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Treatment of multidrug-resistant murine leukemia
with antisense mdrl oligodeoxynucleotides
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Summary — To overcome multidrug resistance in a P-glycoprotein-overexpressing P388/ADR murine leukemia cell line, antisense
mdr1 phosphorothioate-oligodeoxynucleotide (AS-oligomer) was constructed. AS-oligomer inhibited P-glycopretein expression and
mdr] mRNA in vitro in a dose-dependent manner, whereas sense mdrl oligomer (SE-oligomer) had no effect at the doses used.
When P388/ADR was treated in vitro with AS-oligomer and doxorubicin (ADR), ADR-resistance was reduced by approximately
2 logs. Furthermore, a single injection of AS-oligomer plus ADR intraperitoneally into B6D2F 1 mice with P388/ADR significantly
prolonged mean survival time in a dose-dependent fashion. Again, sense mdrl oligomer had no effect in vivo. No side eéffects,
either acute or chronic, were found with this treatment during the observation period. These results show that antisense mdrl

oligomer could be a useful tool to overcome multidrug resistance.
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INTRODUCTION

Multidrug resistance (mdr) genes encode P-gly-
coprotein (P-gp), an active transporter that pumps
cytotoxic drugs out of cells. Thus, its overexpres-
sion is associated with anticancer drug resistance
[10, 14]. Disrupting P-gp/mdr function might
therefore form the basis of a strategy for over-
coming the multidrug resistance of cancer cells.
Chemosensitizers, differentiating agents, chimeric
monoclonal antibody, and antibody-dependent
cellular cytotoxicity have been used for this pur-
pose [2, 3, 25]. Another promising approach is
to use antisense strategy. Antisense oligonu-
cleotides as sequence-specific inhibitors of mes-
senger ribonucleic acid (mRNA) have been
increasingly used in the field of oncogenes, in-
fections, and various growth factors [20]. How-
ever, only a few investigators took advantage of
antisense (AS) technology to overcome multidrug
resistance [17, 23, 24]. These reports showed that,
using human cancer cell lines, antisense mdr
oligonucleotides inhibited P-gp expression and
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partial reversal of multidrug resistance. However,
it is important to evaluate the amount of mdrl
mRNA following antisense treatment since detec-
tion by anti P-gp monoclonal antibody is less sen-
sitive than that of mdrl mRNA. Furthermore, it
has not been reported that antisense mdr oligonu-
cleotides are also effective in multidrug-resistant
cancers in vivo. However, P-gp is also expressed
in some normal organs [18]. Since murine mdr
sequences are different from human ones, inves-
tigations using antisense-treated human cancer
cells in immunodeficient severe combined im-
munodeficiency (SCID) mice as in vivo models
cannot address this issue. Thus, it is necessary to
test, in the animal model, the hypothesis that the
AS-oligomer would be useful for overcoming
multidrug resistance in vivo without compromis-
ing physiological processes of the host. To further
address these issues, in vitro and in vivo studies
using an animal model were carried out. In our
preliminary report, we have shown that antisense
treatment in vivo may be feasible in treating mul-
tidrug-resistant leukemia [5].
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MATERIALS AND METHODS

Animals, cell lines, and monoclonal antibodies

C57BL/6 x DBA/2 F1 (B6D2F1; H-2%%) male mice (6—
10 weeks of age; average body weight : 25 g) were used
to maintain leukemia cells and in vivo studies (kindly
provided by Shionogi Pharmaceutical Co, Shiga,
Japan). Murine multidrug-resistant P388/doxorubicin
(ADR) lymphoid leukemia cell line and parental drug-
sensitive P388/p were used [12]. C219 monoclonal an-
tibody (Centocor Inc, Malvern, PA, USA) was used to
detect P-glycoprotein. Cellular P-gp level was deter-
mined by FACScan flow cytometer (Becton-Dickinson,
Mountain View, CA, USA) as previously de-
scribed [13]. Gout anti-mouse immunoglobulin (IgG)
fluorescein conjugate (GAM) was used as the second
antibody.

