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ABSTRACT

The human myelogenous leukemia cell line HL-60 was made resistant
to amsacrine (m-AMSA) by repeated exposure in vitro to increasingly
large doses of the drug. Resistance to m-AMSA developed in a triphasic

process and was accompanied by a slightly slower growth rate and cloning
efficiency and a more differentiated morphological phenotype. Extensive
chromosomal rearrangement also took place. Among other chromosomal
aberrations, one of the No. 6 homologues showed an added segment on
the long arm in the form of an homogeneously staining region. One of
the homologues of chromosome 14 in every cell showed a deletion of the
distal end of the long arm that was replaced by an unidentified homoge
neously staining segment. Membrane-associated 170 kd glycoprotein was

not overexpressed in the resistant cells, which together with an absence
of cross-resistance to Vinca alkaloids and anthracyclines points toward

a mechanism of resistance different from multidrug resistance. The ability
of resistant cells to respond to differentiation-inducing agents was not

significantly changed as compared with that of the parental line. Growth
of resistant cells in the absence of m-AMSA for over 200 population

doublings within a period of more than 1.5 years did not result in reversion
of the resistance, suggesting a stable genomic change.

Resistance was not due to a decrease in the bioavailability of the drug.
Uptake of [14C]m-AMSA by either whole cells or isolated nuclei of

resistant cells exceeded that of the parental cell line, and outward
transport of the drug was not more active; thus there were higher levels
of intracellularly bound drug. The cell line represents an excellent model
for studies of the mechanisms of resistance to m-AMSA and its modu

lation in human myelogenous leukemia.

INTRODUCTION

Cellular drug resistance presents a major obstacle in cancer
chemotherapy. Understanding the various mechanisms leading
to the development of drug resistance is the first step in both
detecting the emergence of resistant tumor clones and devel
oping a strategy to overcome such resistance. Recently,
m-AMSA3 has been shown to have antileukemic activity in

human acute myelogenous leukemia comparable to that of
anthracycline antibiotics (1,2). It induces remission in approx
imately 25% of patients relapsing on 1-0-D-arabinofuranosyl
cytosine and anthracycline-containing regimens (2), which in
dicates a possible absence or low degree of cross-resistance
between these drugs. Recently, it was reported that the
m-AMSA-resistant subline of P-388 lymphocytic leukemia in
mice was highly cross-resistant to Adriamycin (3), a finding
that contrasted with the results of clinical studies in human
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acute leukemia. Certain adult patients in relapse with acute my
elogenous leukemia appeared to respond more favorably to
m-AMSA, however, than did those with acute lymphocytic
leukemia (4). Thus, it appears that both species- and tissue-
related factors could influence the pattern of cross-resistance.
With this in mind, we developed and characterized an m-
AMSA-resistant subline of the human myelogenous leukemia
line HL-60. Resistance in this subline is highly stable and
possibly genetic in origin.

MATERIALS AND METHODS

Cell Lines. The HL-60 cell line, originally derived from a patient
with acute myelogenous leukemia (5), was obtained from the laboratory
of Dr. R. Gallo (National Cancer Institute, Bethesda, MD). It was
maintained in our laboratory in IMDM (GIBCO, Grand Island, NY)
supplemented with 10% FCS, L-glutamine, penicillin, and streptomy
cin. Cells were subcultured every 3-4 days at an initial cell density of 2
x 10s cells/ml. The line was continuously monitored for Mycoplasma

and was Mycoplasma free during the whole observation period. The
initial passage number of cells was not known.

Resistance Development. Resistance to m-AMSA was induced using
1-h pulse treatment of cells with gradually larger doses of m-AMSA.
The standard treatment consisted of exposure of 1 x IO7 cells/ml of
PBS (pH 7.4) to the drug at 37Â°C.One h later, the cells were washed
free of the drug and seeded at high density (1 x IO6cells/ml) in IMDM

supplemented with 15% FCS. They were monitored for viability 24 h
later using a trypan blue exclusion test and diluted to 5 x 10s/ml. After

being allowed to regrow, the cells were treated repeatedly with the same
dose of drug until they no longer showed a significant reduction of cell
viability 24 h posttreatment. Thereafter, the dose of the drug was
increased. This was continued until the cells tolerated exposure to 25
Â¿ig/mlof the drug for 1 h. At this point, the cells were divided into two
sublines; one was designated HL-60/m-AMSA+ and was continued on
weekly 1-h treatments with 25 tig/m\ of m-AMSA; the other was
designated as HL-60/m-AMSA- and was maintained without drug
exposure. Both sublines were regularly monitored for the degree of m-
AMSA sensitivity using a clonogenic assay.

