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SUMMARY
Mechanisms of drug resistance other than P-glycoprotein
are of increasing interest as the list of newly identified
members of the ABC transport family has grown. We
sought to characterize the phenotype of the newly
discovered ABC transporter encoded by the mitoxantrone
resistance gene, MXR, also known as ABCP1 or BCRP. The
pharmacodynamics of mitoxantrone and 12 other
fluorescent drugs were evaluated by confocal microscopy in
four multidrug-resistant human colon (S1) and breast
(MCF-7) cancer cell lines. We utilized two sublines,
MCF-7 AdVp3000 and S1-M1-80, and detected
overexpression of MXR by PCR, immunoblot assay and
immunohistochemistry. These MXR overexpressing
sublines were compared to cell lines with P-glycoproteinand MRP-mediated resistance. High levels of crossresistance were observed for mitoxantrone, the
anthracyclines, bisantrene and topotecan. Reduced levels
of mitoxantrone, daunorubicin, bisantrene, topotecan,

rhodamine 123 and prazosin were observed in the two
sublines with high MXR expression. Neither the Pglycoprotein substrates vinblastine, paclitaxel, verapamil
and calcein-AM, nor the MRP substrate calcein, were
extruded from MCF-7 AdVp3000 and S1-M1-80 cells.
Thus, the multidrug-resistant phenotype due to MXR
expression is overlapping with, but distinct from, that due
to P-glycoprotein. Further, cells that overexpress the MXR
protein seem to be more resistant to mitoxantrone
and topotecan than cells with P-glycoprotein-mediated
multidrug resistance. Our studies suggest that the ABC
half-transporter, MXR, is a potent, new mechanism for
conferring multiple drug resistance. Definition of its
mechanism of transport and its role in clinical oncology is
required.

INTRODUCTION

carcinoma cells EPG85-257RN (Dietel et al., 1990; Kellner et
al., 1997), the human HL-60 leukemia cell line HL-60/MX2
(Harker et al., 1989), various sublines of the human breast
carcinoma cell line MCF-7 (Taylor et al., 1991; Nakagawa et
al., 1992; Dexter et al., 1998), and the colon carcinoma cell
lines WiDr/R (Dalton et al., 1988; Fox and Smith, 1995), and
S1-M1-80 (Rabindran et al., 1995). Our laboratory recently
identified a mitoxantrone resistance-associated gene, MXR
(GenBank accession numbers AF093771 and AF093772), in a
human colon cancer subline, S1-M1-80 (Miyake et al., 1999).
This gene encodes a predicted 655-amino-acid protein with six
transmembrane domains; a proposed model of MXR is shown
in Fig. 1A. The highest primary structure similarity was found
to the half-transporter members of the ABC superfamily,
including the Drosophila white gene (O’Hare et al., 1984); a
phylogenetic tree constructed with the distance matrix using
the neighbor-joining method (Saitou and Nei, 1987) illustrates
the close relationship to the white family of ABC halftransporters, as well as to other ABC proteins, some of
which are involved in drug resistance (Fig. 1B). Localized to

In cancer treatment, a major problem to be overcome is the
resistance of tumor cells to anticancer drugs. An intensively
studied type of cellular drug resistance is the multidrug
resistance phenotype, which is characterized by a reduced
intracellular drug level and overexpression of individual
members of the ABC (ATP binding cassette) superfamily of
membrane transporters (Allikmets et al., 1996; Dean and
Allikmets, 1995), including the well-characterized members Pglycoprotein (P-gp), encoded by the MDR1 gene (Gottesman
and Pastan, 1993) and MRP (multidrug resistance associated
protein) (Müller et al., 1994). However, several atypical
multidrug-resistant tumor cell lines have been described that
lack overexpression of P-gp and MRP, but nevertheless have
reduced intracellular drug levels, suggesting the presence of
other drug transport mechanisms (Dietel et al., 1990; Mülder
et al., 1993, 1994; Scheffer et al., 1995; Chen et al., 1990; Lee
et al., 1997). Several of these atypical multidrug-resistant
sublines were selected in mitoxantrone, including the gastric
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Table 1. The panel of six cell lines described in the study
Cell line
S1 wt
Selecting agent
(concentration in culture)
RR to selecting agent
Resistance mechanism

1

S1-B1-20

S1-M1-80

Bisantrene
(20 µM)
>400*
MDR

Mitoxantrone
(80 µM)
21,600
MXR

MCF-7 wt

1

MCF-7 VP-16

MCF-7 AdVp3000

VP-16
(4 µM)
25
MRP

Adriamycin (5.5 µM)
Verapamil (5.5 µM)
164
MXR

RR, relative resistance compared to wild type (wt).
*More than 400-fold resistant to bisantrene as compared with the wild type. IC50 for S1-B1-20 was not reached even at 100 µM bisantrene. It was not possible
to achieve higher bisantrene concentrations in the medium due to limited solubility of the drug.

chromosome 4, MXR is amplified in the MCF-7 AdVp3000
cells, and overexpressed in S1-M1-80 cells. MXR is identical
to the ABCP1 (Allikmets et al., 1998) and BCRP (Doyle et al.,
1998) genes.
We have examined the phenotype of two MXRoverexpressing cell lines by confocal microscopy, with the aim
of relating intracellular drug accumulation patterns to the
expression of specific transport proteins. The two sublines,
MCF-7 AdVp3000 and S1-M1-80, which do not overexpress
MDR1 or MRP, demonstrated a parallel phenotype with similar
patterns of cross-resistance, matching drug distribution profiles
and energy-dependent mitoxantrone efflux. This mechanism of
resistance, while most prominent for mitoxantrone, extends to
numerous other anticancer agents and appears to be as potent
as P-gp in conferring multidrug resistance.

MATERIALS AND METHODS
Tissue culture
All cell lines were cultured in IMEM supplemented with glutamine
(2 mM), fetal calf serum (10%), penicillin (100 i.u./ml) and
streptomycin (100 µg/ml). Drug-resistant cells were maintained in the
presence of the selecting drugs (Table 1). The S1-B1-20 and S1-M13.2 (established by Greenberger and colleagues; Rabindran et al.,
1995) lines were derived from the S1 clone of LS-180 colon
carcinoma cells. S1-M1-80 cells were advanced to higher levels of
resistance by exposure to increasing concentrations of mitoxantrone.
The cells were continuously maintained in the selecting agent, which
was 20 µM bisantrene for S1-B1-20 and 80 µM mitoxantrone for S1M1-80. The MCF-7 resistant sublines were derived by stepwise
selection from parental MCF-7 breast carcinoma cells. The MCF-7
VP-16 cells, a gift from Dr Ken Cowan, were maintained in 4 µM
VP-16. The MCF-7 AdVp3000 cells were independently selected
from MCF-7 parental cells and were cultured in 5.5 µM adriamycin
plus 5.5 µM verapamil (Lee et al., 1997). For the transfection
experiment, MCF-7 cells were transfected with full-length MXR
cDNA by the calcium phosphate precipitation method, and
subsequently selected in G418 (1 mg/ml)-containing medium,
whereas control MCF-7 cells were transfected with the empty
pcDNA3 vector before selection in G418 (Doyle et al., 1998).
Cytotoxicity assay
The IC50 values (the drug concentration at which 50% of colony
formation was inhibited) were determined in 96-well plates using the
colorimetric assay described by Skehan et al. (1990). Plating
concentrations varied from 2,000 cells per well (S1) to 10,000 cells
per well (MCF-7 AdVp3000), due to differences in doubling time for
the different cell lines. Cells were exposed to increasing
concentrations of drug for 4 days, then fixed in 10% TCA (by addition
of 50 µl 50% TCA to an incubation volume of 200 µl), washed and
air-dried. After staining with 0.4% (w/v) sulforhodamine B in 1%

