E1 cells

We examined the effect of EGCG on the TGF-{}-stimulated induction
of HSP27. EGCG significantly reduced the TGF-p-induced levels of
HSP27 (Fig. 1). EGCG (30 pM) caused about 60% reduction in the TGF-{3-
effect. We have previously shown that TGF-j does not affect the levels
of HSP70, a high-molecular-weight HSP, in osteoblast-like MC3T3-E1
cells (Hatakeyama et al., 2002). EGCG had little effect on the levels of
HSP70 (Fig. 1). We confirmed that the viability of the cells incubated at
37 °C for 24 h in the presence of 30 pM EGCG was more than 90% in
comparison to that of the control cells (Tokuda et al. in press).

Effect of TGF-{3 with or without EGCG on AOPP contents in MC3T3-E1 cells
It is well-known that flavonoids show an antioxidative effect

(Jankun et al,, 1997; Harbourne and Williams, 2000). To clarify whether
the antioxidative effect is involved in the suppression by EGCG of HSP27
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induction stimulated by TGF-f3, we investigated the effect of TGF-A on
the formation of AOPP with or without EGCG in osteoblast-like MC3T3-
E1 cells. TGF-j3, with or without EGCG had no effect on the AOPP
contents (not detectable under the experimental condition at all;
=0.044 mM Trox).

Effects of EGCG on the TGF-fi-stimulated phosphorylation of ERK1/2 and
p38 MAP kinase in MC3T3-E1 cells

In our previous study (Hatakeyama et al., 2002), we demonstrated
that the activation of ERK1/2 and p38 MAP kinase at least in part
mediate the TGF-B-stimulated induction of HSP27 in osteoblast-like
MC3T3-E1 cells. Therefore, we next examined the effect of EGCG on
the TGF-f3-stimulated phosphorylation of ERK1/2. However, EGCG did
not affect the TGF-{3-induced phosphorylation of ERK1/2 in MC3T3-E1
cells (Fig. 2).

In addition, EGCG failed to influence the TGF-[*-induced phosphor-
ylation of p38 MAP kinase (Fig. 3).

Effect of EGCG on the TGF-p-induced phosphorylation of SAPK/INK in
MC3T3-E1 cells

It is generally recognized that SAPK/JNK is one of the MAP kinase
superfamily (Kyriakis and Avruch, 2001). We have previously reported
that SAPK/INK plays a role in the TGF-p-stimulated synthesis of
vascular endothelial growth factor in osteoblast-like MC3T3-E1 cells
(Kanno et al., 2005). In order to investigate whether SAPK/INK is
involved in the EGCG-induced suppression of HSP27 induction in
MC3T3-E1 cells, we next examined the effect of SP600125, a highly
specific inhibitor of SAPK/INK (Bennett et al, 2001), on the TGF-3-
stimulated HSP27 induction. SP600125 markedly suppressed the
levels of TGF-p3-induced HSP27 (Fig. 4).
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Fig. 5. The effect of EGCG on the TGF-j-induced phosphorylation of SAPK/JNK in
MC3T3-E1 cells. The cultured cells were pretreated with various doses of EGCG (0. 10,
and 30 pM) for 60 min. and then stimulated by 10 ng/ml TGF-p or vehicle for 120 min.
The extracts of cells were subjected o SD5-PAGE with a subsequent Western blotting
analysis with antibodies against phospho-specific SAPK/INK or SAPK[JNK. The
histogram shows quantitative representations of the levels of TGF-j‘-induced
phosphorylation obtained from the laser densitometric analysis of three independent
experiments, Each value represents the mean = 5EM of triplicate determinations. Similar
results were obtained with two additional and different cell preparations, *p<0.05, in
comparison to the control. **p<0.05, in comparison to the value of TGF-{ alone,
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Fig. 6. The effect of EGCG on the TGF-j-induced phosphorylation of Smad2 in MC3T3-E1
cells. The cultured cells were pretreated with various doses of EGCG (1, 10, and 30 uM)
for 60 min, and then stimulated by 10 ng/mi TGF-i% or vehicle for 120 min. The extracts
of cells were subjected to SDS-PAGE with a subsequent Western blotting analysis with
antibodies against phospho-specific Smad2 or Smad2. The histogram shows quantita-
tive representations of the levels of TGF-ji-induced phosphorylation obtained from the
laser densitometric analysis of three independent experiments. Each value represents
the meantSEM of triplicate determinations. Similar results were obtained with two
additional and different cell preparations.

