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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 gpt mutations
compared to those of gpt delta mice (Tables 3 and 4). The
spontaneous Spi~ MFs in gpt delta mice are 1.1 x 10~6
in epidermis [12], 1.3 x 107% to 1.8 x 10~% in bone
marrow [7,8], 1.8 x 10 in spleen, 2.2 x 1078 in liver,
2.4 x 10~% 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 1075 to 6.6 x 1076
in liver [9,40], 6.0 x 107% in lung [41], 6.2 x 107° to
9.0 x 106 in colon [40,42], 8.2 x 108 in bone marrow
[8],12.1 x 10~ in dermis, and 13.4 x 1079 in epidermis
[11]. The spontaneous MF of 6-TG selection in GDL1
cells was 22.7 x 1075 (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 107%) than in
vivo (0.1 x 107%) (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 gpt delta mice. Single base deletions, i.e.,
class Il mutants, also are more than 10 times higher
in vitro (18.5 x 10~) than in vivo (1.5 x 1075). 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 GDL1 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
GDL.1 celis (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
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mice, 4 of 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 shuitle
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 a cell 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 Il [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[alpyrene 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
atiempt 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 GDL1 cells
are generally consistent with observations in gpt delta
mice. A combination of GDLI 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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An iron chelate, ferric nitrilotriacetate (Fe-NTA), induces oxidative
" renal proximal tubular damage that subsequently leads to a high
incidence of renal cell carcinoma in rodents, presenting an intriguing
model of free radical-induced carcinogenesis. In the present study,
we used gpt delta transgenic mice, which allow efficient detection
of point mutations and deletions in vivo, to evaluate the mutation
spectra, in association with the formation of 8-oxoguanine and acrolein-
modified adenine during the first 3 weeks of carcinogenesis.
Immunohistochemical analysis revealed the highest levels of 8-
oxoguanine and acrolein-modifed adenine in the renal proximal
tubules after 1 week of repeated administration. DNA immunopre-
cipitation and quantitative polymerase chain reaction analysis
showed that the relative abundance of 8-oxoguanine and acrolein-
modified adenine at the gpt reporter gene were increased at
the first week in the kidney. Similarly, in both 6-thioguanine and
Spi- selections performed on the renal specimens after Fe-NTA
administration, the mutant frequencies were increased in the Fe-NTA-
treated mice at the first week. Further analyzes of 79 mutant
clones and 93 positive plagues showed a high frequency of G:C
pairs as preferred targets for point mutation, notably G:C to C:G
transversion-type mutation followed by deletion, and of large-
size (>1 kilobase) deletions with short homologous sequences
in proximity to repeated sequences at the junctions. The results
demonstrate that the iron-based Fenton reaction is mutagenic in
vivo in the renal tubular cells and induces characteristic mutations.
(Cancer 5¢i 2006; 97: 1159-1167)

xidative stress is associated with a variety of pathological

phenomena, including infection, inflammation, ultraviolet- and
Yy-irradiation, overload of transition metals and certain chemical
agents.!? Many epidemiological studies have demonstrated a
close association between chronically oxidative conditions and
carcinogenesis. For example, chronic tuberculous pleuritis causes
a high incidence of malignant lymphoma;® asbestosis (asbestos
fibers are rich in iron),® is often associated with mesothelioma
and lung carcinoma;® chronic Helicobacter pylori infection is

associated with a high incidence of gastric cancer;®® the incidence -

of colorectal cancer is increased in ulcerative colitis;™® a high
risk for heptocellular carcinoma is observed in patients with
genetic hemochromatosis, an iron overload disease;*!® severe
burns by ultraviolet radiation is a risk factor for skin cancer;**'?
and 7-irradiation causes a high incidence of leukemia.!® At
least under these circumstances, and probably in other types of
carcinogenesis as well, oxidative stress appears to play a major
role in human carcinogenesis.

An iron chelate, ferric nitrilotriacetate (Fe-NTA), causes
oxidative renal proximal tubular injury via the Fenton reaction,
and this injury ultimately leads to a high incidence of renal cell
carcinoma in mice®® and rats®? after repeated intraperitoneal

doti: 10.1111/j.1349-7006.2006.00301.x
© 2006 Japanese Cancer Association

administration. This is an intriguing model in the following
respects: (1) more than half of the induced tumors metastasize
to the lung and/or invade the peritoneal cavity, resulting in animal
mortality;'® (2) convincing evidence exists regarding the involve-
ment of free radical reactions in the carcinogenic process,
including not only an increase in covalently modified macromole-
cules (oxidatively modified DNA bases®” and lipid peroxidation
products)@®3% but also preventive effects of c-tocopherol fortifica-
tion against carcinogenesis;®® (3) genetic changes in the pJ ™
tumor suppressor gene, especially homozygous deletions®+ and
expressional alteration of several key genes, including annexin 2
and thioredoxin binding protein-2,?% have been observed.
Fe-NTA itself is Ames test-negative,®® but is positive in other cell
culture systems detecting mutations.®2® Thus far, its mutation
spectrum has not been comprehensively studied. Since the Ames
test is a system involving prokaryotes, an assay system with the
ability to detect mutations under in vivo condifions in which
eukaryotic DNA repair mechanisms, metabolic pathways and
other physiological systems are operative would offer significant
advantages with respect to reliability. Based on this premise,
several transgenic mouse mutagenesis assay systems have
been developed, including Muta mice,®” Big Blue mice® and
HITEC mice.® These systems employ a recoverable transgenic
lambda phage vector containing a reporter gene from bacteria.
However, these systems all have the limitation that large deletions
cannot be efficiently detected. We have developed a novel
mutagenesis test system named gpt delta transgenic mice, which
are transgenic for the lambda EG 10 gene containing the gpt
gene of Escherichia coli.®® An important feature of this system
is that both point mutations and large deletions can be tested
concurrently in the targeted organs of the mice; point mutations’
are detected by 6-thioguanine (6-TG) selection and deletions
larger than 1 kb can be identified by Spi~ (sensitive to P2 inter-
ference) selection. Thus far, various mutagens, including y-ray
irradiation, UVB, mitomycin C and PhIP, have been studied by

using this in vivo system.®?

In the present study, we used gpt transgenic mice to investigate
the early genetic changes in Fe-NTA-induced renal carcinogenesis.
Furthermore, we studied the relative abundance of two different
types of DNA base modifications in several limited genomic loci
with a novel technique called DNA immunoprecipitation (DnalP),
which selectively collects enzyme-digested DNA fragments
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containing the target oxidative DNA base modification with
specific monoclonal antibody. The present study for the first time
revealed characteristics of the mutation spectrum in the kidney
following repeated episodes of the Fenton reaction.

