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Special Lecture

Molecular Mechanism of Cell Death
by Radiation

Masami Watanabe, Keiji Suzuki,
and Seiji Kodama

p33 protein, a tumor suppressor protein, is accumulated
and activated by ionizing radiation. It activates various down-
stream genes whose functions are involved in cell cycle ar-
rest, apoptosis, and DNA repair. Although it was thought
| generally that G1 arrest by p53 activation after ionizing ra-
| diation was a transient phenomenon to facilitate DNA re-
pair, we found that it is irreversible and permanent in both
normal human cells and tumor cells. Because cells arrested
irreversibly express various phenotypes, such as cell enlarge-
ment and expression of senescence associated-3-gal, this
is related to cellular senescence, but not to apoptosis. There-
fore, we termed this phenomenon senescence-like growth
arrest (SLGA). These results indicate that SLGA is the main
form of cell death caused by ionizing radiation. SLGA can
be utilized as an index of cancer therapy, because it is in-
duced not only by radiation but also by anticancer drugs and
is easy to examine by vital staining, thereby making the in-
duction of SA-B-gal an index.
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i & 2 MR I3 E O 5 TS5 L, 20
FHDINT ¥ A2 & o THRAMR OB HRBIEE IR &
ARG BETFHREND., FTDD, HETRORDTEGH
BRDOX R % 5 D BEHPOHE % EMEZAT ) FEOMFES
FEOBSRG RO ROM LILHTH 5.

TGRS & BHIBAFED X H = X 4 L L Tps3n G+
ABTEN—VANFEHSNTES, LaL, ¥EEMET,
BOHFIZ L B 7R b= AXFHFEI N B DL, iR 5H
FOMIB % E—EICRON D T EAREICHL IR 5T
72, #O—FT, WL ENIpS3n b ) —oDHERE,
—WEAY I T 2 F L 3 E 5 2 LItk b, ZOREA
BN RE S 112 & > T, DNATBIGZB1ET 5701008
LRSI S, BENREEIHER SIS LE
AbhTWwh, T0XHI, MLz ey, 7RV
ADHEHZ X AHBED FIMTH 5 2 & % HFed 551
13475,

FNTIE, BEHRIC X 2HE5EIX ED &) TR
HDEAHHH? OB L, Kk, bhubiuid, M
A BR AT S L7 LS 33 TR A e S R S 5 11 A5
MBI LEFRR L. 20OMII, Z{bdii L m+
BEALEE DRI T 5 O T DS & HALAAM B sl -
(Senescence-like-growth arrest . SLGA) & %7 T 5,
ZDOSLGADFHBIT 5 &, MIBLIELIETT iy (g5l & 451k §
BA, FEREPRLNWTEIM AT LB 2 2 LA5T
5.

O L) ITHEHRIC X ASLCGADRFEIL, Ml
DEEEILT 5 L) BETW ZITHED—EREL £
AN, BRI X 2GRN REHRE T L7201 H %
RIEL LD TRL, FOAHNZXLDMHIZL T,
MDD EEDHASMFFTE 5.

AR HRREEDKAFLEHET 3

GRS S W 7RI T, FRIDHEIETREY T Hp53
AEHEAE S, MR O AT AR BN D — A IR
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(GUIMEIL) 2 Lt SHTLARY, pS3HAFRY 2 M B0
{113, DNABEATICDNATRE 26183 5 -0 IZ 0%k
BRTHHEINTENR, LoL, ZoHEDLEELS
WFFEClE, P 0 H R O FEHIML- LI A 44 T
W7ehs, £0f%, 1EE e MlllgsAESHE L B Titbh
7oHEERTIE, G ME IR Roos M 2 #E T h s h
b5 ENRWHLMIZENTEY, fok 2, pSIlfETHENTE
WTHoTH, IEHHMAE L MO M TR DS IR Z
5L9TH5D,

