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ABSTRACT
A subline of the HL-60 leukemia resistant to 4'-(9-acridinyla-

mino)methanesulfon-m-anisidide (HL-60/AMSA) was developed by in
termittent long-term in vitro treatment. Resistance to 4'-(9-acridinyla-

mino)methanesulfon-m-anisidide remained unchanged after 180 dou
blings in the absence of the drug, suggesting a stable phenotypic altera
tion. The pattern of cross-resistance of HL-60/AMSA was evaluated for
a spectrum of antileukemic agents using the clonogenic assay. Modest
cross-resistance to doxorubicin (Adriamycin) was observed in the resist
ant subline on continuous exposure to the drug for 8 to 9 days; however,
HL-60/AMSA cells retained their sensitivity to doxorubicin following
short-term exposure for 60 min. HL-60/AMSA was also sensitive to the
anthracycline aclacinomycin, Vinca alkaloids, and alkylating agents.
Furthermore, enhanced sensitivity to l-0-D~arabinofuranosylcytosine
was observed. The subline was cross-resistant to etoposide.

INTRODUCTION

Knowledge about the mechanisms of resistance and cross-
resistance to antineoplastic drugs is of major importance in
designing new chemotherapeutic regimens for the therapy of
AML3 and other malignancies. A recently introduced antileu
kemic drug, /n-AMSA, has shown significant activity against
AML, refractory to treatment with anthracyclines and ara-C
(1,2), and has therefore become a useful treatment alternative.
Moreover, m-AMSA has now been incorporated into the in
duction regimens of previously untreated patients (3). It is not
known, however, whether anthracyclines are effective in the
salvage treatment of patients failing on m-AMSA-containing
regimens. It is therefore important to study the mechanism of
resistance, its development, and the degree of cross-resistance
between m-AMSA and anthracyclines.

The P388 mouse leukemia rendered resistant to m-AMSA is
cross-resistant to anthracyclines (4). Bearing in mind possible
differences between species as well as between the responses of
lymphoid and myeloid tissues to m-AMSA, we began to inves
tigate characteristics of the development of resistance to m-
AMSA in human myelogenous leukemia cell lines. Initially, we
developed an m-AMSA-resistant subline of human promyelo-
cytic leukemia (HL-60) by serial exposures to increasing con
centrations of the drug (5). Sublines with various degrees of
resistance were produced with the aims of obtaining a model
for studying the cellular, pharmacological, biochemical, and
genetic bases of resistance to m-AMSA and determining the
pattern of cross-resistance between m-AMSA and other major
antileukemic drugs. We report here the results of the clonogenic
assays used to determine the in vitro sensitivities of the parent
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HL-60 line and the m-AMSA-resistant subline (HL-60/AMSA)
to a spectrum of major antileukemic drugs, including interca
lating agents, alkylating agents, mitotic spindle poisons, DNA-
binding agents, and antimetabolites. The pattern of resistance
reported here reveals significant cross-resistance to etoposide
and minimal cross-resistance to doxorubicin. In contrast, the
sensitivity to ara-C appears to be increased in the m-AMSA-
resistant line.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. Human promyelocytic leukemia
cell line HL-60 was originally obtained from the laboratory of Dr.
Robert C. Gallo, NIH, Bethesda, MD. Cells were maintained in our
laboratory by regular passages in IMDM supplemented with 10% FCS
and L-glutamine. They were passaged twice weekly in the initial seeding
density of 3 x 10" cells/ml. The cells were continuously monitored for

Mycoplasma contamination and were Mycoplasma free when used. The
identity of the cell line was confirmed by gene polymorphism evalua
tion.

Establishing Resistance to m-AMSA. The m-AMSA-resistant subline
HL-60/AMSA was developed by repeated in vitro exposure for l h to
increasing concentrations of m-AMSA over a period of 1 yr. The
technique and the characterization of the HL-60/AMSA cell line are
described in detail elsewhere (5). At the time of the current experiments,
HL-60/AMSA was resistant at l h of exposure to 25 mg (64 M) of m-
AMSA per ml. At this level of resistance, HL-60/m-AMSA was 70
times less sensitive to m-AMSA than the parental cell line.

Both parental cell line and the HL-60/AMSA cell line were main
tained in suspension cultures in IMDM supplemented with 10% FCS.
They were diluted twice weekly to an initial seeding density of 3 x 10:
cells/ml in fresh medium. The doubling times of HL-60 and HL-60/
m-AMSA were 24 and 31 h, respectively, and the cloning efficiencies
of HL-60 and HL-60/AMSA were 25 to 35% and 10 to 20%, respec
tively (5).

