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Bone Morphogenetic Protein 2-induced MAPKs Activation Is
Independent of the Smad1/5 Activation
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Bone morphogenetic protein (BMP) 2 is a potent
osteogenic factor. Although both Smadl/5 and mitogen-
activated protein kinases (MAPKs) are activated by BMP2,
the hierarchical relationship between them is unclear. In
this study, we examined if BMP2-stimulated MAPK
activation is regulated by Smad1l/5 or vice versa. When
C2C12 cells were treated with BMP2, the activation of
extracellular signal-regulated kinase (ERK), p38 MAPK
and c-Jun-N-terminal kinase was evident within 5 min. The
knockdown of both Smadl and SmadS by small interfering
RNA did not affect the activation of these MAPKs. In
addition, neither the overexpression of Smadl nor Smad5
induced ERK activation. When ERK activation was
induced by constitutively active MEKI1 expression, the
protein level and activation of Smadl increased.
Furthermore, the inhibition of constitutively active BMP
receptor type IB-induced ERK activation significantly
suppressed Smad1l activation. These results indicate that
Smad1/5 activation is not necessary for BMP2-induced
MAPK activation and also that ERK positively regulates
Smad]1 activation.
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Bone morphogenetic protein(BMP)<  transforming
growth factor(TGF)-B superfamily®] &o 2 ZFAX
AFAL2ZHE 2L E3H5 S8 in vivost
in vitro ZolA W PAE VM7= EIE YERich
BMP7} cjokal ¥ make vehii i Alzeol
ZAsk= A3 (BMPRDZ 23 BMPS-&5] (BMPRIpl]
ek ZA3te] Heslet. BMP7L 8ol 735l BMPRI
9] serine/threonine kinase”} 2H4d3}=]o] R-Smads(Smadl,
5, 8)8] 7254 wtho] <lakslEm o]7le] co-Smaddl
Smad4e} Z3tste] 3 W E o]gdfe] ksl AARIA
% coactivator 2] AEAE-S Fa oIz Rl A
Zpe] whel-g- 2A-sl= 2oz YA 3rh(Miyazono et al.,
2005; Ryoo et al.,, 2006). Smadl®} Smad57} BMP2e]|
ofgt ZAlE L3l Fadt AlsAY 2HE o
A 9lowm] o]58 C2CI2NZo|| IR 7| =TT £
37} f=¥ch(Yamamoto et al., 1997; Fujii et al., 1999).
22} o]2)3t B3E3E BMP ] Ei= constitutively
active(ca) BMPRI W& A] ¥} & g3}FolojA Smad
AloAz ool F7H Ale7dzrt 283 Aoz A7y
olgket,

