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1. E5
-1, BB D < VIR UREHT X 5 "B R ARG EERE 0 SR oRE
1-1-1. B8y

BB ITAIRLAN O DNA IC ZHHUIHT (DSB) #5|&&E 23, Z oHREITMIICZBIERIIZEH
THNB, BB SNIUTEGEDNAREE 72D, L L, BEOE, Biro-Yetaiko> DSB W1 [FE+£A
AL TLE) EYRBRET LD, RERRFITTHRMEICEETZbE b TRRE 25
7D, BNRADOT AR RZORNDEENRDH D, Lo T, BEHBITEDAZSI &R ZTHFOO
EOTHDHZ ENyND, L, 1978 4| Bauchinger 513 4 Gy @ y ##t% 500 mGy/min 1 LY
17 mGy/min O ER TG U, @) FIARY AR O A 2 i~ 72 f5 5. 17 mGy/min 5 5% 500
mGy/min & F_T 2/3 L2V | MEEE FIFD 2 L CRAEBERIHIESNS 2 L 2@ L Y,
F£72. 2006 4E1Z Elmore 1% 1Gy @ y#% . 0.19 ~1.9 mGy/min OFEE= T 1000 mGy % M4 L.
A Re (. GRS AL DORIIERE TR 6N 5 2Mk) ORAEMEEZT 7=, TOREE, 0.19
mGy/min OFFER TS5 & 1.9 mGy/min THH$T2 L0 RAEMENPI L2 122D L%
WELE 2, Zok5ic, FUBEOBIHBRTH-> THOMERE T D &AW RN IIH &
DLW BT, HIERBE TRAERTHERLNTEY . PR L TREREDFE LT T
W5 A, L, 2OAB=ZANEFHLNTENTORY, BERDED A D =X L% 5
THZ L, A BETHBEE 2> TV D RBEREMEGRIEICED2BBAV AT 25X D
FCHFICEETH D,

Z Z TR TIIMBERDREDOA D=L LTRO L D I liia i Cle, EREE HE
MEOS VIRLBHICEA2RELTELRX D, 2EV, 1ETIGYZHHFATLILED L, END
D EZ43EI LT 0.1~05 Gy T OHNIFMEIC VIR UIRH L2 F R RVIORKIZE VAL 5¥)
HHEG L D7 720 | D OROIBE £ CIEEMTRbI D 2D AW RN BN NS kb LB
277

T TCAMETIIZ OB ERGET 5 2 L2 B E LT, b MEFRMESFMIIZ 1Gy O X %
1[EMRE L725A &, 0.1~05 Gy 7 HAZFEMEIC 1 Gy 172 5 £ TS VIR LIRS L7254 & T @)
JRAR Y AR B DFEA BN ENAE U D D REt Lz,

1-1-2. 5

<HHfa >

ARFFECIXES & bRV IRAME SR C©H D MRC-5 & FV /=, #ifEi% European Collection of
Culture (ECACC) X VIEAL. 10% O4-ppIEME (MultiSer) KUM= U > (100 units/ml)
ARL7 h~A > (100ugml) &HO MEM i, 37.0°C. 5% A > F 2 _X—% —NTH
LT,

< XHRPRE >
X BRBEEHCIET X BREEE 320 (BEEA 7 T A) &fH L=, AR CIIRHNER 2 —Elzt 5
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2 572HIT, 01Gy DX #iL, EEHEIOKV ., EERIOmMA, 7 /L% —IT 1% 1 mmEOHIHK &
1MMEDT IV =7 AREMEH L, 0.2Gy/min DFRESRCTHRE L7z, 0.2~1Gy DAL, EE
18 mA | BT 200 KV, 7 4 L H—IZ (X 0.5 mm [EOFIHK & 0.5 mmED T LI = AR Z
L. XfENLOHMAZEZ 52 £ T02Gy/min (02Gy), £72i% 1Gy/min (0.5 1Gy) DOffE
TS LT,

< VIR UMK OMEZ X N-1127-3, A& R OMORRHZ 17505 1440 53 (24 F5f#) &
L. 01Gy!Z10[E, 02Gy X 5[E, 05Gy (X2 [E< ViR LEHEZIT/R>7,

<YAMRIEARDOVERL>

T-2577AaTar7y hETHEREL, GoWITHi 2 7oMIfIZ AR T X AR L Thb,
24 R4 ISR A7 A L— h Lz, 1~2ml @ PBS TRl 2w~ < V¥ L7=%. PBS %
TAEL— kL, ZO#EELZ 2 BIKDELZEEZE, 05ml O N 7o rzflaicEf s 7=,
ZO%, 15ml O MEM §5iZ N CENXy T o7 L, 50ml F=—7 \ZHfaZ B Lz, [F
CRIFCTHRF LIS 9 =20 T-25 7 7 2 a DMl b FEROEAEZ1TV, WL 50ml F = — 7 Z[E
WLTE15mI & L7z, B LZMfaZ T-75 7 7 A 228, 6 FEEs & L7=t%. 10ug/ml ©OF
Aanyy (Y7<TIRY vF) % 20 ngiml OFEETIMZ., &6\ 42 B2 2k L7,
Dk, HFEERE SOmMl OF 2 —7ZEIL L, 3~5ml ® PBS TUESHT 2 #EE 2 [H< ViR L7
%, MU TR AN, HRREERIZRCEE%, MRARBIND E THESEZ, 0%, 7
FAAZBNL 2 & T, REHOMIE 75 ZamnbHNR L, H O UHEIL L TR T-hE%E
KTERYy T 0 T HITV, RO A & e Mlaiziifg & Uiz, & OMIEiiER % 50 ml ©
F 2 —7ZEYL LT, 1200 rpm T 5 4rffE i L, EfEZ#5T 5 ml ¢ 0.075 M KCI Tl i iRz
&L, 37°C T20 5 PURIRALIR AT o 7=, IRBRAER ., K LT v ) THEERKR (A% 7 —v
f2=3:1) Z5mlFFENICEBL, wo< D EEML, 1200 rpm T 5 4pfEO Liz, @O0%, k-
HEEHET, BEAL TEEKSml 2Nz THRE L%, 1200rpm T 5 pfE O L. RiEZ kR
L1, ZOEEEZ 2RI VIRLEE, AV TEERK 0.5 ml 21 2 FHE®E L, MlgRBEKE L
72, FURIREIIT, 80 C 0K ETAT A KA AT F L, Raikz i SE T, Qe
K& LT,

< F AV Yt >

+ Oy ST Y O REE AR % 3% D X AYKEEIRIZ 10 o fEE Lz, #Eg,. WK THoi
YO (RMIER 2P, BIRCTHRESE, /%y a2 2~3{W%E L L, 24x45mm DI —H T A
T T,

< ZBRELERRTE OBE>

Yuta (R ELH O P CHERBII SRR N A D 7 ot A CEERRE Th D, L LB, —R
EFERREAREFERCEEZ LTS, BIERNEETH L, £ 2T AW TITERE & [ CA Rk
HekE Voo, MIEICBIZET D 2 LN TX D BRI AERRE AIEE L Ls, @AY Gk
FE, BNIRESY Y ) —F IS 1X81 (OLYMPUS, Japan) &AW THIZ L7, 1 SO
SAFIZDE 100 ELL EoMifa 2822 L, Mia 1Y 72 0 O 8 R YL R R E OB & R
770
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11-1-3. 4558

< ZBRERERRE ORERTER >

(] 11-2 {2 ZBh A e o (R 7 D8 A BE S DA R SOG BIFR 2 on 7, B FUAYL R B 58 AR B
FEIRFERRETRECIE, 0.008 L72o72, ZHUTKH LT, 0.1Gy ® X #%& & L7-#4150.013, 0.2
Gy Ti%0.018, 0.5Gy TI%0.054, 1Gy Ti%0.136 & 720 “EhFIAY R B O ERGBIR A
PEk@Y o LQ (Linear-Quadratic) EF /MIH TILED Z L DMER TE 72,

<< ViR LS & 5 ZBRELERRE OFBME>

01Gy D X #Z& 14y, 545, 15%y. 304y, 24 FREIZ 10 [B1< 0 I U MRS U 7255 5 2 1 111-3
R T . 1 OBE O " BHRIRY RS ORABEEIL 0.094 . 55084120032, 155308
130032, 30 0 DHE1L0.029, 24 B OH4130.023 TH o172,

0.2 Gy % [AEROFERIFMME T 5\ < ViR UBE U72FE R IZX -4 1277, 15084130113, 5
SOYETE0.046 . 15 53 DYA1X0.042 . 30 53 DYA1X0.044 . 24 FEfOH54130.038 Th -
776

0.5Gy % [AEE DR MNE T 2 [\1< ViR LS L7 ST -5 12733, 1084130146, 5
5y DO61%.0.054 . 15 43 DA 0.051 . 30 43 D541 0.048 . 24 FEf 35415 0.049 Th -
776

0.1, 0.2, 0.5Gy % 1 /pEICHRS L7235E 1% . LGy & 1 RIS L7356 &R CHEEO
By R AR B S BIEE S L7 (ttest, p>0.05), Lv L., MRS & BB OB OIREf % 5 53 P BIc
% L QR B O AN BICHA T 5 2 L dyinol,

11-1-4. 2

AWFFE TN T IR RN R OFF ARG 2 BAET 5 7o 012, IS & IS ORI A 2 2 T 0.1, 0.2,
05 Gy DX#%E 1 Gyl b E TS VIRLIH L, 1 Gy & 1 [0 L=5HE O "B FIRG KR
WORAME LB Lz, ZTORE. 17810 ViR LIIIEEIE 16y 2 LRI L7256 &1
(XA CAHEE O "B R R B S Bl S vz, L L, IR & BUR OB OREH 2 5 53 P i
DL, YR B ORAEBEITARICHD Lz, ZofRIT, < VIR URHIC X 2 B FEYE
RRE OFRABEOEET., BELREOMN 10 TRVWERLARVWI EEZEKL TS, T
X722 RS & AT ORI ORF S 14372 & B FUAYL AR E OREBEOEMENELT-DIEA D
i

BRI LY DSB WAL D E, B AR Z U RITEDO—FETHD H2AX NV gk LT,
y-H2AX OHEEIZZEP Y, DSB L TT7 4+ —H A ZT D Z LWL ncENEY . 207
=T A XA PRI AIEIC LV AT 5 2 E R AR TH H 728 DSB DFEE L L TIAL
HuboinuTng, Zoy-HAX 74— AZFIH U THEHRIZ X 5 DSB OETERFH BILRAYFH~
BRTEY ., X MHRIBHH% 3~15 ) TEEBEMIE D5 Z L PRESNTNDE Y, LoT, B
I ERBOMMN 1 00%4E1E, 1EIHORE TALZDSBAMEEINAE LR, BFORN 2%
F5Z L5729 DSB OERENAELTCLE IO TIT W Ebihsd, DSB#IEZ WL,
BEETT—NREDHMRN ENLOT, flE L CQRERETOREHEN LS LZEEZON

81



7oo TIEIRG & RS oM ORREZ 5 /0 LL EZ81 7o 855618 B3 FIRYL iR Bs O R AESEFE 3
SN oeDIXREEA 50?2 —oOaREEE LTI, 2B HORS £ ToRIC 1 BHOR
T TE/-DSB WNRERBIEBE SN2 TH D EEZ LI,

2009 AEICHH H1X, 1Gy O yfEZ2 KR ESR (1 mGy/day) T AICHE L6 0L EifiE
FCHS L72356 0 BRI EKRE T O AL 2T 7z, ZORER, KR ER THU 4 IR
S L7e~v U AT, mfpER e ik U< B R AR AR OREBEOEEPMITTR LR
S0, TIRHATROVRERE L BREOERN A LN NS T-D1E5 9 02 AR R 2B £ %
T, FilOwREEEE 7,

MERITHENFRH7- 0 OBMELZERT S, Lo T, EBREROHAIT. BREROLAIC
TR UM R TR A S IR L E v M5 AIEEHEMEL 725, ZHIZ XY DSB O
DALY, FRE LT TERALOERRTOEBIC O OBRDB LR BRDIDOTIIRVINEEZ T,

LA EDOARFFERER LV | AR E RSO B HI I < IC K 28N AU 27 1E, F—fgic
WA VIR L E v 5 £ TOMORFREN 31228 < X 5 @R ThIUE, BnL 72l
REMED RIZ ST,

51 3CHR

1) Bauchinger M Schmid E et al. Calculation of the dose-rate dependence of the dicentric yield after Co
y-irradiation of human lynphocytes. Radiat Biol, 1979; 35: 229-233

2) Elmore E Lao XY etal. The effect of dose rate on radiation-induced neoplastic transformation in vitro
by low doses of low-LET radiation. Radiat Res, 2006; 166: 832-8.

3) /NG BB H 3 B KRR BRI 1T DR E RSN~ "B R AR I A A LT~
BHRABIFFE, 2012; 4T: 347-360.

4) Kanda R Hayata I. Comparion of the yields of translocations and dicentrics measured using
conventional giemsa staining and chromosome painting. Int J Radiat Blol, 1996; 69: 701-705.

5)  Grudzenski S Raths A Conrad S et al. Inducible response required for repair of low-dose radiation
damage in human fibroblasts. PNAS, 2010; 107: 14205-14210.

6) Rothkamm K Lobrich M. Evidence for a lack of DNA double-strand break repair in human cells e X
posed to very low X-ray doses. PNAS, 2003; 100: 5057-5062.

