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Osteopontin in Mouse Calvarial Cells

Mina Song, Hyun-Mo Ryoo, Kyung Mi Woo, Gwan-Shik Kim, and Jeong-Hwa Baek*
Department of Cell & Developmental Biology, School of Dentistry and Dental Research Institute, Seoul National University

(Received February 27, 2008 ; Accepted March 19, 2008)

In the process of bone remodeling, mineral phase of bone
is dissolved by osteoclasts, resulting in elevation of calcium
concentration in micro-environment. This study was per-
formed to explore the effect of high extracellular calcium
(Ca“e) on mineralized nodule formation and on the expression
of progressive ankylosis (Ank), plasma cell membrane
glycoprotein-1 (PC-1) and osteopontin by primary cultured
mouse calvarial cells. Osteoblastic differentiation and mine-
ralized nodule formation was induced by culture of mouse
calvarial cells in osteoblast differentiation medium containing
ascorbic acid and (-glycerophosphate. Although Ank, PC-1
and osteopontin are well known inhibitors of mineralization,
expression of these genes were induced at the later stage of
osteoblast differentiation during when expression of osteo-
calcin, a late marker gene of osteoblast differentiation, was
induced and mineralization was actively progressing. High
Ca”", (10 mM) treatment highly enhanced mRNA expression
of Ank, PC-1 and osteopontin in the late stage of osteoblast
differentiation but not in the early stage. Inhibition of p44/42
MAPK activation but not that of protein kinase C suppre-
ssed high Caz+e-induced expression of Ank, PC-1 and
osteopontin. When high CazJ'e (5 mM or 10 mM) was present
in culture medium during when mineral deposition was
actively progressing, matrix calcifiation was significantly
increased by high Ca®".. This stimulatory effect was abolished
by pyrophosphate (5 mM) or levamisole (0.1-0.5S mM), an
alkaline phosphatase inhibitor. In addition, probenecid (2 mM),
an inhibitor of Ank, suppressed matrix calcification in both
control and high Caz+e-treated group, suggesting the possible
role of Ank in matrix calcification by osteoblasts. Taken
together, these results showed that high Ca®’, stimulates
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expression of Ank, PC-1 and osteopontin as well as matrix
calcification in late differentiation stage of osteoblasts and
that p44/42 MAPK activation is involved in high Ca2+e-
induced expression of Ank, PC-1 and osteopontin.
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M B

A Z9) e AE AA
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F= A28 Zhgol ofsl wWele] A Sk HAE 5
ofi= hydroxyapatite 7473 A4 =l %] Aol A
7oz L&A progressive ankylosis (Ank), plasma cell
membrane glycoprotein-1 (PC-1), osteopontin (OPN)°| £
gh=lo] gliet.

Pyrophosphatei= hydroxyapatite A72] A& =3l|s}t
<= EA<l qAII=e]H, o]2igt pyrophosphate®] 843
= A7 JgkS vjA+= 42 5 Ank, PC-1, tissue
nonspecific alkaline phosphatse (ALP)7} 2+ <&4#] i}
(Harmey %, 2004; Addison %, 2007). Anki A|ZR}
thild 2 A2 Yol AlZ 942 pyrophosphates 4
Fole ol AR ALE, oF, 2243 vE
of tjekal AdxAoA= wo] IHFH(Ho 5, 2000).
Ank -FARE] FEiHe|= 2 7]5o] ZAHH ank/ank A
FollA= Al2¢] pyrophosphate 5=7} Fhaste] A
272 A3|sr}t dojuix] b= AA, Q) 5o 22 ¥
2 A3lslrt AlsHA AdE ok (Hakim 5, 1994; Ho 5,
2000). PC-1<= ectonucleotide pyrophosphatase/phospho-
diesterase 1¢]2lr= E2]= 42, ATP 72 nucleotide
= 7|1A= A}E3le] pyrophosphates AAlshd 12 <ls
Az v9]9] pyrophosphate =% E95+ 7<= 3t
(Johnson &, 1999a). PC-1-= A4 A3lg} Adsle =
Zlol|4] 7|4 ¥ (matrix vesiclell= EA|5h, Anke} -FAF
s =24, dE 5 kel 2Aofx] wEsE A, HAH A
33t A AAlstE Vs THE AR dEA Q)
(Okawa 5, 1998; Johnson 5, 1999b). PC-1 -f=31=} &l
glellse AFY PC-1 =k Eeidel2 7|s= A4
mw/ttw A58 73 ankiank A5 A ] frAkeE WA A
st 3, ol 5 2] Felelx] IEIck(Okawa 5, 1998;
Anderson -5, 2005). =3+ Aol A= idiopathic infantile
arterial calcificatione] PC-1¢] 7|5 Ay} s o=z
H =]k (Rutsch 5, 2001, 2003). ALP+= pyrophosphate
£ inorganic phosphate® 3kt 4 glowm, ALP7} 73]
= AW pyrophosphate 557} Eolx| 1 FAFES 7142
= Aoz d#FH(Whyte, 1994; Fedde 5, 1999). ALP7}
g AFell Ank = PC-19] WS SAlol AAls
AsfEoe] AFRE AAlEla B, Qv o] A A3
St ol skshle] IbE o], o5 APt A3|sbEA
Aol L83 inorganic phosphate2} A& A A4l
pyrophosphate?t T35 =A3le] 57 229 A3]3} %13
o] 5 AT 7oz ofAXI rh(Hessle &, 2002;
Harmey 5, 2004). OPNS F%21S %313} ofe] 23 o||4]
FHSeHA W=l Alxe] 71A =biA R pyrophosphate
9} FAFHA hydroxyapatite 7% A4S Asliste] W= A
313} Al HeAT Aoz dElom, 3k Ankt PC-1
ol ¢J3l pyrophosphate =7} ol OPN W&o] 7}
Fa ol% 53l WA Aslst oAzkge] Vet B
= SchHunter 5, 1994; Jono 5, 2000; Johnson -,

