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ABSTRACT

The capacity to repair O6-methylguanine-DNA adducts was measured

in the liver of transgenic mice expressing a chimeric gene consisting of
the induciblc P-enolpyruvate carboxykinase (GTP) promoter linked to
the bacterial O6-alkylguanine-DNA alkyltransferase (ada) gene. Under

induced conditions, total hepatic alkyltransferase reached 32.8 Â±4.2
(SE) fmol/MgDNA compared to 7.8 Â±1.1 fmol/^g DNA in nontransgenic
mice. Administration of methylnitrosourea or nitrosodimethylamine to
both groups of mice produced 6>6-methylguanine-DNA adducts which

resulted in repair-mediated depletion of total hepatic alkyltransferase in
a dose-dependent fashion. In nontransgenic mice, depletion of hepatic
alkyltransferase occurred at lower doses of carcinogen, and recovery of
alkyltransferase activity occurred later than in ada* transgenic mice.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of residual
alkyltransferase activity after methylating agent exposure indicated that
the bacterial as well as endogenous mammalian alkyltransferases were
functioning as DNA repair proteins in hepatocytes in vivo. Analysis of
O6-methylguanine- and /V7-methylguanine-DNA adducts in the liver of

transgenic and nontransgenic mice after treatment with one dose of 50
mg/kg methylnitrosourea Â¡.p.revealed that transgenic mice repaired in
situ O 6-methylguanine-DNA adducts approximately 3 times faster than

nontransgenic mice, commensurate with the increase in alkyltransferase
activity. Thus, ada* transgenic mice treated with methylnitrosourea have
lower levels of persistent mutagenic O 6-methylguanine adducts than ada~

nontransgenic mice. Hepatic expression of bacterial alkyltransferase
appears to protect mice from the DNA-damaging effects of A'-nitroso

compounds in vivo.

INTRODUCTION

Chemical carcinogenesis is the result of a complex interaction
between a host, in which factors such as strain, sex, and age at
exposure are important variables, and a carcinogen, for which
dose schedule, metabolism, and the type of genotoxic damage
are important variables (1). Within a tissue, the level of DNA
damage induced by a carcinogen and the kinetics of DNA repair
are critical determinants of chemical carcinogenesis (2, 3). An
additional factor, cell proliferation, has recently been recog
nized as a key component in carcinogenesis because many types
of DNA damage are mutagenic during DNA replication (4). In
previous studies of carcinogenesis by A'-nitroso compounds, the

contribution of host factors in tumor initiation has been com
plicated by the use of different animal strains making it difficult
to determine which genetic factors influenced the results (1,5,
6). The advent of transgenic animals has made it possible to
study the effect of single gene products in vivo in a stable genetic
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background. We applied transgenic mouse technology to the
study of a specific DNA repair enzyme, the bacterial 06-
alkylguanine-DNA alkyltransferase (7), in order to study the
role of one aspect of DNA repair in the carcinogenic process.

O6-Alkylguanine-DNA alkyltransferase is one of the major
proteins involved in the repair of alkylating agent-induced DNA
damage (8). Specifically, it is responsible for the repair of O6-
alkylguanine-DNA adducts. These adducts are mutagenic be
cause they preferentially mispair with thymine rather than
allowing proper base pairing with cytosine during DNA synthe
sis (9). In addition, persistence of O''-alkylguanine-DNA ad
ducts correlates with the carcinogenicity of A'-nitroso com

pounds (2, 3, 10, 11). There is extensive evidence to indicate
that the alkyltransferase. through removal of O 6-alkylguanine
adducts, blocks alkylating agent-induced mutagenicity and car
cinogenicity. For instance, the level of mutations and sister
chromatid exchanges induced by /V-nitroso compounds corre
lates inversely with the level of endogenous alkyltransferase
activity (12, 13). Second, mammalian tissues such as brain,
thymus, breast, and bone marrow which are susceptible to
malignant transformation following A'-nitroso compound ex
posure have been found by others to have persistent O6-alkyl-
guanine-DNA adducts and/or low alkyltransferase levels (2, 3,
10, 11, 14, 15). Third, lack of repair of O6-methyIguanine-
DNA adducts after MNU4 exposure in rat mammary tissue

results in persistent adducts. one of which appears to cause the
Gâ€”>Apoint mutation in codon 12 of \\-ras which in turn
activates \\-ras leading to malignant transformation (16).

The Escherichia coli alkyltransferase or ada gene product
repairs O 6-alkylguanine adducts by a mechanism similar to that

of the mammalian enzyme, although it has a broader repair
capacity in that it also repairs 04-alkylthymine and alkylphos-

photriester adducts (17, 18). The ada gene has been used
extensively in gene transfer studies to demonstrate, in vitro,
that alkyltransferase protects cells from the DNA-damaging
effects of A'-nitroso compounds ( 19, 20). Thus ada transfectants

are resistant to the cytotoxic effects of nitrosoureas and have
lower levels of sister chromatid exchanges induced by chloroe-
thylating nitrosoureas (21, 22).

