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Abstract

We have produced doxorubicin (DXR)-resistant variant cells (K562/DXR) of the
human myelogenous leukemia K562. K562/DXR cells were stable for 2 months in medium
without DXR, and were 5-fold more resistant to DXR than the parent K562 cells. K562/
DXR cells showed reduction of cellular content of DXR after a 1-hr exposure to DXR when
compared with control. During prolonged incubation of control and resistant cells in 1
#M/mL DXR, the DXR content was 40% decreased in resistant cells. The DXR-resistant
cells were also resistant to actinomycin D, etoposide and cholchicine, some what resistant
to aclarubicin but not resistant to cisplatin and idarubicin. Verapamil, an inhibitor of
calcium transport, partially reversed the multiple drug-resistance phenotype by increasing
the initial rate of uptake and accumulation of drugs in K562/DXR without an apparent
effect on drug efflux. Furthermore, efflux of rhodamine 123 (indicated by increased
fluorescent dye that is a substrate for P-glycoprotein and rapidly transported out of
multidrug-resistant cells) occurs rapidly from K562 and even more rapidly from K562/
DXR. These results support the hypothesis that the development of resistance to DXR in
K562 cells is due to a qualitative difference in cell membrane, resulting in an increased
permeability to DXR and other compounds from the cell by P-glycoprotein.

Key word —— doxorubicin, human chronic myelogenous leukemia cell (K562), doxo-
rubicin-resistant cells (K562/DXR), cytotoxicity, rhodamine 123 uptake

Introduction

The anthracycline antibiotic doxorubicin

T 081-8558 flATHHIER AL 4-4-1, Komatsu- (DXR) is one of the most widely used of all
shima 4-4-1, Aoba-ku Sendai 981-8558, Japan anticancer agents because of its broad spec-
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activity, but the
effectiveness of this agent is limited by the

trum of antitumor

equivalent development of drug-resistant cell
variants. DXR-resistant tumor cells may
show resistance to multiple chemotherapeutic
agents. Investigations into the mechanism of
multiple drug resistance have utilized the devel-
opment of cell lines resistant to DXR.

A number of mechanisms of resistance
have been identified including defective drug
accumulation due to increased active efflux?,
increased intracellular glutathione? and de-
DXR

resistance is closely associated with the phe-

creased amounts of cellular enzymes?®.

nomenon of pleiotropic or multidrug resis-
tance” where collateral resistance to vincris-
tine and colchicine is observed. This form of
resistance is thought to be associated with the
presence in the cell membrane of a glycoprotein
of 170K molecular weight (P-glycoprotein) and
gene amplification®®.

As part of our laboratory studies of drug
resistance in human leukemia, we wished to
produce DXR-resistant sublines of human leu-
kemia cell line. In this paper we describe the
derivation of such lines and their partial charac-
terization with the aim of studying the mecha-
nism of multidrug-resistance in a human cell
line.

The K562 cell line is a candidate for test of
synergy or multidrug resistance; it was de-
rived from a patient with chronic myelogenous
leukemia (CML). Like the majority of human
CML, K562 cells possess a genotypic abnorma-
lity involving dysregulation of the p210 tyrosine
kinase activity of the bcr-able fusion onco-
The expression of p210°¢r-2°! in K562
cells is mainly responsible for their resistance
to differentiation
apoptosis’™®. In addition, the gene products of

protein?.

and drug-induced

the antiapoptosis Bcl-x. and Bcl-2 regulate
drug-induced apoptosis'®. For example, en-
forced expression of Bcl-xs in K562 cells
significantly enhances the p210°"~2®'-mediated
inhibition of apoptosis induced by antitumor
agents'.

