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Alkylpurine-DNA-N-glycosylase (APNG) null mice have been generated by homologous recombination in
embryonic stem cells. The null status of the animals was confirmed at the mRNA level by reverse transcription-
PCR and by the inability of cell extracts of tissues from the knockout (ko) animals to release 3-methyladenine
(3-meA) or 7-methylguanine (7-meG) from *H-methylated calf thymus DNA in vitro. Following treatment with
DNA-methylating agents, increased persistence of 7-meG was found in liver sections of APNG ko mice in com-
parison with wild-type (wt) mice, demonstrating an in vivo phenotype for the APNG null animals. Unlike other
null mutants of the base excision repair pathway, the APNG ko mice exhibit a very mild phenotype, show no
outward abnormalities, are fertile, and have an apparently normal life span. Neither a difference in the number
of leukocytes in peripheral blood nor a difference in the number of bone marrow polychromatic erythrocytes
was found when ko and wt mice were exposed to methylating or chloroethylating agents. These agents also showed
similar growth-inhibitory effects in primary embryonic fibroblasts isolated from ko and wt mice. However,
treatment with methyl methanesulfonate resulted in three- to fourfold more /iprt mutations in splenic T
lymphocytes from APNG ko mice than in those from wt mice. These mutations were predominantly single-
base-pair changes; in the ko mice, they consisted primarily of AT—TA and GC—TA transversions, which most
likely are caused by 3-meA and 3- or 7-meG, respectively. These results clearly show an important role for

APNG in attenuating the mutagenic effects of N-alkylpurines in vivo.

Alkylpurine-DNA-N-glycosylase (APNG) is one of a grow-
ing list of enzymes responsible for the recognition and excision
of altered bases in the first step of the base excision repair
pathway (49, 56). In the simplest form of base excision repair,
the resulting abasic site is then repaired by the sequential ac-
tion of an apurinic-apyrimidinic (AP) endonuclease that gener-
ates a single-strand break, the removal of the 5'-terminal de-
oxyribose phosphate residue, insertion of a single nucleotide
by DNA polymerase B, and finally ligation of the repaired
patch by DNA ligase I or XRCC1-DNA ligase III (55, 56).

Mammalian APNGs have been shown to be active against a
wide range of modified bases in vitro, many structurally unre-
lated to 3-methyladenine (3-meA), the substrate after which
the enzyme was first named (32). In particular, APNG appears
to be the only glycosylase in mammalian cells that can release
hypoxanthine from DNA, a promutagenic base resulting
from the spontaneous deamination of adenine (22, 47). Like-
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wise, the highly mutagenic adduct 1,N®-ethenoadenine (41),
which is produced by metabolic products of the environmental
hepatocarcinogens vinyl chloride and ethyl carbamate, is re-
leased by APNG (22, 48); indeed, according to one report, the
recombinant human enzyme reacted 10- to 20-fold more effi-
ciently with this adduct than with 3-meA in an in vitro assay
(14). These results, together with the recent findings that 1,N°-
ethenoadenine can also be formed endogenously by the inter-
action of lipid peroxidation products with DNA (12, 16) and
that APNG is again the sole glycosylase in mammalian cells
responsible for its removal (22), raise the question of the true
physiological substrates of APNG.

The complexity of such a broad spectrum of activity and the
profound differences in rate of repair of particular DNA le-
sions by numerous bacterial, yeast, and mammalian homo-
logues of APNG, has complicated the task of defining specific
biological roles for APNG in mammalian cells. Thus, there are
conflicting reports as to the efficacy of mammalian APNG in
protecting cells against the cytotoxic effects of bifunctional
alkylating agents. Although increased levels of DNA repair
activities, including APNG, were observed in nitrogen mus-
tard-resistant B lymphocytes (20) and N-(2-chloroethyl)-N-
nitrosourea (CNU)-resistant gliomas (34), overexpression of
human APNG in Chinese hamster ovary cells afforded no
protection against the cytotoxic effects of CNU or nitrogen
mustards (5). Similarly, while the overexpression of the Esch-
erichia coli tag gene, which codes for a 3-meA-DNA glycosylase
with a narrow substrate specificity (1), reduced the toxic and
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mutagenic effects of methylating agents in Chinese hamster
V79 cells (27, 28), no difference in the cytotoxicities of these or
other alkylating agents was found in tag-transfected NIH 3T3
murine fibroblasts (23). Furthermore, while the expression of
the Saccharomyces cerevisiae MAG gene in glycosylase-defi-
cient S. cerevisiae cells or E. coli cells protected against meth-
ylating-agent and CNU cytotoxicity (9, 35), overexpression of
human APNG in Chinese hamster ovary cells resulted in
greater sensitivity to cell killing by methyl methanesulfonate
(MMS) and an increased frequency of chromosomal aberra-
tions (13). One explanation proposed for the latter result is
imbalanced repair; that is, abasic sites resulting from the action
of APNG, or the single-strand breaks resulting from the sub-
sequent action of AP-endonuclease on these sites, may be
ultimate genotoxic lesions responsible for the biological effects
observed.

In order to determine the normal physiological role of
APNG, its substrate specificity in vivo, and therefore the ability
of APNG to modulate the biological effects of various alkylat-
ing agents and other genotoxins, we used the technique of gene
targeting in murine embryonic stem (ES) cells to generate
mice with a null mutation in the gene encoding APNG. Re-
cently we published some aspects of the biochemical pheno-
type of our knockout (ko) mice (22), and those described for
another APNG ko strain recently reported by Engelward et al.
(18) appear to be similar. Here, we affirm that the APNG ko
mice have a mild phenotype and an apparently normal life
span, and that, far from being susceptible to the cytotoxic
properties of 3-meA, which is known to block DNA replication
by chain termination in E. coli (3, 31), they are virtually indis-
tinguishable from wild-type (wt) controls in a number of dif-
ferent biological assays. Importantly, however, we have found
an increase in the frequency of mutations at the hypoxanthine
guanine phosphoribosyltransferase gene (hprt) in splenic T
lymphocytes from APNG ko mice following treatment with
MMS. On sequencing the mutants, we found that most of the
single-base-pair changes were AT—TA transversions, impli-
cating 3-meA as the likely promutagenic lesion.

