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Table 1. Spontaneous gpr Mutation Spectra of gpr Delta Mice and Rats

C57BL/6] mouse SD rat F344 rat
No. CpG % No. CpG % No. CpG %
Base substitutions
Transitions
GC— AT 59 (32) 333 39 (22) 438 12 (3) 40.0
AT—=GC 19 10.7 6 6.7 1 33
Transversions
GC—TA 3 17.5 18 20.2 5 16.7
GC—=CG B 23 1 1.1 1 33
AT—-TA 13 73 1 1.1 1 33
AT—-CG 11 6.2 2 22 1 33
Deletions 24 13.6 15 169 9 30.0
1bp 18 12 5
>2bps 6 3 B
Insertions 10 5.6 7 7.9 0 0.0
Others® 6 3.4 0 0.0 0 0.0
Total No. of Mutations 177 100.0 89 100.0 30 100.0
No. of animal 23 31 10
Sex male male and female male
Tissues liver liver, kidney, liver
mammary gland
Age 10-20 weeks old 10-52 weeks old 20-24 weeks old

a) Multiple base substitutions, bese substitutions coupled with deletion or insertion,

lacl transgene.*?*3) De Boer er al. reported the
spontaneous lacl mutations for liver, spleen, blad-
der, stomach, kidney, bone marrow, lung and skin
of Big Blue mice. They showed the similarity of
the lacl mutational spectra in all tissues.*? Basi-
cally, the predominant class of spontaneous muta-
tions was G:C to A:T transitions, most of which oc-
curred at CpG sites. The second most common class
was G:C to T:A transversions. All other base sub-
stitution classes contributed less than 10% each. Of
the non-base substitution events, the loss of a single
base pair was the most frequently occurring event.
Zhang et al. compared lacl spontaneous mutation
spectra in the liver of C57BL/6, B6C3F1 and BC-1
mice and F344 rats and concluded that spontaneous
mutations appear to be similar, regardless of genetic
location, rodent strain, or species.*

In sequence analysis of the gpr gene recovered
from gpt delta rats, we should note that an unex-
pected A:T to T:A transversions at position 299 (e.g.
nucleotide 299 from the first codon of ATG, in the
gpr sequence) was frequently observed. We con-
clude that this base substitution must have arisen in
the lambda EG10 DNA during SD rats transgenesis,
and is not induced by spontaneous or induced so-
matic mutagenesis. Evidence for this includes: (1)
base substation is observed in untreated rats as well

as mutagen-treated rats at a similar frequency; (2) it
typically occurs along with another mutation in any
given gpt mutant; (3) it was detected in gpt™ (6-TG
sensitive) colonies rescued from both gpt delta SD
and F344 rats; (4) we observed that 96/473 (20%)
gpt mutants recovered from gpt delta rats contain
this base substitution [the frequency should be about
20% (2% 107") if one of five copies of integrated
lambda EG10 has A:T to T:A change at position
299]; and (5) it was never found among 1680 gpt
mutants we have analyzed in gpt delta mice. Thus,
an A:T to T:A transversion at position 299 observed
only in gpr delta transgenic rats is a “false” mu-
tation. In the development of transgenic rodents,
multiple copy transgenes are usually integrated at
a single site of chromosome in a head-to-tail fash-
ion. We suppose that an unintended point mutation
might have been arisen in one copy of the trans-
genes during the first round of DNA replication
when they integrated into the chromosome of gpt
delta SD rat. Although this gpt mutation results
in an amino acid substitution from isoleucine (Ile)
to asparagine (Asn), it doesn’t cause a mutated gpt
phenotype (e.g. is a silent mutation) and therefore
doesn’t affect the gpr MF. Because of this, A:T to
T:A mutations at 299 were excluded from the muta-
tion spectra of gpt delta rats in Table 1.
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Table 2. Spontaneous Spi~ Mutation Spectra of gpt Delta Mice and Rats

C57BL/6J mouse SDrat F344 rat
No. (%) No. (%) No. (%)
One bp deletions 95 70.4 5 50.0 30 76.9
GGGG 21 15.6 2 20.0 12 308
GGG 4 3.0 0 0.0 2 5.1
GG 6 4.4 0 0.0 2 5.1
G 10 74 1 10.0 3 7.7
AAAAAA 18 133 0 0.0 2 5.1
AAAAA 29 215 2 200 8 205
AAA 1 0.7 0 0.0 1 2.6
AA 0 0.0 0 0.0 0 0.0
A 6 44 0 0.0 0 0.0
> 2 bp deletions 28 20.7 2 20.0 4 10.3
2bps-1kb 8 5.9 1 10.0 1 2.6
>1kb 20 14.8 1 10.0 3 7.7
Complex 6 44 1 10.0 5 12.8
Others” 6 4.4 2 20.0 0 0.0
Total No. of Mutations 135 100.0 10 100.0 39 100.0
No. of animal 43 3 10
Sex male and female male male
Tissues brain, colon, liver, liver liver, kidney
bone marrow,
epidermis, lung
Age 10-20 weeks old 24 weeks old 17-30 weeks old

a) Deletions coupled with insertions andfor base substitutions.

SPI- ASSAY (SPI- SELECTION) FOR
DELETIONS

The Spi~ assay is a unique selection that can
detect deletions, rather than base substitution mu-
tations. The methodology and the characteristics of
the chemical- and radiation-induced Spi~ mutations
have been described in detail."'¥ Spi~ selection
takes advantage of the restricted growth of wild type
lambda phage in P2 lysogens.* This phenotype is
called Spi (sensitive to P2 interference). Only mu-
tant lambda phages that are deficient in the func-
tions of both the gam and red genes can grow in
P2 lysogens and display the Spi~ phenotype. Si-
multaneous inactivation of both the gam and red
genes is usually induced by deletions. Because of
the size limitation for in vitro packaging reactions
(there must be two cos sites separated by 3851 kb
of DNA), the size of deletions detectable by Spi~ se-
lection is up to 10 kb. Thus, the mutants are mostly
intrachromosomal deletions. However, the tandem
array of 80 copies of lambda EG10 DNA in the gpt
delta mouse provides a potential target of approxi-
mately 3.8 megabases.

In previous reports, the spontaneous Spi~ MFs
of gpt delta mice were around 1-5x 107°, which

is lower than that of other transgenes, such as lacZ
of Muta mice and lacl of Big Blue mice. Because
the predominant types of point mutations induced
in vivo are base substitutions, it could be that the
spontaneous Spi~ MF, which only detects deletion
mutations but not base substitutions, is generally
lower than that of lacZ, lacl or gpt MF. Tissue type
and sex differences of spontaneous Spi~ MFs is not
clearly observed,'! although the number of stud-
ies in which multiple tissue types have been com-
pared is very limited. The effect of age has not
been well characterized. No significant differences
in spontaneous MFs were reported in p53, Amm or
Parp-1 knockout gpt delta mice, although heavy-ion
or X-ray irradiation induced more large deletions in
knockout mice than in wild type mice.'7-2!2 In the
gpt delta rat, the spontaneous Spi~ MFs we have ob-
tained from 13 rat tissues were between 1.3 107°
and 4.4 x 1075, similar to those observed in gpr delta
mice.'? No marked strain difference has been ob-
served between SD and F344 rats although addi-
tional studies are needed to confirm this finding.
Spontaneous Spi~ mutation spectra of gpr delta
rodents are shown in Table 2. Although the sample
sizes of the rats are small, mutational characteristics
of spontaneous Spi~ mutants are similar between
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mice and rats. We have analyzed 135, 10 and 39
Spi~ mutants detected in 43 C57BL/6J mice, 3 SD
and 10 F344 rats, respectively. These mutants were
rescued from brain, liver, epidermis, bone marrow,
colon, lung and kidney (and unpublished data in our
laboratory).16:19:20.28,45) The most frequent muta-
tion is a 1 bp deletion in the repetitive sequences
in the gam gene. These small deletions are not sup-
posed to induce Spi~ mutations. However, transla-
tion of the gam and red genes is probably linked,
and the gam gene is first transcribed so that the 1
bp deletions in the gam gene may interfere with
the start of translation of the downstream red gene,
thereby functionally inactivating not only gam but
also red.'® The percentages of the 1 bp deletions are
from 50~77%. But these values may be underesti-
mated because we regard identical mutations recov-
ered from the same tissue samples to have resulted
from clonal expansion and count them as a single
mutation. However, they could also be independent
hot spot mutations. If this is the case, they should
be counted as multiple independent mutations. In-
deed, there are several hot spots of spontaneously
occurring Spi~ mutations. Those hot spots are |-
bp deletions of AAAAAA to AAAAA at position
295-300, AAAAA to AAAA at 227-231, GGGG
to GGG at 286-289, and CCCC to CCC at 238-241
in the gam gene (the number starts from the first
ATG of the gam gene). We suggest these events
are most likely induced by slippage errors of DNA
polymerases during DNA replication.

