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ABSTRACT

Drug sensitivity of methylnitrosourea (MM > and l-(2-chloroethyl)-
3-(rranj-4-methylcyclohexyl)-l-nitrosourea(MeCCNU)-resistantL1210
lines have been compared. In the production of the MeCCNU-resistant

line full resistance to MeCCNU was obtained after 15 generations with
a gradual increase of the treatment dose. Treatment of I 1210 with MM
(40 mg/kg i.p. on days 1, 3, and 5) produced after five or more treatment
generations a MNU-resistant subline with reduced tumor growth in the
untreated controls. Therapeutic responses of 1.1210. L1210-MeCCNU
and I 121(1-MM to MeCCNU, MM . cyclophosphamide, 2,2'-dich-

loroWV-methyldiethylamine hydrochloride, 1-0-D-arabinofuranosyIcyto-
sine, methotrexate, and 6-mercaptopurine were compared in both min
ami X-irradiated (400 R) mice. The LI210 and M 2III-MeÂ« M lines
reacted similarly except that L1210-MeCCNU was resistant to Me
CCNU and MNU. However, the L1210-MNU line differed greatly from

the parent line. The survival times in nonirradiated mice were increased
in all except the MNU- and MeCCNU-treated groups, and in irradiated
mice they were less than 30 days and only cyclophosphamide and 2,2'-

dichloro-yV-methyldiethylamine hydrochloride caused long-term survi

vors. The different behavior of I I 210 MM and I 12IO MiÂ« M is
apparently due to the fact that at maximum tolerated doses the mono-

functional alkylating agent MNU is more mutagenic than the bifunctional
MeCCNU. Antigenic change and loss of growth potential presumably
are the reasons for the different sensitivity of L1210-MNU as indicated
by tests in X-irradiated and nude mice. Apparently this host-related

sensitivity is not directly related to the development of drug resistance.

INTRODUCTION

In a previous paper (1) we compared the mutagenic effect of
several monofunctional alkylating agents, injected for several
transplant generations, on L1210-bearing mice. MNU4 was

most effective in decreasing the tumorigenicity of L1210 leu
kemia as evidenced by the increase in survival times with
increasing numbers of treatment generations. Antigenic change
and loss in growth potential were shown to be the reasons for
the increase in survival time. The experiments in this publica
tion are an extension of the former study and show its relevance
with respect to drug sensitivity and drug resistance.

We compare the chemotherapeutic response of two resistant
1,1210 sublines, one made resistant to the monofunctional
nitrosourea MNU and the other to the polyfunctional Me
CCNU. This is a study of a mutagen-induced host-related
sensitivity, and is thus intended mainly as an intercomparison
of parent line and resistant sublines. Therefore, the therapeutic
responses, measured by MST, of identically treated groups of
the parent line and sublines are compared (2). Percentage of

Received 9/30/85; revised 1/28/86, 4/23/86; accepted 5/14/86.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1Supported by National Cancer Institute Grants CA 18856 and CA 08748,
and by the Elsa U. Pardee Foundation.

2To whom requests for reprints should be addressed.
3Present address: Tri-Service General Hospital, Taipei, Taiwan, Republic of

China.
4The abbreviations used are: MNU, methylnitrosourea; HN2, 2,2'-dichloro-

JV-methyldiethylamine hydrochloride; MeCCNU, l-(2-chloroethyl)-3-<fr<Hij-4-
methylcyclohexylH-nitrosourea; CPA, cyclophosphamide; MST, median sur
vival time.

increases in life span relating the treated groups to the untreated
group within the same tumor line, as is standard procedure for
comparing chemotherapeutic effect of an agent, are less relevant
to such a study.

MATERIALS AND METHODS

Chemicals. MNU, CPA, and HN2 were obtained from commercial
sources; all other compounds were provided by the Drug Development
Branch, Division of Cancer Treatment, National Cancer Institute,
Bethesda, MD. MNU, CPA, HN2, and l-/3-D-arabinofuranosylcytosine
were dissolved in 0.9% NaCl solution, and methotrexate was dissolved
in 0.9% NaCl solution and sodium bicarbonate. MeCCNU and 6-
mercaptopurine were suspended in 0.5% carboxymethylcellulose in
0.9% NaCl solution. MNU, CPA, HN2, and MeCCNU were prepared
immediately prior to injection or were stored frozen in daily samples
at about -20Â°C. The compounds were administered i.p. usually in a

volume of 0.01 ml/g of body weight.
Mice. Nude mice (Swiss-nu/nu) were obtained from the breeding

colony of our Institute. C57BL/6J x DBA/2J F, (hereafter called
B6D2F,) mice, and C57BL/6J 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 various agents were intercom-
pared between the two resistant sublines and the parent LI210 leuke
mia. In general, IO6cells were injected i.p. and treatment was started 1

day later. For the development of the resistant sublines in each gener
ation ID"cells obtained from the treated mice were implanted i.p. into

the untreated and treated groups of the next generation and treatment
was started 1 day later.

Total-Body Irradiation. Irradiation was performed with <37Cs-y-radia
tion from a 6000-Ci unit (J. L. Shepherd and Associates; Model 68).
The whole-body doses were delivered at a mean dose rate of 113 rads/
min and were uniform to about Â±5%over the full range. A dose of 700
R was, in general, well tolerated by mice 7 weeks or older; mortality
was about 1-2%.

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

Chromosome Count. After about 10 h of treatment in vivo with 2 mg
of colchicine/kg, chromosomes were counted on Giemsa-stained prep
arations pretreated with 0.56% KC1.

Resistant sublines with 12 or more treatment generations were used
for experiments in Tables 1, 2, 4, and 5.

Further experimental details are described in the individual tables.

