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Abstract
Aims—To develop a novel nanomedicine approach for the treatment of multidrug-resistant
(MDR) cancer by combining an anticancer drug and suppressors of cellular resistance within one
multifunctional nanocarrier-based delivery system (NDS).

Materials & methods—The NDS consisted of cationic liposomes (carrier, 100–140 nm),
doxorubicin (DOX, anticancer drug), siRNA targeted to MRP1 and BCL2 mRNA (suppressors of
pump and nonpump cellular-resistance, respectively). The resulting approximately 500 nm
complex has a zeta potential of +4 mV.

Results & discussion—The NDS provides an effective co-delivery of DOX and siRNA as
well as cell-death induction and suppression of cellular resistance in MDR lung cancer cells.

Conclusion—We demonstrate NDS-enhanced efficiency of chemotherapy to a level that cannot
be achieved by applying its components separately.

Keywords
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resistance; nanoscale-based intracellular delivery

Lung cancer is the leading cause of cancer death in the USA. Small-cell lung carcinoma
(SCLC) is the most aggressive type of lung cancer and is responsible for high mortality.
Owing to the size and distribution of SCLC, cytoreductive surgery is not very effective for
this disease and, therefore, chemotherapy and/or radiation are the treatment of choice.
However, the efficacy of chemotherapy in lung cancer is limited by the development of
cancer-cell resistance during treatment. To overcome this resistance, higher doses of the
toxic anticancer drug is administered, thus resulting in adverse side effects on healthy
organs. Two main mechanisms are responsible for the observed resistance: pump and
nonpump resistance (FIGURE 1) [1,2]. Pump resistance is caused by membrane efflux
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pumps that decrease the anticancer-drug concentration inside the cells [3]. Preliminary
studies showed that, in contrast to other multidrug-resistant (MDR) cancer cells, the main
transporters responsible for the pump resistance in SCLC cells are the members of the so-
called ‘multi-drug resistance-associated proteins’ (MRPs) (FIGURE 2) [2,4,5]. The P-
glycoprotein efflux pump has a less important role in drug resistance of SCLC. Nonpump
drug resistance is attributed primarily to the mechanisms responsible for the activation of
anti-apoptotic cellular defense and the BCL2 protein is a key player in this defense [6–11]. It
appears that the expression of genes and proteins responsible for pump and nonpump
resistance increase in different cancer cells after treatment with an anticancer drug (FIGURE
2). Therefore, many widely spread types of human MDR cancers (lung, breast, colon and
ovarian cancer) activate both pump and non-pump resistance in response to treatment with
an anticancer drug. Consequently, simultaneous suppression of both types of cellular
resistance is required to substantially enhance the efficacy of the treatment.

Considerable efforts have been made recently to suppress multidrug resistance and/or anti-
apoptotic cellular defense [12–14]. These include: synthetic analogs of the BCL2 homology
3 (BH3) domain of the pro-apoptotic members of the BCL2 protein family, including BAK,
BAX and BAD [7,10,15–20]; antisense oligonucleotides and small-interfering RNA
(siRNA) targeted to BCL2, MDR1 and MRP mRNA [21–23], c-Jun NH2-terminal kinase
[24]; ribozymetraditional drugs [25]; several drug groups from a traditional mitomycin C
[26]; and the exotic plant stress hormones family of jasmonates [27]. However, these
attempts have not demonstrated a high efficiency in terms of their anticancer effect. In our
opinion, three main deficiencies in the previous approaches are primarily responsible for
their relatively low efficacy in treating MDR cancers in general and SCLC in particular.
First, in most cases, drug efflux pumps and anti-apoptotic cellular defense are suppressed
separately [14,16–21,23–26]. However, the inhibition of only one contributor to cellular
resistance is usually not sufficient for overcoming all mechanisms of cancer-cell resistance
to chemotherapy. For instance, we found that an increase in intracellular drug concentration
as a result of the suppression of drug efflux pumps usually leads to almost proportionate
activation of anti-apoptotic cellular defense [2,28]. As a result, such an increase in the
concentration does not result in a proportionate increase in cell death. Similarly, a
suppression of only anti-apoptotic cell death is not sufficient for overcoming multidrug
resistance [2,15,29,30]. Second, suppression of drug-efflux pumps alone without
simultaneous induction of cell death signal is not sufficient for the effective killing of
resistant cancer cells [1,14,21,23,24,26]. Third, even when suppressors of one or both types
of resistance are used in combination with an anticancer drug, these components are usually
delivered separately to cancer cells [26,31,32]. However, we believe that, to maximize the
efficacy of the treatment, all cell-death inducer(s) and suppressor(s) of both types of
cellular-drug resistance should be delivered simultaneously inside the cancer cell and active
components should be released with a comparable profile [3,29,33]. Such spatial–temporal
synchronization requires one complex system simultaneously encapsulating all the
aforementioned active components.

Based on this analysis, we hypothesize that only simultaneous suppression of both pump and
nonpump cellular resistance in combination with cell-death induction by an anticancer drug
is able to significantly increase the efficacy of chemotherapy against potentially resistant
lung cancers. Such an objective can only be achieved if an anticancer agent is delivered
simultaneously in one multifunctional nanocarrier-based system in combination with other
active ingredients that perform different specific functions for enhancing cellular uptake and
efficiency of the main drug specifically in cancer cells and preventing the development and/
or suppression of the existent drug resistance. In this study, we apply nanotechnology
approaches to the development and evaluation of such multifunctional nano-therapeutics.
We constructed a novel multifunctional nanocarrier-based delivery system (NDS), which
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provides co-delivery of an anticancer drug simultaneously with suppressors of pump and
nonpump cellular resistance. The NDS contains the following components (FIGURE 1):

• Cationic liposomes as a carrier

• Doxorubicin (DOX) as a cell-death inducer/anticancer agent

• siRNA targeted to MRP1 mRNA as a suppressor of drug-efflux pump (pump
resistance) in SCLC

• siRNA targeted to BCL2 mRNA as a suppressor of cellular anti-apoptotic defense
(nonpump resistance).

