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T O BEGE, b & AIRILIZB T S Na, K-ATPase D]

U il Y Y ERY sk BmY s el

W8 BHMC L 2 GIRILBIANOCE DBIRICBIF 244 Y FF Y AR= 5 —OHGERHSN TV B,
Na,K-ATPase D#EREIZ OV T S T2, KR TlE, NaK-ATPaseD 53l oBdsE, 7bds L OH
IKALIC B 2B WO 2T 5T L x HE LTHTo 72

M IEMC3T3-El (E1) #ifg% Hv:, NaK-ATPaselfiEORERYZEL A #ET L7z, kIZNaK-ATPase DR F M
EIETH HouabainEMEH &, MgBGEgE, 7VAh Y 7+ A7 75—+ (ALP) ifitEB L OHIKILICE £ 1ZT 8
IZDOWTHGET L7z, & 512, ouabaind %\ EsiRNA % HW»TNa K-ATPase i L C, BMP-212 £ % fiJkfb7e &
WM~ — 7 — B FmRNADOZH, Smadl/5/8, MAPK®D!) » BALOZAL % Mt L 7.

E1fifg O NaK-ATPaseifit41E, confluence IENIZH b & <, €DH%iEA L, confluencef%18H H (2 — % 2340
L7:. —7i, confluence LAl Zouabain% fEH S & 2 & MG HE s (L E0H S L7z, F 72, confluencefZ18H AT IC
ouabainZ EH &€& 5% &, ALPIHMEZ 5 CNITAIKALIZIHI S 7z, FERIC, NaK-ATPasex BHE$ % & BMP-212 &
5 AIKAL7: & NS~ — B — BIAFmRNAFE B FE XM £ 1172, ouabainx /EH & & T HBMP-212 & %5Smadl/5/8
DSerd637: & WNIZSerd655% D ) VERLOFFEIZIZIT & A EBLD A SN D> 72, —7F, ouabainll X ¥) Smad 1
DSer2065%FH D) Y EHLATHEL S, ERKZ% 5 WNp38D ) Y FL b FE S N/z)s, INKD Y ¥ BRI S e
D EofERr s, EFFEMBIZBWT, NaK-ATPaseldMAfuigig s & $12, MAPKZ 4 L CHIKALOHIEIC b B35

LTW5Z EDTRBEE N,

*—7— K : NaK-ATPase, ‘&3, HEhE,

i

B OMIBNSD A + > BRI R > TH Y, Na*
7 6 UNIZCa? il B IS M I AT M AL & 0 1R <, KPR I
B MRS T B NaK-ATPaseld Bl i o 72 8 i
WZRFE L, ATP 15T Ok & % L T3 dONa' %
MRS, 2K 2 MBLPI BEB %R T 5 S 22X ) A

(]

F U ARROFM - M B TEELEE R TV,

DL LTES NN OBELALFMAR I, Mo
KRR BEORE, ATP DMK R % 38 L 72 40 A 3
L— b OPSELR EOEHRMLBERICES LTBY, TR
IZBI L CNaK-ATPaseld EE A& #H 2> TwaY . 5
1ZNa,K-ATPaseld ks <0 i WAL 2 B 1 2 {G B E AL O #E
Y RECIMECBIZ T ROlRT I B E0S
L OFTFTOMBNNOE, BRICBT2KEF YA
OFRIL, ZEICHESLTUD I EDMONTNS,

BRI BV CIE, ML S OB ia s Fh e
BB, BRINEHEG, 2 FREPITbA TS,

AL, mIKAE

TR R T 25 M BRI L€, R E
FAR L BN xE N L72ARIb 2 35T 5. 3o
BAGBRICB VT, ROl a5 -7k
EORIKLIEE & AR L 72 ZISHIB NS LT, RS
NZEEIZHIV YT L) YHER L THKIEREL 5.
ZO\IBIIBNT, BICIZ IS -4, 7k
Tr AT 7 H—¥ (ALP), # AT 4 RrF 2, Bz
FATFFANY VEOY— T —BIEF OB LR 52
LAHSRTWSY,
Na,K-ATPaseld, 25\ THE ML 0T s <
EWICL CHBILTHB Y, MRS R aIPUIBE 5 L
TWBEVIHENHL”. —FH, BEFMRIZBLTY
NaK-ATPase DFALIZHES Y SRCWahs, 20Kk
DNTIHITEAEHH STV,

LBIZ BT, NaK-ATPaseldNa®/Ca?" 5 #e i 2% fk
(NCX) &3t L CHilaN oCa? it w0 FEIC S L, O
1 O % BRI L C 0 2 2 E A HIS T 0

U F060-8586 FLI ALK L1357 7 T H
LB KRB A e R IR E /N8 - B
2 F060-8586 ALIEHALIX L1357 7 T H

ALHEE R AR AR R AT IERE R aA e

BHREHE (BE A RFE #3R)
ML TR (BE AR U #d2)



HEEMAL oG, 51k & HIRIBIZ B A Na, K-ATPase D% &

O, B3I X 2 TIRALRATA~ O Ca® DG 1IZNCX
RCa-ATPasez EDA F ¥ b TV AR—F =5 LT
WBEWIHETT s CoBBIIBWTY,
Na,K-ATPaseZ B 5 L T 5 il REMEAHER S b . ARIFSE
T, B oG - b & AIKIEIZ BT 5 NaK-ATPase
DOEENZ OV THET R 4T - 72

MR EHE
ouabainl¥SIGMA (St. Louis, MO) X ¥, Dimethyl
Sulfoxide (DMSO), K7 ¥ VEGEEF b1 7 4 (SDS), € )
TFEVERT V'Y A LT ATV E Y ERISAIEHIEE ORBR)
& ¥, Human-BMP-2 Recombinant Protein |deBioscience
(San Diego, CA) X 1, PhosSTOP®IZRoche Applied
Science (Mannheim, Germany) X VA L7z,

2. HfEE

HAIEZMC3T3-E1 clone 4 (E1) (American Type Culture
Collection; ATCC, Manassas, VA) % w7z, #1210 %
R (FBS) 244 L 72 a -minimum essential
medium (a -MEM), 5 %CO, - 95 %25 T (37 °C) 12Tl
FHERFFE L 72,

