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(wild-type PolB) to 1:14 (N279A). It was proposed that ~ between the O% of 8-oxo-dGTP and the side chain of

the side chain of N279 might favorably interact with
8-0x0-dGTP in the syn conformation. For mstance
there may be a hydrogen bond between the.O% of
8-0x0-dGTP in the syn conformation and the asparagine
side chain of the Pol; this would stabilizé the syn confor-
mation. This proposed mechanism is contrary to the
mechanism we proposed here for Poln, where the side
chain of R61 appeared to disturb the formation of the
anti conformation and thus enhance the formation of
the syn conformation. Bacteriophage 29 Pol, which
belongs to the B-family, has shown a preference for
pairing 8-0xo-dGTP with dC over dA; thus the ratio of
pairing of dA to 8-0xo-dGTP compared to pairing of dC
was 3:1 (38). It has been shown that the lysine residue
(K560) of $29 Pol was involved with this specificity.
Contrary to Poln, the K56O residue appeared to collide
with the N', N? and O°® atoms of 8-0xo-dGTP in the
syn conformatlon, thus inducing the anti conformation
and correct pairing activity. These results show that
the amino acids that govern the specificity for the incor-
poration of 8-0x0-dGTP into DNA are distinct among
various Pols.

Why do various Pols have different mechanisms to
- govern the specificity for the incorporation of oxidized
dGTP? In general, replicative Pols incorporate
8-0x0-dGTP poorly and prefer to incorporate it opposite
template dC as described earlier. This seems reasonable
because the poor incorporation and correct specificity
contribute to the genome stability. In this regard, it is
understandable that the replicative Pols have effective
mechanisms to exclude - 8-0xo-dGTP pairing with
template dA such as colhsxon of K560 of bacteuophage
$29 pol with the N', N* and O° atoms of 8-0x0-dGTP in
the syn conformatlon (38). In contrary, Polf (X-family)
and Y-family Pols incorporate 8-0xo-dGTP into DNA in
relatively high efficiency and their incorporation specificity
is opposite template dA rather than template dC (41).
Because of their roles in DNA repair and translesion
bypass, DNA synthesis may be more important (higher
‘priority) than the fidelity. Therefore, they may incorporate
dNTPs, even oxidized ones, into DNA in relatively high
yield. Incorporation of 8-0xo-dGTP opposite dA may be
beneficial for the cells exposed to oxidative stress. For
example, pairing of 8-0x0-dGMP:dA may induce genetic
diversity, which may be helpful to survive in stressful envi-
ronment for Archaea and bacteria (42). The pairing may
be recognized by mismatch repair plotems (43) and the
recognition may induce apoptosis in mammalian cells,
which eliminates cells damaged by ROS (44). Each
Y-family Pol may have created its own mechanism to
incorporate it opposite template dA during evolution.

In summary, human Poln and Polk showed a preference
for incorrectly pairing 8-0xo-dGTP with template dA, and
this specificity appeared to be caused by the presence of
distinct amino acids. The Y112 residue in Polk may

interact with the sugar and/or base of the incoming-

8-0x0-dGTP, thereby forcing it to assume the syn confor-
mation in the active site. The R61 residue of Polny
appeared to inhibit the anti conformation of
8-0x0-dGTP by steric and/or electrostatic hindrance

R61. These key amino acids had distinct positions in the
active sites, but both were involved in inducing the anti
conformation of 8-oxo-dGTP. Thus, we proposed that
two Y-family Pols; human Poln and Polx, employed dif-
ferent mechanisms for achieving the same specificity for
incorporating oxidized dNTPs into DNA. The efficiency
and specificity of Poln and Polk for pairing 8-0xo-dGTP
with template dA during DNA synthesis may lead to
transversions of A to C. We are currently investigating
this hypothesis with human cells in our laboratory.
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An important trend in current toxicology is the replacement,

reduction, and refinement of the use of experimental animals (the

3R principle). We propose a model in which in vivo genotoxicity
and short-term carcinogenicity assays are integrated with F344
gpt delta transgenic rats. Using this model, the genotoxicity of
chemicals can be identified in target organs using a shuttle vector
A EG10 that carries reporter genes for mutations; short-term
carcinogenicity is determined by the formation of glutathione
S-transferase placenta form (GST-P) foci in the liver. To begin
validating this system, we examined the genotoxicity and
hepatotoxicity of structural isomers of 2,4-diaminotoluene
(2,4-DAT) and 2,6-diaminotoluene (2,6-DAT). Although both
compounds are genotoxic in the Ames/Salmonella assay, only
2,4-DAT induces tumors in rat livers, Male F344 gpr delta rats
were fed diet containing 2,4-DAT at doses of 125, 250, or 500 ppm
-for 13 weeks or 2,6-DAT at a dose of 500 ppm for the same period.
The mutation frequencies of base substitutions, mainly at G:C
base pairs, were significantly increased in the livers of 2,4-DAT-
treated rats at all three doses. In contrast, virtually no induction of
genotoxicity was identified in the kidneys of 2,4-DAT-treated rats
or in the livers of 2,6-DAT-treated rats. GST-P-positive foci were
detected in the livers of rats treated with 2,4-DAT at a dose of
500 ppm but not in those treated with 2,6-DAT. Integrated
genotoxicity and short-term carcinogenicity assays may be useful
for early identifying genotoxic and nongenotoxic carcinogens in
a reduced number of experimental animals.

Key Words: gpt delta transgenic rat; diaminotoluenes;
genotoxicity; carcinogenicity; 3R principle.

Transgenic rodent models have advanced the field of
in vivo genotoxicity studies (Nohmi and Masumura, 2005;
Nohmi et w«al., 2000). In these models, A phage DNA
carrying reporter genes for mutations are integrated into

the chromosomes of transgenic rodents; the phage DNA is
retrieved in phage particles by in vitro packaging reactions.
The rescued phages are introduced into Escherichia coli

- cells, and mutants that were generated in the rodents are

selected. With the shuttle vector system, one can examine
the mutagenicity of chemicals in any rodent organ or tissues,
including germ cells (Eastmond et al., 2009; Hashimoto
et al., 2009). In addition, the mutants recovered from the
rodents can be characterized by DNA sequencing (Heddle
et al., 2000). Transgenic genotoxicity assays are a reliable
method for determining whether genotoxicity is involved in
chemical carcinogenicity in the target organs of rodents
(Thybaud et al., 2003). '

In 1996, we developed the novel transgenic mouse gpt delta
for in vivo genotoxicity assays (Nohmi e al., 1996). These
mice have approximately 80 copiesof A EG10 DNA at a single
site in chromosome 17 of C57 BL/6J mice (Masumura et al.,
1999). A feature of this transgenic mouse is that two mutant
selections can be performed instead of just one, to identify
a wider spectrum of in vivo mutations: gpt selection to identify
point mutations such as base substitutions and frameshift
mutations and Spi~ selection to identify deletion mutations.
Because of their sensitivity to deletion-type mutations, gpt
delta mice have been utilized for radiation biology, cancer
research, and regulatory toxicology (Aoki et al., 2007
Masumura et al., 2002; Shibata et al., 2009; Xu et al., 2007).
In 2003, we established gpt delta rats in a Sprague-Dawley
(SD) background by introducing A EG10 DNA into fertilized
SD rat eggs (Hayashi et al., 2003). This gpt delta rat carries
approximately five copies of A EG10 DNA at a single site in
chromosome 4 and is sensitive to induction of point mutations
and deletions by benzo[alpyrene and potassium bromate
(Hayashi et al., 2003; Umemura et al., 2009).

© The Author 2009. Published by Oxford University Press on behalf of the Society of Toxicology. For permissions, please email: journals.permissions@oxfordjournals.org.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/2.5), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. '
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Here, we report the establishment of gpt delta rat in a Fischer
344 background by backcross of SD gpt delta rats with F344 rats
for 15 generations. We generated F344 gpt delta rats because

this background is frequently used for 2-year cancer bioassays.

In addition, glutathione S-transferase.placenta form (GST-P)-
positive preneoplastic hepatic foci can be analyzed in the rats
(Ito et al., 2000). The results of bioassay using GST-P-positive
foci show good correlation with those of 2-year cancer bioassay
(Ito et al., 2000; Ogiso et al., 1985). Therefore, GST-P—positive
foci formation assay was used as short-term carcinogenicity
assay in this study. We hypothesized that we could integrate
a genotoxicity assay with a short-term carcinogenicity assay
utilizing GST-P foci in F344 gpt delta rats. This would reduce
the number of animals required for both assays and would allow
for examination of the relationship between genotoxicity and
preneoplastic lesion formation within the same organs and
tissues of chemically treated F344 gpt delta rats.

