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Abstract Purpose: The aim of this study was to inves-
tigate the multidrug resistance (MDR) pattern, MDR
gene and P-glycoprotein (P-gp) expression, and P-gp
function in drug-induced human T-lymphoblastoid leu-
kemia MOLT-4 sublines. Methods: The MDR sublines
were developed by exposing the parental MOLT-4 cells
to stepwise increasing concentrations of anticancer
drugs daunorubicin (DNR), vinblastine (VBL) and
doxorubicin (DOX). Degrees of resistance were assessed
in terms of IC50 values in an MTT assay and the P-gp
function was evaluated in terms of rhodamine 123
(Rh123) accumulation and efflux. The percentage of cells
undergoing apoptosis was determined by flow cytometry
after staining with annexin V-FITC and propidium io-
dide. The levels of P-gp and MDR mRNA expression
were estimated using the PE-conjugated anti-P-gp
monoclonal antibody 17F9 and quantitative real-time
reverse transcription-polymerase chain reaction. Results:
Three MOLT-4 sublines were established and revealed a
2- to 115-fold resistance to the anticancer reagents
DNR, VBL and DOX as compared to the parental cell
line. The highest MDR was expressed in MOLT-4/DNR
cells, which was overcome by the P-gp modulator, cy-
closporin A (CsA). The resistant sublines showed a de-
creased accumulation and an increased efflux of Rh123
in proportion to the degree of resistance, and these were
completely reversed in the presence of 8 lM CsA. The
decreased apoptotic response in these cell lines was

clearly associated with the degree of drug resistance.
P-gp antigen and MDR1 mRNA were highly expressed
in both the MOLT-4/DNR and MOLT-4/DOX sub-
lines. Less-resistant MOLT-4/VBL cells expressed lower
levels of MDR1 mRNA and P-gp, even though the cell
line was established by exposing the parental MOLT-4
cells to VBL for longer (5 months) than to the other two
reagents (3 months). Conclusions: MOLT-4 cells were
able to acquire a high level of drug resistance by cul-
turing the cells in the presence of certain anticancer
drugs, and acquisition of the resistance was relatively
reagent-specific. The degrees of resistance to the anti-
cancer drugs were well correlated with the expressions of
MDR1 mRNA and functional P-gp, and were also as-
sociated with a decreased response to apoptosis.
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Introduction

Multidrug resistance (MDR) is recognized as one of the
most common causes for failure of cancer chemotherapy.
For the study ofMDRmechanisms, tumor cell lines have
been selected for resistance to vinca alkaloids, anthra-
cyclines, taxanes and epipodophyllotoxins [12, 26]. In-
tracellular drug accumulation has been found to be
decreased as a result of drug efflux in these cell lines [8].
These MDR cell lines usually contain an amplified gene,
in humans termed MDR1 [23, 25]. The protein product
of this gene is a 170-kDa glycoprotein termed P-glyco-
protein (P-gp) which is an ATP-dependent efflux pump
that transports a variety of structurally unrelated natural
product oncolytics out of cells [1]. It has been demon-
strated that intrinsic or acquired expression of P-gp plays
a major role in clinical MDR [17]. Several compounds,
such as cyclosporin A (CsA), have been shown to be able
to overcome MDR by disturbing P-gp function [10].

Some cultured resistant sublines from human leuke-
mia cell lines have been established and each tumor cell
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line displays a different selectivity for resistance to an-
ticancer drugs [2, 15, 21]. The human T-lymphoblastoid
leukemia MOLT-4 cell line has been used extensively for
studies of leukemia cell biology and antileukemia ther-
apy [12, 22], whereas induction of drug resistance in this
well-known cell line has been little examined. The only
reported resistant subline developed from MOLT-4 cells
by anticancer drugs so far was selected by exposure of
the cells to doxorubicin (DOX), and the subline cells
obtained expressed 0.96- to 4.8-fold resistance to anti-
cancer drugs compared to the parental cell line [9].
However, the selectivity of this cell line to certain anti-
cancer agents to develop MDR is unknown. Therefore,
we undertook the current study in order to establish
MDR cell lines from MOLT-4 cells. We developed three
resistant cell lines by culturing the parental MOLT-4
cells in the presence of one of three anticancer drugs, the
anthracycline antibiotics daunorubicin (DNR) or DOX,
and the vinca alkaloid vinblastine (VBL), and the
characteristics of the resistant sublines compared to
those of the parental cell line were studied.

