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the O@atom of guanine, e.g., ethyl or butyl residues, can be eliminated
from DNA in parallel by alternative repair pathways (8â€”11).

In mammalian cell lines, elevated AT levels confer increased ccl
lular resistanceto the cytotoxic effects of methylating and chloroethy
lating agents (12, 13), and depletion of cellular AT activity by@
methylguanine or 06-benzylguanine sensitizes mammalian cells to
BCNU (14â€”16).

The development of sensitive mAb-based immunoassays has al
lowed the measurement of the repair kinetics of specific DNA alky
lation products in small samples of biopsy material at the single-cell
level (ICA; Ref. 17). The application of ICA has revealed broad
interindividual variation in the repair of O@-EtGuain normal and in
CLL lymphocytes (11) and a significant correlation between individ
ual repair capacity and the resistance of cells to different mono- and
bifunctional alkylating agents in vitro. Furthermore, CLL lympho
cytes from patients nonresponsive to chemotherapy exhibited fast
repair kinetics for 06-EtGua in DNA (18).

The loss or overexpression of other proteins involved in DNA

repair, such as the damage recognition protein XP-A (19), 3-methy
ladenine DNA glycosylase (20), the ERCC1 protein (21), or DNA
topoisomerase H a (22), has also been shown to modulate cellular
sensitivity to DNA damaging agents. However, it is not yet clear
whether increased expression of DNA repair genes in primary cells is
responsible for clinical resistance. Expression analyses of distinct
repair proteins (e.g., ERCC1) in tumor cells have revealed contradic
tory results (23â€”25).Some observations indicate that imbalanced
activities of DNA proteins might sometimes even sensitize cells to
DNA reactive agents. Thus, enhanced expression of proteins cata
lyzing early steps of DNA repair, e.g., 3-methylademne DNA glyco

sylase, resulted in reduced, rather than increased, resistance of ham
ster cells to monofunctional alkylators (26).

It has only recently been realized that, in addition to primary
reaction products of anticancer drugs with DNA, the persistence of
secondary damage induced in the course of DNA repair also may
contribute to the cytotoxic potential of alkylating agents. For instance,
functional defects downstream of damage recognition and damage
excision steps in distinct repair pathways can lead to significant

sensitization of mammalian cells to alkylating drugs. Cells lacking
either the apurinic/apyrimidinic endonuclease HAP1 (27), which is
involved in the processing of abasic sites in DNA, or DNA polym
erase /3 (28), which is responsible for filling in repair patches in the
BER pathway, both exhibited reduced resistanceto the cytotoxic
effects of alkylating agents.

These observations suggest that the imbalanced expression of sin
gle components of a given repair pathway can lead to a prolonged
persistence of â€œrepairgapsâ€•in DNA and significantly augment the
cytotoxicity of DNA-reactive drugs. However, very little information
is available on rate-limiting step(s) along distinct repair pathways and
on the (co)-regulation of their various components, particularly in
primary tumor cells.

Therefore, in addition to the kinetics of adduct elimination, the

DAPI, 4',6-diamidino-2-phenylindole;MX, methoxyamine;NER, nucleotideexcision
repair; TRITC, tetramethyl-rhodamine isocyanate; XP, xeroderma pigmentosum.

ABSTRACT

Recent evidence has linked cellular DNA repair capacity to the chemo

sensitivity of cancer cells to alkylating agents. Using single-cell gel elec
trophoresis (â€œcometassayâ€•),we have analyzed the induction and differ
ential processing of DNA damage in human lymphocytes derived from
healthy donors and from patients with chronic lymphaticleukemia(CLL)
after exposure to N-ethyl-N-nitrosourea in vitro.

The extent of comet formation in lymphocytes after N-ethyl-N-nitro
sourea exposure appears to depend predominantly on the processing of
DNA repair intermediates, because strand breaks in plasmid DNA were
not Induced by ethylation before the addition of nuclear proteins. Al
though the Initial level of a specific alkylation product (O6-ethylguanine)
in nuclear DNA was uniform, different dose-responsecurves were ob
tamed for the comet size in individual cell samples immediately after
exposure, with small intercellular variation. The individual kinetics of
DNA repair varied significantly between specimens derived from both
healthy individuals and CLL patients for the DNA repair half-time (t@,,J,
large difference was found.

Pretreatment of cells with methoxyamine as a DNA repair modifier
blocking the base excision repair pathway revealed a quite similar extent
of base excision repair-Independent DNA incision in almost all normal
lymphocyte samples. In contrast, this portion varied relatively and abso
lutely to a great extent among individual samples of CLL lymphocytes,
suggesting a loss of stringent control of DNA repair processes in these
cells. The comet assay can thus be used to gain information about inter
individual variation in the efficiency of different DNA repair processes in
small samples of normal cells and their malignant counterparts.