Materials and Methods

Drugs and chemicals

All chemicals were purchased from Sigma
Chemical Co., St. Lbuis, MO, except where
otherwise indicated. All cytotoxic drugs
except etoposide and aclarubicin were dis-
solved in distilled water at 500 xg/mL, filtered
via a Millipore membrane (pore size 0.2 ym)
and stored in aliquots at —20°C. Etoposide
and aclarubicin were dissolved in dimethyl-sul-
foxide (Nacalai Tesqu, Inc., Kyoto, Japan) at a
concentration of 1 mg/mL. The final concen-
tration of dimethylsulfoxide (0.5% v/v) was
shown not to affect drug sensitivity or cell
growth. Drugs were thawed and diluted in
PBS immediately before use. Cisplatin (500
ug/mL) and cepharanthine (Kaken Natural
Products Co. Ltd., 5.0 mg/mL) were obtained in
aqueous solution and diluted in PBS. Solu-
tions containing verapamil were protected from
light at all times by tin foil wrapping. Ida-
rubicin was kindly supplied by Pharmacia &
Upjohn (Milano, Italy).

Cell line and culture conditions

A human chronic myelogenous leukemia
cell line, K562 was obtained from Cancer Cell
Repository (Tohoku University). Cells were
grown in Rosewell Park Memorial Institute
Medium 1640 (RPMI-1640, Gibco/BRL Ltd.),
supplemented with 109 (v/v) fetal calf serum
(FCS, Gibco/BRL Ltd.,) and 1% (v/v) penicil-
line/streptomycin solution (Sigma). Cultures
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were maintained in a humidified incubator at
37°C in a controlled 5% CO,/95% air atmo-
sphere and were used for experiments during
the exponential phase of growth. The K562
cell line resistant to DXR used in our study was
selected in the presence of increasing doses of
DXR without prior mutagenization. These
resistant cells were termed K562/DXR. The
K562/DXR cell line was maintained in medium
containing 1 xM/mL DXR. The DXR was
washed out at least 2 day before the experi-
ments.
Evalution of cell survival by MTT Assay

The MTT [3- (4, 5-dimethylthiazol-2yl) -2,
5—diphenyltetrazolium] colorimetric assay per-
formed in a 96-well plate was used for an i
vitro chemosensitivity test!?. The assay is
dependent on the reduction of MTT by the
mitochondrial dehydrogenase of viable cells to
a blue formazan product which can be mea-
sured spectrophotometrically. Briefly, cells
were inoculated into each well of 96-well plates
with 50 L of the culture medium at 1X10°
cells. After an overnight incubation, 50 zL of
antitumor drug solution, at final concentrations
of indicated dose were added in triplicate and
the plates incubated for 24 hr. Then 10 L of
MTT (5.0 mg/mL phosphate-buffered saline)
was added to each well and incubated for 2 hr.
The resulting formazan was dissolved with 100
uL of dimethylsulfoxide (DMSO) after aspira-
tion of the culture medium. Plates were
placed on a plate shaker for 5min and read
immediately on an ELISA reader (Immuno
Mini NJ-2300, Inter Med) at 570 nm. Controls
for the MTT assays were as follows : medium
alone served as controls for experiments using
DXR and medium with 0.5% dimethylsulfoxide
served as controls for experiments using
etoposide. The median concentration inhibit-

ing tumor cell growth by 50% (ICs,) was deter-
mined by plotting the logarithm of the drug
concentration versus the growth rate (percent-
age of control) of the treated cells.
Measurement of cellular uptake of doxo-
rubicin by flow cytometry
For determination of flow cytometric
intracellular DXR concentration, a FACScan
(Becton Dickinson, Mountain View, CA)
equipped with an argon laser using a 488-nm
line operating at 15 mM was used. Light was
collected through a 585/20-nm filter for the
DXR uptake and retention studies. For uptake
studies, a concentration of 1X10°cells/mL
were incubated with DXR at a concentration of
1 or 10 uM/mL. After 60 min of incubation,
cells were washed twice in ice-¢old phosphate-
buffer saline (PBS) without Ca** and Mg?*
(Gibco/BRL) and resuspended in 0.5mL ice-
cold PBS with 5% FCS. DXR fluorescence
was immediatelly measured using the FACScan
with an appropriate filter.
Effect of resistance modifiers
To determine whether the addition of ve-
rapamil and cepharanthine significantly in-
creased intracellular DNA retention, cells were
incubated for 1 hr with DXR at a concentration
of 1 or 10 xM/mL plus verapamil 30 uM/mL or
cepharanthine 2.0 yg/mL ; cells were then wa-
shed twice and resuspended in fresh medium
These
concentrations were previously selected by us

containing verapamil or cepharanthine.

to represent two to three times the clinically
achievable peak level, and to cause a 20-fold
increase in DXR-sensitization in the H-69/LX4
line and ChR-24'%!4,
up simultaneously containing 100 xL of the

Control tumors were set
appropriate solvent. Flow cytometric analysis
was then performed as above using the appro-
priate filter. Experiments were performed 3
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times. Controls were medium alone and
medium with verapamil 30 xM/mL or cephar-
anthine 2.0 gg/mL.