Antisense mdrl oligodeoxynucleotide

Phosphorothioate (PS) oligodeoxynucleotides were syn-
thesized according to manufacturer’s recommendation
(Applied Biosystems, Foster City, CA, USA). AS mdrl
oligomer is complementary to the translation initiation
region of the mdrl gene located at the beginning of
exon II of murine mdrl [11, 16]. These included 20-
base regions at the initiation codon (3’-TACCT-
CAAACTTCTCTTGGA-5", complementary to bases
one to 20 of the murine sequence). Sense PS
oligodeoxynucleotides (SE-oligomer) were used, equiv-
alent to AS-oligomer, 5 -ATGGAGTTTGAAGA-
GAACCT-3’ as controls.

After a 2 day culture in the presence of 500 ug/mL
(6.6 uM; 1 uM = 75 pg/mL) AS-oligomer, the expres-
sion of P-gp was assessed on P388/ADR and parental
drug-sensitive P388/P by indirect immunofluorescence
with P-gp specific C219 monoclonal antibody. The H-2¢
molecule that is expressed on P388/ADR cells was also
evaluated after AS treatment as an unrelated negative
control.

Detection of mdrl mRNA

Total RNA was isolated by the acid guanidinium thiocy-
anate-PhOH-chloroform extraction method [7]. Two ug
aliquots of total RNA were reverse transcribed in a final
30 WL reverse transcription (RT)-solution. A five uL
volume of RT-solution was then amplified by poly-
merase chain reaction (PCR) to detect mdr]l mRNA as
described [15). The following primers were used : 5°-
CATAGGATTTATAAGTGGTT-3" primer 1 (611630,

sense) and 3’-TCGAGAAGCGAAGTTCAGAT-5" primer
2 (12031222, AS). After 30 cycles, a 10 pL volume of
amplified product was electrophoresed on a 1% agarose
gel. After staining with ethidium bromide, gels were put
on an ultraviolet (UV) transilluminator and photo-
graphed. In addition, 10 ug of total RNA from
antisense-treated P388/ADR or P388/P was electro-
phoresed on agarose gel containing formaldehyde. 18S
ribosomal RNA bands were used as internal controls to
assure the quality and quantity of RNA loaded and
transferred onto each lane. The same samples were then
reverse transcribed as described above.

Reversal multidrug resistance

The inhibition of cell growth was determined on a MTT
(Dimethylthiazol-2-yl-2,5-diphenyltetrazolim) dye assay
Sigma, St Louis, MO, USA. P388/ADR (5 x 10*/mL)
were plated in 96-well plates in RPMI-1640 containing
10% fetal bovine serum (FBS). AS-oligomer (10, 100,
or 500 xg/mL) or SE-oligomer (500 pg/mL) or vehicle,
physiological saline, were added to the cell suspension
(final volume, 100 pL) and incubated at 37 °C at 5%
CO, for 2 days. Then, varying concentrations of ADR
(Kyowahakko Pharmaceuticals, Tokyo, Japan) were
added to the cell suspension for further culture. Four
days later the MTT assay was performed. The results
of percent survival are normalized to 100% as deter-
mined in the control (no inhibitor) sample. As a positive
control, immunosuppressant FK506 (10 uM) was used.

In vivo administration of antisense oligomer

1 x 10° P388/ADR plus varying dosage of AS-oligomer,
SE-oligomer, or vehicle (1 mL of physiological saline)
were injected intraperitoneally (ip) into B6D2F1 mice
(single injection of oligomer; ten mice per group). Two
days later a single dose of 10 mg/kg ADR was injected
ip and mice were monitored for the development of
overt leukemic ascites thrice weekly. The reason why
we used an ip in vivo model is that we used a murine
leukemia ascites model where ip injection of oligomers
might be more effective. In some experiments, B6D2F1
mice received multiple injections of AS-oligomer (twice
a day for three consecutive days starting from day 0).
They received ADR as described above and then were
monitored. As a preliminary toxicity study, AS mdrl
oligomer (12 pg/g of body weight) was injected into
normal mice (five B6D2F1 mice per group) to check
the toxicity of the oligomer itself. Acute toxicity, in-
cluding behavioral change of the mice, was monitored.
Serial determination of body weight and peripheral
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blood count were also monitored in order to observe
acute and chronic toxicity. Animal care was in accord-
ance with institutional guidelines.

Statistical considerations

StatView® 4.0 software was used for the data analysis.
Groups were compared by one factor analysis of vari-
ance (ANOVA), followed by multiple comparisons
(Scheffe test).

