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FHFE

lFC®IC

BIABMEER Tl g KIBEREE L BT 15E8
HEROBHAEREERE LT, BXEBHERE L
ELIETTY. BEREBEVERSETO - D
IR BEBEREERTHZ L ITL 3. Ly
L, BREBHEICES GHE B0 08
7R FAlL WEBIMOKR, MR TRk
E) PREEBERAVBDZ L E»SHEE
BRI LD 2, X 0ERNZEBHERERMD
RKOHENLTWD,

WES, BRABEEBOFMCB W TNETIR
WRSEHFB I & 2 EKFEFWN (minimum inva-
sive surgery) ODFERBIZAGNZ L3I, BE
DB THEE L WIEREDL DRRA 2 S5
EPEE LV, 2Dl T I v RN, R
TF TR A b g ¥OBEBEREME OB
DREAATb N, BERABFMCB T 2 BFIE
MRlELTRIFANShTWS, Lal, Th
5OMEHIBEEREE2ET 20D, HRER
FEIZH o 5 ERRIEEER /TS v
O, BHEHERNCBEASHZ. L, Zheo
Aho R EEEE RS TENE, 8
KECHLIERME L2 THES. 2D LS
BRETHEESNELRREFTE 2008 RED
(bone morphogenetic protein : BMP) % >
5HBETH 5. BHEBMP (BMP-2, BMP-
7 BEETFHBEZ L > TER I B TEE
EoTwa, BREFETOMESIZ BMP 2 u»

=l S S

[EER 54 56 % 105 : 1361~1366, 2005)

PIENCEFME ERET 20 THS.

KR TIE BMP iz oW T#ESiL, BMP »H
W BBEEROIARKN 2 AREEC D W TH
mT 3.

BMP & (&

BMP &M RME CESL, SWEhT
WE—HOEBEERTF P THSE. F0&EY
FRIEEORHEIL, ROCMEERMRCERL
TEEME E 72 X BFHlE~EFEET s 2 &
ThH5, BERNICIZ BMP i 1965 41z Urist?
W&o THERBRIK LB EEICHFEET 22 &8
FEREN, ZOBRRPOMFEREORKRE, 1988
£ Wozney 5212 & - T 2f8HD BMP (BMP-
2, BMP-4) #&5F (cDNA) #37oa—=>7
SINT, ZOSFREEPHO PR, FO
%, LaRlFEERNEORE £ BMP iz
i vivo TOERFTETEREER in vitro TORS
TEEZERME Y S BT~ O 5 LI EER L
hiz, EEFREBE CORBREZZUDIED»
DB EXERBBOBRERC HESL T3
ZEBHLSMIZENT WSS, HEBDOBITE
FBETYH, RN EGTFRROIEIC X -
TREERZESE L Tw3 ZEBMES N TN
%59,

BMP OB EEZBERNCICHT 27290
gt e LTk, BMP O#EFEA LM TS
R HEADICHAEZ NS, Lo LD
HEHRI D S AT, BMPEBEFEY TH 58

Key words : bone, BMP, drug delivery system

* Bone regeneration by bone morphogenetic protein (BMP)

** H. Terai (4ff), K. Takaoka (%) @ KERHSLAZEMSEL (Dept. of Orthop. Surg.,, Osaka City University School of

Medicine, Osaka).
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BMP7Y% =X bk

' noggin
1 l chordin

DAN family #&

BB ETFOEERE
[

AT T VT TTETTFIT TTTY]

1. BMPO Y 7 FILaZE MREELICH S
BMP & & 4K (BMPR-1 B & L U BMPR- I
B IBMPAMEES TS, 1BLETS—
MY VB S EELENS, B ENT:

fBIL 79 —IZ & t) R-Smads (Smad 1/
5/8) M) EE{LAE Y, 5l EH VT Co-
Smads (Smad 4) ¥ #EAEEFR L THERN
(ZBT, I OERERFREELERFE &
ICEMEEFORRZFE T S, -Smads
(Smad 6/7) & R-Smads M) > Bt ZBE=E
LTBMP O 7 IsERIET S,

& F#H ¥ 2 & BMP (recombinant BMP :
rhBMP) 2FH W2 0O0b - L HETHEET
b2, BCKEETIXT TICEHEEMRO LR
 EIRBE I NN RIC BMP O E X
h, BRICHDSBEBEI R TWBEY Lirl, Z
DOFERIZ>WTIX BMP 2B /EHE R 3
DWZHEL 12 FEYMEEZER (drug delivery sys-
tem : DDS) % BMP #EHE D E#E (b ¥ O/
BBEREINTEY, SBEBMP O s ZER)
PORERERAERHELT 5 2 L WNEELRH
ETH5. BMP OENFERAESEILLS N
i, BREBHCPDIF LS A 7OEEK
FEIE LN, BESOWRE, THEEMCR

53 EBYIREOERBEE, ATREEEER
TORXEHOEE CERIBIER TOIL»
HECICHAIREL BB TH S .

BMP Z3F 04§t & > 7 FIVnE

i< BRIRFIA & 2 ATReED B v» BMP 32—
B o BMP 45 F# 0 > 5 BMP-2, BMP-7 T
5. FOSTFEZIKHEERD 2EERKDOFHE
EHTH 3. 5 FWIZ cystine-knot FEiE 3 H
D, 2BEERSDTFOEBEIEDLOTEETDHS.
72 & 21 90°C, 15 M0 BE T £YNEHE
RN 5.

BMP 3R OMEE Lt FEET 5
BMPiRBEMZIBMIIBD2EEOLY
V/AvA = EZRE (BMPR-1, BMPR-
I 2HALTZ20Y 7 FvefilaRNcEET
2, BMPRIBBIUVNHEZEEEESLE
EEEERT S L, MIERNEEYETDH 3
Smad ®V VLS, REZ TCCHALET
W SHEED Smad BEIEINTBY, ZOR’
e k- TEEA Smad (receptor regulated
Smads : R-Smads), # # & Smad (com-
mom mediator Smads : Co-Smads), %
Smad (inhibitory Smads : I-Smads) & 4348
ahTw3. BMPOE&EICLDERELEINT:
I #2AEMAE LY, R-Smads T H % Smad
1/5/8 3V B & h, 5| & ik = H£@EE Smad
T»H % Smad 4 L EEEEH LHIE > 5%
WIZREIT$ 5. Smad OESERIIEATEL D
HEERT EFEE, HD5WIXESERNIC DNA i
&9 % Z L2k Y BMP EWEEGETFORELTE
ez eFEZONTH3Y (K1), &,
B IFHEM B 56w B v T ik MAPK (mitogen-
activated protein kinase) 7 &, Smad % /t
LRVWREROFEELER I TV S,