Materials and Methods

Animals and chemicals, Gpt delta C57BL/6 J transgenic mice
were provided by Dr Takehiko Nohmi (Division of Genetics and
Mutagenesis, National Institute of Health Sciences, Tokyo, Japan)
and maintained in Kyoto University under specific-pathogen free
and light-, temperature- and humidity-controlled conditions. The
animal experiment committee of the Graduate School of Medicine,
Kyoto University, approved the present experiments, Fe(INO,),9H,0
was obtained from Wako (Osaka, Japan). Nitrilotriacetic acid,
disodium salt, was purchased from Nacalai Tesque (Kyoto, Japan).
Fe-NTA was prepared immediately before use as described
previously.?® A total of 12 4-week-o0ld male mice were used;
nine mice were subjected to repetitive Fe-NTA administration
and three mice were used as untreated controls. Mice were
injected intraperitoneally with 3 mg iron/kg of Fe-NTA daily for
three days, and the dose was increased to 5 mg iron/kg of Fe-NTA
from the fourth day according to the established carcinogenesis
protocol.!® The injections were performed five times a week at
approximately 10.00 hours. The animals were killed 48 h after
the final administration. Both kidneys and the central lobe of the
liver were immediately excised. Half of one kidney and a portion
of the liver were used for histological and immunohistochemical
analysis, and the rest of the kidney was frozen in liquid mtrogen
and stored at ~80°C for mutational analyzes.

Monocional antibodies. Monoclonal antibody N45.1 recognizing
8-hydroxy-2'-deoxyguanosine (8-OHdG)*? and monoclonal antibody
mAb21 recognizing acrolein-2’-deoxyadenosine adduct (acrolein-
dA)®? were used.

Histological and immunohistochemical analyzes. Kidney specimens
were fixed with phosphate-buffered 10% formalin and embedded
in parafﬁn cut at 3-pm thickness and stained with hematoxylin
and eosin staining, For immunohistochemical analyzes, the avidin-
biotin complex method with peroxidase was used as described
previously,®233

DNA immunoprecipitation and quantitative PCR analys;s To evaluate
the relative abundance of Fe-NTA-induced oxidative DNA
base modifications (8-OHdAG and acrolein-dA) at desired genomic
loci, we developed a technique designated as DnalP (DNA immuno-
precipitation).®? More details will be published elsewhere.®?
Briefly, genomic DNA was extracted from each kidney of gpt
delta transgenic mice with the Nal method (Wako) using argon
gas-saturated buffer to avoid further oxidation during the extrac-
tion procedures.®® Twenty jlg of genomic DNA was digested
with Haelll (TakaraBio, Shiga, Japan), and incubated with
each antibody (10 pg of N45.1 or'2 pg of mAb21) in 10 mM
phosphate-buffered saline, pH 7.4, containing 0.1% bovine
serum albiimin, for 3 h at 4°C in a 900-UL volume. The mixture
was then incubated with 100 pL of Dynabeads M-280 sheep
antimouse IgG (Dynal, Oslo, Norway) for another 3 h, washed
sequentially with four different buffers (buffer 1: 0.1% sodium
deoxycholate, 1% Triton X-100, 1 mM EDTA, 50 mM HEPES-
KOH, 140 mM NaCl, pH 7.5; buffer 2: 0.1% sodium deoxycholate,
1% Triton X-100, 1 mM EDTA, 50 mM HEPES-KOH, 500 mM
NaCl, pH 7.5; buffer 3: 0.1% sodium deoxycholate, 0.5% Nonidet
P-40, 1 mM EDTA, 250 mM LiCl, 10 mM Tris-HClI, pH 8.0; and
buffer 4: 1 x TE). Beads-bound DNA was recovered by incubating
the beads with 80 pL of elution buffer (10 mM EDTA, 1% SDS,
50 mM Tris-HC, pH 8.0) at 65°C for 10 min, and was amplified
twice by PCR after ligation to an adaptor (sense, 5’-OH-
GGAATTCGGCGGCCGCGGATCC-3"; antisense, 5-GGATCC-
GCGGCCGCCG-3; sense oligonucleotides were used as primers
for amplification), treated with exonuclease I (TakaraBio) and
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purified with phenol-chloroform extraction. The purified products
were subjected to Real-Time PCR (7300 Real Time PCR System,
Applied Biosystems, Tokyo) using Platinum SYBR Green gPCR
SuperMix UDG (Invitrogen, Tokyo). The primer pairs used were
as follows: gpt, forward-5"-GCCTTCTGAACAATGGAAAGG-3,
reverse-5'-CGTGATCGTAGCTGGAAATAC-3' (125 bp); B-actin,
forward-5’-TCCAACAAACCAAGAGAAATCC-3’, reverse-5'-
CGACCTCTGAAACAATTCTGGT-3’ (108 bp); C15-49-5 (chromo-
some 15, extrageneic region), forward-5'-TGGTACCTGAGT-
AAGGCAAGGT-3', reverse-5-CCCACTTGTGATTGCTTTICTTC-
3’ (107 bp); C16-47-2 (chromosome 16, extrageneic region):
forward-5"-CACACACACATGCACACTGTACT-3’, reverse-
5-GCATTTCTCCTCACATTCAGACT-3’ (114 bp); C16-47-5
(chromosome 16, extrageneic region): forward-5"-CCAATTGG-
AGCTAACAGAAACC-3', reverse-5-AGCTGGTCAACTGCC-
TACTCTC-3’ (125 bp). These three extrageneic areas were selected
based on our observations that chromosome 15 is penpherally
located and chromosome 16 is centrally located in the murine
renal tubular cells at interphase.®?

In vitro phage packaging. Genomic DNAs were extracted with
the phenol-chloroform extraction protocol.®” Trangemc lambda
EG10 DNA was rescued from the host genomic DNA using
Transpack Packaging Extract (Stratagene, La Jolla, CA) according
to the manufacturer’s instructions,®®

Mutation analysis. The 6-T'G mutation assay protoco! has been
described elsewhere.®*0 Briefly, rescued phage was infected into
YG 6020 E. coli expressing Cre enzyme, converted into a plasmid
carrying the Cm-resistance gene and gpt gene, and poured on
plates containing chloramphenicol (Cm) with or without 6-TG.
The positive clones carrying the mutant gpr gene were obtained
from 6-TG selection plates by incubating at 37°C for 96 h. Selected
clones were confirmed again by plating on 6-TG selection plates.
The whole gpt sequence was amplified from positive clones and
identified by sequencing with an ABI PRIZM 377 sequencer.
The primers used for amplifying and sequencing were as follows:
forward-5"-GCGCAACCTATTTTCCCCTCGA-3’ and reverse-
5-TGGAAACTATTGTAACCCGCCTG-3". The same primer pair
was used for direct sequencing.“ E. coli XL1-Blue MRA and
XL1-Blue MRA (P2) were infected with the packaged phage.
E. eoli X1.1-Blue MRA was poured onto NZY plates and XL1-
Blue MRA (P2) was poured onto I-trypticase agar plates. Plaques
that grew on the XIL.1-Blue MRA (P2) plates were selected and
further confirmed with E. coli X1.1-Blue MRA, E. coli WL95 (P2)
and XL1-Blue MRA (P2). Positive plaques were recovered and
used for determining the deletion position of the red/gam gene.
Clones or plagues were counted for deterrmmng mutant frequencies
(MFs). MFs were calculated by usmg established methods as
described previously, %4243 .

