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Abstract-Multidrug resistance to a variety of cytotoxic drugs is due to decreased drug accumulation 
at the intracellular site of drug action. When due to increased energy-dependent drug efflux, this 
transport change is often associated with increased expression of an efflux pump for various lipophilic 
compounds, for example the P-glycoprotein which is the product of the MDR-1 gene. However, 
previously described HL-60 human promyelocytic leukemia cell lines resistant to the cytotoxic effect 
of anthracyclines have been reported nof to express P-glycoprotein. We have isolated, by drug selection, 
an anthracycline-resistant HL-60 cell line that, in comparison to parental drug sensitive cells, exhibits 
a multidrug resistant phenotype including diminished intracellular drug retention, cross-resistance to 
multiple cytotoxic drugs, increased expression of a monoclonal antibody C219-reactive 180 kDa P- 
glycoprotein detected by Western blot analysis as well as increased expression of MDR-1 mRNA as 
determined by Northern blot and solution hybridization/RNAse protection analyses. Evidence is 
presented that the anthracycline-resistant HL-60 cells have amplified the MDR-1 gene. 
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Tumor cell resistance to cytotoxic agents is 
considered one of the major obstacles to successful 
chemotherapy. Multidrug resistance (MDRO), i.e. 
resistance to the cytotoxic effects of several different, 
structurally unrelated compounds (i.e. vinca alca- 
loids, anthracycline antibiotics and epipodo- 
phyllotoxin derivatives), can either be present at the 
time of initial diagnosis or be acquired during 
chemotherapy. Progress in elucidation of mechanisms 
of multiple drug resistance has been favored by the 
availability of cultured cell lines resistant to cytotoxic 
drugs with different modes of action. One of the 
most consistent changes in multidrug resistant cell 
lines is the over-expression of a 170-180 kDa P- 
glycoprotein encoded by the multidrug resistance 
(MDR)-1 gene [l]. This P-glycoprotein is a 
transmembrane protein which functions as an ATP- 
dependent efflux pump for lipophilic compounds 
[2,3]. The P-glycoprotein belongs to the ATP- 
binding cassette (ABC) transporter superfamily, 
which also includes certain bacterial transport 
proteins, the cystic fibrosis chloride conductance 

t Corresponding author: Department of Pathology, 
Huddinge Hospital, S-141 86 Huddinge, Sweden. Tel. +46- 
8-746-5646; FAX +46-g-779 5520. 

§ Abbreviations: Mab, monoclonal antibody; MDR, 
multidrug resistance; ara-C, 1-&D-arabinofuranosyl cyto- 
sine; CdA, chlorodeoxyadenosine; ICKY, drug concentration 
that reduced cell growth by 50%; cDNA, complementary 
DNA; AB complex, avidin-biotin complex; HRP, 
horseradish peroxidase. 

regulator and the major histocompatibility complex 
class II-linked peptide transporters [4]. 

MDR genes and the MDR phenotype are often 
expressed in hematological malignancies [S-7]. P- 
glycoprotein is expressed in hematopoietic progenitor 
cells [8], and malignancies derived from hematopoetic 
cells at an early stage of differentiation exhibit an 
intrinsic type of drug resistance [9, lo]. Furthermore, 
after chemotherapy, an increased proportion of 
leukemic cells expressing the P-glycoprotein can 
sometimes be observed [ll]. 

Previous studies have shown that HL-60 pro- 
myelocytic leukemia cells selected to tolerate the 
cytotoxic effect of the anthracycline doxorubicin 
exhibit increased energy-dependent drug efflux 
[12,13] without over-expressing P-glycoprotein [14] 
or MDR-1 mRNA [15]. In this report, we have 
characterized doxorubicin-resistant HL-60 cells that 
expressanMDRphenotype, i.e. functionalmultidrug 
resistance, over-express P-glycoprotein and the 
corresponding mRNA transcript and exhibit ampli- 
fication of the MDR-1 gene. 