BMP @ DDS

BMP % Hw CEITER LB RIBEHOBE 2R
HES D EHEEMCHVWEZD T 258K
X, BMP 2 HHDOREAIZ L EDTEMCIEM
XELLRBLETHS. Zhick->7TBMP
OEFFHERTEEL %2, BMPHEHAEY D&
{TE3,

v P KEEEBITETNVEERL, 80ug d
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DS HE O rhBMP-2 2 BiEs 32 &
ETEITBRIEESENSTED Sz L v D s
BHBY LHrLIDOHAEBETLEEENESN
e, =7, 7y MREBEBEEREETVEIBY
TVYEBANY TAE XY N 2HE (F5Y
7—=) ELTHWISEA, HENERE (6.28
#g) O BMP CRE£LBEBEIES> NI L&
HFE3NTWBY ZDL>ZBMPORELH
HEIL< B2/, BMP2RERICEED
THBL, »OBEROEE L% 218K L 0E
SHEABLETHL I LN TWS, T
bbb, #HYE BMP O DDS B ETHD I &
EEWRLTWS . ZOHEEDZRERL BMP O
WRISBHCS WL TKREMEE k> TE7, H#H
HHE KD s LT, O EEEMN
HE & BYKG, RERGEEIZWI &,
@ —ERfcEERNTRIRENSZ 2, @ %
BEREENZWI L, @ BMP OBHEEN 18
Tbhlhwlk, @AWBEENHY, BMPIZ & -
TREEN2EORREHEEZ LT e Y
BHTFons INETIEIERYPEN
BMP ofifd L U TEBRWICHFEI AT E 7>
2, —RENCIE Y VB BEE R v & Bk
IBas—7 oo TE. b FOTHE
EWKE TR Y VHEREH I BaS -5 %
BMP oA LTHWTWS, LirL I&E:
TRV VHEFOESTHY, £ MZTHAL
LEEWERS HEENH B Z L, BSE
(bovine spongiform encephalopathy) 7 ¥ ®
REFBEADEES D 2 &, JIERBREIZXR
U5 EORIESBDY, FhichbsHE
R 2 HEEORRENIE TN T E 7210,

BMP Dtz D L W& DDS

ohbhBZEEASBER2E T %2 &kEE
(MaFbeEw, RV ~—) 2BEFXL, BYE
BRICHAWTCZDOERMEERLTE . 208K
HAFRVABRYZF Lo FYa—1T oy
7 HEEE (PLA-PEG) ThY, £ENTH
fE, WNan2, 2xIFRERPHSTFEOH
¥ O PLA-PEGKY v—%FH\wTBMP®
HEE L TOEHERIT->1EE, SFEN
9,500, #HAEKHS PLA @ PLG T68: 32 D&
Bbo L bBERICHEL TW3 I EXHELMI

U7z. PLA-PEG O in vitro, YV vEEERKS
DR IR R L BT 210, 85125
EEE 2D D212, RYABEICY L F9
STV ACHARAATREBEESERY
B-No 94 FY ) -RYVF Vv a—n
i #H &4 (PLA-DX-PEG) » B % L /-
PLA-DX-PEG 2V VYEEHEKRF TR 1I7THT
EMAREND, THEAVSEILIREST
BMP ODRBEE 2 BELTE S L5k D,
BORXHENMEBERPEOND LSR5
(B2)® Zod& > 7% BMP @ DDS % 8,
FZEPOEEMEEEELTHWS Z i
£oT, XV{EFAED BMP TSR CHERME
DEIVEBERRBHEEE B> T3, KRPA X
DREFXKEE T VOEHRESE (BAIHEE)
EFNTO BMP «» K ~—EESEOFLHE
DWTIET TRIRE L T z18319,

B BMP CooBE4EEEICEBEIN:
S &Rk

EREXRECHES - CEEAEETE 2 E R
T2 ENER L X 12 BMP 258 R E
THhE, BBEL L CBEEEBEENTRETH S
ZERIEIEEEVWZR Y, UL LEES T BMP
PRAENZR WS> TOUARVDIREETH
%. BMP OFJHINEN T 2EHEBIIWL O»
FELTWS, E£—i2k Mk BMP cxtd 36
EMMEWI: D% B D BMP (thBMP) 28
BETHY, ZOKREEMEERELR>TW
LRTHB. ZOMHREKE LT, #hiz DDS
ZHFELTCBMPHE2 T 3Tk 351
BMP OBFEEM L EIE T 2 EH2HR T 2
Z &2k 5 BMP 0{EFE{L, BMP &Rk
Bk 2 BMP BEOEI X MER E85H 5.
IhoDfENERINIE, BMPIc L35
BERMIIASERT 2 DO LEFEINS. b
NboNiZT T ERERY) v — E AERINETH
3 p-VVB=AINy A (B-TCP) OESH
kL322 LT BMP EEEESTEETH
5 ERHEL TS (3D X542
BMP O &g % 858 3 % E# £ U T phos-
phodiesterase [HEZ[~> FF> 7 4V > (Ro-
lipram) ]'®® 70 R ¥ 75 > ¥ »E 2(PGE2)
DEEEDIDTHBEPLO 7 T =X +
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20 PLA-DX-PEG
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, S =)
a_ PLA-DX-PEG. &5 b. 37°C, ) VBBERDTCONREERT IS
BRiagnTFite. F|RT 7. PLA-DX-PEG 2 17 B TRE I
I TH S % (Xmk12 Y3,

2. EEADRBREEET 5 EmRIBH%

B -TCP/polymer/rhBMP-2 B-TCP/polymer no implant

3. REABBEREBETFILICESITS B-TCP/Polymer/rhBMP-2 & &I L 2 B RIBOEE. KBS
RRETRE 15mm OBREFZEHLENEESXZEL, BREIIC rhBMP-2 2 5A A>T
vk (B-TCP EE5X5mm 318, PLA-DX-PEG 250 mg, rhBMP-2 50 ug) #8BHET % (LER).
rhBMP-2 & 7 WH D, RIBENDFFICL THLL L OB XBE Y Lf-. BMP{EEE Tt 4
BETITRBERNRD S, WMERSETHEFCLLIRELNELUEBHIRBOHOLNS (TE).
BEINLRESEFBNEESXILTLTEH, REMICOL TR - #EErH IR N TWS Uik
17 L4581,
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30ug/kg/ %3

