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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
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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 in hematopoietic stem cells (HSC) and progenitors of total-body irradiated
C3H/He NJcl mice at 20 mGy/day, 200 mGy/day and 1000mGy/min. This experiment needs
long follow-up observation until 250 days after irradiation and does not complete all
observation data. Current data suggest that 20mGy/day gave no significant effects until 150
days while 200 mGy/day increased the number of HSC and progenitors one day after
irradiation and shortly recovered to normal. The positive expression of Ki67 in HSC increased
with time in both 20 mGy/day and 200 mGy/day. To clarify the dose rate effect of the cell
turnover, these data need to be analyzed by the model as a function of time and dose rate. The
dynamics of hematopoietic stem cells can be controlled by proliferation and differentiation of
blood cells. The preliminary simulation was conducted using a mathematical model of
hematopoiesis developed by Colijn and Mackey. The model analysis of our experimental data
will produce a consistent sight into the radiation dose-rate effects of stem cell turnover that

would lead radiation leukaemogenesis.
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SHVIZE MR M5, s DIE CA M Z S BEL | BER e — X% (EasySep®) (2K CD34 [
P A RS9 5, OO EITILRTR PR B 2 OEGREST-,

2. VA 8 Wiln, M C57BL/6JIcl ~TUAE e,

3. REPURMNT RIS FEE /70— A PRIZE > T4 CHEYE T C 30 oMYttt vEdEL ., &4
FZDWT, ENENDOREHUR OB FE L 71— A~ A—%— (EPICS® XL, BeckmanCoulter
Inc, Orange County, CA, USA) CHIEE LTz, TNENDOEERIT, TAV XA T hiik%EEEa fa—L
&5,

4. BOBRESANEIC B G- 9 DI F OBESR Hifa)E ), R HURE B, TEMERS 3R BT R ML TER (b
J% (Biological Antioxidant Potential, BAP) 7 A K UNEEL FE 4T (Reactive Oxygen Metabolites,
d-ROMs) 7 AL, v A7u7 L A% AW MR B R BT . y-H2AX 8 BLIZ L5 DNA2 A )
WD R S 2 DU N TR AR T L 72

5. BARTHRBUENT  BIR 7 HEBLL ~VOFHIIL, HUR#RA B L7- CD34 BatEfias A M A5
AHLIIIEE A EMIER I CIR IR 2 1% . — ERFERIR total RNA ZHhiHL | & & RT-PCR %
A B =R — 2L TR T, BT OMFERIANT I~ A7 a7 LA EE VW,

I by RU T 28I~ U A IRERHE SRR NIH3T3 i3 K O'Drpl i {sF KiE~

U A MSEESERIRE (KO MEF)3 X O IR & 72 2 ~ U AIREHESRMAL (WT MEF) U KRRt

OBHMBEHEME VML) ZERA L, MBEBNI b= RY TEEOBIZZIZEE L T,

MitoTracker™ Green FM T¥ufa L, LS L — W —BAMEE 2 FW TSI L OS82 1T - 1=,

Flz, I b RUTEE, [AHKROS & L OEEMZHET H72H1c, 7a—H A F A —4

— % W THENT LTz, 20, BURHBE % D53 FBEIZ DWW T H R L 72,

fi BRI~ DFCE.

MHMRRATICH 2D | TFRANEDBEERMIZ AW FEBRTH 5 b DIZ DN TIE, fmERE O
BEA 2\ EHIWT U7z, SLATRSRORZEICRIL CIXE S FERHG R B2 o6 L, [ B35 F28R - fF 72 iR
R4 ] TS 1. EE SR s i IR 0D 23 A b « BB 7 & QNS HIBIIA] 712 BE 4278 ) Ce MR o4 I BIL
FEE ATV, BRI ERE S TVD, B ERICHOWTL, B KFEOEREMMELE B 208 EIC LS
EFEMLTZ,

I AFF7EAE SR

1 PN R AR SRR AZ PE S BB R O 2 & S B LT D, IR E R E IR S O 355121,
U ORE & & BT, WEEMICEEIZINZ ., NEHIROEFENBEEISRO NS Z &%
Wi LTER Y, AHFFETIE, b MEFEERIRNEAIFS(HUVEC)Z W T, R IB SIS & 5 N
Il W CEE AR AR E 2 R0 LT D M E N —RLE R A (eNOS)D v 7
FU T OBIBIC O TR Lz, X BRBE1-20 Gy)#. 6 75 72 B OBIEI ¢ HUVEC
D eNOS DIEHENNIEAL 2D o208, ' U > 1177 AL TO eNOS U VR LIZHI L A LA
= 495 FRALTD eNOS it U b AN JUE L7=, 5 HM9IC [H]-L-arginine 75 [*H]-L-citrulline ~
DI TIAT eNOS ENEITA BT TUHE U AEEe 2 FFINO;) & HASERZE FFH(NO,) & Vo 72 NO
RHPEM OHIINNFED bz, NEHINED eNOS OFFEIN ¥ Th 5 Akt DIEMHALICSOWTED Y
VAL TRET LT RN E D S 7ol 2 En D XHRIRE 12X 5 eNOS I LIZ, 2D Efticd 5
Akt ODEALIZ L D DO TIEARV, BHBRRSHZ X 5 HUVEC ICfFET 22 07 a7 A %) —
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T CPKCO)Y 7 & A FITE ORERICENEZRO RIS T2D, PKCBU DHNBT » T ¥ 2 b

—3 3 LTCWe, £Z T, PKC-BII siRNA #{Ep L, HUVEC ([ZH A LT, PKC-BII DI 4

Mz DL, BEHRERTRD BN Y v 1177 AL TO eNOS U U ERL DM, A LA =1 495

LT eNOS il U R b, NO W OBINT A THA Lz, bbb REE T, 2k

HOERE LT, MENEMIED eNOS % PKC-BII OFRBHIMZ N L TIHEMAL L, NO ZpEAL

TIMEIEREICEH DO LB N5, LA EORERITIHBIBEO MG Gy)& LT NO O

BEO—uEH LN LT b DO TH D,

BLBT R Y OFERL LT, LA FOEIRENT,

1) 0.5, 2, 7 Gy BUHHBRIREER 6, 24, 72 Witk O~ AEKIZI51T 2B B0, Fi K O k(7
BN Uiz, — 07 B AR & D IR 2L, 0.5 &KUY 2 Gy FREH 2 ORGEIZ A 0
A RSN,

