CRFEEETRBEERIICRLL £
F 2R, BN IRE B VFELZ R0 5 5B,
FLIME BEOLNS. LIEHEmEILEK,
R, A VT Rz EOELERDEE TRD
2 h, ERMEEOWRIZENEF) M6
EEREEULICHAICOL LESEMELFRZ 5
12AHD. LA -oTHIZOERTIEER LI
TENTRBELSEBIERY) v,

L, BERRICEERFERIRS A E
STWh, TEZSEVSENDHEEDL L
LS B, BBV THERIRDEE
) ETRABEAEREE IOmmHg #8825
EDPHONTV A, BRERBOMMIEEE
ERAHDHIEERL, LREMTETLEST
= DR BIARALST S2p (IpH ) Z AL 5 2 & 13
2p DIFLEERTREL, F4MERELHZETEIC
ER SN NSRS L =R A2
cEZOND. EFETHEIFEKRIZH - MAF
THDH I EN% L, pitting edema (58 { EHE T
SERMLEET 2D ET 5 3E) %
T TEOZEIIERMAEHERKIC L > TR 5
ZEDSv. DEASBERMEEE R L 57
E, FIOOAEDOTRESIEE ICE V&l S
b,

BALF2DEZRMR(R2, A1)

INOCDBERRONTEWAEET 5/ D
REZHAZ, EHRORZHALEEbNS.
SHRFIRIAES 2 BT 2 A2 &) i a.LAE
DEMORLERELREL VR S, HRRRZ

i
[k

. ME : 90/56mmHg. AR3A : 100/ 4 - 1%
BAIICEWTHERRROMH Z/E L TRE, FRBELL. FREREHE
=A%) ZA4EN. S2p TUHE (DRERT S2p ZEER)

DHE | F 4 DREMEER TEREIMEIRME (Levine I / VIE),

W EHRR P AAMES (Levine I / VIE) ZE8EN. 'FRE : MAIMF CET
REER : ATz 3REMA LIEEH V), FEEHR

L THBRZAE : ®fAlIC+ + (pitting edema)

1)DFE

2)BT:

EHNI/FTI,
Ca HEIEE, MAEE,
25040 R E)

4) 5EYR

1) TRRREREFAREAZE

1) X7 0O—EEER

2)BEREEBRE

FT2

4)RELR

1) 85

2)4M8

3) BUm e

4T LILFE—

5)ARDS

6) FEfR

1)U > INEiERE

1. ERMZEEM
(Na*tghn)

2. FHfiREAZE

3 AE7 I T I MfiE

5V INERZE or

izl 2) BIEETS
DERBREBEER 5 mpmasETe

(Up to date on line 17.3 Burton D. Rose, MD &*) Ei”a.;)

1. 22M%ZERET SR ‘
1) SERRARARAR

2)fF5 -

3) ThRIZAE (pitting edema)

2. AEAFERTHAR
1 RERS
2)S2p E MEmllEEZFRE T 558)
S ZRAMMETEHT
4)a80HE S,
5)ADH Sy
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— MRFR

EEHD
SRAMUTLNT
W ws.

AL sntss

kY
4
i

1 BSK
i (EIEMT)

T T B TALAT, ST R

A S

SompF | i
(EREHES> | A
FFIEX)

[SEEES, 7 STRE R Rt

n=116
30
8 SHBDH -
B ] o HIR 1A —
A
5

0 5 10 15 20 25
BOHAT—TIICLDERE
ERIRBZICLAHEEREEE DT —TIMMERICKY
BEShZERECOMEERT. EEEE (hepato-
jugular reflux : HIR) IC& W ARBEE &V IERICHE

B,

30 mmHg

i 34
59

A4 : WBC 4000/uL, RBC 450 73 /uL, Hb 15 g/dL, Plt13 73 /ulL
BRERALE @ Alb 3.6 g/dL, T-Bil 1.0 mg/dL, AST/ALT 28/18(IU/L),
ALP 203 IU/L, BUN 16 mg/dL, Cre 1.0mg/dL, Na 140 mEq/L,
K 4.0 mEg/L, CRP 0.3 mg/dL, BNP 1,020 pg/mL
&R RS : RF B8, MPO-ANCA R&1E, ANA <40 X
MBAARR(BHZ21—L3LT)
L_  Pa0,55Torr, PaCO, 33Torr, pH 7.42, HCO;™ 33mmEq/L

12 & AHEEREEE (Key Words—S3#IRZRIES
B)IZBEEOEFICHVATRE VR EPRE
BRLTEL 2V EDUFIPOERINTY
2. L LAEEMSrPLLE L TERDOEERZ
HHLOOHE#IRERL TS Z I D EEDS
255 (H2).

B LRSI L B8R ) o MZRET ST
BELTRIF) oMm& TREESEITONS,
) oMaA&T % L FEESEIBRLOEL
WCREE NS X ) B BEICHARL THO
WA HIE SN D - DEFEED) 2 LTI
EBREWVWZS.

BUOAEZOHRELTETAIMATREZY
B, BUAEOREM THLEEAMOMR L
LT, BlERoas, =RAMEAREME
HURDSs, SihENBTFONL. ERER
BIRERACTHESNE Z L3R, fihi
EEEOEDHAVEIREATE R IR L VR
5, BEELFIZLY SOFRHLSEIR SN,
HUOREVETTLL SSMHHERT L GEW
Tk, BEAECIAYTIAT Y ADGEN(HKL
V) ERERTH L7250 S i3E B D% 0K
TLCAMANE. M&IUEET /I L7IA L
REDHEIZIES2 ODTLEFRRFRO LN
(One Point Advice—S2p D ITHESR).

R, BEFRRLOHOAEIIL S THREE
THALUREENE L hoTELIZD, KRIZTA
~REZLEHOAEOEE, GO0 REERE




Z2OBE AUCSAE0BRERZMAZ L LR,
SHROBREOEEIIBVTIE, FFIIHEL
TEBLERE W X BRRE 1T o TEERW
EHREBD. RICEREMIZTEZUMADK
TLLCLII—%ETT A ZZ2EFTORE
TEROBLAEICHEL TLERERIZIIEA
CEROENTWED, BEEBRDHIZHEIZ-TS
SN ELRREYBINT A, YERF TlIMEm

EDRREILT I —TIXIEREICEFECE 2w
% bEWOHLN T — T VIRERIEIT L

WEDER X R
EH2, 47N%E
PREIND. B RMRIED 7z OBEE LA

L, @ik GEOHIK
WA BOLNE, MIEETITAEILLR
DIz OEBREIIFNE 2o T B (M 4da BE
;).
BOER

LR, AEEeaM 7oy s, VsVe TR
WS KRR, AERKEZHINS VWV T
KL PEEAROABREATOHE TS E
MEDFZETEERM, Tﬁ%kéﬂhk
5.
#@OTra-—-

g cR OEPRIEIRELLAZEYNS

Zk 73‘-’) PR AE. GEO=ZRFAHELE
DML RO, jet 2 b KD 72 HEE M B AR E 12
6dmmHg THh - 7. HZE, AEMILAL, T
REROIFREZEHIMET L CERBEFSET
HoHIEDPRBEINT.
BELNT—-FTIVERE

k48 88/ 4, HEME (10)mmHg,
60/EDP 19mmHg, HAfi & AR #2 A £ (7) mmHg,
fiENARE 60/15(30) mmHg, -UMfALE 23L/
it (& 54T 10Wood HAL
ARy F I35 L

defect G RDOBMN o7,

HEE

60

[E@*gwﬂaﬁfl

( BLFLOEE |

EBDTEO

RRFEORT

1 )*#%’&(IPAH)
2)&EEH
EMPESY
4)ETERBICHED
Rt 2 A B =9 M
DFEXRMEDLER
QORTHER
DIAX
OFmkR
®FmEE M
5) # 4 RIBIE M B (0 JFE
AERARRAZEMRR ( PVOD ),
AhEAR M ERETE ( PCH )
1) INHEPE S
2)YRERIEE
3) RIEE
1) SRR MENRR
2) FE MRS
3)REMES
4) RERRIEIRPEE
5) ffif{KiamfEE
B) BN DISHIRE
TRBREE
4. EEmigEE KT/ £
ERMEERBICKLZ S MEE
5. FOthD it ML fE 1) MREE
SRETEERR, BiEh
DEHRER
FILAA K= R,
EAFAYA A=A X,
> INEREE, RS,
MmER
ILHIER -
RIRIRER, WERER,
Gaucher &
4)F DOt
fimEDEE( V> /NETRE
iR, FE5, FRMEMERIRA )

