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SUMMARY

Chinese hamster cell lines resistant to daunomycin (DM)
were developed by direct exposure to the antibiotic. Increase
in resistance up to 883-fold was obtained. Evaluation of
dose-response data for sensitive and resistant sublines revealed
complete cross-resistance to the chemically closely related
antibiotic adriamycin as well as considerable cross-resistance to
actinomycin D. Radioautographic experiments demonstrated
that degree of resistance to DM is inversely related to degree of
nuclear labeling by tritiated DM. Thus, correspondence
between decreased sensitivity and decreased uptake for the
DM-resistant cells, and the similarity of these results with
those obtained in a previous radioautographic study of
actinomycin D- and DM-resistant sublines with tritiated
actinomycin D suggest that resistance to DM is due primarily
to differences in the cellular membrane resulting in decreased
permeability to drug.

INTRODUCTION

Experimentally derived sublines of Chinese hamster cells
growing in vitro and resistant to AD3 were shown in a previous

study (2) to be cross-resistant to various chemotherapeutic
agents, including DM, an antibiotic of the rhodomycin group.
Degree of cross-resistance to DM was considerably lower than
degree of resistance to AD itself. When investigated in bacteria
(10, 15) and in mammalian cells (1, 2, 5, 6, 16), resistance to
AD was thought to be due to permeability alterations resulting
in reduced uptake of drug. However, mechanisms of resistance
unrelated to permeability differences were recently discussed
(7. 14).

A DM-resistant Chinese hamster subline, DC-3F/DM I,
exhibited a considerable degree of cross-resistance to AD,
suggesting a mechanism analogous to that proposed for the
experimentally derived AD-resistant sublines (2). On the other
hand, in vivo studies with leukemic mouse cells indicated that
cellular resistance to DM may be a result of drug retention in
sensitive and rapid loss in resistant cells owing to difference in
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drug-DNA interaction (9). More recently, however, it was
reported (8) that permeability barriers could account for the
resistance of growing cells to DM, and, as found in the
previous study of AD-resistant sublines (2), to AD and the
Vinca alkaloids as well. In using several Chinese hamster
sublines, some of them obtained by direct exposure to DM,
with differing levels of resistance to this antibiotic, our aim in
this study was to obtain resistance and cross-resistance data by
means of an in vitro assay system and to investigate possible
differences in uptake of DM-3H by autoradiography.

MATERIALS AND METHODS

Except as noted, the derivation of resistant sublines, drug
sensitivity assay, determination of population doubling times,
methods of data analysis, and radioautographic techniques
were described previously (2).

Sublines and Culture Methods. The highly resistant subline
DC-F/DM XX was derived from DC-3F/DM I by continuous
exposure to increasing concentrations of drug over a period of
6 months and was maintained at 10 Â¿tg/mlDM for 5 months
prior to experimental testing. Subline DC-3F/DM III was
obtained from the surviving population of sensitive, parental
DC-3F cells after exposure for 72 hr to 0.1 jug/ml DM,
representing the 97% effective dose in the standard drug
sensitivity assay. After this single exposure, cells were
maintained for 7 months in absence of drug.

Cultures were propagated in Eagle's minimal essential

medium supplemented with 10% fetal calf serum. As in the
previous study (2), the resistant sublines maintained with drug
were grown in drug-free medium for 10 to 15 days and
transferred at least twice prior to use in radioautographic
experiments, sensitivity assays, and doubling time
determinations.

Source of Chemical Agents. Both AM and DM were
obtained from Farmitalia Research Laboratories, Milan, Italy.
Randomly tritiated DM (specific activity, 61 /uCi/mg) was a
generous gift from Dr. A. DiMarco, Instituto Nazionale per lo
Studio e la Cura dei Tumori, Milano, Italy. AD-3 H (specific

activity, 3.38 Ci/mmole) was obtained from Schwarz
BioResearch, Inc., Orangeburg, N. Y. DM-3H was brought

freshly into solution for each radioautographic experiment,
and constancy of specific activity was routinely checked by
counting in a Packard Tri-Carb liquid scintillation
spectrophotometer. As in the previous study (2),
standardization of radioautographic method was emphasized.
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Although in preliminary experiments with DM-3H fixation of

labeled cells with methanol gave consistent results and low
degree of drug extraction, it was found that formalin fixation,
as described by Silvestrini et al. (13), was similarly useful.

RESULTS

Drug Resistance and Cross-resistance. Results of drug
sensitivity assays (Table 1; Chart 1) show cross-resistance
between the 3 antibiotics DM, AD, and AM. The EDSO values
for DM with respect to the DM-resistant sublines are
approximately double the concentrations of drug at which the
cells were maintained, whereas, for AD and the AD-resistant
sublines, EDSO values are approximately equal or lower by
half the maintenance concentration. As found previously (2)
and extended in the present investigation, increase in
resistance to DM is accompanied by increase in cross-resistance
to AD. Cross-resistance to AM, differing from DM by a
hydroxyl group (4), was a foreseeable result. The degree of
cross-resistance was even greater than that of resistance to DM
itself.

