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In the present study we investigated the effectiveness of
14, 15 and 18 nucleotide antisense phosphorothioate
oligonucleotides (S-ODNs) directed to four different re-
gions of the published mdr-1 gene sequence to reduce
the level of mdr-1 gene product (p170, P-glycoprotein)
and its function in the over-expressing cell lines Lo-
VoDxR, S180Dx" and KBChR8-5. The highest efficiency
in reduction of multiple drug resistance was obtained at a
concentration of 2 M. In proliferation assays a growth
reduction of 50% was observed after exposure of dox-
orubicin-resistant cells to S-ODN3. p170 protein expres-
sion of the resistant cell line LoVoDx" was reduced to the
level of the sensitive cell line LoVo as shown by Western
blot analysis. S-ODN3 reduced the IDs, of the two human
cell lines up to 60% (LoVoDx®) and 21% (KBCh"8-5),
respectively, but showed no effect in the murine cell
line S180Dx". In contrast, S-ODN1 was most effective
in the murine system (67% reduction of the IDs), less
effective in LoVoDx® (34%) and exhibited no effect in cell
line KBCh"8-5. Based on the results with the antisense
oligonucleotides, a ribozyme directed against the mRNA
target region of S-ODN3 was designed. This ribozyme
was able to reduce the mdr-1 mRNA in total RNA pre-
parations from cell line LoVoDx® up to 80% after an
incubation time of 6h in the presence of 10 mM
MgCl, at pH 7.5. A modified ribozyme was investigated
in cell culture and reduced chemo-resistance of the re-
sistant cell line LoVoDx" and ex vivo cultured blasts of
acute myelold leukemia patients up to 50%.
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Introduction

Although substantial progress has been achieved in
the chemotherapy of malignant disorders within the
last 15-20 years, most solid tumors are still not
curable by currently available cytostatic agents and
ultimately prove to be resistant. Major efforts have
therefore been undertaken to elucidate the under-
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lying mechanisms of the phenomenon of drug re-
sistance.? During these studies the multiple drug
resistance (MDR) phenotype has gained special at-
tention, at least in experimental cell systems, since it
is characterized by cross-resistance to a variety of
structurally and functionally unrelated drugs such as
anthracyclines, antibiotics, vinca alcaloids and epi-
podophyllotoxins."™ The underlying mechanism
appears to be mediated through the over-expres-
sion or gene amplification’ of the mdr-1 gene, re-
sulting in an increased concentration of its gene
product, the p170 glycoprotein (P-gp), which then
results in an increased energy-dependent drug ef-
flux.%” Therefore, the reversal of MDR by antago-
nists of the P-gp drug transport has achieved great
interest. So far, the chemomodulation of the MDR
system has been investigated by the use of the
calcium antagonists verapamil,®>*! and trifluopera-
zine,'? non-toxic derivatives of cancerostatic drugs
such as Meacetyl-daunorubicin'® or immunosup-
pressive agents such as cyclosporin A.!' Lack of
specificity (calcium antagonists) or toxic effects
(cyclosporin A) result in a limited clinical applica-
tion of these chemomodulators.!* Therefore, more
specfic alternatives such as molecular approaches
may improve attempts for the reversal of MDR. A
more specific interference with p170 expression
which may be achieved by modern antisense tech-
nology'® may be a more promising approach. First
results have been reported recently by several
g1r011ps,3"“’16‘18 although a successful suppression
of p170 production was not achieved unambiguous-
ly. The current study complements these efforts but
furthermore extends the antisense method to the
use of catalytic RNAs (the ribozymes) which, due
to their catalytic activity, might have an advantage
compared with antisense oligonucleotides. In addi-
tion, four antisense oligonucleotides directed
against different target regions of the mdr-1 mRNA
were developed and applied to compare their effi-
ciency in the down-regulation of p170 expression in
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cell culture systems. Antisense oligonucleotides di-
rected to a specific sequence of a selected gene may
hybridize to the mature mRNA and thereby block
the synthesis of a selected protein by translation
arrest."®?° A second mechanism reported for some
systems is the degradation of mRNA—oligonucleo-
tide hybrids by a cellular RNase,?' resulting in a
decreased steady state level of the targeted mRNA
and thereby reduced protein synthesis.

Materials and methods
Cell lines and culture conditions

Cell lines LoVo H67P, LoVo doxorubicin (Dx) resis-
tant (), KB 3-1, KBCh*8-5, $180 and $180Dx" were
used throughout this study. LoVo H67P and Lo-
VoDx® (see Rivoltini et al?* for characterization
of these cell lines) were kindly provided by Dr
Rivoltini (Milan), cell lines $180 and S180Dx" by
Dr Volm (DKFZ, Germany), and cell lines KB 3-1
and KBCh®8-5 were obtained from the ATTC. Cells
were grown in Clicks/RPMI medium (Gibco) con-
taining 100 U/ml penicillin, 100 mg/ml streptomy-
cin, supplemented with 10% fetal calf serum (FCS).
The MDR-resistant cell lines were transfered alter-
natingly in medium with and without doxorubicin at
a concentration of 5 pg/ml (S180Dx™) or 1 pg/ml
(LoVoDx® and KBCh®8-5). For the antisense experi-
ments, cells were harvested and washed three times
with the above-mentioned medium without FCS.
Cells were adjusted to 5 X 10*/ml and seeded in
a final volume of 100 pl/well in microtiter plates.
Phosphorothioate antisense oligonucleotides (S-
ODNSs) were added to the desired final concentra-
tion (0.2, 2 or 5 uM) in a total volume of 10 pl
medium without FCS. Only a single dose of S-ODNs
or the respective controls was applied. After an
additional incubation of 12 h, FCS was added to
a final concentration of 10%. After 72 h, cells were
subjected to the different assays (e.g. proliferation
assay, Western blotting or functional assay).

