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Summary

Chromosomal double strand breaks (DSB) occurring in mammalian cells can initiate genomic instability
and their misrepairs result in chromosomal deletion, amplification, or translocation, common findings 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 instability. The human lymphoblastoid cell line TK6-E6 was established by transfection with
HPV16 E6 cDNA into parental TK6 cells via a retroviral vector. Abrogation of p53 function by E6 resulted in
an increase in the spontaneous mutation frequencies at the heterozygous thymidine kinase (#&) locus.
Almost all TK-deficient mutants from TK6-E6 cells exhibited loss of heterozygosity (LOH) with the
hemizygous # allele. LOH analysis with microsatellite loci spanning the long arm of chromosome 17, which
harbors the tk locus, revealed that LOH extended over half of 17 toward the terminal end. Cytogenetic
analysis of LOH mutants by chromosome painting indicated a mosaic of chromosomal aberrations involving
chromosome 17, in which partial chromosome deletions, amplifications and multiple translocations appeared
heterogeneously in a single mutant. We speculate that spontaneous DSB triggers the breakage-fusion-
bridge cycle leading to such multiple chromosome aberrations. In contrast, no chromosomal alterations
| were observed in TK-deficient mutants from TK6-20C cells expressing wild-type p53. In wild-type p53 cells,
spontaneous DSB appear to be promptly repaired through recombination between homologous
‘ chromosomes. These results support a model in which p53 protein contributes to the maintenance of
genomic integrity through recombinational repair.

Keywords © p53, genomic instability, double-strand break (DSB), recombinational DNA repair, loss of
heterozygosity (LOH)
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Fig.1 A general model of recessive mutations in the # locus. The human # gene is located on chromosome 17q and
is heterozygous (tk-/+) in TK6 cells. DSBs occurring within or near the functional # locus are usually
‘repaired by either of two pathways : end-rejoining or homologous recombination. End-rejoining brings about

hemizygous LOH, accompanied by interstitial deletions or translocations, while homologous recombination

brings about homozygous LOH, but no apparent changes in chromosome structure. The hemizygous LOH

and homozygous LOH can be distinguished by the quantification of the k- band.

HBHp531E [F /) L] L HEh, 1ZFEMR
BT A BIEHEEICEEREEEHTWE EER
5MTwa (Lane, 1992 ; Levine, 1997). A% TIZMD
W2, A AICBIT 5 DSBBERERITOZDD
EFNRELT, FIVUFF—EHEIET B &5 —
7y b LS HRIRET RRERBRINROE 2R
AL, ZABEMIIC BT DA 2 BEEREDSB
DBEIEELRREHAZF-TWALZ EE2RT (KH S,
1996). # LT, p53KIEPB L UERMIL % H Vv 72EIR
FEREROWGED S, pb3Il X A BELAN L
FLVWBENLZELEEZHET S (Honma et al,
2000).

1. $EIBXBEE LOH BIRARRE

gfu ik 2 WZBIT B DSBISEREL T T 5720
DEFNFHELTE, M) 33l TKE O 17
FYOARRER LICAT QICEET S F IV V- —El
ZF (k) 25 —F v P LS URMOBERTFREALR
BIADPEMTH S (Fig.1) (Liber et al., 1989). tki&
EFEmERARE Y 7 vtbaF I Y (TFD R
HOEERE LTHITE 528, thikMWET ) VIZDSB
BEL, FhAendrejoining, d L < EMAGEARH D
MBI oTBEINL L, EHEBt T Y VSHEE
L7228k, vwbwsLOH (loss of heterozygosity) Al
DEREREARE D72 5T (Yandell et al,, 1986). Z D
4, endrejoining I2 X o THEMET U VORI HE U8
HIEANIMLOH, MMM ZIZK > TAHLT VA
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FEWC o2& XA EMLON & 22 5. LOHIZp53 R
Rb 7 L OIEWHEE S CHESNIARO—DTHY,
ZD% IFHMICBETORRKICILBDEEZLNT
X7, L Lad s, Bl CIlREEAMBITEFEICLD
LOH MMM 2 RN TS ENENT EAREN
Tw5% (Honma and Little, 1995 ; Moynahan and Jasin,
1997).

