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Scope of this thesis

Drug resistance is a major impediment in successful treatment of malignancies. Failure
of chemotherapy can be caused by intrinsic resistance of the tumour and/or acquired
resistance developed during drug treatment. Treatment with one specific anticancer
drug often results in cross-resistance against a broad range of structurally unrelated
drugs. This phenomenon is known as multidrug resistance (MDR). To examine the
MDR phenotype in vitro, cell lines from various types of tumours have been isolated
and are further selected for resistance against a particular drug.

Several MDR mechanisms have been identified but the discovery of the MDR1-P-
glycoprotein (MDR1) was a breakthrough in understanding the MDR phenotype of
cancer cells.1 MDR1 is a 170 kD integral membrane protein and is member of the
ATP-binding cassette (ABC) transport protein superfamily. This superfamily is one of
the largest protein families known today. Members of this transporter family are active
in many organisms ranging from bacteria to human and are of fundamental importance
in cellular processes.2

Overexpression of MDR1 confers drug resistance to a broad range of natural
product drugs by an ATP-dependent extrusion of these compounds resulting in
decreased intracellular levels.3 Transport experiments with membrane vesicles from
MDR1-overexpressing cells showed that this protein can directly transport many
anticancer drugs in an ATP-dependent manner. Various tumour cell lines selected for
resistance against a particular anticancer drug showed overexpression of MDR1.
However, similar selection protocols revealed also MDR cell lines without MDR1
overexpression. Differential hybridization of DNA from these cells with DNA isolated
from the sensitive counterpart identified a second drug resistance-related ABC
transport protein, the multidrug resistance protein MRP1.4 Similar to MDR1, MRP1 is
an integral membrane protein, with a mass of 190 kD. Although MDR1 and MRP1
confer resistance to a similar, but not identical, group of anticancer drugs they only
share less then 20% amino acid identity. This suggested that the mechanisms by which
drug resistance is comfered by these proteins differ.

The first transport experiments using membrane vesicles from MRP1-
overexpressing cells  showed that in contrast to MDR1, MRP1 is a transporter for
anionic phase II conjugates, particularly glutathione S-conjugates.5-7 This brought up
the question how MRP1 can confer drug resistance to mostly basic anticancer drugs
and whether MRP1 can function as a transport protein for these drugs. These questions
were the aim for the research described in this thesis. The MRP1-overexpressing MDR
GLC4/Adr cell line was used as model system. These cells are derived from the small
cell lung cancer GLC4 cell line by selection with doxorubicin.

In addition, based on its ubiquitous expression in the human body and its substrate
specificity it was proposed that the physiological function of MRP1 is extrusion of
phase II detoxification conjugates.8 This prompted us to investigate the role of MRP1
in protection against oxidative stress products.
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Abstract

The identification of certain members of the large superfamily of ATP binding cassette
transport proteins such as MDR1-P-glycoprotein and the multidrug resistance protein
MRP1 as ATP-dependent drug efflux pumps has been a major contribution in our
understanding of the multidrug resistance phenotype of cancer cells. Importantly, both
transport proteins that exhibit only low structural homology have a very different
substrate specificity but confer resistance to a similar spectrum of natural product
chemotherapeutic drugs. In contrast to the drug transporter MDR1, MRP1 mainly
transports anionic Phase II-conjugates. In addition MRP1-mediated drug resistance is
highly dependent on high intracellular glutathione levels which may be linked to the
apparent physiological involvement of MRP1 in glutathione-related cellular processes.
This review summarizes the current knowledge about functional aspects of MRP1 and
its 5 recently cloned homologues MRP2 - MRP6 and discuss their substrate
specificities and cellular localisation with emphasis on drug resistance.
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Introduction

Development of drug resistance during chemotherapy is a major obstacle in the
successful treatment of human cancers. In vitro studies with tumour cell lines as model
systems have demonstrated that exposure to a single drug often results in cross-
resistance to many other structurally and functionally unrelated compounds. This
phenomenon is known as multidrug resistance (MDR). Among the several identified
drug resistance mechanisms, the ATP-binding cassette (ABC) transport proteins are of
particular interest.

Human ABC transporters were originally associated with drug resistance and cystic
fibrosis.1 The identification of novel members of the ABC family revealed that they
are also involved in several human diseases including Tangier disease, Stargardt
disease,  adrenoleukodystrophy and a group of liver disorders known as progressive
familial intrahepatic cholestasis 2 (see also http://www.med.rug.nl/mdl/humanabc.htm).

The discovery of the ABC transporter MDR1-P-glycoprotein (MDR1) opened a new
research area in understanding the human drug resistance phenotype.3 Overexpression
of this 170-kDa transmembrane protein confers resistance to a wide spectrum of
natural product drugs by an ATP-dependent extrusion of these compounds resulting in
decreased intracellular levels (reviewed in ref. 4). For several years, MDR1 was the
only ABC transport protein associated with drug resistance. However, reports
describing drug resistant cell lines without MDR1-overexpression indicated the
presence of other MDR-conferring proteins.5,6 This led to the identification of a second
drug resistance-related ABC transporter, the multidrug resistance protein (MRP),7

further designated as MRP1 (symbol ABCC1). MDR1 and MRP1 confer resistance to
a similar, although not identical, group of anticancer drugs. However, these proteins
share less than 20% amino acid identity. This suggested that MDR1 and MRP1 confer
drug resistance by different mechanisms. The cloning of the MRP1 homologues MRP2
(ABCC2) 8 and, more recently, MRP3 (ABCC3), MRP4 (ABCC4), MRP5 (ABCC5) and
MRP6 (ABCC6) 9,10 defined a new subfamily of ABC transporters with potential
involvement in drug resistance. This review summarises the current knowledge on the
MRP family with emphasis on its relationship to drug resistance.

MRP1

Mechanisms of MRP1-mediated drug resistance

Sequestration
The relationship between overexpression of MRP1 and drug resistance has been firmly
established (for review see refs. 11,12). Overexpression of MRP1 leads to an increased
ATP-dependent drug efflux resulting in decreased intracellular concentrations.13

However, the level of MRP1 overexpression often does not correlate with the amount
of drug exported from the cells and sometimes MRP1-overexpressing cells do not even
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show an increased drug efflux.7,14,15 Compared to the sensitive counterparts, certain
MRP1-overexpressing, drug-resistant cells show different drug distributions, with
accumulation of the fluorescent drugs doxorubicin or daunorubicin into intracellular
vesicular structures.16-19 A direct link between MRP1 and intracellular doxorubicin
distribution was demonstrated using the MRP1 inhibitor MK571.20 In sensitive cells
doxorubicin accumulated into the nucleus, while in the resistant MRP1-overexpressing
counterparts doxorubicin showed an exclusively cytoplasmic distribution. Treatment of
the resistant cells with MK571 resulted in a redistribution of doxorubicin into the
nucleus.19 This suggested that MRP1 is active in preventing entry of drugs into the
nucleus where several anticancer drugs exert their cytotoxic activity. Besides its
localisation to the plasma membrane, MRP1 is also found in intracellular membranes
from secretory vesicles putatively derived from the Golgi apparatus.21,22 It was shown
in drug-resistant cells that the MRP1 substrate dinitrophenyl-glutathione (DNP-GS)
was sequestrated in these vesicles.22 These results demonstrate that MRP1 is
intracellularly active and that sequestration of drugs in intracellular vesicles provides
another mechanism, besides drug efflux, for MRP1-mediated drug resistance (Figure
1).

Transport
Until recently, the mechanism by which MRP1 could transport chemotherapeutic drugs
was not clear. The initial idea was that MRP1, similar to MDR1, could be a
translocator for unmodified drugs. Indeed, if these anticancer drugs are anionic
compounds, they are transported by MRP1 without further modification as described
for the antifolate methotrexate.23 However, unmodified basic anticancer drugs per se
are not transported by MRP1.24-26

Based on its transport function for GSH-, glucuronic acid- and sulphate
conjugates,24 it was proposed that MRP1 might confer drug resistance by export of
drug conjugates. MRP1 is able to transport glutathione S-conjugates (GS S-conjugates)
of the alkylating agents chlorambucil and melphalan,27 although MRP1 is not known to
confer resistance to these drugs. On the other hand, many chemotherapeutic drugs to
which MRP1 confers resistance are not substrates for GSH-, glucuronic acid- or
sulphate conjugation.14 GSH however does play an important role. Experiments with
membrane vesicles from MRP1-overexpressing cells demonstrated that MRP1 is a
transporter for the unmodified anticancer drugs vincristine and daunorubicin, but only
in the presence of physiological amounts of GSH.25,26 These results extend the earlier
observations that GSH is a critical factor in MRP1-mediated drug resistance (Figure
1).28,29

The molecular mechanism of drug transport by MRP1 is still puzzling. It is not
dependent on the reducing capacity of GSH, since other reducing agents such as
dithiothreitol, 2-mercaptoethanol and L-cysteine do not stimulate MRP1-mediated
vincristine transport.25 In addition, the GSH-derived dipeptides cysteinylglycine and γ-
glutamylcysteine do not stimulate vincristine transport by MRP1 either.30

Consequently, MRP1-mediated vincristine transport requires an intact GSH molecule.
Studies with embryonic stem cells from Mrp1 +/+ mice showed increased GSH efflux
after etoposide exposure in contrast to the same cells from Mrp1 -/- knockout mice.31

Furthermore, vincristine stimulates GSH transport into membrane vesicles from
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MRP1-overexpressing cells.30 These findings strongly indicated that MRP1-mediated
transport of vinca alkaloids occurs via a co-transport mechanism with GSH. This
suggests that GSH itself is also transported by MRP1. Previous work supports this
idea. A direct interaction of GSH with MRP1 has been proposed,32 MRP1-
overexpressing cells showed increased GSH release 28,29 and Mrp1 -/- mice showed
increased GSH levels in their tissues.31 However, when membrane vesicles from
MRP1-overexpressing cells were used, transport of GSH itself could not be
observed.30  An explanation for this discrepancy might be the presence of endogenous
MRP1 substrates inside the cell inducing an increased GSH release via the postulated
co-transport mechanism. In experiments with membrane vesicles these endogenous
substrates are not present. Thus, MRP1-mediated GSH transport seems dependent on
the presence of other (hydrophobic) compounds. These compounds are not necessarily
MRP1 substrates as was shown for the calcium channel blocker verapamil.33

Alternatively, according to the transport capacity for oxidized glutathione (GSSG) it
may be that two GSH molecules are transported by MRP1. Low affinity ATP-
dependent transport of GSH per se was measured in yeast vacuolar membrane vesicles
containing the MRP1-homologue yeast cadmium factor 1 (YCF1).34 Thus GSH itself
may be a MRP1 substrate but, due to high Km values, ATP-dependent transport can not
be measured in vitro. Moreover, compared to yeast vacuolar membrane vesicles,
mammalian membrane vesicles are less rigid and are variably orientated making
reliable measurements of MRP1-mediated GSH transport extremely difficult.

MRP1-mediated daunorubicin transport also requires GSH 26 and is also dependent
on an intact GSH molecule (Renes et al. unpublished observations). However, in
contrast to vinca alkaloids, efflux of daunorubicin from MRP1-overexpressing cells is
not accompanied by an increased release of GSH.29 Thus either the mechanism of
MRP1-mediated daunorubicin transport is different compared to vincristine transport,
or these data are not comparable because of different cell lines and experimental
conditions. The elucidation of the molecular mechanism of MRP1-mediated
daunorubicin transport requires further research.

Transport of drug metabolites
Intracellular metabolism of the anticancer drugs cyclophosphamide and bleomycin
results in formation of toxic metabolites such as base propanals and the α,β-
unsaturated aldehyde acrolein.35 Doxorubicin is known to generate oxidative stress and
subsequently formation of a lipid peroxidation product, the α,β-unsaturated aldehyde
4-hydroxynonenal (4HNE).36,37 The main detoxification mechanism for toxic
aldehydes is conjugation to GSH, the so-called phase II metabolism.35 This is
illustrated by transfection with a gene encoding a glutathione S-transferase (GST)
isoenzyme with high affinity for 4HNE resulting in resistance to doxorubicin.38

Accumulation of the endogenously formed GS S-conjugates, however, may cause
product inhibition of the GST’s and decrease in detoxification capacity.39 Therefore,
extrusion from the cell is required. According to its substrate specificity, the GS S-
conjugates formed after drug administration are potential MRP1 substrates. Indeed it
was shown that the GS S-conjugate of 4HNE (GS-4HNE) is a high-affinity substrate
for MRP1 and that MRP1 protects against 4HNE toxicity.40 MRP1 may thus play a
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role in drug resistance by export of GS S-conjugates of drug metabolites (Figure 1).
For example, MRP1 may cause resistance to doxorubicin also by export of GS-4HNE.

DRUG
2

1

3

GSH

MRP1

MRP1

MRP1

GS-X

MetabolitesTarget

Figure 1. Model of MRP1-mediated drug resistance. After entering the cell MRP1 prevents the drug
reaching its target by (1) sequestration into intracellular vesicles or (2) export from the cell with or
without the aid of GSH. Drug metabolites can be detoxified by conjugation to GSH followed by MRP1-
mediated transport out of the cell (3).

Regulation of MRP1-expression

A conclusive mechanism for drug-induced MRP1 expression can not be provided yet,
but there is evidence that MRP1 expression is triggered by oxidative stress. In human
colon cancer cells MRP1 gene expression is induced by tumour necrosis factor α
(TNF).41 A similar effect was observed when rats were treated with lipopolysaccharide
(LPS) resulting in increased liver Mrp1 expression. TNF is believed to be one of the
main causes of LPS-induced effects on transporter gene expression in hepatocytes.42 In
addition, it was demonstrated recently in mouse T helper cells that from all cytokines
tested only TNF in combination with interleukin-2 (IL-2) induced Mrp1 expression.43

One of the mechanisms by which TNF exert its intracellular effects is the formation of
reactive oxygen species (ROS).44 Compounds known to generate ROS induce
expression of the genes encoding MRP1 and γ-glutamylcysteine synthetase (γGCS)
and provide a direct link between ROS and MRP1 induction.45 γGCS is the rate-
limiting enzyme in GSH synthesis and GSH plays an important role in the protection
against oxidative-stress metabolites.39 Increased GSH levels generated by γGCS
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transfection reduced MRP1 expression.45 In addition, compounds detoxified by GSH
such as heavy metals and 3-[4-amino-2-methyl-5-pyrimidinylmethyl]-1-(2-
chloroethyl)-nitrosourea (ACNU) have the capacity to induce expression of
MRP1.46,47,48 These results suggest that GSH is a critical factor in MRP1 regulation.
However, GSH depletion by the γGCS inhibitor buthionine sulfoximine (BSO) did not
induce MRP1 expression. Explanation for this might be a BSO-resistant GSH pool
present in mitochondria and nucleus. This pool is sensitive to anticancer drugs.45 We
propose here a model for drug-induced MRP1 expression. Low concentrations of
anticancer drugs can be detoxified by MRP1 with the aid of cytoplasmic GSH.
Increased drug concentrations will first deplete cytoplasmic GSH, followed by
depletion of the BSO-resistant pool. This may drop GSH levels below a critical value
resulting in an alteration of the cellular redox state and action of transcription factors,
which may be the trigger for induction of MRP1 (and γGCS) expression. Although the
promoter region of MRP1 contains an antioxidant responsive element,49 a direct link
between oxidative stress sensitive transcription factors and MRP1 induction has not
been demonstrated yet. Another transcription factor, Sp1, seems to play a role in
regulation of MRP1 expression.49 MRP1 promoter activity is decreased when Sp1
binding sites are deleted or mutated,50 while overexpression of Sp1 protein induces
MRP1 promoter activity.51 Wild type p53 (wt p53), a protein mainly involved in cell
cycle control,52 forms complexes with Sp1 53 and these may inhibit MRP1 promoter
activity. Indeed, wt p53 represses MRP1 expression.51,54 Mutant p53, the most
frequently found alteration in human malignancies,55 is also able to bind Sp1 but this
might result in a complex with reduced repression activity as it was shown that
overexpression of mutant p53 induces MRP1 expression,54 (Renes et al., submitted).
Questions remain about the basal transcription factors that are responsible for
oxidative stress-mediated induction of MRP1.

How does MRP1 function as transport protein?

Which are the regions in MRP1 that determine its function, where are the substrate
binding sites and what is the mechanism by which MRP1 exerts its transport activity?

Eukaryotic ABC transporters are commonly composed of two hydrophobic
membrane-spanning domains (MSDs) and two cytoplasmic nucleotide-binding
domains (NBDs), organised as NH2-MSD1-NBD1-MSD2-NBD2-COOH.1 In this
respect, MRP1 is different because it contains an extra N-terminal MSD with five
membrane-spanning segments. Topology studies predicted a secondary MRP1
structure as: NH2-MSD1-MSD2-NBD1-MSD3-NBD2-COOH.56 The extra N-terminal
MSD is characteristic for certain members of the MRP family (MRP1, MRP2, MRP3
and MRP6) (Figure 2) and other strongly related ABC transporters such as the
sulfonylurea receptor (SUR), YCF1,57 the MRP1-homologue in the nematode
Caenorhabditis elegans 58 and the MRP1-homologue found in the plant Arabidopsis
thaliana (AtMRP1).59 All ABC proteins containing a third MSD are more closely
related to MRP1 and to each other than to other members of the ABC superfamily. The
function of this N-terminal part of MRP1 has been examined and it appears that
specific regions are critical for the function of MRP1.
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MRP3, MRP6

MRP4, MRP5

Figure 2. Membrane topology models of the MRP family. MSD: membrane spanning domain; NBD:
nucleotide binding domain.

Removal of the first membrane-spanning segment resulted in impaired leukotriene
C4 (LTC4) transport.60 However, when the entire MSD1 was deleted, the transport
activity of MRP1 was hardly decreased and MRP1 still correctly localized to the
basolateral membranes of transfected MDCKII cells.61 It appears that MSD1 is not a
determinant domain for MRP1 function and cellular trafficking. However, removal of
the linker region between MSD1 and MSD2 strongly decreased LTC4 transport,
suggesting that this region is a critical domain for the transport activity of MRP1.61

The potential importance of the first membrane-spanning segment of MSD1 for MRP1
function remains to be elucidated.

Transport studies showed that LTC4 transport is inhibited by the hydrophilic
substrates GSSG and nonyl-GS 62 and by hydrophobic anticancer drugs. This
inhibition was further increased when GSH was included.25 In addition, photoaffinity
labelling of MRP1 by LTC4 is inhibited by 17β-glucuronosyl estradiol (E2 17βG).63

These results suggest that different MRP1 substrates have identical or overlapping
binding sites. However, different parts of MRP1 seem to determine the transport
process. In contrast to human MRP1, murine Mrp1 does not confer resistance to
doxorubicin and is not a transporter for E2 17βG.64 A hybrid protein containing the
murine N-terminal part and the human C-terminal part restored doxorubicin resistance
and the capacity to transport E2 17βG. However, this was not observed using a hybrid
protein containing the human N-terminal and mouse C-terminal parts.65 These results
demonstrate the importance of the C-terminal part of MRP1 for doxorubicin resistance
and E2 17βG transport. However, the efficiency of LTC4 transport seems to be the
same for wild type proteins and hybrid proteins.65 Thus, MRP1 appears to contain
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different determinants for transport of E2 17βG and LTC4, although they seem to have
identical or overlapping binding sites.

Although LTC4, GSH and anticancer drugs interact with MRP1 directly, 63,32

specific binding sites have not yet been identified. The development of monoclonal
antibodies directed against specific epitopes of MRP1 is an important step towards
elucidating specific substrate-binding sites.66 It is unlikely that specific regions in the
MRP1 protein are exclusively responsible for transport of specific substrates. The
monoclonal antibody QCRL-3, which recognises a conformation-dependent epitope in
the NBD1, inhibits transport of the hydrophilic substrates LTC4,

25,26 and E2 17βG 67

but also of the hydrophobic substrates vincristine and daunorubicin.26,30 In addition,
transport of LTC4 and vincristine is inhibited by the monoclonal antibody QCRL-4
which recognises an epitope in NBD2.66,30 Inhibition by these antibodies is not caused
by steric effects or by inhibition of ATP-binding.66 These results indicate that NBD1
and NBD2 either contain a specific substrate-binding site (hydrophilic or hydrophobic)
or that these two NBDs are otherwise involved in the transport process. Thus, it
appears that the transport function of MRP1 depends on an interplay between different
regions.

MRP1 requires ATP-hydrolysis for its transport function 62,24-26 and it has been
suggested that the ATPase activity of the NBDs provides the energy for the transport
process.68 Three different experimental systems have been used to study the ATPase
activity of MRP1 and all three gave different results.68-70 One study, using
reconstituted MRP1, showed that anticancer drugs in the absence of GSH and
anticancer drugs to which MRP1 does not confer resistance stimulate the ATPase
activity of MRP1. Furthermore it was shown that GSH stimulated drug-induced
ATPase activity.68 This was not observed in the other studies. In contrast to Mao et
al.,69 it was demonstrated in membrane vesicles from MRP1-overexpressing cells that
GSH itself is a strong stimulator of MRP1 ATPase activity.70 These discrepancies may
be explained by differences in the lipid environment of MRP1, since small changes in
lipid composition strongly affect ATPase activity of MDR1.71 However, consensus
was reached about the stimulatory activities of LTC4. Remarkably, an artificial GS S-
conjugate of daunorubicin (WP811), but not unconjugated daunorubicin, stimulated
MRP1 ATPase activity.70 This indicates that the anionic part of conjugated MRP1
substrates may play a key role in the transport process. The same may be true for
anticancer drugs that require GSH for their transport.30,26 The stimulation of the
ATPase activity by GSH alone supports this idea.70

Recently, the involvement of the two NBDs from MRP1 in the coupling between
ATP hydrolysis and transport activity was further elucidated.72-74 Interaction of ATP
with MRP1 was studied by photoaffinity labelling and vanadate-induced trapping
experiments using 32P-labeled 8-azido-ATP. Binding of azido-ATP was exclusively
found at NBD1, while trapping of azido-ADP was predominantly observed at NBD2.
This is in agreement with the previously proposed separate ATP- and ADP-binding
sites on MRP1.75 Trapping of ADP was stimulated by LTC4, GSSG, GSH and
etoposide and synergistically by etoposide with either GSH or GSSG.72-74 Why
etoposide per se stimulates trapping while other drugs are not able to do this, remains
to be elucidated. The two NBDs show co-operativity in the binding and trapping of the
nucleotide:  trapping of ADP at NBD2 requires the presence of a functional NBD1 72,74
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and binding of ATP at NBD1 was reduced when NBD2 was mutated.74 In addition,
ADP (putatively bound to NBD2) stimulated specific binding of ATP at NBD1,
suggesting an allosteric interaction between the two NBD’s.74 Thus, although both
NBDs seem to be functionally non-equivalent, they are interdependent. Mutation of
the highly conserved lysine residues in the Walker A or B motifs from either NBD
resulted in impaired binding and trapping of the nucleotide and reduced LTC4

transport.72,74 Remarkably, mutations in NBD2 were more effective in reduction of
LTC4 transport than mutations in NBD1.72,74 This may indicate a more critical role for
NBD2-mediated ATP hydrolysis for substrate transport. A model was proposed
describing the coupling between ATP binding and hydrolysis and transport activity.74

In summary, the molecular mechanism of MRP1-mediated transport is far from
elucidated and requires integration of knowledge on substrate binding, ATPase activity
and translocation processes.

Physiological function of MRP1

MRP1 was first characterised as a transporter for anionic conjugates, preferentially GS
S-conjugates.62,25,24 GSH is ubiquitously present in all cells of the human body and
plays an important role in detoxification of ROS, electrophiles and oxyanions either by
reduction or conjugation.39 GS S-conjugates are substrates with highest affinity for
MRP1 and the affinity increases with the length of the alkyl chain.76,25 Based on its
ubiquitous expression 77 and its substrate specificity, it was proposed that extrusion of
endogenously formed GSH-dependent detoxification products is the physiological
function of MRP1.78 Indeed, MRP1 is a transporter for LTC4,

62,25 the glutathione
conjugate of prostaglandin A2 (GS-PGA2),

79,80 GSSG 81 and GS-4HNE.40 LTC4 and
PGA2 are involved in inflammation and cell cycle arrest,82,83 while GSSG and GS-
4HNE are detoxification products generated under conditions of a changed redox
state.39,84 A role of MRP1 in immune responses was recently proposed based on the
induction of its murine orthologue upon activation of T-helper 1 cells.43 MRP1-
mediated transport of GSSG and GS-4HNE suggests that MRP1 functions as part of
the cellular defence system against oxidative stress.81,40 Thus, extrusion of the above-
mentioned metabolites by MRP1 may be required to retain the response against
inflammatory stimuli and to prevent cellular damage.

The generation of Mrp1 -/- knockout mice has significantly contributed to the
understanding of the physiological role of MRP1. Mice lacking Mrp1 show a poor
response to inflammation induced by arachidonic acid, probably due to impaired
export of LTC4 form LTC4-secreting cells.85 In addition, Mrp1 plays a role in the
protection of testicular tubules, tongue, cheek, and the urinary collecting duct against
etoposide-induced damage.86 Recently, the presence of Mrp1 in mouse and rat choroid
plexus (CP) was shown.87-89 It is located on the basolateral site of CP epithelial cells.87

Mrp1 expression in rat CP was higher than in the lung, a tissue with a relative high
basal Mrp1 expression.88 Functionality of Mrp1 was strongly suggested by a rapid
elimination of E2 17βG from the CP 88 and by MK571-mediated inhibition of
translocation of 99mTc-sestamibi through CP epithelial cells.87 Comparison of double
(Mdr1a/Mdr1b) and triple (Mdr1a/Mdr1b/Mrp1) knockout mice clearly demonstrated
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that Mrp1 eliminates the anticancer drug etoposide from the CP.89 Thus Mrp1 appears
to function also as part of the blood-cerebrospinal fluid barrier by preventing drug
entry into the brain.

MRP2

The natural Mrp2 mutant TR- 90 and Eisai hyperbilirubinemic (EHBR) 91 rats have
significantly contributed to the understanding of the transport characteristics of human
MRP2. Mutant rats lacking the canalicular multispecific organic anion transporter
(cMOAT, designated further as MRP2) have a hyperbilirubinemic phenotype and
impaired secretion of bilirubin glucuronides, sulphated bile salts, GS S-conjugates and
GSH into the bile.92 These rats serve as model for Dubin-Johnson disease as this
disorder is caused by mutations in the MRP2 gene.93 The transport properties of MRP2
could be characterised more precisely after cloning of the rat and human Mrp2/MRP2
cDNAs.94,8 The substrate specificity of MRP2 is largely similar to MRP1 (Table 1) but
the kinetic properties of both transporters differ (for review see ref. 76). Also, various
unmodified organic anions such as indomethacin, sulphinpyrazone and probenecid act
differently on MRP1- and MRP2-mediated N-ethylmaleimide-glutathione transport
and on the ATPase activity of the two proteins.95 This suggests that MRP1 and MRP2
differ in their transport of specific organic compounds.

In normal tissues, MRP2 is expressed in liver, small intestine and kidney 9 where the
protein is localized to apical membranes.93,96 An overview of the localisation of all
MRP proteins in polarised cells is given in Figure 3.

               

Apical

Basolateral

MRP2

MRP1 MRP3 MRP4 MRP5 MRP6

Figure 3. Localisation of MRP family members in polarized cells.
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Transport studies showed that rat Mrp2 may function as a transporter for DNP-GS
into the intestinal lumen.97 ATP-dependent transport of DNP-GS and E2 17βG was
detected into brush border membrane vesicles from Caco-2 cells overexpressing MRP2
mRNA.98 In kidney proximal tubules, active transport mechanisms exist for anionic
drugs such as diuretics, penicillins and cephalosporins and also for other unmodified
anionic compounds such as para-aminohippurate (PAH) and anionic conjugates of
several metabolites.99,100 The involvement of MRP2 in this process was proposed
because of its apical localisation in kidney tubules and its capacity to transport anionic
compounds.101,95 This was confirmed by experiments showing MRP2 to be a
transporter for PAH and for the nephrotoxic mycotoxin ochratoxin A.102 Furthermore,
transport of fluorescein-methotrexate into kidney proximal tubules from killifish was
shown to be Mrp2 dependent.103

Based on its localisation and substrate specificity, it is proposed that the
physiological function of MRP2 is transport of amphiphilic organic anions and
xenobiotics into bile and into the lumen of excretory organs.

