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Results

We analyzed the frequency of the c.7153G>A (G2385R)
substitution in 448 patients and 457 controls. Genotypes of
the controls and patients were concordant with Hardy-
Weinberg equilibrium. The frequency of A allele in the
patients was significantly higher than in the controls
(P=1.24 x 107*, odds ratio 2.63, 95% CI 1.56-4.35, Table 2).
We also detected homozygous substitution for the G2385R
variant in two patients; however, we detected only the
heterozygous substitution in the controls. Concerning the
age at onset, the G2385R carriers were somewhat older than
the noncarriers in total patients and in those <50 years of
age. In contrast, the age at onset was not significantly
different between carriers and noncarriers aged >50 years
(Table 3). The disease duration was not significantly
different between carriers and noncarriers (data not
shown).

Discussion

In this study, we observed the LRRK2 G2385R variant in
11.6% (52/448) of sporadic PD patients. So far, many
putative pathogenic mutations have been reported includ-
ing the G2385R. We detected G2385R in both patients and
controls (22/457: 4.8%, Table 2); thus, this variant is not a
pathogenic mutation, but a single nucleotide polymorph-
ism. These results were similar to the allele frequencies in
the Chinese [10,11]. It is estimated that mutations of LRRK2
are the most frequent among the causative genes for
autosomal dominant familial PD so far. Indeed, only one
mutation (G2019S) accounted for ~6.6% of familial PD and
~1.6% of sporadic PD in Caucasians [14-16). Interestingly,
the frequency of the G20195 mutation is ~40% in the
familial PD of North African Arabs [17] and ~30% in the
familial PD of Ashkenazi Jews [18], whereas the G20195
mutation is a much less common mutation in Asians [19,20].

Table | Age characteristics of individuals

It is likely that some differences of genetic background exist
among Caucasians, North African Arabs, Ashkenazi Jews,
and Asians. Although G2385R has been detected only in
Asian population, some risk variations in PD such as
a-synuclein would be found in not only Asians but also all
ethnic groups [21-24].

Among patients with age at onset <50 years, the G2385R
carriers were somewhat older than noncarriers. This might
indicate that G2385R has no influence on early-onset PD,
and that PD of patients with early-onset might be influenced
by other genetic and/or environmental factors. In addi-
tion, there were no differences in any clinical features
including age at onset among carriers with homozygous or
heterozygous G2385R  substitution and noncarriers.
Although the G2385R might increase the risk of develop-
ment of PD, it does not seem to have a clear effect on
modifying the symptoms or worsening the progression of
the disease.

The amino-acid G2385 is located in the WD domain
of LRRK?2. This domain is known to bind various proteins
[9]. The WD domain of LRRK2 appears to play an im-
portant role in neuronal cells. Indeed, oxidative-stress-
induced cell death was more enhanced by the overexpres-
sion of G2385R variant than wild-type LRRK2 using cul-
ture cells [11]. More studies are needed to understand the
functional significance of the substituiion of glycine to
arginine.

Conclusion

In this study, we identified that the G2385R variant in
LRRK? is a risk for PD in Japanese population. To combine
with the result of Chinese population [10,11], this variant
increases the risk of PD in Asian population. So far, multiple
genomic loci have been identified as susceptibility loci for
PD [25], suggesting that many genes have a synergistic
influence on the development of PD.

Table3 Comparison of age at onset of PD patients

Patients Controls
Total sample, n (%) 448 (100) 457 (100)
Male, n (%) 207 (48.4) 240 (52.5)
Ferale, n (%) 231 (51.6) 217 (47.5)
Age at onset (years)® 50.7 & 14.6 (5-89) —
Male® 491 1 14.8 (5-89) -
Female® 52.2+ 14.2 (7-82) -
Age at sampling (years)® 594+ 138(15-93) 438+ 16,0 (21-98)
Male® 578+ 14.7 (15-93) 438+ 14.5(23-92)
Female® 609+ 12.7 (22-88) 439+ 175 (21-98)

?Data are mean + SD (range).

Table2 Association analysis of LRRK2 G2385R variant

Age at onset Carriers {n) Noncarriers (1) P-value
(years)

<50 42.5+58(17) 371 +94 (180) 0.003

>50 599+ 70 (33) 61.6178 (209) 0.24

Total 540+ 106 (50) 50.3+ 149 (389) 003

Data are mean +SD.

Patients without information about age at onset (two of carriers and seven
of noncarriers) were excluded from this analysis.

PD, Parkinson disease.

Genotype, n (%) Allele, n (%)
G/G G/A AJA G A $? P-value?
Patients 396 (88.4) 50(11.2) 2(04) 842 (94.0) 54 (6.0) 14.74 .24 x 1074
g:ri:ce,!)s 435 (95.2) 22 (4.8) 0(0) 892 (976) C22(24)
(=457)

LRRK2, Leucine-Rich Repeat kinase 2.
*Compared with the control.
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SUMMARY

Two-dimensional differential in-gel electrophoresis technology (2D DIGE) technique is
highly useful for differential analysis of protein spots in two-dimensional differential gels.
Utilizing this technique, we attempted to search for diabetes-related drug targets and biom-
arkers. In human hepatoma cell line, HepG2, we analyzed secretome in the presence or
absence of a Liver X receptor agonist, TO-901317, and identified one of the up-regulated
proteins in response to LXR activation as apolipoprotein E. We also evaluated nuclear pro-
teome of cultured cells overexpressing insulin receptor substrate proteins, in which insu-
lin-stimulated cell cycle progression is differentially regulated, and the gel pattern indicated
that insulin-induced phosphorylation of a nuclear protein may be impaired in cells overex-
pressing cell cycle-suppressive insulin receptor substrate-3. In addition, to search for
urinary markers of diabetic nephropathy using 2D DIGE, we analyzed urine samples in
which most abundant proteins were removed by immunoaffinity depletion. These findings
indicate that the 2D DIGE-based approach is useful for the discovery of disease-specific
drug targets and diagnostic biomarkers.