1. DR B 0 FEAE
(PAH)

17 iR E KU/
F M ERERE
2. EOMDRBICHD
i M £

3 EBRB RV £l&
{BRERIAEICHE D
Fifi & i I

(%4@@#//1‘/'7A Danaport USA, 2008)
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4a I X

EE2 4BHREL, WEK BE
DUEADTREEND. EFEA4BEBET
B DEFICIZERIEK, ETH YD
BEEHBLADOIENE. HFIRIHR
BOiniBiER LUAMICHXERD S
N3, AEGETEEEIRADZDRE
BIESBNE RO TWS(BEH).

B4b DHEEH

AR TREEMT7Ov Y, VsVe
TRV SRERD, AERWREDME
N VIV TREL P RERDER
REMEHBHIND. SMEOHET
EERH, EERACERICEDS.

®4c MBEFERELIO-—

Gk - ORHA, INEHZBE LU TOE
FRIERFECLEEESBVIEDSD
PHZD. ZRABAFET L O jet
SRS - HEEBBAREIE 64mmHg
THo7.

Mz - 6, AEMEAL TS,
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MBEMEEIZLAHOAETHD I EARE
A R CRERR S M7z, filiE MUEAE O #8751V 4 A i
MY VF TSI LATHRERED S DIIBES
M, FENARVER S MEE O R TIRBERIZED
HENZBOONENI LIV EENT, LT
I-TLAY v 7 MIFEET, FEZHED
SNV HMREDObDIXTESN, KRR
RAOEYMORAO R, 0LV ElL L
FREOLOLBEMT, MEERIZLAHMEMm

EIE & OAE (BffE-0) LTS /e,

[IET Y AR 2 i % i 3

HOREIH L CEFIRELXBRIAL, (KB
FRMAECH L CIEFERSGELEE L 72(5L/
7). FEREERYICEIE L /- BRI 89% A
%%%«ttﬁt.ﬂﬁ%&ﬂ@?%ﬁﬁu
4, 5 BTIZITHEEL, REIN kg Bl L
B IR EAEERAE ﬁmﬁﬁbb&%%ﬁw
72, LT I—THEBRLZZE ZATREROITER
X EE L TV 7z AR HE E R BN AR I 12
50mmHg i & & - 72728, Bl B AR VR & M E
FEDBBICELTU VT F 7 4 VORNAR% A
L7

REER S EIIRMAR R BRI E 2 EFHICIRTA
T RBERS EITV, YT T 714V Rk
LTiE%EmDHEEE L7z
I A A e i 75 I FiE D — AR B T8 S R
FHEIAR VN = MEE 1L, EREIFECEOFHV
MAHEBRLEZONENRBERER 2D -
7Z(FR4olEkniEHk]). LrLl, BARTD
9P EFELVRADFLVBEIPTONES &

I ) EFERIIGEAIUAENRD NS L)
ot BETRIERABRFOREL S 3EHED

HFRIER SND, MiEEBIC L s MEED
BER T RBREESIPRELINLGPFEZNT
biEMEEY R T HEIIIRZIET > 2L
72 WA BYARVE R & (L AE |2 4 U 72 1BIE AV A

1. AEERRN
EHEOFIR, TEOEROZL
2. 8012
P
FIRE (Sv AR, FILEIR *A)
3. BEEFMIE | BBRBA
4 MBEAE(T—-T77U )
5. MEHRIRE
1)Ca blocker XE&%(5%ICER)
2)long acting beraprost
(#20 PGl2) WAR
3)epoprostenol (PGl2) #FfiasiE
L0 4)bosentan
A (I R RS AR
5) sildenafil (PDE [EEZE) A1AR
6. BiE— 5 FETFTE50%
Ak - @AE - OFTRBIE - B
nhs0

i 7. MEEFEMFIZ imatinib

RO

a3

bRTVa. #HLWwIEOMEWREDOHT,
B TREVEEEZEDAMAT v b (ML
MIXFET 2 EBFEL I N WA M) & 8%
SHRWVIEPREINTEDIEI VT T4V
DHERY, ZNEFRBLT
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SHERIRAERE

WRIRBEES 1L, MHRAZICLYERT AR
ELERLYSETHAIERIETHIEELT
Fond. SEFEARICITASRERR &I SERRRD H
VEEDBRREINSD, ABEHROFHITRE
NAHEEDFV. ABEEBRIETRERL S DFEOML
BILHAHONEDHEEFDEDHRADHDT
BR<EPIPRABROHARE I EDL 272600
HRIND. NHERRIEHETEHERTHS
HBE, \EBIEARNDY, EEORED, AEA
FEICHYEOIRBEBRROMBEDHEDE X TIE
BI5R1). HIhzMBLT, BEBHEH
RINZRERROFETVVUBZREZ LERE
EFTOESZATETSHE, ThDPAEREISEL
(X 2).

B 1 AEBIRGAZICEIAREHTE

]
ENEEE DS

X cmakiE
ol =Ty

l,,  [TTTTH]a,
L Ene | BB

AFEABHEE L TAERRISIEDH TS, RBAZEDR
B5, ECETHHTILE AFEICAERKROMN
BROBHPHIEOTVWBRMEETERD. ThafMAL
THBEEERNBRRORZBHOSHET .

:Jf; (’.};‘ ]s“""

EmEEDNMRE LT S2p TR LK ERE
NBFRTHAHD, BEFRESTHIERIND
DEERED . BROZHUGIOREFNS, IE
BTS20 I3MBER 2 ~ 4 BIE THIME O
B2DHTHAHM, MemMEENH DTS20 BT
ETDEREOEEDRBEINDSE 5 IR
RERMETOERIND. ChEEEDAERH
NDIERE, S2p BEOFMARL LY FEHIE
TIEPEBREEASNS.
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H2 AREOHER

PHIRABLVIADOREPREBR[EXETO
PEREZ X cm

DFAREIE (5 + X ) ecmH20 (5K#E)

_(5+X)x 10
- 13.6 mmHg

DEFFAREIE 10cm K (7 ~ 8mmHE)
BEETHIES

(Constant J. Bedside Cardiology.
Lippincott Williams & Wilkins, 1999 & ¥)3|R&%)

AEDONBFRROBZ LMD RRRE TOEEIHESR
BREECRDY, AROWUBRIFE #ikA (F2hERE
F&8) MS5emTHILHD. LEH>T, #irBH S
RSN RIS RSRE COHERM Xem Z5cm ZMA
g, AEELHVR 2L AEASOMOBRDIEDS
BB INUC10Z#IF TmmERGZEL, KEROLLE
13.6 TEID LHKIRIETHR LAHEEFESBONS.