Yoy ol

wh ol

2003; Harmey -5, 2006; Addison -5, 2007).

olgfqt AldY 7 AdE sl & wl, 1Ex AlE
ZH7o] Ank, PC-1, OPN ¥&-S F7RA|ZItk= oligo chip
A Ade, s A28 Zgo| 2EAE ket 4
s|spAA S SR 7120 Baels 97 A
2 A % Ao® AZES weba Aol
A AF el iRl dA) ok AlEE o]-83led
ZEAE B3 f=sk 2 3 F Ank, PC-1, OPN
frAlRke] Wheo] ofHA| wstel=x] AwRa, Em A
29| Zgo] uA|xol ot A3lst AA PAol| mA=
gk = 2 Aol o]F FHIA] Wdol| m|X= FF
+ gelslaat 513

NIRRT
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A% 195 IR AARER, 24he] AFF o 54
al

g Axs wEla, 2 F 2034 3 AHZsie] A
A E5 25 Bolr ARESnt. o] Alxe] FAlE 93|
10% fetal bovine serum (FBS, Gibco BRL, Grand Island,
NY, USA), 100 U/ml penicillin %! 100 pg/ml streptomycin
< 4] Dulbecco’s modified Eagles medium (DMEM,
Gibco BRL)IA wiekstoict. ofxF Al wviokgt AlZE o]
Eote] AdS Agsiolor, 2TAE I F=sh]
Sl AzzE weFgAlel 715 2 2AE EShiR R
aA Bt EspR| o] 24 7|l A dEE 10%
FBS, 10 mM B-glycerophosphate, 50 pg/ml ascorbic acid
< ¥3K3} o-minimum essential medium (o-MEM, Cambrex,
Walkersville, MD, USA)o|w], of7]ol] 2 ozl 13
ATella ABF FAE Azl st W Azl 34
= ZA FA5= Aoz w8z 20mM N-acetyl-L-
cysteine (SIGMA, Steinheim, Germany)ys F7}ste] A}
23199ck(Jun 5, 2008). T3 749 H3hlzlolA 10 mM
B-glycerophosphate ™Al 10mM sodium phosphate (Na,HPO,
9} NaH,PO,2] 4:1 EFE)E A= 31

Reverse transcription-polymerase chain reaction (RT-
PCR) ¥4

FAF AZZE 60 mm #HFEAe] 4x 10 cells/em”
=2 e F, Ao 7S 2k 2EAE EshiiA R
aA|ste] WA 7|7ksel wiekshalet. mioke]l et ¥
easy-BLUE™ RNA Extraction Reagent (Intron Biotechnology,
A-E)ye o]&3lod total RNAE 2|3k, AccuPower RT
PreMix (Bioneer, tH# )5 ©]-§3te] cDNAE AT +
TaKaRa Taq polymerase (TaKaRa, Y)E ©]$3}o] PCR
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= Al8sket. RT-PCRE A18gE 4= Ank, PC-1,
OPN, ALP, type I collagen (Collal), osteocalcin (OCN),
bone sialoprotein(BSP), Pit-10]7, o]5 -§%1x}2] PCRol|
283k primer A2 Table 13} 7t} PCR Al 10 uks
1.2% agarose gelellA 7|95 3 & ethidium bromide®
FApstol 4213

von Kossa G4

A3]st AAe] g4 Felslr] 918 von Kossa A
S Agsigict. A AZZ 4 well FHAloll 2x10° cells/
welld] =2 F5sla A A4 2907F el oFslodrt.
o]F ZTAZ FSpA R aA|cte] wiofelHA] i 29
vheh 23 wioko g wAsigict. wiekr|7t AL
dnj7dor HAste] tpFor Alehd Al Ado] FF
3 wkEoixle AI71E ERelslar, wiek A 717k, ==
Al AAL Z3] whEolRAnt obx A3|srt ks
A e ARG ZFAE ek 27], = o|u] =t
o3l AlZ AAol A3s|sbrl s A=l vk
712 A7 Ais vre] s AlXe] s A
stgiet. wioke] ¥ul F AlEE phosphate buffered
saline(PBS)>-& A5}l 10% neutral buffered formalin
oA 3087F AL, 5% silver nitrate SoHollA] 155
7 AAE AR & SRR AlEskan BAaslel.

zEA| ] F3pt A o7 A=) Y= Al
3y AT 71| z#ke] H8skaL, ascorbic acide ©]
Ao PFerolck(Stein 5, 1996). ulelr] ZFTAE
T3 FEEA] e AdelA g AlZe] Zrol

Table 1. Sequences of PCR primers and the expected size of PCR
products.

