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[ Abstract ]

cross-link was placed between the promoter and the coding region to inactivate the expression of luciferase genes from re-

Objective: To study the repair mechanisms of ICLs in mammalian cells. Methods: A site-specific MMC

porter plasmids. An in vivo reactivation assay was developed to examine the removal of ICLs in cultured cells. Results:
MMC cross-link was removed in repair-proficient cells in the absence of undamaged homologous sequences, suggesting the
existence of an ICL repair pathway that is independent of homologous recombination. Mutant cell lines deficient in the
NER pathway were examined and found to be highly defective in the recombination independent repair of ICLs, while mu-
tants deficient in homologous recombination were found to be proficient. Mutation analysis of plasmids recovered from
transfected cells showed frequent base substitutions at or near the positions of MMC crosslinks. Conclusion: Recombina-
tion-independent ICL pathway exists in mammalian cells and NER involve in the repair with an error-prone mechanism.

interstrand crosslink ; mitomycin-C; nucleotide excision repair
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1 #MREFE

1.1 FH MMC 38 BR 19 B R g ik, pCMV -Luc/ICL

FHEE 2R MMC 2256 1) SE 4% H e 4 A28 6 R il
JFUkL pCMV-Luc 9 )i 807 Fn i 25 36 8 22 e, HLAR A B
WF:H, AT AW —B 19 bp WEEZEA% H R 5'-
TAGATATCATCGATATAGT, 5'-TAGACTAT ATCGAT-
GATAT.  MMC 5 5E4% H & rh #8019 S5 e ( B4R G )
M T MMC SR A% H R . el B 4G <%
HH y-ATP #Ric JRFE PAGE R4S, BRIESC BE 1 542 H
1% 7 97% LA 1o SEBEAL AT BspD 1 AU A5 T K1)
Anic s ), Pt an S 40 s 52 A R R A & AR 2
A5 R BERE BspD 1 PIWT. 1A% H B2 Wi % 4 Nhe |
T D)7 o5 B RGP AR vy, FH T A A R BT S S .
Nhe [ B Y7 6 Z B SR pCMV-Luc( Johns Hopkins K
2% M. Hedayati I L. Grossman #{#Z41% ), B4l K %t H
Klenow fiff % #h I-—4~ C LAB 1k H i, 285 -5 MMC
ACHR I SEAZ H R 145 . o), T It 22 1) P4 2 Jo bz
ST 2 P 0 B o TR0 ) S Rl Ll G Y ) B
P P9 VDD A S R R R B L y-ATP AR
IR PAGE B/ Es( | 1), B ki pCMV-Luc/C
H 9 EF BETURE pCMV-Luc 15 1E 38 B A4 55 4% H R % 1%
35,

E1 MMC BRI R 4 i
Fig. 1 Purity test of MMC crosslinked plasmid substrate
1: pCMV-LUC plasmid with a MMC cross-linked oligo
inserted at the Nhe [ site. 2: pCMV-LUC with an unmodified
oligo inserted at the Nhe [ site. 3: pCMV-LUC vector only.
All three sample DNA were digested with Sca | and Hind I to
release a 105 bp fragment ( 86 bp in the case of vector only )
and resolved on 15% denaturing PAGE. End labeling was
used to visualize the DNA.

1.2 g = Fan i 57
AU i AN AR C B B B A0 ) ¥ B 32

L H 0 American Type Culture Collection, Rockville,
Md. )R ZE 3 A 28 28 41 g 2 ( Human Genetic Mutant
Cell Repository, Camden, N. J. )o N4 ZE HT 1080
( SF4EPIJ A ) RKO ( 2579 b R 4 ) A =6 B
JT2T 4E BE AT R V79 B5 IR 1E 10% Jif A 1L 15 /) MEM
b P ES RO S AT HI( Chinese hamster ovary, CHO )
AAS 21 i A AE Y 28 A2 R UV20 ( ERCCL ) #l UV4L
( XPF ) 7E 10% Ji 45 IfiL ¥ £ DMEM 5 38 8 b A4 K
E1KO7-5 ( ERCC1 ), ERCCI-KO, E1IKO47 ( ERCCI-
OK ),ERCC3,ERCC4 1 ERCCS )& CHO 40l & ; i
TS AAS AL R A . & VT E( Xeroderma
pigmentosum , XP )ZF4EREA I R XP20S ( XPA ), XP4PA
( XPC ), XP6BE ( XPD ), XP3BR ( XPG ) #1 XP30RO
( XPV)IEFRAE 15% Jia 25 L3 i MEM 7. XP30RO 4
i & HH James Cleaver {8 11 3%( University of California
at San Francisco ), irsl ( XRCC2 A irs1SF ( XRCC3 )%
AR M 2R 4 5 B Larry Thompson ( Lawrence Livermore
National Laboratory, Livermore, Calif. ) Fn Nigel Jones
( The University of Liverpool, Liverpool, UK )Ii% , 4=
£ 10% Ha L35 1) MEM

