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ABSTRACT Differential repair of structurally distinct
mutagenic lesions in critical genes may inf luence the cellular
risk of malignant conversion. We have investigated rat mam-
mary tumorigenesis induced by N-ethyl-N-nitrosourea (EtNU)
versus N-methyl-N-nitrosourea (MeNU) with respect to tumor
incidence, ras gene mutation, and gene-specific repair. Both
carcinogens induced mammary adenocarcinomas at high
yield. In mammary epithelia (very low expression of O6-
alkylguanine-DNA alkyltransferase, MGMT), O6-methylgua-
nine (O6-MeGua) was eliminated from transcribed (H-ras and
b-actin) and inactive genes (IgE heavy chain) at the same slow
rate as determined for bulk genomic DNA. The persistence of
O6-MeGua in DNA correlated with a high frequency of G:C3
A:T transition mutations at codon 12 of the H-ras gene in
MeNU-induced tumors. Repair of O6-ethylguanine (O6-
EtGua), too, was slow in the IgE heavy chain gene as in bulk
DNA. Contrasting with O6-MeGua, however, O6-EtGua was
removed '20 times faster from the active H-ras and b-actin
genes via MGMT-independent mechanism(s). Accordingly, no
H-ras codon 12 mutations were found in EtNU-induced tu-
mors, and 5- to 8-fold surplus alkyltransferase activity of the
mammary epithelia—via a bacterial ada transgene—did not
significantly counteract tumorigenesis in EtNU-exposed con-
trary to MeNU-treated animals. Neither MeNU- nor EtNU-
induced tumors exhibited mutations at codons 13 and 61 of
H-ras or codons 12, 13, and 61 of K-ras. Fast repair of
O6-EtGua, but not O6-MeGua, in transcribed genes thus
prevents mutational activation of H-ras when rat mammary
carcinogenesis is initiated by EtNU in place of MeNU.

In the process of carcinogenesis, point mutations may activate,
functionally alter, or silence critical genes in a cell type-
specific, differentiation stage-specific, and carcinogen-specific
manner. Carcinogenic risk caused by the conversion of DNA
damage into mutations is inversely correlated with the capacity
of target cells for DNA repair, which thus exerts a ‘‘tumor
suppressor’’ function (1–4).

The formation and repair of specific DNA lesions do not
occur randomly throughout the eukaryotic genome (5–10).
Preferential nucleotide excision repair in the transcribed
strand of active genes first was shown for UV-induced cy-
clobutane pyrimidine dimers (transcription-coupled repair;
refs. 5–6 and 10). Repair rates may be heterogeneous at the
level of individual nucleotides (7, 9). For example, mutational
hot spots of the p53 gene in human skin tumors coincide with

the slow repair of photoproducts at these very positions in
human fibroblasts exposed to UV in vitro (7). Little informa-
tion is available, however, connecting repair of carcinogen-
specific DNA lesions and mutation frequency in transforma-
tion-associated genes with tumor incidence in established
animal models of carcinogenesis.

For the present study, we have chosen rat mammary carcino-
genesis by single-dose exposure to N-methyl-N-nitrosourea
(MeNU) or N-ethyl-N-nitrosourea (EtNU) as a model, because:
(i) alkylating N-alkyl-N-nitrosoureas are mutagens with high
carcinogenic potential (11); (ii) the reaction products of MeNU
and EtNU with cellular DNA, including the miscoding O6-
alkylguanines and O2- and O4-alkylthymines, have been well
characterized (12); (iii) pulse exposure of pubescent female rats
to MeNU or EtNU induces mammary adenocarcinomas at high
yield in a dose-dependent manner (13–14), the putative critical
target cells being terminal end bud epithelia (15); (iv) an acti-
vating G:C3 A:T transition mutation at the second position of
codon 12 (exon 1) of the H-ras gene has been detected in a high
proportion of MeNU-induced mammary tumors (MTs) and is
considered a major initiating event in rat mammary epithelial
cells (MEC) transformed by this carcinogen (16–17). This mu-
tation can result from miscoding by O6-alkylguanine persisting
unrepaired through DNA replication. O6-alkylguanines in DNA
can be efficiently repaired by the ‘‘suicide’’ repair protein O6-
alkylguanine-DNA alkyltransferase (MGMT) (18), and the ca-
pacity of cells for repair of O6-alkylguanines by MGMT depends
on both the size of their MGMT pool and rate of MGMT
synthesis; (v) because of their very low MGMT level (19), rat
MEC are particularly suited for the modulation of DNA repair
capacity by either functional inhibition or transgenic overexpres-
sion of MGMT; and (vi) suboptimal DNA repair may be a
potential predisposing factor in human breast cancer (20). The rat
model of mammary tumorigenesis could be informative in this
regard, as it permits us to investigate carcinogenic risk as a
function of the formation and repair of defined miscoding DNA
lesions in specific genes.

