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Hotd gaAlExs WA Zas A Fstel @AW ZasE WHsiAA

WS A kAl "ok 2F M A 1] E receptor activator of NFkB ligand

(RANKL) = AFAZ2Z5E sZA L &3}

W TNF receptor associated factor 6 (TRAF6)E A|#o 2 NFkB, c-Fos, JNK,

18] 3 ERKoF #2 veke Asdgr|ds S ses g o,

o ZE AT HAFAQ B3t 9A Aol A Eggte]l et Zailse
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S Fgth. 2 A= SERCA2E HaA 7= FHAAR]I ATP2A2 F 3stves
A AZ1 SERCA2 o8- &2t A% (SERCA27)elA Zdwel 2712 291319
ok ole] & ATl A= SERCAZ ol HJEFA A A Feld s=Ax A4
o A SERCA29] W& A3t sZAlE B3 BAH ot J&FS vA= A=
Az A e g2 Asteba s Es) dolR At &Sl

SERCA27 ¢} thz AF oA 2ejg FZAE AFAEANA 2% dyesl Fura2?
FAAEE MEY ZHEFER Fste] A vustd, d=Ax F3 34
Hojets dMEe] Uy GdEE WYk WoFFdAHer Rlssl
o, RANKLo| <]st u}zAx
(TRAP) A%} pit assay= &3l

A AFEH GE2Fgd 2 dAWNS B8 SERCA2” dlME vz A w8

A
ok 50% A% FWUR7F F748th SERCA2Y 2 A X AT 4 £l A4 SERCAS



RANKL A Al diz2 A AEo A= of 24A 3 ol A T2A37hA] A Z W 24 &
=o] F71% W3} ([Ca’); oscillations)”t #Z¥ ¢ ou, SERCA27 ol A& Z44l
7t R A ekokth dlFz o] HE SERCA27 o Al&= SERCAS] w&o] 7hi

9o plasma membrane Ca’ ATPase® W& Edstodth. RANKL He =
AN ZF A ZrgAlsoel od] &A3tE = nuclear factor of activated T cell
(NFATcD)®] @& %3 NFATcl9] 8 9] oo SERCA2” oA 7Ha3hs
th. RANKL A2 6% Fo] SERCA2” oA thajx=e] 37t @43 sl
Rom, galAE A AAFEA S actin ringel FAo] A TAEA &ttt O
Zo] SERCA2” dlMe &S sdo] o 70% A= #astgich olde] Aie
7]Ee] 4zl RANKL Asd9 ARolA Zgise] @487t stxAx 343
Aol A2l Asdde sy, olet Aud F F A= FEAE 34

of AelH ofsfol dasitta AkE

g4 =He T JFAE RANKL, SERCA2, SERCA2 o|dHTA AF, BHals
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SERCA2 &&d A3}7} o= AE

w3l mA= FF

g Z A E(osteoclast) = FEF THEHLS HolE EL3 AXRA ZIAXE
(osteoblast) 2} AAEtS &

A 4% g A]leAM A w AEHer dojys I/hEA TAAYA 9

Az o8 AEEY Whgor AzIAR7 dojus Ad dzyE <
u Rojo Ao FEFe A FelAe] FHow MyE ot} (Reitan, 1960,
1964; Storey, 1973). olw dojuvp= %284 W3} 9 AlEW kineticsoll thgh A
T Ao} (Smithet Roberts, 1980; Roberts 5, 1981), Al 2 ExA &8
FEo] AT obF mFe AdFolth 53] sFAEel og FxA F57t A
ool &

H£og A44e T8 JdAYS AT wW (Roberts, 2000) b= A E €]
nl



“
i

AEE G3/qAAE Ade] 2HAE AFAELZTH 7|dech FaAx
7b ZxAd FAste] A o TR FEAE EHlste ud e AgAETL
H7] g 49 E33A4Ss Aok v o] AAS 1) 7| HA =
ME HAFAE (osteoclast progenitor)®] 24 2) FE&FF HHAR oF 3)
commited osteoclast® 2] 3} 4) thd] AA LR §oz o]Fojxt} (Ash
5, 1980; Tran Van &, 1982). o]ejgt Itz Alze] st Z2ZAE AAxE 9
= FH 719 A E (mesenchymal stromal cell)oll ¢&] ZHHAct ZZAE HAT
AE D F5F 7 AAEZEZFE receptor activator of NF-kB ligand (RANKL)
9} macrophage colony stimulating factor (M-CSF)7} @& T o] u}Faxe] #3}
A3tk M-CSFe d2AX A AE g saAEe] AE Ass Agsh,
RANKL-<2 tumor necrosis factor (TNF) A€ 9] cytokineo & A SFF A E 7 -4
Z9] RANK &A% Agsto] gdaAxze &3, v AdAE=e] 53, &4
3 gl AES fF 2sEs dEsid drk (Khosla, 20015 Katagirish
Takahashi, 2002; Boyle &, 2003). RANKL-RANK 232 A X TNF receptor
associated factor 6 (TRAF6)9} c-Fos AZHGAAE SAHSAIA T80 =
nuclear factor of activated T cell 1 (NFATcl) AARQIAE A8t Al
NFATcl2 dzAlE 23k HF dAF Az A7 5% dA S S NFATcl
A Y] AALE F7HAI )= EA-o] dom, AP-13 37 tartrate-resistant acid

Ll

phosphatase (TRAP), ZAEW 484 12]3l cathepsin K 52 IZA¥E Eo]
AR BHS F =3t (Takayanaki 5, 2002, 2005) (723 1).

