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22 Z4 U35 A0 85 1 B0 (mitogen activated protein
kinase, MAPK) &2 JLT- 76 Fr 47 4il i i 352 1A 1)
AWM. HErRI, WILshY MAPK 2 /DA fE
4 MWK G, B ERK1/2. p38. JNK fl ERKS5
(thFx MAPK7 5 BMK1)!™, MAPK J& V1% {5 5 4
SRR O Sy, MR EE A, 12
B T IO R EE EEER . OfF
i 53 4E 52, BMP2 Al BMP4 2534 o] DLE i 7% 1k
MAPK 11 I #5 e# - pve WA, 1E b i v
BMPs % [ — &5, BMP9 J& 75 75 o] i i 3% 4k
MAPK 1717 Y 45 (8] 78 50+ 40 B B iy 434k, H A I
FHOCHGE . ARS8 7T TAE &KL, BMP9
b n] 3 o V5 A p38 i Ta) 78 5T 40 B i A
162, $E78 MAPK 0% B A 71 BMP9 55 1] 78 5
-4 R A I R b R T R R
AHIF T 4% 22 %F T MAPK 5% (1) 55 — 5 22 % i
ERK1/2 HEAT T 407, 1 SE R A ) 78 5+ 4 Jfa o
ERK1/2 ¥ B & 1% 7] # BMP9 ¥% 16, 1 H H
ERK1/2 5 04 7] PD98059 FHL Wy ERK1/2 4 i
WP, BLA& RNA TR T ERK1/2 iR IA
J&i, MEEILN BMPO 5 5 (1 18] 70 0% T 40 i i 43
feirsem, Y15 M AT ERK1/2 %1 BMP9 i
5[] 78 50 40 i 0 A R TR 4R A R G T R
NN

1 HMRFITTE

11wl

/N BSUTR) 76 5 T 40 i bk C3H10T1/2 AT C2C12 %)
W 1 5 [ B B AT ORI O (ATCC)s /b BRI
21 ¢ 41 Jfid (mouse embryonic fibroblasts, MEFs) FH A
YAy B %47 ; BMP9 IR G 5 Ad-BMP9. 5%
I 9% 8 Ad-GFP ¥ H A S 56 % 09 @t Fi R A7
ERK1/2 T H 1595 £ (AdR-si-ERK 1/2) 1 % e 5 95 25
(AdR-si-NC), %t % W4l & it Fi pl2SBE-Luc Al
p(60SE)-Luc 4 FH 5 [l 2 I aF oK 2 s 2 vp i 3 1]
Pz B . ERK1/2 #0145 71 PD98059 Iy [ Santa
Cruz 7~ &, ¥ fi# T~ DMSO, B §l 5 ¥ B2 R 50
mmol/L [#fF#, -20°C LRAFAHI.

ALP J5 P58 s &9 H BD A H; Fast
Blue RR salt. Naphthol AS-MX Phosphate Alkaline
Solution. 4E42% C. B- R H MM R SIWH
Sigma A A ; RNA $& Bk 7 Trizol F1%% 44 ik 7
Lipofectamin2000™ JiJ 5 Invitrogen /A ; M-MLV
W SR L ¢ 2R A MK R & 08 1 Promega 2

#; Real time PCR i 7 & H Takara 2 #); PCR
5% H Takara A A G =ifE DMEM 157836,
JEJG A IME I H Hyclone 28 &) s HABIR A Ak 1
3Bl ;oA 4l

OPN — $i 1§ H Santa Cruz A 7 (sc-21742);
Phosphor-ERK1/2 (p-ERK1/2) — #T W H Cell
Signaling A ] (#4370); & ERK1/2 —$HiJ# [ Cell
Signaling 7~ w] (#4695);  Phosphor-Smad1/5/8
(p-Smad1/5/8)—#ild H Cell Signaling 2 & (#9511);
&t Smad1/5/8 —Hi) H Santa cruz A wl(sc-6031-R);
Runx2 — $i W A Cell Signaling 2% ] (#8486);
B-actin —PiIg H Santa Cruz A wl(sc-47778).

SEIG BN FH 6~ 8 JE] i 11 i B Al i 92 S5
BALB/c # i, HEKERKFE LK 03
fit, IR TR R Z s N, TR
FEAERFAE 25°C, RWSE N 60%~70%, kL
K& G H .

