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FEFEE SER TERFRFREFHERBERRFEERY HiZ

i a=1

FEREMEIRAR B DA E (23 L CIT o i DIBHE /N EIR (N F R Z R I 0B RelfHas AnT
B FRELBEOICRET Lz, TORRICESE RAETVEERL TREITL, 2 E TR
K+ & LT, DR RINEETRE F Csx, B 3 v 7 o FHliHIR+ HSF-1, ERGMIRHEERF 7 7 X U — (EGF,
HB-EGF) , #h{& 87K 7, M #HAERERF (VEGF, VEGE Lt 7% —), #~4Y  B#EET (caveolin-3)
Y xR, o LAEEER A U CEREEEE 12-lipoxygenase, A — b7 7 V—BEER T EFE L, T
17 FEE I H B O BNRE L AL TRATUED L LN A /MAEA b L ABEEE TIZOWTO
v U AETNVOER - T EZITV. ZRODOLALEERT L L TORRL TR THT — 2 2B TND, L
RTSFIE &k, O - MiEEIcw 35 H AR (autophagy) R EFF o -7 a7 7Y —LHK
(ubiquitin-proteasome system) 72 &0 & X7 MG ERDEEIZSW TR 28D, £ b OTLEIZ LR O
it 5 R OEFBREETHAZ ARG LT, FRk 17 EEIZIE, FELFHEICRST2 770 YV —
DT ONWTRIEHBFIRBEIT o2, TOFRER, EME L LITHIIENIZ HDACs [BIERERLCE A KA R
LIV, ENHIEFZEXFFURCLBETH - &b, ARLFHHIZEBWTT 77U Y — A3 UL i A
A MHERCHIIEIEIZ B 54 B RTBEME RIS S v fe, FEE OIXTR 15 FEIIE, RIEMEY A M1 D5
BT & FURFEVEY A bV A L ORBUR T PR RMEILRBEOHEOTFHERRRFTHDL Z EEHRL TV
AR, TERR 17 4R BENC I J00E OO B U 2 DB L O BIEEE S DB TR O T RIVER T Th B 2 £ 2B 5
M LTz, FEFSOT —FREEL OT — % (X DNA chip 0% U A DB TH LN R, FICR20 TR
TLEDOH LN DHELTHEEBICEEL TOWAAEE LR EIND Z &b, SHIRE SN BETRIL,
SBRREILRELOEZ SO OARRIBROZ— 7y e 55 & Bbhvi,

W AEL:D) B AETVEERL, DAREREEHE~OE S %

RS MR O FE DR EIIRIEFR A TH 5. KR
T, DIEHRE N FM (SF R FH) I TEHELRER
Gl % F O TR 72 BAS F R BUMHT . % BRARAT &
79, TORBREBONTEERELLIITIAETVE
TERf L. FFEMEIERAREL L A E O RIEB R FOFE % B
T L E BT ORI EROMAEIT I,

B. WA

DIEHE N FIT (NF 2 FZFM) IS THE LR AL
726 RNA B 70 & 3% L DNA chip f#hT 217 = 72,
FORBRIZL > THLNAE WL O OEEFIZONT

Bt Lo, RARUHORBFEPIRETbIT T, £,
—EOF T AEFMALTING OBREFRBICEE
ZRATTREEDH DR FIZONTHIRE LT,
(i E~O i)

NF 2L FMIC T REINT LR 2 AWz
LT, ZNFNOBROMBEESORRBICESZ
M-, Bz, BENLOAL T4 —AFarzy b
DERECHEROBEA I L2 EAEROFREIZILH5
BE Lz, vUAORYFDIZHE L T, Mgk 0
WD FCREIZRE, BEHEOREMIIDO oL D
REREREGZD I ENRNET S REEE LT,
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AT Fr—hRarvey bah, NFRLFROERI
IR LIEFI O ELFHY o A2 B L, ER
15-16 FRITITRIEVET A U A o DFBETUHE & Hik
SEVES A b A 2 DORBE T 2SR IR AR O A5 5
THARKFTHDIZ L, EOREEDOVESELT
coxsackie B virus DFifitERGOBEENEZ b b Z &
ZREE LT, R 1T R, N DORIEDOFER
& LT OLFRMEALDR N T A & FFE O T &AM
bHZEEERET ML VAL NI LR,
VRTREBFRMREHIC L > T, BE &R (autophagy) <
abEXF -7 aT T Y — A% (ubiquitin-proteasome
gmwoﬁ@@?yﬂ7gﬁ%%ﬁ%%%%%@b%ﬁ
IZBWTRO D LHMAmAENE - MAasICiES LT
WHZ EEME L, MiaNOBby s B Y,
P 72 7cH A4 (misfolding) 22 L2 REp & 2%
TENACXF T aF T Y — ARONEEEHE 2
ZTHEMT A0, T2 F -7 0T 7V —A
FROWLEENPIR T T 5 & REX 7 BITBENRE
BRLL, BEBIIZHZEINTT /Y VY — L& BRTH
LEND, B, B A RUBLT EFLEESE (HDACs)
T 7)Y = LRI E T S Rl s iz, £
TR 1T I, ARLBHRCRTAT ) Y
— L OWTHARSF IR A 2 M A 7o, FORER, Bk
L 72 D AAEIC HDACs BEPERERICE A B3GR 0 6
. TNHIE2EFF | pericentrin 33 O tubulin 12
LB TH 722 &b, AalffiicisneT s
Uy — LM UG EE i a O B SEIZ B 545
FIREPEASRIR X Te,

