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Abstract

Multidrug resistance (MDR) is a major impediment to chemotherapy. In the present study, we designed antisense
oligonucleotides (ASOs) against MDR1, MDR-associated protein (MRP)1, MRP2, and/or BCL-2/BCL-xL to reverse MDR
transporters and induce apoptosis, respectively. The cationic liposomes (100 nm) composed of N-[1-(2,3-dioleyloxy)propyl]-
n,n,n-trimethylammonium chloride and dioleoyl phosphotidylethanolamine core surrounded by a polyethylene glycol (PEG)
shell were prepared to carry ASOs and/or epirubicin, an antineoplastic agent. We aimed to simultaneously suppress efflux
pumps, provoke apoptosis, and enhance the chemosensitivity of human colon adenocarcinoma Caco-2 cells to epirubicin.
We evaluated encapsulation efficiency, particle size, cytotoxicity, intracellular accumulation, mRNA levels, cell cycle
distribution, and caspase activity of these formulations. We found that PEGylated liposomal ASOs significantly reduced
Caco-2 cell viability and thus intensified epirubicin-mediated apoptosis. These formulations also decreased the MDR1
promoter activity levels and enhanced the intracellular retention of epirubicin in Caco-2 cells. Epirubicin and ASOs in
PEGylated liposomes remarkably decreased mRNA expression levels of human MDR1, MRP1, MRP2, and BCL-2. The
combined treatments all significantly increased the mRNA expressions of p53 and BAX, and activity levels of caspase-3, -8,
and -9. The formulation of epirubicin and ASOs targeting both pump resistance of MDR1, MRP1, and MRP2 and nonpump
resistance of BCL-2/BCL-xL demonstrated more superior effect to all the other formulations used in this study. Our results
provide a novel insight into the mechanisms by which PEGylated liposomal ASOs against both resistance types act as
activators to epirubicin-induced apoptosis through suppressing MDR1, MRP1, and MRP2, as well as triggering intrinsic
mitochondrial and extrinsic death receptor pathways. The complicated regulation of MDR highlights the necessity for a
multifunctional approach using an effective delivery system, such as PEGylated liposomes, to carry epirubicin and ASOs as a
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potent nanomedicine for improving the clinical efficacy of chemotherapy.
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Introduction

A major impediment to the success of human cancer therapy is
the development of cancer variants exhibiting multidrug resistance
(MDR). These variants may develop resistance to drugs with
different structures and functions [1]. MDR plays a critical role in
tumor initiation and progression by promoting cell proliferation
and inhibiting apoptosis [2,3]. Various mechanisms contribute to
MDR, including the overexpression of drug efflux pumps (pump
resistance) and the upregulation of cellular antiapoptotic defense
systems (nonpump resistance) [4]. P-glycoprotein (P-gp; encoded
by MDRI gene) and multidrug resistance-associated proteins
(MRPs) belong to the ATP-binding cassette (ABC) superfamily.
These transporter proteins (responsible for pump resistance)
mediate the efflux of drugs in the MDR spectrum, such as
anthracyclines, out of cells and thus reduce drug efficacy.
Epirubicin (Epi), an epimer of anthracycline doxorubicin, is used
for the treatment of breast, gastric, colorectal, and ovarian cancers
[5-7]. In this study, Epi is selected as a model anticancer drug,
because it is a substrate of P-gp, MRP1, and MRP2 [5,8,9].
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BCL-2 and BCL-xL have been identified as two key inhibitors
against various apoptotic stimuli. For cancers in which BCL-2 and
BCL-xL are co-expressed, the challenge lies in predicting which
antiapoptotic protein is biologically more important for cell
survival, and therefore, a more appropriate target for gene
therapy. Furthermore, tumor cells often switch expression from
BCL-2 to BCL-xL [10]. Collectively, these findings suggest that
the simultaneous downregulation of BCL-2 and BCL-xL is a
rational strategy for the implementation of anti-cancer therapy
[11]. In addition, the literature and our previous investigations
have suggested a direct link between the modulation of P-gp and
MRPs, and the regulation of apoptosis through BCL-2, BCL-xL,
BAX, and caspases [4,12,13]. However, the underlying mecha-
nism requires further investigation.