Genes .
(product size) Primer Sequences
Ank F : 5-“CAAGAGAGACAGGGCCAAA-3'
(356 bps) R : 5-ACAGAGACAGGATGGGGAT-3'
PC-1 F : 5-CGGATTCTACTGAAGCAGCA-3'
(698 bps) R : 5-ATGAGITCCACGTCTGTGAC-3'
OPN F : 5-CGATGATGATGACGATGGA-3'
(481 bps) R : 5-GGCTTTGGAACTTGCTTGA-3'
ALP F : 5-~AGGCAGGATTGACCACGG-3'
(439 bps) R : 5'-TGTAGTTCTGCTCATGGA-3'
Runx2 F : 5-CCGCACGACAACCGCACCAT-3'
(289 bps) R : 5'-CGCTCCGGCCCACAAATCTC-3'
Collal F : 5“GAAGTCAGCTGCATACAC-3'
(351 bps) R : 5-AGGAAGTCCAGGCTGTCC-3'
OCN F : 5-CCTGAAGGTCTCACAATCTGC-3'
(611 bps) R :5-CACAAGCAGGGITAAGCTCAC-3'
BSP F : 5-GTCAACGGCACCAGCACCAA-3'
(375 bps) R : 5-GTAGCTGTATTCGTCCTCAT-3'
Pit-1 F : 5-GTGGGATGTGCAGTTTTCTGT-3'
(333 bps) R : 5-GGTGCTGTCTATGCTGGTCTC-3'
GAPDH F : 5-TCACCATCTTCCAGGAGCG-3'
(572 bps) R : 5'-CTGCTTACCACCTTCTTGA-3'

o5t As|sprt A=A Flshr] Hal, AlE uf|ollA
ascorbic acid® A|A%FL(10% FBS, 10 mM B-glycero-
phosphate, 20 mM N-acetyl-L-cysteine®] 751 DMEM)
10947 wiekslda 5= 2455 A3k von Kossa
QAale Aads)gict.

A3 713 W) Zw AF

FAZ AZE 48 well Aol 5< 10 cells/welle] =&
3k, von Kossa Aol 71523t wlel 3ro] AJ3]s}
5 =k &, vk 1094 AZE A} ehdlsre] §
$=]x] o3& PBSE AlHFIAL 0.5 N HCE- 2447k Az
slo] Asls} 7o WslE freslsict. o] Al&E CALCIUM
assay kit(SIGMA-DIAGNOSTICS, St. Louis, MO, USA)
Z ol&slo] wkSAIZl F 575 nmeld] FHEE SA 5]

248 ARgiet.

ALP 494

von Kossa GlAol|x]e} zho] =32 H315 sk,
AZARS Felo] AASAt o} Asishe B o
= Aol a5 M) s 48417F A2k F Alkaline
Phosphatase histochemical staining kit (SIGMA-DIAG-
NOSTICS)E ©]-§3te] ALP 3A15 Ale)5}airt.

Al| Z A} (apoptosis) 4]

AR FAF AZE 24-well HAloll 2x10° cells/well
of Mxg 33 F, ogd aew 2 AvlebAv
A7belA] gk Al SAN Al 29 7F wikstedet. Al
FAE AP AZE EA45H7] $8] TACS Annexin V-
FITC Apoptosis Detection kit (R&D systems, Minneapolis,
MN, USA)S ©]€3lo] annexin V5 343k & annexin
V okdal Alxe] 2818 FACS Calibur (Beckton-Dickinson,
San Diego, CA, USAYE ©]-&3}o] #4513t

Pyrophosphate % &

ujokelu] pyrophosphate %5 Z33517] ¢J8ll, von Kossa
Ao e} Fo] AxE Fulsla A2 P4 =
shoict, Al o] Ft3 FAENE v 1vE s
= A7BIAY AR gL 497k wiokst 5 wijokel s
Zo} Aglo] AF831AE}. Pyrophosphate?] a2 1.0 mM
pyrophosphate tetrasodium salts Xi-8cjo 2 A}-23kaL
reconstituted pyrophosphate reagent (SIGMA)| A &%
Sasel 1947 B 340 el FREE 2o 3
okl

= o A ] AH-&

AEE Zgpoll o3k A W Halel eld Az
Az A5 elshr] sl Slellx] 71=dh nkek 3
ol AzAA JA< F= §F, Lex Zw AP 0%
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€] MEK1/2 #8718l U0126(20 uM, Promega, Madison,
WI, USA) ¥+ protein kinase C (PKC) #I3l|#|el GF-
109230X (1 uM, Cell Signaling, Beverly, MA, USA)YS- #
7hso] wiofsladct. 48417F $ total RNAE 2|5}
RT-PCRE -4} HeHsts #as)ol

et 714 Aslstl m|A= ks HAs] S8 A2
A4 A+ freske, v= e As] 308 A
-5 10mM pyrophosphate (SIGMA), 0.1-0.5mM levamisole
(ALP A3lAl, SIGMA), =+ 2 mM probenecid (Ank #]
A, SIGMAYS A 7}sle] 3U7E vioF & von Kossa &
A5 Alegslodct.

F Mz 3 F F AL oA R 93 FF50)
% TAE AFAEIL ol FThaL 2TA|
1A =71 A= 2 A 3]5)e]

FaA] A 3AolA HA ] Rt A w2 4
FE=rt PAEER ol 1Erw Zrd Z=TAEo
ogt & A g WA sFsAe] = 1EE
Zhroll o3t ZEAE o), T4, 13 FHENE V=
gk o]He] HuEe ol#fdt hsAE AA s A
A Zr=Elch(Dvoraks} Riccardi, 2004). A|3£2] ZHi ol
2} inorganic phosphate= hydroxyapatite®] %% T4
wolE® AM3|st Aol JagFe mA ssAde] o,
vjokely] inorganic phosphate X5 Fo|F+= Zlo]
hydroxyapatite %] A§Adoll D= <Qle] 2 oz gl
(Bellows &, 1991, 1992). ©]2|3} inorganic phosphateS]
3= hydroxyapatite 2% AJAdell AF AR A4
Sazxe] 9 & ohz}, inorganic phosphate”} =
A WHE So7 A Welzds &8 7R e
= A3)st AAYe 2 AR A gek(Beck,
2003; Beck &, 2003). LFE AlEE] Zego] ZEA L]
ALP W& S7RI71 AslsbEA s S7RIRId=
B3 9I3iAmt, pyrophosphate?} phosphate?t #3 =
Aol Hosl= ofE AR ol w|x|= o gk il
A AR esket. w9t 23|24 Ank? PC-10]
U2 2 duiA A|ul, AF AP EY] 2EA
3 Esbe] whE o]F ARl W wstel disiAle
HEo] A ot & ATE Tt