To begin validating this system, we examined -the
in vivo genotoxicity and hepatotoxicity of 2,4-diaminotoluene
(24-DAT) and 2,6-diaminotoluene (2,6-DAT). The first
chemical, 2,4-DAT, is used as an intermediate of the
production of toluene diisocyanate, which is a monomer for
the production of polyurethane, while 2,6-DAT is an in-
termediate of dyes, rubber chemicals, and various polymers

(NTP 1979, 1980). Although both are genotoxic 'in vitro

(Cunningham et al., 1989), only 2,4-DAT is carcinogenic in
the livers of female mice and male and female rats (NTP,
1979). 2,4-DAT also induces lymphoma in female mice and
mammary and subcutaneous tumors in rats. -2,6-DAT is not
carcinogenic in mice and rats, regardless of their sex (NTP,
1980). Previous studies with MutaMouse (Kirkland and
Beevers, 2006) and Big Blue mouse (Cunningham et al.,
1996) indicate that 2,4-DAT is mutagenic in the liver, while
2,6-DAT is not. However, the transgenic mice employed for
these studies were males, in which the hepatocarcinogenicity of
2,4-DAT is not observed. In addition, there are no reports on
in vivo gene mutations in rats. Thus, we decided to examine the
in vivo genotoxicity of both compounds in the liver, as
carcinogenic target organ of 2,4-DAT, and kidney, as non-
carcinogenic target, along with immunohistochemical analyses.
We chose 500 ppm as the highest dose for both DATSs
according to the dose used in the National Toxicology Program
2-year cancer bioassay (NTP, 1979, 1980). We treated the rats
with chemicals for 13 weeks because this period is customarily
used to determine the appropriate doses for 2-year cancer
bioassays; furthermore, shorter term treatments (e.g., treat-
ments with potassium bromate for 5 weeks [Umemura et al.,
2006]), sometimes do not induce detectable mutations in vivo.

MATERIALS AND METHODS

Establishment of F344 gpt delta rats.  All the animals were maintained a{t
Japan SLC (Shizuoka, Japan). The F344 gpt delta transgenic rat strain was

developed by backcrosses of the original SD gpt delta transgenic rat with wild-
type F344 rats. In brief, male SD gpt delta transgenic rat was mated with F344
female rat to produce an F1 generation. Offspring from the F1 generation were
mated with F344 rats to yield an F2 generation. All offspring from successive
backcrosses were examined for the possession of the gpt gene by PCR (Hayashi
et al., 2003). After 15 successive backcrosses, identity of the resulting rats to
F344 recipient is more than 99.9%. Thus, they were referred to as F344
gpt delta rats.

Chemicals. 24-DAT (purity 95%) and 2,6-DAT (purity 98%) were
purchased from Wako Pure Chemical Industries (Osaka, Japan). Diethylnitros-
amine (DEN) was obtained from Sigma-Aldrich Japan (Tokyo, Japan).

Bacterial reverse mutation test (Ames test). The mutagenic activities of
2,4-DAT and 2,6-DAT were assayed in a bacterial reverse mutation assay using
Salmonella typhimurium tester strains TA98 and YG1024, an O-acetyltransferase
(OAT)-overexpressing derivative. The test was conducted by the preincubation
method (Maron and Ames, 1983) in the presence or the absence of S9 mix. At
least two plates were used for each dose, and the mean values of the number of
revertants per plate were calculated. Chemicals were dissolved in dimethyl
sulfoxide, which was used as the negative control.

Animals, diet, and housing conditions. Male 6-week-old F344 gp: delta
transgenic rats were obtained from Japan SLC and housed five animals per
polycarbonate cage wunder specific pathogen-free standard laboratory
conditions: room temperature, 23°C * 2°C; relative humidity, 60 + 5%; with
a 12:12-h light-dark cycle; and free access to CRF-1 basal diet (Oriental Yeast
Company, Tokyo, Japan) and tap water. After a 1-week acclimation period, the
animals were used for the experiments.

Treatments of animals. The protocol for this study was approved by the
Animal Care and Utilization Committee of the National Institute of Health
Sciences. Thirty male F344 gpt delta rats were randomized by weight into six
groups. 2,4-DAT and 2,6-DAT were each mixed into Oriental CRF-1
powdered basal diet (Oriental Yeast Company) and stored at 4°C in the dark
before use. Starting at 7 weeks of age, the rats were fed diets containing 0,
125,250, or 500 ppm 2,4-DAT or 500 ppm 2,6-DAT for 13 weeks. There was
also a positive control group; these rats were received a once-a-week ip
injection of 20 mg/kg body weight DEN for 13 weeks. Parameters monitored
included clinical signs, body weight, and food intake. The highest dose of
2,4-DAT was reduced from 500 to 400 ppm at week 9 because the dose at
500 ppm reduced the body weight of rats at week 8. All the surviving animals
were killed under ether anesthesia at the end of the experiments. The liver and
kidneys were isolated from each animal and were immediately excised,
weighed, and cut into 2- to 3-mm-thick slices. The slices were fixed in 10%
buffered formalin solution and routinely processed to paraffin blocks for
histopathological examination as well as immunohistochemistry. Hematoxylin
and eosin-stained tissue preparations cut from the blocks were examined by light
microscopy. '

Micronucleus assay. At autopsy, 60 pl of peripheral blood was obtained
from the tail veins of all animals. The samples were processed according to the
instructions supplied with the MicroFlow™ S kit (Litron, Rochester, NY),
fixed in ultra-cold methanol, and stored immediately after fixation at —80°C
until flow cytometry analysis was performed. Approximately 20,000
reticulocytes were counted for each sample using Becton-Dickinson FACSCa-
libur flow cytometer (Franslin Lakes, NI) to detect the presence of micronuclei

(MNs).

Immunohistochemical procedures. Liver sections of 3-um thickness were
treated with rabbit anti-rat GST-P antibody (1:1000; Medical & Biological
Laboratories, Nagoya, Japan) and monoclonal mouse anti-Ki67 (MIB-5)

~ antibody (1:50; Dako, Tokyo, Japan) (1:50), respectively. Areas and numbers

of GST-P—positive foci larger than 0.1 mm in diameter of the liver sections
were quantitatively measured with an image processor for analytical pathology
(IPAP-WIN; Sumika Technos Company, Osaka, Japan). To investigate
proliferative activity, we counted at least 1000 hepatocyte nuclei in each liver;
labeling indices were calculated as the percentage of cells positive for Ki67
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staining. The remaining tissues were immediately frozen in liquid nitrogen and
stored at —80°C for subsequent mutation assays. '

DNA isolation and in vitro packaging of ) phage DNA. High-molecular-
weight genomic DNA was extracted from the liver and kidneys using the
RecoverEase DNA Isolation kit (Stratagene, La Jolla, CA). A EG10 phages
were rescued using Transpack Packaging Extract (Stratagene).

gpt Mutation assay. The assay was conducted according to previously
published methods (Nohmi et al., 1996). All the confirmed gpt mutants
recovered from the livers were sequenced; identical mutations from the same
rat were counted as one mutant. The mutant frequencies of the gpt gene (gpt
MFs) in the liver and kidney were calculated by dividing the number of
confirmed 6-thioguanine-resistant colonies by the number of rescued plasmids.
DNA sequencing of the gpt gene was performed with the BigDye Terminater
Cycle Sequencing Ready Reaction (Applied Biosystems, Foster City, CA) on
an ABI PRISM 310 Genetic Analyzer (Applied Biosystems).

Spi~ assay. The Spi~ assay was conducted according to previously
published methods (Masumura et al., 2002). To confirm the Spi~ phenotype of
the candidates, suspensions were spotted on three types of plates on which
XL-1 Blue MRA, XL-1 Blue MRA P2, or WL95 P2 strains were spread with
soft agar. True Spi~ mutants, which made clear plaques on all of the plates,
were counted. Spi~ mutant lysates were obtained by infecting E. coli LE392
with the recovered Spi~ mutants. The lysates were used as templates for PCR
and sequencing analysis to determine the deleted regions (Masumura et al.,
2002). The Spi~ mutants were categorized into three classes: one base pair (bp)
deletions, deletions of more than 1 bp, and complex mutations. The entire
sequence of A EG10 is available at http://dgm2alpha.nihs.go.jp/default.htm.

Statistical analysis. The statistical significance of the difference in the
value of MFs between treated groups and negative controls was analyzed by
Student’s ¢-test. A p value less than 0.05 denoted the presence of a statistically
significant difference. Variances in values for body weight, organ weight, and
immunohistochemical data were examined by one-way ANOVA with
Dunnett’s multiple test to compare the differences between control and treated
groups.