(v/v) acetic acid, and washing four times in 1% (v/v) acetic acid,
bound dye was solubilized with 10 mM unbuffered Tris base (pH
10.5). The number of cells per well was determined by measuring the
absorbance at 540 nm in a microplate reader (Bio-Rad model 450,
Bio-Rad, CA, USA).
Mitoxantrone uptake
Uptake of [3H]mitoxantrone by whole cells was assayed as described
by Fojo et al. (1985). The incubation medium (low glucose MEM, no
bicarbonate or serum, buffered with 10 mM Hepes to pH 7.3)
contained 20 nM [3H]mitoxantrone. The cells were incubated in 6well cell culture plates for 60 minutes at 37°C, washed twice with icecold phosphate-buffered saline, and subsequently trypsinized. The cell
count per well was determined in a Coulter Counter (Coulter
Electronics, Hialeah, FL, USA). Accumulated [3H]mitoxantrone was
determined by liquid scintillation counting (Packard 2000CA TRICARB Scintillation Analyzer, Packard, IL, USA).
mRNA extraction, northern blots and PCR
RNA was extracted by the RNASTAT-60TM method, according to the
manufacturers’ directions (TelTest Inc., Friendswood, TX, USA).
Northern blotting was performed as previously described (Miyake et
al., 1999). Hybridization was performed by standard procedures. For
the quantitative PCR analysis, which has been described previously
by Zhan et al. (1997), the following primers were used: MDR1: 5′end primer: 5295′-GCC TGG CAG CTG GAA GAC AAA TAC ACA
AAA TT 560, 3′-end primer: 8145′-CAG ACA GCA GCT GAC AGT
CCA AGA ACA GG ACT 783. MRP: 5′-end primer: 7925′-CGG AAA
CCA TCC ACG ACC CTA ATC C 816, 3′-end primer: 10865′-ACC
TCC TCA TTC GCA TCC ACC TTG G 1062. MRP2: 5′-end primer:
40725′-CTG CCT CTT CAG AAT CTT AG 4091, 3′-end primer: 43125′CCC AAG TTG CAG GCT GGC C 4294. MXR: 5′-end primer: 19795′TGC CCA GGA CTC AAT GCA ACA G 2000, 3′-end primer: 25405′GAC TGA AGG GCT ACT AAC C 2522.
The expression of MDR1, MRP, MRP2 and MXR is provided in
units based on densitometric measurements of the ethidium-stained
PCR gels and is normalized to the expression level in wild-type (wt)
cells, which is arbitrarily set at 10 units. The MXR PCR product for
MCF-7 wt was readily detectable from 61.25 ng RNA amplified 30
cycles.
Immunoblot analysis of proteins
Microsomal membrane fractions (50 µg of protein, without boiling)
were loaded onto an 8% (w/v) SDS-polyacrylamide gel and subjected
to electrophoresis (Laemmli, 1970). After electrotransfer onto
nitrocellulose membranes (Bio-Rad, Hercules, CA, USA) the blots
were blocked with Tris-buffered saline containing 0.05% (v/v) Tween20 and 5% (w/v) non-fat dry milk. Probing was performed overnight
at 4°C with the polyclonal anti-MXR antibody 87405 (dilution
1:2000), which we have raised against an 18-mer peptide of the ATPbinding region of MXR (manuscript in preparation). A secondary
horseradish peroxidase-conjugated donkey anti-rabbit antibody
(Affinity Bioreagents, Golden, CO, USA) was applied for 1 hour
(dilution 1:1000), followed by enhanced chemiluminescence
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Table 2. Cross resistance patterns of various cell lines
Cell line
S1-B1-20
Drug

S1 wt
IC50

IC50

Mitoxantrone 0.006±0.002 (6) 0.667±0.178 (6)
Daunorubicin 0.156±0.056 (5)
6.00±2.48 (4)
Bisantrene
0.260±0.051 (5)
>100 (5)
Vinblastine
0.0010±0.0004 (4) 0.163±0.080 (4)
Paclitaxel
0.0017±0.0003 (4) 0.460±0.060 (5)
Topotecan
0.0047±0.001 (5) 0.016±0.003 (4)

S1-M1-80
RR
111
38
>350
167
285
3.4

IC50

MCF-7 VP16
RR

MCF-7 wt
IC50

222±45 (5)
35,106 0.028±0.007 (7)
3.48±0.95 (5)
22
0.070±0.027 (3)
28.3±12.6 (4)
109
0.278±0.062 (5)
0.0004±0.0001 (4) 0.4
0.002±0.001 (5)
0.0028±0.0005 (4) 1.6
0.0025±0.0003 (3)
3.20±1.69 (3)
680
0.045±0.014 (5)

IC50
0.044±0.009 (4)
0.163±0.037 (3)
0.232±0.06 (6)
0.004±0.001 (6)
0.003±0.001 (3)
0.052±0.018 (2)

MCF-7 AdVp3000
RR

IC50

RR

1.5
322±36 (6) 11,326
2.3 3.67±0.67 (3) 52
0.8
>100 (4)
>350
1.6 0.029±0.017 (5) 13
1.2 0.118±0.022 (3) 47
1.2 52.4±16.9 (4) 1164

IC50, 50% inhibitory concentration (µm) as determined by the sulforhodamine B assay. Values are means ± s.e.m. (number of experiments are given in
parentheses).
RR, relative resistance, i.e. the ratio of IC50 for the drug-resistant cell line to that of the drug-sensitive cell line (MCF-7 wt or S1 wt).
For drug concentrations, see Materials and Methods and Table 1.

detection (NEN, Boston, MA, USA) with exposure on Kodak XOMAT AR autoradiography film to visualize immunoreactive bands.
Confocal microscopy
The cells (105/ml) were grown in phenol red-free IMEM for 48 hours
in 35 mm glass bottom (poly-d-lysine coated) microwells (MatTek
Corporation, Ashland, MA, USA) before analysis. A Zeiss LSM 410
confocal laser scanning microscope equipped with a 150 mW
Omnichrome Ar-Kr laser exciting at 488 nm (all dyes except
mitoxantrone) and 568 nm (mitoxantrone) was used. In our confocal
microscopy of mitoxantrone we experimented with both a 568 nm and
a 647 nm excitation wavelength. We chose to use the more powerful
568 nm line, as this yielded the highest signal-to-noise ratio (data not
shown). Emitted light passed through a 515-540 nm band-pass filter
(all dyes except mitoxantrone and daunorubicin) or a 590 nm longpass filter (mitoxantrone, daunorubicin). Images were stored online to
a Panasonic optical disk drive and analyzed off-line in Paint Shop Pro
v.4.14 (Jasc Inc. Eden Prairie, MN, USA).
Immunohistochemistry
Formalin-fixed paraffin embedded tissue blocks were cut into 5 µm
sections. The sections were baked at 60°C, deparaffinized in xylene
and ethanol, microwaved for 5 minutes until boiling in Citra Plus
(BioGenex), and then microwaved for another 15 minutes at low
power. Sections were quenched in 3% H2O2, and subsequently
incubated in 5% goat serum for 20 minutes. Anti-MXR polyclonal
antibody (87405, dilution 1:2500) was applied to the sections, and the
slides incubated for 2 hours at room temperature. A biotinylated
secondary antibody was next applied and slides were incubated for 30
minutes at room temperature. Finally, the antibody binding was
detected with DAB.
Chemicals
BODIPY-vinblastine, BODIPY-verapamil, BODIPY FL-paclitaxel,
BODIPY FL C5-ceramide, BODIPY FL-Brefeldin A, BODIPYprazosin, and LysoTracker Green were obtained from Molecular
Probes (Eugene, OR, USA). Mitoxantrone, topotecan, VP-16 and
bisantrene were provided by the NCI drug screen. [3H]mitoxantrone
was purchased from American Radiolabeled Chemicals (St Louis,
MO, USA). All other drugs were purchased from Sigma (St Louis,
MO, USA).

