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3. Results
3.1. Body and liver weights

Data for final body and liver weights in male and
female gpt delta mice given DC are shown in Table 1.
Although all of the values in DC-treated male mice werc
significantly lower than those in the controls, liver and
relative liver weights in the treated female mice were
significantly increased as compared with the controls.

3.2. In vivo mutation assays

Data for gpt MFs analyzed by 6-TG sclection are
summarized in Table 2. While there were no significant

differences in the MFs between the male groups, the MF
in the DC-treated females was 2.23 = 0.55, which was
significantly higher than the control value (0.48 - 0.29).
To characterize gpt mutations due to DC exposure, they
were analyzed by DNA sequencing (Table 3). In the
DC-treated female mice, G:C pairs were the preferred
bases for mutation, accounting for 67.3% of thé muta-
tions (70/104). In the base substitutions, the predominant
type was GC:TA (34/104, 32.7%) followed by GC:AT
(26/104, 25.0%) and GC:CG (10/104, 9.6%). In addi-
tion, 16.3% (17/104) of mutant colonies were identified
as carrying single- or multiple deletions. As shown in
Table 4, Spi~ MFs in the treated male and female mice
were not significantly different from those in the relevant
controls.

Table 1
Body liver and relative liver weights of gpr delta mice given DC
Sex Treatment No. of mice BW (g) Liver (g) Liver/BW (%)
Mal Control 5 326+ 1.6 1.66 + 0.21 5.07 4 0.54
ae Dicyclanil 5 290+ 1.I" 1.42 £ 0.08" 4.89 + 021
E l Control 5 250 £ 0.6 1.06 4 0.05 425 £ 0.16
emaie Dicyclanil 5 240 + 0.8 127 + 0.07** 529 + 0.12*
* p<0.05 vs. Control. »
** p<0.01 vs. Control.
- Table 2
gpt MFs in the livers of gpt delta mice given DC
Sex  Treatment  Animal No. CmR colonies (x105)  6-TGR and CmR colonics Mutant frequency (x107%)  Mcan+ S.D.
Total . Independent
1 9.0 6 5 0.56
2 10.7 7 7 0.66
Control 3 6.9 4 3 0.44 _ . 0.42+0.20
4 9.5 4 3 0.31
" 5 12.4 2 2 0.16
ale 6 115 6 5 0.43
7 10.7 1 1 0.09
Dicyclanil 8’ 8.9 8 8 0.90 0.48+0.31
9 6.1 4 4 0.66
10 9.7 3 3 0.31
11 8.8 4 4 0.45
12 6.5 5 2 -0.31
Control 13 12.6 2 2 0.16 0.48+0.29
14 7.6 7 7 0.93
Femal 15 8.7 5 5 . 0.57
emale 16 7.0 31 19 2.72
17 13.0 29 ) 26 2.01 -
Dicyclanil 18 11.1 51 25 2.26 2234055
. 19 70 11 10 142 -
20 8.7 34 24 2.75

* p<0.01 vs. Control.
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Table 3
Mutation spectra of gpt mutant colonies
Sex’ Male Female
Treatment Control ) Dicyclanil Control Dicyclanil
Number (%) MF (x1076) Number (%) MF(x1075) Number(%) MF(x107%) Number(%) MF (x1076)
Base substitutions
Transversions
GC:TA 1" (5.0) 0.02 1(4.8) 0.02 1(5.0) 0.02 34(32.7) 0.73
GC:CG 3(15.0) 0.06 3(14.3) 0.07 1(5.0) 0.02 10(9.6) 0.21
AT:TA 1(5.0) 0.02 3(14.3) 0.07 1(5.0) 0.02 10(9.6) 0.21
AT:CG 0 0 0 0 2(10.0) 0.05 2(1.9) 0.04
Transitions )
GC:AT 6(30.0) 0.13 11(52.4) 0.25 5(25.0) 0.12 26(25.0) 0.56
AT:GC 3(15.0) 0.06 1(4.8) 0.02 3(15.0) 0.07 0 0
Deletions
Single bp 5(25.0) 0.11 2(9.5) 0.05 6(30.0) 0.14 15(14.4) 0.32
Over 2 bp 0 0 0 0 0 0 2(1.9) - 0.04
Insertions 1(5.0) 0.02 0 0 1(5.0 0.02 1(1.0) 0.02
Complexes 0 0 0 0 0o - 0 4(3.8) 0.08
Total 20 0.42+0.20 21 0.48+0.31 20 0.48+0.29 104 2.23+055"

2 The number of colonies with independent mutations.
*
p<0.01 vs. Control.

3.3. Oxidative DNA damage and lipid peroxidation

The results for 8-OHdG and TBARS in the livers of
gpt delta mice given DC are illustrated in Figs. 2 and 3,

respectively. 8-OHdG levels in the males and females
(males; 0.62 +0.06, p<0.01, females; 0.65+0.13 8-
OHdAG/10°dG, p<0.01) treated with DC were elevated
compared with the relevant control values (male;

" Table 4
Spi~ MFs in the livers of gpt delta mice given DC
Sex Treatment Animal No. Plaques within XL-1 Plaques within XL-1 Mutant frequency Mean £ S.D.
Blue MRA (x10°%) Blue MRA (P2) (Spi™) (107%)
1 10.4 4 0.39
2 133 2 0.15
Control 3 19.4 3 0.16 027+£0.17
4 142 2 0.14
5 1.7 6 0.51
Male 6 204 10 0.49
7 171 4 0.23
Dicyclanil 8 10.1 4 0.40 042+0.12
9 12.5 7 0.56
10 11.6 5 043
11 16.7 15 0.90
12 109 10 0.92
Control 13 339 10 0.29 0.68 £0.29
14 ND ND ND
15 19.4 12 0.62
Female 16 189 14 0.74
17 22.6 29 1.28
Dicyclanil 18 17.4 7 0.40 0.83+£0.35
19 154 - 10 0.65
20 16.0 17 1.06

ND, not detected.
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Fig.2. Chaﬁges of TBARS levels in livers of male and female gpt delta

mice fed DC in the diet at concentrations of 0 (Control) or 0.15% for
13 weeks. The values are means & S.D.s of data for five animals.
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Fig. 3. Changes of 8-OHdG levels in liver nuclear DNA of male and
female gpt delta mice fed DC in the diet at concentrations of O (Control)
or 0.15% for 13 weeks. The values are means % S.D.s of data for five
animals. Significant differences from the relevant control are shown
by "p<0.01.
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Fig. 5. Changes of BrdU-LIs in hepatocytes of male and female gp?
delta mice fed DC at concentrations of 0 (Control) or 0.15% for 13
weeks. The values are means & S.D.s of data for five animals. Signifi-
cant differences from the relevant control are shown by *p <0.05.

0.41 +0.08, female; 0.36 +0.05 8-OHdG/10%dG) with
statistical significance. In contrast, there were no signif-
icant differences in TBARS levels among the groups.

3.4. Histopathology and immunohistochemical
analysis of BrdU

Histopathologically, swelling of centrilobular hepa-
tocytes was observed in the treated mice of both sexes
without overt hepatocyte necrosis, the extents being
almost equal in both genders (Fig. 4a and b). Fig. 5
summarizes changes in BrdU-LI for hepatocytes in male
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Fig. 4. Photomicrographs of livers of male (a and c) and female (b and d) gpt delta mice fed DC at a concentration of 0.15% for 13 weeks.
Centrilobular hepatocyte hypertrophy is evident in both sexes (a and b). H&E staining at x 100 original magnification. In contrast to few BrdU-
positive hepatocytes in a male (c), an appreciable number of the positive hepatocytes is evident in a female (d). BrdU immunohistochemical staining

at %200 original magnification.
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and female gpt delta mice treated with DC. Although
there were no differences between the male groups,
BrdU-LIs in the treated females were elevated with sig-
nificance (0.30+0.17%, p<0.05) as compared to the
control value (0.07 £ 0.04%) (Fig. 4c and d).