RESULTS

In the development of resistance to MeCCNU in LI210
leukemia full resistance to the single maximum tolerated i.p.
dose of 40 mg/kg was obtained after 15 treatment generations.
The pattern of development of resistance to MNU differed
greatly from that of MeCCNU. After treatment for about 5 or
6 transfer generations with MNU (40 mg/kg), on days 1, 3, and
5, i.p., the tumor (IO6 cells, i.p.) was altered to such a degree

that it would not grow in untreated B6D2Ft or DBA/2 mice,
but the MNU-treated mice usually died of tumor between days
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SENSITIVITY OF NITROSOUREA-RESISTANT L1210 LINES

Table 5 Transplantability ofL12lO leukemias after in vitro exposure to
MeCCNU, MNU, or HN2

Tumor cells, 107/tnl, were incubated at 37*C in Earle's solution for 30 min.
Groups of 6-9 B6D2F, mice, consisting of 2-3 separate tests, were given i.p.
injections of about 10*cells. Irradiated hosts were also included for L1210-MNU.

Drug(mg/ml) L1210 LI210-MeCCNU L1210-MNU

MeCCNU
0.01
0.02
0.1
0.2

MNU
O.I
0.25
0.5
1.0

HN2
0.25
0.5
1.0

-<+>>

" +, All recipients died of tumor; â€”,all recipients were tumor free 60 days

after implantation of tumor cells.
* Results in parentheses are from hosts which had received 600-700 R total-

body irradiation on day â€”1.

chromosomes with the modes from 38 to 40 (Table 4). Each
line had 1 to 4% of cells with more than 60 chromosomes.

The cytocidal effect of in vitro treatment with MeCCNU,
MNU, and HN2 on the three tumor lines has been examined
(Table 5). Both resistant sublines were cross-resistant to MNU
and MeCCNU, having themselves about a 5- to 10-fold higher
resistance than the parent line. All three lines were about equally
sensitive to HN2.

DISCUSSION

The obvious partner for comparison studies of drug sensitiv
ity with the monofunctional alkylating agent MNU appeared
to be a polyfunctional alkylating agent as, e.g., MeCCNU,
which is also a nitrosourea. Bradley et al. (3) found in V-79
Chinese hamster cells at equimutagenic doses of methyl- and
haloethyl-nitrosoureas comparable levels of DNA strand
breaks, but at equitoxic concentrations MNU produced many
more DNA strand breaks than did the haloethylnitrosoureas.
However, the haloethylnitrosoureas induced DNA cross-link
ing, whereas MNU produced no detectable cross-linking. In
general, monofunctional alkylating agents produce single DNA
strand breaks, whereas polyfunctional agents produce cross-
linking and are, therefore, more cytotoxic and also better anti-
tumor drugs (4).

The development of resistance to these two agents was influ
enced by their mutagenic capacities. Treatment of LI210 for
several generations with MNU consistently produced sublines
with reduced tumorigenicity (1), whereas with MeCCNU there
was no marked change in the survival times of the untreated
controls. The differential growth pattern between MeCCNU
and MNU was not due to any immunosuppressant activity,
because both compounds have a similar effect on the WBC
(Ref. l; Table 3).

The similar behavior of the MeCCNU- and MNU-resistant
lines in the in vitro sterilization study (using irradiated hosts
for L1210-MNU; Table 5) also suggests that their differential
behavior is based on host factors.

Occasionally after treatment with chemicals and especially
as cells become malignant, the number of chromosomes per
cell increase (5, 6). However, chromosomal analyses of the
three leukemia lines showed no difference, not even in the
LI 210-MNU line (Table 4).

As shown previously (1) and in Table 2 by tests in X-
irradiated and nude mice, antigenic change and loss of growth
potential are the reasons for the increase in survival times of
L1210-MNU-bearing mice. In contrast to L1210-MNU,
L1210-MeCCNU showed a growth pattern similar to that of
the parent line. The longer survival times of nude mice with
LI210-MNU versus those with LI210 leukemia, and especially
the lack of influence of immunosuppression by total-body irra
diation on the survival times of the nude mice, are an indication
of reduced growth potential.

After having ascertained such great antigenic change in the
L1210-MNU cell population, it is not surprising to find in
creased therapeutic responses (Table 1), as if it were a nonsyn-
geneic host tumor system (7, 8). Such immunological cell
changes, spontaneous or induced, are usually minor so that the
untreated group of the changed tumor subline has the same or
a similar MST as that of the native line (2, 7-9). But here, in
the case of the L1210-MNU line, IO6cells i.p. were not able to

overpower the immunological reaction of the host as shown by
the lack of tumor growth, even in the untreated mice. Only the
groups which received the higher doses of MNU and MeCCNU
(20, 30, and 40 mg/kg) had shorter survival times because at
the doses used these two compounds are not cytotoxic for the
LI 210-MNU cells, and their immunosuppressive activity was
great enough to allow these antigenic cells to grow. When the
inoculum of L1210-MNU cells was raised to 2 x IO7 in normal

mice, there was successful tumor growth in the untreated group
and also in the treated groups where the drug had greater
immunosuppressive than cytotoxic activity. In nonirradiated
mice the data for the L1210-MNU line were very different from
the other two lines but in X-irradiated mice these differences
were less, also indicating their immunological nature.

The changes in antigenicity and growth potential which are
the cause of the described increased host-related sensitivity are
not necessarily associated with the development of drug resist
ance as the latter can be produced with practically any chemical
agent, regardless as to whether it is mutagenic or not.

In the early days of the study of acquired drug resistance
there was considerable optimism that mechanisms of resistance
could be used against cancer through the phenomenon of col
lateral and/or induced host-related sensitivity. So far this has
not been successful. However, as a deeper understanding is
gained of the causes and mechanisms involved, this neglected
field could possibly become clinically important.
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