Hybridization assay and PCR analysis for Spi- mutant analysis.
A protocol for Southern blot analysis for Spi~ (sensitive to P2
interference) mutants has been established.“® Seventeen oligomers
located within ~14 kb flanking sequence of the red/gam gene
were used as probes for identifying the deletion junctions. These
oligomers were named 18874R, 19258R, 20341R, 21328R, 22556R,
22869R, 23921R, 24858R, 25389F, 26704F, 27096F, 28165F,
29290F, 30104F, 31070F, 31879F and 32890F according to
their position as described.“? The oligomers were spotted onto
Hybond™-N* membrane (Amersham) and cross-linked with UV,
PCR products, which were amplified by primer 18874R and
32890F using positive individual plaques as templates, were labeled
with (a-*P) dCTP using the Megaprime DNA labeling System
(Amersham). The membranes were incubated with labeled PCR
products at 50°C overnight, washed three times and exposed
to BioMax film (Kodak, New York, NY). Deleted regions were
located within those oligomers whose signals could not be
observed on the film. The nearest primers were selected for
PCR amplification and the PCR products were subjected to
sequencing to determine the exact deletion junction.

doi: 10.1111/5.1345-7006.2006.00301.x
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Fig. 1. Immunohistochemical analysis of 8-hydroxy-
2’-deoxyguanosine (8-OHdG) and acrolein-modified
2’-deoxyadenosine after repeated administration
of ferric nitrilotriacetate (Fe-NTA). (e-d) Hematoxylin
and eosin (HE) staining. Regenerative proximal
tubular cells were prominent at the first week,
together with some necrotic cells (b, #). At the
second and third week, necrotic cells were no
longer observed but increasing numbers of

karyomegalic cells {c and d, #) appeared. {(e-h)

Immunohistochemistry of 8-OHdG. Nuclear
immunopositivity was observed after Fe-NTA
administration, with the highest level after repeated
administration for 1 week (f). (i-l) immunohisto-
chemistry of acrolein-dA. Nuciear immunopositivity
was observed after Fe-NTA administration with that
of repeated administration of 1 week the highest
level {j). Refer to the Materials and Methods section
for details (bar in |, 50 pm). -

Fig. 2. Real-time polymerase chain reaction (RT-
PCR) analysis after DNA immunoprecipitation for
quantitation of oxidatively modified DNA bases
at specific genomic loci. Renal genomic DNA was
digested with Haelll and subjected to immuno-
precipitation (IP) with specific monoclonal antibodies
against 8-hydroxy-2'-deoxyguanosine (8-OHdG) and
acrolein-dA. The recovered DNA fragments were
amplified after ligation to an adapter and were used
as substrates for RT-PCR analyses of gpt, B-actin
and three extrageneic regions at chromosome 15
or 16. Data are shown as relative abundance of
PCR products amplified from recovered genomic
DNA by IP per those amplified from the original
genomic DNA in the same amounts. (a) 8-OHdG.
(b) Acrolein-dA. Refer to the Materials and Methods
section for details (N = 3, means + SEM; *P < 0.05,
**P < 0,01 versus untreated control kidney at the
same genomic region; #P < 0.05, ##P < 0.01 versus
gpt locus data of the same treatment group).

Statistical analysis. Statistical analyzes were performed with an
unpaired #-test, which was modified for unequal variances when

necessary.

Results

Renal histology after repeated Fe-NTA administration. As shown
in Fig. 1a, no significant histological changes were observed in
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the kidney of the untreated control group. In contrast, pyknotic nuclei
of proximal tubular cells revealing degeneration were scattered
in the kidney of mice after 1 week of Fe-NTA treatment (Fig. 1b).
Degenerative tubular cells were no longer observed there after 2 or
3 weeks of repeated Fe-NTA treatment, but atypical regenerative
cells with a large nucleus containing prominent nucleoli were
gradually increased (Fig. 1c,d). In either case, histological evaluation
of the liver showed no apparent alterations (data not shown).
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Oxidative DNA damage induced by repeated Fe-NTA administration.
Two major oxidative DNA base modifications, 8-OHdG and
acrolein-dA, were evaluated with immunohistochemistry and
DnalP. Intense diffuse nuclear immunostaining of 8-OHAG
and acrolein-dA was prominent in the renal proximal tubules
after repeated Fe-NTA administration for 1 week, and gradually
decreased thereafter (Fig. le—l). To assess whether these oxidative

modifications were increased in the gpt gene locus, quantitative

PCR analysis after DnalP was performed. The gpt reporter gene
locus after 1 week of repeated Fe-NTA administration showed
higher amounts of 8-OHdG and acrolein-dA than that in the
untreated control group. Similar patterns were also observed in
the other loci examined, but the gpt locus was the most sensitive
at the first week (Fig. 2), consistently with the immunohistoch-
emical data (Fig. le-1).
Fe-NTA-induced mutant frequencies in gpt and red/gam genes.
We then investigated the reporter genes, gpt and red/gam, to analyze
. Fe-NTA-induced mutations using the 6-TG and Spi” selection
systems. In both 6-TG and Spi~ selections, the mutation frequencies
were significantly increased (2.44-fold increase in 6-TG selection
and 1.72-fold increase in Spi~ selection) after 1 week of repeated
Fe-NTA administration (Fig. 3), which was consistent with the
results of immunohistochemistry (Fig. 1e-1) and DnalP (Fig. 2).
Fe-NTA-induced gpt gene mutations. To further characterize the
exact gpt mutations caused by Fe-NTA, 79 mutant clones, in
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Fig. 3. Mutant frequency (MF) of 6-TG and Spi- seletion. 6-TG selection
was used for the detection of base substitutions in the gpt gene;
Spi- selection was used for the detection of large-size deletions. Refer
to the Materials and Methods section for details. (N = 3, means £ SEM;
*P < 0.05, **P < 0.01 versus untreated control kidney).
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which 69 clones were from Fe-NTA-treated mice and 10 from
untreated control mice, were analyzed (Table 1 and Fig. 4).
Among the mutations induced by Fe-NTA, 75.4% (52/69)
were single base substitutions, of which more than half (32/
52 = 61.5%) occurred at G:C base pairs, whereas GC content of
gpt gene was 46.6%. Among the Fe-NTA-induced substitutions,
40.4% (21/52) were transitions, inclading G:C to A:T (13/21)
and A:T to G:C (8/21), whereas the rest of substitutions (31/
52 =59.6%) were transversions, including G:C to T:A (5/31),
G:C to C:G (14/31), A:T to T:A (4/31) and A:T to C:G (8/31)
(Table 1). In addition, 17.4% (12/69) of mutant clones were
idéntified as carrying single- or mutiple-base deletions. Among
them, 9/12 were single-base deletions, which occurred preferentially
at repeated sequences (Table 1 and Fig. 4). Four insertional
mutations and one tandem base substitution were also observed.
In contrast, analyses of a total of 10 clones from the untreated
control kidney showed that 8/10 were single-base substitutions
with a single-base deletion and an insertion. In either case,
complex mutations were not observed. Therefore, the results