ZDHOMFET, LTS AN T b MR EI ok
A IEANE & 7-fifa o BRI, #RsR b5 & &
Lz a0 == TR 7ML O B 1R E L fid TR
BT ENGhoTN. FORY, bhbITRIN—T A%
ST Z S S ViHEEMa e LR oM R SicBiT 5
—TEDHNBIEDEITH D L HEZ B L) Ik o 7z, HGHHIE
SR X Y ey (BB R IR 2k 2 L MR, ER
PORFERIGIRZERL, #UREEIRICBIE S b il
DRI D TET VW BY, 3512, ZoHialE, Zbi
B W TRRAIZFEI S L5 Z L~ — % —Senescence-asso-
ciated-B-galactosidase (SA-B-gal) #5355 . ZFD 7z,
TSR AR B g Ok A kL, Mg ToEAL
U7 LEEREN) ETRIN, bhvbiudeZ LR
fatghtfs 1k (SLGA)” & &fF i 729,

SLGADFEIRIZIL ps53D ke B L LETH S

TS, —@ A 2 A AT Ik D 72301243,
pS3IDEMAL S N, Bl &RV TTFiDp21 VARCP | RB7: &
— B DB R B (ZFANEE LS B Z EHo N T
W5 A, SLGADFHHDERIZ b RO O LA H
T&H 5. Fig. | ICSLGADHE S N5 B E it (6Gy)
DX % BRET L 7= B M B S ) ) 8 {5 B W > S5 BLBH i
ETIAY Y - TOT 4 2 TETMRIAERER LT, ps3
EAR L AVIE, XS, SOz AL, 20
FBHL WL, BHERIOHZE>THIZLALERTTAZE
@MW E FTHRFSNDY, pS3BEAEDO T TG L
WD EEREE 2 R/2d & SNB p2] VAP SIS
pS3DFFE L A LB 1206 T Y — 7 |E L7 f4,
BAIZHEBR L OVOETASRI Y, 108#I2IEE A SR
MR L~V £ TR (Fig. 1). ZORICBWTps3 D
LAVIIRIRE W £ TH B, p2/VAFVCIPIE - CyclinD/
Cdk4, CyclinD/Cdk6 B & U'CyclinE/Cdk2 Dt % il 4
HZEIZEoTRBEHEDY) X H b #PHl+ 4. RBEN
ik, VB bahs LA LA L TV AEERTE2F
e AR 2 R A%, Y Y EMUIRIETI, E2F
Lia LAkl S ha, £2°C, RBEHED ~
MALIRAEZ B &, MAEERICHY) vBbLzFF, B
FHEI0HEE > T ZORE ST 5 Z Lo,

Lo Z bas, Hilgld, BB IS L, Eeh
WZGUMEIE IS 22 B 3 A F- 25 AL & AU 44 14K

FHE 144E9 H 25 H

BEICHE Y, U &% ESLGAIREEICKaA 2 L 3gd o7z,

7272, RBEHEDE) ¥ AL DIREIIpS3DER & [Afk
12, HRSHZ10H MR- TOREBIT A DITHF L, p2IVARICIP
DEEBUL, BHHZ L - TABHL 228, &0 m
LIOHHEIZIZ, 13& A EIERESMIE L [ L~V IR -
TLEH. Lidto T, p2IVArCrigsgti | 2 2o 2%
IZ, RBD) B % [HE Ll 2 B OFFE L % 2 il
By, BE S  p2IVARICIPUZ I b B34 £ 71) UARFEE*
F—€ (Cdk) [ERDFENHEDIEA S .

I T, BEE TICRENHRE S Twb EEACAkIE
EHNZDOWT, ZORBEMET LR, p2IVarncrig L
NPT BIZON Tl DL ~XUH LR LTS Z
EDG o723 (Fig. 1), L7zd%o T, WU#EEEHC L 3
SLGADFHIELTIL, ZOWIIZpSIDTHIEALIZ X Bp53 WAFY
CIP[@%ﬁﬁfﬂ.%-ﬁ@ ans"' pzjw,kﬂfcwlgjﬁig“ ro —(g [ 3
e Szl e AR bz o THEFF S LB 12
1%, ENLETTEARTGT, FOHBOpINROFEHYTE
THibLEbN5.