7) Tanaka K Kohda A Satoh K et al. Dose-rate Effectiveness for Unstable-Type Chromosome Aberrations
detected in Mice after Continuous Irradiation with Low-Dose Rate y-Rays. Radiat Res, 2009; 171:
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RiES

Demecolcine

Re-platel
B N W W W N W W N e Y d
24h  6Bh 42h . .
T T T T T T T T T Dicentric
chromosome

A

Demecolcine

B
Re-platel
]

\_’\_T'\_T'\_’\ 24h 6h  42h

T T Dicentric
chromosome

Dremecolcine

C
Re-plate
WK W 5 S
T 24h  6h 42h Dicentric
chromosome

BII-1 < DK UHRSE 0 5k A % — A
A:0.1Gy D X #it4 10[mBE, B: 0. 2Gy ® X #t4 5HIEH, C: 0.5 Gy D X #iZ 2 [AIfR 5,
T: B & RS ORI O] (147,547, 1557, 30 77, 24 W§f#]) ZZ2hZh kT,
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0.2

0.15 -

01

0.05 -

Dicentric chromosomes per cell

Dose (Gy)
B4 1I-2 B R ARG R B O # RGBSR
o JEMIRBEICEIES S - BRI R OB A FE LS Wi —E & 72 o BRI
KRR O, =T — — | IEsERE L £ T,
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0.2

0.15 -

01

0.05 -

Dicentric chromosomes per cell

i

0 Ll L1l L 1 vl L1l Ll

1 10 100 1000 10 4

Time interval between fractions (min)

-3 0.1 Gy D X% 1081 < Vi LR L 7=tk 0 B FUARY R H 5 o E
o : FEMSTREICHEIZR S BRI R Y AR DR A ZE LS Wi & 72 » o B R ARG
KR O, =T — | IEREE L £ T,
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0.2
0.15 -

01

R S

0 Ll L1l L 1 vl L1l Ll

1 10 100 1000 10 4

Dicentric chromosomes per cell

Time interval between fractions (min)

-4 0.2Gy D X% 5[H< VK UMRE L7tk 0 B FUARY R 55 o
o : FEMSTREICHEIZR S BN R Y AR DR A ZE LS W & 72 » o B ARG
KR O, =T — | IERERE S £ T,
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0.2
0.15 -

01

CERRIRE

0 Ll L1l L 1 vl L1l Ll

1 10 100 1000 10 4

Dicentric chromosomes per cell

Time interval between fractions (min)

-5 05Gy D X% 2[\< VK LIRS L7tk 0 B FUA Y R 55 o 4
o : FEMSTREICHEIZR S BN R Y AR DR A ZE LS W & 72 » o B ARG
KR O, =T — | IERERE S £ T,

87



-2, B E 25 RS L~ U 2OEMRAIIZEIT 5 DNA BIEEFERE XS REMR
B L UOEHBRRESBORBHELOBR

1n-2-1. B89

RO O AEMIER D—->12 DNA @ " HEEHYIKT (DSB) 235, Z OHEITMIIZ L -
THEER 2 b O Th D DB 1o o 7o FEFR R AR S G IE 1R CH R FA L 2 (1855 > DSB 1&18
BEIC LV IEE SHAEGFREEIC R D, L L, FHFEERREAEEIT= T — 2o < RE
R ZEHE LT, ZOZE2E25E AML ORJEICHED 2 Ttk o K AT I1%,
TSR 4 LI VS CAE L D b D 2 B2 b5, BT, SRR, ROyt ki
HOVEBER L ORI I RV B ST D MY ) TIZ AML OFIEICKER S 5 —
OORETHDH Sfpil BWIG T DEIZBRERITNORE L0725 5 02 B SICBWTEDE 21
AL

Z 2 CARMFFE IR, BRI L~ o A 0F#IaC 51T 5 DNA ISR ERISER & |
IR R ZNEDNFD—o L LTHOLNTWHIEMEEFEFE (0,7, -OH %) PEABORIFZEAL
AT,

11-2-2. 5

<<TURX>

8 IHERDOMED C3H/MHeNIcl ~ 7 A Z AARZ LT /hBREA L, 1R, A, SRR 12 B[ 2 &
DEITHEIT A 7 NV TEBRINZFHABEEFR CHE Lz, ~ 7 AT 12 LT SHF 7 — VI E L,
EEfE (AAZ LT7HICE-2) &AKZHAICERSYT-,

< XAROFRE >

XOBRRAH IS XS HF320 (R A 7 7 &) ZME L7z, ~ U A &3EMSHRE (0Gy). 05 Gy
FE. 2Gy HRATRE. 1Gy FATRE, 3Gy BUEED 4 BEIZ /01T T MUBE D~ v 2 2B 200kV, &
BT 18MA, 7 /L X —IZ 0.5mm JEDHIK & 0.5mm/ED T VI = v AMRAEEA L, 0.47mGy/min
DMERTXE BH A LT,

< EasySep Mouse PE Selection Kit (Z & 2 ¥& fi s /1 i & A BRI D 4y B >

RZT7 " F o N—HNTv TR —T VR E T, SEHERLFIC LV B L=, 2%, il
MO KEEE Z YK L. ¢30 >+ — LT PBS with 2 % FBS I&IRIZIR L=, KEEHE O il % 4% mm
Bl L. 23GC OFEHEH T2 1iml o> Y > 2 VTl s 1ml 372, § 2ml @ PBS with 2%
FBS I&iE &2 RERE IS LK HEA L, 10ml O OEF = — 7\ E SIS A PBS with 2 % FBS
TR A AERY U oo AWFSE CL B MR+ oo @& s o5 A & 4w 5 72912, EasySep Mouse PE
Selection Kit (VERITAS) % HW okl B a1t -7, £9. BHiMIRE A PBSwith 2% FBS
Wik%& ., /LA LA F— (BD Falcon) ZHWTIEE L., ZD#% 10 mliELE T =2 — 712 AL,
1400 rpm T 10 syfliz. 0 L7z, 30k, BRI Z T, 200 ul @ PBS with 2 % FBS ¥k & A4L.
K <HF Uz, %, 2 ul @ FeR blocking antibody (VERITAS) & Afv, K< L=, T,
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1 pl @ PE-conjugated antibody (VERITAS) % A#l, X <HHEHL 1550F{E L7z, #FEZ. 10 pl o
PE-selection cocktail (VERITAS) # Adv, K <H#EL 15 5FE L7z, £D%. 10 ul © Magnetic
nanoparticles (VERITAS) % Atu, K<L 10 08E L7-, $E#%. 2.5ml © PBSwith 2% FBS
WiRE AN, I<HEBLERICY 2y NATF 2—TIC2BEALE, 20k, ~7 %y NHF
a—T %~ 73y Mty ML, 5 ZFHE LTz, f#E#%, Ta—T7%~ 2y My bLI
FEORET, B a T EBAREZE T, ~ 73y FbFa—7%2MW0 4L, 25ml D PBS
with 2% FBS {8 & AdL, K <HHEL72%. 10mlELEF = — 712 A L, 1400 rpm C 5 4y [ 0
Uiz, w0k, EBARRAE T, 2ml O PBSERA AL, K<L, 26 08EEITS =
LT, EPCR (+) #lfa (&M ssfupassa oMl s 2 8) YOoaa &4z o S s A
PBS ik & 1ERL L 72,

< EEAECER DNEIC X BRI Y > BRO BB X OMEAR O fERL >

RT7 R F o R_—=NTv U RZZ—T V2 T, MDA LD B LT-, D%, ~
XY (RN EL000, TARUT o AT 7= —HRRAS)ES OIS EEHEE L, Ol
Mz LV, KA Y > REREA OMHE &2 L7z, BRI L 72 Migld, splo~XY U™ EH L7115
mF 2 —7 DI AL, K<ELT, £0%, ~ U U EREOMKEZPBSHK L F&E (1: 10
HE) b X olTmA, K<H|H Lz, S, 2 mlo ficoll-Paque #  (Pharmacia Biotech) #
10 mDELEF 22— 712 A ., D B D ficoll-Paque i D5 fL i % KL S 72 & 9 IIEEIZ PBS
BA DML ZEE X7, EE%, 400rcf T30 /i Lz, mili%, U BROBO I %~ A
7~y NTEILL, 10mlOENEF 2 —7NT, 6mld PBSIEIR & iRA S, 100 rcf T 10 47
Wil L7z, mifk, BB AT, 2mlo PBS il AfL, 100 ref T 10 /@O Lz, £
D%, EESREZEET, 500u10 PBS IR 2 AN L, 4 %/3T 7 4 /L A7 VT B R 500ul %
DN L, 20 /0 [MIERE L7z, FFiE. 300rcf T50fhE D L, EEAKRE T, PBSIAIR
Z S00uLAAL R <#EHR L. FEEE 300 ref ©5 ZpfElim D L7z, ZOOMEEL 2 BIFE D IR U721, 500u10>
PBSAKZMA CTELBHL, T a—FATA RH TR (vVF3) Yy b LETF =N
—NICRREEALE, ZOF =N N—%4— b ARXAT (7 Z8#) (k> FL, 800rpmT5 7%y
MiELTDIEICRD, ATA R T A RITRIHMY " ERE B LT, mO0%, AT7A4 T
AEaZ ) Ty — BN T0 %= & ) —WVIEIRIZIR L, Ml EE L,

<V UBBLATMSE R e HiR Y >

DNA [Z ZHSHEIE N A U5 &, UINBAIC Y Uik L7 ATM DMERE L, 7 4+ — I A Z AT
Do ZDTF—H AL, AIULT D Z ERARETH L7, DNA “EHHYINOEIE L 725, £ 2
T, AFFETIEATM 74— A% RO FIE TR L L, DNA “EHUIMr &2 8152 L7z,

FE LR BEENTVNDE AT RH T ZADSHLENLRSRIREEZREM->7-%. 02 %
N7 A R XIPBSIEHRIZIR L, 20 /oM Lz, #iEk, A7 RITZAEZWMO ML, A7
R T ADSHING | R EZ RIS T2, £ D%, 100plD—RFUAEHE (Anti-ATM protein
kinase Rabbit-Poly, (RCK) : 3 %/BSA/TBS &z =0.2ul : 99.8ul) ZHifam EIZiHE L, X7 7 ¢
NVATE AL, 37 COMMEEREE, 5%C0, A > F 2 _X—% —NT 1 HREEE#E Lz, —KRPUE
R, 27 ) Py —HNIC PBSIRIE 2T L. AT A RO T A% 2@kl Lz, Pk, A
TA KRBT ADSHENG  R53eRR 2 WIS 72 1%, 10010 IR BURARL (Ale X a Fluor 546 goat
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anti-rabbit I9G (H+L) , (Life Technologies) : 3 %/BSA/TBS i =0.2ul : 99.8ul) ZflifaiE FiZ
WTL, X774V ATEALREL, 37°C OWMEEREE, 5%C0, A & F 2 _— & —NT 1.5 FFfH
B LTz, Bk, 270 vy —NIC PBS IR &= L. AT A RH T A% 5 [EIYEE Lz,
Weith, A4 RATADSLNG, REOBREREW N> 7%, Mildm =12 10uODAPI 1T
counterstain  (Vysis) Zii F L. 22x22mm O /3—H 7 A TE A LTz,

<Y VBMELATM T 3 — 01 2 DB >

U UBEATM Y +—H A1, DSH AT 2 hua—/ba=- FDS-U2 (Nikon) % #&fi L 7=
BEMEEDS-RIl (Nikon) Z HIVNTHIZE L7z, E#iMIIa & KA Y o " EROMlatZ T, Faodith
ELTHD . U UVEEATM Y 4 — I ZTREADORDIRICA 2 5, LIEDO~ T AHT-D | KiFiMY >
WNERDAT A REBRMIAD R T A REF2HIER L, 12D AT A K5 50 L. EORMIMm Y o~
SNERB I OB ZEE L, 1S 00 VL ATM 7 4 —h A% &R L,

<MitoSOX Red (invitrogen) iZ2X 3 I b2y KU 7.0, OHIE>

MR O I b=y KU 73 FEZ B AS 27 Sl ER =X VX — %R LTV D,
IEHRBIZZORIEM E LTEEAINDAZENMLNLTWS, £D7H, I har R THN-0,
A EERIE TH H MitoSOX Red (invitrogen) % FHWTI ha > KU 7 CHEAZNS -0, OH
ExEIToT,

15mlF = — 7T PBS I 1 ml H1(Z 1.0x10° 0 i & A417=# 6000 rpm T 30 fhizls L 7=,
mOE, EEAERE T, 1uMIZAIR L7- MitoSOX Red (invitrogen) % 1mliEA L, fE#E L7
#%. 37 C. 5 %CO, 1 »F 2 _X—X—NT30/7ifeE Lz, #ER%, 6000 rpm T30 ML, &
KA T, PBSIANZ 400wl Z1EA L, Hift L7, iR, 6000rpm C 153t L, EEAIR
ZEyC, PBSIml Z7EA LB L72b 0% Bl E 510 nm, L& 580 nm D4yt Yok &
FEHWTHIE LT,

<APF (FEKAT 4 HV) & BHBEN-OH OHIE >

T IR T DA T2 ERESE L H & OH 2 3AESE 5, 3E LT-H & OH BRFOEES L.
IKGTIZERD AT BEITAE T2, TV WIERITHEES LT VB Z R > TWBH 79,
o7 LA LIESEA, e LicaTOMEZEX TLEI AIREMENRE X bND, DD,
OH M HEERIETH D APF (FEK AT 1 V) & RHWT, HIRE N CHEAE L5 -0H ORIE
AT 5Tz,

15mlF = — 7N T PBSHE 1 ml H1iZ 1.0x10°E ik & A417= #6000 rpm T 30 fhizls L 7=,
L, BEEEZRET, SuMICHIR L2 APF (BEAK AT ¢ BL) Z ImlyEA L, ik L721%,
37°C. 5%C0O, A »F 2_X—F%—NT30mHE L7, FiE%, 6000 rpm T 30 .l L, LR
WA T, PBSIRIE 400 ul Z3E AL, H#EL7-, H#PtL. 6000 rpm T 1m0 L, EEARE
T, PBSTAWK Iml ZEA LR L7z b 0% B & 490 nm, # LR 515 nm D43 g e
FtE AW THIE LT,
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11-2-3. %558

< EHERIIE X OBRIEM U > _BRICE 1T 5 DNA BIEHORERSER >

X#a2Hg B Lic~ 7 20 B H#fili L OKREm Y o 5Kk 2 U VELATM Y +— 7
2B OMESOSBERZ N6 1R T, KIN-6L Y0, KM Y > 3ERIZBIT M LEH= DY
VIBEATM 7 o — 7 280 %, FERREEECILAY 10 1, 0.5 GyHESTHE TITA) 20 i, 1 Gy F#E CIx
#1237, 2 Gy HASTHE IR 32.8 fll, 3 Gy HRGHHE TITAI 59 il & 72 > 70, ZTAUITKRE L CE i
B i, FEFRETRECIIA 4.4 (B, 0.5 Gy FREHEETIZA 5 8. 1 Gy FREEECIIM 9.3 18, 2 Gy A
BECITH 151 8, 3Gy B CITN 125 & 2o 70, BHMIRICEIT 2 U Uk ATM 7 4 —
T3 A A ARG ) Bk E BT %5 &L 0.5 Gy TIEAY 0.06 fi5. 1 Gy TiEfJ0.36 1%, 2 Gy TIFK
0.47 f%. 3Gy Tl 0.17 51272 D Z L I3y o T2,

<I har Y TH-O, ELERBDOREHEL>

4 111-7 |2 MitoSO X ORIEEORRRFIZEA 277, K -7 XV BH%E 1 HHO MitoSOX D
BV, FERRETRE & Hele L C 1 Gy BBERETIIM 1.5 1%, 3Gy IERECITR3MEFMWIML T\ D Z &R
Shoto, D%, MitoSOX OEITEAMER 2~ L, FEHH% 20 A BIZiX, mifRAEEE HICIER
Bt ENA LN Iaodz, Lol MRE 400 BGET 2 L. ~ 7 ADEKRMTIEL &
DD HOD, 1Gy UK TN 1.3 1%, 3Gy BHHETIT LEMFML TWAD Z LR ghoTe,

<AMIFEN-OH FEEA R DORRRRIEL >
B4 111-8 12 APF OJIIEE DRI ZE b 2~ 7, X 11-8 LV | HMfE N O-OH 1% 1Gy R &
O 3Gy MURHEL BTG4 30 H £ CIEMHEE L ZR R o e o7z, LavL, M4 400 A LL
L#ﬁ B DL~ ADOFEKEBTIESLSENH S B OO, 16y RERETITN 1.4 4%, 3Gy RIKEE
I LT EEIML TV D Z ER ot