AF FE AEE ZTAE L3R oA wlokel,
ul ezl Ao Aol wiel A3]3F AAo] s
= 77kl o]zt Qlovt, thEF 5-8% Aw wiokelH ot
o8 Aehd Ax Y Tl o Wl Alxe] 7HR
TA% FEleh Axzdoe] kst ek o=k 799 A
T weksh olzgt AEAA FflellA A3l A

o

7] A|A | wljoks A& As]s) Fo), fAlE ot
14-16% H=7} =il F438 Alzale] zgfo] JAt=|miA
wjeFgAlellA] Al 1l M3]shEA e Blete] ofulrt, o
23k AlZAke] AP, 31F ZIAEE o83 7|9
Bael fAksE, AUl & A Aol =1 A=
of dofsle ZFAZ UHuto] FAE (osteocyte) =
o] A2 (bone lining cel)& A3kE 3 p{x]= AZA}
7} A== Az A gk (Lynch &, 1998). o]2gt
FstzAdoA, EstAdol] whE fAx} W Wk o}
Bz} 0,2, 4, 6, 114 A total RNAE- #-2]5lo] RT-PCR
T3slrk(Fig. 1). & =7l vle} ko] ALP, Collal
Uee 23 27|10 E 4 S ] AR

owl, Z=FAEZ 13} 7] 323l BSPe} OCN¢| &
T |zt Slel] Wl Frbrh =] del. Ank, PC-1,
OPNe] W= OCN W&z} fAlstAl 645 wale]
=G on, 11dele 2 okl o] F7I8kiet. OPNo]
ZFAZ F3f $7ol] Weo] Frlsle AL 7Y B
o} s, A oM x w22 FAANE T 2AZ
o4 OPNe] o] =4 A== ZoE d#fx ot
(Zhu %, 2001; Aubin® Liu, 1996; Stein 5, 1996).
Anke] W3 SRS MC3T3-El AlZ¢ H3lr} ="
of w2} Ank mRNA W&o] Z7|glch= 7]&9] ®ae}
fAkskeic(Hatch 5, 2005). PC-12] 73-%-, & o+ ZAz}
= MC3T3-El AZY AF FAZ AZoja] =5 PC-10]
Y dAgdshA waEekas 3k Johnson 5(2000)°] XL
= FEARE, MC3T3-El Al2E o83 Z2FAZ 13
= Al PC-1 mRNA 3 sbijAle] iglo] £3f 7)o
Z7}alc= Johnson 5-(1999b)e] Hav} AF FoiEF =
Az Bl o4 H35}5r]o] PC-1 mRNA 2H&o]
ZS7FskaL okl pyrophosphate?t= 57FgF= Harmey

¥2 1o o
~ I fl

ook
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=
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o
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Fig. 1. Gene expression patterns during osteoblast differentiation.
Mouse calvarial cells were cultured in osteoblast differentiation
medium as described in Materials and Methods for the period indi-
cated. Then total RNAs were isolated and gene expression level
was examined by semiquantitative RT-PCR.
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a

5(2004)0] Harol= AXslgct. ol dt A= Al
zEA|lxe] kb T 53] Alxze] 7)Aol A3lshr) A
=)= 27|19} v]5=3k A|7]o| pyrophosphate A =
¥|5 Z7RA]7]Av} E= hydroxyapatite 7ol 735}
o olake] AA AAS oJAlS= Ank, PC-1, OPN2] w+
o] F71ehs HolFgirt,

71&9] oligo chip 4 A5 Felshy] S8 224X
3Rl aEE A2 (10 mMys A sk -4
2} w3 29lElgiel. Ank, PC-1, OPNe| o] =3
Az 73} S7)of] T2 FAFQorg ZEAx Fsh
Aol A 1047F wfgt 2 2 adE sholsrt.
1047 A s Zsrs A2fet 749 Ank, PC-1, OPN
o] "kgo] djxFol wlel A Frlslich(Fig 2A). =
3k A3]st AAYPAJo] s A=A A]7](9-1084)
obat aps Zrg A2ldl AlZelds £ AAl 717k
T= Alze] Zgs Aeldh 9t olF Ak
fol o] #A vElsket. vk 3710 E= Zege] vk
ol EAEE o] F F AFPTold ZFAE 7] H3 ¥
Z]9]l OCNz} BSP2| W&l thzya fAAIRE, =
AE 27 B3} 342l ALP} Collal fFA=ke] ks
el wlal] FElshA rasodch 2 433
o] IAsE]x] ¢k RA/MA|Mt wFE s AHEFha
o] Foll= A wiR|oA F|E AXolME AR BE
Ak Wk o] dlEry WrkE AolE HolA|
oroltl Ank, PC-1, OPNo| ZFA|Z 23} 7)o 2%
7] witell, s Zrell 23k Ank, PC-1, OPN
Uy Zrp 2EAE s} el ass e
off Aol oJii = F=s]=x] Felstax}, FAAE Az

