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ABSTRACT. Inherent or acquired resistance to multiple natural product drugs is a major obstacle to the success 
of chemotherapy. Two proteins have been shown to cause this type of multidrug resistance in human tumour 
cells, the 170 kDa P-glycoprotein and the 190 kD a multidrug resistance protein (MRP). Overexpression of these 

N-glycosylated phosphoproteins in mammalian cells is associated with reduced drug accumulation. Both MRP 
and p-glycoprotein belong to the ATP-binding cassette superfamily of transmembrane transport proteins, but 
they share only 15% amino acid identity. Furthermore, their predicted membrane topologies differ considerably, 
with MRP containing three multispanning transmembrane domains compared with the two that are present in 
P-glycoprotein. The drug cross-resistance profiles of cells that overexpress MRP or P-glycoprotein are similar but 
not identical. For example, lower levels of taxol resistance are associated with overexpression of MRP than with 
overexpression of P-glycoprotein. There also appear to be fundamental differences in the mechanisms by which 
the two proteins transport chemotherapeutic drugs. P-glycoprotein-enriched membrane vesicles have been 
shown to directly transport several chemotherapeutic drugs, whereas vincristine transport by MRP-enriched 
membrane vesicles is demonstrable only in the presence of reduced glutathione. Several potential physiologic 
substrates of MRP including leukotriene C, and 17@-estradiol-17s(P-D-glucuronide) have been identified. In 
contrast, these conjugated organic anions are transported poorly, if at all, by P-glycoprotein. Finally, agents that 
reverse P-glycoprotein-associated resistance are usually much less effective in MRP-associated resistance. An- 
tisense oligonucleotide-mediated suppression of MRP synthesis offers a highly specific alternative approach to 
circumventing resistance mediated by this novel drug resistance protein. BIOCHEM PHARMACOL 52;7:967-977, 1996. 

KEY WORDS. multidrug resistance; transmembrane protein; vincristine; glutathione; leukotriene C,; antisense 
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Inherent or acquired MDR” is a major barrier to the success 
of chemotherapy. In vitro, MDR appears after exposure of 
cells to a single drug, which is almost always a natural 
product, and is characterized by resistance to structurally 
unrelated compounds with different subcellular targets. 
Only two human proteins are presently known that can 
cause this form of multidrug resistance. The first to be iden- 
tified was P-glycoprotein, a 170 kDa transmembrane phos- 
phoglycoprotein [l, 21. P-glycoprotein acts as an energy- 
dependent outward transport pump, removing drugs from 
the cytoplasm and/or directly from the plasma membrane, 
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thereby decreasing intracellular drug accumulation. Over- 
expression of P-glycoprotein has been demonstrated to be a 
relatively common occurrence in some human tumours [3], 
but it does not explain all instances of MDR in viva or in 
drug-selected cell lines characterized by lowered drug accu- 
mulation or increased drug efflux. 

Recently, we cloned an mRNA encoding a second MRP 
from the MDR small cell lung cancer cell line H69AR [4]. 
Although H69AR cells have a phenotype similar to MDR 
cell lines that overexpress P-glycoprotein, they do not over- 
express this transporter [S-7]. Instead, their MDR pheno- 
type is now known to be associated primarily with elevated 
levels of 190 kDa MRP [4]. In this review, we will focus on 
the pharmacological properties of MRP-overexpressing 
cells and will discuss current knowledge concerning the role 
of MRP in normal and malignant cells. 

MRI? STRUCTURE 

Computer-assisted analysis of the open reading frame of 
MRP mRNA suggested that it encoded a member of the 
ABC superfamily of transmembrane transporters [4,8]. The 
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MRP polypeptide was predicted to be 171 kDa and, like 
many vertebrate members of the ABC superfamily, to con- 
tain two NBDs, each preceded by a multi-spanning trans- 
membrane region. Initially, a membrane topology was pro- 
posed, based solely on hydropathy analyses of the predicted 
human MRP amino acid sequence, consisting of an NH,- 
proximal region that spanned the membrane eight times 
and a COOH-proximal region that contained only four 
membrane-spanning helices [4]. More extensive compara- 
tive analyses of the hydropathy profiles of human MRP and 
its highly conserved murine homolog with those of several 
P-glycoproteins suggest that this model is incorrect [9]. The 
hydropathy profiles of the MRPs and P-glycoproteins, when 
aligned at their COOH termini, are very similar despite the 
fact that the amino acid sequence identity between the two 
proteins is very low (approximately 15%) and restricted to 
the cytoplasmic, generally conserved NBDs [4]. This sug- 
gests that the MRPs may have two transmembrane domains 
with topologies similar to those present in the P-gly- 
coproteins, plus an NH,-proximal hydrophobic domain of 
approximately 230 amino acids that contains up to six ad- 
ditional membrane-spanning helices (Fig. 1) [9]. Three re- 
cently identified ABC transporters may also have topolo- 
gies similar to MRP. These include the p cell sulfonylurea 
receptor which is involved in regulating insulin secretion 
[lo], the proposed MOAT defective in the congenitally 
hyperbilirubinemic TR- rat [Ill, and the yeast cadmium 
resistance factor YCFl [12]. 

