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Oxygen radicals, which can be produced through normal cellular
metabolism, are thought to play an important role in mutagenesis
and tumorigenesis. Among various classes of oxidative DNA dam-
age, 8-oxo-7,8-dihydroguanine (8-oxoG) is most important because
of its abundance and mutagenicity. The MTHT gene encodes an
enzyme that hydrolyzes 8-oxo-dGTP to monophosphate in the
nucleotide pool, thereby preventing occurrence of transversion
mutations. By means of gene targeting, we have established MTH1
gene-knockout cell lines and mice. When examined 18 months
after birth, a greater number of tumors were formed in the lungs,
livers, and stomachs of MTH1-deficient mice, as compared with
wild-type mice. The MTH1-deficient mouse will provide a useful
model for investigating the role of the MTH1 protein in normal
conditions and under oxidative stress.

Oxygen radicals are produced through normal cellular me-
tabolism, and formation of such radicals is enhanced fur-
ther by ionizing radiation and by various chemicals (1). The
oxygen radicals attack nucleic acids and generate various mod-
ified bases in DNA (2, 3). Among them, 8-0xo0-7,8-dihydrogua-
nine (8-0x0G) is the most abundant, and seems to play a critical
role in carcinogenesis and in aging (4). 8-OxoG can pair with
both cytosine and adenine during DNA synthesis, and as a result,
G:C to T:A transversions are induced (5). Oxidation of guanine
also occurs in the cellular nucleotide pool. 8-Oxo-dGTP, when
formed, is a potent mutagenic substrate for DNA synthesis: it is
equally incorporated opposite adenine and cytosine in DNA (6),
resulting in both A:T to C:G and G:C to T:A transversions (7).

Studies with Escherichia coli mutator mutants revealed that
cells possess elaborate mechanisms which prevent mutations
caused by oxidation of the guanine base, in both DNA and
free-nucleotide forms. In DNA, 8-0x0G residues are removed by
the enzyme encoded by the mutM gene, whereas the mutY gene
product removes adenine from an adenine:8-0xoG mismatch (8,
9). Thus, two proteins, MutM and MutY, act consecutively at the
site of the oxidized guanine residue in DNA to prevent the
occurrence of mutations in E. coli (9, 10). On the other hand,
mutations owing to misincorporation of 8-oxo-dGTP can be
prevented by the mutT gene product, which hydrolyzes 8-
0x0-dGTP to 8-oxo-dGMP (6). Mutation in mutT specifically
induces A:T to C:G transversions (11). This mutational speci-
ficity occurs through the concerted actions of the MutM and
MutY proteins (12).

8-OxoG-related mutagenesis may account for a considerable
number of spontaneous mutations in mammalian cells. Enzyme
activities similar to those of the E. coli proteins were identified
in mammalian cells (13-15). Among them, the MutT-related
protein has been studied most extensively (16). Based on the
partial amino acid sequence determined with the purified 18-
kDa protein bearing 8-oxo-dGTPase activity, cDNA and the
gene for the human enzyme were isolated and named as MTH1
(mutT homolog-1; refs. 17 and 18). Expression of the human
MTH]1 cDNA in E. coli mutT~ cells significantly suppressed the
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frequency of spontaneous mutation in mutT~ cells (17, 18).
Additionally, more striking suppressive effects were observed
when mouse or rat cDNA was expressed in the mutT~ cells (19,
20). These observations imply that the mammalian proteins may
have the same antimutagenic capacity as E. coli MutT protein
and may act to sanitize the nucleotide pools in these organisms.

It is interesting to note that the E. coli and the mammalian
enzymes have some different spectra in their substrate specific-
ity. Human MTH1 protein hydrolyzes 2-hydroxydeoxyadenosine
triphosphate but acts only slightly on 8-oxoguanosine triphos-
phate, a ribonucleotide counterpart of 8-0xo-dGTP. In contrast,
E. coli MutT protein exhibits opposite actions on these nucleo-
tides (21, 22). Based on the substrate specificity of human MTH1
protein, the name “oxidized purine nucleoside triphosphatase”
has been proposed recently (23).