Other than 1 bp deletions, we observed about
20% of the Spi~ mutations are larger deletions
more than 2 bps in sizes. In mice, based on the
sequence characteristics of the junctions and the
neighboring regions, the Spi~ deletions more than
1 kb in size could be classified as either those hav-
ing junctions exhibiting short homology (1-12bps)
(13/20 = 65%) or those having flush junctions
(7720 = 35%). Deletions with short or no homol-
ogous sequences at their junctions have been ob-
served in a number of mutant genes implicated in
human diseases, including cancer. About 40% of
large deletions in human disorders are character-
ized by the presence of very short sequence ho-
mologies at the breakpoints.*5) We suggest that non-
homologous end-joining (NHEJ) repair plays an
important role in the generation of intrachromoso-
mal deletions such as Spi~ mutants.'¥) This path-
way involves the DNA end-binding heterodimer
Ku70/Ku80, DNA-dependent protein kinase cat-
alytic subunit (DNA-PKcs), X-ray repair cross com-

plementing (XRCC)4, and DNA ligase IV.474%) Al-
though some of these proteins play an essential role
in the maintenance of genome stability and suppres-
sion of tumorigenesis, NHEJ also has the potential
to induce deletion mutations. If two incompatible
ends are generated by DNA double-strand breaks
(DSBs), they first have to be converted to ligatable
ends by enzymatic processing, which often causes
deletions.*” The middle size Spi~ mutants (2 bps to
1 kb) might be caused by DNA replication error or
by NHEJ. We have also detected complex type dele-
tions containing genome rearrangement. This type
of the Spi~ mutation is sometime difficult to analyze
by DNA sequencing. Other deletions coupled with
short insertions at junctions or base substitutions are
also observed in spontaneous Spi~ mutations. We
did not identify hot spots in the Spi~ large deletions
either in untreated or mutagen-treated mice. This
may indicate that DSBs are randomly induced in the
neutral transgene region. Further work is required to
understand the mechanism by which Spi~ deletions
are generated.

CONCLUSION REMARK

The human genome is continuously exposed to
various exogenous and endogenous DNA damaging
agents including reactive oxygen species. To sur-
vive and protect the genome against DNA damage,
cells employ many repair mechanisms such as mis-
match repair, base excision repair, nucleotide ex-
cision repair, translesion DNA synthesis, and ho-
mologous and non-homologous recombination re-
pair mechanisms. However, some repair mecha-
nisms appear to be involved in error-prone DNA
replication process or the induction of genome re-
arrangements such as deletions. To analyze the var-
ious types of in vivo mutations, gpr delta transgenic
rodents were established to detect deletions as well
as point mutations. Here we reported the character-
istics of the spontaneous gpt (point mutations) and
Spi~ (deletions) mutations obtained from gpr delta
mice and rats. The results suggested that the as-
says permit the efficient and quantitative detection
of mutations in various tissues of mice and rats, and
analysis of mutations at the molecular level. The
spontaneous mutations observed in the tissues of
mice and rats included both base substitutions and
deletions. The predominant types of mutations are
G:C to A:T transitions at 5'-CpG-3’ sites, G:C to
T:A transversions, 1 bp deletions at repetitive se-
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quences, and larger deletions of more than 1kb. It
suggests that deamination of methylated cytosines
at CpG sites, oxidative damage to DNA, such as 8-
oxoguanine lesions, slippage errors in DNA repli-
cation, and error-prone DSB repair may contribute
to spontaneous mutations in the rodents. Further
studies are necessary to investigate whether oxida-
tive damage in DNA and dNTPs pool induces base
substitutions and deletions in mammals and to de-
termine the molecular characteristics of such muta-
tions. Accumulative mutations with age might be
related to endogenous oxidative stresses, Genome
rearrangements associated with oxidative stress are
also important in the field of mutagenesis and car-
cinogenesis. Because oxidation of DNA is often
caused indirectly by malnutrition, the relationship
between nutrition and genome rearrangements me-
diated via oxidative stresses could be an important
and interesting topic. To investigate the mecha-
nisms of carcinogenesis in target organs, gpt delta
rat could be useful because most of carcinogenesis
studies are undertaken in rats rather than mice. The
mouse model is also useful to investigate specific
gene function by crossing with gene knockout mice.

Transgenic mutation assays have the ability to
evaluate mutagenesis in vivo in a broad range of
tissues using neutral reporter genes integrated into
genome. Recently, Bielas and Loeb reported a
method to directly detect random point mutations
in genomic and mitochondrial DNA from mouse
and human cells.**? This technique, called ran-
dom mutation capture, is based on gene capture by
hybridization with oligonucleotide probes, followed
by cleavage by a restriction enzyme and quantifica-
tion of the non-cleavable mutants by real-time quan-
titative PCR. Such a direct detection concept could
be extended to quantify mutation in any cell types,
at different sites in the genome, in coding and non-
coding regions. In another approach, Jiang er al.
systematically examined the mutational spectrum of
the entire human genome and categorized regions
using 1.8 million human single nucleotide polymor-
phisms (SNPs).’® Although the mutational analysis
using SNPs is limited to single base substitutions,
extensive and comprehensive sequencing analysis
may lead to new perspectives on in vivo mutagen-
esis.
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Poly(ADP-ribose ) polymerase- I knockout (Parp-1-'-) mice show increased [requency of spontaneous liver
tumors compared to wild-type mice after aging. To understand the impact of Parp-1 deficiency on muta-
tions during aging, in this study, we analyzed spontaneous mutations in Parp-1-/~ aged mice. Parp-1-~

mz‘:l: :m 200 mice showed tendencies of higher mutation frequencies of the red/gam genes at 18 months of age, com-
pared to Parp-1*"* mice, in the liver and brain. Complex-type deletions, accompanying small insertion
= were observed only in Parp-1-/~ mice in the liver and brain. Further analysis in the liver showed that the
m""‘ frequency of single base deletion mutations at non-repeat or short repeat sequences was 5.8-fold higher
Mutation in Parp-1-'- than in Parp-1*/* mice (p<0.05). A 3.2-fold higher tendency of the deletion frequency of
Deletion two bases or more was observed in Parp-1-/- mice compared to Parp-1""* mice (p =0.084). These results
gpt delta support the model that Parp-1 is involved in suppressing imprecise repair of endogenous DNA damage
Aging leading to deletion mutation during aging. The mutation frequencies of the gpt gene in the brain were
found to be 3-fold lower in Parp-1-/~ than in Parp-1*"* mice at 4 months of age (p<0.01), implying that
Parp-1 may be positively involved in imprecise DNA repair in the brain. On the other hand, the frequencies
of gpt mutation showed an increase at 18 months of age in the Parp-1-/~ (p <0.05) but not in Parp-1"/*

