(AR - (BRE RO < (2 & 2 Akl e o
T BRI OB B D058

AT F] (Rl K7 I 1% B T R AT ZE T U B S0 35 R 37 - HEZUR)
AR (BURRRE RS UTIEIT U BT 7E o 7 — 3T < EBMIIE 7 e 77T 4
KEFIE T — L - F— LY —F—)
KRGS (MM EENE R RFIEAT BT BRI IeAT e etsete o 2 — -
FAEAIER)
FA—3R (KRB SLRFRF B R SR AR F S BUSS BAE 7 - BhZ0)

RS

WO ENEEFH R I EFTOEN A=) T, EREHSR, & Vi) 100mSv LU T Dk
%%%i< CRDEEENMRS SN TWD, FEFREMRETII. 20X 5 RIS R

;é%%%@;waiﬁﬁﬁﬁz%%é%iﬁ@fl%f&ét@ TSR D ST 85 >
5. EAE L X VM2 L (Linear Non-Threshold: LNT) 5 /L& £RH L TV, 2D Z & NI,
—REROBRERZZER T SRAIC L > T\ D, £ 2T, ANFFERE I, KRR - (K
MEHIZ T AEHMICBNT, #ITICL > THEFKENS DNA HEB L RN AL ROM
MR D&M & PEbRZ . MREIIRICE R LN B+ 2 2 & 25HE Lz, BRI
INIRPARH IR NBR LR HARAIGEAT (BREEWE) 12\ TIRRR &% - (KRR E R (0.05~20mGy/
H) Z2MERCHE Lo~ D 2280 T, BERED 1~100mGy DT, MieHIRRAE &L
10 FEOMAFMRE AR L, BIHKRFICBOT DNABES 7 0 —7 8 L O0wii~ — 7 —&
B W TS~ — 1 — L O et B A FE L, MERESARIZ 1T S DNA g0 L~r
R L7z,

FI. R ER - AR R RIS ~ T 2B DEARDOERBUZ W T, 0.05mGy/H . 1
mGy/H. 20 mGy/H DO# &R CTHEREMRE ImGy., 20mGy & 5\ & 100mGy % 42 L=~ 7 &
0. FURME. FLMR. MbE. MR, T bER. PR M. REEEL BEREIS K OVEGEMRAERER L. R
N ) URTREERICNT 7 0 a A T o7, MBI BS 2437 v B EL THE
GIL, AT A4 KT T A RICHEE LG R 23T 7 ¢ Utk PURIRIS(LALEE 2 fii L C ., $it 53BP1
B RO Ki-67 fLik CaOtmE Rz To7z, ZORME, £ ke 22 ToOMET
W9 L B3BPL 7 A — A AR S D DO TIX72 < | MBRE ISR R e S8R O MR CO T +
— N AP BEEIND Z Loz, £, HERE~ T AIZET 5 53BPL 7 4 — 7 AL
B (LM BG LA%RD) 23, MRREICHHE IR R D Z L b LN L, (SRR - (R &K
FHRIBE~ 7 21281 25005, 0.06mGy/ H OFREZRTX, 400 HFLE (EREHE 20mGy)
DRHEMHLIT TH HMFKICIIT D5 DNABEGEOSHEIIE Z 6N L2 AW LT, 72,
1ImGy/ H ~20mGy/ H & TOMEZR TIL, HRHRE THRA 100mGy O#IL TH, BG D L~L
wiEz 5 DNABREOERIIRNZ L 2R LT,

SYHRAFZE T, FERD ORI 35\ T, DNA 815 %2 2 1 - iaoEdq 0Bk & . Z o5
EAEDIRNT 21T - 7=, AR, PSRN & 45 bR o R R~ 0D Sy (L RE 2 71§ i REME AITEHI
%@W%ﬁﬁﬁ'iéif%<@w:k%%ﬂbtoit1mmw~%y®m%ﬁ%%ﬁ\ﬁ

REPERTBRSMIAL O LREICIT B E 5. 2 72 2 2 RWE Uiz, KZIE, S RasBENE % H
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WTC, ERERE (1Gy) 2R L7z~ v X2\ T, Lgrs #HE o BN TS 2 felE T 21T
W, AR E R RS (30Gy/RE) CEIZL ST BRI FE DS 0.3mGy/ /Ry Tl it & e, i
FellT & D ARRMEE SO N T, MERROFELFEH Lz, BAlIZ, v~V ALV HEEL 72
FRRERAIC VN T, 7 r—H A b A MY —3EE VT DNA HEIGE 435 L, DNA {50
PRERIKTER (L.75~500mGy/ /)& #8igg L=, £7-. BRI <~ 7 2Ol
H1 > DNA RGN, MR OMRERAIE & X TR LV TH D Z L 2R LT,

AWFFEDOFER, T Z Tt L7 IR - R B O BRI 2 @k IE < T, =
7 A DIREE - HERZ BV T DNA BEO RN /202 L 3 L7, 210D Ofigss - #Ek 1L,
R <12 K 2B AISE TR SR o T2 2 E D R Sz DNA 5, M
Fud>FF> DNA HEEERIC L D ESLHITBEE SN TWD EZE X bd, AR THRE LIZH
MRER R (400mGy/H) Ti, #fk - IRgs 231 5B 52372 DNA B0 RN BlE Sz
ZLEFETDH L. 20mGy/H B 400mGy/ H ORI, st « FERICI 1T 5 DNA BGOSR
BATE LT D L & WREENMFIE L, D72 < &b LT O ER - ([KRES I < T,
FREOZER] &\ & A3 25 ORE R Bt TIER W2 & 2R L,

F 7o, MRS D R OMRTIN G | AHRRERHIAR D 53 (b BERE |2 Rr B0 7 U Rz
R0, MR R 72 DNA HIBEE-CHIINSEIC L 2 BEBREEIE OIFAEN G Sdv, ik
MR CIE, (RAR R - IR B ARIC K 2353 S D DNA BEEZ L0 2 RaIcHbR L <, #
BOEMZBIRET 5 2 AT ABFAET D ATREMED VRIB S vz,

PAEOBFERCRIE, RS - AR E AR <12 K DR BT 2 B2 R, &
B COJRF IR 70 & OREFE B - RAZXIRICE T 5, KRR - IR EHIE < O
MBI T 2 CHEHERRFNIMALTSH D,

F—U— R [GRRE, (SRER, 100mGy, #fkifla, DNA &

ANSY

. WFFEHRY

BB IR B — R IR BT O Fl A T T IR ERCHE. &V 1T 100mSv LA O HUH
MBEIE S IZ L AR BIZONWTOEL OFMP RO ENTND, LNLRNRL, JAE - BiFO
JEARBRE O FIHEFE R L TIE, 100 MGy £ 0 B AR MEHRR B AR I K D IR B D\ T
728 2 %452 F 3D THREET, 272, HESHRBIFEDNL S HEME L& W EZ L (Linear
Non-Threshold: LNT) T AREHAINTNDE, 2O ERHC, —REROEBFEARZL % BEK
THHREIZH 7> TV D, f@EEEFA AT 72 ER (OWTEIER) OZLO7HIZH, 100mGy
Z FE S K9 AR S T ORI < OB B ORI TIKIL L 2N EN TV 5, M2 T,
BUFHRIE L OIRBEETAETE AR T TV DRBEBIREDZ L « BED O OEEHICB T, TOF
RIS A LD —JEED D702 b | AR 20mSy R E B R R 100mSy S50 | K B R -
AR R ML < O BOFTIZOW T, &0 DI RN AR OIER) & 70 2 Mk
HIRIZ 31T D U EDERMOFE L WO BLEN D, BIPICEIES N EE LG L FNRD
LNTWD Y, 22 TABE TR, RRESR - RRERIZ< T ABMICE N T, #Eick-
TEEFE IS DNA HERB LORNALROFER L HERE . BRI A DOER & 72 2 s - i
ROEMIIZ W CEBMIZHHE L7z, E7z. 2RIV T, MikEmMIEIZIs) 5 DNA 5
HDOEFE & PEBRITARD D A T3 = X 5=°, DNA 8154 % T Io a0 m 2859 2 7212, IR
MfE, THALE LIS K ORI IS F UV T ARBRE SR - IR E ST R D B DU T Dfif#T
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% I L7,

. WrEJE

RHR R - (R RO B, BRI OMRMKHR &R - (KRR B SRR sk 12 3\ T T -
tboEW%K@\ﬁﬁﬁiﬁﬁﬂstmﬁlvﬁx(17»~76E)%ﬁ%ﬁ_%lb\
K D12, 0.05mGy/H ., 1mGy/ H B X 18 20mGy/ H D4t T, BiEHREDS ImGy., 20mGy & 5\
1% 100mGy (272 % £ CHRE 2k L7z, 22> bu—n & L CHERKNEEZRMIREE Li-, £/,
Btk v ha— b LT, EiRERBHEE (400mGy/H TR ES 100mGy F L O° 400mGy)
ZIEREOHFIEIC L 0 RS Lz, 1 B ORRETIRIE 22 BRERICERE L, 780 o 2 BR 2 B fn B Br i
DALTF U AZH T, BROBRBEMREICELZE AT, TR, SUR. Mg Mg, ¥t
W RPEE. M. B BERE. DREAAEREL. A~ U o CEERICNT T AL, FO
%, 4370 ORI CHEUMEARZER LT, BT 7 ¢ VEE#IZ, PBS FICIRTE LT,

A, BWRIE LT T 95°C T 30 /A L€, JUROMRIE L EIT 572, Z D%, 5%skim milk
T TBS-T (0.5%Tween-20 & & de TBS FEMEHR) (& —RPUAEZ AL T, BlJ7 & 37°CT 2 KA
FOS ST, —RPufk & L Tid, $t 53BP1 fLik (Bethyl, A300-272) 35 X UL Ki-67 $iifk (DAKO,
TEC-3 & L <& Biolegend, 16A8) Z M\ /=, RSHE T, PBS Tk < ¥EH L T, ZkHUA%Z 37°C
T 1R & 72, ZIRPURIZIE, Alexab32 B2k OHL Y ¥ 19G Pk K O Alexab47 1k DL
7 v b IgG Bz fviz, AL, 1ug/ml @ DAPI 251 10% 27 U & U > PBS I&IEH CTE A L
THRIF LT,

VERE L7 A, HOCTMEE T CRIZ L, T U LVERZ IS LI-%., BHgrs 27 212 &
D ERAKT S 500 i (FERUFECIL DNA 5O B IZ)G UC 1000 EFRE £ T) OMaIZ DU ThE
Hra47\>, 53BP1 OBLAIRD Y 7 (74 —HA) OHBBEELZRHT 52 L1250 DNA
GO/ L OPRREZ R L 72 ¥

SR CIE, RURET v N O TR R X 0 BB L 72 AR E RO AR 2 il L
T~ BRI 4 T HIBR ST, WREMEOMENTIZ, NIl (1 b7 T F 2 18) & fif bRk
ML (A 7T F 2 14) O~ ——DOFBL A HORSE YR K0 I~ To, THE L O )
%%ﬁﬁﬁ\mﬁ%%%%@k%®%%%@%%%éﬁé%%@%%ﬁ%%%%wto%%%@
ROBHELZIED 2010, MiREMIE (EGFP M HLMAL) F X ORI (EdU Bitdkisa) |
i D RS R DNA IS O E1EEhRE %EmA¥$%QM%uA®%f%T?%m4&/Aym
B (74— A ICKVFHE L7z, AR, ~ v R X0 B L 72 KRIMRIAKEE N K0 B
HL7-, DNA EOFmIL, 77— A4 F A M) =B X ViTo7z, £z, MikICHIT 5 DNA
BEOFARIL, v -H2AX HFURIC X D ek L 01T o7,

(i B~ D ELJE)

ARWFFEIL, BFEREIT O IChz o> Tk, EHNOBERIES 2857 L, K FEBRA1T O 85
BBt e pr 0B FErE B 2 HF OKR 22 T2 LT, FFTOBMERITA R 74 28T L
TEREIT- T,

. WFFEHE S

1. #HHRICEB T 5 DNA BEISE O ZEh
B6C3F1 v A% 5~6 i CAT L. BREMOIEIREREBICIRA LT, 17— H720 3L
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D~ A% ANT, BEDHK, 8o 72s Z A THRE 2B L=, 0.05mGy/H. 1mGy/H .
20mGy/ H O #R &R TR 2 fikp L. SR E 1ImGy, 20mGy & 5 X 100mGy (272~ 7=k 2 A
THREFZET L, IEM~ T X Lo~ o 224 U< B em s T AR St v & —
IR L, R &7 o 7o, ANEEE - FHERIE 10% PR E AL~ U T 1 BIRE L., FiKEEED
BT T0% =& 7 — VIZIRIE Ligar O8I0 th L 21T7o 72, 810 H L7-ldgsix, &> M AR TH
B HEREIC L0 8T T ¢ M U, BRI LIRS AR R, LR, . MORR. deibE. BT
B, A, EERE. BEMEI K OVERERR T, WEEIGIRIEA T A KT R RICEE LT,

EF. PLE3BPLIUATOYAEZIT D &, MEOP TH, #HALIZ L - T 53BP1 B HE DFEHL L~
NWNBHZ IR D Z LB AW Lz, ZAUTEEV, 53BP1 7 4 — I AFEARIC S . FEAERN OB 5 H
IR BEE A RS ST, AT, AR - IEERAEIC. 53BP1 YA | Ki-67 Yetaoi
BLEDLETE LD,

[FRAR] - FRIRIE. 1 OB ERGHIEIC L > TSN ATERNEET > TTETWVDHH,
TEAE bR A FS & ORI HIRAR C 53BPL 48 1B O BLAHERR STz, Ki-67 B PERTRD & I8 Aa - Rz
R FZFE® DA, I b REARIE O 5 % S HERIIR T d o 72, BB IE < #0> 53BPL 7 4 — 1 A
X, &TOMHEM EEMRTOABIER S, B OMEMRTIE T +— 8 AERITEEE Tk
277,

[FLBR] - FLARCIE. LBV INESHLAE Z MR- 2 MIRIC 53BP1 DIEBLAGRSD b, KUk
<thb, ZNOOMITY +— 0 AR HER SN, Ki-67 BEPEMRIL, L& oMo s—E
ZHERE STe, — 7, FIRO KA 5o 2 MR, @IS b L CRE L7 A Fio TE D |
53BP1 DILEITF O bzl

(Rt - Mafe] : Pl . JRIGEE & FIRBEIC X > THR D Yoo TV D28, FRIEEE D K0 #i ©i
53BP1 MIEHN /< . —F, AMBHITIZIEETOHIICE O CHIANRD biz, SRR %
1%, ARIREEIIAR —SBOMIIE TIL 7 +— W AR RO, A CTIEZ < OHifE T 53BPL 7 + —
A ADFHFENR ST, MO Ki-67 M, REEECRTEL T 0, RESEOMIaD 6
O, Ki-67 HIETHL 2 Enbnotz, —J, MRTIE, &b EREOMICEW
T, EFEHNC T +— B AOFEERBEE S, T Ml FZED V(D)) MAHZIZHE S DNA HEN
BHEENTWD I bDOEEZ NS, BETH 53BPL ORIN/BE SN TEY . BE#%IT, 53BP1
T A= ADFFEDHERE STz, MIRO Ki-67 BRI EICET L TRV . BEOMITIE
& A EREMEM T o T,

[HEE] X, 2R V7 MEEETRTRKIBE . 7 ) 7 N EHEE L T~/ NG &0
HHN, WITNOEEL, 7V 7 N EEAT S LRI TIE 53BPL AMEFRIIZREL L TRV, Kk
SIS %L ETOMIE T +— D ADFENRRLOND, —F., DMFEOMEBIIL TIZ, 74—
T AFERRAEIZIE L LTz, MBS D Ki-67 PB4 6, 53BP1 O3 BLHIE D4y Aii
EEELL TR, 7 U7 Mtk T oMt 2THEMRTH o7,

UFFR] : BRI, CEAIT I MM TR LTV A28, REMIIT, BIE LRy, Lg%
BRNT, 1EE AR TOMIE T 53BPL DRBARBD RN > 72, —F ., IFlgod T 53BP1 DI ELH
HoT=OWNR, 7V Y O EHMKT ZIEMITH D, KIEOT U Y VBT, KEE D
L ERIRO IS EEYIRSIAFE L TR Y . Z OfRE RN C 53BP1 & F/E D3 HL K OV RR IR 1%
7 53BP1 7 4 — W ADJE AR LTz, Ki-67 BEPEMI S . b2 CTh 223, IR LRI
O b,

198



[Af] - WfiCid, MBI B AT 2 HIRE X OME A ERHIEIZ 53BP1 D 7L 3gEed Bl
Too ZAUZHE L, RSO, 1T & A E 2 53BP1 21T, & O H O oML T 53BP1 7
—NAFEEDBFRO HIND DI Th oz, [FEROYE N Z — X, Ki-67 THEIZE I, M &L
Hf & iR ot DR DR TR Y 7 L DS ERR S ATz,

(Bt - BEE] - Bl - BEDE I, 53BP1 O3B L OVT 4 — I AAUTE N TIE R0 o7,

[JPER] : UREEIE, PR CIE 53BPL OFBLAS AL LAV o 7243, PRRaE BHOFE ARk I8 ) C
IBELS B D7 4 — I AW S iz,

2. (RMER R EHESRIRA ~ 7 212317 5 DNA 15152 O & R0

F. ERH~ 7 X HROMMEICIBW T, 53BPL 7 4+ —H A0 BG OHHME ZF I L=, %
OFER, Tk, Mif®H7=9 O 53BP1 7 4 —H ABENFE 004 Tholz, LLARNEL, &K
RS L ORERIC X - Tid, RFTAIC S 53BP1 7 4+ — W A2 E R L CWARER G H 0 . HAT
2 X o TidHEOMROER T, #EH7Z0 OFEO T 3 — 0 ZABEEMIFE LITENE Z S
TFAE U T=o M -0 e C U Al & 7= © 00 53BP1 7 4 — 77 AMEE 1 TARD T < | i T4 0.004,
e T -44) 0.002 T o7z, Z OAtIZIE, AFIETIZ ¥ 0.01 TH D Z &b aoTlz,

