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(Rigtt)
HLamXNEDEE (No.l)

(2,000 FFLE)

| MEES | BEE 5K % | —R BE |
(Z B) :
HcrEE T4 FEHEAEI A D cmyc BT 24 1 7Ok

EMOEAICB W CGEGFOERIBRO CEERBRTH . BTV LOEHEE. 5E
EFIDH > 7 ) THIC BT 2 BHEBMOIBRFHIEL (h> 7)) 7ER) OFERTHoEEEX
BTN S, BHEICBIT2EEMORIAIR. BHSMOE L BETFEHE L OBEROMERE
BETHD, b baIpD, L OFYTHEEMEZIA SN TWE D, EFEHEEY T OBFEMLIX
PROE (BEER) SEXELOT, EHLUEEGTRIOMHBEEMMELS D, Wb 5 4%
D 2 G EATNE =D BB L EERTFOEMLZ#EAT LI TR TH 2. LA L,
4 AT H 2 0 1 IXEIEE (BTHA~1EFR) 7/ 20E8ELERE 20, =
DOBGTREOMEMEIZERZEV. LEP->T, EFEMHEEOERFOELEMNI T S LT,
T LDRBEALL LI DOETNVICRDENWE D, TOOAL TIHTTIZ 2 47D
cmyc BIRFRI -7 3NTED (cmyel & ccmyc2). UDdH, ZOHADRIEL T
5 EDHHLERIIINT WS,

c-mycid, MfgDEHE, SHMbMEl, 7R =L XRDFELREIELIERERERTFTHD,
ZOEREIIMIAOEAEZBI R T, LEDN>T, BEIE B DR —DDERFIEIL
TR THD2LEDPHHDT, 5 —HOELETOEZRTFILERFOBEEE I LT
BRI B EDD N TE D,

INE T, BEFOBED SEEEELIE OV TERLERSIN<O»H 250D, #iE
TRIZOEEEDAIE A 53T LRSI L. 20720, EEMELORHRICEITLEE2 52 %
FTITEE STV, F I TAMETIE. cmyc BIEFORIFASIHED L OMEEICEET 2
HEEITV. EGEFHEEDMEOAIED &7 ) AORBEEMALIZ X 2 ELDIREHICETFEZ 52 5
ZeEERE L,

2A cmyeBIEF 28 4 TORGRIREDRE

O4 cmyc B FOREEEZA Y X vy TEICEIOBIT L. B cmycDTFV 2 1
DHELEENDTHL NI Uiz myel & ccmyc2 DY) > 1 OBOMEM MmO = FY I
EARTEL . EERESEOMUEPHDBRR STz, 2OZ NS, cmycl & comy I$Ri
2 R EHHERE 2 DR RR S Lz,

A4 Max®D cDNA V7 O——> VB I WN cmycBIEF 25 4 7L QIO HEL
RT-PCRIZE D BZHBTO cmyc DRMEBEEEB L& A BEHKAITEVDITO SN,
FREET7I77 4w 2T, cmye D Myec BEHE LY ZE%E D% Max OEGLTDH
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BEL@mXASTDOEE (No.2)

WREHRBIBHAZ L DI BRI >TNEREYD, Max D cDNA Z/n—=271L, /=¥ 7
Ow hET>7EEZA, Maxld ccmyc2 EFERROFIRERZ R UED comycl IEER > T=,
RREEATD 5 c-mycl i c-my2 K D ELFEEDPFENZ DGR ->TEH. DO D5 c-myel
& cmye & UTOBRELITHIOH LW EZ D X S ITHEL LT 2 AJREtE S HER S N =,

I c-myciBIaF 2 5 4 7DOHEENML

34 DemycBRF25 A4 TOMIZED L S BHEEDOMEIEETWLDDZHLPIT 2
7=z, BEMEKEAWT ocMyec EHEOEFRIEEDENIODWTEITZ B I &>/,
FI, ZUFTA HROEEMEKTH S KF & KG OfilgRAZ Z 2 Goll X &,
MERBERD c-myc ® mRNA 2% RT-PCR TEE L& 2 A, KF Tld ccmy2 DFEEDF
BN L, KG TIEMIZ ccmyel ORBPFEINE, £ T, B TREEGHICE
BrE5Z22LEZO5NIEERBEETOMEDENVEHSRIZT 2200, cmye® 5 L
D REEEKREERE L, VWO T72o7—E8T7 vEA 2iTo2ET A, ccmyel & cmyc2 1&
B 2nEHEBEER > Lo o7z,

WIZ, cMyc & Max OEHEMMEEEAZFHANSE=HIZ, GST-pull down assay B LN
two-hybrid system I L A ZIT o728 A, ELEEDHEN c-Mycl &, Max & D& H
cMyc2 LW 5L, invitro CIXIF LA R L o=,

Fi=. TV T MNP vt OFERTIE. W cMyc lXFDERNEFTH D E-box I3 L TH
MEIC BV RS WA= 00, L F—¥ —BETF %A T O cotransfection assay T,
REFIR ¢ Mye2 & e-Mycl IZHARTEWERETEMEZ & DEED R 5 Nz, in vivo TlX, c-Mye
DIEEIEFD S b, TERT DHEBUL cMyc2 I L > TOHFIfII Tz,

Bacterial two-hybrid system (2 £ 5 31 c-Myc G EHEOMEBRIR I )V —=2 T

ZNZND cMye CREMICHEERT2EHEEZEENIA ) -0 7352012,
bacterial two-hybrid system 28 272>/ 2 A, KF ¢cDNA 24 7210 —»5 c-Myel &
cMyc2 CNLTZNZNERZ 11 HORMESENSON, HAFHAT2EHEICBEVTY
2 D0 c-Mye ODEIZEWDED Sz,

INEDERNPS, cmycl & ccmy2 DHEFEIZ A —N—=Z5 v 7L TUINWBHDD, 2D 2
DIEFHLPIIXATCEZ D TH oz, WEEGZ H I LI TERP oD, T LDOERE
b2, ELEEOHEN c-myel IHRT 2HMOMIEEZEZ, BrOEEEHELDHAGD
Y TCENEGTEEI BTV AAREEDLH 2, 2O &id. AEIIBWTH. HAKEIIAS
N5E5mye7 7 IV —DPERSINDDH B E2BEZE S,



]

1970 RIS K # 1T, EWOENMICBVWTERTFOERIIMO TEET
HY. SHFENO L. HROEHIZEECED> TV L0 S Rk
ZIE L7 (Ohno, 1970) . EZ FEHICIIHANEE LEEMELEDH 5, —D
DEBMLETFDPEET HE. ZDIXREIBO—2FFH LnEEZF DXL S ITE
{ET2EHMPE L SNDD, FEMLE, FEREOTNTOERTENER
T30, BEELTLHREERTONT V ABRENS. £ LU TCHEERT
DAIFIZ LD HBEEEFOREOMMEFREN M LT 2, LAL. BAE
BETRILT LI ECHAHFECIFPZTEND LTRSS T 20 DBEMI
MONEE TR 2EEMLZELOBRETRE>TWS, 7/ LAOBEMEER.
EMOMMLICBO TR EBERE S 2RELTELIEDBHMSNTL 2. FHE
BINC BTN 5 BERMDOA Y 7)) THICBIT 2 FDEBIENL (“hr T
DT7IgR” . C“HELOEw TNV YL HMEEND) OFEERTHoEEER
5NTWVW5,

BEICBIT 2 EHEORBIE. BHEBMOEN CERFEELOMROMZ
E<BTHDZEEZONTWVWAD, £ FEIGO. ZL OB THEBEZHSNT

WBM, BOEERAMNH o120, ZEZEFELTHRER2MEEZRSHDHEZN, Z



NITHR L, AEEFEECOEBM ORI ZRFELTB Y., B2 EHERD
HBRESICRETE, REKOWEMEFRFLTWS (ME, 1983) , &5
2. EEBEHEEYTOMEIE LI R D E (BURER) CREEb0T, EE
LB FROHEREMES R D, Wb b 4 EFHD 2 EHPEATNS =
O, BEELUEEERFOECZHEBATIZLIIRETH S, LI L, REIIBIT
577 0 LOEEMACI I RE (BT ~1 (R BEEZD. ZD0HEE
FRIOHBEMIZEZE W (Ohno, 1970) o LMo T, EHEMEEOELRTD
HEALZRIART D LT T LAOBEIL L ZRBIIKTOETNVICRD EWE 5,
BHIIBWTE, PRSI RTE OB LofBREIhTED, &
BaA D56 25470 cmyc B TFH7O0—=73TBEH, Lrd, 20
MADRIELTNWEZEPHLPIZEINTWS (Zhang et al, 1995)

omwu%%®%ﬁ\%m@mﬁ\Tﬁb~yX@%§E8E%b%§%&%
EFT. ZOEREPHIEOELZEIZEC I H5BEBERFLELTHHILN
T\ (for review, see Oster et al, 2002) , L7zD> T, EEtEH DR L
H—DDEBEFRILITRENTHL2LEDNHH=0.8 5 —FHOERTDEL
ZRERRBBETOME LB U TEIT2ED 22D TED, £ BN
JLZIE B FEED A U N— 51D mye 7 7 2 V) — (c-mye. L-mye. N-mye,

ssmye, B-myc) WIRES N TV LD, b OREIR, HRZERITV EEZIZTH



TH Do EHMHALICEIDEERELEIDAD ccmye BRTOMEIEL. & MIBIFS
myc 7 7 ) —OEMOMBHICHHRILOPE LIz,

CNFE T EBLTOBED S EHMELICONWTERLEREIHZ<H 2D
DD, EEFRBECHEEDOAIE D S5 LIziEIT DRV, 20728, FEM%
ﬁmmﬁﬁw%ﬂééi%ifwuﬁofmﬁmo%:Tﬁﬁ%?ﬁ\cmw
B FORBFATEEE X OKEICE T 202170 ERFHEEED 2L DA

HPST ) DO I L 2 ELDREGICEINF 25252 E2HNE L,
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E1E cmycBEFIZONT

RS & B

MEBEWEEREF mype A&V =T M) EHEAREY 1)L X 29
(myelo-cytomatosis virus29,MC29) W5 L O DA )V X THEI . v-mye
EMHEIN Tz MC29 w7 A VI, ERififaiE, FRMOEMERE, WiE, BT
VSEZREIEHE I (Cole, 1986), F/z. fid=T FUL bR DA IV, FIZIX
MH2, CMII, OK10 >, % I HIMWFE 7 A )V ZIZdH mye BFEAZI TV S (Burck et
al., 1988),

c-myc (cellular myc) & v-myc OHEEFREOV/TH D, b FTIHE 8 REAk
Rl 24 $8181C % % (Dalla-Favera et al, 1982), 5 TIZ. bt hDOREETIE,
c-myc B8R T & HBOBEN)., WRENRHEZ R DBET PV ODELET 52 &5
WESINTWS (Ryan et al, 1996)c TN 5I1E ccmye. N-mye, L-myec® 3 F&4
DEBREEFOMIZ, ssmye. B-mye E\Wo7=5F 5 FEEED A L N—=IZ XD mye
77V 2L TWD. EREFOBEEIUTHDHDOD, BEEINBLIVT
3 BESIORRME 60% U TFTH 2. ZhsORE. BEERIETHTH 2.
myc7 7I)—D> b, ccmye, Nomye, BELU L-mye® 3FEEOF B EEF
X, e NOBTROFELITEELOR SN ZEELRT TH 5. FIZIE. cmycldn
—Fw b USE, 2N O RIE, BE. R BLORBRERES DR
TZDBEFOMERROP>TE . N-mye [ZHRFMASME, B/ VR,

L'mycCiﬂﬂiﬁf“@é’i‘?ﬁ‘@{bﬁiﬁﬁﬁoTL\5 (%, 1991), FFIZ cmyeldt ME



DR 3HD1ITEREZRILTED (Cole, 1986), HEmD LLAKINT WD
 EEETFOVEDTH D,

ZOEIBBEDPS, 7o F L2 X myeRNA #2 fVWEOIBEEORFELIITD
NTHH., FlcMyc il 7R b= AFZFHEDHD>TWAH I s (Bab).
ChERNAUBMROREG T ENE Z HE ., IS DIR#R 72 &~ O @A DA

SENTW5 (Asai et al, 1994),

c-mycB: T DS & IR EHIHHERE

W BT 2 cmye Bl FOWEFTICINE. 3 D20V 2DDA >
NOYOEEDPHISN TS (Battey et al, 1993). EERARIE 4 7 AT (PO,
Pl P2 BXUP3) HFET %, LEREEMIGRIE 2 AT (P1 & P2) TH 5 M,
W N DfER. MEREICHENWTE P2 25 DIFEMD T % W\, —EOIEHMINE T,
FEEERICLD IV 1 BEDAEGHICE A oy 1HNOBENEZ7 0%
—%— (P3) POEWEDBBINZHINH 5. PODPSDEEIZDNTIE, FOR
BETHTDH 5. PolyTHIIED 2 7ATd D (pAl. pA2). K5 D mRNA
I& pA2 T# D % (Hayashi et al, 1987),

c-myciB{n FORBFATEBIC OV TE, WA T LRI N TE ., FET
—T 4 VTHEBTH DIV 1 BEOHIEIEZ LTSI EMBHL NI TN
5o ZNUE, B bONN—=F v MY L EDSY DY ZOEEMAAEIC BNV T, cmyc &
BFOTIYV Y 1 RZONLOIET—F 4 VHEBICRIBLORAZREDP LIELIEH

ENBZEMSEMNITSEND (Burck et al, 1988), = DIFE. c-mye B &g/ o



TR THIEL 7Y —DBEETEMHEERELZRI L, ®E7n 7Y > Tl
LT —BEFORNT N —OEH T c-mye PSBEIFRKT 5,

BRAIETIE, B A 2 VIS BIRIETIE ¢ mye DHFRIE B2F ® Fos/Jun 7
CORBHIERTFICL D EBLTAICHTGI SN T EHBEHaI T D (F
1992) L L. WAKED cmyc BT E1 A PO IZHNLDHPDOT
INDBREGEMIDEA L TH D (Zajac-Kaye and Levans, 1990), C OEMiiTER
HDLNIREDPRLEDL L ccmye DFEFREZI bO—NVT&E <7425 (Yu et al,
1993) CelpE s, M—HREFIINETH .