DNA chip D7 — & b UDAREBERF & LT, Lk
RUOEBET Con SR 2 v 2 5 FHIEFETF HSF-1,
ERAEIEE 7 7 2V — (EGF), /MafER LA
BEE ST (SIP), FRIRHMEHIE -7, % 7 B N 1
H_AY CEERET
(caveolin-3) 72 &%, £/ OASHERT L L TC#RL

B%5% 12-lipoxygenase, A — s 7 7 U —E#EE G TR & &

(VEGF., VEGE Lt 7% —),

FE L7, EGR FI TV FRA RS T 4 TS~
VAR LIcE A, A% 20 BLAIZ LD RETRE
T ORI OHEIC L RE E R~ U AET AN
M S, EGE L7 T ANRLAREOREABIZES HE
LTWBZ EMahoT=, DNA chip ST IZ L 0 #hiRkss
FERAF O — 2L ARRUITEE LT B AR ASRIE &
NI, EORFD ) v 770 b= o AREEZEESEKIL
RAEBSFEDOID INET~TRTHEFLTNE, £0D
R, DAREET VBN TEOR T BRHEMIEH <
ZEBWLNER o TET, 1T FEIXEORTD
LRGN, v 7T 0 hvu A MERNERERE ) ¥
7TV MU AEERLBRE LR, M N B
B 54U S B MRRITE R T 45 . DR PRI TV
DT ENRA LML o7, Caveolin-3 1L HEIR D 47~
* T B BT DHF T, eNOS Za kxR 7=
YRR N EHIE LTV D, R 16 42 O caveolin-3
FIF U MRHT 4 TRB~ T AOMPT T, a7
DR 7N LTINS 2 2 E R L M E
Ieole, ERNTEREIIZ, SHIZEDRGFAN=X A
IZNOBBIELTWENnE S hERETT 579, NOE
FERORGIZL VBN LI ZA NOBTHF—T R
(CHEERA AN ATER MG 5 2 L2 L0 Lk
BB TWDZERABNE o T, LARHER
F& LTREL7#{LEESR 12-lipoxygenase O/ v 7 7
Vb U AR AW ERTIE, LHEEEZOT R b—
AL, B, VETY SO RAR B, B
PRIBRO =Ty b e 5B LEBZ bR, FRR
17 AT LA A RSB~ 7 A B HESL L 7z,
12-lipoxygenase IEME D ERIT KBEIC L VFEEIND
ZE. TORMEWTHSD 12HETE B0 7R
F—v22FEETH Ll E2WHLNMCL T,
Autophagic cell death &~ 7 A £ /L ClL, autophagic
cell death FEEHAK 2-3 WM CILREALO AR I LR
EERIELRTT D, Bl 17T FEEIAR> T AZHNT
O HAE O autophagic cell death 3&4E & 4N+ 2 o
AN == TEITOD, W OLOBEMEEE, #i-
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A b ABERGETARE SN, T16OFEED
TOEALREICE 2 L AR LMIC L, R, H
KL TR E S AL M BlE R p53 A Pum & #i A& ERIC
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EXF =T aTT Y- AROWLERENE Z A THEM
THEERSNDT 7Y — b OSNEEELH  HEn
LTWaZ e bBEIN, Tbb, FHRMEILER
LDEEOLHHIBIZ BN TR, 2% F -7 aF 7
V= LFROWHED D VLT F ) — LOEMEEN B
0, ENSDLEHIIEZEECHIAE FEIZ B 53 B FRE
HRHBEEZ LN, ZRODOFERIE, RELIEE
i HEE{LEESE 12-lipoxygenase A4 — b 7 7 U—HHE
BFORRTTEICABT IR THLIEEZ N,
DNA chip & H 72 #EREEFRILOMT & £ bl
HEOL T U RAET VO EITIZ L - T, 7Tz
DDA EREREETARE L, &<z, HEE
DIFFET 5 12-lipoxygenase X° p53., #R HE 5 (K1 <0 I &
BRI KD D REDOREIE, BEMIC S METT ATRE
Tho, SHBEOF—Fy NV HIDEEBZLN
7o

F - IR EGFR O = 7 A %€ 7 /LR autophagic cell death
FE~ U RET ML, IR HAEIC o T
BRI Lo E mT 2 e h, JRIREORRICLEE
RETNERD DD, ER. ZNFETIRNL OO
AN LTRAZ V== T &7, T OF ARG
Shiz,
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T2 AT 8RR 2B s T BT & RE R
PRMT, 3T AW, HOVERETFELZIGAL
IR B RV ARAT I3, B RMEILER OHEOREE R T
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Nishi, J., Akazawa, H., Kunieda, T., Zhu, W.,
Hasegawa, H., Kunisada, K.,Nagai, T., Nakaya, H.,
Yamauchi-Takihara, K., _Komuro, I. G-CSF prevents
cardiac Remodeling after myocardial infarction by
activating Jak/Stat in cardiomyocytes. Nat Med
11:305-311, 2005

« Ge X, Yamamoto S, Tsutsumi S, Midorikawa Y, Ihara
S, Wang SM, Aburatani H. .