1.2 A%

1.21  ALP B0 fg Sl . #Fh C3H10T1/2,
MEFs fll C2C12 4l f & 24 FLAN PR KT FRIR, 2 FEN
30%, FrAlfOiEE S, FH PD98059 TilAbHE 4h, 1k
i\ iE £ AdR-si-ERK1/2(2% AdR-si-NC) [l 95 75 &
Y24 h. FfJEFFIIANIE 5 Ad-BMP9 R %, 4k4k
B 9% FEAH NN ) S5 EAT ALP G081 58 50 58 (A
FARF G PHEAT), HRECR T ALP WS P AR
AL

1.22 Western blot. C3HI0T1/2 4iJfu 2% T 100 mm
MIRE TR, A (AL EE R AN B S, 0 P e
7 RIPA RfFANML, BSO3RA3 40 Huf# i, BCA V2
WoE 2R WS . 243 i 4 SDS-PAGE. #
B 5% A4l A B . — P E . BERE.
HRP Aric i i & Sl 55, A RO
O, R IRAE.

1.2.3  EERUORISER:. BeRh C3H10 T1/2 4iffu % 24
LN S IR, TR 30%, A 4 BE )
TN 24 B S 50 mg/L 4k 4= % C A1 10 mmol/L
B- WM H . JH PD98059 FikbHE 4 h, BN IE
AdR-si-ERK1/2(2% AdR-si-NC)I#HH 2¢/& %k 24 h. Bl
Ja P INNGE 2 Ad-BMPY R 8, 4kSEH59% 21 K
JERFATHE R A S Jett: WA LA s IR AL N
Wik, MG PBS Pedk 3 Ik, 0.1% & — M [l &
10 min, HEZE/KPEE 3 K, FEEZEK, A
0.4% W FRLL S, fEWAEE PUEE, eIt
HERURS, 7 AL G, KL R NSRS,
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1.2.4  RIGHEMEHAE FE SR . Hhh C3HI0T1/2
S % T-25 4 R 5 TR MR AR 25 cm?), %8
30%, fF A0 B RE S, R G L . TG XTI
DMEM K337 3, i J5 M Lipofectamin2000™ #% 4t
p12SBE-luc(&k p(60SE)-Luc)Fiki 1 wl, %) 4 h
#4564 DMEM 359558, 4haL855% 24 h, PR 4
MOFEFP 2 24 FLAN ML IG TR0, Frdi BV fs,
PD98059 fii At 4 h, BN Ad & AdR-si-ERK1/2
(5% AdR-si-NC)E i 22/ 4L 24 h, Bl 5 PRI 18 =
Ad-BMP9 575, 4RSEREIE 24 h 136 h J5 23 7))k
AT DO FRBRE I € Gl A U B A T).

1.2.5 Real time PCR. C3H10T1/2 40 ff1 3 T-25
B TR, EFE N 60%, MO BE 5, S8 nEk
Jn N iE B AdR-si-ERK1/2(2% AdR-si-NC) [l 95 75 &
Yt 24 h, FEIIAE R AD-BMP9 R EE, fEIIA
Ad-BMP9 i 8 i 24 h $2 40 g RNA, £k
S I il % cDNA, Real-time PCR £ illl Smad6 FM
Smad7 ik, EJ] GAPDH RPN NS, H
(LR (1) 2 IS AR B vt 2675 ) mRNA (1)) 745
U1, W GAPDH ¥ DI/ AR IERR L, B H 2
mRNA FIX K I8 &= H 5L A # V1% / GAPDH
0. FTRSIP A 1.