This paper describes the results of the evaluation of the efficacy of the proposed drug-
delivery system.

Material & methods
Cell line

Human MDR H69AR lung cancer, MCF-7/ AD breast cancer and HCT15 colon cancer cell
lines were obtained from ATCC (Manassas, VA, USA). Human MDR A2780/AD ovarian
cancer cells were obtained from Dr TC Hamilton (Fox Chase Cancer Center). Cells were
cultured in RPMI 1640 medium (Sigma, St Louis, MO, USA) supplemented with 20% fetal
bovine serum (Fisher Chemicals, Fairlawn, NJ, USA). Cells were grown at 37°C in a
humidified atmosphere of 5% CO2 (v/v) in air. All experiments were performed on cells in
the exponential growth phase.

Drug & siRNA
DOX was obtained from Sigma (St Louis). The sequences of the siRNA targeted to BCL2,
MRP1 and MDR1 mRNA were: 5′-GUGAAGUCAACAUGCCUGCTT-3′, 5′-
GGCUACAUUCAGAUGACACTT-3′ and 5’-AAAAUGUUGUCUGGACAAGCATT-3’,
respectively. siRNA was synthesized by Applied Biosystems/Ambion (Austin, TX, USA).
Mock nontargeting control siRNA with limited sequence similarity to known genes
(Silencer® Negative Control) was obtained from Applied Biosystems/Ambion.

Multifunctional NDS
Cationic liposomes were prepared from positively charged 1,2-dioleoyl-3-
trimethylammonium– propane (DOTAP; Avanti Polar Lipids, Alabaster, AL, USA) using
the ethanol-injection method [34]. The formation of liposomes from DOTAP without a
helper lipid has been documented in several studies [35–37]. Briefly, dry lipid was dissolved
in 98% ethanol (10% from final volume) at room temperature and the dissolved mixture was
added to 0.9% NaCl to a final lipid concentration of 10 mg/ml. Obtained liposomes were
extruded gradually using 200- and 100-nm polycarbonate membranes at room temperature
using an extruder device from Northern Lipids Inc. (Vancouver, BC, Canada) and were
loaded passively with DOX (5 mg/ml) by mixing liposomes and DOX at 37°C for 40 min.
Liposomes were separated from free drug by dialysis against 100 volumes 0.9% NaCl
overnight at 4 °C. The encapsulation efficacy of DOX was approximately 70%. The average
diameter of obtained particles was 100–140 nm. The aliquots of liposomes were destroyed
in isopropanol in a ratio of 10:90 (liposomes/isopropanol) and the concentration of DOX in
liposomes was determined by high-performance liquid chromatography using a symmetry
C18 column (150 mm × 4.6 mm, Waters Corporation, Milford, MA, USA) operated at room
temperature. The mobile phase consisted of 0.1% trifluoroacetic acid in water/ acetonitrile
25:75 v/v; the flow rate was set to 1.0 ml/min, wavelength 480 nm. The chromatographic
instillation consisted of a Model 1525 pump (Waters Corporation, Milford, MA, USA), a
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Model 717 Plus auto-injector (Waters Corporation) and a Model 2487 variable wavelength
UV detector (Waters Corporation) connected to the Millennium software. The siRNA (stock
concentration, 370 µM) was prepared by being dissolved in RNAse-free water at room
temperature. Cationic liposome:siRNA complexes with ± charge ratio 4:1 were formed by
mixing appropriate amounts of siRNA and cationic liposomes in 0.9% NaCl [38,39]. This
mixture was vortexed and incubated at room temperature for 30 min. The ± charge ratio is
calculated as the total number of positive charges on the DOTAP molecules, divided by the
total number of negative charges on the siRNA (with one siRNA molecule containing 42
negatively charged phosphate groups). The final siRNA concentration in the delivery system
was 123 µM when MRP1 and BCL2 siRNA were used separately and 61.6 µM of each
siRNA when they were used in combination.

Liposome size & zeta potential
Particle size was measured by dynamic-light scattering using a 90 Plus Particle Sizer
Analyzer (Brookhaven Instruments Corp., New York, NY, USA). An aliquot of 40 µl of
each sample was diluted in 2 ml of its external buffer. Zeta potential was measured on PALS
Zeta Potential Analyzer (Brookhaven Instruments Corp.). Samples were taken as is and their
volume was 1.5 ml. All measurements were carried out at room temperature. Each
parameter was measured in triplicate and average values were calculated.

Intracellular localization of liposomes, siRNA & DOX
To analyze cellular internalization of liposomes, in aliquots of liposomal formulations,
DOTAP was mixed with the fluorescent NBD-DOTAP (1-oleoyl-2-[6-[(7-nitro-2-1,3-
benzoxadiazol- 4-yl)amino]hexanoyl]-3-trimethylammonium propane chloride salt, Avanti
Polar Lipids) in a mole ratio of 100:1 DOTAP:NBD-DOTAP. NBD-DOTAP has maximums
of excitation and emission of 460 and 534 nm, respectively (green fluorescence). A siGLO
red transfection indicator (RNA duplex labeled with Pierce NuLight DY-547 fluorophore)
was purchased from Dharmacon Inc. (Chicago, IL, USA) and was used to study siRNA
delivery and cellular internalization. Cell nuclei were stained by Hoechst 33258 nuclear dye
(Sigma). The fluorescent labels were visualized using a fluorescent microscope (Olympus,
Center Valley, PA, USA).

