EEFHEHHFMAEHME
(Z ZADEREFMFER)

MEMI—FAT ¢ OREBFEHECED
oA MR T 4 —OEEIR AR D FF

(FERL 15 FEE~FR 17 FE)

EEmEE K B8 H —

FRR184 (2006) £ 3 A
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S BRI RE#ME (22 ADRERFEMIEESE)

wEMIEHRE S

NEMEL— a7 4 ORBMBIZ LAY A a7 ¢ —OBERTIEERTE OB 5

TERRZEE O RE M ESDRER - R X — HERATITRT
BInFREIBFEMER &
SHEBFFEE SR KT EIER - Mt r S — R
BIoFREBIGFEIIRR =&
A B REERERER REIUHZER
Hi%

MEEE

1.

a— ka7 4 BT LW 12.7 kb % LacZ BARFI1Z8fE L7 DNA construct % # A L7
RS AY =y « w9 X (Gnls =7 A) T, LacZ OFRBUTIFIENENL D2 — b
T4 URBIGENL D Th 7228, BHG., DB TIHBO bR -7, £ TRER
FoA Ly rr Y 2RNIZRAEINTWS T o — (DUE) # #43A A T2 construct % {ERK
L. BERNIVAVz=y Y - w7 A(DUE w7 R)&{EH Lz, DUE =7 X TiTEHK
O IRAFEEAES, LT LacZ DREIEMRD HiL, DUE Ra— b B 7 1 OFHE,
D CORBICHETHAENITRA SN, DUE~ U AL, 22— a7 4 OB LY
M3 5 LA D high-throughput D A7V —=V 7 b HERATH D LS nD,

T2 bha T4 REBICBO TR — a7 0 CORBERS ., AN A i
TAEBERESLT DI, ~ 7 AFHEHO IL-6R & gpl30 DRI MHT LT,

a— ka7 4 oEEF 3-EFRERICHTS RNA BEEREEMBLILE A, 52
kDa OE FHEPFFRICHEE LT,

oA ba T 4 —RORIEE R Purkinje BRAEDS F 10> HIBIRAY IR o MEICie S Z &
Ao C R Uin, [FRHETIT, J8B4ERE L 7o p-calpain 12 & ¥ cardiac Troponin-I 2373 fi#
LT, Wi B k%5217 7= cardiac Troponin-1 i%, ubiquitin E3 ligase T& % MuRF-1 {Z &
D2 EXFUEZT CTODMRERTTE L, LENoTHYR a7 4 —ICHT 5
TRy s L E =RV LT EXRF Ly - 7aT T Y —ARERNC L DIREIED
BIFEMNIEE S D,

HHEMEY R hr 70— (DM) 3, BEZ2E0IE LUBEL F> mRNA (2 ¥ 237 B
HEAELRNA AT TA VU I NBREIZRSTHEFETS RNAFE] THDHZERHLMNZ
7potr, VE— b RNAWKHKEATARFELTCMBNL 77 IV —& CELF 77 2 U —¢&
WD 2 ODBEETFHENBIESNDZ VAT EPRBEELTWEN, HEx DEEBTORT T
A T EBERMICREI LTS Z &G L7,

3 [E Pennsylvania X% Khurana - & R LT, A X& pro-myostatin B{zF D27 m—=
VT EAT ST,

A BB ERMOTHICHRASED L, VA b

a—hrnT74uiE. YA MR T 4 0DK T AV mdx v U ADRTIER, HEHE

FaZTHY., BERMHEEREE TIZHEBL, T DENRE SN TNDE, Fex 1 ZLETT
VR hnv 4 EAEABAREBEICRETE FIIOANANRYg Z—EHAF Ca— b
EHB, T AINANRT X —=OFE TN FIE T4 ryDERE L, FO—EE IL-6 D{EA



W& B EHE LT E - (Yamamoto et al.,
Hum Gene Ther 2000, 11, 669 ; Fujimori et al.,
Hum Gene Ther 2002, 13,509), £ Z TY R b
A7 4 VRBIZEDHVA IR T =28
WTHRM 2 — e 7 ¢ OFEBLZ RS
DIRIEZ LT HEN T Bxlda—bn
74 v DRBEREETFE NI AV 2=y
7w AERWTHFT2 & L biz, LIAT
TaBNFELE L6 ICLDa—trT 0
DFEBLIG IR D 5y 8% 2 A L 72,
7o, o o T CRBBRICE, 20
mRNA % ZE (T 5 RNA &G EAE DOTFE
PR ENTRY | ERICHAREDO 2 — kb
T A UDEBEBEERAINTHNDETT /) U A
WA F— w8 A LT mdy B
WZEBWTED L D RIEES RV S50,
RNA 7o — 7 % H 72 UV-cross linking
assay 1T o7,

RNA fE&EAEICE L Tk, DMD 2R
THEOHWHBEMEY X be 7 4 —
(DM) & OB ERER &S, DMI BOE
EBEETIE B 19 RadizHD DM 7 —
¥ (DMPK) BEFTHDI, D 3-FH
R H D CTG VU B — F OBENEHED
FRETH D, Flofilr DM2 B HER I i
0, ORKRBEFILE 3 REFIchL YV
774 H—H R E INFY BIEFTH
D, #FOA b 1IZHBD CCTG J '—
FOMEAEHEORE L LT\, £ T,
ZHLIEDM U E— MIHEAT 5 RNA RS
EAEHZHONCTAIEEBMNE LW
EkIT o1, ZOWEE— a7 4 VR
+® 3-UTR IZfEAT 5 RNA A ERE%
R U clonig 570D EMMEE LTH
fERT Db,

—FH. VAT 4 U REBOHVA M
74 —IZX L TIT O TE RIS I & A
ERT/NRD mdx <~ 7 A5G e LTV,

mdx < U ARBRHAOETVELTHNWD
Wik, Zo0ORERMERH D, — 213/
DEFNVEMORFTTH Y MO— DIk
IS C RRBR A0 I HEATHEDS AL Y72 0 2 &
ThdH, ZORTEREINDET/NVEIMIZH
VAT 4 —RBH D, Y ARIE,DMD
CHLL L EE CHEITHE O BRRER E R L,
P& FIH L7 AER b TRETH D Z & A
b IEERAOETNVE LTENLTWS, 22
T, AFETIT. YA MR T 4 —ROHF
WHEZ A LM L IR ET v & LCHESL
TAHIEREMNE LT,