Measurement of rhodamine 123 uptake by
flow cytometry

We essentially followed the procedure de-

scribed by Twentyman et al.!®. Briefly, 1 X10°
cells were seeded onto plates and incubated for
1 day. Rhodamine 123 (Sigma) was dissolved
in water and added at a final concentration of
1.0 gug/mL. After 1hr, 500 uL of cells were
taken, washed with medium once, and
resuspended in 500 L of medium. Viable cells
were analyzed for the accumulation of
rhodamine 123 on a Beckton Dickinson flow
cytometer.

Results

Isolation of a K562/DXR cell line
By increasing DXR concentrations step-

Cell growth inhibition (%)
3888838 &8

wise (2-3nM at a time) in the culture medium
as described under Materials and Methods, a
K562 cell line tolerant to chronic 1 M DXR
concentration was selected which had viability
and growth characteristics similar to those of
the parental K562 cells. Survival curves for
K562/DXR revealed a 5.0-fold enhanced resis-
tance to DXR compared to the parent line.
The IC, values are 0.7 and 3.5 M against K562
and K562/DXR cells, respectively. A K562 cell
chronically tolerant to 1 M DXR also showed
stable growth characteristics, although K562/
DXR had a lightly longer doubling time. The
doubling times of K562 and K562/DXR were in -
the range of 18-20 hr (Fig.1 and Table1).
Stability of resistance

We tested the resistance to DXR of subline
K562/DXR after 3 and 9 weeks growth in the
absence of drug. K562/DXR cells were stable
for at least 2 months during culture without
DXR. At 3 weeks the IC;, of DXR for K562/

K562/DXR

10-

5-

01 03 06 1 3 6 10
Doxorubicin (uM)

Fig.1 Effect of Doxorubicin on the Survival of K562 and K562/DXR cells
Cells were inoculated in plates and incubated for 24 hr at 37°C. Doxorubicin at the indicated
concentration was then added and incubated for 1 day before MTT assay as described in

“Materials and Methods”.
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Table 1. Drug Concentration at Which Resistant Lines were Maintained, Response of Cell Lines to Drug
in Terms of IC;,, and Degree of Resistance and Cross-Resistance

IC Degree of resistance to Population
Cell line (M /51‘,;11‘) doubline
H DXR ACD COL ETP IDR CDDP time (hr)
K562 0.7 1 1 1 18
K562/DXR 35 5.0 5.6 6.7 59 1.0 1.0 20

Cells were cultured for 24 hr with increasing drug concentrations.
ICs, is expressed as the drug concentration required to inhibit

described in “Materials and Methods”.

cell growth by 50% as compared to the control (cells cultured without antitumor drugs).

Cells viability was assessed as

Resistance is

expressed as the ratio of ICs, values for resistant line (K562/DXR) to parental line (K562) ; ratios were

calculated as the antilog of the difference between log ICs, values obtained by computer.
resistance is the mean of duplicate determinations.

The relative
Abbreviations: DXR ; doxorubicin, ACD:

actinomycin D, COL : colchicine, ETP: etoposide, IDR : idarubicin, CDDP : cisplatin

DXR (drug free culture) was 2.6 xM/mL
compared with 0.7 uM/mL for parental line
K562 and 3.5 uM/mL for K562/DXR
maintained in DXR. After 9 weeks the IC;, of
DXR for K562/DXR (drug free culture) was 3.0
uM/mL compared with 0.8 xM/mL for K562
and 3.4 uM/mL for K562/DXR maintained in
DXR. The resistance factors [i.e. ICs, (resis-
tant line) /ICs, (parental line)] for K562/DXR
out of drug were therefore 3.5 and 3.7 after 3
and 9 weeks respectively compared with 5 and
5.5 for K562 in drug. Partial loss of resistance
therefore occurs within 3 weeks but not further
loss is seen between 3 and 9 weeks of drug-free
growth.
Multidrug resistance of K562/DXR