In order to clarify whether the SAPK/JNK pathway is involved in the
suppressive effect of EGCG on the HSP27 induction, we examined the
effect of EGCG on the TGF-f-induced phosphorylation of SAPK/JNK.
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Fig. 7. The effect of EGCG on the TGF-j-induced phosphorylation of MKK4 in MC3T3-E1
cells. The cultured cells were pretreated with various doses of EGCG (1, 10, and 30 uM)
for 60 min, and then stimulated by 10 ng/ml TGF-f or vehicle for 120 min. The extracts
of cells were subjected to SDS-PAGE with a subsequent Western blotting analysis with

bodies against phaspho-specific MKK4 or MKK4, The histogram shows quantitative
representations of the levels of TGF-*-induced phosphorylation obtained from the laser
densitometric analysis of three independent experiments. Each value represents the
mean+SEM of triplicate determinations. Similar results were obtained with two
additional and different cell preparations. *p<0.05. in comparison to the control.
**p<0.05, in comparison to the value of TGF- alone.




1016 K Hayashi et al. / Life Sciences 82 (2008) 1012-1017

phospho-TAK-1

- & =&
EGCG (uM) 0 10 30

TGF-f (10 ng/mi) + + +

TAK-1

12

1.0

Fold Increase
-]
L]

0.4

0.2

0.0
EGCG (um) ] 10
TGF-f (10 ng/ml) + + +

Fig. 8. The effect of EGCG on the TGF-{-induced phosphorylation of TAKI in MC3T3-E1
cells, The cultured cells were pretreated with various doses of ECCG (1, 10, and 30 pM) for
60 min, and then stimulated by 10 ng/ml TGF-4 for 120 min. The extracs of cells were
subjected to SDS-PAGE with a subsequent Western blotting analysis with antibodies
against phospho-specific TAK] or TAKL, The histogram shows quantitative representations
of the levels of TGF-j-i phosphorylation obtained from the laser densitometric
analysic of three independent experiments. Each value represents the mean£SEM of
triplicate determinations. Similar results were obtained with two additional and different
cell preparations. *p<0.05, in comparison to the value of TGF-3 alone.

EGCG significantly attenuated the TGF-p-induced phosphorylation of
SAPK/INK in a dose-dependent manner (Fig. 5). EGCG (30 pM) caused
about an 80% reduction in the TGF-i-effect.

Effect of EGCG on the TGF-p-induced phosphorylation of Smad2 in
MC3T3-El cells

It is well-known that TGF-3 employs Smad proteins such as Smad2
and Smad3 as the intracellular mediator of signaling (Miyazono et al,,
2000), We therefore additionally examined the effect of EGCG on the
TGF-s-induced acrivation of Smad2. However, EGCG had no effect on the
TGF-p-induced phosphorylation of Smad2 (Fig. 6). Therefore, it seems
unlikely that EGCG acts at a point upstream of Smad2 in these cells.

Effects of EGCG on the TGF-fi-induced phosphorylation of MKK4 and
TAKT in MC3T3-E1 cells

It is generally recognized that SAPK(INK is regulated by the
upstream kinases, MKK4 as MAP kinase kinase and TAK] as MAP
kinase kinase kinase in the signaling of TGF-f (Yamaguchi et al, 1995).
We thus further examined the effects of EGCG on the phosphorylation
of MKK4 and TAK1 induced by TGF-3 in osteoblast-like MC3T3-E1
cells. EGCG significantly reduced the phosphorylation of MKK4
induced by TGF-f (Fig. 7). TGF-j3-induced phosphorylation of TAK1
was also attenuated by EGCG (Fig. 8). It is likely that EGCG regulates
TGF-p-stimulated SAPK/JNK activation at a point upstream from TAK1L.