Clonogenic Assay. To assay their cloning efficiency and degree of
resistance, leukemic cells were cloned in a single layer of semisolid
medium (IMDM supplemented with 15% FCS) containing 0.3% agar.
One ml of medium containing 5-10 x IO1cells was added to each of
three 35-mm Petri dishes (Falcon Plastics, Oxnard, CA). Cultures were
incubated at 37Â°Cin a fully humidified atmosphere of 5% CO2 in air

for 7-8 days, and those clones containing eight or more cells were
scored under an inverted microscope at x25. Thereafter, cloning effi
ciency was calculated.

m-AMSA Sensitivity and Cross-Resistance to Vinca Alkaloids and
Anthracyclines. After exposure to different concentrations of m-AMSA,
vinblastine, or Adriamycin for 1 h as described above, leukemic cells
were washed twice in 10 volumes of ice-cold PBS and plated in semisolid
medium for determination of surviving fractions. Alternatively, various
concentrations of drug were incorporated directly into semisolid me
dium; thus the cells were exposed for the whole culture period. The
number of clones surviving exposure to different concentrations of drug
was compared with the number of clones in untreated cultures; the
surviving fraction was calculated and the survival curves were computed.
AH drug assays were performed in triplicate at each drug concentration.
The results were expressed as mean Â±SD at each point. The degree of
resistance was expressed as the dose reducing the survival by 50%. The
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ACQUIRED RESISTANCE OF LEUKEMIC CELLS TO m-AMSA

relation between the degree of resistance of resistant and sensitive cells
(resistance index) was subsequently calculated.

Growth in Suspension Cultures. Parental and drug-resistant cells were
seeded at an initial density of 2 x IO5cells/ml in IMDM supplemented

with 15% FCS. The cells were scored daily and their viability was
determined using the trypan blue exclusion test. Growth curves based
on triplicate cultures were constructed for both the parental and drug-
resistant sublines.

Morphology. Both the parental and the resistant lines were evaluated
on Wright-Giemsa-stained cytocentrifuge preparations. The cytochem
istry profile was studied using standard staining for peroxidase, non
specific esterase, chloroacetate esterase, and periodic acid-Schiff. Ultra-
structural studies were performed on glutaraldehyde-fixed cells.

Analysis of Cell Membrane Glycoproteins. The sensitive and resistant
cell lines were investigated for the presence of 170 kd P-glycoprotein
(6) that is overproduced in many multidrug-resistant cell lines (6, 7).
The technique using monoclonal antibodies against P-glycoprotein was
as described recently (8). Although different antibodies recognize at
least three different epitopes, they all are specific for a conserved
cytoplasmic domain in the COOH-terminal region of the P-glycopro
tein polypeptide (8).

Induction of Differentiation. The capacity of sensitive and resistant
cells to differentiate after exposure to RA, DMSO, PMA, and rIFN-7
was tested by exposing cells to these agents at concentrations known
to induce differentiation in the parental (HL-60) cell line. The differ
entiation abilities were evaluated using a NBT test as described else
where (9). The inhibitory effect of these agents on cell proliferation was
monitored by counting cell numbers during the exposure period.

Cytogenetic Evaluation. Detailed cytogenetic analysis of parental and
m-AMSA-resistant cell lines was performed using standard techniques
(10). Both lines were analyzed concomitantly. Drug-sensitive or drug-
resistant HL-60 cells grown in suspension cultures were harvested for
chromosome preparations without pretreatment by a mitotic arrestant.
The cell suspension was centrifuged at 400 x g for 5 min; then the
supernatant was discarded. The cell pellet was suspended in 0.075 M
KC1 at room temperature for 25 min and centrifuged again. Metha-
nohacetic acid (3:1 by volume) was used to fix the cells. Slides were
prepared following the standard air-drying technique.

Some slides were stained directly in Giemsa to allow for scoring of
the stem line chromosomes. The rest of the slides were processed by
the routine G-, Q-, C-, and Ag methods (10, 11).

