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Summary

Apoptosis is a programmed cellular suicide, which plays an important role in many biological
events, including removal of cells damaged by a variety of mutagen. DNA fragmentation into
oligonucleosomal units is a hallmark of apoptosis. Single cell gel electrophoresis assay (comet
assay) invented for measuring DNA strand breaks in individual cells has been utilized also for
visualization of apoptotic DNA fragmentation. Examination of X-irradiated thymocytes by comet
assay revealed that apoptotitc cells showed almost the same migration pattern with teardrop-
shaped fragmented DNA tail and a small non-migrated DNA core particle, whereas viable cells
exhibited no DNA migration. The migration patterns were almost the same, independent of
radiation dose and time after irradiation. These findings indicate that DNA cleavage in an
apoptotic thymocyte is an “all-or-none” type event. The migration patterns differ from those of
radiation-induced DNA strand breaks detected by a conventional comet assay. The term “tear-
drop assay” is then proposed in place of “comet assay” reflecting the shape of migration pattern
of apoptotic DNA fragments on electrophoresis.

(This paper, in a session chaired by Yuu Sasaki and Takaji Ikushima, was presented to the symposium
“A view of Comet assay as a mutagenicity test system”, organized by Yuu Sasaki and Takaji Ikushima,
at the 27" annual meeting of the Environmental Mutagen Society of Japan, and held at the Mielparque
Osaka in Osaka, Japan, November, 24-26, 1998.)
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Fig.1 Apoptotic DNA fragmentation in the
irradiated rat thymocytes
DNA fragments were extracted from the
cells 2 to 4 h after 10 Gy X-irradiation.
Agarose gel electrophoresis of the DNA
showed a typical “ladder pattern” of
oligonucleosomal fragments

& 7% o T EMREY DL MR I WIENE 2 72 L T
VW5 TR b~ Z (apoptosis) # R R L, ZOEaii
zi7-72(Kerr et al. 1972). 90 4EfCICAD, 2L D
AGRIRF RV AIHEETEYW ORGP H S Ici N
&L ITHISEl AT, & AR, R E S O
FFRER FOREB2 5, H A= 77 3) =% K DM
JaBEEATICE D 2 2 VX7 BHWHRTRIBE NG 7
E, WFEA—E X hniE L Ty 5 (Yamada et al. 1998).

TR =323, BRAEBBETOBERRS, Mlni
e EDEFR L FIEHRES, BREHRE S0 2 R RE
LB E R ORERE L LTETW 3
(K, [iH1 1998 a,b, Ohyama & Yamada 1998). L
72035 T, ZORER, A, AIDS, HORERE, 7
oA e —¥57 t ZLDBIREBAET L, TR —
R RREMNIIZIZERE T BE PR THRET 25, 4
FHEREDE T3, ?%%E?’WEH@@@%EE, R A 1z
INELDL, ZMRTHMTREEZNEZZTL2 b
7> T &72(Yamada et al. 1998, 1ILH, Kl 1994, 1L
B 1998, Kil, IWH 1998a,b). 7, XikiZEED
T LTHRE2ET,

PIRN—=2 ZDECFHBIEEELTD
DNA i1t

Z DAMIEFE DR 7 A2 (L5210 7 $84Z (biochemical
hallmark) & SN TW5DH, 7ue~<wF> DNADOFY
TRXI7VFY —LBNOYWITH L. Zh % DNA KK
{t.(DNA fragmenttion) & WPU¥, i@ %, DNA #¥ %2 74
0 — 27 NVESGRENCOEEL, 180 bp GEIEN) o R HfE
U S 72 DNA Ao “5 7—=" 2/ ¥ 5 (Fig.
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1). 72720, DNAWrH L2 fEb e W T R b — 2 2 H8|4E
SNTWE, F, 7R M—Z2TDDNA SMRIZIT, &
6umﬁ?¢m0<mmmp@w%%%0,wa74—