Materials and methods

Reagents

RPMI-1640 medium and fetal bovine serum (FBS) were purchased
from Gibco BRL (Grand Island, N.Y.). A cell proliferation kit I
(MTT) was purchased from Roche Diagnostics (Indianapolis,
Ind.). Trypan blue, rhodamine 123 (Rh123) and DNR, vinblastine
sulfate and doxorubicin hydrochloride were obtained from Sigma
Chemical Co. (St. Louis, Mo.). CsA was a gift from Novartis
Pharma (Basel, Switzerland). Mouse anti-human P-gp monoclonal
antibody 17F9 conjugated with R-phycoerythrin (R-PE) and R-PE-
conjugated mouse IgG2b isotype control monoclonal antibody
were obtained from PharMingen (San Diego, Calif.). The rest of
the reagents were of the best available grade.

Cell lines and culture conditions

The MOLT-4 cell line was purchased from ICN Biomedicals (To-
kyo, Japan) and the cells were maintained in RPMI-1640 medium
containing 10% FBS, 100,000 IU/l penicillin and 100 mg/l strep-
tomycin. For the development of drug-resistant sublines, MOLT-4
cells were initially exposed to the drugs at concentrations that kept
the cells at 70% viability. The viable cells were counted in a hem-
ocytometer using trypan blue exclusion. Cells were maintained at
this drug concentration until their growth rate approached that of
the untreated parental cells. The drug concentration was then in-
creased two or three times. Usually 3 to 5 weeks were required to
obtain an adequate growth rate at this drug concentration. Ac-
cordingly, three resistant sublines designated as MOLT-4/DNR,
MOLT-4/VBL, and MOLT-4/DOX were developed by exposing

the parental cells to DNR at concentrations of 10–8 M to 5·10–8 M
for 3 months, VBL at 10–9 M to 8·10–9 M for 5 months, and DOX
at 5·10–9 M to 2·10–8 M for 3 months, respectively. Investigations
of the characteristics of these cell lines were performed on cells
grown in drug-free medium for at least 10 days.

Cytotoxicity assays

Cells were washed and suspended in the medium at a density of
5·105 cells/ml. Cell suspension (196 ll) were placed in each well of a
96-well flat-bottom plate (Iwaki Company, Chiba, Japan), and 4 ll

of each anticancer drug solution or 2 ll of each anticancer drug
solution with 2 ll of each modulator solution in ethanol were added
to give serial final concentrations. Ethanol (4 ll) was added to the
control wells. The cells were incubated for 72 h at 37�C in an at-
mosphere comprising 5%CO2/95%air. After the incubation period,
cell growth was measured using an MTT assay procedure using the
cell proliferation kit I (MTT). Dose-response curves were plotted
and the concentrations that gave 50% inhibition of cell growth
(IC50) were calculated. The degrees of resistance of the resistant
sublines to each drug were determined as the ratio of the IC50 of the
resistant cells to the IC50 of the sensitive parental MOLT-4 cells.