Discussion
In the present study, we first demonstrated that EGCG significantly

suppressed the TGF-f-stimulated induction of HSP27, a low-mole-
cular-weight HSP, in osteoblast-like MC3T3-E1 cells. We found that

TGF-{ with or without EGCG had no effect on the AOPP contents. It
therefore seems unlikely that oxidative damage is induced by TGF-{
under the experimental condition or that the antioxidative effect of
EGCG is involved in the reduction of TGF-p-stimulated HSP27
induction in osteoblasts. In addition, the level of HSP70 has also
been reported to be very high also in the control group without TGF-{3.
As a result, it seems that HSP70 plays a role as a house-keeping
molecule in osteoblast-like cells.

We next investigated the mechanism of EGCG underlying the
inhibitory effect on the TGF-f-stimulated HSP27 induction. It is well
recognized that the MAP kinase superfamily plays an important role in
a variety of cellular functions including proliferation, differentiation,
and cell death in various cells (Kyriakis and Avruch, 2001). Three
major MAP kinases such as ERK1/2, p38 MAP kinase and SAPK/JNK are
known to be central elements used by mammalian cells to transduce
the diverse messages. We have previously shown that ERK1/2 and p38
MAP kinase act as positive regulators in the TGF-p-stimulated
induction of HSP27 in osteoblast-like MC3T3-E1 cells (Hatakeyama
et al, 2002). In the present study, EGCG failed to affect the TGF-f3-
induced phosphorylation of ERK1/2. In addition, EGCG had little effect
on the TGF-f-induced phosphorylation of p38 MAP kinase. Taking our
findings into account, it seems unlikely that the EGCG-induced
suppression of TGF-B-stimulated induction of HSP27 is due to the
inhibition of ERK1/2 and p38 MAP kinase in osteoblast-like MC3T3-E1
cells.

SAPK/JNK is a member of the MAP kinase superfamily in addition
to ERK1/2 and p38 MAP kinase (Kyriakis and Avruch, 2001). Therefore,
we next investigated the correlation berween the EGCG-induced
inhibition of HSP27 levels and SAPK/INK in osteoblast-like MC3T3-E1
cells. We have already reported that TGF-{ stimulates the activation of
SAPK/JNK in these cells (Kanno et al., 2005). In the present study, we
showed that the TGF-p-stimulated levels of HSP27 were significantly
reduced by SP600125 (Bennett et al., 2001). Therefore, these results
suggest that SAPK/JNK is involved in the TGF-p-stimulated levels of
HSP27 in these cells. In addition, EGCG markedly suppressed the TGF-
f-induced phosphorylation of SAPK/JNK. Taking our findings into
account, it is most likely that the inhibition by EGCG in the TGF-f3-
stimulated induction of HSP27 is mediated through the suppression of
the SAPK/INK pathway in the osteoblast-like MC3T3-E1 cells. On the
other hand, we herein showed that EGCG hardly affected the TGF--
induced Smad2 phosphorylation, suggesting that EGCG does not act at
a point upstream of Smad2-mediated signaling in osteoblasts. We
furthermore found that EGCG significantly reduced the phosphoryla-
tion of both MKK4 and TAK1 induced by TGF-f3 in these cells. Based on
our findings, it is most likely that EGCG regulates TGF-f-stimulated
SAPK/JNK activation at a point upstream from TAK1.

Osteoporosis is one of the major problems regarding the health of
elderly persons in the advanced countries, It is recognized that tea
drinkers appear to have a low risk of osteoporosis (Siddiqui et al.,
2004). Catechin is one of the major flavonoids contained in various
species of plants including tea (Harbourne and Williams, 2000).
Regarding the bone metabolism, catechin has been reported to
suppress bone resorption (Delaisse et al., 1986). As for osteoblasts, it
has been shown that catechin stimulates alkaline phosphatase
activity, a mature osteoblast phenotype, and reduces bone-resorptive
cytokine production in osteoblast-like MC3T3-E1 cells (Choi and
Hwang, 2003). Taking our present findings into account, catechin
could therefore affect the osteoblast function through the modulation
of HSP27 induction stimulated by the local factors, such as TGF-p3
resulting in the modulation of bone metabolism toward the beneficial
for prevention of bone loss.