To determine whether K562/DXR exhibit-
ed the multiple drug resistant phenotype, the
relative resistance of K562/DXR compared to
K562 was assessed with a panel of drugs (Table
1). In Figure1 the IC;, values are 0.7 and 3.5
uM/mL for K562 and K562/DXR, respectively.
K562/DXR selected for resistance to 1 xM/mL
DXR is five times as resistant to DXR as the
K562 cell line and cross-resistant to
actinomycin D, colchicine and etoposide. But
K562/DXR is similar to other human multi-

drug-resistant lines in that it displays little or
no cross-resistant to idarubicin and cisplatin.
Furthermore, cross-resistance was found for
mitoxantrone, epirubicin, amsacrine, vincris-
tine and vinblastine, but not for 5-fluorouracil,
bleomycin, cytarabine or mechlorethamine
(data not shown).
Effect of verapamil

To investigate whether the calcium chan-
nel blocker, verapamil, and bisbezyliso-
quinoline-type alkaloid, cepharanthine could
overcome the resistance to DXR, a series of
experiments was carried out as previously de-
scribed but with the addition of 30 uM ver-
apamil and 2.0 ug cepharanthine to matched
wells. This dose of verapamil and cepharanth-
ine has been used extensively'®!%!” in this type
of investigation and we found it to have no
growth inhibitory effects on its own. We were
in fact able to use doses of verapamil alone as
high as 30 4M without causing significant inhi-
bition of growth in K562 cells. The results are
shown in Fig. 2. In all three experiments, the
addition of verapamil and cepharanthine led to
a large drop in but not the total loss of resis-
tance from line K562/DXR whilst having little

or no effect on the sensitivity of K562 cells.
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Cellular accumulation of DXR

Flow cytometry was used to quantitate the
cellular accumulation of DXR in K562 and
K562/DXR cells. Recorded data are displayed
as histograms of cell number versus fluorescen-
ce intensity (Fig.3). Initial experiments (not
shown) indicated that when cells were exposed
at 10° cells/mL to 1 or 10 xg/mL of DXR, the
DXR content per cell rose over the first 15-30
min but did not increase further up to 1hr.
Subsequent experiments have, therefore,
compared the DXR content per cell of K562 and
K562/DXR cells exposed to DXR for 1hr in
order to determine the equilibrium content for
short-term exposure. A typical fluorescence
histogram of cells incubated without any drug
is also displayed. The peak of fluorescence
distribution of DXR clearly shifted to the left

when the agent was incubated in the presence
of K562 cells as compared to K562/DXR cells in
a dose dependent manner. Clearly, cellular
accumulationis weaker in the K562/DXR resis-
tant subline than in sensitive K562 parental
cells. Similar results were obtained in four
replicate experiments although the level of
Further-
more, the effects of verapamil and cephranthine
on the accumulation of the DXR was deter-
mined in both cells. Figure 4 demonstrates the
marked increase in cellular DXR content in the
K562/DXR cells in the present of either ve-
rapamil or cepharanthine. But, cellular DXR
content in K562/DXR cells treated with ve-
rapamil was higher than for the cepharanthine-
treated cells. This contrasts markedly with
the minimal effects seen for the corresponding

uptake differd between experiments.

100+
3
& 80 K562/DXR
§ i
L
g 60+ 4
< K562
f
0
& |
E 20+
] 4
o. i Il N 2 2 48 -...verap.ami':t’.ea.t?.d. g 2
o1 03. 06 1 3 6 10 30
Doxorubicin (uM)

Fig.2 Effect of Verapamil on the Growth Inhibitory Action of Doxorubicin in K562 and K562/DXR

cells

Cells were inoculated in plates and incubated for 24 hr at 37°C. Then, they were treated with
doxorubicin at the indicated concentrations in the absence or presence of either verapamil
(30 M), and incubated for 1 day before MTT assay as described in “Materials and Methods”.

Open circls, doxorubicin only, in K562 cells.