Tablel The sequence of primers for Real Time PCR

Gene Forward primer
Smad6 ATCACCTCCTGCCCCTGT CTGGGGTGGTGTCTCTGG
Smad7 AAGATCGGCTGTGGCATC CCAACAGCGTCCTGGAGT
GAPDH GGCTGCCCAGAACATCAT CGGACACATTGGGGGTAG

Reversed primer

1.2.6 sl A 23U 444, C3H10T1/2 4 fi
FERh A 100 mm 4 fIRG TR, 5597 2 40 % B2 60%
JeA, INIE B AdR-si-ERK1/2 (i AdR-si-NC) i
JREEEYL 24 h, FHININE R AD-BMPY i aE, 4k
SERE IR 24 h, AR ST 20 S TR I b R A, H
2 ml 0.25%JBE 8 (A B 46 2 min, 8 ml 75 10% I3
() DMEM AT, IR R T BCA F 40 i, 500 g
B0 2min, 5% B, A 50 pl & 100 U/ml 557
ZOM 100 mg/L 855 # 1 PBS BRI piie. &R
BALB/c # iU FH 1 ml 35 #8850 50 wl 40 f il T
TS, A EERR R T CR AERR N Al FfE
Fivs FJE, WisiabseeR L, BRI /NI
A%, FAER AR e S, S, A
Y, H&E 44, Masson Tricrome 41 Alcian
Blue ZL SN IR i 00, UG IR AF
1.2.7  Seitort. o BB (v £ )R,
o1 1] Ll AR FH B DR 25 5 2200 M, PRI B ABER ] ¢
K, et BdE I SASS.2 A A HE.

2 ZERESH

2.1 BMP9 {2 # 8 7 R T4 8 ERK1/2 % B B %
i7404

5%, ] Ad-BMP9 F1 Ad-GFP 95 2 % 4t ]
70 )0 T 40 Mg C3HI0T1/2. C2C12 A1 MEFs, & 4
36 h G HEER 4N L S A2 11, Western blot £ 1] ERK1/2
PR S B KRB R A K. 5 ORI, 1
BMP9 11552 F, ERKI1/2 [ RE A KRR
AR, {H ERK1/2 3 1) 885 1R 10 7K ~F B 42 184
(K 1. X#ox BMP9 A DL 2 7] 78 5 T 40 i
ERK1/2 Wit i1 18 4 1M 2 B s 1.

C3H10T1/2 MEFs ccn2
Blank GFP BMP9 Blank GFP_BMP9 Blank GFP BMP9
p-ERK1/2— e perc2— [ erci 2
erc12— S oo — [ o —
B-Actin— W— cacin— S oo —

Fig. 1 BMP9 increased the phosphorylated form of ERK1/2 kinase
C3H10T1/2, MEFs and C2C12 cells were infected with Ad-BMP9 or Ad-GFP virus. At 36 h after infection, cells were lysed and subjected to

Western blot.

2.2 PEIET ERK1/2 B RTG53 H BMP9 i 5
BB TR TR ESHRE 2t
AW CZ4AUES, BMP 1] LU #F p38 i

1k, H A p38 v ] Lk 59 BMP9 i S 11 7] 78
ST A0 M e, Pk, p38 X T BMP9 i
(A1) 78 50T 40 i i A vl e 1E I A E . B
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2, YE4 MAPK fJ— 1, ERK1/2 7£ BMP9 753/
78 A M B AR S A R R, AR
F A A p38 2MLllg. Sk, FeATR AR [F
J#(10 wmol/L, 25 wmol/L, 50 wmol/L)[¥] ERK1/2
PO S kAR 9] PD98059 i kb B ) 78 5 T4 g,
457 BMPY [, 76 BMP9 IS 5 7 K
IR E Fabs ALP BE T, S5 SRR 59
P38 W A R RN AR ), ERK1/2 3801 410 461 7

(@)
C3H10T1/2

*k

Relative ALP activity
/(10° nmol*min~'*mg™)

S = N W A N2

== =

PD98059 1] LAiE— 1458 i BMP9 55 1¥) ALP 3
PE,  HLBEE A7) PD98059 & (K4 N, ALP (¥
35 Pt AH N 18 00 (8] 2a, b). #F MEFs fl C2C12 4
Jirp 2R AL 2 (K 2¢, d). Ak, ERK1/2 3
6175 PD98059 1] LAY 5 B BMP9 5 1) [H] 78 5T
T4 M I B 74k, eEN ERK1/2 % BMP9
5 IR ) 70 0T 40 M e A iR AV E AR T g S
p38 MR, A miAEIEA.