4. Discussion

It has been reported that 18-month exposure of male
and female mice to DC at a concentration of 0.15% in
the diet caused hepatocelular adenomas and carcinomas
with significantly elevated incidence only in the females,
in spite of all negative outcomes in various genotoxic-
ity studies [14]. In the present in vivo mutation assay,
although there were no changes in Spi~ MFs, suggestive
of large size of deletion mutations, among the groups,
gpt MFs were significantly elevated in the females, but
not the males. Their spectrum analyses revealed GC:TA
transversion mutations to be predominant in the gpt
mutations observed in the DC-treated females. To the
best of our knowledge, this is the first report showing
DC-induced genotoxicity, which was in good concor-
dance with DC carcinogenicity in terms of the sex
specificity.

It has been assumed that biotransformation of DC
involves oxidative opening the cyclopropyl ring at
various positions, followed by further oxidation and
cleavage of the cyclopropyl-N-bond [14]. In the males,
gene expression analysis using cDNA microarray and
RT-PCR from the livers after DC treatment demon-
strated upregulation of some metabolism-, reduction-
and oxidation-related genes such as CYPIA, Por and
Txnrd 1, suggesting a possible generation of reac-
tive oxygen species (ROS) through P450-mediated

metabolism of DC [22]. Hepatocyte hypertrophy was

apparent in the treated mice of both genders and the
present study revealed increases of 8-OHdG levels in
liver DNA of female gpt delta mice given DC as well as
the males, indicating that oxidative DNA damage due to
ROS generated during DC metabolism is a phenomenon
common to both sexes. By contrast, BrdU-LIs in hepa-
tocytes were only significantly increased in the females,
which were in line with the fact that significant increase
in liver weights was observed in the treated females, but
not the males. In the absence of overt cytotoxicity in
the treated females, it seems unlikely that induction of
cell proliferation resulted from a regenerative response,
so that the underlying mechanisms remain unclear. It is
well known that during cell replication, 8-OHdG pri-
marily causes GC:TA transversion by mispairing with A
bases [23,24]. Furthermore, the fact that regeneration of
hepatocytes after partial hepatectomy does not affect 8-
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OHAG levels suggests that there is no replication coupled
repair of preexisting 8-OHdG [25]. Consequently, high
proliferation of cells with accumulated 8-OHdG lead
to considerable increase in reporter gene MFs [25-27].
Accordingly, we hypothesized that the dual induction of
8-OHdG and cell proliferation due to DC exposure to
female gpt delta mice might be responsible for the incre-
ment in the MFs. In addition, we have found that 4-week
exposure of B6C3F1 mice, a back strain of gpr delta
mice, to DC at the same dose was sufficient to induce
significant elevation of 8-OHdG only in the females,
but not the males, albeit without no overexpression of
OGGI, MYH or MTH mRNA levels in the livers of both
sexes (unpublished data). Therefore, it seems likely that
the early onset of DNA oxidation is also responsible for
the sex specificity.

As amatter of fact, 8-OHdG levels in nuclear genomic
DNA may not always imply high levels of 8-OHdG at
gpt loci specifically located at chromosome 17 [28]..Tt
has been proposed that the distribution of 8-OHdG fol-
lowing exogenous oxidative stress is not random in the -
genome [29]. Nevertheless, abundant 8-OHdG modifi-
cation at the gpt loci was reported to be observed in
the kidneys of gpt delta mice treated with ferric nitrilo-
triacetate [30]. Partly due to the considerable number
of copies of the transgene (approximately 80 copies)
per haploid genome in the gpt delta mice [31], gpt loci
indeed appear vulnerable to 8-OHdG modification [30].
Therefore, it is highly probable that DC exposure of the '
gpt delta mice caused accumulation of 8-OHdG at gpt
loci judging from 8-OHdG levels in the genomic DNA.
The present spectrum analysis of gpt mutants caused
by DC exposure showed GC:AT transition mutations
at the second highest incidence, despite this type of
mutation being spontaneously observed with a certain
incidence. In NTH3T3 cells transfected with the c-Ha-
ras gene, which incorporates 8-OHdG at the first position
of codon 12 (GGC), show mainly GC:TA transversions,
while incorporation at the second position elicits GC:AT
transitions to an appreciable extent [32,33]. In addition
to our data, the results indicate that types of mutations
other than GC:TA transversion mutations are induced
by 8-OHdG in DNA [34]. We also found that 85.4%
of base substitution mutations occurred at G:C pairs
and 14.6% at A:T pairs. Although 1,N®-ethenoadenosine
formed during lipid peroxidation induces AT:GC transi-
tion mutations [35], this type of mutation was not evident
among the gpt mutants. This might reflect the apparent
lack of lipid peroxidation despite oxidative DNA damage
due to DC treatment. _

In conclusion, DC hitherto categorized as a non-
genotoxic carcinogen was here shown to have the
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potential to induce gene mutations at target site of DNA,
possibly due to 8-OHdG formation. The co-examined
data strongly suggest that induction of cell prolifer-
ation is required to predispose cells harboring high
amounts of 8-OHdG to generation of mutations. Thus,

the fact that DC-induced genotoxicity is dependent on’

cell proliferation in addition to nuclear DNA damage
by ROS generated through DC metabolism might pro-
vide a rcason for why genotoxicity has not been detected
previously in various mutation assays. The overall data
suggest that examination of several parameters associ-
ated with carcinogeriesis using reporter gene transgenic
rodents is a powerful tool for risk assessment of so-called
non-genotoxic carcinogens.
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Abstract

It is important to evaluate the health eftects of low-dose-rate or low-dose radiation in combination with chemicals as humans
are exposed to a variety of chemical agents. Here, we examined combined genotoxic effects of low-dose-rate radiation and 4-
(methylnitrosamino)- 1-(3-pyridyl)- 1-butanone (NNK). the most carcinogenic tobacco-specific nitrosamine, in the lung of gpt delta
transgenic mice. In this mouse mode!, base substitutions and deletions can be separately analyzed by gpt and Spi~ selections,
respectively. Female gpt delta mice were either treated with y-irradiation alone at a dose rate of 0.5, 1.0 or 1.5 mGy/h for 22 h/day
for 31 days or combined with NNK treatments at a dose of 2 mg/mouse/day, i.p. for four consecutive days in the middle course
of irradiation. In the gpt selection, the NNK treatments enhanced the mutation frequencies (MFs) significantly, but no obvious
combined effects of y-irradiation were observable at any given radiation dose. In contrast, NNK treatments appeared to suppress
the Spi~ large deletions. In the Spi~ selection, the MFs of deletions more than 1 kb in size increased in a dose-dependent manner.
When NNK treatments were combined, the dose-response curve became bell-shaped where the MF at the highest radiation dose
decreased substantially. These results suggest that NNK treatments may elicit an adaptive response that eliminates cells bearing
radiation-induced double-strand breaks in DNA. Possible mechanisms underlying the combined genotoxicity of radiation and NNK
are discussed, and the importance of evaluation of combined genotoxicity of more than one agent is emphasized.
© 2006 Elsevier B.V. All rights reserved. .

Keywords: Combined genotoxic effects; Radiation; NNK; Lung cancer; gpr delta mice; Deletion

1. Introduction most causative factor associated with the increase
in cancer risk in humans. Tobacco smoking plays a

Environmental factors play important roles in the major role in the etiology of lung, oral cavity and
etiology of human cancer [l]. Of various environ- esophageal cancers, and a variety of chronic degen-
mental hazardous compounds, cigarette smoke is the erative diseases [2]. Although cigarette smoke is a

mixture of about 4000 chemicals including more than

60 known human carcinogens, 4-(methylnitrosamino)-

* Corresponding author. Tel.: +81 3 3700 9873; 1-(3-pyridyl)- l‘-butanone (mcgtme-dgnved mtrosam!no
fax: +81 3 3707 6950. : ketone, NNK) is the most carcinogenic tobacco-specific
E-mail address: nohmi@nihs.go_jp (T. Nohmi). nitrosamine [3,4]. NNK induces lung tumors in mice,

1383-5718/% — see front matter © 2006 Elsevier B.V. All rights reserved.
doi: 10.1016/j.mrgentox.2006.07.003
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rats and hamsters, and International Agency for Research
on Cancer has concluded that exposure to NNK and
NNN (¥'-nitrosonornicotine) is carcinogenic to humans
[5). NNK is metabolically activated by CYP (P-450)
enzymes in the lung and generates O%-methylguanine
in DNA, which leads to G:C to A:T mutations, and the
subsequent activation of Ki-ras proto-oncogene, an ini-
tiation of tumor development [6,7].