10ug/kg/%3
a, ERX#BE
(mm?) . (mg) %
140 11
L | * l * I
120+ 10 }
. 9
100} 8
- 7
80 : 6
60 | 5 R
i 4 10 ug/kg % 3
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20} 2
i 1
0 0
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4 BMPIZLAEMBERICNT 270X Y IS5 E EP47 T2 F (ONO-
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% 58 BMP O 2 FREICIEIE 3 2 fER
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RS SRE E B 52,

Ex vivo TRERE ORI % 553 CHETE X
¥, BMP 2 X > THEREIFMIT o b5hE
LTRIET 5215, Wb 38T % (tissue

engineering) WEL THHENTHLRLTEDY,
HERINC I EHTEETH 529, Lo LERLD
HD S A5 &R0 ikl BELERRE
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ERESHE TR ur LEEI NS, IFRFE
HYI1Z thBMP OBEZIFIRI & 2 BRI o3&
EFERECHEBLEFECARIT TNEI NS
Wb ENS,
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DOV THRRE R TNz,

G120 BMP OWEHRIC L > THLWEH
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Figure 4. The closure size of critical defect on 3D CT
image. The defect area was reduced up to 70% after
treatment with rh-BMP2.

In the group containing no rh-BMP2, a small
amount of new bone formation was observed at the
periphery of the defect (Fig. 5). However, the defect
was occupied with a layer of fibrous tissue (Fig. 5a,
b, e, and f). In the group containing rh-BMP2 (BMP
and BMP-TP groups), the defects were repaired
by newly formed bone, and the original histology
of the parietal skull with hematopoietic marrow
tissue in the diploe was ultimately restored
(Fig. 5¢, d, g, and h).

DISCUSSION

The degradable PLA-DX-PEG block copolymer
utilized in this study was originally synthesized

as a carrier material for BMP to elicit bone
formation.® The exact molecular structure, molec-
ular size, and molar ratio of PLA, DX, and PEG
segments were optimized for the bone-inducing
activity of rhBMP-2.5%10 Saito et al.® demon-
strated that the polymer could deliver thBMP-2
more effectively than collagen in vivo. In this
study, the capacity of the specific polymer for the
continuous local release of antibiotics was exam-
ined prior to use in combination with rhBMP-2.

Our results indicate that under in vitro condi-
tions, a sustained release of antibiotics (teicopla-
nin) occurred from the degradable PLA-DX-PEG
block copolymer in two phases; an initial rapid
release phase followed by a gradual slow release
phase. In the initial phase, aproximately 40% of
the total dose of the hydrophilic teicoplanin was
released. The direct elution of teicoplanin is most
likely due to the hydrophilic character of the
polymer. The amount of the antibiotic remaining
most likely reflects an affinity for the polymer
molecules. The slow release of the residual anti-
biotic follows the progressive hydrolysis of the
polymer. However, the mechanism by which
antibiotics are slowly released from the polymer
is not well understood.

The bacteriocidal activity of the antibiotics
released from the polymer was not altered during
the experimental period by contact with the

Figure 5. Histology of rat calvarial specimens 6 weeks after treatment with only
polymer (a,e), with teicoplanin (b,f), with rh-BMP2 (¢,g), with rh-BMP2 and teicoplanin
(d,h). Figures e through h are higher (original) magnification (x10) images of the edge
between the defect area and normal calvaria (arrow head) in (a)—(d).
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polymer and incubation, as shown by the bicassay
data for teicoplanin. Antibiotic durability might
be an essential requirement for local treatment
of refractory infectious lesions such as osteo-
myelitis.!!

An ectopic bone formation model was used to
evaluate the effects of different antibiotics on the
bone-inducing capacity of rhBMP-2. No evidence
was found to suggest that the presence of anti-
biotics had an inhibitory action on the osteoinduc-
tive properties of the BMP. The size and bone
mineral content of the BMP-induced ossicles were
not altered by addition of those antibiotics.
Additionally, the parietal cranial bone defects of
critical size were consistently repaired by new
bone formation when the defects were filled with
polymer containing both rhBMP-2 and antibiotics
at high concentration (1 x 10* MICy, for S. aur-
eus). These results support the potential efficacy of
rhBMP-2 in combination with antibiotics for the
treatment of infected nonunion fractures and
prevention of infection at sites undergoing recon-
struction. We chose the cranial defect model
instead of a long bone defect because of difficulty
in keeping the shape of the polymer-only group
because of its gel characteristics in body tempera-
ture. Recently, Yoneda et al.'? resolved the
problem by using beta tricalcium phosphate and
succeeded in repair of long bone critical defects.
Further study must be undertaken using long
bone defects before clinical use.

In a recent study, Chen et al.'® reported
the usefulness of BMP-7 in a collagen carrier for
the treatment of an infected bone defect in a rat
model. However, the amount of rhBMP-7 required
for bone regeneration was five times greater than
that needed to repair the bone defect without
infection. Clearly, in the absence of antibiotics, the
high dose and resultant high cost of BMP treat-
ment presents a challenge for the repair of infected
bone using osteoinductive proteins. The local
delivery of antibiotics concomitantly with rhBMP-
2 in the polymer carrier might be a useful approach
to reduce the dose and cost of the repair. Further
studies are underway in our laboratory to examine
the efficacy of this system in an infected bone defect
model.
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Abstract

Bone morphogenetic proteins (BMPs) belong to the transforming growth factor (TGF)-B superfamily, and some display potent osteogenic
activity both in vivo and in vitro. The BMP signaling cascade involving BMP receptors at the cell membrane and intracellular messengers
(Smads) has been elucidated, but the regulatory mechanisms of BMP signaling have not been clarified. We previously found that
pentoxifyline (PeTx), a nonspecific inhibitor of phosphodiesterase (PDE), and rolipram, a PDE-4-specific inhibitor, enhance BMP-4-induced
osteogenic differentiation of mesenchymal cells, probably through the elevation of intracellular cyclic adenosine monophosphate (cAMP)
accumulation and modulation of BMP signaling pathways as enhanced BMP-4 action was reproduced by addition of dibutylyl-cAMP
{dbcAMP). However, the precise mechanisms underlying the enhancing effects of those agents on BMP signaling were not completely
revealed. As already reported, BMPs utilize a specific intracellular signaling cascade to target genes via R-Smads (Smad1,5,8), Co-Smad
(Smad4) and I-Smads (Smad6,7). One possibility for cAMP-mediated effects on BMP signaling might be suppression of I-Smads expression
since these proteins form a negative feedback loop in BMP signaling. To examine this possibility, changes in I-Smad (Smad6) expression on
addition of dbcAMP or PeTx were examined in a bone-marrow-derived osteogenic cell line (ST2). Alkaline phosphatase activity in ST2 cells
was consistently induced by BMP-4 treatment (300 ng/ml), and Smad6 mRNA expression was also induced by BMP-4 treatment. Although
concurrent treatment of ST2 cells with BMP4 and dbcAMP elicited further activation of alkaline phosphatase, addition of dbcAMP reduced
BMP-4-induced Smad6 expression in a dose-dependent manner. Furthermore, detection of phosphorylated Smad1/5/8 on Western blotting
analysis was prolonged, suggesting prolonged kinase activity of BMP receptors through suppressed expression of Smadé. Elevated
intracetlular cAMP might thus enhance BMP signaling by suppressing Smad6 induction and prolonging intracellular BMP signaling.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Cyclic adenosine monophosphate; Osteoprogenitor cells; Bone morphogenetic protein; Smad6; Pentoxifyline