The similarity of substrate specificity between MRP1 and MRP2 suggests that
MRP2 also can confer drug resistance. Overexpression of MRP2 mRNA was found in
several drug-resistant cell lines, but only a correlation for cisplatin resistance could be
observed.9 Previous studies showed an increased ATP-dependent extrusion of GSH-
cisplatin complexes from cells overexpressing a GS-X pump 104 but this appeared to be
MRP1.105 MRP1 overexpression is not associated with cisplatin resistance 13 and cells
selected with cisplatin do not show increased MRP1 expression.9,106

Direct evidence that MRP2 is associated with drug resistance was provided by
stable transfected cell lines.23,107-110 Transfection of MRP2 constructs into non-
polarised cells often resulted in low protein expression and/or trapping of the
transporter into endosomal compartments. Because of the strict apical localisation of
MRP2, polarised cells were the preferred system for transfection.111 MRP2
transfectants showed resistance to vincristine, etoposide, cisplatin, doxorubicin,
epirubicin and methotrexate 108,109,23 with decreased accumulation of vincristine,
cisplatin and methotrexate.109,23 MRP2 only causes resistance to short-term exposure
of methotrexate. Long-term exposure to methotrexate results in polyglutamylation of
the drug and this metabolite is not a substrate of MRP2.109

Transport of anticancer drugs was demonstrated using membrane vesicles from
MRP2 transfectants 23 and from Spodoptera frugiperda (Sf9) insect cells
overexpressing rabbit or human Mrp2/MRP2.112,95 Methotrexate is transported by
MRP2 in its native form 23,95 while vinblastine transport required GSH with a half-
maximum stimulation at about 2 mM.112  Recently it was shown that vinblastine
induces MRP2-mediated GSH transport.113 In this respect, the functions of MRP2 and
MRP1 are similar. Taken together, methotrexate per se is transported by MRP1 and
MRP2 and both proteins show similar behaviour in the transport of vinca alkaloids.
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MRP3

Expression of MRP3 was first detected in liver, intestine and adrenal gland.9 Cloning
of the human and rat MRP3 cDNAs 114,115 made it possible to study localisation and
transport properties (Table 1). MRP3 is found on (baso)lateral membranes of
intrahepatic bile-duct epithelial cells (cholangiocytes), hepatocytes surrounding the
portal tracts and polarised Madin-Darby canine kidney (MDCK) cells transfected with
a MRP3 construct.116,117  Furthermore, it is suggested that MRP3 is also present on
basolateral membranes of enterocytes.118 Under normal conditions, MRP3 staining is
hardly detectable in the liver, however, strong MRP3 staining was observed in
hepatocytes from MRP2-deficient Dubin-Johnson patients.117 A similar effect was seen
in EHBR rats also lacking Mrp2 and in bile-duct ligated (BDL) Sprague-Dawley wild-
type rats.115 This suggests that MRP3 expression is induced under these conditions. In
fact, MRP2 and MRP3 expression was inversely correlated under conditions of
reduced MRP2 expression.119 Furthermore, MRP3 mRNA is induced by bilirubin.
However, MRP3 protein expression was not increased suggesting that this depends on
other factors.120

The increased expression of MRP3 in Dubin-Johnson patients, its induction during
BDL and its substrate specificity suggests that MRP3 may function as an overload
system to (partly) compensate for decreased MRP2 expression and to protect
hepatocytes from toxic bile salts during conditions of cholestasis. Furthermore, its
localisation on basolateral membranes of cholangiocytes 116 and enterocytes 118

suggests that MRP3 may also be involved in the recirculation of bile salts from these
cells into the blood. The function of MRP3 in the adrenal gland is unclear but it may
contribute to the excretion of hydrophilic steroid hormone conjugates.

Within the MRP family MRP3 shows highest homology to MRP1 (58% amino acid
identity) and MRP2 (49% amino acid identity).111 Rat Mrp3 prefers glucuronide-
conjugates as substrates and is a low-affinity transporter for GS S-conjugates, in
contrast to Mrp1 and Mrp2.121 For biliary secretion of bile salts at least two
transporters are involved. The bile salt export protein (Bsep) transports unconjugated
bile salts such as taurocholate, cholate and glycocholate,122 while sulphated bile salts
as taurochenodeoxycholeate-3-sulphate and taurolithocholate-3-sulphate are Mrp2
substrates.123,124 Remarkably, Mrp3 transports both conjugated and unconjugated bile
salts across the basolateral membrane.118 Thus, although the substrate specificities of
MRP3 and MRP2 are overlapping, there are clear differences.

While the homology between MRP3 and MRP1/MRP2 is high, the drug resistance
profile conferred by MRP3 is different. Of the many cytostatic drugs tested, MRP3
conferred resistance only to etoposide, teniposide, vincristine and methotrexate.116,125

Rat Mrp3 is a transporter for native methotrexate 121 but, similar to MRP2, MRP3-
mediated resistance to methotrexate was restricted to short-term exposure of this
drug.116

In contrast to MRP1- and MRP2-overexpressing cells, GSH secretion in MRP3
transfectants was not increased. GSH is important in MRP1- and MRP2-mediated drug
transport and it was speculated that the limited resistance pattern conferred by MRP3
could be due to low expression levels and/or a low affinity for GSH. In this respect it
is interesting to know how MRP3 is involved in resistance against etoposide and
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vincristine since MRP1, and probably MRP2, require GSH for transporting these
anticancer drugs.

MRP4 - 6

Overexpression of MRP4, MRP5 and MRP6 has not been detected in drug-resistant
cell lines suggesting that their role in ‘classical’ drug resistance is limited.9,10 MRP4
and MRP5 differ from MRP1, MRP2, MRP3 and MRP6 in that they lack the N-
terminal MSD 111 (Figure 2). Whether this is determinant for their function remains to
be established. Overexpression of MRP4, but not MRP1, MRP2 and MRP3, was found
in human T-lymphoid CEM cells resistant to nucleoside monophosphate analogues
which are currently used as components of anti-retroviral therapy against HIV
infections.126 MRP4 overexpression caused an increased efflux of 9-(2-phosphonyl-
methoxyethyl)adenine (PMEA) and azidothymidine monophosphate (AZTMP)
resulting in decreased anti-viral efficacy (Table 1). Prolonged exposure of CEM cells
to PMEA showed gene amplification of MRP4 with a corresponding increase in
protein expression and drug efflux.126 These results suggest that induction of MRP4
expression during anti-viral therapy may cause a failure in inhibition of HIV
replication in host cells.

Expression of MRP5 was detected in almost every tissue of the human body, with
relative high expression in skeletal muscle and brain.9 Cells transfected with a MRP5
construct were tested for resistance against many anticancer drugs and other cytotoxic
agents but showed only resistance to cadmium chloride and potassium antimonyl
tartrate.127 In another study, MRP5-transfected cells showed increased resistance to
thio-purines and also PMEA which was caused by an increased efflux.128 In addition,
these cells showed increased efflux of GSH and GS S-conjugates to the basolateral
compartment which was inhibited by inhibitors of organic anion transport. It was
demonstrated that MRP5 localized to basolateral membranes.128 Thus MRP5 is routed
to the basolateral membrane and serves as a transporter for organic anions and certain
types of drugs (Table 1).

Recently, MRP5 was identified as a transporter for cyclic guanosine
monophosphate  (cGMP) (high affinity) and cyclic adenosine monophosphate (cAMP)
(low affinity).129 The second messengers cGMP and cAMP exert their function in
cellular signal transduction in several physiological processes such as smooth muscle
relaxation, inhibition of platelet aggregation and neuronal communication, mostly
initiated by nitric oxide.130,131 The drug silfenadil (Viagra) which inhibits
intracellular cGMP degradation has been shown to reduce MRP5-mediated cGMP
transport.129 Thus, as transporter for cAMP and cGMP, MRP5 may function in the
regulation of their intracellular levels and may play a role in their extracellular actions.
The development of the mrp5-/- knockout mice will provide an excellent model to
study further the transport properties and the physiological role of MRP5.111

MRP6 does not contribute to drug resistance and its overexpression in drug resistant
cells is associated with co-amplification of MRP1. This may be related to the
localisation of MRP6 next to MRP1 on the same chromosome.10 The previously
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identified “ARA” gene 132 is identical to the 3’ end of MRP6 and “ARA”-associated
resistance may be explained by co-amplification of MRP1.

Rat and human mrp6/MRP6 are mainly expressed in normal liver and kidney.10,133

In the liver, Mrp6 is predominantly found on the lateral plasma membranes of
hepatocytes.133 In Mrp2-deficient or cholestatic rats, Mrp6 expression is not induced,
in contrast to Mrp3.115,133 This suggests that Mrp6 is constitutively expressed in the
liver. The function of Mrp6 is not clear. It is not a transporter for Mrp1/Mrp2
substrates and the only Mrp6 substrate identified thus far is BQ123, a
cyclopentapeptide antagonist of the endothelin receptor.133 Because of its constitutive
expression in the liver and its capacity to transport BQ123, Mrp6 was suggested to
function as a transporter for small peptides involved in cellular signalling and/or
autocrine or paracrine regulation of hepatocellular functions.133

The physiological importance of Mrp6/MRP6 expression in the liver remains to be
further elucidated. It may be associated with pseudoxanthoma elasticum (PXE), a
systemic connective tissue disorder affecting the elastic tissue network in the body,
since mutations in the MRP6 gene are associated with this disease.134 Although PXE is
a disorder affecting the whole body, MRP6 was found only in liver and kidney from
PXE patients. Thus the primary defect of this disease may reside in the liver and/or
kidney. How MRP6 is associated with PXE is presently unclear.

Conclusions

The discovery of the MRP family has broadened our understanding of the mechanisms
responsible for drug resistance in malignant cells. On the other hand MRP family
members, individually or in concert, may have important physiological functions in
protecting the body against xenobiotics and in cellular homeostasis. The association of
mutations in MRP2 and MRP6 genes in clinical disorders as Dubin-Johnson and PXE
is an example of the indispensability of these transporters. Although there is no
conclusive evidence for the function of either of these transporters in clinical drug
resistance, the presence of at least six MRP members in the human body may have
clinical implications for drug treatment. The implications stem not only from MRP-
mediated drug resistance, but also from drug-mediated interference in the
physiological function of individual MRP family members. Therefore, it is important
to elucidate the contribution of each of the MRP transporters in drug resistance and
normal metabolism in the human body.



Chapter 1

20

Table 1. Substrate specificity of the MRP family.

Substrate Resistance Transport/efflux References

MRP1 (human, recombinant)

Glutathione disulfide (GSSG) + 81

Glutathione (GSH) + 29

GSH + vincristine + 30

GSH + verapamil + 33

Glutathione S-conjugates
Leukotriene C4 + 135,62

Leukotriene D4 + 135,24

Leukotriene E4 + 135,24

N-Acetyl-leukotriene E4 + 24

S-glutathionyl 2,4,-dinitrobenzene + 62,24

S-glutathionyl prostaglandin A1

S-glutathionyl prostaglandin A2

+
+

79

79

S-glutathionyl ethacrynic acid + 136

S-glutathionyl N-ethylmaleimide + 61

S-glutathionyl 4-hydroxynonenal + 40

S-glutathionyl aflatoxin B1 + 137

Monochloro-monoglutathionyl chlorambucil + 27

Monohydroxy-monoglutathionyl
chlorambucil + 27

Bisglutathionyl chlorambucil + 27

Monochloro-monoglutathionyl melphalan + 27

Monohydroxy-monoglutathionyl melphalan + 27

Glucuronide conjugates
Monoglucuronosyl bilirubin + 138

Bisglucuronosyl bilirubin + 138

17β-Glucuronosyl estradiol + 24,63

6α-Glucuronosyl hyodeoxycholate + 24

Glucuronosyl etoposide + 24

Sulphate conjugate
3α-Sulfatolithocholyl taurine + 24

Anticancer drugs
Doxorubicin + 139,13,17

Daunorubicin + 13,17

Daunorubicin + GSH + 26

Epirubicin + 13

Etoposide + 139,13,17

Vincristine + 139,13,17

Vincristine + GSH + 25,26
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Vinblastine + 13

Methotrexate + + 23

7-ethyl-10-hydroxy-campothecin (SN-38) + + 140

7-ethyl-10-[4-(1-piperidino)-1-piperidino]-
carbonyloxycampothecin (CPT-11) + + 140

Heavy metals
Sodium arsenite + 13,29

Sodium arsenate + 13

Potassium antimony tartrate + 13

Potassium antimonate + 13

Anions
Calcein + 141

Fluo-3 + 142

p-Aminohippurate + 102

Lipid analogues
C6-NBD-phosphatidylserine + 143

C6-NBD-glucosylceramide + 144

C6-NBD-sphingomyelin + 144

MRP2 (human, recombinant)

Glutathione (GSH) + 145,113

GSH + vinblastine + 113

GSH + sulphinpyrazone + 113

Glutathione S-conjugates
Leukotriene C4 + 108,109

S-glutathionyl 2,4,-dinitrobenzene + 107,108

S-glutathionyl ethacrynic acid + 107

S-glutathionyl prostaglandin A1 + 107

S-glutathionyl N-ethylmaleimide + 95

Glucuronide conjugates
Monoglucuronosyl bilirubin + 146

Bisglucuronosyl bilirubin + 146

17β-Glucuronosyl estradiol + 108

Anticancer drugs
Doxorubicin + 108,110

Epirubicin + 108

Etoposide + 108,110

Vincristine + 108,109,110

Vinblastine + 107

Methotrexate + + 23,95

Cisplatin + 108,109,110
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7-ethyl-10-hydroxy-campothecin (SN-38) + + 110

7-ethyl-10-[4-(1-piperidino)-1-piperidino]-
carbonyloxycampothecin (CPT-11) + + 110

Anions
p-Aminohippurate + 102

Ochratoxin A + 102

Sulphinpyrazone + 113

Mrp2 (rodent, recombinant)

Leukotriene C4 + 147,148

S-glutathionyl 2,4,-dinitrobenzene + 147

Monoglucuronosyl bilirubin + 146

Bisglucuronosyl bilirubin + 146

17β-Glucuronosyl estradiol + 108,148

Vinblastine + GSH + 112

BQ123 + 133

MRP3 (human, recombinant)

S-glutathionyl 2,4,-dinitrobenzene + 116

Methotrexate + 116, 125

Etoposide + 116, 125

Teniposide + 116

Vincristine + 125

Mrp3 (rodent, recombinant)

Leukotriene C4 + 121

S-glutathionyl 2,4,-dinitrobenzene + 121

17β-Glucuronosyl estradiol + 121

E3040-glucuronide + 121

Cholyl taurine + 118

Cholyl glycine + 118

3α-Sulfatolithocholyl taurine + 118

Methotrexate + 121

MRP4 (human)

9-(2-phosphonyl-methoxyethyl)adenine + + 126

(PMEA)
9-(2-phosphonyl-methoxyethyl)guanine + 126

(PMEG)
Azidothymidine (AZT) + 126
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Azidothymidine monophosphate + 126

(AZTMP)
2’,3’-dideoxy-3’-thiacytidine (3TC) + 126

2’,3’-didehydro-3’-deoxythymidine (d4T)a) + 126

MRP5 (human, recombinant)

Glutathione (GSH) + 128

S-glutathionyl 2,4,-dinitrobenzene + 128

Fluorochrome + 127, 128

Cadmium chloride + 127

Potassium antimonyl tartrate + 127

6-Mercaptopurine + + 128

Thioguanine + 128

9-(2-phosphonyl-methoxyethyl)adenine + + 128

(PMEA)
5-hydroxypy-2-carboxaldehyde-
thiosemicarbazone (5-HP) + 128

Cyclic AMP + 129

Cyclic GMP + 129

Mrp6 (rodent, recombinant)

BQ123 + 133

For MRP1, MRP2 and MRP3 this table is modified from König et al.76 Putative Mrp2 substrates
derived from TR- and EHBR rats are described in König et al.76 and Suzuki and Sugiyama.92

a) Cytotoxicity of d4T was not determined but MRP4 caused decreased antiviral activity of this drug.
Abbreviations used: GSH, glutathione (reduced); GSSG, glutathione disulfide (oxidized glutathione);
Fluo-3, 1-[2-amino-5-(2,7-dichloro-6-hydroxy-3-oxo-3H-xanthen-9-yl)]-2-(2’-amino-5’-methylphen-
oxy)-ethane-N,N,N’,N’-tetraacetic acid penta ammonium salt; C6-NBD, 6(N-(7-nitrobenz-2-oxa-
1,3,diazol-4-yl); BQ123, endothelin antagonist, cyclic pentapeptide (cyclo [D-Trp-D-Asp-L-Pro-D-Val-
L-Leu]; E3040-glucuronide, 6-hydroxy-5,7-dimethyl-2-methylamino-4(3-pyridylmethyl)benzothiazole),
AMP, adenosine monophosphate; GMP, guanosine monophosphate.
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Abstract

Methoxymorpholino doxorubicin (MMRDX) is an anthracycline analogue that is able to
overcome tumour cell resistance to classical anthracyclines. Mechanisms for increased
MMRDX cytotoxicity were analysed in a small cell lung carcinoma cell line (GLC4), its
300-fold doxorubicin resistant and multidrug resistance-associated protein (MRP1)
overexpressing subline (GLC4/Adr), an ovarian carcinoma cell line (A2780) and its 100-
fold doxorubicin resistant, MDR1-P-glycoprotein (MDR1) overexpressing subline
A2780AD. Cross resistance, measured with MTT assay at MMRDX concentration
resulting in 50% growth inhibition, was 1.8-fold in GLC4/Adr and 4.5-fold in A2780AD
compared to their respective parental cell lines. Cellular MMRDX accumulation was equal
in GLC4 and GLC4/Adr and 2-fold lower in A2780AD compared to A2780. Doxorubicin
fluorescence was analysed with confocal laser scan microscopy. Fluorescence was nuclear
in sensitive, and cytoplasmic in resistant cell lines, while MMRDX fluorescence was
found in the nucleus in all cell lines. Pre-incubation with the MRP1 blocker, MK571,
restored in GLC4/Adr cells the nuclear doxorubicin fluorescence pattern as observed in
GLC4 cells. MMRDX, thus, can largely overcome cross-resistance in these MDR1 and
MRP1 overexpressing doxorubicin-resistant cell lines. Our results suggest that MMRDX is
not a substrate for MRP1 mediated resistance.
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Introduction

The clinical value of anthracyclines is limited by their toxicity profile and by intrinsic or
acquired tumour drug resistance. Various mechanisms may play a role in tumour cell
resistance to anthracyclines, including overexpression of drug efflux pumps, decreased
levels of the target enzyme topoisomerase II and an increase in cellular detoxifying
capacity. These drug efflux pumps, such as MDR1-P-glycoprotein (MDR1) and multidrug
resistance protein (MRP1), are involved in ATP-dependent efflux of natural product drugs,
resulting in decreased intracellular levels. Cellular anthracycline levels, however, do not
always correlate with cytotoxicity and MDR1 or MRP1 expression.1-3 An explanation can
be found in intracellular distribution of the drug, such as a shift from nucleus to cytoplasm
or intracellular compartmentalisation, both decreasing cytotoxicity. Recently, intracellular
vesicle transport of doxorubicin was shown for MRP1 overexpressing cells.4 In resistant
cell lines, the drug can be localized in vesicles in the cytoplasm.1,4 This may explain the
smaller differences between sensitive and resistant cell lines in cellular anthracycline
accumulation compared to differences in resistance factor.2,3 The morpholinyl
anthracyclines have been developed in the course of research aimed at identifying new
anthracyclines with at least partially novel modes of action in addition to activity against
MDR1 and non-MDR1 resistant tumours. Compared with other anthracyclines,
morpholinyl anthracyclines are potent inhibitors of ribosomal gene transcription and, in
contrast to other anthracyclines, cause topoisomerase I mediated DNA strand damage.5 In
vitro, morpholinyl anthracyclines show no cross resistance in doxorubicin resistant MDR1-
positive and MRP1-positive cell lines, cell lines with an altered topoisomerase II enzyme
and cell lines resistant to cisplatin and melphalan. Methoxymorpholino doxorubicin
(MMRDX) is a morpholino anthracycline that has recently been enrolled into clinical
trials. MMRDX possesses a morpholino ring incorporating the amino nitrogen at the 3'-
position of the daunosamine unit of the anthracycline molecule (Figure 1). This
modification of the molecule increases lipophilicity, cellular influx rate and consequently
intracellular levels. The aim of this study was to analyse and correlate cellular MMRDX
levels and intracellular localisation of MMRDX with MMRDX cytotoxicity in sensitive
cell lines and their MDR1 or MRP1 overexpressing doxorubicin resistant sublines. In
addition, the role of the MRP1 blocker MK571 on cellular doxorubicin and MMRDX dis-
tribution was studied in the sensitive and MRP1 overexpressing small cell lung cancer cell
line.
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Materials and Methods

Chemicals
Methoxymorpholino doxorubicin and daunorubicin were gifts, and doxorubicin was
purchased from Pharmacia (Milan, Italy). RPMI 1640 medium, foetal calf serum (FCS),
Hanks' balanced salt solution, Dulbecco's modified eagle (DME) and Ham's F12 media
were purchased from Life Technologies (Paisley, UK). Dimethyl sulfoxide was from
Merck (Darmstadt, Germany), and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide) was from Sigma (St Louis, MO). MK571 was kindly
provided by Dr. Ford-Hutchinson, (Merck-Frosst, Pointe Claire Dorval, Quebec, Canada).

  

Figure 1. Molecular structures of doxorubicin and MMRDX.

Cell lines
The cell lines used were GLC4, a human small cell lung carcinoma cell line and its 300-
fold doxorubicin resistant subline GLC4/Adr. Resistance in GLC4/Adr is in part due to
overexpression of the multidrug resistance-associated protein (MRP1), and a 65% reduced
topoisomerase II activity.6,7 A2780 is a doxorubicin sensitive, and A2780AD its 100-fold
doxorubicin resistant MDR1 overexpressing ovarian carcinoma cell line.8 There was no
difference in cell size between the sensitive cell lines and their sublines. Previously, in
GLC4/Adr a 2.2-fold and in A2780AD a 2.9-fold lower cellular doxorubicin level than in
the sensitive lines were observed.9,10 In order to assure stable resistance, GLC4/Adr and
A2780AD cells were cultured with respectively 1.2 and 2.0 µM doxorubicin twice weekly.
Before the start of the experiments cells were cultured in drug-free medium for 3 weeks.
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The microculture tetrazolium (MTT) assay
The MTT assay is based on the cellular reduction of the tetrazolium bromide MTT in
viable cells to a blue formazan product that can be measured spectrophotometrically.
Before the assay was performed the linear relationship of viable cells and formazan crystal
formation was checked and cell growth studies were performed. For GLC4 3,750 cells, for
GLC4/Adr 10,000 cells, for A2780 1,250 cells and for A7280 AD 5,000 cells per well in
logarithmic phase of growth were incubated in 0.1 ml RPMI 1640 supplemented with 10%
FCS in 96-well microtiter plates (Nunc, Life Technologies, Paisley, UK), at 37°C in a
humidified atmosphere with 5% CO2, with increasing concentrations of MMRDX.

At day 4, 20 µl of MTT solution (5 mg MTT/ml phosphate buffered saline (PBS), 0.14
M NaCl, 2.7 mM KCl, 6.4 mM Na2HPO4.2H2O, 1.5 mM KH2PO4) was added. After
3.75 h the plates were centrifuged (30 min, 180 x g), supernatant was aspirated and 200 µl
100% dimethyl sulfoxide was added to dissolve formazan crystals. Extinction was read at
520 nm by scanning microtiterwell spectrophotometer (Titertek Multiscan, Flow
Laboratories, Irvine, UK). The surviving fraction was calculated by the ratio of mean
extinction of test sample to mean extinction of untreated sample. Controls consisted of
media without cells (background extinction) and cells in medium without the drug. The
mean concentration that caused 50 % cell kill (IC50) was determined in three independent
experiments each performed in quadruplicate.

Cellular MMRDX levels
Samples containing 2-3 x 106 cells in RPMI 1640 medium with 10% FCS were
incubated for 1 h with 100 µl of 0, 8, 16, 39, 78 or 1500 nM MMRDX at 37°C in a
humidified atmosphere with 5% CO2. Dose levels (7.8-78 nM) were based on peak
plasma pharmacokinetic data from patients treated with MMRDX 1.5 mg/m2

intravenous bolus;11 1.5 µM was added to include MMRDX IC50 values of the studied
cell lines. Control samples were placed on ice, and to these samples MMRDX was
added after 1 h, just before all samples were centrifuged at 180 x g, 4°C. Cells were
washed twice with PBS at 0°C. After the second washing, cells were resuspended in 5
ml PBS, counted, centrifuged, pipetted and stored in polypropylene tubes at -20°C
until analysis.

Cellular MMRDX levels were analysed with a novel method using high-
performance liquid chromatography and fluorescence detection. The detection limit for
MMRDX in cells was found to be 0.75 nM. For the validation of MMRDX and its 13-
dihydroxy metabolite (FCE 26176, 13-dihydro-3'-deamino-3'-[2(S)-methoxy-4-
morpholinyl] doxorubicin) the method of Breda et al. was used.12 After thawing, the
cell pellet was resuspended in 1 ml PBS and 100 µl 0.038 mM daunorubicin as
internal standard was added. Cells were buffered with 2.0 ml 0.5 M borate buffer
saturated with NaCl (pH 8.4). After addition of 4 ml diethylether:n-butanol mixture
(9:1, v/v) the solution was exposed to ultrasonic vibration for 10 min and 3 min
centrifuged at 1,600 x g at 20°C. After 3 min at -53°C the upper organic layer was
transferred to a silanized glass tube and the extraction procedure was repeated.
Phosphoric acid (500 µl 0.05 M) was added to the combined organic phases. This
solution was again vortexed for 1 min, centrifuged 3 min at 1,600 x g and placed 3 min
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at -53°C. The organic phase was discarded and the acidic phase was washed with 1 ml
n-hexane by vortexing for 1 min, centrifuged at 1,600 x g 3 min, and placed at -53°C
for another 3 min. Then the n-hexane was removed and 200 µl of the aqueous solution
was injected on the high-performance liquid chromatography system (HPLC pump
model 420, Kontron Instruments, Milan, Italy with automatic injector 717 plus, Waters
Assoc., Milford, MA). Quantitation was achieved by fluorescence detection of the
eluate (fluorimeter RF 551, Shimadzu Corp., Kyoto, Japan). Experiments were
performed in triplicate. Cellular levels were corrected for relative cell size, determined
by the forward scatter of viable cells in FACS analysis using a FACStar flow
cytometer (Becton Dickinson, Sunnyvale, CA).

Confocal Scanning Laser Microscopy
Single-cell suspensions of 5 x 105 cells/ml were allowed to attach overnight in 5 ml RPMI
1640 medium with 10% heat-inactivated FCS at 37°C in a humidified atmosphere with 5%
CO2 on glass coverslips in petri dishes. GLC4, GLC4/Adr, A2780 and A2780AD cells were
incubated for 15 min at 37°C with equimolar doses of doxorubicin as control and
MMRDX (1.5 µM and 15 µM), with or without preincubation (1 h, 50 µM) of the
leukotriene D4 (LTD4) receptor antagonist MK571.13 Viability of these cells after 0.5 and 1
h was checked by the trypan blue exclusion assay. After a quick rinse with Hanks'
balanced salt solution without phenol red, coverslips were inverted, mounted on glass
slides and kept on ice until analysis. Fluorescence of the cell suspensions was analysed
with a confocal scanning laser microscope (CSLM) (TCS Leica, Heidelberg, Germany)
incorporating an inverted Leitz DMIRB microscope with a 100 x oil immersion lens. An
argon/krypton laser was used for excitation at 488 nm and emission at 515 nm for
doxorubicin and MMRDX. The intracellular distribution was qualitatively studied for 15-
30 min per cell line. At least 30 cells of each cell line were studied.

Statistics
Cellular size and MMRDX levels in sensitive versus resistant cell lines were compared by
unpaired Student's t-test. P values < 0.05 were considered significant.

