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Abstract

The boron neutron capture (BNC) reaction results from the interaction of10B with low-energy thermal neutrons and gives rise
to highly damaging lithium and alpha-particles. In this work the genotoxicity caused by the BNC reaction in V79 Chinese hamster
cells was evaluated in the presence of poly(ADP-ribosyl)ation inhibitors. Poly(ADP-ribose) polymerase-1 (PARP-1), the most
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important member of the PARP enzyme family, is considered to be a constitutive factor of the DNA damage surveillance ne
present in eukaryotic cells, acting through a DNA break sensor function. Inhibition of poly(ADP-ribosyl)ation was achi
with the classical compound 3-aminobenzamide (3-AB), and with two novel and very potent inhibitors, 5-aminoisoquinoli
(5-AIQ) and PJ-34. Dose-response increases in the frequencies of aberrant cells excluding gaps (%ACEG) and chrom
aberrations excluding gaps per cell (CAEG/cell) were observed for increasing exposures to the BNC reaction. The pres
3-AB did not increase the %ACEG or CAEG/cell, nor did it change the pattern of the induced chromosomal aberrations. R
with 5-AIQ and PJ-34 were in agreement with the results obtained with 3-AB. We further studied the combined effect of a P
inhibitor and a DNA-dependent protein kinase (DNA-PK) inhibitors (3-AB and wortmannin, respectively) on the genotox
of the BNC reaction, by use of the cytokinesis-block micronucleus assay. DNA-PK is also activated by DNA breaks and
DNA ends, playing a role of utmost importance in the repair of double-strand breaks. Our results show that the inhibiti
poly(ADP-ribosyl)ation does not particularly modify the genotoxicity of the BNC reaction, and that PARP inhibition toge
with a concomitant inhibition of DNA-PK revealed barely the same sensitizing effect as DNA-PK inhibition per se.
© 2005 Published by Elsevier B.V.
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1. Introduction

The boron neutron capture (BNC) reaction results
from the interaction of10B with low-energy thermal
neutrons and gives rise to lithium and�-particles.
These particles have a high linear energy transfer (LET)
and a short range, which renders them highly damag-
ing to cells. Accordingly, the BNC reaction has been
used in clinical trials [boron neutron capture therapy
(BNCT)] to treat some aggressive types of neopla-
sia [1–4]. Mechanistic knowledge on DNA and cell
damage induced by high-LET radiation, in particular
by �-particles, remains limited[5]. DNA single-strand
breaks (SSB) or DNA double-strand breaks (DSB) are
strongly related to high-LET radiation[6,7], the latter
being frequently associated with chromosomal aberra-
tions, mutations, cell death and cancer[8,9]. The eval-
uation of the involvement of key enzymes for DNA
damage surveillance and repair has not yet been fully
addressed for high-LET radiation in general and for
the BNC reaction in particular, and can be valuable in
understanding high-LET radiation effects.

Poly(ADP-ribosyl)ation is a posttranslational mod-
ification of proteins carried out by a family of NAD+

ADP-ribosyltransferases, the poly(ADP-ribose) poly-
merases (PARPs)[10]. It is now clear that poly(ADP-
ribose) polymerase-1 (PARP-1, formerly known as
PARP, E.C. 2.4.2.30), the most important member of
the PARP family, is a constitutive factor of the DNA
damage surveillance network present in eukaryotic
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DNA-PK is involved in double-strand break (DSB) re-
pair and V(D)J recombination[9,18,19].

Recently, various studies implying the interaction
of both these enzymes have been published, suggest-
ing that DNA strand-break recognition and repair oc-
curs in a concerted action involving a functional inter-
play between them[13,20,21]. The exact interaction
is unknown, but some studies suggest a mutual regu-
lation and modification between PARP and DNA-PK
[21–23].

This work aims at assessing the role of the inhi-
bition of poly(ADP-ribosyl)ation on the genotoxicity
of the BNC reaction in V79 Chinese hamster cells.
This cell line has been used in a number of pre-
vious studies to evaluate the involvement of PARP-
1 in the genotoxicity and/or cytotoxicity of different
agents[20,24–27]. The chromosomal aberration assay
was used and the BNC reaction was carried out with
different concentrations of 4-borono-l-phenylalanine
(BPA; 10B-enriched) and different periods of irradi-
ation with low-energy thermal neutrons. For the in-
hibition of poly(ADP-ribosyl)ation, the standard in-
hibitor 3-aminobenzamide (3-AB)[28] as well as two
novel, very potent, highly specific and water-soluble
inhibitors were used, viz. 5-aminoisoquinolinone (5-
AIQ) [29] and PJ-34[30]. The combined inhibition of
PARP and DNA-PK was also evaluated in this study
by use of the cytokinesis-block micronucleus assay
(CBMN) as a test for genotoxicity. The inhibition of
DNA-PK was achieved with wortmannin (WM), a fun-
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ells[11–13], acting through a DNA break sensor fu
ion [14]. PARP-1 activity is strongly dependent on
resence of strand breaks in DNA (nicks and dou
trand breaks), which are recognized by the two z
nger motifs within the DNA-binding domain of th
nzyme[15]. The exposure of PARP-1-deficient ce

o DNA damaging agents, namely alkylating age
nd�-radiation, increases recombination observe
n increase in sister chromatid exchange (SCE)
hromosome aberrations[12,16,17]. These findings
btained with PARP-1−/− mice and their cells, hav
enerally recapitulated former results achieved
tudies using PARP inhibitors, and confirmed t
ain conclusions (reviewed by Shall and de Mu

12]).
Another component of the DNA damage surv

ance network is the DNA-dependent protein kin
DNA-PK), which is likewise activated by DNA break
al metabolite that is a potent, irreversible and n
ompetitive inhibitor of the catalytic sub-unit of th
nzyme (DNA-PKcs)[31].

