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Summary

Ionizing radiation induces genomic instability, which is transmitted through many generations after irradi-
ation in the progeny of surviving cells. We have hypothesized that radiation-induced large deletion causes
potentially unstable chromosome regions, which are involved in delayed induction of radiation-induced
genomic instability. Using phosphorylation-specific antibodies against ATM and histone H2AX, whose phos-
phorylation is induced by DNA double strand breaks, we detected delayed induction of phosphorylated
ATM and H2AX foci in the progeny of X-ray-surviving cells, which indicated delayed induction of DNA dou-
ble strand breaks. Furthermore, we found delayed chromosomal instability in X chromosomes in clones
which contain large deletion involving the HPRT loci. It is suggested that large deletion involving ~Mb
region causes unstable chromatin structure, and it results in delayed rearrangement of chromosomes
involved. These findings provide the possibility that manifestation of radiation-induced genomic instability
results from delayed DNA breaks, i.e., the breaks lead to delayed chromosome rearrangements, delayed cell
death etc., many generations after irradiation.
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1. BEREDABECBITD
B FRAZEORS

MDD AAIZE DA R FIZ L BB ABEFRAAE
HBETORRERFEEGTEHILIZREVL DL WE
ETH5. LHrLEDS, BEBENAIIOVTE, K
B - RIS OWEBRE ORI, & V)bh‘lﬁl?fﬁﬂi%@
FIEIIBWTHREERRBREIC X h FR I N BETFE
BPEPACEEFGTHLIEIZ RIS VE wo%m
B o5 TV A (Plerce et al., 1996). 72k 21X, #BEHIC
B EBEEREEEIREO KRB THENT S 2
ERHLMZENTEY, T2 KEIEIERRE L
Riﬁbfﬂ’ﬁﬁ D SN h o725, b LEGHRRESA

CHEBRORREROERBPLETH AL 01X, HEI
5 L7228 ABIERIE I Z OB n IS U7on K ET L
A4 53T THDL, FOENRELERERZOHII)
THEMTHIITTH S, ULEOBRE, BEHREESA
oL NbBIEFRAERYBEHESFET L0 TIERL,
MHERICEIMICE > TRREREFEY LA XY, 20
HRERLU-EBRERPBEFAICEEGET B L) WEEH

ZaRET S HDTH S (Little, 2000).

T/, HEMREEACRBRENESARICE ZER
Th, BERIZ L 2 BIETFRAERPENAIEIEZBR
T2LEZEZISVHARPHES A TS, 72E 21T,
T—NF /=T ARy — RN
B b MRV ATERE LTHYONTEAY Y AR
K DOARFEALHNL T 5 CIHI0T1/2 {1 a3 2 R 4t
THEDVAMES RS T+ —H AHHET 525,
Z1E300M > C3H10T1/2 MRl X #i & gt L C 13 e
BEORETHITHEREL, FOBRBEBARL TS SIZEE
BREELTT7+— P ARKEZITI &, BRK1TGD—F
THRLDIZH Db S5 THET L7 +— 7 20
FRBIZ DS TIRIZERETH 72 BEHRIZLD
FRENTBETEREEPEE ODVAMLIZESG LT
WBEDTHIE, HRIZL Y PACOBEE» BT 513
FTTHAHIEDSH, BUHBRBRFIILIVMS207 ) 448
REMNHFE SN, TOHEER L 2 RBREEIWIEH
ALIZEEHELTwioTREnNEEZLRT
(Kennedy et al., 1980). 352, F v bOILIR L EEEH
faz AW EZEBRTHABOBENE LN, AIHIBNT
BEISNEEZ S CHER ISR S s,
BAIZE 5T 100EIC 1 HOEE&ETHALT LI L
AR X 7z (Kamiya et al., 1995). 2D & 9 REWED
ABEREE, BEHC X DV EESR SN L BI5FRARERH
BETIdE ) TOREBETEY, BURICXvFEZ Sy

) AREEWDOEG 2 ZEEED 2R,

2. MEHRIC KB BIERNARELDFER
RS E DEAFHILC D LD T ) DAEE

112

BYLZ RN poMEINTE . fjﬂl%ﬁ%b:ié’f
J AAEEEDOFEILEERZBOFTEIL > TRIBE
M, 72& Z I3RS RBE R B - %RICAROh 28
ORI, ZE)RAR AL E O E MGtk
BEOERERFE, H50IEEEORRERDFEL
EHHER X T w5 (Little, 2003; Morgan, 2003; Suzuki
et al., 2003).