brains, suggesting that Parp-1 deficiency causes an increase of point mutations in the brain by aging.
1© 2009 Elsevier B.V. All rights reserved.
1. Introduction carcinogenesis induced by alkylating agents such as N-nitrosobis(2-

hydroxypropylJamine (BHP) [10] and azoxymethane [11] but not

Poly(ADP-ribose) polymerase-1 (Parp-1) facilitates DNA strand with 4-nitroquinoline 1-oxide [12]. Parp-1-/~ mice develop nor-

break repair by binding to the end of DNA strand breaks and cat-
alyzing transfer of ADP-ribose residues from NAD Lo itself and other
nuclear proteins, including XRCC1 (X-ray cross-complementing fac-
tor 1) [1], WRN (Werner's syndrome protein) [2.3] and Ku70/80
[4.5]. PolyADP-ribosylation results in recruitment of DNA repair
proteins to DNA damage sites [6,7]. Accumulating studies have
indicated that Parp-1 is involved in base excision repair (BER) and
single strand break (SSB) repair by interacting with XRCC1 through
poly{ADP-ribose) residues, as well as DNA polymerase 8 [8] and
DNA ligase llla [9] using the BRCT domain in Parp-1. We previously
demonstrated that Parp-1-/~ mice show higher susceptibility to

* Corresponding author at: Biochemistry Division, National Cancer Center
Research Institute, 5-1-1, Chuo-ku, Tokyo 104-0045, Japan. Tel.: +81 3 3542 2511;
fax: +81 3 3542 2530,

E-mail address:

¢80P (M. Masutani),

0027-5107/% - see front matter © 2009 Elsevier BV, All rights reserved.
doi: 10,1016/ mfmmm.2009.02.001

mally, and spontaneous tumor incidences in all organs are not
elevated at least until 9 months old [11]. However, the incidences
of hepatocellular adenomas and carcinomas in Parp-1-/~ mice are
increased at 18-24 months old compared to Parp-1*/* mice [13].
Parp-1-/-p53~I= mice also show spontaneous medulloblastomas
in p53 knockout (p53-/-) mice at a higher incidence compared to
Parp-1**p53~I~ mice [14.15].

In wild-type mice, age-related increases of mutant frequencies
are observed in the liver, spleen, heart and small intestine, whereas
mutant frequencies in the brain and germ cells are only slightly
increased [ 16-18). Age-related increases in genome rearrangement
as well as point mutations are reported in the liver but not observed
in the brain [19]. Therefore, the effects of aging on spontanecus
mutation frequency might be different among tissues.

To analyze the impact of aging on spontaneous mutant fre-
quency and its spectra in Parp-1-/- mice, we performed mutation
analysis in Parp-1-/~ mice at advanced age using progeny of




RTICLE IN PRI
N B B mun. r“lu-_j_

LA

2 A Shibato et al. / Mutation Research xoox (2009 ) xoo-xo0

intercross with gpt delta transgenic mice harboring about 80
copies of tandemly integrated lambda EG10 DNA as a transgene
[20.21). The rescued phage was analyzed by the Spi~ (sensitive
to P2 interference) assay, which preferentially detects deletion
mutations in the red/gam genes. The deletion mutations of a single
base to approximately 10kb or several copies of EG10 DNA could
be detected. The gpt assay detects point mutations in the guanine
phosphoribosyl transferase (gpt) gene. The spontaneous mutant
frequency of the gpt gene in the liver of mice is around 2-6 x 106
[23] in tissues including the liver and brain [24]. The frequency of
mutation in the red/gam genes in the liver of mice is also reported
to be around 1-5 x 10-% [23,24].

Analysis of deletion mutation with a Spi~ assay using gpt delta
transgenic mice has been shown to be useful in detecting dele-
tion mutations after treatment with various types of chemicals or
irradiation with y-rays or heavy ions [23,25-26].

The results in this study suggest that Parp-1 suppresses sponta-
neous deletion mutations, especially at non-repeat or short repeat
sequences in the liver and brain during aging. Complex-type dele-
tions accompanying small insertion and microhomology at deletion
junctions observed in Parp-1-/- livers and brains are also discussed.
Additionally, we observed that the mutant frequencies of the gpt
gene in the brains were found to be 3-fold lower in Parp-1-/~ than
in Parp-1** mice at 4 months of age but increased in Parp-1-/- mice
to the level of Parp-1*/* mice at 18 months of age.

2. Materials and methods

21. Genomic DNA extraction and rescue of the transgene

Parp-1-/~ |gpt delta and Parp-17" [gpt delta animals were previously established
by intercrossing Parp-1~ [gpr delta mice [20]. Mmkepomsrrﬂnedgnm:badt-
ground of CS7BLJ6, ICR and 1295v. Male Parp-1-1- and Parp-1** mice were fed a
basal diet (CE-2, Clea Japan), and these mice were anaesthetized and sacrificed at
the ages of 4 months (n =5 for each genotype) and 18 months (n=6 (Parp-1-/-) and
n=4 (Parp-1'"*}). The livers and brains were immediately frozen in liquid nitrogen,
and stored at —80C until DNA ion. G jc DNA was by a Recov-
erEase DNA isolation kit (Stratagene). Two out of six Parp-1-'~ mice (mouse ID,
G60 and G94) of 18 months of age harbored tumors in the liver, and genomic DNA
was extracted from areas containing no tumors. A lambda phage in vitro packag-

ing reaction was performed with Transpack Pack Extract (5 ). Part of
the rissues were also fixed with fi lin soluti inely p 1 and secti
were stained with b ine-eosine. The exper | protocol was app

by the Ethics Review C for Animal Exp of the Natlonal Cancer

Center Research Institute.
22, Spi- assay

A Spi~ assay [21] was carried uul with a modification as described previously
[27]. The frequencies of bac were less than 10-* in the Spi- assay
mdwuencgﬂgihle[zs]mmfursﬂ'mmﬁtqwldumﬂnmfampm
mmﬂmlhwuubmcﬁn;rhehdgmunﬂmumﬂcqumdnhmmdm
the deleted region. the structure of each was analyzed by a Southem blot
hybridization method that uses oligonuclectide DNA probes [29]. DNA sequencing
af the mutated region was performed with a CEQ™ DTCS Quick Start Kit (Beckman
Coulter).

23, gptassay

The gpt assay was performed as described previously [21]. Briefly, the phages
rescued from genomic DNA were transfected into E coli YG8020 expressing Cre
recombinase. Infected cells were cultured at 37°C on plates containing chloram-
phenicol (Cm) and 6-thioguanine (6-TG) for 3 days until 6-TG resistant colonies
appeared. To confirm the 6-1G resi were ked on
plates containing Cm and 6-TG. A739bp Dmmlmmpassiudamm
was amplified by PCR |30]. DNA sequencing of the target 456 bp in the gpt gene was
performed with a CEQ™ DTCS Quick Start Kit (Beckman Coulter).

24. Staristical analysis

The statistical significance of differences in mutant or mutation frequencies
berween the two groups was analyzed by using the Mann-Whitney U test. When p
value is Jess than 0,05, the difference was considered significant. Because the indi-
vidual differences in mutant frequency became larger at advanced ages, “tendency

of = 1.5 fold increase or reduction” in the mutant frequency is also mentioned with
p value in the text. when p value is equal to or larger than 0,05,

3. Results

3.1. Analysis of spontaneous mutant frequency of the red/gam
genes and the gpt genes in the livers of Parp-1~/~ mice at4 and 18
months of age

There was no difference in the mutant frequencies ofthe red/gam
genes in the liver between Parp-1-/~ and Parp-1*/* mice at4 months
of age. The liver of Parp-1-/~ mice at 18 months of age showed a 1.7-
fold higher tendency of the red/gam mutant frequencies than those
in Parp-1"* mice (p=0.34, Fig. 1A). The tendency of age-dependent
1.5-fold increase in mutant frequency was observed in Parp-1-/-
but not in Parp-1** mice.