To ascertain the exact role of MTHI protein, particularly in
the case of spontaneous carcinogenesis, we carried out targeted
disruption of the MTHI gene in mice. Experiments with the
MTHI1-null mice generated here showed their disposition to
develop tumors during a normal lifespan, and provided an
important insight into the role of this nucleotide sanitization
enzyme in terms of spontaneous tumorigenesis as well as mu-
tagenesis caused by the oxygen-induced DNA damage.

Materials and Methods

Construction of the Targeting Vector and Isolation of Targeted Em-
bryonic Stem (ES) Cell Clones. The procedures for gene targeting in
ES cells were essentially as described (24). Briefly, the targeting
vector contained a 7.0-kb genomic sequence interrupted by a
polll-neo-poly(A) cassette and flanked by a pair of herpes
simplex virus thymidine kinase cassettes for negative selection.
Insertion of the neo cassette was accompanied by deletion of a
680-bp PstI-Xbal fragment of MTHI gene, containing 165 nu-
cleotides of exon 3, 370 nucleotides of intron 2, and 145
nucleotides of intron 3 (Fig. 1a). Colonies doubly resistant to
G418 (250 pg/ml) and ganciclovir (5 uM) were selected, and
homologous recombinants were identified by Southern blot
analysis. The DNA (8 ug) was cleaved with Xhol or BamHI,
subjected to agarose gel electrophoresis, blotted onto Hybond
N* membrane (Amersham Pharmacia), and hybridized to the
3’-flanking probe (Fig. 1a). Expected sizes of hybridized bands
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Fig.1. Targeted disruption of the MTH1 gene by homologous recombination. (a) Targeting of the MTHT gene. The upper lines represent targeting vector
and wild-type MTH1 allele, whereas the lower line shows mutated MTHT1 allele. The thick lines show genomic sequences with exons (filled boxes), whereas
athin line shows the bacterial plasmid portion. Open boxes, a positive [pol Il neo poly (A)] or a negative (HSV-tk) selection cassette; lettered bars, 5'-flanking
probe A (0.1-kb Apal-EcoRI fragment) and 3’-flanking probe B (0.1-kb Pstl-BamHI fragment). The observed sizes of the diagnostic restriction fragments,
used to distinguish the wild-type and mutant alleles, correspond to their expected sizes. The restriction enzyme sites are abbreviated as B for BamHlI, E
for EcoRl, and X for Xhol. The restriction enzyme sites in parentheses are lost in the process of targeting vector construction. (b) Southern blot analysis
of BamHI-digested genomic DNA from MTH1+/*(CCE), MTH1+/=(SK1), and two MTH1~/~(DK1, DK7) ES cell clones, using the external 3’ probe. (c) Northern
blot analysis of poly(A)* RNA from MTH1+/* and two MTH1~/~ ES cell clones, using the 503-bp Ncol/BamHI fragment of mouse cDNA as a probe that detects
an ~1.2-kb band corresponding to the size of MTH1 transcript. Each lane contained 3 ug of poly(A)™ RNA. (d) Genotype analysis of DNAs from tails from
MTH1+/~ intercrosses by PCR. PCR amplification of the wild-type MTHT allele produces a 0.65-kb DNA fragment (bottom band), whereas amplification of
the mutated MTHT allele produces a 0.80-kb DNA fragment (upper band). Lane 1, marker DNA fragments (M); lane 2, MTH1*/*; lane 3, MTH1"/~; and lane
4, MTH1-/~. Sizes of marker fragments are indicated Left.

for wild-type and mutant MTH]I alleles were 5.2 kb and 4.1 kb,  were expanded and plated onto two 100-mm dishes (1.0 X 10°
respectively. To ensure targeted disruption of the MTHI gene,  cells per dish). After 2 days of incubation, ES medium (27)
the DNA was digested with X#ol, followed by hybridization with  containing 6-thioguanine (6-TG; 1 ug/ml) was supplied to one
5'-flanking probe (Fig. 1a). To isolate the homozygously tar-  of the two dishes, and the number of colonies was counted after
geted ES cells, cells that were identified as those heterozygous 10 days of incubation with 6-TG (25). By using the rest of the

for the MTH1 sequence were cultured in the presence of a higher  dishes, the number of viable cells at the time of 6-TG treatment
dose of G418 (1.5 mg/ml), as described (25). was determined.