WA AR = - ARAR B AR RSN ~ 7 220 HEREL L 72 ifids - MR DWW TRET A B 272 o 72,
B U7k 50T, FHAk - IBER 1S K > T B3BPL 7 4 — W ADERENREN 2L B b7, E&EM7R
fEbTix, Ml HORIR. THBAE 72 & RIS IV TRRET L 72,

F P COMBORER, Bty bo— & U THWZ 400mGy/ H O H R E RIS 1L, B
Iz, FFEPIC DNABENERET 5 Z LN LMNT R~ 72, 72 & 21, 400mGy/H % 1 Hidfe L
THRST % & BREERED 400mGy (272555, HREHE T2, Miladh 7z v F4)121F 0.5 8> 53BP1
T =N ADFERPBIES NI, 2F D 2{EIC LEOMIEAS, LED T 4+ — A Z R O8I
D, ZOLULE, BG OMIIEdH= 0 0.04 il & hiled 25 L BSMC DNA BERER L TS
ZEBbnb, Fio. 53BPL 7 4 —H ARG A BT 5 & B L E 60% OIS T 4 —
HAEFEFOZ ENDNoTe, BG D7 +—h AGMHMIERIL, BBLE 4% THLZ Enb, i
MRBFHC L2 BERMERR T H 2 LN TE 5, WIZ, 400mGy/ H O H1 i &3 CRIEM &
100mGy D EEZat L=k 5, Miadbh-v 07 +—H 28T L% 05 HT, BEHEEN
400mGy (2725 £ CTHS A L7256 L IR0 b o Tz, R E 100mGy O KX, PSS
EEIZ LC 5.5 I CTH D08, ZORREOBEFFEIZIH\W T, DNA BEOFEFEMEE L. DNA 8
BIEBICE 2B OBRENER L TV EEXDHZ LB TE D,

I, B ER - (RBREH R OB A TN L2, 3. 20mGy/H ORSTTIX, BB Lz
22 [T 20mGy % FRET 225, 7= 0 @ 53BP1 7 4 — 4 A D H BT 0.06+£0.04 T,
BG Off (0.04+0.02) & DRICHEREITRD LN oT-, £72, 20mGy/ H DM &R %
5 HREe L CRERED 100mGy 272572 & ZATE3BPL 7 4 —h A% AT L& 2 A, i
fad 7=V D7 +—H AHE 0.05+0.03 T, 74— A ADOLEMITRD b2 h o7, ImGy/H DA
FREFETORSKIL, REMREN 100Gy, 20mGy, & 25\ ImGy (272 5 & THUS 2 L TRt
BTS20, WTNOLAICH, Mildd7=b o7+ —H 2% 0.03~0.05 i T, BG O & [FfE
JEDT d—T AL Tho7, 0.05mGy/H DS TiE, BHEME ImGy OB Z R L7753,
MBS 720 O 7 4 — 1 A% 0.04 T, 53BP1 7 4+ —H ADEMITR LN/ T-,

LI EORR E FRIRE L O EE ICB W T 72, FURIRCIX, FRIRIER 25k 2 iEh E
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ALz st S a2 1T o 72, £72, BB T, KIBo 2 U 7 b ERE#ITRR L OVNGko 7 U
7 N EAERT D ERGIRIC RS W TR 21T o 72, 2 ORER. i CoREt & REOR RS S,
0.05mGy/H., 1mGy/H 5 X O 20mGy/ H DRAR =R « AR EAGHRIESHC X 5 53BP1 74— A
DRI IT D ERBITFBDO NN & 2R LT,

3. FHfkERAIAEIZ 31T 5 DNA 815D EH & PEbR

FARENICAAE T D EpMIIRIZ S B LT, DNA G 0OERE & ROt 4 A 7o, MRk,
AR AR SR~ — ) — ISR T D PR E W FIE T, ZOFEAHRT 2LERH 7223, 5L
IO 3 M THET Lotk 2 Z2BURIL. WL s MRk 2 MR A L Clit 3 2 Ici#t 2 15
DIBEAFTZT, Licii> T, AT, MEIEA TEEO H 2 Wi~ — I — D Ki-67 ZfEiF
IR 21T o 72, ORI, Ki-67 BPERINE & BRI & DEEIZ W T, 53BP1L 7+ —1 A D
FHERLBE B R BN REIC I B 2372 22X R 72 S0 AR A AR I R e BRI BIEE L 72 o T,
—Ji. Ki-67 filkz W= FEICIERA b H 0 . BEiREs s U b ikein cixavn, £
7. Ki-67 7 F v % VT AR A O AR 2> & OHEBRIZMNT REE Th 72, FHlZE B DB
SICESE, BdU LB AZ R 25 FE LY ipd 7z, @Ml ORI FHERE (Label
retaining ability) Z3Hli9 572, EdU ZEFENE S L7-%IZFE L, EdU OENTOREE K
L7, ZTORER, EdU £ 5% 0 EdU BEIERIRR O340 1, Ki-67 Bt o 5qm SRk TH 5 2
LR CE T, 7z, &E L BEMB OS2 T LToRER . WbE PR 72 & R ER
DOFRVFARR T, EdU BEMRR A 2 ICTE R T 5 2 LS LIt ie oo, —J5C, fifite & EdU B
PERBA OBEEE MBS B 0 | FRR - IREREIC, EdU RO B L2 RET D2 HLENTTE
72, EdU BEMEMIAIZ RS 5, 53BPL 7 4 — 7 AOM DX, EdU Btk - ARl L > CTo7 4 —h
ZHEPEITEODITFRD ST, EdU BRPERIIIC V) T, DNA BERIRIICHER S TV A1 E D
WIEHOBETH 5,

4. SyHRRRGEHE OMFFERL FAR

[AEEZ] RORSCAIET L E SNHMIREERIL (AT 4 7) ORASMENT K O
514 DA RE DR 2 KU E L 72137y MR EEEESR oD S0 (LREIZ KT T ST #2280 Rl 28R % 5%
T, BERENT A FEM LT, F ORGSR IT AR & RGO R EE D~ —
— & HLFEHBLL | invitro THRFE O3 LRE Z T I REVERTENHIIL Cd 5 rIRBPEA R STz, Al
BHESLOFAREIL, 100mGy DEHREIR) D 8Cy D EfE £ THRET L7228, BE S/ o
TERR ST EEEBRIC W) €, FAERBEO B /0B W IR T 37, ABKMIE O i RS T S
@l eEnBzoni, £l-, 4 NroF 14 (RO Mb~——) BLOY
A NrZFr 18 (EREMlaD b~ —71—) FBEEZFIRIC LI biE~ DB bt L2y,
100mGy~8Gy D it SR IR &L, T REVERTERAIAE D L REIC B A 5 2 20 2 E A LIS e o T2,
INODOERT =2 2 M LTI T VAER L CEBZ T L& 2 A, BERFED A Dl
eI AN AR S . RIS 3 A D BBRAIR LR & Ba7e D 2 L DR S iz, BL ORI ik
FRRPURS M T d D MR U, FLARATESHII S BRI oW L ClittE T 5 2 &L 3 5
M7,

CREZEES ] HbE S~ — 20— & LT b D Lors @il & . £ O FRfllid 2 A S & 2
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AR SRR BENEZ W CR CEMRE (1Gy) #M L7z~ v X2\ T, Lgrs #fliiad EArl
Fe o FRERIC, R EER (0.0003GyY/IF) |2 K DA F Tz, TOMEK, IV E TITERERGT
BREEET (30Gy/Hf) THIER SN CE - BMrMiseiL, 0.0003Gy/IHF Tidfih S ¢, spfifaic X o
MASTR BRI DR RN RO BIRE ST, MR BB R OB 2 P 2 7 012 Rk A (EGFP
SRR BIAIAD) F5 X OEIBRAEAL (EAU BSPERIAR) (281) 2 aHiRis 7 DNA BEOEEEIIESZ DNA
RSB ER AT~ D JRAE & 53BPL X XY DR (T 4 —H AK) W K0 M L7, F DS R,
1Gy D Sk E R AR RS 8 RERIH21C, ATBMAR S SRR 5L 2 BUER AN HERB S 7= 203, miisisim e
THEMAL TS B O 8 K221 DNABERIERF L SV RIS E TBEE SN 0D,
Lgr5 #HfE > — L2k LC DNA ER S L2V AN H 5 L g s v,

(B3] ~v & L0 B aigicls T, 7a—3+ b A MU —7kIC k% DNA #
EIRE 25 U 7o /528, DNA BEIE, BREREEAFRY (500~1.75mGy/min) (N5 Z & 25
M LTe, 2O &b, MHfENMREMAILIL, HBEIS L T EDBEREL RO Z &R
ENi-, £, 2Gy BE &7z 145 BIEIR~ w7 20 B4yEE L 7= I8 VMRt e & pl At i
HZF1F 5 DNA HBIEOREIXFRER 72 bbb, AT~ 7 2 OfRkeifu
@ DNA 51T, BRI & X THENL NV THDL Z el bhroTe, 2O &I,
FRABSAFREERHINL Tl DNA G033 5% F 9 2 — 77, IRILEfiie CIrissAmfe . DNABENHES
NAHAEEMEZ R LTS, ZOAT=ALE LT, 26y %G SNTZREN O EENT A~ T AT
X, EVBEE CKIERRD b 2 &, ARSI, 7 ARG A RO 2 PEER
L. ZORER, MRS B U COKBHENE R SN EEZXDH 2 LN TE -, HRGEN D
LT, JKEEIE~ 7 A D By EfE L 7 A IE H 2 1 DNA BEIRECY AR B 13780 ST,
FARRBRIZ & 5 DNA HEHEBR 7 v & 2 DIFAEN R Sz,

V. &s2

1. MfkIZI1T 5 DNA HEIRE

A 2 KE R T D RE ~ 7olidids - Mk CT53BPL 7 4+ —H A& L7z L 24, ko T, AL
I2 L > TB3BPLEAEDRILZ D DR, 53BP1 74— ADRME N R D Z L A 5
7otz BlxIE, MiTix, MIRE XOME M BRI 53BPL O v 7 L3R B L3, A
REXNBERAERLT D — O EREAIRE, EREICE D ETE3BPLOFEHNH Y, 53BPL 7 +
—HADFELHERTE 2, ZHICH L, il Ti, (& A EM53BPL T, oo
WD EL DFBIL T 53BPL 7 o+ — N AT DFRD B D DA ThH -7z, Bl xIE, FATHIEICEIT D
J& T OMENTCIE, SRR b A LMRICE 2 FE T, 53BP1 ORBNWHALT H, Liehi-T,
AR D4 LFREEIZ K 5 53BPL OFRBLD ENE X bivd, DF V|, MildTiL, Lok LAiEn
M ZIE->TRBY, ZOd, £ < OMIIETIL53BP1 O 7 F /L3 LT, #iZ, 53BP1 ™
FELN D DT L 0 Rk filaCThH D LB X HiLd, F5,53BPL 7L OHMfE Tk,
Ki-67 O 7 bt &g 2 &% < ML RO K 0 R b7 ifa s 53BPL (it CToh %
EEZXDHTENTX S,

Jili AAE OFAAE T, FRRARCEALE 12V T 53BP1 7 4 — 4 ADFFEENHER TE 508, FURIR
TIEHR SN 2 MRS 4 5 4 T O8N LR IS 7 + —H 2ADFUNBlIE SN, — e T
L. 7 U 7 FEEEDILI>E D LTWA/NETIX, 7 U7 b0 LR TIET +— 1 AR
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B S =Dl L, MBI TIE T 4 —H ADOF T 072 7 U7 M & # B T TH
ERIBEVWDFRO bILD, Ki-67 BBEMARDO NS 7 U 7 MBIZRFE SN TWD Z &b, /INMED
BT AN A e BN HET 1T DU T 53BPL 7 o — A A TRk E AR 5 LTS
ZENTED, TO—JT, FRIHIIOCE R D F— %R LTz, FURIRTIEL, 53BP1 7 4 —
71 AN AT OPEHE ERMAIZERD LD DITxE L, Ki-67 B EA L AL _E R HEE O 5% FEEE I
BOHNDLDHTH T, FRIRERMEOREN 2 b~v— I —ThdY A rrar7 ) ok
BAEFRD &, 2TOMRERMECRANRO b, 2F 0, RIS CIX, -+ 7 Hiia
LT a e ABHEIT L7225 53BPL 7 A — D AZFHFEL TWDH I &2 2D X 5 7eikigig,
o & Olgigs - ik CHBIE SR o T,

VLo X9 Zalidids « ARk LT Ak oD 1 CARD TR R S 72 $BA7 T 53BP1 DI EL & - 72
DN, SO TdH o 72, FRTAFIRTIZ. RO K% 56 2 1T FE ML Tl 53BP1 OFEBIA
RO BT, HREMIRIC /b L7 EEMAE TIX, 53BPL 7 4+ — U ATERKEEN L LTS Z L&A
bbb, —HT, 7V Y UMANOIRE EEGA T, 53BP1 OFBMAMER I L, T b OMifaT
X, BRI EZ O 7 +— D AR b Sz, 72, WRTH, SR NESILE D T
d = AR D DAL, MO - H#RE & 53BPL 7 4 — 7 AFHEAE & OBIE S FLRZE

53BP1 7 4 —# AL, DNA "EEHUINZ MR L L7z ATM (K171 72 DNA HEESENERL S
TeRE RIS LD, ATMIZ Z > TIRONZ Y Vb SN D EREN E X 2 H2AX T, y H2AX &
FEZILD U (ke A b H2AX &, DNA “EHUIW O F~—r—L LTE<Anbhsd,
53BP1 7+ — W A%, I HICHMERE A EEA R ROBREEZ R TR SN2 %EN L EAEH
AR THDLN, 20X Hic, HETH, DNA “EHUIMDNER SNIZ% 07 o~ F sk
& b7 ) A EFNE L ERB L TV DB E 2, LEBN-> T, U rigbae s b L
DALY 72 BOGHE Z 0 15 2 M T2 1 40X 53BPL 7 A+ — 1 AUFTERKL S 4172\, Billke Tl
H< EFTH B3BPL 74— A1X, DNAEEICIVFHERENDLELTRYTHILN, 74 —H A
IR B Lo TDNA HBEN RV TR GR O b, TORM, vy H2AX Z1E U, DNA
CHEHEW O~ — I —% AT DNA HIEEZRHT 2 ROMATH L, AL TIE, D
HbBE XN D, 53BPL 7+ — W AZ B T DN OFEZ 2 b A LFFE LTIZRIZ, £0
O IRE U CE B 2R BT 2 A 518 T1T 5 L O ICELE Lz, =& 21X, Michiut, #EM
FE ERHRSENTH S L, WEETHIZ, /MEZ V7 hend X512 Th b,

ZD—F5T, MRk - IEERN O 53BP1 7 4 — 1 AURREEZ AT DM D 554 1E. HERRIE DS A D
FEAIHIAL & W) S BLE DN D+ IliEim T N EETH D, DFE D, 53BP1 7+ — W AL T 5 &
WO Z R, ZOMIZ DNA BEIGEEN S D Z L EBERT 0D TH D, Mk - RS2 A
L CW A IO H T, DNA SBEIGEREZ LA LM TEET 5 2 & 28 LIEARRFZERE RIE, <
D X9 PRI SRR S A DR IT 2 BN 2 E 2 ER L. WICE 2E, M - IRERNIcTE
TET DRMNAAEMIEZ LT 5 2 L1872 5, BRI A OEIEAE (cells-of-origin) & L
TESHIIE A ERE S AU T2 23 ARBFIE O BRI T R AT 0O 2 70 & 37 BG4 2 49 % progenitor
Ml (TARII) &, FEBAOERMIAE 720 252 L 2R LTS Y AS%iE, Mk - meso
HC, BRI ICEHIMICD72 5T DNA 52 £ bl T 2 ML DR E N MBI 5 &
Bbihvd, ¥R, MR X > T, BIZIEMBADEED X 912, BB ORI/ DN O
FEIEAHI DN D0 h LN H D, Z O X5 RGE, FrEOZERIMELEIZH HMiacE R
LC. DNA BEOWRZEMPIFNT 21T 5 Z L1120 BB AOYIMERIRIZ S72H 5 DNA HEIE5EE
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ZFRIRTELH X 0ICed HfFsh 5,

2. HEED DNA 15

TSRS U TN W IERR ST~ o7 A R OMARIC IV T, 53BP1 7 4+ — 5 A BG D HBUEE
Ml L7z & Z A, MRRIC K > CTEOBENBFICR R D Z L2 RWE Lz, BlzIE, T,
M &> 7= v 0 53BP1 7 4 — 4 ABEE V-1 0.04 TH-o7275, FURIETIZ, T OMEIZ TV 0.02 T
boto, T, HRCHFIETIZ E HITFEE0.01 THDH Z Enbho iz, HILE T, ‘¥ 53BP1
74— ABEIE 0.008 &, FIRRHTIRICITVME TH 72, 2 bidnTiuh ., Mk - llasi o
7k — 1 ATGALRE DS RS S NV I A M RIC LIEHli CH D720, M RIROEHE Tiden 2
CIWCHEBEZET D, DOl - MRSk L. BRI T, kAR L TV aIEIEeT
DML T 7 + — I ATERRE D HERR S 415 23, Mool C DAL & 72V D 53BP1 7 o+ — 71 A&
(TR TR HfR TR 0.004, Pl © 4 0.002 THh - 7=,