INTRODUCTION

Primary or acquired resistanceof cancer cells to the cytotoxic effect
of chemotherapeutic drugs represents a major obstacle in clinical
oncology. A variety of different mechanisms can contribute to cellular
resistanceto DNA-reactive anticancer drugs, among them drug export
and detoxification, but also efficient repair of drug-induced DNA
damage (1â€”3).Alkylating agents such as N-nitrosoureas, procarba
zinc, chlorambucil BCNU (1,3-bis(2-chloroethyl)-1-nitrosourea), or
cyclophosphamide each form a spectrum of different adducts via
covalent bonds to nucleophilic sites in DNA (4). The relative contri
bution of specific monoadducts or secondary DNA cross-links to the
cytotoxic effect of a drug is, in most cases, not well understood.
N-alkyl-N-nitrosoureas or dacarbazine form at least 12 different alky
lation products in nuclear DNA (5, 6). 06-Alkylguanine, a major
cytotoxic alkylation product, is repaired in DNA by a specific suicide
protein, AT3 (EC 2.1.1.63; Ref. 7). Larger alkyl residues attached to
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Table1 initialformationandpersistenceofcometsin individuallymphocytesaftera20-mm
exposure to EtNU in vitroTime

forComet
sizE' Cometsizea so@repair Repair

Donor (EtNU t0) (EtNU t0 + MX) (mm)phenotypeâ€•Normal

lymphocytesNL400
235 51 35MediumNL

459 148 50 40MediumNL
467 74 60 90DelayedNL479

242 49 15MediumNL557
52 18 12FastNL

638 69 65 110DelayedNL
639 167 47 240SlowCLL

lymphocytesCLL41I
138 9 45MediumCLL

475 97 0 30MediumCLL476
157 0 10FastCLL

509 267 230 65SlowCLL
527 218 188 60SlowCLL531

263 163 41MediumCLLS36
184 51 66SlowCLL538
189 69 47MediumCLL58O
125 92 31MediumCLL

595 70 16 25MediumCLL596
117 11 22MediumCLL612
26 0 12FastCLL

631 263 57 15MediumCLL632
315 101 39MediumCLL700
42 0 11Fasta

The comet size describes the relative increase in the area of nuclear DNAinEtNU-exposed

cells (%) comparedwith untreatedcells from thesamedonorin thesameexperiment.

b The repair phenotype was determined based on individual kinetics of comet forma

tion and its persistenceafter exposureto EtNU.

DNA REPAIR PROFILES OF PERIPHERAL HUMAN LYMPHOCYTES

measurement of DNA strand-break processing is important for the
understanding of the role of DNA repair processes in relation to the
chemosensitivity of cancer cells.

The single-cell gel electrophoresis (comet) assay is a rapid and
sensitive method for the detection and quantitation of nuclear DNA
fragmentation in individual cells (29, 30). The comet assay can be
adapted to measure DNA repair in lymphocytes or in cell lines
(31â€”34).Using this method, we have analyzed intercellular and in
terindividual variation in DNA repair in specimens of normal and
CLL human lymphocytes.

MATERIALS AND METHODS

EtNU (Serva, Heidelberg, Germany) was recrystallized twice and stored in
DMSO as a stock solution (100 mg/mI) at â€”20Â°C.Before use, the EtNU
concentrationwasmeasuredby UV spectroscopy(A = 236nm) in MESbuffer
(60 mi@iNaC1, 1 mM 2-morpholino-ethanesulfonic acid, and 0.5 m@iEDTA, pH

6). Thedecompositionrateof EtNU at 37Â°Cin PBS(PBSsupplementedwith
25 mi@iHEPES,pH 7.25)wasdeterminedspectrophotometrically(35).

MX (Sigma, Deisenhofen, Germany) was prepared as a stock solution in

sodium phosphate buffer (100 mr@i,pH 7.25) and stored at â€”20Â°C.Agaroses

(SeakemLE and NuSieveGTG for the comet assay,and Biozyme DNA
agarosefor the plasmid relaxation assay)were purchasedfrom Biozyme
(Hameln, Germany).

Mouse anti-(06-alkyl-2'-deoxyguanosine) mAb EM-2â€”3(36) was purified
from cell culturesupernatantby FPLC-separationusingMonoQ andMono S
columns(Pharmacia,Uppsala,Sweden).Secondary(anti-mouse)antibodies
[IgG F(ab')2 fragmentslabeledwith TRITC] were obtainedfrom Dianova
(Hamburg, Germany).