Drug Uptake and Outward Transport. Drug accumulation and reten
tion in sensitive and resistant cells was studied using [MC]m-AMSA.
[HC]m-AMSA (labeled at C-9; specific activity, 19.6 Ci/mol) was syn

thesized at the Stanford Research Institute, Menlo Park, CA, and was
a gift from the Investigational Drug Branch, Division of Cancer Treat
ment, National Cancer Institute. The uptake was studied as a function
of the drug concentration at a fixed time and as a function of the
duration of exposure to a fixed dose of drug. A modification of the
method of Vistica et al. (12) was used in which silicon oil was replaced
by a double sucrose gradient. Volumes of purified sucrose (Bethesda
Research Laboratory, Bethesda, MD) were mixed in doubly distilled
water and brought to final concentrations of 0.3 and 0.15 M.

To study the cellular drug uptake, cells were suspended at 2 x Id"

cells/ml in PBS, which was supplemented with glucose (300 mg/liter)
and contained radioactively tagged m-AMSA at a final concentration
between 0.25 and 20 Â¿tg/ml.Drug accumulation was measured as a
function of time or dose at 37Â°C.Efflux was measured after washing

the cells twice in 10 volumes of ice-cold PBS and resuspending them
in drug-free medium (37Â°C)for up to 1 h. Aliquots (500 Â¿Â¿Ior 1 x 10'

cells) of cell suspension were withdrawn at time intervals ranging from
0.5 to 120 min, layered on top of a double sucrose gradient (0.3 and
0.15 M, respectively), and pelleted for 20 s at 13,000 x g; the superna
tant was immediately decanted. The tips of the tubes that contained
the pellets were then cut off, and the pellets were transferred to glass
liquid scintillation vials. Subsequently, 10 ml of Liquiscint (National
Diagnostics, Somerville, NJ) were added, and the cell-bound radioac
tivity was measured in a liquid scintillation spectrometer. After sub
traction of the nonspecific background, the average amount of cell-
bound m-AMSA was calculated by comparison of the mean value of

duplicate samples to a standard curve derived from the serial dilutions
of the radioactively tagged drug.

Outward transport was measured in an analogous manner. After
incubation in [14C]m-AMSA as above for 60 min, the cells were washed
once in 10 volumes of ice-cold PBS, pelleted at 500 x g for 3 min, and
resuspended in glucose-supplemented PBS at 37Â°C.At time intervals

ranging from 0 to 60 min, aliquots of cells were sampled to determine
their radioactivity.

Nuclei were isolated by gentle detergent lysis as recently described
by Filipski and Kohn (13). Drug uptake in the nuclei was measured
after incubation of 2 x 106/ml nuclei in m-AMSA-containing solution
for 15 min (steady state), at which time 500-fJ aliquots were layered
on top of 800 n\ of 0.15 M sucrose. Further handling was as described
for whole cells.

RESULTS

Development of Resistance

During the induction of resistance in vitro, three distinct
periods could be distinguished. Treatment of the parental cells
was initiated at a dose of 250 ng/ml of m-AMSA for 1 h.
During the first period there was only a very slow increase in
resistance of the whole population; after 32 weeks the drug
dose had increased from 250 ng/ml to only 2.5 Mg/ml (Fig. 1).
Subsequently, however, the cells became less sensitive, and
when they reached a tolerance of 15 Mg/ml/h of m-AMSA after
approximately 12 months, the dose of the drug at each subse
quent treatment level could be increased rapidly (Fig. 1). When
they became tolerant of a 1-h challenge with 25 iig/m\ (64 ^M)
of m-AMSA, studies on the characterization of resistant and
sensitive sublines were carried out. The HL-60/m-AMSA+ was
then treated weekly with 25 Â¿ig/ml/hto maintain the resistant
phenotype, whereas HL-60/m-AMSA- was kept off treatment
with m-AMSA after three consecutive weekly exposures at a
level of 25 ng/m\ h.