2) B ALFRAE AN I OERLEE DFEETH S d-ROMs I, 0.5 KT 2 Gy BEH4 24 BT —2
Lipote, BRI Oy-H2AX FEELI, #REKFRITHINL, 6 RFfE] CRAMEA R LT,

3) WEAREEE ME MO B BRI IR I WO B A B 2R LTZ o-Myc FBUL, v T AIZHB N T
HR & O AF BTN . A BB IR L 7RVISD FTREME DS RIB STz,

NG 2oT7,
JEHEE KRG OFE R LT, LLFOSIVRENTZ,

1) 10Gy % PR U7= NIH3T3 fifiRIZ BV C 24 FEIRIC I b RU THEENEMT5 L &8
W, WAESERREEI b2 FU T OHBNE R L, £72, T hary NI THED
HIENC R 5925 Drpl @ U VR 24 B2 L7, £72, FrRAYEEA] mdivi-1 T
LEENZZ EnS, 2O Drpl IEHAEA I b R T oW LEREL T\ D 2 &R
RIS,

2) Drpl A TFKE~ U AR ROMHMEIMIL A W56, XBEREZEOI F=2 U R T 0
Wr LA Drpl B4 2 EEORRHE SR & Lhik Lfﬁﬁ WZhENWHLDTHHoT,

3) NIH3T3 A2\ T Drpl FRRAFLEA] mdivi-1 TULE T2 & X BRI E £ 045 248 i g
OB ZME L7z, £7-. Drpl EinFKE~ r7x H S OFRMEE R 2 W72 & 2 A Drpl
B AR 2 R OMHE SR & PRI U CHURR T K 2 20 S8 AR oo I BLIZHNHI L 72,

4) X IRHEIC L2 03 MAEIX, N 7TEF L /XT/r »CHIALER LTWAT%@E}ZE WA
EiZ7e <, I ha v RYU 7 HOROIEVERESR IZ DWW TN RRIC & 2 53 R AR E & o Bt
PRIZ/NSWZ EAURENT,

5) TRFERIZIBWNT, 2K~ 20 M B L, Mg ROS e I b KU
TR A RHE L7z, T ORE, 0.1 ~1.0 Gy TiX I F =22 KU 7 ROS AERUTFEH H /a0 -
7eh, 3.0 Gy THEREMMAEE ST,

IV &5%2

HUVEC \Zxt 2 i #R R G 1% O NO FEAE DIRE A fist L 72 & 2 A PKC-BI O BUE M A/ L T
eNOS 2EMEAL L, NO FEEICED O 7 FIVREBE O — ] b L 7r o7z, TOBFIZONT
EFICRTLICE DT, 5%, 1 Gy LFTOERBRE L&D TREERTFIEC OO THLRFT 5T
ETHD,
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[X| 1. HUVEC (23 D HRREH% D NO PEA DOFHE

. Radiation

b

4’

S

Vascular
relaxation ’0

SLRTRFCIITDH A, S AUCE 59 203 A BEHE G K 7D — > Téh 5 c-Myc DFEBLIL,
IR EDDEMREOWT BT 72 BRI ETERANTHEIINL ., c-Myc 233 MAERED iz
PEIC BT D0 B EEE LS D P REME DV RS,

LB R FZIITDEN A DIE, B8R CIEMRBEIC L 5 I b= R U 7 Ak - B b
Drpl Zr L CHEX 52 &, S HITIFIHN, R CAE L 50 MAREE (mitotic catastrophe)
BlE &L DbENRHLNE ST, ZOHMEIRZE D Drpl IEMELICE D v 7 IRERE 2D
T H AT =R LREHRETO Drpl EMELLI b2 v KU TR OFMIZ SV TS B O
HBETH D, U, TREF—3 2V RZ2DL VI N ThHEHIF R/ a—LCDI har R T,
5 OFH D I HERRIC LD S Fa v U 7k ROS OGS 2R L7225, 248213 ROS
OEGIF2nb D EBbid, Fh, v ARG THMEEO Y v ERIEB VT ROS @ EF-
EX bay RUTEOBMABLZE SN, 1 Gy L FTOME TIZAERBINTBE S, %
fRIA % & T, kIR T2 TETH 5,

V
KRIFTETIIHBERBRDIED e BO 5y R 5 Z L A HRgE L, = RFPEFEFEZITD

BB - EMR~OREEL L - MER~OFEBB LY, ZNLORED A = X LMENFTO—BE L

T BB XD HIRNEE LA b L ADIINZEH L, BSEz e I ha v R 7 HRE L ©

B IC DWW THIZE A2 e L7z, € DORER,

1) HUVEC IZ% 9 5 iU B R 4 0 NO BEAE O 2 it L2 & 2 A PKC-BI OFE BN A/ L
T, eNOS MEMAL L, NO FEAEICELWMENH LN E 25T,

2) A% c-Myc 3B5-T 2B FAED LB TFRE A LI LGOI EEZ S &1,
T M A R BLPUR, B s T & SRR ME & OBEMEAZEA, siRNA (2 X 2 8 7R D S
SVERIE, BACAIITIR, BRSO FRIZ BE~T’T 5,

3) ARFFEIZ I THMESE I C DOEE3 R TIIASHRIIC L5 I b= Y TR AL - BiRk1k
N ETHEY ., Drpl OIEMHEALDBEFRT D Z ERHALNE T, £, ZOI Far RUT
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DICREELE 3| U FRE 78 70 A 5A$E  (mitotic catastrophe) D7 X4 & 72> TV D FHNBH 59

Ehrote, — . BEHRMCE D Far RU 7O ROS EKO EFIE~ 7 228 BRE % O R

U U RERTHAERE L, 0.1 Gy~1Gy UL FOEMETITA OSNT, 3Gy L EENEL Lz,
ULDOZ R bnEleole, ZNHOMERREE ML LT, KVERE (B) BLOVENR
TOREDRINCIRT | BHBROIENRALEBELHNONCT 2 =& LB T 5D,