WBE cmyc DRHRBIZME L (Zimmerman et al, 1986), CD X > 2EETDE
HBHRBREVE X mRNA OFEFHOER MO TEHETH 5, ccmyc D mRNA
DORBEER I T < CERBEIN 10~30 2). 20, Migo LK
ZHIZE-oTHZEE T2 (Dani et al, 1984; Dani et al, 1988), cmycD I D &
D e AN ML, poly(A AL BB ICHFEET % A+U-rich fBIEPER LTV 5

(Pei and Calame, 1988; Brewer and Ross, 1988), ¥ 7=, # run-on 7wt A %
FW=EERT. transcription pausing 12 &> T2 EZED mRNA OFRE T H
HiHEIND NI ERME I N TV 5 (Bentley and Groudine, 1986; Nepveu

and Marcu, 1986),

cMyc 7 >N B DS & BEEE

SDS-PAGE Tix. &t F®D cMyc ¥ > /37 'HlE 64 kDa & 67 kDa D &%

TONBIRINS (Nauetal, 1985), BHITHE 1T/ LD SEMNEICHEET
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% CUG (Leu) D5EIEREN S D, ZOEYFHLRERIITHTH 5. M. Met
LA S R E B LB IIRLE G T ORI E U TE My OBFIBIE UHTTH %,

Myc & 287 Bi& C RIgFRIBICIEEMHEIT -~V v I X« V=T N U w2
—OA YV wIS—R A4 Y (bHLH-LZ) &W\Wo = 8RERETRF L L TORH
EEH B, /3— b F—0D Max (Myc Associate Protein X) & O£ ¥ > ¥ wIi—IZH
WTHEA L. AT 0514 v —%ET 5 (Blackwell et al, 1990; Blackwood and
Eizenman, 1991), ZhIZ L > 7T DNA E® CACGTG fii%| (E-box) OFik& %
hAOfEEHERS T, BEEHEAET L UCHEET 5. Max OFREY A v —3
Myc/Max & BIfROGEETNIZHEE T 5D BmEEMELGEEZ < Myc/Max L #5471
LEREHIHNCE < D EEZHNTWN D, Mye/Max N7 04 A ¥ —E MyclZl X5
EEEREE 7R =2 Z2OWMAICHMD TEETH %D, milt. N R ke
BEEE 07 7 F~—F —TRRAP 2 ¥, Max LISLD Myc §E&% V87 EH N LD
DPHEINTE TS (Oster et al, 2002),

WAL DBALICEE R cMyc ¥ > N BORNER FIZERBEESNTED
(Grandri and Eisenman, 1997; Cole and McMahon, 1999, Oster et al., 2002).
BHEMROELICED 2 L Bbh b Did. ODC, eIF4E B LT CDC25A TH A S
EEDRTWS (BEH, 1997), i, 7OAZ—E#ERfO70E—4 —
FIHIC B Myc DFESHAD RO D, Mye 70X —¥2EMETZIEdb
Mo T &7 (Wang et al, 1998; Wu et al,, 1999), LD L. Myc iZiEMH(bL 3 2 B
TFOMAEDLEIZE ST, oL BR25YNREMIBICEGZ 2 0I6EEDRH D
FD=. Myc IZE>TEEHIHIN2BERTEZHSHPIZT I & FEBICEH

LWweEzZ o5 Tnb (Peters and Vousden, 1997),

11



HEIKRTOIEEERE

c-myc 1Z PDGF 732 12 & 2 BFERIEC —@MEIBRIFIRT 2 2 L &b o Hlfg
I BT 2 Go/G1 BATORHIENCE < B5 L (Kelly et al, 1983; Greenberg et al,
1984), FriZ. Mg, SMbomsl, 7R b—2 X PV RXT73—A— 3
U\ DDOARREN, MEHE R EICEEREEZ =3 (Oster et al, 2002),
FEE cmye D/ w770 b XFRBRBICHT U, £z cmye ZBRIFHT S
U AD 22w I RAFEHRICES 2N —DFFEICIG U THESY &~
ISR & & %4 T D (Henriksson and Liischer, 1996), — 7. REBERFFREE W
3K DT Ty o mye DREIFHRE TR L —> 22 FEEEET LW HE
72D (Askew et al, 1991; Evan et al, 1992). ZDIEHEEF & U CTEMNELE
RFCTH D ps3rENHISENT WS (Hermeking and Eick, 1994; Wagner et al,
1994) 26D DS comyeld. HIFEDH AT X H > AHEFFICERRGEZ R
ELTWBI D> TE R, ZD =%, WA E (Hayashi et al,, 1987; Bernard
et al, 1983; Watt et al, 1983). BE¥8 (Watson et al, 1983). Wi‘k$8 (King et al,
1986). fa38 (Van Beneden et al, 1986; Schreiber-Agus et al,, 1993; Zhang et al,,
1994; Zhang et al, 1995), JRREY) (2R 5. KIFER). B L TREEY (Walker
et al, 1992) ORETHEBLRTFIZLREINTHE L, YavyauNx (Villares
and Cabrera, 1987) 75 % (Marsh and Chen, 1995) THEHLOEFN 7 0 —=

YTEINT VWD,
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cmyc BT AMTRIEHEL SMEINTWAE D, ¥ 7 FIVGERISIT R MR R ER
ADEL cmye OFEBOBEOHEIL FACERSINATODI LEEVEHL
(Lusche et al, 2001), ZDEHIE, c-myc % FIR LU TORWIBIEE DT LR 0
(cmyd )23 2 EHBRIIFEATLED) 2. HEDPSDEAN ccmyc BT 2R
WTOHREMZEDHE LW Wb Tnd (FES. 1997). &, cMyc ¥ ~
NI BEEGHRERTA2ERENDEDEIC ¢cDNA /00— 7 3N5 2 LT,

RSO E NG L EZ SN B,

BEICBIAINETD c-myc BIEFDIE

BT cmycEZFHP =Y <X (Van Beneden et al, 1986), €727 1 v ¥
2 (Schreiber-Agus., 1993), 24 (Zhang et al, 1995), ¥ > ¥ = (Zhang et al,
1994) T/ O—= 7 N TWb, ZUTATIE, A v hor2&xryVy 2 3
T TICHLPIZEINTEY, 27V Y 3BEREEINTWBIED, =7V 2
DHD Box A & BOBEEORICKSRESNT VWD, =7V 1HEBOFEHEITR
HCTIEERHLPIIINTNARN,

AEMEETCH A A4 T2 Y4 7D ccmye (CAML & CAMR) Dy no—=>
ZE . mRNA $#2.1kb 25 1.5 kb O 2FEHEI R I N TV S (BRDER
1. 2318), ZNSIFER2EHEFICELTED (Sun 5, TfE). IHIZNZ
NELEEDEL D, CAML X CAM2 £ 0 #ELHEED 1.6 f5FENZ & Do
TWd (BR. 1994), 2607 IV EEFIIEE b D cMyc & @WHENEZ S 5,

ZNZN 55.3% & 56.T%TH b ZHILICL>TELE 284 7D c-myc BIET

13



THDH CAML & CAM2 OROFMEMEL 94.2%TH H. ZOEPSILIZBIT S 4
EMEALIEH 5,800 HERIICK C o= LI N T WS (Zhang et al, 1995), fBiH

BT S ccmye LJEE & OBERICEAT 2HRIXIFEAERY (FAS, 1997),

14



26 T LOEEME L £l

Ohno (KR¥) DR

EYOEIIIBNT, B TEEIIBOTEETH S, [T /) LORZEEIFIR.
WO TIIEELRBESE2RELTELEIEPHSNTND D, HE, BHEBY
DOHEBIZBNTHEERBEELEEZS5ND L D127 572, 1960 FAHEIZ Ohno (K
) ok, WAEE BEOME Y= b O DNA EFAECMOBTREMEI DL L,
FEHEZOBLTFEDPEELTVWS I 05, TBHEMOELLBERIC, Dl
EH—HODT ) ©MEBUIH DS =) CRB L=, ERIC, K5 BEmDh Y 7
THIZEME oL EEEIZ—RIO 4 FHEADEEEZ SR L TW3S (Ohno,
1970; Ohno, 1967; Ohno, 1968), & 5127 LAENTHOFEIZ D, I,
Rk bR RICBNTE FURN R TR S WAL E COMIZ 3oy
LEBUEDRE = 2 B RBI N (Lundin et al, 1993).

—MREIT. UK 5 RERIIC B E ZERBEL (2 7)) 7IRH) OEXRT
HOLEEEFEZONTWE, —DOEGTFHPEETI L, ZDIXR 22550 —D2IF
HLUWHEEZF LD ICEMLT 2EHEHMDPEZ 5125 D GEIELIX T R TOERLET
DWEET 220, BEEE T EREBETONS U ADEEZN S, AEEETFOH

2 &0 #EEE TRBRABOREE DM L4 % (Ohno, 1970),

15



70 LOOERE L B

B FEMICIEINER LT LOBEE L DS S (Ohno, 1970), &AHIE
T T TR L > TV BB AT LIEDOBMBINZ SN BIZEBED
P HULSIFTTIEH LB AT LAIZHENRESE2 T 208 LRV, Th
AU 7 LOBEME, Y A5 LA 2EDPEET S0, TTIEHFEEL TN SE
GRS AT LhZHET S e Fizikklilzd o 2 8BNS A7 ADBEI L
LAREMED D B0 F DIz DEHMEALIZ. WA ER & IT R0 5 BEM 2 &L 0@ER
THE>TW5, L L, b M2IGD, DO THEBMERAS N TV B D, BUE
ERADHo7=D, FEZAEFLTHREEMEZRSDBDDBE N, IHIC. BFEHEE
Y1 OEBERIE PR D E (BURER) CEESEIDT, EELEEGFILT T
Eo ti‘%&ﬁ‘é?&z‘%%bt D BEETFILLED LS. BEEI OB DK < &
D, WhD 4EED 2 EHMDPHEATNS, 2D, ERLEERTFOELE
fEIRd 2 DIZEETH % (Ohno, 1993), ZHITH U, MHREMEIHEII A TY
RNEEOMARIT S THEBMI ORI ZRELTHE D AR %EO)F&JT%E%
ICRMTE, FAKROIEMZREGL TS (Becak et al, 1966; /NE. 1983;
Turner, 1984),

RYDOBEMESY 4 FERBLELTERINLEDODE T VIVED )V
(Odontophrynus americanus)T& - /= (Becak et al, 1966), L2 L. T DD 4
EHRMLEDVWRIERC >3 DT, 4 DOBEREGEDIH D, WHARFIZZD 4
DOREEDBEVIZHE LT, 220 2 lifEMAK TR —D0D 4 ek z s
% (F'E 4 51K). 4 SARMLUEBRRECIE, BEEFEERSISE 50 Rk
5. BEOBETFIEZhZAN, RO 2 MLEETFORD 0 IZ 4 363785 F 515

16



AR E RS ERTEPLTH L. RNVEAZRETCHIOT, 1 B TEIS 2 &R
FEPMIL L, ZNZNDEZ 2N B EFEZHDOREBIIRNSIDITTH S, L=
DT, TIOVNWEATNVIZHRWTRDITEP2EDIF ZREbd 2980
AN 4 BIME LT H o T,

A RXETF I~ EEINMEHEEPIEEEZEINTEDY. AL/ HothoRD
FEAEDH 50 THDDITH L, 104 DR BEMEF O &, S, 4 AT
HDHEBEZLNT NS, T4 D 104 DFERITFHESTR T 26 D 4 iREEEEDS
9. 52 D 2 figtalhkziEsd, 97abb IHIFEE L ZEEFEBO—D—Dh M
UT2MHOBEFEIZR>TNEZEZR LTS, BB 2 ICBWTETT
IZ c-mye DT, itk C3 (Nakao, ef al, 2000). 34> v &E#H (Kikuchi et al,
1999) REZ L DBETHER I/ O—Z 0 TINTED. ZOMABFHHEL T
HZEDHLERIIEINTVWS, LEM->T, a1 ISR OEEERTOELE
289 5 ETRIFOET IV ERDEZDIT T, IAICBIT 2 EHHOMBPIL. EH
FMOEL LB FEHEEOBROMZBHETHLLEZLNTNS (REF,
1996), HIE. AHIIL P 2SO EHMEMOMERIC T RRERAL R>THED
(KH 5, 2000), 321 D c-myc B FORFRITBEMEMICBIT S mye 773V

— DO E RN ZTICHRILDOPE LR,

17



3R

EEEY - BERE myc DABEBT 7 7 IV —. “DABGTFHEOREEN (¥
M5z #)7. TEHALT) BT, 33, 18-24 (1997)
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ABSTRACT

We determined the heterogeneous transcription start points (tsp) of two c-myc
genes from the common carp (Cyprinus carpio), tetraploid teleost, by the oligo-capping
method and showed the existence of the first exon. This is the first report on the
existence of the first exons of fish c-myc gene. Transcription of the two carp c-myc
genes started from at least four sites in CAM1, locating from —752 to —381 bp upstream
of the translation start site, and from twelve sites in CAM?2, locating from -586 to -413
bp upstream respectively. The first intron of CAM1 and CAM2 were deduced to be 335
bp and 356 bp, respectively. They shared 86.9% nt identity, lower than those of the
second exons (94.1%), and third exons (92.3%), which suggest that the first exon are
evolving faster. No nt identities were found between the c-myc first exons of carp and
other vertebrates. The putative promoter regions in CAM1 and CAM?2 contained no

obvious TATA or CCAAT boxes in the expected positions.
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1. Introduction

Polyploidy is a potentially important process in the evolution of vertebrates
(Ohno, 1970; Lundin, 1993). Studies on gene duplication in tetraploid teleosts are
important for investigating the evolutionary processes following the tetraploid event
(Ohno, 1993).