MATERIALS AND METHODS

Gene targeting in ES cells. Genomic clones containing the APNG gene were
isolated from a 129sv DNA lambda library (AFIXII; Stratagene). The gene-
targeting construct was based on plasmid pPNT-1 (a kind gift of V. Tybulewicz,
Medical Research Council—National Institute for Medical Research, London,
England), which contains both the neo and herpes simplex virus (HSV) tk genes
under the control of the murine pgk-I promoter. Initially a 3.4-kb NotI-Xhol
fragment containing a sequence upstream of exon 1 was ligated 5’ of the neo
cassette. The vector was completed by the ligation of a 0.9-kb BamHI-EcoRI
fragment, containing an intron sequence between exons 2 and 3, into pPNT-1
between neo and HSV tk. The vector was linearized with NorI, and 107 ES cells
(MESC 20, mouse strain 129/OLA) (6) were electroporated with 40 pg of vector
at 240 V and 500 wF in ice-cold phosphate-buffered saline (PBS). ES cells
colonies resistant to 250 pg of G418 (Gibco BRL) ml™" and 2 uM ganciclovir (a
kind gift of Syntex Pharmaceuticals Ltd., Maidenhead, England) were expanded,
and DNA was isolated as described by Tybulewicz et al. (52) for analysis by
Southern blotting. Targeted cells were microinjected into blastocysts from
C57BL/6J mice and then implanted into the uteri of pseudopregnant (C57BL/
6] X DBA2)F, females. The resulting chimeras were mated with C57BL/6J
females to produce mice heterozygous for the null mutation. These F; mice were
then crossed to obtain F, offspring, which were wt, heterozygous for the targeted
allele, and homozygous for the targeted allele, and these were used for the initial
characterization of the phenotype (see Fig. 1 to 3). Heterozygotes were back-
crossed to C57BL/6] mice for a further three generations, and the F5 heterozy-
gotes were used to generate mice for the remainder of the experiments.

Multiplex reverse transcription-PCR (RT-PCR). Total cellular RNA was pre-
pared from the testes of F, wt, heterozygous, and homozygous mutant mice by
using RNAzol (Cinna/Biotecx Laboratories Inc.). For reverse transcription, 1 pg
of random primers was incubated with 1.25 ug of the RNA at 65°C for 5 min and
then placed in ice. Polymerization was carried out at 42°C for 1 h in a total
volume of 25 pl of 50 mM Tris-HCI (pH 8.3)-75 mM KCI-3 mM MgCl,-10 mM
dithiothreitol-8 mM deoxynucleoside triphosphates (ANTPs) containing 20 U of
rRNAsin (Promega) and 200 U of Moloney murine leukemia virus reverse
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transcriptase (Promega). One and two microliters of each reaction mixture were
then amplified by using primers specific to exon 2 (5'-GCG GAG TAT CTA
CTT CTC CAG CCC-3') and exon 3 (5'-CAT GAA CAT GCC ACG GTT CCG
G-3") of APNG in a total volume of 50 pl containing 50 mM KCI, 10 mM
Tris-HCI (pH 9.0), 0.1% Triton X-100, 1.5 mM MgCl,, 0.1 mg of bovine serum
albumin (BSA) ml~', 1 mM dNTPs, 0.1 pM each primer, and 0.625 U of Taq
DNA polymerase (Promega). Primers to exons 4 and 5 of O°-alkylguanine-DNA
alkyltransferase (ATase) were also included as a positive control. Cycle condi-
tions were 94°C for 3 min, 60°C for 3 min, and 72°C for 3 min for 1 cycle, followed
by 30 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 2 min. Ten microliters
of each reaction product was then subjected to electrophoresis through 2%
NuSieve agarose (Flowgen) in Tris-borate-EDTA buffer.

Assay of APNG activity. Sonicated tissue extracts were prepared as described
previously (15), and protein concentration was determined by a Coomassie blue
G-250 binding assay (4). For the determination of APNG activity, increasing
amounts of extract or BSA were incubated with *H-methylated calf thymus DNA
substrate (18 Ci mmol™") for 1 h at 37°C in a total volume of 100 p.l containing
50 mM Tris-HCI (pH 8.3), 3 mM dithiothreitol, and 2 mM EDTA. DNA and
protein were precipitated by the addition of 30 wl of precipitant (2 M NaCl, 1 mg
of BSA ml™?, 0.5 mg of calf thymus DNA ml~") followed by 250 pl of absolute
ethanol and incubation in solid CO, for at least 20 min. The precipitated material
was removed by centrifugation (20 min at 15,000 X g), the supernatant was
aspirated, dried in vacuo, and redissolved in 200 wl of buffer A (0.1 M triethyl-
amine acetate-1% acetonitrile [pH 7.0]), and 3-meA and 7-methylguanine (7-
meG) markers (approximately 1 nmol of each) were added. Chromatography
was carried out with an analytical Hypersil 5-uwm octyldecyl silane high-perfor-
mance liquid chromatography column eluted isocratically with buffer A at a flow
rate of 1.0 ml min~'. Under these conditions, 3-meA and 7-meG (Sigma) eluted
at 9.6 and 12.3 min, respectively. Fractions were collected at 1-min intervals, and
the amount of radioactivity in each was determined by scintillation counting.
Radioactive peaks corresponding to the elution positions of the marker com-
pounds were integrated, and the negative control (BSA) values (for 3-meA, 292
dpm; for 7-meG, 937 dpm) were deducted to account for thermal depurination.
The values obtained (see Fig. 2) were plotted against the amount of protein used
for extracts from wt, heterozygote, and null mice.