B. AR AE
I == b w71 VBETF OB
#
1) 22— a7 VBETOLEREMBLAA
oAV xz=y7 w7 A (Gnls ¥V
A) DAER & fRHT

a— w74 VBREFTRE—FHEEE
GUBETLER12TkbEY VA F ) Iy
7 DNA A7 7V —inbra—=v271,
LacZ &{5 T2 ¥\ 72 transgene &~ 7 A S
JUCEAL, FF v ARV zoy /v U RE
4 A4 AMEH LT, 12, Bonvrv 2%k
mdx < 7 ANZAEL LT (Tg/mdx), LiL4 7
A O YAZE LT, LacZ BIETFDOEM
BTOREE, Xgaftd, =2—Ftnr7 gV
Bt RO FF T v 24P U TRES
L7,
2) TN Y—EHIANTE N T AV
=y 7«7 A (DUE~YR) OERK

RIARAT ) AT T4 ~v—& PCR &
FN T, 2000 4512 Galvagni bR HRE Lz A
vhwmrxoan— (128 bp) ZHIEL,
TA _JF—Lrag—=v71L, ¥y—7/=
VARFERL, BIEMER LTz Tg @ L
WAL, BR{ELL7ZT 723 FE 523 8
DZAEINT injection LT 129 PLd FO %15



T, BTy T 4 7T transgene
DHEELTER Lz, FT VAV OFE
X, v AQRRBMNLY /5 DNA ZiRE
LT, ¥¥Fr7ay MoTIT2 7,
3) DUE = U 2D fEAT

2000 417 Galvagni & 2% J. Biol. Chem.\Z
L fmq4 v hay sz Y— (128 bp)
BFru—=r7 L, miEMER L7 Tg =
ARG POERICHA LT A=y
7w ARER LIz, Bohiz2 74D
<7 A2 W T, X-gal Y¢fa, RT-PCR %% M
W, &SR T O transgene &R ELT D MR D
FE L FBHO L~V EREHT LTc, o, ANy
FREFVUERNT AT 2=y 7w T ADH]
RREMICHEE LT, MBEAEEs &I L, LacZ
DOFBIWIMNHE TR D LD, FAT
4) DUE = —I0fEE T R T OfFT

128 bp D= AV —RIKICHEE T H0RE
KT & EERFOFBARSIO data ~—A &b
LB L (B tdkartic &R,
5) 2 WERD mdx e ’=y hr—/LB10 ¥
A B/ G mRNA ZFE L. IL-6R KO
gpl30 @ mRNA DOFEELZ RT-PCR THEHT L
77
6) — b7 VIBET 3-HESREKE 7
n—=1y71, ?P-UTP TJ~UL L7 RNA
Fo—7EER L CBERBIHRE A X2
~— K L. UV-cross linking 7 > & A &Z17-
7o

2. DMV E—FICHEAT S RNARKAE
BE

t h cDNA A 77 U—mb, MBNL &
CELF »bHT9FfED Y £"— k RNA f5H ¥
v %7 '& (MBNLI, MBNL2, MBNL3, CUG-
BP, CUG-BP2, CELF3, CELF4, CELFS5,
CELF6) #/ u—=17 L1, 21 HDER
TR DOE b cDNA 7477V —%Hn
Poim, WERECEAT 2 Z L3y, U

v'— h RNA ¢ BAEORKEE, RET I X
F UL A, BERF three hybrid ¥, gel
retardation & fAWCHEMT LTz, A7 T4
7T v, WRF RN, A ATV
SREM, o7 7 F =2, c-sre 72 £ O mini-gene
RV,

3. BRAEFAVEME LTOHEIA b
B4 =R
1) B

E g - iRt v ¥ —PICERIL ST
B EEREN BT SE MR THEFF S LT DR
VARam=— O L IERFXRR 9,
VAR IZEE (& HIT 115 » Bii) 2R
&L,
2) L} cardiac Troponin-1 & U Troponin-T @
ey

YA bR T 4 —REOEDXRRIZD
WT, 34 A ZEICRMETY, £OMIFIC
VT ELISA kit & VT cardiac Troponin-I
R Of Troponin-T DR H & AT,
3) AERETROMRAT

DgEZ R~ ) CEEER, FEESEEE
HLE, BEAEHRO His ®ReEY HL,
Purkinje #ife & & e/ DB IE, HEIEER, FLEA
i L~ L D RER D Z g R T LTz,
KEMERE A B 0T 7 4 U R ERER,
Oum (ZEY L, ~v hFT U v mg

(HE) TH& LT,

4) micro-dessection % AV 7= AT

L RS EE AL OV T, ARCTURUS #0D
LCM (Laser-capture micro dissection system)
B 5 T, VRS & O Purkinje #RAED
% 500-800 shot £FE LTz, V= AF Ty
k38 L OV R MR vk 2 IV T eTal, ubiquitin,
MuRF-1 DB L, £z, ERSD
F O RTENC DO TSR R RIS RE
iTo 7,



C. iR
12— bhua 7 VBIETF RS H 8
#
1) Gnls ¥ 7 2 DfFEMT

TuE—F A ZEL 127 kb Dzz— b
74 BT BRI, . RBE. KB, /N
I3 BR T M C D LacZ ORBLEHIHE L Tz,
Z OFBUT A-utrophin & L THE S TW
La— a7 4 raFREONREMEOREE L
B—ELTW/i, —J7Gnls =7 A2 TlIE
¥, OB T A-utrophin DB A HIR LT
Wi o Tz, _
2) DUE = U 2 DfE#t

TN N (5 A B el NN SV eSS A
v A (DUE-Tg) TITZLARIFREE O HER S u7n
Moo, BSOS EIZR-gal
@%fﬁﬁx B AV, L, B LM

BTG, AN, DM T b B-gal D3

fﬁtﬁﬁﬁmx B HAL, DUE AR R T
=TI WA WA RRE TR R
DEEZ LN, S bIZ, DUE-Tg OF#H
{2 cardiotoxin ZEFEEAL, HiFAEEFHER
THE, PR URE3 A%, 5 B%IZR-gal
D mRNA DU~ ERLTWe, $72%

M —E LT, il TR-gal DRHBNED S
.

