Proc. Natl. Acad. Sci. USA
Vol. 90, pp. 6468—6472, July 1993
Medical Sciences

0%-Methylguanine-DNA methyltransferase protects against
nitrosamine-induced hepatocarcinogenesis

(DNA repair/liver tumor /transgenic mouse/ada gene)

Yoko NAKATSURU*, SHOICHI MATSUKUMAT, NoBuo NEMoTo#, HARUO SuGaNo$, MuTsuo SEKIGUCHIY,

AND TAKATOSHI ISHIKAWA*l

*Department of Pathology, University of Tokyo, Bunkyo-ku, Tokyo 113, Japan; Departments of TCell Biology, }Experimental Pathology, and $Pathology,
Cancer Institute, Toshima-ku, Tokyo 170, Japan; and YDepartment of Biochemistry, Kyushu University, Fukuoka 812, Japan

Communicated by Richard B. Setlow, April 8, 1993

ABSTRACT We previously generated transgenic
C3H/HeN mice by introducing the Escherichia coli OS-
methylguanine-DNA methyltransferase (MGMT, DNA-0°-
methylguanine:protein-L-cysteine S-methyltransferase,
EC2.1.1.63) gene, ada, attached to the Chinese hamster met-
allothionein I gene promoter. One transgenic mouse line ex-
pressing both ada-specific mRNA and Ada protein could be
propagated over many generations in a homozygous state with
respect to the integrated DNA. Liver extracts from transgenic
homozygous mice have consistently demonstrated about 3 times
the control activity of normal mice. Furthermore, in the
transgenic homozygotes treated with ZnSO,, activity is in-
creased to 6-8 times the normal level in mice and is equivalent
to that for man. To examine whether these increased levels of
MGMT activity can actually decrease the susceptibility of
animals to N-nitroso compounds, we studied liver carcinogen-
esis in our transgenic mice expressing high amounts of MGMT.
Groups of transgenic and nontransgenic mice, each comprising
about 200 suckling animals (14 =+ 1 days old), were divided each
into eight subgroups, providing paired groups of transgenic
and nontransgenic mice. They received an i.p. injection of
ZnS04 to induce MGMT, and 10 hr thereafter were given an
i.p. injection of either dimethylnitrosamine or diethylnitro-
samine. Liver tumor development was quantitatively assessed
at 7-11 months. Here, we report statistically significant reduc-
tion of tumor formation in transgenic mice of four of the six
paired groups that received treatment. The remaining two
demonstrated results in line with dose dependence. Therefore,
our data indicate that MGMT can indeed protect animals from
low-dose exposure to environmental alkylating carcinogens.

While xeroderma pigmentosum (XP) is regarded as a con-
vincing human example showing a link between cancer
proneness and DNA excision-repair deficiency (1, 2) we do
not have any equivalent appropriate animal models to study
for clarification of this important area.

Alkylating carcinogens present in the environment pro-
duce various kinds of alkylated purine and pyrimidine bases
inDNA (3, 4), O%-methylguanine being regarded as one of the
most potent premutagenic lesions. It preferentially pairs with
thymine rather than with cytosine, resulting in a G-C to AT
transition mutation (3, 4). This O%-methylguanine-DNA ad-
duct can be repaired by the enzyme O%-methylguanine-DNA
methyltransferase (MGMT; DNA-OS-methylguanine:pro-
tein-L-cysteine S-methyltransferase, EC 2.1.1.63) (5-10),
which transfers a methyl group from the O%-methylguanine
moieties of double-stranded DNA to a cysteine residue of the
enzyme molecule MGMT itself (11). MGMT can also repair
other OS%-alkylguanines, such as OS-ethylguanine or OS-
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butylguanine, although at reduced efficiency. There is evi-
dence from animal and cell culture systems indicating that
repair of O%-alkylguanine protects cells from malignant con-
version. For example, carcinogenic N-alkyl-N-nitrosoureas
are known to induce tumors preferentially in tissues with low
MGMT activity (12-16), and upon exposure to ethylni-
trosourea in vitro, rodent cell variants with low MGMT
activity undergo malignant conversion with much higher
frequency than their high MGMT activity counterpart cells
(17). The presence of MGMT proteins has been demonstrated
in various organisms including bacteria, yeast, fish, rodents,
monkeys, and humans (8, 18-20). The levels of MGMT
activity vary greatly among species and also between tissues,
the liver having the highest enzyme activity. Enzyme activity
is generally several times higher in humans than in rodents
(14) and regulated at appreciable levels throughout the life-
time (21).