RESULTS

Kinetics of AS-treated leukemia cells

As shown in figure 1, treatment with AS, but not
with SE mdrl oligomer, reduced the expression
of P-gp on P388/ADR in a dose-dependent man-
ner. P-gp expression started to decrease after
24 h of incubation and reached plateau at 48 h.
There was no change in H-2¢ expression (data not
shown). AS-oligomer per se did not affect cellular
growth. When AS-oligomer was washed out, P-gp
re-appeared 4 days later. SE-oligomer had no ef-
fect on P388/ADR and P388/P in terms of P-gp
expression and cell growth.

mdrl mRNA following antisense treatment

The determination of the mdrl mRNA level pro-
vides direct evidence that AS-oligomers inhibit
mdrl mRNA. Thus, antisense-treated P388/ADR
cells were subjected to reverse transcription-pol-
ymerase chain reaction (RT-PCR). As shown in
figure 2, mdrl mRNA (613 bp) was inhibited in
a dose-dependent fashion, to the level of drug-
sensitive P388/P. A slight decrease in mdrl
mRNA could be detected even at 10 pg/mL. Al-
though we have not performed simultaneous RT-
PCR for non-targeted control genes, such as
B-actin or G3PDH, it is unlikely that unequal
degrees of amplification during the PCR process
took place. First, the input dose of total RNA for
RT-PCR was equal, as equal amounts of 18S
rRNA were extracted from AS-treated cells
(fig 2). Second, although these determinations are
admittedly semiquantitative, we noted that
decreased mdr]l mRNA expression was correlated
with increased ADR sensitivity (fig 3).

Reversal of multidrug resistance

As shown in figure 3, tetrazolium-based
colorimetric MTT assays were performed to

assess ADR sensitivity following various treat-
ments [22]. By effect of culture in the presence
of AS-oligomer (500 pg/mL), the inhibitory con-
centration of ADR on the cell growth at 50%
(ICso) was reduced by approximately 2 logs, caus-
ing an effect similar to that obtained with immu-
nosuppressant FK506 [2], which was included as
positive control. Lower concentrations of AS-
oligomer had similar effects : ICs, were 460 nM
and 830 nM at 100 pg/mL and 10 pg/mL of AS-
oligomer, respectively (data not shown). No
change in ADR-resistance was seen after culture
with SE-oligomer (500 ug/mL).

In vivo therapy of multidrug-resistant
leukemia

In an effort to demonstrate the in vivo effect
of AS-oligomer on mice bearing P388/ADR,
AS-oligomer was administered. Ip injection of
1 x 10° P388/ADR leukemia cells into B6D2F1
causes cancerous ascites and death within 2
weeks (13.4 days, standard deviation (SD) = 0.8).
Mice were injected ip with 1 x 10° P388/ADR
cells plus AS-oligomer (1, 3, 6, 12 pm/g of body
weight), followed by ip injection of ADR 48 h
later. Significant prolongation of mean survival
time (23.9 days, SD = 1.6) was observed with a
single injection of AS-oligomer in a dose-depend-
ent manner (fig 4). In some experiments mice re-
ceived multiple injections of AS-oligomer (twice
a day for three consecutive days starting from day
0). They were alive longer than the group treated
with a single use of AS-oligomer (fig 4). In all
these experiments, control injections, vehicle and
SE-oligomer were without effect. The cause of
death in AS-treated mice was due to direct or in-
direct effects of the animals’ leukemic cell bur-
den.