positioning of the transmembrane helices. Regardless of 
whether two or three sites are, in fact, exposed on the cell 
surface, the model predicts that both NH,- and COOH- 
proximal halves of the protein are glycosylated, and this has 
been confirmed experimentally (unpublished observa- 
tions). The mature protein is relatively stable with a half- 
life of approximately 20 hr. However, a significant percent- 
age of the protein produced in both drug-selected and trans- 
fected cells is degraded rapidly in the endoplasmic 
reticulum [13]. Whether this process is regulated or not is 
currently unknown. The precise location of the phosphor- 
ylated serine residues and their functional importance is 
also not known. In P-glycoprotein and cystic fibrosis trans- 
membrane conductance regulator, phosphorylation occurs 
predominantly in the so-called “linker” region of these pro- 
teins [15-171, and this may also be true of MRP. The pro- 
tein kinases responsible for the phosphorylation of MRP 
have not been identified, although preliminary inhibitor 
studies have suggested that PKC may be involved [14]. 
However, comparison of the human and murine MRP 
amino acid sequences through the linker region reveals 
only a low level of conservation of potential PKC phos- 
phorylation sites between these two, otherwise highly con- 
served, homologs. 

The amino acid sequence of MRP contains variants of 
the so-called Walker motifs involved in ATP binding, as 
well as potential sites for a variety of post-translational 
modifications [4]. Biochemical studies using drug-selected 
cells and MRP-transfected cells have confirmed that MRP 
can bind ATP [13]. The protein has also been shown to be 
glycosylated and phosphorylated, primarily on serine resi- 
dues [13, 141. Pulse-chase experiments combined with gly- 
cosidase digestion have demonstrated that the unmodified 
MRP polypeptide has an apparent mass of 170 kDa and is 
processed into a mature 190 kDa form by the addition of 
N-linked complex oligosaccharides [13]. The topological 
model of human MRP (Fig. 1) predicts that only two or 
possibly three of its eleven potential glycosylation sites are 
external to the plasma membrane, depending on the precise 

RESISTANCE PATTERNS 
ASSOCIATED WITH OVEREXPRESSION 
OF MRI? 

The MDR H69AR cells from which MRP was cloned ex- 
hibit a 50-fold resistance to doxorubicin, the drug used for 
their selection [5, 71. H69AR cells are also resistant to a 
variety of other natural product drugs, many of which are 
lipophilic cations at physiologic pH [7, 181. A similar pat- 
tern of resistance has been described in other cell lines 
overexpressing MRP and typically includes cross-resistance 
to anthracyclines, epipodophyllotoxins, and Vinca alka- 
loids, but not anti-metabolites or platinum-containing 
drugs. Although the resistance profiles of drug-selected 
MRP or P-glycoprotein-overexpressing cell lines are simi, 
lar, demonstrable differences exist. These differences are 
also apparent when cells transfected with one or the other 
of the two proteins are compared. In contrast to P-glyco, 
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FIG. I. A predicted secondary structure of MRJ?. Lie all members of the ABC superfamily of transport proteins, each half of 
MRP is predicted to consist of several membrane-spanning segments, followed by a cytosolic NBD. The model shown is based 
on a comparison of human and murine MRP with several other ABC transporter proteins [9]. 
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protein-overexpressing cells, MRP-transfected HeLa cells 
are resistant to certain heavy metal oxyanions (e.g. arse- 
nite), but not to mitoxantrone, and they show only low 
level resistance to colchicine and taxol [19]. The resistance 
profile of murine NIH 3T3 cells transfected with human 
MRP is similar to that reported for transfected HeLa cells 
but taxol resistance was not observed [20]. MRP-transfected 
human SW 15 73 lung cancer cells also have a similar profile 
except that they are relatively more resistant to colchicine 
than the anthracyclines, and are not resistant to taxol or 
arsenite [21, 221. Although it is possible that these differ- 
ences may be attributable to the cell type used for trans- 
fection, they may also be explained by differences in the 
levels of MRP in the various transfectants. 

Overexpression of either P-glycoprotein or MRP, or in 
some cases both protein, can clearly be caused by exposure 
to the same types of drugs. Although MRP-associated MDR 
has been observed most frequently after selection of cells 
with doxorubicin, MRP-overexpressing cells selected in 
VP-16, vincristine, epirubicin, and novobiocin have now 
been described [23], as well as cell lines expressing both 
proteins [24-261. What determines whether MRP or P- 
glycoprotein will be overexpressed is not known. It has 
been suggested that overexpression of MRP may confer ini- 
tial low levels of resistance, while overexpression of P- 
glycoprotein may appear later, in response to higher drug 
concentrations. In several studies, including those with hu- 
man myeloid leukemia cells after doxorubicin selection 
[24], human lung cells after VP-16 selection [25], and blad- 
der cells after doxorubicin selection [26], it has been shown 
that MRP is overexpressed early during selection in rela- 
tively low concentrations of drug. During subsequent selec- 
tion in higher drug concentrations, expression of MRP may 
decrease or remain constant and overexpression of P- 
glycoprotein may emerge. However, this does not occur in 
all cases. For example, we found that repeated exposure of 
H69AR cells to higher concentrations of doxorubicin did 
not result in higher levels of resistance or in the overex- 
pression of P-glycoprotein (unpublished observations). In 
contrast, parental H69 cells subjected to a similar selection 
protocol in a different laboratory resulted in a resistant cell 
line that overexpressed P-glycoprotein rather than MRP 
[27]. Whether these in vitro observations have implications 
for the development of acquired, clinical MDR remains to 
be established. 