The proto-oncogene c-myc is thought to be one of the most important genes in
controlling cell proliferation (Roy et al., 1993). It has precise expression (both
specifically and quantitatively), is crucial for cell division and differentiation and is
highly conserved in vertebrates. In mammals, c-myc genes consist of three exons and
two introns (Bernard et al., 1983). The first exon is a noncoding exon. It plays a
regulatory role in the transcription of the c-myc gene (Saito et al., 1983). The second
and third exon together encode the c-MYC protein. It has been reported that the first
exon evolved more quickly than the second and third exons (Bernard et al., 1983;
Hayashi et al., 1987). Furthermore, the human c-myc gene is transcribed by two
promoters (Bernard et al., 1983; Battey et al., 1983). The noncoding exon and the -
promoter structures have not been reported in the lower vertebrates.

Two c-myc genes in a tetraploid fish have been isolated from the common carp,
Cyprinus carpio (Zhang et al., 1995). However, the first exon in the carp c-myc was not
detected because of the incompleteness of the cloned carp c-myc cDNA. In addition, no
signal was observed when carp genomic DNA was analyzed by Southern hybridization
using human exonl as a probe (Zhang et al., 1993). This result suggests that either
exonl is not present in carp c-myc, or it does exist, but its nt sequences are too different
to be detected by human exonl probe. Therefore, in this study, we determined the

transcription start points (tsp) of two c-myc genes from the common carp by the
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oligo-capping method (Maruyama and Sugano, 1994) and demonstrated the existence

of the first exon.
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2. Materials and methods
2.1. Isolation of RNA

Due to the fact that c-myc was detected in the liver of rainbow trout (Van
Beneden et al., 1986) and carp, by preliminary experiment, hepatopancreas was
selected for RNA extraction. Extraction was performed using Trizol reagent (Gibco
BRL), according to the manufacturer’s protocol. Poly(A)" mRNA was purified by

Oligotex™-dT30 <Super> (TaKaRa).
2.2. Oligo-capping

Oligo-capping was performed as described by Maruyama and Sugano (1994)
with some modifications. 5 g of poly(A)* mRNA was briefly treated with bacterial
alkaline phosphatase (BAP; TaKaRa). After two extraction with phenol:chloroform
and ethanol precipitation, the cap structure of this poly(A)" mRNA was removed by
tobacco acid pyrophosphatase (TAP HG; Nippon Gene, Toyama, Japan). After
phenol:chloroform extraction and ethanol precipitation, the decapped mRNA was
recapped with a chimeric RNA/DNA oligo linker (5’-GAG AGA GAC AGG CCT

TGT TGG CCG AGA GG-3’, 3’-ribose) using T4 RNA ligase (TaKaRa).
2.3. RT-PCR

The first strand cDNA of this oligo-capped mRNA was synthesized with

RNaseH-free reverse-transcriptase (SUPERSCRIPT II, Gibco BRL) using an
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oligo(dT);2.15 primer. The PCR reaction was performed in a volume of 100 £¢1 using
AmpliTaq Gold and 10 X PCR Gold buffer (Perkin-Elmer Cetus, USA) with 0.2 4 M

of PCR primers. Zhang et al. (1995) cloned two c-myc genes CAM1 and CAM2, and
determined the nt sequence of their 5° upstream regions. Using these nt sequences,
c-myc specific primers were designed in the 5 upstream regions. These primers were
oligo linker-specific primer (LSP-1, 5°-GAG AGA GAC AGG CCT TGT TGG CCG
A-3%), and two c-myc-specific primers (Myc-1A, 5°-GTC CTT GCT GAT GGT GAT
AGA AAT C-3’ and Myc-2A, 5’-GTG ACA GAG GCA GGG TGA ATA-3%). PCR
Amplification was started with a 12 min hold at 95°C, followed by 35 cycles of 30 s at

94°C, 1 min at 55°C, and 1 min at 72°C with a post-extension of 3 min at 72°C. Since a

high level of nonspecific amplification was generated, the expected fragments were

confirmed by Southern blot hybridization (Sambrook et al., 1989).

2.4. Nested PCR

The 5’-end of c-myc mRNA was amplified using LSP-2 primer (5’-ACA GGC

CTT GTT GGC CGA GAG-3’) with Myc-1B primer (5’-ATA CGC CAA ACT CGA

ACT CAC CGG-3’) or with Myc-2B primer (5’-ATA AAT TCT GTA GCT CCC

GCG-3’). The reaction conditions are described in section 2.3.

2.5. Subcloning and sequence analysis

The amplified fragments were separated by an agarose gel electrophoresis , and

cloned into a home-made T-tailed pBluescript II SK(-) vector. Sequences were
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analyzed by dye terminator cycle sequencing using the ABI PRISM 310 Genetic

Analyzer (Perkin-Elmer Cetus, USA).
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3. Results and discussion
3.1. Determination of tsp of two c-myc genes

Identification of the 5 end of an mRNA is essential for determing the promoter
region of a gene, especially when it is a “TATA-less” promoter region, where the tsp
are not easily predictable. The oligo-capping method was used here to determine the
tsp of two c-myc genes from the common carp.

PCR products amplified using primer LSP-2 with Myc-1B were cloned and the
sequences of 21 positive clones were determined. Using the oligo-capping method, tsp
of CAM1 were located at -466, -458 and -381 bp upstream of the putative translation
initiation codon (The “A” of ATG is numbered as +1.), while tsp of CAM2 were located
at -586, -581, -579, -569, -543, -525, -517, -494, -492, -484, -419 and -413 bp upstream
(Fig. 1). Six of the 21 clones were found starting from -581 of CAM2. The sequence at
-580 to -574 of CAM?2 was homologous to the initiator element (PyPyANA/TPyPy).
The major tsp in CAM?2 may be at around -581.

Generally, it is difficult to amplify long fragments in PCR. So PCR was also
performed using primers LSP-2 with Myc-2B which was designed in the upper stream
regions. Of 12 clones that were sequenced, all were found to start at -752bp upstream
of ATG of CAM1 (data not shown).

The sizes of the first introns interrupting the noncoding exonl and exon2 were
deduced to be 335 bp in CAM1 and 356 bp in CAM2, beginning with GT and ending
with AG, respectively (Fig. 2). It is common that TATA béx is around 25 bp upstream
of tsp, and CCAAT box is around 80 bp upstream of tsp. However, characterization of

the 5’-flanking regions indicated that the putatiVé promoter regions in CAM1 and
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CAM?2 contained no obvious TATA or CCAAT box like sequences in the expected
positions, which is different from mammalian c-myc genes. Certainly, the CAM1
promoter contained two TATA sequences (nt—1233, -1200), while there are three in
CAM2 (nt -1389, -1254 and -904). However, as these sequences are situated far from

any tsp, location of the promoters remains to be determined.
3.2. Comparison of the tsp of CAMI and CAM2

The oligo-capping method indicated that transcription of the two c-myc genes of
carp started from at least four sites in CAM1 and from twelve sites in CAM2. In human
and mouse, the c-myc gene has two tsp (Bernard et al., 1983; Battey et al., 1983). Our
results showed more variable clones and raised the possibility of the presence of
variable tsp in carp c-myc genes, since the oligo-capping method specifically labels the
capped end of mRNAs. Indeed, using the oligo-capping method, variable tsp are
obtained from human EF-1 & and TGF- 3 type Il receptor genes (Maruyama and
Sugano, 1994; Yu et al., 1996; Suzuki et al., 1997). The maximum distance between
these tsp was 371 bp in CAM1 and 173 bp in CAM?2 (Fig. 2). The difference in the tsp
locations may be related to the modulation of expression.

Using “GENETYX-MAC” computer algorithm developed by Software
Development Co., the nt identities of CAM1 and CAM2 were 78.5% in intronl, 86.9%
in the first exon (nt —560 to —342 of CAM1 and —586 to -364 of CAM2), 94.1% in the
second exon, and 92.4% in the third exon. These results suggested that the first exon
evolved faster than the second and third exon, which corresponds to the reports of
Bernard et al. (1983) and Hayashi et al. (1987). Using the BLAST (Altschul et al.,

1990) program, there are no nt identities between the c-myc exonls of carp and other
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vertebrates. In mammalian, several protein (MIF-1, MIF-2 and MIF-3) binding sites
located at c-myc intronl were identified and are controlling c-myc expression
(Zajac-Kaye and Levens., 1990; Yu, B. W., 1993). But in carp c-myc, these protein
binding sites were not observed. Therefore, the c-myc genes of carp may have a
transcription regulation system that is different from that of other vertebrates. Indeed,
high expression of the lower vertebrates c-myc in differentiated tissues contrasts
sharply with the low levels observed in mammalian adult tissues (Schreiber-Agus et al.,
1993; Schreiber-Agus et al., 1993). These differences may correlate with lower
vertebrate-specific functions, such as tissue regeneration and/or immortalization of cell
- lines.

The tetraploid event has been recognized as an important process in the
evolution of vertebrates (Ohno, 1970; Lundin, 1993; Ohno, 1993). The present study
helps us to understand the transcription function and evolution of c-myc genes in
tetraploid fishes as well as in other vertebrates, besides knowing the differences
between the two c-myc genes. It is suggested that subsequent to the tetraploidization
event, one of the 2 duplicated genes may have evolved faster to obtain a new function
or become silent (Ohno, 1970). The differences in exonl and the promoter structure
between the two c-myc genes of carp suggested that CAM1 and CAM?2 were evolving to
acquire different functions after the tetraploid event. Further studies are needed to
determine whether the exonl of the carp c-myc genes plays a different role from that of

other vertebrates.

3.3. Conclusions
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(1)

)

)

We determined the heterogeneous zsp of two carp c-myc genes by the
oligo-capping method and indicated the existence of exonl. There are no nt
identities between the c-myc first exons of carp and other vertebrates.

The first exons of the carp c-myc genes are evolving faster than the second and
third exons, which corresponds to the reports of Bernard et al. (1983) and Hayashi
et al. (1987).

Characterization of the 5’-flanking regions indicated that the putative promoter
regions in CAM1 and CAM?2 contain no obvious TATA or CCAAT boxes in the

expected positions.
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Figure legends

Fig. 1. The 5’ end sequences of the oligo-capped cDNA of two carp c-myc genes. The
sequences corresponding to the carp c-myc genes were aligned along with the
genomic sequences shown above. Dots (.) in CAM?2 indicate the same residues as in
CAM]1. Clones 1 to 18 and 19 to 21 correspond to CAM2 and CAM1 respectively.
Gaps (-) shown between the sequence derived from the linker oligo and the sequence
corresponding to the carp c-myc genes do not exist in the real sequence. Six clones
start from —581 bp upstream of the translation start site of CAM?2

Fig. 2. The nt sequences of the 5° upstream regions of CAM1 and CAM?2. Sequences in
intron1 are indicated by lowercase letters, and other sequences are indicated by
capital letters. Dots (.) in CAM2 indicate the same residues as in CAM1. Gaps (-) are
introduced to optimize identity. The nt residues are numbered at the right. The
putative translation start codon ATG is indicated by bold letters. Primers used in
oligo-capping are indicated by horizontal arrows. Tsp are indicated by vertical
arrows. The initiator (Inr)-like sequence is underlined. The nt sequences of CAM1

and CAM?2 have DDBJ accession numbers of D37887 and D37888, respectively.
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ABSTRACT

We cloned the full-length cDNA of max gene from the common carp (Cyprinus
carpio). The cDNA clone of carp max consists of 1209 bp and contained an
ATGe-initiated ORF consisting of 156 aa. The carp MAX share 76.7-93.8 % aa identity
with those of human, mouse, rat, chicken, Xenopus and zebrafish, respectively. The 15
bp alternative splicing was observed in the loop region of helix-loop-helix and is not
previously described in mammalian max sequences. Transcripts of max gene were
observed in all of the tissues of carp investigated in this study. The highest expression
was found in the ovary, and the transcripts in hepatopancreas and heart were low. Two
carp c-myc genes (CAM1 and CAM?2) showed differential expression pattern. The
expression of max was concomitant with CAM?2 expression, but not with CAM1. It has
been reported that MYC/MAX heterodimer as a regulator of gene expression has been
maintained throughout vertebrate evolution, and the expression of c-myc has been
concomitant with max expression. In addition, according to phylogenetic analysis,
CAM1 is evolving faster than CAM?2 after gene duplication. Therefore, this result

suggests that CAM1 may evolve to obtain a new function different from c-myc.
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Introduction

The proto-oncogene c-myc is thought to be one of the most important genes in
controlling cell proliferation (Roy et al., 1993). It has precise expression (both
specifically and quantitatively), is crucial for cell division and differentiation and is
highly conserved in vertebrates. However, its mode of action and its interaction with
the signaling pathway is still unclear. In mammals, c-myc genes consist of three exons
and two introns (Bernard et al., 1983). The first exon is a noncoding exon. It plays a
regulatory role in the transcription of the c-myc gene (Saito et al., 1983). Furthermore,
in the human genome, 5 members of the myc gene family (c-myc, L-myc, N-myc, s-myc,
B-myc) have been reported (Ryan and Birnie, 1996). Each member is structurally
similar to one another, however, nucleotide and amino acid identities shared by them are
less than 60%. Evolutionary origin and relationships of each myc member remain
unknown.