We previously generated transgenic mice (22) by introduc-
ing the Escherichia coli MGMT gene, ada (9), attached to the
Chinese hamster metallothionein I gene promoter. One trans-
genic mouse line expressing both ada-specific mRNA and
Ada protein, which could be propagated in a homozygous
state with respect to the integrated DNA, has proved highly
reproductive over many generations (23). Liver extracts from
these transgenic homozygous mice have consistently dem-
onstrated about 3 times the control activity of normal C3H
mice. Furthermore, their levels of enzyme activity can be
increased up to about 8 times after treatment with zinc, since
the metal-responsive metallothionein promoter is attached to
the ada gene (23). Recently other groups have also reported
the production of transgenic mice expressing the ada chi-
meric gene (24, 25) or the human MGMT gene in the liver (26).
This raises the interesting possibility of directly examining
whether increased levels of MGMT activity can actually
decrease the susceptibility of animals to N-nitroso com-
pounds for tumor induction using such animals.

In the present investigation, liver carcinogenesis was stud-
ied in our transgenic mice expressing high amounts of the E.
coli gene, ada. Here, we report that the transgenic mice do
demonstrate significantly reduced rates of development of
liver tumors after treatment with dimethylnitrosamine
(DMNA) or diethylnitrosamine (DENA), indicating that
MGMT can indeed protect animals against nitrosamine-
induced hepatocarcinogenesis.

MATERIALS AND METHODS

Characterization of Transgenic Mice. Characterization of
our transgenic mice has been reported in detail elsewhere (22,
23). Founder mice of the C3H/HeN strain were obtained

Abbreviations: DENA, diethylnitrosamine; DMNA, dimethylnitro-
samine; MGMT, O%-methylguanine-DNA methyltransferase.
ITo whom reprint requests should be addressed. .



Medical Sciences: Nakatsuru et al.

from Japan SLC laboratory (Hamamatsu-shi, Japan). Briefly,
four transgenic C3H/HeN offspring with integrated chimeric
genes, composed of the E. coli ada coding sequence and
Chinese hamster metallothionein I gene promoter, were
identified. Germ-line transmission was confirmed for two
lines, and one of these, no. 708, was selected for further
characterization. The chimeric gene copy number in the no.
708 lineage was estimated to be about 100, and Southern blot
analysis indicated that the injected DNA was tandemly
rejoined in the same orientation at the site of integration. The
transgenic mice used in these studies were bred and main-
tained in our laboratory as a homozygous colony with respect
to the integrated ada gene, and no reduction in survival,
growth, or fecundity was apparent as compared with non-
transgenic mice. Liver extracts from transgenic homozygotes
showed =3 times the control MGMT activity, with a marked
increase to about 8 times the nontransgenic control levels
being observed at 10 hr and continuing up to 20 hr after zinc
treatment (23). All animals were housed in a controlled
environment at 23°C and fed on CE-2 diet (CLEA Japan,
Tokyo) and water ad libitum.

Production of Suckling Transgenic and Nontransgenic Mice.
Transgenic and nontransgenic (normal) mice groups of about
200 suckling mice (C3H/HeN strain) each were used in the
present experiments. Parent transgenic mice were checked
for gene integration before mating, and several litter mice
were confirmed for MGMT activity as described in our
previous paper (23). To standardize the experimental condi-
tions, sufficient numbers of suckling mice 14 = 1 days old,
including both sexes, were pooled to constitute eight paired
groups of transgenic and nontransgenic mice, and the paired
groups were treated concurrently (Table 1).

Carcinogen Treatment. Transgenic and nontransgenic mice
(14 = 1 days old) received an i.p. injection of ZnSO,4 (30
mg/kg of body weight) to induce MGMT, and 10 hr thereafter
were given an i.p. injection of either DMNA (Tokyo Kasei,
Tokyo) (1 or 5 mg/kg), DENA (Tokyo Kasei, Tokyo) (1 or 5
mg/kg) or 0.05 ml of saline (Fig. 1 and Table 1). The 10-hr
time span between the two treatments was estimated to be
optimal for MGMT expression based on our previous study
results (23). DMNA and DENA are both well known as
potent hepatocarcinogens, metabolized to active carcino-
genic species in the liver. The infant mouse liver has been
shown to be particularly sensitive to DMNA or DENA within
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the first 2 weeks after birth (27, 28). At the ages of 7, 9, and
11 months, groups of animals were sacrificed under anesthe-
sia, these time points being selected based on differences in
susceptibilities between male and female mice to the carcin-
ogens. Mice injected with ZnSO, and saline (groups 1 and 2,
Table 1) were common controls for groups 3-8 exposed to
DMNA and DENA. Due to the limitation of our animal
facilities, the present experiments did not include experimen-
tal groups without ZnSQ, pretreatment.

Scoring of Liver Tumors. At necropsy, livers were re-
moved, weighed, and examined for grossly visible lesions.
Tumor nodules larger than 1.0 mm in diameter were scored.
After fixation in 10% formaldehyde solution, each liver lobe
was completely cut into 1.5-mm-thick slices, which were
routinely processed for light microscopy.

