Accumulation of premutagenic DNA lesions in mice
defective in removal of oxidative base damage

Arne Klungland*, lan Rosewell*, Stephan Hollenbach*, Elisabeth Larsen?, Graham Daly*, Bernd Epe*, Erling Seeberg,

Tomas Lindahl*$, and Deborah E. Barnes*

*Imperial Cancer Research Fund, Clare Hall Laboratories, South Mimms, Hertfordshire EN6 3LD, United Kingdom; TDepartment of Molecular Biology,
Institute of Medical Microbiology, University of Oslo, The National Hospital, N-0027 Oslo, Norway; and *Institute of Pharmacy, University of Mainz,

Staudinger Weg 5, D-55099 Mainz, Germany

Communicated by Paul L. Modrich, Duke University Medical Center, Durham, NC, September 20, 1999 (received for review August 12, 1999)

DNA damage generated by oxidant byproducts of cellular metab-
olism has been proposed as a key factor in cancer and aging.
Oxygen free radicals cause predominantly base damage in DNA,
and the most frequent mutagenic base lesion is 7,8-dihydro-8-
oxoguanine (8-0xoG). This altered base can pair with A as well as
C residues, leading to a greatly increased frequency of spontane-
ous G-C—T-A transversion mutations in repair-deficient bacterial
and yeast cells. Eukaryotic cells use a specific DNA glycosylase, the
product of the OGGT gene, to excise 8-0xoG from DNA. To assess
the role of the mammalian enzyme in repair of DNA damage and
prevention of carcinogenesis, we have generated homozygous
0gg1~/~ null mice. These animals are viable but accumulate ab-
normal levels of 8-0xoG in their genomes. Despite this increase in
potentially miscoding DNA lesions, OGG1-deficient mice exhibit
only a moderately, but significantly, elevated spontaneous muta-
tion rate in nonproliferative tissues, do not develop malignancies,
and show no marked pathological changes. Extracts of ogg? null
mouse tissues cannot excise the damaged base, but there is
significant slow removal in vivo from proliferating cells. These
findings suggest that in the absence of the DNA glycosylase, and
in apparent contrast to bacterial and yeast cells, an alternative
repair pathway functions to minimize the effects of an increased
load of 8-0x0G in the genome and maintain a low endogenous
mutation frequency.

NA bases are susceptible to damage in vivo as a conse-

quence of exposure to endogenous and environmental
mutagens, including the endogenous production of reactive
oxygen species during aerobic cellular metabolism. Oxidative
DNA damage has been implicated in the etiology of many
degenerative diseases, aging, and cancer, and a diet high in fruit
and vegetables, a major source of antioxidants, is associated with
alowered cancer risk (1, 2). Oxygen free radicals induce a variety
of lesions in DNA, including oxidized bases, abasic (AP) sites,
and DNA strand breaks. A major site of attack is at the 8 position
of guanine to produce 7,8-dihydro-8-oxoguanine (8-0x0G) (3, 4).
8-Ox0G is strongly mutagenic, having the propensity to mispair
with A residues, leading to an increased frequency of sponta-
neous G:C—T-A transversion mutations in repair-deficient bac-
terial and yeast cells (5, 6). However, because direct measure-
ments of the level of this mutagenic oxidative base lesion in vivo
are compromised by the limitations of current methodologies
and variations between different cell types and compartments, its
biological significance remains a matter of some debate (1, 2,
7-10).

In bacterial cells, three enzymes act to prevent spontaneous
mutagenesis because of 8-oxoG (5); the Fpg (MutM) DNA
glycosylase/AP lyase removes the oxidized base from 8-0x0G:C
base pairs in duplex DNA, the MutY DNA glycosylase specifi-
cally excises A misincorporated opposite unrepaired 8-oxoG
during replication, and MutT is an 8-oxo-dGTPase preventing
incorporation of 8-oxo-dGMP into nascent DNA. MutY and
MutT homologues have been identified in mammalian cells (11,
12) but are not apparent in the Saccharomyces cerevisiae genome
sequence. Both mammalian and yeast cells use a distinct DNA

13300-13305 | PNAS | November9,1999 | vol.96 | no.23

glycosylase, the product of the OGGI gene, to excise 8-0x0G
from DNA; the cloned human and mouse cDNAs encode
distinct nuclear and mitochondrial forms of the enzyme gener-
ated by alternative RNA splicing (13-20). Although there is little
sequence similarity between yeast/human OGG1 and bacterial
Fpg, OGGl1 is a functional homologue of the Escherichia coli
enzyme with high specificity for 8-oxoG paired with C (13, 15,
17-21). The ubiquitous existence throughout evolution of a
specific repair enzyme to excise 8-0xoG from DNA underscores
the importance of removing this mutagenic lesion from the
genome.