. Material and methods

.1. Chemicals and culture medium

Foetal calf serum, RPMI medium, 3-aminoben
ide (CAS number 3544-24-9), wortmannin (C
umber 19545-26-7), cytochalasin-B (CAS num
4930-96-2) andN-(6-oxo-5,6-dihydrophenanthridi
-yl)-2-(N,N-dimethylamino)acetamide, hydroch
ide (PJ-34, CAS number 344458-15-7) w
urchased from Sigma (St. Louis, MO). 4-Boro
-phenylalanine10B-enriched (BPA, 99.7%; CA
umber 80994-59-8) was obtained from KatCh
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(Prague, Czech Republic). Methanol, acetic acid,
potassium chloride and Giemsa dye were obtained
from Merck (Darmstadt, Germany). Colchicine was
purchased from Fluka (Buchs, Switzerland) and
trypsin from Difco Laboratories (Detroit, Mich).
5-Aminoisoquinolin-1-one, hydrochloride (5-AIQ,
CAS number 1125-60-6) was kindly supplied by
Dr M.D. Threadgill (Bath, UK) and synthesized as
described in[32].

2.2. BNC reaction: cell culture and BPA
incubation

Wild-type V79 Chinese hamster cells (MZ) were
kindly provided by Prof. H.R. Glatt (Mainz and Pots-
dam). These cells were cultured in RPMI medium
supplemented with 10% foetal calf serum, penicillin
(100 IU/ml), streptomycin (100�g/ml) and incubated
at 37◦C under an atmosphere containing 5% carbon
dioxide.

For BPA treatment of cells, a BPA stock supple-
mented medium was prepared with a final BPA concen-
tration of 2.4 mM (500�g/ml; 24.0 ppm of10B). Cells
were seeded (approximately 1.0× 105) in 25-cm2 tis-
sue culture flasks (Greiner; Frickenhausen, Germany)
and incubated either with 5 ml of BPA medium (0.48,
1.2 and 2.4 mM) or with BPA-free culture medium. The
cells were grown as monolayers for 48 h and then ir-
radiated with thermal neutrons (low-energy neutrons,
average value of 0.025 eV). Two independent experi-
m
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formulaDB = 8.66× 10−8[10B]φ. The absorbed doses
from �- and lithium particles for the fluences (φ) and
BPA (10B) concentrations studied in this report are thus
in the range of 0.05–0.9 Gy.

2.4. BNC reaction controls

Controls included cells irradiated with the low-
energy thermal neutrons without BPA incubation (ther-
mal neutron controls). Thermal neutron controls assess
the genotoxicity of the�-ray background of the reactor,
and also of the reactions with other nuclides, namely
hydrogen and nitrogen[34,35]. These control cultures
were exposed to a mixed field of high (protons) and low
(�-rays) LET radiation that could contribute to a small
extent to the total dose. Other controls included cells
incubated with BPA without thermal neutron irradia-
tion (BPA controls), and non-irradiated cells without
BPA incubation (background V79 controls).

2.5. Chemical inhibitors

The poly(ADP-ribosyl)ation inhibitors (3-AB, 5-
AIQ and PJ-34), and the DNA-PK inhibitor (WM, stock
solution prepared in DMSO) were added, respectively,
at 4 and 3.5 h before the irradiation with thermal neu-
trons and remained for a further 6 h (CBMN assay, 3-
AB and WM) or 14.5 h (chromosomal aberration assay,
3-AB, 5-AIQ and PJ-34).

ied
w
f
t the
n its
c

2

as
r ture
m
w ted
b nt
w h
m ared
a os-
p

ents were performed.

.3. BNC reaction: thermal neutrons irradiation

The irradiation of V79 cells took place at t
ertical access of the thermal column of the P
uguese Research Reactor (RPI). The characteriz
f the radiation field and the reduction of the ba
round�-radiation from the reactor were essential

hese radiobiological experiments and have been
cribed elsewhere[33,34]. Thermal neutron irradia
ions between 30 and 120 min were considered in
tudy, corresponding to average fluences (φ) between
.1× 1011 and 4.4× 1011 nth cm−2. The neutron flu
as monitored in each irradiation by using gold
etectors. The absorbed dose (expressed in Gy

he �- and lithium particles from the BNC reacti
as calculated as previously described[35] using the
The final concentrations of the inhibitors stud
ere in the range of 1.5–10 mM for 3-AB, 100�M

or 5-AIQ, 10�M for PJ-34 and 5.0�M for WM. In
he experiments using WM, DMSO was added to
egative, neutron-only and BPA-only controls, and
oncentration did not exceed 0.2% (v/v).

.6. Chromosomal aberration assay

At 14.5 h after the irradiation, the medium w
emoved and colchicine added in BPA-free cul
edium at a final concentration of 0.6�g/ml. Cells
ere grown for a further 2.5 h and then harves
y trypsinization. After a 3-min hypotonic treatme
ith 75 mM KCl at 37◦C, the cells were fixed wit
ethanol/acetic acid (3:1), and slides were prep
nd stained with Giemsa (4% (v/v) in 0.01 M ph
hate buffer, pH 6.8) for 10 min.
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For each individual experiment, 100 well-spread
metaphases were observed using a 1250× magnifica-
tion on a light microscope. Scoring of the different
types of aberrations followed described criteria[36,37]
and two standard indices were used:

(1) %ACEG: percent of aberrant cells excluding gaps,
which represents the frequency of metaphases of
V79 cells containing chromosomal aberrations.
The types of aberrations considered for this index
were: breaks (chromatid and chromosome), dicen-
tric chromosomes and rings, chromatid-type rear-
rangements (triradial, quadriradial), other complex
rearrangements and multi-aberrant cells (MA, cells
with more than 10 aberrations, including heavily
damaged pulverized cells).

(2) CAEG/cell: number of chromosomal aberrations
excluding gaps per cell, which represents the aver-
age number of chromosomal aberrations per V79
cell metaphase. This index is the sum of the in-
dividual aberrations mentioned in (1), divided by
the total number of metaphases analysed. The indi-
vidual aberrations presented in multi-aberrant cells
(MA) were not included in the CAEG/cell index.

Gaps were recorded and are mentioned in
Tables 1–3, but were excluded from the statistical anal-
ysis [37]. The paired Student’st-test was used in or-
der to compare the %ACEG and the CAEG/cell of the
enzyme-inhibited cultures versus controls.
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teria[39] using a 1250×magnification on a light micro-
scope. Two indices were evaluated, the MN/BN which
represents the average number of micronuclei per bin-
ucleated cell, and the %MNBN which represents the
fraction of cytokinesis-blocked (binucleated) cells with
micronuclei, regardless of the number of micronuclei
per BN cell [34,35]. The paired Student’st-test was
used in order to compare the %MNBN and MN/BN of
the study cultures versus controls.

