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Double strand breaks DNA repair in mammalian cells and maintenance
of genomic integrity mediated by p53
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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 (EJ) 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)

DHLDEER LIS, £ ODDNAHEBOHTDNAND
ASHYIRT (double strand break ; DSB) i, d-& b fE
FEiE2E WX 5 I8 b B (Khanna and Jackson, 2001) .
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7-DSB %, F & L TEnd-Joining (EJ), ¥ 7-i13HEH
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# 2 (Homologous Recombination ; HR) 2 & - CTIE1E
315 (Harber, 2000 ; van Gent et al., 2001). HRiix
T —7 ) —BRIOBEERET, EAMIIREEOHEZTL
2, BEHEHROBEEZEDLE V. —F, EJRLT5RE
O RERIREE D72 5T T 5 —RBAERDISEEE

ARIEHARHERFEZREBEAMY v Ry 4 [BELZRE L REFAREE] CRESNT.
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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Point mutations
and other intragenic
mutations
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Fig. 1 A general model of recessive mutations in the tk locus.
The human tk gene is located on chromosome 17q and is
heterozygous (¢&-/+) in TK6 cells. DSBs occurring within
or near the functional tk locus are usually repaired by
either of two pathways : end-rejoining (EJ) 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.
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Fig. 2 Mutations at the heterozygous # 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 ¢k allele.
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THb. —MIICHRIINZ 7Y 7TRERBLEDOTS4A
YToFLH2BERETHY, FABFMBICBVTIE,
DSBOKREBGFIZEJIZE o THEBESINB EEZ ST,
% (Lin et al., 1999 ; Tremblay et al., 2000). L AL 7% 5%
L, ZOEHLZEFSRICFLTUIAL A TR, 20
&9 RN DSBISHEZERICE T 2B IS DV T,
AEEDERBZIZBRS.

W4, DSBBSBICHTA2HEEIEED, BEOXA
ZXLREFNICEEG T B 5 237 DRE 2 ENRF IR
DOHB. FLLIIMOBFHIZES D (Jeggo, 1998 ;
Pierce et al., 2001 ; Jackson, 2002), ATM, H2AX, p53 %

D FIZIDNABEZZEL, 2otk YIBHPLICS
VT Rad50-NBSI-MRE11 & H4 A EHK &b, EJIC &
> THHE S 1534 1% Ku70, Ku80, DNA-PK, Xrcc4,
DNAY =¥ EMEHE, HRICE > THIEINLIHE
IZRad51 ZH & T HZFD/NT 0 T DEEERIEDRE
FHOoTWBEEZLNTWS, TOLHIHFERBIZELL
DFHDSBEBICES L, ¥/ 20RENICES L
TWBEEZLNTWDED, ZOBEERBHA L OBR

BHLATIERY. £3% S, DNABEOBREIZL S
BERAREIZZLDODY 4 THHY, 1D013BHRE

DRI p MR BIEHE, b L IEDNABBICHL

TERZUE LB, b5 —HiBEEROTEEN
D/=DERERZFRT S, VbW b mutator pheno-
type ¥7R3 5 4 7 Tdhb. DSBICEEGT5 Ly /8
7 ERBTLHMBOL EHEDS A TERTD, B
PALZREEREOZVWIDEEZONE, —), #E
DOF)E LTidps3 DEEMHIFH M (Livingstone et al.,
1992 ; Lu and Lane, 1993), 7z, DSB#&ELACIE I
ARy FBEROBELZ EVPMSN TS (Reitmair et
al, 1997). T OLEBETFORBIIERICKEXAZIED
ET2ZL D MHFAMBTBREINLZ L2 RN
At E OBRIZRY. AR TREENAREZBREDY
4 7IEFRL, EICpS3ER, L IIKREMAEH 2
53 mutator phenotype DFEE & A L OBRIZDON
T, BADWREEL D LITBRS.

1. DSB ZHKHMFESILELTD
KB FRAZER

ek ) AICBIT 5 DSBS TS 5720
DEFNFRELTE, FREKEOSURIBMETRERE
BEFMBLERZPERTH S (Liber et al., 1989). k& b
U USERMABBRTKe 2 17 FREHAER EICHEET S
thymidine kinase &{ZF (tk) 2ATFTIZHD4D
(th+/-), SDth+ TIVN%E Y —4 v b & LIZBIEFER
ZROKRMATEETH S (Fig.1). TKRIBOZRMA
b7 uFI Yy (TFD) IR & LTI
TEDH, tht 7TV WIZDSBAEL, #RHE], dLL
BHERBABMOHRICE > THBESh L L, HHElitk
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Fig. 3 Mutation frequencies and spectra of the mutations sponta-
neously occurring and induced by EMS (150 uM) 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.