On the other hand, the pharmacokinetics of EGCG in human
volunteers taking a single dosage of 1600 mg/day showed a rapid
absorption, with a maximum plasma concentration value of 11.08 uM
(=3392 ng/ml): the time to reach maximum plasma concentration was
2.2 h, and the terminal elimination half-life ranged between 1.9 and
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4.6 h (Ullmann et al., 2003). Moreover, it has been reported that 10-
day repeated administration of oral doses of EGCG of up to 800 mg/
day is safe and well tolerated (Ullmann et al, 2004). We herein
showed that the inhibitory effect of EGCG on TGF-i3-stimulated HSP27
induction was significantly observed at 10 yM. It is thus probable that
the concentration of EGCG physiologically reaches that which
promotes the effect shown here. In addition, the plasma concentration
of EGCG required for cancer prevention or anti-inflammatory effects
has been shown to range from over 10 uM to 50 uM (Lambert and
Yang, 2003; Wheeler et al.. 2004; Aktas et al.. 2004). In regard to the
efficacy of EGCG, our present findings seem to be consistent with
these previous observations. Although the physiological significance
of HSP27 in osteoblasts has not yet been clarified, it is probable that
EGCG-induced suppression of the SAPK/JNK pathway plays a pivotal
effect on bone metabolism via reducing the levels of HSP27 in
osteoblasts. Our present findings are thus considered to provide new
insight into the pharmacological effects of catechin on bone
metabolism. Further investigations are needed to elucidate the precise
role of catechin in the bone metabolism.

Conclusion

Our present results strongly suggest that EGCG reduces the TGF-{i-
stimulated induction of HSP27 via the suppression of the SAPK/JNK
pathway in osteoblasts, and that this effect is exerted at a point
upstream from TAK1.
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Platelet aggregation and activation represent the first step in
thrombogenesis. Platelet aggregation plays a central role in the
development of thrombus formation. Thrombus formation is in-
duced by several agonists that provoke platelet granule secretion
and aggregation. Platelets are reactive to various stimuli and re-
Jease the materials stored in the three specific granules; dense
granules, a-granules and lysosomes. Three specific granule popula-
tions store different types of constituents, Dense granules contain
small non-protein molecules such as serotonin (5-HT) and adeno-
sine diphosphate (ADP)' [1]. a-Granules contain large adhesive and
healing proteins such as platelet-derived growth factor (PDGF) and
von Willebrand factor |1} However, the detailed mechanism of
platelet granule secretion is not precisely known.

One of the most important and potent agonists, ADP, activates
platelets through P2-receptors |2.3). The currently available anti-
platelet agents, such as aspirin, show clinical efficacy in the treat-
ment of arterial thrombotic disorders by inhibiting platelet
aggregation [4,5]. ADP is considered to be a weak agonist by itsell
in comparison, for example, with thrombin or collagen |6): how-

* Commesponding suther. Fax: <81 58 230 6215,
£.mail address: okozawagifu-uacip (0. Kozawa)
' used: ADP, diphosphate: POGF, plateict-derived growih
factor: MAPK. mitogen-activated protein iinase: HSPL heat-shack proteins. SAPK/INK .
phosphe-strets-activated protein Kinssejc-jun Noterminal kinasc: PRP, platelet-rich
plasma; PYDF. immnobilion-P membrane.

D003.9861/$ - ser front marer © 2008 Elsevier Inc. All rights reserved.
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ever, ADP is a necessary cofactor for the normal activation of plate-
lets by other agonists. Low concentrations of ADP potentiate or
amplify the effects of an agonist for platelet activation [7]. It was
recently reported that the activation of P2-receptors lead to both
platelet aggregation and shape change and that P2Y1 or P2Y12
receptor activation by ADP results in the activation of p38 mito-
gen-activated protein kinase (MAPK) or p44/p42 MAPK, respec-
tively, in human platelet [83].