2.8. Cytotoxicity/cell proliferation

For the chromosomal aberration assay, cell prolif-
eration was assessed using the mitotic index (MI). For
this index, 1000 V79 cells from two independent ex-
periments were scored and the number of metaphases
recorded[36,37]. For the CBMN assay, the decrease in
cell proliferation for the experiments described above
was assessed using the two standard methods described
elsewhere[39]: (1) the frequency of binucleated cells
(%BN) and (2) the nuclear division index (NDI). The
NDI was calculated as follows:

NDI = [M1 + 2(M2) + 3(M3) + 4(M4)]/N, where
M1–M4 represent the number of cells with 1–4 nuclei,
and N the total number of cells scored. For these
indices, 500 cells with well-preserved cytoplasm from
two independent experiments were analysed according
to number of nuclei, using a 500× magnification.
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.7. Cytokinesis-block micronucleus assay

Six hours after the irradiation the culture medi
as removed, the cells washed and fresh cu
edium added. Cytochalasin-B (Cyt-B) was adde
final concentration of 6�g/ml [38]. The cells wer

rown for a further 16 h for recovery of binuclea
79 cells. The cells were then harvested by trypsin

ion, rinsed and submitted to a mild hypotonic treatm
s described elsewhere[34,38]. The centrifuged cel
ere placed on dry slides and smears were made

er air-drying the slides were fixed with cold metha
30 min). One day later the slides were stained
iemsa (4% (v/v) in 0.01 M phosphate buffer, pH 6

or 10 min.
For each experimental point, 1000 binucleated

ells (BN) with well-preserved cytoplasm were sco
icronuclei were identified according to described
. Results

.1. Induction of chromosomal aberrations

The induction of chromosomal aberrations by
NC reaction in V79 cells in the presence or abse
f a fixed concentration of 3-AB (1.5 mM) is presen

n Table 1andFig. 1. In these experiments, three d
erent BPA concentrations (0.48, 1.2 and 2.4 mM
ell as three different fluences of thermal neutr

1.1× 1011, 2.1× 1011 and 4.4× 1011 nth cm−2) were
tudied.

Fig. 1 andTable 1show that the BNC reaction
learly clastogenic, increasing the frequency of DN
amaged cells in a dose-dependent manner for
PA concentrations and thermal neutron fluences

he different types of individual aberrations were
reased in cells exposed to the BNC reaction (Table 1),
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Table 1
Induction of chromosomal aberrations in V79 cells by the boron neutron capture reaction in the presence of 3-aminobenzamide (1.5 mM)

Fluence
(nth cm−2)

BPA
(mM)

3-AB
(1.5 mM)

Chromosomal aberrations
per 100 cellsa

MA
(%)

CAEG/cell %ACEG MI (%)

Ctg Csg Ctb Csb Dic Rings Rearr

0# 0 − 1.2 0.8 0.5 0 0.3 0 0 0.7 0.008± 0.007 1.5± 0.5 8.0± 1.0
0 + 1.0 1.2 0.2 0.7 0.3 0 0 1.0 0.012± 0.010 2.0± 1.5 7.2± 1.3

1.1× 1011 0 − 0.5 0 0 2.0 1.0 0 0 2.5 0.030± 0.014 5.0± 1.4 8.6± 2.5
0 + 0.5 2.0 0.5 3.5 0 0 0 0.5 0.040± 0.014 4.5± 0.7 5.1± 2.1

2.1× 1011 0 − 2.0 1.0 2.0 1.0 0 0 0 1.0 0.030± 0.000 4.0± 1.4 9.0± 1.1
0 + 1.5 2.0 0.5 1.0 1.0 0.5 0 0.5 0.030± 0.014 3.5± 2.1 6.7± 1.1

4.4× 1011 0 − 4.0 1.0 5.0 2.0 2.0 0 1.5 0 0.105± 0.021 8.5± 0.7 8.7± 0.7
0 + 1.0 3.5 1.0 3.5 1.0 0.5 0.5 1.0 0.065± 0.021 7.5± 0.7 5.2± 2.0

0+ 0.48 − 1.2 1.0 0.5 0.5 0.3 0 0 1.0 0.013± 0.012 2.3± 1.5 8.2± 1.7
0.48 + 0.7 1.5 0.7 0.3 0.3 0 0 0.2 0.013± 0.012 1.5± 1.0 7.1± 1.0

1.1× 1011 0.48 − 2.5 1.0 1.0 1.0 1.0 0 1.0 1.5 0.040± 0.028 5.5± 2.1 6.5± 0.9
0.48 + 1.5 2.0 1.0 3.5 0.5 0 0 0.5 0.050± 0.014 5.0± 1.4 5.2± 0.6

2.1× 1011 0.48 − 1.5 3.5 1.0 4.5 0.5 0.5 0.5 1.0 0.070± 0.014 7.5± 0.7 6.3± 2.3
0.48 + 2.0 3.0 1.5 5.0 1.0 0.5 0 0 0.080± 0.014 7.0± 1.4 4.3± 0.6

4.4× 1011 0.48 − 2.5 1.5 3.5 6.5 2.5 0.5 2.0 2.5 0.150± 0.042 14.5± 4.9 5.0± 0.3
0.48 + 0.5 4.0 3.5 5.5 3.0 1.0 3.5 2.0 0.165± 0.035 13.0± 2.8 3.7± 0.9

0+ 1.2 − 1.6 0.8 0.6 0.2 0.2 0 0 1.2 0.010± 0.012 2.2± 2.2 8.3± 1.3
1.2 + 2.3 1.3 0.5 0.3 0 0 0.2 0.7 0.010± 0.011 1.7± 1.5 7.6± 1.0

1.1× 1011 1.2 − 2.0 1.5 1.5 2.0 0.5 1.0 1.5 3.0 0.065± 0.049 8.5± 2.1 6.1± 0.8
1.2 + 2.0 1.0 1.0 2.5 1.5 0.5 1.5 2.5 0.070± 0.028 8.5± 2.1 4.0± 2.1

2.1× 1011 1.2 − 1.0 2.5 6.5 8.5 1.0 1.5 2.5 2.0 0.200± 0.014 17.0± 1.4 5.6± 0.6
1.2 + 1.5 2.0 3.0 6.5 4.0 1.0 5.0 1.5 0.195± 0.007 16.5± 2.1 4.6± 1.0