Immunohistochemistry. Groups of four APNG wt and ko mice for each time
point were injected intraperitoneally (i.p.) with 60 mg of N-methyl-N-nitrosourea
(MNU) kg of body weight ™" freshly dissolved in citrate buffer (pH 6.5) or with
6 mg of N-nitrosodimethylamine (NDMA) kg~ ! in 0.9% NaCl. Animals were
sacrificed by cervical dislocation up to 7 days later, and equivalent liver slices
were fixed in 70% ethanol for at least 24 h.

An antiserum was raised against 2,6-diamino-4-hydroxy-5-N-methylform-
amidopyrimidine (imidazole ring-opened 7-methylguanosine), conjugated to key-
hole limpet hemocyanin (KLH) (Pierce), in prebled Half-Lop rabbits. Primary
intramuscular injections of the conjugate (two injections, consisting of 0.5 mg
of KLH conjugate in 50% TiterMax adjuvant; Stratech Scientific Ltd.) were
followed by two booster injections, each of 0.5 mg of KLH conjugate in 20%
TiterMax, at intervals of 4 weeks. Sera from test bleeds were tested by enzyme-
linked immunosorbent assay (ELISA) for antigenicity against imidazole ring-
opened 7-methylguanosine conjugated to BSA. Total immunoglobulin G (IgG)
from the resulting antiserum was purified by protein G chromatography. Details
of the anti-O°-methylguanine (O°-meG) antiserum have been published previ-
ously (46).

For the immunohistochemical detection of 7-meG, ethanol-fixed liver slices
were embedded in paraffin, and 3-pum-thick sections were cut and mounted onto
3-aminopropyltriethoxysilane-coated slides. After dewaxing through xylene and
absolute ethanol, the slides were washed in 40% ethanol and then incubated at
55°C for 20 min in preheated 40% ethanol containing 50 mM NaOH in order to
ring-open 7-meG in the DNA. Slides were neutralized in 40% ethanol containing
5% acetic acid for 30 s, washed for 5 min in 40% ethanol, and rinsed thoroughly
in Tris-buffered saline (pH 7.5) (TBS). Endogenous avidin and biotin binding
sites were blocked with the ABC Blocking kit (Vector Laboratories Ltd.), and
the slides were incubated with normal swine serum (1:20 dilution) in TBS to
minimize nonspecific IgG binding. A 1:400 dilution of the anti-imidazole ring-
opened 7-methylguanosine IgG in 10% normal mouse serum was then applied,
and the slides were incubated at 4°C overnight. After equilibration to room
temperature, the slides were washed in TBS and incubated with a biotinylated
swine anti-rabbit antibody (1:4,000 dilution; Dako) for 30 min, and this was
removed by a wash in TBS. Streptavidin complexed with biotinylated horseradish
peroxidase was then applied (prepared as directed by the manufacturer, Dako),
and the slides were incubated for a further 30 min. Finally, visualization of the
antibody-antigen complexes was achieved by 3,3-diaminobenzidine (Sigma)
staining for 5 min. Detection of O°meG was performed as described above,
except that the dilution of the primary antibody was 1:4,000.

Cell growth inhibition studies. Embryos from wt and ko matings were isolated
at 14 days postcoitum, and fibroblasts were brought into culture. For cell survival
assays, primary embryonic fibroblasts (PEF) were plated in a 96-well tissue
culture dish at a density of 2,000 cells per well and were incubated overnight at
37°C. Test compounds were prepared in dimethyl sulfoxide (DMSO) and diluted
in cell culture medium just before application to the cells, in triplicate. Cells were
grown for 6 days, after which time 50 wl of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution (3 mg ml~! in PBS) was added and
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cells were incubated for a further 3 h at 37°C. The medium was aspirated, the
purple formazan crystals formed in cells with intact mitochondria were dissolved
in 200 pl of DMSO, and after 10 min, the optical densities at 540 and 690 nm of
each well were read in a Titertek Multiskan ELISA plate reader. Cell growth was
calculated as a percentage of the absorbance determined for the control (un-
treated) cells.

Number of leukocytes in peripheral blood. Two groups of 17 mice (wt and ko)
were prebled from the tail vein, and the number of leukocytes in 20 pl of blood
was determined by using a Sysmex Microcellcounter (TOA Medical Electronics
Co. Ltd., Kobe, Japan). The mice were then injected i.p. with 30 mg of 1,3-bis(2-
chloroethyl)-1-nitrosourea (BCNU) kg ™! in 0.9% NaCl containing 3% ethanol,
and the number of leukocytes was determined up to 25 days after treatment.

Micronucleus assay. Groups of at least four female APNG wt and ko mice
were injected i.p. with the agent of choice or with the appropriate control for that
agent. Twenty-four hours later, the animals were sacrificed by cervical disloca-
tion, one femur was removed, and the bone marrow cells were flushed out with
fetal bovine serum (FBS). Cells were pelleted by centrifugation and resuspended
in a minimum volume of serum, and duplicate slides were prepared. Following
air drying and fixation in methanol, slides were stained with acridine orange as
described by Tinwell and Ashby (51). Micronucleated polychromatic erythro-
cytes (PCE) were scored from at least 1,000 PCE per slide, and the ratio of PCE
to normoerythrocytes was monitored to ensure that scoring was carried out at
subtoxic doses.

Mutational analysis of splenic T lymphocytes. The culture medium used for
priming and cloning of T lymphocytes consisted of RPMI 1640 with 25 mM
HEPES, 2 mg of NaHCO; ml~!, and 2 mM L-glutamine, supplemented with 30%
of the serum-free lymphocyte medium AIM-V (Gibco BRL), 10% lymphokine-
activated killer cell supernatant (50), 15% heat-inactivated FBS (Fetal Clone I;
HyClone), 50 uM 2-mercaptoethanol, 1 mM sodium pyruvate, 4 mM L-Glutamax
(Gibco BRL), and antibiotics (100 U of penicillin mI~! and 100 p.g of strepto-
mycin sulfate ml~'; Gibco BRL).