(b)
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*k
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)
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Fig. 2 Effect of the ERK1/2 inhibitor PD98059 on BMP9-induced early osteogenic differentiation of MSCs
(a) PD98059 increased BMP9-induced ALP activity of C3HI0T1/2 cell in a dose-dependent manner determined by ALP quantitative assay. Data are the
(x % s ) of triplicates experiments, *#P < 0.01 ps BMP9, **P < 0.01 ys BMP9. (b) PD98059 increased BMP9-induced ALP activity of C3H10T1/2 cell
in a dose-dependent manner detected by ALP staining assay, x100. (c) PD98059(25 wmol/L) increased BMP9-induced ALP activity of MEFs determined
by ALP quantitative assay. Data are the (x + s ) of triplicates experiments, **P < 0.01 ys BMP9. (d) PD98059(25 wmol/L) increased BMP9-induced

ALP activity of C2C12 cell determined by ALP quantitative assay. Data are the (x + s ) of triplicates experiments, *#P < 0.01 ys BMP9.

2.3 [HET ERK1/2 # B EE IS 52 H BMP9 55
B8 7¢ iR 4R AR B A B 0 1k

AT EE D AE ST AN, FRATTAS T BH W
ERK1/2 L5, AT BMPY 519 W) 78 5+
I B I 31 R B o Ak B OPN R4S 3R 350 B IR 5% i
A 25 wmol/L PD98059 Tl kb B ] 7 5t 141 B
C3HI0T1/2, T/ Ad-BMP9 [l 55 & 4 40 . ¢
Ad-BMP9 I #EiEGL 12 K5, $EH040 e 8 1,
Western blot £l OPN [k, 45R AL, EHXH

AAHLL, 7E PD98059 Wik ¥ 5, 1 BMPY 55 1)
OPN [P IA B 4450 (1&] 3a); 1M 7E Ad-BMP9 I
B 21 KRG, WaEa S EENEM: 1
PD98059 TiiAb#E4] 1, FH BMP9 %5 5 1 41 (45 2
i B R N N, IX 3K B PD98059 i HE T
BMP9 % $ (1) C3HI10T1/2 40 J 5 sy (K 3b). 4%
% OPN MG Eh i R se e & R & W . A H
PD98059 FH Wr ERK1/2 ¥ v 1 f , ] LA 5 i
BMP9 1755 119 1] 78 5140 a6 390 iy 734
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Fig. 3 Effect of the ERK1/2 inhibitor PD98059 on BMP9-induced late osteogenic differentiation of MSCs
(a) PD98059(25 pmol/L) increased BMP9-induced OPN expression of C3H10T1/2 cells detected by Western blot. (b) PD98059(25 pmol/L) enhanced
BMP9-induced calcium depositon of C3H10T1/2 cells detected by Alizarin Red S, x100.

2.4 [AWT ERK1/2 #Eg T 158 0 BMP9 i SHI K
B XEERE Runx2 BIRIAFGEFFE

Runx2 752 45 Ui AHOCAT 5 18 i h AR X A A
M, s oG B N 2 —, BMPY nld it
Runx2 {2 (7] 70 5 T 41 sl i 70 Ae0e. B4, B
ERK1/2 34215 234 BMP9 i% 51 Runx2 352
RAAZALWE? Sk, B 56 H Western blot A1l T
i ERK1/2 W PEE, Runx2 & AR IENAR, 45
FR I PD98059 H] i BMP9 5 5 Runx2 1) ik i3k
— (1A 4a). FOGFEBER S TR p(60SE)-Luc
PO M 0k &2 Runx2 #HIK,  H A4 IH
Runx2 A 0] L5 3l 5% 22 Wil 1) k09, PRt )
p(60SE)-Luc #rll T Runx2 M1 55 e {455

(@ BMPY - - _ ¥ +

GFP - + _ _ _

PD98059 - + - +
OPN —» S SIS S e —
BrAclin —- S-—G — — — —
(O

:§30- 3
:j i *
20t .
b FI
1_ *
(- - il
PD

Blank GFP BMP9 BMP9+PD

C
[N
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Relative 6x0OS

S W O W

Fig. 4 Effect of the ERK1/2 inhibitor PD98059 on
BMP9Y-induced Runx2 expression and
transcriptional activity
(a) PD98059 (25 pmol/L) enhanced BMP9-induced Runx2 expression of
C3H10T1/2 cells detected by Western blot. (b) PD98059(25 wmol/L)
enhanced BMP9-induced Runx2 transcriptional activity in C3H10T1/2
cells detected by luciferase reporter assay. Data are the (x + s) of

triplicates experiments, *P < 0.05 ps BMP9. [:24 h; l: 36 h.