. Radiation, on the other hand, is one of the most
causative physical factors that induce human cancer.
Radiation induces double-strand breaks (DSBs) in DNA,
which lead to chromosome aberrations and cell deaths,
and generates a variety of oxidative DNA damage [8].
Because of the genotoxicity, radiation at high doses
clearly induces various tumors in humans [9]. Even at
low doses, residential exposure to radioactive radon and
its decay products may account for about 10% of all lung
cancer deaths in the United States and about 20% of the
lung cancer cases in Sweden [10,11].

Since humans are exposed to a variety of chemical
and physical agents that may induce cancer, these fac-
tors may interact with each other and the action of one
agent may be influenced by exposure to another agent
[12]. The risk from combined exposure to more than one
agentmay be substantially higher or lower than predicted
from the sum of the individual agents. In fact, low-
dose radiation can induce an adaptive response, causing
rodent or human cells to become resistant to genotoxic
damage by subsequent higher doses of radiation [13].
Pre-exposure to alkylating agents at low doses induces
another adaptive response that provides mechanisms by
which the exposed bacterial cells can tolerate the higher
challenging doses of genotoxic agents [14]. In addition,
mitomycin C, bleomycin, hydrogen peroxide, metals and
quercetin may also induce an adaptive response [15].

To explore the mechanisms underlying the interactive
effects of chemical and physical agents on carcinogen-
esis, we examined the combined genotoxic effects of
NNK and «y-irradiation in the lung of gpt delta trans-
genic mice [16]. In this mouse model, point mutations
and deletions are separately analyzable by gpt and Spi~
selections, respectively [17]. Point mutations such as
base substitutions are induced by a number of chemical
-carcinogens including NNK [18]. Spi~ selection detects
deletions in size between 1 bp and 10kb [19]. Deletions
in size more than | kb, which we call large deletions in
this study, are efficiently induced by vy-ray, X-ray and
carbon-ion irradiation [20], and are thought to be gener-
ated by non-homologous end joining (NHEJ) of DSBs
in DNA [21].

We report here that low-dose-rate +y-irradiation
enhanced the mutation frequencies (MFs) of the large

deletions in the lung of gpt delta mice in a dose-
dependent manner. When combined with NNK treat-
ments, however, the MF at the highest radiation dose,
i.e., 1.02 Gy, was reduced by more than 50%, suggesting
that NNK treatments may induce an adaptive response
against radiation-induced deletion mutations. We dis-
cuss possible mechanisms of the adaptive response and
emphasize the importance of the risk assessment of com-
bined genotoxic effects of radiation and chemicals in
VIVO.

2. Materials and methods
2.1. Treatnent of mice

gpt delta C57BL/6J transgenic mice were maintained in
the conventional animal facility of National Institute of Radi-
ological Sciences, Chiba, Japan, according to the institutional
animal care guidelines. They were housed in autoclaved alu-
minum cages with sterile wood chips for bedding and given
free access to standard laboratory chow (MB-1, Funabashi
Farm Co., Japan) and acidified water under controlled light-
ing (12h light/dark cycle). Seven-week-old female gpr delta
mice were divided to eight groups each consisting of six
mice. Three groups were y-irradiated at a dose rate of 0.5,
1.0 or 1.5 mGy/h for 22 h/day for 2 weeks (Fig. 1). After the
irradiation, three groups of mice were treated with a single
i.p. injection of NNK (Toronto Research Chemicals, Toronto,
Canada) dissolved in saline at a daily dose of 2 mg/mouse
for four consecutive days. The irradiation continued during
the 4-day treatments, and the mice were kept in the cage for
another 2 weeks with irradiation. Three control groups were
v-irradiated as described but received saline instead of NNK.
The whole irradiation period was 31 days, and the total esti-
mated doses were 0.34, 0.68 and 1.02 Gy, respectively. Another
control group of mice was treated with NNK as described but
without y-irradiation. The third control was kept in the cage for
31 days without y-irradiation or NNK treatments. The source
of radiation was '¥Cs, and the dose rate was estimated by a
fluorescent glass dosimeter. The non-irradiated control groups
were placed behind a concrete wall of | m thickness. The mice
were sucrificed by cervical vertebral dislocation. The liver and
lung were removed, placed immediately in liquid nitrogen. and
stored at —80°C until analysis.

2.2. DNA isolation and in vitro packaging of DNA
High-molecular-weight genomic DNA was extracted from
the lung and the liver using the RecoverEase DNA Isolation Kit

(Stratagene, La Jolla, CA). Lambda EG [0 phages were rescued
using Transpack Packaging Extract (Stratagene, La Jolla, CA).

2.3. gpt muwation assay

The gpt mutagenesis assay was performed according to
previously described methods [17]. Briefly, Escherichia coli
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Fig. |. An experimental design to examine the combined genotoxicity of y-

NNK
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irradiation and NNK treatments in the lung of mice. Female 7-week-old

gpr delta mice were divided into eight groups each composed of six mice. Three groups of mice were irradiated at a dose rate of 0.5, 1.0 or 1.5 mGy/h
for 22 h/day for 14 days and treated with NNK at a daily dose of 2 mg/mouse for four consecutive days. The irradiation continued during the NNK
treatments and the following 14 days before sacrifice. The total radiation doses were 0.34. 0.68 and 1.02 Gy, respectively. Control three groups of
mice were y-irradiated but without NNK treatments. Another control group was treated with NNK but without y-irradiation. The third control was
kept in the cage for 31 days without y-irradiation or NNK treatments. Transgene ANEG10 DNA was rescued from the lung of mice, and the base
substitutions and deletions were analyzed by gpr and Spi~ selection, respectively.

YG6020 expressing Cre recombinase was infected with the res-
cued phage. The bacteria were then spread onto M9 salts plates
containing chloramphenicol (Cm) and 6é-thioguanien (6-TG),
and incubated for 72 h at 37 °C for selection for the colonies
harboring a plasmid carrying the Cm acetyltransferase (car)
gene and a mutated gpr gene. The 6-TG-resistant colonies
were streaked again onto the same selection plates for con-
firmation of the resistant phenotype. All the confirmed gpr
mutants recovered from the lung were sequenced and the iden-
tical mutations from the same mouse counted one mutant. The
gpt MFs in the lung were calculated by dividing the num-
ber of the gpt mutants after sequencing by the number of
rescued plasmids, which was estimated from the number of
colonies on plates containing Cm but without 6-TG. Since
no gpr mutants recovered from the liver were sequenced, the
MFs in the liver were calculated by dividing the number of
confirmed 6-TG-resistant colonies by the number of rescued
plasmids.

2.4. PCR and DNA sequencing analvsis of 6-TG-resistant
mutants

A 739 bp DNA fragment containing the gpt gene was ampli-
fied by polymerase chain reaction (PCR) using primers 1 and
2 [17]. The reaction mixture contained 5 pmol of each primer
and 200 mM of each dNTP. PCR amplification was carried
out using Ex Taq DNA polymerase (Takara Bio. Shiga. Japan)

and performed with a Model PTC-200 Thermal Cycler (MJ

Research. Waltham. MA). PCR products were analyzed by
agarose gel electrophoresis to determine the amount of the
products. DNA sequencing of the gpr gene was performed with

BigDye™ Terminator Cycle Sequencing Kit (Applied Biosys-

tems, Foster City. CA) using sequencing primer gptA2 (5'-
TCTCGCGCAACCTATTTTCCC-3'). The sequencing reac-
tion products were analyzed on an Applied Biosystems model
- 310 genetic analyzer (Applied Biosystems. Foster City, CA).

2.5. Spi~ mutation assay

The Spi~ assay was performed as described previously
[17]. The lysates of Spi~ mutants were obtained by infec-
tion of E. coli LE392 with the recovered Spi~ mutants. The
lysates were used as templates for PCR analysis to determine
the deleted regions. Sequence changes in the gam and redAB
genes, and the outside of the gamlredAB genes were identified
by DNA sequencing analysis [22]. The appropriate primers
for DNA sequencing were selected based on the results of
PCR analysis. The entire sequence of AEG10 is available at
http://dgm2alpha.nhis.go.jp. '

2.6. Statistical analysis

All data are expressed as mean =+ standard deviations of the
MFs of six mice for lung and those of four mice for liver. Dif-
ferences between groups were tested for statistical significance
using a Student’s r-test. A p value less than 0.05 denoted the
presence of a statistically significant difference.