F9°, BGTRBRE A AMRIIRIRIC L - THERE SN
THIEM BB TH 5 DNA _HEEIM 2 15H T & /M
THhaI b, ZOTHMIIEE TR E [
MOEHFERERTEFREIND., Ll s, AFHM
RBhoksd—RKkao=—2zfERL, BEIT=—FK
TV OAEREZFTMT 5 &, ERIGEIHOI KR

—IZBVTHREIS U TEFFORIPBE I N
(Gorgojo and Little, 1989; Seymour et al., 1986). & 512,
BHR A M b 2 5 ka0 = —HIiZiE, MR
HEEOEETH AE M2 SHETEOE G RO
57z (Trott et al,, 1998). DA EDOERIZX D, BGHEE
FHZ & o TR AL O 7 FRsl R (2 BT DM FE A

Fl&RZ N5 I EARER SNz RICHESRBEHELF
Mg Ty vy 7RO REEIOEZ 5 T
WA I ENHE IR, 51, BEMORGIARE S
L CH—H RN 2 208 FAR % 7o 8 AR gk
LHBT LI LIRSS, IS RBEAREE L
L oIS AR R a1 AN o VR g &L‘l&u\
EEZLNDLZEND Eﬂlﬁﬂ‘?ﬂ”%fﬂ%ﬂlﬁ%’\"’bfﬁ‘
6@@%!:%ﬁfcblﬂiﬂitf_§&%1$ﬂh%'Ci)é Eiams
7= (Marder and Morgan, 1993). F7:, [ ‘@ﬁiﬁﬁ"ﬂ]ﬂ'@
HEOTRMBHICHEEOR L2 2BHORBARE 1S
BBHT AL, BEMBORBALLEEDFEL X
455 DTH 5 (Grosovsky et al,, 1996). S 512,
Kao=—mHRMAKEIZ BT HPRT BEFDERZ 6-F
F 7T = ViR IREICRET T A &, SRR A
FLICBWTHREREREREO LA O, EEM
DERE AL AWM S 72 (Romney et al., 2001). 2
EPEZRARAE AL, BUTHRIBHEAEERG L 2w Eh b
FERERY 22K 25 B (Nontargeted b L < 1 Untargeted muta-
genesis) L N TWD, =7 A%k FHWAEERTIZE R
R I RARERPHE SN TVEA, b MIBW
TRZD L) HHEFHR S T (Niwa, 2003;
Dubrova, 2003).

Fxix, EBOFEDE K H3V79 7% & O - s
FHOTITbN T DI EA, FFAER p53 HEE & IR
LT 2IEH e b fEMiRe 2 A CREHRIC & 58I
mfkmﬁ®£%%@ﬁtfwt ZOER, IEHE b

TAEARHIRZZ B T B EEVE T B B 5A 5 R I M Bt A
BELREORENLBEEREOFE LR L 72 (Roy
et al., 1999; Suzuki et al., 1998). BEERIEWZ & IZIF o B
HERAOERTEISREBETHL RN Y 2% e
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Multiplex/STS-PCR analysis of 6-thioguanine resistant clones. Mutation spectrum was examined

by multiplex PCR amplifying total nine exons of the HPRT gene, and by sequence tagged site
(STS) PCR. Each boxes represent STS markers present in the clones. Thirteen out of 26 clones
indicate loss of one or more STS markers, indicating large deletion.

T DG E RN EAHE NS B 2o TRIEMEE O
ML LT S EMRH SRR - 7.
VLo k) et 8o M BlE, B Hg s L7
N HHHDT ) AR HFESINTENDTHM
TICBESNIHRTHELEZ L LNTE,
TGS H B AL AR N DAEAEDRER S 7.
TG & 2 BRI Z e OFEIL, B SIEFL
HHNLIZ 12 £ THRA BBV THRZIh TV
ZEDNDS, BMOTEBMIEILZHRTH L EMNRT L

Z & A3T & % (Brennan and Schiestl, 2001).

Z 2

UL

5, DED X9 %55 {6 TRIZMAREEDFHE S 1,
20 ED LS B BT HRAIICEIZSh, 3 ED X
O AR CRBILIE I E SR BT 5 DA, 120w T

KIZT IS N TW S EIZEVE, k41T,

i

SIS L D A SN2 DNA “EBYIM A F D I51E
BB THENICALER 7 U~ F iR % FE
L, ZOANREFRBAMB 2% i L TRl c 20
A, AL WSR2 IR L DNA 7 8 B L) Iy
DFFEDVH A DREVEZEORBICHES T 27 L oGH
Z b L2 (Suzuki, 1997), BEEREORB A H = X 4
TS X CIER ¢ MR T PO E T T

7.

