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Effects of Inhibition of O%-Alkylguanine-DNA Alkyltransferase in Rats on

Carcinogenesis by Methylnitrosourea and Ethylnitrosourea

William Lijinsky,”* Anthony E. Pegg,? Miriam R. Anver® and Robert C. Moschel'

'Chemistry of Carcinogenesis Laboratory, ABL-Basic Research Program, and *Pathology/Histotechnol-
ogy Laboratory, Program Resources, Inc. /DynCorp., NCI-Frederick Cancer Research and Development
Center, P.O. Box B, Frederick, MD 21702, “Department of Cellular and Molecular Physiology, Penn
State University College of Medicine, Hershey Medical Center, 500 University Drive, Hershey, PA 17033

Many alkylating agents are potent carcinogens and there is considerable evidence that the formation
of O%alkylguanine in DNA can lead to mutations and the initiation of neoplastic growth. The repair of
Of-methyl- or O%-ecthylgnanine in DNA is known to be brought about by the action of a protein termed
O*-alkylguanine-DNA alkyltransferase. In order to investigate the role of this activity in the
carcinogenic action of methylnitrosourea and ethylnitrosourea, O%benzylguanine, a potent inhibitor
of the alkyltransferase, was used. Groups of 20 female F344 rats were treated with the nitrosourea
(0.2 mmol) by gavage in 10 weekly doses and a parallel group was also treated with 4 mg of
O%benzylguanine, 2 h prior to each dose of the nitrosourea. This dose of OSbenzylgnanine was
sufficient to reduce the alkyltransferase activity to zero in the liver for at least 8 h but activity had
returned to about 60% of normal within 24 h, Animals were maintained until they became moribund,
when they were killed, or until death related to tumors. The median week of death in the animals
receiving methylnitrosourea was rednced from 60 wk to 52 wk by co-treatment with O%-benzylguanine.
There was a smaller reduction from 55 to 50 wk in the rats receiving ethylnitrosourea. The treatment
with O%benzylguanine caused no significant change in the incidence of the principal tumors induced
by the alkylnitrosoureas and there were no liver tumors produced by the combined treatments.
These results show that the level of inactivation of alkyltransferase produced by this dose of
O%benzylgnanine was not sufficient to greatly alter the potent carcinogenic effect of these doses of

alkylnitrosoureas in this system.
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A corollary of the hypothesis that cancer comes about
through mutations in somatic cells caused by alkylation
of DNA, which initiates the process, is that repair of the
alkylated damage can obviate the initiation. The impor-
tance of DNA repair to the health of organisms exposed
to radiation and other mutagens has been investigated for
many years since the work of Hart and Setlow! and
others. The effectiveness of DNA repair was related to
longevity of species” and to organ-specific induction of
cancer,” and both have become well-established concepts.

The experiments of Goth and Rajewsky” showed that
the repair of DNA ethylated by exposure of rats to
ethylnitrosourea was appreciably faster in the liver than
in the brain, a result that correlated with the induction by
ethylnitrosourea of brain tumors in rats, but not of liver
tumors. The equating of this correlation with a cause/
effect relation was questioned*® and experiments in
other species including hamsters® and gerbils® showed
the same biochemical differential, but no susceptibility to
tumors of the nervous system. Nevertheless, extensive

* Present address: 5521 Woodlyn Road, Frederick, MD 21702,
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studies of the nature and action of the O%alkylgua-
nine-DNA  alkyliransferase (AGT) repair protein” in-
dicated the importance of DNA repair in carcinogenesis.
The hypothesis could be further verified experimentally
following discovery of the readiness with which the alkyl-
transferase protein could be inactivated by O%benzyl-
guanine (BzlG)." Therefore, we have examined the
effect of a series of small doses of BzIG on depletion of
AGT and on tumorigenesis by multiple doses of two
directly acting alkylating carcinogens, methylnitrosourea
{(MNU) and ethylnitrosourea (ENU). These were
chosen because of the extensive background information
we have accumulated from rats treated with them.%'®
Groups of rats were treated with BzIG to inactivate the
repair protein, followed 2 h later by treatment with one
of the alkylnitrosoureas. This was repeated once a week
for 10 weeks, after which the animals were observed until
they died or were moribund because of tumors induced.
Control groups of rats received parallel treatment with
each of the alkylnitrosoureas and with BzlG alone. Addi-
tional rats treated with BzIG only were killed after 1
week, 5 weeks and 10 weeks and the level of alkyltrans-
ferase activity in the liver was determined to ensure that