3) mrah—iEEk (DUE) KA 5iE
BIRF O

DUE (Downstream utrophin enhancer) 128
bp DHLFEEL S DIEHT 2 5. AP-1, Oct-1,
TEF-1 3% OfEGEFOEM Th 5F 0 b
o,

4) 1IL-6 L2— b7 o OFRH

41X, hyper-IL-6 Z W=V A b7 4
YRBHTOA— bR T 4 OB E
=B LT, Christian Albrecht X¢ Dr. Stefan
Rose-John i+ & AL A ¥ — b ZH 7,
Preliminary 72#558 & U C, 2 BERD mdx BN

2 b — L C57BI/6 B #& ) Cid IL-6R D3
B3 imsd TRV DS, gpl30 DREBIL, ATl
JRIBIZICE T 5 < DWEWHBERED b,
hyper-IL-6 Z i\ \lc 22— b1 7 ¢ D FE I
AN IL-6 ZRAVEREL D b EO L AUL T
MTE 5 EH/END,
5) =— b7 4 EEFO-UTR
UV-cross linking ¥£(Z & % 3°-UTR RNA f&
AEEDOHRBEOER, 3-UTR RNA IZF4E L.
mRNA ZZESELEHE (—52 kDa) O
FIENRR S T,

2. DMYU E—MZHET S5 RNARAE
=R=
1) RNA &R RNME

BER: three hybrid JEOFER, CUG
CCUG Y &— M fEE Lk, #Eskik
%D & - 7= CUG-binding protein  (CUG-BP)
Ti&72 <, MBNLI (muscleblind-like 1) T
HTEBHLNIR ST,

CUG-BP 3B K DHT%EE S DM DY
E— MIEAETHHFELTHRESTY
e, B, R bORET T RE LA
TV L D EENES T, B R three
hybrid {E1Z & 5 MR N K& RATIE. gel
retardation {Z & % in vitro fESEITIC L - T,

3HAY B— MOEHA LI, UG R
2 HEY B MBS T A Z L

B L. DM ERICITE#EOE S 23R b

b\f*a”r)55&b\9; EMHLMNT 25T,

F 72, MBNLI/EXP IZIZ9 DDA TS T A
YITTA YT 450, MBNLI/EXP I3
CUG3 HiE Y & — F2IF T < CCUG4 1
EIE—RFE o< #Aﬁ"é ZEDNDbro
oo ZHUBDOFRT PKR 13, ZAED RNA
IR RENICHEAET 62 & 751;397%@\ CUG %
CCUG J E'—h &9 DM BHE > RNA U
E— MRS Leno T,



2)RNAFEEF LV IRVBEBDAT T A o~
D5

%£-4%, 2 = gene A/ invitro A 7T A
VU TRIZING RNAFEA X V7 EEN
%, mini-gene AT T A T /8F— /P
TALTBME I eI, vV ABRT ¥
F (v AR) TIEMBNL 773U —D 3
DONIZX YU TADAF v T HEIZE < DI
%L, CELF 7 7 X U— (#iZ CELF3-6) i
TEYUVIARGLLICAT T AZIED
ZENbhotr, £z, MBNLI DR T 5 A
7% CELF BUZE 2 121X, CELF4 28
—HIEMER RN D AV LT,
3) DM fiiZ3i) 5 MBNL1 O3 H

Wiz ) 7B A 5 PCR % T MBNLI
DA, DM BE 21 ] L REXRE 12 41T
R A DM OFFNRED, Diphoin
MRPIR L LT O HEEEN RN 2T,

3. WMBAETAEMELTOHYR b
=R N
1) ALY AR T, Purkinje BRAEDER
MZEREREZ AT D

MBLLIEETOHYARTLEN L,
B QEERBDITHL b oY, HE R
(2 & BB ARG TR T L A ZOfE
K CIEZE LB OB RITFE O b iz o
7=, FIEER T, BEMAHE & His RICH
TALERO | HEkkE, AFHE»D His
WE CEMATRIIRD bighnole, =T
Purkinje fRHE CIX R TURAEB RO

LW ZERI S BLEE S vl

ZEAEME DR LA T ¥ AR Purkinje
BRHEIZ B D u-calpain OFRMAEIRFT L T2,
FIE RGBT, ¥ A K Purkinje
FRHEIZBRJE L Tu-calpain @%éfﬁf%ﬂﬂi)l
B, ZEf b 2 OB HE TR BEIRE
ZERA % D BRAE T HEZZI %Ebfwto
) YA br 74— RMIE T, cardiac

e

[\

Troponin-I1 23 HH X5

ELISA #E& AWT, BivAROME 2R
BLi-e ZAh, ERABRNLIIERES
nTWRNoIs L, HYAROMEND,
B & fE T 40 ng/ml @ cardiac Troponin-I 234
i, £Z TlyEs» o Alomin KO 1gG
ZBRE Li-t%, SDS-PAGE %17 o THRAVHT
&% F 7o Western 47 & 1T - 126 R,
calpain IZ & 5 cardiac TN-1 D3 EEEY) & & %
Hid 18 kDa K TF 14 kDa @ band 3R H &
N, B, HYAROMIE TIE cardiac
Troponin-T BRHIND T L bdH o773,
non-specific & ¥fif s N7z,
3) i ¥ A K Purkinje ##E TIX cardiac
Troponin-1 D fEZ AL LTV D

fi Y AROMIET, calpain (28D &EX
b5 cardiac Troponin-1 D43 fi#FEY) % K th

LT, TOSEN EOlEes - i TE L
TV 5 D7 micro-dissection IZ L D R{E%2HE

L7 BT LT, TORR, Y ARD
Purkinje # HE (2 B W T D A,
Troponin-1 DO fEEM I iz, Ll
FrRPEZ AVl kan
FERTIE, REQREEIRON 1T,
4) Wifrfb &7z cardiac Troponin- I {Z=t
FE AL ST B ATREMERE