Interpreting expression

profiles of cancers by genome-wide survey of
breadth-of-expression in normal tissues. Genomics
86(2) :127-141, 2005.
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+ Akazawa H, Komuro I, et al. A pathogenic role of
autophagic cardiomyocytes death in experimentally
induced heart failure in mice. Gordon Research
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s BVESE  Genome Structural Variation Symposium
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Number Imbalances using Affymetrix SNP Arrays.
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genome to epigenome.
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REFEPEPLAR B AR AE 4 & o 72 AR L R RARF IS LE
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EMNFR AT TR BERBEEBS DTN,

B TROYEICEL TEIRECARTH D, Tk 15
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DUVNVTHEEE L, R 5 MERLR AL AR AE O 97 BEAE BRI 1300
WRIZ I BIIEMED A b B A EFRIEE) A L b A
YDRBDNT O ANEBETHY | INEREKEEOT
BICHLBEE LTV D AREEN S D Z L a8 LTz, F
% 16 SRR, R MERLRTLL AR E O AR A FRIZ virus
BPDBEE L TWD L ERRT AT — 2 &H8-, %

TCAEEL, RIEBROLHRMEL O EEE N0 EME
IMIFE DT EIZEG Z HHEBIZ OV TIHE LT,
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Lewis 7 » MZ X A 222 T immuninization % {7720,
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LML OFBRIL 4.7% 25 45.2% LIBRS A LT
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WEE E

FrREMEYE R D E (X — B DR R B F 23 > TE T b DD RE S IZREATHATH D, £ 2 TARFETIE
R FEPELRAD DAE ISR L TIT DIz DIBHE NEEIR (NF 22 FfE) [c X v B o Renfad v TE
o RBZ @R IZEYT (DNA chip i#47) 2 Z LI Ko T, FFREIEREDIHES 2 WL ODARERIED 5y
THFEZHAONCT DI L2 BRE L, Tk 16 FEE TOMPTOME, LHREEANH D LWMESNT
WOHBETEEORIBRTRETHE 7R M= RBEER T2 A ERIUEMBER AL RER LIZA, K
FELSDIY U TIVORF 2T IO, TOMKR, LHEFRERTE UTMIEX b ABEERTF £, LR
SERTF & LTRMEEERT p33 ZRE L, INOOREBETORE YV AMERSCBE LRI L BRT —
# L OREDHENT, H- RO REREROY =7y NRABOEBHTELRVS5DLE2 65,

A. WIEEE®Y

FrRPELIRB D AE 1L — MO RHE R F 013 > TE T
bODREIMBGTFERAATH Y, ECREES T 234
HALZbDTH, TOBBGFOERIZLVINMHEREE
Tl HFHFICOVWTIERRETHTH D, iz, B
KIZBTALUREDIZEALIIEMETHY, LR
DREIE D 7o & K0 ZEOYLRBLLFEDO R 42
D & W7o iBRRR 2B E F REBLOMT X ThivTu
RN, Sy REFEEE OB 10 FLL R X 0 SR LR
BUGFRIEIS X9 D LA RIRH & U CTREBIIZ N TF A ¥
Fa1T> TR0, BUERRIZMEIT ATHE 7220080 7 4% 50 BA
LEE7RoTWD, NRTFAZFRTHLNDLHAIER
EHRETH D Z & LY RNA OfiRA172 < DNAchip
FENTIZIERECH D, T TCINLOY T i Hn
TR T REE RO T 5 2 Ll Lo T, FR
PEVLRAL L AVIE & 2 VI O R BIIE DO THRF 25 6
Mzt B,

B. Wt H Ik

LE SN BT & S0 T R MR YRR T LA AE AR 30 31
axg e Uiz, SRICIIEFEHEMRITE 2R LIELHAE

RV I E AV, RNA OfBICIEs 7=V - 7
=/ —/ViEZ& Rz, Chip fEHTIZIE. Affymetric fH8 &
~ Gene Chip & RV THEHT L 72,