< 8-OHJG AR EDEREHZEL>
111-2-4. £

< EBHERIIEE X OFRMM Y > _BRICE 1T 5 DNA BIEHORERK SR >

X % 25 W4 L 7= C3H/MHeNJcl~ 7 A DFE ﬁm%ki@%%m)/ﬂw iéWm@%@
PRESSBIRE U VEREATM Y 4 — B AR & LTl T, T ORER, MIRIZAETZY v
FERLATM 7 4 — 7 2B R Y > Bk 0.5 Gy TI3% 0.06 fi%. 1 Gy Tl ﬁ&%ﬁiZGyT@
104715, 3Gy TIIRI 01T LD 2 N oz, ZORRIL, Bl RRYIm Y > SER &
D b RS ME MR Z E Do T, TR B B RIS U TR MRV o 72
5902 XFRTMIEAN O H,0 ZEBEL T HIB L O-OH 2442 Z L RHMbNA TN D, 2
DT VHMIERSNTHHRME L TLERITH,0ICRED TR, DNA LFFELTLED &
HWENED> TLEVDNABEIC R D ATREMEDN S D, Z OBIGIIMEEIR & VWi, XFRIC XK 54
WRBEBEREITADI=ALTHD, LU, ZOMEITMROEN N TWDREIZE > TES
END, —RIICIREE RS F CHIIE A 38 L7 7 S U IR 72 2%, CldZe Wi
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BEIC ko TXBOBEZ IR E D DDA 5 )2 EipFIREETS & . XfZ K> TN A U H
PEFENFEFHMBALTLEI D, 7V —ZRo 7= OHEBNNT 5, LivL, [KEeFIRES
& OH T H EREATHMRMNEZ D707 ) —DIEMEREOKIIHA TS5, 2F0, KEEHER
RED I N IEEELSE & DNA MGG L CDNABEIZZR DERIDN/NS D VWS 2 THD, Th
2R ORISR T ISR 72 20 KERENIX0.1~1%, MAENIZ7% OMFRETHD
TERHESRTWDY, Ko T, BRSNS ER KD b HURHC K 5 DNAB B
DIl potzDiZA 5 EEZ BT,

<GB R EA B ORRFHZEL>

TR A R Lo~ 7 AO B BERIIRIZ I 1T 5 -0, 38 L OVOH BEAE BRI AL & BRI B
L7, 7. MitosSOX Red Z# T 2> KU THD-0, DEERIE LTz, ZORER, B
% 1 HHTO-0,y OFEABITIERIEE & bk LT 1Gy FUFEETITN 1.5 f5. 3Gy FRETEETITN 3
TN LT, Z D% LTn& | IR 20 BIZIXM MRS & B IERERE L 28 A bR <
mole, Ll 400 HARET 2 & v~ U AEERBTIES2E2 03 H D5 DD, 1Gy MRS TIX
#1315, 3Gy FREEETILN L 5T L7z, 2 b=y R TITMROIEEN L E 7 ATP % ik
FrfioTERT D, TOBE, BIEME LTO, BNEASND, 2 E TOWFZE CTHIRLA /Y24
WCAD &0 DUV PREITIEZ TNE | GolIZBATT DL X ha RUTHREf-> TV HHER
TEREDNTEMEAL L CT-0 134 1T LTV ZERMESNTWS 0, koT, AFETR LN
T ORISR 20 A B &£ TR.OMNT2-0, OHIINE, HEHBRIBIIZ X o TT R b — 2 AME X 721
R ORI Z A 5 7oz, BRI T OIS MR 2 A > TOZRER TIZ RV E B 2
bivd, LT, +oRBEOMEBHZ D ERAIZHEMND GoHIITBATL TnE, K% 20
HTIIFE A EOEMEBHIE Gz /2 2D Z & T, -0, D LULNFERRERE & FIFRIC /R D D25
HEBZONT, TOBXHRBT HREFRE LT, B o1& i o Mlasiie o 2k
Y ab—va VR TTIACER, S 250 7o e X E % & 5 F N A 5 E)
AT H LN ZERREENTNS Y, TIZIRH L T2 5 400 HUEICHFORR 720y
OEIMTE 9B ZIUTDNNDTEAS Iy, ZHETOMIET, MR EZLTDHEI R R T
PURBLREAME T L, MAHICIS RN SR T L0 ) Z e Tng, flzIid, ml
DYIANPLWMYHLIZI har R 7, BO~ 7 AOI har R 7 L0 %< OIEMERE
FREEAEL TS O, ChnaHE2 T OO EE 27, BRI L > Col&iE
ST MR ORI DR A A 5 72 DI BB - O & MM X 5 HINC A D, ZHic kv |
AOBMEES L, I Fay R T OFERLREME T LT, KU 400 B UL EE L7
~ 7 ADBFEIEIZ -0 OBMMBA U= D TIXRW M EE X T,

WIZ, AWFFETIX APF 2 O CTHIRE N O -OH HHIE L7z, ZOREE, -OH O LU X £
30 H & T 1Gy FRFHRER L OV 3Gy IRETRE & HICIERERE L 2R HB o -T2, L L, BE#%
400 H H TiX 1Gy MURHE TR 1.4 1%, 3Gy FRETHECTHR L7 51289 L7z, -OH IXHUR#R AN fa N o
KT anFET 52 LICioTAELS, L, ZO-0OHIEZIEFIZISEREW 2D, o7 Y
— T UHNEFREE LU THBLTLE S, Lo T, -OH Z M7 % 72 DI I B IR S I 14 0 Rt
FNCEEA SV TN DIREBIZH D Z L BT D, AL BUHRESR% 1 B B2 OHE LA L
72728, -OH OFEARICIHERIEE L BN R DS T-000E LRV, TIEME LT 5 400 H B
DIBEIZ 728 -OH 1T L 7= D725 5 Dy, — DO A[EEME & L TIFEIC b 2T - Mia o b3 BEfR L
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TV EEZBND, 2010 412 Cadet HIEI b2 R U TN TAERSNIZ-0,75 Hy0, I E# S
THRETEREL, BN TOHIZARS ZL2@E LY, 2oz tinb, A TRSMN-OH D
HINE, BRI Ko TR MR S o mEsa R O I a3 U T RBEAIC-O, Z EAT
4L T, HyO 24U BNITBAT L C-OHIZR > TWADTIZRWNEE X T2, TIiX-OH 234
REND EEWFHNZE D X ) BN ET DD 9 ) -OHIZDNA DI L EAE LT <,
%@%%\VFVV#77VW\77:7ﬁ8EFD#V77:VMV%OTLi5O:ﬂ%%
WIARE LD, EE. HEEEE IR IR REEIC Lo TZIFE 100 % Tl 0 ITEE Sh 5708,
%E@®ﬁﬁ%<ﬁé&@@b%h¢\ﬁwﬁwﬁ®ﬁﬁk&ofbiooiof\ﬂ@WTOH
DHINT B LD T EITRERERNE LD TF Y U ABMZ I EEZERL TS,

W T, AMFFERER LV BSOS B R o mEsic a5 229 2 & T, R
%400 HLUFRIZI b RUTINT O, ML, ZHAEENT-OH & 78 o TRIGRER A Z
TRIREMEDS /R S VT, Z D RIZEIRAE B AMLIZ B 7 2 Yl o> Sfpil s 1 CA U 5 AlHE
PER+3BZ DD, o T, GHRIC X 2 S ML o L3 BHEIIZ AML OFIEIZ D72 08
HZENTRBINT,

51 3CHR
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-3 ERRER ¢ BREHEG RN Lo~ v X0ELE/BiBEMEIZ 3T 5 /RE RO
RERFRZAL

1-3-1. B89

TR DS Ao DRI T H D 2MEFBENE A MR (AML)IZ, ZHETICAMLET L~V ATH
% C3H/HeN Jcl =~ 7 2 & VT, 1) KRS 7 58 LT 12 ORI A H 5 = & 19,
2) 2 FYARD R KAFE 08 L ORI 5 2 FYL R o> Sipil A5 T 0 225K 28 B 1130
VHETHDLZENHLNTR->TVDE, ZHHDRF D H 5 2 F YR D R IT B 13 R
1% O el O BERRS TR U 4 ITREME SIS ST g b M ),

Sfpil FEAR T D mGEIRZE FAZ DWW TII AR 12 £ D K 9 728 TA U 2 O 60 CTldze
W, &2 TARIFETIL sfpil BIZ T ORERERD AN = AL ERED L HIZEZ T2, vV ADAE
B % IR 5 & BV BB CHRIMIMEREL OB MM AE LD, ZHUCKHET D 72010, e
ML (HSC) DOEHGHIZR S ENEMEN EH LD, Zaic X B e s s 2 2, flic#1k
WAL % LFRLREDIE T3 2 0 2 2 JffaNIciBMER£RE (ROS) 2NEMLTLE 5., ROS
ITRBERER A EEZTRFIZRD 920 T, ZHUT KD sfpil BISFITRZERERNAET DD
TRV EEZ BLD, ROSLAMIE . HSC D ZUEMED HICfE ) ER R R L= 242 )ik
BP ARG EEZTARELH S,

% ZCARMIE TSR #% 00 AML 35 %82 12 36 1T 2 & MR AR OB REZE b 2 # S
BT D2 LA HE LT, 20 mGy/day, 200 mGy/day, 1000 mGy/min O &3 TR L
7= C3H/HeNJcl ~ 7 A Di& i Z#AfE (HSC) | milkHilE (MPP, CMP, CLP) I3 X OVARAH i fie
(WBC, RBC, PLT) D@4 #iflndk & Ki67 (GolILA DD~ ——) REAMILOEIE & 45
FEE U CilTo, £ 72 MARB e D2 LI E © IEERR RS B AL O FIE ORI 2L R~ 7,

11-3-2. Fi&

<<TURX>

ARIFZETIL 8 HER DI D C3H/MHeNIcl ~ 7 A&\ -, ~ T A3 K 4 ICF > —JIZINE L,
R, WE., SNBIAOPAREY A 7 LN EF SN SPFEE TOMB =P CHE L-, [EIEEE
LKEHBICERS T,

<y OS>

y BRRST T BR B R L BN ZE AT IR B L Cdb D Cs-137 (AR ER y M IBE I 2 N iz, ~ 7 A
ZIERRGAE (0Gy). 20 mGy/day #£, 200 mGy/day #£. 1Gy/min #ED 4 BE /31T, £EFEMR &S 3 Gy
\ZEEET D F Ty a2 TEke e Ue, UL 20 mGy/day #£Ti% 150 H, 200 mGy/day
BETIZI5 A, 1GYMInEETIE3 N Th D, AWMFETIZLEEDB LD~ T R ZEH L7, £z, fi
BHIXIRFBIAE S e KT 250 A T2 o 72, BRI 2 7Y 2 — L3 -9 13R T,

< fBRE D HIE >
~ U A% T —T )L CHREMESEMEF L, DR 21T o7, FOHBa—NZ—h o X —%

97



AWT, [imEk (WBC)., #ifiEk (RBC). Ik (PLT) D%z L7,

<7u—¥%A b Y —F—IT X BEDERIERAROEEERS X OWIE >

7=t A b A—=Z =T L D& BRSO & M, B o BLEE I Hirouchi 512 X > THENZ
ENTWET B ha— Uit TIT -7 %, FRUCBICHIIT 5, ——F LRRIES SEHERL
L7~ U ZAOWHH O KERE 2> 6 F iR 2 /6 Uiz, £ B b 0O 18& i R Aa L M fa s R i & o
RUBEDRB NG — BRI TWD ZENDI-> TS, ZORMEZFIHLTERLEhDZ
R B OFARIR AT/, 7 —H A MY —F — |2 THEMEH (HSC) ™. ZREMERITER
MK (MPP) ™2 BrBEER A& M ATEGMNE (CMP) . U L SERREIEEMIIE (CLP) & ZhZhH
HE L7z, Z OBEIT A TERERMSEIRFFERTIC CEM L7,

"IHSC : CD34 [&1%, Lin &%, scal Btk, c-kit Btk

MPP : CD34 B5tt, Lin fatt, scal B, c-kit BiE

SCMP : CD34 B5th, Lin [att, scal [, c-kit Bk
“CLP : CD34 [, Lin &k, scal ik, c-kit fatk

<Ki67 DFRFZEE R >

HSC. MPP, CMP, CLP % 4% /X7 7 4 /)L AT /LT b RIFIE CHEE Lz, D%, 1200 rpm T
57 Lie, m%, EEARERE T, PBSIER 200w 200 x, & <#H# L7212 1200 rpm
THAMEL Lz, wOk, FBREEZE T, 7oy ZEE T & 200 ul Afu, L <HERRL,
37°CT 10 /0 MErE L7~ #iEf%. 1200rpm T 5 im0 L2tk EBERKEZE T, T0%, 1k
FURIE 22001l 202, K< HEE L7174, 37°CT2 W L=, %, 1200 rpm T 5 4y
DL, REREE T, PBS Ak 100 ul THEE L7z, %, B 1200 rpm T5 sy L,
BB TI%, 2 REUAE P100 il 20, K<L, 37 C, RFERORE T T 1 FEfH
& L7z, FRE%. 1200 rpm T54pflim0 L, BB A # T, PBSYEIR 100 W 200 x, & < fiike
L7z ZO#EE 3B VIR, FE 1200 rpm T5 0 MmE DL, EEARGZ T, DAPLII
counterstain  (Vysis) 10 Wl 1z, E<HEL, REEZ I AN—HTIFRIIFTE T, AT KHTF R
BT 72,

7wy X VERIE 0 0.5%Triton X T0.03g/mlI DY EE 1T FH%E L 72 BSAKHK,

21 WHUA : Anti-Ki67 Rabbit-Poly (Novus USA) & 7 1 v % o i 41:299 TIRA L 7-I&K,

32 Wk - AleXa 488 (life technologies) & 7' % o 7 Vi 21:199 TIRA L 7-1AHE,

< Ki67 REMBOBE R X OFIT >

Ki67 % 3831 L T 2 Ml a0 G A% EE OPTIPHOT-2 (Nikon) & IV T2 L 72, DAPI THifh &
TV BRI E Y 7 4 /L 2 —DMA400 UV-2A (Nikon) T, Ki67 Z 381 L TS HIfaiT e > 1 v
% — DM510 B-2A (Nikon) TENZENBLEE L=, BEH:40ms, 711270 X, 2 F T AR Y
=7 TS EAT o7, DAPI TY A S L7 M) b Al A R | Ki67 25851 L TV S Gi
fasFE N & 2 AHE) OFIG &7 L7,

<{EHEBRFREOHE >
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10°fEDOHSC, MPP, CMP, CLPZ 5ml F=—7 2B L7-, TD%, 300G T54MoHEL, L
WA 2 BRE Uiz, 200 ul OPBS CHERE L, 500 uM D CellRoxGreen %2 pl #RI L T, 37 CORE
ET30 A ¥ ax—F Lz, ZDO%. 1ml OPBS Z N L300G T5 sy fliE o siE L7z, bk
BARRAEREL, 2 mlOPBS THE L7, FFON300G T o LaitL., EEAERAREL
7-t4. 200 ul OPBS THEE L, 7o —H A b A =X —ZHW T 217-7=,

