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ABSTRACT. Multidrug resistance protein (MRP) IS a member of the ATP-binding cassette superfamily of 
transport proteins which has been demonstrated to cause multidrug resistance when transfected into previously 
sensitive cells. Sixteen eicosomeric oligonucleotides complementary to different regions along the entire length 
of the MRP mRNA reduced MRP mRNA and protein levels in drug-resistant small cell lung cancer cells that 
highly overexpress this protein. In MRP-transfected HeLa cells that express intermediate levels of MRP, one 
oligonucleotide, ISIS 7597, targeted to the coding region of the MRP mRNA, decreased the levels of MRP 
mRNA to ~10% of control levels in a concentration-dependent manner. This effect was rapid but transient with 
a return to control levels of MRP mRNA 72 hr after treatment. A double treatment with ISIS 7597 produced 
a sustained inhibition, resulting in a greater than 90% reduction in MRP mRNA for 72 hr and a comparable 
decrease in protein levels. Increased sensitivity to doxorubicin was observed under these conditions. Northern 
blotting analyses using two DNA probes corresponding to sequences 5’ and 3’ of the ISIS 7597 target sequence, 
respectively, revealed the presence of low levels of two smaller sized RNA fragments as expected from an RNase 
H-mediated mechanism of action of the antisense oligonucleotide. These studies indicate that a specific reduc- 
tion in MRP expression can be achieved with antisense oligonucleotides, a finding that has potential implica- 
tions for the treatment of drug-resistant tumors. BIOCHEM PHARMACOL 51;4:461-469, 1996. 
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The M, 190,000 MRP” is a recently identified member of the 
ABC superfamily of transmembrane transport proteins [l, 21. 
In addition to the small cell lung cancer cell line (H69AR) 
from which it was isolated, overexpression of MRP has been 
detected in many multidrug-resistant tumor cell lines derived 
from a variety of tissues and selected in different natural prod- 
uct type chemotherapeutic agents [l, 3-101. Cells transfected 
with a full-length MRP cDNA show increased resistance to a 
wide range of drugs, in addition to trivalent and pentavalent 
arsenical and antimonial oxyanions [2, 111. Thus, MRP and 
the well-characterized (but only distantly related) P-glycopro- 
tein encoded by the MDRl gene are the only human members 
of the ABC superfamily which are presently known to confer 
multidrug resistance [12-151. 

Cells that overexpress P-glycoprotein may be sensitized to 
the cytotoxic effects of chemotherapeutic agents by the co- 
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administration of a wide variety of so-called “reversing agents” 
[l&18]. Two of the most studied reversing agents both in vitro 

and in viva are verapamil, a calcium channel blocker, and 
cyclosporin A, an immunosuppressive cyclic peptide [ 171. 
However, both verapamil and cyclosporin A are relatively in- 
effective and/or non-specific chemosensitizers in MRP express- 
ing cell lines [l 1, 19-211, prompting a search for alternative 
ways to reverse MRP-mediated resistance. One particularly 
attractive approach is to use antisense oligonucleotides, be- 
cause of the potentially high degree of specificity of these 
reagents. Rather than inhibiting protein function, an antisense 
oligonucleotide decreases protein synthesis by binding to its 
complementary nucleic acid target in a sequence specific man- 
ner. 

Antisense oligonucleotides have been used previously to 
inhibit the synthesis of P-glycoprotein. In these studies, vari- 
ous phosphodiester [22-241, methylphosphonate [25], and 
phosphorothioate [26, 271 oligonucleotides have been shown 
to decrease MDRl mRNA and protein. Increased efficacy of a 
partially modified phosphodiester MDRl specific antisense oli- 
gonucleotide was observed when it was delivered with lipo- 
somes [28]. Although these studies suggest that oligonucleo- 
tides may be effective inhibitors of multidrug resistance, an 
antisense mechanism of inhibition was not demonstrated 
clearly. 



462 A. J. Stewart et al. 

In the present study, a panel of antisense phosphorothioate 
oligonucleotides complementary to both coding and non-cod- 
ing regions of MRP mRNA was screened. One oligonucle- 
otide, ISIS 7597, was chosen for further characterization on 
the basis of its ability to decrease both MRP protein and 
mRNA levels. Subsequently, the effects of ISIS 7597 on MRP 
mRNA and protein levels were studied to determine schedules 
for maximal suppression. In this way, we were able to inhibit 
MRP expression by more than 90%. We were also able to 
demonstrate that the decrease in MRP mRNA results from site 
specific cleavage, consistent with an RNase H-dependent an- 
tisense mechanism. 

MATERIALS AND METHODS 
Oligonucleotides 

The oligonucleotides used in this study were complementary 
to various regions of the MRP mRNA sequence and are listed 
in Table 1. Oligonucleotides were 20 bases in length and were 
synthesized as described previously [29, 301. Fifteen were phos- 
phorothioate oligodeoxynucleotides, and one (ISIS 7607) was 
a 2’-O-methyl derivative with the same sequence as ISIS 7608. 
ISIS 9658 was a sense control oligonucleotide with a sequence 
complementary to ISIS 7597. 

Cell Culture and Treatment 

H69AR is a multidrug-resistant human small cell lung cancer 
cell line overexpressing MRP, which was derived from paren- 
tal H69 cells by culture in doxorubicin [31]. T5 cells are a 
population of transfected HeLa cells that overexpress MRP 
and were obtained by stable transfection with an MRP cDNA 
expression vector, pRc/CMV-MRPl. These cells were main- 
tained in medium containing geneticin as described previously 

12, 111. 
Cells were grown in 75 cm’ flasks until 70-80% confluent 

and then were washed twice with serum-free RPM1 1640 me- 
dium before the addition of lipofectin/oligonucleotide com- 
plexes. Lipofectin (GIBCO/BRL Life Technologies, Burling- 
ton, Ontario, Canada) (5 pg/mL for HeLa T5 cells; 10 pg/mL 
for H69AR cells) and the oligonucleotide (at concentrations 
indicated in the figures) were allowed to form complexes in 
serum-free RPM1 1640 medium at room temperature for 15 
min after gentle mixing. The cells were incubated with lipo- 
fectin/oligonucleotide at 37” for 4 hr, washed once with RPM1 
1640/10% fetal bovine serum, and then incubated in fresh 
RPM1 1640/10% fetal bovine serum until harvested. 