On the other hand, in the case of the gpt gene (Fig. 1B), in which
point mutations are mostly detected, the mutant frequencies in
Parp-1*"* mice showed a higher elevation at 18 months than that at
4 months(p=0.037). In Parp-1-/- mice, a tendency of higher mutant
frequency was noticed at 18 months compared to that at 4 months
(p=0.14). There was no significant difference in the mutant fre-
quency of gpt gene between Parp-1-/~ and Parp-1*/* mice at either
4 or 18 months (Fig. 1B).

3.2, Structural analysis of deletion mutations in the red/gam
genes of Parp-1-/= mice at 18 months of age

The mutations in the red/gam genes could be categorized into
deletion, base substitution and single base insertion. As shown
in Fig. 1C, deletion mutation frequencies in the liver of Parp-1-/-
mice showed a tendency of 1.7-fold increase compared to those in
Parp-1** mice (p=0.20). The deletion mutations could be classified
into single base deletion and deletion of two bases or more (Fig. 1C).
Fig. 1D shows the distribution of single base deletions of the gam
gene in the liver of Parp-1-/~ and Parp-1** mice at 18 months of
age. Single nucleotide repeats, ~AAAAA- at 227-231, ~AAAAAA-
at 295-300 and -GGGG- at 286-289, are known as hot spots of
single base deletions in the gam gene of wild-type mice [28]. The
frequency of single base deletions at hot spots, namely at 4-6bp
mononucleotide repeats was not increased in Parp-1-/~ mice
compared to Parp-1*"* mice (Fig. 1C). In contrast, the frequency of
single base deletions at non-repeat sequences or short repeats of
2-3 bp mononucleotides showed a 5.8-fold increase in Parp-1-/-
mice (p=0.031, Fig. 1C). The single base deletions at non-repeat
sequences were only observed in Parp-1-/- mice at a frequency of
43 %107 and showed a higher frequency than that in Parp-1*/*
mice (p=0023). The specific deletion mutation frequencies of
two bases or more in the liver showed a 3.2-fold (Fig. 1C) higher
tendency in Parp-1-/~ mice than those in Parp-1"/* mice, although
there was no statistical significance (p =0.084). Deletions of both
2 bp-1kb and deletions larger than 1 kb were observed in the liver
of Parp-1-/- mice, whereas all three mutants in Parp-1** mice
(Table 1) had deletions larger than 1kb (data not shown).

The deletion mutations of two bases or more were also cate-
gorized into those that occurred at non-repeat and short repeat
sequences of mononucleotides. Frequencies of deletion mutations
of two bases or more at non-repeat and short repeats of mononu-
cleotides showed a higher tendency in Parp-1-- than Parp-1**
mice (p=0.28) at 18 months old (Fig. 1C). There was no deletion
mutation of two bases or more that occurred on a mononucleotide
repeat larger than 4 bp in both genotypes.

We further categorized deletion mutations of two bases or more
into simple or complex types (Table 1). Complex-type deletions
were defined as accompanying small insertions or recombina-
tion with deletions [20]. Complex-type deletions were found in
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Parp-1-1- mice, but not in Parp-1** mice in the liver at 18 months
old. As shown in Table 1, the frequencies of complex-type deletions
in Parp-1-/~ mice showed a higher tendency than those in Parp-1**
mice, although it is not statistically significant (p=0.224). The struc-
tures of complex-type mutations of Parp-1-/~ mice observed at 18
months of age are shown in Table 2. Two complex-type deletions

observed in Parp-1-/~ mice accompanied both small insertions
and microhomologous sequences at deletion junctions (Table 2).
It is of note that complementary nucleotides AAA (G61-1-3) or TT
(G93-2-3) (marked with upper lines in Table 2) are present at the
5’ position to these micrchomologous deletion junctions in each
case.




4 A Shibata er al. / Mutation Research xxx {2009) xox—xo

Tabie 1
Spcmumddwmadumulmhmurmﬁnlmmmmmﬂw:ndmofhrl"‘mu 18 months old.

Tissue  Deletion Porp-1"* Parp-1-1-
Mutation frequency [« 10-%) No, of mutants [ME]/Non-ME]) Mutation frequency (»10-%)  No. of muranrs {ME][Non-ME])
Liver Simple 034 =021 32n) 0896 =027 1367
<0.16 0 013 =008 2(2/0)
with small insertion* <016 0 013 £ 0.08 2(2/0)
with recombination <016 i 0 <013 (1]
Brain Simple 0.15+015 1{on) 032004 3(201)
Complex <018 f 0 C 032004 iy
with small insertion <0.18 0 019 £ 012 2(1)1)
with recombination <018 0 012+012 1
MEJ; microhomology-mediated end joining. Non-MEJ; non logy- d end joining.

4 Small insertion rep 4-9bp
* One of the mutants could not be classified into ME] or non-ME] type.

3.3. Mutation frequencies of the red/gam gene in the brains at 4
and 18 months of age

Parp-1-/- mice showed 1.5-fold higher mutant frequencies com-
pared to Parp-1** mice (p=0.047) in the brains at 4 months of age
(Fig. 2A). The brains of Parp-1-/~ mice showed a 2.2-fold higher ten-
dency of mutant frequencies than those in Parp-1*/* mice (p = 0.088)
at 18 months of age (Fig. 2A). The tendency of age-dependent slight
increase in the mutant frequency in the brain was observed in Parp-
1-/- but not in Parp-1*/* mice, as mentioned earlier in the case with
the liver. Analysis of the mutation spectrum in the brain (Fig. 2C)
revealed some differences from that of the livers. In the brain, a
tendency of increase in base substitution and deletion mutations
of two bases or more was observed in Parp-1-/~ mice compared
to Parp-1** mice (base substitution: p=0.055, deletion mutation:
p=0.11). Different from the cases in the liver, the frequency of sin-
gle base deletions at non-repeat or 2-3 bp repeats is not increased
in the brain of Parp-1-/~ mice at 18 months of age compared to
Parp-1*/* mice (Fig. 2C).

3.4. Lower mutation frequencies of the gpt gene in the brains of
Parp-1-/- than Parp-1*/* mice at 4 months of age and
age-dependent increase

Of note, mutant frequencies of the gpt gene in the brains of Parp-
1-/= mice were lower than those of Parp-1"* mice (p=0.009) at 4

months of age (Fig. 2B). No pathological changes in the brains were
observed in Parp-1-/= and Parp-1*/* mice. Mutation spectra in the
brains of Parp-1-/~ mice showed a lower frequency of G:C to A:T
base transition mutations (p = 0.047) as well as deletion mutations
(p=0.034) compared to Parp-1*/* mice at 4 months old (Fig. 2D).

The gpt mutant frequency showed an increase at 18 months of
age in the Parp-1-/~ but not in Parp-1** mice (p=0.011, Fig. 28B).
There was no difference in the mutant frequencies of the gpt gene
in the brain between Parp-1-/= and Parp-1** mice at 18 months of
age (Fig. 2B).

Comparison of the mutation spectra between 4 and 18 months
of age in Parp-1-/~ mice suggests a tendency of age-dependent
increase in the frequencies of deletion mutations (p=0.068, Fig. 2D).
A tendency of increase of point mutation (p=0.144) is also noticed,
suggesting that Parp-1 may be involved in suppressing age-
dependent introduction of point mutations in the brain.

