-5
DNA damage?} Apoptosis

A - 29

EERUB

(1997. 7

g FEsete

F - MYE - Zge

e
T
o

Environmental Mutagens & Carcinogens 17-2 . 71-77 (1997)

Aé_
CHNIEET | HSH

EEANE, S4d7H
3)

Single Cell Gel Electrophoresis (comet assay) to Detect
DNA Damage and Apoptosis in Cell Level

Jae-Chun Ryu*, Hyun-Joo Kim, Young-Rok Seo and Kyung-Ran Kim
Toxicology Laboratory, Doping Control Center, Korea Institute of Science & Technology, P.O. Box 131,
Cheongryang, 130-650, Korea

ABSTRACT : The single cell gel electrophoressis(SCGE) assay, also known as the comet assay, is a rapid, simple,
visual and sensitive technique for measuring and analysing DNA breakage in mammalian cells. The SCGE or
comet assay is a promising test for the detection of DNA damage and repair in individual cells. It has widespread
potential applications in DNA damage and repair studies, genotoxicity testing and biomonitoring. In this microgel
electrophoresis technique, cells are embedded in agarose gel on microscope slides, lysed and electrophoresed und-
er alkaline conditions. Cells with increased DNA damage display increased migration of DNA from the nucleus to-
wards the anode. The length of DNA migration indicates the amount of DNA breakage in the cell. The comet as-
say is also capable of identifying apoptotic cells which contain highly fragmented DNA. Here we review the de-
velopment of the SCGE assay, existing protocols for the detection and analysis of comets, the relevant nnderlying
principles determining the behaviour of DNA and the potential applications of the technique.
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A}%EMHZ% %E}(Ames et al., 1973, Ishidate et al, 1977,
Macgregor et al., 1987). £3] tj2 2] ohfurdo) EA4E
AEL EA7|FHorgan)ol| 237 wjRol| 7hr)He] HEH
Zol 4 DNA £412 28 & Q= 7168 A2ee
2% SAlzhn ¢ 4 A,
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=t Single Cell Gel Electrophoresis(SCGE) Assay+ F-A5 4]
shg Wl fUR o] BAH Aol BAAGA H45)
= AN AP oR BAZ Yehie 2] d4e B
3 7o}l Comet Assay2li% H-28, L= Microgel Elec-
trophoresis Assay2} $-Z7]% $ht}. SCGE assay, 9™ comet
assay+= * 9 Ostling and Johanson(1984)0l 9J&f z+zhe] A&
T4l DNA &4& AHE s7Idste] 298 mi-
crogel electrophoresis# ' © = Dr. Singh(1988)0l 2)3] Bt} 7
787 DNA damageE 748 & v Wy oz wha s
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TolAE del Z8H1 Sl o] 7HE dA o] TR/
protocolo] Exjsl=rl, ofejEofel A g +=4 R ukS
A 2FolM 7H dubd oz e wolEex|= Comet
Assay version ©. 2 4]+ University of Washington®] Dr. Singh’
s version(Singh et al, 1988)y} British Columbia Cancer
Research Center] Dr. Olive's version(Olive et al., 1993) &

itk @A) o] F versiond zZ}7] ARS- ) A ggofoll A of
7&.4 zto]l 2 Hol=t), Olive's version2 AFEHHo| A
Frl theks Ayl Hgrksd FHol gl W, Singh's
version KT} u)$ BI17k6} 4] DNA &4 72HR)8 5= 9l= 74
S8 7Fx 1 QAcl(Singh et al., 1994).

Comet assay2| 22|

o] SCGEY] ¢z alule] DNA7} supercoiled o] tight3}
Al 32o] b= el high salt® lysis A4S 7139 &
s o] wasbAl Elof 8 2okS YA Wil DNAS
3+3l= nucleoid 2 UhH(Mckelvey-Martin ef al., 1993). o]uj
PIEAE 3 o) wEe 48l Al Aox el
ARz dol gle vl d Fol taile] FAYS WY &
9lth= o] Zof| w2} proteinase K(Singh et al., 1995)3 o] &3}
ohila 55 oA S AAH F1 Ut W supercoiled 7t
3} open loop TZE°] YA higher order T2E o]F 11