Results

Cytotoxicity of MMRDX
Survival curves of GLC4, GLC4/Adr, A2780 and A2780AD for MMRDX are shown in
Figure 2. A2780 was the most sensitive cell line for MMRDX while its doxorubicin
resistant subline A2780AD was least sensitive. IC50 values (SD) of GLC4 and GLC4/Adr
were, respectively, 220 (10) and 400 nM (10) and IC50 values of A2780 and A2780AD
were 180 (20) and 800 nM (80), respectively. As compared with their sensitive
counterparts, cytotoxicity of MMRDX was only 1.8-fold reduced at the IC50 in the 300-
fold doxorubicin resistant GLC4/Adr cell line and 4.5-fold reduced in the 100-fold resistant
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A2780AD cell line. The viability of cells 0.5 and 1 h after incubation with 1.5 and 15 µM
MMRDX and doxorubicin, determined by trypan blue exclusion, was more than 85% in
all cell lines.

Figure 2. Cell survival (%) ± SD
(nM) in MTT assay after 4 days
continuous MMRDX incubation
(n=3). �______ = GLC4, �

_ __ __ =
GLC4/ADR,   ▼- - - - - = A2780,  
▼. . . . .  = A2780AD.

Cellular MMRDX levels
Cellular MMRDX levels were equal in GLC4 and GLC4/Adr (Figure 3a). In A2780AD
cells cellular MMRDX levels were 2-fold lower compared to A2780 cells at the first 4
incubation steps (from lowest to highest concentration respectively P < 0.01, 0.0125, 0.025
and 0.0025) (Figure 3b). At 1500 nM MMRDX incubation drug levels in A2780 and
A2780AD cells were not different with respectively 5.1 and 4.0 µM/109 cells (P > 0.05).
The 13-dihydro metabolite of MMRDX was less than 2% of the total MMRDX level in all
cell lines at all incubation concentrations.

Confocal Scanning Laser Microscopy
To compare the distribution of MMRDX and doxorubicin in both doxorubicin sensitive
and resistant cell lines, GLC4 and GLC4/Adr, and A2780 and 2780AD cells were incubated
for 15 min with 1.5 and 15 µM MMRDX and 15 µM doxorubicin. MMRDX- and
doxorubicin fluorescence were observed by the same laser power and instrument settings
of the confocal microscope. Incubation of GLC4 and GLC4/Adr cells with 1.5 µM
MMRDX showed an exclusive nuclear staining in the sensitive as well as in the resistant
subline (data not shown). Distribution of fluorescence after 15 min 15 µM MMRDX
incubation was exclusively nuclear both in GLC4 and GLC4/Adr cells (Figure 4a, b). In
contrast, fluorescence after 15 min 15 µM doxorubicin was only nuclear in the sensitive
cells while in the resistant cells doxorubicin fluorescence was cytoplasmic without any
nuclear staining (Figure 4d, e). One hour 50 µM MK571 pre-incubation did not change the
fluorescence pattern of MMRDX (15 µM) in GLC4 (Figure 4c). In contrast, doxorubicin



Chapter 2

42

fluorescence in GLC4/Adr regained its nuclear pattern as observed in the sensitive cell line
GLC4 (Figure 4f).

Figure 3. (A) MMRDX cellular levels ± SD (nM/109 cells) after 1 h incubation with MMRDX in
GLC4 (open bars) and GLC4/Adr (solid bars). (B) MMRDX cellular levels ± SD (nM/109 cells) after 1 h
incubation with MMRDX in A2780 (open bars) and A2780AD (solid bars). * = statistically significant
different MMRDX levels in resistant versus sensitive cell line (P < 0.05).

Fluorescence detected in A2780 and A2780AD cells incubated for 15 min with 1.5 µM
MMRDX revealed a nuclear staining in the sensitive line. In comparison, the resistant line
showed cytoplasmic staining with reduced nuclear staining (data not shown). Fluorescence
distribution after 15 min 15 µM MMRDX incubation was nuclear both in A2780 and
A2780AD (Figure 5a, b) although the staining in the resistant cells was less strong
compared to the sensitive cells. This distribution pattern is comparable with the
fluorescence pattern observed after 1.5 µM MMRDX incubation (data not shown).
Fluorescence detected after 15 µM doxorubicin incubation showed a nuclear staining in
A2780 cells while doxorubicin fluorescence in A2780AD cells was exclusively
cytoplasmic with strongly reduced intensity (Figure 5c, d).

Discussion

This study describes cytotoxicity, cellular accumulation and intracellular distribution of
MMRDX in a sensitive small cell lung cancer cell line and its resistant, MRP1
overexpressing subline, and a sensitive ovarian carcinoma cell line and its MDR1
overexpressing resistant subline. MMRDX was able to overcome high levels of

BA



Methoxymorpholino doxorubicin cytotoxicity

43

Figure 4. Confocal laser microscopy scans. A: representative cells after 15 min 15 µM MMRDX incubation
in GLC4; B: similar in GLC4/Adr; C: similar in GLC4/Adr with MK571 pre-incubation. D: representative
cells after 15 min 15 µM doxorubicin incubation in GLC4; E: similar in GLC4/Adr; F: similar in GLC4/Adr
after MK571 pre-incubation. Bar = 5 µm.
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doxorubicin resistance in both types of doxorubicin resistant cell lines. Previously,
Coley et al. have shown that MMRDX can overcome doxorubicin resistance caused by
a decreased topoisomerase II activity.14 Two important reasons for doxorubicin
resistance in GLC4/Adr are reduced topoisomerase II levels compared to GLC4, and
overexpression of MRP1, resulting in reduced doxorubicin levels in GLC4/Adr compared
to GLC4. Topoisomerase I activity does not differ between the two GLC4 cell lines.
Cellular MMRDX levels observed in our study are in accordance with data from Grandi et
al. who observed a high MMRDX accumulation in both sensitive and resistant cell lines
expressing the MDR phenotype.15 A previous study in GLC4 and GLC4/Adr showed 2.2-
fold reduced cellular doxorubicin levels in GLC4/Adr compared to GLC4.

9 In the present
study MMRDX cellular concentrations were similar in these lines, suggesting that
MMRDX is no substrate for MRP1 mediated cellular efflux. In the doxorubicin resistant
MDR1 overexpressing cell line A2780AD MMRDX levels were 2-fold reduced compared
to A2780 cells at concentrations comparable to patients' peak plasma levels. MMRDX
levels after 1.5 µM incubation in A2780 and A2780AD cells were the same, possibly due
to a saturation of efflux pumps at this high drug concentration. Earlier results showed a
2.9-fold reduced cellular level in A2780AD cells compared to A2780 cells after incubation
with 2 µM doxorubicin.10

In MDR1 and MRP1 overexpressing cell lines a discrepancy between levels of cross-
resistance and cellular accumulation deficits has been observed for anthracyclines.1,2,3

Additional data on intracellular distribution were sought for to deliver the bridging factor
for the correlation between the resistance factor and intracellular anthracycline levels. A
shift in concentration from the nucleus to the cytoplasm was observed in resistant cell
lines, supporting the idea that anthracycline mediated cytotoxicity is effected mainly
through their interaction with DNA. Recently, MRP1 was shown to be present in the
cytoplasm and the Golgi region in tumour cells with high MRP1 overexpression in
addition to its location at the cellular plasma membrane.16 Doxorubicin transport was
suggested for intracellular MRP1 by the presence of intracellular secretory vesicles with
MRP1 functioning as a transporter.4 In this study we demonstrated that cellular MMRDX
levels are not the sole predictors for cytotoxicity in the different cell lines. This observation
is in accordance with previous studies with various morpholinyl and methoxypiperidinyl
derivatives of daunorubicin in human colon carcinoma and leukemia cell lines. In these
studies no correlation was observed between cellular accumulation and cytotoxicity.17,18 In
the present study confocal scanning laser microscopy was used to determine subcellular
distribution. The results obtained by confocal microscopy showed that MMRDX, in
contrast to doxorubicin, is not prevented to reach the nucleus of the MRP1 overexpressing
cells. In addition, in MDR1 overexpressing cells the nuclear staining of MMRDX is less
intense compared to the sensitive cells. These findings suggest that MMRDX is not a
substrate for the MRP1 pump while MDR1 might be able to prevent MMRDX from
reaching its target, the nucleus.

Coley et al. observed unaffected cellular staining intensities after incubation with
another morpholinyl anthracycline derivative, 3'-deamino-3'-(4-morpholinyl)adriamycin
(MRDX, 1.5 µM), but reduced intensities for doxorubicin with a relative greater loss of
nuclear fluorescence in a MDR1 overexpressing mouse mammary tumour cell line.19 They
studied the large cell lung cancer cell line COR-L23/R overexpressing MRP1 which
showed a highly intense area of perinuclear staining after doxorubicin incubation, absent in
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the MDR1 overexpressing cell line, with a distribution suggestive of localisation at the
Golgi complex. The perinuclear Golgi-like staining remained, although markedly
attenuated, after incubation with MRDX. As we observed no perinuclear fluorescence in
the MRP1 overexpressing cell line GLC4/Adr after incubation with 1.5 µM MMRDX, our
data suggest that MMRDX with its methoxy group is better equipped than MRDX to
overcome resistance due to a shift of the cytotoxic drug from the nucleus. Pre-incubation
with the MRP1 blocker MK571 before MMRDX incubation did not change the MMRDX
fluorescence pattern in GLC4 and GLC4/Adr cells. However, we showed that the
doxorubicin fluorescence shift from nucleus to cytoplasm could be prevented by pre-
incubation with an MRP1 blocker.

B

Figure 5. Confocal laser microscopy scans.  A: representative cells after 15 min 15 µM MMRDX incubation
in A2780; B: similar in A7280 AD. C: representative cells after 15 min 15 µM doxorubicin incubation in
A2780; D: similar in A2780 AD.
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Although the setting of this study does not allow a quantitative comparison of the
fluorescence of the two anthracycline analogues, fluorescence observed after MMRDX
incubation was far more intense than equimolar incubation with doxorubicin. As the
uptake of anthracyclines is dependent on their lipophilicity, these differences in
fluorescence intensity between MMRDX and doxorubicin could at least partially be the
result of the increased lipid solubility of MMRDX compared to doxorubicin. Additionally,
quenching of fluorescence due to intercalation could result in underestimation of nuclear
doxorubicin as the intercalation potency of methoxymorpholino doxorubicin is established
at about 2-fold less than the intercalation potency of doxorubicin.2,20,5

In conclusion, our cytotoxicity data show that the resistance factor of MMRDX in
MDR1 and MRP1 overexpressing cell lines is remarkably reduced compared to the
resistance factor of doxorubicin. Cellular MMRDX levels and subcellular localisation of
MMRDX in MDR1 and MRP1 positive cell lines suggest that MMRDX, in contrast to
doxorubicin, is not transported by MRP1. In vitro data justify ongoing research in the field
of structurally modified anthracyclines and studies with these compounds in the clinic.
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Abstract

Intracellular glutathione-conjugate transport was evaluated in the human small cell lung
carcinoma cell line GLC4 with low multidrug resistance protein (MRP1) expression and its
300x doxorubicin resistant, MRP1 overexpressing, GLC4/Adr subline. Transport of non
toxic concentrations of monochlorobimane and 5-chloro-methyl fluorescein diacetate was
evaluated using fluorescence microscopy. Fluorescence was, after exposure to these
compounds, especially observed in intracellular vesicles in GLC4/Adr.
Immunotransmission electron microscopy showed that MRP1 was present in the vesicle
membranes and plasma membrane, while inside the vesicles the glutathione-conjugate of
1-chloro 2,4-dinitrobenzene could be detected. Experiments with brefeldin A, which
induces arrest in vesicle release from the Golgi complex, indicated that these vesicles may
originate from the trans Golgi network. In GLC4/Adr cells doxorubicin was also
transported in vesicles, with also an arrest in vesicle release from the Golgi complex. These
results indicate that MRP1 functions as a glutathione-conjugate transporter not only at the
plasma membrane, but also in intracellular secretory vesicles.
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Introduction

Tumour cells selected in vitro for resistance against natural products such as
anthracyclines, epipodophyllotoxins and vinca-alkaloids, are often cross resistant to a
range of other drugs with different chemical structures and cellular targets. This type of
resistance is the so-called multidrug resistance (MDR). A major cause for MDR is the
overexpression of the MDR1 gene. This gene encodes for the plasma membrane
glycoprotein MDR1 P-glycoprotein (MDR1), that induces MDR by an increased export of
drugs from the cell resulting in lower cellular drug concentrations.1 Cole et al. discovered
another membrane transporter gene that can confer MDR, namely MRP1 in a doxorubicin
resistant small cell lung carcinoma cell line.2 MRP1 is a member of the ATP-binding
cassette transporter gene superfamily. Many, but not all,2 MRP1 overexpressing cells have
an increased drug efflux.3,4 Transfection with the MRP1 gene resulted in resistance to
many MDR drugs 4,5 and an increased efflux of daunorubicin.4 It was recently shown with
inside-out vesicles that MRP1 is a glutathione-conjugate carrier.1,6 This transporter has
been named alternatively as GS-X pump, the Multispecific Organic Anion Transporter
(MOAT) or leukotriene C4 transporter. Other multivalent anionic conjugates act as
competing substrates of this pump.7,1 Its function has been shown to be present not only in
tumour cells but also in normal cells in the human body such as hepatocytes, red blood
cells, cardiac cells, T-lymphocytes, mast cells and lung cells.1,8 This MRP is now named
MRP1 since the discovery of MRP2, another pump with the same function as MRP1.9,10

Recent immunocytochemical studies have provided evidence that MRP1 in tumour cells is
predominantly localized at the cellular plasma membrane.11 In tumour cells with high
MRP1 overexpression, staining was however also detected in the Golgi region and in the
cytoplasm.11-14 For cultured hepatocytes it has been suggested that transport of organic
anions and glutathione-conjugates occurs through the plasma membrane but, in addition,
also into intracellular vesicles.15

The aim of this study was to analyze whether MRP1 functions as ATP-dependent
carrier for organic anions inside the cell. We therefore analyzed with fluorescence
microscopy, confocal scanning laser microscopy and (immuno)-transmission electron
microscopy, the transport of glutathione-conjugates as well as doxorubicin. The
experiments were performed with monochlorobimane (MCB) and 5-chloro-methyl
fluorescein diacetate (CMFDA) that form rapidly fluorescent glutathione-conjugates inside
the cells. In addition, 1-chloro 2,4-dinitrobenzene (CDNB) was used because its
glutathione-conjugate could be detected with a specific antibody. The experiments were
performed in the small cell lung cancer cell GLC4, and its doxorubicin resistant counterpart
GLC4/Adr which strongly overexpresses MRP1.16,17 The exact localisation of MRP1 and
its association with glutathione conjugates and possible involvement of the Golgi apparatus
was analyzed.
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Materials and Methods

Cell lines
The human small cell lung carcinoma cell line GLC4, the human ovarian carcinoma cell
line A2780, as well as their in vitro-acquired 300x doxorubicin resistant, MDR1 negative
subline GLC4/Adr and 100x doxorubicin-resistant MDR1 positive subline A2780AD were
cultured in Roswell Park Memorial Institute (RPMI) 1640 medium with 10% heat-
inactivated foetal calf serum (FCS), (both Life Technologies, Paisley, UK) in humidified
conditions at 37°C, 5% CO2. The GLC4/Adr cell line strongly overexpresses MRP1,16,18

while MRP2 expression analyzed with RT-PCR using specific primers for human MRP2 is
negative. The doxorubicin resistant lines were cultured continuously with 1.2 µM and 2
µM doxorubicin (Pharmacia, Milan, Italy) added twice a week to assure optimal resistance.
Before experiments, these cells were cultured without doxorubicin for respectively 21 and
14 days.

Immunocytochemistry and Western blotting
Immunocytochemistry was performed on cytospins, with indirect immunoperoxidase
staining for MRP1 with the monoclonal antibody MRPm6.11 In addition, GLC4 and
GLC4/Adr cells were incubated at 37°C with 50 µM CDNB (Sigma, St.Louis, MD) for 0,
5, 10 and 20 min. Thereafter cytospin preparations were prepared and stained with a
guinea pig antibody against CDNB followed with a second antibody a mouse anti guinea
pig label and peroxidase conjugated strepavidin (Dako, Glostrup, Denmark). Western blot
was performed as described earlier.16

Fluorescence microscopy
MCB (Calbiochem-Novobiochem Corporation, La Jolla, CA) effects were analyzed in
GLC4, GLC4/Adr, A2780 and A2780AD. Cells were incubated at 37°C 20 min with 50
µM MCB, followed by a wash step. Cells were pelleted by centrifugation for 10 min at
180 x g and resuspended in RPMI 1640 and 10% FCS. Vesicle transport was evaluated
immediately thereafter and 30, 60, and 90 min after MCB exposure.

Vesicle transport was in GLC4 and GLC4/Adr also monitored after combined incubation
for 20 min of MCB (50 µM) plus doxorubicin (10 µM), vincristine (25 µM, Eli Lilly, St
Cloud, France) or topotecan (25 µM, gift SmithKline Beecham Pharmaceuticals, King of
Prussia, PA) as competitive substrates. Similarly, the kinetics of doxorubicin, using the
intrinsic fluorescence of doxorubicin, were followed in GLC4 and GLC4/Adr. Incubation
with 20 min 50 µM doxorubicin at 37°C was followed by a washing step and vesicle
transport was evaluated before, immediately after, and 30, 60 and 90 min after doxorubicin
exposure. All experiments were performed three times.

Confocal scanning laser microscopy
Single-cell suspensions of 5x105 GLC4 and GLC4/Adr cell/ml were allowed to attach
overnight in 5 ml RPMI/FCS medium at 37°C on glass coverslips in petri dishes. Then
cells were incubated 15 min at 37°C with 5 µM CMFDA (Molecular Probes Inc, Eugene,
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OR) or 10 µM doxorubicin. After a quick rinse with Hanks balanced salt solution (Life
Technologies, Paisley, UK) without phenol red, coverslips were inverted, mounted on
glass slides and kept on ice until analysis. Cells were in addition incubated 1 h with 20 µM
brefeldin A (Sigma, St.Louis, MD). Thereafter, cells were 10 min exposed to 5 µM
CMFDA or 10 µM doxorubicin. Vesicle formation was studied after 20 min incubation.
Fluorescence was analyzed with Leica TCS (Leica, Heidelberg, Germany) incorporating
an inverted Leitz DM-IRB microscope with a 100x oil immersion lens. The 488-nm line
from the argon/krypton laser was used for excitation and emission at 515 nm for CMFDA
and doxorubicin. All experiments were performed three times.

Transmission electron microscopy
The GLC4 and GLC4/Adr cells were studied before and after drug exposure. A total of 0.5-
1.106 cells/ml were 20 min incubated at 37°C with 50 µM MCB or 10 µM doxorubicin.
Thereafter, cells were centrifuged with 180 x g at 4°C, washed with phosphate buffered
saline (PBS, 0.14 M NaCl, 2.7 mM KCl, 6.4 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.4)
and processed immediately or after an additional 30 or 60 min in culture medium at 37°C.
Then, cells were centrifuged 10 min at 180 x g and fixed with 2% glutaraldehyde in 0.1 M
phosphate buffer (Na2HPO4.2H2O, NaH2PO4, pH 7.4) for at least 1 h at 4°C. Blocks of 3x3
mm were prepared of the cell pellet and rinsed in phosphate sucrose buffer (6.8% sucrose
in 0.1 M phosphate buffer). Post-fixation was performed in 1% OsO4 for 2 h, after which
the specimens were dehydrated with increasing alcohol concentrations followed by
propylene oxide. Thereafter the specimens were infiltrated overnight with polypropylene
oxide/Epon 812 1:1 (Serva, Heidelberg, Germany). The next day the specimens were, after
2 h rotating in Epon 812 and 2 h vacuum, embedded and polymerized overnight at 80°C.
Ultrathin sections were stained with uranylacetate, dissolved in methanol and lead citrate.
The analysis was performed with a Philips 201 transmission electron microscope (Philips,
Eindhoven, The Netherlands). Experiments were performed three times.

Immuno-transmission electron microscopy
The GLC4 and GLC4/Adr cell lines were studied before and after MCB and CDNB
exposure. A total of 0.5-1.106 cells/ml were incubated 20 min at 37°C with 50 µM
MCB. Thereafter, cells were centrifuged at 180 x g at 4°C, washed and pelleted
immediately or after an additional 30 or 60 min in culture medium at 37°C. The cells
were fixed with 4% paraformaldehyde (Merck, Darmstadt, Germany) in 0.1 M
phosphate buffer or with 2% glutaraldehyde for at least 1 h at 4°C. Then, cells were
embedded in 2% agarose (Sigma) and placed at 4°C, followed by a short postfixation
in 4% paraformaldehyde or glutaraldehyde. Small pieces of the agarose specimen were
washed with 6.8% sucrose in 0.1 M phosphate buffer and then infiltrated with 2.3 M
sucrose for at least 2 h at 4°C and mounted on copper pins. They were then frozen in
liquid nitrogen. About 80 nm cryosections were made on LKB-Reichert-Jung ultra
cryomicrotome (Leica, Rijswijk, The Netherlands) with a glass knife. Sections were
picked up with a drop of 2.3 M sucrose, placed on Formvar coated nickel grids (Stork,
Eerbeek, The Netherlands) and put, face down, on 2% gelatin plates on ice.19,20 Before
labelling, plates were placed in an incubator at 38°C until the gelatin had become fluid.
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Grids were transported to drops of PBS/gelatin (0.15%) in order to block free aldehyde
groups. The cells were incubated for 1 h with MRPm6 (1:50) diluted in PBS/1%
bovine serum albumin. After washing with PBS/glycine the antibody binding was
detected with 10 nm gold particles conjugated with goat anti-mouse immunoglobulin
(1:50) (Sanver Tech, Breda, The Netherlands). After washing with PBS and distilled
water, sections were stained and covered with a methyl-cellulose (MC400cp, Fluka,
Buchs, Switzerland) uranylacetate mixture (9:1) and air dried. Cells were also
incubated 10 min with 50 µM CDNB and then the same procedure was performed,
apart from the fact that CDNB was visualized with the guinea pig antibody (1:30.000)
raised against CDNB.21 As second antibody a mouse anti guinea pig biotin label
(1:250) was used and visualized with 5 nm antibiotin (1:50) gold particles (Sanver
Tech). In case of double labelling with MRPm6 and CDNB antibody, 0.5%
glutaraldehyde for 5 min was applied after the first labelling to prevent co-labeling.19

At the optimal antibody dilutions no background labelling over nuclei was seen.
Evaluation was performed with the Philips 210 transmission electron microscope.
Experiments were performed three times.

Cytotoxicity assay
Cytotoxicity for MCB and CDNB in GLC4 and GLC4/Adr were determined with the
microwell tetrazolium assay as described before.22 Cells were incubated 20 min with the
drug and after a washing procedure cultured for 4 days. For GLC4 and GLC4/Adr,
respectively, 7.5 x 104 and 20 x 104 cells were used per well. Each experiment was
performed three times in quadruplicate.

Results

Immunocytochemistry and Western blotting
MRP1 expression was not detectable in A2780 and A2780AD, slightly positive at the
plasma membrane in GLC4 and strongly positive at the plasma membrane in more than
95% of GLC4/Adr cells. In GLC4/Adr cells there were also dense MRP positive spots close
to the nucleus, most likely the Golgi area and in these cells there was an increased number
of MRP positive spots in the cytoplasm after incubation with MCB or CDNB. Western
blot of membrane fractions showed a low MRP expression in A2780, A2780AD, and in
GLC4 while a strong signal, 25x higher than GLC4, was detectable in GLC4/Adr.

Fluorescence microscopy
For fluorescence microscopy studies the non-fluorescent substrate MCB was used. MCB
conjugated intracellularly with glutathione, results in the fluorescent bimane glutathione.
After 20 min MCB exposure, a strong homogenous fluorescence was observed in GLC4

while after 30 min incubation in drug free medium some fluorescent vesicles were
observed. Fluorescence in GLC4/Adr was mainly observed in intracellular vesicles. The
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intensity of this fluorescence decreased in time, as did the number of vesicles per cell.
Most cells did no longer contain fluorescent vesicles 90 min after MCB exposure.

A

B

C

D

E

F

N

N

N N

N N

Figure 1. Confocal scanning laser microscopy scans after 10 min 5 µM CMFDA exposure in GLC4 (A), in
GLC4/Adr (B) and in GLC4/Adr after 60 min 20 µM brefeldin A preincubation (C); and after 10 min 10 µM
doxorubicin exposure in GLC4 (D), GLC4/Adr (E) and GLC4/Adr after 60 min preincubation 20 µM
brefeldin A exposure (F). N = nucleus, bar = 5 µm.
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Fluorescence microscopy allows separate detection of bimane glutathione and
doxorubicin. Doxorubicin exposure for 20 min resulted in a homogenous fluorescence in
the cytoplasm with strong nuclear staining in GLC4, while the fluorescence was
concentrated in vesicles without nuclear staining in GLC4/Adr. When doxorubicin and
vincristine were used as other substrates for MRP1, together with MCB, again vesicular
glutathione bimane was observed in GLC4/Adr. However, vesicle size was increased and
vesicle content was stained less intense compared to MCB incubation alone. The
topoisomerase I inhibitor, topotecan did not influence vesicular transport of bimane
glutathione in GLC4 and GLC4/Adr.

After MCB incubation the A2780 and A2780AD cell lines showed strong overall
homogeneous fluorescence. No vesicle transport could be detected in either cell line.

Confocal scanning laser microscopy
To evaluate more precisely vesicular transport, confocal scanning laser microscopy
(CSLM) was performed. Because MCB and its conjugate are not suitable probes for
CSLM, CMFDA was used. CMFDA is intracellularly converted by esterases and
glutathione S-transferases into the fluorescent organic anion glutathione methylfluorescein.
After CMFDA exposure, fluorescent vesicles were observed in GLC4 and GLC4/Adr cells,
but the number of vesicles was much higher in GLC4/Adr cells (Figure 1a, b).

After extending periods the vesicles disappeared possible due to insertion in the plasma
membrane. Pre-incubation with brefeldin A, an inhibitor of vesicle formation from the
Golgi apparatus,23 showed CMFDA fluorescence especially in one spot with tubular
extensions in GLC4/Adr (Figure 1c) but not in GLC4. Doxorubicin exposure resulted in
mainly nuclear fluorescence with some cytoplasmatic staining in the GLC4 cells and no
nuclear staining but vesicular staining in the cytoplasm of GLC4/Adr (Figure 1d, e). In
GLC4/Adr cells, brefeldin A pre-incubation, followed by doxorubicin resulted in an
intensive large fluorescence spot close to the nucleus (Figure 1f). From these data it can be
concluded that glutathione methylfluorescein and  doxorubicin are transported in
GLC4/Adr, in vesicles originating from the Golgi complex.

Transmission electron microscopy
Morphological analysis at the ultrastructural level showed in GLC4/Adr compared to GLC4

cells an extensive Golgi apparatus sometimes associated with small clustered vesicles
(Figure 2). Exposure of the cells to MCB did not affect the quality of the ultrastructural
morphology. After MCB exposure GLC4 cells have a normal Golgi apparatus and small
and sometimes clustered vesicles. The number of vesicles was decreased after 90 min in
drug free medium. In GLC4/Adr cells MCB exposure resulted in a more pronounced Golgi
apparatus and several cells contained very large vesicles and (clusters of) many small
vesicles (Figure 3a). Furthermore, some multivesicular bodies were present. After 60 min
in drug free medium the vesicle number was strongly decreased, the Golgi apparatus
reduced to its original state and myelin figures, representing degenerated residual
membranes, were formed (Figure 3b ).

Doxorubicin exposure resulted in GLC4 cells in some vesicles, as also observed after
MCB exposure. Immediately after incubation of GLC4/Adr cells with doxorubicin, a large
Golgi area with small vesicles and induction of larger (multi) vesicles were found.
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Following 60 min in drug free medium the vesicles number was strongly reduced, the
Golgi apparatus was reduced to its original state and in several cells swollen mitochondria
were present.

Figure 2. Electron micrographs at magnifications
45.000 x of A: GLC4 cells with some rough
endoplasmatic reticulum (RER, arrows) and
mitochondria (M) and B: GLC4/Adr cells with the
Golgi apparatus (Go), RER (arrow heads), M and
myelin figures (my). Bar = 1 µm.