The term ‘‘tumor’’ is used here without distinction be-
tween benign or malignant neoplasms. It was not practical to
classify all tumors into adenomas and carcinomas, since there
were many borderline cases. However, the numbers of mice
bearing unequivocal carcinoma(s) are indicated. Histopath-
ological examination of all slices through liver lobes occa-
sionally revealed tiny adenoma(s) which had escaped gross
observation. These examples were also included in the tu-
mor-bearing animal category.

Statistical analyses were made between transgenic and
nontransgenic (normal) paired groups (groups 1-8) for num-
bers of tumor-bearing mice, average numbers of tumors per
mouse and number of carcinoma-bearing mice (Table 1).
Group differences were assessed for statistical significance
by using Student’s ¢ test or y2 test.

RESULTS

Design for Carcinogenesis Experiments. It is generally
known that C3H strain female mice are more refractory than
male mice with respect to spontaneous and chemically in-
duced carcinogenesis (29); indeed, male mice produced a few
tumors without treatment, whereas under the same condi-
tions, female mice yielded no lesions (groups 1 and 2 in Table
1). Higher concentrations of the carcinogens were required
for female mice to obtain the same levels of response attained
by male mice. Thus, in the present experiments, two different
levels of carcinogens were given to male and female groups.

Table 1. Frequencies of liver tumors in transgenic and nontransgenic (normal) mice after exposure to DMNA or DENA

Treatment

- Mice
Carcinogen Tumor- Carcinoma- Tumors per
N-Nitro- Dose, Month of Exposed, bearing, bearing, no. animal, no.
Group samine mg/kg termination Sex Type no. no. (%) (%) (mean * SEM)
1 None (saline) — 11 Q Normal 38 0 (0 0 (0 0
. Transgenic 19 0 (0 0 (0) 0
2 —_ 9 3 Normal 22 3 (19 0 0 0.2+0.5
Transgenic 21 3 (14 0 O 0205
3 DMNA 1 11 Q Normal 27 6 (22) 0 0 0.1 +0.5
Transgenic 25 1 @ 0 0 <0.1
4 5 9 ? Normal 31 21 (68)* 5 (16)t 1.0 = 0.9¢
Transgenic 30 4 (13)* 0 ©O)f 0.2 + 0.6%
5 1 9 3 Normal 29 26 (90)* 12 41t 4.6 + 5.48
Transgenic 24 9 (38)* 1 @ 1.1 +2.8%
6 5 7 3 Normal 25 22 (88) 13 (52) 5.5+43
Transgenic 16 16 (100) 11 (68) 6.8 3.7
7 DENA 5 9 ? Normal 25 14 (56)1 1 @ 0.6 =0.77
Transgenic 26 5 197 0 0) 0.2 =047
8 1 9 3 Normal 19 18 (95) 11 (58)F 9.4 + 5.8t
Transgenic 29 25 (86) 7 (24)t 3.7 £ 3.6t

Significant differences between control and transgenic mice are indicated by the following symbols as superscripts: *, P < 0.001; t, P < 0.05;

£, P <0.005; §, P <0.01; 1, P < 0.025.
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F1G. 1. Protocol for carcinogenesis experiments. To standardize the experimental conditions, sufficient numbers of suckling mice (14 + 1
days old) were pooled and divided to create eight groups of transgenic and eight groups of nontransgenic mice, providing eight paired groups
for concurrent treatment. The mice received an i.p. injection of ZnSO4 (30 mg/kg of body weight) to induce MGMT; 10 hr thereafter the mice
were given an i.p. injection of DMNA, DENA, or 0.05 ml of saline. The experimental groups were sacrificed at three different times based on

different susceptibilities to the carcinogens of male and female mice.

Although the exact mechanisms for this are still unknown, it
has been suggested that high responsiveness of male C3H
mice to carcinogenic events may be related to some strain-
specific androgen conditions under the control of a hepato-
carcinogen sensitivity locus (29).

Tumor Induction by DMNA. When 1 mg of DMNA was
administered per kg of body weight, 22% of normal female
mice produced tumors, whereas only 4% of transgenic mice

Non-transgenic DMN 1mg/kg

B

1 2
6 7

yielded tumors (group 3 in Table 1). Although these values
are still statistically insignificant, more striking differences
between normal and transgenic mice were observed with a
group of female mice receiving 5 mg of DMNA per kg (group
4). With respect to both the number of tumor-bearing animals
and the average number of tumors per animal, the ada
transgenic mice showed significantly lower values as com-
pared with those for the normal mice (P < 0.005 for the latter