R Z BEIBICHEURORRERE D 26T I LI
BWicBz A5 Ly, i, HEMEEZIZS/
AEDEFTEE LM TEEDSBOBEILFSL T
HEEZONLED, RELTHBZOVF—L R bEIR
FITRREREH D L, FOERRFEATH2OTH
% (KR, 1999a). 20 ki, BIHLERTFO2EKRE
ty MBI LAEEELEERTZ LTHERETDH
5. MEMAEZ BRI ERERZ L1250, 8
1y M LTHERERPHATH L EITRD, B2
vy bELTODSBAMEMEEZ 28 CHERDOE
RBE L7207, SERERMEERICET M T ORI
HEEFOBRBNAZEROERICIIO L) REREDY
A TS EZDNEFLVEETH 1, mEREF LM,
MRMREZIC X 5 LOHIEHFHUBEOZEROFRICHS
THLDEEZLNS.

LOHIEXRZED L MMM R DS, gene
conversion, illegitimate recombination, mitotic non-
disjunction, chromosome duplication %M X % = X AL IZ
IoThRINI % (Fig. 2). ThHAT=AAIZHRAD
KR, thiEEDBEY—I—F2BNT52LI2X0 0
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Fig.2 A model for the mechanisms that generate LOH. Deletion, homologous recombination, gene conversion,

illegitimate recombination, non-disjunction, and non-disjunction followed by chromosome duplication

contribute to LOH. These mechanisms can be d
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Fig.3 Spectra of mutations at the & locus spontaneously
generating in TK6 cells. Deletion, recombination,
and gene conversion are demonstrated as LOH.

B4HIENTEL. LOHBED A H =X L FWHHT
52 ElE, b MIRIZB 2 A2 BEEEZT TR
<, MBIz HEHT 2HTFOBBPIIL LB DE
#z 515 (Honmaetal, 2001).

Fig. 31Z TK6 MIf D> HIRFE T th @5 T BRER D AR
7 bNVERY. EROZERERD 20%H HIERERT,
5% 80%2SLOH TH v, 2O KERS D AHFMME 2 12k
K LT/ (Honmaetal, 1997a). SO &%, FFHE
M2 B VTS DSBOBEIIC, MAMRZBEFEER
BEZRIZLTOBEZ EERTHIDTH L, 72751,
DGR O HMIZE M TO BRERTRIIEERE
BIDD, MBZ I CXA210HOFFEEEIIRI 5T
WBREFWIBE I LIETER . WA AL TERIZeR
EERMBMATIE, ¥ TLOHZF &I T
DSBRUT LD thBIZFWNICAE L BZLENLEL, ¥—
Fy by a27FCcobERERTITEINS S

-
—

istinguished by molecular and cytogenetic analyses.

O, MEZMWLOHMMIE LR T VR TH 5 2 & 2 HifE
LTBLLENHS. LHArLEDVS, BIHEETFTH
HRbRp53 Dt b ABAMMETHOLOHHER, ZOkkE
I TBEINAb O —HLTBY, ARERIZ
DSBBEDOEFNVRTH 5 L FAKIZ, HBOIEAILE
BIZBUI2EETEROEF NV ERELLILLTES
(Lietal., 1992).

2. p53 KiEHRRICHF DECHARE M
DI

PBAYGERET TH 5 p53id e PATAHRBRICBWTHE
DEHEICERPBIE S NS EETFTHY  (Hollstein et
al., 1991), Fof%Ee LT, #HE L - DNAZFHL,
MK ERHoEL, 7R 20FHE, DNABEOR
HEERITI)ZLIZED Y ) LOREAICHESE L TnB EE
ZbNhTws (Kastan et al.,, 1991 ; Ko et al., 1996).
PSS MR T DRARERFM~ORE 2 METT 5720,
p53 KiEMME, & L CIFERMBEEHv, 22 THELS
BATZEIRA AR B O E B % p53 IEH R & Lk U 7-.

TK6 gl b0 —< YA VADESY v 37 %
RS ELTKCECHE, BLUOXRS ¥ —DHREEAL
72 TK6-20C #ikg 2 832 L7=. E6% /327 [ BFER p53
FURTERRL, THLMCHMHET H720, TK6E6
RIS HRREIIC pS3 A RIB L 7ML A3 2 & A TE
% (Yuetal, 1997). FigdiZZNZFn oMtk thE&E
TRRERBEELR/R L. TK6-E6 134 10 50 B Rk
EREEOLANED S, pb3 DRIEIIC & 1 Iz E
BRICAEEICH Y, bW 5 mutator phenotype % 7R
L7: (Honma etal., 2000).
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Fig.4 Spontaneous mutation frequencies and spectra of the
mutations at the & locus in wild-type p53 cells (TK®6,
TK6-20C), p53-deficient cells (TK6-E6), and p53-
mutated cells (WTK-1). The mutations are classified
into 3 types ; intragenic mutation, hemizygous LOH,
and homzygous LOH.