Cytotoxicity
The cellular cytotoxicity of all studied formulations was assessed using a modified 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, as described
previously [2,30,40]. To measure cytotoxicity, H69AR human lung cancer cells were
incubated separately in 96-well microtiter plate with different concentrations of all possible
combinations of our NDS components, which resulted in a total of 15 separate series of
experiments:

• Control (fresh media)

• Empty cationic liposomes

• Free BCL2 siRNA

• Free MRP1 siRNA

• Free BCL2 siRNA–MRP1 siRNA

• Free DOX

• Cationic liposomes–DOX

• Cationic liposomes–mock nontargeting control siRNA
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• Cationic liposomes–BCL2 siRNA

• Cationic liposomes–MRP1 siRNA

• Cationic liposomes–MRP1 siRNA–BCL2 siRNA

• Cationic liposomes–DOX–BCL2 siRNA

• Cationic liposomes–DOX–MRP1 siRNA

• Cationic liposomes–BCL2 siRNA–MRP1 siRNA mixed with free DOX

• Cationic liposomes–DOX–BCL2 siRNA– MRP1 siRNA in the cell growth medium

Control cells received an equivalent volume of fresh medium. The duration of incubation
was 48 h. Based on these measurements, IC50 doses of free and liposomal formulations of
all delivery systems (the concentrations of active ingredients necessary to inhibit the cell
growth by 50%) were calculated as described previously [41]. In addition, the cytotoxicity
of similar liposomal delivery systems containing DOX, siRNA targeted to MDR1 and BCL2
mRNA and their combinations was studied in human MDR A2780/AD ovarian and MCF-7/
AD breast cancer cells.

Gene expression
Quantitative reverse transcription (RT)-PCR was used for the analysis in H69AR cell line
expression of genes encoding MRP1 and BCL2 protein, as described previously [1,2]. Cells
were incubated separately for 48 h with the following formulations: control (fresh media);
cationic liposomes; free DOX; cationic liposomes containing DOX; cationic liposomes-
mock non-targeting control siRNA; cationic liposomes containing MRP1 or BCL2 siRNA;
and cationic liposomes containing DOX and MRP1 or BCL2 siRNA. Concentrations of
DOTAP, DOX and siRNA were 0.07 mM, 34.5 µM and 123 µM, respectively. RNA was
isolated using a RNeasy kit (Qiagen, Valencia, CA, USA). The following pairs of primers
were used (5′ to 3′): MRP1 – ATG TCA CGT GGA ATA CCA GC (sense), GAA GAC
TGA ACT CCC TTC CT (antisense); BCL2 – GGA TTG TGG CCT TCT TTG AG (sense),
CCA AAC TGA GCA GAG TCT TC (antisense); β2-microglobulin (β2-m, internal
standard) – ACC CCC ACT GAA AAA GAT GA (sense), ATC TTC AAA CCT CCA TGA
TG (antisense). PCR products were separated in 4% NuSieve 3:1 Reliant® agarose gels
(BMA, Rockland, ME, USA) in 1 × TBE (Tris/Borate/EDTA) buffer (0.089 M Tris/Borate,
0.002 M EDTA, pH 8.3; Research Organics Inc., Cleveland, OH, USA) by submarine
electrophoresis. The gels were stained with ethidium bromide, digitally photographed and
scanned using Gel Documentation System 920 (NucleoTech, San Mateo, CA, USA). Gene
expression was calculated as the ratio of mean-band density of analyzed RT-PCR product to
that of the internal standard (β2-m).

Protein expression
To confirm the RT-PCR data, the expression of MRP1 and BCL2 proteins was analyzed.
The identification of these proteins was made by immunocytochemical staining of the
human MDR H69AR SCLC cells. Cells were treated for 48 h with the following
compositions: control (fresh media); empty cationic liposomes; DOX; cationic liposomes
containing DOX; cationic liposomes containing siRNA targeted to MRP1 mRNA; cationic
liposomes containing siRNA targeted to BCL2 mRNA; cationic liposomes containing DOX
and siRNA targeted to MRP1 mRNA; and cationic liposomes containing DOX and siRNA
targeted to BCL2 mRNA. Concentrations of DOTAP and DOX were 0.07 mM and 34.5 µM,
respectively. Concentrations of siRNA were 123 µM when MRP1 and BCL2 siRNA were
used separately and 61.6 µM of each siRNA when they were used in combination. Before
staining, cells were washed three times in ice cold phosphate-buffered saline (PBS), then
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fixed with ice cold acetone at −20°C for 7 min. The slide chambers were then washed again
three times with PBS and stained using RTU VECTASTAIN® Universal Elite ABC-
Peroxidase Kit (Catalog no. PK7200, Vector Laboratories, Inc., Burlingame, CA, USA).
Mouse monoclonal antibodies to MRP-1 (ab24102, 1:20 dilution, Abcam, Cambridge, MA,
USA) and BCL2 protein (CP-B201, 1:80 dilution, Vector Laboratories) were used as
primary antibodies for the detection of MRP1 and BCL2 proteins, respectively. Biotinylated
anti-mouse IgG reagent (Vector Laboratories) and Horseradish Peroxidase (HRP)–
Streptavidin Detection System ready-to-use stabilized ABC reagent (Vector Laboratories,
Inc.) in combination with ImmPACT 3,3′-dichlorobenzidine (DAB) substrate kit for
peroxidase (cat. no. SK-4105, Vector Laboratories, Inc.) were used for visualization.
Nuclear staining was done with VECTOR Hematoxylin QS (cat. no. H-3404, Vector
Laboratories, Inc.). The slides were cleared by washing in 95% ethanol, 100% ethanol and
then xylene. Mounting was done with VectaMount permanent-mounting medium (cat. no.
H-5000, Vector Laboratories, Inc.). After staining, the slides were analyzed by a light
microscope (Olympus) and photographed.