Apoptosis assays

To evaluate the percentage of cells undergoing apoptosis, a flow
cytometric analysis was performed to detect phosphatidylserine-
exposing cells as we have previously described [13]. Cell suspension
(980 ll) was seeded in 24-well flat-bottomed plates (Iwaki Compa-
ny) at a density of 5·105 cells/ml, and 20 ll of each anticancer drug
solution in ethanol was added to a final concentration of 2·10–6 M
for DNR, 1·10–6 M for VLB, and 5·10–6 M for DOX. After
incubation for 1 h at 37�C in an atmosphere comprising 5% CO2/
95% air, the cells were washed twice in medium and resuspended in
1 ml of drug-free medium. The cells were then incubated for another
24 h. After two washes in phosphate-buffered saline (PBS, pH 7.4),
the cells were suspended in 100 ll of a binding buffer (10 mM
Hepes/NaOH, pH 7.4, containing 140 mM NaCl and 2.5 mM
CaCl2) and stained with 5 ll annexin V-FITC (PharMingen) and
10 ll 50 lg/ml propidium iodide (PI) (Sigma) at room temperature
for 15 min. A total of 20,000 non-gated cells were analyzed using a
FACSCalibur analyzer (BectonDickinson, Calif.) to obtain dot plot
data. These data were further analyzed using CellQuest software
(Becton Dickinson) to provide the percentage of cells undergoing
apoptosis that were annexin V-FITC-positive and PI-negative.

Evaluation of P-gp function

P-gp function was characterized by determination of the Rh123
accumulation/efflux capacity.

Accumulation experiments. Aliquots of 5·105 cells were incubated
with 2 lM Rh123 in the presence or absence of 8 lM CsA for 1 h
at 37�C in a humidified atmosphere comprising 5% CO2/95% air.
The cells were then washed twice in ice-cold PBS, and Rh123 ac-
cumulation was determined using a FACSCalibur analyzer (Becton
Dickinson). The green fluorescence of gated populations was col-
lected through a bandpass filter (FL1) to obtain histogram plot
data. These data were further analyzed using CellQuest software
(Becton Dickinson) to obtain the intracellular Rh123 mean fluo-
rescence intensity for each sample.

Efflux experiments. Aliquots of 5·105 cells were incubated in the
presence of 2 lM Rh123 and 8 lM CsA for 1 h at 37�C in a hu-
midified atmosphere comprising 5% CO2/95% air. The cells were
then washed twice in ice-cold medium and resuspended in 1 ml
medium with or without 8 lM CsA. Following 75 min of dye efflux
at 37�C in the medium, the cells were washed twice in ice-cold PBS.
The mean retained intracellular Rh123 fluorescence intensity was
then estimated using the same procedure as for the accumulation
experiments.

P-gp expression

Aliquots of 1·106 cells were washed twice in ice-cold PBS and
resuspended in 50 ll binding buffer and then incubated with either
20 ll R-PE-conjugated mouse anti-human P-gp monoclonal anti-
body 17F9 or 20 ll R-PE-conjugated mouse IgG2b isotype control
monoclonal antibody for 30 min at 4�C. After incubation and a
further two washes in ice-cold PBS, the cells were resuspended in
ice-cold binding buffer and kept on ice in the dark until analysis.
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P-gp expression was determined using a FACSCalibur analyzer
(Becton Dickinson). The fluorescence was transmitted through a
bandpass filter (FL2) to acquire histogram plot data.

Extraction of poly(A)+RNA and quantitative real-time PCR

Poly(A)+RNA was isolated from cultured cells using a QuickPrep
Micro mRNA purification kit (Amersham Pharmacia Biotech)
according to the manufacturer’s instructions. cDNA was con-
structed by reverse transcription in 50 ll buffer containing
1·TaqMan buffer, 5.5 mMMgCl2, 500 lM of each dNTP, 2.5 lM
of random hexamer, 0.4 U/ll of RNase inhibitor, and 1.25 U/ll of
MultiScribe reverse transcriptase. Reverse transcription was per-
formed with a stepwise reaction at 25�C for 10 min, 48�C for
30 min and 95�C for 5 min. For the subsequent PCR procedure,
2.5 ll cDNA mixture was used.