ZD L 572 BG TP 53BPL 7 4 — I ABEDE L, Kldigs « MR A B 7RI 2 S LT
Wb EBZ B, T2l 2 BERMEES TR, SIRIC L - T RATINCZ %0 53BP1 7 4+ —
AEFFE L TWDES BB SN, BITC X > Tk HEOHMBR O T, fMltdh7- v 0Fh
D7 F—H ABEERIFIE LI E ZABIFEL, Ziud, 100mGy O #tz SrEgix< & L
TEZFTERFEIZEFBEDO L~ LD DNA HEH TH 5, TORKZFET HITITE > TH2RWN
D EGLRRIEZR 81T K - T ROS O L~V EETHINC AL DNABEOFERICE ST 2 LR35
Zbid, ZHET, EENTOH T DNA BIEOFHERIZOWTIE, FEAET —F R
ST, AFZEORER, ARNOIESS « Mk, fEH 092 DNA BERFHEE S T D881
Ol oTz, TNETIZH, MENO ATP EAIZE b 725 I hay R U 7 HEOIEEREF I
W25 HAs, NODNAICHEEZHFET L2 ENHESNEZD % $7-, DNA BRI
9 WERAL2H) 72 DNA $5UIIKTIC K 5 DNA “ESUIN OB IMHEE SN2 LTE 0 D EERIC,
ARNTO DNA %, Hix el - M CrIib T 2 BRIIRE W, 512, 20X 572A
WHNZAT S DNA HER —ED LV TRIZATND &V ) T &k, MOl 2/ L Tn
HHMIE, BHEEE TV LYo DNA Ik LTid, Tz 8R4 5 o E2H LT
WHZ EEBRL, £, Mk LToEEEERS L I RMEBKIEEZRILTnDE NS 2k
EEMTLIZLICRD, 2O LT, LD ERRESR - SBREKEBEE TR D R
BOHRICL\VCERTE 5 LMIET 5, 728 213, Mt cBgasns, #Miladi-v 1 0.04
il DNA GO L~ L, D B> Th—H &7V 40mGy OHH#RE 5 17 2 DI ST %
LoULTC, 1 S0 ICET S, BB XE 1.8mGy/HFFLE O ML < IS 45 Z &L i
Y. ZOX IR Lo UL OREHRBIE < IC L D AT D DNA BIEICK LT, EERERIST 56
NEF-TWDHZ LT b,

3. B A - ARHR R <12 X 5 DNA 5O ERE

R R AR B R IR~ 7 2 BB L 7o lidids - fER I DD TR 2B 2 2o e b 2 A,
PREFRODEWIZ LD DNA GO SEFREOHEREVDRH NIl £ Bt b e
—/VIZ IV 400mGy/ B O it s R B Tl #& B o FRGT CRREHR &)Y 400mGy DIRFd 53BP1 7
= AEE, MRS 720 ) 05 ETh o7, AL, BG Ofifadh7- v 0.04 &bz L TH
AREITEVET T, 400mGy/ H &\ 9 BRESR O HHREIE < BREE T, ARk IC DNA 81505%
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T 52 EBHALMNTR o7z, BERENT L0, R EA 100mGy (FREREHEIIZ LT 5.5 IR¢fH)
& L7z 53BP1 7 — 1 28t . fifd -0 05T, 202 L, BEERE 100mGy fLE
T, FICAR S LD DNA HBIEOF ML & . DNA BEEREIC X 2 BEEES YL TD 2
ERTRIND, FFE, 400mGy/ H DG A #4& 2 TH 5 D 53BPL 7 4 — 1 A DOV EHE & 18
HEIRFE2 ARICBG LYULICED Z LR S Tz,

AU L, ARER R - (KRR E AU O%5A 1R, Bl 21X, 20mGy/H ORRE TliL, Bl k%
22 W§[#]C 20mGy % MR35 728, Al 7=V @ 53BP1 7 4 — 1 A D H B HIE 0.06 T, BG &

EIEWTIRO Lo T-, ImGy/ B ORSTIX, #lx 1, BEHRE 100mGy OFH 7=
(2. Bk 100 BIZ)E 2 Mg ST 24T > 7228, 53BP1 7 4 — 1 A L~ULE BG L [A&ED L~UL T,
DNA HIEOMMICK T 2EMIT - URD o2 d o7z, F72, 0.05mGy/H DFEEFRDOIKFN TH
DNA GO ERITBE ST, KR ER TORSEBBRN OBLEITIT, B &E T 100mGy #2E D
A TH->ThH, MikicHiT 5 DNABEOSERII 072 < BEHIZ L > TAE L7 DNABEITS
TEEINTWD Z ERHALMNI ST,

AR R - (R BSOS BREE T T, DNA SV - IREHCER La WV A 7 = X A2
TlX. DNA #EEEIC L5 DNA BEOEE & Mo 12 L 5 DNA 573 Ma ok
BROWM T OFEENE 2 b, £ CTET, MBI 2 8L X 2 BEBRO AIfetEZ, 7R
= 2 DFELFERITRE Lz, £ ORE. T L7k - IRV T, Mo piEe &
— OB E RN T, BB L D7 R b= 2OFEITF LA LR SN2 EH SN
272 o7, WIT, MREPICEIET D HEME 2 A3 2 Mila% EdU IZ K> TiERk L. DNA #1543
L7 EdU BEYERAR 2SRRI PEBR S D B B BRET LTz, BT OFES:, EdU BEMEMAR O T
® 53BP1 7 — % ARG & BRMEMIG OB I A D b3 AR THRIC Lz L ) EiiE
o AR EHRIB S BREE T, MO L 5 DNAHBEOHER L v &, MloE-> DNA
EHAEIERE IS K VBALICHERE T 5 LT 2 2 &M T&E T,

4. FARREAIIICI T D DNA FEEOZTE & P

AWFFETIL, ML~V T DNA G OFHM & AT LT, Ak & B U 72 AR Rk 4 A
BN L7 AR 2 et LT, £ RS R. I SRl Ot e iia CoREli & OREHY) |
AL & 2 2 BIRAE L7ZFFfiL & ORI T, DNA HEEEREICBEE /ST 220V 2 L8 5
272 o7z, ZORERIT, B E - AR ERBHEIE < OBRICR b EEIZ/2 5 DNA HIEEER
i, HARE A A O T B W 2 E 2 BT 5, — 5T, HRESiEo X o (&
R 4E224) | FHARESIAL & T-FRAIAE D RENZ B & 2> 72 U RS M OE WV SER O D 7o S50, F Rk
ML EN T, 7 DERZ AT 5RO R PR AT L OFEZ RET H, ZDF]
BePEIE. X, RIEMEOMREa TIZ s ) ABRENRERONDOIK L, AR IRICEN
THRREAIIIC 7 ) D BREDRRONRNE WS BIRIC I RS D (BAHEY), TOA =X
LD E TIEES o To iy, Mk - s L~V CTOMT TIEDAWER D Z LD TERD -
7z, AARRERAERL OMIRAZEIZ X5 DNA HEEGHEEREEME O AFIENRE S, FREROEWIZ L 24D
WL 5 LT, A%IEDHINEEETHREO 1 212k b, &2, HILE OMIaREE
BSR & 2R T, DNA RS X 2 HIIRSEAS, MR 7 — i E D KL 5 e A IE4
ARG LT2AY, iR R R OB S 7o A O B B AR R IR ST, MRS
IZBWTH & e E RN R R ST, BRI Ac, DNABEGITERT 57 ) 2B R %
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FroffkitMao 5 42E 2 5D ThuX, < b, DRFEII L TERWNWE W) Z LI D,
ICRP 253t x FlfT S % [l O BUR BB BE T 2 EHE] Th#Ems i Tna Lo,
RS AV A7 IZB T DL~V 7 V7702 (WEER) OFEEEN/ a—XT v/
ENTWD, KIFFETED R LN~ X 51T, MRS H 507, DNA BEEHE
BEIITFELRNER D & L~ Lo EEHE L QL. Ofia= v 7% < 2 iHilaEi e,
QFARRESIIC 7 1 7T A STz A EHIESE A B = X I ORGSR SE 12755 S D ke ks
HIRAE 7 e 7 F A, @5 7 2EGZ AT DI O b A (et T 2HUNREE, 72 EDATHE
PEDIE 2 Hav, (KR E - R ERBU B ORI 2 BT AR O5% O E L L TIREL T
WE T2V,

V. i

AR R - AR EHEREIE < ~ 7 2T T, BRI 728 - #ikicI1T 5 DNA HIE0%E
T & HEBROMENT 2 e L7=, = ORER., Mgy « fB#kIC L > T, 53BP1 7 4 — 1 A & 3K 5 R fit
HIEBALAFAET 2 2 L AN Lz, Fio, FERH~ U RTHB N THIRMEE 2 5 DNA #15
MAETTNDZ EaMRL, TOHEIT, s - Miklc ko TR L, 61T, Mikicko
T, FERATREIC S | RATHIC 250 DNABERAE T D X9 R3S 5 Z L 2 6 L,
EARER - (R ERSHRIES ~ 7 2281 2 E &M DNA BE OG5, 20mGy/H (RIS E
100mGy) FEE DR ESR - AR ERRIHE < TlX. & 5P 2 5EMk - JEgH2B8V T, DNA fEE
DOERIT RN & 2 LT,

VI RAEELARE O]

YRk 24 FEE X0 3 M OFHE TR T LI AWFZE Tl R THIO T IR Z A 2 F 2 Oliids
FAREIZ 31T 5 DNA G DOFEFE L E1E . DNA HIGINE ORFZEEIIEIE A B & 2T LT, £ ORGSR,
AR R - R B AR I < Ik, BRERREY 100mGy F2£ ThiviE, DNA BEOERIT W
ZENRHALMNI o, — T BREFOMETIE, 20mGy/H DK %, B E 8Gy 12725
% T 400 HREERE TIT > 72858, T0%., BB L D HFMEMIABEICRD LS Z & 2l
LTW%, L7 > T, 20mGy/ H F2E DA B UL < T b L ARBREE - BRI 2,
DNA HEOER L | ZHITEKRT 2RBPAFENRH D Z L HBHRT 5, T 2T, WELELIE O
2L LT, 20mGy/ H DKM &R B OB WIS A2 vy, BE#H & T 100mGy 226 8Gy DRI
B DRBACOBRPEGTFLNVOEE, MikicIkiT 5 DNA BERFHERO 7 V7 Z R
EWVIORRAIC K VIRIAT AIZERE ZIRE L2V, 20L&, HMEHREIE OEBITEIZE N A
DOIERNERR 21T TidZe <. B PEDOESS - AEERE DL D > TV D RN B D Z &
F 2.1 EED S FERNEE - AR A BRI L TR 58 A7 4 v 7T A8 AT 5 FETH
P

B OMFFERHE & LT, AR THE LN AR E S HICE ST, RIS 5 VI3
@ DNA HETREZ M ST HZRE L, T TIZEFLTWD, F=v/ 7 U ERFHE
DEFIREIEAER D BT U FEOWNIHEIE T K2 /NEHRIEDS A DOFERRH 50 Th
D, —H T BRWHHE S TIEHARBER A D U 27 1 ZHM L TRV, 728/ NROFE M AU M
MENOD, W2, BRI OERRIE S TIERERBA Y 27 BEL 200D, 2 b O
(ZHARRER A DRSS DRVR RS 2 5 25 Z 21X, BEBREZLCICEEO K& RRaIcs
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25HZ LR, %ﬂAUxﬁ’%@%ﬁzé\%v«w@ﬁm@%%*%o@ﬁékﬁgbf
W5, 22T, BRIEH® 5 W/ NEINER#RESR - KR E RS < 22 0 e 7 v 3mic
waWA%%@&)7§Vx%%ﬁ?é§%ﬁ%%ibtoﬁ%ﬁ# \_®$%%%ﬁ&
Lt\ﬁﬁﬂ$-ﬁﬁ%m%ﬁ%i<%@@@#%ﬁé%%%#éﬁ%%ﬁéﬁﬁbtw £
DL BRIRE SRR, SIS L OZ0=y FRENS AT I v 7 I8 LT 2T
H Z)o Z 2T, MRR L UL TORFZE & T, ex vivo THUBRERHIIL ~D BB A iR Il 9 5 EBR A WAT
LTHE IR, Ofild=yTF % <20l s, OBl v 7 Z A S @k
HIBE A 71 = R I, QFRRERAIIESEIC S S 2 Mk iiasites 7 77 o, @F ) 285 HT
DA AL O 3 b A R DU NREE, IOV TR 5.

UbkzboT, fHMZEENDS O [MEMRER - (KRREOEWBLMAT 5LV BRTHHD
B D REEZWMAT D] & OMFFIIGZ T2V,

AAFFEIZ BT DB £ TOMFFRRIL, ik
1. SATE ]
Suzuki K Yamauchi K Tanaka S et al. Distinct 53BP1 foci kinetics and tissue response corroborated in

mouse exposed to chronic y-rays at different dose-rate. (% {5 )

51 FH STk
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Analysis of DNA damage accumulation in tissues exposed to low dose

and low-dose rate radiation

Keiji Suzuki™*, Tatsuhiko Imaoka"?, Kensuke Otsuka , Kazunori Shiraishi™

“'Department of Radiation and Life Sciences, Nagasaki University Graduate School of Biomedical Sciences
“2National Institute of Radiological Sciences
“*Radiation Safety Research Center, Nuclear Technology Research Laboratory, Central Research Institute of
Electric Power Industry
“*Laboratory of Radiation Biology, Department of Biological Science, Graduate School of Science, Osaka

Prefecture University
Keywords: Low-dose; Low-dose-rate; Dose-rate effect; 100 mGy; Tissue stem cells; DNA damage

Abstract

After the accident at the Fukushima Daiichi Nuclear Power Plant in Japan, much attention has been paid
for probable health risks associated with annual low-dose radiation exposure. While the epidemiological
studies of A-bomb survivors from Hiroshima and Nagasaki have indicated a linear dose-dependent increase
in cancer risk at doses above 100 mGy, it is quite difficult to estimate cancer risks stem from lower doses of
radiation, e.g. less than 100 mGy. Thus, the LNT model has been adopted and used as the current standard
for radiation protection. However, the LNT model does not always explain biological and epidemiological
data. Although the LNT model assumes that accumulation of the initial radiation-induced damage in the
target cells is associated with cancer development, this has not been proven in any of the experimental
systems so far. Therefore, current study aimed to demonstrate whether DNA damage is accumulated in
mouse tissues exposed to low-dose-rate radiation. B6C3F1 mouse were exposed to low-dose-rate
gamma-rays (0.05 mGy/day, 1 mGy/day, and 20 mGy/day) until the total dose became 1 mGy, 20 mGy or
100 mGy, and several organs, including lung, liver, spleen, thymus, thyroid, mammary gland, intestine et
al., were obtained. Then, tissue slices were incubated with anti-53BP1 and anti-Ki-67 antibodies to
visualize DNA damage and proliferating cells, respectively.