LA L, fkBinyidiiassng s 4 2 7220 THINRILIE %
BB, MHPHREELIEISESDTHA )M ?IEFHe 2
ML TIZ, DNAZH BT 5 72 ISR EIGICH 5
TTAGGG & \29) 6 $EFEDHAM LD K LAY TH ST 0 A
THEMHETHZEDPALGNTWS, LT, TOFHAT
HHaH HMAEBR 5 EMBLIIFRTERLRY, 0
REDHIIEAL LTINS, ZOBED psS3nsHtEib s 5.
T O X TRmAPEHRTHZ EIZL > TDNAFK AT O A
T o V= THEEATE N { e VDNAD " EE R IEATHET
B, ZOMEEL, BHEIZ & o TH U7 RS & &
LbDBDTpSHEWALD Y 7 F N E BT OTIIRWES S
M L7edSoT, bhbhpSHER L HREH#HRIC X 5SLGA
OFHE, MIELE R T O X TERIT X8Ik o T
Wahdh Lhiw, ThETHHRMHBHIC LY Fa X7
ICDNAEHASRZ 5 & 70 A 7H%EH L, MlsoEtz{E
ETHIENTFHENTWA, LEL, SLGADSHiH S h
IEE e P oo A 7TEESSF Y 7Oy P
TR Lo R, BURHBRSTIC X ) SLGAIREEIZ I
o7 MlaD 7T o A7 RIZ, FERGHAOTh L EITED S
Nidotz¥,

b hIEE AL, @, oAb — AEk Rk
bhTwa, —F, BHRIEFaA L —-2FEEEELTY
5, LEdFoTTFuAL—AFERNEET A2,
SLGADSFE S N WITFEDH A, L L, biitbhod
Broessfic T hid, SLGAlE, 704 L — A EHoFIEC
IR (B ESN, SLGADSHFE SN2 LIZL>TE#FD
BOTFORAL—AEEB LT O A TEE S IZHELEL
TR S hhotz bbAA, BEHEIC X MR OEA
DOFARIZOART O X THHHEAIHRE B 2 LIk - THIlEE
EASFHE S NSLGADFER & 2 5 &\ ) THEHIZBEETE
T, ZOmE, bhibhofwi-4y¥r 7oy MEET
LELZMO A A LR L. Lo L, BEAT, bh
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Fig. 1 M8 (6Gy) &Ml & hrt b MERIC 14 3@ SINMERE T 0L & SLGAD I

BMETsLEohoMEERER

HILILISLCGADERIL T T 2 7 OMEFFIEHE &
GMFELEVWARETFETS.

SLGADEIMNIL, HHMIZL-THEREN
7:DNA D 5 &, $EMEAOTfE LA &
BrPpszicyHadmEahasZ bick
HEEZLOND, HHHTHERSNLLS5LGA
LRl E bIZ L - TR S SSLGADHIN
EEOFHRBHRAE LEriE, B
BOTHMBTIRE . LaL, B, &
WA HROps3n) AR E EfbiilaTAS
NEpsIDY) EEEOEHFRED E v Sl
FIMENTVES, ZOMEIE, HiHEE
LTSRS N ASLGAICE VI L - -1t
(ERERIMS LTyaiEEsEMLT

B FERICABRIE GRS & L TR L EE
PLETHS.

W, TOLIIIpSINO L I+ HEN
lzhif:oTHEIRITeNEDTHS I .
SLGAIIXMTHEa sl s hd, Lisd-T, Him
BHI X - TTA/-DNAT TS O 5 HEATiER LD
HHEL, ThRNMMAFL, v el ity
AZOTIRGwW, LbL, ZEBUKD T £ TIIHFTELR
e, £2C, bivbiliDNAZRRWIFEETY
“ERiEEhD e A F PH2AXMERISER LTveb, H2AXE
EAFaTEMKT AR FrRAKO—2THAIHZA
DT TT, GLA N CEARORYE5HETHE
EuvbitTwd, bivbiud) YEke R b Y H2AX OB
ME#FIEI-SLGA RS~ ODNA Mo dd b &8
WL, U MEEe 2 F CH2AXHYEBEE, EHMICH-
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Fig. 2 MAHREASLGA L ERELICHE FSLGADBAMAE