TK6-E6 fifa THEL 52 RARERDKEZHLNITT S
728 th BERRO LOH T %2 17 - 72 (Fig. 4). Fig.31IR
L72E ) pS3 IEHMITH 5 TK6 TIdAE LA ERDOK
BHEAAREROLOH - 7202% LT, TK6-E6 TixZ
DIFEAEDNRANIMIOHZR L2, 2D I LIZTK6-E6
MG T AL A 2 BE DS Z 5 22\ 725 DSB O K E 5
¥ end-rejoining 12 & o THBEENL Z L ZR LTV 5.
CHOLOHD#EFEZ~ A 7 0% 754 b~—Ah—%Hw
T17THF LA LIy 7 L (Fig. 5). pb3 EEA
M (TK6) HIEDKREBLOHMDIZE A L thBETIC

FE) 3 5 interstitial deletion#*, tk X ) KigF TD
terminal deletion T& 1), FffhOZALAR/ARE o
TWADIZH LT, pb3/RIEMIE (TK6-E6) DIFLAL
DOEFARIZIZ, Gt RILHIZ D725 terminal deletion 7S
FECTwi, T, ZOX) REH% LOHIE p5S31ER
HRRTIZ TR CHBEZABMILOHE LTHBEIRLZ LD
5, ARMIEZICL - THBEINLEDSB2S, pb3 K
{EHI I T X end-rejoining I2 & o THBE S, ZOHFR,
KELGPRBERERZLZOLTVWEIDEEZ SN,
FERt, TK6E6HED LOHEEKEZ 7 0Ty — LR, ¥
MECX VRIS 5 &, 17THFROEOISRE, wHIE,
WIESOMERFELE 70— pICEY S 7 & LTH
Bqahi.

IS DOBERERY,D, UTOX) % ps3 KIBMARIC
B L BEMAREREDO X N = XL ERET % (Fig. 6).
T, Bk bicB A 2ARBYMIE, ¥ 3 end-
rejoining {2 & N, Z Nl interstitial deletion % % 72
59. ZLT, TTTHBEINE» o722 KEHNII,
DNA##%, HEHROORBOMIB I > THBES
ha. 20X IZIEEHIE T endrejoining & M 2 A5
B2y, REARIERBROREICRINEDDEERZD
na. —7F, pS3RIEMI T, MBZBESTELRY
72%, DNAMBE B ORGSR, ToREMEHRT
BB WICHEAE L, chromatid fusion Z BT 5. 2
i, —BMICREETH LA, MigrHesAz 5 L5l
ELEON, BU2AHUKA AL, ELTIRP

M)
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Fig.5 Extent of loss of heterozygosity (LOH) in the TK-deficient mutants TK6-E6 and TK6-20C. Ten microsatellite
loci on chromosome 17 that are heteromorphic in TK6 cells were examined. The approximate position of each
locus is mapped on the right of the schematic chromosome 17q. The human # locus is mapped on 17¢23.2.
Open and closed bars represent hemizygous LOH and homozygous LOH mutants, respectively. Length of
bars indicates the extent of LOH. Forty-two hemizygous and 2 homozygous LOH mutants from TK6-E6 and
14 hemizygous and 20 homozygous LOH mutants from TK6-20C were analyzed.
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Fig.6 A model for mechanisms eliciting DSBs repair in wild-type p53 cells and p53-deficient cells.
DSBs spontaneously arising are primarily repaired by end-rejoining, resulting in interstitial
deletions. After DNA replication, remaining DSBs were promptly repaired by homologous
recombination resulting in homozygous LOH, but no apparent chromosomal changes. In
p53-deficient cells, on the other hand, the DSBs are not subjected to recombinational repair.
Broken chromosomes trigger the breakage-fusion-bridge (BFB) cycle, occasionally
stabilized by the addition of a chromosome fragment with telomere through end-rejoining or

recombination, and then finally lead to a mosaic of variegated chromosome aberrations.