The PCR was performed using real-time SYBR green technol-
ogy and analyzed by an ABI 7700 sequence detector (Applied
Biosystems). Primer pairs for MDR1 and b-actin were designed to
span an intron sequence and to amplify 128-bp and 148-bp
products, respectively. Primer sequences were as follows: MDR1
5¢-GGCCTAATGCCGAACACATT-3¢ and 5¢-CAGCGTCTGG-
CCCTTCTTC-3¢, b-actin 5¢-CCCAGGCACCAGGTAGTGAT-3¢
and 5¢-TGCCAGATTTTCTCCATGTCG-3¢. In order to prepare
the calibration concentration curve, lambda DNA amplicon
(140 bp) was constructed by PCR using lambda DNA-specific
primer pairs (5¢-AGTTCTGGCTGGAGTCAGTATGG-3¢ and
5¢-GGCTGTACCGGACAATGAGTG-3¢). A calibration curve
was obtained using 1:10 dilutions of a lambda DNA template
(TaKaRa, Kyodo, Japan). The quantity of the MDR1 and b-actin
transcript in each sample was determined from the calibration
curve. To compare the expression level of MDR1 mRNA among
the cell lines, the ratio of MDR1 transcript to b-actin transcript was
calculated. Each sample was analyzed in triplicate and all PCR
products were subjected to 2% agarose gel electrophoresis to en-
sure that no unspecific amplicon was obtained. To further confirm
their sequences, the resultant PCR products were applied to the
sequencing reaction.

Statistical analysis

The data were analyzed by Bonferroni/Dun multiple comparison.
Calculated P-values of less than 0.05 were considered to be sig-
nificant. The degree of correlation between two categories of data
was determined with Pearson’s correlation coefficient test. Statis-
tical comparisons were supported by 95% confidence intervals for
differences.

Results

Establishment of drug-resistant MOLT-4 sublines

Resistant sublines designated as MOLT-4/DNR,
MOLT-4/VBL, and MOLT-4/DOX were developed by
exposure of parental MOLT-4 cells to the medium
containing DNR, VBL, and DOX, respectively. The
parental MOLT-4 cells were uniformly round single cells
(Fig. 1A), growing in stationary suspension culture with
occasional aggregates seen only at high density
(>1.2·106 cells/ml). In contrast, the resistant MOLT-4/
DNR cells exhibited an altered culture morphology
(Fig. 1B): aggregates of several cells occurred even at
relatively low density (about 3·105 cells/ml). However,
these MOLT-4/DNR cells individually were similar to
the parental MOLT-4 cells.

Degrees of resistance to anticancer drugs and reversal
of drug resistances by MDR modulator

The values of IC50 obtained from the growth inhibi-
tion dose-response curves demonstrated that when
compared with the parental MOLT-4 cells, MOLT-4/
DNR cells were 24- to 61-fold, MOLT-4/VBL cells
were 2- to 3-fold, MOLT-4/DOX cells were 11- to
115-fold more resistant to DNR, VBL, and DOX,
respectively. CsA at a concentration of 5 lM
enhanced the cytotoxicity of DNR, VLB and DOX
from 22- to 66-fold in the resistant MOLT-4/DNR
cells, but had little or no effect on the cytotoxicity of
these anticancer drugs in the parental MOLT-4 cells
(Table 1).

To confirm that the enhanced cytotoxicity with CsA
(Table 1) was due to modulation and not due to cyto-
toxicity of the agent itself, the IC50 values of CsA on cell
proliferation were determined for both the parental
MOLT-4 cells and the resistant MOLT-4/DNR cells,
and were found to be 13.5 and 14.5 lM, respectively.
This result demonstrated that 5 lM CsA had little
cytotoxicity to the cells.

Fig. 1A, B. Morphological features of the parental MOLT-4 cells
(A) and the resistant MOLT-4/DNR cells (B) as shown by light
microscopy (·40). Cell density: 5·105 cells/ml
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Apoptosis induction by anticancer drugs

The percentages of cells undergoing apoptosis were de-
termined after treatment of the cells with DNR, VBL or
DOX at 2·10–6 M, 1·10–6 M, or 5·10–6 M, respectively
(Fig. 2). Compared to the parental MOLT-4 cells, the
MOLT-4/DNR cells exhibited significant resistance to
the apoptosis-inducing effect of the three drugs
(P<0.01), whereas the MOLT-4/DOX cells showed
significant resistance to DNR and VBL (P<0.05,
P<0.01). In contrast, the degree of resistance in the
MOLT-4/VBL cells was lower than in the other resistant
sublines (Fig. 2).