Recent advances in molecular genetics and tumor biology have
led to the identification of antisense oligonucleotides (ASOs) for
specifically inhibiting the expression of target genes implicated in
tumorigenesis and malignant progression [14—16]. ASOs are
chemically modified nucleotides of single-stranded DNA comple-
mentary to the mRNA regions of a target gene. Once introduced
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mto the cell, ASOs hybridize with the RNA complement by
Watson—Crick base pairing to form RNA/DNA duplexes, thereby
suppressing gene expression effectively and inhibiting protein
production [17,18]. Several ASOs have been used in clinical trials.
Fomivirsen, the first antisense drug, was approved by the US Food
and Drug Administration in 1998 for ocular cytomegalovirus
infection [19]. However, ASOs are mostly polyanionic and
hydrophilic. When ASOs are administered into the body, their
therapeutic efficacy is low, because they suffer from low
transfection efficiency and stability, non-specificity to the target
cells, degradation by enzymes, and rapid clearance from the
systemic circulation [18,20]. Polyethylene glycol-coated (PEGy-
lated) cationic liposomes can be successfully used for the
intracellular delivery of antineoplastic agents and ASOs directly
into the cytoplasm and nuclei of tumor cells to increase their
specific anticancer activity and MDR-reversing effect [20,21].

In the present study, we proposed a multi-targeted delivery
system with four components (Figure 1A): (a) PEGylated cationic
liposomes as a delivery system; (b) epirubicin (Epi) as an anticancer
drug to trigger apoptosis; (c) ASOs against human MDR1, MRP1,
and MRP2 mRNA as an inhibitor of pump resistance; and (d)
bispecific ASOs targeting BCL-2 and BCL-x. mRNA as a
suppressor of nonpump resistance. The positively charged
liposomal core was composed of a cationic lipid, N-[1-(2,3-
dioleyloxy)propyl]-n,n,n-trimethylammonium chloride
(DOTMA), and a neutral helper lipid, dioleoyl phophotidyletha-
nolamine (DOPE). Steric stabilization was then introduced by
incubating preformed liposomes with PEG using the postinsertion
method to form a protective shell. Anionic ASOs and/or
amphiphilic Epi were encapsulated into the cationic carriers using
ultrasonication to reduce the particle size to nanometer scale. We
aimed to simultaneously suppress efflux pump proteins, activate
apoptosis, and enhance the efficacy of epirubicin on human colon
adenocarcinoma Caco-2 cells.

Materials and Methods

Reagents

DOTMA and DOPE were purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL, USA). Polyethylene glycol 6000 (PEG6000)
was obtained from Sigma-Aldrich (St. Louis, MO, USA). Epi was
purchased from Pfizer, Inc. (New York, NY, USA). ASOs were
obtained from Scientific Biotech Corp. (Taipei, Taiwan). All cell
culture medium and reagents were purchased from Promega
(Madison, WI, USA), Invitrogen (Carlsbad, CA, USA), Gibco
BRL (Grand Island, NY, USA), or Hyclone (Logan, UT, USA).
Most of the other chemical reagents were obtained from Sigma-
Aldrich (St. Louis, MO, USA) or Merck (Darmstadt, Germany).

Cell lines

Caco-2 cells were obtained from the Bioresource Collection and
Research Center of the Food Industry Research and Development
Institute, Hsinchu, Taiwan. Cells were incubated in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS; Hyclone, Logan, UT, USA), 0.1 mM
nonessential amino acids, and 10,000 units/ml of penicillin/
streptomycin (Gibco BRL) at 37°C in a humidified atmosphere of
5% COy and 95% air.