TUYNHHEERLLERAK, vwhbws LOH (loss of het-
erozygosity) BIDEREERMALE 725 F (Yandell et al,,
1986). DA, EJiCX > THEETINORENEL
72 A ANIRILOH, HRICK o TAHREILT V) W AEKE
oI RERILOH &4 5. IS LOH @iTid
th BIZTPICHFET 2L REIML AT S Z & TR
THb. TK6HED th B FDexond £ 712X 7 L — A
VI VRDORRERDSGEHET S (exond DT L—L 7

FASth MIEILDIRE) (Giver et al,, 1995) (Fig. 2a). <
DE % PCRTHIIEL, DNAY—/2 L 4 —\2Xbh 7
STAYIMRNTAILICEY, M7INERRTE
LOH # &5 1cHlET& 5 (Fig. 2b). ¥7-, PCR*E&
T HZEICE), ANIBERERZRNTHIELED T
x5,

Fig. 31 TK6 Mifa» HAR B L U8, EMS (150uM), X
M (2Gy) BRUEBEETRREROARSY PIVEIRT.
BRFBRICELTIZ, EERDOERERD 20 %A HER
ERT, BRYSOWBHLOHTH Y, ZOREHHHRIZ
#E LT/ (Honma et al., 1997a). —7%, EMSIZ7
VEMEATH D720, ERDIFLALIZLOH %D
LWHERERNBETDH), XBRTREFRENIERED
KEZDSBICH®ET 572 LOHRDER AL W\, #H
BRIBWZ EIIXBRIZELHBETIZEOLE I FERHD
LOH#%2 7569, THIZ i, BAFEMABIIBVTD
DSBOBHEIC, HRAEELEZH 2 I/ LTwEI L E
FTLDTHA. 127°L, COEE,SHMIZE Ml
TORRERIIDSBICHK T HIBEALETH), 20
ZLRHRICE > THBBEEINDE L VWnED I LIITEL
VW, BRERANRY MERRERAH XL EDOHER
oW TIRBERT 555, BHREAGSHRZEARLTRBRE
FTIZHRICX > TLOH %5 &£ Z ¢ DSBILFLD
th BIZTFPUCE LD HEH R, MBI LOH A

LR TWRTHHIELZHBLTBLEN HSH. L
Lads, BUHBEFTHLRbRp53DE FAAM
BMTOLOHBER, TORMICICTHEINZLD
E—HLTHBY, ARHUFRIIDSBEHDOEF VR TDH
% R, MBROPALBRICE TS BEFE/LOE
FNTHAHILIZHENTHAS (Lietal, 1992). LOHIZ
E] & L IZHRUAMC, BEFEWR, FEMHERIEMIRZ,
BB AARTHEDA I XLIZLoTHRINDH S, =
N X H =X nidgeh, EBEORET—HI—%%
T TAHILICEVDETAIENTES (Honma et
al., 2001). LOHRAD A A= XL %HHT L LT
v MHRLIZ B A DSBEEBE ST TR L, Mamit
ZHHTIRFOBBPICHOLISHLDEEZLNS.

2. p53 ICKDIEIENTE(LEE

AN BIEF THHp531d e FATAMBRICBNTR
LEHEICZEFBESINAREETTHY (Hollstein et
al,, 1991), Zo#&#EE LT, #H L/-DNAXZMEL,
MBEMoEL, TRV ADFEZITHIZEIZLD
BE*ZMBRZERL, ¥/ 20RELIIFES LT
HEEZS5NTWwWA (Kastan et al,, 1991 ; Ko et al.,
1996). LA L&A 5, ThoEHEOME T Tidps3
ZRARO S OBIEWAREERLVAMAEE E L TORME
FREEIZHETAIEIITE R W/ ®, DNABERRE
~NOBELIEHIN TV A,