MATERIALS AND METHODS 

Materials. The chemotherapeutic drugs used were 
obtained from the following sources: doxorubicin 
(Adriamycin@), epirubicin (Farmorubicin@) and 
idarubicin (IdarubicinB) were purchased from 
Farmitalia Carlo Erba, Italy, and daunorubicin 
(Cerubidin@) from RhBne-Poulenc Rorer, France. 
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Cytosine arabinoside (ara-C, Cytosar@) came from 
Upjohn, U.S.A.; chlorodeoxyadenosine (CdA) from 
Dr Zygmunt Kazimierczuk, Foundation for the 
Development of Diagnostics and Therapy, Warsaw, 
Poland; amsacrine (Amekrin@) from Parke-Davis, 
U.S.A.; etoposide (Vepesid@) from Bristol-Myers 
Squibb, U.S.A.; melphalane (Alkeran@) from Well- 
come, U.K. ; and vincristin (Vincristine Lederle@) 
from David Bull/Cyanamid, U.S.A. Verapamil 
(Isoptin@) was obtained from Knoll, Germany. All 
other reagents were of analytical grade or higher. 

Cell culture and incubations. Human promyelocyte 
leukemia cells, HL-60, obtained from American 
type culture collection (ATCC, Rockville, U.S.A.), 
were cultured in RPM1 1640 medium supplemented 
with 10% fetal calf serum (Grand Island Biological 
Co., Grand Island, NY, U.S.A.) and 1 mM L- 
glutamine, 100 U/mL penicillin, 100 pg/mL strep- 
tomycin (GIBCO) and incubated in a humified 
atmosphere with 5% CO2 at 37”. 

Isolation of doxorubicin-resistant cells. HL-60 
cells were selected for doxorubicin resistance by 
continuous stepwise increments of doxorubicin 
concentration from 0.04pM to 10 PM. 2.5 X lo5 
cells/ml were suspended in culture medium in the 
presence of doxorubicin. Medium was changed every 
fourth day, and the concentration of doxorubicin 
was increased when cell numbers increased at a 
similar rate as the parental HL-60-S cells. Resistant 
sublines tolerating 0.5 ,uM, 5 PM or 10 PM doxo- 
rubicin, i.e. HL60-&,s, HL-60-RS and HL-60-Rio, 
respectively, were collected and stored in liquid 
nitrogen with 10% DMSO (Merck, Darmstadt, 
Germany) as the cryoprotective agent. The isolates 
exhibited a 14-fold (HL60-Ra,s), 142-fold (HL-60- 
Rs) and 328-fold (HL-60-I&) increased tolerance to 
doxorubicin. Karyotyping of both HL-60-S and 
HL-60-Rio showed that the number of normal 
chromosomes in HL-60-RI0 compared to HL-60-S 
was reduced. The two marker chromosomes, de1 
9~13 and de1 10~11-12, were observed in both 
sublines. 

Drug uptake assay. Three pairs of cell suspensions 
(2mL, lo6 cells/ml) were incubated with 1 PM 
doxorubicin for 3 hr. After sonication and TCA 
extraction, the intracellular uptake and retention of 
doxorubicin was determined by spectrophoto- 
fluorometry [ 161. All incubations were performed in 
duplicate. To study the effect of verapamil on 
intracellular drug retention in HL-60-S and HL-60- 
RI0 cells, incubations were performed in the presence 
or absence of 5 yg/mL verapamil; 2 pairs of 
incubations were continued for 2 and 18 hr, 
respectively after a change to doxorubicin-free 
medium. 