Measurement of MRP mRNA Levels 

Total RNA was isolated from cells by lysis in Trizol reagent 
(GIBCO/BRL Life Technologies) according to the manufac- 
turer’s instructions. RNA (5 l_tg) was analyzed on 1% agarose 
gels containing formaldehyde and transferred by pressure blot- 
ting (Stratagene) to nylon membranes (Zeta-Probe, Bio-Rad, 
Mississauga, Ontario, Canada). Blots were hybridized with 
MRP DNA probes, corresponding to nucleotides 1219-1327 

(mrp 1108), 1158-3067 (mrp 20) or 4080-5011 (mrp 10.1) 
(nucleotide numbering relative to the start of coding se- 
quence) [ 1, 321. To assess the equivalence of RNA loading, 
blots were also probed with GAPDH cDNA. The cDNA 
probes were radiolabeled with [a-32P]dATP by random prim- 
ing (BRL Random Primers DNA labeling system) (GIBCO/ 
BRL Life Technologies). Blots were hybridized overnight at 
42” in a solution of 5~ SSC, 5x Denhardt’s solution, 1% SDS, 
50% formamide and 100 pg/mL herring testis DNA. They 
were then washed for 30 min at room temperature in 0.5~ 
SSC, followed by two washes of 30 min at 52” in 0.1~ SSC/ 
0.1% SDS and exposure to Kodak X-Omat AR film. Relative 
levels of mRNA were estimated by densitometric analysis of 
the autoradiographs and expressed as a percentage of the val- 
ues obtained with the serum-free (SF-CON) control (Molec- 
ular Dynamics). 

Measurement of MRP Protein 
Levels in H69AR Cells by Cell ELBA 

H69AR cells were treated twice with the various oligonucle- 
otides listed in Table 1 at a concentration of 0.5 PM for 4 hr 
with an interval of 48 hr between treatments. Cells were har- 
vested 20 hr after the second treatment, washed twice with 
PBS, and resuspended at 5 x lo4 cells/ml; 100 I.~L of the cell 
suspension was dispensed into each well of a 96-well microtiter 
plate. Plates were dried overnight at 37” and used immediately 
or stored at 4” and used within 1 week. Cells were rehydrated 
with TBST and blocked for 1 hr at room temperature with 1% 
BSA and 5% NGS in TBST (blocking solution). MRP-spe- 
cific antisera (MRP-L) [33] was then added at 1:5 final dilu- 
tion in blocking buffer for 1.5 hr at room temperature. Binding 
of the MRP-specific antisera was detected using a goat anti- 
rabbit alkaline phosphatase conjugate with p-nitrophenyl- 
phosphate as substrate. To control for possible variation in cell 
numbers, cell ELISAs were also performed with the annexin 
II-specific monoclonal antibody 3.186 [34,35], and the ratio of 
MRP levels to annexin II was determined. 

lmmunoblot Analysis of MRP Protein Levels 

The relative amounts of MRP protein were assessed by immu- 
noblot analysis of total cell extracts and membrane-enriched 
fractions. Pellets of T5 cells (50 x 106/mL) were resuspended 
in 10 mM Tris-HCl, pH 7.5, containing 10 mM KCl, 1.5 mM 
MgClz and a mixture of protease inhibitors (2 mM phenyl- 
methylsulfonyl fluoride, 50 l.tg/mL antipain, 2 l..tg/mL aproti- 
nin, 200 l.tg/mL EDTA, 200 l_tg/mL benzamidine, 0.5 pg/mL 
leupeptin, and 1 hg/mL pepstatin). After 10 min, the suspen- 
sion was homogenized in a chilled Tenbroeck homogenizer 
with 80 strokes of the pestle. The homogenate was centrifuged 
at 800 g at 4” for 15 min to remove nuclei and remaining 
intact cells. A membrane-enriched fraction was prepared by 
ultracentrifugation of the supernatant at 100,000 g at 4” for 20 
min. The pellets were resuspended in 10 mM Tris-HCl, pH 
7.5, containing 125 mM sucrose. 

For SDS-PAGE and immunoblotting, samples were re- 
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solved on a 7% separating gel and a 4% stacking gel. Proteins 
were transferred to polyvinylidene difluoride membranes (Mil- 
lipore, Mississauga, Ontario, Canada). For detection of MRP, 
blots were incubated with MRP-specific monoclonal antibody 
QCRL-1 [36]. Antibody binding was visualized with horserad- 
ish peroxidase-conjugated goat anti-mouse IgG and enhanced 
chemiluminescence detection (Amersham, Oakville, Ontario, 
Canada) and exposure on Kodak X-OMAT film. 

Chemosensitiwity Testing 

Drug sensitivity was measured using a tetrazolium salt-based 
cytotoxicity assay [19]. Briefly, cells were dispensed in a vol- 
ume of 500 ltL at 12 x lo4 cells/well in a 24-well plate and 
incubated at 37” for 20-22 hr to allow the cells to attach. The 
medium was removed, the cells were washed twice with serum- 
free medium, and the lipofectin-oligonucleotide complex was 
added to the wells. In control wells, only serum-free medium 
was added. The cells were incubated for 4 hr, washed once 
with complete medium, and then incubated again for 48 hr. At 
this time, cells were treated again with oligonucleotide as be- 
fore. At the end of the second treatment, the cells were 
washed once with complete medium and allowed to recover 
for 1 hr; then doxorubicin (Sigma) was added to the wells at 
twice the final desired concentration in a volume of 500 PL. 
Following incubation for a further 48 hr at 37”, 500 ltL me- 
dium was removed from each well, 100 lt.L 3-[4,5-dimethyl- 
thiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) solution 
(2 mg/mL in PBS) was added, and the plates were incubated 
for 3 hr at 37”. The reaction was stopped by the addition of 1 
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N HCl:isopropanol (1:24) (1 mL/well) followed by thorough 
mixing. Absorbance at 540 nm was determined, and doxoru- 
bicin cytotoxicity was expressed as a percentage of the absor- 
bance values obtained with cells receiving no doxorubicin. All 
drug concentrations were tested in duplicate wells in each 
experiment, and four independent experiments were per- 
formed. 