Isolation and priming of T lymphocytes. T lymphocytes were isolated from the
spleen by passing the spleen through a sterile 100-wm nylon mesh (Falcon) and
were frozen in RPMI medium supplemented with 10% DMSO and 40% FBS by
using a programmable cell freezer (Planar Products Ltd.). Frozen cells were
thawed at 37°C and immediately stored on ice. Subsequently, 10 ml of RPMI
supplemented with 40% FBS was slowly added to the cells. Cells were primed in
15 ml of culture medium supplemented with 4 wg of concanavalin A (ConA;
Pharmacia) ml~! for 44 h at 37°C under a 5% CO, atmosphere.

Selection of 6-TG-resistant mutants. Stimulated T lymphocytes were counted
and reseeded in culture medium containing 1 pg of ConA ml~! at a density of
6 cells per well in three round-bottom 96-well microtiter plates. These plates also
contained 5 X 10® Sp2/0 feeder cells (mouse lympoblastoid cells irradiated with
30 Gy of X rays) per well. iprt-deficient mutants were selected in culture medium
containing 6-thioguanine (6-TG; 2.5 pg ml™') and ConA (1 pg ml™') at a cell
density of 2 X 10° cells, together with 5 X 10* feeder cells per well (seven plates;
672 wells). After incubation for 6 to 8 days at 37°C under a 5% CO, atmosphere,
plates were scored for colony growth by using a stage-inverted microscope.
Cloning efficiencies and mutant frequencies were calculated as described else-
where (50).

Molecular characterization of 6-TG-resistant clones. 6-TG-resistant clones
were selected and diluted 1:3 in culture medium containing 6-TG (2.5 pg ml™1).
After 3 days of culture, the cells were used for isolation of total cytoplasmic RNA
as previously described (53). One-third of total cytoplasmic RNA was subjected
to hprt cDNA synthesis essentially according to the method of Jansen et al. (24),
except that 20 pmol of an oligonucleotide primer specific for mouse sprt mRNA
was used (5'-CGACGTTGTAAAACGACGGCCAGTGCAGATTCAACTTG
CGCTC-3"). Three microliters of iprt cDNA was amplified in vitro by PCR in a
reaction mixture consisting of 10 pl of 10X Taq buffer (100 mM Tris-HCI [pH
8.3], 15 mM MgCl,, 500 mM KCl, 2 mg of BSA ml™ %, 10 ul of dNTPs (2.5 mM
dATP, 2.5 mM dCTP, 2.5 mM dGTP, 2.5 mM dTTP), 1 ul of the mouse
hprt-specific primer (20 pmol pl™'), 1 ul of a 5'-biotinylated, hprt-specific oligo-
nucleotide (5'-GGCTTCCTCCTCAGACCGCT-3"), 1 U of Taq polymerase
(Amplitaq; Cetus), and 74.8 ul of sterile water. The PCR was performed in a
Perkin-Elmer thermocycler for 35 cycles of 1 min at 93°C, 1 min at 55°C, and 3
min at 72°C. Subsequently, 5'-biotinylated PCR products were isolated from
NusSieve agarose after electrophoresis, bound to Dynabeads coated with strepta-
vidin, and subjected to DNA sequence analysis according to the work of Rossi et
al. (42) by using sequencing primers for mouse /sprt cDNA.

RESULTS

APNG ko mice are viable. APNG is active against a range of
alkylpurines and deaminated adenine as well as, potentially,
oxidatively damaged purines in DNA. In order to examine the
role of these lesions and of APNG in cellular responses to
genotoxic agents, exons 1 and 2 of the murine APNG gene
were deleted by homologous recombination in murine ES cells
(Fig. 1A). The targeting vector was designed to disrupt the
expression of APNG while leaving intact DNase-hypersensitive
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sites both 5’ to and internal to the APNG gene, which may be
involved in the regulation of other genes in the locus where the
APNG gene is situated (26). Three germ line chimeras were
obtained, and crossing of the resultant APNG heterozygotes
yielded homozygous null animals at the expected Mendelian
ratio. Genotyping was carried out by PCR or Southern blotting
(Fig. 1B). Further confirmation of the null status of the ani-
mals was obtained by multiplex RT-PCR (Fig. 1C). When
APNG-specific primers were used, a PCR product of 240 bp
was detected only when RNA from wt mice and APNG het-
erozygotes was used. No PCR product was obtained when
RNA from APNG homozygous nulls was used. Multiplex RT-
PCR with ATase-specific primers yielded a PCR product of
187 bp with RNA from all three genotypes.

APNG ko mice lack 3-meA and 7-meG glycosylase activity.
APNG activity in wt, heterozygous, and null mice was deter-
mined by an in vitro assay for the release of 7-meG and 3-meA
from *H-methylated substrate DNA. Crude cell extracts of
testes from wt and heterozygous animals released both ad-
ducts; the activity in the heterozygote extracts was somewhat
lower than that in the wt extracts. Essentially no release was
seen with extracts from homozygous null testes (Fig. 2).

Increased persistence of 7-meG, but not of 0°-meG, can be
observed in the livers of APNG ko mice. Since the conditions of
the in vitro assay might not allow the detection of other repair
functions acting on the same lesions that could compensate for
the absence of APNG in vivo, we examined the persistence of
7-meG up to 7 days after administration of MNU or NDMA,
using immunohistochemical techniques to probe ethanol-fixed
sections of liver. Thus, while similar staining patterns for 7-
meG were observed in liver sections from wt and APNG ko
mice 24 h after treatment with MNU (Fig. 3a, panels A and C),
differential staining was observed after 7 days: while the lesion
had been essentially eliminated from wt hepatocyte nuclei,
hepatocytes in the APNG ko liver still stained strongly for 7-
meG (Fig. 3a, panels B and D). The high level of DNA damage
in hepatocytes around the central vein, in contrast to those
cells proximal to the portal tract, following NDMA treatment
(19) enabled us to probe these sections additionally, with an
antibody against O°meG, a quantitatively minor lesion in-
duced in nucleic acids by this agent (39). Thus, while similar
intensities of 7-meG staining were obtained as for the MNU-
treated animals after 24 h and 7 days (Fig. 3b; compare panels
A and E with panels C and G), no differential pattern of
staining was observed for O°-meG (Fig. 3b; compare panels B
and F with panels D and H). These results indicate that the
levels of O°-meG are similar in the liver cells of wt and APNG
ko mice and hence that the differences observed for 7-meG are
not a consequence of differences in drug dosage. The results
also indicate that the activity of ATase, the principal repair
mechanism for O®-meG lesions, is not changed by the deletion
of APNG, and they support the in vitro observation that
APNG is the principal mechanism of repair for 7-meG lesions.