Here we have generated homozygous oggl —/~ null mice to
assess the role of the mammalian enzyme in the repair of
oxidative DNA base damage, the extent and physiological rel-
evance of such damage in vivo, and the contribution of OGG1 to
counteracting the mutagenic and carcinogenic potential of
8-0x0G.

Materials and Methods

Construction of the Targeting Vector and Generation of ogg1 Mutant
Mice and Cell Lines. Procedures for generating gene-targeted
knockout mice were essentially as described (22). Briefly, a
partial murine OGGI cDNA clone was isolated by reverse
transcription—-PCR and used to screen a mouse 129SV lambda
genomic library. Two partially overlapping genomic clones were
obtained that spanned ~30.5 kb, and sequences encoding a
highly conserved helix—hairpin-helix motif required for DNA
glycosylase /AP lyase activity (15, 17) were located to the over-
lapping region by Southern hybridization analysis with an oli-
gonucleotide probe (Fig. 1a). Approximately 4.6 kb of genomic
DNA including this motif were replaced by the neomycin-
resistance gene/polyadenylation signal (Neo) in the targeting
construct by cloning a flanking 3.1-kb Xhol fragment (5') into
the Xhol site of pSK-MC1-NEO-poly(A) and a flanking 4.7-kb
HindIII fragment (3") into the BamHI site by means of double-
stranded oligonucleotide linkers; HindIII sites were not regen-
erated during this process (Fig. 1a). The targeting construct was
verified by restriction enzyme digest and propagated in the
“SURE” E. coli strain (Stratagene). NotI-linearized targeting
vector was electroporated into GK129 embryonic stem (ES) cells
from 129SV mice. Genomic DNA was isolated from G418-
resistant colonies transferred to 96-well plates, digested with
EcoRI, and analyzed by Southern hybridization analysis (Fig.
1b). An ES clone in which homologous recombination had
occurred in one allele of the oggl gene was expanded from a
duplicate plate and injected into blastocysts from CS57BL/6J
mice. Resultant chimeras were mated and agouti F; progeny

Abbreviations: 8-oxoG, 7,8-dihydro-8-oxoguanine; faPy, 2,6-diamino-4-hydroxy-5-N-
methylformamidopyrimidine; HPLC-ECD, HPLC-electrochemical detection; AP, abasic;
MEF, mouse embryo fibroblast.
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Fig. 1. Targeted disruption of the murine OGGT locus. (a) Physical map of the
genomic DNA containing the OGGT gene. The location of the helix-hairpin-
helix motif is indicated; amino acids identical in yeast, human, and murine
0OGG1 are boxed; the murine amino acid sequence shown is identical to the
human sequence except for the two residues underlined; the Lys and Asp
residues associated with DNA glycosylase/AP lyase activity are shown with an
arrow and a circle, respectively (15, 17). Genomic fragments were subcloned
on either side of the Neo gene to generate a construct that deleted ~4.6 kb
including this motif at the targeted locus. Genomic DNA is shown by boxes;
vector sequences are shown by a line. Restriction digest with EcoRI gives rise
to a ~12-kb fragment at the wild-type locus and a ~5-kb fragment at the
targeted locus that are detected by hybridization with a 5’ flanking probe
(striped box). (b) Representative wild-type (+/+), heterozygous (+/-), and
0gg7 null (—/-) live-born F, progeny genotyped by EcoRI digestion of tailsnip
DNA and hybridization with the 5’ probe.

were screened by tail biopsy. Mice heterozygous for the targeted
oggl allele (+/—) were interbred, and F, progeny were geno-
typed as above. Detailed intron—exon structure was not deter-
mined here but subsequently has been published (23).
Primary mouse embryo fibroblast (MEF) cultures were es-
tablished by standard procedures from individual embryonic day
13.5 (E13.5) embryos derived from heterozygous matings. Cells
were cultured in DMEM/Ham’s F-12 (3:1) with 10% FBS and
genotyped by Southern hybridization as above, and permanent
cell lines were established from transformed clones arising
spontaneously after repeated passage in culture (24).