Generation of Chimeric, Heterozygous, and Homozygous Mice. Mu-  Results

tant ES cells were injected into C57BL/ 6J blastocysts, and  Generation of MTH1-Deficient Cells. The mouse MTHI gene is
resulting male chimeras were mated with female BDF1 mice. composed of five exons and spans about 10 kb (28). By using the
Gerlp-lme transmission of mutant MTH1 alle.le to F1 mice was isogenic genomic DNA fragment, the whole part of the third
confirmed by Southern blot analysis. Genotyping of F2 offspring oy containing the initiation codon and the adjacent intron
was performed by a PCR-based method (26). A combination of regions were replaced by a neo cassette (Fig. 1a). The resulting

a pair of primers was used to detect wild-type and mutant alleles: construct was electro . .
. , , porated into ES cells, and cells showing
a pair of 5'-CTCTCCAGCCCTTGTTCAAGTTC-3" as forward resistance to both G418 and ganciclovir were selected. Clones

MTHI primer (MT5) and 5-CCTACTCTCTTGGGCT- d by Southern blot hvbridizati e 3 d
TCATCC-3' as reverse MTHI primer (MT3) for the wild-type were screened by Southern blot hybridization, using J'- an
allele, and a pair of MT5 and 5'-GAACCTGCGTGCAATC- 5'-flanking probes with a combination of restriction enzymes
CATéTTGT-S’ as reverse neo primer (MTN) for the mutated BamHI and XﬁoI. Approximately 14% of the resistant cells
allele. All experiments were conducted in accordance with (11 of 78) carried the expected structure of the mutated allele

institutional guidelines for Kyushu University. (Fig. 1a).
To isolate the double knock-out cells, targeted clones

Detection of the MTH1 Protein. Precleared extracts (100 pg of (MTHI*'™) Were grown .in the.presen.ce of 1.5 mg/ml of G418,
protein) from livers and 1 ng of purified mouse MTH1 protein ~ @ concentration which is 6 times higher than that used for
were reacted with anti-MTH1 (5 ug) overnight, and the immu- isolation of MTHI V'~ cells. All of the resistant colonies, exam-
nocomplexes were subjected to Western blotting as described ined after 8 days of incubation, were shown to be mutated in both
(19). 8-Oxo-dGTPase activity was assayed by measuring the  of the MTHI alleles. DK1 and DK7 are double knock-out cells,
hydrolysis of 8-0x0-dGTP to 8-0xo-dGMP, as described (17). derived from the different singly targeted clones (Fig. 1b).

Northern blot analysis was done to determine the level of
Mutation Analysis. Of each independent colony, 15 were isolated ~ expression of the MTH1 gene in ES cells. A band corresponding
from two MTHI /'~ cell lines, DK1 and DK7, and 24 independent ~ to 1.2-kb MTHI mRNA was detected only in the wild-type ES
colonies were isolated from MTHI*/* cells. Cells of each colony  cell (Fig. 1c). MTHI '~ cells thus established grew normally in
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Table 1. Mutation rates determined by fluctuation tests

No. of 6-TGR Mutation

Name of No. of Final no. No. of replicates with 6-TGR colonies per replicate rate, X 10~8

cell line replicate of cells per P(0) Median
(genotype) cultures replicate N colonies, N = Range Mean Variance P(0) calculation* calculation*

0 1 2 3-5 6-10

CCE (+/+) 24 3.0 X 107 = 0.4 12 5 4 3 0 0-4 1.00 1.58 0.50 1.65 (1.00) 1.43 (1.00)
DK1(—/-) 15 3.0 X 107 £ 0.2 4 6 3 0 2 0-10 1.93 7.39 0.27 3.06 (1.85) 2.55(1.78)
DK7 (—/-) 15 3.0 X 107 = 0.3 3 2 0 9 1 0-7 3.06 4.73 0.20 3.72(2.25) 3.65 (2.55)

*Relative value in parentheses.

