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BE

GEUNIERBEZRETHDTT ) v ABZEME (A3AR) IZfT 572 =2 it
HERLT LAX—HRBICHTAHEEL LTHEBEENRTWAY, (F-WE ASAR 12457
YA ARBPFELRWEDICY T AT v b AV in vivo FHMERBRIT . EXK
fhe LTOBRRRITKRIEER L TRV, ZZTEMETIE, B FASAR 7V ¥ F=X DI
WS FIRERETNVEM L LC, eBlE LD ASAR EEF 2 & M ASARESIICEBHB LI~ 7 X
ZERILI, LALAREL, v~ RERNIZEVTE b A3AR I phosphoinositide 3-kinase

(PIBK) vy It L7z 7 FRERBE ZEMLT 5 Z L SHRT, £ F ASAR LBED~
DAGEUNIBEDH T ) I ENFEET A EBNB LN Rotr RICE 4 13,
CDOREDHMBEERRT A7, YeiE LD ASAR BIEF 2 X A5 ASAR 2% (MBARPISEIS
T+ X ABAR E2%, LI b ASBAREEFIL VARD) IcBH L=~ X2 ERILT-,
v U AERICEBWTH AT A3AR 13 PISKy 4 LIz U 7 FAGERK ¥ E¥ICFEME(L L.
INOLOEMIZE NASARBENT VT2 M Lo TRAIHE S hB - L 2R LT,
EOIHELIE, TRZ AV UHEBRTRBILUF AT ASAR B~ 7 2% BT, g
BT 5 ASAR DBEEMIR B A O TR R LIz A THER L 7= % A 5 ASAR B#i~ 7 R i3,
B FABAR T U F I=R N DEBFMBTEERME—D “ASAR t MEk<=TUR” L LCHHAT
HDEEBIT, RETHZRDEZ ASAR OEBFMEFT 21T 5 L THIEREICR AR Y —L
LidtEZ 6N,
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G Z N7 EFHREZEER (GPCR) BEBEHLEMBARIEE L TWH I LBHESH
TWAZEETHY, TNWXITERL RRBICHT HIEREOEN L LTHEEEEDH T
D10, EE BEMRINTWVWAEEROD 50%LL Lik GPCR 2B L L BRETHD =
EBHMBNTWS Y,

EELORBEERICBWT, FolmE2HAVWEIERRBRIIELELE®LEHD in vivo
FHEEIT O L CHBICEERAT v ThHDH, LOLARBL, GPCRIZHTATI=X bR
TryEI=A FOBRFMEIIZE M EToRmEOH TRENEREINDIZLNEL, FORKR
E b GPCR IZxT B{LEMBN T o BEEF A THMEERNEWS Z R LIFLITEZ T
bbb, Rz, TT )V URBED1OTHDHTT /) A3ZEE (A3AR) 1. E R &
ToEERTOT I VBL L TORRENE T4% LBV Xmbh Ty (@%¥ o GPCR
IZBT5E T omEMTOHERMEIL85~95%)., ZORBEICHE ER®m LTV 5 67,

EERZBNT, 77/ V3 E0OZREEN L T2 REBRBRBICEST 52 L35
NTRY, BEETITLABEDO GPCRET T/ VUBERELE LTHEEShTWS (TF /¥
v Al A2A, A2B. BX T A3 ZZ&E) 810, ABAR X G # v /BRIy I 743
GPCR TH Y., HBER. <X MIRCERIRZ 15D, £< DRIV THEL ZORE
DHERINTNWBED TTF ) ol Ty RBEETHZ LT ViEE{LEn ASAR
I%. phospholipase C (PLC) B %4t L7=#ifar Ca2 & _tH=° phosphoinositide 3-kinase

(PI3K) I/ FRIBT7AY74+—ALThH? PISKy OFEH(LZFESTSZ LML TY
% 16-18 ABAR IZ K » TiEME b &4 7= PI3K y iX. protein kinase B (PKB, #4 Akt) <2,
mitogen-activated protein kinase (MAPK) 7 7 X U — T & 5 extracellular
signal-regulated kinase 1/2 (ERK1/2, |4 p42/44) R p38 2 ¥ ) VE{LZBIE & L,
HMQHETERT R b —T X, MIRARLREEZHBELTVWBR EEL LN TS 14161923 F 1|
ABARIZ X o THEMLEN D PISKy 241 L= ¥ 7V EERRKIT. IgE B L UOBEERY~
Z MR BT D BRI O TRR° ASAR OMIBINBIT R L 2B ERITHDICLEETH S
T EDBBEIN TV D 2029,

A3AR LRBOBBEIZOWT, BEE THEEL OFERTON TV S, e LE, mEic
BiT5 ABAR DEHRB L VEDOTFRISHHHEEL V. ASAR 1233 BB ML 35
T ATURMEDORER L RV EHFREESEZON TS 7, F, #elol AHRAIZEBW
TASAR DEBLANBEEINDZ L LV, ASARIZRY U FOEBHE LTHLEEA2ED T
W5 252 K HITIFE, v A MBBRLASARD ) v 7 79 b XA RWEER L VY ASAR
T ra IR MImECBMEAEMMEE (COPD) 2L ICs+rHRBRELRVES T
& DI < TR S AR TN B 67.26.28-89)

TOLEIREEOT. ASAR KT AT A=A MBIUVT V¥ T=X hOEZRN T
FER. BEE CIRL R{LEMDERESh T& /- 67, e b, BES COPD (201 314K
EOBEMLEME LT, EFICERALLE PASAR T Z I =X s KF26777 X BB L 7- 39,
UL 5, b b ASARICHT BART 7= (KEO1aM A —4—) i, F
SHE ASAR (123 LT 1000 LA EFSVEFIME LAVR ST, MA T - H8E ASAR 123495
ToZ A=A MY KEHRPM F—% =P EEIEFIZTHVMEEm LRI T er, £
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DD, FToEEZBAWEASAR 7 # d =2 O in vivo EHE1T 5 = LITEE LR THE
ThHOH, TOZLNEEEL L TOASAR T # T=2 FOBERNKFHER LTV VRN KX
REFEREZ2->THNB 7,

FITAFETIZ. E FASAR T U ¥ =X O MM TFEARET L+ T XL LT, ASAR
E MEv UV RADOEREBET LI E L, ETHEL1ECRBVTRLZIZ, v 7 X ASAR Eix
Fre MUCE#R L “t M ASAR B~ TR ZER L, LELEBL, U X{ERIC
BWTE F ASAR X PISKy # M Lo v M MGERR ZTEMLT 5 = L S HIskT, PISKy
DOIEEIZEET BT R G Z 237 HiZe N ASARIZH v 7 U v AR W ETEEME AR
Wz, ZOMBEEZRRTI72DIC, E2E TRV THL2IZ, v~V X ASAREEF%2E b
[=DTADF AT ASAR (HERERNGERIZ~ 7 X ASAR B2 & VARV . MERGSMER S X OWRa i
fEIRIT e N ASAREZFIMBRRD) ICEBHE LT “X 25 ASAR Bt~ U X7 & {E8 LG % 1T
ot, FORER, ¥ A5 ASARBHW~ T A It FASAR T V¥ d=A FNOEEE{TO LD
H3¥E2 “ASAR b MU R” THHI L EERALE, BREICE IETIE, HIAN Ca2ED
TE2E=F ) U THERTRE LTI/ F Y U RBTREERL, 20T XA
LT LICE > THERICR TS ABAR DOHBEMNRBR 2O TRAT L Z LM%, /.
A3AR t Mb~ 7 RAHEFEFEBICBV T, ASAR 7% T= R b & HU = ASAR OBSREMRIT %
Tolz. AR TER L2 ASAR & ME~w TV Ridk b ASAR 7 v ¥ T =X N OEHIHEE 1T
ITDDOHE—DETNEMME LTHEBEZERTHD L L BT, REFHZRDEZ L ASAR O
EEZBTEITI ECTHRA Y — LB EEZLND,



F1E v b ASAR B~ v AO/ER & 5

1—1. IL®HIZ

ABAR KRBT F A=A MI, BERT VX —HBIIKTAREEREL LTHEsh
TRY, BEETREEDEYRAI V) —= FEN T35 6725283 LhLiahib, b
M A3AR 7T Z F=A MIT > HWED ASAR IZx L TIEWE R LAYRES (B b ASAR
LT 1000 fFLLEFIW) (T S D ASAR ICXT A EMALT v FT=X b kFRH
ENTVWARNED, ZO7®, ASBAR T V¥ d=2 MIEXLOGHER X F—JIzB 0T
HATHDHT->WEE RV in vivo TORTERKRFMZITH Z L BHES, 2oz &4 ASAR
ToEI=ZANOEERE LTORENBRLTWAIRERERLLE-TWS I, £ZTEE
TiX. E FABAR 7 7 A= NOFHENRFRERET VB & LT, L@ LD ASAR Ei&
FE2b N ASAREFNCE X2 7-“t F ASAR B~ 7 2" DR X O F Ol 51T - 7=,

1—2. EBRMEB XUVOFE
1) ERRE
- ST RIER ASAR R T T= 2 K
M3-(4-amino-3-[1261}iodobenzyl) adenosine-5- N-methyluronamide (125[]JAB-MECA) 7
TevrY AXVEBALEL
« ABAR R EHI7 I =2 k
(R)- M-phenylisopropyladenosine ((&)-PIA) ?
VI L DEALE
- ABAR #RBy7 I=X }
2-chloro- M5-(3-iodobenzyl)adenosine-5'- N-methyl-uronamide (Cl-IB-MECA) ?
WAMEETE (k) EERR T Y —ICTERLE
-t M ABAR R RRIT v F A= b :
2-(4-bromophenyl)-7,8-dihydro-4-propyl-1H-imidazo  [2,1-]  purin-5  (4H)-one
dihydrochloride (KF26777)7.89
BFRELR () EEFEEF—IZTERLE
* 2,4,6-trinitrophenyl 7 > fijiE7 /L7 I - (TNP-BSA)
ARAENLFLVEAL
- Fu TNP IgE Hiffk
FLTNP IgEHlEzAET S~ X B U U 35klfatk (ATCC &S : TIB-142) @
EBMBEEREELV. FAPEBI T LAVTERILE

2) B PABARcDNAZ7u—=v7
HFERD b Tl polyA* RNA (f v hnPxy) 4 ug 8% L L. SUPER SCRIPT
Preamplification System for first strand cDNA Synthesis (f v E 2P =) ZHWT—
AEH cDNA &Rk L7,
— 7484 cDNA % 0.5 ul &p 20 pl OFGH (Pyrobest buffer, 0.2 mM dNTPs, 0.5 B
@ Pyrobest polymerase(# 5 5 /34 %) % 0.5 uM ® 7 F A =—hA5 (5-TAC AgA Cgg ATC
6



TTg CTg gCT CAC-3) # XU hA3 (5-CAg gCC CTC AAg TgT TTg TTg ATg g-3) (71
J)) 2FEL, 94°CT 14, 68CT2oMMLRBRIEEZ 1A 20 LTE 30 ¥4
I VAT o7, PCR KiGtk. 8% 1.5%7 Hu— X7 VETKENIHE L, # 1.0-kb ® DNA
Wi % QIAquick Gel Extraction kit (¥74#°) ZHWVWTEN L7z, LT TEE 250 ng D
t  ABAR cDNA #& ¢ DNAWiF %, 50 ng ®7 T X I F pT7Blue T*Vector (& B F /34
A7) & 3EIZ 10 pL DFRBE/KIZEEAE L, Ligation high (FEEESS) % 10 pl M1z 16°CT 2 B
FRIGE T o Tc, FEVWVT, ERRERERISTEHEON-HE#EX 7T X I FZAWTKIEE DH5
o (EEES) ZWHEBRIEE%, 7oy Uitttz e =—X 9 QlAprep Spin Miniprep
Kit (X7 5) ZRAVWTTI7AI FDNAZBEEELZ, 1 oY — hOFEZ, THu—2E
KB & D9 BT K W HERB L, #EESIZ DNA ¢ —2 =% —ABI PRISM 377
¥ X U Big Dye Terminator Cycle Sequencing Ready Reaction Kit Ver.2 (7 75 A K34
FYATL) BERLTRE L, Y —7 TV RF 5 A <—|Zi%, M13 primer M4 (5-¢gTT
TTC CCA gTC ACg AC-3’) . M13 primer RV (5-CAg gAAACA gCTATgAC-3) (LI E, 7
oY) JZTER) ZERLE, T, ERTELNZE F ASARCDNA 28075 2 I %
TA-hA3R & #9,

3) ABAREETFEEL~ U XY/ A DNA ODRER X OMEIT HiE

129/SvEv i~V A5 ) L DNA 5475V — (¥ bV A7 LX) L0 ASAR BEiEF
EETD7u—r%7 ) APCRICKSTARAZ U —=uT$hH7H, vURAASAR OV Y
V1DEEERFIPEIDELRATT A <w— (5-AgC ATg gAA gCC gACAACACCAC-3) ¢ 7
vFr AT T A ~— (5-TAC CTg ACT gT'C AgC TTgACC Cg-3) D754 <—Ft v b (§
0.36-kb DIEEN REREEND) &, B AT T A <— (5-TgT gAC ATT CTAACT TCT
gg3) LT UFRUVARTTA~<v— (5-CAg TTT gACTCATTT CTACg-3) D75 A <w—t
v b (89 0.56-kb DBV FBRRHEND) ZRE L, LT 74/ ~v—1, Fu) dic
TE LT, ERSFA~—y 25 /) LADNATATFIV—PCRARZ Y —= FH¥—F
A (BEWE ~EftL. EfL2+Fy bD PCR THMEAERY <7 2 DNA # A pBeloBacll
TI7AI FE@BALE (Zftoy hES  GS1199238, 7 n—1%5 : 207 (A2).,

LFED pBeloBACO 77 A X K5 ug % EcoR 1 IZTHIM LD B 7 H e —RF /VEBRKE
WL, =7 V1B EETR 9.0kb O DNAWAB L= Vo 288 & 8104 6.5-kb
@ DNA ¥t % QIlAquick Gel Extraction kit % F W TEYY L7z,

LFETH=% EcoR I Wt/ 10 ng % EcoR I TUIME., VI /NBEETALHVERR 7 7 & —
Y (FHT344) THY VEL L7275 X 3 F pBluescriptISK() (R +5#—2) 40
ng & #iZ 10 ul OFKE/KIZEERE L, Ligation high % 10 ul iz 16°C T 3 B ERE R G 21T
olc, FEWT, LREKERSETELNZMHB X 75X FEAWCKBE DHS o & TWHERH
SEEE BONEEHEOT YY) Vit 2 v =— & Y QIAprep Spin Miniprep Kit % F
WTTZ7AI R DNA ZEBEELE, A VY —FOFEEL, THo—ABRKEBICLEY A X
HBIC X VSR LT, LT, LRTE LN YA ASARBEFOZY VU 1EREP LT
ZAI F%& pBSexl, =7 YV 2H#ELr7 7 A3 K% pBS-ex2 £ #H7,

4) b b ASAR fHRIFE#A 2 X7 # — DK



=4 72 ABAREEF % £ ~ ASAR cDNAEHICEB#T -0 OREMB L X7 2 —L LT,
LTIERT 6 202=y MballhdE M ASARFERIEB L X7 ¥ —%2®E L7~ (1-1)

1. RHT 47V I Var=—A—LLTO, P7FUTEZ AW DTA) HBo—
v ;b (RNA polymerasell 71— # — T iz DT-A #icF & SV40 AR Y A (HInE
5% ELE)

2. #96.0'kb ® SRIDOHFEMBEZ AT —2 (Smal b~ T X ABAR EzFH=r Y1
N ATG FIERBAtA = R £ T~ Y 2% ) A DNA H 3k )

3. 1 1.00kb ® t ~ A3AR cDNA E2%| (ATG BIfRBEsE = Funb TAGBRELa FUF
TxET)

4. #30.5-°kb D~ 25" ) 1 DNAEF| (=7 2 ABAR #=FD=7 V> 2 ND TAG BIFR
Flka FUnbARY ARINESE TEET )

5. MSmIZ loxP EEFIBMMENTZ, KT 4TV IV arw—h—LLTOE REH
FUTFARIRUNET AT 25— (HPRT) BEFREHRaI=v r (KAKFY
Y UBX—E S eE— ¥ —THIZ HPRT &=+ 2EE)

6. #92.8-kb @ FADOHFMEBM L AT —L (v V2 ASBAR EzFDxT 7 V> 2ND BamH
17226 Apal £ T~ 25/ A DNA H3k %)

EEoOE + ASAR MRMEBE AR 7 ¥ —iX, LTITRTHE (& 15 T8R) THEELE, 2
TOIRIZBNT.DNABAIZT Vo — A5 VERKENT L > THlE L%, QlAquick Gel
Extraction kit (X7 72) #HAWTHERLEZ, €77 X3 Fii, BEE# L7 KIBE DHb
a £ Y QlAprep Spin Miniprep Kit % L < i QIAfilter Midi Kit (X7 4 V) 2BV THR
THZEIWXVEE L, SRS ET o - [REER OFRIKEL S EZ 0B ERF 72 b TNC
PCR HE1Elr 02| EE X, £ ITRIZBUWT DNA — 27 =% —ABI PRISM 377 B Xk
U Big Dye Terminator Cycle Sequencing Ready Reaction Kit Ver.2 (775 A4 K 54 F ¥
AT A) EERALTREL, BEEFIOEREZITo T,

IE1: vV AAAR BEFOXI7 YV 2HREEL~ YRS ) ADNABEASRILT S

A3 N pBS-ex2 % BamH1 & Apal THIEFL THELINL 54 2.8'kb @ DNA ¥ 5% (Apa
I CYIWr L 72 K813 DNA Blunting Kit (#5514 4) ZHAWTER{ELLTH <L), Sma
[ & BamH I THIEF L7 FSHIC loxP BFIRMME NI EDT 4 TE LI v g v—t—
LLTOERFH U FU I+ ARIBRVAV TV RT7 =27 —RBEBEFRE2=Y N 2FT
%577 XX FpKO select HPRT X7 #— (L ¥ 21) |Z Ligation High Z W THEA
L. 77 &3 F ploxP-HPRT-hA3R-arm2 #{E®{ L7 (X 1-2),

T8 2:4FAY = (£ 24 : 5-CTA gCT AgC TAC Cgg AAT TCC TCC CCg Cge ggA geT
AC-3, 7o F & 2 : 5-CTC CCC gCg ggg Agg AAT TCC geT AgC TAg CTA g-3'. 7
ol TZTER) & 90°CT 10 DEMBAL-OBERTT=—) /&%, Hpal & Kpn

[ TEIET L7275 X I K ploxP-HPRT-hA3R-arm2 {Z Ligation High # W CEAL, 7
Z A 3 K ploxP-RE-HPRT-hA3R-arm2 Z{/E® L 7= (X 1-2),

I 3: 77 A FpBS-ex2 % Pst] & BamH I TUI L TH LN 5% 1.8'kb ® DNA KR

%, Pst] & BamH I THIWr L7275 X I K pBluescript I SK(-)IZ Ligation High Z W\
8



THEAL, 77 AI NASR-Cl1 #/ER L7 (K 1-2),

I 4: 54V I (B A4 : 5-TTT CCg Cgg TTT ggT AC-3', 7o F L 284 :5-CAA
ACC gCg gAA A3, 7r Y FIXTAHAR) % 0CTI0OHHMMALEZOBERTT=—
7 &t Hincll & Kpn [ TEIlF L7727 X I F A3R-C1 | Ligation High Z AV TEA
L. 7”723 FASR-C2 Z/E L7z (K 1-2),

TI#E5:vU RS/ L DNA 288 L LT, Pyrobest Polymerase 8 X U5 A v— (5-Cgg
AAT TCT gAg TAg TTA CCT TgA CAg-38B LU 5-Cgg gAT CCT TCg gAg CAg ¢TT
CT3 (k. 7V IICTHERK)) 2HVWTPCR RIS#{To7-%. BEE 7249 0.38'kb
? DNA 1Bl % EcoR I & BamH I THIWi L, EcoR1 & BamH I TYMIL7= 7T X I
K pBluescript SK(-)iZ Ligation High # AV T#A L. 7”5 X I FA3SR-C3 #/Ef L7~ (X
1-3),

T#6: 7523 K A3RC2 % Sacll & BamH I Tl L T8 53549 0.15-kb o> DNA B
A% .Sacll £ BamH I TYI¥r L7277 2 I K A3R-C3iZ Ligation High Z AV T#EA L,
77 A FA3SR-C4 ZfEB L7z (X 1-3),

IR 7: 77 AI NASR-C4 % Sacll &£ EcoR I THIr L THE LN A 0.5-kb @ DNA Wi
% .Sacl & EcoR I CHIWr L7277 A X F ploxP-RE-HPRT-hA3R-arm2 {Z Ligation High
ZRAWTHEAL, 77 X3 K ploxP-C-HPRT-hA3R-arm2 Z/ER L 7= (X 1-3),

I&8:~vUAY /) L DNAZEHE L LT, Pyrobest Polymerase 8L U774 < — (5-Cgg
gAT CCA Tgg AgC TCg AAA gTT CTC-3F X U 5-Cgg gAA TTC ggC ATg CTg TCT CAg
AAAAg-3(LLE. 7l FIZTER)) ZAWVWTPCREG21To -1 HEIE SN 7-%90.35-kb
@ DNA 818 /% EcoR1 & BamH [ CTHIlr L. EcoRI & BamH I THIlr L7275 A3

K pBluescript SK(-)IZ Ligation High # i\ T#A L, 77 2 I FA3SR-N1 28 L7 (X
1-3),

If9:~vU A% ADNA 8% L LT, Pyrobest Polymerase 85X U754 +=— (5-Cgg
gAT CCA gCA TgC CCAACAACA gCAC-3B LT 5-Cgg AAT TCC ATg ACC AgC ACC
CCAAC-3(LAE.7u ) FIZTAERR)) AT PCR ESE1T - 2% MBS h=#9 0.2-kb
> DNA BT A % EcoR 1 & BamH I THIKT L, EcoRI & BamH I THIMf L=/ F X 3
F pBluescript SK(-){Z Ligation High # VW TEA L .75 A 3, FASR-N2 Z{EfL L7~ (X
1-4),

T 10: 79 A NASBR-N2 % EcoR1 & Sphl THIl L TH 5% 0.2-kb @ DNA W H
%.EcoR1 & Sph 1 CHIlF L7 77 A2 I F ASR-N1 iZ Ligation High # i\ CT#A L, 7
FAI FASBR-N3 Z{ERIL7 (X1-4),

TR 11: 75 A3 KN A3RN3 % Sacl & Necol CHIKFL THESLNS# 0.4-kb ® DNA Wi
%. Sacl & Neol TUIMF L7275 A3 F TA-hA3R I Ligation High Z# W TCEAL, 7
FAXI NASRN4 Z/E® L7z (K 1-4),

T#12: 77 A3 FpBS-exl1 #Sacl & Smal TUIlr L TH/LN 5 5-kb @ DNA Wi i %
NdeI & Sacl THIML7=7F 2 I K A3R-N1 (Nde I THIMF L 7=K¥%siX DNA Blunting
Kit # AV T¥EBIL L TH<L) IZ Ligation High ZHAWVWTEAL, Y7 A3 FA3SR-N5 &
ER L7 (X 1-4),

TR 13: 77 A FA3SRN4 % Sacl & EcoRI TUM L TEB LIS 1.2-kb @ DNA Wi

9



Z. Sacl & EcoR I TYIlrL7-77 x 2 K A3R-N5 I Ligation High # A\ TEA L, 7
7 A FA3R-N6 #{E® L7= (K 1-5), '

TH#14: 75 ZAI FA3R'-N6%Spel & EcoRI THIT L TE LN D5 T-kb D DNA WA % .
Nhe I & EcoR I THIMT L7275 X X F ploxP-RE-C-HPRT-hA3R-arm2 {Z Ligation High
ZAWTEAL, 77 X3 FploxP-arm1-HPRT-hA3R-arm2 #{ERI L= (X 1-5),

T 156: 775 A I FpKO Select DT (V¥ 3y ) % Rer I CHIMF L TESNS# 1.3-kb
® DNA A %, Rer I TUIBIE v S /MNBERET A I VSR 7 7 Z—ECHY VBB L=
7 Z X F ploxP-arm1-HPRT-hA3R-arm2 (T Ligation High # W T#EA L., t h A3AR
HEER LR Z—2/ER L7 (E1-5),

5) t h A3AR E#: ES fEfaRkO#fsT

129/SvEv R#tD~ v A pttEriliia (ES Mifg) BkThH D AB2.2 (V¥ =) X, M15
i (DMEM ## (V¥ ay) 12 15% Y VERIRIE (V¥ ay), 0.1 mM DB ALh
FhF )= (LFTvay) 2mMOL- A& Iy (LEay), 50 Bif/ml 2=
Vo (bHFR2ay)BIXO0ugml DA LT h=wAvy (LIS ay) 2E5M 2 B0,
T4 —H—FL— | ET8TC, 5% CO &4 T CIEELITo 7=,

T4 = =TV — NI, FIFra—  MLEBEZE L HREERT 4 v alief hvA
v CHE~ T ARRHESF AL STO Ml (Lo o) 238 L TERILE, $2bb,
0.1%7 7F R (V¥ vay) ToRHU EERERAT v 2 DEEELBY Z LIC
XV 7o Fra— MUEBEITO, STO Ma%Z %07 VRRMERL R 2mM O L-Z v ¥ 3
Y50 B/ml OR=v Y VB X0 ug/ml DR LT w4 o2& DMEM #H# (L
FLay) (T 44X105{E/ml 12725 & 5 E%. 96 K7L — MZ 0.07 mV/R, 24 RS L—
MZ05ml . 3emT 4y =2il2ml.6emF 4 v =2i24ml . 85ecmF 4 v =iZ 12 ml
ZRHREL, 37TC, 5% CO: T T48MHMILLLER L b DR 7 1 —F—FL— F L LT,

AB22 #ifa~D bt h ASAR HEFMME X N7 ¥ —DEAIZ, =V 7 buRL—a ViR A
Wiz, £, 3.0X108fD AB22 fifiZ 6 cm T A v aD T 4 —F—F L — h~EREL
48 FFEEE. 86 ecm T A4 v a7 4 —F—TF L — bR L & 5T 24 BBz L=,
BE®% TmlOPBS (L¥iay) T2EEBESHLEOL, 2mLO M) 7P UEiK (Lo
) BEML. 37C. 5% CO: 44T T 15 HREIME Lz, AB2.2 MlREL2IZTL—F LD
RN LR LZOB.2mlOMISEHERMLUAOERERLL EyF 4 7L,
1.0X 107 il % 38 L3 B CUEE S ¥ 7242 0.9 ml @ PBS BERIZEE LT,

PBS iZf&#& L7z AB2.2 #ifd (1.OX107#fE) % . Sall T AZ LICkVESRL L
7t b ABAR HH[FKE#E X N7 Z#—25 ng & & HIT Gene Pulser Cuvette (/SA 4T v K, B
HEFEERE 4 mm) NTRA LZ#. MEBASEEY— WY — (XL 4F v F) 2ANT
NNV ABE 0.23kV, BXRAE 500 uF O&GTEREFEAZITo-, BEFEAZL, AB2.2
FERAIZ 70 ml O M15 BHUZEB L, 10 mUKTH THD 85em 7 4 —F—7 1L — MNIIERE
L7,

BIEFEA LY 24 BEFEEE#EE . HAT Supplement (X100) (f > Ehadzy) & 11X
ETET M15 85T 5 BREKEE Lz, £0O%. HT Supplement (X100) (A Erad=
N EIXBECEOCMISE#MTEILIC3 BREETAZ LIV T I ) 7T Y L Mittkan
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=—ZHBIEEOL, PBS T2EBEHL 30 pl D I 7o Uik % BRI L= LK 96 R
L—h~1ao=—/RIZR5L), au=—2EERV HITTERL~, 37C. 5% CO:% -
T T 15 rMILL LB L7270 Wk M15 BRI L By F 4 v 7 54T~ 1%,
HIARBIE 2 5 5 L6 100 Wl O M15 B2 HM L TR W= 96 KT 4 —F —F L — NI
BLERZTo7, 4 B, LUV I 7L —F2ERIL, &hic5 AR LE, LY
FL— M, PBSEER T 2EHREHZ 2551l O I 7 UBIEEZTEML T 37C. 5% CO2 4
HETTIs ELEREBE LZ0L, 25 ul © M15 EHCRE L=, #\ T 20% DMSO (7
V) & 40% 7 VIRRME (V¥ ay) 28t DMEM ## (LR, 2X 7Y —0 ZHh
EHY) 50l EML. LKIBEEEEE., 50 pl OMIAEEBEE B L. HoMLUDFS
Fra— MLEE 1TUIOE 100 Wl O MI5E#ZHRM L TRHVW=96 R L— MIB4 I &
WEVER L, B OMBBBIEEZ S 7L — NI~ A ¥ —F L — F & LT-80CHEZRE
L7,

VAU AT V= ERWESY ) LAY Tay b (%) XY, ERECHERRE X ST
LTz ES file 7 o — U BEE BRI L72#%. Cre/loxP A5 A% FVWTH ES fijlg s u—
VERE D BRI R FRBE2 =y b (HPRTREHE=2=v ) ORER{To7-, . B
RERAA MYy 7 L0 ESHRZo— 2L, 8emTA v a4 —F—FL— | ET
JEREEE L7z, 1ml D PBS CT2EBEH., 1mlD L) P BKRERHRML 37°C. 5% CO:
FETTIABKEBELZOL, 1mlOMISEAZERML 40 EE L By F 4 V7 %34T
W R ODSBEC X DR E B ST, TREY L7- S % 0.9 ml @ PBS (Z%%% L Gene Pulser
Cuvette (EHERIIERE 4 mm) NT25 pg @ Cre BIW S5 X3 FpBS185 (A hadx
v) LiBE& L7, pBS185130.1mM @ EDTA #&% 1mM D + U 2 (pHB8.0) EIKICVEAR
LicbozRWie, V=07~ ¥—% BT, »OLVRAEBE 0.23 kV, BEXEE 500 uF 0%
TEREFEALZE, 10ml O M15 E##HIZBE LT85 em 74 —F—FL—hrF o via
WCEBREE L, 24 FREIEE L, 24 BRE%., EHSBEITV., 512 3 HEESE L,
#E%, PBS T2EMESE L0 2ml D b)) 7Y U BIREZHRML 37C. 5% CO: &4ETF T
16 SrFIRE L72%. 2 ml O M15E#IZRML 40 B L Ry F 4 7 LizDb, i
STEEIC K VLR S B4l % 10 ml © M15 5B L CHERRER 2 BIE L=, BV T, 6
FATT = (X1000, 7<) & IXBETEL M15 8#% FV T 500 fE/ml. 50 {E/ml.
5 E/ml IZHIREFRL, F 1I0mLF285em V4 —F—FLb— " Fr o a|lEBLTT
AMERT2Z L CTHPRT R B o=y hR&EJu—rDan=—HBR &Y=, 2hban
=—XPBS C2E%EE Lz, 30 lld b P EREBMUIZIUE 96 K7 L— k1
aR=—/ZRBEI K- Hieh) 48 au = — R EEBRVHITTERLE, £ T,
37C. 5% CO: &M T T 15 LA EIKE L=, 70 p//kd M15 8 #i 2R L 40 ERE L <
BNy T 4 T RITV GBI RRER E . &2 100 wl o M15 $HE RMm L2 96
R4 —=F =T —MNZEBEL T3 AMEE2ITo/, 4 B, 24 R T4 —F—FL—F~
AL 2 HREEEEITo, 8%, Sem V4 —F—T L —FrF 4 v v Zf LTS B
BEETSILOL, MARFELERIZT 4 v a2 L0 FIBER, EOSBECL VIR EE-4
fd% 0.5 ml O M15 BH#IZEEB L C 0.1 ml T OMIERZAF 2 —FICHELEZDOL, 2X O
Z)=Ur7EME 0.l ml TORML, BRERERA Ny 7 & LT-160CIZTHRE L, L
RRERTFRAA MYy 72 & 1 ARATORMML, 2 ml D M15BHDOA-T4FFF L a— FMNMuE
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FHB3em T4y 2 llBEL T3 B EE21To7-, IS ES M2 u— 2 8kid, &
BIRYHETY ) 2o 7oy MER£1TV. BRI EEF (HPRT #82=v k)
BERESN 7 a— 28R LT,

6) 7Ly For Ty MEN

77 Fra—  MUBER (74— F—HIEL) DB ARTL— b LiF3em F» v
2 TH#® L7 AB2.2 #iig% PBS T2E#E LZ0b, 10mM D hY R (pH7.5), 10 mM
@ EDTA, 10 mM @ NaCl, 0.5%D¥% /a3l (£ B hrPx ), 1 mg/ml ® Proteinase
KArebtuavzy) 280MREMEEZELYREFML (96 K7L — FDOHE 50 pul. 3cm
T4y vaDBE 2ml), 60°CT 24 BERMM(LAEE TR -7, LE%E. 75 mM D NaCl %
Bl s ) —AEHEYE (96 KL — FOHE 100 3em F 4 v &2 DBE 4 ml) M %,
ZERT 30 FULHKBT 22 Li1ck 05/ 5 DNA 2B S, (LB LEY/ & DNA %
T0%=5 /) —/)LT 3 [EHE#H Lk, 96 X7 L— FDFAIZIX 0.4 BAZ/ul ® EcoRI (45
NAA) £ 16Tng/ll D RNase A (A v bhudzy) 2E0EKE 0 iKML., 37°CT
20 FFRVHERIG 24T 272, 8 em T 4 v ¥ a2 DFAIIT, T0%TF ) —LTY U REDH )
LADNAZTEBK (MreboPzy) CHEBLEDOL, 5ug D4/ 5 DNA % 20 B0
EcoR I THIlr L7z, EcoR | THAEZOEKIZT Hu— A X VEKKBICE LD, DNA
Wrh % 0.4N @ NaOH IZT Hybond N+ A 02y 74— (T ¥ AT 7L< T) ~
BE LT, ,

FERIEHE 2 DS IEREIZATON T E ) MR T B0 ) AT ay MTHWS 5
7 e -T2, vV X ASAREEFDOTY V1 D EcoR I ~Sma I 48i% v 7= (I
1-6), 77 A X FpBS-exl # 100 pg 5% & L TETr 20 pl DFEHK (ExTaq buffer. 0.2 mM
dNTPs, 0.5 B ExTaq polymerase (¥ # 7 /34 %) . %& 0.5 yM D75 A < — (5'-ATA gAg
CAC CgC CAg TCC TAg ATg Tg-3'# X (' 5-TAg CAg CAC TTA CgA TTAAgT TTg gC-3")

(77 A=y 7ITTERR) ZTE L. 94°CT 5 LFMEE, 94°CT 1 £/, 60°CT 30 BRI,
T2CTLIHEPORIRIEE 1A 7 0E LTEH 30 ¥4 2 M{To7-, PCREIGE., &%
1.5%7 Ha— A VEKKENZHE L. 0.3-kb ™ DNA W i % QIAquick Gel Extraction kit
ZRAVWTEIR L7z, E L7 DNABAIEY S 7ay N e —T7 L LTHWS 25, T7
QuickPrime Kit (7<% A7 7 <+ 7) % A Tla -32P] Deoxycytidine 5-triphosphate

(32P-dCTP) (MEN) E#Ex1To7z, UUTF. O DNAWH % 5l u—7¢ LCTHWA,

AR B ERIATONINE S DEBITT 572005 /) 2% Fr Ty MTEWS 8
f7a -T2k, vV 2 ASBARBIEFDO=7 V> 2 THd Apal ~EcoR I $8i8: % Fv 7= (X
1-6), 75 X X F pBS-ex2 # 100 pg #5% & L TELr 20 ul O (ExTaq buffer. 0.2 mM
dNTPs. 0.5 BAL® ExTaq polymerase(# 7 734 %) & 0.5 M D7 F A ~—(5-CCT TTC
CTATAg TCATCC TCACTT CC-38 LU 5-ATT Tgg CAg TgT gAT ¢Tg TgT CTT TC-3')

(77 A= Z7IZTAEMR) ZREL, 94°CT 5 HMMEdE, 94°CT 145/, 68°CT 2 RH
LRDBRIGE 1Y A7 e LTEH 30 %A 7 1MITo7, PCREUGHE, &% 1.5%7 Hu—2
TVERKENZAE L., £ 0.24-kb @ DNA 7 i % QIAquick Gel Extraction kit % BV THEUY
L7z, B L7 DNAMR IV 7 ey VAT a—7 L LTHWAZY, T7 QuickPrime
Kitizk v 2P-dCTP & L7, AT, ZODNAMWR % 37 a—7 L LTRW3,
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EcoR 1 TUIWF L71=% /7 & DNA %#kE#%EzE L7= Hybond N+ A7 44—t 5
f7e—7H LR 3T -T2 47 Y v FEK (BXSSPE ({ yEbhrd=l), 5X
F UV MEHE (FoYefiZR) . 0.5% SDS) FIZTECTT—Hang 7Y v FEEZDL, 2
X8SPE & 0.1%SDS #&LeHiE%EHWT 65CT 15 ok % 3 [E. 0.2XSSPE &
0.1%SDS # & LeiEik % AV T 656°C T 16 DRI % 2 EfT o7, BeFH DA 7L /i X
# 7 4 /L 4 Kodak Scientific Imaging Film X-OMAT™ AR (2 ¥ v 7) L EiEHE T-80C
T—HeRt S, FRBR/B LK,

7) b ASAR B~ v 2 DERM

FHFEIMEHE X B EE (T 7z ES HilgiX. 8 @i C57BV6d A A< U X (HAEZ VT) X
DES LT-ZHE% 3.5 BIEORBIENICvA I7n oY F— (RERE) ZRVWTEA
L7z, IE 1 @H7- 0., 10~15E0 ES Ml 2 EA Liz, A%, 8 @D ICR Bidik~
Y2 (BRI LT) OFERNCBLE, FERN~OBEEKT. Filbizy 10 @EL, <
JA1ESHT=0 20 BOREREZBE L, BiE%R 17 B THELONIEFPLOFATITR
DHFEIIHEENE (a—+IT7—) LVfTok, EFOLHFOHECLEEL. 129SvEv~
DABRTHIRBEOWENLFIZEDDI%EFATERL L TEH L, HENTAST
C57BL/6d ~ U ZAHKDEETHT-HBEF A TRIT 0%, HET X THBEBETHIZL.,
FATRITI00% EHE LI, XA T~ 7 AOLFEMENEA LTz ESHEERTH 2003,
AT YUR% C5TBLI6I A A7 DU RERXEISE, BONEEFODS /) L DNA =5 ) L
Foray MEWTAZLICLVRERL, v UADRE (5~10 mm) ZHIYVED . 300 pl
DOHIRBIRIE CER LI-0b, LE6) - TH /a2 ¥Frruay N &fToT,

8) EEEMARENR~ X Mg (BMMC) DOfER

< U ZANLOEHMAER~ 2 MR (BMMC) O{ERLIX, Supajatura b D WHE
ST, FF. 10 BEDA A BALB/CA v U A 208 (REZ V7)) XDl Li-BgE <xF
ARTFAZRHNTTVELEZE, TRLENRRKBRE 10%0vVO T VRELE (JRH). 10
mM @ HEPES Buffer Solution (£ ¥ raPz), 0.1 mM D2 ANVAT v & J—v

(Arebralde), 50mgl DS EFvA Ty (FHTATRY), 3.4 mg/l D Phytolacca
americana (pokeweed) L7 F > Z¥M L7 RPMI1640 55 (f o Ehud=lr) T 2X
1064ERa/ml & 725 X 5 1208 L 37°C.5% CO: 44T T5 B H#EE%. 553 EE # EIX L /-,
Z DIk LiER PWM-SCM3D L 3 5,

BT, SEEBAADEATR -T2 (C57BL6, BAZ LT) BLIUBEBEFERETTAD
KERE % W% . TEREHC TEBEEEPIC BMMC 541 (RPMI1640 ## (£ 2 & ha P )
2. FNENREEE 10%0 7 VBRME (JRH). 0.1 mM O sodium pyruvate (o &
rE<x). 0.1 mM @ non-essential amino acid (f Y Ehad =), 50 M D 2 AV
HFrZE )= (frEradzy), 50mgl DT F<wA T, 10%viv)D PWM-SCM
BEM) AEALCEMMBRLES LD, BMMC ##% FVvWT 37C, 5% CO:&M4T
THEEPTo/, BHRHRII4BREITTo7

BB BMMC IZ 3L LTV A R R T 5720 UL FICRT FACS T 21772 o 72,
28 B RizE Lo B L v 2X 105/ ik HERL, PBS (A e brY =) T1 EEH
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L7cDH, 0.2 ug ® PEERB Hi~v U X ckit Hifk (BD /A A% A = 2) L 0.2 pg @ FITC
28 Y1 TNP IgE 5ifk (EZ-Label FITC Protein Labeling kit (7 ) % B\ T, #1 TNP IgE
k% FITC THEE# L7) Z 8¢ PBSICHEB L. JKET 1 BRIEG & ¥, KIS, Mgz
PBS T 2 El#&i# L. FACS Calibur (BD /34 A% A = X) #FHT PE 8LV FITC ¥
HBEZRIE LI, £, avbr—1 e LT, fEERESE TRV Z BV TR
DRFEEIT o7,

9) RT-PCR

8B A ADEFAT TR (C5TBL/6, HAEZ L7) BIUEEFHRE~T XL VK, AT
B, B, BEEZHEE LAY I THPSAATESE, £30mg 55T 7u L BARES 2 F A4 F
—ZHAWVWTT VL. total RNA Z#iH L7z, BMMC /% 1X 107 #ifa% PBS T 2 El¥ci L7
. total RNA Z-#H L7z, total RNA OHitHiZi%, QIAshredder (¥ 7 4°) 8 & Ut RNeasy
Protect Mini Kit (¥75°V) &MV /2, it L7z total RNA % 5 pg & Y. SuperScript
First-Strand Synthesis System for RT'PCR (f vt buP =) ZAWTHEERIGET
VY, —Z&4$H cDNA 24 L7z,

¥ U X ASAR R EBVEIERT A (0.913-kb) 2B AT/ w—L LT, =7 X A3AR
cDNA B3I L Y 75 4 ~—mABAR-5 (5-AAC ACC ACg gAg ACg gAC Tgg CTg-3) BL U
mA3AR-3 (5-AAT CTg Agg TCT gAC AgAgCC TgAg-3) %L, F7/=. b k ASAR
BRAHEEER (0.912-kb) 2HIBSEZ 7544 <—¢ LT, & b A3AR @ ¢cDNA Bl X v
77 A4 <—hA3AR-5 (5-AAC AgC ACT gCT CTg TCA TTg gCC-3) XU hA3AR-3

(6™-TCA gAg ggA Tgg CAg ACCACA CAg-3) #E L1, EBIZ, BT 7 F 4R
12T A (0.793-kb) & LT, v U 2@E¥ BT 7 F cDNAEFIL Y 75 A4 <—bAC-5 (5-gAT
ATC gCT gCg CTC gTC gTC gAC-3) BXTbAC-3 (5-CAg gAAggAAgg CTg
gAA gAg AgC-8) 2BEH LIz, T4~ —RBI77 A=y 7 IZTER LY,

—Z8{ cDNA % 0.5 pl &¢r 20 pl ORJSHE (ExTaq buffer, 0.2 mM dNTPs, 0.5 Bifizod
ExTaq polymerase (FH 734 4), 05 M D754 ~v—) ZFE L. PCR #1T-o 7=,
< U A ASAR B EAEEET X, 774 v —mA3AR-5B X mA3SAR-3ZHWT 94CT 1
. 68 CT2 ML RBRIELZ 1 YA 7V E LTEH30Y A 7 14T-7, t - ASAR 4%
EWEEE R IX. 774 v —hA3AR-5E X T hASAR-3 %W T 94°CT 1 43, 68°CT 2
SENOCRIRIEE 1A I7NVE LTH 30V A 7 MTolz, B7 7 F G EEIRNTA X,
7T A< —bAC-’B LU DAC-3ZANTI94CT 1 oM. 68CT2/nbhiRmE 1 ¥
ATNELTE 22 YA 7M1 To 7, PCREG#. 10 pl & 1.2%7 H u—RA S VERIKEIZ
L. RRAEIEN R 2R Lz,

10) MREEEZAVWEESER
ERGOFEEA VT, BMMC & 9 HRREE S #8% Lz, % BMMC % PBS T##
%, TR VRERES = F A P—2 BT 5 ml OFEFHEER (5 mM Tris-HCL (pH 7.4), 5
mM MgCly) IZWB L7-, BIEIR% 40,000Xg T 20 HEL L., Boh-LBRYIIEE
FIuL BRES A F—F AT 2 ml OERBBRICEB L EEOERBRROE
HE#EIX. BCA Protein Assay reagent kit (¥°7 R) #HWTHIE L7,
14