Closed circles, doxorubicin only ; closed tri-

angles, doxorubicin plus verapamil, in K562/DXR cells.
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150
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H K562/DXR
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Fluorescence intensity

Fig.3 Cellular Accumulation of Doxorubicin in
K562 and K562/DXR Cells
Fluorescence intensity histograms were
obtained by flow cytometry after incuba-
tion of K562 and K562/DXR cells (10°cells/
mL) with doxorubicin (1 or 10 £M/mL) at
37°C. Fluorescence intensity is displayed
on a log scale. A total of 10,000 cells were
counted for each histogram. Experi-
ments were repeated 4 times and gave
essentially the same profiles as the ones
shown here.

parent K562 cells (data not shown).
Rhodamine 123 accumulation

Rhodamine 123 is a fluorescence dye that is
a substrate for P-glycoprotein and rapidly
transported out of multidrug resistance cells.
Thus, rhodamine 123 uptake can be used as a
simple and convenient way of assessing the
impact of various treatments on the multidrug
resistance phenotype. We evaluated the effect
of resistance on drug transport in K562 cells by

150

K562/DXR
120 Cepharanthine (2 pg/mi)

K562/DXR
Verapamil (30 pM/mi)

Relative cell number
-h -h
8 8o

Mo,

10° 100 10° 10°  10°

Fluorescence intensity

Fig.4 Effect of Verapamil and Cepharanthine on
the Cellular Accumulation of Doxorubicin
in K562/DXR Cells
Cells were inoculated in plates and in-
cubated for 24 hr at 37°C. Doxorubicin (1
or 10 #M) and verapamil (30 M) or ce-
pharanthine (2 pg/mL) was then added,
and incubated for 1 hr before flow
cytometry assay as described in “Materials
and Methods”.

monitoring rhodamine 123 using a flow
cytometric assay'¥. Accumulation of
rhodamine 123 on K562 and K562/DXR cells as
determined by flow cytometry is shown in
Figure5. There was little or no efflux of
rhodamine 123 from parental cells over a period
of 60 min, whereas the resistance cell line lost
70% of its rhodamine 123 content during this
time.
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Fig.5 Cellular Accumulation of Rhodamine 123
in K562 and K562/DXR cells
Fluorescence intensity histograms were
obtained by fiow cytometry after incuba-
tion of K562 and K562/DXR cells (10¢cells/
mL) with rhodamine 123 (1.0 #g/mL) at
37°C. Fluorescence intensity is displayed
on a log scale. A total of 10,000 cells were
counted for each histogram. Experi-
ments were repeated 4 times and gave
essentially the same profiles as the ones
shown here.

Discussion

In this paper we have described the isola-
tion and partial characterization of a DXR-
resistant subline of human leukemia cell line.
These cells were selected as a model for drug
resistance in a human leukemia cell line
because they are usually refractory to multi-
drug treatment. Several authors have previ-
ously isolated similar rodent and human
lymphoblastoid lines, and reports concerning
drug accumulation in this cell have appear-
ed8.18,19).

A variety of techniques have been used to
produce DXR-resistant sublines of murine cells
including growth in low concentrations for
many months followed by cloning?®, a double

cloning over 6-8 weeks?" or growth of cells in

rapidly increasing concentration of DXR over
6-8 weeks?”. We were able to obtain an DXR-
resistant subline of the K562 tumor cell line by
growth in vitro by increasing the concentration
of DXR over 6 weeks. DXR-resistant human
leukeima cell K562/DXR subline with 5- to 6-
fold the resistance to DXR of the parent line
exhibits a spectrum of cross-resistance includ-
ing resistance to epirubicin, amsacrine, vincris-
tine, vinblastine, actinomycin D, colchicine,
mitoxantrone and etoposide, consistent with
the multidrug-resistant phenotypes, and cell
lines expressing increased levels of P-glyco-
protein mRNA and protein product®®. K562/
DXR expresses the multidrug-resistant
phenotype as it is cross-resistant to anthracy-
cline analogues including epirubicin, mitox-
antrone and amsacrine, as well as to etoposide
and colchicine, and the vinca alkaloids, vincris-
tine and binblastine. The resistant phenotype
of K562/DXR was stable for at least 2 months
during culture without DXR. The doubling
time of the DXR-resistant subline was approxi-
mately 20 hr, slightly longer than that of the
parental cell line being 18 hr.