Introduction

The bone-inducing activity of bone morphogenetic
proteins (BMPs) was originally identified in bone matrix
through ectopic bone formation after implanting decalcified
bone matrix into rodent muscle. A group of BMP molecules
belonging to the transforming growth factor (TGF)-

* Corresponding author. Fax: +81 6 6646 6260.
E-mail address: tatsuya@med.osaka-cu.ac.jp (T. Koike).
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superfamily has since been identified and recognized as
multi-functional growth factors.

In bone biology, BMPs are considered crucial in bone
and cartilage formation for embryonic development,
postnatal bone metabolism and repair of damaged bone.
From a clinical perspective, BMPs and related molecules
regulating BMP activity are expected to offer powerful
tools for the treatment of systemic or local skeletal
disorders like osteoporosis and repair of fracture or bone
defects associated with bone tumor excision or trauma. For
clinical purposes, BMP-2 and BMP-7/osteogenic protein
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(OP)-1 have been synthesized using DNA recombination
and utilized in a limited number of human cases in
combination with local delivery systems [1]. Gene therapy
using BMP genes has also been attempted in experimental
animals [2], but efficacious and safe vectors for delivering
BMP genes in gene therapy have remained problematic for
gene therapy.

When considering the efficient use of BMPs either
systemically or locally, one basic and important problem
is the low responsiveness of human mesenchymal cells to
BMPs [3]. Large doses (in the order of milligrams) of
costly BMP are thus required for local lesions in each
patient. To overcome such problems and enable more
widespread and effective use of BMP molecules,
additional agents or methods that intensify BMP activity
are desirable. In this context, we screened the phospho-
diesterase (PDE) inhibitors pentoxifyline (PeTx, a non-
specific inhibitor of PDE) and rolipram (a PDE-4-specific
inhibitor), revealing increases in BMP-2-induced bone
mass following systemic daily injection of these agents
[4,5]. However, the precise pharmacological basis of these
effects was uncertain. Elevation of intracellular levels of
cyclic adenosine monophosphate (cAMP) may have been
involved and might intensify the intracellular BMP
signaling cascade. One possible mechanism for cAMP
to intensify BMP signaling would be interference with the
negative feedback mechanism in BMP signaling formed
by inhibitory Smads (I-Smads). The present study
investigated changes in mRNA expression of major I-
Smads, Smadé and phosphorylated receptor-regulated
Smads (R-Smads) levels after treatment with BMP-4
and dibutylyl-cAMP (dbcAMP), a cell-membrane perme-
able analog of cAMP, in lined murine osteogenic ST2
cells.

Materials and methods
Reagents

PeTx (1-(5-oxohexyl)-3,7-dimethylxanthine) and
dbcAMP were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). PeTx and dbcAMP were prepared at 90
mM and 100 mM, respectively, as stock solutions in culture
medium.

As a source of mouse BMP-4, conditioned medium
from Chinese hamster ovary (CHQ) cells transfected with
murine BMP-4 (mBMP-4) ¢cDNA was used. Details of the
CHO cell have been described in our previous publication
[6]. Briefly, cells transfected with mBMP-4 c¢cDNA or
mock vector (for controls) were inoculated at a density of
1.0 x 10° cells/100 mm plastic dish (Falcon #3003; Becton
Dickinson Labware, Tokyo, Japan) in 10 ml of a-minimal
essential medium (a-MEM; Sigma Chemical Co.) with
10% (vol/vol) heat-inactivated fetal bovine serum (FBS;
Gibco, Grand Island, NY, USA) and antibiotics/antimyco-

tics (100 U/ml penicillin; 100 pg/ml streptomycin; and
0.25 pg/ml amphotericin B, Sigma Chemical Co.) at 37°C
in 5% CO, atmosphere. Conditioned medium was
collected after 5 days incubation, filtered through a
membrane filter (Corning, NY, USA; pore size 0.22 pm)
and stored at 4°C. Under these conditions, judging from
the induction of alkaline phosphatase (ALP) activity in
osteoprogenitor cells, a 5% mixture of conditioned
medium corresponded to approximately 100 ng/ml of
recombinant human BMP-2 (generously provided by
Yamanouchi Pharmaceutical, Tokyo, Japan) (data not
shown). For experiments, conditioned medium from cells
transfected with mock vector was used for negative
controls.

Cell culture

Mouse mesenchymal cell line C3H10T1/2 [7], mouse
bone marrow stromal cell line ST2 [8] and mouse
osteoblastic cell line MC3T3-E1 [9] were obtained from
the Riken Cell Bank (Ibaraki, Japan). The C3H10T1/2 and
ST2 cell lines are widely regarded as osteogenic
precursors as cells go on to exhibit osteoblastic pheno-
types under the control of BMPs [10,11]. Cells were
seeded at a density of 3 x 10° cells/100-mm plastic dish
and cultured in «-MEM containing 10% FBS and anti-
biotics/antimycotics at 37°C in 5% CO, humidified air. Upon
reaching confluence, cells were used in the following
experiments.