Proliferation assay

The effect of antisense and control S-ODNs on cell
proliferation was evaluated as a decrease of
[*Hlthymidine incorporation. After an incubation
time of 72 h in the presence of the respective S-
ODN, cells were pulsed with 0.2 pC/well of
[*Hlthymidine for 6 h or, in some cases, for 12 h
(after a preincubation for 4 h in the presence of
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doxorubicin). Microtiter plates were stored at
~20°C to disrupt cell structure, thawed and subse-
quently harvested; radioactivity was measured in a
beta scintillation counter.

Determination of P-gp

After cells had been incubated for 72 h in the pre-
sence of the different S-ODNs they were harvested
and resuspended in a buffer containing 20 mM Tris,
pH 7.5; 0.1% SDS, 1 mM phenylmethylsulfonyl
fluoride. Protein concentration in cell extracts was
determined according to the Lowry method (Sigma)
following the manufacturer’s instructions. Discon-
tinuous SDS gels®> were run at 100 V for 2-3 h,
loaded with 20 pg/lane of total protein. Because
of the small assay volumes and corresponding low
number of cells of the antisense experiments, mem-
brane preparations of the cells were not performed.
Protein transfer to nitrocellulose membranes was
carried out for 2 h at 70 mA by use of a semidry
blotting equipment (Phase, Lubeck, Germany).
After protein transfer, additional binding sites on
the nitrocellulose membrane were blocked either
for 12 h at 4°C or for 1 h at room temperature under
agitation in TBS-T buffer (20 mM Tris, pH 7.6,
137 mM NacCl, 0.1% Tween 20) containing 5% dry
milk powder. After washing, the membranes were
incubated for 12 h at 4°C with monoclonal antibody
(mAb) C219 (Isotopen Diagnostik CIS, Dreieich,
Germany) diluted in TBS. Subsequent detection of
the murine primary antibody was performed using a
mouse antibody detection kit (Amersham) accord-
ing to the manufacturer’s instructions.

In vitro drug assays

Modulation of doxorubicin cytotoxicity by S-ODNs
was monitored by a colorimetric assay utilizing the
tetrazolium salt MTT as described.?* Briefly, cells
were incubated in the presence of the respective
S-ODN and doxorubicin at different concentrations
(0-100 pg/ml) in microtiter plates. After an incuba-
tion period of 72 h, the tetrazolium salt (5 mg/ml
stock solution) was added at 25 pl/well; after 2 h of
incubation at 37°C, 100 ul of the extraction buffer
(20% w/v SDS, 50% DMF, 50% H,0, pH 4.7 [2.5% of
80% acetic acid, 2.5% 1 N HCI)) was added. Absorp-
tion was measured after 12 h of incubation at 37°C
using a Dynatech 96-well multiscanner at 570 nm.
Medium without cells subjected to the same treat-
ment was used as a blank. Data are expressed as the
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percentage of survival of cells without doxorubicin
calculated from the absorbance corrected for back-
ground absorbance. A similar approach was used
for the determination of chemomodulation of MDR
by verapamil or tamoxifen. Instead of the S-ODNs,
these drugs were added to the cells (verapamil: 1
and 10 pM; tamoxifen: 0.05, 0.5 and S pg/ml) to
evaluate the drug-induced reduction of the IDsq
value for doxorubicin.

Ribozyme in vitro assays

Ribozymes were generated by in vitro transcription
from the T7 (ribozyme 2) or the SP6 (ribozyme 1)
promoter using DNA fragments generated with two
oligonucleotides (allowing for a tail-to-tail hybridi-
zation) after filling up in a Taq polymerase reaction
and subsequent in vitro transcription using in vitro
transcription kits (Ampliscribe T7 or SP6; Biozym,
Germany). Oligonucleotides were as follows:

(1) Ribozyme 1: oligonucleotide 1 5'-GAT CAA CTT
TCG GCC TCA CGG CCT CAT CAG GTA GGA G-
3'; oligonucleotide 2 5'-TTA GGA TTT AGG
TGA CAC TAT AGA ATA CTC CTA CCT G-3'
with 10 overlapping nucleotides yielding a
tail-to-tail hybridization.

(2) Ribozyme 2: oligonucleotide 1 5'-CGT AGG
AGT GTT TCG GCC TAA CGG CCT CAT-3’; oli-
gonucleotide 2 5'-AAA TTA ATA CGA CTC ACT
ATA GGG AGA TTG TGA TCC ACG CTG ATG
AGG CCG TTA-3’ with 12 overlapping nucleo-
tides.