MAX is a basic helix-loop-helix/leucine zipper (bHLH/LZ) protein, which
forms heterodimers with members of the MYC protein family (Blackwood and
Eisenman, 1991). MYC/MAX heterodimers exhibit sequence-specific DNA binding
with much greater affinity than MYC homodimers. MAX may also form homodimers
which recognize the same target sequence as the MYC/MAX heterodimer, but which
are unable to function as transcription activators (Amati et al., 1992; Kato et al., 1992).

In lower vertebrates, both c-myc and max genes have already been isolated from
the zebrafish, and it is suggested that MYC/MAX heterodimer as a regulator of gene
expression has been maintained throughout vertebrate evolution (Schreiber-Agus et al.,

1993a). 1In a tetraploid fish, two c-myc genes (CAM1 and CAM?2) have been isolated
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from the common carp, Cyprinus carpio (Zhang et al., 1995). According to
phylogenetic analysis, CAM1 is evolving faster than CAM?2 after gene duplication
(Zhang et al., 1994). In addition, we determined the heterogeneous transcription start
points of two c-myc genes from the carp as reported previously (Futami et al., 2000).
The first exons of the carp c-myc genes are evolving faster than the second and third
exons. The differences in exonl and the promoter structure between the two c-myc
genes of carp suggested that CAM1 and CAM?2 were evolving to acquire different
functions after the tetraploid event. However, max gene had not been isolated from the
common carp, so relations between max and two c-myc genes had not been proven.
Polyploidy is a potentially important process in the evolution of vertebrates
(Ohno, 1970; Lundin, 1993). Studies on gene duplication in tetraploid teleosts are
important for investigating the evolutionary processes following the tetraploid event
(Ohno, 1993). Furthermore, the study of expression of c-myc and max may help us to
understand evolutionary origin of myc gene family in vertebrates, besides knowing the
transcriptional function of max and two types of c-myc. In this report, we cloned a
max gene from the common carp and compared it with expression patterns of two types

of c-myc genes in carp adult tissues.



2. Materials and methods

2.1. Isolation of max cDNA

Due to the fact that max was detected in the uterus and developmental stage of
zebrafish (Schreiber-Agus et al., 1993a) and carp, by preliminary experiment, the ovary
was selected for total RNA extraction. Extraction was performed using TRIZOL
regent (Gibco BRL), according to the manufacture’s protocol. Two ug of total RNA
was subjected to reverse transcription by reverse-transcriptase (SUPERSCRIPT 11,
Gibco BRL) using oligo-dT primer. Using a fiftieth of cDNA as a template, the coding
region of max was amplified by PCR. The primers were P1 (5’-ATG AGC GAC AAC
GAT GAT ATC GAG G-3’) and P2 (5’-TCC TCC GGG CGA TGC TTC TT-3’), which
were designed based on the reported sequence of the max gene of zebrafish. PCR
amplification was started with a 2 min hold at 95°C, followed by 35 cycles of 30 s at
94°C, 30 s at 56°C, and 1 min at 72°C with a post-extension of 5 min at 72°C. The
amplified fragments were separated by an agarose gel electrophoresis, and cloned into a
home-made T-tailed pBluescript II SK(-) vector. Sequences were analyzed by dye
terminator cycle sequencing using the ABI PRISM 310 Genetic Analyzer (Perkin-Elmer
Cetus, USA).

The 5’ upstream region of carp max was determined by the 5> RACE method
(Frohman et al., 1988). 0.5 ug of total RNA was subjected to reverse transcription by
reverse-transcriptase (SUPERSCRIPT 11, Gibco BRL) using max specific primer P2.
After hydrolysis of the RNA with RNase H, cDNA was purified with GENECLEANII

Kit (BIO 101), and subjected to oligo-dC tailing reaction with terminal
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deoxynucleotidyl transferase (Gibco BRL). The PCR reaction of dc-tailed cDNA was
| performed using AmpliTaq Gold (Perkin-Elmer Cetus, USA) with 0.1 uM of PCR
primers. The primers were anchor primer (Pa, 5-GGC CAC GCG TCG ACT AGT
ACG GGI IGG GII GGG IIG-3’) and max specific primer 3 (P3, 5’-GCT GGT GTG
TGT GGT TTT TCC GTC-3%). PCR Amplification was started with a 12 min hold at
95°C, followed by 35 cycles of 30 s at 94°C, 30 s at 57°C, and 1 min at 72°C with a
post-extension of 5 min at 72°C. The primary reaction products were used as the
template for the secondary amplification of nested PCR. In this secondary reaction,
universal amplification primer (Pb, 5’-GGC CAC GCG TCG ACT AGT AC-3’) and
max specific primer (P4, 5°-GCT GTC TTT GAT GTG GTC CCT ACG-3’) were used.
PCR was performed same as the first PCR. The PCR fragment was subcloned into
pBluescript II SK(-) and sequenced.

3’ franking region was determined by the 3> RACE method. Two pg of total
RNA was subjected to reverse transcription by reverse-transcriptase (SUPERSCRIPT 11,
Gibco BRL) using oligo(dT)-containing adapter primer. The PCR reaction was
performed using AmpliTaq Gold (Perkin-Elmer Cetus, USA) with 0.1 uM of PCR
primers. The primers were adapter primer (Pc, 5’-GGC CAC GCG TCG ACT AGT
AC-3”) and max specific primer P1. PCR amplification was started with a 12 min hold
at 95°C, followed by 35 cycles of 30 s at 94°C, 30 s at 58°C, and 1.5 min at 72°C with a
post-extension of 5 min at 72°C. The amplified fragments were separated by an
agarose gel electrophoresis. The predicted 1-1.2 kb products were eluted from the gel
and used as the template for the secondary amplification of nested PCR. The primers

were Pc and max specific primer (P5, 5’-CGG AAA AAC CAC ACA CAC CAG
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CAG-3%). PCR was performed the same as the first PCR. The PCR fragment was

subcloned into pBluescript II SK(-) and sequenced.

2.2. Genomic Southern blot analysis

10 pg of carp genomic DNA was digested completely with EcoRI or HindIIL,
and electrophoresed in 0.8 % agarose gel and transferred with 0.4 N NaOH to a nylon
membrane (Hybond N+, Amersham Falmacia Biotech). The blot was hybridized with
the **P-labeled probe. The probe used was a part of putative exon1 of carp max, which
was amplified by PCR using cDNA clone as template. Membrane hybridization as
well as washing procedures were carried out at 65°C, according to the standard protocol

(Sambrook et al., 1989).

2.3. Northern blot analysis

To analyze the tissue-specific expression of the max gene, total RNA was
extracted from hepatopancreas, kidney, brain, heart, gill and ovary of adult carp.
Twenty ng of total RNA was electrophoretically separated on 1% agarose/formaldehyde
gels and blotted onto a nylon membrane (Hybond N+, Amersham Falmacia Biotech).
The blot was hybridized with the °P-labeled cDNA probe. Membrane hybridization
as well as washing procedures were carried out at 65°C, according to the method

developed by Church and Gilbert (1984).

2.4. Detection of carp two c-myc mRNA by RT-PCR/Southern blot hybridization
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Two ug of total RNA was subjected to reverse transcription by M-MLV reverse
transcriptase (Promega) using oligo-dT primer. - A fiftieth of cDNA was used for a
PCR reaction. The primer set P6-P7 was used for RT-PCR of CAM1 and P6-P8 for
CAM?2 (P6: 5°-GCT TT CCG CTG CTG CCA AGT T-3’; P7: 5°-GTA CCT TGA ATC
TGA CAC TGC CGT-3’; P8: 5°-TAC CTT GAA TCG GAC ACC TCT GC-3%). The
specificity of the PCR was confirmed by sequencing. Expression of cytoskeletal
[-actin gene was used for internal control. The primers for f-actin gene were designed
based on the reported sequence (Katagiri et al., 1997). PCR Amplification was started
with a 2 min hold at 95°C, followed by 20 cycles of 30 s at 94°C, 30 s at 56°C, and 30 s
at 72°C with a post-extension of 3 min at 72°C. The PCR products were not detected
by ethidium bromide staining, so the reaction products were electrophoresed on a 2%
agarose gel and then transferred to a nylon membrane. The PCR products were then

detected by Southern blot hybridization (Sambrook et al., 1989).
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3. Results and discussion

3.1. Isolation of carp max cDNA clone

An RT-PCR strategy for cloning a partial cDNA of carp max successfully
yielded a cDNA fragment of 419 bp. Database searches with the partial nt sequence
thereof using BLAST program (Altschul et al., 1990) invariably yielded high scores of
similarity to other vertebrate max sequences, and the most closely related to zebrafish
max (data not shown). In order to obtain a full-length cDNA of carp max, the 5’ and 3’
RACE were performed (Fig. 1). As a result, the nt sequences of carp max cDNA
clone, 1209 bp in length, were determined (DDBIJ, registration number AB036771).
This nt sequence contained an ATG-initiated ORF consisting of 156 aa (Fig. 2). Using
“GENETYX-MAC” computer algorithm developed by Software Development Co., the
carp MAX share 82.3 %, 76.7 %, 76.7 %, 77.4 %, 78.2 % and 93.8 % aa identity with
those of human, mouse, rat, chicken, Xenopus and zebrafish, respectively. Notably, the
bHLH/LZ region (Blackwood and Eisenman, 1991) was highly conserved throughout
vertebrate evolution (Fig. 3).

The mammalian max gene has been shown to encode several alternatively
processed transcripts (Blackwood and Eisenman, 1991; Prendergast et al., 1991).  Carp
max transcripts also undergo 15 bp alternative splicing. However, this alternatively
spliced sequence is not previously described in mammalian max sequences, and only
fish max genes contain this insertion, although there is no comment that this inserted
sequence is alternatively spliced in zebrafish. Furthermore, this alternative splicing is

observed in the loop region of helix-loop-helix. Therefore, a max cDNA of carp
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encodes two members of MAX isoforms, which may bind some proteins. However,
the differential activities of these alternative forms remain undetermined in this report.
Two bands were observed by genomic Southern blot analysis, in EcoRI digests
(21 kb and 4.6 kb) and HindlIII digest (4.0 kb and 2.4 kb), respectively (Fig. 4). These
bands are thought to correspond to at least two max genes existing per haploidy genome
in the common carp, because carp are tetraploidy. Although we isolated sixteen single
clones from a RT-PCR product and analyzed the nt sequences, other max clones were
not isolated. Therefore, after the tetraploid event, one of the 2 duplicated genes may

not be transcribed in the tissue examined in this study or become a pseudogene.

3.2. Differential expression of max and two c-myc genes in several tissues

Transcripts of max gene were observed in all of the carp tissues (hepatopancreas,
kidney, brain, heart, gill, ovary) investigated in this study (Fig. 5). The highest
expression was found in the ovary, and the transcripts in hepatopancreas and heart were
low. Dramatically expression in ovary may correlate with L-myc which is transcribed
in the uterus and during early development (Schreiber-Agus et al., 1993a).

We also analyzed the tissue-specific expression of two c-myc genes of carp by
RT-PCR/Southern blot hybridization (Fig. 6). In mammalian terminally differentiated
tissues, c-myc expression is low or absent altogether (Zimmerman et al., 1986). In
contrast, transcripts of two c-myc genes were observed in all of the tissues investigated
in this study. In addition, high expression of c-myc in various adult tissues of zebrafish
and Xenopus was also observed (Schreiber-Agus et al., 1993a; Schreiber-Agus et al.,

1993b). The steady-state expression in lower vertebrates may reflect with lower
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vertebrate-specific functions, such as tissue regeneration and/or immortalization of cell
lines. However, two carp c-myc mRNAs were not clearly detectable by Northern blot
hybridization and RNase protection assay using ten ug of total RNA in any of the
organs investigated (data not shown). This result suggests that the level of c-myc
expression in carp tissues examined in this study may be low.

Comparing CAM1 with CAM2, mRNA level of CAM?2 in the hepatopancreas
was lower than that of CAM1, while in the ovary, mRNA level of CAM2 was higher
than that of CAM1. The differences of expression pattern between the two c-myc
genes of carp suggested that CAM1 and CAM?2 were evolving to acquire different
functions after the tetraploid event. In our previous study, we determined the
heterogeneous transcription start points of two c-myc genes from the hepatopancreas of
carp (Futami et al., 2000). Differential expression pattern of two c-myc genes in the
hepatopancreas may correlate with the variations of tsp.

Interestingly, although the expression pattern of carp max is similar to that of
CAM?2, it is not similar to that of CAM1. In zebrafish, it is suggested that MYC/MAX
heterodimer as a regulator of gene expression has been maintained throughout
vertebrate evolution, and the expression of c-myc has been concomitant with max
expression (Schreiber-Agus et al., 1993a). Therefore, the coordinate expression of
CAM? in the same tissues suggests that the CAM2/MAX complex may serve an active
physiological role as an original MYC/MAX heterodimer. In contrast, CAM1 may
evolve to obtain a new function different from c-myc. Indeed, according to
phylogenetic analysis, CAM1 is evolving 1.6 times faster than CAM2 after gene
duplication, and CAM2 is conserved throughout vertebrate evolution. (Zhang, 1994).

This result agrees with the suggestion that subsequent to the tetraploidization event, one
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of the 2 duplicated genes may evolve faster to obtain a new function or become silent
(Ohno, 1970). However, the MOTIF program (http://motif.genome.ad.jp/) to predict
the 3D structures of MAX, CAM1 and CAM2 showed that all of these had the motif of
helix-loop-helix (data not shown). Therefore, the CAM1/MAX heterodimer formation
may be considered as a possibility. It remains to be analyzed about the difference of
affinity in vivo between MAX and two c-MYC.

The present study may help us to understand the evolutionary origin and
relationships of the myc gene family in vertebrates, besides knowing the transcriptional
control and evolution of max and two types of c-myc genes in tetraploid fishes.
Further studies are needed to determine the difference of intracellular function between

two c-myc genes, and the protein-protein interaction of MAX and two c-MYC.