3. fHATIBEEER

0 e B4 B SRR 1L WS T-822 12 £ D~ 72 Cell Counting Kit 8
(F-AL2WEgeiT, BEAR) 2V THio7:, 967 2L 7L —
2500 cells/wel CIERE L, 24B5[] 1 ~ F 2 X— b L7zD
Houabain (1 ~ 500 uM) #E/ &4, 0, 24, 48, 728:[Ht%
e L7z

4. Z2NVBEEDRTE

B DY 8y Bosgil, 7V 7 I v (BSA)
iy 87 L LT, Micro BCA™ Protein Assay
Kit (#7754 4, Ki#E) 2HwC, Wotvs 707 —
Y — % — Model 550 (Bio Rad Laboratories, Hercules,
CA) T570 nmOWOGEE 2 fl7E L&A L7

5. Na,K-ATPase/EMNHEIE

Na,K-ATPase®ifithix, ATPHIIAfEOREFA K S 7z
B ¥ % Chifflet > O 125> TREET 5 2 XIS
L DilE L7z, NaK-ATPaselitEDfllElx, 1 mM EDTA
-tris, 25 mM Sucrose, 50 mM tris-HCl buffer ( pH 74),
160 mM NaCl, 16 mM KCl, 5 mM MgCL% Kt & L,
A3 mM ATP-trisz Ml 2 CRULZ G S &, 37T
T30 [ BUG 272141212 % SDS # 7hin L Tk L 7=,
B DUIS DG RAE U7z 86 >~ % 1IN HCL 1%E Y 77~
Be7 = A L7 ATVE VBBIZTRB SR, 512,

2% (w/v) 7 T VB 2% (w/v) HE B 2% (v/v) FERE
12Tt % H5R S 8 72 1%, HITACHI U-2000596365 51 (H
3L, HR) 2L, 850 nmTHMIET A Z L ICL ) ER LT
Na K-ATPaseifi 4 D FF 509 2 BEHI T d 5 FHAWEL mM
ouabainfF7E FCHH S N2 Z X & L CELTIWz.

6. Western blotik

Mgz 7as7 4 v ARA7 75 —EMEHH 7 TV THD
PhosSTOP % il L 7zLysis Buffer (10 mM HEPES-KOH
pH 7.5, 100 mM KCI, 0.1 % NP-40) TR L 7z. 10 ug
DY TN %10 %SDSHKY 7 27 1) VT 3 Frov CTEAIK
By L 72412, polyvinylidenne difluororide membrance
(Immobilon-P: Merck Millipore, Billerica, MA) 2§55 L 7.
70 v ¥ v 7 K, Immuno Block® (DS Pharma
Biomedical Co, KF) &MV THEmTIEMAIT- 72, —&
Piik & LC, ¥ip38Pifk (Santa Cruz Biotechnology,
Dallas, TX) (1:500), #t B -Actindt1& (Santa Cruz
Biotechnology) (1:1000), #tPhospho-ERK1/24fk
(Santa Cruz Biotechnology) (1:1000), #tERK2¥L1k
(BD Transduction Laboratories, Bergen County, NJ) (1:
1000), #TPhospho-Smadl (Ser463/465) /5 (Ser463/465)
/8 (Ser426/428) #it 1k (Cell Signaling Technology,
Danvers, MA) (1:1000), $tPhospho-JNKHL1& (Active
Motif, Carlsbad, CA) (1:1000), ¥LJNKPL A (Active
Motif) (1:1000), #iPhospho-Smadl (Ser206) #ifk (Cell
Signaling Technology) (1:1000), ¥iPhospho-c-SrcHifk
(Santa Cruz Biotechnology) (1:1000), #ic-Srchifk
(Santa Cruz Biotechnology) (1:1000), #tPhospho-p38$t
f& (Santa Cruz Biotechnology) (1:500) M L., Zh
ZN4A°C, A —N—F A N TRIB S, ZRIkE LT,
Pt~ A1gGlPifk (Life Technologies Corporation,
Carlsbad, CA) (1:500), i~ AlgG2afifk (Life
Technologies Corporation) (1:2000), #t~ 7 AIgG2bT
f& (Life Technologies Corporation) (1:1000), $t7 ¥
IgGHifk (Life Technologies Corporation) (1:3000), Hi~
v ZIgM#$itfk (Life Technologies Corporation) (1:2500)
ENTNHERCTIFMEIS &7, TBS-T (50 mM
tris-HCL pH 7.5, 150 mM NaCl, 0.1 % tween) % W\ T=
i C1547 M, 3MPEE#, Western Lightning® CDP-Star
(PerkinElmer, Waltham, MA) % JH\W T L 72,

7. ALPEMHDBIE

ALPIEHVENE, iM% 24well 7L — F TH:# L, pNPP%
FHE LS5 K7 v A™ALP (RIY6HiEE) 260 L CHl
EL7.

8. AAtiEEIDEIER
Alizarin Red4ett 1 3Milg 2 = % / — )V CRE%EHPBSIZ T
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Days after confluence

Na,K-ATPase activity (nmol Pi/mg protein/min)

.1B

E1ffsd Na,K-ATPase &0 %21k

ElLMif % 5528 L, confluencef23H % (A), & 5 lZconfluencefif 2B\ Tix1H% (B) 12Na, K-ATPaselfPE % M€ L 72. (n=3)

2[ Bk L, 1 % Alizarin Red Sk (F196H38) 12 T10

s ge g, FEERUKIZT3MBEE LT, SRS T O L.