Substrates for the ribozyme investigations were ei-
ther total cellular RNA or short (300-360 nucleo-
tides) in wvitro transcription products of a
polymerase chain reaction (PCR)-generated part of
the mdr-1 gene. Total RNA was isolated according
to Chirgwin et al.>> After cDNA synthesis from total
RNA (LoVoDx®™ according to manufacturer’s in-
structions (Superscript; Gibco BRL), PCR products
were generated from bp 2181 to 2582 in the first
round of PCR and from bp 2311 to 2582 in the nested
second PCR of the mdr-1 mRNA sequence. PCR
conditions were as follows: first and last step delay
5 min; 92°C, 1 min; 58°C, 1 min; 72°C, 30 s; 25 cy-
cles with the following primers;

(1) First -PCR: oligonucleotide 1: 5'-AGG CAT
TTA CTT CAA ACT TGT C-3'; oligonucleotide
2: 5'-TAA TGG CAC AAA ATA CAC CAA C-3'.
(2) Second PCR: oligonucleotide 3 (containing the
T7 promoter sequence): 5'-CTA TAA TAA
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CGA CTA ACT ATA GGG AGA GAC AGC
AGG AAA TGA AGT TGA A-3'.

Ribozymes and target (either in vitro transcribed
products or total RNA) were incubated for varying
times ranging from 0 to 6 h in the following buffer:
50 mM Tris-HCl, pH 7.5, 10 mM MgCl,, 1 mM
EDTA. Reactions were stopped by the addition of
loading buffer (98% formamide, 0.01% bromphenol-
blue, 0.01% xylene cyanol, 10 mM EDTA, pH 8.0)
and analyzed on PAGE gels (6%). Gels were silver-
stained according to Budowle et al.?® Total RNA was
run on formaldehyde agarose gels [1%, MOPS buffer
(40 mM MOPS, pH 7.0, 5 mM Na-acetate, 0.9 mM
EDTA, 2.2 M formaldehyde)], blotted on nitrocellu-
lose membranes and hybridized with a mdr-1 probe
(nucleotides 2310-2602) labeled with digoxigenin
(DIG) UTP (Boehringer, Mannheim, Germany). Hy-
bridization was performed in the presence of 50%
formamide, 5 X SSC, 5 X Denhardt's solution,
25 mM NaPOy buffer, pH 6.5, 1% (w/w) SDS at
65°C for 12 h. After three washing steps (0.1 X SSC,
0.1% (w/w) SDS, 45°C), mdr-1 mRNA was detected
with the DIG detection kit from Boehringer Man-
nheim and AMPPD from Tropix (Serva, Heidelberg,
Germany), and quantified with a densitometer (Mo-
lecular Dynamics, Miinster, Germany).

Drugs and oligonucleotides

Doxorubicin, MTT, verapamil and tamoxifen were
obtained from Sigma (Miinchen, Germany). Oligo-
nucleotides (Figure 1A) were either synthesized by
two of us (WH and K-HS) or by Ribonetics (G6t-
tingen, Germany). P-gp antibody C219 from Isoto-
pen (Diagnostik CIS, Dreieich, Germany) was used.

Results

Effect of S-ODNs on proliferation and
level of P-gp

In the present study four different target regions
were used to study the effect of S-ODNs in mod-
ulating mdr-1 gene expression and P-gp function.
Target regions have been sequenced in the cell lines
used in this study to confirm the sequence in this
part of the gene (data not shown). The first target
region is located in intron —1 between the upstream
and downstream promoter, the second target region
spans the AUG codon, the third target region is



Reversal of MDR in vitro by S-ODNs and ribozymes

(A) AS CONTROL
S-ODN1 5° GTC TTT CTT CAT CAT GCT S-ODN1 5° TGC CAT TTC TAC TTT GTC
S-ODN2 5 ATC CAT CCCGACCTC S-ODN2 §° TCA CCC GAT CCCTAC
S-ODN3 5 CCTACGAGTTGATC S-ODN3 §° GCACGT GATTGACT
S-ODN4 5° GAGTAA CAGTGT TAGTTG S-ODN4 5° CTG AGA GACATT ATT TGG
(B) prom. up prom. down ATG 2420 3000
5 3
S-ODN1 S-ODN2 S-ODN3 S-ODN4

Figure 1. (A) Sequences of the antisense and control oligonucleotides used throughout this study. The oligonucleotides
were all-phosphorothioate oligonucleotides. (B) Position of the oligonucleotides in relation to the mdr-1 mRNA.

positioned in the middle of the mdr-7 mRNA (at
nucleotide positions 2420-2434) and the fourth re-
gion was selected from nucleotides 2990 to 3007
(Figure 1B). The four S-ODNs varied in length from
14 to 18 nucleotides, they were all-phosphorothio-
ate S-ODNs, and had a GC content between 40 and
60%. The effect of SS-ODN2 and S-ODN3 on the mdr-
1 over-expressing cell line LoVoDx® (resistance fac-
tor 50) was investigated at an S-ODN concentration
of 2 uM, applied at a single dose. After 72 h of
incubation, a [*Hlthymidine incorporation assay
was run in the presence of doxorubicin showing
a reduction of 50% in the assays with S-ODN3
(Figure 2A). In contrast, S-ODN2 had almost no ef-
fect (approximately 10%) on the amount of [*Hlthy-
midine incorporation (Figure 2B). Control assays
were run in the absence of doxorubicin to evaluate
any unspecific toxicity of the oligonucleotides. In
the absence of doxorubicin, no effect of the anti-
sense oligonucleotide on [PHlthymidine incorpora-
tion could be found. It is apparent that the
oligonucleotides themselves are not toxic to a sig-
nificant extent.

