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Abstract
Background: The cytotoxicity and the rejoining of DNA double-strand breaks induced by γ-rays,
H2O2 and neocarzinostatin, were investigated in normal and PARP-1 knockout mouse 3T3
fibroblasts to determine the role of poly(ADP-ribose) polymerase (PARP-1) in DNA double-strand
break repair.

Results: PARP-1-/- were considerably more sensitive than PARP-1+/+ 3T3s to induced cell kill by γ-
rays and H2O2. However, the two cell lines did not show any significant difference in the
susceptibility to neocarzinostatin below 1.5 nM drug. Restoration of PARP-1 expression in PARP-
1-/- 3T3s by retroviral transfection of the full PARP-1 cDNA did not induce any change in
neocarzinostatin response. Moreover the incidence and the rejoining kinetics of neocarzinostatin-
induced DNA double-strand breaks were identical in PARP-1+/+ and PARP-1-/- 3T3s. Poly(ADP-
ribose) synthesis following γ-rays and H2O2 was observed in PARP-1-proficient cells only. In
contrast neocarzinostatin, even at supra-lethal concentration, was unable to initiate PARP-1
activation yet it induced H2AX histone phosphorylation in both PARP1+/+ and PARP-1-/- 3T3s as
efficiently as γ-rays and H2O2.

Conclusions: The results show that PARP-1 is not a major determinant of DNA double-strand
break recovery with either strand break rejoining or cell survival as an endpoint. Even though both
PARP-1 and ATM activation are major determinants of the cell response to γ-rays and H2O2, data
suggest that PARP-1-dependent poly(ADP-ribose) synthesis and ATM-dependent H2AX
phosphorylation, are not inter-related in the repair pathway of neocarzinostatin-induced DNA
double-strand breaks.

Background
Ionizing radiation induces multiple lesions in cell DNA
including oxidative base damage, single-strand breaks
(SSB) and double-strand breaks (DSB) in proportion to

the radiation dose. Among the enzymes that have evolved
for the repair of radiation damage, poly(ADP-ribose)
polymerase (PARP-1), Ataxia mutated kinase (ATM) and
the heterotrimeric DNA-dependent protein kinase (DNA-
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PK), play a leading role. ATM is rapidly activated by DSB
to phosphorylate proteins in chromatin, most notably
H2AX histone [1,2] and the catalytic subunit of the DNA-
PK complex (DNA-PKcs). ATM is also essential to cou-
pling of DNA damage detection to NF-κB activation and
proper management of the oxidative stress inherent in
radiation exposure. DNA-PKcs is recruited by the Ku70-
Ku86 complex at sites of DSB [3,4]. Activated DNA-PKcs
phosphorylates a range of protein substrates and, along
with XRCC4 and Ligase 4 is essential to V(D)J recombina-
tion and DSB repair through the non-homologous end
joining (NHEJ) pathway [5].

PARP-1, an ubiquitous 113 kDa enzyme, is also required
for the detection and signalization of DNA strand inter-
ruptions. It is involved in early DNA damage recognition
[6], base excision repair [7,8] and genome surveillance in
a variety of situations (for a review see [9]). Activated
PARP-1 carries out synthesis and transfer of long linear or
branched ADP-ribose polymers (pADPr) to carboxyl
groups in a limited number of nuclear protein acceptors,
including PARP-1 itself in a reaction initiated by PARP-1
binding to SSB [10]. In addition, several DNA damage sig-
naling or repair proteins possess high-affinity binding
motifs for pADPr, among others XRCC1, DNA ligase III,
p21Waf1 and p53 [11,12]. Two subunits of the DNA-PK
heterotrimer, namely, Ku70 and DNA-PKcs also present
high affinity motifs for pADPr binding [12], and PARP-1
co-immunoprecipitates with these proteins [13–15]. In
vitro, the DNA-PKcs subunit can be ADP-ribosylated and
stimulated by PARP-1; PARP-1 can in turn be phosphor-
ylated by DNA-PKcs [16].