Key words: secreted protein, diabetes, insulin signal, subcellular proteome, urinary pro-

teome.
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DIBELL “Secretome” LFR3 h, T o FFr— A%
computaﬁonal analysis T L B 7 FARTFNFRZED
B LR 2R BROSW R v X 7 B LM
s TETWAD. Qs v A27BDT 07 +— afficit
CHRTELRRBERSRT I o V57 4 —HER 2 v
FLAEBSWELREDECAVWLRT V5. £ERMIZTH
RT3 EHABOZME v 7 BED 7 u5+— s
W{OohDI -7 DHBEIh, BENLEELRE
TRAY A VORBRIVEGTI25WE Y 7 HED
LCMS/MSExXBW T4 77 v v v v VR LHME I H
TW5Y . YREB TR L WA TEE AL £
B ThsFda» b BEhs 2 v s BEDT 0T
F— 2B ET> T b, FRZIT VT ¢ vARBERRE
Pl EOFFRROBEYHFLIF@RO =71 L LTAM
INT5 e b BFEBE HepG2 Mg % AV 7. HepG2 M
RrLHWINBE VA IBEDT o F T -4y X
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BREELL v 7 BREITERELTSLVWT. bhb
i3, 2DLC-MS/MS #42 & b HepG2 MBS HRWK T E ¥
ho 2 v BORBEN BN RIT - %, FHEE LTii—
B9 7 Secretome VT CiThbh b5 X 51K, 2 v AT v b
1RAEED HepG2 Mfa % phosphate-buffer saline (PBS) 1= X »
BE D%, fetal bovine serum (FBS) 7"& DS T
24 BRI R ATV, B a AR L. X HBRAA81E &
DB REB LR B ER L. Py TV
bz v Ry BEBHI—RITERC A v X (SCX) 7
=t 7% 7 ¢ —Microtrap SCX, 1x8 mm 12 um, Michrom
BioResources), —RTCHIHHE RP) 7 a9~ 757 ¢ —
(MagicC18, 0.2x50 mm 5 pm, Michrom BioResources) % 3
3w /f- =%t HPLC (Magic 2002, Michrom BioResouces)
TfFotc. AA VKB IO S57  —3¥B7 2=
v AL B BRERY IR AL AR (0, 25, 50, 75, 100, 150, 250,
500mM) X B5EYITV, ThThoBHESD ¥ 0.1%
FEHBHEPLEL T = b VAR EEOTERE SR YA
Wi e b /57 4 — BTk, BESHHKIIT
V7 rr A7 v—4%viE (AMR Inc) %ML /- LCQ-
DECA XP Plus (Thermo Electron) ¥ {ER L, 1§57z MS/
MS 55 Bioworks™ v 7 by = 7T 2 v A7 BRIEY
fIofe. #HEWIL, NCBIF— &2 X—AX W89 #8
ELTRIBDs v A7 BENEELIH, Dby 77
L DEFEY Web K TABEIN T3 SignallP i THRFES
ot h, RAEBENLZ VAIBEOHERILI 70
RTF FRELRNE v A I BTH 1. — B 7 F
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THILENHLRS, LALENLNFER 77
FFELLRCTHWIND 2y X7 BV EKFETHZ

EDSEDORWBARISIIhIc S LE L LS. Volmer
B % Secretome (X HAYLERE LIEEMORER LD
B AR EA L UEBERCSWIND 2 v "7 BXiET
&, REREHEEY LT3 AP 5 b HepG2 Mfas
SEFEOFWE v A7 BUNCLE  DFEENI BRI I,
FEHAPERP N LWz v "7 BOFELTREI A
7o, BOf, BNEE#&TH5B LXR (liver X receptor) DiE
b X > THAR» S WHEEI L, £BEGEYE >
Wx Ry BOFEENEEINRTV AW, LXR 28R
PRI, 2 v AT o—AfEEHEIE L, SIE0OECH
RBEALIE s L OBBRRBEET A LEX DR TW5. LXR
DO BT 2IEERBMORES FHE L LT, &L
THRBRCEWTHB TS5 LXRa 71 ¥ 7 + — 40, RXR
(retinoid X receptor) ¢ ~F v £ 1 v —%HHEL T, BENK
OB REF OBERAM LTS 2 LXMLA T
5. LR LXR K X - THWFH S 115 Angiopoietin like-
3AMh Y YY) FRIVRTF oA R EHTAZ L
Bibbh, FEEOFHE v 7 BE A L RERBRE
BELEOHER-TERY. bhbIIZLXR 7 IT=R b
% HepG2 MMIOBEHRKHML, BE LEFOX V7§
EOWTF 177 v vy ABNRfT-%4 (Fig 1. %8
ELTLXR 7 F= 2+ (T0-901317) 2 BAEE 1pM KK
7t % X 51z HepG2 DR i L, 24 BB L 72
BELEYRALSE  BELTABE L. ThThoR
¥la Bic b CyDye (Cy3 ¥7:43Cy5) T F <L, T
TORKYEELL DX Cy2 TV LNEELLT,
KEEHR D2 v A7 BT o7 v 4 v DERY 2D DIGE i
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BiwHo v F v IR, 2VRIBEAES Y RYHOHL
7z. In-Gel Digestion i L 28R BEIL ORI, Bbhi~
7'F N LC-MS/MS B THT L. Fig 2 K ZRTER
PR % 7R3, DeCyder 12 X % #EHARHT D&ER, TO-901317
IBHBIC X > T, REIT/RLILA A » b VR IIEM
FHL TV F— 2 X—ARBEORBE, ZDLTDR#H»
+ 7 apolipoprotein E (apoE) & L THEEE hiz. T Hih
apoE Hifk% A\ 7z 2-D Western blotting % 17 - 7z (Fig. 3).
PIEMT#EO LE s v Ry BY R TEX KB, PVDFEK
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Fig. 2. 2D-DIGE analysis of secreted proteins in response to the
LXR agonist T0901317 from HepG2 cells.

(A) Secreted proteins were labeled with Cy3 or Cy5, mixed,
electrophoretically separated in the first dimension on pH 4-
7 IPG strips and in the second dimension on a 10% polyacry-
lamide gel. Merge images of non-treated protein samples
(red) and T0901317-treated protein samples (green). (B)
Detailed 2-DE patterns of differentially expressed proteins
in non-treated and T0901317-treated HepG2 cells.
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Flow chart of 2D DIGE-based proteomic analysis of secreted proteins in HepG2 cells.
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Fig.3. Detection of T0901317-induced increase in apoE
secretion by 2-D Western blotting.

Secreted proteins in response to T0901317 treatment were
separated by 2-DE, transferred to a membrane, and reacted
with Cy5 mono-reactive dye (Cy5 image, blue) followed by
probing with anti-apoE antibodies (ECL Plus image, red).

Cy5/ ECL plus image
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Fig. 4. Biochemical analysis of CHO-
IR cells overexpressing IRS-1

or IRS-3.