Determination of alkaline phosphatase activity

Alkaline phosphatase activity was measured as a marker
of osteoblastic differentiation in response to BMP-4 or
other agents. Cells were seeded at a density of 1 x 10°
cells/well in 48-well plates (=4 per group). Upon
achieving confluence, medium was replaced by fresh
medium containing 5% FBS and pre-incubated for 1 h.
BMP-4 and other chemicals were then added to the
cultures, and incubation was continued for 3 more days.
Cells were pre-incubated with or without PeTx/dbcAMP
for 15 min before treatment with BMP-4. After 3 days of
incubation, medium was removed, and cells were washed 3
times with saline then lysed in 250 ul of 0.2% Triton-X
(Sigma Chemical Co.) with saline. Plates were frozen at
—80°C and dissolved again then sonicated for 40 s. After
centrifugation, supernatant was collected and used for ALP
assay and protein assay. For ALP assay, samples were
incubated with 0.5 mM para-nitrophenol phosphate, 0.5
mM MgCl, and 0.5 M Tris—HCI for 30 min at 37°C. To
stop the reaction, a quarter volume of 1 N NaOH was
added, and then absorbance was read at 405 nm. As a
standard, 5 mM para-nitrophenol was used. Protein
concentration was measured using a DC protein assay kit
(Bio-Rad Laboratories, CA, USA). Experiments were
performed independently in triplicate.
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Determination of intracellular cAMP

When cultures maintained in 24-well plates (n=4 per
group) reached confluence, medium was replaced using
fresh medium of the same composition. After 1 h of pre-
incubation, BMP-4 and other chemicals were added to the
cultures, and incubation was continued for 5 or 15 min.
The medium was then removed, and cells were overlaid
with 250 ul of 0.1 N HCI for 10 min at room temperature,
collected by scraping and then centrifuged. Supernatant
was then collected and used for cAMP assay, which was
performed using a cAMP Kit (R&D Systems, Minneapolis,
USA) according to the instructions of the manufacturer.
The cAMP assay is based on the competitive binding
technique, in which cAMP present in a sample competes
with a fixed amount of ALP-labeled anti-cAMP rabbit
polyclonal antibody.

Northern blot analysis

Cells were seeded in 100-mm diameter dishes and
cultured until confluence. Upon achieving confluence,
medium was replaced by fresh medium containing 5%
FBS and cultured for 1 h. Cells were then treated with BMP-
4 (300 ng/ml) or dbcAMP (2 mM) for 24 h. Cells were pre-
incubated with or without dbcAMP for 15 min before
treatment with BMP-4.

Total RNA was isolated from cells using Isogen (Wako
Pure Chemical Industries, Osaka, Japan), and poly(A)"
RNA was obtained using Poly(A) Quik mRNA Isolation
Kit (Stratagene, CA, USA) according to the instructions of
the manufacturer. Poly(A)" RNA (2 ug) was electrophor-
esed in 1.0% agarose gels in the presence of 1.1 M
formaldehyde and blotted to Hybond N membranes
(Amersham Bioscience, NJ, USA). The complete coding
regions of mouse Smad6 cDNA were labeled by [a-*?P]-
dCTP using a Random Primer Labeling Kit (Takara
Biochemicals, Otsu, Japan). Hybridization was performed
in a solution containing 0.5 M phosphate buffer, | mM
ethylene diamine tetra-acetic acid (EDTA) and 7% sodium
dodecyl! sulfate (SDS) at 65°C overnight, and the filter was
washed at 65°C with 6% standard saline citrate (SSC), 0.1%
SDS for 15 s, 2x SSC and 0.1% SDS for 10 min twice.
Filters were stripped using boiled distilled water containing
0.1% SDS and rehybridized. Amounts of mRNA were
verified by hybridizing filters with a glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) probe. Signals were
detected using a BAS-2500 image analysis system (Fuji
Photo Film Co., Tokyo, Japan).

Smad6 ¢cDNA was generously provided by T. Imamura
(Cancer Institute of the Japanese Foundation for Cancer
Research, Tokyo, Japan), and GAPDH cDNA was generated
by reverse transcription polymerase chain reaction (RT-PCR)
using specific primer sets as follows: for GAPDH, sense
primer 5'-ATGGTGAAGGTCGGTGTGAA-3' and anti-
sense primer 5'-CTCTTGCTCAGTGTCCTTGCT-3".

Quantitative real-time reverse transcription polymerase
chain reaction

When cultures maintained in 6-well plates (n=3 per

" group) became confluent, medium was replaced by fresh

medium containing 5% FBS and cultured for 1 h, then
BMP-4 and other chemicals were added to cultures. In the
case of combined treatment, BMP-4 was added 15 min
later than other chemicals. Total RNA was isolated from
cells treated with each chemical for each time period
using NucleoSpin RNA II (Macherey-Nagel, Duren,
Germany) according to the instructions of the manufac-
turer. A total of 1 pg of total RNA was reverse-transcribed
into first-strand ¢cDNA with an oligo-dT primer using
Superscript II reverse transcriptase (Invitrogen, CA, USA).
Real-time RT-PCR was performed according to the
instructions of the manufacturer (Applied Biosystems,
Foster City, CA, USA). TagMan fluorogenic probes for
Smad6 were purchased from Applied Biosystems. Real
time RT-PCR for GAPDH was performed using SYBR
Green Supermix (Bio-Rad Laboratories). Experimental
samples were matched to a standard curve generated by
amplifying serially diluted products using the same PCR
protocol. Amplified GAPDH c¢cDNA was used for internal
control. To correct for variability in RNA recovery and
efficiency of reverse transcription, GAPDH cDNA was
amplified and quantitated in each cDNA preparation.
Normalization and calculation steps were performed as
described by Pfaffl [12]. Experiments were performed on
3 independent occasions, and each experiment comprised
of 3 samples.

Western blot analysis

Cells were plated at a density of 2 x 10* cells/well on 6-
well plates and cultured until confluence. At 1 h after
replacing with fresh medium containing 5% FBS, BMP-4
(300 ng/ml) and dbcAMP (2 mM) were added to the media,
and cells were cultured for designated periods. Dibutylyl
cyclic AMP (dbcAMP) was added .15 min prior to BMP4.
The resultant sample was boiled for 5 min in 20 ul of sample
buffer for SDS polyacrylamide electrophoresis (SDS-PAGE)
as described previously with minor modifications [13].
Equal amounts of protein samples were applied and run on
each lane of SDS 5-20% acrylamide gels (40 mA, low
voltage, 90 min) and ultimately blotted to ECL™ nitrocel-
lulose membrane (Amersham Bioscience). Membranes were
developed using ECL™ plus reagent (Amersham Biosci-
ence). Signal intensities were measured according to staining
of each band using a Chemi Doc XRS-J digital densitometer
(Bio-Rad Laboratories).

Statistical analysis

Data are expressed as mean=+SD for each group.
Differences between treatment groups were analyzed using
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Fisher’s PLSD test. Values of P<0.05 were considered
statistically significant.