Clonogenic Assay

The degree of sensitivity of HL-60 and HL-60/m-AMSA
lines is shown in Fig. 2 and Table 1. In a cell population
tolerating 1-h treatment with 25 ^g/ml/h of m-AMSA, the
sensitivity of clonogenic cells to both short-term and continuous
exposure (Fig. 2) was greatly decreased. The degree of resistance
reflected in the resistance index was much higher after 1 h than
that following continuous exposure (Table 1). Upon discontin
uation of the in vitro treatment with m-AMSA, the HL-60/
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Fig. 1. Kinetics of induction of resistance in vitro by intermittent exposure of
HL-60 cells to progressively larger concentrations of m-AMSA. Doses were
increased after tolerance to three previous treatments was reached.
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Fig. 2. Survival of m-AMSA-sensitive (HL-60) and -resistant (HL-60/m-
AMSA) clonogenic cells as a function of the dose of m-AMSA. Cells were exposed
to the drug either for 60 min (tup) or continously (bottom). Points, mean surviving
fraction of triplicate cultures; bars, SD.

Table 1 Resistance of HL-60 sublines to m-AMSA

SublineHL-60

HL-60/m-AMSA+
HL-60/m-AMSA-Continuous

exposure1CÂ»"(,i\i)

RI0.028

2.300 82
1.920 696(1

min
exposureICM(,/M)

RI0.7

ND ND
160.0 230.0

" ICÂ»,dose reducing colony count by 50%; RI, resistance index; ND, not

determined.

Table 2 Sensitivity of HL-60/m-AMSAâ€”cells to drugs involved in
multi-drug resistance

Drugm-AMSA

Adriamycin
VinblastinHL-6025.10

16.00
0.221CÂ»"

(ng/ml)HL-60/m-AMSA1750.00

25.70
0.20

" K 'MI.dose reducing colony count by 50%. Clonogenic assay with drug

continuously present in media.

m-AMSAâ€”subline maintained an identical degree of resistance

for over 200 population doublings (Fig. 2).
Analysis of the pattern of cross-resistance of m-AMSA-

resistant cells showed that the cells remained fully sensitive to
vinblastine (Table 2); these cells only occasionally showed a
decreased sensitivity to Adriamycin with continuous exposure,
whereas with pulse exposure they were as sensitive to this drug
as parent cell line upon pulse exposure (31).

Growth and Cloning Efficiency

The growth of HL-60/m-AMSA+ and HL-60/m-AMSA-

cells was slower than the growth of the parent cell line (Fig. 3).
Furthermore, the cloning efficiency was lower in the resistant
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Fig. 3. In vitro growth kinetics (top) and cloning efficiency (bottom) of m-
AMSA-sensitive (HL-60) and -resistant (HL-60/m-AMSA) leukemic cells. Points,
mean of triplicate cultures; bars, SD.

cell line than in the parental cell line when plated with 1-7.5 x
IO3cells/ml (Fig. 3).

Morphology

On Wright-Giemsa-stained smears, the HL-60/m-AMSA+
cells (Fig. 4B) appeared to be more differentiated and have a
higher percentage of cells with large, heavily granulated cyto
plasm as compared to parental cells (Fig. 44). This was con
firmed by electron microscopy (Fig. 4B'), which showed more

extensive development of cytoplasmic organelles, particularly
Golgi apparatus and mitochondria, and a lower nu-
cleancytoplasmic ratio. A major difference in the cytochemistry
profile of sensitive and resistant cells was noted; resistant cells
were negative for peroxidase stain and became more positive
for periodic acid-Schiff stain (Table 3).

Differentiation-inducing Agents

The growth kinetics of parental and m-AMSA-resistant cells
was similarly affected by the presence of RA, DMSO, PMA,
and rIFN-7 (Fig. 5). Approximately 20-30% of uninduced HL-
60 and HL-60/m-AMSA cells were NBT positive, and this
fraction did not change with exponential growth (Table 4). The
resistant cells were slightly more inhibited by RA than were
cells in the parental line. Further differentiation was induced in
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HL-60/mAMSA -

Fig. 4. Morphology of HL-60 (.I and A') and HL-60/m-AMSA (B and B') cells viewed by light microscopy on Wright-Giemsa-stained smears (A and H) and by
transmission electron microscopy (A' and 0'). Note more extensive cytoplasmic difTerentiation, large Golgi apparatus, and larger numbers of mitochondria in III
60/m-AMSA-cells.
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ACQUIRED RESISTANCE OF LEUKEMIC CELLS TO m-AMSA

Table 3 Cylochemical profile of m-AMSA-sensitive (HL-60) and
-resistant (HL-601 m-AMSA) leukemic cells