RESULTS 

Effects of Oligunuckotides on 
MRP Protein and mRNA Leveki 

The 16 oligonucleotides (Table 1) were screened initially for 
their ability to decrease MRP protein levels in MRP-overex- 
pressing H69AR cells. We have determined previously that 
the half-life of the mature M, 190,000 MRP is approximately 
19 hr [33]. In view of the stability of the protein, we antici- 
pated that a single treatment with oligonucleotide might not 
be sufficient to decrease protein levels substantially. Conse- 
quently, we initially used a double oligonucleotide treatment 
over 3 days. These experiments were carried out with 0.5 PM 
oligonucleotide because higher concentrations (> 1 PM) were 
found to be mildly toxic in combination with lipofectin. After 
two 4-hr treatments with oligonucleotides, separated by a 48- 
hr interval, MRP protein levels in H69AR cells were found to 
vary considerably depending on the oligonucleotide used (Ta- 
ble 1). MRP protein levels were estimated using a whole cell 
ELISA with affinity-purified MRP polyclonal antiserum 20 hr 
after the second treatment [33, 371. A monoclonal antibody 
against annexin II was used to normalize for any variation in 

TABLE 1. Effect of phosphorothioate oligonucleotides on MRP protein and mRNA levels in H69AR cells 

% Control MRP 

Oligonucleotide No. Sequence (5’.3’) mRNA target Protein* mRNAt 

ISIS 7607 CGGGGCCGCAACGCCGCCTG Cap site* 91+ 17 150 
ISIS 7608 CGGGGCCGCAACGCCGCCTG Cap site 95 f 25 17 
ISIS 7606 GGTGATCGGGCCCGGTTGCT Non-coding 68f6 24 
ISIS 7595 CCGGTGGCGCGGGCGGCGGC 5’Untranslated 69flO 4 
ISIS 7592 AGCCCCGGAGCGCCATGCCG AUG codon 74*7 1 
ISIS 7593 TCGGAGCCATCGGCGCTGCA Coding 80f 10 7 
ISIS 7594 GGCACCCACACGAGGACCGT Coding 79 f 25 3 
ISIS 7597 TGCTGTTCGTGCCCCCGCCG Coding 51 f 12 10 
ISIS 7598 CGCGCTGCTTCTGGCCCCCA Coding§ 56 k 22 12 
ISIS 7599 GCGGCGATGGGCGTGGCCAG Coding 73 f 20 13 
ISIS 7600 CAGGAGGTCCGATGGGGCGC Coding 95* 15 13 
ISIS 7601 GCTCACACCAAGCCGGCGTC Stop codon 78 f 12 5 
ISIS 7603 AGGCCCTGCAGTTCTGACCA 3’-Untranslated” 95 f 13 50 
ISIS 7605 CTCCTCCCTGGGCGCTGGCA 3’-Untranslated” 74* 18 9 
ISIS 7602 ACCGGATGGCGGTGGCTGCT 3’-Untranslated” 73 +8 13 
ISIS 7604 CGCATCTCTGTCTCTCCTGG 3’-Untranslated” 77+20 30 

Oligonucleotides were tested for their ability to inhibit immunoreactive MRP protein synthesis in H69AR cells by whole cell ELBA and to decrease the expression of the MRP mRNA 
by northern analysis (see Materials and Methods). Oligonucleotide sequences are shown 5’-3’, and the approximate target on the human MRP mRNA is indicated. The values for MRP 
protein and mRNA levels are expressed as percent of controls (no oligonucleotide treatment). Values of protein levels are means f SD of 34 experiments. 

* Cells were treated twice with 0.5 PM oligonucleotide in lipofectin for 4 hr with a 48-hr interval between treatments. Cells were collected 20 hr after the second treatment for the 
measmement of protein level by cell ELBA. 

t mRNA levels were determined 24 hr after a single treatment with 0.3 WM oligonucleotide. 
$ 2’-O-Methyl derviative. 
8 NH,-proximal nucleotide binding domain. 
‘1 Sequence present in H69AR MRP mRNA but not in vector-encoded MRP mRNA of ttansfected T5 cells. 
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FIG. 1. Concentration-dependent reduction of MRP mRNA 
levels in transfected HeLa T5 cells by a single treatment with 
ISIS 7597. MRP-transfected T5 cells were exposed for 4 hr to 
selected concentrations of MRP antisense oligonucleotide ISIS 
7597 and its corresponding sense oligonucleotide, ISIS 9658, 
complexed with lipofectin. MRP mRNA was isolated 24 hr 
after treatment, and northern analyses were performed. Rela- 
tive MRP mRNA levels were estimated by densitometry and 
normalized to the GAPDH mRNA signal. Results shown are 
from a single experiment, and similar results were found in a 
second experiment. LIPCON = lipofectin control. 

cell numbers [34, 351. Two oligonucleotides were reproducibly 
the most effective at lowering MRP protein levels. These were 
ISIS 7597 and 7598, which are complementary to nucleotides 
2107-2126 and 2503-2522 of MRP mRNA, respectively. 

The sixteen oligonucleotides were also screened for their 
ability to decrease MRP mRNA levels in H69AR cells (Table 
1). After a single treatment, only one oligonucleotide had no 
effect. This oligonucleotide, ISIS 7607, is a 2’-O-methyl oli- 
goribonucleotide. Because it does not form a hybrid that is a 
substrate for RNase H, a decrease in mRNA levels was not 
necessarily expected in the 4-hr time frame of the experiment 
[38]. As shown in Table 1, the phosphorothioate oligodeoxy- 
nucleotides all decreased MRP mRNA levels to various de- 
grees, and ISIS 7597 and 7598 were among the most effica- 
cious. Lipofectin by itself had no effect. 

Subsequent experiments focused solely on ISIS 7597 (and 
its corresponding sense control, ISIS 9658) because of its ef- 
ficacy in decreasing both MRP mRNA and protein levels. ISIS 
7598 was not used further because it is complementary to a 
region of MRP mRNA encoding the NHz-proximal nucleotide 
binding domain. This is the most conserved region of members 
of the ABC transporter superfamily. Consequently, the oligo- 
nucleotide could potentially affect expression of other proteins 
containing similar nucleotide binding domains and thus be less 
specific. We have shown previously that resistance in H69AR 
cells is multifactorial [39-41]. For this reason, subsequent ex- 
periments with ISIS 7597 were carried out in transfected HeLa 
T5 cells where resistance is known to be solely attributable to 
overexpression of MRP [2, 11, 331. 

