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16 (Fig. 5). Since DNA double strand breaks (DSBs)-
containing chromosome domains are mobile [39], the
DNA fragment of chromosome 16 might migrate to the
breakage site of chromosome 17 where the red/gam
reporter genes are present. Although further investiga-
tions are required to reveal the precise mechanisms by
which DNA rearrangements are induced by MMC, the
results strongly suggest that GDL1 cells are useful to
investigate the molecular mechanisms of translocations
induced by chromosome instability.

An intriguing feature of GDL1 cells is the higher"

spontaneous frequencies in the Spi~ and gpr mutations
compared to those of gpt delta mice (Tables 3 and 4). The
spontaneous Spi~ MFs in gpt delta mice are 1.1 x 1076
in epidermis [12], 1.3 x 1076 to 1.8 x 1075 in bone
marrow [7,8], 1.8 x 1079 in spleen, 2.2 x 1079 in liver,
2.4 x 1070 in testis, and 2.6 x 10~ in kidney [9]. Since
spontaneous MF of Spi~ selection in GDL1 cells was
25.6 x 1076 (Table 3), it is 9.8—23-fold higher than the
MFs in the organs of mice. Similarly, the spontaneous
gpt MFs in gpt delta mice are 2.4 x 1076 t0 6.6 x 10~°
in liver [9,40], 6.0 x 1076 in lung [41], 6.2 x 1075 to
9.0 x 1075 in colon [40,42], 8.2 x 10~ in bone marrow
[8), 12.1 x 10~ in dermis, and 13.4 x 10~ in epidermis
[11]. The spontaneous MF of 6-TG selection in GDL1
cells was 22.7 x 10~ (Table 4). The value is 1.7-9.5-
. fold higher than the MFs in various organs of gpt delta
mice. In particular, the specific MF of class I mutations
of Spi~ (large deletions of a size more than 1kbp) was
more than 40 times higher in vitro (4.2 x 1079) than in
vivo (0.1 x 10~%) (Table 3). Even when we eliminated
all possible clonally expanded class I mutants (Fig. 4),
the specific MF was still about 20 times higher in GDL1
cells than in gpr delta mice. Single base deletions, i.e.,
class Il mutants, also are more than 10 times higher
in vitro (18.5 x 1075) than in vivo (1.5 x 10~°). Most
large deletions and single base deletions are probably
due to the nonhomologous end-joining of DSBs in DNA
and slippage errors during DNA replication, respectively.
Thus, we suggest that spontaneous DNA strand breaks
and slippage errors are more frequently induced in vitro
than in vivo. Higher rates of cell proliferation in vitro
compared with in vivo may be one reason for the higher
incidence of DSBs and slippage errors in GDLI1 cells.
Likewise, differences between in vitro and in vivo
were seen in single base insertions and single base dele-
tions in the spontaneous gpt mutations (Table 4). Eleven
of forty-six (24%) mutations were single base inser-
tions or small deletions in spontaneous gpt mutants in
GDL1 cells (Table 2), and seven of them (7/11=64%)
occurred in the DNA sequence in the run of the identi-
cal nucleotide (Fig. 6). On the contrary, in the gpt delta

mice, 4 6f 29 mutations (14%) were single base dele-

" tions, and the mutations were not observed in the run of

the identical nucleotide [8]. Not only in our cell lines but
also in other cell lines having different lambda shuttle
vectors for detection of mutations, insertions/deletions
tend to be higher than those observed in the transgenic
animals from which the cells originated [43-45]. There-
fore, higher induction of deletion/insertion mutations is
generally observed in cell lines carrying lambda shuttle
vectors compared with in vivo. This tendency is expected
to affect the increase in spontaneous MF more severely
in Spi~ selection than in 6-TG selection because Spi~
selection is more sensitive to deletion/insertion muta-
tions than 6-TG selection. In fact, the increase in spon-
taneous MFs was higher in Spi~ selection (9.8-23-fold)
than in 6-TG selection (1.7-9.5-fold) when compared
between in vitro and in vivo as described above.

The combination of a lambda shuttle vector and a
reporter gene is one of the most effective tools presently
applicable for mutation analysis. Several cell lines have
been established from TG mouse strains harboring the
lambda vector system. Big Blue Rat2 [46], Big Blue
mouse embryonic fibroblast cell lines [47], BBR/ME,
BBR/OE, and BBR/MFib [48] are immortalized cell
lines carrying lacl shuttle vectors. BBR1 and BBM1
are primary cultured cell lines from lacl transgenic mice
[49]. EF1 is acell line derived from lacZ transgenic mice
[50]. However, the parent animals were insensitive to
the MMC treatment or X-ray irradiation that effectively
induces deletions [51,52]. Induction of large deletion
mutations in these cells has not been reported. The sizes
of the reporter genes are approximately 1kbp in lacl,
3kbp in lacZ, and 0.3kbp in clI [2]. It may be diffi-
cult to detect large deletion mutations larger than the
reporter genes. Additionally, highly predominant induc-
tion of base substitution mutations may hide an increase
in deletion mutations because both the lacl and lacZ sys-
tems detect both point mutations and deletion mutations
in a single selection system. Therefore, the result in the
present study that GDL1 cells detected large deletion
mutations suggests a distinct advantage.

Itis common to use some agents that accelerate and/or
accumulate mutations to establish a cell line from an ani-
mal tissue. A majority of the cell lines from the lambda
vector TG rodent strains were established after treatment
with strong mutagens for the purpose of immortalizing
the cells. X-ray and benzo[a]pyrene were used for the
Big Blue mouse embryonic fibroblast cell line [47]. N-
Ethyl-N-nitrosourea. was used for BBR/ME, BBR/OE,

and BBR/MFib [48]. However, the SV40 T antigen gene

was used to establish the GDL1 cells. This is the first
attempt to apply the SV40 T antigen to the cell lines
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for genotoxicity assays. Information on the biological
functions of the SV40 T antigen may support better
understanding of the responses of GDL1 cells to muta-
gens. The normal functions of p53 were lost in the CHL,
CHO, and L5178Y tk*/~ cells, which are commonly used
in genotoxicity tests [53,54]. The dysfunction of p53 pre-
vents the cells from apoptosis when the cells are damaged
by mutagens. Since p53 plays an important role in DNA
repair and genome stability, the dysfunction of the pro-
tein may increase the genetic damage by mutagens.