Results
ALP induction by BMP-4, PeTx and dbcAMP

PeTx, a methylxanthine-derived nonspecific inhibitor
of PDEs, had no effect on ALP activity in ST2 cells at
PeTx concentrations of 0.225-0.9 mM. In contrast, PeTx
enhanced BMP-induced ALP activity in a dose-depen-
dent manner (Fig. 1A), indicating a specific enhancing
effect of PeTx on BMP-2 activity. Intracellular levels of
CAMP increased about 7-fold in 15 min after the
addition of PeTx (0.9 mM). Levels of cAMP were
unaffected by addition of BMP-4 (50 ng/ml) with PeTx
(Fig. 1B).

The potentiating effect of PeTx on BMP action in ST2
cells was mimicked by the addition of dbcAMP (Fig. 1C).
Similar results were obtained using C3H10T1/2 and
MC3T3-El cells (data not shown).

Smad6 mRNA induced by BMP-4 stimulation

Fig. 2 shows dose- and time-dependent changes in Smad6é
mRNA expression following BMP-4 treatment, as deter-
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mined using quantitative real-time RT-PCR methods. In ST2
cells, Smad6 mRNA expression was significantly up-
regulated by mBMP-4 treatment in a dose-dependent manner
over the BMP-4 dose range from 50 ng/m! to 300 ng/ml in
6 h (Fig. 2A). Up-regulated expression of Smad6 mRNA
peaked in 3 h and lasted up to 24 h after BMP freatment
(300 ng/ml) then gradually reduced to the baseline level
within 72 h (Fig. 2B).

Suppression of Smad6 expression by cAMP

In order to elucidate how cAMP accelerates osteoblastic
differentiation in ST2 cells, the expression of Smadé6 mRNA
after treatment with dbcAMP and BMP-4 was analyzed.
Smad6é mRNA expression was induced by BMP-4 stimula-
tion, but addition of dbcAMP significantly ameliorated
BMP-4-induced Smad6 expression (Fig. 3).

Quantitative real-time RT-PCR of Smad6 mRNA expres-
sion treated with or without BMP-4 (300 ng/ml) and various
doses of dbcAMP (1002000 pM) at 12 h revealed that
dbcAMP reduced BMP-4-induced Smad6é expression in a
dose-dependent manner (Fig. 4).

Results of quantitative real-time RT-PCR for Smad6
mRNA expression at 6, 12, 24 and 72 h are shown in Fig. 5.
At 6, 12 and 24 h, dbcAMP reduced the expression of Smad6
mRNA that was induced by BMP-4 (Figs. 5A—C). Although
level of Smad6 mRNA induced by BMP-4 returned to

ALP activity
(nmol pNP/min/ug protein)

BMP-4 (300ng/ml) - - + o+ 4+ o+ o+
dbc AMP (uM) - + - + o+ o+ o+ 4
(2000) (25) {100) (250) (1000) (2000)

Fig. 1. (A, C) PeTx and dbcAMP intensified BMP-4-induced ALP activation in a dose-dependent manner. ST2 cells were cultured in 24-well plates until
confluence then treated with BMP-4, PeTx (A) and dbcAMP (B). After 3 days, ALP activity was measured. (B) Concentration of cAMP in ST2 cells treated with
BMP-4 and PeTx for 15 min. Bars and lines represent mean + SD for 4 wells. *P < 0.05, cells treated with BMP-4 compared with untreated cells. *P < 0.05, cells

treated with BMP-4/PeTx or dbcAMP compared with BMP-4-treated cells.
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Fig. 2. Effects of BMP-4 on expression of Smad6 in ST2 cells. ST2 cells were cultured in 6-well plates to confluence then treated with BMP-4. After 6 h (A) or
other designated times (B), total RNA was extracted, and levels of Smad6 expression were analyzed using real-time RT-PCR, normalized to GAPDH expression
and presented as the expression level relative to that in control untreated cells. BMP-4 induced Smadé expression in a dose-dependent manner at 6 h after
stimulation (A). In panel B, closed circles represent Smadé expression at each time point in untreated cells, and open circles represent expression in celis treated
with BMP-4 (300 ng/ml). Bars and lines represent mean = SD for 3 wells. Similar results were obtained in 3 independent series of studies. *P < 0.08, cells treated

with BMP-4 compared with untreated cells.

Smad6 / GAPDH
(fold induction)

BMP-4
(300ng/mi)

dbcAMP BMP-4+dbcAMP
(2mM)

Control

Fig. 3. Cyclic AMP reduced BMP-4-induced Smad6 expression in ST2 cells.
Results of Northem blotting. After 24 h of treatment using BMP-4 (300 ng/
ml), dbcAMP (2000 pM) or both, mRNA was extracted and analyzed.
Messenger RNA obtained using a Poly(A) Quik mRNA Isolation Kit was
electrophoresed in agarose-formaldehyde gels, blotied to Hybond N
membranes and hybridized with Smad6 and GAPDH probes. Showing the
summary of 3 independent experiments. Bars and lines represent mean + SD
for 3 experiments. *P < 0.05, cells treated with BMP-4 compared with
untreated cells. ¥P < 0.05, cells treated with BMP-4/dbcAMP compared
with BMP-4 treated cells.

baseline by 72 h, dbcAMP still repressed Smad6 mRNA
levels (Fig. 5D).

Prolonged phosphorylation of BMP-specific R-Smads by
dbcAMP

Phosphorylation of BMP-specific R-Smads by BMP-4
was analyzed by immunoblotting using phospho-Smad1/5/8-
specific antibody with or without dbcAMP treatment (Fig.
6). Phosphorylation of Smadl/5/8 after BMP-4 stimulation
started from 1 h after BMP-4 stimulation and became
undetectable after day 3. Addition of dbcAMP did not
exhibit significant effects at 1 or 24 h after treatment, but
phosphorylated Smad1/5/8 were detected until day 5.