Cross-resistance of DXR-resistant lines to
etoposide, actinomycin D, vincristine, vinblas-
tine, colchicine and amsacrine has been report-
ed for im vivo systems by Schabel et al.?.
Lack of cross-resistance to cisplatin by DXR
resistant lines has also been described®’. A
lack of cross-resistance to idarubicin in DXR-
resistant human colon adenocarcinoma cell line
LOVO DX has been reported by Mariagrazia et
al® and the results of Jean-Michel et al.?®
suggest that DXR-resistant cells are less than
fully cross-resistant to aclarubicin. Similarly,
though the data for nitrosourea BCNU is not
available, the closely related nirosourea cyta-
rabin was found to be fully active against an
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DXR-resistant line?®.
the cross-resistance patterns shows by our

In general therefore,

DXR-resistant human cells are similar to
results previously described for rodent cells.
A lack of cross-resistance for idarubicin have
reported preliminary observations on lack of
cross-resistance between DXR and a family of
novel anthracyclines by Berman and
McBride®”.

The total cellular fluorescence of DXR at
the steady correlates well with cytotoxicity?®
and is generally used to gain rapid information
on the ability of pharmacological agents to
reverse multidrug resistance®*3). We meas-
ured the accumulation of DXR (as measured by
flow cytometry for DXR) in sensitive and resis-
tant K562 cells. Our results confirm this
because there is a close correlation between
DXR accumulation measured by flow
cytometry and the cytotoxicity of DXR in K562
cells, as indicated in Fig. 1 and Table 1.

Verapamil, which were observed to attenu-
ate resistance of tumors in animal studies, have
been shown to inhibit the efflux of chemother-
apeutic competitively by binding P-glyco-
protein, thereby increasing the accumulation of
chemotherapeutics in tumor cells'®!723%_ The
induction of the mRNA for the multidrug resis-
tance pump, as well as the increase in P-glyco-
protein (as measured by flow cytometry for
rhodamine 123) itself, therefore indicates that
the resistance reduces rhodamine 123 retention
by increasing the efficiency of the multidrug
resistance pump.

Our observations that DXR-resistant
human leukemia cells show a reduced drug
content after a given exposure are in accor-
dance with previous observations in rodent
The reduced DXR content is believed
to be due to an increased efficiency of active

cells?.

drug efflux by P-glycoprotein®®. Use of a
calcium transport blocker, verapamil, to block
such active efflux has been described by Tsuruo
et al.'®'”,  Studies of the relationship between
cellular DXR accumulation and cytotoxicity
are currently in progress and will shed light on
the significance of this observation. Further-
an agent known to

decrease the level of drug resistance in DXR-

more, cepharanthine,

resistant cell lines, also reversed DXR resis-
tance in our cell lines.

A number of studies have indicated that
multidrug resistance is frequently associated
with gene amplification and changes in cellular
protein composition®®. The present investiga-
tions suggest that the resistance to DXR devel-
opment in human leukemia cells exposed to
various concentrations of DXR is related to
decreased penetration of drug into the cell.
Our continuing studies are therefore directed
towards identification and characterization of
genetic changes and associated differences in
protein composition is normal and drug-resist-
ant human leukemia cells.

Acknowledgement

We gratefully acknowledge the technical
assistance of Mr. Ryousuke Fujita and Ms.
Yasuko Naramoto with laser flow cytometry.

References

1) Dano, K.: Cross resistance between vinca alka-
loids and anthracyclines in Ehrlich tumor in vivo.
Cancer Chemoth. Rep., 56, 701-707 (1972).