- indicated that Fe-NTA-induced gpt gene mutation preferentially

consisted of single-base substitutions occurring at G:C base
pairs, in which transversions were more frequent than transitions
(Table 1). :

Fe-NTA-induced Spi~ mutations. To characterize the Spi~ muta-
tions induced by Fe-NTA, 93 positive plaques obtained from either
the kidneys of Fe-NTA-freated mice or untreated control mice
were screened by Southern blot analysis followed by sequencing
that resulted in the confirmation of 21 large-size deletions (Fig. 5a).
Large-size deletions were at first roughly positioned on ~14
kb of sequence spanning the red/gam gene by the use of 17
different oligomers as probes. We detected signals for all the 17
oligomer probes in the blot with hybridization to the wild-type
lambda EG-10 (Fig. 5b i). Signals for certain oligomers were
absent with Spi~ mutant plaques containing large-size deletions,
as shown in Fig. 5(b ii-iv). Most of the large deletions induced

" by Fe-NTA were more than 1 kb in size (Class I mutation,®?

(Fig. 5a). Furthermore, the majority of them (70.6%) had short
homologous sequences of 1-6 bp at the junctions (Class I-A),
and in many cases showed three bp or longer running sequences
at the junction or its vicinity. Five cases of large-size deletions
were accompanied by simultaneous single-base deletion in the
red/gam gene (Fig. 5a).

Discussion

In the present experiments we have for the first time studied the
mutation spectrum of the Fenton reaction-based renal tubular
damage in a model of oxidative stress-induced carcinogenesis
mediated by Fe-NTA. We intentionally avoided the acute
periods for evaluation because of the abundance of necrosis
and apoptosis,®™* and thus used the subacute phase when the .
majority of the tubular cells become resistant to oxidative stress
with rare cell death present (Fig. 1b—d), thongh mutation spectrum
might be slightly different between the acute and subacute phases.
The accumulation of two different kinds of oxidative DNA base
modifications, 8-OHdG and acrolein-dA, was most evident
with immunohistochemistry after the first week of repeated
administration of Fe-NTA and gradually decreased thereafter
(Fig. 1e~1), This is probably due to the activation in the cellular
metabolic pathways for those either suppressing the Fenton
reaction or promoting DNA repair mechanisms. It is also possible
that cellular selective processes worked to remove heavily damaged
cells.

Gpt delta transgenic mice are an established model for analyzing
mutations in vivo, and have been used to analyze several possible
mutagens.®V Here we have used a technique designated as
DnalP to evaluate the relative abundance of the two DNA base
modifications at the gpt loci. Approximately 80 copies of the

doi: 10.1111/.1349-7006.2006,00301.x
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Table 1. Spectrum of Fe-NTA-induced mutations in the kidney of gpt delta transgenic mice

Mitation Nucleotide Amino Fe-NTA
e Sequence change . Control
type position acid change Tw 2w 3w
Transition 30.4% 50.0%
G:IC-AT ) 27 G-A Trp-STOP 1
39 G-A Gin-Gin 1
64 CC-T Arg-STOP 1 1
110 G-A Arg-His 5 1
113 G-A Arg-His 1
116 G-A ' Arg-Arg 1
128 G-A Val-Met 1 1
287 c-T Thr-lle 1
356 G-A Arg-His 1
447 T tle-tle 1
AT-G:C 2 C Met-Thr 1
25 TC . Trp-Ser 1 2
188 A-G Tyr-Cys 1
275 A-G Asp-Gly 1
307 A-G Met-Val 1
410 A-G Glin-Arg 1
415 TC Trp-Arg 1
Transversion 44.9% - 30.0%
G:C-T:A 3 G-T Ser-lle 1
110 G-T Arg-His 1
115 G-T Gly-Cys 1
189 C-A Tyr-STOP 1
324 C-A - His-Gin 1
418 G-T Asp-Try 1
G:C-C:G 109 C-G Arg-Gly 1
125 -G . Pro~Arg 1
238 G-C . Asp-His 1
297 G-C Ala-Ala 2
413 G Pro-Arg 2 1
414 G-C Pro-Pro 2
427 G-C Val-Leu 1 1
430 G-C Val-Leu 2 1
AT-T:A 52 AT Lys-STOP 1
66 A-T Arg-Arg 1
179 T-A lle~-Asn 1 1
AT-CG 94 AC | lle-Leu 1
133 T-G Phe-Val 1
134 -G Gly-STOP 1 1
146 AC Glu-Ala 1
286 A-C ) Thr—Pro 1 1
315 A-C Pro-Pro 1
375 T-G Tyr-STOP 1
Deletions : : 17.4% 10.0%
1 base pair 8~-12 AAAAA-AAAA 1 3 1 1
88-90 AAAGG-AAGG ' 1
423-425 GGGCG-GGCG 1
430 TCGTA-TCTA 1
437 CGTCC-CGCC 1
>2 base pairs 156-162 ATTCGTCATGT-ATCG 1
170-171 TACCG-TAG 1
252-253 TTCATC-TTTC 1
Insertions 5.7% 10.0%
74-75 CCTT-CCAATT 1
122-123 GTAC-GTTAC 1
310-311 . ATCC-ATTCC 1 1
440441 scleyaadcls 1
Other 1.4% 0.0%
CC-AG 124-125 TACCGG-TAAGGG 1
Jiang et al. CancerSci | November2006 | vol.97 | no,11 | 1163
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transgenes are included per haploid genome in the gpr delta
transgenic mice.®® Among genomic loci examined, including
B-actin and three extrageneic regions, the gpt loci showed
the highest level of 8-OHdAG and acrolein-dA after one week of
repeated Fe-NTA administration (Fig. 2). This consistency with
the immunohistochemical data demonstrates that the transgenic
gpt loci are indeed vulnerable and suitable for mutational
analyzes. We believe that the high copy number of the gpt gene
contained in these mice is at least partially responsible for this
reliable sensitivity. In contrast to the findings at one week, certain
extrageneic loci showed significantly higher levels of DNA base
modifications than the gpt gene locus at other time points,
suggesting that further studies would be necessary to elucidate
the principles governing the distribution of oxidative DNA base
modifications over the whole genome,®%4%