DBEFD S2p FEEHEN
OfEIMmEETO S2p EEER
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a. PR AR ZEARRE ;-

EREE A

FBROENKER

s MR RREOREEZRBTE, BERE
K, B8 BHMRE DI2-HHPOE
STENTES.

s HA RSANEDNWT, DEAT—®
B CTREERWEEZHRMITES.

v HA RSAVICEDWESEHHEOXNRD
TZED.

s AHEPTRICDOVWTHHEEZEL, FM
EBICEBNTES.

E%Mﬁﬁ&ﬁ@ﬁ%&ﬁ%?ﬁ,ﬁﬁﬁi
R, BB, BAFFR, DII—EHNS55ED
ZENTED i
ﬁﬁ4H54yE§§ut,Dﬁ4?—i
P& CT BEZBLICEEINTED {
BERIEIRAS 6 » AL ERFRT A 2 &% <,
SENENTHBROBAE - SLEMNZFLT
L RERIIE, BE - RESHBREFD
~T0% %2 BAAZ LI RiEMERXET S
TEbwn
BFEKE

SUVERT SBARTE O T0% C T e S0 A% IR 1 42 i
SEEEBRL LTHFEL, THREIRDLRED
0% CAMMERELSHT Y. BRMiE
ERIZE L T Virchow D218 L 72§ IR EE D&
£ Mo ) o, BREROTEEL V) 3#EE
ZETAH. T15-a-1 IZRL72 &9 RMART
DHEREBEHAET L EREDRHEIEE 5.
DLW

CORBOTEREZS) ZEVEET, 2K
DIFE, BOEIZHIE L T 5 R R EE T
FEIZENBWICED S, UTICEHOES LR

=
¥,

15. HEiRER

® 15-a-1 FIRMEERDHER

MmER (Behcet &, MEREIREFEL)

BRA

Ffi

BENT—TIL - X—=AX—=7

ME&ER

REEAVR(fitk, SMBR, DEEXE.
fHMERE, OF2, 1BHEER)

BOYGRTHE, RIBHPSvIKE)
TEETF TR, TRERSERTR

B

YEIR

CEHE

BitEs

FT7O—CIERS

MR

TR

HARRTA

IEEEEIE

TUF NOVEY IRBE
7074 >~ C RIBE
JO7 41V S RIBE
BISAZ /-5 VME

MYV RSEERES

REYRF VME

ARAREDOEE S
BFFIRD S 0iF

a. [EME]
O AT BIAR D BAZEC & A IEMR)

IR R EEASFRL T, Bl IMERIRA I & ) SEER
KMFED 2 WA EE CRADOAfThILE) M
B UIRR RO R T 5 L IPRREEE £ 5
FYERECH, B, BRI LbHS
QR X BIEME)

SMERIM AR ERIED 10~20% 56 L, &
M, mE, M, BEREEILHHE. HNE
IR XS & 5\ 3B XA R CRE B
EMA LTV AN, KEMERIZYMEDA+5
THETAEHEL 2D, BEOREXEHRY
MA AR T ALAA, HIMEESRZ R T
b. [ZHFTR]

LEXPHIES X BREL D SEREIE V.
AR DBAZEIC L Y Dp i, GERH%
DD, RELRHMETH Ip #ERT A2
EHNp LEZHETLIOILERERS. Bl
TeEEEHTE L, HFRZERSGALNR, Ao
HNVE AOMODEFIERINS. HR 0LE
BTHABDONL NS, EEFTIEY 3
v hh, MEEORRL LTI HEHD
KT, MREET, REARMRE, &VE
WA % 52D 5
c. [Hash X ")

R L RS ORBCLEE RER
E)YDBNBHEIT). —H, LTORRIZA
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ZRAMOEARKEZEKRL, BEMOMBXARL
T2 ERLRS. E3-4BOHKGEE
BLUAZBMHEEOILK), £2EDRMH (EH
PROWEKR), H2B0IEKEEDIK), A
Fifi 7 B EhAR D 45 A (knuckle sign) 7z & DFF K.
fliAE 28 % #2 2 3 & 1218 % (Hampton's hump),
fg7xbrd, /LMEH (MEREHHES IR
LU, MfE T 5 & ERBENTET ) A
LY (-

d [LEX]

MSMEEIC X2 0AFE2RETS. A2
DRSBTS 5 LOBEN Wz 0
BRICEENSENL W EAEDHY, LERICE
EHRZRDLHEIISOBUT E bR,
EEORMARLEADTA2HE0HY, B0
DR EBZENEZ L H L. AHERD
. HE{R{z, SIQITI pattern, I - aVF
DST LADH 2V IEBEMETHR V,~V,®ST
ERAHBCIIEMET HV. V, THEHE), I -
aVL* Vs - Ve D STIRT (BZ LK HZHF D
reciprocal change), EH7 v 7, V5 Vs ®
SHEEELLEPH L. AEAMERTAIRE,
O-aVF-V,- V., TOpikDEEHL EHLL
25,

e. [ 2]

i L5 A5 L TG ML A S5 L 4
UIRER R MJE % 8850 5 . Bl L3R 73 Af DA 3 —
SH|RMPBEEAHEFTHICHFG L TD. ]
SATET B OER_BILREZMED T 5.
£ [miERE]

O(BEMRBER~— 5 —)

D% 4 <—(DD) ZBEEDEVIRET(RE
98 %, negative predictive value 98%), L&
v e BHMIREREITENE VR S,
@B LAKERTATR)

BNP R REE(E IS A OB 2 KT 5.

g [Lxa—H])

HIERE DD 5 BEM e ESETH O T —
HArRIZIZE A EEEY, BENELNE LT
DZEDBHL. RLAFEH - THRHRDOEE
WEEAEARZ I v, ThLHETEEL
RORE (EENMERED 5V ITILIREET) 254
LRWEZETZOEBEbNS. BEILA OF
TROR L ZRAAESEL D ERE T
T TR ENAEEED LR, HRiHED/<
VAR SEEBWESE LROKE, HE
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16-a-1 RUEMMEERED CT @R
KENEBICMIEABH SN B

HHEEOBEENR TR S 5. TREFR
HE, AZEOMESLTFREL, FETILIE
BFEMEZET S, FTHRTI—I2L BREEIK
MeDREZIT.

h. [CT]

2L HECHBREEZHOFET, 58
BHECT CRLEDZLICOMERYHRETE,
KIS Z Comds L b2 A4RE BELD
0%HEHE S5 (F 15-a-1).

L Wik v F 75 4

CT CHiE» 0@ TS h, FIABEE
o T3, BE - BRELDIIBVRET
BT, CTTHRALNEZW X D /S il
EIBW SN, BRTEEESTFEETHH
My ¥ F 295 5 THETH NI 80~90% ik
DM MARERESFEL, MKy 5735
LD TERMEM e ERENFET 5 TR
HE6%UTEEhsY RBHEFEHMUEDOKIE
ML LRFICHREZKBE LTHFET A
i (i8R )
CTOELTHITENZBEIL R %o
7o, BRREYRT R & LRCMAERT RAS—E8 3 E
ZHICELLRWVWIRE, FEFICEETREMNAL
Lt H B 26 & (PCPS) O AL E 2R, g
BRI AN B TR BOAR M4 2848 D EHEBR A5
ELRRREICH T —FVIRENEITENA. ML
RERIZLIBERIE, WEHRMAER  REE
RENHELNE.