R0 T, HT1080, RKO, AA8, V79 S JE DNA
16 52 Tk B AU 240 L % 5 XP R 41 /2 NER & 52 il [ 72
HMf 7 ; ERCC RFIULE NER &5 i b B 20 i 3% L 1HL
SV E A B XRCC &R %1 2 [A] R 58 41 ( homologous
recombination, HR )& Z BB G A R, AR
AEDFRAE L 3R 1),
1.3 4% Qe ot

MM AL 4Lk 57) iy FuGENE-6 Kit ( Roche Molecular
Biochemicals ), % 4420 B¢ 4% BROCR 0 B B 047, ) ik
IR < 4 35 R BEFRIAERD 1.5 x 10 40T, 22 16 ok
B AE SR BTRE 0. 5 ng, JH#R/K DNA #h 2 BEHE 1 pg.
FRIGORGIN PN 25 UL, DASKR S-S5 (8 . 4l i 7 7 4% 30
h JE WA, SN R FH 26 28 1 23 R BE( Promega )
F1H Y 3010 % 36 1( Pharmingen ). MR ED
HEAT 3 UM e NSO IN . A0 i 52 MMC B[R]
A R RE (TR PR A MBS RE 1, R IR ) h S2 KA
A DR o AE SRR ARG GIE I A 73 3R R .
1.4 RAFI A

JH MMC A28 Ok pCMV-Luce/ICIA 150 ng )¥% YL 0
16 52 BRI 1 40 L 3R RKO, 40 iRl i B 60 220K 3%
FRILS x 10° 4. 553% 30 h e, FH Bl BL 41k 4 i ok
ISR , 4% I FH F, ol B A o i 4 48 52 2 E 1) 200 T ok
AB2480 (uvrA recA ZEAE{A ) °1, LLY™ 1Y ol W 3L 3 0
KUY pCMV-Luc/ICL( I I 22 6 ) © BR 25 ). 15
PCR 488 & A2 BEIX 1) 230 bp Fr B, 311 BspD 1 i)
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it 1 AR, Fi i W R AL AR BRI HEAT DNA 52> .

&1 DNA &5 50 BT F 4 R 3 B 4 W) SR 451

Table 1 Characteristics of Cell lines used in DNA repair experiment

Cell lines Source Characteristics
HT1080 Human fibrosarcoma DNA repair proficient
RKO Human colon cancer DNA repair proficient
AA8 CHO DNA repair proficient
V79 Chinese hamster lung fibroblast DNA repair proficient
XP20S( XPA ) XPA fibroblast XPA deficiency in NER

XP4PA ( XPC)
XP6BE ( XPD )
UV41( XPF )
XP3BR ( XPG )
XP30RO( XPV )

XPC fibroblast
XPD fibroblast
XPF fibroblast
XPG fibroblast
XPV fibroblast

XPC deficiency in NER
XPD deficiency in NER
XPF deficency in NER
XPG deficiency in NER

XPV deficiency in NER

E1KO7-5( ERCC1 ) CHO
ERCC1-KO CHO
ERCCI-OK CHO

ERCC3 CHO
ERCC4 CHO
ERCCS CHO

irs] ( XRCC2) CHO
irs1SF ( XRCC3) CHO

ERCCI deficiency in NER
ERCCI Knock-out
ERCCI1 complementary
ERCC3 deficiency in NER
ERCC3 deficiency in NER
ERCCS deficiency in NER
XRCC2 deficiency in HR