(A) Effects of insulin on cell
cycle progression in CHO-IR
cells overexpressing IRS pro-
teins. (B) Effects of IRS protein
overexpression on phosphoryla-
tion of PKB and MAPK, and on
expression of cyclin-D1 and c-
myc. (C) Nuclear localization of
overexpressed IRS proteins in
CHO-IR cell lines. (D) A model
for molecular mechanism of
insulin-induced cell cycle pro-
gression impaired by IRS-3
overexpression.
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FOEENEEINANINTITOL Z A>Tt
L. 2 hibhbhilEZEReE (Fig.4C) 12T IRS-3 24
~FERHERETAZEXHELIICL, BRCETS 2~
N7 BLroBEFERARY L > TIRS3HEMN 771
BRIERINLTEEETFELTE (Fig.4D). 20O
raicBagr v A BERFETHILDIL, 1 ¥RV VYERT
Fl#A L7 IRS3IERBMIKED 7 o7+ — BT 2T~ 7:
LaLiedibex v 7 B%#H L L1 2D DIGE #iix
Fotelz s, IRS3DIEHZEAGREDS X > TEALER
B2 LNTERLr-7. B, MARA)BEYTE -
B 7e74—sBI2T5, Wh¥ha7+—HAFT
o747 ADFEDY, LHHBRE 7 EPRELE
Rtz v A7 BOREXBEMLLTHEAIATE T
3. ¥, B L7 X 52 IRS-3 BT R\ T DEEELHE
BB &b, IRS3 BARMEOEMEEZ T 2D
DIGE %75 = kiz L. BHTRER LY, IRS-3 BAHME
CERGEEHYRELL ALy FAHE{RON, £OF
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Fig. 5. 2D DIGE analysis of CHO-IR cells overexpressing IRS-1
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Merge images of non-treated cells (green) and insulin-
treated cells (red). The 3-D views corresponding to spot A
and B on 2-DE images.
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Fig. 6. 2-DE of urinary proteins after depletion of high-abundant proteins using different depletion

columns,

(A) Urinary proteins were labeled with CyDye, and separated in the first dimension on pH 4-7 and
6-9 IPG strips and in the second dimension on a 10% polyacrylamide gel. (i) Crude samples; (ii)
Albumin and IgG Removal Kit (GE Healthcare); (iii) MARS Cartridge (Agilent technologies). (B)
Enlarged views of region A and B in 2-DE images.
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Abstract

In our previous study, we showed that prostaglandin F,, (PGF,,)
stimulates vascular endothelial growth factor (VEGF) synthesis
via activation of p44/p42 mitogen-activated protein (MAP) ki-
nase via protein kinase C (PKC) in osteoblast-like MC3T3-E1
cells. In addition, we demonstrated that incadronate amplified,
and tiludronate suppressed PGF,,-induced VEGF synthesis
among bisphosphonates, while alendronate or etidronate had
no effect. In the present study, we investigated the effects of min-
odronate, a newly developed bisphosphonate, on PGF,,-induced
VEGF synthesis in MC3T3-E1 cells. Minodronate significantly re-
duced VEGF synthesis induced by PGF,, dose-dependently at
levels between 3 and 100 pM. PGF,-stimulated phosphorylation

of Raf-1, MEK1/2 and p44/p42 MAP kinase were suppressed by
minodronate. 12-0-tetradecanoylphorbol-13-acetate (TPA), a di-
rect activator VEGF synthesis induced by PKC, was inhibited by
minodronate. Minodronate inhibited Raf-1, MEK1/2 and p44/
p42 MAP kinase phosphorylation induced by TPA. Mevalonate
failed to affect the suppressive effect of minodronate on PGF,,-
induced VEGF synthesis. Taken together, these results indicate
that minodronate suppresses PGF,,-stimulated VEGF synthesis
at the point between PKC and Raf-1 in osteoblasts.

Key Words
Bisphosphonate - prostaglandin F,, - vascular endothelial growth
factor - osteoblast

Introduction

Osteoblasts and osteoclasts are main functional cells that regu-
late bone metabolism. The former is responsible for bone forma-
tion, and the latter for bone resorption [1]. Bone-remodeling re-
sults from this finely coordinated process of bone resorption by
activated osteoclasts coupled with subsequent deposition of
new matrix by osteoblasts. Several bone-resorptive agents such
as parathyroid hormone and 1,25-(OH), vitamin D; upregulate
RANKL (receptor activator of nuclear factor kB ligand) expression

by binding specific receptors on osteoblasts, suggesting that os-
teoblasts also play crucial roles in the regulation of bone resorp-
tion [2]. During these processes, capillary endothelial cells along
with microvasculature with osteoblasts and osteoprogenitor
cells, which locally proliferate and differentiate into osteoblasts,
migrate into the resorption lacuna. Therefore, osteoblasts, osteo-
clasts and capillary endothelial cells cooperatively regulate bone
metabolism in a closely coordinated fashion via humoral factors
as well as by direct cell-to-cell contact [3].
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Bisphosphonate, a stable analogue of pyrophosphate, is generally
known as an inhibitor of bone resorption [4]. Bisphosphonates
are widely used as a potent agent for the treatment of various
metabolic bone diseases associated with increased osteoclastic
bone resorption such as Paget’s disease, tumoral bone disease,
and osteoporosis [4]. Osteoclast recruitment, osteoclastic adhe-
sion to bone surface and osteoclast activity inhibition is known
to be the main mechanisms by which bisphosphonates inhibit
bone resorptive actions [4]. In addition to osteoclasts, the inhibi-
tory action of bisphosphonates on osteoclasts is reportedly part-
ly mediated through its actions on osteoblasts [5,6]. In osteo-
blastic cell line CRP 10/30, both ibandronate and alendronate in-
duce the synthesis of an osteoclastic bone resorption inhibitor
[7]). In a previous study [8], we reported that tiludronate inhibits
interleukin (IL)-6 synthesis in osteoblast-like MC3T3-E1 cells.
Etidronate, alendronate, pamidronate and olpadronate prevent
apoptosis of murine primary cultured osteoblasts via activation
of p44/p42 mitogen-activated protein (MAP) kinase [9]. In cul-
tured human fetal osteoblasts, pamidronate and zoledronate en-
hance differentiation and bone-forming activities [ 10]. Pamidro-
nate and zoledronate al<o reportedly increase mRNA expression
for osteoprotegerin in primary human osteoblasts [11]. In UMR-
106-01 osteosarcoma cells, pamidronate and clodronate de-
crease receptor activator of nuclear factor kB ligand (RANKL)
[12]. In addition, zoledronate upregulates osteocalcin and bone
morphogenetic protein-2 (BMP-2) gene expression in human os-
teoblast-like cells [13], and decreases membrane RANKL expres-
sion by upregulating tumor necrosis factor-a-converting enzyme
[14]. These studies led us to speculate that the effects of bispho-
sphonates on bone metabolism are not only exerted by osteo-
clasts, but also by osteoblasts. However, the detailed mechanism
of bisphosphonate action on osteoblasts has not yet been fully
clarified.