Y ARD T v mBRHE DV TG
D, LTOBREER, Ov=2rg 7
2y MMZ &Y cTnl 23p-calpain & & 5 Er 1k
BRI HEICHET S, 1918 kDa B LT
14 kDa QWA SR Sz, £z, miFY
VIMIBW LR TFREOW A LSz
cTnl DR E N7z, @QFREMEMILTE T
Y AR® Purkinje MHECTILIER S HRRIZ
Ee~ ubiquitin 3 X Y MuRF-1 OV ZeE i
R, cTal LEXFEER LI, QREL
FRIBIC R D, 2% F o Abasid i hik
cTnl 23 &,

cardiac



4. A F A FF B aR Il
1) 4 X#! pro-myostatin {5 D cloning
Pensylvania K% ® Teji Khurana {# 1 & #[7]
T, 4 XHD pro-mYostatin BrTosn—
=27 xEDT, A XE O myostatin {2k
LR ERS TS EIFEEL WD T,
promyostatin Z KBAET D57, H DWW T
AAV X7 FZ—ITHAIAAT, Y AR
THREGEEE XTI\,

D. &8
L 22— b r 7 VBAETF OB H5
#

d— BT 4 AT EE—HTA-Z— b
SR AN OVEONL | NN NNk E NN N
KIGIZBT 2 BEFECEE 2 RE 2 R
TERNDNS T,

B, LHTO A-z— ka7 4 o O%
B, -7 —F% % & 127 kb @
5’-flanking region TiI 14 Tid/e <. O
W2, oy - BDUETHDL EEZ LI,
VA Aok R e < el N GV Nl = SV AN
- & LTE<<ARtEohsEEE 7 0 —=
7L, LKL transgene ([ZHAIAIE D b
FUAVx=y Iwy AuEH L,

FORER. B, LAICRITS=2— b
n7 g COREFREIG. 22— br T g
fZFDA v ha 2T fR203 o7 DUE &4
13 BTz 128 bp D= s R EE A
BEZEZHS THDLEERDNoT. 5HIT D
DTN —ITHEE T DR F DRE &
DOLFETHD.

o, TOMIF VAV 2=y )y v R
HR DM AR % b & EMA T, = — b
074 ORBVEERT D AREEOH D1k
A% high-throughput DR 7 J —= 7T
BLTWSTETHD, £ LI{LEWN R
ONIUX VA IR T 4 URRBLTERIS
YA ba T 4 —IZBWT, HEErRELS

HHPA a7 —BEICRONDHENE
R HIRFRIE ORI SN D,

—J7. Fxid IL-6 1T Lo THEMO 2—
R 7 4 COFEERR mdx FHICBOTHES
NOFELEHE L TWBH D (Fujimori et al,
Hum. Gene Ther. 2002) ., IL-6R OFRI| L~
DMEVD & XERRATIZ, gp-130 MAEREHIZE
WL UL THBE L TWHWBEENRSEDLNY
hyper-IL-6 DF ZEHIfF S5,

Z— ka7 42 mRNA ® 3-UTR (ZFEA
T552kDa DERIL, 7T/ UANREAN
Bz — b7 4 mRNA OLEICE
boTnbLEX NN, 5H%ITEDOHT
BEORIENMLETH D, LATHRA DI RT
{T21T7T 7 DA NVAEANLY mdx i &E
ALTWARWa Y ha— /O microarray
L AMENEBETFO/BBRLES LEabY,
BEXOFEHEZE>TVWDHEZATH D,

2. DM Y v— BT H RNA HEE
HE

SEIOERIZE YD AEAIZIEY B— |
RNA AT 20 T EE /RN H 5
ZEMB LI o7, £, DM ORIER
RiZ, CUG & CCUG V v'— rofiR & &2
b TWa 2, Fhlcb o BB L&
MBNLI/EXP B Z D EN bz b A7
BT ENHB L,

IREME T A b7 4 —DOEERZRERE,
flix DBGBTORTTA 20 7 & DHI%EE
ZNORLLDTHDHZ EVRALMNITR-
T& T, BIZIE, vV AERT v R2VEE
FTIEH. =XV U TABAD ERPIELE =
FUMAY, iSRRI ERTE
THRENE SN AN, =X Y 2 TA BRIE
SNDEEFMOERTF v XM D, Rl
FERBEM T, BEERAH THLOND A
T T D, CELFA M END L
MERIAYC& | MBNL1 28 E23 % & IEF Az /2



Do TDOEIIT, EERNTIZIZO 2 2O
FGUANENTNDEBEZLILD,

EZ AN, RNAFKAE X /7 BEOREE
MWL THEZDNRTUAREN, bbb
MR- TLE D 2 ERABETHL NI
mol, Sk, THHRNAREES /N7
BHIRFEOENE L TRTRETHD T
ENRbhotz,

2. YRR T 4=RIZBT S LR
HER OB EE

YA b r T 4 —ROLRBIEER T
Purkinje fRAE I RN Ao Ea B S BEE S,
L2y h F il idp-calpain 5L TW5 Z
ENH BN o7, mdx v U AEKDG T
IXEART 2 B u-calpain DB AR ST
DM Y AR TIIAERLHPEE SN DL
ANCRH STV D Z &b b REFBREN
wREWZ B, BT, £ ¥ AR Purkinje
BRMETIE, calpain (2 X & cardiac Troponin-I
DoEEALT, Lyt O RpEYH I T
BRHENDZ EEW LT LI, ZOHIFRED
BT D& AR, KO3 RUCENTE D,
(1) Mm% cardiac Troponin-I % ¥ X k&
T4 —ICBIT D LHEEDw— & LTH
HAT& RN AEENT,

(2) calpain {Z & % cardiac Toroponin-1 ® 47 fi#
MY A ba 7 0 —RIZBIT S Purkinje ##
HEDOEEDRR TH L REMEN D D,

(B YA bu 7 —OBBHEEICRENT,
calpain 23D 72 1% E 2 7o LTV 5 AEE
R 5,

& 62/ Y A2 RO Purkinje BrHE T X, BT
{t&N 7z cTnl # MuRF-1 {2 &> T2 EFF
MeshTaresxFr- 7a77V—L0%
W&o TH Ry B R & ST TR
MELTWHAREENRZZLLND, £z, Z
NEORERNL VA Ma 7 4 — OB
BICHLMEMRE RO EXF s