Discussion

The cyclic nucleotide PDE family includes a large
numbers of PDE isomers, which are encoded in at least 13
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Fig. 4. Cyclic AMP reduced BMP-4-induced Smad6 expression in ST2 cells in a dose-dependent manner. After 12 h of treatment with BMP-4 (300 ng/mi),
dbcAMP or both, total RNA was extracted, and expression of Smad6 was analyzed using real-time RT-PCR, normalized to GAPDH expression and presented as
the expression level relative to that in control untreated cells. Bars and lines represent mean + SD for 3 wells. *P < 0.05, cells treated with BMP-4 compared with
untreated cells. $P < 0.05, cells treated with BMP-4/dbcAMP compared with BMP-4 treated cells.

distinct genes and hydrolyze cAMP and/or cyclic guanosine a selective or non-selective manner have already been
monophosphate (cGMP), thereby contributing to the regu- developed [15]. Interestingly, some PDE inhibitors have
lation of intracellular cAMP levels [14]. A number of been reported to stimulate osteoblastic differentiation and
compounds inhibiting respective PDE subfamily enzymes in inhibit osteoclastic differentiation in vitro [16,17]. We have
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Fig. 5. Cyclic AMP reduced BMP-4-induced Smadé6 expression in ST2 cells at 6, 12 and 24 h. ST2 cells were treated with BMP-4 (300 ng/ml), dbcAMP (2 mM)
or both for 6 h (A), 12 h (B), 24 h (C) or 72 h (D). Total RNA was then extracted, and expression of Smad6 was analyzed using real-time RT-PCR, normalized to
GAPDH expression and presented as expression level relative to that in control untreated celis. Bars and lines represent mean + SD for 3 wells. *P < 0.05, cells
treated with BMP-4 compared with untreated cells. 1P < 0.05, cells treated with BMP-4/dbcAMP compared with BMP-4 treated cells.
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Fig. 6. Effects of dbcAMP on BMP-4-induced Smads signaling in ST2 cells. ST2 cells were pretreated for 1 h in 5% FBS before stimulation. Cells were treated
with BMP4 (300 ng/ml) or BMP-4 and dbcAMP (2 mM). Whole-cell extracts were prepared at indicated time points followed by immunoblotting. Identical
amounts of protein samples were applied and run on each lane of a 10% acrylamide gels, blotted to an ECL nitrocellulose membrane, and membranes were
developed using ECL plus reagent. Activated BMP-specific R-Smads were detected by anti-phospho-Smad1/5/8 antibody. Bands for Smadl and p-actin are

shown as a loading control. C, control; B, BMP-4; B + D, BMP~4 and dbcAMP.

reported that the PDE inhibitors, PeTx and Rolipram,
increase bone mass mainly by promoting bone formation
m normal mice [4,18]. Furthermore, PDE inhibitors have
been shown to exert therapeutic effects in different
experimental osteopenia models [17,19,20]. Although
some PDE inhibitors reportedly promote bone formation
under both in vivo and in vitro conditions, the precise
mechanisms leading to the osteogenic effects of those PDE
inhibitors are currently unknown. The present study was
performed to gain clues regarding the anabolic effect of the
PDE inhibitor PeTx on osteoblastic differentiation of bone
marrow stroma cell-derived osteoprogenitor cells, ST2 cells.

Our previous report showed that daily injection of PeTx
increased systemic bone mass by enhancing bone formation
[18], and it also stimulated BMP-2 induced ectopic bone
formation [4]. However, the mechanisms underlying the
effects of PDE inhibitors on bone metabolism have remained
obscure. Regarding mechanisms of action, one of the basic
but major questions has been whether the anabolic effect of
PDE inhibitors on bone metabolism is linked specifically to
BMP signaling system to induce osteoblastic differentiation
or results from functional activation of fully differentiated
osteoblasts independent of BMP. Based on the results in our
present and previous studies, the effect of PDE inhibitors
might be brought about in association with BMP since the
effects of PDE inhibitors in enhancing osteoblastic differen-
tiation were not seen in the absence of BMP but were
consistently noted in the presence of BMP, indicating a
potential function of the PDE inhibitor in enhancing BMP
signaling through elevation of intracellular cAMP levels
[21]. In addition, intracellular cAMP-elevating agents such
as dbcAMP and forskolin also increase BMP-4-stimulated
osteoblastic differentiation when estimated by elevating ALP
activity [21]. These results indicate that cAMP-elevating
agents might enhance BMP signaling pathway to enhance
bone formation. Regarding the effects of PDE inhibitors on
BMP signaling, the results of a recent study suggest that the
anabolic actions of PeTx might be attributable to cross-talk

between BMP signaling and protein kinase C (PKC)
signaling cascades [22]. Rawadi et al. noted that PeTx
could promote osteoblast differentiation not by protein
kinase A (PKA) activation, since inhibition of PKA by H-89
(a protein kinase inhibitor) did not alter the PDE-induced
osteogenic reaction, but through activation of extracellular
signal-regulated kinase (ERK) 1/2 and p38 kinase pathways
{22]. However, we could not exclude the possible contribu-
tion of cAMP-activated PKA to the acceleration of
osteoblastic differentiation by PeTx since inhibition of
PKA by H-89 partially abolishes PDE inhibitor-mediated
increases in the induction of ALP by BMP-4 (data not
shown). Cross-talk between the cAMP/PK A cascade and the
Smads-mediated BMP signaling pathway awaits elucidation
in future studies.

Among the 3 groups of Smad proteins involved in the
BMP signaling pathway, Smad6 and Smad7 are classified as
I-Smads. I-Smads interact with activated serine/threonine
kinase BMP or TGF-3 receptors and compete with R-Smads
(Smad1/5/8) to activate the receptors [23]. Smadé has also
been reported to compete with common-partner Smad (Co-
Smad, Smad4) in forming complexes with R-Smads. Smad6
might be more crucial in the negative feedback loop as
Takase et al. [24] reported that Smad6 mRNA was markedly
induced by BMP-2 or BMP-7/OP-1 in various osteopro-
genitor cell lines, whereas Smad7 expression remained
unchanged in most cells. In this context, Smad6 was targeted
to examine involvement of the protein in the mechanism
enhancing BMP signaling by cAMP. We confirmed up-
regulation of Smad6 expression in response to BMP-4
stimulation in ST2 cells. Interestingly, up-regulated expres-
sion of Smad6 by BMP-4 stimulation appears to be partially
suppressed by elevated intracellular cAMP levels on addition
of cell-membrane-permeable dbcAMP in a dose-dependent
manner in ST2 cells. Elevated levels of phosphorylated R-
Smads following BMP-4 treatment and dbcAMP lasted
longer than that with BMP-4 treatment alone on Western blot
analyses. Although dbcAMP significantly suppressed the
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expression of Smad6 mRNA induced by BMP-4 within 6
h (Fig. 5A), levels of phosphorylated R-Smads induced by
BMP-4 at 24 h were not altered (Fig. 6). This discrepancy
might be explained by following two points. First, Smad6
was evaluated by mRNA level, whereas phosphorylated R-
Smads were determined by protein level. Second, Smadé
binds in a stable manner to serine/threonine kinase receptors
and then interferes with phosphorylation of R-Smads by
receptors. This negative feedback loop might require the
appropriate time lag. These results suggest that the anabolic
effects of cCAMP on BMP-4-induced osteoblastic differenti-
ation might be partially attributable to suppressed expression
of Smad6 in the negative feedback loop and the facilitation
of positive BMP-4 signaling in cells. In addition, dbcAMP
enhanced the expression of Id-1 mRNA, an inhibitor of
myogenesis, induced by BMP-4 (data not shown). These
findings taken together suggest that cAMP might be a
modulator of BMP signaling. Ishida et al. identified the 28-
base pair regions responsible for transcriptional activation by
BMPs in the mouse Smad6 promoter [25]. Ionescu et al.
characterized a putative cAMP response element (CRE) site
in the adjacent 17-base pair [26]. In that report, dominant
negative cCAMP response element binding protein reduced
BMP-2-stimulated Smad6 gene transcription [26], but these
results were not consistent with our current results. Potential
causes for these inconsistencies include interactions of other
transcriptional factors and differences in cells and BMPs.
Similar mechanisms were reported to explain signal cross-
talk between BMP and TGF-p [27]. Further studies are
needed to elucidate relationships between cAMP and BMPs.