Vascular endothelial growth factor (VEGF) is a potent angiogenic
factor that induces angiogenesis, endothelial cell proliferation
and capillary permeability [15]. Inactivation of VEGF results in
the complete suppression of vascular invasion followed by im-
paired trabecular bone formation and expansion of the hyper-
trophic chondrocyte zone in the mouse tibial epiphyseal growth
plate [16]. Osteoblasts have been reported to produce and se-
crete VEGF in response to various physiological agonists [15,17].
In our previous studies, we reported that prostaglandin F,,
(PGF,,), a potent bone resorptive agent, activates both phosphoi-
nositide (Pl)-hydrolyzing phospholipase C (Pl-phospholipase C)
and phosphatidylcholine (PC)-hydrolyzing phospholipase D
(PC-phospholipase D) [18,19], recognized as two major physio-
logical protein kinase C (PKC) activation pathways {20,21], in os-
teoblast-like MC3T3-E1 cells. In addition, we recently showed
that PGF,, induces VEGF synthesis and secretion through PKC-
dependent activation of p44/p42 MAP kinase in these cells [22].
Furthermore, we have demonstrated that incadronate enhances
[22], while tiludronate suppresses [23} PGF,,-induced VEGF syn-
thesis through activation [22] or suppression [23] of p44/p42
MAP kinase in osteoblast-like MC3T3-E1 cells, while alendronate
or etidronate has little effect [22].

In the present study, we investigated the effect of minodronate, a
newly developed nitrogen-containing bisphosphonate, which is
structurally different and has a different side chain structure

Hanai Y et al. Inhibition of VEGF Synthesis by Minodronate -

from incadronate, alendronate tiludronate or etidronate, on
PGF,,-stimulated VEGF synthesis in MC3T3-E1 cells and the
mechanism behind it. In contrast to the results from incadronate
[22], and identical to those from tiludronate [22], this study will
demonstrate that minodronate inhibits PGF,,-stimulated VEGF
synthesis in these cells, and that the suppressive effect of mino-
dronate is exerted at the point between PKC and Raf-1.

Materials and Methods

Materials

Minodronate was kindly provided by Yamanouchi Pharmaceuti-
cals Co. Ltd. (Tokyo, Japan). PGF,,, 12-O-tetradecanoylphorbol-
13-acetate (TPA) and mevalonate were purchased from Sigma
Chemical Co. (St. Louis, MO). Phosphospecific p44/p42 MAP ki-
nase antibodies, p44/p42 MAP kinase antibodies, phosphospeci-
fic MEK1/2 antibodies, MEK1/2 antibodies, phosphospecific
Raf-1 antibodies and B-actin antibodies were purchased from
New England Biolabs, Inc. (Beverly, MA). ECL Western blotting
detection system was purchased from Amersham Japan (Tokyo,
Japan). Mouse VEGF ELISA kit was purchased from R&D Systems,
Inc. (Minneapolis, MN). Other materials and chemicals were ob-
tained from Sigma Chemical Co. (St. Louis, MO) or Nacalai Tes-
que, Inc. (Kyoto, Japan). PGF,, was dissolved in ethanol. TPA was
dissolved in dimethyl sulfoxide. The maximum concentration of
ethanol or dimethy! sulfoxide was 0.1%, which did not affect
VEGF assay or Western blot analysis.

Cell culture

MC3T3-E1 cells are a clona! osteoblastic cell line derived from
newborn mouse calvaria [24], and reportedly form mineralized
matrix. In addition, we previously reported that MC3T3-E1 cells
secrete osteocalcin [25] and express alkaline phosphatase [26]
under our experimental conditions. MC3T3-E1 cells were main-
tained as previously described [27]. The cells were cultured in o-
minimum essential medium («~MEM) containing 10% fetal calf
serum (FCS) at 37°C in a humidified atmosphere of 5% C0,/95%
air. The cells were seeded into 35 mm (5 x 10%) or 90 mm (2 x 10°)
diameter dishes in a-MEM containing 10% FCS. After five days,
the medium was exchanged for «-MEM containing 0.3% FCS.
The cells were used for experiments after 48 h.

Assay for VEGF

The cells were pretreated with various doses of minodronate or
vehicle for 8 h, then stimulated by PGF,, or TPA in 1 ml of a-
MEM containing 0.3 % FCS for the indicated period. In addition,
mevalonate was added 8 h prior to stimulation by PGF,,, to inves-
tigate the involvement of mevalonate pathway on minodronate
inhibition of VEGF synthesis by PGF,,,. The conditioned medium
was collected, and VEGF in the medium was measured by VEGF
ELISA kit.

Analysis of p44/p42 MAP kinase, MEK1/2 or Raf-1

The cultured cells were pretreated with various doses of mino-
dronate or vehicle for 8 h, then stimulated by PGF,, or TPA in
4ml of a-MEM containing 0.3% FCS for the indicated period.
The cells were washed twice with phosphate-buffered saline
and then lysed, homogenized and sonicated in a lysis buffer con-
taining 62.5mM Tris/HCl, pH 6.8, 2% sodium dodecyl sulfate

Horm Metab Res 2006; 38: 152-158
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(SDS), 50 mM dithiothreitol, and 10% glycerol. SDS-PAGE was
performed as described by Laemmli {28] in 10% polyacrylamide
gel. Western blotting analysis was performed as described pre-
viously [29] using phosphospecific p44/p42 MAP kinase antibo-
dies, p44/p42 MAP kinase antibodies, phosphospecific MEK1/2
antibodies, MEK1/2 antibodies, phosphospecific Raf-1 antibodies
or B-actin antibodies, with peroxidase-labeled antibodies raised
in goat anti-rabbit IgG used as second antibodies. Peroxidase ac-
tivity on the nitrocellulose sheet was visualized on x-ray film
using the ECL Western blotting detection system.

Determination of absorbance and densitometric analysis
Absorbance of ELISA samples was measured at 450 nm with a
microplate spectrophotometer (Bio-Rad Laboratories, Hercules,
CA). Densitometric analysis was performed using scanner and
image analysis software (image ] version 1.32).

Statistical analysis

Data were analyzed by ANOVA followed by Bonferroni's method
for multiple comparisons between pairs, and values of p <0.05
were considered significant. All data are presented as the mean
+ SD from triplicate determinations. Each experiment was re-
peated three times with similar results.