HL-60
HL-60/

m-AMSA-

CytochemistryPeroxidase

Naphthol-AS-D-acetate esterase
Nonspecific esterase (butyrate)
Acid phosphatase
Periodic acid-Schiff
Terminal deoxynucleotidyl

transferase%92

45
100
100

3
0IntensityH

h+%0
28

100
100
45
0IntensityÂ£â€¢Â«â€¢

OMSO

1.25%

PMA

05ug/ml
RetinÃ³te Acid

O.SuM

O HL-Ã•O
A HL-60MMSA

135 135 135 135

Days of Culture

Fig. 5. Growth of sensitive (HL-60) and resistant (HL-60/m-AMSA-) cells
in the presence of differentiation-inducing agents. Values are means of duplicate
cultures.

Table 4 Induction of differentiation in m-AMSA-sensitive and -resistant
sualines of HL-60

% of NBT-positive cells

Day2Inducer0DMSO

RArIFN-TConcen

tration1.25%

0.5 //M
250 units/mlHL-6018

95
9774HL-60/

m-AMSA28

78
8962Day

4HL-6023

65
86
48HL-60/

m-AMSA27

50
80
41

both sublines with DMSO, RA, and rlFN-^. The HL-60/m-
AMSA that initially had a higher percentage of NBT-positive
cells was, however, slightly less inducible with retinole acid
(Fig. 6). In the presence of 0.5 Â¿Â¿g/mlPMA, over 90% of the
cells of both lines differentiated into macrophages and became
adherent to plastic.

Membrane P-glycoprotein

Monoclonal antibodies produced against purified membrane
P-glycoproteins (8) isolated from CHB30 and CEM/VBL cell
lines failed to demonstrate any increase of the expression of
this protein above the level in sensitive HL-60 cells in the
western immunoblotting system.

Cytogenetics

HL-60. Chromosome counts from 50 stained metaphase
spreads indicated the presence of a pseudodiploid cell popula
tion. The chromosome number ranged from 35 to 49 with a
modal number of 46 chromosomes. Despite the pseudodiploid
modal chromosome number, structural abnormalities were

100 r

75

50

o
CL

U)

25

O u 1x10~7 5x10"7

Retinoic Acid (M)

1x10~6

Fig. 6. Induction of differentiation of HL-60 (O) and HL-60/m-AMSA- (â€¢)
cells as a function of the concentration of retinole acid. Values are means of
triplicate cultures.

present in every cell examined. These abnormalities included
structural rearrangements that resulted in the formation of
marker chromosomes. Some marker chromosomes were pres
ent in nearly every metaphase, whereas others were present in
only one or a few metaphase spreads (Fig. 1A). DM were
observed as well, occurring in 98% of the cells. The number of
DM per cell ranged from zero to four with a modal number of
two.

G-banding was performed to identify structural anomalies
and marker chromosomes (Fig. IB). In the 10 G-banded kary-
otypes studied, only a single copy each of chromosomes 5, 9,
11,14, and 15 was present in each cell, whereas trisomy 18 was
found in 8 of the metaphase spreads. Furthermore, four marker
chromosomes were found common to each metaphase spread.
These marker chromosomes have been tentatively identified as
follows: Ml, del (6)(p22); M2, del (7)(q22); M3, del (9)(pll or
p12); and M4, t(21;?)(q22;?).

HL-60/m-AMSA+. A total of 120 metaphase spreads were
counted to determine the stem line number. Eighty-four % of
metaphases contained a chromosome number of 45, whereas
the rest of the cells showed chromosome numbers ranging from
47 to 104. Two to three minute chromosomes (not DM) were
present in practically every metaphase spread. A typical G-
banded karyotype is shown in Fig. 85. Chromosomes belonging
to each pair are represented in the cell line, although only a
single copy each of chromosomes 5,9,15,20, and X are present.

