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DNA end-labeling procedures were used to analyze both the frequency and distribution of DNA strand
breaks in mammalian cells exposed or not to different types of DNA-damaging agents. The 3* ends were labeled
by T4 DNA polymerase-catalyzed nucleotide exchange carried out in the absence or presence of Escherichia coli
endonuclease IV to cleave abasic sites and remove 3* blocking groups. Using this sensitive assay, we show that
DNA isolated from human cells or mouse tissues contains variable basal levels of DNA strand interruptions
which are associated with normal bioprocesses, including DNA replication and repair. On the other hand,
distinct dose-dependent patterns of DNA damage were assessed quantitatively in cultured human cells exposed
briefly to menadione, methylmethane sulfonate, topoisomerase II inhibitors, or gamma rays. In vivo induction
of single-strand breaks and abasic sites by methylmethane sulfonate was also measured in several mouse
tissues. The genomic distribution of these lesions was investigated by DNA cleavage with the single-strand-
specific S1 nuclease. Strikingly similar cleavage patterns were obtained with all DNA-damaging agents tested,
indicating that the majority of S1-hypersensitive sites detected were not randomly distributed over the genome
but apparently were clustered in damage-sensitive regions. The parallel disappearance of 3* ends and loss of
S1-hypersensitive sites during post-gamma-irradiation repair periods indicates that these sites were rapidly
repaired single-strand breaks or gaps (2- to 3-min half-life). Comparison of S1 cleavage patterns obtained with
gamma-irradiated DNA and gamma-irradiated cells shows that chromatin structure was the primary deter-
minant of the distribution of the DNA damage detected.

DNA is intrinsically unstable: it undergoes spontaneous hy-
drolysis of labile N-glycosyl bonds, as well as oxidation and
nonenzymatic methylation at significant rates in vivo (47).
These processes are thought to contribute to mutagenesis,
carcinogenesis, and aging (2, 3) and are suspected to be am-
plified by a plethora of environmental pollutants. Reactive
oxygen species (ROS) such as superoxide radicals (O2

2) and
H2O2 are generated in all aerobic cells (19). Excess production
of these ROS by endogenous sources, for example, mitochon-
dria and activated leukocytes, or by exogenous sources such as
redox-cycling quinones (75) will exacerbate oxidative damage
to cellular DNA (33, 54). The toxicity of these ROS is thought
to result at least in part from their conversion to the highly
reactive hydroxyl radical by transition metal-catalyzed Fenton-
type reactions (4, 25). This radical is also formed by the inter-
action of ionizing radiation with water, e.g., within cells (78),
and is known to induce a broad spectrum of DNA lesions,
including base and sugar modifications, base loss, and DNA
strand breaks (8, 9). The most frequent lesions detected in cells
exposed to ionizing radiation are oxidized apurinic/apyrimidi-
nic (AP) (abasic) sites (27) and single-strand breaks, most of
which are terminated with blocked 39 ends in DNA irradiated
in vitro (9). AP sites are thought to be one of the most com-
monly produced DNA lesions (47), which may result from any
condition that leads to base modification (e.g., alkylation) and
involves base excision repair initiated by N-glycosylases (20). It
is thus not surprising that all organisms possess AP endonucle-

ases that hydrolyze abasic sites (13, 62, 79), thereby producing
transient DNA strand breaks. Some AP endonucleases, for
example, Escherichia coli endonuclease IV (46), also possess a
39-diesterase activity that can remove the blocked 39 ends of
DNA strand breaks resulting from oxidative damage. Both
cellular AP endonuclease and 39-diesterase activities produce
free 39-hydroxyl groups required for DNA repair synthesis by
DNA polymerases (13, 62).

Recent evidence suggests that protein-DNA interactions in
chromatin are likely to influence the frequency, localization,
and repair of DNA damage in vivo (31, 36, 49, 59, 65, 72).
Progress toward understanding the relationships between dis-
tribution of DNA damage, DNA repair, and chromatin struc-
ture is severely dampened by the combined difficulty of quan-
tifying DNA damage and assessing its relation to chromatin
structure. The fact that the quantification of DNA damage is
not an easy task is partly due to the large variety of lesions that
can be induced, e.g., by ROS (15, 25). Several techniques are
available to assess specific DNA lesions, including strand
breaks (5, 37, 67, 73, 77), AP sites (32, 38, 81), and base or
nucleotide modifications (15, 80, 82). Quantification of DNA
strand breaks plus AP sites is usually achieved by alkaline
unwinding (5, 67) or alkaline elution assays (37). However,
none of these techniques is suitable to investigate the distri-
bution of DNA damage along the genome. One recent ap-
proach based on ligation-mediated PCR was used with success
to measure the relative frequency of UV-induced specific le-
sions (21, 60) and oxidative base damage (64) at nucleotide
resolution in specific genes. This technique, however, is not
suitable to assess both the average frequency and global dis-
tribution of DNA damage in the genome.

In the study reported here, we have used a combination of
nucleases and DNA end labeling (i) to assess quantitatively the
induction of DNA strand breaks and AP sites in mammalian
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cells exposed or not to different types of DNA-damaging
agents and (ii) to analyze the distribution of these lesions in
their genome. DNA end labeling was carried out by T4 DNA
polymerase-mediated nucleotide exchange at 39 ends in com-
bination with the use of E. coli endonuclease IV to remove 39
blocking groups and cleave AP sites. This 39-end-labeling assay
was chosen for quantification of DNA strand breaks and AP
sites because the detection of single-strand breaks was found to
be remarkably more efficient with T4 DNA polymerase than
with terminal transferase (this study) or kinase to label 59 ends
resulting from oxidative damage. Earlier work had shown that
most 59 ends of DNA from irradiated cells could not be labeled
by kinase, even after treatment with alkaline phosphatase
(blocked 59 termini) (12). In contrast, we show that the nucle-
otide exchange assay provides a powerful tool to monitor DNA
damage and repair that occurred in cultured cells or in vivo.
On the other hand, the genomic distribution of DNA damage
resulting in single-strand breaks was investigated by use of the
single-strand-specific S1 nuclease. Strikingly similar nonran-
dom patterns of S1 nuclease-mediated DNA cleavage were
obtained with human cells and mice exposed to genotoxic
agents, irrespective of the type of agent used. The simplest
interpretation of our data suggests that the clustered distribu-
tion of single-strand breaks detected by S1 nuclease reflects
primarily higher-order chromatin structure.

MATERIALS AND METHODS

Cell culture and treatments. The cell line T47D-Hygro-3 is a hygromycin
B-resistant transfectant clone of human breast carcinoma T47D cells (54). Sim-
ian virus 40 (SV40)-transformed human WI38 fibroblasts (VA13), human fibro-
blasts (GM-1), and NIH 3T3 mouse fibroblasts were obtained from the American
Type Culture Collection (Rockville, Md.). The human neuroblastoma cell line
SK-N-BE(2)-M17 (9) was kindly supplied by J. Biedler. T47D-Hygro-3 cells were
grown in RPMI 1640 medium as previously described (54), and the other cells
were grown in Dulbecco modified Eagle medium. The media were supplemented
with 10% fetal bovine serum (Gibco BRL, Grand Island, N.Y.), 2 g of sodium
bicarbonate (Sigma, St. Louis, Mo.) per liter, 2 mM L-glutamine (Sigma), 0.1 mM
sodium selenite (Sigma), 100 ng of insulin (bovine pancreas; Sigma) per ml, 100
U of penicillin (Gibco) per liter, and 0.1 mg of streptomycin (Gibco BRL) per
liter. Cells were cultured in a humidified atmosphere in 5% CO2 and at 37°C. For
drug treatments, T47D-Hygro-3 cells were incubated at 37°C for 1 h in growth
medium supplemented with menadione (Sigma), streptonigrin (Sigma), methyl-
methane sulfonate (MMS) (Sigma) or VM-26 (a generous gift from Bristol-
Myers Co.) at the concentrations indicated in Results. The cells were then
washed twice with cold phosphate-buffered saline (PBS) before lysis and DNA
isolation. In gamma irradiation experiments, 50 to 70% confluent cells were
exposed to 60Co gamma rays at doses ranging from 0 to 500 Gy (116 rads/s) at
0°C (petri dish in ice-water bath). The cells were then lysed (see “DNA isolation”
below) either immediately following exposure or after various periods of incu-
bation at 37°C to allow DNA repair.