THIRLA ZHEE LT B Z L W6 i L1,
bihbiui, Bohl#RT86LTUTO L ke
2 FLTva(Fig. 2). EXAIETFO2THEHRTLZ
L2 L o Tps3 & it kT & 3 & A0 H 2 Ruise i s
ek LR+ 5 (Fig. 2, &82). FEEROBE I
WO 0 & WA & & S0 N S AT T i 2 S AT RETE L
T, THAEE TpSIT L 7+ L5 0 T 6 gt
SLGAZIEET 4 (Fig. 2, #FE1). SEIMV-ERIZ,
FOATHEBLTWADT, pS3xBRLALEUTY
SLGAZ BN 2 0545 (Fig, 2, #EB&3), BOBEEH-LD
PEMAR T REL FRAFDNAD & O & ¥+ L bl - TSLGAD
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Table 1 HSHERE £ 2 1 -EMEEICE T ASLGAE TR F— Y ADFEE

M12 3458678

1. HE49 (6 Gy)

2. Molt-4 (6 Gy)

3. NCI-H1299 (6 Gy)
4. HT1080 (6 Gy)

5. MCF-7 (6 Gy)

6. RKO (6 Gy)

7. HT1080 (40J/m?)
8. RKO (40J/m?)

(Colon carcinoma)

Cells IR (6 Gy) UV (40J/m?)
SLGA Apoptosis Apoptosis

HEA49 - N

(Normal human cells)

NCI-H1299 - +

(Non-small cell lung carcinoma)

HT1080 - +

(Fibrosarcoma)

MCF-7 _ =

(Breast adenocarcinoma)

RKO - +

HEDPHRENTDTHAS ).

RO BEOHFREEEITOLHICBBREZ LI ?

HEDOTEFERIZ BT, SR R <
MHBFEAE s | SR ToIM D EELMEE 25, FOHME
Mo, T, BHRICE DR SINE TR = 2k
W BTH R A EPHLENIZENTVEZ &l S,
B IREIC X AR AR TR b= ADFEIZL Y ZD
BEREFRENICE T A EPFFEIN TR, L
L, ATz & 52 TH o TOH EINES TR
FPaNTHT7 RV RO TR LIZL L, BRI
£ B HINBICIISLGADSER TH A Z LW GhoTEI. £
2T, bbb, BHIIRICB VTR X ) SLGA
AT DI LI Lo T, MM G A AN 1k
EHD, Thbb, BEHRIC L AEERSEOR LD TE
&S lgEt L7z,

9, HEMpS3BET 2RoMmo e MEHIRRIZ 6Gy Dt
SRS 2 TV SLGADSFE S NE 0 L) M EMRES L7z
COEBRTIE, BHERpS3BIET % Fio TV 5B D T3tk
DT D72 DRFFEICH 5N TV AHT1080, MCF-7 B
L U'RKO® 3 FEOMNLIZ6Gy DXt % BT L THIZE L 7-.
FOER, WTNOWHILTDE 78 b — 3 AN %
DNA T ¥ — (3P I3 sy, MlaEE» 56 7R b
—VAFFEEIN T W Eh%hh o/ (Table 1). —F
SA-B-galfefi 2479 & T T OMIfL THPEMIE O H AT
AN, SLGANFEINTWAE Z LR IN. Th

TR 1449 H25H

5 OMNBI RV E BBE L2235 A 1213 W h oI T b
TRM=VADRELZLDS, THEOMILIIET R E
—VARRITHRNED B 125 DD 5 TSLGAD AN
BN/ EDVHLNTH S,

LAL, —#aiE, SEidps3finriokEkd b nid
% 5‘!»1%?*0{)0)75 G\, £IT, pSIBEFIIRED BV
LREFFO v MEIE TR L7z, 208558, i3

—E &R TS ORI THREHHIIC & D SLGAATFE S
5 LAY o7z(Table 2). % { OFEHNETILIER Ops3kk
e WG PRI S 5w, BEFS L, MM
faix, —BERGE 2R LRI AL LD
DA (mitotic catastroph) IZFas bD L Bbhsb. £
DIz, oAb E L S IR O 2 o
DNA % ##2G1 fifg & L Tyl BeE Iz Y, %
MICSLGANIEIZ A 2 b DL PRI NS. ps3BkRe I RAFT
IZSLGADHFE SN BRI, pS3BAHOEEFHE(L L 13
HERILRIZpIGINKAaDSEMATHE I N A & LT BEIZIE~ 7
A5, pSIEFEIEMRGFR RSLGADSTHFE S N B HAED, [THH
D AN = AL LY pl6INK4aZs EDOCKIDFEHA LA LT
MBI ZEIE L THhBDTHA ). 4% I N HCKIFHFED
WEL, TORBMEBEHLHOPITILENDS.

