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Preface . Antimutagenicity by foods and foods containing materials

Nobubhiro Yajima

Research and Developmental Institute, SNOW BRAND LABIO CO., LTD.
3-45, Kokihigashi, Komaki, Aichi, 485-0059, Japan
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Antimutagenicity of fermented milk with lactic acid bacteria

Akiyoshi Hosono

Graduate School of Agriculture, Shinshu University
Nagano-Minamiminowa 399-4598, Japan

Summary

Fermented milk and lactic acid bacteria have been considered to provide potential health benefits to human
beings. Milk containing casein has been shown to be highly antimutagenic, and fermentation by lactic acid
bacteria produces various hydrolytic peptides which contribute to the high antimutagenicity of fermented
milk. The antimutagenic property of fermented milk was dependent on the strains of lactic acid bacteria and
the fermentation time. Not only the proteolytic products of casein, but polysaccharides, fatty acids and the
bacterial cells all contributed to the antimutagenic properties. Lactic acid bacteria isolated from various fer-
mented products of dairy and non-dairy origin, traditional fermented foods, and animal and human faeces
have shown antagonism against the mutagenicity of known chemical mutagens and also to food-borne muta-
gens. Most of the anticancer studies with lactic acid bacteria showed that colon tumours can be controlled to
some extent by the consumption of dairy products supplemented with lactic acid bacteria. By identifying the
molecules of lactic acid bacterial cells involved in mutagen binding (as binding and antimutagenicity are
well correlated and the bound mutagens were inactive) , it may be possible to modify cell walls of lactic acid

bacteria to enable inactivation of a wide spectrum of chemical mutagens and carcinogens.
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_ ammRm zemmin

Fig. 1 PR 13 48 BERR 2 OR A8 T £20h 0 thi 3 LA

ENFETETEANL > TETWS. () AR - %
BEWMBEORIC L B L, JEAESEE AT 13 5%
FCICRAW L7z 293 i H o e &0 5 B IR W
B b 023167 H T, FeftEAEmOE Y LT
WHB 4121 D 77 %% 5D T 5? (Fig. 1).

AR TIIABR 2 A7 B OPIE R ICE T 2
B DOWZEOB A AL, LR MERIZH-T
BENZOWTRHT LD DOTH 5.

1. FEEFLOESE

LIS D W TORBUITTHT VIR ORI R EEF O P
Rwii+Z a8 Tc&x %Y, o—< 85 Elogabalum
(A.D. 218 ~222) OAZFIZIZ ME D3R, “Opus
lactorum” & “Oxygala” O ESFLEIN TS, 77,
IHHBEIFIZZZADOKRMEICEATDO TR LT 7T INA
DFEATHLEIN TS (AIHEFE18 - 1—10). AV KRS
ITXHEEARL LY 2 X — )V AAHB.C. 3000 4E 8 12
INATEEIN IR, e X 5485, TR EN
7 =B8R oA PN TS (Fig. 2). 2o
TIEALTTHT 7,500 4F A2 5 5,500 4E 17 0> [ 12 2 B4 % S
Ml aftanEIn, RATAVRSY I 7 XWZHE
ST ERNERBETLIOTH D, HHiPEE S
HiZoh, RIEMOKHRPEANRY, ZUEsTH
FIR ORI LOBM AL, FOZOHMI %
WANMEFESNTEHHLEMIED S S F ST RABMD
COHENTVS722Y, RIFYZOHLERT DSOS
BeEl (MRfl, #3l) TH2Y. M Sh7 LI HES
MBHRAL, HRFEEZ L > THBILPEILNTE Lo 72
OB OMRETH L LMWL TLRD TV E b
N5, BALRELICOWTOH VI OFLERD IR %
WCH/mLTEY, 7Ry UPEE EN TV
BADPHFEL TV 22 bbb, Thbb, B2
—2F A VKRS I 7 TRICHT 1300 4FEHIC, T3 T D7
— I 2GR ICHT 4 A E N ENALE L T2 2 LA
BNTWw3Y, 512, Prvaod—2 bE sk,
4 Y Ko —3 )27 13B.C. 800~3004E, # tiXB.C.
800~ 3004, 74 F id13tid, vy 7or—5 Vi3
154, N H)—0F—FiZUMKICEREFNRT T
CELEL TV ERHBLTWEY. $72, KHMPIE

114

Fig. 2 ¥ 24—V AOH 774l

VMR e 70 3E & U8 2 72 BRI PR (B.C. 566 ~ 486)
DA (R O — B OBIZFHr Nz LTHsNT
W BRI TRIR IR S T 2. 2o i TSN
POOL bNLZEREEZABRNTHY, ThzkHT
5 ERFEBRORD ) LFHBPEIN TN D, BREAOZO
X9 BIRHPHIC O AEEOE 2L &, v a—
PR —KERIC R -2 L 3HETHSL., Y vra—F
R U TR Lo LEM I Zh 7 V7 B L O
WRe DR 2 B Rk, Pz, Iy s, FuF
A, TWVIA, Y7 —hrewolbVaRiE 75V
A, WNVEAA T, VEV, §F¥—=)VEins2EYTVR
R, FNIZTEWNAL Dy, §V7b0no2RKEICE
STHTYVTHSEYTN, 4V F, FXy MFHNE
EHREhTwobDeE2 5N 5", [HHRME] T
K< haR—n (1254 ~13244E) 2Dy vz a—
F&EY, TORITRICT Y Z YN (FEVITIVA) B
ABHOBEEAELTVWDLI LR ELTWEY. 2ok
IR OK N ER LRI EThollgos
TR ERR L OORVELRORNOFIZZ TN T
SHIZESTWA, ZOMETHBELTLE - 723887
B AR, EMFIZIEE > Two 7238 L b WL o
hb., TOREHNLLONI—Z NV FThHD. 201K
DM, AF=a7 (1845~1916) 7NV 7)) 7 H )5
ZHRL, ZVH) TR EMFENLERIT -2V FOE
EERGTIERWLMILEY. AFZa 7TV
TARTNVTY THESRICEATHI—T NV (b
FPETILL (FEV], VM T 28%T5) %
HELTBY, ZOZEBRIoMTDONEDELE 2D
MRIZRoTwAHEEZ. 2F), I—FVMNIEH
ENDLTNH) TR ZEFORETELRICEINT S LK
s CIREHOR 23 S TR o BT & maya ik &5
ETBLDOTHD. ZoHIET— 27V b Ol ®AE
L7z DTIEH o725, I—7 IV Yo IT—ay
INIEMDE o T e oL o7z, AF=a 7B aE -7
=N PESHFZELADINILTWS I — L FORER
HHEZIKET A2 E 3SR TELRVICLTYH, A F=2
TIZEDAERFHROWEIZI — 7V b DR - AP
HWRHIZOWTOEREMEEZRT E o NITFITb ko
2. FLTC, HRPICIRE IR TSI =7V F DK
F - AEBRR T K o TR 2 B FWREED 72 S,
NIRRT Z TERER, Il A7a—)vi)
R, PUERERNR, PUBERIAR, FEERR, PR
EOEIRREN R A LEFESNOOH Y, Hii-wERE



Table 1  FLERH O — MRy FEE:
75 Ltk
W 23k
h 55—tk
WEPEL L
IS
NHERFZDOL B w
7 R HEDP S 50 %0 FEEEE DL B
DEE Ak

ATV,

2. ABREDER

FLEEW & 1%, ALY (7 Koo f, sLbE, REREZR &)
EREEL, TANT 2B TEFT L2 -HOMBEEHOK
MTHbH. P EFRA SN TV DL DI TIE RV,
FLBRHE ISR SR L BB D 0, AL RE LT
Lactobacillus &, FLEEERW & L T Streptococcus J&,
Lactococcus J&, Leuconostoc J& 7% L 25% V), WHE 7 4 X
AW & Wb b Bifidobacterium B &2 b H 5.
Streptococcus J& D HFINIFFEMED B 5 FLERH HAEIET 5
W%, —MRIZIZZEN S OWAIIZLERE & v ) @ FR4 THIEh
5 Z L3, FURE O — BBt &0 T, W FLRE & 91T
N5 TR I3 365 L C Table 1 R3HEZ A LT 5",

FLEEW I A2 FE R E LTAERT 22 00, F
WO 7 B, % 0 RIS XS HIH
ThHb. JLBEDIT ) L, T OS5 REL
MRSEHE & AT OISR L ISR SN DY, FEALMRE
B2 AT ) FLER W % A BREAILRE & v, 7 Py
5131100 %IV LR THLBAzEL S NS, —T, A
TOAMGBERZIT O AW N T OB ALER & v
W, TP SAMBELY ) — VB X URBY A &5
55, LBEOMEICANSNE ET 4 AW L
DONTORBLIZRZY, 1EVOT FYHERS1EL
DFLEELE 15 ENVOREEZ AR T 5.

%B, WHALEBREEET A THSNL KIBHEIZ TV
a— A0S, B, =% —, REBHAZNIIK
FEERT 5.

FLER W AV E ¢ A 3LERICIZL (+) LB, D (-) fEez
NICENSDOEREY (S 3Ik) b0, FLERHOHME
KXo THERESNBIMD ¥ 4 THE% 5. Table 2
W FELABEPERT 2O A TR L7z, AR
WOHIZIZEER R IRERH 7 VI — V% Db O
HMENTWD.

3. Ames DA MU T MY A I &KTF M

BRIV E 2 I3 % 720 Of 4 O ) EHR T 2 30
FERICHIE SN TE 728, KREDOREHI DWW TEREM
2N TR B RWEE, BEMOERZEIEICT
L0 oL HHRTHY, TOHMTIESHWERT

Table 2 JEREFL - FLMHKETICACTNDLL (), D () 7Lk

- - HEFLINR & FLER D BN (%)
EUNTNY ik e (@/) L) DO
BIBIUONY—3I Vs 9 95-98 15->30
EEP I W IH 8->10 <70-85
(FL—") HA 8-10 82-98
FLR A R 5-6 30-98
rI747T 7-8 95-98

WBDD Ames R TH 5. AmesthiZH Y 7+ V=T K
%@ B. N. Ames 5 [2X 5> ToL b, X{mbhi:
¥ & LT Salmonella typhimurium TA1537, TA1538,
TA100, TA98, TAI7 72 &b 5. & V) b, TA1537 7
55K ) ENTAL00 &, TAIS38H 52 hliEh
72TAIS S5 Hb o L bR AL TWS., LA L,
TA100 & TA98IZ & A F ¥ L ERMEH S v A F ¥ IEZR
PO ZIRIEIZ L TWDB I ERS, LAF I U EE
BN LTI EAYEME S 2 B RS2 A LT 52,
ZORMEYHET S22, Kada 5% 1ETA100 5 & O
TA98IZA M L7 M= A ¥ VKAENE (SMd) 5 JEARAE
£ (SMind) ~OZERE R, WEOERFMEZ W%
LEaHEEE LTS, 7, ¥ 5% 13 TAS L
TA100 2° 5 A F LT b= A ¥ VRS HERR O 30 % 5l A,
FNZENOMD, S HIH (SD510 & SD4) %152 DI
Ty L7z, SD510 i £ 5 HH R o W 'H o> 28 55 P 3B 2 x
LCEDbOTHMARIBERTH Y, FIHFHHOLNC &
MHFE S NS, 72, SD510#KIE R IR A4 X DDA
MO b DL RN 2, WEF N AL m-T 2=
LYy VT7IVEDRIBICEVERT ALY LY ) —
REEMIMTAZLEDMETHL. b, BIWEOLR
JE VBRI Escherichia coli E/r WP2 trp- % E. coli B/r
WR2 trp-her- DI WEETH 5 Z & 2EH L ITFROT
VB, EERERMEE L CIESD510 % vz & X1
) AR CTH D L5 ITbNnb.

F 72, SDS10FRIE KA /34 223 Bz gty *
ZHUTE YRy BB OB REERBRIZIZ X DO
THHTHY, MHARZ MVBDRRDIECHKRTH S &
MW sNhs, 2512, 73 BOMESFEY T 5 Trp-
P1, Trp-P2, Glu-P1 7% &2 & 5 T SD510 #k i & 7 15
IRERZRI 3720, By ¥ 87 BIIx$ 52 BE
AERICEMTH B, L by, TrpPl Z2ZREWH &
L CTHWH4, SD510#kIE S9 mix DIFFEFET THIZE
BFVERBRASTE 2 2 L QBMEDOMHELIZ DA > T
%35).

B, FEY LRI ATHET R, BE & §n
RkoBgh, B S Sk mkotimmg, K2, YIR%Eo
B OERENE D B L2, BREOMT
1 SD510 ¥k v 7 R M B AsE R T 5.
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Table 4 Lactobacillus acidophilus LA2 % Fi\C 8%k L 7-J6WE 5L %
v MG L7k & ORMoL REEOZL™

Table3 N-= b2V I XF)73I Y (NDMA), N-=truav oy Y ¥ (NPYR) %5 WIIN-= b
oYy ¥ENR) Yy (NPIP) OZR

L9 2 FLIR I ORGSR A

Rk an=— 71—}

NDMA?* NPYR? NPIP*
I bua—)b 1029 1041 1100
+ Leu. paramesenteroides R-62
3mg 396 (61.52)° 1035 (0.58) " 1042 (5.27)°
5mg 263 (74.44) 1024 (1.63) 1000 (9.09)
7mg 215 (79.11) 1025 (1.54) 1000 (9.09)
+ Leu. paramesenteroides R-8
3mg 375 (63.56) 1015 (2.50) 1046 (4.91)
5mg 298 (71.04) 962 (7.59) 1020 (7.27)
7mg 279 (72.89) 940 (9.70) 1023 (7.00)
+ St. lactis subsp. diacetylactis R-63
3mg 659 (35.96) 1043 (-) 1013 (7.91)
5mg 419 (59.28) 984 (5.48) 989 (10.09)
7mg 295 (71.33) 985 (5.38) 991 (9.91)
+ St. cremoris R-48
3mg 567 (44.90) 960 (7.78) 968 (12.00)
5mg 309 (69.97) 938 (9.89) 964 (12.36)
7mg 286 (72.21) 946 (9.13) 966 (12.18)

“NDMA, NPYR, NPIP®#:IZZN 2160, 50, 50
> RN B RES . (%)

Ao =— '

1 e WA (%)
FEILHT A
No./100g
X SD X SD
1 140 13 36 3 743
2 345 12 50 4 85.5
3 203 12 19 2 90.6
4 99 11 55 3 444
5 59 7 45 3 23.7
6 62 7 50 3 19.4
X 151.3 425" 71.9
SEM 100.2 12.5

IS B IR O A A (p<0.01)
LIEmEFL100g 2 HIZ 3, 7HMIZH 720 3%

Table 5 #¥4 Y% 6T VT I v OPZEREMEY

[

s

BURER au=—%/7L—}

avbta—VHO0+3IT V)

LEHYA v
asi-A A
BAEA »
K-EA
BT VTI

I VIMET VT I v

2012
844
1085
609
1741
495
760
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4. EEIONZERMYE

i (BLXOZORS) PITIZEREEWE S EY
HISHLTENSOFEEABEMS L L0035 £ il
ENTW5., BREVEVE 205 S 2WE (AR
PR 3B RO DG 5N, 2003 %
FEEY B CERER L, EOERE:Z 5 23R
LS 1EH % D o 2ARFEAELR T (desmuta-
gen) THY, b5 —2FMNEIVEH L THIBDZERE
RFFEHELRT S ELIEHZ b o 72PN E R
+ (antimutagen) T® 5.

LI AT, BEALORBAEMIRHIIONTE L O
FESHSNTBY, EHHIETL L TIEREEREE
M LB R S E TR LT E 2R,

BAARMICIE, AMEALERWN 2 VT L 72 LAY
RIFME % H 2 4ANQO % AF2**, KHL7 I BRN#Ls 1%
%46, 47), %*ﬁx}\o{ qu:x 48), N': ]\ o y{té\#@w, 50),
775 MRV, MBGE Y S L, PR
Pod b Z &% SD510#R° E. coli B/r WR2 trp-her-% 5
W ICHWTHL NI LTE /2. Table 3131 >~ MR ¥
TDAX P THTTAZD BFEEI, ¥ T 1 ehr o0l
7z Leuconostoc paramesenteroides R-62 3 X OF R-8,
Lactococcus lactis subsp. diacetylactis R-62, Lc. cremoris
RA™ 2O CHBE L A%MAICL AN fayEry
Y (NPYR), N-=+uv I AF)L7 3 (NDMA),
=ty ExXY Ty (NPIP) (Zxtd %P SIEYE % i
N,y ARSI (%) ZRL72™. Table 3425
HEPR LI, WThOWkE TR L 7258EFL
IZBWTH NDMA, NPYR, NPIPIZx3 % #ilil =05
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Fig. 3 Lactococcus lactis subsp. lactis BRI & 5 Trp-P1 #5465

VT kAR B A, & ) b NDMA T % #
EREmNMEE R L2, ZOEBREPATLT, EFHHTT
RS AR B HE 4 ORI L ) AR Z 58 L,
ZNSHER MR E Vv CRREALZ R L 72#, SD510#
TR W TR 2 OZRIFEVEWE I3 % P R )R
a7, ZORE, I OMEREKRE v R
L725BEALIC DMV AR RO 5 2 LB O LI
7z.

—75, S&EEFL (FLMETE) 7% in vitro D& 7% 59 in vivo
TOPEREMEZRE L CWALAZ LRI ZLOTE
Frbhs, FELY 13FT, v b (Wister R,
8N |2 TrpP1 #&45 (—PLM4720) 2mg) L& BT, ¥
T A e 558k L7z Lb. casei susp. casei R-52 Wik%
WERHII 1% %L 9%) LTH 2, &tk 4
HEH®DE L RO Trp-PlOBZHRHRZ. FORE,
Trp-P1 $ 5% O#fH O Trp-P1 O BFfEIX, 2~ + 0
—IVEE, 1% BWaIMEE, 9 %ILRRH L 12 24 R
DIICIZ E A 5P S e, 24 BER 3 X UV 48 IE R o [H]
TlxbIvhmLrPHES NV LAgERE SNz, —
F, RH O Trp-P1 O R TIL 9 %IMERBMIZ L -
TTrp-Pl OHEMEYIAEE (p<0.05) (ZHMTsZLdb

IR ICRER S 7z, 8512, EFLY 3 @D S
JBEL 72 Lb. acidophilus LA-2 % JH\W T2 < o 7238 FL
(2.5 x 10° cfu/g) ZHHERRAR T CEYIER 32.6 %)
121 H100g#N s & (Zofho &L LIRS OBIUTH
H), IS ~ 7RISR L -8 em % HnC,
R BB L e h o2 7NV — T OO RTE R
LI L7z, Table 4 \ICHREZRL2EBY, FEEEALE
PUZ X > THRMEORTEAEIED D D ODOERFEEITA
# (p<0.05 WAL, & MIEoTIZ0%LED K
BLTWBZENRD SN,

—77, BEALOMIZTF —XIZBWTHIEREEDH
B ED—EHOF— X TRDLNTVEOY, ZDf TR,
PO D T — X B OTINET & 0 PR
WIH DD OO, K H ORI WHIE BF A
g2z Lo shrz.

PR OFBNEAMRE O WA & 20857, FFi
Ly T ERG, FREEORRMEAA LTSS
LTV ) FTH DS, LW RIS X 2 AR E %D
BHIEERICBVWTIZA—R—FF I FI ALY —F
(SOD) HM™? & b B A MR D 5 L, JEHICH
WTIE BB 5 & 9 ICERFEHEWE OWE D5 25% 2
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Table 6 Lactobacillus gasseri DHARIZH$ % 7 3 7 BB Hy GREY) oOfa™

WIGEUERE ug 1Q Trp-P1 Trp-P2 (IQ + Trp-1 + Trp-P2)
(IQ + Trp-P1 + Trp-P2) Hg Hg Mg Hg
SBT0274 600 53.98 = 20.19 119.57 = 10.33 86.87 = 9.24 260.42 = 39.71
SBT1703 600 62.39 = 28.73 132.87 = 4.79 104.98 = 2.89 300.24 + 36.34
SBT10239 600 63.92 = 13.25 141.24 = 6.43 110.39 * 8.61 315.55 + 18.23
SBT10241 600 65.21 = 16.83 137.11 = 5.07 108.04 = 6.54 310.36 + 28.27

Glu-P1, Trp-P1, TrpP2 22N 21200 ZFHE L, ZhI2mg DHFEEERAZINZ, &% 1ml (2L T37CT300MA ¥ Fa~x—

varvlLi

Table 7 48 B3 38 D Lactobacillus gasseri WiKk» 3
LAFE— Lk D4

W OB BER (%!
SBT10241 86.5a
SBT10240 77.0 ab
SBT0278 74.3 abc
SBT0291 73.0 abc
SBT2055 67.6 abc
SBT10238 66.2 abcd
SBT1753 65.2 abed
SBT0273 63.5abcd
SBT10239 60.9 abcdef
SBT0311 59.5 abcdef
SBT0274 57.6 abcdef
SBT0270 56.8 abcdef
SBT0312 54.1 abcdef
SBT2056 52.7 abcdef
SBT0276 47.3 bedefg
SBT0293 46.0 bedefg
SBT1702 45.5bcdefg
SBT0292 45.5 bedefg
SBT0315 44.6 bedefg
SBT0290 43.2 cdef
SBT0267 41.9 cdefgh
SBT2059 40.9 cdefgh
SBT2061 33.8 efg
SBT0299 32.41fg
SBT0257 29.7 gh
SBT1703 28.8gh
SBT2054 28.8¢gh
SBT0317 6.0h

a,b,c,d e f,gh BXFMTHEEDD (p<0.05)
'60% % 7 —)v (100 mg/ml) MLzl A
7 H— V& WK 10mg & AEE

bIb. Fiz, 2y B FEF 05 X
BYERFEEDFEBUI IV B2 RIF W E & OB
KExwv, %5 3avavorrva— vtz R
B LTRSS 82k, &h ¥4 v, asl-AEA
Y, BAEA Y, k-HEALVERBL, hby v8s
HOWEREN 272, ZO8E, Table 51277 &
I, EHEAL VERHEAL VITHECPEREELRD B
CEDBREOONT. BHEA YR CIIERENE R
CEDEHIZOWTIIAMLED DD 555, B-IE¥A ¥
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1% Bigelow O T35 3L BK PE AT 1330% &, & ¥ 32 B
DOHFTHo L EEWEE DI L EEET L L, BAE
A v OB PIEREEOBBUCHHE IR L TS
DOTE N INnG.

5. ARERERICLIZEREEMEDRES

35, % % 1% Streptococcus faecalis IFO 12965 Ol
BEX 7 3 BRINMEV R TS % Trp-P1, TrpP2, Glu-P1
EERREB, Fo LEwTho Trp-P1, Trp-P2, Glu-P1
DRI T 2 HFELEDT. T OHEE LWL
EAHNCRET A2 LICE o TROZEDPHAL NI -
T&7. (V) ZL OMEOMIBEAZ RIFEEWE (38
HYWESEL) LHETHIMEEAEL TS, &b
VU FLER T OMMILEE 12 Z O ESBEF IS WIS, o
KRR B M A I ERTE. (2) MifaEEm 509 B,
NRTF T OWHBALNS. (3) FLREO
WHIKTHLZORNZALTEBY, AR LR E OB D
EERICARLRENRD LNV, 1) FEIZBMIC
Y, roRERMGERD. (B) MEITEL, SDS
(Sodium dodecyl sulfate) & DOFEFMEDRDSHNDL, %
EThb.

EHST IV INMGIAED DT T 4 TS5
L 7z Le. lactis subsp. cremoris, St. faecalis, Lacto-bacil-
lus plantarum, Lb. brevis Z 1IZ Leuconostoc dextranicum
DILHARD Trp-P1, Trp-P2, Glu-P1IZx3 25 A %
RIKER, HEERkDI1Z & A EHD3Trp-P1, Trp-P2, Glu-P1
L CHiEaRRDEARL, &b Trp-Pl & Trp-P212
T ARERINEDDOTHEP- 122 L 2RO, Fk
DOFERD P EFESREEIL, TA Ty 0008 L7 Le.
lactis subsp. cremoris, St. faecalis, Lc. lactis subsp.
diacetylactis 7 ¥ DILIRE®, ZHIH 4 OFEEALD S
S L 72 LR ER IS T R MR E T S B S h.
BRI, FLRWOWAKA Trp-P1, Trp-P2, Glu-P1 12
FLTHAEEZELTWDLZ 2RI & LT Le.
lactis subsp. lactis T8O D" 12O WTHM L 72\,
Fig. 313 LRE3 MO 7 3 7 Bz o5 i % T8O M D 5L
Wk LS, 37 CTI5 0 ME Lk, RER%E
HPLC (243 T Trp-P1, Trp-P2 5 & O°Glu-P1® L&
DFEEERLIZDDTH A, Fig.3n0WHL0%R X1,



FEBRTOET I BNRSHRmzIZE AL, FEE
M SN, MA7 I 7 BRIMELs Y 257U E o
JOBEICHESINTLE S N ING.

=N, 7 3 BnES Y & LT TrpPl & 723854,
SDS DR LIFTw < &, REMKANIC TRP-P1 O 1
EADEEDELLMIESN G Z EBD SN2,
ZOZ LITHEERADBUKKETH B Z & O] Rek % i
CARBELTWS.

520 ™ 13 28 ¥k Lb. gasseri & 2 ¥k Bifidobacterium
longum D7 3 7 WRIMERIT RPN 3 2 P FEPEICD
WTHRN, 2O e X AW b Lb. gasseri \ZVLit LT
WIIEREHZHLTWwE I E2AOLNTWES. D,
W OO H 1A D RNase 7 5 ONIZ DNase T AL FR
T5HZEILY, TrpPLICH$ BR A AR - TR <
LA LB ROLNI. X 6T, Lb. gasseri SBT10293
BRI Trp-P1, Trp-P2, Glu-P1, 1Q, MelQ ##H A2
MAGHETRHEGHRBREZIT) &, TrpPl o7 I /B
TN Y & Z A GDREZGAIZD o L L EWREAD

e pZEMRENT™ (Table 6). [IKIC, Lb.

gasseri WKL FiloANT a4 709 273 D
BIZBWTHIBE AR T 57 v B e & S hk
EHBBERL TSI E WSR2,
AMHEORKIIERIATH - TD, ERREFERICT
I BMBRM O AT ST N-= ba v bEm ™™ %
TI7IhFL U0 R LDREWE L DREET LR
EHLTWAZ ERIRRTE, B, TROWEET
TIE7% <, Table 712RT &A1, aLAFT— L%
CHMEEMEZALTWAIERWSNIRY, SBICE
FHIMEOE L 2 HEMAHINFFEI NG,

BHbIC

TR 2 EROBLOE T ) % 5K LB o
HERIIETEICHMOENZ 722> Twb, ZHII
IS L CHREBEAOEEICB I L2AMAEARLE 7 1 A AW DK
Breml s erz0o8Mbn L Lz, Bz
FEIC S HHO —DIENT VLA F T 4 v 7 AD
BEBHITONS. B2, L XAWITH LER-BE
GHAEERN R A FEHE T 5 7 5 2 MY THE (FOS) &%
DOREMLLDTH D, TN FT 4 v 7 AIHEN
THREINTZY, WAESNTZ) LBV EXFEETHD,
TUNAFT 4y 7 ZAOREE LT, BEMICE TS
3 b IRMEFEREICH 5T 5D TH 5.

A H, YYNLF 54 v 27 A (synbiotics) &\ H
LA ONE X)W R oz, YN FT 4y
JALWRTVUINL F T 14 v 7 A (prebiotics) & 7N
4%+ 5 4 v 7 A (probiotics) bt E%h5 70
INAFT 4 v 7 AOBREL TR S L) &T5D
DTHY, TOEZDH LIZARRLBANITH LENZR)
RAERMEL 2L T2MEN R ENTVD., 5k, Tun

AFT4 v 7 A0 MEFRICHT L2HBELZ FHO L) 2
TYINAFTA I ADEZTT B ETETHEEI 2o
TLBbnEEbNS.