In vitro drug sensitivity assay. For determination 
of lcsO values for HL-60-S and HL-60-R sublines, 
2 mL cell suspension (lo5 cells/ml) was incubated 
with increasing concentrations of cytostatic drugs. 
The cells were incubated with ara-C and CdA 
continuously, with doxorubicin for 3 hr and with 
daunorubicin, idarubicin, epirubicin, mitoxantrone, 
etoposide , amsacrine, melphalane , and vincristine 
for 1 hr. After the 1 or 3 hr incubations, the cells 
were resuspended in fresh medium and cultured for 
4 days. The incubation times for the different drugs 

were those that have been shown to best mimic in 
viuo concentrations in tumor cells in patients during 
therapy [17-191. Drug cytotoxicity was determined 
at the end of the culture period by an automated 
bioluminiscent assay for cellular ATP [20,21] and 
expressed as the ratio of the ATP content in drug- 
exposed to unexposed cells. 

Western blot analysis. Plasma membranes and 
endoplasmic reticulum membranes from resistant 
HLdO-Rio cells and sensitive HL-60-S cells were 
isolated using a minor modification of the method 
described in [22]. Cells were hypotonically lysed in 
1 mM Tris (pH7.2) and the nuclei were separated 
from the membranes by forcibly pipetting the lysed 
cells 15 times through a Falcon 10 mL serological 
pipet. The nuclei were removed by centrifugation 
for 10 min at 3,000g and the supernatants were 
centrifuged at 48,500 g for 1 hr. The membrane 
pellets were resuspended in 1 mM Tris (pH 7.2). 
Protein concentrations were determined according 
to Lowry [23]. Electrophoresis of 25 pg protein 
aliquots was carried out in a 6% SDS-polyacrylamide 
mini-gel at 100 V for 2 hr and proteins were 
transferred to a nitrocellulose filter (Hybond-C 
extra, Amersham Corp.). The P-glycoprotein was 
detected by staining with Mab C219 (Centocor 
Diagnostics, U.S.A.) at 10 pg/mL for 2 hr according 
to the instructions of the manufacturer. A 
biotinylated rabbit anti-mouse IgGl secondary 
antibody diluted 1:200 together with AB complex 
HRP kit 1:500 dilution (Dako A/S, Denmark) was 
used for visualization. 

MDR-1 gene fragment. A 1098 bp EcoRl restric- 
tion fragment of the human MDR-1 cDNA, 
corresponding to nucleotides 3074-4172 of the full- 
length cDNA sequence [24,25] and inserted in a 
pUC 13 plasmid, was kindly provided by Dr 
Takashi Tsurou, Institute of Applied Microbiology, 
University of Tokyo, Japan [26]. The entire cDNA 
fragment was subcloned into the EcoRl site of the 
plasmid pT7T3 19U (Pharmacia LKB Biotechnology 
Inc.). The orientation of the insert was confirmed 
by dideoxy-sequencing. 

Northern blot analysis. RNA was extracted with 
guanidine thiocyanate (Fluka, Buchs, Switzerland) 
followed by centrifugation in CsCl with modifications 
according to [27]. RNA (20 pg) was electrophoresed 
in a 1.2% agarose gelcontaining2.2 Mformaldehyde. 
The intactness of RNA and the location of 18 and 
28s rRNA was determined by ethidium bromide 
staining. Following transfer of RNA to a nylon filter 
(Hybond-N, Amersham Corp.), the filter was 
prehybridized for 3 hr and then hybridized with 
MDR-1 cDNA (1 x lo6 cpm/mL) labeled with [32P]- 
dCTP by random primer extension according to 
[28,29]. Hybridization was performed at 55” for 
16 hr in 50% formamide, 5 x SSC (1 x SSC = 0.15 M 
NaCl, 0.015 M sodium citrate), 25 mM KPO,, 
5 x Denhardt’s solution (1 X Denhardt’s = 0.02% 
BSA, 0.02% Ficoll and 0.02% polyvinylpyrrilidone), 
50 pg denatured calf thymus DNA and 10% dextran 
sulfate. Filters were washed twice at 65” in 2 x SSC/ 
0.1% SDS, then 1 x SSC/O.l% SDS and finally in 
0.5 x SSC/O.l% SDS. Filters were exposed to X- 
ray film (Hyperfilm, Amersham Corp.) at -70” for 
6 days with enhancing screens. 
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Solution hybridization assay. Total nucleic acids 
(TNA) from 20 x lo6 cells were isolated according 
to [30]. In short, cells were lysed and homogenized 
in an SDS-containing buffer and digested by 
proteinase K (0.2 mg/mL) (Boehringer Mannheim, 
Germany) followed by phenol/chloroform extraction 
of nucleic acids. After linearization with BamHI, a 
[35S]CTP-labeled cRNA probe was synthesized in 
vitro using the T3 promotor in the pT7T3 vector and 
10 U T3 RNA polymerase with reagents from 
Promega Biotech as described in [27]. [35S]- 
labeled MDR-1 cRNA (50,000 cpm/incubation) was 
hybridized to TNA according to [31] with slight 
modifications. Hybridization was carried out at 70” 
for 16 hr in a total volume of 40 PL containing 0.6 M 
NaCl, 20 mMTris-HCI (pH 7.5), 4 mM EDTA, 0.1% 
SDS, 7.5mM dithiothreitol and 25% formamide. 
Following digestion by RNase A (40 pg) and RNase 
Tl (2ng) (Boehringer Mannheim), hybrids were 
collected by filtration on GF/C glass microfibre 
filters (Whatman). Results are expressed as cpm/pg 
total nucleic acids. 

