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DHMRITREROIEEICHL, BUHBEZ LB L bIERICHZUEEST S, L
LAZREDREESEL, DBFETEEALTWA Y VR ENBRED DREEIA~LEWRT S
AR AR I B & SRTV B, HIRE - AR ARA ST X 0 ROIEX 2R L
DT, SEMEHEIZLA2WRERBOF RITERERRLTEBY, —BORSEHES
S TWVB, HAESRD DGR IZARESRVED, DHEERETRALHBREESH S
ZEEARVWEENTELE—FT, BERENLOO, LHRERARED I —EO LA
ST EMESNTEY (Anversa et al., 1998 ; Kajstura et al., 1998 ; Beltrami et al., 2001 ;
Anversa et al., 2002), BEFEOHAOERIENBEL 2o TX e, DB BEED BEILL
BERBIZEL > TEETHDIEANY T, ESERERFLEITL > THLREDH 2THEXTS
EWZ B,

B LA RT OB E BUOMBORSEI2RL0, LHFEER ECEEIZHR- 720
HE2BELH TERT IRLBLENTVD, EEESHMIE (ES MR B8 O
BOBREAO Y — e LTRWHRTWS (Makino et al,, 1999 ; Kehat et al., 2001) 2%, &L
FEPC B USSR D & 9 72 SP (side population) HERIDFFTENRIHRE STV D (Jackson et al.,
2001 ; Hierlihy et al., 2002), DfFBEAZFA U BEEIL, BMEE2ERBEE L UBRAICE
AL TEOEBMNTLIHMEE~EMEIEDHHEE, in viro THRMBZ LHARICOELERETE
NEDICEAT 2 HED 2 2ICKBlEnS, Z0X D RBEFOELHHBSEHMR b L
Mgz - FEL, BEDCKT Lf:ﬁéﬁéjjwfm\:_l:\ﬂiﬁb:%‘?b K LHMBREHE - BHET
LW, BHEABAEFORERTTOLNATWS, LaL—FTE, EOHHME LR
CHREERISEIFEL UG ORI TEE, ThoDkdini, LHEMRORE - b -
FEBBIZOVWTORAI =X LEFFLNATHEATILERH D LEX LN, BEHEDR

X —BEFTHD myoD (Weintraub et al.,, 1989 ; 1991) & [F4%72 “DLIEAR myoD BEF" 0OH



BERRD b D, myoD DL O ICE—BEFCHOMEEZ LHHBIIBEGHR X 28EF
RBEED L ZAREENTHARY, BED DR myoD” %7 o—=1 7+ 55 I13H#E S
NTW5s, TOBRBICBWTOBARAICERLTRY, LEERICEE L TWAIEERT L
LT Nkx2.5- (Bodmer et al., 1990 ; Komuro and Izumo, 1993), GATA4 (Kelley et al., 1993 ; Kuo et al.,
1997 ; Molkentin et al., 1997), dHAND,/ eHAND (Srivastava et al., 1995 ; 1997) 72 X% < D=
FRrza—=r FENTER, BREEMFENRERNT TRL, FleRFOH-2iE0R
Rab, MEOHERA, SHIEH LWREREOHREIZORB D FWHEERIER > T b0 L&
ZohBT e, EXERUBHEBOME - DIRREEOHEAEMATIZ LIIEBICHEES
ThdLELDNhD,

FHEBY O LRI OBE ORI TRERBOBD TEMICRET S, Digke
DRABIZE > TRERPBRENCRIMOBEORE - MRIPERTDHZ Lb, LEOS
b BRREERRECRBVWTEERERYS S 2, I LBOBLEBEEOETHY, LiED
BAENEMOREL VDD THD, LROBEBBIIEHETHY, £ OMBERIICET
B85 LT\ 3 (Fishman and Chien, 1997 ; Srivastava and Olson, 2000 ; Zaffran and Frasch, 2002),
DIERTERARRE (LA RIERMEAR R & OV P RERTERAEAR) 12 EE 0Nk T 2 PIRE L VER O, F
RAETFRB L OFERYWRUOELEBEICH - DMF AR PRENGEE LY B<HET D, EF
OLIEBTEEAR I BRI E PR L TRE L, BROJRME O (linear heart tube) ZFEALT 5,
Z O linear heart tube 13X, LFHFAERE & OAEMIEE, Zhb%451T5 cardiac jelly D> HRER S
L, T OBRETT TImOHMMITRAERIHREE LT\ B, £0%, linear heart tube 1AM~
RUh (looping), LFE - LEEZERL, SLEESBHY CTRIROABENEREIN, £F
DLE - DEEVWSE 4 DDEBREFFOLIEE 25,

DB O LR T ELBBEROREIET D0 FHRAN=ZALZONTIE, EEFRH
REBBZN, BEOHRICEL > TTWVEALHALBICIENTE L, PFHRE BT, B
BT AH0RE, ARENLAW SN 2 MIBHEERF2, BENZEECHEN S 7T RER
LT, BRI LERFROEERF 7 &4 1EMH(L LT3 (Srvastava and Olson, 2000 ;

Zaffran and Frasch, 2002) , ‘D@4 R 8928 B R F & L T Nkx2.5 X° GATA4, Mef2c, dHAND / eHAND,



7‘; CRETOND, NK RAFRAA LV F VNI BEHENDIHFATRy 7 ZBEFDI b,
Nkx2.5 W3~ 0 A4 75 BELO FELBERIZCREL TRRL, REPRETHEVIER L~V
245 (Komuro and Izumo, 1993 ; Lints et al,, 1993), Nkx2.5 KB~ U XA CRELEFEFR
12X Y linear heart tube O looping MHEZ DT ICLBOREREIL L, BEBIFLZEDZ &b
5, Nkx2.5 BIEE L UBRECHEADEERFTHHZ EBWRENTVWS (Lyonsetal., 1995),
Zinc finger ERE R F GATA 7 7 I U —IZ BT 5 GATA4 1 Nkx2.5 RfRIZ~ D X b4 7.5 B B A
LHF EUBERICER L, REAHE TEORBEMNEL (Jiang and Evans, 1996), GATA4 RiE~<
U AT BRI L, Nx2.5 R Mefee, WHES 30 BORBRIZTIIELIT Aad» 7228,
ERDOUBEESEFRETHA TEF, linear heart tube BHRENTIHEKIFELRBHZ &
5, LHMBFELVS XYY, DAMAESTEE L T heart mbe AT DBRICEST S
ZEWREBENT (Kuo et al., 1997 ; Molkentin et al., 1997), MADS-box BERE K MEF2 O 7
AV T7F—bD—DThB Mef2c 1%, linear heart tube FSFEK & 42 LABTH & O AR RIERMASIZ 38
B9 5 (Olson et al.,, 1995), Mef2c KR~ U A TIL dHAND DFEBRPMET LT, HBEDHRTL
WXV BABIEL 725 (Lin et al, 1997), bHLH BEERFTH %5 dHAND, eHAND 1%, Llghs
FETH & linear heart tube THOREBHRD O, EOROFELEIf E-> TENENEE - EEIT
FRAE4 5 (Srivastava et al., 1995), dHAND K~ U A TII Mef2c R~ UV R & I PFER
RAEL% 2L (Srivastava et al., 1997), eHAND R~ U X Tit Nkx2.5 RE<- VR LB L2k
DEWERFR LA 2T 5 (Firuli et al., 1998 ; Riley et al.,, 1998), = DHLIZ b Thxs <2 Irxd, NF-ATc
REDEERFHOBENBDOOLN TV D,

MPALBEETHONICENTVWE V7 FARERFE LT, BMP ¥ 27 F Y 7, FGF
SIFV T, Wt 7Y Y, Notech 7Y w7 p EREITFT Hib, TGE-B (Transforming
Growth Factor-B) A—/%—7 7 I J—{Z/&7 % BMP (Bone Morphogenetic Protein) 2/4 23PNILZE,
HREE A 45 W SN P IREEMMIT Nx2.5 X GATA4, eHAND OHEBRAFE L, LHMBEOS L
2B 5 LTW5 (Schultheiss et al., 1997), %7z FGF (Fibroblast Growth Factor) 7 7 I J —i34>
e 18 BEOBETFLLRD 77 IV —42FBALTEY, TOFO—2Th Y TELE

SR REE THRIRT B Fgf8 45, BMP2 OFFTET T Nkx2.5 X° Mefoc DHEB % FHE T 5 (Alsan and



Schultheiss, 2002), %7z Fgf2/i4 1%, AR BMP2/4 OFEHE T CHFE OB T BTV T Nkx2.5
R GATA4 DRBEZFEL, UFE~DOLEFEET S (Ladd et al., 1998 ; Barron et al., 2000), ¥
TITT7 vV a f5f8 DERME (acerebellar) MLBHEEZ RE LLEEDLBHERLERT
(Reifers et al., 2000) Z &23bb, UDBERICECEELTWAZ ENREENE, —F,
C OEREHRECEEREREZRELLTHS Wat 77 SV —ZonTH, EX VA8 s vy
a UNRTTOREIDRKESERD, V30 Pa v R_RzDWnt7 7 X U —IZBT 5 segment polarity
BEREFTHD wingless (wg) ZIRBRAROEBBZITHEE T2 L UBREPBEINDZ &
o, wg Ba v Pa yNTOLERECHNERRFTHIEELLNE (Wu et al., 1995),
EREDVTFNGEROEREFIRWTOERRUBRENEESINDIZ L LY, Wnt 7
FAROBEBUEIREINT (Park et al,, 1998), XREITE XY A BT Wat &7 F AR
XV ODBHRBEEEND, Y ARICEITS WnsA S W8 OBREIFERL, =V M FEOL
IEFREZEFEEIZRIT D WaBA X Watl DR E XY, Nx25 X Thx5 ORBZHEEL, LgOS
{35 5 s (Marvin et al., 2001 ; Schneider and Mercola, 2001), %72 Wnt3A X° Wnt8 D 7 >
B A=A FTHD Crescent HPULBIHHREEREZ FTLHEOBRATRHRI L TRBY, Crescent [F U <
T H IR N ThBH Dkk-1 & WA R Wni8 R LTV ARORFEKICRET DL, &
BTEUIZ Nkx2.5 <0 Thx5 OB #FHE 35 (Marvin et al., 2001 ; Schoeider and Mercola, 2001), Z
NODE D CHHLHRE - DBEROFECHERRII OV TOMRIENRVBALNIZEN
DOBH BN, LT A —RTFOFEERERERAELZALEL, SBROFEHEBFEND,
LMD SEICE> TRBUBA RSN S &3 <, DBIZEENICRIT 5 IRER
Re7e LT, 2FCHARBEROLEELZHERET DLV EMORRICRFIR2ZE2HE ) =
Elied, ZORCTEIEOWIL, Hx OLHBEOIMEIRERIETH D, RIETILUHMHEE
-Wiww U AL OIERMBR CEORBEOFLIEETH Y, TXTOREL Ca> 7
NENLTERSND, DMEAE GRLERDLAHIENEZ) OFERbESENEZIIREY
i Ca* v SNV OEMICEIDREEEIND, LHMIEOREINMEERS (excitation-contraction
coupling; E-C coupling) 1ZRW\\THE, BAOBRIBIC X o THIRKE L OB EFNE Ca*F ¥ XL

ORI Y, MENADLLTALE Ca*Bf/IEELED 2 B/ LDHERYVT /) P rs—



(ryanodine receptor-type 2; RyR2) ISR I UNEHILTAZ LTI D C*EF v XA %B 0
L, MBI Ca>* A FT THAHHB/NEENLDO Ca* HHMNEL B, T 0 Ca>FFEM Ca i

(Ca”-induced Ca™ release ; CICR) B2 X 0 #i8 S/l Ca¥» 0 LRI X v DEBINMER
IGASHE Z 5 (Fabiato, 1985 ; Nabauer et al.,, 1989), Z @ RyR2 (21X FK506 & ¥ v/ &