2) Babson, J.R., Abell, N.S. and Reed, D.J.: Protec-
tive role of the glutathione redox cycle against
adriamycin-mediated cytotoxicity in isolated he-
patocytes. Biochem. Pharmacol., 30, 2299-2305



50

ERMEEFRR

Vol. 22, No.2 (1998)

3)

4

5)

6)

7

8)

9)

10)

11)

12)

(1981).
Mungikar, A., Chitnis, M. and Gothoskar, B.:
Mixed-function oxidase enzymes in adriamycin-
sensitive and resistant sublines of P 388 leukemia.
Chem. Biol. Interact., 35, 119-126 (1981).
Bech-Hansen, N.T. Till, JE. and Ling, V.:
Pleiotropic phenotye of colchicine-resistant CHO
cells: Cross-resistance and collateral sensitivity.
J. Cell Physiol., 88, 23-30 (1976).

Chin, K-V., Pastan, I. and Gottesman, M.M.:
Function and regulation of the human multidrug
resistance gene. Adv. Cancer Res., 60, 157-180
(1993).

Gottesman, M.M. and Pastan, . : Biochémistry of
multidrug resistance mediated by the multidrug
transporter. Annu. Rev. Biochem., 62, 385-427
(1993).
Calabretta,

expression by antisense oligodeoxynucleotides :

B.: Inhibition of protooncogene
biological and therapeutic implications. Cancer
Res., 51, 4505-4510 (1991).

Akiyama, S., Fojo, A., Hanover, J.A., Pastan, L
and Gottesman, M.M. : Isolation and genetic char-
acterization of human KB cell lines resistance to
multiple drugs. Somatic Cell Mol. Genet., 11, 117-
126 (1985).

Bedi, A., Barber, J.P., Bedi, G.C., El-Deiry, W.S.,
Sidransky, D., Vala, M.S., Akhtar, A.]., Hilton, J.
and Jones, R.J.: BCR-ABL-mediated inhibition of
apoptosis with delay of G,/M transition after
DNA damage: a mechanism of resistance to
multiple anticancer agents. Blood, 86, 1148-1158
(1995).

Nuez, G. and Alarke, M.F.: The BCL-2 family of
proteins: regulators of cell death and survival.
Trends Cell Biol., 4, 399-403 (1994).

Ray, S., Bullock, G., Nunez, G., Tang, C., Ibrado,
AM., Huang, Y. and Bhalla, K.: Enhanced
expression of Bcl-x¢ induces differentiation and
sensitizes chronic myelogenous leukemiablast cri-
sis K562 cells to 1-B-D-arabinofuranosylcytosine-
mediated differentiation and apoptosis. Cell
Growth Differ., T, 1617-1623 (1996).

Carmichael, J., DeGraff, W.G., Gazdar, A.F,

13)

14)

15)

16)

17)

18)

19)

20)

21)

Minna, J.D. and Mitchell, J.B.: Evalution of a
tetrazolium-based semiautomated colorimetric
assay : assessment of chemosensitivity testing.
Cancer Res., 47, 943-946 (1987).

Shiraishi, N., Akiyama, S. Nakagawa, M.,
Kobayashi, M. and Kuwano, M. : Effect of bisben-
zylisoquinoline (biscoclaurine) alkaloids on multi-
drug resistance in KB human cancer cells. Can-
cer Res., 47, 2413-2416 (1987).

Coley, H.M., Twentyman, P.R. and Workman, P.:
Identification of anthracyclines and related agents
which retain preferential activity over adriamycin
in multidrug resistant cell lines, and further resis-
tance modification by verapamil and cyclosporin
A. Cancer Chemother. Pharmacol., 24, 284-290
(1989).

Twentyman, P.R., Rhodes, T. and Rayner, S.: A
comparison of rhodamine 123 accumulation and
efflux in cells with P-glycoprotein-mediated and
MRP-associated multidrug resistance phenotypes.
Eur. J. Cancer, 30, 1360-1369 (1994).

Tsuruo, T., Iida, H., Tsukagoshi, S. and Sakurai,
Y.: Potentiation of vincristine and adriamycin
effects in human haemopoietic tumor cell lines by
calcium antagonists and calmodulin inhibitors.
Cancer Res., 43, 2267-2272 (1983a).

Tsuruo, T., Iida, H., Tsukagoshi, S. and Sakurai,
Y.: Circumvention of vincristine and adriamycin
resistance in vitro and in vivo by calcium influx
Cancer Res., 43, 2905-2910 (1983b).
Volm, M., Maas, E. and Mattern, J.: In vivo and
in vitro detection of induced resistance to dauno-

blockers.

rubicin in murine leukemia L1210, Arzneim. -
Forsch./Drug Res., 2, 300-302 (1981).