4. Discussion

Spontaneous gpt and red/gam mutant frequencies are reported
to be around 2-6 = 10-% and 1-5 x 10~5, respectively, in gpt delta
mice of C57BLJ6 genetic background [23,24]. In this study, the
spontaneous mutation frequencies of gpt and red/gam mutant fre-
quencies in the liver and the brain of Parp-1*/* are both around
2 x 107% at 4 months of age and thus consistent with the previous
reports. The mutant frequency of the gpt gene in the small intestine

Table 2
Junctional sequences of complex-type mutations in the liver and brain of Parp-1-/~ mice at 18 months old.
Tissue MumntID*  Original sequence in lambdaEG10 Junctional sequence of mutation P D‘.,"“"“.""‘“. e "””Egm
5’ -GTCATCAMACEpe kit -3 5 - GTCATCAAACacacGOIGGOCCCG-3 20 bp deletion + 4 bp insertion
Lo n B T aaaaCEACT -5¢ 3* - CAGTAGTTTGLgtgCOACCOG00C -5 125021 - 25040)
Liver
5. . -3*  $’.CCOTGGCOTTttgctg@QGTTCATGG- 31 149 bp deletion + 6 bp insertion
i R Tt =azecoch §°  3*.GGCACCOCANARCGRcCGCAAGTACC-S5* (25058 - 25206)
Gél-p.g 5 -TTCATTAGACHEat tagt@AATGCTTTT-3 §' ~TTCATTAGACSas tta@AATOCTTTT-3* 3694 bp deletion + 6 bp insemion
3 CrGaats AMA-5 ¢ 3 ARA-5 ¢ ( 21600 - 25293)
r-mr@. ‘.:WA-)' 5" -TUTCTGCATOagecs -3 letion nsertion
Brain 11, o coracator +LagCTARAAGOGA -5* 3 E 5 ?m;‘“, ALl
A¢gOOCCCAGCTICT -3 §° + Lasgagtosg@CCCAGCTCT- 3¢
Ui £gcaCaRaTCOATA -5 3¢ - attstoagtcCOGUTCAAGA-5* Recombination with unknown sequence

“10; identification number. Red and blue lm.cr: indk‘ale deleted and inserted sequences, rupmwdy Letters in the box are microhomologous sequences.
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04

of gpt delta transgenic mice of mixed genetic background of SWR marker genein the liveris around 5 x 10~ at 4-6 months of age and
and C57BLJ6 is reported to be 2.5 x 10~% [22], which is higher com- 1.2 » 10~ at 24-34 months of age in wild-type mice [19]. Therefore
pared to other reports on gpt delta mice [23,24). This difference age-dependent 2-fold increase in mutant frequency is consistently
could be due to the mouse strain, tissues or other factors. From observed both in the gpt and lacZ [19] genes. On the other hand,
4 to 18 months of age, the mutant frequency of the gpt gene in size change mutations in the liver detected by the lacZ gene sys-
Parp-1** mice increased 2-fold. The mutant frequency of the lacZ tem did not significantly increase before 25-27 months [19] but

Please d;e t am_cfein pras as: A, Shﬂ_};ta. etal, Role of Parp-1in suppmsﬁngspmnnenus deletion mu:aﬂon n the]m:raud brain
of mice at adolescence and advanced age, Mutat. Res.: Fundam. Mol. Mech. Mutagen. (2009), do: 10.1016/j mrfmmm.2009.02.001
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increased thereafter. Increase of mutant frequency in the red/gam
gene in Parp-1"* mice at 18 months of age, which detects deletion
mutation, was not observed in the liver, being consistent with the
results in the lacZ gene [19]. In the lacZ gene system, the target size
is around 3000 bp, whereas that in the gpt and red/gam gene (Spi~
assay) are around 456 and 417 bp, respectively. The smaller size of
the target sequences of the gpt and red/gam genes could be also
responsible for the lower spontaneous mutant frequencies.

In this study, Parp-1-/- mice showed a tendency of higher fre-
quencies of spontaneous deletion mutations in the red/gam gene,
including complex-type deletions in the liver (p=0.20) and brain
(p=0.29) at 18 months of age.

The single base deletion mutations at non-repeat or short
repeat sequences of the red/gam gene showed a 5.8-fold increase
(p=0.031) in the liver of Parp-1-/~ mice compared to Parp-17*
mice at 18 months of age. The frequency of deletion mutations
of two bases or more also showed a 3.2-fold higher tendency in
the Parp-1-/~ than in the Parp-1%* liver (p=0.084). We observed
complex-type deletions in the livers and brains of Parp-1-/~ but
not in Parp-1** mice at 18 months old.

8-Oxodeoxyguanosine (8-oxodG) is one outcome of major
oxidative DNA damage [31]. The 8-oxodG levels in DNA of the liver,
lungs, and small intestine in double knockout mice lacking both 8-
oxoguanine DNA glycosylase 1(0gg!) and Mut Y homologue (Myh)
genes increased linearly between 4 and 14 months of age [32]. 8-
OxodG and SSB, which are expected outcomes of majorendogenous
DNA damage, are preferentially repaired by BER. Parp-1 is shown
to be involved in BER and deletion mutations of single base and
larger sizes of deletion as well as complexed-type were increased in
Parp-1-/- mice after treatment with an alkylating agent, BHP [20].
The frequency of single base deletion mutations at non-repeat or
short repeat sequences of the red/gam gene also increased 2.9-fold
in Parp-1~1- mice compared to Parp-1*/* mice (p= 0.043) in the liver
after treatment of the alkylating agent, whereas no difference in
the frequency of single base deletion at 4-6 bp of mc leotide

step may further cause deletion mutations after treatment with
an alkylating agent [20]. Therefore, there is a possibility that dele-
tion mutation is also caused through BER induced by endogenous
DNA damage during aging in Parp-1~/~ mice. After introduction of
SSB during BER, lack of Parp-1 may induce stall or delay in BER
and terminal nucleotides may be destabilized and lost under Parp-
1 deficiency by exonuclease activity (Fig. 3). Collision between 558
and replication forks induces double strand breaks (DSBs) [33]. Two
SSBs on opposite strands within at least 30 nt could resolve into a
DSB [34]. Therefore, an increase of spontaneous DSBs might also be
caused by the presence of SSBs during replication fork progression
or defective BER under Parp-1 deficiency.

Deletion mutations including single base deletions may be also
produced during imprecise non-homologous end joining (NHE]).
In NHEJ reconstituted systems that utilize DSB substrates, it is
shown that deletion or insertion of single bases as well as larger
sizes occurs during the NHE| process [35-37]. In chicken DT-40
cells, Parp-1 negatively regulates the NHE] process by inhibiting
Ku70/Ku80 action, and Parp-1 deficiency causes an increase of NHE]
frequency [38]. However, DT-40 cells are known to have high HR
levels compared to typical mammalian somatic cells. Using mouse
embryonic fibroblast or CHO cells, it is demonstrated that Parp-1
competes with Ku for DSB binding and is shown to be involved in
a backup pathway of classical NHE] pathway with DNA ligase IIl
[39). Therefore, as shown in Fig. 3, during a NHE] process of DSB,
terminal nucleotides may be destabilized in the absence of Parp-
1. and resection of bases by the exonuclease may lead to deletion
mutation.

It is also notable that the frequency of single base deletions at
4-6 bp mononucleotide repeats did not show a difference between
either genotypes in the livers and brains. Single base deletion
mutations at 4-6bp of mononucleotide repeats, namely at run
sequences, might be caused by slippage error during DNA repli-
cation or repair reaction. The results suggest that Parp-1 is not
tial to suppress these slippage type errors induced during

repeats was observed between genotypes |20]. Therefore the spec-
tra of single base deletions in the liver of Parp-1-/~ mice atadvanced
age and after treatment with the alkylating agent are similar to
each other. Stalled BER in the absence of Parp-1 at a S5B introduced

aging.