AA A AAA R sEAze E3ket HeEEo] AH A = B3PS RANKL
o] dZAEe Agree] TRAF6, JNK, Z1g]a2 NF-xB 7}# olojx&= ANaAdG
Z1de gigk Aol JFSEa drk o] RANKLo| HAAMxet Asfd & F
24X 3F gboll o] FolA= etk 2y oy AARIAZE 3 Wm Eo7F g
=, 23t F7] (24413 ol Foll M= F g
7] olF AEZW Zer FRo F717 Wl (Ca”
]

Qo Z#A 37} calcineurin (Ca®’/calmodulin

oz @elabsl &3 olal ABALA NFATCIS B4 zdgowy 4
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FTAA 3l dA #ofgre] ¥E A Th (Takayanaki 5, 2002, 2005 Koga

ojf

2004). AA Zgse dEAE B3] A5 AsAGAAR A E L
ded, 53 AxW Za AFAZR FIFAE AFAEE HEsd iAol o
ARt Ades ZaAsrt GEAE 2o w9 Fad JTS i

ALY AfBFolLe F2 s A7 AY BAd dd =, %
R AE Bgol LS FAA WA, A B, R Bu, 2H5EF, A

AEH Ad 7|93 g 5o vpke A ) veS x4 3t} (Berridge T
2003). AZEW ZHole s 7| AAE A A EL K v 1/10,0004 =9

Axd =7 Sokek §
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829 calcineurin®] 43S w7/l & NFATcle ZA4gtq] T3 988 3
(Takayanaki 5, 2002, 2005; Koga % 2004). o] W] Z&HAls+ Z-4E oscillation©]
= 553 JHE Yeded, ol AEW Za w9 FUke AT v E
= @Xoltt. dwtA o HEFEAAEAAN AZIH 2 wxY T/ AEZH 72
29l A~XEA| (endoplasmic reticulum, ER)I A9 Z4 2t AEey
FE O Zg el ostH, AExW Zae] Hae Zads duEd Az A
24 H X (sarco/endoplasmic Ca” ATPase, SERCA), A X" Z#HZ (plasma
membrane Ca® ATPase, PMCA)9} #<& Zr4 HxZo| 9t} (Kiselyov 5, 2003;
Shin &, 2003) (L& 2).
FdZAE 23 AN ZAE s IS ggst we FE&A 2
RANKL-RANK A& =89 ¢]3t immunoreceptor tyrosine-based activation
motif-harbouring adaptor (ITAM)®] A4} ZHEH Al#H = Aoz d#A Aot
(Koga 5, 2004; Takayanaki 5, 2005). ITAM< phospholipase Cy (PLCy)E& &
A4 stA1 71 PLCy= A E9e]| £x]8= phophatidyl-inositol-diphosphate (PIP2)E&
7hR38}e] inositol 1, 4, 5-triphosphate (IP3)7} S7FstH, 718 1Py A ¥EW
ZaAdiz 48l AXA Y 1Py 784 (IPR)S] ZaFHEE BSAIA Ax
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Az 2HAHE FAAAY. o] AXARYE Y B4 el e gL

Axdte| ZASE ZHEAFL =X ZHE O]LEZ  (store-operated Ca’’

EHF5+=d (Wuytack® Raeymaekers, 1992; Verboomen 5 1992, 1994) =1 Foi
Al SERCA Al 20} (SERCA2)2 79 RE AloA wdEw 7Hd Fa3gh o

SERCA2+= ZHAlas Adt®l F98 oz ATP2A2 fdxtel <3 dd=
th ATP2A2 F3A4 & 3tvE AAAZ ddsE 2EQl SERCA2 ol F
AF (SERCA27 ) A 2 dAfztE 2uwo 2712 elstgdth. oo SERCA2
7V ZgEAset wze #old ThsAde] o], & ATelAE SERCA2 o] @3
A AN EElw FFAE AFAEANA SERCA29 2& Astrt wZAE 2
3} Ao oy JIFS v AE=AS AL, Qaetd WP B dopn

A Sk



RANKL

NF-kB JNK—}AP 1
Calcmeurm

I wmphﬁcmon

Of NFATc1

Induction of osteoclast specific genes

Fig. 1. RANKL-induced signaling pathways and the role of Ca?
signaling in osteoclastogenesis. RANKL-RANK interaction results in
NFATc] activation via the c-Fos and TRAF6 signaling pathways. Recent
studies have revealed that Ca”' signaling mediated by calcineurin is critical for
NFATcl activation. NFATcl leads to the induction of osteoclast specific genes
during the terminal differentiation of osteoclasts. (RANKL, receptor activator of
NF-xkB ligand; NFATcl, nuclear factor of activated T cell;, TRAFS,

TNFR-associated cytoplasmic factor)



' Ligand/Hormone

Fig. 2. The role of SERCA in the Ca® signaling complex. Binding of an
external signaling molecule to a receptor leads to a cascade of intracellular
signaling which induces IP3; formation. IPs; induces [Ca™]; increase via release
of Ca” from ER and Ca® entry through a Ca” channel. SERCA and PMCA
pumps remove Ca® from the cytosol to reduce [Ca®’]i back toward resting
levels. (SERCA, sarco/endoplasmic reticulum Ca® ATPase; IP3;,  inositol

1,4,5-triphosphate; PMCA, plasma membrane Ca®" ATPase)
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1. 28 A=

vl= Cincinnati & #fste] Garry E. Shull BMAe] A AzHE AdEe

SERCA2” AFE A A dold F 257 H9S W §42 HA § 23+
91 SERCA2” A#A s} = AHAZ EFste] 477 gol A 457 %S o 5
FAE HAFAHE(bone marrow derived monocyte/macrophage precursor cells)E
zhozre] AF tiEzelA EEstel AR&siitt (2d 3). RANKL KOMA
Biotech. Inc. (Seoul, Korea)oll Al FLatAth AE wfdko] HQ3 o-MEM 8] X
2 FBSE GIBCO/BRL (Grand Island, NY)ollA 9138ttt Tartrate-resistant
acid phosphatase (TRAP) staining Kkit, toluidine-blue 18] phalloidin &A=
Sigma Chemical Co., Ltd (St. Louis, MO)olAl 91ttt ERK t5 A,
phospho-ERK ©=3}4], INK t}53aA], phospho-JNK th534]&= Cell Signaling
Technology (Beverly, MA, USA)A Fgdstqen, PMCA w©d3H
Transduction Laboratory (San Jose, CA, USA)°| A, NFATcl Y5 & A= Santa
Cruz Biotechnology, Inc. (CA, USA)olA sttt 2] IPsR3 vsaA=
Tanimura YA} (D& S7lo|% A #oish=HE A FWgkth. Fura-2/AM3}
pluonic F-127% Molecular probe (Eugene, OR, USA)°l A T3}

rr

2. 239 4

7F AE )