53BP1 foci were detectable in every tissues derived from the exposed mouse, whereas not all cells
consisting tissues and organs form 53BP1 foci. In particular, more differentiated cells seem to lose the
ability to form 53BP1 foci. Importantly, the 53BP1 foci were also observed in the control mouse. The
spontaneous foci frequency was completely different from tissues to tissues, in which the lung is the
highest. While middle-dose-rate radiation, 400 mGy/day, was confirmed to induce 53BP1 foci,
low-dose-rate exposure examined in this study never accumulate DNA damage in tissues/organs even an
accumulated dose was 100 mGy. Thus, the present study clearly indicates that cells consisting tissues and
organs are capable of eliminating DNA damage induced by chronic radiation exposure at low-dose and
low-dose-rate. The results should provide scientific evidences that might contribute to the scientifically
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acceptable estimation of cancer risks from low-dose/low-dose-rate radiation exposure.
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AR - (BRE SRR < (2 X 2 ARl e o
TR T O F I B D 5

R B =R - KRR BT < K 2 R eR e ~ D 52 B 7 O R A

Al EE (BURRREER S U TEAT BRI RENT e o 2 — ST < BRI IE 7 1 7T
AL FRT— L« F— LU —H—)

U=

JRFTIRFC L DY X7 ORI O FEAR & 72 258 - e B 2 Al 5 720, Mk
MR~ DB B 2 T2 Z &2, AMIZEDO BN ToH 5, AEEIT, FLRORS LT
7L & S D MBSO R AT M O MRS 1% O FRAERE D RTATR (2 FEBR 20BN L T 7 — & & kL
B L7ziEy, MEEEESL O S LREIC RIF T A SR B ORI R R 2 58 T S8, SR & (R
([Z81F % DNA HEMIBOBIIERZIT>72, T ORER, MIEEESITAREIE & LR
DR D~ —J— 2B L, invitro THRFE~DOMEREL R T HIBMRTHD L BEX 5N
oo AMIEEEERSL O BAREIT IS SN ToMIdD BB S T BEESRIC B W T & E 0 2Eh 72
ol LRI ORI ORBIIR OGN oTo, ERT —F 2 L-EEE 7 L 2R LT
FE & BT U7, DL G FLIRATESII ISR IE TH 5 2 L AVRR S Tz,
F—U— N MRRERAE, FLM, BdRE, ¥ — A —N—

| WF5EH Y

OB R EH R F IR EITFi%E T, 2 < OESEEPERER S L IR E O HBE#H#
BRI LT, BAEOHIRHRERRIL, ERETHOHEIZHEIL72Y 27 PEENERT D
EWVIEMMLEIWEZRL (LNT) ETAEHA LTI A7 23T 5, LNT €7 /UITHLICFEHT
THDIEINY TR, ZLDOAEENDR D LBRICE N TRFRIC—FE Lo L LWMREL &
nsY,

B L DBV A7 ZERET 2 FE A E LT, Mgk (REMOMBEMIGE LS5 28
HEIND, LNT BTV O IR THURRR TSI A U 7 B8 Rk I s T A R 4 i
L., BRMBEOBEEICHH L CHRAY ZAZNELD] EWIOIREAH Y, KRERAHEEED
TWHBH Y, ok ZE REICHH L ARSI ER SN LT, TOKEEX D LD
Ipi— A —— (flREst, BOER, k%) BERFICREERFICE 2, ZOoRER
AR AR

AWFZETIE, HEHREG#E O EEEMR O — > TH D AMITIER U, FARRE A iR s I E
FTH = F N DOEBEERNICHAT L2 AN E TS, 2 E T, ARSI & ORITER
RO ERET L E SNAMKEEN (w227 0 7) Y2FH LT, MRS MEEER o
TERRIZ B30 2 MAa D B K O " AR BE SRS DOTE RIS R & R B A KT S e E 2 BT L
1o AAEFEIT, ZHE TORERRTEIERDD 2N CHIREELE B 0 R AT M ORI £ D &
REDFEHM) (ZHEBRZ B L CF— & Z 85U L7213y, FIEEEEIE O /0 bRe I IE 3 i e 28
OFHMEERRZ 58 T SH, S OITHERNT & RIS 1T 2 DNA HIEMOBER 21T 72,
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0 W55k

DNA G DIBIR SR « MEREEIT > IR ERO T — & LT 272D OB A ER L 7=,
Thbb, - F=-2-F A Xy U v (EdU, 50 mg/kg/lal, 3[E/H) ZEFENES L 708
o7 > M, BREEEO LR, 6 FF[E, 1 B, 2 B, 3 H, 7 BRICHIST 2 REA TR 4217 -
T HRED 1L MRk E TR L7z, R~ U CEEANT 7 0 CEMEE R ZER L ~~ b xR oo
TAYVY (HE) Yo LEEAOBETEBZIE S AT 22X 0 Kb L dis R amEA (%
B, 20K 4 IR D) 2EREIC K Y, TR ENEIRRZ~RA LT,

7 v ML BRI O ERY « Bk > b O TIEERFLARREI IR 2 /T e OV = 7 7 —F 11l AL
L CHLIR R BE A1S, SO R Y 7Y DN 77— 12 K 0 B R L 7=,
IR EE BL DI R D BN - FLIR LRGBS 7 o~ 2 FERRST & L < 13 100mGy~8Gy TA i
(0.5Gy/5r, =iR) L7z, 100mGy (2B L TIHMEMRER RS (ImGy/4r, 100 47, =EiR) HiT-o72,
IR, ~ U BRAT 4 TS T LIRS LT RMIaEEEIL 215, ¥ = v RIR oG -
TEEZNE L, —HOERTIIZOM., RO Z® 5-7 nE-2-7 4% v U 2 (BrdU,
10uM) ZRFHUCHIN U7z, —WRHIRRERESR 2 R U 770 U ALBE U CHL—Mfalc gl L, ~
AT 4 TR TS I LEMEEE L, ZUMIEEESE O A& 37 L 7=,

HIRREEESL D 3 LBE OREAM « —RAIBERESE A AL B R FICE L CE b L EMEEE L, [E
E LM CY A b7 752 14 RN 18 O etk Yeta 24T 7=,

(i ~DBLE) EBREW O IR LTI, BEHREFR AT RTTE EBREE R T
SIVICEHENCEE S & | B EEILZ b NI HURRRIE SR ST ATaE SR « JEMEA SF LTI L
776

I WF7ERE S

1. DNA {5 OB SR

PRI BRI L 72 AR IZ DN T 54 80D HE Yot ARE 1B ) O 216 AL D ARG A & 1Y
LT, ERRZEICHRE L,

2. KBRS O R AT

T R HERER L 72 S R OB RIS I UL, B BRI (A T T 14 Bt
A broF 18 atk) EEENNE (A T F U AEN A T T 18 i) EIRRE
ND, T 6 IFIEOEHM L ORI 5 ME L TEESND L EX bR TS » Y, fifa
EBEILE T LICOWNWT IS DY A N T F o OFRBL A9 g etz X - TR LT WEEFED
BREZERN L2 E 25, PIOOMRRICK LT, KEDOMBARY A L7 7 F 2 14 ICHBHETH
DHAREMER RN ST, & 2 CAEEIL, LR B OREIEAR & MBS DR A & [R]— S
THOGRE YA U AR RSB O TR BRI A N S F o 1A A b ST
18 fattk, SIS A RS F o 14t /YA Mo F o 18 B L HESND L 5 (T -
PEPEDBR & R D a0 tME AR E L, T OFMF CHIFUEESL OFEAR Z BT L7z, £ OREE,
FIEREEBL O RSy (59 90%) OIS A M FF o 14 B/ YA M FF L 18 BETHY |
K 10%MY A R T F o 1B A R T F U 18 R (Theb b LEEEOMIE) Th Dz
ERWDBMNE T,

W4 A 45 F AT B O MBI A L B M & B eI O % % PEE T S RIBRMIIA CTH B &
EZHNTWD Y - T, Z OMKEHESLIZMREMERTEAIIROET L L LTHWS 2 &R TX
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HEEZLNT,
3. MREE OMIEEEILE K

WEAEFE & CL 100mGy~8Gy M L 72 LR bR 2> & — IRARREREE B S AR S 40 5 238 203 IR
CEDHEVET LAV (T72bb R X 2 MBS IR 2 2R LT, FEMRE
DEFEE L E LIS 2 I AREEE S R S D FEBRT — & 245 D OISk L LTS = exp(-aD -
BDATHE LT=E 2 A, a=0.065, B=0.0031 Th-o7-, £7-. =9 L TR SN MIEESL % 45y
ML, BERETDZ L TEMASN RMIEEI ORI FIZ OV TEREZEED KL,
100mGy~8Gy D IREHC X 2 BHE 72 B3GR H e\ (72 B B & 2E S SE O AR 2 & I
SN AIEEE ML O FAREIZIERIT OGE LRI L~V TH Y | BIERREEL B 570 &
IWEFEEORERZFEL L7z, 100mGy OMRITMERITIKTF Loz, = LTEERT — X
% S=exp(-aD - fD°) THT L. a=0.091, $=0.0083 ThH-7=, Zh bOREELNEER LB
AR (TARbBBMIEN) OF =20 b ROZEX (a=0124, p=0.129) LT 5L, #
REEEEESR D RS =R DS AT P & Lol U TS T 5 Z E R LN TH D, I HIT,
HE L= M L 0 ZENDWE TH D BrdU ZEEHUZ TN L T REE D M EEE B ik 28R
EiTol- b 24, BEOFEECED LT, BrdU (THIREESL 2 #5532 iR ok ICF UEIS (R
40%) THUVIAEND Z ENbhoT,

PLEo & 9512, 100mGy~8Gy O FUH 1 XM BEMEATBISMAL D 77 K OIS 2 K& IR T /72
WZ & BB S R MERTEEAI I W CEIER R O REHL L R e T E B B 8T A o
776
4. HEEOMREESE O e

WEAERE . FERRST S L <13 100mGy 725 8Gy M L 7= FLAR F R s & (ERL U 7= M fa e R 31 4 55
EFFESEIC LAME S, B Lz, SFEIL, ZOERICBITAH A M7 F 0 14 KTN8O
FE B A d IS YA Lo TIRHT L 72, 2 OFER. b8 5 Tl 40% D /fa 1 k7 o
FU BB A N7 T 18 B (Trb bl EREERIRICE) . K9 15% DRI A R
roF UV A N T T2 18 B (T b BE R MR L R X E A RO
ERbroTe, ZOHEEZ, BE INTMIE G S - MREES O A EREbE RS 72
olz, T72bh, 100mGy~8Gy THAR S #v7- MREMERTBSMALI X E R 72 3 {LRE 2 PR D Z & 3 mmg
Iz,

5. EHfigsT

ML OENRE (MEFH L& JE) 2B L. Ml ROBRICER B HAE L CIEF S PRz %
TR~ T2 2 & 2 UE LEERBADBHET AT, 2 BHERBAET AN S 5, A
FECIE 2 BERERE S AE T VIS ER R K ONRITBI AR 0> 2 e 2 MiGE L 7= &7 L & EE LRIT 21T -
Teo Elo. AMFFRIZISOTEHIRTE M I ISR AR AR 220800 2 7R UL TSR R IE M L 3RO B 4 2
RLTEZ e D, HEHRPSBRO R E2 D SED 2 L2 RE Lz, AET LTI, BADYT
B A FNEHI RSO T & A 7 L RIS b D 2 & TR DI S REIE B sk oY 4
A TONIERE LT, FATHE TITBE Rk E BRERA TIERADS T X A TR D =
ERFILITVD PO REFIVOMATORER, BIBEHIIG O 8RS S AT (o
T, HIBEAEAIC 35 1T 2 BANZ IR 2 72 0 D ZeARAE BRI EE TRy G, BRENAT
TEAIRRE SO T H A L7 0  IRREE A CIERIBEHIR B SR OV 7 & A 7L 70 B 50T
TS5 2 LRI SN,
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IV #%2

7 v MIBIHBRFERAD A OENT-ET NV TH DN, ZIVE TICHS S zaskila - aibkiila
WHFEEIT D 700 ERORWBHEHAERET v &A1 OMIiE, R0 HE I X 2 R ORFRR
OHE W, REOMEZFICLD 70 —F A A R —OHE DR 1LHT O LT, AHF%E
13, ARBEE R IR DAMEHESL DT T L 2 BN L, AR EICHRE SheFik oS
WTBD, i B LU RFE~DbRE, e FEE OTEREDMEW 2 & ORI
BERO b0 O LIE LTV D,

AR EEEE SR O FHEUZ DUV TR, ARELE DO FRMENT ORGSR, K9 90% DAl s PSR AR K OMF _F- Bz Al
NADORRFEDME~—H—ZFBT D 2 LR LM o7, CEICIE, WRiEDSb~—D
—Z RIS DAMNWREME 2 AT 5 L HE S TWD 8, 72, AFFRICEIT DMEFEE KUK
FEEEDRITIZ W TR, MIRLEEESL 2 BB ST E < & NIZEHIRR & 2 VT B RCHERE D 431t
~— N — & B OB T MM 5, & 5ITIE. MEFEEE TOREICEO TBEEAET
TEFE SN D MBEMERRIE N B STV, 2D DOFEEND, AIFZEIZEIT 2 MiaEEESIX
AMROFREMERTERMIADET N LT 50N HEY THDH L EZ BN D,

WEAEE N OAAE 121G B N2 T — 212 X 0 L 100mGy~8Gy MRES L 7= #liE A & D M EEEE B ik
REL . FRIRRRICIEAR ST MaEREE SR S & OISR ke S 2 Bk 3~ D RE D 1X. BHEm ARl &
S CEH SN D ALIMIAIEE & il UCL IRRIE Th 5 2 L 3 Sz, eahEgiiic
BT D0 LRE b BRI E T - 72, T H OFERIL, FLIRO MR RTBRHIE O B AR I X HUN B D
B Z T W L EARIBRLTWD,

FRAMAE « BTERATIL O BRI, RIS k> T TH D, B TIIHE BRESZ PE O position
+4 AN A AL Lors BEEHEsE PR E e P, Bmil BRvERIRER L 19, DI BERIER
MR O30 5 Z EAHIE SN TWD, AT/ F A MRHIIZRE Sh b & BHICMERFE S R
%10, ikt L, i mEpiia Nk OB el I RSE R T R b= R it Th Y 2
AUTHLT AR b= ZARFTh 5 Bel-2 ORBUIBHE L T\ 5, Bel-2 IR, 77 F /%A K,
& DML TS mHRELL T A, IHE T BB ME D position +4 #ifn TIFFEBL L T i
U 192D RIS T IO T MR BRI, KBRS AR ISRV T RIS B REAYIC AL 2T R b
— YA (T A FALIREND) ~DfithEE —2oDFMEE L TGRS N MR TH D, T D7,
Bel-2 DX D RBIT AR b=V ARFEREL TV D Z L I3E XG5, 2O L DI, Fx OO
AR« RTBEAR A O B FRIHE I T ISR O A FRIA T = X LR D> TN O LitZen,

Vi

IR T CAF LEET 5 Z LIk » TEIRS W D3R BRI, /b RCHiRa & e
NAOWARRE D~ —H—2RIL L, BRGSO Z SRR TH 5, 2 OMIIETE T /LK
T 5 B RGEBOR BT & 25, MBBEER O KL COERBICE W THEITIT LA L
Rond Dia & b AREBSRIZB T 2 AMRATBGIL IR RIE TH 5 Z EAHLMNE o7,

VI RAEE LI D51

v MREET VL LT, ARNTERBU EORMICDIz - TF IV 7 a Va1
DA ORER, - L, 7 a—H A b A b U —IZ & o TEHAL K& ORTBEHIA 2 59~ 5 0715 % e
St DH, T, XV invivo IZIEWERRR A T, SRR IR S O - BRI 0 558 A
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Evaluation of accumulation of low dose/low dose rate radiation

effects on mammary stem cells

Tatsuhiko Imaoka

National Institute of Radiological Sciences
Keywords: Tissue stem cells; Mammary gland; Cellular radiation effect; Turnover

Abstract

The goal of the present project is to offer a novel scientific basis for improvement of radiation risk
estimation, and specifically, the study aims at evaluating radiation effects on tissue stem cells. This year,
the mammosphere model, which is generally regarded as stem/progenitor cells of the mammary gland, was
characterized further and used for evaluation of radiation effects on its in vitro regeneration and
differentiation. Our results reveal that the mammosphere expresses both luminal and myoepithelial
markers and shows ability to generate single positive cells for either of the luminal or myoepithelial marker,
suggesting that it is a model of bipotent mammary progenitor cells. In vitro regeneration of mammospheres
was not affected by prior radiation exposure. We further develop a mathematical model that incorporates
the present findings. Taken together, it is suggested that mammary progenitor cells survive radiation

exposure.
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(AR - (BRE RO < (2 & 2 Akl e o
T BRI OB B D058

HALE SR L2 63 2 IO RIS DR R0 R O 1A

K& @i
(A AN B TR ZERT R JIEA R TERT R L it get o 2 — - FAETIER)

RS

AR B AL I K DAY A7 OHEEIX, SR EEHENRO N A Y 27 % 4 LITHE
BRI D2 ZBOD, AWFANCIEE CERR R T OMERENERITED RN R D TR
BFNR] DL TEY . TOOEEER - REBARICE D2 BBALY R 2B 2 51T
Bl o T, R A ORI 35T 2 MERNR O A4 AW TR T 5 2 L DRET
bb, ITHE, BRPAOERPHBESRMECTH D Z NG SR b, ABFZE i, Mk
AR KT DR RN R A . S~ OEEOEHMEOBLE NI LNNC T e H &
L7z, MbESMil~——& LT BNS Lors S & . & ORI 2 5% & 8 2 sl
FrBENEZ W T CEMRE (1Gy) ZMH Lo~ 7 X2\ C, Lors @l EALAf 7
R, KA E®E (0.0003 Gy/f) IC L BEEAR T, ZO/RR, T E TICEESRK
SRR (30 Gy/ike) THIZ S TE 72 EAZAHFEIX, 0.0003 Gy/IfF CTH AR S 4L, frEshE
DB STz, BEEROMM A TED o2, MilkEMin (EGFP TRFEBLMIL) I X OWIEK
Hife (EAU BEEMIR) (23 1) 2 B % DNA IO EHE B iE S DNA —AREUIMEAL~D
E% 7R3 B3BPL X > /X0 O (7 — A% ICKVFHE L7z, ZDOfEE, 1 Gy O Efr &SRk
SRR S 8 e 21T . RTBISHIL A3 5 ARG R 2 BLA 23 ffesl S V7o 23, mTBRAIAG © HEpfila T b
M6 8 IR #4113 DNA HIE R FEIF L~V LRSS E CEE SN Z LD, Lgrb spfiiia
7=t LT DNA BERER L 2WEllA R 5 5 LR ST,

F—U— N R R, RESAR, L, MR, DNA fRE, EdU

| W58 E /)

(MR R HEHRRE IC K BT A Y 27 OHEE L, 25 B CTIEMEHRRI 2 BIK 7 & IR A8
bHDH70. ERERBARONRAY 27 &b L ICHEES D5 2780, L LARE, EWF
(I U R © DR E RN B NTEMN RN R D TRERDE] BdHHENmbNT
WD, ZD70, EHEE - ARREAEBRIC LD RNA Y 27 ZHET DT, (1) BRAD
PRI L BRI ERBIE SN0 EHRATI L Q) RESDRNBEIND Y
BATIT T DM 2 BRI CBIRT 5 Z L N EEARETH D, E, FIBNS AR R4
Z LI IER efifkesiilaic ko 2 &, 206, BB AOEMMa SR ThH D Z &
M S D, E7 . MR IR 2 AR B 72 DI RIS DT o THECTETET 5
T2, KRNI U TR R 23 & ORI 5 0, £ L TERM LRV AT HU
FEE AR D DO X 2 IR S bR 2 D0 EB S MCT 5 2 LA, HERERADY 27
BT B0 OEBORIEIC RS L EZOND D, £ T, KBTI, MRS 5
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PRERZNRZ | SR~ DOEFEOZEEMEOBENOW LT 52 2R E LT,
LTI, AREEOHFIEEHINIC R LI HIH 2 7R~ T,