FURW T R AR AT 8 U TRNICANTE
THREETH 0, BERWICATEZEEORE W T & DMRGE
ENTWDLZ L5, “GRAS (Generally Recognized
As Safe) Bacteria” &IWHINTHBY, FffE EEEL
TaNLF T4y 7 A OHEFEIZHIF SN T M
WHTHL. BHAIZ) LI-ABE TRBESETOL
LNbZENDL, BEEALO L ORETE~NDBRIZSHT
M L DR ST HEERICBWTH K E L%
LNTWab.
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Toward the cancer prevention by diet: exploration of promising food factors

Hajime Ohigashi

Division of Food Science and Biotechnology, Graduate School of Agriculture, Kyoto University
Oiwakecho, Kitashirakawa, Sakyoku, Kyoto 606-8502, Japan

Summary

Chemoprevention with food phytochemicals is currently regarded as one of the most promising avenues
for cancer control. To search for chemopreventive food phytochemicals (FOOD FACTORS), the authors
have hitherto carried out screening studies of dietary plants for their anti-tumor promoting properties. In the
extensive screening test using an in vitro method, the Epstein-Barr virus (EBV) activation inhibition test,
high potential was found in the plants from Southeast Asian countries. In particular, those in the families
Zingiberaceae, Rutaceae, Labiatae, Cruciferae and Umbelliferae were shown to contain potent anti-tumor
promoters at high proportion of species. More than 40 EBV activation inhibitors have thus far been identi-
fied. Of the inhibitors, 1’-acetoxychavicol acetate (ACA) and zerumbone (ZER) from zingiberaceous
plants and auraptene (AUR) and nobiletin (NOB) from citrus fruits were shown to be promising chemo-
preventors by a variety of animal model tests; e.g. skin, oral, oesophagus and colon carcinogenesis in mouse
or rat. Inhibition of free radical generation including O; and NO as well as the related biological and physio-
logical activities were found to be the most striking biochemical characteristics of these 4 compounds. Thus,
the inhibition of free radicals is thought, at least in part, to be one of the effective mechanisms for cancer
prevention. An outline of our researches in this area is reviewed.

Keywords
superoxide, nitrogenoxide

chemoprevention, food factor, 1-acetoxychavicol acetate, auraptene, zerumbone, nobiletin,
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Table 1 Modyfying effects of ACA, AUR, NOB and ZER on carcinogeneses in animal model

. . . . ) Effect”
Type of carcinogenesis Animal Carcinogen®

ACA AUR NOB ZER

Skin Mouse DMBA/TPA i | ! !
Oral- Rat 4-NQO | | NT NT
Oesophagus Rat NMBA } ! NT NT

Colon (ACF) * Rat AOM } ) ! !
Colon Rat AOM i | NT NT
Liver Rat CDAA diet } [ VtONT
Cholangiocellular- Hamster BOP } NT NT NT

* DMBA/TPA: dimethylbenz[a]anthracene/12-O-tetradecanoylphorbol-13-acetate, 4-NQO: 4-nitroquinoline 4-oxide,
NMBA: N-nitrosomethylbenzylamine, AOM: azoxymethane, CDAA diet: choline-deficient (L)-amino acid defined diet,

BOP: N-nitrosobis (2-oxopropyl) -amine

" | : suppression, 1:enhancement, { 1:no effect, NT: not tested

* short term method for colon cancer by detection of aberrant crypt foci formation

** unpublished data

3
Ve 2Rk antes

1'-acetoxychavicol acetate (ACA) aurapten.e
(Citrus fruits)
(Languas galanga)
NS
"
OMe O
nobiletin zerumbone
(Citrus fruits) (Zingiber zerumbet)
H
v S g
persenone A o

(Avocado)

Fig. 1 Chemical structures of highly promissing food factors for
chemoprevention

TN &3 0L ZATHs. —FH, FED
DOAEMREIL, SHEFNIREDZ NS RERER LMY
HFICEBICE ENDRTDOATIRHEPTE W &h
5, Bkks (7—F772%—) ICHZAF/-ZET
HbH. [T7—=F77725—=] EDVFEFVLRIENTDH D25,
Tl ST AR U TR A PR AE 2 S84 B JR e ag
FERSEHFEL, HHLTWS.

ETC, Jh L EHRY D5 AR % 503 5 720
AT 2 B AR E S L 2 b FHEHE LI, A
ATHICBO TR BAICBIT A 7THE—T 3 Vil
ROMHPEELEZ2, oMk ZHRETSTEELT
EBV iV LI 5Bk 2 JH v T & 72 (Ohigashi et al.,
1994) . RKERFEIITPAZ I LD E T EEVBAT T E—
5 —HIB ) Y XERAIIC RS L 72 EBV & i) 1216
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AL 559 (Ito etal., 1981) 12D WTEY, FoH
B D% L AX L AR TR FEDT AANHI B F2ER T BT 70 45
52 TWw5,

COT vEAEEZHNT, FTIEHLBEIIBNTLL
LN TV L EER LY 120 43 0 12 TR % 7
NRCHAz. ZOfER, < EBV iHHEb% 30 L 7-fE 1
4 (&Ko 12%), LT, HREREICHIH L 22 FEA87
i (6%), §9\V 72255 b HHIAFED & N /-FiAHs 13
(10%) T, 4xfk& LT 4 FEIZ1 BT S 2 O FIHE
DD L DR TH > 72 (Koshimizu et al., 1988). —77,
H2BE7 V7 sbENCEHE U5 &2 7R3 I ORI 1
mu, BAREEEOAKL->TH, HROZFNID B
R Lo TH 72 ORI B, 2002). —HDRA Y
==V 7RBETR O N0 ) 0 DBKD LRI,
WA RS a vy, Y, avay, 37
v, YIRRE, BICIEERSHRAE LT, 5
WIEPERNAHYD 5 L, FERENICEXS D
WRHCHES LS O LTV 22 e Th b, ZDHED,
BATRIZB T, FERFEIFHRNSG O HEEN: % PRk
2ELLOT, BEBREVW,

(i) vk AR Z 0 X 5 ITHHER < v
TGPEATTRD SN L PE N R E, TR WD, Bz
XU CAAET 5 -0 Ofi il oLz & LT, B
MW EOBELEHRIZO—HEEZOLNLOTIE
RWIED 9 M.

2. EhAIGEET—-RI7o05—:
ENRERAIR & T DIER DR

Rz A7) —= 2 ZHBIC X ) BIRSNHEL D,
FH 51X TN E TIZ50 TV EBV IS PEAL BN %40 %
B - WEL, T, 20OV TIIEIWERIC TR
AR Z R L TETWE, —F, or7rv—7
A5 b4 Din vitro 12 TE k% T BB 5 A3
SN, SNFETZEOREIHAEICORE. LrLieds,



Table 2 In vitro and in vivo biological or physiological activities of ACA, AUR, NOB and ZER

Activity

Effect *
ACA AUR NOB ZER

Suppression of:
EBV activation
0, generation (NADPH oxidase system)*
0; generation (xanthine oxidase)
NO generation (INOS expression)”
Cyclooxygenase-2 (COX-2) expression”
PGE, release”
TNF- a release”
Edema formation (mouse ear)
Edema formation and H,0,
production (mouse skin) ¢
Induction of:
GST activity (mouse liver)
P450 activity (mouse liver)
GST & QR activity (rat liver & colon)

! ! ! I
} ! !

l _ — —
I ! ! I
- ! ! I
- ! ! 1
I ! ! }
- - ! }
l l*l l l*l 1*2 NT
- t - Tt
NT - NT NT
1 t NT NT

* tested with DMSO-differentiated HL-60 cells, ® tetsed with RAW or RAW264.7 cells stimulated
with LPS or/and interferon- y , ©tested by a double TPA application experiment in mouse skin
| | *: strong suppression, | : suppression, t 1 : strong enhancement, ! : enhancement, —: no

effect, NT: not tested

*1and *? inhibition of activation phase and both priming and activation phases, respectively, in

a double TPA application experiment

Bz @ L CE OB E LD SN IER S
NTwab., oML, BYEBREIENZZEL, 4K
HORBELELTLHIIHA). FHOLDOTF— A b B
MTIE %L, BEAIHEZ—F7 72— LCTHE
FCHEXK-> TEKSIE Fig. 1 ITRT Y a7 AR
® 1’-acetoxychavicol acetate (ACA) & zerumbone
(ZER), B X U3 & FH %D auraptene (AUR) &
nobiletin (NOB) D4 TH 5.
FREAEORGTIZOWT, TNFETHLNTE B
FEERKE % Table 112 F & 72, ZERX NOB TIZHAE
AT OREED % 75, ACAR AURTIZ T TIZE L D
BREAERHEINTE TS, 2L, wihd EBVIE
PEALHIHIFABR 2 WD & 5 4 in vitro FEBR THEEN 7S R
ROLNIZEDIED, FHEMIZ, HDHVIEFRKLD K
HAFPIETH 722 L, S 5ICIIMEFOEEN /-G8
RE DS EBORMAME S V- FICEEhZZE XY
HERESELILENTELRRTH L. Hr OFFEMICON
TIHEFE T 72 3RHE ORI 58, 2002 5 KK ZEL
B, 2001 5 A B BRE ORI EE, 1998 5 KK
Eo, 1998 7% L HEHLIZTOWTIETINORBFAFIC
RLTHEOTZROZ L) IZiE57DY, BIZIFACAR
AUR Tid~ 7 ARE BN A, 7 PO, £,
KBEPAZBREICHHT 5 L OREEHB TS, ACA
TIEZ O, BOPIZX /N A A% —HESRDBA TR
I L 72 (Miyauchi et al., 2000). —75, AUR® )
YRZET v M X BN A TR TIIARER) 255
oM (RIEE; I, AME). ZoHBe L

EZONDLN, FHHOSITAURDIHEW S L Tw
HOTREVNEEZTWAD, KB, AURIZIFEEER
TREEN, HEOFr S VAN, KEERICER X
N7z umbeliferone 127 1), S HIZ7 <V YEROE » Fras
KB S - ¥fE D fb & (esculetin % 3,7-dihydroxy-
coumarinZz &) 2 FN DT EBbho T3
(Murakami et al., 2000a). SN SHPOBH 5 H DIZIX
HEE D OMEMDRDLDOhH L. wiiliZL A,
ILEWICEDENE 2208k - Wl d 52 &
chemoprevention DM S IIEELRKRA VM TH D,
FRIEMWEICET 22 2B ERN T 70 —F 534
HERB.
FRAOALEWIZ oW TIRIEA AN E S 5
ffi # @ in vitro B £ Win vivo ifithZ dMFT L T& 2. &
HIREFIILH TH 578, Table 2121EZFDH BT h
PICHBERIEEDSED LN 02 I, $EHT
HbH. PKRD L LI, AFEICIHE L WEEE LT, M
JALNXVTF VAN (A—=8—FF T F (02) £NO)
DELEEMZ LHEFRDO LNz, Hl 2 1IEACA T,
BRSO N TWF v F o+ F 27— L OHERM
(Noro et al., 1988) LIAHZ, 4L HL-60MHE (i Bk
ML) % TPA TR L 72833849 % 02% MEE A &
¥ % Z & (Murakami et al.,, 1996), 7z, V) RELHH
(LPS) ¥4 v —7zur-ylliicLa=7 2~
rsua 77— RAWHIKE 2L ONO EAZHET S
(Ohata et al., 1998) HMtR & THh 5. SIEMEMBTH %
BB CIENADPH * ¥ ¥ ¥ —ERADOMHEE Bbh, /-
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Moderately active species (70% > IR = 50%
5{11.1%)

Weakly active species (50% > IR = 30 %)

Inactive species (30% > IR)

11 (24.4%) 11 {244%)

NO," inhibition L-Citrulline inhibition
Fig. 2 Activity exhibiting pattern of edible plants in inhibition of NO generation

Plant species were divided into 4 ranks (+++ ~-) according to ther inhibitory activities (IR).

Top: Data tested at 200 pg/ml
Bottom: Data tested at 40 pug/ml

Left: Inhibitory effect determined by NO, level
Right: Inhibitory effect determined by L-citrulline level

% TIIFHEMEONO GHEE#R (INOS) @ de novo 15K
HETHDH, ZNIEZOWRENTFD—DTH5SNF-« B
DEHALDOHEICLIZZEPHLEPITEINTW D
(Ohata et al., 1998). de novo @ iNOS &k BH= 1 ZER
(Murakami et al., 2002), AUR ( Murakami et al., 2000b)
B L O'NOB (Murakami et al., 2000c) T3 L Tw7z.
—J7, ACAZKL 3HT, vV AXHFE/1E5 v bR
GCHFENY 7 ut ¥ —¥ (COX-2) OFMK%RE
LTWwWBZENRHS2E %D (Murakami et al., 2002;
2000b; 2000c), 472 ZER D COX-2 HEIIPHETH - 72
(Murakami et al., 2002). —7, JSEVERMBRD) 5 pEAE
EN02CHMINDZIHBILA ML ABEHEAEY
(ZERIZHRHRE) THHlshsZLid, vTARHLAN
VTOBRERIEFEER (double TPA application experi-
ment) (ZTHIFEIH &N/ (Nakamura et al., 1998). <7
ARk #HEOTPATHIM T %2 &, ZOBAGH»T S
T2 DFIEVET A b A A Vs S, SOENE F i BRI
JaASBERICHERE LT 5. 24 EBICHEZ oM Z
TPAMEL$ % &, H£A L7-HIMERD 5 KD 0203% 4
L, HELBILA ML Z2HL LIRS (Wei et al,,
1993). #FE LTHIE (FHEOEK) 29T 525, %
FEE M ER O FEREBE RS 13 priming B &, F 72 SAEERRE I
activation fl & IXHI & 1, FIFIZI o/ R—FF T 5 —
YOUEET, F7285 1M 0@ ILKFEFEE R TH
ETE L. WD 5 Z L2, ACAX AUR I activation 1)
WZHFRAYIZ, F 72 NOB I priming 3 & N activation i #f
WHEH S 216 TH 5 LT SNz, BaAI,
priming $IZ4F A 2 AT A BIHIWE & L T genistein R
pheophorbide a7z &, WHI/EH 42N & LT cur-
cumin 2384 T & 72 (Nakamura et al., 2000) .
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P & T FER SN AIEMEE LT, in vivo TOALH

BROFEND L. WOWRERTIED 5205, ACA,
AURB L O ZER 2 ELEMIC L o TE 7V E FF ~-S-
Y AT7x25—+% (GST) *F/ V¥ 7 ¥—%¥
(QR) 7 EOFEYNAH B 2R OFEN SN2 1
PR RIGFE DS A B ERIZ BT, ACA (Ohnishi et al.,
1996; Tanaka et al., 1997) %> AUR (Tanaka et al., 1998a;
1998b) Tix7uE—Y a3 YHoALR LI/ =V —
g YO GICBEWTH AR LIHIGT AR TE T
72. ZOIHFEER, NS 2HIEMCHEER OIS
TR TE 20d L,

DIFRLTEZMEL2 DEEDH B, IRl AH
FNCEIER S LT W B 22 oW TiE v F 728 2 R g
HEZwv., L2LaDS, §XTTERZVWELTYH, &
RND T ¥ 1 VL DTRIIASSERE I FED < F8 25 A D HIi]
BB D LRSI NG.

3. NO EEIHEIEER V-V TR

i, INOSIZ X 5 NO A & ZREFEASA & OB D
HEHEINTWD, LALEMNS, SO NO AR
EREWICEHE L 2B o7z, 22T, HHELI,
DIHLNDHEHINERL T AR R 48FE (60
FRAL 0 JEAGRERIE L 1X 200pg/ml) I2DWT, ¥V AT
717 7 — Y RAW264.7 fild 2 H v 72 3U0%R TNO pEE
HA I % A8 A B LT A7z (Kim et al, 1998).
RAW264.7 /e % V) REHEiE 4 V& —7 =0 »-y THITK
L, #&% L-arginine K DAL ANO =% NO,& LT
Griess#ETE®R L, —HLT7NMF=2 X 0 HE U7 Leit-
rulline M+ % diacetyl monoxime THEMARIL L 721, b
R X YR 7z, L-arginine — L-citrulline ® )it
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Cruciferae
Chinese cabbage
Chinese mustard
Cauliflower Eschalot
Cabbage (green) [ Gapic sprout
Broceolf Leck

Turnip

BT 117 -
Liliacene Umbelliferae

Celery
Stonc parsley
Tupanese carrot
Asparagus Parsley

5(11.1%)

B

S -

-
Fig. 3 Highly active plant families and the species in NO genera-

Strongly active speches (IR 70%)

Moderately active species (70% = IR 50%)
Weakly active species (50% > IR 39%)

Innctive species (30% > IR)

tion inhibition
Of the strongly active species(17), 6, 4 and 4 species

belong to the plant families Cruciferae, Liliaceae and
Umbelliferae, respectively

X 11 THAHDT, NO, & & Lcitrulline @ &7 X H 1Y
WNOWRIME A LTI ENTE S, WHNEMHZ 4B
B (+++~-) TEMEL, ZoOEERHEA Sy - % F

O DNFig. 2 (MDOEIZNO, D= THIE L7-HE,
Fild citrulline D THREL7ZMHETH L) TH5H. &
B, FEHER BRI (200 pug/ml) Tl 15 FICHINE
BWRRDENT=DT, TNHIZDOWTITREBRIEE % 40
pg/mlC T UER L7z (Fig. 20 FX). LMD B
L Z1/3 133 OIEEAT D S, NO FEA I 7 B
ERLRWEDNOLNIIHEECEL TSI 2D
72 MIFHEMEAME C, v NO EAIGEZ2 R 17/ %
WA T TAR B E, FI2T7 75 FF (Cruciferae) 6
ffi, V% (Liliaceae) 4fEdB X Ut VU # (Umbelliferae)
4R AE LCwiz (Fig. 3). Thoofin% ik, *k
EOFHAL F—7 =T T0T T MIBTHEATHESR
MELTELTHMES N2 DTHY RE®RE, 1999),
ZOMISPEICIZEIR D S 72 .

NO ZEA#PH] & EBV IEHEALIDH] & o B IXAHBI 12
LNBRH o7z, FHOITRE, Wik Ttz R
L7:f (74K% F) XU persenone A% W &3 58N
AR LA & Bk - Mg L7: (Kim et al, 2000a) .
InoIbaWiE, HELZNOEAMERZL L, Z0ME
H13 ACA % AUR & [Al i 5 A - NF-kB D5 PEAL B 12
L 2iINOSOFEEMHICLZIDLRLTETNS
(Kim et al., 2000a). 2N 5id %72, 7% EBVIEHAL
PR OZBEAEIIHI, & 51213 COX-2 #FE FLE M 2 R
L, Y7 AKXV TOERIEERIZB VTR
activation HIICFEZ R4 &, mial &b e &<
W72t x2d > Twb (Kim et al., 2000a). T 7z,
persenone A 72 EOEBIEOMEIZ XY, W&
MoOZEH AT, ORI BIT 5 Y ERK
BIEOEHRZIRHETE 72 (Kim et al,, 2000b). R{LE&H

SOVTIE, BUE, AHBIMIRCRA A IR
R Th 5.

fa B

DED X512, RETEDPATHICHIETE 2Rt
THEMRT— R T 72 7 —=12OoWTHANALTE. T
W7z X912, BATHEERKSIZOVTIEEE S
DHBELFTMMDO TN =TI o THRAITHELN 2 &
N, BRICHIBALERICIE S W 2N OB EHERE ST
Wh, LPLads, 0% 13T IV VeiGthgEE
OWE (i) MThb, —F, TITTRY LiFfLs
WX T ¥ A VB ER & KO S B B TELR)S
HHH. HEOWHBLA L RIE, DBADARLESLT, Bk
WEALCHE IR 7 & < AT E BRI L Tn b 2 &t
RENDDH L. — ik, MBILESO7ar*v 5
Y IIEBEDIRTBEY, TOX)BBEISY, Y
OV REAE IS S AR IR H 5 L H 1B D
n5.

HRFORE AT OLHIL, EBROL FNEBPALE
BN THAH. BIE [ebTcEoinr?] 25T
W3 W, g, [EMESICE28 MEFATH
DU R A RE T 2 AR T— 5 s> odh 5. flix
HREIZH A DD, HEHES L ZOHEIZND - TESICH
DO TOLHETH 5.

| =

RENIZBORFHEG DM Db L ICH#EEL TE 72
—HWOFEREEENPRRLTCENFLDHDOTH 5.
WA 2 b7 o T FEHE L T 7275w 72 /N KEA—
% GEEARS - AW TR, A B Gk
oo WP TS, BIRGERR A BT ZERE) B X O
R Had R KRG RSIER) 26, B
BRICCTHEMIE L TV w5 Fl#Edg (kX -
BE), Hs =i (EREKR), NE—#HZB L O
LKL GERRIREKR), VENREES X O WUHE A i
+ (E#R) 725, & SRS % Zi
B TRBE W2V AR L (B AR 8
—Hf) SICARMEZ ) TEHLB L BT ET.
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Studies on antimutagens ( A review )

Naohide Kinae and Shuichi Masuda
School of Food and Nutritional Sciences, University of Shizuoka, 52-1 Yada, Shizuoka 422-8526, Japan

Summary

In recent years, because people have become more health and lifespan concious, interest has increased
over how to prevent life-style related diseases, including cancer, by consuming daily foods or supplements.
It is well known that several mutagens play an important role in the early stage of carcinogenesis. Therefore,
intake of antimutagens should be effective in reducing cancer incidence and mortality. In this article, many
experimental studies on antimutagens are reviewed. These chemicals have been isolated mainly from veg-
etables and fruits, and their antimutagenic activity studied in vitro with bacteria, yeast, and cultured animal
cells, and in vivo in rats and mice. The mechanism of action of antimutagens in inhibiting carcinogenesis is
also discussed. As recommended by the World Cancer Research Fund and the American Institute for
Cancer Research, proper intake of vegetables and fruits might be a useful and important means for preven-

tion of cancers.
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. antimutagen, mutagenesis, carcinogenesis, catechin, flavonoid
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Table 1 The Number of articles in the literature (from Pub Med)

Table 2 The Number of articles in the literature (from STN)

Period Period
Keywords Keywords
1976-1985  1986-1995 1996 ~ 1976-1985  1986-1995 1996 ~
antimutagen 9 54 45 antimutagen 78 313 333
antimutagen-tea 1 0 2 antimutagen-tea 3 15 29
antimutagen-catechin 1 1 1 antimutagen-vegetable 2 19 24
antimutagen-polyphenol 0 0 1 antimutagen-fruit 0 15 24
antimutagen-vegetable 0 0 5 antimutagen-dietary fiber 0 3 5
antimutagen-fruit 0 2 3 antimutagen-plant 9 43 36
antimutagen-plant 0 16 12 antimutagen-vitamin 8 29 20
antimutagen-vitamin 1 9 7
() Y »* W [
. S9mix * Inactivation .
Promutagen / Mutagen /
Procarcinogen Carcinogen

itiati Promotion . Progression
—I—
Initiator, Promoter
Initiated cell Premalignant cell Cancer cell
Normal cell
‘ ‘ @:nhmul q.,t
uy Y - ray

Fig. 1 Multistep carcinogenesis and its inhibition by des-mutagen and bio-antimutagen
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(FTuaE—vav). SHICHBEAERIENRELE 2T,
HERIBR 2 B 2 4 DGR L, B RE & A 3 2 NS
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MENLFETICI0ENISI0EZETLEEZLONTY
5. ThWZ, BAZTRTHITIETE BT F Rl
WZEEREWE & o, THE T 50, Ei‘%btfﬂiﬂ’ﬂ%ﬂk@
LCIEFHRBICRT I ERENEZONDL. T2
PIEREWEOTEHRLEL SNDICEST2. B, ﬁ
M OEREYE, HHAWEIT D\ Tidvon Borstel
(1998) % Sugimura 5 (1996) #%, PUAREWE, Hist

130

BAWEIZOWTIE LS (1991), Hayatsu 5 (1993),
Ferguson & (1999), Kumpulainen 5 (1999) »°L ¥ =2
—LTwb. MAERFERICOWTIEEL LTHI45E
OALFYPE F 72 IR 2 N2 5 2 &1 K o THERE
%@iﬁfﬁ%{ﬁﬁé‘éﬁ%% k, M2 $ 2 BIER T 5

WAL E D - 5B, WAL O N TR &
LA E ’\iﬁbfnﬁ'ﬂéhfw

FETIX, EV.E{RAIIZER ORUE EBTE?ETﬁj:ﬁ‘?E
EREICET AMEZBRTEY, 2Rk 5 L iilast
T AP RE % desmutagen (JHZEELE), HlLA
TIER 3 % P4 2R % bioantimutagen (A=W HYHTAs 5L R)
LA TWDS (Kadaetal, 1981 ; B, 1995).

FEHS A DOMEAT AT BT 2 PUZS W E OV HIHHE
DWW ClE De Flora & Ramel (1988) 2SiffIZHRIE LT
% (Table 3). 5%, MR/ CIEH T2 b0, HMlLN
THEHTA LD, f=vx—varrzRLMBEG
BARMTERT2DDICKIIL TS, &k, PIER
JEEOBE IR ERFEROBREICH LN TS
[RFRRER IR L T 5308 (W IVEA TR KB W
VB BRI R ER, WAL o R #E L &



Table 3 Mechanisms of inhibitors of mutagenesis and carcinogenesis®
(De Flora and Ramel, 1988)

Classification Examples”

1. Inhibitors of mutagenesis acting extracellularly*
1.1. Inhibiting the uptake of mutagens or of their precursors
1.1.1 Hindering their penetration

1.1.1.1. Into the organism Body shielding devices, washing
1.1.1.2. Into cells Fatty acids, putrescin, aromatic amino acids, iodide
1.1.2 Favoring their removal Fibers
1.2. Inhibiting the endogenous formation of mutagens
1.2.1 Inhibiting the nitrosation reaction Ascorbic acid, tocopherols, phenols
1.2.2 Modifying the microbial intestinal flora Fermented dairy products
1.3. Deactivating mutagens
1.3.1 By physical reaction Maintenance of physiological pH in body fluids
1.3.2 By chemical reaction Thiols, antioxidants
1.3.3 By enzymatic reaction Vegetables with peroxidase activity

2. Inhibitors of mutagenesis acting intracellularly’

2.1. Modulators of metabolism®
2.1.1 Inhibiting cell replication Retinols
2.1.2 Favoring sequestration of mutagens in non-target cells ~ Thiols
2.1.3 Inhibiting the activation of promutagens Modulators of phase-I reaction
2.1.4 Inducing the detoxifying mechanisms Phenols, thiols

2.2. Blocking reactive molecules®
2.2.1. Reacting with electrophiles

2.2.1.1 By chemical reaction Sulfur compounds
2.2.1.2 By enzymatic reaction Inducers of phase-II reactions
2.2.2. Scavenging reactive oxygen species A variety of antioxidants
2.2.3. Protecting nucleophile sites of DNA Ellagic acid, retinols
2.3. Modulators of DNA replication or repair’
2.3.1. Increasing the fidelity of DNA replication Cobaltous chloride, sodium arsenite
2.3.2. Fovoring the repair of DNA damage Cinnamaldehyde, coumarin, umbelliferone, vanillin, thiols
2.3.3. Inhibiting error-prone repair pathways Protease inhibitors

3. Inhibitors acting on initiated or neoplastic cells*
3.1. Modulators of tumor promotion

3.1.1 Inhibiting genotoxic effects See 1 and 2
3.1.2 Scavenging free radicals A variety of antioxidants
3.1.3 Inhibiting cell proliferation Retinoids, glucocorticoids, hyperthermia
3.1.4 Inducing cell differentiation Retinoids, glucocorticoids, calcium, vitamin D,
3.1.5 Modulating signal transduction Inhibitors of protein kinase C
3.2. Modulators of tumor progression
3.2.1 Inhibiting genotoxic effects See 1 and 2
3.2.2 Acting on hormones or growth factors Hormonal treatments, dopamine antagonists, protease inhibitors
3.2.3 Acting on the immune system Immunoregulators (e.g., retinoids, lipotropes), vaccines, monoclonal
antibodies
3.2.4 Physical, chemical or biological antineoplastic agents Radiation, antiblastic drugs, interferon
3.2.5 Modulating signal transduction Inhibitors of protein kinase C

*From De Flora (1987), modified.