We have previously described transgenic mice expressing the
ada gene (7). In these mice, ada was linked to the promoter-
regulatory region from the rat PEPCK gene (23). PEPCK is
rate limiting in gluconeogenesis, and transcription of the gene
for this enzyme is induced by a diet high in protein and inhibited
by a diet high in carbohydrate (24). The PEPCK promoter has
cyclic AMP and glucocorticoid response elements (25) and is
expressed predominantly in liver, kidney, and adipose tissue
(24). In transgenic animals, the PEPCK promoter acts as pre
dicted by the expression of the endogenous PEPCK gene (26).
In previous reports we have described the expression of

4The abbreviations used are: MNU. methylnitrosourea; NDMA. nitrosodi
methylamine; O'mCiua. O*-methylguanine; N'mGua. .V7-methylguanine;
PEPCK. phosphoenolpyruvate (GTP) carboxy kinase (EC 4.1.1.32); alky Itransfer-
ase. f/'-alkylguanine-DNA alkyltransferase; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; GAPDH. glyceraldehyde 3-phosphate-
dehydrogenase.
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PEPCKada in the liver and kidney of transgenic mice and its
regulation by diet (7, 27). Under induced conditions, liver
alkyltransferase activity in PEPCKada (ada+) mice reached
31.3 Â±4.9 (SE) fmol//jg DNA, 4 times greater than in ada~

nontransgenic mice (27), a level which is higher than that in
any mammalian tissue except human liver (28).

In this report, hepatic alkyltransferase levels and DNA adduct
repair were compared in ada* transgenic and ada~ nontrans

genic mice after administration of two methylating agents,
MNU or NDMA. These agents form high levels of O6mGua
and are known carcinogens in rodents (1,2, 29-31).

MATERIALS AND METHODS

Chemical Reagents. Restriction endonucleases, other DNA-modify-
ing enzymes, and oligonucleotide-labeling kits were obtained from
Boehringer Mannheim. [a-"P]dCTP (3000 Ci/mmol) and Gene Screen
Plus were obtained from New England Nuclear. Guanidinium thiocy-
anate was obtained from Fluka. All other reagents used in this study
were purchased from Sigma Chemical Co. MNU was dissolved imme
diately before use in 5% acetic acid, diluted to 5 mg/ml in phosphate-
buffered saline, and injected into the mice within 10 min of preparation.
NDMA was diluted in sterile water to a concentration of 10 mg/ml at
the time of injection. O6-Methylguanine was obtained from Dr. Chuck
Grieshaber (Division of Toxicology, National Cancer Institute). jV7-

Methylguanine was obtained from ChemSyn.
Animal Maintenance and Breeding. Animals were fed a regular diet

of Purina rodent chow and acidified water ad libitum and given standard
fluorescent light illumination for a 12-h cycle each day. For 3 days
prior to administration of carcinogens and then until sacrifice all
animals were fed a high-protein diet which contained 64% casein, 22%
Â«-cellnutrient fiber. 11% vegetable oil, 2% brewer's yeast, and a 1%

mineral mix with vitamins (ICN Biochemical Corp.). For induction
time course studies, the high-protein diet was initiated at 5 p.m., and
the animals were sacrificed on the appropriate morning at 9 a.m.

The construction of the chimeric PEPCKada gene and the generation
oÃada* transgenic mice from the C57BL/6 x SJL strain has been fully
described (7, 27). The PEPCKada gene consists of the -548 to +73
region of the rat PEPCK promoter-regulatory region (32) linked to the
1320-base pair ada gene (33) and the 710-base pair region of the bovine
growth hormone gene (34) (which includes poly A sequences). All ada*

animals used in these studies were 6-8-week-old homozygote animals
derived from inbreeding of the strain. Studies of carcinogen-exposed
mice (see below) were performed with mice of at least the sixth gener
ation of inbreeding within the homozygote strain of a single founder.
Ada" control animals were also 6-8-week-old inbred C57B/6 x SJL

mice.
Administration of MNU and NDMA. ada* and ada~ mice were fed a

diet high in protein for 64 h and then given a single i.p. dose of MNU
(either 20 or 50 mg/kg) or NDMA (2.5 or 5 mg/kg). To avoid bias
during animal treatment, the investigator administering the injections
was unaware of the group to which the animals belonged. All injections
were performed in a carcinogen hood; disposal and precautions followed
previously described protocols (35). The high-protein diet was contin
ued until the mice were killed by cervical dislocation 1-168 h after
carcinogen administration. Groups of 3-5 homozygote ada* and 3-5
ada~ mice were randomly selected and killed at each time point. The

livers and kidneys were immediately dissected out and then flash frozen
and stored in liquid nitrogen.