Southern blot analysis. Genomic DNA from the 
parental HL-60-S and the resistant HL-60-R sublines 
were digested with EcoRl (Boehringer Mannheim) 
and separated by electrophoresis in 0.8% agarose. 
Denatured DNA was transferred to a nylon filter 
(Hybond-N, Amersham Corp.) and hybridized with 
MDR-1 cDNA (1 x lo6 cpm/mL) labeled with [32P]- 
dCTP by random primer extension according to 
[28,29]. Hybridization was performed at 42” for 16 hr 
in 45 mM Tris-HCl (pH 7.5), 0.91 M NaCl, 45.5% 
formamide, 9.1% dextran sulfate, 9.1 X Denhardt’s 
solution, 0.91% SDS, 0.08% sodium pyrophosphate 
and 0.91 mg salmon sperm DNA/mL. Filters were 
washed twice at room temperature in 2 x SSC/O.5% 
SDS, at 42” in 0.1 x SSC/O.l% SDS, and once at 
65” in 0.1 x SSC/O.l% SDS and then exposed to 
X-ray film (Hyperfilm, Amersham Corp.) at -70 
for 1 day with enhancing screens. 

RESULTS 

Isolation of anthracycline-resistant HL-60 cells 

Parental, sensitive human promyelocyte leukemia 
cells, HL-60-S, were selected for tolerance to the 
cytotoxic effect of doxorubicin by increasing the 
concentration of the drug stepwise from 0.04 to 
10 PM. During the first year of selection, it required 

approximately 200 days for the cells to tolerate twice 
the initial concentration, i.e. 75 instead of 40nM 
doxorubicin. Increasing the tolerance from 75 to 
150 nM took considerably less time (80 days) whereas 
from 150 nM the concentration of doxorubicin could 
be doubled every 30 days. A separate flask of HL- 
60-Rio cells was maintained in doxorubicin-free 
media for 6 months without spontaneous reversion 
to the drug sensitive phenotype. During the selection 
protocol, isolates tolerating 0.5 PM, 5 PM and 10 PM 
(HL-60-R0,5,5,10) were frozen with cryoprotective 
agents. 