Two complex-type deletions observed in Parp-1 =1~ mice accom-
panied small insertions as well as microhomologous sequences
at deletion junctions, suggesting that these mutations could be
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caused by insertion of a few nucleotides during microhomolo-
gous end-joining (ME])-type reactions. A few complementary bases
are present at the 5° position of the microhomologous sequences
(marked with upper lines in Table 2). During the end-joining
process, after resection of strand ends, transient base-pairing at
microhomologous sequences may occur and a few complementary
bases at the 5’ position may also form base-pairing. In the absence of
Parp-1, these base-pairings may be destabilized and resection and
insertion of a few bases may tend to occur in the livers. Consistently
of all seven simple-type deletions of two bases or more observed in
the livers of Parp-1-/= mice (Table 1), none harbored a few comple-
mentary bases at the 5' position of the microhomologous sequences
(data not shown). On the other hand, in two simple-type deletions
of two bases or more in Parp-1*/* mice, one deletion harbored a few
complementary bases at the 5' position of the microhomologous
deletion junctions (Table 1).

In the brain, one out of three complex-type deletions of Parp-
1-1= mice harbored microhomologous deletion junctions but did
not harbor complementary bases at 5’ positions of the microhomol-
ogous deletion junctions. This point should be further evaluated by
analyzing deletion mutations induced after treatment with various
types of DNA damaging agents in different tissues.

The xeroderma pigmentosum complementation group A (Xpa)
plays an important role in nucleotide excision repair (NER) and
Xpa-deficient mice also show higher spontaneous mutant fre-
quencies in the liver at advanced ages [40]. In fact, Xpa-deficient
mice show an increased frequency of hepatocellular adenomas
at older ages [34]. It is thus possible that endogenous DNA
damage repairable by NER may occur during aging. However,
no increase in the susceptibility to carcinogenesis induced in
Parp-1-I- mice by 4-nitrosoquinoline1-oxide [41), which induces
bulky DNA adducts, suggests that Parp-1 is not involved in
NER

Most liver cells stay in the GO phase and they usually enter the
cell division cycle after various stimulating events. An augmented
frequency of DNA replication, like that in preneoplastic lesions, can
also increase the chance of DSBs and may increase the frequency
of deletions. Two of six Parp-1-/~ mice used in the mutation anal-
ysis harbored tumors in the liver and the tumor regions were not
included for DNA isolation. Because the frequencies and spectrum
of mutations in the gpt or red/gam genes were unbiased in each
mouse, we can exclude the possibility that the tissues used for iso-
lation of DNA contained monoclonally proliferating preneoplastic
lesions or other cycling cells.

It is also possible that an increased frequency of cell division
may be causative of augmented frequency of DSBs and may result
in a higher frequency of deletion mutation. However, if this is
true, the observed mutation spectrum is expected to be the same
between the genotypes. We could rule out this possibility because
we observed different spectra of deletion mutations between the
genotypes.

Unexpectedly we also found a 3-fold lower frequency of point
mutations in adolescent Parp-1-/~ compared to Parp-1"* mice in
the brain (p=0.009). An age-dependent increase in the mutant
frequency in Parp-1-/- mice was also shown (p=0.011). Lower fre-
quencies of G:C to A:T type mutation and deletion mutation in
Parp-1-1- mice suggest that Parp-1 may be positively involved
imprecise repair pathways which cause base substitution mutation
of G:C to A:T and deletion mutation in the brain.

In conclusion, this result supports the view that Parp-1 is
involved in suppressing imprecise repair of endogenous DNA dam-
age leading to deletion mutation during aging in the liver and brain.
Parp-1-!- mice show increased incidence of hepatocellular tumors
at 18-24 months of ages [13]. The present results suggest a sub-
stantial role of Parp-1 in the maintenance of genomic stability and
suppression of carcinogenesis during aging.
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Diesel exhaust (DE) is a major airborne pollutant in urban
areas. In this study, we estimated the systamic effect of
diesel exhaust inhalation by investigating mutations in ex-
traplumonary organs such as the testis and liver. gpt delta
Transgenic mice carrying the guanine phosphoribo-
syltransferase (gpt) transg for the d of muta-
tions in genomic DNA were exposed to inhalation of 3 mg
m~? diesel exh (as suspended particulate matter) for
12 or 24 weeks. Compared to the control mice, DE result-
ed in a 2.0-fold i in freq y in the testis
of mice that were axposed to DE for 24 weeks (inhaled
group, 1.17 ¥ 10~5; control group, 0.57 % 10~5), but not in
the testis of mice exposed for 12 weeks (0.61x 10~5).
The mutant frequency in the lungs was 2.6-fold higher in
mice exposed to DE for 24 weeks than the control group,
but it was not elevated in the liver {0.67 x 10~%). In the tes-
tis, the major mutations on the gpt gene were G:C—T:A
transversi 1 base deleti and G:C— A:T transitions,
while the major mutation in the lung was G:C— A:T transi-
tions. The mutations on nucleotide nos. 402, 406, 409
and 416-418 in the gpt gene in testis seemed to be char-
acteristic of DE inhalation in the testis. Our results suggest
that inhalation of diesel exhaust is genotoxic to the testis
as well as respiratory organs.

Key words: diesel exhaust emission, testis, gpt delta trans-
genic mouse, 6-thioguanine selection

Introduction

Diesel exhaust (DE) emission is a major source of air
pollutant in urban areas, and has been implicated in
causing allergic respiratory disease and lung cancer
(1,2). Diesel exhaust particles (DEP) have been known
to contain potent carcinogens and mutagens, such as
polyaromatic hydrocarbons (PAH; e.g., benzo[a]py-
rene (B[a]P)) and nitrated PAH (e.g., 1,6-dinitropyrene
(1,6-DNP)), of which mutagenicity has been evaluated
in vitro using a Salmonella typhimurium TA98 assay
(3,4). Exposure to DEP through inhalation or in-
tratracheal instillation have been shown to cause oxida-
tive DNA damage (5,6) and DNA adduct formation

% The Japanese Environmental Mutagen Society

(7,8) in rat and mouse lungs, and long periods of inhala-
tion of DE resulted in respiratory tract tumors in rats
(9-12). These observations suggest that mutagens in DE
induce mutations in the lung, a primary target organ of
inhalation, and are responsible for inducing lung can-
cer. Furthermore, we have previously demonstrated that
typical mutagens such as B[a]P (13) and 1,6-DNP (14),
as well as inhalation of DE (15,16), caused mutations in
the lungs using transgenic rodents for analyzing in vivo
mutagenesis (Big Blue® rat and gpr delta mouse).
Metabolites of PAH contained in suspended particulate
matter in ambient air have been detected in human urine
(17), suggesting that mutagenic PAH in DE are ab-
sorbed in the lungs and transported to extrapulmonary
organs, such as the testis and liver, where they could ex-
ert possible genotoxicity. Watanabe ef al. showed that
the number of daily sperm and Sertoli cells in fetuses
and male rats was decreased by DE exposure (18,19).
However, the mutagenic effect of DE on the extrapul-
monary organs has remained unclear.

We intended to evaluate the in vivo mutagenicity of
DE in testis and liver to obtain fundamental data for as-
sessing the health risks of air pollution. In order to
evaluate in vivo mutagenicity, we used the gpt delta
transgenic mice carrying the lambda phage EG10 as a
transgene for detecting mutations on genomic DNA
(20,21). When the rescued phage is infected into E. coli
expressing Cre recombinase, the phage DNA is convert-
ed into plasmids harboring the chloramphenicol (Cm)-
resistance gene and guanine phosphoribosyltransferase
(gp?) gene. The gpt mutants can be positively detected as
colonies arising on plates containing Cm and 6-thiogua-
nine (6-TG). Our study revealed an elevated mutant fre-
quency and alterations in the mutation spectrum in the
testis of DE-inhaled gpr delta transgenic mice in which
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the mutant frequency in the lung has already been
reported to increase (16).