RESULTS

Dietary Treatment with 2,4-DAT lnduced‘Preneoplastic
Lesions in the Livers of F344 gpt Delta Rats

Dietary treatment with 2,4-DAT reduced body weight
significantly at all three doses, while dietary treatment with
2,6-DAT did not (Supplementary table 1). Treatments with
2,4-DAT, but not 2,6-DAT, increased the relative weight of the
livers and kidneys in a dose-dependent manner. Hypertrophy
and vacuolar degeneration of hepatocytes was observed in the
livers of rats in the 2,4-DAT treatment groups (Fig. 1). Cell
proliferation was significantly enhanced by 2,4-DAT at a dose
of 250 ppm but not by treatment with 2,6-DAT or other doses
of 2,4-DAT (Table 1). That labeling index was twofold higher
compared with that of basal diet group. GST-P—positive foci
were induced by treatment with 2,4-DAT at a dose of 250 or
500 ppm and by the positive control treatment with DEN
(Table 2). There were significant differences in number of foci
and area of foci between rats treated with 2,4-DAT at 500 ppm
and those of the basal diet group and between rats treated with
DEN and the control group. No histopathological changes were
observed in the kidneys of rats that were fed 2,4-DAT or
2,6-DAT. These results suggest that 2,4-DAT, but not 2,6-

FIG. 1.

Histological comparison of rat livers treated with 0 ppm 2,4-DAT
(A), 125 ppm 2,4-DAT (B), 250 ppm 2,4-DAT (C), 500 ppm 2,4-DAT (D),
500 ppm 2,6-DAT (E), and DEN (F). Hepatotoxicity was observed in rats
administered 2,4-DAT and DEN. Bar = 100 pm.

DAT, induced preneoplastic lesions in the livers of F344 gpt
delta rats.

Both 24-DAT and 2,6-DAT Induced Mutations In Vitro

We confirmed that both 2,4-DAT and 2,6-DAT were
mutagenic in S. fyphimurium strain TA98 in the presence of
S9 activation (Fig. 2). Treating cells with either of the DATs in
the absence of S9 mix did not produce any increase in the
number of revertants per plate. Similar, but less significant,
results were obtained with another standard S. typhimurium
strain TA100 (Supplementary table 2). These observations
suggest that DAT metabolites were responsible for. the
mutagenic effects. To explore the metabolic activation path-
ways in vitro, we employed strain YG1024, which over-
produces OAT, a phase II enzyme. Strain YG1024 detects
frameshift mutations because it was derived from strain TA98
(Watanabe et al., 1994). As shown in Figure 2, YG1024
exhibited enhanced sensitivity to the mutagenicity of both 2,4-
DAT and 2,6-DAT in the presence of S9 activation. The
mutagenicity of 2,6-DAT was similar to that of 2,4-DAT in the
presence of S9 activation (in strain TA98, 1036 vs. 1316 His™
revertants per plate at 625 pg of 2,4-DAT and 2,6-DAT,
respectively; in strain YG1024, 3460 vs. 3896 His™ revertants
per plate at 156 pg of 2,4-DAT and 2,6-DAT, respectively).
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TABLE 1
Quantification of Hepatocyte Proliferation

No. of
No. of No. of Total Ki-67-Positive
Rats Nuclei Nuclei Index
Basal diet 5 21708 +8909 274 8.1 0.013 + 0.004
Basal diet (DEN) 5  1749.6 £729.2° 738 £19.7 0.042 + 0.009*
125 ppm 2,4-DAT 5 17002 = 700.1“ 140=x6.6  0.008 x 0.005
250 ppm 2,4-DAT 5 14364 £596.7° 444 =105 0.031 = 0.007*
500 ppm 2,4-DAT 5 1308.6 + 537.6° 204 9.0  0.015 = 0.006
500 ppm 2,6-DAT 5 17.8 74  0.014 = 0.004

2048.8 = 860.8

“Total number of nuclei was significantly decreased compared to the basal
diet treatment group.
*Significantly different from the basal diet group (p < 0.01).

These results suggest that both DATs are mutagenic in the
presence of S9 activation in vitro and also that O-acetylation is
important for the metabolic activation.

In Vivo Mutagenicity of 24-DAT

For the initial in vivo genotoxicity assay, we examined MN
formation in the peripheral blood of F344 gpt delta rats treated
with 2,4-DAT or 2,6-DAT. However, no significant increase in
MN frequency was observed in any of the treated groups
(Supplementary table 4). }

Next, we examined the mutagenicity of the DATs in the
livers and kidneys of the rats. gpr MFs were significantly
increased in the livers of 2,4-DAT—treated rats at all three doses
and in the DEN-positive control, compared to the control group
(Fig. 3, Supplementary table 3). No increases in MFs were
observed in the livers of 2,6-DAT-treated rats or in the
kidneys of either 2,4-DAT- or 2,6-DAT-treated rats. To
* characterize the gpt mutations in the liver, we performed DNA
sequencing (Table 3). The predominant base substitutions were
G:C-to-A:T transitions and G:C-to-T:A and G:C-to-C:G trans-
versions in the 2,4-DAT-treated groups. In addition, base
substitutions at A:T bps were also induced. In the DEN-treated
positive control group, A:T-to-T:A transversions were the most

TABLE 2
Quantification of GST-P-Positive Foci

No. of Foci

Area of

No. of Rats (No:/cmz) Foci (mm?/cm?)
Basal diet 5 0.00 + 0.00 0.000 = 0.000
Basal diet (DEN) S 78.92 + 17.70%* 1.924 + 0.655%*
125 ppm 2,4-DAT 5 0.00 = 0.00 0.000 =+ 0.000
250 ppm 2,4-DAT 5 1.19 + 1.21 0.022 = 0.023
500 ppm 2,4-DAT 5 6.05 + 3.93* 0.502 = 0.476*
500 ppm 2,6-DAT 5 0.00 = 0.00 0.000 + 0.000

*Significantly different from the basal diet group (p < 0.05).
**Significantly different from the basal diet group (p < 0.01).

predominant type of mutation. Spi~ MFs in the liver were also
significantly increased in 2,4-DAT treatment groups at doses of
250 and 500 ppm and in the DEN-treated group (Table 4).
They were not increased by treatment with 2,6-DAT. DNA |
sequence analysis revealed that the specific mutant frequency
(SMF) of a —1 frameshift at run sequences such as GGGG in
the gam gene was increased more than fourfold after treatment
with 500 ppm 2,4-DAT, while the SMF of deletions of more
than two bps was not enhanced at this dose (Supplementary
table 5). Thus, most of the Spi~ mutations were —1 frameshift
mutations at run sequences; and large deletion mutations were
not significantly induced by treatment with 2,4-DAT.

DISCUSSION

In the regulatory sciences, a default assumption is that
genotoxic carcinogens have no thresholds for their activities,
and thus, no acceptable daily intake can be set for these
chemicals when they are used as food additives, pesticides, or
veterinary medicines (Kirsch-Volders et al., 2000; Nohmi,
2008). It is thought that single molecules of genotoxic
compounds can induce mutations, and thus, genotoxic
carcinogens impose carcinogenic risks to humans even at very
low doses. However, how the genotoxicity of chemicals should
be defined is not entirely clear. Currently, more than 200
genotoxicity assays have been proposed (Preston and
Hoffmann, 2007). Unsurprisingly, the results among the
various genotoxicity assays are inconsistent. The aromatic
amine structural isomers 2,4-DAT and 2,6-DAT ‘are an
interesting reference pair that illustrates the inconsistency
between in vitro and in vivo results (Cunningham et al., 1989).
Both 2,4-DAT and 2,6-DAT are mutagenic in vitro in
S. typhimurium strains, but only 2,4-DAT is carcinogenic in
mice and rats NTP, 1979).