Measurement of O 6-Alkylguanine-DNA Alkyltransferase. Frozen tis
sues were thawed at 100 mg/ml in cell extract buffer [70 mM 4-(2-
hydroxyethyl)-l-piperazineethanesulfonic acid-0.1 mM EDTA-5% gly
cine-1 mM dithiothreitol, pH 7.8], homogenized, and sonicated as
described (36). The activity of alkyltransferase in each cell extract was
measured as removal of the methyl-'H adduct from O6-['H]methyl-
guanine in [/m?/A>'/-'H]DNA alkylated with [3H]MNU as previously

described (28, 36). Because alkyltransferase is a methyl acceptor pro
tein, the activity is equivalent to the number of O6-methylguanine-DNA

adducts removed from substrate [methyi-3H]DN\ and is reported as

fmol/Mg cellular DNA (28).
SDS-PAGE of Alkyltransferase. Reaction of alkyltransferase with

substrate [we/Ay/-3H]DNA results in covalent transfer of the methyl-
'H group to the alkyltransferase. Following SDS-PAGE. the two forms

of the alkyltransferase can easily be distinguished by molecular weight.
The molecular weight of the bacterial alkyltransferase is 39,000 with
two proteolytic active products (M, 20,000 and 19,000), and the molec
ular weight of the mammalian protein is approximately 23,000 (in the
mouse liver we have repeatedly observed a triple band at M, 22,000-
27,000) (7). Tissue extract containing 1 mg protein was reacted with
15 Mg[methyl-'H]DNA. (specific activity, 10.4 dpm/fmol O6-methyl-
guanine) at 37Â°Cfor 45 min. The reaction mixture was separated by

11% SDS-PAGE (7) and soaked in Enhance (New England Nuclear)
for l h at 22Â°C,and an autoradiogram was exposed for 7-11 weeks.

RNA Analysis. Tissues frozen in liquid nitrogen were homogenized
in 4 M guanidinium hydrochloride, and the RNA was then isolated
following cesium chloride centrifugation (37). Total cellular RNA (20
Mg)was separated on a 1% agarose gel containing 0.66 M formaldehyde
(7), transferred to Gene Screen Plus, cross-linked to the membrane
with UV light for 3 min, and baked for 2 h at 80Â°C.The membrane
was hybridized with the 1.3-kilobase ada probe radiolabeled with [12P]

dCTP using random primers as described (7). Each membrane was
washed with 1% glycerol for 3 min at 80Â°Cto remove the ada probe
and rehybridized with the constitutively expressed, "P-labeled GAPDH

probe (38) to allow correction for the variability of mRNA loading in
each lane.

Detection of O '-Methylguanine- and N 7-Methylguanine-DNA Ad-
ducts. Groups of 3 to 5 adult nontransgenic or ada* transgenic mice

were fed a diet high in protein for 3 days prior to a single dose of MNU
at 50 mg/kg. The diet was continued until the mice were sacrificed 1-
72 h later. The entire liver was excised, flash frozen in liquid nitrogen,
and stored at -80Â°C. The DNA extraction procedure was modified

from the method of Murphy (39). Briefly, liver was pulverized in liquid
nitrogen, disrupted in a Ten-Brock homogenizer at 200 mg/ml in 0.15
M NaCl, 0.015 M sodium citrate buffer, and centrifuged at 10,000 x g
for 20 min at 4Â°Cto isolate nuclei. The nuclear fraction was resuspended

at 100 mg/ml in 100 mM NaCl-50 mM Tris, pH 7.5-10 mM EDTA
buffer with 1% SDS-150 Mg/ml proteinase K and incubated for 90 min
at 42Â°C.Higher temperatures resulted in depurination of adducts. The

suspension was extracted in an equal volume of chloroform:isoamyl
alcohol (24:1) by vigorous shaking for 10 min. The aqueous phase was
incubated in 50 units/ml RNAse T, and 40 Mg/ml RNAse A for 30 min
at 37Â°Cfollowed by addition of 150 Mg/nil proteinase K for 30 min at
42Â°C.The suspension was extracted once in 50% phenol/50% chloro-

form:isoamyl alcohol (24:1) and once in chloroform (24:1) after which
the DNA was precipitated by addition of 10% v/v 3 M sodium acetate,
pH 5.2, and 1.5 volumes of 2-ethoxyethanol at 4Â°C.The DNA was

washed sequentially in 2-ethoxyethanol:water (1:1) and 2-ethoxy-
ethanol:ether (1:1) and dried in ether. Mean recovery of liver DNA was
1.04 Â±.27MgDNA/mg liver.