1A "}, o]m nucleoidiel] strand breakage7} 91+ 74-%- al-
KaliAFElo 4] DNA %7]4k0] 225w A] DNA 7hcto] Az B
250 molecule®] 4% o] A2 FaA HAX F27t
& 5] o] supercoiling A el 7} &3t HA A3}H 02 DNAS 7
Z7} relax ¥ 1 &50] YRE e EHo] HW7|PFA F=
o o)Eslo} YATFEE YE 899 wile) Fog ¥
24 gel electrophoresise] <] 3} ~E}7-]] " 5 YEE 3
olt}, &, HFE Agarose gel o] 4o} Sefol=ol XA
o] gel layerE THE 71 lysis solunonE Halsto] o ok
cleoid 9t LJZ_“ 7199 %2 31 DNA breakage 59 &4F
ole H¥o] AY 1 Huo] ¢2FE0Z Ty, o]E &
& sl DNA intercalating agent$! Ethidium Bromide 5.
2 2 gslo] Mo Fokg £ 7}A| 3147 DNA strand break-
ageol & YHEo)7 comet tail S HAFEZ M HAME
dAe] DNA &35 Aastat 4 9th(Mckelvey-Martin VJ.
et al.,, 1993). 8) 5 W2 MEE e ¥4S e head

£} il 2A JeRdA o A i G2 AlEE A
J HElZ head?hg HolAl A
= taile] Zole} taile] 3o

70 I
v 54 42 24 ALERE A 4B wile] Lolrt

o T H:l _I

;O rkg_&

—W“‘n_
edgpon) IO-I}&‘-LrEH

A&HE,
=

oL ﬂllO =

Al 29wt F74ge Bt F7hEE Aol ohix
420710 ARR A ol A BOn o] £
S DNA @& 243k 7o) 08d £48 Z4she dt

o
wr} Aga Wylolztn & 4 lATHHellman e al, 1995).

ol uwel thREE JdAHoME= data FAA|  computer
softwareol| 4] image 3 to] Bl 7153 data2A] tail W)
9] DNA contentZ ¥ 3}3}+ parameter2 4] tail moments
2 A5l 9 on tL HZ = tail inertia7} g o)1
Az o) & Auksl s F= software 7} A3 Hoigin).

o] B ol o] e 2RH 07 Bl W) 1 o] FE
7} shlgldle A71959 Yo 7|28k itk & DNA &
e Y& AEE Iysissto] gt G218 7|9 FS 3HAHH
dchyl DNA #2139 277} 4&45 #o 2 de of
stAE Aolut. off vtz ] e sfof & 2 32 DNAZ
%014 9l o] o)z} histonex} “19]9] o] w3
| A3t=o] gl wj¢ & AE 9 Chromatin 732 5ol ¢
ot} 122 DNA7Z} /45 4dets o] 4+
FolFA god Hr|dES Petriets 1A E ofnjo
E48 AFeshe A EbEslth oldutet Hh &
A sk 14R357] 913ke] DNAE unwindingA| 7] =]
QulA 0 2 pH12.3 o}4t9] alkaline 2719 buffers A3}
single strand breakageS A #3}st 9l o]g] gt HHA S Al-
kaline Assayg} #27]T 3dith. o2 double strand
breakage £ 7] 9] 8|4 neutral conditionol] A 7] F& 3}7]
% 3l=u) ol Neutral Assaye} H27]% 3hc}(Fairbaim et
al., 1995).
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Dimethyl sulfoxide(Sigma Chem. Co.), Disodium EDTA
(Sigma Chem. Co.), Ethidium Bromide(Sigma Chem. Co.),
Phosphate Buffered Saline (PBS, Ca™, Mg® free)(Gibco BRL),
Sodium Lauryl Sarcosinate(Sigma Chem. Co.), Triton X-
100(Sigma Chem. Co.), Tris(GibCo BRL), Coverslip(No.1.
24 x 50 mm)(Superior), microcentrifuge tube, fully frosted mi-
croscope slides(Fisher Scientific Co.), agarose(Amresco Co.).