In this study, we confirmed in vitro genotoxicity with
S. typhimurium TA98 and YG1024 and explored in vivo
genotoxicity with F344 gpr delta rats. Both DATs were
mutagenic in the S. typhimurium strains in vitro when the S9
activation system was present (Fig. 2). In contrast, only
2,4-DAT was mutagenic in the livers of rats (Fig. 3, Table 4,
Supplementary table 4). Both gpt and Spi~ MFs in the liver
were significantly increased in 2,4-DAT-treated rats compared
to those in the control group. We did not observe any increase
in gpt MFs in the livers of 2,6-DAT-treated rats or in the
kidneys of 2,4- or 2,6-DAT-treated rats (Fig. 3, Supplementary
table 4). Kidney may not have capacity to activate 2,4-DAT as
in the case of bone marrow (see below). We identified
preneoplastic lesions (i.e., GST-P—positive foci) in the livers of
rats treated with 250 and 500 ppm 2,4-DAT (Table 2) but not
in the livers of rats treated with 2,6-DAT. Generally,
proliferation is activated in cancer cells. Ki-67 is a nuclear
marker of cell proliferation and detectable in cells at all phases
of the cell cycles except Gy (Gerdes et al., 1983). The Ki-67
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FIG. 2. Mutagenic activity of 2,4-DAT (A) and 2,6-DAT (B) in Salmonella typhimurium strains TA98 (circle) and YG1024 (thombus). Filled circle and
rhombus assayed with S9 mix; open circle and rhombus assayed without S9 mix.

labeling index is a measure of tumor proliferation and reported
the association with liver and breast cancer outcome
(de Azambuja et al., 2007; Nolte et al., 1998). The increase
in Ki-67 index suggested the precancerous status of liver of rats
treated by 2,4-DAT (Table 1, Fig. 1). We conclude from these
results that genotoxicity assays (i.e., gpt and Spi~ assays) and
short-term carcinogenicity ‘assays (i.e., GST-P—positive foci
formation) can be conducted with F344 gpr delta rats. Because
we observed genotoxicity in the target organ of carcinoge-
nicity, these results strongly suggest that the carcinogenicity of
2,4-DAT is due to genotoxic activities. Integration of the
genotoxicity assay with the pathological assay including
GST-P—positive foci formation in gpt delta rats could reduce
the number of animals necessary for these assays; this would
contribute to the adoption of the 3R (reduction, replacement, and
refinement) principle for animal use in the life sciences (Balls,
1997). It should be mentioned, however, that GST-P-positive foci
_formation often needs long treatment periods, for example, 16 and
24 weeks, respectively, for 2-amino-3,8-dimethylimidazo[4,5-]-
quinoxaline and 2-acetylaminofluorene (Bagnyukova et al., 2008;
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Tsuda et al., 2003) and such long treatments may increase the risk
of false-positive results of mutations due to nongenotoxic -
mechanisms caused by chronic toxicity, for example, tumor
induction and inflammatory responses (Thybaud et al., 2003).
Why do both 2,6-DAT and 2,4-DAT exhibit mutagenicity
in vitro? The inconsistency between in vitro and in vivo results
could be due to the different metabolic pathways of 2,6-DAT
in vitro and in vivo. It is plausible that a DAT amino group is
first oxidized by a specific cytochrome P450 (e.g., CYP1A2),
and the resulting N-hydroxy group is further activated by OAT,
which leads to the generation of nitrenium ions that can bind to
DNA in vitro (Watanabe et al., 1994). In vitro, both DATs
were mutagenic only in the presence of S9 activation, and
strain YG1024, which overexpresses OAT, exhibited greater
sensitivity to the DATSs than did strain TA98 (Fig. 2). Both
S. typhimurium strains possess GC repetitive sequences in the
hisD gene that serve as target sites for mutations. We speculate,
therefore, that 2,4-DAT could be activated in vivo via the
pathway described above and induce mostly guanine adducts in
DNA. In fact, it was reported that 2,4-DAT induces DNA
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FIG.3. MFs of gpt genes. Values represent mean SD (n = 5). Significant differences were observed in 2,4-DAT-treated livers compared to livers from rats fed

negative control basal diet. *p < 0.05.
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TABLE 3
Classification of gpt Mutations in gpt Delta Rat Livers

125 ppm 250 ppm 500 ppm 500 ppm  Basal

Basal 2,4- 2,4~ 24- 2,6- Diet
Diet DAT DAT DAT DAT (DEN)
Type of gpt ’
Mutation No. % No. % No. % No. % No. % No. %
Base substitution
Transition
GC—- AT 4 22 15 26 18 38 12 35 4 27 13 22
(CpG) (6)) (6) (6) 3 ¢9)] 3)
AT-GC 1 6 1 2 5 11 1 3 3 20 12 21
Transversion
GC—-TA 4 22 16 28 12 26 6 18 4 27 3 5
GC—-CG 1 6 7 12 4 9 7 21 0 0 0 O
AT—-TA 0 0 5 9 4 9 1 3 1 7 23 40
AT—-CG 1 6 4 7 3 6 1 30 0 7 12
Deletion
-1 4 22 3 5 1 2 2 6 1 7 0 0
>2 2 112 3 0 O 1 3 2 13 0 O
Insertion 1 6 3 5 0 0 1 30 0 0 o0
Others 0 0 2 3 0 0 2 6 0 0 0 O
Total 18 100 58 100 47 100 34 100 15 100 58 100

adducts in the livers of rats over 6000 times more efficiently
than does 2,6-DAT (Taningher et al., 1995). The sequence
analysis that we conducted indicates that miost of the mutations
induced by 2,4-DAT at 500 ppm were guanine base
substitutions; that is, G:C-to-A:T, G:C-to-T:A, and G:C-to-C:G
(Table 3). 2,6-DAT might be more efficiently detoxicated than
2,4-DAT in vivo because its para site at position 4 can be
oxidized and subsequently conjugated by phase II enzymes
(Cunningham et al., 1989). Detoxication of 2,6-DAT by phase
I enzymes may be ineffective in vitro compared to in vivo.
Appropriate cofactors, for example, uridine 5’-diphosphoric
“acid P2-B-p-glucopyranuronosyl ester for glucuronidation, may
‘be needed to effectively detoxify the active metabolites of
2,6-DAT in vitro. At present, however, we cannot rule out the
possibility that™ other factors, such as DNA repair, cell
proliferation, translesion DNA synthesis, or apoptosis, might
be involved in the differences in mutagenicity of 2,6-DAT
in vitro and in vivo.

TABLE 4
Spi~ Mutant Frequency in Rat Livers

) Mutant Frequency (X 107%)  p Value
Treatment No. of Rats (Mean + SD) (z-test)
Basal diet 5 4.43 £ 1.99

Basal diet (DEN) 5 341.22 + 180.91 0.002
125 ppm 2,4-DAT 5 8.20 £ 4.75 0.07
250 ppm 2,4-DAT 5 13.42 = 4.83 0.003
500 ppm 2,4-DAT 5 15.98 = 445 0.0004
500 ppm 2,6-DAT 5 549 £2.53 0.241

In addition to the discrepancy between in vitro and in vivo

_ mutagenicity, neither 2,4-DAT nor 2,6-DAT was genotoxic in

the bone marrows of rats according to the MN assay
(Supplementary table 3). 2,4-DAT is also not mutagenic when
applied to MutaMouse skin (Kirkland and Beevers, 2006).
Thus, we suggest that the negative results of the MN assay may
be due to inefficient metabolic activation of 2,4-DAT at
extrahepatic sites. Alternatively, the active metabolites gener-
ated in the liver may not reach the bone marrow. The poor
metabolic activation in extrahepatic sites and/or short half-lives
of the active metabolites may also account for the negative
results of the MN assay with DEN in the bone marrow
(Supplementary table 3). The MN assay is usually the first
choice for in vivo genotoxicity assays in the development of
pharmaceuticals; our results indicate that rather than relying on
the MN assay in the bone marrow, genotoxicity should be
evaluated in multiple organs, including the target organs of
carcinogenicity.

- The Spi~ assay is unique to gpt delta mice and rats and
identifies deletion-type mutations (Nohmi et al., 2000).
Previous studies with gpr delta mice suggested that genotoxic
compounds and physical factors (e.g., radiation) induce
different types of deletion mutations in vivo (Nohmi and
Masumura, 2005). For example, heavy-ion radiation, ultravi-
olet B radiation, and mitomycin C induce large deletions in the
liver, epidermis, and bone marrow, respectively, at molecular
sizes of >1 kbp (Horiguchi et al., 2001; Masumura et al., 2002;
Takeiri et al., 2003). In contrast, aromatic amines such
as 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP)
and aminophenylnorharman (APNH) induce —1 frameshift
mutations in runs of guanine bases in the colon and liver,
respectively (Masumura et al., 2000, 2003). We characterized
Spi~ muitants obtained from the livers of rats treated with
500-ppm 2,4-DAT and concluded that, like PhIP and APNH,
2,4-DAT induces mostly —1 frameshift mutations (Supple-
mentary table 5). These results suggest that Spi~ assay, as well
as the gpt assay, is useful for characterizing mutations, which
may constitute the molecular basis of chemically induced
carcinogenesis.