In this study, we show that inhalation of 3 mgm™
DE (as suspended particulate matter (SPM)) for 24
weeks resulted in a 2.0-fold increase in mutant fre-
quency in the testis of gpt delta mice compared to the
controls, but the inhalation for 12 weeks did not elevate
the mutant frequency in the testis. The mutant fre-
quency in the liver was not increased by inhalation of
DE under conditions where the mutant frequency in the
testis and lungs were significantly increased. The
predominant mutation spectrum in the testis in response
to DE inhalation included G:C—T:A transversions, 1-
base deletions and G:C—A:T transitions, while the
major mutations in the lungs were G:C—A:T transi-
tions (16). These data suggest that DE inhalation exerts
genotoxicity on testis systemically.

Materials and Methods

Treatment of mice: gp/ delta Mice carry ca. 80 co-
pies of lambda EG 10 DNA on each chromosome 17 in a
C57BL/6J background (22). Exposure to DE (12hd™',
7 d week ~') was performed in chambers equipped by the
National Institute for Environmental Studies (16,23)
under the same conditions as those in our previous
report on in vive mutations in the lung (16). Three to
five 7-week-old mice were exposed to 3 mgm™* DE (as
SPM) for 12 or 24 weeks. Seven mice were maintained
in filtered clean air (control group). The animals were
sacrificed 3 days after the last exposure and their testis
and liver were removed, frozen in liquid nitrogen and
stored at —80°C for this study.

Gpt mutation assay: The gpt assay was performed
as described previously (20). Genomic DNA was ex-
tracted from the testis and liver tissue using the
RecoverEase DNA Isolation Kit (Stratagene Co., La
Jolla, CA) and Lambda EG10 phages were rescued us-
ing the Transpack® Packaging Extract (Stratagene). E.
coli YG6020 was infected with the phage, spread on M9
salt plates containing Cm and 6-TG (19), and then incu-
bated for 72 h at 37°C for selection of the colonies har-
boring a plasmid carrying the chloramphenicol
acetyltransferase (CAT) gene and a mutated gpf gene.
Isolates from the 6-TG-resistant phenotype were cul-
tured in LB broth containing 25 ug/mL~' Cm at 37°C
overnight, harvested by centrifugation (7,000 rpm, 10
min) and stored at —80°C.

PCR and DNA sequencing of the 6-TG-resistant
mutants: A 739 bp DNA fragment containing the gp¢
gene was amplified by PCR and sequenced as described
previously (13,20). Sequencing was performed using the
Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA) on an Applied Biosystems
model 3730x]1 DNA analyzer.

Statistical analysis: All of the data are expressed as

the mean=SD. The statistical significance of the DE
treatment was analyzed using the Student's f-test.
p<0.05 was considered to be statistically significant.
Mutational spectra were compared using the Adams-
Skopek test (24,25).

Results

Gpt mutations in the testis, lung and liver of DE in-
haled gpt delta mice: In order to estimate the muta-
genicity of DE, gpt delta mice inhaled DE (3 mg m™ as
SPM) for 12 or 24 weeks and mutations in the testis and
liver were analyzed (Table 1). While the mutant fre-
quencies in the testis of the control mice for 12 and 24
weeks inhalation were 0.57+0.04 X 107* and 0.58 £0.07
% 1074, respectively, inhalation of DE for 12 and 24
weeks resulted in 1.1 and 2.0-fold increases in mutant
frequency (0.61£0.08 X 10~* and 1.17£0.45X 107, re-
spectively) compared with the controls (Table 1). Sig-
nificant increases in the mutant frequency in the testis
were observed in the group that inhaled DE for 24 weeks
compared with the control group and the group that in-
haled DE for 12 weeks. Our previous report demon-
strated that inhalation of 3 mgm™"' DE for 24 weeks
resulted in a 2.6-fold increase in the mutant frequency in
the lung (Table 1) (16); however, the mutant frequency
in the liver (0.67 £0.23 x 10~) was not elevated even af-
ter inhalation for 24 weeks compared with the control
(0.56+0.14 % 107%).

Alterations in the mutation spectrum in testis are
induced by DE inhalation: In order to determine the
mutation spectrum induced by DE inhalation, 170 6-
TG-resistant mutants in a total were sequenced. As
shown in Table 2, mutations of the gpt gene were de-
tected in 149 mutants obtained from the testis of DE-in-
haled and control mice (Table 1). The mutation type
analysis indicated that the percentages of G:C—T:A
transversions and 1-base deletions were increased in DE-
inhaled mice (DE all) comparing to control mice (Con-
trol all). To characterize DE-induced mutagenesis pre-
cisely, the frequency of each mutation was calculated
from data in Table 2 (Fig. 1). In the groups that inhaled
DE for 24 weeks, the mutant frequency of G:C—T:A
transversions, 1-base deletions and G:C—A:T transi-
tions was 3.8 X 10°%, 2.9x 107® and 2.4 X 107%, whereas
that of the control mice was, 1.0x107% 0.6%10™* and
1.9x107%, respectively. DE inhalation for 24 weeks
caused a significant difference in the types of mutation
in the control and DE inhalation groups (p=0.04,
Adams-Skopek test).

The spectrum of gpt mutations in the testis that were
induced by DE inhalation for 12 weeks and 24 weeks
(Table 3) indicated a prevalence of G:C—T:A transver-
sions with three mutation sites (nucleotide nos. 402, 406
and 409) being identified as hotspots in three or more
mice, as well as G:C—A:T transition hotspots on
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Table 1. S y of freq in the testis, lung and liver of gpt delta mice after inhalation of DE
DE Exposure Number of coloni M Average mutant
Organ concentration time “?m‘:L frequen frequency + 5D
{mgm™ (weeks) . Mutant Total (x107% (x107")
Testis 0 12 1 7 1,265,600 0.55
2 9 1,428,800 0.63
3 10 1,792,000 0.56
4 10 1,820,800 0.55
Total 16 6,307,200 0.57+£0.04
3 12 1 12 1,996,800 0.60
2 12 1,984,800 0.61
3 14 1,881,600 0.74
4 14 2,318,400 0.60
5 7 1,374,400 0.51
Total 59 9,556,000 0.61£0,08
0 24 1 9 1,676,800 0.54
2 5 756,800 0.66
3 | 1,291,200 0.54
Total 21 3,724,800 0.58 £0.07
3 24 1 9 1,409,600 0.64
2 29 1,910,400 1.52
3 16 1,176,000 1.36
Total 54 4,496,000 1.17£0.45°
Lung' 0 4 1 13 1,551,000 0.84
2 8 1,074,000 0,74
3 8 903,000 0.89
Total 9 3,528,000 0.82+£0.07
3 24 1 10 462,500 2.16
2 11 546,000 2.01
3 16 745,600 2.15
Total 37 1,754,100 2.11%0.08*
Liver 0 24 I 4 952,000 0.42
2 8 1,148,800 0.70
3 4 724,800 0.55
Total 16 2,825,600 0.56+0.14
3 24 1 2 275,200 0.73
2 2 483,200 0.41
3 8 937,600 0.85
Total 12 1,696,000 0.67£0.23

Significant differences were detected between the control and DE-treated group (*: p<0.05, **: p<0.001).

": data from our previous study (16).

another three sites (nucleotide nos. 64, 110 and 115).
The predominant frameshift mutations induced by DE
were single-base pair deletions in run sequences (22/29
=76%); in this case the hotspot was located at nucleo-
tide nos. 416-418. Therefore, the mutations on nucleo-
tide nos. 402, 406, 409 and 416-418 seem to be charac-
teristic of DE inhalation in testis, but were not hotspots
in the lungs of DE-inhaled mice, while nucleotide no.
402 was a hotspot of G:C— A:T transitions in the lung.