The present study demonstrates that the established
GDL1 cell line detected large deletion mutations induced
by MMC. The GDLI1 cell is a useful tool for detect-
ing various mutations including large deletion mutations,
which covers all types of mutations induced in gpt delta
mice. Although there are two differences in mutation
spectra, i.e., single base substitution and complex rear-
rangement, between GDL1 cells and gpt delta mice after
MMC treatment, the mutations detected in GDLI1 cells
are generally consistent with observations in gpt delta
mice. A combination of GDL1 cell and gene targeting
techniques, such as siRNA, knockout, or overexpression
of target genes, may be an informative approach to under-
standing intracellular procedures involved in mutation
and DNA repair.
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In Vivo Mutagenesis in the Lungs of gpt- delta Transgenic
Mice Treated Intratracheally. With 1,6 -Dinitropyrene
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1,6-Dinitropyrene {1,6DNP) is a ubiquitous air-
borne pollutant found in diesel exhaust. In this
study, mutagenesis was examined in the lungs of
gpidelia transgenic mice after intratracheal instilla-
tion of 0-0.1 mg 1,6-DNP. In addition, the 1,6-
DNP-induced gpt mutation spectrum was compared
with that of control mice. A single intratracheal
injection of 0-0.05 mg 1,6-DNP resulted in signifi-
cant dosedependent increases in mutant fre-
quency; the induced mutant frequency declined ot
the 0.1 mg dose. The average lung mutant fre-
quencies at doses of 0.025, 0.05, and 0.1 mg
1,6DNP were 2.9-, 4.1-, and 1.94imes higher
than for control mice {{0.50 + 0.16) X 1073). The

major mutations induced by 1,6DNP included
G:C—oA:T transitions, G:C—T:A transversions, and
1-base deletions. Among the G:C—A:T transitions
isolated from 1,6-DNP4reated mice, five {at nucleo-
tide positions 64, 110, 115, 116, and 418) were
observed in four or more animals. These positions
therefore are potential hotspots for 1,6DNP mute-
tion. The predominant frameshift mutations follow-
ing 1,6DNP treatment included single base pair
deletions at G:C (9/13 = 69%). The results of this
study indicate- that 1,6-DNP is mulagenic for the
lungs of mice. Environ. Mol. Mutagen. 47:277-
283, 2006. © 2006 Wileydiss, Inc.

Key words: 1,6-dinitropyrene; gpt-delta transgenic mouse; 6-thioguanine selection

INTRODUCTION

Suspended particulate matter in diesel exhaust (DE) is
a suspected cause of lung cancer and allergic respiratory
disease, including bronchial asthma [Muranaka et al.,
1986]. Various potent carcinogens and mutagens, such as
polycyclic aromatic hydrocarbons (PAHs) and nitrated
PAHs, have been identified in DE particles [Harris,
1983]. Some of the compounds in DE, for instance, ben-
zo[alpyrene (B[a]P) and dinitropyrenes (DNPs), are pul-
monary carcinogens in animals [Tokiwa et al., 1984;
Brightwell et al., 1986; Jeffrey et al., 1990]. Among the
DNPs, 1,6-DNP-induced lung tumors were detected in
50% of BALB/c mice after 112 days of s.c. inoculation
{Tokiwa et al., 1984]. Following intratracheal instillation
of 1,6-DNP, 90-100% of hamsters developed lung carci-
nomas along with myeloid leukemias [Takayama et al.,
1985]. Iwagawa et al. [1989] showed that direct pulmo-
nary instillation of 1,6-DNP led to lung tumors in Fischer
344 rats, and mutations in K-ras codon 12 were observed
in the tumors induced in rat lungs using a similar dosing
pfotocol [Smith et al., 1997]. Also, DNA adduct forma-
tion and gene mutation were analyzed in F344 rats in

© 2006 Wiley-Liss, Inc.

which 1,6-DNP was directly administered to the lungs by
implantation. A significant increase in Hprt gene muta-
tions was' detected in spleen T-lymphocytes [Smith et al.,
1995].

Earlier in vitro assay results indicated that DNPs are
potent mutagens. In the Salmonella mutation assay (Ames
test), DNPs display strong mutagenicity without an exoge-
nous metabolic activation system and predominantly
induce frameshift-type mutations [Mermelstein et al,,
1981; Sugimura and Takayama, 1983; Tokiwa et al,
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1984]. Salmeen et al. [1984] showed that mono- and dini-
tro-PAHs, which include 1,3-, 1,6-, and 1,8-DNP, 1-nitro-
pyrene, and 3- and 8-nitrofluoranthene, account for 30-
40% of the direct bacterial mutagenic activity of extracts
from DE particulate. 1,6-DNP and 1,8-DNP are activated
by nitroreduction and O-acetylation in bacteria to form
DNA adducts [Rosenkranz and Mermelstein, 1983]. Fol-
lowing a single i.p. injection of 1,6-DNP into mice, this
mutagen binds to lung DNA as 1-N-(deoxyguanosin-8-yl)
amino-6-nitropyrene [Delclos et al., 1987]. The same gua-
nine adduct also was formed in rat lungs instilled with
1,6-DNP [Smith et al., 1995]. The in vivo mutagenicity
and mutation spectrum of 1,6-DNP in the lung, a target
organ for air pollutants, should be useful for elucidating
its carcinogenic mechanism of action. Oral administration
of 1,3-, 1,6-, and 1,8-DNP mixtures leads to in vivo muta-
genicity in MutaMouse® [Kohara et al., 2002]. However,
the mutagenic effects of 1,6-DNP in the lung remain to
be determined. '

To estimate the in vivo mutagenicity of 1,6-DNP in the
lung, we used the gpr-delta transgenic mouse [Nohmi
et al.,, 1996; Thybaud et al., 2003]. These mice carry a
A phage EGI10 transgene that includes the guanine
phosphoribosyltransferase (gpf) gene. When the rescued
phages are infected into E. coli expressing Cre recombi-
nase, phage DNA is converted into plasmids harboring a
gene for chloramphenicol (Cm) resistance (cat) and the
gpt gene. The gpt mutants are detected as colonies arising
on plates containing Cm and 6-thioguanine (6-TG). In this
study, the mutant frequency and mutation spectrum
obtained from the lungs of gpt-delta mice were examined
after intratracheal instillation of 1,6-DNP. Mutant fre-
quency in the lung increased in the presence of 0-0.05 mg
1,6-DNP. The predominant mutations induced by 1,6-
DNP were G:C—A:T transitions, G:C—T:A transver-
sions, and single-base deletions at C:G sites. Specifically,
gpt nucleotides no. 64, 110, 115, 116, and 418 appeared
to be mutation hotspots.

