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ABSTRACT

The mutagenic and Chemotherapeutic activities of the following
monofunctional alkylating agents were compared in vivo: ÃŸ-
chloroethylamine, dimethyl- and diethylaminoethyl chloride;
methyl- and ethylmethanesulfonate; methyl- and ethylnitroso-
urea; and procarbazine. The bifunctional alkylating agent diethyl-
amine 2,2'-dichloro-A/-methyl-hydrochloride was used as refer

ence. The alkylating activity was assessed by reacting with 4-
(p-nitrobenzyl)pyridine, and antitumor activity was determined

against L1210 in vitro and in vivo. The L1210 response, which
is consistent with useful alkylating reactivity, was very marked
with the two nitrosoureas and procarbazine. The nitrosoureas
and, to some extent, procarbazine decreased the tumorigenicity
of L1210 leukemia as evidenced by the increase in survival times
with increasing numbers of treatment generations. After treat
ment for about five transfers (106 cells i.p.) with methylnitroso-

urea (40 mg/kg i.p. on Days 1, 3, and 5), the untreated control
mice consistently survived free of tumor, whereas the treated
mice died before Day 30. After treatment with ethylnitrosourea
(80 mg/kg), the survival times also increased but more in the
treated than in the corresponding control groups. Methylnitro-

sourea was most efficient in increasing the survival times and
abolishing tumor transplantability. Antigenic change and loss of
growth potential presumably were the reason for this increase in
survival time, as indicated by tests in X-irradiated and nude mice.

The fact that nitrosoureas and triazenes, besides reducing tu
morigenicity, have similarities in their chemistry in that they
decompose or are metabolically converted into diazohydroxides
and then to carbonium ions is possibly of significance.

INTRODUCTION

Experimental evidence indicates that treatment of tumor cells
with alkylating agents can yield tumor cell populations that are
no longer able to grow in syngeneic hosts (2-4, 11,21, 22). In

particular, Bonmassar ef al. (2, 3) did extensive studies with
DTIC3 in vivo and, more recently, Boon (4) and Frost ef al. (11)

with MNNG in vitro. About 10 years ago, we reported our studies
with the 3 triazenes: DTIC; 1-phenyl-3,3-dimethyltriazene; and
1-phenyl-3-monomethyltriazene (21, 22). Our results did not

exclude changes in antigenicity but showed that the altered
tumor lines also lost oncogenic potential. Recently, we resumed
our earlier studies on cell change. Our previously used com
pounds, the triazenes, are monofunctional alkylating agents.
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Therefore, in order to learn more about the interrelationship of
the agents causing changes in antigenicity and growth potential
of L1210 leukemia, we selected now the following monofunc
tional representatives: 3 mustards; 2 sulfonates; 2 nitrosoureas,
and procarbazine.

MATERIALS AND METHODS

Chemicals. HN2 and most of the monofunctional alkylating agents
were obtained from commercial sources. Procarbazine was provided by
the Drug Development Branch, Division of Cancer Treatment, National
Cancer Institute, Bethesda, MD. All chemicals were dissolved in 0.9%
NaCI solution. MNU and END were dissolved in 0.9% NaCI solution
containing 10% 0.05 M acetate buffer, pH 4.6, divided into small portions,
and stored at -20Â°. Each portion was used immediately after thawing.

The compounds were administered i.p. usually in a volume of 0.01 ml/g
of body weight.

Mice. Nude mice were obtained from the breeding colony of our
Institute. C57BL/6J x DBA/2J F, (hereafter called B6D2F,) mice and
DBA/2J mice were purchased from The Jackson Laboratory, Bar Harbor,
ME. In general, 7- to 10-week-old female mice were used.

Treatment. The antitumor effect of these agents was studied against
L1210 leukemia. One million L1210 cells were injected i.p. Treatment
was started 1 day later and administered i.p. on Days 1, 3, and 5.

For the development of the various L1210 sublines, 1 million L1210
cells were injected i.p. Treatment was started 24 hr later and adminis
tered i.p. on Days 1, 3, and 5 for 10 to 15 transplant generations. In
each generation, 1 million ascites cells obtained from the treated mice
were implanted i.p. into each of 2 groups of mice: untreated and treated
groups.

4-(p-Nitrobenzyl)pyridine Test. For the colorimetrie estimation of
alkylating reactivity, HN2 was used as standard, and the 4-(p-nitroben-

zyl)pyridine test as described by Friedman and Boger (10) was used with
acetate buffer of pH 4.6.

Total-Body Irradiation. Irradiation was performed with 137Cs-y-radia

tion from a 6000-Ci unit (J. L. Shepherd and Associates; Model 68). The
whole-body dose of 700 R was delivered at a mean dose rate of 113

rads/min and was uniform to about Â±5% over the full range. The dose
of 700 R was, in general, well tolerated by mice 7 weeks or older;
mortality was about 1 to 2%.

Blood and Bone Marrow Count Samples for blood counts were
taken by orbital bleeding. For the determination of bone marrow cellular-

ity, both femurs were removed. The marrow cavities were opened at
both ends with a drill, and the bone marrow was flushed out and diluted
with 2 ml of 3% acetic acid. The nucleated cells in this suspension were
counted in the hemocytometer.