For a more specific evaluation of the S-ODN effect
on mdr-1 expression, Western blots were per-
formed using mAb C-219 (Figure 3). Whereas S-
ODN2 and S-ODN4 were not able to reduce P-gp
expression compared with untreated LoVoDxX cells
(data not shown), S-ODN3 reduced the mdr-1 pro-
tein down to the P-gp level of the sensitive cells. S-
ODN1 showed a reduction in the mdr-1 gene pro-

incorporation in %

incorporation in %
[
S

Figure 2. Reduction of [*H]thymidine incorporation by anti-
sense oligonucleotides directed against mdr-1 mRNA se-
quences (A) S-ODN3 ([0, control oligonucleotide; O3 ,
random sequence; B, S-ODN3) and (B) S-ODN2 (O, con-
trol oligonucleotide; 1 , S-ODN2; W, sense sequence; ll,
random sequence) in comparison to the respective control
sequences. The proliferation assay was performed as out-
lined under Materials and methods. The resulting values
are expressed as the percentage = SD (n = 6).
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P170 @ [ g-200 kDa

97,4 kDa

- 69 kDa

e~ 46 kD2

Figure 3. Western blot analysis of protein extracts from
cell line LoVo using mAb C219 (see Materials and meth-
ods). Lane 1, doxorubicin-resistant cell line after treatment
with S-ODN1; lane 2, doxorubicin-resistant cell line after
treatment with control oligonucleotide; lane 3, doxorubi-
cin-resistant cell line after treatment with S-ODN3; lane
4, doxorubicin-resistant cell line after treatment with con-
trol oligonucleotide; lane 5, doxorubicin-sensitive parental
cell line; lane 6, doxorubicin-resistant cell line; lane 7, mo-
lecular weight marker. Cells were harvested after incuba-
tion in the presence of the respective oligonucleotides. Cell
extracts were analyzed for protein content. SDS gels were
run using 20 ug protein/lane. The amounts of total protein
were identical in each pair of lanes as checked by staining
with Ponceau S and which can also be seen from an un-
specifically stained protein at around 69 kDa.

duct (around 75%), although the reduction was not
as pronounced as with S-ODN3. These findings
were confirmed in a time-course experiment in
which extracts of S-ODN3-treated LoVoDx® cells
have been analyzed at time zero, and after 24,
48 and 72 h, respectively. The time schedule was
chosen according to the half-life time of P-gp which
is in the range of 20 h. After 24 h, however, the p170
amount remained unchanged, after 48 h a reduction
was apparent and after 72 h the p170 level of the
doxorubicin resistant cells was in the range of the
sensitive parental cell line. Even after 144 h the
reduction of P-gp was still in the same range after

this single S-ODN3 application (analyzed by densi-
tometry, data not shown).

Increase of drug sensitivity by S-ODNs

The evaluation of mdr-1 product function by testing
the chemosensitivity of the cells gives more valid
information about the modulation of mdr-1 expres-
sion and primary function of S-ODNs. Therefore, we
used a functional chemosensitivity assay (MTT dye
reduction) to determine the effect of S-ODN3 and S-
ODN1 on three mdr-1 over-expressing cell lines
[S180Dx® (resistance factor 150), KBCh®8-5 (resis-
tance factor 8) and LovoDx"]. The results are shown
in Table 1. S-ODN3 was most effective in cell line
LoVoDx® (62% reduction of IDs, in the presence of
doxorubicin), whereas the addition of S-ODN1 to
the cells reduced the IDsq only in the range of 20%.
In cell line KBCh®8-5, S-ODN1 did not change the
IDs, in the presence of doxorubicin. Addition of S-
ODN3, however, decreased the mdr-1 expression
related ID5o by about 30%. In the murine sarcoma
cell line S180Dx®, S-ODN3, the most effective S-
ODN in the two human cell lines, did not alter the
doxorubicin related IDs, values. However, S-ODN1
reduced the IDs, in the range of 60%.

For the evaluation of the optimal S-ODN concen-
tration for reduction of mdr-1 expression, three
different concentrations (0.2, 2 and 5 uM) were
tested and compared to the respective concentra-
tion of the control oligonucleotide. At a concentra-
tion of 0.2 uM there was no alteration of the IDsq in
the presence of doxorubicin, whereas at a concen-
tration of 2 or 5 uM the IDsy was decreased up to
60% (Figure 4). Application of 2 pM S-ODN3 resul-
ted in the most efficient down-regulation of p170
function, at 5 uM the effect was slightly smaller.
Therefore the lower concentration, which is also

Table 1. Reduction of cell viability (ID%) by S-ODN3 and S-ODN1, and the respective control sequence in the
doxorubicin resistant cell lines LoVoDx", KBCh"8-5 (human) and S180Dx® (murine)

Cell line Doxorubicin 1Dsg (ug/ml)
without oligonucleotide
oligonucleotide
control S-ODN3 S-ODN1
LoVoDx"® 5 (100 % 2%) 45 (90 * 1%) 1.7 (37.8 = 1%) 3.3 (66 = 1)
KBCh"R8-5 1.9 (100 * 1%) 1.9 (100 = 3%) 1.5 (78.9 * 3%) 1.9 (100 * 3%)
S180Dx" 63 (100 = 2%) 66 (104 * 5%) 66 (104 + 3%) 21 ((33 x 2%)

The reduction of the IDs, values for doxorubicin was measured using the MTT dye reduction assay (see Materials and methods).
Viability in the absence of oligonucleotides was set to 100%. The respective doxorubicin sensitive parental cell lines (LoVo, KB3-
1 and S$180) were not affected by the addition of any of the oligonucleotides (data not shown). Resulting values are expressed as

the percentage * SD (n = 6).
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Figure 4. Concentration dependent reduction of drug re-
sistance by S-ODN3. Cells were incubated in the presence
of 0.2, 2 and 5 uM S-ODNS3; after an incubation time of
72 h they were subjected to the MTT dye reduction assay.
Data are expressed as mean + SD (n = 6). No reduction
was observed using the control oligonucleotides at the re-
sgective concentration. O, LoVo; @, LoVoDx®; A, LoVoD-
x? + AS 0.2 uM; B, LoVoDx" + AS 2 uM; O, LoVoDx
Ry AS 5 uM: B, LoVoDx® + control sequence at 0.2, 2
or 5 uM.

preferable especially in the context of possible
therapeutic applications, was used for further in-
vestigations.