The expression of p-glycoprotein, MRP1 and BCL2 proteins was also analyzed by western
immunoblotting analysis. To this end, harvested cells were lysed in a RIPA buffer (Santa
Cruz Biotechnologies) using a needle and syringe. Following incubation on ice for 45 min,
the cells were centrifuged at 10,000 g for 10 min. Protein content in the supernatant was
determined using the BCA Protein Assay Kit (Pierce, Rockford, IL, USA) and 50 µg of
protein was run on a 15% sodium dodecyl sulphate (SDS) polyacrylamide gel immersed in
Tris/Glycine/ SDS buffer (BioRad, Hercules, CA, USA) for 90 min at 70 V. Proteins were
transferred to an Immobilon-P nitrocellulose membrane (Millipore, Bedford, MA, USA) in a
Tris/ Glycine buffer (cat. no. 161–0771, BioRad) for 90 min at 100 V. The membrane was
blocked in non-fat milk for 30 min at room temperature on a rotating shaker to prevent
nonspecific binding, washed and incubated overnight with the rabbit primary anti-p-
glycoprotein (code no. Z5116, 1:50 dilution, DAKO, Carpinteria, CA, USA), rabbit anti-
Bcl-2 (cat. no. AAP070, 1:280 dilution, Stress Gen Biotechnologies, Victoria State, BC,
Canada) and mouse anti-MRP1 (1:250 dilution, Chemicon International, Temecula, CA,
USA) primary antibodies at 4°C. Following further washing, the membrane was immersed
in a goat anti-rabbit or goat anti-mouse IgG biotinylated antibody (1:3000 dilution and
1:1000 dilution, respectively, BioRad) at room temperature for 1 h on a rotating shaker.
Bands were visualized using an alkaline phosphatase color-development reagent (cat. no.
1706412, BioRad).

Apoptosis
The analysis of apoptosis was based on the detection of ssDNA and dsDNA breaks (nicks)
by an in situ cell death-detection kit (Roche, Nutley, NJ, USA) using terminal
deoxynucleotidyl transferase-mediated dUTP–fluorescein nick-end labeling (TUNEL)
method, as described previously [7,42]. Briefly, cells were fixed, permeabilized and
incubated with the TUNEL-reaction mixture. The label incorporated at the damaged sites of
the DNA was visualized by a fluorescence microscope. Digital images of TUNEL-stained
cells were scanned and intensity of fluorescence (apoptosis induction) was presented in
relative units (the fluorescence intensity in control cells was set to 1 unit).

Statistical analysis
Data obtained were analyzed using descriptive statistics, single factor analysis of variance
(ANOVA) and presented as mean value ± standard deviation (SD) from four to eight
independent measurements in separate experiments.
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Results
Characteristics of multifunctional NDS

The size of positively charged DOTAP liposomes after extrusion was approximately 100–
140 nm and zeta potential was approximately +20 mV. Inclusion of DOX did not change the
size and charge of the liposomes. Mixing of cationic liposomes with negatively charged
siRNA in the ratio of 6:1 (lipid:siRNA v/v) led to the formation of larger DOTAP:siRNA
complexes with the size of approximately 500 nm and decreased the resulting surface charge
of the entire complex to +4 mV owing to the electrostatic interactions between lipids and
siRNA.

Intracellular localization of liposomes, siRNA & DOX
To evaluate the penetration of cationic liposomes into cancer cells and the intracellular
localization of delivered siRNA and DOX, we used NBD DOTAP (green fluorescence) and
DY-547 dye (red fluorescence) to label cationic liposomes and siRNA, respectively. DOX
by itself possesses an intrinsic red fluorescence. MDR human H69AR lung cancer cells were
incubated separately with free siRNA, cationic liposomes containing siRNA and similar
cationic liposomes containing DOX. In addition, cell nuclei were stained with nuclear-
specific dye Hoechst 33258 (blue fluorescence). Fluorescence was registered with a
fluorescent microscope and images were overlaid digitally to analyze intracellular co-
localization of liposomes and their active components (FIGURE 3). Superimposition of
green and red fluorescence gives yellow color and enables the detection of cytoplasmic co-
localization of cationic liposomes and siRNA or DOX. Superimposition of green and red
with blue fluorescence enables us to detect nuclear localization of liposomes (cyan), DOX or
siRNA (pink) or nuclear co-localization of liposomes with DOX and siRNA (white color).
An absence of red fluorescence in cancer cells after incubation with free-labeled siRNA
(data not shown) supports our previous finding and shows that free siRNA is unable to
penetrate the plasma membrane of cancer cells [43,44]. Cationic liposomes were able to
penetrate into cancer cells. They delivered their contents effectively into the cytoplasm
(siRNA and DOX) and nuclei (DOX). These data clearly show that the proposed NDS can
be used for co-delivery of anticancer drugs and siRNA into cancer cells.