O Ei22REBOHSRBHIC L 2ELETHMRY — A4 — N\— DT

ERE 26 4EFE 1L, Lgr5-cre/lROSA26-LacZ ~ 7 A ARMR B #R (0.3~3 mGy/FFFLfE) % W&
L. Bz Zofitit (100mGy~1Gy) MUR#ICAESI L, THLEHMRICIIT 5 Lacz #3827 U 7 h D
BEZIET D, £7-, MERDRLZMERT -0, BRERKER (05~15Gy/4y) % Rk
BT 5, BPEXTREZ 1 Gy &9 2, AEEIL, FR 2B FETHONTEHBRLEQOBREE L
O, BIEGEERMECET 27— 2 28T 2,

@ HEHEBREEOHIERMIICIS T 5 EHE & BEBROMBREN B OMEYT

FEAREE IR 351 D BURBRIC K 281G D 588 & THEBR ) Ot 2 3T 2, BEOERIL.
DNA #{5EE ¥ /37 (53BP1) OEMAIEIE LT 5, #flia~—— (EGFP) & dILyufalc
Lo T, #HfIcE TS5 DNA HEDOHEZWH LI T 5, £/, Lgr5-EGFP < 7 AT Al Ak
I (EdU) % invivo #¢5- L, i &L= #3517 5 DNA HEEE % 7 (53BP1) D
FEA TS 5, BEOPERRIZ, B RRA %0573 5 EdU R IR OB A5 Z LT &
O FHIT D, AR, SRR 25 AR L ICHESE L 7o #piilia ~ DNA SR % EdU DY AL B8
WS D 2 LT, BHR T ABNMERE T CRAEICRIEN TV DD EIEIE L LT, KREEH
FRIRGHIC X 2 4845 ORI S REE ORI 21T 5,

Il A58 0515

BN

FEARRE AN 63 D R B 2 ST 5 72012, EE i~ — T —& LTambn5 Lgrb
BEtERR AR BN T, ¥ EX T 7 =2 (4OHT) OFHITEIT L CREIFFBRAVICHI X 2758 L,
ZOTHRMIRE LR — 2 —#{5 1 (LacZ) TR S 2 @ MifiaRiEHNE  (Lineage tracing) 73
WA ARE/e~ 7 A (Lgr5-EGFP-cre™™ X ROSA26-LSL-LacZ ~ 7 A, LAF LRZ w7 &) % Hw
oo TNENDZRMEMEFT D7D, v~V REIA / r—y (FV = ZA8EN) ZHWf@s)
BB R CBA AT o 72, REUZ L - THH72 10~14 ARO LRZ v~ U7 AZXf L, HEE~ T
U FEA A T D LT 10 mg/ml @ 4-hydroxytamoxifen (4OHT) (Sigma, #H6278)% . 3 mg/40g A
2725 KO ICH—EENIR G LT, BEILRRICH A 28I L, 7/ A DNA ZfiHL Ty =/ &2 A
BT BTV, S v AT VBT DERD I % M SERR IS VT,

ERRER X BB S S L ORI ER D v~ R 5

B~ 30 GyFFOFRFHE, X BERH#EE (Hitachi, MBR-320R) % W\ TiTo7z, HREHZ,
260 kV, 45 mA, 0.5 mm Al + 0.3 mm Cu 7 ¢ /L4 . EERIEHEE 550 mm O TITo72, ~ 7 AILHE
HO7 7 VRV E—IZNE L TR Z1T 572, RURALEY—IJNE L TR EZ1T 7w U X
ERIBREE Lo, B~ B RIRG 1T, 5B PR BFSeAT i e gt o & — D3R
A HEMRERD ~ RSB R (PCs SUF) 10 THEM L7z, M3 E) 0.0003 Gy/HEiC
LG A REALE S Uiz, WM ORSES, AN RR D720, 22T RiEZ &
W, AR ERE RO IR, [ R ERRIEOE% T, S 51T 60cm D=
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27U — F Tl L7ZSBANCEWZET 7 v 7 IS CTRMHSAT Lzb o & Lz,

LacZ %& 414 o> & BT

LRZ =~ 7 A b RAGE R L CHIPH L. [EE L7z KGR % . X-gal (5-Bromo-4-chloro-3-indolyl
-B-D-galactopyranoside, FyGHfi3E #027-07854) 4 & TeF iRl —MBIZIE L TH A I, LacZ ¥ El
7 U7 b EAME Uz, O THOMBRIL, 4% 3T R0 A7 V5 b R EREETRE - CEE T
L. ZD% NI 7 4 LT, 7 ) 7 b ORI EBEIZ/ARD &9 ISR 2 FR L7,
Pd= A oI KO R T o T, AT A FROME L2227 VT hoo5b, 707
N 23 T LacZ Ik S 72 b D DOFIE &R T,

=L~ 7 YT NESEHAY

~UADF BB I OKREE 4%/ TRV ATTE RTREEL, T 74710y 724
BLU7-%%, MR 2R Ue, 72, ML OMIaE B A4 S I M9~ 5 72912, 50mM
EDTA/PBS IAiZIC 30 iRIE &, 7 U 7 hOAREHEEL Th—~w 2 Mtk e Uiz, dEhik
Yett, D 7= 8|2, B GFP Hi& (Abcam, Chicken anti-GFP antibody) . $T 53BP1 $i{& (Bethyl, anti-53BP1
antibody) % Hu 7=,

EdU % FH 7o A RAT 12

FEMA~0 DNA EDOER L. MO ¥ — 2 A — " —BhE %2 FEM 3 5 72 D I HI A R SR
BAT o 72, MEAERE 21X, 5-ethynyl-2’-deoxyuridine (EdU, Life Technologies, #E10187)% H\ 7=, EdU
(X PBS 12T 30 mM DI L, MBS 0 4 RERIRTZ, ~ 7 22472 0 50 mg/kg/[E] 4 HL—
MEVERNI G- L7z, BAdU IC R ViFRR LcA—b~ D b2 U 7 MlfkIE, Click-iT EJU Imaging Kit
(Life Technologies)iZ & 0 & eAFak L, b —W —MESEBATKEE (Nikon, C1) % W CTHOGE{G % B
LT,

E A5 f AT

A=~y b0 YT MNEEIRIT, SOERARICATA R T AZEH AL, b—F—E
SRR SE (Nikon, C1) Z W T, B (Hoechst34580) . EGFP (Alexa488), EdU (Alexa555), % L
T 53BP1 (Alexabd7) DT ¥ X/ HEIGIFG LTz, L —H—DH )%, 408nm L —HF—3
71 2T% T4 A > 103, 488nm L —H —73 11 10% T4 A > 85, 543nm L —H —3 7] 10% T4 A
> 70, £ LT 637nm L —F—2H) 40% T/ A > 110 & L1z, TRENRDOF ¥ 3T LT,
S EfG A X% 512x512 BisE & L, 4[] A% v AN XD FEHa R EAZ Y . 05 umBEE Tk
W27 V7 NO—BOMIAEIZ/RD X DI ZE AT v U EBITo T, TS OEY LR & volume
renderer #&AE1Z 35\ T maximum projection 5 Z 12XV 7 U T b 1 Jgou el A Rk & 15
TLids(ics)TLIEF B TIRIEZ AT o T2 T 5 DEf41%., NIS-Elements AR-SP (Nikon ) TR & |
KF v 2T LT, AR Eodt L o VAR L2 k% (RO Z2457-, 7272 L.
EGFP (2 DWW TIE, #OGIRED mWE D NI CTh 572, EGFP Ottt L > % 2 55FI L
T, WHHEOEWS (EGFP™) ZwpifusEl & 5 E L7z, &F v x/Ld _ffifb L7= ROl % #i4
HhE T, Biilad7z 0 53BPL 74— W AR EEZFM LI, T72bb, B XD EGFPT D
ROI DM@ A w0z & A7e L, RERIZ, EdU BitEfiid & %o ROl o3d@mfe z EdU &
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B A A TEAE DR TRIFE & L 7=, 53BP1 7 4 — 4 A%k, 53BP1 @0t 5 B, MEE % 0.8-1.0, V-
A X% 052um ERELTZBEOA T V=7 MR ENLS BWEEND NI LD RS, MiEEZmE
72 @ 53BP1 7 4 —H AL LTCEHR L7z, FERIC, EGFP & EdU 0L fi4 EdU 2 1Y
DiAATE EGFPT OifE & LT LTz, FFEBBECOWT, 1G5 3~5 7 U7 MEBIR L C,
7 U7 N OBEGINTRE RO EE R EREE £ L DT,

W et R fRAT

LacZ Bt 7 U 7" M4 1000 fHLL B3z <, Wi A Rkasniz2 V7 FoFGZRD
720 ZREMOREIZIL, Dunnet 3 X O Williams D% BB HE 2 L7z, 2 BEROREICIE,
Student @ t #E (Welch #5) % W\ 7=,

(i 2R i ~ DB &)
AWFZEIL, T B L2 EREE R TED S TE SRR L OERE BRI (2
DI EWER OB DEENTOI, WHERHBOAGE 2 b > THEE L7,

I AFFERS R

LRZ v 7 A (10-14 Hiffs) 12 4OHT &5 L, €DK 1A %25, E#ER (0.0003 Gy/iF)
AR 1 Gy ICE#T 5 £ T 140 HIH, & L<I1d, SREHES 0.1 Gy ICE3#T 5 £ TH
14 AR, HERN 21T o7, £7o, SRERREE L T30 GyMrD B 217072 (Bt ERiast
BET, EE L TORRETHEENRD G T\, AREE IR ER IR O T % 182
L72) . (AR BB RS L T 20 B 2 % O KGR LacZ B2 U 7~ OB % JIE L
7o FEEAZFR IR, (SHEREEH (0.0003 Gy/i) ZHERHE 0.1 Gy £ THRE L7-5Ha4.
LacZ #%HLL7=7 V7 N OEIGITIERE LD 1.800.64% (n = ) THo7-DIxt L, BEER
1.7740.49% (n = 2) & A OBE THREHPI R G B ZITRD bz o7 (p=0.96), £ EE
1Gy £ THIN S 7254 JEIRHREN 2.05£0.57% (n=6) T > =Dkt L, IR EEIL2.03+1.21%
(n=6)L72 Y | HEIFHRAEETRO NPT (p=0.97),

W, BRI 35T 2 7847 DNA #1508 % 7l L7z, DNA {5 DOEFIE. DNA AU
BLICIRAES % & 2782 Tl % 53BPL 7 4 — 1 AMUC & o TR L 7= Y, Mlikic s ) B sl o83
FiaEd 572, 7 )7 MO KR —L~ 7 v MENERGETT->7- (K1), EGFP I1%
HAEOMIIIE SHIAOMEE 2 5, $95ET 5 MRS oM E © 850 7 Y EGFP (2
3 DR A FWC EGFP A58 5EL3 2/ (LUF, EGFP™ L 5tdk) Z#fifns R L7, +
FRIBIZ AT, KIFCTIXEGFP 2581457 U 7 MBS D720y (BWFRE) Z &b, AHFSE
T, HMENORHIED DNA HIEGEEEIREOFIICIZ+ WMo 7 UV 7 so b i vz, DNA
BRI A RSS9 5 72012, EdU Z V7=, EdU #5725 4 B 14 g L7234, EdU 2BV
ANTERIRAD 5 B EGFP™ Tl W O i fiEI 415 85+15% Th - 7= (n=5, K2), £z, 7V
7" MEEBOEBAR S OERNAL (3R — M OBET) ICEV A F TV D ERITBIE S s o
7= (B2A), 7> T, EdU BBV IAENTZDIE, I ZTRIBEHITH L LB DD, Z Omig#F
HF A — A2 ST, EdU 2 D GA A 72 RITBIGHIIR O R R R 7 O KRR N HERS &5~ 7=

30 Gy/HF DR =R X #t % 1 Gy FRET L C 1, 2, 8, 12 B§[##4 2 EGFP™ Bl & 7= » @ EdU [5ik:
Ml EZEFEOEIG 2= & 2 A, BERIE, 39.7227.3% CThH - 7=D 2, G 1, 2 FEf%I21X
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ZHNEH 19.2111.9%, 15.9+19.1% & 72 0 | BB A S, 8 KffE#%, 12 Fefi#2ICiX, 2%
A1 39.3121.9%, 31.910% & FFOMEINCHA U7z (X 3), 7272 L. *HHEHE L @ Dunnet % H LR
ETIEWT IO DV T B REEHENA B ZEITGRO b o7z, RIERIC, 30 Gy/RFo Eiff &
XA 0.1Gy ZPRE LT, 3,8 H#%IC EGFP™ il & 7= @ EdU Bl i fg O F1 & % i
Nz b 2 A BREHE 3, 8 BEIZICITE T 23.0114.1%, 11.8£10.4% & 72 V) | HAFRREME M 2N A
bivle (X 3), xHRR#EEE o Dunnet O 2 H LR E CTIEFHFAIA B ZITFR O AL o 7208,
HGRID 2 FHE L 7= Williams O % B E Tik, BB S 8 B O ISRt AN B 2=
e Hi7e (0=0.05),

WIZ, EdU ZELD A A TZHIRE & BLD GA ATV 7220y EGFPT il & fEIC. DNA HRIEEE D h%
BARDL70, 16y 6 L<I1E01 Gy ZRH L7 & & D EGFP™ & EGFP™ % & % 72\ EdU Bl
RaBZIZ A C % 53BP1 7 o — 71 A DEL % bk 4 72 e[l 4 3l L 72 BHEAREAT IC K » TR 723k
FR S e BB RE D EGFP #llIRZ 12 381) % 53BP1 7+ —H 2 %%, 0.016%0.007 {EH/um’ TdHh->7= (X
4A), 30 GY/HFDmEMER X # 1 Gy ZBE#., 1, 2, 8, 12 B O HifEH 7=V © 53BP1 7 4 —
T A%k EGFPT Mk mfEH =0 . & L<IX EdU BtEHIaZmfEH 7= 0 ot LTRd Iz,
EGFP #ifik% 7= 0 @ 53BP1 7 + — /1 AL, MM S 1,2, 8, 12 FEfZIZIZZE4, 0.025+
0.016, 0.096+0.015, 0.011+0.006, 0.012+0.010 fl/um? & 72~ 7= ([X] 4A), Dunnet £ & Ll i
DFER BREE 2 BE D 53BP1 7 4+ — 4 A DO A AAE B 72 B INA8 0 S 7= (0= 0.01),
[EERIC, FERU SR D EdU BEMERIREZIZ351T 5 53BP1 7 o+ — 1 A% R 5 & | 0.012+0.010
fEium® (X 4A) T - 7=, EdU BRI EESH 7=V O 53BP1 7 4 — 7 A¥a ko 5 & W
151, 2,8, 12 Ref#% 1213 Z 11, 0.021+0.016, 0.069+0.018, 0.016+0.017, 0.015+0.016 {fH/um?
L7207 (K 4A), Dunnet DL H LR E OFE R, IR 2 FffE] 0D 53BP1 7 4 — I AEUT D 7t
AR REMBED b (o= 0.05), Fio, [ URGEFR O EGFP™ #ifat% & EdU Fﬁﬁ-’rﬂi
fatz & ORI CifE & 72V D 53BP1 7 4 — 71 AUTHEGHFHIRZEDFRO IV A tIREIC K D L
L7z E 2 A, 0,1, 2 8, 12 FFfl&D p EIX. £#E4 0.49, 0.77, 0.04, 0.64, 0.70 L 72 V) | HaGf 2
HpfE1 £ O EGFP T {illif% 7 53BP1 7 o+ — 1 A3 D F EdU BtEfifuE% 0 53BP1 7 + — 4 A% L v &
AEIZEWERDR LN (K 4A),

WIZ 30 Gy/MED FE#E & X ## 0.1 Gy # H54. 3, 8, 12, 48 FFflj#4 d 53BP1 7 + — 1 A% |
EGFP™ Mtz mifE 7= v . B XL EdU BtbflatzmfE - v 0¥ LTk 7z, EGFP llluEZ
A& 7= 0 D 53BP1 7 4 — 7 AT BBE 2 5 3, 8, 12, 48 #4121 Z 2, 0.047+0.021, 0.029
+0.016, 0.01+0.008, 0.012+0.010 fE/um? & 72 > 7= (X 4B), Dunnet D2 LB E DG, HRH
% 3 K[ D 53BP1 7 o+ — I AT D B FHIA B2 MA o bz (w=0.01), —J7, EdU
PPERIE EiFE & 72 © O 53BP1 7 4+ — I A A R 5 & E D 3, 8, 12 Rff#IZ IZITENZE 4L,
0.0310.019, 0.032-0.010, 0.012+0.003 fE/um? & 72 > 7=, 0.1 Gy M2 48 BRI, 27V 7
NIZ EdU BtERIa S Bl Sz o 7729, EdU BtEflasZ mfg & 7= 0 @ 53BP1 7 4 — 7 A
HiFRkO N oTz, £ T, 0,3, 8, 12 KE DT Dunnet O % B ILEARTE 21T > 7oA K. IR
$H1% 3 K¢ 0D 53BP1 7 4 — 1 AU D At F A BRI RBO b7 (0=0.05), 7=, [
U R R © EGFP™ ML & EdU FHEMIAEE & O CHifg4 7= v @ 53BP1 7 4 —h AR ITHiqt
FHRENRBO LN E tREICL VB L= L 2 A, 3,8, 12 FEfli& @ p fEIL. ZiHZ£h 0.24,
0.76,0.84 £ 72V | WD TH EGFP Mifat% & EdU MtEfiutz & o CT#lZE s 5 53BP1
T+ —AABICHERETR D bignolz,
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vV &%2