3.3. Conclusions

(1) We cloned the carp max cDNA by the RT-PCR and the RACE method. The aa
sequence of this gene were highly conserved throughout vertebrate evolution.

(2) Carp max transcripts undergo 15 bp alternative splicing. This alternatively spliced
sequence 1is not previously described in mammalian max sequences, and only fish
max genes contained this insertion

(3) Transcripts of the max gene were observed in all of the carp tissues (hepatopancreas,
kidney, brain, heart, gill, ovary) investigated in this study. The highest expression
was found in the ovary. Two carp c-myc genes (CAM1 and CAM?2) showed

differential expression pattern. The expression of max was concomitant with
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CAM?2 expression, but not concomitant with CAM1. This result suggests that

CAM1 may evolve to obtain a new function different from c-myc.
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Figure legend

Fig. 1. Strategy of cloning the full-length cDNA of max gene of common carp. The
full-length ¢cDNA of max was determined by 3 overlapped partial cDNA, 5’RACE,
RT-PCR, 3’RACE products. Pa-Pc, P1-P5, primers; A, adapter; 5°UTR, 5’
untranslated region; ORF, open reading frame; 3’UTR, 3’ untranslated region.

Fig. 2. The nt and deduced aa sequences of carp max cDNA. Deduced amino acids are
shown as one letter code below each codon. Alternatively spliced sequence is
underlined

Fig. 3. Alignment of deduced amino acid sequences of the max genes of chicken
(EMBL, L12469), Xenopus laevis (L09738), rat (D14447), mouse (M63903), zebra
fish (L.11711), common carp (DDBJ, AB036771) and human (EMBL, M64240),.
The abbreviated standard one-letter code aa sequences were initially aligned by using
a multiple alignment program in CLUSTAL W (Thompson et al., 1994).  Asterisks
(*) represent identity between the seven animals. Gaps (-) were introduced to
optimize identity. Alternatively spliced sequence is underlined. The bHLH was
indicated. Conserved hydrophobic residues of the leucine zipper were indicated by
sharps (#).

Fig. 4. Genomic Southern blot analysis of carp genomic DNA (10 ng) digested with
EcoRI (lane 1) or HindIll (lane 2) and hybridized with a part of putative exonl of
carp max, which was amplified by PCR using cDNA clone as template. Two bands
were detected in EcoRI digests (21 kb and 4.6 kb) and HindIII digest (4.0 kb and 2.4
kb), respectively

Fig. 5. Tissues distribution of max mRNA expression in carp by Northern blot analysis.
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Fig. 6. Detection of the mRNA of carp two c-myc genes by RT-PCR/Southern
hybridization. Expression of cytoskeletal f-actin gene was used for internal
control.  The data shown were derived from a single experiment that is

representative of at least two independent experiments.
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SUMMERY

The proto-oncogene c-myc is thought to be one of the most important genes in
controlling cell proliferation. In a tetraploid fish, two c-myc genes (CAM1 and CAM?2)
have been isolated from the common carp, Cyprinus carpio. Two carp c-myc genes
(CAM1 and CAM?2) showed different expression patterns in adult tissues as reported
previously. Here we found that CAM1 and CAM?2 expressed different patterns in
cultured cells due to serum stimulation, and both CAM1 and CAM?2 had distinct
properties in terms of their transcription regulation system, cooperation with Max, and
transcriptional activation to the TERT gene. These results showed that the two carp
c-Myc have overlapping but distinct functions, suggesting that CAM1 and CAM2 may

be evolving to acquire different functions after the tetraploidization event.



INTRODUCTION

Polyploidy is a potentially important process in the evolution of vertebrates (1,
2). It is believed that a tetraploid event took place about 500 million years ago in a
common ancestor of all vertebrates (3). Higher vertebrates have evolved sex
determination based on heteromorphic sex chromosomes, which prevent successful
polyploidization (1). Polyploidy is still common in teleosts, which seem to be sexually
undifferentiated. Studies on gene duplication in tetraploid teleosts are important for
investigating the evolutionary processes following the tetraploid event (4).

The proto-oncogene c-myc is thought to be one of the most important genes in
controlling cell proliferation (5). It is crucial for cell cycle, cell growth,
differentiation, apoptosis, transformation, genomic instability and angiogenesis, and is
highly conserved in vertebrates (6). Although a great number of researches have been
carried out, the mode of action and its interaction with the signaling pathway is still
unclear; the regulation of its expression and function is still far from being understood
(7). In the human genome, 5 members of the myc gene family (c-myc, L-myc, N-myc,
s-myc, B-myc) have been reported (8). Each member is structurally similar to ‘one
another, however, nucleotide and amino acid identities shared by them are less than
60%. Evolutionary origin and relationships of each myc member remain unknown.

In a tetraploid fish, two c-myc genes (CAM1 and CAM?2) have been isolated from
the common carp, Cyprinus carpio (9). According to phylogenetic analysis, CAM1 is
evolving faster than CAM?2 after gene duplication (10). In addition, CAM1 and CAM?2
showed the heterogeneous transcription start points and different expression patterns as
reported previously (11, 12). The expression of Max, which forms heterodimers with

members of the Myc protein family (13), was concomitant with CAM?2 expression, but



not concomitant with CAM1. In zebrafish, it is suggested that Myc/Max heterodimer
as a regulator of gene expression has been maintained throughout vertebrate evolution,
and the expression of c-myc has been concomitant with Max expression (14). Both the
sequences and the pattern of expression lead us to predict functional differences.
However, the biological significance of c-myc-duplication is unknown.

For better understanding of the evolution and function of myc family in higher
vertebrates, studies on the expression and function of c-myc in lower vertebrates,
especially in tetraploid fish, will provide useful insight. The biological significance O,f
the duplication of c-myc is of great interest. Biochemical analyses at the protein level
are required to reveal any functional divergence of the two c-myc. In this report, in
order to clarify whether differentiation of some kinds of function occurs during two
types of c-myc genes, we analyzed the differences of intracellular function between two

c-myc genes, and the protein-protein interaction of Max and two c-Myc.
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EXPERIMENTAL PROCEDURES
Cell culture

Three cell lines established from common carp were used in this study, KF (Koi
Fin) and KG (Koi Gill) cells kindly provided by Dr. P. Hedrick, and EPC (Epithelioma
Papulosum Cyprini) cells (15) were maintained in minimum essential medium (MEM)
containing 10% fetal bovine serum and 14 mM

N-[2-Hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid] (HEPES) at 20 °C

Plasmid construction

5’ deletion mutants of CAM1 and CAM?2 shown in Fig. 2 were made using Kilo-
Sequence Deletion Kit (TAKARA BIO INC,, Otsu, Japan) or PCR, and inserted in Smal
site of the pGL3-Basic vector (Promega). The cDNAs encoding both CAM1 and
CAM?2 were amplified by PCR-based strategy. The PCR products, which were
produced by an additional BamHI site in 5’-upstream and EcoRI site in 3’-downstream,
were subcloned into the identical restriction sites of the expression vector pcDNA3.1(+)
(Invitrogen) and pBIND (Promega). The pGL3-MMBS-SV40 plasmid §vas
constructed by cloning into the Mlul site of the pGL3-Promoter vector (Promega) the
palindromic self-annealed synthetic double-stranded oligodeoxynucleotide 5°-CGC
GGG AAG CAG ACC ACG TGG TCT GCT TCC-3’, which includes the Myc/Max
binding site (E-box, CACGTG) flanked by the Mlul site (underlined). Full-length and
alternatively spliced Max were inserted between the BamHI and EcoRI sites of the
pACT (Promega) vector. Plasmids for expression of GST fusion protein in E. coli
BL21 were constructed by inserting full-length and alternatively spliced Max between

EcoRI and BamHI sites of the pGEX-3X (Amersham Bioscience).



Serum stimulation and semiquantitative RT-PCR

KF or KG cells were seeded in 24-well plates and cultured for 72 h in the
growth medium containing 0.2% fetal bovine serum. Then the culture fluid were
changed to growth medium containing 10% fetal bovine serum, and incubated for the
indicated time.

Total RNA was isolated by using Sepasol RNA 1 Super (Nacalai Tesque),
according to the manufacture’s protocol. 0.5 (KF) or 0.1 (KG) pg of total RNA was
subjected to reverse transcription by M-MLV reverse transcriptase (Promega) using
oligo-dT primer. A fiftieth of cDNA was used for a PCR reaction. The primers used
for RT-PCR of CAM1 and CAM2 were described before (12). The RT-PCR
exponential phase was determined from 20 to 35 cycles to allow semiquantitative
comparisons among cDNAs developed from identical reactions. All reactions involved
an initial denaturation at 95 °C for 2 min followed by 25-32 cycles at 94 °C for 30 s,
56 °C 30 s and 72 °C for 30 s, on a Gene Amp PCR system 9600 (Perkin Elmer).
Expression of cytoskeletal p-actin gene was used for internal control (16). The
RT-PCR products were stained with SYBR Green I (Molecular Probes) and quantified

by using Densitograph (ATTO).

Cloning of 5’ flanking regions of carp c-myc genes by inverse PCR

To make template DNA, carp genomic DNA was digested with EcoRI, and
self-ligated by T4 DNA ligase. Using about 100 ng of template DNA, we performed
the first PCR amplification with the primer sets P1-P2 for CAM1 (P1: 5’-AAA TCC

CCG CCC ACC AGC TTA TCG-3’; P2: 5°-TTC AAC TAC CAC CTC AGC ATG
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TCA CC-3’) and P3-P4 for CAM2 (P3: 5°-TCA AAT CCC CGC CCA TCA TAG ACT
 TC-3’; P4: 5-ACC ATC AAC AAA TAC TAC CTC AGC-3%). PCR Amplification
was started with a 2 min hold at 95°C, followed by 35 cycles of 15 s at 95°C, and 4 min
at 67°C with a post-extension of 3 min at 72°C. The primary reaction products of
CAM1 were used as the template for the secondary amplification of nested PCR. In
this secondary reaction, nested primers P5 (5°-TCC GCG AGA AAA TAG TYC CAC
RTT-3’) and P2 were used. PCR was performed the same as the first PCR, but
followed by 25 cycles. The PCR fragment was subcloned into home-made T-tailed
pBluescript II SK(-) and sequenced by dye terminator cycle sequencing using the ABI

PRISM 310 Genetic Analyzer (Perkin-Elmer Cetus, USA).

Transfection and Luciferase assay

KF and KG cells were transfected with 1 ug various promoter mutants and 20 ng
of pRL-SV40 vector using TransIT-LT1 (PanVera). After transfection, cells were
incubated for 48 h. The luciferase activity was assayed by Pica-Gene Dual SeaPansy
kit (Toyo Ink) and measured using GENE LIGHT 55 (Microtech Nit+On, Chiba,
Japan). Relative luciferase activities were normalized by co-expressed Renilla

luciferase in pRL-SV40 vector

Analysis of the methylation of CpG islands of c-myc genes

Three ug of KF and KG genomic DNA was digested completely with BsaHI,
which is methylation-sensitive restriction endonuclease, and electrophoresed in 0.8 %
agarose gel and transferred to a nylon membrane (Hybond N+, Amersham Bicscience).

The blot was hybridized with the **P-labeled probe. The probes used were 5 flanking



regions of CAM1 and CAM?2. Hybridization procedures were performed using

ULTRAhyb (Ambion), following the manufacturer’s protocols.

GST-pull down assay

GST fusion proteins were prepared as described (17) except that the induction
with isopropyl thio-D-galactoside was done at 30 °C. To synthesize the c-Myc proteins
in vitro, TNT Quick Coupled Transcription/Translation Systems (Promega) was used.
pcDNA3-CAM1 and pcDNA3-CAM?2 was transcribed with T7 RNA polymerase and
translated in the presence of [*°S]methionine. GST fusion proteins bound to GST
beads (50 ul of 50% slurry), and 10 pl of in vitro translation products were mixed with
300 ul of NETN buffer (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5%
Nonidet P-40), incubated at on ice for 1 h, washed with NETN buffer 4 times, and

subjected to SDS-PAGE (10% polyacrylamide gel) and fluorography.

Two-hybrid assay on fish cultured cells

Two-hybrid assay was carried out using CheckMate Mammalian Two-hybrid
System (Promega) according to the following protocol. EPC cells were transfected at
20-30% confluence in 24-well dishes by using TransIT-LT1 (PanVera) following the
manufacturer's instructions. 330 ng of pG5/uc vector was cotransfected with 330 ng of
pBIND-CAM1 or pBIND-CAM?2, 330 ng of pACT-Max1l or pACT-Max2. In all
assays, Renilla luciferase in pBIND vector was used as the internal control. After
transfection, cells were incubated for 48 h. Cell extract preparations and dual

luciferase assays were performed following the manufacturer’sprotocols (Toyo Ink).



Gel sift asssay

c-myc and Max transcripts were translated in vitro with nonradioactive
methionine. c-Myc and Max (2:1) were mixed after translation, and analyzed for
binding to the synthetic oligonucleotide containing the E-box (Myc/Max: 5’-GGA AGC
AGA CCA CGT GGT CTG CTT CC-3’) by the gel sift assay. For competition assay,
mutant oligonucleotides for Myc/Max (5’-GGA AGC AGA CCA CGG AGT CTG CTT
CC-3%) were used as competitor. The DNA binding reaction was allowed to proceed
for 30 min at room temperature with 2 pg of poly(dl-dC) poly(dl-dC) (Amersham
Bioscience), 20mM Tris-HCI (pH 7.9), 2mM MgCl,, 50mM NaCl, 1ImM EDTA, 10%
glycerol, 0.1% Nonidet P-40, ImM DTT, 50 pg/ml bovine serum albumin, the
appropriate *’P-labelled double-stranded (annealed) oligomer and, in some samples.
After incubation, each sample was electrophoresed in a native 5% polyacrylamide gel
using 0.25 x TBE buffer. The gels were dried and analyzed by using Bio-Imaging

Analyzer (BAS 1000, Fuji Photo Films, Japan).