Effect of Single Treatment 
with ISIS 7597 on HeL.a T5 Cells 

A concentration-dependent decrease in MRP mRNA was ob- 
served after a single treatment of transfected T5 cells with ISIS 
7597 (Fig. 1). A significant decrease was observed at 0. llt.M, 
and virtually no MRP mRNA was detectable at oligonucle- 
otide concentrations of 0.3 and 0.5 l.tM. The sense control 
ISIS 9658 had no effect at concentrations up to 0.5 l.tM. The 
>90% decrease in mRNA levels after treatment with 0.5 l_tM 
ISIS 7597 was transient (Fig. 2). Maximal levels of mRNA 
inhibition were reached at 4 hr and maintained for 24 hr after 
treatment. MRP mRNA levels returned to approximately 70 
and 100% of those in untreated controls after 48 and 72 hr, 
respectively (Fig. 2). In the same experiment, the levels of 
MRP protein were estimated by immunoblot analysis. As was 
the case for mRNA levels, ISIS 7597 (0.5 PM) decreased MRP 
protein levels transiently and maximally to 30% of control 
levels after 48 hr (Fig. 2). This reduction in protein levels is 
consistent with its previously determined half-life and the ki- 
netics with which MRP mRNA levels are depleted and re- 
cover [33]. 

Effect of a Double Treatment 
with ISIS 7597 on HeLa T5 Cells 

The relatively long half-life of MRP suggested that it would be 
necessary to suppress mRNA levels for at least 2.5 to 3 days to 
be sure of decreasing protein levels approximately lo-fold. In 
an attempt to achieve this level of response, cells were re- 
treated 48 hr after initial exposure to oligonucleotide. When 
levels of MRP mRNA were determined 24 hr after a second 

0 4 24 48 72 96 
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FIG. 2. Tie-dependent reduction of MRP mRNA and protein 
levels in transfected HeLa T5 cells by a single treatment with 
ISIS 7597. MRP-transfected T5 cells were exposed to MRP 
antisense oligonucleotide ISIS 7597 (0.5 PM) for 4 hr. MRP 
mRNA and protein were isolated subsequently at the times 
indicated on the figure, and northern and immunoblot analyses 
were performed. MRP mRNA levels were estimated by densi- 
tometry and normalized to the GAPDH mRNA signal; relative 
protein levels were also estimated by densitometry. The results 
shown are from a single experiment, and similar results were 
obtained in two additional experiments. 
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treatment with 0.5 PM ISIS 7597, they were only approxi- 
mately 10% of those in control cells (Fig. 3), indicating that 
the initial decrease in MRP mRNA levels had been main- 
tained. During the following 24 hr, MRP mRNA levels re- 
turned to 30% of controls. A similar double treatment with 0.3 
PM ISIS 7597 also decreased MRP mRNA levels by 90% but 
for a shorter duration, and MRP mRNA had returned to 70% 
of control levels 48 hr after the second treatment. Levels of 
MRP protein following double treatment with ISIS 7597 were 
approximately the same whether 0.3 or 0.5 PM oligonucle- 
otide was used (Fig. 3). MRP protein levels were decreased by 
90% 24 hr after the second treatment, and this decrease was 
maintained for a further 24 hr. Thus, a double treatment of 
HeLa T5 cells with ISIS 7597 was able to extend significantly 
the response at the mRNA level to at least 3 days and to 
decrease MRP protein levels by 90%. Chemosensitivity testing 
at this time showed that after a 48-hr exposure to doxorubicin, 
the percent cytotoxicity caused by doxorubicin (10 PM) in 
ISIS 7597-treated T5 cells was 82 f 9% (N = 4) compared 
with 50 + 21% (N = 4) in control T5 cells (I’ < 0.05). 

Cleavage of MRP mRNA b ISIS 7597 

A decrease in the levels of a mRNA targeted by antisense 
oligonucleotides is frequently assumed to result from cleavage 

24 h post 48 h post 
2nd TX 2nd TX 

4 5.5 kb 

4 GAPDH 

mRNA 

protein 4 190 kDa 

FIG. 3. Effect of a double treatment with ISIS 7597 on MRP 
mRNA and protein levels in transfected HeLa T5 cells. Cells 
were treated twice with ISIS 7597 (0.3 or 0.5 PM) complexed 
with lipofectin for a period of 4 hr with an interval of 48 hr 
between exposures. RNA and protein were isolated, and levels 
of MRP were quantitated 24 and 48 hr after the second treat- 
ment. The results shown are from a single experiment, and 
similar results were obtained in a second experiment. LIP-CON 
= lipofectin control. 

at the site of the RNA/DNA heteroduplex formation by mem- 
bers of the RNase H group of intracellular nucleases. The very 
rapid decrease in mRNA levels observed in our experiments 
with ISIS 7597 is consistent with such a mechanism. To ob- 
tain direct evidence for RNase H-mediated cleavage, RNA 
blots from ISIS 7597-treated HeLa T5 cells were hybridized 
with DNA probes corresponding to different regions of MRP 
mRNA to enable detection of degradative intermediates. The 
location of the DNA probes and the target site of ISIS 7597 on 
MRP mRNA are shown at the bottom of Fig. 4. Blots were first 
hybridized with a 5’ DNA fragment (mrp 1108) complemen- 
tary to nucleotides 1219-1327, stripped, and rehybridized with 
a DNA probe (mrp 10.1) corresponding to the 3’ end of MRP 
mRNA (nucleotide 4080-5011). In addition to the expected 
full-length MRP mRNA species at 5.5 kb [2, 111, two smaller 
species were detectable when the oligonucleotide-mediated 
decrease was maximal (i.e. 4-24 hr after treatment) (Fig. 4). 
Both of these smaller species hybridize with a probe that en- 
compasses the target sequence of ISIS 7597 (see Fig. 1). How- 
ever, the 5’ DNA probe hybridized only to the smaller of the 
two (2.3 kb) (Fig. 4, left panel), while a 3’ probe hybridized 
only to the larger (3.2 kb) (Fig. 4, right panel). The sizes of 
these additional mRNA species (2.3 and 3.2 kb) correspond 
closely to the sizes of the products expected from the cleavage 
of T5 MRP mRNA by RNase H at the site of the ISIS 7597 
target sequence. 