RS9 D O AR EITJE D BB T, [EFRE R Z B S (ICRP) 25#m%E T Ol
DI BT s R (X A2 7 L—7 75 O Stem Cell Report) TH EESI TS O,
ZOFRTIE, JERNPAY A7 OFARFH & SN TE ML~V OZREREFBOL2 LT, #
LNV OMWEEREBETHRELVIBIINEERINTND, AFERERIL, BRERD
BT X5 T, B RIE T HENMRR L~V TR D 2 & 2R THEENRTLE R LEL O
Th b,

Hxld, LRZv U AZHWE ZVE TOMZET, 1Gy Dt Xt (30 Gy/ik) STz k-
TRIGFAREEIE L, £ D%, L Lgrd B3 E & 3 2 8L & — o A — X — DIRELI T
RENDHZLERHLTHD ™Y, ESn=2 Y 7 MEROB L, FBEFTICEE Lz Lgrs &5
fa3debn T, Bmi-19%0 mTert' D7 E 23545, RN & 2 BRSO BT s |
WX TEE D722 E ZRBEMITRLTND, 2D X 9 72 EALOEHIIEIC X 5 Lgrs @i o
TR IO, ZIUTHED SR E ., Foeid [ EAfiife) EMESZ LT 5, RIEH oM TIX
DNA B EEEHRMMEN T BN TE Y 1 HURRRIT X > T DNA 5L Lod 0l
RIDATREVEDN B> 5, T D K 9 7#lIC & > T DNA HBEHEIERENS 14372 Lgrs BN & X b 5
B, Lors @i~ — 11X DNA 5% Ef Lol CHEE ST < kb, 2bb, 2o
AT, BREROEREONAMEE BT LT HER THL & PRIND, T, FHikz
BITHERFT 5 72 0121%, BALRTE 28 T, DNA BIEBEERED 4y e fifa i 2 72 bh b =
ERL T =NV EMRT D EREBETH A H, AR T, xR N C MR B S
NDMWEFRRCTE, Ll 22 E THAZRY OfFERETIE, (RHER, 7725, 0.0003 Gy/
IKF. 0.003 Gy/Rf (FEAREERA) Tldk. FERRST SRR & bt LT S K 2 ebfiia o LArwfiFe
WAECTIZ & R T FIA RIS b e hoTe, T, Z OMBRERML L ~L o
MEFRDRICEL > T, FUERERETHORREROEREDEZ 6T, MEOR AR THY
HbDEZERBILD,

MAALY A7 B [EF 5720101, HHila % 5 kN C DNA OREENERT 5 D% B
S 2 BN B D AWFFETIL, HUHBRIRS 21259 5 53BPL 7 o+ — 7 AELH i el O RiT ik
ML T ED LD RIHRAZTRT ONE W) BTN L7z, —M&IZ, BE#RIC X - TA L % 53BP1
7= AHUT, MRS T2 0 WL SFEET D TERMICEEEEEANHsnD 4 1Y, L
MUENG, KEBFENT OGN 7 V7 hOFr—/L~w 2y Mg, MiaREnx
BOTHA MIFEALTEY, SIHIE b e, BOBELTFT vy 2V EBLELTH, FRL
WEELT-BLIMELNRhoTl2d, 7 T MIEENLIE A OKOEEEHEHT L2 L1ET
lehote, I T, MELIZMIIRORE BRI L 7 U, BEod & < o L CELES Sk B Rk
DR RS & BT I L W k7= & 25, 56.3+84 um®* (n=46) H-o7-, 1Gy T 2 Ffij#
Bl ST 53BP1 7 4 — U A% 1 um®*H 729 0.096 8 TH 727~ Mk 4702/ —~
TAXTDHE, FH5AEE R, TR T ZADME L~V TBIE S NTCIE S LT
F%Th 0 ¥ ARG THOZFEEA OIS bEATEETH S 2 L 2RIB LT 5,

B AT OFE R, EdU Z BV ATeHIE D 5 5 85% M ERAA LIS T, /3% — M ~DHEL Y JA A
HBIEINR D o7l EdU ORERZIERIEGHALICI D AENL TN D B X bitlz, EdU O~
U ADEKPERIIL, 24 45 Winh 35 4 DL oBERH S, KIZ, EAU OERPAEZ 30 4y &
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ToE BENS AWRFEZIZITEGRED 0.4%DIREIIR T T 23 RICR 5, & 612 8 %X
P HE0> 0.000006% F TR T3 2720, #5005 12 FEf#IC DNA Akt LTh, £
DORE R CHIEIZ EdU 23ELYD SA E N D FIREME IO TIRWEB 2 b, £D7=, 1Gy FREHZIC
EdU % #F o 72 EGFP™ 2388 2 7ot 1% EdU & 5- 0 #pfiin b L < IXRIBRAIRL CTh - 7= DA,
HORMMIEICRES Z 2R L CW5, Hua it 12Gy OEBELZ B Lz~ 7 2 2B\ T, fi#
T D 4 FEATIZ BdU ZEUDAATEZ V7 RS ENL BUMFIET D20 & X, B 6 12 FEfE#
(ZiX EdU Z BV AT IR AN ME DS o 7 A3, 24 WEEIZICIE, FERRS & RS E TN 2 2 & 23

LTV O, Z oL, o 4 BERIRTIC EdU 2 B 59 2 75 A > Th 572, BRI
AN B B 2 & 5N L TN RS B2 13 0 4 ERERTIC EdU 285357 A L2 &
T, BEETOMIPEAE 24, R OMBNEIELZ FMT 5 Z &N TE T,

ARFGEIC BT DI, KIBICIBWT EGFP 25835 7 U 7 hM@D Thleinofolod, fi
ERARAQ A I R D Bl 2+ —HEG DA THE L 72 Ch b, ZD72, LacZ B2 V) 7 b o
EAIHERZ TN U 72 RGOSR ST B DRBLENS L, 5%iE, Ko7 Y 7R Th
WEGEHlT 5 Z ENEETHA I, LrLann, D & bR LR ORSEIEE T,
0.1Gy & 1Gy & T EdU B E0EMIEOBN FIZE R R SN2 &, T72b b, 1Gy O J7 A EikE
AR D OB N INT VI & n | 16y O TIEX, WibiE TP (RIBRHIAE2Y Lgrs
WM — VAR T A2 ) biEEZ o TWnDH EEX BN, KIFED LacZz BtEZ V7 SO
Kix, BT OR LH TE 20, 16y T AT E U % ATREMEIZABIZEIZ X » TH)
DT LM o7, RIBRMIRIZ L 2 Lars Bl OG- DV Cid, DUL BRI A3 RS -
THZENHLNTWD, DRI O~ —h—TH Y . DULTBEIEMAEIE Lors sfiaic X
> TEGINL DM, BURHHRIRST (6 Gy) %I Kkbiviz Lgrs itfifaz b AGbdE 5 Z L nNlE ST
W5 Y 2o, 16y TE LU S EdU BERIIR oMl 7 — ST, o DILRTEGFIE O ]
REMED B 5,

FAAHREDNE Z HRVRE - ERETH-oTH, TMANELTLE ) Lapfiifn 7 — &
HNERET LR S D, 2820, b Uil T DNA HEN +2IEE I TH, RIEH
R MG a2 A LIRIE CTHAIEIZR 5 O ThHiUX, Sl — VITER SR L. VAV A7 NEE
LENB DT THD, TO, FibkMia & spfifE & TR OGRS 20 & i3 %
VNG o T, EERICEMIE Y —L (EGFP™ /L) & RifBEMIE (EdU FHtEMIN) & CTREfET 5
DNA HEN EN LW DR Z 20T TIEE S, o, BERFET 2025 L, 0.1Gy,1
Gy PR & b, 53BPL 7 4 — W AE DO Y — 7 (B4 2~3 WEfH) 13 EGFP™ IR D J5 A3 v ik
ENRBONTZHDOD, ZOBROEEIZEIVEITIELLLEDLOLRWREREZ R L2, @illao
ERERDRLTNE VNI DT TIIREL I ThoTo, I 6IT, AT BILE I 7- RS 8 Rtk
IZI%, %17 DNA HIBITRO 6T, ERF LNV EFRSETH 72720, 1Gy DB L - T
UL, S, AisaWTICAE T TH, 2OBHMIE Y — VICEHIAE N D ATREMEIT
RWZ L 2RI L TWD, ADROEY . ZAUT+HZFHHD 27 V7 MW TBIEIN-Z L ThH
Slcle, A%ITRIBTHEBRIC, AR CBIE SN D TAMAENBIE S NL O, £12Z20D
Bz, @flia L lEC DNA HIBEEOFITENR S D00 EFMT 5 Z LR TEUX, H
EOERIEDMERE - BRI L > TEOREL LA E2EEBMIORTZ ENTE 50
H LAV,
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V

AW LD . 3GYMELL T OMERTIX, HESMIEOEMIL Y — L ~DOREEN /NN &2
Oz, TOMEL LT, #iillin 7 —/LIZF0F DNA BEDN BRI EFRE L 722
B EEZ LN,

VI YRARJEE BAE 0 R B

BRENTNHIEL, WD 0 ITHIRE v b S IR 720, Mk~ — 1
AEETLHLE Y P LML E LT AR WIIANRIET DN U s, 72T, REHE L IE
PRSI & oo THifREE ] (CER LR LETH D,
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# 1 WEHBRERBESR~ 7 2K LacZ BtE 27 U 77 b OFIG I T T 58

RER & LacZ" .
"E $*: Bat/ LacZ  LacZ' E e
SRR e oy 207N TR g
BF) (Gy) Z1E (%)
405 4,630 93 1.97
397 2,611 28 1.06
JERE ST 1.80 0.64
01 377 1,628 43 2.57
' 376 5,146 83 1.59
373 2,540 55 2.12
AR & 1.77 0.49
403 3,185 46 1.42
802 1,207 37 2.97
809 2,220 36 1.60
816 1806 44 2.38
0.0003 JEREST 2.05 0.57
817 1956 33 1.66
819 2448 55 2.20
. 820 1186 18 1.50
833 1,797 40 2.18
834 3,142 45 1.41
838 1,006 44 4.19
AR & 2.03 1.21
839 3,822 24 0.62
841 2,537 41 1.59
842 4,114 92 2.19
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4Ch4)El BhTALYSII RERDT
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EGFP
on nuclei

EdU 53BP1.
onnuclei § on EdU* area

1 K=~y 7 U7 NOENGEBRIRTE

AT TIE, SIS X OmIBHALO 2 EIUTB W T, BERIREHZ X - T RTES
D2 EDNHMBITUND 53BPL 7 4 — I ZAE AT T 572012, 7 U 7 MRk D 4 EaOb R e
ATV, 7 U7 N D LR OB i L CERALEIT o 7o, HE AL — P —BE#EE (Nikon
Cl) ThifkooMla—JEomif 2 U, EgM#ET > 7 ~ NIS-Elements AR-SP (Nikon) % v T,
JCER A KT v R EI LTz, BREDAFENOL T TV EBEBIZLEWVELED, £
R BN T TN AR HZ A F VI Uiz, 72720, EGFP X% HL$ 2 Mo 7
MM TH D Z ENMBNTWD T2, FISMNE NG DHZTEIR LT, S BN T
% O Eig & B s bWy CHEOMER A Mt Lz, #lxiX, BoF v x4 & EdU OF ¥ 1D
HSEEIR A RIS 5 2 & T, BdU ZF5 o225 Z L3 CE 5, [AERIC EGFP 2% T %
AIICB T D a2 Lc, S HI2ZofiH A U SEICE £415 53BP1 7 + — U A & &4
% Z LT, EGFP 284 5%, & L<IX, EdU 2V AATZREICE £ % 53BPL 7 4 —H A
BNAT Vs ME LTELNE, TRENOKERE (um?) $H7-9 12, 53BP1 7 4 —H A (4
Tzl M) DO OFET DN EIT N LT, MIBEREPREEL TWAHTDIC, EbT-
D ® 53BPl 7 o+ — 1 A TIT7e <, BEfEHT- Y D 53BP1 7 +— I A TR LT,
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Evaluation of dose-rate effects on turnover and DNA damage repair in

intestinal stem cells

Kensuke Otsuka

Radiation Safety Research Center, Nuclear Technology Research Laboratory, Central Research Institute of

Electric Power Industry

Keywords: Low-dose-rate; Dose-rate effect; Intestine; Tissue stem cell; DNA damage; EdU

Abstract

The risk of cancer induced by low-dose-rate radiation is estimated on the basis of the frequencies
induced by high-dose-rate radiation. However, it is well known that the biological consequences after
irradiation depend on the dose-rate (Dose-rate effects). To estimate the risk of cancer induced by
low-dose-rate or low-dose radiation, it is important to understand the biological mechanisms of the
dose-rate effects on the cell-of-origin of cancer. Recent studies demonstrated that the tissue stem cells
(Lgr5-positive cells) can develop into cancer using Lgr5-dependent linage tracing system. Using the
lineage tracing system, we evaluated the replenishment of the intestinal stem cells after extremely
low-dose-rate, middle-dose-rate irradiation. We found that 1 Gy of extremely low-dose-rate (0.0003 Gy/h)
gamma-rays and middle-dose-rate (3 Gy/h) X-rays did not induce replenishment of Lgr5" stem cells. We
also found that cycling transit amplifying (TA) cells which were identified as 5-ethynyl-2-deoxyuridine
(EdU) incorporated cells in duodenal crypts, returned to Lgr5" stem cells pool 8 hours after 1 Gy
X-irradiation. However, residual DNA damage (foci of 53BP1 proteins) was already disappeared 8 hours
after 1 Gy X-irradiation both in Lgr5" stem cells and EdU-incorporated TA cells. These findings indicated
that alimentary tract has some mechanisms to avoid the accumulation of DNA damage from their stem cells
pool under wide range of dose-rates.
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(R - ARBRE R < 1 K 2 Ak o
TR TS DB BT D058

{ERREAE <12 K 2 AR ifial 2R 9 2 R G O R
AT KBRS KRR AT SR R SRS + 370

s E

SRR LR N CARERERF SV D &V D Rt 2 FFD, 2D Lnh | IRRERURIROBWIgIE <
kLT, BIE T, TORENEMINDAREMRH D, L LR s, REREHSIRE%
DI ~DOFEIII 5NN ZH TR, AR TIE, BEHRO RN~ D% 1)
DNA HEINE DL, 2) Yeta it i 28 CMREE L7z, 72—+ h A U —IEIZ X% DNA
HEISEFHGORE SR, DNA HEEIIREREKIFH (500~1.75mGy/min)(ZHEINT 5 Z & 338D bz,
ZOZ G, ARSI IR R LT EDEERE A RO Z L AVRIB SN D, T2,
2Gy MRS S7e 145 HidiR~ w7 A 0508 U7 iR VAR iila & A AR phist a2 351F 5 DNA
BEOREIREE R S22 b b b7, Ao~ v 2O RGO DNA BEITED
LTV, ZOZ B, mRAHRERHIILTIT DNA BIESERFT 507, IR Clds A
TINMEESND AMREMEAZ R L TWD, AEIOFERT, 26y & SN REBNOAENIATF~ Y
AT B CKBRE DS 3D BTz, FRMEAFRESMIIL S/ AHREITRT U CRIFRHERR TR L7 #E
. AREHIRRE DD UKBRIEZ 3578 LT O0h LV, FEER, KEEE~ 7 A0 B8 L 7o 0
FRERAINE HZ DNA I & ek B 1330 b e o iz,
F—T— N A, y-H2AX 74— A Ytk i s

[ WFEERY

FEARAAI EAR DIEFEPE AR T 2 72 DICETH O | AT, AERPICRRE SN D, Bt
HHEZDH BT, SRR 2 SOEBEREMWARD, 1 DIFEEET S 2mHiini, BHIKGRE
FHEFROER & 7R D ATREMEDR N 8 D Z & Th D, b 9 —Dld, #fllaa S AR E T2 T23A
IR OIFAECH D, AWIED BIHEMRERS L < C. M, 1) BREs
BT D00, 2) RAafEERFENHBIT 200, Thd, T ORGIIEHIN, Rl R
~OERRE (F) B EEZH oI T 5 ECHEERALE LD, I HIT, R L AR
R~DOFENT, HEHRIIE < 12 X 2 MR RER PR ERIE DS T A L 72 5720, f&E COJET-
TGS 75 & OREREEER - EEEAZRIRICE T 2 F 2 ik 2 1Rk T X 5 L Hiff a5,

0 #FgEsik

A2 C DRI SR SRR SR Y - HUBGELEERIF SRS DT 3 5 g R A5 Tl iz, K
BRERGNE < ~ 7 ARSI 5 ex vivo TO DNA fBIEOFHIZR OB T -, 6 HiiE
B6C3F1 ~ 7 A ZHEMEHE: 2Gy THRIS 21T 72, 05Gy DOt RIBRIZ13 X MRFeAE R 2 IV 72,
18m, 1.75mGy/min OEHRERIE 21T 60Co A o~ BRIREPEE 2 F o, IREZE HIo~ w7 A 272238
AN L, ERHHRA [N LTz, 2O L 0 . KIMRIINE PR 2 [ U7, BRI 0 B
HREAE L7=%%. 6% percol % & T okREHRICEE, WOMURIZ X > TI 2 U U208l S aflEset
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& L7-, DNABEHIX Y v —HA K 2 b U —{ET{To72, CD133 Ptz iisiiins L, 2o
LT D y-H2AX G ERRRE O HE S EAREE D 4347 7)> il § o DNA SO 217 - 7=,