Preparation ofLymphocytes. Lymphocytes were isolated from peripheral
blood obtained from seven healthy donors and from 15 patients with CLL

beforechemotherapyandanalyzedon thesameday.Sampleswerenumbered
sequentiallyfor normalandCLL lymphocytes(seeTable 1).

Briefly, heparinized blood (10 ml) was layered onto lO-ml Ficoll-Hypaque
andcentrifugedfor 25 mm at 200 X g at room temperature.Cells from the
interface were removed, washed twice with PBS, and resuspended in pre
warmed RPM! 1640 supplemented with 10% FCS. The resulting cell suspen

sions contained >90% lymphocytes, as confirmed by light microscopy, and
>95% of all cells were in G1/G0(FACS analysis). All clinical specimens were
isolated from patients with B-CLL, as determined by immunophenotyping
carriedoutat first presentation.Lymphocyteswerekeptin RPMI 1640at37Â°C
in a humidifiedatmospherecontaining5% CO2.

Exposure to EtNU. Cells were washed once with prewarmed PBS and
resuspended in PBS supplemented with Ca2@,Mg2@,and HEPES (25 nmi, pH
7.25). EtNU was added from the stock solution at various concentrations,and
thecellswereincubatedat37Â°Cfor 20mm.Cellswerethenwashedtwicewith
PBSandresuspendedin prewarmedRPMI 1640supplementedwith 10%FCS.
Cell aliquotswere takenimmediatelyandat severaltimesafter EtNU treat
ment.Whereappropriate,cellswerepreincubatedwith RPMI 1640containing
MX (5 mM) 1 h beforeEtNU exposureandthroughouttheexperiment.

Comet Assay. The comet assay was performedessentially as described
(29). Briefly, afterexposureto EtNU, cells werewashedtwice with ice-cold
PBSandadjustedto5 X l0@cells/@l.Aliquotsof 10pJweresuspendedinlow
meltingpointagarose(0.5%).Cellswereimmediatelyspreadontofully frosted
microscope slides precoated with a thin layer of 0.7% LE agarose by placing
a coverslipon top of thedrop.A top layerof 0.5%low meltingpoint agarose
was used as a cover. Cells were lysed in situ by placing the slides into lysis
buffer [2.5 M NaC1, 100 mt@EDTA, 10 mr@iTris, 10% DMSO, 1% Triton
X-lOO, and 1% sodium sarcosinate (pH 10)] at 4Â°Covernight. Slides were
washedtwiceandkeptin analkalinesolution[300mMNaOHand1mMEDTA
(pH 12)] for 20 mm at 4Â°Cto denaturetheDNA. Slideswerethensubjected
to alkaline electrophoresis (solution as above; 20 mm at 4Â°Cand 4 V/cm),
neutralized 3 X 10 mm in Tris-HC1 (0.4 M; pH 7.5), and stained with ethidium

bromide (2 @g/ml).
hnmunofluorescence Staining. lmmunofluorescence staining of 06-Et

Gua in the nuclear DNA of single cells was performed essentially as described

(18). Briefly, cells were spreadon microscopeslides, air dried, fixed in
methanolfor 15mm at roomtemperature,rehydratedin 2X SSCbuffer (300
mM NaCl and 30 mM sodium citrate), and treated with RNases (RNase A, 200

@xg/ml;RNase T, 50 units/ml) for 1 h at 37Â°C.Cells were then washed with
0.14M NaCI,andtheDNA waspartly denaturedby alkali treatment(NaOH,
70 mt@iin 0.14M NaCl, 5 rain, 0Â°C).After two rinseswith PBSandpreincu
bation with PBS containing 20% BSA for 20 mm at room temperature, cells
wereincubatedwith (anti-O@-alkylguarnne)mAbEM-2â€”3ataconcentrationof
0.2 @xg/mlin PBS and 1% BSA for 16 h at 4Â°C.Slides were then washed twice

with PBS and stained with goat anti-mouse antibodies [immunoglobulin
F(ab')2 fragments conjugated with TRITC; 2 @xg/mlPBS/BSA] for 3 h at room
temperature. The nuclear DNA was counterstained with the fluorescent dye
DAPI (3 X iOâ€”@M in PBS; 10 mm). To reduce fading of fluorescence, slides
were then covered with a solution containing 50 mi@iTns-HC1, 33 nmi 1,4-
dithioerythritol, 30% glycerol, and 10% Elvanol in PBS (pH 8.2).