Figure 3. Electron micrographs of GLC4/Adr cells
at magnification 70.000 x, A: after MCB
exposure with Golgi apparatus (Go) with a well
developed trans Golgi region, dilatation of the
RER (arrow heads), many small and larger (multi)
vesicles (large arrows). B: 60 min after MCB
exposure Go is reduced to its original state (see
2B) and several large mitochondria (M), RER
(arrow heads) and several myelin figures (my) are
present. Bar = 1 µm.

my



Chapter 3

60

Immuno-transmission electron microscopy
Immuno-transmission electron microscopy was performed to visualize MRP1 at the
ultrastructural level. A clear labelling for MRP1 was observed on and just under the
plasma membrane in GLC4 cells, which was more pronounced in GLC4/Adr cells.
After MCB exposure, GLC4/Adr cells showed vesicles with MRP1 in their membrane
(Figure 4a, b) and the Golgi apparatus. CDNB exposed cells also showed MRP1 in the
Golgi apparatus and extensively in the trans Golgi region (Figure 4d). No MRP1 was
detected in the mitochondria (Figure 4b). Optimal fixation with 2% glutaraldehyde was
required to crosslink the glutathione-conjugate of CDNB, DNP-GS, inside the vesicles
(Figure 4c). DNP-GS could be found immediately after CDNB exposure in the trans
Golgi area and in (multi)vesicles (Figure 4b, c). Double labelling showed that these
vesicles did contain MRP in their membrane (Figure 4e). CDNB was also detected in
mitochondria. This was expected because rapid diffusion of CDNB occurs in
mitochondria, in which glutathione levels are high. It can be concluded that trans Golgi
derived vesicles contain functionally active MRP1 which transports in an ATP
dependent manner glutathione-conjugates inside these vesicles.

Cytotoxicity
To check whether differences between the GLC4 and GLC4/Adr cells were due to large
differences in handling of these compounds, cytotoxicity of MCB and CDNB was
analyzed. There was only a very low cross resistance between the GLC4 and GLC4/Adr
cells for MCB and CDNB. The MCB concentration that inhibited the cell growth by 50%
(IC50) was (mean ± SD) 8.0 ± 1.3 µM for GLC4 and 9.7 ± 2.3 µM for GLC4/Adr resulting
in a resistance factor of 1.2. The IC50 for CDNB was 56.7 ± 8.1 µM in GLC4 and 72.2 ±
15.8 µM in GLC4/Adr resulting in a resistance factor of 1.3. These low cross resistance
factors underscore the suitability of these compounds for above experiments.

Discussion

MDR is often due to the presence of active pumps, such as MDR1 and MRP1, in the
plasma membrane of cells. These ABC-proteins have been shown to be involved in ATP-
dependent efflux of natural product drugs from cells resulting in decreased intracellular
levels of chemotherapeutic compounds. However, drug efflux did not always correlate
with overexpression of the respective transporter gene. MDR cells with high levels of
MRP1 have been shown to exhibit sometimes no or only low reduction of intracellular
drug level.2 In the present article we show an explanation for this observation. We
demonstrated that glutathione-conjugates of MCB- and CMFDA in the MRP1
overexpressing cell line GLC4/Adr were transported in intracellular vesicles, while in the
sensitive cell line GLC4, with low MRP1 expression there were less vesicles. The vesicles
were observed after exposure to MCB and CMFDA and disappeared from the cells within
60 min after exposure. Pre-incubation with brefeldin A, an inhibitor of vesicle formation
from the Golgi apparatus,23 followed by CMFDA exposure resulted in a accumulation of
fluorescent vesicles close to the nucleus. This suggest that glutathione-conjugate
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Figure 4. Micrographs of immunogold labelled ultrathin cryosections of GLC4/Adr cells at magnification
70.000x. A,B: 20 min after MCB exposure, MRP1 staining in membrane of intracellular vesicles (large
arrow) and in plasma membrane (arrow head), no MRP1 staining in mitochondria (M). C: Positive CDNB
staining (gold 5 nm) inside a vesicle 10 min after CDNB exposure, D: Double labelling of CDNB (gold 5 nm,
arrows) and MRP (gold 10 nm, large arrows) in Golgi apparatus 10 min after CDNB exposure. E:
Micrographs at magnification 70.000x, 10 min after CDNB exposure, of a vesicle labeled for MRP (large
arrows) and CDNB (arrows), located just under the plasma membrane (arrow heads). Bar = 100 nm.

M
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transporting vesicles are blocked in their formation from the Golgi apparatus by brefeldin
A. In addition, induction of some fluorescent tubular structures was observed in the
cytoplasm, this is in agreement with reported formation of tubular structures from the
Golgi apparatus by brefeldin A.24 Interestingly, the observed relation between glutathione-
conjugates and the Golgi complex is in agreement with findings from Lutzky et al.25 In
1989 they analyzed the effect of MCB in the human myelogenous leukemia anthracycline-
resistant HL60/AR cell line and its sensitive parent cell line HL60. As shown recently
HL60/AR is a strongly MRP1 overexpressing cell line.2,6 After 10 min MCB incubation
fluorescence was only observed in these cells in the Golgi apparatus. In their study co-
localisation experiments with MCB and NBD-ceramide, a fluorescent probe specific for
the Golgi apparatus, confirmed that the perinuclear localization of MCB corresponded to
the Golgi apparatus. They observed no vesicles but that may due to the fact that effects
were evaluated only after 10 min MCB incubation. There was no vesicular concentration
after MCB observed in a MDR1 overexpressing doxorubicin resistant A2780AD cell line
with very low MRP1 level (Figure 1).

With electron microscopy it was shown that the Golgi apparatus was more extensively
present in GLC4/Adr than in GLC4. This indicates an increased activity of the biosynthetic
pathway. MCB induced in GLC4/Adr a more pronounced Golgi apparatus and membrane
surrounded vesicles partly related to the trans Golgi region which were almost disappeared
60 min after MCB exposure. Immuno-transmission electron microscopy to study MRP1 
localisation has been used by Flens et al.11 They observed with a pre-immuno labelling
technique, followed by plastic embedding, only MRP1 expression on the plasma
membrane. This is in contrast to immunocytochemistry studies that localized the MRP1 in
cytoplasm, the Golgi region and the cell membrane.11 In the present study with
ultracryomicrotomy and immuno-transmission electron microscopy technique, MRP1 was
observed on the plasma cell membrane, especially in the GLC 4/Adr cells. However, MRP1
staining was also shown, although to a lesser extent, in the cytoplasm. After MCB
exposure, MRP1 was present in membranes of the Golgi apparatus, the trans Golgi region
and in vesicle membranes. It was previously shown that DNP-GS is a substrate for the
glutathione-conjugate pump in the GLC4/Adr cell line.16 Double staining for MRP1 and
DNP-GS, after exposure to CDNB showed MRP1 on the membranes of vesicles
containing DNP-GS. The fixation procedure with glutaraldehyde results in crossing-linking
of the highly water-soluble glutathione-conjugate of CDNB inside the MRP1 positive
secretory vesicles. The results presented here show that MRP1 is not only active in the
plasma cell membrane, but that it is also functionally active inside the cell. Moreover, the
association of MRP1 with vesicles would make MRP1 another member, after e.g. the
Transporter-associated with Antigen Processing (TAP),26,27 of the ATP-binding cassette
superfamily to function not only as an entity exclusively at the plasma membrane but also
inside the cell. This function can protect cells intracellularly from toxic compounds by
compartmentalisation of its conjugates.

The fact that the glutathione-conjugate pump is present in many cells types in the
human body may mean that the above described finding also applies to many non-tumour
cells. It is still an unresolved problem whether MRP1 apart from glutathione-conjugates
and other conjugates, also transports chemotherapeutic drugs. Various options can be
considered e.g. MRP1 may catalyze co-transport of drug and glutathione.28 Alternatively,
the drugs might indeed be transported as glutathione-conjugates even though for
doxorubicin, etoposide and vincristine no glutathione-conjugates are known to occur. It
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may, however, be that these conjugates do exist but elude detection because they are
unstable. If the chemotherapeutic drugs will be transported by MRP1 in a GSH-dependent
manner we would expect that doxorubicin, vincristine and etoposide are also transported,
at least partly, in intracellular vesicles to the plasma membrane. The present study shows
that vesicular transport does occur for doxorubicin in GLC4 and to a larger extent in
GLC4/Adr cells. This has also been observed by others for other MRP1 overexpressing cell
lines.4 Vesicles disappeared 60 min after doxorubicin incubation. In GLC4/Adr brefeldin A
pre-incubation, just as for CFMDA, resulted, if also incubated with doxorubicin, in
fluorescent spots in the Golgi region. Co-incubation of MCB with doxorubicin or
vincristine in GLC4/Adr cells resulted in larger vesicles with a weaker bimane glutathione
fluorescence. All these findings favour an identical pathway for doxorubicin- and
glutathione-conjugate transport. Regretfully, double staining electron microscopy for
MRP1 and doxorubicin or vincristine is as yet not possible because no antibodies against
these chemotherapeutic drugs are available. Drug accumulation and efflux are commonly
measured with techniques that assume identical cellular distribution of drug in resistant and
sensitive cells with respect to localization and exchangeability. The fact that a part of the
chemotherapeutic drug can be inside the cell in an extracellular compartment explains why
in the GLC4/Adr sublines with increasing doxorubicin resistance an increasing MRP1
expression the difference in doxorubicin accumulation showed no linear relation with
MRP1 expression.18 The results presented here as well as the data of others also suggesting
vesicular transport in MRP positive cell lines forms a likely explanation for this confusion.
This probably also explains why Cole et al. observed in their doxorubicin MRP1
overexpressing cell line no cellular difference for doxorubicin compared to the sensitive
cell line.2

In the present article we showed that in the MRP1 overexpressing doxorubicin resistant
GLC4/Adr cell line, glutathione-conjugates are rapidly transported intracellularly in
vesicles which contain MRP1 in their membranes. Doxorubicin was transported in the
same pathway. The vesicles originate from the well developed Golgi complex in
GLC4/Adr.
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Abstract

The present study was performed to investigate the ability of the multidrug resistance
protein (MRP1) to transport different cationic substrates in comparison with MDR1-P-
glycoprotein (MDR1). Transport studies were performed with isolated membrane
vesicles from in vitro selected multidrug resistant cell lines overexpressing MDR1
(A2780AD) or MRP1 (GLC4/Adr) and a MRP1-transfected cell line (S1(MRP)). As
substrates we used [3H]-labelled derivatives of the hydrophilic monoquaternary cation
N-(4’,4’-azo-n-pentyl)-21-deoxy-ajmalinium (APDA), the basic drug vincristine and
the more hydrophobic basic drug daunorubicin. All three are known MDR1-substrates.
MRP1 did not mediate transport of these substrates per se. In the presence of reduced
glutathione (GSH), there was an ATP-dependent uptake of vincristine and
daunorubicin, but not of APDA, into GLC4/Adr and S1(MRP) membrane vesicles
which could be inhibited by the MRP1-inhibitor MK571. ATP- and GSH-dependent
transport of daunorubicin and vincristine into GLC4/Adr membrane vesicles was
inhibited by the MRP1-specific monoclonal antibody QCRL-3. MRP1-mediated
daunorubicin transport rates were dependent on the concentration of GSH and were
maximal at concentrations ≥ 10 mM.  The apparent Km value for GSH was 2.7 mM.
Transport of daunorubicin in the presence of  10 mM GSH was inhibited by MK571
with an IC50 of  0.4 µM. In conclusion, these results demonstrate that MRP1 transports
vincristine and daunorubicin in an ATP- and GSH-dependent manner. APDA is not a
substrate for MRP1.
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Introduction

Human multidrug resistance is frequently associated with the overexpression of the
MDR1-P-glycoprotein (MDR1) 1 and/or the multidrug resistance protein (MRP1),2 two
members of the ATP binding cassette (ABC) transporter superfamily.3 Although they
share only 15% amino acid sequence homology, both proteins confer resistance to a
broad range of natural product drugs in drug selected cell lines as well as in transfected
cells.4-6 Currently, it is generally accepted that MDR1 functions as an ATP-dependent
transport protein capable of reducing intracellular levels of various natural product
drugs.7-9 Most of these drugs, e.g. vinca alkaloids, anthracyclines, epipodophillotoxins,
actinomycin D and paclitaxel, have unrelated chemical structures but share the
property of being hydrophobic compounds.

MRP1 was first identified in tumour cells with a multidrug resistant phenotype
without overexpression of MDR1.2 Although MRP1 is able to confer resistance to
drugs which are MDR1 substrates, the substrate specificity of MRP1 seems different
from that of MDR1. Transport studies with membrane vesicles isolated from MRP1
overexpressing cells, either in vitro selected or transfected, revealed that MRP1 is a
transporter of multivalent organic anions, preferentially glutathione S-conjugates (GS
S-conjugates),10-14 but also of sulphate conjugates 12 and glucuronides.12,15 Also
oxidized glutathione (GSSG), complexes of reduced glutathione (GSH) with arsenite 16

and unmodified compounds in the presence of GSH 11,13 are MRP1 substrates. In view
of its substrate specificity and the ubiquitous expression of  MRP1 in human tissues 17

and blood cells,18 the putative physiological role of MRP1 seems to be cellular
extrusion of metabolites of GSH-dependent detoxification reactions.19

The molecular basis of  the drug specificity of MRP1 is not fully understood. Two
models currently exist describing the drug transport mechanism of MRP1. First, MRP1
may be a transporter of  drug conjugates (e.g. GS S-conjugates and glucuronide
conjugates),20,12,21 however, stable GS S-conjugates of vincristine and daunorubicin
could not be detected in HPLC-analyzed media from MRP1 transfected cells.16

Moreover, there is no evidence that the chemotherapeutic agents to which MRP1
confers resistance, are substrates for GSH- or glucuronic acid conjugation (for review
see ref. 22, 23). Secondly, MRP1 may transport unmodified natural product drugs in
the presence of GSH. For example, it has been demonstrated that unmodified
vincristine is transported by MRP1 but only in the presence of physiological
concentrations of GSH.13 Furthermore, resistance to vinca alkaloids and anthracyclines
is reversed by GSH depletion in MRP1-overexpressing cells, but not in cells
overexpressing MDR1.16,24 Therefore, GSH appears to play an important role in
MRP1-mediated drug resistance. In this study we compared MDR1 and MRP1 with
respect to their ability to transport different classes of cationic drugs and investigated
the role of GSH in MRP1-mediated transport. We hypothesized that the hydrophobic
basic drug daunorubicin has not necessarily to be conjugated with GSH to be a MRP1
substrate,20,21 but is transported by MRP1 in the presence of GSH. We used vincristine
as a previously demonstrated MRP1 substrate 13 to characterise our experimental
system. Furthermore, experiments were performed with the permanently positively
charged monoquaternary cationic derivate of the anti-arrhythmic drug ajmaline (N-
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(4’,4’-azo-n-pentyl)-21-deoxy-ajmalinium, APDA) to study the ability of MRP1 to
mediate the transport of more hydrophilic cations which are excellent MDR1
substrates in vitro.

Material en methods

Chemicals
N-(4’,4’-azo-n-pentyl)-21-deoxy-[21-3H]ajmalinium ([3H]APDA) (46 GBq mmol-1) 25

was kindly provided by Dr. G. Kurz (University of Freiburg, Germany), [G-3H]-
vincristine (226 GBq mmol-1) was obtained from Amersham (Little Chalfont, UK) and
[14,15,19,20-3H(N)]-leukotriene C4 ([3H]LTC4 (4884 GBq mmol-1) and [G-3H]-
daunorubicin (46.62 GBq mmol-1) were  from NEN (Boston, MA, USA). Benzonase,
grade I protease free, was from Merck (Darmstadt, Germany). ATP, creatine phosphate
and creatine kinase were purchased from Boehringer (Mannheim, Germany). The
MRP1 inhibitor MK571 was kindly provided by Dr. A.W. Ford Hutchinson (Merck-
Frosst, Pointe Claire-Dorval, Quebec, Canada) and the MDR1 inhibitor PSC833 was a
kind gift of Novartis (Basel, Switzerland). The monoclonal antibody (mAb) QCRL-3,
directed against MRP1, was obtained from Signet Laboratories (Dedham, MA, USA).
β,γ-Methyleneadenosine 5’-triphosphate (AMP-PCP), GSH, the vacuolar H+-ATPase
(V-type ATPase) inhibitor bafilomycin A1 (Baf) and all other chemicals were from
Sigma (St. Louis, MO, USA).

Cell culture
Culture procedures for the human GLC4 small cell lung cancer line and its doxorubicin
selected multidrug resistant counterpart GLC4/Adr have been described previously.26

Culture of the non-small cell lung cancer cell line SW1573/S1, further designated as
S1, and of its MRP1 transfected subline S1(MRP) was performed as reported 27 only
with stepwise increase of the Geneticin concentration to 0.4 mg ml-1, Life
Technologies (Paisley, UK). The human ovarian tumour cell line A2780 was cultured
in RPMI1640 medium, supplemented with 10% foetal calf serum (FCS), (Life
Technologies). The multidrug resistant A2780AD line was isolated from the A2780
line by a multistep selection with  doxorubicin and maintained in RPMI1640 medium
supplemented with 10% FCS as described.28

Preparation of membrane vesicles
Membrane vesicles were prepared as described previously 14 with minor modifications.
Briefly, cells were harvested, washed with phosphate-buffered saline (PBS, 137 mM
NaCl, 2.7 mM KCl, 10.1 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and centrifuged at
180 x g, for 10 min at 4°C. The resulting pellet was diluted 40-fold in hypotonic buffer
(1 mM  NaHCO3, pH 7.4) and stirred gently in the presence of 100 U Benzonase for 1
h. The cell lysate was centrifuged at 100,000 x g for 30 min at 4°C and the remaining
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pellet was resuspended in 5 ml isotonic TS buffer (10 mM Tris/250 mM sucrose, pH
7.4) and homogenized with a Dounce B homogenizer in the presence of 100 U
Benzonase. The crude membrane fraction was layered on top of a 38% (w/v) sucrose
solution in 10 mM Tris (pH 7.4) and centrifuged at 280,000 x g for 1 h at 4°C in a
swing out rotor. The interface layer was collected, diluted to 25 ml in TS buffer and
centrifuged at 100,000 x g  for 30 min at 4°C. The resulting pellet was resuspended in
300-500 µl isotonic buffer. Vesicles were formed by passing the suspension 20 times
through a 25 gauge needle. The membrane vesicles were snap frozen in liquid nitrogen
and stored at -80°C. Protein content was measured by a Bradford-based Biorad protein
assay (Biorad laboratories, Hercules, CA).

Immunodetection of  MRP1 and MDR1
Ten µg protein of each membrane preparation was separated on a SDS/7.5%
polyacrylamide gel and transferred to nitrocellulose (Amersham) by electroblotting.
MRP1 was detected by the rat monoclonal MRPr1 (1:500), kindly provided by Dr. R.
Scheper, (Free University, Amsterdam, the Netherlands). MDR1 was detected by the
monoclonal antibody C219 (1:500), (Centocor, Malvern, MA, USA). MRP2 protein
levels were analyzed with the monoclonal antibody M2 III-5, a kind gift of Dr. R. Oude
Elferink (Academic Medical Centre, Amsterdam, the Netherlands). Primary antibodies
were visualized by enhanced chemiluminescence (ECL), (Pierce, Rockford, IL, USA).
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RP) Figure 1. Immunoblot analysis of
isolated membrane subfractions.
Membrane proteins (10 µg) were
resolved on 7.5% SDS-PAGE and
transferred to nitrocellulose by
electroblotting. Protein levels were
analyzed with monoclonal antibodies
raised against MRP1 (MRPr1) and
MDR1 (C219). Primary antibodies
were  visualized by enhanced
chemiluminescence. Sizes of molecular
weight markers are indicated in kDa.

Transport studies
Uptake of [3H]APDA (300 nM), [3H]vincristine (300 nM) and [3H]daunorubicin (600
nM) into membrane vesicles was measured by a rapid filtration technique. Membrane
vesicles (50 µg protein) were rapidly thawed and added to the buffer system containing
4 mM ATP or AMP-PCP, 10 mM MgCl2, 10 mM creatine phosphate, 100 µg ml-1

creatine kinase, 10 mM Tris pH 7.4 and 250 mM sucrose. After 1 min prewarming at
37°C, the substrate was added (110 µl final volume). At indicated time points, samples
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(25 µl) were taken and diluted in 1 ml ice cold  stopsolution (PBS). These solutions
were subsequently filtered through OE66 cellulose acetate filters, pore size 0.2 µm
(Schleicher & Schuell, Dassel, Germany), presoaked in PBS. Filters were rinsed  with
5 ml PBS/0.05% Tween 20 followed by 5 ml PBS. After rinsing, the filters were air
dried and radioactivity was counted with a liquid scintillation counter. Experiments
with [3H]daunorubicin were performed similarly, except that the PBS stopsolution
contained 1 mM ethidium bromide, the filters were presoaked in PBS/1 mM ethidium
bromide and the filters were first washed by 5 ml PBS/1 mM ethidium bromide,
followed by PBS/0.05% Tween 20 and 5 ml PBS. This method reduced the
background binding of [3H]daunorubicin with 70-80% and resulted in a signal to noise
ratio of 10:2-3. Experiments with [3H]LTC4 (1.5 nM) were performed with 10 µg
protein, NC45 nitrocellulose filters, pore size 0.45 µm (Schleicher & Schuell), and 10
mM Tris/250 mM sucrose buffer (pH 7.4) instead of PBS. If required, PSC833,
MK571, GSH and/or Baf were added together with the membrane vesicles to the
buffer system.

Time course experiments of [3H]daunorubicin (600 nM) uptake were carried out
with membrane vesicles from GLC4/Adr cells (100 µg protein in 220 µl reaction
volume) in the presence of 1 µM Baf and in the presence or the absence of 5 mM
GSH. At indicated time points, samples of 25 µl were taken and treated as described
above. Aspecific binding of [3H]daunorubicin was measured at 4°C in presence of 4
mM ATP and 5 mM GSH and subtracted from all values obtained at 37°C.

Uptake experiments in the presence of the MRP1-specific monoclonal antibody
(mAb) QCRL-3 or the control mAb directed against the T-cell marker CD3 (a kind gift
of Dr. B.J. Kroesen, University Hospital Groningen) were performed for 1 min as
described above. The mAbs were added together with the membrane vesicles to the
buffer system.

All transport data are presented as the difference of the values measured in the
presence of ATP and in the presence of AMP-PCP. The non-hydrolyzable ATP
analogue AMP-PCP did not support uptake, demonstrating that ATP hydrolysis was
required.

Results

Immunoblot analysis of MRP1 and MDR1
The levels of MRP1 and MDR1 in membrane subfractions were analyzed by
immunoblotting. Increased levels of the 190 kDa MRP1 14,29 were detected in
membranes from GLC4/Adr and MRP1-transfected S1(MRP) cells, while membranes
isolated from A2780, A2780AD, GLC4 and S1 cells exhibited lower levels (Figure 1).
MDR1 was found to be overexpressed in membranes isolated from A2780AD cells.
No expression of MDR1 was found in membrane preparations from the other cell
lines. MRP2 was not detected in membranes from  any of these cell lines (data not
shown).
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ATP-dependent uptake of cationic drugs in membrane vesicles from MDR1- and
MRP1- overexpressing cells
Transport properties of MDR1 and MRP1 were compared with two hydrophobic basic
drugs ([3H]vincristine and [3H]daunorubicin) and the more hydrophilic cation
([3H]APDA). Figure 2a shows ATP-dependent uptake of  [3H]APDA, [3H]vincristine
and [3H]daunorubicin into membrane vesicles from A2780 and A2780AD cells.
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Figure 2. ATP-dependent uptake of cationic drugs into  membrane vesicles from MDR1- and MRP1-
overexpressing cells. Uptake of [3H]APDA (300 nM), [3H]vincristine (300 nM) and [3H]daunorubicin
(300 nM) into membrane vesicles (50 µg) from A2780 and A2780AD cells was measured during 5 min
as described under “experimental procedures”. Uptake into A2780AD membrane vesicles was also
measured in the presence of 1 µM of the MDR1 inhibitor PSC833 (a). Similar experiments were
performed with membrane vesicles from GLC4 and from GLC4/Adr cells either in the absence or the
presence of 5 µM of the MRP1 inhibitor MK571 (b). [3H]LTC4 was used as control substrate for
MRP1-mediated transport. Data shown are means ± SD from at least three experiments with at least
triplicate determinations.

ATP-dependent uptake of all three substrates into A2780AD membrane vesicles was
increased compared to A2780 membrane vesicles. This uptake was inhibited by the
MDR1 inhibitor PSC833. These results indicate that the ATP-dependent transport of
[3H]APDA, [3H]vincristine and [3H]daunorubicin into membrane vesicles from
A2780AD is mediated by MDR1.

Under the same conditions, transport studies were performed with membrane
vesicles from GLC4 cells and the MRP1-overexpressing GLC4/Adr cell line (Figure
2b). The cysteinyl-leukotriene LTC4 was used as a control substrate for MRP1-
mediated transport. ATP-dependent transport of [3H]LTC4 into membrane vesicles
from GLC4/Adr cells was 16-fold higher than the uptake into GLC4 membrane
vesicles. This was inhibited by the MRP1 inhibitor MK571. In the presence of ATP,
uptake of [3H]APDA and [3H]daunorubicin into GLC4/Adr membrane vesicles was
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significantly higher than into GLC4 membrane vesicles. [3H]vincristine uptake was
only modestly higher. In contrast to [3H]LTC4, uptake of these three cationic
compounds into GLC4/Adr membrane vesicles was not inhibited by MK571. The
uptake of [3H]APDA, [3H]vincristine and [3H]daunorubicin into membrane vesicles
from S1(MRP) and S1 cells was similar. Furthermore, uptake of all three substrates
into S1(MRP) membrane vesicles was not inhibited by MK571 (data not shown).
These results indicate that the uptake of [3H]APDA, [3H]vincristine and
[3H]daunorubicin per se into membrane vesicles from MRP1-overexpressing cells,
although ATP-dependent, is not mediated by MRP1.

MRP1-mediated transport of [3H]vincristine and [3H]daunorubicin but not of
[3H]APDA in the presence of GSH
Next, we investigated the GSH-dependency of MRP1-mediated transport. The above
described non-MRP1-mediated uptake of the monoquaternary cation [3H]APDA and
the weak base [3H]daunorubicin into GLC4/Adr membrane vesicles (Figure 2b) might
be driven by a proton gradient. To eliminate this uptake we used the vacuolar H+-
ATPase (V-type ATPase) inhibitor bafilomycin A1 (Baf) to block the potential
involvement of proton gradient generating V-type ATPases.

Table 1. Uptake of [3H]LTC4 and cationic drugs into membrane vesicles from GLC4/Adr cells in the
absence and the presence of Baf.

Substrate Uptake (pmol mg protein-1)

Control                1 µM Baf
[3H]LTC4 (1.5 nM) 7.7 ± 1.64 7.8 ± 2.0 ns
[3H]APDA (300 nM) 22.1 ± 7.34 1.2 ± 1.34 P < 0.001
[3H]vincristine (300 nM) 1.6 ± 0.9 0.4 ± 0.02 ns
[3H]daunorubicin (300 nM) 23.7 ± 5.9 8.4 ± 5.7 P < 0.006

Uptake of indicated substrates into membrane vesicles from GLC4/Adr cells (50 µg) was measured for 5
min in the absence or the presence of 1 µM Baf. Data represent mean ± SD of three independent
experiments with quadruplicate determinations. Data were compared by an unpaired two-tailed
Student’s t-test, differences were considered to be significant when P < 0.05; ns, not significant.

Uptake of [3H]APDA and [3H]daunorubicin into GLC4/Adr membrane vesicles in
the presence of 1 µM Baf was reduced to 5% and 35% of the control values,
respectively, while [3H]vincristine uptake was only slightly inhibited. In addition, Baf
did not alter [3H]LTC4 uptake (Table 1). These results indicate that Baf reduces non-
MRP1-mediated uptake of cationic compounds into GLC4/Adr membrane vesicles
without affecting the transport activity of MRP1. Therefore, all experiments to
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investigate the role of GSH in MRP1-mediated cation transport were performed in the
presence of 1 µM Baf.
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Figure 3. ATP-dependent uptake of cationic drugs in the presence of GSH. Panel a represents uptake
during 5 min of [3H]APDA (300 nM), [3H]vincristine (300 nM) and [3H]daunorubicin (600 nM) into
membrane vesicles prepared from GLC4/Adr cells in the absence and the presence of 5 mM GSH.
Uptake was also measured in the presence of 5 µM MK571. Panel b represents the same experiments
with MRP1-transfected S1(MRP) cells. All experiments were performed in the presence of 1 µM Baf.
Data represent mean ± SD from at least two experiments with quadruplicate determinations.