Preparation of Nuclear Extracts and Enzyme Assays. Organs were
removed, quick-frozen in liquid nitrogen, and stored at —80°C
until use. Scissor-macerated tissue was passed through a 19-
gauge, 1.5-inch needle. Cell suspensions were washed in hypo-
tonic buffer A (10 mM Hepes-KOH, pH 7.7/0.5 mM MgCl,/10
mM KCI/1 mM DTT/0.2 mM PMSF), and cells were lysed by
incubation in 2 vol of buffer A for 15 min. Nuclei were recovered
by centrifugation at 2,000 X g for 10 min and extracted with 2 vol
of buffer B (20 mM Hepes-KOH, pH 7.7/0.5 mM MgCl,/0.42 M
NaCl/0.2 mM EDTA/1 mM DTT/0.2 mM PMSF/25% glycer-
ol). After centrifugation at 14,000 X g for 10 min, the superna-
tant was recovered and briefly dialyzed against buffer C (25 mM
Hepes'KOH, pH 7.7/50 mM KCl/2 mM DTT), aliquoted, and
quick-frozen in liquid nitrogen. All steps were carried out at 0°C.
Enzyme assays were carried out essentially as described (19).
Assays were repeated with organs from two different mice and
gave consistent results (see Figs. 2-4). Briefly, a 49-mer oligo-
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nucleotide containing a single, centrally placed 8-0xoG residue
(Fig. 2b) was *?P-labeled at the 5’ terminus and annealed to a
complementary oligonucleotide with a C residue opposite the
8-0x0G. All oligonucleotides included phosphorothioate link-
ages at the ultimate and penultimate 5’ and 3’ residues to reduce
exonucleolytic attack. Similarly, a series of 22-bp double-
stranded oligonucleotide substrates was used to compare 8-0xoG
repair opposite A/C/G/T (ref. 15; see Fig. 4). Standard reaction
mixtures (refs. 15 and 19) contained 150 fmol double-stranded
oligonucleotide substrate and 2 ug nuclear extract (unless oth-
erwise stated). Oligonucleotides were recovered (15, 19), re-
solved by denaturing 20% PAGE, and visualized and quantified
by using a PhosphorImager.

DNA glycosylase activity removing the imidazole ring-opened
guanine lesion, 2,6-diamino-4-hydroxy-5-N-methylformami-
dopyrimidine (faPy), from a substrate of poly(dG-dC) containing
[*H]faPy (5,000 dpm/ug) was assayed as described (15) in a
reaction mixture containing 0.4 wg faPy substrate and 1 pg
nuclear extract. Released [*H]faPy was quantitated by scintilla-
tion counting after ethanol precipitation of the substrate.

Preparation of Nuclear DNA and Analysis of 8-0xoG by HPLC-Electro-
chemical Detection (HPLC-ECD). Male mice were sacrificed at 13-15
weeks; livers were removed, quick-frozen in liquid nitrogen, and
stored at —80°C until use. Scissor-macerated liver was passed
through a 19-gauge, 1.5-inch needle. Extraction of DNA and
hydrolysis to nucleosides by nuclease Py and alkaline phospha-
tase were as described (25). To reduce oxidation during the
preparation of DNA, TEMPO (2,2,6,6-tetramethylpiperidine-N-

a Organ [=] Uwer | Tostes | Lung | Spleen
Genotype | = [+ [ [¥R]+F[-F [sR [+ [-F [+R]+F]-F

vl eeecenenen e

21 nt+ - - -
b 8-0x0G
o
I T
c
SN
H—N My
| Il {c =0
—c c
WE L S
|
i dR
5'32P-TAGACATTGCCATTCTCGATA * GATCCGGTCAAACCTAGACGAATTCCG-3 '
3' -ATCTGTAACGGTAAGAGCTATCCT. TCTGCTTAAGGC-5'
sont G
2imt

