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BAEFBRFEFREMBE EHAMER B IR 5T E)
IR R &
PORIRALOAREE 7L< U R & AT HEIRZ L E FEAE 4 FF O iR BA
s SE-R TERFRFREFMARERFERERNE #iR

MRES IR LHEOREOK 0NIEETERTH LN, TN DBIZFERIC LY LR
LI & RIE T DA CBI L TR Ch D, BT 4 ML L iR OHEE T V< A
ERV, FOBFOMAL EOICEREIT oo, ZOHREOHEET A~ U AT, Ay
DARTEME Y o RS CaMKITd DIEMEMTUHE L, FBINFIEME T pb3 OFBEENBEML T,
CaMKI1d PHEH|DF 5= CaMKI1d B 7 F K TH S AC-3LBRIFE~ 7 X & DB &V L4
BEOWREL RO, - ps3 BIEFRB~ VAL B2 BEBER~ A LORERICEY, HLER
OIFEE~ Y A CRDEZOHMET A b — v AOWMERD U, OHBEERUE Lz, LEORERE
Y. CaMKITd {EMEDTTHE & p53 I L B L AFHIART R b — 2 A DB EIE T ZERIC L DR L
HEOREICEE CTHDH Z ENTFBRINT,

(FFefRE) DREMFEHALMNCT DI L2 RFROBB LT 5,
NE—K FERFRZBEFD L
TERAEBER Y HiR B. ®FRFIE
(FFge 43405 ZIE THRRTY G RRAE O FESEMT 23 5 s e B g
B KRR SRR B E 2 R IR Mmoo BB O—2I0, IEREOHEZ I 57200
S U LB T R 2 R B WY R ET NVEMBRFEEL P ERBT NS,
W e f B MR OHECRRBREFOO LD, LfiaT
TRIER T e S S [ ST IR 7FUEBFRHD, AR B P THRES A TWS

ERELG o 77 F VBET & LA ROIOERIFEER
SEEETFERE~Y Y RAEER L, ERELHEETT
NDOFESLIZRI LT, WIEEDHIFE TiE, CaMKIId &
p53 MBELETER LV ILRELHERECV D5 F
HABICERICEETHH Z LWL L, pB3 135
KOTHRP—VABHEBRAORIALFHL TWVDZ &
BE SN Y | ps3 I L A UHEEEE T OB 281 6
MZT B0 MIRT R b= AZE L TRET L,
S I AMBRER TICR T 2.0 Ma”T R h— 2 2D
BB OMITHIEOIC, TRV ARFTHD
Bel-2 #@FIFH I Wi-< v R LILERMLHEET L
TURELERE SR,

TEERRARER S AT
ROTRIL  TIERFRFELEF I
TEBRARBIER S B

A HFEB®

TR ED THRIZERICTRTH Y | BIENR
TR AE O B R R VR RRIB L DB RE L v/ <L HT e
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XN, ENLOBRGTERIC L VIERETN 2% X
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YLERALL R IEE T AT - ps3 ORI MIC L A
DR ~DEEL 77204 ALA %N T pb3 &
RBEOHMEICEA LIRS LT,
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ERBYWERCAHEIZ OV TE, TEXFEEYD
EREEHIEILL T2 BT 5, i, BiEE
LR AE OB O EREMFE R, BMICAEL
ERMRIZE ED B, EEOR, BESFERICLY
TRE G AR VEOMBMEEZ I Z 2V, EREIL,
EHELHEEHAOL LHURBEOL LAFEESY

1To7,

C. HWFERER

1) pb3 & LAFHARET AR b— R

P53 1EE < DT A b— 3 ABREE A DRI & HIH L
TWEZEBRMOENTV D, ERICHBRELLHEET
N O ATHDHMBIRT R b= 20N EMmL, %
DHEMF pb3 ~T 0 /) v 7T U v U REDREIZL
DR Lz, e, 77 7 UANVAERAWT pb3 &5
BHOLHHIICEAT S L TR = 2ANFES NI,
p53 (2 K D LM T K b — Z20#MmR, = OHLE
BOHEE TN U ZADUEBIEETIC S OREEED
ERICKRE Lz, 9, 7RV AEEBEAOEH
BEEZR LI, R MTR IV ARTFTHD
Bel-2 @A L, HIZT K b— > AFHFHERF TH 5 Bax
DFEBHPEIML T, KIZ Bel-2 BREIBER~v 2 L
WERBMOHIEET N~ U A2 RS, BER. KR
BUGRHEET A~ U 2B TLHMBT R h— &
DETHED L, S oL bEE L, LEORKR
L0, HERBLOHIEE T L~ U 2O LR T
FAiET R b — 2 ABEETH Y | p53 OBEMH Z D
AR T R b — > A DI BE S L T 5 T REME ISR
®E N,

2) CaMKITd D&%

HIEEEZ CaMKIId PLEIE CTh S KN-93 o5z LY

TERRELDRIEE T NV~ U AOOHEREIR TIC CaMKITd A3
BEETOLDHZLEEHGME LA, KN-93 O IR RAE
I KD WTREME b & LN A2 b o7, & Z C CaMKIId
FRERTF FTHD AC-3] #BREIRR ST BEBTK
EYTAZANFEL, 2O R LIERLBET T L
VY AL e RS W, FER. KN-93 &5 & Ak AC-31
OEPFFEBINC L 0 IRRETRLLIHIET T A~ 7 2 DL
BT E%E L,

D. BE
INETORR LY, CaMKIld & p53 ABIZFLHE L
D IRIRBLUERIE IV A TR ICE R ICEE
HD I ENRBEINT, F72ps3 AT AR b —
VAERBMEEDZ LN, DMEBEETICEETHS &
EZ2 BN, UL, CaMKITd I S D FER
p53 EHM S HMFIRL TRITATH D, 4413 Z
NEOBFE#RIL T FETH A,

A
i

BARFERIC L D IERBGHE D RAEIC CaMKIId
{EPE L & pb3 T & 2 LMY AR b — v 2 DH#MA E
BTHLIERHALNL T, Ak, MEF2EHN
& LT IRR B YEIRBLDARIE DR & 72 0 155 FTREME N
R X T,
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1. MXRER

* Ito, K., Akazawa, H., Tamagawa, M., Furukawa, K.,

Ogawa, W., Yasuda, N., Kudo, Y., Liao, C.H., Yamamoto,
R., Sato, T., Molkentin, J.D., Kasuga, M., Noda, T., Nakaya,

H., Komuro, I. PDK1 coordinates survival pathways and

beta-adrenergic response in the heart. Proc Natl Acad Sci



USA 106:8689-8694, 2009.

* Qin, Y., Yasuda, N., Akazawa, H., Ito, K., Kudo, Y., Liao,

C.H., Yamamoto, R., Miura, S.I.,, Saku, K., Komuro, L

Multivalent ligand-receptor interactions elicit inverse

agonist activity of AT(l) receptor blockers against

stretch-induced AT(1) receptor activation. Hypertens Res

32:875-883, 2009.