Heat-shock proteins (HSPs) are expressed in both prokaryotic
kamkodummtothymdbml
mmurmmmnanmumm;uﬂmim
into high-molecular-weight HSPs and low-molecular-weight HSPs
based on their apparent molecular sizes. Low-molecular-weight
HSPs with molecular masses from mmsumasmhan:zsn?
and aB-crystallin have high homology in their amino acid se-
quences {11,12]. Though less is known about the functions of the
low-molecular-weight HSPs than those of the high-molecular-
weight HSPs, it is generally accepted that they may have chaperon-
Ing functions like the high-molecular-weight HSPs [11,12). HSP27
becomes rapidly phosphorylated in response (o various stresses,
¢ well as to exposure fo cytokines and mitogens [13.14]. It is rec-
ognized that HSP27 activity is regulated by post-translational
modifications such as phosphorylation [11.15}. Human HSP27 is
phosphorylated at three serine residues (Ser-15, Ser-78, and Ser-
82), whereas mouse HSP27 is phosphorylated at two secine

-433 -



H. Kato et al / Archives of Blochemisnry and Bisphysics 475 (2008) B0-86 0

A -4 8
Prospho-Hara? (sentl) 0T T TT T T=*  pposphenspar (sentf) e b d
n— HIPZ7 D D TN
il e . — Lane 1 2 3 4
- - + -
Lans 1 F 3 4 desterrioxaming
ADP (uan e o 1 3 ADP - + - +
r Phospho-HSPZT (BarT8) =y =
' HSPTT mmp =D ammp =
Lane 1 2 " : = s .
— desforrioxamine - - + +
Phospho-HEPTT (er i) M S— —— ——— — ADP - & ) e
T e e
QAPDH o — Phosphs-HSPIT (Ser-83) L3 =
Lane 1 2 3 4 HIPZT D T S -
e Lane 1 : 3 a4
desterrioxamine - - * .
1 ADP - + - +
Lane T 3 4
& —
PRospho-HEFIT (Berpy) W= e
PO s —
AAPOH e R - -a—
Lane 1 2 3 a
ADP (i 1 ]
I:
Lans 1 2 3 4
PAAPAT BAFK = —
Lane 1 2 a [l
ADP (uM) ] [*] 1 ]
L]
{ Y
) IS
Lane T 2 3 4
g —— — — —
Phospheois MAPK O —
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residues (Ser-15 and Ser-82) [11). Under unstimulated conditions,
HSP27 exists in a high-molecular-weight aggregated form. It s rap-
idly :ltupdamlna result of phosphorylation [16,17]. The phos-
phorylation-induced dissociation from the aggregated form
correlates with the loss of molecular chaperone activity [16,17).
ADP has been reported to induce HSP27 phosphorylation in human
platelets [ 18]. In addition, it has been shown that HSP27 phosphor-
ylation Is catalyzed by the MAPK superfamily such as p38 MAPK,
ted protein kinasefc-Jun N-terminal kinase
[WNK)MM}MZMAFK[H 19,20]. However, the exact role
HSP27 phosphorylation in human platelets has not yet been

di.rlnld.

The present study investigated the mechanisms and the roles of
ADP-induced HSP27 phosphorylation on human platelets. These
results showed, for the first time, that the phosphorylation levels
of HSP27 were correlated with platelet granule secretion but not

with platelet aggregation.
Materials snd methods

Reaqgenty

ADP was porchased from from Sigra-Aldrich Co. (St. Louls, MO, USA). Desferriax-
amine, PDSB0SS and 58203580 were purchased from tram Calbkochem-Novabiochem

Preporutien of platelets

ummmmumw{munnhmnmﬂ-
m}mmﬂwm-ubhmmmln-
9:00 AM after 15 min of rest. Riood was drawn with the minimal use of 3 tournl-
mmﬂm(u-k)mudn-mmmm
tmummummmwnwm
uimhlld-ummmwﬂmmmm
m“umumh!mmwm:u:
formed consent
uwnsum.tmnmmnammu
Medicine.