Drug transport and resistance profile 

After a 3 hr incubation with doxorubicin at a 
concentration of 1 PM, the intracellular uptake of 
the drug in the HL-60-Rio subline was 56% of that 
in the parental HL-60-S cells (Table 1). Following 
an additional 2 hr incubation in the absence of drug, 
61% of the initial drug content was retained in the 
sensitive HL-60-S cells compared to 11% in the 
resistant HL-60-Rio cells. After 18 hr in drug-free 
medium, 44% of the initial drug content was retained 
in the HL-60-S cells compared to 5% in the HL-60- 
Rio cells. In the presence of verapamil, the 
intracellular concentration of doxorubicin immedi- 
ately after the incubation in HL-60-Rio cells was 1.7 
times higher than without verapamil (Table 1). This 
difference increased to reach a 5-fold higher 
intracellular drug concentration after 18 hr of 
incubation in drug-free medium. Interestingly, a 
small but significant effect on retention of doxorubicin 
was also noted in the parental cell line, which may 
be due to a basal expression of MDR-1 mRNA in 
the parental HL-60-S cells (see below). 

The 1c50 concentration for various antileukemic 
drugs to HL-60-S cells and the cross-resistance 
profile for the three doxorubicin-resistant sublines 
are shown in Table 2. There was a pronounced cross- 
resistance to epirubicin, daunorubicin, idarubicin, 
mitoxantrone and vincristine, which paralleled the 
resistance to doxorubicin in the sublines. Etoposide 
and amsacrine showed a level of resistance similar 
to that of the anthracyclines and mitoxantrone in 
the HL-60-Ro,5 subline, but a lower degree of 
resistance in the HL-60-R, and HL-60-RIO sublines. 
Even ara-C showed a moderate, 6-fold resistance in 
the HL-60-R. 5 subline, which diminished however 
with an increasing degree of doxorubicin resistance. 

Table 1. Intracellular uptake and retention of doxorubicin in HL-60-S and HL-60-RI0 cells with and without verapamil 

Time after incubation 
(hr) 

HL-60-S 
- verapamil + verapamil 

(nmol/mg protein) (nmol/mg protein) 

HL-60-R,,, 
- verapamil + verapamil 

(nmol/mg protein) (nmol/mg protein) 

0 1.33 _t 0.06 1.32 + 0.09 0.74 5 0.21 1.29 5 0.38 
2 0.81 ? 0.05 0.96 ? 0.12 0.15 2 0.06 0.53 t 0.03 

18 0.59 t 0.04 0.84 2 0.04 0.06 f- 0.02 0.29 r 0.04 

Cells were incubated with 1 FM doxorubicin for 3 hr and then in the absence of drug for 2 and 18 hr with and without 
.5@g/mL verapamil as described in Materials and Methods. Doxorubicin was extracted with 27% TCA and the 
concentration determined by spectrophotofluorometry. The table consists of mean values and range from two experiments 
in duplicate. 
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Table 2. Cross-resistance profile to various antileukemic drugs for different HL-60 sublines selected 
for resistance to doxorubicin 

DW 
Concentrations 

tested (PM) 
IC50 HL-60-S 

(PM) 
Degree of resistance 

HL-60-R, 5 HL-60-R, HL-60-R10 

Doxorubicin 0.02-344 0.07 14 
Epirubicin 0.01-100 0.16 23 
Daunorubicin 0.01-1000 0.12 80 
Idarubicin 0.002-50 0.005 12 
Mitoxantrone 0.002-200 0.03 40 
Vincristine 0.0002-100 0.017 4100 
Etoposide 2-3400 16.8 12 
Amsacrine 0.05-200 1.8 1.7 
Malphalane 0.1-200 11.3 0.54 
ara-C 0.05-2 0.082 6.5 
CdA 0.002-0.1 0.005 0.8 

142 
85 

858 
220 
167 

>5900* 
19 
4.2 
1.4 
2.1 
0.8 

328 
72 

1367 
280 

3700 
>5900* 

19 
8.5 
1.4 
3.2 
1 

Cells were incubated and cellular ATP was determined as described in Materials and Methods. 
The degree of resistance was calculated by dividing the lcso concentrations of the resistant cells lines 
by those of the parental HL-60-S line. 

* lcso could not be reached. 