<HEEHAFHT >
ABFFETIE, RETRE & FEMRETE, B L ORERE TOMEOEL tHE THE L, p<0.05 %
HAAD LEHE L7,

11-3-3. #ER

< MLERB DFERFHIZAL >

20 mGy/day BEZ 31T B I ERE DRREFIZ L & X 11-13~15 (2779, WBC BULIRH BHAAT. /> 5 50
HHE CHMEm AR L, 50 H B LA S [EHEMEIZ R b >72 (K 11-13), RBC #ds LY
PLT IS BHAG2 5 250 H H £ TORBRHEE L RO EbZ 5~ L7 (K 11-14, 15),

200 mGy/day #£IZ351F D MERF ORRFERIZAL A X 111-16~18 |27, WBC L. FRBAAED S
15 H B £ TIZT TRl 2R L, FIERED 3Gy I L7z 15 H HLARIX 250 H H £ T
bR o7z ho7z (X 11-16), RBC BUXISBALA G 15 H B £ ClRAEm %2R L, £ D% 110
HHEETEEL W EanggEsnz (1 I11-17), PLT BUIRSBIME 5 15 B B £ T2 T
SR E R LTS, OB ITEEME AR L, 65 B HLARRISIERSRE L 2T R bk o
7= (X 111-18),

1 Gy/min BEIZ BT 2 MEREL DOFEIFAOZE AL % X 111-19~21 127~ 3, WBC EUTE# 50 H H £ Tl
DT TR AR Lc, L, ZO®%IEEEMMZ 72~ L, 100 H B LARIXIERS#E & 203 R
e 72572 (K 11-19),, RBC #d# X OVPLT BG4 250 H B £ CIEMSFRE L AR DO E1b
Zo L7 (4 11-20,21),

RN 3 Gy ICEE L2 i COMBRMOZEZ MET L7ofE R, WBCEITZEN R oo
7273, RBC %t3 X OV PLT %1% 200 mGy/day £ C 20 mGy/day #35 L OV 1 Gy/min B XV &4 5 72l
LR BT,

<&M BiERAE B DRRRHIZE(L >

20 mGy/day FEC F5 1T D i i/ BRI 2 DO RERFRY 28 2 X 111-26~29 (27”9, HSC Hud et
Bils L T BiRA D LTSRN R 5, 100 H B CIEIEREREE & OMICEEZENRD S
Wiz, ZORIFEEBEMZ 7R L2, LIEOHIED T —Z ZER< & 250 H B CHIERSAREO L
~AULE TIREE L T eho 7z (1 11-26), MPP 20 IRRSTERAA5 10 B H £ CTIEMEAIEL D &
RWEZ R L TWeR, Z20%EIEL TWEHmB Ao/, LarL, 250 HH THIFRKEED
LoULETIEEL TO R o7 (K 11-27),, CMP BT IR BRGA 5 150 B B £ CIEIRGTRE & [FIER
DOEAE R LTz, UL, 250 H H CIXIEREEE L ORICH BB A R 647z (K111-28), CLP
BUTHATBAMG2 5 250 H H £ CTIERRE & RO Z b2~ L7z (B 11-29),

200 mGy/day FEIZ 35 1T 2 1 e i BB D R IR 2K 22 [ 111-30~33 127”37, HSC B3 et
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Btath: 5 A BICRMD & s Uiz pdy, SRR EDY 3Gy (23 L7 15 A H LARRIZIEIRGTEE & [RIfR
DOEAbZR LIz, LML, 250 HH TiX 1 IEOAVEE RS LIRS L0 S FERBD RO 5
A7z (K 111-30) , MPP 251 PR BRAA D 5 250 H B & CIEFRFHRE & Ak D2 b2~ L7= (K 111-31),
CMP ¥ T FRE ZBALAE L T2 5 15 A H £ TRBICHED L, £ O%IZIEMEEE L FEOZE L E R L
7= (IX1111-32), CLP #iXPRESBHAARD D 250 H B & CTIEMGIRE L kD ZE Lz R L7- (K 11-33),

1 Gy/min BEIZ351T 2 & s/ BB B D RERFIIZEAL 2 B 11-34~37 1277, HSC BG4
100 A B & CIEMGEE L RO Z LA /R LZ, L2 L. 250 B BICAHE RN R 57z (X 11-34)
MPP B34 250 H B &£ CIERUREE & [AEkDZE{bZ 7~ L7z (X 111-35), CMP %3 L OF CLP #&
& MU 250 H H £ CIERUTRE & RgkD & b Z2 7~ L7z (B 11-36, 37),

EFERR B 3 Gy I L- Rl COMERM O EZ MG L, £ OfES., HSC Hudft &g/ <
ENR N7, MPP ¥, CMP i 1 Gy/min & & 20 mGy/day #f & ORIZIZZEITZ R S22
7273, 200 mGy/day £ i 20 mGy/day BEF L OV 1 Gy/min BE L 0 & A E AR 23380 Hiiz, CLP
1% 20 mGy/day BEF X O 200 mGy/day BE72Y 1 Gy/min BE L W & F B el &Rk L7273, 20 mGy/day
fE & 200 mGy/day #E & OFICITAERET RN o T,

<¥Em# /AN D Kie7 BHAMMEOE G ORRFIE( >

1M IR R D Kie7 AL OEI A ORI % 20 mGy/day BEIXX 111-42~45,
200 mGy/day #E1Z [ 111-46~49, 1 Gy/min BEIZX - 50~53 I = TR,

20 mGy/day #£1X HSC, MPP, CMP, CLP \W9'iu b fREBRLAH: 225 100 H HIZ/T T Ki67 %%
BLTWAMEOEESEML CWERA R bR, LonL, 0% L, FEREREL 2
DEROLNRL 72T,

200 mGy/day ##i% HSC, MPP, CMP, CLP \\¥'iu b FRETBHAAT. 5 10 A BIZ Ki67 Z 38 L T
WAHHIBDOEIE M L T HAA R H7z, LarL, TOHITMD L, FERHEEE Z0 RS
ne ot

1 Gy/min #1% HSC, MPP, CMP, CLP Wb #4726 50 H H £ CTiX Kie7 2R ELL T\ %
MR OEIGICEEN R D) o7-, LovL, 100 HBIZHEML, 250 HHE THmWEIEZR L
TWNDZ ENYN-Tz,

FREEM T K67 Z 3Bl L T Al OFIA IS TR b e o T,

<&M BB DIEHEERRER T MR O F & DR >

& MR ASGHAR 31 D TEERE#ETE (ROS) ZFEHL L TW% HSC, MPP, CMP, CLP O#I&
DR Z X 11-54 123, FERRSHRER X OV 1 Gy/min B CldW - ofiia t, ROS #3881 L ¢
WDRIIES R S e oz, L L., 20 mGylday TiXiESBR442>5 100 H H. 200 mGy/day Tl
FRETBRAAR© 50 B B LAKEIZ ROS 2581 L CU % HSC, MPP, CMP, CLP ®EIEAHEML T\ 5
2B S HLTz,
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111-3-4. Z2

A2 T 20 mGy/day, 200 mGy/day, 1 Gy/min OFEERT y #i % C3H ~ 7 A K5kt 5
L. MmE% (WBC, RBC. PLT) I X ONEMLER  AIEKMIGEA & D X 51228169 5 D92 LAY
ATz, ETMERR OB AT ~T=, EOREE, MEET 20 mGy/day #f TIXHUH B4R 6 50
H H. 200 mGy/day F CIXBABHLA S 5 B B £ THla 12 L T <A RSz, Lo,
ZORITHEW N R b7 < 7eo 7=, 1 Gy/min BTl 3Gy (2 2iE# ¥ <IITmERE DA T A S
oo, FDH% 0 HHETHA LTS ZEnmhole, ZORRENG, #REZHN 20 mGy/day
B LT 200 mGy/day Tl MR 1Gy D & Z A TR DORD NEEF I E TWD Z &2y
ote, UL, 1Gy/min TIXZ D X 5 2B A bhieino iz,

Wiz, i AR IR DB & T, FORER. HSC#X, MPP #E. 20 mGy/day £fT
TR BHAR 25 100 B B, 200 mGy/day #F CIEHSTBALES 10 H B, 1 Gy/min B CIXREH% 50
AHETHAD LTSRN RGN, Lo L EORZRITHR 2 IZHI L T <EHR2 R 7203,
20 mGy/day #£ 35 L TF 200 mGy/day #£ TILHUHR BRI 250 H B (20 mGy/day # Tl 100 H
H. 200 mGy/day #£ CIZHH% 235 HHEZEWT %) ThHho THIHMRABHEO L~V ETHR- T
RN EWRSy o7z, CLP, CMP IZB L TIEWT O S IERRSTRE & AR D E(L AR LT,
AL TIIE M FBEAIIEIZ 31 5 Kie7 (GBI LISt ofilad~—J —) Z3H L TW S - o
BEEOEL LT, ZORKE, WIhofiat 20 mGy/day TiXiEEBI4A5 100 H H. 200
mGy/day TS BIAA 10 H B, 1 Gy/min B CIX IR 100 A B IZ Ki67 28 B L TV D EEH
BIMLCWDZ ERNghotz, ZNHOREND, MEREORAIIE T T, kioi&Ems,  wisk
MR OMMMBIRE N ZE L L, i/ AIEEHIARE S BN L C, TR MERZ M- T2 aTRErE RN %
BTz, Ll WTILOMERIZE N TS, MERECE M, AiERAII D 3 Gy U4 FE R
WEED L~UL £ CREIET DI )% 2 & b0 o T2,

TIEZ D OFIRBIE D ZE LA AMLIC A2 RFE 2SI EEZFIRK & 72D 5 5725 5 D,
Wang 5136.5 Gy Dy #fz ~ U7 A ZAF RS L, @&l (HSC) #ofkRsryZ k. & ple (Wil
Eib~—T—) ZFHBLL TVWHHSC DFIGE T, EORE, BUBHEZ)N S
HSC (3 LA L, 4 BEMNLEML T Z & 285 L7, £7-. HSC iz
£V P16 ZEHL L TUWHHSC OEIE BIEML TWD Z L2320 | HSCIZHIf (LA AT TV 5D
ZLEBELED, S5, #8513, HSC iR EERFETE (ROS) PEARZFH~/-, # LT, ROS
PSHREF%14 H EICIERETRE & ol L C25EM L TV D 2 L2 MG LE®, 22T, AT
b AR DR 28 B 5 705 O rE s,/ BB 31T 5 ROS SEEAIN O E|IA ORI ZE L 2 71
Rz, EOFER DT O 20 mGy/day BE TIXIESBRLA%5H B £ 150 H B (2, 200 mGy/day £
TIEMBAMA%L B H £65H HIZ ROS 3Bl L TW A MAOEI G ML Tz, Ll 1
Gy/min BEIZFERNEE LBV R O e 0o 72,

Redpath & iZhuman hybrid #iif (Helaxhuman skin fibroblast) % A\, #iaoZ8{k & ROS D
% FEMNC AT, & O MlaE OB N> TROS F B OFI A IR 2 ITHIIN L T
227 L hORIER MR e 5 & ROS FEBLMIOEIA MBI LT 2 & i L2,
ROSITMINRIGTEDBRICHEA SN D Z EMNHMBNT NS, ZOZ L L0 XFHHEHEH T ROS @
A LI OPIRRILEEIC L DBREN A L — R TR TWD Z RNy hot-, £z, v 7
Ly Mg o 7o B#% Tl S LRES — IR N L, Z OReR CTHIRRNIZ & - 72 ROS 23 A7
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HOTIERONEBZBND, AUHER TR LTz Kie7 ZEBUIa O FI& ORI AL & R~ T
F 2 & ROS FEHAHIIIE Ki67 BB OE S ML COW AR TIERA LT, LavL,
Ki6 7% BLH L O FIA BIERRERED L2 7 % E ROSHEIBHIEOEIS OBMA R b=, 202
&b, Rdpath & O & [RIERIZIE L, BiBKHAE O BFE Ko 5 7= & X IZROSH MR NI 7R A
SN TW=Z ENpmotz, £72, 1Gy/minTROS FHBUMAL NI I 2 o 7Dk, I
& HHNEL 250 A FITEE LT TW iz binh Livevy, ZOREEMZRIET 2% K 9 ITKIi67 %%
BLL TV DA —EDEIA 250 B BITFAE LiilT Tz,

LT, LEOARBZERER LD, 1) BERIDE U CHRHMEREL O & LEIZE s R BEHE
FaOBREN LT D2 L. 2) HMRREIEDE(LIC L WROSOFEANAEL D Z ENENENI3-o
7=
StRlE. MRLBEIRE DZALIZAE 9 ROSPSAMLIZ X ZH 72 STpi LB AR T-IZ 2SR A R 4 5| il 2 7 JRIA
ZAS

LR D DINEER AN D LBEWENE Z DT,
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H~ T ADRMIMY > RERICEBIT D DNA G ORI 2R ~7- 8 2 A, BE#% 90 H LI
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No. of 53BP1 foci per lymphocyte

1 10 100 365

Days after X-irradiation

V-2 XfaRH RS Lo~ ZAORMM Y > SERIZE 1T 5 DNABE ORI ZL
o : 1 Gy MRKHEE, o : FEMGTRE, * : t-test, p<0.05, T T — N— : MEUEREZEA Z N FHFKT,
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An emerging picture of radiation cancer risk at low doses
and dose rates brought by systematic review and experimental analysis
on cell turnover

Michiaki Kai

Oita University of Nursing and Health Sciences
Keywords: radiation, cell turnover, aging, active oxygen, DNA damage, AML

Abstract

This study conducts a systematic review on stem cell kinetics and the experiment in mice in order to
analyze the role of cell turnover in the light of radiation-induced acute myeloid leukemia (rAML). The
review indicates radiation can induce mutation-related phenomena such as ROS accumulation and aging
through radiation-induced cell turnover. We examined the dose-rate response of cell turnover (the number of
cells, and of Ki67, which shows up regulate of cell cycle, positive cells) in hematopoietic stem cells (HSC)
and progenitors (MPP, CMP, CLP) of total-body irradiated C3H/He NJcl mice at 20 mGy/day, 200 mGy/day
and 1000 mGy/min. This experiment followed up until 250 days after irradiation. The data suggested that
cell turnover changes by dose-rate. IR damage HSCs by inducing apoptosis, since HSCs are relatively
sensitive to IR. Then, we thought that the normal HSCs, which escaped apoptosis, might be activated cell
turnover. It has been reported that cell turnover causes aging. The aged cell produces accumulation of
Reactive Oxygen Species (ROS), which induces damage to DNA. In this study, we also observed that
accumulation of ROS occurred during irradiation in HSC and progenitors. Therefore, we hypothesized that
aging through IR-induced cell turnover can induce rAML-related mutations. The model analysis of our
experimental data produced a consistent insight into the radiation dose-rate effects of stem cell turnover that
would lead radiation leukaemogenesis.