MATERIALS AND METHODS
Animals. Pathogen-free Sprague–Dawley rats (Zentralinsti-

tut für Versuchstierzucht, Hannover, Germany) were used
throughout this study.
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O6-Alkylguanines in Genomic DNA. High molecular weight
DNA was isolated from tissues of rats sacrificed at different
times after carcinogen exposure (21). After restriction of DNA
by EcoRI, O6-alkylguanines were quantified by immuno-slot-
blot (ISB; ref. 22) by using mAbs. Briefly, heat-denatured,
single-stranded DNA was slot-blotted onto nylon membranes
(NY13N; Schleicher & Schuell) and reacted with anti-(O6-
alkyl-29-deoxyguanosine) mAbs EM-21 or EM-2–3 (23), re-
spectively, for O6-ethylguanine (O6-EtGua) or O6-methylgua-
nine (O6-MeGua). DNA-bound mAbs were detected by en-
zyme-coupled antibodies [alkaline phosphataseyanti-mouse
IgG (H1L); Schleicher & Schuell] and chemoluminescence
substrate sheets (Schleicher & Schuell). Signals were recorded
on x-ray films and evaluated densitometrically.

O6-Alkylguanines in Specific Genes. O6-EtGua or O6-
MeGua contents in specific gene sequences were determined
by combined immunoaffinityyquantitative PCR (22, 24).
Briefly, 5 mg of EcoRI restricted genomic DNA were spiked
with internal standard DNA (100 fg of alkylated, linearized
plasmid pHMOX; ref. 25), containing, on average, 1 O6-
alkylguanine residue per plasmid molecule. DNA samples
were incubated with purified anti-(O6-ethyl-29-deoxy-
guanosine) mAb ER-6 (26) or mAb EM-2–3 in STE buffer (50
mM TriszHCl, 100 mM NaCl, 1 mM EDTA; pH 7.5 for mAb
ER-6 and pH 8.5 for mAb EM-2–3). DNA fragments contain-
ing O6-alkylguanine were trapped on nitrocellulose mem-
branes (BA85; Schleicher & Schuell) as DNA-mAb complexes
and thereafter re-eluted. Specific gene sequences in this
fraction were coamplified with the internal standard sequence
by quantitative multiplex PCR. PCR products were slot-
blotted onto NY13N membranes and hybridized with 32P-
labeled, internal sequence-specific oligonucleotides separately
for each gene. Autoradiograms were evaluated densitometri-
cally. Signals were normalized to those of the internal standard
and converted into absolute gene copy numbers by using an
external standard curve for calibration (22).

The PCR primers used for amplification of the cytoplasmic
rat b-actin and IgE heavy chain genes, and the hybridization
oligonucleotides for the respective PCR products, have been
described (24). Primers hras1 and hras2 (see below) were used
for amplification of H-ras exon 1. Primers for the yeast mox
gene (27) were: primer mox-1 (bases 1,267–1,291), 59-
dTTCTGATGTACACCAGAGCCTCTGC-39; primer mox-2
(complementary to bases 1,441–1,465), 59-dAGGAAGTCC-
TGGCACGTAGGATACG-39. Internal hybridization oligo-
nucleotides for PCR-amplified H-ras and mox sequences were:
oligonucleotides hras-hyb (bases 1,151–1,170), 59-dCTGTA-
GAAGCGATGACAGAA-39; and mox-hyb (bases 1,366–
1,385), 59-dCTTACCAGCGTCCTTGCAAC-39.