Hydrolysis was performed as described by Murphy's (39) modifica

tion of the Swenberg method (40). Briefly, DNA was resuspended at 2
mg/ml in 10 mM sodium cacodylate, pH 7.0, and heated to 100Â°Cfor

35 min, and the DNA was precipitated with 10% (v/v) l N HC1 on ice.
The supernatant containing N7mGua adducts was collected following

centrifugation at 13,000 rpm for 10 min. and the DNA pellet was
suspended in 0.5 ml 0.1 N HC1 and heated to 80Â°Cfor 45 min. The
O^mGua adducts were collected in the supernatant following centrifu
gation. Radiolabeled tracer studies with ['Hjmethylated DNA contain
ing O'mGua and N7mGua adducts indicated recovery of >95% of

adducts by this procedure.
Adducts were detected as follows. N7mGua was separated using a

VarÃanhigh-performance liquid chromatography column equipped with
a double 10-cm SCX-5 ion-exchange column (Whatman) and an SCX
guard column using 99% 70 mM NH4PO4, pH 2.5, 1% methanol buffer
at 1.3 ml/min. The N7mGua retention time was 12.8 min. O6mGua

and guanine were separated using the same equipment but with an
elution buffer of 82% 60 mM NH4PO.,, pH 2.5, 18% methanol at 1.3
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ml/min. The guanine retention time was 6.8 min: O6mGua retention

time was 14.6 min. A Hitachi F-1000 fluorescent detector set to an
excitation of 290 nm and an emission of 360 nm and linked to a 4290
Varian integrator was used. The limit of detection was 50 pg for
O6mGua and 300 pg for N7mGua.

RESULTS

Time Course of Induction of Alkyltransferase by a High-
Protein Diet. To determine the time course of dietary induction
of both ada mRNA and alkyltransferase activity, groups of
homozygote ado* transgenic and ada~ nontransgenic mice were

fed a high-protein diet for up to 7 days. Animals were sacrificed
at a regular time each morning to minimize variation due to
diurnal eating habits. Fig. \A shows a Northern analysis of
total cellular RNA prepared from the livers of transgenic ada*

mice during dietary induction. While there is some variation in
the level of ada mRNA expression between mice, there is an
increase in ada mRNA relative to GAPDH mRNA (shown
densitometrically in Fig. IÃŸ)within 16 h of feeding of the high-
protein diet. This induction becomes maximal (4-5-fold) at 64
h and persists to 160 h. No ai/a-hybridizing material was seen
in RNA extracted from nontransgenic mice (data not shown).

Under the identical induction conditions, total hepatic alkyl
transferase activity was measured (Fig. 2A). Homozygote mice
fed a regular diet had mean liver alkyltransferase levels of 13.8
Â±1.8 (SE). After only 16 h on a diet high in protein, the
alkyltransferase level increased to 21.4 Â±3.6 and reached a
maximum of 32.8 Â±4.2 at 64 h, approximately 4-fold above

A. Hours on high protein diet

16 40 64 160

adaÂ»

GAPDHÂ»

B.

< o

"PI
Â»Â»Â«

TIME ON HIGH PROTEIN DIET
(Hours)

Fig. 1. Induction of ada mRNA in transgenic mice. Groups of 2 or 3 homo-
zygous mice carrying the chimeric PEPCKada gene were fed a diet high in protein
for 0-160 h and sacrificed at 9 a.m. Total cellular RNA was extracted from the
liver, separated by formaldehyde agarose gel electrophoresis, and subjected to
Northern analysis using ['2P\ada and |"P]GAPDH probes. A. Northern analysis.

Lanes, total cellular RNA extracted from the liver of a separate mouse treated
with a high-protein diet for the time shown. R, densitometric analysis of A in
which the level of ada mRNA was normalized to GAPDH mRNA in each lane.
Columns, mean level of ada mRNA induction relative to ada" mice fed a normal

diet (0 h): bars, SE.
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Fig. 2. Induction of bacterial alkyltransferase in transgenic mice. Groups of 3-
5 homozygous mice carrying the chimeric PEPCKada gene were fed a high-
protein diet as outlined in Fig. I. Liver extracts were assayed for alkyltransferase
activity as described in "Materials and Methods." A, total alkyltransferase activity

in liver extracts. Columns, mean of duplicate assays of activity from the livers of
each of 3-5 mice; bars. SE. B. SDS-PAGE of hepatic alkyltransferase activity.
Cell extracts Â»erereacted with [mcM.v/-'H|DNA to label active alkyltransferase
molecules, and the extracts were separated by SDS-PAGE under reducing con
ditions. The bacterial alkyltransferase is at M, 39.000. and the mammalian
alkyltransferase is a triplet band between M, 22.000 and 27.000. presumably due
to nonspecific proteolytic digestion as previously described (7. 56).

the level of the nontransgenic mice. The induced levels of
alkyltransferase activity were stable for up to 7 days. Nontrans
genic (adar) mice had no change in alkyltransferase levels with
dietary manipulation (data not shown).