At the 2006 International Conference on Harmonization of
Technical Requirements for Registration of Pharmaceuticals for
Human Use meeting held in Yokohama, Japan, revisions of the
guidelines for a basic test battery of in vitro and in vivo
genotoxicity tests were discussed (Hayashi, 2008). The current
guidelines recommend two in vitro assays (Ames test and either

. a mammalian chromosome aberration test or a mammalian gene

mutation test) plus one in vivo assay (usually MN test). Because
of the high rate of false positives with.in vitro mammalian cell

. assays (Kirkland et al., 2005), however, an alternative test

battery was proposed at the meeting (Hayashi, 2008). The new
battery is composed of one in vitro assay (Ames test) plus two
in vivo assays (MN test plus a second in vivo test such as’
a transgenic assay or in vivo comet assay). It is possible to
choose the classical battery of two in vitro assays plus one
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in vivo assay instead of the alternative new battery. With the 3R
principle in mind, integration of in vivo genotoxicity assays and
a 28-day repeated dose toxicity assay was also discussed. In vivo
mutagenicity assays and an in vivo MN assay can be integrated
into a 28-day repeated dose toxicity study when transgenic
rodents are used (Thybaud ez al., 2003). In this study, we found
that an in vivo genotoxicity assay and a short-term bioassay for
liver carcinogenesis using GST-P-positive foci as an end point
of preneoplastic lesions can be conducted with F344 gpt delta
rats. Integration of the two assays using transgenic rats may
further facilitate adoption of the 3R principle in regulatory
toxicology. ‘

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci
.oxfordjournals.org/.
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The effect of dose rate on radiation-induced mutations in two
somatic tissues, the spleen and liver, was examined in transgenic
gpt. delta mice. These mice can be used for the detection of
deletion-type mutations, and these are the major type of
mutation induced by radiation. The dose rates examined were
920 mGy/min, 1 mGy/min and 12.5 pGy/min. In both tissues,
the number of mutations increased with increasing dose at each
of the three dose rates examined, The mutation induction rate
was dependent on the dose rate. The mutation induction rate was
higher in the spleen than in the liver at the medium dose rate but
was similar in the two tissues at the high and low dose rates. The
mutation induction rate in the liver did not show much change
between the medium and low dose rates. Analysis of the
molecular nature of the mutations indicated that 2- to 1,000-bp
deletion mutations were specifically induced by radiation in both
tissues after high- and low-dose-rate irradiation. The occurrence
of deletion mutation without any sequence homology at the
break point was elevated in spleen after high-dose-rate
irradiation. The results indicate that the mutagenic effects of
radiation in somatic tissues are dependent on dose rate and that
there is some variability between tissues. ©2010 by Radiation Research
Society

INTRODUCTION

Most radiation effects in biolegical systems influenced
by the dose rate. Quantitative studies of the dose-rate
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effect are important for risk estimation as well as for
understanding the mechanisms involved in radiation
effects. Mutations are one of the most extensively
studied biological end points, because they could be
involved in long-term effects of radiation such as cancer
induction, life-shortening and transgenerational effects.
However, most studies have been performed using
cultured cells, and studies in animal tissues have been
limited to spleen lymphocytes ?] ), intestinal stem cells (2)
and germ-line cells in gonads (3, 4). Mutations in germ-
line cells were studied extensively by two groups working
with mice (3, 4). They found that the efficiency of
mutation induction was reduced to one-third as the dose
rate decreased from 900 mGy/min to 8 mGy/min. Below
8 mGy/min, Russell et al. did not find any significant
variation in mutation induction efficiency for dose rates
down to 7 uGy/min (4). Lyon et al., on the other hand,
suggested that the efficiency of mutation induction
might be elevated at 10 pGy/min compared to the
dose-rate range of 50 pGy/min to 8 mGy/min, although
the difference was small (3). A dose-rate effect in germ
cells was also observed in the fish Oryzias latipes (5).
Studies in somatic tissues have been performed using
mice. One study involved mutations in the Hprt gene in
splenic lymphocytes (/), and another study was of
mutations in the DIbI gene in the stem cells of the small
intestine (2). Dose-rate effects were found in these cells,
with differences between high (about 1 Gy/min) and low
dose rates (0.099 mGy/min for Hprt and 10 mGy/min for
DIbI). In the Hprt gene in splenic lymphocytes, the
efficiency of mutation induction was similar between
690 pGy/min and 99 uGy/min. Chromosomal translo-
cations in blood lymphocytes were also reported to show
similar radiosensitivities at 3.5, 14 and 28 pGy/min (6).
Somatic cells in culture also revealed a similar dose-rate

- dependence [(7, 8) and references therein]. All of these
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studies found good agreement on the overall pattern of
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observed dose-rate dependences: a high efficiency of
mutation induction at dose rates of 0.5-2 Gy/min and
low efficiencies in a dose-rate range of 3.5 uGy/min to 50
mGy/min.

To examine dose-rate effects in very low-dose-rate
ranges, Valenchic and Knudson suggested that mutation
induction as well as many other biological end points
might be elevated in certain low-dose-rate ranges, which
would make the dose-rate-response curves appear
parabolic (9, 10). On the other hand, more recent
“studies on chromosomal abnormalities in splenic lym-
phocytes revealed a constant decline of efficiency in the
dose-rate range of 8§90 mGy/min to 0.76 uGy/min (11).
Thus more detailed studies on dose-rate effects are
desirable, especially in different somatic tissues. The
purpose of the present study was to elucidate the dose-
rate effects of radiation-induced mutation in two
somatic tissues, the spleen and liver,

The main problem for mutation studies in somatic
tissues in vivo was the lack of a method to detect
mutations. However, this has been overcome by the
creation of transgenic mice that are suitable for
mutation assays. These mice contain bacterial genes in
their genome, and the bacterial genes can be assayed for
mutations by using bacterial systems (/2). In the work
described here, transgenic gpt delta mice were used to
study dose-rate effects in the spleen and liver. These mice
contain lambda EG10 genomic DNA in chromosome
17, and the Spi~ assay can be applied to focus exclusively
on deletion-type mutations in the red-gam genes located
in the central part of the lambda EG10 genome (13, 14).
In previous studies, deletions were found to be the
predominant type of mutation induced by radiation in
the spleen and liver when a 3.1-kbp-long lacZ gene was
used to monitor mutations (I5, 16). Nohmi et al. (17)
and Furuno-Fukushi et al. (18) reported that the gpt
delta mice can be used to detect mutations induced by 5
to 50 Gy of radiation. ’

MATERIALS AND METHODS
" Mice and Irradiation

Transgenic gpt delta mice containing lambda EG10 genomic DNA
(15) were mated to SWR mice that contained the Dib1* allele (19), and
F mice were used to compare mutations in the red-gam gene and the
DibI gene. The results of a study on the DIb] gene will be reported
separately. Some F, mice were irradiated with "*’Cs y rays at dose
rates of 920 mGy/min or 1 mGy/min at 2 months of age in the
University of Occupational and Environmental Health and were
killed humanely 1 week after the end of the irradiation. Spleen and
liver were excised, frozen on dry ice and kept at =70°C until use. Other
F, mice were irradiated with a very low dose rate of 12.5 uGy/min for
483 consecutive days using a low-dose-rate irradiation facility at the
Institute for Environmental Sciences. The exposures were started at 2
months of age, and the mice were exposed for 22 h every day. The
remaining 2 h (10:00 am to 12:00 noon) were spent checking the
health of the mice, changing food, water and cages, and cleaning the
room. Control mice were treated in the same way without irradiation

TABLE 1

Common Alterations Found in gpt delta Mice
Location Alteration”
19,377 TTACC — TTGCC
19,787 CCGC — CC(D)GC (+1)
20,705 CTGCT — CT_A_CT
23,118 GTITC — GTCTC
23,849 GTGAA — GTAAA
24,068 TCATC - TCITC
34,896 CACC — CA(A)CC (+1)
35,010 CAGAC — CAAAC
38,668 CAGTG — CAATG
39,732 GGAAA — GGGAA

“ Base substitutions are underlined and the inserted bases are
shown in parentheses. + 1 indicates one base insertion.

1
in a neighboring room. The mice were sampled 1 week after the end of
irradiation. Spleens and livers were excised, frozen on dry ice, and
kept at —~70°C until use. All mice were kept under SPF conditions (20,
21). All procedures were conducted under the Guidelines for Animal
Experiments of the University of Occupational and Environmental
Health and the Institute for Environmental Sciences.

Mutation Assays

Genomic DNA was extracted from spleens and livers using phenol.
Lambda EG10 DNA integrated in the mouse genome was retrieved in
the form of a phage by mixing the genomic DNA with a packaging
extract (Transpack® Packaging Extract, Stratagene, La Jolla, CA)
according to the manufacturer’s instructions. The recovered phage
was assayed by plaque formation using E. coli XL-1 Blue MRA. The
phages containing mutations in the red-gam genes in the lambda
phage were detected as plaques on P2-lysogenic E. coli XL-1 Blue
MRA (P2) as described previously (13, 14).