"See text for more details and for references.

“Stage-1 inhibitors according to Ramel et al. (1986) . Those acting in vitro outside target cells have also been referred to as desmutagens
by Kada et al. (1985) .

4Stage-2 inhibitors according to Ramel et al. (1986).

“Blocking agents according to Wattenberg (1981) .

Bioantimutagens or antimutagens in strict sense according to Kada et al. (1985).

¢Suppressing agents according to Wattenberg (1981).
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Table 4 Studies on antimutagenicity of tea polyphenols

(Kuroda, 1999)

Tea polyphenols Mutagens Test systems References

ECG, EGCG Trp-P-2, N-OH-Trp-P-2 Salmonella typhimurium Okuda et al.[1984]
TA98, TA100

EGCG B(a]P diol oxide S. typhimurium Okuda et al.[1984]
TA98, TA100

EGCG Spontaneous mutations B. subtilis NIG1125 Kada et al.[1981]

Tannic acid UV, 4NQO, y -rays, MNNG E. coli B/r WP2 WP2s Shimoi et al.[1985]

EC, ECG, EGC, EGCG
Green and black tea extracts

Black and green tea extracts
Polyphenols 60, 100, B

Gallc acid, methyl gallate,
cathechins, TF, tannic acid
Black tea TF, TF2A, TFDG
Black tea extract

ECG, EGCG

Green tea extract

Green tea extracts

UV, 4NQO, MNNG

MNNG

PhIP

Aryl-and heterocyclic amines,
AFB,, B[a]P, DBE, 2-NP
PhIP

H,0,
IQ, B[a]P, AFB,, Trp-P-1, Glu-P-1

4NQO, EMS
AFB,

1Q, Glu-P-1, B[a]P, DMBA,
2AF, 2AA, 9AA, MNNG

E. coli B/r WP2 WP2s, Shimoi et al.[1986]
ZA159

E. coli B/r WP2

S. typhimurium TA100
S. typhimurium TA9
S. typhimurium TA9S,
TA100, TA1535

S. typhimurium TA9S

Jain et al.[1989]

Apostolides et al.[1996]
Weisburger et al.[1996]

Apostolides et al.[1997]

S. typhimurium TA104
S. typhimurium TA9S,
TA100

Chinese hamster V79
cells, 6TGr mutation
Rat bone marrow cells,

Shiraki et al.[1994]
Shiraki et al. [1994]

Kuroda[1999]

Tto et al.[1989]
chromosome aberrations

S. typhimurium TA9S Bu-Abbas et al.[1994]

Samples added

I

Catechin fr. (1.7%) NN

Powder

(5]

L5

1 0.5 0

Content of MelOx (ng/g raw beef)

None

Crude ext. (1.5%)

i

0 1 2 3 4
Content of PhIP (ng/g raw beef)

Fig. 2 Inhibitory effect of green tea samples on the formation of 2-amino-3,8-dimethylimidazo [4,5-f]
quinoxaline (MeIQx) and 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) in ham-
burger.

Cooking conditions : 200 ‘C, 10min/side
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Table 5 Contents of catechins, caffeine, ascorbic acid and phenolic compounds of various tea extracts (mg/g)

(Yen et al., 1996)

Tea samples Green
Pouchong Oolong Black
EC 23.50* 16.58" 17.30° 4.54¢
ECG 12.58* 8.68"° 10.63° 3479
EGC 153.62° 77.37" 137.89°¢ 59.94¢
EGCG 77.18* 55.31" 66.53° 16.53¢
Total catechins 266.88° 157.94° 232.35°¢ 43.48¢
Caffeine 54.63 56.53* 83.10° 50.38*
Ascorbic acid 3.05° 2.70° 293" -
Phenolic compounds 285.46° 281.28*° 323.94"° 88.97*

*Values are means of three replicate analyses.

"Tea(20g) was extracted with boiled water (400 ml) for 5 min and the filtrate was freeze-dried. The yields of tea ex-
tracts for green tea, pouchong tea, oolong tea and black tea were 4.09, 4.11, 5.27 and 3.86g, respectively.

¢ Catechin content in tea leaf on a wet-weight basis.
“*Content in tea leaf on a wet-weight basis.

D RIAERN L BT 5 I kALK & @ benzo (a) pyrene
(B(a)P), MRk DZR - YA FEY Y 3-amino-1,
4-dimethyl-5H-pyrido [4,3-b]indole (Trp-P-1), 3-amino-1-
methyl-5H-pyrido [4,3-blindole (Trp-P-2), 2-amino-3-
methylimidazo-[4,5-f] quinoline (IQ), 2-amino-1-methyl-6-
phenylimidazo [4,5-b] pyridine (PhIP) ® (X4 UV, y #,
PR LKk F, Aflatoxin B,, dimethylaminobenzan-
thracene (DMBA), N-methyl-N*-nitro-N-nitrosoguanidine
(MNNG) 7% EDOLERGFMEZ BT H21EH H S &%
ENHEEINTWA. Dhawan 5 (2002) 13KLAE 7% &1
HENDHEAR, ZEAEITFUVESATOFAL 2
77 Iy CHBEEZ 728 b0 52k DNAEE %
BHTAsZezaxy b7 vl 2 HOTRBLTY
%. Hernaez & (1998) (IAkAERALEDIQ DIEEAT
& 5% 2-hydroxyamino-3-methylimidazo [4,5-f] quinoline ®
HEERESEZHET LI L, ZORAGEREORBIHTD
L L IR (1~240) 12X ) SRS
t322EZ2RMHLTWA. Metz 5 (2000) (ZkkZH
WG L7286, #MBRIEICZ B % cyclooxyge-
nase2 IGEZHEL, 7TVF I A ¥ Y CHELEINZHIAT
AFREDBMT AL AL TWAE, 202 LIkt
DALETF B L PUISEE S H L Wik e et 55 b 0T
5. Jia (2001) 5ixF v MIHS L 72 1,2-dimethylhy-
drazine 12 X % aberrant crypt foci ASFE ORI L 0 ]
flxnszbzHiELTWwW5A. Higashimoto 5 (2001)
EE L D RS, EAEERALBE AR DA R 2 S BT
% 1-methyl-1,2,3 4-tetrahydro-3-3-carboxylic acid ? % 52 it
PEEN—T7FeN—THI oM Tl S h, 35612
LE 7 —VOFRII L ) IHERSEE I NG 2 &2 n
BAEASDSA D) A7 R BT 2 W Helkdsdh 5 2 & & 1R
LCTw5b. Weisburger (2002) IZERA L Y N N—2
WML 22HE, %KY 7/ = (polyphenon 60%)

BRINT A Z LK) BREIEEDNEA L7 2 & & ik
LTw3., #F#%5 (Kinae et al.,, 1997) b9 TIZkEA D
MHH Y B XA 7 F 2 2 MBI L TN N—7
ZWEL, ZREEOLLE T 2o, Mh T
F UMY o i & ) A REE AT TS 2
&, ¥¥#lZ 2-amino-3,8-dimethylimidazo [4,5-f] quinoxaline
(MelQx) & H-<-CPhIP O A B 2SR I O 5 A 12 X
T1/4~1/5BEIZHEALTnwAEZ L ZHLENIL
(Fig. 2). ZOZEIFRICHEL T I VBOBTAL 55—
FROGDSHEIT LT T Y VA AR T 2 BBE 7% &~
HIH LT B ] gt 2 s R LTz, ZRBEHIC
EHTFFVHEOIEINTAINE VERS NI T 20—,
ZoMT7 IR 4 P& ENTw5b. Constable 5
(1996) &1 > A% ¥ b7 14— (A, AL b %
WA HPLC I T 728 2 A D T F v LR % 555N
Fat A7)y 7730 MelQx, IQ, PhIP % E DA%
RPHILAZZ EZ2WMIELTWA. 72, Ohe 5 (2001)
i umu B E I WTRAS, v —wa V2R, KL, ST —
WERER= T L VY HOERER 2 HET LI L%
SOSIBZIZ X VSN L7z, S SITREA Y % 551l
L7z&Zh, PUBRIEHIE S 75 VHE TR L AW 5N
RLTWBEZEEHELZ., 20X ) ICREMBY O
EEIREOFBINIEH 7 F VHE & I F 50
HBLTWwWLZENRHESLMNIT% - TE7. Standley 5
(2001) ix Rooibos 2% (Aspalathus linearis) DHLZE TR
P, PURAbTE S D W TR & OB TE R L T 5.
M DOEEDSRY) 72 ) VoL G &R L,
WA TSELZE2WHLMITL7. Yen 5 (1996)
AR IE BT O T B, AT AV, TA
INVEVRR, T/ ML EERL (Table 5), &
5121Q, Trp-P-1, 2-amino-6-methyldipyrido-[1, 2-a : 3, 2*-d]
imidazole (Glu-P-1), B(a) P, AFB, {259 % 28 B iV i)

133



Table 6 Inhibitory effect of tea extracts on the activity of mutagens® to S. typhimurium TA98 and TA100
(Yen et al., 1996)

Tea extracts His' revertants/plate” (% of inhibition) ©
1Q BlalP AFB, Trp-P-1 Glu-P-1

TA98
Control* 1739 380 448 1737 911
Green tea 1287(26.7) 230(45.3) 203(61.4) 1319(21.8) 369(62.9)
Pouchong tea 1564 (10.4) 215(49.8) 170(69.7) 1278(27.2) 406 (58.6)
Oolong tea 1568(10.1) 209(51.7) 243(51.4) 1144(35.1) 690 (25.6)
Black tea 1642 (5.7) 255(37.8) 335(28.3) 1341(23.5) 742(19.6)
Spontaneous revertants® 49

TA100
Control 911 797 388 534 596
Green tea 378(69.8) 443(54.5) 275(46.9) 487(12.1) 274(71.7)
Pouchong tea 505 (53.1) 332(71.5) 186(83.8) 495(10.1) 282(69.9)
Oolong tea 442(61.4) 295(77.2) 230(65.6) 419(29.7) 263(74.2)
Black tea 815(12.6) 346(69.4) 253(56.0) 505(7.5) 455(31.4)

Spontaneous revertants 147

* Mutagen was preincubated with tea extracts (0.35 mg/plate) at 37 C for 20 min before antimutagenicity assay.
® Data presented are the means of three experiments.

number of His" revertants in the presence of tea extracts

¢ Inhibition (%) = 1- % 100 %

number of His" revertants in the absence of tea extracts

The number of spontaneous revertants was subtracted from the numerator and denominator.
4The number of control was determined without tea extract.
¢ The number of spontaneous revertants was determined without tea extract and mutagen.

Table 7 Correlation between antimutagenicity toward S. typhimurium TA98 and TA100 and ascorbic acid, caffeine, phe-

nolic compounds and catechins contents of tea extracts (Yen et al., 1996)
1Q Bla]P AFB, Trp-P-1 Glu-P-1
TA98
Ascorbic acid 0.604° 0.873 0.879 0.360 0.653
Caffeine -0.152 0.728 0.124 0.943 -0.334
Phenolic compounds 0.466 0.939 0.825 0.523 0.520
EC 0.827 0.671 0.829 0.082 0.759
ECG 0.789 0.702 0.753 0.199 0.637
EGC 0.768 0.494 0.413 0.206 0.339
EGCG 0.752 0.749 0.789 0.239 0.646
Total catechins 0.765 0.696 0.686 0.253 0.553
TA100
Ascorbic acid 0.985 -0.144 0.204 0.507 0.996
Caffeine 0.451 0.600 0.201 0.991 0.549
Phenolic compounds 0.951 0.030 0.284 0.634 0.995
EC 0.982 -0.447 -0.066 0.334 0.917
ECG 0.989 -0.370 -0.115 0.477 0.925
EGC 0.850 -0.389 -0.444 0.594 0.732
EGCG 0.997 -0.320 -0.041 0.489 0.950
Total catechins 0.976 -0.333 -0.163 0.551 0.908

* Correlation coefficients.
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Table 8 Chemical structure of flavonoids

(Shimoi et al., 1994)

Substituents
Chemicals
3 5 7 2 3 4 5

Flavone

Luteolin OH OH OH OH
Flavonol

Quercetin OH OH OH OH OH

Quercetin (OMe) , OCH, OH OCH; OCH, OCH,

Kaempferol OH OH OH OH

Morin OH OH OH OH OH

Rutin O-Rut OH OH OH OH

Fisetin OH OH OH OH

Myricetin OH OH OH OH OH OH
Flavanol

Epicatechin OH OH OH OH OH
Isoflavone

Genistein OH OH OH
Flavanone

Eriodictyol OH OH OH OH

Flavanone

MR E Ames I X D E L7z (Table 6). Z DR,
V2B R OB X ) IiE R ELTED,
green tea > pouchong tea> oolong tea > black tea DI T
Hotz. Tz, PIEREE L SLER SR L O E
MR7zb D% Table 712R L7z, % IVER Z TA1001ZH
WTIQ R Glu-P-1 OZEFFE IR 3 2 FIfIR) R A 7 F
YRTAANE VEEFEIZIHI LTz, £/, TAIS &
TA100 % H\ T Trp-P-1 1283 2 P28 S0 M X 28 S A 4l
ML D ERAR LN, 202 LI3REmBYH 1L
FRAOMEN R LD LImHATEIOEEZEZ LN
7z,

2) 798K 74F

T IR A R AFIZRE SFAET 5 CeC-Cy (&L
DA C BEREIR) BEAETLIRY 72/ —MbE

Isoflavone

Chalcone

(Phloretin)

YWTBEROKAEN, CEROEHAOHMEL EIZXY
TIRY, TIKR) =N, 73X =), £ I TIFTK,
TGN Y, ANAYHEEIAESATYS (Table8).
INB7FK A FIFHY O TR 7 7)) a
YELTHAELTYDY, MPEKTIEIZIVI—ART 4
J = AHKEE LR S L CTIIFIEL TS (FRLS,
1997). 79K/ 4 FOL 250 7% v & FAERICHiE{b
PR T VA VHPE N LS M R E A AT A2 L
BT TICHEENTWDS, 2 TRIZEEIGHIZOWT
#i~X7%. Edenharder & (1997) 1ZIQ ®H IV E X T W
TA98 I3 A ZEREMICOVWT 7 TR 4 FEOHH
AR SR ERET L CwD. ZoO8E, Table
QICRTLICT IRy, TFKI) =), 75X/,
BV I YHHOHFITIR P RGEZ R T AR T 5
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Table 9 Antimutagenic effects of flavonoids on the S105-mediated mutagenicity of IQ" induced in S. typhimurium TA98

(Edenharder et al., 1997)

Flavonoid® IC;, (nmol/ml top agar) % Inhibition at 500 nmol/plate” Antimutagenic potency
Flavones
Flavone 1.89 91.1 +++
6-Hydroxyflavone 19.9 84.1 +
6-Methoxyflavone 2.19 88.4 4+
Apigenin 2.19 95.5 4+
Luteolin 2.64 88.4 o+
Tangeretin 4.61 83.5 4+
Flavonols
Flavonol 2.85 90.6 4+
Kaempferol 2.40 92.0 -+
Fisetin 10.8 85.5 ++
Morin 20.0 76.3 +
Robinetin 32.3 77.2 +
Myricetin 25.2 70.2 +
Flavanones
Flavanone 3.55 98.2 o+
2-Hydroxyflavanone 10.4 88.9 ++
Naringenin 23.7 80.7 +
Hesperetin 6.00 80.8 ++
Isoflavones
Genistein - 20.2 -
Biochanin A 17.9 80.7 +
Chalcone and related compounds
Chalcone (benzylideneacetophenone) 5.04 88.1 4+
Benzylideneacetone 26.7 75.2 +

IC,, is the concentration of a flavonoid in nmol/ml top agar required to inhibit the mutagenic activity of IQ by 50 %, calculated from
corresponding does-response curves. +, weak; ++, moderate; +++, strong antimutagenic potency; - , inactive.

25 ng 1Q/test produced 659 *+ 47 revertants/plate.
" Mutagenic activity was not completely eliminated, but reduced, as indicated.
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1 Luteolin
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Fig. 3 Relationship between antioxidant activity (OD532nm) and
anticlastogenic activity (MNRETS, %) of flavonoids.
The dose of flavonoids used for determination of both activ-

ities was 0.2 tUmol/ml and 5mol/kg, respectively.

A simple linear regression analysis was performed on all
data. Closed circle represents mean value of each group.
Quercetin (OMe) 4 : quercetin-3,7,3'4-tetramethylether.
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CEERMERELE. 79K 4 Fidmh it AT
LS, FOEHMREL LTIE 7Y — 5 Y h VodlifEm,
GEA A EOF L — MEBRIEM, PR EER S SOS
OFEIER R EAE 2 51 A, Shimoi 5 (1994) 112
MOBMM7 I K 74 FEHWTT7 oy b rikd
(Fe*/H,0,) 12X 251 7 —IVEE A F )V 8 A L3N %) 5
&y MERSHIC X B~ A KM MM AR IR b o> /NG 6 58 4
EOMEIRI R 2 MG Lz, Zo#%E, Fig. 3lcabnb
9 REOBBILOE A (0D532nm) &/MEDOFH
FEHEEASIEOMBYE (P =0.717) ZRTI L 2MERL
7oo BTy MBH2REBIRTICV T A Y YR v AITHE
C3e5- L 720 bl & BRIC B0 2 N5 2R LEE & 3 X
HEHRBIZHHISNGE Z Ebholz. TNE DR,
57 F KA FENERNTLIREZBBLTw5
ZEAUREEN/Z. Win 5 (2002) $0X174 7T A 3
F DNA % v Otk R % 4 L 72 DNA — AREAEIW 12 xf
9" % genistein & resveratrol DVEH Z Kigt L7z, F Ok
B, genistein 2H,0,/Cu (II) 2 X Y A p§ 5 G PEER
F o35 &5 DNA Y 2 ¥ 3§ % Ok L T resvera-



trol TIZDNADO—AFIMr 2 EE L7z, ZDXHIZ7
TR A FHEITLFREEIC X ) DNACK L TrER 4
CHIRTDEEDPEAET H I EAUVRENT. Lautraite 5
(2002) X7 5&K /A K, rveFy, 7E5=V, 7
VY r0IQR B(a)PO#EMEFHEICH T 288 EF v A
= ANKAY = VIRl EH W CHE L7z, e b
CYP1A2 Z 33 A MR TIXIQIC & 2 #Efml kX
WVl F rTEIfl &Nz, CYPIAL 25833 AR CTlE B
(QPTRIELZZGAETEF= 27 ) THll S
s, Tt F IR EEG A ol HEL Tw
5.
3) 7z /= ViLBM
Rompelberg 5 (1995) 1% eugenol ® cyclophos-
phamide, mitomycin C, ethylmethansulfonate, B (a) P (2%}
THMERIE T~ A ghiE v /MEAERE S L
TMR7z. eugenol DFELIFZ 512 & V) cyclophosphamide
2 X B/MEFEFEHE DA RITHWA U722 & 2 5 in vivo
OFHABMETE L EE L. Lo L, oL REIZ
L TR RO 5N d o 72, de Mejia 5 (1999) 1
FIVEAR T YGL024 Bk %A W T 1I-NPB X U'B(a) PIZH
955 FF &~ A (Phaseolus vulgaris) P oHuEs 2
WA MRz, < A & ellagic acid I3 W28 525 1S
U CTHEIEHIMRZ AT 2 HB 2 ARG ELZ R L
7z.
Loarca-Pina & (1996 ; 1998) 135 G HIZHAET S
H €O EY TH % Aflatoxin B, 12§25 7 — 7R
T EOPERELEZRRI. FOE, =7 —BEIIE
BREZR LEREROKT 25 & L, kKb o
R T2/ =IOV THNL ODDOHENRH S, ¥—
VILHIZIZRER ) 7 2 7 — W H350-500mg EFEL TH Y
TYNYT )=y VST, Fr7zu—), F
b E—NGEPRENLLDOTH L (EAM,
2000). I——HZIZH T =g, TV ITHEEEOM
FREFERE DI 7 uur YERBPHFIELTE Y, Trp
P-1, 2-aminodipyrido[1, 2-a : 3’, 2-d]imidazole (Glu-P-2),
AF-2 7: SICHERERZ R L Twa (WE#ES, 2000).
TAZEATFVEDIED, Tubi =V, 75
R =Nk & iresveratrol 25 7 4 ¥ T 0.12ppm,
74 Y T104ppm FAELTWB E v (fE#E, 2000).
RRAERPALIICIE A 7 F VL & B ICZ D KRR AAE
TN, METIN-V v I8, I8, =57%
YEUH, FLIARF—TRNZY UM, VY UAT
VFE R, 27 22TV RENGET 5 2 & D%k
REINTWSE (G, 2000). LEYRTIA LHDRY 7
x / — )V & L Tl eriocitrin, neocriocitrin, hesperidin,
neohesperidin, narirutin, narinjin, diosmin M#xAD &
NTwb (Z2, 2000). S5ICHTFVHOFEITHIC
i& nobiletin, luteolin 2SZNZEFNT L —T 7V —U RN L
YIYTFLUVIEENTYS, Yen 5 (2001) (XFEE

@ Mesona procumbens DK, *% 7 —l, BEBRIF LD
ZHEY % W TB(@PRIQ KT A HiE RGN % 7
N7z A, HEEHMBIHEON, ZOWHEEIERY 7
T/ =VETRAANE VEERIZHAITEZ EZHIELT
Wb,

1) FWRILEH

Morse & (1989) X7 75 F R oMIcE TN 5
phenethyl isothiocyanate % fil#HIRA L TT v M5
5L, BilZBITSLDNADXAF VAL EEIKTFT 5
Z &, Wargovich 5 (1988) X, =Y =27 ¥ <A FIZ
&IN5 dially sulfide XN-= F BV X FNUARY IV T 3
VDT MIBUAEEDPAFRERTEEREMBO
BREOFHEMEEZKT A2 L, Zhang 5 (1992) &
7uya)—IZ&F N5 (-)-1-isothiocyanato- (4R) -
(methylsulfinyl) butane 2538 ¥ X 45 2 #1% 3% @ glu-
tathione-S-transferase Z #5456 Z L R a5 L Tw
b. IO DOERD S EMALEWITEWRHITSBT 5 P-
450 2SB5-3 % 65 LA RS 2 300 L, 45 2 M0 SO0 2 f o
LTWwbHolHENL TN,

Nakamura & (1993 ; 1996) &4V 75 7 —Hili¥H
% S-methyl methanethiosulfonate % 738t L, AR{LAWAT
SRAVRRIBET U 72 K8 B/r wp2 (203 5 28 S50 % S0l
FTHIELEME L. T0B, UEWHEINTTAER
(Cruciferae) 1V F (Liliaceae) 7% L ORI R E Y &
— M HAFEL, HIBRIAEAY S-methyl-L-cysteinesulfox-
ide THLZE2HLENIZL TS, FHDS (Kinae et
al., 2000) XIRT Y ECOMERLLE, WETHELHEY
¥ ORI Y s A R O MelQx R Trp-P-1, H
B725 BU5 @ 3-chloro-4-dichloromethyl-5-hydroxy-2 (5H)-
furanone (MX) 12X L TEREEMGNGEEZ G52 &
& L7z (Table 10). F2MHOF2—T A 7H
VIZ PRS2 7. BIFE T T2 73 ¥ o BN
Gr & 3FDPALEIE (-)-(R)-methylsulfinylalkyl isoth-
iocyanate (CH,SO- (CH,) n-NCS, n=5-7, MSITC) % %5 # L
7o AR IS O W CId Fig. 4 10RT L) ICA~D D1fE
AR ZEEL. Ames ERCTHET L7258, BORH
% (S9mix) ZHELTWAE I LB LNIT% 572,
& 5|2 Nakamura & (2001) (XK H B/r wp2 I[85
G L 2B ICE R SN DB R Z KO n-~F 4 Ui
WywhrEslss ez BB L, HHEAREKIN4-
(methylthio)-3-butenyl isothiocyanate (MTBITC) T %
Z &, &5 % A5 phenethyl isothiocyanate D £ 7
ZHEFR L7z, Ml & (X4 isothiocyanate (total ITC) = &
PUEREMEAMHE ST 52 L 2R LT (Fig. 5). Wi,
Fahmy 5 (2002) 3EZ 0 AfEH ) 7 A THESINS
TR OB ARRE;HHEAN E LTHebhTn s
thiola (2-mercaptopropionylglycine) <o K& HliHi#DFx
Hizk il sans e~y 22 72 EBRTHP L
TBY, KEOYA, & %15 protease inhibitor 254G
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Table 10 Inhibitory effect of wasabi samples against mutagens

(Kinae et al., 2000)

MX (TA100, -S9mix)

MelQx (TA98, +S9mix)

Trp-P-1(TA98, +S9mix)

Sample
1 1/2 1/10 1 1/2 1/10 1 1/2 1/10

Sawa-wasabi root 99 98 90 96 82 29 89 68 31
Sawa-wasabi leaf 74 67 31 61 33 0 67 32 8
Horseradish root 98 88 38 94 82 29 88 72 47
Chinese wasabi root 96 96 66 98 96 72 100 99 77
Commercial wasabi 79 59 13 88 73 35

B

O

MelOx S9mix

Control : MelOx + S9mix + 6-MSITC + TAYE

At MelOx + 6-MSITC = SY9mix + TAY8

B : S9mix + 6-MSITC = MelQOx + TA98

C : MelOQx + S9mix = 6-MSITC + TA9S

D : MelOx + S9mix +TA98 = 6-MSITC

B —6-MSITC

+6-MSITC

I

0 100 200 300

- +
His = revs

Fig. 4 Mechanism of antimutagenic activity of 6-methylsulfinylhexyl-isothiocianate (6-MSITC)
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Total ITC (nmol / plate)

MTBITC (nmol / plate)

Fig. 5 Correlation between antimutagenicity and isothiocyanate contents:
(O) 0.1 g of daikon extract; (@)0.3 g of daikon extracts. For quantification of total ITC, 50 UL of the dilut-
ed n-hexane extracts was reacted with 50 UL of 8 mM 1,2-benzenedithiol at 65 C for 1 h, and then the absorp-
tion of the reactant was calculated at 365 nm.
MTBITC was analyzed with FID-GC. The correlation plots were applied with two site binding hyperbola.
The correlation was observed between RMA and total ITC content (r =-0.926) or MTBITC content (r =

-0.882).