F4ix, po3A LSS DNABEEEE, pS3ORE
KXo TH 6 INBBIENAREEORFHEHL M
3578, pob3/KiBMAL, b LERMBEEZAHA, £
CTHLZHEIGTREAERBEE L 7 pb3 IEF M &
W L7-. TK6MIR X p5S3 IEWHIE Ta 5 4%, TK6 & [H)
—ieiE % b Disogenic Mg TdH 5 WTK-1 iz i% p53 &
EFOI N 237TITHREITERER T D ps3ERMI
THab. Tz, TK6MICE F¥O—<T 4 VAD
E6% 37 2 BB E¢7-TK6E6 iz, BLU~XS ¥ —
DA EEA L7 TK6-20C Hife 2L S Twb. E6 %
YR IZBAERIPE3 ¥ 7 LA LT ARIICHET
57:%, TK6-E6 MBI EEMIC pS3 2 REL T3
(Yu et al, 1997). L7:2%5 T, WTK-1, TK6-E6 fliffai
TK6 L BBy 7 75> Faedtie 45 p534R, R
B B2 eA5TE 5. Tablel ICBHIBLD hpre,
thBIZTFREICBT 2 BARARARERAELZTRT. ThER
FEIZEBIT S WTK-1, TK6-E6 Hifa THORRERFE X
pS3IEF M TH A TK6 MK RT, ZhZh 304,
10153 <, pS3ZER, XigMiaL b BEMIIALETH
¥, mutator phenotype % 7~ 3 Z & AR S .

p53 #K$E T % TK6-E6 Ml TH U 5 2RE RO H
FHOPIIT LDt EREDOLOHBT 2 To /2 &
5, pS3EHMMTH 5 TK6 Tl LAERDOKE T A
FEROLOHZ o 7-DIZx LT, TK6-E6 TidZmiTd
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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 Wild-type 2120 3311
WTK-1 Mutant 174 £59 101.1 = 6.8
TK6-E6 Deficient 2318 335 9.8
TK6-20C Wild-type 3.8 £4.0 3.8+1.0
e [
1204
13
12| p17s799
1004 ||
1 ""3p17s1857
| |
80 .
4[] Hrat
1 p17s1290
60 D175855
21| p17ss88
40 |—{p17s807 m
22 D175789
1 ; D17S785 i
20+ [ p17s802 oood 0 If
24
-4 [ |D175784
25
o L) D17s928

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.

AEBRNIRIOHZRL:. ZOZ LIZTKGE6HIET
IZHRDEZ 522D DSBDOKEFIZEJIZX - THB
HEEINBZELZRLTWAS. COLOHDO#HEEZ <A -
%554 bv—h—%HOT17TFEREHKLEIIT Y E
Y7 L7 (Fig. 4). pb3 EEMAL (TK6) HMEDREH
LOH DT & A &I thBIZFIZRF T 5 interstitial dele-
tion %, tk & 0 K¥5 F T terminal deletion Tdh bV, 3
BEOEADBR/NBE 2> TWBEDIZX LT, p53KIE
Mk (TK6-E6) DIZ& A EDERMKIIE, Btk
\2472 % terminal deletion 252 % TWwW/z. 72, T &
I GIRE 7 LOHIZpS3 EFMBE Tt T _XCHMR R
LOH ¢ LTHEINAZ 26, AFXHRIZX > THBE
SNBXEDSBAY, pSb3 RIBMAL TITEJIZ L o TIEE
SN, TR, RELREARELLLZLLTNSD
DEEZ NI, EB, TK6E6H¥ED LOHZRMAK % 7
TEYV =LA Y MECLVENT 5L, 17FREE
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DA RE, wmhE, WESOMEREIR—2ro—
WCEFA 2L LTBEESN:., 20X hRmikRE
X, G2HlicBw Tl sh - ReEshkBoaC@#E
(chromatid fusion) 2SEE & & % S5t 5. chromatid
fusion X, —FMICIIZETH S, MiEsHE2AZ 5
LHIEHEESN, BU2EKRBEYMAEL S, €L TIH
AADNAHEB % BT, B chromatid fusion 254 ) & &
5, \wbw 5 Breakge-Fusion-Bridge (BFB) cycle %
5l &#£ 29 (Coquelle et al., 1997 ; Pipiras et al., 1998).
ZDXHIT, pS3RIBHMBAlBIZNICALETH S, €
DERIZ, TAHARLIPBEEINEVWDSBTHY, oh
MRBFBH A 7 VD5 & &L ->T, HADREHRREY
ZEERITHNDEEZ SN S (Honma et al., 2000).
—%, pS3ERMMTHH WTK-1ICHRT 5 thER
EEBWTAE, NIBZFTERL, FERHDOLOHD
HELHEIMLTYZ., ToZEs»6 WTK- 182 Tl
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Table 2 Yield of spontaneous mutation frequencies at tk locus in TK6 cells