(M B E~DELE)
WNFAZFHRITTEBR SN LA & W
LTE, ENENDOHRDOMEEBERORBICE DX
DT, BT,
DEBLHEROBEL I LB BAEROEE T +5H

HE LT,

BENLDA LT —AFartr b

C. WFEfRER

Rl FvC DNAchip f#t 2 L 7= 2.
BEFIZBWTEOREADBRKEIIEHLLTNEZ N
MR iz, AL 16 FE E TOMITIZ TARLL TREA
DIET LTV E#EEF & L TOILHRNEER
F Csx/Nkx2.5, H&5 K 75 %8 FGFR X° EGFR, 4
T DRIZEZE 72 caveolin-3, AL 2 v 7 45 FHIEIR T
HSF-1, #RIEIETEE-F, 8 57 AR R 7 & 23 hE R
Niz, ZHEx LT, AELICTHEROTUEL T\
FRBET E LTUL, TR = ARERT AIF, #1k

f%3% 12-lipoxygenase, A — b 7 7 ¥ — BEBE R T DS D

100 FiitE D
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e MR T D E O R 20 Tl fix 2EEF0
HEANRE = PENHLTHNBEZEBNHLNE Tz,

ARELTEBRETOL N LHHFENESRF
Csx/Nkx2.5 IZ2WTHIPEL N T TICRE L TV D L
INTLHIREFEAR H O . —EOILRTLLFHIE O g
AHICEE THD RS T®R I N, Fik 16 FEE
TICH % BFEE L7 DR EBHE T T 2 BN+ %
B EGFR R 3 v 7 5 FHlEIE-F HSF-1 1225\ T
FNELNRY T RETIVENER - MRITLIZRER, &b
WL REDFREIZEDD TEETHLZ EBNnhoT,
¥ 72, 12-lipoxygenase Xk~ U A& AWMt biED 5
Fu. 12-lipoxygenase S LR RMBER 7 L LTEETH S
TEMMBNE TRt REERE LI/MaEA L
ABEETFIZOWTIE, BRPOLREFREEHNT
BEAMR G, DARITHREMIZEH Z &2 RV
LCW3d, UEDXSICARREIZA SN MERN A
BEFRIAOMTIEEE N HY . LV IR TESR
REBEFEZFRETELAMELRH D EEZ LN,

E.
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FRBEOMTEIHEICEHTHY . BohifRe~
U RAET VAT TIN5 2 £ 12 & o TR IEIRIRE O
FIEDH DVITL AR BREDOS FHFEZH LML D
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A G MR TR AMHE (HERMERBITIRIIZE S %)
SriRE e
LoD AR O AT

SEAFRE W SUE KIRERKZEE=NE HAm
MREE

HERE R D ARIE O TBERIC B\ T LA RIS S 4L, & BICEE, DIFMIZEY -
HMIIRSEIZH &R (autophagy) R EXF > —7 177 Y —A5%K (ubiquitin-proteasome system) 72 & D
BRI ESRENRES L TV D AN RE SN TV, T E THA IR RER E R LI
BOWT2EXRF =7 a7 7Y —LROBEANTTHEL TWAZ L 2RE Lz (K15 EE), $/-, b
DF g BARRBTLET HEER LI L D RSN D HE I TH BT 5720, DMz
P MIASEIZ BT 22X F o — TR TF 7 V= LAROBREMILA b LA L OBBICESE H T, LI
TR (NF R ZFM) TR L AR OH OREHRFIRBEIT o/, T OMEE, BISIEIEER L
OEMLFHIIZBNW T2 X F o —TaF T Y —ARB AL, 20X F U BHEERNOEERBEIND
L FIRFCTE « DL S X7 EOEBMRR SN, FELOERIBRICBVTRAST SMLWE 25 L
JBZEMEICBEE L, BRILA LA Ko TARENDBLY VXV ER2 X TF o —TaT 7V — L ROEY
LR TWD AR B 2 bivle CEML 16 FHE), MINOBMLY N2 B E, 10 B Re
(misfolding) ZEZ LI RBER Y U ARIENALFF U —T 0T T Y —LRONREEHE 2 2 THENT 5
P, FEFA X F T aT T Y- LRONEBREIMET T EREY LRy BITEEREZ TV L. BEE
IR SN TT 7)YV —baBl T2 & Ehd, &, B A MU BT 2T LR (HDACs) 237 7 )V —
LFERUCEE G5 Z LM S Tz, SEIL. RRLFHMILIZEITAT 7 U Y — A W THRET 5 =ik
LG BB D ORI MR TR 21T o 1o, 7 ORER, M L7 O BRI 2 IDACS B IERT 05 A
ERBHON, ENHITAEFRFATHLBIETH o/, RELFHMICIHNTT 770 — A0 L L
N D 2R IR B 53 5 FTREME S R S 7z,

A, TREEHE

FrREMERIRALOAREE (LT DOM) 1281 B R
CBWTBLAR YDA DX b L AREML, HlaH
DT FMEER EROEEEICEREE RIETC
EWHDBMNE RS TWD, DL S IREFH MO
DR O EMECHIBAEIZEE S L, RO EERTF
LB, B, 22X TF - aT TV —LARmNL S
TNARER CICB ST 2 EFEM Y R BONRIZE
O E R R L, MBOEREHRICEETHL 2