* Yoshida, M., Shiojima, 1., Tkeda, H., Komuro, 1. Chronic

doxorubicin cardiotoxicity is mediated by oxidative DNA
damage- ATM-p53-apoptosis pathway and attenuated by
pitavastatin through the inhibition of Racl activity. J Mol
Cell Cardiol 47:698-705, 2009.

« Matsuura, K., Honda, A., Nagai, T., Fukushima, N.,
Iwanaga, K., Tokunaga, M., Shimizu, T.,Okano, T,

Kasanuki, H., Hagiwara, N., Komuro, 1. Transplantation of

cardiac progenitor cells ameliorates cardiac dysfunction after
myocardial infarction in mice. J Clin Invest119:2204-
2217, 2009,

+ Kayama, Y., Minamino, T., Toko, H., Sakamoto, M.,
Shimizu, 1., Takahashi, H., Okada, S., Tateno, K., Moriya,
J., Yokoyama, M., Nojima, A., Yoshimura, M., Egashira, K.,

Aburatani, H., Komuro, 1. Cardiac 12/15

lipoxygenase-induced inflammation is involved in heart

failure. J Exp Med 206:1565-1574, 2009.

+ Minamino, T., Orimo, M., Shimizu, 1., Kunieda, T.,
Yokoyama, M., Ito, T., Nojima, A., Nabetani, A., Oike, Y.,

Matsubara, H., Ishikawa, F., Komuro,I. A crucial role for

adipose tissue p33 in the regulation of insulin resistance. Nat
Med 15:1082-1087, 2009

» Ikeda, H., Shiojima, 1., Ozasa, Y., Yoshida, M.,
Holzenberger, M., Kahn, C.R., Walsh, K., Igarashi, T.,

Abel, E.D., Komuro, . Interaction of myocardial insulin

receptor and IGF receptor signaling in exercise-induced

cardiac hypertrophy. J Mol Cell Cardiol 47:664-675, 2009.

- Akazawa, H., Komuro I. “Change Can Happen” by PKA:

Proteasomes in in vivo Hearts. J Mol Cell Cardiol

46:445-447, 2009.

- Akazawa, H., Yasuda, N., Komuro,I. Mechanisms and

functions of agonist-independent activation in the
angiotensin II type 1 receptor. Mol Cell Endocrinol

302:140-147, 2009.

« Liao, C.H., Akazawa, H., Tamagawa, M., Ito, K., Yasuda,

N., Kudo, Y., Yamamoto, R., Ozasa, Y., Fujimoto, M,

Wang, P., Nakauchi, H., Nakaya, H., Komuro, I.  Cardiac

mast cells cause atrial fibrillation through

PDGF-A-mediated fibrosis in pressure-overloaded mouse

hearts. I Clin Invest 120:242-253,2010.

* Moriya, J., Minamino, T., Tateno, K., Okada, S., Uemura,
A., Shimizu, 1., Yokoyama, M., Nojima, A., Okada, M.,

Koga, H., Komuro. I. Inhibition of semaphorin as a novel

strategy for therapeutic angiogenesis. Circ Res

106:391-398, 2010.

2. HFRRR

UhE—HK)
- A6 BB ARy FESFS (Efk2lF4 A 12 H,
H) TLTRROH LRI L 185 |
CBLITRT V7 KREELRBEFERA 7= 72—
(ErRg 2145 A 21 B.7#8) “Molecular mechanism and
new theraphy for heart failure”

ISHNE 2009 7 7 A 7% A P& IF— (FAk2l
% 6 A 4 B, #%)Il) “Regeneration Theraphy for
Heart Failure”
- BABBRBEAEER T EHE Y v a v (CFK
2146 A 13 A, Jtigl) [LAROH L WRERT &
=ty
c 19 B EARUEEEFSRE - FiTks (K 21
6 A 26 H, BR) TFERFEICKT 2 LBOREICD
W

« The 9th World Congress on Inflammation (July 9,



2009, Tokyo) *“ Regeneration Theraphy For Heart

Failure”

“ 85 15 [B] A AR FIaRFEE (B 21 £7 A 10 B, K
f)  “Molecular Mechanisms and Novel Treatments For
Heart Failure”
CEISEIRARLRY YT v (K

2L 7T A 18 B, HW) EHEIHOFAEL N Lz Bk
{2 & % PAD TE¥%]

Sciences Conference

Basic Cardiovascular

2009-Molecular  Mechanisms of Cardiovascular
Diseases (July 20-23, 2009, Las Vegas, USA)
“Wnt-IGFBP4 Signaling in the Heart”

c ST E RARLRREREMNERT v Fa kIS —
CERc21 %9 A 19 B, duiEd) TLAREOH LR
WeFF & BRAETR R )

* Advances in heart development:from molecules to

cures (Sep 28-0Oct 3, 2009, Nice, France) “Wnt
signaling regulates cardiomyocyte differentiation
and cardiac remodeling”

© 23 B HARRKRNBIESES (FRk2l £ 10 A

11 B, BE) LA2OH LWISEMT & BAEBE]

© FEA0 B HANR RSN EESETHRES
(FRE21 11 A 1 B, &) LORE0H L R
& BLERR]

* The Third International Conference on Cell
Therapy (IRICT) (Nov 12, 2009, Seoul, Korea)
“Long-Term Outcome of Therapeutic
Neovascularization Using Peripheral Blood
Mononuclear Cells for Limb Ischemia”

+ Zhongshan Lecture {Dec 7, 2009, Shanghai, China)

“The Role of Statin in the Treatment of Heart
Failure”

* SIRIC International Forum 2009: Theme: Imaging
for Shedding light to Atherosclerosis (Dec 11, 2009
Seoul, Korea) “Senescenec as a cause of
atherosclerosis and therapeutic angiogenesis using
peripheral blood mononuclear cells”

‘BB EIRRFERBFERT v Fa I — (Fr21
F12 419 B, KR TLEREMGZ B s L7 fR

P3 16 PR BRI |
»2010Angiotensin Gordon Conference (Feb 21-26, 2010
California, USA) “Molecular & Therapeutic

implications of stretch-sensing by the ATIR”

(TR £)

cHI5E A ARG FIRRERERFMES (KR : 2009
fFETH9-11H) PDK1 as a therapeutic target for gene
therapy to coordinate survival pathways and
b-adrenergic response in failing hearts.

- SR2CIEIE PR IR SEF S (ISHR) BAES (LR
2009412 H4-58) Agonist~independent activation of
angiotensin IT receptor in the
pathogenesis of left ventricular remodeling.
3B B AR LIRE FEMME ¥ (A HE @ 2010424
§A) 7 H=X FEEFNLRT VP47 vV ITER
RIEMEAL D 43 T HiE &

+ Gordon Research Conference, Angiotensin
(February 21-26, 2010, Ventura, USA) Cardiac
overexpfession of angiotensin II type 1 receptor
induces ventricular remodeling independently of
angiotensin IT.