FRARARRR RN & G AL O Ll T, 2Gy FREY 7= 4R 14.5 ARo> C57B6 ~ A (C3H
LA L ZDfF~ T A B6C3FL DJifiifkA» BRI S vz V25 2 & Tithiviz, BllEh:
FAMpu A £ A EIEREE U, Mifesl (neurosphere) #457-, ZiuafhidEpifa s L CGRHMa T o 72, a0k
Mz 2T A KA A RIZEE L, y-H2AX HURTREGREGT 5 2 LT, DNA BIEORHMEZIT-7-,
T2, 1%, 3/ Ytak%E 7 1 —7 L L7z Whole chromosome (WCP) FISH Z#512 & L 7= Ysta i B 7T
meIT->72,

(R~ L)

FERE OBIUZ N T TRIAZ R P FBREMW RS ([ZH> T T o7,

I AFZERE R
1) Exvivo #iiifao DNA HEEHh

TIVE T, MRRERAIIE OB ERHIIC neurosphere JEEGHIIES W BV CE 72, i, [\ L7k
WRIIMEL 72l A e DT (K1 A) | B3R X DMULIEEDN LT 2 7= CTh 5D, LA L. neurosphere
TERIENG VISR TR . BloASHHAR Tl 10 ARREEDIFEMIM A ME L Lz, D729, DNA EE
WEED X 9 R FHO AR E RS 5 Z R TE R o7, R, M BIREPIcE TSI
U ATHUR L IFFRANTHEG T D72 (X 1.C), i~ — 1 —CD133 IC L oKV T 4 7L 7 g
YHTERNST, TIVETIZ, 09M ¥ a B LAEEC KD I =) VREPHE SN TV S, K&
IRNRITRRD B o 7o, AW TIE, BRI A RIS 5 FiETH D, 6% percol (2 K DA
Bl EE WD Z & T, I rolRADEEES N (K1.B), Z OfifalZfiug iR CD133
& DNA 5~ — I —y-H2AX T2 B tA 51T 572, CDIB R T 4 7L 7 v a U &(TH LT, #
AR B 2157 (1 1.D), Z OO y-H2AX Bzl 5, aOmE 251 & L7- DNA 5
Pl AT 572, ZOH1ET, neurosphere FEEGHIIAIZ R 535 y-H2AX 7 4 — 1 ATERK & [RIREORR Sk
FHPEIS 7 B —Y A P A R =B L > THHER TE DT, ZOMMETIANTH D L L7
(X 2),

o 00 00D 1,000,000 1.5:06 998
FEC-A

FLZ-A

1. kAR~ & O Pt e
ARALFRAAN, B:percol ALEFRAMIN, C:3E.CofT CD133 FEMEAIN, D% CD133 BhtdAii, P1:A-HIl
3, M1:CD133 [it471, M2:CD133 #5157 i

2) [KHREEPIEL ~ U A TOMBERE

6 J kN B6C3FL ~ 7 ATl & 2Gy DIRHR BRI 21T o 7o, 2O~ U A DRI 5
[l L 7= #lfao> DNA HBEOFHZ 7 1 —%A kA b U —IEIZ X V17572, 500mGy/min O2PEREIE <

231



IR LT, 18mGy. 1.75mGy/min O 1, E#REREIT < ITAEIC DNA B ZRD g7 (K2), =
AU Ex vivo (28T DRI ERNRN A ONDH 2 AR L TWD, —J, 18mGy &
1.75mGy/min OFEEZRPLIE < ~ 7 AR CIEHEHE BEN A Do Tz,

DNA]E{E [t_EB ﬁj]%
1083
> [[]1.75mGy/min
S 10 [] 18mGy/min
[ ]
= ] — [] 500mGy/min
{ e
V| |
* B .-
10 — —
L
1']3 T T T T T
0 2 ] 2 2

Total irradiation (Gy) Kruskal-WallisBE P<0.01

2. BARREER T ORI DNA 215
TR 2Gy THURHFRIRES . kB~ S [RI L 7= #ifE oD CD133 B MR 2 shtasfiate s & L7,

3) MBIEB L UHA~ 7 2 TD y-H2AX |2 & % DNA 5T

AT 145 H C57BL6 ~ 7 A (C3H ~ 7 X & &) 122Gy (0.5Gy/min) @ X #a FuH L7, #i<
[ELF% DR H R pasiiifie, 2E1% 6 Mlned F1ARERERIE, J6 & OV OO REBL I O ARt 2 =]
U7z, ZFEE OB O T, y-H2AX 74— A e fufilefn L, dOCHes CRlIZR+ 5 =
& T DNA2 EFHUIT(DSBY & A HIE LT, ARFEBRCIIARPNIRIE L Lz~ 7 A D 30%IZ/KEBREAS A L
72 (K3, U< BRI, BIRESHIE S B 5 & 6 7 4 — 0 2O ERANEZIZRO i (X
4, )o ZHUTHRESEIE, U oSBT ERRORER Th o7, £, HRRHCHEIEL Lz~ v 2 Tk

HE#%TH 7 4+ — 02O FAPRBO Hivie, —H, BNEIE< Lz 6 @lifF~ 7 A TIX7 +—7%

Xéﬁﬁ(@iﬁﬁxm oo Te (K5), £z, KIEY D A0 GRSz, AR o7 +—
T ABUTNTNORE L R TH IR BIRL 7o o7z, RIBSHHEE L ik L TR &IV 7en o7z (K5,
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IRATHRARER (C K D/KEEIEN D ADFEE

KEEFE 9 X EBTY2

< W

FKBERE

3. RPIHIRIC K 2 /KEFE DFEA, /KEFSE~ 7 A (TEHTAE SR L Cd 2 L AMBLE DR TH Y
(ARFL, O, KEED L BAEAHDENEDONLL AbiTz, —Ti, FBNRATEL E2md b0l
Ronigiotz, 77 VEERATIIMEDILRNFEO bz (D),

# L ERDDNAEES

—a—HAZz7H#E iR\ &H 3 H# MIPR :
A ok 4 = b
'@ * - 6
8 3 B -
.
o 1
[\.( 2 [ [ 2
Em} 3
L 24 21 . 2
™ 1 e
U : U
THIZ{ERE(Gy) 0 2 0 2 0 2 0 2
®HIZ{ER - feesi14.58 - 638 2 = MEei14.58 - GBS
fedidicat] fsit1a58  IEER14.58 B Gl faBi1a.58  fRER1458 Bl [FElE

*p < 0.0001; **p=0.0014 (Mann-Whitney test)

4. HUE < EH% D DNA HREIGE, #dE < & TR EED ORI < DRE D bivd,
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Ao MR HE TDDNAEGZ HERR

* *
* %
* *
2.0 A —I 2.0 1
&
82 15 4 15 -
5
1.0 1 -
T‘ 1.0
*®
0.5 -
N 0.5
0.0 - 0.0 -
B <ER(Gy) 0 2 & 2 0 2 2
i< B - fEE14.58  ReEr1458  BEH1458 - 6l 1458
I Ba1458  Jae14.58 il 637k BE il il B iR

Mann-Whitney test *: BRZHD, *HBRELL

5. MEAPRER AR I L 5405 DNA SIEIAOIK T, AT Lic~ ¥ 2 Ofiadifaic
BT, I ERICR DI y-H2AX 7 4 —H A3 6 BME TR T LTz, —7. [FRCH
X< L7eBl~ U A0 fifla Tld, 6 BRI TH y-H2AX 7 4 — I AlFRFF ST,

4) WCP FISH T & 2 etk ZeEa At

I 145 H C57BL6 v 7 A (C3H v 7 A & Z&hd) |2 Gy (0.5Gy/min) O X #ta& Mt L7z, A4:4% 6 1
fin oD FLARRERAIRG, 36 L OV O REBLH R ORIl Z B L7z, 135, 3 /R E T n—7
& L7 WCPFISH #1795 Z & T, YeaffBE 2 L7z (K6.), RESHHE (A) CimEs mit s
inote—h, BEHE (X6, B) TlX 2.240.8% DML CHARENBIEE S 7e, BIEE S fe AR 1T
BCHARE 2 D ZER T o7, ) TR OARER E AT, % 6 BERORE~ v ARkl
E R LT, BRIREIBIE < ~ U 2ROl O YRR E XA IR o7 (R 1), £, KA
JEZ R LT~ T RAZBWT, PR RE BRI Nen o7 (F L),
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6. WCP FISH T X % YetaAtismess
HRPEIE 1 Btk (R & 3/YLtafR OFR) Z4ediyit 52 & THIE S,

R1. WEHRIC K DREBAREREDHEFE

BREEHY / ¥ EEY / 1004HA2
NTA B M g (mean = SE)

8 NSC 7 /314 22+0.84 -~
g; *
9 ) > )R 20 /374 53+12 -
NSC 2 /549 0.36 +0.26 - |,,
i 25(4) \
) > JCER 3/574 0.52 +0.30 —

(VA IL/KEEEET D R DI E
NSC, —2—RAXA 7T FH#ifg; *p = 0.00522; **p = 0.00000237

IV &%2

ZIVE T, MR AL DNA HIEFHE 21T 5 Tk & UCHEREI T & 2\ 35 L 7 ekt
FaBf (neurosphere) & N FEBRDM TIoA T & 7o, #ARREI A COFHMIZIER 12D SO RkEN AL & Y
T HREES 3BV, F7-. neurosphere FEEGHIIE TOFMIL, in vitro 5528 P D2 2 R T & 220
R oTz, AE, BEEERELITOTIC, MRz 3l 9 5 FiE2 M Uiz, RINRINE T 470>
S ERZ TR L, IV VBREL CDIB R T 4 T8INEITH Z LT, 7a—H A hA RY—
TEIZ L D1l > DNA BIEARHIES 5 Z LA WREL 2o 70, FRCI =) 13 CDI3 Hifk e bl
T Tz, BREZR L Critasifa OFEEFE 21T 5 2 L13, fRoToRERE1G 2 e & 2,
ARl Z OS5 BEMIE 2 VT, BRSO AT 5 & C, M, BFHLAN T T 5 y-H2AX
VUMb 7N b e BADZENARETH D EEX TS,

TR 2Gy DIEHRRIREHZ BT, 500mGy/min DAPERREHIZ% LT, 18mGy/min, 1.75mGy/min
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DB TR N R Bz, —77. 18mGy/min & 1.75mGy/min FBE ORI ITHEHA B DR
HHENRPoTZ, ZHUE, RIBREECONRT Y INH L2 L&, EAROENFENTHS L FHRIR
Do Atk HRUEOSME 2R 5 2 & T, DNA BERHMEOREES = L id HolifscE 5,

JEAERHIRG & RRAARERHIIL C O SRS B DE WA S 2N 572012, 2Gy (0.5Gy/min) @ X #i
% WSS U724 145 H C57BL6 ~ 7 A (C3H ~ 7 A LA/ 2z, Z OMREEIETHEL EH D
Jie VR FR ket ied , A2 1% 6 TG 0D F1ARRERHING., 6 OV O REBL RO Rl A sl 4 [ L 72,
PIL S EED y-H2AX 7 4 — 0 ZFE, IV AR aiiia & REBL R R epsiliia &6 & S L <
Wiz, ZOZ A OB SENEICR & A NN L AR LTV D, — 7, #E< 6 %O
RS SRR Tl y-H2AX 7 4 — 0 ZEDSEIN L T- £ £ 7257278, AFF SRR AmAE I3k
D LUTWz, [FREDRE Bl 3R B 2RI L2 & BB SNz, ZOREN S, B
XL BOBE AR T 2 AMREEA R LT D, ZAUE, BURBGHERRN TIRE & A SHila 52 L
TWRWZ & EBHRDH DD E LIVR, E7o, SRIOFER TLREMLERIE LBIE S
ST=DE, FISHETIEAH L TOLHMIIE L2 C& eV WED S Ly, IBERIELS Lizfr~o R
IZBWT, y-H2AX 7 4 — 0 ZEDNNZ BV TN Z i, SIS 2t fiE oD i\ HEFEME & BEfR
Mo DDONE LIVRV, TROGEIITNZ 51T T D iR CIIR S 2 7o 7o & NI £z
VVATREMED S D, DNA 1G4 FF o 7o ORI 72 JEFROFE R, Al ofsB 4 5 & 2 L,
FEPHIE < ~ 7 A TKBENE U D Dd LIVRVY,

V fbim

AFFEDORFEE L TULTD 3 2% EiF 5,
1) Ex vivo f&Esiin > DNA 18 EEHmEO N

Percol LAt LNE & 7 —H A N A N U —EE A GRS 2 LT, MERPARRESHIEO DNA
BELZFHECTE D L0 oTe, ZOHEEAND Z LT, B 2 IR S 2 745
ZENHREE T,
2) FRRRPAERERHIIEIC A D I D SRR

B ex vivo BEFHEE VT, ~ 7 ARRRARREAIIIC I 1T D BRI R 2 G LT,
500mGy/min BE&HTx LT, 18m, 1.75mGy/min Off SR CRECEIRDFED bivie, T Z & I3ARK
EHHIAEH T DNA ETEHEAERE L Tl 0 | RV VIR ESR ORI B CIIE R L RS b A7V alRe
MWRHDZ L aRBRL TN,
YA ARG & RSAFRRERABAR O B BRI B DIEE

2Gy #E< L7z 145 A~ v ADFHE~ 7 A ClxiE!%, 6 3 B CH kil <7 2486508
BTz, —FHC, FREIBNEIEL Lz 6 B~ 7 AZBWT, 7 2BEORDDSFED Hi
720 FRHOKBHE~ 7 ATIEY / MEERBIE SN o T2, 20O Z EITMAED 5\ WO FAR R
(ZIE, RISHIFEEMI & (X220 | [AID00T ) MEEYEREESFET D 2 2R L TD,

VI R EELARE O F ]

IR ERYE < T DNA EEFHIICIHBV T, 18mGy & 1.75mGy/min OFER ClIMEH-A B AN A
BRI ST, K VARWERESRIUR COMBFRIAZ I 50T 572012, DNA HERHI D 5% K
DSETHIMERG D, T, IRIRIICHHE < Ui 3584 218 U CHEBR S35 ATREMEDS R
SN, BRI R CTH 5, KEUE~ T AZHLND T ) NEEE BB STy, —7,
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PUT < BB~ U ARREERHIIGIC AT D, 7 MRGZ ROl L E AR O LAk THREL TV 20
. ETRERRICFGT 50D THLDNNATH D, THD ZMGEET 2 72 i3t & <
DR AN TR TE 2 VAT L E2BEST LLERHLOT, Zhakiald 2,

Z OGRS D BIE £ TOMFIRIRNL., 2k
Bz L,

5| F SCk
BrZ7a L,
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The accumulation of DNA damage in neural stem cell by low dose

irradiation

Kazunori Shiraishi

Laboratory of Radiation Biology, Department of Biological Science, Graduate School of Science, Osaka

Prefecture University.
Keywords: neural stem cell; CD133; gamma-H2AX; chromosome aberration

Abstract

A somatic stem cell has the specific roles to maintain and repair tissue in a living organ. Because of the
characteristics, damage in stem cell may be accumulated by long-term exposure of low dose radiation.
However, the influence of the stem cell after low dose irradiation has not been elucidated. In this study, to
assess the influence of the radiation on a neural stem cell (NSC) which is one of tissue stem cells, we
verified the accumulation of DNA damage response and chromosome aberration.