MATERIALS AND METHODS

Treatment of Mice

Twelve male gpr-delta mice were obtained from Japan SLC (Shizuoka,
Japan). These mice carry about 80 copies of A EG10 DNA on chromo-
some 17 in a CS7BL/6J backgrouhd [Nohmi et al., 1996). Doses of 1,6-
DNP (Sigma-Aldrich Japan, Tokyo, Japan) dissolved in tricaprylin
{[CH3(CH_2)¢COOCH,],CHOCO(CH,)¢CH3} (Sigma-Aldrich, St Louis,
MO) were administered to each of three 9-week-old mice via a single in-
tratracheal instillation. The animals were anesthetized with 4% halothane
(Hoechst Japan, Tokyo, Japan) until the animal did not respond to a tac-
tile stimulus. The animal was placed on a restraining board with linen
threads to hold the mouth open. The 1,6-DNP solution was instilled into
the trachea via a polyethylene tube [Takano et al.,, 2002; Hashimoto
et al., 2005]. Two doses (0.025 and 0.05 mg) of 1,6-DNP were dissolved
in 50 pl tricaprylin, while the 0.1 mg dose was dissolved in 100 pl tri-
caprylin. Three mice were treated with 50 pl tricaprylin alone as con-

trols. Mice were killed 14 days after 1,6-DNP treatment, which a previ-
ous study [Suzuki et al., 1999] indicated was sufficiént for mutant mani-
festation in the lung. Their lungs were removed, frozen in liquid
nitrogen, and stored at —80°C until DNA isolation.

gpt Mutation Assay

The gpt assay was performed as described previously [Nohmi et al.,
2000). High molecular weight genomic DNA was extracted from the
pooled lung tissue from each animal, using the RecoverEase DNA isola-
tion kit (Stratagene, La Jolla, CA). A EG10 phages were rescued using
Transpack packaging extract (Stratagene). To convert phage DNA into
plasmids, E. coli YG6020 expressing Cre recombinase was infected with
phage. Bacteria were spread onto M9 salt plates containing Cm and 6-
TG [Nohmi et al., 2000], and incubated for 72 hr at 37°C for selection
of colonies harboring a plasmid carrying the Cm acetyltransferase (ca)
gene and a matated gpr gene. The 6-TG-resistant colonies were streaked
onto selection plates for confirmation of the resistant phenotype. Cells
were cultured in LB broth containing 25 ug/ml Cm at 37°C and col-
lected by centrifugation. Bacterial pellets were stored at —80°C until
sequencing analysis.

. PCRand DNA Sequence Analysis of 6-TG-mutants

A 739-bp DNA fragment containing the gpr gene was amplified by
PCR using primer-1 and primer-2, as described previously [Nohmi et al.,
2000; Hashimoto et al., 2005]. The reaction mixture contained 5 pmol of
each primer, and was 200 mM for each dNTP. PCR was performed
using Ex Tag DNA polymerase (Takara Bio, Shiga, Japan) with a PTC-
100 Thermal Cycler (MJ Research, Waltham, MA). The reaction mixture
was incubated at 94°C for 4.5 min, followed by 30 cycles of 30 sec at
94°C, 30 sec at 58°C, and 1 min at 72°C. The last step was extended for
5 min at 72°C. After purification, amplified products were sequenced
with a Big Dye Terminator v3.1 Cycle sequencing kit (Applied Biosys-
tems, Foster City, CA) and an Applied Biosystems model 3730x] DNA
analyzer. The sequencing oligonucleotides, primer-A and primer-C, are
given in earlier reports [Nohmi et al., 2000; Hashimoto et al., 2005].

Statistical Analysis

All data are expressed as mean *+ SD. The statistical significance of
the mutant frequency data was analyzed using ANOVA and the Tukey
post-hoc test. Data were considered statistically significant at P < 0.05.
To evaluate the mutant frequency dose response, simple linear regression
was performed. Mutational spectra were compared using the Adams-
Skopek test [Adams and Skopek, 1987; Cariello et al., 1994].

RESULTS
1,6-DNP-Induced gpt Mutations in the Lung

To examine the mutagenic effects of 1,6-DNP in the
lung, gpt-delta transgenic mice were exposed to increas-
ing doses of 1,6-DNP (0.025, 0.05, and 0.1 mg/mouse) by
intratracheal instillation (Fig. 1). The mutant frequency in
the lungs of control mice was (0.5 * 0.2) X 107> (Table
I). The mutant frequencies in control mice in this study
were similar to those observed previously in several tis-
sues of gpt-delta mice [Masumura et al., 1999, 2000,
2003; Hashimoto et al., 2005]. Single injections of 0.025,
0.05, and 0.1 mg 1,6-DNP resulted in 2.9-, 4.1-, and 1.9-
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Fig.1. 6-TG-resistant mutant frequency (A) and mutation frequency (B) in 1,6-DNP-treated gpt-delta mice.
Data are presented as mean * SD. Statistical significance was determined using ANOVA and Tukey tests.
Significant differences between control and 1,6-DNP-induced groups are indicated (*P < 0.05, **P < 0.01).