Analysis of c-Myc transcriptional regulatory activity in transient-cotransfection assay
For Analysis of c-Myc transcriptional regulatory activity, ¢Myc expression
vectors (pcDNA3-CAM1 or pcDNA3-CAM?2) as effecter vector were cotransfected into
KF cells with reporter vector (pGL3—MMBS-SV40) and pRL-SV40 using TransIT-LT1
(PanVera). After transfection, cells were placed in MEM-HEPES supplemented with
0.1% serum to reduce the activities of endogenous c-Myc for 48 hr. Cell extract
preparations and dual luciferase assays were performed following the manufacturer’s

protocols (Toyo Ink).



Detectoin of mRNAs of c-Myc target genes

For c-Myc overexpression assay, the KF cells were transiently transfected at
20-30% confluence in 6-well dishes with 1 pug pcDNA3-CAM1 or pcDNA3-CAM?2
using TransIT-LT1 (PanVera). After transfection, cells were placed in MEM-HEPES
supplemented with 0.1% serum, to reduce the activities of endogenous ¢-Myc, for 24 hr
before harvesting.

To inhibit expression of endogenous c-myc, the 25-mer morpholino antisense
oligonucleotide (MO-CAM?2) was purchased from Gene Tools, LLC (Philomath, Ore.).
MO-CAM2 (5°-ACG CCA AAC TCG AAC TCA TCG GCA T-3’) was designed
against the 5’-untranslated region and starting codon (underlined sequences are
complementary to starting codon) of CAM?2. Transfections were performed by
double-scrape delivery method following the manufacturer’s protocols.

After harvesting, total RNA was isolated by using Sepasol RNA I Super
(Nacalai Tesque), according to the manufacture’s protocol. Expression of c-Myc target
genes, TERT, p53, Hsp70, ODC and cdc25 (for review, see ref. 6) were assessed by
semiquantitative RT-PCR as described above. All cDNA fragments were newly

isolated by degenerate PCR. Primer sequences were shown in Table L.

79



RESULTS

Time course of induction of two c-myc mRNAs expression in carp cells--

c-myc is the early-response gene. The transcription of c-myc is induced in
several different cells by serum stimulation and causes the cell to exit Go and to
proliferate (18, 19). Here, KF and KG cells were cultured for various time periods
after serum stimulation. mRNA expression of CAM2 were induced in KF cells
(P<0.001) and continued to increase during the first 12 h (Fig. 1A), but constant in KG
cells (Fig. 1B). In contrast, the expression of CAM1 were significantly increased in
KG cells (P<0.001) (Fig. 1B), but slightly changed in KF cells (P<0.05) (Fig. 1B). In
mammalian cells, Myc protein itself inhibits myc transcription, and this negative
feedback is thought to explain why the level of Myc declines from its initial peak to a
lower steady value (20, 21, 22). However, carp c-myc mRNAs were not negatively

autoregulated, which is different from mammalian c-myc.

Promoter activity of the 5’ flanking regions of carp c-myc genes--

In order to analyze the structure of the carp c-myc promoters, we cloned 5’
flanking regions of carp c-myc genes by inverse PCR. As a result, the nucleotide
sequences of these clones (CAM1, 1578 bp and CAM?2, 1235 bp) were determined
(DDBJ, accession number AB103397 and AB103398). Using LALIGN algorithm

(http/www.ch.embnet.org/software/LALIGN form.html) (23), the nucleotide identities of

these clones were low (45.3%). Using the BLAST program (24), there are no
nucleotide identities between the 5° flanking regions of carp c-myc and other vertebrates

(data not shown).
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Various deletion mutants of these 5’ upstream regions containing exonl and
intronl of both c-myc were made and assayed for their promoter activity by dual
lusiferase assay. The result is shown in Fig. 2. When the 5 deletion mutants were
assayed, the exonl of CAM1 had activities as a positive regulatory element. In CAM2,
the regions of -891 to -1588 contained a negative regulatory element. Potential

regulatory elements were analyzed using transcription factor binding site databases,

TFSEARCH (http://www.cbre.ip/research/db/TFSEARCH html) (data not shown). The
exonl of CAM1, which showed higher promoter activity than that of CAM2, contained
cdxA binding sites. cdxA protein can further activate transcription in cells in culture
(25). In the upstream region between the -892 and —-1588 of CAM2, the TFSEARCH
program predicted potential binding sites for MZF1. MZF1 protein negatively
regulates CD3 and c-myb promoter activity in hematopoietic and non-hematopoietic
cells upon binding to the MZF1 binding sites present in the 5’-franking region of both
genes (26).

We next analyzed CpG island methylation of both c-myc in KF and KG cells by
Southern blotting. BsaHI digested 5° flanking regions of CAM1 in KG cells, although
did not digest 5° flanking regions of both c-myc in KF cells (Fig. 3). Therefore, the
promoter of CAM1 is active in KG at least. This result may correlate with induction of

CAM1 mRNA expression in KG cells after serum stimulation (Fig. 1B).

Interaction of c-Myc with Max--

To test the specificity of the interaction between c-Myc and Max, we used GST

fusion proteins of both Max and both c-Myc translated in vitro. CAM2 bound to both
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Max but not to GST itself. In CAMI, a minimal level of binding to both Max was
observed in this assay (Fig. 4A).

Two-hybrid system with carp cell lines confirmed the interaction of c-Myc and Max
in another system. Both c-Myc are able to form a heterodimer with Max, but CAM2

binds to full-length Max more tightly than does CAM1 (Fig. 4B).

Binding of a Myc/Max complex to E-box--

Myc/Max complexes recognize the target sequence (E-box, CACGTG) and function
as transcription activators. We assessed whether in vitro translated Myc could bind an
E-box in a gel sift assay. Both c-Myc, along with its DNA binding partner Max,
efficiently interacted with E-box. In competition assay, these Myc-DNA interactions were
specifically inhibited by the addition of 50-fold excess amount of unlabeled competitor
oligonucleotides containing the wild type (wt; CACGTG), but not the mutant (mt;
CACGga), Myc binding site. Therefore, both c-Myc can bind to E-box with same affinity

and specificity (Fig. 5).

Analysis of c-Myc transcriptional regulatory activity in transient-cotransfection assay in
carp cells--

To investigate whether c-Myc is capable of transcriptional regulation of gene
expression in live cells, we used a transient-transfection assay in which ¢Myc
expression vectors (pcDNA3-CAM1 or pcDNA3-CAM2) were cotransfected with a
reporter plasmid (pGL3-MMBS-SV40). A single copy of the E-box is linked to an
upstream of a SV40 promoter sequence and a luciferase gene in the plasmid.

Transfection of c-Myc expression vectors led to increase in reporter gene activity.
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Comparing CAM1 with CAM2, luciferase activity of CAM2 is partially but
significantly higher than that of CAM1 (fig. 6). Highlevels of luciferase activity were
detectable when the reporter plasmid was transfected with control expression plasmid.
Endogenous c-Myc may be contained in carp cells, because transcription of ¢-myc was

not 0 % in reduced serum medium (refer hour 0 in Fig. 1A)

Transcriptional activation of c-Myc target genes--

To test the effect of each c-Myc overexpression, we analyzed the expression of
target genes of c-Myc in KF cells transfected with expression vectors containing CAM1
or CAM2 cDNA. When pcDNA3-CAM1 was transiently tranfected, Hsp70, ODC,
cdc25 mRNA expression was induced. In contrast, transfection of pcDNA3-CAM?2
induced an increase in the expression of telomerase reverse transcriptase, TERT, in
addition to Hsp70, ODC and cdc25 (Fig. 7).

When the morpholino antisense oligonucleotide (MO-CAM?2) was transfected,
the expression level of TERT was suppressed (Fig. 7). Therefore, expression of TERT
mRNA may be regulated by only CAM2. These results indicate that the two ¢Myc
proteins may have distinct abilities to induce activation of telomerase in carp cells.
Other target genes were not suppressed by MO-CAM2, so CAM1 may be able to make
up for the functions of CAM2. In this research, we could not design the morpholino

antisense oligonucleotide against CAM1.
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DISCUSSION

In the present study, we analyzed the biochemical functions of two distinct
c-Myc in carp, and demonstrated several differences in the two c-Myc.

Here, we analyzed the expression of two c-myc genes in cultured cells of carp
(KF and KG cells). CAM1 and CAM?2 showed different expression after serum
stimulation. The difference of expression observed in two cell lines may be concerned
with the distinct properties between fibroblast (KF) and epithelial cells (KG). Next, to
study the function of cis-acting elements of both c-myc genes, we carried out luciferase
assay and analysis of the methylation of CpG islands. As a result, CAM1 and CAM?2
showed differential transcription regulation systems. This result may reflect the
difference of expression and the structure of exonls and 5° franking regions (11).

Myc/Max heterodimer is able to function as transcription activators (27, 28).
Although the expression pattern of CAM?2 is similar to that of Max, CAM1 is not similar
to it (12). The coordinate expression of CAM?2 in the same tissues suggests that the
CAM?2/Max complex may serve an active physiological role as an original Myc/Max
heterodimer throughout vertebrate evolution. Indeed, also in zebrafish, Myc/Max
heterodimer as a regulator of gene expression has been maintained, and the expression
of c-myc has been concomitant with Max expression (14). Affinity in vitro and in vivo
between Max and two c-Myc showed that CAM2 binds to Max more tightly than does
CAM1. This result may correlate with our previous report (12). The difference of
affinity between Max and two c-Myc in carp cells may influence transcriptional activity
to target genes.

Expressions of c-Myc target genes following overexpression of each ¢Myc and

the knock-down of CAM?2 showed that Hsp70, ODC and cdc25 mRNA expression were
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regulated by both c-Myc. Gel-sift assay revealed both c-Myc could bind to the same
target sequences, E-box, indicating that CAM1 and CAM?2 have the same target gene.
Therefore, Overlapping functions between both c-Myc raise the possibility of
complementation of CAM2 deficiency by CAM1. But in TERT, that is a subunit of
telomerase, the transcription of this gene was regulated by only CAM2. This result
may be related to the fact that transcriptional activity of CAM2 is higher in some parts
than that of CAM1.

Our present data demonstrate that CAM1 and CAM2 do not have completely
redundant functions, and have distinct properties in terms of expression patterns,
transcription regulation systems, cooperation with Max, and transcriptional activation.
In other words, it is likely that CAM1 and CAM?2 have overlapping but somewhat
distinct functions. Moreover, it is noteworthy that CAMI1, but not CAM?2, has
apparently deviated from the original function of c-myc gene through vertebrate
evolution. This result agrees with the hypothesis that one of the 2 duplicated genes
may evolve faster to obtain a new function or become silent, being subsequent to the
tetraploidization event (1). According to phylogenetic analysis, CAM1 is evolving 1.6
times faster than CAM?2 after gene duplication, and CAM?2 is conserved throughout
vertebrate evolution (10). We reasoned from the results of these phylogenetic and
functional analyses that CAM?2 was an ortholog of mammalian c-myc and CAM1 was a
novel homolog. Our results showed that the CAM1, which is evolving faster, might
obtain a new function different from c-myc and regulate transcription of the target gene
by changing the expression level in tissues and cells, supposing that myc family has

been formed in fish as well as mammalian.

85



Although we still do not know the molecular mechanisms that define the distinct
ability between both c-Myc, it is likely that some factors interact specifically with each
of the two c-Myc proteins, eg. other proteins except tested ones that may effect on the
transcriptional activity of each of the two c-Myc. Studying macromolecular
interactions in a signaling pathway is the key to know the biological function. Indeed,
recent advances have shown that Myc collaborates with a variety of other cellular
factors at both of N- and C-terminal domains to mediate its many biological activities
(for review, see ref. 6). We are currently investigating the mechanisms that underlie
the difference between CAMI1 and CAM?2 in their cooperatively with new

Myc-interacting proteins.
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Figure legend

Fig. 1. Time course of induction of two c-myc mRNAs expression in carp cells. A,

Serum induced c-myc expression in KF cells. B, Serum induced c-myc expression

in KG cells. The dotted line with the open circles shows the CAM1 mRNA

expression, whereas the closed squares show the CAM2 mRNA expression. Results

shown are the mean + SE (n = 3). Significant levels at P<0.05 (*) and P<0.001

(***) with ANOVA are indicated, whereas NS denote the levels not significant at

P>0.05.

Fig. 2. Promoter activity of the 5’ flanking regions of carp c-myc genes. Relative

luciferase activities in KF cells are shown by open bars, while in KG cells, are shown

by closed bars.  Results shown are the mean = SD (n = 3).

Fig. 3. Analysis of the methylation of CpG islands of c-myc genes. Arrows show the

bands detected in only KG cells.

Fig. 4. Interaction of c-Myc with Max. A, In vitro binding of c-Myc with Max.

Products from the in vitro translation reaction are shown as input. Max1 represent

the full-length type. Max2 represent the spliced variant. B, Analysis of ¢-Myc

binding to Max by a two-hybrid assay using fish culture cells. Results shown are
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the mean = SD (n = 3).

Fig. 5. Binding of a Myc/Max complex to E-box. Unlabeled CAM1, CAM2 and
Max proteins were translated in vitro. Each reaction contained 1 ng of *P-labeled
probe. The unlabeled competitor probe (wt or mt) was added in 50-fold excess (50
ng). Asterisks (*) indicates a specific DNA-protein complex. RL, reticulocyte
lysate; wt, wild type; mt, mutant.

Fig. 6. Analysis of c-Myc transcriptional regulatory activity in transient-cotransfection
assay. Results shown are the mean = SD (n = 3).