Mutation frequencies both for the 6-TG selection and Spi-
selection also were the highest at the first week of repeated
Fe-NTA administration (Fig. 3). This confirms the usefulness of
8-OHdG and acrolein-dA, which were detected both by immu-
nohistochemistry and DnalP, as reliable markers of mutation.
In 22.7% of the Spi~ plaques after Fe-NTA treatment, large-
size deletions (>1 kb) were- observed and most of them were
class I-A mutants (Fig. 5). This preference for large-size dele-
tions with short homologous sequences at the junctions might
be a prominent feature of the results obtained in this renal
carcinogenesis model in that the patterns of Spi~ mutations
are similar to that of the untreated colon.®® With y-rays,
shorter deletions than 1 kb are prominent; with UVB and
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the multiplicity of the same mutation. Square (in
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sequence.
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MMC, large—sxze deletions with or without short homologous
sequences at the junctions are more frequently observed
(>40%); whereas with PhIP and APNH, large-size deletions
were rare.®!

In the Fe-NTA-induced renal cell carcinoma of rats, homozygous
deletion of the pl6™%% tumor suppressor gene was frequently
observed,®” and the allelic loss of this locus was observed at a
high frequency one to three weeks after the repeated administra-
tion of Fe-NTA in rats.®® We believe that the iron-mediated
Fenton reaction is mainly responsible for this characteristic
deletion. Short deletions were also increased after Fe-NTA
administration (Table 1). Probably, the free radical reaction
associated with iron is distinct from the reactions associated with
other agents studied so far in the gpr lambda transgenic mice in
that this is a universal reaction, though exaggerated through iron
overload, involving the generation of hydroxyl radical and lipid
peroxidation products. This kind of reaction is always taking
place in the body under conditions of normal metabolism
associated with oxygen consumption and, though it results in
only minor consequences under physxologlcal conditions, can be
a driving force of carcinogenesis.

The mutation spectrum detected in the gpt gene was also quite
distinctive. G:C pairs were the preferred bases for mutation, and
espec1ally G:C to C:G transversion-type mutation was charac-
teristic (Fig. 4 and Table 1. This type of mutation was obsérved
in PhIP and MMC as a minor type, but has not been reported as
a major type of mutation (Table 2). We observed a low incidence
of G:C to T:A transversion-type mutation that results from

dot: 10.1111/5.1349-7006.2006.00301.x
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Fig.5. Size and position of large-size deletions after Spi- selection with each junctional sequence, (a) Summary of the strategy and the observed
deletions. P1-P4, untreated control; P5-P21, ferric nitrilotriacetate (Fe-NTA)-induced deletions. Blank areas between two double-dash lines indicate
large-size deletions; short longitudinal lines indicate accompanying 1-base deletion; [J, short homologous sequence; underline, short run more
than 3 bp. Classification of the deletion type was done as described.B? (b) Representative results of Southern blotting analysis for screening the
deleted positions. Arabic numerals (1-17) indicate the probes used as described in the Materials and Methods section and P1, P12 and P20

correspond to the a section.

8-OHdG formation.“®*? This may be explained by the fact that
this mutagenic process is strongly inhibited by a DNA repair

enzyme, Mutyh.“® Here we may propose a mechanism in which-

certain oxidative modification to guanine/cytosine may cause
abnormal pairing with the same corresponding base. Recently, it
was reported that formamidopyrimidine (FaPy)-guanine, another
oxidative DNA base modification,®**® would not be responsible
for this type of mutation.®? We suspect that 5,6-dihydroxyuracil
and 5-hydroxycytosine which are increased in this model®? or
other aldehyde-modified bases than acrolein-dA are among the
possible candidates. ~ : :

When we reviewed the spectrum of point mutation observed
in the p53, tsc2, p15, pl6 and thp-2 tumor suppressor genes of
Fe-NTA-induced rat renal carcinoma, we observed no G:C to
C-G transversions, but G:C to T:A (p53, thp-2),"¢** T:A to C:G
(£s¢2), G:C to A:T (pl5 and pl6, tbp-2),20 A:T to T:A (tbp-2)%%
and one nucleotide insertion/deletion at repeat sequences
(pl6, thp-2)@1?9 were observed despite the limited available
data. There are at least several possibilities to explain this:
(i) we have not yet identified the target genes with G:C to C:G
mutations; (ii) there are some species-differences between
mice and rats; (iii) this mutation spectrum detected in this gp?
transgenic system is largely reflected in non-geneic genome
areas; and (iv) the last possibilities are that G:C to C:G mutations
are preferentially repaired by mismatch repair enzyme(s) in
non-transgene areas or abundant mutations of this kind lead to

Jiang et al.

lethal effects, affecting fundamental transcriptional activity in
the expressed genes. Regarding species differences, another
study using the gpt delta transgenic rat® would answer the
question. The data obtained with DnalP is of note in that 8-OHdG
and acrolein-dA were increased in some non-geneic regions after
three weeks of repeated administration of Fe-NTA, warranting
further studies. - '

In conclusion, we used the gpt delta transgenic mice to evaluate
the mutation spectrum of the Fenton reaction-based oxidative
renal tubular injury, and found that the major mutations consist
of large-size deletions with short homologous sequences at the
junctions and transversion-typé point mutations at G:C base
pairs. The mutant frequency was the highest at the first week of
repeated Fe-NTA administration, as shown by the immunohisto-
chemistry of 8-OHdG and acrolein-dA as well as the presence
of these two modified bases at the gpt loci, indicating that this early
stage is one of the critical periods in this Fenton reaction-induced
carcinogenesis.
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Table 2. Comparison of mutations induced by various mutagens in gpt delta transgenic mice