Results

Effect of minodronate on PGF2o-induced VEGF synthesis in
MC3T3-E1 cells

Recently, we have reported that PGF,, induces VEGF synthesis in
osteoblast-like MC3T3-E1 cells, and that incadronate amplifies
VEGF synthesis while alendronate fails to affect synthesis [22].
Thus, we investigated the effect of minodronate on PGF,,-in-
duced VEGF synthesis in these cells. Minodronate alone had little
affect on VEGF levels, but significantly suppressed PGF,,-in-
duced VEGF synthesis in MC3T3-E1 cells (49.1+1.2 pg/ml for
control;  33.1%25pg/ml for 10pM minodronate alone,
1142.7 +186.5 pg/ml for 10uM PGF,, alone; and 67.0+5.5* pg/
m! for 10puM PGF,, with 10uM minodronate pretreatment, as

minodronate or vehicle for 8h, and then
stimulated by 0.1uM TPA or vehicle for
60 min. Extracts of cells were subjected to
SDS-PAGE with subsequent Western blot
* analysis using antibodies against phospho-
specific p44/p42 MAP kinase or p44/p42
MAP kinase. The histogram shows quantita-
tive representations of p44/p42 MAP kinase
phosphorylation obtained from laser densi-
tometric analysis. Each value represents the
mean of triplicate determinations. Similar
results were obtained with two additional
and different cell preparations. *p<0.05
compared to the value of PGF2a alone or
TPA alone.

measured during stimulation for 48 h; *p <0.05, compared with
the value of PGF,, alone). The inhibitory effect of minodronate
was dose-dependent between 3 and 100pM (data not shown).
Minodronate almost completely inhibited the PGF,, effect at a
dose of 10 pM. We confirmed that the cell number changed little
by treatment [(8.1+0.2)x10° cells before incubation;
(7.9 +0.4) x 105 cells after 48 h incubation with 100 pM minodro-
nate; (8.0 £ 0.3} x 10° cells after 48 h incubation with vehicle].

Effects of minodronate on PGF2¢-induced or TPA-induced
phosphorylation of p44/p42 MAP kinase in MC3T3-E1 cells

In a previous study, we have demonstrated that PGF,,-induced
VEGF synthesis is activated via p44/p42 MAP kinase in a PKC-de-
pendent manner in MC3T3-E1 cells {22]. Therefore, we then in-
vestigated the detailed mechanism of minodronate underlying
the inhibition of VEGF synthesis. Minodronate, which alone had
little effect on phosphorylation of p44/p42 MAP kinase, marked-
ly suppressed PGF,,-induced p44/p42 MAP kinase phosphoryla-
tion (Fig.1a). According to densitometric analysis, minodronate
(10 pM) caused a reduction of approximately 65 % in the PGF,, ef-
fect {(*p <0.05, compared with the value of PGF,, alone).

To elucidate whether or not the effect of minodronate is exerted
at a point downstream of PKC, we examined the effect of mino-
dronate on phosphorylation of p44/p42 MAP kinase induced by
TPA, a direct activator of PKC [30]. Previously, we found that
p44/p42 MAP kinase was markedly phosphorylated by TPA by it-
self[31]. Minodronate significantly reduced p44/p42 MAP kinase
phosphorylation stimulated by TPA (Fig.1b). According to densi-
tometric analysis, minodronate (10 pM) caused approximately
60% reduction in TPA effect (*p <0.05, compared with the value
of TPA alone).

Effect of minodronate on TPA-induced VEGF synthesis in
MC3T3-E1 cells

Previously, we reported that TPA alone stimulated VEGF syn-
thesis in osteoblast-like MC3T3-E1 cells [22]. Therefore, we in-
vestigated the effect of minodronate on TPA-induced VEGF syn-
thesis. Minodronate significantly reduced TPA-induced syn-
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Table 1 Effect of mevalonate minodronate on the TPA-induced
VEGF synthesis in MC3T3-E1 cells

Minodronate TPA VEGF (pg/ml)
- - 16+3

- + 280125

+ - 13+2

+ + 59+10°

Cultured cells were pretreated with 30 M minodronate or vehicle for 8 h, then
stimulated by 0.1 pM TPA or vehicle for 48 h. Cell viability after treatment was
more than 90% of control cells. Each value represents the mean + SD of tripli-
cate determinations. Similar results were obtained with two additional and dif-
ferent cell preparations. *p < 0.05 compared to the value of TPA alone.

thesis of VEGF (Table 1). Minodronate (30 uM) caused a reduc-
tion of approximately 80% in TPA effect (*p <0.05, compared
with the value of TPA alone).

Effects of minodronate on phosphorylation of

MEK1/2 induced by PGF2c or TPA in MC3T3-E1 cells
Activation of p44/p42 MAP kinase is known to be regulated by
MEK1/2 as a MAP kinase kinase, which is regulated by an up-
stream kinase known as Raf-1 [32]. We have previously found
that PGF,, or TPA stimulates phosphorylation of both MEK1/2
and Raf-1 in osteoblast-like MC3T3-E1 cells [22]. Thus, we next
examined the effect of minodronate on phosphorylation of
MEK1/2 induced by PGF,,. Minodronate, which alone did not af-
fect phosphorylation of MEK1/2, significantly suppressed PGF,,
induced MEK1/2 phosphorylation (Fig.2a, *p <0.05, compared
with the value of PGF,, alone). In addition, TPA-induced phos-

Fig.2 Effects of minodronate on phos-

. RS - S :
Phospho-MEK1/2 bt Phospho-MEK1/2 == ey ' phorylation of MEK1/2 induced by PGF2a
MEK1/2 | 4 MEK1/2 ‘-.- or TPA in MC3T3-E1 cells. (A) Cultured cells
k - 4 g Lane 1 2 3 4 were pretreated with 10 uM minodronate
Lane 1 2 3 4 . or vehicle for 8h, then stimulated by
Minodronate - - + + Minodronate - B + + 10 uM PGF,, or vehicle for 30 min. (B) The
PGF2a - + - + TPA - + ' + cultured cells were pretreated with 10 uM
minodronate or vehicle for 8 h, then stimu-
© 10 6 lated by 0.1 uM TPA or vehicle for 60 min.
2 § Extracts of cells were subjected to SDS-
£ 8 e, PAGE with subsequent Western blot analy-
£ g 2 sis using antibodies against phosphospeci-
T o * fic MEK1/2 or MEK1/2. The histogram
£ 4 * S 2 shows quantitative representations of
MEK1/2 phosphorylation obtained from las-
2 er densitometric analysis. Each value repre-
0 0 sents the mean of triplicate determinations.
a Lane 1 2 3 4 b Lane 1 2 3 4 Similar results were obtained with two ad-

Phospho-Raf-1 ucwac - sl oo e

Phospho-Raf-1 axi:

o-actin

ditional and different cell preparations.
*p<0.05, compared to the value of PGF,,
alone or TPA alone.