BMPel| 93t Z=FA|E %-3}2-8ol 4 non-Smad 74 22
T8l gk o] Bt o] foixlom, BMP2e] ¢
& @AdslE]E Aoz UdA 2 non-Smad AlTAY
74 2+ p38 mitogen-activated protein kinase(MAPK),
c-Jun-N-terminal kinase(JNK), extracellular signal-regulated
kinase(ERK)E *¥3tsli= MAPKs 73 Zo|th(Kozawa et
al., 2002; Guicheux et al., 2003; Hassel et al., 2003).
W3 ol wheh A2 Ak AFE Holr|= Fxuk
22 749|213 non-Smad 7 EE Ak BMP2e|
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ot ZEAE E3F o As)sAA Aol AAE]
ulstell BMP2o] zhgo] axpdoz Jehtr] flsiAe
Smad 7 & A3}l tjEo] o]2]g non-Smad 73 &9
g4} "5Ael Aoz nel xh. BMPR < £
MAPKs 243t 7 2ol disl] of= = defx] 9= &A|
mh, A% B el p38 MAPK % INK A3} #2%
Avy Ob ot AlHTFAZ] BMP4E 2|5l BMPRI
ol X-linked inhibitor of apoptosis protein(XIAP)°] 73t
skar XIAPol TGF-B activated kinase 1(TAK1) binding
protein 1(TAB1)o] 7ZA3tsls = sk 2 p38 MAPK7}
3hAdshelo] H w1 E]Qlch(Yamaguchi et al., 1999; Jordan
et al., 2001). TAK1-& MAPKK6%t MAPKK3E 243}
sled p387t INKE EA3HAZ 4 gle=z INK= ¢
3 AZE Fd FAsHE rheAe] s AeE AH
t}(Shirakabe et al., 1997). 3k = t}2 ¥ vo] whzw]
AR o 7 A Zn L0ﬂv— BMPRIZ} BMPRI} homomer =
SH =+ heteromer F-3HA|e] Al g EA5Ey Qlorm],
homomer &34 ez &A= 73-Fol= BMP27}
BMPRI 5-gHdo] 2 & BMPRII®}] heteromer 5-3}
A5 YAdsle] p38 MAPKE #AJ3lslAlqt o]u] BMPRI
7} BMPRII} heteromer E3H] Az &A= 7%
ol BMP27} Zgshd ukE R-Smad@A3}
Aoz Awslgici(Nohe et al., 2002). ©]23 ®RuE
BMPRell ]38+ p38 MAPK 24J3}7} R-Smads 243k}
= EgHo g o]|Fo|ALe AKXk ¢x|ut, ERK2} INK
72 ohE MAPKs #443ke} R-Smads 2443t 7ke] 3k
= oF & odeiA QA gdrt wel] B AdFelA=
C2C12 AlZol4 BMP2ol| €Jgt o= MAPKs®| 433t
£ 3kolsky, 1 FHAolx| R-Smadel Smadl¥} Smad5
o] Hdsl=AF Blslax} st

)

HEME A UH
A Z ol o

C2C124128} HEK293 A5 10% fetal bovine serum
(FBS; Gibco Invitrogen; Grand Island, NY, USA),
antibiotics(100 U/ml penicillin, 100 pg/ml streptomycin,
Gibco Invitrogen)’} % Dulbecco's modified Eagles
medium (DMEM; Hyclone; Logan, UT, USA)lA] At
wjeFstel fAlsksiet.

Alkaline Phosphatase qA

BMP20l| 93] fresle 2342 B3lapgol4] MAPKs
o] o43hg dolH vz} alkaline phosphatase(ALP) 34
< Alsledch. C2C1241 22 24-well platel] 1.3 x 10°
cells/welle] d=2 AXE5 3 & 90% AE Alx7}
confluentsd wi7bA] wieksisict. o & skl 5%

FBS7} &-7-¥l DMEM2.& A3k MAPKs S-S #]
3= :L—ﬁoﬂ/HL 7+ MAPKS] AAE 147} =9 A
A8l emd, 1 & 100 ng/ml BMP2(Cytolab; Rehobot,
Israelys- #7}s ]—04 48417k &t wieFasict. wioke] £t
A|Z-E- phosphate-buffered saline(PBS).>-Z 23] A& 3}aL
2% paraformaldehyde® 3243} % Alkaline Phosphatase
Stain Kit(Sigma; St. Louis, MO, USA)E ©]-&3lo] <
AL Agsidet. AHE MAPK A7l ERK A4
E 40 uM UO0126(Cell Signaling Technology; Beverly,
MA, USA), p38 MAPK AIAlZ 10 uM SB253580
(Calbiochem-Novabiochem; La Jolla, CA, USA), JNK
AAAZ 10 uM SP600125(Sigma)s AH&-315)