MRP AND DRUG 
ACCUMULATION, EFFLUX, 
AND DISTRIBUTION 

Most drug-selected cells that overexpress MRP, including 
the leukemic cell line HMO/ADR and the lung cancer cell 
lines COR-L23/R and GLC4/ADR, show a decrease in drug 
accumulation accompanied by enhanced drug efflux [28- 
30]. However, in MRP-overexpressing MCF7/VP cells, de- 
creased accumulation was not associated with a detectable 
increase in drug efflux [31]. Differences in the pharmaco- 

logic properties of drug-selected cells are difficult to inter- 
pret because of the possibility of multiple changes occurring 
during the selection process. This complication is dimin- 
ished by using transfected cells, and MRP transfectants 
have been uniformly found to display a decrease in drug 
accumulation [19-211. Whether reduced accumulation can 
be completely explained in all cases by an increase in efflux 
has not been firmly established. 

MRP has been reported to be located predominantly in 
the plasma membrane of several cell lines including MRP- 
transfected HeLa and SW1573 cells, as well as the drug- 
selected cell lines H69AR, COR-L23/R, and GLC4/ADR 
[13, 32, 331. The localization of MRP in the plasma mem- 
brane supports a role for this protein as an efflux pump. In 
HMO/ADR cells and certain other cells, however, MRP has 
been reported to be mainly in the endoplasmic reticulum or 
associated with cytoplasmic structures, possibly the Golgi 
apparatus [32,34-361. Thus, under some conditions and in 
some cell types, significant amounts of MRP appear to be 
located in intracellular membranes. Whether MRP in all of 
these intracellular compartments contributes to the drug 
resistance phenotype is unknown. 

Digitized video fluorescence microscopy has been used to 
take advantage of the fluorescence properties of anthracy- 
clines (daunorubicin, doxorubicin) to examine intracellular 
drug distribution. In drug-selected MRP-overexpressing 
cells, alterations in drug localization have been observed in 
addition to enhanced drug efflux. It has been found that in 
sensitive cells, these drugs localize to the nucleus and cy- 
toplasm with a high nuclear/cytoplasmic ratio. In contrast, 
anthracyclines accumulate mainly in the perinuclear region 
or in cytoplasmic vesicles in resistant cells, and much less in 
the nucleus [34, 37, 381. It should be borne in mind that 
alterations in drug distribution have also been reported in 
P-glycoprotein-overexpressing cells [39,40], indicating that 
this property is not associated exclusively with overexpres- 
sion of MRP. The perinuclear site could include the Golgi 
apparatus where maturation of proteins occurs, as suggested 
by colocalization studies with fluorescent ceramide deriva- 
tives specific for different organelles [4I, 421. In some cases, 
incubation of cells with ATP inhibitors, or at temperatures 
below 18”, restores normal cell distribution of drugs, indi- 
cating that sequestration is energy dependent [37, 43, 441. 
Several compounds including brefeldin A and bafilomycin 
also restore nuclear accumulation of anthracyclines in some 
but not all resistant cells [34, 451. However, it has not been 
possible to correlate redistribution of drug by these agents 
with enhanced sensitivity because these compounds restore 
accumulation only when used at toxic concentrations [45]. 
Consequently, the functional importance of these changes 
in drug distribution with respect to the drug resistance phe- 
notype of these cells remains uncertain. Nevertheless, it is 
tempting to speculate that MRP located on intracellular 
membranes could be involved in this drug redistribution. 

Although we have observed marked changes in dauno- 
rubicin distribution in drug-selected H69AR cells when 
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compared with parental H69 cells [37], we also found that 
patterns of distribution could be altered significantly by 
varying the drug concentration and incubation time, as 
reported by others [34,38,43]. Nevertheless, after exposure 
of H69 and H69AR cells to relatively low concentrations of 
daunorubicin (0.5 PM) (with and without washing, and 
with and without time for drug efflux), we found that the 
drug localized to the nucleus and the nuclear membranes in 
sensitive H69 cells as expected, but in H69AR cells fluo- 
rescence was primarily localized to the cytoplasm in a punc- 
tate pattern. However, no significant differences in dauno- 
rubicin distribution could be demonstrated in MRP- 
transfected HeLa cells although many different conditions 
were tested (unpublished observations). These observations 
suggest that cell type, level of MRP expression, or other 
ancillary changes in the drug-selected cells may contribute 
to the cytoplasmic sequestration observed in H69AR and 
possibly other MRP’ cells. In contrast, Kruh and colleagues 
[20] transfected human MRP cDNA into murine NIH 3T3 
cells and observed a punctate extranuclear pattern of dau- 
norubicin fluorescence in the transfected cells compared 
with the nuclear fluorescence in control cells. The reason 
for the discordant findings between these two transfected 
cell populations is unclear, but may reflect differences be- 
tween the cells into which the MRP DNA was transfected. 