* International Symposium on Cardiovascular
Endocrinology and Metabolism 2010. (March 31 and
April 1, 2010, Nara, Japan) Agonist-independent
activation of angiotensin Il receptor in

cardiovascular remodeling

(o 7534)

* 6th Annual Symposium of the American Heart
Association’ s Council on Basic Cardiovascular
Sciences 2009/7/20- 7/23 Las Vegas, NV, USA. ER
Stress—Response Transcription Factor ATF6 Plays a
Critical Role in Maintaining Cardiac Function under

Physiological and Pathological Conditions
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EA G @R Fr e R wiBh & (MRtEE BRI Ze 3 %)
TT /U 4NAarANT 7 NOVERK, invitro D EER
SRS E
Mo HE HE—H KIRKFREREZRIFER o O & 1A A S He s

MEEE R OCHEORROK 30% T EETERTHLIN, FNOLOBRBETER
L VIRBGHIEZ RIET HHMFICB L CRIAHATH D, ZOWFEBH ST 57
OIZ, BEICE FOILRBOGHIEOCREE LTHRE SN TWATERAL S o 77 F 8
BFEEEROHMIRICEA LT, ZRELH T 7 F k). IA Lo AMEFERY
VERLEESR CaMKITd & S NHE s pb3 DIMENWM LT, 1. p53 2 T7F /v
ANATEROHHIEICER FEATHLE TR b= 2ARFE IR,

A WFEEH

PRI G RIED T#1E, EFEIZRRTHY .,
BRI O i AE O B #1970 TRIR B VL D RS A L
IR T RIBRIE OB LZ E N T 5,
YEARBLOIE O RR ORI 30% BB FERTH S
ERRHLMERSTELN, FNDOEEGFE
BACX YV IE# R 2% S 1T IR ERHT
D, T DIIEMF O MEANETH O EEE DR
WCHETHD EEX D, MR E T, FRCE
SELTEARIRBR DA EEET L~ U A HWE ST
FERICBE LT, BB OMMRE O S BICFEMA
BWHFOMRAEZITIZE#HBNET S,

B. Ik

B OHMICT T ) VANV ZE T ps3 21
fEFEAL, LMY R F— 2ADEE S
L7,

C. MWrEmR
1. p53 B/BEROCHMEICERTFEAINA TS
T & BRI TR LT,

2.p53 DBIETEAIN TR LR I,
TUNEL FEMEHIAR 2 8 L 7=,

D. E%
p53 OFRBEMBEECHMIRT R b —2 2 %25

WA D EBRHALNE LoD, TS ps3 OHIMN
THWFIIRHTH 5,

E. f5
RO A~D pS3 OBEFEACLY 78 b
— I ANFE XN,

F. (EFEGRIE®R
YL

G. MR

I WmCFER

+ lIkeda, H., Shiojima, 1., Ozasa, Y., Yoshida, M.,
Holzenberger, M., Kahn, C.R., Walsh, K., Igarashi, T.,

Abel, E.D., Komuro. 1. Interaction of myocardial

insulin receptor and IGF receptor signaling in
exercise-induced cardiac hypertrophy. J Mol Cell
Cardiol 47:664-675, 20009.
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BABMBEMRE MBS (EHaMR B TR R ER)
BEFHE~ T ADIERK
SRR E
WFFEs B RBE TERPRFAGESIERERFRER S a0

MEEE

FEIRR O O R O %R ETERTHHM, ThbOBIETE

FBX 0 EIER G E A S E T AHEFFICEE L IR TH D, Bl Fx 23S L7 fik
RELLFEET V< A AV, FOMFOMHA L BRICERZITo7-, ZOHRER
FLOERREE T /=0 A TILLAMIET AR b — AL T, pb3 /v 7T v
R0 Bel-2 BRIFE < 7 2 & OREIC L 0 JRELLIVEE T V< v 200 i filAa
FTAHEM =R L, OHERELWE L, pb3 I L2 LHMIaT R b — 2D
MR EETFERICE AEROHEORIEICEECTHD Z EMWRB I,

A BFERBER
TRRBLOAED THIL, EFICTRTHY, B
TEHERTRL O AE O B A& R 2R TR IR IE L DI 1 L 7>
7L, Bl RIBRIEORMIBEIE I N TS, i
EROAECREOK 0% P ERETERTHD D
ENRHAOMMNERSTEREN, ThLOERTER
W LD IR RE TR 2% & TSRS TH
bo ZORIEMFOMANNAELFEEDBNTD
D, FOT-OWEAETR 2 ML U 7o L3R O A iE
EFEFNCTAERAWVERZIT I,

B. WA

oz 3 Bor, B MMERELLHEORE &S
FLLTHRESNTWAERALH T 7 F &
BT a2 DR RAICBRIFERIEDLZ LITLDY,
bk OYEIRELL AR RE DR BR & FREIEEIL 7k
RARLLEE TV~ 7 ADEILICRE) Lz, HIF
FEDOWFZETiX, pb3 NEBTFER XY IR L
EFEIC W =B THBICIERICEE THD 2 L
S, LTz, p53 iHEL DT R b— v ABE
EAOEBEAZHEL DI ENMLRIBY | pb3
I & 5 LHEEIERTOMFEEZHOICTH D
O T R b= ARELTHRFLE, &5
ORI TICRBT A.0MHMIa” R h— 205
ERAOMCT AL, BLT R = ARFTH

% Bel-2 ZBRIFEB I~ T R LR FAE
FTFNTT AL BRR IR,

(i BRI ~ Dl JE)

ERE A AV BIIRIC OV TR, TEKRZEE)
W EBRIEEHC WL L CHFRE R T 5, FFiC. B
W= L BRI OBLED O EREERIL. B
B BB LR/ RICE E D, EEOE, K
S FEIC LD ERE B2 WEOMBENERE L
BIw, EREZ, BHELHEEBNOL LE
UIRBEOL LAFEHEZIT o7,

C. HrEfER

p53 1EE < DT R b — v AHEE A ORI Al
BWLTWBZ ENHMBILTVND, ERICHLRRL
BEEET )V~ U A TILLAHMIET R b— 208
MM, FOHME ps3 ~Tr /) v I T U R
UAEDOREIC X YD LT,

ph3 I L BOHIAT R b — v ADEMA, Z
OYERLSEE T~ 7 A0 MEEETIC LD
BEBENEZRICHRFLE, 799, 7R =R
HEEAOEABBREZMIT L, KR, M7 A b
— Y ARFTHD Bel-2 B L, #HWCTRF—
L AFFERF TH D Bax ORBBEEIML Tz,
KIZ Bel-2 @B~ U R L HRRILUGHE € 7 v



v AR ST, R, ERGHETE TV
7 RCBNTOHMET R N —v 2 0i3ED
L, Sbiobi#ibE L, LR L,
JRRBLHEE 7 L~ U 2O L SREIE T30
MlaT R b= ZANEETH Y, pb3 OB T
DO T R b — 2D E LT b
RMENRE I T,

D. B

BARF 2RI K B HRRELO ARE O FEHELS p53 |
LBLHMAT AR = AOWNMNEETH S =
EMBHGMNEIR o, LU, pb3 BMEES
WAL TIERATH S, 4%, SHAR5EM

TRfEANME L E X A

E. &%

BB BRI LD YEERLLBE DRIEIT pb3 I
LBDLHMAT R = 20BN EETCHAL -
EDRIB S T,

F.  (EEEfERER

ZYe L
G. MFERE
1. 3CHER

“Change Can Happen”
J Mol

* Akazawa H, Komuro I.
by PKA: Proteasomes in in vivo Hearts.
Cell Cardiol. 2009;46:445-447.
*Akazawa H, Yasuda N, Komuro I. Mechanisms and
functions of agonist-independent activation in
the angiotensin II type 1 receptor. Mol Cell
Endocrinol. 2009;302:140-147.