(FK506-binding protein) 7 7 X U—® 5 & FKBP12.6 HHEA L, CaHHF ¥ FNADERELD
MENCEEREEZ R LTVWAS (Sewell et al., 1994 ; Timerman et al., 1994 ; Lam et al., 1995 ;
Kaftan et al., 1996 ; Timerman et al., 1996 ; Xin et al., 1999 ; Marx et al., 2000 ; Ono et al., 2000 ; Yano
et al., 2000),

FKBP 7 7 I Y —i% peptidyl-prolyl cis-frans isomerase (PPlase) TEH£%E L, HFEDRAR
577 2 U— (12~65kDa) ZTEE L TV 5 (Kay, 1996), ¥ 7= FKBP 38 11%I1%] T & % FK506
HHVIIEDHERETH DT v A L EREETHILITLY, £D PPlase EHRIMHI SIS

(Liu et al., 1991;Schreiber, 1991) JFKBP 7 7 X ¥ ~— DU & 2T ¥ % FKBP12 35 S 1 &l FK506
ST 2MIBALE 7Y —& LTI THEESh, ZoREMEERT T MRz nT
FK506-FKBP12 EEN Ca*-UNEV 2 U AMRTFHERY VERLBR THI I LY =a— ) Vi
maEL, TORY VBRI EEET 5 2 & TEMEL T MRS EZNEESRF (Nuclear Factor
of Activated T cell ; NF-AT) OE~OBITZHHI L, THBOLE - i%?ﬁ[ﬂ%f&;é#/r Mo A
VOBEEPBEESND I LRIVEREINDS &L SN TVWD (Friedman and Weissman, 1991 ; Liu et
al., 1991 ; Schreiber, 1991 ; 1992), FKBP12 3AKELZMB TN TEEEI NN, TOBEL 2
HBETORRBSRBOLONTRY, HReRFEEZF LTSI LALLM ENTE R, FKBP12
EZODMAEN Ca* T ¥ x4, TROBYT/ VL7 F#— RyR1) &4V b—n
Z VU VB V& 74 — (inositol 1,4,5-triphosphate receptor ; IPsR) D% 7 2=v t & U THIRA Ca>
EhRBIZ S S L T\ A (Jayaraman et al., 1992 ; Timerman et al., 1993 ; Brillantes et al., 1994 ; Mayrleitner
etal., 1994 ; Cameron et al., 1995 ; Timerman et al., 1996 ; Marx et al., 1998 ; Qi et al., 1998 ; Carmody
et al., 2001), F7/z TGF-p I BZFFIZLFEEL, %@V&"T}MES%Z%K:J&‘TBE%E‘JK@N"C
WBZ EHHALMNTENTVS (Wangetal., 1996 ; Chen et al., 1997 ; Charng et al., 1998 ; Yao et al.,

2000 ; Aghdasi et al.,, 2001), T HRRITEIT HEEMBIEORBEIIRVT, FKBP 77 I U —0



FTYH FKBP12.6 ¥ FKBP51 Tit72<, FKBPI12 i} 4% FK506 AT HIELRENTVS

(Xu et al, 2002), ZD XS FKBPI12 |34k 4 222 VTNV EERICBE T 0TIV EE
ZBATEY, FKBPI2 OB I IIMAINTRVWI L ED TERILbER EEILNDE, —
5 TEOBERREEN» D FKBPI12 & Xl A T5LE X b TS FKBPI12.6 12D
WTHE, TRETOEZA, LHHRBCET 2 C* T ¥ X VOBEHICBES LTns 2R
RENTUVS (Sewell et al,, 1994 ; Timerman et al., 1994 ; Lam et al., 1995 ; Kaftan et al., 1996 ;
Timerman et al., 1996 ; Xin et al., 1999 ; Marx et al., 2000 ; Ono et al., 2000 ; Yano et al., 2000),

WRBHEOBRICERRGHHE O D DREMBIRNREREMERL L TE L, AEN
BlEITHB TR0 s ST (FK506, —fk& 1 # 7 0 Y ARKFY) 7 uRRY L A (CsA)
i, DEEXFLVWBREERDO LR LBEOAFROLERZ L L, LirL, AHRHI W
BFHRA~DOEBEBE ORI HAEMEIR & LT FK506 2R3 5 &, ZORWER & LTIEARELD
FREBTER SN (Akison et al., 1995), —75, FEIHIAIE FR506 72D CsA ~EETH T &
T, TOEKEOHEORKELER TS (Chang et al., 1998), L5 FK506 HF{ED AR
DIPIER, RBEERIZH IR FHIIBVTOAHRESINTEY, FK506 OHIEBN L&
% —T#H 5 FKBP B LBOFELCHERICEERFEI 2R OWRENELLNS,
4R, FKBPI2 3 XU FKBP12.6 DRI~ U ABENEHIME S/ (Shouetal., 1998 ; Xin

et al., 2002), FKBPI2 R~V AT, BHEET 145 BEUBOEIES L IZE%M L 2VIE
COREEBIN, TNOLOREE L TERBHICIVEENRETIIRD oo 70, IRELL
%ﬁ%bb%%ﬁm&ibiﬁm%m,bi*ﬁﬁ%ﬁ%b%b%%mwﬁﬁ%m,b%ﬁ%
BEOELR EVWL ShOUBRREETL, LIRNEROMBERRORBERBOOLNTVS

(Shou et al., 1998), F£ 72 FKBP12 A3 =7 b U DL AL 2 W L LG HERE 0 HEFE 0 R RE,
IHEMAR e CORERBUCEE THH Z L B3R ENTZ (Obata et al., 2001), *FHRAIZ FKBPI12.6
KB U ATIHHEIR LS, CPBHOFEBREFICHT 2ENEL LT, LEPREDOHER
BF| &b BAR L7225 (Xin et al., 2002), 2% ¥ FKBP12.6 & FKBP12 i3DfE (DAhHERE)
TRR2ZBREZVoTRY, THLENOERERALNICT S Z LILOHMBEOBESCHEE DR

B, TROLLLBERBROMRAICERT D LETEERRTHD EEILND,



$M%TH:UFU%%Eﬁ%,%K@Wﬁﬁﬁﬁh%ﬁb,H@mzs@&%%mﬁb
o =V MNIRIZEA TREPET T O LOERENBETHY, ELBEFHTLEIID
FRINTWDHI b, BE  BEERSFIRT2ENLTTLBYTHE, SbiT, &
HOURMIHIRMERL 2 OF 2 LED 4 E2HETHEBERZLTRY, E-wiELFAZEO®%
BEALTWD, EEZRZEUCOEREDENDERAMFCESRVEET=Y MY 2 ER
Be LTEMAYTSRD, =0 NV ARFOEBERLEETH S,

AFRICBNTIE=U M EREICRIT S FKBP12.6 OBS T BB ML MEAT 3~
WiZ, =T YU FKBP12.6 DEBMRUHET I /BEFIZPALNIZL, =V MERIZRIT 3
FKBP12.6 DRBFNZFHEAHE L, LFRIBRRICIIT 5 FKBP12.6 OHEED: & LMD
SR I DB R OBIICERT 5 L 2B E L, FKBP 77 3V —XZ04%E
AR CEBBRICB O TESHRPED BT\ 5HA, RBFRIIRESLNR B O
BE-FBREZDOT7 7Y — %X TRY, FKBP BT AHEOF THMICHF B2, &
ETIRA REMRBB/OLNTETVDEN, SLIERTEFY, DBOEE - - REDOHE

ERRTEIEXIVELIFLVHRRELN A Z LB TE 5,



=Y +Y FKBP12.,6 Bl FDr/u—=r7¢t
=9 MY RO LB EIEBRITEIT 535

BEDYORERIZB O TLRITRIICHKEE LiEY 5 3E D—->Cdh 5 (Fishman and Chien,
1997), DEOFEAEIL LRI LIS SEEOMBRFIDSE, & 5IIZEDOBBRED
SETERL 4EEZFTHIRELHEEN T EHERBETH S (Kelly et al., 1999 ; Mikawa,
1999 ; Mjaatvedt et al., 1999 ; Schultheiss and Lassar, 1999 ; Tam and Schoenwolf, 1999), =7 kU
TIIRTERMAR 2SR ZE LB bR %8B o THEORIF IR P IREFRICBEH T 5H 10 BE O
E%Kb%mmwﬁmﬁﬂcéo:@%W%ﬁﬁﬂ%ﬁW%ﬁﬁBbﬁﬁ¢%%m@@%%ﬁ
BE AR L TLHRARINICR22LEZ DN TWVWS, TOBRDOEDOHY ot T X
S TERADLBRESEOEFHR LIS TRE L, BOBRRICEROGBE (lnear heart mbe) %
T B &, £V T linear heart tube 43 looping & RKE{L#BtE L, 4 22 AT 2 LEERT 5,
ZO—EBEOBRBITIIEEROMHPICHBEENIHINRBEFRRAOT 0SS LANEEL, 0
EBREBOEFREBRIVLEZEFRECERRLEKODONEERFDEDOERIZEZ-TRKRTT5
(Fishman and Chien, 1997 ; Srivastava and Olson, 2000)

S FEINEIF] FKS06 134 > Z—0A %22 REDY VR IA VEBRFORBRLZAS T IBE
HAFOERREMIE Tny 7528 T, BT U U NBROEMLEZRET S (Crabuee,
1989), FK506 MZhRIL FK506 #&A& ¥ /X7 B (FKS506-binding protein ; FKBP) 77 X U —IiZ
IoTEMNEN, FORR C»IINVED2 Y VRS VN0 BRY VBRMLBEZE THH I Y
Za—Y %METS (Liuetal, 1991 ; Sewell et al., 1994 ; Lam et al., 1995), FKBP 7 7 3 J —

DVOEDTHD FKBP12 BRUYT /Py v 74 —DBFRHET A YV 74— (RyR1) BV



BT A Y T7r—b (RYR2) OWE EREET 528, FKBPI2.6 IHRIRAJIZ RyR2 EFEA LTV
% (Lam etal., 1995 ; Timerman et al., 1996 ; Xin et al., 1999), FKBP12 & FKBP12.6 iZi345E4Y -
BEEAEHIZBOTEL OEBARD S, 73/ BEFITIE B%0MBRAMEEZRL, ¥HEb1
FK506 %5 /v A LV CHESNS cis-trans A Y A F—F (PPlase) TEHAET B L & biT,
FK506 L BAREEMKT DL AN =a—Y L EMHET D (Crabtree, 1989;Liu et al., 1991; Sewell
et al., 1994), BRHBBIVLHBIZRWTY 7/ P r b 77 —3f/NNaE» b0 Ca* Ol %
AL, THITEo THIMEEZHER LT 5 (Fleischer and Inui, 1989 ; McPherson and Campbell,
1993 ; Meissner, 1994), FKBP12 I3f5/NaEDH D Ca»* DR ERET5 2 &L TERH D EC
coupling (ZHERE L TV A T EARBA B A2 &M TV B (Timerman et al., 1993 ; Brillantes et al., 1994 ;
Timerman et al., 1995),, |

FKBP12 =7 b VRO LHHERICEB O TREREOHIHPCKAB ORRICEETHH Z
EHRENTWS (Obata et al., 2001), L L FKBP12.6 ORBRFNXEI5D, BREETRITS
FKBP12.6 DR ENIRBTHD, INETIZ=U MY FKBP12.6 IZBTHHEMN2NZ &b,
AFETREST=U )OO S =Y MY FKBPI2.6 (chFKBP12.6) ¢cDNA #27 n—=\7
L, ThZERELE, ®KiIZ=Y b Y OLERAZEIT D FKBPI12.6 ORE(O A M Z /R T 720

12, BEEIESRLERPED BIR{L ¥ T chFKBP12.6 Bz F DRI &M LT,

HHELUVHE

1. =V MUK
=U N SRINIERREERE VY —BES (BRREETH) JVEALLEELVS
FR(TAF T4 %) ZHEIRE B, WIS TRE 37.5°C, FxHBE 70%, #&JP 90°/30 min