Each point represents the mean of duplicate plates in one experiment.
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Table 11 Effects of antimutagens on bleomycin, cisplatin, cyclophosphamide, and doxorubicin

(Gentile et al., 1998)

Antitumor agent Antimutagen Effect In vivo In vitro Endpoint
Bleomycin Bcarotene enhancement + micronucleus
vitamin C and E no effect + salmonella
vitamin C inhibition + chrom. aberration
vitamin C and E inhibition + micronucleus
galangin inhibition + chrom. aberration
cysteine enhancement + chrom. aberration
13-cis-retinoic acid inhibition + + chrom. aberration
taurine inhibition + salmonella
3-aminobenzamide no effect drosophila
Cisplatin prostacyclin inhibition chrom. aberration
sodium thiosulfate inhibition drosophila
diallyl trisulfide enhancement + hepatocyte UDS
unsaturated fatty acids inhibition + chrom. aberration
Cyclophosphamide stobadine inhibition + micronucleus
B-carotene inhibition + chrom. aberration
ethoxyquine inhibition + chrom. aberration
amifostine inhibition + mouse HGPRT
diallyl trisulfide inhibition + hepatocyte UDS
vitamin C inhibition + mouse SCE
chlorophyllin inhibition + chrom. aberration
myrcene inhibition + lymphocyte SCE
eugenol inhibition micronucleus
carboxymethylglucan inhibition micronucleus
phenethyl isothiocyanate  inhibition chrom. aberration
Doxorubicin chlorophyllin inhibition + micronucleus
ascorbic acid inhibition + micronucleus
ascorbic acid inhibition + salmonella
saponin inhibition + micronucleus
desferrioxamine inhibition + micronucleus
taurine inhibition + salmonella
captopril inhibition + micronucleus
chitin/chitosan inhibition + sce

Only articles which identified the active antimutagenic component were used as references for this table.
Those papers which showed the effect of complex mixtures against these antitumor agents were not included.

REDT RS TV E LTWA, TO L) IZEWHBS S
PERFL LTHMTHD e hHESho0H 5.
5 E¥3IV
Brockman & (1992) &, #FEARE, HASAWEIC
*}9" % retinol, retinoic acid, retinol acetate, retinal, retinol
palmitate, 8 -carotene 72 & OHIEEGHEIIOVWTL E o
—LTw5%. ZN5b retinoide A% in vitro, in vivo Tk 4L
ARSI Gt R IR R AREE & L 7oA 1T HUA Sh Tk
ZRLTWSZ EEIBNTWS., Rauscher & (1998)
7 X, FLrY, ¥y, 2=y, MU TY,
b M S ERRBEE T L 72 H 0122w T Aflatoxin
B,, B(a)P, 1Q, cyclophosphamide (Z%}3 % P S E % %
Ames{FEIC L VB L7z, € D%, carotenoid(a, B -
carotene, lycopene) , xanthopyll (8 -cryptoxanthin, lutein),
carotenolester & & L EI Sk PE &2 /R LChB Y P G
PEERTE . &b, MEEBRIZB W TH AT

ZRODTWA. de Mejia & (1998) 1ZxF T AA1H
1240gD T EBEML TSI LIEALT B-
HBTUREY I VADOPRLE L CEEL SHHO green
pepper Dl 4 % H v C 1-nitropyrene, 1, 6-dinitropy-
rene, 1, 8-dinitropyrene (2%} 9 % PL2 R 2 FH 7=
WINSPIERFENEZ/RL, HERRZED/. Nefic
(2001) 1%, cisplatin TEFE I Nz M OEMYY ¥ 8k
OYARBESBE S I Y COHFKGIZL Y AREICHIH S h
HI WG L. ¥7/2¥ % 3 ¥ Cldcisplatin DM
PEOREMVER %278 L7z, Gentile 5 (1998) (il A% A A
Td % cyclophosphamide, blomycin, doxorubicin, cis-
platin 2§54 I C, zun74J), (#)-A7FV
%% EOPWARIEE 2 /MG RER, Geta R I R, Mgk
fi ok ERER, Ames BB ETHRELZREREZL V2 —
LTws (Tablel1l). B-hus >, ¥¥3IC, ¥¥3
> E 7 EA%n vivo, in vitro THIZRIEM 2R L 72, Aly
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Table 12 The effects of various chlorophylls on AFB;-DNA adduction and tumorigenicity when co-injected into

rainbow trout embryos®

(Dashwood et al., 1998)

Chlorophyll Dose (ug) pg AFB,/mg DNA® Inhibition (%) Tumor incidence (%)
None - 170+ 25 0 105/144 (73%)
CHL 10 103 + 24 39 21/42 (50%)
100 117+ 11 31 21/43 (49%)
1000 47+ 4 72 [21/25]
Chlorine 10 138+ 9 19 24/44 (55%)
100 142+ 24 17 [12/20]
1000 97+ 14 43 [12/28]
Chlorophyll a 10 142+ 24 17 32/49 (65%)
100 164 = 16 4 [8/9]
1000 143+ 10 16 [8/9]

* For details of the methodologies for assessing AFB,-DNA adducts and liver tumor incidence

" Mean * SD.
¢ Square brackets indicate groups with poor survival.

Table 13 Effects of Chl-chitosan on Trp-P-2-adduct formation in

mice lung (Sugiyama et al., 2002)
DNA adduct (per 10" nucleotides)
Group Treatment Mean + S.D.
(Found)
1. 0.01% Trp-P-2 7.40 = 2.8
(7.9, 4.4,10.0)
2. 0.01% Trp-P-2 2.50 = 0.29Y
+1% Chl-chitosan (2.3,2.8.2.3)
3. 0.01% Trp-P-2 0.50 = 0.09"
+2 % Chl-chitosan (0.60, 0.43, 0.46)
4. 0.01% Trp-P-2 0.16 = 0.1¢

+3 % Chl-chitosan (0.11, 0.28, 0.10)

a) Difference tendency from group 1(p=0.094). b) Difference ten-
dency from group 1(p=0.051). c¢) Significantly different from group
1 at p<0.05.

5 (2002) FKERLEHESE T B B rifampicin & < 7 AT
S8l % X7z, rifampicin (3§ AR 2 H5%E
L7223, €% IV CaHb9 5L Z0RMRRERE iﬂ;&
TL7 B2 IYCo#)RLZGIERT, bk
BESIMETLZ. LarLl, €9 3IVEDY im()ﬁf‘?
TORIREEDT.

6) ruu7 4 VeFLRLT 4 VLG

Odin (1997) HidZ7Ba 74 VRAI v, NEF T
CoaErahRVT 4 ) AEEWOPEREIEIZO W
TLEa—LTwb. WOISME, Bz HvzEERE
EBITRNVT ) venTud A2y 77 I VOE
MRPPERFEEORIICHEG L Twb 2 25 LT
V5. Dashwood & (1998) X chlorophyll ® AFB, (2%
TRIBVAMEHAB L UORERFEER Y =YV~ A2 v
THHFHLTWwSE., =V 2% Ty MFEZEZHW
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Ames EERIZ BT chlorophyllin 2SAN7 0% 4 71) v 7
T I VREBRGERIAUKE, 77T PF TR EITH
L CHERGEHEZ R L. 2084, FFIZDNA L OfF
IARTEE % HE L TWb 2 EH S -7 (Table
12). Sugiyama 5 (2002) 7 awa 7 1) YHBNFaH
4707773y%773b$>y&&3%%m%%

BRIFVERFEVAMEZ T A5 LIFH LT un
T4 R Y a2 A SH 72 Chlchitosan % P8 L
7z. Chl-chitosan % ~ 7 A 12$¢5.-9 % & Trp-P-2 DNAf
IO IR TOTREDSE I T 5 2 & 2l L
72, Tz, AWENE bOBAFHIZLERTH S
&L LTw% (Table 13).

7) ZOMOHIERE

Camoirano 5 (1994) 1390 FE DLW H Ic DWW Tl
P B % 7R 9 4-nitroquinoline 1-oxide (4NQO) &
SOmix # LE L § 5 & 8N 3 EFMEICH B HE R
MELTWS., ZOKHE, 6-mercaptoethanol, 1, 4-dithio-
threitol, cysteamine, L-cysteine, N-acetyl-L-cysteine, disul-
firan, glutathione, spermidine, curcumin, myricetin, biliru-
bin 2¥4NQO IZxF L CTHIA R Z /R L7z, £72, N
I PRIk L Cid disulfiran, phenyl isothiocyanate,
phenethyl isothiocyanate, butylated hydroxytoluene, cur-
cumin, caffeic acid, vannillin, gallic acid, myricetin, rutin,
catechin, bilirubin, chloropyllin, riboflavine, trans-g-
carotene, ethoxyquin, oleic acid 72 &AWL BIGHE%Z R L
7z.

Stadler & (1994) ¥ 23—t — I3 H,0, & F E#E
ERFVEZIRTH, PR A REE ET A L
EHRELTWSE, KUY 7/ —VEE&ta—v —Hhilik

i3 t-butylhydroperoxide THEE S 415 28 554 4 # L,
& 512 2-deoxyguanosine 2 5 8-0x0-2’-deoxyguanosine



ADOKEEALD B L7z, Bakalinsky & (1996) 133 —72
Vb OPEREHICOWTRETL, 7 il o
palmitic acid 2" MNNG IZKH§ 2 A RF THSH 2 L &
RwH L 7. Motohashi & (1997) &> a3 » ¥
(Zingerber officinalae) 2% % 115 dehydrozingerone
IRAROPZEREE %2 UV RS L 72 K WP2S  (uvrA)
% W THi%E L7z, benzalacetone & 4-phenyl-3-butyn-2-
one VERFIIHIEH 2R L2 2 & 2 S BROBEHRAE L
Dy EES, SEBEAETAT IV RZNVIEOFLENS
HETHLIEEZWLNI L. VAT VRO
43 CTd % capsaicin 28 ¥ 2SERISH) L T/ R filitk et
SERZEFRT H LM EIN TS (Marques,
2002). L L—JiT, capsaicin % & T B0 A IZE
B, IR AMEZET L2 L B REICH SIS,
NIHAT TR a T HROFERE T DOIER - PR A
TERIZDOWT L E2—%%% 5% (Surh et al., 1998). Sun
5 (2000) ZFEAHEY X Y anthraquinone, emodin,
chrysophal, rhein # A L, anthraquinone %3 CYP1A1 ®
PN X D Trp-P2 O N-KEfLZHET L2 L2 WL
Twb, Nakahara 5 (2001) (&&H % 1 H8¥ Oroxylum
indicum Vent ® X % J — V¥ AHY Ames 8% T Trp-P-1
DOEFFEM AR HE L TB Y, bicalein 3182512
AW SN /NERGOEMET T DY, 7=
VIHEEE R D D Z & A 5 Trp-P-1 & N-JKER{L 2 #iil] L 72
bDEEZTWA. At (2002) FE¥— I VD HiZE R
WE DKW EIT 572, HIVEF 7 TA98, TA100 ¥k % F v
% Amesi#EI2 L Y, Trp-P-2 (NHOH) , Glu-P-1(NHOH),
2-chloro-4-methylthiobutanoic acid (CMBA), MNNG,
benzo (a) pyrene-7, 8-diol-9, 10-epoxide (BPDE) 1Zxt3 %
ZEREVEIIHIRE 2 ME L7z, FOfE %, ferulic acid, caf-
feic acid, p-hydroxyphenethyl alcohol 235f P Zs B 5 1
Zsx L7z, %72, vanillic acid, syringic acid, gallic acid, p-
coumaric acid, phloroglucitol |2 b iE % b7z, Thbd
DOALE WA Trp-P-2(NHOH) OfCHZHIHI L, FFiEics
7% DNARHIMERIE R Z HE L72b D EHEEL T 5.
Idaomar & (2002) &Y 3w Y 3 73T %M\ 5 wing
spot test 12 & V) 3FEDLEIE (Helichrysum italicum, Ledum
groenladicum, Ravensara aromatica) DFGIHELS DPLE
BEWHEZHS L. 2, TS5 3MoOKMZRE
THEMEERRER Lz AFHA A=A L ELTET b
70— 2 P-A50 R & OMEAEHIC X ) ZREOW T
RAERZ R T 5720THAHE LTWwh. Villasenor 5
(2002) &Ny Aoz aaR VAT S2ST N T A
70 NG L THERENARTZ E00, GRS O
M#E % 1T\, 6, 7-bis (2, 2-dimethoxyethene)-2, 11-
dimethoxy-2Z, 4E, 8E, 10Z-dodecatetraendioic acid % Hif
L7z, ZNHBIIERFEESAON BN LG, £
DR FEPBEF SN TV 5.

¥ & ®

TSR L) ICHZE, Rk L oWiZizZ< o
MEBREWEIGEET LI EDPHS N E 572, ATET
THEIZEL72A%, FRL AR, ERICHE  OPIERIE
WHEOHFAIMERINTEY, SHICERI 4 VR, &
Wik B 225 - BEDSAWE O E BT 5 2 & A
ENhTws (BM, 1995). &4 id, WICPIERIEYE
ZREMHELTHEILTWS2Y, AfME & DITERNICED
A F NI - FEDSAIE D D9 F HARI 55 D W
i (Nishioka, et al., 1986) 3 ¥ & & &Lk 5
(Hayatsu, et al., 1999) 2315 OHME 2B T 2 0bHw
LUPIEREWE L L TOWEEEZRAE L TW5DHHENT
HbH. T, FHE, MLSNHEESFIEUEBEE
XTIV ANFREEZH T 5 S OIS & LTS
CHEEINTWS, ZNHIIEREWENFEEICE PO
BB ATHNCFG T 20 E2ICO20THEL L ORHIED
% (Hayatsu, et al., 1993 ; Ferguson, 1999 ; HH, 1995 ;
KEBEE S, 1995 ;1999 ; Kumpulainen, et al., 1999). L
L, EMOHPIIIERE & PIERIE L2 FIRZILE L C
WL LDOHNEL, EBIZENLBDRAFEICED LI IC
WHD o TWDEDOPIIAH LR EHL v, KETIE 1990
DS 5AEM, KEENLAAREITICE 5 T7H A F—7
— K7 r I apEISN, == 7Rk EL2E0BX
ZFAOH O EERIC OV TAAFHRREZ DT
L. EBHIZ1997 X T A ) A AWGEE] & A
AFFEILGII DA TR 15 7 5= E L, [Five a day| 1
HS5MML LR ERY 2 HEPNT 22 L 2D TW
b WSENZ BV TIPS AN IR FAY [25A % i <
TOD120 5] &, XHFPEL [EFREEA21] 2%
NZENREL, RFFRICESE, RYZ2EENICERT 5 2
EWWAD—RKFHICHBE LTS, BT, PIERE
VEH % 459 % £ 2SS T O BV O B804 <0 Se i g
EER 268352 EAHLNICENTE . T 2,
PEREOMRES S HICHET 52 L 2L T 5.
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Bypass of DNA lesions and induction of mutations by DNA Polymerase K

Haruo Ohmori

Laboratory of Gene Information Analysis, Institute For Virus Research, Kyoto University
53, Shogoin-Kawaracho, Sakyo-ku, Kyoto 606-8507, Japan

Summary

We have identified Pol k as a mammalian homologue of the Escherichia coli DinB protein (=DNA poly-
merase IV). We overproduced and purified a truncated form of Pol k lacking the C-terminal 310 amino acids,
which exhibited a very similar enzymatic activity with the intact form (870 amino acids). Pol k is unable to
bypass UV-induced T-T cyclobutane pyrimidine dimer or (6-4) photoproduct, but it can bypass benzola]
pyrene (B[a]P)-adducted guanine efficiently and accurately. We isolated mutants defective for the Pol
function from a mouse embryonic stem cell line. The Pol k-defective mutant cells are highly sensitive both to
killing and mutagenesis induced by B[a]P. The spectrum of B [a] P-induced mutations in the Pol k-defective
mutant cells is different from that in the wild-type cells, which suggested that Pol n might be involved in
error-prone bypass of B[a]P-adducted guanines in the absence of Pol k. Thus, our results provide strong
evidence that Pol K plays a crucial role in protecting cells from the genotoxic effects of B[a]P, and by impli-

cation of other polyaromatic hydrocarbons.

Keywords : DNA polymerase K, translesion synthesis, benzo[a] pyrene, mutation, cancer
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FIZFEREIC e MMaRMWEEAENY T 2 MO )R R R
T LRk REEE (Poln) 23— K352 EBHLNIC
7 572 (Goodman, 2002 D#HEHM). EEHESEIIh
5OREZEIZELL L, #EREMIC S B L 72— D DNA
FY AT — ¥ Yofamily L IR & 24208 L 7
(Ohmori et al, 2001). Z1E TDNAKY X 7 —¥ D%
FIT KB @ Pol 1, Pol 11, Pol 111 Z4LE# & 3 % A-, B-,
C-family &, HFLFICB VTR RZBEICE D 5 Pol B
ZREH & $ 5 Xfamily D 4TI H T 5 Tw7z (Tto
and Braithwaite, 1991). IFLIEICB W TR EIC
B4 % Pol a, Pol &, Pol € (& Bfamily (273 &h, I b a
¥ K1) 7 DNADO#HIZE D % Pol yi Afamily (25048 X

ARNT HARBRE A RFEFSE IBMAN Y VR Y Y A [BREARFE L BIETARENE] TRkshi.
This paper was presented at the 13th JEMS Annual Symposium at the Nagai Memorial Hall, Tokyo, May 25th, 2002. The symposium entitled
“Environmental Mutagens and Genomic Instability”, was organized by Minako Nagao and Hitoshi Nakagama and sponsored by the Japanese

Environmental Mutagen Society.
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BENZO[a]PYRENE

(+)-trans-dG-N2-BPDE

(+)-antt7,8-diol-9,10-epoxide

Fig. 1 Activation of B[a]P

A, B by 212BWTIE Yamily 1283 5B &
L CLEFED Pol n DBiZ, Polt, Pol k, %=L TREV1#
AT 5. & 51213 Bfamily (2J8 3 % Pol ¢, X-fami-
ly IZJ&3 % Pol A, Pol u7 &% in vitro TDNA#E % N
ANRZATHEMEEZRT Z LA s Twb (Nelson
et al., 1996b ; Duvauchelle et al., 2002 ; Maga et al.,
2002 ; Zhang et al., 2002¢c). HH#E/S A %2 (LLF,
translesion synthesis Z M L CTLS & 3 %) o DNAKR
AT —EILEFEOHEBMDNARY 2 7 —¥ L3R4
D35Tr VX7 LT —BIZLAREEEZF VD
THROBFEEIKRS, T3 —-2RBELLT WV
(Ohashi et al., 2000b). L72%5-> T, ZEREEDISER
IR THBL2DIIE, NSO TLSEEHEI LT 1Y
BULOAZTORREEZRIET 2 L) s Twb L #
ZHN5., ZhTiE, e oML ) R
— &I LR TWDNAKRY 2 5 —E 2 HHED FEo T
WBDTHH ). AERTIEPol K ICHTA2EZ LD
V— T OWE % RS 5.

1. RUVEDLVICKDFEESE DNA IE(ES

NXYV¥L Y (benzolalpyrene, LN BaP & #&3) &
RO AR A MO RERILIEF 1T (Friedberg
et al, 1995). #2004 LL 1 & LRI 2840 B2 fE g3
BN HLOMICIIBEEEIS RBETE I LARHS
N, Zolo7r~—7 OMEREAMAITREI128H
ANBLZ BRI LA, BEEOIERITIHE IR
BLizEwv)., BHERIZBWTIZ 1915 F I S 257 %
FOHIZa—Ny—VEH» HiZblzoTEH YRI5 2
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CIEo TP RETAZE2HELTWAE. Z0DF,
=)V — VD FE L B R R DS R ALK
(Polyaromatic hydrocarbon, PAH) T 1Y), %&H» T3
BaP 25 b W RHEH 2 O LB STk o 72
(Phillips, 1983 D#3i% 2H). BIET S BaPlE ¥ /330
TP TR, HOPRT A% EH» 5 H KA hic%
ISR EN TV OTIERER &\ L itz 3 BaP
ICHEBE SN TS, BaP 7% & PAH IXNE O FE)E K
WEHTHEHLEEZLNT V.

BaP % & & PAH Z @ b DI RUBEAME <, ZH e
EH72 v, BaPldAEMRNIZB W T P40 EEIC L 518
HEOS & 20 TEORFBGHMIEOAMHER 2 5 28,
— BN A - TDNA, EIZF7 7 =D N2DfE,
ZFLTERBEETT F= v ON6DMETIHA®EZES
ZEiZky, BIEER AR (Fig. 1, M), BaP-7,8
diol-9,10-epoxide (% LT BPDE) 356w (ult-
mate carcinogen) &IEN 5. BaP 7 & PAH E AR
MIZE AT %S L 3 AhR (Arylhydrocarbon Receptor,
dioxin & & 5 { ¥ &$ 5 Z & H 5 dioxin receptor & b I
ENhb) ERETAH. BaPr o) v FE#EGLE
AhR 13 HSP90 & O#EAAKRD & BEIN THENICEAT L Arnt
(AhR nuclear translocator) & # &A% TEK T 5. AhR-
Arnt HAKIZ 45 2 O #E 5T @ promoter HHIBIZAFET 5
XRE (Xenobiotic Responsive Element) & I35 DNA
BAICHESGLT, ZNo0lEToREEZEMILT S
(Sogawa & Fujii-Kuriyama, 1997 D##i 2 BM). <7 X
D Cyplal MIZFIEZD X H I L THRIAMNEMEILE NS
BETELTRD KAWMESNTEBETTHL. 2



? #Ax T 1%, cytochrome P450EH D —D2TH %
CyplAl#a—FKFLTEBY, ZOHEHAN BaP 7% & ®PAH
ORBOCICEE BB %1372, /2, ARRBIETR
HY 7 ATIEBaPRE L CTHHAHEZ H VT EAVRE
L CTw5 (Shimizu et al., 2000).

2. k& b Pol k DEE & ZDFIRHE

FHOO7NV—TIRBREDINBOAET 7 &2 2 —F
THL MBI TADDNAZFELT, ZhEho
W15 T % DINB1 B X ' Dinbl & &4 L7 (Ogi et al.,
1999). f2iCt b @ DINBI BIZTHEHEZ NN Fa a4 )L
ZADOREFMHALUCHFAEESSTHREL, 5 in
vitro SIS RICBWTDNARY X 5 — Btk 2 HFoZ &
Z7x L7z (Ohashi et al., 2000a). #DOE¢# X HUGO &
G BEREORHEE 2T TPol k EIFIEN 5 Z &1
72 572D T, DINBI, Dinbl &\ #1514 1X POLK,
Polk (12 FRE N7z, <7 AD Dinbl-cDNA (=Polk-cDNA)
7 AREFEIE T Tl R RSB S 5 & 2RE
ROBELEII0EHE LATLZ L2 /L7 (Ogi
et al, 1999). & 51 ZFNLEIC, KEHE O dinB &1z
T 2B EE L7200 T, DNAKHEEE25 25 L9
ZRALPRAE LIS T H ZHRAER, WY 50 ) W3R A T
AT HRHITO T L— A7 MEROFARIHEHZ
FRITBZEEFHE LTV (Kim et al,, 1997) 25, =
5 LCHiFLE @ DinB & € 1 7 13 KM DinB & 225K %5
BOFHKECH)EEOWIZBWTHEMLTWLZ &
O hotz, WIZZDOZ NS, SMRERDORLEE
i 721213 Pol k % 2 — N ¥ 2 {5 T ORBUL IS
HESN T2 TTHD EHMEMINA. FTrige b
POLK, <7 A Polk B FDHBZHHT 5 A H =X 4
ST B2, 7 AEHI OB ET L7z,
MEFFTTICHUGO IZ X D v b7 AEEH DA A5 8
LNTEY, ZOMEPAREINLDERHFDOZ L HEIR
B D—2TEdH - 7205, TN % 5014 Tl
TEX LoD T, &k POLK, %7 A Polk 85T D3
BB b % $HIR 0 DNA YR ILELY) % H 40 TkE L
7o, 72, WATL TENS O mRNA DG B AE r O AL
BEARELE A, W@EET O promoter FHIRIZ 1L
WD XRE @ 2 >+ ¥ ABHNZ M L 72 By A5 A8 A5
T LI EPHLNITHR -7z (Ogi et al,, 2001). FEEE,
< ZADEHNITFEE L 72 AhR-Arnt &K & in vitro TH
HTHZE, BXUOPAHO—>ThHY, BaP &hErkm
\ZFHPL L 72 3-methylcholanthrene (3-MC) % ~ 7 A Ji I
WIZTES % & Polk DFBIH—RIC LAH$ 5 2 L 25,
IR AL K P IR O B0 & L o dLFIFZRIC L ) B
5927 o 72 (Ogietal, 2001).

3. £ FOEEBINANRICHITDIFRME

—F, FAIKR L2 b Pol k &H % 72 in vitro
FOBRIZB VT, Pol K IFEAMIBSHIZL 5 THL S
cyclobutane pyrimidine dimer (CPD) % (6-4) photo-
product, &% WidcisplatiniZ L > CTHE L7 7=
YR ARG S NI N S AT E s, RS
% /K ¥% L 72 abasic site % acetylaminofluorene (AAF) 7%
T =D CEDIEIHEE LI 2 N4 N AT 5 2
& &3t L7z (Ohashi et al.,, 2000a ; Suzuki et al., 2001) .
L2 L, Pol kIZX % abasic site, AAFJEfE D8N £ 78 24
BUIEBHEIC T T — %) 2 &, FNSOHEEE N
ANAT DI ENPIl KDERKDERETH L LIFZERD
Nhholz. Edo k12, 3MC# 5 12X ) Polk®
FHAFFEEIND L) EBFERD O ZDOBHEOARRKD
Bk —2 & LTIt SN2 PAHIC L > TA L
DNA#EE 2 N A AT 52O 2 AP I .
HAEMNTBPDEIZ X 252> X 9 %" DNA%Z AF
5 ERIEFICHEETH B25, T AU A TIENCIO
— BB ANEMERL 0 BPDE % K Z/E> TR 25055
HEWH) VAT ADHEL. LTWwW5A. New York iz K24
D¥EAFHE SO 7V — T L OIFEMIEICE Y, Pol k28
in vitro (2B WTZ 7 = > O N2 DALE AN L 7248465 %
WMRIFER L, LA Zomicy b Y Z2ALT
IT7—=7)—IINANRZATLZEPHLNT R o7
(Suzuki et al., 2002). %I 3o 7V —7253
W XN TwWb (Zhang et al., 2000a, 2002b ; Rechkoblit
et al., 2002) .

4. Polk RiEX DR ES HlatkDIER &
ZDXRIFE

LA L&A, & 5DNAKRY AT —E)in vitro e
RIZBWTHED DNAHIGZNA SZA T 050w
T, ZNAinvivolZBWTHZD X ) REEREZ X2 L
TWLEEBRS RV, FAMICZD L) REEE A in
vitro BB R IZB W THED DNAEE 2 /N1 78 A L
M5 E Vo Tin vivo ICBWT H F OFEEENE LG O
INANRZZELS S LawE B RS R\, in vitro T®
FERIIEDLDOTRESNIFETTLINZHDOTH
D, ZZTHOLNZAEREA i vivo DR % I LML
LTWBEWI)EEIZEZIZH W5 TH 5. B 213,
in vivo TIEHIBIRFOERH»H 5LEICDAK, H D
DNABEO/NA N ZAZEDORERE D S & v ) whElE
EWETE R\, F72, in vivo Tldd % DNAEKICIE
M7 DNARY X T —EHERWIZY 7 V—F ENT,
ZOWFENBBGEINCT 7 A TE LWL Lk,
L 72755 C, invitro, invivo DFEEN—K T LHLEEICO
I, BAIIRKOBRE (FO—) ZHEVMDE I LT
Rek 7 5. T4 1Zin vivo l2B1T 5 Pol k DEERE % 15X
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<, WUHRY AV AW R gt 5 o)) 2 £+ T Polk
BEFD I v 777 b AOERICETF L2, 7,
Y-family DNAHE Y * 5 — ¥ IZBWTIH@EIZHERET 5 E
F—T7EHII, IVZ 32— F3 %exon b, 6 DG %
neomycine iy B {E T & B L7z~ 7 2 ESHlllE % 1E 5
L, #RNEHOTPolk+/-X 7 A% T2, ZD X9 A
TUYTADRERI L > T Polk-/- DK ER T AN
Mendel #{zDFALE ) OFG (1/4) TSNz, Polk
7Ty by AE— R UTHER <Y X L DETA
SN oiz. PolkEnf13%  offcRBE I LTy
505, FIOHETRE B (BRESE) ZLroiT
G352 b FE R LN, Polk-/-B{n 1%
ol (BXOME) o~v G2 #EL v
7z.