Suppression of targeted mRNA & proteins
Two methods have been used to estimate the effectiveness of the suppression of targeted
MRP1 and BCL2 proteins. First, the expression of targeted mRNA in MDR human lung
cancer cells was measured by RT-PCR. The results of these measurements are shown in
FIGURE 4. As expected, both MRP1 and BCL2 mRNA were expressed in these MDR
cancer cells (FIGURE 4A & B, BAR 1). Exposure with empty cationic liposomes did not
significantly change the expression of either type of mRNA (FIGURE 4A & B, Bar 2).
Treatment of the cells with free DOX (FIGURE 4A & B, Bar 3) and liposomal DOX
(FIGURE 4A & B, Bar 4) led to the significant overexpression of both MRP1 and BCL2
mRNA. These data support our previous findings that chemotherapy with an anticancer drug
leads to the activation of both types of resistance: pump and nonpump resistance (FIGURE
2) [1–3,29,30]. After the delivery of DOX with cationic liposomes, both types of mRNA
still remained overexpressed, however, the dynamic of changes in the expression was
opposite for MRP1 and BCL2 mRNA (COMPARE BARS 3 & 4, FIGURE 4A & B). The
expression of MRP1 mRNA after treatment with liposomal DOX was further elevated,
whereas the expression of BCL2 was decreased when compared with treatment by free
DOX. Incubation of cells with cationic liposomes complexed with mock nontargeting
control siRNA does not change the expression of targeted MRP1 and BCL2 mRNA
(FIGURE 4A & B, BAR 5). The delivery of siRNA by cationic liposomes led to the
substantial suppression of targeted mRNA:MRP1 (FIGURE 4A, BAR 6) and BCL2
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(FIGURE 4B, BAR 6). The combination of one type of siRNA targeted to MRP1 or BCL2
in one delivery system with DOX significantly decreased the overexpression of
corresponding mRNA when compared with free and liposomal DOX without siRNA
(COMPARE BAR 7 WITH BARS 3 & 4, FIGURE 4A & B). In fact, inclusion of siRNA
targeted to MRP1 mRNA in the delivery system containing DOX led to a 2.5- and 3.1-times
decrease in the expression of MRP1 when compared with free and liposomal DOX,
respectively (p <0.05 in both cases). Similarly, BCL2 siRNA decreased the expression of
targeted mRNA 3.3 and 2.7 times when compared with free and liposomal DOX,
respectively (p < 0.05 in both cases).

Analysis of protein expression (FIGURE 5) supports data obtained using the RT-PCR
method (FIGURE 4). Again, treatment with the anticancer drug (DOX) induced
overexpression of proteins responsible for active drug efflux (MRP1) and cellular anti-
apoptotic defense (BCL2). Incubation of MDR SCLC cells with the NDS containing the
same concentration of DOX but in the presence of siRNA targeted to MRP1 mRNA
(suppressor of pump resistance) and BCL2 mRNA (suppressor of nonpump resistance) led
to the suppression of MRP1 and BCL2 proteins, respectively.

Apoptosis induction
Apoptosis was studied in cells incubated for 48 h with different formulations and stained by
TUNEL (FIGURE 6). Cationic liposomes containing only MRP1 or BCL2 siRNA or their
combination were able to slightly induce cell death by apoptosis in MDR human lung cancer
cells (FIGURE 6, UPPER PANEL, BARS 3 & 4). It is interesting that the degree of
apoptosis provoked by the combination of both types of siRNA in one liposomal delivery
system was comparable with that induced by free DOX (COMPARE BARS 5 & 6, FIGURE
6). Delivery of DOX by liposomes enhanced its cell death-inducing ability. The delivery of
DOX by liposomes in combination with siRNA targeted to MRP1 or BCL2 enhanced the
degree of apoptosis. Simultaneous cell-death induction by DOX in combination with the
suppression of pump and nonpump cellular resistance led to the induction of apoptosis to a
level that cannot be achieved by each component of the complex delivery system applied
separately (FIGURE 6, BAR 10; p <0.05 when compared with all other formulations
containing DOX and control).

Cytotoxicity
Cytotoxicity of different formulations was analyzed by a modified MTT assay (FIGURE 7).
Empty liposomes and free siRNA were nontoxic (FIGURE 7A, BARS 1–5). Cationic
liposomes-mock nontargeting control siRNA complexes did not influence viability of cancer
cells (FIGURE 7, BAR 8). Although liposomal siRNA targeted to MRP1 and BCL2 mRNA
slightly (but statistically significantly; p <0.05) induced apoptosis in its initial stages, as
detected by the TUNEL staining (FIGURE 6, BARS 3 & 4), these liposomal siRNA only
slightly, yet statistically insignificantly (p > 0.05), decreased the cell viability. It seems that
moderate DNA strand breaks detected by the TUNEL reaction on the initial states of
apoptosis were later compensated and did not result in substantial cell death. A moderate
(~22%) but statistically significant decrease in the viability of MDR human lung cancer cells
was found after their incubation for 48 h with cationic liposomes containing a combination
of MRP1 and BCL2 siRNA (FIGURE 4A, BAR 11). As expected, delivery of DOX by
liposomes slightly (~10%) but statistically significantly increased its toxicity (FIGURE 7B,
BAR 7). A further improvement in toxicity of liposomal DOX was achieved by
incorporating MRP1 or BCL2 siRNA in the same delivery system. The IC50 of liposomal
DOX combined with MRP1 or BCL2 siRNA was approximately 60 and 40% less than free
DOX, respectively (p < 0.05 in both cases). The combination of liposomal MRP1 and BCL2
siRNA with free DOX was more effective when compared with liposomal DOX combined
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with only one type of siRNA. The maximal enhancement in cytotoxicity was achieved under
a concurrent cell-death induction by DOX and simultaneous suppression of pump (by MRP1
siRNA) and nonpump (by BCL2 siRNA) resistance (FIGURE 7B & C). The IC50 dose of
this combination was only approximately 20% of that in free DOX (COMPARE BAR 15
WITH BAR 6 IN FIGURE 7B & CORRESPONDING CURVES IN FIGURE 7C). In other
words, cytotoxicity of liposomes containing DOX and two types of siRNA targeted against
MRP1 and BCL2 mRNA was almost 4.5-times higher than that of free DOX, 4.1-times
higher than liposomal DOX, 1.8–2.7-times higher than liposomal DOX formulation
containing only one type of siRNA and more than 1.5-times higher that the mixture of both
liposomal siRNA with free DOX.