2 2 Rl off

. ol

SO Iy 1

%

=

(A) Ca?*, (10mM)
1~10d 1~8d

9~10d

Ank

Pit1

PC-1

OPN

ALP

Collal

OCN

BSP

GAPDH

= 3Pl A 48417F wieksl A e Zere] &@t
= BAskolck(Fig. 2B). 23AE 37] 23 A8ER
oF2 o3l AlXolr= Ex Zgol 93k Ank, PC-1,
OPN w577t vepdA] edskem ALP®} Collal®]
Holl= WrhE gk mA|#] Yohrt. A= Bolx] &
Ak, F-shuf |04 ascorbic acidE AASHEL 10¥ &
ol axw Z4rS Aedk 7-9ol= Ank, PC-1, OPN #
A W Svhe AR @kt ol A= Ank,
PC-1, OPN®| Wdo] ZFAZ w3Pdrel 3| odaks
o glow, JFE A|Z Q| Zgro] thEo & o]F XAl W
dAe 2= Sohe As ARISIEt. 7129 adellA
fibroblast growth factor 2(FGF2)7} MC3T3-E1 Al3£ofl A
PC-13} Ank Hde 7ol ®Bagl vl 9lo} 35w
Ao Zgpals 2] FGR9l 93t 33= 2 vlishd
Aefolla] Yelton] ®3t FGF27} nlishy Az o 2F
Az F3h =S Adelold 2R ALP WS oJAlsle]
Aoz A3|sEA P& AAlske AR Basel
(Hatch -5, 2005). o]2fgk ¥+= l$1=el -4} zpdado]
oflolx ARl o3l A]H R f=d 4 Qe
PC-1, Ank HdS7P} Z22AE 433t Aol =4 I3k
o] AL T U Aol EE AlZe] Zgo] A
3|3tol] mA= EIE Bl H ot qlsict

7|8el| AFE AES] Zgro] ZTA|E LIS FAl5)
I A3sAA YAs S7RIZIThs Batox= MC3T3-

El AlZv 35 o dxplek AEE ARSI, =
g wEx o] ATeld AREE R o B T
=5 ARSI wliell, of sdFelM ARSEE ik =
AollAl M3letdAdel vlx= e Blsigic. Az

(B)

ca®* (mMm) 1.8 5 10

Ank

PC-1

OPN

ALP

Col1ai

GAPDH

Fig. 2. Presence of high Ca™*, during the late period of osteoblast differentiation stimulated expression of Ank, PC-1 and OPN. (A) Mouse cal-
varial cells were cultured in osteoblast differentiation medium for 10 days. In this culture condition, calcification of cellular nodules was not

n

observed at day 8. High Ca’

. (10 mM) was treated for early period (1-8 days), for late period (9-10 days), or for the entire culture period (1-10

days). Gene expression was examined by7RT-PCR. (B) Mouse calvarial cells were cultured with osteoblast differentiation medium for 2 days
in the presence or the absence of high Ca”’, (5 or 10 mM) and gene expression was examined by RT-PCR.
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3t AeE dndos A sl Az AA-e]
Al A=A nE 3]s A= Ee A7E VE
o7 3% A2 Zr AR7lE TEskdek(Fig. 3A).
von Kossa 34 2 ZpAdebs A3k A3} As|si) 3
A=) o ARt FE s A Agelle T
3} wlasle] As|st AA PAdoll Z Aolrh gioiA|ut, A
3|3} APse st Es ZEs A Afele A
33} Ao} tlzol| vl H o3l S7Fekaiek(Fig. 3A).
=3t AA 717E st s A AEe Afels of
Zrof| wlsl| Aslst A=) Frkgke] A= o (Fig. 3B),
10mM AEE =2 v%s A2 AFs $ i
ARG 712 B} fAlSHAl wllokE Azl <
g A3lsks FAlske a9t e el 4 Ud
Fig. 2A004] 5% ZHro] ZFAE 23t J7of &
Aske 745, 2EAE 753 FA2AR] OCNe|vt
BSP -Axke] Wdoll= ¥ oJgE mAA| @9kAuE, =
SAE 27)E8F BAQlAte|r w2 ] A3|Slel|
Zel Aoz ezl (Fedde 5, 1999; Anderson 5, 2004;
Murshed -5, 2005) ALP2} Collal +3xke] Walo] 7ha

6~ 10d

Halom, Aglsh Aol edsh= Ank, PC-1, OPN -4
7494 o] Skl = ':'r_r"o 3 A3IskE v EA1s

£ A2 ebib] shiol, 25 2ol <ol 41 7]
X‘ A3]srt ZA] mjekdl] T EERE EAske Zre] Al
28] 7Ae| FARIE 7é%ﬂ—i’>‘1 et 7Rk (false
positive) HFg-Q1AI 5 BHlstarz} sodet. vkl F ascorbic
acid A7l AAHel A1Y mldel A Bol =
TA|E 5315 AlskaL, B-glycerophosphate2}t N- acetyl—
L-cysteines Z33F wixlollA] 109 &<t wieket = von
Kossa A& Al3fdr Az, vz, ATy 2ol =
3 Ao ok guLM— Holx %g}\-p}(plg 3B). =3l A
ol AR FAE kA, A13 Y-GS ok Aol
723 B3} wl o) IOE] ZF === % von Kossa 9945 A
Aoe o nw 2 ATl fel 94 )
AR ook}, olggt Al aEE Zsgel 99k A3
37 vl Wl Zge] TR AEd s Hom,
Aol ZFA|E H3l5 ds 7 s Akl g =
TAIZ E3k7el] ass Zs A2’ 7% ALP mRNA
o] zasglong, Axg vk Al£9] 7AW ALP