Cellular resistance to DM was accompanied by a
prolongation of population doubling time that was an inherent
property of the cells, as manifested in drug-free medium
(Table 1). In comparison to AD-resistant sublines, the
DM-resistant sublines consistently grew somewhat more
slowly. Another phenotypic change, which was associated with
degree of resistance of sublines selected by either antibiotic,
was the increase in parallel orientation and adhesiveness of
cells on glass substrate, as compared to the disoriented, more
loosely attached parental DC-3F cells (3).

Subline DC-3F/DM III, originating from a small number of
DC-3F cells surviving a short-term exposure to DM (see
"Materials and Methods"), exhibited an initial 2- to 3-fold

increase in resistance (Chart 2). Resistance was maintained for
more than 100 days in drug-free medium. However, when
tested after 136 days, DC-3F/DM III, morphologically
indistinguishable 'from parental cells, had reverted to the

sensitivity of the DC-3F cell line.

Radioautography with DM-3H and AD-3 H. Cell monolayers

of sensitive and resistant sublines were exposed for various
time periods to 5.0 /ug/ml (0.305 Â¿iCi/ml)DM-3H. Resistance

to DM was accompanied by a marked decrease in number of
nuclear grains as compared to sensitive DC-3F cells. In Chart 3,
the results of one uptake study are shown. It was not possible
to pool data from separate experiments owing to probable
differences in radioactivity within the tritiated sample of
antibiotic. However, the relationships of uptake differences
between cell lines were similar within experiments, and uptake
of DM-3H was dose dependent in terms of number of grains.
The exposure dose of 5 Â¿ig/mlDM-3H was chosen for accuracy

in determination of mean grain number for sensitive cells. As
demonstrated in other studies (11, 13), saturation was reached
with a 30-min exposure to tritiated drug. Decrease in grain
number in sensitive DC-3F cells with 8 and 16 hr exposure was
probably due to detachment and deterioration of the most
affected, heavily labeled cells. As observed in the previous
study with AD-3H, background grain number was directly

related to density of nuclear labeling, indicating some degree
of extraction during rinsing and fixation procedures (2).

In the presence of high concentrations of DM (10 /Jg/ml),
incorporation of both tritiated uridine and thymidine was
inhibited in sensitive cells, as demonstrated previously by
Russconi and DiMarco (11), while for resistant cells
incorporation appeared relatively unaffected.

DC-3F/DM III, the subline with low and transient resistance
to DM, showed a slightly lower nuclear grain count compared
to that of parental DC-3F cells, when labeled with AD-3H. At

46 and 74 days after the single exposure to DM, during the
period of moderate increase in resistance (Chart 2), the ratios
of mean number of grains in sensitive and resistant populations
was 1.0 to 0.76 and 1.0 to 0.62, respectively.

DISCUSSION

Results of autoradiographic experiments suggest that
response of sensitive and resistant cells to DM in this in vitro
system was determined by differences in drug uptake. The low

Table 1

Response of parental and resistant cell lines to drug in terms of EDÂ¡0. degree of resistance
and cross-resistance, and population doubling time

All determinations were made after cell lines were grown in drug-free medium for 10 to 15 days.

MaintenanceEDi-nni-pntrntinnCell

lineDC-3FDC-3F/DMDC-3F/DMDC-3F/ADDC-3F/ADDC-3F/ADIXXIV/DMIVX(jug/ml)2.0b10.0b5.0b1.0C10.0CDM0.0235.3120.36.660.471.2450

(Mg/ml)ofAM0.18.48.2.11.03320723AD0.00240.250.674.700.915.94DegreeDM12318832902054ofresistance"toAM1552145582342AD110227919603762450Population

doublingtime
(hr)131718181415.0.0.0.0.5.0

" Resistance is expressed as ratio of ED50 values for resistant to parental line; ratios were calculated as

antilog of difference between log ED50 values in 2 to 5 separate experiments.
Maintenance concentration of DM.

0 Maintenance concentration of AD.
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Resistance to Daunomycin

for the 2 DM-resistant sublines themselves, DM was again the
slightly more active agent.

