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Abstract

MDRI overexpression is one form of the multidrug resistance (MDR) phenotype, which can be acquired by patients initially responsive
to chemotherapy. Because of the high toxicity of the inhibitors of P-glycoprotein (P-gp), the protein encoded by MDR 1, attention has been
focused on selective modulation of the MDR1 gene. Small interfering RNAs (siRNAs) were shown to be powerful tools for such a purpose,
even when used at low concentrations (<20 nM) in order to avoid sequence nonspecific effects. Two siRNAs used at 20 nM were shown to
lead to efficient down-regulation of MDR] at the protein level (only ca. 20% total P-gp expression remaining) in the doxorubicin selected
MCF7-R human cell line. Cell surface expression of P-gp was inhibited, leading to reversal of the drug efflux phenotype (about 40%
reversal with the most efficient siRNA) and enhancement of chemosensitivity (about 35%). At the mRNA level, the down-regulation of
MDR]I obtained with the most efficient siRNA increased from about 50% (5 nM siRNA) to 60% (10 or 20 nM). The advantage of using a
combination of siRNAs instead of a single one has been suggested.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The multidrug resistance (MDR) phenotype acquired by
initially drug responsive patients remains a major hin-
drance to efficient chemotherapy. MDR1 overexpression
is one form of MDR; it encodes for the 170 kDa P-
glycoprotein (P-gp), a transmembrane pump that causes
efflux of drugs out of cells. A lot of research was focused
on MDR reversal. Many compounds modulate this phe-
notype in vitro by inhibiting the efflux pump activity of P-
gp but their clinical application is limited because of their
high toxicity. Therefore, attention has been focused on
selective down-regulation of MDRI expression through
antisense [1-4], triple helix [5,6] and, more recently, small
interfering RNA (siRNA) strategies [7-12].

SiRNAs are 21-25 nt double-stranded RNA molecules,
which induce sequence-specific degradation of mRNAs.
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Physiologically, RNA interference (RNAI) is triggered by
dsRNAs homologous to the silenced genes (for review, see
[13,14]). DsRNA is cut by the RNase III-like enzyme Dicer
into short 21-23 nt double-stranded siRNAs. These siR-
NAs are incorporated into the multiprotein RNA induced
silencing complex (RISC), where the siRNA duplex is
unwound and the antisense strand guides RISC to homo-
logous mRNA target for cleavage. In mammals, dsSRNAs
longer than 30 nt activate the interferon response, leading
to nonspecific mRNA degradation. Tuschl’s group [15]
showed that chemically synthesised siRNAs with a length
of 21-23 nt bypass this nonspecific response when trans-
fected into cultured mammalian cells and trigger RNAI.
Since synthetic siRNAs cause only transient knockdown of
target genes, more recent reports described DNA vector-
based expression of small hairpin RNA [16,17] that
allowed stable long-termed RNAI effects to be obtained.

However, a widespread nonspecific effect on mammalian
gene expression has been observed using siRNAs at 100 nM,
which is the concentration suggested by manufacturers and
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the reduction of the siRNA concentration to 20 nM is now
strongly recommended in order to eliminate this nonspecific
response [18,19]. Nevertheless, lowering the concentration
of siRNAs below 100 nM can reduce their silencing effi-
ciency. It is particularly true when the limiting factor of
siRNA efficiency is the high turnover of the target protein
[20], like in the case of P-gp. P-gp half-life was found to vary
from 16 h[21] to about 72 h [22], depending on cell line and
such factors as serum deprivation or high cell density [23].

Efficient siRNAs have been designed against MDRI but
they were used at rather high concentrations: 40 nM [9—
11], 100 nM [8] or 200 nM [7,10].

In a precedent work [12], we have shown that siRNAi
efficiency against MDR]I is favoured in cells growing in an
exponential phase in the course of which P-gp half-life is
minimized and that MCF7-R cells (a doxorubicin selected
human cell line) is a model of choice since its cell cycle
duration of about 48 h minimises the siRNA dilution
effects due to cellular division. Two siRNAs (sil and
si2) led to an efficient silencing in reducing the total P-
gp content when used at a concentration of 20 nM.