3. BEHRIC & DBICHTRERDFER

BLrUITEHE
WA, I ATy FEHBIATOLRIZRESAS L
BBEFERDY ) AEFEACE FET B LWL B
(2o T a7z BURHRIC X ) 38 S h 2 BB ARRENE

i, SHOEEOBETERIZL &L T AAEENE
EERED, BEfOERIZESRWIEREEE(Z Y Y
AT Ay 7RSS L CwsE PEIATYS
(Nagar et al,, 2003). T F TOMED S, HHHATE
M ESNDL Y ) ARGEELONEIL, FORB®
Foro—HEBOEREEICH L, T, BEMEE
OFEBULH - DAL HI R O T-FA T% L  Bigg X
NELIFTEZWI EAMEINTEY, FESN
7oA RIS BT, & BRI T e L2
PBIEME BN FE I N T WD U Rl Kk O Rk
R TRESALREEE RS v VI R X Bl
EMBBRT, ToL)eREMEEORE s a— o
U ERE T OLRIZL > TEHEPWIL Y 52 0TI
W, =7, BEMEEOFERICEL TE, $TIIHN
723 A FEFRDOB D & o MR A AF AT H R O TSR
WTHAEIZL > TIZI0 UL OB TR 5 2 L 25
HEN T4 (Kamiya et al., 1995). Z 0 & 9 2 i i
TORBEEEDRIRL, 7/ 2 @EzH#HL T3
BIEFOERTIEFHEALOP L. 2O )T enb,
BB LY 7 ZNIZA LS hOE Y = %
T4 v 7 BREAH BRI X B BIEHALER DA,
OV TIIRFRENADERII 2 > TWEEEZ LT &
AT % % (Mendonca et al., 1993) .

N TOMET, BEMNALTEEIIRERe 7L 4
AT, AFHINVFIRAYF Y, HBREEELE
DNAIZ “HUIM 2 FE 35 X9 20Ic L ) ifge s
N ENHONIENTED, MRS REHRIZL 2
BEMALEEFEOENWTH L L EhTwb (Chang
and Little, 1992; Kaplan and Morgan, 1998; Limoli et al.,

113

NI | -El ectronic Library Service



The Environmental Mitagen Society of Japan (JEMS)

Table 1 Delayed chromosomal aberrations in 6-TG resistant clones

No. clones No. metaphase No. aberrations
counted (%)

No detectable aberration

5 250 2(0.8)
Partial deletion

8 400 7(1.8)
Total deletion

13 650 72(11.1)

Delayed chromosomal aberrations were examined ~ 15 PDN after
isolation of 6-thioguanine (TG) resistant colonies.

1997; Limoli et al., 1999). DNA - E L)1 FE A Ko
#54-1518 (Non homologous end joining: NHE]) %° H.88 7
=—1) » 7 (Single strand annealing: SSA), & %\ {34
[E4E 42 2 15718 (Homologous recombination: HR) 7 &712 &
DIBEEINBH, ek, HEHRICIVFEIRL
DNA ZEHUIM OBEREL ML TT ) L ORENE
U, AR FOF ) DCEEELEVWE ) BARRER Y
o< UREENSEE SR, EhsERo RIS 4
BIZENRDZDOTI>RWVAEFHEL 72 (Suzuki, 1997). £
ST, COARKEZORF VEBERETS72902, K
GHEIC X ) DNAZEGUIM B &, BHICL-TY /
LADRIEDBELTZEAEE LT, XFaELIIMETS
HPRTEZFICE B LT, HPRT B TEICREEHT
L% 7 a— b7z, EBICIE, 3Gy DX#E g
%, 6-FF 77 = (6-TG) HEILME % 7 HPRT &IZ T
TEMMZHEEL 72, O E, Multiplex PCREIZ &
DHBELZ-6TGHM 7 u— > d 9 5 50% T HPRT &z
FoOLERENPBEINS(Fig. 1). £72, 31% D7 0—
YTERGRED, B D19%D 71— TIEHERE
BLEOLNAERPEL TV, E512, STSPCRER
I erEER Ly u— 2 Tld, HPRTEE TN
DHAKL 2 SHEMbIZH RAHBSIRKELTLI L
SR o 7. HPRTER TR TELZY / AKE
BARLE R 7 O F AT % 065 % BT
BARBRFEOFEEREIIRGT L/2& T 5, Table 11K
FTLEI12, EREEATHIU—V ORESEROARYE
FREEIL, HAERERTRILTWAEEEDLISL IO
— RBAREEIRT 7O = ERRTHSRICE o
7z, REFSAVEESEGEAREORRIZZ > T D H
LB ESIZHEMARHAPLETEH L D00, LLEOK
RATKBB R A A RRDBEHRIC & 5 BRI R ENE
DFEFIZHE DLV EELE XFTL20EEZLN
5.

