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Summary. A B16 melanoma cell line in which resistance to
doxorubicin (Dx) had been induced by in vitro exposure
to the drug, was found not to be cross-resistant with 4’-de-
oxy-4’-iodo-doxorubicin (4’-1-Dx), a new Dx derivative.
Dx was 200 times less active in resistant than in sensitive
cells, whereas the iodo derivative compound had the same
level of activity in both cell lines. Cytotoxicity of Dx was
dependent on concentration and on length of treatment,
whereas that of 4’-I-Dx was correlated only with drug con-
centration. In an effort to explain this different behavior,
intracellular retention and distribution of the two drugs
was examined. Uptake and efflux of 4’-1-Dx in sensitive
and resistant cells were similar, and cellular retention of
the drug was 5-25 times higher than that of Dx. In addi-
tion, intracellular distribution of the iodo-derivative com-
pound was similar in both cell lines, whereas more nuclear
Dx was found in sensitive than in resistant cells. These dif-
ferences may explain not only the lack of cross-resistance,
but also the different cytotoxic behavior, of 4’-I-Dx.

Introduction

Doxorubicin (Dx) is an anticancer drug effective against a
wide spectrum of experimental [9] and clinical tumors
[3, 6]. Unfortunately, as for anticancer drugs in general,
tumors often become resistant to the treatment subsequent
to selection or induction of a resistant cell subpopulation
[12, 18, 19}

Tumor cells resistant to Dx are generally cross-resis-
tant to other anthracycline analogues [17, 18] and also to
other anticancer agents, such as vinca alkaloids [14, 23].
The mechanisms responsible for resistance are still under
study, but some of them have been identified in gene am-
plification [16, 22], alterations of plasma membrane
[11, 14], reduced intracellular accumulation of the drug
due to higher efflux [8, 13], energy-dependent drug trans-
port [2, 10] and altered drug-DNA interactions [4, 15].

In our laboratory a subline of B16 melanoma cells with
elevated levels of resistance to Dx was selected by continu-
ous in vitro exposure to increasing concentrations of Dx
[20]. This line showed cross-resistance with vincristine and
other anthracyclines, such as daunorubicin and 4’-epi-Dx,
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but a lower resistance index (RI) was found with 4-deoxy-
Dx (RI = 30) and 4-demethoxy-daunorubicin (RI = 3)
[20]. In the same study, however, no cross-resistance was
obtained with a new Dx derivative, 4’ -deoxy-4’-iodo-Dx,
whereas collateral sensitivity was found with cis-diam-
minedichloroplatinum.

In the present paper we report studies performed with
the objective of elucidating the mechanisms responsible
for the lack of cross-resistance with 4’-deoxy-4’-iodo-Dx in
B16 melanoma cells. A difference in the uptake, efflux and
intracellular distribution of the two drugs was found; how-
ever, a different mechanism of toxicity is suggested by our
results as an explanation for the lack of cross-resistance.

Material and methods

Drugs. Dx and 4’-deoxy-4’-iodo-Dx (4’-1-Dx) were a gift
from Farmitalia-Carlo Erba (Milan, Italy). Dx was dis-
solved in 0.9% NaCl solution immediately before use,
while 4’-I-Dx was melted with methanol and diluted in
0.9% NaCl solution. Drug concentrations were determined
spectrophotometrically by using the coefficient E!"q, =
173 for Dx and E',;4 = 198 for 4-I-Dx.

Cell lines. The B16 melanoma cell line (B16V) and its resis-
tant variant cell line (B1I6VDXR) were obtained as already
reported [20] and maintained in RPMI 1640 medium
(Flow Laboratories, Irvine, Ayrshire, UK) supplemented
with 10% fetal calf serum (FCS; Flow Laboratories),
0.03 m M Fe(CN)¢K; and antibiotics.

Cytotoxicity evaluation. Exponentially growing cells were
treated with Dx for 1 or 72 h at 37° C. After 1 h of treat-
ment, cells were washed with saline solution and cultured
in drug-free medium for 72 h. After harvesting with tryp-
sin-EDTA, cells were counted in a Coulter counter (ZBI
Electronics, Luton, UK). Cell viability was determined
by the Trypan Blue exclusion test. The resistance index
(RI) was calculated as the ratio between the IDs, of the
drug in resistant cells and the IDs, of the same drug in
sensitive cells.