Fig. 7. Detections of mRNAs of c-Myc target genes. A, The effect of each ¢-Myc
overexpression. B, The effect of morpholino antisense CAM?2. Expression of
cytoskeletal f-actin gene was used for internal control.  Experiments were

performed in duplicate. Table I. Primers used for RT-PCR.
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. Table I. Primers used for RT-PCR.

Gene Primer sequences Annealing templature ("C) Cycles

TERT TGA AGG GAT CGC TAA AGG AGG 57 35
GGT CCA GAA AGA TGT CGG TAC

p33 GTG TCT GTG GAT ATA CTG GTG G 57 25
CCT ATT CAT CCC ACCCATACAG

HSP70 ACG TCC TGA TCT TTG ACC TG 57 30
GTC CAT CTT GGG TCT CTC AG

ODC TAY GCI AAY CCI TGY AAR CAR G 51 30
ACI GTR TAI GCI CCCATR TTY TC

cdc25 GAY TGY MGITAY CCITAY GARTA 51 30

RAA RAAYTC YTT RTA ICC ICC
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Abstract

The proto-oncogene c-myc is thought to be one of the most important genes in
controlling cell proliferation. However, the mode of action and its interaction with the
signaling pathway is still unclear. In this research, we identified new c-Myc
interacting proteins using bacterial two-hybrid system. As a result, 10 clones were
cited as candidates of CAM1 specific interacting proteins and 11 clones were cited as
candidates of CAM?2 specific interacting proteins. The difference of interacting
proteins between these two c-Myc suggests that CAM1 and CAM2 may evolve to
acquire different functions in signaling pathways after the tetraploid event. The
present study may help us to understand the biological roles of the c-myc genes in carp,

besides knowing another function of c-myc, which is unknown in mammalian.
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1. Introduction

Studying macromolecular interactions in a signaling pathway is the key to
know the biological function. Indeed, the identification of Max as a required partner
of Myc proteins was pivotal and at the time led to a revolution in understanding of Myc
function. Until recently, no other protein interactors that are so intimately linked to
Myc activity had been identified. Recent advances have shown that Myc collaborates
with a variety of other cellular factors at both its N- and C-terminal domain to mediate
its many biological activities (Oster et al., 2002). In this research, we identified new

c-Myc interacting proteins using bacterial two-hybrid system.

2. Materials and methods

2.1. Construction of carp cDNA library for “target” plasmid

Total RNA was isolated from KF cells established from the common carp,
Cyprinus carpio, by using Sepasol RNA I Super (Nacalai Tesque), according to the
manufacture’s protocol. Poly(A)+ mRNA was purified by Oligotex-dT30<Super>

mRNA Purification Kit (TAKARA BIO INC., Otsu, Japan) and reverse transcribed
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using the TimeSaver cDNA synthesis kit (Amersham Bioscience). The obtaind cDNA
with EcoRI-Xhol adapter was cloned into the identical restriction site of pTRG target

vector (Stratagene) to construct a library.

2.2. Bacterial two-hybrid screening

The BacterioMatch Two-Hybrid System Vector Kit was purchased from
Stratagene. The cDNAs encoding both c-myc were amplified by PCR-based strategy.
The PCR products, which were produced by an additional EcoRI site in 5’-upstream
and BamHI site in 3°-downstream, were subcloned in-frame into the identical restriction
sites of pBT to generate “bait” plasmids, pPBT-CAM1 and pBT-CAM2. Both bait and
target plasmids were introduced into BacterioMatch two-hybrid system reporter strain
competent cells (Stratagene), using manufacture’s protocol. Transformed cells were
plated on LB-CTCK agar plates containing 250 pg/ml carbenicillin, 15 pg/ml
tetracycline, 34 ug/ml chloramphenicol and 50 pg/ml kanamycin, and incubated at 30°C
for 24 h. Carbenicillin resistant colonies were picked up and assayed for lacZ activity
using a B-Galactosidase reporter to validate specificity of protein-protein interactions.
The nt sequences of the positive cDNA clones were analyzed by dye terminator cycle

sequencing using the ABI PRISM 310 Genetic Analyzer (PerkinrElmer Cetus, USA)
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and nucleotide sequence databases were searched for homologous sequences using the

BLASTN and BLASTX programs.

3. Results and discussion

Using CAM1 and CAM?2 as bait plasmids, we screened a cDNA library of 2 x
10° colonies three times respectively. Using CAM1 as bait, 16 positive colonies were
obtained from cDNA library, while using CAM2, 15 positive colonies were obtained.
Sequencing of the inserted cDNAs revealed that all clones had not been reported as
Myc-interacting proteins in other vertebrates. As a result, 10 clones were cited as
candidates of CAM1 specific interacting proteins (Table 1) and 11 clones were cited as
candidates of CAM?2 specific interacting proteins (Table 2). The difference of
interacting proteins between these two c-Myc suggests that CAM1 and CAM2 may
evolve to acquire different functions in signaling pathways after the tetraploid event.
Furthermore, the CAM1, which is evolving faster, may obtain new functions different
from c-Myc. However, the biological significant of these proteins in carp cells is
unclear at present. Interestingly, some ribosomal proteins were identified as both

c-Myc interacting proteins. Intracellular localization of ribosomal proteins is different
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from that of c-Myc proteins, so the interactions between these proteins are unlikely.
However, recent reports on the involvement of ribosomal proteins in various genetic
diseases and studies on the “extraribosomal functions” of these proteins have cast some
light on their localization and functions (Wool et al., 1996). Ribosomal proteins are
associated with cell differentiation and malignant tumorigenesis, and regulation of
ribosome-interacting proteins seems to be tightly associated with the stress response,
apoptosis and carcinogenesis. c¢c-Myc is also associated with all of these phenotypes.
Furthermore, c-Myc induces the transcription and translation of 40S and 60S ribosomal
proteins (Coller et al., 2000, Guo et al., 2000, Boon et al., 2001, Neiman et al., 2001,
Schuhmacher et al., 2001, Shiio et al., 2002). Therefore, interaction between c-Myc
and ribosomal proteins may be considered as a possibility. The present study may help
us to understand the biological roles of the c-myc genes in carp, besides knowing
another function of c-myc, which is unknown in mammalian. However, false positives
are often detected in two-hybrid system in general, so further studies are needed to

determine the protein-protein interaction between two c-Myc and these proteins in vivo.
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e

AfFZEiE. Ohno (1970) DRIE U 7= THEAIMEE ) OREZ. 4 A TH D
1D ecmycBLRFICEBLTEELES ETHHDTH 5,

a4 c-mycBIETOESHASAEZA ) I% v v 7% (Maruyama and Sugano,
1994) IZE DT L. BHED cmyc BRETICHE 1 XY UDPEET LI L E2HOD
THLMPIZ U CAML & CAM2 DEE1 =%V L 2B L= 2 A, ZOMEM
Btz Fy > X0 HEL, BEMGAOMEPHIER>TEB D, CAM &
CAM2 OFIZIZA S D OMEEMEDEZ TV B AR R (B2 ),
Neighbor-Joining (£ & 573 F 2l 65 CAM1 & CAM2 \3Zh 2 E &
EDNERD, CAMLIE CAM2 £ 0 & ELEE D 1.6 f5E N & Bah > T 5 (R,
1994)o LD L. CAML & CAM2 OBEBERHBIDE NI DWTIE. I E THat
INTIeprofze 22 CTRT-PCRIZED. CAML & CAM2 DFRIREBZMM. B
JUBEEMEMRTHRNELZ A, 2D 2514 70 ccmyec BIFORT/ Y — 21
BWDROOEN. FEET 74 v 2T, & hERRRIZS c-mye BELRTFD,
MycEEHE AT O A —%2DLK % Max DELTFORRELESHFHEE S &
DS PZEI TS (Schreiber-Agus et al, 1993), % T, Max® cDNA %
r0a—Z 7L, =Y r7oy MENiEiT oL A, Maxld CAM2 LRED
NG = R UEPCAML E 3B R 5o INEDZ e 6 CAML I c-myc
ELUTOMEEL IZRIOH LWEREZ D L S ICH LTV 2 WEEM Mo < R &

hi= (E3E),
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ZFIT, 2947 O cMyc WEHELANVTEDL S REBZRTPIIDONT
CHBPIZT REDIC. I4 BLUS Y F O pREEMEkERWT 2 ¥4 70D
cMyc QHEALFHBEDBRVNVIOWTRTZ B I Rok, ZORFR, CAM1 &
CAM2 OHFEIX A —N—F v 7L T3 DD, Max IZH 3 25 R EME T2
R0, EEVHEICO EDNTOLNE (B4 E), 561X, CAML ¥ CAM2 LRz
BRI -2 L, MIOBEHEEMEERALTWSZ Lid. CAML D LW
REEEBLODDOHZEVWHIZEEBRLTVS (B4BEBLIVESE), —RIC. E
BICE > THEUEERTDOH, HHHDIEIFH  UVWEEZERF L. £=H25 DI
BEEZ KW, BB T &R D AN ZBNTHPINTIEHRL, HAE. 21 DEHEL
BT OEDDERER K-> 7= L HEE I TV D (Ferris and Whitt, 1977), L7
U CAMUIZWE THHEBER K> TR, ELEE DR CAML I3 T 541
Mol EeZEz ErOBAGERELDMAGDOE THRNERTFE2ENLIETVS
DTIEENWEDLI D, 2D &iF, BHICBWTH, WAEICASND L 5% mye

77 —DEMRINDDH B LEBEIH, Ohno DRHEZZIFHFTHHDTH
%o

AL TIE. cmye QEYFERIRENZHL DT 2201, FRZND c-mye
—mEtEIicEALEMEE CAM2 & v 7D LEMERAWT, TRAP
(Telomeric Repeat Amplification Protocol) %I & %510 X o —BiEHDllE. B
L MTT £ L 2 MIEEIEEEOMEE B o= Wihs 2> bo—) Ui
HUTHEEREZR SN D o = (data not shown)o EWIZEHIHERE & W o =B 5

X 1THOEREICL > THEHDNTWE DT TR EHDOERICIE > TER

XHBAY FT =PIk o THPATVNEEEZBN. LENST. 2 ¥4 70
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cmyc DEYFHRBHEEEZDBICE. FNZND cMye BEDR Y hT—7 D
HTEELVWTNED, £ 20X Y TV OHQEZIAMET 2D ENDIE
WD BEIITR D,

S DHE L LT, (1) Bacterial two-hybrid system T15 5 /=8 HE DB ERRIZ
in vivo CHMHEERAZRT R ED DR RUEBIBIC LS DHERT 22 &
(2) 254 7D cMyc DZFNZNOENEIZTFEI/O—Z20 52 LREDERS
NTWB, R TORRIZ. EEIME RO BEHELRTFOE(LZEEE L OBIE Tt
KIDETCHLWHMRZEZ 2RI TR, BMEWIIBI DS mye 77 IV —0
FEROBHICBEL BT 230 LR TE, BHBEFTHH D myc DHERERE
{LDBIE PSS PICT BT LIZDRDPHAFEEEZA TN S, RIFFE. O
cmyc BLTOENLE LUKEICET2MMRIC. Fi-BHZze25THDTH 5

LIEET %o
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KIFFREATHICH D MIGRYR CTHREZB D RGO THREZTEWE
WRUKPERY: EFERER KREEENEE A E0 80% 80 EE X
. OKIEREEREE BH FHE 20000 MICEBESHE AR # BURICHE
EE2BEZRLET. FEAMAZTOICHLED, JTHEE, ZHWEEVLE
University of Connecticut 58 5 L5 NIEHAZE /Mg & KIS L2 5K
#LUF T, KF BIUKG#ilgid University of California, Davis, Dr. Ronald P.
Hedrick 25t 5 F Uko WEUKERS: BMSMERA TN AR, FHkbin
BXARSTICEHIMES AIZIEE < OFRZRE U THWZ I U TELO L
DR DR 2Bz,

7z KIREEFPH R EOERIIIRIBEROP TR L TH -2 L2 BEVT
5B, WOBLPELSDIADRINE. COMFERKLERIT S LIET

EaPoll e ERRBIZEE L. LPSELSRHB L LIFE T,

RIFZED—ERIE. HAF MRS ORFITRBEHBEIC L > TITON /2 H DTH

%o
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“RIBE - RE - MAGEH 4 EMERETIA D emycBInF 25 1 TOEL.
CUNHEEMR O EH—EHIMORSE - &k - ElhoEFEzOI LT (K

HESE. AR, BEE. IBE ®)”. TEHEMBREEE 12 A5, 4517,

2943-2948 (2000)
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V. 7L, L, B
4 {EMAE¥EIA D c-myc BIzF 245 1 7Dk

“RIE -k B - BANEH

EMOELIZENT, 7/ LOEHMEIFBDOTEETH D, RREIZHIT5EH
ORI, BHIMOEL L BGETEELORREBBTHEIEEZION
TW3, BEERERF c-myc (&, HIFAPEFIEHT I2RLERZLERTD
—DTHY, 4EMEETHZIATIE25 4 TD c-myc BFHEEL, Z
OEAHPRIRLTNS, ANFTIE, EHEMEECORRICELEEEZ SO, &
LD LB IE WERAICRR E eI NBTI1 D25 A4 7D c-myc B=FIZEHE
L, BB EOEREGTFOENEHEEEE DEETIENT %,

(c-mye] [EHME] (BB A] [Max]

Kunihiko Futami, Huan Zhang, Nobuaki Okamoto, 557K K5k EF R E TR
BHER (7108-8477 X #F 4-5-7) [Department of Aquatic Biosciences,
Faculty of Fisheries, Tokyo University of Fisheries, Konan 4, Minato-ku, Tokyo
108-8477, Japan] E-mail: nokamoto@tokyo-u-fish.ac.jp