LTWARBEMERTRBR I N, 36T, I
SOWIRERITI NS, VA X —H
AT exF e uT T Y — AREHN
YA NRT 4 —ZRTDHRBIEEL L THR
FENAZREZERERBL TN,

3. myostatin blockade ® ] RE4%

myostatin blockade (2B L Tik, KR#E D
myostatin DOFLIE Z YT 2 DIZIT R BT
BENDT-0., propeptide DIEELZ BT
B, Y ARICEIT D ial OFRERPHIFFS
b,

E. &

&
k

- S

1. FUAV =y vy A N
fRETIZ LY, =— e 7 g VEBEBF A-
Tat—F OIEERH LN 0T,

2. oZ—hRT7 4D A TRE—FDL
MICEIZA by e m oY —%
HRELELOE VR —F —HEET
LacZ |2 O &, NTF VAV =v i<
DAEEHL, 2 A VRSB, b
IZ, 2OV U ADREHR NG, A be
Voo mUNU—NERG L LHIZE
FAHZ— b7 CEETFREBRGE
WBWTEEREHZRZLTND
EMRHABEMNI T, %, =— b
n7 4 VORBEBRERL LT X
D AREMED Y,

3. IL-6 MW —hu 7 g UIBEEE
%, 5% hyper-IL-6 Z W TE DR %
Bt LTV TETH D,

4, 2— a7 4 OREIERITIL, 52 kDa
® mRNA f§& ZECK-F 2o T
WAHEBZLON SRITEDIn—=
THEED T LERS D,

5. MEMEYA a7 4 —OFIKIZD
e BDIERE, RKBETEDOHOTIE
72, YE¥—hrEIMPIIEEILTWY
HIEDHALNI ST, £ T,



G.
I.

BV E—-MIBETHHRFEZIRLE

& Z A, CUG-BP = MBNLI 72 &<

DD RNA FEEF 7 BRMERIC

BRoTE, RNA fas vV E

MBNLI 28 DM IZR AU E— |

RNA IZEG L, EHEZHBETHD

RNA A7 547 haBHLITS

Z & T, DM OEERIEREFER ST

TWADRIREMERfER S i,

YA b7 4 —ROFECERIZE
VT Purkinje BRHEDSBEID HRINAY A2
ZEREMEE AT, LB RIENZ  -calpain
DEBLTWAZEERALMNMI L, &
51T, calpain OEMRAICL Y,
Troponin-I 343 L, Z A LHEEZ
DR TV D RETREVEZ HI 0 THiIf L
7=,

u-calpain {2 K> TR L E 32T & &
Z. B L5 cardiac Troponin-1 (¢Tnl) 23
EF X LB TV B M R
Az, RHRMETIZ, ubiquitin B8 L
MuRF-1 DY EMEEZFE D, cTnl & L RIE
ERLE, EblcavxFuflsn
cTnl BTy 23t S iz,

flh ¥ A b @ 7 4 — KR IZ myostatin
propeptide % #5342 (i D 72 D DO HFFE
DT, A4 XAD pro-myostatin ER
F% cloning L7z,

cardiac
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Abstract

Skeletal muscle regeneration has been exclusively attributed to myogenic precursors, satellite cells. A stem cell-rich fraction referred to
as side population (SP) cells also resides in skeletal muscle, but its roles in muscle regeneration remain unclear. We found that muscle SP
cells could be subdivided into three sub-fractions using CD31 and CD45 markers. The majority of SP cells in normal non-regenerating
muscle expressed CD31 and had endothelial characteristics. However, CD317CD45™ SP cells, which are a minor subpopulation in nor-
mal muscle, actively proliferated upon muscle injury and expressed not only several regulatory genes for muscle regeneration but also
some mesenchymal lineage markers. CD317CD45~ SP cells showed the greatest myogenic potential among three SP sub-fractions,
but indeed revealed mesenchymal potentials in vitro. These SP cells preferentially differentiated into myofibers after intramuscular trans-
plantation in vivo. Our results revealed the heterogeneity of muscle SP cells and suggest that CD317CD45™ SP cells participate in muscle

regeneration.
© 2006 Elsevier Inc. All rights reserved.
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Adult skeletal muscles have a remarkable ability to
regenerate following muscle damage. This regeneration
has been attributed to satellite cells that reside between
the sarcolemma and the basal lamina. Satellite cells are qui-
escent mononucleated cells in normal conditions, however,
in response to muscle damage, they become activated, pro-
liferate, and then exit the cell cycle either to renew the qui-
escent satellite cell pool or to differentiate into mature
myofibers. Thus, they have been considered to be the myo-
genic precursor cells that give rise to myoblasts and the sole
source of adult myogenic cells [1].

In 1998, Ferrari et al. (2] have demonstrated for the first
time that bone marrow (BM)-derived cells contribute to the
skeletal muscle after BM transplantation. Side population
(SP) cells were first identified in bone marrow based on
the ability to exclude Hoechst 33342 dye as an enriched

" Corresponding author. Fax: +81 42 346 1750.
E-mail address: takeda@ncnp.go.jp (S. Takeda).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
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fraction of hematopoietic stem cells (HSCs) (3], later, it
has been reported that they also participate in muscle
regeneration [4]. Studies using whole BM cells showed that
BM-derived mononucleated cells display several character-
istics of satellite cells, suggesting that donor-derived BM
cells contribute to muscle fibers in a stepwise biological
progression [5,6]. However, using single HSC transplanta-
tion experiment, Camargo et al. [7] suggested that cells
committed to the myeloid lineage contribute to muscle
through fusion event. Therefore, multiple mechanisms
underlay contribution of BM-derived cells to skeletal mus-
cle regeneration.

SP cells have been also identified in skeletal muscle [4].
Muscle SP cells cannot only reconstitute the hematopoi-
etic system of lethally irradiated mice [4,8], but also dif-
ferentiate into skeletal muscle cells [4,9]. Furthermore,
they have been reported to participate in vascular regen-
eration [10]. Several lines of evidence suggest that muscle
SP cells are a cell population distinct from satellite cells
[9,11-13]. While muscle SP cells possess these attractive
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features, they have been reported to be heterogeneous
population. In fact, muscle SP cells contain both
CD45% and CD45 cells, and hematopoietic potential
has been exclusively found in CD45% fraction [8,9]. As
regards the myogenic potential, both CD45" and
CD45™ fractions have been shown to differentiate into
skeletal muscle cells [9,14], but there is no comparative
study dealing with subpopulation of muscle SP cells dur-
ing muscle regeneration.