GSH (5 mM) did not affect the uptake [3H]APDA into GLC4/Adr membrane
vesicles (Figure 3a). However, the uptake of [3H]vincristine and [3H]daunorubicin, in
the presence of ATP, was stimulated by GSH. This stimulated uptake was inhibited by
MK571. With membrane vesicles from S1(MRP) cells, similar results were obtained
(Figure 3b). The levels of GSH-mediated uptake of [3H]vincristine and
[3H]daunorubicin into GLC4/Adr and into S1(MRP) membrane vesicles correlated with
levels of MRP1 protein expression (Figure 1). These data show that MRP1-mediated
ATP-dependent transport of daunorubicin appears to be GSH-dependent. To gain more
insight into the initial uptake phase, a 2 min time course of [3H]daunorubicin uptake
was measured (Figure 4). Because of a relatively low overexpression of MRP1 in
S1(MRP) membrane vesicles, GLC4/Adr membrane vesicles were used for these
experiments. In the presence of 5 mM GSH, the uptake of [3H]daunorubicin was linear
up to 1 min. After 3 min, a steady state uptake of about 30 pmol mg protein-1 was
reached which did not significantly change during the next 7 min (data not shown).
The non-hydrolyzable ATP analogue AMP-PCP did not stimulate uptake, indicating
that GSH-dependent uptake of [3H]daunorubicin requires ATP hydrolysis. MK571 (2
µM) completely inhibited the GSH-dependent [3H]daunorubicin uptake.
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Figure 4. Time course of MRP1-
mediated daunorubicin transport. Initial
uptake of [3H]daunorubicin (600 nM)
into GLC4/Adr membrane vesicles (100
µg protein, 220 µl final volume) was
followed during 2 min with different
conditions. All experiments were
performed in the presence of 1 µM Baf.
GSH and MK571 were added to a final
concentration of 5 mM and 2 µM,
respectively. Data points are means ±
SD  from at least four independent
experiments with quadruplicate
measurements. Experiments were
performed with two different batches of
membrane vesicles.
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Inhibition of [3H]vincristine, [3H]daunorubicin and [3H]LTC4 transport with the
monoclonal antibody (mAb) QCRL-3
To demonstrate that transport of [3H]daunorubicin and [3H]vincristine is specifically
mediated by MRP1, uptake of both cations into GLC4/Adr membrane vesicles was
measured in the presence of the mAb QCRL-3 which recognizes a conformation
dependent MRP1-epitope.30 [3H]LTC4 was used as positive control for QCRL-3
inhibition. Results are presented in Figure 5. Transport of  all three substrates was
inhibited by QCRL-3 with IC50’s of 2, 20 and 12 µg ml-1 (0.23, 2.3 and 1.4 µg mAb
per 50 µg protein) respectively for [3H]daunorubicin,  [3H]vincristine and [3H]LTC4. A
control mAb directed against the T-cell marker CD3 with an identical isotype as
QCRL-3 did not affect [3H]LTC4 transport and only slightly inhibited transport of
[3H]daunorubicin and [3H]vincristine (less then 15% at the highest QCRL-3
concentration, data not shown).

Dependency of MRP1-mediated daunorubicin transport on GSH concentration
The effect of different GSH concentrations on MRP1-mediated daunorubicin transport
was investigated with GLC4/Adr membrane vesicles. Figure 6 shows that
[3H]daunorubicin transport was stimulated by increased concentrations of GSH with a
maximum of 10 mM after which a steady state level was reached. The Km value was
determined to be 2.7 mM.
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Figure 5. Inhibition of MRP1-mediated
transport by the mAb QCRL-3. Uptake of
[3H]daunorubicin (600 nM), [3H]vin-
cristine (300 nM) into GLC4/Adr mem-
brane vesicles (50 µg) was measured for
1 min in the presence of 1 µM Baf, 5 mM
GSH and increasing concentrations of the
MRP1 specific mAb QCRL-3. [3H]LTC4

(1.5 nM) was used as control for MRP1
inhibition by QCRL-3. Data are plotted
as percentages of control. Uptake rates of
control experiments were 19, 4.3 and 3.9
pmol mg protein-1 min-1, respectively, for
[3H]daunorubicin, [3H]vincristine and
[3H]LTC4. Data points represent means ±
SE of triplicate measurements in a single
experiment.
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Determination of IC50 value of MK571 for MRP1-mediated daunorubicin
transport
The inhibitory effect of MK571 on MRP1-mediated daunorubicin transport was
measured in presence of 10 mM GSH. MK571 effectively inhibited GSH-stimulated
[3H]daunorubicin transport in a dose-dependent manner with an IC50 of  0.4 µM
(Figure 7).

Discussion

MDR1 and MRP1, two distantly related members of the large superfamily of ABC-
transporter proteins, are both able to confer resistance of cells against a broad spectrum
of natural product drugs.4-6 MDR1-related multidrug resistance is most likely due to
the ATP-dependent extrusion of unmodified drugs from the cells mediated by the
MDR1 protein.31-36 Also MRP1-mediated multidrug resistance depends on the
transport capacity of MRP1, but the mechanism by which this protein mediates drug
transport appears to differ from MDR1. Most MRP1 substrates are organic compounds
that need to be conjugated with e.g. GSH before being transported. Also some organic
cationic drugs appear to be MRP1 substrates. Although these substrates are not known
to form GS S-conjugates, it has been shown that the presence of GSH is required for
MRP1-associated resistance against the cytotoxicity of these drugs.24,16 This suggests
that for MRP1-mediated extrusion of these cations, GSH is required without a need for
conjugation. This prompted us to investigate the role of GSH in MRP1-mediated
organic cation transport.
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Figure 6. Dependency of MRP1-
mediated daunorubicin transport on the
GSH concentration. Uptake of [3H]dau-
norubicin into GLC4/Adr menbrane
vesicles was measured for 1 min as
described at figure 5 in the presence of
different GSH concentrations. Data
points represents the difference between
ATP-dependent uptake and ATP-depen-
dent uptake in the presence of GSH. Data
points are means ± SE of at least
triplicate measurements in a single
experiment. Two additional experiments
showed the same results. Curve fitting
and calculation of the Km value was
performed with the Graphpad Prism
program. The initial ATP-dependent
uptake of daunorubicin in the absence of
GSH was 9.8 ± 1.4 pmol mg protein-1.

We have used 3 cationic substrates: two more hydrophobic basic drugs
[3H]vincristine and [3H]daunorubicin and the permanently positively charged organic
cation [3H]APDA. These drugs are substrates for MDR1 as demonstrated by us in this
study and by others previously.25,37,38 To test the ability of MRP1 to transport these
substrates in vitro we have used membrane vesicles prepared from the GLC4/Adr cell
line. This cell line was used for two reasons. First, GLC4/Adr exhibits a very high
overexpression of MRP1. This high level could not be found in MRP1-transfected cell
lines such as S1(MRP) or even not in Spodoptera frugiperda or Trichoplusia ni (High
Five) insect cells, overexpressing MRP1 by using the baculovirus expression system
(Renes et al., unpublished data). Furthermore, it has been demonstrated recently that
GLC4/Adr cells exclusively overexpress MRP1 but not the isoforms MRP2, MRP3,
MRP4 and MRP5.39

We showed that [3H]APDA and [3H]daunorubicin, and to a much lower extent
[3H]vincristine, were taken up in membrane vesicles from GLC4/Adr cells in the
presence of ATP but not in the presence of AMP-PCP. However, this uptake was not
inhibited by the leukotriene D4 receptor antagonist and MRP1-inhibitor MK571.40,41

This is a clear indication that MRP1, in contrast to MDR1, is not directly involved in
ATP-dependent transport of these cationic substrates. We have recently demonstrated
that GLC4/Adr cells have a more pronounced Golgi apparatus and contain more
intracellular vesicular structures than GLC4 cells.42 We therefore speculated that
addition of ATP might activate V-type ATPases that are present in membranes of
certain intracellular organelles. These V-type ATPases generate a proton-gradient by
hydrolyzing ATP and are involved in acidification of intracellular compartments of the
endocytotic and exocytotic pathway (for review see ref. 43, 44). The crude membrane
preparations we used contain plasma membranes as well as intracellular organelles,
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including acidic vesicular structures which could be responsible for the MRP1-
independent uptake of cations. The macrolide antibiotic bafilomycin A1 (Baf) is known
to function as a specific inhibitor for V-type ATPases.45 Addition of Baf blocked ATP-
stimulated uptake of the cations into GLC4/Adr membrane vesicles but it did not
influence MRP1-mediated transport of [3H]LTC4. Therefore, Baf was used in all
further experiments.

Figure 7. Determination of IC50 for
MK571 of GSH-dependent dauno-
rubicin transport by MRP1. Uptake of
[3H]daunorubicin into GLC4/Adr
membrane vesicles was measured in the
presence of 10 mM GSH with different
concentrations of MK571 as described
at figure 5. Data points represent means
± SE of triplicate measurements in a
single experiment. The experiment was
performed twice with similar results.
Curve fitting and calculation of the IC50

value was performed with the Graphpad
Prism program.

Several reports have suggested an important role of GSH in MRP1-mediated drug
efflux from  cells with a multidrug resistant phenotype (ref. 22 and references therein).
Experiments with MRP1-transfected cells showed that depletion of GSH results in a
complete reversal of resistance to vinca alkaloids and anthracyclines.16 Furthermore,
MRP1 mediates vincristine transport only in the presence of GSH,13 this study).
Reducing agents such as 2-mercaptoethanol, dithiothreitol and L-cysteine, have been
tested but none of these could increase uptake of [3H]vincristine in membrane vesicles
from MRP1 transfected cells 13 indicating that it is not the reducing capacity of GSH
that is responsible for this effect. GSH itself seems to play an essential role in MRP1-
mediated transport of hydrophobic drugs and our findings support this. In this study we
show that in the presence of physiological concentrations of GSH, the hydrophobic
basic drug daunorubicin is transported by MRP1 in an ATP-dependent manner. The
rate of MRP1-mediated daunorubicin transport is dependent on the concentration of
GSH. This implies that changes in the intracellular GSH concentration will have a
marked effect on the MRP1-mediated daunorubicin transport from drug resistant cells.

The specificity of MRP1-mediated cation transport, in particular of daunorubicin,
was demonstrated by the MRP1-specific mAb QCRL-3 11,13 and by MK571 inhibition.
QCRL-3 inhibited MRP1-mediated transport of daunorubicin in the presence of GSH
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better than LTC4 transport. One explanation for this effect may be a difference in
binding sites for hydrophobic cations and for anions at MRP1. The competitive
inhibitor MK571 inhibited MRP1-mediated GSH-dependent daunorubicin transport in
a dose dependent manner with an IC50 value of 0.4 µM. This is similar to what has
been reported for LTC4-inhibition.46 The difference between MRP1 inhibition by
QCRL-3 and by MK571 can be explained by the difference in binding of each of these
compounds to MRP1.

The mechanism by which GSH facilitates MRP1-mediated transport of hydrophobic
cationic drugs has not yet been fully elucidated. There is no evidence for conjugation
of GSH to drugs to which MRP1 confers resistance.22,16 There are indications that
MRP1 mediates GSH-transport 47,16 and may function as a co-transporter for GSH and
the drug. Thus GSH may be a low affinity substrate for MRP1. From experiments
using the vanadate-trapping technique it has been suggested that GSH as well as
anticancer drugs directly interact with MRP1.48 Transport of anionic MRP1-substrates
such as GSH- and glucuronide-conjugates are inhibited by hydrophobic (cationic)
vinca alkaloids 13,14 and anthracyclines.13 One hypothesis explaining these results is
that MRP1 may contain two binding sites: one for hydrophobic compounds and one
for hydrophilic compounds. This would allow a similar binding of GSH and the
hydrophobic drug as well as binding of hydrophobic compounds conjugated to GSH,
glucuronate or sulphate.

In conclusion, we showed that in addition to vincristine MRP1-mediated transport
of the unmodified anticancer drug daunorubicin is dependent on GSH. APDA is not a
substrate for MRP1.
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Abstract

The multidrug resistance protein MRP1 is a transporter for unmodified basic
anticancer drugs but only in the presence of reduced glutathione (GSH). In this study
we further characterised MRP1-mediated drug transport. Membrane vesicles were
isolated from the MRP1-overexpressing GLC4/Adr cell line, the multidrug resistant
counterpart of the GLC4 small cell lung cancer cell line. Transport experiments were
performed using a rapid filtration technique with 3H-labelled vincristine and
daunorubicin as substrates. Both substrates were transported by MRP1 in the presence
of GSH but also in the presence of methyl-GS, a short chain alkyl derivative of GSH.
The GSH dipeptide fragment cysteinyl-glycine did not stimulate MRP1-mediated
transport of vincristine or daunorubicin. Because glucuronides are also substrates for
MRP1 we tested whether glucuronic acid could also stimulate MRP1-mediated drug
transport. Glucuronic acid did not stimulate MRP1-mediated transport of either
vincristine or daunorubicin. From these results we conclude that MRP1-mediated
transport of unmodified basic anticancer drugs is most likely specifically dependent on
GSH and requires an intact GSH molecule.
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Introduction

Overexpression of the ATP-binding cassette (ABC) transporter multidrug resistance
protein MRP1 causes a multidrug resistant (MDR) phenotype. One of the mechanisms
of MRP1-mediated MDR is an ATP-dependent reduction of intracellular levels of,
usually basic, chemotherapeutic drugs.1 However, the first transport studies with
membrane vesicles from MRP1-overexpressing cells demonstrated that MRP1 is a
transporter for multivalent anionic conjugates, preferentially glutathione S-conjugates
(GS S-conjugates).2-4 This remained the question how MRP1 could function as a
transporter for unmodified basic  anticancer drugs.

According to its transport capacity for GSH-, glucuronic acid- and sulphate
conjugates,4 it was suggested that MRP1 might confer drug resistance by export of
drug conjugates. Although MRP1 is a transporter for the glutathione S-conjugates (GS
S-conjugates) of the alkylating agents chlorambucil and melphalan,5 MRP1 appears not
to confer resistance to these drugs. On the other hand, there is no evidence that
chemotherapeutic drugs to which MRP1 confers resistance are substrates for GSH-,
glucuronic acid- or sulphate conjugation.6 In addition, in efflux media from MRP1-
overexpressing cells drug conjugates could not be detected.7 Still, GSH is important in
the function of MRP1 in drug resistance. Drug resistant cells overexpressing MRP1
showed increased drug sensitivity after treatment with the GSH-depleting compound
buthionine sulphoximine (BSO).8,7 In addition, increased efflux of GSH was measured
from MRP1 overexpressing cells.7 These results suggested that GSH plays an
important role in the transport properties of MRP1.

Experiments with membrane vesicles from MRP1-overexpressing cells
demonstrated that MRP1 is a transporter for the unmodified basic anticancer drugs
vincristine and daunorubicin but only in the presence of GSH.9,10 The transport process
for vincristine is supposed to be driven via a co-transport mechanism with GSH.11

Dipeptide fragments of the GSH molecule i.e. cysteinyl-glycine and γ-
glutamylcysteine did not stimulate MRP1-mediated vincristine transport. This suggests
that drug transport by MRP1 requires an intact GSH molecule. Recently, we
demonstrated that daunorubicin transport by MRP1 is also dependent on GSH.10 GSH
stimulated MRP1-mediated daunorubicin transport in a dose-dependent manner with a
Km value of 2.7 mM and with maximal stimulation at concentrations ≥ 10 mM. The
specificity of this transport process was demonstrated using a MRP1-specific
monoclonal antibody that inhibited GSH-stimulated daunorubicin transport by MRP1.
In this study we further examined the mechanism of MRP1-mediated drug transport.
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Materials and Methods

Cell culture
Culture of the MRP1-overexpressing GLC4/Adr cells, the multidrug resistant
counterpart of the human GLC4 small cell lung cancer cell line has been described
previously in detail.12
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Figure 1. ATP-dependent transport of
[3H]vincristine (300 nM) during 5 min
into membrane vesicles prepared from
GLC4/Adr cells. Transport was
measured in the presence of 5 mM of
either GSH, methyl-GS (Me-GS) or
cysteinyl-glycine (Cys-Gly). MK571
was added to a final concentration of 5
µM. Data represent mean ± S.D. from
two experiments with at least triplicate
determinations. * P < 0.05 (one-way
ANOVA) compared to ATP; ** P <
0.05 (one-way ANOVA) compared to
GSH; *** P < 0.05 (one-way ANOVA)
compared to Me-GS.

Preparation of membrane vesicles
Membrane vesicles used in the transport studies were prepared as described.10 Briefly,
GLC4/Adr cells were harvested, washed with PBS and centrifuged at 180 x g for 10
min at 4°C. The pellet was diluted 40-fold in 1 mM NaHCO3 and stirred gently for 1 h
in the presence of 100 U Benzonase. The cell lysate was centrifuged at 100,000 x g
and the pellet was suspended in 10 mM tris/250 mM sucrose (TS) buffer and layered
on top of a 38% sucrose/10 mM tris solution. This was centrifuged for 1 h at 4°C at
280,000 x g and the interface layer was collected, resuspended in 25 ml TS buffer and
centrifuged at 100,000 x g for 30 min at 4°C. The pellet was resuspended in 500 µl TS
buffer and vesicles were formed by passing this suspension 20-25 times through a 25
gauge needle. Aliquots of 25 µl were snap frozen in liquid nitrogen and stored at -
80°C.

Protein contents were measured with a Bradford-based protein assay (Biorad
laboratories, Hercules, CA, USA) and expression of MRP1 protein was determined by
immunoblot analysis as described.10
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Transport studies
Transport experiments were performed by a rapid filtration technique using 3H-
labelled vincristine and daunorubicin as substrates as was described earlier.10

Membrane vesicles (50-100 µg protein) were thawed and added to a transport buffer
containing 4 mM ATP or AMP-PCP, a non-hydrolyzable ATP-analogue, 10 mM
MgCl2, 10 mM creatine phosphate, 100 µg/ml creatine kinase, 1 µM bafilomycin A1,
250 mM sucrose and 10 mM tris pH 7.4. Bafilomycin A1 is added to prevent aspecific
uptake. After 1 min prewarming at 37°C, [3H]vincristine or [3H]daunorubicin was
added to final concentrations of 300 nM and 600 nM, respectively, to a final volume of
115 µl. After 5 min incubation, 25 µl samples were taken and diluted in 1 ml ice cold
PBS or PBS/1 mM ethidium bromide for daunorubicin. These solutions were filtered
through OE66 cellulose acetate filters, pore size 0.2 µM (Schleicher and Schuell,
Dassel, Germany) which were presoaked in either PBS (vincristine) or PBS/1 mM
ethidium bromide (daunorubicin). Filters were washed with 5 ml PBS/1 mM ethidium
bromide, 5 ml PBS/0.1% Tween and 5 ml PBS for daunorubicin experiments and with
5 ml PBS/0.1% Tween and 5 ml PBS for vincristine experiments. Filters were air-dried
and radioactivity was counted with liquid scintillation.
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Figure 2. ATP-dependent transport of
[3H]daunorubicin (600 nM) during 5
min into membrane vesicles prepared
from GLC4/Adr cells. Transport was
measured in the presence of 5 mM of
either GSH, methyl-GS (Me-GS) or
cysteinyl-glycine (Cys-Gly). MK571
was added to a final concentration of 5
µM. Data represent mean ± S.D. from
two experiments with at least triplicate
determinations. * P < 0.05 (one-way
ANOVA) compared to ATP; ** P <
0.05 (one-way ANOVA) compared to
GSH; *** P < 0.05 (one-way ANOVA)
compared to Me-GS.

Results and Discussion

We previously demonstrated that the unmodified basic anticancer drugs vincristine and
daunorubicin are MRP1 substrates only in the presence of GSH.10 In this study we
have further characterised MRP1-mediated drug transport.
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GLC4/Adr membrane vesicles were used because of high MRP1 expression levels
and proven capabilities to study transport properties of MRP1.2,10 Membrane vesicles
from GLC4/Adr cells were isolated and MRP1 expression was analysed by
immunoblot analysis. Compared to membrane vesicles from GLC4 control cells, MRP1
expression levels were highly increased in GLC4/Adr membrane vesicles (ref. 10 and
data not shown).

Vincristine transport was stimulated about 6-fold by GSH and methyl-GS, a short-
chain alkyl derivative of GSH (5 mM final concentration). This increased vincristine
transport was reduced by the MRP1-inhibitor MK571 (5 µM final concentration)
(Figure 1). The GSH fragment cysteinyl-glycine however, did not stimulate vincristine
transport (Figure 1). These results are in agreement with previous results11 showing
that MRP1-mediated vincristine transport requires an intact GSH molecule. Similar to
vincristine, transport of daunorubicin was stimulated by GSH and methyl-GS, but not
by cysteinyl-glycine. GSH- and methyl-GS-stimulated daunorubicin transport was
inhibited by MK571 (Figure 2). These results demonstrate that MRP1-mediated
daunorubicin is also dependent on an intact GSH molecule.
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Figure 3. ATP-dependent transport of
[3H]vincristine (300 nM) during 5 min
into membrane vesicles prepared from
GLC4/Adr cells. Transport was measured
in the absence or the presence of 5 mM
glucuronic acid (G.A.). Data represent
mean ± S.D. from two experiments with
at least triplicate determinations.

Besides GS S-conjugates, glucuronides are also MRP1 substrates.4,13 Transport of
17 β-estradiol 17-(β-D-glucuronide) (E217βG) is reduced by LTC4 and photoaffinity
labelling of MRP1 by LTC4 is inhibited by E217βG.13 These results suggest that GS S-
conjugates and glucuronides bind to identical or overlapping binding sites. This
prompted us to investigate whether glucuronic acid could also stimulate MRP1-
mediated drug transport. Consistent with previous observations, glucuronic acid (5
mM) did not stimulate vincristine transport (Figure 3).11 We observed that glucuronic
acid did not stimulate MRP1-mediated daunorubicin transport, even with
concentrations up to 15 mM (Figure 4).
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The molecular mechanism of MRP1-mediated drug transport remains to be
elucidated. Substrates with highest affinity for MRP1 are anionic compounds such as
GS S-conjugates and glucuronides.14 Unmodified basic anticancer drugs are substrates
for MRP1 but only in the presence of GSH.10 Otherwise, if the drug is anionic there is
no need for further modification to be a MRP1 substrate as was shown for the
antifolate methotrexate.15 This suggests that the anionic moiety of a compound is a
prerequisite for MRP1-mediated transport. However, in contrast to GSH, the anionic
glucuronic acid does not stimulate MRP1-mediated transport of vincristine and
daunorubicin. Thus transport of unmodified basic drugs by MRP1 seems not
dependent on the presence of an arbitrary anionic compound but is rather specifically
dependent on GSH. Since GSH and methyl-GS, but not cysteine containing dipeptide
fragments of GSH, stimulate MRP1-mediated drug transport, it is not the reducing
capacity of GSH that increases drug transport,11 this study. Moreover, these results
demonstrate that an intact GSH molecule is required for MRP1-mediated drug
transport.
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Figure 4. ATP-dependent transport of
[3H]-daunorubicin (600 nM) during 5 min
into membrane vesicles prepared from
GLC4/Adr cells. Transport was measured
in the absence or the presence of 5-15
mM glucuronic acid (G.A.). Data
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How GSH facilitates MRP1-mediated drug transport is unclear. Short-chain alkyl
derivatives of GSH also stimulate MRP1-mediated vincristine and daunorubicin
transport,11 this study, suggesting that this transport is not initiated by reduction or
glutathionylation of MRP1. Rather, GSH may interact with a hydrophilic binding site
at MRP1. Indeed, GSH interacts with MRP116 and GSH is a substrate for MRP1.17

When LTC4 transport was measured in the presence of vincristine and GSH both
compounds acted as competitive inhibitors suggesting that vincristine and GSH have
similar binding sites on MRP1 as LTC4.

11 Thus MRP1-mediated transport of
unmodified basic anticancer drugs may depend on occupation of a specific binding site
on MRP1 by GSH. This binding site may also be occupied by short-chain alkyl
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derivatives of GSH but not by dipeptide fragments of GSH or glucuronic acid. This
model provides an explanation for the results presented in this study. How GSH
facilitates drug transport after binding to MRP1 remains speculative. A simple
explanation is that interaction of GSH with MRP1 induces drug binding after which
both are translocated. The recently observed GSH-mediated increase in MRP1 ATPase
activity 18 and induction of nucleotide trapping at nucleotide binding domain 2 19 may
be involved in this process.

In conclusion, MRP1-mediated transport of unmodified basic anticancer drugs is
most likely specifically dependent on GSH and requires an intact GSH molecule.
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Abstract

Loss of functionality of the p53 tumour suppressor gene has been associated with
multidrug resistance. In this study we used A2780 ovarian tumour cells stable
transfected with p53, containing hotspot mutations either at codon 175 (m175), 248
(m248) or 273 (m273). These mutants showed a different degree of resistance against
several anticancer drugs. This enabled us to investigate the relation between expression
of drug resistance genes and p53 mutations. Increased expression of MRP1 and MRP2
was found in m273 and m248 cells. MRP1 was detected at the plasma membrane, only
at cell-cell contact sites and MRP2 was predominantly localized intracellularly. The
transport activity of MRP1 and MRP2 was determined with membrane vesicles using
tritium-labelled leukotriene C4 (LTC4) as substrate. Compared to CMV control
transfectants, membrane vesicles from m273 and m248 showed a 4.5- and 1.5-fold
increased uptake of LTC4 that was inhibited by MK571. Cytotoxicity tests showed that
m273 cells, but not m248, cells were resistant to doxorubicin, mitoxantrone and
vincristine. The vincristine resistance was significantly modulated by MK571. In
conclusion, loss of p53 functionality can result in increased levels of certain multidrug
resistance proteins. This may contribute to the multidrug resistance phenotype of
tumour cells.
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Introduction

Mutations of the p53 tumour suppressor gene are the most frequent genetic alterations
in human malignancies.1 Loss of p53 function has been associated with multidrug
resistance (MDR).2,3 Fibroblasts from p53 knockout mice are resistant to
chemotherapeutic agents such as etoposide, doxorubicin and 5-fluorouracil.4 In a
screen with 60 human cancer cell lines it appeared that those with a p53 mutation were
less sensitive to cytotoxic drugs compared to cell lines expressing wild-type (wt) p53.5

In addition, specific p53 mutations are associated with doxorubicin resistance in breast
cancer.6 Most of the p53 mutations found in tumours are in conserved regions of the
protein; among them are the so-called hotspot mutations located at codons Arg175,
Arg248 and Arg273. These mutations occur with a frequency of 6.1 % (175), 9.6 %
(248) and 8.8% (273) of all p53 mutations in human cancers. 1,7

The p53 gene encodes for a 393 amino acid protein, which has functional domains
for transactivation, DNA binding, nuclear localisation and oligomerisation. p53 is
involved in many cellular processes such as transcription, DNA repair, cell cycle
control, senescence and apoptosis.8 p53 can be activated by DNA damaging agents,
hypoxia and decreased levels of ribonucleoside triphosphate pools and this activation
is associated with  cell cycle arrest. This process allows the DNA repair machinery to
restore the DNA damage and prevents mutations and genetic alterations, which can
ultimately lead to malignancies. The pro-apoptotic function of p53 seems cell type
specific.9 The p53 protein has been identified as a transcription factor inducing
expression of several genes that are directly or indirectly involved in the function of
p53 in the cell.10 However, p53 can also suppress genes that apparently lack p53-
binding sites such as the drug resistance genes DNA topoisomerase IIα,11 MDR1-P-
glycoprotein (MDR1) 12 and the multidrug resistance protein MRP1.13 The molecular
mechanism(s) involved are unclear.