Fig. 2. Absence of OGG1 activity in extracts of organs from ogg? null mice.
(a) Nuclear extracts were prepared of the organs indicated from wild-type
(+/+), heterozygous (+/-), and ogg7 null (—/—) mice and incubated with a
double-stranded oligonucleotide substrate (b) with a 8-oxoG:C mismatch and
32p-|labeled at the 5’ end of the 8-0x0G-containing strand. Reaction products
were analyzed by Phosphorimager after denaturing PAGE. OGG1 activity
excises the 8-oxoG and cleaves the 32P-labeled, 8-oxoG-containing strand (49
nt) 3’ of the lesion; subsequent cleavage of the terminal sugar phosphate by
HAP1 endonuclease (36) in the extract produces a 21-nt, 32P-labeled species.
Lower molecular weight bands result from exonuclease degradation at the
exposed 3’ residues of the 21-nt cleavage product. Levels of two control
enzyme activities, uracil-DNA glycosylase and hNth1 (36), were normal in all
extracts.
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oxyl) was added to all solutions at 100 uM immediately before
use (25). 8-Hydroxy-2'-deoxyguanosine and 2'-deoxyguanosine
were separated by HPLC and analyzed by electrochemical
detection (ECD; +300 mV) and UV light (290 nm), and results
were expressed as the ratio of 8-0x0G/10% bp in each DNA
sample. The following conversions were used: 1 8-0x0G/10° G =
4 8-0x0G/10° bp; 1 8-0x0G/10° bp = 6,000 8-0xoG/diploid
genome.

Analysis of Spontaneous and Induced Oxidative DNA Base Damage in
the ogg1 Null Cell Line by Means of Fpg Cleavage and Alkaline Elution.
The E. coli Fpg protein excises primarily 8-oxoG and faPy lesions
and cleaves the DNA backbone 3’ of the base; thus, incision of
the DNA by Fpg at its substrate lesion(s) generates single-strand
breaks that can be readily detected by alkaline elution and used
to quantitate oxidative DNA base damage (26, 27). The exposure
of cells to the photosensitizer Ro19-8022 plus visible light, cell
lysis, treatment of DNA bound to polycarbonate filters with Fpg
protein (28), and estimation of single-strand DNA breaks after
alkaline elution were as described (26, 29). Results were ex-
pressed as the number of Fpg-sensitive sites/10° bp (see above).
Repair kinetics were determined as described (29); data were
corrected for dilution of the originally induced damage through
cell division by determining the ratio of the cell number at later
time points (8 and 16 h) vs. time 0. The low number of
modifications induced by Ro19-8022 plus visible light gave no
apparent toxicity in these experiments; the proliferation of both
wild-type and ogg/-null fibroblasts was not reduced significantly
compared with untreated cells.

Analysis of Spontaneous Mutagenesis in Vivo. To analyze sponta-
neous mutation frequency in vivo, a nonexpressed lacl transgene
was introduced into the oggl null background and mutational
response was examined in vivo by using the Big Blue Transgenic
Rodent Mutagenesis Assay System (Stratagene). Procedures
were carried out essentially according to the manufacturer’s
instructions; briefly, homozygous oggl ~/~ null mice were bred
with homozygous Big Blue mice harboring 40 tandemly inte-
grated copies of the ALIZ shuttle vector on chromosome four. F;
heterozygous progeny were intercrossed to recover OGGI1*/~*
and oggl ~/~ homozygotes, which then were screened to identify
those still harboring high-copy-number integrations of the
lambda vector by PCR with the Big Blue PCR primer set.
Appropriate wild-type and null animals were sacrificed at 10 or
20 weeks of age, genomic DNA was extracted from selected
organs by using the RecoverEase DNA isolation kit, and the
lambda shuttle vector was recovered and packaged into viable
phage particles by using the Transpack packaging extract and
used to infect the appropriate E. coli host. Plaque-forming units
(250,000-300,000) were plated on medium containing X-Gal
(5-bromo-4-chloro-3-indolyl B-D-galactopyranoside) for each
organ tested, and mutant (blue) plaques were scored. Mutation
frequencies were calculated for each organ sample as the ratio
of mutant (blue) to nonmutant (colorless) plaques. Bacterio-
phages were recovered from representative mutant plaques, the
lacl target gene was amplified by PCR (as above), and the
mutation spectrum was analyzed by using the BigDye Termina-
tor Cycling DNA Sequencing Kit and an ABI Prism 310 DNA
Sequencer (Applied Biosystems).