3. Result

3.1. gpt MFs in the lung of NNK-treated and
y-irradiated gpt delta mice

We measured the gpt MFs in the lung of gpr delta
mice untreated or treated with NNK in the absence
or the presence of +y-irradiation (Fig. 2). NNK treat-
ments significantly enhanced the MFs over the control
groups. The mean MFs (x 10~9) of NNK-treated versus
saline-treated groups were 14.3+6.9 versus 42+4.0,
20.7+5.1 versus 4.7+3.0, 15.2+7.3 versus 2.0+2.1
and 17.2+7.9 versus 2.7 & 1.4 at the dose rates of 0,
0.5, 1.0 and 1.5mGy/h, respectively. The +y-irradiation
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Fig. 2. gpt MFs in the lung of mice untreated or treated with NNK in
the absence or the presence of y-irradiation. An asterisk (*) denotes
P <0.05 (n=6) in a Student’s r-test of MF of NNK-treated vs. the cor-
responding untreated mice. Vertical bars show the standard deviations
with mice as the unit of comparison.

alone, i.e., the saline-treated group, did not enhance the
gpt MF under the conditions. Hence, the increases in
MFs are due to NNK treatments. Although the individual
MFs slightly varied, there was no significant difference
among the four MFs of the NNK-treated groups. Thus,
we suggested that the irradiation did not modify the
genotoxicity of NNK in the lung of mice.

To confirm the results in the lung, we analyzed the gpt
MFs in the liver of the NNK-treated and saline-treated
groups. The mean MFs (x 10~6) of NNK-treated ver-
sus saline-treated groups were 134 + 48 versus 8.1 3.8,
105 £ 31 versus 8.7+ 3.5, 101 = 18 versus 8.0 + 4.2 and
128 +£76 versus 6.8 + 0.6 at the dose rates of 0, 0.5, 1.0
and 1.5 mGy/h, respectively. Although NNK treatments
induced mutations much more strongly in the liver than
in the lung, there were no significant modulating effects
of radiation on the NNK-induced mutations in the liver.

The irradiation might modulate specific types of
mutations without affecting the total gpt MFs. To exam-

ine the possibility, we determined the mutation spectra
of the gpr gene in the lung and examined whether the
radiation affected specific types of mutations (Table 1).
NNK treatments induced G:C to A:T, G:C to T:A, A:T
to T:A and A:T to C:G mutations. In particular, A:T to
T:A mutations were induced more than 20-fold by NNK
treatments. We observed, however, no remarkable vari-
ations of mutation spectra associated with the dose rates
of combined radiation. Thus, we concluded that the irra-
diation did not enhance or suppress the base substitutions
induced by NNK in the lung of gpt delta mice signifi-
cantly.

3.2. Spi~ MFs in the lung of NNK-treated and
y-irradiated gpt delta mice

Next, we measured the Spi~ MFs in the lung of
gpt delta mice untreated or treated with NNK in the
absence or the presence of <y-irradiation. The mean
Spi~ MFs (x 10~5) of NNK-treated versus saline-treated
groups were 5.15 4 2.34 versus 4.11 £0.98,5.47 + 1.98
versus 5.06 £ 3.50, 5.36 4 1.56 versus 4.09 & 0.80 and
5.39 £2.56 versus 4.65 = 1.78 at the dose rates of 0, 0.5,
1.0 and 1.5 mGy/h, respectively. These results suggest
that neither NNK treatments nor the irradiation enhanced
the Spi~™ MFs in the lung significantly.

To investigate the combined effects of NNK and
Y-irradiation on specific types of deletion mutations,
we identified all the Spi~ mutations by DNA sequenc-
ing analysis (Table 2). Of various classes of deletions
observed, only the MFs of large deletions in the size of
more | kb increased in a dose-dependent manner in the
saline-treated group. To examine the dose—response in
moredetail, we determined the MFs of the large deletions

0 mGy/h 0.5 mGy/h 1.0 mGy/h 1.5 mGy/h
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Fig. 3. Specific MF of large deletions with the size of more than Lkb in the lung of unirradiated or y-irradiated mice. The mice were not treated (A)
or treated with NNK (B). An asterisk (*) denotes 2<0.05 (n=5) in a Student’s t-test of MF of y-irradiated vs. the corresponding unirradiated mice.
Vertical bars show the standard deviations with mice as the unit of comparison.
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Table |
gpr mutation spectra in the lung of NNK-treated and y-irradiated gpr delta mice
Treatment: saline  0mGy/h 0.5mGy/h 1.0 mGy/h 1.5mGy/h
No. MF % No. MF %o No. MF % No. MF %
(x107%) (x107%) (x107%) (x107%)
Base substitution
Transition
G:C— AT 15(6) 1.81 43 12(6) 1.76 38 5(22) 061 29 8(4) 08I 30
AT— GC 2 0.24 6 4 0.59 13 1 0.12 6 2 0.20 7
Transversion
G:C—>TA l 0.12 3 5(2) 0.73 16 { 0.12 6 6(1) 061 22
G:C—CG 1 0.12 3 0 0.00 0 0 0.00 0 2(2) 020 7
AT— TA | 0.12 3 l 0.15 3 ! 0.12 6 1 0.10 4
A:T—CG 3 0.36 9 1 0.15 3 1 0.12 6 1 0.10 4
Deletion 8 0.97 23 6 0.88 19 7 0.85 41 6 - 0.61 22
—1bp 3 2 5 3
>2bp § 4 2 3
Insertion 3 0.36 9 3 0.44 9 1 0.12 6 t 0.10 4
Others I 0.12 3 0 0.00 0 0 0.00 0 0 0.00 0
35 423 100 3 4.69 100 17 2.06 100 27 2.73 100
Treatment:: NNK  0mGy/h 0.5 mGy/h 1.0mGy/h 1.5 mGy/h
No. MF % No. MF % No. MF % No. =~ MF %
(x10-%) (x10™%) (x1079) (x1079)
Base substitution
Transition )
GC—-AT 242 5.1 36 45(8) 8.02 39 32(5) 5.85 39 54(6) 8.51 50
AT-G:C 0 0.00 0 7 1.25 6 6 1.10 7 2 0.32 2
Transversion ‘-
GC—-TA 9(2) 1.92 13 10(h) 1.78 9 7(1) 1.28 8 L)) 1.10 6
G C—-CG 0 0.00 0 2 0.36 2 0 0.00 0 3 0.47 3
AT->TA 13 2.77 19 26 4.64 22 17 © 31 21 17(1) 2.68 16
AT->CG IS 3.19 22 12 2.14 10 8 1.46 10 12(1) 1.89 11
Deletion 5 1.06 8 12 2.14 10 9 1.65 11 12 1.89 It
—1bp 5 6 4 5
>2bp 0 6 5 7
Insertion 1 0.21 2 0 0.00 0 4 0.73 5 1 0.16 t
Others 0 0.00 0 2 0.36 2 0 0.00 0 1 0.16 1
67 14.26 100 116 20.68 100 83 15.18 100 109 17.18 100

No. stands for the number of mutations.