After reaching the level of resistance described above, the subline
was split into 2 fractions: HL-60/AMSA+, whose resistance was con
tinuously enforced by weekly exposures to 25 mg of m-AMSA per ml
over 1 h; and HL-60/AMSA-, not exposed to m-AMSA in order to
study the stability of resistance. The cross-resistance studies were
carried out in the latter subline between the 40th and 60th passages
after discontinuation of exposure to m-AMSA, which corresponds with
120 to 180 doublings.

Drugs and Chemicals. Aclacinomycin and m-AMSA were obtained
from the Cancer Chemotherapy Evaluation Branch, Division of Cancer
Treatment, National Cancer Institute, Bethesda, MD. 4-HC was ob
tained through the courtesy of Asta Werke, Germany. Doxorubicin
(Adriamycin), etoposide, vinblastine, ara-C, and cisplatin were obtained
from the hospital pharmacy and used in their respective commercially
available formulations. All drugs were diluted in PBS except for m-
AMSA, which was initially diluted in 0.035 M lactic acid and then
gradually in distilled water and PBS. All drug dilutions were made
fresh before each experiment with the exception of doxorubicin and
ara-C, the stock dilutions of which were kept frozen at â€”20'Cand

thawed immediately prior to each experiment.
Drug Sensitivity Assays. The sensitivity of the cells to various drugs

and chemicals was studied using clonogenic assays. On a few occasions,
cell numbers were used concomitantly as the end point. In the clono
genic assays 2 different approaches were used to study drug sensitivity:
(a) short-term exposure of cells to graded concentrations of a drug for
1 h followed by washing of the drug at 4Â°C;and (b) continuous exposure
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of cells to increasing concentrations of a drug added directly to semi-
solid medium in culture dishes. In both systems, the clonogenic assay
was carried out by plating 5 to 10 x IO3 leukemic cells in IMDM

supplemented with 15% PCS and 0.3% agar (Bacto agar). At this cell
density, the plating efficiency was not increased by the addition of
colony-stimulating factor from human placenta-conditioned medium
or from medium conditioned by the parental HL-60 cell line. Therefore,
the assays were carried out as single-layer semisolid agar cultures with
no additional supplements.

The dose levels of drugs were selected based on preliminary screening
data, and the drug sensitivity was tested at at least 6 dose levels. At
each drug level the assays were carried out in triplicate cultures,
incubated at 37'C in a fully humidified incubator with an automatically

regulated atmosphere of 5% CO: in air. After 8 to 9 days of culture,
the number of clones containing more than 50 cells was counted using
an inverted phase-contrast microscope at 25 power. In each experiment
the plating efficiency of 6 untreated control cultures was assessed
simultaneously. All experiments were repeated at least twice.

The surviving fraction after exposure to increasing concentrations of
each drug was calculated by dividing the number of colonies obtained
from treated cells by the number from untreated controls. Dose-re
sponse curves were constructed by plotting the surviving fraction against
the drug concentrations on a log x log scale. Survival curves were
described by a single numerical parameter, IC50. The RI was deter
mined by dividing the IC50 for the resistant cells by the IC50 for the
parental cell line.

When the number of cells was used as the end point for the effect of
drugs in both parental and resistant cell lines, the cells were grown in
suspension cultures at an initial density of 3 x 10* cells/ml in the

presence of increasing concentrations of drugs. Four days later, cells
were counted, and the surviving fraction was calculated by comparing
the number of viable (Trypan blue-negative) cells in treated cultures
with the number in untreated control cultures. Again, dose-response
curves were constructed accordingly.

Statistical Evaluation. The significance of the differences in the drug
sensitivity was evaluated by comparing the IC50 of HL-60 with that of
HL-60/AMSA for each particular drug using Student's / test.

RESULTS

Stability of m-AMSA Resistance. The stability of /n-AMSA
resistance was investigated by comparing the dose-response
curves of the parental sensitive line with those of the sublines
HL-60/AMSA+ and HL-60/AMSA-. The results of those

comparisons reveal an identical degree of resistance in both
HL-60/AMSA+ and HL-60/AMSA-, suggesting a stable phe-

notypic alteration for at least 180 doubling times (Fig. 1).