OSMETRIFL, BoNTREORELE R T — 1 Hamburger and Hamilton (1951) 127572,



2. =U VU FKBPI2.6 ¢cDNA D/ 1 —= B LN — 27 = X fEW

chFKBP12.6 cDNA # 7 0 —= 7457, =7 ;U 15 AFEO.DigED B L7z total RNA
ZFAWT RTPCR #RBZ /o7, b b FKBP12.6 (GenBank accession No., NM004116) 35 XX
FKBP12 (NM000801) cDNA ERF%: & degenerate primer (dFK ; Table 2-1) 285t L7z, I @ primer
# vz RT-PCR THE L7z PCR EH (FK) % model 373 automated DNA sequencer (Applied
Biosystems, Foster, CA) THREEF|Z St L7z, chFKBP12.6 cDNA @ 5- B XU 3'-3m% £
BT 2720, BAVIERY (10 BEE) ¥ cDNA 7477 Y (Clontech, Palo Alto, CA)
% template 12, dFK 3 X U'\gtll primer (Table 2-1) &V = PCR 238272V, Z® PCR EY
% template {2, Agtll BL U FK Wi OBEFIA> HEET L7 nested primer (nFK ; Table 2-1) % F3
UMz pested PCR 28T 72 o, I OK#E PCR EYOREES|ZME L1z, 15 BEOE» b
Hi L7z total RNA X ¥ & 5% L7 1st strand cDNA % FiV VT chFKBP12.6 ¢cDNA % BEf4 5720, &
HEEERF % STIT FK12.6-F 38 X TR primer (Table 2-1) 2§ & L T RT-PCR # B Z 72 o7z (96°C X
1 min, 60°C X 1 min, 72°C X 90 sec & 36 %A 7 /I, final extension 72°C X 10 min), &
517z 441 bp @ chFKBP12.6 cDNA /7 % pCR2.1 7 n—=> 77 % — (Invitrogen, Carlsbad,
CA) ¥ 7 7u—r L, BERFIZHERLE, Zh% Northern blot 33X in sitw hybridization

ATV A BRI T 0 — 7 2 BT % template & L THWE,

3. S —PrT oy MEF
chFKBP12.6 ¥ 84 cDNA 7' —7 (441bp) % PCRIZ X o TIERK L7, chFKBP12.6 cDNA

Wi % template & L, FK12.6 primer (Table 2-1) % F\>T digoxigenin-11-dUTP (DIG, Roche
Diagnostics, Basel, Switzerland) T L7z, 27—V 41 =7 M EOZMEBH LV IZE R T
—P=7 kY EROLED S total RNA % TRIzol Reagent (Invitrogen) % FVNTHiH L7z, HhHL
7S ED total RNA (15 ug) % 1.53%7 Hu—A-FBALAT AT FERFMZ I AERKET
4yE{E L, Hybond-N+7FA 1> A7 L (Amersham Bioscience, Little Chalfont, UK) ~#:E
Lty WATYFAE-—T 3> (50°C) BIUTZFHL0fHIE DIG B#Exo 7 n ka—iuiz

PEntz, EleA v —FNarbu—E LT, =UNIZURATATE F3-U VERRKE

10



B35 (glyceraldehyde-3-phosphate dehydrogenase ; G3PDH)  (Panabieres et al., 1984) % A\ 7z,

4. =~ Finsitu A T Y FA E—3 a3 N
DIG RNA Labeling Kit (Roche Diagnostics) % B8V, E#{k L7z pCR2.1-chFKBP12.6 cDNA
5 T7T RNA 70E—4F—{ZLY DIG R L7ZE  ARBIVT FE X RNA 7Tu—7 %3
3 7-, whole-mount in situ hybridization }Z Ohuchi and Noji (2000) IZH &SV TR I -7,
=V MBS VIILBEBEIILLEVEL, 4% RFELLATLT E FPBT (0.1%
Tween20 &4 U VEAEER) CT—MEEL, =F / — A RIITHAK L7z, PBTIZTARL AR,
BRI X OHES FNC BIlT L 7D %d 7 e 5« F—+ K/PBT (10 to 20 pg/ml) T 5~30 syRIaiE
L, BEELZ, 27— 18 LIBEDRIT 6% H:0:/PRT K TEH LKL, u—7RE% 100~
200 ngml & L, "ATYVFALE - a U BIUEDOHZOWEERIL 700C ITTRIRoT, ¥ IF
NOBHIZIE, BH D WIIOEOERE T AV A Y 73 27 7 & — B2 DIG Fab fragment (1:
2,000 #%R, Roche Diagnostics) 38 X T 1.5% 7' v v % 1 783K (Roche Diagnostics) &4 TBST [100
mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% Tween20] {ZTA »F a—h L, KREFHEZ 5mM
VRS = L EE TBSTIZ T, Bl & ff & 5mM L33 Q*b—/v‘a?ﬁm'm“ [100 mM Tris-HCI (pH 9.5),
100 mM NaCl, 50 mM MgClz, 1% Tween-20] IZTH#E L, SmM LSV —LEF AP Ny 7 7
— (5% RY E=AT)am—E&F NIMT) {ZTA ¥ a~— b L7, NBT/BCIP stock solution
(Roche Diagnostics) 278 AP /Ny 77— (1:50 &) 12T 3 BB EARISZITV, =&/ —
FFTHEA LT, —ERDRRIT Sasaki and Hogan (1993) {28y, T 7 4 VEHEORIZES 15um

IZEE L,

5. RT-PCR f#$7

TRIzol Reagent # AWV T=TU M UFE (A7 —Y 4~12 EOEH) H 5 total RNA ZHH L,
RNase-free DNase I THLEE L 7=, Superscript First-Strand Synthesis System for RI-PCR (Invitrogen)
ZAWVWT 6 ug ? total RNA %5 Oligo(dT) primer % fV 7z first-strand ¢cDNA %#7RE L1z, &5

M7z cDNA ? 1: 40 vol. % template & L, % primer £ b (Table 2-1) %W/ PCR 2B 7%
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VY (96°C X 1 min, 55~62°C (primer {2 X VIRENEZRS) X 1 min, 72°C X 1 min % 25
Y 7 )b, final extension 72°C X 10 min), PCR M =F Vv AT u~4 FEE 1.5%7 b
— ATV TERKE L, FK12, ANP, AMHC, VMHC ®% primer ¥ > b (Table 2-1) 13%
NnEN="U bV FKBP12, LEMRIRA/LE L (atral patiuretic peptide ; ANP), LERI A3
> E# (atrial myosin heavy chain ; AMHC), /[LZEH I 43 B (ventricular myosin heavy chain ;

VMHC) BERETIHFEAZ2 primer TH D, template 22> h—/L & L TCBact primer (Table 2-1)

FROWE, ZHE=7 + JB-actin BZFHFEL primer TH ¥, forward, reverse primer 73 % 2
B2 3 =s VL EEIE LCRE SN TS0, Ml RNA OREEL 5/ A DNA 0=

vEAIFR—a LV RERTES,

RS

1. chFKBP12.6 ¢<DNA D [FE

158 =9 b YRy 5 L7z total RNA 225 O RT-PCRIZ K > T cDNA B A % BifE L 7=, 195
bp PUA (FK) OEERFIIIFIIE FKBPI12.6 BzFOEF EEELTWe, Zhiitie, =
7 kU cDNA 54 75 ViZ$1T % nested PCR 1T & > T chFKBPI2.6 DFEFIER4EN % & e partial
¢DNA 7 a— %HEEL-L 25, F—1—F v 7925 97 bp DEFIIX FK Wi OEFI & 5220
“ﬁbkoibf,1@?*ﬂ~5yT¢6dWA7D*VmBéESMbp®dWﬂwmﬁﬁ
FIpiEoiie (Fig 2-1A). T chFKBP12.6 ¢cDNA (GenBank accession No., AB074887 ; &£ %
B 1) X108 7T BPORAMES BRI - RLTRY, 49RBIV 168 bp D 5B &
O 3FEEIERSERZ TN E A LT\ o, BLAST search {2 X - T, chFKBP12.6 cDNA DOF)EREE
S OWERFIZE F, *¥ A, Fv h0 FKBP12.6 (DNA L 85~87%, t b, <%R, Fv b
7 FKBP12 ¢cDNA & 80~82%, %£7-=7 kU FKBP12cDNA & i 73%DHMRAMEE R LTz,

chFKBP12.6 DT T 2 JBEEFIIZE b, =0 R, Tv b, VO FKBPI26 # N7 gL



9~10 7 X JEEMPERDIITT, B bl 2%, VR, Ty b, v¥EIT 9N%DFERMEL R
L7- (Fig. 2-1B), t b FKBPI12.6 # /37 BIZRBWT FK506 L ORESICEET 37 IV BMEE
(Tyr”’, Phe®’, Asp™, Arg®, Phe’, Glu®, Val*, Ile”, Trp®, Ala®, Tyr®, His®, Ile*?, and Phe'®) (Kay,
1996) IR L7297 T O FKBP12.6 # U 7 BB W T LK BEINTWER, Trp®™ 7271k
Phe® IZBH# STV 2 RyR2 & ORIRMOFESICE ST 5 3 7 2 BARE (Gln®, Asn®, and Phe®)
(Xinetal., 1999) H Z# & 4 FEDHRILIE FKBP12.6 & chFKBP12.6 T X < &7 & TV /2, FKBPs
IZH5AS 72 PPlase N A ' (Standaert et al., 1990 ; Coss et al., 1995) X chFKBP12.6 iZ b 3% 5
niz,
=7 }Y 15 BEOULEED 157 total RNA & %521 primer FK12.6-F 3 X U'-R (Fig. 2-1A, Table
2-1) 12X % RT-PCR T 441 bp ® chFKBP12.6 cDNA Wi Z BBt L7z, BHERSEE & IEREREs o
%5 %&1e 2 DNA B OEEEISIIE, %0 chFKBP12.6 cDNA Db D & EE—KThot,
Z o DNA Wi/ % Northern blot 33 X U whole-mount in situ hybridization £E#7 DR T 0 —T %

YERET % template & L CTHAWZ,

2. =T b UIFIZIH B chFKBP12.6 mRNA DREBLLA

FEDOBMREIZI1T 5 chFKBP12.6 mRNA DRERH B L UHBLEL chFKBP12.6 ¢DNA 7'
—7 % FA\ 7= Northern blot 2 &> THEAT L7z (Fig. 2-2), Z @ chFKBP12.6 ¢DNA 7'm—7}%
chFKBP12 mRNA (Obata et al., 2001) ERBXFGET, =V FVEBITBNTE—D~1.6 kb
DEEEMZHRH L, AT —Y 41 =7 F URRIZENT chFKBP12.6 mRNA {2 LETH - & %
BET, HOHTOLAOERE SR, MERHOLE, B8 (TEH), BB ERTEsE
Endadot (Fig. 2-24), ETUMOBLEOERITHE S B2 hFKBP12.6 BT DRBE
AT L& 25 (Fig. 2-2B), TORBRIIAT— 27~35 THRLEL, AF—T 37 (11 BFF)
TRRUWHL, A7 =V 41 (15 BEE) TREALLREDS LR, 27—V 44 (18 BEE) BIT
PLE# D AT — 46 TiX, chFKBP12.6 mRNA X LEIEBEL, LETRBRH I 2o T,

EBHIAF =T 46 DLETOERERIAT VM OL0 L0 LB LN L,
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3. =0 F YREIZIH B chFKBP12.6 mRNA O JG#E