The total P-gp content of cells includes cytoplasmic and
surface P-gp, the cytoplasmic P-gp pool being consumed
for maintaining a steady-state level of surface P-gp. Only
surface P-gp are responsible of drug efflux [5].

The present study was focused on down-regulation of
MDRI by sil and si2 at concentrations <20 nM in order to
eliminate nonspecific effects. Silencing has been demon-
strated (i) at the protein level by Western blotting (total P-
gp) and functional assays as daunorubicin accumulation or
enhancement of chemosensitivity (active P-gp) and (ii) at
the mRNA level by RT-PCR.

2. Materials and methods
2.1. siRNAs

RNAs (21 nt) were synthesised and PAGE purified by
Eurogentec. They contained a 3’-dTdT extension. They
were solubilised in TE buffer (10 mM Tris pH 7.8, | mM
EDTA in diethyl pyrocarbonate (DEPC)-treated water).
The duplexes were formed according to the supplier pro-
tocol. Single strands (20 wM) were incubated in annea-
ling buffer (50 mM Tris, pH 7.5-8.0, 100 mM NaCl in
DEPC-treated water) for 2 min at 95 °C then slowly cooled
down to ambient temperature. Duplex formation was
confirmed by PAGE electrophoresis (SYBR gold nucleic
acid gel stain (Molecular Probes) detection). sil was a
siRNA targeting the human MDRI mRNA [24] at the
level of the region 88—108 nt relative to the start codon
(sense strand 5-GAAACCAACUGUCAGUGUA). si2
was directed toward the region 162—182 nt (sense strand
5'-CUUUGGCUGCCAUCAUCCA). si3 was a control-
scrambled sil (sense strand 5'-GAUACGAAUUGA-
CACCGUA) [12]. A BLAST search (NCBI database)

was carried out to check that the only target of sil and
si2 was on MDRI and that si3 had no target in the human
genome.

2.2. Cells and transfection

MCF7-S (the parental human mammary adenocarci-
noma cell line) and MCF7-R (the doxorubicin-resistant
line) were a gift from M.F. Poupon (Paris, France) [25].
Cells were grown in RPMI medium supplemented with
10% decomplemented foetal bovine serum (FBS), 50 U/ml
penicillin, 50 pg/ml streptomycin, 2 mM glutamine in a
5% CO, atmosphere.

Transfection with Oligofectamine®™ (Invitrogen) was
carried out as directed by the manufacturer with the
modifications proposed by Elbashir et al. [26]. Cells
(3 x 10%/well) were plated in six-well plates. They were
transfected at 30-40% confluence. The final concentration
in siRNA was 5, 10 or 20 nM. Transfection was performed
in OPTI-MEM1® (Invitrogen) without serum or antibio-
tics in a final volume of 2.5 ml. After 4 h incubation at
37 °C, FBS (10% final concentration), 50 U/ml penicillin
and 50 pg/ml streptomycin were added.

2.3. Western blotting

Cells were lysed 72 h after transfection. Nontreated
MCEF7-R cells were used as reference of resistant cells.
Cells were trypsinised, washed in phosphate buffered
saline (PBS), counted, and resuspended in RIPA lysis
buffer (50 mM Tris—HCI, pH 7.5, 150 mM NaCl, 0.1%
SDS, 1% nonidet-P40, 0.5% deoxycholate) containing
5 mM EDTA and protease inhibitors (PMSF, leupeptin,
aprotinin) at the ratio of 100 wL buffer for 3 x 10° cells.
After 30 min on ice with some vortexing, the lysates were
centrifuged at 13,000 x g for 20 min at 4 °C. Protein
concentration was determined with a protein assay kit
(Bio-Rad). Equal amounts of proteins (20 g) were mixed
with SDS reducing buffer. Protein samples were separated
on 7.5% acrylamide SDS-PAGE then transferred onto
PVDF membrane (Hybond-P, Amersham Pharmacia Bio-
tech). The membrane was blocked with 5% nonfat dry milk
in 0.1% Tween-PBS and treated with 0.65 pwg/ml C219
monoclonal anti-P-gp antibody (DAKO) or 2 pg/ml AC-74
monoclonal anti B-actin antibody (Sigma). Detection by
enzyme-linked chemiluminescence was performed accord-
ing to the manufacturer’s protocol (ECL plus®™, Amersham
Pharmacia Biotech). P-gp expression was quantified by
NIH Image software.