KIL, BMPY HEnT LA Runx2, M A 2 %86
FMERIL, 1 PDI8059 M) nf gt — 4 gk BMPY 15
F 1 p(60SE)-Luc 1% )6 Z B s PE (8] 4b). 454G
Western blot &5 J 2 B FH Wy ERK1/2 ¥ [ v 4 5%
BMP9 i 511 Runx2 #ik M 35151k
2.5 PEMT ERK1/2 G 7E % 71558 B BMP9iE S
B9 Smad 15 S I —F5iE

WL 4 UFSE BMPY 1] LUESE Smad 28 ik
204201 Smad6 1 Smad7 24 Smad £ ik 1% 1) 41
PEVFER T, {E Smad 28 HLIRARIG 5 R IA R Id
I, S Smad 28 A5 IR ARG AR & 2 — 1420,
oA BH T ERK1/2 S35 P 5, BMPO 5 5 1)
Smad £ HLE R IEAE L, H5E1EIT Real time PCR
ol 7 Smad6 F Smad7 [R5, iR K. &
PD98059 i &b B[] 78 it 141 s C3H10T1/2 J5, HH
BMP9 f1i% 5 Smad6 Al Smad7 ] mRNA ik /K-
S HNP<0.01, | 5a,b), XEKHHK ERK1/2
POBESE M S, /1 BMP9 B43E Smad % 42 T 21K
Smad6 1 Smad7 ik b i ¥ 552 21— 25 11 0
SR FHOHHED: BHIT ERK1/2 WIS TR, M T
it 32 BMPO TG 1) Smad 28 #1455 v AL 48 .

Y UESE S HEN, F)H Western blot £ 31 & B -
7 PD98059 il &b E 41 S5,  H1 BMP9 It if5 3 (1)
Smad1/5/8 i R 1k 7K Pt A BT (Bl 5¢), 4%
SKIAF- Smad1/5/8 [P AL — 20 ok T . 986 21
45 Bk p12SBE-luc 7E4R A5 LRI T 12 M
#L1) SBE(Smad binding element) /3> %1/, Smad £t it
BARBOE G, PTLARA 2 3 39 EE I IR, %
MR IR 45 R B7R: PD98059 1] s BMP9
BT 28U Smad £ MLIRAR IS,  MIME2 6 Rl
WEYER NP < 0.01, B 5d). Zia L g R,
BELIT ERK1/2 s % 1 1Rt o] 384 0 et BMP9 15 511
Smad £ UE 5B 0.
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p-actin — [ - 0
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Fig. 5 Effect of the ERK1/2 inhibitor PD98059 on BMP9-induced activation
of canonical Smad pathway in C3H10T1/2 cells
(a) PD98059 increased BMP9-induced Smad6 expression of C3H10T1/2 cells detected by Real time PCR, data are the (x + ) of triplicates experiments.
#:P< 0,01 ps BMP9. (b) PD98059 increased BMP9-induced Smad7 expressions of C3H10T1/2 cells detected by Real time PCR, data are the (x + s) of
triplicates experiments. **P < 0.01 ys BMP9. (c) PD98059 increased the phosphorylated form of Smad1/5/8 promoted by BMP9 in C3H10T1/2 cells
determined by Western blot. (d) PD98059 enhanced BMP9-induced SBE luciferase reporter activity of C3H10T1/2 cells, data are the (x + s) of

triplicates experiments. **P <0.01 ys BMP9. [J: 24 h; Hl: 36 h.