*Ito K, Akazawa H, Tamagawa M, Furukawa K, Ogawa
W, Yasuda N, Kudo Y, Liao CH, Yamamoto R, Sato
T, Molkentin JD, Kasuga M, Noda T, Nakaya H,

Komuro I. PDK1 coordinates survival pathways

and b-adrenergic response in the heart. Proc
Natl Acad Sci USA. 2009;106:8689-94.

*QinY, Yasuda N, Akazawa H, Ito K, Kudo K, Liao
CH, Yamamoto R, Miura S, Saku K, Komuro I.
Multivalent ligand-receptor interactions
elicit inverse agonist activity of ATI receptor
blockers against stretch-induced AT1 receptor
activation. Hypertens Res. 2009:;32:875-883

* Liao CH, Akazawa H, Tamagawa M, Tto K, Yasuda
N, Kudo Y, Yamamoto R, Ozasa Y, Fujimoto M, Wang
P, Nakauchi H, Nakaya H, Komuro I. Cardiac
mast cells cause atrial fibrillation through
PDGF-A-mediated fibrosis in
pressure—overloaded mouse hearts. J Clin

Invest 2010;120:242-253,

2. ERER

CHISE B A BB T RRFSERENES (KK
20094E7H9-11H) PDKI as a therapeutic target
for gene therapy to coordinate survival
pathways and b-adrenergic response in failing
hearts.

- 26 EE DB FE S (ISHR) BAES (L
M2 : 20094F12H4-5H) Agonist—independent
activation of angiotensin II receptor in the
pathogenesis of left ventricular remodeling.
- HIE B ALIREEBME S (B HE : 2010
F2A5R) 7= MERFNRT v O T
VIR B RTEE LD o) T8 & 1R E)

* Gordon Research Conference, Angiotensin.
(February 21-26, 2010, Ventura, USA) Cardiac
overexpression of angiotensin IT type 1
receptor induces ventricular remodeling
independently of angiotensin II.

+ International Symposium on Cardiovascular

Endocrinology and Metabolism 2010. (March 31



and April 1, 2010, Nara, Japan)

Agonist-independent activation of angiotensin

[I receptor in cardiovascular remodeling
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FAEF WA ENEEME (ER R BRI 5 %)
BIETFUE~ T ZDIEHT
SIS &

R e

MREE

AL THRERFBEE SR BRI RER S D%

TEARBL O FE DR DK 30%ITEETFERTH AP, T b DEEBEFER L

Y JESRAL L HAE & FEIE T DM L QIR TH 5, RIEIR~ B3FESL L 78R LA
HEETTN=U AW, ZTOBFOMALY BAICEREZIT 7=, ZOIEERLEES
IV T AT I T MEFEWE Y S ER{LEESR CaMKITo OFEMEAS TLME L Ty 7, CaMKILd
FENTF FTH D AC-3] OBRIEH~ T 2 L ORZRIC LY | IEERLHEE T L~
A DLEEREIER T E8E Uiz, CaMKITd M EGEFERICK A LR LHEDOREICEEC

HDHT EBTEINT,

A BB

TERBOHED THRIL, EEICRRTHY,
BUER IR L 1 iE O B f B0 7 TR TR B DI L
IR BT RIBFRIEOWSI N E STV 5,
PERREL O AR RE D JFRR OF 30% S FLERTH D
TEBHAGHERS>TELER, TNOLOELBTFE
BT K 0 IUIERER &% X o TFERERH T
BB, ZDOFIERT OIRRANFHROIERE DR R
WWRBETHDLEERD, RiLTx NHEST LIZiLE
BOBEET V<0 A% A, TR HE D%
FEMEF 2B DS T 5 Z LN EFESHEEDBRYT
H D,

B. WfRGE

T AVE THRSRALC AHIE D R FEREFF 3 B i 722
D7po e BB O— 24z, JEIRELLEVE & f#T 4
DI DB BT NEIBTFE Lo Z &
BEFOND, b MEREGHEDRKNEETFO
OEDN O a T2 F VB ETFRH 5, Foxld,
E P THRESNTWIERELH a7 7 F V81
T2l REOICBRIBR S S B TR E~ Y
AZMERR L. PERALOARREE T L ORESLICARE L
1o ZOPRRELLHIEE 7V~ U 2 % IV TER
21T o7,

10

VIEE £ CORMT, ZOWERLIEET LV
T UATEIN Y MR Y LR
CaMKII® ZMEHE SN TWB Z & 2B LT LT,
AGEEL CaMKILd LE A 7F N Th 5 AC-31 D
RIFER~ 0 R LIEREGHEETT V< 7 X 25N
L. PEERALC FRE S IEIC CaMKITo DR EIZ #RET L
7o

(R i~ DB FE)
EREBYEHOBFERICONVTIE, FEKSEH
W RERFEEHCHEIL U CHF3E % £ 5, $ic, B
W5 L B R OB O EREMERIZ, B
BB LIERADRICE ED D, TEFOR, B
MEFRICEIVERE 5 2 VSO KEBHELE %
BT, RREIL, TRECHERHOL L
YIRBEO L LB EH LT,

C. #rsewER

FIEEBEIC CaMKII8 BLEFE T 5 KN-93 D% 54
KD IEERLLIFEE T = U X O LA REIE T IC
CaMKIIS WEBETHDHZ L #H LM E L,
KN-93 DIERFRAVERIC X 5 TREM: L B EH TN
Bhole, FIZTCaMKIIS [RERTF RTHh B
AC-3] Z BRI R I /- BRFUL~T AEZAF



L. 2O= Y REPRMLHEET VYV AL E
TR X, fER. KN-93 &5 & R4 AC-31 Ol
RSB & 0 IRV GAVEE T L~ U A2 OLASHEE
ETFESE L,

D. B

G TR X DRTLOAE O FEED
CaMK11d DIEMELAEBETH DL Z AL LR
o, LML, CaMKIId A JE M9 5 HEFr Ol K]
T L TIEARHTH S, 5%, CaMKIId 0 L,
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The 3-phosphoinesitide-dependent kinase-1 (PDK1) plays an impor-
tant role in the regulation of cellular responses in multiple organs by
mediating the phosphoinositide 3-kinase (PI3-K) signaling pathway
through activating AGC kinases. Here we defined the role of PDK1 in
controlling cardiac homeostasis. Cardiac expression of PDK1 was
significantly decreased in murine models of heart failure. Tamoxifen-
inducible and heart-specific disruption of Pdk1 in adult mice caused
severe and lethal heart failure, which was assodiated with apoptotic
death of cardiomyocytes and Bi-adrenergic receptor (AR) down-
regulation. Overexpression of Bcl-2 protein prevented cardiomyocyte
apoptosis and improved cardiac function. In addition, PDK1-deficient
hearts showed enhanced activity of PI3-Ky, leading to robust B-AR
internalization by forming complex with p-AR kinase 1 (BARK1).
Interference of BARK1/PI3-Ky complex formation by transgenic over-
expression of phosphoinositide kinase domain normalized pi-AR
trafficking and improved cardiac function. Taken together, these
results suggest that PDK1 plays a critical role in cardiac homeostasis
in vivo by serving as a dual effector for cell survival and f-adrenergic
response,