EWMRENTND, EbIZ, 28X Fr—Tnr7y
—LFRMRFELDOA N ALEVEERET D &, METE
NG R ENETE UL EEZ T2 L0
Do ZHNET, Haid DM BELFIZBN T2 X F
V=T RTFT = ARORENTE L, & IBEHEL
T HIRIC BV TERE T, BRI R I 5
TOILERELL, ., TR R FFo—
TaTT Y= ARBRIETHEE S T EIZONT
WEt L7, £O/RR. FRLOERBEICS OV TEA



T OB E N DAL EICES L, BbRA h LR
LS TEMRSNABLF v RV ER 2 X T~
n7 7Y —LAROEE LR > TWDHEERZ L LN
o (k16 R LUV 16 ),

MRANOE{LE B E Il H AL
(misfolding) #EZ LIEFRERF VAT ER2EF
Fr—TaTT V= LROMHEENEZ 2 THENT 5
M ELRAEFF LT TV — AROLEE
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G-CSF prevents cardiac remodeling after myocardial

e

cardiomyocytes

infarction by activating the Jak-Stat pathway in

Mutsuo Haradal4, Yingjie Qin4, Hiroyuki Takano"*, Tohru Minamino!*, Yunzeng Zou!, Haruhiro Toko!,
Masashi Ohtsukal, Katsuhisa Matsuura!, Masanori Sano!, Jun-ichiro Nishi!, Koji Iwanaga!, Hiroshi Akazawa!,
Takeshige Kunieda!, Weidong Zhu!, Hiroshi Hasegawa!, Keita Kunisada?, Toshio Nagai!, Haruaki Nakaya3,

Keiko Yamauchi-Takihara? & Issei Komuro!

Granulocyte colony-stimulating factor (G-CSF) was reported to induce myocardial regeneration by promoting mobilization of bone
marrow stem cells to the injured heart after myocardial infarction, but the precise mechanisms of the beneficial effects of G-CSF
are not fully understood. Here we show that G-CSF acts directly on cardiomyocytes and promotes their survival after myocardial
infarction. G-CSF receptor was expressed on cardiomyocytes and G-CSF activated the Jak/Stat pathway in cardiomyocytes.

The G-CSF treatment did not affect initial infarct size at 3 d but improved cardiac function as early as 1 week after myocardial
infarction. Moreover, the beneficial effects of G-CSF on cardiac function were reduced by delayed start of the treatment. G-CSF
induced antiapoptotic proteins and inhibited apoptotic death of cardiomyocytes in the infarcted hearts. G-CSF also reduced
apoptosis of endothelial cells and increased vascularization in the infarcted hearts, further protecting against ischemic injury.

All these effects of G-CSF on infarcted hearts were abolished by overexpression of a dominant-negative mutant Stat3 protein in
cardiomyocytes. These results suggest that G-CSF promotes survival of cardiac myocytes and prevents left ventricular remodeling
after myocardial infarction through the functional communication between cardiomyocytes and noncardiomyocytes.

Myocardial infarction is the most common cause of cardiac morbidity
and mortality in many countries, and left ventricular remodeling after
myocardial infarction is important because it causes progression to heart
ailure. Several cytokines including G-CSF, erythropoietin and leukemia
nhibitory factor have beneficial effects on cardiac remodeling after nyo-
cardial infarction’. In particular, G-CSF markedly improves cardiac
function and reduce mortality after myocardial infarction in mice, possibly
by regeneration of myocardium and angiogenesis’26-8, G-CSF is known
to have various functions such as induction of proliferation, survival and
differentiation of hematopoietic cells, as well as mobilization of bone
marrow cells® !, Although it was reported that bone marrow cells could
differentiate into cardiomyocytes and vascular cells, thereby contributing
to regeneration of myocardium and angiogenesis in ischemic hearts'2-!5,
accumulating evidence has questioned these previous reports!®-18, In this
study, we examined the molecular mechanisms of how G-CSF prevents
left ventricular remodeling after myocardial infarction.

RESULTS

G-CSF directly acts on cultured cardiomyocytes

G-CSF receptor {G-CSFR, encoded by CSF3R) has been reported
to be expressed only on blood cells such as myeloid leukemic cells,

leukemic cell lines, mature neutrophils, platelets, monocytes and
some lymphoid cell lines’. To test whether G-CSFR is expressed
on mouse cardiomyocytes, we performed a reverse transcription—
polymerase chain reaction (RT-PCR) experiment by using specific
primers for mouse Csf3r. We detected expression of the Csf3r gene
in the adult mouse heart and cultured neonatal cardiomyocytes
(Fig. 1a). We next examined expression of G-CSFR protein in cul-
tured cardiomyocytes of neonatal rats by immunocytochemistry.
Similar to the previously reported expression pattern of G-CSFR in
living cells'®, the immunoreactivity for G-CSFR was localized to the
cytoplasm and cell membrane under steady-state conditions in car-
diomyocytes (Fig. 1b). This immunoreactivity disappeared when the
antibody specific for G-CSFR was omitted, validating its specificity
(Fig. 1b). In addition to cardiomyocytes, we also detected expres-
sion of G-CSFR on cardiac fibroblasts by immunocytochemistry
(see Supplementary Fig. 1 online) and RT-PCR (Supplementary
Fig. 2 online).