2.4. Flow cytometry

Forty-eight or 72 h after transfection, cells were washed
with OPTI-MemI® (Invitrogen) and incubated for 1 h with
1 uM daunorubicin in 5% CO, atmosphere. Nontreated
MCF7-R cells have also been incubated or not in 20 uM
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verapamil (30 min at 37 °C) before daunorubicin addition.
Cells were then harvested at 4 °C with 3 mM EDTA and
analysed with a FACSCalibur flow cytometer (Becton
Dickinson) (FL2-H detector). 10,000 cells were investi-
gated. Data were processed with the Cell Quest Pro®™
software. According to the manufacturer, the coefficient
of variation of the full peak is <3%.

2.5. Chemosensitivity to daunorubicin

MCF7-S and MCF7-R cells were seeded in 12-well
plates (1.2 x 10° cells per well). After attachment,
MCF7-S cells were treated with increasing amounts of
daunorubicin (9-22 uM). After 24 h incubation at 37 °C in
5% CO,, cells were trypsinised and counted in 10% trypan
blue. After attachment, MCF7-R cells were treated or not
with siRNAs. 72 h after transfection, they were washed in
PBS buffer then incubated in 22 wM daunorubicin for a
further 24 h. They were trypsinised and counted in 10%
trypan blue.

2.6. RT-PCR

Forty-eight and 72 h after transfection, total RNA was
extracted (RNeasy kit, Qiagen) and cDNA was synthesised
using Omniscript reverse transcription kit (Qiagen) and
0.5 uM gene-specific reverse primers of MDR/] and [3-
actin which was chosen as an internal control. Hot Star Taq
PCR kit (Qiagen) was used for DNA amplification, which
was kept in its exponential phase (23 cycles). Primers used
for MDRI amplification (0.5 uM) were: sense, 5'-
d(TCTTGAAGGGCCTGAACCTG) and reverse, 5'-
d(AGTCATAGGCATTGGCTTCC). Primers for {3-actin
amplification (0.3 wM) were: sense, 5'-d(ACCAACTGG-
GACGACATGGA) and reverse, 5'-d(CTCCTTAATGT-
CACGCACGA). Amplification products were separated
on 1.8% agarose gel stained with ethidium bromide (6 g/
ml). Gene expression level was quantified by NIH Image
software.

3. Results

3.1. Down-regulation of MDRI gene expression with
specific siRNAs

3.1.1. Protein level

3.1.1.1. Total protein. The efficiency of two siRNAs (sil
and si2) in reducing P-gp has been evaluated after a 72 h
treatment (Fig. 1). The total siRNAs concentration was
kept as low as 20 nM in order to eliminate the possibility of
nonspecific effects. The siRNAs were separately trans-
fected or co-transfected for combination experiments into
MCF7-R cells. A very efficient decrease in P-gp expression
was obtained with only ca. 20% remaining P-gp expression
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Fig. 1. Down-regulation of total P-gp expression by siRNAs. (A) Western
blotting analysis at 72 h of MCF7-R cells without treatment (R) or treated
with sil, si2, si3, sil +si2; [total si] =20 nM. B-actin was used as an
internal control. (B) Average of the remaining total P-gp expression at 72 h
including standard deviation. All experiments were performed at least in
duplicate and three Western blots were performed for each cell lysis
preparation.

after treatment with sil, si2 or the combination of both of
them; si3 was without effect.