AGC kinase | apoptosis | heart failure | receptor Internalization

H eart failure, a major cause of morbidity and mortality world-
wide, is a clinical syndrome in which the heart is incapable of
pumping blood at a rate commensurate with systemic demands (1).
Injurious stresses from extrinsic or intrinsic origins trigger the
complex intracellular signaling pathways in cardiomyocytes and
thereby activate the compensatory mechanisms involving alter-
ations in survival and growth signals, calcium handling, and energy
production (2). Simultaneously, the sympathetic nervous, renin-
angiotensin-aldosterone, and cytokine systems are activated to cope
with a decline in cardiac performance. Although these compensa-
tory systems initially maintain cardiac function within a physiolog-
ical range, prolonged activation of these systems paradoxically leads
to cardiac damage and worsens clinical prognosis (2). Therefore, for
the elucidation of the pathophysiology of heart failure, it is very
important to dissect the inherent complexity of intracellular sig-
naling pathways that coordinate the cellular homeostasis and
neurohumoral responses in cardiomyocytes.

The 3-phosphoinositide-dependent protein kinase-1 (PDK1)is a
member of the AGC serine/threonine kinase family that functions
downstream of phosphoinositide 3-kinase (PI3-K) and activates
several AGC kinases, including Akt, p70 ribosomal S6 kinase
(p70S6K), and serum- and glucocorticoid-induced protein kinase 1
(SGK1), by phosphorylating these enzymes at their activation loops
(3)- The physiological functions of PDK1 have been investigated by
targeted disruption of Pdkl gene. Mouse embryos systemically
deficient for Pdk1 were lethal during early embryogenesis, display-
ing multiple abnormalities that included lack of somites, forebrain,
and neural crest-derived tissues (4). Alessi et al. (5) recently
generated striated muscle-specific PDK1 conditional knockout
mice (PDK1-MCKCre) by crossing mice harboring a “floxed” Pdk/

www.pnas.org/cgi/doi/ 10.1073/pnas.0900064106
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allele with transgenic mice expressing Cre recombinase under the
control of the muscle creating kinase (MCK) promotor. PDK1-
MCKCre mice died of heart failure by 11 weeks of age. Interest-
ingly, PDK1-MCKCre mice showed attenuation of cardimyocyte
cell growth and impairment of left ventricufar (LV) contraction. It
was reported that cardiomyocytes deficient for Pdk] were sensitive
to hypoxia (5), and that ischemic preconditioning failed to protect
PdkI-hypomorphic mutant mice against myocardial infarction (MI)
(6). However, the mechanisms of how PDKI deficiency induces
these cardiac abnormalities remain to be resolved.

In this study, we found that the expression levels of PDKI1 protein
were significantly decreased in the failing hearts of murine models.
We generated tamoxifen-inducible and heart-specific PDK| con-
ditional knockout mice (PDK1-MerCre) to elucidate the relevance
of PDK1 to the pathogenesis of heart failure. We disrupted the
Pdkl gene in the adulthood and demonstrated that PDKI plays a
role in the regulation of normal cardiac function by preventing
cardiomyocyte apoptosis and by preserving responsiveness to 8-
adrenergic stimulation.

Results

Generation of Tamoxifen-Inducible and Heart-Specific PDK1 Knockout
Mice. We examined alterations in the expression levels of PDK1 in
failing hearts. Heart failure was induced in mice by producing
myocardial infarction or administering doxorubicin i.p. Two weeks
after operation of myocardial infarction or doxorubicin injection,
expression levels of PDK1 were significantly decreased in the failing
hearts, compared with controf hearts (Fig. S1),

To assess the pathophysiological significance of PDKI down-
regulation, we created a model of temporally regulated inactivation
of PdkI specifically in the adult hearts. We crossed Pl ]f1o¥flox ice
(7, 8) with transgenic mice expressing tamoxifen-inducible Cre
recombinase protein fused to two mutant estrogen-teceptor ligand-
binding domains (MerCreMer) under the control of the a-nyosin
heavy chain promoter (9). In the resulting PdkI€0¥oXpforCroMert
mice (PDK1-MerCre) at the age of 10 weeks, we administered
tamoxifen successively for 5 days and confirmed by immunoblot
analysis that functional PDK1 expression was almost undetectable
specifically in the hearts on day 7 after the initiation of tamoxifen
treatment (Fig. S24).

Next, we examined whether the activation of kinases downstream
of PDKI1 were suppressed in the hearts of PDK1-MerCre, In
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Fig. 1. Severeheart failure observed i PDK1-MerCre mice. (4) Kaplan-Meier survival curves of PDK1-MerCre mice (n = 10) and control mice (n = 10). Micewere
injected with tamoxifen at the age of 1011 weeks. (B) Macroscopic findings and 4-chamber sections of the hearts from PDK1-MerCre and control mice 1 and
Aweeks after theinitiation of tamoxifen treatment. Ao, aorta; LA, leftatrium; LV, leftventricule; RA, right atrium; RV, rightventricule. (C) Representative M-mode
echocardiograms of mice 1 week after tamoxifen treatment. (D) Echocardiographic measurements of PDK 1-MerCre and control mice 1 week after tamoxifen treatment.
HR, heartrate; LVDd, LV dimension in diastole; LVDs, LV dimension In systole; S, fractional shortening; IVSth, interventricular septum thickness; LVPWth, LV posterior
wall thickness. Values represent the mean + SEM of data from 10 mice in each group. # P < 0.01 versus control group. (€} Echocardiographic measurements of
PDK1-MerCre and control mice 4 weeks after tamoxifen treatment. Values represent the mean £ SEM of data from 6 mice In each group. #, P < 0.01 versus control
group. (F) Histological sections with hematoxylin and eosin (HE) staining and Masson's trichrome {Masson) staining of PDK1-MerCre and control mice 1 and 4 weeks
after tamoxifen treatment. (G) Surface areas of isolated cardiomyocytes (57 Individual cardiomyocytes in each group) and sample pictures of isolated cardiomyocytes
from PDK1-MerCre and control mice 1 week after tamoxifen treatment. Values represent the mean + SEM.