Smad proteins play important roles in BMP signaling and
display characteristic pathways. Only a limited number of
previous reports have examined relationships between the
Smad pathway and cAMP. On addition of dbcAMP, BMP-4-
induced Smad6 expression was significantly suppressed
(Fig. 4). These results indicate that dbcAMP enhances BMP-
4 osteogenic activity through the suppression of a self-
regulated negative feedback loop. Parathyroid hormone
(PTH) or its amino-terminal fragment is known to enhance
systemic bone formation following daily subcutaneous
injection and is currently utilized to recover bone mass in
osteoporotic patients without the precise mechanisms of
action being understood. As PTH also elevates intracellular
levels of cAMP in cells with PTH-specific receptors, cAMP
interference in the BMP negative feedback might be
involved in PTH-enhanced systemic bone formation.
Additional studies confirming suppression of I-Smads by
PTH treatment are necessary to elucidate the mechanisms of
action underlying the anabolic effects of PTH.

In conclusion, suppression of BMP-4-induced Smad6
expression appears to represent one of the mechanisms by
which BMP action is enhanced by PeTx and dbcAMP
treatments. Manipulation of the BMP signaling loop may
also provide new insights into enhancing the efficacy of
BMP-mediated local new bone formation for the treatment of
damaged bone.

Acknowledgments

This work was supported in part by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Culture,
Sports, Science and Technology of Japan and Japan Society
for the Promotion of Science (No. 15591595).

References

[1] Boden SD, Kang J, Sandhu H, Heller JG. Use of recombinant human
bone morphogenetic protein-2 to achieve posterolateral lumbar spine
fusion in humans: a prospective, randomized clinical pilot trial: 2002
Volvo Award in clinical studies. Spine 2002;27:2662-73.

[2] Chen Y, Luk KD, Cheung KM, Xu R, Lin MC, Lu WW, et al. Gene
therapy for new bone formation using adeno-associated viral bone
morphogenetic protein-2 vectors. Gene Ther 2003;10:1345-53.

[3] Valentin-Opran A, Wozney J, Csimma C, Lilly L, Riedel GE. Clinical

evaluation of recombinant human bone morphogenetic protein-2. Clin

Orthop Relat Res 2002;395:110-20.

Horiuchi H, Saito N, Kinoshita T, Wakabayashi S, Tsutsumimoto T,

Takaoka K. Enhancement of bone morphogenetic protein-2-induced

new bone formation in mice by the phosphodiesterase inhibitor

pentoxifylline. Bone 2001;28:290-4.

[5] Horiuchi H, Saito N, Kinoshita T, Wakabayashi S, Yotsumoto N,

Takaoka K. Effect of phosphodiesterase inhibitor-4, rolipram, on new

bone formations by recombinant human bone morphogenetic protein-

2. Bone 2002;30:589--93.

Takaoka K, Yoshikawa H, Hashimoto J, Ono K, Matsui M, Nakazato

H. Transfilter bone induction by Chinese hamster ovary (CHO) cells

transfected by DNA encoding bone morphogenetic protein-4. Clin

Orthop 1994;300:269-73.

[71 Reznikoff CA, Brankow DW, Heidelberger C. Establishment and
characterization of a cloned line of C3H mouse embryo cells sensitive
to postconfluence inhibition of division. Cancer Res 1973;33:3231-8.

[8] Ogawa M, Nishikawa S, Ikuta K, Yamamura F, Naito M, Takahashi K.
B cell ontogeny in murine embryo studied by a culture system with the
monolayer of a stromal cell clone, ST2: B ¢ell progenitor develops first
in the embryonal body rather than in the yolk sac. EMBO J 1988:7:
1337-43.

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

[10] Katagiri T, Yamaguchi A, Tkeda T, Yoshiki S, Wozney JM, Rosen V, et
al. The non-osteogenic mouse pluripotent cell line, C3H10T1/2, is
induced to differentiate into osteoblastic cells by recombinant human
bone morphogenetic protein-2. Biochem Biophys Res Commun 1990;
172:295-9.

[11] Yamaguchi A, Ishizuya T, Kintou N, Wada Y, Katagiri T, Wozney
JM, et al. Effects of BMP-2, BMP-4, and BMP-6 on osteoblastic
differentiation of bone marrow-derived stromal cell lines, ST2 and
MC3T3-G2/PA6. Biochem Biophys Res Commun 1996;220:
366-71.

[12] Pfaffil MW. A new mathematical model for relative quantification in
real-time RT-PCR. Nucleic Acids Res 2001;29:e45.

[13] Nakamura Y, Wakitani S, Nakayama J, Wakabayashi S, Horiuchi H,
Takaoka K. Temporal and spatial expression profiles of BMP receptors
and noggin during BMP-2-induced ectopic bone formation. J Bone
Miner Res 2003;18:1854-62.

[14] Soderling SH, Beavo JA. Regulation of cAMP and ¢cGMP signaling:
new phosphodiesterases and new functions. Curr Opin Cell Biol 2000;
12:174-9.

[15] Beavo JA, Reifsnyder DH. Primary sequence of cyclic nucleotide
phosphodiesterase isozymes and the design of selective inhibitors.
Trends Pharmacol Sci 1990;11:150--5.

4

fnar)

[6

i



	200618028A0141
	200618028A0142
	200618028A0143
	200618028A0144
	200618028A0145
	200618028A0146
	200618028A0147
	200618028A0148
	200618028A0149
	200618028A0150
	200618028A0151
	200618028A0152
	200618028A0153
	200618028A0154
	200618028A0155
	200618028A0156
	200618028A0157
	200618028A0158
	200618028A0159
	200618028A0160