[125TJAB-MECA # W=/ 8 £ I3, £K5 3938 X (8 Salvatore b DD FHIEIZH#E L TIT
o7, RS (50 mM Tris-HCL (pH 7.4). 10 mM MgClz, 2 U/ml adenosine deaminase
(7<) CEEAERBEEBK 100 ug Mz, KERE 0.0625, 0.125, 0.25. 0.5, 1.0,
2.0 nM O[BIAB-MECA % 50 U7z, & RIGHIC I, BB E 1% (vv) £ 725 X 5 12 DMSO
(v 7=) &Mxiz, EBROBEAIT, ERRGHEICEEEE 100 pM O(R)-PIA ZHML
THIE LTz, RIRkIE 25°CT 120 SRIRIG &S ¥, < VFR7 U — FBDV 5 RX7
7A =B (SUVRT) 2AWVWETZ L N —va VKO RIGRELEESRTZ, BEEOR
BLIET AN —%2KB L EREEREAWTIE®RE L%, a7 Ty hyrZ— (2%
v A—F) FRVWTHAREZRE L, DPIAB-MECA © A3AR BRI S RIL.
[1IJAB-MECA DHAE L VB ENEAEESIVWHELVEH LK,
EAEEERITL, LREORISRICEEEE 0.8 nM @ [BIJAB-MECA & & #&#E 0.001,
0.01, 0.1, 1.0, 10, 100 nM ® ABAR BB/ 7T v # d=A ;s KF26777 &M L., BE L7,

11) HRRN Ca>»BORIEF

BMMC % &#&HEE 100 ng/ml O TNP IgE HifE % &t BMMC 5% AT 5% COz.
3TCE&MHT T 16 BEftEH#E L2 %, AU AR EEE K (20 mM HEPES (pH7.4). 115 mM
NaCl, 5.4 mM KCI, 0.8 mM MgClz, 1.8 mM CaClz, 13.8 mM Z/va—=x (BLk, &
SATFAY), 02% (wiv) D RETALT I (7<), 2.5 mM Probenecid (37=))
T2EBEELE=DOL, BREES5 uM @ Fluo-3AM b L X Fura-2AM (£ Y ¥ =5 7a—
7)) L BKEE 0.5%D Pluronic F-127 (7<) ZHEM L= 7 L RIERERIZRE L
T 5% CO2, 37TCHHET T 1 MR LT,

Fluo-38 # AW RIEIXLLTOFETITo 7, LD 1 FEFERE, BMMC 2017 A
I TER IR C 2 BIeE %, b vy U ABIEREIRIC T 2.5 X 105 {ifa/ml 12725 X 5 %+& L 100
ul 05 96 K7 L— MZRELTZ, 96 K7 L— M 5% COsz, 37°CH&ET T 30 43tk L
T, BACHEEE 100 nM O A3AR #EA)7 Z=2 k CI-IB-MECA % L< % 10 ng/ml @
TNP-BSA (2 AE/344) ZEFML. FDSS 6000 (Fiah b= ) ZHAVT 480 nM O
EEEICL > TAEL S 530 nM OENFERE, TA—FA 70 v I7—FmBIE
Db EH 520~560 nM D 7 4 )L F —T 153 H8IE L7, 530 nM O KK &1L, Cl-IB-MECA
X TNP-BSA OEHRNMEEA 1.0 &L LE-BAOBEMEL LTRELE, ASARBEMNT 4T
=% h KF26777 1%, CI-IB-MECA ##/M¥ % 10 47AMC. HMEEE 100 nM THEIM L 72,

Fura-2 Z AW RIEIXUTOFETITo, LED 1 KEEE%, BMMCZ U U A
B EARER T 2 EIRE%. AV 7 LARIEREIRICT 5 X 105 fiig/ml (2725 X 5 B#& L. 500
y BEREARAF 2 —7 kLR, BIERF 2—71E 5% COz 37CHMET T 30 syHIKE
L4, %CHIEERE CAF-110 (AL 1Tk y F L, BEEE 100 nM @ Cl-IB-MECA
OFEMBLOFD 2 5IZEMT 3 10 ng/ml @ TNP-BSA (2 RAEXAF) IZXHHEN
CaBED FE#HIE Lz, KF26777 1%, CI'IB-MECA O#RM 2 4780, HAEHRE 100 nM
THRM U, MR CaEit, 340 nm B X 11380 nm ORIEHRIZE > TAEL S 510 nm
DY E % CAF-110 # L TE=#— L, #)tH (340/380 nm) % F v — MEIZEE& L
7z, ®¥ekiX. CI-IB-MECA < TNP-BSA OEFMEES 1.0 & L7-HE& DHEMELS L TRE
L7,
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12) BEBRIIEMORIERE

BMMC 28T 2 HEEHIEME L LT, BMMC &Y it SN B BBk~ — b —TéH 5B f~F
Y I=F—CRBEAE L, BIEFEZ. UANCBRESN TV A HE 9093 — kB LT
fTo7-. BMMC % &#BE 100 ng/ml O TNP IgE Hifk %4t BMMC £#1% B\ T 5%
COz, 3T CHRHT T 16 BFRIIEHE L 7% . Tyrode #EE# (10 mM HEPES (pH7.4). 130 mM
NaCl, 5 mM KCl, 0.6 mM KHzPO4, 0.6 mM MgCle. 1 mM CaCle, 0.1%(w/v) /L =2—
A (BAE THZATRI), 0.1%wWR) Y VIET LTIV (V7<) IKEEBLT 96 RS
L= F~5X105 MR/ Y = VT OB LT, £V =T, HMBE 0, 0.1, 10, 1000 nM @
CI-IB-MECA Z#MLT 1 9/ 37CTA v Fax— bk Lz#%, BEEE 10 ng/ml ©
TNP-BSA Z#ML T 30 43 87TCTA v FaR—a b &fTolz, YEIA L EHMT S
HEE. H¥EEBE 10 nM ® macrophage inflamatory protein-lae (MIP-1a) % L< i
regulated on activation of T cell expressed and secreted (RANTES) % CIl-IB-MECA Ot
DYICHEMmLE,

RIGt. 2,000 g T5 2EELEZT-o>CEELZER L, &%EE 2 mM @ p-Nitrophenyl
N-acetyl- 8 -glucosaminide (7<) LER&EBE 20 mM O 7 = BEEK (pHA5) % LiF
CEML T 37CT 1 KRS & €72, BMIBE 100 mM 07 Y Uik (pH10.7) %7
ML, I78Fv—F ) —¥— (N4 4F v F) ZANT 405 nM OEEEZRIE L,
BMMC HZ& £ %2 B -hexosaminidase &3 1% Triton X-100 #HEMT A LIk -
BIZE L7z, %& B -hexosaminidase i<, BMMC F "4 B -hexosaminidase {E{E % 100% &
L7eHEDRRIL TR LT,

13) V=RFZr7uy MEIZEA ) VEMELERE ORI FIE

UH Y RRERIC L o TEHILENTZASARIZE > THEE NS PKBEBLOERK 1/2D Y
BB LTOFETHRH LKL, & BMMC ICEKEE 1 uM © CI-IB-MECA £ &M LT
37CTO, 3, 156 A »F a~X— |k L=tk ¥ PBS 12T 2 E¥:# L. MILEMIK (62.5 mM
Tris-HCI (pH 6.8), 2%(w/v) SDS. 10% glycerol, 50 mM dithiothreitol (f ' ¥ ha =),
0.1%(w/v) bromphenol blue (¥7'~)) |Z¥EfE LT-, MIBYEHEE % 95°C T 5 AR L= 1%,
ELICX VLB ERE, 520%7 5 Vx| e-PAGEL (7 h—) 24X % SDS-PAGE 2 it
Lic, DEELT-BERE AV FREKKBEFEBFR 74 X7 2y b AE-667T7TH (7 +b—) %
AV T Immobilon Transfer Membranes (X Y KR7T) IZEEEL, 5% (wiv) AXLINT %
&% TBST (20 mM Tris-HC1 (pH7.6), 150 mM NaCl, 0.1% Tween-20 (>7<)) %W
TERTIKE I ayX 721707,

—ReEIIE. LY Bk PKB (Serd73) Hilk (BAv T FAT I s uv—) HLLIE
1Y Bk ERK1/2 (Thr202/tyr204) Hifk (BAv 7727 Jad—) & 5% (wiv) BSA
AD TBST T 1000 ZEHFR L= DEAWE, AUVT LR LT 1 %kEiES 4°CT1HBK
ISEEF0L, 3[E TBST TH#E L7, iV T, Horseradish Peroxidase ZB#H T 'y k 2
KE (N TFNT o ) ad—) 5% (wiv) AFALI7 AY TBST T 2000 FFHR
L7 2RFEE2=ET 1 BEARIGES %, A7 L% 3E TBST TH# L. Phototope
HRP Western Blot Detection Kit (B 7 F 527 Jud—) ZRAWVWTCERI N Rk
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HLr-,

Flh, AU TN EEKEB LI AT U2 BRI L, 1 kAL UTH PKB Hiids (B
TInNTryad—) bLLIIMERKI2HE (BT FIATFr/uad—) #HEWHIE
Wk, Y 8L PKBEB LU ERK 1/2 OB ZFT - 1=,

1 4) A3AR OMENBITORIEF ik

A3AR DHlaNBAITIE CI-IB-MECA THIE L= % OME D ASAR BEOE{LZHIES
HZLXDEH LK, & BMMCIZE®BE 1 uM @ CI-IB-MECA %L 15 53, 37°C
TGS, % PBS T 2 E¥E% L CHIMRE L X v CI-IB-MECA #B¥E L7z, MREL
® ASAR BEi¥. BB E 2 nM O[IBI]AB-MECA # AV - MlBEE S ERICI VRIE L (1
—2. EBRMERBLIUHED10) 2H), ASAR Ei3., CI'IB-MECA M Lahol
A0 ASAR &% 100% & LI-BAD%ERTL TR LK,

15) F—¥EH

[1%[JAB-MECA #&EBRMLE/LND KfER LW BoaxfEiX, Prism Y7 b =7 (/5
7Ry R) ZRAWCTEH L, TV IR o KEIZ, BEHEER LY RD 57 ICs
fE X 9 Cheng-Prusoff DFER 9% H\ TR,

17



1—3. %R

1) &t b ASAR B#i~ D R DO{ER

LOX107f@ D 129 %~ 7 AH3¥k ES gtk AB2.2 it + ASAR HFEME#E XX ¥ —25 ng
Ly baRl—a ETEAE, 777V Uittt ES Mgk L v 7 Ly o7
oy MEFTEZROWTHRMEBRIEORREToT, AY¥ 7oy MET T, &R~y
AD4G /) I DNA % EcoRI TUIM L7={4, 517 —7 2B 32 LICL0# 9.0kb @
DNA MR, ST —7 2R3 Z izl V#6.5-°kb ® DNA WA BB 5, —F.
R ZEDS ) 5 DNA % EcoRI T L72HE, FRITu—T2RA0naZ &LITL v
8.5-kb ® DNAWTH A, @7 e—7%#HAV5Z L2k V# 8.8kb ® DNAWTA S RHE
5 (B16), 400 7 a—>07 I 7 77 ) Uittk ES #Mila%k 2 AWCTLEED S ) hY T
oy MEFETTER. A FORGEEEDO<- T R ASAR BTt b ASAR BEFICE®R
Shi-z E»REH 16 7 u—rRAEENE (F1-7),

FEVNT, Cre/loxP Y A7 A% AWT, HHFREBR 2 EOREEFE EL Y HPRT #BR 2=y O
BREEZITo, 16 7u—OMRAMBBEIAELY, ao=—FELEEESRWV4 70— 1%
BIRL., Cre BB~V ¥ —%2—BMERIELE, 6-FA 7T =VtERL Y 52 A9
oy MENERWTHPRT #Ha=y MEIREESNIZEOBRE T/, AV T oy
NMEHTTIX. HPRT #Hoa=y hOREIN-MERESE XKD~ T 25 ) 5 DNA % EcoRI
TEWT L7284, SRS e —712koTH 5.0-kb @ DNA A ARHEENRS (K 1-8), 12
ra—r0 6FAITT = UTitERERAVWTERDS ) Ay F T uy MEFTZIT o2 RER.
2T/ a— BT HPRT #82=y bOREFPBEINE (H1-9),

HPRT #H o=y "ARESNHEEMEBIELY, cu=—FBREBHEENR VI o—
v EBIRL., C57BL/6J = U ADIEAN~ L EA L, ES Mia%EA U RAa % BTk
T UADFERICANDZ EITL Y, 60~100%DF A T REFHTHARBEDIEH 20 [EEF
Eh., 9H 4 LiX ES MRREEOEERFIMIEEE LTWe, ZOABERFIFATEE
C57BL/6 = U R LT EDLED LIS THEFDOT UNNRE b ASAR KB#R SN e~T
oEEZREL, EHIATuRIEE2#HITEbELZLICE>THEFDT UAME  ASAR
WCBBREN-FEEEZRE L, ~ToEBIUOGREROHBRREIIA VT AOERNIZHES T
Wiz, RO ATF B L BREEOHFIL, 7/ 2 HF T oy MEFIZTIT- (K
1-10),

2) B b ASARB#~ U RIZKBITHE I ASAR OFR

b M ASAR B~ 7 A IZB W TE h ASAR BNEFIZHEBRIN TV ELFTARLHIZ, B,
FFg. B, BEB L BMMC 236175 A3AR @ mRNA E%, RT-PCR &% FV VTN
L7z, R L7 BMMC iZ. pokeweed L 7 F L HEILEHMIaOREE LIE (v F—u (X
L3R YDA VRSB ERFEEST ) FEAEKEMERWT, FHMRE Y ST
WX THEBL, v A MIBROSL=—I—Th 5 IgE TEEB LV ckit BEHRLTWD
T LERERLE (A 1-11), RTPCR f#frOfER. £ F A3BAR Bt~V AD&[EHERL I T
BMMC IZ8i7 %t b ASAR @ mRNA R 7 — 13 BFARS Y RZEKITH < U 2 ASAR
O mRNA RERZ— LRZEThHo7z (B 1-12), 7=, B M ASAR B~ U R TIL, <
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U A A3AR @ mRNA #HH$ 2 Z L AR -7~ (F 1-12B),

#IZ, BMMC #IRGRE 112 331F 5 ASAR DR % . ASAR B EMHT <=2 FIBI]AB-MECA
ZRAWEREESERLIVER LI, BAR <Y ZAB LU b ASAR B~ ¥ X3k BMMC O
MR EIZ3517 5 ABAR DORBE (Buuf) 1X. ThZh 186.2+£18.9 B LT 178.8+11.5
fmol/mg TH Y, TOFEBREIIAETHo7= (K 1-13A),

3) t M ABARB#~ U AR WTE FASARIZ7 I=2 MESEMETLTWS

A3AR IZx$ 2 [BIJAB-MECA OEFMEIZIZREENFEL, bk ASAR IZKT 5 KfEid
06 DM THDE—F. 7v F ABARIZHT D KaffiZ 1.5 nM THBZ LML TV 5 89,
Bx I3 FAER <Y ZBEKBMMC LD~ 7 2 ASAR 234 5 [125[JAB-MECA @ KafEiZ 1.45
+0.17 sM THY (K 1-18A). Tv b ASAR 45 KfELRZECTH D I & 2 RENIDT-,
—J%. & b A3AR B#~ U 23k BMMC LDt k ASAR 253 5 [15[JAB-MECA @ KifE
(¥ 1.42+0.27 sM THH (K 1-13A), t MEREEDE + ASAR ITHT 5 KafE (0.6 nM)
AT 2L BTV L R AT,

BT, FERICE b ASAR R T L # F=2  KF26777 0EFMELZAIE LI-EE,. &
F ASAR B#i~TU X BMMC Lot b A3AR iZx¢+ % K {EiX 0.27+£0.11 oM ThHY (K
1-13B). t MHIRE EDE h ASAR IZx4 % KF26777 @ K{E (0.20+0.038 nM39) L R4
Thole, e v U R ASARICH T 5 KF26777 O K {EIX 10,000 nM 2L ETH v ([ 1-13B) .
7w M A3BAR TR B KfE (10,000nM LA E39) LRIZETHDZ L E2HER LI,

4)KF2677713t k A3AR E#i~ 7 3 BMMC T® Cl-IB-MECA Hniz & 5 #AaP Ca2t
ELFEZHHT S

VAV RIZX VBB ENT ASAR X, G Z /237 B2 LTHIKEN Ca*E% LR XE 3
1B, < ZERIZEBWTE b ASAR HHIIEN Ca?E LA 2 FHEHKDNMIB5-0IT,
ABAR 7 ==X k CI'IB-MECA ®FEMIZ L 5 & - ASAR B#i~ 7 X a3k BMMC CTOHIEMN
CaBDEE % Fluo-3 (X 1-14) BLX W Fura-2 (M 1-15) #HAWVWTHEFT L, LR <Y
AR LTVE b ASAR E#i~ 7 2H 3%k BMMC Tid. 100 nM @ CI-IB-MECA &Mz & > THl
fa Ca? B EENBEIN- (K 1-14B ¢ E BLUX 1-15A & C), B4R < 2EFE
BMMC T, KF26777 %ML T CI-IB-MECA IZ L 548 Caz & FH izl s h i
Do7= (K 1-14C B L UX 1-15B) . b k A3AR B#a~ 7 ZAf 3k BMMC T3 KF26777 ®
BANZ X - T CIFIB-MECA 2 L A#laN Ca>*E EAMRE2ICImFI s (B 1-14F B X G
1-15D),

5) b b ASAR B#i~ 7 XA TIZ ASAR IZ L 2~ X MEROBEEAIEEIEZ 520

IgE MABIUCHRETHEBINS <X MIROBRERIX, ASAR Ik o TiEMILER D
PIBKy N L7z 7P VRERKICE VBB IND Z EBHMLNT VWD 1120, < 7 Z{ERIZ
BWTE F A3AR 28~ X MEREDOREERIIER 2 FHEH K 5 TR 5 72912, CI'IB-MECA 7
Mz X% e k ASAR Bt~ 7 AH¥ BMMC TORER %2 B ~F VI =F—F¥ (BEKEE
=X MR L Y RH S WD BER ~—h—0) OHE: LTAIE LR, IgE FiEB LT
FUR T L7-BF 4R~ 7 2B% BMMC T, H0 L7z CI'IB-MECA OREREFERIZ B~
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FYH IS —EHREHEOEENEBE SN (B 1-16A), —JF. b b ASAR <V AHE¥
BMMC Tl CI'IB-MECA OIFRIMIZE B BA~F YV H I =F—FPOREEOEIIBR SN
otz (K 1-16B), W T, & M ASAR BHi~ 7 AIZBWT PIBKy BEEICHEL T3
DHERTDHEDIL, FEIA VZEEICL - TEMILENS PISKy M3~ 2 MR O BLEEs
BMEEBHRDLINEI DRE L, TORKE., FEE~ 7 AE¥ BMMC LRKIZ, £ b
A3AR B#i~ 7 AH¥E BMMC 2 7E 44 > MIP-1a b L< X RANTES THl+ 5L 8~
FIYPI=F—ERHBEOEERBBEAREINE (K 1-16C), LAELD ., b b A3SAR B~
AZBWT, PIBKy X7 EHA VEREILL > TERICESLENB Z EBTENTE,

6) & b ASAR B#~ U XA TIXPISKy 2/ L7zt b ASAR 7B 0D ¥ 7 F U REN T2
YA FRERICK VRS iz ASAR IE, PI3SKy #/ LT PKB B X U'ERK1/2 DV VB
LZFHES 2 1819, <7 ZERNTBNTE FASARBZ DU VB L2 B EHRE D FT/RE 7
BT, CI'IB-MECA &hiz k%t b A3AR B#i~ U X#H¥ BMMC NTO PKB BLU
ERK1/2 OV VEbE Y =2 F T ay MEFRAWTHER L, H48~ 7 2@k BMMC
Tix CI- IB-MECA # 3 2128\ T PKB 8L W ERK1/2 o U UE{bARHE - (B
1-17A), —F. & b ASAR ~ 7 XHE 3% BMMC TiZ, CI-'IB-MECA iz X% ERK1/2 D U
VELIRBEINT, £ PKBOU VEB{LLEEILHVEETH-2 (K 1-17B),

ABAR IZ X > THEMALENZERKI/2 X ASAR BEH DV VEB{b2FE L, TOREE A3AR
OHRENBITREIEEZ IND 29, <7 XAERITBWVTE b ASAR OMIBEABITRERICIT
LILANERDHIZ, CIFIB-MECA M 16 S ICBIT 5L b A3AR B#fi~ T AH¥E
BMMC #ERfs D ASAR &% [15]]JAB-MECA DS E L LTRIE LT, BAR < 2K
BMMC T3 CI-IB-MECA HIC X 0 # 50% 0 ASAR OMBABITREE SN, £k
A3AR @#i~ 7 AH¥E BMMC Tl ? ASAR DHIEHNBITRII 0% B EICB E 2 2o 7= (F
1-18),
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1—4. B

ABAR IZHT BT =R MIMBER T LLX—ERICHTHEREL LTHREESh
TWBICHEDLT, THoWED ABAR ICHREMNRT v F T=A hRFELRWIZDITT >
WERET ARV in vivo FHMERBR 2T AT, TORBR ASAR 7 4 I=X F DBERIIH
FEEHLTWS 6D, REIZBWTH 1L, & F ASAR BREMT v 7 I=2 N OEBEZAFE
BEEERETNEME LT vV A ASAREEF %2t F ASAR DOEFIZEH L/-“E h ASAR
B~ X7 OERERLE, BEETIZ, « 727 NTAT I VBEF ORI I UlEF
W =) RaRzF L (EPO) ZEGEETF 9%t MUCEKLEZE Mee v adHiEsh
T2 %, GPCR Z &t MELZEFIIEAMESTDTTH D, GPCRIZHTET T=X b7
YEI=ZRAMDELIE B METFolWED GPCR BB W T E0HEfMICBERALALND Z
EBRMBNTEY, & b GPCRIZHT Z{LEHOFME T - WIRTITH Z L BNEEELRH AN
£V 9, GPCR t MEv U AL, 20X ) RBEORBEEMET O ECHENRET
VB LB EEZ LD,

H4id. w7 X ABAREEZFD ORF @i # t  ASAR cDNAEBSIZEHB T B L LT,
AR R EE AV, —RA9IC, HEEMBIEZEZAVD EBREOREE LITIIRS T 4
TRV Varve—h—BRBASNEEEREINS, LHLAERL, HRAMEBEIESBWT
EPO XEH#ELEFEZE MIRKEBE#R L/~ U XIBWT, EPO REFBEETFOEEICEAS
NAMEERMBZ R F—ERORSTF 4 TV I are——DEEIZL->T EPO 2%
D mRNA ZBHREVLMH INE Z ERBEINTWS 9, ZORHEMETIT, HEHES
Wz BOREEELD, CreloxP VAT AZHAWTHREMBE L X7 ¥ —HEORSTF 4 7
V7 vayv—H— (HPRTEH=2=v }) 2BRELE, TORR. £ D ASAREB#~U X
WZBITAE F ASAR ORBEEIZ. mBRNA LB LIOZ U7 BELICEWT, AR
TURCRITHTYVAASAR LRIETHAHZ L2HEIDR (M1-128 LV 1-13),

WICH 4L, & b ABAR v U AENTERITHEET 208 5 1 RERT 372HIT, A3AR
Lo Tl & ahdike RMRISE 2872, & M ASAREBE#~ 7 B3 BMMC Tii,
A3AR 7 2 =2 b CI'IB-MECA DOHIMIZ K > THIKARN CazBDO LANSHEEEh, &bic#
DOERiTE N ASARBEERM T d=2 F KF2677T OFMIC L > TRL2lCmElEn3 2 &
PRER L (K114 BLUV1-15),

LLRR b, PHAZEIL, b F ASAR X IgE HilERB L UHE Tl S iz~ X Mg
DORLEER #5T 5 Z L RHEREN o7 (K 1-16B), ASAR IZ L B~ A MO LR o018
BiX, PISKy OFEMALEZN L TWA I EBMBNTVWEN 20, b k ABAR Bt~ 7 ATk
ASAR S PISKy DEMLEZN L THET I LBHNONTWA PKBBLWWERKL/2D Y &~
Bl 0BT B Z EAHER- (K 1-17), £72. ERK1/2 OV VER{LIZ X » THH
EN 3 ASAR DHIBENEIT 200EE L  FAER -V R LA TE | ASAR BE#fi~ U XA TIIH
EIETLTWE (R1-18), & M ASARB#]~ TV A TIE, FEXNA VRE BT/ LIz PIBK
y OIEMALIC & 2R ORE ORI EFICBEEIISZ D (B 1-16C), &l “v b
ASAR 13 PISKy OEMALICEEET B~ IR G F VBT 452 LDtk
W EWOIRBEEE X (K 1-19),

— B, G Z VR ER AT S LTWA GPCR ERT, GE VBRI v T
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Y7 LTWRWGPCR TIX, 20U v Ricd 28 MMENEEICRTT2 - L 83mbh
TN D 440, BRFFEIZHBWTEHR AL, £ h ASAR B~ D 2B ¥ BMMC Lot k A3ARIZ
95 ASAR 7 F =X M1%]]JAB-MECA O# it (KfE 1.42+0.27 nM) 1%, b NHEfakk
EDE +ABARIZKT 28 FE (KGfE 0.6 nM39) LHA_T2ELUEBL RoTWNE I L %
L7z (R 1-18A), ZOFRERIE, “£ MASAR T, HAYTRGCGE UV BELERKICH S
VU745 Z ERHFELRVY LI ELDEHEIEL TS,

PISKy OEMALICEET A~V R G XU N7 ERE NASAR L v 7Y VSRR VWE
BME& LT, B bEvTAMITEBITS ASAR OMBEAEIRO T I/ BESFIOMBEMEOIES 3%
A6ND,EB . MU M TOASAR OMBNERO 7 I/ BRERFIOAERMEIX 78% & .
> GPCR DBE (FBEHMEDFH 90%) & H_THEITEY, £72. PI3SKy OIEM(LICE
E4HvURGHE R BT MMEN CarBED LRIZES T3 XGHUNIELD b,
COBEOEEBEZITROTWVWEEZEZONS,

4 USZH . Auchampach 5D 7 V—F13, A X ABAR #7 7 Y I F Y FABIEEE
COS-7 HEfatk M~ 7 R O RHRITIH A ASAR 7 T =R MIHT 2 EFMEIMET T3
TLERLTEBY,ABAR EGH U IEDH ) o TICBITIBEDFEL TR LT
Do 72, GPCR Tik2W 23, b b EPO ZEKBHR~ TV AOHEIZBNT, v 7 AERT
IZk b EPO ZEEII~ T AOMBENY V' F A EERTF L EEICH v 7Y v eV RE
EDRIBEINTNS 9, ~

BIEET, £ M ASAR MO OMIRA Y 7/ FVRERK 2 BAS 572D OB ES L < @
ENTVEH, EDEL OFFFEICBVTE b ASAR 2RBR &7 - iEbMIE (EicF
YA =—ANALRXFZ—FRE (CHO) #ifg) KAWL TW3, ZOH/EDHIZIL, SEIOR %
DR LIZEZR Y CHO MfEIZB VT F ASARIZ X % PISKy &4t LI=fBaR s 7 F A is
EREOEME (PKB < ERK1/2 0V VER{L) BPEEINTWAEESLHH 19, HLiL
e, T o CHO MIfRIZHSIT A E b ASAR b DM S 7 VIEEIZ, £ b A3AR 04
ERNERB LWLV TORRRRICLIBERTHE0b L, Hxid, BREELE
{#nx7=t b ABAR % CHO Ma#K Tixt b ASAR 225D PI3Ky &4t LI=MlaA T 7+
MEENBEEINT, ZOMIEKIZE b GuoZ V37 B2 ERBBEES L N ASAR LD
PISKy 2/t L7ZMBAN S S F I EENEEICHREN A L OB L2 HRALTWS (5F—#
RETF),

AETIE, b M A3AR BEMT L #Z =X FOEBEFHENEERZET LB L LT,
t b ASAR B~V AER{ERILI-, v~ U AFERICBW T, t b ASAR (TMlaN Ca* &0 Lk
HEIEDHZ AR, v X MlBOBRBERIERZ2 E2 &t PIBKy 24 LI 7z
ERREEELT DI L3RR o7, KFRIZ, ASBAREGHF UV NRIBDOH T Y T
WETIEEOHFEELZMO THEIZL, v A MEBROBRBERIERICER T IHERLT LY
—HERBIIXTHABART V¥ TR NOHREFMEFES ASAR & Me~ U ADERO =%
21X, v 72 ASAR *# &t FRIZBHBIT AT CHEIFR+ATHAZ L EZRLTWA, ZORRE
EIRETA7-HI1IC1T. E P ASARBENT VA T=A ML ORBEBIU=Y ARG HZ UV E
EDOH T TOEERHETA E MNYTADF AT ASAR R OB EBNLETH
2¢ExHN5B,



BERITHYRT ) LS

9.0kby 6.5kb
< L > < P 5
EcoRI1 EcoRI EcoRI
Smal exonl exon2 Apal
IYRAIARBET |
ORFECIfE 15, i
7 — Y P SR
<€ TR7—4 > EcoRI loxPE2F €—
6.0kbp \ L 28Kkbp
Smal 1 /
DT-A N
4 £ N
\ ERA3AR cDNAERF
DT-A%ﬁ:LI-‘yF (3,;?F§§%3@) HPRT%ﬁl:‘y}‘ ;
(#HF4T LI A T—H—) HOF4T LY A T—H—)
\ | _
/ EFASARMRR S R Y 58—
Sall (#84R1E)

E1—1 EFASARHEREIBABRZRIZ—DERET

EFASARMERIMEBRZANII—DEBEETT
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B
exon? amHl Apal
ploxP-HPRT-NEW pBS-ex2
gma! : cut Apal cut—RifF B1E
l BamHI cut
BamHI  Blunt

e

ploxP-HPRT-hA3R-arm2

T383

BamHI Pstl

BamHI  Pstl

pBluescript SK(-) pBS-ex2
BamHI BamHI
Pstl cut Pstl cut
BamHI Pstl

A3R-Cl

T2

Hpal  gpni

ploxP-HPRT-hA3R-arm2

I
oy BRAYS
Hpal Kpnl
ploxP-RE-HPRT-hA3R-arm2
T 184
Hincll Kpnl
7
-
[ }
A3R-CI apAYd
Hincll cut
Kpnl
Y
Kpnl
A3R-C2

E1—2 EFASARMERBEERZANII—DOEED

EFASARFERIEBZARVA—BED-HDIE1~4%ERT
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T5 TI186

EcoRI  BamHI BamHI Sacll BamHI Sacll

‘ [z EiE
é .
PCR l

pBluescript II SK(-)

- A3R-C3 A3R-C2
R
EcoRI BamHI
BamHI cut EcoRI Sacll  cut
BamHI cut
EcoRI BamHI BamHI Sacll
] B |
A3R-C3 A3R-C4
Ii87 Ii28
EcoRl1
SacIl EcoRI Sacll BamHL  EcoRI
A I \ / 2 By ) 4
= } 4/ L\DNA
_— B
AR pBluescript SK(-)
ploxP-RE-HPRT-hA3R-arm2 - l\\ =
RN
BamHI BamHI
EcoRI EcoRI cut cut
St Sacl] CUt EcoRI EcoRI
I BamHl EcoRl
EcoRI Sacll

ploxP-RE-C-HPRT-hA3R-arm2

A3R-N1

E1—3 bEFAZAREEHEBEAANIZ—DEEQ

EFASARERABAIRNIS—EBEDO-HDIIES~8FRT
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TE9 If10

BamHI  EcoRI - Sphl EcoRI SphI EcoRI
YRS/ LDNA

PCR i

pBlUGSCﬁpt SK(-) A3R-N1 A3R-N2
BamHI BamHI BamHI
EcoRI cut EcoRI Cut Sacn Ut Sacll Ut
BamHI EcoRI

A3R-N2 T
THE11 T3i212
Smal Sacl  exoni
pBS-ex1
Sacl Sacl Ndel cut — @ FEiHL
Neol % Neol %t
Smal
¢ | lSacI cut Sac] cut
Blunt Sacl
O (= B
A3R-N4 A3R-N3

H1—4 EFASARMEREBRZIAII—DIEBER

ERASARBEHEBARIZI—BED-HDIEI~12%FT
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I%13 L3114

Nhel

Sacl EcoRI

A3R-N4 A3R-N5 ploxP-RE-C-HPRT-hA3R-arm2
Spel EcoRI
Sacl ¢ Sacl
EcoRI Y EcoRI cut ~
¢ ' Nhel o A3R-N6
ECORI SpeI cut
EcoRI

A3R-N6 Nhel/Spel EcoRI
ploxP-arm1-HPRT-hA3R-arm2
T*=15
Rerll Rsrll DT-A Rsrll
\4 l B vk l
ploxP-arm1-HPRT-hA3R-arm2 pKO SelectDT
Rsrll cut Rsrll cut

v

Rsrll Rs; il

EFASARTEREMEBRA I 52—

H1—5 EFAZARMEREBRIAIZI—DEED

EFASARMEEHEBARIS—BEOHDIR13~15%2F T
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BERITHRE /I LIEE

9.0-kb .5-
< > < 6.5-kb >
EcoRI EcoRI EcoRI
Smal exonl exon2 Apal
- %‘.“'-_‘_ -
s@7a—7 Y Y 3@Ta—J
TYRAAREBEF
5 @I7— L | ORFECHI®EL IET—L
< —> | €
6.0-kb i 2.8-kb
EcoRI "
Smal ] Apal
HEBBRANY 52—
ERA3AR cDNAEZF) loxPEEZI
l FEREIAEIRZ
8.5-kb .8-kb
< ><€ 8.8k >
EcoRI EcoRI EcoRI

Apal

s@E7a—J 3@To—7J

HEEBRZEOTIRT/ LigE

H1—6 bERASARMREIHEBZAIS—EHNV-ASARBIZFOERSE

HEHEHBZ EICLD . THRASARELEFOORFFEEBZEFAAR cDNANEEB#T 575K
BEUFOBBRIZESTYHRS /LEEOELEERXRTRY,
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SEITO—J%AN Yo IOy ER

MW 1 2

10k BERTIRTYIL(9.0-kb)

8k € HEBBZ A7 IL(8.5kb)

6k

5k

4k

PRTO-TERAVN Yo I OvMEN
MW 1 2

10k

8k <«— TEHEHEBAATYIL(8.8-kb)

6k €« BHERTHOXT7IL(6.5kDb)
S5k

4k

3k

K1—7 <HRESHRAIZHIT2EEHEBRZIADERE

T AESHIR D4/ LDNAZEcORITYIIL -6, S AI7O0—T(A) 3 LI TO—T(B) %
BuwTYyyoJayMEHET =, ,
L—21ZIZAB2 MR a3k~ / LDNAZR L— 2 Z R 2 A S/ ADNAT KB LT,
MWL =R FET—H—%kEILT=,
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8.5-kb 88k

CHEAEST

ER 7T /A3
S B {hcDNARSY ;
l CreSERARH5—0

s@E7o—7J 3ETo—-7J

— B FIR

8.5-kb /5.0kb

s@7n—7J = \

B PTF/UAS
Z A {ARcDNAES

E1—8 CreXKBIZ&LBloxPEANMBICHFEET AHPRTERI-_VMDIRE

CreD—BMIFRBICLDBMZADS / LEEDEILEZBEKXBE TR,




A% (K7L (8.8-kb)
< (HPRTREHEYMEER)

«— BEBTIRT)IL(6.5-kb)

_ | «— BRMBBAAETIL(5.0kb)
oK : (Crel= & HHPRTEHR L= VDR ER)

B1—9 CreD—@4RBIZCKAHPRTREERI=VvrDKRE (HHFoJOyEH)

HEHBA RS LU CreHIRANI7—4— B R[S L -HEEHEBR I AEDY / LDNAE
EcoRITHIiL-05 . 3 @l70—J# BT Yo JayrMERETo1-.

L—2 U3 CreRIRFTOBREIHEBRZ AHFES / LDNAZ . L— 202 1ECre BB R Y49 —%
—@BRIBIE-AREEEZ ARES/LDNAZKEILT-,
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E S AT6 E 144B A E
| t ‘t FERTIA
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DT HESEBA~AYI—
human A3AR cDNA 0T
i@ﬁ]*ﬁ#&i
E S B A E
: N a
; HEMRZE
loxP loxP b’/l&ﬁﬁ
lCreU:lDU'J‘—-‘lz”G)—ﬁﬁ%ﬁ
1 "’“ 1
_ AN Y1 = i
548 e loxP 3@ETa—7 *ﬁﬁﬁﬁﬁ;l{t
Jo—7 1k < > 7 LEE
5.0-kb
B 1 2 3
6.5kb —>
5.0-kb —>

B1—10 EFASARBEEVOADEE

(A)FBREIHEBZRIZKS . EFASAREBR IV ADER A EZEEXRTERY,

(B)TYREBHFES/LDNAZECORITYML-05 . AIT0—TJ#HAWTYH Yo Tavb gz
Fotze L= UZIEBHER TR L—2IZE /A BAOTUILAERASARIZER I ATREK,
L—23IZIEAADTUILAERASARICEREN-REEXRBREDY / LDNAZIKEILT,
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ZEBS IUBMMCTDASARBIEFORIREZHHLT=, PCRIZIE, EFA3AR,
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34



>

150 -
125

—O—— HEEITIIX

100 - —=@== ERASAREBHTHX

75 4
50 =
25

Bound/Free
(fmol/mg of protein/nM)

0 1 L] ] L] € L]

0 25 50 75 100 125 150 175 200

Bound (ﬁnol/mg of protein)
B —o— BHEETYR
125 =
~-0-= EFASAREB#]RTDR
e 100 = .
5
=% 75 LN
4 ig .
Eﬁ 50 “u
Lit i‘
25 = .
..
(3
0 | ] L L ] 3 i | | |
13 12 -11  -10 9 8 7 6
KF26777RE (M)
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(A) BEE (O)BELUERASARE#R YV X (@) HEBMMCOMBEIZH T S
[125TJAB-MECA#5 & 8 M Scatchard plotf#HifE R &R LT =,
FARTHRBEEBMMC LD TIRAIARDK,(EIF1.45£0.17 nM. B, fEIE
178.8+11.5 fmol/mgT&H o1z, —H . EFASAREB# TV XHAEBMMCL®D
ERA3SARDK,fB(X1.4240.27 nM, B, fEIE186.2%18.9 fmol/mgTH 1=,

(B) HEE (O)BLUEPASARE#R YR (@) BEBMMCOMBIRIZH T 5.
KF2677712& B[ BIJAB-MECAD#EEHEEE R LT,
HAERTHRHEBMMCENDTIRAZARDKIEIX10,000 ;ML ETHY .
EFASAREB#YH ABHEBMMCLEDOERAZARDK {EIF0.27£0.11 nMTH o1z,
LTOEIISENREBRDFHETRL. TT7—/\—([FTDRERFZE (SDIEZRL.
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100 nMMDCI-IB-MECA &10 ng/mLOTNP-BSA(AB KUC) . £LLIXCI-IB-MECAD F AT
KF26777% &ML= (BE L UD) DHRERNCa> B O E {EFFura-2Z2 LV TRH L=,
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BHERIHR EFASAREBRTOR
HFEBMMC - HEEBMMC

B1-16 UHURFEMIZ&BIES KUHRRIHBMMCTOBEH D134

(A, B)IgECHIEMLE-H AR 7Y AHEBMMC(A) BLKUERA3AREB#R T XHEBMMC(B) D
HEIEFRMEE (D) BLLEHREELTTINP-BSAFRMEE (M) (ZH+5. CLIB-MECAGRMIZES
HEERI B DAL, ATV —EREEBELLTHRIEL =,

(C) IGETHIBL-BHERTIABLUEFASARER YU AHEBMMCIZ, HIIE (TNP-BSA) &I
HrEHATHAMIP-1 ¢ (H)EHLLIZRANTES (P ) ZFEMLI-BOIREHEFX S NF VYT
F—EHMHBELTRIELT,

BAXYSI=ZS —EHEEIZ. EANFTVFIZF—CEEBEI100%ELZBEEDRNRETRL.