adaptive synthesis of the enzyme had not been induced by
the treatments. Levels of alkyltransferase activity were
measured at 4, 8 and 24 h after treatment with BzlG.
If AGT repair of O%substituted guanine residues in
DNA can inhibit carcinogenesis by these alkylating car-
cinogens then rats treated with BzlG would be expected
to show an increased susceptibility to tumorigenesis by the
alkylnitrosourea treatments compared with the parallel
groups not treated with BzlG, as measured by time-to-
death with tumors or by incidence of tumors, or both.
The present study was designed to test this proposition.

MATERIALS AND METHODS

Chemicals MNU and ENU were prepared as described
previously'” and were dissolved in ethyl acetate/corn oil
(1:1) at concentrations of 10.5 and 12 mg/ml, respec-
tively. BzIG was prepared as reported® and was dissolved
in dimethylsulfoxide (DMSO) (1 part) and Cremophor
(Sigma Chemical Company) (1 part) to which was
added 8 parts of sterile water, forming a fine suspension
containing 20 mg BzlG/ml.

Animal freatments Animals were female F344 rats of
the colony of the Frederick Cancer Research and Devel-
opment Center, born, bred and maintained within a
barrier facility. They were 8 weeks old at the beginning
of the experiment and were housed 4 to a polycarbonate
cage. They were fed Ziegler NIH31 Rodent Chow and
were given tap water ad libitum. Fach experimental
group for long-term studies consisted of 20 animals.
Animal care was provided in accordance with procedures
in the “Guide for the Care and Use of Laboratory
Animals” (NTH Publication number 86-23, 1985).

One group was given an intraperitoneal (i.p.) injection
of 0.2 ml of BzIG suspension by syringe under light
metophane anesthesia at approximately 8:00 a.m. A
second group was given the same BzlG treatment fol-
lowed 2 h later (approximately 10:00 a.m.) with 0.2 ml of
MNU sclution by gavage; this was repeated once a week
for 10 weeks. Similarly a third group was treated with
BzIG followed 2 h later with 0.2 ml of ENU solution by
gavage, a protocol also repeated for ten weeks. The
fourth and fifth groups of 20 rats were given 0.2 ml of
MNU and ENU solutions, respectively, by gavage once a
wecek for 10 weeks. A group of 20 controls were given 0.2
ml of DMSO/Cremophor/water (1:1:8) by i.p. injection
followed by 0.2 ml of ethyl acetate/corn oil (1:1) by
gavage once a week for 40 weeks. The group of rats given
BzIG was also treated for 40 weeks to assess the possible
adverse effects of prolonged treatment with BzIG.

Additional groups of solvent controls and BzlG con-
trols were treated for one, 5 and 10 weeks for examina-
tion of AGT activity in liver at those times. Assays were
performed as described by Domoradzki ef al'* on three
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or more solvent controls and on two or more BzlG con-
trols in animals killed 4 h after treatment and in two in-
stances 24 h after treatment. Results are shown in Table I,
Few animals treated with ENU or MNU died during
the 10 weeks of treatment. Rats that died during the
10-week treatment period were excluded from Tables 11
and III. The remaining rats in the 4 groups treated with
the alkylnitrosoureas were allowed to die naturally or
were killed when moribund. Rats of the BzlG control
group and the solvent-treated controls were killed at
week 85. Animals of all six groups were necropsied.
Lesions and major organs and tissues were fixed in for-
malin, embedded in paraffin, sectioned and stained with
hematoxylin and eosin for histologic examination.