A 

4.6 - 

B 

S R S R 

- 

Fig. 1. Analysis of MDR-1 mRNA expression from HL-60-S and HL-60-Ri,, cells by Northern gel 
analysis. RNA was isolated as described in Materials and Methods and separated by agarose- 
formaldehyde gel electrophoresis. RNA was transferred to nylon filter and hybridized with a [32P]- 
labeled MDR-1 cDNA probe. Lane S: 2Opg RNA from HL-60-S cells; lane R: 2Opg RNA from 
HL-60-R,,, cells. (A) A 4.6 kb mRNA was detected in total cellular RNA from the HL-60-RI0 cells. 
18s and 28s rRNA were used as size markers. (B) Ethidium bromide stain of the gel prior to transfer. 

For CdA and melphalane, no cross-resistance was 
observed. 

Expression of MDR-1 mRNA 

Northern blot analysis (Fig. 1) was performed to 
characterize the size and abundance of MDR-1 
mRNA transcripts in total cellular RNA, extracted 
with guanidine thiocyanate followed by centri- 
fugation in CsCl solution, from HL-60-S and HL- 

60-RI,, cells. The [32P]dCTP MDR-1 cDNA probe 
labeled by random primer extension hybridized to a 
single 4.6 kb mRNA in RNA from the HL-60-RI0 
cells. No hybridizing transcript could be detected in 
the HL-60-S cells by this method. 

A more sensitive method, solution hybridization/ 
RNAse protection, was compared with the Northern 
analysis and employed to achieve a semi-quantitative 
estimate of MDR-1 mRNA expression (Fig. 2). 



HL-60 leukemia cells with MDR-1 phenotype 759 

cm 

loo00 

8000 i 

6000 _ 

s d.84 

R ~0.96 

0 10 20 pg TNA 

Fig. 2. Expression of MDR-1 mRNA in HL-60-S and 
HL-60-Rio cells as determined by solution hybridization. 
Total nucleic acids (TNA) were hybridized with [35S]CTP- 
labeled MDR-1 cRNA probe as described in Materials 
and Methods. *P<O.O6, N = 6; **P<O.OOl, N = 15; 
***P < 0.02, N = 10, compared to the corresponding value 

in HL-60-S cells. 

Total nucleic acids prepared from HL-60-S and HL- 
60-R,,, cells were hybridized to a [35S]CTP-labeled 
cRNA probe. The number of mRNA transcripts in 
the HLdO-RI0 cells was calculated to be 14 times 
higher compared to the HL-60-S cells. 

Correlation between doxorubicin resistance, 
expression of P-glycoprotein, MDR-1 mRNA 
expression and MDR-1 gene copy number 

Cell membranes derived from plasma membrane 
and endoplasmic reticulum were isolated from HL- 
60-S and three HL-60-R subline cells. Following 

Fig. 3. Correlation between P-glycoprotein expression, 
MDR-1 mRNA expression and MDR-1 gene copy number 
in parental and drug-resistant HL-60 sublines. (A) 
Detection of P-glycoprotein by monoclonal antibody C219 
in isolated membranes from HL-60-S and HL-60-R sublines. 
Cell membranes containing endoplasmic reticulum and 
plasma membranes were prepared as described in Materials 
and Methods and subjected to SDS-PAGE. The 
immunoreactive P-glycoprotein is indicated in the right 
margin. Kaleidoscope prestained standards (Bio-Rad) were 
used as size standards. Lane S: HL-60-S cells; lane &,,: 
HL-60-R5 cells; lane Rr: HL-60-R, cells; lane Rio: HL- 
60-RI0 cells. (B) Solution hybridization. Total nucleic acids 
(10 pg) from HL-60-S HL-60-R, 5, HL-60-RX and HL-60- 
RI0 were hybridized with [35S]CTP-labeled MDR-1 cRNA. 
The legends represent the actual values from three different 
experiments and the bars show the mean value. (C) 
Southern hybridization analysis of MDR-1 gene copy 
number. DNA was isolated from HL-60-S HL-60-&.s, 
HL-60-R5, HL-60-R,a cells and digested with EcoRl. DNA 
fragments were separated by agarose gel electrophoresis 
and hybridized with a [32P]dCTP random primer-labeled 
MDR-1 cDNA probe. A DNA molecular marker II ladder 

(Boehringer Mannheim) was used as a size standard. 