F 413 Pol kK DARKOHERED DL LTBPDEIZL %
DNAH#EZ WA NRATHIETHDHLEEZTWIZDT,
LD Polk BIZF D) LR FOIE—%HIEL 2~
AESHIE25H 9 —Hoa ¥ —d i L T Polk5e 4K
HZ R ESHINafRZ 837, L, BaP % Ofbizxtd % &z
7z (Ogietal, 2002). W& LT, 2FFR
DNA 815 O B FA61H 12 8) < Xpa 15T % 038 L 72 ESH
Jakkz W CEBRELIT 72, ZORRE, Polk-/-ZRES
ANER L Xpa-/- 225 ESHINaRIC IR 2 S KAy, S
7% BaP &%k L7z, Polk-/-25 % ES flliE#k1Z DNA
CHEGUIN A 5] & 23 XBIRGHIS T S I B v
TIEHAEMESHIIL TS D#EDLRD SN o 208,
RAGRIBEN L CIEI VIR 2R L7, ZO5WE
HERIEZEE, Pol k HHIZ X % in vitro BUSRIZB VT
CPD % (6-4) photoproduct # /5 f /S A T&E 2V & W9 in
vitro DEBRE R P OEZ L LENTH 7. LIS
-, Prakash 5® 7 )V — 713 T-T CPD ® 3T O a2
HAENTZAG, AAZRFRRCIERTE S 2 &2 L
TWw5 (Washington et al., 2002). 1 5 @ in vitro O #E5 3
L3k 4 Din vivo DFEREMAEHLESL L, Pol ki
N CTIXERIREIC X > TAE L 5 DNABBICHEb o
TWwahLHmwmasns, WY 5T Pol n KL L D &
Ml 722 & Cld Pol k DAL DN 7R AANDF5-1%
IO R&ERBEEZLNS.

X 5128 4 1%, BaP LB X 5 T 6-thioguanine (6TG)
MM 72 o 72 Hprt AR T D 2R R O 55 A 31 Polk-/-
R ESHIBMRIC B W TIEBIM R E L T10R5 1T &R
ZraHEMLZ. KRIZ, Polk-/- 2R ESHilatkE L O°%F
OB % BaP AL L CTHF &7z 6-TG i PE 22082 Sk %
%5508 L, Hprt-cDNA % RT-PCRIZ X V) H41ii L T DNA
sequencing 12 & W ZN 5124 U222 R E R OB % P
FEL7z. TOME, BTz TTLs A FToliiE
WA RZBROD D DK LT, Polk-/-ESHINEMTIZ GT
BRVPIEBMICKEH (28/35) THholz. TNETO
in vitro D525, BPDE-N2-dG 84 @ [l 12 Pol k A%
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VAV UEBATLDICH L TPl nNET T ERRD
BRI ATZ Z EFPLI2EN TS (Zhang et
al., 2000b ; Chiapperino et al., 2002 ; Rechkoblit et al.,
2002). —J%, Pol 1 R R D Pol {1X BPDE-N2-dG
HEOMMIZEOHEEIFATLEILETELZ W
(Rechkoblit et al., 2002). 4 DZERER AT T L
DFFNTFERZ Z D L9 7% in vitro D EERFER LM A G D
BTHZ 5L, Pol K HFELEL % WIEAIZIE Pol n ot
BPDE |2 & 5 £ 2 Y Td 5 BPDEN2-dG D /N 1 /3
ARHEDLZLIZRY, FHRELTEOMMICEIZT T
=V RAT 57012 GTHEERERIEIRT 5 L
mENnb. —F, Pol Kk BFTET A1, Tt
BPDE-N2-dG 815D/ /X 22 B W T EE R &RE %2137
L, ZOHMANCY P Y ZFAL TN, 2SR T 572012
TERERDIFEREMENEEZEZ HNS.

R AE N T 2 ML (XP-V) EEAHOIZY
HLERERERILRLTVWHEBELT, FoLkohR
FHIZBWTIXEMNRICL 2 DNAHEBE Ity —7 1)
—IINARAFTZPol N BRIELTED, ZOfRMD
TLSEERDN T T — %R LA HNA NAT 57201228
RERZFRTH7-0THBLHMAENE., Lk XH
(2, Polk-/-ESHINBRDSTIN 2 A3 5 & SEAVRZ 1 %2R
$ 2 L& Pol k 2SHIL P TIEAT & 2 DI TERIMVEIAS ©
INANRZALZEH DS TVWAIZEERIELTEY, BEHL
ZOME I —% ) LEZONL. —), TDLH
72 Pol K RIBAEKITB WV TIEBaP 1T & % 28R B )
FAL, L2bZ0L) RERENFPINICLE2b5DTH
HEEZOLNALZ LI, FXIIXPVEZIIBIFLEN
B X DGO NA NADr — A L 13 E S IR LOM
RiZhHsbEVZ L.

5. #BEAICHIT B BaP IC& 2 DNA BED
INAINNADAN=X s

R OFEEIT RS X 5 DNAHE O 9 bErIsHE
FEHEIC X o THLY BRI 2 DA%V CPD D23 A 7S A 1S
i3 Pol n 7%, BaPIZ & % FEEW TH 5 BPDE-N2-dG
FMRD N £ 78 Z2121x Pol k 372 B #3723 L B
Wahs., LarL, BaPIll X %2 DNAHEED NS /A0
invivo IZBIT A A AL IEZ ) HHEICH VY ->TL T
ITEEFETERVWEITH S,

WEFRER: O REVLIE TLS BE R O W TR #IIZ £ O in vitro
TOWEEPHSL NI SN HETH S (Nelson et al,,
1996a). MZFFERECTIXIEIEIR IR E Lz & ) T
HHAPHA POMENCIEY by U AL LHEAEIND S
EBHLPITENT W28, C. Lawrence 5D 7 )V —7
3R L 72 REVL i in vitro TAPH A oz + &
YEIFALTZZITDNAGZ %19 5 dCMP trans-
ferase Gtk &2 o2 L 2 ST Lz, O MFREREH
KkDREVL, H5VWEZ0OL FBLUIYTADOFREDS



Insertion Extension
dG adduct
5 (Polp) 53
T XPO]I. “
G €=roln
A 7 = ol
Pol 01K
BPDE-N2-dG  C 4 " e BPDE-N2-dG C (A) ol
REV1 ol9
35 35
dA adduct
6 53
(Pol® L |
-
4‘; Poln
/ = Polx
BPDE-N6-dA T <«@=Pol\ e—pp. BPDE-N6-dA T (A) (Pol))

35
Fig. 2 A model for bypass of BPDE-adducts

ZEHEODNAKRY 2 F—F LidEy, EEE LTR’RE
WACTPL2FIH L 2w E W) M EFH->Tw 3
(Masuda et al,, 2001, 2002). #EBEZ2ZIFTVwirnwrs 7=
YHHIFAUDIMICH ACMP 23 A$ 5. %L, Z
Wang 5 ® 27 Vv — 73t + REV1%*BPDE-N2-dG fi ik
DN D ACMPZ R R IFAT 5T L 2 52
L7: (Zhang et al., 2002a). T2 S5IZZFDOLAEICDH
REV1IZ & % DNAAB G EE EZCTlkE->TLE ) 25,
ZOHOMERIGIE Pol kK BFFET % L FER O E TH
WENDLZ & %KL (Zhang et al, 2002b). L7zA%o
C, BPDE-N2-dGAHIRD /N4 78 2 51 Fig. 2127~ L
XV B ADZALTITbRTWwWE EEZLND.
BPDE-N2-dG f} ik o 2 Pol k & % i3 REV1 28
dCMP ##f A L, €D %DM EISIE Pol k %479 . Poln
(& BPDE-N2-dG ko i dCMP L ) &L A
dAMP (B 5\ i3 dGMP, dTMP) % X V) &3 T AT
BN, FEDLIBRIART 2RI TICEITLE
FEIELTLEFWRTWwEEZOLNS. Polkd b Wi
Pol I ED X ) B IART ESETLE ) L 28R
BENFEAET 5. Pol kid dC/BPDE-N2-dG % fliod> 3 2
R7 I BERFERLNA AT EDT, Pol il & Bk
HADREZRRT 55, TNUHVHFELLVIEAICE
Pol {28 ART X MRS ETLE ) OTRA
BEPEELRLTVWEEZOLNS.

BPDE X2 (90% U E) 777 =¥ ® N2 DAL A
R ZAE 225, —H#I3Z7 7= ¥ O N6 DALE I S Ik
#VE%. & OTLSE:#) BPDE-N6-dA fi k% 75 £ 732
9 %M in vitro R & H W THR S N2 E, Pol 1 32D
AT I V2 RERIFALTZEITRINEEILET 3
CERHELPII R o7, ZOBAITD Pol K BELET S
ERERIDAMEME S 7z (Frank et al., 2002). Pol k %
Pol n %% BPDE-N6-dA £} ik [a il 2336 2 3 A9 % %)
FIIIEH IV (Rechkoblit et al., 2002) .

b MR D S TS & 0 S Rk H Sk o
ML T D Pol k DIEBLILIE U EH D> & O 5 L 1E ik 2
LOMMEE D b 29BIF 21 B BW T EHLTwB T &
DS 2% 572 (O-Wang et al., 2001). POLK &=+
DFEBITHE & B & OB IZA B R ERIEADOD - T
BOT, MiREgA L OWEBERIEIAHTH L. —DOOfE
MELTRDOEL) BT F ) E2HUETHLILNTE S,
ZoNaADH B\ IEKEH D BaP 2 DOt PAH % L5
Lielr 5 2 &2 & o THiZ B3 % Pol k D5 FEAE
20, KRISHEEDPAHIZ X 5 DNATRBC X - THRE
BAFEREN, TORKPEL U OREITIEET ORI
BRI 5. FRCZD X9 SR 125 POLK #1%
FORBOHEIZEb > TOiUE, FHICERPEL S
ERREIZE D & POLK BT ORINITTE S il 5 2
bl s

6. Pol k DZAEDEEEXEH

FAZR R AER D 513 Pol kI BaP 2 E DO PAHIC X %
HEZ R EROREZWZ D L HITLTNA 8T 5
DIZLETH L EEmSN D, B Polk KIE~ 7 A
BaP L% LC, ZOR5AZL WA L K3 5 FEhk
AT TH D, BIREFD X 5 2 b5 BRI BaP LU
WDSEREWE, $F12in vitro TPol K 23T 5 — 7 1) — I
A2 F 5% &) % DNAH#HGZ b 7255 LFWHEIZoO W
THOWARLTVLEIHTHE., LELENES, bbb
WIE~ T AL LR ZED LD AN L DLW HEIZ L B
DNAEIG 2 N4 82§ B HERED 720 72T ([T S
DRV Pol K ZRAFL TE 2L IEHE I, BZEL L,
Pol k 3R THEAS % WAL % DNATRBE O/ A /3212
BEELCWwb 2 515, Friedberg 50 7V — 71,
MR IC L - THHE T 4 thymine glycols % Pol k 25T
FG—T V=N ANATEHIEEREL TS
(Fischhaber et al, 2002). %3 & 13 BaP & A 8B
EROTWARNVEHRIIEY BaPHEEIZZ 7= D N2
BIOT77F=YDON6DOMEIHMEZERS S
(Terashima et al., 1998) Z &5, ZD X9 7% DNAH
BEDINA 27X A AN Pol K A3 5-5 % Wl Hig k% ik L 72
WEEZTWA., Y7 AD Polk #fn T ORIUIKET
BY T A, L ULAWMBSRERZLI &
M THEBLENTVAEZ EDRWSAIZ% 572 (Ogi et
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al,, 2001). 7€ Pol K IZDNADKETHICH LAD SN
) RIS EINEDTHA ) B HH 1L Pol kH°
DNA & & HITHTHICE TN I FIcE CEITh, %
I BN CZORBELBIET 20 TIE e gL
TWwab.

< 7 A Polk 85T ORI HEIT B W TR EICE
S>THAEDHIEZZIFTWw5 (Ogi et al, 2001). F7,
MGG 2 AL, ERob0i1d%  ofikc
fibN 25, THODDIIHERENTHL. T
Polk-mRNA O 5 B4 8% 7z alternative splicing 23818 &
., ¥iPol k ifk % fii 5 72 Western blotting |2 131t o> # ik
THLHMAEKRE SONY FUSMKEEBEE O8N 2 R
MEN2., SHICEBETRIMIEIHSINL TV S
Polk-mRNA1ZH)3 kb TH Y, LA OMERIC D
LHMOSkbOREEDOLOLBPLEIND. THIFIERH
RRODENI L HDTIE R, $7% 5 7E T PolyA{L7s
D70 THLEEZLNS., L OHMTRIE N
T\ 5% 5 kb @ Polk-mRNA (&7 @ 3IEFIFRFEINIZ ARE &
IFIZMN 5 mRNA 2 REZEICT BT ERAMSNT WA
HIA310 [ml# ) 38 LCHAET % (Gerlach et al,, 1999). —
75, AEHIEFEY 7 3 kb @ Polk-mRNA 1% 3 JEFH AR FE IS
ARRECH) 2 4 Fi7z v, SRS HEIZ B W Tid PolyA
LB DT v v ARSI & 2 ZEGIASY 7 F I &
LTHwSMN, AREBIH % 4 Filz v & 9 IS
AI R DT TR T DN T L7720 THDL. Ok
B LT, 3kb®DPolk-mRNARZHZETH A0, &
NHERT 5 D T Polk BT OB TldEw X
INZHRD.

158 Tl Polk UAL O B AL T O mRNA ok iC B
WTE D BEL B oTWBZ ERHMSNTWS (Fuji et
al., 2002). % 72 PolyA{biZ 3> T AAUAAA By % 385
WCEIE M X %450 CstF-64 & 1AM HE 3 TR 2 o
—REINCBWTIENY 7 PICE XD S 2 DS
nTwb (Wallace et al., 1999). T o3 7 ¥ AL
AAUAAA L3R 7 B8 % Bk 3 5 L g ST 5.
W OMBECRIALRETH S ENEF LV mRNA N
W TZORBELZ D ICRIETL7200FKRELTZED
mRNA 2R ELEE D A H = XLDHETEL, CstF-64 2%
V7Y MNP EDTDIHEET 52D THA ). KHETIX
A% 5 12V DNA B o icasiTh
TWL DT, BIETOWBEIIHIRINSE XSRS, L
7255 T, KT EROBINIERELY BT 5 L 9 2z
T O mRNAR ZORRENTH 2 HAWTLETH D T
LA FE L. Polk-mRNA O RS HLEEBLAY 70 Z8 B 4013
ZDMDZ% L DMK TPol kAL 72 THEREICIA TS 9
— OB EZ O L ERBL T VA,
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fa B

A BT Pol K 122\ T D in vitro, in vivo D kR
WZOWTHERL L, RBICIIHEZ7- F L LAERH
B OVEERG 2 b _72. KIBW T Aidsloa v ay
— RN D S U F o 72 KIBW dinB BT OB 25, %
EHOBNHAFICB T 2 20K EQ 7 O FE TH
BEEDLZENTEDRE L OENILFEEE S
WKCEINBETHL. WY 5T, FEHDIHEREEDS
T2ole AT EV) EDLOTIIWVWT N —=TTHZZ
FCTORREPZNT SN DIME, KEIENE O
JLR R EARBI DB INCA) L THBEDOTRE .
TADI B ELELPHPRIFTHHA DT IV — T 3REE %
EBSHEFORTHNA NNV T LI LI TE LD TH
59.
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Translesion DNA polymerases from microorganisms

Takehiko Nohmi
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Summary

DNA is continuously exposed to endogenous and exogenous genotoxic agents. To counteract genotoxici-
ty, cells rely on a number of defense mechanisms, such as DNA repair. However, if DNA is damaged more
than the capacity of defense mechanisms, damaged DNA will be used as a template for DNA replication.
Bypass replication across DNA lesions is referred to as translesion DNA synthesis, which has been regard-
ed as a key mechanism of mutagenesis. However, since most DNA polymerases responsible for chromo-
some replication have poor ability to bypass the lesions, the mechanism of how lesions are bypassed has
remained enigmatic. Recent discovery of Y-family DNA polymerase offered clues to the molecular basis of
mutagenesis - this family of DNA polymerases efficiently bypasses a variety of DNA lesions, and appears to
be involved in mutagenesis and DNA damage tolerance. Here, I report the roles of DNA polymerase IV
(DinB), a proto-type of Y-family DNA polymerases in Escherichia coli, in targeted and untargeted mutagene-
sis, and discuss the possible mechanism by which DNA polymerase IV promotes mutagenesis.

Keywords . Y-family DNA polymerase, DNA polymerase IV, dinB
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AT —=EIZOWT, MAEWDODNAKRY 25—, K2
KI# @ DinB (DNAKY X 5 —¥IV) (2R iF
ZEOBIREMANT 5.

1. RAZEDFFREDNARUAXS—E

EREROEZ DM lAEKREL2DICHHT S L,
DNA LD L Z AR ZERE, 5L 3 HHRIC
R HERITTOND (Fig. 1). RIMRRESAWE
12 & o> TDNA MR FER S TE 5 L, £<

ARNT HARBRE A RFEFSE IBMAN Y VR Y Y A [BREARFE L BIETARENE] TRkshi.
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Fig. 1 Two major pathways of mutagenesis. Targeted mutations
occur when DNA polymerases bypass DNA lesions and
make sequence changes across them. The bypass DNA
synthesis is referred to as translesion DNA synthesis.
Untargeted mutations occur without exogenous treat-
ments to damage DNA.

DOYWEDNARY XS5 —XIZXrEEII 7oy 7315,
L»L, Y773IU—=DNARY xTF—¥ () &&
W&y, HERMERED B CDNABEREINREZD, b
LIEBGEA O W3R - 7230 Y AT h b &,
B L WIRIERLTNIZ R OB TR E S ZRE FURD A §°
. ZOXHICHERA TR Z 5% % targeted muta-
genesis & O, $EIEEB 2 e ) i 2 T DNA A K %
NS AY =T a Y DNAEK LIS (Friedberg et al.,
1995). ZHux L, HEEBAICHE & e WEHIZAL
% untargeted mutagenesis & 5. DNAKRY X 5 —¥ 0D
BT S — 12X 5 HREIRER P I Y725, Ll
HEMICDNAWCHE 25 2 7% < & b EMEFICIENEE
ERIFICEDEPOL 720, HRERERIPAY Z
untargeted mutagenesis T % A 2D\ TIXE S IZHIWE
TEZWV., WFIICE L DNAKRY 2 5 —¥i3, LRH
BBV TEDLDOTEELRKEZRIZL TS,
DNARY X5 —HIEINEFT52o007 73— (A,
B, C,D, X) I T&7 (Ito and Braithwaite,
1991 ; Braithwaite and Ito, 1993). K polAI1C 2 — F
EN72DNAKY x5 —V¥ MM Z 2 DNAKY 2
FT—E¥D773I)—%AT7 I LTV, ZDT 73
Y —=12idTaq R TIDNAR Y 2 5 —ERNEETN L. K
W polBIZa— K EN7DNAKRY 27— INIHEM%
FFODNAKRY 25 —F¥1ZB77 I —DNAKY X5 —
Y EIEN, ZOhiZiZT4 DNAKRY 25— gl
ODNARY 2 F—+¥8, HEOREV3 (Z1UIBIAEDNA
RYRAT—VELIEIND) PNEFEFNE. CT7IY—
BARBH polCla—FE¥Nza 72y FEFEOK
BHRODNARY) X5 =¥l EZDRET—TIBETN
5. D773 =23 HMEDODNAKRY X T —+¥, fi
213 Pyrococcus furiosus D DNA RV X5 —B U & FEh
2 (Cann et al., 1998). X7 7 3 VY —I%, DNABELIB
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Fig. 2 The map position of five DNA polymerases in the chromo-
some of E. coli. DNA pol IV and V encoded by dinB and
umuDC, respectively, are members of Y-family DNA poly-
merases. DNA pol II encoded by polB as well as DNA pol
IV and V is an SOS-inducible DNA polymerase.

DBEICHEG T 2 iFLE DO DNAKRY 25— ki
DNA 7 LIZ K412 ANMP % f4 )13 % terminal deoxy-
transferase (TdT) A &I 5.
AETHATHADNAKRY A5 —FiF, HRI LB
PRRRERFRICHEL, L2rbDNAKY T —¥
BLIXFETRY—%FF I ehs, BETIEY 7 7
Y=L LTHHEENRTWS (Ohmori et al, 2001). Y
773 —=DNARY XF—Xll3 Rt bao0%
77 7 39— (DinB/UmuC/RAD30/REV1) 23F4ET
% (Johnson et al., 1999a ; Goodman and Tippin, 2000).
DinB% 77 7 3V —I2i&, KBEHE® DinB DI, Uf
AT O KR E T — 7 TH 5 Sso DNA pol Y1 (DBH »
5\ EDpod), YT AREL FODNAKRY X T —¥ k)
GEND. DinBYV 77 739 =i, WIFEREIIIER
LZawd, KGR 56 hETRET—I7DILAFLEL
TV IR 5. 2L UmuCH 77 7 32
V=3 KB % &R AEWICOALFTEL, RAD30 W
777 IV —=XRREVI% 77 7 3 —3HFREEIO L
b ETEBAMIZOBMAELTWE. b bOERUEE
JENY) T 2 b (XPV) OFREBETXPVHI—FT 5
DNARY X5 —+¥nid, RAD30% 77 7 I J —ft#k
T#» % (Masutani et al., 1999 ; Johnson et al., 1999b) .

2. KBEHEICFET S 5EED
DNARUXS5—¥

KIG W B oA, BN TEEZ VS
ZEDNTELRD, HHS [HEETAREE] 5o
EFNVAERE L TEbRTE R EE, HRERERD
A2 BB 1S 20 10°~10"E wbhTEY,
CDELOTENLHSE L EENICTHET 57201213 #E
(B2 7 ARSI HTdH S (Friedberg et al., 1995).
KIGWICHEIET A DNAKRY X5 —Fik, ThFT3IHM
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Fig. 3 Cellular contents of DNA pol II, DNA pol IV and DNA pol
V of E. coli. The content of DNA pol IV was measured by
western blot analysis (Kim et al., 2001). The contents of
DNA pol I and DNA pol V are based on the reports of Qiu
and Goodman, 1997 and Woodgate and Ennis, 1991,
respectively.

W2 E2 5N TE& 7 (Fig. 2) (Kornberg and
Baker, 1992). DNAKRY * 5 —+¥1ix, DNAKY X 5 —
L LTHRMIHBENZZ D TH Y, BIETIEIDNA
BESHIBE7S 72y voTaty v 7ICBE5 352k
BHSNTWS, DNAKRY 25 —¥111x, DNA#EEIZ
LY RBDFEINDL RIHEED D 558, ZOEMNE
IR I broT0RWV. poICH D\ ddnaE 2
—F&Nzar72=vy biE, DNAKRY X7 —FIIk
OEOMEEY 722y S TH Y, ZOFaEERIKE
HORMAERZIHL L T 5.

19994, F 41X 79 v 2D 7NV —7 LI TRKER
dinB#E15F (din | damage inducible DIETH %) DFE
WIZH B DNARY 25—z R L, chzdg
FHICADTFONZZKBRHODNARY 25 —E L)
BEIRTDNAKRY X5 —F¥IVEMms L7z (Wagner et al.,
1999). 1ZIFRZR UL LT, umuCE{zy oW
DNAKRY X 7 —EiHMHEABH SN DNAKRY X 5—€V
Lt &7z (Tang et al,, 1999 ; Reuven et al., 1999).
5O0DKRYAFT—E¥DH L, DNAKRKY AF5—¥ 1V, KV
AT—E¥VIEY773I)—=gL, ZOMORY XF—
YIEENENAB C773IY—ZET. £LTDNA K
VAT —=¥ILIV,VD32l%, DNAHHGIZL ) ZD3EH
DVFHEINDL, WbWwbSOSEIDODNARY 25— T
H5H. DNAHBIZE D 3FORY) 25 —¥ik, €03
HEMNT7THh5 105K T 5205, FEHOMxF 1L DNA K
JAS—FIVIERDEL, DVWTDNAKRY X5 —F1I,
DNAKRY X5 —¥ VOIETH % (Fig. 3). SOSFHLA!
TIE%HWDNA R AT —+F¥ [ DNAKRY A5 —F¥ IIID
MRAN S 8IX, Z2hZF1400, 1020 Wb Twb
(Kornberg and Baker, 1992). DNA :KY X 7 —+& V28
DNAHH; % LICHENE W R 2R3 D1, DNAK
HEZIF TR WEAETTH DNAKY X5 —F VA

1.6
2 1.4
» 1.2
§ 1.0
£ 0%
2 Q . 100 J/m?
g 0.2
2 o “ II,I 0 J/m?
wild ™ wild ) :
+dinB 2 9iNB 4 dinB

+ dinB

Fig. 4 A phage untargeted mutagenesis. When the host E. coli
cells are pre-irradiated with UV at 100 J/m?, the mutation
frequency of A phage that is not exposed to UV increases
about 100 fold (wild). However, this increase is only sev-
eral folds in the dinB mutant (AdinB) . The deficiency can
be complemented by the introduction of low-copy-number
plasmid carrying dinB(AdinB + dinB) . The introduction of
the plasmid enhances the fold increase of untargeted
mutagenesis in the wild-type strain (wild + dinB). See
Kim et al., 1997.

LhDO@HEEZLTVLILEEZRBLTVS LR DNS.
EE:, DNA R 25 —+¥ IVIZDNA#HHIZHE DO L tar-
geted mutagenesis LIV, DNAEBGULEEZ 1T w5
4 F T® untargeted mutagenesis iZHHE5 LT 5
(Kim et al., 2001).

3. KIE&E dinB&IGF & untargeted
mutagenesis

dinB B85 T I RIGHE O Gefafk LICHFFET % damage
inducible 2 EIZ T HD 1o & LT1980F I E S L7z
(Kenyon and Walker, 1980). [[% & 724K, dinB
OIFILEL) S AR DS LTI R o720, 20
64, dinBlE N7 7 — ¥ ® untargeted mutagenesis 12
M55 2 E0H5NI28N7: (Brotcorne-Lannoye
and Maenhaut-Michel, 1986) .