2. gy

(1) Cell preparation

Chinese Hamster cell line 52 7% 10% Fetal Bovine
Serum 2 100 unit/ml<] penicilin, 100 pg/mle] Streptomycino]
3t wjRolA 5% COt FFEE 37°C 3270 A sk



Single Cell Gel Electrophoresis (comet assay) to Detect DNA Damage and Apoptosis in Cell Level 73

593t} human whole bloods= finger frick &2 v} A ¥ujc} 10
W AR 22k A slo) up2 Aol AbgEh g A
5= A¥7} monolayers b= 73§ scrapingdtAY tryp-
sinization3}o] M XS HE 10,000~30,00070 7} 5| A gt

(2) Slide prepararion

Comet assayS $3fe] 2
tocol & th-&-3} 2t

A) Comet assay for detection of DNA damage(Singh et al,
1988)

1) fully frosted sildeol] 0.5% agarose 100 pl= ol
coverslip® & ©lo] & 5 Ah2oA o SRAE Fof ZI
coverslipg H17] 11 2417+ Az 7th

2) compound 2§ M| EE Ca*, Mg™o] ¢l PBSE A3
3} & scraping®} {1} trypsinizationdte] U4l F-2late] 45
& AAYH = & 50°C, 0.5% agarose 40 plo} o] 1)¢]
slide $]0] Wo] A F coverslip 0. & Hoj "] sty

3) 0.5% agarose 200 Wl Z 2)oll o & coverslip& 4
25 9zA,

4y slide€ lysis buffer(pH 10; 2.5 M NaCl, 100 mM Na,
EDTA, 10 mM Tris, 1% SLS, 1% Triton X-100)o @7}

37°CA M 2417 HEFo] lysis AJZIT)

5) electrophoresis buffer(300 mM NaOH, 10 mM Na,EDTA)
o] ©7} 2087} unwinding A 71T}

6) electrophoresis apparatuse] slide& A2 o] A47]2 &%
2 o2z oz ujdd T 12V, 250 mAd A 4082t electro-
phoresisZ 3} Thelectrophoresis 272 7+ A& Awnir}t A4
A7k} voltage S A 3ked AHEEHIL AUF).

7) slideZ 7AW 0.4 M Tris(pH 7.5)0 10%7H4 ©7} wash-
ing 374 & 33| PHEdt.

8) slideZ A% A171% Ethidium Bromide(2 pg/mi) 50 pl2
Hg A}

9) 4)-6y71% WA= DNAS A& HA|sl7] s el
A A At

B) Comet assay for Apoptosis(Olive et al., 1993)

#H: Comet Assayoll T3t #HAlo] TS Ful=| 3 o] Fof
oM clorstA &% 1 g, Olive's version ©]-&3}o]
apoptosisE o173} =724 comet assayE a3 4= 9l
t}. Apoptosis= Al ¢j&k W& Foboll A 7P TR A+
thake] sk ApoptosisE A 2k 317] &) o8] HHA] bk
3 AyPwlo] metz|ol #aj7A| DNA agarose gel elec-
trophoresis®} Electron Microscopy, 33} 3803 & o] &3
Apoptotic body #2, Flow Cytometry, TUNEL Assay 5-©] A}
£5o] gt} e} #H2o] Comet AssayE o] &3] Apop-

QA7 AHgekE 4 pro-

oo ol

tosis2 At} st AE7F 2 AgAS wES 9=
B ool AlRE I 9l vl B reviewo| A= apoptosis
Ao MBS 7Mooz B A7 Aldstn g 248
HhH g 2 oFATY )

@ 1-4x10* & cell & PBSol| suspension A| 71T},

@ DDWol| =91 1% LMPA(low melting point agarose)S

40°CE F7 A7) 2
® 0.25 ml Cell suspensionol] 0.75 ml LMPAE 4-2% 0.5
mlZ slided)] B3 }&
@ 4°CoA A 5EF A gt
() 4°C Dark roomofj A 1417} E4F lysis A 71T}
*lysis buffer: 0.03M NaOH, 1M NaCl, 0.1% N-
lauroylsarcosinate(Sigma)

@

(b)

©

Fig. 1. Typical type of comet in Comet assay. a: Control, b:
Apoptotic Comet, c: Necrotic Comet.
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Nuclear ’,r’{:’ ™\
Diameter { ;TmlDlstam:eL

!
Tail Length

Fig. 2. The definition of parameter of comet assay in Komet
3.0 image analyzer. A+B=DNA migration. Tail moment=Tail
Distance x % DNA in Tail. Tail distance=Center position of
tail - Center position of head.