mammalian cells, Akt is fully activated through PDK1-dependent  guishable in appearance from control littermates. Strikingly, all
phosphorylation of Thr-308 and PDK{-independent phosphoryla-  PDK1-MerCre mice died from 5 to 15 weeks after the initiation
tion of Ser-473 (10). Insulin-induced phosphorylation of Akt at  of tamoxifen treatment (Fig. 14).
Thr-308 in PDK1-MerCre hearts was significantly attenuated, One week after tamoxifen treatment, cardiac sizes were not
compared with control hearts, while phosphorylation level at  significantly different between PDK1-MerCre mice and contral
Ser-473 was unchanged (Fig. S2B). As a consequence, Akt kinase  mice (Fig. 1B). Echocardiographic examination revealed a signifi-
activity was markedly reduced in PDK1-MerCre hearts (Fig. S2C).  cant decrease in the percent of fractional shortening (%FS), a
Consistently, insulin-induced phosphorylation levels of glycogen  parameter for contractile function, as early as 1 week after tamox-
synthase kinase (GSK) 3 at Ser-9, mammalian target of rapamycin  ifen treatment in PDK1-MerCre mice (Fig. 1 C and D). During this
(mTOR) at Ser-2448, and p70S6K at Thr-389 (11) were attenuated  period, there was no increase in LV dimension or thinning of LV
in the PDK1-MerCre hearts (Fig. S2B). Collectively, these results  wall, which was consistent with the macroscopic findings (Fig. 1 B
indicate that Akt signaling is inhibited in PDK1-MerCre hearts. and D). However, 4 weeks after tamoxifen treatment, progression
of contractile dysfunction together with global chamber dilatation
Lethal Heart Failure in PDK1-MerCre Mice. Without tamoxifen treat-  and wall thinning was observed in PDK1-MerCre mice (Fig. 1 B and
. ment, PDK1-MerCre mice survived normally and were indistin-  E). Histologically, interstitial fibrosis was increased at 1 week in

8690 | ‘www.pnas.org/cgifdoi/10.1073/pnas.0900064106 Ito et al.
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PDKI-MerCre hearts anc further enhanced at 4 weeks after
tamoxifen treatment (Fig. |F). These results suggest that PDKI-
MerCre mice exhibited cardiac dysfunction as eatly as | week after
tamoxifen treatment and LV remodeling at 4 weeks,

It was reported that PDKI-MCKCre showed marked reduction
both in the heart size and in cardiac contractility (5). Since the MCK
promoter directs expression of Cre recombinase before birth (5,
12), retardation of heart growth that was not proportional to
somatic growth after birth might lead to cardiac dysfunction.
However, the surface areas of caridomyocytes were not significantly
different between PDK1-MerCre mice and control mice 1 week
after tamoxifen treatment (Fig. 1G). Given that LV dysfunction was
already observed as early as | week after tamoxifen treatment (Fig,
I C and D), we suppose that reduction of cardiomyocyte size is not
critically involved in the impairment of LV contraction observed in
PDKI-MerCre hearts.

Increased Cardiomyocyte Apoptosis in PDK1-MerCre Mice. We next
examined whether cardiomyocyte apoptosis was involved in the
pathogenesis of heart faiture in PDKI-MerCre mice. TUNEL
staining revealed that the number of apoptotic cells was dramati-
cally increased in PDK1-MerCre hearts 1 week after tamoxifen
treatment (Fig. 24). TUNEL-positive cells were cardiomyocytes,
because these cells were positively stained with anti-sarcomeric
a-actinin antibody (Fig. 28). In addition, immunostaining revealed
an increase in cardiomyocytes positively stained for cleaved
caspase-3 in PDK1-MerCre hearts (Fig. 2C). The prevalence of
TUNEL-positive cardiomyocytes was 1.14 + 0.05% of total cardi-
omyocytes (Fig. 2D). Therefore, cardiomyocyte loss through apo-
ptotic cell death may play an important role in the pathogenesis of
heart failure in PDKI-MerCre mice.

In the hearts of PDK1-MerCre, the expression level of proapo-
ptotic Bax was increased, whereas those of anti-apoptotic molecules
such as Bel-2 and Bel-xL were unchanged (Fig. 2E). SGKI has been
reported to be functionally anti-apoptotic in the hearts (13). The
basal level of phosphorylated SGK1 was reduced in PDK1-MerCre
hearts (Fig. 2F). It has been reported that SGKI, in concert with
Akt, mediates cell survival by phosphorylating and inactivating the
Forkhead transcription factor FOX03a (13, 14). FOXO3a is phos-
phorylated at Thr-32 and Ser-315 by SGKI, and Akt favors the
phosphorylation of Thr-32 and Ser-253 (14). In PDK1-MerCre
hearts, phosphorylation levels of FOXO3a at Thr-32 and Ser-253
were significantly decreased (Fig. 2F). Collectively, these results
suggest that up-regulation of Bax protein and reduction of Akt and
SGK1 activity were potentially involved in enhancing susceptibility
of cardiomyocytes to apoptosis in PDK1-MerCre mice.

Overexpression of Bcl-2 Protein Prevented Cardiomyocyte Apoptosis and
Partially Rescued Cardiac Dysfunction in PDK1-MerCre Mice. To examine
whether cardiomyocyte apoptosis plays a causative role in the
pathogenesis of heart failure in PDK1-MerCre mice, we crossed
PDK1-MerCre with transgenic mice with cardiac-specific overex-
pression of Bel-2 (Bel2-Tg mice) (15). In PDK1-MerCre x Bel2-Tg
hearts, the number of TUNEL-positive cardiomyocytes was signif-
icantly decreased in compatison with PDK1-MerCre hearts (Fig.
2G), and the 96FS showed partial but significant improvement (Fig.
2H). These results suggest that cardiac dysfunction is caused in part
by cardiomyocyte loss through apoptosis in PDK1-MerCre mice.

Impairment of p-adrenergic Responsiveness in PDK1-MerCre Hearts,
Incomplete restoration of cardiac function by prevention of cardi-
omyocyte apoptosis implies that some functional abnormalities
persist in viable cardiomyocytes in PDK1-MerCre mice. To deter-
mine whether B-adrenergic responsiveness was changed in PDK1-
MerCre hearts, we carried out Langendorff perfusion analysis in
the hearts | week after tamoxifen treatment, and evaluated re-
sponsiveness to isoproterenol, a B-AR agonist, and forskolin, an
activator of adenylate cyclase that increases cAMP independently

fto et al.
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Fig. 2. Cardiomyacyte apoptosis in the pathogenesis of heart failure in
PDK1-MerCre mice. {4) TUNEL staining. Arrowheads indicate TUNEL-positive
cardiomyocytes. (B) Double staining for TUNEL staining (brown) and sarco-
merica-actinin {red). Arrowheads indicate TUNEL-positive cardiomyocytes, (C)
Immunostaining for cleaved caspase-3. Arrowheads indicate cardiomyocytes
positively stained for cleaved caspase-3. (D) Percentage of TUNEL-positive
caridomyocytes. Values represent the mean * SEM (3,000 cardiomyocytes in
each group). #, P < 0.01 versus control group. (£) Immunoblot analysis of 8¢l-2
family proteinsin the hearts. (F) immunablot analysis of phosphorylated-SGK 1
at Ser-78, total 56K 1, phosphorylated-FOX03a at Thr-32 or at Ser-253, and
total FOXO3a in the hearts, (G) Percentage of TUNEL-positive caridomyocytes
in control, Bcl2-Tg, PDK 1-MerCre, and PDK1-MerCre x Bcl2-Tg mice. Values
represent the mean + SEM (3,000 cardiomyocytes in each group). #, P < 0.01
versus control group; *, P < 0.05, versus control group; f, P < 0.01 versus
PDK1-MerCre group. (H) Measurement of fractional shortening of control,
Bcl2-Tg, PDK1-MerCre, and PDK 1-MerCre X Bcl2-Tg mice by echocardiography.
Values represent the mean * SEM of data from control mice (n = 10), control x
Bcl2-Tg mice {n = 6), PDK1-MerCre mice (n = 10), and PDK1-MerCre % Bcl2-Tg
mice (n = 6). # P 0.01 versus control mice. t, P< 0.01 versus PDK1-MerCre mice.
FS, % of fractional shortening.