To show that the proposed concept of simultaneous apoptosis induction by the anticancer
drug and suppression of pump and nonpump resistance is not limited to a single cell type,
we measured the cytotoxicity of similar cationic liposomes–DOX–siRNA complexes in
human MDR A2780/AD ovarian and MCF-7/AD breast cancer cells. In this series of
experiments, we used siRNA targeted to BCL2 mRNA to suppress nonpump resistance and
siRNA targeted to MDR1 mRNA encoding p-glycoprotein efflux pump. The predominant
role of p-glycoprotein encoded by the MDR1 gene in the development of pump resistance
under the action of DOX in these cells (FIGURE 2) served as a reason for the use of MDR1
siRNA instead of MRP1-targeted siRNA. The results of these series (FIGURE 8) support
our finding on MDR lung cancer cells. The combination in one liposomal drug-delivery
system of the anticancer drug (DOX) with suppressors of pump (MDR1 siRNA) and
nonpump (BCL2 siRNA) resistance led to the enhancement of the cytotoxicity of DOX to a
level that cannot be achieved by each component applied separately or by a combination of
liposomal siRNA and free DOX.

Discussion
The effectiveness of chemotherapy is often constrained by the limited accumulation of
active ingredients in MDR cancer cells. The accumulation of low-molecular-weight
anticancer drugs is restricted by the activation of drug-efflux pumps in MDR cancer cells.
By contrast, cellular uptake of relatively high molecular-weight components, including
antisense oligonucleotides, siRNA and other nucleotide-based therapeutics, is limited by
their intrinsic characteristics (i.e., size, charge and so on). To simultaneously solve both
problems and enhance the efficacy of chemotherapy of drug-resistant cancers, we are
proposing co-delivery of an anticancer drug with siRNA-based suppressors of pump and
nonpump cellular resistance. We constructed a multifunctional NDS that consisted of
cationic liposomes as a carrier, DOX as a cell death induces/anticancer agent, siRNA
targeted to MRP1 mRNA as a suppressor of pump resistance and siRNA targeted to BCL2
mRNA as a suppressor of nonpump resistance. This NDS was evaluated in MDR lung
cancer cells. The results of experimental testing of this multifunctional system showed that
cationic liposomes were able to deliver siRNA and DOX efficiently inside MDR lung cancer
cells. Simultaneous delivery of suppressors of pump and nonpump resistance in combination
with the anticancer drug led to the effective apoptosis induction and killing of drug-resistant
lung cancer cells. The data obtained also support our hypothesis that simultaneous
suppression of both pump and nonpump cellular resistance in combination with cell-death
induction by an anticancer drug is able to effectively kill MDR lung cancers.

MRP proteins (including MRP1) are members of the superfamily of ATP-binding cassette
(ABC) transporters that transport various molecules across extra- and intracellular
membranes. MRP proteins are mainly responsible for the pump resistance in SCLC cells
[2,4,5]. The main role of the MRP1 protein in the development of multidrug resistance in
SCLC is active efflux of anticancer drugs out from the cells, decreasing their intracellular
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concentration, thus limiting their cell death-inducing activity. However, MRP proteins can
have other roles related to drug metabolism and drug detoxification inside cancer cells. In
particular, MRP proteins can transfer drugs (conjugated after enzymatic inactivation and
degradation) outside the cells or into cellular organelles for further degradation [45–49].
Similar mechanisms also protect cells from endogenously generated cytotoxic substances.
One can hypothesize that the suppression of MRP1 protein by disturbing such cellular-
protective mechanisms can potentially induce apoptosis in cancer cells even in the absence
of an anticancer drug. The results of the present study support such an assumption and show
that siRNA targeted to MRP1 mRNA delivered into lung cancer cells by a cationic
nanocarrier was able to induce apoptosis in SCLC cells. However, the level of apoptosis
induced by the suppression of MRP1 protein alone was substantially lower when compared
with the degree of apoptosis induced by liposomal DOX or the complex delivery system that
includes DOX in combination with one or two types of siRNA (i.e., liposomal DOX
combined with siRNA targeted to BCL2 mRNA or/and siRNA targeted to MRP1 siRNA).

A major function of BCL2 protein in the cellular anti-apoptotic defense includes the
prevention of cytochrome c release from the mitochondrion [8,11,50,51]. Consequently, the
suppression of BCL2 protein and associated leakage of cytochrome c into the cytosol leads
to the formation of an apoptosome – the combination of cytochrome c, procaspase 9, dATP
and apoptotic protease-activating factor-1. This converts inactive procaspase 9 into its active
form. Active caspase 9 initiates a cascade of downstream caspases and these caspases, in
turn, activate apoptosis [45]. Therefore, the suppression of BCL2 protein alone, even
without an anticancer drug, is able to induce apoptosis, probably by triggering the
aforementioned caspase-dependent mechanism initiated by the release of mitochondrial
cytochrome c into the cytosol. However, as can be seen from the present experimental
results, the level of apoptosis achieved by this mechanism is significantly lower when
compared with cell death induced by the combination of siRNA targeted to BCL2 mRNA
with the anticancer drug.

As expected, free and liposomal DOX were able to induce cell death in MDR lung cancer
cells. However, this induction was accompanied by the simultaneous activation of pump and
non-pump resistance associated with overexpression of MRP1 and BCL2 proteins. The
activation of both types of cellular resistance decreased the efficiency of DOX as an
anticancer drug. By contrast, the suppression of pump and nonpump resistance enhanced its
anticancer activity and led to the effective induction of cell death in MDR cancer cells.