4.4× 1011 1.2 − 4.5 0.5 11.0 7.0 7.0 2.0 8.5 3.0 0.355± 0.035 26.5± 6.4 5.3± 1.7
1.2 + 2.0 1.0 8.0 11.0 3.0 1.0 10.0 2.5 0.330± 0.085 27.5± 7.8 4.3± 1.4

0+ 2.4 − 1.2 1.2 0.5 0.7 0.2 0 0.2 1.0 0.015± 0.014 2.2± 1.6 9.1± 1.0
2.4 + 0.8 2.0 0.5 0.7 0 0.2 0 0.3 0.013± 0.010 1.7± 0.8 7.6± 0.9

1.1× 1011 2.4 − 4.0 2.0 4.5 5.0 2.5 0 3.5 5.0 0.155± 0.049 17.5± 0.7 5.3± 2.2
2.4 + 1.5 3.5 3.5 5.0 3.0 1.0 3.0 1.5 0.155± 0.007 15.5± 0.7 4.1± 2.1

2.1× 1011 2.4 − 0.5 1.5 7.5 11.5 6.5 1.0 8.0 3.5 0.345± 0.007 29.5± 3.5 4.7± 0.6
2.4 + 1.0 1.0 6.0 16.0 2.0 0.5 6.5 2.0 0.310± 0.057 22.5± 0.7 5.0± 0.3

4.4× 1011 2.4 − 3.5 3.5 19.5 24.5 7.5 2.0 25.0 4.0 0.785± 0.049 46.5± 0.7 5.1± 1.1
2.4 + 0.5 2.5 18.0 28.5 5.0 2.5 19.0 6.5 0.730± 0.071 47.0± 4.2 5.2± 0.2

BPA, 4-borono-l-phenylalanine; 3-AB, 3-aminobenzamide; Ctg, chromatid gap; Csg, chromosome gap; Ctb, chromatid break; Csb, chromosome
break; Dic, dicentric chromosome; Rearr, rearrangements (triradial, quadriradial, and other complex rearrangements); CAEG/cell, chromosomal
aberrations excluding gaps per cell, corresponding to the sum of Ctb, Csb, Dic, Rings and Rearr per cell (average± S.D.); %ACEG, percent of
aberrant cells excluding gaps (average± S.D.); MA, multi-aberrant cells, corresponding to cells with more than 10 aberrations. MA are included
in the index %ACEG; MI, mitotic index.

a These results are average values from two independent experiments (100 metaphases analysed per experiment) for all the points, except
for negative V79 cells controls (#) and BPA controls (+). In these cases the results are average values from six independent experiments (100
metaphases analysed per experiment).
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Table 2
Induction of chromosomal aberrations in V79 cells by the boron neutron capture reaction in the presence of 3-aminobenzamide (3, 5 and 10 mM)

Fluence
(nth cm−2)

BPA
(mM)

3-AB
(mM)

Chromosomal aberrations
per 100 cellsa

MA
(%)

CAEG/cell %ACEG MI (%)

Ctg Csg Ctb Csb Dic Rings Rearr

0 0 0 2.5 1.0 1.0 1.0 0 0 0 0 0.020± 0.028 1.5± 2.1 6.3± 0.5
0 0 10 0.5 1.5 0.5 1.5 0 0.5 0 0 0.025± 0.007 2.5± 0.7 5.7± 0.4

0 2.4 0 1.0 0.5 1.0 0.5 0.5 0 0 0 0.020± 0.000 2.0± 0.0 6.8± 0.1
0 2.4 3 3.0 2.0 1.0 0.5 0 0 0 0 0.015± 0.007 1.5± 0.7 7.0± 0.1
0 2.4 5 2.5 2.5 1.5 0.5 1.0 0 0 0 0.030± 0.014 3.0± 1.4 8.3± 1.1
0 2.4 10 2.5 4.0 1.5 3.5 0 0.5 0 0 0.055± 0.021 5.5± 2.1 6.1± 2.4

1.1× 1011 0 0 1.5 2.0 2.0 2.0 0.5 0 0 0 0.045± 0.021 4.0± 1.4 6.4± 0.7
1.1× 1011 0 10 1.5 4.5 3.5 3.0 0.5 0.5 0.5 0 0.080± 0.000 8.0± 0.0 5.0± 1.3

1.1× 1011 2.4 0 0 1.0 4.5 7.0 2.0 1.0 5.0 2.0 0.195± 0.021 17.5± 2.1 7.3± 0.8
1.1× 1011 2.4 3 0.5 1.0 6.0 8.0 2.5 2.5 4.5 1.5 0.235± 0.049 20.5± 2.1 5.7± 0.9
1.1× 1011 2.4 5 0.5 4.0 5.5 12.5 2.5 0.5 5.0 0.5 0.260± 0.014 18.5± 0.7 5.9± 2.8
1.1× 1011 2.4 10 1.5 1.5 7.5 4.0 3.5 0.5 7.5 0.5 0.230± 0.042 20.0± 1.4 3.9± 0.7

BPA, 4-borono-l-phenylalanine; 3-AB, 3-aminobenzamide; Ctg, chromatid gap; Csg, chromosome gap; Ctb, chromatid break; Csb, chromosome
break; Dic, dicentric chromosome; Rearr, rearrangements (triradial, quadriradial, and other complex rearrangements); CAEG/cell, chromosomal
aberrations excluding gaps per cell, corresponding to the sum of Ctb, Csb, Dic, Rings and Rearr per cell (average± S.D.); %ACEG, percent of
aberrant cells excluding gaps (average± S.D.); MA, multi-aberrant cells, corresponding to cells with more than 10 aberrations. MA are included
in the index %ACEG; MI, mitotic index.

a These results are average values from two independent experiments (100 metaphases analysed per experiment).

with a special reference to chromosome rearrange-
ments (triradial, quadriradial and complex rearrange-
ments). This type of aberration was relatively more fre-
quent for the higher fluences of thermal neutrons and
the higher concentrations of BPA, that is for higher

Fig. 1. Effect of 3-aminobenzamide (3-AB, 1.5 mM) on the induc-
tion of aberrant cells excluding gaps (%ACEG) by the BNC reac-
tion in V79 cells (mean± S.D.). The BNC reaction was performed
using different concentrations of 4-borono-l-phenylalanine (BPA,
0.48–2.4 mM) and different fluences of thermal neutrons (1.1× 1011

to 4.4× 1011 nth cm−2). Two independent experiments were per-
formed. In each experiment, 100 metaphases were analysed for chro-
mosomal aberrations.

doses of�- and lithium particles. Multi-aberrant cells
(MA%) were also increased for higher doses of high-
LET radiation. It is clear that the incubation of the V79
cells with 1.5 mM 3-AB did not increase the %ACEG
(Table 1, Fig. 1) presented by the BNC reaction per
se. Moreover, neither the CAEG/cell (Table 1) nor the
pattern of the individual aberrations (Table 1) was mod-
ified after incubation with 3-AB.