The binding of G-CSF to its receptor has been reported to evoke
signal transduction by activating the receptor-associated Janus family
tyrosine kinases (JAK) and signal transducer and activator of transcrip-
tion (STAT) proteins in hematopoietic cells®'?. In particular, STAT3

1Department of Cardiovascular Science and Medicine, Chiba University Graduate School of Medicine, 1-8-1 Inohana, Chuo-ku, Chiba 260-8670, Japan. ?Department
of Molecular Medicine, Osaka University Medical School, Osaka University, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan. 3Department of Pharmacology, Chiba
University Graduate School of Medicine, 1-8-1 Inohana, Chuo-ku, Chiba 260-8670, Japan. 4These authors contributed equally to this work. Correspondence should
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Figure 1 Expression of G-CSFR and the G-CSF-evoked signal transduction in cultured cardiomyocytes. {a) RT-PCR for mouse Csf3r. Expression of Csf3r was
detected in the adult mouse heart (lane 1) and cultured cardiomyocytes of neonatal mice (lane 3). In lane 2, reverse transcription products were omitted to
exclude the possibility of false-positive resuits from contamination. (b) Immunocytochemical staining for G-CSFR. Cardiomyocytes from neonatal rats were
incubated with antibody to G-CSFR (red) and phalloidin (green) (upper panel). In the absence of antibody to G-CSFR, no signal was detected (lower panel).
Original magnification, x1,000. (¢) G-CSF induces phosphorylation of Jak2, Stat1 and Stat3 in a time-dependent manner in cultured cardiomyocytes.

(d) Quantification of Jak2, Statl and Stat3 activation by G-CSF stimulation as compared with control {ime = 0). *P < 0.05 versus control (1= 3). (¢) G-CSF
induces phosphorylation and activation of Stat3 in a dose-dependent manner in cultured cardiomyocytes.

has been reported to contribute to G-CSF-induced myeloid differenti-
ation and survival?%?!. We therefore examined whether G-CSF activates
the Jak-Stat signaling pathway in cultured cardiomyocytes. G-CSF
(100 ng/ml} significantly induced phosphorylation and activation of
Jak2 and Stat3, and to a lesser extent, Statl but not Jakl, Tyk2 or Stat5
ina dose-dependent manner (Fig. 1c~e and data not shown), suggesting
that G-CSFR on cardiomyocytes is functional.

H,0, - + - +

G-CSF - +

We next examined whether G-CSF confers direct protective effects
on cardiomyocytes as it prevents hematopoietic cells from apoptotic
death?!. We exposed cardiomyocytes to 0.1 mM H,0, in the absence
or presence of G-CSF and examined cardiomyocyte apoptosis by
staining with annexin V2223, Pretreatient with G-CSF significantly
reduced the number of H,0,-induced annexin V-positive cells
compared with cells that were not given the G-CSF pretreatment

d [3 Adeno-tLacZ
B Adeno-dnStat3

35 *®
# *t

Percent annexin V-positive cells
@

Actin %
AG490 -~ - - - +
H0, - + - + +
G-CSF -

Figure 2 Suppression of H,0,-induced cardiomyocyte apoptosis by G-CSF. (a) Detection of apoptosis by Cy3-labeled annexin V. Red fluorescence shows apoptotic
cardiomyocytes stained with Cy3-labeled annexin V. Nuclei were counterstained with DAPI staining (blue). Original magnification, x400. (b) Quantitative analysis
of apoptotic cells. The vertical axis indicates the ratio of the annexin V-positive cell number relative to that of DAPI-positive nuclei. *P < 0.01 versus nontreated
cells, #P < 0.05 versus H,0,-treated cells without G-CSF (n = 3). (¢) G-CSF prevents H,04-induced downregulation of Bcl-2 expression (n1 = 3). (d) Inhibition of
antiapoptotic effects of G-CSF by Adeno-dnStat3. Bar graphs represent quantitative analysis of the apoptotic cell number relative to the total cell number, *P <
0.001 versus H,0, (-)/G-CSF (-), P < 0.001 versus H,0, (+)/G-CSF (), TP < 0.001 versus Ho0, (+)/G-CSF (+)/Adeno-LacZ (n = 3).
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(Fig. 2a,b). To investigate the molecular mechanism of how G-CSF
exerts an antiapoptotic effect on cultured cardiomyocytes, we exami-
ned expression of the Bcl-2 protein family, known target molecules
of the Jak-Stat pathway?4, by western blot analysis. Expression levels
of antiapoptotic proteins such as Bcl-2 and Bel-xL were lower when
cardiomyocytes were subjected to H,0O, (Fig. 2c and data not shown),
and this reduction was considerably inhibited by G-CSF pretreatment
(Fig. 2c). AG490, an inhibitor of Jak2, abolished G-CSF-induced Bcl-2
expression (Fig. 2¢) but did not affect its basal levels (Supplementary
Fig. 3 online), suggesting a crucial role of the Jak-Stat pathway in
inducing survival of cardiomyocytes by G-CSF. To further elucidate
the involvement of the Jak-Stat pathway in the protective effects of
G-CSF on cardiomyocytes, we transduced cultured cardiomyocytes
with adenovirus encoding dominant-negative Stat3 (Adeno-dnStat3).
G-CSF treatment significantly reduced apoptosis induced by H,0,
in Adeno-LacZ-infected cardiomyocytes (Fig. 2d). This effect was
abolished by introduction of Adeno-dnStat3 (Fig. 2d), suggesting
that Stat3 mediates the protective effects of G-CSF on H,0,-induced
cardiomyocyte apoptosis.