Zof%, PBSTISAMPEEHL, 10% tFVE) V=2 A4
7074 FTIRMOS S ML x4 270 7L —hY
— 4 — (570 nm) THOLE % #ll%E L Chthm & e mib L7z
von Kossa $«t01310 %K)V~ 1) > &% L 7-MIfg %5 %my ik
KBTI L, AR A TG L 721212, 5 %7 4 finlk
F )Y AKRERTRIN R IR L, FEKIZ TSR, B
gL

9. Real time PCRi&
cDNA ZTagMan® Gene Expression Cells-to-CT™ Kit

(Applied Biosystems, Foster City, CA) % W THB L 7-.

mRNA D FEH 137300 Real time PCR system (Applied
Biosystems) #HWEEILL 7. 79 1 ¥ —I1ZRunx?2
(assay ID, Mm00501580_m1), ALP (assay ID,
MmO01187117_ml), + A7+ Vv >~ (assay 1D,
Mm03413826_mH), 1%l 25 — 4~ (assay ID,

Mm00483888_ml), GAPDH (part no, 4352339E) % Hv:7-.

BmRNADZHFIZGAPDHD F B &# % JH a4l L,
FXFHYSEEE (AACHE:) & L7z,

10. small interfering RNA (siRNA) D& A

NaK-ATPase a,i# =7 BN, HiPerFect (QTAGEN,
Hilden, Germany) % H \», NaK-ATPase a; sSiRNAE A
12 & Zknockdown % 17 > 72, 3 A IX48IEI AT\, ] L 72
Na,K-ATPase a; siRNA® 3 3& fi 41 1Na K-ATPase a,-8
siRNA (5-“AAG ATGGCTATTATAACGGAA-3"),
Na,K-ATPase a,-9 siRNA (5-TACAGCGTTCTTTG
TCAGTAT-3) TH5.

1. 7— 2438

FERIZ P £SDTE L2, 7 — & 401 TldthiE = H v,

p<005zFEEHY & L7

& R

BHFMIEAICH T B Na,K-ATPaseFHENZE1L

E1fif2 O Na K-ATPase D {1k L confluencelF 128 b 5 <,
DIBES BT L7275, confluencef26H H, 18H H, B L
30H HCik—@ticgmL 7z (M1A). & 512,
W% ONa,K-ATPaselfEDZ L% FEMICHH R B &
confluence LRT DG AR & 5 <, #ERICHAT 52 &
SN -7 (K1B).

confluence

Na,K-ATPasefBE(C & 2E1 RN IEIEIZ T 3 F &

ELfE 2 ouabain% 71 LNa K-ATPase % [H#E 3 % &
TR FEARAT 0 70 AR BB E O B AS AL AR ZE BE SR 12 L 0 g S
7z (K2A). F 7z, MFERE~ 0522 % WST-8 assay & Hi
WG 5 &, B BIGE RS R & Rk I ouabainif K
R A EEE D HIHI ASFRS & L7225, 500 uM ouabain
BV T O DA LTS S g, MIfgstidd L CTw
b oLl Ens: (K2B).

BEFMEEAME - BIRAEICH I B Na,K-ATPasefAE D&

E1#ii% 12 confluencels £ V) ouabain 7E ] &, ALPIg
PR ZAL N7z, FOfEE, ALPIEM: IZouabain
RERAIICER SNz (M3A). E5612, EIflgofAIK
1t 3 ouabaini FEAK A A9 1201 S 7z (K3B-3D).

E1ffifg ®Na K-ATPaself 4 (%, confluencef%18H HI1Z—
WO EAES S (M1A), ORI AIKIE~ L
VT CEIMI O ALPIEPE 2SS A3 2 K] (IM3A) (12
G T 5. 2 ONaK-ATPaselifi £ 0 #4125 ALPIF 4 o 1
IMCEET 2O TIE w2 ML, 1I6HH”S22HHIZ
ouabain% EH &+, ALPIHIEOZIL 2 MRS L7z, ZO#EE,
ouabainZ M L T\ 2 [, ALPIGVEDSE KA 191230



HEEMAL oG, 51k & HIRIBIZ B A Na, K-ATPase D% &

ouabain
control 1M 10 uM 50 pM 100 uM 500 uMm

oh

100um 100m 100~ 100y 100um 100um
24h 2] g

100um 100 = ! j1ooum 1oour 100um & 00y
48h b N

g ) oo sy Uy how b o\,
72h :

. 2A

* %k
1.4

@ control **
% ¥

01pm
|10 uM
@50 uM
100 uM
500 uM

|
N

N

[
3

4
Y

Absorbance at 450 nm
2

o
N

o 24 48 72

Treatment time (h) 2B

2 ELflfE0NEhEIC 51F 5 Na, K-ATPase# (2 & % 28
E1fZ|Zouabain (1~ 500 uM) Z1FH &8, AL & AERFAY I AR B S CIIER (A) L, WST-8EEIZ & 1 Millghsliing = M5y L 72 (B).

(n=3, *p<<0.01)

fll S 7z —7, ouabain®RN% H k9 % & ALPIHEMED
EE R0 Sz (M4A). F72, ¥#EI6H H2522HH
¥ TouabainZ EH &85 &, 33H HIZH W Touabaini &
RAF1 72 A IRAL D HIHI 255280 & 47z ([K14B-4D).

BMP-2(C & 2 B3 AKX EIC3 § 2 Na,K-ATPasefiE

e

Na,K-ATPaselZ & 2 & 3l kAL g o — i % W]
L5202 F 5729, BMP-2I2 & ) RHE S L AETE o A K
ALIZRIE 3 5 Na K-ATPaseflE D 28 % J~<7-. BMP-2
12 X BELHIAL O A K AL 1 X ouabain O i BE AR AT 1Y 12 0]
sh7z (K5A, 5B).

WIZ, BMP-2i2 L 2 5F M~ — 7 — &z FHEBIC
Na,K-ATPaseED L ) IZBb > T2 2L HIZT 5
728, ouabainff-7E F CBMP-2% ELHIIE (2 /EH & € Runx2,
ALP, A A7+ NV v 1HIa5 -7 OmRNADOZEE %
BEt L7z, 2o R, BMP2RI#IC X 2 275 OmRNA
FEBIEHE X ouabaini LKA I HIfH] S 172 (KI6A-6D).

X512, EIfisoONaK-ATPase a, %72 =v v %/ v
75 2 L CBMP2IZ X AALPL S NICH AT vy
Y OmMRNAFEBIIH T 2B LA L. ELMIEIC
NaK-ATPase a; sSIRNAZEAF % &, BMP2IZX 52
5 OmRNAFEHLOFEIL, ouabaink 1M L 72354 & A
Wi S vz (KI7A, 7B).