DNA#E# %2 #C, F U chromatid fusion ##2 2L, Zh
PO BEINGE., ZDOHER% Breakage-fusion-bridge
(BFB) cycle & 29 (Coquelle et al., 1997 ; Pipiras et
al, 1998). T L x5|& b X oL YmEMTIZLTL
b fusion L7287 Cid 7 £, fragile site ® & 5 =¥
WCHWEB TR Z 5 Z L3 FHEN, Zo%E, Rk
& asymmetric (25, —HIZEL, —HIHBIcE %
D, SO ZOEIOZLIIHYEINDE Z L IZHEIES

N5, ZLTIONA 7V id@kiz, Hlodktfke oM
#1 2 % end-rejoining 12 & - T, KMERHIZF 1T X THE
REARTAIEIZED ANy FT 5, BEGIZERLKD
2, Bk RE, B, MR woBREEEYA 2
Kich7269. oL H18, pS3RIBHIEASELZR A
TETHD, ZOERIZ, TAHAPIIBESALLZN
DSBTH Y, ZNABFBHA 7 VD5 E4&LkoT,
e OROERELFISRITINDEEZONS.
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3. pE3 ZEMIIC BT DELNAIREM
¥

pS3ZAEMML e L CWTK- 1M 2 FH L7z, WTK-1
13 TK6 & [ —i2if % H D isogenic ML TH 574%, pb3 &
EFOT RV 23TITHREBICERERE SO0, BEA
p53 7 V37 BRI S BICER L T b, WIK-1H
FalZB T d thBETHETTK6 MO 30 B b D H
SRZESRTE FRAHEE O BENASA B 1L, mutator phenotype &
RL7: (Fig. 4). ZEEZHEN T2 L, WIK1MIRET
BAIBLOH TR, KFER O LOH DD BEM
LTwi, Z0Zkd 5 WIK-1HIHE Tl TK6-E6 #ifia &
By, HEZBEEIRESATVWLIIDLEEZEZLN
7z (Fig. 4). LOHZERAKOREEREMTT 5 &, Mt
AME BbN 72 ERERORBARIIIREL LD b DHE
, FOWBIIERMEIZ/7O—F VIZHEShzZ L h
5 WTK-1 Ml Cla MR 2 BRI 2 4%, £ O fidelity
L7202 FEM A (illegitimate) PEDAHEZIZL D,
DGR L OBELFRETLIDOEER NI
(Honma et al., 1997b). F 7z, WTK-1HIE CiagmiR
2 BENC X % aneuploid W ICEIZE S h, ZRA p53
AR Z BIEORE I ) REAROBENER L 20
TRFTHRL, MBS ECY OSBRI BB S
2, OEOBHETDIELIDLEZ SN (Cross
et al., 1995 ; Fukasawa et al., 1996 ; Honma et al.,
2001).

5 S

P53 & B R E L REREE LT, 7/ AFICAEL
72 DSB O M 2 BE~OB 5 2 BT 5. p53 /K
ML T Z OMEMIEZ 25T AR 0@ r iz, &
BEHBN7-DSBIZBFBY A 7 V& A-L ClxkE, K&,
WEED S T TR0 ERE 237257 (Livingstone
et al., 1992 ; Agapova et al., 1996 ; Mukhopadhyay et al.,
1997). F7-, po3ZEEAMME CTIIM LM 2 BERRITIREF
ENTWDE 0D, ZOIEHE S MRV 720Gkl
M FETH., TOXHICpS3DORIE, b L IXRFEIL
X 2 BEIARERIEHMBRERD L) /S Efav
ZRIDHPBRLNVOKRE LT ) 2ZLZEG LT
W5, SEREREEBRBICBIILY ) LAEEREZS L,
po3DEFIX, MFE, FMHREOMEZ EAHLT, 7/
AHIZLOH MO RBRERRP YA FREOER ZIRL T
WHLDEEZ LN,

¥/, TZTRLAEBFBHA 2 NIk 57 ) AA%E
FALBHSIZIEFMIICB VT, RIS ORBART
I 77 2amilEBEDODSBAELZEAITHDRET S
WA 1, AR X B RO RS, R,
WIE L o 2 BREBMPEERREFTHOA N =X 0258
IS 2 2 e 5 TE B (ARM, 1999b).
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AR ARE L, HARRMEE M, EvEERT
AR - ZRBEBOFK, HN—N— FRET
Little #IZ 50 ZHH %, AEBLHEMICL-oTRLR
EOTYT. 20, BREoEsERLET. 7, WL
th DRRERBFETH L= A 7+ —<RBRICHL
T, BEHOE DAL LRAFELZITV, ICHIK
B 5 BEFERBROYUFERICDHEDLL I LHTE,
FTBICED BHIZER & LTRELHREBL I LA TS
L7z, CORRAMREICHED> TWZWniE 0k
bE#CZLET.
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