Comparison of S-ODN and verapamil/
tamoxifen induced effects on MDR
modulation

In order to compare S-ODN related MDR modula-
tion to known chemomodulators of MDR function,
we tested the calcium antagonist verapamil at dif-
ferent concentrations under the same conditions as
the S-ODNs. Verapamil, tested at 1 and 10 pM,
showed an effect on doxorubicin resistance of cell
line LovoDx® only at the relatively high concentra-
tion of 10 pM (IDsy:5 pg Dx/ml with verapamil,
7.5 ug Dx/ml without verapamil); there was no
measurable effect at a concentration of 1 pM (Figure
5a). Reduction of 1Ds, in the MTT dye reduction
assay at 10 puM verapamil was in the range of 40—
50%. Tamoxifen was applied at 0.05, 0.5 and 5 pg/
ml. There was an effect on the IDs, (2 mg Dx/ml
with tamoxifen; 6.3 mg Dx/ml without tamoxifen)
only at 0.5 pg/ml in the range of 65% (Figure 5b).

These findings demonstrate that the most effec-
tive S-ODNS3 under the conditions tested so far was
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(@)

100

viability (%)

(b

70

viability (%)

doxorubicin microg /ml

Figure 5. (a) Modulation of chemo-sensitivity by different
concentrations of verapamil. Incubation was performed for
72 h in the presence of 1 and 10 mM of verapamil and
increasing concentrations of doxorubicin (0—-100 pg/ml)
in 96-well microtiter plates. Cell viability was measured
with the MTT assay. The resuiting values are expressed
as the percentages * SD (n=6). A, LoVoDx®; O, Lo-
VoDx® + 1 yuM verapamil; W, LoVoDx" + 10 uM verapa-
mil. (b) Modulation of chemo-sensitivity by different
concentrations of tamoxifen. Celis were incubated with
0.05, 0.5 and 5 mg/ml of tamoxifen in the presence of dox-
orubicin (0—100 ug/mi). Cell viability was measured using
the MTT assay after 72 h. Error bars indicate percen-
tages + SD (n=6). O, LovoDx®; [J, LoVoDx® +
0.05 pg/ml  tamoxifen; A, LoVoDx® + 0.5 ug/ml
tamoxifen; &, LoVoDx® + 5 pg/ml tamoxifen.
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as effective as the investigated chemo-sensitizers in
reducing the IDs,.

In vitro studies of ribozymes directed to
mdr-1 mRNA

In order to study the applicability of mdr-1 directed
ribozymes for an improved reduction of mdr-1 ex-
pression by these catalytic compounds compared
to S-ODNs, we designed two ribozyme sequen-
ces directed against the mRNA region which has
been found to be the most effective one for reversal
of MDR with S-ODNs (Figure 6). Ribozyme 1 cov-
ered exactly the same target region as S-ODN3 with
a CUC target sequence which is sufficient for ribo-
zyme mediated cleavage of RNA (Ludwig, personal
communication). Ribozyme 2 was directed to the
nearest region containing a GUC target site (nu-
cleotide 2440). Both ribozymes were generated by
in vitro transcription (see Materials and methods)
and investigated in cell-free assay systems with total
RNA from the doxorubicin-resistant cell line Lo-
VoDx® or in vitro generated mRNA fragments
(nucleotides 2311-2582) of the mdr-1 gene. Depen-
dence of the cleavage reaction as a function of pH,
MgCl, concentration and target:ribozyme ratio
were investigated. There was an increase in ribo-
zyme activity with increasing MgCl, concentrations
(Figure 7) up to the highest concentration tested
(20 mM MgCl,). The pH optimum was at pH 7.5
(data not shown); the target: ribozyme ratio gave
the most efficient substrate cleavage at a ratio of
2:1 (not shown). We observed a time-dependent
decrease in mdr-1 mRNA after incubation with ri-
bozyme 1 or ribozyme 2 (Figure 8). Ribozyme 2
reduced the mdr-1 mRNA amount in total RNA pre-
parations from cell line LovoDx" up to 80% after an
incubation time of 6 h in the presence of 10 mM
MgCl, at pH 7.5 (Figure 9). Modified ribozymes
(Figure 10) with an increased stability against ribo-
nucleolytic attack have been investigated in the
doxorubicin-resistant cell line LovVoDx" and the par-
ental-sensitive cell line. Two types of control ribo-
zymes have been used, one missing the catalytic
domain and a second disabled ribozyme with a
G to A replacement at position 12 of the catalytic
core. None of the ribozymes changed the chemo-
resistance of the parental cell line nor did the con-
trols with the resistant cell line. However, f-rilon and
rilon 1 reduced chemo-resistance of the LoVoDx®
line up to 50 and 35%, respectively, using the MTT
assay as described in Materials and methods (Table
2). Furthermore, chemo-resistance of ex vivo cul-
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Figure 6. Position of ribozyme 1 and ribozyme 2 on the
mdr-1 mRNA. Ribozyme 1 is directed against a CUC tar-
get sequence, whereas ribozyme 2 is positioned at a GUC
triplet (see Results).
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Figure 7. Effect of MgCl, concentration on substrate clea-
vage for ribozyme 1 and ribozyme 2. Ribozymes and sub-
strate were incubated for 6 h in Tris—HCI buffer, pH 7.5.
Substrate and products of the cleavage reaction were
run on 6% PAGE gels, silver stained and quantified by den-
sitometry. Data are expressed as percentages * SD
(n = 3). [J, Substrate; @, products.