The genotoxicity of thermal neutrons can also be
observed inFig. 1andTable 1and corresponds to the
chromosomal aberrations of cells from cultures that
were irradiated with thermal neutrons, but without BPA
pre-incubation. The genotoxicity of thermal neutrons is
low when compared with the genotoxicity of the BNC
reaction, and the presence of 3-AB (1.5 mM) did not
modify this index. In addition, the presence of 3-AB
alone was not genotoxic and BPA did not induce geno-
toxicity, alone or in the presence of 3-AB.

The MI of 3-AB(1.5 mM)-treated cultures was gen-
erally lower than that of non-treated cultures. This de-
crease was present especially for the BNC reaction, al-
though mild decreases were also found for the controls
(V79, BPA and thermal neutrons) (Table 1).

Table 2and Fig. 2 present the effect of different
concentrations of 3-AB (3.0, 5.0 and 10.0 mM) on the



42
N
.G
.O

live
ira

e
ta
l./M

u
ta
tio
n
R
e
se
a
rch

5
8
3
(2
0
0
5
)
3
6
–
4
8

Table 3
Induction of chromosomal aberrations in V79 cells by the boron neutron capture reaction in the presence of 5-AIQ and PJ-34

Conditions Inhibitor Fluence
(nth cm−2)

BPA
(mM)

Chromosomal aberrations
per 100 cellsa

MA (%) CAEG/cell %ACEG MI (%)

Ctg Csg Ctb Csb Dic Rings Rearr

V79 cells controls – 0 0 2.5 1.0 1.5 0 0 0 0 0 0.015± 0.007 1.5± 0.7 8.5± 1.3
5-AIQ 0 0 4.5 1.0 0 0.5 1.0 0 0 0 0.015± 0.007 1.0± 0.0 8.2± 1.0
PJ-34 0 0 0.5 1.5 0.5 0.5 0 0 0 0.5 0.010± 0.014 1.5± 2.1 7.2± 1.3

BPA controls – 0 2.4 1.0 1.0 0.5 0 1.0 0 0 0 0.015± 0.021 1.5± 2.1 8.0± 0.1
5-AIQ 0 2.4 3.5 0.5 0.5 0.5 0 0 0 0 0.010± 0.000 1.0± 0.0 7.6± 0.4
PJ-34 0 2.4 4.0 0.5 1.5 0 0 0 0 1.0 0.015± 0.007 2.5± 2.1 7.9± 0.4

Neutrons controls – 1.2× 1011 0 2.0 2.0 2.5 0.5 0.5 0 0.5 0 0.040± 0.014 3.5± 0.7 7.3± 0.1
5-AIQ 1.2× 1011 0 2.0 2.5 1.5 2.0 1.0 0 0 0 0.045± 0.021 4.0± 1.4 8.3± 1.1
PJ-34 1.2× 1011 0 2.0 1.0 2.0 0.5 2.5 0 0.5 0 0.055± 0.021 5.0± 1.4 7.9± 0.1

BNC reaction – 1.2× 1011 2.4 1.5 1.0 1.0 4.5 5.0 0.5 4.5 1.0 0.155± 0.035 14.0± 2.8 7.9± 0.8
5-AIQ 1.2× 1011 2.4 1.0 0 5.5 5.0 2.0 1.0 1.0 1.0 0.145± 0.007 14.0± 1.4 7.0± 0.6
PJ-34 1.2× 1011 2.4 2.0 3.5 4.5 1.5 1.0 1.0 2.5 3.0 0.105± 0.007 13.0± 2.8 7.1± 0.6

5-AIQ, 5-aminoisoquinolin-1-one (100�M); PJ-34 (10�M); BPA, 4-borono-l-phenylalanine; Ctg, chromatid gap; Csg, chromosome gap; Ctb, chromatid break; Csb, chromosome
break; Dic, dicentric chromosome; Rearr, rearrangements (triradial, quadriradial, and other complex rearrangements); CAEG/cell, chromosomal aberrations excluding gaps per cell,
corresponding to the sum of Ctb, Csb, Dic, Rings and Rearr per cell (average± S.D.); %ACEG, percent of aberrant cells excluding gaps (average± S.D.); MA, multi-aberrant cells,
corresponding to cells with more than 10 aberrations. MA are included in the index %ACEG; MI, mitotic index.

a These results are average values from two independent experiments (100 metaphases analysed per experiment).
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Fig. 2. Effect of different concentrations of 3-aminobenzamide (3-
AB, 3–10 mM) on the induction of aberrant cells excluding gaps
(%ACEG) by the BNC reaction in V79 cells (mean± S.D.). The
BNC reaction was performed using a 4-borono-l-phenylalanine
(BPA) concentration of 2.4 mM and thermal neutrons at a fluence of
1.1× 1011 nth cm−2. Two independent experiments were performed.
In each experiment, 100 metaphases were analysed for chromosomal
aberrations.

induction of chromosomal aberrations by the BNC re-
action (BPA concentration of 2.4 mM and thermal neu-
trons fluence of 1.1× 1011 nth cm−2). BothFig. 2and
Table 2show the clastogenic effect of the BNC reaction.
This genotoxicity is not affected by the inhibition of
poly(ADP-ribosyl)ation even when high doses of 3-AB
are used. No differences were observed for the %ACEG
(Table 2, Fig. 2). In addition, although the CAEG/cell
(Table 2) was slightly higher in 3-AB-treated cultures
these increases were not statistically significant. Also,
the pattern of the aberrations observed was not modi-
fied in the presence of 3-AB. Regarding the genotoxic-
ity of the control cultures exposed to thermal neutrons,
an approximately two-fold increase in the CAEG/cell
and %ACEG (without statistical significance) was ob-
served in the presence of 10 mM 3-AB. This concentra-
tion of 3-AB also increased the %ACEG of BPA-treated
controls and background V79 controls, albeit not sig-
nificantly. The MI was generally lower in 3-AB-treated
cultures, especially for the 10 mM concentration of 3-
AB.