T DD RS chFKBPI2.6 D% % whole-mount in situ hybridization {2 & - T & HIZ#E
WL (Fg 23), 2 ba—AThHdELr AT —TIlLANAT Y FAL¥— 3 U TlIE
LI EOBEAT —VIZBWTH V7 FERD RN o (Fig. 23, F and P), A7 —Y
4~8~ £ TORETIL chFKBP12.6 mRNA (3 S igh o7 (Fig. 2-34) #3, X7—Y 8 ILB
T ARBTRECES VIRREER TR U TRIE SN, ThIZBATHRESCHENTECIX
BmH &Aoo (Fig. 2-3,B and G), BN THEB IN D X T — 9~10 T, chFKBP12.6
mRNA [3@E B 0.0 EEfE (Fig 23, C and H) & linear heart tube 2f& (Fig. 2-3, Dand ) {2
BELTOVEDS, DAEKIEED NARNPT, AF— 12 ® looping FOLHETS
ChFKBP12.6 133 < ML THEY (Fig. 2-3, E and J), A7 — 21 OFHEFLED/NETH B
WWHRBRL TV (Fig. 23, KandL), AT — 30 THLE - LEDULHHE T chFKBP12.6 mRNA
BEBL T, OETHEBRL O R»o% (Fig 23, M and N), A7 —U41Thbd 2
EORBRERBOTHLEHIT, LELXV O OB FoERL oD, L LEKIZOLE T
DFIRIIRBD bienro 7z (Fig. 2-30), ZDUEICHTE LTz chFKBP12.6 DR FIIFLER (R
F—46) OUBTHEBEINLN, AT -V 41 LERZ LERESBECEBS LT (F

— 5 RIBEL)

4. =T}V PIHIRIZI 1 B chFKBPI12.6 mRNA DR

AT — 4~14 FRIZB 1T B chFKBP12.6 BT DRKEFHEE %, FK12.6 primer (Fig. 2-1A, Table
2-1) AW ¥ EERY RT-PCR EATIZ & o THEAT L7, FK12.6 3 X T FK12 primer HIARERS
#‘F?f‘l:}c:ﬁ } Y FKBP12 ¢cDNA (Obata et al., 2001) &RX L7Z2%>o>7 (Fig. 24, A and B), =
7 Y B-actin BRF DT V2 &3 OESEZ—5y b LTEE L7 Bact primer (Table 2-1)
{2 & 5 PCR T3, cDNA template 7> 5 Tl 283 bp, 4"/ A DNA template 5> b T 804 bp @ PCR
EYHBELND, SEOERTIE 283 bp OEPETHAEEINOT, i L7 toal RNA 23
ZEThHY, 7L DNA DALFIF—arPBRPoEIEEZRLTWS (Fig. 24D), &

HIZMEREREFE & VTV 7220 template & FV 7= FK12.6 primer 12 X% PCR TESMRELNT
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WRRWZ DB, ¥/ L DNA BarF Ix—alryLTWRWI 2R LE (Fg 240),
AT—T 4 (BEEEH), A7—Y 6 (BREEH)), L AT -V 8 (EATRELRELE) OHE
7253 5 chFKBP12.6 BEFORIEMBBRE I N (Fig 24A), Lo>L, chFKBP12.6 mRNA D%
| BEITRAT— 12 ®° 14 (looping heart tube) & [FFRIT AT —7 10 (linear heart tube) TH 52>
WHERR LT, PRRAYIZ, FKBP12 (Fig. 24B) BIOWLEE I A4 EE (atial myosin beavy
chain ; AMHC) (Fig. 24F) BEFIIEAT L2 T N TORERT — VIRV THERARWV L)L
THBELTWe, DEMRRFA LT (atial natruretic peptide ; ANP) BEFIIAT— 4 H»
B2 IZHBENHEM L (Fig. 24E), — 75 TLEE 2 42 E# (ventricular myosin heavy chain ;
VMHC) BEFORREIAT -V 4~8 TRIEVVSVThHon, ZORAT—Y 10~14 1T

7pB LM LT (Fig. 24G),

BE

ABFFE TIT chFKBP12.6 ¢cDNA # BB L, %wiﬁﬁ%%ﬁ.?)iﬂé%ii@ﬁt:}%b\*mibf'bﬂfﬁ
IRBLTWSZ EaERLE, TNETIC FKBP12 =0 M ROBABRBRIZRW LB
DORBAF OREBLCIMEREOHHICEETH D Z LHTREN TV S (Obata et al, 2001), BF
AR WT, FKBPI2 BEFRBEVARLEFRERERLELHBIBOERSTL, LER
BRI E, WL OhDDIERMERL, 145 BIELE TR TH o7 (Shouetal., 1998),
XTHREYIZ FKBP12.6 KIB~ U A TIIHAEIZ L7, Ca*MHEOBEBEEE T2 EGES LT,
L@*BEE%@%%%@E?U%{%%f:;bﬁﬁﬁ& 72o7- (Xin et al, 2002), FKBP12.6 & FKBP12 D3H
IR LS B BED D, FKBPI126 / 277 U b= U XADOFEARFE T FKBP12 7% FKBPI12.6 DS
O—EEFH-o> TV FEELH D, & b FKBPI2 mRNA & IEFICHRMEDOE WAL Xenopus
FKBPmRNA {2 &> T, #=/VEOEREZFRLT 5 Z LA T&S (Nishinakamura et al., 1997)

ZTHIT FKBP OUVE2THY, U A FKBP6S LIEFICMEMOE V=T b VU cFKBPISMAP
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(FKBP/smooth muscle activating protein) 1%, FEABRBOBE CHLEBEHOMLICEERRE 2
2TV % (Fukuda et al., 1998), 7€-> THAEBBED LRIV T chFKBP12.6 25HIFLA Ca® it
Fx xRN (RyR2) DEEATET TRVBHERICHEELTHWAAHEELEZONS,

chFKBP12.6 cDNA DEEFIA b, FK506 fA FAA VA BT a— KL TWHH L0 E
B, TOWHEA LY v F LHFEFICIPTNWBE Z L BA LR -7, FKBP12 & FKBPI2.6
D—REEPEAESRROBEMEIZ L2 D b F, FKS06 L2 T HREHE(COREZRIZIT
FKBP12 77235 LTS (Xu et al., 2002), LA oT=U b Y EECIZFHEBEE O LT
FKBP12.6 & FKBPI2 MEFIIL S b LHRLTVEA, LEME~D FK506 ORI L >T
Hmmzﬁﬁﬁm%énfméﬂ%ﬁ§%26n6°%%E@EKBmfcwmwuﬁmmm
BOBCR LB ERLTEBY, LA THLHVWREXRH S KA, MERERRE I
ChFKBPI2.6 IZUBREFTRIL T iedd, REARERMICRDEEZDLETOERASMI LN
tgbﬁv%ﬁﬁmmmﬁm%ﬁﬁﬁﬁwamto2?~910ifmbmuﬁﬁ%%%b,
b%@%ﬁﬁ&%m%ém%ﬁ%%%#éo:@&%@%wﬁmfmcwmwmﬁw%ﬁmﬁ
ATV,

DIERTEE MR IR CRANCEMRE R ICEL 2 MiaTh Y, BEOLHMEOS (LT 0
PR R ERICAA ¥ D (Schultheiss and Lassar, 1999), chFKBP12.6 BEFORBUIAT —P 4 Dbk
H &N, Z ORI OSEIIEE » TV 5, LER L WL ZMAAFIIL, linear heart tube
DB EZFETH LV b REVEBEMABORIRIIIRIITE S X 5245 (Mikawa, 1999), &
WRICBNT, Dv— I —BEFTHD AMHC BELT VMHC BDERTEROAT — 4
BRELTVWED LI MEFERF TS, Lo THBIEEMBEEAT—Y 4 % TIlob
BB IOLEMIRTI~ESLREL TR Y, FKBPI2.6 DB UMD LLS8L, O
BERREOFBRIHBEL THERENDZ L EREL L TWD, F7z, linear heart tube iXE DRIH
B - T, KBIIRE, MHE, HRIOCEERELCZEBIVLEDTNENOREREE LT
KoL S TVW% (Srivastava and Olson, 2000), SIETIE, AR UIEBIBRERRIE MBI ~L
BlA LT\W&, linear heart tube ZHE L2 AT—T 10 TiE, FOEWHMT LR D DE~—D

—BEFV 7y FORBREBRETEA L1275 (Kelly et al.,, 1999), DIEHIER AL EE L
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BEBRT DL, AMHC BXU VMHC iZEhEh nneér heart tube D% X ORI TH< HIHR
2% (Yutzey et al,, 1994), chFKBP12.6 BEFIIRTF—Y 10 TE L FEHEAWBLTEY, ]
RS ABRICB VUL L HAEO ZRCICBER2 ZTOB B LFER XL OLE TORE LS
LTWe, LALBEIE (A7 — 41) OR{LEE (A7 —Y 46) TId chFKBPI12.6 mRNA X
DEBRBELTW:., LHMBIIEBEOHTETSRTE, BIEEITSEZOREEILETS

(MacLellan and Schneider, 1999), /[LEFHERLDZARILAS chFKBP12.6 B FHROLE~DFTE
LHEBLTWADLITTRAREE ) THY, DBEORBEIEE LI LBIC BT BRI RE
I L2 bohb Lz,

M RO R T 1 linear heart tube FEAHA TIXHERIR T 2EMICH D (Kelly et al., 1999),

=U FY MHC (CMHC) XU VMHC {3F)#HE linear heart tube O /ULEEREL THVVFEREZRT

(Bisaha and Bader, 1991 ; Yutzey et al., 1994 ; Croissant et al., 2000), BHHEMHC 77 I VU —
D—DOThHh3=U b FHAEREESG MHC BETFIX, ETRAT—Y 10 ONHLEHTHR
ERIET D, 0%, BLEHE TIZHBILLE THEBL, LETHIRYT S (Machida et al., 2000),
FKBPI26 B XU FKBPI2 $ =7 MU BEDLBTHIZEE L TWER, /v I TV R UADD
BRIMEOE DS, TNENNLHHIECTRERZABREEZASTNEZ L EREBLTVWA (Shou
etal., 1998 ; Xinetal,2002), =7 AR TIX, RyR21E85dpc (=7 MU RBEDORAT — 10 IZFEH)
THHTHBRABBO LN, TOBRLLETHEROVRERZFITS (Rosemblit et al., 1999), 2E Y,
IHROLDOBBEBEFIIFLEBEO L THIEBER L TWAH 2, FKBPI2.6 2% RyR2 & BIE L THHINKHE
KL TV RITE 0 b, chFKBP12.6 B=FOREFEIT MHC =T RyR2 Ef=
FOENEIFELZ->TWBE XS,

DI SERPREITIT Nix2.5 X GATA4, Mef2 77 3V —D X ) hEBERFREIEEL X
T3 (Fishman and Chien, 1997 ; Srivastava and Olson, 2000), Il HERERFE 0 mRNA IX
DIEREFREIZREL TS, SbIZ, Tbox 2FTAEERFTHD Tox5 b LTI
B LTW5 (Liberatore et al., 2000), chFKBP12.6 Bz F DRI/ NF — 1 L1X£72 D, Tbx5 mRNA
11=U FYPRR T — 16 Tid looping heart tube FIZBEL TWA R, TORETLEIZHE

L, BWTAT—U 2513 0BRIUVELETERIBOOLNS L 512725 (Brunean et al.,
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1999), fiZd NF-ATc R° dHAND, eHAND O#&7LEERFBRHEEICRB W CLBHBEFORR
N B85 L TV % (Srivastava and Olson, 2000), L %> L, BRD.LMEIZ I3\ TR 722 chFKBPI2.6
FEREBET 2 A0 =X b Zboo TR,

faam & LT, FKBP12.6 BEFORBIIVIEREBE COLBHBROMEPRREF OREL
CEE LTSN, BB ULREICRET 2 TCORBEDRH, FKBPI2.6 ILUMEE THEEL
TWhEEZBND, =U U ERABETO FKBPI2.6 HE ¥ — 5 b, FKBP12.6 25D
FHRIBRER TS OMEEEZF LTV D IREESHH I L E2RELTWD, EARFEOREN
5, FKBP12.6 mRNA #BEREIZEWVTHHOBSERO LB~ — D —D—2L 2D 252 LR
TR ENT, RELHHEIZEBWT FKBPI2.6 13 RyR2 ERBIRMICEBR L TWA L ERTWD

B3, BRI LR DEFHRIZ I B B-C coupling TD I DR EZMIE L2 TIXAR LAV,

IMNE

=7 Y FKBPI26 ¥REL, ZOMBRUT I BESIEBLM I L, =7 }Y
FKBP12.6 ¢cDNA IZ, FKBP12.6 ® 108 7 2 /% 2— K95 324 bp 252 FE 544 bp TH Y,
FOEBEVT I /B (91~92%) BEFIIIEBYHELZBI TIIGFIATWE, 2B, BbHh
»=U kY FKBP12.6 OERB L UT I/ BEIE, EMXBEFEHEFTOBEFT —F 7