DNA isolation. Plasmid DNA was prepared by the sodium dodecyl sulfate
(SDS)-alkali lysis procedure followed by banding in cesium chloride-ethidium
bromide density gradients (68). Mammalian cell DNA was isolated by adding
directly to 50 to 70% confluent cells in 100-mm-diameter petri dishes 2 ml of 13
lysis buffer containing 50 mM Tris-HCl (pH 7.4), 1% SDS, 20 mM EDTA, 10 mM
deferoxamine mesylate (a chelator of Fe31) (Sigma), and proteinase K (0.5
mg/ml; Gibco BRL). After overnight digestion at 37°C in the petri dish, the
viscous lysate was transferred into two Eppendorf tubes by using a Pipetman and
wide-mouth 1-ml tips precut to minimize DNA shearing. Protein salting out was
carried out as described by Miller et al. (53) by addition of 1/3 volume of
saturated NaCl and efficient mixing. After centrifugation at 13,000 3 g for 15 min
at room temperature (RT), the DNA-containing supernatant was phenol ex-
tracted with 1 volume of phenol-chloroform saturated with NaCl, followed by
chloroform extraction and ethanol precipitation by gentle mixing with 2 volumes
of absolute ethanol at room temperature. The resulting DNA clot was immedi-
ately centrifuged down at 2,000 3 g for 3 min. After being washed with 70%
ethanol, the DNA pellet was resuspended overnight at 4°C in 0.4 ml of Tris-
EDTA (TE) (per petri dish) without agitation and then gently shaken by hand
intermittently and left for at least 2 days at 4°C for complete resuspension. The
DNA precipitated in this way contained very little RNA (,5%). Note also that
DNA samples were never vortexed and always treated so as to minimize physical
shearing, nor were they dessicated (to avoid oxidation). Controls indicated that
no relaxation of supercoiled Bluescript plasmid was detected after phenol ex-
traction and isolation as described above, whether the plasmid was or was not
treated with endonuclease IV before agarose gel analysis (42). Alternatively,

cellular DNA was prepared in agarose plugs to avoid DNA manipulation and
phenol extraction. Cells (1 3 105 to 1.5 3 105) were immobilized in 50-ml agarose
plugs of 0.75% low-melting-point agarose (Bio-Rad) in PBS and incubated for
16 h at 50°C in 0.4 M EDTA (pH 7.8)–1% SDS–10 mM deferoxamine–0.5 mg of
proteinase K per ml. The plugs were washed once in TE containing 10 mM
deferoxamine (TED), twice in TED containing 1 mM phenylmethylsulfonyl
fluoride to inactivate proteinase K, and twice in TED; each wash was for 1 h at
50°C in 5 ml. The DNA concentration (about 20 ng/ml in plugs) was measured
with a TKO 100 DNA fluorometer according to the instructions of the manu-
facturer (Hoefer Scientific Instruments, Mississauga, Ontario, Canada). Ex-
tracted DNA and DNA plugs were stored at 4°C. The DNA was analyzed by field
inversion gel electrophoresis (FIGE) according to the instructions of Hoefer
Scientific Instruments, using 20-cm-long 1% agarose gels in Tris-borate-EDTA
buffer, an electric field of 6.9 V/cm, a 28-h run time, a 1- to 50-s pulse time, and
a forward/reverse ratio of 3.0:1 (Switchback pulse controller).

Mouse liver DNA was extracted from 1-, 6-, 12-, and 20-day-old and 2- to
3-month-old C57BL6 mice (Charles River Laboratories, Inc., Wilmington,
Mass.). In some experiments, mice were injected with 200 mg each of cytosine
arabinoside (AraC) and hydroxyurea (Sigma) in PBS per kg 6 h before sacrifice,
in order to inhibit DNA synthesis. For induction of DNA damage in vivo, groups
of three mice were injected intraperitoneally (i.p.) with 1.4 mmol of MMS
(Sigma) per kg, or were not treated (controls), and sacrificed after 4 h. The mice
were killed by cervical dislocation by methodology approved by the Canadian
Council on Animal Care, and their livers were quickly removed and immediately
placed in ice-cold TE (on ice). A piece of tissue (;50 mg) was homogenized with
a potter glass frit at 0°C in 10 volumes of TE containing 10 mM deferoxamine
mesylate. The homogenate was lysed by addition of 1 volume of 23 lysis buffer
(see above) preheated to 50°C and was incubated at 37°C overnight. Protein
salting out and phenol-chloroform extraction were carried out as described
above. In some control experiments, cellular DNA was sheared extensively
through a U-100 insulin syringe (1 ml; 29 gauge; 1/2 in.).

DNA 3* end labeling. The DNA was 39 end labeled by a nucleotide exchange
reaction catalyzed by T4 DNA polymerase (7). DNA (200 ng) was incubated in
a reaction mixture, freshly prepared, containing 33 mM Tris-acetate, 66 mM
potassium acetate, 10 mM magnesium acetate (pH adjusted to 8.0), 0.5 mM
dithiothreitol, 0.1 mg of bovine serum albumin per ml, 100 mM each dATP,
dGTP, and dTTP, 0.165 mM [a-32P]dCTP {DuPont NEN; 300 Ci/mmol (the
3,000-Ci/mmol stock of [a-32P]dCTP was diluted 1:10 in 3.3 mM cold dCTP, and
1 ml was added to the incubation mixture}, and 0.5 U of T4 DNA polymerase
(Pharmacia), in a final volume of 20 ml, for 1 h at 37°C. The reaction was stopped
by heating for 5 min at 65°C. For determination of total radioactivity incorpo-
rated by dot filtration, 400 ml of AFPE buffer, containing 0.3 M ammonium
formate, 0.1 M sodium pyrophosphate, and 1 mM EDTA (pH 7.8), was added at
RT to each sample. Each DNA sample was then deposited on a preequilibrated
NA-45 DEAE membrane (Schleicher & Schuell) or Hybond N1 membrane
(Amersham) on a Gibco BRL 96-well dot format (6-mm-diameter) Convertible
Filtration Manifold System. All dots were rinsed four times with 400 ml of AFPE
buffer, with the last rinse containing bromophenol blue for dot recognition. The
whole membrane was then rinsed twice in AFPE buffer for 5 min. The blue dots
were cut out, and radioactivity was measured by scintillation counting under the
same conditions used to determine the specific radioactivity of the [a-32P]dCTP
(see below). Similar incorporation was obtained with different T4 DNA poly-
merase batches (Pharmacia Biotech Canada, Québec, Canada). The extent of
nucleotide exchange was calculated from the specific activity of the radioactive
nucleotide in the incubation mixture and the radioactivity (counts per minute)
incorporated per nanogram of DNA. The specific activity of the radioactive
nucleotide (counts per minute per millimole) was determined by scintillation
counting of the radioactivity in 10 ml of a 1:100 dilution of the commercial stock
of [a-32P]dCTP (3,000 Ci/mmol). Similar extents of nucleotide exchange were
obtained with 50 to 500 ng of DNA, and 10 times more radioactivity per nano-
gram of DNA could be incorporated when [a-32P]dCTP (3,000 Ci/mmol) was not
diluted by cold dCTP (see above). Under these conditions, one [a-32P]dCp or
less is exchanged at 39 termini of 39 recessed, 59 recessed, or blunt ends, depend-
ing on the nucleotide sequence context (7). When indicated, the nucleotide
exchange assay was carried out in the presence of 0.1 U of E. coli endonuclease
IV added as the last reagent in the cocktail. Endonuclease IV was prepared by
D.R. as previously described (46); 0.1 U of this enzyme is a large excess for 0.2
mg of DNA (46). Alternatively, DNA was 39 end labeled by use of terminal
deoxynucleotidyltransferase (terminal transferase) according to the instructions of
the manufacturer (Boehringer, Mannheim, Germany), incorporating [a-32P]ddCTP
(DuPont NEN) under optimal conditions. The DNA samples were then pro-
cessed as described above for radioactivity determinations. To label DNA in
agarose plugs, 50 ml of plug and 50 ml of TE were melted for 10 min at 65°C and
transferred to 37°C, and 20 ml (;0.2 mg of DNA) was incubated for 39 labeling
by nucleotide exchange as described above but in 40 ml. After addition of 160 ml
of TE, the DNA was extracted with 1 volume of phenol-chloroform plus 1
volume of chloroform. The DNA concentration and radioactivity (by dot filtra-
tion) were determined as described above.

DNA 5* end labeling. The number of 59-hydroxyl-containing termini was de-
termined by T4 polynucleotide kinase labeling of alkaline phosphatase- and
alkali-treated DNA with [g-32P]ATP (68). Alkaline treatment of the DNA was
carried out as described by Levin and Demple (45) to hydrolyze 59-phosphate
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and 59-deoxyribose-5-phosphate groups. Briefly, 2 mg of DNA was incubated for
45 min at 65°C in 40 ml of 0.2 M NaOH–10 mM EDTA and neutralized by
addition of 40 ml of ice-cold 0.4 M Tris-HCl (pH 4.05). The DNA was precipi-
tated with 2.5 volumes of ethanol for 30 min at 270°C. After centrifugation (20
min, 13,000 3 g), the DNA was resuspended in 20 ml of TE (2 days at 4°C) and
treated with 0.1 U of calf alkaline phosphatase per mg of DNA as described by
the manufacturer (Pharmacia Biotech Canada). After heat inactivation of the
phosphatase, 59 end labeling of 0.1 mg of DNA was carried out with [g-32P]ATP
(DuPont NEN) and T4 polynucleotide kinase for 45 min at 37°C as described by
the manufacturer (Pharmacia Biotech Canada). After addition of EDTA to 25
mM, the DNA samples were treated with 1 U of RNase I or 1 U each of RNase
A and RNase T1 for 10 min at 65°C. This step ensures complete removal of any
trace amount of RNA that would have resisted the first alkaline treatment and
would be labeled together with DNA. The DNA samples were then processed as
39-end-labeled DNA for radioactivity determinations (see above) and calculation
of the number of phosphate groups incorporated per nanogram of DNA. In each
experiment, EcoRI-digested plasmid Bluescript KS (0.1 mg) was used as a ref-
erence to calculate the yield of 59 end labeling; this yield varied from 50 to 70%
with freshly received [g-32P]ATP and was found to decrease with increasing
decay of the radiolabeled nucleotide.

S1 nuclease treatment. DNA (1 mg) was incubated in 100 ml of S1 buffer
containing 0.25 M NaCl, 0.05 M sodium acetate, 1 mM zinc acetate (pH 4.6), 0.05
mg of bovine serum albumin per ml, and 1 U of S1 nuclease (Pharmacia Biotech
Canada) for 1 h at 15°C (not 37°C). The reaction was stopped by addition of 100
ml of 0.2 M Tris-HCl–50 mM EDTA (pH 8) followed by gentle phenol-chloro-
form extraction. The DNA was quantitatively precipitated by addition of 15 ml of
5 M NaCl and 2.5 volumes of cold absolute ethanol and refrigerated at 270°C for
30 min. The DNA was centrifuged at 13,000 3 g for 15 min at 4°C and resus-
pended in TE after washing with 70% ethanol. The DNA was 39 end labeled with
T4 DNA polymerase as described above, incubated for 5 min at 65°C, and
analyzed by conventional agarose gel electrophoresis overnight, using 20-cm-
long 0.8% agarose gels in Tris-borate-EDTA buffer and a forward electric field
of ;2 V/cm at RT. The gels were stained with ethidium bromide for visualization
and dried under vacuum for autoradiographic exposure. Under the conditions
described above, supercoiled plasmid Bluescript KS was resistant to cleavage by
S1 nuclease (43).