BP 49-6-B 

polyacrylamide gel electrophoresis under denaturing 
conditions, transfer to nitrocellulose and immuno- 
detection by monoclonal antibody C219, a 180 kDa 
protein, co-migrating with purified P-glycoprotein 
standard as positive control, was detected in all 
resistant cell lines. However, the intensity of staining 
of the 180 kDa protein was clearly higher with 
membranes from the HL-60-Rs and RI0 cells (Fig. 
3A). The protein could not be detected in the 
sensitive HL-60-S cells. 
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In order to investigate if the level of MDR-1 
mRNA could be correlated to the degree of tolerance 
to the cytotoxic effect of doxorubicin (Table 2), total 
nucleic acids from HL-60-S and the resistant sublines 
were hybridized with [35S]CTP-labeled MDR-1 
cRNA (Fig. 3B). With an increased degree of 
doxorubicin tolerance, the level of MDR-1 mRNA 
transcripts also increased, indicating a positive 
correlation between MDR-1 gene transcription and 
enhanced tolerance to the cytotoxic effect of 
doxorubicin. 

In order to elucidate whether the mechanism 
behind the elevated level of MDR-1 mRNA in the 
resistant HL-60-R sublines was correlated to 
amplification of the MDR-1 gene, the same amount 
of DNA from HL-60-S, HL-60-Ro,5, HL-60-R5 and 
HL-60-Rio cells was digested with EcoRl and the 
fragments separated by agarose gel electrophoresis, 
blotted and hybridized to a [32P]-labeled MDR-1 
probe (Fig. 3C). The MDR-1 probe hybridized to 
predominant 16 kb and 6 kb EcoRl fragments. The 
intensity of these fragments was increased in the 
HL-60-R sublines in relation to the degree of 
resistance to the cytotoxic effect of doxorubicin. 

DISCUSSION 

The definition of a multidrug resistant phenotype 
usually includes cross-resistance to multiple chemo- 
therapeutic agents, defective intracellular retention 
of drug, over-expression of the 170-180 kDa P- 
glycoprotein (usually due to gene amplification) and 
reversal of drug-resistance by ion-channel blockers, 
such as verapamil [ 11. The analysis of drug-sensitive 
HL-60-S and drug-resistant HL-60-R cell lines, the 
latter developed by stepwise selection in increasing 
concentrations of doxorubicin in vitro, revealed an 
over-expression of MDR-1 mRNA in the resistant 
cells. Furthermore, in HL-60 cells manifesting 
various degrees of doxorubicin resistance, a positive 
correlation with respect to doxorubicin resistance, 
levels of P-glycoprotein detected by Mab C219, 
MDR-1 mRNA levels and amplification of the 
MDR-1 gene was apparent. There was a complete 
cross-resistance between doxorubicin and the other 
anthracyclines as well as mitoxantrone and vincris- 
tine. Etoposide and amsacrine constituted an 
intermediate group while the doxorubicin-resistant 
sublines showed unchanged sensitivity against 
melphalane and the purine analogue CdA. Thus the 
profile was that of classical MDR [l]. 

The intracellular retention of doxorubicin was 
poor but partly reversed by verapamil in the resistant 
sublines. A small effect on retention was also seen 
in the parental cell line, which is consistent with a 
low P-glycoprotein expression. Collectively, over- 
expression of P-glycoprotein as the result of 
amplification of the MDR-1 gene provides an 
explanation for the pattern of cross-resistance to 
cytotoxic drugs, as well as decreased drug retention 
in the HL-60-R cell populations. In a recent review 
[l], information on various drug-resistant cell lines 
now available, with particular respect to the various 
parameters of the MDR phenotype, was compiled. 
In this survey, approximately 75% of the various 
cell lines made resistant by exposure to anthracyclines 

exhibited a complete MDR phenotype including 
expression of P-glycoprotein. However, a significant 
number of multidrug resistant cells were found not 
to over-express the P-glycoprotein. This is also the 
case for the hitherto available anthracycline-resistant 
HL-60 cell lines, which accordingly have generated 
an interest in chemotherapy resistance mechanisms 
not involving expression of the MDR-1 gene [ 12,131. 