Semiquantitative Reverse Transcription-Polymerase Chain Reaction

A L3k AxRIA W 3AgARRe] W
n| A= Jgks WS 913l reverse-transcription poly-
merase chain reaction(RT PCR)S Al3sl3ict. o]& £
3 C2CI24%EZ 5x10°cells/60 mm dish7} H=2
Tk AlZ7F 70~80% confluent 317 & 5% FBS7}
=l DMEMCe & wAslgdct. MAPKs AsiAlE 14]
ZFst AAA AV sk 3L 100 ng/ml BMP2E A7}
gk 5 48417k wlokslodet. wiiokEl A|ZEAE easy-blue
RNA Extraction Reagent(iNtRON Biotechnology; Sungnam,
Koreays ©]-83}o] total RNAES ¥|3k3L AccuPower RT
Premix(Bioneer; Daejeon, Korea)Z cDNAZ A|=3l & i
star Taq DNA polymerase(iNtRON Biotechnology)s ©|
&3l PCRe Al33gict. ozl PCR AR 1.2%
agarose geloll4] 171953 & ethidium bromide® <344
slod Bhalsksdrt. PCRoll AH8-3h primere TaKaRa Korea
(Seoul, Koreapllx] A|zFsled Algslolor], PCR A9
27] % primer A9 o} Frh. ALP(439 bp) F:
5’-AGGCAGGATTGACCACGG-3’, R: 5’-TGTAGITC-
TGCTCATGGA-3’; Runx2 (289 bp) F:5’-CCGCACGAC-
AACCGCACCAT-3", R: 5’-CGCTCCGGCCCACAAATCTC
-3’; DIx5(491 bp) F: 5-GGCCACCGATTCTGACTACTACA-
3, R: 5’-GCTCCGGGGGCATCTCC-3’; Osteocalcin(300 bp)
F: 5-ATGAGGACCCTCTCTCTGCT-3’, R: 5°-CCGTAGA
TGCGITTGTAGGC-3’; glyceraldehyde-3-phosphate dehyd-
rogenase (452 bp) F: 5°-ACCACAGTCCATGCCATCAC-3,
R: 5°-TCCACCACCCTGITGCTGTA-3".

Small Interfering RNA Transfection 3 BMP2ol 2] %
MAPKs &4 3} 43
R-Smad”} BMP2¢ll 2]k MAPKs E4d3lol] n|x]= oJ3k
< Yolrr] 9e] Smadl % Smad5el| w3 small
interfering(si) RNAZ ©]&3lo] R-Smad w3-g oA}
I BMP29 EHE #Aslgr) o]2 98] C2C1241E
% 5x 10’ cells/60 mm dish7} H=2 2535l ofe F
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Smadl % Smad5ell =gk siRNA Z+& random control
siRNAE DharmaFECT(Dharmacon; Lafayette, CO, USA)
= ©]&slod transfectionskiz WM 354171 & vhgd
FHo] g wixlE m3lsle] 67k wiekslgich. 1 &
100 ng/ml BMP2E A8l 1, 5, 30, 60 Fof A%
= FAste] A X85 FR[SkaL Western blot -4
< A5kt Adoll A= siRNA+ Dharmaconel|A]
Toljske] A8-3}3aL, Smadl®}t Smad5e] wH7kA &3
= thlE oA FalElel

Western blot +#4] g5 7bshs] Ardsiad wiokd Al
X5 PBSZ A& 35kl RIPAbuffer(10 mM Tris-HCI [pH
7.5], 1mM EDTA, 150 mM NaCl, 1% NP-40, 2% SDS,
1% sodium deoxycholate, SO0 mM NaF, 0.2 mM Na,VO,,
1 mM PMSF protease inhibitor cocktail)ell §-3l5Fe] wh
W 255 Fsisict. =k ek BCA reagent(Pierce,
Rockford, IL, USA)E °]-83l9om, 50 ug shidg 5X
Laemmli sample bufferdl] 4= F 10% gel& ©]-&3}o]
SDS-PAGES Al3dJ3}aL PVDF Tol] %71 § 243 o
2} 5l o]xpgkA| 2 HES-A]7]aL, WEST-ZOL plus(iNtRON
Biotechnology s ©|-&3ste] sl whld wi=g P45y
t}. Anti-phospho-ERK, anti-ERK, anti-phospho-p38 MAPK,
anti-p38 MAPK, anti-phospho-JNK, anti-JNK, anti-
Smadl % anti-Smad5 &A= Cell Signaling Tech-
nology A& AH&8FaL, anti-Actin, immunopure goat
anti-mouse IgG horseradish peroxidase(HRP)-conjugated,
goat anti-rabbit IgG HRP-conjugated, bovine anti-goat
IgG HRP-conjugated antibody~= Santa Cruz Biotechnology
(Santa Cruz, CA, USA)IA] Fullsle] A-8-35F3