169
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W i (AEHEE R R B BRI R ER) - A - HEBdR)

WREE
TSR K D F R AFBICEET DAL bl < BRI ROERM IR T, #Eics

TP AT BEMSNTND, —FH, BHEBRICEDIERAREOTITE L <ENTE
0. ZOTHEEDIIICOWTIIIR EEA TV, ZD7D, AR TITIENAZED Sy

THRE AT 2 Z L 2 HRY L U—MEEICH SRt E 9t a £l L7z, FERbFsidgdaih - &

MRSDEEE L« B RA~OFEEL U MR THERIC X 2B FIC BT 259

THMEOIRE] (TR « BILRT - Tk B8 | & amfgeafed T i s e o fi S Hrek

VR B BIR ORI (ISR  BARTRY: - /R BER) ) 2 L7z, £72. Zhb 0

D AT = X LEHFFO—BE L LT, BRI L 2MaNERb 2 S L 2Ao8NcE R L, o

e [HURBESMEICEA D D X b a v R THRREMO&E] (OB « ALfEERT: - 1L

RS0 ) BTN LT, AR T, R EOEEIZOWT HIRE L. BUFIC R 3872 22 80 1A

BEoni,

1) BN M SRR PN BRI k92 O AR RS 2 0 NO A= DRt A fFt L 7= & 2 A PKC-BII @
FEBUEMNZ I LT, eNOS 23&EMALT 2183 & Ml NTEMERE 3R (ROS) 23BAfR ¥ 2 D ORREK
BV, NOEEICEDIH /BN LN E /-7, AL, eNOS iEME(LIX 05 Gy AT T
XA AT b o7z,

2) bt hiEMmEHIE~D2Gy S Te-MycRH N A B R LB Z /R LTz, ~ U ACBW KR E
(02 Gy) THRD B, FRFEHRFRICHIM L7, 512, FiEE 1O 9 HEIFAGLK
UPNOLEL FOFERMN L5 Uiz, E7-, ~ w7 Ar& e « JiEGas s & e~ 553 ki3
R EVART Leny, BPERDSE NI L7 2 E0D | BB c L 2 ARHla o &
B3 L OVEROZ LAY, IBPER 72 RAEIC IR D ATBEIED R S 4Tz,

3) ARWFFEUIZIN T, X ML DINT RUTREZALIZIE 2.5 Gy UL EOMENRME THLHI L, 725
OISR IR 1 DOIR= U RUTHEREZE(LIT, SR RUT TR RERIfE 20 /7 - T8 D Drpl Ik 17
LTCWRWZENRHDIE o7z, F2, AV ERIZEBWTH X FRICIVIba RUTHEREIC A A
UAM, ZHUZIE 3 Gy L EDOENNLETHHIEIRENTZ, SHIT, BRI A L0 5
DY ANTIA L FUNZFEEDR DY | ZAUTRR EICIV R0 R a7 b3 e Bl s,

XU — R b MERF RN MR, Shas R 7, RIAEGE ML, CD34 BEtEMN. c-Myc.,
Drpl

WHFE 0 - IR — (B IIRFPRZPGEE PR PVIEES - %) , HHER (LKA EaREE
IAFTE Y 2 —UEBER) , BENEBA (BRETRMEBANAIIERT - EAEMIER)
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Bt BRI EDIENRABIZONWTHEROBELAEE > TRBY . ZORMH KT,
M L OVEMRISEOMMEEZ S T LUV TRIAL, £70, MEISEZHALNCTHZ LiF, M
THELEDOND, BRI L D8P AT 2RI R & <. BE LN FEREHRO
HLREOLWRT, HEIZB T 28R A7 BJAHMESNTNWD, —F, BRI K 2IEDARE
DOWFFITE L BN TEY | RO QMBI O\ TSR EEA TR, 207, Kb
FECITIENAEBDO S THE A RIAT 2 2 L 2 BN E Lz, EARFExguiat - Eimr~0%
LD - MER~OREL L, BHGRE AR X DB EICBE T 2 0 THE oM (3
EAFSEE B IR - Rk [8) ) 3 JOWREARE [ Ml o B Bz MR 58 5 7 O HRER
(O HAFZEE  BLRTRS: « A MER) | THEM L7, £/2. ZNDHDOEED X =X LEro—
Bl LC, BURBRIC X DM LA N L ADEINZER L, BSEESMEE I b2 R T
RE & D BAEIZ DV T OWFSE & WFFERRIE THECH B R IC B D X b= v B U THEREIEA D& (4
PIFZEAT « ALMEE R - U 0 ) TIEMIL7e, BFEERRE THORRRC X G BRAREE = ICBE T 50
THREOMEY] (BALIFZEE  BILRS T M) Tk, O - &R~ EIZ DN T,
Z Doy« AR YETHRE M 2 B L U7z, Tt MRS IRIOE N EGIE 2 FAV 2 ol
MUREZ DT D720, % OB T REL AT IS . NO 23 BIfR T 2 1 s ik
HEIZ DU TRl ATz, T M AR AR O i RS2 M B -8R T D¥RER (S HF9E4 < BLRTRE: - fA
SERR) | I, MR O B RS MV B 5T 2 AR T ORBRREIARAT 21T\ RIS T 5
BRI & DB 0 oMl 2« DR EZHET DR T2 M L, RISzt T
RIS T 72 IR T E~DIGH A~ BT H Z L2 AN E Lo, BRI X A/t d < 726
77 2 DNA BEENEICIIEE THD LB LN TE N, I4FE, 2 b R U THEREEH
IZ L BIEMEREE (ROS) MG HMLA N L AREETHL LORERHD Y, Lal,
Z DFEMIZ DOV TITRIEE H IV TR, TR S EIC B 2 X 3w R U 7B RSl D7
Oy fHBrges - ALWEE RS - 1B ) ) CITBORBRIRG%. Bpf 22 C ROS OAERAN L
52 L&KL, ZOROS OAERIZITHIEMF =y 7 R4 NI har R T oG - »#
JE L OEREME A S0 LTS D, T bIC EeX, R ShEEie~ 7 2 To
Ry KU 7 OREHEBEE & 2z &b 72 5 ROS AR OFERS, BIH9~ 2 HIRESED 2 B = X 2 % fi i
L. HERRRC X 2D DB FE EDE R E D A = X0 L HEEOBRRICRT 2 L2 Al E L
77

I BFge5ik

EFE LT, EiCe MESEIRIAS N BHUVEC) 2 H Lz, MiIlREIC Wik, FiCT7
RN =T ZABFRERI, FHEICHE o T~ MG SIS EIZ DU T, Western Blot YA THERE
BLOY UL AR T L2, eNO S DIFPEIZSW T, [PH]-L-arginine 7> 5 [*H]-L-citrulline
SOEFIZOWTHIHEEZ T2 Z & TiTo T, BEIZST T, £, ERMEHW,

T LRI e D IR AR B RF I S S B S M & D BRI DU T, 1) 1S AL O RHR B 36 L OB
FE R B C O BUH MRS MR, 2) & AL O U BRI 0 F O Z B AT, 3) DNA 85 ~—70
— DM, 4) VAL A L DEE, 5) EIMEMMIEOEE AR ZIGE T AT DOMEHT . 6) BRI A
BB T FRAT L BB FAH .y N — 7 AT B N E I8 A AR O BUR RS B BB DFREFTIZ DWW T, T
FLOFEBRIFIEITTRRETL R L=,

1. th CD34 [GHEMfa o s BERs T« [ESZm B L ATR e U< IX5ARTR P E I B W Be L0 ik 5
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SHTZE MR M5, F S DIE CHMIaZBEL | BiE— X% (EasySep®) (2XY CD34 [
PEMIfR ARG 5, ZAUHDOMFEIFBARTR P BiE B 2 DORRBEGT,

2. <AL 8 Miln, M C57BL/6JIcl ~7 A% Nz,

KEGUTIFAT I TAFEE /7 n ) — A PRI L5 T4 CHEE T30 /YL s, YEidL . 2
FZDOWT, ENENOREPUR DB HEEZ 72— A A—%— (EPICS® XL, BeckmanCoulter
Inc, Orange County, CA, USA) THIELT-, ZNZENDERIL, 7 AV XA TR EZEa fa—L
L9,

4. FGBVESE PRI B 5 2R 7 OPRER a8 B R HUR S BL, TEMERE R BT RN T b
J¥ (Biological Antioxidant Potential, BAP) 7 Ak K& ONER (L £ fi T (Reactive Oxygen Metabolites,
d-ROMs) 7 Ab, = A 707 LA % IO HEFER AR T BT | y-H2AX FEBLIT IS DNA2 AGH Y]
Wi OB S DRI L7,

5. B FIBUEMNT B FIRBIL VORI, BUH#R A RS L7z CD34 BtEfilaA AR A 5
AH LIS A E MR TR I EE 28 1% . — ERF[RIRE % total RNA Z4iliHi L, & RT-PCR %
A Z =R =2 ETITIR T, BT OMFERIANTIZIZ~ A7 a7 L AR VT,
THOHBRESE IR D X b 2 R U TR ER O &H| (O HAFFEE  ALRE K7 1 D

(DWW T IRD FEC L VAT o 72 MR SEBRIZ 3\ T Drpl IBE T K4~ o A IRHRMESE AR (KO

MER) B L OZD = hr—/b L7225~ 7 ZPRMHERF M (WT MEF) Z2 il L 72, Mllg X b= >

NUTHREOBIEZIL, Mias I b FY 7R aafcial, RERL—F— sz AT

FHiiL7z, I b FUTHKROS BB LU by KU TIEEMOWPEIL, 2 Zrusx LEF

Bttt 7a—Y A N A= —EHWTIT o7z, DRPREOMITILEIEICIE> T -

7o A v EARFEBRTIE, C57BLIENCr v 7 AT X SRS MU 2170y, MUFEZICHlEEfHL Y »

/NER % U E SOOI &0 B U7z, HEEE L 72l U o 2 Sflid o ROS 7 HONZ X b= R U 7 &

IXENZUCHT DR RMEOttFE L 7o — f NA—X—IZTRHMliL7e, &Bi2, %4 A

VOTWNTOW TR XD W E TV A N A OfEFTE . LR T L A (RayBiotech Mouse

L-308 Array) &= W\ TiT > 7=,

(fi BR M~ D HACLRE)

YHEHIEATICHT= 0 | WFERNE DRI 2 W ZEBR TH 2 b DIZOW T, fivdi O
REDN 2N EOHIT L7z, BARTRZF-OMFZEICEE L CIREFATERHa R BTkt L, [HFE 28R - P20
A4 ] TR I R R MR oD 43 - H5E 7 & ONTHIHEIA 112 BE3- 298] T Mg o i
B LHGE 21TV, BOKRZRE TV D, BMERIC OV TR, FRPOERIMMEZAZO
BUEIZ IS & % LT,

I AFZEHS S
1078 PN R R V3 Rz ”ﬂb:tt@éﬁmw ERE BTV D, i s B R O848 121,
REHEORGE & & bI2, HEEMICREEICN 2, NGO ENEEICHD bNDL 2 L%

wma L TE Y, AT, b F s 45 RPN B2 AR (HUVEC) 2 FI T USRI IC L D N
HIIIC B W CEE AP ARE 2 Bz LT B S N R — e b 2 5 A ki (eNOS) D+ 7
TV T DEABTONTHES LTz, X #RIRE(1-20 Gy)f%. 6 725 72 Rf OBIZHIH T HUVEC
® eNOS DIHEITITZALN R o723, | U > 1177 S To eNOS U U FR{biTHmL 2 LA
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=1 495 EFAT T eNOS it U LN U L7z, fESAIC [PH]-L-arginine %> [H]-L-citrulling ~

DEHTHI 7 eNOS JEMEITAEIZTUE L, M2 FF(NO,) & iR EFFANO,) L o 7

NO FREFEM ORIINAFED Bz, ML eNOS OFEIR T TdHh 5 Akt DIEMEALIZ OV TZ

DU UL TR LTERED b eholzZ b XHRIEE 12X 5 eNOS IEMEALIX, =D Ltz

&5 Akt DZALIZ L D H DO TIEZRV, BUBRRSTZ LD HUVEC IZ/FET %< D7 rT A %

F—1F CPKC)Y 7 ¥ A FEZ ORBEIELZRBD IR o723, PKC-BIl DHNRT v 7 LF

2 b—v 3 LW, £ T, PKC-BIl siRNA Z{E L., HUVEC (2 A LT, PKC-BIl D%

BAEMZ DL, BEHRBHTRO bNZE U > 1177 FALTO eNOS U U ERMLOEEIN, AL 4=

495 FRAL TP eNOS il V > &b, NO REEED OB T A T Lz,

RN COTEMEREETE (ROS) DAERIE, HUN#EEELE 22 ETEHERE CTH L, HEHIC
FoEEARLY b, REZOMBANRBHENIZ XV AT 5 ROS 2%, Z D% OFEFAICE
BT DI ENMBNTND. AIFFETH BRI X 0 REEMKFRIIC ROS FEAE ST L 7-.
R R 2 % ROS FEAE L, NADPH oxidase FHEZTH 5 VAS2870 & apocynin 128V A E
W2 65 2 L5, NADPH oxidase 154 EA-23B5- L CW 2 algEMES R S vz, Hiig{bAl©
& % N-acetylcysteine ZH> eNOS U UL ~DREELZ T LT & 2 A, SR RE Tl
LTWe U 1177 54T eNOS VU U fgfk, A LA =1 495 Fiii TD eNOS Jii U k. ,
NO R PED OB 2 HNH] L7223, PKC-BIl OFEHL, F7= Akt DU Ul L-UITIZFRC B %
Bz 2ot

T2 GHRIRENE, MO ER & LT, &N eNOS % PKC-BII OIS BN %
T 51 LOROS /¥ 2R IKIC K D IEME(L L, NO & A L CIMAEILEMEICE bo LF
2 bhbd, ZHHDZE|IE05 Gy BLFTIERDN-< 1 Gy UL ETHI R OAM K& E LT NO
OB < . Z OO x5 L,

WEAEEE e, D e ia o fd SR M 58 s 7 O8RS (Urmrgeas  BLRT RS - fa %
BR) ) OREREL T, LR DRI RINTIZ,

1) 0.5, 2, 7 Gy FUH#RIREE 6, 24, 72 Kt O~ v AMERIZIS T 2B BEM AR R L, B8 K O A7
WA Uz, — 07 B BEAIILC & EN D IR ARSI L, 0.5 KON 2 Gy BEH# OREIZ A N
fHEm A RS,

2) EURO R M OV EE DFFIETH D d-ROMs fii1E, 0.5 K TN 2 Gy M4 24 BEfi cE—2 705
oo AL R Oy-H2AX FEBLIZ, #REAKAERIITHEINL | 6 REfH Tl KIEA R L=,

3) b h&E MO BUNRIRER IZ W CH B R LB 2R L7ze-MycBBLO T2 6 Tt 1
2B T DEIFAGLEE 7. PNOLEAR T OFBIA LA LTz,

4) WGt~ ZAFEEBRN D, IERE o b — LRE L R L0.5 GyFRETEED MycHE st 3 B X R %
(2 R U C3H# T25M5 AT, 2 GYHUATE T HAERICHA3A#ZIZI W Ta v b r—/L D4
BREIZER L, Znb0RENG, (KRE L SR EEHBHRIREZE OV NIZB N TH
My {5 - DFEBLN LR L, ZOEBBPBRERFHTH D Z L3RS,

5) ~ U AEEEMIEICE £ D mE « BIEHIE Y S ERHIIE~O M, BRI Z VKT L
DS, RERLIEPEDS AN L7z 2 & 2 D | BT Rk 12 & 2 ARG o #r 3 K OVE I LAY,
1BVERY 72 SO D ATREME DSV R STz,