DNA Sequence Analysis

Nucleotide sequences of the mutant phage DNA were determined
with PCR amplification and sequencing of the amplified fragments.
First, the 1.8-kbp red-gam gene was amplified with PCR. When the.
PCR product was obtained, it was sequenced from both ends of the
fragment. When a PCR product was not produced, it was assumed
that one of the PCR primer sites was deleted, and extended PCR
amplification to the flanking regions using different primers was
performed. The primers were chosen from nearby adjacent locations,
and appropriate primers were sought by continuously testing primers
sequentially from nearby locations. When PCR successfully produced
a DNA fragment, it was sequenced to determine the end of the
deletion mutation. The primers and their locations have been
described previously (/4). The sequences obtained were compared
to those in wild-type lambda EG10.

From the sequence analyses, alterations in 10 locations in and
around the red-gam gene were found. Since these 10 alterations were
common in more than four wild-type lambda EG10 phage isolated
from the mice, it was concluded that these alterations were inherent in
the lambda EG10 sequence in the gpt delta mice used. They are listed
in Table 1. All of the other alterations found were unique to mutant
phage and were not found in at least three wild-type clones. They
were counted as mutations. When unusual mutations were found,
such as tandem, multiple or complex mutations, the alterations were
confirmed by sequencing both the upper and lower DNA strands.

In one mutant clone, there was an insertion of a part of the lambda
EGI10 sequence in the red-gam gene. To determine whether thé
inserted sequence was produced by duplication of the original
sequence or by translocation of DNA fragment, the presence of the
original sequence was examined by PCR amplification using the
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FIG. 1. Radiation-induced mutations at different dose rates. Gpt
delta X SWR F, mice were irradiated with y rays at a rate of 920
mGy/min, 1 mGy/min and 12.5 pGy/min. Mutation frequencies in the
spleen (panel A) and liver (panel B) were determined in the red-gam
genes. The small closed symbols indicate mutant frequencies for
each mouse and the large open symbols indicate the means = SD.
Circles with solid lines indicate the dose response at 920 mGy/min,
triangles with dotted lines 1 mGy/min, and squares with dotted lines
12.5 pGy/min.

primers surrounding one terminal of the-inserted sequence at its
original location. The positions of the primers were at 4476-4496 (21
mer) and 6638-6658 (21 mer) in lambda EG10.

Statistical Analysis

The statistical analyses were performed using StatView 5.0 soft-
ware (http://www/hulinks.co.jp/software/statview). Mutant frequen-
cies were analyzed with the 7 test. The dose-response curves of
mutation induction were examined by regression analyses. The
variations in the dose responses under different dose rates as well as
between the spleen and liver were analyzed by ANCOVA. Occur-
rences of different types of mutations were analyzed with the
contingency test. In ‘all cases, a P value of less than 0.05 was
considered to be a statistically significant difference.

RESULTS

Mutations Induced by Radiation Delivered at Different
Dose Rates

Mutation frequencies observed after irradiation with -

different doses of high- (920 mGy/min), medium-
(1 mGy/min) and low-dose-rate (12.5 pGy/min) vy rays
in the spleens and livers of gpt delta mice are shown in
Fig. 1. The mutant frequencies for each individual
mouse is shown in Supplementary Tables S1 and S2.
In control nonirradiated mice, slight increases in
mutation frequency were observed between 2 and 18
months of age in the two tissues. The increase in the

spleen was from (1.083 = 0.180) X 107° (4 mice) to-

(1.783 + 0.492) X 107% (9 mice), and the difference was
statistically significant with a P value of 0.0033. The
slight increase in the liver was not statistically significant
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FIG. 2. Dose-rate dependence of the radiation-induced mutation
rate in the red-gam genes. The slopes of the lines in Fig. 1 were
analyzed by linear regression and plotted as a function of the dose
rate. The open circles with solid lines indicate the liver, and the closed

“circles with dotted lines indicate the spleen. The vertical lines indicate

standard errors of the slopes. The mutation induction rates in spleen
and liver at 1 mGy/min are statistically significantly different (P
= 0.0037).

(P = 0.243). After 2 to 8 Gy of high- or medium-dose-
rate radiation, a linear increase in the mutant frequency
was observed in the two tissues. The linear regression
analyses of the results showed the relationships between
mutant frequency (X107) and dose (in Gy) as follows:
mutant frequency 1.11 + (0.477 = 0.081)D, r = 0.871
for high-dose-rate spleen, 1.14 + (0.323 + 0.048)D, r =
0.922 for medium-dose-rate spleen, 0.743 + (0.413 =
0.064)D, r = 0.917 for high-dose-rate liver, and 1.364 +
(0.118 =+ 0.053)D, r = 0.643 for medium-dose-rate liver.
The mutant frequencies after irradiation with the low
dose rate (12.5 pGy/min) were (2.496 + 0.610) X 10-¢
(10 mice) in spleen and (2.560 = 0.808) X 10~¢ (10 mice)
in liver, whereas the levels in age-matched control mice
were (1.783 =+ 0.492) X 107¢ (9 mice) in spleen and (1.553
+ 0.424) X 107% (8 mice) in liver. The differences

-between the 18-month-old nonirradiated control mice

and the irradiated mice were statistically significant in
both spleen (P = 0.0128) and liver (P = 0.0043). The
linear regression analyses of these data showed the
following relationships: mutant frequency = 1.78 +
(0.089 = 0.031)D, r = 0.572 for spleen and 1.554 +
(0.126 = 0.040)D, r = 0.622 for liver.

The slopes of the dose-response regression lines were
plotted as a function of the dose rate in Fig. 2. The
mutation induction rate in spleen was different between
the high and low dose rate (P = 0.0002) and between the
medium and low dose rate (P = 0.0370) but not between
the high and medium dose rate (P = 0.14). In the liver,
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the mutation induction rate with high-dose-rate radia-
tion was different from medium- and low-dose-rate
radiation at statistically significant levels, P = 0.0024
and 0.0035, respectively. The mutation induction rates at
1 mGy/min and 12.5 uGy/min were similar. When the
mutation induction rates in spleen and liver were
compared, a statistically significant difference was found
for medium dose rate (P = 0.0037) but not for high or
low dose rate. :

Molecular Nature of Radiation-Induced Mutations

In an attempt to-determine whether specific types of
mutations were induced by high- and low-dose-rate
irradiation, 26 to' 38 mutant clones were collected
randomly from three mice from -each experimental
group and the DNA was sequenced. Some mutants
showed identical alterations to other mutants isolated
from the same DNA sample. These mutants were
eliminated from counting because they were likely to
have represented mutated DNA produced through
replication of DNA and may not have reflected original
mutations. The total number of original mutants
sequenced was 236. All of the mutant clones showed
. deletion mutations in the gam gene, except for two
clones that showed base substitutions in the gam gene
and deletions or tandem mutations in the red gene.

The original mutants were classified into six groups:
1-bp deletion, 2-1,000-bp deletion, more than 1,000-bp
deletion, insertions, multiple mutations, and complex
mutations. A multiple mutation was defined as two or
more mutations in separate positions in the red-gam
gene or in its neighboring region. Complex mutations
included all kinds of mutations that were not included in
the former groups. They could be explained by the
simultaneous occurrence of a deletion and insertion in
one location. The percentages of each type of mutation
found in irradiated and nonirradiated mice are shown in
Fig. 3. In nonirradiated mice, in both tissues, the 1-bp
deletions were dominant followed by the deletion of
more than 1,000 bp. This pattern was similar even as the
mice aged (up to 18 months). In irradiated mice, the
fraction of 2-bp to 1-kbp deletions was elevated
regardless of tissue or mode of irradiation. The elevation
in mutations after high-dose-rate irradiation with 4 Gy
in spleen and 8 Gy in liver and after low-dose-rate
irradiation in the spleen with a total dose of 8 Gy were
statistically significant at the level of P = 0.0232,
0.000745 and 0.0128, respectively. The elevation in the
spleen after a high-dose-rate 8-Gy irradiation and in the
liver after a low-dose-rate irradiation were not statisti-
cally significant, with P values of 0.054 and 0.11,
respectively. These results suggest that deletion muta-
tions of 2 to 1,000 bp are induced by radiation. No
significant difference in the mutation spectra after high-
or low-dose-rate irradiation were found.