R-Smad ¥4 37} ERK 84 8ol v|X+= 4% #%
R-Smad §]—/H§]-U]—_i ERK 51-/(-13:]-— o 1:6‘1— _/_’-r_ ol‘—
A dolr 7] 2J3] Smadl =+ Smad5s &3k ERK
gl =% Blsigict. ofF $18 HEK293 Al
Flag-tagged Smadl, Flag-tagged Smad5 =W EE
WelFect-Ex PLUS(WelGene, Seoul, Korea)s ©|-83}o]
transient transfectiond}aiL 24A|7kst 3| EA|Zc). L &
dHeo] gle WA e FHo] X3 wiAelA 244171
o] wjokst & A5 435k Western blot 45 A
gstsict. ERK &34 f=sk7] flsll o4 Al zell=
caMEK 1 3w ] (Stratagen; La Jolla, CA, USA)E %
o] transfections}irt. P& A7l Smad =H¥2-2 mouse
anti-Flag M2-HRP-conjugated antibody(Sigma)2 ¥2s
93, Smadl/5 A= §L015}7] 9J&ll4+= R-Smad 7}
=54 wnke] SXS RE|Z7b ql4akske F-tel ZAds
anti-phospho Smad1/5/8 antibody(Cell Signaling Technology)
= YAAR ARkt

BMP Also] ©|gk R-Smad 4Jslol]l w3l ERKS] =
Azpgol gleA okl 913l caBMPRIBE 2HHEA]

7|3 ERK AAE A2|gk & Smad FAS}F =5
sk, o2 $l8l HEK2934%¢] caBMPRIB % Flag-
tagged Smadl, Flag-tagged Smad59] transient transfection
= AlRJSkL 24217 &<t 3EAI7] -, s el 24
o] gk wixlolx] wiokslar s A|55 Fulsle] Western
blot 4= Al¥sksirt. ERK 4+ % aoe gollAl
= A Alg F0) A 3A7FE]E 40 uM U01262 A

L
ol
o
32
I

FAE 8 = A AFsh] S8l &8 AR
t Efa |28 & shbes C2C12 AEF 2 284
T2 (premyoblasty’} ZEFAZ2 H3r} fFEEEAE

3olsle Aoz ZTAEL E3 FxQAEE ALP
osteocalcin®] &S F2 A3t} (Lee et al., 2000).
ulel] 2 dFolAl= BMP2ol| &g 2EAE H3} f
= Zgoli] MAPKs Hste] g odolir] Slsll C2C12
A ZE o] gsloict. C2C1241 %) ERK, p38, INKS| <
AAE 1A17E st A HA F T o]F AAlA] EA 3}
o 100 ng/ml BMP2E 4847} &<t Azlsha =A%
z7] 23} 3#9] ALP 45 sl Azt ERKeF p3s
AAA= BMP2ol| 93] === ALP 45 #4417

Auk INK JAAE HohE oA 5343 Jepliz £s
oJch(Fig. 1A). 3U3 F=2 SP600125% BMP2e] 2]
3l === DIx5 mRNAY Hd& Adsh= &35
Efflem @ INK AAAe] F=7} gola] ALP| o8&
Yellz] 38 A ohd Aeog Az Ech(AF} Bolx|
232). ERKS} p38 Az ZIHE Z o] Aenr] 98
ALPe} t]-Eo] ZEAZ Tﬁ} Z71e F83 AARIAE
2h85= Runx2¢} DIXS, Z2FA|E #3F 57| FX]9l#}
8l osteocalcin®] mRNA “L?ﬂOJ] | x]& %3S RT-PCR
2 slelalgdnt. C2C1241 %] 100 ng/ml BMP2E A2
skl 4847k & ALP, DIx5 mRNAS] wH&o] 73]
=29 Runx22} osteocalcin mRNAS] &2 okrl
Z7ksh= 73S ®8ith(Fig. 1B, C). o317l ERK A4
= A AF Runx2E A3t 2E xR wao]
AA=NL 53] DIxSe ALl kA3 wde] Arts=
oFAE M Irh(Fig. 1B). 221} p38 MAPK AAIE A
2]3l 73-$oll= ALP mRNA -2 7h4A]Z1 2= Runx2,
DiIx50ll= ®¥WokE oJgks nmlx#] Egor osteocalcin
7ol 23 Wae oS FAlshe A el
o} (Fig. 10).