2T FIVEERIRICH T 5 Na,K-ATPasefHE D&
BMP-2CHI#$ % &£Smadl/5/8") > BRALIZIRHES % 2%,
ouabain % fEH & & C % Smadl/5/8 (Ser463/Serd65) ) » i
LML A SNz o7z (F8A). —75, Smad 1)) ¥ 7
— BT ASer206D 1) VR LIZFHE X N7z (XI8B).
&I, Mitogen-activated Protein Kinase (MAPK) »V ~
BRAb D2 b % Mt L 72, ouabainfi e T CELMIIE I BMP-2

ER &4 5 L, ERK, p38D Y ¥ EALATFHE S /298,
INKD Y » BAbIZ#f & 7z (KI8C). — 7, NaK-ATPase
\2 & ZMAPKOEHALIZBI G- 9 % Sred ) v RALIZRED &
Nieho7z (K8D).

Z =

ELMifIC 815 5 Na K-ATPaseifit41%, confluence i
AR DB, ZOBRBMIMKT L (K1A, 1B).
Z 2T, Elfifg®confluence L2, ouabainZ Hv»T
Na,K-ATPase# M5E5 % &, MFZHIEOHH 2L S 7z
(2A). —7J5, 500 uM ouabainZ 1FH S 8T b Ml ok
PIFEED 5T, MlEMEIC X AL E L w2 &
HHERA S 7z (M2B). Matsudald, 779 7HIlGIZE W T
Na,K-ATPaself 2515 % & a3 70HE L, ouabain
12 & Y NaK-ATPase® [H5E T % L Ml ab s #im s s
LHE LT, CoWMERAMIROSREE —K LTS
1, NaK-ATPaselZELMIa 45 O H 112 & B 55 5 2 & 2¢
TR E A7z

—7, Elfiflgdsconfluencef, FiIKILHETICALPIHEMED A
WIC LA 5180 HIZ, NaK-ATPaselfikAas—@Mkic k
A L7 (M1A). NaK-ATPase{fEO N & ALP{EEO I
ARHIKALOBEDSS M SN, 22T, EVfilzo
confluencef216 ~ 22H H % TO7H Mouabain & {EH & &
% &, ZOMOALPIEMED N S 4, BB #%33H B2
BUF B AIKAL D I S AL7275, ouabain DR % il 975 &
ALPIEMEIRAE L 72 (144). 2o X9 i 22 2810 % R
T EnL, BFMEOSLERIC, NaK-ATPaseh biE
T5ZEDTRIBEMNT.

Na,K-ATPase & NCXIZNa O#fk CHEICHE L THBY |
Z OFERENCXIZEH ML & 2 HIRALBFT~DCa® O fit
FICBG L Twa, EMIIATIX, 2074V 74— 2401



th H

~&-control

H

<A1 uM
=10 uM
-0-50 pM
——100 uM

g

ALP activity (nmol/mg protein/min)
g

[ 3 6 9 12 15 18 21 24 27 30 33
Days after confluence

ouabain

control 1uM 10 pMm 50 uM 100 uM

X.3B

ouabain

control 1uM 10 pMm 50 uM 100 pM
.3C
* %
0.8
K
I
E 0.6 {
c
o
N
n
-
©
: I I
c
©
K-}
r
o
"
Qo
< 02
0
control 1um 10 pMm 50 uM 100 pM
ouabain
X.3D

3 ElMoAIRIbIZ0r 4 % Na, K-ATPasefH#E 12 & 5 2

EL#IE % 24well 7 L — b 12 Cconfluence ¥ THE#E L, ouabain
(1~100 uM) 2RI L TE 52330 MK L, 3HEICALPHE
M2 RE L7z (A). confluencef%33H H 1Zvon Kossadets (B) 7
5 ONIZAlizarin Red¥s s (C) L, ALAH 2= BAM ST CEIZE L 72
X 512 Alizarin Red§ 12> W CERAL (D) %4757, (n=3,
* p<0.05, *p<0.01)

i3

— Ir

40
-&-control

A1 uM

—=-10 uMm
30 la

-0-100 pM

—-500 uM

20

ALP activity (nmol/mg protein/min)

Days after confluence

ouabain

control

1um 10 uM 100 uM 500 uM

£.4B

ouabain

v

100 uM

4

control 1um 10 500 pM
B.4C
* %k
0.6 *ok
| | * %
[

£
c
2 0.4
wn
-
©
(]
o
c
©
K=
S
o 02
w
K-
<

0

control 1um 10 uM 100 uM 500 uM
ouabain
5.4D

4  ELfl o5 Lk O Na, K-ATPaseif P12 & 2 k1L
[ g 5

E1#ifig % confluence 216 H H F T} 4% L ouabain (1~ 500 uM)
TTHBIEM &4, & 5| ZouabainfER IR #2252 L C10H
a8 L7z, ALPIG M (Zconfluencely & 0 3H 4 IZHIE (A) L,
confluence#33H H (Zvon Kossa4:ft (B) 7% & U2 Alizarin Red
Petts (C) L, (AHZEBEMSR IS CHBIZE L 72, & 5 IZAlizarin Red%
ERICOWTERL (D) 24772, (n=3, * p<0.05, *p<0.01)



HIEMIB BTG, 5 b & HIKALIZ B 5 Na,K-ATPase D% &l

BMP-2 - + + +
100 (uM)
X.5A

ouabain - - 10

Absorbance at 570 nm

0.5

0
BMP-2 -

+ + +
ouabain -

10 100 (M)
X.5B

5 BMP-2i2 X 2 ELME A IKAL R HEE Ik 3 2 Na,
K-ATPaselHE D%k

E1#IA% % confluence ¥ TH5#E L BMP-2 (100 ng/ml) Z#0I L,
ouabain (10, 100 uM) AL T /IEGFAE T T & & ICEF MG 15H
HF T2 L C, Alizarin Redf b 21772 (A). S5
ZERIL L7z B). (n=3, * p<0.05, *p»<0.01)

D CTHAHNCXIDFEIMNE {, ALPIEEA EA-3 45160 H

ICZDOFEBARIL, ZOBRBIT 2 L) WEDNDH 2D

NCX® 83 7113 Na K-ATPasei& 14 — {4 o #
BE & 13IE—B LT b, FIRIGICE L CRATIcCa® % fit
T 5720, BFEMIBONCXANEMEAL L CTNa" & Ca¥ %
Hamt7 o) LA ANa JEEZES ERA L, ZONa 283 5
729 ZNa K-ATPasenSititE(L 3 5 Wl iglEnsdh 5.