RESULTS
Cross-resistance patterns
Table 2 shows the cytotoxicity profiles of the seven cell lines
towards a panel of chemotherapeutic drugs. All drug-selected
cell lines displayed resistance to mitoxantrone, the S1-M1-80

and MCF-7 AdVp3000 cells having the highest IC50 values
(approximately 200-300 µM), corresponding to 35,100- and
11,300-fold relative resistance. The mitoxantrone resistance in
MCF-7 AdVp3000 cells confirmed a previous report (Lee et
al., 1997), but the level of resistance was about tenfold higher
in the older study. Whether this is due to differences in plating
density or to changes in the composition or purity of the
mitoxantrone is unknown. The MCF-7 AdVp3000 and S1-M180 cells had very similar cross-resistance patterns, with high
resistance towards mitoxantrone, daunorubicin, bisantrene and
topotecan, while retaining sensitivity towards vinblastine and
paclitaxel. Some paclitaxel and vinblastine resistance was
observed with the MCF-7 AdVp3000 cell line, possibly due to
overexpression of MRP2 or other drug resistance mechanisms.
The P-gp overexpressing S1-B1-20 cell line showed cross
resistance to all drugs tested, although its IC50 value for
mitoxantrone was markedly lower (0.67 µM) than that of the
corresponding S1-M1-80 line (222 µM). The MCF-7 VP-16
cell line, which overexpresses MRP, was twofold resistant to
daunorubicin and slightly (1.6-fold) to vinblastine, but not to
mitoxantrone, bisantrene, paclitaxel or topotecan. These data
underline the parallel cross-resistance profiles of the S1-M180 and MCF-7 AdVp3000 sublines, and the overlap with the
profile of P-gp mediated drug resistance.
Expression assayed by quantitative PCR
The expression levels of MDR1, MRP, MRP2 and the
mitoxantrone resistance gene, MXR, were assayed by
quantitative PCR. As Table 3 shows, only the atypical cell
lines, S1-M1-80 and MCF-7 AdVp3000, showed high
expression of MXR, which is consistent with this protein being
identified as the putative drug transporter in these cells. The
absolute level of expression of MXR appears to be higher in
the AdVp3000 cells (2361 units versus 1703) than in S1-M180 cells, a finding that is confirmed in the immunoblot results
shown below. A tenfold increase in MRP2 expression is noted
in both the MCF-7 VP-16 and AdVp3000 sublines.
Northern blot, immunoblot and
immunohistochemistry analysis
The expression of MXR was ascertained both at the gene level
by northern blot (Fig. 2A), and at the protein level by
immunoblotting with the MXR-specific polyclonal antibody
87405 (Fig. 2B) and by immunohistochemistry (Fig. 2C). High
expression of MXR mRNA was observed only in the S1-M1-
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A
H u MXR
Ye ADP1
Ye BFR1
Dr White
Dr Brown
Dr Scarlet
Hu White
Hu MRP1
Hu MRP3
Hu MRP2
Hu MRP5
Hu MRP4
Hu MRP6
Hu CFTR
Hu MDR1
Hu MDR3

Fig. 1. (A) Schematic model of the predicted structure of MXR. The
six transmembrane helixes and the ATP-binding fold (filled bars) are
indicated. A putative dimerization partner for MXR is indicated in
the gray box. (B) Rooted phylogenetic tree illustrating the primary
structure similarity between MXR (also known as BCRP and
ABCP1) and several members of the white gene branch of the ABC
superfamily. The tree was constructed from a multiple alignment of
the Walker A to Walker B regions (approx. 130 amino acids) of the
proteins. Abbreviations (in alphabetical order, GenBank accession
numbers in parenthesis): Dr Brown, Drosophila melanogaster Brown
protein (P12428; Dr Scarlet, Drosophila melanogaster Scarlet
protein (P45843); Dr White, Drosophila melanogaster White protein
(P10090); Hu CFTR, Human Cystic Fibrosis Transmembrane
Conductance Regulator protein (P13569; Hu MDR1, human
multidrug resistance protein-1 gene product, P-glycoprotein
(P08183); Hu MDR3, Human MDR3 gene product,
phosphatidylcholine flippase (P21439); Hu MRP1, Human MRP1
gene product, multidrug resistance associated protein (P33527); Hu
MRP2, Human MRP2 gene product, cMOAT (Q92887); Hu MRP3,
Human MRP3 gene product (O15438); Hu MXR1, Human
mitoxantrone resistance associated protein (AF093771); Hu White,
Human White protein homolog (P45844); Hu TAP1, Human antigen
peptide transporter 1 (Q03518); Hu TAP2, Human antigen peptide
transporter 2 (Q03519); Ye ADP1, Saccharomyces cerevisiae
probable ATP-dependent permease precursor (P25371); Ye BFR1,
Schizosaccharomyces pombe Brefeldin A resistance protein
(P41820); Ye MDL1, Saccharomyces cerevisiae ATP-dependent
permease (P33310); Ye MDL2, Saccharomyces cerevisiae ATPdependant permease (P33311); Ye YOL075, Saccharomyces
cerevisiae probable ATP-dependent transporter (Q08234).

Ye MDL1
Ye MDL2

B

Hu TAP2

Table 3. Expression of MDR1, MRP1, MRP2 and MXR in
cell lines

Hu TAP1

80 and MCF-7 AdVp3000 cells (Fig. 2A). As shown in Fig. 2B,
a band of approximately 72 kDa, the expected molecular mass
for MXR, is detected in S1-M1-80 and MCF-7 AdVp3000 cells.
None of the other cell lines showed detectable MXR expression
by immunoblotting. The immunohistochemistry micrographs
(Fig. 2C) show cytoplasmic and plasma membrane localization
of MXR in the S1-M1-80 and MCF-7 AdVp3000 cells, while
the parent cells (S1 wt and MCF-7 wt) show no staining for
MXR.
Mitoxantrone accumulation
Fig. 3 shows the steady state accumulation of 20 nM
[3H]mitoxantrone in wild-type (S1 and MCF-7) and
mitoxantrone-resistant (S1-M1-80 and MCF-7 AdVp3000)
cells. In both of the latter cell lines, the intracellular
mitoxantrone levels were significantly lower (50% and
40%, respectively) than in wild type. This mitoxantrone
accumulation defect was more thoroughly investigated by
confocal microscopy, a study we extended to include a range
of fluorescent drugs in order to define the substrate specificity
of the putative new mechanism of drug resistance.
Steady state fluorescent drug distribution
Fig. 4 displays photomicrographs obtained by confocal
microscopy of the steady state levels and localization of twelve
drugs in the panel of six cell lines. Fig. 4A-I shows the
distribution patterns of mitoxantrone (Fig. 4A) and seven other
known P-gp substrates: daunorubicin (Fig. 4C), bisantrene (Fig.