(C) Ca’*, 10mM
Control (6~7d)

(D)

Coumts
" @ W 10 W

g 10 F x
g *
e 8
2
=
3 s
=1
-]
°
E 4
=
2
§ :f
0
Ca (mM) 1.8 5 10 5 10
1~5d 6~10d
(B)
D.M. P.M
10

Ca?*,(mM) 1.8 _ 5 10 1.8 5

Fig. 3. High Ca", increased matnx calcification by differentiated osteoblasts. (A) Mouse calvarial cells were cultured in osteoblast differentiation
medium for 10 days High Ca™’, was treated durmg the early (1-5 days) or the late stage (6-10 days) of osteoblast differentiation. Then, von
Kossa's staining was performed (upper) or Ca>* amount in calcified matrix was determined (lower). Data represent mean + S.E. (N = 4). * signif-
icantly different from control, p <0.01. (B) Cells were cultured for 10 days in osteoblast differentiation medium (D.M.) or in medium devoid of
ascorbic acid (P.M.) as described in Materials and Methods. High Ca’*, was treated for 10 days. Then, von Kossa s staining was performed ©
Cells were cultured in osteoblast differentiation medium for 7 days and ALP staining was performed. In high Ca™, group, | 10 mM Ca”’, treatment

was performed for the last 48 hours. (D) Calvarial cells were cultured for 2 days in the presence or the absence of hlgh Ca™

Apoptotlc cells were

determined by flow cytometric analysis of annexin V-positive cells. Data represent the mean percentage of annexin V (+) cells N=4).
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§__'Lo

skt Az AA
= S 484)7F A
ﬂL—LJJr ol gk =bol
glglem ol= A3lst Zd 4 27
4 A= 98-S AAREIATHFig. 3C). ¥l
e B- lycerophosphat&': *—‘ﬁ]i]' Z7]el ALP
H-+-o] inorganic
phosphate® -alj=m], o] 2 <ls)] |2k A3|3b7} o] % A
A=l Qloix= ALP FAdo] daskA| vk 7
Z9] B 12 s (Bellows 5, 1991, 1992), & A 4]
/“Eﬂoﬂ/q AFE Zgro] ZFAE H3F T7)ol ALP mRNA
AAB7 )= slEAEE ALP SJAAZZ Wol o]n|
% ALP ZAlo] A3|stzrlol| EAlsteg, 15 *ﬂ
9] Zgpo] EAlE= A3|Ert AlzkEE Aol FE
ALP 342 #AT o e Aoz Azt
WAATAEY HF B2 ZAY HdHog M3
u= Azt Aoz A3|3) Ale)sd)
A ZARE AeiEdoh= B3 (Hashimoto -, 1998; Proudfood
%, 2000)2} inorganic phosphate &=~} 27t 571 A
efolla] A28 ZHp FErb ok 2TAE] AlEA}

AP

39

ﬂ Zgol AF FAE *4114 A ZAE fresher]
olsksict. Fig. 3DellA] RofFe wie} zro] ngm Al
9| ZHrS 48417 A7 7ﬂ—c’r 2} wlasie] Alx
b Aol WThE Aol wolx] gk} ol LEE 7
Foll oJgt M3]3} FAant AzAE Qld A A3

A2 obd 7hsAe] w85 AR

I AFe] 749 PC-1 % Anke] Walo] ol Alxe]
714¢]  pyrophosphate =7} =o}A|™ calcium pyro-
phosphate dihydrate(CPPD) Z#]o] o) Zzh=lo] 34 of
o] A3)3ls Fshe Ae® deA Qlrk(Terkeltaub, 2001;
Johnson¥} Terkeltaub, 2004). A5 AX|e4A= EgkA|nk
E AT AlEHlol|A] Z=FAE 3R] AFE ZHre A
2]gt 739~ o=z 97183} 3X|9)xl type X collagen,
aggrecan, matrix metalloproteinase-13 mRNA2] W& S7}

7b ERIE] wiitell, S EE 7‘%0] Anks} PC-1
mRNA W&3715- 53l pyrophosphate 5<% #=°{ CPPD
Aze ‘?r—‘r:—ﬁﬂg 7FsAde] EA §L°]°}—1—7<P O}Cﬁ‘;} ks

hydroxyapatite 7474 #4doll 23} inorganic phosphates-
Agshs d ALP A4S Jeg kx| Ev

%= sodium
phosphates B-glycerophosphate tHAl 24 L3kl x]el] A

7} FAH = M3 (Adams 5, 2001)7F $lof, LEE Al 7Vl 73, s Zgoll ot 433t Ex Eahs o
(A)
B-GP(10mM) P; (10mM) B-GP+PP; (5mM)
Ca?*,(mM) 1.8 10 1.8 10 1.8 10

(B) (€)

o Lev (mM)
- 070 = Prob(mM)
% 063
£ oes 1.8 mM
o«

o 067
10 mM
0
1.8 10
Ca?* (mM)

Fig. 4. High Ca” ~-induced matrix calcification is more susceptlble to ALP inhibition than control. (A) Mouse calvarial cells were cultured in
osteoblast dlfferentlatlon medium for 10 days (B-GP) and high Ca™, was treated for the last 3 days. P, Sodium phosphate (10 mM) was used as a
source of inorganic phosphate instead of 10 mM [3- glycerophospahte [3- -GP+PP, Pyrophosphate (5 mM) was added to culture medium contam—

ing 10 mM B-glycerophosphate for the last 3 days. (B) Cells were cultured in osteoblast differentiation medium for 12 days. High Ca®’