O6-EtGua in Individual Mammary Cells. Mammary glands
were isolated from 50-day-old females at different times after
EtNU exposure. Cryosections (8 mm) immunostained with
mAb EM-2–3 were counterstained with 49,6-diamidino-2-
phenylindole. O6-EtGua in nuclear DNA was visualized and
quantified immunocytologically by using electronically inten-
sified fluorescence and digital image analysis (22).

ada-Transgenic Rats. The pSVmtv-ada vector (ref. 28; a gen-
erous gift from E. Waldstein, Tel Aviv), containing the bacterial
O6-alkylguanine-DNA-alkyltransferase gene ada under the con-
trol of the simian virus 40 promoter and the mouse mammary
tumor virus enhancerypromoter region, was linearized and mi-
croinjected into fertilized eggs, and one-cell embryos were trans-
ferred to the oviducts of pseudopregnant females according to
published procedures (29, 30). The offspring were screened for
the transgene by PCR amplification of ada-specific sequences in
lymphocyte DNA. Primers for ada amplification (31) were:
primer ada-1 (bases 645–669), 59-dGGGCGATGATGACGC-
CACATTAATC-39; primer ada-2 (complementary to bases 798–
822), 59-dTTGTTGCTGAAAAGCAGTGCCGCGA-39. For
differential display of endogenous MGMT and the Ada protein,

lymphocytes were isolated from heparinized blood of 50-day-old
normal or ada-transgenic animals by Ficoll-Hypaque centrifuga-
tion, and maintained for 18 hr at 37°C in RPMI 1640 medium with
or without dexamethasone (1 mM). Cellular protein extracts were
incubated with calf thymus DNA containing O6-[3H]MeGua (2).
Proteins were separated by SDSyPAGE, and 3H-labeled alkyl-
transferase was located in 2-mm gel slices with protosol N (NEN)
by liquid scintillation spectrometry. In addition to repair-
proficient endogenous MGMT (apparent molecular mass, 25
kDa), hormone-stimulated transgenic lymphocytes contained a
second 40-kDa protein with methyl group acceptor activity,
comigrating with the authentic Ada protein (data not shown).

The ada-specific mRNA detected in the mammary gland of
50-day-old ada-transgenic females by semiquantitative reverse
transcription–PCR using primers ada-1 and ada-2, was con-
stitutive and independent of hormone treatment. Alkyltrans-
ferase activity in mammary gland cell extracts was determined
by an mAb-based repair assay with double-stranded substrate
oligonucleotides (32 mers) containing a single O6-MeGua or
O6-EtGua residue (32). Briefly, protein extracts were prepared
by sonication (3 3 5 s; 0°C) of minced tissue in a buffer
containing 50 mM TriszHCl (pH 7.8), 100 mM NaCl, 1 mM
DTT, 1 mM EDTA, and 5% glycerol. Cell debris were
removed by centrifugation (12,000 3 g; 10 min). Varying
amounts of protein were incubated with 2 fmol of 35S-labeled
substrate for 30 min at 37°C in the same buffer without NaCl.
The fractions of unrepaired substrate molecules were deter-
mined by a filter-binding assay using mAbs EM-2–3 or ER-6.
Compared with nontransgenic littermates, alkyltransferase
activity in mammary gland extracts of ada-transgenics was
enhanced '6.5-fold: 11.4 6 1.3 or 4.7 6 0.2 fmol, respectively,
of O6-MeGua or O6-EtGua repaired per mg of protein in
transgenics versus 1.5 6 0.5 and 0.9 6 0.7 fmolymg in
nontransgenics (triplicate analyses in two independent exper-
iments). The reference value was 58.0 6 8.0 fmol of O6-MeGua
repaired per mg protein by liver extracts from nontransgenics,
as determined according to ref. 33.

Induction of Mammary Tumors. Stock solutions (100
mgyml of H2O-free dimethyl sulfoxide) of MeNU or EtNU
(Serva), recrystallized twice from methanol, were stored at
220°C, and diluted with phosphateycitrate buffered saline
(pH 4.2) immediately before i.p. injection. A single dose of
MeNU (50 mgyg body weight) or EtNU (100 mgyg) was applied
to 50-day-old normal or ada-transgenic females (15–26 ani-
mals per group). Animals were examined by palpation twice
weekly. The time until MTs became first palpable was termed
‘‘induction period,’’ and MTs were resected when reaching a
volume of '1 cm3. Portions of tumor tissue were stored in
liquid nitrogen for cryosectioning and isolation of DNA or
RNA. Hematoxylinyeosin-stained 5-mm sections of formalin-
fixed material were used for histopathology.