Drug uptake studies. For drug uptake experiments, 1 x 10°
exponentially growing cells were seeded into dishes 5 cm
in diameter (Falcon, Becton Dickinson, Calif) with 4 ml
complete medium and incubated at 37° C in a humidified
5% CO, atmosphere. After 24 h, the culture medium was
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replaced with fresh medium containing Dx or 4’-1-Dx; the
concentration used for both drugs was 1 ug/ml. In each
experiment three dishes were used for each point. The in-
tracellular drug content was evaluated according to Finkel
[7]. Influx was stopped at different points during incuba-
tion; the medium was removed, cells were washed with
2 ml ice-cold phosphate-buffered solution (PBS), detached
with trypsin-EDTA and harvested in 2 ml distilled water.
Then, 3 ml 1-butanol was added to each sample, vortex-
mixed twice for 1 min and centrifuged at 2000 rpm for 10
min. The butanolic phase was analyzed in a fluorescence
spectrophotometer (Perkin-Elmer MPF-44A) at 500 nm
excitation and 589 nm emission. The drug concentration in
cach sample was determined from a calibration curve.

Drug efflux studies. For drug efflux experiments, 1 x 10° ex-
ponentially growing cells were seeded into 75-cm? flasks
(Corning Glass Work, Corning, NY) with 4 ml complete
medium. After 24 h, the culture medium was replaced with
fresh medium containing Dx or 4’-I-Dx (1 ug/ml). Efflux
was evaluated after 1 h of drug uptake. At this time the me-
dium was removed, cells were washed with cold PBS, and
50 ml of drug-free medium was added. At different times
medium was removed and cells were washed and detached
as described for the studies of drug uptake.

Intracellular distribution of the drugs. Intracellular distribu-
tion of Dx and 4-I-Dx was studied in cell monolayers
grown on coverslips, incubated with the drug for 0.5, 24 or
48 h. At the end of the incubation, the coverslips were
rinsed with PBS and mounted upside-down on microscop-
ic slides. The fluorescence intensity of anthracycline was
analyzed subsequently in the nucleus and in the cytoplasm
of each cell by performing spot measurements with a di-
aphragm 2 um in diameter. Measurements were performed
with a Leitz MPV2 microscope photometer, as previously
reported [20].

Results
Cytotoxic activity

The cytotoxic activity of Dx and 4-I-Dx on B16V and
B16VDXR cells after 72 h of treatment has already been
reported [20], but it is included again in Fig. 1A to allow
comparison of the cytotoxicity of the two drugs after 1 h of
treatment (Fig. 1 B). Although a dose-response effect was
evident in all the experiments, Dx, even at very high con-
centrations, failed to cause a 100% cell killing both with
1 and 72h exposures, whereas no surviving Bl6V
and BI6VDXR cells can be found after treatment with
5 ug/ml of 4-1-Dx. No differences were observed in the
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Fig. 1 A, B. Cytotoxic activity of Dx and 4’-I-Dx on sensitive and
resistant cells after A 1 h or B 72 h of treatment. A, Dx on B16V;
A, Dx on BI6VDXR; O, 4-1-Dx on Bl6V: @ 4’-I-Dx on
B16YDXR. Data shown are the means + SD of six determina-
tions in three independent experiments

IDs, of 4’-1-Dx for the two cell lines, suggesting the ab-
sence of a cell subpopulation resistant to this drug.