4. BERRREFMRICST S
BT OTEEE

B & 0 BRI AN RENE & B L 72T, R

BHRIC X D EFE SIS & B4 OFEFBENE
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Table 2 Frequency of phospho-ATM foci positive cells 30-35 PDN
postirradiation

Cells No. of cells with foci positive cells ~ No. cells counted
0~5 6~10"

Control 2 0 1100

6 Gy 31%* 14*** 945

“Number of foci per nucleus,***p<0.01

WL LTHRBT S, CnZ &, BERNBEORRIH
HHIZL Y EESEREEIND XS 2 DNABEIES TS
THeME 2R, 22T, AR TRk TlEESE
IZDNA ZHUMPHE L TWEDTIERVWREEZ,
WAEHS MR- 7-DNAEEF = v 7 K4 v MRAHE
D) v EAL % RREIZE O RN & BET L 72 (Suzuki et al.,
2003). ¥, X#EEATFHIC BT 5 EBENE DNAE
BoFERE DNA EMYWNIC L D FE SN 5 ATM EN
Hot) 19810 YELB L e XA b Y H2AX D+
U 1390 VLR IREIC L RIREDE R EIC LD
BEt L7z, ZO#%E, 6 Gy O XHME# 30 [ L L5zt
L7-EHEe P ZHEAHRIIBVT, BNTOY) Bt

—HA) 2 OMBOMBMEENFREICIEATLEI L
B L7z (Table 2). 2h o) YELEHED 7 + —
# 21X DNA " ESH YN & —33 5 2 &5 5 (Paull et al.,
2000; Bakkenist and Kastan, 2003), ZZLY: ¢ DNA#HE
DFEFEPEP SN, EHI1C, BEECHFESIRS
DNARE S BERED 7 ) AAREIZH ST 535 &
LCF v 73N EIDRHLNIT L0, B
SAEFMICBTADNAEE T = v 7KL >~ oGt
{b% p53 B E DEEER - & L TOEMEAL & S MES
L 7z (Suzuki et al.,, 2003). F 3, pS3In%EtE LacZ &5+
RELR—F—7TF5AI FEAERLE MIHERETSH 5
HT1080 MR (2B A L7z, BAMIBE X# % ek, 4
IRz X 2 — koo —Z2E S8, E5ZHILLA
Kkau o —HEMEIIBWT S RaTZ—R K S
&, #KRITZ—IIBIT S LacZ 85T HBIGEME
DOHBZBELL. ZOME, 20%0 EoEEMTEE K
HoxkaTZ—Taa=—FOMBOE%\ LacZ #i%
FORB%BD, BEEFMRIZS W TEEND DNA
HEF = v 784 2 POFHEHAIHET o Tw b 2 LA
Banz, ULEOKEENS, HEEFMECIEBEED
DNA “EHEIW AP FE I TWD 2 L, FBHRE
BT THEI SN HIREY: DNA Z B UIRASERE
PO po3 BEEDFEMALZFFEL T B 2 L 2P H I
L7z, BEHAIEMRIZ 3B 5B IEN O DNABE OFR
&, EEEOHIED NI 4 5 & R RIEE DY
REELBENOBEETEROFENIILZZ L FHIN
LT ENS, BIEMEOps3 BB, KRR
B & RIS/ L O Tl & L TR A QI
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DTEELEHZREL TV LR HRREED,
& £

BRI C & 2 BIEALEEDOFEIZE < OB
FMTHBEINDIERMWHRTHLINEDOX A ZXLIZH
L CTRARHLRENE ., S L2 OHFTD L, BEHHRIC
Lo THEREN/-DNAZEHUWOMBEIZL LK
B 7 ) LAREDPREE Ry a~<F e Ll
HWEGHE AR ORI R 2R TLER SR, FEEH
EIEME I DNA S UM & 5 L Tk~ 2B MER
BhHET L0 EIVREN. L2 Lad s, g
FIBIEMA L EMLOFEIZIZY ) ANIZEIES N D E
HPAC L, BEEWLZTVALLNLVO FRPEET 5
L O D B Y (Lorimore and Wright, 2003), #EE D £
HZRANEGTLHEEZLERETHIH. SLIIAR
Er O F VBB EE L o TREMED DNAEE
DWEREINDEVIBRIEIZE 2271 v 7 I
B0 THAHEEZONDY, EDLH HHMENDIR
MASEENME O DNABIEOFE RIS OGP, T
HUENRH L., WTRIZE L, WEHRIC X 5 BIEAE
EVEDOFRIIIERTFHZII L oI ¥ Y 2 2T 1
YO BRANZALDVEELTBY, 5HBOMEDERD
BEHR D A7 & FALERENAH 2 & TOMBEA A LD R
RICLEREEMETLEMEEND.
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