HA RS VICEDVWRMEBROMIND |

TE3 !

ASHECFRICOVNTABESL, 879 |

EICENTES
DiRH
 [FustEEE]

F e DERE FHT AHEETA/N)
N7 ) yBEICERSINS. AN Vi
SEHRA PR S B, RO AR { ER
SHEW(H604). HEOMBREZFMLT ~
=tor¥rIoOERZRE L ChgEEL
FT A AN OG5 EIZE L TilE Raschke
SHIETITLARERLTWEY. H50HE
SEMIEIZAPTT 2lE L TIkG &2 RE
T4, APTTOEEMEN15fEL) 256FFT
DI CERET AL HICay bu— L L GEHE
0~70 %), 5~7 BEG$ 5. ~/3) ViS5
DRI MMM OF EERETT 5. ~18) ¥
B/ MR AE, BHRE, FEE, 7R
AFa vl EBRWERE SIS TV T 7
D3 A BE L DL, &5 HEIBRIC
X7 FA Y C, 7T A S DU S s E
BIEEICETAD, A5 BN Y EE
BEEs €I VKICERLCEERFD
ERZ8H$ 55 FTERFOFEFEMIZT25H
e RECHMAREROFERIZIZ4~6 HELE
Etah FhovTY) voOfGEETO MO
v ¥ VRER(PT) Zffvy, ERSHA (INR) T 2~
3iay ba—nd 5. B oI T RIESER
mifE (DVT) # R Z37THFRI D 25 G121
68X 37nH, FRAZVEETEI3I»AX
DN6» AMEST 5 EMHEERLTRED
thrombophilia(7a 74 » C R¥ER 7274 ~
SRIBIEZ D) 72 &£, RIEAEE L W ILARTK
HEyHiLTEHOESPEO LS. TIVT
7 yOELRBIEALHMMT, ~/3) V3RS
ik L TRENCERSRETADIIHL, 7
W77 VR ERASRCE Y I Y KR
U MJE (FFP) O 5-AWL 8 L 72 5
b. [MfeEmRsE]

tissue plasminogen activator (t-PA) A3 A
ANA, EVRIE, BEOKEERIME
SORAZAMLER, Lra—2ET)ES
na. MATEIREAEE L CHEHMEIL V2%
B AR ZBRRE ISR LT, H.OHE - B -
B FHROSE BETHICBWTAN) VH
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15. FgiRES

MEELVLENTVWAZEARENTWS
A, bbb OREERD S X MITE A HERF S L
TWABEIZIEANY v HIRAR CHRFD R
BEiEiwv. LA, MEERELEHL TR
BEE A PIET AL M AR LTS
Y, UELESTS. IREREESREICZ
HEOgREEEILEICET 5. &IfERIRHIIT,
BHRICES L SNAHAEHOLOFE, &I
OFA, WMMEEEDOMER & & TR L

EREICLEETS. MEFEHITRARE L.

MEE A AR O EEZ L.

c. [TKRERT 4 V5—]

WIS, HEESERG L HnERS LT
WAMEZ TR BV IEE, B L UHuEE
OB G2 b & T hli M EREZ
B LBEE LA, FHEEORERBEIRMET
HoThEins Sz, ERCEMREED
EREAECEHOAMERAT L HIT—IFIT
KER7 4+ vy —pMER S, 2R TR
L plkansd, ZUHARTIEFE 24 FeH L
NICEASY) Y RESRERETE 0L
VARSE L, #EE o APTT {80 2 258 L v figk
TRERLRBEFETHLY, 6FMD LG
SEFM L iC APTT AN IEREICHE S N5 M
BTN TRER 74V y — 3R EEEZ
5La.

d. [(#7F—F M X AlkekE]

MEEESFERTERVWERRYa v 7D
& PCPS A MR E TR S NG5G T
XD, MEEFAOH T — 7 VTR LTl
MmiEzdEses. Yay 7RKEXHELEZY
BAITIE E T PCPS 23 A LS OER 2 HFF
T2
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BHOXy FEZRgFLET, BURPLELY
Ll 2 by ¥ U7 EIB T RUEAE,
a8y vMER AN A, Gl >
kb TXalHFHEEET7 4 ¥ ¥ 0 X7 2
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1) & i 98 X S A. I iieEAeSE DORRIR,
ERLR ISR EFEER 48-63, 1999
2) Hull, RD et al * Pulmonary angiography, ventila-
tion lung scanning, and venography for clinically
suspected pulmonary embolism with abnormal
perfusion lung scan. Ann Intern Med 93(6) : 891-
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899, 1983

3) Raschke, RA et al : The weight-based heparin
dosing nomogram compared with a standart care
nomogram ° Hull, RD et al : Pulmonary angiogra-
phy, ventilation lung scanning, and venography
for clinically suspected pulmonary embolism with
abnormal perfusion lung scan. Ann Intern Med
98(6) : 891-899, 1983

4) BABRHF¥S  HEREBRODEEERICETS
A KF4 v, fifeEREB X ONREEIR LR
EDZH, EBH, FHICHMTAH A FF 4 (2009
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Zacl Is an Essential Transcription Factor for
Cardiac Morphogenesis

Shinsuke Yuasa, Takeshi Onizuka, Kenichiro Shimoji, Yohei Ohno, Toshimi Kageyama,
Sung Han Yoon, Toru Egashira, Tomohisa Seki, Hisayuki Hashimoto, Takahiko Nishiyama,
Ruri Kaneda, Mitsushige Murata, Fumiyuki Hattori, Shinji Makino, Motoaki Sano, Satoshi Ogawa,
Owen W.J. Prall, Richard P. Harvey, Keiichi Fukuda

Rationale: The transcriptional networks guiding heart development remain poorly understood, despite the
identification of several essential cardiac transcription factors.

Objective: To isolate novel cardiac transcription factors, we performed gene chip analysis and found that Zacl, a
zinc finger-type transcription factor, was strongly expressed in the developing heart. This study was designed to
investigate the molecular and functienal role of Zacl as a cardiac transcription factor.

Methods and Results: Zacl was strongly expressed in the heart from cardiac crescent stages and in the looping heart
showed a chamber-restricted pattern. Zacl stimulated luciferase reporter constructs driven by ANF, BNP, or
aMHC promoters. Strong functional synergy was seen between Zacl and Nkx2-5 on the ANF promoter, which
carries adjacent Zacl and Nkx2-5 DNA-binding sites. Zacl directly associated with the ANF promoter in vitro
and in vivo, and Zacl and Nkx2-5 physically associated through zinc fingers 5 and 6 in Zacl, and the
homeodomain in Nkx2-5. Zacl is a maternally imprinted gene and is the first such gene found to be involved in
heart development. Homozygous and paternally derived heterozygous mice carrying an interruption in the Zacl
locus showed decreased levels of chamber and myofilament genes, increased apoptotic cells, partially penetrant
lethality and morphological defects including atrial and ventricular septal defects, and thin ventricular walls.

Conclusions: Zacl plays an essential role in the cardiac gene regulatory network. Qur data provide a potential
mechanistic link between Zacl in cardiogenesis and congenital heart disease manifestations associated with
genetic or epigenetic defects in an imprinted gene network. (Circ Res. 2010;106:1083-1091.)