Figure 3A shows intercellular Rh123 accumulation in
the parental MOLT-4 cells and the resistant sublines
after 1 h incubation with Rh123 in the presence or ab-
sence of CsA. In the absence of CsA, the MOLT-4/DNR
and MOLT-4/DOX cells demonstrated a significant
decrease in accumulation of Rh123. The average Rh123
accumulation was 27% and 40%, respectively, com-
pared that in the parental MOLT-4 cells (100%), while
the accumulation in the MOLT-4/VLB cells was 92% of
that in parental MOLT-4 cells. However, CsA at
8 lM completely restored Rh123 accumulation in the

MOLT-4/DNR and MOLT-4/DOX cells. The accumu-
lated amount of Rh123 in MOLT-4/VBL cells changed
little in the presence of CsA. This concentration of CsA
showed little cytotoxicity to the cells.

In order to prove whether the rapidly decreasing dye
accumulation in MOLT-4/DNR cells and MOLT-4/

Table 1. IC50 values (M) for anticancer drugs in the parental and
resistant MOLT-4 cell lines. The numbers in parentheses indicate
the relative resistance compared with the parental MOLT-4 cells

treated with each anticancer drug alone. Each value represents the
mean of three independent experiments (DNR daunorubicin, VBL
vinblastine, DOX doxorubicin, CsA cyclosporin A)

Drug MOLT-4 MOLT-4/DNR MOLT-4/VBL MOLT-4/DOX

DNR 3.63·10–8 2.21·10–6 (61) 5.81·10–8 (2) 4.95·10–7 (14)
DNR+CsAa 3.47·10–8 (<1) 5.62·10–8 (2)
VLB 6.48·10–9 5.22·10–7 (81) 2.12·10–8 (3) 7.43·10–7 (115)
VLB+CsAa 5.65·10–9 (<1) 7.9·10–9 (1)
DOX 3.15·10–8 7.46·10–7 (24) 5.57·10–8 (2) 3.38·10–7 (11)
DOX+CsAa 3.16·10–8 (1) 3.36·10–8 (1)

aCsA at 5 lM

Fig. 2. Percentages of apoptotic cells in the parent MOLT-4 and
the resistant sublines after treatment with anticancer drugs. Cells
were incubated with 2·10–6 M DNR, 1·10–6 M VBL, or 5·10–6 M
DOX for 1 h, then washed and incubated in drug-free medium for
24 h. Ethanol was added to the control group. After staining the
cells with annexin V-FITC and PI, a FACSCalibur analyzer was
used to determine the percentage of cells undergoing apoptosis. The
results are expressed as the means obtained from three wells.
*P<0.05, **P<0.01, vs parental MOLT-4 cells

Fig. 3A, B. Rh123 accumulation (A) and retention (B) in cells of
the parental MOLT-4 line and the resistant sublines with or
without CsA. A Cells were stained with Rh123 for 1 h in the
presence or absence of CsA, washed, and the Rh123 mean
fluorescence intensities were determined by flow cytometry. B Cells
were incubated with Rh123 in the presence of CsA for 1 h, washed,
and then resuspended in Rh123-free medium in the presence or
absence of CsA and left to stand for 75 min. Mean retained
intracellular Rh123 fluorescence intensities were determined by
flow cytometry. The mean fluorescence intensities were normalized
to the parental MOLT-4 cell level (100%), and the values presented
are the means from three independent experiments. **P<0.01 vs
parental MOLT-4 cells
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DOX cells was in fact caused by an active outward
transport, efflux experiments were carried out. Fig-
ure 3B illustrates that without CsA, a rather rapid de-
crease in intracellular Rh123 level was observed in the
MOLT-4/DNR cells and MOLT-4/DOX cells after in-
cubation in Rh123-free medium for 75 min. The average
percentage of Rh123 retention was 20% and 32%, re-
spectively, compared to the parental MOLT-4 cells
(100%). However, in the presence of CsA, Rh123 efflux
was completely inhibited in both cell lines, whereas the
parental MOLT-4 cells retained the dye. Similar to the
case of the parental cells, there was less efflux activity in
the MOLT-4/VBL cells.