A4 AF 9 SERCA27 AF el JZAEL AFHEE 5% CO29F 95% air7} A4



A 5 probe 3 probe B
-_—
Wild type 8 g & Sp Sp 8 WT SERCAZ*
allele B s E—-F-Fh ‘1
1 23
T 134bp —» +“———210bp
argetini - ) §
con%uucgt [E}——Aneoc [B—vector]
B ?Q B Sp ?
Targeted " neo I} —
allele
e B.3kb
8.1 kb

Fig. 3. SERCA2 gene targeting strategy and Genotyping analysis. (A)
Top, restriction map of wild-type allele including 3 kinds of exons. Middle,
targeting construct in which 1.5 kb of SERCA2 genomic sequence, containing
exons 1 and 2 and part of exon 3, was replaced by the neo gene. The herpes
simplex virus thymidine kinase gene was placed 5’ to the SERCA genomic
sequence. Bottom, targeted SERCA?2 allele, with BamHI restriction fragments
identified by 5" and 3’ probes indicated below. Restriction enzyme sites: B,
BamHI; Bg, Bglll, Sp, Spel; S, Sacl. (Adapted from Periasamy M et al J Biol
Chem 274: 2556-2562, 1999). (B) Genotyping analysis of tail DNA from
offspring of SERCA2"7 matings. Left band indicates wild-type gene. Right
bands, which include two bands, indicate SERCA2"” gene.



Aog AFHEE 37°C AEud7ol A 10% FBS2F 1% antibiotics=
©  o-MEM HiAZ  wjgetdoh. #HEx 28 Al 100mm s Aol
M-CSF(10ng/ml) ¢} 37 &% &<t 271 g 5, ohAl A3 520 st vt
HAAZ BEF3 F, 48417 o] %o RANKL (50ng/mD¥ M-CSF (50ng/mDE A &
F AAgEAY (&, 7 Zhe) gz M-CSF % A28l ev, RANKLS A
a4l ekl wix] wA] Ao @3 RANKLY M-CSFe] 42 50ng/mlzZ

oAl FASER e, 24 Ao Axs U 203 &4 sl A wide it

R

v g3t

52

(o
N

=

s

G4 A W Zs w59 54

A4 AF 9 SERCA2” st A¢Axe] RANKLI M-CSF A# Al 35
mm " F FAlel 2= ¥ cover-slip (22 x 22)& SH¥S F, v HA & 2
X 10°70e) AEZE BF s9rh 22FE 4843 olFol wjA AA F PSS
(physiological salt solution, 140mM NaCl, 5mM KCl, ImM MgCl,, ImM CaCls,
10mM HEPES, 10mM glucose, pH7.4, 310mOsm)9l Fura-2/AM< 5uiM9] 5%
Aol A 407 ME el FA35EA T 340nmet 380nme] 7 ugo = AlE 4
Fura-2/AM< €743t AZ o™, 510nme] oz Zas SAHS AT F 3HF o
=HE @A | g2 4 e ARl dEd 22 ANE AR o] & A&
At
(Ratio = Fz10/Fas0)

MYXEZEE Yos 332 dnAde F2Eolx d+= CCD (Photon Technology
International Inc, Lawrencevile, N])7}H2}t2 ZA3g o 2% o 3 A 30F

F &4 ¥ 30 (Hong 5, 2004).

T

O JFAEZ 3 += ¥ TRAP 44

Ak AF 9 SERCA27 AF e sZAE AFHAEE 48 well plateo] welld 5
x 10%¢] 2 B3 3 5 484 7Fe] A o]F RANKLY M-CSFE A& sttt

Sh
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6do]l A FH, gGAxERe 35 FRldty] 9ste] TRAP |AS At
TRAP (FZAx9 %% o) AL Jeukocyte acid phosphate assay Kit

(Sigma Chemical Co., Ltd St. Louis, MO)< o] &3}o] 4233}

C Rl e

44 A SERCA2” AH 9] AL AT AEZ 60mm wfFH Aol B
g 5 o] % RANKL¥} M-CSF= Agdtar st A7Hsst mfdstlth. Lysis
buffer (20 mM Tris, pH74, 250 mM NaCl, 2 mM EDTA, pH 80, 0.1%
Triton-X100, 0.01 mg/ml aprotinin, 0.005 mg/ml leupeptin, 0.4 mM PMSF, and
4 mM NaVO4A)E olgate] 44 A9 SERCA2Y AH e B2AE AFAER
FH dA dids dAEEE B3 FE8AT Well & 50 - 100ug®] & ©
WA A7 ETHE AFEEe] 8% SDS-page gelolA] A7 E Hg ddct &
< nitrocellulose membraned] 7] Ao o5 A7l thE 6% skim
milkE AH8-3te] blocking#4& 7131 §, NFATcl (1:1000), total-ERK (1:1000),
phospho-ERK (1:1000), total-JNK (1:1000), phospho-JNK (1:1000), 2] 32 NF-k
B p65 (1:1000)2] &A1& ©]83}4 blottingslH oW, o]¢ HRP-conjugated ©]=}

Al AZelA d AE st WEEAIZl H, chemiluminescence  (ECL,

i)
it}
L
=
i)
il

ot

Amersham Pharmacia Biotech)E& AF&3lo] ©@iideo] Wty AL E Q189 on,

Wd Q== Meta Morph Program2 o] 838t =439t}

. WG G4

A2 A7 ek SERCA27 Ao dEM ¥ AFHNEE poly-L-lysine 28 5]l
ek frEld (22 x 22)9le &5 & F thS¥ RANKL¥ M-CSFE& A3t
YalE A 7rEer wikstgdtl. 49 paraformaldehyde (PFA)E 2087F xglsto] A
¥E uAHAZ o]F 02% Triton X-100S 587+ AHZlsdth. o]F 5% goat

= blocking solution (0.1% gelatin, 1% BSA, 0.01% Na azide)<

w0
@]
=
o
B8
o
A
°
X0,



307 A stal, NFATcl @ A S Alxo] AHzlste] AE 52 NFATclS
EA st} olo] A Alexa 488-labeled IgG antibody (Molecular Probe) ©]x}3};
Aek A 4TeA 244z Wi & PBSE 13 AlF F
4'-6-Diamidino-2-phenylindole (DAPDE A g]slo] 13] A& dlt}. o] o] PBSYH
o= 13 A3 ¥, mounting media® &EetolE k2o AAGAIZ F 244 7Fo]
At & confocal microscope (Leica TCSNT)C. 2 &3S #EsdTt o