Quantification of fluorescence Signals in the Nuclear DNA of Individ
nal Cells (ICA). A Zeiss fluorescence photomicroscope (Axioplan) equipped
with anHBO 100W mercuryarclampandZeissstandardfilter combinations
2 (for DAPI), 14(for TRITC),and15(for ethidiumbromide)wereusedfor the
visualizationof fluorescenceof the individualcells.Fluorescencesignalswere
amplified and recorded by a dual-mode charge-coupled device camera (Pho
tonics, Hamamatsu City, Japan) and fed into a four-parameter image analysis
program(ACAS Cytometry Analysis System;Ahrens Electronics,Bargte
heide, Germany). This program performs integration of fluorescence images
with low signal-to-noiseratios. Thresholdswere set to discriminateback
ground from DNA staining signals and to determine the image points to be
includedin theevaluation.Averagefluorescencevalueswerecomputedfrom
the fluorescence intensities of 100â€”150individual nuclei.

Detection ofAbasic Sites and Single Strand Breaks. The integral amount
of DNA damage in single cells was determined with the comet assay by
measuring the total area of nuclear DNA and the fluorescence intensity by
image analysis. Thresholds were defined to give homogeneously positive
integratedareasthroughoutindividualcomets.Comet-relatedDNAdamageis
expressed as the relative increase in the areaof nuclear DNA in EtNU-exposed
cells compared with the area of untreated cells from the same donor in the
same experiment.

Measurement of O'-EtGua. The amount of O@-EtGua residues in the
nuclear DNA of single cells was determined after intensifying DNA-DAPI and
antibody-TRITCfluorescencesignals.In particular,antibody-and DNA-dc
rived fluorescencefrom the samecell can be processedseparatelyor in
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parallel. The selected pixels were expressed as the integrated values (Average
signal X Numberof selectedpixels) for eachnucleus,andantibody-derived
signalswerecorrectedfor nuclearDNA content.

DNA Relaxation Assay. SuperhelicalPM2 plasmid DNA was used to
detect single strandbreaks inducedby DNA-reactive agentsor by repair
proteins,basicallyas described(37). Briefly, ethylatedPM2 DNA waspre
paredby mixing DNA [in 10mMThs-HCI and 1 mrviEDTA (pH 7.5)] with
EtNU at a ratio of 1:15in sodiumphosphatebuffer (100 nmi; pH 7.25)and
incubatingfor 1 h at 37Â°C.

Nuclearextractswerepreparedfrom individual samplesof isolatedlym
phocytes as described (38). In brief, cells were washed with ice-cold PBS,
suspended in lysis buffer [0.6% NP4O, 300 nmi sucrose, 50 mi@iNaCI, 10

HEPES, 1.5 mM MgC12, 1 mM EDTA, 0.25 mi@iEGTA, 0.5 nmi DU, and the

proteaseinhibitorsphenylmethylsulfonylfluoride(0.5 mM),benzamidine(0.1
mM), pepstatin A (0.1 mM), and leupeptin (0.1 mM)], and chilled on ice for 5

mm. After centrifugation (2 X 10 mm, 120 X g, 4Â°C),the pelleted nuclei were
resuspended in elution buffer (25% glycerol, 500 mi@iNaCl, 10 mivi HEPES,
1.5 mt@sMgCl2, 0.1 mM EDTA, 0. 1 mM EGTA, 0.5 mM Dli', and protease

inhibitors as above).Extraction of proteins was performedwith constant
agitationfor 1 h at 4Â°C.After centrifugation,thesupernatantwasdialyzed(5
h at4Â°C;buffer exchangeafter 1h) againsta buffercontaining20%glycerol,
50mMNaG, 10mMHEPES,0.5mrviD'VF,andproteaseinhibitors(asabove).
Aliquots of the nuclearextractswerefrozenin liquid nitrogenandstoredat
â€”80Â°C.

The incision capacitiesof nuclearextractswere determinedin the DNA
relaxation assay by incubating 140 ng of ethylated DNA (500 @xgEtNU/mI)
with 250ngof proteinof nuclearextractsfrom individualsamplesat 37Â°C.In
someexperiments,MX wasaddedto the reactionmixtureat a final concen
tration of 5 mM, before the nuclear extracts. Samples with and without MX
wereincubatedin parallelfor different time intervals.

The reaction was terminated by adding a loading buffer at a ratio of 1:6

(15% Ficoll, 0.25% xylene cyanol FF, 0.25% bromphenol blue, 6 m@iEDTA,
and3% SDS)andchilling the mixtureon ice. Superhelicalandnickedforms
of PM2 DNA wereseparatedby agarosegel electrophoresis(0.5%agarose;4
V/cm, 2 h). The DNA wasstainedwith SYBRGreenI (MoBiTec,Gottingen,
Germany). Photographs of the gels were evaluated densitometrically, and the
relative amount of relaxed plasmid molecules was calculated.