Table 3andFig. 3present the effect 5-AIQ (100�M)
and PJ-34 (10�M) on the induction of chromoso-
mal aberrations by the BNC reaction (BPA concen-
tration of 2.4 mM and thermal neutrons fluence of
1.2× 1011 nth cm−2). The presence of these potent in-
hibitors did not increase the indices %ACEG and
CAEG/cell induced by the BNC reaction and did not
change the pattern of the aberrations presented. No dif-
ferences were observed in the genotoxicity presented

Fig. 3. Effect of 5-AIQ (100�M) and PJ-34 (10�M) on the induc-
tion of aberrant cells excluding gaps (%ACEG) by the BNC reaction
in V79 cells (mean± S.D.). The BNC reaction was performed using a
4-borono-l-phenylalanine (BPA) concentration of 2.4 mM and ther-
mal neutrons at a fluence of 1.2× 1011 nth cm−2. Two independent
experiments were performed. In each experiment, 100 metaphases
were analysed for chromosomal aberrations.

by the controls of the BNC reaction (background V79
cells, BPA-treated V79 cells and neutron-irradiated
V79 cells) in the presence of the same concentrations
of 5-AIQ and PJ-34. No marked differences in the MI
were observed in 5-AIQ- or PJ-34-treated cells com-
pared with non-treated cultures, although in some ex-
perimental points a slight decrease of∼10% was found
in PARP-inhibited cultures.

3.2. Induction of micronuclei

The induction of micronuclei by the BNC reaction
(2.4 mM of BPA and 1.2× 1011 nth cm−2) in the pres-
ence of a fixed concentration of 3-AB (5.0 mM) per se
or with WM (5.0�M) is presented inTable 4andFig. 4.
Table 4shows the frequency of micronucleated binu-
cleated cells (%MNBN), the number of micronuclei
per binucleated cell (MN/BN) as well as the distribu-
tion of the BN cells scored according to the number
of MN (0, 1, 2, 3, 4 and≥5). This table presents data
not only for the BNC reaction but also for the controls
(V79 cells, BPA and thermal neutrons) in the presence
or absence of the inhibitors. The %BN cells and NDI
are also presented in the same table as indices of cell
proliferation.

The effect of 3-AB and WM, alone or in combina-
tion, on the genotoxicity of the BNC reaction is de-
picted in Fig. 4. The presence of 3-AB slightly in-
creased the %MNBN induced by the BNC reaction
(1.1-fold,p< 0.05). The comparison between the BNC
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Table 4
Effect of the association of 3-aminobenzamide and wortmannin on the genotoxicity of the boron neutron capture reaction

Conditions Fluence
(nth cm−2)

BPA
(mM)

3-AB
(mM)

WM
(�M)

Number of MN-distribution
(2000 cells)

MN/BN %MNBNa %BNa NDI

0 1 2 3 4 ≥5

V79 cells controls 0 0 0 0 1970 28 1 1 0 0 0.017± 0.002 1.5± 0.0 66.3± 0.7 1.69± 0.01
0 0 5 0 1969 28 3 0 0 0 0.017± 0.004 1.6± 0.4 62.8± 7.9 1.66± 0.13
0 0 0 5 1967 28 4 1 0 0 0.020± 0.004 1.7± 0.1 39.8± 7.6 1.43± 0.09
0 0 5 5 1969 28 3 0 0 0 0.017± 0.006 1.6± 0.4 52.3± 4.9 1.55± 0.01

BPA controls 0 2.4 0 0 1960 40 0 0 0 0 0.020± 0.008 2.0± 0.8 70.3± 1.6 1.69± 0.03
0 2.4 5 0 1968 30 2 0 0 0 0.017± 0.000 1.6± 0.0 72.3± 1.6 1.75± 0.04
0 2.4 0 5 1964 33 2 1 0 0 0.020± 0.000 1.8± 0.3 47.0± 12.4 1.50± 0.16
0 2.4 5 5 1964 32 2 1 1 0 0.022± 0.008 1.8± 0.4 65.1± 10.0 1.64± 0.18

Neutrons controls 1.2× 1011 0 0 0 1913 80 7 0 0 0 0.047± 0.006 4.4± 0.8 66.3± 6.6 1.66± 0.06
1.2× 1011 0 5 0 1912 83 5 0 0 0 0.047± 0.002 4.4± 0.3 62.7± 8.1 1.63± 0.07
1.2× 1011 0 0 5 1864 130 6 0 0 0 0.071± 0.004 6.8± 0.3 33.2± 3.7 1.33± 0.05
1.2× 1011 0 5 5 1884 110 5 1 0 0 0.062± 0.008 5.8± 0.8 50.8± 1.1 1.48± 0.04

BNC reaction 1.2× 1011 2.4 0 0 1702 268 29 1 0 0 0.165± 0.045 14.9± 3.5 59.7± 4.9 1.61± 0.02
1.2× 1011 2.4 5 0 1668 289 34 9 0 0 0.192± 0.030 16.6± 3.3 60.4± 5.4 1.60± 0.09
1.2× 1011 2.4 0 5 1491 405 79 22 2 1 0.321± 0.047 25.5± 2.9 44.3± 4.1 1.45± 0.07
1.2× 1011 2.4 5 5 1453 436 89 19 3 0 0.342± 0.011 27.4± 1.8 50.3± 6.1 1.53± 0.06

BPA, 4-borono-l-phenylalanine; 3-AB, 3-aminobenzamide; WM, wortmannin; MN, micronuclei; MN/BN, number of micronuclei per binucleated cell (average± S.D.); %MNBN,
percent of micronucleated binucleated cells (average± S.D.); %BN, percent of binucleated cells (average± S.D.).

a These results are average values from two independent experiments (1000 binucleated cells analysed per experiment).
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Fig. 4. Effect of 3-aminobenzamide (3-AB) and wortmannin (WM),
alone or in combination, on the frequency of micronucleated binucle-
ated cells (%MNBN) induced by the BNC reaction (mean± S.D.).
The BNC reaction was performed using a 4-borono-l-phenylalanine
(BPA) concentration of 2.4 mM and thermal neutrons at a fluence of
1.2× 1011 nth cm−2. Two independent experiments were performed.
In each experiment, 1000 binucleated cells were analysed for the
presence of micronuclei.

reaction in the presence and absence of 3-AB for the
MN/BN index (Table 4) revealed no statistically signif-
icant increase. It is also clear inFig. 4and inTable 4,
that the effect of the concomitant incubation of WM
and 3-AB on the increase of micronucleated cells in-
duced by the BNC reaction (1.8–2.1-fold,p< 0.05) was
in the same range as the effect observed for the incuba-
tion of WM alone and the BNC reaction (1.7–1.9-fold;
p< 0.05).