TliX, N7 7 — ¥ ®untargeted mutagenesis & | & D
EIVBBGLDOTHHH)H. AI8T 7 7 — VW KEH IS
AT B LBREE (79 —2) BER05, Tofizizs
7 — 7 BEWICHRIT 7228 4E (clear mutant) 25HRH &
N%. Clear mutantix, A 7 7 — Y O DNAD KB HE O
THETHBICAETIHEBI I -2 L TnD L& 2
SN5. BIERIEWZ 212, DO LOHEEOREWICE
P ERE LT E, 77— VICEBHELELLED
clear mutant O MBI AR T 5. ZIUIZE IR
WX D RBROHFISERY B ORBRIFLES N, 77
— VOB PR LIEREEZONSL, 77—
VIR ERE L Cu 2w T, ZOERIZDNA
HBIIZ RS WER, 7% b untargeted mutage-
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Fig. 5 Possible mechanisms of mutagenesis promoted by DNA
pol IV (DinB). Template G in runs of G6 is looped-out
during DNA synthesis across the region, thereby promot-
ing -1 frameshift mutagenesis (1 bp deletions). For base
substitution, X represents the base that is substituted. C is
correctly inserted opposite G when X is looped out. Then,
X pairs with C and another C is inserted opposite next G.
The primer can be extended from terminal G : C pairs
because it is a correctly matched terminus (base substitu-
tions) . In either case, template strands tend to be looped
out (orin) in the catalytic center of DNA pol IV (Wagner
and Nohmi, 2000b).

nesis iIZH725. Fig. 41RT & HIZ, BARKICH S H
UDEIMRIBYE 2475 Th S, ERPFON T 7 =TV %I
FeZ 25 100 HERBESH KT S5 (Kim et al,,
1997). L2 L dinB RIFRIZTH USRS 2 17> Th
LIMFON T 7 — V2 RGeS ThH, ZARPFEIIERE
L2EHLew., —JF, REKIZdnBRRT ZFD
low-copy-number plasmid pYG768 # & A3 % &, Bp/ER]
WRIZCZOTIAI FEREALLLE LT, 2bOTH
WERBENBIEZ SN, D EOKREIE, dinB2SA7 7
— Y ® untargeted mutagenesis IZB5- L TW5b 2 & &R
BLTW5.

dinBIZX VIRMESNDIERDPED L) LI A TOE
HATHLPE2WHLNIIT L7720, dinBERBEHS
TBEOKRBWICN 7 77—V 2GS el BIET % LK
— ¥ —IZdinBIZX DV IRESNDZERD AR V&
572 L7 (Wagner and Nohmi, 2000b). #A:%I#k &
mutS I A= v T RIEK % 16 112 300 DL L o2& #fk
AT L7, dinB OZEBIRIZ, G236 @A 72K
o 12%F 570 =037 NERFRLLE VW &,
ZLT7VL—2Aav 7 bORFGOMET, HEEHRD K
HEENAHEZEEWHLN LA (Fig. 5). HIEEHROLE,
ZDORT0%1% 5-GX-3 L VWHEHI TR > Tz, 7L
—ATT7 MNERIE, WhbWAR) v T - ETNIILST
AT E 7%, HEREROYGIE, T I9HMNEMO XA
V=TT bL, DOTXDOBEIIH D GO VIZCA
ELCIEASNAE, HUEHIEFTCHAXEHNEL,
ZOBMIZIIXOBED GOAMPNIZCEANTTIA4X
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-1 Frameshift Expression level (-SOS)

FC1243

YG2247 14

YG2242 ] |

cons [y | )
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Spontaneous Lac* revertants per plate Molecules per cell

Fig. 6 Relationship between spontaneous Lac” revertants per
plate and cellular contents of DNA pol IV. CC108 is a
strain of E. coli whose phenotype, i.e., Lac’, can be revert-
ed to Lac” by -1 frameshift in G6 runs in the lacZ gene on
F’ plasmid. This strains carries two copies of dinB on
chromosome and F’ plasmid. YG2242 is the same as
CC108 but is Achromosomal dinB. YG2247 is a derivative
of CC108 and its dinB on F’ plasmid is deleted. FC1243
lacks both dinB genes on the chromosomal and F’ plas-
mid. The dinB genes on the chromosome and F’ plasmid
express 250 and 750 molecules, respectively, of DNA pol
IV per cell without SOS induction (Kim et al., 2001).

—HARME LW REIEZONS, Thbb, AV
TI5—DOAEDED T, DinBIZ & ARG
W—=TT7 7 FTHILEICLVETIHENLVEEZD
N5, Il L, IhooRIE, dinB OB
KB 7 L—20 27 VERZ 3k E L7z untargeted muta-
genesis DA DL D3B Z L ZRBL TS, [AEED
M, F79A3F, KBRROAR ELoOBETZ VR
— =LA LN TV,

BRI LME» Y TR, dinBERBTEX
HEEZORBUREZ WP SEEI1CH, dinBIE KK
WO HRZRERGE IR EZ 5.2 4. Fig. 6 1T KBEH
CC108 ¥R HARZSIRA R &, M4 721) @ DinB %
HE2Z w7250 TH5H. CCLOSHRITH MK EIC
dinBEET 2FH > TVWEDALLT, lacZDFe-72F
TIAIPNLEIZHdinBEIZTEH->Twa., Zhid
lacZ & dinB DYtk L TOMNBEIEN2DI12, FLIC
lacZ 3B - 7282 dinBdb Vo L 2 I o772 # 2
Shb. 2 Tgtk o dinB, FLoOdinBEHIEL,
ZORBEEWET DL & DI, lacZZRE2REIZAHR
IR RHE 2 W% L7z (Kim et al., 2001). ZOKT
X G2S6 M SEH DS —DGOWITFH T L =L T b
EREBGELTD., TOME, WO dinBZ WL
A ICIZ1GD T L — A v 7 b HIRZEIRZE B FE 28,
F1/3WMAT B2 ENHSN R o7, ZORENS,
ERBLZGEZT TR, BEOEIL XV O dinB
bR Tl % AR EROREICHG L Tw5 b
DrfEmlic. Tz, BEMIIHLZRKBRHOFT T A3
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Fig. 7 Translesion bypass reactions by DNA pol IV of E. coli. A is predominantly inserted opposite abasic (AP) site
and uracil in DNA. A followed by C is inserted opposite 8-oxoguanine (8-0xoG) in DNA.

FETEIZ7V—2437 MIHRIERERIZ dinB A
ME+5Z MG ShTwsd (McKenzie et al.,
2001).

4. KEBEEDNARUXS—TIVICKD
FS52RAU—33 > DNA G

DinB O AL B BEREIC D W THFZE & 1R 0 72 4 I,
DinB iZ deoxynucleotidyl transferase i1 % # > BEEE D
Revl (Nelson et al., 1996) L §5\7 I J BEECH) .ok E
Oy —%RTOKRT, LA RREEZ RIET 5 H )] 7%GE
Wiz 7 H o7z, Revl OIFE~OHEHES S, DinB b [k
LTI —MEEEZFE>OTE 2w L E R,
DinB & [ % /5% L in vitro TIEMEME 2T - 72, 20O
#EA&, DinB&HEIISHFE DNADORIICESE T T4 <
—DNA % K ¥ TMHE X225 DNAKRY A 5 —Eitko
H5HT DL 72 (Wagner et al,, 1999). TR X
5 — Bk 3SKIEREEZRWTEBY, pF72=v +®
AAEF TIEERN 2 DNAG K ZTHF, HRKE W
DNASHOEWIZHG L TWAZ DRI N, TD
BIEREBE O KNS, @AY 72 DNA &R &2 AT 22 Wi
Tuty T4 —, TLTHEDBIPEVE W) i
E, Y77 3IVU—DNAKRY 25— |25 5 WY T
H5b.

DNA KRV x F—+¥ 1V & targeted mutagenesis & D4
BEW ST 5720, DNAEREZH - 72 DNA % #1l

WZin vitrolCChI Y A=Y a Y DNABGKZLT- 72,
Fig. 713F# L72DNA R X 5 =¥ IV % I\ Tin vitro
TrI UV AY =T a YDNABIKEATo 724 RE2R L7
bOTH%. DNAMMBGIE, AREMLTFTCTCTE 2852
BN, PiMEFEERAL, 8-oxoguanine, uracil & w7z,
Uracil, 8-oxoguanine iz Tix, DNA K1) 2 5 —¥ IV
IEDNAG ZEILE T HAoRmE TTIA ~—%
R L. —F, BRZERATIE, DNAGHIEE S
EEINLDBOO-FEIEHETTIAI—&MELL
(Gruz et al., 2001). BRI E D X 9 RIEIEDTHA S
Nz /la e, GIIHLTECHIASNzAY, Bl
LA ICIX A, 8-oxoguanine (21X AP 5 W iX C A,
uracil \ICH L TIXAZSA S . 29 LR s,
DNA R X5 —¥IVidd 5D DNAHE Z F  x
TDNAGHZIT, B30 < 289k % e targeted muta-
genesis Z fEHE9 2 W HEMEAVR E 7z, 4-nitroquinoline
N-oxide %, benzolalpyrene CTHZ 5-17L—A4T 7
X, dinBI X DREINDZEDNKGEEZH W zin
vivo DEBRTHLMIEN TS (Kim et al., 2001 ;
Napolitano et al., 2000) .

5. DNARYXS—E IV DiFlt%=
Bifg A F

DNA KV * 5 —EIVORHO—2I%, KK DNA
ARV X T — ¥ ks OFEFE O % DNA G % IREES
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5B 7Ty bOFAET CTIHEIWAT L L W) HT
Hb. 7=y MI2EAETF—F v YD X)Ll
@z L), DNAZZ D25 @ L TDNALZ A F
4 FL, DNAKRY 2T =R DNALGHET H T
L 7w B sliding clamp & b LT w3
(Hingorani and O’Donnell, 2000). EA&%A:¥ Tl prolifer-
ating cell nuclear antigen (PCNA) #%%sliding clamp & L C
B 7=y M EHMBOBEZIZZZLTWA, 12721
PCNAW3IETH D, BHT2=v FLiE7 3/ W
Hl EoMEMEIER S v, pUCL1S HI K D BRIR— A K
DNA & %\ id 90mer D EFUIRGFHFIEIZ T T4 v~ —% T
V&R, BT TTIA~Y—DMEZ KL
LA, EHL508MEEHVWZEEICL, YTz
v heZFou—54 7 (B T71=v % DNA LI
b l) W5 TLyayFLy 7 AE5|ZSSBAS
T HIHEICHEHELEEOWMRAIBE I N
(Wagner et al., 2000a) .

e XA RE, B HIE Sulfolobus solfatar-
icus HE DY 7 7 3 —DNAK Y X F—+¥ Sso P1 DNA
pol Y1 (J1#% DBH) ZHwWiEAIcbEohTnid
(Gruz et al,, 2001). HAEIZZOXDOTE LHMETH S
B, ZTOHEBIZHEKRT 2EAHOL CIETHIZEL LD b
PR E MR o T A, I O PCNA XK
RWOBY 71—y bLiZFERTY— %5727, BEMAEY
D PCNA &M E RS, FABEREWS &ICS. solfa-
taricus \ I HEELD PCNA G T 2347 4E 5 % (De Felice et
al,, 1999). PCNAIZ X 2o K%, B EO DNAK
) X5 —+¥n (Haracskaetal.,, 2001a), & k@ DNAKY
A5 —¥n, 1, kK (Haracska et al., 2001b ; 2001c ; 2002)
2oV T b HE ST WA, B 7=y M2 PCNA L,
DNABEREFE R DNAKR Y A 5 — ¥ i &4 4k 50T
EMAEMERATAZENMONTED, KGR DNA KV
AT —E IV HHlH D Sso PL DNA K1) X5 —¥ Y172
JThE, £ DY773IY—DNAKRY X5 —EDE
PERENCEE R EE 2 X772 LT b hd Lk v, B
DPCNAIZDWTIX, DNA#GZ 2T 2B * 5
% SUMO (small ubiquitin-related modifier) 12 & Y &
flishsbZ MG ENTBY (Hoege et al., 2002),
29 L7PCNADBSi & + 5 A —3 3 Y RIDNAK
VAT —EORRIISHRIERSINTITAREFPETH A
9.

& B

P, KE®WODNARY X5 —XIVEZHBOIZ, st
WOY 7 7Y —DNARY AT —EW5ED i %= fiAn
L7z, AfsomicBT&72S. solfataricus &, 4 %V 7
DRAEF AR B B Bk A 5 HEE S L7z
WThH, ZOEBFRHEREIZEICE L b Tw
b, MAMIZHGRETTAEFTLTBY, S8R5
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OBALIHIS T 5 720124, ZZRERIC K - THIENZ
ZHEZED, WINDQOT-HROREIEI L CTESE
CTWL HEERoTVBLHRBEEIEZONS
(Friedberg et al., 2002). EHMOFTI7 A I FTRZ
HERYL, PTFI5AI RO LETERKEZEY, FoLR
HERBEANOBISIT & > THRZRECIE, ZRE(a T2 3
RN SAA CTHEISHE 2 ED 5 LW R RDD D
Livewv, (LSRR ER AKX LT RV &
HHPTHY, MEYOM#EL, BEANOBEICIZY 7 7 3
J—DNAKRY X T —ENEDLHITHE L TWBE R,
EDOTHMERWIETSH 5.

—J, M EOELAEYIZIRY D%\ DNARY
AT —ERHHET H 2 L, [EEEROEEEOMER ]
EVIIENBEZDLEFFELTWALEINICORZS. L
ALY 773 —DNAKRY X T —E¥OR#EIE [HED
MONLV=LERERIT] LI LI, BEFED
DNAKRY X5 —ETIRHEBEZRITLLDOTEIIL W
TR R URRE S SIS IC B W T THRZ R 5 2 &8
TE5] LWwIHnllds LHICEH. EREWTIZT
ADYOBLLLEEFA Yy buyTHY, TOFEISHE X/
DNAHBGICH LTI, 22l —IZ0%d -7
ELTH [HE AR DNASUIN 2R S wnwz &
WEELROTIERVEAS I ). BEBEYDOY 7 731 —
DNAKY X7 —¥i%, KBWDOY 7 7 I —DNAKY
AT7—¥E0d, MgoALEd %% DNA damage tol-
erance [CIELS G- LTV A500d Ltk .,

BIEERE L OBEIZOVWTWRIE, ZHMEEGER
JHI2 X % DNAEE 28 dH 5 DNARY X5 —E¥DH b
DOENIPHRT L0, ZLTEDL ) BEFHITREZ %
NI AN =3 3 Y DNAGKPRARERIZOLD LD
PRIEELMETH L. EWAH 5T TIEL ML CYP
(P-450) 2%, SF IF 423, LEWOHICED - T
BY, MLCYPTH-Td, HLrLAICIIMEICHE,
T 725 AL (GO 1@, HU
DNARY) 25 —¥TdH-oTh, DNAHEEOHEE S DNA
BHl (=2 R-ayF2 AN 12k, Bigot
RO BB LMY OMNEE) RE2IETOT
FawiZsr9 . L AlEhZY 77 I —DNA
R 2T —EOW%E, BEEERFEOMEIIBVTED
DTEELREBHMA LT 2L EZ N, £ D%
LAV ZOMEIIBMENDL L2 HET D, AahZ
DO—PEBNFFENTH 5.

] 2
HERIZ 3 720 B S %\ 72 720 7 357 58 358 o £ i A o
FET O I HHE E AR 78 E 12 L 9.
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Double strand breaks DNA repair in mammalian cells and maintenance
of genomic integrity mediated by p53

Masamitsu Honma

National Institute of Health Sciences, Division of Genetics and Mutagenesis
1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan

Summary

Chromosomal double strand breaks (DSBs) occurring in mammalian cells can initiate genomic instability.
They are usually repaired through either of two pathways : end-joining (E]J) or homologous recombination
(HR), and their misrepairs result in deletion, amplification, and translocation, which are common in human
tumors. The tumor suppressor protein p53 is involved in maintaining genomic stability. We demonstrate
here that the deficiency of wild-type p53 protein may allow unrepaired DSB to initiate chromosomal instabili-
ty, and mutant-type p53 protein promotes illegitimate recombination leading to translocation. These results
support a model in which p53 protein contributes to the maintenance of genomic integrity through recombi-
national repair. We also developed a system to trace the fate of DSBs occurring in a single copy gene of
human genome using restriction endonuclease I-Scel. DSBs at the I-Scel site were repaired 100 times more
frequently by EJ than HR. This system should be useful for understanding of mechanisms of DSB repair as
well as serving as a model for DNA damage induced by low-dose irradiation.

Keywords : genomic instability, p53, double-strand break (DSB) , end-joining (EJ) , homologous recombi-
nation (HR)

D2bDEEZLNS. %< ODNAHEEGOHFTDNAD

# ARBHYIWT (double strand break ; DSB) &, d-&dfE

AWz d 5w HHEO DNABBICHIT 5720, & BNV X9 128 b5 (Khanna and Jackson, 2001) .

FEFRBARBKEEMSIETCE C MIBITLZEN EEREHRSIC X > TEFEMR O g mf LICHER S
SR ORI, BnTRRERLYENLE T 5#{z 72DSBiE, F& L TEndJoining (EJ), F 7zi3AHFM
WRVBARERF|ERITZEMOENTEY, £ # 2z (Homologous Recombination ; HR) 2 & - TEfH
BB OEEEOMEENEZ 7 ) A b oL E 7 b S5 (Harber, 2000 ; van Gent et al., 2001). HRiZ T
5 — 7 ) =W OBEERET, LRI ROREZL
*E-mail : honma@nihs.go.jp R, BEHHROWEEIEDZ W, —F, EJ 3474

""" ZAb 0 20024610 H3H 68 1 20024:10 3 H . "
O AR R 2 KOEGRIRCHEIEE b 72 53 T 5 =L R OBIEERE

[

REEHARBEEERFEFAEI3MAMY Y RY Y A [BREARE L BRTALEN] TSN

This paper was presented at the 13th JEMS Annual Symposium at the Nagai Memorial Hall, Tokyo, May 25th, 2002. The symposium entitled
“Environmental Mutagens and Genomic Instability”, was organized by Minako Nagao and Hitoshi Nakagama and sponsored by the Japanese
Environmental Mutagen Society.
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No LOH

Point mutations
and other intragenic
mutations

End-

Hemizygous
LOH

/\

t (-1+)

Homozygous

Homologous
LOH

recombination

Fig. 1 A general model of recessive mutations in the k& locus.
The human tk gene is located on chromosome 17¢ and is
heterozygous (tk-/+) in TK6 cells. DSBs occurring within
or near the functional ¢k locus are usually repaired by
either of two pathways : end-rejoining (E]) or homolo-

gous recombination (HR). EJ brings about hemizygous

LOH, accompanied by interstitial deletions or transloca-

tions, while HR brings about homozygous LOH, but no

apparent changes in chromosome structure.

4?64 12690
ctgCCCgcc ccaGGGGGaa

a Functional
allele (th+)

Nonfunctional ggceccges

ccaGGGGaag
allele (tk-)

b E= GeneScan™ Project-5/28/98 Display-1 B

180 Plﬂ

T i
Exon7  Exon4 J\B -Globin

M Ja Herty

HE R TEE-hetero-con

A A nhﬂ

Wild type

M-5/28/98 /

LOH via deletion

8738/ BBl R hemi-cont-E2Z8
*
H ’A LOH via recombination
.ﬂ- Iy ﬂ
B/88 / Wl 3R :remo-cont-B/2t
- . Hemizygous LOH
M ﬂ A K only at exon 4
/ Wl sRcd4252098

* Functional tk allele *Nonfunctional tk allele

Fig. 2 Mutations at the heterozygous tk locus. (a) Schematic dia-
gram of the tk locus and location of frame-shift dimor-
phism in TK6 cells. (b) Representative examples of LOH
in TK-deficient mutants analyzed with an ABI 310 genetic
analyzer. The mutants lacking peaks corresponding to
functional alleles should have LOH, becoming either hem-
izygous or homozygous for the nonfunctional allele ;
these can be distinguished by comparing the ratio of the
peak area of the nonfunctional ¢% allele.
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TH5bH., —MICHRIE N 7)) TR EO T EAE
WTOFELBHEEETH Y, ZAFMLIZB VT,
DSBOKFHFIZEIIC Lo THBEI N LE 2z 5T
% (Linetal., 1999 ; Tremblay et al., 2000). L% L 7&A%
5, ZTOIEMREGRIZHLTIWHLLTIEIRW,. 20
X9 % HARN 7 DSBASHEAR KB 27812 DT,
ARG DORBIZIBNRD .

JLAE, DSBBHEICHT 2 BN EZ D, BHO XA
ZAAREFNICHEE T B Y X7 ORE R EXRHE R
D055, L IFMOBIICHED A (Jeggo, 1998
Pierce et al., 2001 ; Jackson, 2002), ATM, H2AX, p53 72
EOSTIIDNABEBEZ L, 0k, MWEMIcE
\C Rad50-NBSI-MRE11 #H AR S b, EJIC X
> THBHE I N 58413 Ku70, Ku80, DNA-PK, Xrcc4,
DNAY A =¥ WM E, HRICK > TBESh D54
i Rad51 ZHU & T 5 ZF D85 0 7 DR ZF D%HE
FHOTWAREEZLNTWS., ZOXHITIEHITEL
DI FDSBIEEICES L, 7/ 2 0REAICHFES L
TWbEEZLNTWDY, LTORHE LTV A L OB
WS~ TR, 2523, DNABEOBRICL S
BIZMARREIE 2008 4 THH Y, 121365 KEE
DRBIZ L D MFLAFIEHE:, & L IEDNABEBITH L
TREZME D547, b9 —HABEREOA TN
D7D YEREREZFHIET A, VbW S mutator pheno-
type 2R3 F A 7 TH5H. DSBIZEL T 5 Litsy v 8
7 % RIET HMIDL L EMHBE DS A TERRT 2D, %
WANZEBERES Wb DEEZO5NE. —J, HBE
DOFIE LTI ps3 DEE D HIF SN (Livingstone et al.,
1992 ; Lu and Lane, 1993), 7z, DSBsEUAMIIE I
ARy FBEROBFE R EARMOBN TS (Reitmair et
al,, 1997). M OEIETOREIIFEBICKERA ZIHD
ET54L D PBAMMTEEEINL Z LD L EN
AMEE OBRITHRG. AR TIEEENAREERED Y
A TR L, EITps3 AR, b L EKREMEAD 72
53 mutator phenotype DF§f & FEAA & DFIFRIZO N
T, x4 OWMSERRE D LIRS,

1. DSB ZF#HMETILELTD
TKEIGTFRAZE

et ik ) MTBT B DSBISIEMERE % T3 % 720
DETNVRE L TR, FHHEER LoOHTERER 22K
BEMHPLL-ZPEHTH S (Liber et al,, 1989). & b
1) ¥ SSEBRMI AR TK6 (& 17 F et R Bl o e 5 %
thymidine kinase #{z¥ (tk) N7 0IZbDO772®
(th+/-), TOth+ TV N% & =4y b & LIz T280%
EROMEPHETH 5 (Fig.1). TKRIHOZ R
FhUTZLVFaF I VY (TFT) EPUPEMAL & L CllY
TEXDD, th+ TUYNWVIZDSBAAEL, TNAE], HLL
MR REAM O HRICE > TBEI RS &, HMEA



Mutation Frequency (X10-5)

Spont EMS X-Ray
(150 M) (2 Gy)
Intragenic [ | Hemizygous Homozygous
mutation LOH LOH

Fig. 3 Mutation frequencies and spectra of the mutations sponta-
neously occurring and induced by EMS (150 pM) and X-
ray (2 Gy) at the tk locus in TK6 cells. The mutations are
classified into 3 types ; intragenic mutations, hemizygous
LOH, and homozygous LOH.

TUNHPHEILZERK, wbhbwb LOH (loss of het-
erozygosity) T DZEREFARE $ 7253 (Yandell et al,
1986). Z O, EJIZ & o TEWMET ) VORIDET
72BN IHILOH, HRIZ X o TRIFALT U VASHE
o 72B I3 AERMIOH & 224, 215 LOH T I
th AR T WIHAAES B SRV 2 R § % 2 & Tl
ThHb. TKOHIIED thE{ET-Dexond & 721X 7 L — 24
T 7 MIDOERERIGFIET S (exond DT L—L ¥ 7

b ASth ANIEALDJEK)  (Giver et al., 1995) (Fig. 2a). <
DI % PCRTHIEL, DNAY =2 % =12k 7
STAYMENTAIEICED, WTYNEXGTE
LOH 2 &5 1cHETx % (Fig. 2b). F72, PCRZ%ER
I35 128D, AIBEFREMZXRTLIEDHT
5.

Fig. 312 TK6 M H 2k B X O, EMS (150uM), X
W (2Gy) FFth MR TRALBEDANRY PV ERT.
HAAFERICHE L TIE, SROZRERD 20 %755 15225
ERT, D 80%HMNLOHTH Y, ZDORHHIHHRIZ
B L Twvw/: (Honma et al.,, 1997a). —Ji, EMSIZ7
VEMLRITH B 7250, ZERDIFLALIZLOH Z1ED
BVIHERERNPETHY, XMTEIFRENIELD
K5 1E DSBICHIZK T % 720 LOH T D F 3%\,
REWZ EIZXBIC L 2HE T 0L 3FERD
LOHZ 472563, ZoZ &, IAHEMBIIBVTD
DSB D581, HRAEEREE A I LA L%
RTHDTH A, 72771, ZOEISHEMIZE Ml
TORRERIIDSBICHRT 2HELETHY, €0
ZIEHRICK > TBEENLEVVE LI LITTE R
V. ZEIRERANRY PV EEIRER X ) = A N L OBIR
WZDOWTIERR T 5 2%, Ytttk 25 PR R 22 sk 28 S i
A TIEHRICE > CTLOH#5| &# 2 FDSBIRALT LD
th BWAETPICE U B0 8H % <, Hli 2 R LOH A3 # i

LRTWVWRTHS I L2 ML TBLLLESHD. L
Lado, JEIHEETTHASRbRp53DOE hATAH
#TOLOHMER, ZoOEIZI I cHigtanzdbo
E—HLTBY, ARHRIIDSBBEOETFT VR TH
% LR, MO AALBRIZE T 5EETE{LDE
FNVTHAHZ LI, THS (Lietal, 1992). LOH X
EJ & L <IZHRDAMZ, #1234, JEMHERME 2,
YRR SEED A Z AN L oTHRIN I B, 2
NH AN = AL GRR, thilifEoOMn~— 7 — %%
BT 522X DTS ENTES (Honma et
al., 2001). LOHRED A H = XL ZHHT 5 2 & 13,
b ML BT 5 DSBISERE 2 T2 <, Ml L
ZHET 2RTFOMPICL OB DEEZ LN,

2. p53 [CKDECHRE(LHE

WAMEGEE T TH 5 p53 ik M BAMBRICB W TR
DEHE LRSS SRS EIETTH Y (Hollstein et
al., 1991), Zof&#E L LT, #EE L2 DNAZ#H&L,
MlaE B oL, 7R =Y ZAOFERITH) I LICLY
e ZZ M EHERL, 7/ 20RELICHES L TY
L EEzZ 5N Tw5b (Kastan et al.,, 1991 ; Ko et al.,
1996). L L7adss, oo kOB 7513 Tl p53
ZEGH D b D BARI AL ELER S AMNE & L COREE
EEICHET A2 L3 TE W20, DNABHEERE
~NOEEGLHEHINTN L.

E41x, p53 AL 5 DNAMBIEEHE &, p53 DEF
IZE o TH 720 SNLBIRIANLEEDOFRZ S A2
T 572, ph3RIEMAL, b L IFEEMEEHV, Z
CTH U % BRTF 228 FOREE R 9B & ph3 IR HMilllw &
i L7z, TK6MIKa L ps3 IEHAMIETH % 2%, TK6 & [H
—#2JF % b O isogenic ML TH 5 WTK-1 Mg id p53 &
mFOa F Y2373 REICERERL LD pb3 B RN
Thsb. 72, TK6MKEIZE Ps¥a—< 7 4 VAD
E6 % 737 #5388l 8¢ 7-TK6-E6 e, BLXUOXRY ¥ —
DI % EA L7z TK6-20C Mg 28 s r S CTwb. E6 %
VOSTIZE I p53 & 8y LKA LT AR IR
% 7:%, TK6-E6MIBIZMEREMICps3 2 KL TS
(Yu et al,, 1997). L722%-TC, WTK-1, TK6-E6 flfgix
TK6 & EmiNy 7 75 v FEiil e 35 ps3EHR, K
ML W9 2 & TE S, Tablel IZ&5HIED hprt,
th AR T HAC BT 5 HARZSRERBE 2~ 3. ThEfx
THEIZ BT 5 WTK-1, TK6-E6 Mg C oD 222828 BT 1
p53 IEFH ML TH 5 TK6 MR T, EhZFN 3045,
10855 <, pb3ZEs:, KM L b EEZMWICALETDH
"), mutator phenotype Z/R$ I & ATRIR E N7z,

p53 KT % TK6-E6 Ml CTH: U % 22 R 2 B o i
ZWSDPICT 572D thZRARD LOHNT 2170728 2
%, ph3IEHMINL T3 5 TK6 TI3A U S ZERD KIS
FERMDOLOHZZ 5 72DIZxF LT, TK6-E6 TIEZFDIT L
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Table 1 Spontaneous mutation frequencies of TK6 and related cell lines

Mutation frequency (X10° ; mean=SD)

Cell lines p53 status

HPRT TK

TK6
WTK-1
TK6-E6
TK6-20C

Wild-type
Mutant

Deficient
Wild-type

33+11
101.1 £ 6.8
33.5 9.8
3.8 1.0

21 %20
174 £5.9
23 +18
3.8 £4.0

(cM)
120

12| p17s799

4p17s1857

| THRA1
— D1751290

D17S855
21| D175588

D17S807
53| D175789

— D17s785
D175802

T 175784

il

D175928

D|' |

Mutants from TK6

Mutants from TK6-E6 Mutants from WTK-1

Fig. 4 Extent of loss of heterozygosity (LOH) in the TK-deficient mutants from TK6, TK6-E6 and
WTK-1 cells. Twelve microsatellite loci on chromosome 17 that are heteromorphic in these cell

lines were examined. The approximate position of each locus is mapped on the right of the
schematic chromosome 17. The human # locus is mapped on 17q23.2. Open and closed bars rep-
resent hemizygous LOH and homozygous LOH mutants, respectively. Length of bars indicates

the extent of LOH.

