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Accumulated evidence has shown that exposure to low-dose radiation, especially doses less than 0.1 Gy, induces ob-
servable effects on mammalian cells. However, the underlying molecular mechanisms have not yet been clarified. Recent-
ly, it has been shown that low-dose radiation stimulates growth factor receptor, which results in a sequential activation
of the mitogen-activated protein kinase pathway. In addition to the activation of the membrane-bound pathways, it is
becoming evident that nuclear pathways are also activated by low-dose radiation. Ionizing radiation has detrimental
effects on chromatin structure, since radiation-induced DNA double-strand breaks result in discontinuity of nucleo-
somes. Recently, it has been shown that ATM protein, the product of the ATM gene mutated in ataxia-telangiectasia,
recognizes alteration in the chromatin structure, and it is activated through intermolecular autophosphorylation at ser-
ine 1981. Using antibodies against phosphorylated ATM, we found that the activated and phosphorylated ATM protein
is detected as discrete foci in the nucleus between doses of 10 mGy and 1 Gy. Interestingly, the size of the foci induced by
low-dose radiation was equivalent to the foci induced by high-dose radiation. These results indicate that the initial signal
is amplified through foci growth, and cells evolve a system by which they can respond to a small number of DNA double-
strand breaks. From these results, it can be concluded that low-dose radiation is sensed both in the membrane and in the
nucleus, and activation of multiple signal transduction pathways could be involved in manifestations of low-dose effects.
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Fig. 1. Dose Dependent Phosphorylation and Activation of
ERK1/2 and p53
Exponentially growing normal human diploid cells were irradiated with
various doses of X-rays as indicated. Total proteins were extracted 2 hr (for
p53), or 5 hr (for ERK1/2) after X-irradiation.
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Fig. 2. Induction of Phosphorylated ATM Foci by X-irradia-
tion
Exponentially growing normal human diploid cells on cover slips were
irradiated with X-rays (0.5 Gy), fixed with formaldehyde, and immuno-
stained with anti-phosphorylated ATM at serine 1981 antibody. The nuclei
were counterstained with DAPI.
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Fig. 3. Growth of Phosphorylated ATM Foci

X-irradiated normal human diploid cells were fixed immediately or 10
minutes after irradiation, and immuno-stained with anti-phosphorylated
ATM antibody. The nuclei were counter stained with DAPI.
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Fig. 4.

DNA Damaging Checkpoint Pathways
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PEEHET S EEETH D, MENTOEHAEY >
bl Vi, U B IEME S B LTS DN
TUARKOPRET D, DX, ZERAEOEEZD
HONEL TY CEILIEENZEI L2 TH, it
U UBALIEMN TS Z &Ik TH Y UL
NOBWMNR Z D55 6H 5. ZOHEITE, K
BN ED X S IR T > BRI M 2 ]
TLDMHSNTT DHEND B0, SGEBRETRE
AHEMED 1 D TH 5.

ST, BEEE < DRSO X % IERERZ)
£ (Non-targeted effects) D% & 2 | &5 L TW
% 20 R R X, BB EZT TV
WHIRZIZBNWT, EERNZZT Ml TAENS
DL FARRDBI R ENFEIND L &2ET.
BRI, BEHRIC L > THREIND N 2 S
=R &, BEHRIC K o THE I NS BTN
J AARZEEDTFEET S, BiElL, ofiidgo~ 1
7Y —LBEICE > TR SN TEDN, F—5
EBREICH LMD S b —FERH L T, HNEZ
FTWARWERIOMIKE ON1 2% >4 —#illg) 2h
WTHIIISE SRR ARERNFEFH IND LM ZDF

TENFERI N O NA XY = ROFEHIC
3, MlufMoEEZLEET DR E, BELLR
WRERE D 2 OGN TS, #l
felfdliE 2 B &9 DRI T, MBIk S N
ARFICEAENSRAF Yy IO 3
CEBEUTERS TEOYWENPLORDEINS Z LI
X0 HESHH AL D & WA IS ONA X & > 5 —) #l
RIZiEESNS. Fryv TPy arz2mLT
Ml CTHESINS D TELTE, WV ULRE
FMIPONNMBBEMELTETENTNS, —7,
Mg 2 LB E LIRWREE T, Mo ERZ
S U CHRE AL S 2 S N ERT ON1T X%
O —RTF) MIEREMICERLT, N2y >
=R NEHRTLZEEbNTVWS, NARY >
Y —RT D & L Tid, TGF-B (tumor growth
factor) < TNF-a (tumor necrosis factor), IGF (in-
sulin-like growth factor) 72 EMNZETF 5N TN D,

BB DRSHRA TR LN ) AARREME, B
RIS TR ICAE ZH S IO RIT, B4 IO R
WEMNT 2 NGHEEINDBRNS T OEIENH
SMTES NIz, EEMEMINE DL, EEMRAK
REOHLE, BEMERREROFEELRENENTD
5. INSEBEEOZERBL, EHFEMIIBNT
RS ORI HD D EITH T HF LITEL D D
ENS, FEOEETFOEARIZHEDIIBRL TN
LT 5N TN S, BRI KDBEEDS /
LARLEEDFEITIL, HEWLRT D IVAERDIT
ENEET2LEDEAND D, FE, 7T LARNLE
ryo—>ELlLTrO—=Z 73N/ TIE, &S
EOMEEENT DIV L NIVDBHERI N TN
5. —7, DNDIUIBESRAFRIENT ) AR
EVEIZT ) LT DB DD mRIEEARLABE G L Tn
HAREMEZ/R L TV S, 9 JERE, 7/ LITRE
ZHRETLIENKSAILGNTNDY, ZOXKDE
T LRFICED S KR 7 0~ F 2 s 021k
R, EAKKHEOTOAY OHELE(L/2E, DNA
DERIEE DT EDIERER N D 5 & WD a[EEME S
HD.

IN S IEERNENRIT, HAEBEBNETH > T
bHLMRTEI D ZENTHEIN, KEREHHE
IR DN E D & 5 (T 2 #8145 % 77 T IC
BAHWHEEEND S, BEDEZ A, EENZROWF
RISELFHEER LOBEET, KREMNREZEND
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G 2w CE 2 LIV TRV, GROMZEN
HifEnhaLlArThS.

AR B IR OWITENL, 8 SN2 LY RIEH Y
9972720 DB ERET 2 DIZE < OWENH

27,

AH=

G, N5 —HOERBHHBZ B DT
ALDEFPHEAESNS I LITE-T, DN

DNORPHFBITH T DA L, &o7T,
WOEFRFANORHOBHNILE S Z L2/ L

7=,
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