(CIB-DDBJ/EBI-EMBL,NCBI-GenBank EFREEEIF| T — & ~N—2) ZHREFL, TOT 7 &
A F 23— AB074887 Td# 5, Northern blot #ETDFER, A7 — 41 =U Y RIZBIT S
FKBP12.6 mRNA (LD TR M RE SN, BOMTHMBLeRRIRB I, 0B
TORBIEFAFTHICE— 7 22, UBREOETICHEVERENEDS L, BEBICIILE
IZRTE LT, in situ hybridization #EATIZ & - C, chFKBP12.6 mRNA 23JR#5/0 8 (linear heart tube)
EBRTHLV DR O UREETRECRELTRY, DEBEAEERTIILERIVLE

DONLHBESEIZHEIR L TWied, Bz h B LRI RET 3 Z ENB LR o7, RT-
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PCR fEATIC £ - T chFKBP12.6 IZBAEFHEHICIRREZEB L TE Y, OFRIEOMHE 0
W THRBREKRTHZ LIVRENTE,

AHFFEUT K- T, FKBP12.6 1T LHHAED E-C coupling IZEERBE 4 R4 7-Hiz, Ok
%&Biwbﬁwﬁwﬁﬁ%ﬁﬁtm%h%ﬁﬁ%%én,%@%b%@%&'&%mﬁof
DE~NEREL, BEL TV I ERRRENE, DIBFERBERABOZDIZE, LBHRT
EELHELE TS FKBPI12.6 ORBRE L UMEOHBEMEOHBEREETH S, T 0BT
X FKBP 77 I U —DU&2>TH D FKBP12 25D 5HM OGBS HIa 2 E OB RE
RBWTERRRFO—HMEE-> TVWDH I LRENTNS (Obata et al, 2001) DT, FLL

OIRIZTFTE T 5 FKBP12.6 DREIZMRAT A Z L BANE L Bbh b,
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Table 2-1. Primers used for cloning and RT-PCR.

) GenBank Product size
Primer - Sequence
accession no. (bp)
dFK F 5-GTGGTGCACTACACAC)GG(AG)AT-3'
ABO074887 195
(degenerate) R 5-GTG(CG)CCAC)GTGGC(AT)CCATA(GT)-3'
g ‘ F 5-TGGCAGGCAAGAAGTCATTA-3'
ABQ74887
(nested) R 5-ATAGGCCATCTCAGGTGTGC-3'
retil” F 5-GGTGGCGACGACTCCTGGAGCCCG-3'
N R 5-TTGACACCAGACCAACTGGTAATG-3'
FK12.6' F 5-GAATTCGCCCAGCGCCGAGATG-3'
ABO74887 = 429 + 12
(RT-PCR) R 53-GTCGACTTCCAGTGAAGATTTCCCCCGC-3'
Bact! 00182 F 5-CACGGTATTGTCACCAACTGGG-3' 283
(RT-PCR) R 5-AGATGGGCACAGTGTGGGTAAC-3' (or 804)
FK12 F 5-GACATGGGCGTGCACGTG-3'
AB055761 343
(RT-PCR) R’ 5-GCGTTGGGGTGGGTCATT-3'
ANP F 5-ACTTCCCCTATTCCCAAC-3'
X57702 285
(RT-PCR) R 5-TTCAGCCTTCTGCTCATC-3'
AMHC F 5-CAGCTGAAGGTGAAGGCCTATA-3'
$78540 264
(RT-PCR) R 5-GCTGAAAGCAGAGAGATCCAA-3
VMHC F 5-CAAGTTTGAGAGGCGCATAA-3'
X59552 302
(RT-PCR) R 5-GCCAGGACCGCACTTACT-3'

*The Agtll primer sequences correspond to the lacZ gene of the vector. "The FK12.6-F and -R primers

contain added sites for the restriction endonucleases EcoRI and Sall, respectively, at their 5' ends

(underlines). *The Pact-F and -R primers are targeted to exons 2 and 3 of the chicken B-actin gene,

respectively; they yield 283- or 804-bp products with ¢cDNA and genomic DNA as a template,

respectively.
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A 10 20 30 40 50 60 70
CGCCGAGCCGAGCCGTGCCCAGGGCTGCCGAGCGGAbCCCAGCGCCGAGATébGGGTGGAGATCGAGACC
: M G vV E I E T
80 90 100 110 120 130 140
ATCTCTCCGGGAGACGGACGGACGTTTCCGARGAAGGEGCAGACGTGTGTGGTGCACTACACAGGAATGC
I s P ¢GDGRTUPF P KI KGIQTCV VHY T GGML
150 160 170 180 190 200 210
TACAGAATGGAAAGAAGTTTGATTCCTCCAGAGACAGAAACAAGCCTTTCAGGTTCAAGATTGGCAGGCA
Q N G K K F D88 S R DURNI KU®PFRF K I G R Q
220 230 240 250 260 270 280
AGAAGTCATTARAGGATTTGAAGAAGGTGTTACACAGATGAGCTTAGGACAAAGAGTCAAAGCTGACCTGC
E VvV I XK G F E E G V T QM S L 6 Q R A K UL T C
290 300 310 320 330 340 350
ACACCTGAGATGGCCTACGBAGCCACGGGCCACCCCGEGGTCATCCCTCCCAATGCCACGCTCCTCTTTG
T P EM A Y GA T G HUP GV I P PN ATIUL L F D
360 370 380 3%0 400 410 420
ATGTGGAGCTTCTCAGGTTGGAGTGAGTCTTCTTGGGGGAGCTGGCTGGAGGCATCTCTCCATAACCATC
vV E L L R L E *

430 440 450 460 470 480 490
CCTTCTTTCTCACCCTCCCAGCAdCGGGGGAAATCTTCACTGGANTCCCAATCTTCCTGCTCAAGCTGTC
500 510 520 530 540

ATATCAGTAGCGCCTGCCCTTAGGTTTCTTAAGCCTTTCTTTCTCCTTTCTTCT

B

chick 1:MGVEIETISPGDGRTFPKKGQTCVV]
human N e
mouse A AP
rat - N IS P,
bovine £ e

chick
human
mouse
rat
bovine

Fig. 2-1. Characterization of chFKBP12.6 cDNA. (A) The nucleotide and deduced amino acid sequences
of chFKBP12.6 cDNA. The nucleotide sequences corresponding to those of the specific primers FK12.6F
and FK12.6R are boxed. The asterisk indicates the termination codon. (B) Comparison of the deduced
amino acid sequences of chicken, human (GenBank accession no., NM004116), mouse (NM016863), rat
(D86642), and bovine (A53924) FKBP12.6 proteins. Residues that are identical in all five species are
indicated by asterisks. Residues implicated in anchoring FK506 or in selective binding to RyR2 are boxed
and shaded, respectively. The PPlase domain is indicated by a horizontal line.
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A Tissue B Stage ,, .
Brin H VIivGzKGnlbS T 2127313537 41 A V AV

28s 28s

i8s 18s

FREP12 65 FREPIZC M MMM P .

GIFDH en R P B OB BB O SH GIPOH (N 6D EDED W &8 = w» @

Fig. 2-2. Northern blot analysis of the spatial and temporal distribution of chFKBP12.6 mRNA during
embryonic development. (A) Tissue distribution of FKBP12.6 mRNA in the chick embryo at stage 41
(day 15). Total RNA was hybridized with a digoxigenin-labeled chFKBP12.6 cDNA probe. The positions
of 28S and 18S rRNA and of chFKBP12.6 mRNA are indicated. The lower panel shows hybridization
with a chicken glyceraldehyde-3-phosphate dehydrogenase (G3PDH) ¢DNA probe as a control. Lanes: Br,
brain; La, lung; H, heart; V, vasculature; Lv, liver; Gz, gizzard; K, kidney; Gn, gonad; b, skeletal muscle
(limb); S, spleen; and T, thymus. (B) Time course of the abundance of chFKBP12.6 mRNA in the heart
during embryonic development. Lanes: 21 to 46, stages 21 10 46, A, atrium; and V, ventricle.






Fig. 2-3. Whole-mount in sifu hybridization analysis of the localization of chFKBP12.6 mRNA during
embryogenesis. Embryos or hearts, with the exception of those shown in (F) and (P), were subjected to
hybridization with a chFKBP12.6 antisense RNA probe. The developmental stage of each embryo is
indicated at the bottom right of each panel. Panels show ventral views of embryos (A-F), transverse
sections prepared after hybridization (G-J), the right (K) and left (L) side views of an embryo, a ventral
view of the heart (M), and dorsal views of the longitudinal cut surface of the heart (N-P). The lines in (B)
to (E) represent the levels of the transverse sections shown in (G) to (J), respectively. The chFKBP12.6
mRNA was not detected at stage 8 (A), being first apparent in the precardiac bilateral mesoderm at stage
8 (B and G) and continuing in the fusing myocardium at stage 9 (C and H). Expression of the FKBP12.6
gene was observed in the myocardium, from anterior (ventricle) to posterior (atrium), of the linear heart
tube and in the sinoatrial tissues at stage 10 (D and I). Myocardial expression was also apparent in the
looping heart tube at stage 12 (E and J) and in the developing heart at stage 21 (K and L). Expression in
atrial and ventricular myocardium was observed in the multichambered heart at stage 30 (M and N), with
reduced expression remaining in the atria at stage 41 (O). The embryo in (F) and heart in (P) were
subjected to hybridization with a chFKBP12.6 sense RNA probe and showed no reactivity. a, atrinm; ec,
endocardium; fg, foregut; ge, gut endoderm; la, left atrium; lv, left ventricle; me, myocardium; nc,
notochord; ng, neural groove; nt, neural tube; ot, outflow tract; pm, precardiac mesoderm; ra, right
atrium; rv, right ventricle; sm, somatic mesoderm; v, ventricle, Scale bars, 400 pm (A-F, K-N), 50 wm
(G-J), or 1 mm (O and P).
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Stage Control
M 4 6 8 10 12 14 P N C

M 4 6 8 10 12 14 P C

Fig. 2-4. RT-PCR analysis of FKBP12.6 gene expression in chick embryos at stages 4 to 14. Total RNA
extracted from chick embryos at the indicated stages of development was subjected to RT-PCR with the
FK12.6 primers specific for the chFKBP12.6 gene (A) or with primers specific for the chicken FKBP12
(B), B-actin (D), ANP (E), AMHC (F), or VMHC (G) genes. Analysis was also perfformed with the
FK12.6 primers and RNA samples not incubated with reverse transcriptase (C). RT-PCR analysis of all
embryonic RNA preparations with the f-actin primers yielded a single 283-bp product derived from the
B-actin mRNA; an 804-bp product (arrowhead) derived from the -actin gene was not detected, verifying
that the RNA preparations were not contaminated with genomic DNA (D). Lanes M, molecular size
markers (100-bp ladder). Lanes P, positive controls in which chicken FKBP12.6, FKBP12, -actin, ANP,
AMHC, or VMHC c¢DNAs were used as templates. Lanes C, negative controls in which template was
omitted. Lanes N, negative controls in which chFKBP12 (A and C) or chFKBP12.6 (B) cDNAs were
used as templates to demonstrate the lack of cross-reactivity of the chFKBP12.6 and chFKBP12 pnimers,
respectively. Sizes of the various PCR products are shown in Table 2-1.
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Ko = <=