VI YRAFEFE A& D 1]

ARG TIFIEN AT, BB - EMR~DFEE LD - M R~ DORED 5B OV TR
B COREZMIBICMZ TERL LV THIEAT 2 L2 B ET 5, BID, KR E (<0.2 Gy).
R E0.2~1.0 Gy). mfE( Gy BLR)ISE A, Mk X OEREIKETHA, Bl FInE L
RIEZ LML, TON THEZRIA 5,

BILRFETIE, R - REBIIROD A PN B AR 2 X G SRR L DR S A fat32 & & bic, &
(B % R CRNT 5, BMSEBR T, BRI LD T L~ 7 2 % VT BGHRIC X A TEERES -
MEROIIEIER UTHHT L, IRBAHUET 2 & & bIo, BRI E DT 21T 5,

HIRLN T OTEMEREHETE (ROS) DARITHEN M EAEE 2 5 LT, TEiy e BEFRE Th 503,
FREHIC K 2 E AR L 0 b BREHZ OMBANREHMERRIZ X 0 KT 5 ROS 23, & D% OIFREZKIC
BT 22 e monTnd, 2 har RY 7IE ROS AICHR D EB/NEE TH Y | RSt
% OMRBIRIT 21T 5 2 & C. I RI L OVE BRI COMBMANER LA ~ L 2N ORI
WHETHEEbIC, BERERKOMHO—B L7025, WEELREIIS ETIEONTZAREZ D
LT, ZRFOEEZ LV ELLOL LT, Ml LU0 ERELED L L L bz, KREE,
FHE RS OIS OFZE~ L BT 5,

SLRTRZTIE, FRC, AR E (< 0.2) D EfRE (> 1.0) 120072218 M MO i BRI E % in
vitro 33X in vivo THIEFEE AT 2L 1, ISE B BB T L2 O B BIfR AR 95, i
ERRIE, A TOMERA L 3R A A T D FERED =\ VIR B U AR ORI D 1> Th D
D3 AEERIZHRD TORUIMFAEL RN | Z DTG RS SO I B O I 1Ty L 1EE 237,
K iCe b IS CIEARBAZS N2, L LR DI DI E R ORI 1T, SRR Tl
FRAEIZ I PED R AEOBE TS LB 575 % 59 2 THD CHE/RME ThDH, AL TIL, ERB LU~
D ADIE M ERARIEE F O, SRR 3 K OVEE E R B C O U RS MR | B RIS B 0 1 DB
DNA #HEGEECIRIE AN RSB AT SO B B EBAR - S BARFAH ED Ty NI — 7 iR iy
EAT)o ABFFERRNE, BUR B NEZ R N AV AT ER DT, B 772 U BB 7 77 B 6 U i &k
BBl 15 B ~O I BB SRS LD,

WAL, B5 RO FBRCIHEME (<02 Gy) 7D F#EE (0.2 Gy-1 Gy) {22\ T b it
2L DI bar RUTIRERT | ROS OFEA & /3 R HAEEIC X D MIuSE & o BEPE 2 BT 5
ERIFFIC, R hay RUTORERFICEGT 5 Dpl OIEMHELHEME, BHbo T 5% —E%
Flh &35 v VI NMREREICOWTHHANCT S TETH L, A, v~V ADOLHFREORT
T hary Y TDOROS D EFRNRENTA, 5%, TOROS BT AR b — AFHIZEE G950
T, 2 b RUTORBEENEEL TWAH0E I NIZONTHNCT S, & L, Mastic
ROS MG T 255 12IE, BEHOI ha v R 7HED ROS Al #RET 5 Z & CHiflst %
P CT & 2080, ITIHEEROIFEZIHIT 2 Z EBHE D ENZONWTHEHMET 2 TETH
Do AWEZEL T, ERENOEHREICELIRHFICL MO b RYTHRE, I har
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RUTREZRSNCI bar RY 7HR ROS ZHICERK & T HMIEED A =X L %EBHLNIT
% L [RIRF I R R ER S DB IS T e B 2T D,

Z DOWFFEIZEE T D BIAE £ TOMFZERDL, ik
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Elucidation of the mechanisms of radiation-induced non-cancerous effects

-Molecular mechanisms of radiation-induced cardiovascular diseases-

Takashi Kondo*l, Qing-Li Zhao*l, Yuichi Hattori*z, and Yoshiaki Tabuchi

"' Department of Radiological Sciences, “*Department of Molecular and Medical Pharmacology, Graduate
School of Medicine and Pharmaceutical Sciences, University of Toyama

SLife Science Research Center, University of Toyama
Keywords: Human umbilical endothelial cells; eNOS; Signal transduction
Abstract

Cardiovascular diseases have been considered as major health-risk factors after exposure to ionizing
radiation as in A-bomb survivors. Recently, the association of radiation dose with cardiovascular diseases
mortality was investigated in a life span study of a cohort of 86,000 A-bomb survivors with estimated
doses. Although chronically produced reactive oxygen species and inflammation are thought to be the
pathogenic mediators of atherosclerosis, the exact mechanism is still unclear. Here, for better
understanding of the molecular mechanisms underlying the inflammatory reaction frequently encountered
in the vascular system post exposure to ionizing radiation, we carried out analytical test on eNOS and its
signal transduction pathways in human umbilical vein endothelial cells (HUVEC). At 6-72 h after exposure
to X-rays (1-20 Gy), eNOS phosphorylation at Ser1177 was increased while eNOS phosphorylation at
Thr495 was decreased without any change in total eNOS expression. Consequently, eNOS activity, as
assessed by the extent of change from [*H]-L-arginine to [’H]-L-citrulline, was significantly increased, and
NOx levels (nitrite and nitrate) in culture medium were elevated. The phosphorylation level of Akt, an
upstream enzyme of eNOS, was unchanged by irradiation, suggesting that radiation can activate eNOS
independently of its upstream activator Akt. Our results also showed that the protein kinase C (PKC)-BII
expression was up-regulated after X-irradiation. The transfection of PKC-BII siRNA into cells abrogated
radiation-induced eNOS dephosphorylation and NOx elevation in HUVECs. We thus conclude that
ionizing radiation produces acute effects on eNOS activation through increased expression of PKC-BII in
HUVEC. This may partly account for the molecular mechanism of radiation-associated cardiovascular

diseases.
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Search for genes involved in radiosensitivity of hematopoietic stem cells