3.1.1.2. Daunorubicin accumulation. The effect of sil
(20nM), si2 (20nM) and the combination of both
(10 nM each) on daunorubicin accumulation was deter-
mined by flow cytometry. Fig. 2 shows FACS histograms of
gated living cells with distribution of cell fluorescence in
inset: grey cells had a non-significant and black cells a
significant fluorescence. Marker M1 was placed around the
peak of cell autofluorescence (MCF7-R cells without
daunorubicin) (a). Marker M2 was placed to the right of
M1 to designate positive events. Positive events were at a
maximum when cells were treated with 20 wM verapamil
(P-gp inhibitor) before daunorubicin addition (b). Such a
concentration of verapamil induced a daunorubicin accu-
mulation similar to that obtained in sensitive MCF7-S cells
(not shown). Even in the absence of siRNA treatment, there
was some daunorubicin accumulation in MCF7-R cells (c).
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Fig. 2. Daunorubicin accumulation: FACS histograms of MCF7-R cells without any treatment (a) or treated for 1 h with 1 uM daunorubicin, after 30 min
incubation in 20 wM verapamil (b), without verapamil (c) and after a 72 h treatment with si3 (d), sil (e), si2 (f), sil +si2 (g); [total si] =20 nM. In inset,

distribution of cell fluorescence. Ver: verapamil, D: daunorubicin.

This revealed a MCF7-R cells subpopulation with reduced
resistance. It was only after a 72 h treatment with siRNAs
that an increase in daunorubicin accumulation was
observed. This increase was evaluated considering that
treatment with verapamil had led to 100% P-gp inhibition
(b) and that the minimal daunorubicin incorporation was
that obtained in the absence of siRNA treatment (c).
Daunorubicin accumulation in siRNA-treated cells was,
thus, in agreement with a P-gp reversal (%) of about
100 x [(M2 — 33.67)/(77.18 — 33.67)]. A small effect
was observed with the control si3: 12 4+ 3% P-gp reversal
(d). P-gp reversal was 43 + 3% after treatment with sil (e).
31 £+ 3% after treatment with si2 (f) and 49 + 3% after
treatment with sil + si2 (g).

3.1.1.3. Enhancement of chemosensitivity to daunorubi-
cin. Enhancement of chemosensitivity to daunorubicin
was expressed as the decrease of the survival rate after

incubation with daunorubicin of siRNA-treated cells com-
pared with siRNA-untreated control cells. As the cells were
previously treated with sil, si2 or the combination of both
for 72 h, it was first necessary to estimate which daunor-
ubicin dose was adequate to discriminate between cells
during a rather fast incubation period (24 h) to avoid
dilution of siRNA effect due to cellular division. Colori-
metric MTT (3-(4,5-dimethyl-2-thizolyl)-2,5-diphenyl-
2H-tetrazolium bromide) assay was not appropriate
because the absorbance of daunorubicin at concentrations
above 8 uM interfered with that of formazan that was
produced when MTT was incubated in live cells (570 nm)
[27]. Cell counting in trypan blue (see Section 2) was found
more accurate for such a study. Sixty percent MCF7-S cells
were killed when incubated for 24 h in 17 uM daunoru-
bicin, 75% in 22 pM (not shown). This last concentration
was chosen in the purpose of a fast discrimination between
siRNA-treated and nontreated MCF7-R cells. Fig. 3 shows
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Fig. 3. Enhancement of chemosensitivity: cytotoxicity of daunorubicin in
MCF7-R cells without treatment (R), treated with 22 wM daunorubicin
(R + D) or treated with 22 .M daunorubicin after a 72 h treatment with sil,
si2, si3, sil + si2; [total si] = 20 nM. Each treatment was in triplicate and the
three wells were counted. Each set of experiments (without treatment or
treated with sil, si2, si3, sil + si2) was repeated four times. The mean
results are represented including standard deviations; “p < 0.01 compared
to (R + D) cells; **p < 0.05 compared to sil or sil + si2 cells.