Mutation Analyses. Bulk DNA was isolated from MTs (21),
and from selected areas of '50 tumor cells in 10-mm cryosections.
After amplification by PCR, H-ras and K-ras sequences were
analyzed for mutations by direct sequencing. H-ras alleles con-
taining a G:C3 A:T transition at the second position of codon
12 were enriched by digestion of DNA with Bpml (Biolabs), which
recognizes the codon 12 wild-type sequence and cuts 16 bp
downstream. By this procedure, one mutant allele was detectable
among 50 wild-type alleles, as determined by serial dilution of
homozygously mutant with wild-type DNA.

PCR (35 cycles; profile: 95°C, 0.5 min; 65°C, 1 min; 72°C, 2
min; final extension at 72°C, 10 min) was performed in 100 ml
of PCR buffer (50 mM KCly10 mM TriszHCl, pH 8.3y1.5 mM
MgCl2) containing 0.25 mM dNTP mixture, 0.15 mM each of
upstream and 59-biotinylated downstream primers, 2 units of
Taq polymerase (Ampli Taq; Perkin–Elmer), and 500 ng of
template DNA. Amplification of pseudogene sequences was
avoided by using exon-yintron-specific primer pairs.
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PCR primers for exon 1 (codons 12 and 13) of H-ras gene (34)
were: primer hras-1 (bases 94–118) 59-dCTGGCTAAGTGT-
GATTCTCATTGGC-39; primer hras-2 (complementary to
bases 206–230, 59-biotinylated) 59-dCAGCTGGATGGT-
CAGGGCACTCTTT-39. Primers for H-ras exon 2 (codon 61)
were: primer hras-4 (bases 418–442) 59-dTCTCTGTCTAA-
GAAGAGGTAGGACC-39; primer hras-5 (complementary to
bases 619–643, 59-biotinylated), 59-dCTGTACTGATGGAT-
GTCTTCAAAGG-39. Primers for K-ras (EMBL database ac-
cession no. X74502) exon 1 (codons 12 and 13) were: primer
kras-1 (bases 79–103), 59-dACTTGATAATCTTGTGTGGAA-
CATG-39; primer kras-2 (complementary to bases 238–262,
59-biotinylated) 59-dCTCTATCGTAGGATCATATTCATCC-
39. Primers for K-ras exon 2 (codon 61; ref. 35) were: primer
kras-3 (36) 59-dATCCAGACTGTGTTTCTACC-39; primer
kras-4 (complementary to bases 99–123, 59-biotinylated) 59-
dAAAGCCCTCCCCAGTTCTCATGTAC-39. Streptavidin-
coated magnetobeads (Dynal) were used for isolation of single-
stranded PCR products for semi-automated sequencing with
T7-DNA polymerase (A.L.F. DNA sequencer; Pharmacia). The
neuyerbB-2 gene was analyzed for a T:A 3 A:T transversion at
nucleotide 2,012 by using PCRyrestriction fragment-length poly-
morphism methodology (37).

RESULTS
G:C 3 A:T transitions in DNA can result from unrepaired
O6-alkylguanines and, in codon 12 of H-ras, have been invoked as
critical initial genetic alterations in MeNU-induced rat mammary
tumorigenesis (16–17). We therefore have investigated the overall
and gene-specific repair of O6-alkylguanines in rat MEC after
exposure to MeNU compared with EtNU.

Overall Repair of O6-Alkylguanines in Mammary Gland
DNA. The kinetics of O6-EtGua versus O6-MeGua repair in
bulk mammary gland DNA were determined in comparison to
liver and brain DNA, after pulse-exposure of 50-day-old
females to EtNU or MeNU under the conditions used for MT
induction (see below). O6-alkylguanines in DNA were quan-
tified by ISB at different times after carcinogen exposure. The
initial rate of O6-EtGua elimination from DNA was 8- to 9-fold
higher in the liver (t1/2 ' 6 hr) than in the mammary gland (t1/2
' 48 hr) or brain (t1/2 ' 52 hr). At 4 days after exposure to
EtNU, '40% of the input O6-ethylguanines still persisted in
mammary gland and brain DNA, whereas nearly all had been
repaired in liver DNA. Similar repair kinetics were obtained
for O6-MeGua (liver, t1/2 ' 9 hr; mammary gland, t1/2 ' 40 hr;
brain, t1/2 ' 42 hr) (Fig. 1; Table 1). These overall repair rates
were in good agreement with the pool size of active MGMT

determined in crude extracts of the respective tissues (see
Materials and Methods).