STOEIZIED/RIL-ERBOENETEL. I5—N\—EFOEYENELBRE (SEM)ZRT,

* P <0.05, CI-IB-MECAZEFMBFE D LL B (Student’s 1 testiT R B)
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FE2E X AT ASAR B#i~ 7 ADIER L FAh

2—1. ILBIC

HIEIBOTH~4IZ. £ FASAR T V¥ S=X NOEMNRATEEARET B E LT, B
BiE LD ASAR BIzF%# N ASBAREFIICER L7 “E F ABARBHE~ U R” 2{ERIL T,
LALARAS, B b A3AR I~ 7 A ERIZBWT PI3Ky 2 LIRS REELEZLD
TEMNHET.EOFEEE LTE N ASARIE—EDO~ TV AGH NI EE DTV T HKE
RNWZ ERHEINT, FZTEETII, & b ASAR OMEAEE % ~ 7 2 ASAR HEES)
WEBH#E L7t MN=UADOXF AT ASAR #&E L. & LD ASAR EEF%2X A 5 A3AR
BEFNCEB# L7z “X AT ASAR B~V R” OB L UFHELZIT-> 7,

2—2. EBRHEBLUFE
1) ELZRE, 5k
- AETHRIZTE ASAR R T I=X b
[125]] AB-(4-amino-3-iodobenzyl) adenosine-5- N-methyluronamide ([12[JAB-MECA) ?
TV X ALVEALE
- ABAR R EH T F=X }
(R)-N6-Phenylisopropyladenosine ((R)-PIA) 7
I XVEALE
* ABAR BER)T I=2 |
2-chloro- M-(3-iodobenzyl)adenosine-5"- N-methyl-uronamide (Cl-IB-MECA) ?
WIFERETLE () EEMREZ—ITTERLTE
-t F ASARBEEWT v Z#T=X |
KF26777 (2-(4-bromophenyl)-7,8-dihydro-4-propyl-1H-imidazo [2,1-I] purin-5 (4H)-one
dihydrochloride) 739
BRRETE Bk EEMREE Y —ICTaRLE
+ 2,4,6-trinitrophenyl 7 < IiE7 /7 X > (TNP-BSA)
SARENLFEIVEALE
- ;L TNP IgE #ilk
HLTNP IgE HikZAET S~ 2 B Y 28kl (ATCCESE : TIB-142) ©
EMEEELEIV, YUVAEL T LAEANTERLE
« 77 23 K pBS-ex1 LU pBS-ex2 (ASAR BEF#&lr~7V X%/ A DNA)
1B TER
b M ASAR i< T A
&1 BT

2) MEFEHEBm X N7 Z—DOEE
<A A3SAR BEFZE M~ T ADF AT A3AR BFICEHR T H O DOHEFREMR I~
F—E LT, UTIRT 6002 =y b 6EX AT ASAR fHRBE#EZ N7 7 —Z8RE L
= (B2
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1. XA T4 T2V I Var<e——LLTO, o757V T7HEEAWS (DTA) HHEa-=
> b (RNA polymerasel 72 &—# — T iz DT-A #{=F & SV40 B3R Y A &
P& EE)

2. ¥96.0°kb © SRIOFEEMB L BT —2L (Smal 2b<T7 A ASAR BEFHOT=r Y1
N ATG FiERBts = R ETo< 7 24 7 4 DNA H 3k 29)

3. %9 1.0-kb ™% £ F A3AR cDNA &% (X 2-2)

4. ¥ 0.5-°kb D~ 25"/ 5 DNAEF (v U 2 ASAR BzFD=x 27 V> 2D TAG &R
BlEa FOonbRY AMNES | E TEE T 39)

5. MIC loxP BFINMMMENTZ, RPTF 4T LI varv—bH—L L TOERFH
FUT7FARIRUNV NG VAT =25 —+¥ (HPRT) BEEFRBEo=v b (KAKSY
Y UBEX S —¥ T uE—F—TifiZc HPRT BEF 2 EE)

6. #72.8-kb D SEOMERMMEZ AT — A (=7 R ASAR BIEFDT 2 V> 2D BamH
1735 Apal £ T~ 24 A DNA HXE 39)

ERDOX AT ASAR MBREMEMZ X7 ¥ —1X, DTICRTHE (£ 24 TR) THELEL,
Z2TOITRIZBWT, DNA AT Hu—X S VEKKENC & - Tl L%, QlAquick
Gel Extraction kit (¥7 5 2) ZHAWCTHERH L7, £77 X3 NiX, HEEGHE L - KBS
DH5 o £ ¥ QIAprep Spin Miniprep Kit & L < i QIAfilter Midi Kit (¥ 7 4#>) #HWT
BRTDZ LI VBB L, ERRGZ1T o - HIIREER ORBEFIE D OB EE S /2 5 O
¢~ PCR BEET Fr O 2B EEF X, £ TRIZBVWTDNA > —27 =% —ABI PRISM 377
& T Big Dye Terminator Cycle Sequencing Ready Reaction Kit Ver.2 (7 754 K14 %
VAT LX) BEERALTHREL, HERIOERBEZITo7,

- IE1: <Y RS/ A DNA%ZHE L LT, Pyrobest Polymerase 8 L U775 1 =— (5-Cgg
AAT TCC CgT CCA TAA AAT gCA C-3'8 L 1* 5'-CCA CTA gTT ¢TC ATg TgT gCC ATC
TAC-3 (UL, 7l JIZTER)) #AVWT94CT 5 SRIMEGE. 94°CT 14>, 58CT
30F. T2CT1ONDLRARIEE 1 YAI7VELTEH 8 A I NMTo=Db, 94°CT 1
53.68CT2aNORDRIGE 1Y A I & LTE 229 A 7 T 5 PCREIGRIT- T2 14.
HENE S 7249 0.11-kb > DNA #EiBMT 5% EcoR I & Spe I THIETL.EcoR I & Spe I T4
Wr L7277 X X F pBluescript SK(-) (X } 5 # ¥—) |Z Ligation High CEEER) % H
WTEAL, 77 X3 Kchimera-1 Z{ER L7~ (¥ 2-3),

T#2: 77 AIFTAhASR (B 1E1—28M8) 2L LT, Pyrobest Polymerase i
LT 7 T A <=— (5-gCT CTA gAg ggA TgA AAA TCC Agg Tg-3 B LT 5-AAg gAT CCA
AAg ATC Tgg CTg gCC CTggg-3 (WLE., Fu Y FZTER)) 2HWT 94°CT 5 REm
B, 94CT 14, 58CT30H. I2CTIHNLRIRIGHE 1A 7L LTEH 8 ¥4
TIMToTeDH, 94CT 147, 68CT2HNLRAIRIEE 1Y A7V LTEH 22442
T 5 PCR I E1To =%, HIEXN 75 0.2-kb ® DNA #iEMT K% Xbal ¥ BamH I
THIET L. Xba I & BamH I TYIEr L7~ 75 & X K pBluescript SK(-)IZ Ligation High %
RAWTEAL, 77 X3 Fchimera-2 ZER L7= (X 2-3),

I 3: 75 XX FTA-hA3SR % #%! & L T, Pyrobest Polymerase 8 L 77 A = — (5-TTg
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gAT CCT TCT TTg AgT ggT gAC CgT TCT gTA TC-3'# £ U 5-ggA CTA gT'C CgT ACg
ACCACCTTCTATTTCATT g3 (LLE, 7u V) JIZTERR)) 2HWT 94°CT 5 4 Em
k. 94CT 14, 58CT30H, 12CTIHAMPLRIRIGE 1 HA 7 E LTH 844
TIATSTZDH, 94CT 143, 68CT2HNLRBRIEE 1AL 27L& LTH 22942
VAT 5 PCR RIS 21To 7%, HIBE /=% 0.25-kb ® DNA #5iEE A% Spe I & BamH
I TUIr L. Spel & BamH 1 TUIMF L7275 % T K TA-hA3R IZ Ligation High # A\
THAL., 7723 Fchimera-3 #{E8 L7 ([ 2-3),

I 4: 77 23X N TA-hA3R % §% L L T, Pyrobest Polymerase 38 X 75 A =— (5-gCT
CTA gAA CCA Tgg AAATTT TCA TTg g-3# X U 5-AAg AAT TCT CgT ACg CAg AgT
geg gTT CAg CTT g-8 (LAE, u V) FZTERR)) 2HAVT 94°CT 5 HRmEE, 94°C
Tl 58CT30®. T2CTIHNORIRIGEE 1A I VELTEHSFA 7 ATt
DH, 94CT 14y, 68CT2HNbRBRE%E 1% 470 E LTE 2294 21475 PCR
RIS #4T > 7o 1%, 1B 2 7-# 0.1-kb > DNA HAiEWT A % Xba I & EcoR I THIMF L. Xba
I & EcoR 1 TUIWr L7275 A X K pBluescript I SK(-)iZ Ligation High # FAV - CH#A L.
77 Z X K chimera-4 Z/E8L L7= (X 2-3),

I 5: 77 XX Fchimera-1 % EcoR 1 & Spe I THIlTLTE SN 3% 0.11-kb > DNA K
A& 75 A3 K chimera-2 # BamH I & Xba I THI L TE SN 0.2-kb 0> DNA i
A %.EcoR1 & BamH I THIWF L7275 X I I pBluescript I SK(-)iZ Ligation High %
WTEAL, 77 A3 Kchimera-1+2 #/E8 L7 (X 2-4),

I 6: 75 A2 Fchimera-3 % Spl1 & EcoR I THIlr LTHE SN 5% 0.25-kb @ DNA I
F%z.Spll & EcoR 1 TYIMi L7735 A X K chimera-4 {Z Ligation High # B\ CTH#EA L,
75 A3 K chimera-3+4 Z{EBI L= (X 2-4),

I® 7: 7523 F chimera-1+2 % Bglll & EcoR I THIMF L T/ LN 5% 0.3-kb ™ DNA
EiAr%. EcoRI & BamH I TYIMF L7275 & X K chimera-3+4 IZ Ligation High %\
TEAL, 79 &3 Fchimera-1+2+3+4 Z#{Ef L 7= (X 2-4),

IE8:~vYU RS/ L DNA%EE L LT, Pyrobest Polymerase 8 X U754 +— (5-Cgg
gAT CCA Tgg AgC TCg AAA gTT CTC-3'# X ' 5-Cgg gAA TTC ggC ATg CTg TCT CAg
AAAAg-3 (U k.71 ) FIZTHE)) # AW T PCR K %1T - /=14 . HElE & 1u7= %9 0.35-kb
® DNA EigW¥r 7% EcoR1 & BamH I THIKT L., EcoRI & BamH I CHIlf L7=7F 2 3
K pBluescript SK(-)iZ Ligation High # AW T#EA L. 75 X I FA3SR-N1 #{E8! L7~ (&
2-4),

I#E9:~vU RS/ L DNA &85 & LT, Pyrobest Polymerase 8L U7 5 A v— (5-Cgg
gAT CCA gCA TgC CCA ACA ACA gCA C-3 8B XU 5-Cgg AAT TCC ATg ACC AgC ACC
CCAAC-3 (L L. 7u ) FIZTARK)) VT PCR KIS 24T o =14 1B S 7% 0.2-kb
@ DNA 1518l A % EcoR1 & BamH I TEIMF L, EcoRI & BamH I THMI L7755 % 3
K pBluescript SK(-)iZ Ligation High # AWV TEA L, 75 X I KASR-N2 #{E# L7- (&
2-5),

I 10: 75 A FA3RN2 % EcoRI & SphI THIILTE LN A% 0.2-kb ® DNA R
%Z.EcoR1I & Sph I THIEF L7=7"% 2 X N ASR-N1 {Z Ligation High # AW C#EA L, 7
7 AI FA3RN3 #/ER®I L7z (X 2-5), '
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I#E11: 77X FASR-N3 % Sacl & Neo I THI L TEHNS# 0.4-kb ®» DNA Wi H
%, SacI & Ncol TYIH L7277 X X K chimera-1+2+3+4 |Z Ligation High % f\ C#&
AL, 772X FcASR-N 2/E L7z (K 2-5),

T 12: 77 XAI FpBSexl (F1E1—288) % Sacl & Smal TEIlRLTESR S
%1 5.0-kb ® DNA W%, Ndel & Sacl THIMTL7~75 A3 F ASR-N1 (Nde I Tl
L 72K 13 DNA Blunting Kit (# 5 7 /34 4) #FHWTER{L L THE <L) IZ Ligation High
ZRAWCEAL, 723 FASR-N5 2B L7z (X 2-5),

T 13: 77 A FcASR-N % SacI & EcoRI THIKILTHB LN 5% 1.0-kb ®» DNA KF K
%Z. SacI & EcoR I TYIK L7=7F X I K A3R-N5 IZ Ligation High # VW T#EA L, 7
7 A3 KN arm1+cA3SR-N #/E®l L7 (X 2-6),

T 14: 77 2 I FTA-hA3R %875 & L T, Pyrobest Polymerase 3 & U5 1 = — (5-gCg
gAATTC AAg ACg gCT AAg TCC-3' 8B L 1 5-TTg gAT CCA TAC gCg TAg ACg ATA ggg
TTC-3 (UL, vl FZTERR)) #HWVT 94°CT5 HRMEE, 94°CT 14>, 58CT
30, 2CT 1 oo E 1YL I7LELTHE I A I MVToTDb, 94°CT 1
53.68CT2aMNbRBREE 1A 7 VE LTEH22Y 4 71479 PCREIG2{T- 1214,
HE 7249 0.18-kb © DNA HiEETH % EcoR I & BamH I THI#r L. EcoRI & BamH

I TEIlT L7277 R 2 I pBluescript I SK(-){Z Ligation High # VW TEAL, 5 X3
K chimera-5 Z{ER®L L7z (X 2-6).

I#15: v U R5 /) b DNA %88 & LT, Pyrobest Polymerase 3 X U754 v — (5-CTg
AAT TCT ACg CgT ATA AAA TAA AAA AgT TC-3'8 L U 5-Cgg gAT CCT TCg gAg CAg
gTT CTg-3 (UL, 7u ) FIZTER)) ZHAVT 94°CT 5 AfmEd4., 94°CT 1 4>, 58C
T30®, 2CTIANORDIEEE 1A 7 VELTEH S A 7 M{To7=DE, 94CT
157, 68CT2HMNbRBEIGE 1A 70E LTEH 22 %4 71475 PCRRG%21T- 7=
%, BIBESN2K 0.47-kb @ DNA HIEMT/ % EcoR1I & BamH I THIMFL, EcoR1I &
BamH I TUIWr L7277 X T K pBluescript I SK(-)iZ Ligation High # AW T#EA L, 7
7 X X F chimera-6 #{E® L7 (X 2-6),

I# 16 : 75 A X K chimera-5 % Mlul & EcoR I THIlT L TH SN 5# 0.18-kb ® DNA
W& Mlul & EcoR I THIlf L7275 A 2 K chimera-6 |Z Ligation High % FV\T# A
L. 77 A2 3 F chimera-5+6 Z{ERI L7~ (X 2-6),

TR 17: 77 AI FpBS-ex2 (B1E1—-228M]) #Pst] & BamHI THILTELNS
#J 1.8-kb ® DNA W%, Pstl & BamH I TUIl L7275 A X K pBluescript I SK(-)iZ
Ligation High # A\ VCEBAL, 7723 FASR-C1 e L~ (®27),

I 18: AmAY o (A8 : 5-TTT CCg Cgg TTT geTAC-3, 7o Ft L 284 : 5-CAA
ACC gCg gAA A-3', uJ JZTEMK % 0CTI0OHEMALIZDOLERTT =—VY
V7 &% Hincll & Kpn I THIKF L7277 A 2 K A3R-C1 iZ Ligation High # A\ Ti# A
L. 77 2AI FASR-C2 Z/E®L7= (®27),

TH#19: 79 A FASR-C2 # Sacll £ BamH [ TUI L TE SN 5% 0.15'kb @ DNA 7
A%, Sacll & BamH I TYIlF L7=>"F A I F chimera-5+6 |Z Ligation High & H\ ¥
AL, 77X FcASR-C 2R L7 (@27,

I 20: 77 A FpBS-ex2 # BamH I & Apal TUIT L TE LN 5% 2.8-kb 7 DNA Wi
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A% (Apal THIMr L7-FKi%Z DNA Blunting Kit # W TEE(L L THEL), Smal &
BamH I THIWr L7=M#IZ loxP EEFIAMMENIZR ST 4 TV var<w——L L
TOERFYUVFUr I+ RARIRIAN NS A7 25 —F (HPRT) BEFER=v b
2HTH75 X3 K pKO select HPRT <7 #— (L ¥ 221) | Ligation High Z A\
THEAL, 922 ¥ ploxP-HPRT-hA3R-arm2 Z{E® L7z (& 2-7),

IR 21:8/A Y d (v A86:5-CTA gCT AgC TAC Cgg AAT TCC TCC CCg Cgg ggA ggT
AC-3, 7 FtE A8 : 5-CTC CCC gCg ggg Agg AAT TCC ggT AgC TAg CTA g3, 7
ol T TERK) & 90°CT 0 SEMEALI-OBLEBTTF=—Y 7 X%, Hpal & Kpn

[ THIET L7735 X 2 K ploxP-HPRT-hA3R-arm2 {Z Ligation High # AWWCTEAL, 7
5 2 X K ploxP-RE-HPRT-hA3R-arm2 #{Ef L7z (X 2-8),

T#22: 75 A3 FcA3R-C % Sacll & EcoR I THIMT L THE LN 54 0.8'kb @ DNA W/
% Sacll & EcoR I T L7=7F %X 2 ¥ ploxP-RE-HPRT-hA3R-arm2 iZ Ligation High
ZFRAWTHEAL, 7523 K ploxP-RE-C-HPRT-chiA3R-arm2 #/Ef L 7= (X 2-8),

I#23: 75 A3 Farml+cA3R-N # Spe I & EcoR 1 TUIlrL T LN 549 7.0-kb D DNA
Wik %. Nhel & EcoRI THIW L7275 X I K ploxP-RE-C-HPRT-chiA3R-arm2 (Z
Ligation High # BV WTEA L, 77 X 2 K ploxP-arm1-HPRT-chiA3R-arm2 Z {Ef L 7=

(X 2-8),

T#24: 75 A3 K pKO Select DT (L% 22y) % Rer I THIT L THE LN S5 %7 1.3-kb
@ DNA %, Rer I TUIMRE Y S /NBEET A AV FR T 7 Z—8 (FHTF/34F) T
B U VEME L7275 A 2 K ploxP-arm1-HPRT-chiA3R-arm2 |Z Ligation High # A\ T&
AL, ¥2A7 ASAR fHRME# X N7 ¥ — &R L7z (X 2-8),

3) ¥ AT A3AR E# ES fEREHROH L

%1 EH8HB, ESH~Z, Sall TUE+5Z LICXDESRE Lic* AT ASAR HHEHHE
Wz Ry 4 —% 25 g EA LT,

4) 7 sy¥ o7 ay MR
B 1EBR,

5) %25 A3AR B#~ v ADOER
E1EBR,

6) E#MEE~ 2 Fila (BMMC) D{ER
F1ESHK,

7) RT-PCR

E1EBR, A7 ASAR HBEAMIENA (0.913-kb) ZBESEDTT7A4~v—L LT,
t k A3BAR cDNA EZ%l L Y 75 4 ~—hA3AR-5 ( 5-AAC AgC ACT gCT CTg TCA TTg
gCC-3") B LT mASAR-3 (5-AAT CTg Agg TCT gAC AgA gCC TgA g-3) zHW I,
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8) MMEIEEZ AV ofE &£

9) HEEN Ca*EBOREFE
E1ESR, BEIXFluo3AM (BEV X257 u—7) #AVTHo7,

10) vxx&F o Taoy MEICEDY VEMLBEBREORE FE
F1ESR,

1 1) ASAR OHIBENBATORIE F it
B1EBR,

12) BEERIIEMEORIEFE
B1ESR, ZREBE 1I0nMOE F ASARBENT =X F KF26777 i3, BklE
10 nM @ CI-IB-MECA %35 1 oEancimz -,

13) F—Z T
B1ESRE,
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2—3. R

1) ¥+ A3AR DORE

t h A3AR LRILEFETE M ASBAR BEMT V4 I=X bLEEL, BOov U7X G #
YRIBEEEEA T T LASAR L OMANY VAR Z L OIS ASAR &
LC. MIEARIRE S OHIREESRIE 2 b+ ASAREEFIMN DAY . MEAPGEEITZ~ 7 X A3AR
BEFIMDE D E M=UADX AT ASAR #8&et L7 (X 2-2),

2) ¥ A7 A3AR B#i~ U XA DER

1L.OX107ED 129 %~ 7 AHK ES HIlaK AB2.212% X T ASAR VIS X <7 ¥ —25 ug
L7 buRlb—Ta VETEA%, 7377 UMt BES filakk 0 4 AYFUT
oy MEWERWCHREMBRZEDOBR 1T, &YYo 7 oy MEFT TR, AR <Y
ADY ) . DNA % EcoRI TEIFLIBE., SR e—T2HAWVWAZLIZLEVH 9.0-kb @
DNAUWTA 2, BI7a—7 2 A5 Z LIcLV#65kb ® DNAWABSREHEN S, —F,
R X 5D 7 2 DNA % EcoRI THIMT L728EA. 5RI7e—7 2052 itk v
8.2-kb @ DNA W2, SR —T 2B VD2 L2k v#9.1'kb ® DNA KA SR EH
% (X 2-10), 288 7 v —> D7 2 ) 77V itk ES #ifagk 2 BV C ERBO S ) LYF o7
oy MENTEIToRER A FOREEED~ T X ASAR #=F23t F ASAR B FIZEH
SN ZEREH 18 7 u—CRIEES

eV T, CrefloxP 27 L& FAWT, tHEME# 2 EOREHEEL Y HPRT #H 2=y +®
BREEZIToT, 16 7u—CORREMBEIALY, an=o—FREEHEENBN4 70— %
BIR L, Cre BEAR7 ¥ —%2—BUERBRIEE, 6F ATk E 0 &7 2 A4
Tuay MEHTERWTHPRT B8z y MBRESNEKROBEREZT o7, AP 7oy
MESTClX, HPRT #82= v FOREEINHBREMEE XD~ 2% ) L DNA % EcoRI
TEM L7288, ST —712X > TH 5.3-kb @ DNA Bt ans (M 2-11), 12
Iua—r0 6FFITT=VtERERWTERDY ) AV T oy MEWEZIT SRR,
E2T7u—VIZBWTHPRT #H o=y FORENBEENT (K 2-12),

HPRT #Ha=v FREENHEMEBRZELY, cu=o—BREIEBEENB VS o—
VEZBIRL, C5TBL/6J v 7V ZADIBERAN~ L EA L7=, ES #ifaZ EA U/ I % (43R
TUADFERNICAND Z LIZE Y, 60~100%D ¥ A T REFT 54 REEIEH 15 IBEF
S, 295 6 [LiX ES MMAFZEOCEERFIMEERE LT\, ZOLFERIIXFATEE
CBTBL/6J ~ VAR LHITADLE D Z LWL o THFDT VAR H AT ASAR (B S iz~
TuEZBREL, EDIAT R EHBHITELER LI THFDT VLRF AT
ABAR LB INTEFAEBEZRE L, ~ToEBLUREEOHBRRIIA VT L OERIC
HoTWe, ZhbA~ATaEBLUREEDOHBNIL, 7/ 2T oy MEFIZTITo 2

(I3 2-13),

3) FAT ASARBH#a~ U AZBITHF AT ASAR OFEB
FATASARBHE~ T RIIBWVWTHF AT ASARNEFIZEREN TV ANRESL DI,
R, FFig. Big. ¥R LU BMMC 2Bt 5 ASAR ® mRNA £%, RT'PCR E&#HWT
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fEHT L7, R L7~ BMMC i, pokeweed L 7 F . HillIEIAI G DL FiE (£ v ¥ —n
A X 3R EDA MRS LFERF2ET %) 2 EALEEHENT, EHEBLY S
tFESETERL, ~A MIROSE~—HI—TH 5 IgE ZEAEB I O ckit BREHELT
WHZ LEHER L (K 2-14), RT'PCR AT OFER, ¥ X 7 A3AR B~ UV XD &SRR
XU BMMC IZBIT5H5F AT ASAR ® mRNA B/ N¥— X, AR~ TR ZBITE <Y
X ABAR @ mRNA HEH Y~ LR%ETH-o7- (M 2-15), £/-. ¥ A5 A3AR B~
A TiE, =V A ASAR @ mRNA #RRHT 5 Z &L B3HER1 o7 (& 2-15B),

WIZ, BMMC HifafE LIz 31T 5 ABAR OFE %, ASAR HEMT =X MN1]]JAB-MECA
FRWVEREEBRIVER L, BAEA-URBLIUF AT ASAR B~ Y 2H ¥ BMMC
DOHBEIE EIZIB1T 5 ASAR DREBE (BuaxfB) 13, THEN 194.945.6 BL U 150.3+12.1
fmol/mg TH Y, TORBREIIRNETH-7= (K 2-16A),

4) ¥A7 A3AR It k A3AR L[ UHFIE T ASAREM Y Vo FLEGH¥XS

A3AR (Zx§ B [1B[JAB-MECA OBAMEITITEENEEL., & h ASAR ICXT 2 KiEIX
0.6 nM TH2H—F. Ty b ASARICHTS KifElL 1.5 nM THHZ EBHBN TS 39,
Fx I BAER< T XEk BMMC Lo+ 7 % ASAR 233 3 [15IJAB-MECA © Kafii 1.71
+0.09nM THY (K 2-16A)., T v F ASARIZKT 5 KERE 1 ETRE L-RAIEHE:
FETHHZ L EMR LI, E/7-. b N ASAREB#B~ TV XIZHITAE F ASAR LIZERY (B
1ESHR) . X 2T ASAR Bt~ 7 ZAE¥X BMMC LD X 2 T A3AR 124 5 [12[JAB-MECA
? KifflX0.73+0.14nM TH Y (K 2-16A). b B EDE F ABAR IZx3 5 Kaf (0.6
nM) LR THDZLAHERINT-,,

VT, BREICE N ASAR R T ¥ 2= F KF26777T OBFMEFRIEL-HRE, x
AT ASAR BE#i~7 X BMMC Lot ~ ASAR (x4 % KEIX0.15+0.11 nM THY (M
2-16B), bt M EB LU b ASAR B#z~ 7V Afk BMMC Lot + A3SAR X7 5
KF26777T O KiEL RS Tho7- (BLESR), £/, vV X ABAR IZXT 5 KF26777 D
K{Eix 10,000 nM L ETH Y (K 2-16B), 7 v bk ASAR [c#t4 3 KfE (10,000 nM LA E)
CRIETHLZLEHERLE. (B1ESR),

5) KF26777 i3% A 5 A3AR B#i~ 7 A3 BMMC O#faN Caz* & LR 2 W#H 45

VA RICk il ENn ABAR X, G Z v N7 BE2 M LTHIEAN Ca» B2 LASES
W), <= g ZENICBWTH AT ASAR HHlaN Ca?B LA ZFEHRK I LTARD12DIT,
A3AR 7 @ =2 k CI-'IB-MECA OFIMIZ X % & + ASAR B#i~ 7 X3 BMMC TOHIERN
CazBOLEEN 28 Ca?* B A 5 4 7 —F —Fluo-3 ZAWTHINT LT, BFER~ T 2B LV
¥ 25 A3AR BH#i~ v Ak BMMC Ti%. 100 nM ¢ CI-IB-MECA #MIC & - THIEN
Ca? BN LENBERENT (W 2-17), =, BAE~ Y 2H¥% BMMC T KF26777 25k
MLTYH CI- IB-MECA IZ X 54lal Ca?* B LR ITIH SNl hooh (R2-17A), ¥ AT
A3AR B~ v 2@ ¥ BMMC Tid KF26777 OFHMI & - T CI-IB-MECA 2 & 348N
Ca?& FABZE2ICIH &z (K 2-17B),

6) vV AERIZBWTHF AT ASAR I PISKy 2N LT v I T VR EFICHEEHRS
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B1EIIBOTRAIZ., <7 AERNICHBWTE M A3AR (% PISKy 241 L7- ERK1/2 ®
PKB DU VB LT ASAR OMIABIT2HE S5 Z L8R LWI L &R LIZ, 4E
Folt, v URERNICBWWTE AT ASAR 2320 PISKy 2/t LIz 7/ F gL HEHE
BMFTARB =D CI'IB-MECA #Z X A% £ 5 ASAR ¥~ 7V AH¥ BMMC T® PKB
BIOERKI2 DY VEMbE V=R Z T ay bMEFZFRAWTER L, TORBE. B4R~
7 AH¥ BMMC & EHRIZ, ¥ A7 A3AR Bt~ U Z#H¥E BMMC 28\ T% CI-IB-MECA
AN 3 H%IZBWT PKB B LW ERKL2 oY VEMLABH &S (X 2-18A),

TIZE % 1X. ¥ AT ASAR B~ 7 Af 3k BMMC #igE L DX X 5 ASAR OHIBANBIT
REPFRB7-H12, CI'IB-MECA &N 15 %2317 5 BMMC #HilE LD ASAR E%*
[S[IAB-MECA &S EE LTHRIE Lz, TORER, ¥ 27 ASAR BE#i~ U XfHE3k BMMC #
RIE E DX 2 T ASAR OHIIRNBITRIZ. FAER ~ U XAE BMMC #lBE LD~ U A ASAR
CEETHDZ LRI (K 2-18B),

7) A7 ASAR I~ X MEROBER 258 L., TOHEMIIE M ASAR RN T ¥ =
2 Mok ERIZMEIEND

< T AERIZBWT, 2T A3AR 2 gE filf B K UHUR CHRIB S iz~ A Mk D REE
BIHEBR A M B AR D720z, CI'IB-MECA #MICX 5t + A3AR Bt~ v A@E¥E
BMMC TOREERI % B ~F V¥ I =F —¥ (BERRIRIC~ X MR X 0 Bl s 2 Bk~
— 7 —0) OHHEL LTRIELE, F1ETRLEZEY, B ASAR H3¥k BMMC T
CI-IB-MECA #BML T BAF VI I =F—FOHRHEICE{LITZ N7 (K
2-19B), —F. ¥4 7 A3AR E#t~ 7 A%k BMMC Tit, B4AR~ 7 XH3¥ BMMC & (A
%7 CI-IB-MECA HIMIC L 2 RERTFHR AT VI I=F—E¥HREBEOEBNBES L
7= (2-19ABXTC),

WICTH 4T, FA T ABARICL - TS D~ X MIEOBEERIA £ b ASAR HE#T
vE IR+ KF26777 IZ L > THHI SN2 0RE L, HFER~D AHEFE BMMC Tl
KF26777 2 %M L T% CI-IB-MECA (2 & 5 BEERI O ITIE Sz b 7243 ([ 2-20A) |
¥ A 5 ASAR B~ 7 A3k BMMC T3 KF26777 HiiiZ X 9 CI-IB-MECA IZ & % BSRhL
DAy EEICHIE I (&’ 2-200),
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2—4. EE

FIETII. E FABARBENT V¥ T=X NOEBY¥NFENTELRETLEHME LT,
YU A ASAR B5Fht M ASAR OEFICERR LT “b N ASAR B~ 2 2{E8l 7=,
LU 5 =T AENIZB VT E N A3AR I~ 2 MBI O BEELIHE % 15 & ¥ 5 PISK
Yy EN LV T FMEERB L TEMLT 5 2 L %K, ZOEEL LT b ASAR i2—1
DIYRAGEUNRIBEN T Y THEROTEENEEE N, £2 CTEREIE, t b
ASAR DHIFENGEI A~ VA G HZ VRV ERERICH v 7YV 7HES L 5~ 2 ASARK
FINEBHLIZE N UADX AT ASAR %REREL. Pk LD A3AR BEFEF A5
ABARBELFIZEH LT- “F AT ASAR BH#a~ 7 X7 B {ERILT-, ,

HAED ABAR ELF| 2 MAEDETZF X T ASARIZHOWT, 4% CHE SR-FIXAv, L
LR, ABAR 7= MBIUT v #Z T=X k& DfFEEIZIE. ASAR OHIFaSES T
JUOMRRIRER N EE THH Z NN TS 952, F- E<f5hTWVW3 GPCR »—
DTHLu FF LV UZREOBFTLY . GEZ U2 BDH v 7Y v 7121k GPCR 02T OM
RENEIEABEE L TWAZ ERRESN TS 9, 72 CAME TR, HRAERE S OW
RAEGRIRITE P ASAR LA U TE M ASARGRM TV ¥ T=A M L EAHES L1
bt~ A3AR B2F O L, MBANBERII~Y R G #FU 08 H v 7Y 2 L ASAR H»
HOREBNY 7T RERZEBIEZ 5 Z EBSHES X i< 2 ASARERFIH SRR L7,
EMURDF AT ASAR #8%E L1- (K 2-2),

XAT7 ABAR BB~ Y RIZBITAFX AT ASAR DERAAY — U BLIURBREIT FER <
VAIRITD-UAASAR LRSThHo7- (B2-158L102-16A), /2. ¥ 25 ASARE
e 7 AZTBNT, ¥ A7 ASAR I3t MfifakE Lo b - ABARSY L [F Ui T ASAR 7 =
=X b CI'IB-MECA LfEET 2 Z & AHMER (2-16A), E5IZ, ¥ A5 ASAR B~
A3k BMMC % CI'IB-MECA THIB{T5Z L2k, 1) Ml Ca2* B0 & (4 2-17).
2) PKBX XWERK1/2 DV Bk (K 2-18A). 3) A3AR DMl B4T (M 2-18B). 4)
IgE BLUHUR TR S NI BBER OB (K 2-19) O2TICRBWT, FAR < » 2 fk
BMMC ¢ AZOEEPBESNT, ULOFERID, =9 RERIZBVTHF 2T ASAR 1T
PI3Ky OIEHILICBAET B2~V R G ZURIE LU EREICHy T 7 L, FOMBERNY
TINMMREFERIGADZ ERHES - LRI,

bt MABARBEMN T Z I=X F KF26777 1Zxt L, ¥ A5 A3AR Tt h ASAR39 & Rl
DEFMEEZR L7z (H2-16B), F7=, KF26777 OEMICL D, % AT ASAR IZ & 3 Hlar
Ca?& EH 3 LU BMMM OBEERIHEAAmEIcmE S hie (K217 8L112-20), 75/
VLD ABAR 4T Lo~ R MERROBERRIOEMIT, WES COPD ZiXUH, xi
TUNX—HRBOEBICEET 5 Z 85T 5 67252839 F S #IED ASAR 124 %
MR RT A= APREFBHENTVWRWERE, AR CER L% A5 ASAR B
TUAIINDODRBIZNTHE PASARBENT L ¥ =2 NOPREFEMET S Z L1
KoOHE—D “ASAR b MEwDR” L LTHEICHRARY —LERD, -, FROERD
ST H . R ORMIE, HEEE, Vo, FBERCHFFRICLATUVAX—FERBL2Z YD
A REBICXIT AL PASAR7 U # I= 2 M OEBEMIEMET S L TbAi~ ™ R TEL
FRATHILEZOND, BT, REFHALADS ASAR DA ZAIMEES ASAR 7 o
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FA=ZANERAWTHFITHZ EAHELZET AT RE LTH, v A 3HBEENS,

FHRICBNTHELII. E FEv T RAMIZBITDA3AR E G X L /0 BDH v 7Y v 7T
B DEECHFELMNO THEENIIR L, SEFKAITF AT ASAR ¥#BHTBICHZ0 .
HREARRETOES |2~ ARI~LBHI L, LALAERD, FHBNEROE 1. 52,
5 3 DHIRARNL — 7B LU CRIGEORBNT — L HED<T ALt FNEOT I/ BBOBRIN
XTI 80, 85, 84, 62% ThH V., C RIGMIEAT —/VBESKIZHEMNEN, Zh
LEMBANEEZHR L REALAEDOETEBELE-X A5 ASARZER LTS 2 Lk
W.ABAR L GEZ U RIBDA o7 v I+ - RARNELND Z L BEX
ns,

KETHERLIEF AT ASAR B~ X3, #RTHH T GPCR Ot MUICESH L

“GPCR t ME=DUR” THDH, £72, ASARLUADEL D GPCRBWTH., B R&b R

AOEOETI AV FORMEDORVHBEEENTVWS 9, &I, 5-hydroxytryptamine 1B
%24k 592 neurokinin-1 Z&{E 5559 ¢ 2-adrenergic &£ 5, neurotensin 2 {k 8T
. B FETomBEORIZBNT, 207 I=2 by L7 V¥ T=2 OBz KX
REEVH LD, ASAR LSO GPCRIZBIT S & MEEF LB 2 R4 5 EC. AR
THIIL7ex A FILOBEFIIFERBIED TH B EEL LN,
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BAEBTHRY ) LIEE

.

9.0-kb 6.5-kb
< > < >
EcoRI EcoRI EcoRI
Smal exonl exon2 Apal
THAAIARBET
ORFEZFISE '
ST —L PN T A
loxPE2% ‘e
< 6.0-kb > EcoRI L 28kb
Sn
DT-A

(RAHF4T LYV aT—H—)

EMNTORX FASA3ZAR
cDNAEZFI <9 Zexon2

DT-ASH1=vh (3° QLB $E)

HPRTH#HR I =vhk
(RESF4TLYI 3 T—H—)

/

/ FAFASARMERBBEZ NI F—
Sall (#4K1E) |

H2—1 FASASARMERIEBEZIANIZ—DERET

FASAARBREBRAANII—OEEETRY



N] N m A Hha s SR

&

10 20 30 40 50 60 70 80
atgcccaacaacagcactgctctgtcattggccaatgttacctacatcaccatggaaattttcattggactctgcgccat
M P N N S T A L L N ¥ T ¥ I ™ M E I F I & L C I

90 100 110 120 130 140 150 160
agtgggcaacgtgctggtcatctgcgtggtcaagc;gaaccccactctchtacqaccaccttctatttcattgtctctc

N I L ¥N P T L R T TTVF Y F I V 585 L
170 180 150 200 210 220 230 240
tagccctggctgacattgctgttggggtgctgqtcatgcctttggccattgttgtcagcctgggcatcacaatceacttc
A L A D I M L I S L I T I H F
250 260 270 280 290 300 310 320
tacagctgcctttttatgacttqcctactgcttatctttacccacgcctccatcatgtccttgctggccatcgctgtgg_
Y s ¢ L FMT C L L L I FTHAS I M S L L I
330 340 350 360 370 380 390 400
ccgatacttgcgggtcaaggttaccgtcngatgcagaacggtCACCIGccaacgllggatctggctggccctgggccttt
R Y I R V K T V R Y R T V T T Q@ R R L C
410 420 430 440 450 460 470 480
gctggctggtgtcattcctggtgggattgaccecccatgtttggetggaacatgaaactgacctcagagtaccacagaaat
W L VS F L v G L T PMUFG W NMIEK LTS E Y HUR N
490 500 510 520 530 540 550 560
gtcaccttcctttcatgccaatttgtttccgtcatqagaatggactacatggtatacttcagcttcctcacctqgatttt
v T F L. § € @ F VvV 85§ V¥ M M Y M v Y F § F L T W I F
570 580 590 600 610 620 630 640
catccctctagttgtcatgtgtgccatctacctagacatcttctacatcntccgaalggagctclgtglgglcctgtctg
I B I Y L DI F Y I I R N K L 8 Q N L 8§ G
650 660 670 680 690 700 710 720
gcttglgagagacgcgtgcnttttgtggncgggnattgaagacggctaagtccttgtttctggttcttttcttgtttgct
F R E T R A F Y G R E F K T A K S F L VvV L F L F
730 740 750 760 770 780 790 800

ctgtcatggctgcctttatctatcatcaactgcatcatctactttaatgqtgaggtaccacagcttgtgctgtacatggg
L 8§ W L P L 8 I I N C I I Y F N E P Q L Y M

810 820 830 840 850 860 870 880

catcctgctgtcccatgccaactccatgatgaaccctatcgtctacgcgtatlalatggaagagtgcacagnggg tact

I L L s H N S M M N P I i K K F X E T Y F
830 300 910 920 930 940 950 957

ttctgatcctca ctctca tctgtcagacctcagattctttggactcaaacatggaa actactga a
L ¥ L R A L R L CQ T 8§D 88 L D S N MEQ T T E stop

B2—2 ENTIR XASAZARDEE

(A)ASARODHEEZRABRTERY.
(B)ERETHDRADFASASARDDNARMB LUV ESNDITI/BEINETT.

FETRYTHRAESOERNITIAASARENLYERL. RNAELU
RO XEFASAREN SR T 5.
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T i1
Spel EcoRI
wE:
N/ Y9 R4 JLDNA
] PCR i
pBluescript I SK(-) s
Spel Spel
EcoRl ! EcoRI !
Spel EcoRI
chimera-1
T183
Spel BamH]I
\, R,
TSAZFTA-hA3R
PCR VL
pTA-RASR SR
gpelﬂi cut gpeli : cut
Spel BamHI

-

-

chimera-3

T2

BamHI  Xbal

N/ ﬁ%xse:m-mm
( ] PCR i
pBluescript SK(-) m
BamHI BamHI
Xbal S Xbal U
v
BamHI Xbal
chimera-2
I %84
Xbal‘ EcoRI —
7S5 AEFTA-hA3R
C e
pBluescript I SK(-) m
gfslm cut )gcbcaél cut
Xbal EcoR1
(—
| chimera-4

E2—-3 FASASARHEREIHEBIRNIZI—DEEQD

FASASARMEEEBZ ARV —BEDO-HDIE1~4E T



I5 I %86

Spll EcoRI Spit EcoRI
BamHI EcoRl SPE! EcoRI  BamHI Xbal
j chimera-S chimera-4
pBluescript I SK(-) chimera-1 chimera-2
Spll SplI
BamHI Spel BamHI cut cut
EcoRI €Ut EcorT™™ Xbal cut EcoRI EcoRI
BamHI Xbal+Spel  EcoRI Spll EcoRI

RFANEN

chimera-1+2

chimera-3+4
IE7 T 388
Bglll  EcoRI BamHI EcoRI BamHI  EcoRI BT IR
4 J LDNA
R R
I '
chimera-1+2 chera-3+4 pBluescript I SK(-) :
Bgll BamHI1 BamH1 BamHI
ECORI cut ECORI cut ECORI cut EOGR} cut
l BamHI EcoRI
Bglll/BamHI EcoRI ‘
RN l }
A3R-N1

chimera-14+2+3+4

E2—4 FASASARMEREEBEZARIZ—DBEBEQ

FAZAZARHERIEBANI S —BED-HDITIE5~8%RT

56



T89

BamHI EcoRI )
am 0 . 752

¥/ LDNA
PCR ‘L

pBluescript I SK(-) m
BamHI BamHI1
EcoRI ™™ Ecorr ™
BamHI EcoRI
A3R-N2
IT311
Sacl Ncol Sacl Ncol

. AN fm]

chimera-1+2+3+4 A3R-N3
Sacl Sacl
Necol cut Ncol cut
Sacl Ncol

(‘ BRI

cA3R-N

L$10

Sphi EcoRI Sphi EcoRl

A3R-N1 A3R-N2
Sphl Sphl
EcoRl "' Ecorl 4t
Sphl  EcoRI
A3R-N3
ITtE12
Ndel Smal Sacl
Sacl / exonl
NN\ ' @@v]
pTA-hA3R ~ pBS-exl
Ndel cut — F @KL
Smal
tSacI cut Sacl oW
Blunt Sacl
A3R-N5

B2—5 FASASARMEREBRZIANII—DEER

FASAIARFEREBRIANVI—BEDROHDIFEI~12%ZRT



TIT/#13
Sacl EcoRlI Sacl
cA3R-N A3R-N5
Sacl Sacl
EcoRI t EcoRIcut
Sacl EcoRI
arml+cA3R-N
I#15
EcoRI BamHI
SR .THR
4/ LDNA
PCR l

pBluescript I SK(-) m
EcoRl ut EcoRl t
BamH] © BamHI ¥
Ecoki BamH

-

a

chimera-6

Eco

RI

T$14
EcoRI BamHI
BE:
] TS5 AZFTA-hA3R
PCR ‘L
pBluescript I SK(-) NN
ECOR.I cut EcoRl cut
BamHI
EcoRI BamHI

chimera-5

chimera-5 chimera-6
EcoRI EcoRI
Miur U Ml %
EcoRI Miul

MW

chimera-5+6

H2—6 FASASARFMEREHEBRIANIA—DEED

FASAZARMEEEB ARV —EBEDHDIE13~16%RT



Ti217

BamHI  Pstl BamHI Pstl
pBluescript SK(-) pBS-ex2
BamHI BamHI
pst  cut Pstt  cut
BamHI Pstl
A3R-C1
IT%E19
BamHI
Sacll BamHI Sacll
||
chimera-5+6 ABR-CQ
Sacll Sac oI

cA3R-C

H2—7 FASASARBREEBRINIZI—DEEO

TIT318
Hinell Kpnl
a7
L]
( }
A3R-Cl1 alAua
Hincll ¢
Kpnl u
\4
Kpnl
A3R-C2
L1E20
BamHI
amHI
Smal exenzB Apal
HPRT
BB vh
ploxP-HPRT-NEW pBS-ex2

v

gmmﬁal Lot Apal cu—RIBFBIE

BamHI cut

BamHI Blunt

J

ploxP-HPRT-hA3R-arm2

FASAZARMEEEBEANIE—BED-HDIIE17~20%RT



IfE21 TI5E22

Hpal - gpnl Sacll

EcoRl EcoRI Sacll
ploxP-HPRT-hA3R-arm2 ploxP-RE-HPRT-hA3R-arm2 cA3R-C
ENENE N
Eg 211 cut aRAYT
’ EcoR I ¢ EcoRI
l Sacll Sacl ©Ut
Hpal  Kpnl
EcoRI  Sacll

=

ploxP-RE-C-HPRT-chiA3 R-arm2

ploxP-RE-HPRT-hA3R-arm2

TIT$23 IT3}24 DT-A
BBV
Nhel EcoRI Spel EcoRI Rsrll Rsril Rsrll
p}OXP'RE'C'HP RT‘ChiA3 R-armZ arml+cA3 R-N picxp_a!ml_}ﬂ)RT_chiABR_armz pKO SBIECtDT
EcoRI EcoRI
Nhep Cut Spel cut Rsrll cut Rasril cut
Rsrll
Nhel/Spel EcoRI RsriI
@M&El—}
ploxP-arm1-HPRT-chiA3R-arm2 & ASAIARMEAEE R R 54—

H2—8 FASASARMERMEBAIANIZ—DEBEG

FASAZARFERIEB IRV —EBED-HNDIIE21~24%TRT
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BERTHRY ) LGS
9.0-kb 6.5-kb

3 > <€ >
EcoRI EcoRI EcoRI
Smal exonl enZ Apal
- -
s@Fo—J7 \ yn—7
TYRAAARBEEF |
< > L€ ‘
6.0kb v 28k y

EcoRI : 1 3 %

—DT-A

N EREEmiRss—

loxPECZ 51

ERTOX £FASA3AR
cDNAEZFI

l THEERA

8.2-kb 9.1-kb

HEHBABROIIRY /LIEE

H2—9 FASASARMREHBBRARNIZI—FAV-ASAREBIZFOEMR S %

FRHEMZ EITED . TIRAAREBEFOORFEREFASAIAREIIALBEHTLHE
BEUFOBRICESTYRY /LBEOT L EXRTRY,
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A sETO—TERL LT ORI

MW 1 2

10k —

éﬁﬁiﬁ?ﬁz%)w (9.0-kb)

8k — | <—samama k7L (8.2-kb)

PETa—JEAN YT Oy MER

| <— HEEAEBA KT UL (9.1kb)

€ BERITHZT YL (6.5-kb)

H2—10 YYHRESH#ilAI-BIT2EREEHRZ ADEE

T RESHRE?D 4/ LDNAZEcORI T L =05 . S B Fo—T (A) $LLF3 -7 (B) &
BULWTHYYLJavrERETo -,

L—11ZIZAB22MRa S5/ ADNAR . L—2 20213 REB Z AR ES / LDNAZXEL 1=,
MWD L=l E R FER—h—FikEILT-,
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8.2-kb 9.1-kb

sEFo—7 ;o y@FO—7
ENT™HR FA5A3AR
cDNAEZ5 ;
CreftBA Y 8—D
8.2-kb /53-kb
< ————— >
EcoRI t EcoRI EcoRI
S

77

NN

3y@ETa—-7
ERRYR FAS5A3AR \
cDNAEZ5I loxPEEZ

B2—11 CreHBIZKDloxPERSIEICFEET SPHPRTHEL=VyrDRE

CreD—BHRBICLLEBAEDYT / LBEOELEERXETRY,
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:iﬁe
2
&
% &
F 8
‘e 1
S
\;3) % i@\\c}
10k . HREMBRZETIL(9.1-kb)
Kk <€ (HPRTEH I =B ERD
| «— BFEERTIRATIL(6.5-kb)
6k
<— HRMEBI KT IV (5.3-kb)
5k — (CrelZ&HHPRTREB L= v, DREH)
4k
3k —

B2—12 Cre®—@EHRICLKHDHPRTEER AL=vrDBE (HH T Oy MEHT)

HEMEBRZAE LUCeRBTAII—5—BHIZHKRIE-HEEBEBRIAEDS / LADNAL
EcoRITHL-05 3 BIFO—TJZ2BULTHHFo oy gt iT-o7-,

L= Cre R IRATDOBBEMEBR A AHES / LDNAZ . L—20Z[ECre K| AR H4—%
— BN HERIE-AEMERZARES/ LDNAFKEILT-,
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A 05K