To evaluate the expression of P-gp antigen recognized
by 17F9 on the parental sensitive cell line and the re-
sistant sublines, immunofluorescence analysis was per-
formed. Figure 4 indicates that 0.48% of MOLT-4 cells
and 94.2% of MOLT-4/DNR cells expressed the anti-
gen, whereas 13.9% of MOLT-4/VBL cells and 74.7%
of MOLT-4/DOX cells expressed P-gp.

MDR1 mRNA was expressed in the three resistant
sublines at different levels (Fig. 5), while only a very
weak expression was observed in the parental MOLT-4
cells. It has been reported that some drug-sensitive
tumor cells express a relatively low level of resistance-

associated MDR1 transcript [14]. The MOLT-4/DNR
cells showed the highest level of MDR1 mRNA and
P-gp, and the MOLT-4/VBL cells the lowest. There was
a positive correlation between the expression of the
MDR1 mRNA and P-gp level determined with the
monoclonal antibody.

Finally, we examined the relationships between P-gp
expression and P-gp function and between P-gp ex-
pression and the IC50 values of the anticancer agents in
the parental MOLT-4 line and the resistant sublines
(Fig. 6). P-gp expression (expressed as a percentage) in
these four cell lines was significantly correlated with
Rh123 accumulation (Fig. 6A), Rh123 retention
(Fig. 6A), and the IC50 values of the anticancer agents
(Fig. 6B).

Discussion

We describe here the characteristics of three drug-resis-
tant sublines derived from the human T-lymphoblastoid
leukemia cell line MOLT-4 selected for resistance to the
anticancer drugs DNR, VBL, and DOX. The leukemia
cell line was able to acquire a high level of drug resis-
tance, and the cells showed drug selectivity for devel-
oping resistance. The anthracyclines DNR and DOX
induced the parental MOLT-4 cells to express high levels
of P-gp, while the vinca alkaloid VBL did not. Among
the three drugs used, DNR induced the greatest degree
of resistance producing the MOLT-4/DNR subline.
Although we exposed the parental MOLT-4 cells to
medium containing VBL for the longest time
(5 months), the MOLT-4/VBL cell line developed
showed the lowest degree of resistance to drugs of the
sublines studied. Moreover, the resistant sublines
MOLT-4/DNR and MOLT-4/DOX showed higher

Fig. 4A–C. P-gp expressions in cells of the parental MOLT-4 line
and the resistant sublines. Cells were stained with monoclonal
antibodies as described in Materials and methods and then
analyzed with a flow cytometer. A, B Monodimensional histograms
of the fluorescence derived from PE-conjugated anti-P-gp monocl-
onal antibody 17F9 (dark curve), demonstrating P-gp-expressing
cells and background fluorescence from control cells incubated
with PE-conjugated mouse IgG2b isotype control (light curve) (A
MOLT-4 cells, B MOLT-4/DNR cells). C Percentages of P-gp
expressing cells in the parental and the resistant MOLT-4 cell lines.
The values presented are the means of two independent experi-
ments

Fig. 5. MDR1 mRNA expressions in cells of the parental MOLT-
4 and the resistant sublines. The quantities of MDR1 and b-actin
transcripts were determined using real-time PCR as described in
Materials and methods. To compare the expression levels among
the cell lines, the results are expressed as the ratio of MDR1 to
b-actin transcript. The values presented are the means of three
independent experiments. The SD of each column was too low to
express in the figure
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degrees of cross-resistance to VBL than to their selecting
agents, DNR and DOX. This observation is contrary to
that observed by Arkin et al. [2] who found that the
greatest resistance occurs against the selecting agent and
cross-resistance to other classes of drug is less. However,
our results are consistent with a report of a DOX-re-
sistant RPMI 8226 human myeloma cell line [6]. In ad-
dition, previous studies have shown that each MDR cell
line displays a different pattern of cross-resistance [7, 10,
23]. Drug-induced MDR-resistant subpopulations ap-
pear to be most resistant to their selecting agents, but
this is not the case for vinca alkaloids [6, 23] and
gramicidin D [20]. It is possible that the variable and
complex pattern of cross-resistance in MDR phenotypes
may be a result of differences in membrane alterations
and the diverse selection pressures applied to obtain
these phenotypes [3].