RESULTS

DNA 3* end labeling: comparison of T4 DNA polymerase-
catalyzed nucleotide exchange with nucleotide extension by
terminal deoxynucleotidyltransferase. Both terminal trans-
ferase (66) and bacteriophage T4 DNA polymerase (7, 54)
have been used to label DNA 39 ends. We had shown that the
nucleotide exchange reaction catalyzed by T4 DNA polymer-
ase at 39 termini provides a convenient way to assess DNA
strand breaks induced in cultured cells by an oxidant such as
menadione, a quinone which generates O2

2 and H2O2 intra-
cellularly by redox cycling (75) and induces DNA breaks in
cultured cells (54); the observation that induction of these
breaks can be prevented by transfection of glutathione perox-
idase, a scavenger of H2O2, or by deferoxamine-mediated iron
chelation strongly suggests hydroxyl or ferryl radical-mediated
oxidative DNA damage (54, 55). On the other hand, terminal
transferase-mediated 39 end labeling (TUNEL assay) is cur-
rently used to detect internucleosomal DNA fragmentation
associated with apoptosis (22, 23, 76). Experiments were thus
designed to compare the relative efficiencies of both enzymes
to label DNA isolated from human cells treated or not with
DNA-damaging agents that produce predominantly single-
strand breaks.

Experiments were first carried out to determine the optimal
nucleotide exchange reaction conditions for maximal detection
of 39 ends in cellular DNA. Figure 1 shows the kinetics of
nucleotide exchange that occurred with [a-32P]dCTP or [a-
32P]dTTP as a labeled precursor in AluI-cut plasmid Bluescript
KS (Fig. 1A) and in damaged DNA isolated from cells exposed

FIG. 1. Kinetics of nucleotide exchange catalyzed by T4 DNA polymerase. (A) Plasmid Bluescript KS digested with AluI (32 39 ends). (B) Damaged DNA isolated
from T47D-Hygro-3 cells exposed to 100 Gy of gamma rays or 300 mM MMS for 1 h. T4 DNA polymerase-catalyzed nucleotide exchange at DNA 39 ends was measured
as described in Materials and Methods. Data are means 6 standard deviations for three determinations (triplicate DNA preparations).
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to ionizing radiation or the alkylating agent MMS (Fig. 1B).
The restriction enzyme AluI was chosen to cut the plasmid
DNA because it is a frequent cutter that generates blunt ends
containing neither dC nor dT in 39 (--AG39 termini), at which
more than two nucleotides have to be removed to permit dC or
dT exchange. As seen in Fig. 1, the maximal extent of average
nucleotide exchange was obtained with labeled dCTP, with
both plasmid and cellular DNAs. In contrast, the use of labeled
dTTP (alone) or both dCTP and dTTP label yielded much
lower exchange values. The lower extent of dTp exchange
could reflect a steady-state condition in which dTp removal by
T4 DNA polymerase 39-exonucleolytic activity is more efficient
than dCp removal with regard to polymerizing activity; the use
of two labeled nucleoside triphosphates present at low concen-
trations in the reaction mixture further favors exonucleolytic
versus polymerizing action of T4 DNA polymerase (7). The
extent of dCp or dTp exchange reached a plateau within 5 to 10
min in AluI-cut plasmid. In damaged cellular DNA, the max-
imal extent of dTp exchange was also reached within 5 to 10
min, while maximal dCp exchange was reached only after 30 to
60 min. As previously discussed by Challberg and Englund (7),
the time required to reach steady-state labeling depends on the
number of nucleotides which have to be removed. If so, the
kinetics data obtained with cellular DNA (Fig. 2B) suggest that
ionizing-radiation- and MMS-induced DNA strand breaks,
mostly single-strand breaks (see below), occurred preferen-
tially in AT-rich genomic DNA regions. The average dCp
exchange per 39 end of single-strand breaks was measured in
supercoiled plasmids nicked with DNase I or partially depuri-
nated at acidic pH and cleaved with endonuclease IV to pro-
duce one nick per plasmid: the calculated dCp exchange was
0.25 in pBluescript KS and 0.89 in a plasmid containing a
human gene (hsc70 [16]). In genomic DNA, an average dCp
exchange value ranging from 0.4 to 1.0 was estimated with
DNAs isolated from various mouse tissues and cultured human
cells, based on the number of 59 ends determined by kinase
assay (see below). As discussed previously (7), the rate and
extent of nucleotide exchange depend on the base composition
and nucleotide sequence (e.g., see labeled l fragment markers
in Fig. 7, 8, and 10) (data not shown). In view of the kinetics
results obtained with cellular DNA, standard nucleotide ex-
change assay conditions were set for 60 min at 37°C with
[a-32P]dCTP as a radioactive precursor (see Materials and
Methods).

Figure 2 shows a comparison of the relative efficiencies of T4
DNA polymerase and terminal transferase in labeling DNA
isolated from human cells incubated for 1 h with the oxidant
menadione or the methylating agent MMS to induce DNA
strand breaks. As shown in Fig. 2, the incorporation of [a-
32P]dCTP by T4 DNA polymerase was much more efficient
than that of [a-32P]ddCTP by terminal transferase (single
ddCp extensions) in both menadione- and MMS-damaged cel-
lular DNA. In contrast, the labeling efficiencies were similar at
the ends of bacteriophage l DNA, which provides a positive
control for the terminal transferase reaction. The difference in
labeling efficiency observed with the cellular DNAs was un-
likely to be due to multiple dCp exchange per 39 end by T4
DNA polymerase as opposed to single ddCp extension by ter-
minal transferase, since (i) an average of one labeled nucleo-
tide or fewer (dCp or dTp) was found to be exchanged by T4
DNA polymerase at both double-strand and single-strand
breaks and (ii) similar extents of labeling were obtained with l
DNA with the two enzymes (Fig. 2). Therefore, the data shown
in Fig. 2 indicate that many more strand breaks, presumably
nicks and gaps, are detected by T4 DNA polymerase end
labeling than by terminal transferase end labeling, with both

enzymes being used under optimal conditions. The nucleotide
exchange assay was thus chosen to monitor 39 ends in cellular
DNA.

Basal levels of 3* and 5* ends detected in cellular DNA by
end-labeling assays. Quantification of DNA strand interrup-
tions and breaks in cells exposed to any DNA-damaging agent,
measured by any technique, is inevitably assessed over a basal
level (background) of strand interruptions present in DNA of
unexposed cells. Various factors will contribute to this back-
ground, including normal DNA metabolism (e.g., replication
and transcription), basal DNA damage and repair, and damage
introduced during DNA isolation. The background of nucleo-
tide exchange catalyzed by T4 DNA polymerase at 39 ends was
first determined for DNAs isolated from various cell lines
grown under normal conditions. As shown in Table 1, the
average basal level of dCp exchange ranged from a low of
1.44 3 108 dCps/ng of DNA in mouse NIH 3T3 cells to 2.35 3
108 dCps/ng of DNA in human SK-N-BE(2)-M17 neuroblas-
toma cells, as measured in the same experiment under prolif-
erative conditions. This corresponds to a frequency of 0.15 to
0.25 39-hydroxyl-containing 39 end per kb of DNA, on average,
i.e., regardless of the distribution of DNA strand interruptions.
Interestingly, the basal level of dCp exchange was about two-
fold lower in confluent cells (e.g., compare results for T47D-
Hygro-3 cells in Table 1 and Fig. 3B), suggesting that DNA
replication and metabolism contributed an important fraction
of the DNA 39 ends detected (see below). Besides, inclusion of
endonuclease IV (in excess) in the assay to hydrolyze AP sites
and 39-blocked termini increased the dCp exchange to small
extents that ranged from a nonsignificant 6% in SK-N-BE(2)-
M17 cells to a significant 23% increment in WI38-VA13 cells
(Table 1).

The average basal level of dCp exchange was also deter-
mined for DNAs prepared from several mouse tissues imme-

FIG. 2. Comparison of 39 end labeling with T4 DNA polymerase or terminal
deoxynucleotidyl transferase. Proliferating T47D-Hygro-3 cells were untreated
(control) or treated for 1 h with 150 mM menadione (men.) or 300 mM MMS.
Phage l DNA (heat treated to melt cohesive ends) and cellular DNAs were 39
end labeled by T4 DNA polymerase (pol.)-catalyzed nucleotide exchange with
[a-32P]dCTP (black bars) or by terminal deoxynucleotidyl transferase-mediated
(TdT) single-nucleotide extension with [a-32P]ddCTP (hatched bars). Both la-
beled precursors had the same specific radioactivity. Incorporated radioactivity
was measured by DNA dot filtration (see Materials and Methods). Data are
means 6 standard deviations for three determinations (triplicate DNA prepa-
rations).
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diately after dissection. Table 2 lists the results obtained with
single healthy 8-week-old C57BL/6 mice in different experi-
ments (independent assays). As can be seen in Table 2, the
basal level of dCp exchange in the various tissues investigated
ranged from low levels close to those found in cultured cell
lines, i.e., around 1.5 3 108 to 2.5 3 108 dCps/ng of DNA
(without endonuclease IV), to higher levels such as those
found in muscle, heart, brain, and skin. The data obtained with
three samples of tissue excised from each of three individual
mice (n 5 9) indicate a very good reproducibility of dCp
exchange measurements in most tissues and little variability
among different individuals (e.g., see Fig. 5). With all tissues
investigated, inclusion of endonuclease IV in the assay in-
creased the nucleotide exchange by 10 to 20%, except in cor-
tex, where the increment was very reproducibly higher (36% on
average). This unusual increment suggests frequent oxidative
DNA damage in mouse cortex (see Discussion). Two kinds of
experiments were carried out to assess the contribution of
normal DNA metabolism, including DNA synthesis, to the
basal level of 39 ends detected. First, one group of three mice
received 200 mg of AraC per kg and 200 mg of hydroxyurea per
kg (i.p.) 6 h before sacrifice in order to inhibit DNA synthesis
(18), to be compared with a second group of three untreated
animals (controls). In liver DNA of AraC-hydroxyurea-treated
mice, the extent of nucleotide exchange was reduced by an
average of 37% (38.5% with endonuclease IV). In kidney, this
reduction was 31% (35% with endonuclease IV). Second, the
basal level of 39 ends was also determined in tissues docu-
mented to have elevated DNA synthesis, such as skin and liver
at early stages of postnatal development. Such tissues showed
elevated levels of nucleotide exchange (Table 2). Thus, not
surprisingly, all of these results indicate that DNA synthesis
may contribute a significant part of the 39 ends detected in
proliferating cells.