. was

treated for the last 4 days. Culture medium was changed every other day. At the end of culture, pyrophosphate amount in culture medium was
determined as described in Materials and Method Data represent mean * S.E. (N =4). (C) Mouse calvarial cells were cultured in osteoblast dif-
ferentiation medium for 10 days and high Ca”™", was treated for the last 3 days. Levamisole (Lev) or probenecid (Prob) of indicated concentration
was added to culture medium 30 minutes before high Ca™, treatment. At the end of culture, von Kossa's staining was performed.
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A3 FElo] TA=T(Fig. 4A). ©|& %X inorganic
phosphate %7}~ 53l pyrophosphate®} inorganic phosphate
7} & inorganic phosphate 0 2 2oy wFw 7+
w2 A3jst FRaN} vehds AARRRR, R 7
woll &gk 43|87t CPPD7L obd 7hsAe AXHA
355 inorganic phosphate #7}el= HEHE  B-glycero-
phosphate2} ©]&-<] pyrophosphate® 5mM F=2 F7}3}
o] pyrophosphate®} inorganic phosphate?t T3-S pyro-
phosphate 22 7|5 73-Foll& dxr g Z
i BFoA] A3|srt sbde] AlEE AdE Bt
(Fig. 4A). ol 5= Az Zg A sl pyro-
phosphate =5 Fol= 73-folx 43|37} dojur] &
= HolFE Zlo|BmR 3Fm Zrol o8t 433 =
F&27E CPPD Aol &gk Aol opd A& Axlele
Aole} A7tEQlet. g m Zg Aol o3l AA wiek
Juf pyrophosphate %Fe| f+olgh W3l vehte=x g
skl &, Aslsrt A8 T3l A7l s Zae
AH2]gk & vkl pyrophosphate %2 Z73F A3} o
=3 ol zbelE vEhiA| 9kch(Fig. 4B). L=
Az Z4re] A2E Ank, PC-1 mRNA & F7he=
BRolstaAut sl <rolAle BelekA] Ygtemg Al
A A oA U ST ESL o ekl v
AL wiAR 7= §iAIEL, wioF W ALP #4e] =2 4
glo]=2, S71%l pyrophosphate’} ALP &4dofl 2J3] o]n]
inorganic phosphate® HZH=|E 7HAE s AoE A
ZhE]odet. olef sl 1w ZsE A 30i-AT
levamisoles ©]-&3te] ALP2 A5 Agl AlgofA],
0.5mM F=E levamisoleZ H7}3F 74 =143 1%
= ZHaT BF A3 A A= e, 0.1 mM
levamisoles H7Hgt 73-Folle tHxwte] A3]sh= el
AAEA7} e bR 2 dbd Em Zgol gk A
33k ZA AJA"S Hodrh(Fig. 4C). olHgt A=
5% Zhgoll 28] AAZ pyrophosphate’} 715k,
ALP 34o] =2 Aol A& inorganic phosphateZ <
Al AskE|AuE e F59] levamisoleol] 2] ALP &
Aol FEZHo=z A= pyrophosphate®] inorganic
phosphate® 2] H3to] AfHoz Zhisle] Aoz
A3l Azt o {4 JYeldks 7hsde A
Aoz AZ=EQrl. =3 probenecids A 715t Anke]
A Al 35 W2 v AEd BT A3)%
7} AL oAlE Aze 2=TAE 3 $7)o] Ank HdE
Z=7Ve &3l pyrophosphate A4 % #ulE F=sh= A
o] A= As|ste] Aol LT F Slg= AAFIACH
(Fig. 4C).

Inorganic phosphate”} Z=A|2e] F3ke} A3]3ts =
Al a5 vehl7] Haixe Az ool s
ZEA15= inorganic phosphate”} A|XE WH-2 Fofrl=
e ez = Ao d#A rk(Beck 5, 2003;

GF109230X U126
Ca®*, (mM) 1.8 10 1.8 10 1.8 10
Ank
PC-1
OPN
ALP
GAPDH

Fig. 5. p44/42 MAPK pathway is involved in high Ca” -induced
expression of Ank, PC-1 and OPN. Mouse calvarial cells were cul-
tured in osteoblast differentiation medium for 10 days and high
Ca’', was treated for the last 48 hours. GF109230X (1 mM) or
U0126 (20 mM) was added to culture medium 30 minutes before
high Ca™", treatment. At the end of culture, RT-PCR was performed.

Suzuki &, 2006). Pit-1<= inorganic phosphates A%
2 F%ole 5A F SR 2EA|XolA wEle] 3kl
F3ler, Pit-1 mRNA W8S A&7}t foscarnet A
25 53l Pit-19] 7155 A5 bone morphogenetic
protein-20l] ¢J3l === A3]3} AAP o] FeJsiAl
Z5lo] M a=9ch (Nielsen &, 2001; Suzuki 5, 2006).
B AT AlzrlollA M3jsAAd P4 717k Fekut s
Az 8] Zhgo] EAske 78-% =l B3] Pit-1 mRNA
o] wdo] A fr=Ho] HAEG o (Fig. 2A), ol
s EE Zgel oJgh As]st Fxlol AT 74
o] & Ao A7t