of each mouse and calculated the mean MF and stan-
dard derivations. The mean MFs (x 10~%) and standard
derivations were 0.2540.28, 0.66 +£0.63, 0.77 £ 0.49
and 0.82+0.55 at the dose rates of 0, 0.5, 1.0 and
1.5 mGy/h, respectively (Fig. 3A). The values at 1.0
and 1.5mGy/h were about three-fold higher than the
value at 0mGy/h, and the differences were statistically

significant (p=0.04). In contrast, the dose-response
curve of large deletions in NNK-treated group was a
bell shaped (Fig. 3B). The mean MFs (x107%) and
standard derivations of large deletions in the NNK-
treated group were 0.29 +0.47,0.85 & 0.66,0.78 +:0.26
and 0.3530.48 at the dose rates of 0, 0.5, 1.0 and
1.5mGy/h, respectively. It should be noted that the
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Table 2
Spi~ mutation spectra in the lung of NNK-treated and y- irradiated gpr delta mice
Treatment: saline 0 mGy/h 0.5 mGy/h 1.0 mGy/h 1.5 mGy/h
No. MF % No.’ MF %o No. © MF % No. MF %
(x107%) (x107%) (x1076) (x10-%)
1 bp deletion
Simple
Guanine 9 0.49 12 7 0.59 12 S 0.34 8 4 0.30 7
Adenine 4 022 5 0 0.00 0 2 0.14 3 1 0.08 2
In run ’
Guanine 13 0.71 17 15 1.27 25 12 0.82 20 13 0.99 .21
Adenine 3] 1.70 41 19 1.60 32 22 1.50 37 25 1.91 4]
With b.s. 0 0.00 0 0 0.00 0 0 0.00 0 0 0.00 0
>2 bp deletion 15 0.82 20 17 1.43 28 17 1.16 28 13 0.99 21
2bp~ 1kb 2 0.1t 3 7 0.59 12 3 0.20 5 1 0.08 2
>1 kb 5 0.27 7 0.59 12 1l 0.75 18 10 0.76 16
Complex 8 0.44 [l 3 0.25 5 3 0.20 5 2 0.15 3
Insertion 3 0.16 4 2 0.17 3 2 0.14 2 S 0.38 8
: 75 4.11 100 60 5.06 100 60 4.09 100 6l 4.65 100
Treatment: NNK 0 mGy/h 0.5 mGy/h 1.0 mGy/h 1.5mGy/h
No. MF %o No. MF % No. MF % No. MF %
(x1076) (x10-6) (x107%) (x10-6)
[ bp deletion
Simple
Guanine 5 0.61 12 4 0.46 8 4 0.50 9 4 0.48 9
Adenine 3 0.37 7 0 0.00 0 4 0.50 9 | 0.12 2
In run .
Guanine 9 1.10 21 19 2.17 40 9 1.12 21 14 1.68 31
Adenine 12 1.47 29 10 1.14 21 9 112 21 15 1.80 33
With b.s. 0 0.00 0 0 0.00 0 2 0.25 5 0 0.00 0
">2bp deletion 12 1.47 29 10 1.14 21 11 1.37 26 H 1.32 24
2bp~1kb 6 - 0.74 14 - 2 0.23 4 3 0.37 7 7 0.84 16
>1kb 2 0.25 5 7 0.80 15 7 0.87 16 2 0.24 4
Complex 4 0.49 10 1 0.11 2 1 0.12 2 2 0.24 4
" Insertion | 0.12 2 5 0.57 10 4 0.50 9 0 0.00 0
42 5.15 100 48 5.47 100 43 5.36 100 45 5.39 100

No. stands for the number of mutations. Specific MFs of large deletions mare than 1 kb in size are italicised.

MF at 1.0mGy/h (0.78 x 10~%) was about three-fold
higher than that of 0mGy/h (p=0.04) but the MF at
1.5mGy/h (0.35 x 10~%) was very similar to that of
0mGy/h (0.29 x 10~%). The p values of the differences

of MFs between saline-treated and NNK-treated groups
at dose rates of 0, 0.5, 1.0 and 1.5mGy/h were 0.44,
0.32, 0.48 and 0.09, respectively. From the results, we
suggested that NNK treatments suppressed the induc-

Fig. 4. Molecular nature of large deletions recovered from the lung of gpr delta mice untreated or treated with NNK in the absence or the presence
of y-irradiation. Horizontal bars represent the deleted regions of mutants. Most of the mutants lack the entire &ain gene and part of the redAB genes.
but some lack the gam gene and the upstream region. The gum and redAB genes make an operon and the transcription starts from the upstream of
the gum gene. Short homologous sequences in the junctions of the mutants are underlined. Underlined sequences, i.e., T or CTTA. in the middle of

two sequences are inserted sequences in the junctions.
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redABlgam Delesion Sequence of the junction of deletion No.of Mouse
size (bp) muiant 1.D.

cH <1242 TGAATGGTTCGCGGCGGC GTGTTTGTGCATCCATCT 2 234

] -2912 AGRGCAGGCGGTACGCAT TAATCCTTAACTTTGCCC 1 34

( ] 3393 GGTAAATCCGGCATGTAC AGCCAGGGGATCTCTCCC 1 34

z ‘F: - 7626 CAGCCAGCGTTGCGAGTG CGGTTGCTTTATGCATGG 1 3
[ -1608 GCTATCACGTTGTGAACT TCGGATTTAGTGCGCTTT 2 9,11

L t -2912 AGRGCAGGCGGTACGCAT TAATCCTTAACTTTGCCC 1 9
— - 3630 ACTGTTGGTTAATACGCT AAAGCTCCAAGCTCAACA 1 41
L —] -5339 GATGCGGCTAACGTATGA TGCCTTTGCGGCTTGTAA 1 1
: ] -5582+1 CGCCTGTCTCTGCCTAAT T ATACTCTCTAATCTTGGC | 10
. —] -6789 CATCCTGAACCCATTGAC ACCACAGCGTGATGGGCT 1 10
0 -1164 ATGGTTCGCGGCGGCATT TTGCGCTTACCCCAACCA | 50
o -1922 CACTGAATCATGGCTTTA AGAAGCAATARCCCGCAG I 50

( ] -3219 TTCTATTTCTGATGCTGA GTATCACACACCCCAAAG i 19
C ] -3326 TGATGTATTGCTGGTTTC CTGGTTTTGCGCTTACCC ] 19
) -3360 GATTTCAGAATTAGCCTG GGGTATCATGTAGCCGCT 1 49

s | -3473 GCGGCGTTTGATGTATTG TGTGGCAGTTGTAGTCCT 1 19
] -3966 TAACTTCCGGAGCCACAC GAAGACGCGATCTCGCTC | 17

—/ -4716 TCCTTTGATGCGAATGCC GCATAATTACTCCTGATA. | 18

] - 5053 AATTCATGGARAAGGTCT GCGTAAACTCCGCTGTCA | 50

1 <5244 GTATCAGCAATGTTTATG GTAGCTTGGCTTCTACCT | 17

] -6140 ATCGGGGATTCAGTAACA CGCCTTCTGTCACCACCA 1 10

C ) - 3645 GGTCTGCGTCAAATCCCC GGTTATCTGTATGTTTTT | 27
C ] -3833 AATCGATGGTGTTACCAA ARCCCGGCGCTGAGGCCG | 57
C | -3879 TTGCTGGTTTCTTTCCCG  CTGAGGCCGGGTTATTCT 1 27
] -4014 TTTTCGATGAACTCCGGC CTTACCGGGTTATCCCCA 1 26

] -4035 CTTCCCAGCCAGCGTTGC CCTGCACCAGCGTGGTAA ] 27

) -4416 TARAATAAATCCCCGCGA TTGGCACATTGGCAGCTA 1 27

[ ] -5194 ATAACTCTGTTGAATGGC ATATGATGACAATGTCGC 1 58
{ ] -5366 TAACGCAGATCGGATGAT CCGCCAGTGGCGCACTAT 1 58

) - 5905 GGAACAGAGCGGCAATAA CTGCCTGATTAGCGGCGA 1 25

] 6629 CCGCAATTTCTTTTGTGG CCTTCAACARACARAAAA 1 26

[ ] -4283 TGATGATGCGGGACCAGC GACCACGCCTTTGGGGCG 1 38

C — -6283 TTGCCAGGCTTAAATGAG ATCTAAGGCCGTCACCTG 1 5
[im] -1035 ATCACCTTTAAATGCCGT AACCCCCCGCGATTGGCA | 15
— -1315 CAGTGCTTTAGCGTTAAC ATAGCTGTGAAAATATCG | 45

] -2724 TGCTGGCCCCGTGGCGTT  CTCCAGCCCCTATCCCCC 1 43
— -4318 CCTTTTTCCATGTCGTCT CAGCGGGTACGGTTGGCG | 13

) -5146 CGAGAAGATGTTGAGCAA TCTGCCAGTTCTGCCTCT 1 15

) -3373 GCTGACGCCGCCTTGCCC CCCGCGATTGGCACATTG 1 14

[ 1 -9265 TGTGCCACGCATCATCCC ATGGATGCAGCCTCCAGA | 15
i1 - 1373 GTGAGCAATGGTTTCAAC TGGCGATAGTGGGTATCA 1 23

C ] - 3466 AGGATTCATTGTCCTGCT GTTCGCCACCCRACCCGC ] 53

[ ) - 5445 GTTTAACATGCCGATTGC AGCGCGCGTAATCCGGCG ] 54
) -5974 ATCCGGATGAAGCCGCTT GCAATGTATGTCGTTTCA 1 21

] -6666+4 GCCGTAAGTCTTGATCTC CTTA CCTCATCAGTGGCTCTAT 1 7
S L7430 TTTGAATGGTTCGCGGCG CGTAGCGGTGGAAGTGGC | 2

C ] - 9265 TTGTGCCACGCATCATCC ATGGATGCAGCCTCCAGA | 21
/) -3219 GTAATAGCGATGCGTAAT AGGRAAACAGGARAGGGG ] 61
| 7:‘ - 7081 TCAGCCAGCTTCCCAGCC GGTGGAAGTGGCGATGAA | 30
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tion of large deletions at a dose rate of 1.5mGy/h of
y-irradiation.