Whether these protein complexes and post-translational
modifications play a role in repair from radioinduced
DSB, has been challenged recently [17,18]. In the prospect
of unravelling this question, we reasoned that radiomi-
metic compounds acting to produce DSB with high selec-
tivity and efficiency in the DNA of target cells should be
used instead of ionizing radiation, since radiation gener-
ates oxidative stress response and elicits a large spectrum
of lesions located at random in chromatin.

We chose neocarzinostatin (NCS) for this purpose. NCS is
the prototype of the "protein antibiotic" family. It is a
complex consisting of a dodecadiyne antibiotic
(NCSChrom) reversibly bound to a carrier protein [19].
NCS is active in the nanomolar range, and NCSChrom
cleaves DNA in the course of a suicide reaction leaving no
residual active drug after a few minutes incubation. The
major DNA lesions induced by NCSChrom in DNA result
from radical attack [20] and consist of a blunt end break
bearing a thymidine-5'-aldehyde residue on one strand
[21], with an atypical abasic site at two nucleotide interval
on the complementary strand [22,23]. This abasic site is

substrate for endonuclease III [24] in such a way that
NCS-induced damage is rapidly converted into DSB in liv-
ing cells [25,26]. E. coli [27,28], yeast [29] or mammalian
cells [30–37] bearing a defect in DSB repair, are consist-
ently hypersensitive to induced cell kill by NCS.

PARP-1 proficient (PARP-1+/+) and PARP-1 knockout
(PARP-1-/-) 3T3 fibroblasts from syngenic mice, were used
to investigate the role of PARP-1 in the recovery of NCS-
induced DSB. PARP-1-/- 3T3s complemented with the full
PARP-1 cDNA, were also used in this assay. The incidence
and repair kinetics of DSB were measured in parallel in
PARP-1+/+ and PARP-1-/- 3T3s, and the effect of 4-amino-
1,8-naphthalimide, a potent PARP-1 inhibitor, was estab-
lished in PARP-1+/+ 3T3s. The cytotoxic effect of γ-rays and
H2O2 was determined for comparison.

Immunofluorescence studies were also performed to
assess pADPr synthesis and H2AX histone phosphoryla-
tion following exposure to NCS, γ-rays or H2O2. The
results show that PARP-1 is likely not to play a crucial role
in the repair of DSB, at least in the absence of other types
of DNA damage.

Results
Cytotoxicity of NCS, γ-rays and H2O2
PARP-1+/+ and PARP-1-/- 3T3s were exposed to increasing
concentrations of NCS and cytotoxicity was determined
through a growth assay (see Methods). Below 1.5 nM NCS
PARP-1+/+ and PARP-1-/- 3T3s demonstrated exactly the
same susceptibility to the lethal effect of NCS (Figure 1A).
However, PARP-1+/+ were substantially more sensitive to
NCS than PARP-1-/- 3T3s in the high range of NCS
concentration.

Pre-treatment with the PARP-1 inhibitor 4-amino-1,8-
naphthalimide (ANI) did not alter the susceptibility of
PARP-1+/+ 3T3s to NCS (Figure 2A). In contrast, PARP-1-/-

were considerably more sensitive than PARP-1+/+ 3T3s to
the lethal effect of γ-rays (Figure 2B) and H2O2 (Figure
2C).