VR BB Y TRILE T 5
2. DNABRERIEEELTOAX Y K&

TR M= ZADKELFIL, MER O T TER
WHREL, —OHBE2 L 3EICETTIHICHSL, L2
S, BEDOT A —Ar VERKEETE, TEF—
VA BHZ LK o DNA Wb Mt LT

58 E T, ffx0iiao DNA g IR T & 7%
W, DNA B fbz e s L@z oflaofitiEs LT,
TUNEL &R, 7a—4%4 b X ) —THRET 5 FHiEx
ELHREINTWE, LaL, 29 L2FETE, Hx
DHMIET D DNA MR IBEARRETH 5. T, H—
HENE S VB SGKkED @ @k, 24y MEICE-T, FUo
f,Wﬂ@?ﬁb~>x%%?@DNA%%m@ﬁme
MizEdfte, L L, @% O DNA HEREDSBED, &
BDEX57% “axy b BREELY), TRFN—2Z2TD
DNA Wrir ko3&, 2o DNA #9125k 57507
TIEEA CITFRBERICERBIZR NG Z LA LD 27 - 7
(Olive et al. 1993, Fairbairn et al. 1995, Ohyama et al.
1998).

3. MBERMIRRDHMEHRER I RN—

Ml flg 3 Z K DBERIZ LD TR -2 222 L,
TR P =2 22DV TOHEBER L £ < DFIR A Z Dl
DRFFEP LR LN TS, BIREIIEIE D - & b GRS
ZEOmlED—2T, MEHE, RIS EBITE %k
¥, AebiE, XEEBE LTy Malismiaosedmla
% Percoll THEET 5 ke ML L7, SEEMIZN S
o, HEETWLRKER S, HlaY 4 HD, MmiakE
WAEEDIERS DNA BRI &, 7R =3 2 D8
%A Z RTIEDOREBIC2RICHITT 22 L 250
{2 L72(Ohyama & Yamada 1998, -Kib, 1UH 1998
b).

4. PIRN—2 A MEEDE—HIS )V EBRIKED

Malris o X FER T K b — 2 2T DNA A1k
2, 2 Xy MEEZKR LI (Ohyama et al. 1998) .
% bbb, 180 bp DELKfED DNA WA Do 2 2S5 §
72, MlaE 4 BOWBET o — 22 iFEI ¢S,
WHBEBDT NV E T4 F ISR, PHESN Tz
EVkENE % 4 T &) BRI T, DAPI TaOb
L DNA opkEig 2 B L 72,

Z DFER, WRETIREIIE 23, DNA 2 EAICIZ LA L
Hz sy, LESEAICKZ 21T TKES O DNA
DIRER IR I — 2o k@SR 2 R T MR O 2 BRI &
N7z (Fig. 2a). Z DR OKE 2R3 HMIEOEIA (X
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Fig. 2 Photomicrograph of single cell gel electrophoresis of 10 Gy X-irradiated rat thymocytes
The cells 4 h after irradiation consisted of two populations, one showing no DNA migration, and the
other having the teardrop-shaped migration pattern (Fig. 2a). Apoptotic cell fraction separated from
the irradiated cell population by Percoll density gradient centrifugation exhibited almost homogene-
ous “teardrop-shaped DNA migration” on the gel electrophoresis (Fig. 2b)

Table 1 Comparison of characteristic features in apoptotic DNA fragmentation with

those in DNA damage

DNA damage apoptotic DNA fragmentation
Induction passive enzymatic (endonucleases)
Site of cleavage random linker region of chromatin
DNA fragment size random oligonucleosomal fragments

Repair +
Shape of DNA migration  “comet”
in comet assay

Occurence all cells

depending on dose

“teardrop”
independ of dose
exclusively in apoptotic cells

T Ruyy BAYRETHRE LT R F— v Zilgo
e -8, HECREEORERAEE IS mL 72,
MEDPEEREOMIZIIZEA SHRE I N 72, &
512, Percoll TH#EL 724IIZOWTHN, TR M=
Z AR I F T — 2 Gk O K & S 2R R vk
%% L (Fig. 2b), —7, 4#ao DNA (353
WEEICHEL I L2 MERTE, o, ZoEMTUH,
X gt EMRIZ L 2 DNA YO, Wwbpbaxy M
IR E N 72,