TSRS MR 5 X b 2 R U THRER O] (G HaF7eE  ALfEE R (L 60 |

DFERE LT, LD BB RENT,
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1) XBEFZOI har FUTESE, S har RUTHEKROS BELUI hay R TiEE
u_owf%émkxommk%ﬁﬁﬁwﬁ BWTHRAZITV, LT ORERES7,
O WT MEF (= v R R RPERRMESEAL) 12T 2 IR ZICEZ 2 =2 R 7EE
%mmwzawui®ﬁg#%%@%oto
@ I barRYTHEKROSBLOI Far NI 7BEENMIZOVWT WT MEF 35 X UVKO MEF
TOXBEHZEOBNERFILIZEZ A, ELLOMAIZEBNTH XTI b= R T
ROS A L EN 2 IS, WT MEF &£ KO MEF IZBI 2 A ERETIR N1,

® WT MEF (59 % BRI & 2 20 28 AR R O 75351 %, PIKL PR BI2536 35 L U CDK2
PEEE A NU6140 D ALERIZ L 1 ﬂ/ﬁfé I S 7, KO MEF Cit. Bt —FE O P T
52 hoT,

2) A ER - AEHRE TOMIERZITV., LT O R LR,

O X BEEEZOMY > RERickB i 5 a2 FU 7 ROS B XN b= R 7 &R
0.1 7225 1 Gy TIHIEMHY 7 & _RFEERENIIGE O N> T-—FH T, 3 Gy ST
ITHER EAPEEINT,

©@ X h=r RU T7HEEA] MitoQ ORI E# O~ 7 A~ E1T B2 har R
7 ROSELIOI har N TREOZEAUITHEL )T,

3) RIEIGE « A M UA LW T D HERFROZN IOV T Balb/le MEF & FIV TR % 0 >
5 10 Gy OHIFH CTHFT 21T o 7o/ 3R, ISR K O HIBE2 & DA N1 A V3TN &
0. FIUIRSREIC I B 9RE Lo T Z R,

IV &%

b R RPN B2 AR 3 2 i SRR 7 D NO PEE DRSHE 2 fai L7= & 2 A PKC-BIl @
TN L OVROS 241 LT, eNOS &M L L, NO FEEAICELWMENH LN E /o7, TD
BEFIZOWTIERK LICE & DT, . 05 Gy LA N T LR BITRD iz otz, S1%I%
& LICERE - (KR EFE L EDTEMERTFIEIC OV THRF T2 MLERH 5,
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HUVEC [CXU 9 DIESIRIRGIRICHIT D eNOS BHEE

Endothelial Cell / \

F 1
I | Vascular relaxation
3 )

. Thrombus formation
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l

1. NP RPN B AR 330 D iR RS £ 0 NO pEAE DRk

(3 M AR OO BUR MRS PR BB 5 OBRER (P98 - BARTRY: - M RR) | (2ksiT
BA ETOMAIGIE, B ACEE 5-3 223 A BEER 5 K 1 D —->ThHe-MycDFE B, IR ED
FERREDOWVT AU TH T2 ECEARANTH L, c-Mych & MEEEIZ T 58 B/ fiiE 720
BB ATHEMED RS, MY D DK FEMER~D /3l « BERHEFRIT, BRI L TRz
BEOZ EBHHNTND R, IRERE TS 2T d 720, SEIOMHT MG, c-Myc) E
FREE S TREY . 20O TiREs 0 9 HEIFAGLE UPNOLEE TN LA 5 2 & 2H
Hind Lo, Fio. i - gisisias s © ORI L0 U R BT 5 2 L AVR S
T, T OBRA~Dc-MycREIFAGL & UPNOLE LR - DB 52 DWW COFEMIZI AR TH 5,
SBDES BIRDHITRVEETH D,

TS PRI B D 5 X F 2 R U TR ERT O H (A7  ALRE R 11 0
IZBITDAEETOMAENDIT, B R TIIHSHRBAIC L DI Fa s R THAE - Bkl &
LTl SIHIIITAN, BB TAEL D05 FREE (mitotic catastrophe) DF| X4 & 72 5 FAH
oM EIRoTz, ZHIUCET DR K D v 7 T R ER BB E TORBIZ OV TR L
7o & A XBCEDINa U RUT I EE L OB EIZIT 2.5 Gy UL EOMEDVLETHHZ LN REIINT,
F7o, FRRIRE B OIMa L RYTHEEEZ(LIT, Sha RUTRERIE S 0 E TdhD Drpl IZIKTFL
TWRNWZERHDIN I oT2, EBIT, TS LD Z AR O 7 MIZ PIKL 35 LUV CDK2 73
MIEL CNDIENRENT, ZOZ I, RS EDINa s RY TR REZ S Al e J5 3 I A% L
DINDORELE B2 52 L TR WA EE OIS/ BN D i REMEEZRIBL CWDHLDEE 2 Bz, LA,
TRI—=VRIREDL T FATHEF 7 —LCHDI Far U760k O I3
W& Fay RUTHEKROS OG-8 L7223, 2 FAEEICIE ROS ORI D & E
PiLd, £lo, vV AR THMIEO U o/ SEKIZBWTROS O EH-& I =y RY 7 EOH
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IIREIEE S 723, 1 Gy LA T OME TITAERBIMIBIE ST, 3Gy ML EDOSRRO 2 H T
IZEVIFar RUTICBWTAMEDERE AR AR AL DAY, ZHUIHIEL B OFiER LAl O 512 L
HITERNZEDIRIBES T,

Balb/c MEF % HW oMt ClI U AR FREHC KO RIREMN S DH A N1 A L 3N TR B | FhUE R
FRREIC IV R R AL IO T ZERBIES L, BUR BRI LD RIEIG BB 1T Dt ik e %
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Abstract

The studies to determine the mechanisms of radiation-induced non-cancerous effects were performed with
following perspectives, 1) radiation-induced cardiovascular diseases, 2) radiation-induced modification of
mitochondrial function and radiosensitivity, and 3) in search for candidate genes involved in radiosensitivity of
hematopoietic stem cells.

It has been known that vascular endothelial cells can absorb higher radiation doses than any other tissue
in the body, and post-radiation induced-impaired endothelial nitric oxide synthase (eNOS) function may be
developed as a potential contributor to the pathogenesis of vascular injury. However, in this study, it was
found that ionizing radiation (IR) increased eNOS phosphorylation at Ser-1177 and dephosphorylation at
Thr-495 in human umbilical venous endothelial cells (HUVECs) in a dose-dependent (<20 Gy) and
time-dependent (6-72 h) manner. Total eNOS expression was unchanged in irradiated HUVECs.
Although, a transient but significant increase in extracellular signal-regulated protein kinase 1/2 (ERK1/2)
phosphorylation and a biphasic decline in Akt phosphorylation was observed after irradiation, but these
inhibitors have no effect on the radiation-induced changes in eNOS phosphorylation. Further an increase
in protein kinase C-fBllI (PKC-BII) expression was observed and its ablation by small interfering RNA
(siRNA) negated the radiation effect on the two eNOS phosphorylation events. Moreover, when an
antioxidant, N-acetyl-L-cycteine protected the radiation-induced increase in reactive oxygen species (ROS)
generation, the eNOS Ser-1177 phosphorylation and Thr-495 dephosphorylation in irradiated HUVECs
were also significantly reduced. However, transfection of PKC- siRNA did not alter ROS production after
irradiation, and NAC failed to block the radiation-induced increase in PKC- Il expression. Taken
together, our results suggest that IR-induced eNOS activation in human vascular endothelial cells due to
both the up-regulation of PKC- 3 Il and the increase in ROS generation in independent manners.

Second, it was investigated that how mitochondria alter their morphology in response to the different
doses of IR and how these change affects the mitochondrial functions after irradiation. It was found that
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mitochondria shape change required more than 2.5 Gy of X-rays and the change in mitochondrial functions
was independent of mitochondrial shape. We also studied the dose-dependent effect of IR on the
mitochondrial functions, and found that the radiation-induced alteration in mitochondrial functions required
more than 3 Gy of X-rays. Furthermore, it was shown that IR affected the cytokine secretion profiles
differently depending on the irradiated doses. This study provides novel insights into the mechanism by
which IR influences mitochondria functions, thereby affecting various radiation-induced biological
consequences.

Third, we revealed the following points. The expression of the MYC oncogene increased in human
CD34" hematopoietic stem/progenitor cells (HSPCs) exposed to 2 Gy X-irradiation, and its expression was
also increased in mice bone marrow derived cells (BMCs) in a radiation dose- and a time-dependent
manner. The analysis with respect to MYC downstream side genes showed the increase of EIF4G1 and
PNO1 gene expression. In addition, differentiation from HSPCs into mast cells was reduced by
X-irradiation. Further, the degranulation response of mature mast cells, suggests that IR can lead to chronic
inflammation.

182



TR D FED A5 B 0D fiRE AR
TE I R0 A D S R R S ME B 5B s - DR R
R SRS (BLRTRFRFEPLR B ZER - BdR)

WREE

ARFZE Tl AR R (<0.2) 22D @R (> 1.0) (27 5 i ML o RS 2% 4 in vitro
B EWin vivo TRl 2% L 3L, IREICED L BB T & O ABREMRIAT 5, & ik
X, & COIMmEkEZ £ TR 2 H T 2 HEHEE O @\ ORI B R ORI O 1 > TH 5
R, AERNICHERD TOELDFE L RN 2D, £ O RS BUES MO I B O 1T+ & 1%
ST, Kot MEMSBMR TIIRAARENEZ D, L LR L I SISEHEOMIIL, =+
B EHR C DO BRI TP O B RFERH I B EEZ B X 2 9 2 THRO THELRRETH D,
AEFFETIE, & hBI O~ T A0 MBI Z AV, KRR J OB E# & C O R R
PEREAM, HURBIGE 0 7O E), DNABEHEE IR b L RAIRE Y AT LOFHM, e
ElinT LB FHEOR Yy N — 2 fEfra B & T 5,

AWFFEOFERLLT O EN T BTz, B MEMEHIE~D2GY R E Te-MycR BN A B /2 A )
AL, YA THMEL OCREREFNEINA AN, 512, TREBETO D
EIFAGLKX UPNOLEA T ORELD L5 LT, Fio, ~ 7 A& M - AiBKHIAE 2> & AR HIE A~
SHACITHEHRRIC L VIR L7 As, BUEERSEMEDS BN Uiz 2 &6 AR g2 K 2 M
Rl o> By L OVEIIZALS, BMERY 2 RAE (BN 5 RIBEMED VR ST,

ﬁﬁ%%%i TSRS M 72 A U A 7 BUROFRBI ., BT 72 72 B SR 1 B Ol R 12

ZWr - RSB ~OICHERS RSN D,

F—U— b G, SRS, CO34BLMERIN, c-Myc
eI - ENEA GREERIFARANIIZERT « BAEMTIER)

I #WF5EE/

BTOMEKZ AL NEMEMIL] (X, Z20iE s B CEREZ AT 2R MR TH 523,
Z DE\VETERED Z AR ORI & 72 D, Loy L7RAS & & M o i SRz . i
BHT 2 BETHERICOVTUIFAEART TH 5, ABFSETIE, 1&E MR B EZ I 5
T2 BB T ORI 2T\, BRI 2 RS & DR b 0 oM 2« ORI & BLUE
T HRFZMI L, AT RS M O TR M08 72 72 1B R HIE~DISH~ BT 5 =
LEHBET S,

o #FFEsHE

AWFZETIE, &ML O ARRIRAE & BUR B M & OB Z I 2, BARBY 72 et e
HIZTRDEY Th D,

1) I MR AR L O RHR B ds L OMBSE it & C D U BRIz R A

2) 1 MR O B RIS 5y D R ENRAT

183



3) DNA {5~ — 1 — Ofigtr

4) A M A DER

5) EIMEAHILOERLA b L RISE S AT LOFFHT

6) MRS E AR TR & BIR T A O Y MU — 7 fiffr b & i e o B RS A B AR
T DfRHT

IO OEBIX FRLOERFIEI THRE it L7z,

1) & I CD34 BEMAa o sy BER R ENORPESESLRTREE & L < IXBARTR = 5 b B IR bt &
Dt I o e MER LN PREE ODE CAEAII A S RE L . B B — XL (EasySep®)
2LV CD34 i 25, 2o OWFSEIEARTR MR E S DRBE= 512,

2) <~ AL 8 ln, W C57BL/6IIclI ~ 7 A& HU =,

3) FEHFURMAT : MINIIAHEE / 7 v T — /L HURIZ L - T 4°C O T T 30 otk vEid
L. BMAZHOWT, ENENOREHFROFEHRFE L 70— A F A —%— (EPICS® XL,
BeckmanCoulter Inc, Orange County, CA, USA) THIE L7z, TNENDOFEERIT, 71 V%A
THikEEE o fr—L T 5,

4) JHCHHRR BRGSO R BRI, X #8257 (MBR-1520R, HITACHI MEDICAL, Tokyo, Japan)
EHWTIT- 72, BESME, BEE4 150 kVp, EER 4 20 mA, MREIHEES 45 cm, ~7
# V& —% 0.5 mmAl0.3 mmCu {2t > b L, #REZRITK 0.9 Gy/min TIT o7z, FREFHMmIL,
A A E R TIT o 72,

5) WS HMESZ MBI G- 2 R 1 D8RSR - MBI, R huURIE B, TEMERE SR =M. R ML hT
f2{k. X (Biological Antioxidant Potential, BAP) 7 A K ONER{LEZf##HT (Reactive Oxygen
Metabolites, d-ROMs) T A b, ~A 7 a7 L A & H\ - HEFEAE 3BT . H2AX %
BT X% DNA2 ARSI DR 5 2DV TREImART L 72,

6) s FIEMNT | BARTHEBL L~V OFEMNIL, H R A U L 72 CD34 BtEfifia 2 1 7
A EA S LTS A EMIGR TR 2%, —ERFFR &% total RNA 24l L, &
BRT-PCRZA VX —H L— 3 VIETIT o1z, BIE T OMENRITICIZ~A 707 LA
HE W,

(fii B i ~ D BLRE)

TAEWITEE T DA RIS IE, AR OSARTR AR A TERHM B R B oo L, [HEETE8R -
WFFERRAEA ] THRFHS i R SR il il o0 231k - 857 & ONSHIMEIR F- (2 B34 2 4178) T Mg o
EANCB LHEE 21TV, BEICKRB 215 TV D, [RZKRRICEED & | I LI 54RO 2 = T R
e X ONEISLIRBERAs « SLRTRBEIZ 3V T S AT B FRHE K OV O ZERIT R LB LEREUS
E3 o107 =L Fartr a7, SRR ZEICRIRATRERS S O A 2 TR IR 5,
AL, TEMIRE, IEFAESRIRR I S D etk L UMW L D BRIL . HEEE O - R
E—RTEIC LD AR - S e 2 B RT D, BUS TR ICOW TR T EE O T A
NI A NS SHAREZITTRY , AWHEREE T 5 L TRV, £z, Mg
OERAYE, MAEiBE, SEEAL L nEL O IEE S RAREZGETW D, £, EREMIZS
W, EREWMEE RS ORI A ST L L7,