Preparation of PEGylated cationic liposomal formulations

The sequences of these ASOs are shown in Table I. The
sequence of scramble ASOs does not silence or overexpress any
known mammalian gene. Based on this design, we have performed
treatments of 14 groups (Table II): control (CTR); scramble ASOs
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(SCR); free Epi; ASOs against MDR1, MRP1, and MRP2 (ASOs
against pump resistance); ASOs against BCL-2/BCL-xL (ASOs
against nonpump resistance); ASOs against MDRI1, MRPI,
MRP2, and BCL-2/BCL-xL (ASOs against both resistances);
empty liposome (Lip); liposomal Epi (Lip-Epi); liposomal ASOs
against MDR1, MRP1, and MRP2 (Lip-ASOs against pump
resistance); liposomal ASOs against BCL-2/BCL-xL (Lip-ASOs
against nonpump resistance); liposomal ASOs against MDRI,
MRP1, MRP2, and BCL-2/BCL-xL. (Lip-ASOs against both
resistances); liposomal Epi plus ASOs against MDR1, MRP1, and
MRP2 (Lip-Epi+ASOs against pump resistance); liposomal Epi
plus ASOs against BCL-2/BCL-xL.  (Lip-Epi+ASOs against
nonpump resistance); and liposomal Epi plus ASOs against
MDR1, MRP1, MRP2, and BCL-2/BCL-xL (Lip-Epi+ASOs
against both resistances).

The method of preparation was modified from Li and Huang
[21]. Small PEGylated cationic unilamellar liposomes consisting of
DOTMA and DOPE (1:1 w/w) were prepared by thin film
hydration. Briefly, DOTMA and DOPE (1 mg/ml) were heated to
around lipid phase transition temperature (about 60°C), and then
mixed with PEG6000 (1:1 molar ratio) [22]. This mixture was
incubated at 60°C: water bath for 2 h, followed by ultrasonication
at 25°C for 10 min to ensure the coating of the PEG chains to the
liposomal core. Individual ASOs were mixed by ultrasonication at
25°C for 90 min. Epi (200 pug/ml) was incorporated into the
PEGylated liposomes (Epi/lipid = 1.6 w/w) to form the PEGylated
liposomal Epi and/or ASOs. The final concentrations of Epi and
each ASO were 1 ug/ml and 0.22 pM, respectively. For example,
Lip-Epi+ASOs against both resistances possessed a final concen-
tration of Epi (1 pg/ml) and each ASOs against MDR1 (0.22 uM),
MRP1 (0.22 uM), MRP2 (0.22 uM), and BCL-2/BCL-xL
(0.22 uM) with a total ASOs concentration of 0.88 uM. Lip-
ASOs against pump resistance contained an individual concen-
tration of 0.22 pM for each ASOs targeting MDR1, MRP1, and
MRP? (total 0.66 uM) and scramble ASOs (0.22 uM) to keep the
equally total ASO concentrations of 0.88 uM. This preparation
was vibrated by ultrasonication at 25°C for 60 min.

Encapsulation efficiency (EE%), size distribution, and zeta

potential

Unbound Epi and ASOs were separated from the loaded
PEGylated liposomes by filtration and centrifugation at 4000x g
for 20 min (4°C) through an Amicron Ultra-4 Centrifuge Filter
(10,000 WCO, Millipore Corp., Billerica, MA). ASOs in the
filtrate were measured by NanoDrop 2000 (Thermo, Wilmington,
DE, USA). Epi in the filtrate was analyzed by HPLC.[23] The
HPLC system is composed of a L7100 pump (Hitachi, Tokyo,
Japan) equipped with an L2200 automated injector, a LiChro-
spher column (25 cm long, 4 mm inside diameter; Merck), and a
L2400 UV detector (Hitachi). The mobile phase was prepared by
methanol and water (75:25, v/v). The flow rate was set at 1.2 ml/
min and the detection wavelength was 254 nm. EE1% was
calculated as the percentage of the amount of ASOs in liposomes
divided by the total amount of added ASOs. EE2% was calculated
as the percentage of the amount of Epi encapsulated into
liposomes divided by the total amount of added Epi. Each
experiment was performed in quadruplicate. EE1% and EE2%
were calculated by the equation 1 as shown below.