. *] . . ) . .o#] *] . . L%
Ikuo Kashiwakura ', Tokuhisa Hirouchi °, Yasushi Mariya ', Satoru Monzen *, Hironori Yoshino -,

Masaru Yamaguchi ' and Takakiyo Tsujiguchi”’

! Graduate School of Health Sciences, Hirosaki University

2 Department of Radiobiology, Institute for Environmental Sciences
Keywords : Hematopoietic stem cells; Radiosensitivity;
Abstract

To clarify the characters of genes contributing radiosensitivities of hematopoietic stem/progenitor
cells (HSPCs), the present study analyzed gene expression profiles of bone marrow cells prepared from
mice exposed to 0.5, 2 and 7 Gy X-irradiation. In the present study, female C57BL/6JJcl mice at 8 weeks
of age were exposed to X-irradiation at a dose rate of 0.9 Gy/min. The expressions of c-Myc were analyzed
at 24, 48 and 72 h after irradiation. At the same time, the level of biological antioxidant potential and
reactive oxygen metabolites (d-ROMs) detected in peripheral blood and y-H2AX observed in bone marrow
cells were also analyzed. The number of bone marrow cells of all irradiated groups decreased in a radiation
dose- and a time-dependent manner. The level of d-ROMs, one of an index of oxidation degree, showed a
peak at 24 h after 0.5 and 2 Gy X-irradiation. In addition, the expression of y-H2AX increased in a
radiation dose-dependent manner and reached a peak at 6 h. Regarding the expression of c-Myc, its
expression detected in bone marrow cells was also increased in a radiation dose- and a time-dependent
manner. In conclusion, the present findings show the possibility that MYC is a useful indicator to consider
about the radiosensitivity of hematopoiesis in individual, suggesting that MYC play a key role in
radiosensitivity of HSPCs. However, more precise approaches will be required. Finally, we would like to

establish the presumptive diagnosis method for individual radiosensitivity.

169



Radiation-induced modification of mitochondrial function and

radiosensitivity

Osamu Inanami, Hironobu Yasui, and 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), Apoptosis, Mitochondrial morphological
alteration, Mitotic catastrophe, Drpl

Abstract

Ionizing radiation induces DNA damage and triggers various responses in cells. Mitochondria have
been demonstrated to play important roles in the cellular radioresponses through various mechanisms
including the production of reactive oxygen species (ROS) and the activation of apoptosis signaling. It has
been reported that mitochondria are dynamic organelles that constantly fuse and divide, and the control of
fusion and fission is important for the maintenance of cellular homeostasis. Recent evidence suggests that
dynamin-related protein 1 (Drpl), which is a mitochondrial fission protein, is involved in multiple cellular
functions such as ROS production and the execution of apoptosis. Although several reports have shown the
mitochondrial morphological changes after exposure to ionizing radiation, it has not been fully elucidated
whether mitochondrial dynamics plays a role in cellular radioresponses such as alterations in mitochondrial
function, cell cycle arrest and radiation-induced cell death. Therefore, this study was aimed to determine
this point. When the effect of X-irradiation on mitochondrial morphology was evaluated in NIH3T3 cells
and in mouse embryonic fibroblasts (MEFs) derived from either wild-type or Drpl-deficient mice,
mitochondrial fragmentation was induced in NIH3T3 cells and in Drp1 wild-type MEFs after X-irradiation.
This radiation-induced mitochondrial fragmentation was suppressed by the Drpl inhibitor mdivi-1 and the
genetic knockout of Drpl. Furthermore, mitochondrial fragmentation was accompanied by the concomitant
increase of Drpl phosphorylation at Ser616, which is associated with its activation. Mdivi-1 treatment
attenuated the increase of mitochondrial mass after irradiation, but mitochondria-derived ROS levels and
mitochondrial membrane potential were not affected. On the other hand, none was altered by the deletion
of Drpl. While radiation-induced G2/M arrest was upregulated by mdivi-1 treatment, genetic inhibition
had no effect. Radiation-induced cell death by mitotic catastrophe was suppressed by both mdivi-1 and
Drpl gene deletion. These results suggest that X-irradiation induces mitochondrial fragmentation through
Drpl activation, and Drpl1 is involved in radiation-induced mitotic catastrophe. In conclusion, the present
study suggests that mitochondrial morphological change after ionizing radiation influences the
determination of the cell fate after irradiation, providing new insights into the regulatory mechanism of

cellular radioresponses.
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WFFERRE A - AR R - R B U BRI <A 2 LR R e oD
TS R O FRUZ B D AFSE

WFFEH B 4 - R R - KR <2 K 2 HEAk DNA B E o Z AT
ST ] (BRI K 52 I 35 20 F 22 R WO 50 I 0 P 2 0 - MR

R EE

HWRBNEEE R T HRETOFER 2% T, KBEHRAHE. &9 biF 100mSv LLF
DBFRLIELICEDBBEZERNRLEISIN TS, EERHEMKBESETIZ. 20k RER
ERERIC L DEEEEBICOWVTCTIIAKRE X255 FIIMD CTHRECTH D720, A
FHeE DI 6, AR L X2 Wl 72 L (Linear Non-Threshold: LNT) 5 LA L TW5S
D, ZOZERMIZ, —REROBEALZEERT A2RKICLR>TWDH, £Z T, Kif
ZERRE CIXERER EREHIES ETALEHMICB T HIEICE > THEE I N DS DNA
BEBIOEBAZROMBICRBIT 2EMEPRE, MEHMRICER LB SMIITT 5
T AREE Lz, BARMICIE., ARMEEANRER FHMA R REM) BV TR
R R E U R (0.05~20mGy/H) Z# S L7z~ 2B W T, BFEH RS 1~100mGy
DT, HFIRBRSC AR Z Z e 11 EOMRK M A TR L, RIFKFIZH VT DNAHEE
BFTu—TBIOBME~Y — I —H5WIEHEE~—h— L O RE CEYEAEBRE L
7=