® Alkaline buffero]
winding 3%

*alkaline buffer: 0.03 M NaOH, 2 mM EDTA

D 21 VoltZ 20%7} electrophoresis 3t}

DDW 2 washing% 50 ul E{Br(2 ug/ml)Z Staining 3}¢]

© @ 2 A 2F(Apoptotic Fraction) i},

*Apoptosis®] 7%= DNA fragmentation®} nucleo-
someo] YASHA BAE =T whste] L] ALE B
F2athe B4 uio Comet AssayA]o| Cometd] 3
Ef & Apoptosis®} Necrosisg 28 4 9lth. Comet
AssayE o] &3k Apoptosis 12| parameter 2 apop-
totic fraction® A &sl=t] HA| cometo]A] apoptotic
cometo] Z}A) = M &2 2)v]ghol(Fig. 1).

(3) Data analysis

1) 515-560 nm 2] excitation filter®} 590 nm barrier filterE o]
gajol B3 Ao solx] B,

2) Image analyzer software(Komet 3.1)& ©]-§3}o] slide 2
5070¢] AEE K- tail moment|(center position of head - cent-
er position of tail) X tail%DNA/100] 7S 2743t} (Fig. 2).

3) Datag Microsoft Excel program Aol 4] Student t-test=
o] &3t FAAMe gt

4) data 4t APHwir} oFHe] zfo] & Ho|a 9lo] tail
lengthL} tail length/core width ratio S o] ¢]&%7|% 3l=0|
7H4 BH A0 vl 0 2 = il momentE A3 k. 2y
Z o) tail ol DNA fragment 28 T35} parameter 2
tail inertia7} 220]7| % 3tc}(Hellman et al., 1995).

27341 15%7F 33] washing© 2 un-

SCGE assay2| Z&

o] SCGE+= Nucleoid sedimentation(Cook and Brazell, 1976)

3} halo assay(Rotti and Wright, 1987) 7+
£3} alkaline el & THEO] Eo2H Y
S g} H®HEs A dso] Fx A ﬂi nucleoid sed-
imentationo]} alkaline elution¥tE w7kgk Wl o g Agro]
strand breakage® YERN £ & 9l Ao Hrbgw gl
olH7Al AFH wiz= pHI/F £49 A$+= double strand
breakage S, alkali¢l 7%= single strand breakageo] A&
2R = 9l Be EAE0] 5-20008) A X double strand
breakage B T} single strand breakageE 3}7] whE-o
DNA &4 A3k alkali®] 797} 1S 717Hgh B el
gh= Ha7} 9l o k(Singh et al., 1988) A3 2o ule} A4
g s MEistojol gt AP A o] data FA7EA]
2 glof 2] TN EFFo A ko] hw
&4 sampleF2= A o] 7hsahe FEH M
2 A 2 & 5 dvks o] ok