S1 wt
MDR1a
MRPa
MRP2a
MXRb

106
8.1
0.29
<0.04

S1-B1-20 S1-M1-80
1486
<0.04

135
9.2
0.09
1703

VP16
MCF-7 wt MCF-7
0.09
3.7
12.2
10

<0.04c
2690
215
7

MCF-7
AdVp3000
0.08
7.8
152
2361

Expression was assayed by quantitative PCR.
MRP and MRP2 levels are relative to the expression level, which
is arbitrarily set to 10 units, in SW620 cells.
bMXR expression was not detectable in SW620 cells. Therefore, the levels
are relative to the expression level, which is arbitrarily set to 10 units, in
MCF-7 wt cells.
cLess than 0.04 units, which is the limit of detection.
-, Not assayed.
aMDR1,

4D), topotecan (Fig. 4E), rhodamine 123 (Fig. 4F), and
fluorescent BODIPY derivatives of prazosin (Fig. 4G),
vinblastine (Fig. 4H) and paclitaxel (Fig. 4I). Following
incubation for 60 minutes at 37°C, the drug-sensitive parental
cells (S1 and MCF-7) had the highest intracellular drug levels
and intense nuclear staining with mitoxantrone (Fig. 4A) and
daunorubicin (Fig. 4C). Mitoxantrone levels were decreased in
the P-gp-overexpressing S1-B1-20 cells and strikingly decreased
in the two mitoxantrone-resistant lines, S1-M1-80 and MCF-7
AdVp3000 (Fig. 4A). Fig. 4B shows that pretreatment with azide
(15 mM) and deoxyglucose (50 mM) to deplete the cells of
energy during mitoxantrone loading increases the level of
mitoxantrone in the resistant sublines to that of the wild-type
cells. Although not shown here, returning the cells to glucosecontaining medium restores efflux and mitoxantrone levels in the
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(pmoles / 10.000 cells)

Mitoxantrone accumulation

5

4

3

2

*
*

1

0
S1 wt S1-M1-80 MCF-7
MCF-7
wt
AdVp3000

Fig. 3. Steady state accumulation of [3H]mitoxantrone in sensitive
(S1 wt and MCF-7 wt) and resistant (S1-M1-80 and MCF-7
AdVp3000) cells. Intracellular accumulation was measured after 60
minutes incubation at 37°C in 20 nM mitoxantrone. Values are
means + s.e.m. (n=3). *P<0.05, Student’s paired t-test.

Fig. 2. (A) Northern blot (10 µg total RNA per lane) analysis
showing the levels of MXR mRNA expression in the series of MCF-7
and S1 cell lines. Below the MXR bands are shown the control 28S
rRNA bands. (B) Western blot analysis for MXR with the polyclonal
antibody 87405 in MCF-7 and S1 cells. Each lane contains 50 µg
protein, not boiled, solubilized in 2× SDS-sample buffer.
(C) Immunohistochemistry showing MXR expression in MCV-7
AdVp3000 and S1-M1-80 cells compared to the wild type (wt). The
MXR protein is localized mainly to the plasma membrane. An
antibody dilution of 1:2500 was used.

resistant lines decrease to levels comparable to those found in
untreated cells. Thus, energy-dependent drug efflux was
confirmed in both P-gp-expressing (S1-B1-20) as well as in
MXR-expressing (S1-M1-80 and MCF-7 AdVp3000) cell lines.
A punctuate, perinuclear, staining pattern of fluorescence
was observed in all cell lines, suggesting accumulation of
mitoxantrone in a vesicular compartment, such as lysosomes

and/or the Golgi apparatus. The daunorubicin distribution
pattern was very similar to that of mitoxantrone, the drug being
concentrated mainly in a perinuclear zone in all cell lines (Fig.
4C). Again, the lowest daunorubicin accumulation was seen
with the MCF-7 AdVp3000, S1-M1-80 and S1-B1-20 cells.
The drug accumulation profiles were repeated with four other
drugs known to be P-gp substrates, bisantrene (Fig. 4D),
topotecan (Fig. 4E), rhodamine 123 (Fig. 4F) and prazosin
(Fig. 4G), the compounds being eliminated from both the Pgp-expressing S1-B1-20 cells, and the MXR-expressing S1M1-80 and MCF-7 AdVp3000 cells, but not from the MRPoverexpressing cell line MCF-7 VP-16. In contrast, the P-gp
substrate vinblastine (Fig. 4H) appeared not to be a good
transport substrate for the MXR sublines, but was apparently
transported by the MRP subline MCF-7 VP-16, whereas
paclitaxel (Fig. 4I) was excluded only from the P-gpoverexpressing S1-B1-20 cells. A fluorescent BODIPY
analogue of the MDR reversing agent verapamil was clearly
extruded only from the S1-B1-20 cells (Fig. 4J). Next we
examined substrates for MRP. P-gp is known to efflux the nonfluorescent calcein-AM ester (Homolya et al., 1994). Once
inside the cell, the AM ester group is cleaved by intracellular
esterases; the resulting calcein is fluorescent and has been
shown to be a transport substrate for MRP but not for P-gp
(Versantvoort et al., 1995). Consistent with this, the P-gpexpressing S1-B1-20 cells, as well as the MRP-overexpressing
MCF-7 VP-16 cells, were characterized by their very low and
vesicular calcein accumulation (Fig. 4K). The UV-excitable
compound monochlorobimane becomes fluorescent when
bound to glutathione, and has been used to assess intracellular
glutathione levels (Millis et al., 1997; van Luyn et al., 1998).
We found that the steady state level of glutathione-bound
monochlorobimane was lower only in the MRP-overexpressing
MCF-7 VP-16 cells (data not shown), an observation which is
compatible with the suggested role of MRP as a glutathione Sconjugate pump (Zhang and Wong, 1996). The MXRexpressing cells showed no evidence of transport of either
calcein or of glutathione-conjugated monochlorobimane (data
not shown). Finally, the distribution of three organelle-specific
probes was examined: a fluorescent BODIPY derivative of
Brefeldin A, which labels the endoplasmatic reticulum,
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Fig. 4. Confocal microscopy images showing steady state drug accumulation of fluorescent drugs after 60 minutes incubation at 37°C. Shown
are the levels and localization of (A) mitoxantrone (5 µM); (B) mitoxantrone after 60 minutes preincubation with azide (15 mM) and
deoxyglucose (50 mM); (C) daunorubicin (5 µM); (D) bisantrene (25 µM); (E) topotecan (5 µM); (F) rhodamine 123 (1 µM); (G) BODIPYprazosin (100 nM); (H) BODIPY-vinblastine (2 µM); (I) BODIPY FL-paclitaxel (100 nM); (J) BODIPY-verapamil (3 µM); (K) Calcein-AM
(1 µM); (L) BODIPY FL C5-ceramide (100 nM). The overlayed colors indicate the fluorescence emission spectrum of the dyes: green (515-540
nm) and red (above 590 nm), respectively. BODIPY FL C5-ceramide exhibits a shift in fluorescence emission maximum from green (515 nm)
towards red (620 nm) when it forms excimers at high local concentration in the trans-Golgi network.