Percoll THrfi L7277 K b — 3 e Bizils, 4k
DIHFFEA 7ZHfZ A &, BRI RICIEA 72 H08a b IBAE
LTwa, L7eh-T, 29 L2milE, 7RV 2Z
TP DNA 57— HBR$ 5 L § A2 28T L, &
DRBIEERT LI ERBRLTWS, B, kENg
S TWwaD, MRz A Y G oMl
THY) DNAEEDNIZFI L TH B 2 &, Percoll 78T
BEtE SEEMEICIT > Twd 2 xicdb £ 5, LY BRI
BT 6TlE, ofbsEA, FEEE»NE % - 72k
CUIERY i R O

7B, Kabk#mlas &, DNABALIcBS 528826
N3 FX27Vv7—+-DNasey &, #RERKFD
HBRED TN —7DERL, 70— 7 %iT-> T
5 (ANB 1998). L#» L, 2% 7 DNA 5 #f & A5 1L OBk

__5: 7&.

e EEFRMREO SIS 2ITE > T,

W pREmig LIk o> ) voStEMREZ ¥ T, RIL & RiR
KD KEMEP B SN, INFTOMEL LD, TR
b — 212 51T 5 DNA B i bR OR8N 2 bk B S & %
Z N5, 7277 L, IRKEEoOR & SR EEE Tz DNA
ERHTRT DD, KEHMEEMBIREOEAD L 12
—Tld7 .,

5. DNA BEICLBIMEPRN—V X TD
DNA Hi A bdD:EL

Tablel (2, M&EHEIC L2 DNAYIME 7R — 2
125 % DNAWIR bR WE F L7, a Xy MK, T
K, HRGHRIZL D AP B VII—FRED T L T ALY
W2 MR T 5720 HEREINHFETHY), LB D
“ax oy bPTEORENRERT, BE ST XTOMIE
IR e e U, 3 2y MBI, BRERTE
BT 5. F7e, YNNI 2R EEMREIC L 0 IEE S
na7z, MEEEERIRED LEOEHSIHL T <,

FNEE LT, TR -2 RI128175 DNA 1k
I3, =TV FX7v7—=XIick), BRMIIXZ7LV4Y —
LD v A=A RAICYIW I I ERTH D, K
HHEBEMERIZ L2 DNABB KRR E -2 BL 5, £
72, TRV ZHRICHOAF Y, HEMINIT KL
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— 3 ZHNADEIS BN 5 2%, DNA S f#§RICI135
BYT, 37 0 )VEGKETOUREHE IZIREK & % 5.
Wb a4y bl DNA B H KR LI
Twafly, BRIFFERT K- 2oMICELNT
WAl BB, “axy P Ew) BRREERBICES D
i, Boblibd), Lok )icsBHlEe LTHkE
BrodHELL LW, 22T, 2bII7TRF—3 2
7 DNA Wi AL D ik & LT 3 7 7 0 & kE)
A7z 513, (Teardrop assay) & "E3:13 ) PR WD
T3 L H 2 Tvw % (Ohyama et al. 1998).

6. DNABR{EEEELELTOZoZO7)
BRUXBEDRFLETR

B, TRF—=32TI3, 2054, bl
LTT7RE=32MERELD, BEREINS, Kk
fen? R b= 28, HRTFEED in vitro FBEHTI3HE
Nafa NS 272007208, 25 ME L 2 miRA T3 7 K
b= ZMEE R D, BEFRERASRIHMBATOT
RE=22Th, TRV RIMREL 5> TWBE T EAHE
ZnwrkEZ LN, FRLOBHICIE, 75 LVER
PRENZE S 2w, 2512, TR M=V 2MKIE, T4
PICEEREINHELTLE) 2o, 20825 K
B3,