Kidney' Bone marrow®? Colon®®
Target Control Fe-NTA-1 W Fe-NTA-2 W Fe-NTA-3 W Control PhiP . Control ENU
{MF = 1.0) (MF = 2.4) {MF = 1.4) (MF=1.1) (MF = 1.0) (MF = 10.9) (MF = 1.0) (MF = 3.2)
G:C-AT 40% 28.6% (1.72) 8.7% (0.30) 16.7% (0.46) 43.1% 14.1% 26.9% 28.3%
AT-G:C 10% 7.1% (1.70) 21.7% (3.04) 5.6% (0.62) 11.1% 0.0% 3.8% 20.0%
G:C-T:A 10% 10.7% (2.57) 8.7% (1.21) 0% (0.00) 26.4% 52.5% 11.5% 15.0%
G:C-C:G 10% 32.1% (7.70) 4,3% (0.60) 22.2% (2.44) 0.0% 13.1% 7.7% 0.0%
AT-T:A 0% 3.6% (=) 4.3% (o) 11.1% (=) 5.6% 1.0% 3.8% 28.3%
AT-C:G 10% 7.1% (1.70) 17.4% (2.44) 11.1% (0.62) 4.2% 0.0% 0.0% 5.0%
Deletion 10% 7.1% (1.70) 26.1% (3.65) 22.2% (2.44) 4.2% 15.1% 38.5% 3.3%
Insertion 10% 3.6% (0.86) 4,3% (0.60) 11.1% (1.22) 5.6% 1.0% 7.7% 0.0%
Others 0% 0.0% (NA) 4.3% (=) 0.0% (NA) 0.0% 3.0% 0.0% 0.0%
Bone marrow®? Livert? Livert®® Epidermist®® Liver®®
Target Control MCC Control APNH Control ¥-ray Control UVB Control MelQx
(MF=1.0) (MF=29) (MF=1.0) (MF=103) (MF=1.00 (MF=3.2) (MF=1.0) (MF=77) (MF=10) (MF=8.6)
G:C-AT 24.1% 13.3% C41% 23% 27% 20% 64% 87% 43% 16%
AT-G:C 3.4% 6.7% 10% 1% : 15% . 0% 0% 3% 8% 0%
G:C-T:A 31.0% 26.7% 14% 51% 12% - 25% 9% 0% 10% 54%
G:C-C:G 10.3% 6.7% 2% 1% . 4% 0% 0% 1% 4% 5%
AT-T:A 6.9% 3.3% 8% 0% 4% 0% - 9% 4% 8% 3%
AT-C:G 10.3% 3.3% 4% 0% 23% 10% 10% 0% 2% 0%
Deletion 13.8% 6.7% 18% 16% 12% 35% 18% 0% 12% 16%
Insertion 0.0% 0.0% 2% 0% 4% 10% 0% 0% 2% 0%
Others 0.0% 33.3% 2% 7% . 0% 0% 0% - 5% 11% 6%

*present study. The number in parenthesis is the relative mutation frequency in comparison to the untreated control. MF, mutation frequency:-'
NA, not applied; W, week(s); Fe-NTA, ferric nitrilotriacetate; PhIP, 2-amino-1-methyl-6-phenylimidazo [4,5-blpyridine; ENU, ethyinitrosourea; MMC,
mitomycin C; APNH, aminophenylnorharman; UVB, ultraviolet B; MelQx, 2-amino-3,8-dimethylimidazo[4,5-flquinoxaline.
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Abstract

It is important to evalualz 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)- I -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 gpr deita 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 | kb in size increased in a dose-dependent manner.
When NNK treatments were combined, the dose-response curve became bell-shaped where the MF at the highest radiation dose
decreased substantially. These results suggest that NNK treatments may elicit an adaptive response that eliminates cells bearing
radiation-induced double-strand breaks in DNA. Possible mechanisms underlying the combined genotoxicity of radiation and NNK
are discussed, and the importance of evaluation of combined genotoxicity of more than one agent is emphasized.
© 2006 Elsevier B.V. All rights reserved.

Kevwords: Combined genotoxic effects; Radiation; NNK; Lung cancer; gpt delta mice; Deletion

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

Environmental factors play important roles in the major role in the etiology of lung, oral cavity and
etiology of human cancer [1]. Of various environ- esophageal cancers, and a variety of chronic degen-
mental hazardous compounds, cigarette smoke is the erative diseases [2]. Although cigarette smoke is a

mixture of about 4000 chemicals including more than

60 known human carcinogens, 4-(methylnitrosamino)-

+ Comesponding author. Tel.: +81 3 3700 9873; 1-(3-pyridyl)- 1.-butanone (mcc.)tme-dénved nitrosamino
fax: +81 3 3707 6950. ketone, NNK) is the most carcinogenic tobacco-specific
E-nuil address: nohmi@nihs.go.jp (T. Nohmi). nitrosamine [3,4]. NNK induces lung tumors in mice,
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rats and hamsters, and International Agency for Research
on Cancer has concluded that exposure to NNK and
NNN (N'-nitrosonornicotine) is carcinogenic to humans
- [5]. NNK is metabolically activated by CYP (P-450)
enzymes in the lung and generates O%-methylguanine
in DNA, which leads to G:C to A:T mutations, and the
subsequent activation of Ki-ras proto-oncogene, an ini-
tiation of tumor development [6,7].

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

Since humans are exposed to a variety of chemical
and physical agents that may induce cancer, these fac-
tors may interact with each other and the action of one
agent may be influenced by exposure to another agent
[12]. The risk from combined exposure to more than one
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 gpr 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

_58_

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/6] transgenic mice were maintained in
the conventional animal facility of National Institute of Radi-
ological Sciences, Chiba, Japan, according to the institutional
animal care guidelines. They were housed in autoclaved alu-
minum cages with sterile wood chips for bedding and given
free access to standard laboratory chow (MB-1, Funabashi
Farm Co., Japan) and acidified water under controlled light-
ing (12h light/dark cycle). Seven-week-old female gpr delta
mice were divided to eight groups each consisting of six
mice. Three groups were y-irradiated at a dose rate of 0.5,
1.0 or 1.5 mGy/h for 22 h/day for 2 weeks (Fig. 1). After the
irradiation, three groups of mice were treated with a single
i.p. injection of NNK (Toronto Research Chemicals, Toronto,
Canada) dissolved in saline at a daily dose of 2 mg/mouse
for four consecutive days. The irradiation continued during
the 4-day treatments, and the mice were kept in the cage for
another 2 weeks with irradiation. Three control groups were
~v-irradiated as described but received saline instead of NNK.
The whole irradiation period was 31 days, and the total esti-
mated doses were 0.34, 0.68 and 1.02 Gy, respectively. Another
control group of mice was treated with NNK as described but
without y-irradiation. The third control was kept in the cage for
31 days without vy-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, La Jolla, CA). Lambda EG 10 phages were rescued
using Transpack Packaging Extract (Stratagene, La Jolla, CA).