BMP2¢] 23 MAPKs 243} #Aoll4] R-SmadsE 2
87 dh=x] dolrr] 9jsl BMP2 A1%¢] ti¥2 R-Smad
9l Smadl¥} SmadSel =3t siRNAE A3k & o]&
MAPKs®] 2433t ofA-s sldrt. Smad siRNAS
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Fig. 1. MAPKSs activation is involved in BMP2-stimulated osteoblast differentiation. (A) C2C12 cells were treated with BMP2 in the absence
or presence of MAPKSs inhibitors for 2 days and alkaline phosphatase histochemical staining was performed. U, 40 uM U0126; SB, 10 uM
SB203580; SP, 10 uM SP600125. (B, C) C2C12 cells were treated with BMP2 (100 ng/ml) and/or MAPKs inhibitor (40 uM U0126 or
10 uM SB203580) for 2 days and semi-quantitative RT-PCR was performed. ALP, alkaline phosphatase; OCN, osteocalcin; GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase.
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fol,

o, S |

235 gelshr] 918 Smadl?} Smad5e] whMA kS
¢lsk 23} random control siRNAZS 2|3t 7-Fol H]
T%l—tﬂ—]?(] = Hl—zsﬂ o] ‘szlz{o]_ﬂ] 71—/—54 7/—1_% 3l
= 4 A3Ick(Fig. 2). Control siRNAE- transfection 3}
100 ng/ml BMP2E *2]3F & ERK, p38, JNK®
35 3l A3k ERKSF INKe 53 Fof dA]He
st e $ o] A4S He o B
(Fig. 2). HPU# p38Y] 7% 1IX7F TR =44
3tElE B ¥olrt. Smadl/se] HEE 171

A= BMP2€ A2|g F o]5 MAPKS A3} ¥
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Fig. 2. Smadl/5 knock-down does not inhibit BMP2-induced
MAPKSs activation. C2C12 cells were transfected with random
control siRNA or siRNAs for Smadl and Smad5, serum-starved
for 6 hours, and treated with BMP2 for the times indicated. Then,
the whole cell lysates were subjected to Western blot analysis with
the antibodies indicated. Knock-down of Smadl and Smad5 was
confirmed in the protein level by Western blot analysis.
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©)
BMP2 - - + +

SB203580 - + - +
ALP ALP
Runx2 Runx?
DIxS — DIX5
OCN OCN
GAPDH GAPDH

)9l en}, p38 MAPKE 7% EA43} 7t Adse
oFARS B olth(Fig. 2). EolakAl ERK®S| 7% oz Al
Follxl= 308 o]Folli= basal level?] ERK #4J3l= o

A= Aoz vehd ubd, Smadl/s Wale] 7tas AlZ
ofAl.= BMP2 A#] 30 Fol= A3 o] Ax A
3t A7 fAElE Aes yepgdt), o] Smadl/s7h
ERK Aol wisll A" =4 335 vepd 7F540]
U AlAE.

ERK 43}e} Smadele] #AS = o] Asnr] 9)a)
HEK293 A|Zo] Smadl %=+ Smad5S ZP3lA]|7|i
ERK #Aistol| wlx|= o3& A#{® ket =3k ERK &

=
=]

A2 & 0}71 A3 caMEK1E 54l s A]7]7]
= siict. @Ao] ghe Aelelr] AlEE wiekel 79 Smadl

= Smadse P3| 93t Smad FAI EIE= m)
oFs}odar, o] Aelol|4] ERK sk abk=]=] eileh(Fig.
3A). Smad®} caMEKI1S §Alo| IpalA]7] Al ZofA=
o JeiE ERK EA3b} aa=|elct. SolslA] Smadlzh
caMEK15 &Alol A7l 739~ Smadl o]
defo] A F7k=llem] 2 AjollAE Smadle] 4
L) o R U= AdElellA] AZE wlokst
735l =