Fig.3 Effects of minodronate on phos-
phorylation of Raf-1 induced by PGF2e or

B-actin TPAin MC3T3-E1 cells. (a) The cultured cells

Lane Lane 1 2 3 4 were pretreated with 10 pM minodronate or
Minodronate - . - + Minodronate - - + + vehicle for 8 h, then stimulated by 10 uM
- . PGF,,, or vehicle for 15 min. (b) The cultured

PGFZ? B + ) ) TP: * * cells were pretreated with 10 M minodro-

nate or vehicle for 8 h, then stimulated by

0.7uM TPA or vehicle for 60 min. Extracts

™ o 3 of cells were subjected to SDS-PAGE with

& o % subsequent Western blot analysis using an-

g 1 ¢ g 2 tibodies against phosphospecific Raf-1 or p-

£ £ actin. The histogram shows quantitative re-

T ° presentations of MEK1/2 phosphorylation

2 S o1 obtained from laser densitometric analysis.

Each value represents the mean of triplicate

0 determinations. Similar results were ob-

0 tained with two additional and different cell

a Lane 1 2 3 4 b Lane 1 2 3 4 preparations. *p<0.05 compared to the

value of PGF,, alone or TPA alone.
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Table 2 Effect of mevalonate on minodronate inhibition of PGF2a-
induced VEGF synthesis in osteoblast-like MC3T3-£1 cells

Minodronate Mevalonate PGF20 VEGF (pg/mi}

33.0+£44
1095.0+78.0
26.0+£4.5
1188.0+282.1
16.0+3.4
94.7+4.2”
- 17.0£35
81.3+45"

1
+
+

+ o+ o+ o+

+ +

Cultured cells were pretreated with 10 uM minodronate, 10 uM mevalonate or
vehicle for 8 h, then stimulated by 10 uM PGF,,, or vehicle for 48 h. The cell via-
bility after the treatments was more than 90% of control cells. Each value re-
presents the mean + SD of triplicate determinations. Similar results were ob-
tained with two additional and different cell preparations. *p <0.05, compar-
ed to the value of PGF,, alone.

phorylation of MEK1/2 was markedly attenuated (Fig.2b,
*p <0.05, compared with the value of TPA alone).

Effects of minodronate on phosphorylation of Raf-1 induced
by PGF20 or TPA in MC3T3-E1 cells

Previously, we reported that PGF,, or TPA stimulated phospho-
rylation of Raf-1 in osteoblast-like MC3T3-E1 cells [22]. To clarify
whether the effect of minodronate is exerted at a point upstream
of Raf-1 or not, we examined the effect of minodronate on phos-
phorylation of Raf-1 induced by PGF,, or TPA. Minodronate by it-
self did not affect Raf-1 phosphorylation, but significantly re-
duced phosphorylation of Raf-1 induced by PGF,, (Fig.3a) or
TPA (Fig. 3b) (*p <0.05, compared with the value of PGF,, alone
or TPA alone). According to densitometric analysis, minodronate
(10 uM) caused a reduction of approximately 60% in the effect of
PGF,,.

Effects of mevalonate on minodronate inhibition of
PGF2a-induced VEGF synthesis in MC3T3-E1 cells

To clarify whether the mevalonate pathway is involved in mino-
dronate inhibition of VEGF synthesis by PGF,,, we investigated
the effect of mevalonate on the inhibition of VEGF synthesis by
PGF,, in MC3T3-E1 cells. Mevalonate, which alone had no effect
on VEGF levels, did not affect either VEGF synthesis induced by
PGF,, or minodronate inhibition of PGF,,-induced VEGF syn-
thesis (Table 2).

Discussion

In contrast to the inhibitory effect of minodronate presented
here, we have recently reported that incadronate, a nitrogen-
containing bisphosphonate, but not alendronate enhances VEGF
synthesis induced by PGF,, in osteoblast-like MC3T3-E1 cells
[22]. In contrast, we have recently reported that non-amino-bis-
phosphonate tiludronate, but not etidronate, inhibits PGF,,-in-
duced VEGF release [23]. Thus, these findings suggest that the ef-
fects of bisphosphonates on PGF,,-induced VEGF synthesis in 0s-
teoblasts are compound-specific and vary among bisphospho-
nates. Pamidronate and zoledronate reportedly induce avascular
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Fig.4 Potential mechanisms in minodronate suppression of PGF2a-
induced VEGF synthesis in MC3T3-E1 cells. GTP-binding protein, het-
erotrimeric GTP-binding protein; PI-PLC, phosphoinositide-hydrolyzing
phospholipase C; PG-PLD, phosphatidylcholine-hydrolyzing phospholi-
pase D,; PA, phosphatidic acid; DAG, diacylglycerol; PKC, protein ki-
nase C; MAPK, mitogen-activated protein kinase; VEGF, vascular endo-
thelial growth factor.

necrosis of the jaw in a clinical setting [33,34], but no other bis-
phosphonates - including tiludronate and etidronate - are asso-
ciated with avascular necrosis [33]. Taken together, the specific
effects of each agent may be involved in clinical applications,
supporting our present findings showing the agent-specific ef-
fects of bisphosphonates.

We previously reported that PGF,, activated both PI-phospholi-
pase C and PC-phospholipase D via heterotrimeric GTP-binding
protein in osteoblast-like MC3T3-E1 cells [18,19], and also that
PGF,, activated p44/p42 MAP kinase in a PKC-dependent man-
ner in these cells [35]. P1 hydrolysis by phospholipase C and PC
hydrolysis by phospholipase D are recognized as two major
PKC-activating pathways {20,21]. In addition, we reported that
PGF,,-induced VEGF synthesis through PKC-dependent, and
probably PKCpI-dependent activation of p44/p42 MAP kinase in
MC3T3-E1 cells {22]. Thus, we investigated the mechanism of
minodronate underlying the inhibition of PGF,,-induced VEGF
synthesis.

It is generally recognized that p44/p42 MAP kinase is activated
through phosphorylation of threonine and tyrosine residues by
dual-specificity MAP kinase kinase, known as MEK1/2 [32].
MEK1/2 is known to be activated by its own phosphorylation in-

Horm Metab Res 2006; 38: 152-158



duced by MAP kinase kinase kinase, Raf-1 [32]. We have demon-
strated that minodronate also suppresses PGF,, or TPA-induced
phosphorylation of MEK1/2 and Raf-1. Taking our results as a
whole, it is most likely that minodronate exerts its suppressive
effect at the point between PKC and Raf-1 in PGF,,-stimulated
VEGF synthesis in osteoblast-like MC3T3-E1 cells (Fig. 4).