XRCC3 deficiency in HR

2 # R

2.1 X MMC B8 s 16 2

ST AR [R5 T2 2% L 30 4 s A
MMC 551 DNA % ] 32 B¢ 1Y) g 1, AR RS0 SR T 8
DNA 1& 52 il Sl 5 750 200 Jf R DNA A& 52 it it i 754 200 Jif
FXT A DNA B 8] 52 16 0 Bk i 12 B A 00, BIC 1) H]
TC 16 5 T B 75 40 A 3R A BA 6 IR (2 ) sl
G B NER Sipa A0 7 K R LE NER B2 2 5
R AR [ 4 A 8 R R 5 (3 ) W) VR o 4145 5 il
SR FR AT i 2R 34— 25 B (] Y T 448 5 IR 1 R )
XFPIE R E AL B R
2.2 OB R A RLAH M X MMC 85 [ 32 B 12 2

AR SRS P A9 N4 i R HT-1080 \RKO 16 B
M2 AA8 V79 ¥ JC NER 1452 B BB 40 2 .
0.5 ng MMC 22 B JFi ki pCMV-Luc/ICL Fl=E 58 Bt i A
pCMV-Luc/C [AIBF 56 4 BRI R . BT MMC 383k

FILF CMV Ja 807 FoE 5t 2 Bl 15 3 R 22 8], BHLIKr 17
AR RSk . HA ML BR MMC 225555, 4
SHPICERMN RN, HVOURBERIL 0 SRR
W T ICL B R BRAFREE o 1 X R F18) 31 A2 BB o ey ke 2
ARG BITT SRR 2R B . I, 4i B = e )
A ICL 4 iz e R Ry b 5 54E ICL 41 s b=
Mt i) 2% 3K e 2 Lok T B, S0 45 SR 3K B, HT-1080,
RKO, AA8 F1 V79 4 fifd 2 X% MMC 4% [H] 52 Bk i 18 & fig
H35% ~60% (&l 2), X TG NER & & fiff Gk 6 40
JifL 2 BB AT AR A B MMC % ] 38 3¢, 4 7 i 2L 3 0 4 A
Bz FVR RS RIE LT B TE S — BB R ML .
2.3 NER 2784 ifd 2 %) MMC 5% i) 32 BE i 16 52

FARTR 7 400 NER 28728 2 Jifl 2 X7 MMC % 7] 58
Bey & &2 Bk /1. ERCC1 . ERCC3 . ERCC4 #l ERCC5 %
HEG R R, 5305 = NER B 5 R A ER-
CCl., ERCC3. ERCC4 #1 ERCC5. XP % 7F 41 il &
( XPA,XPC,XPD,XPG )2k H & (1T K s S8 & 41 4
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Yife. FTA NER 4R 40M R ( B XPV 4P )Y B R 40
Ji 6 Be S B B ARC ~5% ) B 2). B FARSL AR
B 7E W 28 TC [R5 9 47 6 B 0 40 & 2 86 0,
NER AR JLF A fE1EE DNA #5140, X 48 NER
BEINEXELZ, XPV EHMIL5 M DNA R A5
( lesion-bypass polymerase m )25 14, XPV 1B fiE
( ~20% ) bt Fo Al NER 28 25 14 &, 0 b dE 28 28 R %
50% 2547 N TEE R MMC &% 8] 38 B 0 o F2E b,
XPV/Polen A BEAS & — A A 25 L A, H AL 7] 5E 2 15 43
it 250 DNA A1 .

it —E] ERCC1 JEH7E MMC 4 [R] 38 B 18 &
R E R, X b E A R 41 R ERCC1-KO
1 ERCC1-OK 172¢ 6 R E R AR . ERCC1-KO J& M
P4 O B0 D 2R OATS49 f#i R ERCC1 3 H 5 15
BT 5 H SR KRG ERCCL B AH R i 2 B0 T
ERCCI1-OK K5 87 4= B ERCC1-cDNA 2 5E #5 J4( stable
transfection )ERCC1-KO J5 133, 5 B 4= Bl ATS49 — k¢
HAHT AN MMC B BE JJ( R. S. Naim, unpub-
lished results ), ERCCI-KO F1 ERCC1-OK f)%¢ ) % B
K2k % B, ERCC1-KO 1B R RET1RAL, 5 A R/ M
ERCCI #4; i ERCC1-OK ()16 & g 1 2135 %) 5 HT-
1080( Jof& 42 Ml i s 84 )M N B S e J1( &1 2 ).