SDS-PAGE of alkyltransferase activity (Fig. 2B) was per

formed to confirm that the increased alkyltransferase was due
to translation from ada mRNA and not to increased mamma
lian alkyltransferase. Fig. IB shows that liver extracts from
transgenic homozygote ada* mice contained a labeled protein

of M, 39,000, which is the expected size of the bacterial alkyl
transferase protein. The pattern of induction was similar to that
seen in Fig. 1 (mRNA) and Fig. 2A (total alkyltransferase).
There is an increase in the intensity of the bacterial alkyltrans
ferase band at 16 h, which then continues to increase until the
maximum is reached at 64 h. There is no significant change in
the level of the mammalian enzyme, represented by the multiple
bands seen in the M, 22,000-27,000 region. In nontransgenic
mice, the alkyltransferase was not affected by 64 h on a high-
protein diet (data not shown). From these studies, we concluded
that optimal ada induction in transgenic mice could be achieved
by feeding the mice a diet high in protein for a minimum of 64
h. In fact, while there was variable basal expression of ada
mRNA, there was more uniformity in expression of ada mRNA
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and ui/a-derived protein after induction with the high-protein
diet. This variability was further reduced by choosing, in the
experiments outlined below, sublines of the sixth or later gen
eration which gave more consistent expression of the ada
protein. This also reduced the influence of genetic heterogeneity
within the transgenic strain.

Regeneration of Alkyltransferase Activity after MNU. Repair
of MNU-induced O6mGua-DNA adducts will consume the

alkyltransferase and at some doses will saturate the repair
capacity of a tissue. Because the pattern of inactivation and
regeneration of alkyltransferase correlates closely with carcin-
ogenicity of methylating agents in target tissues (1, 2, 10, 15)
we wanted to determine whether this pattern was different in
the two groups of mice. Consequently, MNU, a direct acting
methylating agent, was administered at either a low (20 mg/
kg) or high (50 mg/kg) dose.

For the experiment involving MNU at 20 mg/kg i.p., mice
were killed at 1-168 h after treatment, and total liver alkyltrans
ferase activity was determined (Fig. 3A). In ada~ mice the liver

alkyltransferase is inactivated at 1 through 4 h after dosing. In
transgenic ada* mice, hepatic alkyltransferase was reduced but
was not completely inactivated at 1 h. In fact, at l h the ada"

mice have as much alkyltransferase as untreated nontransgenic
mice. By 4 h (when the ada' nontransgenic mice have alkyl

transferase levels of only 0.4 Â±0.1 fmol/Vg DNA), the trans
genic ada* mice had 19.4 Â±1.6 fmoI/Vg DNA of activity. By

18 h, ada nontransgenic mice regenerate alkyltransferase levels
of 5.1 Â±0.6 fmol/Â¿ÃgDNA, close to the pretreatment values.

Fig. 3ÃŸshows the results of a similar study with a single dose
of 50 mg/kg MNU i.p. In both ada* and ada mice the
alkyltransferase was depleted by >95rr from 1 to 18 h. Pro

found alkyltransferase depletion lasted for 48 h in the ada
mice. In transgenic ada* mice, alkyltransferase levels had re

covered by 30 h to 6.9 Â±1.3 fmol/^g DNA, which is close to
the baseline value found in nontransgenic mice. By 72 h, the
alkyltransferase activity was 14.7 Â±0.9 fmol//ug DNA in ada*

transgenic mice, whereas only 1 of 5 nontransgenic mice had
alkyltransferase activity above 1 fmol//ug DNA. Adequate re
covery of activity in nontransgenic mice was not seen until 96
h. Thus, ada* mice had a shorter period of depressed or satu
rated alkyltransferase activity than did ada~ nontransgenic

mice.

Regeneration of Alkyltransferase Activity after NDMA.
NDMA is a potent carcinogen in the mouse, resulting in tumors
of the liver, lung, and kidney (1. 30). However, NDMA requires
metabolic activation, and it has not yet been shown that the
capacity for O 6-methylguanine-DNA adduci repair is rate lim
iting for its carcinogenicity in a tissue-specific manner. Mice
were given one of two doses of NDMA to identify the dose that
saturated alkyltransferase activity in the liver. In the low-dose
study, 2.5 mg/kg NDMA was given to the two groups of mice.
As shown in Fig. 4A, the alkyltransferase was never completely
inactivated in the ada* group of mice, whereas alkyltransferase
levels were completely inactivated at 1-4 h in the ada' non

transgenic mice. In fact, in the transgenic mice, the alkyltrans
ferase activity 4 h after treatment was close to the level seen in
untreated ada' nontransgenic mice. In a second group 5 mg/
kg NDMA was administered i.p. to ada* and ada~ mice. Fig.

4B shows that at this dose, the liver alkyltransferase is com
pletely inactivated in both the ada* and ada' groups. However,
there is earlier recovery of alkyltransferase in the ada* trans

genic mice than in ada nontransgenic controls ( 1.9 Â±0.4 fmol/
MgDNA at 24 h in ada* versus 0.1 Â±0.1 fmol/^g DNA at 24
h in ada~ mice), again indicating enhanced resistance to NDMA
in ada* mice.