BODIPY FL C5-ceramide, a selective stain of the trans-Golgi
network (Schindler et al., 1996; Demaurex et al., 1998), and
LysoTracker Green, a weak base that will accumulate in acidic
compartments such as lysosomes, due to trapping of the
protonated and thus membrane-impermeable form of the dye
(Haugland, 1996). All cell lines showed intense labeling of the
ER with BODIPY Brefeldin A (data not shown). Five out of
the six cell lines showed clear staining of the trans-Golgi
with BODIPY FL C5-ceramide, the one exception being
MCF-7 AdVp3000 (Fig. 4L), which showed only very faint

fluorescence, suggesting that BODIPY FL C5-ceramide may
be a substrate for the putative membrane transporter present in
this cell line. A striking result was seen in S1-M1-80 cells in
which the fluorescence emission of BODIPY FL C5-ceramide
was strongly red-shifted, indicating a high local concentration
of the dye in the Golgi of these cells. The acidic organelle
probe LysoTracker Green (Fig. 7B) revealed an acidic
compartment in all of the cell lines, again except for the
MCF-7 AdVp3000 cells, as these seemed to efflux the dye
rapidly.
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Thus, cells that overexpress MXR show decreased
accumulation of the P-gp substrates mitoxantrone,
daunorubicin, bisantrene, topotecan, rhodamine 123 and
prazosin, but not of taxol, verapamil, vinblastine and calcein,
the latter being a substrate only of MRP. We have illustrated
the overlapping substrate specificity of the three transporters in
a Venn diagram (Fig. 5).
Mitoxantrone accumulation in MXR transfectants
To confirm that MXR alone could mediate the drug resistance
phenotype described above, we examined mitoxantrone
accumulation by confocal microscopy in cell lines transfected
with the half-transporter. Since MXR, BCRP and ABCP1
represent the same gene, we utilized the BCRP stable
transfectants previously described (Doyle et al., 1998).
Fig. 6 shows confocal microscopy micrographs of the steady

state level of mitoxantrone in MXR transfectants. Drugsensitive MCF-7 cells, which have been transfected with fulllength MXR cDNA (clone 8), accumulate less mitoxantrone
than control cells (vector) transfected with the vector alone.
This directly proves that functional expression of MXR
mediates mitoxantrone resistance.
Intracellular localization of mitoxantrone
Colocalization studies with mitoxantrone and the above probes
for intracellular compartments were performed to investigate
whether sequestration plays a role in any of the resistance
phenotypes, as suggested by Dietel et al. (1990) for the
mitoxantrone-resistant carcinoma cell line EPG85-257. The
green fluorescence of the lysosomal probe LysoTracker Green
(Fig. 7B) was overlaid with the red emission signal of
mitoxantrone (Fig. 7A) to obtain the composite images, where
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Fig. 5. Venn diagram showing the overlapping substrate specificity of
MDR, MRP and MXR. BIS, bisantrene; CA, calcein; CA-AM,
calcein-AM ester; COL, colchicine; DNR, daunorubicin; DOX,
doxorubicin; EPI, epirubicin; LYS, LysoTracker; MCB,
monochlorobimane; MX, mitoxantrone; PRA, prazosin; RHO,
rhodamine 123; TXL, paclitaxel; TOP, topotecan; VBL, vinblastine;
VER, verapamil. COL, DOX and EPI results also obtained by
confocal microscopy (data not shown).

yellow indicates colocalization of mitoxantrone with the
lysosomal marker (Fig. 7C). It appears that mitoxantrone
normally accumulates in acidic vesicles in most cell types, as
suggested by its colocalization with LysoTracker Green (Fig.
7C). The S1 cells displayed the most intense staining. This
vesicular staining pattern persisted in S1-M1-80 cells, but the
overall level of accumulation was reduced. It was not possible
to see colocalization in MCF-7 AdVp3000 cells, due to marked
efflux of both compounds. Similar results were obtained with
daunorubicin (data not shown). Compartmentalization of drugs
may thus represent an intrinsic protective mechanism upon
which the drug efflux mechanism highly expressed in S1-M180 and MCF-7 AdVp3000 cells has been superimposed.
DISCUSSION
This report presents a comprehensive examination of the
resistance phenotype of human colon (S1-M1-80) and breast
(MCF-7 AdVp3000) cancer cells, which overexpress the
mitoxantrone resistance associated gene MXR [GenBank
accession numbers: AF093771 (MXR1) and AF093772
(MXR2)]. We recently identified MXR as an ABC halftransporter with strong homology to the Drosophila white
gene product (Miyake et al., 1999). MXR is a member of the
ABC superfamily of membrane transporters (LeveilleWebster and Arias, 1995; Higgins, 1992), one of the largest
protein superfamilies known. This family comprises hundreds
of members in both prokaryotic and eukaryotic organisms,
most of which function as ATP-dependent active membrane
transporters, translocating molecules across a cell membrane
against a concentration gradient (Dean and Allikmets, 1995).
While P-gp is the most well-characterized ABC transporter,
in recent years new members of the ABC superfamily
(Allikmets et al., 1996), such as MRP1 (Cole et al., 1992),
MRP2 (cMOAT) (Elferink and Jansen, 1994), MRP6 (also
known as ARA, anthracycline resistance associated protein)
(Longhurst et al., 1996), MOAT-B (Lee et al., 1998), and

BCRP (breast cancer resistance protein) (Doyle et al., 1998)
have also been associated with drug resistance. The only
slight variation of MXR from the ABCP1 (Allikmets et al.,
1998) and BCRP (Doyle et al., 1998) genes indicates that the
three are indeed the same gene. Our goal in these studies was
to characterize the phenotype of this newly described
transporter.
Despite the different selection history of the S1-M1-80 and
the MCF-7 AdVp3000 cell lines, a similar phenotype is
displayed. First, the cross-resistance patterns seem to be almost
identical for MCF-7 AdVp3000 and S1-M1-80 cells (Table 2),
both having a high level of resistance to mitoxantrone, the
anthracyclines and topotecan. Second, as visualized by
confocal microscopy, there are similar intracellular drug
distribution profiles, with reduced mitoxantrone, daunorubicin,
bisantrene, topotecan, BODIPY-prazocin and rhodamine 123
accumulation. Neither the tubulin binding agents paclitaxel and
vinblastine, nor the MRP substrate calcein, appear to be
substrates, distinguishing the MXR resistance mechanism from
that of both P-gp and MRP. Third, the mitoxantrone resistance
correlated with that of an energy-dependent accumulation
defect in both sublines. This was shown by restoration of
mitoxantrone accumulation to the level in sensitive, parental
cells after preincubation with azide (15 mM) and deoxyglucose (50 mM). Efflux of mitoxantrone after restoration of
energy was higher from the resistant cells than from the
parental cell lines, extending previous findings of energydependent rhodamine efflux in these cells (Lee et al., 1997). It
was recently shown that transfection of the BCRP gene
conferred mitoxantrone resistance to parental MCF-7 cells,
further confirming BCRP/MXR as the mechanism of resistance
in these cells (Doyle et al., 1998). Extending that observation,
we also demonstrate that these cells exhibit decreased
mitoxantrone accumulation as compared to control cells
transfected with the vector alone. Furthermore, in preliminary
studies we have observed that transient transfection with MXR
confers efflux of both rhodamine 123 and daunorubicin (data
not shown). Since the MCF-7 AdVp3000 and S1-M1-80 cells
overexpress MXR at high levels, we conclude that the
displayed phenotype represents that of the product of the halftransporter gene. These studies suggest that overexpression of
the MXR protein may allow homodimerization to form a
functional transporter.
Neither the mechanism of transport by MXR nor its role in
normal physiology is known. Considering that halftransporters are typically found on intracellular membranes
(Townsend and Trowsdale, 1993), it can be speculated that
MXR might reside on the endoplasmatic reticulum to facilitate
drug metabolism. Indeed, glucuronidation of anticancer drugs
such as mitoxantrone, the anthracyclines and SN-38 has been
reported to occur in tumor cells (Burchell et al., 1991;
Takahashi et al., 1997), and in our laboratory we have further
demonstrated that MXR-expressing cells are capable of
glucuronidating cytotoxic drugs (Brangi et al., 2000). In such
a model, which requires experimental validation, the
metabolite would require transport out of the ER, a potential
physiologic role for MXR. In the case of the very high
expression levels found in drug-resistant MCF-7 AdVp3000
cells the excess protein might redistribute to the plasma
membrane. Indeed, by immunohistochemical analysis of MXR
protein expression, we have observed both cytoplasmic and
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Fig. 6. Accumulation of mitoxantrone in MCF-7 cells transfected
with full-length MXR cDNA (clone 8), and control cells transfected
with the vector only (vector). Expression of MXR induces an
accumulation defect for mitoxantrone. The reduced mitoxantrone
accumulation in the MXR transfected cells is energy-dependent (as
demonstrated with preincubation with sodium azide; results not
shown).