APNG null PEF do not show increased sensitivity to the
cytotoxic effects of temozolomide or CNUs. In order to examine
the consequences of APNG deletion on the cytotoxic effects of
alkylating agents, we established PEF lines from wt and ko
mice and exposed them to increasing doses of MMS and the
antitumor methylating agent temozolomide, as well as the
chloroethylating agents mitozolomide and BCNU. Deletion of
APNG from these cells has very little impact on the growth-
inhibitory effects of these compounds (Fig. 4). Only with MMS
were the ko PEF routinely more sensitive than the wt cells, and
then only at the higher doses. This enhanced cell killing is most
likely due to the nonrepair of 3-meA in the absence of signif-
icant levels of cytotoxic O°-meG formed by MMS, in contrast
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FIG. 1. (A) Strategy for the disruption of the murine APNG gene. The genomic structures of the wt and mutated genes, together with the gene-targeting construct,
linearized at a unique NotI site, are shown. For the targeting construct, a 3.4-kb NotI-Xhol genomic fragment was ligated upstream of a pgk-neo cassette and a 0.9-kb
BamHI-EcoRI fragment was placed between the neo and pgk-HSV tk expression cassette. Upon homologous recombination a 2.5-kb fragment of the gene containing
exons 1 and 2 is replaced by pgk-neo, and HSV tk is deleted. Identification of correctly targeted ES cell clones was achieved in the first instance by PCR using
oligonucleotides complementary to sequences in exons 2 and 3 and to neo (open arrows), and then by Southern blotting following Xbal digestion of genomic DNA.
By using a 1.4-kb Xbal-Notl fragment external to the targeted region, a 5.2-kb band indicates the presence of the wt gene, and a 6.5-kb band indicates the presence
of the mutant gene. Restriction enzyme sites: B, BarmHI; E, EcoRI; H, HindIII; N, Notl; Xb, Xbal; Xh, Xhol. (B) Southern blot analysis of XbalI-digested tail DNA
from wild-type (+/+), heterozygous (+/—), and homozygous (—/—) mutant mice, showing fragments of the expected sizes after hybridization to the probe. (C)
Multiplex RT-PCR for APNG and ATase on RNA prepared from testes of wt mice (+/+; lanes 1 and 2) and mice heterozygous (+/—; lanes 3 and 4) or homozygous
(—/—; lanes 5 and 6) for the mutant APNG gene. Lanes 1, 3, and 5, 1 pl of cDNA; lanes 2, 4, and 6, 2 pl of cDNA; lane 7, no cDNA; lane 8, DNA ladder.

to temozolomide, where no differential cytotoxicity was ob-
served (Fig. 4A and B). For the CNUs and temozolomide, the
O°®-alkylguanine adduct is thought to be the principal cytotoxic
lesion (2, 10), and given the limitations of the assay, the results
suggest that in PEF, the action of APNG does not substantially
attenuate the toxic effects of these compounds (Fig. 4C and D).

APNG deletion has no deleterious effect on the number of
leukocytes following BCNU treatment. To study the cytotox-
icity of CNUs in APNG ko mice in vivo, we measured the num-

ber of leukocytes in the peripheral blood of wt and APNG ko
mice following treatment with a single i.p. injection of BCNU
(30 mg kg '). This compound has been studied extensively
with respect to its hematopoietic toxicity and was thus consid-
ered ideal for this study (10). However, as Fig. 5 shows, there
was no significant difference in the cytotoxicity of BCNU be-
tween the two strains of mice. In both, the number of leuko-
cytes reached a nadir at 3 days after treatment, and both re-
covered to pretreatment levels at the same rate. A preliminary
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FIG. 2. Release of 3-meA (@) and 7-meG (m) from a *H-methylated calf
thymus DNA substrate by testis extracts prepared from wt, APNG null hetero-
zygote, and APNG ko mice.

investigation into the effect of BCNU on hematopoietic pro-
genitors (granulocyte-macrophage colony-forming cells, and
CFU spleen assays) has revealed that the deletion of APNG
has no deleterious effect on the toxicity of BCNU on these cells
(data not shown).

Deletion of APNG does not increase the clastogenicity of
MMS or mitozolomide in bone marrow PCE. The dose re-
sponse for micronucleus induction in bone marrow PCE was
unchanged in wt and ko mice 24 h after administration of
MMS or mitozolomide (Fig. 6). Thus, the increased persis-
tence of N-alkylpurines in the ko mice does not alter the
clastogenicity of alkylating agents in this tissue compared with
that in wt mice.

Increased frequency of MMS-induced hprt gene mutations
in APNG ko mice. To study the effect of APNG deficiency on
methylating-agent-induced mutagenesis, wt and APNG ko
mice were given a single dose of MMS (150 mg kg™ ") and hprt
mutant frequencies were determined in splenic T lymphocytes.
While the spontaneous, background levels of mutation at the
hprt locus were essentially the same in cells isolated from the
ko mice and those from the wt mice, MMS induced greater
than threefold more Aprt mutants in APNG ko mice than in wt
mice (Fig. 7). This increase was highly significant (P < 0.009 by
Student’s ¢ test). These results show that at the Aprt locus,
MMS induced mutagenic DNA lesions that are substrates for
APNG-mediated repair and also that the APNG null back-
ground had no effect on the spontaneous-mutation frequency.