Overexpression of MDR1 and/or MRP1 is seen in various drug resistant cell lines
where they cause a MDR phenotype by ATP-dependent extrusion of cytotoxic drugs
resulting in reduced intracellular levels.14,15 MDR1 and MRP1 share only 15% amino
acid identity,16 but both proteins confer resistance to similar, although not identical,
groups of anticancer drugs. In contrast to MDR1, MRP1-mediated drug resistance is
dependent on the presence of glutathione (GSH) as reviewed by Hipfner et al.17 The
importance of GSH in drug resistance has been extensively studied 18 and is further
illustrated by a frequently found coordinated upregulation of MRP1 and γ-
glutamylcysteine synthetase (γGCS), the rate limiting enzyme in GSH biosynthesis, in
human cancers.19 Besides MRP1, two other members of the MRP family, MRP2 20,21

and MRP3 22 have the capacity to confer drug resistance. Expression of MDR1 and
MRP1 is repressed by wt p53.13,23 The involvement of p53 in regulation of MDR1 and
MRP1 expression suggests that induction of drug resistance genes may play a role in
the MDR phenotype of mutant p53 overexpressing cells.

Recently, the A2780 ovarian cancer cell line has been stably transfected with
plasmids containing a mutated p53 sequence resulting in overexpression of the p53
protein containing hotspot mutations either at codon Arg175 (m175), Arg248 (m248)
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or Arg273 (m273).24 Depending on the p53-mutations these cells exhibit a different
degree of resistance against several chemotherapeutic drugs such as mitoxantrone,
doxorubicin, paclitaxel or vinblastine. We hypothesized that overexpression of MDR
transporters may contribute to the cellular resistance against these drugs. Therefore, we
investigated the expression of MRP1, MRP2, MRP3, MDR1 and γGCS genes and
proteins in the mutant p53-transfected A2780 ovarian cancer cells.

Materials and Methods

Materials
Cell culture reagents and TRIzol reagent was obtained from Life Technologies (Paisly,
UK) and SV total RNA isolation system, AMV reverse transcriptase (RT) and RNasin
ribonuclease inhibitor was from Promega (Madison, WI). Random primers for cDNA
synthesis were obtained from Pharmacia (Uppsala, Sweden). Taq polymerase was
from Eurogentec (Seraign, Belgium). Complete protease inhibitor was purchased
from Roche Diagnostics (Almere, The Netherlands) and Benzonase was from Merck
(Darmstadt, Germany). Monoclonal antibodies against MRP1 (MRPm6) and MRP2
(M2 III-6) were kindly provided by Dr. R. Scheper, (Free University, Amsterdam, The
Netherlands). [14,15,19,20-3H(N)]-leukotriene C4 ([

3H]LTC4) was obtained from New
England Nuclear (Boston, MA) and MK571 was purchased from Biomol (Plymouth
Meeting, PA). All other chemicals were from Sigma (St. Louis, MO), unless otherwise
indicated.

Cell culture
The human A2780 ovarian tumour cell line was cultured in RPMI 1640 medium
supplemented with 10% foetal calf serum in a humidified atmosphere at 37°C with 5%
CO2. Generation of stable p53 transfectants was performed as described.24 In brief,
plasmids carrying no p53 (pCMV-neo), or p53 mutated at codon 175 (m175, Arg →
His), 248 (m248, Arg → Trp) or 273 (m273, Arg → His) were introduced in A2780
cells by electroporation and further selected by 1 mg/ml geneticin (Life Technologies).
Overexpression of p53 protein was routinely checked by immunohistochemistry.

RNA isolation and RT-PCR
Total RNA was isolated from the cells with TRIzol Reagent according to the
manufacturer’s instructions and further purified using SV total RNA isolation system.
Single stranded cDNA was synthesized from 10 µg RNA using 0.5 nmol random
primers and 46 U AMV reverse transcriptase in a buffer containing 10 mM MgCl2, 10
mM Tris-HCl, 50 mM KCl, 0.1 % Triton X-100, 1.0 mM of each dNTP and 60 U
RNasin ribonuclease inhibitor in a total volume of 75 µl. Reverse transcription (RT)
was performed for 10 min at 25°C and 1 h at 55°C followed by heating at 95°C for 5
min to terminate the reaction. With the cDNA obtained, PCR reactions were performed
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using 3 µl RT reaction mix, 0.5 U Taq polymerase, 50 pmol sense and 50 pmol
antisense primer (Table 1) in a final reaction volume of 50 µl.

Table 1. Primers used for the analysis of expression of MDR genes by RT-PCR.

Primers Sense and antisense PCR product
(bp)

MRP1 5’-AATGCGCCAAGACTAGGAAG-3’
5’-ACCGGAGGATGTTGAACAAG-3’

990

MRP2 5’-CTGGTTGATGAAGGCTCTGT-3’
5’-CTGCCATAATGTCCAGGTTC-3’

1067

MRP3 5’-GCAGGTGACATTTGCTCTGA-3’
5’-CTGAAGGTCACGAGTCTCCC -3’

564

γGCS 5’-TGAGATTTAAGCCCCCTCCT-3’
5’-CCTACTCCCTCAAATAGCGT-3’

521

MDR1 5’-AAAAAGATCAACTCGTAGGAGTG-3’
5’-GCACAAAATACACCAACAA-3’

161

β-actin 5’-AACACCCCAGCCATGTACG-3’
5’-ATGTCACGCACGATTTCCG-3’

254

Isolation of membrane fractions
Crude membrane fractions were isolated as follows. About 50 x 106 cells were
harvested and centrifuged at 1,000 x g for 15 min at 4°C. The pellet was resuspended
in 1 mM Tris-HCl, pH 7.4, supplemented with Complete™ protease inhibitor cocktail
tablets, with one tablet per 50 ml. Cells were lyzed by 3 cycles of snap-freezing in
liquid nitrogen and quick defrosting at 37°C. The resulting suspension was further
homogenized by passing 20 times through a 21 gauge needle. The homogenate was
incubated for 30 min on ice in the presence of 100 U Benzonase and centrifuged for 15
min at 15,000 x g at 4°C. The pellet was resuspended in 200 µl 1.0 mM Tris-HCl, pH
7.4, supplemented with Complete™.

Membrane vesicles used for transport studies were isolated essentially as
described.25 Protein contents were measured by a Bradford-based Biorad protein assay
(Biorad laboratories, Hercules, CA).

Glycosylation assay
Thirty µg of crude membrane fractions were incubated overnight at 37°C in 50 mM
NaH2PO4 buffer, pH 7.5, with 3 mM phenylmethylsulfonyl fluoride and either in the
absence or in the presence of 5 U of peptide N-glycosidase F (PNGase F), (New
England Biolabs, Beverly, MA).
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Immunoblot analysis
Membrane fractions were analyzed for MRP1, MRP2 and MDR1 protein expression
by Western Blot as described.25 Monoclonal antibodies used for protein detection were
MRPr1 (MRP1), M2 III-6 (MRP2) and C219 (MDR1). Positive control for MRP1 was
2.5 µg membrane vesicles from GLC4/Adr cells, for MRP2 2.5 µg rat liver homogenate
and for MDR1 2.5 µg membrane vesicles from A2780AD cells, the MDR counterpart
of A2780 cells.

Confocal scanning laser microscopy
Localisation of MRP1 and MRP2 was examined by confocal scanning laser
microscopy.  Single cell suspensions of 0.5 x 106 cells/ml were grown overnight on
coverslips. Cells were washed in phosphate-buffered saline (PBS, 137 mM NaCl, 2.7
mM KCl, 10.1 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and fixed in acetone (-20°C)
for 5 min. Coverslips were air dried and cells were rehydrated by placing the
coverslips in PBS for 20 min at room temperature. Cells were incubated with
monoclonal antibodies MRPm6 (MRP1) and M2 III-6 (MRP2), both diluted 1:50 in
PBS/1% bovine serum albumin (BSA), in a humidified chamber overnight at 10°C.
Coverslips were then washed three times for 10 min with PBS and incubated for 1 h at
room temperature with a FITC-labelled goat anti-mouse IgG (Sigma) diluted 1:400
(MRPm6) and 1:200 (M2 III-6) in PBS/1%BSA. Coverslips were then washed three
times for 10 min in PBS, rinsed with water and mounted with Prolong Antifade
mounting medium (Molecular Probes, Leiden, The Netherlands). Images were taken
with a confocal scanning laser microscope, (TCS 4D, Leica, Heidelberg, Germany)
equipped with an argon/krypton laser coupled to a Leitz DM IRB inverted microscope
(Leica).

Transport studies
Transport of [3H]LTC4 (1.5 nM) into isolated membrane vesicles was measured as
described.25 Briefly, membrane vesicles (40 µg protein) were rapidly thawed and
incubated in a buffer containing 4 mM ATP or AMP-PCP, the non-hydrolyzable ATP-
analogue, 10 mM MgCl2, 10 mM creatine phosphate (Roche Diagnostics, Almere, The
Netherlands), 100 µg/ml creatine kinase (Roche Diagnostics), 10 mM Tris, pH 7.4 and
250 mM sucrose. After 1 min prewarming, [3H]LTC4 (1.5 nM) was added and samples
were taken after 3 min and diluted into ice-cold stopsolution (10 mM Tris/250 mM
sucrose, pH 7.4). These dilutions were filtered and radioactivity was counted. The
MRP1 inhibitor MK571 (3 µM final concentration) was added together with the
membrane vesicles. ATP-dependent transport was calculated by subtracting AMP-PCP
values from the ATP values.

γγγγ-GCS activity and GSH levels
To determine the γGCS activity, cell pellets were resuspended in 150 mM Tris-HCl,
pH 7.4, briefly sonicated and the lyzates were centrifuged at 15,000 x g for 15 min at
4°C. The supernatants were used further for determination of γGCS activity according
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to the method of Seelig and Meister using the coupled enzyme procedure.26 The
reaction was followed by measuring the decrease in NADH absorbance at 340 nm at
37°C. Specific activity of the γGCS enzyme was defined as µmol NADH
oxidized/min/mg protein with 1 µmol/min/mg set to 1 U. The specificity of the method
was confirmed by using buthionine sulfoximine (BSO), an inhibitor of γGCS. The
GSH levels were determined according to the method of Tietze.27

Drug sensitivity assay
Cell survival after drug exposure was tested with the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) microculture assay. For CMV and m273 1,250
cells, for m175 2,000 cells and for m248 2,500 cells were seeded in a total volume of
200 µl medium in a 96-well culture plate. Drug incubations were performed for 96 hrs
with each drug concentration tested in quadruplicate. For modulation studies, MK571
(50 µM final concentration) was added 1 h before the drug incubations started.

Results

mRNA analysis of drug resistance genes in mutant p53 overexpressing cells
To investigate the relation between specific p53 mutations and drug resistance genes,
we analyzed the expression of MRP1, MRP2, MRP3, MDR1 and γGCS genes by RT-
PCR in A2780 ovarian tumour cells, the CMV control transfectants and the mutant p53
overexpressing cells. (Figure 1). The β-actin gene was used as control to compare
expression levels, while the human liver hepatoma cell line HepG2 and human liver
(HL) tissue served as positive controls for all genes analyzed. MRP1 mRNA was
detected in all cells but showed particularly increased levels in m273 cells. Expression
of the MRP2 gene was demonstrated in the m248 cells and at a lower level in the CMV
transfectants. No expression of this gene was found in the other mutants or in the
A2780 cell line, while a relative strong expression was observed in the HepG2 cells
and in HL tissue. MRP3 gene expression was detected only in HepG2 cells and HL
tissue. A relatively high expression of the MDR1 gene was seen in HepG2 cells and
HL tissue, while MDR1 expression was very low in m273 cells and not detectable in
the other mutants nor in the CMV transfectants or the A2780 cells. All cell lines
showed expression of the γGCS gene. Compared to CMV transfectants, the expression
of γGCS in m273 cells was slightly decreased.

Protein expression of MRP1, MRP2 and MDR1 in mutant p53 overexpressing
cells
Crude membrane fractions were isolated to examine the expression of MRP1, MRP2
and MDR1 proteins using immunoblot analysis (Figure 2). MRP1 was overexpressed
in m273 cells, while in the other mutants no significant difference in MRP1 expression
was detected in comparison with the CMV transfectants. Increased levels of MRP2
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were observed in m248 cells and to a lower extent also in the CMV transfectants.
Expression of MDR1 was only detected in membrane fractions from A2780AD cells,
which served as positive control for MDR1 expression (data not shown). We also
investigated expression levels of MRP1 and MRP2 (Figure 3) in enriched membrane
subfractions used for kinetic analysis of MRP1 and MRP2 function. Again an
increased MRP1 expression was seen in membrane vesicles from m273 cells.
Expression of MRP2 was detected only in membrane vesicles from m248 cells, in
contrast to the results obtained with the crude membrane fractions where MRP2
staining was also detected in CMV membranes. This may be due to further purification
of the membrane preparation used for transport studies.
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Figure 1. Analysis of expression of
MRP1, MRP2, MRP3, MDR1,
γGCS and β-actin genes by RT-
PCR in A2780 ovarian tumour
cells, CMV transfectants and
mutant p53 overexpressing cells.
HepG2 cells and normal human
liver (HL) tissue served as positive
controls.

MRP1 protein in the mutant p53 overexpressing cells seems to have a slightly lower
molecular weight compared to A2780 and CMV control cells (Figure 2). Treatment of
the crude membrane fractions with PNGase F that cleaves the N-linked glycosylation
resulted for all cell lines in a deglycosylated protein with identical mass (data not
shown). Thus, in the mutant p53 transfected cells, MRP1 is less glycosylated than
MRP1 in A2780 cells and CMV transfectants.

Subcellular localisation of MRP1 and MRP2
Confocal scanning laser microscopy was used to study the subcellular localisation of
MRP1 and MRP2 in m273 and m248 cells, respectively. Increased MRP1-staining was
observed at the plasma membrane of m273 cells but only at cell-cell contact sites
(Figure 4). Much lower MRP1-staining was found in CMV transfectans. No increased
MRP1-signal was seen in the other mutants (data not shown). MRP2 was
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predominantly localized at intracellular vesicular structures in m248 cells, whereas
MRP2 was not detected in CMV transfectants (Figure 4) or other mutants (data not
shown).
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Figure 2. Immunoblot analysis of MRP1 and MRP2
proteins in crude membrane fractions. Twenty µg of
protein was separated on 7.5% SDS-PAGE and
transferred to nitrocellulose by electroblotting. Positive
control for MRP1 was 2.5 µg membrane vesicles from
GLC4/Adr cells and for MRP2, 2.5 µg rat liver
homogenate. Protein levels were analyzed with
monoclonal antibodies against MRP1 (MRPr1) and
MRP2 (M2 III-6). Primary antibodies were visualized by
enhanced chemiluminescence. Sizes of molecular weight
markers are indicated in kDa.

Figure 3. Immunoblot analysis of
MRP1 and MRP2 protein levels in
enriched membrane subfractions.
Analysis of protein expression was
performed precisely as described in the
legend of figure 2.

ATP-dependent [3H]LTC4 transport activity from mutant p53 overexpressing cells
To investigate MRP1 and MRP2 function, transport studies were performed using
[3H]LTC4 as substrate. ATP-dependent uptake of [3H]LTC4 into membrane vesicles
from m175 cells was slightly decreased compared to CMV. In both CMV and m175
membrane vesicles, MK571 inhibited ATP-dependent [3H]LTC4 uptake, indicating that
this transport is MRP1-mediated. Compared to CMV, ATP-dependent [3H]LTC4

uptake into m248 and m273 membrane vesicles was increased 1.7- and 4.9-fold,
respectively. This transport activity was reduced by MK571, an inhibitor for MRP1
and MRP221 (Figure 5). These results demonstrate that MRP1 is functionally
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overexpressed in m273. The transport activity measured with m248 membrane vesicles
is most likely due to the transport function of both MRP1 and MRP2.

A C

B D

Figure 4. Subcellular localisation of MRP1 and MRP2 in CMV transfectants (A and C), m273 cells
(B) and m248 cells (D). MRP1 was stained with the monoclonal antibody MRPm6 (1:50), (A and B).
MRP2 was stained with the monoclonal antibody M2 III-6 (1:50), (C and D). The primary antibodies
were visualized by a secondary FITC-labelled antibody with a 1:400 dilution for MRPm6 and a 1:200
dilution for M2 III-6. Images were taken with a confocal scanning laser microscope. Bar = 10 µm.

γγγγGCS activity and GSH levels
GSH is a crucial factor in MRP1 and MRP2 function as MDR proteins. Figure 1 shows
that expression of the γGCS gene is not significantly changed in m175 and m248 cells
and is slightly decreased in m273 cells. To determine whether the activity of the
enzyme is altered, we measured γGCS activity and GSH levels in the p53 mutants and
CMV transfectants. HepG2 cells were used as positive control for the γGCS assay. The
γGCS activity determined in the p53 mutants was not different from the CMV
transfectants. The HepG2 cells showed a γGCS activity of 4.5 ± 0.4 U which is about
3-fold higher compared to the CMV transfectants  (Table 2).
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The GSH levels from m248 and m273 cells were not different from CMV
transfectants. However, m175 cells showed increased GSH levels compared to CMV
transfectants and the other mutants (Table 2).
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) Figure 5. ATP-dependent uptake of
[3H]LTC4  into membrane vesicles from
CMV transfectants, m175, m248 and
m273 cells. Uptake of [3H]LTC4 was
measured for 3 min in the presence of
ATP or the non-hydrolyzable ATP
analogue AMP-PCP. ATP-dependent
uptake was calculated by subtraction of
AMP-PCP levels from ATP levels.
MK571 was used in a final concentration
of 3 µM. Data shown are means ± SD
from two experiments with quadruplicate
determinations.

Drug sensitivity of mutant p53 overexpressing cells
Previously we have demonstrated that our p53 mutant cells showed a different degree
of resistance against several anticancer drugs. In this study we found overexpression of
MRP1 and MRP2 in m273 and m248 cells. In order to test whether MRP1 and MRP2
play a role in the drug resistance phenotype of the p53 mutants, we measured the
cytotoxicity of three different anticancer drugs in the presence or the absence of
MK571 using the MTT assay.

Table 2. γGCS enzyme activity and GSH levels in mutant p53 overexpressing cells.

Cells γGCS activity (U) GSH (nmol/106 cells)
CMV 1.7 ± 0.2 11.1 ± 2.5
m175   1.8 ± 0.3ns   22.5 ± 2.9a

m248   1.9 ± 0.2ns     8.5 ± 1.9b

m273
HepG2

  1.5 ± 0.3ns

 4.5 ± 0.5a
  10.7 ± 2.4b

One U γGCS enzyme activity is defined as 1 µmol NADH oxidized per min/mg protein. Data represents
mean ± S.D. of at least three independent experiments. Statistical significance was tested using a one-
way ANOVA test. HepG2 cells were used as positive control for the γGCS assay. ns not significant
compared to CMV transfectants or the other mutants; a P < 0.05 compared to CMV; b P < 0.05
compared to m175.
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The m175 cells only showed significant resistance to doxorubicin (1.8 fold) and this
was modulated by MK571 (Table 3). Resistance levels found in m248 cells were not
different from CMV transfectants. However, compared to CMV transfectants, the
m273 cells showed resistance to doxorubicin (2.8 fold), mitoxantrone (5.9-fold) and to
vincristine (1.7-fold). In these cells, only resistance to vincristine was significantly
modulated by MK571 (Table 3).

Discussion

Mutations of the p53 tumour suppressor gene are common in diverse types of human
malignancies and are frequently associated with a drug resistant phenotype.5,28,6 Our
data provide evidence for an association between mutated p53 and increased
expression of MRP1 and MRP2 and support the idea that mutation of p53 leads to a
decreased sensitivity for anticancer drugs.29

Table 3. Drug resistance profiles of CMV transfectants and different p53 mutants.

cells doxorubicin     mitoxantrone   vincristine
-

MK571
+

MK571
-

MK571
+

MK571
-

MK571
+

MK571

CMV  11.1 ± 1.7   8.5 ± 1.3 0.7 ± 0.1 0.7 ± 0.1 2.2 ± 0.1 0.8 ± 0.1b

m175  20.4 ± 0.1a 15.9 ± 0.2b 1.8 ± 0.3 1.8 ± 0.2 2.2 ± 0.1 0.8 ± 0.1b

m248  15.0 ± 2.3 11.7 ± 1.2 1.8 ± 0.1 1.5 ± 0.5 1.4 ± 0.2 0.6 ± 0.1b

m273 30.8 ± 1.7a 21.9 ± 1.7  4.1 ± 0.6a 4.8 ± 0.1  3.7 ± 0.6a 1.3 ± 0.2b

Sensitivity to doxorubicin, mitoxantrone and vincristine was determined using the MTT assay in the
absence or the presence of MK571. Data represent IC50 values (means ± SD) of at least two
experiments with quadruplicate determinations. a different from CMV transfectants (one way ANOVA,
P < 0.05); b different from the IC50 value measured without MK571 (unpaired two-tailed Student’s t-test,
P < 0.01).

Most of the mutations found in p53 are located in the conserved hydrophobic region
(amino acids 100-293) which binds to specific DNA sequences.8 In this study we used
p53 constructs with mutations at the highly conserved codons 175 (Arg → His), 248
(Arg → Trp) and 273 (Arg → His). These are frequently occurring, so-called hotspot,
mutations. Residues Arg248 and Arg273 seem to be involved in direct contact with the
DNA, while residue Arg175 is supposed to play a role in stabilizing the structure of
the DNA binding surface of p53.7 Since codons 175, 248 and 273 are located in the
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DNA-binding domain of the protein, research has been focussed on the transcriptional
activity of the protein mutated specifically at these codons.

In the current study we found an increased expression of MRP1 and MRP2 after
stable transfection of A2780 ovarian carcinoma cells with mutant p53 constructs. The
mechanism behind this is unknown. Apparently, the promoter regions of the MRP1 and
MRP2 genes lack consensus p53 binding sequences. Thus it is unlikely that p53 has a
direct role in regulation of these drug resistance genes. It has been demonstrated that
wt p53 negatively regulates genes that apparently lack p53 binding elements including
DNA topoisomerase IIα,11 MDR1 12 and MRP1.13 This suggests that the p53-
dependent regulation of MDR1, MRP1 and MRP2 does not occur at the level of gene
transcription.

The MDR1 gene expression in m273 cells is specific but was very low. It has been
proposed that mutant p53 can induce MDR1 expression by a dominant negative effect
on the suppressor activity of wt p53.12 This may also be true for the increased MDR1
gene expression in m273 cells. The precise mechanism of MRP1 and MRP2
expression in relation to p53 is not known. In analogy to MDR1, overexpression of
mutant p53 might interfere with the suppressor activity of wt p53. It has been shown
that induction of MRP1 promoter activity mediated by the transcription factor Sp1 is
strongly reduced by wt p53.13 Sp1 forms a heterocomplex with wt p5330 and this
suggests that wt p53-mediated repression of MRP1 expression may be a result of p53-
Sp1 complex formation, which prevents transactivation of the MRP1 promoter.
Mutated p53 also binds to Sp130 but this might result in a complex with reduced
repression activity, causing an increased MRP1 expression. Further research is
required to elucidate the precise mechanism.

The expression of MRP2 is induced in m248 cells and to a much lower extent in the
CMV transfectants. We speculate that overexpression of p53 mutant m248 might
interfere with repression of MRP2 promoter activity in A2780 cells, or may result in
increased levels of transcription factors that induce MRP2 expression. Alternatively,
m248 and CMV cells differ from the other mutants in that they have a constitutive
overexpression of p21 (Waf1/Cip1), which is involved in cell cycle arrest.9

Furthermore, cell cycle analysis showed an increased percentage of m248 cells in the
G1 phase and a decreased percentage of cells in the S phase (S de Jong et al.,
submitted). Thus, m248 cells seem to be in a less-proliferative state. Recently, it has
been demonstrated that MRP2 expression in freshly isolated hepatocytes is related to
the absence of cyclin D1, a protein expressed in late G1 and mediating entry into the
S-phase of the cell cycle.31 The increased MRP2 expression in CMV and m248 cells
may be related to alterations in the cell cycle status of these cells.

The localisation of MRP1 in m273 cells at cell-cell contact sites is consistent to
observations with other cell lines.32,31 In contrast, the localisation of MRP2 in m248
cells was predominantly intracellular. In polarized cells, MRP2 is found at the apical
membrane 33,34 and also in transfected polarized epithelial cells, MRP2 is targeted to
the apical membrane.35 However, in non-polarized cells such as kidney carcinoma
cells, and in non-polarized transfected cells, MRP2 is localized mainly at intracellular
membranes.36,20 A2780 cells have a strictly non-polarized phenotype. This may explain
the intracellular localisation of MRP2 in m248 cells.
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Although m248 cells have an increased expression of functional MRP2, they do not
show significantly increased resistance to any of the tested drugs. This may be due to
the relative low expression levels that can not significantly contribute to drug
resistance. In contrast, m273 cells, with highest MRP1 expression, show increased
resistance against doxorubicin, mitoxantrone and vincristine. However, the MRP1
inhibitor MK571 only significantly modulates vincristine resistance. This indicates that
doxorubicin and mitoxantrone resistance is more complex than vincristine-related
resistance and appears to be partly dependent on mechanism(s) other than MRP1.37

This is further illustrated by the fact that MRP1 per se confers higher resistance
towards vincristine than to doxorubicin and no resistance to mitoxantrone.38

Based on the MK571 modulation, the doxorubicin resistance in our p53 mutants
seems at least partial dependent on MRP1. The MRP1-mediated doxorubicin
resistance in m175 cells  is probably related to the increased GSH levels in these cells.
MRP1-mediated drug transport is dependent on the GSH concentration.39,25

Alternatively, GSH is important for the detoxification of xenobiotics and increased
levels are associated with drug resistance. Doxorubicin is known to generate toxic
metabolites, such as 4-hydroxyalkenals. These metabolites are easily conjugated to
GSH and are potential MRP1 substrates.40 Blocking of MRP1 might thus cause an
inhibition of a cellular defence pathway against the toxic effects of doxorubicin
resulting in increased sensitivity.