Results

Generation of ogg? Null Mice. Homozygous null mice were gen-
erated via targeted disruption of the murine OGGI gene in
embryonic stem cells. Sequences encoding the highly conserved
helix-hairpin—helix motif required for enzyme activity (15, 17)
were replaced by Neo in the targeting vector (Fig. 1la). A clone
in which homologous recombination had occurred in one allele
of the OGG1 gene was identified and injected into C57BL/6J
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Fig.3. Comparative activity on 8-oxoG and faPy DNA lesions in extracts from
0gg7 null mice. Nuclear extracts prepared from testes of wild-type (WT, @),
heterozygous (Het., O), and ogg7 knockout (KO, A) mice were assayed for
either cleavage at 8-0x0G:C (a) or release of faPy lesions (b) by using appro-
priate DNA substrates.

blastocysts to generate germ-line chimeras and heterozygous
oggl*/~ mice. Genotyping of 45 live-born mice from four
intermatings of F; heterozygotes (Fig. 10) showed that oggl null
mice are viable; homozygous —/— mutant mice were recovered
in F, litters at frequencies consistent with Mendelian segregation
(data not shown) and were indistinguishable from their +/—
heterozygous and +/+ wild-type siblings. Null animals re-
mained viable and apparently healthy into adulthood (oldest
mice are 18 months) with no overt phenotype; systematic
histopathological examination of two such animals sacrificed at
8 and 11 months of age did not reveal any abnormalities (G.
Stamp and D.E.B., unpublished data).

Enzyme Activity in Cell-Free Tissue Extracts from ogg1 Null Mice.
OGG1 enzyme activity was assayed in cell-free extracts of
various tissues derived from oggl ~/~ null, +/— heterozygous, or
+/+ wild-type animals (Fig. 2a). Mammalian OGG1 releases
free 8-0xoG from DNA and also cleaves the DNA strand 3’ of
the lesion by AP lyase activity, introducing a single-strand
interruption in a double-stranded oligonucleotide at an 8-oxoG
residue base-paired with cytosine (refs. 13, 15, and 17-21; Fig.
2b). OGGT1 activity was detected in wild-type extracts from all
tissues examined and was most abundant in testes (Fig. 2a) and
brain (data not shown). OGG1 activity was ~2-fold reduced in
heterozygotes; for both heterozygote and wild-type tissue, the
observed enzyme activity was proportional to protein concen-
tration (Fig. 3a). No cleavage of the 8-0x0G:C substrate was
detected in tissue extracts from two oggl ~/~ knockout mice
(Figs. 2a, 3a, and 4), indicating that OGGl is the only mamma-
lian DNA glycosylase that efficiently removes 8-0xoG residues
from DNA. Conversely, removal of faPy, which also is excised
from DNA by OGG1, was only partially reduced (=~3-fold) in
o0ggl ~/~ knockout extracts (Fig. 3b), demonstrating the existence
of a second enzyme able to remove this lesion; this is likely to be
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the hNth1 DNA glycosylase that excises oxidized pyrimidines (L.
Luna, M. Bjgras, and E.S., unpublished data). Our results agree
with previous data on the substrate specificity of the murine and
human OGGI1 enzyme (13, 15, 17-21), with no detectable
activity on a 8-0xoG:A substrate and only weak activity on
8-0x0G:T or 8-0x0G:G base pairs (Fig. 4). The 8-0xoG:T activity
was proportionately reduced/absent in oggl heterozygous/
homozygous mutants, respectively. However, some low-level
cleavage of the 8-0x0G:G substrate persisted in extracts of —/—
null tissues and, thus, appears unrelated to the activity of OGG1.

Accumulation of 8-0x0G in the Nuclear DNA of Liver from ogg1 Null
Mice. The steady-state levels of 8-0xoG in the genome of oggl null
vs. wild-type animals were measured in 13- to 15-week-old
animals by HPLC-ECD. A problem with this method is oxidation
of G to 8-0xoG during DNA isolation (2, 7-10). Analysis of
enzymatic hydrolysates of nuclear DNA isolated from the liver
of five wild-type adult mice, under conditions designed to
minimize oxidation during the work-up process (25), yielded
results in agreement with previous chromatographic determina-
tions with a mean of 3.2 8-0x0G residues/10° bp (2, 8, 25). At
least 90% of this is background that can be ascribed to artificial
in vitro oxidation of G residues (Fig. 5a), because the DNA of a
mammalian cell contains, at most, ~400-1,500 8-o0xoG lesions
(0.07-0.24/10° bp; refs. 2, 8, 9, 26, and 30; see below). Parallel
experiments using livers from five ogg/ null mice showed a mean
increase over the wild-type value of 1.7-fold, demonstrating the
presence above background of ~15,000 chemically stable
8-0x0G residues per genome in nonproliferating liver of adult
ogg!l null mice (Fig. 5a).