ES medium, and the average doubling times of MTHI*/* and
MTHI17'~ cells at 37°C were essentially the same (9.2 h).

Mutation Frequency of MTH1~/~ Cells. Mutations in the Hprt gene,
located on the X chromosome in the mouse genome, render cells
resistant to 6-TG, and this forward mutation assay was adopted
for examining the effect of MTH1 deficiency on spontaneous
mutagenesis. Mutation rates toward 6-TG resistance were de-
termined by a fluctuation test using the two cell lines with
MTHI*'* and MTHI~/~ background. With these data, a muta-
tion rate can be estimated either from the fraction of replicate
cultures in which no resistant cells occurred [P(0)] (29) or from
the median frequency of resistant cells per replicate cultures,
using the method of Lea and Coulson (30). An approximately
2-fold higher mutation rate was observed in two independently
isolated MTHI~/~ cells (DK1 and DK7), compared with the
value of MTHI*'* cells (Table 1). MTH1 may have a potential
to prevent the occurrence of mutations under the normal growth
conditions.

Generation of Mice with Mutated MTH1 Alleles. MTHI*/~ ES cell
clones were microinjected into C57BL/6J blastocysts and 8
chimeras (6 males and 2 females) were obtained. Two indepen-
dent germ-line chimeras transmitted mutant MTH]I alleles to
their agouti offspring. By crossing the MTHI*/~ mice, homozy-
gous mutant mice (MTHI™/~) were obtained, according to
Mendel’s law (25 of 98). The MTHI~/~ mice appeared normal.
Both copies of the exon 3 segment were disrupted in the
MTHI~'~ mice (Fig. 1d). To ensure that modification of the
MTHI] gene resulted in a null mutation, we examined the liver of
wild-type and MTHI '~ mice for MTHI protein. Western blot
analysis detected normal MTHI1 protein levels in wild-type mice,
whereas no MTHI1 protein was detected in MTHI~/~ mice (Fig.
2a). Further, assay of 8-oxo-dGTPase activity in the liver sample
confirmed this finding (Fig. 2b).

Tumorigenesis of MTH1-Defective Mice. Offspring of F2 heterozy-
gotes were used for analyzing the susceptibility for spontaneous
tumorigenesis. Briefly, the F2 heterozygotes were intercrossed
and resulting F3 heterozygote offspring were then intercrossed
to other heterozygote F3 offspring to generate F4 animals with
0, 1, or 2 germ-line null MTH1 alleles. These animals were ~50%
C57BL/6J, 25% 129/Sv, and 25% DBA/2, respectively, and
monitored for tumor development as described below. Groups of
wild-type and null mice (=50 males and females), each contain-
ing almost the same number of F3 and F4 generations, were kept
under specific pathogen-free (SPF) conditions for an extended
period. No distinct difference in survival rates of these MTH1*/*
and MTHI~/~ males and females was observed. After 1.5 years
of observation, all of the animals were necropsied. Systematic
pathological examination revealed a significant difference in the
incidence of tumors in the two types of mice. Tumors were found