>
E 5 ar¢ £ B A E
l l i BERTIX
— - PN
5 @q- exonl exon2 ?3,@}
Fa—7; ; fmutf
TAA
DT 5 EERE RS —
ERTYR FASAIAR loxP loocP
cDNAEZSI
l#ﬁfi’]i‘ﬂ#&i
E S E A E
! ! | l l HEE®RZ A&
- S HPRT . mm 5 ) L
5 il o 34
Ja—7J Jo—7
lCre'}:I/')‘}"*'t{G)—ﬁﬁ%ﬁ
ES A E
t. ‘ m l l AR %
- = LS
s@Ero—7 loxP PRTo—7J
5.3-kb
B 1 2 3
6.5-kb ——>

53-kb —>»

K2—13 FASASARBETYIXDEE

(A ERERZ RICES . FASAARBRTIRDAER A ZEEXRTRYT,

(B)R9 XA BH¥E4S / LADNAEECORITHIE LI=-05 ., 3 @IFa—T£ B TH oI OvENRE
T2tz L—UUIIEXBERTIRX  L—2IZEBFDTUILAFASAIARIZER SN FATOK,
L=BIZIE@A DT UL FASAZARICE RSN REERBEEDS / LADNAZKEILT =,
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: =
2 REE B Lo
g o~ g % ::
i S" :fé -t .‘
o) @ ]
<1 =y
o - D v f?. Faslimmu il mEEmial |
- 100 10! 102 103 104 100 10! 102 10® 104
IgEZ &K (FITC) IgEZ2 B (FITC)
E E
2 2B 3
=) =)
B
S T e
2 T 2 -
5 5 -
o éi o
& ,n': e — fé YT T TR T
10 10" 102 10® 104 100 10! 102 10° 104
IgEZ AKX (FITC) IgEZB4K (FITC)

H2—14 JO0—HAbr—S2—FZHV-TAMEBRERHT—H—DKHE

FACSZAWT. BEHTHR(A) BEUXTASASARER YO A (B)HEBMMCIZEITS.,
IgEZS B (X : FITCIERIGER AT ALVTEE) kit (YEh : PEZE c-kitinfAZ BT
Ze)DRBEETAEL:,
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A FAERITIRA

&
=
= woE oK
(bp) = # & Hr # %
1000 ___ ' ) T
850 — W VI AA3ZAR
650 —

850 —
650 —

r———l21 }-actin

FATASBARE#T VR
=
& &

(bp) ; #Z Kk HEr # 02::
1000 __ ; —
850 — [N L& ] TASA3AR
650 —
1000 __
5
650 —
(8555,8: b BB ] B-actin

K2—15 RT-PCRiZIZEKBDASAREILFDRIRARHT

RT-PCRIEZRAWNWT. FARTIR(A) BEUFASASARER YDA (B) IZH1T5.
ZREBEIUBMMCTOASAREBIZEFORERBEREL -, PCRIZIE. FASA3AR.
TORAASARBEU B 7IOFUERBENITBIET 2TS54v—tvrE AL,
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3006 G B B R 7 75 2

250- ——@== FASAZAREBET IR

2004., ®

150~

100
50-

Bound/Free
(fmol/mg of protein/nM)

0 50 100 150 200
Bound (fmol/mg of protein)

B —e B HERIZ ) X

-—@=-= FASAZARB#THX

[125]] AB-MECA
HENEESE (%)

0 T T T T T T 1

-13 -12 -11 -10 -9 8 -7 -6
KF26777;RE (M)

EK2—16 A3ARZI=AKM'>IJAB-MECAZ ALV -HlIEE S EER

(A) BER (O)BLUFAFAIAREHRYI R (@) BXEBMMCOMABEIZH T 5
[125])AB-MECA#& & & D Scatchard plotEHT#E R %R L1=,
BHAERTIRBAEBMMCEDTIRAIARDK fEIX1.71£0.09 nM. B, fE(E
194.945.6 fmol/mg TH o1z —H. FATAAREERE IV AHEBMMCLD
FASA3ARDK,fEIF0.7340.14 nM. B, fEIF150.3+12.1 fmol/mg TH 1=,

(B) BER(O)BLUFASAAREMR TV (@) HEBMMCHOHMRRIEIZN 5.
KF2677712& B[ BJAB-MECAD#EEBEEFRLE,

HERTHIAHEBMMC LD T AASARDK {EIL10,000 sMELETHY .
FASASARBE YD AHEBMMCLEDFASAZARDK fEIX0.15£0.11 nMTH DTz,
ETOEESEDEBRDFEYETRL. T5—N\—EEDRERFE(SDIEEZRL,
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@ 2 CI-IB-MECA
B 11 - / +KF26777
il
o
R
L
A 50 100 150
Time (sec)
@ | CI-IB-MECA
& 114 ¢
£ L.
B o094 \
R 0s 4 CIl-IB-MECA
LI | +KF26777
£ 5o 100 150
Time (sec)

E2—17 A3ARZI=RFEMIZELEBMMCOMERNCaHEE D L & (Fluo-3)

HERITIZA(A)BEUFASASAREB#RTHR (B) HEBMMC [Z. 100 aMADCI-IB-MECA%
wMLU=EEL. 100 nsMDCI-IB-MECAZ # N9 5RTZ100 nMOKF26777% RML =80
HRERNCaBEDZLE L ZEFluo-3ZBULVTHREL =, :

Fluo-3MDENEE (X, UH U FRIERMEBEOEXLEZ 1 EL-HEMETTRT,
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A
BERITHX FASASARBEYHX

B 3EBMMC H¥EBMMC
ommen 0 3 1% I
7. 1
ERK1/2
ERK1/2
7. 14
PKB
PKB
B

100 -

~]
h
1

[Z])AB-MECA & 8
(P =R FMFTIHKT 5%)
(W] wh
W (wn]

<o

BERTIHR FASAIAREHR
HEBMMC <THREHEBMMC

K2—-18 THREKRAIZBLVTHFASAZARIIPBK ¥ &FMHLHES

(A) CI-IB-MECARMIZXBHERK12E L UPKBD) U EEE
HERIIVABLUFATAZARE#R TV XAEEBMMCIZ] t MOCI-IB-MECAZFML.
0. 3. 159 #ICHFBERKIZ(A)BEUPKB(B) DY U BEIEEDH I X2 T OVNESR
AULTEELT-,

(B)BMMCHERIIE L MSDAIARDHMERBAEST
FAERTIZAESIUVFASAIARERYHRAEEBMMCE] £ MOCI-IB-MECAT
ISORRIBLI-&R., MRELEDAIAREZ['PIIAB-MECAD#EEELLTRIELT =,
T—431&. Cl-IB-MECAZ F MLV D[ PIJAB-MECADKE S B F100%E LI-IHED
%NREETRLIz. 2TOEFRILI-SEINERBRBEDOFHEERL. T5—/—(&
TDEHEOFRERE (SEMEEZTRY,
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>

60 - [] 0ng/mL TNP-BSA (-)

B 10 ng/mL TNP-BSA (+)
40 A

*
N ;
20 - . '
0
0 0.1 10

CI-IB-MECA (nM)

B-hexosaminidase
release (% of total)

1000

o~

60 - [J 0ng/mL TNP-BSA (-)

‘ B 10 ng/mL TNP-BSA (+)
40 -

20 -

B-hexosaminidase
release (% of total)
-t

0 0.1 10 1000
CI-IB-MECA (nM)

A

[] 0ng/mL TNP-BSA (-)
% *

60 1

B 10 ng/mL TNP-BSA (+)

40 A

*
0
0 0.1 10

CI-IB-MECA (nM)

B-hexosaminidase
release (% of total)

1000

M2—19 UHUREMIZEBIER LU S ERIEBMMCTO B D34

RECHIBMLE-B4ERTHR(A) . EFAARBHETIA(B)BLUFASAZARBBRTOX(C)HE
BMMCO HiEIEFMEF () HLLITRE ELTTNP-BSAFMNE (M) (2815, Cl-IB-MECAFEMIZ
FOGEEMBOEME. fAFUYIZF—ERHBELTREL,

BAXYFE_H—EHRHBIE. £ AFYHIZF—HERBF100%ELIBEDURETRL =,
STOBIZEOHILE-RREOEHETRL, TF5—N\—(ZFOFEHEDELBRE (SEM)ETRT,
*, P <0.05, CI-IB-MECA ZE & INBE & 0 LL B (Student’s ¢ testi Tk D)
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60 - * [] 0 nM CI-IB-MECA

—t %

40 B 10 M Cl-IB-MECA

20 1

B-hexosaminidase
release (% of total)
-—1.

0 oM 10 sM
KF26777 KF26777

60 - [] 0 oM C-IB-MECA

B 100M ClLIB-MECA
40 1

20 ;

B-hexosaminidase
release (% of total)
—-’
-—’

0 nM 10 nM
KF26777 KF26777

60 * [] 0 oM CI-IB-MECA

4 B 100M CILIB-MECA

20 1

B-hexosaminidase
release (% of total)

0 nM 10 nM
KF26777 KF26777

B2—20 FASA3ZARIZEABMMCO G EERIIEEIIKF26777(2&>THIFIESh S

EEHRE TRIBLA-BFERTOX(A) EFASARBBRTIIX(B)BLUFATAZAREH#TIA(C)
HEBMMCIZHET5. 0 nM(O) BLU (M) 10 nsMADCL-IB-MECAFRMIZ LSRR B DIEEE
BAXYHI= A —EHEEBELTRIEL . KF267771%. CI-IB-MECAZMA A1 48T FEMLIZ,
BAXYSZI=F—EHHEBIZ. EAANF VYT ZH —HEF100%ELI-BEDURETRL
ETHOEIFSENHIL-EBRHEOTEHETRL. IS5S—N—EFOEYEDEERE (SEM)ERT,
*, P <0.05, C1-IB-MECAJE & MBE & D L85 (Student’s ¢ testi 2k D)
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B3E  PEMICIT D ASAR OREAERIRE S

3—1. Lo

A3AR IIMORER., Big. &, L. ~ A MIREOERER A SICRB LW D 2 aE
BITWD 6D, LM Lenb, olREEIZI T 5 ASAR OB L OF OBEEIZ DV TiEsk
ERBZREANRE, TITEPFETIE, 2HITHRZIF IV VE2ERTE T oAy
7w A%{ERIL, ASAR DHEEL TW AR 2 BRMICHIT T L e L, =2F ) v
. BEZT D T TNOHBINT-EMBNLT RV ETHD, Ca*t B8 THLFAD
BHEEELD, 22XV UNE TR AV (BURZERSY) LU FTO0 (5%
) MoEREINh., TORENXFEIT Cait Lo TH UV BEOBREEICELNEB S L,
LT IOV RIS, TORICRETIMEINVRF =LV ERZ R L X — %%
HELTHHETHEEZ LN TV 96D (X 3-1), £/, TR=IF Y UEB~T7 22 A
T, ABAR 7 F=X MFRMIZ K VHIEAN Ca BN EF L7 4V VOREEBBE SNk
WEBLTIE, B2ETERLEX AT ASAREBR~ U R ZAVTE LICHEMABITZITY =
kL7,

3—2. EBRMEBLUFHE
1) E2RE., M8
- ABAR EH 7T I =X |
2-chloro- A5-(38-iodobenzyl)adenosine-5'- N-methyl-uronamide (Cl-IB-MECA) ?
BFISEEETE (k) EEMIE LV —ICTERLE
-t P ABAR R T FFT=R |k
KF26777 (2-(4-bromophenyl)-7,8-dihydro-4-propyl-1H-imidazo [2,1-1] purin-5 (4H)-one
dihydrochloride) 739
mFEETE (%) EERREELF—ICTERLE
- X AZ ASAR B#A~ T R
82 BZ TR
- 7 v MEBAR BRI B Sk AR42J faLE
ATCC (ATCC % CRL-1492) LV AF
* Gio & 737 B EA| Pertussis toxin (PTX)
VIS XV AFE

2) =AY UBHEARY ¥ —pCAG-AEQ-pHPRTp DR ,

T7AIFpMAQ2 (BEVvF a7 7/u—7) IZE&ENBTRT 7 4V cDNA BEH| Dk
WZNEI EcoR I & Xba I OFBBEFIAHIMEN D X 512 PCR 2 AV CHIIE L 7= 7%, HiE
WrAh % EcoR1 & Xbal T L7z, 2\ T, 7T A2 FpRL-TK (FuA¥) kv Xbal
BIU'BamHI ZHVTSVA0BRER U AMINEFI ST DNABF 2810 L Bl L 7=,
THRTI A Y v cDNAEFI % &1 DNA WA & SV40 B3R Y A B 5 2 & DNA W H
t¥. EcoRI & BamHI TUIMF L7275 2 I F pBluescriptISK() (R hSH#T—1) iz
Ligation High CR¥#5) AW TEAL, Y523 FAEQpA #{ERIL 7= (X 3-2),
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Wiz, 7T A3 K pAxCAwts? IZEFEN 5 CAG FuEt—# —EHOREICFNEN Sal
[ & Clal ORBEFIBAMENSD LS PCR ZHAWTHEIE L%, HiEWHF 4% Sall &
Clal TUIBF LT AI K pBluescriptEKS(+) (A "7 # P—>) IT Ligation High (&
ERS) ZBAWVWTEAL, 79 A3 N pBluescropt HKSH)CAG ZERI L= (X 3-2),

T, 7T 2 2 FpBluescropt I KS(HCAG # Sall & EcoR I THIM L TH L5 CAG
Toe—4F—EHEET DNA WH %, Sall & EcoRI THIr L7275 X I F AEQ-pA IZ
Ligation High (EE#5) ZHAWVWTEAL, 7723 FpCAG-AEQ #ERI L/~ (4 3-3),

B#Iz, 7723 FpKO select HPRT (L ¥ a) # Kpnl & Sal I CHIBTLTES
N5 HEHRIC loxP BFIRMMENERST 4 TR LI Vare—I—LLTOERIYUF
YT ARIRVNV T AT 2T —E (HPRT) EH=2=v h%&Tr DNA lih%. Kpn
I & Sall CHIlrL7=75 I F pCAG-AEQ |Z Ligation High Z AW THEAL 7523 K
pCAG-AEQ-pHPRTp % fEf L7 (0 3:3),

EROSTRICEV T, DNA KA OEIRIZIT QIAquick Gel Extraction kit (74 )
EHWEZ, 7923 KX, TN ENOTTAI FOREEGBRSE-KIBE DHs o CGEEERS)
& v QIAprep Spin Miniprep Kit b L < i% QIAfilter Midi Kit (F74') ZHVWTEILL
oo EFERISEAT o T HlEREESR OFRIRECY | B D OEEE 72 5 UNC PCR BN/ O 2E X
BEFliL, & ITEIZBWT DNA —7 =% —ABI PRISM 377 3 X O} Big Dye Terminator
Cycle Sequencing Ready Reaction Kit Ver.2 (7754 KA F T AT L) ZHEHLTRE
L. HBEEFIOMBLIT-o 12,

3) =AY UREBR - ADOER

77 A3 K pCAG-AEQ-pHPRTp % #|[BE£FH Pvu I 38 LW Sac I THIM LARIRIL L7=14.
Z ORI AT K 20~200 ng # BDF1 Rffv v 2 (AR A= Li—) IDEBELE
ZREIVOREICEMEA Lz, BIRILT T X I FEEALLE 215 BOZRKINT, ERTH
HICRvVAR (AR ATV —) OIE~LEBE LR, BONEEFE. UTIZRTS )
LAPCREIZEY, TR ZAY Vv cDNA BEFIORHE 2T o 7=,

FEUADERELY 10mM D F Y X (pH7.5), 10 mM ® EDTA, 10 mM @ NaCl, 0.5%®
Pravn (frebadzy), 1mg/mL @ Proteinase K (A2 hudcy) 2504
RBYEFRIE 500 pl iICA e DB, 60°CT—BMET 5 Z LI KV BEEM LTz, T OBMRIEIC
10l »5MNaCl & 1ml D= # J — %M % T 15,000 rpm T 15 SRHELT B2 L2k Y
77 5 DNA ZiLB & 87z, (LB L7724 ) 5 DNA X T0% =%/ — VT L%, 100 ul
D TE LR Lz, ZDY 7 5 DNA % 200 ng B¢ 20 ul ORSSHK (ExTaq buffer. 0.2 mM
dNTPs, 0.5 B{iLD ExTaq polymerase (F 3534 4), THR=7 4V > cDNA D FEL T
FRIBESN L VR LK 05 M DT T A =— (5-ggg AAT TCC ggC AAC Agg CCAACA
Tg-38 LV 5-ggT CAT gAA gTT TCT TAg ggg ACAgC-3 : 77 A< v JIZTEMR)) =
L., 94°CT5 oMLz, 94CT 1 oM. 64°CT2 4. 72°CT 3 NSRRI REG
Z1YVAI7VELTH30VA 2405725 PCREG21T- 7=, PCREJS#, 10 ul # 1.5%
THa—RA P NVEKKENCHE L, 0.65'kb 72572 D55 RAEEBRT A 2 H L7z,

77 A3 F pCAG-AEQ-pHPRTp MNPEAKIZEA I TW-@EEIZ, C57BL/6I (BA
V7)) EXEEE, Fl vV AZRELE, 7723 K pCAG-AEQ-pHPRTp 7S HefaifkisE
AENTVWAHZ EBHER SN F1 v U A% C57BL/6J 2 #HT ALY T, BohEFIIZT
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NENERICRT Y ) L PCRIEIZE VW TR 4 U v cDNA BEBFIOBH 21TV, R@EElr
HEASNTTT7 A FpCAG-AEQ-pHPRTp OB A 5H4H L 7=,

4) = F Y AT L BERBE

TIFVEBEYVALVRYHLEEESZ 1~2 mm FIZEVRALE., BHREBE 10
pM OE VT TP ET 200 Wl @ RPMI1640 854 (f ¥ haPx) OFT37C, 5
A v Fa_—2ardhl ik, TRz AV VERBLVUTFS DIV s FY
FEER S, ERERISHEIZ 100 pl © RPMI1640 #2822 T 20 =7 4 U o O FKH
BXRELZOL, SHIZ 4 uM @ Ca*A 4/ 7+ 7 A23187 (Research Biomedical
International) . 0.28%® Triton X-100, % L <X 20 pM @ CI-IB-MECA %#&%r 100 pl ®
RPMI1640 £ %002 T 125 B2 4V VORKBZHE L, =74V L OREEIT.
24 7uan ) A—4—LB953 (EG&G </ =/ K) ZHWTERHIE LT,

5) MENR R e o HEE

FAT ASARBH~ VALV ERERHE L%, NI TRV AR, E5iI22#
DAFTARATZAOBTTVET I EICLV EBB AL EEE Lz, Eigh e
RPMI1640 2 C 2B U A L7, & 5|2 RPMI1640 #Z#i5T 37°C. 5% CO: 5T T 6
BEflA v F a2X— kLT,

6) AR42J HIfR DL

7 v MERBEREMAG ESEMREER AR42J 13, 10%0 7V VIERME (e had=y) &
50 ugmL DT 8w A Ly (FHFATAZ) 28 DMEM ## (A Ehadz) I
T, 37C. 5% CO: &ETTHEELK,

7) RT-PCR

T XV UEB T ZAOEBRB XU AR42J ML Y. QlAshredder (7 4#) Bk
U RNeasy Protect Mini Kit (7 4°) # FiV T total RNA Z#1HH U7z, flid L 7= total RNA
% 5 ug £ Y. SuperScript First-Strand Synthesis System for RT-PCR (£ v ¥ hud= )
ZRWTHEEBEERIGZITV., — &8 cDNA 2688 L7,

A3AR @ cDNA % #iE X5 PCRIZ. UTDOEMETITo7z, —4&8H cDNA 2 @M EES T
20 pl DEUGHKR (ExTaq buffer, 0.2 mM dNTPs, 0.5 B0 ExTaq polymerase, %% 0.5 uM
DT ZA~<— (5-gTC ATC TgC gTg gTC AAg CTg AAC CCC-33 LU 5-ggC ATA gAC
AAT Agg ¢TT CAT CAT ggA g3 : 77 A< v ZIZTAR)) 2FTEL. 7 1st PCR 277
72olc, 94 CTH B L=, 94°CT 140/, 68CT2 AN bRAREE 1A I
LTE 20 4 7 VT o7z, S BIZ 1st PCR ORIGHEIR % 1pl & 20 pl ORIS#E (ExTaq
buffer.0.2 mM dNTPs, 0.5 BE{L® ExTaq polymerase, % 0.5 uM D75 A = — (5’-CAT gCC
TCC ATC ATg TCC TTg CTg gCC-3'1 L U 5™-gTC TTg AAC TCC CgT CCA TAA AAT gCA
C8 77 A%y 7IZTTER) #WEL. 2nd PCR #1707z, 94°CT 5 B L 7= . 94C
T15oME. 68CT2oMMNLRBREE 1A 71L& LTE 2044 7 1fT-72, 2nd PCR
DRIGE. 10 ul & 1.5%7 H a0 — X FVERKBNCHE L. £9 0.4-kb O %% RAIEIRET A 2R H
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L7,

BT 7 F @ cDNA ##igEE % PCR X, UUTOERETITo7z, — A cDNA ZE &
&1 20 ul ORJGHE (ExTaq buffer, 0.2 mM dNTPs, 0.5 BE{iL® ExTaq polymerase. & 0.5
uM D75 A4 <— (5-gAT ATC gCT gCg CTC gTC gTC gAC-3'$ X U 5-CAg gAA ggA Agg
CTg gAA gAg AgC-3 : 77 A= v ZIZTHEMR)) 2WE L, PCR 21T->7=, 94°CT 5 7
7%, 94CT 1M, 68CT2 oMb RAIRIEE 1A 71 LTE 22 ¥4 7 V4T
572, PCREJGH#, 10l % 1.5%7 Hao— A VESKENZM L, # 0.79-kb D RAIE
Wi 2R L7z,

8) Fluo-3 AM % B\ /- #ifar Ca*EDHEIE

fReig R SeiBads X OV AR42J MR & v U ARIEREE (20 mM HEPES (pH7.4), 115
mM NaCl, 5.4 mM KCl. 0.8 mM MgClz, 1.8 mM CaCls, 183.8 mM 7/ =3—=x (BLE,
FHTATZI), 0.2% (wiv) D ETLVT I (7<), 2.5 mM Probenecid (3 7=))
T2EBEHE LIzDOD, HKEE S5 uM O Fluo-3AM () %25 u—7) LEKEE 0.5%
@ Pluronic F-127 (7<) MU= AN 7 LA BIEEERIZEE LT 5% CO=2, 37C%
BT C1RFEREE Lo, 1 BEREEE. SHIEE VY LARERENK T 2 BEIRE L%k,
JI T LR ERRERRIZ T 5.0 X 105 H1MA/m1 12725 £ HE L 100 ul 2 96 K7L — kT
FELT, 96 X7V — ME 5% COz2, 3TCEETTI0 mHEELLE, BREINLBED
~ ASAR #2897 Z=2 k CI'IB-MECA &ML, FDSS 6000 (Ekk =7 2) #AWNWT
480 nM DORHEEEIZL > TAE U 5 530 nM O EREL, TNA—F 4 ruf v 7 I5—|C
FEiE S0 6 W 520~560 nM DT 4 L F —T 1 43R3RIE L7, 530 nM DR IEERIT.
CI'IB-MECA X° TNP-BSA OERMEEE 1.0 & LIZBEOHEMEL LTERL L, ASARK
BT v Z =2 } KF26777 iX. CI-IB-MECA % ¥4 % 10 43812, B&BEE 100 nM T
L 72, PTX (3R O 55 #1072 200 ng/ml DR TM X T 24 BEfEIiE#E L =% #aKR Ca2+
BEHIELRE,

9) vxRZ VT uy bMERRLD Y VEMLEBEORHTTE

ABARIZE > THEEIND PKBEBIUERK 1720V VE{kiZ, LTOFETHRE L=,
FEERg R SefifiE b L < 13 AR42J FIRIZIE RS NZRE D CI-IB-MECA 2L T 37°CT 0,
2,10, 30 54 ¥ 22— L7=% . B PBSIZ T 2 BI¥E#H L. HIIREAZIR (62.5 mM Tris-HCl
(pH 6.8). 2%(w/v) SDS. 10% glycerol. 50 mM dithiothreitol (£ > £ rka ¥ = ) 0.1%(wiv)
bromphenol blue (V7)) TR L=, MIRIAAEKZ 95°C T b MR L%, BElICX
DB EBRE | 5-20%2 7 V= b e-PAGEL (7 b—) 12X % SDS-PAGE iZf: L7z, 4y
BEL-EBENY FIERKBEEEBR I A X 7oy b AE-6677T B (7 +—) #HAWT
Immobilon Transfer Membranes (X Y R 7) IZERE L, 5% (wiv) A% A Iv7 &L TBST

(20 mM Tris-HCl (pH7.6), 150 mM NaCl, 0.1% Tween-20 (7' <)) ZHWT=EERT1
BE7ay X S e2Thote,

—HOUEIZIE, LY UBR{k PKB (Serd73) Hilk (BEA L7 FAT o /) nv—) b LLIE
1Y ~E{k ERK1/2 (Thr202/tyr204) ik (kv 7727 ) ad—) % 5% (wiv) BSA
AU TBST T 1000 fEHF R LZb 02 AW, A7 L iist LT 1 kHilE%E 4°CT 1BRK
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&R0, 3B TBST TEe# L7-, $i\ T, Horseradish Peroxidase {EH#iH 7 £y F 2
wHE (RNy T FAT o ) av—) & 5% (wiv) A% AL IA7 AY TBST T 2000 AR
L7z 2REEL2ZEIR T 1 BEIRSEE 7%, A7 L% 3[E TBST T##% L. Phototope
HRP Western Blot Detection Kit (/v 7 F T 7 ) uP—) #AVTHERMSV Fi
H L7,

Flho. AUV IAVEEKBI LA T V2RI 1 IRbUAL LTH PKBHLlE (B
FINT s /ad—) b LM ERKI2ZHUE (R T FAT o) und—) ZAVWSIE
2k v, FEV Bk PKB BLXUERK 1/2 O 1T/ -7z,
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3—3. BB

1) =74V EB~ 7 ADMER

75 A3 KpCAG-AEQ-pHPRTp # 215 fHl?> BDF1 &~ 7 A DS REINATZ I EEMEA L
EHR~ TV ADIPE~EBHELUIER 2VICOEFEH-, EFOR L VER L4 2 - DNA
B L LTT AR 4 v cDNA B3| #8185 PCR Z2{To/-#E8., 5 lEoftlkic s
7 A3 K pCAG-AEQ-pHPRTp BNEAEIN T W= (K 3-4), 2D 5L%E C57BL/6T ~ T A &
REZETFIvUVREZRELERER, REHFICT T X3 F pCAG-AEQ-pHPRTp MEA &
NEF1<wUR%E 3IEEDZ LKL, 2D F1 <7 X C57BL/6J LAREE., B5
NIEEFE O REEIZTT 2 FpCAG-AEQ-pHPRTp NEA N TWABEKE A EIE LT
RIEIEV, BN F AV 2=y /w0 AORBKEMHERFE L, BHEHLIEF S v A V2=
IRV ADZERFEDOONTEIBIBIZBIT DI A VORBEAHEB LI-FER, <7 2%
98075-04-6 DR, FHA. M. FFIE. FEE. IF. B, BEEF. B. A&k, IEHHEZ. £E.
g, B, BE. ME. BEROFSEMICBNTOLT T ALE ) 74T A23187 HRAUC L
XY UOREGENBEINT (B 85), AN 74 ) DRI IEEIL,
TritonX-100 DHFEAMZ L > THBEENT (F—FRET), —F. BIZBVWTIT A23187 ik
M LB 4Y) ORNIFBEI N2 o7 (F 35),

2) A3AR 7 F=X MERINZ & 2 &2 TOMIAN CaED L5

77 X3 FpCAG-AEQ-pHPRTp BPLEEKIZEA SN NS VAV 2oy s 205 b,
T FY ORI EBBES NI~ U AR 98075-04-6 O, FEE. PR, FEIE. BhE
IZ ASAR #FREHI7 F=2 ks CI'IB-MECA #%FML T, =27 A4V VOREXEXTE L=, *
DFER. ABAR ORENRBE SN TV AR, HRICHZ, HE#izisV T CI-IB-MECA #in
X227 F ) ORXERPBESNT. (F36), iz, =74V VOB EFOBES
AU, FEEL. BEIRICE VT ASAR @ mRNA BRREH L TWAZ &% RT'PCR % BV THE
AL (K37,

3) FEIRE MRz 31T 5 ASAR DHEEERRE

WIZ, ¥ AT ASAR B~ U R (E2EBR) ORERBEEMEIZIZIIT S ASAR DORERER%E
RERD72DIZ,CI' IB-MECA Hiz X 288 Ca2* B0 L& % Fluo-3 # AV TH 7=,
ZTORER. ¥ AT A3AR B~ U A BRI AEMAZIZ CI-IB-MECA 2+ 5 - Ltk
D HREN CaBED EANEEBIN,. FDO LRI M ASARBRMN T v % =2  KF26777
EWRMT A2 LRy EeicimE &z (K 3-8A),

BT, BEIRE ARV T ASAR 12X % ERK1/2 B X U'PKB 0 U VB {LOFFE N
BINDHEIDPRE LI, TOBR, ¥ 25 ASAR B~ 2 kB ez
CI'IB-MECA #3252 LIZX»TERKI2 BXUPKB OV VEMEIMBHEN., F0V
CEERIX KF26777 25N 3 Z Lic X v Lol &h- (3-8B),

4) FERIREMAER ¥ AR42J MfaIZ35(7 5 ASAR ORERIR B
FWTHEA1Z, 7 v MEBOBEML S Btk AR42J 128175 ASAR ORBIB L U7F
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DOEREZ AT, TT0HIC, AR42J HIIBIZIS1T 5 ASAR @ mRNA D% % RT'PCR %
BAWTHERE Lz (K 3-9), &Iz, AR42J #2517 5 ASAR OEEEAIRIRZH/ 572012,

CI-IB-MECA #AIC & 5 #B8aPN Ca?* & D EF-% Fluo-3 # IV CH<7z, ZORE, AR42J
HERIZ CIFIB-MECA 28352 L2k v, MiaN CaED LANBE SN, TOLERIZ
G 7 XV EERTHD PTX OFIIC X vl &z (K 3-10A), F7=, AR42J 4
f31Z CIFIB-MECA 2509 5 Z LI X VAR ® ERK1/2 BEXUPKB U vEgbEh,
DV BB PTX ABIC I VI &3 2 L 2B L7 (X 3-10B), AR42J filGIZ BT 5
CI-IB-MECA #iniz & 3 ERK1/2 8 L U'PKB 0 U VB {LIL Bl 2 4 CTE—27 2l 2 (K
3-11A) . £7270 VY v EMkiZ CI'IB-MECA OBEEEGFHICBIZEB - ShA3 - L rHRLE

(X 3-11B),
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3—4. EE

ABRFFRITB VTR 21X, MIEAN Ca BOEB % Ca?1( U F 4 r—F — 2 RAWFICl@EIzE
=Z VU THEIEMMETAELE LT, TR I Y V22 F CTHRETH~ U ADEREZRES
oo TRZIFY  cDNAREBRR ZF—DFuE—F—¢ LTI, v~V ALE CTHET S
ERERLNTVWS CAG Fute—4& —% Bz, TO/BE. EXERAIZIELT OIS TH
FaN Ca* 8D FRICHEI =7 43 VORBKEBETHZ L BHFKS, TR I 4 Y VHEH~
7 ADEBUCERTIT 5 Z L ASH¥kE (X 3-5),

WICE LT, TR A Y VBB~ U AOL[HERIC ASAR 7 Z=X } CI'IB-MECA % ¥
T3 LI2X D ASARIC L AN Ca* B LA PBEIN I BBOER LT 2B E.
BB, REEL. BEBRIZI\ T ASAR BRH 7 I=2 } CI'IB-MECA Bz L A=/ A4V L D%
Y EERBEEINE (K 3-6), /2. T DHDIESETIX. ASAR @ mRNA BEBELTW3
Z &% RT'PCREZHVWTHESE L. (K38-7), MMEBRIZEKIT S ASAR @ mRNA EHIILL
AL VBEENTWAHN ™10 FEICIBIT 2HBRER LI HELNDOTTH D, £,
Bz 5 ASAR OMEEMHEBRIIT TIIHE IR TV HA 0, HBEBLIUVERICEITS
A3AR DHEEERIFRIRZ R L= BIIAEAHEN D TTH B,

BE, HIEAN Ca»EORIEIIFICEXIALEW TH D Fura-2 ° Fluo-3 2 ED Ca2A 5
47— =RV FECLSTELIfTbRTWS, LrLAais, BolEssclfkzy
DR E2RWTHEN CaBOEB 2 EHERET 5 7-DI21E, Ca?A( 7 4 r—7 — 2§k
RARRNICEIE X CEA LRTNIER T (207D ORMERENIERICE LYY . E-MSE
RHEPICEENIMBERBICIDEFEREB NNy 7 7T FELTEND L LEEY
RTR 6T, BIEVFEFIEHELR-S-TLEY, 20D, AMFEICTER LT R 7 4
U URB~ T A, EFICHELBRECEEBREICR T 58BN CaE0EBZRIET S 2
ERHED CatE=F Y U v AL LTHEICEFRZY—LVTHIEEZLLNS,

FENTHR 21X, FEBICEHIT 5 CI'IB-MECA HINZ L5274V DX ASAR #A L
TWBDHERTHIZDIT, F2ETERLIZX AT ASAR B~ U 2 ORI S M2 Hu
TEOFMZIT o712, Z OFER. BElRS SkHIRRIZ351F 5 CI-IB-MECA #HIC & 5 HEkaP9 Caz*
BEOEREBIVERKL2 & PKB DY VEg{bid, & b ABARBEMT L # d=X k KF26777
OFMC &V 22 mE & (X 3-8). FEEIZI VT ASAR ITBRERGIC IR LTV B = & 28
B INn,

FEIgIX. S riel L CELEBER OEA 2 ) IREHIIE L NSWHEREL L THRLEV D
EEFHIFUINNVRE, BIOEE L VBRSNS, F4id. ASAR BERO & oM
BMTRBELTWANERERDZ DI, SEIZT v MNERO REMIRBEEE AR42J I2BIT5S
A3AR ORBEE L UF OBEEZ T/~ (X 3-9 B L 183-10) , AR42J #F2 TiZ A3AR ® mRNA
EEPBE I, AR42] flaNO Ca*EELHEB IV ERK1/2 ¢ PKB 0V U E1{bix
CI-'IB-MECA oz X v g8 Nz, /2. I b DOEMEIE. G 7 VX7 EBEATH
HPIXZHMTHZ ik vl ani, LEL VD ABAR 1374 < & bEROIREMRIC
BEIZRE L TWA Z EWRIRENT-, AR42J Mgz T, ERK1/2 3L PKB #4r
L7y 7 P ARERKBIZ T OMBEHECH 7 R h— ZEBICBET A Z L B3 BEESNTE
0y 65-67 FERRIRERAZIZS VT ASAR I N O OATRBEEIZEE L CWARTEEMNE X bR
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Do
FERBIZ 3BT 7T ) U TR OFIEETICES b o TV 2 EBHE ST 5 6,
FERZBI &I LTWDHEMOED TIHBED ATP KRBk sMasno 75 ) o v #ED
EANBREIH, BIRTRETDHTT /) Vo ZRENLD Y T FIVGENER OBEE LB
TWVAHRREBMEDS TR I N TV D 6870, EFE 75 ) 20 Al R A SREIZHTH 7 I=2
MIBERERZHEESE, FEWCINDZERICHTHT o7 d=2 MIBERER L %E
SEDZLPHMOENTNS 6T, LnLA2Ns, KBICIIT 5 ASAR ORBRE L OVF Die
WZDOWTIEIRZREN 2V, BRIV TRLZODH T, BEOL < L b REMRIZE
WT ASAR DMERERIICHEE L TWA Z L &R LTz, ASAR T, 75 ) VU SRk L g
WHEROBEIZEE L TWAZ LB HEREIN, ASAR IR+ A7 0 # =2 MIERDE L
VIBRIE L 2 D FREMEDS RIR E D, 72, BERICHT D ASAR 70 # I =X N DEE¥HY
FMEEITOET, E2ETER LA AT ASARBHR~ Y RIIFHRETLEYE 2 VES
AREMER D B,

S Iz, g7 5 ERKY2 20 Lz VP VRERKBIZ. T F ANV RE BRIAD
PLT A b — 2 ZAHERE DS A DA b u—<RNOERMEOMEE I ES TS L
BRIBN TS, £72, PKB 2/t L= 7 F A GERRIT., BIBOBEL 1925 L F Ny X
5 BHRE COAEBMEEL D BII 0, Y L RHEEBEOELICLEET 5 8802 L
MONTND, AFEORRIT. REMBEUAOEBEZICB TSI NOOABRSBICY
A3AR B> TWAFRIREMEZ TR L TE Y, FEFICHEEREV,
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ELUFSE

FRIIAL

K3—1 IOFIDFELHE

IOFIDERIBBEEXMNITRT,

ABATHEITRIIF IV BETHIELUTSCURAETICEVLWTIVA AL
BEEIND, VXU DAL LESSERICC (AU 5L,

LTS EELUTIIRICBIE T D EIC ko THRANELS,
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T321
> < Xbal ~BamHI

EcoRI BamHI
[_E::—T ~ N2
pMAQ2 pBluescript I
» ) [
PCR
v o
BamH
— BcoRl
EcoRI BamHI
0 Xbal BamHI
Xbal
EcoRI Xbal SV40E %
R A IMESS
FHRIHA)cDNA
EcoRI Xbal BamHI
el
TiE2
Sall Clal Sall Clal
A4
pBluescript I
KS(+) PAXCAwt
Sall Sall
Clal ¥ ICIaI 2L

v

Sall Clal

=

pBluescript I
KS(+)CAG

E3—2 FRIVAUUEBRI2—DOEED
FRIIA U FERARY8—pCAG-AEQ-pHPRTpHEED =D T 1. 2%
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gall EcoRI Sall EcoRI

AEO-pA pBluescript I
Sall ; Sall
EcoRI el v Clal i
Sall  EcoRI

T34
Kpnl Sall Kpnl HPRT%/EJ_:‘yb- Salf
7
loxP loxP
PCAG-AEQ pKO select HPRT
Kpal Kpnl
Sall M et
Pwul Kpnl Sall FRIVF U CDNA
g BE
loxP loxP SV40( 3k
° / ° RUYA{GHMESF)
HPRTEE1=YF CAGTOE—4~—
Sacl pCAG-AEQ-pHPRTp

R3—3 PHRIIAYHEBARIZ—DIEEQ

PRIVA) U FHEAY2—pCAG-AEQ-pHPRTpHEE N -6HD T3, 4% FT
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(bp)

3000 —
2000 —
1600 —
1000
850 —
650 —
500 —
400 —
300 —

200 —
100 —

K3—4 FRIVFIOHBIHDADESE

TIORABLYHHLI=S/ LDNAZ R LT, 7RI VA cDNAL & (0.65-kb) FIEIEESE 5
TS5AT—% B =PCRZ{ToT=. L—2HZIEXTRIVAY KBTI HADS / LADNA,

L— 202 ZHERIHDADYS / LDNAZHR L=, PCREILE B REXRBLT-,

MWD L—UIZZ S FBEI—I—%FkELT-,
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B3—-5 FRIVFIVUEBRIIADEBBICETIIIA IV DRIE

YLUFSUUTAFar— =7

RIHOA) L E|TH XA H8075-04-6D AR . FHE.

Wi, FFig. R M. BE.BEZE. B. KRG, BHhEE. . BE. BE. 8. £. EE.
BEUMEICIUMDAILS D LAF/THTA2M8TEFMLUIBEOIIF I ORLE

(Relative Luminescence Unit/#M) ZRIFEL 1=,
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>
-

281 CHIB-MECA . 25- E
g brain 3 , hiver
§ 2.0- § Z‘O- Cl‘m'MECA
£ 15q] 5
E 10 =
& &
05 T T T
0 50 100 150
Time (sec)
, 25- o 257
: CI-IB-MECA testis § kidney
0
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£
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= ;
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Time (sec)
B3—6 FHRIVAFVERIHADEZRERIZHITSHCI-IB-MECAFMIZES
HEARCa»E LR

FRISAJOHRBIHIADMR(A) ., FEE(B). EiE(C). D). Bk (E)D&EXS/AMAIC,
RPMI16401&Hh (M) B LU BKREBES u MOASARERMN 7T —ARCI-IB-MECAZ FHNT S LIS
FYUELIRAEBE. LS/ A—2—FBNTHREHELE:

AT BFBBICAELEMLTOVEVEOREALEE1ELEERMETTRT .
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-
K Hr

< A3AR

<« B -actin

B3—7 RT-PCRIZEIZKDAIAREIEZFDHIREN

RT-PCREFHWVWT. ZHRIVAUEHBRIIDADOERBICH T HAARBEFORBEHREL -,
PCRIZIX. ASARB LU B 7HOF U2 HEMICEIET 5754/ v—tvbERLV =,
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12{ |  CLIB-MECA

Relative
Fluorescence Intensity

091 N\
: CI-IB-MECA + KF26777
50 100 150
Time (sec)
CI-IB-MECA — + +
KF26777 — — +
- <— Phosphorylated
<« ERK1/2
E Total ERK1/2
Phosphorylated
<___
PKB
§ <—  Total PKB

H3—8 [EEHEMBETHDAIARZIZAMEMIZ&EAMBNCa*ELEB LU
ERK1/2EPKBMDY) B4k

(A) Bl B M TOCL-IB-MECAEMIZLA2MIARNCHEBD LR
FASAZARBHTHADEE B FEHERIZS t MOCI-IB-MECAZ RML-F &,
5 4 MO CI-IB-MECARMSHBIIZ5 u MODKF26777% MU T-B D
HRERNCa ENDE{LAFluo-3ZAULVTHEEL=.
Fluo-3DENBE X YA VRERMEBOEXEEZ 1 EL-BHETTRT,

(B) BElg B MR8 TOCL-IB-MECARMIZ K AERK12E LUPKBD VEE{E
FASAZARBHE T XD EERR B EMRAIZ5 £ MOCI-IB-MECAZ RML . 25 & TD
ERK12ELUPKBOY B EEFY TR TavcEFBWNTHRELT-,

SUMMDERAIARBRMN 7 AT = ARKF267771%. Cl-IB-MECAZRMT 159811
iz—&;}nbf:o
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=

X o
I
yoo<

(bp)
650 ———

500 —
400 —

300 —
200 —

< A3AR

1000 ——
850 —

650 ——
500 —

< f3 -actin

H3—9 ARJMBIZHITAAIARBEFOHRE

RT-PCRZEZABNT, FRIVAUIDADINE KU ARJHRAMRIZE TS
ASAREBIEZFORRZRELT-,
PCRICIZ. ASARB LU B 7IVF U RMICEBIET 275/ —tyhE BV =,
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CI-IB-MECA

1.2 4

Relative
Fluorescence Intensity

091 CI-IB-MECA + PTX
A 50 100 150
Time (sec)
CI-IB-MECA — + +
<— Phosphorylated
<—  ERKI12
E Total ERK1/2
: Phosphorylated
‘ PKB

B <« Total PKB

K3—10 AR42JHIBATOAIARZI=AMEMIZELAMARCaELEFRB LU
ERK1/2&PKBDY) 4L

(A)AR42JHERE TOCI-IB-MECABMIZ LSRN CEND LR
ARJMIBIZ1 u MO CI-IB-MECAZ FMU-BOMERCa BN T {LEFluo-35 BL\T
BUELz, G, 2/ \VEBREHFIPTXIX. CI-IB-MECAZ AT 5248887 L Y200 ng/mldD
BETEMICEML-,
Fluo-3DENEEL. VAVFIERNMEBORXEZ 1 ELEERETTET,

(B) AR42JHARS TOCI-IB-MECARMIZ K BERKIRE L UPKBD B 1L
FASASARE# T XABHEBMMCIZ] gt MOCI-IB-MECAZ FML . 25 % TDHERKIL
B EXUPKBOUVEMEZE DI RAL TJOVREERWLTRELT:,
PTXIE. CI-IB-MECAZHNT 5245581 & Y200 ng/mIDEE THEMIZHRM LT,
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A

B

Time (min)

0 2 10 30

<—Phosphorylated
 «— ERKI2

Total ERK1/2

¢ Phosphorylated
PKB

<— Total PKB

CI-IB-MECA (M)

105 107 10° 0

<— Phosphorylated
<« ERK1/2

<
D < Total ERK1/2

«— Phosphorylated
PKB

<— Total PKB

E3—11 AR42J#BE TOHCI-IB-MECARMIZLAERK1/2EPKBD!) U EE{ED
BREILELSIVEEKREN

(A)CI-IB-MECAGRMIZ&BERKI2E LUPKBDY U B DT (L
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Abstract

Selective antagonists for the adenosine Aj receptor (A3AR), a member of the G protein-coupled receptors, have been indicated as
potential drugs for anti-asthma or anti-inflammation. However, potent antagonists for the rodent A3AR have not been identified. To
evaluate the pharmacological effects of human A3AR antagonists in mice, we here generated A3AR-humanized mice, in which the mouse
A3AR gene was replaced by its human counterpart. The expression levels of human A3AR in the A3AR-humanized mice were equivalent
to those of mouse A3AR in wild-type mice. Elevation of the intracellular Ca®* concentration induced by an A3AR agonist was observed in
bone marrow-derived mast cells from the A3AR-humanized mice and this Ca®* mobilization was completely antagonized by a human
A3AR antagonist. However, antigen-dependent degranulation was not potentiated by the A3AR agonist in the mast cells from A3AR-
humanized mice. The agonist-stimulated human A3AR did not lead to the phosphorylation of either extracellular signal-regulated kinase
1/2 or protein kinase B in A3AR-humanized mice. The rate of human A3AR internalization in the mast cells was also markedly decreased
compared with that of mouse A3AR in the mast cells. These results demonstrate that the human A3AR is insufficient to activate
phosphoinositide 3-kinase y-dependent signaling pathways in mice, probably due to the uncoupling of member(s) of the G proteins, which
are capable of activating phosphoinositide 3-kinase «, to the human A3AR, despite the mouse G protein(s) responsible for the Ca**

elevation are coupled with the human A3AR.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Adenosine physiologically acts through four G protein-
coupled receptors (GPCRs), the Aj, Aza, Azp, and A;
receptors [1-3]. The adenosine Ajz receptor (A3AR) is
known to couple to some G proteins of the pertussis
toxin-sensitive Gy, family [4,5]. The adenosine-bound
A3AR induces By subunits release from the heterotrimeric
Gy, proteins, and the @ and By subunits regulate diverse
cellular signaling pathways [6]. Some of the released By
subunits lead to the mobilization of intracellular Ca** via
the signal transducers, such as phospholipase C (PLC) 8
[6,7], and some others activate phosphoinositide 3-kinase
(PI3K) v, a class IB PI3K isoform {8]. PI3K~y leads to the
phosphorylation of protein kinase B (PKB), also referred to
as Akt [4.9], and to the phosphorylation of members of the
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mitogen-activated protein kinase (MAPK) family, includ-
ing extracellular signal-regulated kinase (ERK) 1/2 [4] and
stress-activated protein kinase p38 [10]. These phosphory-
lated proteins play important roles in cellular phenomena,
such as cell proliferation, differentiation, and apoptosis
[11-15]. In mast cells, PI3Ky plays a key role in the
potentiation of antigen/IgE-dependent mast cell degranu-
lation by the A3AR [9].