FP R ERE KRR R~ T 2B T D EROEEBUZ DWW TIL, 0.05mGy/H |
1 mGy/H .20 mGy/H D #p &R TERME ImMGYy H 5\ T 20mGy B2 Li-~T A LV |
RO, FLMR. MR, Mo, Wi ks, JFBE. . BN, BERbtl K OVERASRIL, 7
N ) R THEEBIZANT 7 4 v a a2 T, MU AIE, E&E2 4370 ZEHEL
THEL AT RZTALRICHEELLEY N EZB AT 7 ¢ % PURITELALEE % i LT,
PL 53BPL 35 L OBL Ki-67 Fiik T kB R 2T o7, TORE, £3, MLz 2
2 TOMTSE3BPL 74— ABRKBHEINDI2DOTHERL, FFRORBEROMIETOART &
— AP BESIND ZEnborote, £, MkEICIERS ~ T 2121 5 53BP1L 7
d— N ATERAEE (LM BG LiEFE) BB ZEbHLNC L, &b, KREE -
AR B RIS~ o 2B 1T 25, 0.05mGy/H O ESHE, BG O L XL EZ#B 25
DNAHEOZER AL Z SV & bR LIz,

Lt IKHRER - KREMHNRBHN Lo~ 205 8IL 2ikss - #MikICH1T 5 DNA
HEBEOMIT A5 T LT, KHEEE - KB EWHIIT< v~ 7 2AOMBEHBMIIZIH T 5 DNA
HEOEBEPRICOVWTRZEMNMAZE LD, OO EKREICEIY, BHTOHRT
NWKF 72 EOREEH - EERLHRICET H B EE - KRERIZ ORERHE D
9,

F—U— R (KRR, KHEER, 100mGy, MAkEMmin. DNA HE

. WFZEE B

HWRBEBNEREE R T HRBHOFERZZ T, KBREKRFR. &0 biF 100mSv LLF
DBFMBEIESICEDBEFEEBIZOVWTOEZL OFEMPRDLOINT VD, LLRRL,
IR - Rl O B EE O LR A RS TIiX, 100 mGy X 0 bR WERE KR X D
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HEEEEBIZOWVWTHMBREZ G2 FIIMO CHET, 207D, BHBREEDONSE D
EfLEWEZ L (Linear Non-Threshold: LNT) EF LR HA SN TWDE R, ZDZ LR
Wz, —BEROBEARLZERT O2RAICL R TnD, mEEEFACHITZER (O
WTIEHER) OZLOTDIZE, 100mGy % FEIS X 9 2 KM &k To#iE < o2
OEMERICEL L I-MAREENR TS, M T, BHEHEIEI ORETEEEZREITTWVWD
BEBRROLZDL « BEOEDOEEFHICBWT, TORZHORY YL LY —BEH 57
DITH ., EM 20mSy A E B AEA R 100mSy 0, EHIEMRER - EREERERIZ of
FREBOAEIIONWT, &0 DITRED AR EOIEN & 72 5 kM2 1T 5
FHREEOEBMOAEE VN OIBLANL, BIFEMICEIEINTEEEEZGLIEN RO LT
5N, 22 TABIETIE, EREER - EREFREICEFTALBMICENT, ®IZICkoT
FHHSAND DNABEB LORB AL ROEE & PR 2 | BB DR & 72 5 i -
M OEMA, HOWVIEZE IO HEEL MWW T2 2 2B E LT,

. #F2E 5%

R R R - (KRR B AR O BB, BREEAT O MR AR B3R - (R B O R R S i 5 12 B W
TIT->7= 2, BARMIZIE, BRIGKRFETHALZ B6C3FL v X (1 v —7 6 L) % B
WRZHEA L. BEDOHIC, 0.05mGy/H . 1ImGy/H B X 20mGy/ H O 5T, BRIEMHREN
IMGy & 5 W\ X 20mGy 12725 F CTHRH ZMFE L7, 2> br— & U CIERS B Z R HIH
E L, £/, Bt b — e LT, AMREREHEE (400mGy/H T %M &2
100mGy £ X O 400mGy) ZREEDO HFIEIC I 0 A L7z, 1 B O REREFEIT 22 R ICR E
L, YOO 2 ZEBMEABTREDA LT F LU ACH T, BHORBEMREICELL L Z
AT, HURM. FLBR. MREE. MR, VAR, FRE. M. BB, BERE. SRR ABREL. T
N U R THEERICNTZ 7ol L, 20%, 4 2780 DE S THUEARZ ERK
LT, BT 7 ¢ RBZIT, PBS HIZHRIEL 72,

A, ISR+ T 95°CT 30 A LT, LRORIEILEIT 72, TDH%., 5%skim
milk % & ¥» TBS-T (0.5%Tween-20 % & &» TBS fEH k) | — kPR Z AR L T, W & 37C
T2 BRI AOG &7, — Wk PLIR & L TIiX, #it 53BP1 HLfk (Bethyl, A300-272) # L UL Ki-67
ik (DAKO, TEC-3) MW/, BUGHK T, PBS TR WEH L T, kA% 37CT
1R AOS S /72, PRI, Alexab32 #E5k D HL v H ¥ 1gG Bk & Y Alexab47 12 i#% »
L7 v b IgG HilkZ Wiz, HEARIE, 1ug/ml @ DAPlI Z & 10% 7 U & U > PBS IA# 1
THEHALTHRE L,

ERR L7 AE AR, O BMEBE T CHE L, TV X VHEG 2 IS Limtk, BEGEIT S AT
A2 XD EAKTH 500 8 (FEFRGTAE T DNA OB 2GS U C 1000 AR E £ T) O
JEAZ DWW TN 24TV, 53BPL OBEARD Y 7 (74— RA) OHBHEEEHT 5
Z L2 E Y DNABE OB L OB £ 30l L7z ¥,