Key Words: heart development m transcription factor m Zacl/Plagll

he importance of transcription factors in development We reported previously that transient treatment of differ-

and cell differentiation has recently been underscored by entiating embryonic stem cells with bone morphogenetic
the discovery that the introduction of 4 transcription factors protein antagonists, efficiently induces cardiomyocyte differ-
into fibroblasts produces pluripotent stem cells.! Heart devel- entiation.” Exploiting this system, we subsequently screened
opment is known to be regulated by a number of highly embryonic stem cell-derived cardiomyocytes for novel car-
conserved transcription factors, although the mechanisms and diac transcriptional factors using a gene chip anmalysis and
logic of that regulation remain unclear. GATA4, myocyte found abundant cardiac expression of the zinc finger protein
enhancer factor (MEF)2C, serum response factor (SRF), gene, Zac/. Zacl was initially identified as an antiprolifera-
Tbx5, and Nkx2-5 are expressed in the heart and play tive protein,® with subsequent studies implicating Zac! in
essential roles in its formation.>~5 Furthermore, many of these tumor suppression and organ development.®'® Furthermore,
transcription factors interact and act cooperatively and syn- Zacl expression is regulated epigenetically during normal
ergistically to direct cardiac developmental programs.® De- development. Imprinted genes are expressed from one allele
spite their importance in cardiac development, however, none according to their parent of origin, and this phenomenon is
of the factors shows heart-specific expression, and it seems essential for mammalian embryogenesis. Zac/ is a paternally
unlikely that a single factor determines cardiac cell fate. expressed, imprinted gene.'® Although imprinted genes are
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Non-standard Abbreviations and Acronyms

ANF atrial natriuretic peptide
BNP brain natriuretic peptide
ChiP chromatin immunoprecipitation

E embryonic day

EB embryoid body

€S embryonic stem

GST glutathione S-transferase
Lom lost on transformation 1
MEF2C myocyte enhancer factor 2C
MHC myosin heavy chain

MLC myosin light chain

P postnatal day

PLAG pleomorphic adenoma gene
SRF serum response factor
ZRE Zac1-response element

important for mammalian development, their roles in heart
organogenesis are unknown.

In the present study, we investigated how Zacl is involved
in heart development. We show that Zacl is an essential
cardiac transcriptional factor, being highly expressed in
mouse hearts from embryonic day (E)3.5 to adulthood in a
chamber-restricted pattern. Zacl was found to bind directly to
the atrial natriuretic peptide gene (ANF/Nppa) promoter in
vitro and in vivo, and to possess potent transcriptional
activity. Nkx2-5 and Zac| bound to adjacent sites within the
ANF promoter, physically interacted, and synergistically
activated cardiac gene expression. The Zac/ promoter was
activated by Nkx2-5 in vitro, whereas Nkx2-5-null mice
showed decreased Zacl expression. Genetic inactivation of
Zac! in mice (paternal-mutated heterozygote-descendent
mice) induced defective embryonic heart development and
reduced expression of chamber and myofilament genes. Our
results indicate that Zac1 is an essential transcription factor
for cardiac morphogenesis. Moreover, this is the first report
that an imprinting gene mutation causes abnormal develop-
ment of the heart.

Methods

Experimental procedures for in situ hybridization, animal study,
immunostaining, Western blotting, plasmids, cell culture, electro-
phoretic mobility-shift assay, chromatin immunoprecipitation (ChIP)
assay, glutathione S-transferase (GST) pull-down assay, RT-PCR
analysis, and statistical analyses are provided in the expanded
Methods section in the Online Data Supplement, available at
http://circres.ahajournals.org.

Results

Zacl Expression in the Embryonic Heart

We used gene chip analysis to search for novel cardiac
transcription factors. Initially, we screened for genes upregu-
lated in Noggin-treated differentiating embryonic stem (ES)
cells that contained conserved transcription factor motifs and
then confirmed the expression in the heart by whole-mount in
situ hybridization. We also analyzed the transcriptional po-

tency of each identified factor in vitro using the ANF
promoter as target gene. The ANF promoter is a marker of the
developing chamber myocardium, and is responsive to vari-
ous signals, including those controlling cardiac growth, re-
modeling and pathological overload."" We screened for up-
regulated genes by comparing cardiomyocyte-rich
differentiating ES cell-derived embryoid bodies (EBs) and
nontreated EBs at day 6 of culture. Three hundred fifty-three
genes were upregulated (>4-fold) in Noggin-treated EBs.
Among them, I3 genes encoded a recognizable conserved
transeription factor motif and had not yet been analyzed in the
context of heart development. These were analyzed for
cardiac expression, and 6 genes were analyzed for ANF
promoter transactivation.

In situ hybridization of staged mouse embryos showed
weak expression of Zac/ in the cardiac crescent and other
embryonic sites at E7.75 and stronger heart expression at
E8.5, E9.0 and E9.5 (Figure 1A). Expression at E8.5 was
enriched in chamber myocardium. Immunostaining revealed
Zacl protein expression in the heart at E8.5, E9.5, and E10.5,
with a heart expression pattern similar to that of a-Actinin,
but included more extensive expression in mesenchyme
dorsal to the heart tube, corresponding to the second heart
field (SHF) (Figure 1B). Zacl protein expression was also
enriched in chamber myocardium at E9.5 and E10.5, being
lower in nonchamber myocardium of the atrioventricular
canal (Figure 1B). In COS7 cells, overexpressed Zacl was
localized to the nucleus, as assessed by immunohistochemis-
try with an anti-Zac| antibody (Figure 1C). Fractionation of
COST cells transfected with increasing amounts of expression
vector followed by SDS-PAGE and immunoblotting con-
firmed the specific accumulation of Zac! in the nuclear
(Figure 1D).

Zacl Is a Potent Activator of Nppa

Gene Expression

We used the gene promoters from ANF, brain natriuretic
peptide (BNP/Nppb), and ca-myosin heavy chain (a-MHC/
Myh6} to evaluate the transactivational potency of Zacl in
COS7 cells in comparison to that of cardiac transcription
factors MEF2C, GATA4. and SRF. Zacl activated these
promoters in a manner similar to the other factors (Figure
2A), in the case of ANF >250-fold. We also performed the
luciferase assay using neonatal rat ventricular cardiomyo-
cytes (Online Figure I). In these cells, Zacl increased ANF
and BNP promoter activities, as did the other transcription
factors; however, relative transactivation was not as strong as
in COS7 cells. The a-MHC promoter did not significantly
respond to any of the factors, likely because cardiac transcrip-
tion factors including Zacl are strongly expressed in these
cardiomyocytes and the effect of additional expression is
weak or insignificant, depending on the promoter. Although
Zacl has been identified as a transcription factor and its
binding sequence reported, 2 homologous sequences were not
identified in the ANF promoter. To show that the Zacl-
dependent ANF promoter activation was regulated in a
DNA-binding—dependent manner, we constructed a series of
ANF promoter mutants and mapped the cis-regulatory se-
quence that mediates the response to Zac| to the region from
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Figure 1. Expression of Zac1 in the murine embryonic heart. A,
Zac1 transcripts were detected in mouse embryos by whole-mount
in situ hybridization. Zac1 expression is weakly expressed in the
cardiac crescent at E7.75 but detected throughout the heart at
E8.5, 9.0, and E9.5. Frontal view of heart is shown in the inset. B,
Immunostaining for the Zac1 protein in E8.5, E9.5, and E10.5
mouse embryos (transverse section). Zac1 protein is expressed in
the heart enriched in chamber myocardium, whereas a-actinin is
expressed throughout the heart and in the somites. Expression at
E8.5 was enriched in chamber myocardium {arrow). Zac1 expres-
sion included more extensive expression in mesenchyme dorsal to
the heart tube, corresponding to the SHF (arrowhead). Zac1 pro-
tein was also enriched in chamber myocardium (arrow) at £9.5
and E10.5, being lower in nonchamber myocardium of the atrio-
ventricular canal (short arrow). C, Immunostaining of Zac1 protein
in transfected COS7 cells, showing expression in the nucleus. D,
Subcellular location of Zac1 protein in transfected COS cells, as
detected by Westem blotting. The nuclear accumulation of Zac1 is
proportional to the DNA dosage used for transfection. Lamin A/C is a
nuclear protein control, and Rho-GDlI is cytosolic protein control.