IDO

Cross-Resistance of HL-60/AMSA to Doxorubicin. Doxorub-
icin is a major alternative drug to m-AMSA in both the front
line and salvage treatment of acute leukemia. Therefore, we
investigated the degree of cross-resistance between these 2
drugs. For this purpose we used both short-term (60 min) and
long-term in vitro exposure to the drugs. The results of the
assay using short-term exposure are summarized on Fig. 2. HL-
60/AMSA cells remained completely sensitive to doxorubicin.
In contrast, on continuous exposure, a modest degree of cross-
resistance to Adriamycin was demonstrated by a shift of the
survival curve to the right for HL-60/AMSA (P < 0.05) (Fig.
3).

Evaluation of in Vitro Response to Other Antileukemic Drugs.
The purpose of our study was to determine whether acquisition
of resistance to /n-AMSA confers any change in sensitivity to
other major antileukemic drugs. The in vitro survival rates of
leukemic clonogenic cells of both parent and HL-60/AMSA
lines were studied after continuous exposure in semisolid me
dium to graded concentrations of drugs that have a major role
in the treatment of AML (Table 1). Each drug belongs to a

10Â°KF
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Fig. 2. Growth inhibition of HL-60 and HL-60/AMSA- on short-term ex
posure (60 min) to Adriamycin (doxorubicin) in single-layer semisolid agar
("Materials and Methods"). Points, mean; bars, SD. No cross-resistance to

doxorubicin is observed.

Fig. I. Stability of resistance to m-AMSA.
Survival of clonogenic cells of HL-60, HL-60/
AMSA-t-, and HL-60/AMSA- on continuous
exposure to graded concentrations of m-
AMSA in single-layer semisolid agar ("Mate
rials and Methods"). Points, mean; bars, SD.
Resistance to m-AMSA is unchanged in HL-
60/AMSA- cells growing without continuous
resistance reinforcement with the drug, sug
gesting a stable phenotypic alteration.
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Fig. 3. Growth inhibition of HL-60 ( )
and HL-60/AMSA ( ) on continuous ex
posure to doxorubicin (A, A) and m-AMSA
(O, â€¢)for 8 to 9 days in semisolid agar-me-
iliiiin. Points, mean; hm\. SD. Modest cross-
resistance to doxorubicin is observed. Doxo
rubicin IC50 = 27 Â±3 mM for HL-60; IC50 =
48 Â±4 mM for HL-60/AMSA. RI = 1.8 (P <
0.05 by Student's / test).
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Table 1 Cross-resistance properties (IC50) of HL-60/AMSA leukemic cell line
HL-60/AMSA cells were grown for 60 passages after discontinuation of m-

AMSA treatment.

Drugm-AMSA

Doxorubicin
Aclacinomycin
ara-C
Etoposide
Vinblastine
Cisplatin
4-HCHL-60

(MM)63
Â±8"

27 Â±3
14 Â±2

170 Â±20
98 Â±12

3.5 Â±0.8
1300 Â±200
730 Â±80HL-60/AMSA

(MM)4400Â±400*

48 Â±4*

13 Â±2
87 Â±15*

1100 Â±70*

4.6 Â±0.9
1300 Â±300
880 Â±90RI70.5

1.8
0.92
0.48

11.0
1.3
1.0
1.2

* Mean Â±SD of 2 or more determinations.
* Significant (/' < 0.05) by Student's i test comparing the IC50 of the resistant

subline HL-60/AMSA to the IC50 of parental line.
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Fig. 4. Growth inhibition of HL-60 and HL-60/AMSA on continuous expo
sure to etoposide (VP-IS) in single-layer semisolid agar ("Materials and Meth
ods"). Points, mean; bars, SD. Significant cross-resistance to etoposide in m-
AMSA-resistant cells. IC50 = 98 Â±12 HIMfor HL-60; and IC50 = 1100 Â±70
mM for HL-60/AMSA. RI = 11.0 (P < 0.05 by Student's t test).

major class of antineoplastic agents with different mechanisms
of anticancer action. The first important observation was a
significant degree of cross-resistance (RI = 11.0; P < 0.01)
between m-AMSA and etoposide, as shown in Fig. 4, which
depicts survival curves of parent and HL-60/AMSA cell lines
after continuous exposure to etoposide.

No change in the in vitro response to vinblastine, cisplatin,
or 4-HC was noted, indicating an absence of cross-resistance in
this system. Interestingly, the sensitivity of HL-60/AMSA cells
to ara-C has consistently been higher than that of the parental

line, suggesting the presence of collateral sensitivity. The sen
sitivity to aclacinomycin, another anthracycline derivative, was
also unaltered in the resistant line, indicating the lack of cross-
resistance. This is in contrast to the moderate degree of cross-
resistance to doxorubicin and suggests differences in the mech
anisms of action of these structurally related agents.