plasma membrane staining in MCF-7 and AdVp3000 and
S1-M1-80 cells, which is consistent with an intracellular
localization with redistribution to the plasma membrane. It
remains to be determined whether the plasma membrane is a
physiological location for MXR in normal tissue.
Although MCF-7 AdVp3000 and S1-M1-80 cells both
express MXR and have similar phenotypes, certain
differences are detectable. The overexpressed MXR gene in
the S1-M1-80 cells does not appear to be amplified, while
amplification is present in the MCF-7 AdVp3000 cells

(Miyake et al., 1999). Some compounds, including the
lysosomal probe, LysoTracker Green, and the trans-Golgi
probe, BODIPY FL C5-ceramide, appear to be better
substrates for MCF-7 AdVp3000 than for S1-M1-80, as these
dyes are practically eliminated from MCF-7 AdVp3000 cells.
However, the possibility exists that the S1-M1-80 cells
accumulate substrates into a vesicular compartment, as
suggested by the BODIPY FL C5-ceramide data, rather than
solely eliminating the probe from the plasma membrane.
These differences may be related to the protein level, which
is significantly higher in MCF-7 AdVp3000 than in S1-M180, as seen by immunoblot. A second possibility is that the
MXR may be more efficiently located, e.g. in the plasma
membrane in the MCF-7 AdVp3000 breast cancer cells. This
differential localization would be analogous to the
redistribution of MRP that has previously been described
(Almquist et al., 1995). A third possibility is that the tenfold
overexpression of MRP2 in MCF-7 AdVp3000 cells could
account for the additional substrates. The same level of
MRP2 overexpression is, however, found in MCF-7 VP-16
cells, which do not eliminate the noted compounds. Finally,
it is possible that a difference in dimerization may confer a
difference in transport efficiency for a particular compound.
As a half-transporter, MXR should require dimerization in
order to transport substrates. MXR may exist as a homodimer in the MCF-7 AdVp3000 cells in which the MXR gene
is amplified, while it may form hetero-dimers with a hitherto
unidentified partner in the S1-M1-80 cells, which do not show
amplification of the MXR gene (Miyake et al., 1999). Whether
homo- or hetero-dimers of MXR exist remains to be
investigated.

Fig. 7. Colocalization of mitoxantrone with LysoTracker Green. The red emission signal of mitoxantrone (A) was overlayed with the green
fluorescence of LysoTracker Green (B) to obtain the composite images in (C), where yellow indicates colocalization of mitoxantrone with the
lysosomal marker.
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The confocal studies also allowed examination of drug
compartmentalization, since it has been suggested that
sequestration of mitoxantrone into membrane vesicles can
contribute to drug resistance (Dietel et al., 1990; Fox and Smith,
1995). While a detailed examination of this question is beyond
the scope of this paper, we noted cytoplasmic, mitoxantronecontaining vesicles in all the colon carcinoma (S1) cells. In the
S1-M1-80 cells, colocalization studies indicated that the drug
accumulated in acidic vesicles, the morphology of which did
not appear to be different between the three colon cell lines.
Although intracellular sequestration may play a role in intrinsic
resistance to mitoxantrone, and may be a mechanism by which
unselected cells dispose of the drug, this mechanism appears to
be superceded by the MXR overexpression, which results in a
profound drug accumulation defect.
The mitoxantrone accumulation defect as assessed by
confocal microscopy seemed greater than that observed by
accumulation of radioactive mitoxantrone. This could be
due to the greater sensitivity of the radioactive method.
Alternatively, the data could be explained by intracellular
metabolism of mitoxantrone (Ehninger et al., 1990). Taking
normal hepatic metabolism as a model, mitoxantrone is subject
to glucuronidation (Wolf et al., 1986; Burchell et al., 1991;
Blanz et al., 1991a), glutathione conjugation (Peters and
Roelofs, 1992; Rekha and Sladek, 1997; Blanz et al., 1991b),
or oxidation to its mono- or dicarboxylic acid derivatives
(Richard et al., 1991). The latter primary metabolites of
mitoxantrone are non-fluorescent (Bell, 1988) and would not
be detectable by fluorescence microscopy. Thus, metabolism
to an inactive metabolite prior to efflux in drug-resistant cells
would be expected to result in a decrease in fluorescence
emission, while not affecting the signal, in a study in which
accumulation of radioactive mitoxantrone is measured. This
could explain discrepancies in the literature on mitoxantroneresistant cell lines, some studies reporting little or no decrease
in intracellular mitoxantrone accumulation (Harker et al.,
1989; Dalton et al., 1988; Bailly et al., 1997), with others
reporting increased mitoxantrone efflux and a marked decrease
in intracellular drug accumulation (Lee et al., 1997; Kellner et
al., 1997; Taylor et al., 1991).
The fact that multiple transporters can affect individual
anticancer agents has significant implications for studies
attempting reversal of drug resistance. The anthracyclines, for
example, are substrates for P-gp, MRP and MXR. Inhibition
of one transporter may be thwarted by the presence of another.
This observation is consistent with the profound drug
resistance often found in clinical oncology and may explain
why drug reversal trials in the clinic have not achieved dramatic
results (Sandor et al., 1998; Tew, 1993). It is altogether likely
that resistance mechanisms may yet encompass new, hitherto
unidentified or uncharacterized members of the ABC
superfamily (Allikmets et al., 1996; Ling, 1997; Müller, 1999).
This further underscores both the complexity of multidrug
resistance and the need for development of new and better
reversers of clinical drug resistance.
T.L. was a Fogarty International Center Fellow in the NIH visiting
program 1997-9, a recipient of research grant 9602423 from the
Danish Medical Research Council, and of research grants from The
Novo Nordisk Foundataion and The Danish Cancer Society. We
gratefully acknowledge Drs L. Austin Doyle, Weidong Yang, Zhirong
Zhan and Rob Robey for their efforts on the project.