TABLEI. Summary of Mutant and Mutation Fréquencies in the Lungs of gpt-delta Mice After 1,6-DNP Treatment®

Number of colonies Mutant Average mutant . . Mutation Average mutation
1,6-DNP D of frequency frequency % independent frequency frequency
amount (mg) animals Mutant Total 107% + SD (107%) mutations (107%) + SD (107%)
Control 1 3 441,600 0.68 100 0.68

2 3 643,200- 0.47 100 ’ 0.47
3 3 828,000 0.36 100 0.36
Total 9 1,912,800 050 * 0.16 050 * 0.16
0.025 1 7 608,000 1.15 83 0.96
2 9 800,000 1.13 67 0.75
3 13 630,400 2.06 ‘ 54 1.11
Total 29 2,038,400 145 = 053° 094 +0.18
0.05 1 15 652,800 2.30 : 91 2.10
2 9 502,400 1.79 100 1.79
3 14 678,400 2.06 91 1.88
Total 38 1,833,600 : 205 * 0.25° ) 192 + 0.15°
0.1 ’ 1 - 12 953,600 1.26 ) 83 1.05
2 7 1,000,000 0.70 100 0.70
3 5 536,000 0.93 100 0.93
Total 24 2,489,600 096 + 0.28 089 * 0.18

“Statistical significance was determined using ANOVA test and Tukey test. Significant differences between the control and 1,6-DNP treated groups

are indicated.
*p < 0.05.
‘P < 0.01.

fold increases in mutant frequency ((1.5 = 0.5) X 107°,
(2.1 = 03) X 1075, and (1.0 = 0.3) X 107°) and 1.9-,
3.8-, and 1.8-fold increases in mutation frequency ((0.9 =
0.2) X 1075, (1.9 %= 0.2) X 107 and (0.9 * 02) X
107°), compared with that in' control mice, respectively.
Mutant frequency was significantly increased at doses of
0.025 and 0.05 mg 1,6-DNP, but not at a dose of 0.1 mg
- 1,6-DNP. The mutation frequencies in these mice, calcu-
lated by correcting the mutant frequencies for the inde-
pendence of the mutants determined by DNA sequencing
(see below), are also shown in Table I and Figure 1.

Characteristics of the gpt Mutant Spectrum
in1,6-DNP-Treated Mice

To determine the mutation spectrum induced by 1,6-
DNP in the lung, 99 gpt mutants from the lungs of treated
and control mice were subjected to DNA sequencing anal-
ysis (Table II, Fig. 2). G:C—A:T transitions, G:C—-»T:A
transversions, and 1-base deletions were the major muta-
tions induced by 1,6-DNP as shown in Figure 2, which
shows the mutant frequency in the treatment groups asso-
ciated with each type of mutation. In the 1,6-DNP treated
group, 47% of the mutations (36 out of 77 mutants) were
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E G:C—A:T transitions, while 17% (13/77) were G:C->T:A
8¢ S ZZow 858 transversions together with an equal percentage of 1-base
® gE =227 =2°% 2 deletions. In control mice, 78% (7/9) of the total muta-

_ £ ; tions were G:C—A:T transitions. To increase the number
= =4 of control mutants used for comparison, 9 mutants from
}E g - : this study were combined with 13 control lung mutants
25 >S5 §8e3 Feoz < isolated from a previous study performed analogously to
E 2 S o 2 -this one [Hashimoto et al., 2005), and this pooled mutant

- ) E spectrum is used for the data shown in Table II and the

= é mutant frequency distribution shown in Figure 2. There
.8 © o - E were no significant differences between spectra of the 22

R § ?-,- :g\r o 2 Too .E 38 2 contro! mutations and 77 total 1,6-DNP-induced mutations
g 2 g (Table ) (P = 0.39, Adams—Skopek test). )

é 9 3 The gpt mutations isolated from 1,6-DNP-treated mice

al° . - = are listed in Table ITI. Among the G:C—A:T transitions

B S .. o.g| = isolated from treated mice, five (at nucleotides 64, 110,

é § o = a=ee == 2 'E' 115, 116, and 418) were observed in four or more mice.

E = E . These positions are therefore potential hotspots for 1,6-

] DNP mutations; however, no significant differences were

= g observed between the positions of the control mutations

g ‘g 82 H.owewe zZes é isolatf.:d in this study and the positions of the 1,6-DNP

® 2 2= F YY¥Y &°© = mutations (P = 0.61, Adams—Skopek test). There were

- Z E also no significant differences between the positions of

g 2 the 22 control lung mutations pooled from this study and

° g s 2 our previous study [Hashimoto et al., 2005] and the 77

32 So tozz o=l § 1,6-DNP-induced mutations (P = 0.08, Adams—Skopek

= 5 - RS g test). The predominant frameshift mutation after 1,6-DNP

= - 2 treatment was single base-pair deletions at G:C (9/13 =

ERN 69%). Seventy-seven percent of 1-base deletions (10/13)

E -3 occurred in run sequences, and there were no hotspots for

2% = Swao 2os8| 2% 1-base deletions.
z| ~ 5% piscussioN
& Ees )
5'; E § éE g DNPs are recognized as potent environmental muta-
T3 E| Se Zoza Sa8| 3<8 gens. Moreover, 1,6-DNP is a carcinogen in experimental
s §° 277 27K Z2%  animals [Tokiwa et al., 1984]. Using the Ames test, 43%
= B g ‘E":,:’ of the direct mutagenicity of diesel particulate extracts
£ £ i was estimated to be due to contaminant DNPs [Nakagawa
€ 2 E g et al.,, 1983]. A 1,3-, 1,6-, and 1,8-DNP mixture was mu-
§T§ g2 22.. 258 E £ % tagenic in the liver, lung, colon, stomach, and bone mar-
Ry ¥ == M - R row after intragastric injection in MutaMouse [Kohara
"§ £ é § § g et al., 2002). However, little is known about the mecha-
g g 2 £ T nism of in vivo mutagenesis by DNP.
© 5 a S 233 To evaluate the mutagenicity of 1,6-DNP under expo-
E E_ 2 § ¥%oo fo § fﬁ 3: ;OE: é sure conditions appropriate for an air pollutant, the com-
= 3 § o 2 EE = pound was administered intratracheally to gpt-delta mice.