Measwrement of plaselet agpregoion induced by ADP

Plateles aggregation using citrated PRP was followed In an aggregometer (PA
mwmumum.mmmﬂ-chsmm.mw
of 800 rpm. The platelets were preincubated for | min, and then platelet agprega-
tion was monitared for 4 min after the addition of varicus doses of ADP (0.3~
:w;mmdlwdmmpuﬂmwnWMu
unmdtummwﬂmtuuh}wamuwu 100%

after ADP ot

The cells were p d with or without 2 mM of desl ine for 15 min
mmmmmmunmh¢mmkrw
10N was then terminated by the addition of an ice—cold EDTA (10 mM) solution. The
mixture was centrifuged at 10,000g at 4 °C for 2 min. To measure POCF-AB and 5-
H'lunluuhduhw the supernatant was isolated and stored at -20°C for

ELSA. For biot lysis, the pellet was washed rwice with
mmmm:mwmwwmmm
mmmmwunmmmuﬁsmumun»
othreitol, and 10% glycerol as previously described (21

Protein p

Trratmend with MAPK inhidliors on ADP-induced plateirt aggregarion
Ekther PD38055. a MEK1/2 inhibitor, or SB203580, 3 p)8 MAPK |nhibitor. were

added to PRP and Incubated at 37 °C for 5 min. then ADP-induced plarclet aggrega-
tion (3 pM) was measured as described in above section.

Wiestern biot analysis

A hhl_‘,\ul,‘ d previ

by (21} Simply,

F [Pal:!] was puﬁmlui tht method of
u-nmnln. 12% or 10% polyscrylamide gel Proteins were fractionsted and
translerred onto Immnobilion- P membrane (PVDF). Membranes were blocked with
SX fat-free dey milk In Tris-buffered taline with 0.1% Tween 20 (TBS-T, 20 mM Tris,
pH 2.6, 137 mM NaCl, 0.1% Tween) for 2 h before incubation with the indicated pri-
mary antibody. The antibodies used in theie studies were anti-HSP27, anti-phospho

y and B 475 (2008) 80-86

W(mulm“smmmtwmwm
lc.tn-l::;d-mmtsﬂ-num
Mevting. mmmmmmmm..m
MAPK antibody (Cell Signaling. Inc. Beverly, MAL respecti

anti-mouse 14G (Santa Cruz Biotechnology, inc., Califomia, USA) of anti-rabbit igG
Mmmmm:muunmmm
first and second antibodies were dilured for opel
with 5% [at-free dry milk in TRS.T. mmuwm“
rcrhdmlmﬂnymdnmmmtmﬁ-m

The

UK)as
nic analysls was perfe d using h (Bic-Rad Laboraro-
ries, Herrules, CAL
Immunoprecigitenon
Immunoprecipitation of the extracts of cells rried out In 1.5 mil mi

trifuge tubes using agarose conjugated and-actin antibody (Samta Cruz) The anti-
actin antibody (20 ug IgC) were added to | ml TNE buffer (10 mM Tris-HC pH

A
Phospho-pdd/pd2 MAPK «ils ames @

papiz MAPK S e Gu Sed
[ ]
50

Lane 1 2 3
PD98059 (pM) O 10 30
ADP + + +
100
i I—'—
Lane 1 2 3 4

nxmdmm.nusmmmwmmm
and p38 MAPK in human platelets, Various dose of (A) PD98059, a specific inhibitor
of MEK1/2 or (B) SB200580, a sperific inhibitor of p38 MAPK. were added to PRP and
incubated ar 37 °C for 5 min without stirring. PRP was followed in an aggregomerer
&t 37 *C for 5 min with a stirring speed of BOO rpm; PRP was preincubated for | min
m:mlmmwumhdmmmm
of 3 uM of ADP. Aggrey) by the addition of an ice-cold EDTA
{lOM]MﬁmduﬁmMMuSﬂ-mm
against ph

ho-specific p44/p42 MAPK, p44/p42 MAPY. phospho-sp-
Mﬂmuyﬂ%m”m:kﬂmmdt&
amount of the indicated protein shown in the upper figures. Representative results
from at least three independent experiments are shown.
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7.8, 1% Nonidet P-40, 0.15 M NaCl. | mM EDTA)-solubilized plateler, and the mix-
rure wat incubated at room for aver-night at 4 °C. Alter incubation,
the antigen-antibody compl rif and used for Wes-
tem blot analysis.