11458 | www.pnas.org/cgi/doi/10.1073/pnas.191086798

in lung, liver, and stomach. Here, the term “tumor” is used
without distinction between benign and malignant neoplasms.
Tumors of the lungs were grayish-white nodules with a max-
imum diameter of 1-7 mm (Fig. 3a). They are mostly solitary.
Histologically, lung tumors were diagnosed as adenoma or
adenocarcinoma (Table 2). Adenomas were relatively small
spherical lesions composed of basophilic tumor cells simulating
alveolar pattern with little cellular atypism (Fig. 3b). Adenocar-
cinomas were composed of irregular-sized tumor cells, densely
arranged in a glandular pattern and showing peripheral infiltra-
tion in some parts (Fig. 3c). Both tumor types developed in
MTHI1~'~ and MTHI"/* mice with no apparent sex predisposi-
tion. However, when tumor yield was viewed with respect to the
total number of tumors, more lung tumors were formed in
MTHI1~'~ mice (15 of 93 mice) than in MTHI*/* mice (4 of 90
mice, P = 0.014; Table 2). Both adenomas and adenocarcinomas
developed in the liver of MTHI '~ and MTHI'* mice (Fig. 3
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Fig.2. Absence of MTH1 protein in MTH1-deficient mouse. (a) Western blot
analysis of extracts of liver from MTH1+/* and MTH1~/~ mice, with Abs against
purified MTH1 protein. Lane 1, MTH*/*; lane 2, MTH1~/~; and lane 3, purified
MTH1 protein (1 ng). Arrows (Right) indicate the positions of normal rabbit
1gG heavy-chain and purified MTH1 protein, respectively. (b) Assay of 8-oxo-
dGTPase activity in the liver. Crude extracts of liver (1 g) prepared from MTH*/*
and MTH1~/~ mice loaded on a HiTrap Q column and eluted by a linear
gradient of 0-0.5 M NaCl. Radioactivities of 8-oxo-dGMP produced were
measured by PSL (photo-stimulated luminescence).
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Fig. 3.  Tumors in lung, liver, and glandular stomach developed in
MTH1~/~ mice. (a) Adenocarcinoma of the lung developed in MTH1~/~
mouse; 7 mm in maximum diameter protruding on the surface of a lung
lobe (arrows). (b) Histologic section of a lung adenoma developed in
MTH1-/~ mice. (c) Histologic section of a lung adenocarcinoma. Papillary/
alveolar proliferation of basophilic cells is the common feature of both
tumor types. (d) Large carcinoma nodule of the liver developed in MTH1~/~
mouse; 16 mm in maximum diameter (arrows). (e) Histologic section of an
adenoma developed in liver of MTH1~/~ mice. (f) Histologic section of a
hepatocellular carcinoma developed in MTH1~/~ mouse showing typical
trabecular pattern of malignant hepatocytes. (g) Elevated lesion of the
pyloric mucosa of MTH1~/~ mouse (arrows) diagnosed as well differenti-
ated adenocarcinoma. (h) Histologic section of adenocarcinoma of the
stomach in MTH1~/~ mouse, cut perpendicular to the mucosal surface,
consisted of irregular proliferation of dysplastic cells arranged in tubular
structure. [Bar = 10 mm (a, d, and g).] Paraffin-embedded sections (4 mm)
were stained with hematoxylin and eosin. Magnification: b, X100; ¢, X100;
e, X40; f, X100; h, xX20.

d—f). More liver tumors were likely to be formed in MTHI =/~
mice (18 of 93) than in MTHI1™/* mice (6 of 90), and these values
are statistically significant (P = 0.015). High susceptibility of
male mice to liver tumorigenic events was evident, compared
with the female counterparts. As for the tumor formation in
liver, 38% of MTHI1~'~ male and 13% of MTHI"/* male mice
developed tumors, whereas only 3.9% of MTHI '~ female and
0% of MTHI*'* female mice yielded tumors.