To determine whether the slow overall repair of O6-EtGua in
mammary gland DNA was representative of the target MEC (as
opposed to fat cells and fibroblasts), the elimination of O6-EtGua
from nuclear DNA was measured immunocytologically at the
level of individual cells at 1, 24, and 48 hr after EtNU exposure.
O6-EtGua was removed from the DNA of MEC more slowly than
from the DNA of the other cell types (Fig. 2), at a rate corre-
sponding to that of bulk mammary gland DNA (Fig. 1, Table 1).

O6-EtGua, But Not O6-MeGua, Is Rapidly Repaired in Both
Strands of Transcribed Genes as Opposed to Inactive Genes.
Semiquantitative reverse transcription–PCR analyses showed
active transcription of H-ras in MEC of 50-day-old females
(data not shown), in agreement with published data (38). The
kinetics of O6-alkylguanine repair in the H-ras gene of the
mammary gland were determined in comparison to repair in
the active b-actin gene and the constant domains of the silent
IgE heavy chain gene. Contrasting with the slow removal of
both O6-EtGua and O6-MeGua from bulk DNA, very fast
repair of O6-EtGua was observed in both the H-ras and b-actin
gene. During the initial repair phase (Fig. 3; Table 1), the
half-lives of O6-EtGua in H-ras (t1/2 5 2.5 hr) and b-actin (t1/2
5 2.4 hr) were shorter by a factor of '20 compared with the
inactive IgE gene (t1/2 ' 50 hr) or bulk genomic DNA (t1/2 '
48 hr). At 4 hr after EtNU exposure, '85% of O6-EtGua
residues initially formed in the H-ras and b-actin genes had
been eliminated, indicating fast removal of O6-EtGua from
both strands of H-ras and b-actin. Contrary to O6-EtGua,
O6-MeGua was repaired at a much slower rate in all gene
sequences analyzed (t1/2 ' 36–48 hr; Fig. 3; Table 1).

Rapid Repair of O6-EtGua in Transcribed Genes Is Not Caused
by MGMT. The contribution of MGMT to the overall and
gene-specific repair of O6-alkylguanines in the mammary gland
was evaluated by inhibition of MGMT with O6-benzylguanine
(O6-BeGua; ref. 39). Rats were injected i.p. with O6-BeGua (10
mgyg) 2 hr before carcinogen exposure, and the administration of
O6-BeGua was repeated at 12-hr intervals. As shown in Table 1
and Fig. 3, repair of O6-EtGua in the silent IgE heavy chain gene
(as in bulk DNA) was predominantly effected by MGMT (,26%
of input O6-EtGua repaired in the presence of O6-BeGua for 48
hr), whereas the fast removal of O6-EtGua from H-ras and b-actin
was not. However, neither from bulk DNA nor from the specific
gene sequences analyzed was O6-MeGua removed to a significant
extent under MGMT blocking conditions (,10% of input O6-
MeGua repaired within 48 hr). O6-MeGua thus is removed from
DNA predominantly by MGMT, and repair by MGMT appears to
be independent of the transcriptional status of genes.

Induction of Mammary Tumors by MeNU or EtNU. Pulse
exposure to MeNU resulted in a 100% incidence of MT after
a mean induction period of 49 days. The corresponding values
for EtNU were '85% and 88 days (Fig. 4). All MTs were
histopathologically classified as moderately differentiated pap-

FIG. 1. O6-alkylguanine elimination from bulk DNA of different
tissues after exposure to MeNU or EtNU in vivo. DNA was isolated
from mammary gland, liver, and brain, at different times after
carcinogen exposure. O6-alkylguanine contents in DNA were quanti-
fied by ISB. Mean values of duplicate analyses from two (O6-MeGua)
or four animals (O6-EtGua) per time point. Error bars: Range of
measured values.