2.3. gpt mutation assay

The gpt mutagenesis assay was performed according to
previously described methods [17]. Briefly, Escherichia coli
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Fig. I. 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-irradiation. 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 gpr and Spi™ selection, respectively.

YG6020 expressing Cre recombinase was infected with theres-
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 (car)
gene and a mutated gpr gene. The 6-TG-resistant colonies
were streaked again onto the same selection plates for con-
firmation of the resistant phenotype..All the confirmed 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 analysis of 6-TG-resistant
mutants

A 739 bp DNA fragment containing the gpf gene was ampli-
fied by polymerase chain reaction (PCR) using primers | and
2 [17]. The reaction mixture contained 5 pmol of each primer
and 200mM of each dNTP. PCR amplification was carried
out using Ex Taq DNA polymerase (Takara Bio, Shiga. Japan)
and performed with a Model PTC-200 Thermal Cycler (MJ
Research. Waltham, MA). PCR products were analyzed by
agarose gel electrophoresis to determine the amount of the
products. DNA sequencing of the 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://dgm?2alpha.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 gpr 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 107%) of NNK-treated versus
saline-treated groups were 14.3+6.9 versus 42440,
20.7 £ 5.1 versus 4.7+3.0, 15.2+7.3 versus 2.02.1
and 17.247.9 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 r-test of MF of NNK-treated vs. the cor-
responding untreated mice. Vertical bars show the standard deviations
with mice as the unit of comparison.

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

To confirm the results in the lung, we analyzed the gpt
MFs in the liver of the NNK-treated and saline-treated
groups. The mean MFs (x107%) of NNK-treated ver-
sus saline-treated groups were 134 = 48 versus 8.1 £ 3.8,
105 % 31 versus 8.7 # 3.5, 101 == 18 versus 8.0 £ 4.2 and
128 4+ 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-

\./
g
o

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 «v-irradiation. The mean
Spi~™ MFs (x 107%) of NNK-treated versus saline-treated
groups were 5,15 +2.34 versus 4.11 £0.98,5.47+ 1.98
versus 5.06 4 3.50, 5.36 4 1.56 versus 4.09 + 0.80 and
5.39 4 2.56 versus 4.65 =+ 1.78 at the dose rates of 0, 0.5,
1.0 and 1.5mGy/h, respectively. These results suggest
that neither NNK treatments nor the irradiation enhanced
the Spi~ MFs in the lung significantly.

To investigate the combined effects of NNK and
y-irradiation on specific types of deletion mutations,
we identified all the Spi™ mutations by DNA sequenc-
ing analysis (Table 2). Of various. classes of deletions
observed, only the MFs of large deletions in the size of
more | kb increased in a dose-dependent manner in the
saline-treated group. To examine the dose-response in
more detail, we determined the MFs of the large deletions
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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 r-test of MF of y-irradiated vs. the corresponding unirradiated mice.
Vertical bars show the standard deviations with mice as the unit of comparison.
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Table |
gpr mutation spectra in the lung of NNK-treated and y-irradiated gpt delta mice
Treatment: saline  O0mGy/h 0.5 mGy/h 1.0 mGy/h 1.5 mGy/h
No. MF % No. MF %o No. MF % No. MF %
(x1079) (x107%) (x107%) (x107%)
Base substitution
Transition
GC— AT 15(6) 1.81 43 12(6) 1.76 38 5(2) 06l 29 8(4) 081 30
AT GC 2 0.24 6 4 0.59 13 1 0.12 6 2 0.20 7
Transversion
GC—-TA I 0.12 3 512) 073 16 I 0.12 6 6(1) 061 22
G C—-CG I 0.12 3 0 0.00 0 0 0.00 0 2(2) 020 7
AT—TA | 0.12 3 ! 0.15 3 I 0.12 6 1 0.10 4
AT— CG 3 0.36 9 1 0.15 3 I 0.12 6 | 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 3 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 2.73 100
Treatment: NNK 0 mGy/h 0.5 mGy/h 1.0mGy/h 1.5 mGy/h
No. MF % No. MF % No. MF % No. MF %o
(x107%) (x10™%) (x107%) (x107%)
Base substitution
Transition
G:C— AT 24(2) 5.11 36 45(8) 8.02 39 32(5) 5.85 39 54(6) 8.51 50
A:T - G:C 0 0.00 0 7 1.25 6 6 1.10 7 2 0.32 2
Transversion
G:C—TA 9¢2) 1.92 13 10(1) 1.78 9 7(1) 1.28 8 () 1.10 6
G C—-CG 0 0.00 0 2 0.36 2 0 0.00 0 3 0.47 3
AT—-TA 13 2.77 19 26 4.64 22 17 3.t 21 17(1) 2.68 16
AT—->CG I5 3.19 22 12 2.14 10 8 1.46 10 12(hH) 1.89 11
Deletion 5 1.06 8 12 2.14 10 9 1.65 11 12 1.89 11
—1Ibp S 6 4 5
>2bp 0 6 5 7
Insertion i 0.21 2 0 0.00 0 4 0.73 5 I 0.16 I
Others 0 0.00 0 2 0.36 2 0 0.00 0 I 0.16 |
67 14.26 100 116 20.68 100 83 [5.18 100 109 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 107%) and standard
derivations were 0.25 4 0.28, 0.66 £0.63, 0.77=0.49
and 0.8240.55 at the dose rates of 0, 0.5, 1.0 and
1.5 mGy/h, respectively (Fig. 3A). The values at 1.0
and 1.5mGy/h were about three-fold higher than the
value at 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 0.3540.48 at the dose rates of 0, 0.5, 1.0 and
1.5 mGy/h, respectively. It should be noted that the

-51—-



20 M. Ikeda et al. / Mutation Research 626 (2007) 15-25
Table 2
Spi~™ mutation spectra in the lung of NNK-treated and - irradiated gpr delta mice
Treatment: saline  0mGy/h 0.5mGy/h 1.0 mGy/h 1.5 mGy/h
No. MF % No. MF % No. MF % No. MF %
(x107%) (x107%) {x107%) (x10™%) '
I bp deletion
Simple
Guanine 9 0.49 12 7 0.59 12 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 1.91 41
With b.s. 0 0.00 0 0 0.00 0 0 0.00 0 0 0.00 0
>2 bp deletion 15 0.82 20 17 1.43 28 17 1.16 28 13 0.99 21
2bp~ kb 2 0.11 3 7 0.59 12 3 0.20 5 I 0.08 2
>1kb 5 0.27 7 7 0.59 12 1 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  O0mGy/h 0.5 mGy/h 1.0 mGy/h 1.5mGy/h
No. MF % No. MF % No. MF % No. MF %
(x10=%) (x107%) (x1076) {x107%)
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 I 0.12 2
In run
Guanine 9 1.10 21 19 2.17 40 9 112 21 14 1.68 31
Adenine 12 .47 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 i 1.32 24
2bp~ 1kb 6 0.74 14 2 0.23 3 0.37 7 7 0.84 16
>1kb 2 0.25 5 7 0.80 15 7 0.87 16 2 0.24 4
Complex 4 0.49 10 i 0.11 2 | 0.12 2 2 0.24 4
insertion 1 0.12 2 5 0.57 10 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 | kb in size are italicised.