D &2, NaK-ATPasen ALPHEM: 7 & o0& M 5L~

— 71— ORI G-3 2B IOV TG L7z, BMP-2(d,

MBI ARunx2, ALP, # AF+ A NVTr, BX
VI 25— 7> O5BE®REELD Y w2 51bsH
BB HERE AL TW5. BMP20MBA Y 7 v
i, TEETRCGEH SN D EE@A L) Y/ AL =0 F
F—EZEMRICL > THFEESND. BMP2AY A L 72117
SZRMBIIMZ AR EELL, MEECHFET S
Smadl/5/8DCHIHMIZH 5+t 1) »HEH (Serd63/Serd65)
) VBT 2% % 20k $Smadl/5/813 X 512Smad
4EBAERERR L, BT L CEMEET 0BG H
HEEIC RS Ll 2 FiET 57 —J, MAPK%
Y2k )Smad 1Y) ¥ —#Io ) YR A LA = v FRE
(Ser187/Ser195/Ser206/Ser214/Thr222) #5V > WAt % %
Fa k., BNEBASHESR2Y . 46, ouabaind b\

1ZINa,K-ATPase alYr712=v N v 7 ¥ 728D
Na K-ATPase#[HEY 5 L, BMP-2I2 L % &ML~ —
71— BAEFmRNAD ZEBEEE X I S i, AL
sh/z (95,6, 7). 215 OFEF1ENaK-ATPaseA E1ifl
W BT ABMP2Y 7 F VI H 55 2 L 2RET 5.
BMP-2CELMI g % ] i3 % & Smadl/5/8MSerd637% & O
1Z2Serd65D 1) ¥ BEALIZMEE & 724, ouabainfifE F T
) UBABIZIZE A B L o7 (IK8A). T OfEHIL
Na,K-ATPase® [H % |2 £ ) Smadl/5/8D I #{n T CTd
HRunx2DFEBHA L7722 L EFET A, NaK-ATPase
P & Y Smad 10 ¥ —FA2s) YLz % &
HEWH L CouabainZ fEH &5 &, Smad 10 » 1 —FArL
IZHEAET 5Ser2060 ) Y IRLAFHE S N2 DO RIE
ouabainiZ & %Ser2060 ) > B {t23Smadl/5/8 ¥ Smad 4™
BEEROBEANORITZ I L, Runx2 mRNA® JE3254]
flShsZEaREBL.

% Z TNa,K-ATPase’"MAPK#% | L, Smadl®
Ser2060 V) AL % MEI 3 A W ReME % AT L7z, BMP-24%
T, EIffgiCouabainz fEfl &4 % &, ERK, p38D )
YHALFEE SR Sz — 7, INKOY YRR LIEHH S
7z (K8B). TN b s, NaK-ATPasefHEIZ XD
EMAL L 72ERK & % 2 13p384%Smad 10Ser2060 1) > AL
[ R N oN A B

B OB KALIZ B W T, MAPKY 7 F VD
A RTHET S OPEET 5. Kono™ & IEELMIL
2 MLO-A5fH312 5\ TERK® 1 T 5 MEK1/2F % |2
X0 HIRIEA e SNz L i L7z, %72, Chaudhary™
512 &L, ELMIZIC BV CERKOG ALY TR 2 5 — 4
mRNADOZEBZIH L, AIKALPET L2, 5612,
Higuchi® & xBMP% fFff X & 7-C2C12/1812 BT,
ERK % #1132 & ALP mRNADOZB AT 2 = &, El
HIBBIZ BV TIFALP & o+ 27 4 A1 V3~ mRNADSHAS
BWINL CTRIKAEDMEES 2 S G L7z, 2o OmEIEAR
DR e —H L TWwb.

—%, Jaiswalb it b P EEERBEMBICBVWTATOA F,
TAINY UER & 5\ Id [ -glycerophosphate (-GP) 12
L ZERKOEMAL % /v LT, ALPIEME ML, AIK1E
M SN L HEY LTwd, 8512, Laibidk M
A FEMALIC BV CTERKOHIHNC & ) ALPIEEAMKT L,
FIRALAHIR S N7z L4 LCv iz, BB
LERKO &L, Mo ES 5 LEEIZ L > TRLR S
CEDHMBENTWEY Z s, BIEMAIKILIC T
HERKOVERIESHIEF R TH 2R H 5 .

ELfE 12 3 v TJNK (c-jun N-terminal kinase) % [HE 3
5 &, ALPOZEBUIIZEB L WA, FATA IV ¥
OFHHIHI S, HMEBHESIND L) HiErDH ™.
KEFFEIZ BT 5, NaK-ATPasefHE 2 & B Ak {b~— 7 —
A FmRNAD IR A IKAL OGS INK Y >~ Bz o]



e HoE — E3h

. Runx2 - 3 ALP o
[ control O control *
TBMP-2 30 T BMP-2
c c
S 2
a B BMP-2+10 pM ouabain ﬁ 25 B BMP-2+10 pM ouabain
o, o
;I-. BMP-2+100 uM ouabain S g- BMP-2+100 pM ouabain
o o 20
< ukl <
2 2
-4 * -4
E |_ E 15 * %
o ]
2 ? | 2
";'f d‘; 10
o] K]
& &
5
0 ° i CEr .
0 12 24 48 [ 12 24 48 72
Time after treatment (h Time after treatment (h
(h) 5 6A (k) .68
Osteocalcin , Type I Collagen .
50
O control [ control
45
EBMP-2 25 @ BMP-2
40
B BVP-2+10 uM ouabain B BMP-2+10 uM ouabain %
35
2