In the present study, we have further divided muscle SP
cells into three sub-fractions using CD31 and CD45, exam-
ined the properties of each sub-fraction, and identified a
novel subpopulation (CD317CD45™ SP cells) that showed
the greatest myogenic potential both in vitro and in vivo.
These results provide a new insight for stem cell-based ther-
apy of muscular dystrophy.

Materials and methods

Animals. All procedures using experimental animals were approved by
the Experimental Animal Care and Use Committee at the National
Institute of Neuroscience. Eight- to ten-week-old C57BL/6 mice were
purchased from Nihon CLEA (Japan). GFP Tg mice were provided by
Dr. M. Okabe (Osaka University) and used in cell transplantation
experiments. NOD/scid mice provided by the Institute for Experimental
Animals, Japan, were used as recipients.

To induce muscle regeneration, 100 ul of CTX (10 uM in saline,
Wako Chemicals) was injected into the tibialis anterior (TA) muscle with
a 29-gauge needle. In FACS analysis experiments, CTX was injected into
TA (50 pl), gastrocnemius (50 ul), and quadriceps femoris muscles
(25 ul).

BM transplantation was performed as previously described {14]. Mice
were subjected to analysis 12 weeks after transplantation.

Antibodies. Mouse Berp-1 cDNA was provided by Dr. A.H. Schinkel
[15]. A DNA fragment corresponding to cytoplasmic domain of Berpl,
amino acids 300-337, was fused to GST in a pGEX-4T-2 vector (Amer-
sham Biosciences), and the fusion protein was used to immunize rabbits.
The serum obtained was affinity-purified. Other antibodies used in these
studies are listed in Table S1.

Cell preparation and FACS analysis. Muscle-derived mononucleated
cells were prepared from C57BL/6 mice, GFP Tg mice, or GFP-BM
transplanted mice as previously described [14]. Hoechst staining was
performed as described by Goodell et al. (http//www.bem.tmc.edu/
genetherapy/goodell/new_site/protocols.html). Cells were re-suspended
at 10%cells per ml in DMEM (Invitrogen) containing 2% FBS (Trace
Biosciences), 10 mM Hepes, and 5 pg/ml Hoechst 33342 (Sigma), and
incubated for 90 min at 37 °C in the presence or the absence of 50 pM
verapamil (Sigma). During incubation, cells were mixed 3-4 times. For
analysis of Ac-LDL uptake, 10 ug/ml Dil-labeled Ac-LDL (Biomedical
Technologies) was added. After antibody staining, cells were re-sus-
pended in PBS containing 2.5% FBS and 2 pg/ml propidium iodide
(PI) (BD PharMingen).. Cell sorting was performed on a FACS
VantageSE flow cytometer (BD Biosciences). Debris and dead cells
were excluded by forward scatter, side scatter, and PI gating. Cell
viability after staining and sorting was comparable to that previously
reported [14].

RNA extraction and RT-PCR. Total RNA was extracted from 1 x 10
FACS sorted cells by using a RNeasy Micro Kit (Qiagen) and then reverse
transcribed into cDNA by using TagMan Reverse Transcription Reagents
(Roche). The PCRs were performed with 1 pul ¢cDNA product under the
following cycling conditions: 94 °C for 3 min followed by 40 cycles of
amplification (94 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s) with a final
incubation at 72 °C for 5 min. Specific primer sequences used for PCR are
available on request.

Cell culture. SP cells were cultured alone with growth medium (GM);
DMEM containing 20% FBS and 2.5ng/ml bFGF (Invitrogen) in
chamber slides (Nalge Nunc) coated with Matrigel (BD Biosciences) for 3—
5 days. For osteogenic differentiation, the medium was changed to a dif-
ferentiation medium (DM), 5% horse serum in DMEM supplemented with
or without 500 ng/ml recombinant human BMP2 (R&D Systems), and
cultured for 4-6 days. For adipogenic differentiation, cells were exposed to
3 cycles of 3 days of adipogenic induction medium (Cambrex Bioscience)
followed by 1 day of adipogenic maintenance medium (Cambrex Biosci-
ence) and then cells were maintained for five more days in the adipogenic
maintenance medium. Alkaline phosphatase (AP) was stained using Sigma
kit #85 according to the manufacturer’s instructions. To stain lipids, cells
were fixed in 10% formalin, rinsed in water and then 60% isopropanol,
stained with Oil red O in 60% isopropanol, and rinsed in water. For
myogenic differentiation, muSP-31, muSP-45, or muSP-DN purified from
GFP Tg mice were co-cultured with myoblasts prepared from C57BL/6
mice as previously described [16,17] in GM. DM was supplied 3-5 days
after starting co-culture.

Osteogenic activity and myotube-forming activity were determined by
the following formulas: osteogenic activity = [the number of AP cells in
seven randomly selected fields (corresponding to one-tenth of the whole
area of the well)}/(the number of seeded cells) and myotube-forming
activity = (the number of GFP* myotubes in seven randomly selected
fields)/(the number of seeded cells). In order to measure the extent of
adipogenic differentiation, stained oil droplets were extracted for 5min
with 100 pl of 4% Nonidet P-40 in isopropanol, and the absorbance of the
dye-triglyceride complex was measured at 520 nm [18]; then, adipogenic
activity was determined by the following formula: (the absorbance at
520 nm)/(the number of seeded cells).

Intramuscular transplantation experiments. muSP-DN or muSP-31 cells
were purified from GFP Tg mice and were injected directly into the TA
muscles of NOD/scid mice. One day before transplantation, host TA
muscles were treated with CTX. The number of transplanted celis is
indicated in Table 1. Three weeks after transplantation, TA muscles were
excised and fixed in 4% PFA for 30 min, immersed sequentially in 10%
sucrose/PBS and 20% sucrose/PBS, and frozen in isopentane cooled with
liquid nitrogen.