- g9 E E Treatment with 0-0.05 mg of this compound led to 2 lin-

. - 2p oS ear increase in mutant and mutation frequency (Fig. 1),

g é Z g?g as shown previously with 0-2 mg B[e]P [Hashimoto

5 2 ESS € et al, 2005]. The in vivo mutagenic potency (induced

= RS § EE - § mutant frequency per amount of compound administered)

“ s £ 5 SOEED =2 g g LR Zé for 1,6-DNP was 32 X 107° per mg, which was 13
g8 Sol g2 0T %J)LT) o L2855 S2£L£E times higher than that of Bla]P (24 X 107> per mg) -

FES8 AES<EC54<485 88| FP 2F [Hashimoto et al,, 2005), indicating that 1,6-DNP was a

TABLE Il. Classification of gpt Mutations From the Lungs of Control and 1,6-DNP-Treated Mice®
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Fig. 2. Comparison of 1,6-DNP-induced and control mutation spectra in gpt-delta mice. White bar, control;
light gray bar, 0.025 mg; dark gray bar, 0.05 mg; black bar, 0.1 mg. The analysis shown for control muta-
tions is based on data combined from control animals in this study plus control animals from a previous

study [Hashimoto et al., 2005).

more potent mutagen for the lung than B[a]P. However,
the frequency was decreased at the highest dose (0.1 mg
1,6-DNP) to a lower level than that observed with
0.05 mg 1,6-DNP. We do not have any direct evidence
to explain the decline in mutant frequency at high doses
of 1,6-DNP in mice. Haugen et al. [1986] reported that
unscheduled DNA synthesis, an index of excision repair
in Clara cells and alveolar type-II cells, increased dose-
dependently at low concentrations of 1,6-DNP, but
decreased at high doses. This observation suggests that
DNA adduct formation with 1,6-DNP is suppressed at
high doses. Also, the amount of DNA adducts in 1,6-
DNP-instilled rat lungs increased dose-dependently at
low doses, but reached saturation at high doses [Smith
et al.,, 1995]. The level of the 1,6-DNP-DNA adduct in
lungs may be low at a dose of 0.1 mg 1,6-DNP, result-
ing in the lower mutant frequency. Finally it cannot be
ruled out that cell proliferation in mice treated with 0.1
mg 1,6-DNP may not have been enough to fix the muta-
tions because of the cytotoxicity of 1,6-DNP at high
doses.

Our results indicate that G:C—A:T transitions,
G:C-T:A transversions, and 1-base deletions are the
major ‘mutations induced by 1,6-DNP in the lung. On the
other hand, Kohara et al. [2002] demonstrated that follow-
ing the administration of DNP mixtures, the incidence of
G:C—T:A transversions (43%) was higher than that of
G:C—A:T transitions (22%) in the colon. Thus, the muta-
tion spectrum of 1,6-DNP in the lung was different from
the spectrum induced by the mixture of 1,3, 1,6-, and.
1,8-DNP in the colon. The metabolic. reduction of 1,3-

DNP and 1-nitropyrene was reported to be less extensive
than that of 1,6- or 1,8-DNP, suggesting that the reduction
pathways are distinct between these nitro-PAHs [Djuric
et al., 1986]. Reduction as well as O-acetylation are im-
portant in determining the extent of DNA binding by 1,6-
and 1,8-DNP in vive [IPCS, 2003]." 1,6- and- 1,8-DNP
form ‘' N-(deoxyguanosin-8-yl)-1-amino-6-nitropyrene (dG-
C8-1-amino-6-NP) and N-(deoxyguanosin-8-yl)-1-amino-
8-nitropyrene  (dG-C8-1-amino-8-NP) adducts, respec-
tively [Smith et al., 1995; IPCS, 2003], while the adducts
of 1,3-DNP have not been determined. We propose that .
differences in DNA’ adduct formation contribute to the
variations in mutant spectra between 1,6-DNP and the
1,3-, 1,6-, and 1,8-DNP mixture.

Smith et al. [1997] reported that 1,6-DNP-induced lung
tumors contain mutated K-ras. Among 20 specimens, 5
mutations in K-ras codon 12 (4 GGT to TGT transver-
sions and 1 GGT to GAT), and 9 mutations in p53 exons
5-8 (8 substitutions at G:C base pairs and 1 deletion)
were identified. These substitutions are consistent with the
formation of dG adducts by 1,6-DNP. In our experiments,
1,6-DNP mainly induced substitutions in G:C pairs (61/
77 = 79%), similar to the K-ras and p53 mutations in
lung tumors. '

Interestingly, we showed.in an earlier report that the
predominant mutations in the lungs of Big Blue rats
exposed to 6 mg/m*® DE for 1 month were G:C—A:T

"and A:T—G:C transitions [Sato et al., 2000]. The major
mutations identified in the lungs of gpt-delta mice
following exposure to 3 mg/m® DE for 3 months were
G:C-AT- transitions (unpublished resnlts, Hashimoto
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TABLE lll. DNA Sequence Analysis of gpt Mutation Obtained From the Lung of Control and 1,6-DNP-Treated gpt-delta Mice