thus ultimately drug resistance [46, 471. In some cases, the 
pH, of drug-selected P-glycoprotein and non-P-glycopro- 
tein-resistant cell lines has been found to differ from that of 
the respective drug-sensitive parental cell line [48-501. To 
determine whether overexpression of MRP resulted in 
changes in pHi, we carried out a series of flow cytometry 
experiments with the pH indicator dyes SNARF and 
BCECF. These studies revealed that although dye accumu- 
lation in both H69AR and MRP-transfected HeLa cells was 
reduced by 80-90% compared with their sensitive counter- 
parts (Table l), there were no significant differences in pH, 
between resistant and sensitive cells (Fig. 2). These data are 
consistent with those of other investigators using MRP- 
transfected lung cells [21] and suggest that changes in the 
pH gradient across the plasma membrane do not make a 
significant contribution to MRP-mediated resistance. Pres- 
ently, however, the possibility cannot be excluded that in 
certain cell types, MRP expressed on intracellular mem- 
branes could alter the pH gradient across the vesicular 
membrane(s) and in this way increase drug sequestration. 

MRP TRANSPORT ACTIVITY 
Transport of Endobiotic Substrates 

The anthracyclines and Vinca alkaloids are weak bases that 
are charged molecules in neutral and acidic environments, 
suggesting that changes in pH, can alter the proportion of 
drug within the cell that is protonated. In their cationic 
form, the drugs are less able to diffuse across plasma or 
vesicular membranes. Consequently, pH, has the potential 
to influence both drug accumulation and sequestration, and 

There is now considerable evidence that MRP can function 
as a high affinity transporter of cysteinyl leukotrienes, most 
notably the GSH-conjugate LTC, [51-531. This arachi- 
donic acid derivative and its metabolites, LTD, and LTE,, 
are active components of the “slow reacting substance of 
anaphylaxis.” They are involved in the control of vascular 
permeability and smooth muscle contraction and have been 
implicated in the pathogenesis of asthma [54]. Initially, 
elevated levels of ATP-dependent transport of LTC, and 
certain other GSH conjugates were demonstrated in mem- 
brane vesicles from drug-selected HMO/ADR cells [55]. 

TABLE 1. Relative accumulation of fluorescent pH indicator dyes and cal- 
cein-AM in transfected (T5) and drug-selected (H69AR) MRP- 
overexpressing cells 

Relative accumulation*( %) 

Compound 

SNARF- 1 -AM? 
BCECF-AMS 
Calcein-AM 

Cl T5 H69 H69AR 

100 f 14 3.4 + 1.1 47.6 + 9.4 4.6 + 4.1 
100 f 33 11.7 + 6.7 140 k 64 26.9 k 14.8 
100 + 25 12.4 k 5.3 47.1 k 17.6 9.1 * 4.0 

* Control transfected (Cl) and MRP-transfected (T5) HeLa cells and parental H69 and doxorubicin- 

selected MRP-overexpressing H69AR cells (1 x lo6 cells/ml) were incubated with calcein-AM (2 PM), 

SNARF-l-AM (5 PM), or BCECF-AM (2 pg/mL) for 30-40 min at 37”. Cells were washed (except for 

cells incubated with calce~n-AM), and then analyzed wth a Coulter EPICS Eke flow cytometer at an 

excitation wavelength of 488nm. Fluorescence emitted from cells incubated with c&em-AM was mea- 

sured through a 525 nm bandpass (20 nm bandwidth) filter. Fluorescence from cells incubated with 

SNARF-l-AM was measured through 575 nm bandpass (15 nm bandwdth) and 630 nm bandpass (5 nm 

bandwidth) filters. Fluorescence from cells Incubated wth BCECF-AM was measured through 525 nm 

bandpass (20 nm bandwidth) and 630 nm bandpass (5 nm bandwdth) filters. Ten thousand cells were 

counted, and data are expressed as a percentage of fluorescence ,n control transfected HeLa (Cl) cells. The 

results shown are the means k SD of values obtamed m 3-5 Independent experiments. All fluorescent 

compounds were obtained from Molecular Probes (Eugene, OR). 

t S- (and -6)sCarboxy SNARF”-1 acetoxymethylester. 