Table 1. Overall and gene-specific repair of O6-alkylguanines in
the DNA of mammary gland after exposure to MeNU or EtNU in
vivo, and effect of MGMT inhibition by O6-BeGua

O6-BeGua

t1y2 (hr)

O6-MeGua O6-EtGua

2 1 2 1

Genomic DNA 40 .48* 48 .48†

IgE 48 .48* 50 .48‡

H-ras 36 .48* 2.5 2.6
b-actin 45 .48* 2.4 2.4

t1y2 values indicate the time periods required for removal of 50% of
input O6-alkylguanines in DNA.
*,10%, †26%, and ‡20% of input O6-alkylguanines repaired in the

presence of O6-BeGua for 48 hr.
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illary adenocarcinomas. No other malignancies were detected
during the observation period of 175 days.

Surplus Alkyltransferase Expression Counteracted MeNU-
Induced, But Not EtNU-Induced, Mammary Tumorigenesis.
Compared with nontransgenic littermates (100%), ada-
transgenic rats exhibited a significantly (P , 0.01; Fisher’s
exact test) reduced incidence of 60% and a prolonged mean
induction period (from 49 to 74 days) of MTs after exposure
to MeNU (Fig. 4). In contrast, EtNU-exposed ada-transgenic
and normal rats did not exhibit significant differences regard-
ing the induction period (97 versus 88 days) and the fraction
of tumor-bearing animals (73% versus 85%). MTs of all four
groups were neither distinguishable by histopathological cri-
teria nor with respect to tumor progression.

G:C 3 A:T Mutations at H-ras Codon 12 Are Frequent in
MeNU-Induced but Absent in EtNU-Induced MTs. Direct
sequencing of PCR-amplified H-ras exon 1 revealed G:C 3
A:T transitions at the second nucleotide of codon 12 (GGA3
GAA) in '75% of MeNU-induced MTs (Table 2). No muta-
tions were found at other positions of exon 1, including ‘‘hot
spot’’ codon 13. H-ras codon 12 mutation frequencies were
similar in MTs of normal and ada-transgenic animals (Table
2). In EtNU-induced MTs, mutations were neither detectable

at codon 12 (Table 2) nor at any other position of H-ras exon
1. These findings were confirmed by analyses of tumor cells
selected from cryosections.

Analyses of K-ras exon 1 in 15 MeNU-induced MTs and in
12 EtNU-induced MTs showed wild-type sequences in all cases
(Table 2).

No mutations at A:T base pairs of H-ras and K-ras codon 61
(CAA) were detected by direct sequencing of PCR-amplified
exon 2 in MeNU-induced MTs (0y8 and 0y15 tumors, respec-
tively). One of 20 EtNU-induced MTs harbored a transversion
at H-ras codon 61 (CAA3CTA), whereas K-ras codon 61 was
wild type in 12 of 12 EtNU-induced MTs. Similarly, no T:A3
A:T transversions were detected at codon 664 (GTG) of
neuyerbB-2 in a total of 13 MeNU- and 13 EtNU-induced MTs
(including 10 MTs previously analyzed; S. N. Prokopenko,
A. Yu# . Nikitin and M.F.R., unpublished work).

DISCUSSION
The persistence of unrepaired O6-alkylguanines in bulk
genomic DNA of different types of proliferation-competent
cells correlates with enhanced carcinogenic risk (1–4). Surplus
expression of either a bacterial ada or human MGMT trans-
gene in mice results in accelerated removal of O6-
alkylguanines from target cell DNA and reduced oncogenicity
of N-nitroso carcinogens (3–4, 40–41), underscoring the im-
portance of the repair of O6-alkylguanines as a risk determi-
nant in malignant transformation. In rat hepatoma cells, we
previously had observed that O6-EtGua is removed much more
rapidly from the transcribed b-actin gene compared with the
silent IgE heavy chain gene or bulk genomic DNA (24). We
now have analyzed ras gene mutation frequencies and the
repair of O6-MeGua versus O6-EtGua in the active H-ras and
b-actin genes, as opposed to the nontranscribed IgE gene and
bulk genomic DNA, in the rat model of mammary carcino-
genesis induced by MeNU or EtNU.