The presence of WM significantly enhanced the
genotoxicity of thermal neutrons (Table 4, 1.5-fold,
p< 0.05) but the incubation with 3-AB had no effect.
Other controls (BPA-treated V79 cells and background
V79 cells) were not affected by the two enzyme in-
hibitors.

4. Discussion

The information available on the role of poly(ADP-
ribosyl)ation and PARP enzymes on the genotoxicity of
high-LET radiation is sparse. The work presented here
addresses the effect of the poly(ADP-ribosyl)ation in-
hibitors 3-AB, 5-AIQ and PJ-34, alone or in combina-
tion with WM, a DNA-PK inhibitor, on the modulation
of the genotoxic damage induced by the�- and lithium
particles generated during the BNC reaction.

The benzamide derivative 3-AB is a prototype in-
hibitor that binds to the C-terminal nicotinamide-

binding site of PARP-1[20,40]. The ability of PARP-1
to recognize and bind DNA interruptions is not ham-
pered in the presence of 3-AB[41]. According to some
authors, 3-AB remains an important tool to understand
the role of PARP-1 in different exposure scenarios if
used in appropriate pharmacological concentrations,
that is, concentrations in the low millimolar range (re-
viewed in[28]). The present study shows that a con-
centration of 1.5 mM 3-AB did not increase or modify
the pattern of genotoxicity presented by a wide range of
doses of the BNC reaction (Table 1, Fig. 1). The pattern
of chromosomal aberrations induced by the BNC reac-
tion, with or without 3-AB, included not only breaks,
dicentric chromosomes and rings, but also an important
number of chromosomal rearrangements, which can be
regarded as typical features of high-LET radiation (re-
viewed in[42]) and were formed probably due to the
erroneous rejoining of DSBs[43].

3-AB was tested with different doses of high-LET
radiation that were genotoxic to up to∼50% of cells, in
order to enable a more complete view of the poly(ADP-
ribosyl)ation inhibition on different degrees of DNA
damage. In fact, it is well known that PARP-1 has a
dual role in the genotoxic response of mammalian cells,
acting as a caretaker in situations of mild genotoxic
burden to DNA and, conversely, as an inducer of cell
death in situations where severe DNA damage is found
[10,30].

Higher concentrations of 3-AB (3–10 mM) were
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effects of 3-AB, usually described for concentrations
of about 5 mM or higher, namely interference with the
glucose metabolism or even with DNA synthesis, as
reported by Milan and Cleaver[46].

A major caveat of 3-AB, and usually the one most
often referred to, is its relatively weak inhibitory po-
tency compared with that of other PARP inhibitors,
namely with the isoquinolinone derivatives. In fact,
as identified by Banasik et al.[47], some isoquinoli-
none derivatives and analogues were indeed very strong
inhibitors of PARP-1, presenting 50% inhibitory con-
centrations (IC50) of less than 0.5�M in cell-free ex-
periments, whereas a value of 33�M was found for
3-AB in the same experimental protocol. In view of
this, we have tested two promising and structurally dif-
ferent poly(ADP-ribosyl)ation inhibitors, 5-AIQ and
PJ-34. 5-AIQ is a water-soluble 5-aminosubstituted
isoquinolin-1-one described by Suto et al.[48], with
an IC50 of 0.24�M in cell-free experiments[48] and
an IC50 of 4.5�M in experiments with intact cells[29].
On the other hand, PJ-34 is a phenanthridinone substi-
tute and also a highly potent inhibitor of PARP-1 with
an IC50 in the range of 0.1–1�M in intact cells[30].
The two inhibitors were used in appropriate inhibitory
concentrations as reported previously, 100�M for 5-
AIQ [29] and 10�M for PJ-34[30], but the results ob-
tained confirm the previous ones with 3-AB, where no
increase in the genotoxic burden induced by the BNC
reaction was observed.

Our results are in agreement with a previous report
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pound (reviewed in[35]). WM strongly inhibits DNA-
PK, and thus interferes in the non-homologous end-
joining (NHEJ) repair, which is a process of utmost
importance for double-strand break repair in eukary-
otes[9,18,19]. Several reports have indicated an inter-
action between PARP-1 and DNA-PK[13,20–23,52],
possibly in order to minimize aberrant chromosomal re-
combination. Accordingly, our further aim was to eval-
uate the effect of 3-AB on the sensitizing effect of WM
for the BNC reaction, using 5�M of WM, a concen-
tration used previously for this inhibitor[35,53]. The
results obtained show that the induction of micronuclei
by the BNC reaction in the presence of 5.0 mM 3-AB
revealed a minor increase of about 1.1-fold and that
PARP inhibition together with a concomitant inhibi-
tion of DNA-PK revealed barely the same sensitizing
effect as did DNA-PK inhibition per se.

The mechanisms by which PARP-1 and PARP-2, an-
other DNA repair enzyme[54] with a DNA-dependent
ADP-ribosylation activity, function as DNA repair en-
zymes are complex and not completely known (re-
viewed in[30]). The three poly(ADP-ribosyl)ation in-
hibitors used in our study are likely to interfere with
all PARP enzymes since they have catalytical domains
highly homologous to that of PARP-1[27,28,30,55].
However, besides PARP-2[30,56], the information on
the effect of poly(ADP-ribosyl)ation inhibitors on other
PARP enzymes is very limited. Hence, the lack of in-
crease in the genotoxicity of the BNC reaction could
be related to the activity of a back-up enzyme.
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[33] I.C. Gonçalves, A.G. Ramalho, I.F. Gonc¸alves, J. Salgado,
J. Pertusa, A. Irles, F. Mascarenhas, M. Castro, F. Vale, J.
Toscano-Rico, V. Alcober, Work in the field of BNCT using
the Portuguese Research Reactor, J. Radioanal. Nucl. Chem.
240 (1999) 431–432.