Artifactual DNA breaks introduced during DNA isolation
can result from chemical damage, e.g., oxidation during phenol
extraction, and from physical shearing inevitably associated
with DNA manipulation. Three types of experiments were
carried out to assess the contribution of DNA damage intro-
duced during DNA extraction and isolation to the basal 39 end
labeling observed. Figure 3A and B show the results of an
experiment in which the extents of DNA breakage and 39 end
labeling were compared for cellular DNA isolated by phenol
extraction or prepared from cells immobilized in agarose plugs,
i.e., without phenol extraction and DNA manipulation (see

Materials and Methods). Double-strand breaks were assessed
by FIGE in proliferating T47D-Hygro-3 cells exposed, or not
(control), to menadione (150 mM, 1 h) to induce breaks of
oxidative origin. DNA breakage caused by the extraction pro-
cedure is clearly evident in unexposed control cells: the DNA
size was reduced from .500 kb in agarose plugs to about 100
to 300 kb after phenol extraction and isolation (Fig. 3A). In
contrast, however, no significant difference in the extent of T4
DNA polymerase-mediated 39 end labeling was detected (Fig.
3B). Similarly, with menadione-damaged DNA, no difference
in 39 end labeling between the two DNA isolation procedures
was detected (Fig. 3B), although the weight-average size of the
extracted DNA was evidently smaller than that of agarose
plugs (Fig. 3A). These results indicate (i) that the 39 ends of
physical double-strand breaks introduced during DNA isola-
tion are not suitable substrates for T4 DNA polymerase-cata-
lyzed nucleotide exchange (probably not 39-hydroxyl termini)
and (ii) that our phenol extraction procedure did not induce
significant strand breakage during DNA isolation. To further
verify the former suggestion, isolated cellular DNA was
sheared extensively through a syringe needle, reducing its size
from .100 kb to 5 to 10 kb (weight average) (Fig. 3C, inset).
Both experimentally sheared and unsheared DNAs were 39
end labeled in the presence or absence of endonuclease IV.
Figure 3C shows that a massive introduction of physical dou-
ble-strand breaks, corresponding to a 10- to 20-fold increase in
39 ends, enhanced dCp exchange only 0.6-fold, irrespective of
endonuclease IV treatment. This second result thus confirms

TABLE 1. Basal levels of T4 DNA polymerase-catalyzed dCp
exchange in DNAs of various cell linesa

Cell line

Exchanged dCps/ng DNA (108)b

P (Student t
test)cWithout

endonuclease
IV

With
endonuclease

IV

T47D-Hygro-3 1.71 6 0.13 2.03 6 0.14 0.0003
WI38-VA13 1.82 6 0.20 2.23 6 0.24 0.002
GM-1 1.77 6 0.10 1.95 6 0.15 0.03
NIH 3T3 1.44 6 0.05 1.66 6 0.03 0.003
SK-N-BE(2)-M17 2.35 6 0.10 2.48 6 0.20 0.13

a DNA isolated from proliferating cells was 39 end labeled with T4 DNA
polymerase, in the absence or presence of endonuclease IV, with [a-32P]dCTP as
a radioactive precursor. The incorporated radioactivity was measured by dot
filtration and converted into number of dCps exchanged per nanogram of DNA
(see Materials and Methods).

b Means 6 standard deviations for three determinations.
c Statistical significance of the difference between the values obtained in the

presence and absence of endonuclease IV.

TABLE 2. Basal levels of T4 DNA polymerase-catalyzed dCp
exchange in DNAs of various mouse tissuesa

Tissue and age
of miceb

Exchanged dCps/ng DNA (108)
(mean 6 SD)

nc
Without

endonuclease
IV

With
endonuclease

IV

Kidney 1.58 6 0.51 1.95 6 0.68 9
Liver 1.92 6 0.57 2.34 6 0.72 9
Thymus 2.48 6 0.78 2.94 6 1.04 9
Lung 2.56 6 0.78 2.96 6 0.99 9
Pancreas 2.62 6 0.36 3.12 6 0.44 9
Spleen 2.88 6 1.17 3.47 6 1.43 9
Testicle 3.26 6 1.09 3.74 6 1.37 9
Muscle 4.45 6 0.78 5.08 6 0.86 9
Heart 5.37 6 0.67 6.12 6 0.89 9
Cortex 13.04 6 2.12 17.67 6 2.62 9
Cerebellum 14.81 6 2.34 17.53 6 0.61 3
Skin 18.62 6 6.18 20.36 6 5.98 9

Liver
1 day

Mouse 1 4.92 6 0.96 6.20 6 1.21 3
Mouse 2 5.46 6 0.83 7.05 6 0.79 3

6 days
Mouse 1 4.01 6 0.92 4.53 6 1.16 3
Mouse 2 3.36 6 0.33 3.79 6 0.24 3

12 days
Mouse 1 1.59 6 0.14 1.82 6 0.15 3
Mouse 2 1.47 6 0.22 1.93 6 0.51 3

20 days
Mouse 1 0.92 6 0.25 1.62 6 0.15 3
Mouse 2 1.24 6 0.24 1.58 6 0.26 3

a Exchanged dCp in DNAs isolated from various mouse tissues, including
livers of developing young mice, was determined as described for Table 1.

b Tissues were from adult mice unless otherwise indicated.
c n 5 9 means three mice and three tissue samples per mouse.

VOL. 17, 1997 CLUSTERED DNA DAMAGE DETECTED BY S1 NUCLEASE 5441



our first conclusion that physical strand breaks introduced dur-
ing DNA isolation did not contribute significantly to the num-
ber of 39 ends detected in untreated cells or tissues by the
nucleotide exchange assay. Finally, experiments assessing the
resistance of supercoiled plasmid DNA to relaxation induced
by endonuclease IV after phenol extraction and isolation per-
formed exactly as with cellular DNA showed that DNA cleav-
age possibly associated with phenol extraction contributed less
than 1% of the total dCp exchange measured in cellular DNA
(43). Therefore, altogether, the control experiments indicate
three things: (i) virtually all basal 39 termini detected in iso-
lated cellular DNA by nucleotide exchange preexisted in the
cells before DNA isolation; (ii) the physical double-strand
breaks introduced during DNA isolation are not efficiently
labeled by T4 DNA polymerase-catalyzed nucleotide ex-
change; and (iii) the majority of 39 end structures generated by
physical breaks can apparently not be processed by endonu-
clease IV to produce substrates suitable for T4 DNA polymer-
ase exonucleolytic action.

For the sake of quantification, the basal number of dCps
exchanged at 39 ends plus cleaved AP sites determined in the
nucleotide exchange assay (with endonuclease IV) was com-
pared to the number of phosphates added at 59 ends by polynu-
cleotide kinase (kinase assay). Kinase labeling was carried out
after alkaline and phosphatase treatments of the DNA to hy-
drolyze AP sites and resulting 59-deoxyribose-5-phosphate
groups and to remove 59-phosphates. After correction for the
kinase labeling efficiency determined in the same experiment
(see Materials and Methods), the comparison was made for

several mouse tissues, yielding the following results: liver,
(3.09 6 0.10) 3 108 dCps/ng of DNA versus (2.96 6 0.09) 3
108 59 ends/ng of DNA; kidney, (1.34 6 0.25) 3 108 dCps/ng of
DNA versus (3.31 6 0.37) 3 108 59 ends/ng of DNA; and
thymus, (2.48 6 0.20) 3 108 dCps/ng of DNA versus (3.27 6
0.63) 3 108 59 ends/ng of DNA. Corresponding determinations
made with DNA isolated from normally growing human cells
(T47D-Hygro-3) yielded similar dCp exchange values, i.e.,
(2.03 6 0.14) 3 108 dCps/ng of DNA versus (2.57 6 0.14) 3
108 59 ends/ng of DNA. Thus, the number of DNA strand
interruptions determined by 39-end nucleotide exchange is in
very good agreement with that determined by 59 end labeling in
the kinase assay. An average value of 0.7 dCp exchanged per 39
end can be calculated from these data; the values ranged from
0.4 to 1.0 in human and mouse DNAs. These values are in
excellent agreement with the direct determinations obtained
with plasmid DNA models (see above). Finally, changing the
sequence context at 39 ends of cellular DNA by progressive
exonucleolytic trimming with T4 DNA polymerase had no sig-
nificant effect on the average dCp exchange determinations
and thus on the quantification of 39-hydroxyl-containing ter-
mini (data not shown).