Molecular Evolution of Two c-myc Genes of a Tetraploid Teleost, The Common Carp
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[FUSIZ Ohno 51X, EMOEMIZBNT, EGFEHIIZDODOTEETH
b, ZHRREMO LA, ABOEHLICEEIIPPDOTVWE LW RELE,
1970 FERICIRIB U Vo B FEHICITEIONER LS8 PS5, 0 &D
DEEGFHEERT DL, 2 DIZR2EIBDOULEDEHF LOEREZR DL DIZ
EET2HHPEZ 6N, T LOEEMEE, EYWOELTIEERERTEZS
EERELTCERLEILEPHONTVWED, BMEMIIHINWTHH 5 BERIOHN
7Y THIC BT 2 2 0B EHEL (Y T TIERY, “Elhoey sy
RELHFEINTNDE) ODERTHoELEEZOLNTWS, FEMLIZREARK
FEDITARTCOBEFENEELT 5280, FHEEERT EHAFERTDO/NT R
Rizhd. 2 UCHEERTOAEIC LD, MEEETORROMBREEMED
MEd 5, LU, BANEETE, 47 L HFICRHEECFIEZENDS &K
PR 5720,

BB 2S5O, SHEMOE(LLERZFER L OBEROMZ
R<ETHDHEEZONT WS, b M2IAYD, B, R, WAEERETH
BTSN TWED, BOEERDH >0, BREENTRNVHDHEZN, Zh
AL, RERIRATHEEEEORNDZERELTED, ER3ERERDH
GIIRETE, REKOAEHEZRIFLTNS 29, I 512, B5FHHHMTO

ERUELIX D72 b LR (BUBAERT) ICHENZ D> TREEZHDT, EELE
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B FEOMBEMEMELSRD, WHBD S 4E5%D 2 B EDEATWS, ZD
2o, BEELUEEGETFOENMEZFEHT LI LIIRETH S, LrL, AEICEB
F27 ) LAOMEEMALIE LB RE (BT ~1 BEq) £k, =20
EETRIOMEEZERZR V. LENST, 7 AOBEMEEDEGTOM
2T 2 LT, FELAHITREDOET NVIZRD ENWZ o,

RELZBNT, YRR/ BTEOBFHEMEOHIPHRETNL TN S, EEH
SIZCHETI, AEHAETHLIM DL 251470 cmycE&zFr7 10—
=2TL, B, ZOMAPRELTWAZEEZHLPILE, BELTE
LTHMENTNS comyeld, {AEDORE - b, BICIEHEEDOHERIT DD
b3HIEHEFTH 2728, £ PBLUREEMHFY CRHINEZZDERTIC
WNIBTHEEFIPRBETCHORNVEIND I &I, RO LWL D, ARET
u,:4@$§btcmmﬁﬁ¥ﬁﬁﬁéébﬁ,ﬁ/A@%ﬁ@ﬁKié%

HEBNIDEL ZBE L DBIETER T %,

| . c-myc BEF

BB E F mye lZBY), MC29 L WA B EER P L b A LR

TRZES N, v-mye & LiFiz, MC29 w1 )V X%, EREMaE, LEHOE
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Mg, AE, BI®) UoREZVOSEI Y, c-myeld v-mye OHifaMERE
Oy TH>b, & bOFEELITIX, cmye BT & HBOMER, HEEERRHEK
PEOBEBLGFIFNVDODPEET LI EPREINTND Y ZN5IE c-mye,
N-mye, L mye® 3 HAEO EE2E(ET DI , B-mye, P-mye, R-mye, S-mye,
N-myc2, BELU myd2 Lozt 9BEDA L N—IZLD mye 77—
BERL TV, REEFOBERINTH2300, BERINBLIOT I VK
B O REMEIE 50%LL FTH 5. 25 DREIR, HEERIZWELZIITHTD
%o

myc773I)—D3%b, cmye, N-mye, LU Lrmye D 3 FEED EE /28
LRI, E NOETEDHEEIEELOASNIBEEBTTH D, R cmye
e MEOK U3 TERZREILTED Y, rasikEE RO UBRAERS L 5%
ENTWBEEBBLRTOVOEDTHD. L L, BEIIBWTL, 2FLILT
DOIEEMFFEEH T L FEDICEA TN S TN DTz0,

IHFLLEIC BT 2 cmye BETOMERTICEINE, 320 FV 2 & 2D0
A2 aYRERENNES>TNEIEPHSENT WD O, c-myc B FDIEHH
BRI DWW T, WABETIZEKIRINTED, - FEETHLHE 1
IXYUDRZOFEHZE L TNWEZ EDBHELPIIINTWS, IERIGFRIE 4 5

fr (PO, P1, P2 BLUNP3) AL, ETELREERIMGSIE 2 AFT (P1 & P2)
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THDHD, WThOEEE, MIIEEICBNTH P2 25 DEFEEYDIE S %W,
%ﬁfuomwﬁﬁ¥ﬁ:97x,%7574v&1@8f?fwbm—:y
TEINTNWBE Dy VAT, 24 b0 B2, FI3IZFVUNTT
WCHLRIZEINTED, BE3TFV UDBILLBREINTNWBIED, FE2LFY
YOHDRY I Z AL BOBEBOHIIEIIREFEINTV Do

cmycld, EENTIEER, MidoRzREL, MgMbaflssZ Ll
£, MIEAGIZHELTW2, cmyc DEEEICIIVWERZTIHRRSZ < EX
NTWBED, cmyc BETHEKOEBEOHRFICERZREZRZLTVWD
CLIEHEPTH D, 2D, BHEBMOAR ST, MEEY 9CHREY
THDHFAIIDTF (ZRE, RER) RECBVWITHAERTEISRES

NTW5b,

Il. 34 c-myc BIzFOI O—>0 L EERFRT
EESOTN—TF, e D emye®T7T01—78 LT, 34 OXMIMAIMEK
cDNAS A 75V =5 cmye cDNAZIO—=2T Lz ZD 34D e mye
cDNA 2 70— LTT /) L7477 V—DRZ )~ T T2z C
A, 28470 cmye (CAML & CAM2) B"rno—=r7ah= (K1), 7/

LYY U OFER, 314 OFREE LICIE 2EHEO c-myc DI DPEET 52
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B ERD, ) =T Oy MEFICBWTHR 2.1kb £ 1.5kb D 2
fE3H D mRNA DHER I Nz CAML & CAM2 O7 2/ BREHNIAFED c-Myc
CEVWHEEEERDE (K2), ZR2hET 57 4 v 2T 90.4%E 90.9%, =
URAT T2.9%E 72.8%, 77 )VHYAHITIVT 59.2% & 57.4%, =7 hUT
57.1% & 57.6%, t hT 55.3%& 56. 7% TH o=, S >THELE24

A 7D c-mycBRFTH D CAML & CAM2 OEIDOMHEIMIE 94.2%TH D, F

DIEDP S TAITBIT 5 4 EH6IEH 5,800 FERIICK I o= HEESI N 9,

. 24 c-myc BEEFDE1ITFY O ELUEGEERIIBS

cmycBEFOH 1 XY VIFIET— REHO XY T, WAHDOEGS,
FE1DXY  dcmype B TORRZHELTHD,E22FY U PE3 X
V3 EHART, ZOEMEEIZENZ EHBSN TS, LPL, BEIIBWL
T, ShETIREED DNA 7 O—C DB TWRP 72728, IRER
BREBADE 1 =3 VEBOEESHO P ER>TWW AR, E D
cmycHE 1 TXFY 2707 0T, A4 DT LADNAIKKL, PN
A TVEFAL L= alrwiTihoTh, BESTIFAPFENRNZ LG, 3

ADcmycilliZHE1ITFYVUPBELELZVWD, HDHWEE M EOMHEREAMELF -
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L0, TOWTADTH D EEZ SN, Bl T OERERIGEAIOIER
252 i, ERETHRREGIEOEE L W o B TFREEDAITICER LT
5o TITEELIE, HmINICBREDEERMAZRETCE 2L IXFy ol
IR WOHEHMERG, O340 cmyc BT 5HEE (heterogeneous) 7285
BBt ERVWEL (K 3), BEO cmyc BEFIZE 1 =XV UDBEETS
CEEYIDTHSMIUE W,

UL, BLAST ZHWTT —4 R—RZEFRI N T B Y] & O EME MR
2iTlRolelAh, BlA4rbny, B1xFV >y, BREZD 5 EHREEHOD
BAE, b Z2Z0BAORS & OMEMEXE > =< aProk. 6T, H#E
IND70E—F—FIIZIE, TATA R v 7 X5 CCAAT R v 7 XDOEH &7
Loz, 2O LS, %ﬁ@omwﬁﬁ¥@%ﬁu,%%§ﬁ@%@
cmyc IFERDHAATHIF N TWDE DR b,

F/z, CAM1 & CAM2 %t LIz 2 A, B 1oxy vEidE2oxy >,
FH3LFY U EHARTHWEDORHOMAMEMES, ERIBROMESPHEE L
CEBE->TWE, LERST, CAM1 & CAM2 OREIZ & S D DEEED ML
WRE OB AR IR ENE, 22T, RT-PCRIYV U NS TV 1 E—
>aVEIILED, 284 7D cmyc BIEFOIENEREEZER Lz L A (X

4), ZOMEOBTRE Y — 2 HER D, IEL )V TOEIEDOHMEHHES

125



v b)ttﬁ’)t (:%6) ?&fgﬁfﬁqj)o

IV. c-myc BR:E&E=F max DFIR
Myc 7 7 2 ) —% 8V B, C RigfREIEAY R —~N ) v 7 X b —7 -
AN Z—nA43 Y wIl—RAAL Y (b HLH-LZ) EWo iz, SMERFIZX
S ALNEREERZH>THBY, /8— b F—D Max (myc associate protein X)
LEEAGL, AT BREERT S 1219, ZNIZL > T DNA FOREDRS
IZREE L, MiltoiECbic b 2 8EFOREZEHIT 5. Max O
T 2 BAH Myc/Max & RFEOBERIICHEEG T 2D, EHNERTFOEREZ
MBS 28EH137%% <, Mye/Max &#EH LEEIHICEEZS5 <. Ibb, 20D
MHDBINT V2L D AIEEESHIH I ATV EEDEFZL5NTV S,
XI5 71 wsaTi}, mye7 7 I —EETH, Myc EHEEANT O 28
KEDL D max BETFORREEASHEZ L >TWL I ENHILEPIZENT
Wb W, ZZTEESITET, 21D max®D cDNA E£E%Z RACEEICEI DY
OD—= Z U, Zheva—7t Lk =70y MENETR>7E(K5).
BIIZ BT 2 max DSWFERIE, BEEOYIHICHEIRT % L-myc £ OBAHRD
FRRENEHDOD, FORBINY —1F, K4 D CAM2 OFBIY —2 & —H

Lih, CAML LIFHePCER>E (ZRS, KRERT).
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$ 7=, ABEEEEICE D, oMye O T RABEER L, RABOKOES
75 FHRAGRIE B HEE S B &, (EHULHBD CAM OHEALEREIT CAM2 121
RTH L6 EED > CNHEDT DS, CAM2IEARFED ccmyec & U TDE
LR B LTHED, BT ML OREIC A b o TN B T &
DREN, ZIUTH L, CAMLIZAKRD c-mye LIXER 2 HOH LWEEES &
DESCHLOOH BRETH L LEZ BNE. S8, EEEL L, i
L AUV T OMEEREIFIZ LD, 29 4 70 ¢ myc BEEFORE SN2 L DTS
NI, 2 MBI LD RBICEIL 252 2 2 LIk 2 5D LHEE LT 5,
S LB, 251 70 cmye BEFHED LS BERREZITAPD> T
LhEHAB DI, 7 F 2 ZEIZ XD loss of function DEERR ZEEEP T

H5bo

BHDIZ —IC, BERICEX>TELULEERTFDD B, H 56 DIEH LHEEE
ZERL, TLHLHDIIHERLN, BBETFLRD, AMIIBNWTHAHSL
TR, BE, I DEELBEEE TO¥ a0 MR ko LHfEESh
T3 W, 22 max lZ2OWTH, EFLDOBITTIE, BEDLZA 1%
A 7T UDEBADPERATETCR L, LPL, T4 D245 A 7D c-myc@BnFid

t@c:%fﬁbfﬁb, é\f%%ﬁg%%i)fhﬁb\c\:%‘\bn%)o cmyc Ci, E'fi{
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TORBEHRH T 2EEHERFTCH O, WA T DERRFOBERFEHRIX
MpEOBLIZEE DL 7 LADFEEILIC L b ER L EBEERTOE2 D
BEZR KD, REEELEIA D cmycld FEMADPHELTWDIDTH
A5 LD 25470 cmye BEFIE, T2 ELBEEVERD, ¥
L7 1D ecmycBLETEY A 72 X0HEIEMLLTND, 2D &iE, RIS
BTy, HABICASNDI I B mye 7 7 IV —DERShD2DHET L%
MEXED, LEDS>T, ARICBITS cmyc B TFOMZER, HEMEELD
RERDEIFIZEM T 22T TR, mye 773 —ORFEEZHSZ LICXD,

myc OD¥EEZECOUEA P SHLEPICTZI LD TEDLDLD LRV,
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[XIZ5 84
1 J4 D245 47D c-myc &Izt (CAM1 & CAM2) DFIREERMK
Ba: BamHI, Bg: Bglll, E: EcoRl, H: Hindlll, K: Kpnl, M: Mbol, P: Pstl, Sa: Sacl,

Sp: Sphl, X: Xbal.

2 4D c-myc BizF (CAM1 & CAM2) & {thiED c-myc ExFEDT
I/ EEEeHID R

ZEM: ¥ 7274 v a2, RIM: ZIN X, XIM: 77U AV AXAHAITI, CHM :
ZORY,HUM: E b, REDEFE2TFY D EEIIFY CDFEFRETI, R

O A THENZHEEBIILIREINTNWSEZEERLTWS,
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