RESULTS

As shown in Table I the single i.p. treatment with 4
mg of BzlG was sufficient to inhibit almost completely
alkyltransferase activity measured in the rat liver. This
inhibition was reported to occur rapidly® and at 4 h in
the present study, the activity was close to zero. At 8 h it
was still almost immeasurable, but at 24 h approximately
60% of the original activity had regenerated. Measure-
ment of alkyltransferase activity in liver of rats that had

Table I.  Alkyltransferase Activities in Rat Liver Samples
Week Treatment All({gﬁ;e;}:;f;r;:géﬁl)\flty Mean
0 Control 48.4, 53.1, 70.4, 86.2 64.5+8.6
+BzIG, 4 h 0.1, 0.1 0.1
+BzIG, &h 0, 0.1 0.1
+BzIG, 24 h 333, 476 40.4
1 Control 38.8, 45.6, 53.5 45.9
+BzlG, 4 h 0,72, 1.0 2.7
5 Control 46.0, 51.8, 55.4 51.1
+BzlG, 4 h 0, 56,0 1.9
10 Conirol 71.5, 61.8, 60.2, 58.9 63.1*5.7
+BzlG, 4 h 0.5,0,0.1 0.2
+BzIG, 24 h 422, 384, 364 39.0
Table II. Survival of Female Rats Treated with Alkyl-

nitrosoureas and °%Benzylguanine

Number of animals alive at week

Treatment 10 20 30 40 50 60 70 80 90
MNU 18 18 18 16 114 9 3 0
MNU + BzlG 20 20 19 16 12 4 2 1 0
ENU 18 18 18 15 13 5 2 0
ENU 4+ BzIG 18 18 16 12 9 4 1 0
B2IG 20 20 20 20 20 20 20 18 0

Solvent control 20 20 20 20 20 20 20 19 O
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been treated with BzIG for 1, 5 or 10 weeks gave the
same result as that following a single BzIG treatment, so
there seemed to be no adaptation to the inhibition of
alkyltransferase by BzlG.

One of the criteria by which the potency of a carcino-
gen treatment can be judged is the rate at which animals
die of tumors induced by the treatment; in a dose-
response study the time to death is inversely related to the
size of the dose of a carcinogen. Table II shows the

number of animals surviving as a function of time in the
groups treated with MNU or ENU, alone and combined
with BzIG treatment. The six animals that died during
the ten week treatment (two in three groups, because of
technological problems) are omitted from the tables.
Almost none of the BzlG-treated or solvent-treated con-
trols died before termination at week 85.

In Table IIT are listed the tumors diagnosed in the
groups of rats treated with MNU and ENU; in each case