=111 to =93 (Figure 2B). The specific DNA sequence
responsible for transactivation by Zac| was further delineated
by point mutagenesis. A Zacl-response element (ZRE) can-
didate sequence (GCCGCCG) within the ANF promoter was
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Figure 2. Zac1-transactivated ANF, BNP, and «-MHC genes.
A, COS7 cells were cotransfected with a Zac1 expression plas-
mid and ANF, BNP, or «-MHC-luciferase reporter constructs.

~ Values are expressed as the fold increase in luciferase activity

compared to the empty expression plasmid (Control). B, COS7
cells were transfected with the Zac1 expression plasmid and the
indicated ANF luciferase reporter constructs. Values are
expressed as the fold increase in luciferase activity compared to
the empty expression plasmid (Control). Colored rectangles
indicate conserved transcription factor-binding site; green box,
E box site; blue box, NKE; yellow box, SRF-binding element.
C, COS7 cells were transfected with the Zac1t expression plas-
mid and the indicated ANF luciferase reporter constructs. The
Zac1 response element is shown in blue (wild-type [WT]), and
this element is mutated in the mutant (MT) promoter. D, Electro-
phoretic mobility-shift assay reveals the binding of Zac1 to
radioactively labeled ZRE. Cold competitor interferes with the
binding of Zac1 to the labeled ZRE. An antibody specific for
Zac1 (anti-Zac1 Ab) supershifts the Zac1/ZRE complex. E, ChIP
analysis reveals the binding of Zac1 and Nkx2-5 to the ANF
promoter including the region —148 to +43 in vivo. PCR-
amplified bands are apparent for the input DNA and anti-Zac1
antibody-precipitated DNA.

at least in part responsible for Zac|-dependent transactivation
because mutation of this sequence to GTATATG attenuated
responsiveness to Zacl (Figure 2C). An electrophoretic
mobility-shift assay was performed to determine whether
Zacl bound directly to this GCCGCCG sequence. The total
amount of Zac I/DNA complex increased in proportion to the
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nuclear-localized Zac!l protein in COS7 cells at increasing
DNA dosage. Furthermore, this complex was extinguished by
the addition of cold competitor and was supershifted by the
anti-Zacl antibody (Figure 2D). To confirm that Zacl binds
to the ANF promoter in vivo, we used a ChIP assay.
Cross-linked chromatin obtained from neonatal rat hearts was
immunoprecipitated with the anti-Zac| antibody. The precip-
itated chromatin DNA was then purified, and PCR analysis
for enrichment of the target sequences revealed that Zacl
bound directly to the ANF promoter in vivo (Figure 2E). ChIP
assay also showed that Nkx2-5 bound to same promoter
region which includes an Nkx2-5-binding region (NKE).
Zacl did not bind to distant promoter regions which do not
include a ZRE.

Zacl Activates ANF Gene Expression
Synergistically With Nkx2-5

The Zacl DNA-binding site within the ANF promoter is
adjacent to the reported binding site for Nkx2-5.'3 Therefore,
we used the ANF promoter to ascertain whether Zacl acts

-

Anti-Zac1

Nkx2-5 proteins that bind to GST-Zac1
deletion mutants are shown at bottom.
F, GST-Zac1 was incubated with
[*°S]methionine-labeled Nkx2-5 deletion
mutants translated in vitro. The input
Nkx2-5 deletion mutant proteins are
shown in the left panel. Nkx2-5 proteins
that bind to GST-Zac1 deletion mutants
are shown in the right panel. G, Coim-
munoprecipitated proteins for Nkx2-5 or
Zac1 were analyzed by immunoblotting
using Zac1 or Nkx2-5 antibody. Nkx2-5
associated with Zac1 in neonatal heart
extracts.

~
w
>
@

synergistically with Nkx2-5 to activate transcription. Vectors
for these transcription factors were cotransfected at different
DNA dosages into COS7 cells (Figure 3A). Zacl activated
the ANF promoter >1100-fold in a dose-dependent manner
and this required the presence of Nkx2-5. Moreover, maxi-
mum activation by Nkx2-5 (>600 fold) required Zacl. To
identify the protein domain of Zacl that is involved in this
synergistic activity with Nkx2-5, we cotransfected several
mutated forms of Zacl and Nkx2-5 into COS7 cells and
measured the transcriptional activity of the ANF promoter
(Figure 3B). Deletion of the 6 zinc finger domains in Zacl
(green domains in Figure 3B) reduced its ability to stimulate
transcription. Notably, carboxyl-terminal deletion mutants |
to 360 and 1 to 270, which potentially lack C-terminal
repression domains, showed strong synergistic activities with
Nkx2-5 (1000- to 1400-fold), which in turmn was reduced by
deletion of the zinc finger 5 and 6 domains (Figure 3B).
Therefore, our data implicate zinc finger domains 5 and 6 of
Zacl in the functional interaction with Nkx2-5. To clarify the
requirement of DNA binding for the interaction between
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Figure 4. Nkx2-5 regulates Zac1 gene
expression. A, Structure of the mouse
Zac1 gene. The red line indicates the
3000-bp promoter used in this assay.
COS7 cells were transfected with Zac1-
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Zac1, and Nkx2-5. B, Four Nkx2-5-

binding sites (blue bar) within the Zac1

3kb promoter/enhancer region are
shown. Mutation of the third Nkx2-5-
binding site (e and f) diminished the
Nkx2-5-dependent Zac1 promoter
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Zacl and Nkx2-5, we performed a mammalian 1-hybrid assay
(Figure 3C). In this assay, Zacl, expressed as a fusion protein
with the DNA-binding domain of the yeast transcription
factor GAL4, was transfected with a luciferase vector under
the control of multiple GAL4-binding sites (pBIND) and
Nkx2-5 expression vector. Under these conditions, neither
Nkx2-5 nor Zacl could directly activate luciferase gene
expression (Figure 3D). Zacl-GAL4 alone increased basal
activity up to 50 fold, and Nkx2-5 increased this level of
transactivation to a maximum of >200 fold (Figure 3D).
These data suggest that a functional interaction between Zacl
and Nkx2-5 can occur in the absence of DNA binding.