AEPNITILOHZR L7, 2D Z LIXTK6E6HIET
IZHRSHEZ 57272 DSB O KEFIZEJIC & » TH
HEINBHZLERLTAD. COLOHDOHMEZ~ A 2
0% 754 b= =% T1I7F ROk LIy ¥
v 7 L7z (Fig. 4). p53 IEH#MIE (TK6) HKDRIH
LOH DT & A L3 thBIZ T ICR G 3 % interstitial dele-
tion 2, th £ V) K¥i F TO terminal deletion TH 0, H
BARD AL MR L 725 TV B DK LT, p53/KIH
ML (TK6-E6) DIiT& AL OZERMKRIIE, Fefufh)LH
\24>72 % terminal deletion 252 & CT\Ww/z, /2, Tk
9 72 )L #i 72 LOH & p53 IR F ML Cld 3~ Tl 2 A
LOH: LTHZEEINLZ A5, AEHRIZL - THBIE
SNBHXEDSB2Y, pb3 KM TIZEJIC X - TBIE
SN, TORRE, REGEOAERELILLLTNED
DrEEZ SN, FEBE, TK6-E6HKD LOHZERKE »
TEY —ANA Y MEIZK )BT 2 &, 17 F 5tk
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DFRGFRIG, Wi, HIRE ORGSR ENF—27 0 — v
WCEH A 7L LTSNz, 20 X)) Ry tafkiyg
i, G2IIZB VTR S -Gkl o B &
(chromatid fusion) AEHKE &% 2 575, chromatid
fusion i¥, —MFMICIZLEETH 54, MEHHEAZ S
LHIEBLELN, HUO2AHUMAPELS. ZLTIN
ASDNA# B % #EC, P chromatid fusion % 1) 18
5, Wb % Breakge-Fusion-Bridge (BFB) cycle %
Fl&# 23 (Coquelle et al., 1997 ; Pipiras et al., 1998).
IO X9, ph3 KIBMIAEENIIALETH B, €
DENIE, TARLIIBEINLEVWDSBTHY, Th
MABFBY A4 7 Vo5l & 4L %> T, flie Ogfafkity
ZHERITENEEZ 5N5 (Honma et al., 2000).
—7J7, pS3ZERMILTH 2 WTK-1ICH KT % th R
KT 2 &, NIBMZFTRL, FEHMOLOHD
BHELBIML T, T2 th s WTK-1 Ml Tl



Table 2 Yield of spontaneous mutation frequencies at ¢k locus in TK6 cells

Tvpe of mutation Target size Mutat. Freq. Mutat. Freq./kb
P (kb) (x10%) (x10%)

Intragenic mutation (including 11 1.17 10.65 (1805)

small interstitial deletion)

Recombinational LOH 35,000 2.01 0.0059 (1)

Gene Conversion 11 0.06 0.51 (86)

TK6-E6#lfg & 7 0, Mk BEEEIREINh TV
bDE#z b7z (Honma et al., 1997a). LOHZE#AE
DOYfR 2 fENT 5 % & (Fig. 4), Mz ML Bbhiz%
FARO YRR Z LD D OVE , £ ORmIEITE
BRI 70 —F VI SN2 L0 H WIK-1 Mg T
AL Z BAEIEHE C 5 2%, 2o fidelity 23R\ 72D 12 3E
HHIE (illegitimate) PEDOMIBEZIZ LD, MGt kIR
EDOWHEEZFRTHIDEFEZ 5N (Honma et al.,
1997b). 72, WTK-1flfa Tl getaffi Al X 5
aneuploid & EHHEEICEIZE S, £ HEA p53 XM 2 15
BORFE ) RO ENERE 72537213 Th
<, MilanrRegetaiimiiiig c b BB r 52, Rk
DOPMEFEDLELDDEEZ 5N (Cross et al.,
1995 ; Fukasawa et al., 1996 ; Honma et al., 2001).

Db Z Eh 5 p53ic X 2 BInmRE b E LT,
7 AHIZHE U 72 DSB O MMk 2 ABE~D B 5 % $i
MB35, pb3 RIBHINL TIE Z OMFEMIR 2 239 AR
@277z, BEE%RN72DSBIZBFBY A 2 V& 4
LClzlE, &G, WMEFEOS T ST R mphREr b7z
53 (Livingstone et al., 1992 ; Agapova et al., 1996).
F 72, ph3 A HEAMNE TITMIR 2 BEBIEIRFFIN TS
bOD, ZFOIERES AR 720801 et fhiin i & F 5 S
. TOXHITpS3DRIE, b L IFREIZ X B MIBWN
NEEMITHBRERD L) /NS BETERID D
et AL XV OKE RS ) DELICEEG L Tw5S. B
FESEREMALIC BT 27 ) 2B E 2 D L, p53 DIHE
&, ME, FEMHEEOMBZEANLT, ¥/ AFI
LOHM D RRERRL YRR FEOEREZMRL TV LD
DEZEZLND.

3. |-Scel #IRZR%ZFIA U cIZZL 5D
[CHIF B DSB (BiEkiE

ThBIZTIIBIT B RRER AR PLVOERE» L &
ML TR Z B 2HRE RO KEREDSB Ik L, #
D% IEHRICEDILOHZ 7263 2 EAVRIE S 7.
L2 LG5 ZOEIR, ZNFE TOEME T2 B
JETH & SN T E R ER ORI R D2
iR, DNADOHM, BHEOLT—I12Xk 5> TEL S M
FRERPETHALE V)L EFIFETHLDTH 5.
T/, BEHTHHERZHY, DSBOBEIZBWTY, I
FLEMILIZ B WTE] L HRO &5 525 EIZE < o

EVIHMEIZLTH 2N T THOL L DIFFEREHR &K
TAH5LDOTH5H. ZOMEEHFET 572DI1TITZRER
AT MVE, BIRERDOA A=A LOMBRZIEL L
T HUEED D, FRRERART MVELTLDLT/
LHTEI LT RTOERERDA XY b % A RO
T25bDTIE% L, TOZRERBM R KT 5.
72 2L, hprtRe, NI UAY 2w T AD LacZ
BEETREEY =7y b & L2 RERMERTIZHR
R, RELBETFOREEZMN) EJ2MILT5 2 L1XT
T, ZOERIID - X0 HBRERIHR LR D70
MIRNA 7 AN U S (Ikehata and Ono, 2001). [A]4k
2, kAT RRERBIBRTEEZDART PIVIZIEN
AT AT S, TORIEEERERIZT TR L, E]
R HRICX 2 LOHBZREREZHINTE 52 LARK
DI TH H5%, HBRER I thB 5T WY % %t
KRETHDIH LT, LOHIZ 17 Hgttk Eodr i h o
5 CHE L A DNAHE 2 S HKT 5 2 & A Figd 7 HH#
fEshs., /2, LOHTH EJR & HRB TIZZ O #ipH
Ve s, ZoZkiE, Fig3 TRLIZAXRYZ b
WICBIFBEANRY POERERD Y =7y M A X
E)ZEERLTBY, INE2RKENCIF—F Y A
M7= THIET % &, MEREROFHEE I
WEL R, TNFEFTOERETIENZ v (Table 2).
CDENITERERARY DU b, FREROA S =
ALZEHmLHIIZEDLO TEENLETH L.
DSBOEHE A S = A L 2 fia L XV CTHIRS 5720
12, BHEO X5 RO ZERENC LD 7 AFIZTS
Y LIZDSB A SET, BEDHEEY—H — D%
BARZ M VEL FBARY T4 TN LTH Lo
HE»5HFE ) BERIZZ . —DODDSBD 7 &5y
EEEICNV—ATLHIENTETCIE, ZOHMITE
BENb., FaxlL, DSBOFAET IV E L CHIRER -
Scel IZIEH LTWwW5, [Scel i3OI ba v Ky
7DNAICTI—FENTWVIEEHRT, ORI
18bp I3 ¥ Fu—AfEiE&Ex b2 (Jasin, 1996). &
N2 A ZORINIZIDUFE L Bz, Z0
DNABHI 2 S D ) 2 AL, -Scel 3 % 5
BEesr2Li2X), ZOEBMICHEFEIZDSB & 384E &
4% Z LM TE% (Taghian and Nickoloff, 1997). 4
X Z D I-Scel HH %, TK6MBLOD th BInTNIZY — > ¥
=Ty TA Y TECEVHEATLILITRIIL, 2o
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TSCES TSCER2
(tk+/-) (tk-/-)
the ——{X e tK- —X —
t -+ m— | | th- — X J—
‘ I-Scel expression &
th w—{X K X —
tht * K- — *x -
End- Homologous
Joining Recombination
tKe m—fX - th- X [e—
- — T — —
TK- Mutants TK+ Revertant

(tk-/-: TFT Resistant)

(tk+/-: HAT Resistant)

Fig. 5 Schematic representation of the experimental system to detect EJ and HR. Open and closed

rectangles represent the wild and mutant type of the tk gene, respectively. When a DSB

occurring at the I-Scel site is repaired by EJ and causes a deletion, TK-deficient mutants are
isolated from TSCES5 cells in TFT medium. When HR repairs it, on the other hand, TK-profi-
cient revertants are generated from TSCER2 cells under HAT selection.

f2 24 U 7= DSB O fiy & g 1k, € B IICIIT T & 5%
ZHWESL L7z, Tk~ 1@ TSCES Ml T [-Scel #hL T
HEUZDSBAEJICL > THBEI NS L th#EfZTO—H
BREL, Mgt (/) OZERMAKE LTHISS.
—J, AT Y REATRICERELOth (/) D
TSCER2 M3 Ti&, 4 U7 DSB A4tk HRIZ X -
TBEINL Ltk (/+) DY N—=F > h &b (Fig.h).
INOHMNICEScel DX ¥ —% N T VAT 20 Y
arvyhbe, BRIR, Y= NolWBEEZENE
4065, 100f53 ML 7. 2o Z L IEDSBAEIEE] B
JUOHRZFERTAHILEERLTVS., L2LAEMND,
i DML E] O ASHR D 10045554, DT
LIEZDSBDI9%LL EIZEJICE o TBEINSL Z L 2R
LCTw5., KRZlZe b7 25 THELE-DSB O Edr %
NIEWZ NV —=RAT B ENTES720, DSBIBHED 2
HZANR, TNOMET 58T 8F R ERNKET O
FICHHEINE Z LD WFFCc& % (Honma et al., ¥
H).

BhHhbIC

C Zipidt, DSBOBEICHT 2780 B IE K E
AL, ([ FFLEMIBICBF 5 DSB DA SBHEICE S
—WOAAr—FE, FNCHEEG T8 7 HTOH%
HIZOWTRIFIFMAINO0H 5., LrLahb,
DSB8 D FEARN % AW 22N D W T A 72 5
L., 0L YA DSBIRBHESK, T, BE
ENTZOMBIET A= AL o THBREIN DD
M BEHISWIEES, Y, =95 —5EMOE]ME
KB DTHAIHN? Zhidy / 2 @E% K
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T 5 EERIZE S THRAITIERVOR? T2, EJ&
HROBEREIZED LI ITHEVFIT 5N TR D0 ?

FNHIEBEELRD, HWIIHAITA502? EJXR HR
LIS o151 ME (72 & 21X single strand annealing) {3,
EORERSLTWA20ON? IS BEOMIIZIL,
RO T-HFR, ALFNTEZTTIREEER X9
CEbNG., 5%, ZNSOMEZRHOLDIZH LW
H & {552 F1: % v 72 Breakthrough 2 H¥g L 72w,

sEZXm

Agapova, L., G. V. Ilyinskaya, N. A. Turovets, A. V. Ivanov, P. M.
Chumakov, and B. P. Kopnin (1996) Chromosome changes
caused by alteration of p53 expression, Mutat. Res., 354, 129-138.

Coquelle, A., E. Pipiras, F. Toledo, G. Buttin, and M. Debatisse
(1997) Expression of fragile sites triggers intrachromosomal
mammalian gene amplification and sets boundaries to early ampli-
cons, Cell, 89, 215-225.

Cross, S. M., C. A. Sanchez, C. A. Morgan, M. K. Schimke, S. Ramel,
R. L. Idzerda, W. H. Raskind, and B. J. Reid (1995) A p53-depen-
dent mouse spindle checkpoint, Science, 267, 1353-1356.

Fukasawa, K., T. Choi, R. Kuriyama, S. Rulong, and G. F. V. Woude
(1996) Abnormal centrosome amplification in the absence of p53,
Science, 271, 1744-1747.

Giver, C. R,, S. L. Nelson Jr., M. Y. Cha, P. Pongsaensook, and A. J.
Grosovsky (1995) Mutational spectrum of X-ray induced TK-
human cell mutants, Carcinogenesis, 16, 267-275.

Haber, J. E. (2000) Partners and pathways repairing a double-
strand break, Trends Genet., 16, 259-264.

Hollstein, M., D. Sidransky, B. Vogelstein, and C. C. Harris (1991)
p53 mutations in human cancer, Science, 253, 49-53.

Honma, M., M. Hayashi, and T. Sofuni (1997a) Cytotoxic and muta-
genic responses to X-ray and chemical mutagens in normal and
p53-mutated human lymphoblastoid cells, Mutat. Res., 374, 89-98.

Honma, M., L.-S. Zhang, M. Hayashi, K. Takeshita, Y. Nakagawa, N.



Tanaka, and T. Sofuni (1997b) Illegitimate recombination lead-
ing to allelic loss and unbalanced translocation in p53-mutated
human lymphoblastoid cells, Mol. Cell. Biol., 17, 4774-4781.

Honma, M., M. Momose, H. Tanabe, H. Sakamoto, Y. Yu, J. B. Little,
T. Sofuni, and M. Hayashi (2000) Requirement of wild-type p53
protein for maintenance of chromosome integrity, Mol. Carcinog.,
28, 203-214.

Honma, M., M. Momose, T. Sofuni, and M. Hayashi (2001) Spindle
poisons induce allelic loss in mouse lymphoma cells through
mitotic non-disjunction, Mutat. Res., 493, 101-104.

Ikehata, H. and T. Ono (2001) In vivo mutation analysis with trans-
genic mouse (Japanese), Prot. Nuc. Acid & Enz., 46, 1171-1180.
Jackson, S. P. (2002) Sensing and repairing DNA double-strand

breaks, Carcinogenesis, 23, 687-696.

Jasin, M (1996) Genetic manipulation of genomes with rare-cutting
endnucleases, Trend Genet., 12, 224-228.

Jeggo, P. A. (1998) Identification of genes involved in repair of
DNA double-strand breaks in mammalian cells, Radiat. Res., 150
(Suppl.), S80-S91.

Kastan, M. B., O. Onyekwere, D. Sidransky, B. Vogelstein, and R. W.
Craig (1991) Participation of p53 protein in the cellular response
to DNA damage, Cancer Res., 51, 6304-6311.

Khanna, K. K. and S. P. Jackson (2001) DNA double-strand
breaks . signaling, repair and the cancer connection, Nat. Genet.,
27, 247-254.

Ko, L.J. and C. Prives (1996) p53 : puzzle and paradigm, Gene &
Devel., 10, 1054-1072.

Li, C-Y., D. W. Yandell, and J. B. Little (1992) Molecular mecha-
nism of spontaneous and induced loss of heterozygosity in human
cells in vitro, Somat. Cell Mol. Genet., 18, 77-87.

Liber, H. L., D. W. Yandell, and J. B. Little (1989) A comparison of
mutation induction at the t and &p7t loci in human lymphoblastoid
cells ; quantitative differences are due to an additional class of
mutations at the autosomal tk locus, Mutat. Res., 216, 9-17.

Lin, Y., T. Lukacsovich, and A. S. Waldman (1999) Multiple path-
ways for repair of DNA double-strand breaks in mammalian chro-

mosomes, Mol. Cell Biol., 19, 8353-8360.

Livingstone, L. R., A. White, J. Sprouse, E. Livanos, T. Jacks, and T.
D. Tisty (1992) Altered cell cycle arrest and gene amplification
potential accompany loss of wild-type p53, Cell, 70, 923-935.

Lu, X., and P. Lane (1993) Differential induction of transcriptionally
active p53 following UV or ionizing radiation . Defects in chromo-
some instability syndrome?, Cell, 93, 765-778.

Pierce, A. J., J. M. Stark, F. D. Araujo, M. M. Moynahan, M.
Berwick, and M. Jasin (2001) Double strand breaks and timori-
genesis, Trends in Cell Biol., 11, S52-S59.

Pipiras, E., A. Coquelle, A. Bieth, and M. Debatisse (1998)
Interstitial deletions and interchromosomal amplification initiated
from a double-strand break targeted to a mammalian chromo-
some, The EMBO ]J., 17, 325-333.

Reitmair, A. H., R. Risley, R. G. Bristow, T. Wilson, A. Ganesh, A.
Jang, J. Peacock, S. Benchimol, R. P. Hill, T. W. Mak, R. Fishel,
and M. Meuth (1997) Mutator phenotype in Msh2-deficient
murine embryonic fibroblasts, Cancer Res., 57, 3765-3771.

Taghian, D. G. and J. A. Nickoloff (1997) Chromosomal double-
strand breaks induce gene conversion at high frequency in mam-
malian cells, Mol. Cell Biol., 17, 6386-6393.

Tremblay, A., M. Jasin, and P. Chartrand (2000) A double strand
break in a chromosomal LINE element can be repaired by gene
conversion with various endogeneous LINE elements in mouse
cells, Mol. Cell. Bio., 20, 54-60.

van Gent, D. C., J. H. Hoeijmakers, and R. Kanaar (2001)
Chromosomal stability and the DNA double-stranded break con-
nection, Nat. Rev. Genet., 2, 196-206.

Yandell, D. W., T. P. Dryja, and J. B. Little (1986) Somatic muta-
tions at a heterozygous autosomal locus in human cells occur
more frequently by allele loss than by intragenic structural alter-
ations, Somat. Cell Mol. Genet., 12, 255-263.

Yu, Y., C-Y. Li, and J. B. Little (1997) Abrogation of p53 function by
HPV 16 E6 gene delays apoptosis and enhances mutagenesis but
does not alter radiosensitivity in TK6 human lymphoblast cells,
Oncogene, 14, 1661-1667.

167






N
N
P

Environ. Mutagen Res., 24 : 169-178 (2002)
7 v bBIOR FRRREDPAILET S
— I M
K LR, BB B

ELAA X ¥ & —WFFERTFEAS AMFFEHRR T 104-0045 HURTHR 1 e X 5 5-1-1

Single nucleotide instability in rat and human mammary carcinogenesis

Eriko Okochi and Toshikazu Ushijima

Carcinogenesis Division, National Cancer Center Research Institute
5-1-1 Tsukiji, Chuo-ku, Tokyo 104-0045, Japan

Summary

Genomic instability plays important roles in carcinogenesis. To analyze point mutation rates (MRs) in rat
mammary carcinomas, we established two cell lines from those induced in lacItransgenic rats by 2-amino-1-
methyl-6-phenylimidazo[4,5-b] pyridine. The two cell lines showed 6-8 fold increases in the spontaneous
point MRs of the endogenous Zprt gene and 12-15 fold increases in the lacl transgene. Since the cell lines
lacked microsatellite instability (MSI) and were capable of G/T mismatch-binding, the increase of sponta-
neous point MRs was considered to be due to a mechanism (s) different from mismatch repair insufficiency,
and this type of genetic instability was termed as single nucleotide instability (SNI). SNI in the rat mamma-
ry carcinoma cell lines was characterized by an elevation of A : T to C: G transversions, which were rarely
observed in normal mammary epithelial cells. The elevation of the A : T to C . G transversions was also pre-
sent in the lacl gene of the primary carcinomas of the two cell lines, which suggested that the molecular
abnormality present in the cell lines was already present in their primary carcinomas. Spontaneous point
MRs of the hprt gene were measured in six human breast cancer cell lines, and an increase was found in five
of them. These human breast cancer cell lines were reported to lack MSI, and were proficient in G/T mis-
match binding. Therefore, it was shown that SNI existed also in five of the six human breast cancer cell
lines. Inactivation of Mth1, the mammalian homologue of E. coli the MutT gene, and overexpression of the
DNA polymerase k, both of which were known to cause increases of AT to C: G transversions, were ana-
lyzed in the rat mammary carcinoma cell lines and their primary carcinomas. However, neither of them was
present. Considering that MSI is infrequent in human and rat mammary carcinomas, a wide role of SNI in
the development of such tumors was suggested.

Keywords . genomic instability, mutation rate, breast cancer, point mutation, zprt

PR BARBREROAFETIX, & bO—ADRMIZ,

& 12 DR DIz VR 248 2 3H D ZEIRZE R L Hike

BA, BBOERERNLZEBNICERTLIZ LI 64w ERIHE SIS (Loeb, 1998). FHAADZDIZ
L VRETLHEETORATHS. L L, MESZ 36-10HOEREROEBRPLETHLZ L2b, 1
— : : EAEDDVANIEREROIEIENEL b )
&?;n?llzdogiif)h)%@zng.ggiﬁ D 20024£10 A 2 H AR AT L TR LB LTS (Fig. 1)‘
(Jackson and Loeb, 1998 ; Loeb, 1991). 2N F T, ¥

O AARBURA SRS

[

ARNT HARBRE A RFEFEE IBMAN Y VR Y Y A [BREARFE L BIETARENE] TRkshi.

This paper was presented at the 13th JEMS Annual Symposium at the Nagai Memorial Hall, Tokyo, May 25th, 2002. The symposium entitled
“Environmental Mutagens and Genomic Instability”, was organized by Minako Nagao and Hitoshi Nakagama and sponsored by the Japanese
Environmental Mutagen Society.
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Fig. 1 Multi-step carcinogenesis and genomic instability.
Genomic instability is considered to be involved in a wide
variety of tumors so that multiple mutations can accumu-
late in a single cell and multi-step carcinogenesis will be
completed (Jackson and Loeb, 1998 ; Loeb, 1991).

J AREEWIEEIL, ¥4 7% T T4 PARENE
(microsatellite instability ; MSI) & Jeft &A% &M
(chromosomal instability ; CIN) (2 KB ST & 7.

MSLiZ, I A<y FBERGBMEFORFEICILY, (7
U7 4 MERBIOHBRERSENT52bDTH
% (Lengauer et al,, 1998). & MKE2tA, HAAB X
OliEAS A Tld, EHEICBRI DL, AbPA
TlIIEE A ERD 5N\ (Anbazhagan et al., 1999 ;

Speicher, 1995). CINZ, MAD2<= BUBI 7 ¥ ORIl 5
T oy Z7HEHEICHES T 5HEETOREICLY, Btk
BEDBENT 5D TH D (Lengauer et al., 1998 ; Orr-
Weaver and Weinberg, 1998).

% DR ABRT R AIRIBIZF ORRERIL, ~
A7a¥7I4 MRAID XD % AEEYIHRTIE %L, T
VENRERBTITTO R BERERICL > TAELTY
b, LI2oT, BARBITDY ) AANEEEEET
59 2T, 7¥FAREHIN TR 2 HERERLTD
DOEREZICL T LA RWEEZ SLD. 72,
KRERKD T ) ARZEEOWEIZ BV TIE, TSI E K
L72BREROEIZT M LT b, L L, AKX
FRIRBEROERME 2 KT 2080 H 0, MlamsRo
W x ZHE L7222, T4bb2ERAERE (muta-
tion rate ; MR) ZH 55 2 EHFEETHS. LoL,
MERERB O, TOEMSI®ZIZ, ZhF Tk
FEAELREINT I o

Falx, NTuUHA 2y T IVD—DTH52-
amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) T
FHELZT y NVARA» MK E B L, mMZeRER
Freflg L, PhPIZX D FERLANATE, <A
ruat 7T A PERPIEHE IO LN EPALN

170

(Toyota et al., 1996), MSI & 387525 4 TDF ) LA
REMERN T 52O #Y L P Sz, TORE,
MSI Z fEb ISR E RO AR Z RN LR X2 5,
Wiz s 4 707 ) AAREEW.E T v MRS AR
BUWTHRHWINL, [—EEARZLEN (single nucleotide
instability ; SN ] & %&4F1F72. €512, SNIIZ, T v
PR LT FOANAMIEKRTH RO SN, I
DAL K BIG- L CTWnWB 2 EAVRIE SN AT,
SNI % B U 7z % B3 L (Okochi et al., 2002¢),
SNI D55 F-BERE MR IAIZ B3 % BIE £ TORRIZOWTHE
ML 7zv.

S v LD AMRBEOEIIEZNSTO
RRARERD LR

1. 77 AREEEZ -3 % 9 2 TOHMKbZ v
5 HEE

70 AREEEICET B0k D% L OWFZEIE, B
ERLURBREROHEFRITLTCVWEHDTHL. Lh
L, &»5HMIaAMH UCRRERELZRTHETY, £<D
M2 E R THh HBIETIUE, 724 SADZRELE)S
ERLTWwa L, Mgt d T )R TBlgsng,
ZREREIHFVEHML TRV, DF ), ZERERE)S
EORERIDRLTVONZHNL I 2 TiE, 1RO
N75ed 72 ) OZERERNIRZ 55K, §74b5, MR
ZHRMTLULEND DL (Lengauer et al., 1998 ; Luria
and Delbriick, 1943). JEEZ D b DIZB T, JEEM
o& U CRIZTERDNER LR EN LT ) AR EN
TN % T TORIZ, MEOMESREIEZ > Tna
DPMFAHTH B, —7, fMlatkz A, —eEuikH
FRERLTWLMICA LTV MRS RN BUIEHE T4 2
ERTED.

F72, BUPAWHEIZLYER SN T, BA
WHZDLDIZX o THIESNIZRIRER L, 7 AR
TREBIZE > THEB SN RER L OmMBE BB S
5. —J, MERTIE, BRI SAWEICRE L
TWiWnied, 7 AAREERICE o THIE S 2225k
BRZFEMNTE S, TRHZO0MMN S, EEIC
B 27 7 AAZEEZ, Mlatkt AT s 2L
MWEEEEZ 72,

2. F v FIAAMIEBRO B

6 M OME (lacltransgenic F344 Big Blue” x SD) F,
< » b 33PE{Z, PhIP-HCl 75 mg/kg/day %, #5 A2
WM, FH10mEHIE NS L. a3y he— v 14t
123, FEOARKE @ E NS Lz, 10 b,
MiHEE $1223.5 %EEi &% 5 2, 56-69 8 H IZER#
# L7 (Okochi et al,, 1999). 2fHDOIANA (MEH L D
adenocarcinoma) 75, 2R OMILKE, PhIP12-138 X
UNPhIP7-4 #3772 (Watanabe et al., 2001a). Wiz



e |
(A) (B) * 79+4.1
70+ +
121 11 59+8.6
_ 60.
< 107 N }
] X
x 8 2 101
o 61 [
= § 301
X 44 =
§ 4 § 201
21 14 1014.7£1.6
o1 R

RMEC PhIP12-1 PhIP7-4 RMEC PhIP12-1 PhIP7-4

Fig. 2 Increase of hprt MRs(A) and lacl corrected MnFs(B) in
the two PhIP-induced mammary carcinoma cell lines. hprt
MRs and lacI MnFs in the two mammary carcinoma cell
lines were increased, compared with that in RMEC.
Mean = SE. * P = 0.0001, ** P = 0.0000001.

e d, FHENB LN €A opEEd S AMHkD
MIETHD I EE2MAL, X— K37 AITBT L EMES
REL B TH -7z, BENZ, PhIP7-4 134« tfiflint42 &
E®THo7201Zxt L, PhIP12-1 134K 577 69-102
&, MO E 2 mHEICRRD .