Recently, the A3AR has attracted considerable interest
as a novel drug target against cerebral/cardiac ischemia,
cancer, and inflammation [16~18]. A number of studies
using A3AR-deficient mice have suggested that the A3AR
antagonists possess potential as drugs for the treatment of
asthma and chronic obstructive pulmonary disease [19-
21]. Thus, potent and selective antagonists for the human
A3AR are screened and identified, whereas all of the
human A3AR antagonists show extremely low binding
affinity for the rodent A3AR (the K; values of A3AR
antagonists for the rodent A3AR are 1000 times lower
than that for the human A3AR) and potent antagonists for
the rodent A3AR has not been identified {16,17]. In gen-
eral, animal studies using rodent models are essential for
the evaluation of pharmacological effects of new thera-
peutic agents through the early preclinical stages of drug
development. However, the large species differences
between rodent and human A3AR and the lack of highly
potent antagonists for the rodent A3AR are currently
serious drawbacks in the further pharmacological evalua-
tion of A3AR antagonists, yielding only a poor under-
standing of physiological function of the human A3AR
[16,17].

In this study, we generated mice in which the A3AR
gene was replaced by its human counterpart, A3AR-
humanized (A3AR™®) mice, in order to evaluate the
pharmacological effects of human A3AR antagonists in
mouse models. The intracellular Ca®>* mobilization
evoked by an A3AR agonist was antagonized by the
human A3AR antagonist; however, unexpectedly, the
activation of the PI3K<y-dependent signaling pathway
by the agonist-mediated A3AR was abolished in bone
marrow-derived mast cells (BMMCs) from the A3AR™®
mice. Our findings suggest that the replacement of the
A3AR gene with its human counterpart may be function-
ally insufficient to generate A3AR-humanized mice, prob-
ably due to the uncoupling between human A3AR and
mouse G protein.

2. Materials and methods

2.1. Materials
N5-(4-Amino-3-[*I}iodobenzyl)adenosine-5'-N-methy-

luronamide (['*IJAB-MECA, specific activity, 74 TBq/

mmol) was purchased from Amersham (Buckinghamshire,
UK). (R)-N°-Phenylisopropyladenosine ((R)-PIA), adeno-

sine deaminase, macrophage inflammatory protein-la
(MIP-1a), and regulated on activation of T cell expressed
and secreted (RANTES) were obtained from SIGMA (St.
Louis, MO). Rabbit anti-ERK1/2 antibody, rabbit anti-
phospho ERK1/2 (Thr202/Tyr204) antibody, rabbit anti-
PKB antibody, rabbit anti-phospho PKB (Ser473) anti-
body, and the Phototope HRP Western Blot Detection Kit
were purchased from Cell Signals Technology (Beverly,
MA). Fluo-3 AM was obtained from Molecular Probes
(Eugene, OR). 2-Chloro-N°®-(3-iodobenzyl)adenosine-5'-
N-methyluronamide (CI-IB-MECA) and 2-(4-bromophe-
nyl)-7,8-dihydro-4-propyl-1H-imidazo[2,1-i]purin-
5(4H)-one dihydrochloride (KF26777) were synthesized
in our laboratories. 2,4,6-Trinitrophenyl bovine serum
albumin (TNP-BSA) was from LSL (Tokyo, Japan).
Mouse monoclonal IgE antibody against 2,4,6-trinitro-
phenyl (anti-TNP IgE) was purified from the culture
supernatants of a TNP-immunized mouse B lymphocyte
cell line (American Type Culture Collection Number;
TIB-142).

2.2. Construction of a targeting vector

Mouse genomic DNA including the A3AR gene was
cloned by polymerase chain reaction (PCR) screening from
bacterial artificial chromosome clones of a 129 mouse
embryonic stem (ES) cells library (Genome Systems, St.
Louis, MO). Human A3AR cDNA was cloned by PCR from
a human liver cDNA library (Invitrogen, Carlsbad, CA). A
targeting vector designed to replace the sequence coding for
the mouse A3AR gene by the human A3AR cDNA sequence
was generated containing the following six DNA fragments:
the diphtheria toxin A fragment (DT-A) expression cassette
from the pKO select DT vector (Lexicon, The Woodlands,
TX) as a negative selectable marker, a 6-kb mouse genomic
DNA region (from the Smal site in the 5' external sequence
to immediately upstream of the ATG initiation codon in exon
1 of the A3AR gene), a 0.96-kb region in the human A3AR
¢DNA (from the ATG initiation codon to the TAG stop
codon), a 0.45-kb mouse genomic DNA region (from
immediately downstream of the TAG stop codon to the
polyadenylation site in exon 2 of the A3AR gene), the loxP
site-flanked  hypoxanthine  phosphoribosyltransferase
(HPRT) expression cassette from the pKO select HPRT
vector (Lexicon) as a positive selectable marker, and a
2.8-kb mouse genomic DNA region (from the BamHI site
in exon 2 to the Apal site in the 3’ external sequence)
(Fig. 1A).

2.3. Homologous recombination in ES cells

The targeting vector was linearized with Sa/l and intro-
duced into mouse ES cell line AB2.2 from the 129/SvEv
strain (Lexicon) by electroporation. After selection in
hypoxanthine/aminopterin/thymidine (HAT) selection
medium (Lexicon), single colonies were isolated and
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Fig. 1. Targeted replacement of mouse A3AR gene by the human gene. (A) Schematic drawing of the targeting vector and the recombinant alleles. Restriction
sites Apal (A), EcoRI (E), BamHI (B), Smal (8), and the location of the probe used for ES cell screening (two external probes derived from the 5’ external
sequence from the EcoRI site to the Smal site, and the 3" external sequence from the Apal site to the EcoRI site) and genotyping are indicated. The two exons are
represented by open rectangles. The targeting vector contained a DT-A expression cassetie as a negative selectable marker and an HPRT expression cassette as a
positive selectable marker, and this vector replaced the region (from the A7G initiation codon to the TAA stop codon in the mouse A3AR gene) with the human
A3AR cDNA sequence (from the ATG initiation codon to the TAG stop codon; striped box) by homologous recombination. The HPRT expression cassette was
removed from the genomic DNA by a Cre/loxP recombination system. (B) Genomic Southern analysis of A3AR-humanized mice. After EcoRI digestion of
genomic DNA purified from wild-type mice (m/m), A3AR™ mice (/h), and heterozygotes (nvh), the 3’ extemal probe detected a 6.5-kb band in the wild-type

allele and a 5.0-kb band in the targeted allele.

verified by Southern blot analysis using two external
probes derived from the 5’ external sequence from the
EcoRI site to the Smal site, and from the 3’ external
sequence from the Apal site to the EcoRI site (Fig. 1A).
Identified homologous recombinant clones were transi-
ently transfected with Cre recombinase expression vector
pBS185 (Invitrogen) in order to remove the HPRT expres-
sion cassette from the recombinant allele. Clones were
screened in 6-thioguanine (SIGMA) and deletion of the
HPRT expression cassette was verified by Southern blot
analysis using the external probes.

2.4. Generation of A3JAR-humanized mice

The ES cell clones were injected into 3.5-day-old blas-
tocysts from CS57BL/6] mice (CLEA Japan, Tokyo, Japan)
and were then transferred into the oviducts of pseudopreg-
nant ICR females (CLEA Japan). The chimeric males were
backcrossed to C57/BL6J mice and germ-line transmission
of the mutant allele was detected by Southern blot analysis of
tail-biopsy DNA from agouti offspring. Heterozygotes were
intercrossed to produce homozygotes. The mice were main-
tained under specific pathogen-free conditions. This study
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was conducted according to the Guidelines for the Care
and Use of Laboratory Animals of Kyowa Hakko Kogyo
Co. Ltd., in compliance with national laws and policies.

2.5. Generation of BMMCs

BMMCs were generated from femoral bone marrow
cells of 8- to 10-week-old mice according to a previously
described method [22]. Briefly, the cells were grown in
BMMC medium, which consist of RPMI 1640 (Invitrogen)
supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (JRH Biosciences, Lenexa, KS), 50 M 2-mercap-
toethanol (Invitrogen), 10 mg/L. gentamicin (Nacalai Tes-
que, Kyoto, Japan), 100 pM non-essential amino acid,
100 puM sodium pyruvate, and 10% (v/v) pokeweed mito-
gen-stimulated spleen-conditioned medium as a source of
mast cell growth factors [23], at 37 °C in a humidified
atmosphere of 5% CO, in air. After 5 weeks, more than
95% of the non-adherent cells were identifiable as
BMMCs, as determined by FACS analysis of the cell
surface expression of c-kit and high-affinity IgE receptor.

2.6. Reverse transcription-polymerase chain reaction
(RT-PCR)

Total RNAs were isolated from mouse tissues and
BMMCs using the RNeasy kit (QIAGEN, Hilden, Germany)
and single-stranded cDNAs were synthesized from 3 pg of
each total RNA using the Superscript first-strand synthesis
system for RT-PCR (Invitrogen) according to the manufac-
turer’s instructions. PCR primers were synthesized for the
human A3AR (sense primer 5-AACAGCA CTG
CTCTGTCATTGGCC-3' and antisense primer 5'-TCAGA
GGGATGGCAGACCACACAG-3', which amplify a 911-
bp fragment), the mouse A3AR (sense primer 5-AACACC
ACGGAGACGGACTGGCTG-3' and antisense primer 5'-
AATCTGAGGTCTGACAGAGCCTGAG-3’, which amp-
lify a 913-bp fragment), and B-actin (sense primer 5'-
GATATCGCTGCGCTCGTCGTCGAC-3' and antisense
primer  5-CAGGAAGGAAGGCTGGAAGAGAGC-3,
which amplify a 793-bp fragment). These primers were
synthesized in Proligo (Boulder, CO). PCR was carried
out using TaKaRa ExTaq polymerase (TaKaRa BIO, Shiga,
Japan) in GeneAmp PCR System 9700 (Perkin-Elmer, Nor-
walk, CT). The following PCR conditions were used for the
A3AR cDNA: heating at 94 °C for 5 min and 30 subsequent
cycles at 94 °C for | minand 68 °C for 2 min. The following
PCR conditions were used for B-actin cDNA: heating at
94 °C for 5 min and 22 subsequent cycles at 94 °C for 1 min
and 68 °C for 2 min. The PCR products were subjected to
electrophoresis in 1.2% agarose gel for analysis.

2.7. Receptor binding assay

A saturation binding assay with the A3AR agonist
['**IJAB-MECA was carried out according to the method

of Saki et al. [24]. Briefly, membranes of the BMMCs
(100 wp.g) were incubated for 120 min at 25 °C with 2 U/ml
adenosine deaminase and 0.0625, 0.125, 0.25, 0.5, 1.0, or
2.0 nM ['*IJAB-MECA in binding assay buffer (Tris~HCI
buffer (50 mM, pH 7.4) containing 10 mM MgCl,). The
assays were performed in the presence of 1% of the final
concentration of dimethyl sulfoxide, and non-specific
binding was determined in the presence of 100 uM (R)-
PIA. Binding reactions were terminated by filtration of the
membranes through a MultiScreen GF/B filter (MILLI-
PORE, Bedford, MA). After three washes with ice-cold
binding assay buffer, the radioactivity of the samples was
determined using a COBRA +y-counter (Packard, Downers
Grove, IL). The competitive binding assay was carried out
according to the method described above (with the addition
of 0.8 nM ['**IJAB-MECA and 0.001, 0.01,0.1, 1.0, 10, or
100 nM KF26777).

2.8. Measurement of intracellular Ca®* concentration

BMMCs were incubated in BMMC medium with satur-
ating concentrations of anti-TNP IgE (100 ng/ml per 10°
cells) overnight. After washing the cells twice in Ca®*
assay buffer (115 mM NaCl, 5.4 mM KC1, 0.8 mM MgCl,,
1.8 mM CaCl,, 13.8 mM glucose, 2.5 mM Probenecid, and
20 mM HEPES, pH 7.4, with 0.2%, w/v, BSA), they were
incubated for 60 min at 37 °C with 5 uM Fluo-3 AM and
0.5% pluronic F-127 in the Ca?* assay buffer in the dark.
After the cells were washed twice in Ca®* assay buffer,
2.5 x 10* cells were transferred to each well of 96-well
plates and were suspended in the Ca’* assay buffer at
2.5 x 10° cells/ml. After incubation for 20 min, the fluor-
escence intensity of Fluo-3 in each well was quantified
using FDSS 6000 (Hamamatsu Photonics, Shizuoka,
Japan) [25]. For measurement of the antagonist activity,
the BMMCs were incubated with 100 nM KF26777 for
5 min prior to the addition of 100 nM CI-IB-MECA. The
Fluo-3 intensities were monitored every second and were
plotted as a ratio against the Fluo-3 intensity at the resting
calcium level. Presented data are representative of five
independent experiments.

2.9. B-Hexosaminidase release assay

B-Hexosaminidase release from the BMMCs was mea-
sured according to modified versions of previously described
methods [22,26]. After the anti-TNP IgE-saturated BMMCs
(see above) were washed twice in phosphate buffered saline
(PBS), the cells were suspended in Tyrode buffer (130 mM
NaCl, 5 mM KCl, 0.6 mM KH,PO,, 0.6 mM MgCl,, | mM
CaCl,, 0.1%, wiv, glucose, 10 mM HEPES (pH 7.4), and
0.1%, wiv, BSA) and 5 x 10° cells were transferred to 96-
well plates. The cells were pre-incubated in the presence and
absence of 10 nMKF26777 for 1 min prior toincubation with
the indicated concentration of CI-IB-MECA or chemokine
(MIP-1o: or RANTES) for 1 min at 37 °C. The cells were
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stimulated with 10 ng/ml TNP-BSA for 30 minat37 °C. The
reactions were terminated by centrifugation at 2000 x g for
5 min at 4 °C, and the activity of B-hexosaminidase release
from the BMMC:s in the supernatant was assessed with p-
nitrophenyl-N-acetyl-B-p-glucosaminide (SIGMA). The
results were expressed as a percentage of the total Triton
X-100-releasable B-hexosaminidase in whole cells.

2.10. Western blot analysis

BMMCs were stimulated by 1 uM CI-IB-MECA at
37 °C for 0, 3, or 15 min. After two washes in ice-cold
PBS, the cells were lysed in lysis buffer (62.5 mM Tris-
HCI (pH 6.8), 2%, w/v, SDS, 10%, v/v, glycerol, 50 mM
dithiothreitol, 0.1%, w/v, bromophenol blue) and boiled for
2 min. The cellular debris was removed by centrifugation,
and the samples were resolved by SDS-polyacrylamide gel
electrophoresis using e-PAGEL 5-20% (w/v) polyacryla-
mide gels (ATTO, Tokyo, Japan). After transfer of the
proteins onto polyvinylidene difluoride membranes, pro-
tein phosphorylation was detected with rabbit phospho-
specific ERK1/2, phospho-specific PKB, goat anti-rabbit
horseradish peroxidase-coupled secondary antibody, and
the Phototope HRP Western Blot Detection Kit. To confirm
equal loading in each lane, parallel immunoblots were run
in order to detect the unphosphorylated ERK1/2 and PKB
using the ERK1/2 and PKB antibodies.

2.11. Internalization assay

A3AR internalization was quantified by evaluating
changes in the receptor surface density after treatment of
the BMMCs with 1 uM CI-IB-MECA at 37 °C for 15 min.
At the end of the incubation period, the cells were rapidly
washed twice with ice-cold PBS in order to remove the Cl-
IB-MECA. The amount of A3AR on the cell surface was
evaluated as described above by receptor binding assay
(with the addition of 2 nM ['*IJAB-MECA). The A3AR
density was expressed as the percentage of total binding
versus control Cl-IB-MECA-untreated cells (100%).

2.12. Data analysis

The binding parameters were calculated using Prism
software (GraphPAD, San Diego, CA). The ICs, values
obtained from the competition curves were converted to K;
values by using the Cheng and Prusoff equation {27].
3. Results

3.1. Targeted replacement of the mouse A3AR gene by
its human counterpart in mice

The replacement of the mouse A3AR gene by the human
A3AR c¢DNA was accomplished in mouse ES cells using a

homologous recombination system according to the strat-
egy shown in Fig. 1A. After electroporation of the linear-
ized targeting vector into the mouse ES cells, HAT-
resistant clones were screened by Southern blot analysis.
Sixteen of the 400 clones gave bands of the expected size
for the targeted allele. Four of these clones transiently
expressed Cre recombinase, and removal of the HPRT
expression cassette from the recombinant allele through
the Cre/loxP recombination system in 6-thioguanine-resis-
tant clones was ascertained by Southern blot analysis.
Injection of the clones into C57BL/6J blastocysts produced
20 chimeric males exhibiting contributions from the ES
cells ranging from 60 to 100%, as based on the amount of
agouti coloring in the animal’s coat. Four of these mice
transmitted the recombinant allele through the germ line.
The male chimeras were bred to C57BL/6J mice, and
heterozygous offspring (A3AR™® mice) were born. Homo-
zygous mice (A3AR™ mice) were obtained in crosses
between A3AR™" mice with the expected Mendelian
inheritance. The phenotypes were detected by Southern
blot analysis of tail-biopsy DNA (Fig. IB).

3.2. Normal expression of human A3AR mRNA in
A3AR™ mice

Next, we measured the mRNA expression levels of
human A3AR in A3AR™ mice using RT-PCR analysis.
The expression levels and distribution of the human A3AR
mRNA in A3AR™ mice were the same as those of the
mouse A3AR mRNA in wild-type mice (Fig. 2). In addi-
tion, no expression of the mouse A3AR mRNA in A3AR™
mice was detected (Fig. 2B).

(A) wild-type mice
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Fig. 2. Expression of human A3AR mRNA in A3ARP mice. The expres-
sion levels of mouse or human A3AR mRNA in wild-type (A) and A3ARD®
mice (B) were assayed using RT-PCR. The expression of B-actin mRNA was
detected as a control.
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3.3. Characteristics of ['*’IJAB-MECA binding in
BMMC membranes from A3AR™ mice

In order to evaluate whether or not the human A3AR was
functionally expressed on mouse BMMCs, the specific and
saturable binding of the A3AR agonist [ >’ IJAB-MECA was
measured on membranes obtained from BMMCs (Fig. 3A).
No differences were observed in terms of the A3AR density
on BMMCs from A3AR™ and wild-type mice (Bpay values
for BMMCs from A3ARM and wild-type mice were
186.2 + 18.9 and 178.8 = 11.5 fmol/mg of protein, respec-
tively). The dissociation constant of ['’I[J AB-MECA for the
mouse A3AR on BMMCs from wild-type mice (Ky value,
1.45 £ 0.17 nM; Fig. 3A) was comparable to that for rat
A3AR (K4 value, 1.46 nM [28]). The K; value of KF26777,a
human A3AR-selective antagonist, for the mouse A3AR
was > 10,000 nM (Fig. 3B), which is also equal to that for the
rat A3AR [24]. However, the K, value for the human A3AR
on BMMCs from A3AR™ mice was 1.42+0.27nM
(Fig. 3A), which was two-fold lower than that in human
A3AR-expressing human embryonic kidney 293 (HEK293)
cells, as measured previously according to the same methods
used here (0.67 £ 0.03 nM [24]). The K; value of KF26777
for the human A3AR on BMMCs from A3AR™ mice was
0.27 &+ 0.11 nM (Fig. 3B), which was equivalent to that on
the A3AR-expressing HEK293 cells (0.20 & 0.038 nM
[24)).
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Fig. 4. The A3AR agonist induces a [Ca®*]; increase in the BMMCs from A3AR™ mice. BMMCs derived from wild-type (A~C) and A3 AR™ mice (D-F) were
preloaded with Fluo-3/AM and then were stimulated with Ca®* assay buffer (A and D) or 100 oM CI-IB-MECA (B, C, E, and F). The BMMCs were pre-
incubated with 100 nM KF26777 prior to the addition of CI-IB-MECA (C and F). Fluo-3 fluorescence images were registered using FDSS 6000 system, and the
relative fluorescence intensities were plotted.
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3.4. The intracellular Ca** response induced by
human A3AR in BMMCs from A3AR™" mice

The A3AR elicits a Ca?* response via heterotrimeric G
proteins of the Gy, family [4-6]. To determine whether or
not the stimulation of the human A3AR could lead to an
increase in the intracellular Ca®* concentration ([Ca*};) in
mice, the alteration of [Ca**]; in BMMCs from A3ARM
mice by a selective A3AR agonist, CI-IB-MECA, was
measured using the fluorescent Ca®* indicator Fluo-3.
Cl-IB-MECA was able to rapidly induce an increase in
[Ca®"]; in the BMMCs from wild-type and A3AR™ mice
(Fig. 4B and E). These [Ca®*); increases, inducing in a
dose-dependent manner with saturated response of 100 nM
Cl-IB-MECA, were inhibited by the pre-treatment of
200 ng/ml pertussis toxin, a inhibitor of Gy, proteins (data
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Fig. 5. No potentiation of antigen-dependent mast cell degranulation is
elicited by the A3AR agonist in BMMCs from A3AR™ mice. BMMCs
derived from wild-type (A) and A3AR™ mice (B) were pre-incubated
overnight with anti-TNP IgE and then were incubated in the absence (open
bars) and presence (closed bars) of antigen, 10 ng/ml TNP-BSA, for 20 min.
The cells were incubated with CI-IB-MECA (0, 0.1, 10, and 1000 nM) for
1 min prior to stimulation with the antigen. B-Hexosaminidase released in
the supernatant was measured using p-nitrophenyl-N-acetyl-8-glucosami-
nide. (C) B-Hexosaminidase release in IgE-sensitized BMMCs from wild-
type and A3AR™ mice stimulated with TNP-BSA for 1 min, followed by
stimulation with MIP-1« (10 nM, closed bars) or RANTES (10 nM, striped
bars), is shown. Values are means = S.E.M. from three deferminations in
triplicate. “p < 0.05 compared with the values in the absence of CI-IB-
MECA (A) or MIP-1a and RANTES (C).

not shown). In addition, the mobilization of [Ca®*}; in the
BMMCs from A3AR™ mice (Fig. 4F), but not in those
from wild-type mice (Fig. 4C), was antagonized by
KF26777. Similar results were also observed with the
fluorescence indicator Fura-2 (data not shown).

3.5. No potentiation of IgE/antigen-dependent
degranulation by human A3AR in BMMCs from A3AR™"
mice

IgE/antigen-induced mast cell degranulation is strongly
potentiated by A3AR via PI3Ky [9,26]. To investigate
whether or not the human A3AR mediates this response
in mouse mast cells, the amount of B-hexosaminidase
release [29] enhanced by CI-IB-MECA was evaluated
using IgE/antigen-stimulated BMMCs from A3AR™
mice. No differences in amounts of total hexosaminidase
in BMMCs from wild-type and A3AR™ mice were
observed (data not shown). The BMMCs from wild-type
mice demonstrated a dose-dependent increase in B-hex-
osaminidase, as previously reported [26] (Fig. 5A). How-
ever, the BMMCs from A3AR™ mice showed no such
change, in comparison to stimulation with IgE/antigen
alone (Fig. 5B). In mouse BMMCs, MIP-1cx and RANTES,
both of which are chemokine, are also known to activate
PI3K<y via chemokine receptors, and they also enhance
antigen/IgE-dependent mast cell degranulation {9], To
determine whether or not PI3Ky functions normally in
the BMMCs from A3AR™" mice, we investigated the
changes in f-hexosaminidase release mediated by MIP-
1o or RANTES via those chemokine receptors, and not via
the A3AR (Fig. 5C). No significant differences in the
potentiation of the IgE/antigen-dependent B-hexosamini-
dase release by MIP-la. or RANTES were observed
between A3AR™ mice and the wild-type mice.

BMMCs from
wild-type mice

BMMCs from
AIAR™ mice

{5 {miny
e phophorylated
e LRKIS2

[ 3 t5 (min} 0

et y
« total ERK1/2

phophaorylated
PKI3

e L0311 PKE

Fig. 6. No phosphorylation of ERK1/2 or PKB is induced by the A3AR
agonist in BMMCs from A3AR™ mice. BMMCs from wild-type (left
panels) and A3AR™ mice (right panels) were stimulated by 1 pM Cl-IB-
MECA for 0, 3, and 15 min. The cells were washed and lysed, and then the
phosphorylation of ERK1/2 and PKB was detected by Western blot analysis
with anti-phosphorylated ERK1/2 or PKB antibodies. Total ERK1/2 and
PKB levels were detected with anti-ERK1/2 and anti-PKB antibodies.
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Fig. 7. The A3AR internalization induced by the A3AR agonist in BMMCs
from wild-type or ASAR™ mice. BMMCs were incubated with 1 uM Cl-
IB-MECA at 37 °C for 15 min. After incubation, the cells were washed to
remove the agonist, and the A3AR density on the cell surface was evaluated
by measuring the extent of [**[JAB-MECA binding for 120 min. Data are
expressed as a percentage of total binding vs. control CI-IB-MECA-
untreated cells (100%). Values are mean £ S.E.M. from three determina-
tions in triplicate. “p < 0.05 compared with wild-type mice.

3.6. The human A3AR does not lead to the
phosphorylation of either PKB or ERK1/2 in BMMCs
from ASAR™ mice

The A3AR is known to phosphorylate PKB and ERK1/2
in a PI3K-y-dependent manner [4,9]. In order to evaluate
whether the activation of the human A3AR leads to the
phosphorylation of PKB and ERK1/2 via PI3Ky in the
BMMCs from A3AR™® mice, the BMMCs stimulated by
CI-IB-MECA were subjected to immunoblotting with anti-
phospho PKB and ERK1/2 antibodies. Consistent with the
resuits of the investigation of 3-hexosaminidase release,
the human A3AR, when stimulated by CI-IB-MECA, did
not induce the phosphorylation of either PKB or ERK1/2 in
the BMMCs from A3AR™® mice, unlike in the wild-type
mice (Fig. 6).

3.7. The internalization of human A3AR induced by an
A3AR agonist on BMMCs from A3AR™ mice

It has been reported that the phosphorylation of MAPKSs,
such as ERK1/2, is necessary for A3AR desensitization
and internalization [30]. We therefore examined the A3AR
internalization induced by CI-IB-MECA in these BMMCs
(Fig. 7). The internalization of the human A3AR in the
BMMCs from A3AR™ mice was significantly lower than
that in the BMMCs from wild-type mice.

4. Discussion

Animal studies using rodents are essential in the field of
pharmacology, especially for the early preclinical stages of
drug development. However, previous studies have shown
that a large number of selective agonists and antagonists
for the human GPCR have reduced affinity for the rodent
counterpart [31]; it has therefore remained impossible to

evaluate the pharmacological effect of the targeted GPCR
in rodents. In particular, the A3AR, which shows only 74%
homology between human and rodent (other GPCRs
usually show homology sequence ranging from 85-
95%), is strongly faced with this problem [16,17]. A
number of studies regarding the A3AR have demonstrated
that the A3AR plays important roles in a variety of
physiological process and the A3AR antagonists may be
therapeutically useful for the treatment of asthma and
inflammation [16-21,26]. However, the evaluation of
highly potent and selective antagonists for the human
A3AR using rodent animals has been hampered by the
unique species specificity between the rodent and human
A3AR in terms of their respective antagonist-binding
affinities [17]. To overcome this problem, we generated
the A3AR-humanized mice, A3AR™ mice, in which the
mouse A3AR gene was replaced by its human counterpart
by a homologous recombination technique according to the
strategy shown Fig. 1A.

To date, there have been no reports of GPCR-humanized
mice, although a few generations of gene-humanized mice
have been reported [32-34]. In a previous study of ery-
thropoietin (EPO) receptor-humanized miice, it was shown
that the mRNA expression of the human EPO receptor was
silenced by the insertion of the expression cassette of a
neomycin-resistant gene, used as a positive selection mar-
ker, in the recombinant allele {34]. For this reason, we
excluded the HPRT expression cassette as a positive selec-
tion marker from the recombinant allele in ES cells using a
Cre/loxP system. As a result, the expression levels of the
human A3AR in A3AR™ mice were equal to those of the
mouse A3AR in wild-type mice (Figs. 2 and 3).

Next, we examined the physiological functions of the
human A3AR in A3AR™ mice. The agonist-mediated
human A3AR elevated the [Ca®*); in BMMCs derived
from A3ARM mice (Fig. 4); this elevation was completely
antagonized by a highly potent and selective antagonist for
the human A3AR, KF26777. However, the agonist-
mediated human A3AR was unexpectedly unable to elicit
the potentiation of IgE/antigen-dependent mast cell degra-
nulation in the humanized BMMCs (Fig. 5B). To address
the reason for which the human A3AR did not lead to the
potentiation of mast cell degranulation, we investigated
PI3Ky activation by the human A3AR in A3AR™ mice.
Recent studies have demonstrated that PI3Kvy is essential
for the potentiation of mast cell degranulation by the
A3AR [9]. It is known that PI3Kwy is activated by the
B subunits of some members of the Gy, family coupled to
the A3AR, which then leads the PI3Ky-induced phosphor-
ylation of PKB, as well as that of members of the MAPK
family, such as ERK1/2 and p38 {6,10]. Here, no human
A3AR-induced phosphorylation of ERK 1/2 and PKB was
observed in the BMMCs from A3ARP™ mice (Fig. 6).
Moreover, the rate of human A3AR internalization, which
is known to be caused by MAPK activation [30], in the
BMMCs was lower than that observed in the BMMCs from
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wild-type mice (Fig. 7). However, normal PI3Ky activity
was stimulated by the chemokine MIP-1a or RANTES in
the BMMCs from A3AR™ mice (Fig. 5C). Taken together,
these results indicated that the reduced efficacy of A3AR
signaling via PI3K'y is likely to be caused by the decreased
coupling affinity between the human A3AR and the mouse
G, protein(s), which activates PI3K'y, despite the mouse G
protein(s) responsible for the [Ca**]; elevation are coupled
with the human A3AR. Our results therefore suggested that
the A3AR uses different G proteins for the activation of
PI3K~ and for the mobilization of [Ca**];, and the [Ca®*];
elevation induced by the A3AR makes no contribution to
the potentiation of mast cell degranulation. The reason why
the human A3AR was slightly internalized by the A3AR
agonist despite no phosphorylation of ERK1/2 remains to
be solved. The more detailed analysis of the human A3AR
in BMMCs and/or other A3AR highly expressing tissues,
such as brain and testis, will provide a new insight into the
mechanism of A3AR signaling.

It is generally thought that an uncoupling of G protein
from the GPCR leads to a relative reduction in the binding
affinity of the ligand to the GPCR [35-37]. Our findings
revealed that the binding affinity of ['*IJAB-MECA to the
human A3AR in A3AR™ mice was approximately two-
fold lower than that in a human cell line (Fig. 3A); these
findings thus suggest the existence of the uncoupling form
of the human A3AR in A3AR™ mice. It was also of note
that the binding affinity of KF26777 to A3AR was unaf-
fected by the uncoupling form (Fig. 3B) of the human
A3AR, thus suggesting that the tertiary structure required
for the binding of KF26777 might differ from that required
for the binding of ['*’[JAB-MECA.

It appears that the uncoupling of the mouse Gy, pro-
tein(s), which activates PI3KY, to the human A3AR is due
to the low intracellular region homology between the
human and mouse A3AR (only 78%). Auchampach
et al. have also reported that the canine A3AR, when
expressed in the African green monkey kidney cell line
COS-7 or in transgenic mice, also exhibits a low-affinity
state for the A3AR agonist, probably due to the decreased
coupling affinity between the canine A3AR and the G
protein(s) of other species [38,39]. In the case of EPO
receptor-humanized mice, a reduction in the efficiency of
EPO receptor signaling has been observed [34]. In order to
elucidate the signaling pathways downstream of the human
A3AR, most studies have taken advantage of cell lines
from different species (e.g., Chinese hamster ovary cell
lines). Numerous studies have shown that the human
A3AR on Chinese hamster ovary cells activates the MAPK
cascade via PI3Kry, despite our hypothesis that the cou-
pling of rodent G proteins to the human A3AR would be
insufficient to activate PI3K«y. Conceivably, this coupling
may be the result of the non-physiological over-expression
of the human A3AR on Chinese hamster ovary cells,
Actually, lack of A3AR-induced signaling in the engi-
neered rodent cells with low expression of human A3AR is

often rescued by co-expression of human Gy, proteins. To
settle this issue, the human/mouse chimeric A3AR, in
which G protein-coupled regions of the human A3AR
are exchanged with the corresponding regions of the mouse
A3AR, will be analyzed.

In conclusion, we reported here for the first time the
generation of mice with a replaced GPCR, i.e., the A3AR,
by its human counterpart. The human A3AR led to the
[Ca**); elevation via the mouse G protein(s). However, the
human A3AR did not activate the PI3K«y signaling path-
way involving the potentiation of mast cell degranulation,
which was most likely due to the uncoupling of the other
mouse Gj, protein(s) to the human A3AR. The results of
the present study suggested that the replacement of the
mouse A3AR with the human A3AR is insufficient to
generate the A3AR-humanized mice for the functional
evaluation of the human A3AR. In this context, it appears
necessary to generate mice with affinities for both the
human ligand and the mouse Gy, protein, such as those
with the human/mouse chimeric A3AR; the generation of
these mice is now in progress in our laboratory.

Acknowledgements

We thank Drs. Katsutoshi Sasaki, Kazumi Kurata-
Miura, and Satoshi Saeki for helpful discussion.

References

[1] Olah ME, Stiles GL. Adenosine receptor subtypes: characterization
and therapeutic regulation. Annu Rev Pharmacol Toxicol 1995;35:
581-606.

[2] Fredholm BB, Uzerman AP, Jacobson KA, Klotz KN, Linden J.
International Union of Pharmacology. XXV. Nomenclature and
classification of adenosine receptors. Pharmacol Rev 2001;53:
527-52.

{3) Klinger M, Freissmuth M, Nanoff C. Adenosine receptors: G protein-
mediated signalling and the role of accessory proteins. Cell Signal
2002:14:99-108.

{4} Schulte G, Fredholm BB. Signaling pathway frorn the human adeno-
sine Aj receptor expressed in Chinese hamster ovary cells to the
extracellular signal-regulated kinase 1/2. Mol Pharmacol 2002:62:
1137-46.

[5] Englert M, Quitterer U, Klotz KN. Effector coupling of stably
transfected human Aj adenosine receptors in CHO cells. Biochem
Pharmacol 2002;64:61-5.

[6] Schulte G, Fredholm BB. Signalling from adenosine receptors to
mitogen-activated protein kinases. Cell Signal 2003;15:813-27.

[7] Ghosh M, Smrcka AV. Assay for G protein-dependent activation of
phospholipase C B using purified protein components. Methods Mol
Biol 2004;237:67-75.

[8] Stephens LR, Eguinoa A, Erdjument-Bromage H, Lui M, Cooke F,
Coadwell 1, et al. The GRy sensitivity of a PI3K is dependent upon a
tightly associated adaptor, p101. Cell 1997;89:105-14.

9] Laffargue M, Calvez R, Finan P, Trifilieff A, Barbier M, Altruda F, et
al. Phosphoinositide 3-kinase v is an essential amplifier of mast cell
function. Immunity 2002;16:441-51.

{10] Hammarberg C, Fredholm BB, Schulte G. Adenosine Az receptor-
mediated regulation of p38 and extracellular-regulated kinase ERK1/2



1496 K. Yamano et al./ Biochemical Pharmacology 70 (2005) 1487-1496

via phosphatidylinositol-3'-kinase. Biochem Pharmacol 2004;67:
129-34,

(11] Widmann C, Gibson S, Jarpe MB, Johnson GL. Mitogen-activated
protein kinase: conservation of a three-kinase module from yeast to
human. Physiol Rev 1999;79:143-80.

{12] Chan TO, Rittenhouse SE, Tsichlis PN. AKT/PKB and other D3
phosphoinositide-regulated kinases: kinase activation by phosphoino~
sitide-dependent phosphorylation. Annu Rev Biochem 1999;68:965~
1014.

{13] Zhang W, Liu HT. MAPK signal pathways in the regulation of cell
proliferation in mammalian cells. Cell Res 2002;12:9-18.

[14] Franke TF, Hornik CP, Segev L, Shostak GA, Sugimoto C. PI3K/Akt
and apoptosis: size matters. Oncogene 2003;22:8983-98.

[15] Roux PP, Blenis I. ERK and p38 MAPK-activated protein kinases: a
family of protein kinases with diverse biological functions. Microbiol
Mol Biol Rev 2004;68:320-44.

[16] Baraldi PG, Cacciari B, Romagnoli R, Merighi S, Varani K, Borea PA,
et al. As adenosine receptor ligands: history and perspectives. Med Res
Rev 2000;20:103-28.

{17} Miiller CE. Medicinal chemistry of adenosine Aj; receptor ligands.
Curr Top Med Chem 2003;3:445-62.

{18] Fishman P, Bar-Yehuda S. Pharmacology and therapeutic applications
of Aj receptor subtype. Curr Top Med Chem 2003;3:463-9.

[19] Tilley SL, Tsai M, Williams CM, Wang Z8, Erikson CJ, Galli SJ, et al.
Identification of Aj receptor- and mast cell-dependent and -indepen-
dent components of adenosine-mediated airway responsiveness in
mice. J Immunol 2003;171:331-7.

{20] Zhong H, Shlykov SG, Molina JG, Sanborn BM, Jacobson MA, Tilley
SL, et al. Activation of murine lung mast cells by the adenosine A3
receptor. J Immunol 2003;171:338-45.

[21] Young HW, Molina JG, Dimina D, Zhong H, Jacobson M, Chan LN, et
al. A5 adenosine receptor signaling contributes to airway inflammation
and mucus production in adenosine deaminase-deficient mice. J
Immunol 2004;173:1380-9.

[22] Supajatura V, Ushio H, Nakao A, Okumura K, Ra C, Ogawa H.
Protective roles of mast cells against enterobacterial infection are
mediated by Toll-like receptor 4. J Immunol 2001;167:2250-6.

[23] Nakahata T, Spicer SS, Cantey JR, Ogawa M. Clonal assay of mouse
mast cell colonies in methylcellulose culture. Blood 1982;60:352-61.

[24] Saki M, Tsumuki H, Nonaka H, Shimada J, Ichimura M. KF26777 (2-
(4-bromopheny!)-7,8-dihydro-4-propyl-1H-imidazo[2,1-i}purin-
5(4H)-one dihydrochloride), a new potent and selective adenosine Aj
receptor antagonist. Eur J Pharmacol 2002;444:133-41.

{25] Kao JP, Harootunian AT, Tsien RY. Photochemically generated cyto-
solic calcium pulses and their detection by fluo-3. J Biol Chem 1989;
264:8179-84.

[26] Salvatore CA, Tilley SL, Latour AM, Fletcher DS, Koller BH,
Jacobson MA. Disruption of the Aj adenosine receptor gene in mice
and its éffect on stimulated inflammatory cells. ¥ Biol Chem 2000;275:
4429-34.

(27] Cheng Y, Prusoff WH. Relationship between the inhibition constant
(K;) and the concentration of inhibitor which causes 50% inhibition
(ICso) of an enzymatic reaction. Biochem Pharmacol 1973;22:3099-
108.

[28] Li AH, Moro S, Forsyth N, Melman N, Ji XD, Jacobson KA.
Synthesis, COMFA analysis, and receptor docking of 3,5-diacyl-2,4-
dialkylpyridine derivatives as selective A3 adenosine receptor antago-
nists. J Med Chem 1999;42:706-21.

[29] Schwartz LB, Austen KF, Wasserman SI. Immunologic release of -
hexosaminidase and B-glucuronidase from purified rat serosal mast
cells. J Immunol 1979;123:1445-50.

{30] Trincavelli ML, Tuscano D, Marroni M, Klotz KN, Lucacchini A,
Martini C. Involvement of mitogen protein kinase cascade in agonist-
mediated human A; adenosine receptor regulation. Biochim Biophys
Acta 2002;1591:55-62.

[31] Watson S, Arkinstall S. The G-protein linked receptor FactsBook.
London: Academic Press, 1994.

[32] Stacey A, Schnieke A, Kerr M, Scott A, McKee C, Cottingham 1, et al.
Lactation is disrupted by a-lactalbumin deficienicy and can be restored
by human a-lactalbumin gene replacement in mice. Proc Natl Acad
Sci USA 1995;92:2835-9.

[33] Kitamoto T, Nakamura K, Nakao K, Shibuya S, Shin RW, Gondo Y, et
al. Humanized prion protein knock-in by Cre-induced site-specific
recombination in the mouse. Biochem Biophys Res Commun 1996;
222:742-7.

[34] Divoky V, Liu Z, Ryan TM, Prchal JF, Townes TM, Prchal JT. Mouse
model of congenital polycythemia: homologous replacement of mur-
ine gene by mutant human erythropoietin receptor gene. Proc Natl
Acad Sci USA 2001;98:986-91.

[35] Kenakin T. Efficacy in drug receptor theory: outdated concept or
under-valued tool? Trends Pharmacol Sci 1999;20:400-5.

{36] Strange PG. Mechanisms of inverse agonism at G-protein-coupled
receptors. Trends Pharmacol Sci 2002;23:89-95.

[37] Christopoulos A, Kenakin T. G protein-coupled receptor allosterism
and complexing. Pharmacol Rev 2002;54:323~74.

[38) Auchampach JA, Jin X, Wan TC, Caughey GH, Linden J. Canine mast
cell adenosine receptors; cloning and expression of the A3 receptor and
evidence that degranulation is mediated by the A,y receptor. Mol
Pharmacol 1997;52:846-60.

{391 Black Jr RG, Guo Y, Ge ZD, Murphree §S, Prabhu SD, Jones WK, et
al. Gene dosage-dependent effects of cardiac-specific overexpression
of the A adenosine receptor. Circ Res 2002;91:165-72.