the cell survival rate of MCF7-R cells without incubation
with daunorubicin (R) or with incubation in 22 pM dau-
norubicin but without siRNA treatment (R + D), or with
incubation in 22 puM daunorubicin after siRNA treatment
(si3, 20 nM; sil, 20 nM; si2, 20 nM; sil +si2, 10 nM
each). Even without siRNA treatment, MCF7-R cells were
sensitive to such a high daunorubicin concentration
(78.4 = 7.2% cell survival). An MCF7-R cells subpopula-
tion with reduced resistance was once again suggested (see
Section 3.1.1.2). The control si3 was without further effect
(80.7 = 8.1% cell survival). Significant enhancement of
chemosensitivity (p < 0.01) was observed after treatment
with sil (49.8 4+ 5.5% cell survival), si2 (59.8 £+ 4.8% cell
survival) and sil + si2 (45.7 £ 3.4% cell survival). sil was
slightly more efficient than si2 (p < 0.05). The percentage
enhancement of chemosensitivity was calculated as the
decrease of cell survival rate (%) = 100 x [(78.4% — %
cell survival after siRNA treatment)/78.4%]. sil led to an
increase of chemosensitivity of about 35%, si2 of about
25%, sil + si2 of about 40%, si3 was without effect.

3.1.2. mRNA level

Down-regulation at MDRI mRNA level has been eval-
uated after 48 or 72 h treatment by RT-PCR (Fig. 4). The
sensitivity of this method allowed the efficiency of sil, si2
or their combination to be investigated at concentrations
comprised between 5 and 20 nM. At 48 h, a significant ca.
50% inhibition was obtained with as low as 5 nM sil or
with the combination sil + si2 (10 nM total siRNA con-
centration, i.e. 5 nM each si). The maximum of MDRI

mRNA reduction of expression was about 60% and was
obtained at 10 nM sil without further improvement at
20 nM sil or with the combination sil + si2 (20 nM total
siRNA concentration, i.e. 10 nM each si). si2 was shown to
be less efficient than sil: only ca. 35% inhibition was
obtained at 10 or 20 nM. The control si3 was without
effect. The 3-actin encoding mRNA was not affected. At
72 h, the initial levels of MDRI mRNA were restored
except in the case of sil treatment for which it was only
ca. 70% (respectively ca. 60%) of its initial value after sil
treatment with 10 nM (respectively 20 nM).

4. Discussion

Two siRNAs have been found to specifically down-
regulate MDRI at the protein and at the mRNA levels.
Because nonspecific effects have been described with as
low as 100 nM siRNA [18], <20 nM siRNA was used in
this study despite the high turnover of the target protein. In
our previous study [12], it had already been shown that, in
favourable conditions i.e. when cells have a long cell cycle
duration like MCF7-R cells and are in their exponential
phase, 20 nM of sil or si2 led to efficient reduction of the
total P-gp cell content after a 72 h treatment. In the present
study, we have shown that this decrease was drastic and led
to about 20% remaining P-gp expression after transfection
of a single siRNA or after co-transfection of both siRNAs
(total concentration = 20 nM) (Fig. 1). As high as 500 nM
antisense oligonucleotide was necessary to obtain 30%
remaining P-gp expression in the same cells [12].

Nevertheless, this reduced amount in total P-gp content
did not prejudge reversal of the MDR phenotype since only
cell surface P-gp are responsible for the drug efflux [5].
Functional assays as daunorubicin accumulation or
enhancement of chemosensitivity to daunorubicin have
shown the efficiency of siRNAs in inhibiting cell surface
expression of P-gp (Figs. 2 and 3). Whereas, correlation
between decrease of P-gp cell surface expression and
reduction of total P-gp content had been observed after
siRNA treatment [7-10] and in the present study and after
antisense treatment [1-3], this has not been described in a
triple-helix strategy [5].

In both methods, functional P-gp inhibition was
obtained at 72 h and sil was more efficient than si2 (about
40% P-gp reversal with sil versus 30% with si2 (Fig. 2);
about 35% enhancement of chemosensitivity to daunor-
ubicin with sil versus 25% with si2 (Fig. 3)). P-gp inhibi-
tion occured after down-regulation at the mRNA level that
was obtained at 48 h (Fig. 4). This 24 h gap resulted from
P-gp long half-life and was described previously [8,12]. sil
was more efficient than si2 in decreasing the mRNA
amount (respectively ca. 60% and ca. 35% inhibition)
(Fig. 4). Both siRNAs satisfied conditions of efficient
siRNAs. They were directed against a mRNA region
downstream of the start codon (respectively 88-108 nt
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Fig. 4. Down-regulation of MDRI mRNA expression by siRNAs. (A) RT-PCR analysis at 48 and 72 h of MCF7-R cells without treatment (R) or treated with sil,
si2, si3 or sil + si2; [total si] as indicated on the figure. B-actin was used as an internal control. (B) Average of the remaining mRNA expression at 48 and 72 h
including standard deviation. Four transfection experiments have been performed and PCR was in duplicate for each of them.