. A o]
Smadl F=X Smad59] 3ol 2Jall Smad &
Asl7b ks Qlok(Fig. 3B). L2yt Smad7} #43kE
AgollA]= ERK 3= dakes]x] elglom ¢(gMEKI

< W7l AlZolAut ERK A3} == 3ict. 94
o] Q& AElolxel w7 A 2 caMEK 1] #aE 7
9 Smadl sh¥Acke] ZA Frh=9x #AskE Smadl
= Z7Fekeh. ERK #Adsto] 93t Smadl =H9A 3
7tE= U AgollA] oA shAl e Wb SmadSe]

o= = Azt dAFA heA
3.

ERK 24317} Smadl ©h84d oF 4 24315 Z714)7)
= Ao I=|Q| whiel BMPRoﬂ 4 8l -fr=% ERK
A3 R-Smad EA3bl v)xE= kS skt

ottt wol

X ol
o P

Oll
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A)

Flag-Smadl - + + - -
Flag-Smads - - - + +
caMEK1 - - + - +

P-Smad | v s oo oo

Flag-Smad
P-ERK

ERK W s sg oo o

Actin | e ———

B)

Flag-Smadl - b = & = e

Flag-Smad5 - - - - - + +

caMEK1 - - + - + - +
P-Smad | s e ......‘
Flag-Smad ‘“ -- q
PERK | v ar )] w= ==

ERK |85 ‘ﬂ-- —~ -

Actin [Frms o || e ———

Fig. 3. Activation of Smadl or Smad5 does not induce ERK activation. HEK293 cells were transiently transfected with Flag-tagged Smadl,
Flag-tagged Smad5 and/or caMEK expression vectors. After recovery, cells were incubated in the serum-free medium (A) or 10% FBS con-
taining medium (B) for 24 hours. Then cell lysates were prepared and Western blot analysis was performed. P-Smad; Phosphorylated Smad1/

5/8 at carboxyl terminal SXS motif.

C2C12412¢] caBMPRIBE- 2}14]7] 749~ MEKI1/ERK
727} BAst=lo] B9lE]9l o m & (Fig. 4A), HEK2934]
¥l Smadl/5¢} caBMPRIBZ 7ro| wh&slar U0126°-%
22]5le] ERK EHA3HE oAl & Smadl/s 43}l
n|2= ks WAl Fig. 3A9] e} U}z&ﬂx}
2 "Ho] gl wiRelA AlZE wioFdl7] wiroll Smadl
= Smad5 #sute 2@ Smad A3 A== U]“]%
At caBMPRIBE #to] WHelA]7]™ Smad A3}t

oA W=l ERK #HAdske 7ro] A=) ok (Fig.
4B). g ERK AIAE A2|g 7% caBMPRIBel 25t
RK 2433} Aslas} & ohzl Smadle] 243t 7t
= Feiskl vebsth. Smadse) 7d$els A= 2Aut
Akt ko] ARSIt ol2jel A= BMPe] 3|
Z43ksl ERK7} R-Smad 53] Smadl®] &35 4

ks A= 7L e AlAbeRslet.

(A) (B)

ZEA ] 3E fEshks dl el BMPE ohdet
A7l *ﬂiﬁﬂﬂ;ﬁz 23 oA%e dosle

Aoz A glem] o5 MAPKsE X233t o2 4l

ﬂd% A2E A 1 E3E vERI. BMPY

730l = R-Smad—4 A B3l AlsATo] F8 Al
SAEHE R 257 AR 5Alol MAPKSs, protein

kinase C % D, phosphatidyl inositol 3 kinase 5 ©12]
non-Smad AlZAY A ZE A3A|7]w] o]52 Smad
AR LS FA, ¥ == AR oiokel a3E
Helle Zle® A7tEs it whepa] 2 QdgelAe
BMP20l| 2Jsl] #4J3}=l= non-Smad AZAH=EEH T &
3] MAPKs®l R-Smads 24317ke] AdaabAl 5 A 6.k
©on] I A3 R-Smads 2437} BMP2el €|gk ERK,

caMEK1 + + + + Flag-Smadl + + + + - - =- -
C"BM;I:I;: - + + : Flag-Smads - - - - + + + +
' caBMPRIB - - + + - - + +
P-MEK1 | e - U0126 - + - + - + - 4+
MEK] |- - - - P-Smad - o= —-— -
PERK s @& P.ERK|* = we .q_