It is of interest to note that 13 of 93 MTHI '~ mice had
elevated lesions in glandular stomach, whereas only 4 of 90
MTHI1"* mice had similar lesions during the same observation
period. Most lesions were grayish-white in color, and showed
polypoid growths in the pyloric mucosa. Histologically, they

Tsuzuki et al.

were diagnosed as adenomatous hyperplasia, adenoma, or
adenocarcinoma. The incidence of adenomatous hyperplasia
(not shown) was found in 2 MTHI*'* male mice and 5 of
MTHI~'~ mice (2 male and 3 female mice). Examples of
stomach tumors developed in MTHI '~ mice are shown (Fig.
3g). Polypoid carcinomas consisted of irregular proliferation of
dysplastic cells arranged in tubular structure (Fig. 3k). Of 13
gastric polyps, 2 that developed in MTHI™/~ mice were
classified into well differentiated adenocarcinomas, whereas 1
adenocarcinoma was found of 4 gastric polyps developed in
MTHI** mice. It should be noted that the 3 of these 4 gastric
polyps in wild-type mice were siblings.

In summary, more tumors were formed in the three internal
organs (lungs, livers, and stomachs) of MTHI~/~ mice than in
those of the wild-type mice. When statistical analysis was carried
out comparing the total number of mice bearing tumors between
the MTHI '~ and MTHI*'* groups, there was significant dif-
ference between these two groups: 34 of 93 (36%) MTHI /'~
mice compared with 10 of 90 (11%) MTHI*/* mice (P < 0.001).
Other tumors observed in the MTHI~/~ mice included skin
sarcomas (two male cases) and two cervical lymphomas, one
intestinal lymphoma and one thymoma in females. However,
only one cervical lymphoma was found in an MTHI/* female
mouse in this experiment.

Discussion

It has been proposed that one early step in the progression of
human tumors is an elevation of the rate of spontaneous
mutation (i.e., to induce a mutator phenotype). This argument
is based on the finding that the progression of many human
tumors is accompanied by accumulation of a large number of
mutations (31-34). Thus, if changes in spontaneous mutation
rates are indeed involved in carcinogenesis, it is important to
define pathways that influence spontaneous mutation rates in
mammalian cells. Experiments with the MTHI-null cell lines
generated here will provide some clues as to the role of
elimination of oxidized forms of DNA precursors.

Degrees of increase in spontaneous mutation frequency,
because of the loss of MutT-related functions, differ consid-
erably in E. coli and mouse cells. As shown in the present study,
the increases in Hprt mutations detected in mouse MTHI /'~
cells is 2-fold compared with MTH1*/* cells, whereas the value
of mutation frequency for E. coli mutT~ cells is 100 times more
than that of wild-type cells (12). Several hypotheses to explain
this difference may be considered, among which the most
plausible is a possibility that mammalian cells may possess an
enzyme capable of degrading 8-oxo-dGTP in addition to
MTHI1. This notion was strengthened by the recent finding that
E. coli, despite its predominant MutT activity, possesses an
additional enzyme activity that degrades 8-oxo-dGTP. GTP
cyclohydrolase II, encoded by the ribA gene of E. coli, can
hydrolyze 8-0xo-dGTP to the corresponding nucleoside mono-
phosphate. In the mutT~ background, ribA~ cells showed 2
times higher spontaneous mutation frequencies as compared
with 7ibA™ cells (35). It is unlikely that a GTP cyclohydrolase
II-type enzyme is present in mammalian cells because the
biosynthesis of riboflavin, in which this type of enzyme func-
tions, does not take place in animals. Mammalian cells may
possess another type of enzyme(s) that is capable of degrading
8-0x0-dGTP. In support of this idea, we have identified
recently a mouse cDNA clone that considerably suppresses the
high mutability of E. coli mutT~ cells (J.-P. Cai, Y. Takagi, and
M.S., unpublished result). The protein encoded by this cDNA
carries the MutT box, an amino acid sequence highly con-
served through MutT and MTHI1 family proteins (36), and
could act as an MTH1 redundancy factor.