weere by

Measurrmens of plasma POCF-AB and 5-HT levels
The plasma PDCF-AB and 5-HT levels in samples were determined using PDGF-
S in ELISA

AB and from RAD (Minneapolis, MN) and
1BL-Hamburg (Hamburg, G Wk BT
Searistical analysts

The data were anayzed by Mann-Whimey's U-test, and 4 p < 0.05 was consid-
ered significant. All data are presented as means £ SEM.

Results
Effect of ADP on the phosphorylation of HSP27 or MAPKs in human
platelets

We first examined the dose dependent effect of ADP on HSP27
phosphorylation in human platelets by a Westem blot analysis. As
shown in Fig. 1A, ADP induced HSP27 p (Ser-15,
&wﬂmdh-ﬂ]uadmﬂlpﬁhhmunﬂﬂ:kuhm
rate the effect of ADP (as an endogenous inducer of platelets acti-
vation) from the effect of ADP as a cause of oxidative stress, we
next examined the effect of desferrioxamine, which chelates iron
and Cu atoms, on the ADP-induced phosphorylation of HSP27
and found that there are no significant differences between with
or without desferrioxamine in the phosphorylation (Fig. 18). We
also confirmed the similar results by the ELISA on the level of
PDGF-AB and 5-HT (data not shown), indicating that there are no
significant effect of ADP as a cause of oxidative stress.

Since it has been reported that HSP27 phosphorylation is cata-
lyzed by the MAPK superfamily (p38 MAPK, SAPK/JNK. and p44/
P42 MAPK) [11,1920], we next examined the effect of ADP on
the activation of these MAPKs in human platelets. In results, ADP
induced the phosphorylation of p44/p42 MAPK and p38 MAPK at

8

a dose of 3 uM. But, ADP failed to induce the phosphorylation of
SAPK[JNK in human platelets (Fig. 1C).

Effects of MAPK inhibitors on the ADP-induced platelet aggregation
and phosphorylation of HSP27

To elucidate the roles of p44/p42 MAPK or p38 MAPK in ADP-in-
duced platelet aggregation, we tested the eflects of PD9805S, a
specific inhibitor of MEK1/2 [23), or SB203580, a specific inhibitor
of p38 MAPK [24] on ADP-induced platelet aggregation. We first
treated cells with PD98059 and SB203580 at several concentra-
tions and confirmed that 50 uM of PDS8059 and 20puM of
SB203580 clearly suppressed ADP-induced phosphorylation of
P44/p42 MAPK and p38 MAPK, respectively (Fig. 2A and B, respec-
tively). However, PD98059 had little effect on the ADP-induced
platelet aggregation (Fig. 3A), even though the cells were treated
with 50 uM of PDS8059. Similarly, even 20 pM of SB203580 did
not affect the platelet aggregation (Fig. 38). Based on these results,
it seems unlikely that p44/p42 MAPK or p38 MAPK is involved in
the ADP-induced platelet aggregation.

We next examined the effects of PDS8059 or SB203580 on ADP-
Induced phosphorylation of HSP27 in human platelets. PD98059
suppressed ADP-induced phosphorylation levels of HSP27 (Ser-
15, Ser-78 and Ser-82) at doses over 10 uM (Fig. 4A). In addition,
SB203580 also artenuated ADP-induced phosphorylation levels of
HSP27 (Ser-15, Ser-78 and Ser-82) at doses over 5 uM (Fig. 4B).
These results clearly suggest that both of p44/p42 MAPK and p38
MAPK pathway are involved in ADP-induced phosphorylation of
HSP27.