of B-AR. As shown in Fig. 34, the baseline parameters of +dp/dt
and —dp/dt were significantly lower in PDK1-MerCre mice than in
control mice. Both isoproterenol and forskolin induced positive
chronotropic and inotropic responses in control mice (Fig. 34).
However, PDK1-MerCre mice showed a significant reduction inthe
maximal changes in HR, +dP/dt, and —dP/dt after the stimulation
of isoproterenol (1 X 10~ M), compared with control mice (Fig, 38).
In contrast, the maximal changes in these parameters after the stimu-
lation of forskolin (¢ = 10~7 M) did not differ significantly between
PDKI-MerCre and control mice (Fig. 3B). These results suggest that
the responsiveness of B-AR is impaired in PDK1-MerCre mice.
Next, we measured the amount of 8;-AR in the membrane
fraction by immunoblot analysis. In PDK1{-MerCre hearts, the
expression levels of 8)-AR in membrane fraction were markedly
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down-regulated (Fig. 3C). Inversely, the amount of 8;-AR in
cytosolic fraction was increased in PDK1i-MerCre hearts, com-
pared with control hearts, while the total amount of B,-AR was
unchanged (Fig. 83 4 and B), suggesting that receptor internal-
ization underlies B;-AR down-regulation in membrane fraction
of PDK!-MerCre hearts. In response to B-AR simulation,
increased cAMP activates protein kinase A (PKA), which di-
rectly phosphorylates phospholamban (PLN) at Ser-16. PDK1-
MerCre hearts showed a significant decrease in cAMP concen-
trations (Fig. $3C) and phosphorylation level of PLN at Ser-16
(Fig. S3D), compared with control hearts. Phosphorylated PLN
dissociates from sarcoplasmic reticulum Ca’*-ATPase2
(SERCAZ2) and thereby enhances Cal+ uptake by SERCAZ,
which leads to enhancement of cardiac contractility (2). These
results suggest that, in PDK1-MerCre hearts, robust $;-AR
internalization leads to contractile dysfunction.

It has been reported that phosphorylation of 8-AR by 8-AR
kinase 1 (BARK1, commonly known as G protein-coupled receptor
kinase 2) regulates receptor internalization (16). In the hearts of
PDK1-MerCre mice 1 week after tamoxifen treatment, the expres-
sion levels of BARKI (Fig. 3C) and BARKI1-associated p110y, a
catalytic subunit of PI3-Ky, were increased (Fig. 3D). Notably,
PI3-K activity immunoprecipitated with antibodies to either p110y
or BARK1 was enhanced (Fig. @E? in PDK1-MerCre hearts.
BARKI1 forms complex with PI3-Ky through the phosphoinositide
kinase (PIK) domain, and protein kinase activity of PI3-Ky in this
complex is required for receptor internalization (17). Therefore,
these results suggest that enhanced PI3-Ky activity in PDK1-
MerCre hearts increases SARK1/PI3-Ky complex formation, and
thz]u BARKI phosphorylates 8-AR to cause robust receptor inter-
nalization.

Disruption of BARK1/P13-Ky Complex Restored 3-AR Internalization and

Partially Rescued Cardiac Dysfunction in PDK1-MerCre Mice. To cor-
roborate that enhanced PI3-Ky activity promotes B-AR inter-
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mean x SEM. *, P = 0.05 versus control group, #, P <
0.01 versus control group. (8) The % changes in HR,
+dP/dt, and ~dP/dt before and after treatment with
isoproterenol (1 x 1078 M) or forskolin- {1 x 107 M)
were calculated, Values represent the mean = SEM. #,
P < 0.05 versus control group. (€} Immunoblot analysls
of B1-AR and BARK1 in membrane fraction of the
hearts. N-cadherin was used as an internal control for
the amount of membrane protein. (D) Immunoblot
analysis of BARK1-assaclated p110y protein in the
hearts. {E) Kinase assays for P{3-K activity, The hearts
were subjected to immunoprecipitaion with antibody
to p110y, or BARK1, and the resulting precipitates
were assayed for the kinase assay. PI3-K activity of
control mice was adjusted to 10 arbitrary units.

POK1-
MerCra

Controf

nalization by forming complex with BARK1 and that robust
B-AR internalization causes cardiac dysfunction, we examined
whether disruption of the BARK1/PI3-Ky complex normalizes
B-AR trafficking and improves cardiac function in PDKI-
MerCre mice. For that purpose, we crossed PDK1-MerCre mice
with transgenic mice harboring cardiac-specific overexpression
of PIK domain (PIK-Tg mice) (16), which competitively inhibits
the association between BARKI1 and PI3-Ky. The amount of
BARK 1-associated p110y protein was significantly decreased in
PDK!-MerCre x PIK-Tg mice, compared with PDK1-MerCre
mice (Fig. 44). Importantly, BARK1-associated PI3-K activity
was markedly decreased in PDK1-MerCre X PIK-Tg mice,
compared with PDK1-MerCre mice (Fig. 4B, Lower), although
total PI3-Ky activity remained elevated (Fig. 4B, Upper). As a
consequence, in PDK1-MerCre X PIK-Tg mice iweek after
tamoxifen treatment, the expression levels of 8,-AR in mem-
brane fraction were restored (Fig. 4C). The %FS in echocar-
diographic examination showed partial but significant improve-
ment (Fig. 4D). Overexpression of PIK domain did not influence
cardiomyocyte apoptosis, because the prevalence of TUNEL-
positive cardiomyocytes (Fig. 4E), as well as the amount of
cleaved poly(ADP-ribose) polymerase, Bax, and phosphrylated
FOXO3a (Fig. S4), was unchanged in PDK1-MerCre hearts. In
addition, overexpression of Bcl-2 protein did not influence
B-adrenergic response, because the amount of BARKI-
associated p110y protein (Fig. 44), BARK1-associated PI3-K
activity (Fig. 4B), the expression levels of membranous B,-AR
(Fig. 4C), as well as cAMP concentration and phosphorylation
levels of PLN at Ser-16 (Fig. S5), were unchanged in PDKI1-
MerCre hearts. These results suggest that enhancement of SARKI-
associated PI3-Kwy activity induces rabust 8-AR internalization, and
thereby contributes to cardiac dysfunction, independently of cardiomy-
ocyte apoptosis, in PDK1-MerCre mice.