A comparison between the 1Dy, and the resistance in-
dexes of the two drugs tested on the sensitive and resistant
lines is reported in Table 1. The RI for each drug remained
essentially unchanged after treatments for 1 or 72h
(180-200 for Dx and 2.1-1.2 for 4-1-Dx). However, short-
ening the time of treatment from 72 to 1 h increased the
ID5, of Dx on B16V cells 20 times, while the IDs, of 4°-1-
Dx was not dependent on the time of exposure. Thus,
whereas after long-term treatment the two drugs had simi-
lar IDy, values in B16V cells (10 vs 15 ng/ml), after 1 h of
treatment a Dx concentration about 8 times higher (200 vs
27 ng/ml) was needed to kill 50% of cells. In addition, Dx
was about 100 and 600 times less active than 4’-1-Dx in
B16VDXR cells after 72 and 1 h of treatment, respectively.
Taken together, these data suggest different mechanisms of
action of the two drugs on the two cell lines.

Drug uptake and efflux studies

In order to explain the different behavior of the two drugs,
we have evaluated their uptake in sensitive and resistant
cell lines. Figure 2 shows that the uptake of Dx in B16V
and BI6VDXR cells was about 5 and 15 times lower than

Table 1. Cytotoxic activity of Dx and 4'-I-Dx on B16V and B16VDXR cells evaluated as ID 53 (ng/ml) after 1 or 72 h of treatment

Duration of Dx 4'-1-Dx

treatment

(h) BI6V B16VDXR RI= Bl6V B16VDXR RI?
1 200 36 000 180 27 58 2.1

72 10 2000 200 15 18 1.2

ID;, on BI6VDXR
IDs, on B16V

aResistance index =
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Fig.2. Dx and 4’-1-Dx uptake in sensitive and resistant cells.
Cellular drug content was evaluated spectrofluorometrically in
butanolic cell extracts. A, Dx in B16V; A, Dx in BI6VDXR;
O, 4-1-Dx in Bl6V; @, 4-1-Dx in BI6VDXR. Data are the
means = SD of four determinations in two independent experi-
ments

Table 2. Intracellular distribution of DX and 4'-1-Dx in B16V and
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B16VDXR cells
Drug Treatment Nucleus/cytoplasm ratio?
(= SD)
Dose Time
(ug/ml) Bl6V BI6VDXR
Dx 10 30 min 4.83£1.50** 2.55+0.78
1 24h 2.44+0.68* 1.56 £0.46
1 481 0.87 £0.08 0.82+0.13
4'-1-Dx 5 30 min 2.31%£0.43 2.18 £0.18
1 24h 0.86 £ 0.05 1.08 +£0.24
1 48 h 0.60+0.21 1.05£0.27
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Fig. 3A, B. Uptake and efflux of Dx and 4’-I-Dx in A B16V and
B B16VDXR. Cellular drug content was evaluated spectrofluoro-
metrically in butanolic cell extracts. Triangles, DX; circles, 4-1-Dx.
Data are the means + SD of four determinations in two indepen-
dent experiments. Figures in parentheses, percentage cellular drug
retention

that of 4’-1-Dx, respectively. However, while the content of
Dx in B16V cells increased at least until 4 h in the presence
of the drug, the cellular content of 4’-1-Dx peaked in 2 h
and no significant amount of drug seems to enter the cells
with further exposure. In contrast in BI6GVDXR cells the
plateau was reached with both Dx and 4’-1-Dx after 2 h of
exposure; in these cells the difference between cellular
content of the two drugs subsequently remained constant.

In B16V cells (Fig. 3A) significant differences were ob-
served in the rate and in the amount of efflux of the two
drugs, the percentage efflux of 4’-I-Dx being twice that of
Dx; then the amount of cellular drug content after 2 h of
efflux was five-fold higher for the iodo-derivative than for
Dx. In BI6VDXR cells (Fig. 3B), in contrast, where the
uptake of 4’-1-Dx was 10 times higher than that of Dx, the
percentage efflux of the two drugs was similar; in both
cases the release of the drug was about 50%. Comparison
of the effluxes in the two cell lines [21] revealed a higher
amount of Dx release in resistant than in sensitive cells,
while the efflux of 4’-I-Dx was similar in B16V and

a Mean of at least 10 samples for each point
* P <0.05; ** P <0.01 (Student’s rtest)

BI6VDXR cells. As a consequence of these differ-
ences, the intracellular content of 4’-I-Dx was 5 and 25
times higher in B16V and B16VDXR, respectively, than
that of Dx.