tured blasts from acute myeloid leukemia (AML)
patients could be reduced between 11 and 52%,
respectively. Only in patients with a detectable ex-
pression of P-gp a reduction of drug resistance
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Figure 8. Time course of mdr-1 mRNA degradation for
ribozyme 1 and ribozyme 2. Ribozyme and substrate were
incubated in Tris—HCI buffer, pH 7.5 at 10 mM MgCl, at a
ratio of 1:1. Aliquots were withdrawn at the times indi-
cated, the reaction was stopped and after 24 h all samples
were analyzed on a PAGE gel (see Materials and meth-
ods). Data are expressed as percentages * SD (n = 3).
Circles and squares, substrate; triangles, products.

could be found after incubation in the presence of
rilon 1. Reduction of cell viability was different be-
tween de novo AMLs (11-27%) and relapsed AMLs
(43-52%) but corresponded with P-gp expression.

Discussion

There are several hints arguing for an important role
of mdr-1 over-expression and elevated levels of the
gene product (p170) for the development of drug
resistance during cytotoxic chemotherapy of cancer
patients.! Attempts for a chemomodulation of p170
function have been made not only in cell culture
systems but also in cancer patients after therapy
induced MDR resistance.”?” Due to toxic effects
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ribozyme2

=1

time [h]

Figure 9. Ribozyme mediated cleavage of mdr-1 in total
RNA preparations, detected by Northern blot analysis
and quantified by densitometry (see Materials and meth-
ods). Data are expressed as percentages + SD (n = 3).
A\, Substrate.

of some chemomodulators and undesired side ef-
fects (calcium antagonists), a more specific modu-
lation of MDR is necessary which might also be used
in combination with chemo-sensitizers for an im-
proved reduction of drug resistance. In our experi-
ments we could demonstrate a successful reduction
of mdr-1 expression by use of S-ODNs. Similar
results have been reported only recently by Efferth
and Volm'® and Thierry et al* We found that dif-
ferent target regions resulted in very different effects
in MDR modulation, as was also reported by Jaros-
zewski et al® and Thierry et al.* In the two human
cell lines (LoVoDx® and KBCh®8-5), S-ODN3 direc-
ted against a region in the middle of the mRNA
(nucleotides 2420-2434) showed the highest reduc-
tion in the mdr-1 gene product (Figure 3) and was
most efficient in the functional assay (Table 1). The
accessibility of the target region for an antisense
approach seems to be very important for the achiev-
able reduction of gene expression caused by an
antisense oligonucleotide, and may be the reason
for the different effects of S-ODN1 and S-ODN3 in
the two human cell lines, on one hand, and the
murine cell line, on the other hand. This finding
is also sustained by the fact that the PCR reactions
amplifying the different target regions (with subse-
quent sequencing) used for our antisense approach
(Figure 1B) gave best amplification results for the
target region of S-ODN3. Accessibility of a chosen
target region may also be the reason for the lack of
mdr-1 reduction with S-ODN2 and S-ODN4. S-
ODN1, positioned 600 nucleotides upstream of the
translation start codon, was only effective in one of
the human cell lines (LovVoDx®) but not in cell line
KBCHhAR8-5. On the other hand, S-ODN1 was most
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Model of the f-rilon

3" UAGGUU GA CAUCCUC 5

underlined nucleotides: 2°OH-group of the ribose is fluoro-substituted,
hi at the 3’end

N »

Model of rilonl

3° He UAGGUU GA CAUCCUC ¥

underlined nucleotides: 2°OH-group of the ribose is allyl-substituted,
hexaethylene moiety at the 3’end and in stem II

Figure 10. Model of the modified ribozymes stabilized
against ribonucleolytic attack by the addition of a phos-
phorothioate linkage or a hexaethylene glycol moiety at
the 3’ end and fluoro- or allyl-substituted (2'OH group of
the ribose) nucleotides at the underlined positions. Stem !l
of the hammerhead ribozyme 2 was replaced by a second
hexaethylene glycol linker.

efficient in the murine sarcoma cell line $180Dx".
These findings may argue against an over-estima-
tion of a computer-based search for S-ODN target
sequences. Computer calculatons, even dealing
with more than the lowest energy plot of the mRNA
secondary structure, so far have only given uncer-
tain predictions for a suitable target sequence. The
situation in cells may be very different from the
thermodynamic considerations of stable loop struc-
tures covered by RNA binding proteins. In different
cell lines the set of RNA binding proteins may be
different, resulting in an altered accessibility of a
selected target sequence for the same oligonucleo-
tide in different cell lines. This might explain our
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Table 2. Reduction of cell viability (ICs0) by modified ribo-
zymes in the doxorubicin resistant cell line LoVoDx® and
ex vivo cultured blasts from AML patients as monitored in a
chemo-sensitivity assay (MTT)

Cell line/ Reduction of ICs, P170 expression
patient (Dx) in the MTT detected by flow
assay (%) Cytometry

LoVoDx" 2 35+ 5 +

1 27+ 3 +

2 43 + 7 +

3° 52 +10 +

4 NG¢ -

5 11+5 -d

6 e _d

7 e _d

8 12+ 2 +

9 NG® -

2 f-rilon (fluoro-modified pyrimidine nucleotides) exhibited a re-
duction of 50 + 3% for cell line LoVoDx™ and patient 1. MTT data
were compared to a BrdU incorporation assay and were the same
(37 and 30% reduction of BrdU incorporation, respectively) as in
the chemosensitivity assay (BrdU incorporation assay was run
72 h after the addition of rilon1 as recommended by the manu-
facturer).

b Relapsed AML.