ME2] actin ring FAES dotr 7] 93] A2l g phalloidin F A2 79, phalloidin
FARS Axe] HEstel AME WHe] acting EA sFF o, o|xEA ] A g
glol Al % FA], mounting media® &}o]l= Febsel LA F 24411

o] 3 d confocal microscopel. & &3S 23T}

v GEAES EHE A

A4 AF 9 SERCA27 AF e FZAE ATALE Hx ¥ A 100mm %

HAlel M-CSF (10ng/ml) ¢t 374 stF &<t =71 Wi 5, 72 79 Axs
osteoclast activity assay substrate (OAAS, Oscotec, Korea)ol 5 x 10" F= %
T3 T 48A17F o] F wjA] wA] Al RANKLZ M-CSFE A3 & 64 FoF

Sttt vk wot WA= 49 g WA wAls gl ew, WA Al RANKLY
M-CSF %3 4aizl s285 FAAZT 439 3y 7he Ax wd A9 22
Z A widstaek. dA9 pite] AR @ (Eclipse TE2000-U, Nikon,
Japan)ell F-2€ tiA g JhHgtE o] &ste] 209 wi&olA G AT pite] W

A 2EES A

Ab-1. Toluidine-blue {49

A AFA 9 SERCA27 AF e H=S %88 T 4% paraformaldehydeo] 30



A B ATHAA AAZ §F, paraffin waxe] embed 3ttt mAl AW 7]
(CM3050S, Leica, Germany)E ©]-&ate] 6ume] F7A= 7hs5A Ae ¥ Xylen
(x2), 100%, 95%, 90%, 80%, 70% (EtOH) ] =A% rehydrogenation A%l %
o=

A

Toluidine-blue A19F& ¢ 30%%+ A8 5 rehydrogenation® <
dehydrogenation A]Zth. Mounting media® =gto|= Sof2o] A7 & 24

AZE o] 5ol A Al Fatg A" shuete A 10w &2 233

AR-2. HlA ©F QG ¥ FUE F4HY

P

42 AF ek SERCA2Y AF e sitals AN & fE2S A998 22 A
Astadt. Aol diEES A48zl $18ko] polystyrene holders Al2haFglom,
A 22 & AFAA EElE dE=e] 724 74 bR ZYPE Al AE F e
threshold ¢} resolution®] A2l =Fo]& wjAlsl7] 9]l &Y polystyrene
holderel -4 479t SERCA2” AF 9 teZ& 7 72t 2744 Ads 5 349
wA wE= #H7] (SkyScan-1076 high-resolution in—vivo micro-CT system,
Aartselaar, Belgium)& ©]&3dto] T3 oln|A & Agom, A=A AZE gof<d
Cone beam reconstruction®} CTAnS ©]-&3te] w3 olnx e} FUEE 4319
o 3 A oln Al dFolmAE AExF st &8 ZERIAS Foto] Aol

o,

of. EAA EA

Student t-testE AAJste] SASHom EAsR o, P<0.05Y ®W Fo4d 3

= Aolm 7% sk



1. 24 =

1. SERCA2”” AAs vz AF UEHZoAN 2AE =4

SZAE ATAESY B3l oA RANKL @ % 244 7kol| A 72417+ FoF Z+
# Aoddo] wAg, 2y ofH 7R g AlE AT A EeA Za Aso ¥
To] #3 HAH ojugt JEFS v = Ao ] A3 LR 6p glow A
HAeEodA ZEis vfeo 22X Wl oudt J&S mx= A A &
# % vk itk SERCA Hx+= Z4 AsxddAe de Aads 2t go
2, SERCA2” AF oM ATP2A2 A7 722 % SERCA29] L@ A3}
7} 286 A4S F sbsAe] k. oo A4k AF 9 SERCA2Y A E
=9 PFA W3le} YFeolAe ZEEe BgE sttt 7k Zhe] AF A
glafE A¥, A7 e Avket o] As HolA skt
(1% 4A, n=4). 1 329 vAH @5 FY71E Foto] W uFe = |
| 2 23}, SERCA27 AF e g oA gz
AF ) vs] oF 154 7t FUErE Sk 2SS gl e (11 4Be} 5A%}
B, 147.87 + 11.39%, n=4, P<0.05), toluidine Al°FS o] &3] WS M= A7}
T3 SERCA27 AF 9] dE oA ZUwrt Z703S sttt (18 4C,
=6).
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A B WT SERCA2+

WT SERCA2*

SERCA2+-

Fig. 4. Bone morphology and bone density of SERCA2"" mice compared
to wild-type. (A) No difference considering tibial bone length and morphology
was found between SERCA2”  and wild-type mice. However, three
dimensional micro—computed tomography (micro-CT) reconstruction (B) and
toluidine blue staining (C) showed increased tibial bone density in SERCA2”

mice compared to wild-type. Images are representative of 4-6 independent

experiments.
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A WT SERCAZ*"

12

0.8

0.4

Bone density (fold)

WT SERCAZ

Fig. 5. Bone density analysis of SERCA2"" mice compared to wild-type.
Two-dimensional micro-CT images were used to compare bone density (A)
According to bone density analysis using a software program provided by the
manufacturer, SERCA2” mice showed a mean 1.5 fold increase in bone
density compared to wild-type (B) Results are representative of 4 independent

experiments (P<0.05).