DISCUSSION

The pattern of cross-resistance to m-AMSA has been studied
for the first time in a human leukemia cell system, using a
unique m-AMSA-resistant subline of HL-60, developed in our
laboratory. The stability of resistance is a finding that suggests
a stable phenotypic alteration and possibly alteration at the
genomic level.

The most important finding was a surprisingly low degree of
cross-resistance with a major anthracycline antibiotic, doxorub
icin, with which m-AMSA shares a common mechanism of
action (i.e., intercalation into DNA) (6, 7). Our observation is
in contrast to that of Johnson et al., who found a high degree
of cross-resistance to anthracyclines in a subline of P388 mouse
leukemia cells resistant to m-AMSA (4). Cross-resistance to m-
AMSA was also shown in doxorubicin-resistant P388 cells (8).
The observed differences in m-AMSA resistance are intriguing
but may be attributed to species as well as tissue differences.
Mouse P388 leukemia is of lymphocytic origin, and the resist
ance was developed in vivo, whereas HL-60 is a myelogenous
cell line rendered resistant in vitro.

In our study, complete resistance in Ih exposure to m-
AMSA at a concentration of 64 /IM was shown to confer very
modest cross-resistance to doxorubicin. Furthermore, this de
gree of resistance could be shown only on continuous exposure
to the drug; short-term exposure to doxorubicin for 60 min did
not reveal any increase in doxorubicin resistance in the HL-60/
AMSA subline. In the latter situation, short-term exposure to
higher drug concentrations may have overcome any resistance
caused by decreased transport across the cell membrane or
change in intracellular handling of the drug. This finding is
compatible with clinical trials showing activity of m-AMSA in
the salvage treatment of leukemia patients who relapse while
on doxorubicin-containing regimens (1, 2). This finding also
suggests different mechanisms of m-AMSA and doxorubicin
resistance. The development of m-AMSA resistance is not
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associated with a decrease in m-AMSA transport into cells and
cell nuclei as was shown for these m-AMSA-sensitive and
-resistant sublines of HL-60 (5).

Etoposide, which is structurally related to the mitotic spindle
poisons, appears to possess a different mechanism of action
than m-AMSA. The significant degree of cross-resistance to
etoposide observed in this study and in P388 cells resistant to
m-AMSA (4) supports the impression that etoposide, like m-
AMSA, induces topoisomerase II-mediated DNA cleavage (9)
in a manner that is at least partially different from that of
doxorubicin. The finding that aclacinomycin is not cross-resist
ant to /n-AMSA in a system showing a moderate degree of
cross-resistance to doxorubicin suggests another mechanism of
action and deserves further study.

Recognition of collateral sensitivity is important in overcom
ing the major clinical problem of the emergence of drug resist
ance. Enhanced sensitivity to ara-C observed in our HL-60/
AMSA subline is an interesting phenomenon. A similar in
crease in sensitivity was shown in doxorubicin- and vinblastine-
resistant sublines of Ehrlich ascites tumor cells (10, 11). In
those sublines, the increased sensitivity was attributed to the
accumulation of a small number of tumor cells in the resistant
line with a longer doubling time. Consequently, the dose of ara
C per tumor cell was larger for resistant tumor in vivo (12).
This explanation, however, does not hold for our conditions, in
which the longer doubling time and the slower turnover of the
m-AMSA-resistant cells were expected to make them less sus
ceptible to the cytotoxic effect of ara-C, a cell-cycle-specific
drug. The results of the biochemical evaluation, which included
studies of ara-CTP accumulation in m-AMSA-resistant and m-
AMSA-sensitive cells, show an intriguing and as yet unex
plained lower accumulation of ara-CTP in HL-60/AMSA
cells.4

The above results have some clinical relevance in addition to
offering for the first time an excellent model for studying the
biochemical as well as the molecular basis for w-AMSA resist
ance in human myelogenous leukemia. They support the alter
nate use of m-AMSA and doxorubicin in the treatment of AML
and the use of each drug in the salvage treatment of patients
relapsing on the other drug. The results also indicate that use
of aclacinomycin with its reduced cardiotoxicity in the salvage

4 M. Beren, unpublished observation.

treatment of patients relapsing on an m-AMSA regimen might
be more advantageous than the use of doxorubicin. More atten
tion should be paid to aclacinomycin, since it has been recently
reported that aclacinomycin but not doxorubicin induces differ
entiation, at least in some human myelogenous leukemias (13).
The high degree of cross-resistance between m-AMSA and
etoposide is disturbing and does not favor the use of those 2
drugs in combination nor separately as salvage therapy for
patients relapsing on either drug.
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