Accumulation and Repair of 8-0x0G in the DNA of an ogg1 Null MEF
Cell Line. The endogenous steady-state levels of 8-0xoG in the
genome of oggl null vs. wild-type MEF cell lines was estimated
as the number of sites sensitive to cleavage by the Fpg repair
enzyme. The steady-state levels of modifications sensitive to Fpg
are at least 10-fold lower than levels of 8-0xoG determined by
HPLC-ECD (26); this is caused by oxidation of G to 8-oxoG
during DNA isolation in the latter method (see above). Thus, the
level of Fpg-sensitive modifications is taken as an upper limit for
the number of oxidative purine base lesions in the mammalian
genome (refs. 2, 8, 9, and 26; Fig. 5a). However, even by this
improved but indirect analytical approach, some of the 8-0xoG
detected may still reflect oxidation of G during experimentation
(see Discussion). Analysis of Fpg-sensitive sites in the genomic
DNA of the OGGI*/* control cell line yielded a value of
0.18/10 bps; this is ~20-fold lower than the value obtained here
by HPLC-ECD with DNA isolated from liver. The present data
are in agreement with recent determinations of 0.07-0.24 Fpg-
sensitive modifications/10° bp for various cell types (2, 8, 9, 26).

Substrate  BoxoG:A BoxoG:C BoxoG:G BoxoG:T

He H- A W A A M e -

Genotype ++ H-

Fig. 4. Comparative activity on different 8-oxoG-containing mismatches in
extracts from ogg7 null mice. Nuclear extracts prepared from testes of wild-
type (+/+), heterozygous (+/-), and ogg null (—/—) mice were incubated
with double-stranded oligonucleotide substrates containing different resi-
dues opposite 8-0xoG (as indicated). The assay was as in Fig. 2, except, in this
case, a 22-bp substrate was used and OGG1 activity is indicated by cleavage of
the 32P-labeled 8-ox0G-containing strand to produce a 9-nt species.
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Fig. 5. Apparent steady-state levels and delayed repair of oxidative DNA
damage in liver (a) and an MEF cell line (b and c) from ogg? null mice. (a)
Nuclear DNA was isolated from the liver of ogg7~/~ null (solid bar) or wild-
type OGG1+/* (open bar) adult mice under conditions designed to minimize
artificial background oxidation (shaded area) during the extraction and
work-up process (see text), and levels of 8-oxoG were quantitated by HPLC-
ECD after enzymatic DNA hydrolysis. (b) Total DNA was isolated from cultured
0gg1~/~ null (solid bar) or wild-type OGG1*/* (open bar) MEF cell lines, and
levels of Fpg-sensitive modifications were quantitated by alkaline elution. (c)
Oxidative DNA damage was induced in the ogg7~/~ null (m) or wild-type
0OGG1*/*(O) cell line by treatment with a photosensitizer and visible light. The
persistence of Fpg-sensitive base modifications was measured (as in b) after
various recovery times up to 16 h and corrected for dilution of the induced
damage by cell proliferation. Error bars are shown for the SD of the mean from
five mice (a) and five (b) or three (c) replica experiments. Note the different
scale for y axes in a and b.

Parallel experiments using the oggl ~/~ null cell line showed a
mean increase over the wild-type value of 1.4-fold (Fig. 5b),
demonstrating an increased steady-state level of oxidative base
damage because of the absence of OGGI1 of ~400 8-oxoG
residues per genome. Although the alkaline elution method gives
much lower background values than the HPLC-ECD approach
to 8-0xoG measurements, it so far has been applicable only to cell
lines rather than solid tissues, for technical reasons.