Toxicity study

Preliminary toxicity studies of AS-oligomer were
performed in B6D2F! mice. These were done
since the mdrl RNA levels are substantial in the
adrenal, kidney, heart, lung, thymus, spleen and
brain [8, 18]. Hemopoietic stem cells also express
P-gp [6]. Taking these reports into consideration,
we analyzed mice following AS treatment. AS-
oligomer (6 pg and 12 pug per g of body weight)
or vehicle control (1 mL of physiological saline)
was injected into five mice ip. Figure 5-A shows
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Fig 1. Flow cytometric analysis of AS mdrl oligomer-treated P388/ADR. a : Time course for inhibition of P-glycoprotein expression
by antisense oligodeoxynucleotides. Monoclonal antibody C219-reactive P-glycoprotein expression was markedly decreased after
P388/ADR were subjected to AS treatment (500 pg/mL) for 2 days. When AS-oligomer was washed out on day 6, P-glycoprotein
expression appeared again on day 10. Sense treatment (500 Hg/mL) had no effect; b : concentration response for inhibition of
P-glycoprotein expression by AS-oligomer. P-gp expression was inhibited in a dose-dependent manner (A, B, C: 0, 50, and 500
Hg/mL of AS-oligomer, respectively; D, GAM control).
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Fig 2. A photograph of RT-PCR analysis of mdrl. Two ug aliquots of total RNA was reverse transcribed in final 30 pL of
RT-solution. Five UL of RT-solution was then amplified by PCR. RT-PCR analysis revealed that mdrl mRNA was markedly
decreased by AS-oligomer in a dose-dependent fashion : mdrl mRNA (613 bp) in P388/ADR cells treated with AS-oligomer (0,
10 100, and 500 pg/mL in lane 1, 2, 3, and 4, respectively). Lane 5 represents mdrl mRNA from parental drug-sensitive P388/P.
The signal intensity of the 18S/28S ribosomal RNA bands are shown as internal control to assure the quality and quantity of
RNA loaded and transferred on each lane. The same samples were then reverse transcribed as described earlier.

that all mice remained active and alert with nor-
mal weight gain during the observation period
(three months). Figure 5-B, C, D shows that pe-
ripheral blood count during and after AS treat-
ment remained within normal limits. These results
suggest that AS-oligomer is not toxic at these

doses — the dosage effective for overcoming mul-
tidrug resistance. Multiple injections of AS-
oligomer (12 pg/g for three consecutive days)
gave a similar result (data not shown). Detailed
assessments of laboratory data are currently under
way.
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Fig 3. MTT assays demonstrating the ability of antisense mdr!
oligomer to increase the cytotoxicity potential of ADR. Growth
inhibition of P388/ADR leukemia cells with AS-oligomer was
observed in the presence of varying concentrations of ADR,
whereas SE-oligomer had no effect. Immunosuppressant
FK506, used as a positive control of multidrug-resistance re-
versal agent, increased the cytotoxicity potential of ADR in
P388/ADR. All points represent the average of three assays,
each performed in triplicate, with standard deviations less than
20%.

DISCUSSION

Multidrug resistance in many cancers has long
been the major cause of treatment failure. Over-
expression of P-glycoprotein is one of the mech-
anisms of multidrug resistance. We have
demonstrated in vitro that AS-oligomer can abro-
gate P-gp expression and mdrl mRNA expression,
thereby inhibiting leukemic cell growth in the
presence of ADR [4]. We have extended these
data by adding in vivo studies. For this purpose,
we used a multidrug-resistant murine leukemia
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Fig 4. The in vivo effect of AS mdrl oligomer on inoculated
mdr leukemia cells. Two days following ip AS— or SE-oligo-
mer, 10 mg/kg of ADR was injected ip. AS-treated groups had
significantly longer survival (days) than the SE and the vehicle
control group (group A vs group D or E in AS-treated group,
P =0.01; group D or E in AS-treated group vs SE and vehicle
control group, P = 0.0], by Scheffe test). In some experiments,
mice received multiple injections with AS-oligomer (twice a
day for three consecutive days). They lived longer than the
group of single injection (P = 0.01). Data are mean = SD
from ten animals.

cell line P388/ADR that overexpresses P-gp [12].
In vitro studies showed that AS mdrl oligo ab-
rogated P-glycoprotein expression of the multi-
drug-resistant leukemia cell line P388/ADR
following the short course of treatment. Protein
turnover plays an important role in the considera-
tion of the use of antisense agents in the inhibi-
tion of gene expression. The results obtained in
the downregulation study with murine leukemia
cells are consistent with a 17 h half-life for P-
glycoprotein [9]. Antisense mdrl oligo, but not
sense mdrl oligo, inhibited mdrl mRNA expres-
sion in a dose-dependent manner. Even at a dose
of 10 pug/mL, a slight decrease in mdrl RNA was
observed (fig 2). In addition, decreased P-gp was
observed at 24 h and plateaued at 4872 h. Further-
more, decreased P-glycoprotein and mdrl mRNA
were correlated with drug resistance in vitro
(fig 3). Drug resistance was reversed in AS-
treated leukemia cells to the level of drug-sensi-
tive parental leukemia. These results prompted us
to conduct in vivo studies.