EE%=[(W,Wy)/ W] x 100%

where W, is the weight of added Epi (or ASOs) and Wy is the
weight of Epi (or ASOs) in the filtrate.
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Figure 1. The formation of PEGylated liposomal delivery system of epirubicin and antisense oligonucleotides and particle size
distribution of this system. (A) A schematic diagram for the formation of PEGylated liposomal delivery system containing epirubicin (Epi)
combined with antisense oligonucleotides (ASOs) targeting MDR1, MRP1, MRP2, and/or BCL-2/BCL-xL to reverse pump and nonpump resistances,
respectively. (B) Particle size distribution of liposomal Epi combined with ASOs targeting MDR1, MRP1, MRP2, and BCL-2/BCL-xL.

doi:10.1371/journal.pone.0090180.g001

In addition, the size distribution and zeta potential of liposomes
were measured using a Zetasizer 3000 HS dynamic light scattering
system (Malvern Instruments Ltd., Malvern, Worcestershire, UK).
Before measurement, the liposomes were diluted in culture
medium and measurement was performed at 25°C. Data was
calculated by a cumulant method to obtain polydispersity index.
Data were analyzed from four individual measurements and the
mean value was calculated.

Cytotoxicity assay

Cells (6 x10%) were incubated in 96-well plates and treated with
the individual 14 groups (Table II) for 48 h. The cells were mixed
with 0.2 mg/ml MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide; Sigma) and incubated for another 4 h.
Dimethylsulfoxide (DMSO, 100 pl) was added to each well to
dissolve the formazan. We detected the optical density value
(ODs40) using an MRX microplate reader (Dynatech Laboratories
Inc., Chantilly, VA, USA), which set the wavelength at 540 nm.
The measured ODs5y for different treatments was converted into
the cell number according to the standard curve. Relative cell
viability (%) was calculated by dividing the number of cells treated
with each group by the number of cell control. Data were analyzed
from six individual measurements.

RNA extraction and quantitative real-time PCR of MDRI,
MRP1, MRP2, BCL-2, BAX, caspases, and p53

4x10° cells were maintained in 6-well plates and pretreated
with control or various formulations for 48 h (Table II) at a final
concentration of 1 pug/ml for Epi and/or 0.22 pM for each ASO.
After treatment, we used the Total RNA Miniprep System
(Viogene, Taipei, Taiwan) to isolate RNA from the cells. RNA
yield and purity were evaluated using NanoDrop 2000 (Thermo,
Wilmington, DE, USA). cDNA was reverse transcribed from total
RNA using a high-capacity RNA-to-cDNA kit (Applied Biosys-
tems; Foster City, CA, USA). Gene-specific primers (Table III) of
MDRI1, MRPI1, and MRP2 (efflux transporter-related), as well as
BCL-2, BAX, caspase-3, -8, -9, and p53 (apoptosis-related) were
verified by melting curve and agarose gel analyses. GAPDH was
used as an internal control. Real-time PCR was performed using
the StepOne Real-Time PCR system (Applied Biosystems) and
SYBR Green PCR Master Mix (Applied Biosystems). The cycling

Table 1. Sequences of antisense oligonucleotides.

program was set as follows: denaturation at 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The
result was assayed from triplicate measurements and normalized to
the GAPDH level. The expression ratio of mRNA was calculated
as the ratio of the treatment group compared with the cell control.

Plasmid construction of A(MDR1 promoter fragment

The construction of human MDRI (hMDR1) promoter region
has been described in details in our previous studies [9,12]. Briefly,
we amplified the 159-bp AMDR]1 promoter element of residue
—120 to +39 using PCR with primers composed of the 5'-primer
(5'-CGCAGTCTCTCGAGCAATCAGCATTAGTCAGTGC)
and  the  3'-primer (5'-GTCAAGCTTGAGCTTGTAA-
GAGCCGCTACTAGA). The resulting PCR fragment was
transferred into the pGL3-basic firefly luciferase reporter vectors
(Promega, Madison, WI, USA) using a T4 DNA ligase and the
restriction enzymes Xhol and Hindlll (Promega). All the plasmid
products were amplified in Escherichia coli competent cells and then
purified using a MagneSil Magnetic Separation Unit (Promega).