DISCUSSION 

Cells that express MRP and display a multidrug-resistant phe- 
notype are relatively insensitive to reversing agents that are 
effective in circumventing resistance mediated by P-glycopro- 
tein [l 1, 19-211. The difference in sensitivity between MRP 
and P-glycoprotein to these agents is likely to be the result of 
differences in substrate specificity, particularly in view of re- 
cent data demonstrating the unique ability of MRP to trans- 
port cysteinyl leukotrienes [42, 431. Because MRP and P-gly- 
coprotein share only 15% amino acid identity, it is difficult to 
predict from structural considerations which compounds may 
be able to reverse MRP-mediated multidrug resistance. On the 
other hand, antisense oligonucleotides are able to inhibit the 
expression of gene products in a manner dependent on the 
DNA rather than the amino acid sequence (for a recent review 
see Wagner [44]). C onsequently, the use of antisense oligonu- 
cleotides provides an attractive approach to the reversal of 
drug resistance because it bypasses any dependence on protein 
structure or function. In this study, we have evaluated an- 
tisense phosphorothioate oligonucleotides for their ability to 
decrease MRP expression in human cell lines. 

When an antisense molecule binds to its complementary 
nucleic acid target, the resulting hybrid can decrease protein 
synthesis by a number of mechanisms. Occupancy-related 
mechanisms rely on the ability of the oligonucleotide to block 
the interaction of the RNA or DNA target with proteins or 
other nucleic acids required for processing or expression. Ex- 
amples of this include the inhibition of RNA splicing by tar- 
geting intron/exon junctions, and translational arrest medi- 
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FIG. 4. Cleavage of MRP mRNA by ISIS 7597. RNA was isolated from HeLa T5 cells treated with ISIS 
7597~lipofectin complexes for the times indicated, and blots were prepared as described in Materials and 

Methods. Blots were hybridized with a DNA fragment (mrp 1108) corresponding to a region at the 5’ end 
of the MRP mRNA, stripped, and rehybridized with a cDNA fragment corresponding to the 3’ end of MRP 
mRNA (mrp 10.1). The length of time cells were treated is indicated at the top of the blots. The position 
of the DNA probes and the location of the target sequence of antisense oligonucleotide ISIS 7597 (close to 

the first nucleotide binding domain) are shown at the bottom of the figure. In addition to the expected intact 
f&length MRP 5.5 kb mRNA of the transfected T5 cells, an additional band of 2.3 kb was detected with 
the 5’ probe, mrp 1108 (left panel), and a 3.2 kb band was detected with the 3’ probe, mrp 10.1 (right 
panel). The results shown are from a single experiment, and similar results were obtained in two additional 
experiments. 

ated by oligonucleotides complementary to the region sur- 
rounding the AUG translation initiation codon. Other 
postulated mechanisms, termed occupancy-activated destabi- 
lization, lead to a rapid degradation of the mRNA target. One 
such mechanism includes the RNase H-mediated degradation 
of the RNA strand at the site of RNA/DNA heteroduplex 
formation [45-471. 

Phosphorothioate oligodeoxyribonucleotides were chosen 
for the current study for two major reasons [48]. First, unmod- 
ified phosphodiester oligonucleotides have a limited half-life 
in cell culture and have an intracellular half-life that is mea- 
sured in minutes rather than hours, while phosphorothioates 
are stable in cell culture medium and have an intracellular 
half-life of more than 24 hr. Second, phosphorothioates as 
opposed to some other modified oligonucleotides retain the 
ability to form a duplex with the complementary RNA se- 
quence that is cleavable by RNase H. Digestion by RNase H is 
believed to be one of the predominant mechanisms involved 
in antisense inhibition [49, 501, although it is almost certain 
that other mechanisms such as hybrid arrest of translation and 
inhibition of RNA processing occur with some oligonucleo- 
tides [51]. After exposure of both drug-selected H69AR cells 
and MRP-transfected T5 cells to ISIS 7597, we observed al- 
most complete disappearance of the MRP mRNA within 4 hr 
of treatment. This rapid loss of mRNA is unlikely to result 

solely from a hybrid arrest mechanism of inhibition, and it did 
not occur with the 2’-O-methyl oligonucleotide tested (ISIS 
7607, Table 1). Instead, an active degradation of the MRP 
mRNA is suggested. Longer exposure of autoradiographs re- 
vealed low levels of two additional RNA species that were 
detected with MRP DNA probes in antisense-treated cells but 
not in controls. The sizes of these RNAs corresponded closely 
to the expected sizes of the cleavage products of MRP mRNA 
after RNase H digestion at the site of ISIS 7597 hybridization. 
Although it has been demonstrated that many oligonucleo- 
tides may form RNase H cleavage hybrids in crude cell lysates 
or when digested with purified enzyme [52, 531, direct evi- 
dence for RNase H cleavage as the mechanism of action of 
antisense oligonucleotides in intact cells is rare. Recently, 
Giles et al. [54] demonstrated the presence of RNase H-gen- 
erated mRNA fragments in live cells after treatment with 
antisense oligonucleotides, but permeabilization of the cells 
with Streptolysin 0 was required. In most studies, phospho- 
rothioate oligonucleotides have been presumed to act via 
RNase H-mediated cleavage because phosphorothioate 2’-0- 
methyl oligonucleotides with the same sequence do not inhibit 
expression of the gene in question [29, 53, 551. By using two 
DNA probes corresponding to regions in the 5’ and 3’ coding 
ends of the mRNA, respectively, we were able to detect the 
oligonucleotide-induced cleavage fragments of MRP mRNA 
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in whole cells. Low levels of degradative products are to be 

expected since the half-lives of such intermediates are likely to 
be extremely short because they are unprotected at their re- 
spective extremities. 