It was interesting that the 4’-I-Dx uptake and efflux
were so high that when the drug efflux was evaluated in
the same volume of culture medium as drug uptake only
30% was found to be released in the first 45 min and no
further release was observed (data not shown). This was
due to the high extracellular concentration reached by this
drug in these conditions. In contrast, Dx release, which
was minimal in comparison with 4’-I-Dx, was not affected
by the volume of culture medium. These experiments,
therefore, show that a different amount of drug efflux, and
consequently of intracellular drug, may be one of the
mechanisms responsible for the lack of cross-resistance
with 4’-1-Dx.

Intracellular drug distribution

Since a difference in the intracellular distribution of Dx in
the sensitive and resistant cells has been reported [20], we
also examined this parameter for the anthracycline deriva-
tive. Since the Dx uptake was lower than that of 4’-1-Dx,
the latter was determined at lower concentrations. Results
of this experiment are reported in Table 2, which shows
that the ratio of nucleus/cytoplasm distribution of Dx was
significantly higher in BI16V (4.83) than in BI16VDXR
(2.55) and that this difference was maintained with longer
treatment durations (24 and 48 h). In contrast, intracellu-
lar distribution of 4’-I-Dx after 30 min of incubation was
two-fold in the nucleus compared with cytoplasm, but this
ratio was similar in sensitive and resistant cells. After 24
and 48 h of treatment this ratio fell to 1 in both cell lines,
whereas this value was not reached in cells treated with Dx
until after 48 h of exposure. The observation that the in-
tracellular distribution of 4’-I-Dx is similar in the two cell
lines is a possible explanation for the equal cytotoxicity of
the drug in B16V and BI6VDXR cells.

Discussion

Cellular resistance to DX in leukemic and solid tumors is
usually associated with cross-resistance to other anthracyc-
lines [6, 12] as well to other antitumor agents, such as vin-
ca alkaloids {14, 23]. Several studies have been performed
to explain the resistance to Dx, which seems to be due to a
reduced accumulation of the drug in the cell [8, 10] and/or
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to a gene amplification [16, 22] and/or to a different inter-
action of the drug with DNA [4, 15]. Cross-resistance,
which occurs among drugs having different molecular
structures, has been correlated with an alteration of mem-
brane permeability, which would lead to a reduced cellular
accumulation of drugs [8, 13].

Dx and its derivative 4-1-Dx were not cross-resistant
in B16 melanoma cells. In fact treatments for both 1 and
72 h could define an IDs, for Dx that was 200 times higher
in resistant than in sensitive cells, whereas that of 4’-I-Dx
was similar in both cell lines. In addition, our data show
that while the IDs, of Dx is dependent on the time of expo-
sure being 20 times lower at 72 than at 1 h of treatment, the
IDy, of 4-1-Dx is similar with 72-h or 1-h treatments.
These differences can be explained by a faster uptake of
the Dx derivative or by a different mechanism of toxicity.

The lack of cross-resistance between the two drugs
seems to be due to similar 4’-1-Dx uptake and efflux in
both Dx-sensitive and Dx-resistant cell lines; these data,
together with a similar intracellular distribution of the
drug in both cell lines, indicates no differences in the nu-
clear and cytoplasmic membrane transport of 4-I-Dx in
Dx-sensitive and -resistant cells. The higher uptake of 4’-1-
Dx than of Dx in B16V cells, probably due to the higher
lipophilicity of the drug [1], is responsible for the 10 times
higher cytotoxic activity of the anthracycline derivative
when the exposure to the drug lasts for only 1 h. This dif-
ference in the amount of drug uptake could also explain
the non-time-dependent cytotoxicity of 4’-I-Dx: in fact, in
1 h it reaches intracellular drug levels sufficient to induce
the same activity as with a longer duration of exposure.
The differences observed in drug uptake, efflux and distri-
bution and in the ability to induce DNA strand breaks [5]
could be responsible for the lack of cross-resistance be-
tween the two compounds. However, in order to explain
their different cytotoxic behavior, a different stability of
the linking to DNA or a different interaction with the
DNA repair system must be postulated.
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