Distinct patterns of DNA damage induced by different types
of clastogenic agents. 39 end labeling was used in combination
with endonuclease IV to analyze quantitatively DNA damage
of various origins in both cultured human cells and live mice.
Figure 4 shows distinct examples of DNA damage and repair
patterns induced in T47D-Hygro-3 cells. In these experiments,
cells were incubated for 1 h with increasing concentrations of

FIG. 3. Negligible contribution of DNA isolation and mechanical shearing to determinations of 39-end frequency by nucleotide exchange. (A and B) Confluent
T47D-Hygro-3 cells were exposed or not (control) to 150 mM menadione for 1 h. One part of each was processed for DNA isolation, including phenol extraction, and
another part was immobilized in agarose plugs for DNA preparation in the absence of manipulation and phenol extraction (see Materials and Methods). (A) DNA
analyzed by FIGE (6.9 V/cm, 1 to 50 s). Ethidium bromide staining is shown. (B) 39-end-labeling dCp exchange is shown. Data are means 6 standard deviations for
three determinations (triplicate DNA preparations). (C) Total cellular DNA was isolated from proliferating T47D-Hygro-3 cells. Mechanically sheared and unsheared
DNAs were analyzed by FIGE (10 V/cm, 1 to 20 s) (inset, ethidium bromide staining) and for dCp exchange in the presence or absence of endonuclease IV. Data are
means 6 standard deviations for three determinations (triplicate DNA preparations).
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a specific genotoxic agent before DNA isolation, a situation
where DNA damage and repair may occur concomitantly. The
resulting “steady-state” damage in cellular DNA was analyzed
by nucleotide exchange assay in the absence or presence of
endonuclease IV to reveal AP sites and 39-blocked termini in
addition to 39-hydroxyl-containing strand breaks.

The top left panel of Fig. 4 shows the dose-dependent effect
of menadione on DNA damage induced in 1 h. Nucleotide
exchange measured in the absence of endonuclease IV moni-
tors 39-hydroxyl-containing strand breaks, the most common
DNA repair intermediate. Inclusion of endonuclease IV in the
labeling assay was found to enhance nucleotide exchange by 20
to 30% in menadione-treated cells (with the background of
control cells subtracted). This labeling enhancement is likely to
reflect removal of 39-blocking phosphates and phosphoglyco-
lates typically produced by oxidative damage and cleavage of
AP sites, including “oxidized” AP sites (27).

The specific detection of regular AP sites was tested by
exposing cells to the methylating agent MMS. The most fre-
quent DNA lesions detected in MMS-treated cells include AP
sites and transient single-strand breaks containing 39-hydroxyl
termini (62). In mammalian cells, the majority of these strand
breaks are thought to result from class II AP endonuclease-
mediated cleavage of AP sites (45). As shown in the top right
panel of Fig. 4, MMS induced a concentration-dependent in-
crease of 39 ends. In this case, the label increment produced by
endonuclease IV provides a quantitative estimate of unproc-
essed AP sites. These sites accounted for a 52 to 57% label

increment over the whole range of MMS concentrations used
(0.1 to 1 mM). Thus, after 1 h of exposure to MMS, about 35%
of the DNA lesions detected in the presence of endonuclease
IV (with the background of untreated cells subtracted) were
AP sites and 65% were single-strand breaks. A similar ratio
was observed in mouse NIH 3T3 cells treated in the same way
(data not shown). This ratio varied somewhat in different ex-
periments, sometimes reaching up to 1:1 in cultured cells. It
corresponds to a steady-state ratio of about one AP site for one
to two strand breaks, a ratio thought to result from the simul-
taneous occurrence of DNA damage and DNA repair. If the 2-
to 3-min half-life of rapidly repaired single-strand breaks ob-
served after gamma irradiation (see Fig. 9) was similar in
MMS-treated cells, the half-life of AP sites would thus be on
the order of 1 to 2 min in these cells. Figure 5 shows an
example of DNA damage quantification in liver and kidney
DNAs of adult mice treated i.p. with MMS for 3 h. Note the
reproducibility of the measurements and a significant variabil-
ity among some individuals. For example, the extents of MMS-
induced strand breakage (dCp exchange, no endonuclease IV)
and levels of AP sites (increments of dCp exchange, with en-
donuclease IV) were significantly higher in both tissues of
mouse 4 than in mice 5 and 6 (Fig. 5). The average extent of
damage observed in mouse liver roughly corresponds to that
observed in human cells exposed to 300 mM MMS for 1 h (Fig.
4). For the purpose of absolute quantification, the total num-
ber of AP sites plus single-strand breaks induced by MMS was
also assessed by 59 end labeling in the kinase assay (see Ma-

FIG. 4. Comparison of DNA damage patterns induced in human cells by different types of clastogenic agents. Proliferating T47D-Hygro-3 cells were exposed to
MMS, menadione, or the topoisomerase II inhibitors VM-26 and streptonigrin, as described in Materials and Methods. Total cellular DNA was isolated and 39 end
labeled with T4 DNA polymerase and [a-32P]dCTP in the presence (hatched bars) or absence (black bars) of endonuclease IV. The average extent of dCp exchange
was measured by DNA dot filtration and calculated from the radioactivity incorporated (see Materials and Methods). Data are means 6 standard deviations for three
determinations (triplicate DNA preparations).
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terials and Methods). For example, in mouse liver DNA, the
average number of phosphates incorporated at 59 ends after
AP site hydrolysis was (9.64 6 1.7) 3 108/ng of DNA (mouse
5 in Fig. 5) after subtraction of basal 59-end levels determined
in liver DNA of control mice and correction for kinase labeling
efficiency (see Materials and Methods). This value is in the
same range as the number of dCps exchanged in the 39-end-
labeling assay with endonuclease IV, i.e., (6.20 6 0.53) 3 108

dCps/ng of DNA (same DNA). These data indicate an average
frequency of 0.7 to 1 lesion, strand break, or AP site per kb of
DNA, regardless of lesion distribution, which was found to be
highly nonrandom (see below).

The nonintercalative antitumor drug VM-26, a topoisomer-
ase II inhibitor of the epipopodophyllotoxin class, cleaves
DNA through stabilization of a cleavable complex formed be-
tween topoisomerase II and DNA (8). Such cleavage generates
39-hydroxyl-containing termini (suitable for 39 end labeling)
and blocked 59 ends with a covalently linked topoisomerase II
subunit (48). The nucleotide exchange assay was used to quan-
tify DNA strand breaks induced in T47D-Hygro-3 cells by
increasing concentrations of VM-26. As shown in Fig. 4, a
concentration of 1 mM VM-26 was sufficient to produce max-
imal DNA cleavage in these cells. Of interest, at the higher
concentration of 10 mM VM-26, the extent of nucleotide ex-
change was about half of that observed at 1 mM. Although the
basis for this decrease is not clear, it could be associated with
inhibitory effects of the drug on replication and transcription,
leading to a decrease of basal dCp exchange. On the other
hand, as expected, inclusion of endonuclease IV in the assay
had no effect on the extent of 39 end labeling obtained. This
result also demonstrates that the endonuclease IV treatment
per se did not induce any detectable increase in 39 ends.

In contrast to the results with VM-26, a different and more
complex pattern of DNA damage was obtained with another

topoisomerase II inhibitor, streptonigrin. This drug is a potent
nonintercalative topoisomerase II inhibitor (83) and also a
potential hydroxyl radical generator (28). At a low concentra-
tion of streptonigrin (0.1 mM), as with VM-26, nucleotide
exchange was not enhanced by endonuclease IV treatment
(Fig. 4). At this concentration, streptonigrin apparently acted
as a bona fide topoisomerase II inhibitor. In contrast, at 0.4
mM and higher concentrations, streptonigrin clearly induced
more strand breaks than VM-26. The pattern of nucleotide
exchange enhancement produced by endonuclease IV was sim-
ilar to that observed with menadione, suggesting predominant
oxidative DNA damage at high concentrations of streptonigrin.
Up to 50% of the DNA damage inflicted by 0.4 mM strepto-
nigrin could be inhibited by preincubating the cells in the
presence of 100 mM deferoxamine added 2 h before drug
addition (42), thus suggesting partial involvement of an iron-
dependent oxidative mechanism, as found in bacteria (11). By
comparison, up to 94% of comparable levels of DNA damage
could be suppressed by deferoxamine in menadione-treated
cells, suggesting that DNA damage induced by this quinone
was almost exclusively of oxidative origin and iron dependent
(42).