2.6 ERKI1/2 £E I3 H BMPY % 589 (8]
FERTF R B 51k

TATEDL, A PDI8059 itk ERK1/2 3iF P
Jei, AT LLEE— 25 g BMPO 5 5 1 [A) 76 )5 T 41 i
BeE o4k, ERK1/2 A GEXTT BMP9 75 511 8] 78 i
TG B R AR S R AE L. R T BRI R
AIREAT R AR e PR8N, A RNA 4
A% T ERK1/2 B E4T T A7 R 55 DA 0 3R (I
6a). FEHE—2D M T ERKI1/2 JE K U B )5 X T
BMP9 753 (14 i) 78 J5 40 I B 2 A K5 . 55k
FMGHR S B SIS R I 7 ERK1/2 JERIPTER )
BMP9 753 1) Smad £ #3428 [ 0 — 20 i 1
(Kl 6b). 1 BMP9 FTi%5 5 (1 5 01 e $8 4 ALP 1)
TG PR R G 30 R e b 5 AR DO S A B 34 5 (P 6c, d,
e), W] ERK1/2 FFYTBAE 7] 320t BMPY 5 '3
(%) 1F) 78 J5T 40 BAAR A i 40 Ak — 2 .
2.7 ERKI1/2 £RFTE AR ¢ H BMP9 i S8 7T
FRTEEERRE T RARE

PRANSZIG DR, FHINT ERK1/2 S0 n LA
3 BMP9 753 119 18] 70 53+ 40 B i o0 A e, ok
T UESKEPHMT ERK1/2 S AE AR N 275 R n] A2 iE

BMP9 75 3 I ) 78 50140 g e A7 & e e, 20 70l 4
ERK1/2 T4 B9 55 (00) IR0 25) F1 BMP9 Jli
BESLBYe ) 78 T4 C3H10T1/2(1 7a), 4541
Mudepp AR . S EHOE Fasmsg, kI
WA 222 TR] ) B2 B B RN W] 25 R, BMP9+
si-ERK1/2 41 Jz N AL He Lt BMP9+si-NC 4144 —
A RIN(El 7, ¢).

KR ERg A, Y, 34T H&E.
Masson Trichome I Alcian Blue 4&{%,, 5 X} B2 A
b, H&E %t %7Kk ERK1/2 FERPCER )G, AT Lt
— L5 BMPO 5 3 1) 05 T8 R, b
/NGE(TB, trabecular bone) %0 & I 14 N, FHi&EH
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silence of ERK1/2 blocked BMP9-induced calcium deposition of C3H10T1/2 cells determined by Alizarin Red S staining assay, x100.
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Fig. 7 Gene silence of ERK1/2 enhanced BMP9-induced ectopic bone formation of C3H10T1/2 cells
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Inhibition of ERK1/2 Kinase Enhances BMP9-induced Osteogenic
Differentiation of Mesenchymal Stem Cells”

SONG Tao, HE Juan-Wen, WANG Jin, TANG Min, LUO Jin-Yong™
(Key Laboratory of Laboratory Medical Diagnostics, Ministry of Education, Chongqing Medical University, Chongqing 400016, China)

Abstract In our previous reports, BMP9 has shown potent function to induce osteogenic differentiation of
mesenchymal stem cells, however, the underlying molecular mechanism of BMP9-induced osteogenesis is needed
to be deep explored. In this study, BMP9 was introduced into mesenchymal stem cells by recombinant
adenoviruses protocol, then, in vitro and in vivo assays were conducted to evidence whether BMP9 can regulate
osteogenic differentiation of mesenchymal stem cells through ERK1/2 kinase pathway. The results showed that
BMP9 can activate ERK1/2 kinase through increase the phosphorylated form of ERK1/2 kinase. ERK1/2 kinase
inhibitor PD98059 can increase the ALP activity, OPN expression and calcium deposition of C3H10T1/2 cells
induced by BMP9. Furthermore, PD98059 also led to enhancement of Runx2 activity and activation of canonical
Smad pathway stimulated by BMP9. When ERK1/2 kinase was silenced by RNA interference, BMP9-activated
Smad pathway was further enhanced. Moreover, ALP activity, calcium deposition and in invo ectopic bone
formation were accordingly increased along with knockdown of ERK1/2 kinase. Taken together, those results
intensively suggested that BMP9 can activate ERK1/2 kinase, and inhibition of ERK1/2 kinase can enhance
BMP9-induced osteogenic differentiation of mesenchymal stem cells. ERK1/2 are highly capable of negatively

regulate BMP9-induced osteoblastic differentiation of mesenchymal stem cells.

Key words bone morphogenetic proteins 9, ERK1/2, mesenchymal stem cells, osteogenic differentiation,
mitogen activated protein kinase
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