2. SERCA2” AF 9 tz AAZRE B8 FZTAE AFAZAANY 24
Az

a7l 49 oA AFF S} gz AF e & ztole AFEH gIAE
4 me g4 ol o uehd sbsAdel vk ®F SERCA2Y AF A
# AzAg @ F 3ol SERCA2 FdAe] Holi= yhZAE A4
24 AsAdAd QS = ssAdel Ak oldl Wz AF ek SERCA2 A F
Z2RE 223 JFAE AFAEN M-CSFE A Azl sto] & AEXE YFEAT

o A% Be FE F7h, RZAW BHY P} REVHY BE FUFS 5
gstel % AL 7o BHNEE FASHTh SERCAZY ¢ thz BHNA Feld

SFAE AFAFEANA ZF dye?l Fura2d HIAAEE AFY ZAHsEsE 5
3t TH (ratio=340/380). SERCA ¢JA#A|A|Ql 1 uM thapsigargin (Tg)
At Al G- AA &A1 EHA ATP ImM=Z 54 =3 23
= BFAZFYH F3 FIAE AFAEAA AlxY Za w29 HAA=

164 + 0.15°1912H, SERCA2” AFAZREH ZEst RZAE AFA LA A
Ty 24 FEE 054 + 005010 (198 6A, n=4, P<0.001). TgS o]&ato] &
AW ZAas s nAAZ ) AE FRERYHY ZdE Fddd wE AE
W 24 = T7he dx AFEHE e gGEAEE 053 + 0.060]oH,
SERCA2” AARFH Eed ATAEAAE 055 + 0100130k (18 6B, n=4).
Egk ATP ImMRte 2 =53 49 Axd Zs 59 A gz AF A
1.44 + 0.06, SERCA27 AF A 097 + 004 |1 om, ATP A stoll o] FZh4
S0l 9% 24 T HUAE thE AF A 110 £ 0.18, SERCA2” A
A& 091 + 0050193, Tg £4 dtoll YR 2R Ze Yo W2 Fro F
A= dxz AF 049 £ 008, SERCA2Y AFE 052 + 0.07°19% (29 6C,
n=4). o]’49] AFAI}E SERCA2” AF A 2ZAW Zgo] *3t a8 &

=
ol WE Ze whe Aad by, o f9jH= A2l 2w s SUbels
(o5}

b
w
!
=
O
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A [ Ca™ free ] B [ Castiree [Fed]
[ ATPImM+Tgdphl ]

0.5 Ratio {340/380)

ATP 1mM in Ca® free Ty 1pM in CaZ+ free
E1l

c
ATP 1mM in Reg Tg 1ph in Reg

Fig. 6. Measurement of Ca®" release and Ca? influx in BMMs from
SERCA2"" and wild-type mice. (A) In order to measure the amount of Ca”
release from ER, BMMs were stimulated by ATP 1mM in the presence of Tg
1uM, a specific SERCA inhibitor. (B) Ca® influx was measured by initially
emptying the ER Ca”' store, treating the cells with ATP ImM and Tg 1uM in
a Ca’’~free medium and then changing it to a regular medium. (C) Intracellular
Ca® level increase followed by ATP stimulation was measured. Then Ca®’
influx after ER Ca®" store emptying was measured. Finally, Ca” influx in the
presence of Tg was measured. Results are representative of 4 independent
experiments. (BMMs, bone marrow derived monocyte/macrophage precursor
cells; ATP, adenosine triphosphate; Tg, thapsigargin, ER, endoplasmic

reticulum)
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1Akl RANKL (50ng/ml) & Al 24-72A1zkdiell 23X A2 2% 559 37
oh A
7b YEhE RANKL #2] F 48A1%kel A dlz AF oA Ca’ oscillationse] ¥

A W3l (Ca” oscillations)7} 2HEth 2 Ao A= Ca® oscillations®]
Zg W (29 70), SERCA2Y AF e F2AE A EdAE RANKL A2

AP M= Zg A5 7h AsA] getoen (' 7TD), 249k 7241 el A =

4
g Aozt BAsHA Gt (n=4).



A.WT B. SERCA2

w“-'/u\'\—\-

I i)

_

500 sec

0.4 Ratio {340/380)

C. WT 48hrs (RANKL, 50ng/ml) D. SERCA2** 48hrs (RANKL, 50ng/ml)

Fig. 7. Ca®" oscillations before (A,B) and after 48hrs (C,D) of RANKL

"~ and wild-type

stimulation in osteoclast precursor cells from SERCA2
mice. Note that Ca® oscillations are not evoked in SERCA2” mice. Results are

representative of 4 independent experiments.



4. 9|2 AF < SERCA2” A9 SERCA % PMCA ©ule 2+d

71X 9 x AF e SERCA2 AA 9 FFAE ATFAEANN Zh A
&, & Ca” oscillations®] F% Aol 28 4ol Mo AEANS Zo] & 2
ol¢} o, Ze Hd wiE ¥ WFo o yehd sheAde] Qdrt o
& AlEZol A RANKL A2 § Alztoje] W& Za A3 @ oulo] ide] Wy
S Qolrgith. SERCA2 ©¥& SERCA27 AF S oZAZ A Lol A
RANKLS A #atA] sk wlol] thax AFel Hlsto] Td <Fo] 36.69 + 3.89 %
Zatl o, RANKL A 158 o= 3487 + 433 %, 147 o= 3390 =
6.95 %, 2417k Foll= 3869 + 2.33%, 48413F Folli= 3680 + 314 %= FHAFA
th. el SERCA2Y AF9 A AFA XA 2+ Ao we od %
o] Aol AU (27 8 n=4). Mx" ZgHHxQl PMCAE RANKLS A&}
A &S wol] thE AFl Blsle] 9323 + 2.86 % HAFJ o, RANKL # g
158 5 10646 + 312 %, 1A17F 5 10260 + 626 % , 2417 5 9523 + 1.66 %,
48X 7F T 10299 + 1.79%% WA ATt (18 8 n=4). PMCA®] wulatd of =
b Alzhdiel wheb xpolzt A fulow, xRt A fAbe doE HdAEs
g5kt

£l
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RANKL (50ng/ml)
0 15m 1h 2h 4Bh§ 0 15m 1h 2h 48h

SERCAZD Wt w4 o e o o o o

PMCA ..Il.é....l

WT ! SERCA2'

Fig. 8. Expression of Ca?' signaling proteins by RANKL stimulation. No
difference in PMCA expression level was found between SERCA2”  and
wild-type mice. However, down regulation of SERCAZ2b was observed in
SERCA2”" mice compared to wild-type. These results were independent of

RANKL stimulation time. The immuno-blotting was the representative of 4

independent experiments.