Differential quantification of ionizing-radiation-induced
DNA strand breaks containing 3*-hydroxyl and 3*-blocked ter-
mini. Studies of DNA damage induced in cells exposed to
ionizing radiation, e.g., gamma rays, offer the double advan-
tage that (i) “initial” damage inflicted at 0°C can be assessed
before cellular DNA gets repaired, and (ii) kinetics of postra-
diation DNA repair can be measured in cells further incubated
at 37°C, in the absence of irradiation (see below). The major
lesions found in DNA isolated from gamma-irradiated cells
include single-strand breaks, oxidized bases, and AP sites (78).
39-hydroxyl-containing termini can be directly assessed by T4
DNA polymerase-mediated 39 end labeling in the absence of
endonuclease IV; parallel end labeling carried out in the pres-
ence of this endonuclease measures the sum of 39-hydroxyl and
39-blocked termini and AP sites cleaved in the assay. The
gamma radiation dose-dependent formation of these lesions
was measured in this way in proliferating human T47D-Hy-
gro-3 cells irradiated at 0°C at doses ranging from 0 to 500 Gy.
Irradiation periods were very short (,3 min) in order to min-
imize any possible DNA repair at 0°C. DNA was isolated
immediately afterward. As shown in Fig. 6A, the extent of
nucleotide exchange was linearly related to the dose of gamma
radiation up to 200 Gy, as observed in several experiments. At
higher radiation doses, however, the increase in dCp exchange
was no longer linear (Fig. 6B). The slope of the linear regres-
sion obtained between 0 and 200 Gy (experiment of Fig. 1A) in
the absence or presence of endonuclease IV yielded, respec-
tively, 1.70 3 106 (r2 5 0.99) and 3.05 3 106 (r2 5 0.99)
dCps/ng of DNA/Gy. Note that about 55 to 65% (depending
on the dose and experiment) of the lesions detected did not
require endonuclease IV processing in order to be labeled by
T4 DNA polymerase immediately after irradiation in ice and
were thus presumably 39-hydroxyl-containing termini (see also
Fig. 9A, t 5 0). The total frequency of single-strand breaks plus
AP sites deduced from the linear regression data would be
4.3 3 1023 lesion detected per kb per Gy, using an average
dCp exchange per 39 end of 0.7. The observation that the
majority of gamma ray-induced strand breaks contained 39-
hydroxyl groups contrasts with previous reports that .95% of
39 termini of naked DNA irradiated in vitro contain 39 blocking
groups that prevent action of T4 DNA polymerase (29, 30) (see
Discussion). We therefore tested the possibility that the pres-
ence of 39-hydroxyl groups in irradiated cells could reflect very
rapid DNA repair occurring at 0°C during the time of irradi-

FIG. 5. Basal levels of 39 ends and DNA damage patterns determined in
mouse tissues. dCp exchange was measured in liver and kidney DNAs of adult
mice treated or not with MMS. The average extent of dCp exchange was calcu-
lated as described for Fig. 4. Data are means 6 standard deviations for three
determinations (triplicate DNA preparations). Different mouse individuals were
numbered 1 to 6. dCp exchange in kidney DNA of mouse 4 was significantly
different than those in mice 5 and 6 (p, no endonuclease IV, P , 0.05; pp,
endonuclease IV, P , 0.05 [analysis of variance by the Newman-Keuls test]).
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ation and cell transfer for DNA isolation (maximum of 2 to 4
min). Such repair, however, was very unlikely since neither the
total dCp exchange measured in the presence of endonuclease
IV nor the endonuclease IV-mediated labeling increment de-
creased during 5 or even 60 min postincubation at 0°C (data
not shown).

Chromatin structure, not DNA sequence, is the primary
determinant of S1 nuclease-hypersensitive site formation in
response to ionizing radiation. The genomic distribution of
gamma ray-induced DNA strand interruptions was investi-
gated by use of the single-strand-specific nuclease S1. DNA
from T47D-Hygro-3 cells exposed to 100 Gy at 0°C was treated
or not with S1 nuclease under stringent conditions (high salt,
15°C [see Materials and Methods]) before 39 end labeling and
agarose gel electrophoresis. It should be emphasized that, un-
der the incubation conditions used, both supercoiled and
DNase I-relaxed Bluescript KS plasmids were relatively resis-
tant to S1 nuclease cleavage; in contrast, single-stranded gaps
of several nucleotides were efficiently cleaved (43). Figure 7A
and B show the time-dependent cleavage of this DNA by S1
nuclease at 15°C. The cleavage patterns observed in the auto-
radiogram of Fig. 7B suggest two distinct effects of S1 nuclease.
First, there was a rapid cleavage of hypersensitive sites that was
essentially completed within 30 min of incubation and pro-
duced small S1 fragments ranging from about 0.5 to 2 kb, in
addition to large, .50-kb DNA fragments (not resolved). In
contrast to the .50-kb DNA band visible in Fig. 7A, the small
fragments detected by autoradiography in Fig. 7B escaped
detection by ethidium bromide staining. These fragments ac-
counted for at most 1% of the total DNA, as measured by
diphenylamine assay in large-scale experiments. Second, we
also observed a much slower process detected between 30 and
90 min, which produced a progressive decrease in the size of
the small S1 fragments, with no concomitant increase in global

39 end labeling (Fig. 7C) and thus no further S1 endonucleo-
lytic cleavage. The rate of this progressive fragment shortening
was considerably higher when S1 digestion was carried out at
37 instead of 15°C (data not shown). The strong temperature
dependence of this effect suggests an exonucleolytic action of
S1 on easily melted DNA ends, e.g., nibbling of “breathing”
DNA ends with very AT-rich composition. The most striking
observation in Fig. 7B is the fast kinetics component, which
shows rapid cleavage at S1-hypersensitive sites. The approxi-
mate doubling of radioactivity incorporated in S1-treated
DNA at the plateau level (30 to 60 min versus time zero in Fig.
7C) supports the view that the vast majority of S1-hypersensi-
tive sites induced by gamma rays are strand gaps, since each
strand cleavage mediated by S1 nuclease at these sites gener-
ates a second 39 end accessible for labeling. It should be noted
that a basal level of S1 cleavage was also observed in DNA
from control unirradiated cells (Fig. 7B and C), although the
yield of S1 fragments produced was low to very low depending
on cell type and varied somewhat from experiment to experi-
ment (e.g., compare results in Fig. 7B, 8B, and 10). The S1
nuclease cleavage data suggest (i) that the majority of the
gamma ray-induced DNA strand breaks detected were clus-
tered in unknown regions of cellular DNA and (ii) that a
similar distribution of DNA strand interruptions preexisted at
a much lower frequency in nonirradiated cells. Moreover,
these S1 fragments derived from the nuclear genome, since a
possible mitochondrial origin could be ruled out by Southern
blot hybridization data (not shown).

An experiment was then performed to find out whether the
observed distribution of S1-hypersensitive sites was deter-
mined primarily by DNA sequence or chromatin structure.
Figure 8 shows a comparison of S1 nuclease cleavage patterns
obtained with DNA extracted from cells exposed to increasing
doses of gamma radiation with the patterns obtained with

FIG. 6. 39-Hydroxyl and 39-blocked termini at DNA strand breaks induced in gamma-irradiated cells. T47D-Hygro-3 cells were exposed on ice to increasing doses
of gamma irradiation. (A) 0 to 200 Gy; (B) 0 to 500 Gy. Total cellular DNA was isolated and 39 end labeled with T4 DNA polymerase and [a-32P]dCTP, in the presence
(filled squares) or absence (open circles) of endonuclease IV. The average extent of dCp exchange was measured by DNA dot filtration and calculated from the
radioactivity incorporated. Data are means 6 standard deviations for three determinations (triplicate DNA preparations).
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naked DNA gamma irradiated in vitro. All DNA samples were
treated with S1 nuclease and 39 end labeled in the presence of
endonuclease IV to remove 39 blocking groups. The progres-
sive radiation dose-dependent cleavage and disappearance of
large DNA observed with the gamma-irradiated DNA, visible
by both ethidium bromide staining (Fig. 8C) and autoradiog-
raphy (Fig. 8D), is in sharp contrast with the discontinuous
cleavage patterns observed following cell irradiation (Fig. 8A
and B). Moreover, most cleavage of the gamma-irradiated
DNA (Fig. 8C and D) resulted directly from irradiation and
not from S1 nuclease-mediated cleavage (not shown). In con-
trast, little if any formation of fragments of ,50 kb was de-
tected in DNA from gamma-irradiated cells in the absence of
S1 nuclease treatment (Fig. 7 and 8; see Fig. 10). This distinc-
tion further shows that both the nature and localization of
DNA damage induced by ionizing radiation are radically dif-
ferent in naked DNA and chromatin of intact cells. While the
cleavage patterns shown in Fig. 8C and D do correspond to
those predicted for a quasi-random distribution of cleavage,
the unique cleavage patterns shown in Fig. 7A and B, 8A and
B, and 10 (see below) clearly suggest that chromatin structure
was the primary determinant of the observed clustered distri-
bution of S1 nuclease-detected DNA damage.

Use of endonuclease IV and S1 nuclease to monitor post-
gamma irradiation DNA repair. Repair of AP sites and strand
breaks containing phosphate or phosphoglycolate blocking
groups at their 39 ends, such as are produced by ionizing
radiation and other sources of hydroxyl radicals, is thought to
be initiated by cellular AP endonucleases. This initial repair

can be assessed by 39 end labeling in the presence or absence
of endonuclease IV. Figure 9A shows an example of DNA
repair kinetics measured in this way in human cells that were
exposed to 100 Gy at 0°C and further incubated at 37°C under
normal growth conditions. Following a small but significant
increase of DNA damage detected during the first minute of
postradiation incubation, DNA repair rates appeared to be
biphasic, showing a fast component during the next 4 min
followed by a much slower repair process. The decrease in 39
end labeling measured in the presence of endonuclease IV
reflects the simultaneous disappearance of strand breaks and
AP sites. Only 39-hydroxyl-containing strand interruptions are
detected in the absence of endonuclease IV. If the decrease in
label incorporation at 39 ends (Fig. 9A) was due to ligation of
single-strand breaks, one would expect a parallel progressive
disappearance of single-strand breaks detected by S1 nuclease.
This is precisely what was observed, as shown in Fig. 9B and C.
Note that the kinetics of label disappearance in .50-kb and
0.5- to 2-kb S1 fragments (Fig. 9B), as well as in total unfrac-
tionated S1-treated DNA (Fig. 9C), are closely parallel to that
of the disappearance of 39-end label in the DNA that was not
treated with S1 nuclease (Fig. 9A). However, in contrast to the
biphasic kinetics observed for global loss of 39 labeling and
S1-hypersensitive sites (Fig. 9A and C), the disappearance of
the small S1 fragments was monophasic, showing only the
fast-kinetics component. Moreover, a progressive increase in
DNA viscosity was also noticed (but not measured) during the
postirradiation incubation of the cells. Together these obser-
vations therefore strongly suggest that the decrease in DNA