WHHRFERT R b= 20FITI3, RBEMRICEERT
FRET X M7 MM AR ATE “FIHASERS” LIRENE L D
&, BEHE, R EOSREBEDERL, BAICE-T
13 100 BERIC D BRASERBIICH 2 - TH L 5 “HEIEFERI”
HH 5K, WHE 1998b, Ohyama & Yamada
1998) . Kafffao & 5 ZBIAZERI O T K b —3 2 IR T
MRS LR D 7, 72, BAFESERY T R b — 2 2120
WTHZSDMBETIRIFRSINTW e,

2L DERFICZLIBT RN =2 2ITh, KEHRBRT
K= 2Dk 5z, BBFEE & BTERI D H % &% 2
L5, MAEFREROBAIE, EMMIChI->TTHE
— ¥ 2R IR S 2 725, DNA B 161§ 3 Ma e
DEIICHMTIEZW, 29 LHE2EE L TkElo
FENTRERE ATV RENFDH 5.

FREL ZRBIEHIEREA, ZREFARICEZE
HIk g~ DR E, TRF—VRI2L28ALHY
JEDTEREET S,

7. PIRN—2ADHBELER

TR b= ZDFETEETIE, BREBEOWMISEEET D
REQY-MBELPSLRERINLVZAFAL 70T T—%
TH b H A= P UEANREN TR L Tw5, HE
FTIREED A Z =L L ) DRI N D ZEDOEE )
MLPICENTW DA, 2oz, R (ADP-Y) K—2)
K AZ—%, DNAKTFEZ 074 > %+ - i
4L, Rad 51 7% ¥ @ DNA 81512 BIE S 2 BRI A N

240

TWwd, IN6Dy X7 EGHRIE, BZ6L, Wikt

L7: DNA 25831, BEaT5 2 L 2L L, E5:E
BFOPHAAINLZOZHETIHEL L >TWbDT
B9,

HERITIZ 27 DNA S EL > T 505, =
I LR FVNTHOBIEIZI R 2. THRF—Z
DEBELEEN—IIZ, DNAEEZEI Loz 5%
SICBREL, BEI X EEHT, BRFARTELED ) X
I OB LTEIC 2 Xich b, K, THEF—
VAL, BAIRE o TR, BERICLAEELLLLT.
RO Tz, AEREFZVIEPHMLNT
Wb, p53/ v 7T MY RERHWRERT, BEE
RO MBS T, LF IS L CTHEsR Y, HEH
Bmd b2 LB EX N T\ % (Norimura et al.
1996). bbb, po3FRT K b — L AP BERZ HE
S, FEEHCEANERLTWS, L2595, 2
LOTN—T7TlE, BIBERMBSHC L0, BIEEIEHE
Me 7R b= 2R, ZNFEAHEDER LSS
EEBH L2 L72(Wang et al. 1999).

DNABHBERZLZ YDA ML RIZT LY p53 LS
FHL, GEFELERLTERF =24 M2 5, DNA R
BERIZLDZTRMN -V X3 p53MERFHEICEI B L
WEGH, I -TE, BEors I FERENT S
Z & LIE I N T v % (Ohyama & Yamada 1998).

5 B

TR M= RI2fFE9 DNA Wbtz e LT, H—
HlE Bk ENE, Mo HETRELN L WIERE L2
L3, L2L%ads, ZOFMAICEMRALEET S, &
RIFICL2T7H = XMW L BEOITRIL, BRI
DERGEZHAT S ) 2 THRABEEMEHOEHEZ L
Nnb, FHLRTRMNUVRFEEELT, 370
BRKEREL, BR2LEFZ 200 5MATHIEERL
FEL LTRILDTH A 9. #i2, DNA BEOMME &
LTaxy MERZHERTLHAL, ERIEHABER R
STWBEEAR, TR}V ZADZ ELATHEICANL Y
BEHDTHAHI.
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