5. RANKL M8 ¥ SERCA27 AFAe RZAHAE AFAHTNA NFATclY &
d 23 YR olF

gz Aol B3t F7] o] %, F 48A1tdiel & Wl HAF Q1AF] NFATcle] ¢d
2 BAS 98 & YR o]Ee L% A&, 183 TRAF6S #Ad| w2 JNK
¢} ERK®] <lAbstel e]sto] x4 #r} (Takayanaki 5, 2002, 2005, Koga &
2004). wekd SERCA27 AF e FZAE AFAToAe 24 25 Fas
NFATcl9 2d 2 A48 9g & 2o olFdd d&S & 7Feidol Ut o]l
RANKL A2 % iz AF A3 AH F=AE A4 EoA NFATcle #d
I BHS  F Wzl o5 dolwmA arh thx: AF 9 SERCA2T A
FHo A E5F NFATcl2 RANKL A& $ 15+, 1A13F 2A1F A2 & @rdo] o] F
o] 27 Qrirb 484 7bthell wrdeo] ZFrhakglEdl, SERCA2Y AFE dzx A
Hlal) 2735 + 329 %= AA HdSAT (LHIA, n=4). =3 WY FF dA A3
48A1 7kl A NFATc19] 8 wZe] o]%Fo] SERCA2 A#E tix AF Az
Hla) #4358 7Ae9eS sttt (19 9B, n=4). o]+ SERCA29] @& 7hA
of o&l] 3 F7] o] %ol vElue e s Add yEo] NFATcle &4

¢



A. WB (NFATc1) o Rk

RAMKL © 15m 1h Zh  48h 0 15m 1h 2h  d48h

MEATEY (2] .

B. IF (NFATc1)

WT SERCA2*"

Fig. 9. NFATcl expression and nuclear translocation stimulated by
RANKL. (A) NFATcl was expressed 48 hrs after RANKL stimulation in both
SERCA2"”" and wild-type mice. The expression level decreased in SERCA2"
mice compared to wild-type. (B) Immunostaining of NFATcl in BMMs from
wild-type mice shows translocation of NFATcl into the nucleus 48hrs after
RANKL stimulation. However, SERCA2”" mice show a marked decrease in
nuclear translocation. The immuno-blotting and immuno-labeling were the

representative of 4 independent experiments.



6. SERCA2” AF e HAZAE ATHMEZREH E3d qiAxe P4 F7
=

v A
= =

olr

>
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!IIOII

SERCA2 & A7t d3Ax dA AAd A4 os dod=AE &s]
$lste] Wiz A9k SERCA27 A9 FIFAL AFALZRYH 38 f3A%
£ TRAP 945 o] &3t FAE d=Alxe] 7ok s &Qlstaitt. RANKL

7F Y a8y gz AFY gdsAx AFAEE giAdez2 A gINER
o] B3y} AAHoz o]Fojx HbE SERCA2 AMFAZRE Rild dIAL:

r

N
ofs

a9 100 AdE EWE ueAlEe A uEb= ruffled bordere] A ?1AR]
of gl moprt o] A3} 6ol A & &3] Adsd
A Ao FEME AFMEZRE E3td FZAxe A AR FA4d
18 4= 9o}, SERCA2Y H2AE ATAEEREH F3hd
b M Z A= ruffled border’} 712l ¥ XA ok} (29 10B, n=4).
= AF e} SERCA27 AF e ZA¥ AFAES RANKL Hgd & 534
22X ARAQ TVeE steAE Fsty] flste], & AlEdA wEE AR
o] FF4 THE pit assayS F3to] ol F Axe FFAE ATAEE
OAASe] RANKLS AgshA] ¢k 44 257 pit7l 454 Fken, RANKLA
7 159 ¥ SERCA2” A# ] pit AHo] vz AF ] pit WHel Hlste] 68.02 +
0.78% 7ra3rdth (¥ 11AS B, n=4, P<0.05).
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SERCA2+

6

Control
RANKL (6days)
B SERCA2+
o -
RANKL (6days) -

Fig. 10. Differentiation into multinucleated osteoclasts by RANKL
stimulation. (A) TRAP staining was performed 6 days after RANKL
stimulation. BMMs from wild-type mice differentiated into large multinucleated
TRAP-positive cells, whereas BMMs from SERCA2”" mice remained small and
mononuclear. (B) Actin ring formation, which is a marker of mature osteoclasts
was only observed in wild-type mice. Images were the representative of 4

independent experiments.



A. Pit assay

SERCA2+
o -
o -
B. Summary
120 p < 0.005
g 100
®2 g
m o
1)
ﬂ sl
= g 60
.g g 40
®| ©
° -E 20
S o

Fig. 11. Bone resorbing activity of osteoclasts. (A) Pit Assay was
performed 15 days after RANKL stimulation. Pit formation decreased in BMMs
from SERCA2” mice. (B) Comparison of relative pit area. Pit assay was a

representative of 4 independent experiments (P<0.005).
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© QRS SERCA2 wrdlo] zH4d AF EdS o

=

g3te] ZE A5 WEd =P Aolsd: FATFOEN
in-vitro AolA el FZHE B Zg Moo T
Aol Zrg 3 FAE AT ZE AA 71 @ Fo shul SERCA
Zo #F A= SERCA #FHa obd =] 2t 7} A7d AF mdg o]&5t
o] Foj A gttt 53], SERCA2 F3A = t&E ol &3 "2 79 BeE =49
M3z A WA E = “house keeping gene”® S F3slm, 1 =94 &
E olg Eof Hsle] HFxFEoo ¢kl (Verboomen 5, 1992). 53], SERCA2 4 A}
7b s | YA (SERCA2)Q] 745 wjol Aejol A FHolule7] W&o A
kol E7F53Fl o (Sakuntabhai 5, 1999), ©]&lst o] = SERCA2 °] 3 At
A7 =9 (SERCA2 )M %= 9184 o] doly WH9l F4o] o4x =, Dr.
Shullell ©]3 A12¥ SERCA2 o]@ 8 3=t A% =& (SERCA27 )9 A+ Ao
Me Za As AdeAY Wea A2 v$7 2@ o8 A (Ji 5, 2000). g
A, Darier Diseasedl W@ 917 @2 SERCA2” A A4 AxLojxe z
o Als Ao Wed gEo] Aol wEEo], SERCA2 FdAQ ATP2A2
Az Wol7t 919l Darier Disease Al A A zhsk Zrolju} 23S Ro|x] ¢k
v olfE AW 4 AU (Zhao 5, 2001). E3F SERCA2 Aojd ofgk 4