¢ No growth ex vivo.

9 Not detectable.

® No difference with or without ribozyme.

Resulting values are expressed as the percentage + SD (n = 6).

findings in human and murine cell lines using S-
ODNI1 and S-ODN3, although we had previously
checked the target regions in our cell lines (data
not shown). Moreover, the degree of resistance
may also influence the efficiency of different anti-
sense oligonucleotides. S-ODN3 showed a reduc-
tion of p170 expression in the two human cell lines
(Figure 3), but to a different extent. The effect was
more pronounced in the more resistant cell line
LoVoDx". A comparable correlation was found pre-
viously;?® erbB2 reduction by S-ODNs was more
effective in the cell line with a higher erbB2 expres-
sion. More experiments in additional model systems
have to be performed to corroborate these findings.

Whereas S-ODN3 reduced the p170 level in cell
line LoVoDx" nearly to the level of the doxorubicin-
sensitive parental cell line, reduction in the func-
tional assay was only in the range of 60%. This might
also be due to the fact that development of MDR is
not only associated with the over-expression of the
mdr-1 gene but also with different, yet not very well
characterized, mechanisms.

Comparison of S-ODN-mediated MDR modula-
tion with chemo-sensitizer modulated p170 func-
tion showed that S-ODN-mediated effects are in
the same range or even higher than the MDR mod-
ulation by verapamil or tamoxifen. It has to be in-



vestigated if another form of S-ODN delivery (e.g.
liposomal encapsulation, drug targeting) could im-
prove the S-ODN-related effects. The work of Thier-
ry et al.* demonstrates that liposomal encapsulation
might improve cellular uptake of anti-mdr oligonu-
cleotides in their cell system.

Another improvement of the reduction of mdr
expression could be envisaged using catalytic active
sequence specific molecules (ribozymes)**~>!
to reduce mdr-1 mRNA steady state levels and
thereby reducing mdr-1 expression even at lower
doses as compared to antisense oligonucleotides.
In the present paper we demonstrate that ribozymes
directed against two specific regions of the mdr-1
mRNA, which were chosen according to the results
of our antisense experiments, are able to reduce
mdr-1 mRNA levels in total RNA preparation in the
range of 80% within 6 h (ribozyme 2, Figure 9). First
experiments with stabilized ribozyme (Figure 10
and Table 2) in a resistant cell line and ex vivo
cultured blasts from AML patients are very promis-
ing (reduction of IDsy in the range of 50%). The
application of modified ribozymes to cell culture,
the so-called interventional gene therapy, instead of
retroviral delivery was chosen for two reasons: (i)
retroviral delivery systems will result in stable mod-
ification of the genotype which might be undesired
with regard to therapeutic applications and (ii) re-
sults of the effectiveness of a selected target se-
quence may be influenced by different copy
numbers of the retroviral construct due to multiple
infections. Therefore the copy number has to be
evaluated before a comparison would be possi-
ble. Moreover, due to the potential role of the P-
gp at the blood-brain barrier,?? it will be very im-
portant to use a sophisticated fine tuning for the
reduction of P-gp expression to avoid undesired
side effects of p170 to down-modulation.

References

1. Gottesman MM, Pastan I. Biochemistry of multidrug re-
sistance mediated by the multidrug transporter. Annu
Rev Biochem 1993; 62: 385-427.

2. Volm M, Mattern J, Efferth T. P-glycoprotein als Marker
fiir Multidrug-Resistenz in Tumoren und Normalgewebe.
Tumordiag Ther 1990; 11: 189-96.

3. Jaroszewski JW, Kaplan O, Syi J-L, et al Concerning
antisense inibition of multiple drug resistance gene.
Gene Commun 1990; 2: 287-94.

4. Thierry AR, Rahman A, Dritschilo A. Overcoming multi-
drug resistance in human tumor cells using free and
liposomally encapsulated antisense oligodeoxynucleo-
tides. Biochem Biophys Res Commun 1993; 190: 952—60.

5. Riordan JR, Deuchars K, Kartner N, et al. Amplification of

Reversal of MDR in vitro by S-ODNs and ribozymes

P-glycoprotein genes in multidrug-resistant mammalian
cell lines. Nature 1985; 316: 817-9.

6. Bradley G, Naik H, Ling V. P-glycoprotein expression in
multidrug-resistant human ovarian carcinoma cell lines.
Cancer Res 1989; 49: 2790-6.

7. Endicott JA, Ling V. The biochemistry of P-glycoprotein-
mediated multidrug resistance. Annu Rev Biochem 1989;
58: 137-71.

8. Bellamy WT, Dalton WS, Kailey ], et al. Verapamil re-
versal of doxorubicin resistance in multidrug-resistant
human myeloma cells and association with drug accu-
mulation and DNA damage. Cancer Res 1988; 48: 6303—
8.