The PARP-1+/+ and PARP-1-/- 3T3 clones used in these
experiments originated each from independent isolates
immortalized at random. There was therefore a possibility
that minor differences might exist between both cell lines
with regard to cell death mechanism or efficiency at a high
level of DSB, and contribute to altered NCS susceptibility
in addition to the PARP-1 defect. To settle this question,
we used PARP-1-/- 3T3s in which the full PARP-1 cDNA
had been re-inserted by retroviral infection with a pBabe
construct, allowing complete restoration of the PARP-1
activity [38]. The NCS response of these cells was com-
pared to that of PARP-1-/- 3T3s from the same clonal iso-
late transfected with the void vector. Both cell lines
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Effect of PARP-1 knockout on the susceptibility of mouse 3T3 fibroblasts to the lethal effect of NCSFigure 1
Effect of PARP-1 knockout on the susceptibility of mouse 3T3 fibroblasts to the lethal effect of NCS. A (top). Cytotoxicity of 
NCS against PARP-1+/+ and PARP-1-/- 3T3s. The growth assays were performed as described under Methods. For PARP-1-/- 

3T3s, the data were fitted to an exponential equation, S = e-α [NCS] where S is the surviving fraction (α = 0.398 ± 0.019 nM-1). 
For PARP-1+/+ 3T3s, a linear-quadratic equation was used in order to smooth the curve and gave the same value of α. The 
insert shows the response of PARP-1+/+ and PARP-1-/- 3T3s in the low range of NCS concentration. The amount of NCS (LC37) 
required to reduce cell survival to 1/e of that in control was 1.79 and 2.48 nM for PARP-1+/+ and PARP-1-/-3T3, respectively. B 
(bottom). Comparison of the response of PARP-1-/- 3T3s from a unique isolate transduced with a pBabe-puro retroviral vector 
carrying the full-length PARP-1 cDNA (pBabePARP-1) or the void vector (pBabevoid). Both cell lines showed the same exponen-
tially-dependent response to NCS (α = 0.566 ± 0.044 nM-1).
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Differential susceptibility of PARP-1+/+ and PARP-1-/- 3T3s to γ-rays and H2O2Figure 2
Differential susceptibility of PARP-1+/+ and PARP-1-/- 3T3s to γ-rays and H2O2. A (top). Absence of a significant effect of ANI 
(30 µM) on the cytotoxic response of PARP-1+/+ 3T3s to NCS. The results are expressed as the ratio of the mean lethal NCS 
concentrations (LC37) determined from survival curves in the same way as in Figure 1. B (middle). γ-Ray survival of PARP-1+/+ 

and PARP-1-/- 3T3s. A modified form of the linear-quadratic equation,  where D is the radiation 

dose and (a + b) = 1, was set [6] to take into account the existence of a minor fraction (b) of the cell population experiencing 
cytolytic cell death at high radiation doses. The values calculated for best fit with the experimental data were: α = 0.134 ± 
0.040 Gy-1, β = 0.168 ± 0.030 Gy-2 for PARP-1-/- 3T3; α = 0.0258 ± 0.0323 Gy-1, β = 0.0422 ± 0.0120 Gy-2 for PARP-1+/+ 3T3s. 
α represents the contribution to radiation-induced cell death of lethal, non-repairable DNA damage. The quadratic parameter, 
β relates to unrepaired sublethal damage. Though this is still a matter of controversy [66], β is thought to represent the prob-
ability of interaction between separate breaks to exchange chromosomal aberrations [67]. The mean lethal radiation doses 
(D37), i. e., the doses required to reduce cell survival to 1/e of that in control, are given in Table 1. C (bottom). Cytotoxicity of 
H2O2 against PARP-1+/+ and PARP-1-/- 3T3s. The dose-response curves were fitted to a biexponential equation, 

 with (a + b + c) = 1. c corresponds to the plateau of cell survival at infinite H2O2 concen-
tration (0.48 and 0.046 for PARP-1+/+ and PARP-1-/- 3T3s, respectively). The initial slope of the cells' response to H2O2 was cal-
culated at 2.6 and 25.8 mM-1 for PARP-1+/+ and PARP-1-/- 3T3s, respectively.

S a.e b.eD D D= +− − −α β γ2

S a.e b.e cH O ] H O ]2 2= + +− −α β[ [2 2
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showed exactly the same susceptibility to NCS, with a
purely exponential dose-dependence (Figure 1B).