Immunohistochemistry. FACS sorted cells were collected by Cytospin3
(ThermoShandon). Cells were fixed with 4% PFA for 5min. Frozen
muscle tissues were sectioned using a cryostat. Specimens were blocked
with 5% goat serum (Cedarlane) in PBS for 15 min and incubated with
primary antibodies at 4 °C overnight, followed by secondary staining.
Stained cells were mounted in Vectashield with DAPI (Vector) and pho-
tographed using a fluorescence microscope 1X70 (OLYMPUS) equipped
with a QuantixTM air-cooled CCD camera (Photometrics} and IP Lab
software {Scanalytics Inc.). Stained muscle sections were counterstained
with TOTO-3 (1:5000; Molecular Probes), then mounted in Vectashield
(Vector), and observed under the confocal laser scanning microscope
system TCSSP (Leica).

Statistics. Values were expressed as means & SD or 4 SEM. Statistical
significance was assessed by Student’s ¢ test. In comparison of more than
two groups, one-way analysis of variance (ANOVA) followed by the
Fisher's PLSD was used. A probability of less than 5% (P < 0.05) or 1%
(P < 0.01) was considered statistically significant.

Table 1
Appearance of GFP* myofibers after intramuscular transplantation

Cell type Experiment Number of injected Number of GFP*

No. cells/TA muscle myofibers/TA muscle
muSP-DN cells Ex. 1 1.7 x 10 14

Ex. 2 2.5% 107 9

Ex. 3 2.5x% 10° 0
muSP-31 cells  Ex. | 1.6 x 10° 3

Ex. 2 1.6 x 10* 0

Ex. 3 1.6 x 10° 0




866 A. Uezumi et al, | Biochemical and Biophysical Research Communications 341 (2006) 864-873

Results

Most muscle SP cells are found in a subset of capillary or
vein endothelial cells in non-regenerating skeletal muscle

We identified verapamil-sensitive SP cells in skeletal
muscle after Hoechst staining (Fig. 1A) and analyzed the
expression of several markers on them. The majority of
muscle SP cells were CD317, usually recognized as a mark-
er of endothelial cells (Figs. 1B-E), and negative for a pan-
hematopoietic marker, CD45 (Fig. 1B). More than half of
muscle SP cells were CD34", and Sca-17 cells comprised
90% of muscle SP cells (Figs. 1C and D). Compared to
FACS profiles of whole-muscle-derived cells, SP cells were
enriched in Sca-1" cells (Fig. S1). More than 85% of muscle
SP cells were CD31% and took up acetylated low-density
lipoprotein (Ac-LDL), a functional marker for endothelial
cells and macrophages (Fig. 1E). These results indicate that
most muscle SP cells have endothelial characteristics. Only
cells in the main population (MP) were found to be Pax7",
indicating that SP cells do not include muscle satellite cells
(data not shown).

To examine the localization of muscle SP cells, we gen-
erated a rabbit polyclonal anti-mouse Bcrpl antibody,
because it has been reported that Berpl is the major deter-
minant of the SP phenotype [19]. Our antibody clearly rec-
ognized Berpl expression in liver, small intestine, and
kidney, as previously reported (Fig. S2) [20,21]. We con-
firmed that Berpl antibody recognizes more than 80% of
SP cells and less than 3% of MP cells collected by cytospin
(Figs. 1F and G). In skeletal muscle, Berpl™ cells were
found outside the muscle basal lamina (Fig. 1H), which
clearly distinguished Berpl™ cells from satellite cells. Next,
Berpl expression in the vascular system was investigated.
CD?31 staining identified all endothelia from larger vessels
to capillaries in muscle sections. Intriguingly, Berpl was
expressed by CD31-expressing endothelial cells, and its
expression was preferentially observed on a subpopulation
of capillary endothelium (Figs. 1I-K) and venous endothe-
lium surrounded by thin vessel walls, as revealed by
a-smooth muscle actin (aSMA) expression (Figs. 1L-N).
These results, together with the results of FACS analysis,
strongly suggest that the majority of muscle SP cells are a
subset of endothelial cells present in capillaries or veins in
non-regenerating skeletal muscle.

Behavior of muscle SP cells during muscle regeneration

We next examined the kinetics of SP cells during muscle
regeneration induced by injection of cardiotoxin (CTX).
After CTX injection, the total number of mononuclear cells
per muscle weight gradually increased, with a peak at day
3. The number of SP cells also increased and reached its
peak at day 3 (Fig. 2A). Muscle SP cells could be divided
into three subpopulations based on CD31 and CD45
expression: CD31"CD45~ SP cells (designated muSP-31
cells), CD31°CD45" SP cells (muSP-45 cells), and

CD317CD45~ SP cells (muSP-DN cells). muSP-31 cells
and muSP-DN cells distributed throughout the SP tail,
but muSP-45 cells were located close to the shoulder (data
not shown). The majority of muscle SP cells in untreated
muscle were muSP-31 cells (Fig. 1B). During regeneration,
however, muSP-45 cells and muSP-DN cells increased in
both their ratios and their numbers (Figs. 2B and C).
Although CD45™ cells were abundant in whole muscle-de-
rived cells during regeneration and most of them were F4/
80 antigen-positive mature macrophages, SP cells did not
contain any mature inflammatory cells, as previously
reported (data not shown) [14].

To clarify the origin of each subpopulation of SP cells,
BM transplantation experiments were performed. We con-
firmed that muSP-45 cells were mobilized from bone marrow
as previously reported (Figs. 3A and B) [14]. In contrast,
both CD45~ SP fractions are residents of skeletal muscle
(Figs. 3A and B), consistent with the results reported by Riv-
ier et al. [22].

Next, to determine whether each subpopulation of SP
cells proliferates in damaged muscle, cells were stained with
Ki67 antibody. Most muSP-45 cells (Figs. 3C and D) and
muSP-31 cells (Figs. 3G and H) prepared from regenerat-
ing muscle were negative for Ki67, suggesting that the pro-
liferation activities of these two fractions were low. On the
other hand, about 60% of muSP-DN cells were positive for
Ki67 (Figs. 3E and F), indicating that muSP-DN cells
actively proliferated during muscle regeneration.