A number of altered chromosomes were present in each
metaphase spread. Both homologues of pair 3 showed terminal
deletion in their short arms. This characteristic was observed
in all 15 metaphase spreads karyotyped. Also, one of the No. 6
homologues showed an added segment in the long arm in the
form of a HSR, whereas one of the homologues of chromosome
10 showed an added segment in the short arm. One of the
homologues of chromosome 8 showed a deletion in the distal
region of the short arm. In every cell, one of the homologues
of chromosome 14 showed a deletion in the distal end of the
long arm that was replaced by an unidentified homogeneously
staining segment (HSR?). One of the homologues of chromo-
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Fig. 7. Cytogenetic constitution of HL-60 (parental) cell line from which the
HL-60/m-AMSA+ subline was derived. Analysis was done concomitantly with
analysis of HL-60/m-AMSA-H cells. One metaphase spread (A) shows DM
chromosomes (arrows). The karyotype (B) shows detailed analysis and identifi
cation of banded chromosomes.
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Fig. 8. Cytogenetic constitution of HL-60/m-AMSA+ cell line. Metaphase
spread (A) and banded chromosomes (B) are shown. Note absence of DM
chromosomes; two minute chromosomes (arrows) do not exhibit a C-banded
region. One of the No. 6 homologues shows an added segment in the long arm
in the form of a homogeneously staining region.

At least four marker chromosomes are tentatively identified
by their G-banding patterns. These are: Ml, del (6)(ql3) (p22);
M2, t(19;?)(ql2;?); M3, del (9)(ql3)(pl2); M4, del (18)(ql2 or
ql3). Fig. 8.-1depicts a metaphase plate showing C-banding
patterns. The presence of M3 was identified by the character
istic C-banding pattern of chromosome 9. Only one homologue
of chromosome 9 was seen in all C-banded and G-banded
metaphase plates; the other was modified (M3). Two minute
chromosomes (Fig. 8/1, arrows) did not exhibit a C-banded
region.

Drug Uptake and Outward Transport

some 17 showed an extra segment in its short arm, probably When drug uptake was studied as a function of the dose of
derived from the long arms of pair 11. Only a single copy of m-AMSA, after a 1-h exposure at 37Â°C,it was found that the
the X chromosome was seen in all metaphase spreads analyzed, uptake of [14C]m-AMSA in whole cells is rapid and follows a

The rest of the altered chromosomes were not identified. similar pattern in sensitive and resistant cell lines (Fig. 9).
1902

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/7/1897/2430739/cr0470071897.pdf by guest on 19 M

ay 2023



ACQUIRED RESISTANCE OF LEUKEMIC CELLS TO m-AMSA

e
Ã¼

(D
O

CO

I
101

O HL-60
A HL-60/AMSAÃ•-)

12 18

m-AMSA

Fig. 9. Dose-dependent uptake of ["C]m-AMSA in HL-60 and HL-60/m-
AMSA- cells measured at 37Â°Cafter 60 min incubation as described in "Materials
and Methods." Each point is the mean of five separate determinations; bars, SD.
The difference in the uptake is significant at all incubation concentrations (/' <

0.05), becoming most pronounced above 5 Mg/ml.
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Fig. 10. Accumulation and outward transport of [MC)m-AMSA in sensitive

(O, HL-60) and resistant (A, HL-60/m-AMSA-) cells as a function of time. Each
point is the mean of two determinations.

However, the maximal uptake was higher in resistant cells than
in sensitive cells. A similar observation was made when the
uptake in the isolated cell nuclei was studied; the uptake of m-
AMSA was approximately twice as high in nuclei from the
resistant subline as it was compared with those from the parent
line (data not shown).

The kinetics of drug uptake and retention as a function of
time was studied using a concentration of 1 Â¿ig/mlof m-AMSA
in the medium (Fig. 10). During the initial phase, the kinetics
was similar and steady state was reached within 5 minutes.
More m-AMSA was taken up by resistant cells; the amount of
intracellular drug was about 3 times higher in resistant than in
parent cells. The difference was maintained both during the
initial accumulation and in the later steady state phases. Out
ward transport was similar in both cell lines. Within 20 min, a
plateau was reached at both concentrations. The fraction of the

intracellulari y bound drug was comparable in the lines, amount
ing to approximately 15-20% of maximal cellular uptake (Fig.

10).

DISCUSSION

This report describes the first human cell line with in vitro-
induced resistance to m-AMSA. Selection for the resistant
phenotype took a long time when the intermittent, short-term
exposure of cells to the drug in vitro was used. The process of
selection proceeded in three periods with a slow initial increase
in resistance, followed by progressively more rapid increase in
tolerance to the drug. Once established, the resistance of cells
growing without drug exposure is stable. This suggests a ge-
nomic change in the m-AMSA-resistant cells rather than a
phenotypic adaptation.