RESULTS

Analysis at the Single-Cell Level

Dose-dependent Induction of DNA Lesions. Normal and CLL
lymphocytes were analyzed for the increase in electrophoretic mobil
ity of nuclear DNA (comet formation) after exposure to various
concentrations of EtNU. Different dose-response curves were ob
tamed for individual cell samples (Fig. lB). Although considerable
intercellular variation in comet formation at a given EtNU dose was
observed per sample (coefficient of variation, 7.2â€”26.5;Fig. lA),
repeated analyses of lymphocytes isolated from the same donor at

different times revealed very similar mean values (Fig. 1B).
To test for the possibility that the interindividual variation of comet

formation was due to different levels of initial DNA ethylation,

06-EtGua levels were measured in lymphocytes from two donors
using immunofluorescence staining with an O@-EtGua-specificmAb
(Fig. 10. Contrary to the results obtained with the comet assay,these
cell specimens showed no significant differences in O@-EtGualevels.
The majority of DNA lesions contributing to comet formation thus
appear to be induced by cellular repair mechanisms rather than by the
primary DNA alkylation products.

DNA Repair Kinetics as Determined by the Comet Assay. By
monitoring the kinetics of comet formation after a 20 mn-exposure to

EtNU, distinct individual â€œcometkineticsâ€•were found in lymphocytes
isolated from seven healthy donors and from 15 CLL patients. The
comet kinetics revealed significant differences in both normal and
CLL samples (Fig. 2 and Table 1). There were no hints that apoptotic
features interfered with the repair-induced comet formation during the
observation time.

In normal lymphocytes, four distinct types of comet kinetics were
monitored (Table 1, NLs, and Fig. 2A).

(a) In cells from three donors, rapid restoration of intact DNA was

observed (e.g., NL 459). In these samples, the number of initial DNA
strand breaks was high immediately after exposure to EtNU; however,
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Fig. 1. Interindividual variationsof comet for
mation and O@-EtGuain nuclearDNA of normal
humanlymphocytes(NL) after a 20-mmexposure
to differentconcentrationsof EtNUin vitro.A,
intercellular variations are shown by histograms of
cometsizedistributionof 150cellsperEtNUcon
centrationandtwo individual lymphocytesamples
(NL 459 and NL 638) representing intercellular
variation.The areaof DNA fluorescencewas de
termined by image analysis. B, interexperimental
variationsof EtNU concentration-dependentcomet
formation in cells of two individual NL samples
(NL 459; NL 638) after a 20-mn exposure to
EtNU. The areaof stainednuclearDNA (meanof
150cells)is givenastheincreaserelativeto un
treatedcontrolcells.Bars,SDfrom threeindepend
entexperiments.C, O@-EtGuain the nuclearDNA
of normalhumanlymphocytesafter 20 mm of cx
posureto differentconcentrationsof EtNU in vitro.
DNA adduct levels were determinedby immuno
fluorescenceanalysis (ICA; see â€œMaterialsand
Methodsâ€•)in cells from two individuals (NL 459
andNL 638;meansandvariationsfromeach100
cells per EtNU concentration).
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Incubation time [mm]
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Fig. 2. Kineticsof the formationandpersistenceof cometsin lymphocytesfrom individual donorsduring andafter exposureto EtNU in vitro (for experimentalprocedureand
analysis,seeFig. 1).A, normal lymphocytes(100 @sgEtNU/ml); B, CLL lymphocytes(150 @xgEtNU/ml).
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most comet-relevant lesions were repaired within the first 30 mm after
drug exposure.

(b) Lymphocytes from one specimen (NL 557) revealed small
initial comets and exhibited rapid elimination of strand breaks within
15mm.

(c) One sample (NL 639) showed a high number of DNA strand
breaks immediately after exposure to EtNU, which did not decrease
for 60 mm. Lesions were still detectable at 6 h after carcinogen
exposure (data not shown).

(d) Lymphocytes from two donors (NL 467 and NL 638) exhibited
a delayed lesion-processing phenotype. These cell sampleswere char
acterized by increasing comet size@ 1 h after drug exposure, before
the comet area began to decrease. Different steps of the damage
processing pathways thus may be rate-limiting in cells from individual
donors, i.e., early steps in NL 638 cells or late steps in NL 639 cells.