BIOCHEMICAL PHARMACOLOGY 71 {2006) 294-3066

ELSEVIER

journal homepage: www.elsevier.bom/xocate/b'iochempharm

available at www.sciencedirect.com

SCIENCE| DIREGCT®

Generation of adenosine A3 receptor functionally
humanized mice for the evaluation of the

human antagonists

Kazuya Yamano®, Miho Inoue®, Shigehiro Masaki®, Mayumi Saki®,
Michio Ichimura ®, Mitsuo Satoh *

3Tokyo Research Laboratories, Kyowa Hakko Kogyo Co. Ltd., 3-6-6 Asahi-machi, Machida-shi, Tokyo 194-8533, Japan
b Pharmaceutical Research Center, Kyowa Hakko Kogyo Co. Ltd., 1188 Shimotogari, Nagaizumi-cho, Sunto-gun,

Shizuoka 411-8731, Japan

ARTICLE INFO

Article history:
Received 2 September 2005
Accepted 17 October 2005

Keywords:

Adenosine A3 receptor

G protein-coupled receptor
Chimeric receptor

Uncoupling

A3AR functionally humanized mice
Species difference

Abbreviations:

A3AR, adenosine A3 receptor
A3ARY® mice,
A3AR-chimeric mice

A3ARM mice,
A3AR-humanized mice
BMMCs, bone marrow-derived
mast cells

[Ca?*};, intracellular Ca?*
concentration

Cl-IB-MECA, 2-chloro-N°®-
(3-iodobenzyl)adenosine-
5'-N-methyluronamide

DT-A, diphtheria toxin

A fragment

ABSTRACT

Although the adenosine Aj receptor (A3AR), which is a Gy, protein-coupled receptor, has
attracted considerable interest as a potential target for drugs against asthma or inflamma-
tion, the in vivo evaluation of the antagonists using rodents in the first step of drug
development has been hampered by the lack of highly potent antagonists for the rodent
A3AR. To evaluate the pharmacological effects of human A3AR antagonists in mice, we
previously generated A3AR-humanized mice, in which the mouse A3AR gene was replaced
by its human counterpart. However, the human A3AR did not lead to the phosphoinositide
3-kinase (PI3K) y-signaling pathway such as IgE/antigen-dependent mast cell degranulation,
probably due to the uncoupling of the mouse Gy, protein(s). To overcome the uncoupling, we
here generated A3AR functionally humanized mice by replacing the mouse A3AR gene with
a human/mouse chimeric A3AR sequence in which whole intracellular regions of the
human A3AR were substituted for the corresponding regions of the mouse A3AR. The
chimeric A3AR led to intracellular Ca®* elevation and activation of the PI3Ky-signaling
pathway, which are equivalent to the actions induced by A3AR in wild-type mice. The
human A3AR antagonist had the same binding affinities for the chimeric A3AR as the
human A3AR and completely antagonized this potentiation. This is the first direct evidence
that the uncoupling of mouse G protein(s} to the human A3AR is due to a sequence
difference in the intracellular regions of A3AR. The A3AR functionally humanized mice
can be widely employed for pharmacological evaluations of the human A3AR antagonists.
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GPCR, G protein-coupled
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aminopterin/thymidine

HPRT, hypoxanthine
phosphoribosyltransferase
[***1)AB-MECA, N°-{4-amino-3-
[**Iliodobenzyl)adenosine-5'-
N-methyluronamide

KF26777, 2-(4-bromophenyl)-7,
8dihydro-4-propyl-1H-
imidazo[2,1-ijpurin-5(4H)-

one dihydrochloride

MAPK, mitogen-activated

protein kinase

PCR, polymerase chain reaction
PI3K~v, phosphoinositide 3-kinase vy
PKB, protein kinase B

(R)-PIA, (R)-N°-
phenylisopropyladenosine
RT-PCR, reverse transcription-PCR
TNP, 2,4,6-trinitrophenyl

anti-TNP IgE, monoclonal IgE
antibody against 2,4,6-trinitrophenyl

1. Introduction

G protein-coupled receptors (GPCRs) play key roles in diverse
cellular processes, and these receptors are also known as
attractive targets of therapeutic agents against various human
diseases [1-4]. The GPCRs are the target of over 50% of the
modern therapeutic agents on the market, and large numbers
of novel compounds for GPCRs are continuously being
identified and developed [3}. In this process of drug discovery
and development, animal studies using rodents are important
steps for understanding the in vivo physiological roles of the
target GPCRs and evaluating the pharmacological effects of the
agents against the target diseases. However, the in vivo
studies for the human-selective agents are often hampered
severely by the low affinities for the rodent GPCRs, due to the
low homology between the human and rodent GPCRs [5]. This
is particularly true for adenosine A; receptor (A3AR), which
shows only 74% homology between humans and rodents
(other GPCRs usually show sequence homologies ranging from
85 to 95% between different species) [6,7].

The A3AR is one of the four GPCRs for adenosine; it is
expressed in a broad spectrum of tissues and couples to Gys
proteins [8-10]. The ligand-stimulated A3AR leads to the
elevation of intracellular Ca®* concentration ([Ca*];) and the
activation of phosphoinositide 3-kinase (PI3K) v [11,12]. The
activated P13Ky leads to the phosphorylation of protein kinase
B (PKB) and members of the mitogen-activated protein kinase
(MAPK) family, including extracellular signal-regulated kinase
(ERK) 1/2 and p38 [11,13]. This A3AR-stimulated PI3Ky-

dependent signaling pathway is essential for the potentiation
of IgE/antigen-dependent mast cell degranulation [14] and the
A3AR internalization [15].

Many studies have reported that the A3AR plays arolein a
diverse range of diseases [7,16] by regulating apoptotic cell
death and the cell cycle [17-19] and by activating mast cells
[14,20-24], eosinophils {25,26], neutrophils [27], and natural
killer cells [28]. These reports suggest that the A3AR-selective
agents might be therapeutically useful for treatment of human
diseases. Indeed, recent studies using mast cell lines and
A3AR-deficient mice have shown that the A3AR antagonists
have potential as anti-asthmatic and anti-inflammatory drugs
[6,7,16,21~23,26]. Highly potent and selective antagonists for
the human A3AR have been screened and identified (K; values
in the 0.1 nM range) [6,7]. However, all of the A3AR antagonists
have 1000 times lower affinities for the rodent A3AR (K; values
in the 0.1 uM range) than for the human A3AR, because of the
low interspecies homology between the human and rodent
A3AR[6,7]. The lack of highly potent antagonists for the rodent
A3AR makes it very difficult to evaluate the pharmacological
potency of the A3AR antagonists in treatment for these
diseases in rodent models.

In our previous study, we generated A3SAR-humanized mice
(A3AR™® mice), in which the A3AR gene was replaced by its
human counterpart, in order to evaluate pharmacological
effects of the human A3AR antagonists in mice {28]. The
human A3AR normally led to the mobilization of [Ca®}; in
A3AR™ mice. However, unexpectedly, the human A3AR did
not lead to the phosphorylation of PKB and ERK1/2, the
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potentiation of IgE/antigen-dependent mast cell degranula-
tion, or the A3AR internalization in A3AR™® mice, probably
due to the uncoupling of member(s) of the mouse G proteins
for the activation of PI3Ky. Although KF26777, a highly potent
and selective antagonist for the human A3AR {30], bound to
the human A3AR (K; value, 0.2nM) and completely antag-
onized the [Ca®*}; elevation in A3AR™® mice, the pharmaco-
logical effects of KF26777 as an anti-inflammatory agent could
not be evaluated because the mast cell degranulation was not
potentiated.

To overcome the uncoupiihg. we here generated A3AR
functionally humanized mice (A3ARY mice) by replacing the
mouse A3AR gene with a human/mouse chimeric A3AR
sequence in which whole intracellular regions of the human
A3AR were substituted for the corresponding regions of the
mouse A3AR. In A3ARY® mice, the chimeric A3AR led to
intracellular Ca?* elevation and activation of the PI3Ky-
signaling pathway, including such actions as the phosphor-
ylation of ERK1/2 and PKB, the potentiation of IgE/antigen-
dependent mast cell degranulation, and the A3AR internaliza-
tion, all of which are equivalent to those induced by A3AR in
wild-type mice. The human A3AR antagonist had the same
binding affinities for the chimeric A3AR as the human A3AR
and completely antagonized this potentiation. These results
demonstrate that A3AR functionally humanized mice can be
widely employed for pharmacological evaluations of the
human A3AR antagonists. This is the first direct evidence
that the uncoupling of mouse G protein(s) to the human GPCR
A3ARis due to the sequence difference in intracellular regions
of the receptor, and should provide new insight into the
mechanism of G protein/GPCR coupling and its differences
among species.

2. Materials and methods
2.1. Animals

C57BL/6] mice, which were used as wild-type control, were
purchased from CLEA Japan (Tokyo, Japan). The human A3AR-
humanized mice (A3AR™ mice) were generated and geno-
typed as previously described [29]. All animals were main-
tained under a specific pathogen-free condition. This study
was conducted according to the Guidelines for the Care and
Use of Laboratory Animals of Kyowa Hakko Kogyo Co. Ltd., in
compliance with national laws and policies.

2.2, Materials

NE-(4-Amino-3-[**IJiodobenzyljadenosine-5'-N-methylurona-

mide ([*®IJAB-MECA, specific activity, 74 TBg/mmol) was
purchased from Amersham (Buckinghamshire, UK). Adenosine
deaminase and (R)-N°-phenylisopropyladenosine ((R)-PIA) were
from Sigma (St. Louis, MO). Rabbit anti-ERK1/2 antibody, rabbit
anti-phospho ERK1/2 (Thr202/Tyr204) antibody, rabbit anti-PKB
antibody, rabbit anti-phospho PKB (Ser473) antibody, and the
Phototope-HRP Western Blot Detection Kit were from Cell
Signals Technology (Beverly, MA). Fluo-3 AM and Fula-2 AM
was from Molecular Probes (Eugene, OR). 2-Chloro-NS-(3-
iodobenzyljadenosine-5'-N-methyluronamide  (Cl-IB-MECA)

and 2-(4-bromophenyl)-7 8dihydro-4-propyl-1H-imidazo[2,1-
i]purin-5(4H)-one dihydrochloride (KF26777) were synthesized
in our laboratories. 2,4,6-Trinitrophenyl bovine serum albumin
(TNP-BSA) was from LSL (Tokyo, Japan). Mouse monoclonal IgE
antibody against 2,4,6-trinitropheny! (anti-TNP igE) was pur-
ified from the culture supernatants of a TNP-immunized
mouse B lymphocyte cell line (American Type Culture Collec-
tion number; TIB-142).

2.3.  Construction of a targeting vector for
chimeric A3AR mice

The chimeric A3AR sequence (shown in Fig. 2B) was
synthesized by polymerase chain reaction (PCR) with over-
lapping oligonucleotides according to the method described
previously [31]. The targeting vector designed to replace the
open reading frame of the mouse A3AR gene by the chimeric
A3AR sequence was constructed by replacing the human A3AR
c¢DNA seguence with the chimeric A3AR sequence in the
targeting vector for A3AR™" mice [29]. Briefly, the targeting
vector consists of the diphtheria toxin A fragment (DT-A)
expression cassette as a negative selectable marker, a 6-kb
mouse genomic DNA region (from the Sma I site in the 5
external sequence to immediately upstream of the ATG
initiation codon in exon 1 of the A3AR gene), the chimeric
A3AR sequence, a 0.45-kb mouse genomic DNA region (from
immediately downstream of the TAG stop codon to the
polyadenylation site in exon 2 of the A3AR gene), the loxP
site-flanked hypoxanthine phosphoribosyltransferase (HPRT)
expression cassette as a positive selectable marker, and a 2.8-
kb mouse genomic DNA region (from the BamH I site in exon 2
to the Apa I site in the 3’ external sequence) (Fig. 3A).

2.4.  Homologous recombination in ES cells

The Sal I-linearized targeting vector was electroporated into
mouse embryonic stem (ES) cell line AB2.2 from the 129/SvEv
strain (Lexicon, The Woodlands, TX). Selected clones for
resistance to hypoxanthine/aminopterin/thymidine (HAT)
selection medium (Lexicon) were verified by Southern blot
analysis using two external probes derived from the 5’ external
sequence from the EcoR I site to the Smal site and the 3’ external
sequence from the Apa I site to the EcoR I site (Fig. 3A). Identified
homologous recombinant clones were transiently transfected
with Cre recombinase expression vector pBS185 (Invitrogen,
Carlsbad, CA) for the removal of the HPRT expression cassette
from the recombinant allele. Clones were screened in 6-
thioguanine {Sigma) and the deletion of the HPRT cassette
was verified by Southemn blot analysis using the external probes.

2.5.  Generation of A3ARY mice

The ES cell clones were injected into 3.5-day-old blastocysts
from C57BL/6] mice (CLEA, Japan) and were transferred into
the oviducts of pseudopregnant ICR females (CLEA, Japan).
The chimeric males were backcrossed to C57/BL6J mice and
germ-line transmission of the recombinant allele was
detected by Southern blot analysis of tail-biopsy DNA from
agouti offspring using the 5 or 3’ external probes. Hetero-
zygotes were intercrossed to produce homozygotes and their
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offspring were genotyped by Southern blot analysis using the
3' external probe (Fig. 3B).

2.6.  Generation of BMMCs

Bone marrow-derived mast cells (BMMCs) were generated
from the femoral bone marrow cells of 8- to 10-week-old wild-
type, A3AR™®, and A3ARY® mice according to the method
described previously [29]. Briefly, the cells were grown in
BMMC medium consisting of RPMI 1640 (Invitrogen) supple-
mented with 10% (v/v) heat-inactivated fetal bovine serum
(RH Biosciences, Lenexa, KS), 50 uM 2-mercaptoethanol
(Invitrogen), 10 mg/L gentamicin (Nacalai Tesque, Kyoto,
Japan), 100uM non-essential amino acids (Invitrogen),
100 uM sodium pyruvate (Invitrogen), and 10% (v/v) pokeweed
mitogen-stimulated spleen-conditioned medium at 37 °Cin a
humidified atmosphere of 5% CO, in air. After 5 weeks, more
than 95% of the nonadherent cells were identifiable as BMMCs,
as determined by FACS analysis of the cell surface expression
of c-kit and high-affinity IgE receptor.

2.7.  Reverse transcription (RT)-PCR analysis

Total RNAs were isolated from mouse tissues and BMMCs using
an RNeasy kit (QIAGEN, Hilden, Germany) and incubated for1 h
at 37 °C with 20 units of RNase-free DNase (Promega, Madison,
WI) to degrade genomic DNA. After DNA digestion, the total
RNAs were purified again using an RNeasy kit. The single-strand
cDNAs were synthesized from 3 ug of each total RNA using a
Superscript first-strand synthesis system for RT-PCR (Invitro-
gen). The two-fold diluted reaction mixtures were used as
templates for the following PCR. The PCR was carried out by
heatingat 94 °C for 5 min, followed by 22 cycles (for 3-actin) or 30
cycles (for A3ARs) of 94 °C for 1 min and 68 °C for2 min in 20 plof
reaction mixture containing 1 ul of the two-fold diluted single-
strand cDNA, 10 pmol of primers, 4 nmol of dNTP mixture, and
ExTaq polymerase (TaKaRa BIO, Shiga, Japan) using a GeneAmp
PCR System 9700 (Perkin-Elmer, Norwalk, CT). A 913-bp
fragment of chimeric A3AR cDNA was amplified using primers
5'-AACAGCACTGCTCTGTCATTGGCC-3 (designed as a sense
primer to specifically anneal to the 1st extracellular region of
human A3AR ¢DNA) and 5-AATCTGAGGTCTGACAGAGCCT-
GAG-3' (designed as a antisense primer to specifically anneal to
the 4th intracellular region of mouse A3AR cDNA), a 913-bp
fragment of mouse A3AR cDNA was amplified using primers 5'-
AACACCACGGAGACGGACTGGCTG-3 (designed as a sense
primer to specifically anneal to the 1st extracellular region of
mouse A3AR cDNA) and 5-AATCTGAGGTCTGACAGAGCCT-
GAG-3' (designed as a antisense primer to specifically anneal to
the 4th intracellular region of mouse A3AR cDNA), and a 793-bp
fragment of B-actin ¢cDNA was amplified using primers -
GATATCGCTGCGCTCGTCGTCGAC-3 and 5-CAGGAAGGAA-
GGCTGGAAGAGAGC-3'. The PCR products were subjected to
electrophoresis in 1.2% agarose gel for analysis.

2.8.  Receptor binding assay
The saturation binding assay with the A3AR agonist [**I)AB-

MECA was carried out according to a previous study [29]
Briefly, membranes of BMMCs (100 iug) were incubated for

120 min at 25 °C with 2 U/m] adenosine deaminase and 0.0625,
0.125,0.25, 0.5, 1.0, or 2.0 nM ['*]JAB-MECA in a binding-assay
buffer (50mM Tris-HCl buffer, pH 7.4, containing 10 mM
MgCly). The assays were performed in the presence of 1% of
the final concentration of dimethyl sulfoxide and non-specific
binding was determined in the presence of 100 uM (R)-PIA.
After incubation, the binding reactions were terminated by
filtration of the membranes through MultiScreen GF/B filter
(Millipore, Bedford, MA). The filters were washed with ice-cold
binding assay buffer, and the radioactivity was determined by
COBRA y-counter (Packard, Downers Grove, IL). The compe-
titive binding assays were carried out according to the method
described above (with the addition of 0.8 nM [**]JAB-MECA
and 0.001, 0.01, 0.1, 1.0, 10, or 100 nM KF26777).

2.9.  Measurement of intracellular Ca®* concentration

The measurement of [Ca®"]; was carried out according to a
previous study [29]. Briefly, BMMCs were incubated in BMMC
medium with saturating concentrations of anti-TNP IgE (100 ng/
ml/10° cells) overnight and were incubated for 60 min at 37 °C
with 5 pMFluo-3 AM or Fula-2 AM and 0.5% pluronic F-127 in the
Ca®" assay buffer (115 mM NaCl, 5.4 mM KCl, 0.8 mM MgCl,,
1.8 mM CaCl,, 13.8 mM glucose, 2.5 mM Probenecid, and 20 mM
HEPES, pH 7.4, and 0.2% (w/v) BSA). After washing twice in Ca®*
assay buffer, the 2.5 x 10° cells were transferred to each well of
96-well plates and incubated for 20 min. The fluorescence
intensity of Fluo-3 by the addition of 100 nM CI-IB-MECA was
quantified using FDSS 6000 (Hamamatsu Photonics, Shizuoka,
Japan). The Fluo-3 intensities were monitored every second and
were plotted as a ratio against the Fluo-3 intensity at the resting
calcium level. The measurement of [Ca®*}; mobilization using
Fula-2 was carried out as followings. The 5.0 x 10° cells loaded
with Fura-2 were transferred to each tubel and incubated for
30 min. The fluorescence intensity of Fura-2 by the addition of
100nM Cl-IB-MECA was quantified using CAF-110 (Japan
Spectroscopic, Tokyo, Japan). The Fura-2 intensities were
monitored every second and were plotted as the fluorescence
ratio at 340 and 380 nm. The data presented are representative
of five independent experiments. For measurements of the
antagonist activity, the BMMCs were pre-incubated with
100 nM KF26777 for 5min (Fluo-3) or 2 min (Fura-2) prior to
addition of 100 nM Cl-1B-MECA.

2.10.  Western blot analysis

The phosphorylation of PKB and ERK1/2 induced by the A3AR
was detected by the methods described previously [29]. Briefly,
BMMCs stimulated by 1 uM CI-IB-MECA at 37 °C for 0, 3, or
15 min were lysed in ice-cold lysis buffer (62.5 mM Tris~HCl,
PH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 50 mM dithiothreitol,
0.1% (w/v) bromophenol blue) and boiled for 2 min. The boiled
samples were resolved by SDS-polyacrylamide gel electro-
phoresis using e-PAGEL 5-20% (w/v) polyacrylamide gels
(ATTO, Tokyo, Japan). After transfer of the proteins onto
polyvinylidene difluoride membranes, the protein phosphor-
ylation was detected with rabbit phospho-specific ERK1/2 and
phospho-specific PKB antibody using goat anti-rabbit horse-
radish peroxidase-coupled secondary antibody and a Photo-
tope HRP Western Blot Detection Kit. To confirm equal loading
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in each lane, parallel immunoblots were run in order to detect
the unphosphorylated ERK1/2 and PKB.

2.11.  Internalization assay

A3AR internalization was quantified by the changing rate of the
receptor surface density after treatment of CI-IB-MECA accord-
ing to the methods described previously [29]. Briefly, after the
stimulation of 1 puM CI-IB-MECA for 15 min at 37 °C, the cells
were washed twice with ice-cold PBS and the amounts of A3AR
onthe cell surface were evaluated as described above by Receptor
binding assay (with the addition of 2nM [**IJAB-MECA. The
A3AR density was expressed as the percentage of total binding
versus control Cl-IB-MECA-untreated cells (100%).

2.12.  p-Hexosaminidase release assay

B-Hexosaminidase release from BMMCs was measured by the
methods described previously {29]. Briefly, 5 x 10° cells of anti-
TNPIgE-saturated BMMCs were pre-incubated in the presenceor
absence of 10 nM KF26777 for 1 min prior to incubation with the
indicated concentration of CI-IB-MECA for 1min at 37°C in
Tyrode buffer (130 mMNacCl, 5 mM KCl, 0.6 mMKH2PO,, 0.6 mM
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MgCly, 1 mM CaCly, 0.1% (w/v) glucose, 10 mMHEPES, pH 7.4,and
0.1% (w/v) BSA). The cells were stimulated with 10 ng/ml TNP-
BSA for 30 min at 37 °C, and the amount of g-hexosaminidase
released from BMMCsin the supernatantwas measured asthep-
hexosaminidase activity using p-nitrophenyi-N-acetyl-g-p-glu-
cosaminide. The results were expressed as a percentage of the
total TritonX-100-releasable B-hexosaminidase in whole cells.
2.13.  Data analysis

The binding parameters were calculated using Prism software
(GraphPAD, San Diego, CA). The ICs, values obtained from the
competition curves were converted to K; values by using the
Cheng and Prusoff equation [32].

3. Results
3.1.  Targeted replacement of the mouse A3AR gene by the
chimeric A3AR cDNA in mice

We previously reported that the human A3AR can normally
lead to the mobilization of [Ca?*]; but is unable to potentiate
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Fig. 1 -~ The human A3AR leads to the mobilization of [Ca®**}; in mice. BMMCs derived from wild-type (A and B) and A3AR™"
mice (C and D) were preloaded with Fura-2 AM arid then were stimulated with 100 nM CI-IB-MECA in the absence (A and C)
or presence (B and D) of 100 nM KF26777. The [Ca®*]; mobilization by the addition of TNP-BSA via IgE receptor were
measured as positive control. The Fura-2 intensities were plotted as the fluorescence ratio at 340 and 380 nm.
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the mast cell degranulation in mice, probably due to the for the human A3AR in rodent models, we designed the
uncoupling of some mouse Gj, protein(s) to the human A3AR human/mouse chimeric A3AR sequence, in which whole
[29]. In this study, we first confirmed the human A3AR- intracellular loop regions of the human A3AR were sub-
induced [Ca®*]; mobilization (Fig. 1) without potentiation of stituted for the equivalent regions of the mouse A3AR (Fig. 2).
the mast cell degranulation by the human A3AR (as The replacement of the mouse A3AR gene by the chimeric
described below) in A3AR™® mice. To overcome the uncou- A3AR sequence was carried out in mouse ES cells using a
pling and evaluate highly potent and selective antagonists homologous recombination system according to the strategy
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Fig. 2 ~ The design of human/mouse chimeric A3AR. (A) Schematic drawing of the putative secondary structure of the
chimeric A3AR. The intracellular regions of the human A3AR were substituted for the corresponding regions of the mouse
A3AR (thick lines). (B) The nucleotide and amino acid sequences of the chimeric A3AR. The sequences derived from the
mouse A3AR are indicated by lines.
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Fig. 3 - Targeted replacement of the mouse A3AR gene by the chimeric A3AR sequence. (A) Schematic drawing of the
targeting vector and the recombinant alleles. Restriction sites Apa I (A), EcoR I (E), BamH I (B), Sma I (8), and the location of the
probe used for ES cell screening (two external probes derived from the 5 external sequence from the EcoR I site to the Smal
site, and the 3’ external sequence from the Apa I site to the EcoR [ site) and genotyping are indicated. The two exons are
represented by open rectangles. The targeting vector contained a DT-A expression cassette as a negative selectable marker
and an HPRT expression cassette as a positive selectable marker, and this vector replaced the region (from the ATG
initiation codon to the TAA stop codon in the mouse A3AR gene) with the chimeric A3AR sequence {striped box) by
homologous recombination. The HPRT expression cassette was removed from the genomic DNA by a Cre/loxP
recombination system. (B) Genomic Southern analysis of A3ARY" mice. After EcoR I digestion of genomic DNA purified from
wild-type mice (m/m), A3ARY" mice (c/c), and heterozygotes (m/c), the 3’ external-probe detected a 6.5-kb band in the wild-

type allele and a 5.3-kb band in the targeted aliele.

shown in Fig. 3A. After electroporation of the linearized
targeting vector into the mouse ES cells, HAT-resistant
clones were screened by Southern blot analysis. Eighteen of
the 288 HAT-resistant clones had bands of the expected size
for the targeted allele. Four of the 18 clones having the
recombinant allele transiently expressed Cre recombinase,
and removal of the HPRT expression cassette from the
recombinant allele by the Cre/loxP recombination system in
6-thioguanine-resistant clones was confirmed by Southern
blot analysis. Injection of the HPRT expression cassette-

deleted clones into C57BL/6] blastocysts produced 15
chimeric males exhibiting contributions from the ES cells
ranging from 50-100% as based on the amount of agouti
coloring in the animal’s coat. Six of these mice transmitted
the recombinant allele through the germ line. The male
chimeras were bred to CS57BL/6] mice and heterozygous
offspring (A3AR™¢ mice) were born. Homozygous mice
(A3ARYC mice) were obtained in crosses between A3AR™/S
mice. The phenotypes were detected by Southern blot
analysis of DNA obtained by tail biopsy (Fig. 3B).
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Fig. 4 - Expression of chimeric A3AR mRNA in A3ARY®
mice. The expression levels of mouse or chimeric A3AR
mRNA in wild-type (A) and A3ARY® mice (B) were assayed
using RT-PCR. The expression of §-actin mRNA was
detected as a control.

3.2.  Normal expression of chimeric A3AR mRNA in
A3ARY" mice

We measured the mRNA expression levels of chimeric A3ARin
A3ARY® mice by RT-PCR analysis. The expression levels and
distribution of the chimeric A3AR mRNA in A3ARY" mice were
the same as those of the mouse A3AR mRNA in wild-type mice,
and expression of the mouse A3AR mRNA in A3ARY® mice was
not detected (Fig. 4).

3.3.  Characteristics of [***IJAB-MECA binding in BMMC
membranes from A3ARY mice

In order to evaluate whether or not the chimeric A3AR was
functionally expressed on mouse BMMCs, the specificbinding of
the A3AR agonist [**1]JAB-MECA was measured using the BMMC
membranes (Fig. 5A). The chimeric A3AR on BMMCs from
A3ARY® mice was expressed at the same level as the mouse
A3AR on BMMCs from wild-type mice (the By, values for
BMMCs from wild-type and A3ARYC mice were 194.9 + 5.6 and
150.3 =+ 12.1 fmol/mg of protein, respectively). On BMMCs from
wild-type mice, the K4 value of [1]JAB-MECA and the K; value of
KF26777,ahighly potent and selective antagonist for the human
A3AR, were 1.714 0.09nM and over 10,000 nM, respectively.
These values are at the same level as those for the rat A3AR
[30,33]. Compared with the low affinity of [**IJAB-MECA for the
human A3AR on BMMCs from A3ARYP mice, in which some of
the mouse Gy, proteins were probably uncoupled with the
human A3AR [29], the K4 value of [**]JAB-MECA for the chimeric
A3AR on BMMCs from A3ARY mice was a much higher
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Fig. 5 - Functional expression of chimeric A3AR in BMMCs
from A3ARY" mice. (A) Scatchard plot for the binding of
[***T1JAB-MECA. The K4 values were 1.71 + 0.09 nM (wild-
type mice, open circles) and 0.73 £ 0.14 nM (A3ARY® mice,
closed circles). The Byax values were 194.9 + 5.6 and
150.3 + 12.1 fmol/mg of protein (wild-type and A3ARY®
mice, respectively). (B) Competition by KF26777 for the
binding of [**IJAB-MECA (0.8 nM). The K; values were
>10,000 nM (wild-type mice, open circles) and

0.15 = 0.11 nM (A3AR mice, closed circles). Values are
the means * 5.D. of three experiments.

® 9 Specific [12*1] AB-MECA bound

0.73+0.14 nM (Fig. 5A), which was equivalent to that for the
human A3AR on human cells {0.67 nM {30]). Moreover, the K;
value of KF26777 for the chimeric A3AR on the BMMCs was
0.15: 0,11 nM {Fig. 5B), which was also equivalent to that for the
human A3AR on human cells (0.20 nM [30]).

3.4.  The chimeric A3AR leads to the mobilization
of [Ca®*}; in BMM(Cs from A3AR® mice

In order to evaluate whether or not the chimeric A3AR functions
normally in mice, we measured the mobilization of [Ca®};
induced by the A3AR agonist Cl-IB-MECA in BMMCs from
A3ARY® mice using the fluorescent Ca®* indicator Fluo-3 AM.
The increase of [Ca®']; in BMMCs from both wild-type and
A3ARY mice was rapidly induced by Cl-IB-MECA, and the
mobilization of [Ca?*};in the BMMCs from A3ARY® mice, but not
in those from wild-type mice, was completely antagonized by
KF26777 (Fig. 6). These [Ca®*}; increases, which were induced
in a dose-dependent manner with a saturated response of at
100 nM CI-1B-MECA, were inhibited by the pre-treatment of
200 ng/ml pertussis toxin, an inhibitor of Gy, proteins (data not
shown). Simnilar results were also observed with the fluores-
cence indicator Fura-2.
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Fig. 6 ~ The A3AR agonist induces a [Ca*']; increase in the
BMMCs from A3ARYC mice. BMMCs derived from wild-type
(A) and A3AR™ mice (B) were preloaded with Fluo-3 AM
and then were stimulated with 100 nM Cl-I1B-MECA in the
absence or presence of 100 nM KF26777. Fluo-3
fluorescence images were registered using an FDSS 6000
system, and the relative fluorescence intensities were
plotted.

3.5.  The chimeric A3AR leads to the activation of the
PI3Ky-signaling pathway in BMMCs from A3ARY® mice

We previously reported that the human A3ARdid notlead to the
phosphorylation of ERK1/2 and PKB or the A3AR internalization
via PI3Ky in A3AR™P mice [29]. To determine whether or not the
chimeric A3AR can activate the PI3Kvy-dependent signaling
pathway in ASARY® mice, we first measured the phosphoryla-
tion of ERK1/2 and PKB induced by the chimeric A3AR. The Cl-IB-
MECA-stimulated chimeric A3AR led to the phosphorylation of
ERK1/2 and PKB in A3ARY® mice, as it did in wild-type mice
(Fig. 7A). CI-IB-MECA (1, 10, and 100 nM) thus induced the
phosphorylation of ERK1/2 and PKB in BMMCs from wild-type
and A3ARY mice in a dose-dependent manner (Fig. 7B). Next,
we examined the rate of chimeric A3AR internalization on the
BMMCs induced by Cl-IB-MECA. The changing rate of the
chimeric A3AR surface density after treatment of the BMMCs
from A3ARYC mice with CI-IB-MECA was also equivalent to that
from wild-type mice (Fig. 7C).

3.6.  The IgE/antigen-dependent degranulation in BMMCs
from A3ARY® mice is potentiated by the A3AR agonist and
completely inhibited by the human A3AR antagonist

To investigate whether or not the chimeric A3AR can
potentiate the mast cell degranulation, the amounts of p-
hexosaminidase released from the IgE/antigen-stimulated
BMMCs from wild-type, A3AR™®, or A3ARY® mice potentiated

by Cl-IB-MECA were measured as the B-hexosaminidase
activity in the supernatants. No differences in the amounts
of total B-hexosaminidase in BMMCs from all mice were
observed (data not shown). In contrast to BMMCs from
A3ARM mice (Fig. 8B), Cl-IB-MACA caused a dose-dependent
increase in B-hexosaminidase release from BMMCs from both
wild-type (Fig. 8A) and A3ARY mice (Fig. 8C). The Cl-IB-MECA-
induced enhancement of the potentiation of mast cell
degranulation in BMMCs from A3ARY® mice was perfectly
antagonized by KF26777 (Fig. 9C), whereas those in BMMCs
from wild-type and A3AR™ mice were unaffected by KF26777
(Fig. SA and B).

4. Discussion

Previously, we generated A3AR-huranized mice in which the
mouse A3AR gene was replaced by the human A3AR ¢cDNA
sequence in order to evaluate in vivo pharmacological effects
of the highly potent and selective antagonists for the human
A3AR [29]. However, the human A3AR was unable to lead to
the potentiation of IgE/antigen-dependent mast cell degranu-
lation, even though the human A3AR-induced [Ca®*}; mobi-
lization was normal. This was thought to be due to the
uncoupling of mouse G protein(s) of the Gy family for the
activation of PI3Kvy-dependent signal pathway, but not for the
[Ca**]; mobilization, to the human A3AR, suggesting that
different G proteins of Gy, family stimulate these pathways
downstream of A3AR. Therefore, we generated A3AR func-
tionally humanized mice, in which the A3AR gene was
replaced with a human/mouse chimeric A3AR sequence
consisting of the intracellular loop regions from the mouse
A3AR as G protein-coupled regions and the extracellular loop
and intramembrane regions from the human A3AR as agonist-
and antagonist-binding regions (Fig. 2). The homologous
recombination method was employed according to the
strategy shown in Fig, 3A.

Many GPCRs, such as 5-hydroxytryptamine 1B (SHTis)
receptor, neurokinin-1 (NK-1) receptor, muscarinic M2 recep-
tor, «2-adrenergic receptor, 2-adrenergic receptor, cholecys-
tokinin-B receptor, neurotensin receptor, and prostaglandin
D2 receptor, are known to have different binding affinities for
agonists and/or antagonists for the human and non-human
receptors due to the low interspecies homologies {5]. Some
human/non-human chimeric studies have been carried out to
investigate the mechanism of these interspecies differences.
Human/rodent chimeric studies of GPCRs SHTyp and NK-1
receptors have made it clear that species differences in the
antagonist-binding affinities between humans and rodents
are due to the amino acid residue in the 7th intramembrane
region of these receptors [34-36]. In the «2-adrenergic
receptor, the species difference in antagonist-binding affinity
between humans and rodents is shown to be due to the amino
acid residue in the 5th intramembrane region [37]. Studies of
the human/frog or mouse chimeric gonadotropin-releasing
hormone receptor (GnRHR) show that the 2nd extracellular
loop region of the GnRHR is essential for ligand binding [38,39}.
Although there have been no previous studies on chimeric
A3AR of humans and other species, site-directed mutagenesis
analyses of amino acid residues within the human A3AR have
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Fig, 7 - The A3AR agonist leads to the phosphorylation of ERK1/2 and PKB and the A3AR internalization in BMMCs from
A3ARY® mice. (A) The phosphorylation of ERK1/2 and PKB by CI-IB-MECA. BMMCs from wild-type (left panels) and A3ARY*
mice (right panels) were stimulated by 1 uM CI-IB-MECA for 0, 3, and 15 min. The phosphorylation of ERK1/2 and PKB was
detected by Western blot analysis with anti-phosphorylated ERK1/2 and PKB antibodies. Total ERK1/2 and PKE levels were
detected with anti-ERK1/2 and anti-PKB antibodies. (B) The concentration-dependent phosphorylation of ERK1/2 and PKB
by CI-IB-MECA in BMMCs from wild-type (left panels) and A3ARY" mice (right panels) treated with the indicated
concentration of CI-IB-NECA for 3 min. {C) The A3AR internalization induced by Cl-IB-MECA. BMMCs were incubated with
1 uM CI-IB-MECA at 37 °C for 15 min. After incubation, the A3AR density on the cell surface was evaluated by measuring the
extent of [**[JAB-MECA binding for 120 min. Data were expressed as a percentage of total binding versus control Cl-IB-
MECA-untreated cells (100%). Values are the means + S.E.M. of five different experiments.

demonstrated that several amino acid residues in the
“extracellular and intramembrane regions are critical for the
antagonist-binding affinity [40-43]. All of these studies were
focused on either the extracellular or intramembrane regions,

despite the fact that the intracellular regions of GPCRs are well
known to be critical for intracellular signaling. Thus, we
decided to substitute whole intracellular loop sequences in the
human A3AR for the corresponding sequences of the mouse
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Fig. 8 - The A3AR agonist potentiates IgE/antigen-
dependent mast cell degranulation in BMMCs from A3AR™®
mice. BMMCs derived from wild-type (A), A3AR™ (B), and
A3ARY® mice (C) were pre-incubated overnight with anti-
TNP IgE and then were incubated in the absence (open
bars) or presence (closed bars) of antigen, 10 ng/ml TNP-
BSA, for 20 min. The cells were incubated with Cl-IB-MECA
{0, 0.1, 10, and 1000 nM) for 1 min prior to stimulation with
the antigen. -Hexosaminidase released in the
supernatant was measured using p-nitrophenyl N-acetyl-
B-glucosaminide. Values are the means * S.EM. of five
different experiments. 'p < 0.05 compared with the values
in the absence of Cl-IB-MECA.

A3AR to determine whether interspecies differences exist in
the mechanism of G protein/GPCR coupling.

We first examined the expression of the human/mouse
chimeric A3AR in A3ARY mice we generated. The expression
levels of the chimeric A3AR in A3ARY® mice were equal to
those of the mouse A3AR in wild-type mice (Figs. 4 and 5).
Next, we evaluated whether or not the chimeric A3AR would
lead to the physiological responses in A3ARY mice. The
agonist-mediated chimeric A3AR elevated the [Ca®]; in
BMMCs from A3ARY® mice, and this elevation was completely
antagonized by KF26777, the human A3AR-specific antagonist
(Fig. 6). Moreover, as expected, like the human A3AR in human
cells, the agonist-stimulated chimeric A3AR led to the
phosphorylation of ERK1/2 and PKB (Fig. 7A and B), followed
by the potentiation of IgE/antigen-dependent mast cell
degranulation (Fig. 8) and the A3AR internalization (Fig. 7C)
in BMMCs from A3ARY“ mice, all of which activities are lacking
in the A3AR™® mice. These results clearly demonstrate that
the human/mouse chimeric A3AR is able to activate PI3Ky
through some of the mouse G protein couplings that are
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Fig. 9 - The potentiation of mast cell degranulation in
BMM(Cs from A3ARY® mice was completely antagonized by
the human A3AR antagonist KF26777. BMMCs from wild-
type (A), A3AR™® (B), and A3ARY" mice (C) were pre-
incubated overnight with anti-TNP IgE and were incubated
with 0 or 10 nM KF26777 for 1 min. The cells were
incubated in absence (open bars) or presence (closed bars)
of 10 nM CI-IB-MECA for 1 min prior to stimulation with
10 ng/ml TNP-BSA, After stimulation for 20 min, -
hexosaminidase released in the supernatant was
measured using p-nitrophenyl N-acetyl-B-glucosaminide.
Values are the means + S.E.M. of five different
experiments. p < 0.05 compared with the values in the
absence of Cl-IB-MECA.

involved in the potentiation of mast cell degranulation in
mice. In addition, the potentation was completely antag-
onized by KF26777, which is never observed in wild-type mice
(Fig. 9). These results demonstrate that the A3ARYC mice have
potential as A3AR functionally humanized mice, which is the
first rodent model for the pharmacological evaluation of
human A3AR antagonists. More detailed analysis of the
chimeric A3AR using the human A3AR antagonist in BMMCs
and other A3AR highly expressing tissues such as brain and
testis will help to further clarify the physiological function of
A3AR.

It is commonly assumed that the uncoupling of a G protein
form GPCR leads to a relative reduction in the binding affinity
of the ligand to the GPCR {44]. Actually, low binding affinities of
the A3AR agonist to the human and canine A3AR in the
transgenic mice have been observed [29,45]. The binding
affinity of A3AR agonist ['Z1JAB-MECA to the human A3AR on
BMMCs from A3AR™® mice was 1.42 nM, which is two-fold
lower than that on human cell lines (the K4 value for the
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human A3AR on the human cell line is 0.67 + 0.03 nM [30]) [29].
In A3ARY® mice, the K, value of [***IJAB-MECA to the human/
mouse chimeric A3AR on the BMMCs was 0.73 £ 0.14 nM,
equivalent to the human A3AR in human cells (Fig. 5A). Taken
together, the findings that chimeric A3AR activated the PI3Ky-
dependent signaling pathway, and that the A3AR agonist in
A3ARY® mice has the same binding affinity as the human A3AR
suggest that some of the mouse G proteins that can not be
coupled to the human A3AR can be coupled to the chimeric
A3AR. Our findings provide the first direct evidence that the
uncoupling of mouse G protein(s) to the human A3AR is due to
the sequence difference in the intracellular regions of A3AR
between humans and mice.

In general, signaling pathways of many human GPCRs,
including A3AR, are investigated using human receptor-over-
expressing cells derived from different species, such as Chinese
hamster ovary cell line. The results of these studies may reflect
interspecies differences, and if so, then these differences must
be taken into consideration to understand the native physio-
logical response in vivo. Studies on bovine rhodopsin, for which
the three-dimensional structure has been reported, indicate
that the contact surfaces for G protein-binding to GPCR include
allintracellularregions of the GPCR [46]. On the other hand, each
intracellular region of A3AR has different interspecies homol-
ogy between humans and rodents, and the homology of the 4th
intracellular region is much lower than that of other intracel-
lular regions (the 1st, 2nd, 3rd, and 4th intracellular region
homologies are 80, 85, 84, and 62%, respectively). Identification
of the intracellular region(s) for the coupling of G protein(s) is an
interesting issue and still remains to be solved.

In summary, we here succeeded in generating A3AR
functionally humanized mice by replacing the mouse A3AR
gene with the human/mouse chimeric A3AR, in which whole
intracellular regions of the human A3AR were substituted for
the corresponding regions of the mouse A3AR. The A3AR
functionally humanized mice can be widely employed for the
pharmacological evaluation of human A3AR antagonists and
further elucidation of the in vivo physiological roles of A3AR.
Our finding is the first direct evidence of the uncoupling of
mouse G protein(s) to the human GPCR A3AR, which should
provide new insight into the mechanism of G protein/GPCR
coupling and its differences among species.
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We have isolated rat cDNAs for all of the five known proteasomal ATPases. The protein sequences of rat
TBPI, TBP7, MSS1, S4, and SUGI predicted from the open reading frames consist of 439, 418, 433, 440, and
406 amino acid residues, respectively, and exhibit striking similarities to each human counterpart with only
several amino acid substitutions. These five rat ATPases are also highly homologous with each other. The
N-terminal region in rat TBP1, TBP7, and SUG! contains a heptad repeat of hydrophobic amino acids remi-
niscent of a leucine zipper. Also, in the central region of each rat ATPase, we found four conserved motifs,
Gx4GKT, DEID, SAT, and H/QRxGRx2R, that are characteristic of a large family of ATP-dependent RNA/
DNA helicases. The spacing between individual motifs was strictly conserved in the rat ATPases. These findings

suggest a common function of the rat proteasomal ATPases in ATP-dependent RNA/DNA unwinding. ©199
Academic Press, Inc.

The 26s proteasome is a eukaryotic ATP-dependent protease complex that is responsible for
selective degradation of abnormal proteins and naturally short-lived proteins related to metabolic
regulation and cell-cycle progression, such as cyclin, p53, c-Myc, c-Fos, and c-Jun (1, 2). The 268
proteasome is composed of the 20S proteasome as a catalytic core and an ATPase-containing 228
(or 19S) regulatory complex. The human 22S complex is assumed to contain five distinct, but
highly related putative ATPases, i.e., TBP1, TBP7, S4, MSS1, and p45 (a human homolog of the
yeast SUG1), which are the members of a novel ATPase family (3). Recently, proteasomal
ATPases were suggested to belong to an expanding ATPase family, named the AAA family
(ATPases Associated with a variety of cellular Activities) (4). The family members have a highly
conserved ATPase module of 200 amino acids and fulfill a large diversity of functions. The human
TBP1, TBP7, and MSS1 are suggested to be involved in transcription as well as in proteolysis
(5-7). However, the idea of dual functions for proteasomal ATPases is still controversial, since the
molecular properties of these proteins have not been well characterized. In an attempt to further
investigate the structure-function relationship in the mammalian proteasomal ATPases, we have
cloned rat cDNAs encoding proteins homologous to all of the known human proteasomal ATPases
and analyzed their structures.

MATERIALS AND METHODS

c¢DNA cloning and sequencing. Five probes corresponding to the divergent N-terminal sequence in each human protea-
somal ATPase, i.e., 67QAMKDKIKENT76 for TBP1 (5), SSEVQEEYIKDEQKNG7 for TBP7 (6), 8INQEQMKPLEEK91
for S4 (7), 44QIKQVEDDIQQ54 for MSS1 (8), and 98DVDKNIDINDV108 for p45 (9) were synthesized. Two cDNA
libraries in Agt11 were made from rat liver poly(A)" RNA by priming with oligo(dT) and with a random hexamer. To isolate

! Corresponding author. Fax: (81)43-290-2824.
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cDNA clones for rat proteasomal ATPases, we screened 1 x 10° plaques with each probe by hybridization at 42 °C for 14
h. Nucleotide sequences were determined by the dideoxy chain termination method.