. Target size Mutat. Freq. Mutat. Freq./kb
Type of mutation (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-E6flifa & £, M BEEIRFIATVS
bDEEZ 5N/ (Honma et al., 1997a). LOH & R4K
DREEEFNTHE (Fig. 4), #RABEBbhE
RAEOREBRIITEEEZED DONVE L, TOEERIE
BERIZZ70—FNVICBBINAZ D25 WTK1MI2T
B2 BEITED 5%, Z0fidelity MR WA DITIE
HE (illegitimate) HOMIBZIZX Y, Mo FEARERA
LOEERFERTLLINDEEZEZ 5N (Honma et al,,
1997b). F7:, WTK- 1Ml Cld a5 #Ic L 5
aneuploid b BHEICHE X, ZRR ps3 IXHB 5
BOREIE ) RBAROBENERE L LT EITTE
, MRSRPLEEASHEBHICOCELS 2, RENAK
OBHREDIELLbDEEZ 5N’ (Cross et al,
1995 ; Fukasawa et al., 1996 ; Honma et al., 2001).

Doz &2 p53il X 2BIEHEE/LBEL LT,
) LHiZAE L7- DSB ORI R BE~DHEE %12
B35, p53 KIBMETIZZ DMHRIMB R AT ARHhIC
v, BE*%EN/-DSBIZBFBY A 7 Va4
LCElE, K&, WEHSOI TSI REBEREEEL
54 (Livingstone et al., 1992 ; Agapova et al., 1996).
¥ 72, pS3ZRMIETIIMBR I BEBIRFEIALTVS
LOD, ZOIEMSHPE 72D YRR % FHRT
5, ZOEHIIpS3DKRIB, b LIFEFICL HBIIEN
AREMIIHERERDO L) B/NSLBETFERLIDD
Peta KL RXVOKE Y ) LELICES LTw5. B
RERMEBIEICBIT LY/ L ELEZ LD L, pS3DRE
i, HE, FEHEEOMBIEALT, ¥/ AHIC
LOHM O BRERSLEEHRREOEHRLEBL TS
DEEZLNSD.

3. |-Scel RIRFRZFA U 32551k
[CHI(FD DSB (ZEEE

TEBIZTICBUIZRRERARS P VOKR»L L
Mifa TR 2 RAREROKRESIEDSBICHEL, £
D% LIFHRIZE D LOH % /253 Z L AVRM S 7.
L Lah sl 0RIE, ThiE COREFRALTRE
RTHiRE SNTELEREROKBF I REOER
BX, DNAOHEE, BEOIIT—IlL-oTHELLAN
BRERDPETHHEVITEEFETHHDTHA.
T/, BHETHR/7AH, DSBOBEIZBNTDH, F
FLEMILICBWTE] E HRO ES SELEBIZEH < DD