Incidence of NCS-induced DSB
DSB in PARP-1+/+ and PARP-1-/- 3T3s were measured by
PFGE. Briefly, cells were exposed to increasing concentra-
tions of NCS, up to 30 nM for 10-min at 37°C, then
chilled in ice, harvested in PBS-EDTA buffer, and inserted
into agarose plugs and lysed for PFGE analysis. The effect
of NCS was compared to that of γ-rays (up to 60 Gy) on
cells irradiated in ice.

The incidence of DSB was found to increase linearly with
the γ-ray dose, in agreement with earlier reports [39]. It
also grew linearly with the NCS concentration, and incu-
bation with 1 nM NCS yielded the same amount of DSB
as 1.21 Gy γ-rays (data not shown). PARP-1+/+ and PARP-
1-/- 3T3s did not show any difference in this assay. Taking
into account the fact that 1 Gy γ-rays produces 41 DSB per
diploid cell nucleus [40], the average incidence of DSB
formed by 1 nM NCS in each 3T3 fibroblast was estimated
at ca. 50 DSB. With consideration to the number of DSB
induced by the treatment, the lethal efficiency of NCS was
in the same range as that for γ-rays (Table 1).

Rejoining of NCS-induced DSB
To determine whether the repair of NCS-induced DSB was
deficient in PARP-1-/- relative to PARP-1+/+ 3T3s, DSB
rejoining in cells treated with 30 nM NCS was measured
through PFGE. The data (Figure 3) did not demonstrate
any difference in the rejoining kinetics between both cell
lines.

Immunofluorescence assays
PARP-1+/+ and PARP-1-/- 3T3s were assayed through
immunoflurescence for the determination of (i) PARP-1
expression, (ii) PARP-1 activity visualized by pADPr syn-
thesis following γ-ray irradiation, NCS and H2O2, and (iii)
ATM-dependent H2AX histone phosphorylation in
response to DNA damage induced by γ-rays, H2O2 or NCS.
The results are shown in Figure 4.

Time-dependence of DSB rejoining in PARP-1+/+ and PARP-1-/- 3T3s following exposure to 30 nM NCSFigure 3
Time-dependence of DSB rejoining in PARP-1+/+ and PARP-1-

/- 3T3s following exposure to 30 nM NCS. [2-14C]Thymidine-
labeled cells were exposed to NCS for 10-min. After drug 
removal, cells were rapidly chilled in ice at the time indicated, 
harvested, and embedded into agarose plugs followed by lysis 
and PFGE (see Methods). The results are expressed as the 
percentage of remaining damage in Gy.eq. This percentage 
was determined from the fraction of activity released from 
the plugs; calibration was made with reference to samples 
irradiated in ice. The origin of the time scale starts from the 
introduction of NCS.

Immunofluorescent visualization of PARP-1, pADPR synthe-sis and H2AX phosphorylation in PARP-1+/+ and PARP-1-/- 3T3s exposed to various treatments including H2O2 (1 mM, 10-min) without or with 30 µM ANI, γ-rays (20 Gy, 10-min) or NCS (2 or 30 nM, 10-min)Figure 4
Immunofluorescent visualization of PARP-1, pADPR synthe-
sis and H2AX phosphorylation in PARP-1+/+ and PARP-1-/- 