I AFF7ERE 5

184



AIFROFERLLT ORBHA BN E IR 5T,

1) b MEMSEMIEOKSRIRE ISV THERER Z 7R Lce-Myc BB OT 6. TitEls
TR HEIFAGLIEL 1. PNOLE R T DFRBIN EH LTz,

2) B~ 2 FEERMNG, RS = b — LRt L i L 0.5 GyIURHEDMycHH k78 B & 1 X U
AT EH U C3A R T25ERRAEID, 2 GyIRETFE CH RERICIREB AR ICB W Tay hr—L®D
MERREIZ ER Lic, 2O ORKERNG | KR E L OE R B RIRE O Wizl n
THMYCEE T OFEN EF L, TOEEPREERTFNTH D Z LRI,

3) ~ U AEEHICE F 5 M - BIEHIAL D D AR~ D bIX, BEHRIZZ VKT L
Te D3, WBERLSEPED I L7 2 &2 B | R BRI K 2 AR BiFs X OVE 2L
D3, ABMER e RAE B B FIHREMED R STz,

IV &%2

M ERHRE D D D& FEMER~D 53 « HFEEARIEL. BERRITR L COEZERE N2 LM b
TWBRY | EEE TSR I 220, SEIORTA G, c-MycAEE 2% E &> T
V. O BT D9 BEIFAGLL UPNOLEIs F-HEN AT 2 & 2P b Lic, iz,
M - BTSSR B O IR L-C B RS BT 2 Z LA REN T, 2 b DBl
G~ Dc-MycCEIFAGL K UPNOLEAG T DI OW T ORI A TH 5, 5% D S 572 HIifMT
ML TH D,

vV fE

b MEMEHIE~D2GY I Te-Myc B BN A EREH 27 L, ~ U AUTBW T bt & ORFH
IRIFRCHIIN L7z, S 612, T8 s T 9 HEIFAGLKL OPNOLE S T D3 EN EH Lz, 7=,
~ 7 AR - BIBEAAE > O AR~ O IR K 0 AR U728, BEERLIG ZE ASH
L7z Z DD, ST RRBRIC K 2 ARG HE R O By s L OV A LAY, 1B MR 72 J0E I M 5 Al E
PENR ST,

VI RABELARE D 18

AR TR FEME U 7o AR FERRET T 1306 T3 2 03 4 14 O B 17 B0/ B 55— I 38 Sl D U
FAVEESHHUFSSEAL LT R TR OBEIFEE COBSHREBZ M T 2510, (KRENHH
FREAZNT TOASD ISR OB ZE O LEPEITE Y, S DI, BT < RO R RS
B AIFEITEBEMICRTH BARIZENR TWD EEb I 22820k Th b, 4% b2 D
L 7= RIRE ORI A CTHUD FHLA TV & 720,

Z OWFFEICEE T D BUE £ TOMFEIRDL. R
1) H Yoshino K Chiba T Saitoh et al. lonizing radiation affects the expression of Toll-like receptors 2
and 4 in human monocytic cells through c-Jun N-terminal kinase activation, J Radiat Res, in
press.
2) A Nishiyama M Yamaguchi T Tsujiguchi et al. Evaluation of oxidative stress markers in plasma

185



3)

4)

5)

6)

7)

8)

9)

derived from individual exposed to ionizing radiation, Exp Ther Med, in press.

M Yamaguchi T Hirouchi M Nakano et al. Long-lasting radioprotective effects of a combination
of pharmaceutical drugs on the survival of mice exposed to lethal ionizing radiation, Radiat
Emerg Med 2014; 3(1): 50-55.

Monzen S Takimura K Kashiwakura | et al. Acute promyelocytic leukemia mutated to
radioresistance suppressed monocyte lineage differentiation by phorbol 12-myristate 13-acetate,
Leuk Res 2013; 37: 1162-11609.

Yamaguchi M Ebina S Kashiwakura 1. Proliferation and differentitation of human hematopoietic
stem/progenitor cells exposed to low-dose irradiation, Radiat Emerg Med 2013; 2: 56-62.
Monzen S Yoshino H Kashiwakura 1. Radiosensitivity of myeloid progenitor cells against
X-irradiation and heavy ion beam, PLos One 2013; 8: €59385.

Yoshino H Kiminarita K Matsushita Y et al. Mitochondrial superoxide production and redox
status in human monocytic cells after ionizing irradiation, Radiat Emerg Med 2013; 2: 43-48.
Hirose K Sato H Monzen S et al. Megakaryocytic differentiation in human chronic myelogenous
leukemia K562 cells induced by ionizing radiation in combination with phorbol 12-myristate
13-acetate, J Radiat Res 2013; 54: 438—-446.

Hirose K Monzen S Yoshino H et al. Different radiation responses on the maturation of
megakaryocytopoiesis, J Radiat Res 2013; 54(3):447-452.

10) Monzen S Yoshino Y Kashiwakura |. Radiosensitivity of myeloid progenitor cells against

X-irradiation and heavy ion beam, PLos One 2013; 8: e70503.

11) Kato K Kuwabara M Kashiwakura I. The influence of gender- and age-related differences in the

radiosensitivity of hematopoietic progenitor cells detected in steady-state human peripheral blood,
J Radiat Res 2011; 52: 293-299.

12) Kato K Takahashi K Monzen S et al. Relationship between radiosensitivity and Nrf2 target gene

expression in human hematopoietic stem cells, Radiat Res 2010; 174: 177-184.

13) Takahashi K Monzen S Hayashi N et al. Correlations of cell surface antigens with the individual

differences of radio-sensitivity in human hematopoietic stem/progenitor cells, Radiat Res 2010;
173: 184-190.

51 F SCHR

1)

Fliedner T M Graessle D H. Hematopoietic cell renewal systems: mechanisms of coping and
failing after chronic exposure to ionizing radiation, Radiat Environ Biophys 2008; 47(1): 63-69.

186



Search for genes involved in radiosensitivity of hematopoietic stem cells
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Abstract

In the previous study, the characteristics of the gene expression detected in highly purified human CD34"
hematopoietic stem/progenitor cells (HSPCs) exposed to 2 Gy X-irradiation were analyzed. As a result, we
found that the expression of the MYC oncogene increased after X-irradiation and its expression was also
increased detected in mice bone marrow cells (BMCs) in a radiation dose- and a time-dependent manner.
These results suggest that MYC play a key role in radiosensitivity of HSPCs. MYC is one of a regulator
gene that codes for a cancer-related transcription factor and is one of an initialization factor that induced
mouse pluripotent stem (iPS) cells founded by Prof. Yamanaka group. In addition, the analysis with respect
to MYC downstream side genes showed the increase of EIF4G1 and PNO1 gene expression.

Next, to reveal the influence of ionizing radiation on the differentiation of mast cells from HSPCs, we
investigated the differential induction of mast cells from BMCs of female C57BL/6JJcl mice exposed to 2
Gy X-irradiation. In X-irradiated mice, the number of BMCs was lower than that of non-irradiated control
mice. In addition, after four weeks of culture, the percentages of FceRI'/c-kit" cells derived from
X-irradiated mice were increased in a culture period-dependent manner, as well as cells derived from
non-irradiated mice, showing that BMCs from irradiated mice retain the potential to phenotypically
differentiate into BMCs. However, in cultured cells derived from X-irradiated mice, the percentages of
FceRI'/c-kit" cells were lower than that from non-irradiated mice. In contrast, B-hexosaminidase release in
the BMCs from X-irradiated mice was increased compared to BMCs from non-irradiated mice. These results
suggest that radiation exposure to mast cell progenitors can cause damages on the differentiation pathway
and lead to chronic inflammation in individuals. However, although the relationship between the role of
MY C and differentiation from HSPCs into mast cells is not clear, more precise approaches will be required.

187



TR D IEDS 578 D fi i
SRR PEIC B D D 2 k2> R U THEREE G D% EI

W i (A R R Be BRI S ER) - e

MREE

AR X D HIBESEIZR VT, 7/ & DNA HEO R 53 hay KU 7 HRIGEHERSR
(ROS)AERMDTLHEIZ K DL A MV ANEHEERBHE 232 Z L AEFRBINTND, BlEE
TOF A OHFZEIZ KV M IV THE BRI 2 1ZE Z 5 ROS AR HIRL S F = » 7
WA FRBNC T by R TIRRRELIHEENE & ORISR H 2 Z LB 6N E o TN D,
AW TIE, 2D bay R 7BRBE S BEE L ORR, BLOX har R TREE
LERRBOI o R THERE S OBEIC DWW THET 2 To 72, TOME., S b= FUT
SHEZALIZIZ 25 Gy L EORENMETH Y | FHRICL DI bar U THEE~OZh I
hay RU ZHRERE SIS OBRTHLZERHALNE -T2, $2, v T AEHWZH
FHZ R . BRI L D I Far R THERRZE(RIZRE T D/ &R b N EAI ORI D
TR L~V TOFmZITV, AV ERICBOTREBRA I har R THEICHEL 52D
7eDIZIZ3CY BMLETH Y . ZAUTK L EANIN SRR e 2 E R E T, 512, K
SHRIRE I K DRI A R A U BUWITDON T, B & DBMRIZOWTREI ATV, i
MRIBEHTAIE N D DA NI A VT EBE B 2 | ZHUIREHREIC LV B 508 e L -
LT EPBE I, AFEAZE L T, BN S EMESC~Y VA TOI har RU 7o
FEREEAR & 2T & 72 9 ROS AR OB, BT~ 5 MIfSED A ) = XL E HNZT 5 2 &
T, TNHDHER LSRR L DIENAABED A I = X DB L, DI 7 & O
A FEERIIXIT DBEIEORBICRIT L 2 L AR L T 5,

F—U—R:Ibar RY 7 EERESE (ROS), I o RU TIRRE, 2, Huikibs.
YA b A

I WFEEE

AAFFEE, HESBIC & 2 DR PR E DA RS 2 EOFEN A I@®T DA =L L L
T4# /. DNA HIEL EBICEERHERIZCE DI ha v R THEEEMiZ2 M L, ZhUctE>
IEMEREE (ROS) LIRS /2 5 NS FNIC L D LA P LR L TR b= 2 2 & et 0FHE, &
JEIGEONA AR AR e OB A LT A2 E 2 HE LTS, BIEETORLD
PRI R0 | A FEE R MIEIZ 3 CHUER R IR 1SS = 2 ROS RIS HIaE I F = v 7 AR A K
ROWNC by R T ORE/ BEEMEOBERS D Z ENRBINTE L, £, MERE
FTORMTEIY . BHREAOGY)D X MIBFHC LY, 2 b R 7TOREESENITEL, Zh
1L Drpl £\ 5 X by KU T A& 7 BOBEITKF LTS Z & F R I
X VB & Z SN D2 & TN DB IR A 1 O MifasEIC S Drpl BARETH D Z &

188



ZRL, DIl BLOZNICE D2 b ay R 7 IEREZ LA HUERRIC L 0 51 & = S 5452486
a4 LI OFFEICREE LT\ D 2 EAVRIR S T, AEEIL, ZOWEE S ST S
. 2 hav RY THREEL & FREE OBR, BEOR har RY 7HIEEL L BF#% O
Fayv R THEE L OBEICOWTIREZIT 72 WF%E 1), £/, BEERICEX 5 ha v R T
BEREZ LIZ OV TR, v~ U R EZHWZA Y ERTORGF BTV, FREOFEE & THE LA D
ROV THRAZRGZ (BF7E2), S5, BEHRICL VI ERI SN RIERE L I har R
U7 3 ROS & OBFHEIZ DN T OMFETE LT, BRI X 2R BE st 1 b A ikl
DNT, ZOBBEEEORHFEIT-T-DTINERET S WFE3), AFZELm LT, s
IR~ 7 A TO 2 hay R U7 OHREEH L ZhIc b7 9 ROS £ DS, B3
DHRUFAIED A Ty = AL HBAHINNCT D2 LT, TS DOHES & HUERBIC X 2R ABED A 5 =
R LR L, Ol 3 B S B R E T D P O BB EICRIT 5 2 LS RO AIE L 72
HEZEZD,

0 #fF5e ik
(5581 ]
R L O ik
Drpl & {1 KIE~ 7 AEEHEEEMIE (KOMER)B L OF D b —/L L 7p b~ 7 ARRRHESE
#A (WT MEF)IZ, 10% FBS % & i DMEM £5H1C, 37°C, 5% CO, 54 F CHERF L7,
B2 oD X R
X FRIR X, PANTAK HF-320 (EEHEERT, 5, HA)E 721X, X-RAD iR-225 (PXi, North
Branford, CT, USA)& iV CTiT - 7=, MREHT PANTAK HF-320 Tl /) 200 kVp, 20 mA, FRiE
615 mm.1.0 mmAl 7 ¢ /L X — #pEE 2,54 Gy/min D54 T1TV ) X-RAD iR-225 Tl Hi 77 200 kVp,
15 mA, #RIEEERE 650 mm, 1.0 mm Al 7 ¢ L& — #REER 1.37 Gy/min D &ETIT o 72, X #REEH
X5 =7 =7 BICHifaz EE | [EHRSE208 5 ER TITo 7,
HIEN S b= R Y TREEO#EIE
WT MEF #ifd % 35 mm ' Z AR N AT (v 3 = TR L C—Bpiag S e %I, XRERE L
72, FRES 8 WiRl#4 (T Es 1% 100 nM MitoTrackerTM Green FM % & T e ZE 1L i DMEM 5z CE#a L,
Ala% 37°C. 5% CO, 5T T30 filA v F ax— kL7, Z0D%, G DMEM 5T 2 [A]
el L. 10% FBS % & ¢ DMEM RHUZEHL L 72, AT — T % 3TCITHERF L. 5% CO X S &
725G LSM700 FfE a5 L — 3 —BAf% ST (Carl Zeiss, Oberkochen, German) % F W TR L O
R AT o T2,
T b FYTHERROS &L a2 R TIEEBEMOHEIE
S RYUTHEKROS EBLUI =y N TIREMEZNET 72012, ZNEHITHT 5
K LA 7 0 — 7 Tdh % MitoSOX™ Red 35 L TN TMRM &4l L 7=, #IIZ X #1% 10 Gy MR
L, —EFRFFIEERZIC MY PO AT X Y ENY L7z, Ml PBS T 2 [FIVEH L7212, 5 uM
MitoSOX™ Red 721> L 20 nM TMRM % & #e#% (fiL i DMEM 55 HC B8 L, 37°C T 30 20l > &
22—k L7, DOk, PBS T1HPFL7=bo a0k L, 10,000 f#l OISV T 7 m—
A M A—=F =X VBT 2T 12,
53 L HA B 0D B FAT
#MfaZ Cellmatrix Type 1-C (BTHEZ F 2, KK, BAR)Ta— KLz h =TT 2 LI L T