7 BMP-2+100 uM ouabain

2 7 BMP-2+100 uM ouabain

25 15

20

Relative mRNA expression
Relative mRNA expression

[ 12 24 48 72

48 72

Time after treatment (h) Time after treatment (h)

X.6C X.6D

6 BMP-2i2 X 2 &ML~ — & — (5T mRNASSHFZFE 204 % Na, K-ATPase & 0 2
ELMAZI2BMP-2 (100 ng/ml) & & % Zouabain (10, 100 uM) % B L C, H3FMa~— 7 —Td 2Runx2 (A), ALP (B), + A7 %
AN (C), E6I1HaT -7 (D) ®mRNADIEH # Real-time PCRFEIC & 0 BEFIGICHET L 72, (n=3, * p<0.05, *»<0.01)

- ALP ** %00 Osteocalcin
I_ %k %
O control O control 'T
16 * % . ]
E BMP-2+si control @ BMP-2+si control
250
c ok c
o u B BMP-2+si a1-8 K] B BMP-2+si al-8
w w
w N
3 . @ BMP-2+si o1-9 S 200 B BMP-2+si 019
o o
3 3
10
< <
2 2 150
£ 3 o * %
€ € o
g 6 2 100
2 =
£ o
v 4 [T}
o e
2
[ 0 e
[ 24 48 72 0 24 48 72
Time after treatment (h _ Time after treatment (h _
(h) A (h) 7B

7 BMP-212 £ A2 F M5t~ — & — @z TmRNAS B FE (2373 5Na, K-ATPase a1 7 2= ~ /v 7 ¥ v Digh
ELfE 12 Na, K-ATPase a1 siRNA#Z#E A L, BMP-2 (100 ng/ml) THliE L T, ALP(A),  AFF V¥ (B) DmRNA DI
% Real-time PCREZ H W TN L 72, (n=3, *p<001) siai-s; siNaK-ATPase a;, sia1v;siNaK-ATPase a;



BIEMIB BTG, 5k & HIKALIZ B 5 Na,K-ATPase D% &l

BMP-2

ouabain — +
0 15 30 60 120 240 15 30 60 120 240 (min)

p-Smad1/5/8

——— e - -
(Ser463/465) W
B-Actin T ———————— — ——
X.8A
BMP-2
ouabain — +
0 15 30 60 120 240 15 30 60 120 240 (min)
p-Smad1(Ser206) - .
B-Actin — — —— —— —— —— —
[¥.8B
BMP-2
ouabain — +
0 15 30 60 120 240 15 30 60 120 240 (min)
p-ERK1/2 — SRS s Sl e T
ERK2 —————— — —— — —
p-p38 e e ———— -
p38 | T ——————————— —
p-INK . —
JNK T —— - W Yy - -
B-Actin . ——— ——— ———
X.8C
BMP-2
ouabain — +
0 15 30 60 120 240 15 30 60 120 240 (min)
p-Src
. 3 =
e T L L]
B-Actin ——— —— ————— — -

X.8D

8 ¥ T IVIREREEIZ BT A Na K-ATPasefllE 0 ig %
E1fiA2 12500 uM ouabainff4£ T /JEF 4 T CBMP-2 (100
ng/ml) #{Ef &4 T, Smad 1/5/8 (Ser463/Ser465) (A),
Smad 1 (Ser206) (B), ERK, p38, JNK (C) 3 & USrc (D) 1) ~
FRALANOREIZOWT Y T A 71y MEISTHIT L7

DG LT LMD S 5.
Francesc™ (%, C2C12M1M12 5T, p38Oiliz & b

BMP-2I12 & 0 FFE SN LG5 AR L7z & iy LT 4.

AHFFEIZ B W TIdNa,K-ATPasefHE 12 & ) p38Y » LA
TESND L, BFEMILO LA S 7z
NaK-ATPaselZ & 2 MAPKOHIfIZ BTk, JFEZEE
WFasy rd+—ETHhHSren MG LTwD &) M
Dd 5P & 512, KRR Douabain® A L E ¥ AR I
X 2SredDiE LA SN T 2% K% Tldouabain

ZEH EETHSred ) Y EALIZFE S N h o 72 (H8D).

A[E v 7zouabainld500 pM & EiEETH L Z L5,
Na,K-ATPasell 2 12 & 2ERK=p38D i 4L 1ZSrc% /i L
TWARWT EATRIBE T,

MAPK ¥ 7 F )V OHIEIZ M A Ca> D2 (L3R5 L T
WD RIIERCAT IR LR X B Y UEEE S L CRas
THOMAPK Y ¥ BALAAE S L5 L) i s 51079
AFZE12 BV TlE, NaK-ATPasefH3 12 X A M@ Na™»
HERICRIS LT, NCXoafakAE U, MlamCa* 8
wMimL, Ca®™t#H v FAvtryv—LtLTMAPKY ~
FEALICBE G- L2 etE b H 2 b7,

4, NaK-ATPaseh™Vgifigoighs, 51bB L O/
JRALIZBE G- 5 2 EDTHS IR o 728, Z O A H
AL LTIEARHARED L, GBS 5 R L0 %E
OWRETT 5 EED B 5.

& i

Na,K-ATPaselZELHI ORI G35 & & DI,
MAPK#% /- L C, b8 L OHIKILo Gz 55 %
ZEHIRIBE N,

il &t

ARERRDIZH 2, KR Ex OMIEE, #F
THE F L oARR A B i i 7E R LR RS mi e /N R - it
HHEERFEE, %O IR RE AR NG 71 Bl
HEOHEBOERRIE CHFLP L BT £

z £ X #

1) Rossier BC, Geering K, Kraehenbuhl JP: Regulation of
the soduium pump how and why? Trends Biochem
Sci 12: 483-487, 1987.

2)  Scheiner-Bobis G: The sodium pump. Its molecular
properties and mechanics. Eur J Biochem 269: 2424-
2433, 2000.