All 15 phosphorothioate deoxynucleotides were able to de- 
crease MRP mRNA, at least to some degree. It is unlikely that 
the different efficacies of the oligonucleotides result from dif- 
ferences in uptake, because uptake of phosphorothioate oligo- 
nucleotides in the presence of cationic lipids is generally effi- 
cient, rapid, and sequence independent [56]. It has been hy- 
pothesized that differences in efficacy may be a consequence of 
the local secondary structure and folding of the target mRNA 
sequence [57]. The AUG translational start site has been tar- 
geted in many studies because of the postulated “accessibility” 
of this sequence. However, other regions have also been tar- 
geted effectively. For example, while Dean et al. [55] found 
oligonucleotides targeting the AUG translation initiation 
codon and 3’-untranslated sequences of the protein kinase Ca 
mRNA to be most effective, we found that oligonucleotides 
complementary to the coding sequence gave the greatest in- 
hibition of MRP expression. These results indicate the impor- 
tance of evaluating the activity of a number of oligonucleo- 
tides complementary to different regions of a given mRNA 
target rather than testing oligonucleotides directed against 
only a single site. 

The rapid decrease in MRP mRNA levels induced by ISIS 
7597 was transient and the mRNA returned to control levels 
within 72 hr after treatment. Although phosphorothioates are 
relatively stable [58], some degradation might be expected dur- 
ing this time period. This and the dilution effect resulting from 
cell division may explain the short-lived effects. It was ob- 
served that the inhibition was more prolonged in H69AR 
cells, which have a doubling time significantly longer than 
HeLa T5 cells which divide every 24 hr (data not shown). 
This suggests that the rapidity with which MRP mRNA re- 
turns to normal levels is influenced by the decrease in intra- 
cellular concentration of oligodeoxynucleotide during cell di- 
vision. 

In conclusion, we have shown that the phosphorothioate 
oligodeoxynucleotide ISIS 7597 specifically inhibits the ex- 
pression of MRP in a concentration-, time- and sequence- 
dependent manner. A double treatment of transfected T5 and 
drug-selected H69AR cells with ISIS 7597 was required to 
achieve a prolonged decrease in MRP protein levels. Other 
investigators have obtained decreases in MDRl mRNA and 
P-glycoprotein levels with antisense oligonucleotides, but re- 
versal of P-glycoprotein-mediated resistance has been reported 
to be incomplete. This was attributed to poor uptake of the 
oligonucleotides [59], rapid degradation of the oligonucleotide 
[22], or the use of an oligonucleotide with a less than optimal 
sequence [25]. The chemosensitivity experiments using T5 
cells treated with ISIS 7597 also indicate incomplete reversal 
of resistance of MRP-mediated resistance, suggesting that op- 
timal suppression of MRP expression for a more prolonged 
period of time may be necessary to achieve complete 
chemosensitizaton. 

The studies described here provide strong evidence for 
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RNase H-mediated destruction of a specific mRNA in intact 
cells following treatment with phosphorothioate oligodeoxy 
nucleotides. They also demonstrate that it is possible to elim- 
inate rapidly the expression of high levels of MRP mRNA and, 
with the appropriate choice of administration schedules, re- 
duce markedly the levels of the encoded protein, despite its 
relatively long half-life. Clinically, chemosensitization of mul- 
tidrug-resistant tumors overexpressing proteins such as MRP 
and P-glycoprotein is likely to be necessary for only limited 
periods during chemotherapy. Consequently, antisense oligo- 
nucleotides provide an attractive and potential highly specific 
treatment modality as an adjunct to conventional chemother- 
apy. Towards this end, studies in an in wivo model are underway 
to test the efficacy of phosphorothioate oligodeoxynucleotides 
as chemosensitizing agents in MRP expressing tumors [60]. 

We thank Kathy Sparks fur technical assistance, Drs. D. l&tier and 
C. F. Bennett fur helpful advice, and Bryn Harris for preparation of the 
manuscript. This work was supported by ISIS Pharmaceuticals, the Cancer 
Research Society, and the Medical Research Council of Canada. Dr. Yvan 
Caninot is supported, in part, by Ligue Nation& Francaise contre le 
Cancer. Dr. Deeky is the Stauffer Research Professor of Queen’s Uni- 
versity, and Dr. Cole is a Career Scientist of the Ontario Cancer Foun- 
dation. 

References 

1. 

2. 

3. 

4. 

5. 

6. 

Cole SPC, Bhardwaj G, Gerlach JH, Mackie JE, Grant CE, 
Almquist KC, Stewart AJ, Kurz ELI, Duncan AMV and Deeley 
RG, Overexpression of a transporter gene in a multidrug-resistant 
human lung cancer cell line. Science 258: 1650-1654, 1992. 
Grant CE, Valdimarsson G, Hipfner DR, Almquist KC, Cole 
SPC and Deeley RG, Overexpression of multidrug resistance- 
associated protein (MRP) increases resistance to natural product 
drugs. Cancer Res 54: 357-361, 1994. 
Zaman GJR, Versantvoort CHM, Smit JJM, Eijdems EWHM, de 
Haas M, Smith AJ, Broxterman HJ, Mulder NH, de Vries EGE, 
Baas F and Borst P, Analysis of the expression of MRP, the gene 
for a new putative transmembrane drug transporter, in human 
multidrug resistant lung cancer cell lines. Cancer Res 53: 1747- 
1750, 1993. 
Barrand MA, Heppell-Parton AC, Wright KA, Rabbitts PH and 
Twentyman PR, A 190-kilodalton protein overexpression in 
non-P-glycoprotein-containing multidrug-resistant cells and its 
relationship to the MRP gene. j Natl Cancer Inst 86: 110-117, 
1994. 
Slovak ML, Ho JP, Bhardwaj G, Kurz EU, Deeley RG and Cole 
SPC, Localization of a novel multidrug resistance-associated gene 
in the HT1080/DR4 and H69AR human tumor cell lines. Cancer 
Res 53: 3221-3225, 1993. 
Krishnamachary N and Center MS, The MRP gene associated 
with a non-P-glycoprotein multidrug resistance encodes a 190- 
kDa membrane bound glycoprotein. Cancer Res 53: 3658-3661, 
1993. 
Brock I, Hipfner DR, Nielsen BS, Jensen PB, Deeley RG, Cole 
SPC and Sehested M, Sequential coexpression of the multidrug 
resistance genes MRP and mdrl and their products in VP-16 
(etoposide)-selected H69 small cell lung cancer cells. Cancer Res 
55: 459-462, 1995. 
Schneider E, Horton JK, Yang C-H, Nakagawa M and Cowan 
KH, Multidrug resistance-associated protein gene overexpression 
and reduced drug sensitivity of topoisomerase II in a human 
breast carcinoma MCF7 cell line selected for etoposide resis- 
tance. Cancer Res 54: 152-158, 1994. 