To determine the molecular nature of MMS-induced muta-
tions, 59 hprt mutant T lymphocytes from five APNG ko mice
and 28 hprt mutants from six wt mice were analyzed by RT-
PCR and DNA sequencing (Tables 1 and 2). In the ko mice, 39
of 59 hprt mutants (66%) gave a PCR product representing
hprt cDNA. Seventy-seven percent of these mutants showed a
single-base change in the coding region, mostly AT—TA trans-
versions (47%). GC—TA transversions were also found fre-
quently (27%), whereas transition-type mutations were present
in only 20% of the mutants containing a single-base-pair
change. Most of the remaining sprt mutants gave PCR prod-
ucts which are probably the result of mis-splicing of the hprt
message. Most of the Aprt mutants in the ko mice represent
MMS-induced events, since the mean frequency of Aprt mu-
tants among MMS-exposed animals is 10-fold higher than the
spontaneous background level.

In wt mice, 20 of 28 Aprt mutants (71%) yielded PCR prod-
ucts following RT-PCR of hprt cDNA. Fifty-five percent of
these mutants contained a single-base-pair change in the cod-
ing region, but unlike the results obtained for the ko mice, the
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proportion of transversion-type mutations was similar (55%)
to that of transition-type mutations (45%) (Table 2), although
these figures are based on a limited number of samples. Since
the frequency of Aprt mutants among MMS-exposed wt mice is
only threefold higher than the spontaneous background level,
at least one-third of the mutants are due to spontaneously oc-
curring events. Insufficient numbers of mutants from untreated
animals were obtained to allow for analysis of the spontaneous
background in a similar way.

DISCUSSION

Genotoxic agents and endogenous cellular processes can
result in the production of a great many different types of
lesions in DNA, and usually a single agent can generate a wide
spectrum of damage. A variety of DNA repair processes have
evolved in living organisms, presumably to protect cells against
the potential adverse biological effects of such damage, and the
specificity of these processes is strongly suggestive of the likely
genotoxic effects of the substrate lesions. However, the iden-
tification of the lesion or lesions that are important in the
carcinogenic effects of environmental or endogenous agents or
in the cytotoxic effects of antitumor agents is complicated by
the number of different lesions present. For alkylating agents,
O°-alkylguanine (O°-alkG) is known to be the principal cyto-
toxic, clastogenic, and promutagenic lesion formed, and a spe-
cific DNA repair protein, ATase, has evolved to minimize the
consequences of cellular exposure to this lesion (49, 56). Less
is known about the genotoxic potency of the N-alkylpurines,
the main products of many methylating and chloroethylating
agents reacting with DNA (39), which are repaired by base
excision repair. The generation of APNG ko mice, as described
here and elsewhere (18), should, for the first time, allow an
analysis of the deleterious properties of N-alkylpurines under
in vivo conditions.

3-meA is a cytotoxic lesion in bacteria and in mammalian
cells, protruding into the minor groove and blocking DNA
replication by causing premature chain termination (3, 31).
Evidence for the toxicity of 3-meA in mammalian cells has
come from transfection studies and from the deletion of
APNG in murine cells by gene targeting (18, 22, 27). The fact
that the APNG ko mice are viable and, to date, show no
significant detrimental effects compared to their wt counter-
parts seems to suggest that 3-meA either (i) is formed spon-
taneously only at a low frequency, (ii) is cleared rapidly from
the cell by spontaneous depurination (33), or (iii) is efficiently
removed by another repair mechanism in the absence of APNG.
Although at this time we cannot rule out the last possibility,
we were unable to detect release of 3-meA by extracts from
APNG ko testes in our in vitro assay (Fig. 2).

The lack of any substantial increase in sensitivity to the
cytotoxic effects of methylating agents and CNUs in PEF is
apparently at odds with the results of Engelward et al. (17),
who found an increase in the sensitivity of APNG null ES cells
to a variety of alkylating agents. However, ES cells, in contrast
to PEF, are known to contain high levels of p53 and to be
extremely sensitive to DNA-damaging agents (44). This is
borne out in the higher alkylating-agent concentrations and
UV doses used by these authors in PEF to elicit a response
similar to that in ES cells (17, 18). Furthermore, as O%-alkG is
likely to be the principal determinant of an agent’s cytotoxicity,
it is interesting that only with agents that did not give rise to
significant quantities of O°alkG [i.e., MMS and MeOSO,
(CH,),-lexitropsin]| was a difference between the wt and ko
PEF observed (Fig. 4A) (18). Therefore, it is likely that in vivo,
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FIG. 3. Persistence of 7-meG and O°-meG in liver sections from APNG wt and ko mice following treatment with 60 mg of MNU kg~ ! (a) or 6 mg of NDMA kg~ !
(b). (a) Panels A and B, 7-meG staining in wt liver 24 h and 7 days after MNU treatment, respectively. Panels C and D, 7-meG staining in ko liver 24 h and 7 days
after MNU treatment, respectively. (b) Panels A through D, wt liver; panels E through H, ko liver. Panels A and E show 7-meG staining, and panels B and F show
0°-meG staining, 24 h after NDMA treatment. Panels C and G show 7-meG staining, and panels D and H show O°-meG staining, 7 days after NDMA treatment. cv,

central vein; pt, portal tract.
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FIG. 4. Cell survival of PEF derived from wt (®) and APNG ko (@) mice
after treatment with MMS, temozolomide, BCNU, or mitozolomide.

3-meA does not normally present a cytotoxic danger to the cell
due to its relatively short half-life (33).