I, bivbiud, FERpSIHEET * Hvilm s
@ & AR B ORI OV TR S 720, ps3iltin
FaRE LIz Mgk h#ilafE T ANCI-H129912, B4
:ﬂbww&m%%m&ﬁAtm#ﬂﬁm+%ﬁA?& %
AL, NBKICHAERpSIEAE T 5BCE Al 247
L7z, pS3EABIRBANE Y OSRFEATH D EF A
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Table 2 f&HRERSS & h =78 4 DIEMMILIC 511 3 SA-B-gal DFEIR

Cells % SA-B-gal-positive cells X-ray dose (Gy)
0 10

wt p53

HT1080 5.0+0.4 89.9+55

RKO 1.1+£0.3 499+28

MCF-7 3.6+0.8 954+9.8

mutated p53

A431 0.1+0.3 49+0.8
MO59K 0.5+0.8 29.7+1.2
HCC1937 11£1.6 87.6+7.5
Capan-1 2311 98.3+£8.7

10° cells were seeded into T25 flasks and inclubated for 24 hours. Cells
were irradiated with 10 Gy of X-rays and incubated for 5 days before ana-
lysis of SA-B-galactosidase expression. Percentage of SA-S-galactosi-
dase positive cells was calculated as the number of cella stained divided
by the number of cells.

70 Y ALUTPA) Z R ISR 5 2 &1 & Y pS3d#{z T
ﬁm#ﬂﬁﬂéhﬁﬁ}ﬁﬂﬂﬁﬁéﬂéljh B
A A v FpVgRXR(E—DTF A I F) %4 TIZEA
LT LAMILIZpINDpS3 75 A 3 FZ#A L99p53-1 il
RS L7z CoMlE, PAZIRINT A LB L F 6 Fifk
NEpSIEABNFLIN, FOHpSIDTiHKDOp2I,
MDM2, GADD4SHEFIE & LN FEINL, ZTOHE,
pIHHE SN B ERBAL) ¥ AL AT L CHllfE 9

LA DT, PATRINGE 6 BfR, 2% ) pS3BEEH
S NGO B ELIXH A BT L ¢H1299I%amﬂﬁ0)‘iciﬁnfnﬁ&
B L7, FOME, ZoMilzTi, TR M- A
BRI L AL NT, F00b ) ELHICE
REIZHE T 5L~ — 1 —T&H 5 SA-B-gal (Senescence
associated B-galactosidase) % 56513 2 M AR AAT 1912
HEESND Z DG oTz. SA-B-gal DFEBUISIE HIMT
L L 72 Al AL DA, XHIEEHZ X Y FOBEN
SEFICHINL 72, SO ORI, TARpSIRIZTOBA
(2 X BRE TR & UL O b AR 2GR &
LTHEDICMIFTE LI LW ahoi.

LY

ARSI L 2D A H = XL E TR =Y AT
137 EALHREGERE L (SLGA) 513 TH 5 Z LA S 2
&ot.MQA@,K%ﬁtwfﬁ<VHML;og%£
WMANDEZENL™Y EROE TG R e LTHB
ThbLEbhs. it,&ﬂA@&:mMﬁgmmﬁg
FIREC LA RREIC L ) RIS ONE 2 L5,
HHHEBAL X DGO NIWRBEA T b § 52 LI2L - T,
BTG REDOR 2R T AR LTHWAZ LB TE
HEEZOLND. 4, SLGAFHEII»D b BCKIFEBILHE

DRFAH=AXLERPT LI EI2L Y, BiEEED—>2
& L CORgsk g s o Rt s a 2 &
IR L 72w,
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