In the drug uptake and efflux experiment, the 2 hr 
time point was chosen to show the rapid efflux in 
the resistant subline while the 18 hr time point was 
selected to demonstrate the retention of drug in the 
sensitive, parental cell line. We have previously 
shown that doxorubicin is retained intracellularly for 
a long period of time [32]. After 18 hr, there was 
still approximately 50% of the drug remaining in the 
sensitive HL-60 cells. 

When comparing the P-glycoprotein-negative, 
doxorubicin-resistant HL-60 cell lines of [12,13] 
with the P-glycoprotein-positive HL-60 isolates of 
the present study, a number of differences can be 
observed that may be of relevance to explain their 
distinctive phenotypes. Firstly, the former cell lines 
have a lower degree of doxorubicin resistance, with 
1c50 doses lo-20-fold higher than the parental cell 
lines. In contrast, our HL-60 Rio subline tolerates 
more than a 300-fold higher toxic concentration of 
doxorubicin than the parental cells. Compared to 
one previously described anthracycline-resistant HL- 
60 cell line, our cell line has a much more pronounced 
resistance to vincristine and it also expresses an 
intermediate resistance to etoposide. It has been 
observed that a multidrug resistance mechanism not 
involving the P-glycoprotein can precede a resistance 
mechanism involving increased expression of P- 
glycoprotein [33,34]. Thus, it remains to be tested 
whether the anthracycline-resistant HL-60 cell lines 
of [12,13] would transcriptionally activate the 
MDR-1 gene and/or amplify it [35] by selecting for 
a higher degree of tolerance to doxorubicin. 

Another more trivial reason for the absence of P- 
glycoprotein/MDR-1 mRNA expression may be due 
to methodological differences. Although MDR-1 
mRNA expression was clearly detected in our 14- 
fold resistant HL-60 R0,5 subline by solution 
hybridization, no signal could be detected by 
Northern blot analysis (data not shown). We have 
consistently observed that solution hybridization is 
between 20-40-fold more sensitive than Northern 
blot analysis for the detection of MDR-1 mRNA 
transcripts (K. Jonsson, U. Tidefelt, C. Paul, G. 
Andersson, unpublished data). Thus, interpreting 
the absence of signal as the equivalent of absence 
of cellular expression may be hazardous given the 
use of less sensitive methods. 

Another possible explanation for anthracycline 
resistance in the absence of P-glycoprotein expression 
would obviously be a complementary expression of 
a drug transporter with a similar drug specificity but 
structurally non-identical with P-glycoprotein. It has 
been pointed out that P-glycoprotein-negative 
anthracycline-resistant HL-60 cells over-express 
a 190 kDa ATP-binding phosphorylated surface 
membrane protein that has a limited homology with 
P-glycoprotein [36]. Furthermore, a novel member 
of the ABC transporter superfamily, denoted MRP, 



HL-60 leukemia cells with MDR-1 phenotype 761 

was recently identified by cDNA cloning from a 14. 
doxorubicin-resistant small cell lung cancer cell 
line negative for the P-glycoprotein 170 [37]. 
Interestingly, this gene has recently been associated l5 
with the non-P-glycoprotein multidrug resistance 
of doxorubicin-resistant HL-60 cells [38]. The 
availability of anthracycline-resistant HL-60 cell 16. 
lines with absent and variable expression of P- 
glycoprotein, the product of the MDR-1 gene, clearly 
provides a fine opportunity to analyse different 
mechanistic aspects of resistance to cytotoxic drugs 17 
used in cancer chemotherapy. 
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