$2’, 7’-BIS (2-carboxyethyl)-5 (and -6).carboxyfl uo~escem acetoxymethylester. 
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FIG. 2. Intracellular pH in MRP-overexpressing drug-selected 

(H69AR) and transfected HeLa (T5) cells and their sensitive pa- 

rental cells. Cells (1 x lO’/mL) were incubated with 5 pM SNARF@- 

l-AM (Molecular Probes, Eugene, OR) for 40 min at 37”, washed, 

and then analyzed on a Couher Epics Elite flow cytometer. Fhto- 

rescence excitation was at 488 nm, and fluorescence emission was 

measured after passing through 575115 and 63015 bandpass Wets. 

Ten thousand cells were counted, and pH was calculated from the 

ratio of 630/575 nm fluorescence using a calibration curve. This 

curve was generated by labelling cells with SNARF- 1 -AM followed 

by resuspension in high [K’] buffers at diierent pHs ranging from 

6.4 to 8.2 (increments of 0.2 pH units). After addition of nigericin 

(5 pg/mL) to equilibrate the pH inside and outside the cell, fluores- 

cence ratios were determined and plotted against pH. Bars repre- 

sent the means * SD of values obtained in 3-6 independent experi- 

ments (indicated in parentheses). 

[3H]LTC, was also shown to photolabel a 190 kDa protein 
present at relatively high levels in these vesicles and label- 
ling of the protein could be prevented by the LTD, receptor 
antagonist, MK571 [51]. The ability of MRP to bind and 
transport LTC, has been confirmed and extended using 
membrane vesicles derived from both drug-selected and 
MRP-transfected cells [51-531. We have provided immu- 
nological proof that the 190 kDa protein photolabelled 
with [3H]LTC, is MRP and have shown that both LTC, 
transport and photolabelling can be inhibited by the MRP- 
specific monoclonal antibody QCRL-3, which recognizes a 
conformation-dependent epitope of the protein [53, 561. 
These studies indicate that direct binding of LTC, to MRP 
precedes transport. 

Several other potential physiological substrates for MRP 
have also been identified by direct transport studies, among 
them glutathione disulfide (oxidized glutathione) and ste- 
roid glucuronides such as 178estradiol 17-( P-D glucuro- 
nide) [57,58]. Many organic anions have been shown to act 
as competitive inhibitors of either LTC, or 178estradiol 
17-( P-D glucuronide) transport, some of which are also can- 
didates for physiological substrates. These include a wide 

971 

range of anionic conjugates of bile salts and steroid hor- 
mones [57-591. The broad substrate specificity of MRP for 
organic anions prompted the suggestion that MRP may be 
the MOAT. The function of this transporter had been stud- 
ied extensively for a number of years, but it had not been 
characterized physically. In rodent liver, cMOAT mediates 
the biliary excretion of endogenous and exogenous com- 
pounds following their modification by Phase II conjugat- 
ing enzymes to form amphiphilic anions. Hepatocanalicular 
MOAT has also been shown to be functionally defective in 
the congenitally conjugated hyperbilirubinemic TR- rat 

K31. 
Despite certain common pharmacologic features of 

MRP- and MOAT-mediated transport, several lines of evi- 
dence indicate that they are different proteins, the most 
compelling being the recent cloning of a novel canalicular 
ABC transporter from rat liver [ 111. This cloned transporter 
has yet to be characterized functionally. However, it has 
been designated as cMOAT because it is expressed pre- 
dominantly in the hepatocanalicular membrane, whereas 
the majority of hepatic MRP appears to be located basolat- 
erally [61]. Thus, it appears likely that cMOAT may be 
involved in hepatocanalicular organic anion transport, 
whereas MRP may carry out a similar function in non- 
hepatic tissues and possibly basolateral membranes in he- 
patocytes. 

Consistent with its proposed identity, the putative 
cMOAT mRNA in the TR- rat contains a frameshift mu- 
tation that results in substantially reduced levels of the 
protein in hepatocanalicular membranes [ll]. The size of 
cMOAT is similar to that of MRP, but its predicted amino 
acid sequence is only 48% identical. This level of identity 
is not much higher than that found between MRP (or 
cMOAT) and the yeast cadmium resistance protein YCFl, 
indicating a relatively ancient divergence of these two 
mammalian transporters when compared with that leading 
to diversification of mammalian P-glycoprotein isoforms. 