3) Jerry BL, Theresa K: Na*/K"-ATPase. ] Biol Chem
269: 19659-19662, 1994.

4) Feraille E, Doucet A: Sodium-potassium-
adenosinetriphosphatase-dependent sodium transport
in the kidney: hormonal control. Physiol Rev 81: 345-
418, 2001.

5) Dobretsov M, Stimers JR: Neuronal function and as
isoform of the Na/K-ATPase. Front Biosci 1: 2373-
2396, 2005.

6) Stein GS, Lian JB: Molecular mechanisms mediating
developmental and hormone-regulated expression of

genes in osteoblasts. Noda M, Cellular and Molecular



9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

th H

Biology of Bone, 47-95, Academic Press, Tokyo, 1993.
Makihira S, Nikawa H, Kajiya M, Kawai T, Mine Y,
Kosaka E, Marcelo JB Silva, Tobiume K, Terada Y:
Blocking of sodium and potassium ion-dependent
adenosine triphosphatase-a 1 with ouabain and
vanadate suppresses cell-cell fusion during RANKL-
mediated osteoclastogenesis. Eur J Pharmacol 670:
409-418, 2011.

JL ol Ml FRIE, IR A, A FRE ok F:
B MIEEMC3T3-ELMiiE D % ATPaselZ % 3 %
I basr o, duiEEkes, 33: 175-184, 2013,
Francis M]J, Lees RL, Trujillo E, Martin-Vasallo P,
Heersche JN, Mobasheri A: ATPase pumps in
osteoclasts and osteoblasts. Int ] Biochem Cell Biol
34: 459-476, 2002.

Kita S, Iwamoto T: Mechanisms for linking high salt
intake to vascular tone : role of Na* pump and Na*/
Ca®" exchanger coupling. Yakugaku Zasshi 130: 1399
-1405, 2010.

Aslihan AK: Na* K*-ATPASE:A REVIEW. J Ankara.
Med Sch 24: 73-82, 2002.

Paul FJ, Ingrid LG, Gunter G, Alison LW, G.Roger A,
Michelle LC, Richard AW, Jerry BL: Identification of
a specific role for the Na, K-ATPase a 2 isoform as a
regulator of calcium in the heart. Mol Cell 3: 555-563,
1999.

Fukushima O, Goshi N, Koda M, and Tokudome M:
Localization of Ca-ATPase activity at high alkaline
pH in bone cell. ] Bone Miner Metab 3: 88-92, 1985.
Nakano Y, Beertsen W, VanDenBos T, Kawamoto T,
Oda K, Takano Y: Site-specific localization of two
distinct phospatases along osteoblast plasma
membrane: tissue non-specific alkaline phosphatase
and plasma membrane calcium ATPase. Bone 35:
1077-1085, 2004.

A OEM SR, M EL HULEE - E R
AR A1 v 2 7 ARAFATPasel 1. il E S,
24+ 213-220, 2003.

Hsu HHT, Anderson HC: Evidence of the presense of
a specific ATPase responsible for ATP-initiated
calsification by matrix vesicles isolated from cartilage
and bone. ] Biol Chem 271: 26383-26388, 1996.
Sosnoski DM, Gay CV: NCX3 is a major functional
isoform of the sodium-calcium exchanger in
osteoblasts. J Cell Biochem 103: 1101-1110, 2008.
Chifflet S, Torriglia A, Chiesa R, Tolosa S: A method
for the determination of inorganic phosphate in the

presence of labile organic phosphate and high

s

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

3

concentrations of protein: application to lens
ATPases. Anal Biochem 168: 1-4, 1988.

Matsuda T, Murata Y, Tanaka K, Hosoi R, Hayashi
M, Tamada K, Takuma K, Baba A: Involvement of
Na' K"-ATPase in the mitogenic effect of insulin-like
growth factor-I on cultured rat astrocytes. J
Neurochem 66: 511-516, 1996.

Nagarajan S, Sukyee K, Anatoliy V, Stephen C]J, Nicola
CP: Effects of BMP-2 and pulsed electromagnetic
field (PEMF) on rat primary osteoblastic cell
proliferation and gene expression. J Orthop Res 25:
1213-1220, 2007.

Li Z, Hassan MQ), Volinia S, van Wijnen AJ, Stein JL,
Croce CM, Lian JB, Stein GS: A microRNA signature
for a BMP2-induced osteoblast lineage commitment
program. Proc Natl Acad Sci USA 105: 13906-13911,
2008

Kretzschmar M, Doody J, Massague J: Opposing
BMP and EGF signaling pathways converge on the
TGF-beta family mediator smadl. Nature 389: 618-
622, 1997.

Bruce DL, Sapkota GP: Phosphatase in SMAD
regulation. FEBS Lett 586: 1897-1905, 2012.
Minamizato T, Sakamoto K, Liu T, Kokubo H,
Katsube K, Perbal B, Nakamura S, Yamaguchi A:
CCN3/NOV inhibits BMP-2-induced osteoblast
differentiation by interacting with BMP and Notch
signaling pathways. Biochem Biophys Res Commun
354: 567-573, 2007.

Lo YC, Chang YH, Wei BL, Huang YL, Chiou WEF:
Betulinic acid stimulates the differentiation and
mineralization of osteoblastic MC3T3-E1 cells:
involvement of BMP/Runx2 and beta-catenin signals.
J Agric Food Chem 58: 6643-6649, 2010.

Massagué J, Seoane J, Wotton D: Smad transcription
factors. Genes Dev 19: 2783-2810, 2005.

Matsuguchi T: ADVANCES IN PROTEIN KINASES,
313-332, Gabriela Da Silva Xavier, Croatia, 2012.
Kono S, Oshima Y, Hoshi K, Lynda F. Bonewald, Oda
H, Nakamura K, Kawaguchi H, Tanaka S: Erk
pathways negatively regulate matrix mineralization.
Bone 40: 68-74, 2007.

Chaudhary LR, Avioli LV: Extracellular-signal
regulated kinase signaling pathway mediates
downregulation of type I procollagen gene expression
by FGF-2, PDGF-BB, and okadaic acid in osteoblastic
cells. J Cell Biochem 76: 354-359, 2000.