Absence of H-ras Mutations in MTs Induced by EtNU in Place
of MeNU. In accordance with the literature (13–14, 16), pubes-
cent female rats developed phenotypically indistinguishable
mammary adenocarcinomas at high yield after pulse exposure to
MeNU or EtNU (Fig. 4). Activating G:C 3 A:T transitions in
H-ras codon 12 (but not in codons 13 or 61) were found in '75%
of MTs induced by MeNU, but were absent in all of the
EtNU-induced MTs (Table 2). No K-ras codon 12, 13, or 61
mutations were found in any of the MTs analyzed (Table 2), at
variance with MTs resulting from exposure to MeNU on post-

FIG. 2. Repair of O6-EtGua measured in individual mammary
gland cells after exposure to EtNU in vivo. O6-EtGua in nuclear DNA
was quantified immunocytologically. Values are means of $50 cells.

FIG. 3. O6-alkylguanine elimination from bulk DNA and from the transcribed H-ras gene of the mammary gland after exposure to MeNU or
EtNU in vivo, and effect of MGMT inhibition by O6-BeGua. DNA was analyzed for O6-MeGua or O6-EtGua by ISB or immunoaffinityyquantitative
PCR. See Results for O6-BeGua exposure conditions. Values are means of duplicate analyses from two (O6-MeGua) or four animals (O6-EtGua)
per time point.
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natal day 2 (17). MTs arising in pituitary-isografted mice exposed
to MeNU have been reported to exhibit G:C3 A:T transitions
at codon 12 of K-ras, but not H-ras, whereas EtNU-induced MTs
lacked this mutation in both ras genes (42–43).

Slow Overall Repair of O6-Alkylguanines in Genomic DNA.
The repair kinetics for O6-MeGua and O6-EtGua in bulk DNA
were determined in mammary gland in comparison to brain and
liver (Fig. 1), confirming earlier data for O6-MeGua (44). Con-
sistent with the relative MGMT levels in these tissues (19, 45),
both O6-MeGua and O6-EtGua were rapidly removed from bulk
DNA of the liver, but highly persistent in mammary gland and
brain DNA (Figs. 1 and 2). Because terminal end bud MEC of
sexually mature rats have a mean cell cycle time of '15 hr and
assuming #10% of mammary gland cells to be in cell cycle (15,
46), replicative bypass of O6-methylated guanines persisting in
DNA through S-phase may lead to G:C 3 A:T transitions.
Although the slow overall repair of O6-MeGua translates well
into the high incidence of H-ras codon 12 transitions in MeNU-
induced MTs, the similarly long persistence of O6-EtGua in the
DNA of MEC appears to disagree with the absence of this
mutation in MTs induced by EtNU.

Preferential Repair of O6-EtGua in Active Genes. By using
mAb-based immunoaffinity combined with quantitative PCR
(22, 24), O6-alkylguanines can be quantified in single-copy genes
at levels $1 O6-alkylguanine in 107 guanine molecules ($250
O6-alkylguaninesydiploid genome). The observed slow repair of
O6-EtGua in the IgE heavy chain gene of the mammary gland
corresponds to the slow repair of O6-EtGua in a silent lacZ
transgene in mice (47). This slow repair in nontranscribed genes
is contrasted by the '20 times more rapid removal of O6-EtGua
from both strands of the active H-ras and b-actin genes (Table 1;
Fig. 3). Mutation via unrepaired O6-alkylguanines in transcribed

genes of the mammary gland thus is much less likely for O6-EtGua
than for O6-MeGua, which was found to be equally persistent in
both H-ras and b-actin and the inactive IgE heavy chain gene
(Table 1; Fig. 3). The slow removal of O6-MeGua from the
transcribed H-ras gene is in agreement with the observed high
frequency of G:C 3 A:T transitions at codon 12 of H-ras in
MeNU-induced MTs.

Functional inhibition of endogenous MGMT by O6-BeGua
(39) in the mammary gland resulted in reduced overall repair of
O6-MeGua in both transcribed and silent genes (as in bulk
genomic DNA). However, the rapid removal of O6-EtGua from
H-ras or b-actin remained almost unaffected, indicating efficient
repair of this lesion in both strands of active genes by (an)
as-yet-unidentified repair mechanism(s), e.g., nucleotide excision
repair (Table 1; Fig. 3). Mutation analyses in rat fibroblasts and
T lymphocytes have suggested efficient removal of O6-EtGua
from both strands of the transcribed hprt gene (48). Functional
repair analyses in different types of human cells suggest O6-
EtGua elimination from DNA to be effected by both excision
repair and MGMT (49–51). The present results underscore the
dual character of O6-EtGua repair; i.e., slow overall repair
predominantly by MGMT, in parallel to rapid removal from
transcribed genes by other mechanism(s). To further characterize
this fast repair process, cells with distinct DNA repair gene
knockouts must be analyzed.