Transfection and dual luciferase activity assay

2 pg/well of the AMDRI promoter-pGL3 reporter vector
constructs were gently mixed with 0.2 ug/well of the pRL-TK
Renilla Tuciferase reporter gene (Promega) and 6 pl of Lipofecta-
mine 2000 (Invitrogen Corp., Carlsbad, CA, USA). The mixture
was subjected for Claco-2 cell transfection at 25°C for 15 min and
the transfected cells were incubated at 37°C for 15 h. Subse-
quently, the cells were incubated with different treatments for
48 h. 20 pl lysate supernatants were added with 100 ul Luciferase
Assay Reagent II (Promega) to start the luciferase reaction. We
measured the luciferin  luminescence using a luminometer
(MiniLumat LB9506; Berthold, Bad Wildbad, Germany). 100 pl
Stop & Glo reagent (Promega) was added to simultaneously
quench the firefly reaction and initiate a Renilla luciferase reaction.
After correcting a background luminescence, we computed the
data as the AMDRI promoter activity level of treatment group
divided by that of control.

Intracellular accumulation of Epi
Cells (2x10%) were sceded into 24-well plates. After pretreat-
ment with 14 different formulations at 37°C for 48 h, the cells

Category of antisense oligonucleotides (ASOs)®

Sequences

ASOs against MDR1®

ASOs against MRP1¢

ASOs against MRP2¢

Bispecific ASOs against BCL-2 and BCL-xL
Scramble ASOs

5'-TTC AAG ATC CAT CCC GAC CTC GCG-3’
5'-TGC TGT TCG TGC CCC CGC CG-3'
5'-GGC TGC CAT GGT CCC-3'

5'-AAG GCA TCC CAG CCT CCG TT-3’
5'-AATTCTCCGAACGTGTCACGT-3’

®MDR1, multidrug resistance gene 1.
‘MRP1, gene of MDR-associated protein 1.
9MRP2, gene of MDR-associated protein 2.
doi:10.1371/journal.pone.0090180.t001
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*The DNA backbone of all bases in oligonucleotides is P-ethoxy modified to enhance nuclease resistance and increase incorporation efficacy into liposomes.
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é '.g " were harvested in the dark and washed twice by PBS, and
p g mtracellular Epi fluorescence was detected using a flow cytometer
s g3 (Cell Lab Quanta SC MPL; Beckman Coulter, Fullerton, CA,
._Ié- %@ N . .. USA) supplied with an argon ion laser and excited at 488 nm. Red
Epi fluorescence was evaluated at 575/50 nm (FL-2) after
§ logarithmic amplification. Data measurement and calculation
E - Eg were assessed using commercial software (Cell Lab Quanta SC
2£3s MPL). At least 10,000 cells were determined in each sample. Four
2587 individual experiments were done.
Jdecs |+ + U B +
é g Caspases-3, -8, and -9 activity assay
Eg—g Commercially available Caspase-Glo 3, Caspase-Glo 8, and
.,.I‘i'.g £ Caspase-Glo 9 Assay Kits (Promega, Madison, WI, USA) were
£ %g . B + used to measure the caspases-3, -8, and -9 activities. 2 X 10° cells/
< well were harvested after different treatments for 48 h. Fifty ul of
,,,_§ g caspase-3, -8, and -9 substrate reagents were then mixed with
2 7 § 50 pl of the cell suspension at room temperature for 30 min [9].
<,':_ S o Released aminoluciferin luminescence levels were detected using a
Sef |+ Tl luminometer (MiniLumat LB9506; Berthold, Bad Wildbad,
W au Germany).
SuEE ,
i-g ga Cell cycle analysis
S82¢ |1+ IR I + Apoptotic cells in different cell cycle phases were determined by
o flow cytometry. Cells (1 x10°) were seeded into 24-well plates and
£ ° treated for 48 h. The cells were harvested and mixed with 80%
é ;' é ethanol at —20°C overnight. The cells were then resuspended in
‘é-%,g hypotonic buffer. We used propidium iodide (I mg/ml) to stain
SR 4 + + o+ | + the cells and incubated them for 30 min in the dark. Data
- acquisition was achieved using a flow cytometer (Cell Lab Quanta
u‘l}' SC MPL). Three individual experiments were performed and
Sl + R I analyzed.
She « 00 DNA fragmentation
” 2x10° cells/well were treated with 14 formulations for 48 h.
£ 3 These cells were harvested by centrifugation and the cell
g § suspensions were mixed with lysis buffer, followed by incubation
ds ‘é at 56°C for 24 h. Equal volume of phenol, chloroform, and
<8¢ |1 - - isoamyl alcohol (25:24:1) was added to extract the DNA. The
= DNA product was then separated by 2% agarose gel electropho-
€00 resis at 50 V. The resolved gel was visualized using a SYBR® Safe
QE § dye (Invitrogen) and digitally scanned using a gel documentation
ggka system (UVIdoc; UVItec Limited, Cambridge, UK). Three
228 |, | o+ + individual experiments were performed and only one representa-
. tive electrophoresis plot was shown.
2 g £ Statistical analysis
o w ol . . . ,
= QE= Statistical analysis was don.e using Student’s ¢ test an(‘i expressed
=] <2 |1 1 + o+ o+ 4 as mean * standard deviation (S.D.). For multiple group
g comparison, one-way ANOVA and Dunnett’s tests were per-
"é & ls nr formed. Differences between groups were set at P<<0.05.
]
p P su g Results
£ S N T TR - 4 S
S §e8 Determination of encapsulation efficiency, particle size,
s E O B T E é and zeta potential of PEGylated liposomal ASOs or Epi
k= :g% g The encapsulation efficiency (%) of ASOs (EE1%) and Epi
g -~ . -GSJ ‘i 8 (EE2%) in PEGylated liposomes ranged from 86.28%3.50% for
g _ IR é % % s s g Lip-Epi+ASOs against both resistances to 87.97%1.56% for Lip-
Y E 5% % 8 5+ § ° g S Epi, as demonstrated in Table IV.
‘: £ 3¢ 'é 'g 'g §§ Z = g N These PEGylated liposomal preparations were well-dispersed
r 5 = E S 5w o~ gl 8es particles with sizes ranging from 95.3%2.8 nm for Lip to
= | 92 23323z & ir+38 110.2%x1.5 nm for Lip-ASOs against both resistances, with an
w o= < < < <0 n © o T