Table III. Number and Types of Tumors in Female Rats Following Treatment with Alkylnitrosoureas and O%Benzylguanine
Treatment
Tumors MNU MNU/BzIG ENU ENU/BZG BzIG Solvent
Nonglandular stomach
Squamous cell papilloma 6/182(33)  2/20 (10) 3718 (17) 2/18 {(11) 0 0
Squamous cell carcinoma 14718 (78) 19/20 (95) /18 (17 3/18 (17) 0 0
Mammary gland
Fibroadenoma 7/18 (39) 4,20 (20) 9/18 (50) 4/18 (22) 4720 (13) 3720 (13)
Adenocarcinoma 0 4/20 (20) 8/18 (#4) 11/18 (61) 0 1720 (5)
Ovary
Sertoli cell tumor 0 0 1/17 (6) 5/18 (28) 0 0
Other tumors 1718 (3) 2720 (10) 1717 (6) 1/18 (6) 0 0
Uterus
Stromal polyp/adenoma 2/18 (11) 1720 (5) 6/17 (35) 4/16 (25) 6/20 (30) 4/20 (20)
Stromal sarcoma/adenocarcinoma  1/18 (5) 1720 (5) 2/17 (12) 2/16 (13) 0 0
Hemangioma/hemangiosarcoma 0 0 2/17 (12) 4/16 (25) 1720 (5) 0
Kidney
Malignant mesenchymal tumor 3/17 (18) 0 0 0 0 0
Brain — glial tumors 2718 (11) 4/20 (20) 5/18 (28) 4/18 (22) 1/20 (5) 0
Thyroid
Follicular cell adenoma 1716 (6) 1/16 (6) 0 0 0 0
Follicular cell carcinoma 0 1716 (6) 2715 (13) 0 0 0
C cell adenoma 0 0 4/15 (27) /14 (7} 0 2/19 (11)
C cell carcinoma 0 0 4/15 (27} 2/14 (14) 0 0
Lung
Alveolar cell adenoma 0 1720 (5) 2718 (11} 3718 (17) 0 0
Alveolar cell carcinoma 0 0 1718 (6) 0 0 0
Liver
Hepatocellular adenoma ¢ 1720 (5) 0 1/18 (&) 0 2/20 (10)
Tongue/oral mucosa
Squamous cell papilloma /18 (1) 2/20 (10) 4/18 (22) 2/18 (11) 1720 (5) 0
Squamous cell carcinoma 1/18 (6) 1720 (5) 0 0 0 0
Intestine
Adenoma 0 0 4/18 (22) 1/18 (6) 0 0
Adenocarcinoma 0 0 1/18 (6) 0 0 ]
Pituitary
Adenoma/carcinoma 3/17 (18) 8/19 (42) 4/17 (24) 2/14 (14) 6/20 (30) 9/19 (47
LGL leukemia 3/18 (17) 2/20 (10) 9/18 (50) 9/18 (50) 3720 (15) 6/20 (30)
Schwannoma — various sites 2/18 (11) 3/20 (15) 0 2/18 (11) 0 0
Other [a] (b] [c] [d] [e] [£]

a) Number with tumor/number tissues examined.

b) Percentage.

Other tumors: [a] Zymbal gland carcinoma 1, glandular stomach carcinosarcoma 1, fibrosarcoma 1, adrenal cortex adenoma 1;
[b] Zymbal gland carcinoma 1, clitoral gland carcinoma 1, meningeal sarcoma 1, spleen hemangioma 1, esophagus carcinoma 1,
adrenal pheochromocytoma 1, thymoma 1; [c] kidney lipoma 1, clitoral gland carcinoma 1, parathyroid adenoma 1, histiocytic
sarcoma 1, adrenal cortex adenoma 1, adrenal medulla pheochromocytoma 1; [d] spleen hemangiosarcoma 1, histiocytoma 1,
urinary bladder transitional cell papilloma 1; [e¢] pancreas islet cell carcinoma 1; [f] clitoral gland carcinoma 1, adrenal

pheochromocytoma 1.

228



the group pretreated with BzlG is compared with the
group without pretreatment. In the 4 groups all of the
animals surviving the 10-week treatment had tumors in-
duced by the alkylnitrosourea treatment (i.e., not usually
seen in untreated control rats of this strain'*'*), Many
animals bore more than one such tumor.

The pattern of treatment-related tumors in this experi-
ment was similar to those observed with MNU and ENU
administered in somewhat different dose regimens in
previous studies.'” The incidences of the so-called “spon-
taneous” tumors, including large granular lymphocyte
leukemia, anterior pituitary tumors, adrenal medulla
pheochromocytomas, mammary gland fibroadenomas
and thyroid C-ceil tumors varied considerably from one
group to another, as reported elsewhere to be true among
untreated F344 rats, for reasons not understood,'¥

The small differences that were seen in tumor inci-
dence included mammary adenocarcinomas in 4 rats
treated with BzlG and MNU compared with none in the
MNU group, and zero kidney mesenchymal tumors in
the Bz1G/MNU group compared with 3 in rats treated
with MNU alone; 5 rats treated with ENU had tumors of
the intestine compared with 1 in rats treated also with
BzIG and 5 rats treated with ENU and BzlG had Sertoli
cell tumers of the ovary compared with 1 in rats receiv-
ing ENU alone.