No evidence for a protective effect of APNG against the
cytotoxic effects of CNUs was observed in our cell culture
studies or following administration of BCNU in vivo (Fig. 4
and 5). Again, it is likely that DNA interstrand cross-links
which form from the initial O®-alkG monoadducts are the main
toxic lesions (2). However, the studies presented here would
suggest that murine APNG, unlike its S. cerevisiae counterpart
(when overexpressed in prokaryotes and lower eukaryotes
[35]), does not play a role in reducing the toxic effects of these
agents, and further investigation into the ability of cell extracts
prepared from wt and APNG ko mice to release 7-chloroeth-
ylguanine and 7-hydroxyethylguanine is required. Again, this
result is in contrast to that reported for ES cells (17). Similarly,
we could find no difference in cell growth after treatment with
mitomycin C, a compound not known to produce DNA lesions

106 leucocytes per ml
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Days after treatment

FIG. 5. Numbers of leukocytes in peripheral blood from wt (®) and APNG
ko (m) mice following treatment with 30 mg of BCNU/kg. Data are presented as
means *+ standard errors for groups of 17 mice of each strain.
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FIG. 6. Induction of micronuclei in PCE of wt and APNG ko mice following
treatment with increasing amounts of MMS or mitozolomide. Data are pre-
sented as means = standard errors for groups of at least four animals per point.

that are APNG substrates, in contrast to results reported for
ES cells (data not shown and reference 17).

To examine whether or not increased chromosome damage
in the APNG ko mice would result from treatment with MMS
or a CNU analogue, mitozolomide, we measured the induction
of micronuclei in bone marrow PCE. The results indicated no
increased induction of micronuclei in the PCE of the ko mice
compared with the wt mice. The results suggest that, in this
tissue, the N-alkylpurines are not important clastogenic lesions
and that the observed clastogenic effects are mediated through
0°-alkG lesions. The role of the latter has been shown in
studies with ATase, which have shown a protective effect of the
overexpression of this repair protein on clastogenic events in
Chinese hamster cells (54) and in transduced hematopoietic
progenitors (11).

A small but highly significant difference between ko and wt
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FIG. 7. Induction of iiprt mutations in splenic T lymphocytes from wt and
APNG ko mice after treatment with 150 mg of MMS/kg. Control groups con-
tained four animals, and treated groups contained a minimum of eight animals
per group (P < 0.009 for treated wt mice versus treated ko mice).

Mutation Frequency (106)
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TABLE 1. Mutational spectrum of Aprt gene mutations occurring in splenic T lymphocytes of APNG ko mice
exposed in vivo to MMS (150 mg/kg)

No. of mutants in animal:

Position” (mutation) Target5 ,seq;’ence,b Amlilno acid

- change I 11 I v v

Transversions
1 (AT—TA) GTC (A) TGC Met—Leu 0 1 0 0 0
62 (AT—TA) ATT (T) GTT Leu—stop 3 0 0 0 0
133 (AT—=TA) GAC (A) GGA Arg—Trp 0 0 0 1 0
466 (AT—=TA) CCC (A) AAA Lys—stop 0 1 0 0 0
473 (AT—>TA) TGG (T) TAA Val—Asp 0 0 2 0 0
499 (AT—=TA) AAA (A) GGA Arg—Trp 0 1 0 0 0
556 (AT—=TA) GAC (A) AGT Lys—stop 0 1 0 0 0
595 (AT—=TA) TAC (T) TCA Phe—lle 0 1 0 0 0
623 (AT—TA) TCA (T) TAG Tle—Asn 0 0 0 1 0
643 (AT—TA) GCC (A) AAT Lys—stop 0 0 0 0 1
655 (AT—TA) GCC (T) AAG Stop—Lys 0 0 1 0 0
116 (AT—CG) CTC (A) TGG His—Pro 0 2 0 0 0
40 (GC—TA) GAT (G) AAC Glu—stop 0 0 2 0 0
97 (GC—-TA) TTG (G) AAA Glu—stop 0 0 0 1 0
118 (GC—TA) CAT (G) GAC Gly—stop 0 1 0 0 0
419 (GC—-TA) CTG (G) TAA Gly—Val 0 0 1 0 0
580 (GC—TA) CTT (G) ACT Asp—Tyr 2 0 0 0 0
626 (GC—TA) TTA (G) TGA Ser—lle 0 1 0 0 0

Transitions

491 (AT—GC) TGC (T) GGT Leu—Pro 0 0 1 0 0
533 (AT—GC) ACT (T) TGT Phe—Ser 0 0 0 1 0
655 (AT—GC) GCC (T) AAG Stop—Gln 0 0 1 0 0
145 (GC—AT) AGA (C) TTG Leu—Phe 0 0 1 0 0
551 (GC—AT) TTC (C) AGA Pro—Leu 2 0 0 0 0
Mis-splicing Exon 3 0 1 0 0 1
Exon 7 0 1 0 0 0
Exon 8 0 0 0 1 0
Exon 6° 0 0 0 0 1
Double molecules 0 3 0 0 0
636 (AT—GC + frameshift [—1]) TGG (AA) AAG 1 0 0 0 0

“ Position 1 is the first base of the start codon in the Aprt coding sequence.

 Nontranscribed strand. Bases in parentheses are sites where MMS-induced mutations were found.

¢ Cryptic splice.

mice was found in Aprt gene mutations in splenic T lympho-
cytes exposed to MMS. The finding that MMS was at least
threefold more mutagenic in APNG ko mice than in wt mice
suggests that MMS induces mutagenic DNA lesions that are
normally substrates for APNG. 3-meA is a good candidate for
such a lesion, since (i) this DNA adduct is one of the major
reaction products formed in nucleic acids following exposure
to MMS (39), (ii) 3-meA is a substrate for APNG-mediated
repair in eukaryotes (49), and (iii) the spectrum of MMS-
induced Aprt gene mutations in APNG ko splenocytes results
predominantly in AT—TA transversions. The last point is in
contrast to the results of Klungland et al. (29), who found that
in both an E. coli tag-expressing Chinese hamster cell line and
the vector-only-transfected control cells, GC—AT transitions
in the hprt gene predominated after MMS or ethyl methane-
sulfonate treatment. Similar results have been found in Chi-
nese hamster ovary cells (40). Mutations at AT base pairs were
found at very low frequencies, and it was concluded that
3-meA was not directly mutagenic. However, the cell lines used
in these studies lack ATase activity. This implies that the highly
mutagenic lesion O®-meG, which gives rise to GC—AT tran-
sitions (45), is not repaired and therefore dominated the in-
duction of mutations. Furthermore, expression of the fag gene
in these cells did reduce the mutagenicity of MMS by a factor