Lymphocytes from CLL patients were analyzed in the sameway. In
contrast to normal lymphocytes, however, an EtNU concentration of
150 ,@Lg/mlwas necessary to induce significant comet formation.
Three types of kinetics were observed (Fig. 2B). (a) The majority of
samples (n = 8) exhibited >50% enlargement of initial comet size
after EtNU exposure and a medium elimination rate of DNA lesions,
as seen in CLL 631. (b) Three cell samples (e.g., CLL 612) revealed
small initial comets, and subsequently very rapid DNA strand-break
processing. Restoration of intact genomic DNA was completed within
15â€”30mm. (c) A completely different repair phenotype was measured
in three other samples of CLL lymphocytes. These cells revealed a
relatively large comet size (>200%) immediately after EtNU expo
sure and only a small reduction in size over 30 mm (e.g., CLL 632).

The reproducibility of repair kinetics has been demonstrated by
repeated repair analyses of lymphocytes from healthy donors in in

dependent experiments. On the basis of this individual kinetics of
comet formation and persistence, individual repair phenotypes were
classified (Table 1). The comet repair half-time (t1,@)might be a useful
parameter to correlate the individual processing of DNA strand breaks
to other cellular features.

Additionally, we analyzed cells within the 20 mm of EtNU expo

sure to test for comet-relevant DNA lesions during this time period
(Fig. 2, A and B). Interindividual differences were also found during
this time, further substantiating the assumption that large interindi
vidual differences in strand-break induction and processing exist in
normal and in CLL lymphocytes.

Influence of MX. The relative contribution of different DNA
repair pathways to comet formation was evaluated by preincubating
lymphocytes with MX before EtNU exposure. MX reacts with abasic

sites in DNA, protecting these from enzymatic or alkali-induced
conversion into strand breaks (39). Comet areas were significantly
reduced by MX in all samples of normal lymphocytes compared with
cells exposed to EtNU only (Fig. 3A). This indicates that most of the
strand breaks detected with the comet assay are induced by DNA
glycosylases via the BER pathway, or as a result of mismatch recog
nition. The remaining level of strand breaks was quite similar in

almost all normal lymphocyte samples, and is most likely induced by
glycosylase-independent DNA repair (such as NER or mismatch
recognition and incision).

CLL lymphocytes also showed reduced comet areas after pretreat
ment with MX. However, in contrast to normal cells, the reduction by
MX (ranging from 20 to 90%) and the remaining DNA strand breaks
varied greatly between individual samples (Fig. 3B). The presenceof
MX during EtNU incubation did not significantly change the initial
formation of DNA ethylation products as proven by ICA determina

tion of 06-EtGua (data not shown).

Analysis of DNA Lesions Induced by EtNU in Vitro

Induction of Abasic Sites and Single Strand Breaks in DNA. To
substantiate the above findings, a cell-free DNA relaxation assay was

used to quantify the frequency of incision of EtNU-treated DNA by
nuclear enzymes from lymphocytes. The induction of single strand
breaks and abasic sites was measured as a function of EtNU concen
tration. No significant induction of strand breaks was found up to 250
,.Lg of EtNU per milliliter. At higher concentrations, the frequency of

single strand breaks and abasic sites proved to be strictly dose de
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Fig. 3. Suppressionof EtNU-inducedcometsin individualsamplesof normal(A) andCLL (B) lymphocytesby pretreatmentwith MX. Cellswereexposedfor 20 rain to EtNU alone
(white bars; seeFig. 2) or preincubatedwith MX (5 nma)for 1 h before EtNU and throughoutthe experiment(black bars). Comet formation was measuredas describedin Fig. 1.

pendent (Fig. 4, A and B). Statistically, four DNA alkylation products
are induced per 10 kb of DNA ethylated with 500 @.tgof EtNU per
milliliter (6). Single strand break-induced conversion of supercoiled

to-relaxed DNA was found in 9.2% of all plasmids; abasic sites were
formed in 15.3% of plasmid molecules.

Incision Capacity of Nuclear Extracts in Ethylated DNA. The
DNA relaxation assay was used to determine the capacity of nuclear
extracts from human lymphocytes to incise DNA as the initial stepsof

excision repair. Ethylated DNA (500 p@gof EtNU/ml) was incubated
with nuclear extracts and analyzed for single strand breaks, as de
scribed above. Nuclear extracts from lymphocytes isolated from three
healthy individuals and from three CLL patients (selected from dif
ferent comet assay kinetic categories) were analyzed (Fig. 5). Incision

was determined after various incubation times up to 1 h, using
concentrations of extracts exhibiting no detectable incision in non
ethylated DNA. In general, nuclear extracts from CLL lymphocytes
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extracts in vitro are due to the complex cooperation of DNA repair
components in intact cells as opposed to plasmid DNA.