FIG. 7. Patterns of S1 nuclease cleavage obtained with DNA isolated from control and gamma-irradiated cells. T47D-Hygro-3 cells were gamma irradiated (100
Gy) on ice or untreated (control; lanes 0). DNA was isolated and incubated with S1 nuclease at 15°C (see Materials and Methods) for 15, 30, 60, and 90 min. All DNA
samples (0.2 mg) were 39 end labeled by T4 DNA polymerase with [a-32P]dCTP. (A and B) Conventional agarose gels. U, DNA not treated with S1 nuclease or
processed as S1 nuclease-treated samples; C, control incubation of DNA in the presence of S1 nuclease buffer but no S1 nuclease, with processing through phenol
extraction as for S1 nuclease-treated samples. (A) Ethidium bromide staining pattern. (B) Autoradiogram (1 h at 270°C). (C) Radioactivity incorporated in
gamma-irradiated (filled circles) or control (open squares) DNA after incubation with S1 nuclease for 0, 15, 30, 60, and 90 min, as measured by dot filtration. Data
are means 6 standard deviations for three determinations (triplicate DNA preparations).
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end labeling and disappearance of S1 fragments were conse-
quent to DNA repair and ligation. Note also that no repair of
single-strand breaks was evident during 5 min of cell incuba-
tion at 0°C (Fig. 9B, last lane). The average half-life of single-
strand breaks repaired at 37°C during the fast-kinetics compo-
nent can be estimated to be about 2 to 3 min (Fig. 9B and C).
Finally, the half-life of the lesions detected by endonuclease
IV, including 39 blocking groups plus AP sites, was estimated
to be 1 to 2 min in several independent experiments with
T47D-Hygro-3 cells.

Different types of DNA-damaging agents produce similar
clustered distributions of S1 nuclease-hypersensitive sites in
human cells and live mice. The pattern of S1 nuclease cleavage
of DNA from gamma-irradiated cells (Fig. 7B, 8B, and 9B)
could reflect preferential DNA damage in open chromatin
regions containing locally exposed DNA. If so, such exposed
DNA might be intrinsically hypersensitive to various types of
DNA-damaging agents. In order to test this hypothesis, we

have compared S1 cleavage patterns obtained with human cells
exposed to ionizing radiation, menadione, MMS, or the topo-
isomerase II inhibitor streptonigrin. As shown in the left panel
of Fig. 10, all agents yielded strikingly similar S1 nuclease
cleavage patterns. Note the production and similar size distri-
bution of S1 fragments in the range of 0.5 to 2 kb (visible in the
bottom half of Fig. 10) obtained with all four DNA-damaging
agents tested and that such fragments were not detected in the
absence of S1 treatment. Note also the presence of trace
amounts of such fragments detected in S1 nuclease-treated
DNA of control cells, which were clearly visible in longer
autoradiographic exposures (not shown). In order to verify that
these cleavage patterns were not an artifact of the carcinoma
cell line used in these experiments, we have compared them to
S1 nuclease cleavage patterns obtained with DNAs of normal
tissues from adult mice that were injected or not with MMS.
The right panel of Fig. 10 shows S1 cleavage patterns obtained
with DNAs extracted from kidneys and livers of MMS-treated
mice as compared to cleavage obtained with DNA from men-
adione-treated cells (in the same gel). Duplicate lanes show
the reproducibility of S1 hypersensitivity observed in two indi-
vidual mice. As seen in Fig. 10, remarkably similar clustered
distributions of MMS-induced S1 hypersensitive sites were ob-
served in DNAs from cultured human cells and from normal
mouse tissues.

DISCUSSION

The studies reported here display two original contributions.
First, a novel procedure based on DNA 39 end labeling in
combination with an AP endonuclease was used to analyze
quantitatively the average frequency of DNA strand breaks
and AP sites in genomic DNA. Second, the combined use of S1
nuclease and DNA end labeling led to the discovery of an
intriguing clustered distribution of DNA damage observed
with various types of DNA-damaging agents to which mam-
malian cells were exposed.

Basal levels of DNA strand interruptions in mammalian
cells. Both 39 and 59 end labeling data indicate an average
DNA strand interruption frequency of about 0.15 to 0.3 per kb
in proliferating cultured cells of human or mouse origin, and a
similar frequency was found in several mouse tissues, such as
liver and kidney of adult animals. In contrast, several other
tissues, including skin and brain cortex, showed up to 10-fold
more DNA end labeling, suggesting higher rates of DNA me-
tabolism in these tissues. Several independent observations
indicate that DNA replication contributed significantly to the
basal levels of DNA strand interruptions in proliferating cells.
These include a significant reduction of 39 end labeling in DNA
isolated from confluent cells or cells treated with DNA syn-
thesis inhibitors and increased levels of 39 termini in prolifer-
ating liver cells of newborn mice. The contribution of transient
DNA cleavage catalyzed by topoisomerases and helicases, e.g.,
during transcription and chromosome condensation, is not
known. It is of interest that some nonproliferative tissues, such
as mouse brain cortex, showed exceptionally high levels of
strand breaks and 39-blocked termini or AP sites (endonucle-
ase IV sensitive), suggesting intrinsically high levels of oxida-
tive DNA damage in this tissue. These observations are in
good agreement with the elevated levels of 8-oxodeoxy-
guanosine found in both nuclear and mitochondrial DNAs of
human brain cortex (51). The origin of the small but significant
increment of 39 end labeling observed in the presence of en-
donuclease IV, in DNAs of both cultured cells and mouse
tissues, is presently uncertain. This increment may at least

FIG. 8. Comparison of effects of gamma irradiation of cells versus naked
DNA on DNA sensitivity to S1 nuclease-mediated cleavage. DNA isolated from
T47D-Hygro-3 cells that were exposed to 0 (control), 25, 100, and 200 Gy on ice
(A and B) and DNA from nonirradiated cells exposed to 0 (control), 25, and 100
Gy on ice (C and D) were incubated for 60 min with S1 nuclease at 15°C, and
then 0.2 mg of each DNA sample was 39 end labeled and analyzed by agarose gel
electrophoresis as described in the legend to Fig. 7. (A and C) Ethidium bromide
staining patterns; (B and D) autoradiograms.
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partly reflect the basal levels of AP sites and oxidative damage
detected in cellular DNA of mammalian origin (47).

Quantification of DNA damage and repair in mammalian
cells. The total frequency of strand breaks plus AP sites in-
duced in gamma-irradiated T47D cells was estimated to be
4.6 3 1023 lesion/kb/Gy, as calculated from linear regression
between 0 and 200 Gy. This estimation turns out to be at least
1 order of magnitude larger than the frequency of alkali-sen-
sitive lesions reported in previous studies with different cells,
lower radiation dose exposures, and, above all, different tech-
niques that were based on rates of DNA unwinding under
alkaline conditions. One important factor thought to contrib-
ute massively to the larger frequency of DNA damage calcu-
lated from our 39-end-labeling data is the novel detection of
closely clustered strand breaks by the technique used in this
study (discussed below). Indeed, most of these clustered
breaks would have been overlooked by DNA-unwinding tech-
niques. Our finding that 55 to 65% of the single-strand breaks
could be 39 end labeled by T4 DNA polymerase immediately
after irradiation on ice, and thus contained 39-hydroxyl groups,
is in excellent agreement with early work of Lennartz et al.
carried out with irradiated thymocytes (44). Such an important
fraction of 39-hydroxyl termini in irradiated cells stands in
contrast with previous reports showing that DNA irradiated in
vitro in phosphate buffer contained very few 39-hydroxyl-con-
taining termini accessible to DNA polymerases (29, 30). How-
ever, we found recently that DNA gamma irradiated in TE (10
mM Tris-HCl, 1 mM EDTA, pH 7.4) instead of phosphate
buffer could be 39 end labeled with T4 DNA polymerase (in the
absence of endonuclease IV) to a similar extent as DNA iso-
lated from gamma-irradiated cells (data not shown). These
results strongly suggest that the nature of the immediate mo-
lecular environment around the DNA is a determining factor

of the yield of 39-hydroxyl-containing termini produced by ion-
izing radiation.

The DNA repair kinetics data we have presented illustrate
the advantage of using the combination of 39 end labeling,
endonuclease IV, and S1 nuclease as probes to monitor repair
of ionizing-radiation-induced DNA damage during postradia-
tion incubation periods. We could show that processing of 39
blocking groups plus AP sites and repair of single-strand
breaks were both remarkably fast in human T47D cells, occur-
ring within a few minutes during the initial phase of repair. The
rapid disappearance of endonuclease IV-sensitive lesions ob-
served after irradiation suggests that AP endonucleases and/or
39-exonucleases are very active in these cells. Whether this is a
specific feature of the cell line investigated or a common prop-
erty of many human or mammalian cells remains to be deter-
mined. The rapid disappearance of bulk single-strand breaks
observed in the T47D cells during the initial phase of postra-
diation repair is in good agreement with previous DNA repair
studies carried out with rodent cell lines and human leukocytes
and with different techniques (14, 77). It is of interest that the
gamma ray-induced lesions giving rise to the small S1 nuclease
fragments detected in this work belong to a class of very rapidly
repaired single-strand breaks (see below).