To map the Nkx2-5-binding domain for Zacl and to verify
the physical interaction between Zacl and Nkx2-5, GST
pull-down experiments were performed using several recom-
binant GST-Zac1 deletion mutant fusion proteins and in vitro
translated wild-type [**Smethionine-labeled Nkx2-5. The
wild-type Zacl-GST fusion protein interacted with Nkx2-5,
as did the GST-Zacl [ to 580, 1 to 360, | to 270, and 151 to
270 mutants, which encompass the zinc finger 5 and 6
domains (Figure 3E). The results indicate that these 2 zinc
finger domains located within the N-terminal half of Zacl are
necessary and sufficient for association with Nkx2-5. To
determine the domain of Nkx2-5 that interacts with wild-type
Zacl, pull-down assays were performed with GST-
conjugated full-length Zacl and [**S]methionine-labeled de-
letion mutants of Nkx2-5 translated in vitro. Wild-type and
homeodomain-containing deletion mutants of Nkx2-5, in-
cluding a homeodomain-only fragment, clearly interacted
with Zacl, whereas an N-terminal fragment lacking the
homeodomain did not (Figure 3F). The homeodomain of
Nkx2-5 is therefore necessary and sufficient to mediate
association with Zacl. These results demonstrate the impor-
tance of a protein—protein interaction between Zacl and
Nkx2-5 for gene activation in the heart. Although the Zacl
constructs amino acids 270 to 678, 314 to 278, 360 to 678,
and 570 to 678 do not interact with Nkx2-3, they still show
significant synergy with Nkx2-5. Because those mutants
contain amino acids 570 to 678, we speculated that the 570 to

transactivation. C, Detection of Zac1

1 transcripts by whole-mount in situ
1 hybridization in wild-type and Nkx2-5
knockout embryos at E8.5. D, Quantita-
J tive RT-PCR analyses for Zac1 tran-

scripts in wild-type and Nkx2-5~/~ mice
are shown.

678 region of Zacl was responsible for Zac| dominant-active
activity. Its mechanistic role is independent of a protein—
protein interaction with Nkx2-5. and will be further
investigated.

To demonstrate this more physiologically, we performed a
coimmunoprecipitation assay to assess the existence of com-
plexes between Nkx2-5 and Zacl in nuclear extracts from
neonatal rat hearts (Figure 3G). Coprecipitation of Zacl with
immunoprecipitated Nkx2-5, and of Nkx2-5 with immuno-
precipitated Zacl, was observed.

Zacl Is Expressed Downstream of Nkx2-5

As noted above, whole-mount in situ hybridization analysis
revealed expression of Zac/ transcripts in the cardiac crescent
region in embryos at E7.5, when cardiogenic precursors are
specified (Figure 1A). Shortly thereafter, Zacl was expressed
strongly in a chamber-restricted manner in the developing
heart tube. To investigate the regulation of Zac/ expression in
the heart, we evaluated a 3000bp Zac! 5' proximal, cis-
regulatory fragment, which contained numerous putative
cardiac transcription factor binding sites as predicted by the
TFSEARCH program (http://mbs.cbrc.jp/research/db/
TFSEARCH.html). Although Tbx5, SRF, and MEF2C had no
significant effect on transcriptional activity, both Zacl and
Nkx2-5 specifically augmented Zac/! expression (Figure 4A).
The activity of Zacl suggests autoregulation, perhaps in
collaboration with Nkx2-5. To clarify the role on Nkx2-5 on
Zacl promoter activation, we deleted or mutated several
Nkx2-5-binding sites found within the 3kb promoter frag-
ment (Figure 4B). Of the 4 consensus Nkx2-5-binding sites
detected, mutation of the third site alone or in combination
with other sites diminished Nkx2-5-dependent Zac/ transac-
tivation (Figure 4B). We also examined the expression of
Zacl in Nkx2-5-null embryos to confirm that Nkx2-5 regu-
lates Zacl expression in vivo. Zac! mRNA levels were
downregulated, as assessed by whole mount in situ hybrid-
ization, and quantitative RT-PCR analysis indicated a reduc-
tion to approximately one-third of wild-type levels at E8.5 in
Nkx2-57'" embryos (Figure 4C and 4D). These results
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Figure 5. Zac1 gene targeting-induced
cardiac malformations. A, Schematic
representation of the gene-trapping vec-
tor (top), as well as wild-type (middle),
and interrupted Zac1 gene (bottom). B,
Genotyping by PCR. The wild-type allele
yields a 407-bp product, which is absent
in the homozygous mutant mice. The
250-bp product represents the targeted
allele-specific band. C, Confirmation of
Zac1 expression by Western blotting. D,
Whole embryos at E10.5 and an embry-
onic heart at E15.5 and E17.5. Gross
analysis of mutant embryos showed
growth retardation and defective neural
tube closure. Atrial septum defect
(arrowhead) at E15.5, ventricular sep-
tum defect (arrow) at E17.5, and thin
ventricular wall (asterisk) at E17.5 in
Zac1-mutated embryos are shown com-

+-- o

pared to the wild-type controls.

indicate that Nkx2-5 induces and/or maintains Zacl expres-
sion in vivo, likely in a collaborative manner with Zacl itself.

Partial Embryonic Lethality and Cardiac
Malformation in ZacI-Null Embryos

To study the effect of Zac/ mutation on mouse development,
we assessed a mouse line carrying an interruption in Zacl/
generated by ES cell gene~trap methodology from Lexicon
Pharmaceuticals. This mouse line contains an insertion in
intron 3, which is predicted to induce a null mutation of the
Zacl gene (Figure 5A). We confirmed the expected genomic
mutation by PCR analysis (Figure 5B). Because Zac/ shows
only paternal expression, being a maternally imprinting gene,
Zacl heterozygous animals descendent from male Zacl
heterozygotes were indistinguishable from homozygous lit-
termates. As we expected, Zacl protein expression was
totally abrogated in male Zac/ mutant-descendent heterozy-
gotes and homozygote mice (Figure 5C). Therefore, we
deemed these 2 groups of mutant mice to be equivalent for the
purpose of phenotypic analysis. At first we examined the
gross phenotype of Zac! knockout mice which we generated
and compared to the phenotypes previously described.!> We
confirmed that our Zac/ knockout neonatal mice showed a
similar phenotype with respect to overall weight loss, curly
tail, and wrinkled skin. We analyzed 66 embryos at E10.5, 52
embryos at E15.5, and 89 embryos at E17.5. Gross examina-
tion of embryos at E10.5 revealed a defect of neural tube
closure in 9% of Zacl mutants (Figure 5D). Histological
analysis of the hearts of mutant embryos by serial sectioning
along the anterior-posterior axis revealed an atrial septal
defect in 42% of the mutant hearts at E15.5, as well as a
ventricular septal defect involving fenestration of the muscu-
lar septum in 23% of the mutants and a thin ventricular wall
in 26% at E17.5 (Figure 5D). At E17.5, we could not longer
observe any of the neural tube defects evident in 9% of
mutants at E10.5, suggesting a partially penetrant embryonic
lethality before E17.5. Indeed, at E10.5, the expected Men-
delian number of heterozygous embryos was observed
(n=66). At E17.5, however, the number of heterozygous

fetuses was reduced to 91% (n=89). These findings suggest
neural developmental disorder as a cause of embryonic
lethality in a low percentage of mutants. We also genotyped
neonates at postnatal day (P)0 and PS5 and adults at P90. At
PO, the expected number of heterozygote mice was reduced to
91% (n=101). Although there seems to be approximately
10% reduction of heterozygous embryo, we could not obtain
statistical significant differences compared to expected Men-
delian ratios until PO probably because of the limited number
of embryos. At PS5, this was further reduced to 44% (n=86)
and at P90 was 40% (n=62), indicating an additional post-
natal lethality. After PS5, there are significant differences in
this sample size. We did not observe any cardiac phenotypes
at adult stages, suggesting that they were involved in the
postnatal lethality. Varrault et al reported that approximately
30% to 50% of mutants survived to adulthood, with the
percentage affected by genetic background, which is consis-
tent with our own.'? To confirm that the targeted locus is a
null allele, we reexamined Zac1 expression in knockout mice
and could not detect Zacl by Western blot analysis using 2
different antibodies and quantitative RT-PCR analysis using
independent primer sets and probes (data not shown).