The relatively small increase in the level of oxidative base
damage in the oggl null cell line growing under high oxygen
tension in culture suggested that some DNA repair of 8-oxoG
occurs in dividing cells. To test this directly, we determined the
repair kinetics of Fpg-sensitive modifications after oxidative
stress induced by a photosensitizer in the oggl null cell line vs.
the wild-type control. In the control cell line, ~50% of Fpg-
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Table 1. Spontaneous mutation frequencies in Big Blue/OGG1+/+
and Big Blue/ogg1~—/~ mice

Age,
Organ Genotype weeks pfuplated Mutants Frequency, X103
Testis +/+ 10 264,000 7 2.65
20 299,000 5 1.67
—/— 10 254,000 7 2.75
20 281,000 6 2.13
Liver +/+ 10 287,000 1 3.83
20 292,000 10 3.42
—/— 10 295,000 26 8.81
20 307,000 28 9.12

pfu, plague-forming units.

sensitive lesions had been repaired within 2—4 h but there was no
detectable repair in oggl null cells during this time (Fig. 5c).
However, there was substantial repair in the oggl null cell line
when incubation times were extended; at 16 h, when repair was
essentially complete in the wild-type control, ~70% of oxidative
base lesions had been removed in the oggl null cells. It is difficult
to determine what proportion of the remaining lesions is 8-0xo0G,
but because there is an enzyme other than OGG1 able to repair
faPy lesions in ogg/ null extracts (Fig. 3b), it seems likely that all
the unrepaired lesions after 16 h are 8-0xoG; if ~75% of the
originally induced lesions were 8-oxoG (29, 31), these data
indicate that 8-0xoG is removed from the DNA of the ogg/ null
cell line with a half-life of ~16 h. Because cell division has been
taken into account (see Materials and Methods), this active repair
occurs in addition to the passive dilution of the induced modi-
fications by cell division.

Spontaneous Mutation Frequency in ogg1 Null Mice. OGG1 wild-
type +/+ and oggl ~/~ null mice were established on a homozy-
gous Big Blue background such that spontaneous mutation
frequencies could be determined for the lacl transgene recov-
ered from liver and testis of 10- and 20-week-old animals. The
number of lacl mutant plaques, the total number of plaque-
forming units plated, and the calculated mutation frequency are
presented in Table 1. There was no significant difference in the
spontaneous mutation frequency observed in the testis of wild-
type vs. oggl null animals, either at 10 or 20 weeks of age. The
mutation frequency in liver was the same in wild-type animals at
10 and 20 weeks of age, and the observed frequency is in good
agreement with previous data (32, 33). However, in ogg/ null
animals, the mutation frequency in liver was elevated 2- to 3-fold
at 10 weeks compared with wild-type animals; there was no
further significant increase in mutation frequency between 10
and 20 weeks. Bacteriophages were recovered from 10
(OGGI*/*) or 20 (0oggl ~/~) mutant plaques, and the lacI gene
was sequenced to give an indication of the in vivo mutation
spectrum in liver in the oggl null vs. wild-type background. In the
oggl knockout, 10 of a total of 16 base substitutions detected
represented G—T transversions (the remainder were C—T
transitions), compared with only one of seven in the wild type,
in which the other six base substitutions all were C—T transi-
tions, the major class of spontaneous mutation (33). This finding
is consistent with the elevated in vivo mutation frequency in the
liver of oggl null animals being a result of mutagenesis by
8-0x0G.

In the present work, a lacl transgene-based assay system was
used to measure spontaneous mutation frequencies caused by a
deficiency in an enzyme that repairs endogenous DNA damage.
Studies of mismatch repair-deficient mice lacking MSH2 (34, 35)
showed 10- to 20-fold increased spontaneous mutation frequen-
cies of the Big Blue lacl transgene in proliferating tissues but only
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2- to 5-fold increases in organs having low levels of cell turnover
in the adult animal, as expected for an enzyme that removes
DNA polymerase incorporation errors. The results here are
entirely different, because significantly increased mutagenesis
was observed for an organ with a low level of proliferation, liver,
whereas no increased mutagenesis was detected in rapidly
proliferating testes cells (Table 1).