9. Dalton WS, Grogan TM, Meltzer PS, et al. Drug-resis-
tance in multiple myeloma and non-Hodgkin’s lympho-
ma: detection of P-glycoprotein and potential
circumvention by addition of verapamil to chemother-
apy. J Clin Oncol 1989; 7: 415-24.

10. Durie BGM, Dalton WS. Reversat of drug-resistance in
multiple myeloma with verapamil. Br J Haematol 1988,
68: 203-6.

11. Tsuruo T, Lida H, Tsukagoshi S, et al. Increased accu-
mulation of vincristine and adriamycin in drug-resistant
P38 tumor cells following incubation with calcium an-
tagonists and calmodulin inhibitors. Cancer Res 1982; 42:
4730-3.

12. Ganapathi R, Grabowski D, Turinc R, et al. Correlation
between potency of calmodulin inhibitors and effects on
cellular levels and cytotoxic activity of doxorubicin
(adriamycin) in resistant P388 mouse leukemia cells.
Eur ] Cancer Clin Oncol 1984; 20: 799-806.

13. Skovsgaard T. Circumvention of resistance to daunor-
ubicin by Macetyl-daunorubicin in Ehrlich ascites tumor.
Cancer Res 1980; 40: 1077-83.

14. Gottesman MM, Pastan I. Clinical trials of agents that
reverse multidrug-resistance. J Clin Oncol 1989; 7: 409-
11.

15. Carter G, Lemoine NR. Antisense technology for cancer
therapy: does it make sense? Br J Cancer 1993; 67: 869—
76.

16. Efferth Th, Volm M. Modulation of P-glycoprotein-
mediated multidrug resistance by monoclonal antibo-
dies, immunotoxins or antisense oligodeoxynucleotides
in kidney carcinoma and normal kidney cells. Oncology
1993; 50: 303-8.

17. Kobayashi H, Dorai T, Holland JF, et al. Cleavage of
human MDR1 mRNA by a hammerhead ribozyme. FEBS
Lett 1993; 319: 71-4.

18. Kobayashi H, Dorai T, Holland JF, et al. Reversal of drug
sensitivity in multidrug-resistant tumor cells by an MDR1
(PGY1) ribozyme. Cancer Res 1994; 54: 1271-5.

19. Helene C, Toulme JJ. Specific regulation of gene expres-
sion by antisense, sense and antigene nucleic acids.
Biochem Biophys Acta 1990; 1049: 99-125.

20. Stein CA, Cohen JS. Oligodeoxynucleotides as inhibitors
of gene expression: a review. Cancer Res 1988; 48:
2659-68.

21. Walder RY, Walder JA. Role of RNase H in hybrid-
arrested translation by antisense oligonucleotides. Proc
Natl Acad Sci USA 1988; 85: 5011-5.

22. Rivoltini L, Colombo MP, Supino R, et al. Modulation of
multidrug resistance by verapamil or mdrl antisense
oligodeoxynucleotide does not change the high suscept-
ibility to lymphokine-activated killers in mdr-resistant

Anti-Cancer Drugs - Vol 6 - 1995 133



J Bertram et al.

23.

24.

25.

26.

27.

28.

134

human carcinoma (LoVo) line. Int J Cancer 1990; 46:
727-32.

Laemmli, UK. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 1970;
227: 680-5.

Hansen MB, Nielsen SE, Berg K. Re-examination and
further development of a precise and rapid dye method
for measuring cell growth/cell kill. J Immunol Methods
1989; 119: 203-10.

Chirgwin J, Przybyla A, MacDonald R, et al. Isolation of
biological active ribonucleic acid from sources enriched
in ribonuclease. Biochemistry 1979; 18: 5294-9.
Budowle B, Allen RC, Graves G. Polymerase chain re-
action products separated in rehydratable polyacryla-
mide gels and stained with silver. BioTechniques
1991; 7: 736-44.

Damiani D, Michieli M, Michelutti A, et al. p-verapamil
downmodulates p170-associated resistance to doxorubi-
cin, daunorubicin and idarubicin. Anti-Cancer Drugs
1993; 4: 173-80.

Bertram J, Killian M, Brysch W, et al. Reduction of erbB2
gene product in mamma carcinoma cell lines by erbB2

Anti-Cancer Drugs - Vol 6 - 1995

29.

30.

31.

32.

mRNA-specific and tyrosine kinase consensus phosphor-
othioate antisense oligonucleotides. Biochem Biophys
Res Commun 1994; 200: 661-7.

Kashani-Sabet M, Funato T, Tone T, et al. Reversal of the
malignant phenotype by an anti-ras-ribozyme. Antisense
Res Devl 1992; 2: 3-15.

L’Huiller PJL, Davis SR, Bellamy AR. Cytoplasmic deliv-
ery of ribozymes leads to efficient reduction in a-lac-
talbumin mRNA levels in C1271 mouse cells. EMBO /1
1992; 11: 4411-8.

Scalon K], Jiao L, Fuanato T, et al. Ribozyme-mediated
cleavage of c-fos mRNA reduces gene expression of DNA
synthesis enzymes and metallothionin. Proc Nat! Acad
Sci USA 1991; 88: 10591- 5.

Schinkel AH, Smit JJM, van Tellingen O, et al. Disruption
of the mouse mdria p-glycoprotein gene leads to a
deficiency in the blood-brain barrier and to increased
sensitivity to drugs. Cell 1994; 77: 491-502.

(Received 13 October 1994; accepted 10 November
1994)