(fiir BE i ~ o Bic &)

ARWFZENT. BFEBREZAT I ICHIZ > TiE, ERNOBYERIES 28T L, B LRZIT
D BRBER TN RO EREESEORREZ T2 LT, FAFTOBMERT A FZ
A BT L TEREITo T,

. B 98k 5
1. ##kIC BT 5 DNA B E I E O FE
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B6C3FL~ 7 A% 5~6 i CAF L, REMOKBEEMHFNBICWMALL, 1L 75—V bz
DI3ED~TAZEANT, REDOHK, 8 HEIZ/R -T2 Z AT ZB4A L7-, 0.05mGy/
H., 1mGy/H., 20 mGy/H O &M &R TR ki L, RHEMRE ImGy & 5\ X 20mGy 12
ol ZATHEEKT L, R~y 2RI~ AW LT, BREM LY £
MBVEM G X — Il L, RS Z AT o 7o, S NEEs - M 10% R EEE A L~ U v
T1HIEZ L, MAEREDRICTO% T Y /) — L |ZEELIBSROT Y HLEIT- 7=, 910
L7-geRix, Iy MCANTHEBIEHEBEICI Y N7 7 o ool Lo, BREL 72 lgas 1%
RO, FL . MRBE. Mafe. W bR, IFNE. A, BN, BEbtds K OVERIR T, MO8 A
ATA4 KT TR EICHEELR,

PUS3BPLHLIATOREEIT S & MO HF TH , HAIC L > T53BPLEHEDOFB L
NI D Z ERPAL NI o7, £7. 53BP1 7 4 — B AT b . KRN O ERAL R
WDHER I Tz, Bz, MiCik, M B AT 2 MK X OE M R ez 53BP1 @
ITFANBO B, BG D B3BPL V4 — N AL IO —BOMICHRINTZ, I
L. Mo fiaix, & A 80 63BPLEMET, ZOH OB OMIE T 53BPL 7 4+ — 1 &
FERBRRBDOOLENDDHTHoT, REOYE Y — %, Ki-67 THEZE I, MK
R & il o ORRAD B OB THMEY 7V F A DNHER SN, ZHICH L, iR Ok
Th M-SR TIX, M2k 21 2L A2 TOMIET, 53BPL OFIN A S,
53BPL D7 + — W AHIFIEETOME T —HRICHBEI N, MiEFE T XD ICREDTAT
53BP1 EEHE ORI NBLEINT-DON, T TH D, FFhEIZ, K328 FE M < Fa L
TWAH A, FEEMAE, BIELZRY, 2 TOMIETS53BPLORIEZ RO RN -oT2, M—
HENDST-ON 7V Y O —MEHRT2HEMBTHLL KEO 7Y Y T,
K¥Zz HDDENROMICIE EBRAIEF L TR, Z OB ML T 53BPL & H'E O3Bl
KNG3BPl 7 4+ — W ADH AR LT,

2. IR ER - KB EMFBRBY ~ 7 21281 5 DNA H81ERE O & & 1A

T, FERE ~ T ABEKROMBICEB VT, 53BP1 7 4 — B 2D BG O HBLHEE & 5FAH L
oo TOREFR, WX, MEH70 D 53BPL 7 4 —H ABHENFE 0.04 THoT=, LnL
D, HERMRE X OFEBIC L > TE, RATRICZ O 53BP1 7 4+ — U A% R L TV
LG HY ., G X o CEEHEoOMBEOMEK T, Mib7-D OFHO 7+ —F A
FEAFIELICHENWE ZABFE LT, MR Clk, Mltd 7z @ 53BP1 7 4 — 1 A B
FEIT MR D TR <, MR T4 0.004, MK T 0.002 Th o7, BEREW L2, Mo
FOEREE T, BHEOMK T, 53BP1 ® BG O 7 4 —H ANHERTE /-, ZOMIZIT., M
T® 53BP1 7 o — I ABHE A K44 0.001, JFIE TIZFEH 001 THHZ &EnbhoTe,
WIT, EHRER - (KRERFRBN~ T 205 8RIL S - Miiic o TR 2B 2
ot 2 A, 4A00mGY/ H O EMR BRI T, MAEANIC DNABEEN ST 2 L b n
ST, 7=k Z1E, 400mGy/H % 10 A& L CHRKN T2 &, Miadhz FHIFE 1 Ho
53BP1 7 4 — W ANZEMLTZ, ZOL~ULiL, AU AR E 4Gy 2 AR Lzmo 1L~
N CEB T Ebfilad e I5HELE) xR RS, BGO LV L RS S
CERMPHOLNTHD, 72, 53BPL 7 4 —F ARGMEMEE LT 5 &, 400mGy/H T
T, BB LZ 60% MGt THDLZ ENbhoTc, BG OHEIGIX, BBELZ 4% ThH 5D
ZEML, BURBRHEICEIAEREMEFERTE D, —FH T, KHFEEE - (KR E U
WEOFAEZFTMT 5 &, B2 1E. 20mGy/H O BE Tix, BF X% 22 B T 20mGy %
4 2R, M7z D 53BPL 7 4+ —H ZDOFEHHBELEIL 007 T, BGOBBLE 2T
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Hoto, ZTHICx L, 0.05mGy/HDBE TIL, 20 HEOMRH, 4o b RHEMKE ImGy O
BEPETH . 53BP1 7 4+ — W ZADEREITIR LN o T2,

3. MBEEHIIRICE T 5 DNA BE O ZE R & Pebk

MBENICHEET 28MIICE B L C.DNABEO L & BEbr & Mat Lz, MRk a X,
AR R~ — I — IR T DR CEDOHEELHER T D2O0R B TH 22, xR
EREFLTIEWDR, REIC, RBICHEI G IREZFFO v — I —Hiilix 72 <, AT
. PO TEEBY, Ki-67THUETORIELISH Lz, TORKEE, Ki-67 MM & ik
ML L D HBICB W T, 53BP1 7 4 — 7 ADHBMEEIC T2 < . BRI, Ak
R R 72 B IT Bl LT ip vy, — 07, Ki-67 Pk Z W2 FIEICIERA L H Y . B
PEARR T 249 L b MARER AR TiX 22\, E72. Ki-67 27 /b % U 7= HL AR 8 40 K oD HEL 7k
DD OPEBRIZMHT AETH D72, Edu tEikiE O EANZ R 25 FE L V72, T E T
(2, EdU BE#%k D FZERSGEORR E &2/ 2, M o BERICE F LT,