DISCUSSION

Each rat treated with an alkylnitrosourea received 0.2
mmol during the 10 weeks of treatment. The effect of
BzlG pretreatment in each case was to reduce the median
time to death with tumors induced by the alkylnitroso-
urea, from week 60 to week 52 in the case of MNU
{P=0.04) and from week 55 to week 50 in the case of
ENU (not significant). This reduction in the median
week of death suggests a modest increase in the carcino-
genic effectiveness of the treatment. That is, pretreatment
with Bz1G increased the tendency for lethal tumors to be
induced. The finding that BzlG pretreatment had a larger
effect on carcinogenesis by MNU than ENU is consistent
with a greater role for AGT in repair of O°-methylgua-
nine residues in DNA than OS.ethylguanine residues.”
However, these effects were small compared with the
results of previous similar experiments, in which a two-
fold higher dose (0.4 mmol) of MNU reduced the
median week of death of female F344 rats to 33, and in
the case of ENU to 40." These larger doses caused a
considerably greater reduction in median week of death
than did BzlG pretreatment in the present experiment.

A comparison of the number and distribution of
tumors in the rats given MNU or ENU with those also
treated with BzlG does not show large differences. Most
of the alkylnitrosourea-induced tumors occurred at
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similar incidences in the groups with and without
BzlG treatment, although there were large differences in
the tumor patterns between rats treated with MNU
and ENU, respectively, which has been discussed else-
where.'"” Only in the case of the five benign Sertoli cell
tumors of the ovary in the group treated with ENU and
BzlG and the four mammary adenocarcinomas in the
group treated with MNU and Bz]G was there a possibly
significant increase in incidence related to BzlG treat-
ment. Notably lacking was any increase in liver tumors,
although the vigor of DNA repair in the liver was
originally proposed by Goth and Rajewsky? as the
reasen for the failure of ENU to induce liver tumors in
rats. That explanation is not supported by our results,
and it seems that other factors are responsible for the
insusceptibility of the adult rat liver to carcinogenesis by
many alkylnitresoureas.'®

Our results contrast with the report from Gerson’s
laboratory'” that transgenic mice in which human
AGT is expressed in the thymus are much less susceptible
to thymic lymphomas induced by a single dose of MNU
than their non-transgenic counterparts, which clearly
supports a major role for the strongly expressed AGT
activity in the mouse thymus in inhibiting carcinogenesis
by MNU. More closely relevant is the report by
Nakatsuru e al'" that transgenic mice in which expres-
sion of AGT activity in the liver is greatly enhanced de-
velop fewer liver tumors following a single treatment of
very young mice with nitrosodimethylamine (NDMA)
or nitrosodiethylamine (NDEA). These results are much
less convincing support for a role of the alkyltransferase
in modulating carcinogenesis by these nitrosamines. In
the males treated with the higher dose of NDMA and
with NDEA there was no difference between the trans-
genic and normal mice in the incidence of liver tumors;
in the other groups the differences might be fortuitous,
because the mice were killed at an arbitrary time. Single
dose treatments of adults with high doses of these
nitrosamines does not induce liver tumors, whereas
multiple treatment with very low doses (when repair of
DNA alkylation would be expected to have a relatively
greater influence) are very effective in inducing liver
tumors.’®

The modest acceleration of the appearance of alkyl-
nitrosourea-induced tumors by pretreatment of F344 rats
with BzlG suggests either that AGT plays only a limited
role in modulating carcinogenesis by these agents, or that
the dose of BzlG administered was not sufficient to alter
significantly the persistence of O°substituted guanine
residues in DNA produced by these carcinogens. Table 1
shows that after 24 h about 609 of the AGT activity was
restored in the liver of animals treated with BzlG. Thus,
it may be that AGT activity was not suppressed for long
enough by this dose of BzlG to affect significantly the
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impact of the delay in O%alkylguanine repair on carcino-
genesis. Experiments to test this latter possibility are in
progress.
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