acceptably homogeneous polydispersity index about 0.1 (Table IV).
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The particle size distribution of Lip-Epi+ASOs against both
resistances is shown in Figure 1B.

In our prepared liposomes, the mean zeta potential of Lip was
22.4%2.26 mV (n=4), indicating highly positively charges in this
nanoparticle formulation (Table IV). As Epi was encapsulated in
Lip, the zeta potential of Lip-E was slightly increased, because of
the cationic nature of Epi. When ASOs was incorporated into Lip,
the zeta potential of these formulations decreased, probably due to
the negative charges of ASOs. The net positive zeta potential in
the liposomal formulations containing both Epi and different
ASOs may improve their electrostatic interactions with negatively
charged surface of cancer cells.

PEGylated liposomal Epi and ASOs significantly increased
Epi cytotoxicity

The relative cell viability (%) of cells treated with various
concentrations of Epi (0, 0.1, 1, 5, 10, and 20 pg/ml) is shown in
Figure 2A. The concentration of Epi necessary to inhibit
proliferation or increase death of Caco-2 cells by 50% is expressed
as 1C59. The mean IC;, value for the treatment of Epi was

Table 3. Real-time PCR primer sequences used for screen of intestinal MDR transporter-related genes and apoptosis-associated
genes.

Gene name Forward primer Reverse primer

GAPDH ATGGGGAAGGTGAAGGTCG GGGGTCATTGATGGCAACAATA
MDR1 GCTCATCGTTTGTCTACAGTTCGT ACAATGACTCCATCATCGAAACC
MRP1 GGATCATGCTCACTTTCTGG AAGTGATGTCACGAAACAGGTC
MRP2 AAGATGCAGCCTCCATAACCA TGGACCTAGAACTGCGGCTAA
p53 GAGAATCTCCGCAAGAAAGG CTCATTCAGCTCTCGGAACA
Bcl-2 CTTGACAGAGGATCATGCTGTAC GGATGCTTTATTTCATGAGGC