Discussion

In this study we demonstrate that, as a result of inha-
lation of 3 mg m™~? DE, the mutant frequency in the tes-
tis of gpt delta mice increased with the duration of treat-
ment (Table 1), but the mutant frequency in the liver
was not elevated, indicating that DE inhalation exerts
genotoxicity systemically on testis as well as on respira-
tory organs. This article is the first report on an increase
in the mutant frequency in testis in response to DE inha-
lation (Table 1). Indeed, DE inhalation has also been
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Table 2. Classification of gpr mutations from the testis of control
and DE-inhaled mice

Control (weeks) DE (weeks)
Type of mutation in 12 24 all 12 24 all

the gpt gene
% %
Base substitution
Transition
G:C—A:T 42 31 39 24 24 24
A:T-G:C 6 6 2 4 3
Transversion
G:C-T:A 12 38 20 24 37 30
G:C—C:G 12 6 10 17 0 9
A:T=T:A 3 0 2 2 2 2
A:T-+C:G 0 0 0 0 2 |
Deletion
-1 12 13 12 30 28 29
>21 6 6 6 0 2 |
Insertion 6 ] 4 2 0 1
Other 0 0 0 0 0 0
Total 100 100 100 100 100 100
Total number o
Tosk msion 3316 49 54 46 100

*: 149 of 170 6-TG-resitant mutants have mutation in the gpr gene.
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Fig. 1. Comparison of the 6-TG-resistant mutation spectra in con-
trol and DE inhaled gpr delta mice. The mutant (requencies of control
mice and those exposed to DE for 12 weeks and 24 weeks were calcu-
lated by dividing the number of each type of gpf mutations in the Con-
trol all, DE 12 weeks and DE 24 weeks, respectively, by the corre-
sponding total number of colonies (shown in Table 1).

shown to cause a decrease in the number of daily sperm
and Sertoli cells in fetuses and male rats (18,19). Daily
sperm production in the testis decreased dose-depen-
dently in response to DE exposure for 6 months; a 53%
reduction in sperm production was observed in rats ex-
posed to DE (26) at the same concentration (3 mg m™’)
used in this study. These observations indicate that DE

inhalation induces an increase in mutant frequency in
the testis under the same conditions in which the
reproduction of sperm was suppressed.

A significant increase in mutant frequency was ob-
served in the testis after DE inhalation for 24 weeks but
not for 12 weeks, while the mutant frequency in the
lungs was elevated after inhalation for 24 weeks as well
as 12 weeks (16). Delayed mutagenesis in germ cells has
been observed in lacZ transgenic mice after 35 days
treatment with ethyl nitrosourea (ENU) (27). Mutagens
contained in DE were absorbed in the lung, systemically
transported to the testis and possibly caused DNA ad-
duct formation in spermatogonial stem cells and sper-
matogonia. These DNA adducts may be fixed as delayed
mutations in germ cells through errors in DNA replica-
tion in continuous cell division during germ-cell de-
velopment from spermatogenic cells to sperm. On the
other hand, DNA adducts may be formed in the liver,
but might not be fixed as mutations because of the low
rate of cell division and/or high degree of DNA repair.
However, Masumura ef al. (28) showed that a heterocy-
clic amine, PhIP, was metabolically activated and in-
duced point mutations in the liver but not the testis of
gpt delta mice, suggesting that any factors governing the
distribution and metabolism of mutagens in the body
may determine the tissue specificity of mutagenesis.

The predominant mutation spectrum in the testis in
response to DE included G:C—T:A transversions, 1-
base deletions and G:C— A:T transitions (Table 2 and
Fig. 1) as well as mutation hotspots on nucleotide nos.
402, 406 and 409, nos. 416-418 and nos. 64, 110 and
115, respectively (Table 3), while mutations in the lung
were predominantly only G:C—A:T transitions (16).
Mutation hotspots on nucleotide no. 406 and nos.
416-418 were identified in the testis of mice that inhaled
DE for 12 weeks, in which the mutant frequency did not
significantly increase, suggesting that DE acts as muta-
genic agent even after inhalation for 12 weeks.
G:C—T:A transversions have been known to be in-
duced in gpt delta mice by B[a]P treatment (13) and 8-
hydroxy-deoxyguanine (8-OHdG) generated by reactive
oxygen species (ROS) (29). We have shown that the
G:C—T:A transversion was a predominant mutation in
Nrf2 deficient mice (30), in which the levels of the phase
11 detoxification enzymes and ROS-scavenging enzymes
were suppressed (31,32) and DNA adduct formation
was accelerated in the lung (33). These observations sug-
gest some contribution of ROS to inducing mutation
hotspots of G:C=T:A transversions (nucleotide nos.
402, 406 and 409) in the testis of mice subjected to DE
inhalation. Nucleotide nos. 64, 110 and 115 were muta-
tion hotspots of G:C—+A:T transitions in the testis of
DE-inhaled mice as well as in 1,6-dinitropyrene (DNP)-
instilled lungs of gpt delta mice (14), and were also mu-
tation hotspots in non-treated mice (34). The compo-
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Table 3. DNA sequence analysis of gpt mutations obtained from the testis of DE-treated and control mice

Number
T f iosiea Control DE
m:r::ioon Nucleotide Amino acid change -
number Sequence Change 12 24 12 24
weeks weeks weeks weeks
Base substitution
Transition
GiC-AT 3 aG - alA Met = lle 1
64 Cga — Tga CpG Arg — Stop 1 &
82 Caa - Taa Gln -~ Stop 1
86 Gg —~ tAg Trp = Stop 1
107 aGe - aAc Ser — Asn 1
110 Gt — cAl CpG Arg — His 2* 2 - il
13 glc — pgAc Gly — Asp | 1
13 Ggt - Agt CpG Gly — Ser 1 3* 3"
116 gGt - gAt Gly - Asp 2* | 1 1
145 Gaa - Ama Glu - Lys 1
176 tGt — At Cys = Tyr 1
202 Cag — Tag Gin - Stop I
401 tGg — tAg Trp - Stop 1
402 G — 1gA Trp - Stop 1 1
418 Gat — Aat Asp — Asn ¥ 1 3"
451 Ggt — Agt CpG Gly — Ser |
A:T=G:C 56 cfe = cCc Leu = Pro 1 1
410 cAg - cGg Gin - Arg |
415 Tegg — Cgz Trp - Amng 1
419 gAt = gGt Asp - Gly 1 1
Transversion
G:C~T:A 7 Gaa - Taa CpG Glu - Stop 1
59 gCa — gAa Ala - Glu 1
110 cGt — Tt CpG Arg -+ Leu 1
127 Ggt — Tgt Gly - Cys |
140 gCeg — pAg CpG Ala = Glu 2 1 1
145 Gaa -+ Taa Glu - Stop |
189 taC — taA CpG Tyr - Stop 1 1
208 Gag — Tag CpG Glu - Stop 1
287 aCt — aAt Thr - Asn 1
304 Gaa —+ Taa Glu — Stop 1 1 1
401 wGg — 1Tg Trp - Leu 1 1
402 1gG - T Trp — Cys 1 2* 1
406 Gaa -+ Taa Glu — Stop 'y 4*
409 Cag -+ Aag Gln - Lys | 2"
413 cCg — cAg CpG Pro - Gin | 2* 1
418 Gat - Tat Asp — Tyr 1 =
G:C-C:G 3 aG - aC Met - lle 1
6 agC — agG CpG Ser —= Amrg 1
109 Cgt — Ggt CpG Arg - Gly |
143 Gt — cCt CpG Arg -~ Pro 1
145 Gaa — Caa Glu - Gin 1
262 Gat — Cat Asp - His 1
289 Geg — Ceg Ala - Pro i
340 Gea - Ceaa CpG Ala - Pro 2*
401 g — tCg Trp - Ser 1
402 G - 1gC Trp = Cys 1
413 «Cg — cGg CpG Pro - Arg 2*
418 Gat - Cat Asp - His 1
AT-T:A 35 1Tg — tAg Leu - Stop 1
146 gAa — gTa Glu - Val 1
179 aTt — aAt fle - Asn 1
AT=C:G 106 Age - Cge Ser — Armng 1