Surplus Transgenic Alkyltransferase Activity Counteracts
MeNU-Induced, But Not EtNU-Induced, Mammary Tumorigen-
esis. The expression of functional Ada protein controlled by the
hormone-driven mouse MT virus promoter in ada-transgenic rats
corroborates earlier findings in mice (52). Protection from DNA
damage (O6-MeGua and O6-chloroethylguanine) by the PSV
mtv-ada vector previously has been observed in hormone-
stimulated HeLa cells (28). The reduced incidence and prolonged
induction period of MeNU-induced MTs in ada-transgenic rats
correlates with their surplus alkyltransferase activity compared
with the low MGMT level in MEC of nontransgenic littermates.
In a murine thymic lymphoma model, Dumenco et al. (3) have
demonstrated pronounced protection from the oncogenic effect
of MeNU by more drastically enhanced repair of O6-MeGua via
targeted high-level expression of a human MGMT transgene.
Other studies with methylating carcinogens support these findings
(40–41).

Contrary to the situation with MeNU, and despite the efficient
repair of O6-EtGua by the Ada protein (see Materials and Methods
and ref. 53–55), there were no significant differences between
normal rats and ada-transgenics regarding the incidence and
induction period of EtNU-induced MTs. This finding is consistent

FIG. 4. Incidence of MeNU- or EtNU-induced mammary adenocarcinomas in normal or ada-transgenic rats. Percentages of animals with
palpable tumors were determined at the time points indicated by F and h.

Table 2. Mutations at codon 12 of H-ras and K-ras in mammary
tumors induced by MeNU or EtNU in normal and
ada-transgenic rats

MeNU EtNU

Alkyltransferase status*

Normal
Surplus (ada-

transgenic) Normal
Surplus (ada-

transgenic)

H-ras codon 12 6y8† 6y10 0y12 0y7
K-ras codon 12 0y15 ND 0y12 0y3

ND, not determined.
*Mammary epithelia at carcinogen exposure.
†Number of tumors with mutant geneynumber of tumors.
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with protection from O6-EtGua-derived mutations by efficient
repair of O6-EtGua in transcribed genes of MEC in both groups
of animals. DNA ethylation products other than O6-EtGua, which
might be less efficiently repaired in active genes (e.g., O2- or
O4-ethylthymine, O2-ethylcytosine; ref. 48) or, alternatively, O6-
EtGua formed in temporarily silent genes, thus may be critical
elements in EtNU-induced rat mammary tumorigenesis.

Because H-ras and K-ras are apparently not critical target
genes in EtNU-induced rat mammary tumorigenesis, we have,
in addition, analyzed the neuyerbB-2 gene for mutational
activation. EtNU-induced rat schwannomas exhibit a diagnos-
tic T:A 3 A:T transversion at codon 664 of the neuyerbB-2
gene (37, 56–57), and overexpression of either a wild-type or
mutant neuyerbB-2 transgene induces malignant conversion of
MEC in mice (58). However, all of the EtNU-induced rat MTs
tested were neuyerbB-2 wild type.

From experiments with a different rat strain (Fischer 344),
Cha et al. (59) have hypothesized that MTs induced by MeNU
could have originated from MEC harboring a pre-existent
mutant H-ras allele. If pre-existing H-ras mutations were
critical to the induction of rat mammary cancer by N-alkyl-N-
nitrosoureas, these mutations might have been detectable in
both EtNU- and MeNU-initiated MTs; however, this was not
the case in the present study.

Aside from the molecular basis and the biological implications
of the puzzling disregard of O6-MeGua by the fast repair system
for active genes, the contributions of different modes of repair
remain to be investigated for other DNA lesions and in distinct
types of target cells and stages of differentiation, with particular
attention to the expression status of critical genes. Differential
repair mechanisms, as described here for two nearly identical
DNA alkylation products, may be important determinants that
need to be factored into cancer risk estimates.
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