In conclusion, we demonstrate that overexpression of p53 mutated at codons 273 or
248 results in increased expression of functional MRP1 and MRP2. In addition,
increased MRP1 expression is associated with vincristine resistance. Thus, loss of wt
p53 functionality may result in increased levels of certain multidrug resistance proteins
and this may contribute to the drug resistant phenotype of tumour cells.
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Abstract

4-Hydroxynonenal (4HNE) is the most prevalent toxic lipid peroxidation product
formed during oxidative stress. It exerts its cytotoxicity mainly by modification of
intracellular proteins. The detection of 4HNE-modified proteins in several
degenerative disorders suggests a role of 4HNE in the onset of these diseases. Efficient
protection mechanisms are required to prevent intracellular accumulation of 4HNE.
Toxicity of 4HNE was tested with the GLC4 and the MRP1-overexpressing
counterpart GLC4/Adr small cell lung cancer cell lines. In the presence of the MRP1-
inhibitor MK571 or the GSH-depleting agent buthionine sulfoximine, both cell lines
became more sensitive and showed decreased survival. Transport experiments were
performed with the tritium-labelled glutathione S-conjugate of 4HNE ([3H]GS-4HNE)
using membrane vesicles from GLC4-derived cell lines with different expression levels
of MRP1. [3H]GS-4HNE was taken up in an ATP-dependent manner and the transport
rate was dependent on the amount of MRP1. The MRP1 inhibitor MK571 reduced
[3H]GS-4HNE uptake. MRP1-specific [3H]GS-4HNE transport was demonstrated
using membrane vesicles from High Five insect cells overexpressing recombinant
MRP1. Kinetic experiments showed an apparent Km value of 1.6 ± 0.21 µM for
MRP1-mediated [3H]GS-4HNE transport. In conclusion, MRP1 plays a role in the
protection against 4HNE toxicity and GS-4HNE is a novel MRP1 substrate. MRP1,
together with GSH, are supposed to play a role in the defence against oxidative stress.
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Introduction

Lipid peroxidation is a degenerative process affecting cell membranes and other lipid-
containing structures and is associated with pathological implications.1 It is initiated by
reactive oxygen species (ROS) generated under conditions of oxidative stress.
Conversion of polyunsaturated fatty acids (PUFA) by short lived ROS results in
formation of relatively stable aldehydes that can diffuse from their site of origin and
affect targets distant from the initial free radical attack. One of the major toxic
products generated during lipid peroxidation is the α,β-unsaturated aldehyde 4-
hydroxynonenal (4HNE) which is derived from ω-6-PUFA’s like arachidonic acid and
linoleic acid.1,2

4HNE shows a variety of cytotoxic effects such as inhibition of DNA, RNA and
protein synthesis, cell cycle arrest, mitochondrial dysfunction, induction of cataracts of
the lens and neuronal apoptosis.2-4 Intracellularly, 4HNE reacts rapidly with thiol
groups of GSH and cysteine and with lysine and histidine residues of proteins.5,6

4HNE-modified proteins have been detected in pathological disorders such as chronic
liver diseases,7 Parkinson disease,8 mitochondrial complex I deficiency,9 Alzheimer’s
disease 10 and atherosclerotic lesions.11 Furthermore, 4HNE plasma levels are
increased in patients with rheumatoid arthritis.12

It is obvious that efficient protection mechanisms are required to prevent
accumulation and subsequently toxic effects of 4HNE. Enzymes primary known for
metabolism and/or detoxification of 4HNE are aldehyde dehydrogenases, aldo-keto
reductases and glutathione S-transferases (GST’s). These enzymes convert 4HNE
either to 4-hydroxynoneic acid, 1,4-dihydroxynonene or the GSH-conjugate (GS S-
conjugate) of 4HNE (GS-4HNE).2,13-15 Among these metabolites, GS-4HNE is
predominantly found when heart, liver or kidney are perfused with 4HNE.13,16,17 This
showed that GSH plays a major role in the metabolism of 4HNE. GSH can react
rapidly and spontaneously with 4HNE,5 but the reaction is far more efficient when it is
catalysed by glutathione S-transferases (GST’s), for example human GST A4-4 15,18

and rat GST A5-5.19

The GSH/GST system is a well-known mechanism in the cellular defence against
oxidative stress. Excretion of GS S-conjugates is important for reducing intracellular
concentrations of toxins because conjugation reactions are reversible. In addition,
some metabolites become toxic upon conjugation with GSH.20 GS-4HNE appears to
be a product inhibitor for GST 18 and therefore accumulation of GS-4HNE might lead
to decreased detoxification capacities for 4HNE and other toxic metabolites. Extrusion
of GS-4HNE is required to prevent these effects and existence of a transport
mechanism has been proposed.21 One of the best candidates for transport of GS-4HNE
across the cell membrane is the multidrug resistance protein MRP1. Together with
GSH, MRP1 is ubiquitously expressed in the human body.22,20 Although MRP1 is
primary known for conferring multidrug resistance (MDR) to cancer cells by
transporting anticancer drugs,23 the best substrates identified for MRP1 thus far are
endogenous GS S-conjugates.24 In analogy with MRP1, MRP2 is also a  transporter
with highest affinity for GS-S conjugates 24 and may also be a transporter for  GS-
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4HNE.25 MRP2 is predominantly found in liver and kidney where MRP1 expression is
relative low.26 In this study we focussed on MRP1.

In view of its ubiquitous expression and its substrate specificity, the putative
physiological substrates of MRP1 seem to be GSH-dependent detoxification
products.27 We hypothesise that GS-4HNE is a novel substrate for MRP1 and that
MRP1 together with GSH play a role in the defence against oxidative stress in the
human body.

Materials and Methods

Materials
4-hydroxynonenal-diethylacetal (4HNE-DEA) was a kind gift of the late Dr. H.
Esterbauer (University of Graz, Austria). The pJ3Ω-MRP1 vector was kindly provided
by Dr. P. Borst (The Netherlands Cancer Institute, Amsterdam, The Netherlands) and
the MDR1 virus was a gift from Dr. U.S. Rao (University of Nebraska, Omaha, NE,
USA). The Bac-to-Bac baculovirus expression system was obtained from Life
Technologies (Paisley, UK). Spodoptera frugiperda Sf21 cells were from Invitrogen
(Groningen, The Netherlands) and the Trichoplusia ni High Five™ (HF) cells were a
gift from Dr. M. Harmsen (University of Groningen, The Netherlands). [glycine-2-
3H]-glutathione ([3H]GSH) (1620.6 GBq mmol-1) was purchased from NEN (Boston,
MA, USA) and MK571 was purchased from Biomol (Plymouth Meeting, PA, USA).
All other chemicals were obtained from Sigma (St. Louis, MO, USA) unless otherwise
stated.

Generation of 4HNE
To obtain an aqueous solution of 4HNE, the precursor 4HNE-DEA was hydrolysed by
1 mM HCl for 1 h at 37°C. The concentration of 4HNE was determined by
spectrophotometry at 224 nm.

Cell culture
The human small cell lung cancer cell line GLC4 and its doxorubicin selected
multidrug resistant counterparts GLC4/10x and GLC4/Adr were cultured as
described.28 These cells were used because of their different MRP1 expression levels.
Sf21 insect cells were cultured in Insect-XPRESS medium (Biowhittaker, Verviers,
Belgium), supplemented with 0.5 x penicillin/streptomycin/neomycin (PSN) and 5%
foetal calf serum (Life Technologies). HF insect cells were cultured in Insect-
XPRESS™ medium supplemented with 0.5 x PSN.

Cell survival assay
To determine the cytotoxicity of 4HNE, GLC4 and GLC4/Adr cells were seeded at
100.000 cells per ml and grown overnight either in the absence or in the presence of 25
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µM of the γ-glutamylcysteine synthetase (γ-GCS) inhibitor buthionine sulfoximine
(BSO). GLC4/Adr cells contain about twice as much GSH as GLC4 cells and treatment
with BSO decreased the GSH contents with about 75-80% in both cell lines (data not
shown and 29,30). Cells were collected by centrifugation (15 min at 1000 x g), washed
with Hanks’ buffered salt solution and seeded at similar densities in serum free
medium. Part of the cells was preincubated with 50 µM MK571 for 1 h before addition
of 4HNE. This MK571 concentration was not toxic for the cells. Cells were incubated
with 4HNE (0 – 40 µM) for 4 h, collected by centrifugation and resuspended in a
similar amount of serum supplemented medium and grown further for 66 h. Cell
survival was measured with 100 µl cell suspensions using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

Production of recombinant MRP1 and MDR1
Production of recombinant MRP1 and MDR1 protein was performed by the Bac-to-
Bac baculovirus expression system. A NotI –SalI fragment encoding the complete
human MRP1 sequence was excised from the pJ3Ω-MRP vector and cloned into
pFastBac1. Recombinant bacmids were generated according to the manufacturer’s
instructions. Purified bacmids were transfected into Sf21 insect cells using
CellFECTIN transfection reagent (Life Technologies). After five days, the culture
medium was used for a plaque assay. Single plaques were isolated, eluted into medium
and used to infect fresh Sf21 cells to increase the virus titer. Titers were determined by
plaque assays and virus stocks were stored at 4°C. The MDR1 virus stock, provided by
Dr. U.S. Rao, was further amplified in Sf21 cells to obtain larger amounts of virus
stock. For production of recombinant MRP1 and MDR1 proteins HF insect cells were
used. HF cells are supposed to have a higher protein expression yield compared to
Sf21 cells. HF cells were seeded at a density of 0.35 x 106 cells ml-1 and infected with
a multiplicity of infection of 5.0 and 7.0 plaque forming units per ml, respectively, for
MRP1 and MDR1. After 62-64 h, cells were collected and membrane vesicles were
isolated.

Isolation of membrane vesicles, deglycosylation and immunoblot analysis
Membrane vesicles used for transport studies were isolated from the GLC4, GLC4/10x
and GLC4/Adr cells as described before.31 Membrane vesicles from the HF insect cells
were isolated by the same protocol, except that the cells were lyzed in 1 mM Tris-HCl,
pH 7.2/0.1 mM EDTA/0.1 mM PMSF in stead of 1 mM NaHCO3. Deglycosylation of
membrane proteins was performed using a PNGase F kit from New England Biolabs
(NEB), (Beverly, MA, USA). Membrane vesicles (5-20 µg protein) were incubated
during 16 h at 37°C in a 50 mM sodium phosphate buffer, pH 7.5 containing 3 mM
PMSF in the absence or in the presence of 500 NEB-defined units PNGase F.
Immunoblot analysis of MRP1 and MDR1 expression in the membrane vesicles was
performed essentially as described.31
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Generation of GS-4HNE
Dithiotreitol (DTT) was removed from the [3H]GSH solution by extraction with
ethylacetate. The [3H]GSH-conjugate of 4HNE ([3H]GS-4HNE) was formed by
incubation of a 10-fold molar excess of 4HNE with [3H]GSH in the presence of 100
mM Tris, pH 7.2 and 2 units of rat liver GST. The reaction was performed at 37°C for
1 h with gentle shaking. Unlabeled GS-4HNE was generated by incubation of freshly
prepared GSH with 4HNE in a 1:1 molar ratio in the presence of 20 mM potassium
phosphate buffer, pH 6.8. This reaction was performed for 2.5 h at 37°C with gentle
shaking. The reaction mixtures were spotted on TLC plates (Merck, Darmstadt,
Germany) and developed in a chamber containing 1-propanol/water/acetic acid
(10:5:1, by volume). The GS-4HNE conjugates were extracted from the plates and
eluted in 70% ethanol. The extracts were dried in a Speed-Vac and dissolved in a small
volume of 70% ethanol and stored at –20°C. The concentration of [3H]GS-4HNE was
determined by scintillation counting. The concentration of GS-4HNE was measured by
a colorimetric assay using ninhydrin.32 Nonyl-GS was used as a standard.

Table 1.  Sensitivity of GLC4 and GLC4/Adr cells for 4HNE.

                                                              IC50 values (µM)

                                                   GLC4                                          GLC4/Adr
4HNE 10.0 ± 2.0 9.3 ± 1.5
+ BSO 2.3 ± 1.4 * 5.0 ± 1.7 *

+ MK571 6.0 ± 1.4 * 4.7 ± 1.2 *

Cells were incubated with 4HNE (0-40 µM) for 4 h and cell survival was measured with the MTT
assay. BSO (25 µM) was added 16 h and MK571 (50 µM) was added 1 h before incubations with
4HNE started. Data represent IC50 values (means ± S.D.) of at least three experiments with
quadruplicate determinations. * P < 0.05 (one-way ANOVA) compared to 4HNE alone.

Transport studies
Uptake of [3H]GS-4HNE into membrane vesicles was measured as described.31

Briefly, membrane vesicles (10-25 µg protein) were rapidly thawed and added to a
buffer containing 4 mM ATP or 4 mM of the non-hydrolyzable ATP analogue AMP-
PCP, 10 mM MgCl2, 10 mM creatine phosphate, 100 µg/ml creatine kinase, 10 mM
Tris pH 7.4 and 250 mM sucrose. After 1 min prewarming at 37°C, [3H]GS-4HNE
was added (110 µl final volume). Samples of 25 µl were taken at indicated time points
and diluted in 1 ml ice cold stop solution (10 mM Tris/250 mM sucrose). The stop
solutions were filtered trough 0.45 µm nitrocellulose filters (Schleicher & Schuell,
Dassel, Germany). Filters were washed with 5 ml ice cold 10 mM Tris/250 mM
sucrose, air dried and counted by liquid scintillation. ATP-dependent transport was
calculated by subtraction of AMP-PCP values from ATP values. AMP-PCP did not
stimulate uptake, demonstrating that ATP hydrolysis was required.
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Results

4HNE cytotoxicity in GLC4 and GLC4/Adr cells
First we studied the toxicity of 4HNE in GLC4 small cell lung cancer cells and its
MRP1-overexpressing multidrug resistant counterpart GLC4/Adr. The IC50 value for
GLC4 cells was 10 ± 2.0 µM and for GLC4/Adr cells 9.3 ± 1.5 µM. Modulation with
the GSH-depleting agent BSO resulted in a 4.3- and 1.9-fold decrease of the IC50

values for GLC4 and GLC4/Adr cells, respectively. Incubation with MK571, an
inhibitor for MRP1, caused a 1.7-fold and a 2.0-fold decrease of the respective IC50

values (Table 1).
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Figure 1. MRP1 expression in GLC4,
GLC4/10x and GLC4/Adr membrane vesicles.
Ten µg of protein was separated on 7.5% SDS-
PAGE and transferred to nitrocellulose by
electroblotting. MRP1 protein levels were
analysed with the monoclonal antibody MRPr1
(1:500). The primary antibody was visualised
by enhanced chemiluminescence. Molecular
masses of markers are indicated in kDa.

Uptake of [3H]GS-4HNE into membrane vesicles with different MRP1 expression
We supposed that MRP1 is a transporter for GS-4HNE. Therefore we isolated
membrane vesicles from cells with different levels of MRP1 expression and measured
the uptake of [3H]GS-4HNE. MRP1 levels in the isolated membrane vesicles were
analysed by immunoblotting (Figure 1). GLC4, GLC4/10x and GLC4/Adr membrane
vesicles showed respectively low, intermediate and high MRP1 expression levels.
ATP-dependent uptake of [3H]GS-4HNE into membrane vesicles from these three cell
lines was measured during 5 min (Figure 2). The uptake of [3H]GS-4HNE was 0.4, 6.7
and 11.8 pmol mg protein-1, respectively, for GLC4, GLC4/10x and GLC4/Adr. This
ATP-dependent uptake was completely inhibited by MK571 (10 µM final
concentration). The uptake rate of [3H]GS-4HNE correlated with levels of MRP1
expression. As control, membrane vesicles from A2780 ovarian tumour cells and its
MDR1-P-glycoprotein (MDR1) overexpressing counterpart A2780AD, both with basal
MRP1 expression,31 showed only marginal ATP-dependent [3H]GS-4HNE uptake
(data not shown).
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Figure 2. ATP-dependent uptake of
[3H]GS-4HNE into membrane vesicles
with different MRP1 expression. ATP-
dependent uptake of [3H]GS-4HNE (10
nM) into GLC4, GLC4/10x and
GLC4/Adr membrane vesicles (20 µg
protein) was measured during 5 min.
MK571 was added to a final
concentration of 10 µM. ATP-
dependent uptake was calculated by
subtraction of AMP-PCP levels from
ATP levels. Data represent means ±
S.D. from three experiments with
quadruplicate determinations.

Production of recombinant MRP1
To demonstrate MRP1-specific [3H]GS-4HNE transport, recombinant MRP1 was
produced by HF insect cells using the baculovirus system. Parental HF cells and HF
cells infected with a MDR1 construct (HF(MDR1)) served as control. Membrane
vesicles from HF, HF(MDR1) and HF(MRP1) cells were isolated and protein
expression was determined by immunoblot analysis.

MRP1 expression was detected in HF(MRP1), but not in HF or HF(MDR1)
membrane vesicles. MDR1 was present only in HF(MDR1) membrane vesicles
(Figure 3). The molecular mass of MRP1 in HF(MRP1) cells is about 20 kDa less than
in GLC4/Adr cells. Treatment of membrane vesicles from GLC4/Adr cells with
PNGase F that cleaves the N-linked glycosylation reduced the molecular mass of
MRP1 from GLC4/Adr membrane vesicles to a similar mass as from MRP1 expressed
in untreated HF(MRP1) membrane vesicles (Figure 3, top panel). PNGase F treatment
of HF(MRP1) membrane vesicles did not further decrease the molecular mass of
MRP1 (data not shown). These results suggest that MRP1 expressed in HF cells is not
or only partial glycosylated.

Characterisation of [3H]GS-4HNE transport by recombinant MRP1
ATP-dependent uptake of [3H]GS-4HNE into HF(MRP1) membrane vesicles was
linear during 1 min and was increased up to 11-fold compared to HF or HF(MDR1)
membrane vesicles (Figure 4). To further characterise ATP-dependent uptake of
[3H]GS-4HNE into HF(MRP1) membrane vesicles, we studied the effect of several
inhibitors of MRP1-mediated  transport (Table II). Inhibition of [3H]GS-4HNE uptake
increased with the length of the alkyl chain of the GS-derivative, and varied from not
detectable (methyl-GS and propyl-GS) to highly effective (nonyl-GS). GSH did not
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Figure 3. Immunoblot analysis of recom-
binant MRP1 and MDR1 expression in High
Five insect cells. Twenty µg of protein was
separated on 7.5% SDS-PAGE and
transferred to nitrocellulose by electro-
blotting. Membrane vesicles from GLC4/Adr
cells (5 µg protein) served as positive control
for MRP1 expression (lane a). GLC4/Adr
membranes (5 µg protein) were incubated
with deglycosylation buffer in the absence
(lane b) or in the presence (lane c) of
PNGase F. Protein levels were analysed with
the monoclonal antibody MRPr1 (1:500) for
MRP1 and with the monoclonal antibody
C219 (1:300) for MDR1. The primary
antibodies were visualised by enhanced
chemiluminescence. Molecular masses of
markers are indicated in kDa.

inhibit [3H]GS-4HNE uptake while GSSG was a weak inhibitor. MK571 inhibited
[3H]GS-4HNE uptake in a dose-dependent manner. Together with the results presented
in figure 1, these results demonstrate that [3H]GS-4HNE is transported by MRP1.We
examined the kinetics of MRP1-mediated [3H]GS-4HNE transport and determined an
apparent Km value of 1.6 ± 0.21 µM and a Vmax value of 804.5 ± 28.8 pmol mg
protein-1 min-1 (Figure 5).
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Figure 4.  ATP-dependent uptake of
[3H]GS-4HNE into membrane
vesicles from High Five insect cells
overexpressing recombinant MRP1
and MDR1. Time course of ATP-
dependent uptake of [3H]GS-4HNE
(10 nM) into HF, HF(MRP1) and
HF(MDR1) membrane vesicles (20
µg protein). ATP-dependent uptake
was calculated by subtraction of
AMP-PCP levels from ATP levels.
Data represent means ± S.D. from
three experiments with quadruplicate
determinations.
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Table 2.  Effect of inhibitors of MRP1-mediated transport on ATP-dependent uptake of [3H]GS-
4HNE.

Compound Concentration (µM) % [3H]GS-4HNE transport

None
Methyl-GS

Propyl-GS

Hexyl-GS

Nonyl-GS

GSH
GSSG

MK571

-
1
10
1
10
1
10
1
10
5000
100
500
0.5
1
5

100
102 ± 3.4
111 ± 3.7
109 ± 7.9
102 ± 5.4
83 ± 4.9
52 ± 3.4*

47 ± 8*

3 ± 10*

94 ± 1
61 ± 7.8*

18 ± 13*

95 ± 6.9
80 ± 8.3*

42 ± 12.8*

ATP-dependent uptake of [3H]GS-4HNE (10 nM) into HF(MRP1) membrane vesicles (20 µg protein)
was measured during 1 min in the absence or in the presence of the indicated compound. ATP-
dependent uptake was calculated by subtraction of AMP-PCP levels from ATP levels. Data represent
means ± S.D. of at least two experiments with quadruplicate determinations. *P < 0.05 (one-way
ANOVA) compared to control.

Discussion

Reactive oxygen species (ROS) are formed under physiological conditions in
eukaryotic cells as a consequence of aerobic metabolism. ROS can cause lipid
peroxidation and formation of potentially toxic aldehydes such as 4HNE.2

Endogenously formed adducts of 4HNE with deoxyguanosine have been detected and
are supposed to be involved in ROS-mediated tumour promotion.33 In addition, at low
concentrations, 4HNE seems to play a role in cell proliferation and differentiation.34-36

Under conditions of oxidative stress the formation of ROS is strongly increased and
this leads to a propagated generation of lipid peroxidation products with increased
levels of 4HNE.2,1 4HNE causes cellular damage mainly by modification of
intracellular proteins.37,6 The detection of 4HNE-modified proteins in early stages of
degenerative diseases implies that 4HNE could play a role in the onset of these
disorders. Efficient protection mechanisms preventing accumulation of 4HNE are thus
required.
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Figure 5. Kinetics of MRP1-
mediated [3H]GS-4HNE trans-
port. ATP-dependent transport
of [3H]GS-4HNE into
HF(MRP1) membrane vesicles
(25 µg) was measured during 1
min. ATP-dependent uptake
was calculated by subtraction
of AMP-PCP levels from ATP
levels. Data represent means ±
S.D. of two experiments with
quadruplicate determinations.
Inset, double-reciprocal Line-
weaver-Burk plot. Curve fitting
and determination of Km and
Vmax values was performed with
the Sigma Plot 3.03® program.

GSH is present in all eukaryotic cells and serves as a protection mechanism against
ROS-induced toxic intermediates, either by reduction or by conjugation.20 4HNE is
conjugated with GSH and in this study we showed that MRP1 is a transporter for GS-
4HNE and thus can function as export mechanism. This is consistent with the idea of a
cardiac export system for GS-4HNE that may in fact be MRP1.21 Factors that play a
role in this detoxification pathway for 4HNE are GSH,5 this study, GST 18 and MRP1
(this study). GLC4 and GLC4/Adr greatly differ in MRP1 expression but this is not
correlated with 4HNE sensitivity in these cells. Thus under basal conditions GSH and
GST seem to be the dominant factors in the protection against 4HNE. However, upon
inhibition of MRP1, GLC4 and GLC4/Adr cells become more sensitive for 4HNE
showing that MRP1 indeed plays a role in the defence against 4HNE toxicity but again
little difference is seen between the two cell lines. We therefore conclude that GSH,
GST and MRP1 are interdependent factors and that although MRP1 clearly plays a
role in defence against 4HNE toxicity, it does it in conjunction with GSH and GST.
For example, inhibition of MRP1 will lead to accumulation of GS-4HNE and this may
cause product inhibition of GST and thus increase in the intracellular concentration of
4HNE.

In this study we demonstrated that GS-4HNE is a novel MRP1 substrate. We used a
baculovirus expression system to demonstrate MRP1-specific GS-4HNE transport.
MRP1 expressed in HF insect cells is not glycosylated. Consistent with a previous
study using Sf21 insect cells, this does not influence the transport capacity of MRP1.38

Compared to the Km values of other MRP1 substrates, the Km value we found for
MRP1-mediated GS-4HNE transport suggests that GS-4HNE is a MRP1 substrate
with a relatively high affinity.24 N-alkyl GS S-conjugates are potent inhibitors of
GST’s.39 For example, 200 µM of n-octyl-GS results in an approximately 80%
inhibition of the GST’s. Efficient removal of such products from GST will be
necessary to prevent product inhibition.21 Because of the low Km value of MRP1 for
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GS-4HNE we conclude that MRP1 will effectively contribute to a rapid diminishing in
the inhibitory effects of GS S-conjugates such as the oxidative stress product GS-
4HNE.

MRP1 shows a high similarity in substrate specificity compared to MRP2.24 In
contrast to MRP2, MRP1 is expressed at low levels in normal liver and is localised at
basolateral membranes, while MRP2 is located at canalicular membranes. The
detection of GS-4HNE in bile after administration of 4HNE 40 suggests that GS-4HNE
may also be a substrate for MRP2 and that MRP2 might play a role in the
detoxification of 4HNE in the liver by extrusion of GS-4HNE into bile.

MRP1 has originally been identified in drug resistant tumour cells and research has
focussed on its drug resistance conferring capacity.41 Overexpression of MRP1 is
associated with resistance against the anthracycline doxorubicin.42 Although MRP1 is
a transporter for anthracyclines,29,31 doxorubicin resistance levels from MRP1-
overexpressing cells often do not correlate with the decrease in intracellular
accumulation.43,44 Doxorubicin is known to generate ROS and increased 4HNE
formation has been observed after doxorubicin administration.45 In addition,
transfection with a GST isoenzyme with high affinity for 4HNE resulted in resistance
to doxorubicin.46 MRP1 may thus play a role in doxorubicin resistance also by export
of endogenously formed GS-4HNE.

LTC4 and prostaglandin A-GS (PGA-GS) are two other endogenously formed GS
S-conjugates that are efficiently transported by MRP1.47,48 LTC4 is important in the
inflammatory response 49 and PGA causes cell cycle arrest and apoptosis.50,51 A tight
regulation of the intracellular concentrations of LTC4 and PGA is required to retain the
response against inflammatory stimuli and to prevent toxic effects. MRP1-mediated
GSSG transport suggested that MRP1 also could be involved in protection against
oxidative stress.52 The oxidative stress-mediated induction of the genes encoding
MRP1 and γ-GCS, the rate limiting enzyme in GSH-synthesis, supports this.53 GSSG
is generated by GSH-mediated reduction of ROS and MRP1, as GSSG transporter,
prevents intracellular GSSG accumulation and may function in maintaining the
cellular redox state.20 In this study we demonstrated that MRP1 protects against the
toxicity of one of the most important metabolites formed during oxidative stress.
Based on its ubiquitous expression and its substrate specificity, the physiological
function of MRP1 seems to be cellular extrusion of GSH-dependent detoxification
products and maintenance of cellular homeostasis.27

In conclusion, we showed that GS-4HNE is a novel MRP1 substrate and that MRP1
protects against 4HNE toxicity, most likely by extrusion of its GS S-conjugate. We
propose that MRP1, in conjunction with GSH, functions as a ubiquitous protection
mechanism against oxidative stress.
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Summary

Overexpression of the multidrug resistance protein MRP1 confer multidrug resistance
(MDR) to cancer cells. The contents of this thesis describe the involvement of MRP1
in MDR and its importance as transporter for physiological phase II detoxification
conjugates.

Chapter 1 provides an overview of the (patho)physiological function of MRP1 and
its recently cloned homologues MRP2-MRP6. It gives a detailed description how
MRP1 can confer drug resistance and discusses current knowledge about substrate
specificity and localisation of the MRP family with emphasis on drug resistance. The
differences in substrate specificity and localisation between MRP1-MRP6 suggest that
this family may function as a complex system, individually or in concert, to maintain
cellular homeostasis in metabolism, immune responses and signal transduction.

Resistance to anthracyclines is frequently observed in MDR1 and MRP1
overexpressing MDR cells. Anthracyclines are widely used in chemotherapy and the
observed resistance aimed to search for modified antracyclines with novel modes of
actions to circumvent MDR1 and MRP1-mediated resistance. Chapter 2 describes the
toxicity of the doxorubicin  analogue methoxymorpholino doxorubicin (MMRDX) in
MDR1 and MRP1 overexpressing cells. Compared to sensitive parental cells the
toxicity of MMRDX is decreased in MDR cells overexpressing MDR1. This
corresponded with decreased intracellular MMRDX levels. Overexpression of MRP1
did not reduce MMRDX cytotoxicity. Due to the fluorescent nature of both
compounds, intracellular distribution of MMRDX and doxorubicin could be  examined
with confocal scanning laser microscopy (CSLM). In contrast to doxorubicin, the
distribution of MMRDX was not different between the MDR1 and MRP1
overexpressing cells and their parental cell lines. Doxorubicin showed a shift from
nucleus to cytoplasm in MDR1 and MRP1 overexpressing cells. In MRP1
overexpressing cells this shift could be restored with the MRP1 inhibitor MK571.
Results from this study showed that MMRDX can overcome MRP1-mediated
resistance. In addition, a direct link between MRP1 overexpression and intracellular
doxorubicin distribution was demonstrated. This suggests that MRP1 is active in
preventing entry of drugs into the nucleus where several anticancer drugs exert their
cytotoxic activity.

Because distribution of anticancer drugs appeared different in MRP1-
overexpressing cells, intracellular activity and localisation of MRP1 was examined
further in GLC4 and GLC4/Adr cells (Chapter 3). Intracellular transport of glutathione
S-conjugates (GS S-conjugates) and doxorubicin was measured with fluorescence
microscopy and CSLM. The non-fluorescent monochlorobimane (MCB) and 5-chloro-
methyl fluorescein diacetate (CMFDA) are intracellularly conjugated to GSH resulting
in the fluorescent compounds glutathione S-bimane (GS-B) and glutathione S-
methylfluorescein (GS-MF). Because of its suitability, CMFDA, but not MCB, was
used for CSLM analysis. In MDR GLC4/Adr cells GS-B is accumulated into
intracellular vesicular structures, an effect which was much less present in the parental
GLC4 cells. A more precise examination of intracellular transport of fluorescent
compounds was performed with CSLM. Compared to GLC4 cells, GLC4/Adr cells
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showed more vesicular structures containing GS-MF or doxorubicin and no
accumulation of these compounds into the nucleus. However, preincubation of
GLC4/Adr cells with brefeldin A, an inhibitor of vesicle formation from the Trans
Golgi Network, resulted in accumulation of GS-MF and doxorubicin in only one spot
close to the nucleus. This suggested that the vesicular structures accumulating GS-MF
and doxorubicin derive from the Golgi apparatus. Morphological analysis by electron
microscopy showed a more extensive Golgi apparatus in GLC4/Adr cells compared to
GLC4 cells. Immuno electron microscopy showed MRP1 localisation on the plasma
membrane and on membranes from intracellular vesicular structures and Golgi
apparatus. In addition, colocalisation of MRP1 and its substrate dinitrophenyl-
glutathione was observed on similar intracellular vesicles. These results demonstrate
that MRP1 is intracellularly active and that in MRP1-overexpressing cells GS S-
conjugates and doxorubicin are accumulated into intracellular vesicular structures
which derive from the Golgi apparatus and contain MRP1.