Discussion

The unavoidable but potentially mutagenic and carcinogenic
DNA alterations resulting from endogenous damage by oxygen
free radicals are removed by the base excision-repair (BER)
pathway, which is initiated by various DNA glycosylases that
each excise a specific subset of aberrant bases (36). We have
generated knockout mice deficient in the OGG1 DNA glycosy-
lase that excises the most frequent mutagenic oxidative base
lesion, 8-0xoG. Similarly, to knockout mice deficient in the
3-methyladenine-DNA glycosylase (37, 38), mice deficient in
OGGT are viable. In contrast, ablating any subsequent steps of
the DNA-repair pathway to generate knockout mice totally
deficient in BER is incompatible with life (39). The availability
of oggl null mice and cell lines facilitates assessments of the
incidence and consequences of 8-0xoG formation in the mam-
malian genome. We show here that (i) 8-oxoG residues accu-
mulate in the genome to substantially increased levels in the
nonproliferating liver of ogg! null mice; (if) there is no excision
of 8-0x0G initiated by a different DNA glycosylase in cell-free
tissue extracts, but there is significant slow repair in an ogg/ null
cell line; (iii) the in vivo spontaneous mutation frequency is
increased (2- to 3-fold) in liver but not in more rapidly prolif-
erating testis; and (iv) ogg! null mice do not show an increased
tumor incidence, although inactivating mutations in the OGGI
gene have been documented in a small number of sporadic
human lung, kidney, gastric, and head-and-neck tumors (refs. 40
and 41; G. Herrmann and T.L., unpublished data).

The estimation of 8-0xoG residues in the DNA of cells and
tissues not exposed to deliberate oxidative stress has been
controversial, with reported values in the literature steadily
decreasing over the last few years as analytical procedures have
improved (2, 7-10). Still, there is no current method available
that totally avoids some artifactual oxidation of G residues in
DNA during experimental work-up and analysis. The data
reported here on 8-0x0G levels in 0ggl ~/~ knockout mouse cells,
combined with data on relative repair rates, allow an approxi-
mate determination of the endogenous level of 8-0x0G residues
in mammalian cellular DNA. A steady-state level of ~400
8-0x0G residues over the background seen with OGGI*/™ cells
was observed here for an oggl =/~ cell line (Fig. 5b). Because the
rate of repair of the lesion was reduced at least 4-fold in the
o0ggl =/~ vs. OGG1*/™ cells (Fig. 5¢), it can be estimated that the
endogenous level of 8-0xoG in wild-type OGGI*/ cells is, at
most, 100 residues per genome.

The persistence in the genome of substantially increased
numbers of potentially miscoding 8-0xoG residues, as observed
here for oggl =/~ cells and tissues, would not appear to be
compatible with a low, spontaneous mutation rate and absence
of tumors. A possible solution to this paradox could be provided
by selective repair of the opposite DNA strand, with excision of
A misincorporated opposite 8-0xoG in dividing cells, by the
human homologue of the MutY DNA glycosylase (5, 11). By
removal of the relevant A residue, the cell is given a second
opportunity to incorporate either an A, or a correct C, opposite
the 8-0x0G residue; this enzyme activity would not have been
detected in the in vitro enzyme assays (see Materials and Meth-
ods). Although MutY could contribute to neutralizing the mu-
tagenic effect of 8-0xoG in dividing cells, there is also active
removal of the 8-0xoG lesion from the oggl null genome (Fig.
5c). This “back-up” repair of 8-0xoG might be by the nucleotide
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excision-repair (NER) pathway (42, 43) and could account for
the slow but significant repair observed in the ogg! null cell line.
The increased half-life for 8-0xoG in dividing ogg! null cells of
~16 h would mean that this inefficient repair could, together
with dilution of DNA damage through cell division, barely
suffice to maintain a tolerably low steady-state level of the lesion
in proliferating but not nonproliferating tissue. This would
account for the elevated steady-state levels of 8-oxoG in DNA
in the liver of adult ogg! null mice. The limited cell turnover that
might compromise the removal of 8-0xoG from the genome of
nonproliferating liver also would mean that the mutagenic
potential of the large accumulation of 8-0xoG residues is not
fully realized by mispairing during DNA replication and pro-
duces only the observed modest increase in spontaneous mu-
tagenesis in livers of oggl null mice, which remain tumor-free.

These possibilities can be tested directly by generating the
relevant double-knockout mice. Experiments with the ogg/ null
cell line generated here indicate that, in the absence of the DNA
glycosylase, 8-0xoG is preferentially removed from the tran-
scribed strand of DNA by transcription-coupled repair, whereas
repair of the nontranscribed strand was not detected (F. le Page
and S. Boiteux, personal communication). The acute problem of
the presence of miscoding 8-oxoG lesions in the transcribed
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scribed strand and bulk genome by MutY and global NER. Thus,
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