Higuchi C, Myoui A, Hashimoto N, Kuriyama K,



31)

32)

33)

34)

35)

36)

HIERP OBGE, 5k & KL B 5 Na,K-ATPase D% &l

Yoshioka K, Yoshikawa H, Itoh K: Continuous
inhibition of MAPK signaling promotes the early
osteoblastic differentiation and mineralization of the
extracellular matrix. ] Bone Miner Res 17: 1785-
1794, 2002.

Jaiswal RK, Jaiswal N, Bruder SP, Mbalaviele G,
Marshak DR, Pittenger MF: Adult human
mesenchymal stem cell differentiation to the
osteogenic or adipogenic lineage is regulated by
mitogen-activated protein kinase. ] Biol Chem 275:
9645-9652, 2000.

Lai CF, Chaudhary L, Fausto A, Halstead LR, Ory
DS, Avioli LV, Cheng SL: Erk is essential for growth,
differentiation, integrin expression, and cell function
in human osteoblastic cells. J Biol Chem 276: 14443-
14450. 2001

Matsuguchi T, Chiba N, Bandow K, Kakimoto K,
Masuda A, and Ohnishi T: JNK activity is essential
for Atf4 expression and late-stage osteoblast
differentiation. ] Bone Miner Res 24: 398-410, 2009.
Vinals F, Lopez-Rovira T, Rosa JL, Ventura F:
Inhibition of PI3K/p70 S6K and p38 MAPK cascades
increases osteoblastic differentiation induced by
BMP-2. FEBS Lett 510: 99-104, 2002.

Haas M, Wang H, Tian ], Xie Z: Src-mediated inter-
receptor cross-talk between the Na'/K'-ATPase and
the epidermal growth factor receptor relays the
signal from ouabain to mitogen-activated protein
kinases. ] Biol Chem 277: 18694-18702, 2002.

Haas M, Askari A, Xie Z: Involvement of Src and

epidermal growth factor receptor in the signal-

37)

38)

39)

40)

41)

42)

43)

transducing function of Na*/K"-ATPase. ] Biol Chem
275: 27832-27837, 2000.

Kometiani P, Li J, Gnudi L, Kahn BB, Askari A, Xie
7Z: Multiple signal transduction pathways link
Na“/K*-ATPase to growth-related genes in cardiac
myocytes. The roles of Ras and mitogen-activated
protein kinases. ] Biol Chem 273: 15249-15256, 1998.
Xie Z, Kometiani P, Liu J, Li J, Shapiro JI, Askari A:
Intracellular reactive oxygen species mediate the
linkage of Na“/K*-ATPase to hypertrophy and its
marker genes in cardiac myocytes. ] Biol Chem 274:
19323-19328, 1999.

Tian J, Cai T, Yuan Z, Wang H, Liu L, Haas M,
Maksimova E, Huang XY, Xie Z]J: Binding of Src to
Na*/K*'ATPase forms a functional signaling complex.
Mol Biol Cell 17: 317-326, 2006.

Laura BR, David DG, Michael JW, Michael EG:
Membrane depolarization and calcium influx
stimulate MEK and MAP kinase via activation of
Ras. Neuron 12: 1207-1221, 1994.

Liu J, Tian J, Haas M, Shapiro JI, Askari A, Xie Z:
Ouabain interaction with cardiac Na*/K'-ATPase
initiates signal cascades independent of changes in
intracellular Na* and Ca®' concentrations. J Biol
Chem 275: 27838-27844, 2000.

Tian J, Gong X, Xie Z: Signal-transducing function of
Na'-K'-ATPase is essential for ouabain’'s effect on
[Ca®']i in rat cardiac myocytes. Am J Physiol Heart
Circ Physiol 281: 1899-1907, 2001.

Xie Z, Askari A: Na*/K*-ATPase as a signal
transducer. Eur ] Biochem 269: 2434-2439, 2002.



Hokkaido J. Dent. Sci,, 44 : 26—36, 2023.

ORIGINAL

The role of Na,K-ATPase in proliferation,

differentiation and mineralization of osteoblasts

Junichi Yamadal), Y oshiaki Deyama2>, Yoshitaka Yoshimura?

Kuniaki Suzuki? and Yasutaka Yawaka

ABSTRACT : Ion transporters such as plasma membrane Ca*-ATPase (PMCA) and Na'/Ca®" exchanger (NCX) are
involved in the delivery of Ca®*" into mineralizing osteoid by osteoblast. However, little is known of the function of
Na,K-ATPase in osteoblasts. This study was designed to elucidate the role of Na,K-ATPase in osteoblast proliferation,
differentiation and mineralization.

We investigated Na, K-ATPase activity in developing osteoblastic MC3T3-E1 (E1) cells. Cell proliferation, alkaline
phosphatase (ALP) activity and the deposition of mineral were assessed under the presence of a Na,K-ATPase specific
inhibitor, ouabain. Effects of Na,K-ATPase inhibition on BMP-2-induced mineralization, expression of the osteoblast
phenotype marker gene and the phosphorylation of Smadl/5/8 and MAPK in E1 cells were examined using ouabain and
small interfering RNA.

Na,K-ATPase activity was highest before confluence, tapered off quickly and then transiently increased at 18 days after
confluence. When treated with ouabain around 18 days after confluence, mineralization fell, reflecting lower ALP activity
in E1 cells. Likewise, inhibition of Na,K-ATPase reduced mineral deposition, and the mRNA expression of Runx2, ALP
and osteocalcin. Pretreatment with ouabain was only weakly effective on BMP-2-induced Smad1/5/8 phosphorylation at
Ser463 and Ser465 in the C-terminal region. On the other hand, ouabain induced the phosphorylation at Ser206 in the
linker region on Smadl. Additionally, ouabain increased phosphorylation of ERK and p38 in response to BMP-2, whereas
JNK phosphorylation was suppressed.

The results of this study suggest Na,K-ATPase could regulate mineralization via MAPK as well as cell proliferation in

osteoblasts.

Key Words : Na,K-ATPase, osteoblast, proliferation, differentiation, mineralization
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