Effects of G-CSF on cardiac function after myocardial infarction
Consistent with the in vitro data, G-CSF enhanced activation of Stat3
in the infarcted heart (Fig. 3a). Notably, the levels of G-CSFR were
markedly increased after myocardial infarction in cardiomyocytes
(Supplementary Fig. 4 online), which may enhance the effects of
G-CSF on the infarcted heart. To elucidate the role of G-CSF-induced
Stat3 activation in cardiac remodeling, we produced myocardial
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infarction in transgenic mice which express dominant-negative Stat3
in cardiomyocytes under the control of the o-myosin heavy chain
promoter (dnStat3-Tg). Administration of G-CSF was started at the
time of coronary artery ligation (day 0) until day 4 in transgenic
mice; we termed this group Tg-G mice. A control group of dnStat3-Tg
mice given myocardial infarction received saline (Tg-cont) instead of
G-CSFE. We also included two groups of wild-type mice given myocar-
dial infarction treated with G-CSF (Wt-G) or saline (Wt-cont). At 2
weeks after myocardial infarction, we assessed the morphology by his-
tological analysis and measured cardiac function by echocardiography
and catheterization analysis. The infarct area was significantly smaller
in the Wt-G group than the Wt-cont group (Fig. 3b). The Wt-G group
also showed less left ventricular end-diastolic dimension (LIVEDD)
and better fractional shortening as assessed by echocardiography,
and lower end-diastolic pressure (LVEDP) and better +dp/dt and
—dp/dt as assessed by cardiac catheterization compared with Wt-cont
(Fig. 3¢). The beneficial effects of G-CSF on cardiac function were
dose dependent and were significantly reduced by delayed start of the
treatment (Fig. 3d,e and Supplementary Fig. 5 online). Moreover,
its favorable effects on cardiac function became evident within 1
week after the treatment (Fig. 3f). Disruption of the Stat3 signaling
pathway in cardiomyocytes abolished the protective effects of G-CSF.
There was no significant difference in LVEDD, fractional shortening,
LVEDP, +dp/dt and —dp/dt between Tg-G and Tg-cont (Fig. 3¢). We
obtained similar results from infarcted female hearts (Fig. 3g). These
results suggest that G-CSF protects the heart after myocardial infarc-
tion at least in part by directly activating Stat3 in cardiomyocytes,
which is a gender-independent effect. We
have previously shown that treatment with
G-CSF significantly (P < 0.05) decreased
myocardial infarction-related mortality of
wild-type mice?, In contrast, there were no
significant differences in mortality between
G-CSF-treated and saline-treated dnStat3-Tg
mice (data not shown).

n @
o o

Percent infarction area
n
o

Figure 3 Effects of G-CSF on cardiac function
after myocardial infarction. (a) Stat3 activation
in the infarcted hearts. We operated on
wild-type mice to induce myocardial infarction
and treated them with G-CSF (G) or saline (C).
(b) Masson trichrome staining of wild-type (Wt)
and dnStat3-Tg (Tg) hearts. *P < 0.001 versus
Wt-cont, #P < 0.001 versus Wt-G (n=11-15),
(c) G-CSF treatment preserves cardiac function
after myocardial infarction. *P < 0.01,

**P < 0,001 versus sham; #P < 0.05,

#1P < 0.001 versus Wt-cont; TP < 0.01,

P < 0.001 versus Wt-G (n=10-15 for
echocardiography and n = 5 for catheterization
analysis). (d) Dose-dependent effects of G-CSF.
FS, fractional shortening, *P < 0.01 versus
saline-treated mice (G-CSF = 0)(n = 12-14),
(e) Wild-type mice were operated to induce
myocardial infarction and G-CSF treatment
(100 pgrkg/d) was started from the indicated day
for 5d. *P < 0.05, **P < 0.001 versus saline-
treated mice (C); "P < 0.05, ¥#P < 0.01 versus
mice treated at day 0 (d 0) (n=11-12).