wiz|Rko 2 3E% Zroll ¢J3k Ank, PC-1, OPN®| 3t
HxAol| Fosle ASAHLGHAAE dofruxl 3.
7189 B aEol uper, Z2FA|FollA IEE AE9 Z
woll o3k Alx FA4], o], #3f, RANKL 4e 3 &
Fol] Az Z=5 57}, PKC, phosphoinositide 3-kinase,
p44/42 mitogen-activated protein kinase (MAPK) 5|
g5k (Godwin?t Soltoff, 1997; Yamaguchi 5, 2000;
Kim %, 2003; Dvorak %5, 2004), FGF2el 2]3F Ank,
PC-1 W&Z7lol] PKCS} p44/42 MAPKZ} Hodghet &}
9.2 = 2 (Hatch 5, 2005), PKC a4l GF109230X<}
MEK1/2 34315 53l p4d/42 MAPK A3sts 2=
U01265 HARFAL L5 A2 Zro| axs
sigict. 2 A3 asx Zgoll 9k Ank, PC-1, OPN
Uy FARav= U0126 AAA|] sl 93] AA=9]
o1} PKC AsfiAls HekE oJ3ks mXA] edkekFig. 5).
T} aEE 2ol 93 ALP W Al g3 U0126
of o3l 3|E=A 9 23E wWae] tf A A= o]
AEE ZHpell 93k ALP WE 2ol & i A=
7} AT RS A4 FGR2Y abss Zsgoll 93t
Ank, PC-1 W& Fxlo] 257 3552 F pdd/42 MAPK
FA3E F8 7 ke o' el o]F FHIA o
MEK1/2-p44/42 MAPK 7427} Zloldk oz A7tE]gl
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Pyrophosphate”} hydroxyapatite 47 A7l =afj#) =
zZ-g-3toll = B3k, Ank, PC-13} %ro] pyrophosphate
AL B RE Fole FARPE Al 2=SAlE
shbd T WEe] Srlske ol-fw ob WEkskAl gt
ole] AEH Zlgoll 3l F 7R 7FeAe] e A=
A7 g 7HA] e A 718 A Haella] Qe
% Z1x# (Anderson 5, 2004, 2005) 43]3l7} <43 A
3d Z7|o] W] T7kd Anke} PC-19] A& 53
pyrophosphate”} o023l ZFA|Zoll4] oju] FA W
A5l ALP 245 53l inorganic phosphate® #3kz]o]
hydroxyapatite 2735 o+ AEEZ ARRS= Aot
7122 Byo] wEs MC3T3-El AlZe] S3hlj=]o] p-
glycerophosphate WAl pyrophosphates golF-ol= A4}
Aol A3lstAA PAo] o]Foix= Zor A Ut
(Addison 5, 2007). 3} PC-1 A=} A5 AF el
ALP A= FAloll ZZA]7] inorganic phosphate®}t
pyrophosphate7t T35 o] T Aol o] 2}
A3)sh= AR A5 A-E(long bone)d] =3
L 24=EtE ¥ 3 (Anderson 5, 2005), A Welx] A
4]l Aslse] ol Aedsi= weHd=A 2 (hypertrophic
chondrocyte)®] 3} = A F7lsl= Anke] HdE
sIRNAE ©]-83ll #allslA probenecid 25 &3l 7]%
= Aslehd A A3]sir} o] FoiA|A] Gerhe B
(Wang &, 2005), 2|3 A3|3pr} =89 off ks
= 71 43l ALPS}F tliEe] PC-10] #o] 5%t
3 3 (Johnson %, 1999by5-& ol2]gt 7}5AS Fs)
= Zo& A7}, o]} Haste] & olollA] Ank
A2 A== probenecids 43|37} APs= 7]
7b Eok wickell Hrlshd Waddt Em Zrel st
A3)ss B dAlgiths ARk ofEjel 7sAE AA
e AE Az ok oA veAe AR
of &gt Alxe] 7)Ao =3k A3|sE v FAEY
o 7He R AE3 ThsAeltt. 53 Aot A4
Z1Ael Il Al Hw FAZAL B, FAZS} A=
lacuna WFoll= =A1Z2} lacuna ¥ Abeololl A3]3l7} =
YA > F7be] EAIgIE. =xAle4] OPN Walo]
71 A Yehbs AlxE FAZo|I(Zhu 5, 2001),
ZA|E Z2ATo] wld] ALP W& A} Shond (Aubin
7} Liu, 1996), OPNe| 3]s} A 755 Hehl7] £
dx= Akt Elofglefol Sl ALPE AE|ste] ®l
ABHE freshd A3]3st oJA] 7]5e] Fst=(Jono .,
2000) 7]=9] M9} tjEo] Ank, PC-19] Hdo] A
X st VR AR SR d7ARE st
=, FA|Z FHoll= inorganic phosphate®} pyrophosphate
7} 3 o] pyrophosphateZo & 73 & 43|13} oA 7]
5ol & vepde olilskEl OPNe| Azte] $715}0] lacuna
W] As)sE AT 7sAe] ds AR A7k

olite] AFANE F3heh, AF T AErE 2=2A

>z %3lsle HHollx] ZFAE H3} $7]0] Ank, PC-1,
OPNe| WHdlo] Z7lelar, ass Alxe| 2 234
ol 23l 71 A3J3kE EAlsle a3E Hglen], =¥
A 23} S0 aps AEQ] ZHro] EAishe 7%
Ank, PC-1, OPN -31=}e] weo] A F71=|9lar o] 3}
Holl p4d/42 MAPK 457} Hoigto] slelx|Qe},

ZArel 2

B dTe SR 1o sT|ER8 A e Al
9J5fo] o]Foiz A (03-PJ1-PG3-20500-0013).
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