BmoE
RRAEIZRIT 5D FKBP12.6 33 X O FKBP12 OB TFHIER L e

A,
P ol

FKBP 1150 MEIH FK306 B X VT /v A L EFERTHA L 7 4 U L Th B (Schreiber,
1991), FKBP-FK506 DEAEKIZ L - T, THRICRWTHRAY 7 RER THEIET S Ca”-
ANEV 2 ) ARTFEEEY VS AVE =R VEBRIEBERETH DI NV ma— Y VERETS
Z & T, FR506 OREMGEHERMBREINS (Livetal,, 1991 ; Sewell etal,, 1994 ; Lam et al., 1995),
ANV =a—Y VDBREIZEST, A VF—BA4F2 DL5RY VEAIAVEBEFORES
R#ET 2B RT (NF-AT, AP3, NFkB) B ARELEH D (Crabtee, 1989), FKBP D7 A
74— LT B FKBPI2 & FKBPI12.6 iZZ T 12 BL U 12.6 kDa DHIBERNZ L0 B Th
Be TNHDF LRI EE FT8%DOMBREMEETL, ZRiEED X <Ll T3 (Deivanayagam
et al,, 2000}, EBHH L FKS06 RFT /3w A Vv EPRIMITHEERT BT &b, I EI-FKEEH
ERZRTZENRRINTVSD (Xuetal.,2002),

FKBP {Z1: peptidyl-prolyl cis-trans isomerase (PPlase) {&EE43% Y (Harding et al., 1989), #f
BZ A I o> T2 728882 B35 (Wang et al., 1994 ; Okadome et al., 1996 ; Barg et al., 1997 ;
Yao et al., 2000 ; Aghdasi et al., 2001), AN TO FKBP DABENRZ —4 > M, LHEB
L UYBHAHEL RyRs R IPsR O L 5 72 Ca> R F ¥ > R/VTh % (Brillantes et al., 1994 ; Cameron et
al., 1995), RyRs iZ/PMags»b 0 Ca* B EZTEEH L TH Y, i K> T EC coupling IZEER
BEEBoTNS, BEGEY 7/ V28K RyR1D) 13 FKBP12 &RE LTWDH, LHE
U7 Y%A (RyR2) 12 FKBPI2.6 L#EA LT3 (Lam et al., 1995 ; Timerman et al., 1996 ;
Xin et al., 1999 ; Carmody et al., 2001), FKBP i RyRs DIEMHLB XL OEZELIZEELTWS &

IN TV 5 (Timerman et al., 1993 ; Brillantes et al., 1994 : Mayileitner et al., 1994 ; Marx et al., 1998 ;
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Marx et al., 2000 ; Yano et al., 2000),

FKBPI2 /v 77D b=y ATIIERBICIIBENREE IR O/, BEA
BRTUBERICREEREL, HAERNICELE L (Shou et al, 1998), XHBMIZ, FKBPI2.6 J
VI T UM UXATEFERRELNLDY, C¥HHOERE T I2ENES LT OLEHRE
DEEFRBLT % o T LIER & 72072 (Xin et al., 2002), T4, FKBPI2 23=7 b Y FRO.LEGHEAE
TRV CUNHERRE & RO FBROFIEICEETH S Z LRI (Obataet al,, 2001),

W _¥ET chFKBPI2.6 BHEEMFHLBIRIZ=U M BEOLBER CHREBOIZRER LT
BY, BREOEITITHEVDBESETHIE L TWe chFKBPI2Z6 BWIR{LERNILEIRBETS Z
EERLMNI L, FZETR=U FIRICBIT 5 FKBP ORFNZBLDICT B0, 5
ABER X UM LD FKBP12.6 & FKBP12 BETORBE LN Lz, T L THHEICE
T OEBESLDBRARICKT 5 FK506 OB L, FKBP BRFORBRIINTHIVF /A v BOD

TR AR LTz,

HHEELUVHE

1. =D MUBE
=U NYSEREINIZ MRS ERA ¥ —EEYE (EHRTmT) IvEALEZARL S
Ry (TAFTA %) SRINE BV, RIS TIRE 37.5°C, HXHEEE 70%, #£57 90°/30 min

DEMETHIEL, /LN EORKAERXT — 1 Hamburger and Hamilton (1951) 1ZH#-o 7z,

2. 7’7X3I RDNA BLU 7 o —T DR

=7 + Y FKBP12.6 (chFKBPI2.6) ¢cDNA (GenBank accession no. AB(074887) 1% & T/
n—=/LEbD%, =V LY (chFKBP12) ¢DNA (AB055761) I Obata et al, (2001)
Tru—=r 7 E&hl-eR cDNA (635 bp) %V iz, Northern blot ##ATFAD ¢DNA 71—

UTFD7TZA~<—%HAV=PCRIZEY, DIG (Roche Diagnostics) THEi#k L7z, chFKBPI12.6 (441
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bp) ; forward : 5'-GAATTCGCCCAGCGCCGAGATG-3', reverse : 5'-GTCGACTTCCAGTGAAGATTTC
CCCCGC-3' (Table 2-1, Fig. 2-1A), chFKBPI2 (343 bp) ; forward : 5'-GA CATGGGCGTGCACGTG-3',
reverse : 5-GCGTTGGGGTGGGTCATT-3', chFKBP12 cDNA 7' 11— 7 i3 iFiE open reading frame (324
bp) THER SN D, in siu hybridization {21, DIG RNA labeling kit (Roche Diagnostics) # V>
7< in vitro transcription {Z X T, DIG #E# chFKBP12.6 33 L U chFKBP12 RNA 7 —7 (&

ABIVCTrFER) FREL,

3. /=Ty hBIOF—~U P insitu g 7Y FAE— 3 VIEN

Northern blot 33 X T whole-mount in sifu hybridization fATIZ5E —ETIT o 7= FEIES 7=,
Northern blot f##7CiZ, A7 — 34 (JII 8 H), XF— 41 (B5F 15 B) BB, BIL UL 1
R, Bk 3 BEEO bt T2 bEHMMO total RNA % TRIZOL reagent (Invitrogen) % BV THIH
L7z, ThHEE (15 ug) % 157 Ve — R KVAT AT v FERAVIZ L ADERIKEG TS
B L, Hybond-N+7}4 227 L (Amersham Bioscience) IZEzE L, DIG #Zi# cDNA 7o
—TWREBNAT Y EAL¥— 3 (50°C) 2 L7z, whole-mount in situ hybridization #E4F T
i, A7 =V 4~12 O ZIELLEVHL, 4%3F BV AT AT € F/PBT TEE L7, RNA

Fu—7RE 100~2000gml & L, ~NA T Y FA¥— 3 U [ET70°C TR ARoT,

4. = b VD invitro culture 38 J: N EHIR 5
10% 7 ¥ B5RM¥E (Tissue Culture Biologicals, Tulare, CA), 5 U/ml ~X=3U Y, 5 pugml R

U b A T EEIN L 7=Medium 199 Hank's (Invitrogen) % culture medium & L 72, FK506 (B
RES, KET) #100% BOHIEEL, i %colture medium TRE0.01~1 mMIZ/2 5 X 31T
FR L, BOHDORMKIREIL1% & LTz, All-transV F / A > B (RA ; Sigma, St. Louis, MO) % Osmond
etal.,, (1991) 27> Tdimethyl sulfoxide (DMSO ; Sigma) IZ#E#E L, culture medium T EE1~100
uMIZ2 B X D IZFHIR L, DMSODKRKIEEIZ1I%E Lz, 1% BIOHE 2131% DMSOA Y culture
medium% 1> ha—r LCRVE,

in vitro culturelZChapman et al., (2001) DFERIEIZHEV, AT —I3~90 =T kU EEIEHK
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Xy VT I TIENLHYHL, 35 mm7 4 v aTHELL, TOFETRT 4y vaf
Dagar-albumen substrate £ CHEDIER ZREIZFITHERT 5, FKS068H, RASHE L L oy
b & —/Lculture medium (100 pl) Z#M L72 A 38°CT24R5RIEE# L, BAWRRZBR L%,

4%/3Z B LT AT B K,/ PBT CHEZE L Cwhole-mount in situ hybridizationtZ f# L 72,

5. #HEHOEE
SEBRFE R % Microsoft Excel Dadd-in 7’ 1 &' 5 A Statcel (I3, 1998) # AV, X7 < )&

FIRS R DR EIZ X - THEHOITEENT L7z, P<005THREHNICEREZLY & L1,

#hE

1. =D } Y REBFIZI TS FKBP12.6 35 L U FKBP12 mRNA D545

chFKBP12.6 & chFKBP12 DE=FHFHEDOFKARBRIZRIT D7 17 7 4 /L% Northern blot fiE
e L (Fig. 3-1), chFKBP12.6 & chFKBP12 TN FNOHE R cDNA 7 r—7 3BV
RXFGET, BB NC Obata et al, (2001) & FEAFIZ, =7 b EBHEBRIZRHNTERE
N~1.6kb DE— Y FE~15RB LT 1.8kb D 2 KDY FEHH L7 (Fig. 3-1), chFKBP12.6
BEFORBRIL, BREOER (RAT—Y 34 BLU 41) TREBELEBIVCLZRICRELT
W (Fig. 3-1, A and B), BEZETHRLIE X DT, LFETOD chFKBP12.6 BB EIIRAITHE N
Bra T Lz, —F TLEDOFERITAFEIZ downregulation S, L% TIIOBTORE
IIRHTE 2o (Fig. 3-10), LB TIICH (BB TORERLBOHLNDB LI
Y (Fig. 3-10), 3 BRBIZRZ L LETORRELSOIIMOERBOBOLRAZICETHEA L
Tz (Fig. 3-1D), XfERAYIZ, chFKBP12 Bz FORBKIIRT—Y 34 BL T 41 T LT
RTOMBTHRE SN (Fig. 3-1, A and B), T X TO#MB T chFKBP12 O FHIHREIL 3 @l E T

B &T e, HPLE (OF - LE), B8 (R, B (BB TIREERARVER
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DEETH-7 (Fig. 3-1D),

AT =Y 4~12 £TO=V h VERIZEIT 5 chFKBP12.6 3 X T chFKBP12 mRNA DFFZS ]
#972 B{E% whole-mount in sifu hybridization 2 X > THEHT L7z (Fig. 32), FDOAT—VThbE
YATu—TREAary hua— @B TRV SRR N » o (F- 2 RBHEH),
chFKBP12.6 BEFDORBIIAT — 8 DEALBREEE (Fig. 32B), A7 —Y 9 BXU 10
DA H D linear heart tube (Fig. 3-2, C and D), AT — 12 @ looping beart tube (Fig. 3-2E) T
TNENRD BT, chFKBPI26 &Y b chFKBPI2 DRBBW LT, chFKBPI2 X
chFKBP12.6 DRBFRLEDIEOSMTRAEL T, HITHBEDHEE CORRIR

ECThor- (Fig.3-2,F-1),

2. BERAEIZIB1) B FK506 #5102 ) 5 8

M RIZ 1) 5 FKBP OREIZfENT 572, FKBP ¢ PPlase /&M% LE S 5 5%EH
HIF| FK506 Z#k 4 RBETHERMUIZAT—Y 3~8 O=U bV E#% in vitro THHE L7z, FK506
SVER L7 FRDFET IR S /e hro 7= (Table 3-1), 24 BEfE#EE (A7 =¥ 11~12) 12 FK506
WMEEE (327, 11%) BX U=y ba—g (1/7, 14%) THME ORK (LIED looping frﬁﬁ%
JUBEHROFEHAFANERE) BERINhE, LirL, BEBE (s = 0349809) BIUHE L

7 AF— (rs=04331551) & BERAITIIFMEAIRBEERIERD b oT,

3. LF /A BEREGFIZI I B FKBP B DREZ

FNTAHF L E LTOBRRLVF ) A RIZX 5 chFKBP12.6 3 XU chFKBP12 Bz FDOFHIR
R AEBE, inviro TAT—Y 3~9 b 24 BHEE L=V ) UHREEABRIZE
VNTHENT L7z (Table 3-2, Fig. 3-3), T OREEHF I LEREIZAE L T linear heart tube % 7%
BL, HBIZBET S (RF—Y 10~12), = hu—/LE (1% DMSO) DU £E#EE (Fig.
33, A and F) 1%, ELERE (av bu—iL8#) ObD (Fig 32, Eand J) LEWVEIRD LN
3oz, RA O X 2 DO RFAILRA REERFHNTH -7 (P < 005, rs = -037566867)