EWIHRBEICHLTHINTITOZ L OMBEHEREMAK
THELDTHAD. COMELBBETAL-DICIIERER
ARZ MNVE, BREROA I =X LOBBEELLR

BT ALEND L. BRERANRS MVBLTLLY Y

LAPTRISZTRTOERERDA XY M & EMHEICRBE
THHDOTIELL, ZORRERBMRICH KT T 5.
T2 2, hprte, "I VAT v I T ADLacZ
BEEFLREEI—Fy P L-BREERMATIZIHR
R, RELBEFORKEZHEIEIZHRETHILEIET
EF, Z0ZERID IO HERERPHRE L D7D,
WERINAL 7 ADH LB (Ikehata and Ono, 2001). [F4k
2, thBIETRAZERBRERTDEDANRY P ZEN
ATABHEETS. CORIIHEERERZTITRL, E)
RHRICE 2 LOHBZEREREZRINTE L Z LA RK
DR THHA, AMERERItBEFAOEG LY
RETHDICHLT, LOHR17EFRBELOLZ DD
W THELSDNABE»SHKT ST LA Figd > HH
rans. ¥/, LOHTHEJEI L HREITIZZ D&M
BhzORL2E. ZHOZEiE, Fig3TRLAEZARZ b
WIZBITBEAXRY VORRERDY —5 v b4 X8
BIZEERLTEY), ThERENIZFI—F v A
AB7-) THIET 5 &, REREROLEPEEMITHE
HEL Y, ThETOFREFEHI»%\ (Table 2).
CDEIIZERERARY Pvh b, BRERDAH=
ALZHLDICIZEDLDOTEEILETH S.
DSBOBEA N =X L 2MBLRXVTHEHRET L0
2, BEROE D RAAREOEREIZEI Y7 22T
YFLICDSBERESET, BEOHET—H—DE
BARZ MVELVMIARZ F 4 T LTH EFRED
BEHLOHT ) ERIIZ V. —DODDSBD/z &5 &M
FEEBIZMNLV—RATHIENTETIE, COHMILE
Kasha, Lk, DSBOFAEETFNE L THIREEE L
Scel IZIEHLTWA. LScel ZHFEBHBNI ba v FY
T7DNAWKI—FENTWEEET, £ORBIMAIZ
18bp DI/ » Fo— L% b2 (Jasin, 1996). &
M ARIZIEEDOERFIZ1IODERE L VD, D
DNABFIZIFED Y ) LAEAAIHEAL, [-Scel BEEZ R
REEHILIZLY, ZOWPMITHEEIZIDSBEREAS
5 &N TE S (Taghian and Nickoloff, 1997). 4
13 D 1-Scel L%, TK6MALD th BIZFHICT—> ¥
— T FA Y TECEVFATEIEICHRIL, O
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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 TSCES cells in TFT medium. When HR repairs it, on the other hand, TK-profi-
cient revertants are generated from TSCER2 cells under HAT selection.

MAICHEL7-DSBOEdm % e, ETERNICHEITTE SR
ZHESL L 7. Th~F 10D TSCES5 M T [-Scel ZR{L T
HL/DSBHEJICE > THBESNS L thBIZTFO—E
AREL, Mgt (/) OZERAEKELCEHPRENS.
—F, AR IFATFTOIERELDtk (/) D
TSCER2 #ifa Tix, 4 U7-DSB A% EM O HRIZ X -
THBEINE Ltk (/+) ODYIN—% > b b (Fig.5).
CHNOHMMIZT-Scel DN ¥ —% VNS VAT
ar35&, BERER YNN—5rroHBEERIILE
N404E, 10048 mML 7. D2 L IZDSBAEBE] B
JUHRZFRTDHIELEERLTWS., L LAEDAES,
& DM HEIZE] D F A HRDFH 100 EH L, 2D
LIIDSBDI9%L LIZEJICL o THEEINEZ L %2R
LTw3a., ARlde b4 A THL7-DSBDES%
RIEWZPV—RAT BT LANTEL%D, DSBIBED A
A=XLR, TROMEET S 3T T REEKARTF O
FRICFHENS ZEDHHETE S (Honma et al., &5
).

SHb(C

ZIZ&E, DSBOBEICHETAHIESEIIRE {E
AL, IFBFMAEICE T2 DSBOZREISBEIIES
—HDOH A — VL, FRIZEAS5T S5 VRV HFOE
HIZOWTIIZIZBBINR20H 5. LALuds,
DSBEEDFERM 2 AW FHRENI OV TIEAREH L &
BEW., EOXI)RGEAEDSBIRBESR, 7/, BE
ENTEFOMBRTRIN—SRAIZLoTHRBRENED
»? BEINLZEGE, ¥, *5—-RERMOE]ME
FHINEBLDTHAIN? hidy/ 2 LER>ER

166

THEEMKIE > TAFTIERVDON? F72, EJE
HROBEBRIIED I ITENHTFSNTHWE DN ?

EFNHEBEELD, EWICHEETLDH ? EJRHR
PS5 1ERBRE (72 & 2 1T single strand annealing) (3,
FOREBEESLTWADD? ThLMEORBIIZIE,
PERDGFHEWER, FIFMFERLZT CIIRELR LS
WKRDbIhE. 5%, ThooMEXBHOLDIZH LW
MR EES 0T % A v 72 Breakthrough # H#§ L 7z,
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