To further characterize the large deletions induced
by the irradiation, we identified the size and junctions
of all the 51 deletion mutants (Fig. 4). The size of dele-
tions distributed from 1035 to 9265 bp. About half of the
mutants had short homologous sequences up to | 1 bp in
the junctions while another half had no such shorthomol-
ogous sequences. Two mutants had | or 4 bp insertions
in the junctions. There was no hot spot of the junctions
so that only 2 out of 51 deletions were identified in two
mice. There were no obvious differences between large
deletions induced by radiation alone and those induced
by radiation plus NNK treatments. These results sug-
gest that radiation-induced DSBs in DNA caused large
deletions either in the absence or the presence of NNK
treatments.

4. Discussion

Humans are exposed to a variety of exogenous and
endogenous genotoxic agents. Thus, biological effects

of radiation at low doses or low-dose-rate should be

evaluated in combination with chemical exposure {12].
In fact, survey of chromosome aberrations in habitats
in high-background radiation area in China indicates
that cigarette smoking has stronger effects on induc-
tion of chromosome aberrations than has the elevated
level of natural radiation [23]. Epidemiological studies
on underground mineworkers exposed to high levels of
radon or plutonium suggest the complexity of interac-
tions between radiation and cigarette smoke in induc-
tion of lung tumors [24,25]. Hence, it is important to
understand the fundamental.mechanisms underlying the
interactive genotoxicity and carcinogenicity of cigarette
smoking and radiation for the risk assessment on human
health. '

To elucidate the mechanisms involved, we exam-
ined the combined genotoxicity of low-dose-rate -
irradiation and a tobacco-specific nitrosamine NNK in
the lung of gpt delta mice. In this study, we focused
on whether y-irradiation would modulate NNK-induced
base substitutions and whether NNK treatments would
‘modulate radiation-induced deletions. The mice were
irradiated at dose rates of 0.5, 1.0and 1.5 mGy/h for 22 h
for 2 weeks and treated with NNK, i.e., 2 mg/mouse/day
for four consecutive days, with irradiation (Fig. 1). The
mice were irradiated at the same dose rates for another
2 weeks before sacrifice. Base substitutions and dele-
tions in the lung detected by gpt and Spi~ selection,
respectively, were analyzed at the molecular levels. We
chose the doserates, i.e., 0.5, 1.0and 1.5 mGy/h of y-ray,
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since Sakai el al. [26] report the suppression of carcino-
genicity of 3-methylchoranthrene in ICR female mice by
chronic low-dose-rate irradiation of y-ray at 0.95 mGy/h.
According to the report, there is an optimum dose rate
of about | mGy/h to observe the suppressive effects, and
the higher or lower dose rates fail to suppress the tumor
induction.

In the present study, NNK treatments significantly
enhanced the gpt MF (Fig. 2). We observed, however,
no modulating eftects, i.e., enhancement or suppression,
of vy-irradiation at any given dose rate, on the NNK-
induced mutations (Fig. 2). This conclusion holds true
even when we analyzed the detailed mutation spectra
(Table 1). NNK treatments induced similar pattern of
base substitutions, i.e., G:C to A:T, G:Cto T:A, A:T to
T:A and A:T to C:G regardless of the dose rates of com-
bined radiation. In contrast, we observed a suppressive
effect of NNK treatments on the radiation-induced dele-
tions. y-Irradiation enhanced the MF of large deletions
in the size of more than 1 kb in a dose-dependent man-
ner (Fig. 3A and Table 2). When combined with NNK
treatments, however, the dose-response curve became
bell-shaped and the MF at the highest dose rate, i.e.,
1.5 mGyfh, was reduced by more than 50% (Fig. 3B and
Table 2). The total radiation dose at the highest dose rate
was 1.02 Gy. The size of the large deletions was between
about | and 9 kb, and about half of the large deletions
had short homologous sequences in the junctions while
other did not (Fig. 4). These features are similar to those
of large deletions induced by high dose irradiation with
heavy ion, X-ray and y-ray [20]. Thus, we suggest that
NNK induced an adaptive response that eliminated the
cells bearing radiation-induced DSBs in DNA.

Previous studies show that low-dose radiation can
induce an adaptive response, which causes cells to
become resistant to damage by subsequent high doses
of radiation [13,27]. Although the exact mechanisms
of the adaptive response are not well understood, it is
assumed that some proteins are induced by low-dose
radiation and they recognize and remove the cells bear-
ing DSB in DNA. Tucker et al. [28] report that the

" frequency of DIb-/ mutations in the small intestine

in female F| mice obtained by crossing SWR/J and
C57BL/6 increases along with the total radiation doses
of vy-ray, but it saturates and slightly decreases at high
doses, i.e., 2-3 Gy (55 mGy/day x 42 or 63 days). Inter-
estingly, our results also suggest that the MFs of the large
deletions saturated slightly at the highest dose of 1.02 Gy
(Fig. 3A). Thus the adaptive response might be induced
slightly at the highest radiation dose even without NNK
treatments. Nevertheless, concomitant NNK treatments
much clearly suppressed the occurrence of large dele-
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tions at the highest radiation dose. We speculate that
NNK treatments plus radiation at the highest dose may
induce p53-dependent apoptosis, which eliminates the
cells bearing radiation-induced DSBs in DNA [29]. The
involvement of pS3 in the maintenance of genome sta-
bility is associated with several pathways such as cell
cycle arrest, apoptosis and DNA repair. Low levels of
DNA damage appear to enhance p53-dependent DNA
repair while high levels induce apoptosis [30]. We envis-
age that NNK treatments plus radiation at the highest
dose introduce genotoxic damage to the cells, the levels
of which are enough to trigger the apoptosis. Zhou et
al. [31] examined the combined effects of NNK and «-
particle irradiation with human—hamster hybrid cultured
cells and concluded that the induction of chromosome
deletions were additive when the NNK dose was low but
a suppressive effect was observed at a higher NNK con-
centration. In vivo studies also suggest that exposure to
high levels of cigarette smoke decrease the risk of lung
cancer induced by radon in dogs [32]. However, a mul-
tiplicative effect of smoking and radon is observed in
rats [33]. In humans, the definitive interaction models
have not been established between smoking and radia-
tion exposure [24,25]. Thus, further work is needed to
clearly establish the interactive genotoxic mechanisms
between radiation and cigarette smoking in vivo.