MF at 1.0mGy/h (0.78 x 107%) was about three-fold
higher than that of 0 mGy/h (p=0.04) but the MF at
1.5mGy/h (0.35 x 107) was very similar to that of
0mGy/h (0.29 x 1075). 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 1.5 mGy/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 gem gene and part of the redAB genes.
but some lack the gam gene and the upstream region. The gum and redAB genes make an operon and the transcription starts from the upstream of
the 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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N\ . N\
Aeciol/ [ E VA
N — AY
redABigam Delesion Sequence of the junction of deletion No.of  Mouse
Saline ; size (bp) mutant 1.D.
Y -ray :
(mG/h) L -1242 TGAATGGTTCGCGGCGEC GTGTTTGTGCATCCATCT 2 234
o —/ -2912 AGAGCAGGCGGTACGCAT TAATCCTTAACITIGCCC | 34
— ~3393 GGTAAATCCGGCATGTAC AGCCAGEGGATCTCTCCC 1 34
; f_;’————“:———:l - 7626 CAGCCAGCGTTGCGAGTG CGGTTGCTTTATGCATGE ! 3
¢ 3 - 1608 GCTATCACGTTGTGAACT TCGGATTTAGTGCGCTTT 2 9,11
—= 2912 AGRGCAGGCGGTACGCAT TAATCCTTAACTTTGCCC ! 9
0.5 — -3650 ACTGTTGGTTAATACGCT AAAGCTCCAAGCTCAACA | 4
| —— 3339 GATGCGGCTAACGTATGA TGCCTTTGCGGCTTGTAR | 1
= .552+1  CGCCTGTCTCTGCCTAAT T ATACTCTCTAATCTTGGC | 10
I R - 6789 CATCOTGAACCCATTGAC ACCACAGCGTGATGGGCT 1. 10
) - 1164 ATGGTTCGCGGCGGCATT TTGCGCTTACCCCAACCA 1 50
] 21922 CACTGAATCATGGCTTTA AGAAGCRATAACCCGCAG | 50
e -3219 TTCTATTTCTGATGCTGA GTATCACACACCCCAAAG ] 19
— 23326 TGATGTATTGCTGGTTTC CTGGTTTTGCGCTTACCT i 19
o - 3360 GATTTCAGAATTAGCCTG GGGTATCATGTAGCCGCT | 49
1.0 — S3473 GCGGCGTTTGATGTATIG TGTGGECAGTTGTAGTCCT ! 19
" - 3966 TAACTTCCGGAGCCACAC GAAGACGCGATCTCGCTC 1 17
——— -4716 TCCTTTGATGCGARTGCC GCATAATTACTCCTGATA ) 18
0 — - 5053 AATTCATGGARAAGGTCT GCGTARACTCCGCTGTCA | 50
[ ] -5244 GTATCAGCAATGTTTATG GTAGCTTGGCTICTACCT | 17
C - 6140 ATCGGGGATTCAGTAACE CGCCTTCTGTCACCACCA 1 10
I | -3645 GGTCTGCGETCAAATCCCC  GGTTATCTGTATGTITTT | 27
[ ] -3833 AATCGATGGTGTTACCAA AACCCGGCGCTGRGGCCE 1 57
[ ] -3879 TTGCTGGTTTCTITCCCG CTGAGGCCGGGTTATTCT i 27
C — - 4014 TTTTCGATGAACTCCGGC CTTACCGGGTTATCCCCA i 26
15 i - - 4033 CTTCCCAGCCAGCGTTGE CCTGCACCAGCGTGGTAR I 27
— ~4d16 TAARATAAATCCCCGCGA TTGGCACATTGGCAGCTA i 27
— — -5194 ATALCTCTGTTGRATGGC ATATGATGACRATGTCGC 1 58
: | - 5366 TAACGCAGATCGGATGAT CCGCCAGTGGCGCACTAT } 58
i — - 5903 GGAACAGAGCGGCAATAA CTGCCTGATTAGCGGCGR i 25
NNK [ : ] - 6629 CCGCAATTTCTTTTGTGE CCTTCAACAAACRARAAA | 26
y-ray — ‘
(mG/h) ! 4283 TGATGATGCGGGACCAGC GACCACGCCTTTGGGGCG 1 38
0 - 6283 TTGCCAGGCTTAAATGAG ATCTARGGCCGTCACCTG 1 5
- 1035 ATCACCTTTARATGCCGT AACCCCCCGCGATTGGCA i 15
S1315 CAGTGCTTTAGCGTTAAC ATAGCTGIGAARATATCG i 45
-2724 TGCTGGCCCCGTGECGTT  CTCCAGCCCCTATCCCCC ) 45
L3318 COTTTTTCCATGTCGTCT CAGCGGGTACGGTTGGCG 1 I3
05 5146 CGAGAAGATGTTGAGCAR TCTGCCAGTTCTGCCTCT I 15
— -3373 GCTGACGCCGCCTTGCCC  CCCGCGATTGGCRCATTG 1 14
i ] -9265 TGTGCCACGCATCATCCC ATGGATGCAGCCTCCAGA i 15
- {
= S1373 GTGAGCAATGGTTTCAAC TGGCGATAGTGGGTATCA 1 a3
[ nes— - 3466 AGGATTCATTGTCCTGCT GTTCGCCACCCARCCCGC i 33
o ro— - 3445 GTTTAACATGCCGATIGC AGCGCGCGTAATCCGGCG i 54
10| 5974 ATCCGGATGRAGCCGCTT GCAATGTATGTCGTTTCA | 2
— L6666 +4  GCCGTBAGTCTTGATCTC CTTA CCTCATCAGTGGCTCTAT | 22
o .7430 TTTGAATGGTTCGCGGCG CGTAGCGGTGGAAGTGGC I 21
S 1-9265 TTGTGCCACGCATCATCC  ATGGATGCAGCCTCCAGA | 2
f | 23219 GTAATAGCGATGCGTAAT AGGAARACAGGAAAGGGG 1 61
1.5 ) s — - 7081 TCAGCCAGCTTCCCAGCC GGTGGAAGTGGCGATGAA | 30
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