Many different nanoscale delivery systems, including polymer- and lipid-based nano-
particles, liposomes and organic–inorganic hybrid carriers, have been used successfully for
the delivery of anticancer drugs and siRNA [3,29,33,52–59]. However, despite the high
efficiency of certain carriers in terms of delivery of either siRNA or a drug, the combination
in one delivery system of siRNA as suppressors of cellular resistance and an anticancer drug
as a cell-death inducer remains unexploited. In the present paper, we used cationic
liposomes for co-delivery of two types of siRNA and an anticancer drug into cancer cells. A
liposomal delivery system was chosen because of its simplicity and high efficiency for the in
vitro delivery of both the water-soluble drug and siRNA. This work was designed as a
proof-of-concept study, in which we examined the effectiveness of a novel approach to
treatment of MDR lung and other cancer cells. The selection of the most efficient delivery
system for the delivery of two different types of siRNA and an anticancer drug in vivo
requires a separate extensive study. It is clear, however, that a simple liposomal system used
in the present research cannot be used effectively in vivo. We have already started
investigations for the comparison of different known and novel nanoscale-based systems as
well as various routes of their administration to select a most effective carrier and method of
its injection for the delivery of anticancer drugs and other active ingredients [3,44,60]. We
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have also studied previously the effectiveness of antisense oligonucleotides targeted to
MDR1, MRP1 and BCL2 as suppressors of pump and nonpump resistance [1,2]. A synthetic
analog of BH3 peptide has been used previously for the suppression of anti-apoptotic
cellular defense [7,10,15–19]. Other agents have also been used for the suppression of pump
cellular resistance [12,14,24–27]. The final selection of such components designed for the
simultaneous suppression of pump and nonpump cellular resistance and cell-death induction
is the aim of the following extensive investigations. However, the results of the present
proof-of-concept study clearly show that this direction in anticancer research is worth
studying and can lead to novel effective approaches in cancer treatment and anticancer
delivery systems that can be used effectively in clinical practice.

The results of the present study show that simultaneous suppression of pump and non-pump
resistance enhanced toxicity of DOX substantially. Consequently, such an increase in the
DOX efficacy may also enhance its side effects in vivo. The possibility of severe adverse
effects of the proposed siRNA–DOX combination requires local or targeted systemic
delivery of active ingredients specifically to tumor cells. Such tumor-targeting delivery
systems are being developed currently in our laboratory [13,15,29,40,42]. In the future, for
in vivo experiments for the treatment of an orthotopic model of lung tumor, we are planning
to use local targeted delivery of siRNA and DOX specifically to lung tumor cells.

Therefore, we were able to verify our hypothesis and show that cell-death induction by an
anticancer drug in combination with the suppression of both pump and nonpump resistance
is required for effective killing of MDR cancer cells. Although each active ingredient (DOX,
MRP1 and BCL2 siRNA) alone delivered by liposomes was capable of inducing cell death
in MDR cancer cells, only the co-delivery of all active components in one multifunctional
NDS improved cellular drug uptake and led to the simultaneous cell-death induction and
suppression of drug cellular resistance, as well as enhanced the efficacy of chemotherapy of
MDR cancer cells substantially. The experiments on other MDR human cancer cells (breast
and ovarian) support the data obtained on lung cancer cells and show that our hypothesis is
not limited to lung cancer but has a more general application and can probably be applied to
other, if not all, cancer cells. The comparison of the present results obtained with a
liposomal delivery system with our previous studies with different polymeric delivery
systems [3,15,33,40,44,61] and different suppressors of cellular resistance
[7,13,15,29,42,45,62] show that the enhancement of cytotoxicity of anticancer drugs
depends mostly on the degree of the suppression of pump and nonpump resistance but not
on the method that is used for such a suppression.

Conclusion
A simultaneous co-delivery of DOX as a cell-death inducer/anticancer agent with siRNA
targeted to MRP1 mRNA as a suppressor of drug-efflux pumps (pump resistance) and
siRNA targeted to BCL2 mRNA as a suppressor of cellular anti-apoptotic defense
(nonpump resistance) by cationic nanocarriers-enhanced efficacy of chemotherapy to a level
that cannot be achieved by separate treatment with an anticancer drug or siRNA alone.

Future perspective
A strategy that includes the simultaneous suppression of drug-efflux pumps and anti-
apoptotic cellular defense combined with cell-death induction can probably be applied to
other, if not all, MDR cancers. However, an exceptionally high cytotoxicity of an anticancer
drug combined with suppressors of pump and nonpump resistance requires a special
targeted-delivery system that will deliver all these components specifically to tumor cells,
preventing their accumulation in healthy organs. The further enhancement of the treatment
of MDR lung cancer may also require local inhalatory co-delivery of anticancer drug(s) and
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suppressors of pump and nonpump resistance directly to lung tumor cells and prevent their
penetration into the systemic circulation. The development and testing of such advanced
complex anticancer delivery systems should be an immediate task for research in cancer
chemotherapy.

Executive summary

• A novel nanomedicine approach for the treatment of multidrug-resistant cancer
by combining an anticancer drug and suppressors of cellular resistance within
one multifunctional nanocarrier-based delivery system was developed.

• The system consists of cationic liposomes (carrier), doxorubicin (anticancer
drug), siRNA targeted to mRNA-encoding proteins responsible for the cellular
drug efflux and antiapoptotic cellular defense (suppressors of pump and
nonpump cellular resistance, respectively).

• For the treatment of multidrug-resistant lung cancer, the system includes siRNA
targeted to MRP1 and BCL2 mRNA, whereas breast and ovarian cancers require
siRNA targeted to MDR1 and BCL2 mRNA.