Transport of Chemotherageutic Drugs 

Although MRP has been shown to reduce cellular accumu- 
lation of at least some of the drugs to which it confers 
resistance, such as daunorubicin, VP-16, and vincristine, it 
has not been possible to demonstrate direct transport of 
these compounds or other unmodified chemotherapeutic 
drugs by MRP-enriched membrane vesicles [52, 53, 581. 
These chemotherapeutic agents have also been found to be 
very poor inhibitors of LTC, transport [52, 531. Further- 
more, photoactivatable analogs of doxorubicin and vinblas- 
tine that have been shown to label P-glycoprotein appear 
not to bind to MRP [19,62]. These observations, combined 
with the demonstrated ability of MRP to transport cysteinyl 
leukotrienes, led to the suggestion that MRP reduced drug 
accumulation, not by transporting unmodified drugs di- 
rectly, but by effluxing drugs after their conjugation to 
GSH. This hypothesis was attractive, in part, because it 
provided a plausible explanation for the broad cross- 
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resistance associated with overexpression of MRP. How- 
ever, GSH conjugation is not known to be an important 
pathway for the biotransformation of chemotherapeutic 
agents to which MRP confers resistance and there is no 
evidence that this reaction occurs to any significant extent 
in drug-resistant tumor cell lines. Moreover, GS-conjugates 
of daunorubicin or vincristine are not detectable in the 
culture medium of MRP-overexpressing cells exposed to 
either of these two drugs [22]. Alternative possibilities cur- 
rently under investigation are that MRP can co-transport 
GSH and drug without conjugate formation, or that GSH 
facilitates drug transport by an as yet undefined mechanism. 
Although oxidized GSH is transported by MRP, reduced 
GSH appears not to be a substrate [57], nor does it inhibit 
transport of other compounds [53]. However, we recently 
determined that the ability of vincristine and vinblastine to 
inhibit LTC, transport is enhanced markedly by the addi- 
tion of physiological concentrations of GSH [53]. A similar 
enhancement was not observed with other reducing agents 
such as dithiothreitol, 2-mercaptoethanol, or L-cysteine, in- 
dicating a very specific requirement for GSH. Consistent 
with its effect on the inhibitory potency of the Vinca alka- 
loids, GSH also increased direct transport of vincristine in 
membrane vesicles derived from MRP-transfected cells 
[53]. In the absence of GSH, vincristine transport was ex- 
tremely low and showed no ATP dependence. In the pres- 
ence of increasing physiological concentrations of GSH, 
ATP-dependent vincristine transport was enhanced mark- 
edly in a concentration-dependent fashion [53]. It remains 
to be determined whether a co-transport mechanism is in- 
volved or whether GSH causes a change in MRP structure 
that facilitates drug binding and/or transport [53, 631. 

Detection of MRP Transport Actiwity 

The identification of MRP as a transport protein has 
prompted a search for substrates that will allow MRP ac- 
tivity to be measured in intact human tumour cells and to 
be distinguished from the transport activity of P- 
glycoprotein. However, no suitable MRP-specific substrate 
has yet been identified. P-glycoprotein can extrude a num- 
ber of lipophilic fluorescent dyes commonly used in cell 
biology [64, 651. Flow cytometric measurement of efflux of 
one of these dyes, Rh123, has become a popular method for 
assessing P-glycoprotein function, particularly in hemato- 
logical malignancies [66-701. For reasons that are not yet 
understood, it takes a remarkably long time to reach steady- 
state levels of this compound in cells that overexpress MRP. 
In our MRP-transfected HeLa cells, steady-state levels of 
Rh123 were not achieved at 1 hr, and at this time levels of 
accumulation did not differ significantly from those in con- 
trol cells. A similar delay in achieving steady-state condi- 
tions and displaying differential Rh123 accumulation has 
been observed by others when comparing both drug- 
selected and transfected MRP-overexpressing cells with 
their drug-sensitive counterparts [63, 71, 711. In contrast, 
efflux from MRP’ cells preloaded with Rh123 is increased 

markedly compared with parental cells [71] (unpublished 
observations). Thus, while rapid establishment of steady- 
state levels of reduced Rh123 accumulation may be indica- 
tive of P-glycoprotein activity, increased efflux of this dye 
can be attributable to the activity of either transporter. 

In contrast to the results obtained with Rh123, we have 
observed reduced accumulation of calcein acetoxymethyl- 
ester (calcein-AM) in H69AR cells, as well as in MRP- 
transfected HeLa cells (Table 1). Others have also reported 
in several different MRP-overexpressing cell lines that cal- 
cein-AM retention is decreased and concluded that cal- 
cein-Am is a better substrate for MRP than Rh123 because 
it displays a larger and more rapid differential accumulation 
efflux [72-741. However, calcein-AM is also a substrate for 
P-glycoprotein [65]. The lack of suitable dye substrates with 
which to distinguish the activities of MRP and P- 
glycoprotein has resulted in a search for compounds that 
can selectively inhibit the activity of one or the other trans- 
porter. Feller et al. [72, 731 tested several fluorescent com- 
pounds (Rh123, daunorubicin and calcein-AM) in combi- 
nation with several potential inhibitors (PSC 833, vincris- 
tine, genistein) in a panel of drug-selected MRP’ cell lines. 
On the basis of these and other studies, they have suggested 
that the Rh123 efflux in the presence and absence of cy- 
closporin A can be used to estimate P-glycoprotein activity 
and that daunorubicin efflux in the presence and absence of 
genistein can be used to provide an indication of MRP 
activity. They also found that the effect of PSC 833, which 
has been demonstrated previously to be an inhibitor of 
P-glycoprotein-mediated transport, varied markedly among 
the different MRP’ cell lines [72]. On the other hand, the 
modulation of anthracycline accumulation by the tyrosine 
kinase inhibitor genistein was found to be rather specific for 
MRP-overexpressing cells [72, 75, 761. However, the effect 
required high concentrations of genistein (>200 PM), 
which are generally quite toxic to many types of cells [76]. 
Furthermore, in our MRP-transfected HeLa cells, we found 
that genistein (100 FM) had no effect on either calcein- 
AM accumulation or R123 efflux (unpublished observad 
tions), and the effect of 200 FM genistein on daunorubicin 
accumulation in MRP-transfected SW1573 cells was also 
very small [72]. The mechanism by which high concentra- 
tions of genistein influence MRP activity is unclear, and it 
does not appear to be effective in all cell types. 