1:}% H]-\?j 52 3

SCGES| 0|21} #&7I=sM

SCGE assay= W& Al7hljoll 7HA3}A M EFFolA data
& 4% 7 9lo] DNA &48 {28 F Qe
subpopulationell A} Aot WIS S48 & + 3,
He 4o HEolq J¥7H5eli DNA £48 A=)
7+ 10"dalton @ 0.1 DNA breakage S 7Hx] g 4=
2 At} cell cycle positionol] 4k 1]
= AoT B EIOJ(Mckelvey-Mamn et al., 1993) asyn-
chronous & BjoFel A|¥Fol| A &7lsstn A EF7] stage’} &
gt Havl gl primary M Lo Mk A L7bEdl Fnwo|
A&t} short term testo] Q7T ARG HA M= F
He A 2 Bd7F SCGE assayE 23] DNA £4H2 B
=gl H8 Milag AR A3 FUEL U
(Fairbaim et al., 1995). o]ol] ¥ -4 ol A & (Fairbairn, 1997,
Kim et al., 1996a, b, Seo et al., 1996a, b, ¢, d) 7] & AL E
I e FAEAG Wb S, GAA o, A A u
280, Ames test2]o] DNA 4o hek B} A3 zk8
A} SCGEa: M2¢ i e Telsle] @850 9o
et 2 A7) gl 7jedrE sha ). o] EAH
*&% A HE 19841 Ostling?} Johanson(1984)0] =
DNAZ} &% QIS w9 Hd3e FAstux} X
o]lZ} 2 DNAS] denature conditionol] whe} vf$-
s S48 A% SANE S aokeE &t
ﬂ}(Anderson et al., 1995, Singh et al., 1994), DNA &
v A 48 4 gl 7hEEla BAoo] &0
obstel = WHako 2 (Olive ef al, 1994) 2}z uhg
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Eolo] z7o wpet kel DNAS) W3}
7 HHAll| A, Q1Zke) A *ﬂi-rc’ﬂ*i HPALA

9l oY B9 DNA &8 AEslsle] 4=
A8 Frlele WA og A L(De Meo et al, 1991,
Muller ef al,, 1994), A EF5 WAFOZ 3 in vitro Aol A
T+ 59 EA4x2A 9 DNA &48& - AHsshE in vive
Agog HEUHBetti et al,, 1994, 1995, Green et al.,
1992, Ralph et al., 1996).

SCGE assay®] A &7}5 & Wele ofF chokste] Aba 2
tizhe] A4l ojgk DNA &3 3HbstAl o) &4 Fol |7
A& & 4 glti(Anderson et al, 1994). Benzopyrene, Cy-
clophosphamide, N-methyl-N-nitro-N-nitrosoguanidine} tetra-
chloroethyleneo]] 93t H- A=A &S H 7|98 SCGEE A
e 23 o715) 25 2 FE8 DNA 319 E el
w2} monoadduct®} cross linking& §-3+3 2 ¢ DNA o)%
Aafstoz fojdt AnE $s)A= Sister Chromatid Ex-
changeol] 0] 2R} I5E7 ALY 7202 By ¥
C}(Hartmann ef al., 1995). o] 3+ A g uv]Fo] E o} cross
linking& F=3h= 3¢ 79+ radiation 5o AGH DNA
strand breakageZ Uo{uUA| 8] F1L cross linkingS %8
4% Meste 2819 tailo] A A gS ﬁ°“6ﬁ vo
ENE A7 o E 75 B T #9lo g4
Aol A4 7hsdelel Alg Hok. DNAY excision repair?)]
A3E QAFRoRINE Be] ol 45T o] A2l
A AE}L repair7} Lo 4= JIEE incubationA] 7)1 & &a) 5}
WA SCGE assay & 3312 2K repaire] AT, 55 A7t
W2 3918 4 gltCollins ef al., 1995). Streptomyces floc-
culus®) AL B2 streptonigrin(SN)E o] £3}o] J3e =2
A7 SNO| FEZTte] W& DNAS £48 S48l A8
4 AT repairE &015}7) Y3 incubation time £ SCGE
AA|E A7} SN-DNAQ| B84 g4 02 free radicale] #|
Ho 2 YPAE|o| repair-damage-repair®] curve7} VERGS
hol 3 ¥ % Ql9lch(Testoni ef al., 1995). 2] dA#9] hu-
man lymphocyted]] UV 2ALE AU repair 7|5 & & A3
=¥ Zol| A DNA repair 7150 74 @ 7L 8¢
T}(Singh et al., 1990).

o]9}zo] SCGE assay: Q17HA oA oxidative damage,
UV(Gedik et al., 1992), ionizing radiation o] tj3t Q=&
screening S=dlE 8344 2§ 7F53l0}(Fairbaim et al.,
1995). Abzkel peripheral lymphocyte 2-& whole blood 10 pl
A=g % SCGEZ 35l A3le] AEE screend] £ 5 ¢
0Bz $USAHE Yo + Ux TR B2e By