DISCUSSION

In the present study, we have applied the single-cell gel electro
phoresis (comet) assay to measure the kinetics of DNA modification
and repair in normal and malignant human cells after in vitro exposure
to EtNU as a standard alkylator. As a model for primary tumor cells
and their normal counterparts, we have analyzed individual samplesof
CLL lymphocytes from patients and compared them with normal
lymphocytes from healthy donors. EtNU has the following advantages
over clinically used DNA-reactive drugs. (a) Intercellulary, EtNU
decomposes spontaneously and rapidly to a reactive intermediate
(t1,@ = 7.7 mm; Ref. 35). (b) All 12 ethylation products formed in

DNA by reaction with EtNU occur in constant proportion and are well
characterized (6). (c) Highly specific mAbs and sensitive immunoas

says are available for the quantification of several of these DNA
adducts (40, 41).

Besides primary DNA damage resulting in DNA fragmentation,
intermediates (i.e., abasic sites, strand breaks, repair-induced gaps) in
cellular repair processesappear to be an important, if not dominant
cause of comet formation. This notion is based on three observations.
(a) Although the initial level of alkylation products in nuclear DNA
was uniform, different dose-response curves for initial comet sizes
after 20 mm of EtNU exposure were found in individual cell samples
(Fig. 1B). (b) Furthermore, the kinetics of comet formation during the
incubation with EtNU were different in individual samples (Fig. 2).
(c) Strand breaks were not induced by ethylation of plasmid DNA in
vitro in the absenceof nuclear proteins (Fig. 4A).

These results support the validity of the comet assayas an indicator
of DNA strand breaks associatedwith cellular DNA repair processes.
This conclusion is further strengthenedby results of comet analysesof
mammalian cell lines exposed to different DNA damaging agents (32,
42, 43).

Clear evidence for the detection of DNA repair intermediates by the
comet assay was demonstrated in primary human cells (normal and
XP lymphocytes) exposed to UV-C, in which comet formation was
only observed in NER-proficient cells (33). In contrast to the latter
study, in which uniform amounts of DNA repair intermediates were
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Fig. 5. Time-dependent induction of single strand breaks in ethylated plasmid DNA
after addition of nuclear proteins from individual samples of lymphocytes. Nuclear
proteins (250 ng) extracted from normal (open symbols) or CLL (closed symbols)
lymphocyteswereincubatedwithEtNU-pretreated(1 h; 500 @g/ml)PM2DNA for
different times. The number of strand breaks per DNA molecule was determined as
describedin Fig. 4. Resultsrepresentmeansof threeexperiments.

showed faster induction of single-strand breaks than extracts from
normal lymphocytes. Extracts from CLL lymphocytes completely

converted EtNU-treated DNA to the relaxed form within 10 mm (Fig.

4B). No significant interindividual differences in incision capacity
were seen in three cell samples belonging to different types of comet
kinetics (Fig. 5). Extracts from normal lymphocytes induced single
strand breaks with significantly slower kinetics (Fig. 5).

Influence of MX on Incision Capacity in Vitro To demonstrate
the contribution of apurinic/apyrimidinic endonuclease(s) to the mci
sion reaction, DNA was incubated with MX before the addition of
nuclear extracts. The presence of MX reduced the frequency of
repair-induced DNA strand breaks in all samplesby 10â€”50%(Fig. 6).

The differences observed in the response of DNA repair to MX
between intact cells in vivo and isolated DNA incubated with cell
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Fig. 6. Effect of MX on the inductionof single
strandbreaksin ethylatedDNA in vitro by nuclear
proteins from lymphocytes. EtNU-treated PM2
DNA (140 ng) was incubatedwith 250 ng of pro
teins extracted from individual samples of normal
(A) or CLL (B) lymphocytesfor up to 1 h, respec
tively, with or without prior addition of MX (5 mM)
to the incubation mixture. Analysis and calculation
of strandbreakswereas in Figs.4 and5.
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found in several cell samples, individual specimens showed large
interindividual variations of the kinetics of comet formation after
exposure to EtNU in the present experiments (Table 1, Fig. 2). These
observations may indicate considerable interindividual variation in the
DNA repair capacity of human lymphocytes and CLL cells. Recently,
similar interindividual differences were found in human lymphocytes
exposed to y-radiation (44).

To substantiateour findings, we used a plasmid-relaxing assay to
determinecellular incision capacities.Differential incision kinetics were
found for individual extracts from normal or CLL lymphocytes. A similar
degree of variation (up to a 10-fold difference in repair capacity between

individual cell samples)had beenmeasuredpreviously by the single-cell
ICA for theeliminationof O@-EtGuafromthenuclearDNA of nonnalor
CLL lymphocytes (11, 18). It is worthwhile to note that t1,@repair times
for comets were short compared with adduct half lives (11).