9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

Slapak CA, Fracasso PM, Martell RL, Toppmeyer DL, Lecerf J-M 
and Levy SB, Overexpression of the multidrug resistance-associ- 
ated protein (MRP) gene in vincristine but not doxorubicin- 
selected multidrug resistant murine erythroleukemia cells. Cancer 
Res 54: 5607-5613, 1994. 

Hasegawa S, Abe T, Naito S, Kotoh S, Kumazawa J, Hipfner DR, 
Deeley RG, Cole SPC and Kuwano M, Expression of multidrug 
resistance-associated protein (MRP), MDRl and DNA topo- 
isomerase II in human multidrug-resistant bladder cancer cell 
lines. Br J Cancer 71: 907-913, 1995. 

Cole SPC, Sparks KE, Fraser K, Loe DW, Grant CE, Wilson GM 
and Deeley RG, Pharmacological characterization of multidrug 
resistant MRP-transfected human tumor cells. Cancer Res 54: 
5902-5910, 1994. 

Roninson IB, From amplification to function: The case of the 
MDRl gene. Mutut Res 276: 151-161, 1992. 

Gottesman MM and Pastan I, Biochemistry of multidrug resis- 
tance mediated by the multidrug transporter. Annu Reo Biochem 
62: 385427, 1993. 
Chin K-V, Pastan I and Gottesman MM, Function and regula- 
tion of the human multidrug resistance gene. Ado, Cancer Res 60: 
157-180, 1993. 

Endicott JA and Ling V, The biochemistry of P-glycoprotein- 
mediated multidrug resistance. Annu Rew Biochem 58: 137-171, 
1989. 
Tsuruo T, Iida H, Nojiri M, Tsukagoshi S and Sakurai Y, Cir- 
cumvention of vincristine and adriamycin resistance in vitro and 
in viwo by calcium influx blockers. Cancer Res 43: 2905-2910, 
1983. 

Ford JM and Hait WN, Pharmacology of drugs that alter multi- 
drug resistance in cancer. Pharmacol Rew 42: 155-199, 1991. 

Georges E, Sharom FJ and Ling V, Multidrug resistance and 
chemosensitization: Therapeutic implications for cancer chemo- 
therapy. Adw Pharmacol21: 185-220, 1990. 

Cole SPC, Downes HF and Slovak ML, Effect of calcium antag- 
onists on the chemosensitivity of two multidrug resistant human 
tumour cell lines which do not overexpress P-glycoprotein. Br J 
Cancer 59: 42-46, 1989. 

Barrand MA, Rhodes T, Center MS and Twentyman PR, 
Chemosensitisation and drug accumulation effects of cyclosporin 
A, PSC-833 and verapamil in human MDR large cell lung cancer 
cells expressing a 190k membrane protein distinct from P-glyco- 
protein. Eur J Cancer 29: 408415, 1993. 

Gollapudi S and Gupta S, Lack of reversal of daunorubicin re- 
sistance in HL60/AR cells by cyclosporin A. Anticancer Res 12: 
2127-2132, 1992. 

Corrias MV and Tonini GP, An oligomer complementary to the 
5’ end region of MDRl gene decreases resistance to doxorubicin 
of human adenocarcinoma-resistant cells. Anticancer Res 12: 
1431-1438, 1992. 

Quattrone A, Papucci L, Morganti M, Coronnello M, Mini E, 
Mazzei T, Colonna FP, Garbesi A and Capaccioli S, Inhibition of 
MDRl gene expression by antimessenger oligonucleotides lowers 
multiple drug resistance. Oncol Res 6: 311-320, 1994. 

Rivoltini L, Colombo MP, Supino R, Ballinari D, Tsuruo T and 
Parmiani G, Modulation of multidrug resistance by verapamil or 
mdrl anti-sense oligodeoxynucleotide does not change the high 
susceptibility to lymphokine-activated killers in m&-resistant hu- 
man carcinoma (LoVo) line. Int J Cancer 46: 727-732, 1990. 

Vasanthakumar G and Ahmed NK, Modulation of drug resis- 
tance in a daunorubicin resistant subline with oligonucleotide 
methylphosphonates. Cancer Commun 1: 225-232, 1989. 

Kiehntopf M, Brach MA, Licht T, Petschauer S, Karawajew L, 
Kirschning C and Herrmann F, Ribozyme-mediated cleavage of 
the MDR-1 transcript restores chemosensitivity in previously re- 
sistant cancer cells. EMBO J 13: 46454652, 1994. 