MTH]I homozygous mutant mice were found to have a normal
physical appearance. Pathological examination revealed a sta-
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Table 2. Spontaneous tumorigenesis in wild-type and MTH1-deficient mice

Male Female
Organ Type of tumor —-/- +/+ -/- +/+
Lung Carcinoma 2 1 3 1
Adenoma 5 2 5 0
No. of mice with tumors (%) 7(17) 3(7) 8 (16) 1(2)
Liver Hepatocellular carcinoma 10 2 0 0
Adenoma 6 4 2 0
No. of mice with tumors (%) 16 (38) 6 (13) 2 (4) 0 (0)
Stomach Carcinoma 2 1 0 0
Adenoma 4 1 2 0
No. of mice with tumors (%) 6 (14) 2(4) 2(4) 0(0)
Total no. of mice examined 42 46 51 a4

tistically significant difference in the incidence of tumors in
MTHI** and MTHI '~ mice. Around 18 months after birth,
many tumors were found in lungs and livers of the MTHI-
deficient mice, but there were a few in MTHI*/* mice. The
elevated incidence of tumor formation in the liver of MTHI /'~
mice was well correlated with the highest content of MTHI1
protein in this organ of the wild-type mouse (19). As generally
observed in spontaneous and carcinogen-induced hepatocarci-
nogenesis in rodents (37), there is a high susceptibility of male
mice to liver tumorigenic events, compared with their female
counterparts. It has been suggested that the hormonal environ-
ment of the host affects the development of many types of
tumors, especially those in liver. More tumors tend to form in the
stomach of MTHI~/~ mice, as compared with MTHI*/* mice,
although the statistical significance is rather weak. Indeed, as
there are differing profiles of antioxidant enzymes, such as
superoxide dismutases and catalases among organs, different
susceptibility to tumorigenesis among organs may reflect the
metabolic balance of oxidative stress, inducing lesions in DNA
as well as in the nucleotide pool. Altogether, we concluded that
the intracellular level of MTHI1 protein is an important factor in
determining susceptibility of mice to tumor induction by endog-
enous oxidative DNA damage. These studies with MTH1-null
mutant mice will provide an important insight into the role of
this nucleotide sanitization enzyme in terms of spontaneous
tumorigenesis.

To prevent occurrence of cancers, organisms are equipped
with multiple defense mechanisms, including DNA repair
systems, apoptotic cell death, and immune systems. Indeed, in
MSH?2-deficient mice, where one of the mismatch repair
enzymes is absent (38, 39), and p53-deficient mice, where
appropriate apoptotic cell death is disturbed (40), tumors
frequently occur during early life. Although it is generally
conceived that blockage of DNA replication by DNA damage
somehow acts as a signal for inducing apoptosis, some type of
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DNA lesions that do not prevent progression of the replication
fork also cause apoptosis. Indeed, O°methylguanine, pro-
duced by alkylating agents, does not prevent DNA replication
but induces efficient apoptosis (25). Evidence has been pre-
sented that mismatch recognition proteins, such as MLH1, are
involved in recognition of O%methylguanine in the DNA as a
signal for induction of apoptosis (41). Accumulation of 8-0xoG
paired with adenine may be recognized by the mismatch-
protein complex (42). If cells carrying 8-0xoG were eliminated
through apoptosis, the incidence of mutation and tumors in
MTHI1~/~ mice might be reduced. Moreover, another pathway,
such as nucleotide excision repair pathway, may also partici-
pate in repairing the mutagenic lesion, 8-oxoG (43). It is
interesting to note that recent works with Oggl (Mmh)-
deficient mice exhibited significantly elevated spontaneous
mutation rates but did not show an increased incidence of
tumor formation (44, 45). No such marked pathological
changes observed with the 8-oxoG DNA glycosylase-deficient
mice might be attributed to their observation period (not
beyond a 1-year term), because histopathological examination
of both MTHI*'* and MTHI~/~ mice killed at around 12
months of age did not reveal clear abnormalities.

More definitive studies designed to evaluate the role of this
oxidation-induced DNA damage-defense system in the intact
animal will benefit from double- or triple-mutant mice, which
are defective in other pathways of DNA repair.
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