3T3s exposed to various treatments including H2O2 (1 mM, 
10-min) without or with 30 µM ANI, γ-rays (20 Gy, 10-min) 
or NCS (2 or 30 nM, 10-min). PARP-1-/- 3T3s complemented 
with the PARP-1 cDNA (pBabePARP-1) are shown for compar-
ison. Cells were grown on coverslips, treated, fixed, incu-
bated with antibodies and counterstained with DAPI. For 
each preparation the gain of the camera was adjusted relative 
to DAPI emission. The top part of the figure shows isolated 
views. The bottom panels show DAPI and immunofluores-
cence views in coincidence. The bar (top right view) repre-
sents 20 µm.
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PARP-1 expression was detected in the nucleus of PARP-
1+/+ 3T3s and was missing in PARP-1-/- 3T3s, as expected.
Also as expected, pADPr synthesis was observed selec-
tively in the nucleus of PARP-1+/+ cells following γ-ray or
H2O2 exposure, and was repressed by ANI. Stable transfec-
tion with a retroviral vector coding for the full PARP-1
gene, restored PARP-1 expression and function.

In contrast to γ-rays or H2O2, NCS did not induce any
measurable pADPr synthesis in PARP-1+/+ 3T3s, even at a
concentration of 30 nM representing ca. 20-fold the IC50
value and yielding the same amount of DSB as 36 Gy radi-
ation. However, consistent with induction of DSB in
chromosomal DNA, NCS at relatively low concentration
(2 nM) initiated rapid phosphorylation of H2AX in the
same way as γ-rays or H2O2. In agreement with this obser-
vation, MRE11 phosphorylation and focus formation
through an ATM- and NBS1-dependent mechanism, has
recently been shown to occur after NCS treatment [37].

Discussion
The incidence of NCS-induced DSB was the same in
PARP-1+/+ and PARP-1-/- 3T3s, indicating that both cell
lines incorporated equal amounts of NCSChrom. Moreover
no difference, even minor was found between PARP-1+/+

and PARP-1-/- in the kinetics of DSB rejoining (Figure 3).

Consistent with this, the susceptibility to NCS-induced
lethality was the same in PARP-1+/+ and PARP-1-/- 3T3s
below 1.5 nM drug. PARP-1+/+ were comparatively more
sensitive to NCS in the high range of NCS concentration.
This is thought to result from minor differences in the sus-
ceptibility to DSB-induced cell death arising between dif-
ferent clonal isolates of 3T3 fibroblasts immortalized at
random. As a matter of fact, retrovirus-mediated insertion
of the PARP-1 cDNA in a single PARP-1-/- 3T3 clone, did
not bear any change in NCS susceptibility (Figure 1).

ANI totally repressed pADPr elongation in response to
H2O2 (Figure 4) but did not alter the cytotoxicity of NCS
in PARP-1+/+ 3T3s (Figure 2). These results corroborate
those of other authors who showed that PARP-1
inhibitors did not affect cell kill by the topoisomerase IIα
poison etoposide, another DSB inducer [41–43]. In con-

trast, and in agreement with earlier reports [6,44,45]
PARP-1-/- 3T3s were considerably more sensitive than
PARP-1+/+ 3T3s to the lethal effect of radiation (Figure
2C). PARP-1-/- 3T3s were also more sensitive than PARP-
1+/+ to sub-millimolar concentrations of H2O2, a potent
inducer of pADPr synthesis in response to SSB and oxida-
tive base damage [46], highligting the toxic effect of a defi-
ciency in base excision repair in PARP-1 knockout cells
[47]. However, for both cell lines, and contrary to CHO
cells that exhibited an exponentially concentration-
dependent response to H2O2 [46], the survival curves pre-
sented a plateau indicating resistance of a major (PARP-
1+/+) or minor fraction (PARP-1-/-) of the cell population
(Figure 2C). A similar effect was reported by other authors
in Chinese hamster V79 cells and in normal and AT
human fibroblasts exposed to H2O2 or organic peroxides
[48,49]. Differential expression of catalase, superoxide
dismutase or glutathione peroxidase was ruled out [48]
and at the moment there is no explanation to this
observation.