In order to determine whether both the bacterial and endog
enous mammalian forms of alkyltransferase were participating
in DNA repair, we prepared liver extracts from the two groups
of mice, labeled them with methyl-'H groups by reaction with
[w/Ã‰'Ã//jV-'H]DNA,and separated the two proteins by SDS-

PAGE. Data are presented in Fig. 5 for mice given 20 mg/kg
MNU and in Fig. 6 for the study using 2.5 mg/kg NDMA. In
both instances, the carcinogen completely inactivated the mam
malian alkyltransferase in ada nontransgenic mice. In ada*
mice a 50-70% reduction in activity of both proteins was
observed at 1 and/or 6 h. However, 18 h after MNU (Fig. 5) or
16 h after NDMA (Fig. 6) regeneration of both proteins had
occurred. In contrast, ada mice had no detectable alkyltrans
ferase for at least 48 h after MNU and for at least 16 h following
NDMA. Since both proteins have reduced activity in the ada*

transgenic mice and both are regenerated more quickly after
carcinogen exposure than the alkyltransferase in nontransgenic
mice, it appears that the bacterial alkyltransferase is participat
ing in the repair of O6mGua adducts. Similar data were obtained
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Fig. 3. MNU-induccd depletion of hepatic alkyltransferase. Groups of mice were treated with either 20 (A) or 50 (B) mg/kg MNL' i.p. and sacrificed 0-168 h

later. Liver cell extract was assayed for alkyltransferase activity. Points, mean of duplicate determinations from each of 3-5 mice: bars, SE.

3394

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/13/3391/2444294/cr0510133391.pdf by guest on 19 M

ay 2023



A.

REPAIR OF O'mGua DNA ADDCCTS IN MICE EXPRESSING THE ada GENE

NDMA 2.5 mg/kg B. NDMA 5mg/kg

TRANSGENIC

NONTRANSGENIC

TRANSGENIC

-14 0 >4 Â«I 71 Â»Â« 110 144 IBI 111

NONTRANSGENIC

HOURS AFTER NDMA HOURS AFTER NDMA

Fig. 4. NDMA-induced depletion of hepatic alkyltransferase. Mice Â»eretreated with either 2.5 (A) or 5 (B) mg/kg NDMA and sacrificed 0-168 h later. Liver cell
extract was assayed for alkyltransferase activity. Points, mean of duplicate determinations from each of 3-5 mice: bars. SE.

by SDS-PAGE of hepatic alkyltransferase from mice treated
with 50 mg/kg MNU and 5 mg/kg NDMA, although the
duration of depletion of the alkyltransferase is much longer in
both groups: 18-30 h in the transgenic group and 72-96 h in
the nontransgenic group (data not shown).

DNA Adduct Removal following MNU Exposure. The defin
itive analysis of alkyltransferase activity in vivo is based on
removal of O 6-methylguanine-DNA adducts. Mice were treated
with a single dose of 50 mg/kg MNU i.p. and sacrificed 1-72
h later. Levels of N7mGua, O6mGua, and Gua were quantified

in DNA extracted from the liver. During initial alkylation,
MNU produces a remarkably constant ratio of O6mGua to
N'mGua adducts of approximately 0.11. The N7mGua adducts

HOURS AFTER MNU

0 16 18 30 48 96

are reported to have a half-life in vivo of approximately 20 h
(3, 15, 41), whereas the initial phase of O6mGua repair by the

alkyltransferase would be expected to be very rapid, based on
depletion of the activity of the protein (Fig. 35). Thus, N7mGua

adducts serve as an internal control of total alkylation by MNU
and provide an estimate of the initial level of OftmGua which

cannot be accurately measured due to its rapid removal.
The initial level of N7mGua and its removal from hepatic

DNA over time were equivalent in ada* and ada~ mice (Fig. 7).
O6mGua adducts, however, are much lower in the transgenic
ada+ than in the nontransgenic mice from the first time they

were measured, at 1 h, through 72 h. This indicates that
transgenic mice have increased removal of adducts in the initial
phase (1-4 h) of repair and a greater rate of removal between
18-30 h when enzyme begins to be regenerated in the transgenic
mice but remains depleted in the nontransgenic mice. The
amount of O^mGua removed from the liver in the two groups

of mice correlated well with the initial levels of alkyltransferase

Nontransgenic (ada-)

M, Transgenic (ada+)

47-

33-

24-

16-

Fig. 5. SDS-PAGE of alkyltransferase regeneration after MN't'. Mice were

treated with 20 mg/kg MNU as in Fig. 3. Liver cell extract was reacted with
[mf/Aj'/-'H]DNA and separated by SDS-PAGE. The mammalian alkyltransferase

is a triplet band between M, 22.000 and 27.000. whereas the bacterial alkyltrans
ferase is at M, 39.000.