REVERSAL OF MRP-ASSOCIATED RESISTANCE 

MRP overexpression has been detected in a wide variety of 
human and mouse drug-selected cell lines from various tis- 
sues, as well as in non-selected human tumor cell lines, 
including those derived from small cell and non-small cell 
lung, colon, gastric, breast, and ovarian carcinomas, neu- 
roblastoma, thyroid, and glioma [23, 77, 781. Expression of 
MRP protein or its mRNA has also been detected in tumor 
samples from patients with chronic and acute leukemias 
and a variety of carcinomas from different tissue types [23, 
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261. Because of its widespread occurrence in human tumors, 
there is considerable interest in identifying ways in which 
MRP-mediated resistance can be reversed. 

One pharmacological approach to circumventing drug 
resistance is to employ agents that enhance the cytotoxicity 
of known antineoplastic agents (so-called modulators or 
chemosensitizers). While many compounds have been 
proven to be very efficient at inhibiting P-glycoprotein ac- 
tivity [79], few of these are as active on MRP. For example, 
verapamil and cyclosporin A, which are well characterized 
inhibitors of P-glycoprotein, usually show no, or only a 
small effect, on drug sensitivity and transport in drug- 
selected and MRP-transfected cells [7, 19, 21, 80-821. 
Compounds reported to reverse MRP-associated resistance 
to a significant degree in at least one model system, include 
the dihydropyridines nicardipine and NIK 250 [80, 831, 
difloxacin [84], the bisindolymaleimide GF109203X [85], 
MK 571 [86], the tiapamil analog DMDP [7], and the cy- 
closporin analog PSC 833 [81]. Sensitization by these com- 
pounds is often dependent on the drug and type of cells 
tested. For example, in HL60/AR cells, GF109203X com- 
pletely reversed vincristine resistance but has less effect on 
doxorubicin resistance whereas in GLC4/ADR cells, 
GF109203X only partially reverses vincristine resistance 
[85]. In contrast, we were unable to show any significant 
effect on this compound on either vincristine or doxorubi- 
tin resistance in MRP-transfected HeLa cells (Fig. 3). 

Gekeler et al. [86] reported that the LTD, receptor an- 
tagonist MK571 also modulated resistance of HMO/AR and 

25 

00. -01 0.1 1 10 
doxorubicin (#A) 

FIG. 3. Effect of GF109203X on doxorubicin resistance in MRP- 

transfected (T5) HeJ_a cells. Chemosensitivity was measured using 

the MTT assay [18, 871. Cells were set up at 1 x lo4 cells/well in 

microtiter plates on day 0. Doxorubicin and GF109203X (1 pM) 

were added on day 1, and cell viability was measured on day 5. Each 

point represents the mean of quadruplicate determinations in a 

typical experiment. Error bars have been omitted for clarity but SD 

were < 10%. 

GLC4/ADR cells to vincristine and, to a lesser extent, 
doxorubicin. MK571 competes for LTC, binding and trans- 
port in MRP-enriched membrane vesicles [51]. However, 
the apparent sensitizing effect of this compound in intact 
cells is somewhat surprising because the LTD, receptor is 
expressed on the cell surface and MK571 is relatively hy- 
drophilic with a limited ability to cross the plasma mem- 
brane. Finally, the isoflavanoid genistein, which has little 
or no effect in MRP-transfected cells, has been reported to 
inhibit daunorubicin efflux in several drug-selected MRP’ 
cell lines including GLC4/ADR [75, 761. However, this 
effect was observed only at toxic concentrations precluding 
the use of genistein as a reversing agent in vitro or in uivo. 

The compounds reported to inhibit MRP-associated drug 
efflux or to at least partially reverse MRP-associated resis- 
tance share little or no structural similarity. As has been the 
case in the search for P-glycoprotein-reversing agents, it is 
difficult to propose a rational strategy for the synthesis of 
more specific inhibitors of MRP. Consequently, a large 
scale screening approach using MRP-transfected cells may 
be the most efficient way to identify reversing agents spe- 
cific for this resistance protein. 