Effects of MAPK inhibitors on the ADP-induced platelet granule
secretion

ADP has been recognized to provoke granule secretion as well
as aggregation in human platelets [25). It has also been recognized
that platelets contain various kinds of proteins, including PDGF-AB
and 5-HT, in a-granules and dense granules, respectively, and thus

A 120
! ,f f _/,-' =,
- 50 50 50 5
Time {min) Time bmin) Tieno {wnin) The (enin)
PD980SH (UMW) O 10 30 50
ADP + + -+ +
B 120
":o 50 50 50 5
Tims (roin) Time {min) Tiens (min) Tima (min)
§8203580 (uM) 0 ] 10 20
ADP + + “+ +

vmmdmm.mlumdmmmnmmawu

plareler
mmdemMmmmmuﬂThSﬂwmnml'll'nuldbudlnn
I aggregometer at 37 *C for S min with a stirring speed of
:.?:p._l'lr‘m_!wwnMrdhl min with stirring, then mmwunumwh4mmsumu1mdm.mmmmm:m

o ‘umw-uummpmmmmunm-mmumm
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serete these proteng upon activation [1). To evaluate whether
bbbt MAPK or p38 MAPK play a part in granule secietion, we
nest examined the etfect of PDOISO59 or SB203580 on the ADP-in-
tieed PDGE-AB or 5-1T seorctiom from human plaelets. Both
PDIEO59 and SB203580 sipmilicantly inhibited the ADP-induced
PDGE-AB and 5-HT secretion (Fig. 5A-D). Thus, PRYBOS9 (50 M)
cansed about 95% reduction both in the ADP-induced PDGF-AB
Al 5-HT secretion compared 1o those of ADP alone. Sinilarly,
SHAES80 (20 pM ) caused about 80°. reduction m the ADP-mluced
POGEAB and 5-HT secretion, respectively, as comparedl to those of
A dlone, These results suggest that both pa< p-2 MAIK and pi3s
MAPK play an important role i ADP-mduced granule secretion in
hunnan platelets. In adcition, it is probable that the minbiory ef-
tects of ADP-induced HSP27 phosphorylation by PDUSD5Y or
SH2O3580 were correlatesd wath the decrease of ADIP induved gran-
whe secretion in human platelers (Figs. 4 amd 5.

iscussion

I the present stwdy. v lowused on the mechanismes and the
pdes of HSP27 phosphorvlanon in human platelets, Our results
shanwed for the first time that decreased phosphiosylaton levels
OF TISIZT by the inhibition of 1p4d/p32 MAPK o IS MAI'K were
wonielated with the suppression of plateler granule secretion but
not with platelet aggreaation. Furthermore, the mbilton of either
e =11 p42 MAPK or pis MAPK pathways has no effect on ADP-

induced platelen aggregation, winch thus comcides with proviogs
findings by MeNicol and Jackson [26]. It has been recogmzed that
HSPA7 anteracts with and regulates the actn eytoskeleton |27
30] whi b is necessary for actin-based vesicle transport. Foither -
more, phosphorylated HSP27 has been reported o be assocated
with the activation-dependent cytoskeleton in buman plitelets
[18]. Conformational changes of HSP27 by phosphorylation are
likely to promote an increased ineraction between HSP27 and ac-
tin, or between HSP27 and other actin-associated  proteins,
Although wie examined the ellect of ADP on the interaction of
the phosphorviated HSP27 and actin, and found that there are nn
sugficant ditferences on then binding (data not <hown it s of
iterest o further examine the etfect of phosphorylared HSPET
on regulation of dnin cytoskeleton,

Although enucleated, platelets are highly arganized cells nch in
ditferent types of organelles. [t s well known that platelets are
reactive 1o varlous stimuli and release the materials stored in the
three specilic granules; dense granules, s-granules and lvsosomes
[ 11 Datferent types of constituents are stored in three specihic 2uan-
ule populations. A Kinetic analysis of the release of the reaction -
veals that the first granubes that secrete their constituenits are
dense gramules, followed by »-sranules and lysosomes [$1,52]
Moreover, the first two granule populations can release almost
N of then store, whereas lysosome secretion 15 always incom-
plete even with high concentrations of agonists. However, the dit-
ferential mechanism of granule secretion among thewe thive
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