REFERENCES
Allikmets, R., Gerrard, B., Hutchinson, A. and Dean, M. (1996).
Characterization of the human ABC superfamily: isolation and mapping of
21 new genes using the expressed sequence tags database. Hum. Mol. Genet.
5, 1649-1655.
Allikmets, R., Schrim, L. M., Hutchinson, A., Romano-Spica, V. and Dean,
M. (1998). A human placenta-specific ATP-binding cassette gene (ABCP)
on chromosome 4q22 that is involved in multidrug resistance. Cancer Res.
58, 5337-5339.
Almquist, K. C., Loe, D. W., Hipfner, D. R., Mackie, J. E., Cole, S. P. C.
and Deeley, R. G. (1995). Characterization of the Mr 190,000 multidrug
resistance protein (MRP) in drug-selected and transfected human tumor
cells. Cancer Res. 55, 102-110.
Bailly, J.-D., Skladanowski, A., Bettaieb, A., Mansat, V., Larsen, A. K. and
Laurent, G. (1997). Natural resistance of acute myeloid leukemia cell lines
to mitoxantrone is associated with lack of apoptosis. Leukemia 11, 15231532.
Bell, D. H. (1988). Characterization of the fluorescence of the antitumor agent,
mitoxantrone. Biochim. Biophys. Acta 949, 132-137.
Blanz, J., Mewes, K., Ehninger, G., Proksch, B., Greger, B., Waidelich, D.
and Zeller, K.-P. (1991a). Isolation and structure elucidation of urinary
metabolites of mitoxantrone. Cancer Res. 51, 3427-3433.
Blanz, J., Mewes, K., Ehninger, G., Proksch, B., Waidelich, D., Greger, B.
and Zeller, K.-P. (1991b). Evidence for oxidative activation of mitoxantrone
in human, pig, and rat. Drug Metabol. Disp. 19, 871-880.
Brangi, M., Litman, T., Ciotti, M., Nishiyama, K., Kohlhagen, G.,
Takimoto, C., Robey, R., Pommier, Y., Fojo, T. and Bates, S. E. (2000).
Camptothecin resistance: Role of the ATP-binding cassette (ABC)
mitoxantrone-resistance half-transporter (MXR), and potential for
glucuronidation in MXR-expressing cells. Cancer Res, in press.
Burchell, B., Baird, S. and Coughtrie, M. W. H. (1991). The role of
xenobiotic glucuronidating enzymes in drug resistance of tumour tissues and
cells. In Xenobiotics and Cancer (ed. L. Ernster et al.), pp. 263-275. Taylor
& Francis Ltd, London.
Chen, Y.-N., Mickley, L. A., Schwartz, A. M., Acton, E. M., Hwang, J. and
Fojo, A. T. (1990). Characterization of adriamycin-resistant human breast
cancer cells which display overexpression of a novel resistance-related
membrane protein. J. Biol. Chem. 265, 10073-10080.
Cole, S. P. C., Bhardwaj, G., Gerlach, J. H., Mackie, J. E., Grant, C. E.,
Almquist, K. C., Stewart, A. J., Kurz, E. U., Duncan, A. M. V. and
Deeley, R. G. (1992). Overexpression of a transporter gene in a multidrugresistant human lung cancer cell line. Science 258, 1650-1654.
Dalton, W. S., Cress, A. E., Alberts, D. S. and Trent, J. M. (1988).
Cytogenetic and phenotypic analysis of a human colon carcinoma cell line
resistant to mitoxantrone. Cancer Res. 48, 1882-1888.
Dean, M. and Allikmets, R. (1995). Evolution of ATP-binding cassette
transporter genes. Curr. Opin. Genet. Dev. 5, 779-785.
Demaurex, N., Furuya, W., D’Souza, S., Bonifacino, J. S. and Grinstein,
S. (1998). Mechanisms of acidification of the trans-Golgi network (TGN).
J. Biol. Chem. 273, 2044-2051.
Dexter, D. W., Reddy, R. K. and Goldstein, L. J. (1998). Overexpression of
cMOAT (MRP2) and MRP3 are associated with low-level multidrug
resistance in mitoxantrone resistant human breast carcinoma cell line
(MCF7). Proc. Am. Assn Cancer Res. 39, 1152 (abstract).
Dietel, M., Arps, H., Lage, H. and Niendorf, A. (1990). Membrane vesicle
formation due to acquired mitoxantrone resistance in human gastric
carcinoma cell line EPG85-257. Cancer Res. 50, 6100-6106.
Doyle, L. A., Yang, W., Abruzzo, L. E., Krogmann, T., Gao, Y., Rishi, A.
K. and Ross, D. D. (1998). A multidrug resistance transporter from human
MCF-7 breast cancer cells. Proc. Natl. Acad. Sci. USA 95, 15665-15670.
Ehninger, G., Schuler, U., Proksch, B., Zeller, K.-P. and Blanz, J. (1990).
Pharmacokinetics and metabolism of mitoxantrone. A review. Clin.
Pharmacokinet. 18, 365-380.
Elferink, R. P. J. O. and Jansen, P. L. M. (1994). The role of the canalicular
multispecific organic anion transporter in the disposal of endo- and
xenobiotics. Pharmacol. Ther. 64, 77-97.
Fojo, A. T., Akiyama, S., Gottesman, M. M. and Pastan, I. (1985). Reduced
drug accumulation in multiply drug-resistant human KB carcinoma cell
lines. Cancer Res. 45, 3002-3007.
Fox, M. E. and Smith, P. J. (1995). Subcellular localisation of the antitumour
drug mitoxantrone and the induction of DNA damage in resistant and
sensitive human colon carcinoma cells. Cancer Chemother. Pharmacol. 35,
403-410.

Phenotype of MXR 2021
Gottesman, M. M. and Pastan, I. (1993). Biochemistry of multidrug
resistance mediated by the multidrug transporter. Annu. Rev. Biochem. 62,
385-427.
Harker, W. G., Slade, D. L., Dalton, W. S., Meltzer, P. S. and Trent, J. M.
(1989). Multidrug resistance in mitoxantrone-selected HL-60 leukemia cells
in the absence of P-glycoprotein overexpression. Cancer Res. 49, 45424549.
Haugland, R. P. (1996). Handbook of Fluorescent Probes and Research
Chemicals. pp. 274-282. Molecular Probes, Eugene, OR, USA.
Higgins, C. F. (1992). ABC transporters: From microorganisms to man. Annu.
Rev. Cell Biol. 8, 67-113.
Homolya, L., Holló, Z., Germann, U. A., Pastan, I., Gottesman, M. M. and
Sarkadi, B. (1994). Fluorescent cellular indicators are extruded by the
multidrug resistance protein. J. Biol. Chem. 268, 21493-21496.
Kellner, U., Hutchinson, L., Seidel, A., Lage, H., Danks, M. K., Dietel, M.
and Kaufmann, S. H. (1997). Decreased drug accumulation in a
mitoxantrone-resistant gastric carcinoma cell line in the absence of Pglycoprotein. Int. J. Cancer 71, 817-824.
Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature 227, 680-685.
Lee, J. S., Scala, S., Matsumoto, Y., Robey, R., Zhan, Z., Dickstein, B.,
Altenberg, G. and Bates, S. E. (1997). Reduced drug accumulation and
multidrug resistance in human breast cancer cells without associated Pglycoprotein or MRP overexpression. J. Cell Biochem. 65, 1-14.
Lee, K., Belinsky, M. G., Bell, D. W., Testa, J. R. and Kruh, G. D. (1998).
Isolation of MOAT-B, a widely expressed multidrug resistance-associated
protein/canalicular multispecific organic anion transporter-related
transporter. Cancer Res. 58, 2741-2747.
Leveille-Webster, C. R. and Arias, I. M. (1995). The biology of the Pglycoproteins. J. Membr. Biol. 143, 89-102.
Ling, V. (1997). Multidrug resistance: molecular mechanisms and clinical
relevance. Cancer Chemother. Pharmacol. 40 (Suppl.), S3-S8
Longhurst, T. J., O’Neill, G. M., Harvie, R. M. and Davey, R. A. (1996).
The anthracycline resistance-associated (ara) gene, a novel gene associated
with multidrug resistance in a human leukaemia cell line. Br. J. Cancer 74,
1331-1335.
Millis, K. K., Lesko, S. A. and Gamcsik, M. P. (1997). Formation,
intracellular distribution and efflux of glutathione-bimane conjugates in
drug-sensitive and -resistant MCF-7 cells. Cancer Chemother. Pharmacol.
40, 101-111.
Miyake, K., Mickley, L. A., Litman, T., Greenberger, L., Zhan, Z., Robey,
R., Christensen, B., Brangi, M., Dean, M., Fojo, A. T. and Bates, S. E.
(1999). Molecular cloning of cDNAs which are highly overexpressed in
mitoxantrone-resistant cells. Demonstration of homology to ABC transport
genes. Cancer Res. 59, 8-13.
Mülder, H. S., Lankelma, J., Dekker, H., Broxterman, H. J. and Pinedo,
H. M. (1994). Daunorubicin efflux against a concentration gradient in nonP-glycoprotein multidrug-resistant lung-cancer cells. Int. J. Cancer 59, 275281.
Mülder, H. S., van Grondelle, R., Westerhoff, H. V. and Lankelma, J.
(1993). A plasma membrane ‘vacuum cleaner’ for daunorubicin in non-Pglycoprotein multidrug-resistant SW-1573 human non-small cell lung
carcinoma cells. Eur. J. Biochem. 218, 871-882.
Müller, M. (1999). Transporters in the liver and ATP binding cassette
(ABC)-proteins.
7-2-1999
Internet
Communication,
http:
//www.med.rug.nl/mdl/humanabc.htm
Müller, M., Meijer, C., Zaman, G. J. R., Borst, P., Scheper, R. J., Mulder,
N. H., de Vries, E. G. E. and Jansen, P. L. M. (1994). Overexpression of
the gene encoding the multidrug resistance-associated protein results in
increased ATP-dependent glutathione S-conjugate transport. Proc. Natl.
Acad. Sci. USA 91, 13033-13037.
Nakagawa, M., Schneider, E., Dixon, K. H., Horton, J., Kelley, K.,
Morrow, C. and Cowan, K. H. (1992). Reduced intracellular drug
accumulation in the absence of P-glycoprotein (mdr1) overexpression in
mitoxantrone-resistant human MCF-7 breast cancer cells. Cancer Res. 52,
6175-6181.
O’Hare, K., Murphy, C., Levis, R. and Rubin, G. M. (1984). DNA sequence
of the white locus of Drosophila melanogaster. J. Mol. Biol. 180, 437-455.
Peters, W. H. M. and Roelofs, H. M. J. (1992). Biochemical characterization
of resistance to mitoxantrone and adriamycin in caco-2 human colon