B2 ZiFE MMC § 8BRS 4
Fig. 2 Repair efficiency of cell lines to
remove MMC crosslink
1: HT1080; 2: RKO; 3: AA8; 4: V79; 5: XRCC2;

6: XRCC3; 7: ERCCI; 8: ERCC1-KO; 9: ERCC1-0K;
10: ERCC3; 11: ERCC4; 12: ERCCS; 13: XPA; 14: ¢-XPA;
15: XPC; 16: XPD; 17: XPF; 18: XPG; 19: XPV;
Repair-proficient cells ( 1-4 ) remove MMC cross-link effectively;
Homologous recombination mutants XCRR2( 5,6 ) are also repair
proficient; NER mutants (7,8,10-13,15-19 ) are defective in
repair of teh cross-links, the deficiency could be complemented

by their perspective cDNAs (9,14 )

[FIFE, k] XPA JE DR B 2 5 80 XPA RAB R
e & ICL 1 J5 A, F BF A= 7 XPA-cDNA 5 [A] %% 44
XPA ZASM N2 )R , XPA ZEAR A [ 16 52 it [ b
A= 7 XPA-cDNA 58421, [RFE A 5] 5 HT-1080( &
16 53 TG B 28 AR B S BE T -

2.4 [F)EH L SR 2 L R 6 MMC B[R] SCBR B

) J5 B 4 28 78 40 KR irs] ( XRCC2 ) Al irs1 SF
( XRCC3 )43 %l B f XRCC2 FI XRCC3 £, XRCC2
F XRCC3 KL K 4544 B hRadS1 [7] I 5 2 i 52 iE AR,
YIRS ICLs MREEABE " APREET N
e MR E A E B, M IE I RR R AR R A S 54k
VR 2H 16 2 iR 4%, % XRCC2 I XRCC3 %8 78 41 ity &
AT RN R AL . PR AR B BE 1 5 e
ACF V79 FTAAS AU B 2), s e dERIR A B E
B RTEE F XRCC2 Fl XRCC3 [ U7 5 41 FE P =
5.

2.5 BRI EHM ICLs 1BE W s E

T 1A) A 2 K DNA XUk , 78 JC 1E 3 [R] J6U¥ 51
SR AERVEME B E 1CLs A nl e 7= A 5 A8 v
o ARG AR N SR 5 KA AE DNA SCHE X,
¥ pCMV-Luc/ICL % YL LB SRR 41 I & RKO. #% YL )5
30 h [ETOBTR T AL B A R Bk AB2480 & A RKO &
S TORL, #8 )5 1 BspD 1 B§UI, L2 A& 5 1 1) ok
BIpl U1t A& 52 5828 1 oRc I e U, el o 28 AR
TRITRL, AR PCR M T 114 A I sk,
Hoh 24 /9T BspD 1 B YT, th M HESE 5 5518 B2 R
21% o #—2XF X 24 HUPEFTRAT DNA ¥4 5347,
A 3BT I8 R M, X FRI4x 21 A BORLE) DNA
Fe A 43 BT R WA 1R s 9878, o 19 A4S BORE i) 52 728 67 A
TEAL T2 BRFRIBEE 1 0 S s 4k o Forb— Bk A 7 Ak
GEARE A, B T ACHRR M A TR ALY S AR A, TEASHR TR &R
fi4h 8 bp AbIA 5 — A% o A ERAYIE 21 A ALY A
RALMFIELRKZHOE T A, A~ C R4, 1t
S B R IRASHRFIEB AL 10 bp AR5 S, kA
R IR AE BB AT 1 G R

SRR AR 58 A A 20 B 2 A R R T A 4
TR AB2480 414 BT 8, 4 2 K BUkL pCMV -Luce/ICL FIHE
LR pCMV-Lue/C H 32 H T 7 /b AB2480. 5
SEER TR G, A2 B ORL pCMV-Lue/ICL 1 % 4k 2 AL
K 3% XA K B R H T R A A8 B R B Y AR S
RIAEAZBE Bk T 8. P R X 106 A 5o B 19 40 Hr SR,
60% I 5 [ = pCMV-Luc %5 2 4A,40% 58 & A 4 A
BOSER H R, (H X RE YL BspD T MY, 2 W% 3007 I A
AR KA M E— A E W ET AR 24 A58 7E R
TUiFLBh Y40 76 16 52 1 DNA B 18] 52 B4 4 3 72 op
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A
303 i@