Bax GGGCCCACCAGCTCTGA CCTGCTCGATCCTGGATGA
Caspase-3 CCTGGTTATTATTCTTGGCGAAA GCACAAAGCGACTGGATGAA
Caspase-8 CAGGCAGGGCTCAAATTTCT TCTGCTCACTTCTTCTGAAATCTGA
Caspase-9 TGCTGAGCAGCGAGCTGTT AGCCTGCCCGCTGGAT
doi:10.1371/journal.pone.0090180.t003

13.95%£0.26 pug/ml. ASOs were used as adjuvants to potentiate the
cytotoxicity of Epi, and thus 1 ug/ml Epi (<ICj5) was selected for
the following combined treatment with ASOs. The relative
viability (%) of cells treated with various concentrations of Lip-
ASOs against both resistances (0, 0.11, 0.22, 0.88, and 1.76 uM) is
shown in Figure 2B. The concentration of Lip-ASOs against both
resistances from 0.11 to 0.44 pM had no significant cytotoxicity to
Caco-2 cells. We chose 0.88 uM Lip-ASOs against both
resistances (relative cell viability % of 90.89%1.20) to intensify
the potency of Epi. As exhibited in Figure 2C, the combined
treatment of PEGylated liposomal Epi and ASOs against pump
resistance (P<<0.05), nonpump resistance (P<<0.05), or both
resistances (P<<0.01) demonstrated more cytotoxicity to Caco-2
cells compared with those of free and liposomal Epi. Lip-
Epi+ASOs against both resistances was the most effective
formulation to reduce Caco-2 cell viability among all the
formulations (all P at least <0.05). The relative viability (%) of
Lip-Epi+ASOs against both resistances was compatible with the
value of free epirubicin at 20 pg/ml. Thus, the combination of
1 pg/ml Epi and 0.88 uM ASOs against both resistances

Table 4. Physicochemical properties of different liposomal formulations (n=4).

both resistances

Particle size (nm) Zeta potential (mV) Polydispersity index EE1%® EE2%"
Lip 95.3+2.8 22.4%2.26 0.091£0.010 - -
Lip-Epi 104327 26.13+3.43 0.111£0.021 - 87.97+1.56
Lip-ASOs against 100.8+2.4 16.23+£2.29 0.115+0.027 87.84+2.37 -
pump resistance
Lip-ASOs against 103.8%£1.3 20.66+2.28 0.099+0.018 87.71+1.49 -
nonpump resistance
Lip-ASOs against 110.2x1.5 14.04*1.27 0.119£0.023 87.29%1.32 -
both resistances
Lip-Epi+ASOs against 105.1£3.5 20.47+2.21 0.109£0.015 86.61+1.47 87.28+1.55
pump resistance
Lip-Epi+ASOs against 102.3+23 24.88+3.22 0.113%+0.020 87.16+2.81 86.69+2.38
nonpump resistance
Lip-Epi+ASOs against 97.7+14 18.34+1.28 0.098+0.022 86.28+3.50 86.31+1.28

doi:10.1371/journal.pone.0090180.t004

PLOS ONE | www.plosone.org

®encapsulation efficiency 1 (EE1%) was calculated as the percentage of the amount of ASOs in liposomes divided by the total amount of added ASOs.
Pencapsulation efficiency 2 (EE2%) was calculated as the percentage of the amount of Epi in liposomes divided by the total amount of added Epi.
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Figure 2. Susceptibility of Caco-2 cells after epirubicin and/or
antisense oligonucleotide treatment. (A) The effect of Epi at
concentrations 0, 0.1, 1, 5, 10, and 20 pug/ml for 48 h incubation on the
cell viability of Caco-2 cells. ‘P<0.05, “P<0.01, and ~"P<0.001
compared to control (CTR). (B) The effect of Lip-ASOs against both
resistance types at concentrations of 0, 0.1, 0.22, 0.44, 0.88, and 1.76 uM
and 48 h of incubation on the cell viability of Caco-2 cells. "P<0.05
compared to CTR. (C) The effect of Epi (1 ug/ml) and ASOs (0.88 uM) in
free or liposomal formulations on the cell viability of Caco-2 cells. Means
+ S.D. from six independent experiments are shown. "P<0.05, “P<0.01,
and ""P<0.001 compared to CTR; TP<0.05 and "7/P<0.01 compared to
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Epi; #P<0.05 when Lip-Epi+ASOs against both resistances compared to
Lip-Epi+ASOs against pump resistance; $p<0.05 when Lip-Epi+ASOs
against both resistances compared to Lip-Epi+ASOs against nonpump
resistance.

doi:10.1371/journal.pone.0090180.g002

increased the efficacy of Epi to a level of 20-fold (20 ug/ml in
monotherapy vs. 1 ug/ml in combined therapy).