Type of Amino Number Number .
mutation in Sequence acid Control  1,6-DNP  0.025mgof 0.05mgof 0.1 mgof
the gpt gene  Nucleotide change Site . change all all 1,6-DNP 1,6-DNP 1,6-DNP
Base substitution
Transition
G:C—-AT 26 1Gg—tAg Trp—Stop 1 1
64 Cga—Tga, CpG  Arg—Stop 1 5% 1 . 2° 2°
92 gGc—gAc © Gly—Asp . 1 1
110 cGt—cAt CpG  Arg—His 1 12° 6 3® 3
115 Ggt—Agt CpG . Gly—Ser 4 2b 1 1
116 gGt—gAt Gly—Asp 4 1 2P 1
128 gGt—gAt Gly—Asp 1
, 401 tGg—tAg Trp—Stop - 1 1 1
402 tgG~tgA Trp—Stop 1 1
406 Gaa—+Aaa Glu—Lys 2° 2°
417 tgG—tgA Trp—Stop 1
418 Gat— Aat Asp—Asn 2° 5° 3 1 1
A:T-G:C 56 c¢Tc—cCc Leu—Pro 1 1
149 cTg—cCg Leu—Pro 1 1
275 gAt—gGt Asp—Gly 2 2
419 gAt—-gGt Asp—Gly 2b 1 1
Transversion '
G:C-T:A 59 gCa—gAa Ala—=Glu 1 1
115 Ggt—Tgt CpG  Gly—Cys 1 1
140 gCeg—gAg CpG  Ala—Glu 1 1
244 Gaa—Taa CpG  Glu—Stop 1
262 Gat—Tat Asp—Tyr 2° 2°
287 aCt—aAt Thr-»Asn 3 3
402 tgG—tgT Trp—Cys 1 1
406 Gaa—Taa Glu—Stop 2° 1 1
413 cCg—cAg CpG Pro—Gln 1 1
418 Gat—Tat Asp—Tyr 1 1
G:C-C:G 131 - gCg—gGg CpG Ala—Gly 1 1
206 cGe—cCc CpG  Arg—Pro 1 1
413 cCg—cGg CpG Pro-Arg 1 1
AT-TA 10 Aaa—Taa Lys~Stop 1 1
A:T-C:G 106 Agc-Cgc Ser—Arg 1 1
254 aTc—aGce He-»Ser 1 1
Deletion
1-base 8-12 gAAAAAL—gAAAAL 1 1
32 aTg—ag 1 1
97 tAt—tt 1 1
- 115-116  cGGt—cGt 1 1
126-128 cGGGt—cGGt 1 1
170-171  aCCg—aCg 1 1
237 gCg—gg 1 1
278-279 aCCg—aCg 1 1
315-318 cAAAAg—cAAAg 1 1
358-359 tCCg—tCg 2 2
416418 tGGGa—tGGa . 1 1 1
423-425 tGGGc—+1tGGe 1 1
Insertion .
291 cg—cAg 2 2
255 cg—-+cGTTATTGATGACCTg 1 1

“Mutation found in five different mice.
"Mutation found in two different mice.
“Mutation found in four different mice.

et al). As observed in DE-exposed lungs, G:C—A:T
transition was the major base substitution (47%, 36 out
of 77 mutants) induced by 1,6-DNP (Fig. 2), while
G:C—T:A transversions were the predominant base sub-

stitution

in the lung.
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in Bl[a]lP-instilled
[Hashimoto et al., 2005]. Our results provide useful in-
formation on the in vivo mutations induced by 1,6-DNP

lungs of gpt-delta mice
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Abstract

It is important to evaluate the health effects 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 model, base substitutions and deletions can be separately analyzed by gpt and Spi~ selections,
respectively. Female gpt delta mice were either treated with ~-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 gpr 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 i$ emphasized.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Combined genotoxic effects; Radiation; NNK; Lung cancer; gpt delta_mice; Deletion

1. Imtroduction

Environmental factors play important roles in the
etiology of human cancer [1]. Of various environ-
mental hazardous compounds, cigarette smoke is the

* Corresponding author. Tel.: +81 3 3700 9873;
fax: +81 3 3707 6950.
E-mail address: nohmi @nihs.go.jp (T. Nohmi).

1383-5718/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
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most causative factor associated with the increase
in cancer risk in humans. Tobacco smoking plays a
major role in the etiology of lung, oral cavity and
esophageal cancers, and a variety of chronic degen-
erative diseases [2]. Although cigarette smoke is a
mixture of about 4000 chemicals including more than
60 known human carcinogens, 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone (nicotine-derived nitrosamino
ketone, NNK) is the most carcinogenic tobacco-specific
nitrosamine [3,4]. NNK induces lung tumors in mice,

-55-



16 ) M. Ikeda et al. / Mutation Research 626 (2007) 15-25

rats and hamsters, and International Agency for Research
on Cancer has concluded that exposure to NNK and
NNN (N -nitrosonomicotine) is carcinogenic to humans
[5]. NNK is metabolically activated by CYP (P-450)
enzymes in the lung and generates 0°-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
agent may 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 gpz 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 1kb, which we call large deletions in
this study, are efficiently induced by +y-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 gpr 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. Treatment 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 gpt 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

~-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 vy-irradiation. The third control was keptin 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 1 m thickness. The mice
were sacrificed 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, LaJolla, CA). Lambda EG10 phages were rescued
using Transpack Packaging Extract (Stratagene, La Jolla, CA).

2.3. gpt mutation assay

The gpr mutagenesis assay was performed according to
previously described methods [17]. Briefly, Escherichia coli
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Saline
2 mg/mousel/day x 4 (i.p.)

Sacrifice

NNK

2 mg/mouselday x 4 (i.p.)  sacrifice
Y,

14 17 34 (days)

Fig. 1. An experimental design to examine the combined genotoxicity of y-irradiation and NNK treatments in the lung of mice. Female 7-week-old
gpt 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-m'adlanon The third control was
kept in the cage for 31 days without y-irradiation or NNK treatments. Transgene AEG10 DNA was rescued from the lung of mice, and the base
substitutions and deletions were analyzed by gpt 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 6-thioguanien (6-TG),
and incubated for 72 h at 37 °C for selection for the colonies
harboring a plasmid carrying the Cm acetyltransferase (caf)
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. gpt
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 gpt 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 analysts of 6-TG-resistant
mutants

A 739 bp DNA fragment containing the gp¢ 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 Taqg 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 gpt 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 gam/redAB 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 #-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 gpt 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 10~6) of NNK-treated versus

saline-treated groups were 14.3 6.9 versus 4.2 +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 1.5 mGy/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 t-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~%) of NNK-treated ver-
sus saline-treated groups were 134 - 48 versus 8.1 £ 3.8,
105431 versus 8.7.4+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-

2
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ine the possibility, we determined the mutation spectra