[34] N.G. Oliveira, M. Castro, A.S. Rodrigues, I.C. Gonc¸alves, R.
Cassapo, A.P. Fernandes, T. Chaveca, J.M. Toscano-Rico, J.
Rueff, Evaluation of the genotoxic effects of the boron neutron
capture reaction in human melanoma cells using the cytokinesis
block micronucleus assay, Mutagenesis 16 (2001) 369–375.

[35] N.G. Oliveira, M. Castro, A.S. Rodrigues, I.C. Gonc¸alves, O.M.
Gil, A.P. Fernandes, J.M. Toscano-Rico, J. Rueff, Wortmannin
enhances the induction of micronuclei by low and high let ra-
diation, Mutagenesis 18 (2003) 37–44.

[36] B.J. Dean, N. Danford, Assays for the detection of chemically-
induced chromosome damage in cultured mammalian cells, in:
S. Venitt, J.M. Parry (Eds.), Mutagenicity Testing. A Practical
Approach, IRL Press, Oxford, 1984, pp. 187–232.

[37] S.H. Swierenga, J.A. Heddle, E.A. Sigal, J.P. Gilman, R.L.
Brillinger, G.R. Douglas, E.R. Nestmann, Recommended pro-
tocols based on a survey of current practice in genotoxicity

ister-
inese
. 246

[ for
ge-

[ es.

[ ulz,
ly-
96)

[ in

[ ap-
iolog-

[43] K. Rothkamm, M. Lobrich, Misrepair of radiation-induced
DNA double-strand breaks and its relevance for tumorigen-
esis and cancer treatment (Review), Int. J. Oncol. 21 (2002)
433–440.

[44] P. Thraves, K.L. Mossman, T. Brennan, A. Dritschilo, Ra-
diosensitization of human fibroblasts by 3-aminobenzamide: an
inhibitor of poly(ADP-ribosylation), Radiat. Res. 104 (1985)
119–127.

[45] F. Darroudi, A.T. Natarajan, Cytological characterization of
Chinese hamster ovary X-ray-sensitive mutant cells xrs 5 and
xrs 6. I. Induction of chromosomal aberrations by X-irradiation
and its modulation with 3-aminobenzamide and caffeine, Mutat.
Res. 177 (1987) 133–148.

[46] K.M. Milam, J.E. Cleaver, Inhibitors of poly(adenosine
diphosphate-ribose) synthesis: effect on other metabolic pro-
cesses, Science 223 (1984) 589–591.

[47] M. Banasik, H. Komura, M. Shimoyama, K. Ueda, Specific
inhibitors of poly(ADP-ribose) synthetase and mono(ADP-
ribosyl)transferase, J. Biol. Chem. 267 (1992) 1569–1575.

[48] M.J. Suto, W.R. Turner, C.M. Arundel-Suto, L.M. Werbel,
J.S. Sebolt-Leopold, Dihydroisoquinolinones: the design and
synthesis of a new series of potent inhibitors of poly(ADP-
ribose) polymerase, Anticancer Drug Des. 6 (1991) 107–
117.

[49] M.W. Heartlein, R.J. Preston, The effect of 3-aminobenzamide
on the frequency of X-ray- or neutron-induced chromosome
aberrations in cycling or non-cycling human lymphocytes, Mu-
tat. Res. 148 (1985) 91–97.

[50] D.T. Goodhead, Mechanisms for the biological effectiveness of
high-LET radiations, J. Radiat. Res. 40 (1999) 1–13.

[51] J.N. Sarkaria, R.S. Tibbetts, E.C. Busby, A.P. Kennedy, D.E.
Hill, R.T. Abraham, Inhibition of phosphoinositide 3-kinase re-
lated kinases by the radiosensitizing agent wortmannin, Cancer
Res. 58 (1998) 4375–4382.

[52] M. Weinfeld, M.A. Chaudhry, D. D’Amours, J.D. Pelletier,
A-
rase
148

[ M.
n-
ese
002)

[ A

[ Sci.

[ , P.
de

dent
99)
testing laboratories. IV. Chromosome aberration and s
chromatid exchange in Chinese hamster ovary, V79 Ch
hamster lung and human lymphocyte cultures, Mutat. Res
(1991) 285–300.

38] P. Van Hummelen, M. Kirsh-Volders, An improved method
the ‘in vitro’ micronucleus using human lymphocytes, Muta
nesis 5 (1990) 203–204.

39] M. Fenech, The in vitro micronucleus technique, Mutat. R
455 (2000) 81–95.

40] A. Ruf, J. Mennissier de Murcia, G. de Murcia, G.E. Sch
Structure of the catalytic fragment of poly(ADP-ribose) po
merase from chicken, Proc. Natl. Acad. Sci. U.S.A. 93 (19
7481–7485.

41] M.S. Satoh, T. Lindahl, Role of poly(ADP-ribose) formation
DNA repair, Nature 356 (1992) 356–358.

42] E.A. Blakely, A. Kronenberg, Heavy-ion radiobiology: new
proaches to delineate mechanisms underlying enhanced b
ical effectiveness, Radiat. Res. 150 (1998) 126–145.
G.G. Poirier, L.F. Povirk, S.P. Lees-Miller, Interaction of DN
dependent protein kinase and poly(ADP-ribose) polyme
with radiation-induced DNA strand breaks, Radiat. Res.
(1997) 22–28.

53] N.G. Oliveira, M. Castro, A.S. Rodrigues, O.M. Gil, J.
Toscano-Rico, J. Rueff, DNA-PK inhibitor wortmannin e
hances DNA damage induced by bleomycin in V79 Chin
hamster cells, Teratogen. Carcinogen. Mutagen. 22 (2
343–351.

54] R.D. Wood, M. Mitchell, J. Sgouros, T. Lindahl, Human DN
repair genes, Science 291 (2002) 1284–1289.

55] S. Smith, The world according to PARP, Trends Biochem.
26 (2001) 174–179.
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