V. &%

VRl 24 FEEE DB ST, BEITHR & 22 figi#s - AlL#k T 53BP1 7 o4 — W X RS L TV 28,
SAEEOE RN NG, O T TH, HALIC K-> T53BP1 EAE O BlEk LU 53BP1
T —AAGRBENRR D ZE RSN R o7, BT, Wi, MKEXo#EN
FE ERZAIBEIZ 53BPL O > ZF AN b, MK E XNEE AR T 2 — B o ki
I, FRELICESL ETHEIBPLOFRENH Y, 53BPL 7+ — W ADFELHER X, Z
Ak L, Mifmofiin ik, 1&& A 2 53BPL it T, 2o oAb oMl 53BP1
T —HAFEBBDOONDDHRTH T, KETOMITCIL, EEME S A
EDHIWMEE T, 53BPL ORENMAT L, LEENn-> T, MO SRR EIZ X D 53BP1 @ & H
DENEBEZOLND, DFEV, MM cix, L0 ok L7oMia Tl 53BP1 @2 7 F /L3
L., Wi, 53BPL ORBLN S HMAILE YV ROl THAH, FFE, 53BPL 7 F
IVBETEO ML TIL, Ki-67 O 7 F A biiE&hs 2 N, MIEEL RS XD Kok
AR 53BPLIGETH D EEZE X DH T LM TE D,

53BP1 7 #+ — # A%, DNA —HEHEHUIWr 2 LA L L7 ATM K77 DNA HHIEILE N E
HENTRBRERIND, ATM IZX > TRMICY YBIbESN5EAER E A 2 H2AX
T, yH2AX EFFIEN D U U fgfb e 2 h > H2AX &, DNA —E#HGIMoOS F~—H—& L
TE<HWHEND, B3BPL 74+ — W AT, I LICHMREEESEEROBREE & I
MENHIHROREAEESERTHIN., 20 LH12, H< £ TH. DNA ~EHEUIW N
ENTZHD 7 n~F UBEEMICE 2RI AMFRELEZREHL TV IZEBE 20, L
TR o T, VUi F (b EOELER RSN Z 0 5 5 M T v,
53BP1 7 4 —H R Sy, BRFA T, H< ETH 53BPL 74+ — 7 XX, DNA
HEBICLVBEREINDELTRYTHDIN, 74 —D AR5 EW->T DNA #HEN
RWEIER RO b N, ZOAN, yH2AX 21X U, DNA “E#HUIM DS F~—h
— %AW TCDNABEEZRET2R2OMBATHLN, KAFETIX, ZORBEEE 2N b,
53BP1 7 4+ — W A% TE LN OHEBZ EbALHFE LRI, TOEHDITRFE L
TERENRMBIT 2K FHATITH LHIWCEE L, =& 2, ithivd, EMEE&L
MRS ERTH D L, IR ThIE, BE EEMREThs,

HE R L TR WIER S~ 2ABHKOMAICEHS VT, 53BPL 7 4+ — 4 A D BG O
BAEEZFMM L2 A, BRICL S CTEZOMEENRR L 2R WE L, Flx X, i
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TiX, @& 720 @ 53BPL 7 4 — I AL V) 0.04 TH - 7223, Mg -0 Ml < ik, e
&7V O 53BPL 7 o+ — U ABHLEITARD TR < | M it T3 0.004, WL T4 0.002 Th -
2o 72, B TIZ 53BPL 7 #+ — U ABHENEY 0.001, Tl TIZEH 001 THAHAZ b
Molz, ZDX 57 BG TOB3BPL 7 4 — 4 ABEEDE WL, Klidas - MLk AT 22000
MERKBML TS EEX LN, L xE, RRMKJEXTIX, #HKICE > T, BFIMWcE
BDB3IBPL 7 4 — W AEFEHE L TVWIEHOyNBE I N, JBATIC X > T HEOMED
T, MRHZD OO T 5+ — 0 ABENTIE 1 ITEVWEZABEMEL, UL,
100mGy D A2 5 1 7= L IZIFRI%E D LD DNABEDO LNV TH D, T DK%
FETHITIEES TRV, BECRIER EICL>T ROS O VAR FEMIC EA L
DNAHEOFRICEST- BB NDL, ZNET, HENTOHFEK 7 DNA HED
BRICOVWTIE, FEAET —EN o, KFRORER, EERN OIS - 1k T,
THHE B DNA HERFE R SN TV DIEEBI L NIRRT, bodWnxiE, 2D X577k,
A ETWDd DNA HEIC L TAEBRITIEHbA RIS L, Mike L ToEFEEE RO X
NG Z R Z L TWVWDEWVWI ZLiChDd, ZOLIREERIT, &0 bITEBRESR-
R B BRI < IS T 2 BB ORMRICZ WVCERTE 5 LET D,