adenocarcinoma cells: a possible role for glutathione S-transferases. Cancer
Res. 52, 1886-1890.
Rabindran, S. K., Annable, T., Brown, E. B., Collins, K. I. and
Greenberger, L. M. (1995). Genistein modulates drug resistance in non Pglycoprotein multidrug resistant human colon carcinoma cells. Proc. Am.
Assn Cancer Res. 36, 324 (Abstract).
Rekha, G. K. and Sladek, N. E. (1997). Multienzyme-mediated stable and
transient multidrug resistance and collateral sensitivity induced by
xenobiotics. Cancer Chemother. Pharmacol. 40, 215-224.
Richard, B., Fabre, G., De Sousa, G., Fabre, I., Rahmani. R. and Cano,
J.-P. (1991). Interspecies variability in mitoxantrone metabolism using
primary cultures of hepatocytes isolated from rat, rabbit, and humans.
Biochem. Pharmacol. 41, 255-262.
Saitou, N. and Nei, M. (1987). The neighbor-joining method: a new method
for reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406-425.
Sandor, V., Fojo, A. T. and Bates, S. E. (1998). Future perspectives for the
development of P-glycoprotein modulators. Drug Resistance Updates 1,
190-200.
Scheffer, G. L., Wijngaard, P. L. J., Flens, M. J., Izquierdo, M. A., Slovak,
M. L., Pinedo, H. M., Meijer, C. J. L. M., Clevers, H. C. and Scheper,
R. J. (1995). The drug resistance-related protein LRP is the human major
vault protein. Nature Medicine 1, 578-582.
Schindler, M., Grabski, S., Hoff, E. and Simon, S. M. (1996). Defective pH
regulation of acidic compartments in human breast cancer cells (MCF-7) is
normalized in adriamycin-resistant cells (MCF-7adr). Biochemistry 35,
2811-2817.
Skehan, P., Storeng, R., Scudiero, D., Monks, A., McMahon, J., Vistica,
D., Warren, J. T., Bokesch, H., Kenney, S. and Boyd, M. R. (1990). New
colorimetric cytotoxicity assay for anticancer-drug screening. J. Natl.
Cancer Inst. 82, 1107-1112.
Takahashi, T., Fujiwara, Y., Yamakido, M., Katoh, O., Watanabe, H. and
Mackenzie, P. I. (1997). The role of glucuronidation in 7-ethyl-10hydroxycamptothecin resistance in vitro. Jpn J. Cancer Res. 88, 1211-1217.
Taylor, C. W., Dalton, W. S., Parrish, P. R., Gleason, M. C., Bellamy, W.
T., Thompson, F. H., Roe, D. J. and Trent, J. M. (1991). Different
mechanisms of decreased drug accumulation in doxorubicin and
mitoxantrone resistant variants of the MCF7 human breast cancer cell line.
Br. J. Cancer 63, 923-929.
Tew, K. D. (1993). Modulation of P-glycoprotein-mediated drug resistance.
In: Preclinical and Clinical Modulation of Anticancer Drugs (ed. K. D. Tew,
P. J. Houghton and J. A. Houghton), pp. 125-196. Boca Raton, CRC Press.
Townsend, A. and Trowsdale, J. (1993). The transporters associated with
antigen presentation. Semin. Cell Biol. 4, 53-61.
van Luyn, M. J. A., Müller, M., Renes, J., Meijer, C., Scheper, R. J.,
Nienhuis, E. F., Mulder, N. H., Jansen, P. L. M. and de Vries, E. G. E.
(1998). Transport of glutathione conjugates into secretory vesicles is
mediated by the multidrug-resistance protein 1. Int. J. Cancer 76, 55-62.
Versantvoort, C. H. M., Bagru, T., Wright, K. A. and Twentyman, P. R.
(1995). On the relationship between the probenecid-sensitive transport of
daunorubicin or calcein and the glutathione status of cells overexpressing
the multidrug resistance-associated protein (MRP). Int. J. Cancer 63, 855862.
Wolf, C. R., Macpherson, J. S. and Smyth, J. F. (1986). Evidence for the
metabolism of mitozantrone by microsomal glutathione transferases and 3methylcholantrene-inducible
glucurunosyl
transferases.
Biochem.
Pharmacol. 35, 1577-1581.
Zhan, Z., Sandor, V. A., Gamelin, E., Regis, J., Dickstein, B., Wilson, W.
H., Fojo, A. T. and Bates, S. E. (1997). Expression of the multidrug
resistance-associated protein gene in refractory lymphoma: quantitation by
a validated polymerase chain reaction assay. Blood 89, 3795-3800.
Zhang, K. and Wong, K. P. (1996). Active transport of glutathione Sconjugate in human colon adenocarcinoma cells. Cancer Lett. 108, 143-151.

Note added in proof
The Human Gene Nomenclature Committee has proposed
a new nomenclature for ABC transporters. In this
nomenclature MXR/BCRP/ABCP would be replaced by
ABCG2 (http://www.gene.ucl.ac.uk/users/hester/abc.html).