189



—MEEEE SE BRI X e R LT, 24 BpfsEE%, Milnz PBS THifr L. 37% 3T R/ AT
VT RZ2ETe PBSIZ LY #EIR T 10 /3 fEEE L7, BEER . M2 PBS T 2 [E%E L. 0.1% Triton
X-100 & de PBS |2 & 0 =RIA T 5 0y RBimE L=, =0, Mgz PBS T 2 [mIPEE LI,
1% BSA %#5&tr PBS IC X W=HIE T30 M7 vy 7 Lz, Hx OHRIORRIZITH 7=,
WD T 7 F 7 45 A2 b % 1% Alexa Fluor 488 phalloidin % & e PBS (2 J ¥ SR T 30 4y Y
B L7, £D%, fMladz PBS T2 [RIPH L, £% 300 nM 4°6-diamidino-2-phenylindole (DAPI) % &
Tp PBSIZ LV #R T 5 /rfMYefa L7-, PBS T 3 [mIi L 72112, ProLong Gold Antifade Reagent (Life
Technologies Corporation) % F > TEf A L 7=, 200 DL oMz % L CE B SE BX61
(OLYMPUS, Ht, HAR)Z W THIZEL LORE Lz, 5072 i) bEIBRRICE L TIER 72
ML B a L Ch vy b L, BEBRBICRY 2R oMaoEI &4, R REZ
LizfifaoEla e LTRI L,

(w72 2]

U AR D X R

L, HASLC LV C57BL/6NCr v A (4, 6-8 Hln) AREAL CTHEMH L7z, X #RESIE,
0.5mm Al+0.5mm Cu, 200kV., 20 mA [ZC, 0.5 Gy/min OSMETITV, BEHRE X, 0. 0.1, 0.25,
05, 1.0, 3.0Gy & L, ~ UV RAHEHBHHFr —TIc TS LT,

~ U A B U 2o EROD B

FRGT 4 Refii# I, ZAMEMLFIIC T~ U R AR5 L, Ml fi . 10%FBS ¥ RPMI1640 HIC
T, s 2 BB L D BRI 0 BE L 7o, BIAE Xy M CHC o E g 2%, 70 um LR
NoAFT—%2ETZ & THRY., EMBETERWE, U2 REKBER I Lympholyte-M
(CEDARLANE #£)6 ml(Zxt L, 6 ml OHIfLIZIEERR A #2NZHEfE L, 1300 g T 20 FrffiEo Lz,
Lympholyte-M J& & 55 DRIZ U o/ RERIEAMS DAL, E5HUS THaICieifii, o7
L7,

JEfig U > oo ROS 25 ONC 2 h = R T &

KV TN E 2RI TR, VU RERIZS b RY 7T EBEOFRIE L 72 5 MitoTracker Green
(100nM), FBE T b= KU 7 H3K ROS OFFEE & 72 % MitoSOX™ Red (2 uM) & Z L ELERIR
T3 NIGEA v Fa—h L7, D%, PBS T1HPEH L7=b D&k L L, 10,000 {0 #HE
WZoWnWT7a—H% A M A== L VRN ZIT -T2,

(515t 3]
YA NI A 53U

Balb/c ~ U Al & 0 43 L7c~ o ARERHESE MG (Balb/c MEF)IZxf L X # (0.1, 1, 10 Gy)
ATV, 6 AR R A2 1T o7, I 6 HIZICE A Lg% 5 & 72\ DMEM B5HIICAZHE L, 24 FEfH
Bk L7, 24 KR AZ I L, Mgk v swmsinie A oA Oz, JiiR7 v A
(RayBiotech Mouse L-308 Array) % A\ CT1T- 7=,

(fi B i ~ DAL RE)

A DORRE L~ OWFZE CIEMERRICELE T X EBEIZ R W E I T 5, EREMOMHEHIZS
W, ARBFE TIXEM SEERICER L C T8 OEE N OVERRICEE T 5958 (P 18 6 H 1 H

190



REAT), WS, TEMWRERTE OIS D AT R (VAR 18 3R AE 5R 5 71 75) 124k
OF, MWIEICHEm L TWD, £, ERUVMELZFET 2BMEERNSHEAOFET 5 KF
ICRESNTEY, AR TEIAZER 2/ UKGBRITOh TV,

1 AF7ERS 3
[#F5t 1]

XMEHHEOI har R THREZLL, T b2 RUTHEROS BLOR har KU 7 EEE
ALAZ DWW TE AR TS KO Drpl KRIBAHHESFMALIZ W TRET 21TV, LR ORERE 572,

O BRBBHZICEZ 53 bay R TEEZ(KIZOWT, WT MEF Z VW TRREIRTFIES
OWTHFLZE Z A, 5Gy B UN10 Gy TR LNl Iniz, D —J, 05Gy
BELOLGy TIIIEREHHIE &1 & A EXBIR D727, 2.5 Gy Z RS L7-Hila T,
—¥R ha v R THEBICEERALNE OO, HEtCEBERZIG LN 20T,

@ KO MEF TiE, T X TOMEIZBWT hay KU TEEOAELRE(IIBIEINho
776

@ WT MEFIZHBWT, X har RUTREBEIMDOZ A La—R izt AH I har R
U 7R IL R etk 2 ICBlE S, U 4 FERITHEICEML T\, 0%, B
512 BERI ISR R DL Z /R L, 24 RERIZIIEZ OB BIT DT HI2HEs Lz,

@ I bharRYTHEROS BLUI oy RU FREENMIZOWT WT MEF £ X OV KO MEF
TO X MEERZOB(LERF LI 2 A, ELL0MBIZEWTEH, X#RIEI har RY
7 ROSFEAZITUEL, X hay RUTEEMNE LA S EBW LN oTz, £,
B0z L, WTMEF & KO MEF THERZITR LN -T2,

® WT MEF {253 2 B s R ST K 2 0 2 R o FF 803, PIKL FHE A B12536 5 L U CDK2
PR NU6140 DALER I 1 v BEE I S 4u7z, KO MEF Tl B X 2 0 24 A X
ZH%H WT MEF LWL~V Th D, Ziucxt L Bl “FEEOMEANT RS 5 272
nol,

[#F5t 2 ]
HFHE COEMPFE T L H o7, AV ER - IR E COFMBFER ATV, LT OREREH57-,
OX BREE % O U > RERIZEBIT DI b KUY 7 ROS&EIZOWTHRF L= & 254,01 Gy,
0.25Gy. 0.5 Gy 3L W1 Gy TITIEMES o 7L L R TEIMERICH D DD, HERE
LI bR o7z—F T, 3Gy B TIXTHER EAMBERIN:,
@2 bz FYTEREIZOWTH, 0.1 Gy, 0.25 Gy, 0.5 Gy B L1 Gy TIEIEMRE 7
AR BRSO NIRRT — T, 36y BE TITARE R EA BB S,
@ Far RUTIZBWTHEBILER 274 2 E0HE STV 5 MitoQ OZIFIZOWT,
AE T2l & ZAH MitoQ DRFEZR DO~ U A~Oi5 1T BIZ LS I =2 N U7 ROS
BLOI har R TIREDOELIZHE L ) oT-,

[#F52 3]

HFHE COEMFEH L b olo, RIENE « A NI A VBT DS OZNRIZ DN
TR EZ 07225 10 Gy OFiFH TR 21TV, LT ORER A /BT,

191



B FRIREIZ X % Balble MEF 725 DA R 7 A 3T DN T, KRESIRD 4 SO\ A

b, (1) wIZEEHET 550 (il : CD80, FGFR5b, ICK %), (2) 10 Gy TO IR T 5 H D
(%5 : IGFBP3, MMP2, Osteopontin %), (3) 10 Gy TO AT 5 H D (5] : Gremlin), (4) 0 7>
5 10 Gy IZ /1 TR 2 [N+ % £, (fi : CCLT), —J5C. 10 Gy LIS D& (0.1 5L 01 Gy)
TIEBAE 22 b 2T 2 DITREETH - 72,

IV &%

M1 6%, XBIZEDI bay R T HREZELOFEIZIL25 Gy LA EOBRENLETH
HIZEWRESNTE, £, BOHRBRZOI a3y R TEEZRRIX, I v Y T RRERIE
B RTETHD DIpLIZIRIF L TWRNWZ ERHAL N E e oTe, 51T, R X 2 5 AR
BEOFFEIZIX Drpl BBET D4, D7 F I PIKL B X CDK2 3 EL T D Z & AURIR
ENtz, ZOZEE, BEHRICE D I b ar R U T IRREEAL S MR B A (AT © 2D 58k
252 O MBEDOFEIC O N A REEEZ I L TVNDL D EEX LD, 124,
BRI L AER LA N L AFREIX, I by N T EEFRSEES L O X AREOFE & 3m
SNLTEBIRTH D Z L 2T HRNM G2, a2 OWFFETIL, 7Tk~yx%%
DY TFNTHLHT 7 —ALCOI har RUTHEOBEIZIZHEGHHRIC kﬂVFUT
H>k ROS RSB LTnD = kﬁTéﬂTwé_km%y%@®m%ﬁ_ AW%%@
B85 Th 5 et b R Iz,

M7E2 Tlx, v~V AZHW TG EZ LA Y ERORTHMIRY Bk har KU T
? ROS I EDEMMAE X 5 Z E VRSN, ZHIUTIE3 Gy UL EOBERVLETH D Z
ERBBMNERoT, o, ZROEDOFEZIIK LI Far FU 7 ~OHELH O UG 1 X 72 %)
RERERWZENHLNE 5T, 2T, 3Gy LLEDHEBOEEWHIEICLY I har R
UTIZBWTEMEDORRIEA N L ARAE LD, ZHIIRIELS B oMBbAl O 512 X 0 ikl cx
RN & BRI DR E o T,

98 3 CTld, BHRRIREHC L VMRS DY A NI A VNI ERH VD | F USRI
KV REDIRE LT 5T ENBIER IR, 10 Gy [ZBWTIXEHEDOTA bl A v DOEEHE
BEINEN, 01 BLIUL Gy IZBW TR INTZZIZZTNEIE S o Tz, ZOZ L, K
SHRIREIC £ D RIEISBEICBIT DMBEFMEEZ RBEL TWEHDEEZLND, LOLRNL,
A E O ERR TIIIRGHZ ORFERIBIC OV TIIREI TE R o722 b ZORIZONWTEIAE
DHETH D, o, ZOMFHERIIC L VISR SN MRG0 A NI A Uit
52 hary RYTHEROS OBEICHONWT HEAEBOMMNBILETH D,

V

ARG BNT X B LD I by RY TIEE(LIZIZ 25 Gy LA EOMEBENRKLETHDH Z & |
2L NI O I b2 U THREZ bIX. X b RUTEESI#EX V7 ETh D
Drpl IZIKfF L TWARWZ ERHALNE o7, Fio, A UV ERICBNTE XFRZEID I har R
U T HEBEICR BN E U DN, ZHUCIE3GY U EOMENRVETH L Z ENRENT-, BT, K
HHRIBENC L 0 IS DO A R h A VAN EEN B Y | FAUTRAEREIC L B 50 R A
HLiebT I EnBlEINT,

192



VI RAEBELARE O Rt i

AREFEFETOMRIZEY ., I bz U TIBEZEL & MO BEHISE I OW I —E DR

BRI, THEFRCE LTRETHTETH D, —J7 . v U A EZRWTEER L~V O
FENTOUWNTIE, M Y > 7 SERD A 70 & D ligias - #ilik C OB OWT T 2175 2 & T,
HRMESE P IS P 7 & OFETHRIIE I X D IEDRABEF LI OV TO LV FEWVHERRIGELND
ZENHIFEE NS, £, BERWHE I L B ROS Ak & SIEIE - VA R A ik & o BE
IZOWTIE, A% IO RIMFBRERFEHTH D, AFRKER LN HOMITEREL S &

Iz

v BTBUBE BB R PATE RIS K 220« IBIRIEDBZE L W TS A~RBA 2 2 &

WEBRDARELERDEERD,

Z OWFTEIZ BT D HAEE TOHIERDL, ks

1)

2)

3)

4)

5)

6)

7)

Nagane M Yasui H Sakai Y et al. Activation of eNOS in endothelial cells exposed to ionizing radiation
involves components of the DNA damage response pathway, Biochem Biophys Res Commun 2015;
456(1): 541-6.

Yasui H Takeuchi R Nagane M et al. Radiosensitization of tumor cells through endoplasmic reticulum
stress induced by PEGylated nanogel containing gold nanoparticles, Cancer Lett 2014; 347(1): 151-8.
Nishida N Yasui H Nagane M et al. 3-Methyl pyruvate enhances radiosensitivity through increasing
mitochondria-derived reactive oxygen species in tumor cell lines, J Radiat Res 2014; 55(3): 455-63.
Yamamori T Meike S Nagane M et al. ER stress suppresses DNA double-strand break repair and
sensitizes tumor cells to ionizing radiation by stimulating proteasomal degradation of Rad51, FEBS
Lett 2013; 587(20): 3348-53.

Nagane M Yasui H Yamamori T et al. Radiation-induced nitric oxide mitigates tumor hypoxia and
radioresistance in a murine SCCVII tumor model, Biochem Biophys Res Commun 2013; 437(3):
420-5.

Meike S Yamamori T Yasui H et al. A nucleoside anticancer drug, 1-(3-C-ethynyl-beta-D-ribo-
pentofuranosyl)cytosine (TAS106), sensitizes cells to radiation by suppressing BRCA2 expression,
Mol Cancer 2011; 10(1): 92.

Meike S Yamamori T Yasui H et al. 8-Aminoadenosine enhances radiation-induced cell death in
human lung carcinoma A549 cells, J Radiat Res (Tokyo) 2011; 52(4): 456-63.

193



Radiation-induced modification of mitochondrial function and

radiosensitivity

Tohru Yamamori

Laboratory of Radiation Biology, Department of Environmental Veterinary Sciences,

Graduate School of Veterinary Medicine, Hokkaido University

Key Words: mitochondria; reactive oxygen species (ROS); mitochondrial morphology; mitotic catastrophe;
antioxidant; cytokine

Abstract

Recent evidence suggests that, not only genomic DNA damage, but oxidative stress caused by the
mitochondria-derived reactive oxygen species (ROS) also plays an important role in the cell death after
exposure to ionizing radiation (IR). Our previous studies have shown that the radiation-induced ROS
production is associated with cell cycle checkpoints as well as the mitochondria shape regulation
mechanism. In this study, we investigated how mitochondria alter their morphology in response to the
different doses of IR and how mitochondria shape change affects the mitochondrial functions after
irradiation. It was found that mitochondria shape change required more than 2.5 Gy of X-rays and the
radiation-induced alteration in mitochondrial functions was independent of mitochondria shape regulatory
protein Drpl. We also studied the dose-dependent effect of IR on the mitochondrial functions and the effect
of the mitochondrial antioxidant MitoQ in vivo, and found that the radiation-induced alteration in
mitochondrial functions required more than 3 Gy of X-rays. Furthermore, we examined the dose-dependent
effect of IR on the cytokine secretion profiles derived from irradiated mouse embryonic fibroblasts. It was
shown that IR affected the cytokine secretion profiles differently depending on the irradiated doses. This
study provides novel insights into the mechanism by which IR influences mitochondria functions, thereby
affecting various radiation-induced biological consequences.

194



	3_報告書151116.pdfから挿入したしおり
	平成
	表3 主な原子力作業者の調査結果（全てコホート研究）

	平成
	Elucidation of the mechanisms of radiation-induced non-cancerous effects

	平成
	Abstract