NNK, a tobacco-specific nitrosamine, is metaboli-
cally activated by a-hydroxylation of the methyl and
methylene groups [34]. Methylene hydroxylation leads
to DNA methylation while methyl hydroxylation leads
to pyridyloxobutylated DNA [35]. DNA methylation
occurs at N7 and 0% of guanine and 0* and O? of
thymine. It is suggested that O%-methylguanine (0%-mG)
and pyridyloxobutylated DNA are responsible for G:C to
A:T and G:C to T:A mutations, respectively, which acti-
vate Ki-ras oncogene in the mouse lung tumors induced
by NNK [6]. In the present study, G:Cto A:T and G:C to
T:A mutations were induced by NNK treatments signifi-
cantly (Table I). Tiano et al. [36] examined the genotox-
icity of NNK in AS52 hamster cells expressing human
CYP2A6 and analyzed the induced mutations with the
gpt gene as a reporter gene for mutations. Because of the
lack of 0%-mG methyltransferase in the cell line, about
80% of mutations were G:C to A:T transitions. Interest-
ingly, most of the G:C to A:T transition hotspots occur
at the second G of the GGT sequence motif, which is the
motif of codon 12 in the Ki-ras oncogene [37]. When
we define the hotspot as the site where more than four
G:C to A:T mutations were identified, we identified 18
hotspots in the gpt gene among 155 G:C to A:T mutants
recovered from NNK-treated mice. They are nucleotide

27, 64, 86, 87, 92, 107, 110, 113, 115, 116, 128, 274,

281, 287, 402,409, 417 and 418 when A of ATG of the
start codon of the gpr gene is set as nucleotide 1. Tiano
et al. [36] identified four hotspots of the second G of
GGT in nucleotide 23, 116, 128 and 281 in the gpt gene,
three of which are included in the hotspots identified by
us. However, we identified other hotspots such as the
second G of GGA at nucleotide 87, 274, 402 and 418,
the second G of GGG at nucleotide 27, 64, 92 and 417
and the second G of GGC at nucleotide 113. Thus, we
conclude that NNK preferentially induces G:C to A:T
mutations at the second G of GGX where X represents
any of A, T, G and C. In addition to G:C to A:T and
G:C to T:A mutations, we observed an increase in the
MFs of A:T to T:A and A:T to C:G in the NNK treated
mice (Table 1). Substantial increases in the MFs of A:T
to T:A and A:T to C:G are also reported by Hashimoto
et al. [38], who examined the genotoxicity of NNK with
lacZ transgenic mice (Muta™ Mouse). Since reporter
genes for mutations, such as gpt, cll or lacZ, are not
expressed in vivo and are not imposed by any selection
bias, they can reflect any genotoxic events occurring in
the genomic DNA. In contrast, oncogenes such as the ras
gene can only detect mutations that can activate the onco-
genic activity of the gene products. Thus, we assume that
NNK induces modifications in DNA such as O*-methyl
or 0%-methyl thymine in the lung, which may account for
the induction of A:T to C:G and A:T to T:A mutations,
respectively [8]. Although the toxicological significance
of these mutations is currently unknown, these mutations
may contribute to the carcinogenicity of cigarette smoke
as well. S
~-Irradiation at dose rate of 1.0 and 1.5 mGy/h clearly
enhanced the MFs of large deletions‘when no NNK treat-
ments were combined (Fig. 3A). The total estimated
doses were 0.68 and 1.02 Gy, which may be the low-
est radiation doses that gave positive results in trans-
genic mice mutation assays {16]. In contrast, we could
detect no significant increase in the MF of large deletions
induced by NNK treatments (Table 2 and Fig. 3A and B).
Thus, we suggest that NNK induces mostly base sub-
stitutions but not deletions in vivo. Interestingly, NNK
treatments induce deletions in cultured mammalian cells.
Tiano et al. [36] report that about 20% of mutations
induced by NNK treatments are deletions in AS52 ham-
ster cells expressing human CYP2A6. Zhou et al. [31]
report that about 80% of NNK-induced mutations are
large deletions in the human-hamster hybrid (Ar) cell
assay. We speculate that NNK may have a potential to
induce both base substitutions and large deletions in
vitro but the latter can be eliminated in vivo by the p53-
dependent mechanism. Chinese hamster cell lines such
as CHO and V79 harbor missense mutation in the p53
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gene [39,40]. Large deletions might have been detected
in the cultured cells because of inefficient p53 functions.

In summary, we have examined the combined geno-
toxicity of y-irradiation and NNK treatments in the lung
of gpt delta mice. Although radiation did not modulate
the NNK-induced base substitutions, NNK' treatments
suppressed the induction. of large deletions in size more
than 1kb induced by the irradiation. NNK treatments
might induce an adaptive response, which eliminates
the cells bearing radiation-induced DSBs in DNA. This
finding may be helpful in understanding the molecular
mechanisms of genotoxicity as a result of interactions of
more than one genotoxic agents in vivo.
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Abstract

The lung is an organ that is sensitive to mutations induced by
chemicals in ambient air, and transgenic mice harboring
guanine phosphoribosyltransferase (gpt) gene as a target
gene are a well-established model system for assessing
genotoxicity in vive. Transcription factor Nrf2 mediates
inducible and constitutive expression of cytoprotective
enzymes against xenobiotics and mutagens. To address
whether Nrf2 is also involved in DNA protection, we generated
nrf2*/~zgpt and nrf2~'"ugpt mice. The spontaneous muta-
tion frequency of the gpt gene in the lung was approximately
three times higher in nrf2-null (mﬂ'/ 7) mice than nrf2
heterozygous (nrf2*/7) and wild-type (nrf2*'*) mice, whereas
in the liver, the mutation frequency was higher in nrf2~'" and
nrf2*/~ mice than“in nrf2*’* wild-type mice. By contrast, no
difference in mutation frequency was observed in testis
among the three genotypes. A single intratracheal instillation
of benzo(a)pyrene (BaP) increased the Iung mutation fre-
quency 3.1- and 6.1-fold in m;ﬂ"" and m:ﬂ—/‘ mice,
respectively, compared with BaP-untreated m;ﬂ*/ ~ mice,
showing that m_'f2‘/ ~ mice are more susceptible to genotoxic
carcinogens. Surprisingly, mutation profiles of the gpt gene in
BaP-treated m_-]?*l ~ mice was substantially different from
that in BaP-untreated nrf2~/~ mice. In nrf2~/~ mice, spon-
taneous and BaP-induced mutation hotspots were observed
at nucleotides 64 and 140 of gpt, respectively. These results
thus show that Nrf2 aids in the prevention of mutations in vivo
and suggest that Nrf2 protects genomic DNA against certain
types of mutations. [Cancer Res 2007:67(12):5643-8]

Introduction

Nrf2 is an essential transcription factor for inducible and
constitutive expression of several phase II detoxification enzymes,
including glutathione S-transferase-a (GST-a) and GST-7 and UDP-
glucuronosyl transferase 1A6 (1). Nrf2 also regulates the expression
of antioxidant enzymes, including NAD(P)H:quinone oxidoreduc-
tase-1 and heme oxygenase-1, in response to oxidative stress (2, 3).
Keapl acts to harness Nrf2 to the cytoplasm, and Nrf2 in this
complex rapidly undergoes ubiguitination and proteasomal

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/). ’
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degradation via Keapl-Cullin 3 E3 interactions (4). However,
oxidative or electrophilic modification of Keapl triggers Nrf2
stabilization (5, 6). During oxidative conditions, Nrf2 translocates
into the nucleus and activates cytoprotective gene expression by
heterodimerizing with small Maf family members and binding to
antioxidant-responsive elements (ARE) or electrophile-responsive
element in regulatory regions of cytoprotective genes.

Nrf2-mediated induction of cytoprotective enzymes plays an
importarit role in mitigating the adverse effects of mutagens and
oxidants. In Nrf2-deficient mice, which have attenuated basal and
inducible expression of these enzymes (7): (¢) DNA adduct
formation is accelerated after diesel exhaust exposure (8); (b)
hepatotoxicity is enhanced after acetaminophen administration (9);
and (¢) benzo(a)pyrene (BaP)-induced DNA adduct and neoplasm
formation in forestomach is more prevalent than in wild-type mice
(10, 11). Taken together, Nrf2 attenuation or malfunction may be an
important aspect of diseases caused by environmental mutagens or
oxidants, although the mechanism linking Nrf2 deficiency and
mutation frequency is not well understood.

Transgenic guanine phosphoribosyltransferase (gpt) delta mice
are a model system for detecting in vivo mutations (12). In this
mouse system, the gpt gene is integrated into the genome as a
target gene for detecting mutations, and when the gpt gene is
rescued from genomic DNA to Escherichia coli, gpt mutarits can be
randomly selected as rescued E. coli colonies that form on plates
containing 6-thioguanine (6-TG). To assess whether Nrf2 deficiency
increases the mutational risk following exposure to BaP, the cur-
rent study uses nrf2~'~zgpt mice to analyze mutagenic activity
in vivo. Furthermore, alterations in the mutation spectrum between
nrf2*'~ and nrf2~'" mice were assessed after exposure to BaP.