Fi1G. 2. Examples of liver tumors induced in male transgenic and nontransgenic mice administered 1 mg of DMNA per kg of body weight
(group 5 of Table 1). Ten livers from each group autopsied in consecutive order are shown. (A) Nontransgenic mice. (B) Transgenic mice.
Arrowheads indicate tumors, the numbers developing in transgenic mice being clearly less than in nontransgenic mice. (C) Histologic appearance
of two tiny transgenic mouse liver nodules (1.5-2.0 mm in diameter) illustrating focal growth without atypia. Therefore, they were diagnosed
as liver cell adenomas. (Hematoxylin/eosin; %20.) (D) Histologic appearance of a large nontransgenic mouse carcinoma nodule (1.5 cm in
diameter) showing typical trabecular patterns of malignant hepatocytes. (Hematoxylin/eosin; x100.)
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mice). No carcinoma-bearing mice were found in the trans-
genic mice, whereas 16% of normal mice produced carcino-
mas with this treatment.

A similar result was obtained with male mice which re-
ceived 1 mg of DMNA per kg (group 5). In this case, too,
more carcinomas were produced in normal mice (41%) than
in transgenic mice (4%) (P < 0.05). Examples of tumor-
bearing livers are shown in Fig. 2. Exposure of mice to 5 mg
of DMNA per kg yielded large numbers of tumors in both
normal and transgenic cases and thus no significant differ-
ence was observed (group 6).

Tumor Induction by DENA. To adjust for susceptibilities to
carcinogens, different levels of DENA were applied to female
and male mice. Female transgenic mice that received 5 mg of
DENA per kg yielded significantly less (P < 0.025) tumors
than did normal mice treated in the same manner (groups 7).
In the case of male mice, a lower dose of DENA (1 mg/kg)
was applied, and essentially similar results were obtained
with respect to both the average number of tumors per animal
(P < 0.005) and the percentage of carcinoma-bearing animals
(P < 0.05) (group 8).

DISCUSSION

In the present study application of transgenic mouse tech-
nology allowed direct determination of whether increased
levels of E. coli MGMT activity in mice render them resistant
to hepatocarcinogenesis induced by DENA or DMNA. We
established an optimization schedule to elicit maximum en-
zyme activity—6—8 times the normal level and equivalent to
that for man—at the time of DMNA or DENA exposure and
found a statistically significant reduction of tumor formation
in transgenic mice in four of 6 paired groups that received
treatment. The results obtained for the remaining two groups
were also consistent when viewed with respect to dose-
response relationships, since the levels of carcinogen admin-
istered might have been too low (group 3) or overwhelmingly
high (group 6). Therefore, we consider that our data provide
direct evidence that the intracellular level of MGMT may be
an important factor in determining susceptibility of animals to
tumor induction by alkylating carcinogens.

We cannot completely preclude the possibility that artifi-
cial gene integration or the disruption itself used in transgenic
or gene-targeting experiments may affect the genetic back-
ground, thus influencing tumor induction. However, we
could not find any change or abnormality in our transgenic
mice strain other than the high expression of repair gene
activity and efficient DNA repair (23). Further, we confirmed
that several factors (growth pattern, cell proliferation, and
various hepatic enzymes including DMNA demethylase) that
may modify carcinogenesis did not differ between transgenic
and normal mice (unpublished data).

It has been established that the E. coli Ada protein carries
two distinct methyltransferase activities, one transferring
methyl groups from O%-methylguanine and O4-methylthy-
mine and the other transferring methyl groups from phospho-
methyltriesters, while the corresponding mammalian enzyme
mainly acts on methyl groups from OS-methylguanine (9).
The level of repair of O*-methylthymine in mammalian cells
has been considered to be very low or nonexistent (30).
However, it should be borne in mind that the tumor inhibition
in our transgenic mice could in part have reflected O*-
methylthymine removal by E. coli Ada protein, although this
is only a minor DNA adduct produced by alkylating carcin-
ogens. The ada transgenic mice can be even more resistant
to methylating agent than is estimated by analysis of O°-
methylguanine repair. Since it was recently reported that
OfS-ethylguanine can be slowly repaired by cooperation be-
tween MGMT and the excision repair pathway in human cells
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(31), this might explain our higher tumor yield and modest
inhibition data for the ethylating carcinogen DENA.

The question of whether MGMT also protects chromoso-
mal DNA from naturally occurring alkylating substances
remains to be elucidated. In this respect, it will be of interest
to determine whether more tumors are formed in mouse
tissues with a paucity in methyltransferase activity. Con-
struction of methyltransferase-defective mice by gene tar-
geting is thus awaited.

Note. After this manuscript was submitted our results received
support by experiments showing that expression of a human meth-
yltransferase transgene in mouse thymus very efficiently protects
these animals from developing thymic lymphomas after the applica-
tion of a single dose of methylnitrosourea at the age of 6 weeks (32).
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