Other authors using single-cell gel electrophoresis (comet
assay) have shown that the rejoining of radiation-, H2O2-
or methyl methane sulfonate-induced SSB, is dramatically
hampered by PARP-1 knockout, and significantly delayed
by PARP-1 inhibitors in L1210 cells [50] and PARP-1+/+

3T3s [51,52] yet these inhibitors have poor incidence on
the level of H2O2-induced cell death [46,53]. Ectopic
expression of the PARP-1 cDNA in PARP-1-/- 3T3s restored
a wild-type phenotype [51], demonstrating unequivocally
that the repair capacity of PARP-1-deficient cells was dras-
tically limited. We propose that this effect is relevant to
the role of PARP-1 in base excision repair only, as there
was no difference between PARP-1+/+ and PARP-1-/- 3T3s
with regard to the rejoining kinetics of NCS-induced DSB
(Figure 3). Moreover, immunofluorescence assays
showed that, even though NCS at supra-lethal concentra-
tion did not induce detectable pADPr synthesis, the ATM-
dependent phosphorylation of H2AX was activated in
response to relatively low levels of NCS, irrespective of
whether PARP-1 was defective or not (Figure 4). Bowman
et al. [43] also showed that the topoisomerase IIα poison
etoposide did not bring about pADPr synthesis in L1210
cells, even at concentrations in excess of those causing sig-

Table 1: Comparison of the mean lethal dose D37(or LC37), i. e., the radiation dose (or NCS concentration) leaving 1/e = 37% survival, 
among the two cell lines investigated.

PARP-1+/+ 3T3 PARP-1-/- 3T3

D37γ-Rays (Gy) 4.96 2.26
LC37 NCS (Gy.eq) 2.21 3.00

The D37 (or LC37) values were calculated from the dose-dependent (γ-rays) or concentration-dependent survival curves (NCS), taking into account 
the mean incidence of NCS-induced DSB relative to γ-rays (1 nM NCS = 1.21 Gy.eq).
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nificant levels of apoptosis. Likewise, Dziegielewski and
Beerman [54] recently showed that a defect in either ATM
or DNA-PKcs may not confer cells enhanced susceptibility
to the NCS homologue C-1027. On the other hand single-
strand nicks in DNA are effective activators for PARP-1,
not for DNA-PK [55,56]. Therefore, PARP-1-dependent
pADPr elongation and ATM-dependent H2AX phosphor-
ylation, two major post-translational modifications
occurring in response to DNA single- and double-strand
breaks, respectively, are likely not to be interrelated or
redundant. This may elicit functional synergy between
PARP-1 and ATM, consistent with the embryonic lethality
observed in the double ATM/PARP-1 knockout [57].

Conclusions
Substantial differences in PARP-1 activation by ionizing
radiation and alkylating agents have been reported [58]
and our data suggest that PARP-1 is not a major determi-
nant of cell survival to DNA double-strand breaks as long
as the level of oxidative stress (as determined from pADPr
synthesis) is limited. In consideration of studies with
other DNA-damaging agents (reviewed in [59]) and of the
comparatively high susceptibility of PARP-1 null 3T3s to
H2O2 (Figure 2C), we propose that enhanced radiation
sensitivity of PARP-1 null relatively to normal 3T3s, pro-
ceeds from defects in base excision repair in the former.

Methods
Antibodies and reagents
Mouse monoclonal antibodies directed against the PARP-
1 C-terminal domain (clone 7-D3-6) and pADPr (clone
10 H) were from Becton-Dickinson Biosciences and Alexis
Corporation, respectively. Rabbit polyclonal antibody
raised against γ-H2AX, was from Trevigen. Alexa-488®-
conjugated goat anti-rabbit and anti-mouse secondary
antibodies, were purchased from Molecular Probes. HRP-
conjugated goat anti-mouse and anti-rabbit IgG came
from Jackson Immunoresearch.

[2-14C]Thymidine was purchased from PerkinElmer Life
Sciences. 4-amino-1,8-naphthalimide (ANI) came from
ACROS Organics. H2O2 was from Sigma-Aldrich. Other
chemicals were of the highest purity available and came
from VWR International. The products for cell culture
were from Invitrogen.