Hours after 2.5 mg/kg NDMA exposure

0 6 16 30 76 168

Nontransgenic (ada-)

Transgenic (adaÂ«)

47-

33-

24-

16-

47-

33-

24-

16â€”

Fig. 6. Alkyltransferase regeneration after NDMA. Mice received 2.5 mg/kg
NDMA as in Fig. 4. Liver cell extract was prepared as in Fig. 5 and separated by
SDS-PAGE. Liver extracts from two mice per time point are shown for r = 0-30
h. and one mouse each at 76 and 168 h.
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HOURS
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Fig. 7. DNA adduci repair after MNU. Groups of nontransgenic and ada" transgcnic mice received 50 mg/kg MNU i.p. and were sacrificed 1-72 h later. Total
liver DNA was extracted and analyzed for O'mGua (O'mC) and N7mGua (A'7) adducts and then standardized to the amount of guaninc recovered by high-
performance liquid chromatography separation over an SCX ion exchange column. Points, mean of 2-4 determinations for each base from the DNA extracted from
each of 3-5 mice; bars, SE. Left, N7mGua/Gua; middle, O6mGua/Gua: right, OfimGua/N7mGua. O, nontransgenic mice; â€¢.transgenie ada* mice.

and its regeneration (Fig. 3Ã„).A study using low doses of MNU
(20 mg/kg) indicated that O6mGua adducts were efficiently

removed from liver DNA in both groups of mice, although the
initial rate was faster in the transgenic mice (data not shown)
as predicted, based on the rapid regeneration of the alkyltrans-
ferase (Fig. 2A).

DISCUSSION

These studies show that the bacterial 06-alkylguanine-DNA

alkyltransferase expressed in the liver of transgenic mice repairs
O 6-methylguanine-DNA adducts in vivo and reduces the level
of persistent O6mGua adducts, shortening the period of repair-

induced saturation of endogenous alkyltransferase. Alkyltrans
ferase is the first line of defense of the cell against the carcino
genic effects of methylating and other alkylating agents which,
like MNU and NDMA, form O 6-alkylguanine-DNA adducts.

These adducts are known to be mutagenic (9) and are thought
to be carcinogenic because of their inferred association with
oncogene activation (16).

A great deal of evidence suggests that the alkyltransferase
blocks methylating agent-induced carcinogenesis. For instance,
(a) there is both preferential alkylation of the DNA and per
sistent O "-alkylguanine adducts in those tissues which are
targets for Â¿Y-nitrosocompound carcinogenesis (10, 11, 15,42);
(b) in many instances the target tissues for alkylating agent
carcinogenesis have low levels of alkyltransferase (10, 14, 28);
(c) carcinogenic doses of methylating agents deplete the alkyl
transferase in target tissues but not in nontarget tissues (10,
43-45); (d) doses of alkylating agents which are carcinogenic
in vivo have been observed to saturate the alkyltransferase DNA
repair capacity and result in high levels of persistent O6-

alkylguanine adducts (42, 45-47). Thus, our finding of en
hanced capacity for repair of O6-methylguanine adducts
through increased alkyltransferase levels in the liver of ada+

transgenic mice suggests that this tissue may be protected from
the carcinogenicity of A'-nitroso compounds.

To maximize the ability of the ada* transgenic mice to repair
O^mGua DNA adducts, we first determined the characteristics

of PEPCKada transgene expression in the liver of homozygote
mice. The PEPCK promoter is physiologically induced by a
diet high in protein (24). In transgenic PEPCKada mice, ada
mRNA and alkyltransferase protein induction were both max
imal at 64 h. This induction pattern is similar to that observed
with other transgenic mice utilizing the PEPCK promoter in
vivo (26). In other studies we have noted that the half-life of the
alkyltransferase protein is approximately 12 h whereas the half-
life of the ada mRNA is less than 6 h.5 Thus it appears that a
new steady-state level of ada mRNA and protein product are
reached at about 64 h, and further accumulation of mRNA or
protein does not occur after this point. Interanimal variability
of ada expression was reduced upon high-protein diet induction
and was further reduced in the later experiments by choosing
inbred sublines which had more consistent expression of the
bacterial protein. Some of this variability may have been due to
the use of a C57B1/6 x SJL F, cross as the initial founder and
the genetic heterogeneity of the various sublines used in earlier
experiments. In the carcinogen exposure studies, inbred homo-
zygous ada+ mice were used from the sixth or later generation.