of 2, implicating 3-meA as the likely mutagenic lesion (28).
Furthermore, a role for 3-ethyladenine in the induction of
mutations by ethylating agents has also been proposed by Op
het Veld et al. (40). It is likely that 3-meA induces AT—=TA
transversions by mispairing with adenine during replication.
Alternatively, MMS-induced AT—TA transversions may be
due to preferential insertion of adenines during DNA replica-
tion across abasic sites formed by unstable 3-meA: the half life
of 3-meA in DNA under in vitro conditions of pH 7.0 and 37°C
is 24 h (33). Preferential incorporation of adenine at abasic
sites during DNA replication was one explanation for the high
proportion of AT—TA transversions in the spectrum of MMS-
induced vermilion mutations in naturally repair-deficient, post-
meiotic male germ cells of Drosophila melanogaster (38). It
should be noted, however, that in mammalian cells, mostly
insertions of dGMP (7), dTMP (25), or nonspecifically, each of
the four deoxyribonucleoside monophosphates (8) are found
opposite abasic sites or chemical analogues in single-stranded
or double-stranded DNA.

N-methylated guanines, which make up more than 85% of
the DNA adducts formed by MMS in vivo (39), may also be
candidates for mutagenic lesions that are substrates for
APNG-mediated repair, albeit to a lesser extent than 3-meA.
Although it represents only about 0.7% of the methylated
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TABLE 2. Mutational spectrum of sprt gene mutations occurring in splenic T lymphocytes of wt mice exposed in vivo to MMS (150 mg/kg)

No. of mutants in animal:

Position” Target sequence,” Amino acid
(mutation) 5'=3’ change I 11 111 v v VI
Transversions
1 (AT—TA) GTC (A) TGC Met—Leu 0 0 1 0 0 0
203 (AT—TA) TGC (T) CAA Leu—His 0 0 0 4 0 0
40 (GC—TA) GAT (G) AAC Glu—stop 0 0 0 0 0 1
Transitions
1 (AT—GC) GTC (A) TGC Met—Val 0 0 2 0 1 0
47 (GC—AT) CAG (G) TTA Gly—Asp 1 0 0 0 0 0
551 (GC—AT) TTC (C) AGA Pro—Leu 0 0 0 0 1 0
Cryptic splices Exon 9 0 0 0 0 0 5
Exon 6 0 2 0 0 0 0
Additions
131 (triplet) +TGG 0 0 1 0 0 0
397/398 (+G) ATT (G) TTG +1 Frameshift 0 0 1 0 0 0

“ Position 1 is the first base of the start codon in the Aprt coding sequence.
> Nontranscribed strand. Bases in parentheses are sites where MMS-induced

bases formed by MMS in vivo (39), 3-methylguanine (3-meG)
must be a good candidate for the increased frequency of
GC—TA transversions observed in the ko cells. As 7-meG
makes up the majority of the N-methylated guanines formed
by MMS and has a reported half-life of 72 h in vivo (33) (Fig.
3), it seems unlikely that the deletion of APNG would have
much effect on any deleterious effect of this lesion, unless it
was targeted to active genes. Indeed, the deletion of APNG
may have a protective effect by reducing the number of abasic
sites produced upon release of 7-meG. Furthermore, the facts
that no miscoding properties have been reported for 7-meG
and that the E. coli tag gene product specifically releases 3-
meA and 3-meG (1) suggest that the latter is a biologically rel-
evant lesion.

However, 3-meA and N-methylated guanines are only weak-
ly mutagenic compared with O®meG and O*-methylthymine,
which are formed at very low frequencies following the expo-
sure of DNA to MMS and give rise to GC—AT and AT—GC
transitions, respectively (45). Since both O°-meG and O*-
methylthymine are found at very low frequencies in the spectra
of MMS-induced mutations in splenocytes of both wt and ko
mice, it can be concluded that these DNA lesions are efficiently
repaired in these cells. Therefore, MMS is only weakly muta-
genic in wt mice, since both O- and N-methylated bases are
efficiently repaired before mutation fixation can occur.

The present study has shown that APNG protects mamma-
lian cells in vivo against the mutagenic effects of MMS, which
are possibly due to 3-meA and 3-meG or 7-meG, and in this
respect, it would be interesting to know if APNG ko mice are
also more susceptible to MMS-induced carcinogenesis than wt
mice. However, following alkylating-agent exposure, an effect
of APNG deficiency on other biological end points was not
apparent. Therefore, these results suggest that those lesions
that are substrates for APNG are not likely to contribute sub-
stantially to the cytotoxicity of the alkylating antitumor agents
but might be a factor in their long-term carcinogenic effects.

If the potentially harmful effects of the N-3-methylated pu-
rines are normally attenuated by the lability of their N-glyco-
sidic bonds, why have mammalian cells evolved APNG? One
explanation may be that their main function is to reduce the
cellular burden of the highly promutagenic lesion 1, N®-etheno-
adenine (41). Supporting this is the recent finding that a sep-
arate glycosylase exists in mammalian cells to remove the

mutations were found.

equally promutagenic 3,N*-ethenocytosine (36), although it is
not known whether this glycosylase can, additionally, remove
other damaged bases (21). These adducts were first described
in the RNA of rats exposed to vinyl chloride (30); however,
they have recently been found in liver DNA from untreated
rodents and humans (37), possibly arising from endogenously
formed lipid peroxidation (12, 16). An additional activity of
APNG in vitro is the removal from DNA of promutagenic
deoxyinosine residues (22, 47), which arise by the deamination
of adenine, either spontaneously or through the interaction of
reactive nitrogen species with adenine (43). However, to date
we have not observed any significant increase in the spontane-
ous mutation rate at the /prt locus of the APNG ko mice (Fig.
7) or any marked increase in spontaneous cancer incidence
over a 24-month period with our ko mice (unpublished obser-
vations). Therefore, we are currently targeting our research to
these areas in order to address this apparent enigma.
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