A single ip injection of AS mdrl oligo, but not
SE oligo, significantly prolonged the mean sur-
vival time of leukemia-bearing mice (fig4). In
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Fig 5. Toxicity study. A : weight curves after AS treatment.
AS-oligomer at different dosages (six and 12 pg/g of body
weight) or saline vehicle alone were injected ip into B6D2FI
mice (ten mice per group). They showed normal activity and
grew normally as compared with the control group (P = 0.9
by Scheffe test). B-D : peripheral blood counts were serially
monitored following AS treatment. The cell counts were
comparable with normal controls (P = 0.8 by Scheffe test).

vitro, an AS concentration of 10-500 umg/mL is
required for downregulation of mdrl. In vivo, as-
suming that 60% of the body weight (average, 25
g) is water and that AS-oligomer distributes itself
evenly and rapidly throughout the extracellular
compartment, the mice would have to receive a
minimum dose of 6 pg/g. Thus, at a dose of 612
ug/g of body weight it is reasonable to observe
the effect of AS-oligomer in vivo as well. Further-
more, once P-gp expression is downregulated, it
will take 4 days to recover the original amount
of P-gp after washing out (fig 1). Thus, it may
not be surprising that a single injection of AS-
oligomer with ADR has some effects on prolong-
ing mean survival time, since P-gp expression
started to decrease 24 h in vitro after culture with

AS-oligomer and plateaued in 2 days (fig 1). Al-
though none of the AS-treated animals were
cured, it is useful to emphasize that actual treat-
ment duration was short in these pilot studies.
Since responses were also dose—~ and time-de-
pendent, it is reasonable to assume that longer pe-
riods of infusions and larger amounts of AS-
oligomer would be more effective in prolonging
survival or even leading to cure. In fact, repeat
exposures to the AS-oligomer gave better results
(fig 4). Although we did not recover P388/ADR
leukemia cells directly from the animals follow-
ing AS-oligomer administration to see if P-gp and
mdr!l mRNA levels have been effected by AS-
oligomer, the results shown above suggest that it
actually took place in vivo. Others reported that
constant infusion delivery of AS oligomers, even
at relatively low doses, had significant therapeu-
tic utility [15]. This is important since the
sequence-nonspecific potential of antisense tech-
nology has been reported at higher concentration
of PS oligos, for example, antisense oligomers
containing 5’-GGGG-3’, 5’-GGCGGC-3°, 5°-
GACGTC-3’, 5°-AGCGCT-3’ and so on [20, 23].
These sequences were not included in the current
mdrl oligomer. Furthermore, although PS oligos
are nuclease-resistant in vitro and also in in-
travenous administration, others reported that ip
injection of PS oligo resulted in significant de-
gradation (90% in 24 h) [1]. This may explain
the relatively low effectiveness of ip AS-oligomer
administration in the current study. Moreover, it
would be preferable to further investigate ip ad-
ministration of AS-oligomer + ADR for extraperi-
toneal tumor or intravenous administration of AS-
oligomer + ADR for ip tumor.

Before clinical trials, it is necessary to test tox-
icity of mdrl AS oligos in murine models since
human mdrl AS oligos do not react with murine
mdrl genes. Thus, SCID mice transplanted with
multidrug-resistant human tumor cells treated
with AS mdrl oligo may not be a good model
for this kind of toxicity study. In the current study
AS mdrl oligo at the described concentration had
no effects on the behavior or growth of normal
B6D2F1 mice and peripheral blood counts in tox-
icity studies (fig5). We monitored behavior
change and blood counts because endothelial cells
at the blood brain barrier and hemopoietic stem
cells also express P-gp. Although body weight
and complete blood counts may be relatively in-
accurate ways of measuring toxicity, it is rea-
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sonable to assume that there are no major toxicity
problems at the studied doses. In order to fully
assess the effects of AS-oligomer, complete
pathological examination of adrenal, brain, and so
on should be performed.

There is a controversy about the use of AS
oligomer in vitro and in vivo. Stein et al have
claimed that a single sense oligonucleotide is not
adequate as a control [19, 21]. Nevertheless, the
results presented here provide clear evidence that
phosphorothioate-modified mdrl AS oligodeoxy-
nucleotides have significant antileukemic activity
in conjunction with ADR both in vitro and in
vivo. Supporting this statement, we were able to
significantly prolong the life of mice bearing mul-
tidrug-resistant leukemia with sequence-depend-
ent oligodeoxynucleotides.
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