(f) Effects of G-CSF on cardiac function at 1
week. *P < 0.05 versus control (n = 3). (g) Effects
of G-CSF on cardiac function of female mice.
*P < 0.05, **P < 0.001 versus Wt-cont;

#P < 0.05, P < 0.005 versus Wt-G (n = 4-5).
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Mechanisms of the protective effects of G-CSF

Qur in vitro results suggest that the protective effects of G-CSF on car-
diac remodeling after myocardial infarction can be attributed in part
to reduction of cardiomyocyte apoptosis. To determine whether the
Stat3 pathway in cardiomyocytes mediates the antiapoptotic effects of
G-CSF on the ischemic myocardium, we carried out TUNEL labeling
of left ventricular sections 24 h after myocardial infarction in wild-type
mice and dnStat3-Tg mice. Although the number of TUNEL-positive
cells was significantly less in the Wt-G group than the Wt-cont group,
G-CSF treatment had no effect on cardiomyocyte apoptosis in dnStat3-
Tg mice (Fig. 4a). The effects of G-CSF on apoptosis after myocardial
infarction were also attenuated when mice were treated with AG490
(Supplementary Fig. 6 online). Myocardial infarction-related apoptosis
was significantly increased in the Tg-cont group and AG490-treated wild-
type mice compared with Wt-cont mice (Fig. 4a and Supplementary Fig.
6 online), suggesting that endogenous activation of Stat3 has a protec-
tive role in the infarcted heart, as reported previously23., It is notewor-
thy that G-CSF treatment inhibited apoptosis of noncardiomyocytes
including endothelial cells and that this inhibition was abolished in
dnStat3-Tg mice (Fig. 4a and data not shown). To investigate the
underlying molecular mechanism of the antiapoptotic effects of
G-CSF in vivo, we examined expression of the Bcl-2 protein family
by western blot analysis. Consistent with our in vitro results, expres-
sion of antiapoptotic proteins such as Bcl-2 and Bel-xL was signifi-

Figure 4 Mechanisms of the protective effects of
G-CSF. (a) TUNEL staining (brown nuclei) in the
infarcted hearts. The graphs show quantitative
analyses for total TUNEL-positive cells (left
graph) and TUNEL-positive cardiomyocytes (right
graph) in infarcted hearts. *P < 0.01 versus
Wt-cont; ¥P < 0.05, ##P < 0.005, #¥Pp < 0.001
versus wild-type mice with the same treatment
(n=5-7). Scale bar, 100 um. (b} Infarcted
hearts treated with G-CSF (G) or saline (C) were
analyzed for expression of Bcl-2, Bel-xL, Bax and
Bad by western blotting (n = 3). (¢} Mobilization
of hematopoietic stem cells into peripheral

blood (PBSC). *P < 0.05 versus saline-treated
mice (n = 4). (d) Capillary endothelial cells were
identified by immunohistochemical staining with
anti-PECAM antibody in the border zone of the
infarcted hearts. Scale bar, 100 pm. The number
of endothelial cells was counted and shown in
the graph (n = 6-8). *P < 0.05.

S N A o o

cantly increased in the Wt-G group at 24 h
after myocardial infarction compared with
the Wt-cont group, whereas expression of
the proapoptotic proteins Bax and Bad was
not affected by the treatment (Fig. 4b). In
contrast, expression levels of antiapoptotic
proteins were not increased by G-CSF in the
Tg-G group (Fig. 4b). Immunohistochemical
analysis also showed increased expression of
Bel-2 in the infarcted heart of the Wt-G group
but not of the Tg-G group (Supplementary
Fig. 7 online).

To determine the effects of G-CSF on mobi-
lization of stem cells, we counted the number
of cells positive for both Sca-1 and c-kit in
peripheral blood samples from mice treated
with G-CSF or saline. The G-CSF treatment
similarly increased the number of double-positive cells in wild-type
mice and dnStat3-Tg mice (Fig. 4¢). To examine the impact of G-CSF
on cardiac homing of bone marrow cells, we transplanted bone marrow
cells derived from GFP transgenic mice into wild-type and dnStat3-Tg
mice, produced myocardial infarction and treated with G-CSF or saline.
FACS analysis showed that G-CSF did not increase cardiac homing of
bone marrow cells in wild-type and dnStat3-Tg mice (Supplementary
Fig. 8 online). We have shown that cardiac stem cells, which are able to
differentiate into cardiomyocytes, exist in Sca-1-positive populations
in the adult myocardium?®. But G-CSF treatment did not affect the
number of Sca-1-positive cells in the infarcted hearts of wild-type or
dnStat3-Tg mice (Supplementary Fig. 9 online). Thus, it is unlikely
that G-CSF exerts its beneficial effects through expansion of cardiac
stem cells. To determine the effects of G-CSF on proliferation of car-
diomyocytes, we carried out immunostaining for Ki67, a marker for
cell cycling, in conjunction with a labeling for troponin T. The number
of Ki67-positive cardiomyocytes was increased in the infarcted hearts
of wild-type mice and dnStat3-Tg mice compared with sham-operated
mice (Supplementary Fig. 10 online). But G-CSF did not alter the num-
ber of Ki67-positive cardiomyocytes in wild-type or dnStat3-Tg mice,
suggesting that G-CSF does not induce proliferation of cardiomyocytes
(Supplementary Fig. 10 online). The number of Ki67-positive cardio-
myocytes was less in infarcted hearts of dnStat3-Tg mice than in those
of wild-type mice, suggesting that endogenous Stat3 activity is required
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