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unknown mechanism and the microsomal pathway as shown 
in Fig. 2. Knowledge of the enzymatic mechanism of both 
pathways may lead to useful prodrugs with improved 
selectivity. 
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Studies on a mode of resistance to m-AMSA 

(Received 9 August 1981; accepted 23 March 1982) 

Studies on patterns and modes of drug resistance in animal 
tumors have provided useful information regarding deter- 
minants of drug responsiveness. Several factors have been 
implicated in resistance to a group of natural and synthetic 
products including anthracyclines, actinomycin D, vinca 
alkaloids and alkyIaminoanthraquinones. Mouse leukemia 
cell lines selected for resistance to any of these agents tend 
to be cross-resistant to the others [l-6], This common mode 
of drug resistance appears to involve an operational barrier 
to drug accumulation which may be an energy-dependent 
active outward transport process [7-131. The broad cross- 

Table 1. Drug responsiveness patterns in viuo* 

Dose 
Drug (mgikg) P388 P388/AMSA 

Aclacinomycin 12 88 88 
Actinomycin D 0.36 96 116 
Adriamycin 4.5 125 37 
m-AMSA 12 112 12 
Daunorubicin 3 62 27 
Ellipticine 60 86 4 
Vincristine 1.2 108 96 

* Animals received lo6 cells on day 0 and were treated 
with specified drug levels on days 1, 5 and 9. Results are 
described in terms of increased life-span of tumor-bearing 
animals relative to untreated controls. 

resistance pattern could, therefore, reflect the specificity 
of an active exodus process [S, 10, II]. 

In this study, we have examined a subline of the P388 
murine leukemia selected [14, 151 for resistance to the 
synthetic aridine N-[4-(9-acridinylamino)-3-methoxy- 
phenyl]-methanesulfonamide (m-AMSA). an antitumor 
ageni [I61 which binds to DNA [ 171 causing protein-associ- 
ated DNA strand breaks 1181. The cross-resistance pattern 
in P388/AMSA was unusual, suggesting a new mode of 
drug resistance. 

Derivation of the adriamycin-resistant P388iADR cell 
line, together with procedures for measurement of drug- 
induced promotion of survival of tumor-bearing animals 
are described in Refs. 1 and 2. The P388iAMSA cell line 
was obtained by serial intraperitoneal passage of P388 cells 
in BALBic x DBAi2 mice treated ~ntraperitoneally with 
4mglkg m-AMSA on days 4-10. After nine transplant 
generations, animals received drug on days 1-i’: at 
twenty-four transplant generations, the m-AMSA resistant 
subline was obtained. Further characterization of this cell 
line is shown in Table 1. Full details are described in Ref. 
15. 

Drug resistance patterns were determined by in uioo 
studies involving treatment with anti-tumor agents on days 
I,5 and 9 after intraperitoneal transplant of 10’ cells. Drug 
levels emptoyed (Table 1) were non-toxic to control animals 
and represented the highest tolerated drug levels with this 
schedule. Drug-promoted response is reported in terms of 
percent increased life-span (%ILS). If the mean time to 
death after transplant for untreated animals is 7 days. a 
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Table 2. Transport and binding studies 

System Drug P388 P388/ADR P388lAMSA 

Intact cells* DNR 174 f 10 83 * 5t 168 ? 9 
Intact cells AMSA 54 + 6 21 2 4t 45 2 6 
Intact cells 
+ NaNs, - glucose* DNR 182 -e 7 161 +- 9 167 * 7 
Intact cells 
+ NaN,, - glucose m-AMSA 55 2 5 41 * 5 53 + 5 
Cell nuclei5 DNR 11927 54 2 4t 38 +- 5t 
Cell nuclei m-AMSA 9.3 -t 1.7 4.2 + It 3.3 2 0.5t 

* Cells were incubated for 10 min at 37” with labeled drugs in complete growth medium (1 mg/ml 
glucose). Units = pmoles drug/lo6 cells (average of five experiments * S.D.). 

t Significantly different from P388 values (P < 0.01). 
$ As for “intact cells” except that glucose-free medium containing 10 mM NaNJ was used for 

incubations. 
I Nuclei were isolated after lo-min incubations of intact cells in complete growth medium. 