3. v FEAAHIBRIZIT S hprt MRs O8h

WL U722 %80T v MALDSAKIIARIC B 5 NFENE
BT hprt ® MRs %2, UTFTOHETHEL &
(Watanabe et al., 2001a). *HICIZ T v MIEFFR LR
WCH ML (RMEC) % Hw7-.

x s O MK 10748 &, % 10°8 F THAGH S ¢ 7
%, SHRECEETI L 72, EEOMBEED: & i oML
¥oO(10*MH) 2L, BIELAMEsRnEE Lz,
10°M8 D 4l % 96-well 7 L — T 18IS (% 10* il /well)
ML, 24WEI#£12 1.5 ug/mL @ 6-thioguanine (6-TG)
L7z, %68 EMEIC, 6 TG v =—%5H
L, hprt 28R RKE L L. #Mifakkiconwe, 2o
PeE% 24 l# Y 3K L 72, MRs & Luria-Delbriick @ 8 X
(Luria and Delbriick, 1943) #JAWTHHW L7z, hprt
MRs iZ, PhIP12-1 & PhIP7-4 8 X O'RMEC T, #h
ZN82x107, 11x107 B LU 1.4x107 &R hprt iz
T Mifaschy (Fig. 24), 23RN T v ML A
Markcix, RMECICIL-X, hprt MRs 2% 6-8 5340 L C
7> (Watanabe et al., 2001a) .

4. T v PIHPAMBEERIZ I B lacl MnFs Ohi

AKY2ER T3 lacItransgenic Big Blue” 5 v + #JH T
L7280, B L-MRICIE, ~— 7 —@8EFTHSD
lacl VKRBT L L THARTN TS, T EFIH
LC, WIEMEETTH 5 hprt 7203 Th M EET
TH D lacl ZIREIC LT, HEREROBLHEAE DT
D J)7ETHE L7z (Watanabe et al., 2001a) .

X R O M 10748 %, %9 107 F TR S £ 7z
%, SMBEEHNL 72, EEOMIEES S s oM
BoO(10*48) ZIML, BILMRsEEEE Lz, [
WL 745 7 = 7 — Vi X ) 72 2 DNA %
L, lacl Z2RE SRR W > TR L 72 (de
Boer et al., 1996 ; Suzuki et al., 1996). gk IZD W
T, ZO¥MEZ 6D R Lz, 5N 7z lacl 22K R
RIZ T RCIEILAS) 2 R L, 7 2 2SR B & 28
RSB (mutation frequency ; MnF) Z &L 7.
Z D lacl ZERERORMETIX, BRAERETTOME
WZOWTIRIT L T b biF Tk, B —#o
DNAIZOWTHIZEL TWAIZHEE 2w, LA oT,
Luria-Delbriick ® 8 3. (Luria and Delbriick, 1943) 12 X
HMRsIERD L Z LN TE RV, FZTARIZETIE,
RO 72 ERERKOEAD S MaFZ2HIL, 51220
fii%, #BigEL 722 CHREEE L L 72 MnF % k&
72, TOHPETHEM L7 MnF 3815 L 724524 101 5
EERLIZDDOTHY, ZBREROERHMEZ FMEICK
L C\w5. lacl MnFZ, PhIP12-1 & PhIP7-4 5B X O
RMEC Tlx, ZhZh59+86x10° 72+ 4.1x10°%
X047 £1.6%10° (mean = SE) T& Y (Fig. 2B), #
3L 72 2 R O FLAS AR I RMEC 12T 12-15 7%
HWEERL, CNEHRAMICLIAEERTH - 72
(PhIP12-1 ; P =0.0001, PhIP7-4 ; P = 0.0000001)
(Watanabe et al., 2001a).

5. 7 FAPAMMNBKTHEIR S NG lacI BRBERD
TR

et & N7z lacl BART DR T % 53 % L T Table
112 F £ 72 (Watanabe et al, 2001a). 2 ZFEDIIA
Mk Tld, RMECICIERTIRTD Y 4 T OLERER
MEIMLTWz, B2 THAITHS CLGAD transver-
sions ¥, RMEC TSN h ozl L
(0% ; 0/6), PhIP12-1 & PhIP7-4 ClmHHEICBIZE S
7z (PhIP12-1 25% ; 6/24, PhIP7-4 24% ; 6/25). A"
T 5 C:G®D transversions &, HARZERERL LT
FIEFIERICLARO O, Ty ORI
(0% 5 0/34) IZBwThelmBshTunwin
(Okochi et al., 1999). A: T 5 C: G~\® transversions
X, hprtidfz1 T3, PhIP12-1 & PhIP7-4 & C, Z#hZ
N15% (10/67) & 21% (19/92) & EHHEICHZ S
(Watanabe et al., 2001a), 45 Ok To SNIIZH:
& Bbhi,

Single Nucleotide Instability (SNI)

1. ¥4 7uy5774 MEREG/T I Ay FHifHE
IAR Y FBERORENHL L, v~ 70754
MERIZF TR, HIMRERDEMARDONLZ L
AH BN TS (Glaab and Tindall, 1997 ; Lengauer et
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Table 1 Classification of lacl mutations in two rat mammary carcinoma cell lines and their primary carcinomas

Cell line Primary carcinoma Normal
RMEC mammary
PhIP12-1 PhIP7-4 12-1#1 7-4#1 tissue
Total 6 (100) 24 (100) 25 (100) 38 (100) 33 (100) 34 (100)
Base substitution
G:Cto T:A 1 (17) 4 (17) 2 (8 6 (16) 3 7 (21
C:G 2 (33) 5 (21) 4 (16) 5 (13) 6 (18) 0 (0
AT 2 (33) 7 (29) 8 (32) 9 (24) 6 (18) 17 (50)
A:Tto C:G 0 (0 6 (25) 6 (24) 6 (16) 8 (24) 0 (0
T:A 0 (0 0 (0 0 (0 1 (3 2 (6) 3
G:C 1 (17 1 @ 1 @ 4 (1D 1 3 3 (9
Single base pair deletion
G:C 0 (0 0 (0 0 (0 2 (5 9) 0 (0
T:A 0 (0 0 (0 1 @ 0 (0 1 3 1 3
Other mutations 0 (0 1 @ 3 (12) 5 (13) 3 3

No. of mutations observed (%) .
This table was modified from Watanabe et al., 2001a.

al, 1998 ; Loeb, 2001). k4 DM L72F v LA AM
FaRk CIE M ZERERF DI S 7 LA BTz,
INHIAR Yy FBERORFEIZL ISR ST
LU REMEAE 2 bz, 2T, T v FELAAMIIRKC
B 5 MSI OA 4% f#H7 L 72 (Watanabe et al., 2001a).
2RO T v b AMBKE, PhIP12-13 X UFPhIP7-4
D% 7 ADNA (%627 10—®DDNA), *L CHIEHE
12181 B L O 74810587247 7 LDNAZ HWT, 21
JERL D= A 7 a7 I A4 MEREMITLZ. LAL, W
FTNOMKIZBNTD, 21T RTTERIT D R
HMENLdorz.

2512, 7y MPAMBEKROBEDZIZOWT, 7
VY7 MEFIICE ) G/TI AY y FHEARROA EZH
I ATy FBEAICBWT, MSH2 & GTBPIZ &
H5G/TIAR Yy FORBERBFIIEETH AL, LrL,
WINOAPAMIBITDH, G/T I A~ v FEF~DFF
BB EICE AN FERIETE 2, ZoZehsn, 2
NOID AL G/T I A< v FREAHRICITRE D
LTweEzbhi-.

VY EORENP S, REFFE TV L2250 T v ML
HAMNERRIE, MSHIZRED SN EfEam L7z,

~X7-.

2. SNIOA#E

2D T v DA AMBRETIX, MSIAPRRD bR
WOIZB PR ST, HRERBRERFOWNS » 74 LA
BRDI. Thbb, Wk, IKKWRENTERLST ) A
REFEED =D THSHMSI L TR LML L7/
ARG EMDHFAEGH O 0L oz, 22T, FAIFD
DI I A TDT ) AR EN T [ —IRIEAREN
(single nucleotide instability ; SNI) | & &1} 7.

SNI L A UHARIE, v bORESAMBERIZB W TR
DHHENTVSEZENTTIZHE SN T 5. Eshleman
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5%, 9O N OKRESARMIE % VT hprt MRs
DAl % FEHNZ M LT b (Eshleman et al., 1998 ;
Eshleman et al., 1995 ; Eshleman et al., 1996). Zh 5 ®
% {1, MSI % v 22 SRS ik &, MSI
b R R AR AR BRI S S 7228, W
—, V410 D AIEMSI D372 \WIZ b 222 53, hprt MRs
D100 LA %5872 (Eshleman et al., 1995). Z Ol
fad A TH 5 C: G transversions A& 4 12T &
NnTHBYH (Eshleman et al, 1998), F 4 25725 v b
FLASAMINERE & A — DG 2 TR LT 2 BLASHEIREE.

3. JEFEHTD SNIDEAE

7 AAEE R GHTT % 9 2T, MlikkE w52
EOFEFEMITEIAR LAY TH S, LarL, Mgl
BLTWLRBREHETTHLin vitroDBbDOTH Y, K
BEZOLOTRETCVWLIHRZBIEL T Wil gtk
Bhsb. 2Fh, FORDOLNT ) ARZERZ, K
LAz EICX DR L2 TICHE L2 o TIE 2w h
LD, £H v mns, FEIEHETSNIOGFES
FEHT 22 81E, EDOOTHEELILTHA.

JEFEH T A2 MBI E TE Rz, MR
LEROEBHEEZRDLILIZTE R, LarL, A
BTIlacl NS VATV 2=y 75y MIFHER L%
HTwa 720, ~— 8 —@E5TFTH 25 lacl #{nT D%
IRBERZNTT 5 2 EDHETH 5. FLos AR O
VAZHWESEE, 12-181B X 074841 ClE, A TH
5 C: G\D transversions #, ZNZFN16% (6/38) B
X024 % (8/33) &, WIFN I EMHEICHED LN
(Table 1). BHIZADOLNLEVATHLSCIGAD
transversions 2 EFEHE T WHEICHE I N2 L »
5, JEFER & MR & T IE o Z2 IR RIS AR A3
TWAH I EDTRIBE NIz, T4bbH, SNIFKRILLA-Z



LI DR INRE TR, BEEEOBRE» ST
TIHFIEL TV ZEZz b,

—7Ji, PhIPIZX D iFFs SN AU R 8RB L L
T, G:CREMFAMSNTWS (Kakiuchi et al., 1995 ;
OKkochi et al., 1999 ; Okonogi et al., 1997). G:C/KZ&iZ
A AR T E RIS N TV h o 7228, FEHE
TI59%HIEN Tz, ZoZ i, FEEETREAD
5N 5 R FII PhIP OB 2 i < 21T TV 2 DIx
L, Mk THOZRZERIZPhIPOMEL2ZIT TR W
ZERRIEL 7.

E FELOAFREIRRICEHIT D SNI

FEREE T N2 RIS B &, FEDIAWE DI HERS,
BRI, G BRBEENFEDOY LA T, T O
R, FBIRESINLEG BN —TH 5 L) Flusrd
5. —7J5, & MESE, BEME RIS TESTo

Do
(=)
L

—
(=)
L

hprt MRs (X107)

0 l l
HMEC MCF-7 ZR-75-1 T-47D MDA MDA BT-474 SW480
-MB-231-MB-468

Human colon
cancer cell line

Human breast cancer cell lines

Fig. 3 hprt MRs in HMEC, six human breast cancer cell lines
and a human colon cancer cell line. Five of the six breast
cancer cell lines showed 2.9-12 fold increases in the hprt
MRs, compared with HMEC and the colon cancer cell line
negative for MSI, SW480. * P< 0.01. Modified from
Watanabe et al. (Watanabe et al., 2001b) .

MSI (-)

RIWEAL D LWz, EbOTEMEHKTH D, L
ST, FRBALREZHYWETVTHWIRL, To%%
v MEETHRET L E0w) 7 7a—F1%, FHEN2OR)
HKHEEZOND., ANTUHA 7)) v 7T IV ~DRE
e PADPAOFERICHEEG L TWwE I EARBEINTE
) (Sinha et al., 2000 ; Sugimura et al., 2000 ; Zheng et
al., 1998), PhIP C#HIEL72T v MBS AMIIE CTRRD

5M7zSNIZY, b PEALAAMIKEKIZEVWTLREO 5N S
MG s L7z,

MSIASFED NN EPHE SN TS 6RO
FELASAMIEAR (Anbazhagan et al., 1999) 2DV T,
F v I AMNEKRD & & L FERED )T hprt MRs %
M%E L7z (Watanabe et al., 2001b). xfHIZid e MIEH
FUIR FE ML (HMEC) # w7z, fi#r L7z 6 8foe
FELASAMINERD 9 B, 55%# THMEC & -~ T MRs
O LAFED 7z (Fig.3). hprt MRs O L5235, %A
M TR RNICBO SN2 BET 5720
12, MSIZ&K< e MREAAMBERSW480 T MR %
WEL, LAZREDBRWBAMELH D2 & 2R L.
FVY 7 METIZE D, Mz ARk TIZG/T
IAT Y FREARIIER TH -7 (Watanabe et al.,
2001b). DLEo#ERL2S, Pl L 5RMOL FEANT
AR T, MSIZfEDFTICMRs 2" EHLTEDY,
SNIZSFAET 5 2 L AVR S 7z,

hprt MRs (2 L C, Eshleman 5® bt b O KB A AM
BatRIZ BT 5 NS (Eshleman et al., 1995) &,
&2 OFHTKE R (Watanabe et al., 2001a ; 2001b) %%
BT AL, BIERRWZ DA% (Fig. 4). MSIDEAE
TAHLEICIE, MROFZELWEADEDLNE., —7,
MSI2SFEE L WA, KBS AN CTld MRIX
LR LRV, ADAMBEETIEMRAEML T 5.
O, MSIZFIET 5 L R TIEI L WA S5 7% MRO
LHM, SNIEWIBGRTH L. KIEHAMBEKTD,

MSI (+)

1204’

100 { ¥4 : Rat mammary carcinoma cell lines

80 M : MSI ()

601 MM : MSI ()

40

hprt MRs (x107)

20
% *.*

* %
[ ¥, * L
L2

] Human colon cancer cell lines

k

*
s *

RMECPhIP PhIP NMU HMEC MCF-
121 74 7

7R TATDNDA MDA BT SWASWSSTSWR) Vas) Va7 VAI) HCT RKO Vdo7 VA3
BlOMB MB 4 116

1
a ]

Rat cell lines

Human cell lines

Fig. 4 hprt MRs in rat and human cancer cell lines. * SNI-positive cell lines. “Data from Eshleman

et al. (Eshleman et al., 1995).
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VAI0DAIESNIZ R T EERONL. KA AT
MSIE S BI5- L CTwW b7z, VA0 AR L7-BLR 1351
e sz, LaLl, ADPBATIEMSIAIZE A LR
OOLNHEWZ &% 2 5L (Anbazhagan et al., 1999 ;
Speicher, 1995), SNIVEELR&EE %X/ L TV 5 D)
b LA, EBEFIEET LEENT, M5 LTwsr
I ARG D 5 A T AT B REEAVRIE S /.

FLERFED AICHIT D SNI D1ZE]

MSID & 9 777 7 AARLREME, A DOWH#EFET
HZ-oTWwb EEZLNLTWS (Loeb, 2001). —77,
SNIIZDoWTiE, A% EHWET VORI TS
LTV AWEEEAE V. — I, BolEgEiie bo
R OM O ICHY T2 & E 2 5h, SNIb A
DB RINCHE R IN TV LI ERBEIND, KA
BHIEED LA, T FAMFENSAIZET S SNIDO%HE
Z, DFTOXHITEZ TS, PhIP~O#HEEIX, Mg
LIS FSE L MIETFONEMALE FHRT 225, &h
121%, SNIZ§E5T 4 X 9 BB T2 L S u7-flia
AHHET 5. TOMBTIESNIZSHR SN, 7/ aatk
DBIETOREPRLE L DI LIZL > THAEET
RBAIHERTICRRERP A o727 u— VH
L, DAMLICES.

[SNI % #5395 Ea 1] I L TiE, RETHEXS.
SNIIC & o Tif%E S N7 ZRE T X D IEYEAL - ANTEAL
SNBEVBAEERMETIE, BRETEDLo TV,
PhIP 2 & Y #%E L7282 AICB W TIE, Haras D25k
N 10-40 MR S, p53 DIIRA DT FE NITFED
LA, LrL, TNETICEFSELRVAKMEBET
DZEREEDIL RO NTE 7228, RREEDSHH S
NEEFOREFITE ALY (Dashwood et al.,
1998 ; Roberts-Thomson and Snyderwine, 1997 ,
Ushijima et al., 1994 ; Yu et al., 2000). ARZEERTH W7
79 FOIMNATIE, pS3DORERER TSN TR
Vv (Watanabe et al., 2001a) .

SNI FERDT FHIBEDRR

SNIWED &9 o FRIEIC X DRI T 200
13, HLOTEHEHELZWETHS., T ehb LR
b7z0H, SNIZb2TF v MFAHMIKRTHRD SN
TEHEDA I TH S C: G transversions T - 72.
FxlZFT, OV TORREROEMED E R T
WELEDOD 5 ZOOBIETIIHEH L7225, KRELSH,
BH 3RO bk o7z, B, Brecal EHOREIULT
ERWHLTBY, ZTNAHSNLIZBG-§ 2 fEtkicow
THEZEL TS,

1. Mthl &5 FDAEEL
Mthl &5+, KW MutT ® mammalian homo-
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logue TH Y, X7 LF+F K 7= )V OBALIEG %%
(772 8-OH-dGTP Z MK § 5 HHZ I — FLTW5
(Maki and Sekiguchi, 1992 ; Sekiguchi, 1996). K/
TR MutT I 2 —7 — % =L, ATH5C:G
D transversions 28 100 £5 2> 5 10,000 f5 12 L A3 5%
(Fowler and Schaaper, 1997). Mthl / v 7 77 b <7 A
(&, ESHINED L )V THIRZERERDPEP RN N, 2%
FHLTWS (Tsuzuki et al,, 2001). % 2T, SNI#%/R
L 7=tk T Mih1 DAL O I % %47 L 72 (Okochi
et al, 2002a). PhIP C#HEHEL72T v AP AB X OB
L 72828 AMIIRRIC DO WT, 5 v b Mthl 15§ PCR-
SSCP##r %47 - 7= (Fig. 5A). =27V~ 1&3Tld/N>
FORENEZLITRD ST, ZRARIIMINE e h
o7z, TV 2 TR TRENE DAL E RO
LNV RERI L7228, AR 2 MR, 737
BEALZED R WERTH 72, T, AEEBRETHOV
729 v ;A (lacltransgenic F344 Big Blue” x SD) F, 5
v NTHDzD, T MNTLy FTHASDT v b
O=—HkDOEMTHL LEZ LN 51T, Mthl
WAL T O mRNAZBLL NOUAME T L Cw 2 gtk b &
D, RN L7z, BRI TV F A ART-PCRIETIE, IE
PICBUARIETEIROONT, & LA LAEMICH
-7z (Fig. 5B). DLEICX D, Mthl @z T ORI LI
SNIDE K TIE v & fEwm L7z,

2. DNA polymerase k DFEIBIIN

SNIFES DA & 7 Lo FEMiEE T & LT, error-
prone DNA polymerase ®—2 T& % polymerase k (Pol
K) \ZHEH L7z, Pol kid, in vitrol2BWTT25 G~
DERER % FH X4 2% (Ohashi et al,, 2000). #Z T,
SNI %75k L 7= MRk IC BT, Pol k DBRIZEBLO A
ZHMiat L7 (Okochi et al., 2002a). PhIPT#HRE L7125
v MDA M, BLUY, B LS AR 2 Rk
IZ2WT, Pol kmRNADOFEREE ERN) TIVF A4 A
RT-PCRIZEICL D F#IRA. Lo L, BT L7zARAB X
OB AR O WFRIZBWTH B LA E#ED 5 h
T, GLABBLANVIEKTLTWw: (Fig. 6). 0%
WK T O RKIEARHZ25, A< &b Pol kO M5B
WX YSNIFFEREIN TV EIDbIFTREVWEEZOR
7z.

3. Brecal DARTEIL

BRCAI#InF1%, & MEEWILAAZK TR O T
W2 &) KIEVEFLD A D FRE IR & L TEDFAEDY] S
MZEN, su—=r 77 (Hall et al, 1990 ; Miki
etal, 1994). ZFOZERERI, RIFEMEASA TIIEHHE
2 5N b A (Castilla et al., 1994 ; Inoue et al.,
1995 ; Martin and Weber, 2000), #IEHEFAA TIHIZ
EAERE &N v (Futreal et al., 1994 ; Khoo et al.,
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Mutation and expression analysis of the Mthl gene in the

PhIP-induced mammary carcinoma cell lines and the pri-
mary carcinomas.

(A) Mthl1 PCR-SSCP analysis. Lanes 1-3, DNA from nor-
mal liver of SD, Big Blue" rat and their F, rats ; lanes
4-14, 11 primary mammary carcinomas ; lanes 15-17,
Big Blue"” Rat 2(BBR) fibroblast cell lines (trip-
licate) ; lanes 18-20, mammary carcinoma cell line
PhIP12-1 (triplicate) ; lanes 21-23, mammary cancer
cell line PhIP7-4 (triplicate). In exon 2, shifted bands
(shown by arrowheads) were observed in five prima-
ry mammary cancers, and found to be a polymor-
phism without amino acid changes.

(B) Real-time RT-PCR analysis of Mt ImRNA. mRNA lev-
els were normalized to histone H4, which reflects the
number of cells in the S-phase (Lee et al., 1996) . The
RT-PCR was repeated five times, and the resultant
averages = SE are shown. No. 1, RMEC ; no. 2 and
3, mammary cancer cell line, PhIP7-4, PhIP12-1 ; no.
4-6, normal mammary glands obtained from three
non-treated, age-matched rats ; no. 7-15, primary
mammary carcinomas. Modified from Okochi et al.
(Okochi et al., 2002a) .
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0 L MO = C1E e =
123456 7 8 91011121314 15
N T N T

Culture
N : Normal, T : Tumor

Primary tissue

Fig. 6 Expression of Pol Kk mRNA in rat mammary carcinoma cell
lines and primary tissues. mRNA levels were normalized
to histone H4. Samples are the same with those in Fig. 5
(B). Modified from Okochi et al. (Okochi et al., 2002a).

1999). LA L, #BEEATAICBWTD, HABL X
JVTIEBRCAIDFEHAMEL T LTV B L) #ENDH 5
(Miyamoto et al., 2002 ; Wilson et al., 1999 ; Yoshikawa
etal., 1999).

4z, PhIPCTHEIRE LT v PAPBAIIBWT, T
v b Brecal VA D5, Brcal mRNADFH, 70 E
— % — IO DNA X F VAL DIRTE, & 512, Breal#ll
B D 2R A FE O 7 % 31X 72 (Okochi et al., 2002b) .
J v I Breal L XX 3 % i opie  BRCA1HiA%
w7zl ta <, F—Yh LolEw RS &
g U CESST 0 COH S gtk oK F25iBo b
(Fig. 7TA), MBEL7HABA1THDH B, 1FEAETX
TOAMNATBrecal HHDFEHBZF I T LTz,
CDBrcal EHORBIKTIIX, VA% 70y T
R s N7 (Fig. 7B). —J, 70T —% —HB0OMRE
AFUALB X OFIRER O ZRER IR 5T,
mRNA OFBUIE 2N Tz, L72H > T, PhIP#HHR
F v MHLASATIE, Breal mRNAOFIFARIHR O T F 72
i Brcal EHORERDOKTAELTWDE EEZ LN
72. B MZBWTY, BRCAI mRNADOFIBUKT 2 LD
312 BRCA1 &I E D FEBUK T & /R 3 BFEME LA A A3
£ LTHYH (Miyamoto et al,, 2002), PhIP T#HIE L7z
v MDAL, ZOFZALTOE FADRADRNET LV E
hHEEbhs.,

BRCA11Z, BRCA2 & & H IZDNAMBIEIZE Y3 54
fEFTHAHI DO, ZORRKIBEICL-T, 7/
DA, FRICCINNREIAZZ ERMONTWS
(Venkitaraman, 2002). %I, Brca2% /KL 727 A
T, MBRERBED 23/ LA L Twd 2 iy
X7z (Tutt et al.,, 2002). BRCA1 D HEBETE S A3 M 2204
ERIZED L) BB E LIETT IOV TOREIIBAE
DL ZTARVA, BRCAL DOFERERIRIC L b TR R
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Fig. 7 Reduced Brcal protein expression in PhIP-induced mammary carcinomas.
(A) A representative immunohistochemical analysis of Brcal protein. Using an antibody that recognizes the
carboxyl terminal domain (a, b) and one that recognizes the amino terminal domain (c, d) of human
BRCAL, a PhIP-induced mammary carcinoma (b, d, X180) and the normal mammary glands (a, c, X180)
within the same specimens were stained. Immunoreactivity was clearly observed in mammary glands

while it was absent in carcinoma cells.

(B) Immunoblot analysis of Brcal protein. Lane 1 : rat normal skeletal muscle as a negative control ; lane
2, RMEC ; lanes 3-7, PhIP-induced mammary carcinomas. A band for 220 KDa Brcal protein (closed
arrow head) was detected in RMEC, while it was not detected in the five mammary carcinomas tested.
A band for 116 KDa Brcal, a splice variant without exon 11, was also detected (open arrow head). *A
non-specific band. Modified from Okochi et al. (Okochi et al., 2002b).

BN LEFTHUHEE L BEIXTE V. SNIAZE L DL
WA E L TwabZ EE, BRCAIEHDREBUL T 28
L DANATRDOONLZ LIIBFETHETH A.

4, SHROTTO—F

JE4E, cDNAYA 707 LA %% W52 LT, #EE
FRILRXVET ) AT 4 FIZRRE ZEPER ko
7z. L72h 5T, SNIZRTHAMIL LR E WAt AM
NRCTOBGTRHAL NVOMEZHERET L7 70 —F8
Zzohb. LaL, PAMBTOREZETFREIIIZIEIC
WD, HACAOSAMRRE LA R L2720 i3 ESE
BEWHRO2Y, SNIOKKELET 2L DT E DD
THEETH L. SNIDFHBIZTRED/2DITIE, #HIR
MRS —T, L2d, SNIOFENZ-E) &L
TV BB AMRE BB L, 2 s DR ATk
THEHMEFHEHALVLANVERKRT Z2LEPH D, —T7,
DNA BB BT 5 fidelity DX T %° DNA 153 0 Wi
A5, SNIDJEKNTH L REMEIZE . ShHICBE5 35
BIZTFDI)H, BDANOHGHREZONLbDE—DF
DOTEIMENT AL T, MOEPOFRLIBHELNL
HEVED B 5.

176

] B

I v FBIUe FADBAMBERIZIBWT, S ATy T
BEHRDRE L I3RS L) MBRERDO AL
MERD, By A TOF ) ARNEEEDOIEE R
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