In the previous study, we reported that incadronate enhanced
{22], while tiludronate suppressed [23] PGF,,-induced VEGF
synthesis in MC3T3-E1 cells. Interestingly, the amplifying and
suppressive effects of incadronate and tiludronate are exerted at
a point between PKC and Raf-1[22,23], where minodronate also
showed suppressive effect in the present study. These findings
suggest the different molecular mechanisms among the actions
of bisphosphonates on osteoblasts, most likely their structural
differences. There are considerable structural differences among
these agents at the R2 side chain. Minodronate possesses 1-hy-
droxy-2-imidazo-(1, 2-a) pyridin-3-ylethylidene structure, and
incadronate possess cycloheptylaminomethylene and 1-hydro-
xyethylidene structures [4], and tiludronate possesses (4-chloro-
phenyl) thiolmethylene structure with a more simple non-nitro-
gen-containing R2 side chain. In addition, the different effects of
these bisphosphonates on VEGF synthesis may be related to their
relative potency on anti-bone resorptive activities in these
agents. In metabolic bone diseases, bone remodeling rates vary
from case to case. To clarify the unique agent-specific effect(s)
among bisphosphonates, it may be possible to select bispho-
sphonates according to the specific effect on bone-forming cells
in adequate therapy by these drugs. Our present data together
with our previous studies {22,23] would provide a new insight
into the differences in pharmacological effects among bispho-
sphonates possibly due to their structural differences at the R2
side chain. Further investigation would be required to clarify
the exact mechanism of bisphosphonate action on bone cells.

Nitrogen-containing bisphosphonates including minodronate
are known to affect the mevalonate pathway and inhibit farnesyl
diphosphate synthase [4]. We found that mevalonate did not af-
fect the suppressive effect of minodronate on VEGF synthesis by
PGF,, in MC3T3-E1 cells. Therefore, it seems unlikely that meva-
lonate pathway is involved in the suppressive effect of minodro-
nate on VEGF synthesis by PGF,, in osteoblast-like MC3T3-E1
cells. In the present study, the effect of minodronate was signifi-
cant at considerably higher doses than in clinical use. According
to pharmacokinetic studies on bisphosphonates, these agents
mainly accumulate in bone tissue in vivo[4]. Minodronate con-
centrations in the region probably reach much higher levels
than do serum concentrations. Therefore, it is possible that the
effect of minodronate shown here might be implicated in clinical
relevance.

In conclusion, our present data strongly suggest that minodro-
nate suppresses VEGF synthesis stimulated by PGF,, in osteo-
blasts, and the inhibitory effect is exerted at the point between
PKC and Raf-1.
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Phosphatidylinositol 3-Kinase/Akt Plays a Role in
Sphingosine 1-Phosphate-Stimulated HSP27

Induction in Osteoblasts
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Abstract

We previously reported that p38 mitogen-activated protein (MAP) kinase plays a part in sphingosine 1-

phosphate-stimulated heat shock protein 27 (HSP27) induction in osteoblast-like MC3T3-E1 cells. In the present study, we
investigated whether phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) is involved in the induction of HSP27 in
these cells. Sphingosine 1-phosphate time dependently induced the phosphorylation of Akt. Akt inhibitor, 1L-6-
hydroxymethyl-chiro-inositol 2-(R)-2-O-methyl-3-O-octadecylcarbonate, reduced the HSP27 induction stimulated by
sphingosine 1-phosphate. The sphingosine 1-phosphate-induced phosphorylation of GSK-38 was suppressed by Akt
inhibitor. The sphingosine 1-phosphate-induced HSP27 levels were attenuated by LY294002 or wortmannin, PI3K
inhibitors. Furthermore, LY294002 or Akt inhibitor did not affect the sphingosine 1-phosphate-induced phosphorylation
of p38 MAP kinase and SB203580, a p38 MAP kinase inhibitor, had little effect on the phosphorylation of Akt. These results
suggest that PI3K/Akt plays a part in the sphingosine 1-phosphate-stimulated induction of HSP27, maybe independently of

p38 MAP kinase, in osteoblasts. §. Cell. Biochem. 98: 12491256, 2006. © 2006 Wiley-Liss, Inc.

Key words: sphingosine 1-phosphate; heat shock protein; protein kinase; osteoblast

Sphingosine 1-phosphate is a metabolite of
sphingomyelin. It is generally recognized that
sphingomyelin is catalyzed by sphingomyeli-
nase, resulting in the formation of ceramide,
which is subsequently metabolized to sphingo-
sine and sphingosine 1-phosphate [Spiegel and
Merrill, 1996]. Accumulating evidence indicates
that sphingosine 1-phosphate plays an impor-
tant role in essential cellular functions such as
proliferation, differentiation, and migration
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[Spiegel and Merrill, 1996; Spiegel and Milstein,
2003; Sanchez and Hla, 2004]. Bone metabolism
is regulated by two functional cells, osteoblasts
and osteoclasts, responsible for bone formation
and bone resorption, respectively [Nijweide
et al., 1986]. As for osteoblasts, it has been
reported that sphingosine 1-phosphate prevents
apoptosis via phosphatidylinositol 3-kinase
(PI3K) in primary calvaria rat osteoblasts and
human osteosarcoma Sa0S-2 cells {Grey et al.,
2002]. In our study [Kozawa et al., 1997a}, we
have previously reported that sphingosine
1-phosphate stimulates interleukin-6 synthesis
in osteoblast-like MC3T3-E1 cells. However, the
exact mechanism of sphingosine 1-phosphate in
bone metabolism has not yet been precisely
clarified.

Heat shock proteins (HSP) are expressed in
both prokaryotic and eukaryotic cells in res-
ponse to the biological stress such as heat stress
and chemical stress [Hendrick and Hartl, 1993].
HSPs are classified into high-molecular-weight
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HSPs and low-molecular-weight HSPs based
on apparent molecular sizes. Low-molecular-
weight HSPs with molecular masses from 10 to
30 kDa, such as HSP27 and aB-crystallin have
high homology in amino acid sequences [Ina-
guma et al., 1993; Benjamin and McMillan,
1998]. Though the functions of the low-molecu-
lar-weight HSPs are known less than those
of the high-molecular-weight HSPs, it is gen-
erally accepted that they may have chaperoning
functions like the high-molecular-weight HSPs
[Inaguma et al., 1993; Benjamin and McMillan,
1998]. HSP27 becomes rapidly phosphorylated
in response to various stresses, as well as to
exposure to cyotokines and mitogens [Gaestel
et al.,, 1991; Landry et al., 1992]. Under unsti-
mulated conditions, HSP27 exists as a high-
molecular weight aggregated form. It is rapidly
dissociated as a result of phosphorylation [Kato
et al., 1994; Rogalla et al., 1999]. The phos-
phorylation-induced dissociation from the aggre-
gated form correlates with the loss of molecular
chaperone activity [Kato et al., 1994; Rogalla
et al., 1999]. In a previous study [Kozawa et al.,
1999], we have shown that sphingosine 1-
phosphate stimulates the induction of HSP27

in osteoblast-like MC3T3-E1 cells and that p38

mitogen-activated protein (MAP) kinase is
involved in the HSP27 induction.