ito et al.
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Fig. 4. Alleviated cardiac dysfunction in PDK1-MerCre mice by overexpres-
sion of PIK domain or Bdl-2 protein. {A) Immunoblot analysis of BARK1-
assoclated p 110y protein in the hearts. (B} Kinase assays for PI3-K activity in the
hearts. The hearts were subjected to immunoprecipitaion with antibody to
p110y (Upper) or BARK1 (Lower), and the resulting precipitates were assayed
for the kinase assay. PI3-K activity of control mice was adjusted to 10 arbitrary
units. (C) Immunoblot analysis of B1-AR and BARK1 in membrane fraction in
the hearts, N-cadherin was used as an internal control for the amount of
membrane protein. (D) Fractional shortening measured by echocardiography.
Valuesrepresent the mean * SEM of data from control mice {n = 10), control x
PIK-Tg mice (n = 6), PDK1-MerCre mice {n = 10), and PDK1-MerCre x PIK-Ty
mice {n = 6). #, P < 0.01 versus control mice. 1, P < 0.01 versus PDK1-MerCre
mice. F5, % of fractional shortening. () Percentage of TUNEL-positive cari-
domyocytes. Values represent the mean = SEM (3,000 cardiomyocytes in each
group). #, P < 0.01 versus contral group. t, P < 0.01 versus PDK1-MerCre
group.

Discussion

Our present study revealed that PDK1 plays an integrative role
in normal cardiac function by coordinating survival signals and
B-adrenergic response (Fig. S6). Besides the fundamental role in
promoting cell growth and survival observed in many tissues
in common (18-21), PDK1 uniquely accommodates B-adrenergic
response to prevent cardiac decompensation. In addition, de-
creased expression of PDKI1 protein in experimental models of
heart failure raises a possibility that functional alterations of
PDK1 may be implicated in the pathogenesis of heart failure,
although it remains unclear how PDK1 expression is regulated in
stressed hearts.

B-AR signaling plays a pivotal role in the chronotropic and
inotropic functions in the hearts (22). In PDK1-MerCre hearts, the
activity of BARK1-associated PI3-Ky was enhanced, which en-
forced robust 8;-AR down-regulation. PDK1 is a direct down-
stream effector of PI3-K and may participate in the negative
feedback regulation of PI3-K signaling pathway (20). Importantly,
overexpression of PIK-domain prevented 8;-AR down-regulation
by interfering BARK1/PI3-Ky complex formation, and alleviated
cardiac dysfunction in PDK1-MerCre mice. A recent report dem-
onstrated that PI3-Ky negatively modulates cardiac contractility by
promoting phosphodiesterase 3B-mediated destruction of cAMP in
a kinase-independent manner (23), but we did not observe signif-
icant change in the activity of phosphodiesterase 3B in PDKi-
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MerCre hearts despite enhanced PI3-Ky activity (Fig. $7). There-
fore, we suppose that impairment of B-adrenergic responsiveness
results from intense B-AR down-regulation in PDK1-MerCre
hearts.

It remaiiis controversial whether down-regulation and desensi-
tization of B-AR function is beneficial or detrimental in failing
hearts. Indeed, clinical trials have indicated that the use of B-AR
antagouists improves morbidity and mortality in patients of heart
failure (1), Sustained B-AR overstimulation promotes energy con-
sumption and apoptosis in cardiomyocytes (1, 24). But, accumu-
lating evidence has suggested that normalization of B-adrenergic
signaling by interfering BARK1 function rescued numerous genetic
and experimental models of heart faiture in mice (16, 25-28). A
possible explanation for this discrepancy is that the therapeutic
window for optimal level of 8-AR signaling may be narrow in failing
hearts (22, 28). It has been reported that the proapoptotic effect of
B1-AR stimulation is dependent on Ca?*/calmodulin-dependent
kinase IT(CaMKIT) (24). The phosphorylation level of CaMKITwas
decreased in PDK1-MerCre hearts, and restored to a subnormal
level by overexpression of PIK domain (Fig. S8). Importantly,
normalization of B;-AR did not induce excessive activation of
CaMKII and cardiomyocyte apoptosis (Fig. 4£ and Fig. $4). Thus,
the 8;-AR normalization may improve contractile function without
evoking a ‘fight or flight' reaction, unlike the simple Bi-AR
activation. Alternatively, robust B-AR internalization may activate
adverse intracellular signaling pathways through B-arrestins 29)
and abrogate the cardioprotective effects mediated by transactiva-
tion of epidermal growth factor receptor (30), Further investiga-
tions will be required to clarify the entire mechanisms of how
normalization of 8-AR signaling confers therapeutic benefits on
failing hearts.

A growing body of evidence has suggested that cardiomyocyte
apoptosis plays an important role in the pathogenesis of heart
failure (31), In PDK1-MerCre hearts, the phospharylation levels of
Akt, SGK1 and FOXO3a were reduced, which may give rise to
marked increase in cardiomyocyte apoptosis. In addition, PDK1-
MerCre hearts showed an increase in expression level of Bax
protein, a key molecule that translocates to the mitochondrial
membrane and triggers the release of cytochrome ¢ into the
cytoptasm (31). Overexpression of Bcl-2 attenuated apoptotic foss
of cardiomyocytes and alleviated cardiac dysfunction in PDKI1-
MerCre mice, suggesting that cardiomyocyte apoptosis contributes
to the development of heart failure.

The previous paper demonstrated that PDK1-MCKCre mice
showed growth retardation and contractile dysfunction of
cardimyocytes (5). In our study, PDK1-MerCre mice showed severe
heart failure without alterations in cardiomyocyte size. Besides
regulation of cell growth, PDKI1 controls cardiac homeostasis by
promoting ceil survival and preserving 8-AR response. The phe-
notypic difference between PDK1-MerCre mice and PDKI-
MCKCre mice resulted from the timing of gene disruption. The
Pdk1 gene was deleted within a week in tamoxifen-treated PDK1-
MerCre hearts of adult mice, but in contrast, Pdkl disruption
commenced before birth in PDK1-MCKCre mice. The number of
apoptotic cardiomyocytes was pronouncedly increased in PDK1-
MerCre hearts, but was unchanged in PDK1-MCKCre hearts (5)
Some compensation mechanisms may prevent proapoptotic effects
of Pdk1 disruption in PDK1-MCKCre mice.

In conclusion, PDK1 is a pivotal effector with dual functions to
promote survival of cardiomyocytes and to preserve B-AR response
in vivo (Fig. S6). In this regard, up-regulation of PDK1 in the hearts
may emerge as a potential therapeutic strategy for heart failure.

Methods

Generation of PDK1-MerCre Mice. Mice harboring a PdkTflex allele were previously
described (7, 8). Mice expressing MerCreMer under the control of a-myosin heavy
chain promoter were previously described (9). Details are in 5/ Methods. Bcl2-Tg
mice and PIK-Tg mice were kindly gifted by Dr. Michael D. Schneider {Imperial
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