The first transport experiments identified MRP1 as GS S-conjugate transporter,
remaining the question whether MRP1 could confer MDR by transporting anticancer
drugs. Chapter 4 describes how MRP1 can transport basic anticancer drugs.
Membrane vesicles were isolated from MDR1 and MRP1 overexpressing cells and
transport of tritium labelled substrates was measured with a rapid filtration technique.
In contrast to MDR1, MRP1 is not a transporter for basic anticancer drugs per se.
However, MRP1 is a transporter for vincristine and daunorubicin only in the presence
of GSH. This GSH-dependent transport was inhibited by MK571 and a MRP1-specific
monoclonal antibody QCRL-3, showing MRP1-specific transport. MRP1-mediated
daunorubicin was dose-dependently stimulated by GSH, while MK571 inhibited
MRP1-mediated GSH-dependent daunorubicin transport in a dose-dependent manner.
This study demonstrate that MRP1 is a transporter for basic anticancer drugs but only
in the presence of GSH.

In Chapter 5 the specificity of MRP1-mediated transport of basic anticancer drugs
was examined. Methyl-glutathione, a short chain alkyl derivate of GSH also stimulated
MRP1-mediated vincristine and daunorubicin transport in contrast to cysteinyl-glycine
a dipeptide fragment of GSH. This suggests that MRP1-mediated transport of basic
anticancer drugs requires an intact GSH molecule. Because glucuronides are also
MRP1 substrates, the ability of glucuronic acid to stimulate MRP1-mediated drug
transport was tested. Glucuronic acid did not induce MRP1-mediated transport of
vincristine or daunorubicin, suggesting that MRP1-mediated transport of basic
anticancer drugs is specifically dependent on GSH.

Mutations in the p53 gene are the most frequent genetic alterations in malignancies.
Loss of functionality of the p53 protein has been associated with MDR. Chapter 6
describes the relation between overexpression of mutant p53 and MRP1 and other
MDR genes. Increased expression of MRP1 and MRP2 was found in cells
overexpressing p53 mutated at codons 273 (m273) or 248 (m248), respectively. These
are two of the most frequently observed p53 mutations in malignancies. Cytotoxicity
tests demonstrated that m273 cells, in contrast to m248 cells, were resistant to
doxorubicin, mitoxantrone and vincristine. MK571 significantly modulated the
resistance to vincristine. It was hypothesized that loss of p53 function can induce
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MRP1 expression and that this may contribute to the intrinsic MDR phenotype of
tumour cells.

The potential physiological function of MRP1 is extrusion of phase II detoxification
conjugates. In Chapter 7 the protective role of MRP1 against the toxicity of 4-
hydroxynonenal (4HNE) is presented. 4HNE is the most prevalent lipid peroxidation
product generated during oxidative stress. MRP1, together with GSH, protects against
4HNE toxicity. A major detoxification mechanism for 4HNE is conjugation to GSH.
However, extrusion of this 4HNE glutathione conjugate (GS-4HNE) is required to
prevent inhibition of the GSH-detoxification mechanism. GS-4HNE was identified as a
novel MRP1 substrate. Characteristics of MRP1-mediated GS-4HNE transport were
further investigated using an insect cell system overexpressing recombinant MRP1.
GS-4HNE appeared to be a high affinity MRP1 substrate. Based on these results it was
proposed that MRP1, together with GSH, play a role in the defence against oxidative
stress.

Perspectives

Multidrug resistance (MDR) is a major problem in successful treatment of
malignancies. Although conclusive data concerning the clinical relevance of MRP1 has
not been presented yet, in vitro data clearly demonstrate that overexpression of MRP1
confer MDR. Therefore, a role of MRP1 in clinical MDR can not be excluded.
Together with MRP1 several MDR mechanisms are identified. Extensive studies to
each of these mechanisms are necessary to elucidate their exact contribution to MDR.

To circumvent the deleterious effects of MRP1 overexpression, either novel
anticancer drugs should be developed to overcome MRP1-mediated MDR and/or
inhibitors that specifically block the function of MRP1 as drug transporter. At least 5
homologues of MRP1 have been identified (MRP2-MRP6) and at least 2 of them have
the capacity to confer MDR (MRP2 and MRP3). Thus during development of novel
anticancer drugs or inhibitors the function of these transporters must be taken into
account. Novel anticancer drugs should be tested for being potential substrates for
MRP family members and MDR1. MDR1 has clearly been demonstrated to confer
MDR in vitro and in vivo and it has a broad substrate specificity. High throughput
screening assays would be helpful for this as the speed of drug development is
increasing.

MRP1 transports basic anticancer drugs with the aid of GSH and anionic anticancer
drugs without further modification in an ATP-dependent manner across cell
membranes. To specifically interfere with this transport process one should know the
molecular mechanism of MRP1-mediated drug transport. This requires further
knowledge and integration of substrate binding, ATPase activity and translocation
processes. Site-directed mutagenesis has already been proven to further elucidate the
function of specific parts of the MRP1 molecule. Since MRP1 is a large (190 kD)
molecule, step-by-step site-directed mutagenisis will be difficult. Development of high
throughput site-directed mutagenesis and structural analysis of (parts of) the MRP1
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molecule would be a step forward in understanding the molecular mechanism of  drug
transport.

Mrp1 knockout mice have been developed to study the physiological function of
MRP1. Although these mice are viable, they show a poor response to inflammation. In
addition Mrp1 protects several tissues against drug-induced damage and prevents drug
entry into the brain. The effects of (long term) inhibition of human MRP1 are not
clear. MRP1 protects against 4-hydroxynonenal, a major lipid peroxidation product
and the potential physiological function of MRP1 is extrusion of GSH-dependent
detoxification products. Inhibition of the function of MRP1 as phase II conjugate
transporter may have hazardous effects on protection of cells against oxidative stress
products. The function of MRP1 and other MRP family members in normal
metabolism in the human body should be elucidated before malignancies can be
treated safely with MRP1 inhibitors. Uncontrolled inhibition of MRP1 and other MRP
family members may have severe consequences for the putative important
physiological functions of the MRP family members in the human body.
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Samenvatting voor minder ‘ingewijden’

Drug resistentie vormt een groot probleem in de behandeling van kanker. Tumoren
kunnen van zichzelf resistent zijn dan wel resistent worden tijdens de behandeling met
cytostatica. Behandeling met één cytostaticum kan het gevolg hebben dat er na verloop
van tijd resistentie ontstaat tegen verschillende soorten cytostatica die qua structuur en
functie geen overeenkomsten vertonen met het gebruikte cytostaticum. In dergelijke
situaties wordt gesproken over multidrug resistentie (MDR). Om beter inzicht te
krijgen in de mechanismen die verantwoordelijk zijn voor de ontwikkeling van MDR,
zijn cellen geïsoleerd van tumoren en verder gekweekt in het laboratorium. Deze cellen
zijn vervolgens behandeld met één van de verschillende soorten cytostatica die ook bij
behandeling van patiënten gebruikt worden. Cellen die deze behandeling overleefden,
zijn vervolgens verder gekweekt waarbij de concentraties van het cytostaticum steeds
verhoogd werden. Op deze wijze zijn er cellijnen ontstaan die resistent zijn tegen hoge
concentraties van het selectie cytostaticum, maar ook tegen totaal verschillende soorten
cytostatica, vergelijkbaar met MDR-tumoren. Deze cellen en de cellen waarvan ze
oorspronkelijk afkomstig zijn, dienen als laboratoriummodel voor MDR-tumoren. Het
model dat gebruikt is voor een groot deel van het in dit proefschrift beschreven
onderzoek, is de GLC4/Adr cellijn, die geselecteerd is met het cytostaticum
doxorubicine en afkomstig is van longtumorcellen die de naam GLC4 (Groningen Lung
Cancer cellijn nr. 4) hebben gekregen.

Met behulp van MDR-cellijnen zijn verschillende mechanismen ontdekt die een rol
spelen in MDR. In 1976 is een eiwit ontdekt dat regelmatig in grote hoeveelheden te
vinden was (overexpressie) in MDR cellijnen. Dit MDR1-P-glycoproteine (MDR1) is
gelokaliseerd in de celwand van deze cellijnen en transporteert de cytostatica die de
tumorcel zijn binnengedrongen weer de cel uit. De cytostatica kunnen op deze manier
hun dodelijke werking niet uitoefenen en de cel is resistent. Van MDR1 is aangetoond
dat het veel verschillende soorten cytostatica kan transporteren. Echter, er zijn ook
MDR cellijnen ontwikkeld waarvan aangetoond is dat er verschillende soorten
cytostatica de cel uit worden getransporteerd maar waarin geen of nauwelijks MDR1
eiwit aanwezig is. Dit leidde in 1992 tot de ontdekking van een tweede transporteiwit,
het multidrug resistentie proteïne (MRP1). Cellijnen met overexpressie van MRP1
vertonen qua resistentieprofielen veel overeenkomsten met cellijnen die MDR1 tot
overexpressie brengen. De eerste transportexperimenten met MRP1 toonden aan dat
MRP1 een transporteiwit is voor glutathionverbindingen (gluathion-conjugaten). Deze
hebben geen overeenkomst met cytostatica en de vraag hoe MRP1 MDR kon
veroorzaken bleef onbeantwoord. Deze vraag en de vraag of, en zo ja hoe, MRP1
cytostatica kon transporteren, waren de uitgangspunten van het onderzoek beschreven
in dit proefschrift.

Een model dat laat zien hoe MRP1 MDR kan veroorzaken is beschreven in
hoofdstuk 1 (Figuur 1), gebaseerd op werk uit de hoofdstukken 2, 3, 4, 5 en 7. MRP1
is niet alleen aanwezig in de celwand (membraan), maar ook in membranen van
blaasjes die zich in de cel zelf bevinden. MRP1 kan cytostatica die de cel is
binnengekomen door het membraan in deze blaasjes transporteren waarna deze kunnen
versmelten met de celmembraan en hun inhoud naar buiten brengen. De vraag hoe
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MRP1 cytostatica door een membraan kon transporteren bleef lange tijd
onbeantwoord. Het is gebleken dat hiervoor een hulpstof nodig is: glutathion. In dit
proefschrift is aangetoond dat glutathion noodzakelijk is voor MRP1 om verschillende
soorten cytostatica te transporteren. Echter wanneer een cytostaticum een eigenschap
bezit die vergelijkbaar is met een specifieke eigenschap van glutathion (d.w.z. zich
gedragen als een anion), dan kan MRP1 dit cytostaticum zonder glutathion
transporteren. Hoe glutathion het voor MRP1 mogelijk maakt om cytostatica te
transporteren, is nog niet geheel duidelijk. In dit proefschrift is aangetoond dat
glutathion intact moet zijn want delen van glutathion dragen niet bij aan MRP1-
gemedieerd cytostaticatransport. Het is bekend dat glutathion-conjugaten door MRP1
uitstekend getransporteerd worden. Maar glutathion gaat in de cel geen verbinding aan
met cytostatica. Toch kan MRP1 als glutathion-conjugaattransporter wel degelijk
bijdragen aan MDR. Cytostatica kunnen in de cel bijproducten (metabolieten) vormen
die mogelijk nog schadelijker zijn dan het cytostaticum zelf. Deze metabolieten
kunnen door een verbinding aan te gaan met glutathion een glutathion-conjugaat
vormen. Als glutathion-conjugaattransporter kan MRP1 deze stoffen de cel uit
transporteren en op deze (indirecte) manier resistentie veroorzaken.

Zoals hierboven is beschreven kunnen tumoren van zichzelf resistent zijn. De meest
voorkomende genetische afwijkingen in tumoren zijn veranderingen in het p53-gen die
leiden  tot afwijkingen in het p53-eiwit. Het p53-eiwit is betrokken bij de controle over
celgroei en afwijkingen in dit eiwit kunnen leiden tot wildgroei van cellen. De relatie
tussen afwijkende p53-eiwitten en MDR-eiwitten hebben wij onderzocht in
tumorcellen. Het bleek dat afwijkingen van het p53-eiwit, die vaak gevonden zijn in
tumorweefsel, deze cellen resistent maakten voor verschillende cytostatica. In cellen
met een specifieke p53-afwijking werd een verhoogde hoeveelheid MRP1 gevonden.
Deze verhoogde hoeveelheid MRP1 droeg bij aan  MDR van deze cellen. MRP1 speelt
dus mogelijk een rol in de resistentie die tumoren van zichzelf kunnen hebben.

Gebaseerd op het feit dat MRP1 in bijna alle cellen van het menselijk lichaam
voorkomt en op de soort stoffen die het kan transporteren, is geopperd dat MRP1 naast
zijn ‘vervelende’ functie in MDR mogelijk een zeer nuttige functie voor het menselijk
lichaam heeft als verdedigingsmechanisme tegen schadelijke invloeden waaraan we
dagelijks blootstaan. Daarbij moeten we denken aan bijvoorbeeld UV-licht, bepaalde
voedselcomponenten, alcohol en ontstekingsreacties. Al deze schadelijke invloeden
kunnen leiden tot vorming van zeer reactieve stoffen die schade in normale
lichaamscellen kunnen veroorzaken. Het lichaam is constant bezig zich te beschermen
tegen deze schadelijke invloeden. Een eerste verdediging tegen schadelijke stoffen is
de vorming van verbindingen met glutathion. Glutathion zit van nature in grote
hoeveelheden in de cel. Echter de volgende stap is dat deze glutathion-conjugaten uit
de cel verwijderd moeten worden. MRP1 kan als transporter voor glutathion-
conjugaten daarin een belangrijke rol vervullen. In dit proefschrift is aangetoond dat
MRP1 bescherming biedt tegen een belangrijke schadelijke stof (4-hydroxynonenal)
die van nature voorkomt in het menselijk lichaam en waarvan de vorming versterkt kan
worden door schadelijke invloeden van buitenaf. MRP1 beschermt tegen deze stof en
doet dat met behulp van glutathion. Tevens wordt aangetoond dat het glutathion-
conjugaat van deze stof een nieuw substraat is voor MRP1.
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Uit het werk beschreven in dit proefschrift kan geconcludeerd worden dat MRP1 op
verschillende manieren als transporteiwit bijdraagt aan MDR van tumor cellen. Echter,
naast deze functie speelt MRP1 ook een rol in de verdediging van cellen tegen
schadelijke stoffen die gevormd kunnen worden door invloeden waaraan we dagelijks
blootstaan.

Vooruitblik

Hoewel er nog geen sluitend bewijs is voor de klinische relevantie van MRP1, heeft
laboratoriumonderzoek toch duidelijk aangetoond dat MRP1 een belangrijke rol speelt
in MDR. Daarom kan een rol van MRP1 in MDR tumoren van patiënten niet
uitgesloten worden. Echter, meerdere MDR-mechanismen zijn geïdentificeerd en
uitgebreid onderzoek is nodig naar ieder afzonderlijk mechanisme om de bijdrage
daarvan aan MDR te kunnen bepalen.

Net als het eerder geïdentificeerde MDR1 veroorzaakt overexpressie van MRP1
MDR. Manieren om deze ‘vervelende’ functie van MRP1 te omzeilen is de
ontwikkeling van nieuwe kankermedicijnen die niet gevoelig zijn voor MRP1-
gemedieerde MDR, en/of de ontwikkeling van specifieke remmers die de functie van
MRP1 als cytostaticatransporter kunnen blokkeren. Het probleem bij de ontwikkeling
van nieuwe kankermedicijnen is de aanwezigheid van ten minste vijf MRP1 varianten
in het menselijk lichaam waarvan er ten minste twee ook MDR kunnen veroorzaken.
Er dient ernstig rekening gehouden te worden met de functie van deze eiwitten bij de
ontwikkeling van nieuwe kankermedicijnen. Daarom is het noodzakelijk om van ieder
nieuw ontwikkeld kankermedicijn te testen of deze getransporteerd wordt door MRP1
en de MRP1-varianten alsook door MDR1. De ontwikkeling van testen waarmee dit op
grote schaal efficiënt onderzocht kan worden zal van grote betekenis zijn gezien het
feit dat ontwikkeling van nieuwe medicijnen steeds sneller gaat.

MRP1 transporteert verschillende cytostatica met behulp van glutathion en een
specifieke groep cytostatica zonder glutathion. Om deze transportprocessen specifiek
te remmen is kennis noodzakelijk over het moleculaire mechanisme van MRP1-
gemedieerd cytostaticatransport. Dit vereist verder inzicht in specifieke afzonderlijke
processen die hierbij zijn betrokken. Met behulp van het aanbrengen van specifieke
veranderingen in MRP1 zijn al functies van aparte delen van MRP1 bestudeerd.
Echter, dit is een tijdrovend proces. Deze techniek doorontwikkelen zodat zij snel en
efficiënt kan worden uitgevoerd, zal een belangrijke stap voorwaarts zijn. Dit geldt ook
voor de ontwikkeling van structuuranalyse voor (delen van) MRP1 waarbij zeer
nauwkeurig gekeken kan worden hoe MRP1 zich gedraagt tijdens de verschillende
stadia van het transportproces.

Muizen waarin het MRP1 eiwit niet meer aanwezig is, dienen als model voor
bestudering van de normale functie van MRP1. Hoewel deze muizen zonder dit eiwit
kunnen leven, blijkt MRP1 een functie te hebben in de bescherming van verschillende
weefsels en van de hersenen tegen schade die veroorzaakt kan worden door toediening
van specifieke medicijnen. Het effect van (langdurige) remming van MRP1 in het
menselijk lichaam is niet bekend. MRP1 beschermt tegen de toxische effecten van 4-
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hydroxynonenal en remming van de functie van MRP1 als glutathion-
conjugaattransporter kan ernstige gevolgen hebben voor de normale processen in de
cel. De normale functies van MRP1 en de MRP1-varianten in het menselijk lichaam
moeten eerst duidelijk zijn voordat op een veilige manier MRP1 remmers ingezet
kunnen worden bij chemotherapie. Ongecontroleerde remming van de functie van
MRP1 en MRP1-varianten in het menselijk lichaam kan waarschijnlijk ernstige
gevolgen hebben voor een aantal belangrijke, normale processen in het menselijk
lichaam waarbij deze eiwitten betrokken zijn.
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Abbreviations

ABC transporter ATP binding cassette transporter
AMP-PCP β,γ-methyleneadenosine 5’-triphosphate
[3H]APDA N-(4’,4’-azo-n-pentyl)-21-deoxy-[21-3H]ajmalinium
Baf bafilomycin A1

BSO buthionine sulfoximine
CDNB 1-chloro 2,4-dinitrobenzene
CMFDA 5-chloro-methyl fluorescein diacetate
CMV cytomegalovirus
CSLM confocal scanning laser microscopy
DNP-GS dinitrophenyl-glutathione
FCS foetal calf serum
γGCS γ-glutamylcysteine synthetase
GLC4 Groningen Lung Cancer cell line nr. 4
GS-4HNE glutathione S-conjugate of 4-hydroxynonenal
GSH reduced glutathione
GS S-conjugates glutathione S-conjugates
GSSG oxidized glutathione
GST glutathione S-transferase
HL human liver
4HNE 4-hydroxynonenal
LTC4 leukotriene C4

MCB monochlorobimane
MDR multidrug resistance
MDR1 MDR1-P-glycoprotein
MMRDX methoxymorpholino doxorubicin
MOAT multispecific organic anion transport
MRP multidrug resistance protein
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide
PBS phosphate-buffered saline
Pgp P-glycoprotein
RPMI Roswell Park Memorial Institute
TS tris/sucrose
V-type ATPase vacuolar H+-ATPase
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Dankwoord

Promoveren doe je niet alleen. Dat is gemakkelijker gezegd dan in een dankwoord
uitgedrukt. De nauwkeurigheid waarmee dit gedeelte gelezen wordt, (voor velen nog
steeds het éérste wat gelezen wordt, ondanks de vele hints; en bij deze nog maar
eentje) vereist de nodige schrijfvaardigheid. Niet verstandig om dit dus te schrijven in
de drukke periode van de laatste loodjes. Vandaar dat een groot deel van dit
dankwoord geschreven is onder het rustieke genot van de Cypriotische zon met idem
‘bakkie’ koffie.

Allereerst bedank ik mijn promotor Peter Jansen. Peter, je enthousiasme en
voortvarendheid hebben als katalysator gewerkt in de voortgang van het onderzoek en
niet in de laatste plaats ook bij de afronding van het manuscript en de planning van de
promotiedatum. Dat een ‘witte jas’ zo veel van wetenschappelijk onderzoek afweet is
een blijvende herinnering. Liesbeth, als tweede promotor zorgde jij er voor dat de
kankergerelateerde kant van het onderzoek niet uit het oog verloren werd. Dank voor
de snelheid en nauwkeurigheid van correctie van manuscripten. Zelfs de kleinste
foutjes wist je er uit te halen. Als er iemand dank verschuldigd is, is het Michael
Müller. Michael, als directe begeleider had je altijd wel een oplossing als we (weer)
eens een probleempje hadden. En zoals ik al eens eerder zei: je bent een ‘toffe gast’
(helaas heb ik voor dit plat Utrechts geen Duitse vertaling). Proficiat met het feit dat je
nu ook met “hooggeleerde opponent” aangesproken mag worden en veel succes in
Wageningen! Han Moshage, hoewel je niet direct bij mijn onderzoek betrokken was,
heb je veel betekend voor de infrastructuur op het lab. Je (alom)tegenwoordigheid (“is
mijn naam genoemd??”) was een belangrijke bijdrage aan een ontspannen sfeer op het
lab en daarbuiten.

Een aantal mensen heeft mij ‘ingewijd’ in het MDL-lableven. Thera Vos, bedankt
voor het wegwijs maken op het lab en de hulp bij de computersoftware. Han Roelofsen
voor de rustige waarop je mij door de wirwar van de extra knopjes en functies van de
confocaal hebt geleid die ik nog niet wist. En uiteraard onze kilometervreter Hans
Koning die mij de beginselen van de transporttechniek heeft bijgebracht die een
belangrijke basis vormden voor veel werk in dit proefschrift.

Mensen van het Oncologielab, bedankt voor jullie bijdrage aan dit proefschrift.
Speciale dank gaat uit naar Edith Nienhuis. Edith ik heb bewondering voor je dat je
ondanks soms minder prettige omstandigheden toch de nodige hoeveelheid werk wist
te verzetten. Phuong Le, als ‘stille’ kracht was je een onmisbare schakel in de MTT-
assays en de aanvoer van grote hoeveelheden cellen, bedankt!

Mijn student Inge Krikken bedank ik voor haar inzet en prettige samenwerking.
Inge, met jouw ‘flesjesmethode’ heb je een belangrijke bijdrage geleverd aan
hoofdstuk 7. Gelukkig ben je toch weer ‘bekeerd’ tot het labwerk.

Promoveren is leuk, maar als dat in een prettige werkomgeving is, is het nog veel
leuker. Veel mensen hebben daaraan bijgedragen in de vorm van koffiepauzes,
beruchte bieravonden, borrels, feestjes, Lauwerslopen, zwem- en schaatsavonden
(waarbij de eersten voor mij meestal wat succesvoller waren), Diplomacy, dan wel
andere vormen van het creëren van een prettig sfeertje. Allereerst de MDL-Post-
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doc/AIO/OIO/analisten crew. Olaf (“effe een bakkie doen?”), vraagbaak Guido (“’k
heb even een vraagje”), Jenny (op naar jouw promotie, succes!), Marieke (“jeetje!”),
‘knuffeldier’ Jacqueline, Mariska, (“Oke dan!”), ‘scheurijzer’ Manon (nog maar een
keertje carten?) en Janette (Tankje wol!). En niet te vergeten de hiervoorgenoemde ex-
MDL’ers. De mensen van Kindergeneeskunde in heden en verleden, (please check
your name), Anke, Anniek, Arjen, Baukje, Christian, Coen, Deanna, Folkert, Frans,
Henk, Henkjan, Juul, Lorraine, Mini, Nynke, Peter, Renate, Renze, Rick, Robert,
Thorsten, Tineke, Tomoji, Vincent, en als je niet genoemd bent dan bij deze, en verder
alle andere ‘bewoners’ van CMC 4 en 5. Last but not least de reeds bij name
genoemde dames (of moet ik zeggen kipjes, naar aanleiding van het lied op onze
bruiloft?) van de AIO-kamer, bedankt voor de gezellige babbels.

De jongens van EM-fotografie, Bert, Dick en Peter, wil ik bedanken voor het vele
fotowerk, de mensen van het isotopenlab voor het tellen van de gigantische
hoeveelheden telpotjes en de secretaresses Gonny, Petra en Willy voor het nodige
papier- en regelwerk.

Leden van de beoordelingscommissie, prof. dr. J. Lankelma, prof. dr. D.K.F. Meijer
en prof. dr. D.S. Postma, ben ik erkentelijk voor de snelle en positieve beoordeling van
het manuscript.

Guido en Klaske, bedankt voor jullie hulp in de laatste periode en alvast bedankt dat
jullie mij als paranimfen willen bijstaan tijdens het ‘uur der laatste loodjes’.

En voor diegene die nu niet bij name genoemd zijn, maar dat wel graag hadden
gezien: BEDANKT!

Members of Snow Brand ERL, thank you for your support during those (very) busy
past months.

Vrienden van CWO en NSSB, jullie zorgden voor de onmisbare muzikale
ontspanning. Lekker om af en toe eens stevig (stoom af) te blazen. Bedankt voor deze
perfecte afleiding tijdens deze promotiejaren. Gelukkig kan ik nog een tijdje mee
‘toeteren’. Hoewel hij zo graag erbij had willen zijn kan degene die mij het musiceren
heeft bijgebracht de promotie niet meemaken. Dit proefschrift is dan ook aan hem
opgedragen.

Familie, schoonfamilie, vrienden en kennissen bedankt voor jullie belangstelling
tijdens deze jaren van onderduiken op het lab en in de schrijfruimte, ik ben er weer.
Pa en ma, hoewel het voor jullie af en toe abracadabra was waar ik me mee bezig
hield, zijn jullie door jullie warme belangstelling één van de meest stimulerende
factoren geweest tijdens de studie en dit promotieonderzoek. Zonder jullie was dit
proefschrift er trouwens nooit gekomen, het is dan ook voor jullie.

Lieve Ellis, jij bent de enige die echt weet hoe veel je voor mij betekent. Laten we
dat zo houden. Bedankt voor ALLES!
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Curriculum vitae

Johan Renes werd geboren op 25 november 1971 te IJsselstein. In 1990 werd na het
behalen van zijn VWO diploma begonnen aan de studie Medische Biologie aan de
Universiteit Utrecht. Als onderdeel van deze studie deed hij zijn bijvakstage bij de
afdeling Endocrinologie van de Faculteit Geneeskunde onder leiding van Dr. S.G.A.
Koehorst en Dr. R. Blankenstein. Hier onderzocht hij de abnormale expressie van de
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Celbiologie van de Faculteit Geneeskunde. Onder leiding van Dr. P. van der Sluijs en
Prof. dr. G.J.A.M. Strous werd onderzoek gedaan naar de functie van Rab eiwitten in
intracellulair transport. In 1995 werd het diploma gehaald. In hetzelfde jaar werd
begonnen aan een door de Nederlandse Kankerbestrijding gefinancierd
promotieonderzoek bij de afdeling Maag- Darm- en Leverziekten in samenwerking met
de afdeling Medische Oncologie van de Faculteit Medische Wetenschappen van de
Rijksuniversiteit Groningen. Dit onderzoek stond onder leiding van Dr. M. Müller,
Prof. dr. P.L.M. Jansen en Prof. dr. E.G.E. de Vries. Resultaten van dit onderzoek
staan beschreven in dit proefschrift. Na dit promotieonderzoek is hij aangesteld als
senior researcher bij Snow Brand European Research Laboratories BV waar hij
onderzoek doet naar resistentie van melkzuurbacteriën tegen verschillende
stressfactoren.