In contrast to DNA adduct-specific assays, the comet assay may
particularly well reflect dynamic intermediate states of DNA repair
processes. The absence of mobile DNA fragments (comets) does not

necessarily indicate complete repair of all cytotoxic DNA damage in
a given nucleus, but rather the actual absenceof repair intermediates.
Both the extent and kinetics of comet formation are influenced by the
agent-specific spectrum of primary DNA lesions, by the involvement
of distinct repair pathways, and by the relative expression/activity of
individual components involved in these pathways.

Although many DNA-reactive anticancer drugs are bifunctional
compounds, it is advantageousto apply simple monofunctional alky
lating agents such as EtNU in repair analyses using the comet assay.
Increased DNA fragment mobility can then be directly correlated to
repair incision and is not counteracted by interstrand cross-linking.

N-alkyl-N-nitrosoureas form about a dozen different reaction prod
ucts in DNA, and an EtNU concentration of 100 p,g/ml, as applied in

the present study, is known to produce a total of â€”250,000DNA
adducts per diploid genome. Of these,ethylphosphotriesters represent
â€”55%(6). They are chemically and biologically stable (45) and do
not contribute to comet formation under the experimental conditions
used here (42). The other major N and 0 alkylation products formed
in DNA after exposure to EtNU are 7-EtGua (â€”16%),3-ethyladenine
(â€”5%),06-EtGua (â€”12%),02-ethylthymine (â€”7%),and 04-ethyl
thymine (â€”3%).

N-ethylation products are substrates for BER initiated by the
3-methyladenine DNA glycosylase (20) and, in parallel, for NER (46),
both contributing to comet formation via DNA repair-induced inter
mediates. 06-EtGua is eliminated from DNA via one-step repair by
AT, which is comet neutral, and to some extent by one of the excision
pathways (11, 47). There is increasing evidence that DNA basepairs
containing 06-alkylguanine opposite to thymine or cytosine (as in the
nonreplicating lymphocytes in this study) may be recognized by
mismatch repair systems, hMLH1-dependent pathways, and glycosy
lase-mediated activities (48â€”50).Recent mutation analysis in mam
malian cells have provided indirect evidence suggesting that O2@

ethylthymine may be efficiently repaired in the transcribed strand of
active genes via NER (51). Moreover, an unidentified mechanism has
been postulated for incision of the DNA strand opposite 04-alkylthy
mine residues (52). In summary, at least one-third of all EtNU
induced ethylation products in nuclear DNA can give rise to repair
mediated incision (via different mechanisms) and thereby contribute
to comet formation.

The application of repair modifiers inhibiting distinct steps within
the repair network allows us to estimate the relative contributions of
specific pathways to the processing of EtNU-induced DNA damage.
Thus, inactivation of cellular AT pools by 06-benzylguanine leads to

an increased comet size after EtNU exposure.4 Blocking DNA mci
sion via BER by MX (39, 53) resulted in reduced DNA mobility in all
cell samples (Fig. 3 and Table 1). Thus, variation of comet formation

between individual samples of normal lymphocytes is modulated
predominantly by the BER activity of cells, indicating a relatively
constant contribution from the other excision repair pathways (Fig.
3A). It is interesting that this situation appears to be significantly
different in malignant cells. Both the absolute repair activity and the
relative proportion of BER-independent incision contributing to total
comet formation varied considerably between individual samples of
CLL cells (from â€”20to â€”90%;Fig. 3B), indicating a loss of stringent
control of the expression of (rate-limiting) components within the
DNA repair network. A similar observation, abrogation of the coregu
lation of genesencoding key elements of the NER pathway, has been
reported for primary human brain tumor cells compared with their

normal counterpart cells (54). Relaxed control of repair gene expres
sion in malignant cells, in combination with the selective pressure of
DNA-reactive anticancer drugs, can lead to preferential growth of cell
subpopulations with increased repair capacity and higher drug resist
ance (as demonstrated for chemotherapy-resistant lymphocytes from
CLL patients; Ref. 18). Therefore, it might be interesting to analyze
normal and malignant cells from the same patient.

In conclusion, we have shown that the comet assay is a useful tool
to gain information on intercellular and interindividual variations of
cellular DNA repair capacity in small samplesof cells. Further studies
need to show how individual repair profiles correlate to cellular
chemosensitivity and to clinical outcome. The application of repair
modifiers may provide further insight into the fine structure of DNA
damage processing by normal and malignant cells and may help to
identify distinct steps/components of defined DNA repair pathways as
possible targets for overcoming cancer therapy resistance.
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