The neocarzinostatin holoprotein, prepared and titrated
as described [60], was stored as a sterile 1 mM stock solu-
tion in 2 mM sodium formate buffer, pH 4.0, at liquid
nitrogen temperature.

Cells and cell cultures
Spontaneously immortalized 3T3 mouse embryo fibrob-
lasts obtained from homozygous wild-type (PARP-1+/+)

and knockout (PARP-1-/-) C57BL/6 mice [44], were pro-

vided by Dr. Gilbert de Murcia. It should be stressed that
the knockout in PARP-1-/- fibroblasts was complete, i. e.,
no fragment of the functional domain of PARP-1 protein
was expressed in these cells. PARP-1-/- 3T3s in which the
full PARP-1 gene was reinserted by a retroviral pBabe-puro
construct [38] were a generous gift of Dr. Moshe Oren.

3T3 fibroblasts were maintained as exponentially growing
monolayers in Dulbecco modified Eagle's minimum
essential medium (DMEM), with antibiotics and 10% foe-
tal calf serum as described [6]. The mean doubling time of
cells was 27-h and 52-h for PARP-1+/+ and PARP-1-/- 3T3s,
respectively.

Cytotoxicity determination
Due to a low cloning efficiency of 3T3 fibroblasts in a
feeder layer technique, all cytotoxicity determinations
were performed using growth assays. PARP-1+/+ or PARP-
1-/- 3T3 fibroblasts were plated in triplicate (105 cells per
25 cm2 vented flasks) and incubated overnight before
treatment. After treatment, the flasks were rinsed twice
with HBSS and returned to fresh medium for exactly 5
doubling times, with one medium change at day 7 for
PARP-1-/- 3T3s. Fibroblasts were harvested by 0.05%
trypsin-0.02% EDTA, pelleted, resuspended in medium
and counted under microscope in a Malassez cuvette.

Radiation and drug treatment
Irradiation of cells was performed at room temperature in
medium equilibrated with 5% CO2 in air, using an IBL-
637 (137Cs) γ-ray irradiator (Cis-Biointernational). The
dose rate was 0.86 Gy/min or 8.0 Gy/min for survival or
immunofluorescence studies, respectively.

Aliquots of NCS were thawed just before use, adjusted to
the suitable dilution in ice-cold PBS buffer, pH 6.0, and
immediately introduced into culture flasks (25 cm2, 5 ml
medium) with gentle agitation. The whole treatment was
performed in dim light to avoid photo-induced
degradation of the drug. The cytotoxic effect of NCS at
fixed concentration was investigated as a function of the
length of drug exposure. Cytotoxicity increased steeply
with the length of contact and reached completion after 6-
min only. More prolonged incubation did not result in
increased cell death. Therefore, the length of contact with
NCS was 10-min throughout.

For studies of H2O2 response, serial dilutions of concen-
trated (9.8 M) H2O2 were made in pure water, then in cul-
ture medium immediately prior to use. The length of
contact with H2O2 was 10-min.

In some experiments ANI was used as a PARP-1 inhibitor
[61–63]. When present, ANI (30 µM) from a 3 mM stock
solution in pure DMSO was introduced 1-h prior to irra-
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diation or NCS, and removed 1-h later with two HBSS
washes. The DMSO concentration in medium was 1% and
was kept constant throughout experiments with ANI.
Controls were made with DMSO alone at the same
concentration.