Units = pmoles drug/lo6 nuclei 

%ILS value of 200 means that treated animals had a mean 
survival of 21 days. Data shown in Table 2 represent mean 
values from two to ten experiments each involving ten 
mice. 

Radioactive drugs were obtained from SRI International, 
Menlo Park, CA, via the Chemical Resources Section of 
the Developmental Therapeutics Program, Division of 
Cancer Treatment, NCI. m-AMSA was labeled on carbon 
9 with 14C (specific activity: 20 Ci/mole). Radiopurity was 
assessed with silica TLC using chloroform-methanol (8 : 2) 
and was found to be > 98%. Daunorubicin was labeled 
with 14C on carbon 14 (31 Ci/mole); radiopurity was meas- 
ured using silica TLC and chloroform-methanol-acetic acid 
(80 : 20 : 4) and was found to be > 96%. Both drugs were 
diluted with carrier so that a concentration of 0.3@ml 
contained 50,000 counts per min per 2 ~1. 

Adriamycin-resistant (P388/ADR) and m-AMSA-resist- 
ant (P388/AMSA) sublines of the P388 murine leukemias 
were maintained in cell culture using Fischer’s medium 
supplemented with 10% horse serum and 1 PM mercapto- 
ethanol. Drug resistance was not altered by growth in 
culture in the absence of the selecting agents. 

Uptake of labeled drugs was measured [9, lo] after lo- 
min incubations by which time steady-state intracellular 
levels had been reached. Isolation of cell nuclei was carried 
out by homogenization in hypotonic CaC12 [S] or citric acid 
1181. 

The cross-resistance pattern observed in P388/AMSA 
was unusual. The line was found responsive to the anthra- 
cycline aclacinomycin, and to vincristine and actinomycin 
D, but was resistant to adriamycin and daunorubicin (Table 
1). The P388/ADR cell line was resistant to all drugs named 
in Table 1, with %ILS values <20%, using the dose and 
schedule described in the table legend. 

When 7 mg cell pellets were suspended in 1 ml of growth 
medium and incubated with 0.3 .&ml levels of labeled 
daunorubicin (DNR) or m-AMSA,we observed impaired 
drug accumulation in P388/ADR but not in P388/AMSA 
(TaYble 2). Inhibition of energy-yielding metabolic processes 
by addition of sodium azide to glucose-free medium 
resulted in a marked potentiation of uptake of daunorubicin 
and m-AMSA in P388/ADR but not in P388/AMSA (Table 
2). Such promotion has been attributed to the inhibition 
of enerav-deoendent drug exodus in P388/ADR IS, 9, 
12,181. The ‘combination-of glucose deletion and fiaN3 
addition was required for optimal uptake promotion. When 
uptake was examined in glucose-free medium without 
addition of NaN3, drug accumulation by P388/ADR = 
138 & 9 pmoles/106 cells (daunorubicin); 36 2 2 pmoles/106 
cells (m-AMSA). 

Isolation of nuclei from drug-loaded cells (Table 2) 
showed that impaired uptake in P388/ADR was associated 

with a corresponding decrease in nuclear drug binding. In 
contrast, the P388/AMSA cell line showed impaired nuclear 
drug penetration although net drug uptake was similar to 
that observed with P388 cells. These results were obtained 
using two procedures for nuclear isolation; data in Table 
2 were derived via the citric acid method [ 191. Conclusions 
drawn from this study depend on absence of drug trans- 
location during nuclear isolation, i.e. the nuclear-bound 
fraction described in Table 2 represents only tightly bound 
drug. 

Different anthracyclines show various affinities for the 
cell nucleus [20]; the correlation between cytoplasmic and 
nuclear drug concentration versus cytotoxicity has yet to 
be established. The data shown in Table 2 suggest that a 
barrier to nuclear uptake, rather than impaired cellular 
drug accumulation, accounts for resistance to m-AMSA in 
the P388/AMSA cell line. This result suggests to us a 
possible basis for the resistance pattern observed with 
P388/AMSA. Agents which can exert cytotoxic action from 
outside the nucleus may be toxic to this cell line; toxicity 
of drugs requiring nuclear accumulation may be diminished. 
This hypothesis suggests that the vinca alkaloids and actino- 
mycin D can exert toxic action from extra-nuclear loci. 
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