Neural stem cells were harvested from mice which was exposed to various dose rate radiation (500m,
18m, 1.75mGy/min). The estimation of DNA damage response by flow cytometric analysis showed that the
increase of DNA damage depended on radiation dose rate. This result suggests that neural stem cell in
nerve organ has a certain activity of DNA repair. 14.5 days pregnant mice irradiated by 2Gy were sacrificed
to obtain embryonic and adult neural stem cell. The number of gamma H2Ax focus used for DNA damage
estimation is equal degree in both cells. On the other hand, although the number of gamma H2Ax focus
after irradiation is maintained in maternal mice 6 weeks, the number of gamma H2Ax focus reduced in 6
weeks aged mice irradiated in uterus. These findings suggest that DNA damages in embryonic or (and)
natal stem cells were eliminated during developmental phase. As a result of the severe exclusion in genome
damaged stem cells, hydrocephalus might occur from the reduction in neural stem cells. Indeed, DNA
damage response and chromosome aberration were not observed in the neural stem cells harvested from
hydrocephalus mouse.
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(AR BRI PR B FRIE DRI & YD 5 572022
— BRI X DRREE— IR D P 5E —

FEPL ORI (AT EREN SRR ZEAT « B ZAENFTER)

WMREE
JFRE BRI ITANER S D S R U724 C L RS OB A D Y A7 D L5 L
BT % L S TWD, AT, 7 VEYSHR ; BILEERRIET v hB LW
SHRSP ; il2EH B3 SEME @ MLE B RFIE 7 »~ M)A AW ERICE Y FR= TV A2 /BREET 5
& BT, IRHRESE IR T b FER RS RN L O D a2 RGeS 5, fEfEE L TiL., SHRSP
Z T2 EBR TN ZE PARE IR O FIERF & 721355 M 2. — 5. SHR Tl EMo EFRHE
FO7 7 h—IZELTZBEOMEEEZ WD, £ WRHDOT v M ZWREMRETHZ LI2XD,
FRE C BRI RE TRy, AR L E OMBIEZ TS, BT, JFIBHIEE ORAE DR R4 I
WA TEMENA A~ —T—ZfFEE L CTHWD Z ST L0 SRR anf] 72 2 B P C o0 87 9 28
EHIEbTRERLMNIT D, ZNHOT =X ZRE LT, ihaE L LiEHRE & ORRES
F OB DI L COLMEREZE Z T ZOWFIZOVWTIND, ZOREL | #
BEOBMEFEDORIE L N ED X 5 RBURICH 20 & fRIAT 5 &L MERE & A B
T % AR S (BE) DMFELE T 2 B D REET D,
F—U— RN BWET /L, SIE, R, DRE, BESREEE O

WHEE ) @il RS (AWEEN  BOSRErseiT i) Kn fifE (A ETE

N AR ERGEET EE) S L (ARMEEN  BEREERSEET AFSER) Ak

Ft (NaRMENEN  BURBECEERT  SRETIIZER)

I WFFEHRY

SRR O YPEIRAR B O & DM EFRA U A 7 OB 5 03 T 7 VB & Fv iz
FEER CTHRAET D, S DBICETNVEMWICK T DMESNRO N Z — 0 BLUORIET 5 £ TORET
R 5,

ThD OFERIE, & BRI FERIC RV U BRBEG X O R, & OFRYEREE | Bk iE
IBVEZERE T3 2 OB I B L CA M ez iRt T 2 b 0 L HIFF L T %,

0 WHoes5ik

ARAEJE DR BEOMRAEICH > Tk, SHR 7 v h& b MEMEREOTT LEM E LT
A5, 5EOAAD SHR 7 > FMZ 1.0Gy, 20Gy, 40Gy BLN0Gy O F »~fpa G L,
I~ NOGY)ZHIBEEE LTHWD, ZOMEEFILUTOPRIEICL Y EiiSnbd, 1) T,
(R 2 T3 5 FE6 ; RS2 1 EMEC ail-cuff 3EICX 0 mEEEZRIET D E L BICREZRIE
T2, 2) HEHICFIBE T 5 DM R DR AR T & HEE T 2 72 D O R ; BT 3 X OUik /S
A F~—H—DOREE FNT D, ZIEHT 2 HEEARZ G572 SHR 7 » MI—EHIRH (R
1% 30 JE[H) EER. BT CRMLAZRIT 5, JABKRFTSHR 7 v b OFUEH#RIRH I X O
BEITV., BREERMREAHTE AT CRELR-NT. R/ A A~ — B — ORE T TR 5,

B HNT-T —F 1T Steel test, FIEEIFTE T /L. Linear mixed effects &7 /172 & & FWTHEEHE
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Wz A7V, HfE & DA & OABICHOWTHEE T 5 & & BT, BB OMLE ~D |z
DNTELET D,

(B mE ~DELE)

ARBFZEIE, B R EAFFESSE LTITH SO TRV, BERICE L T, B ROAR KT
B EBRIGEHCIE TEM) O K OVE FLIC B9 2 154 WWONT TEBREM) O 28 i ORE I OY
(ZHER OB B 2 5% ICHI> TITH 2 & L35, 475 B FEBRSILE % O EBRFHO L 0
Tho, KB HEAOCHEOSH 5 b0 LidEbhay, W, AERILSKRFEMEREES
DERBEGFTHEITL TN D,

I AFFERE SR

T2 IARFEBRIZEBNT, T > MOGy)IZH, 1Gy L EZRH L7=T v b TR EICHE
o CTYHEHIIMEED ER9 5 2 & 285 Lz, HiT, BE T v MBI S BIC A Uz ig
. BIRIRIRORIEZR EOREITXIRT » MIZ@BO oo (X 1. 2), BIfE, Bz
HROL T, ZOMROEREZERT THD, o, BEHBREDOEINZHE > TREDOHEIMO MK
BlEans (KR 3). ZOEEMOIME OJREE A 52N T 5 72 DIZHALREH] Y 72 © OFEDE
g, EEHERAE LS, BT v b, BT > NORICEERZRITRD LN T,
TR S Mg - AR O BB A JE L-fE R, SE ey - Rk oo B B O AR B O BN ¢ - Tk
HLTWe, Ko T, ZOEREHIMOIMENTHER - Bz O EEBH P RE TiEenre bE2H
ND, ZTDOX 1T, SHR & W72 EFCRITHE R & e, KEE OMBEAZBIET 51T, &b
WMLIbOD—2LBEZ b5, IR AL A~—T—DRIEEITo T2, AEIL, S50
AALFEREIZHN LN WLFEOEBICOWTHERNZ G LN, R LIDRLEZ LS, MiE~—
T — DD SRR E OB AE > T EH, b L EE T2 2 8@ bz, thommig 1
F~—h—WziE, VFF . MCP-1AREDHRNLEL, FA b I A LV E)DREESRMENRE TE
=D TCIERIBNT 24T 5 TETH D, Fiz, FERBITETHTH D,

SHRSP Z JHWZHFZEIC I Tl IMZe RRAERF ], B PR B O 2k, ik A F~—
T — DA ¥ RIS LT, ARBREEHR(0.1 Gy~0.2 Gy) & i~ 2 FB & Fhi L T\ 5,

IV &%

ABFFE A3 U T, B EOEHTAEIC L 0 RE STz O R R & R & ORI BT oW THLLR
ENT =2 NELN->0H 5, ZOHFET, i TRWOERE(.1 Gy AM) D S BOMF A
AIRECd D 2 &2V UE, B B S s CRIBEIZ 72 o T DRI S D St & T BR 2R
BEOMEICE L THEERMANEGEOND Z R SND,

V G
AWFIETRA 3R D T RRE TR RO DILE R ~D B Z ER KD EE X LND,

VI RAFELE O 7]

@ ik 27 TR X 0.1 Gy BL V0.2 Gy DRz —HERRET L 7= SHRSP % F\ 7= F28k % fik
et D, BT, 4 F COMETEMINT-EMERHE —FERE L2568 L | RO
RO BIREFRRS L TR LN BOKRE L, TOEVWEZRIET 5, Z0O72HIl, KRE
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TS L7z SHR B X O SHRSP % W 7= 528 % TRt ORITR LB TITH, O, @TIX
SHRSP Z {4 %, #EZE(0.1mGy/57) THFREN %K %025 3L TN0.5 Gy 12725 £ THRIKFNT 5,
DITFBN TG 2 AT L, AR EER OFIER O 7T, FHa D2 kI L OFER O FE
& BNBEROIREEL O BEEE AR~ D, @TIX, 8 HE TRHIOWEHMKREITH, [FRFZMIKE
BILL.ZNEZHWTAAL A~ —H—DRIEZIT 9, OIZB W TIL, SHR IZHRBREN 2 B LV 4 Gy
ICEETHECTHRE L, T0#% 0B £ THE LIERS X OMEEOLEL BT 5, i L THES
IR OB IE MR E 21T 5, R, MKESRR L AA A~—D—DREEITH ., WE
T 53 A~ — D — ORI, —FERH O LR CRE A ERMBEZ R L b 0BT,
OB O TR LN Fix DI, B2 1X, MAEFRERMOZ(, MEfES X OEREOZE
B A A~ — T — OfE AR OP BRI LR & & BURR R & OB A SR AT D,
YRR 27 FEDZ AT, —FEIRE L T DR R LIRS L7258 OfR R4 ik L T OEN
ERGET 5, BT, ZNETORRERAE LT, ED LD RAEMFRITF DR OB A ST
ED XS L EREE BT DT O0E A RENITEC L 5 TR AR 5, 15607k R
X, EE OO X 5 22K & - (KR ERO R & OMERE & OMBEEZ IS 7o DEER
TR L EHFEIND, TIZ, LVIERE - KREFEOBIRORE L RN T 572 D IR
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Whether lower-dose radiation can induce circulatory disease?

-Assessment using animal models-

Yasuharu Niwa

Department of Radiobiology/Molecular Epidemiology,

Radiation Effects Research Foundation (RERF), Hiroshima
Keywords: Model animal; Hypertension; Stroke; Circulatory disease; Radiation effects

Abstract

[Introduction]

Previous epidemiological findings including the LSS and the AHS indicated that radiation may be
associated with increased risk of circulatory diseases (CDs). These issues received keen attention from the
research scientists in the field of radiation protection, radiation biology and cardiology. On the other hand,
inconsistencies have been observed among various studies, especially low-dose occupational and
environmental exposures. Given the uncertainties, a study using irradiated model animals is being
conducted to assess whether or not risk of CD is elevated with increasing radiation dose.

We have been assessing the issues as above, and to obtain information about biological mechanisms
through the animal model studies. We presented the results at Japan Radiation Research Society. Irradiated
stroke-prone spontaneous hypertensive rats (SHRSP) showed significantly shortened lifespans and had
more progressed perivascular damage in their organs than non-irradiated rats. However, we learned that the
system of using SHRSP rats is not appropriate for assessing evidence of radiation-associated risks for
hypertension because measuring blood pressure after observing initial symptoms of stroke can lead to
further stroke symptoms. Thus, we proposed to use SHR rats, since SHR rats do not show any stroke
symptoms. We conducted the study using SHR rats as an animal model for assessing the radiation effects
on their blood pressure.

[Methods]

In this study, we examined four endpoints: 1) blood pressure, 2) pathological phenotypes, 3) body weight,
and 4) blood biomarkers. The rats were evenly placed into four exposure groups (1 Gy, 2 Gy, 4 Gy, and 0
Gy as a control). In the study, each dose group consisted of 10 rats. Blood pressure and body weight was
measured once a week for 30 weeks after irradiation.

[Results]

1) The systolic blood pressure level of irradiated rats was statistically significantly higher than that of
non-irradiated rats. 2) Significant pathologic changes in brain, heart, and small intestine were not observed.
However, hepatocytes containing lipid-like droplets were frequently observed in the irradiated rats, but not
in control group. Pathological analyses are being continued for increasing number of rats to confirm the
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results. 3) The body weight of irradiated rats was significantly lower than that of non-irradiated rats. 4)
Several blood biomarkers altered with increasing radiation dose.
[Discussions]

Our animal model studies using SHR rats demonstrated that we expect to obtain somewhat clear
evidence indicating whether or not radiation truly causes CDs as well as hypertension. The approach may
also provide a novel way to seek possible mechanisms of CDs at lower-dose radiation exposure.

Finally, the evidences obtained through our studies might be able to provide some information for the
relation between CDs and low dose exposures of ionizing radiation from Fukushima Power Plant Accident.
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Animal model study on radiation sensitivity of children prohibited
from doing outdoor activities

Mitsuru Nenoi
National Institute of Radiological Sciences

Keywords: Radiation sensitivity; Psychological stress; Chromosome aberration; Micronucleus;
stress-related hormone; inflammatory-related cytokine

Abstract
It has been suggested that psychological stresses of children who suffered Fukushima Nuclear Power

Plant accident affect their health more severely than radiation emitted from contaminated environments. In
this study, we aim to estimate the effects of psychological stresses on children’s sensitivity to radiation by
an in vitro and in vivo experiments using young mice. And we also aim to assess an involvement of DNA
repair capability in influencing radiation sensitivity by psychological stresses. For these purposes, we
treated young mice of 5 weeks old with chronic restraint for 6 hrs a day on consecutive 28 days and
irradiation with 4 Gy of X rays on the 8th day according to the method of Feng et al. (PNAS, 109,
7013-7018, 2012) who have shown an elevated sensitivity of mice to radiation carcinogenesis after
psychological stresses. The blood, spleen, femoral bone marrow and liver were sampled after euthanasia,
and we analyzed the combined effects of chronic restraint and radiation on organ weights, hemogram,
antioxidant capability of blood cells and micronuclei induction in femoral bone marrow cells last year.
This year, we further analyzed the effects on stress-related hormones, inflammation-related cytokines in
bloods, as well as chromosome aberrations in spleen cells. In the results, we revealed (1) the level of
stress-related hormone, corticosterone, in bloods was increased by chronic restraint alone, (2) the increased
corticosteron by chronic restraint was blocked by irradiation, (3) the level of pro-inflammatory cytokine,
TNF-a, was increased by chronic restraint which was further increased by irradiation in concert with the
block of corticosterone increase, (4) the level of anti-inflammatory cytokine, IL-10, was increased by
chronic restraint alone, but was reduced to its basal level by irradiation, (5) radiation-induced translocation
involving chromosome 1, 2 and 3 was significantly increased in chronically restrained mice compared to
un-restrained mice. From these results, it was confirmed that the experimental system of chronic restraint
reproduced increased stress-related hormone and the following fluctuation of inflammatory-related
cytokines which were frequently observed in severe disaster-suffered people, thus was an effective
experimental system for investigation of influences of psychological stresses on radiation sensitivity. And
as far as translocations were concerned, we concluded that chronic restraint did not sensitize spleen cells to
radiation-induced chromosomal aberration, which accorded with the results we had shown last year by
micronuclei assay.
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Effect of calorie restriction on life span and tumor incidence in mice

exposed to long-term, low-dose gamma irradiation

Kazumi Yamauchi
Department of radiobiology, Institute for environmental Sciences
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chromosome aberration

Abstract

Calorie restriction (CR), that is, the reduction of calorie intake to 50-70% of ad libitum levels over a
lifetime, is known to increase life span and suppress tumors in mice. CR also suppresses high-dose
irradiation-induced solid tumors and leukemia. However, it is not known whether the tumors and shortened
life span induced by long-term exposure to a low dose rate of gamma radiation are reduced by CR. In this
study, mice were exposed to a low dose rate (20 mGy/day) of gamma rays from 8 weeks of age for 400
consecutive days. They were fed normal-calorie or CR diets, and their life span and the incidence of
tumors were analyzed. One male B6C3F1 mouse was housed per cage. The normal-calorie group was fed
95 kcal/week, and the CR group was fed 65 kcal/week. After receiving the predetermined total dose of
radiation (8,000 mGy), the mice were transferred to animal rooms and housed there until they died. Two
nonirradiated control groups were fed the same diets as the irradiated normal-calorie and CR groups. The
number of mice per group was 60. In a separate analysis, five mice per group were sacrificed 200 and 400
days into the study and their organ, total body weights, blood cells and percent of B and T cells in bone
marrow measured. During the study period, the body weight of mice fed normal-calorie diets increased for
both the irradiated and the nonirradiated control groups, but the CR diet suppressed body weight in both
groups. No significant difference was observed between life spans of the CR and normal-diet groups in 800
days after birth (P = 0.0503). Findings in irradiated mice sacrificed at 200 and 400 days showed significant
differences in body and spleen weight, red and white cells in peripheral blood between the CR and
normal-diet conditions. These results suggested that hematopoietic system may be highly influence by CR
condition.
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Health effects of continuously very low-dose rate radiation exposure

in male B6C3F1 mice.

Takashi Sugihara
Department of radiobiology, Institute for Environmental Sciences
Keywords: Low-dose-rate irradiation; male mouse; Liver tumor; Castration; Testis

Abstract

Conventionally, low dose radiation effects have been estimated using data obtained from studies using
acute high-doses rate (HDR) -ray radiation exposures. These data are useful for assessing risks associated
with procedures such as radiation therapy. However, it is difficult to use HDR-irradiation data to correctly
estimate health effects due to chronic low-dose rate (LDR) radiation exposures, such as those of the
Fukushima nuclear power plant accident. Previously, the institute for environmental sciences (IES)
reported significant increased liver tumor incidence in male mice chronically exposed to LDR (0.05 mGy /
22 hours / day, 1.0 mGy / 22 hours / day and 21 mGy / 22 hours / day) -rays. In order to further elucidate
the effects of LDR exposure on the development of liver tumors, we have started exposing male B6C3F1
mice (bred in-house) to LDR -ray (0.05 mGy / 22 hours / day, and 20 mGy / 22 hours / day). Furthermore,
to study the effect of LDR -rays on androgen levels in relation to liver tumor incidence, castrated B6C3F1
male mice will be exposed to similar doses of LDR -rays. Fluorescence staining techniques will be used to
analyze radiation effects on testicular tissue.
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Abstract

Purpose

This collaborative study aimed to promote a practical radiation protection culture in an exemplar
community in Fukushima. The residents’ unhealthy and unnecessarily protective lifestyle persists due to
fears and misunderstandings about radiation exposure.

Design

The study was framed by the concept ‘practical radiation protection culture’ which was understood as
‘practical knowledge and skill enabling each resident to make choices and behave wisely in a post-nuclear
accident low level radioactively contaminated environment’. Action research was directed to: the residents
in the community (practice model 1) , the public health nurses (PHNs, practice model 2), and the larger
society (practice model 3).

Method and Results

Practice model 1: To deal with post-nuclear accident public health challenges, PHNs in sub-communities

developed radiation teaching sessions as part of their routine health programs for specific target
populations such as elderly persons, mothers of young children or persons with psychiatric problems.
Working with those PHNs, we gave face-to-face interactional lectures to the targeted residents’ small group
that addressed issues in their daily life such as eating, drinking and outdoor activities in combination with
the provision of updated radiation monitoring data related to those activities. The interactions, conducted in
five sub-communities, eased the residents’ anxieties about radiation and encouraged them to regain their
normal life style.

Practice model 2: To assist PHNs’ practice, we had regular meetings with PHNSs to share their concerns,

evaluate the effectiveness of radiation teaching sessions given to residents, and explore residents’ needs.
Also, we developed an informative pamphlet that described the residents’ daily living and activities in a
low-level radioactively contaminated environment. These assistive efforts promoted mutual understanding
and trustful relations with the PHNs and served as a practical radiation teaching for those nurses. The
effectiveness of the pamphlet is been evaluated as PHNs have begun to use it in their practice.

Practice model 3: the pamphlet was distributed to major municipalities outside Fukushima. The feedback

comments will be analyzed and reported when the collection of feedbacks is completed.
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Conclusion

PHNs are professionally prepared to collaborate with appropriate professionals, thus they can take the
initiative in the promotion of a practical radiation culture in the communities where they serve. Effective
and practical risk communication with residents who live in low level radioactively contaminated areas is
achieved when this is given face-to-face as part of the local PHNs’ health programs. This collaborative
approach has empowered the residents, PHNs and researchers by promoting mutual understanding and

trustful relations.
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