DNA double-strand break determination
The determination of DSB formation and repair was car-
ried out by pulsed field agarose gel electrophoresis (PFGE)
through the clamped homogeneous electric field (CHEF)
technique [64,65]. [2-14C]Thymidine-labeled cells (2–5
106 cells per 25 cm2 flask) were put in ice following treat-
ment, harvested in ice-cold PBS supplemented with 2 mM
EDTA by gentle scraping, and collected by sedimentation
at 4°C. Pellets from 5 105 cells were resuspended in 150
µl, final volume, of PBS buffer at 37°C, and mixed under
mild vortexing with an equal volume of 1.6% w/v low-
melting-point agarose (BDH Laboratory) in PBS buffer at
37°C. The suspension (300 µl) was immediately pipetted
into pre-chilled 4 × 10 mm moulds and allowed to form
plugs on ice for 30-min. Embedded cells were subse-
quently lysed by immersion of the plugs in 2 ml of a solu-
tion containing 2% N-lauroyl sarkosine, 40 mM EDTA, 1
mg/ml proteinase K in PBS, pH 7.8 and incubated, firstly
for 2 h in ice, secondly for 24 h at 50°C. The plugs were
subsequently washed twice with PBS, and treated for 1-h
with 200 µg/ml RNase A. The plugs were finally washed
twice with PBS and stored at 4°C overnight prior
electrophoresis.

The plugs were inserted into the wells of an 0.8% w/v aga-
rose gel (BioRad, chromosomal grade) made in 0.75 ×
TAE buffer (40 mM tris-acetate, 2 mM EDTA, pH 8), and
the gels submitted to PFGE at 14°C in a CHEF-DR III
apparatus (Bio-Rad) with buffer recirculation at 14°C.
Migration was for 72 h at 2 V/cm with three switch times,
namely, 1200-s, 1500-s and 1800-s with angles of 96°,
100° and 106°, respectively. The molecular weight mark-
ers were S. pombe and S. cerevisiae chromosomes (Bio-
Rad).

After electrophoresis, the gels were stained with 0.5 µg/ml
ethidium bromide under mild agitation (30-min), fol-
lowed by destaining for 1-h in fresh buffer. DNA fluores-
cence was visualized over an UV transilluminator with
camera recording. The gels were subsequently dried in
vacuo over a piece of Whatman paper and analyzed using
a Phosphorimager® apparatus (Amersham Pharmacia Bio-
tech), allowing a precise determination of the migration
profile of DNA fragments and of the fractional radioactiv-
ity released from the plugs (FAR).

Immunofluorescence of PARP-1, pADPr and γ-H2AX
3T3 fibroblasts were grown for 24-h on coverslips and
exposed to either γ-rays (5 Gy for γH2AX, 50 Gy for

pADPR), H2O2 (1 mM, 10-min contact, 37°C), or graded
concentrations of NCS (2 nM, 5 nM or 30 nM, 10-min
contact, 37°C), and fixed 10-min after the beginning of
treatment. For PARP-1 and pADPr immunofluorescence,
fixation was by 4% formaldehyde (10-min, room temper-
ature) in PBS followed by two PBS washes and neutraliza-
tion of residual formaldehyde by 50 mM NH4Cl (10-min,
room temperature). After a further PBS wash (5-min,
4°C), cells were permeabilized by 0.5% Triton X-100 in
PBS (5-min, 4°C), and finally rinsed twice with PBS. For
γH2AX determination, cells were fixed in a 1:1 v:v ace-
tone:methanol mixe (-20°C, 10-min), dried in air and
rehydrated in PBS (15-min, room temperature).

Cell preparations on coverslips were subsequently incu-
bated with 1% bovine serum albumin in PBS (10-min,
room temperature) and exposed to anti-pADPr, anti-
PARP-1 or anti-γH2AX primary antibody (1/200 dilution,
1-h, 37°C). The coverslips were rinsed thrice with PBS,
and incubated with Alexa-488®-conjugated secondary
antibody (1/500 dilution, 30-min, 37°C), rinsed thrice
with PBS, counterstained with 4,6-diamidino-2-phenylin-
dole (DAPI) and mounted. Immunofluorescence was vis-
ualized using a Zeiss Axiophot microscope equipped with
a Micromax chilled camera (Princeton Applied Research).
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