Materials and Methods .

Mice. C57BL/6] nrf2 knockout mice (7) and gpt delta mice (C57BL/6]
background; ref. 12) were as described previously, ‘and gpt mice were
obtained from Japan SLC. Nrf2-deficient mice (mﬂ_/_) were crossed
with gpt delta transgenic -mice (nrf2*/*:gpt/gpt), and the resultant F1
mice (nrf2*' "zgpt/0) were crossed again with Nrf2-deficient mice (nrf2™'7)
to produce nrf2 knockout gpt mice that are homozygous (2"
or heterozygous (nrf2*/") to the nrf2 knockout allele (nrf2*'~zgpt and
nrf2™'" zgpt, respectively). Genotyping for nrf2 was accomplished by PCR
amplification of genomic DNA isolated from tails. PCR primers were as
follows: 5-TGGACGGGACTATTGAAGGCTG-3 (sense for both genotype)
and 5-GCCGCCTTTTCAGTAGATGGAGG-3’ (antisense for wild-type mice)

" and 5-GCGGATTGACCGTAATGGGATAGG-3 (antisense for LacZ). The

presence of the gpt transgene was confirmed by PCR as. previously
described (12). Nine male Nrf2-deficient gpt delta mice (m_'f2"’ “zgpt) and
nine male heterozygous nrf2 knockout gpt delta mice (nrf2*'~:gpt), both
7 to 9 weeks old, were obtained from this breeding scheme. Experiments
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were done according to protocols approved by the Institutional Animal Biosciences). The sequencing primers (primer A and primer C) were as
Care arid Use Committee at National Institute for Environmental Studies. described previously (13).
Mouse treatment. BaP (Wako Pure Chemical) was dissolved Immunoblet analysis of GSTs. Frozen lung was homogenized with 2 mL

in tricaprylin [CH3(CH,)sCOOCH,]),CHOCO(CH,)sCH, (Sigma-Aldrich). of 50 mmol/L HEPES buffer (pH 7.5) containing 150 mmol/L NaCl, 1 mmol/L
Five mj‘2+/'::gpt mice and four mﬂ_/ “zgpt mice were treated with 1 mg DTT, and 0.2 mmol/L phenylmethylsulfonyl fluoride by glass-Teflon
BaP dissolved in 50 uL tricaprylin given in a single intratracheal instillation homogenizer chilled with ice. The homogenates were subjected to two stéps
under anesthesia with halothane for mutation analysis as previously of centrifugation at 4°C (15,000 X g for 15 min followed by 100,000 X g for
reported (13). Vehicle (50 uL tricaprylin) was given to five nrf2*/~zgpt mice 60 min) according to Chanas et al. (16). Resulting 100,000 X g supernatants
and four nr2~’ “#gpt mice as BaP-untreated groups. For immunoblot (cytosol fractions) were stored at —80°C until use. After the cytosol fractions
analysis, three nrf2*/~ or nrf2~'~ mice were used for each group. Mice were mixed with sample buffer containing 1% SDS were heated at 95°C, 9 pug
sacrificed 1 and 14 days after BaP administration under anesthesia with protein (for detecting GST A1/2) or 3 ug protein (for detecting GST A3 and
ethyl ether for Western blotting and mutation analysis, respectively. Lungs ' GST P1/2) from each sample was subjected to SDS-PAGE with 15%
were removed, quickly frozen in liquid nitrogen, and stored at —80°C until polyacrylamide gel (17). Proteins separated on the gel were transferred to
the DNA was isolated. Immobilon-P membrane (Amersham Biosciences). GST Al/2, GST A3

gpt mutation assay. Genomic DNA was extracted from the lungs using (18-20), and GST P1/2 were immunochéemically detected using anti-mouse
the RecoverEase DNA Isolation kit (Stratagene). Lambda EG10 phages were GST Al/2 and A3 rabbit sera (kindly provided by Dr. J.D. Hayes, University
recovered from the genomic DNA using Transpack Packaging Extract of Dundee, United Kingdom) and GST P1/2 rabbit serum (kindly provided by
" (Stratagene). E. coli (YG6020 expressing Cre recombinase) were infected Dr. 1. Hatayama, Aomori Prefecture Institute of Public Health and
with the recovered phage harboring the gpt gene and the chloramphenicol Environment, Japan), respectively, and goat anti-rabbit IgG antibody labeled
(Cm) acethyltransferase (cat) gene (a selection marker), and- these genes with horseradish peroxidase (16). ECL-plus and Typhoon 9400 Biolmage

were rescued as a plasmid (14). The gp¢ mutants can be detected as colonies analyzer (Amersham Biosciences) were used to visualize bands.

arising on plates containing Cm and 6-TG. The bacteria were then spread Statistical analysis. All data are expressed as mean + SD. Statistical
onto M9 salts plates containing Cm and 6-TG, which were incubated for significance of mutant frequency was evaluated using the Student’s ¢ test.
72 h at 37°C for selection of the colonies harboring a plasmid carrying a P < 0.05 was considered statistically significant. Statistical comparisons of

mutated gpt gene and cat gene. The 6-TG-resistant colonies were streaked mutational spectra were done using the Adams-Skopek test (21).
onto selection plates for confirmation of the resistant phenotype. The célls
were then cultured in Luria-Bertani broth containing 25 pg/mL of Cm at . : :
37°C and collected by centrifugation. The bacterial ;s:aelle:gwere stored at Results and Discussion
—80°C until DNA sequencing analysis was done. Mutant frequencies for the The frequency of spontaneous mutations in the lung, liver, and
gpt gene were calculated by dividing the number of colonies growing on testis was compared among gpt delta mice (rrf2*/"), heterozygous
(M9 + Cm + 6-TG) agar plates by the number of colonies growing on (M9 + mice (nrf2*'7), and homozygous mice (nrf2~/7). In the lung and
Cm) agar plates, which is the number of colonies harboring the plasmid. To liver, the mutation frequency was significantly elevated in nrf2 —=
ensure determination of the mutant frequency, mutant colonies were mice, compared with nrf2*’* mice (Fig. 14; Supplementary Table
selected from over 300,000 colonies (15). ’ 51). The mutant frequency in the lung was approximately three
PCR and DNA sequen.ci.ng analysis of 6-TG—resista..nt mutants.A7f$9- times higher in mﬂ—/— mice (140 + 028 x 10—5) than 7 ’ﬂ+/_
bp DNA fragment containing the gpt gene was amplified by PCR using and mﬂ*/* mice (048 + 0.05 X 10~° and 0.50 + 0.16 x 1075,

primer 1 and primer 2, as described previously (13). The reaction mixture ivel h th f ignificantl
contained 5 pmol of each primer and 200 mmol/L of each deoxynucleotide respectively), w erEZ/LE e muta/u_)t X equency was si _(;a.n Y
higher in both nrf2™'~ and n/2"'~ mice (1.24 + 0.13 x 107° and

triphosphate. PCR amplification was carried out using Ex Taqg DNA
polymerase (Takara Bio) and done with a Model PTC-100 Thermal Cycler 147 + 015 x 107°, respectively) than '”.'/‘2+/+ mice in liver (0.72 *
(MJ Research). After the PCR products were purified, sequencing reactions 0.24 X 107°). In contrast, no difference in mutation freqiiency was
were done by using a DYEnamic ET Terminator kit (Amersham observed in testis among the three genotypes (Fig. 14). Whereas
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Figure 1. The mutant frequency of 6-TG selection (A) in the lung, liver, and testis of gpt delta mice (nri2**, yellow column, n = 3), and nri2*'~ (light blue column,
n = 5) and nrf2~'~ (pink column, n = 4) gpt delta mice and (B) in the lungs of nrf2*/~ (blue column, n = 5) and nrf2~'~ (red column, n = 4) gpt delta mice after
BaP treatment. Data of nrf2*/~ and nri2~/~ lungs in (A) are replicated as BaP-untreated nrf2*'~ and nrfz~'-, respectively, in (B). Columns, mean; bars, SD.

*, P < 0.05; **, P < 0.01, statistical significance among the groups was determined using the Student’s t test. :
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