We next examined Berpl expression on three sub-frac-
tionated SP cells and found that only muSP-31 cells were
Berpl-positive (Fig. 3K). These results suggest that some
ABC transporters other than Berpl are responsible for
the phenotype of CD317 SP cells.

Gene expression of muscle SP cells during muscle
regeneration

Our analysis revealed that each subpopulation of SP
cells showed distinct kinetics during muscle regeneration.
To better understand the traits of muscle SP cells, we ana-
lyzed gene expression during muscle regeneration. Three
subpopulations of SP cells (in following experiments,
muSP-45 cells from untreated muscle were omitted because
of their low yield) or MP cells were collected from each
time point during muscle regeneration, and RT-PCR was
performed. We chose several myogenic (Pax3, Pax7, and
myf3), endothelial (Tie2, Flkl, and vWF), and mesoder-
mal-mesenchymal-associated («SMA, PPARy, Runx2,
PDGFRo, and PDGFRp) genes to clarify lineage character-
istics of the target cells. We also examined expression of
genes of developmental regulators (msxI, Frizzledd
(Fzd4), Patchedl (Picl), and BMPRI A), angiogenic factors
(angiopoietin-1 (angl) and VEGF), and TGF-f superfamily
antagonists (follistatin and DAN). muSP-DN cells from
untreated muscles expressed only PDGFRf, Ptcl, angl,
follistatin, and DAN (Fig. 4, cont, lane 1). Neither myogen-
ic nor other lineage-specific markers could be detected in
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Fig. 1. Characterization of skeletal muscle SP cells. (A) Flow cytometric analysis of muscle-derived mononucleated cells after Hoechst 33342 staining with
(lower panel) or without Verapamil (upper panel). The numbers indicate the percentage of SP cells (blue pentagons) in all mononucleated cells. {B-E) The
expression of CD45 (B), CD34 (C), Sca-1 (D), and Dil-Ac-LDL uptake (E), and CD31 {B-E) on muscle SP celis. The percentage of cells in each quadrant
is shown in the panel. (F,G) Immunofluorescent staining for Berpl (green) and DAPI counterstaining (blue) of freshly sorted SP (F) and MP (G) cells.
Immunofluorescent staining for Berpl (green) and laminin o2 chain (red) (H), Berpt (green) and CD31 (red) (I-K), and Berpl (green) and a-smooth
muscle actin (red) (L-N). TOTO-3 nuclear staining is shown in merged images (blue in H, K, and N). Berpl-positive cells are located outside the basal

lamina (arrow), and they are partially overlapped with endothelial cells of capillary (I-K) and vein (L-N). Bars: 50 um in (F,G), 20 um in (H-N).
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Fig. 2. Behavior of subpopulations of SP cells during muscle regencration. (A) At | day (1d), 2 days (2d), 3 days (3d), 5 days (5d), and 7 days (7d) alicr
CTX injection, the number of total cells (pink line) and SP cells {bluc line) per gram of muscle weight was quantificd. (B) At 3 days (3d), 5 days (5d), and 7
days (7d) after CTX injection, muscle SP cells prepared from regeneraling muscle were analyzed for CD31 and CD45 cxpression. (C) Cell numbers in
subpopulations of SP cells. muSP-45 cells (light bluc bar) and muSP-DN cells (dark red bar) were significantly incrcased in number during muscle
regeneration. Values (A,C) are the average of three independent experiments. Error bars represent SD.

this population indicating that muSP-DN cells do not con-
tain cells committed to the lineages tested. At day 3 after
CTX injection, muSP-DN cells began to express develop-
mental regulator genes (Fig. 4, 3d, lane 1), and then at
day 5, they also began to express several other lineage-spe-
cific genes (Tie2, aSMA, PPARy, and Runx2). Angiogenic

factors and TGF-PB superfamily antagonists were also -

strongly expressed at this time point (Fig. 4, 5d, lane 1). In
contrast, muSP-31 cells continuously expressed all three
endothelial genes analyzed throughout the regeneration pro-
cess (Fig. 4, lane 2). Expression of mature endothelial mark-
er, such as vWF, suggests that muSP-31 cells represent
committed endothelial cells. muSP-45 cells expressed only
low levels of aSMA, PDGFRp, and follistatin at day 5 after
CTX injection (Fig. 4, lane 3). Myogenic markers, Pax7
and myf5, were detected only in the MP fraction (Fig. 4,
MP) indicating that myogenic cells are completely sorted
into the MP fraction even during the process of muscle
regeneration.

Differentiation potential of muscle SP cells for mesenchymal
lineages

muSP-DN cells showed a unique gene expression pat-
tern during muscle regeneration process: they began to
express several mesenchymal genes at a late phase of mus-
cle regeneration. Therefore, we examined the mesenchymal

potentials of muscle SP subpopulations. muSP-DN cells
from untreated muscle readily gave rise to alkaline phos-
phatase (AP)-positive cells when cultured in the presence
of bone morphogenetic protein 2 (BMP2) (Figs. 5A and
C). With adipogenic induction, they also differentiated into
adipocytes containing numerous lipid droplets in the cyto-
plasm (Figs. 5A and D). Reflecting the results of gene
expression analysis, muSP-DN cells from regenerating
muscle more efficiently differentiated into osteogenic cells
and adipocytes than those from untreated muscle did (Figs.
5B-D). Unexpectedly, muSP-DN cells from regenerating
muscle also differentiated into adipocytes without adipo-
genic induction (Figs. 5B and D), suggesting that they
are susceptible to adipogenesis under our culture condition.
In contrast, muSP-31 cells did not possess these differenti-
ation potentials (Figs. 5A-D). Nor did muSP-45 cells,
which were dramatically mobilized from BM into regener-
ating muscle (Figs. 5B-D). The attribute of differentiation
potential is therefore a feature of muSP-DN.

Mpyogenic potential of muscle SP cells in vitro

We next evaluated the myogenic potential of muscle SP
cells in vitro. When SP cells were cultured alone, they never
differentiated into skeletal muscle cells (data not shown).
Fach subpopulation of SP cells was prepared from GFP
Tg mice and co-cultured with wild type (WT) primary