• The developed system enhanced efficiency of chemotherapy to a level that
cannot be achieved by applying any active component separately.
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Figure 1. Co-delivery in one liposomal drug delivery system of doxorubicin simultaneously with
siRNA targeted to MDR1/MRP1 and BCL2 mRNA enhances cell-death induction by increasing
intracellular doxorubicin concentration and suppression of cellular anti-apoptotic defense
DOX: Doxorubicin.
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Figure 2. Simultaneous activation of pump and nonpump resistance in different multidrug-
resistant human cancer cells
Typical images of reverse transcription-PCR products (left panel) and corresponding
proteins (western blotting, right panel) responsible for pump (MDR1 and MRP1 genes, p-
glycoprotein and MRP1 protein) and nonpump (BCL2 gene and protein) resistance in human
multidrug-resistant ovarian (A2780/AD), breast (MCF-7/AD), lung (H69AR) and colon
(HCT15) cancer cells.
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Figure 3. Intracellular localization of cationic liposomes, siRNA and the anticancer drug
doxorubicin
Typical images of multidrug-resistant H69AR human lung cancer cells incubated with
cationic liposomes containing DOX or siRNA. Liposomes were prepared using NBD
DOTAP (1-oleoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4 yl)amino]hexanoyl]-3
trimethylammonium propane chloride salt, green fluorescence), siRNA was labeled with
DY-547 (red fluorescence), DOX possesses an intrinsic red fluorescence. In addition, cell
nuclei were stained with nuclear-specific dye Hoechst 33258 (blue fluorescence).
Superimposition of images allows for detecting of cytoplasmic co-localization of liposomes
with DOX or siRNA (yellow) and nuclear localization of liposomes (cyan) or DOX (pink).
Nuclear co-localization of liposomes and DOX or siRNA gives a white color.
DOX: Doxorubicin.
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Figure 4. Typical images of gel electrophoresis of the reverse transcription-PCR products and
mRNA levels for MRP1 and BCL2 in H69AR human multidrug-resistant lung cancer cells
Cells were incubated for 48 h with the indicated formulations. β2 microglobulin (β2 m) was
used as an internal standard. Means ± standard deviation are shown. (A) 1: Control (fresh
media); 2: Cationic liposomes; 3: Free DOX; 4: Cationic liposomes–DOX; 5: Cationic
liposomes–mock nontargeting control siRNA; 6: Cationic liposomes–MRP1 siRNA; 7:
Cationic liposomes–DOX–MRP1 siRNA. (B) 1: Control (fresh media); 2: Cationic
liposomes; 3: Free DOX; 4: Cationic liposomes-DOX; 5: Cationic liposomes–mock
nontargeting control siRNA; 6: Cationic liposomes–BCL2 siRNA; 7: Cationic liposomes–
DOX–BCL2 siRNA.
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*p <0.05 when compared with control.
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Figure 5. Typical images of in multidrug-resistant H69AR human lung cancer cells stained with
antibody against MRP1 (top panel) and BCL2 (bottom panel) proteins
Dark color indicates high protein concentration. Cells were incubated for 48 h with the
indicated formulations. DOX: Doxorubicin.
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Figure 6. Apoptosis induction in multidrug-resistant H69AR human lung cancer cells
Typical fluorescent microscopy images of cancer cells incubated for 48 h with the indicated
formulations and stained by TUNEL. Quantitative analysis of the intensity of fluorescence
(apoptosis induction) is presented on the bottom panel. Means ± standard deviation are
shown.
*p < 0.05 when compared with control.

Saad et al. Page 22

Nanomedicine (Lond). Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Viability of multidrug-resistant H69AR human lung cancer cells incubated 48 h with
the indicated formulations
(A) Cytotoxicity of formulations that do not contain DOX; (B) cytotoxicity of formulations
that contain DOX; (C) actual dose–response curves of formulations that contain DOX. The
concentration of siRNA and composition of cationic liposomes in all formulations were the
same. Means ± standard deviation are shown. 1: Control (fresh media); 2: Empty cationic
liposomes; 3: Free BCL2 siRNA; 4: Free MRP1 siRNA; 5: Free BCL2 siRNA–MRP1
siRNA; 6: Free DOX; 7: Cationic liposomes–DOX; 8: Cationic liposomes–mock
nontargeting control siRNA; 9: Cationic liposomes–BCL2 siRNA; 10: Cationic liposomes–
MRP1 siRNA; 11: Cationic liposomes-MRP1 siRNA–BCL2 siRNA; 12: Cationic
liposomes-DOX-BCL2 siRNA; 13: Cationic liposomes–DOX–MRP1 siRNA; 14: Cationic
liposomes–BCL2 siRNA–MRP1 siRNA + Free DOX; 15: Cationic liposomes–DOX–BCL2
siRNA–MRP1 siRNA.
*p <0.05 when compared with control; ‡p <0.05 when compared with free DOX.
DOX: Doxorubicin.
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Figure 8. Cytotoxicity of different formulations in human multidrug-resistant ovarian (A2780/
AD) and breast (MCF-7/AD) cancer cells
The cells were incubated for 48 h with the indicated formulations. The concentration of
siRNA and composition of cationic liposomes in all formulations were the same. Means ±
standard deviation are shown. 1: Free DOX; 2: Cationic liposomes–DOX; 3: Cationic
liposomes–BCL2 siRNA; 4: Cationic liposomes–DOX–MDR1 siRNA; 5: Cationic
liposomes-MDR1 siRNA–BCL2 siRNA + Free DOX; 6: Cationic liposomes–DOX–MDR1
siRNA–BCL2 siRNA.
*p <0.05 when compared with free DOX.
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