Depletion of CjSH 

The observation that membrane vesicles from MRP- 
overexpressing cells could transport the glutathione conju- 
gate LTC, suggested that intracellular GSH levels might be 
involved in MRP-associated drug resistance. The levels of 
GSH in transfected and drug-selected MRP’ cells relative 
to their sensitive parental cells vary from being consider- 
ably lower in some (e.g., H69AR [88], COR-L23/R [63], 
MCF7/VP [89] and MRP-transfected HeLa T5 cells (Fig. 
4), to being comparable (e.g. MRP-transfected SW1573 
cells [22]) or significantly higher (e.g. GLC4/ADR cells [22, 
631) in others. To explore further a possible role for GSH, 
we and others have tested the y-glutamylcysteine synthe- 
tase inhibitor BSO for its ability to reverse resistance in 
MRP-overexpressing cells. As with other “modulators,” 
there is considerable variation in the amount of chemosen- 
sitization achieved in different model systems, and the basis 
of this variability is not understood. In some cells, sensiti- 
zation by BSO is complete for certain chemotherapeutic 
drugs but not for others [22,86,88, 89,911. For example, in 
MRP-overexpressing drug-selected MCF7/VP cells, sensi- 
tivity to vincristine was completely restored by BSO, 
whereas the reversion was only partial for VP-16 resistance 
[89]. In H69AR cells, we found that BSO restored vincris- 
tine but not doxorubicin sensitivity, and similar results were 
obtained in MRP-transfected HeLa T5 cells ([88] and un- 
published observations). In contrast, in HL60/AR cells, 
BSO restored sensitivity to both drugs [86,92]. Zaman et al. 
[22] reported that BSO decreased daunorubicin efflux from 
MRP-transfected lung tumour cells but not from MDRl- 
transfected cells. However, BSO caused a significant in- 
crease in daunorubicin sensitivity in both resistant cell 
types. These results suggest that the BSO effect may not be 
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FIG. 4. Total GSH levels in MRP-transfected (T5) and control (Cl) 
tmnsfected HeLa cells. The levels of total oxidized and reduced 
GSH were determined by the spectrophotometric method of Tietze 

1901. 

completely specific for MRP-associated resistance [93]. 
Moreover, depletion of GSH by BSO could have a variety 
of effects on signal transduction pathways that may indi- 
rectly influence MRP- or I’-glycoprotein-mediated resis- 
tance. Thus, the precise mechanism by which BSO in- 
creases drug sensitivity in certain instances remains to be 
determined. 

Alternative Approaches to Reversing Drug Resistance 

One alternative approach to circumvention of MRP- 
mediated resistance is the use of antisense oligonucleotides 
or synthetic catalytic RNAs (ribozymes) to reduce MRP 
expression by targeting in a sequence specific manner the 
mRNA coding for MRP. These approaches avoid any de- 
pendence on protein structure and function and have been 
used with some success to reverse P-glycoprotein-mediated 
resistance in vitro 194-961. We recently described a series of 
phosphorothioate oligonucleotides that reduce MRP 
mRNA and protein expression in MRP-transfected HeLa 
cells [97]. The decrease in MRP mRNA by one of these 
oligonucleotides, ISIS 7597, was shown to be very rapid and 
complete, and likely to result from RNase H-mediated 
cleavage of the mRNA. This was demonstrated by the de- 
tection of two appropriately sized degradative mRNA frag- 
ments from ISIS 7597-treated cells in northern blot analysis 
with two DNA probes specific to the 5’ and 3’ ends of MRP 
mRNA, respectively. However, the decreases in MRP 
mRNA and protein levels were short-lived, and only a par- 
tial sensitization to doxorubicin was observed [97]. Further 
investigation of MRP-specific oligonucleotides that have 
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been modified chemically (e.g. at the 2’OH position of the 
sugar moiety) is ongoing. Such modified molecules may be 
more effective at reducing MRP expression for more pro- 
longed periods of time and, consequently, be capable of 
more complete reversal of MRP-mediated resistance. Test- 
ing of these MRP-specific antisense oligonucleotides in ani- 
mal models is also in progress. 

CONCLUSION 

At present, two proteins have been demonstrated un- 
equivocally to cause MDR in human tumour cells, the 170 
kDa P-glycoprotein and the 190 kDa MRP. While both 
proteins belong to the ABC superfamily of transport pro- 
teins, they are structurally quite distinct molecules. In- 
creased levels of MRP have been found in cells displaying 
low levels of resistance, and in several instances its over- 
expression has been shown to precede that of P- 
glycoprotein during drug selection. This observation, com- 
bined with the fact that resistance is usually low in clinical 
samples compared with drug-selected cell lines, suggests 
that MRP may be more relevant in clinical drug resistance. 
The drug cross-resistance profiles of cells that overexpress 
MRP or P-glycoprotein are similar but clearly not identical. 
Furthermore, the potential physiologic substrates of MRP 
are transported poorly or not at all by P-glycoprotein. There 
also appear to be fundamental differences in the mecha- 
nisms by which the two proteins transport chemotherapeu- 
tic drugs. Finally, agents that can reverse one type of resis- 
tance are usually much less effective in the other. These 
differences in cross-resistance profiles, mechanism of ac- 
tion, and sensitivity to reversing agents represent a signifi- 
cant challenge in the design of treatment protocols effec- 
tive against both drug-resistance proteins. They also serve 
to emphasize the importance of developing reliable diag- 
nostic methods to identify the causes of MDR prior to the 
design and implementation of a therapeutic regimen. 
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