Clustered distribution of in vivo-induced DNA damage de-
tected by S1 nuclease. The most provocative finding of this
study is the discovery of an apparently clustered distribution of
DNA damage that was observed with several types of clasto-
genic agents. Analysis of both the frequency and distribution of
DNA damage by use of the single-stranded-DNA-specific S1
nuclease has revealed unusual DNA cleavage patterns, char-
acterized by the generation of short S1 fragments (0.5 to 2 kb)
accounting for a very small fraction of total cellular DNA
(,1%). Strikingly similar S1 cleavage patterns were obtained

FIG. 9. Kinetics of DNA repair following gamma irradiation. Growing T47D-Hygro-3 cells were exposed to 100 Gy of gamma rays on ice and then incubated at
37°C for 1, 2, 5, 15, and 120 min and at 0°C for 5 min (in panel B). (A) Exchanged dCp at 39 ends of cellular DNA treated or not with endonuclease IV, as measured
by dot filtration. (B) Agarose gel autoradiogram of DNA incubated with S1 nuclease (60 min, 15°C) prior to 39 end labeling. (C) Exchanged dCp at 39 ends of cellular
DNA incubated with S1 nuclease (same DNA samples as in panel B), as measured by dot filtration. Data are means 6 standard deviations for three determinations
(triplicate DNA preparations) from which the basal dCp exchange measured in DNA of unexposed cells was subtracted.
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with cultured cells exposed to ionizing radiation, menadione,
singlet oxygen (data not shown), MMS, and topoisomerase II
inhibitors, as well as with mice exposed to MMS in vivo. In
contrast, a radically different cleavage pattern was obtained
when isolated DNA was exposed to gamma irradiation and S1
digestion under strictly identical conditions. Two conclusions
can be drawn from these observations: (i) the distribution of
most S1 cleavage sites induced in living cells by the DNA-
damaging agents tested was highly nonrandom, and (ii) the
distribution of these S1-sensitive lesions was determined pri-
marily by chromatin structure and not by DNA structure only.
These findings raise a number of relevant questions.

First, what is the nature of these S1-sensitive lesions? Stud-
ies with plasmid DNA models (43) yielded the following an-
swers: (i) double-stranded DNA, whether containing AP sites
or not, was resistant to S1 nuclease treatment (under the strin-
gent conditions used); (ii) DNA cleavage at DNA nicks was
inefficient; and (iii) S1-resistant nicks could be converted to
S1-sensitive sites by short exposure to 39-exonucleolytic trim-
ming to produce gaps. Therefore, the S1-hypersensitive sites
induced in cellular DNA in response to the clastogenic agents
used in this work are likely to consist primarily of single-strand
interruptions such as sensitive nicks and gaps. The fact that
39-exonucleolytic trimming prior to S1 nuclease cleavage of
damaged DNA (MMS-treated cells) did not increase signifi-
cantly the number of S1 fragments produced, i.e., did not
reveal S1-resistant nicks, suggests that the S1 cleavage sites
were essentially DNA gaps. The scarcity of MMS-induced S1-

resistant nicks in the 0.5- to 2-kb S1 fragment fraction was
confirmed independently by denaturation of the S1-treated
DNA with glyoxal prior to gel electrophoresis. Moreover, in
the absence of S1 nuclease treatment, glyoxal-mediated strand
separation of this MMS-damaged DNA clearly revealed a
range of fragments overlapping the size distribution of the S1
fragments described above (data not shown). This observation
provides independent support for the presence of clustered
DNA strand interruptions, without using S1 nuclease as a
probe to detect them.

Are these S1-hypersensitive sites colocalized with initial
DNA damage? This question is of obvious significance, since
the induction of single-strand breaks could be a secondary
event resulting from cellular responses to DNA damage. The
most relevant responses include DNA repair, coupled or not to
transcription (26), and potential induction of apoptosis. A con-
clusive answer to this question has not been obtained yet. In
the case of our gamma radiation data, involvement of DNA
repair and/or apoptotic processes could likely not account for
the induction of S1-hypersensitive sites observed immediately
after cell exposure to ionizing radiation in ice. In this case, the
damage detected was probably restricted to “initial” induction
of DNA strand breaks by radiation, with little if any contribu-
tion of strand breaks secondary to apoptosis or DNA repair
responses. The rapid disappearance of most strand breaks dur-
ing a few minutes of incubation after gamma irradiation clearly
indicates that these strand breaks did not result from apoptotic
DNA cleavage. The theoretical possibility of an immediate

FIG. 10. Different types of DNA-damaging agents induce similar distribution patterns of S1 nuclease hypersensitivity. (Left panel) DNA of human T47D-Hygro-3
cells exposed to DNA-damaging agents as indicated. (Right panel) Liver and kidney DNAs of adult mice (duplicates) injected (i.p.) or not with MMS. S1 nuclease
treatment, 39 end labeling, and agarose gel electrophoresis were carried out as for Fig. 7.

VOL. 17, 1997 CLUSTERED DNA DAMAGE DETECTED BY S1 NUCLEASE 5449



DNA cleavage process occurring at 0°C as triggered by an
initial DNA lesion cannot, however, be totally excluded.

Where are these S1-hypersensitive sites localized in the ge-
nome with respect to higher-order chromatin organization?
Are the same chromatin regions preferentially sensitive to dif-
ferent types of DNA-damaging agents, and why should these
DNA regions be preferentially sensitive to DNA damage? One
attractive model that could explain localized preferential DNA
damage, a putative colocalization of damage induced by dif-
ferent types of damaging agents, and the observed clustered
distribution of DNA damage in the genome is based on the
hypothetical existence of unpaired DNA in specific regions of
the chromatin. Single-stranded DNA is known to be much
more sensitive than double-stranded DNA to several types of
DNA damage, including depurination and cytidine deamina-
tion (69); oxidants such as permanganate and osmium tetrox-
ide are classic chemical probes used to detect unpaired DNA
and Z-DNA structures. Junctions between B- and Z-DNA may
also be sites hypersensitive to nucleases (70) and to DNA-
damaging agents (63). On the other hand, there is indeed
growing evidence for the existence of unpaired DNA in specific
regions of chromatin (6, 35, 52, 61) and for the presence within
the cell of S1-hypersensitive sites that were mapped close to
SARs (MARs) (24, 74), previously defined as scaffold or matrix
attachment regions (10, 39, 56). Single-stranded DNA was
detected in SARs of the chicken a-globin gene domain (74)
and in cis elements of the active human c-myc gene (52) and
was implicated in the binding of lamina to SARs (50). On the
other hand, there is accumulating evidence from the field of
radiobiology that both the extent and distribution of DNA
damage appear to depend on chromatin structure (for a re-
view, see reference 65). Little is known, however, about the
relative distribution of DNA damage and repair with regard to
higher-order chromatin organization. It will thus be of interest
to determine which regions of the chromatin are preferentially
sensitive to DNA damage and cleavage. The knowledge that
topoisomerase II binds preferentially to SARs (1) and is a
structural component of mitotic chromosomes (17) suggests
that the clusters of S1 cleavage sites induced by the topoisom-
erase II inhibitor streptonigrin (Fig. 10) were largely localized
in SARs (or nuclear matrix), as this quinone is reported to
target DNA cleavage via its binding to topoisomerase II, not to
DNA (83). Whether the similar S1 cleavage patterns observed
with the other DNA-damaging agents we have tested (e.g.,
gamma rays, MMS, and menadione) also reflect preferential
DNA damage localization in SARs will have to be determined.
It is of interest that repair of closely spaced single-strand
breaks (giving rise to the family of small S1 fragments) induced
by ionizing radiation was extremely fast. This may suggest that
the DNA damage occurred at or close to sites where pre-
formed multienzyme DNA repair complexes are localized on
the nucleoskeleton or that the damaged DNA was rapidly
recruited to such repair complexes. Recent data from the lab-
oratory of P. Hanawalt have shown that recruitment of cy-
clobutane pyrimidine dimer-containing DNA to the nuclear
matrix does occur during the initial phase of nucleotide exci-
sion repair following UV irradiation (36). This is consistent
with the concept of DNA repair factories residing on the nu-
clear matrix (36).

The mechanism(s) by which mammalian cells sense DNA
damage and mount adaptive responses, such as cell cycle ar-
rest, DNA repair, and/or apoptosis, is far from being fully
understood. One key factor identified in this process is the
famous multifunctional p53 tumor suppressor protein, which is
thought to act as the “guardian of the genome” (40). Among
the multiple functions attributed to p53, nonspecific binding to

short single-strand DNA stretches (34, 41) and the recently
discovered 39-to-59 exonucleolytic activity (58) may be indica-
tive of a dual role of p53 as potential sensor of DNA damage
and partner of the DNA repair machinery. Interestingly, both
wild-type and mutant p53 proteins have the property of bind-
ing to intact (undamaged) MAR/SAR elements, with the high-
est binding specificity associated with mutant p53 proteins (57).
It would thus be of particular interest to determine in vitro to
what extent DNA damage (e.g., single-strand breaks and gaps)
may increase the binding affinity of wild-type p53 to SAR
elements and to investigate in cells whether p53 colocalizes
with preferential DNA damage in the nuclear matrix. Positive
results may lead to the speculation that the coordinate pres-
ence of damage-hypersensitive DNA elements and p53 in the
nuclear matrix may be part of one mechanism permitting sens-
ing of DNA damage and triggering of appropriate p53-medi-
ated cellular responses according to DNA damage severity.
Besides, the putative presence of hypersensitive DNA ele-
ments in the nuclear matrix could contribute to an increase in
the frequency of illegitimate recombination and translocations
that can involve breakpoints within MAR elements (71).

Preliminary experiments carried out in vitro with plasmid
DNAs have shown that a SAR-containing DNA segment from
a Drosophila melanogaster hsp70 gene locus (56) was intrinsi-
cally hypersensitive to acid-catalyzed depurination or bleomy-
cin-mediated DNA cleavage in supercoiled plasmids and dis-
played strikingly similar fine-structure localization of DNA
damage (43). Whether this preferential localization of DNA
damage reflects a localized DNA-unpairing tendency and is
SAR specific is currently under investigation. The real chal-
lenge to test our model will be to find the best way to investi-
gate the putative relationships between the distribution of
preferential DNA damage, localized DNA single strandedness,
and higher-order chromatin structure in living cells.
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