‘of the gpt 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 (x107%) of NNK-treated versus saline-treated

groups were 5.15 +2.34 versus 4.11 £0.98,5.47 +1.98
versus 5.06 +3.50, 5.36 & 1.56 versus 4.09 +0.80 and
5.39 1+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 1 kb increased in a dose-dependent manner in the
saline-treated group. To examine the dose-response in
more detail, we determined the MFs of the large deletions

(B) NNK + Radiation
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Specific mutation frequency (10<)
of Spi-deletions with more than 1 kb

0 mGy/h 0.5 mGy/h 1.0 mGy/h 1.5 mGy/h
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0.0 —*
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Fig. 3. Specific MF of large deletions with the size of more than 1 kb in the lung of unirradiated or -y-irradiated mice. The mice were not treated (A)
or treated with NNK (B). An asterisk (*) denotes p < 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 1
gpt mutation spectra in the lung of NNK-treated and y-irradiated gpt delta mice
Treatment: saline  0mGy/h 0.5 mGy/h 1.0mGy/h 1.5mGy/h
No. MF % No. MF % - No. MF % No. MF %
(x1075) (x1075) (x1076) (x1076)
Base substitution
Transition )
G:C— AT 15(6) 181 43 12(6) 1.76 - 38 5(2) 0.61 29 8(4) 0381 30
AT—GC 2 '0.24 6 4 0.59 13 1 0.12 6 2 0.20 7
Transversion .
G:C—>TA 1 0.12 3 5() 073 16 1 0.12 6 6(1) - 0.61 22
G:C—>CG 1 0.12 3 0 0.00 0 0 0.00 0 2(2) 0.20 7
AT—TA 1 0.12 3 1 0.15 3 1 0.12 6 1 0.10 4
AT—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 5 4 2 3
Insertion 3 0.36 9 3 0.44 9 1 0.12 6 1 0.10 4
Others 1 0.12 3 0 0.00 0 0 0.00 0 0 0.00 0
35 4.23 100 32 4.69 100 17 2.06 100 27 2713 100
Treatment: NNK  OmGy/h 0.5 mGy/h 1.0mGy/h * 1.5mGy/h
No. MF % No. MF % No. MF % No. MF %
(x1076) (x1075) (x1075) (x107%)
Base substitution
Transition . )
GC— AT 24(2) 5.11 36 45(8) 8.02 39 32(5) 5.85 39 54 (6) 8.51 50
AT—GC 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(1) 1.78 9 1) 1.28 8 ) 1.10 6
G:C—>CG 0 0.00 0 2 0.36 2 0 0.00 0 3 047 3
AT—>TA 13 277 19 26 4.64 22 17 3 21 17(1) 2.68 16
AT->CG 15 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 11
—-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 1
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 0.8230.55 at the dose rates of 0, 0.5, 1.0 and
1.5mGy/h, respectively (Fig. 3A). The values at 1.0
and 1.5mGy/h were about three-fold higher than the
value at 0 mGy/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 0.351+0.48 at the dose rates of 0, 0.5, 1.0 and
1.5 mGy/h, respectively. It should be noted that the
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Table 2
Spi~ mutation spectra in the lung of NNK-treated and v- irradiated gpt delta mice
Treatment: saline  0mGy/h 0.5mGy/h 1.0mGy/h 1.5 mGy/h
No. MF % No. MF % No. MF % No. MF %
(x107%) (x1076) (x107%) (x1076)
1bp deletion
Simple
Guanine 9 0.49 12 7 0.59 1 5 0.34 8 4 0.30 7
Adenine 4 0.22 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 31 1.70 41 19 " 1.60 32 22 1.50 37 25 191 41
With b.s. 0 0.00 0o 0 0.00 0 0 0.00 0 0 0.00 0
>2 bp deletion 15 0.82 20 17 1.43 28 17 . 116 28 13 0.99 21
2bp~1kb 2 0.11 3 7 0.59 12 3 0.20 5 1 0.08 2
>1kb - 5 0.27 7 0.59 12 11 0.75 18 10 0.76 16
Complex 8 0.44 11 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 5 0.38 8
75 4.11 100 60 5.06 100 60 4.09 100 61 4.65 100
Treatment: NNK  0mGy/h ' 0.5 mGy/h 1.0mGy/h - 1.5mGy/h
No. MF % No. MF % No. MF % No. MF %
(x1076) (x1076) (x107%) (x1076)
1 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
Inrun
Guanine 9 1.10 21 19 2.17 40 9 1.12 21 14 1.68 31
Adenine 12 147 29 10 1.14 21 9 1.12 21 15 1.80 33
With b.s. 0 0.00 0 0 0.00 0 2 0.25 5 0 0.00 0
>2 bp deletion 12 1.47 29 10 1.14 21 11 1.37 26 11 1.32 24
2bp~1kb 6 0.74 14. 2 0.23 4 3 0.37 7 7 0.84 16
>1kb 2 025 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 1 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 more than 1kb in size are italicised.