Other types of mutations such as insertions and
multiple and complex mutations were not frequent. The
exact sequence changes found in the multiple and
complex mutations are listed in Table 2. All 11 complex
mutations could be explained by the simultaneous
occurrence of a deletion and an insertion in one place.
Eleven out of 14 multiple mutations showed two
mutations in separate positions. Some of these included
complex mutations and tandem mutations. The remain-
ing three multiple mutations were more complicated.
Clone 18L6-10 from the liver of a chronically irradiated
mouse showed two base substitutions and one base
deletion in nearby locations (Table 2). These mutations
could also be explained by a 5-bp deletion of 25,100-
25,104 and a simultaneous insertion of AG. In that case,
this clone should be classified as a complex type
mutation. The clone 18L2-1 found in the liver of an .
old nonirradiated mouse showed five base substitutions
and one large deletion of -7,664 bp. Three of the five
base substitutions were located at 29, 20 and 13 bp from
the left end terminal of the deletion. The other two base
substitutions were located at 238 and 828 bp from the
right end of deletion. All five base substitutions were
G:C to A:T transitions. The third multiple mutation was
one found in the spleen of a high-dose-rate-irradiated
mouse, 254-5, exposed to 8 Gy. This showed two base
substitutions at 36,025 and 38,876 together with a
complex mutation at a distant site. The complex
mutation was composed of an 8,936-bp deletion
(24,136 to 33,071) and a 6,139-bp insertion in the same .
location. Most of the inserted sequence, 6,136 bp out of
6,139 bp, showed homology to another part of lambda
EGI10 (12 to 6,147) in an inverted direction. At the left
end junction of the deletion and insertion, an extra
insertion of ACA was observed. These alterations are
illustrated in Fig. 4. The presence of the original
sequence of 12 to 6,147 bp was confirmed at the correct
position in the mutant clone with PCR by using primers
located at the upstream and downstream sides of 6,147.
Thus the inserted sequence must have been duplicated
from the original sequence rather than translocated. '

DISCUSSION

The present study shows that the mutagenic effects of
radiation in somatic tissues depend on both the dose rate
and the tissue. In the liver, the efficiency of mutation
induction was reduced from 0.41 X 107%Gy to 0.12 X
107/Gy when the dose rate was reduced from 920 mGy/
min to 1 mGy/min, but it remained at a similar level
when the dose rate was reduced further to 12.5 pGy/min
(0.13 X 107%Gy). The efficiency at high dose rates was
similar to that observed previously with 0.77 Gy/min of
X rays using gpt delta mice (/8). The dose-rate
dependence resembled the previous observations made
in spermatogonia (3, 4), splenic T cells (/), and intestinal
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stem cells (2). In spleen, on the other hand, the efficiency
decreased steadily from 0.48 X 107¢/Gy to 0.089 X 10~
Gy as the dose rate was reduced from 920 mGy/min to
12.5 pGy/min. The efficiency was higher in spleen than
in liver when the dose rate was 1 mGy/min but was
similar at 920 mGy/min and 12.5 pGy/min (Fig. 2). -

The reduction of the mutation induction rate observed
when the dose rate decreased from 1 mGy/min to
12.5 uGy/min in spleen does not agree with a previous
study on splenic T lymphocytes in which Hprt mutation
rates showed a dose-rate effect between 500 mGy/min
and 0.69 mGy/min but no further reduction at 99 uGy/
min (/). This discrepancy might be explained by an
underestimation of the. Hprt mutation frequency,
especially with low-dose-rate exposures, because the
Hprt mutant frequency is reported to decline with time
(I). For low-dose-rate irradiation, the mutations in-
duced at early stages might be eliminated if the assays
were performed at long times after the beginning of the
irradiation.

In the present study, the dose-response curves were
estimated to be linear for the three dose rates examined.
Linearity was also observed for mutagenic effects in
germ-line cells (4). On the other hand, many other
genetic effects, including chromosome abnormalities,
had linear-quadratic dose responses (22). Thus the dose
response of mutagenic effects could also be linear-
quadratic rather than linear. Because the data obtained
in our study were limited, it is difficult to determine
whether the dose-response relationship for the muta-
genic effects were linear or linear-quadratic (Fig. 1,
Supplementary Tables S1, S2).

The low dose rate we adopted was 12.5 pGy/min, and
the irradiation continued for 483 days. Under these
conditions, many of the mutations observed would
reflect mutations accumulated in stem cells, especially in
spleen, which is a cell-proliferating tissue. The high and
medium dose rates, on the other hand, were 920 mGy/
min and | mGy/min and continued for 8.7 min and 5.56
days to reach to total dose of 8 Gy, respectively. The
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TABLE 2
Unusual Mutations
Age Dose Mutant
"Tissue (months) (Gy)* number Position Change® Class®
Spleen - 2 4 281-6 24,987-24,997 GCCA--CTGA — GC(G)GA (-11+1) C
282-7 25,054-25,055 GGCGTT — GG(T)TT (2+1) : C
283-1 25,102 GGCCT — GGGCT M
25,108 CCTTTTTCC -5 CCTTTTCC (-1)
8 284-5 24,136-33,071 GCCA-~TTAC — GC(AC:-- GA)GG (-8,936+6139) C,M
36,025 AACCA — AATCA
38,876 GATAA - GAATT
256-2 24,981-24,983 TGTTCTG — TG(GG)TG (=3+2) C
286-6 24,513-25,284 GCGA-- 'GA---AGGG — GCAA)GG (-7724-2) C
286-8 25,016-25,017 ATCAAA - AT(T)AA (-2+1) - c
18 0 18S1-12 23,942 CAGC — CA(CA---CA)GC (+17) M
24,730-26,052 TCTT::-ACAC — TCAC (-1,323)
1882-12 20,075 AGAT — AG(TC---AG)AT (+28) M
20,345-26,215 ACCA---TTGG — ACGG (-5,870)
18S3-1 21,208 AGAAA — AGGAA M
21,581-25,835 TGGG -CAGT — TG(T)GT (4,255+1) C
1883-6 24,511-25,737 GCAG -GCTT — GCTT (-1,227) M
25,762 GCGCG — GCACG
8(crh) 1885-12 23,700-24,828 . CGAG ‘AGTG - CGTG (-3,979) M
25,075 ATAGC — ATCGC
Liver 2 0 21.2-1 24,943-24,944 CCTGGT — CC(A)GT (=2+1) C
2L3-8 25,049 CCCGT — CCGT (-1) . M
‘ 32,876-39,221 TCCC ‘TCTG — TCTG (-6,297)
8 214-9 25,055-25,057 GCGTTGC — GC(TG)GC (-3+2) C
214-12 24,948-24,949 TGGTGA — TGAAGA ™
24,955-24,967 CAAT- AT--CATG — > CATG (-13)
2L6-3 25,019 AAACG — AACG (1) M
26,083 TGGTT - TGTTT
2L6-5 24,983 TTCTG — TTTG (-1) M
25,147 GGGCG — GGTICG
2L.6-10 23,514-25,232 TGAA ‘-TAGC — TG(CT)GC (-1,719+2) C
18 0 18L1-4 24,902-25,002 GTGC -ACTC — GT(AA)TC (-101+2) C
18L2-1 ’ 23,894 CAGGC — CAAGC M
’ 23,902 TGCTT — TG”[TT
23,908 AGQ_GT — AGIGT
23,925-31,588 CCAC:-:-TGTA — CCTA(-7,664)
31,825 CGGCG — CGACG
. 32,414 TGCAG — TGTAG
18 8(chr) - 18L6-2 24,760-24,761 TTGGCA — TTTTCA M
18L6-6 25,017 TCAAA — TCTAA
18L6-10 25,056-25,820 CGTT:-'TGGT — CG(A)GT (-765+1) C
25,100 CAGGC — CAAGC M
- 25,103 GCCTT - GCGTT
25,108 CCT’I"I‘TTCC S CCTTTTCC (—1)

“ (chr) indicates chronic irradiation at a dose rate of 12.5 uGy/min for 483 days.

b Altered sequences are underliied. Bases shown in parentheses indicate inserted bases. The numbers in parentheses show the size of deletions
indicated by a minus sign, and the size of insertions indicated with a plus sign.

¢ Unusual mutation classes are C for complex, M for multiple, and T for tandem.

mutation frequency was assayed 1 week after the end of
irradiation. The mutations observed under these condi-
tions would represent mostly those in the progenitor
cells and terminally differentiated cells rather than stem
cells. Thus the differences in the mutation induction
rates observed for medium- and low-dose-rate-irradiated
spleen (Fig. 2) might reflect the different radiosensitiv-
ities of stem cells and progenitor/differentiated cells.
However, this concept does not appear to be applicable
-to the liver, because the mutation induction rates were

similar for medium- and low-dose-rate irradiation
(Fig 2) and because the cell proliferation rate in liver
is very slow.