WIT, EHRER - KR ERFRBN~ T 2058 L S - Mifico o ThRF 2Bz
Rolel TAH BMEEDOENILD DNABEOERBEE OB E REVWHI LN T,
F 9. 400mGy/H (fKF 18mGy) @ @ & FE AT CIix, 72 & 21X, 10 B M ok R E IC X
V. e 720 FEIEIE L O 53BPL 7 — W ANERE I N, T O LULiE, 400mGy
ZaMERRFICE %I G aoMiabz 0 F4EEHKET 5L 450D1 DL~ THL
MU0 400mGy & 22 BRI CZ -2 L 2B E T 5 L. DNA HEEBEIZLD
BG LRIZEDL_XALFETHATDEOHEITIZTAEEKE LR, LA -> T, 400mGy/H O &
T, 2FFHOBKNK TIREOKT DNABELNBHECHREbBE I, FiticEEINE
DNAHED > bLiEE SN kol nELAEbINRTHL ETFHTEE, —FH, &
MR - KR E R BN OS5 A X, Fl 21X, 20mGy/H (#FF 0.9mGy) O RH TIL, B
BLZ 220 T20mGy # S T2 08 M & 7= 0 @ 53BP1 7 4 — 1 A O ) H B K1 0.07
T. BGOBEBOR2MHEEDE TH o772, ZOL L, BEKTH 24T, £C
MEBEBEINDLLXLTHLDOT, DNA HEEOERE IR WEHETE D, Zhicx L,
0.05mGy/H (5 2.27 1 Gy) OMRE TiX, 20 HEOWE . +720bb RiEHEE 1ImGy D B ¥
TH, 53BPL 7+ — W ADOEMIT U A ONRroTe, LEN-T, MEFEOEWNWIZLD
MR IT 5 DNA HEO LML, MERIKGF L T2 B 2RI 062
Zole, A%, KBER - KREBFBRER~ Y 2ICBT 22T 70T, BHEKE
T 1mGy. 20mGy., 100mGy @ FRHHIZ L 5, #MikicE 1T 2 DNAREOER O 25 % g 4
L EBRHFEIND,

V. A5G

R ER - (KRB RTIES ~ 7 R I2B W T, I LK - f#fkick 5 DNA
BOEREPEBROMNT 2 EhE Lz, TORFE., s - ikl X > T, 53BPL 7 4 —H A %
FEFT A RGMUNFEET DL EEHONI L, £72. ERH~ 7 21280 T HIEMH
FE72 35 DNA HENEL TWD Z 2R LN, ZOMENKES - Mikic - TR
HZE, XD, MBRIC Lo T, FERERRCH . RATMICZ 5O DNA HENRAEL S X
IRRWMB DD EERL ML, KRER - KBREHRFRER~ Y 2B T2 EEDN
DNA HE ORI 2 &, MK ER - (KHFE R HREIE< TiE, DNABEFEOERIEZ S
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RWATHEME A2 /2 L7z, Ki-67 & 53BP1 & o0 " EHEOEYRAETIX., MARBMmicRBT 5
DNA 815 D Zf & PEMR 2 374l T & 2 28, B S TS MIICRE L2 ix@R o Tn
VAAN

VI KA BELLRE o Gt

YRk 25 FEEEIE . 3D RRFTE O RO RERE L L TAHESIT b, KRR - (K&
AN~ 7 206 B L 3 2 e - MLk A B E L . DNA 15 O E &1 72 T &2 Fi i L
oo WMEFEETH DTk 26 FFE 1T, KR EE - KREBFRBHZETLEZZALA2TO
RO Z#56% LT, KHREE - KR EHHBRILIE<IT L D DNA 15 ok wHi i
BUILEEEHRICHET IR FIMA LR RT S, £, MBS MEICIH T2 DNA HE
DOEEN, DNABEBEBEICLX2 b0, HDHWVIEDNABEEZZ T -@Migo 7R F—v
AN XD YBROER O N EWFEIZT 5,

ARBFFEIZBE 3 2 BAE £ TOMFZEIRDL, M
L

51 3 STk
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Analysis of DNA damage accumulation in tissues exposed to low

dose and low-dose rate radiation

Keiji Suzuki
Department of Radiation and Life Sciences, Nagasaki University Graduate School of Biomedical Sciences

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 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 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,
and the spontaneous foci frequency was completely different from tissues to tissues. Low-dose-rate
radiation was confirmed to induce 53BP1 foci, however, their effects were totally dependent on dose
and dose-rate. For example, 400 mGy/day increased the frequency of 53BP1 foci over the
spontaneous level. However, 0.05 mGy/day irradiation did not show any increase. The present study
established an experimental system, by which accumulation and exclusion of DNA damage in the
tissue and/or tissue stem cells can be determined. The results are anticipated to provide scientific
evidences that should contribute to the scientifically acceptable estimation of cancer risks from
low-dose-rate radiation exposure.
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EHR R - AR E ORI T < 12 & 2 ARSI oD i s
DOEFEICBAT 2158

IR - (ERERE < 1T & 5 LRSI~ BB R O REAT

LR (RSRRE A ST R T e o & — 8Bk < BBhige 7 1 75 W AEWIE
SHFEF — LF—L Y —H—)

s

JR LT REN K DIEREY 27 ORI R & 72 D87 72 B M R A Al 5 7260, fAkEs R~
DR TN 2 Z &3, AWFRO B TH D, AMEET, 7 v MUBRRSMEIRET L E X
D HNEHESL ORHE AR 2 & & BT, TORARICK U TSRS RIF T ATl L7, 20D
FhL, AR %ﬁi%%@@:m:~fiﬁ< mREPERTBRHIIL 2 2 T AR HEAE L > OREE L 72 b
DTHDHZ DRI NIz, MRESESL ORI SN -HIlRIC W T HE D 2B b2 el A7
U 7= AR EEEE SN ORI X 2 MIREEEESE D FITEAIC 30U THRES OB TR AF L TV o e, £z,
fERIZH51T 2 DNA BN OBBRERRZ L6 EIF 7, AR IIEEEE S O /L REIT U DS K E
WAL L, ZIVE CORRALBIRIITHNTT 2 & & bz, BEMROBIIEREZTT 5,
F—U— R, PR, MO, X —r o —n—

| WFEER

WSS IR I3 ETE% Tk, 2 < OEEMEREE S L VBB E O HE
1E< Uiz, BOEOHSRGEARIT, ERETOREICHFILIZY 27 NEENREBET LV HE
FRLUZVEZ L (LNT) 7 VA LT A2 231 lid 5, LNT 7 /WIHEIZEMANTH 1T
T 2L OFRHEEMNR S HBRICBN TR —FE L2 b b LWMEEEL &b Y,

BB X D23 ) A7 2 ERET 294K E LT, MkEiii (RFmOBEa%EL 5te) 2MEE
END, LNT BT VORI TSRS HLF] U - 40 Gl B a T AR AR L, &
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