In the study of changes associated with altered sensitivity to
m-AMSA, we have compared a number of phenotypic charac
teristics. Phenotypically, resistant cells grow slower in suspen
sion culture and have a lower cloning efficiency, a phenomenon
observed in cells resistant to other drugs (14). Partly, this may
be related to the more differentiated phenotype of HL-60/m-
AMSA cells; the resistant cells were morphologically more
differentiated with a more extensive presence of cytoplasmic
organdÃes, a lower nucleancytoplasmic ratio, and a more ma
ture nuclear morphology. It is noteworthy that the drug-resist
ant phenotype retained the responsiveness of parental HL-60
cells to differentiation-inducing agents.

A decrease in cellular drug accumulation has commonly been
associated with the development of resistance, particularly to
natural products (14-17), even though there has recently been
reason to question the generality of these findings in human
tumor models (18). Our finding of increased uptake of m-
AMSA in resistant cells was rather unexpected, and the drug
uptake in isolated nuclei was in line with that of whole cells,
showing increased rather than decreased accumulation of m-
AMSA in the resistant subline. These results differ from those
of Kessel Ã©tal.(19). Their findings indicated a decreased nuclear
accumulation of m-AMSA in murine lymphoid leukemia cell
line P-388 made resistant to m-AMSA in vivo, but they found
that the overall cellular drug uptake was unchanged in the
resistant line compared with that of the P-388 parental line
sensitive to m-AMSA. Thus, simple change in the access of the
drug to its intracellular (intranuclear) target is an unlikely
explanation for the differences in drug sensitivity. Therefore,
in the process of acquiring resistance, it is probably a complex
interaction between the intracellular target structures and the
drug that is altered.4 Our recent observation on the decreased
DNA cleavage by m-AMSA in m-AMSA-resistant cells, visu
alized by alkaline elution technique, indicate a possible involve
ment of topoisomerase 11-mediated reactions (20).

The appearance of numerous chromosomal changes, partic
ularly in relation to the development of multidrug resistance,
has been reported (21-23). Of particular interest has been the
appearance of changes associated with amplification of genes
regulating cell products involved in either drug transport or
drug processing (21, 22, 24, 25). The appearance of HSR and
DM has been described to coincide with the development of
the resistant state (26-28). The presence of amplified genes has
been verified in some situations with in situ hybridization
techniques (22). The role of other chromosomal abnormalities
is, however, much less clear (29). The HL-60 parental line

4 B. S. Andersson and M. Beran, manuscript in preparation.
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maintained in our laboratory had a complex pattern of cytoge-
netic abnormalities that in many respects resembled the kary-
otype of the original tumor and cell line (5). No HSR were
found; however, DM chromosomes were present in nearly all
cells. The most apparent cytogenetic finding in the resistant
line was the disappearance of DM while minute chromosomes
were frequently found in resistant cells. This might be a non
specific change reflecting the highly selective pressure of the
drug, or it may indicate integration of some genetic material
from DM into other chromosomal structures. The appearance
of a HSR on the long arm of one of the No. 6 homologues and
homogeneously staining segments on the distal end of the long
arm of one of the No. 14 homologues may be related to the
disappearance of DM; whether or not these changes are related
to the acquisition of m-AMSA resistance remains to be deter
mined. Homogeneously staining regions, however, have also
been observed in multidrug-resistant cell lines without an ap
parent overproduction of the P-glycoprotein as recently re
ported in a SEWA mouse tumor cell line (30). Our inability to
detect overexpression of the P-glycoprotein associated with
multidrug resistance (8-10) on HL-60/m-AMSA cells is in line
with our finding of minimal cross-resistance of HL-60/m-
AMSA cells with Adriamycin and absence of cross-resistance
with Vinca alkaloids (31). Furthermore, some human tumor
cell lines resistant to Adriamycin do not express increased levels
of P-glycoprotein (18, 32).

Moreover, the data indicate that impaired transport of m-
AMSA into both the cytoplasm and nucleus cannot be respon
sible for the resistance of the cell to it. This together with the
absence of cross-resistance to anthracycline antibiotics and
Vincaalkaloids (31) is in agreement with the lack of overexpres
sion of P-glycoprotein and supports the notion that resistance
to m-AMSA represents a unique mechanism, different from
that seen in multidrug-resistant cells, which is currently being
studied in detail.
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