£< biomonitoringdH=d| = AL 7HEA a1, Chemotherapy

o bl

4 m

32
32

o 55 DNA &AM Hrleles Awk7)l&olu Xeroderma
pigmentosum7-E excision repairo] Zgho] A= ASE I
Bl % (Green et al., 1992) &&0] 7} & 7ojt}. 1001 9]
dutel &S Ao ® FAA e v EA=te] lymphocyteE o)
£-3}9] oxidative stress®} HEE EAE ol B Axp A
o & DNA olF A&7t FostA S7HEUAn A nche
FAA B Fo8tA FrtEAhE Rart 9Lo v (Betti ef
al., 1994) 712)1} B9 3} cigarette tard} kb= #A) 7} ¢18-0]
HE A chBetti ef al., 1995). T3+ Vasculitis/collagen disease
ol gzl Al cyclophosphamide(CP)E 3235 DNA £4+S
248 A7 15 T2 CPE *2]§ multiple sclerosis 32}
ANAAM Felg DNA &g a8 #2348 4 912l cHHartmann
et al., 1995). ¥z} 3z}o) lens epithelial cell DNA &AHS
SCGEZ o] &3}o] 2¢13) 2 Z 3} DNA strand breakage & 7}
A AT ol vld S5k 27t 98 Bagos
A ) 2EExL o] lens epithelial celll] DNA 42ARS lens fiber
cell opacity®] wtetz} fdo) gtk 7hdS Bolale] 29l
(Kleimen et al., 1993). SCGE assay & A Als}=1] glo] A3
<& lymphocyte & o1 &3t B9 N g FF3he Al wa}
W 7F & hatzre] Hol e M 5 variability7} VER B2
o) elsd 58 Aule) Auta s elshe Aol B
8.3t

w3 1R o) 2o 2 S B2d B1vE ¥
= 3
= 64

| ERALE Bejsied 3 4l AEA BE ARD
A% 2

fr "394 %"—OMW Ex“ﬂif’ﬂ HHG i} 45 In
vivooll A &2 Fof 77| U’—}E dose-response relationship 5
o) QTS A 87bs el ol AR AS by AR
T8 Fdate] g 717}5"} EEAANT cell S Eelste] 4
EEE A F vl SCGEE AAIE = 2o in vivool| A
=30 g SRV A9 L& folatA skl A
&9 F U

ol¢} tiEol Hxl Az Z)AE 2 SCGE assayol
FISH(fluorescence in situ hybridization)2 7}u]3} vhi o] 7]]BL
3} in vivo, % organ®] 7}2 celloﬂ )3t DNA damageE =
8l=1| £ SCGE assay & st 9ia)

3k DNA &% %}5]“ 2218 Q) A EHbo] 7| %o g A
repair9} apoptosisol] thak Boprp & £93F BRI} HE
. Comet Assay® o83 177} 228 s w A =
GAAE Z17ke] DNA &744-8 17stA 4sta 4 ok
G o e dtatse] AEF E1E e g EA
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agentol] 3} repair activityE 27 3}7|L} thokst Hol o of
3l repair®] mode of actiono)] 3t ATAALE 2LE3AT}
(Collins et al., 1995, Fortni et al., 1996, Singh et al., 1990). %=
&} apoptosisE 4 23}5} 7] Y)4] Necrosis®h ApoptosisE T
Heled F43 7Mo% Comet AssayE o] &34 Apop-
tosis& -3 A} Wi QIcH(Fairbaim e al., 1995).
% tumor cell5-2] therapyol] w3F wh2-o)u} turnoverE A
apoptosis®] & gofl B2 o] 2] 9l+=1| Radiationol] 9
3 =¥ apoptosisS WHE A7) Eeld 4
SCGEE A&+ 4§ 7]1£9] flow cytometry method Bt} &
A kgl k)8 4= Qltke B v} th(Olive ef al., 1993). 3}
AWk apoptosis®] A #HaE 91 Bl Fust HE S A
confocalo]\} image analysis systeme] A}-&o] #2317, DNA
fragmentation assay, @ 1|78 E3F apoptotic body ¥## 5}
2o )29 wie Waeel La st v

o|9}zto] & SCGE assay+= (HASkLL 4143}
5& 723 E6l2 DNA &40 o8l f2E s Axhs 7]

< cell leveloﬂld ZaAE 5= 9l

9= upow
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