It is well known that Akt, also called protein
kinase B, is a serine/threonine protein kinase
that plays crucial roles in mediating intracel-
lular signaling of variety of agonists including
insulin-like growth factor-I, platelet-derived
growth factor (PDGF), and cytokines [Down-
ward, 1995; Franke et al., 1995; Coffer et al.,
1998]. It has been shown that Akt regulates
biological functions such as gene expression,
survival, and oncogenesis [Coffer et al., 1998].
Accumulating evidence suggests that PI3K
functions at an 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 IGF-I and PDGF induce translo-
cation of Akt to the nucleus [Borgatti et al,,
2000]. In addition, recently, Akt is reportedly
activated by cyclic stretch or androgen [Danciu
et al., 2003; Kang et al., 2004]. We have recently
shown that Akt plays an important role in
insulin-like growth factor-I-stimulated alkaline
phosphatase activity in MC3T3-E1 cells [Noda
et al., 2005]. However, the correlation between

HSP27 and PI3K/Akt in osteoblasts has not yet
been clarified.

In the present study, we investigated whether
PI3K/Akt is involved in sphingosine 1-phos-
phate-stimulated phosphorylation of HSP27
in osteoblast-like MC3T3-E1 cells. We here
show that PI3K/Akt pathway is involved in the
sphingosine 1-phosphate-stimulated induction
of HSP27, maybe independently of p38 MAP
kinase, in these cells.

MATERIALS AND METHODS
Materials

Sphingosine 1-phosphate and p-actin antibo-
dies were purchased from Sigma Chemical
Co. (St. Louis, MO). Akt inhibitor (1L-6-hydro-
xymethyl-chiro-inositol 2-(R)-2-O-methyl-3-O-
octadecylecarbonate), LY294002, wortmannin,
and SB203580 were obtained from Calbio-
chem-Novabiochem (La Jolla, CA). Phospho-
specific Akt antibodies, Akt antibodies, phos-
pho-specific p38 MAP kinase antibodies, p38
MAP kinase antibodies, phospho-specific GSK-
3B antibodies, and GSK-3B antibodies were
purchased from Cell Signaling Technology, Inc.
(Beverly, MA). HSP27 antibodies were obtained
from R&D Systems, Inc. (Minneapolis, MN).
An ECL Western blotting detection system was
obtained from Amersham Japan (Tokyo, Japan).
Other materials and chemicals were obtained
from commercial sources. Sphingosine 1-phos-
phate, Akt inhibitor LY294002, wortmannin,
and SB203580 were dissolved in dimethyl
sulfoxide (DMSO). All inhibitors became soluble
in the cell culture media after once dissolved in
DMSO. The maximum concentration of DMSO
was 0.1%, which did not affect Western blot
analysis.

Cell Culture

Cloned osteoblast-like MC3T3-E1 cells deri-
ved from newborn mouse calvaria [Sudo et al.,
1983] were maintained as previously described
[Kozawa et al., 1997b]. Briefly, the cells were
cultured in o-minimum essential medium (o-
MEM) containing 10% fetal calf serum (FCS) at
37°Cin a humidified atmosphere of 5% CO2/95%
air. The cells were seeded into 90-mm diameter
dishes (25 x 10*dish) in a-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. When
indicated, the cells were pretreated with Akt
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inhibitor, wortmannin, L.Y294002, or SB203580
for 60 min prior to stimulation of sphingosine 1-
phosphate.

Western Blot Analysis

Cultured cells were stimulated by sphingo-
sine 1l-phosphate in serum-free o-MEM for
the indicated periods. 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 [Laemmli, 1970] in 10%
polyacrylamide gel. Western blot analysis was
performed as described previously [Kato et al.,
1996], using phospho-specific Akt antibodies,
Akt antibodies, HSP27 antibodies, phospho-
specific p38 MAP kinase antibodies, p38 MAP
kinase antibodies, phospho-specific GSK-38
antibodies, or GSK-38 antibodies with perox-
idase-labeled antibodies raised in goat against
rabbit IgG being used as second antibodies.
Peroxidase activity on PVDF membranes was
visualized on X-ray film by means of the ECL
Western blotting detection system and was
quantitated using NIH image software. All of
Western blot analyses were repeated at least
three times in independent experiments.

Statistical Analysis

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

RESULTS

Time-Dependent Effects of Sphingosine
1-Phosphate on the Phosphorylation of
Akt in MC3T3-E1 Cells

Sphingosine 1-phosphate significantly stimu-
lates the phosphorylation of Akt in osteoblast-
like MC3T3-E1 cells in a time-dependent man-
ner (Fig. 1). The phosphorylation of Akt was
markedly observed at 5 min after the sphingo-
sine 1-phosphate-stimulation. The phosphory-
lation reached its peak at 15 min after the
stimulation and decreased thereafter.
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Fig. 1. Effect of sphingosine 1-phosphate (S-1-P) on the
phosphorylation of Akt in MC3T3-E1 cells. The cultured cells
were stimulated with 30 pM S-1-P 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 representa-
tions of the levels of S-1-P-induced phosphorylation obtained
from laser densitometric analysis of three independent experi-
ments. Similar results were obtained with two additional and
different cell preparations. Each value represents the mean £ SD
of triplicate determinations from triplicate independent cell
preparations. *P < 0.05, compared to the value of control.

Effect of Akt Inhibitor on the Induction
of HSP27 in MC3T3-E1 Cells

Then we examined the effect of Akt inhibitor
(1L.-6-hydroxymethyl-chiro-inositol 2-(R)-2-
O-methyl-3-O-octadecylcarbonate) [Hu et al.,,
2000] on the sphingosine 1-phosphate-stimu-
lated induction of HSP27. Akt inhibitor par-
tially suppressed the sphingosine 1-phosphate-
induced up-regulation of HSP27 levels (Fig. 2).
Akt inhibitor (50 uM) caused about 40% reduc-
tion in the sphingosine 1-phosphate-effect.

We have previously shown that sphingo-
sine 1-phosphate stimulates HSP27 induction
at least in part via p38 MAP kinase in osteo-
blasts [Kozawa et al., 1999). However, Akt
inhibitor did not influence the sphingosine
1-phosphate-induced phosphorylation of p38
MAP kinase in MC3T3-E1 cells (data not
shown). It is well known that GSK-38 is one of