FRK S S S|

Actin | e s ——

ERK [W S5 S50 S S oo B e

AcCtin |« o wew w— w— w— e gy

Fig. 4. Inhibition of ERK activity reduces BMPR-induced R-Smads activation. C2C12 (A) or HEK293 cells (B) were transiently transfected
with caMEK1, Flag-tagged Smad1, Flag-tagged Smad5 and/or caBMPRIB expression vectors and incubated in the serum-free medium for
24 hours. Then, cell lysates were prepared and Western blot analysis was performed. When indicated, cells were treated with 40 uM U0126

for the last 3 hours.
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p38 MAPK, INK 43} ol Ba3d}#] ¢33 ERK+=
Smadl 2435 FAge Fqlsiodrt.

ZZA 24 BMP2ell 23 MAPKs &4J3te] T
il el Fe WE5 AHulElEd, AF ==AE A
TAIZ(MC3T3-E1) == C2C12 AlZefl4] i) p38 MAPK
A3} BMP2el| &gk Z2FA|E 23lo]] Hofs]d(Gallea
et al, 2001; Guicheux et al, 2003), ii) ERK Z3s}=
ZEA|E 535 A8 H(Gallea et al., 2001) A5k
(Kozawa et al.,, 2002; Higuchi et al., 2002), iii) JNK
3A3= osteocalcin WE-S 213k S1tH(Guicheux
et al., 2003). =gt AR EF7FGAIE e ZTAIE
£ o]83l 9d7ollx= ERK A4S Alshd BMP2e
2Jgk ALP "F&o] 215w (Osyczka et al., 2005), p38
MAPK®| #4337} BMP2ol| 93t Z22A|Z sl o
ghebe Bl 9itk(Noth et al, 2003). 2 <-oll4]
C2C12 Alzoll BMP2E Az|obH = ool Al 714
MAPK7} =25 EAdshgo] fak=|9la, 7+ MAPKS| A
AE ARSsle] Z2AIE E3lE] ZARIXR] Runx2, DIxS,
ZZAx B33 2 §428] ALP, osteocalcin®] W& o]
v S AR A3 MAPKS] Ffoll wel =4
a7 AZ oh2A JeRdRat "AAF el vk 7
Fo] RuEy FARIT ERK AAIAlE DIxS, ALP,
osteocalcin W32 7H4AZH L E3] BMP2o| &8 =
== DIx5 WS 9bd3] Ajgkel vbdd, p38 MAPK <
AA= ALP wanks A3 INK S AIAlE DIxS
9] WS 7Rz o ALPoll+= R SRS n]]A|
okokrt. o]eidl A= o] MAPKs7} 2] = sl¢] Al
SAGEA dY2AS F3] BMP2 A3l Az o}
£ Aoz slofae AkIgle.

72 ¥ 2% non-Smad 73 22| gkl sl BMP X
the TGF-B AlZ=8lolr] & o] Heo| d2#] Ut} Moustakas
et al.(2005y> TGF-B A]Z=Hloll4] Smad®} non-Smad7ke]
Al A&l i) TGF-B7} non-Smads EHAsHA]7|aL 15
o] Smads EPloE 2AZAES YERNAY, i) Smad’}
non-Smad®] A& AF =AsPAY, iii) TGF-p &4
7} Smad®} non-Smad 7325 FHF T FAlo A3}
A|7]3L non-Smad AlEHZ-EA o] Smad EAoll A2
= Yel 4 Qloka Awsledtt. BMP A|2=Elo4] Smad
9} non-Smad 7+ #AZ} oA A wiEA QU] Ak Al
o] EAsl= BMPRY| Z3o]| w2} Smade} p38 MAPK
T BT 78Al Fo| wE EAI’Ith= Nohe et
al. (2002)¢] ®3= BMP 42417} Smad®} non-Smad 73
2Z =8” o7 Zilo] EA3A7 non-Smad AlTAH
=4o| Smad Aol A4S vERE 7S AlAKEE
o}, 22y} TGF-B2 7% Smad A <& o2 p38
MAPK 437} o] Foizlth= M 50| 9)lo](Takekawa et
al., 2002; Ungefroren et al., 2003), &=A4|Zol4 BMP
TEAE 53 MAPK #43le} R-Smad #4335} 7ke] A