27 

28 

29 

30 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

A. J. Stewart et al. 

Bertram J, Paifner K, Killian M, Brysch W, Schlingensiepen K-H, 
Hiddemann W and Kneba M, Reversal of multiple drug resis- 
tance in oitro by phosphorothioate oligonucleotides and ri- 
bozymes. Anticancer Drugs 6: 124-134, 1995. 
Thierry AR, Rahman A and Dritschilo A, Overcoming multi- 
drug resistance in human tumor cells using free and liposomally 
encapsulated antisense oligodeoxynucleotides. Biochem Biophys 
Res Commun 190: 952-960, 1993. 
Chiang MY, Chan H, Zounes MA, Freier SM and Bennett CF, 
Antisense oligonucleotides inhibit intercellular adhesion mole- 
cule 1 expression by two distinct mechanisms. J Biol Chem 266: 
18162-18171, 1991. 
Monia BP, Johnston JF, Ecker DJ, Zounes MA, Lima WF and 
Freier SM, Selective inhibition of mutant Ha-ras mRNA expres- 
sion by antisense oligonucleotides. J Biol Chem 267: 19954- 
19962, 1992. 
Mirski SEL, Gerlach JH and Cole SPC, Multidrug resistance in 
a human small cell lung cancer cell line selected in adriamycin. 
Cancer Res 47: 2694-2598, 1987. 
Cole SPC and Deeley RG, Multidrug resistance-associated pro- 
tein: Sequence correction. Science 260: 879, 1993. 
Almquist KC, Loe DW, Hipfner DR, Mackie JE, Cole SPC and 
Deeley RG, Characterization of the 190 kDa multidrug resistance 
protein (MRP) is drug-selected and transfected human tumor 
cells. Cancer Res 55: 102-l 10, 1995. 
Mirski SEL and Cole SPC, Antigens associated with multidrug 
resistance in H69AR, a small cell lung cancer cell line. Cancer 
Res 49: 5719-5724, 1989. 
Cole SPC, Pinkoski MJ, Bhardwaj G and Deeley RG, Elevated 
expression of annexin II (lipocortin II, ~36) in a multidrug re- 
sistant small cell lung cancer cell line. Br J Cancer 65: 498-502, 
1992. 
Hipfner DR, Gauldie SD, Deeley RG and Cole SPC, Detection 
of the M, 190,000 multidrug resistance protein, MRP, with 
monoclonal antibodies. Cancer Res 54: 5788-5792, 1994. 
Mirski SEL and Cole SPC, Multidrug resistance-associated anti- 
gens on drug-sensitive and -resistant human tumour cell lines. Br 
J Cancer 64: 15-22, 1991. 
Inoue H, Hayase Y, Iwai S and Ohtsuka E, Sequence-dependent 
hydrolysis of RNA using modified oligonucleotide splints and 
RNAase H. FEBS Lett 215: 327-330, 1987. 
Cole SPC, Downes HF, Mirski SEL and Clements DJ, Alter- 
ations in glutathione and glutathione-related enzymes in a mul- 
tidrug resistant small cell lung cancer cell line. Mel Pharmacol37: 
192-197, 1990. 
Evans CD, Mirski SEL, Danks MK and Cole SPC, Reduced levels 
of topoisomerase 11~~ and II!3 in a multidrug-resistant lung-cancer 
cell line. Cancer Chemother Pharmacol 34: 242-248, 1994. 
Cole SPC, The 1991 Merck Frosst Award. Multidrug resistance 
in small cell lung cancer. Can J Physiol Pharmacol 70: 313-329, 
1992. 

Jedlitschky G, Leier I, Buchholz U, Center M and Keppler D, 
ATP-dependent transport of glutathione S-conjugates by the 
multidrug resistance-associated protein. Cancer Res 54: 4833- 
4836, 1994. 
Leier I, Jedlitschky G, Buchholz U, Cole SPC, Deeley RG and 
Keppler D, The MRP gene encodes an ATP-dependent export 
pump for leukotriene C, and structurally related conjugates. J 
Biol Chem 269: 27807-27810, 1994. 
Wagner RW, Gene inhibition using antisense oligodeoxynucle- 
otides. Nature 372: 333-335, 1994. 
Nakamura H, Oda Y, Iwai S, Inoue H, Ohtsuka E, Kanaya S, 
Kimura S, Katsuda C, Katayanagi K, Morikawa K, Miyashiro H 
and Ikehara M, How does RNase H recognize a DNA-RNA 
hybrid? Proc Natl Acad Sci USA 88: 11535-11539, 1991. 
Crooke ST, Therapeutic applications of oligonucleotides. Annu 
Rev Phannacol Toxicol32: 329-376, 1992. 



Reduced Expression of MRP by Antisense Oligonucleotides 469 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

Helene C and Toulme JJ, Specific regulation of gene expression 
by antisense, sense and antigene nucleic acids. Biochim Biophys 
Acta 1049: 99-125, 1990. 
Cohen JS, Phosphorothioate oligodeoxynucleotides. In: An- 
tisense Research and Applications (Eds. Crooke ST and Lebleu B), 
pp. 205-221. CRC Press, New York, 1993. 
Agrawal S and Tang JY, An antisense oligonucleotide phospho- 
rothioate as a therapeutic agent for AIDS. Antisense Res Dew 2: 
261-266, 1992. 
Stein CA, Anti-sense oligodeoxynucleotides-Promises and pit- 
falls. Leukemia 6: 967-974, 1992. 
Marcus-Sekura CJ, Techniques for using antisense oligodeoxyri- 
bonucleotides to study gene expression. An&t Biochem 172: 
289-295, 1988. 
Saison-Behmoaras T, Tocque B, Rey I, Chassignol M, Thuong 
NT and HelPne C, Short modified antisense oligonucleotides 
directed against Ha-ras point mutation induce selective cleavage 
of the mRNA and inhibit T24 cells proliferation. EMBO J 10: 
1111-1118, 1991. 
Monia BP, Lesnik EA, Gonzalez C, Lima WF and Freier SM, 
Evaluation of 2’-modified oligonucleotides containing 2’-deoxy 
gaps as antisense inhibitors of gene expression. J Biol Chem 268: 
14514-14522, 1993. 
Giles RV, Spiller DG and Tidd DM, Detection of ribonuclease 
H-generated mRNA fragments in human leukemia cells follow- 

55. 

56. 

57. 

58. 

59. 

60. 

ing reversible membrane permeabilization in the presence of an- 
tisense oligonucleotides. Antisense Res Dee, 5: 23-31, 1995. 

Dean NM, McKay R, Condon TP and Bennett CF, Inhibition of 
protein kinase Ca expression in human A549 cells by antisense 
oligonucleotides inhibits induction of intercellular adhesion mol- 
ecule 1 (ICAMl) mRNA by phorbol esters. _J Biol Chem 269: 
16416-16424, 1994. 

Bennett CF, Chiang MY, Chan H, Shoemaker JE and Mirabelli 
CK, Cationic lipids enhance cellular uptake and activity of phos- 
phorothioate antisense oligonucleotides. Mel Pharmacol 41: 
1023-1033, 1992. 

Mirabelli CK and Crooke ST, Antisense oligonucleotides in the 
context of modern molecular drug discovery and development. 
In: Anrisense Research and Applications (Eds. Crooke ST and Le- 
bleu B), pp. 7-35. CRC Press, New York, 1993. 

Crooke RM, In vitro toxicology and pharmacokinetics of an- 
tisense oligonucleotides. Anticancer Drug Des 6: 609-646, 1991. 

Jaroszewski JW, Kaplan 0, Syi J-L, Sehested M, Faustino PJ and 
Cohen JS, Concerning antisense inhibition of the multiple drug 
resistance gene. Cancer Commun 2: 287-294, 1990. 

Dean NM and McKay R, Inhibition of protein kinase C-IX ex- 
pression in mice after systemic administration of phosphorothio- 
ate antisense oligodeoxynucleotides. Proc Natl Acad Sci USA 91: 
11762-l 1766, 1994. 