B, B L7 R F = BRI R S hvie o7 (rs = 0.0589467) (Table 3-2),
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BRERA (100 uM) TiX, BERUBREZEULEEORHI2XOBORERETR L (¥
& RS T 2736, 75.0%). RA IRE 10 uM THUBORERB W 20 b (2126,
7.9%) B8, 1F& A EOETHEIT 5 heart tube B SN TV (24126, 923%), RIEEE RA
(1 uM) TIROEERIZIZE A CEEITeh o7 (221, 9.5%) 73, DMSO &% medium T
BLiay ba— VB TIRREORBREERIIBEI NP o7,
1 uM RA B L7 (F—FKBHE) THLREZ, DMSO 4 medium TLE Lo b
2 — VIRIZ BT B O HARRFID 53{b=R° chFKBPI2.6 38 XU chFKBP12 DR NNF — U IIEE
Tho7- (Fig. 33, Aand F), 10 uM RA T L7=fETlE, DD looping 23 F AN 72 - 7 B
TY, UiEFR7 chFKBPI26 BXUEH THRILTWVWD chFKBPI2 DFEBNF — T E{L
X720 7= (Table 3-2, Fig. 33, B and G), 100 uM RA THE LEDIF & A £ T4 20RO
BERERMBRD 5N 7e), chFKBP12 BRERFOFHFIIHEOLE THRH LN TRY (Fg. 3-3, H-)),
¥7- chFKBP12.6 BIEF D UBA~DBEZ SV TIX, ZTX0ED & 5 REBRLBIZBVYTH

HEFF STV e, DR RBLTWARETRERED oo (Fig 33, C-E),

B

=9 Y FKBP12.6 (GeneBank accession no. AB074887) & FKBP12 (AB055761) # /%2
BoMTIET X/ BERSIT 78%0 R Z~Y (Fig. 2-1B ; Obata et al,, 2001) 2%, IO
FKBP12.6 (£ k, NM004116 ; = 7 X, NMO016863 ; ¥ 3/, A53924) & FKBP12 (t T+, NMO0008O1 ;
< A, NM008019 ; 7/, P18203) DM TIXFL £ 82~86%DHHEMZRY, FKBP12.6 B
XU FKBP12 # > 87 BITI3HeERY, BERICW L O 0BE AR H S, THITIL RyRs ~0
ER=e, FK506 5 /3= A 2 CRE SN S PPlase &7 E03%H 543, FKBP12 13 RyR1 IZH
A3 5D T, FKBP12.6 ® RyR2 ~DFERWFESICES L TWDT I/ BRERAIT FKBP12 Li3RE

o TW5A, ETER LU Obata et al., (2001, 2002) TRL7EZEL DI, =V b RRLRE
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TOINLDBREFRERIZEVIEKESER 2 TWVD, FPFEIBVT FKBP126 B LU
FKBP12 OEALVBICBIT BREZMITTHedIl, TTINDOEBERHLL|LEITH
FTTORBRSMEFEREBL S HICHEMICHBIET L& 25, % (Fig. 22) <° Obata et al,
(2001, 2002) DFEREXFTHLEBEHRET DD ThoT,

=7 ~Y FKBP12.6 #3 L FKBP12 mRNA LB LB LNICLBIREFL TR Y, L=E
Tt FKBP12 7203 &hiz, WA Tt FKBP12.6 BDEDEERFKBP 741 Y 74— AT
HBIZ L 5T (Lam et al., 1995 ; Timerman et al., 1996), FKBP12.6 mRNA D3R EIIFHL
#OEFTOLIZEV TS FKBP12 mRNA & D &7V, BIFEIC K-> THMPRENERS
DIEA D hy, FEHT LI ENEN O TD FKBP @%ﬁﬁﬁ%%ﬁiﬁ%&&ﬂ%: &, %
L TFKBP B ENENOMIEEZ 1 7 Thex 2BREE2H T 550 b (Wang et al., 1994 ; Okadome et
al., 1996 ; Barg et al., 1997 ; Yao et al.,, 2000 ; Aghdasi et al., 2001), TN H5DF I EBDOHHH %
BT AZENEETHY, FmEAURITRIT S FKBPI2.6 & FKBP12 OHREIRLREEHG
BT D FKBP126 ORBENZHLNICTOIRERHDIESL D, 3 Bt TILBITHMTO
chFKBP12.6 BIRF DFER & FHRIZ, LA S U 2 X & IR T U Y FREDRMIZI VT FKBP12.6
DRESHE SN TS (Cammody etal,, 2001), = ¥ AMHICI 1T 5 RyR2 D (Rosemblit et al.,
1999) % Z[ET5 L, FKBP12.6 1IAEDRAIZRT 28N Ca HHOREILEE LTS
DHEH Leuy,

chFKBP12.6 =T ORIITYHIR A IBE TURBEICRB SN TV 523, chFKBP12 #fx
FORBITLBFEREZ S THEOSF TREENL, ZhbORRIT, ThTho®RE L Rk,
FARRIZKIT S FKBP12.6 OHEBHIHBEMES FKBP12 Ob D LIZER-TWBE I L EFEL
T3, MR CULIEPEERRICRE L THHRT 5 FKBP12.6 (Fig. 2-3) 1%, DLREEER
FORIETICH D LHREEND, I T, TLODBBRFRBAICHTIELN T AT ELTD
B RA OFBEV=U NVETHEFTLE, VF /A FOBRMIE->T, =7 bYEOLE
FECUHHROBETFORRICREBZFREND (Osmond et al., 1991 ; Yutzey et al,, 1994;;
Liberatore et al., 2000), chFKBP DB NF — AIBREHRBIZB N THIZEAERBEINT,

chFKBP12.6 BEFORRIL.LEHMIEOSLIZiE> TWie, =T PV FED RA LBIZ X - TEE
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K F Tox5 ° GATA4 DFREBEEILHE FRIFEBICE THERILEN D (Liberatore et al., 2000), 5
> THEDFR RS, chFKBP12.6 BEFOERIZDR L IhbOBEERFIZL5HEHER
FTWARWZ LRB SN, PIHIFEREREICRIT S FKBP ORBIECHEBHEIZ oW T
RE LR DB EZEDRITIX R DRV,

FKBP ® FK506 ~D#E A2 & - T, FKBP @ PPlase {E M 23885 & 15 (Schreiber, 1991) , FK506
BE CRVMBERA ML EER 20570 T, FKBP IR BLEIILER VO L
2V, FKS06 DR 5 B (AT —Y 27) B~OREIZL > THEBEATLE -2 &R, FEIP
70 (R7T—Y31) BAOREICIYLARSESEEI LI L (Obata et al, 2001) ZZET
D&, tpLA FKBP iIHAD L VHHBRMTHIEL TS0 LR, MAT, FKBPI2
¥ 721% FKBPI2.6 REB~ U R I LV REFHETIERICRELTVS ; FIFIZEED
DIEFRARIZE Y 145 dpe CRLE, #FITHARITOBOBEKREHSEE TW% (Shou et al,
1998 ; Xin et al., 2002), ¥£72, 0.01~1mM EE D FK506 ##& 5 LT 54K (R 7 —3 14~17)
FTHEAMEL T, TORBECHBIOBRBICEEIT ok (F—FKBHE), FK506 3
FKBP IZ#AT 5 &, DIEER L OB AHE! RyRs 2> b FKBP % ##Hf74 % (Timerman et al., 1993 ;
Lam et al., 1995 ; Timerman et al., 1995), L7%> LA XO.0f Tk, #MAREIZ FKBP12 & FKBP12.6
DEENEET BT BT, in vito T FK506 AE L TH CaHHF ¥ 3045 — B
BT B A R IF & 720 (Timerman et al., 1996), fE-> T, FKBP12 & FKBP12.6 HS#)HIFEC
12& HIT RyRs 12X 3 Ca BHOTEICIZBES LTy, b LLIE=7 b U FHEREIBE
TIt FKS506 78 FKBP DIEMEZAETERWI LB FRBR SN, FKBPI2 i3 TGF-¥ A 7' 1 %F
FBIERTHZ & T IGFRBY /T AEEROBHELMBTHI LB RENTVS (Yao et al,
2000 ; Aghdasi et al., 2001), ->F Y FK506 O 517 Lo T FKBP12 OIEMEAHE S =B E,
TGF-B 7 FNAREZR DB & 1TIEI N BN D - OIEREILENE LRETE S, =7
UREFEAICB T FKBP12 28 TEEIHEBE L TRY, ¥z FKS06 2RESNZHMH=U F
VEBEEICEBELET LRI &2b, MR AEBRIZIB W TIX FKBP12 M3l OMEFEC
BRE - HEICBEER TGFp7 7 2V =K Y XTF RO T FURERITIIEE L THWRVWOR Y

Lz, EEE, FKBP12 KRB~ U7 X DOBHEFMIIZB W TREFEEZR TG 7T M RER
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DIREZIRITFRD 5TV 2V (Bassing et al., 1998 ; Shou et al., 1998)

fEem & LT, FKBPI12.6 8 XU FKBP12 MEEFII=U b YUBIZBWTHEWER®H 52,
FORBEIRBEBL->TNDZEBFENT, DIRIZEIT S chFKBP12.6 B FORBRIIRAE
DEITITE > T down-regulation ., LEICRBEND & L LITHOBBH TORIRLAER
Lo ligol, MREAR I CLBEHRIZEBITS FKBP O&ENXEZH LT LR THIER
Bz, L L, HRMEESTH D FKS06 IYHERAICRICHEEZB TS eho T,
T MIRZIZISUNT FKBPI12 721725 FKS06 {EMZRETE D (Xu et al, 2002) Z &5, LIRS
HRINCBIT D FKBP @ FKS06 ~DRAERRERBITEFLTHD LW ) b E S TY

Do

IS

=0 b Y EERAICRNT, FKBP126 & FKBPI2 OBE/ Y — 1 O HBH £ 1T o, =1
kU FKBP12.6 & FKBPI2 37 X /BESIN IS HEFINTHE I &b, HEH - BEeric
ELPTWA Z L3R EN S, Northern blot FEATIC L - T, RAETHLMIOHE 3 B
TIE, chFKBPI2 344 R TESERLTEY, BEDETIZHE > TENENLORERED
WA B2, £ chFKBPI2.6 FRABETIILBTHERLTVER, BRAEDOETIZHEST
REBENHADTD L EBIRINPVLEBIZREL, BEEL ZORESEFINTVD I LHH
LM ENT, E FKBP12.6 ILDIRAE & SR TWRIZH 22 b T, FBLBROLBETORESR
BIIRABE SR AB U T FKBPI2 X0 vk olc, FKBPI2 ZRABEBORK X 2718
FOETFEIIBEIILEREAFZE-TEY, LBICBWTIX FKBP12 L LBAETH D
FKBP12.6 BENTNOWIEEZ T L T\ 5 LB SN, chFKBPI12 BREMHANLEy THH
LTWB 23, chFKBPI2.6 iU RIICHER T 5, RAEMMEICRT 5 ME ORHFEHL LT

BREZARAT T D72, M=V KV BRIZ FKS06 ##%5 L2, TOEBIBRE T, BIEH
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THETTRMERRER L TODIZ 200 5T FKS06 ITESRARY, & U IZBBEERT
HINOGBBEL TWARNI ERFREShi, —75, RA OHMEIE~DOEMC X VIS U
UIRO R EFES L7 d®, chFKBPI2.6 DRB N F — BB BE S ol, #oT
chFKBPI2.6 1385 RA O EZT T 5EERFOTHICIIRL, MO I FAAFREICE S

DI S — = T » TV B AT RIR Shiz,
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Table 3-1. Lack of effect of FK506 on the development of chick embryos cultured in vitro.