The dose-rate effect evaluated by the mutation
induction rate for 920 mGy/min divided by that for
12.5 pGy/min was 5.4 for spleen (0.477/0.089) and 3.3
for liver (0.413/0.126) (Fig. 2). These values correspond-
ed roughly to the dose-rate effects for tumor induction
in many mouse tissues examined in the past, which
varied from 2 to 11 depending on tissue, strain of mouse,
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FIG. 4. Schematic illustration of the lambda. EGI0 genome
showing the intricate mutations found in the liver of an aged control
mouse. The right vertical line indicates the lambda EG10 genome,
and the numbers show the positions in base pairs from the cos site.
The left vertical line shows mutated lambda EG10. Gray squares in
the middle show the red-gam genes before and after the mutation
event. Bold black arrows indicate the sequence of lambda EGI10
located between 12 and 6,147, In the mutant DNA, five alterations
were found: two base substitutions at bp 36,025 and 38,876, deletion
of base pairs from 24,136 to 33,071, duplication and insertion of 12 to
6,147 bp at 24,136; and insertion of an ACA sequence at the upper
terminal of the duplicated fragment.

sex, etc. (23). Although the dose-rate effects specific for
spleen and liver tumor induction in the mouse strain we
used are not available, the similarity of the dose-rate
effects in mutation induction and tumor induction may
support the idea that mutation induction is closely
related to radjation carcinogenesis.

Analysis of the molecular nature of mutations using -

DNA sequencing revealed that the predominant type of
mutation observed was a deletion of 1 to 8,112 bp in
both nonirradiated and irradiated mice. Among these
deletions, the frequency of medium-size deletions of 2 to
1,000 bp was elevated in irradiated tissues (Fig. 3),
indicating that they were induced by radiation. Similar
results have been observed previously in the spleen (7).
The fraction of large deletion of more than 1 kbp
showed similar levels in spleen before and after acute
irradiation with 4 and 8 Gy (Fig. 3A), whereas the
fraction decreased after low-dose-rate irradiation
(Fig. 3B), although the difference was not statistically
significant (P = 0.0697). This may suggest that the
occurrence of large deletions is suppressed after low-
dose-rate irradiation compared to high-dose-rate irradi-

ation. A similar phenomenon was reported in cultured
cells (7). A slight reduction of large deletions was also
observed in liver (Fig. 3C). In this tissue, however, the
trend of reduction after irradiation was observed after
high-dose-rate irradiation but not after low-dose-rate
irradiation (Fig. 3D). This may suggest a tissue differ-
ence in radiation-induced mutation between spleen and
liver. ~

Studies in yeast have revealed three kinds of DNA
repair systems. that generate deletion-type mutations,
non-homologous end joining (NHEJ), microhomology-
mediated end joining (MMEJ), and single-strand an-
nealing (SSA), which function in the repair of DNA
double-strand breaks (24, 25). One of the major
characteristics of these repair systems is the difference
in size of the homologous sequences that are used in the
ligation through annealing of the separated DNA ends
generated by a double-strand break. They were 1 to 4
nucleotides in NHEJ, 5 to 20 nucleotides in MME]J, and
more than 20 nucleotides in SSA (24). Similar phenom-
ena were observed in chicken and mammalian cells (25,
26). Thus, in the work described here, homologous
sequences near the termini of the deletion mutations
were examined and grouped into three classes depending
on the size of the homologous sequences at the break
points 0, 1-4 and 5 or more. The 0-bp homology class
was considered as a separate group because this kind of
deletion was observed previously to be elevated by
radiation (/4-17). The maximum size of the homologies
observed in the present experiment was 12 nucleotides;
homologies of more than 20 nucleotides, which corre-
spond to SSA, were not found. The percentages of each
kind of mutation among the total number of deletion
mutations are shown in Fig. 5. Deletions in the multiple
and complex mutations were not included. The percent-
age of zero homology was elevated in spleen after 8 Gy
high-dose-rate irradiation (Fig. SA) (P = 0.0443). The
increase was accompanied by a decrease in 5 or more
nucleotide homologies. This may suggest that the
contribution of MMEJ is small during repair of
radiation-induced DNA double-strand breaks, at least
in the spleen. An increase of deletions without homol-
ogous terminal sequences was also observed in the liver
after 8 Gy acute irradiation (Fig. 5C), although the
difference was not statistically significant (P = 0.0964).
The frequencies of deletions with 1-4-bp homology did
not change much among the samples. When all of the
mutations found in control and irradiated mice were
summed up, the frequency of deletions containing 5 or
more bases of terminal homology appeared to be higher
in the spleen than in the liver. These events comprised 30
out of 114 deletion mutations in the spleen and only 10
out of 92 deletion mutations in the liver (P = 0.00533).
Thus it is likely that the contribution of MMEJ is higher
in the spleen than in the liver. This is in agreement with
the fact that MMEJ works more efficiently in the S and
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FIG. 5. Comparisons of the frequencies of deletion mutations showing repeated sequences of different sizes at the junctions of the deletions.
The deletions were classified into three groups: no homology at the junction, 1 to 4-bp-long homology, and 5-bp-long or more homology. The
frequency of each group of mutations was calculated for spleen (panel A) and liver (panel C) in high-dose-rate-irradiated mice and in the spleen
(panel B) and liver (panel D) of low-dose-rate-irradiated mice. Statistically significant differences are indicated by an asterisk. ’

G, phases of the cell cycle (24, 25), because the spleen is
a tissue in which many cells are dividing and are
therefore in S and G, phase, whereas the liver contains
almost exclusively slowly dividing cells in the G, or G,
phase.

Among the 236 non-redundant mutations found in
the present study, 14 were multiple mutations. This
frequency of 5.9 X 1072 (14/236) was much higher than
the expected value for the coincidental occurrence of two
or more single mutations, because the expected frequen-
cy of a single mutation was of the order of 1076, The
mutation frequency observed was 1 to 5 X 107¢ (Fig. 1),
and most of these (222 out of 236) were single mutations.
This high frequency of multiple mutations was observed
in many other systems (27), including normal tissues of
the Big-Blue mouse (28) and the epithelial tissues in the
intestines of aged Muta™ mice (29). A possible
mechanism that could explain the production of these
multiple mutations could be the involvement of some
trans-lesional DNA polymerases, which replicate DNA
with an extremely high error rate and can result in two
or more mutations within a DNA stretch only several
kbp long (30-33).

- To understand how these multiple mutations were
generated, it would be helpful to scrutinize their

molecular nature. Among the 14 multiple mutations,
13 showed changes in DNA length including deletions,
insertions and complex-type mutations. One exception
was a base substitution in the gam gene and a tandem
base substitution in the red gene (18L.6-2). Frequent
associations of deletion mutations and other types of
mutations in nearby positions along a single DNA
strand have been reported in two cases: a preferential
occurrence of base substitution mutations in the Ki-rdas
proto-oncogene allele containing 37 base deletions in the
second intron (34) and a high rate of single nucleotide
mutations in the areas neighboring deletion and
insertion mutations in evolutionary changes (35).
Although the molecular mechanisms of these phenom-
ena have not been elucidated, a possible association with
error-prone trans-lesional DNA polymerases in MMEJ
is one possibility (25).

The mutant clone 18L2-1 found in the liver of an aged
control mouse (Table 2) had one deletion of 7,664 bp
together with 5 base substitutions in the neighboring
area. All of the 5 base substitutions were G:C to A:T
transition mutations.. This could be induced by an
imbalance in the pool size of deoxyribonucleotide
triphosphates. In cultured cells, an increase of the dTTP
pool size has been shown to result in the induction of
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G:Cto A:T transition mutations (36, 37). The clustering
of the base substitutions in the nearby regions of the
deletion mutation may suggest that the pool size effect
becomes more effective when DNA polymerization
takes place together with a deletion mutation. The
deletion mutation found in this clone did not have any
homologous sequences at the terminals, suggesting that
it was not generated by MMEJ or SSA.

In conclusion, the mutagenic effects of radiation in
spleen and liver were shown to be dependent on the dose
rate. The detail information about the mutation
induction rates as well as the molecular characteristics
of mutations revealed some differences between the two
tissues. Further studies on the other tissues would be

important to- understand dose-rate effects at the

organismal level.

SUPPLEMENTARY INFORMATION

Tables S1 and S2. Mutant frequencies in spleen and
liver, respectively, of each individual mouse. http://dx.
doi.org/10.1667/RR1932.1.S1
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