[o i

WBAE AelE dert olet oA odgE odFEolA
ZAZo] BMP2 A2l & MAPKse| 43} A]7|7} thof
A VeRte - oo A4S} dA|HoE Hrke
Harel 1A7E o] o] AP} ARtE|o] FAI7E Fetk &
Azt A7} fRlEcks 237k Qlolet. - lelli] MAPKs
7} BMP2ol| oJal] F2 A4Skl A7k 1l 53 oy
off B3yl A1AEGAL, p38 MAPKE 1X|7F deiA] 7t
2GS 7F FA = AeE ERKSF INKE 2vkE &
A3} AY=le Aoz ekttt o]zt MAPK 24
3} = A7k, R-Smad7} EA8tE7] AlFske A7keE
A&7 5~15%3} FAS=Z (Noth et al.,, 2003; Guicheux
et al., 2003) °]= MAPK 24317} Smade] 3H4dsle] o]
Ao g utEl= Ak obd ZoR AlzbHnh =gk B
o4l Smadl¥} Smad5e] siRNAE o]-g3le] o]&¢]
WS 77l Aeolx] Al 71A] MAPKs &43h7t =
T A=Y Smadl® Smads5e] kS E3] Smad
SA3E =gl 7-Foll= ERK Aol HohE HIlE
=okA] ¥skem g, ol2gt A¥= R-Smad®t MAPKs®]
=37 243} A AR ASE A7k
BMP20]| 9j&l] 2433k MAPKs?} Smad 73 2ol w|x&=
ARG gk ¥ w53 A9RH | Guicheux et al.(2003)
< p38 MAPK E+ INKO] AAA1E sz BMP2el
oJgk R-Smad QlAEStel o}Fal o3k mIAA] Yerha
B33k 4, Noth et al(2003)> BMP2el| 23} p38
MAPK 245 A|5hd Smadle] <l4ks) &l & o] o]
o] AslElctar ¥arste] MAPKZ}F Smad 73 2ol 2428
= 29 & = At gk epidermal growth
factort} fibroblast growth factor7} Z}zke] 4~8-Allof] 2
3lslol ERKE &A3FA17]= Smadl®] linker Z=w|elol
QAkEHE fr=skar 2 A¥ Smadlé] ¥ W olF& o
A5k, E3 ligasedl Smurfl®} Smadl®] Zgs 54
7] Smadl®] =25 FAX|7|AL o5 53] BMPL 24
< Adldlee 237b Ao (Kretzschmar et al., 1997;
Sapkota et al., 2007). Z2jv} & d7ol4= caMEKI
= YA ERK 2435 =3 749 Smadl wHY
A o o APt Sk, caBMPRIBeY 23k ERK
FA3E U1026o% A3 7% Smadle] &3t 7t
4%o] 3aslo] ERK7} Smadle] EAsts EXls= &
5 Hole AoR vehrt. o= MC3T3-El1A4XolA
ERK #4317} BMP2ol| J3t R-Smad HARHE 57}
A7tk Bael fARE Atz Azbelch(Suzawa et al.,
2002). 2 o7 ZA37} Sapkota et al.(2007)2] Ao} o}
T olfie Wk 9Auk, 224 Eol2] BMP2e]| 3l
FAJ3ks]= MAPKS| Aol gl 7|&e] BauEolA] p38
MAPKS} INKE BMP2ol| )8t =A% 53 22483}
off IAest= Aol d@H o R velutAut ERKS| 74-Fol
= Z2EAE 3 FARLE JEMZIE sl 2.3
AR HeRZ| = sle ZoE ¥ag uf gled], o
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