Embryonic development (%)

FK506 Stage at No. of
(mM) treated embryos Normal Abnormalities
Inverted® Other®

1 5-6 3 2 (66.7) 1(333) 0(0)
7-8 5 4 (80.0) 1(20.0) 0 (0)
0.1 34 3 3 (100) 0O 0(0)
5-6 6 6 (100) 0(0) 0(0)
78 3 3 (100) 0 ) 0(0)
0.01 34 2 2 (100) 0 (0) 0(0)
5-6 3 2 (66.7) 1(333) 0(0)
7-8 2 2 (100) 0 (0) 0 (0)
0 34 3 3 (100) 0 (0) 0(0)
5-6 2 1 (50.0) 1 (50.0) 0(0)
7-8 2 2 (100) 0@ 0 (0)

Embryos were cultured for 24 h at 38°C in the presence of the indicated concentrations of FK506 (zero
concentration represents 1% ethanol vehicle), after which they were examined for developmental
abnormalities. “Embryos exhibited inverted looping of the heart and cranial flexures. "Embryos were
malformed or exhibited termination of morphogenesis. The incidence of abnormal development was not

significantly affected by the dose of FK506 or the developmental stage at treatment.
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Table 3-2. Effects of RA on heart development in chick embryos cultured in vitro.

Heart morphogenesis (%)

RA Stage at No. of
(M) treated embryos Normal Abnormalities
Inverted® Other®
100 3-4 16 1(6.2) 2(12.5) 13 (81.3)
5-6 11 2 (18.2) 0 (0.0 9 (81.8)
7-9 9 4 (44.4) 0 (0.0 5(55.6)
10 3-4 11 7 (63.6) 4 (36.4) 0 (0.0)
56 9 6 (66.7) 2(22.2) 1(11.1)
7-9 6 5(83.3) 0 (0.0) 1(16.7)
1 3-4 8 6 (75.0) 1(12.5) 1(12.5)
56 7 4(57.1) 2 (28.6) 1(14.3)
7-9 6 5(83.3) 1(16.7) 0 (0.0)
0 34 9 8 (83.9) 1(11.1) 0 (0.0)
5-6 9 7(77.8) 2(22.2) 0 (0.0)
7-9 4 4 (100) 0 (0.0 0 (0.0)

Embryos were cultured for 24 h at 38°C in the presence of the indicated concentrations of RA (zero
concentration represents 1% DMSO wvehicle), after which they were examined for developmental
abnormalities. *Embryos exhibited inverted looping of the heart and cranial flexures. "Embryos exhibited
other heart malformations including complete or partial cardia bifida, situs inversus, or the complete

absence of the heart. The incidence of heart abnormalities was increased by treatment with RA in a dose-

dependent manner (P < 0.05) but was not significantly affected by developmental stage at treatment.
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Fig. 3-1. Northern blot analysis of the tissue distribution of FKBP12.6 and FKBP12 mRNAs during chick
development. Total RNA (15 ug) from various tissues was subjected to hybrdization with digoxigenin-
labeled chFKBP12.6 or chFKBP12 cDNA probes, as indicated (upper panels); the gels were also stained
with ethidium bromide (lower panels). The positions of 28S and 18S rRNAs are indicated by open and
closed arrowheads, respectively. The RNA samples were derived from embryos at stage 34 (A) and stage
41 (B) as well as from 1-day-old (C) and 3-week-old (D) chicks. Lanes: 1, brain; 2, lung; 3, atrium; 4,
ventricle; 5, liver; 6, gizzard; 7, skeletal muscle (limb); and 8, spleen.



Fig. 3-2. Whole-mount in sifu hybridization analysis of the localization of chFKBP12.6 and chFKBP12
mRNAs during early embryogenesis. Embryos were subjected to hybridization with antisense RNA
probes and dorsal views are shown. The developmental stage of each embryo is indicated at the bottom
right of each panel. The chFKBP12.6 mRNA was not detected at stage 4 (A) but was apparent in the
bilateral precardiac mesoderm at stage 8 (B), in the fusing myocardium at stages 9 (C) and 10 (D), and in
the looping heart tube at stage 12 (E). Expression of the chFKBP12 genc was detected throughout the
embryonic body, including the cardiac region, and in extracmbryonic tissue at all stages examined (F-J).
Scale bars, 0.5 mm.
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Fig. 3-3. Whole-mount in situ hybridization analysis of FKBP12.6 and FKBP12 gene expression in RA-
treated chick embryos. Embryos were cultured in vitro for 24 h at 38°C in the presence of various
concentrations of RA; they were then fixed and subjected to in situ hybridization with antisense RNA
probes specific for chFKBP12.6 (A-E) or chFKBP12 (F-J) mRNAs. Panels show ventral views of
embryos. Control embryos treated with 1% DMSO at stage 8 (A and F) exhibited normal pattems of gene
expression. Some embryos treated with 10 uM RA at stages 4 or 8 developed heart tubes that looped to
the left instead of to the right, although they showed normal distributions of FKBP12.6 and FKBP12
mRNAs, respectively (B and G). In contrast, almost all embryos treated with 100 uM RA at stage 4 (C, H,
and J) or stage 5 (D, E, and I) manifested complete (D) or partial (C, H, and I) cardia bifida or a complete
absence of the heart (E and J). Scale bars, 0.5 mm.
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BEBYOBMHLR OB B AL, B - ZRMICKFEZ S 0B%, Thbb,
ERDORLRLMBERAOCKE - B - Sk - 7077 LK - HEERIZX > THRY I,
DIRDOREICEET L OBEFHBESNTVEY, WELIHERERICIIT 2O
HSH LIITBEEZRRT IICRESTRWARY, LBICRE L TRRT I EERFIZX S0
fih B As T REOMECREE LR - RMOBHREELE > MREERF L /ST VEERE
Filbe LT, DIRRBEOBELRSICEBRT ICHELLIELL OBMBLETHS ),

ABFFE TIL DB R AICHRET 5 L ST & 72 FKBPI26 122\, FORBABRICE
THBEFREALBEBICOVWTEITER I 257, FKBP 77 I U —i3, FKBP12 MSGEimEiH
FK506 OFEIEAY A FE L THO THEISNEZI L ORBERICBITIHMEREEL Shi
D5, RRARIER - MRICESKHFELTRY, BB 2 B THI thb, ZL 0B
DHEERERHTOHTFO—2THHLEBELLNB LI Wiro7z (Kay, 1996), EEIZ,
FKBP12 2SMifaEH 2RI L TV A Z & bALMIZENTWS (Aghdasi et al., 2001), FKBP12.6
%€ D PPlase 1EMEIZ & 0 DM OIEIZES 42 Ca*BRBICEER RyR2 2B/ LT3 &
ENTWD, FKBPI2.6 /v 7T U M URATIZED Ca*RETDOMHED HOLIEKRBEIEEZ &N
5 (Xinetal,2002), & 523 Ca?A— N—m— RiZ X B 0EBICKT A8 LUVBERIES LT,
FKBP12.6 %/ LT 5 RyR2 2 RELTHFHELHRE SN TWVS (Yano et al., 2003), DE Y
DA IERITHEEET 57 ®ITIT FRKBP12.6 IURERTRRASFTHHEEZ BN, S5%D
DHBFERER BS Ml CoBMBRE BV HHEREREEOZDICY, RABRICE
iJ % FKBP12.6 DR EICHIEHHE OMBITIIEEREENDH B,

ZITETERIZRBWT, ZHNETRHREDRWVW=U +J FKBPI12.6 &1 7 DR
LOT I BES|ZBALNIT L, chFKBPI2.6 OFAERBIZEIT 2 BEERA T U, DIRE

L EN% FRKBP126 I FREBYVLETEEICRKEL TV, BAEFHPIZEFOLEBTORERED
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V-7 2 Mz, FTORITFHAEICHES T downregulation S5 & &bz, BILBITLE~LEBE
Lk, THIEBZFETH ELICHEMICHNT LT3 (Fig 3-1), FKBP12.6 D545 CaZ@hik
DIFTC RO LEFEREZANTVWEIRELHHDT, BPBICL o TEDRHNRELEZD
2 LIV, FKBPI2.6 / v/ T U e UARKAERT I TIIERCHEBRREEITTAZ &
(Xin etal., 2002) ®°, FAEPHIZ FKS06 2|5 Shic=T MY FEMBFATLE S Z & (Obataet
al, 2001) b, T ORAEBEICHA OEIERICEIERD B 0B, LAY, £ BBENT &
& D ORAERIEICEIS L T D & SRTWIR b0 p b, DRIRETIEHE CRBTHIC,
INREASBRIE END KV bR h D chFKBPI2.6 WIHRBEHHBLTEHY, LHRBROS{LELE L
EIERZRI U< UT chFKBPI2.6 DREBENBHEIND T EBALNITR T, EZET RA @
BEZLI->TOLROREREBE LT, LHBRBREMN chFKBPI2.6 DRBRIIMES LTV
7eo DEY chFKBPI2.6 DFBHIFEITER RA OFEEZT T, iU (LFHHE) 045k
> THIBSATWD LI THD, Lnl, BEBRBICHES TELT S I ORBRLEITLH
FMRROLRIL L IXIBEGRR L, LLAUHHIBORRL LB L aBEORRILICBEEG
LT3 k%;‘cl’o,ﬁéo

BEZETRANP=U FURFRIZEITD FKBP OHEELZ L7017, HEMHEELRTHS
FK506 25 Ll 25, BMOREICIIRAOREBLBBE N>k, FK506 13 FKBPI12.6
| BXU FKBP12 LA LTED PPlase IEMEMET 5, £H0 bIMETO mRNA HHIIR
Hbhie (Fig. 24, Fg. 3-2) i T2<, DBOMEBRIKIZ L > T FKBP12.6 DHEBEEBNHEK
THTLLLHLT, 20 OBEZAE L THERAESCUBERICEBIIRD bhihoi,
&5EmOMmamq@mnﬁ%$¢%%mﬁwti(%@%titd@ﬁﬁﬁ%ﬁ%);D%
BRI Tdh o7z, FKBPI2 £724E FKBPI2.6 / v I T U b~ U ARRARTE CRIEFICRAELE
1745 (Shou et al,, 1998 ; Xin et al,, 2002) = & &b —E+ 3, L728->T FKBP IZAIEA%AIC
BT LHLETIERLS, TORATHUBOREBECTCOBELHBATERBIATHIDN
b Lz, b L < FKS06 TIIETERWBIOREIZHEDL > TWH00nb Lk, L
LEFF R TIE, FKBPI2.6 OBHREIZ O\ Tit RyR2 OEECHRENCET A RED L EHERT S

WZEEELTRY, SROMEOERITHFR b D,
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INbOMRE, 4% FKBPI2.6 [ZRET 2HEEN & » RI B VNV TOREIOERTIZIT T
2, DB - UDIRRIRBERL CILBO AR A~O R RZER L 2B THAH, E
BRUHEBEO S EDHEBAFEBRTEZLICL T, FHREFOH -2 ENRE R Sh,

TREADIER, X OITEH LWBRIEOBRBIZ OB D FREESES > TV b0 EEL LB,
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FFREERPDCHY, BNRERETBVREBCENRRICESE LIZRVE, #E
E, AR, BBELBY, FATHRIIF ¥ A5 TEEY, KBEPRF-T

W2z, EMRERFR INHROBRIEATHEEZEBT £,

AR EITOICHY, RABE2D THELZWEZEE L, BXTHRFRERERE
£ REBTRBRERE) ADAHEXEL, EMNKRERF 4 AT BRI ESR L

LF x4,

KRICE T 5HEE, & DICHRXFRICEIRE ES oo, AEBRFRFREFH N K
BFLBhER, ERTHERFEEN SHENER, FBHRFRER GRBHERICE HIL

BLLETET,

EFREZITTHICHY, EROEMHDEEESEWEEE, FEOBLSLEVS
B TWEE W, ENERERE L ¥ —TEFRAL A9 A =25 GRALEL, EERA
BREEESERN IMAZESBE, FEREFEATSVYES IR EREIL L) BILEL

ETET,

LT, AHRERATBRHLY, BARBTEATVEEEE L, EMKFRED

MR AERGCEVEZOERICBILEZHR L ETET,

REIZ, RO IEZWEEE, BHELBR ST TWREWERXBMEK, £ L TE

ZOPLREHMOBERLIZVERVETS,
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