A major concern at the onset of these studies was that the
bacterial protein would not function as a DNA repair protein
in vivo. For instance, previous studies in ada transfected cell
lines did not show a linear relationship between alkyltransferase
activity and resistance to nitrosourea-induced cytotoxicity, sug
gesting that the bacterial protein might not efficiently repair
O6-alkylguanine adducts (48). In addition, in some cell lines

the bacterial alkyltransferase was not localized to the nucleus
(20). Finally, it was possible that the bacterial alkyltransferase
would have difficulty repairing DNA adducts within the nuclear
matrix and chromatin of mammalian cells.

Despite these concerns, our evidence indicates that the bac
terial alkyltransferase is fully capable of repairing O6mGua
adducts in vivo: (a) transgenic ada+ mouse liver removed more
O6mGua adducts than nontransgenic mice, and the number of

adducts removed was consistent with that predicted by the
increased level of alkyltransferase activity; (b) the time course
of O^mGua repair matched the time course of total alkyltrans-

5 L. L. Dumenco and S. L. Gerson. unpublished data.
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ferase saturation and regeneration: a secondary drop in
O6mGua adducts occurred between 18 and 30 h as alkyltrans-

ferase activity reappeared in the liver extracts of the transgenic
mice, whereas this was not seen in nontransgenic mice where
the alkyltransferase remained saturated for 72 h; (c) when
alkyltransferase activity reappeared in the transgenic mice, the
endogenous and bacterial proteins returned simultaneously. In
fact, the bacterial alkyltransferase acts as a "booster" for the

mammalian protein, allowing it to be regenerated faster than
in the nontransgenic mice. Finally, given the capacity of the
bacterial alkyltransferase to repair other DNA adducts [meth-
ylphosphotriester and C^-melhylthymine lesions (49)], these
studies raise the possibility that the ada* transgenic mice are

even more resistant to methylating agents than is estimated by
analysis of only O6mGua adduci repair.

O6-Alkylguanine adduci repair-induced saluration of alkyl

transferase activily is Ihoughl to be a prerequisite for the
carcinogenicity of alkylaling agents (47). The duration of this
saluration defines a period of susceptibility during which per
sistent O6mGua adducts could be converted to Gâ€”>Apoinl
mutations during DNA synthesis (47, 50). The ada* transgenic
mice have a much higher threshold for alkyltransferase satura-

lion by MNU and NDMA and regenerale alkyltransferase more
quickly than nontransgenic mice of the same strain. As a result,
the number and duralion of persistent O"mGua adducts (the

area under the curve in Fig. 7) are much less in the hepatic
DNA of ada* mice lhan in lhat ofada~ mice. As a consequence,
ada* mice have a much shorter period of susceptibility lo
persistent CTmGua adducts than ada~ noniransgenic mice.

Using the duration of alkyltransferase saluralion after meth
ylating agent exposure to eslablish a dose equivalency for MNU
(Fig. 3), ihe duralion of alkyllransferase saturation in ada*

transgenic mice is 18 h al 50 mg/kg MNU, which is similar lo
the saturalion lime seen in Ihe nontransgenic mice given 20
mg/kg MNU. This suggests that the ada* transgenic mice are

roughly 2.5 times more resislanl to methylating agents in terms
of the effect on Ihe alkyltransferase and are indirectly on the
level of persislent O6mGua adducts. In addition, based on

postlrealment levels of alkyltransferase it appears thai the liver
of ada* transgenic mice is able to efficiently repair the O6mGua

adducts formed by low doses of MNU (20 mg/kg) and NDMA
(2.5 mg/kg) because the alkyltransferase activity is not saturated
whereas the protein is saturated in the liver of nontransgenic
mice.

This study, as several before it (10, 51, 52), has observed
regeneralion of lissue alkyllransferase activity after methylating
agent-induced saluralion al a lime when persistent O6mGua

adducls are siili detectable. There are three possible explana
tions for this observation: (a) there may be O6mGua adducts in

sites which are unrepairable by the alkyltransferase, such as Z
DNA (53), single-stranded DNA (54), or possibly chromatin-
bound, transcriptionally inactive DNA; (b) the efficiency of
alkyllransferase repair of O6mGua adducts in situ may decrease
when there are low levels of residual O^mGua adducts. perhaps
less than 10 O6mGua/106 Gua, or when an adduct is within a

DNA sequence which is poorly repaired (55). In Ihese instances
active alkyllransferase may accumulate in the face of persistenl
DNA adducls; (c) perhaps most likely, inhomogeneity in alkyl
lransferase aclivily has been noled among differenl cell types
within the liver (43). Thus, some cells may remove all O6mGua

adducts and regenerate alkyltransferase activity whereas other
cells may have depleled alkyllransferase and persislenl adducts.
If these cells are ihe largels for carcinogenesis in Ihe mouse

liver, expression of ada within Ihese cells would be required for
prolection to be observed. A detailed histological analysis of
alkyltransferase activity in O6mGua adduci persistence is under

way to address these issues. Finally, studies are ongoing to
determine whether ada* Iransgenic mice are resistant lo hepatic

carcinogenesis induced by NDMA.
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