Apoptosis is a common mechanism of death in
malignant cells treated with anticancer drugs [16]. In
addition to its function in the efflux of drugs, P-gp also
plays a role in regulating drug-resistant tumor cells from
multiple forms of caspase-dependent apoptosis path-
ways [27]. Clinical observations and in vitro experiments
have shown a decreased apoptotic response to be

associated with drug resistance [24]. The comparison of
apoptosis in sensitive and resistant cells in the present
study demonstrated that decreased apoptotic responses
of the resistant sublines were associated with the degree
of resistance to drugs (Fig. 2). The current results are in
agreement with previously reported results that MOLT-
4/Adr cells selected for resistance to DOX express a
similar degree of resistance to DOX and etoposide as
assessed by growth inhibition and apoptosis assays [9].

Rh123 has been observed to accumulate in the
mitochondria of cells and is used as a standard func-
tional indicator of MDR [4, 18]. The function of P-gp
can also be evaluated by inhibition of Rh123 efflux and
increase in Rh123 accumulation with MDR modulators
such as verapamil and CsA [19]. The resistant sublines
showed a decreased accumulation and an increased
efflux of Rh123 in proportion to the degree of resistance,
and this was extensively reversed by the MDR modu-
lator CsA (Fig. 3). This result demonstrates that a
decreased Rh123 accumulation in resistant cell lines was
in fact the result of P-gp-mediated efflux. Our results are
consistent with the previous observation that there is an
inverse correlation between MDR1 expression and ac-
cumulation of Rh123 [15].

We showed that increased expression of MDR1
mRNA was well correlated with the percentage of cells
expressing P-gp. Moreover, these genotypic character-
istics of the present resistant cell lines appeared to
correlate well with their increased drug resistance. Our
results also suggest that P-gp function was directly
correlated with the amount of P-gp antigen on the cell

Fig. 6A, B. Correlations between P-gp expression and R123
accumulation (Aa), R123 retention (Ab), and IC50 values of the
three anticancer agents (Ba, b, c) in four MOLT-4 sublines. The
percentages of P-gp-expressing cells were determined as described
for Fig. 4. The percentages of cells accumulating and retaining
R123 were calculated as described for Fig. 3. The IC50 values used
in B are those presented in Table 1
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surface, and that the sensitivity (resistance) of these
sublines depended on the amount of P-gp expressed on
these cells (Fig. 6). In addition, the substrate specificity
in these sublines appeared to be similar. Thus, our pre-
sent findings correspond with those of a previous study
showing a close correlation between drug resistance and
the overexpression of the MDR1 gene or P-gp.

Numerous human leukemia sublines with drug re-
sistance have been established. These cell lines provide
information on the characteristics of drug-resistant
mechanisms in leukemia. The reported periods of ex-
posing sensitive cells to medium containing anticancer
drugs for developing resistant sublines vary from several
months to 2 years, depending both on the drug used for
induction of resistance and on the particular cell type [5,
21]. In the current study MOLT-4 cells were highly se-
lective to DNR, less selective to DOX and least selective
to VBL. The resistance pattern of MOLT-4 cells after a
more prolonged exposure to VBL is, however, unknown.
Whether this drug selectivity is clinically relevant re-
mains to be determined, and detailed investigation are
necessary to elucidate the mechanism behind each drug-
induced effect.

In summary, we demonstrated that human leukemia
MOLT-4 cells showed specific selectivity to anticancer
drugs for developing drug resistance. The degree of re-
sistance to an anticancer drug was closely correlated
with the expression of MDR1 mRNA and functional
P-gp.
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