Protein sequencing. The 26S proteasome was purified from rat liver as previously reported (10), and rat TBP7 was
isolated by two-dimensional electrophoresis. The purified TBP7 was digested with trypsin, and several peptides were
subjected to microsequencing.

RESULTS AND DISCUSSION
Isolation of Rat cDNAs Encoding the Proteasomal ATPases

On the basis of the reported sequences for the human proteasomal ATPases, we designed probes
to obtain rat cDNAs encoding proteasomal ATPases. The probes A, B, C, D, and E, corresponding
to the human TBP1, S4, MSS1, TBP7, and p45, respectively, were synthesized (see MATERIALS
AND METHODS). We screened rat liver cDNA libraries prepared with Agtll vector by hybrid-
ization using those probes. Five clones, RAP-A2, RAP-B3, RAP-CS5, RAP-D1, and RAP-ES were
obtained by use of probes A, B, C, D, and E, respectively.

RAP-A2, -B3, and -C5 (rat TBP1, $4, and MSS1). The cDNA insert of clone RAP-A2 contained
the entire coding region of 439 amino acids with a predicted molecular mass of 49.2 kD (Fig. 1).
The deduced amino acid sequence exhibited 99.1% overall similarity to that of human TBP1 (5)
with only four amino acid substitutions, suggesting that RAP-A2 is a homolog of human TBP1
(designated hereafter as rat TBP1). Thr6, Pro7, Val42, and Argd09 in rat TBPI1 are replaced by
their respective Asn, lle, lle, and Ala in the human protein.

RAP-B3 and -C5 had an open reading frame composed of 440 and 433 amino acids with
calculated molecular masses of 49.2 and 48.6 kD, respectively (Fig. 1). We observed striking
similarities betweenn RAP-B3 and human S4 (7) (Lys19 and Thr40 in RAP-B3 are substituted by
Glu and Arg, respectively, in human S4) and between RAP-CS and human MSS1 (8) (Pro239 in
RAP-CS is substituted by Arg in human MSS1). We concluded that RAP-B3 and -C5 are rat
homologs of human S4 and MSS1, respectively.

RAP-DI (rat TBP7). Determination of the nucleotide sequence of RAP-D1 revealed an open
reading frame with 418 amino acids (Fig. 1). Comparison of the deduced protein sequence of
RAP-D1 with that of the human TBP7 (6) showed striking identity in the region from the N-
terminus to the 401st residue (lle11 and Thr118 in RAP-D1 are substituted by Ala in human TBP7)
(Fig. 2A). However, the sequence downstream from the 402nd residue in human TBP7 did not
match the corresponding region of RAP-DI1.

To further examine these differences in sequences between human TBP7 and RAP-DI1, we
determined several peptide sequences of rat TBP7 (see MATERIALS AND METHODS). In these,
we found one peptide sequence, 410DEQEHEFYK418, that completely matched the C-terminal
region of RAP-D1, but not that of human TBP7 (Fig. 2A). The C-terminal region of RAP-D1
agreed much better with that of the other proteasomal ATPases than with that of human TBP7
reported by Ohana et al. (6). For example, Val406 in rat TBP7 is conserved in all ATPases
examined except in human TBP7 (Fig. 2A). These results, taken together, suggest that the previ-
ously published sequence for human TBP7 (6) has cloning/sequencing errors and that RAP-D1 is
a true rat homolog of human TBP7.

RAP-ES (rat SUGI). The RAP-E5 cDNA encoded a protein of 406 amino acids with a predicted
size of 45.6 kD (Fig. 1). The predicted protein sequence of RAP-ES5 is completely identical to that
of the recently reported human p45 and exhibits 99.3% similarity to that of human Tripl. Both of
these proteins have been reported to be a human homolog of the yeast SUG1 (9, 11, 12). Thus,
RAP-E5 was denoted as rat SUG1. The overall structure of p45 is closely related, but not identical
to that of Tripl (9). The rat SUG1/p45 and Trip1 sequences differ at only three positions (residues
266, 272, and 300) (Fig. 2B). These differences in human p45 and Tripl may result from allelic
substitutions at a single gene locus or from sequencing/cloning errors (9). The amino acids at these
three positions in human p45 and rat SUGLI are also conserved in yeast SUG1 (Fig. 2B).
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(rat TBP1)
1 MNLLPTPESPVTRQEKMXTVWDEAEQDGIGEEVLKMSTEEIVQRTRLLDSEIKIMKSEVLRVTHELQAMK 7@
71 DKIKENSEKIKVNKTLPYLVSNVIELLDVDPNDQEEDGANIDLOSQRKGKCAVIKTSTRQTYFLPVIGLY 140
141 DAEKLKPGDLVGVNKDSYLILETLPTEYDSRVKAMEVDERPTEQYSOIGGLOKQIQELVEAIVLPMNHKE 210
211 KFENLGIQPPKGVLMYGPPGTGKTLLARACAAQTKATFLKLAGPQLVQMFIGDGAKLVRDAFALAKEKAP 280
281 SIIFIDELDAIGTKRFDSEKAGDREVQRTMLELLNQLDGFQPNTQVKVIAATNRVDILDPALLRSGRLDR 350

351 KIEFPMPNEEARARIMQIHSRKMNVSPDVNYEELARCTDDFNGAQCKAVCVEAGMIALRRGATELTHEDY 420
421 MEGILEVQAKKKANLQYYA 439

(rat S4)
1 MGQSQSGGHGPGGGKKDDKDKKKKYEPPVPTRVGKKKKKTKGPDAASKLPLVTPHTQCRLKLLKLERIKD 70
71 YLLMEEEFIRNQEQMKPLEEKQEEERSKVDDLRGTPMSVGTLEETIIDDNHAIVSTSVGSEHYVSILSFVD 140
141 KDLLEPGCSVLLNHKVHAVIGVLMDDTDPLVTVMKVEKAPQETYADIGGLDNQIQEIKESVELPLTHPEY 210
211 YEEMGIKPPKGVILYGPPGTGKTLLAKAVANQTSATFLRVVGSELIQKYLGDGPKLVRELFRVAEEHAPS 286
281 IVFIDEIDAIGTKRYDSNSGGEREIQRTMLELLNQLDGFDSRGDVKVIMATNRIETLOPALIRPGRIDRK 350

351 IEFPLPDEKTKKRIFQIHTSRMTLADDVTLDDLIMAKDDLSGADIKAICTEAGLMALRERRMKVTNEDFK 420
421 KSKENVLYKKQEGTPEGLYL 449

(rat MSS1)
1 MPDYLGADQRKTKEDEKDDKPIRALDEGDIALLKTYGQSTYSRQIKQVEDDIQQLLKKINELTGIKESDT 70
71 GLAPPALWDLAADKQTLQSEQPLQVARCTKIINADSEDPKYIINVKQFAKFVVDLSDQVAPTDIEEGMRY 140
141 GVDRNKYQIHIPLPPKIDPTVIMMQVEEKPDVTYSDVGGCKEQIEKLREVVETPLLHPERFVNLGIEPPK 210
211 GVLLFGPPGTGKTLCARAVANRTDACFIPVIGSELVQKYVGEGARMVRELFEMARTKKACLIFFDEIDAI 280
281 GGARFDDGAGGDNEVQRTMLELINQLDGFDPRGNIKVLMATNRPDTLDPALMRPGRLDRKIEFSLPDLEG 350

351 RTHIFKIHARSMSVERDIRFELLARLCPNSTGAEIRSVCTEAGMFAIRARRKIATEKDFLEAVNKVIKSY 420
421 AKFSATPRYMTYN 433

(rat TBP7)
1 MEEIGILVEKIQDEIPALSVSRPQTGLSFLGPEPEDLEDLYSRYKKLQQELEFLEVQEEYIKDEQKNLKK 70
71 EFLHAQEEVKRIQSIPLVIGQFLEAVDQNTAIVGSTTGSNYYVRILSTIDRELLKPNASVALHKHSNALY 140
141 DVLPPEADSSIMMLTSDQKPDVMYADIGGMDIQKQEVREAVELPLTHFELYKQIGIDPPRGVLMYGPPGC 210
211 GKTMLAKAVAHHTTAAFIRVVGSEFVQKYLGEGPRMVRDVFRLAKENAPATIFIDEIDAIATKRFDAQTG 280
281 ADREVQRILLELLNQMDGFDQNVNVKVIMATNRADTLDPALLRPGRLDRKIEFPLPDRRQKRLIFSTITS 350
351 KMNLSEEVDLEDYVARPDKISGADINSICQESGMLAVRENRYIVLAKDFEKAYKTVIKKDEQEHEFYK 418

(rat SUGL)
1 MALDGPEQMELEEGKAGSGLRQYYLSKIEELQLIVNDKSQNLRRLQAQRNELNAKVRLLREELQLLQEQG 7@
71 SYVGEVVRAMDKKKVLVKVHPEGKFVVDVDKNIDINDVTPNCRVALRNDSYTLHKILPNKVDPLVSLMMY 140
141 EKVPDSTYEMIGGLDKQIKEIKEVIELPVKHPELFEALGIAQPKGVLLYGPPGTGKTLLARAVAHHTDCT 210
211 FIRVSGSELVQKFIGEGARMVRELFVMAREHAPSIIFMDEIDSIGSSRLEGGSGGDSEVQRTMLELLNQL 280
281 DGFEATKNIKVIMATNRIDILDSALLRPGRIDRKIEFPPPNEEARLDILKIHSRKMNLTRGINLRKIAEL 350
351 MPGASGAEVKGVCTEAGMYALRERRVHVTQEDFEMAVAKVMQKDSEKNMSIKKLWK 496

FIG. 1. Structures of the rat proteasomal ATPases. Amino acid sequences of rat TBP1, S4, MSS1, TBP7, and SUG1
were deduced from the nucleotide sequences of RAP-A2, -B3, -C5, -D1, and -ES5 ¢DNAs, respectively.

Structural Features and Possible Functions of Rat Proteasomal ATPases

Comparison of protein sequences among the rat ATPases demonstrated that the central regions
of the five proteins were highly homologous to each other, with more than 60% identity; whereas
their N- and C-terminal regions were divergent (Fig. 3A). Furthermore, several characteristic
sequences were conserved in the five rat proteins. The N-terminal regions of rat TBP1, TBP7, and
SUGH had similar heptad repeats of five hydrophobic amino acid residues, predominantly leucine
(Fig. 3B). Ohana et al. reported that human TBP1 and TBP7 are able to interact with each other
through this region (6). The leucine zipper-like structure in rat SUG1 may also participate in
homo-dimerization or hetero-dimerization. The rat ATPases were also found to share a highly
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A
human TBP7:
rat TBP7:
rat SUGL:
rat MSS1:
rat S4
rat TBPl:
B
266 272 300
rat SUGL: D T I —
human p45: D T I—
human Tripl: S Q M—
yeast SUGL: [0] [mn [1]

FIG. 2. Sequence alignment of various proteasomal ATPases. (A) Comparison of amino acid sequence for human TBP7
with those sequences of the rat ATPases. The C-terminal regions of the five rat ATPases and sequence between the 393rd
and 429th residue in human TBP7 (458 residues) are shown. Black boxes indicate identical amino acid residues. Arrows
represent positions of arnino acid residues in rat TBP7. A bar above the sequences indicates amino acid sequence determined
by protein microsequencing of rat TBP7. (B) Sequence alignment of rat SUG1, human p45, Tripl, and yeast SUG1. Lines
indicate stretches of conserved amino acid residues among corresponding regions. Brackets indicate amino acids at the
corresponding positions in the yeast SUGI.

conserved domain designated the ATPase module. This domain contains a putative ATP-binding
motif “Gx4GKT” (13) and ATP hydrolysis motif “DEID” for RNA unwinding (14, 15). Two
sequences related to the “SAT” and “H/QRxGRxxR” motifs, which are characteristic of RNA/
DNA helicases (16), were also observed in the five rat ATPases: M/AAT and RP/SGRL/IDR (Fig.
3C). Most strikingly, we found the distance between individual motifs to be conserved in all rat
proteasomal ATPases, i.e., 51 residues between Gx4GKT and DEID, 40 residues between DEID
and SAT, and 10 residues between SAT and H/QRxGRxxR (Fig. 3C). These results suggest that
these conserved four motifs are functionally important.

In this study, we isolated five rat proteasomal ATPases and demonstrated striking sequence
similarities between them and human proteasomal ATPases. Comparison of protein sequences
between proteasomal ATPases of these two species revealed only several amino acid substitutions
(more than 99% identical) in their overall structures, implying that these ATPases perform essential
functions in mammalian cells.

The proteasomal ATPases are members of the AAA family. Proteins in this family are associated
with a variety of cellular functions, including vesicle-mediated transport, cell-cycle control, tran-
scription, peroxisome biogenesis, and proteolysis (1, 2). The five human proteasomal ATPases are
thought to be constituents of the 26S proteasome (3). Moreover, these ATPases including MSS1,
TBP1, and TBP7 have been reported to work as transcription factors (5-7). However, we cannot
rule out the possibility that the 26S proteasome is responsible for the turnover of transcription
factors. At present, it still remains to be clarified whether these ATPases serve dual functions as
components of transcriptional machineries as well as those of the proteolytic complex. We dem-
onstrated herein that the five rat proteasomal ATPases have four motifs characterizing ATP-
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A 1 150 338 406
rat SUGL l | L]
1 g7 375 439
rat TBP1 I 15% 66%  |28%]
1 186 374 440
rat S4 i 20% 66%  133%)
1 16 354 418
rat TBP7 [ 1% 61%  [33%]
1 176 364 433
rat M551 TN 65%  |38%]
B

4 52 59 66 73
rat SUG1: {L] QAQRNE [L]NaKVRL [L]ReELQL [JQEQGsY V]

34 41 48 55 62
rat T8P1: [L]KMSTEE [I] VQRTRL [L]DSEIKI MIKSEVLR /]

47 54 61 68
rat T8p7: [L] YSRYKK [L] QQELEF [L]EvQEEY [ ]JKDEQKN L]

C

rat TBPL: 227GPPGTGKT234  286pp(p289  330aa7332 343 pocRi pR3SO
rat TBP7: 206GPPGCGKT213  265pEIp268  309yaT311 322 RpgR( DR3Z

rat S4: 226GPpGTGKTZ33  28SpEIp288  329waT331  3421RpGRIDR349
rat MSS1: 216GPPGTGKT223  275pEIp?78  319a7321  332uRpGRLDR33?

rat SUGL: 198GppGTGKT197  248pp1p252  293yaT295 306  ppGRIpR3L3

‘consensus: ‘-{ Gx4GKT} o gf)EID‘ﬁdf6 ]F SAT}163 {H/QRxGRxxR }—-

FIG. 3. Structural features of the rat proteasomal ATPases. (A) Schematic alignment of the five rat proteasomal
ATPases. Amino acid identity was calculated on the basis of the sequence of rat SUG! in each domain. (B) A putative
leucine zipper-like structure in rat SUG1, TBP1, and TBP7. Boxes indicate hydrophobic amino acids forming the heptad
‘repeats. Methionine, isoleucine, and valine are suitable alternatives for leucine (17). (C) Positions of four motifs conserved
in the five rat ATPases. The superscript numbers at the left and right of each sequence show the amino acid positions for
the motifs in the five rat ATPases. Underlines indicate conserved amino acids in individual motifs. Proposed consensus
sequences in the ATP-dependent DNA/RNA helicase family are boxed. The numbers between the boxes indicate the
distance in amino acid residues between individual motifs, which is strictly conserved in the five rat ATPases.

dependent RNA/DNA helicases, and that the spacing between the individual motifs is conserved
in all these rat proteins, and as is the case for the five human proteasomal ATPases. These structural
features suggest a function for the proteasomal ATPases in RNA/DNA unwinding as well as in
ATP hydrolysis. Thus, we suspect that the proteasomal ATPases may be involved in RNA me-
tabolism or processing including transcriptional or post-transcriptional regulation.
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SUGI is an integral component of the 26 S proteasome.
Belonging to a novel putative ATPase family, it shares
four conserved motifs characteristic of ATP-dependent
DNA/RNA helicases. Recombinant rat SUG1 (rSUG1)
produced in Escherichia coli was highly purified and
characterized in terms of its biochemical properties.
The rSUG1 exhibited a Mg®*-dependent ATPase activ-
ity. The K, for ATP and V,,,,, of rSUG1 were 35 um and 7
pmol of ATP/min/pug of protein, respectively. Both
ATPase activity to release [**Pimonophosphate and
[32P]ATP-labeling activity were eoordinately affected by
cold ATP severely, GTP and UTP moderately, and CTP
little. Interestingly, the rSUG1 ATPase activity was
stimulated by poly(U) and poly(C), but not by poly(A),
poly(G), or by any forms of DNAs tested. A UV cross-
linking assay also indicated poly(U)- and poly(C)-stimu-
lated labeling of rSUG1 with [a-*?P]JATP. Moreover, the
ATPase activity was facilitated by cellular poly(A)*
RNA, but not by poly(A)~ RNA. RNA transcribed in vifro
from cDNA encoding a b-Zip protein could stimulate the
ATPase activity. This is the first report to demonstrate a
specific RNA requirement for ATPase with respect to
the proteasomal ATPases. Our present work suggests
that SUG1 can specifically interact with protein-coding
RNA (mRNA) and play some roles in mRNA metabolism.

The 26 S proteasome is a huge protease complex that de-
grades short-lived proteins related to metabolic regulation and
cell cycle progression (1, 2). It is composed of the 20 S catalytic
core and an ATPase-containing 22 S regulatory complex (3, 4).
The human 22 S complex contains at least five highly related
putative ATPases, i.e. TBP1, TBP7, S84, MSS1, and p45 (a
homolog of yeast SUG1), which are members of a novel ATPase
family named the AAA family (ATPases associated with a
variety of cellular activities) (5). The family members have a
highly conserved ATPase module with 200 amino acids and
fulfill a large diversity of functions. It was demonstrated that
the five ATPases contain four conserved motifs characteristic of
putative ATP-dependent RNA/DNA helicases (6~8). We previ-
ously reported constant distances between each motif among
proteasomal ATPases, suggesting the functional importance of
these motifs (6).
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Of the above ATPases, SUG1 (11) has been shown by various
studies to be involved in transeriptional regulation in addition
to proteolytic function. The yeast SUG1 was reported to be a
component of the RNA polymerase II (pol II) holoenzyme (12,
13}, and Tripl, a human homolog of the SUG], interacts with
the thyroid hormone receptor (14). Baur et al. (15) also reported
that mouse SUGI interacts with various nuclear receptors.
However, it is still controversial as to whether or not SUG1 acts
as an intrinsic transcription factor because one cannot elimi-
nate the possibility that those ATPases are involved in degra-
dation of transcription factors mediated by the 26 S protea-
some. Actually, some transcription factors are regulated by
proteasome-dependent proteolysis (1). Biochemical study is re-
quired to resolve issues such as how the ATPases are involved
in RNA metabolism such as transcriptional regulation. In this
study, we report the purification and characterization of rat
SUG1L. We found that rSUG1! exhibited ATPase activity that
was specifically stimulated by particular RNA molecules.

EXPERIMENTAL PROCEDURES

Expression and Purification of Rat SUGI—SUG1 cDNA was cloned
from a rat liver ¢DNA library as described previously (6). Histidine-
tagged rSUGL was overexpressed in Escherichia coli by use of the pET
vector system (16). Insoluble recombinant rSUG1 was purified by Ni%*-
agarose under denaturing conditions according to the instructions sup-
plied by Qiagen. The resulting proteins were further subjected to a
preparative SDS-PAGE and recovered from the excised gels, The pro-
tein was redissolved in a urea-containing buffer (25 mm Tris-HCI (pH
7.5), 0.3 M NaCl, 1 myM 2-mercaptoetbanol, 0.1% Nonidet P-40, 10%
glycerol, and 8 M urea), and the urea was gradually removed by dialysis.
These proteins were analyzed by 10% SDS-PAGE and stained with
Coomassie Brilliant Blue.

Assay for ATP Hydrolysis—In the case of Fig. 34, the ATPase activity
was assayed by thin layer chromatography as described (32). Reactions
(20 p)) contained 0.5 ug of purified rSUG1 in buffer A (20 mm Tris-HCI
(pH 7.5), 70 mm KCJ, 2.5 mm MgCl,, 1.5 mm dithiothreitol, 500 um ATP,
and 1.25 uCi of [v-5*P]ATP). ATP hydrolysis reactions were allowed to
proceed at 37 °C for 30 min. Radioactive phosphate released from
[y-**PJATP was separated on a polyethyleneimine plate (Macherey-
Nagel) using 1 M formic acid and 0.5 M lithium chloride. The released
phosphates were visualized by autoradiography.

In other cases, the ATPase activity was assayed using activated
charcoal (Sigma) as described by Armon et el. (17). The purified recom-
binant SUG1 (0.5 ug) was incubated at 87 °C for 30 min in buffer A. On
the basis of e,,,,, amounts of RNA homopolymers were precisely deter-
mined from their A,q. Control reactions without rSUG1 were carried
out in parallel tubes, and the control value (radioactivity) was sub-
tracted from each experimental one. Each assay was done in triplicate,
and the results were presented as a simple arithmetic average.

ATP Cross-linking Assay—ATP cross-linking assays were performed
as described by Pause and Sonenberg (18). Reaction mixture (20 ul)
containing 0.5 pg of rSUGI in a buffer (20 M Tris-HCI (pH 7.5), 70 mm

! The abbreviations used are: rSUGL, rat SUG1; PAGE, polyacryl-
amide gel electrophoresis.
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F1G. 1. Schematic representation of rat SUGL. Upper figure,
sequences of the four motifs conserved among proteasomal ATPases
and their positions. The striped box indicates the ATPase module.
Lower figure, proposed consensus sequences for the ATPase family and
their distance (numbers in parentheses). X, unspecified amino acid.

KCl, 5 mM magnesium acetate, 1.5 my dithiothreitol, 10% glycerol, and
5 uCi of [a-**P]ATP) was irradiated by UV cross-linker LS1500 (Funa-
koshi) from a distance of 2 cm at 4 °C for 20 min. The samples were
subjected to 10% SDS-PAGE, and then the gels were stained with
Coomassie Brilliant Blue and subjected to autoradiography. Radioac-
tivities were measured by a BAS 1500 phosphoimager (Fuji Film).

DPreparation of Cellular RNAs—Cellular total RNA was prepared
from rat liver by use of cesium trifluoroacetate as described (19). The
total RNA was fractionated into poly(A)* and poly(A)- RNAs by oli-
go(dT)-Latex (Takara Shuzo) (20).

¢DNA Clones and in Vitro Transcription—The ¢cDNAs encoeding rat
HTF, TIP120, SUG1, and MSS1 were cloned in pBluescript, and in vitro
RNA synthesis was conducted with T7 or T3 polymerase according to
the instructions supplied by Promega. Quality of the synthesized RNAs
was checked by agarose gel electrophoresis. HTF is a rat b-Zip tran-
scription factor closely related to the human X-box-binding protein/Tax-
response element-binding protein § and is activated in hepatocellular
carcinoma as well as during normal hepatic cell growth in rats (30).
TIP120, having partial homology to Drosophila TAF80, is a novel rat
TBP-binding protein (31). MSS1 is a rat homolog of the human MSS1
and is a part of the 26 S proteasome (8).

RESULTS

Expression and Purification of Recombinant Rat SUGI-—We
cloned rat SUG1 (rSUG1) ¢cDNA and found it to encode a
protein of 406 amino acids (6) (Fig. 1) and to have exactly the
same structure as human p45 (21), the human homolog of yeast
SUGI. The central regions of rSUG1 and the other four pro-
teasomal ATPases share greater than 60% identity and are
designated as the ATPase module (Fig. 1). This domain con-
tains a putative ATP-binding motif, GX,GKT, and ATP hydrol-
ysis motif, DEID, which is analogous to the DEXD box proteins
including many ATP-dependent RNA/DNA helicases (22-25).
Two additional sequences in rSUG1, SAT and (H/Q)RXGRXXR,
are also characteristic motifs for RNA/DNA helicases (Fig. 1).
Strikingly, we found the distance between individual motifs to
be conserved in the five proteasomal ATPases, i.e. 51 residues
between GX,GKT and DEID, 40 residues between DEID and
SAT, and 10 residues between SAT and (H/Q)RXGRXXR (Fig.
1) (6). The above findings suggest that these four motifs have
some essential roles in the functioning of those ATPases.

To investigate the enzymatic nature of rSUG1, we subcloned
its cDNA into the pET3a vector and expressed rSUGI as a
fusion protein with a histidine-tag appended to its N terminus
in E. coli. Although rSUG1 protein was able to be overex-
pressed in E. coli (Fig. 2, lane 2), most of the protein was
obtained in an insoluble fraction. We attempted to dissolve the
insoluble protein in a urea-containing buffer and to purify it
under denaturing conditions. Purification by Ni%*-agarose re-
sulted in >40% pure protein as judged by inspection of the
Coomassie Brilliant Blue-stained SDS-acrylamide gel (Fig. 2,
lane 3). To further remove contaminating E. coli proteins, we
subjected the protein sample to a preparative SDS-PAGE and
subsequently excised the rSUG1 and extracted it from the gel.
The recovered proteins were dissolved in a urea-containing
buffer and then refolded by dialysis to gradually remove urea
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Marker

E. colf (5
_E.coli (8}

S0S-PAGE

1 2 3 4

Fic. 2. Expression and purification of rS8UGI. Histidine-tagged
rSUG1 was overproduced and purified from E. coli. Lane 1, E. coli
extract; lane 2, E. coli extract (induction by isopropyl-1-thio-B-D-galac-
topyranoside); lane 3, purification by Ni®*-agarose under denaturing
conditions; lane 4, rSUGL recovered from preparative SDS-PAGE. Each
sample was analyzed by SDS-PAGE and stained with Coomassie Bril-
liant Blue.
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Fic. 3. ATPase activity of rSUGL. A, assay for rSUG1 ATPase. The
ATPase activity was measured by thin layer chromatography as de-
scribed under “Experimental Procedures.” Reactions were carried out in
the presence (+) or absence (—) of rSUGL. Cold ATP (lane 4) and EDTA
(lane 5) were added for a final concentration of 5 mM and 25 mM,
respectively. Dog kidney ATPase (Sigma) was used as a positive control
(lane 1). B, nucleoside triphospbate specificity of rSUGL. The ATPase
activity was assayed by the charcoal method described under “Experi-
mental Procedures.” Cold nucleoside triphosphates were added to the
mixture at a final concentration of 5 mM. Relative ATPase activities are
shown.

(see “Experimental Procedures”). As expected, the final prepa-
ration was apparently pure as judged by SDS-PAGE (Fig. 2,
lane 4).

rSUGI Protein Exhibits ATPase Activity—The ATPase activ-
ity of the purified rSUG1L was tested by its ability to release
radiocactive phosphate from [y-3?PJATP as described under “Ex-
perimental Procedures.” A commercial ATPase from dog kidney
was used as a positive control (Fig. 34, lane 1). We found that
rSUG1 hydrolyzed ATP to release monophosphate (Fig. 34,
lane 3) but that the enzyme activity could not be detected in a
parallel sample prepared from control E. coli (data not shown).
It is thus evident that rSUG1 was able to hydrolyze ATP.
Release of labeled monophosphates was inhibited by cold ATP
and EDTA (Fig. 34, lanes 4 and 5), suggesting that the rSUG1
is a Mg?*-dependent ATPase. Kinetic analyses of the rSUG1
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TaBLE 1
Kinetic parameters of ATP hydrolysis
ATPase activity was measured using activated charcoal for 10 min as
described under “Experimental Procedures” with ATP concentrations
ranging from 5 to 500 uM. Experiments were carried out in duplicate,
and kinetic constants were calculated from a Lineweaver-Burk plot.

K, Vonax
A pmol/min/ ug protein
rSUG1 35 7
rSUG1 + 0.25 pg poly(L) 33 16
rSUG1 + 0.5 ug poly(U) 30 23
rSUG1 + 1.0 pg poly(U) 30 28

determined the K,, for ATP to be 35 uM and the V. to be 7
pmol of ATP/min/pg of protein (Table I).

To examine the nucleotide specificity for the SUG1-catalyzed
hydrolysis, we employed unlabeled nucleotides as competitors.
Expectedly, we found ATP was the most potent competitor;
however, CTP competed little with ATP for hydrolysis. GTP
and UTP significantly competed with ATP for hydrolysis by
rSUG1 to some extent (Fig. 3B). Thus, rSUG1 is suggested to
interact efficiently with all nucleotides except for CTP. This
specificity of rSUG1 is similar to that of Yhs4p, a yeast homolog
of the human 54 (26).

UV-mediated Labeling of rSUGI with [«-3?PJATP—Using a
photolabeling technique, we next studied whether polyribopy-
rimidines affect the interaction of rSUG1 with ATP. This tech-
nique, in which ATP is photolyzed by UV light in the presence
of ATP-binding protein, yields a covalent adduct between ATP
and proteins. By use of [0-32P]JATP, specific radioactive pro-
teins can be visualized by SDS-PAGE and autoradiography. As
shown in Fig. 44, illumination with UV light resulted in the
labeling of the rSUG1 protein (lane 1), and the labeling was
efficiently inhibited by cold ATP (lane 2). Incubation of
{a-32PJATP for 20 min did not cross-link the ATP to the protein
in the absence of UV light (Fig. 44, lane 3).

To further confirm the labeling specificity, we carried out the
UV-labeling reaction in the presence of cold nucleotides and
then estimated the radioactive protein by a phosphoimager.
Addition of CTP to the reaction had little effect on the UV
labeling of rSUG1 with [a-*?PJATP, whereas GTP and UTP
significantly reduced the labeling (Fig. 4B). Taken together, the
effects of nucleotides on the UV labeling of rSUG1 were con-
sistent with those on the ATP hydrolysis (Fig. 3B), suggesting
that the labeled rSUG1 is attributed to the specific interaction
with ATP.

Effects of Polyribopyrimidines on the rSUGI1 Functions—
Because SUG1 contains a DEID motif, the protein is considered
to belong to a subfamily of the DEAD-box proteins. This family
carrying a putative DEAD-box helicase motif includes more
than 100 proteins with diverse functions, and some of these
proteins have an RNA-stimulated ATPase activity (27, 28). So
we investigated whether or not nucleic acids would affect the
ATPase activity of rSUG1. The enzyme activity was not af-
fected by single-stranded or double-stranded DNA, whereas the
rSUG1 ATPase activity was stimulated 6-fold by poly(U) (Fig.
5A). When the other RNA homopolymers were tested, we ob-
served significant enhancement of the ATPase activity by
polyribopyrimidines: poly(U) and poly(C). It is noteworthy that
the homoribopolymer stimulation of the rSUG1 ATPase activ-
ity is different from that of Yhsdp, whose activity is enhanced
by single stranded-DNA, double-stranded DNA, and RNA (26).
Moreover, we analyzed the effect of RNA homopolymers on the
UV labeling of rSUGL. Fig. 5B shows that the cross-linking was
also highly stimulated by poly(U) and poly(C), but not by
poly(G) and poly(A). On the basis of these results, we demon-
strated that polyribopyrimidines specifically faclitate the pho-
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Fic. 4. UV cross-linking assay for rSUG. A, labeling of rSUG1
with [a-3*PJATP. Reaction mixtures were subjected to UV irradiation
(+). In lanes 2-5, each reaction was done in duplicate. Lanes 2 and 3
contain 5 mm cold ATP. Arrow indicates the position of labeled rSUG1.
Lanes 4 and 5, without UV irradiation. B, effects of nuclectides on the
labeling of rSUG1. The labeling reactions were performed in the ab-
sence (—) or presence of 50 uM cold ATP, GTP, UTP, or CTP. The level
of 5P labeling of rSUG1 in the absence of cold NTPs is shown as 100%.
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Fic. 5. Effects of nucleic acids on the rSUG1 functions. A,
stimulation of the ATPase activity by RNA homopolymers. The ATPase
activity was assayed without () or with (+) nucleic acids as indicated.
One microgram of M13 single-stranded DNA (ss-DNA), pBluescript
double-stranded DNA. (ds-DNA), or various RNA homopolymers was
added to the reaction mixture. Released phosphate (ATP hydrolysis)
was measured as described under “Experimental Procedures.” B, stim-
ulation of the labeling of rSUG1 with [*?P]ATP by RNA homopolymers.
UV cross-linking assay was performed in the absence (~) or presence of
1 ug of RNA homopolymers as indicated. Arrow indicates the position of
labeled rSUGL.

tolabeling of rSUG1 as well as its ATPase activity.

We also determined the kinetic parameters of the rSUG1
ATPase in the presence of poly(U). The K,,, and V_, values
showed similar affinity (K,,,) for ATP in the hydrolysis reaction
with or without poly(U) (Table I). In contrast, addition of 1 pg
of poly(U) increased the V. 4-fold (Table I). When poly(C) was
used, similar results were obtained (data not shown). The in-
creased ATP cross-linking of rSUG1 by poly(U) and poly(C)
correlated with their higher rate of ATP hydrolysis, but not
with their ATP binding ability, since the K,,, values of rSUG1
were similar in the presence or absence of the polyribopyrimi-
dines. We suppose that the cross-linking assay used here de-
tects two molecular species, ie. ATP-bound rSUG1 and ADP-
bound rSUG1. The ATP cross-linking of rSUG1 is suggested to
reflect the abilities to both bind and hydrolyze ATP.

Stimulation of rSUGI ATPase Activity by Particular Types of
RNA—On the basis of the above results, it was important to
examine whether natural RNA can stimulate the ATP hydrol-
ysis reaction of rSUGL. Cellular total RNA, poly(A)* RNAs,
and poly(A)” RNAs were added to the ATPase reaction. As
shown in Fig. 64, total RNA slightly stimulated the ATPase
activity (1.5-fold). It was most striking that the ATPase activity
was highly enhanced (6-fold) by poly(A)™ RNA, whereas
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Fic. 6. Effect of native RNAs on the ATPase activity of rSUGL.
A, stimulation of the rSUG1 ATPase activity by cellular poly(A)* RNA.
The enzyme activity was measured in the absence (—) or presence of
various cellular RNAs (1 ug) as indicated. Released phosphate (ATP
hydrolysis) was measured as described under “Experimental Proce-
dures.” B, stimulation of the ATPase activity by in vitro transcribed
RNA. Four sense RNAs (SUG1, MSS1, TIP120, and HTF) and one
antisense RNA (antisense HTF, HTF as) were synthesized in vitro and
added to the reaction mixture as indicated. Each point represents
mean * S.E. of five experiments.

poly(A)” RNA exhibited apparently no effect (Fig. 64). This
finding suggests that the rfSUG1 activity is specifically stimu-
lated by mRNA.

We therefore examined the effect of various kinds of
mRNA-type RNAs on the ATP hydrolysis. Four kinds of cDNAs
encoding rat SUG1, MSS1 (8), HTF (30), and TIP120 (31) in
pBluescript were transcribed by T7 or T3 RNA polymerase in
vitro to produce sense and antisense RNAs as described under
“Experimental Procedures.” Each kind of RNA was then added
to the reaction mixture for ATP hydrolysis by rSUGI. In these
experiments, sense HTF RNA apparently stimulated ATP hy-
drolysis in a dose-dependent manner, and TIP120 sense RNA
had a weak but significant effect (Fig. 6B). However, sense
SUG1 and MSS1 RNAs, and antisense HTF RNA enhanced the
ATPase activity little (Fig. 6B). These results suggest that, in a
physiological environment, the ATPase activity of rSUG1 can
be specifically stimulated by particular species of protein-en-
coding RNAs.

DISCUSSION

In this paper, we have provided evidence that rat SUG1
exhibits ATPase activity. Our rSUG1 preparation was appar-
ently pure, and Sf9 cell-expressed soluble rSUG1 protein also
showed the same enzyme properties (data not shown) as ob-
tained with the renatured bacterially expressed protein. This
agreement suggests that the nature of rSUG1 presented in this
study reflects intrinsic enzyme activities. Importantly, bio-
chemical characterization of the recombinant rSUG1 yielded
the following significant findings. (i) The rSUG1 ATPase activ-
ity is specifically stimulated by particular types of RNAs in-
cluding poly(C) and poly(U), but not by single-stranded and
double-stranded DNAs. (ii) Polyribopyrimidines also enhance
the labeling of rSUG1 with [a-32PJATP. (iii) Cellular poly(A)*
RNAs and in vitro transcribed specific RNAs enhance ATP
hydrolysis.

Although several DEAD-box family proteins show ATPase
activity facilitated by RNA, the observation that rSUG1 exhib-
its a specific RNA requirement is particularly interesting.
rSUGI is the first example of a proteasomal ATPase having
such a requirement. Yhsdp, a yeast homolog of human S$4, is
activated by unspecified RNAs and DNAs commonly (26). It is
of interest to investigate the effect of nucleic acids on the
ATPase activity of human S4 and to compare the results be-
tween the human and yeast ATPases. Other mammalian pro-
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teasomal ATPases might also exhibit such a nucleic acid re-
quirement, since members of the ATPase family are highly
homologous to each other. The DEAD-box proteins such as
elF-4A and p68 exhibit an RNA-unwinding activity as well as
RNA-stimulated ATPase activity (27, 28). Therefore, we spec-
vlate that rSUG1 also could have an RNA-dependent helicase
activity; however we unable to detect it in our rSUG1 prepa-
ration. A particular RNA substrate or gome co-factor(s) might
be required for nucleic acid unwinding.

We have reported here that rSUG1 activity is efficiently
stimulated by synthetic RNAs and mRNA-type RNAs. How
does HTF ¢cDNA-derived RNA specifically activate the ATPase
activity of rSUG1? We found that HTF ¢cDNA contained clus-
tered TC-rich stretches, whereas other cDNAs tested here did
not (data not shown). Thus it is reasonable to assume that
these stretches are important in such activation (30), since
polyribopyrimidines highly stimulated ATP hydrolysis by
rSUG1 (Fig. 3B). Additionally, it may be possible that the RNA
requirement for rSUG1 is determined by unknown secondary/
tertiary structure in mRNA-type RNAs. We suspect that more
suitable substrates for SUG1 than RNA encoding HTF may be
present among cellular mRNAs.

The observation that some mRNAs are specifically required
to stimulate ATPase activity by rSUGI raises an interesting
question. SUG1 is one of the regulatory subunits of the 26 S
proteasome (21, 29). Moreover, the protein has been reported to
be an integral component of the RNA polymerase II complex
and to bind to TATA-binding protein, as well as to several
nuclear hormone receptors (12, 14, 15). However, it is still
unclear that SUG1 functions as a factor responsible for tran-
scription. Our data that ATPase activity of rSUG1 is facilitated
by particular mRNAs suggest that rSUG1 interacts with
mRNA and can play a role in mRNA metabolism in addition to
one in proteolysis. This assumption may be supported by the
fact that the ATPase activity of the rat 26 S proteasome (9) was
not stimulated by poly(C) or poly(U) (data not shown). Most
recently, McCracken et al. (10) demonstrated that the C-termi-
nal domain of the RNA polymerase II large subunit associates
with 3'-processing factors and splicing factors. These findings
suggest that transcription, splicing, and processing (cleavage,
polyadenylation, ete.) of mRNA are intimately coupled in vivo.
Other investigations employing staining with antibodies
against nuclear factors also support our idea (33). The RNA pol
II holoenzyme is likely to contain all the general transcription
factors and mRNA-processing factors. If SUGI is, in fact, as-
sociated with RNA pol II holoenzyme, our findings might have
profound implications for the role of SUG1 in mRNA process-
ing, i.e. transcription or post-transcriptional events. However,
we cannot exclude an alternative possibility that SUG1 in the
26 S proteasome is responsible for the degradation of some
mRNA-binding proteins. Antizyme, a noncompetitive inhibi-
tory protein, is responsible for degradation of ornithine decar-
boxylase by the 26 S proteasome (34, 35). The binding of anti-
zyme induces a conformational change in ODC that promotes
recognition of ornithine decarboxylase by the 26 S proteasome
to stimulate its proteolysis (36, 37). Similarly, it is possible that
some mRNA-binding proteins that undergo conformational
changes induced by interaction with mRNAs may be targets of
SUG1 for proteasome-mediated proteolysis.
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A novel gene, klotho (kl), which is involved in the
development of a syndrome resembling human aging
in mice, was recently identified. The kI gene encodes
asingle-pass membrane protein whose extracellular
domain carries homology to B-glucosidases. There
also exists a splice variant of k/ mRNA which en-
codes a putative secreted protein in both human and
mouse. In this study, to characterize the physiolog-
ical roles of Klotho protein, we established three
monoclonal antibodies (mAbs) against the recombi-
nant human Klotho protein. The mAbs are named
KM2076 (rat IgG.a), KM2119 (rat IgG.b), and KM2365
(mouse IgG,). In Western blots, KM2076 and KM2119
specifically recognized a 130 kDa Klotho protein in
the mouse and human kidney membrane fractions.
To detect the human Klotho protein, the sandwich-
type ELISA system with KM2076 and KM2365 was
established. Using the ELISA system, we detected
the human Klotho protein as low as 20 ng/ml in the
supernatant of Chinese hamster ovary cells (CHO
cells), introduced the human klotho gene. KM2076
and KM2119 specifically gave a positive staining by
immunohistochemical staining in paraffin or frozen
sections of the kidneys from wild-type mice but not
in those from kI mice. Strong staining was observed
especially in cortical renal tubules of the mouse kid-
ney, where expression of klotho transcripts over-
laps. KM2076 also showed a similar reaction pattern
in the paraffin sections of rat and human kidneys.

~Abbreviations used: mAb, monoclonal antibody; PBS, phosphate-
buffered saline; ELISA, enzyme-linked immunosorbent assay; RT-
PCR, polymerase chain reaction with reverse transcription; ABTS,
22"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid).

'To whom correspondence should be addressed. Fax: 81-75-753-
4683. E-mail: nabemr@lmls.med.kyoto-u.ac jp.
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The mAbs established in this paper will serve as
useful analytical, pathological, and diagnostic tools
to disclose the role of Klotho protein in the suppres-
sion of a syndrome resembling human aging. o 2000
Academic Press

A novel mouse model for human aging was recently
established and the gene responsible for it was identi-
fied (1). A decrease in the expression of a novel gene
klotho (k) in mice, leads to a syndrome resembling
human aging. These mice, klotho mice, exhibited mul-
tiple disorders, such as arteriosclerosis, osteoporosis,
skin atrophy, pulmonary emphysema, short life-span
and infertility. The &/ gene encodes a novel single pass-
membrane protein (1,014 a.a) consists of an
N-terminal signal sequence, a putative extracellular
domain with two internal repeats (hKL1 and hKL2), a
single membrane-spanning region, and a short intra-
cellular domain. These internal repeats share the se-
quence similarity to the p-glucosidase enzymes (2, 3).
The human homologue of the k/ gene encoding a mem-
brane protein (1,012 a.a.) was also isolated (4). From
the cDNA analysis, it was found that there exists a
splice variant of X</ mRNA which encodes a putative
secreted protein (human: 549 a.a., mouse: 550 a.a)
lacking the second internal repeat of the extracellular
domain (hKL?2), the transmembrane domain and the
intracellular domain (4, 5). Expression of the mouse &I
gene was detected only in kidney and brain by North-
ern blot analysis. But the lower expression was ob-
served in the pituitary gland, placenta, skeletal mus-
cle, urinary bladder, aorta, pancreas, testis, ovary,
colon and thyroid gland by RT-PCR (1). On the other

0006-291X/00 $35.00
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hand, the human X/ gene transcript was expressed
predominantly in the kidney, placenta, prostate and
small intestine (4).

Recent studies showed that the pathophysiological sig-

nificance of the Klotho protein in some rat models for
human diseases such as (a) spontaneously hypertensive
rat, (b) deoxycorticosterone acetate-salt hypertensive rat,
(© 5/6 nephrectomized rat, (d) non-insulin-dependent
diabetes mellitus rat models (6). The expression levels of
kI mRNA in the kidney in these rat models were signifi-
cantly lower than controls, indicating that the expression
of the k/ gene in the kidney is regulated under sustained
circulatory stress such as a long-term hypertension, dia-
~ petes mellitus, and chronic failure.
In this study, we immunized rats and mice with the
human recombinant Klotho protein and established
mAbs to detect Klotho protein in the western blots,
ELISA system and immunohistochemical staining.
These mAbs will serve as useful analytical, pathologi-
cal and diagnostic tools to disclose the role of Klotho
protein in the suppression of a syndrome resembling
human aging.

MATERIALS AND METHODS

Specimens. Paraffin-embedded blocks of human tissues were
kindly provided by Dr. T. Kamei of Yamaguchi Prefectural Central
Hospital (Yamaguchi, Japan). Freshly isolated tissues from mice and
rats were immediately fixed in 10% buffered formalin.