MF at 1.0mGy/h (0.78 x 10~6) was about three-fold
higher than that of 0mGy/h (p=0.04) but the MF at
1.5mGy/h (0.35 x 10-6) 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 gam gene and part of the redAB genes,
but some lack the gam gene and the upstream region. The gam and redAB genes make an operon and the transcription starts from the upstream of
the gam 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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(mGHh) San) " 1242 TGAATGGTTCGOGGCEEC GTGTTTGTGCATCCATCT 2 2,34
0 ! -2912 AGAGCAGGCGGTACGCAT TAATCCTTAACTTTGCCC 1 34
I -3393 -GGTAARATCCGGCATGTAC AGCCAGGGGATCTCTCCC 1 34
L 3 7626 .CAGCCAGCGTTGCGAGTG  CGGTTGCTTTATGCATGG 1 3
am| -1608" GCTATCACGTTGTGAACT TCGGATTTAGTGCGCTTT 2 9,11
L ) -2912 AGAGCAGGCGGTACGCAT TAATCCTTARCTTTGCCC 1 9
05 ! —, -3650 ACTGTTGGTTAATACGCT AAAGCTCCAAGCTCAACA 1 41
' L -5339 GATGCGGCTARCGTATGA TGCCTTTGCGGCTTGTAA 1 1
- -5582+1  CGCCTGTCTCTGCCTAAT T ATACTCTCTAATCTTGGC 1 10
-6789 CATCCTGARCCCATTGAC ACCACAGCGTGATGGGCT 1 10
s S 164 ATGGTTCOCGGCGGCATT  TTGCGCTTACCCCAACCA 1 50
o -1922 CACTGARATCATGGCTTTA AGAAGCAATAACCCGCAG 1 50
0 ) -3219 TTCTATTTCTGATGCTGA ‘GTATCACACACCCCARAG 1 19
T = 3326 “TGATGTATTGCTGGTTITC CTGGTTTTGCGCTTACCC 1 19
[ ) -3360 GATTTCAGAATTAGCCTG GGGTATCATGTAGCCGCT 1 49
1.0 C i -3473 ‘GOGGCGTTTGATGTATIG TGTGGCAGTTGTAGTCCT 1 19
-3966 TAACTTCCGGAGCCACAC GAAGACGCGATCTCGCTC 1 17
. 4716 TCCTTTGATGCGARTGCC GCATAATTACTCCTGATA 1 18
5053 AATTCATGGARARGGTCT GCGTAAACTCCGCTGTCA L 50
— 5244 GTATCAGCAATGTTTATG .GTAGCTTGGCTTCTACCT 1 17
= 26140 ATCGGGGATTCAGTAACA CGCCTTCTGTCACCACCA 1 10
P ] 3645 GGTCTGCGTCARATCCCC  GGTTATCIGTATGTTTTT 1 21
C ) 13833 ARTCGATGGTGTTACCAR ARACCCGGCGCTGAGGCCS 1 57
I ] -3879 TTGCTGGTTTCTTTCCCG  CTGAGGCCGGGTTATTCT 1 27
— - 4014 TTTTCGATGAACTCCGGC CTTACCGGGTTATCCCCA 1 26
15 [ - - 4035 CTTCCCAGCCAGCGTTGE CCTGCACCAGCGTGGTAR 1 27
' ] -4416 _TARAATAAATCCCCGCGA TTGGCACATTGGCAGCTA 1 7
1 -5194 ATAACTCTGTTGAATGGC ATATGATGACAATGTCGC 1’ 58
I 5366 TAACGCAGATCGGATGAT CCGCCAGTGGCGCACTAT 1 58
{ - 5905 .GGAACAGAGCGGCARTAA CTGCCTGATTAGCGGCGA 1 25
NNK - 6629 "CCGCAATTTCTTTTGTGG CCTTCAACAAACAAAAAR 1 26
roray — :
(m';;,%) [ -4283 ‘TGATGATGCGGGACCAGE GACCACGCCTTIGGEGCE: 1 .38
o i -6283 TTGCCAGGCTTAAATGAG ATCTAAGGCCGTCACCTG 1 5
' oo} - 1035 ATCACCTTTARATGCCGT AACCCCCCGCGATTGGCR 1 15
) -1315 CAGTGCTTTAGCGTTARC ATAGCTGTGARRATATCG 1 45
-2724 “TGCTGGCCCCGTGGOGTT  CTCCAGCCCCTATCCCCC L 45
. r— 4318 CCTTTTTCCATGTCGTCT CAGCGGGTACGATTEECE 8 13
05 C : -5146 CGAGAAGATGTTGAGCAA TCTGCCAGTTCTGCCTCT 1 15
] -5273 GCTGACGCCGCCTTGCCC CCCGCGATTGGCACATTG 1 14
f — -9265 TGTGCCACGCATCATCCC  ATGGATGCAGCCTCCAGA 1 13
wm| -1373 ‘GTGAGCAATGGTTTCAAC TGGCGATAGTGGGTATCA 1 23
L - 3466 AGGATTCATTGTCCTGCT GTTCGCCACCCAACCCGC 1 53
, C -15445 GTTTAACATGCCGATTGC AGCGCGCGTAATCCGRCG 1 54
10| T 1 -5974 ‘ATCCGGATGAAGCCGCTT GCAATGTATGTCGTTTCA 1 21
' [ 6666 +4 GCCGTARGTCTTGATCTC CTTA -CCTCATCAGTGGCTCTAT 1 2
[ 1 -7430 TTTGAATGGTTCGCGGCG CGTAGCGGTGGAAGTGGC 1 21
( ] - 9265 TTGTGCCACGCATCATCC  ATGGATGCAGCCTCCAGK 1 21
) - 3219 "GTAATAGCGATGCGTAAT AGGAAAACAGGAAAGGGG 1 61
15 f - 7081 TCAGCCAGCTTCCCAGCC  GGTGGAAGTGGCGATGAR 1 30
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tion of large deletions at a dose rate of 1.5mGy/h of
v-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 11 bp in
the junctions while another half had no such shorthomol-
ogous sequences. Two mutants had 1 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 vy-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, 1.0 and 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 levéls. We
chose the dose rates, i.e., 05 1.0 and 1.5 mGy/h of y-ray,

since Sakai et al. {26] report the suppression of carcino-
genicity of 3-methylchoranthrene in ICR female mice by
chronic low-dose-rate irradiation of vy-ray at 0.95 mGy/h.
According to the report, there is an optimum dose rate
of about 1 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 effects, 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:C to 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 1kb 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 mGy/h, 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 1 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 vy-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-1 mutations in the small intestine

. in female F1 mice obtained by crossing SWR/J and

C57BL/6 increases along with the total radiation doses
of y-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 p53 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 a-
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 methy] hydroxylation leads
to pyridyloxobutylated DNA [35]. DNA methylation
occurs at N7 and 0% of guanine and 0* and 0? of
thymine. Itis suggested that 0%-methylguanine (0%-mG)
" and pyridyloxobutylated DNA are responsible for G:Cto
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:C to A:T and G:C to
T:A mutations were induced by NNK treatments signifi-
cantly (Table 1). 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 areporter 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,
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281, 287, 402, 409, 417 and 418 when A of ATG of the
start codon of the gpt 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*-methy]
or O%-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. :
~-Itradiation 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 (Ap) 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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