1:7{3
A AH AsAYAe]l WEOR Aste] AT oF 50% shwe] A

yﬂ
oL
o

Aol @A o, = SolAl AW e ddle] "va FHE B flew, =

3 AAFE HAAFE= AA7A] o] Fo] A %] o Abg o]t}

A P 2 FNEE A 2FAE} gEFAEe B3 A g AT
SatE vty R aE 9}l (Takayanaki 5, 2002). webA] SERCA2 &7+ A F 9
M g A S A A Wiso] I MY wEA Lo YEY SERCA2 wHd



e AR A 9 FARo] gL = st5Ae] Aok WA SERCA27 AF

@ 4A). @y, SERCA27 o} tixe] diEE WEE v &3 Zgste] Hla
g A3} djztol wlste] FAEvF oF 50 % S/HEASS Felsdth (1Y 4B

9 5). T3 Toluidine blue A]¢FS o] &3te] W WYHE A2 Aax
A @3 Zg3 5UsA SERCA2Y AF A W yie Awrt FrhES 89l

st (19 40). ol =34
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itk AlFF o Asrw SERCA2Y AA9 1) ZAT £3 2 249
S, 2) gEAEe] w3k B Ao WEoe] Ik FUhe] Hjle] HAoFet vt
4 & 4 2t 29 d rheumatoid arthritis®} Z2 W AFolA] Hig wie} 2
o] in vivo Wl = =e] Wt F2 ga3AlEe o] Fa ddle] v &
A 9t (Rodan® Martin, 2000; Takayanagi ‘=, 2000). W&l SERCA27 A3
°of gEE UL TVt FE FEAxe #3F 2 4 WEe] 93 o
Atk 53], dFAFAE SERCA2E Z# Aadgdy 2He #d
7] olFel Zrg 2 ZE7F NFATcle &4
9t (Takayanaki 5, 2002). whgba 2

o A& SERCA2 ZAojol| ojgt Z< MG A e HEes gdxMzdr FH8 1

SERCA2” oA ATAEANA 2xAW] 2 Fo] gzol v Zx
shlom, ol d THA A= Al AFAEU Zi Tl HAasdoy &
EAWe] Zg n@E AT R IRE ] Zf FYTdeds ¥Eol gt (1d
6). RANKL %4 Z% oscillationst I+ M2 AFAEe] B3} dA & 24413
oA 72 AlZkdjel yERUEE, RANKL %4 Z# oscillations< RANKLe] <
& AHgHor FEEE Aol obyEl, RANKL/RANK 2% F 543 x|
doll o3 Aoz AT rt. B Ae|A SERCA2” sHZAE A 7AH F o A
+ RANKL fr=4 Z+ A&57F gixzatde &g vehubA gk (28" 7). =3
SERCA® tl&o] Alxd W Za AA 71 Fe sl PMCAS 44 < ¥F

K



S S48 Htou, PMCAS 2d ole= Wzo] It (19 ). webA
SERCA®] A9# Q1 2HAael Fakol oJaf AXAWSY Zao < oF A5 A #
F S/tdol #AAaEJow, olgt wWEo] fQle] o RANKL F%4 Zs
oscillations7} AFEF ATt #ggch 1dd] SERCA2Y AF 9 Ao g4 A
3z A SERCA29] 4= <l dF9 AgaA=E Al PMCA® Hdo F7}
(Liu %, 2001)% SERCA27 SZAEo|AE Holx oktt (18 8§). o=
PMCA®] &3 F7F2 SERCA® 7lsAst7l ol Ax AFaAEdd Aoy
A AEAA 7s B FEAAY o]4de] Holx &g ¥ (Liu %, 2001; Zhao
s, 2001), tHE=olA = SERCA® & Aste] @& 7|55 Al AA=E & A=
PMCAS] W&o WEol ggy] wio] AnHon FUE} F7hst
Wyl AR o R3dn.

NFATcl = TRAF6, c-Fos 183 Z4 oscillationsel ¢six &4std = 3l

o

ot
>,
2
lo

. Z  oscillations=  calcineuring &4 sk AlA  NFATcle] =7 &4
(autoamplification)& =3k, o5& EAANIAIA AL A & YWz olss
FZZAZ1t 8 Y2 o]F s NFATclS FIZAE #3te] Hadk o8 ArE9
AAE QA2 A Fadt AE8e 3, RANKL/RANK A3 o] & oF 24417k o] Fof
e 9 o9 Y2 o]leE= 5SS 23 vl (Takayanaki &, 2002, 2005). Al

Eol RANKL ##] 15+, 1A1%F Z12]an 2413 o] % NFATcle] Ao He s A
ergrom, SERCA2” sh#A¥ AT ENA RANKL 22 4827t o] Fo i
98 Y2 olFxE NFATclo] "zt vigte] ads A3 (14 9).
o] }e] A=, SERCA2¢] od A7t Zg AaxdadAdd & FAon o=
218l NFATcle &Aool HagS ofvlstH, Z4
frieo Avs 95 da eSS o g
NFATcl <& SF=AE £3t5 St 7HE 83 A& T stuye]r] wi
o ®sol 93 NFATcl® #a7F 3 AE E3e TS FAE 7tHs
Aol gt o5 dolr 7] 9&te] TRAP 93 actin ringse A4S &<lslit
TRAP-2 cathepsin K, calcitonin receptor “1#] 3L Bs-integrin®} 7 A &3k i
Alze] 1A AARA FGEFAE7E G oA e I ERE Fslstd @

Z+g oscillations7}F NFATcl12] &4

1

24 4



ALt (Lacey 5, 1998). webA] TRAP A A Eol A9 A< A Z= &
35 9SS omitt w3 FITAEE FHEFE st Zudd Ay 2

(tight seal)S #A3th ojul FA%E B<9S actin filaments® FAE o] o,

e

actin ringsE #91g o2 H |

olo] 7}ttt (Wang 5, 2003). SERCA2Y #Z A ¥ AFLAEZTE Rl 1

=M EE TRAP |4 A3 #22 S A thxatd) v =

ratyick shA HEAEe] 277k bzl e W e 54 Bt
H

(29 10A). =& actin ringsE 21§ 23}, SERCA27 #HZA L& thzadl

ik
ool
&
Ll
]

o Tzl FZ

) 2707 e BAS FASE GFALR BaASAG (1Y 10B). F AL
FolA ALY HFALRY Lohsh FAHAom, FRAR AL 9] B
% AR eR JgHoR o) Folg el Fe15 Atk vhyl, SERCAZ SEAE
207 dAdew H3 g wd mrel e Feaa e Sqo] Y
o ol HEAze] B Aol RTALY B FFL FAL THsAol
Stk vlA ez o AEolAe HEAE BRES] AoE B Sahe] @

M ¥ E dentin slice oA wldste]l 69 F dentin sliced] @A E+= 79 (pits)

t

& #% A3} SERCA2 AL ATAELZ WY%d dentin slicedd 71 2]
FAdol AAD] FaEs FAstAr (27 11).