MMC J&— i3 P 8 B I 2540 , & 4 Sk
i DNA 080 (N ) &5 4, ol i 75 6 [a)
CpG B 4% (8] 32 3k, o838 13 55 N GpG T8 Wi i N 38
R e N6 SR = SN E =R I
HNR S B, MMC JE A 4% [] 58 BE L P K 52 i
DNA BUEE (#0030 AR A MMC 4 (] 228 56 Jo
L3 Ve Y TG 2 T FAT 16 52 BB 119 10 A3 4
JiL 2R, & B 3 4 40 i A il TR R 4 U
KL IR DNA FOEIR] 221K ; 4% H IR DIBR & ( NER )i&
B R BB E ML
3.1 WFL Sl A At A [ R 418 AR R

ASZIG TR MMC i [R] 58 3K R Sz 41 g X6
VA (] 52 K 1 1 52 2 — P AR R R B A M i AR
PRI A 3 7L 3 400 40 L P S A A L E 40 R ) [ U5 7
3 A AR MG A A AR T 2 i A H
i LE 0 e 4 RS A T 5 . SCHlR R
TE I G G R A% bR LU B T v A R S 22
GrE P b L 2 1 I J( chronic lymphoblastic leuke-
mia, CLL ) 2Pk EL 40 1 L( acute lymphoblas-
tic leukemia, ALL )i /5 22, 28 CLL AR %5 ) 7 A= %t
RIF 25 TR 25 . B RIRERY ALL 5B,
e JH PRS8BT 7 v 1 R L ek 4 L 3 AR
BETUR BIF 5 s iE 7 s AL A 5
b2 R P Ied 4 A, AR AR BILAAR A 1 H A, i LA
W2 AEL P DNA A& LA B T 097 1E 5 20 1 A
S A Z AR 25 W RO A T BT AR
2210 4= F DNA & & B ATase © 8 IR A5, Bt
ATase FJFEH oL cDNA T A B 8611 HAE 55840 rh
Ik U BE AN B B B AR T B0 i AR
(9 DNA 845501 [RIRE, 25 AEKE DNA R 0i 16 & 1
JE DR A TE 5 200 1 00 LE 5 4 LY DNA & & il
T R — b LA A A A IE 40 A S R R
VIRRE
3.2 NER 7EAERIEMEFR 41652 DNA &% 6] 52 B
A

NER B2 &4 )2 DNA 52 548 4k HR G 30143 J
BB R 720, NI — B85 4% Bl i PR n
LOPET K R( XP )| Cockayne ZE A HE( CS) KB R
B FEA K ( Trichothio-dystrophy , TTD )5l /2 A Tt =
NER &2 BEE el ), e & BX L6505 A A
[FI Y E MRS, T XP (1 B AN XPA #] XPG J XPV

8 Ff, TTD A TTD1 %] TTD3 A 3 #,CS A CSA Fl
CSB. HATCBAME 11 Fp B AN R 7 A 6
Flt NER (K AL, Xl 5 2 UR Y BRLUE M NER
Bl s AR R g e R A R0 LB R X Bl A 44 b
VIR H AL H( excision repair cross-complemen-
ting genes, ERCC ). &0 5L PR A1 B AT TAH N 1K) g A5 25
A R N o o A i £ 411 R O e B 1 = = (2
NER &R A0 TR . A RSS2 56 25 R 3 B (A
2),JLTHrA NER S G40 R PR BB MMC
V5T DNA B[R 22 B (025 T B A cDNA FEF U -
ERCC1 FI c-XPA Ji5 , H: 8l & 4 if 5 W)k 52 %) DNA
BERACHR B R e, HSLUE B NER 240 iz dE R
EPEEAEE DNA SR ZCI Y R 2B E ik, &
F XPV AR = DNA MR A Pol m ), H
WoREBR B E R IR, $2 R e DNA AR
AHEATRES 5 DNA SR B RIE B .
3.3 AeFVEME B E A R AR L b

YIS pCMV -Luc/ICL 72 A2 () 58 A8 4 246 K
A2 T 8 A Bfe 1 kR G(20/21), HA—4~C
B G121 ), JEE AT RE=RA 1IE—AHi it
A1 DNA RE W2 588 o f2, B T 1555 1E 5 4
BE X SR G W ] TR R A BT,

2 LT, AR EIE ST IR L 30 W AN i A A ik
Z WP 20 T 1B MMC 551 DNA 85758
B NER 2B M EZHUH . KK ARFTE J7 w8
VI FL s 40T MMC 755 DNA 4 7] S 56 1 [R]
REABE B 7 A T X DNA #i4
MERE 245t .
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