Expression of human recombinant Klotho protein. A Sacll cDNA
fragment which encodes a part of hKL1 (amino acids 55-261) and a
¢DNA fragment (KpnI-Apal) which encodes a part of hKL2 (amino
acids 801-954) were subcloned into a vector derived from pGHAZ2 (7).
The recombinant protein was expressed in Escherichia colf in inclu-
sion bodies and was purified from SDS-polyacrylamide gel.

Hybridoma production and purification of mAbs. Rat monoclonal
antibody (mAb), KM2076, was established by immunizing rats with
a part of hKL1 (amino acids 55-261), and that of KM2119 was
established by immunizing rats with a part of hKL2 (amino acids
801-954). KM2365 was established by immunizing mice with a syn-
thesized amino peptide (DDAKYMYYLKKFIMETLKAIKLDGV),
which is a part of the human Klotho protein (8). The spleen cells were
fused with mouse myeloma P3U1 cells, and the culture supernatants
of the hybridomas were screened by ELISA for their ability to rec-
ognize the human recombinant Klotho protein. Hybridoma cells were
cultured in RPMI growth medium, harvested by a brief centrifuga-
tion, and suspended in PBS. Four-week-old female BALB/c nude
mice (CLEA Co., Tokyo, Japan) were given ip. injections of the
hybridema cells. The mice were sacrificed 7 days later, and ascites
fluid was collected. The mAbs were purified using protein
G-Sepharose 4B gel beads (Zymed, San Francisco, CA).

Western blot analysis. Kidneys obtained either from human or
from mice of 5-week-old wild-type or klotho mice were homogenized
in the homogenize buffer (20 mM Tris-HCl at pH 7.5, 0.25 M Sucrose,
1mM EDTA, 10 mM EGTA, 10 mM 2-mercaptoethanol) by 6 passes
In a Tefronglass homogenizer. Each homogenate was centrifuged at
100,000 x g at 4°C for 10 min. The supernatant was centrifuged
again at 100,000 X g at 4°C for 1 h. After the pellet was resuspended
in homogenize buffer, membrane proteins were extracted with 1%
Triton X-100. Samples from mice kidneys (20 pg) or from human
kidneys (100 ug) were boiled for 5 min, with 1:4 dilution of the
sample buffer containing 200 mM Tris-HCl (pH 6.8). 4% SDS, 100
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mM DTT, 40% glycerol, and 0.04% bromophenol blue. Proteins in the
samples were separated on SDS-PAGE gel (7.5-15% gradient) and
transferred onto PVDF membranes. The membranes were blocked
with 5% skim milk in PBS and were incubated with the culture
supernatant at 37°C for 1 h. They were washed and were incubated
with peroxidase-conjugated anti-rat IgG antibody (Amersham) at
37°C for 1 h. For visualizing bands, the ECL Western blotting de-
tection system (Amersham) was used.

Biotinylation of antibodies. Biotinylation of KM2365 was per-
formed with Antibody Biotinylation Kit (American Qualex, San
Clemente, CA). Briefly, a purified KM2365 mAb (5 mg) was dissolved
in 0.6 ml of carbonate buffer concentrate. Six hundred microliters of
biotin solution (1 mg/ml) was added into the antibody solution and
gently shook for 1 h at room temperature. Unreacted biotin was
removed by passing through G25 column. The biotinylated KM2365
was stabilized by adding BSA to a final concentration of 1% (w/v) and
stored at 4°C until use.

Sandwich ELISA for the detection of Klotho protein. Klotho pro-
tein level in the supernatant was determined with the sandwich
ELISA as follows. Fifty microliters of KM2076 (10 pg/ml) in PBS was
added into each well of the 96-well ELISA plate and incubated
overnight at 4°C, and the wells were washed with PBS for 3 times
and flooded with 1% BSA-PBS for 1 h at room temperature. The
secreted isoform of human Klotho protein was constitutively ex-
pressed using CHO cells (unpublished data) and the supernatant (40
ul) was diluted and applied into each well and incubated overnight at
4°C. The supernatants were then aspirated and the wells were
washed with 0.05% Tween 20 in PBS for 5 times. Fifty microliters of
biotinylated KM2365 (10 pg/ml) in 1% BSA-PBS were added and
incubated for 2 h at room temperature. After the wells were thor-
oughly washed with 0.05% Tween 20-PBS for 5 times, 50 ul of
avidin-biotin-peroxidase complex (Vectastain DAB kit: Vector Labo-
ratories Inc., Burlingame, CA) were added and incubated for 1 h at
room temperature. After washed with 0.05% Tween 20-PBS for 5
times, 100 ul of ABTS solution with 0.1% H,0, were applied for 10
min at room temperature, and the absorbance at 415 nm and 490 nm
was measured.

In situ hybridization. *S-Labeled riboprobes were prepared from
the full-length ¢DNA for mouse klotho (1). Antisense and sense
[*S]cRNAs were synthesized from linearlized plasmids in the pres-
ence of [¥*S]UTP (1289 Ci/mmol; New England Nuclear Corp; Boston,
MA). In situ hybridization was performed as described previously (9).
In brief, sections were postfixed with 4% PFA-PBS for 15 min. After
washing with PBS, sections were digested with 1 ug/ml proteinase K
(37°C for 15 min) in PBS and again treated with 4% PFA-PBS (10
min). Sections were then sequentially washed with PBS, incubated
with 0.2 N HCI (10 min), again washed with PBS, acetylated with
0.25% acetic anhydride in the presence of triethanolamine (0.1 M, 10
min), dehydrated with increasing concentrations of ethanol, and air
dried. Hybridization with *S-labeled complementary RNAs (cRNAs;
ca. 5 X 107 cpm/ml) were performed in a humidified chamber in a
solution containing 50% formamide, 10% dextran sulfate, 1X Den-
hardt's solution, 600 mM NaCl, 10 mM Tris-HCI (pH 7.6), 1 mM
EDTA, 50 mM dithiothreitol, 0.25% sodium dodecyl sulfate, and 200
pg/ml transfer RNA (18 h; 55°C).

After hybridization, sections were washed briefly with 5X SSC
(20x SSC: 3 M NaCl, 0.3 M sodium citrate, pH 7.0) at 50°C, 50%
formamide~2X SSC (50°C for 30 min), and 10 mM Tris-HCI (pH
7.6)-500 mM-1 mM EDTA (TNE; 37°C; 10 min). Sections were then
treated with 10 ug/ml ribonuclease-A in TNE (37°C: 30 min). After
being washed with TNE, sections were incubated once with 2x SSC
(50°C; 20 min) and twice with 0.2x SSC (50°C; 20 min), dehydrated
with increasing concentrations of ethanol, and air-dried. Slides were
then placed on X-ray films (Fujifilm, Tokyo, Japan) and film autora-
diographs were obtained after overnight exposure. Slides were
dipped into NTB-2 (Eastman Kodak, New Haven, CT) and stored at
4°C for specific times estimated {rom the intensity of the expression
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on the X-ray film. After development, sections were counterstained
with hematoxylin and eosin and mounted.

Immunoperoxidase staining (paraffin sections). Paraffin sections
were dewaxed in xylene, hydrated through graded alcohol solutions
and washed with PBS. Endogenous peroxidase was blocked by im-
mersion in 0.3% (wt/vol) hydrogen peroxide in absolute methanol for
30 min at room temperature. The following steps were carried out
using a Vectastain ABC kit. Briefly, after washed with PBS for 5
times, nonspecific binding was blocked with VECTASTAIN RABBIT
Normal Serum for 20 min at room temperature. Then KM2076 (10
pg/ml) were applied on sections and incubated for 1 h at room
temperature. Then sections were washed with PBS (5 times) and
were incubated with anti RAT IgG. DAB substrate was diluted to the
half and applied. Sections were incubated 2 to 4 min according to the
time predetermined and the reaction was terminated by immersing
sections into deionized water for 5 min. Sections were counterstained
either with hematoxylin or with methyl-green, and dehydrated with
increase concentration of ethanol solution and then with xylene and
mounted.

Immunoperoxidase staining (frozen sections). Mice were either
anesthetized with ether or killed by rapid cervical dislocation. Kid-
neys were removed, cut into slices in 4% paraformaldehyde (PFA)/
PBS and further fixed in the same solution overnight at 4°C. They
were rinsed sequentially with PBS containing 5 and 10% sucrose for
4 h and then with the same buffer containing 15% sucrose overnight
at 4°C. Tissues were placed in O.C.T. compound (Sakura Finetech-
nical Co., Ltd., Tokyo, Japan) and frozen with liquid nitrogen. Frozen
sections (6 pm thickness) were prepared and mounted on silane-
coated glass slides. To block the endogenous peroxidase, sections
were first washed 3 times in cold 10% sucrose/PBS solution (5 min
each) and then incubated in 0.3% H,0; in methanol for 15 min at
room temperature and rinsed off with PBS. Nonspecific binding was
blocked by incubating sections with 10% nonimmune goat serum
(Zymed Laboratories, Inc., CA) for 10 min at room temperature.
KM2076 (2 pg/ml in 1% BSA/PBS) was applied on sections and they
were incubated overnight at 4°C. After rinsed with cold 10% sucrose/
PBS three times, sections were incubated with peroxidase-
conjugated anti body (goat anti-rat IgG(H + L) HRP, Chemicon
International Inc.) for 4 h at room temperature. After washed with
cold 10% sucrose/PBS three times, DAB solution was diluted to the
half and was applied for 1 min at room temperature as described in
the Vectastain DAB kit protocol. Sections were washed and stained
with hematoxylin.

Fluorescence staining (frozen sections). Sections were prepared
as described in immunoperoxidase staining (frozen sections) except

FIG. 1. Immunoblot analysis of the Klotho protein in the kid-
neys. Immunoblot analysis of the Klotho protein in the kidneys of
wild (lane 1) and A/ mice (lane 2) with (A) KM2076 and (B) KM21189.
Immunoblot analysis of the Klotho protein in the human kidneys
(lane 1) with (C) KM2076 and (D) KM21189.
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FIG. 2. Standard curve of sandwich ELISA for the detection of
the Klotho protein.

for using avertin (0.8 ml/head) as anesthetic. After washing out
O.C.T. compound with PBS, nonspecific binding was blocked with
10% goat serum for 15 min. KM2119 (ascites, 100X dilution with 3%
FCS-PBS) incubation were done for 1 h followed by washing with
PBS. Sections were incubated with Alexa Fluor 488 goat anti-rat
IgG(H + L) conjugate (200X dilution with 3% FCS-PBS, Molecular
Probes, Inc., OR) for 30 min (dark) and washed with PBS. Samples
were observed with a Leica TCS SP confocal laser scanning micro-
scope (absorbance 488 nm and emission 520 nm).

RESULTS AND DISCUSSION

Establishment of anti-human Klotho mAbs. Here,
we presented the establishment of a mAbs against
Klotho protein. We immunized rats and mice with the
recombinant human Klotho protein or a synthesized
amino peptide and obtained three mAbs (KM2076,
KM2119 and KM2365) as described in Materials and
Methods (8). Matsumura et al. (4) reported that there
are two transcripts which apparently arise from alter-
native splicing of k/ mRNA. One transcript encodes a
single-pass membrane protein with internal repeats
(hKL1, hKL2). The other transcript encodes only hKL1
domain corresponding to a secreted-form of Klotho pro-
tein. As the immunized antigen for KM2119 was a part
of hKL2 domain, this antibody does not recognize the
secreted form. On the other hand, the immunized an-
tigen for KM2076 and KM2365 was a part of hKL1,
these mAbs could react with both the membrane and
the secreted form of Klotho protein.

Typical results of western blots were shown in Fig. 1.
KM2076 specifically recognized a 130 kDa Klotho pro-
tein exists in the membrane fraction from the wild-type
mouse kidney, but not that from the A/ mice (Fig. 1A).
KM2076 also recognized specifically a 130 kDa Klotho
protein in the membrane fraction of human Kkidney
(Fig. 1C). KM2119 also recognized the 130 kDa Klotho
protein in the membrane fraction from the wild-type
mouse kidney (Fig. 1B) and the human kidney (Fig.
1D), but not that from the k/ mice (Fig. 1B). Interest-
ingly, KM2119 additionally recognized a 60 kDa pro-
tein as well as a 130 kDa one in the wild-type mouse
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FIG. 4. Immunoperoxidase staining of kidneys with KM2076. Paraffin sections of (A and B) rat or (C and D) human kidneys. (A and C)
KM2076 and the secondary mAb were sequentially applied as described under Materials and Methods. (B and D) The secondary antibody
but not KM2076 was applied. Sections were counterstained with hematoxylin. Bar represents 100 um.

(Fig. 1B) and the human (Fig. 1D) kidneys. It might be
possible that a part of extracellular domain of Klotho
protein was cleaved and the rest of Klotho protein near
KL2 domain was recognized as 60 kDa protein.

Sandwich ELISA for the detection of Klotho. The
supernatant of CHO cells expressing human klotho
¢tDNA was serially diluted, and the level of Klotho
protein was determined with the sandwich ELISA. As
shown in Fig. 2, the value of A415 corresponded well to
the concentration of Klotho protein. Using the ELISA,
we concluded that the Klotho protein as low as the
concentration of 10 to 20 ng/ml could be detected.

Localization of the klotho transcript and Klotho pro-
tein. Strong signals of klotho transcripts were ob-
served on the cortical renal tubules of the wild-type

mouse kidney, but not those of the k/ mouse (Fig. 3A,
B). The interesting point is that not all the cells in the
cortical renal tubules express the mRNA. These sig-
nals are specific for k/ transcripts, because we did not
detect any signals with the k/ sense probes (data not
shown). The pattern of localization of k/ transcripts
was similar to that reported earlier (1).

To select mAbs available for the immunohistochem-
ical detection of Klotho protein, we first stained kid-
neys from wild-type and A/ mice. Among mAbs tested,
KM2076 specifically stained the cortical renal tubules
of wild-type mice kidney in both frozen (Fig. 3C) and
paraffin sections (Fig. 3E) by immunoperoxidase stain-
ing. We concluded that the staining was specific for
Klotho protein, because we did not detect any staining

FIG. 3. Expression of klotho mRNA and Klotho protein in the mouse kidneys. (A and B) Expression of mRNA for 4/ in the kidney of
T-week-old mouse. In situ hybridization was performed on sections with *S-labeled cRNA probes that was specific for mRNA for k/. (A)
Bright-field image with the kidney from the wild-type mouse. Expression of &/ mRNA was detected as the dense localization of black grains
on the renal tubules. (B) Bright-field image with the kidney from &/ mice. (C and D) Immunoperoxidase staining of kidneys with KM2076.
Frozen sections of kidneys isolated from (C) wild-type or (D) &/ mice were stained with KM2076. Sections were counterstained with
hematoxylin. (E and F) Immunoperoxidase staining of kidneys with KM2076. Paraffin sections of kidneys isolated from (E) wild-type or (F)
kI'mice were stained with KM2076. Sections were counterstained with methyl-green. (G) Fluorescence staining of the wild-type mouse kidney
with KM2119. Green signals represent signals from Klotho staining. The bars under B, F, and G represent 100 um for A, B, E, F, and G, and
the bar under D represents 50 um for C and D. :

601



vol. 267, No. 2, 2000

on the cortical renal tubules of &/ mice kidney (Figs. 3D
and 3F). KM2119 also specifically stained the cortical
renal tubules of wild-type mice kidney on frozen sec-
tions by fluorescence staining (Fig. 3G). The localiza-
tion of Klotho protein in the mouse kidney was similar
to that of k/ transcripts. Using KM2076, we further
stained the paraffin sections of the rat (Figs. 4A and
4B) and the human (Figs. 4C and 4D) kidneys. KM2076
also gave specific staining on the cortical renal tubules
of rat (Fig. 4A) and human (Fig. 4C) kidneys.

In conclusion, among the monoclonal antibodies es-
tablished, KM2076 can be used to detect human Klotho
protein for the Western blot analyses. Also KM2076
can be used to monitor the secreted form of human
Klotho in ELISA system with the combination with
KM2365. KM2119, which detects the KL2 part of
Klotho, gave an additional 60 kDa band as well as 130
kDa band in the samples from human and mouse kid-
neys in Western blot. For immunohistochemical anal-
ysis, KM2076 gave a specific staining of Klotho in
mouse, rat, and human kidney sections. KM2119 also
gave a similar result in mouse kidney sections by using
fluorescence staining. Besides the characterization
above, we also have a preliminary data of the availabil-
ity of KM2076 and KM2119 for the immunoprecipita-
tion of Klotho protein.

These antibodies will be powerful tools for under-
standing the function of Klotho.
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Abstract: We explored the possibility of converting
established antibody-producing cells to celis producing
high antibody-dependent cellular cytotoxicity (ADCC)
antibodies. The conversion was made by constitutive ex-
pression of small interfering RNA (siRNA) against a1,6 fu-
cosyltransferase (FUT8). We found two effective siRNAs,
which reduce FUT8 mRNA expression to 20% when
introduced into Chinese hamster ovary (CHO)/DG44 cells.
Selection for Lens culinaris agglutinin {LCA)-resistant
clones after introduction of the FUT8 siRNA expression
plasmids vyields clones producing highly defucosylated
(=60%) antibody with over 100-fold higher ADCC com:
pared to antibody produced by the parental cells (= 10%
defucosylated). Moreover, the selected clones remain sta-
ble, producing defucosylated antibody even in serum-free
fed-batch cuiture. Our results demonstrate that constitu-
tive FUT8 siRNA expression can control the oligosaccha-
ride structure of recombinant antibody produced by CHO
cells to yield antibodies with dramatically enhanced ADCC.
© 2004 Wiley Periodicals, Inc.

Keywords: recombinant antibody production; antibody-
dependent cellular cytotoxicity; siRNA; o1,6 fucosyltrans-
ferase; fed-batch culture; CHO cells

INTRODUCTION

Monoclonal recombinant antibodies IgG, containing two
complex-type N-linked oligosaccharides in the Fc, are com-
monly used therapeutically. Clinical studies have shown
that antibody effector functions, especially antibody-
dependent cellular cytotoxicity (ADCC), are very important
for clinical efficacy (Cartron et al., 2002; Clynes et al,,
2000; Lewis et al., 1993). ADCC is triggered upon binding
of lymphocyte receptors (FcyRs) to the antibody constant
region (Fc), and is largely dependent on the Fc oligosac-
charide structure (Davies et al., 2001; Jefferis et al., 1998;
Kumpel et al., 1994, 1995; Ripka et al., 1986; Umana et al.,

Correspondence to: Mitsuo Satoh

© 2004 Wiley Periodicals, Inc.

1999; Wright and Morrison, 1997). Previous attempts to
enhance recombinant antibody ADCC focused on the effect
of oligosaccharide sialic acid (Ripka et al., 1986), galactose
(Kumpel et al., 1994, 1995), or bisecting GlcNAc (Davies
et al.,, 2001; Umana et al.,, 1999) on antibody binding to
FcyR. However, it has been recently shown that the
oligosaccharide fucose residue plays the critical role in
ADCC. Defucosylated anti-CD20 IgG1 (Rituxan™) shows
over 50-fold greater ADCC compared to fucosylated
Rituxan™ and defucosylated anti-Her2 IgG1 (Herceptin™)
shows enhanced ADCC with improved FcyRIla binding
(Shields et al., 2002; Shinkawa et al., 2003).
Recombinant protein expression technology in mamma-
lian cell culture is the principal means of commercial
production of therapeutic antibodies; indeed, all approved
therapeutic recombinant antibodies are produced using
mammalian cells such as Chinese hamster ovary (CHOQ)
and mouse myeloma host cell lines. Robust antibody
production processes using these host cell lines have been
developed. These processes are proven to produce safe and
effective antibody molecules with serum half-lives equiv-
alent to those observed for naturally occurring antibodies.
However, it still remains to be solved to control the oligo-
saccharide structure of the products to maintain product
consistency with desired efficacy because the majority of
the recombinant antibody generated by mammalian cells is
known to be fucosylated (Shields et al., 2002; Shinkawa
et al., 2003). A strategy for consistently regulating recom-
binant product oligosaccharide structure in mammalian cell
culture would be a considerable advantage for the manu-
facture of glycoprotein therapeutics, particularly anti-
bodies. We explored whether RNA interference (RNAi)
against «al,6 fucosyltransferase (FUT8) would result in
production of more homogeneous antibodies with a greater
proportion of fully defucosylated oligosaccharides.
RNAi-mediated gene silencing was initially shown by
introducing 21 or 22-nucleotide (nt) double-stranded RNAs



with 2-nt 3’ overhangs, small interfering RNA (siRNA),
into mammalian cell lines including NIH3T3, COS-7,
HelaS3, and 293 to inhibit target gene expression in a
sequence-dependent fashion (Elbashir et al., 2001). Since
this pioneering work, use of RNAi in mammalian cells has
become newsworthy because it is more potent than the
conventional approaches for loss of function, such as
antisense RNA (Bennett and Cowsert, 1999) and ribozyme
technology (Amarzguioui and Prydz, 1998).

Here we report that constitutive expression of siRNA
against FUT8 makes it possible to convert normal antibody-
producing CHO cell lines to more desirable cell lines that
produce therapeutic antibody with enhanced ADCC.

MATERIALS AND METHODS

siRNA Expression Plasmid Construction

For siRNA sense strand expression, the U6 promoter
(Kunkel and Pederson, 1988; Miyagishi and Taira, 2002)
from — 265 to + 1 was amplified by PCR from human
genomic DNA (Clontech) using the following primers: 5'-
GCTCTAGAGA ATTCAAGGTC GGGCAGGAAG AGG-
GCCTATT TC-% and 5-CGGGATCCTT CACGTGTTTC

sense

+1
B cacCGCTGAGTCTCTCCGAATACTTTTTGgatce
gtgGCGACTCAGAGAGGCTTATGARAAACCTAGY

cacCGAACACTCATCTTGGAATCTTTTTGgatce
'! gtgGCTTGTGAGTAGAACCTTAGARAAACCTAGY

GTCCTTTCCA CAAGATATAT AAAGCC-3' and cloned
into pBIuescriptII@ SK(-) (Stratagene) using Xbal and
BamHI sites (underlined). Synthetic DNA encoding the
siRNA sense sequence with transcriptional termination
(TS) was then introduced immediately downstream of the
U6 promoter using PmaCl and BamHI sites (in italics). The
PmaCl site allowed siRNA sequence insertion so as to retain
the first nucleotide G of the U6 promoter. The resultant
plasmid was designated U6_sense_B (or R). For the siRNA
antisense strand expression, the U6 promoter was amplified
with the following primers: 5-CGGGATCCAA GGTCGG-
GCAG GAAGAGGGCC TATTITCC-3 and 5-CGGAA-
TTCTT CACGTGTTTC GTCCTTTCCA CAAGATATAT
AAAGCC-3 and cloned into pBluescript®II SK(-) using
BamHI and EcoRI sites (underlined). This siRNA anti-
sense sequence and transcriptional termination (T5) was
introduced between the PmaCl and EcoRI sites (in italics).
The resultant antisense strand expression unit was inserted
into U6_sense_B (or R) using BamHI and Sall sites. The
constructed siRNA expression unit was excised at the Pvull
sites and inserted into the Pvull site of the pPUR vector
(Clontech) encoding a puromycin resistance gene as a se-
lection marker. Two siRNA plasmids, designated as
U6_FUT8_B_puro and U6_FUT8_R_puro, were con-
structed (Fig. 1).

antisense

+1
cacCGTATTCGGAGAGACTCAGCTTTTTTaatte
gtgGCATAAGCCTCTCTGAGTCGARAARATTAAY

cacCGATTCCAAGATGAGTGTTCTTTTTTaatte
GtgGCTAAGGTTCTACTCACAAGAAARAATTAAY

PmaCl X BamHI PmaCl EcoRI

PvulIXbal

VR

Sall
Pwull

&l

ué

Puromycin resistance gene

Fspl

SiRNA expression plasmid

U6_FUT8_B/R_puro

GCUGAGUCUCUCCGARUACUU

-------------------
...................

GAACACUCAUCUUGGAAUCUU

-------------------
-------------------

nASaN5N9OYDAYOYYI0NNYD

Transcribed FUT8 siRNA

Figure 1. Structure of FUT8 siRNA expression plasmids and the transcripts. Synthesized DNA encoding sense and antisense strands of FUT8 siR‘NA are
shown in capital letters. The transcribed sense and antisense RNAs, which have 2 = 4 uridine overhangs at the 3’ end, are annealed to form FUT8 siRNAs.

8, Sense strand; AS, Antisense strand; U6, U6 promoter.
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Establishment of Anti-CCR4 Antibody KM3060
Producing Cell Lines

The CHO/DG44 cell line (Urlaub et al., 1986) was kindly
provided by Dr. Lawrence Chasin (Columbia University,
NY). The variable region cDNAs were cloned from hy-
bridoma cells producing anti-CCR4 antibody KM2160
(Niwa et al., 2004), and inserted into the chimeric antibody
expression vector pKANTEX93 (Nakamura et al., 2000).
This vector was transfected into CHO/DG44 cells and the
transfectants were selected on the basis of antibody pro-
duction with stepwise gene amplification in medium
containing methotrexate (MTX) up to 500 nM. After two
rounds of single cell isolation, two producers with high
specific production rate (SPR), designated 32-05-09 and
32-05-12, were selected.

Introduction of FUT8 siRNA Expression Plasmids

1.6 x 10° 32-05-09 or 32-05-12 cells were transfected by
electroporation with 10 pg FUT8 siRNA expression plas-
mid (or mock pPUR) linearized at the Fspl site. Trans-
fectants were selected in 12 pug/mL puromycin (Sigma) for

6 days and several colonies were randomly isolated to.

analyze FUT8 expression levels. The remaining trans-
fectants were subjected to one-week selection with
0.5 mg/mL Lens culinaris agglutinin (LCA), which lyses
cells via cell surface fucose residues. Each of the resultant
LCA-resistant colonies was isolated and expanded for
further analysis.

Flask Cell Culture

Two LCA-resistant KM3060-producing clones (designated
9R-3 and 12B-5) and the parental cells (35-05-09 or 35-05-
12) were grown to confluence in T75 flasks (Greiner) with
IMDM containing 10% FCS. The culture medium was then
replaced with serum-free medium EX-CELL™ 301 (JRH
Bioscience). After culturing for 7 days, antibody was puri-
fied from the culture media using MabSelect™ (Amersham)
and stored in 10 mM citrate / 0.15M NaCl (pH 6.0).

Serum-Free Fed-Batch Culture

Clones 9R-3, 12B-5, 35-05-09 and 35-05-12 were directly
adapted to serum-free medium EX-CELL™ 302 (JRH Bio-
sciences) supplemented with 6 mM L-glutamine and
500 nM MTX. Fed-batch cultures were carried out at
35°C, 5% CO, (v/v) in 250 ml Erlenmeyer Flasks
(Corning) at 100 rpm for 13 days without pH control.
The EX-CELL™ 302-adapted cells were inoculated at 3.0 X
10° cell/mL, and serum-free IMDM-based feeding medium
was added at days 3, 6, 9, and 11 after inoculation to main-
tain a glucose content of approximately 3.5 g/L. Viable cell
density was determined by visual inspection using trypan
blue exclusion. The antibody concentration in culture su-
pernatant was measured by enzyme-linked immunosorbent

assay (ELISA) specific for human IgG as previously de-
scribed (Nakamura et al., 2000). Antibody was purified as
described above.

Competitive FUT8 RT-PCR Analysis

Total RNA was isolated from 1 x 107 cells using RNeasy
minikit (Qiagen) and incubated for 1 h at 37°C with
20 units of RQI DNase (Promega) to degrade genomic
DNA. Single-strand cDNA was synthesized from 3 pg to-
tal RNA using the Superscript™ first strand synthesis sys-
tem for RT-PCR (Invitrogen). The 50-fold diluted reaction
mixture was used as a template for FUT8 and B-actin
mRNA quantification by competitive PCR as previously
described (Shinkawa et al., 2003).

Northern Blot Analysis of siRNA

Thirty micrograms of total RNA, isolated using ISOGEN
(Wako, Tokyo, Japan) was separated by electrophoresis on a
12% (w/v) polyacrylamide gel containing 8M urea and
transferred to Hybond-N* membrane (Amersham). The hy-
bridization was performed as described (Lagos-Quintana
et al., 2001) with the following *2P-labeled oligonucleotide
probes (B_sense, 5'-GCTGAGTCTCTCCGAATAC-3;
B_antisense, 5-GTATTCGGAGAGACTCAGC-3';
R_sense, 5'-GAACACTCATCTTGGAATC-3'; R_anti-
sense, 5'-GATTCCAAGATGAGTGTTC-3; let7-a (internal
control for small RNA molecule), 5'-TACTATACAACC-
TACTACCTCAATTTGCC-3'). The membranes were ana-
lyzed with a Fujix Bio-Image Analyzer BAS2000 (Fuji
Photo Film, Tokyo, Japan).

Monosaccharide Composition Analysis

The monosaccharide composition of purified antibodies
was analyzed by modified high-performance anion ex-
change chromatography (HPAEC) as previously described
(Shinkawa et al., 2003).

Antigen-Binding ELISA

BSA-conjugated CCR4 peptide (DESIYSNYYLYESIP-
KPC) (1.0 pg/well) generated by Succinimidyl-transe-4(N-

Table I. Frequency of colony conversion to LCA resistance by
introduction of the FUT8 siRNA plasmids.

Parent; 32-05-12

Plasmid Puro colonies LCA" colonies % LCAY Puro”
pPUR 960 0 0
U6_FUT8_B_puro 1152 24 2.1
U6_FUT8_R_puro 1128 14 1.2

Note. Puro”; puromycin resistance, LCA® LCA resistance.
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Table [I. Monosaccharide composition of N-linked oligosaccharide core
structure of KM3060 produced from the siRNA-introduced clonies and the
parental cells.

Relative composition of monosaccharides

Clone “Fucose GIcNAc Mannose PFucose (-)%
32-05-09 (Parental) 092 4.00 227 8
9R-3 (siRNA Introduced) 0.44 4.00 2.56 56
32-05-12 (Parental) 0.94 4.00 2.18 6
12B-5 (siRNA Introduced) 0.35 4.00 2.63 65

*Molar ratios calculated vs. 4 GlcNAc.
>Total percentage of non-fucosylated of oligosaccharides calculated by
the formula (1-a) x 100.

maleimidylmethyl)-cyclohexane-1-carboxylate (SMCC)
reagent (Sigma) was coated onto 96-well immunoplates
(Gleiner), and the plates were blocked with 1% BSA in
PBS. Various antibody concentrations were added to the
wells and incubated for 2 h at room temperature. Antibody
binding to the CCR4 peptide was detected by 1/2000 dilu-
tion of goat anti-human IgG1 (H&L) peroxidase-conjugated
polyclonal antibody (American Qualex) and developed with
2,2!-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)-
diammonium salt (ABTS).

ADCC Assay

ADCC assays were performed by the lactate dehydroge-
nase (LDH) release assay using as effector cells human
peripheral blood mononuclear cells (PBMC) prepared from
healthy donors by Lymphoprep (AXIS SHIELD, Dundee,

ot
o

UK). Aliquots (50 pL) of target tumor cells, murine T cell
lymphoma CCR4/ELA cells expressing human CCR4 (Niwa
et al., 2004), were distributed into 96-well U-bottomed
plates (1 x 10%/50 L) and incubated with serial dilutions of
antibodies (50 puL) in the presence of the PBMC (100 pL)
at an E/T ratio of 20/1. After incubation for 4 h at 37°C,
the supernatant LDH activity was measured using a Non-
Radioactive Cytotoxicity Assay Kit (Promega, Madison,
WI). The percent specific cytolysis was calculated from the
sample activities according to the formula:

% specific lysis = 100 x (E — Sg — Sr)/(M - S7)

where E is the experimental release (activity in the
supernatant from target cells incubated with antibody and
effector cells), Sg is the spontaneous release in the presence
of effector cells (activity in the supernatant from effector
cells with medium alone), Sy is the spontaneous release of
target cells (activity in the supernatant from target cells
incubated with medium alone), and M is the maximum
release of target cells (activity released from target cells
lysed with 9% Triton X-100).

RESULTS

Conversion of Antibody Producing CHO Cell Lines
to High-ADCC Producers

To evaluate the effects of constitutive siRNA expression
against the FUT8 gene on antibody-producing CHO cells,
we constructed two siRNA expression plasmids U6_
FUT8_B puro and U6_FUT8_R puro in which the U6
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Figure 2. Depression of FUTS expression by the FUT8 siRNA. (a) Northern blot analysis of the siRNAs. Arrows show the expressed siRNAs with dfc
expected size. let-7a microRNA serves as a loading control for the small RNA (b) Quantification of FUT8 transcripts using competitive RT-PCR analysis
was performed 3 times independently. FUTS transcripts compared to B-actin transcripts are shown.
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promoter strongly drives transcription of short RNA
(Fig. 1). Two parental CHO/DG44 cell lines producing
anti-CCR4 chimeric monoclonal antibody KM3060, 32-05-
09 and 32-05-12, were prepared and transformed with the
siRNA expression plasmids. Puromycin-resistant clones
appeared 6 days after transfection with a transformation
efficiency of approximately 1000 per 1.6 x 10° electro-
porated cells. There was no significant difference in trans-
formation efficiency among the plasmids. No reduction of
FUT&8 expression in the pooled puromycin resistant clones
was observed using quantitative RT-PCR analysis (data not
shown). Subsequent selection of LCA-resistant clones
yielded clear differences between siRNA-introduced and
mock transformants. A low percentage of the transformed
puromycin resistant-clones survived culture in LCA-
containing medium, although none of the mock trans-
formants survived (Table I) indicating that siRNA activity
was sufficient to yield cells lacking cell surface fucose.
The oligosaccharide structure of the antibodies produced
and the FUTS expression level in these clones were deter-
mined. The results showed that the oligosaccharide fucose
content was inversely proportional to the reduction rate of
FUT8 expression (data not shown). The clones expressing
the most defucosylated antibody were selected indepen-
dently from each siRNA-introduced transformant and des-
ignated 9R-3 (from U6_FUTS8_R puro-introduced clones)
and 12B-5 (from U6_FUT8 B_puro-introduced clones),
respectively. Confirmation of parental-type complex-type
N-linked oligosaccharides was done by previously de-
scribed methods (Shinkawa et al., 2003) on purified an-
tibodies produced by 9R-3 and 12B-5 in flask culture.
Oligosaccharide profile of the two clone’s products was
equivalent to that of the parental cells previously reported
(Niwa et al, 2004) except for the content of fucose-
attached oligosaccharides (data not shown). Monosaccha-
ride composition analysis of the purified products also
showed that, except for fucose content, there were no
significant differences between the N-linked oligosaccha-
ride core structures of the siRNA-introduced clones and
the parental cells (Table II). The ratios of defucosylated
oligosaccharides of the 9R-3 and 12B-5 antibodies were
dramatically increased compared with those of parental
cells up to 56% and 65%, respectively. Using PBMC
as effector cells, ADCC assays with varying purified anti-
body concentrations showed that the defucosylated anti-
bodies exhibit over 100-fold higher ADCC than the
parental cell antibodies without any change in antigen
binding (Fig. 3a, 3b). In 9R-3 and 12B-5 transcripts ex-
pressed from the siRNA-plasmids were identified by
Northern blot analysis (Fig. 2a), and FUT8 gene expres-
sion levels were decreased to roughly one fifth parental
expression levels (Fig. 2b).

Fed-Batch Culture of siRNA-Introduced CHO Celis

Fed-batch culture of 12B-5 and 32-05-12 adapted to serum-
free medium EX-CELL™ 302 were performed while
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Figure 3. In vitro activity of antibody produced by siRNA-introduced

cells. (a) Lysis of CCR4/ELA cells by human PBMC at a target:effector
ratio of 1:20 in the presence of different antibody concentrations was
quantified by detecting lactate dehydrogenase activity. (b) Antigen-
binding activity of KM3060 was measured by ELISA. Antibodies
produced by siRNA-introduced clones 9R-3 (open circles) and 12B-5
(open triangles), their parental clones 32-05-09 (filled circles) and 32-05-
12 (filled triangles) are shown.

monitoring FUT8 mRNA expression level. The cultures
were finished 13 days after inioculation and viabilities of
12B-5 and 32-05-12 were 69.8% and 58.0%, respectively.
Cell growth and productivity of 12B-5 were comparable
to those of the clones randomly isolated during puromy-
cin selection at a SPR of 12 pg/cell/d. Parental 32-05-12
showed slightly better growth than the puromycin-resistant
descendants; however, 12B-5 productivity reached the pa-
rental level when the fed-batch culture was continued
until cell viability decreased to the parental level of 58%.
Culture aliquots were drawn at days 3, 6, 9, and 11 just
before adding the feeding medium. The antibodies and the
cells were then separated for analyzing the ratio of antibody
defucosylated oligosaccharides and the levels of cellular
FUTS and p-actin mRNAs (Fig. 4). FUTS expression was
reduced to approximately 20% of the parental level in
the seeding cells (day 0). During the culture course, 12B-5
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Figure 4. Serum-free fed-batch culture of FUT8 siRNA-introduced cell lines. (a) Productivities and growth rates of clone 12B-5 (open circle) and its
parental clone 32-05-12 (filled circle). Number of viable cells and amount of the antibody in the cell culture fluid were measured at day 3, 6, 9, and 11
after inoculation. (b) Product oligosaccharide corpositions were measured by monosaccharide composition analysis. Transcript amounts were measured
3 times independently by competitive RT-PCR using total RNA extracted from the cultured cells. (c) Amount of FUT8 transcripts normalized to the -
actin transcripts are shown in relative % to the FUTS expression of the parental clone as 100%. (d) Amount of R-actin transcripts in 12.5 ng of total RNA

are shown.

FUTS8 gene expression levels were stable, although 32-05-
12 FUTS expression levels decreased with cultivation. The
decrease of FUT8 mRNA was observed when culturing
another parental clone 32-05-09 as well (data not shown).
12B-5 antibody oligosaccharide fucosylation was checked
at least every 3 days during culture, and dramatic differ-
ences in fucosylation were not observed, resulting in the
production of antibody populations over 60% defucosyl-
ated. There was no significant difference in oligosaccharide
profile among 12B-5 antibodies in fed-batch culture (data
no shown).

DISCUSSION

In considering a suitable method for antibody manufacture,
a variety of factors must be considered. These include an-
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tibody structure, glycosylation and expression, which affect
productivity, purification, and cost of goods. The most
important carbohydrate structures contributing to antibody
activity are the fucose residues attached via a1,6 linkage to
the innermost N-acetylglucosamine (GlcNAc) residues of
the Fc region N-linked oligosaccharides (Shields et al.,
2002; Shinkawa et al., 2003). Removal of fucose from these
oligosaccharides results in enhanced ADCC of antibodies
including Rituxan™ and Herceptin® (Shields et al., 2002;
Shinkawa et al., 2003). However, controlling carbohydrate
structure is difficult and not readily standardized. As a
model system of mammalian cell culture systems we chose
CHO cells requiring methotrexate amplification to produce
recombinant antibody IgG1. Since antibody effector func-
tion strictly depends on the Fc region carbohydrate
structure (Clynes et al., 2000; Lewis et al., 1993), we ap-
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plied the techniques for loss of function specifically against
FUT8 gene expression in antibody-producing cells, FUT8
encodes al,6 fucosyltransferase, the enzyme that catalyzes
the transfer of fucose from GDP-fucose to GlcNAc in an
al,6 linkage (Yanagidani et al., 1997).

In the current studies, we focused on a new technique
“RNAi,” which has recently been discovered to be more
potent than other techniques such as antisense RNA and
ribozyme (Miyagishi et al., 2003). As it is well known that
siRNA inhibitory efficiency varies between sequences
chosen for the target gene (Harborth et al.,, 2001; Holen
et al., 2002), seven target sequences were randomly chosen
from the entire FUT8 ¢cDNA and tested for their inhibitory
effect by using a transient expression system with a FUT8-
GFP fusion reporter construct (data not shown). Among
these sequences, we employed the two, which greatly re-
press the expression of a co-transfected reporter gene. We
did not detect any significant reduction of FUT8 expression
in puromycin-resistant transformants after introducing
the siRNA expression plasmids despite the fact that U6
promoter-driven siRNA expression was effective in sup-
pressing co-transfected reporter expression. This discrep-
ancy is thought to be due to the positional effect of
siRNA expression vector due to random integration into
genomic DNA (Wilson et al., 1990). It is reported that more
than 50% of puromycin-resistant transfectants obtained
with the siRNA expression vector carrying the HI-RNA
promoter strongly suppressed the target p53 gene (Brum-
melkamp et al., 2002). Application of a stronger siRNA
expression system, such as Hl promoter and/or tRNA
promoter-driven short-hairpin type RNA expression vector
(Kawasaki and Taira, 2003), could improve the efficacy of
RNAi-induced transformation.

To enrich the transformants with measurable suppression
of FUT8 expression we applied a phenotypic selection
strategy. Lectin-resistant selection using LCA, which rec-
ognizes the «1,6 fucosylated trimannose-core structure of
N-linked oligosaccharides, was employed since mutants
with different protein glycosylation patterns show strict
differences in lectin resistance (Ripka and Stanley, 1986).
Two clones whose FUT8 expression levels were only
20-30% of parental were successfully isolated, though
only a few % of the puromycin-resistant transformants
showed an LCA-resistant phenotype. These two clones
produced antibody having approximately 60% defucosyl-
ated N-linked oligosaccharide and enhanced ADCC ac-
tivity: ADCC of anti-CCR4 antibody produced by the
siRNA-introduced clones was improved by more than two-
orders of magnitude compared to parental antibody without
change in antigen-binding activity. Oligosaccaride analysis
showed that the product of the siRNA-introduced clones
had the oligosaccaride structure equivalent to the parental
one except for the fucose content. These results suggest that
it is possible to convert parental antibody producing cells to
high-ADCC antibody producers.

From an industrial application standpoint, manufacture
processes must guarantee fixed product properties. During

fed-batch culture, siRNA-introduced clones stably produce
high-ADCC antibody within a narrow fucose content range.
The FUT8 mRNA expression level stably lasted to be
persisted at 20% of the parental clone until the end of the
culture, suggesting that the consistent low-level expression
of FUTS is critical to keep the defucosylation. We should
note that the parental clone also stably produced fucosyl-
ated antibody despite the FUT8 mRNA expression level
decreased with the culture, which indicates that the rate-
limiting step in fucosylation of the product is not related to
FUTS8 expression level in the parental CHO cells. FUTS
expression, however, is thought to become the key-step in
the fucosylation in the LCA-resistant siRNA-introduced
clones, since the oligosaccarides fucose content of the
product was inversely proportional to the reduction rate of
FUTS expression. The reasons why the effect of FUT8
siRNA in fed-batch culture late-phase was not as effective
as observed in early-phase remain to be solved. siRNA-
introduced clone growth rate was marginally slower than
the parental growth rate, however, this seemed to be un-
related to the effect of FUT8 siRNAs because the trans-
formants randomly picked from mock transfection also
showed the same growth rate reduction. Thus, the growth
rate reduction is likely caused by the stress of puromycin
selection. The siRNAs selected in our approach did not
induce significant phenotypic change of cell growth and
productivity, though siRNA is reported to cause unexpected
off-target gene regulation (Jackson et al., 2003; Scacheri
et al., 2004). We also confirmed that reduction of FUT8
expression does not affect cell growth and productivity
using FUT8 knock-out CHO cells we recently developed
(Yamane et al., 2004). Although the complex-coordination
among glycosyltransferase existing in medial Golgi is
reported (Opat et al., 2000), loss of FUTS did not influence
the function of other glycosyltransferases. FUT8 seems to
be located independently and acts on the modification of
N-linked oligosaccharide core structure, since FUT8 is
reported to be isolated in relatively low salt solution from
medial Golgi independent from the complex (Yanagi-
dani et al., 1997). At the end of the fed-batch culture, at
equivalent cell viability, the culture medium of both
parental and siRNA-induced clones contained equivalent
amounts of antibody. The only difference was fucose
content. It is very important to manufacture a recombinant
antibody with structure-desired and consistent carbohy-
drates on controlling biological activity of the ingredients.
These results suggest a mechanism of developing manu-
facture-scale production.

In conclusion, we succeeded in converting already-
established antibody-producing CHO cells to high-ADCC
antibody producers by reengineering them to constitu-
tively express siRNA against the FUT8 gene and applying
phenotypic selection with LCA. In addition, we showed
that the converted cells produce highly defucosylated
antibody with fixed properties even in serum-free fed-
batch culture. These results suggest that the application of
FUTS siRNA is advantageous for converting conventional
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antibodies to defucosylated antibodies and affords the
ability to evaluate the efficacy of defucosylation. Our
findings provide new strategies for controlling the glyco-
sylation profile of therapeutic recombinant proteins and
applying sets of siRNAs against glycosylation-modified
genes, such as glycosyltransferase and glycosidase.
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suggestions and critical reading, and Ms. Kazuko Kitajima and
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