and 162-182 nt) and had about 50% G/C content (respec-
tively 42 and 53%) [26]. Both siRNAs had low internal
stability at the antisense strand 5’-terminus: U at the 5'-end
of the antisense strand, C or G at the 5’-end of the sense
strand and AU-richness in the 5'-terminal third of the
antisense strand [28]. However, some characteristics asso-
ciated with siRNA functionality and related to sense strand
base preference were in favour of sil: an A at position 3 and
an U at position 10 [29].

The initial level of MDRI mRNA was restored at 72 h
(Fig. 4), except after treatment with sil (only ca. 60%
MDRI mRNA expression at 72 h after treatment with
20 nM sil). Return to an initial level of mRNA expres-
sion at 72 h was nevertheless expected for a single dose of
siRNA [8,12]. The further action of sil in the present
work suggested that its stability was particularly great and
more likely that of its antisense strand. Although with
lower efficiency than double-stranded siRNAs, siRNA
antisense strands can themselves be incorporated into
RISC complex and lead to mRNA cleavage [30]. After
unwinding of sil in the RISC complex, its particularly
stable antisense strand could thus be processed several
times. Because such a stability of sil had not been observed

in NIH-3T3 cell line [12], a different enzymatic composi-
tion in MCF7 cells is suggested, probably enriched in
endonucleases, which have a greater specificity for si2
than for sil.

When sil and si2 (10 nM each) were used in combina-
tion (i) 49 + 3% P-gp reversal was obtained, which was
comparable to the effect of 20 nM sil (43 £3% P-gp
reversal) (Fig 2) and (ii) ca. 40% enhancement of chemo-
sensitivity was obtained versus ca. 35% with 20 nM sil
(Fig. 3). These results would suggest an enhanced effect of
sil + si2 compared with the expected average effect of the
addition of both siRNAs since si2 (10 nM in the combina-
tion) is less efficient than sil. Nevertheless, the absence of
improvement of MDRI mRNA inhibition between 10 and
20 nM sil or si2 (Fig. 4) would be coherent with the
observation that cells have a limited capacity to assemble
RISC on exogenous siRNAs [31]. In this study like in the
present work, the authors kept siRNAs concentrations
<25 nM in order to avoid sequence-independent changes
in gene expression. About 60% MDRI mRNA inhibition
was obtained with sil +si2 (10 nM each) or sil alone
(10 nM); 50% with sil +si2 (5 nM each) or sil alone
(5 nM) (Fig. 4). The apparent loss of effect of si2 in the
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combination sil + si2 suggests competition between both
siRNAs, the most efficient of them binding faster on RISC.
The better efficiency of sil implied that its antisense strand
was preferentially involved not only in RISC formation,
which includes siRNA unwinding, but also preferentially
led to mRNA recognition [32]. Thus, it seems reasonable to
assume that, when the combination of siRNAs includes
10 nM sil, most of the observed mRNA inhibition, P-gp
reversal and increase of chemosensitivity effects are the
result of sil efficiency.

In conclusion, siRNA strategy was shown to be an
efficient alternative to P-gp inhibitors to reverse the
MDR phenotype and restore sensitivity to chemotherapy,
even at low concentration (<20 nM). It is noteworthy that
avoiding nonspecific effects through the control of siRNA
concentration seems uncertain when using vector-based
continuous expression of hairpin siRNAs; synthetic siR-
NAs seem more appropriate for such a purpose. Because of
the limited capacity of RISC to assemble on siRNAs and
the apparent competition between siRNAs, we suggest to
use a combination of siRNAs instead of a single one, which
could reveal not to have the best efficiency.
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