AFEAWEY 2 AFH (refilling)S FHAE E3lo] HFH<do] W
Ao (Mentaverri 5, 2003), 22X AU ZHS AF% 3= SERCAS #4&7F 3t
FZAEe] Eslel o] TS Fre FHAA B AE o)zl maet o
4 232 Bt B d3= RANKL A SZAxEs ] Fo dxz 49
TRAF69} c-Fos ©]9lel Z% oscillations7} T83F Ax=2 28 F+ AdS
in-vivo®} in-vitro’dell A FHstow, 24 As ] wAe] SERCAS o] &
23S et =g, 2 AFdA wAlE Y = AE E3te] SERCA29]
w7t S FAS 7hsdel o, wel 2] B JErE dEdd FARE A
o Hol MM Zg AEHGAd = dFe HEHGo] Ao
F5Ew, o] %9 oA SERCA2Y Z3FA LA HE
Word gl g o] Al dig A e sloth

lo
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v
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L vA AFEH 942291 ¥ AP 23 SERCA2” o= tlx Aol v]3)
°F 500 A% FUES} F7h

2. SERCA27 SZAHEL ALAE]A SERCAZS
ol HlEl] A QA

gpZAH 2 F8FAIQl RANKL A %] Al o
DA AEN ZE T W3l ([Ca®]; oscillations)7} #2501}
SERCA2" el M= Z#A 57 s A ok

& M T:l'

ATAZAA = F 2443l A T2A]

b

o 714

)

4. t)zo] s SERCA2” o] A=

2
membrane Ca”’

A3l o, plasma
ATPaseo] 4t

5. RANKL A2 % 48A|zgte A Z+

A g o &4 sE
3} NFATcl9 3 &9

= NFATcle 2d of
o]%E 0] SERCA2” oA %

[e}
zahgt,

6. RANKL A & 69 %o] SERCA2” oA tpalAxzel 237t & A3 74
stgon, qelAE g4

] O] Al X
Rl

4
==

A9l actin ring®] Aol A TAsHA] ekoktt.
7. SERCA2” ol A& 255 590l
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Abstract

Effect of a partial loss of SERCA2

on osteoclast differentiation

Ji Hyun Lee, D.D.S., M.S.D.

Department of Dental Science

The Graduate School, Yonsei University

( Directed by Professor Kyung-Ho Kim, D.D.S., Ph.D. )

Differentiated osteoclats resorb bone, which results in increase of blood Ca®
level and bone remodeling. Receptor activator of NF-kB ligand (RANKL) is
expressed on osteoblasts and induces the signaling essential for precursor cells
to differentiate into osteoclasts. Binding of RANKL to RANK results in the
recruitment of TNF receptor associated factor 6 (TRAF6) which activates the
NFkB, c-Fos, JNK and ERK pathways. Recent studies have shown that, Ca”
signaling is evoked in osteoclast precursor cells in the terminal stage of
osteoclastogenesis. Ca® signals usually occur in the form of Ca® oscillations,
which i1s a repeated and periodic transient change of intracellular Ca® level.
However, the precise role of Ca® signaling in the process of osteoclatogenesis,
is as yet unknown. Sarco/endoplasmic recticulum Ca” ATPase 2 (SERCA2) is
a Ca” signaling-related protein which serves to maintain low intracellular Ca”
level. In a preliminary study, SERCAZ heterozygotic mice (SERCA2”) which
were produced by deletion of one copy of the ATPZ2AZ gene, showed increased

bone density compared to wild-type mice. Therefore we started a research to



elucidate the effect of decreased SERCA expression in the differentiation of
osteoclasts, in a cell physiological and biochemical manner.

Fluorescence level of Fura? in bone marrow derived monocyte/macrophage
precursor cells was measured in order to compare intracellular Ca®" level of
cells from SERCA2”  and wild-type  mice. Immuno-blotting and
immuno-labeling were used in order to compare expression levels and
activation rate of proteins related to osteoclastogenesis. Osteoclast activity was
checked by tartrate-resistant acid phosphatase (TRAP) staining and pit assay.

SERCA2” mice showed a 50% increase in hone density according to two
dimensional micro CT images and tolouidine blue staining. Endoplasmic Ca®
store and amount of Ca®" release triggered by ATP stimulation was decreased
in SERCA2"”" mice compared to wild-type mice. However, the amount of Ca”
influx, after emptying of the endoplasmic Ca”" store showed no difference.

In wild-type osteoclast precursor cells, Ca®" oscillations were observed 24 to
72hrs after RANKL stimulation. However, Ca” oscillations were not observed
in SERCA2"" osteoclast precursor cells. The expression level of SERCAZ2 was
decreased in SERCA2”  osteoclast precursor cells compared to wild-type
osteoclast precursor cells. However, no difference was found in the expression
level of plasma membrane Ca®” ATPase. The expression level of nuclear factor
of activated T cell (NFATcl) and nuclear translocation after 48hrs of RANKL
stimulation was decreased in SERCA2” osteoclast precursor cells compared to
wild—-type osteoclast precursor cells. Differentiation of mononuclear cells into
multinucleated cells, 6 days after RANKL treatment, was markedly suppressed
in SERCA2”" mice compared to wild-type. Furthermore, actin rings, which are
known as markers of multinucleated osteoclast, were not detectable in
SERCA2”  osteoclasts. Hence, the activity of SERCA2” osteoclasts in
absorbing bone was decreased in SERCA2” osteoclasts.

According to these results we may suggest that Ca® signaling is essential



for RANKL-induced osteoclastogenesis. Further studies are necessary for the
understanding of the precise molecular mechanism during osteoclast

differentiation.

Key Words : Osteoclast, RANKL, SERCA2, SERCAZ2 heterozygote mice, Ca®
signaling
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