Beck, W.T.: Vinca alkaloid-resistant phenotype
in cultured leukemic lymphoblastis. Cancer Res.
Treat. Rep., 67, 875-882 (1983).

Bell, J.A. and Harris, J.R.: Adriamycin resistance
and radiation response. Int. J. Radiat. Oncol.
Biol. Phys., 5, 1231-1237 (1979).

Hill, B.T., Dennis, L.Y., Li, X.T. and Whelan,
R.D.H.: Identification of anthracycline analogues
with enhanced cytoxicity and lack of cross-resis-
tance to adriamycin using a series of mammalian



EEMTEEIERAPTR

Vol. 22, No. 2 (1998) 51

22)

23)

24)

25)

26)

27)

cell lines in vitro. Cancer Chemoth. Pharmacol.,
14, 194-202 (1985).

Giavazzi, R., Scholar, E. and Hart, LR.: Isolation
and preliminary characterization of an
adriamycin-resistant murine fibrosarcoma cell
line. Cancer Res., 43, 2216-2223 (1983).

Schabel, F.M., Skipper, H.E., Troder, M.W., Las-
ter, W.R,, Griswold, D.P. and Corbell, T.H. : Estab-
lishment of cross-resistance profiles for new
agents. Cancer Treat. Rep., 67, 905-913 (1983).
Richon, V.R., Chulte, N. and Eastman, A.: Multi-
ple mechanisms of resistance to cis-diamminedi-
chloroplatinum (II) in murine leukemia L1210
Cancer Res., 47, 2056-2061 (1987).
Mariagrazia, M., Angela, M., Daniela, D., Corrado,
P., Donatella, R., Francesco, L. and Michele, B.: A
comparative analysis of the sensitivity of multi-
drug resistant (MDR) and non-MDR cells to
different anthracycline derivatives.
lymphoma, 9, 255-264 (1993).
Jean-Michel, B., Francis, B., Marion, M., Pascale,
C., Patrice, D., Gerald, M., Francois-Xavier, M.,
Maryse, P., Francis, L., Francis, L. and Josy, R.:

cells.

Leukemia

Flow cytometric study of idarubicin and dauno-
rubicin accumulation and the effect of verapamil
in leukemic cell lines and fresh cells from patients
with acute non-lymphoblastic leukemia. Leuke-
mia Res., 18, 313-318 (1994).

Berman, E. and McBride, M. : Comparative cellu-

lar pharmacology of daunorubicin and idarubicin

28)

29)

30)

31)

32)

33)

in human multidrug-resistant leukemia cells.
Blood, 79, 3267-3273 (1992).

Durand, R.E. and Olive, P.L.: Flow cytometry
studies of intracellular adriamycin in single cells
Cancer Res., 41, 3489-3494 (1981).
Pereira, E. and Garnier-Suillerot, A.: Correlation

in vitro.

between the short-term measurements of drug
accumulation in living cells and the long-term
growth inhibition. Biochem. Pharmacol., 47, 1851-
1857 (1994). )

Leonce, S. and Burbridge, M. : Flow cytometry: a
useful technique in the study of multidrug resis-
tance. Biol. Cell, 78, 63-68 (1993).

Inaba, M., Kobayashi, H., Sakurai, Y. and John-
son, RK.: Active efflux of daunorubicin and
adriamycin in sensitive and resistant sublines of
P- 388 39, 2200-2208
(1979).

Cornwell, M.M., Pastan, 1. and Gottersman, M.M. :

Certain calcium channel blockers bind specifically

leukemia. Cancer Res.,

to multidrug-resistant human KB carcinoma
membrane vesicle and inhibit drug binding to P-
glycoprotein. J. Biol. Chem., 262, 2166-2170
(1987).

Akiyama, S., Cornwell, M.M., Kuwano, M., Pas-
tan, I. and Gottesman, M.M.: Most drugs that
inhibit
photoaffinity labeling of P-glycoprotein by a vin-
Mol. Pharmacol., 33, 144-147

reverse multidrug resistance also

blastine analogue.
(1988).