Resistance of low degree could be obtained after a relatively
brief exposure of 1 million cells to a toxic dose of DM, as seen
for the DC-3F/DM III subline, although full sensitivity to the
antibiotic was restored after approximately 4 months in

0.2

0.1
E

1
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Chart 1. Response of parental DC-3F and DM-resistant sublines to
various concentrations of DM and AM. Each curve was calculated as an
average of the fitted lines obtained in 2 to 5 replicate experiments,
based on the average EDSO and the average slope. Â»,â€¢,*, DM; o, G, A,
AM. Dashed lines, solid lines, dotted lines, DC-3F, DC-3F/DM I, and
DC-3F/DM XX, respectively.

background label observed for resistant cells, in contrast to the
heavier labeling in the vicinity of parental DC-3F cells most
likely due to extraction during preparation of radioautograms,
supports the idea that less DM-3H had entered the resistant

cells. In vivo experiments with mouse leukemia sublines
sensitive or cross-resistant to DM indicated that cellular
resistance to DM may be due to rapid loss of antibiotic in
resistant cells while sensitive cells were able to retain drug (9).
The basis for differential sensitivity was thus postulated to be
the result of differences in drug-DNA interaction. In the
present study, this possibility cannot be excluded by the
autoradiographic data. Presumably, loss of DM-3H from

resistant cells would have had to have occurred rapidly and
extensively during the brief rinsing and fixation procedures
following drug exposure. However, basic differences in systems
and methodology may have contributed to these conflicting
results.

Results of cross-resistance studies of AM with sensitive and
resistant sublines are interesting in view of comparative data
for DM and AM in a variety of in vivo systems (4, 12). Against
6 different solid or ascitic transplantable neoplasms of mouse
and rat, AM was the more active agent. In the present study,
the 2 antibiotics were equally effective against sensitive DC-3F
cells (Table 1). However, with the 2 AD-resistant sublines, the
ED50 values for AM were 6 to 9 times greater than for DM;

0.02

200

DAY

Chart 2. The sensitivity of resistant subline DC-3F/DM III to DM
over a 227-day period. *, EDSO; A, ED80. DC-3F/DM III was derived
from parental DC-3F cells surviving exposure to 0.1 Mg/mlof DM in the
drug sensitivity assay of parental cells performed at the start of the
experiment (Day 0) and was maintained thereafter without drug.
Response of DC-3F to DM was determined during this period: Â»,ED50;
o, ED80. Cross-hatched area, range of each set of values.
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Chart 3. Uptake of DM-3H with time, as demonstrated in
radioautograms of parental and drug-resistant cells. Cultures were
exposed to 5.0 Mg/ml (0.305 liCi/ml) of tritiated drug for the indicated
periods of time. Each point represents the average grain count of 1000
nuclei for resistant cells and 200 for parental cells by 2 observers on
coded slides. â€¢,DC-3F; A, DC-3F/AD IV; *, DC-3F/AD X; o,
DC-3F/DM XX.
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absence of drug. Radioautographic data indicated that uptake
of AD-3 H was slightly reduced during the period of maximum

resistance, suggesting, therefore, that permeability differences
could account for low as well as high level resistance to DM.

Thus, as for cellular resistance to AD (2, 5, 6, 16), the
hypothesis of differences in cell membrane permeability
between sensitive and resistant sublines is applicable to
resistance to DM as well. The markedly reduced uptake of
DM-3H by DC-3F/DM XX cells, for example, suggests that

during development of the resistant subline there was selection
of cells with an as yet undefined alteration of the surface
membrane. Whether barriers to entrance of drug at the level of
the nuclear membrane also may have significance was not
tested experimentally. However, in a study of polykaryocytes
comprising nuclei from both AD-resistant and -sensitive HeLa
cells and exposed to AD, only the nucleoli of sensitive cell
nuclei were affected (7). Thus, an important role for the
nuclear membrane in transport of drug to active sites was
suggested.

Although it is not unlikely that there are several differences
contributing to differential drug response between the
sensitive and the resistant Chinese hamster cells exposed to
high concentrations of DM, a variety of results support the
concept of cell membrane alteration. As in experiments with
AD-resistant sublines exposed to combinations of AD and
Tween 80 (1), the surface-active agent, at concentrations
showing no growth-inhibitory action alone, markedly
potentiated the effect of DM against the highly resistant
subline DC-3F/DM XX (H. Riehm and J. L. Biedler, Effect of
Tween 80 on Surface Membranes of Chinese Hamster Cells
Sensitive and Resistant to Actinomycin D and Daunomycin,
manuscript in preparation). In another study, the
tumor-producing capacity of DM- and AD-resistant sublines
was markedly reduced while that of 3 independently derived
amethopterin-resistant sublines remained at control (parental
DC-3F) levels (3). The heterotransplantability data and their
correlation with morphological cell growth patterns suggested
differences in surface membrane properties between the
antibiotic-sensitive and -resistant cells. Finally, as discussed
previously (2), the cross-resistance studies with AD and DM
and with various other chemical agents with differing modes of
action suggest that a common cellular mechanism exemplified
by altered cell membrane permeability is principally
responsible for resistance of these Chinese hamster cells to
both agents.
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