Further experimental details are described in the individual tables.

RESULTS

The methyl derivatives of the 3 classes of compounds used,
namely, mustards, sulfonates, and nitrosoureas, had higher al
kylating reactivity than the ethyl compounds (Table 1). Against
L1210 in vivo, the 3 mustards had no effect, the 2 sulfonates
had borderline effect, and procarbazine caused an increase in

CANCER RESEARCH VOL. 45 JANUARY 1985

40

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2421688/cr0450010040.pdf by guest on 19 M

ay 2023



D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2421688/cr0450010040.pdf by guest on 19 M

ay 2023



D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2421688/cr0450010040.pdf by guest on 19 M

ay 2023



MUTAGENIC ACTIVITY OF ALKYLATORS

especially MNU-treated L1210 lines were altered enough that
they grew poorly or not at all in normal B6D2F, and DBA/2 mice.
L1210 originated in the DBA/2 mouse with H-2" histocompatibil-

ity. The immunosuppressant activity of MNU (see Table 5) and
END allowed the altered lines to grow in the treated mice but
not in the untreated control mice. Similar findings were obtained
by Bonmassar ef al. (2, 3) with DTIC and by us with 3 triazenes
(21, 22). The immunosuppressant activity of MNU in the host
was demonstrated by its severe effect on depression of WBC
and bone marrow. Suppressing the immune system by preirra-

diation of host mice also allowed the altered L1210 lines to grow
more effectively, but the survival times of the irradiated mice
bearing the altered L1210 lines were never decreased to the
level of mice bearing the parent L1210 line. The increased
survival time of normal mice bearing the altered L1210 lines, its
partial reversal by immunodepression, and immunization4 by the

altered tumor cells against themselves and the parent L1210 are
only indirect evidence in support of antigenic induction but are
clear evidence of immunological differences between host and
tumor. The groups of Bonmassar ef al. (3), Boon (4), and Frost
ef al. (11 ), in studies with DTIC and MNNG, clearly demonstrated
in vitro the presence of new antigens in their mutagen-altered

lines.
It is, however, likely that antigenic changes are not the only

consequence of treating cells with mutagens. In our studies with
triazenes (20), heterotransplantation into hamsters had revealed
reduced growth potential of the altered leukemia lines. To deter
mine the growth potential of our MNU- and ENU-altered lines,

we selected the athymic (nude) mouse. The nude mouse is
considered to be a model system for testing cellular malignancy
(9) and, according to Giovanella and Fogh (12), the immunosup-

pressed nude mouse approximates an animal totally devoid of
the ability to reject a graft for immunological reasons. The longer
survival times of the mice bearing MNU and ENU lines versus
those bearing the parent L1210 leukemia, and especially the lack
of influence of immunosuppression by 700 R total-body irradia

tion on the survival times, represent a clear indication of reduced
growth potential. It is relevant that tumor cell lines frequently
lose malignant properties when kept in culture for long periods
without treatment. Similarly, there are many reports that various
direct treatments cause loss in growth potential; e.g., Biedler
and Riehm (1) reported that actinomycin D- and daunomycin-
resistant Chinese hamster cell lines had markedly reduced het-

erotransplantability.
It is interesting that the alkylnitrosoureas and the triazenes,

which are able to alter whole tumor cell populations, have a
common property; they decompose or are converted via diazo-

hydroxides into carbonium ions (16,17) which cause single DNA
strand breaks. In contrast to mutagens that produce single DNA
strand breaks, polyfunctional alkylating agents, such as clinically
used chloroethylnitrosoureas, produce cross-linking. Such cross-

linking agents are highly cytotoxic, but they are considered to
be better antitumor drugs because they possess lower mutagen-
icity-toxicity ratios (5).

These MNU and ENU lines appeared to have acquired a stable
heritable variation since their lack of tumorigenicity persisted
after multiple passages in X-irradiated mice. Of course, sponta

neous reverse mutation of individual cells is always possible.

â€¢F. A. Schmid, unpublisheddata.

Are these variants caused by a selection of spontaneously
occurring mutants or by induced somatic mutation? Probably,
both hypotheses are right. The spontaneous mutation rate is
already very high for tumor cells as compared to normal cells
without any outside interference (8), and it is certainly increased
by any mutagen. However, the most likely explanation of the
present results is that the above-mentioned group of mutagens,

which are all characterized by diazohydroxide and carbonium ion
formation, induces directly, maybe specifically, a mutation that
results in loss of tumorigenicity. Selection of spontaneous mu
tants appears to be more the rule in acquired drug resistance,
especially with antimetabolites. For example, selection seems to
account for the low tumorigenic 6-mercaptopurine-resistant

L1210 line we obtained (20) some years ago by treating L1210
cells with 6-mercaptopurine.

Whether antigenic change and decrease in growth potential
are intrinsically associated is unknown. The finding that antige-

nicity and growth potential of tumors can be altered by appro
priate treatment with antineoplastic agents could become of
clinical importance. A directed or specific mutation which might
involve both biochemical and immunological change is not incon
ceivable (14), although it would involve a very specific event, and
it would have to occur in every tumor cell. It is likely that some
of the leukemia cures of the past may have been due not only
to cell kill but also to cell change.
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