The Zacl Mutant Mouse Shows Abnormal
Cardiac Gene Expression and Patterning and a
Significantly Increased Number of Apoptotic Cells
in the Heart
Because Zac] mutant mice showed cardiac morphogenetic
abnormalities, we examined the expression patterns of several
cardiac genes in these mice. The expression patterns of
cardiac-expressed transcription factors Nkx2-5 and GATA4
were unaffected (Figure 6A and 6B). By contrast, the expres-
sion levels of the cardiac-specific genes ANF, MLC2v (my-
osin light chain 2v), and MLC2a were significantly down-
regulated by both in situ hybridization and quantitative PCR
(Figure 6C through 6E).

To clarify the mechanisms of cardiac malformation, we
analyzed proliferation and apoptosis in the embryonic hearts.
We found that Zac! mutant mice displayed a significantly
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Figure 6. Altered gene expression in Zac1-mutated hearts. A and B, Expression levels of Nkx2-5 and GATA4 are normal in the
Zac1-mutated heart, as assessed by whole-mount in situ hybridization and quantitative RT-PCR analysis. C through E, Expression lev-
els of ANF, MLC-2v, and MLC-2a are decreased in the Zac7-mutated heart, as assessed by whole-mount in situ hybridization and
quantitative R T-PCR analysis. F, Representative histological sections from the wild-type and Zac7-mutated hearts at E13.5 stained in
the TUNEL assay. The numbers of positive cells in 5 different hearts of each genotype are shown. G, Representative histological sec-
tions from the wild-type and Zac1-mutated hearts at E13.5 stained with anti-phospho-histone H3 antibody. The numbers of positive

cells in each 5 different hearts are shown.

increased number of apoptotic cells in the heart (Figure 6F).
No such differences were observed in the number of prolif-
erating cardiac cells (Figure 6G). Zacl is a known tumor
suppressor gene, is frequently lost in multiple carcinomas,
and promotes cell cycle and apoptosis.®'* However, many of
those studies are performed in cancer cell, and there is no
study in the heart. Therefore, we considered that Zacl may
have different, unique, and possibly opposite roles in cardiac
development.

Discussion
In the present study, we identified the transcription factor
Zacl as an important to heart development. Initially, we used
gene chip analysis of ES cell-derived cardiomyocytes to
discover new cardiac-specific transcription factors.” Upregu-
lated genes were tested for cardiac-specific expression and
transcriptional potency using the ANF promoter, well studied
as a cardiac target gene reflective of development and

pathological hypertrophy. We confirmed Zacl to be a strong
transcriptional activator of cardiac gene in synergy with
Nkx2-5 and that Zacl itself is regulated by Nkx2-5. Analysis
of a Zacl mutant mice verified that Zacl is required for

proper cardiac morphological development and gene
expression.

The Zacl Family of Transcription Factors

Zacl/LOTI/PLAGLI is a member of the subfamily of PLAG
(pleiomorphic adenoma gene) transcriptional factors. The
PLAG family genes were defined by the capacity of PLAGI
overexpression to induce pleomorphic adenomas.'> The
PLAG family comprises PLAG!, Zacl/LOTI/PLAGLI, and
PLAGL2. These factors share high levels of homology,
especially in their zinc finger amino-terminal regions, al-
though they are functionally distinct. PLAG/ is a protoonco-
gene and a target of chromosomal rearrangements that results
in tumorigenesis. PLAGL2 is induced in human acute my-
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eloid leukemia, and may in fact induce acute myeloid
leukemia in cooperation with other fusion genes.'s PLAGI
and PLAGL2, therefore, have similar capabilities in tumori-
genesis and have indistinguishable DNA-binding specifici-
ties, which are different from that of Zacl.'” Zacl/LOT!/
PLAGLI is lost in malignantly transformed rat ovarian
surface epithelial cells, hence the name LOT] (lost on
transformation).'+ However, Zacl was also shown to regulate
apoptosis and the cell cycle, accordingly named Zacl®
Subsequently, the gene symbol for this family member was
designated as PLAGLI. Although having a similar protein
structure, Zacl appears to have an opposite function to
PLAG]1 and PLAGL?2 in tumor formation and binds different
DNA sequences.'” Therefore, we speculated that there is no
functional overlap between Zac/ and the other PLAG family
genes.

Imprinting Genes in the Hear¢
From a metaanalysis of microarray data, Zac/ was found to
be a member of an imprinted gene network.'? Classically,
both alleles of a gene were thought to be actively transcribed
and functionally equivalent. Since the identification of the
first autosomally imprinted genes in 1990s, researchers have
tried to elucidate imprinting functions.!® In the murine ge-
nome, approximately 600 genes are potentially imprinted,®
and several theories have been proposed to explain why so
many genes should be imprinted.?® The ovarian time bomb
hypothesis states that imprinting occurs to prevent partheno-
genesis from unfertilized oocytes, which can lead to malig-
nant trophoblastic disease.”! Epigenetic abnormalities in im-
printed regions have been implicated in a number of
developmental disorders and carcinogenesis in mice and
humans.?2:23

The maternally methylated CpG istand of the murine and
human Zacl locus was identified in a screen for imprinted
genes.2+25 Genetic and epigenetic defects in the Zac/ locus
are also associated with Beckwith—-Wiedemann syndrome.2¢
Although Beckwith-Wiedemann syndrome is generally char-
acterized by exomphalos, macroglossia, and giantism, cardiac
manifestations are also known to occur, including congenital
heart disease (ventricular septum defect, atrial septum defect,
aortic stenosis) and cardiomyopathy.?’-3! Beckwith-Wiede-
mann syndrome is associated with a region of chromosome
11 in which many candidate disease genes are present
including IGF-1 and p57*%P*, Although the molecular mech-
anisms underlying cardiac abnormalities seen in Beckwith—
Wiedemann syndrome remain unknown, we have shown here
a possible mechanistic link between Zac/ and heart disease
seen in the syndrome.

Regulation of Cardiac Gene Expression by Zacl

Our data show that Zac1 acts as a transcriptional activator for
cardiac genes based on the following observations: (1) in
development, Zacl was highly expressed in the heart and
enriched in chamber myocardium; (2) Zacl bound directly to
the ANF promoter and strongly activated the ANF, BNP, and
a-MHC promoters; (3} Zacl physically interacted with
Nkx2-5 to synergistically activate cardiac gene expression;
(4) Zac! functioned as a downstream target of Nkx2-5 both in

vitro and n vivo; (5) Zac/ mutant mice showed cardiac gene
expression abnormalities; and (6) Zac! mutant mice exhibited
cardiac malformations.

A number of cardiac transcriptional factors collaborate in a
complex manner to guide development and homeostasis in
the heart. Nkx2-5, GATA4, Tbx5, MEF2C, and SRF are
essential and potent cardiac transcriptional factors, regulating
the expression of one another and serving to stabilize and
reinforce the cardiac gene regulatory network. Zacl expres-
sion was first observed at early stages of heart development,
coincident with just after cardiac specification and expression
of early transcription factors such as Nkx2-5. Our data also
indicate that Nkx2-5 directly activates Zac! expression in the
heart. We speculate that Zacl and Nkx2-5 orchestrate and
support the expression of other transcription factors and
cofactors. In particular, cardiac transcription factors and Zacl
function together to stabilize the transcriptional machinery, in
part by binding to adjacent sites within the promoter/enhancer
regions of cardiac genes and also through direct protein—
protein interaction. This robust transcriptional activation
network promotes development and maturation of the heart.
Our work establishes Zacl as a new player in this network.
Zac! may provide a valuable entry point for genetic analysis
heart growth and control of apoptosis and how these pro-
cesses are controlled by the core, conserved transcription
factor network.
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