PEGylated liposomal ASOs decreased the mRNA levels of
MDR transporters

The mRNA expression levels of MDR1, MRP1, and MRP2
were evaluated using real-time PCR. Treatments with ASOs
against pump resistance, ASOs against both resistances in free or
liposomal formulations all significantly decreased the correspond-
ing mRNA levels of MDR1, MRPI1, and MRP2 (P<0.05,
Figure 3). Epi, Lip-Epi, and Lip-Epi+ASOs against nonpump
resistance all remarkably increased the mRNA levels of MDRI,
MRP1, and MRP2 (P<0.05, Figure 3), implying the role of Epi in
inducing resistance-related proteins to pump Epi out and
exacerbating MDR  development. ASOs targeting nonpump
resistance in free or liposomal formulations exhibited no significant
effect on the inhibition of pump resistance genes (P>0.05). Lip-
ASOs against pump resistance and Lip-ASOs against both
resistances showed significantly greater inhibitory effects on
MDRI1, MRPI1, and MRP2 expressions than those of free
formulations, respectively.

PEGylated liposomal ASOs significantly decreased the
luciferase activity of the h(MDR1 promoter region

To verify if PEGylated liposomal ASOs and/or Epi affected the
transcriptional regulation of ZMDRI in Caco-2 cells, the promoter
elements of 159 bp including a distinct GC box, an inverted
CCAAT box (Y box), a CAAT site, and an AP-1 site were
transfected into the region upstream of the firefly luciferase
reporter gene in the pGL3-basic vector. We selected this promoter
region because MDRI1 gene transcription is regulated by multiple
transcription factors [24-26]. ASOs against pump resistance,
ASOs against both resistances, their corresponding liposomal
formulations, and their combined treatments with Epi significantly
decreased AMDRI promoter activity levels (P<0.05; Figure 4A).
Epi, Lip-Epi, and Lip-Epi+ASOs against nonpump resistance
significantly increased the luciferase activity (P<0.03), which
indicated that Epi had remarkably enhanced #ADRI promoter
activity. In a negative control experiment, we also found that
ASOs and/or Epi did not change the luminescence of the AMDR]
promoter-deficient pGL3 vectors, which implies that there was no
nonspecific direct interaction between the individual testing agents
and the luciferase reporter genes.

PEGylated liposomal ASOs increased the Epi retention in
Caco-2 cells

Our experimental data (Figure 4B and C) showed that
PEGylated liposomal Epi and ASOs against pump resistance
enhanced the intracellular accumulation of Epi and Lip-Epi
(P<0.05) after 48 h treatment. The combined treatment of Epi
and ASO targeting nonpump resistance exhibited no further
enhancement of Epi retention than Lip-Epi did (P<0.05). Lip-
Epi+ASOs against both resistance types demonstrated no more
retention of Epi than that of Lip-Epi+ASOs against pump
resistance (P>0.05). These results suggest that inhibiting P-gp
and MRPs using specific ASOs may account for the decrease in
MDR transporter function and the corresponding increase in Epi’s
retention in Caco-2 cells.
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Figure 3. The effect of different treatments on the mRNA levels of pump resistance associated genes. The effect of different treatments
on the mRNA levels of MDR1, MRP1, and MRP2, as measured by real-time PCR. Means = S.D. from three independent experiments are shown.
"P<0.05 compared to CTR; 'P<0.05 compared to Epi; ¥P<0.05 when liposomal formulation compared to its corresponding free formulation. For
example, Lip-ASOs against pump resistance vs ASOs against pump resistance. $p<0.05 when liposomal formulation of Epi plus ASOs compared to its
corresponding liposomal formulation of ASOs. For example, Lip-Epi+ASOs against both resistances vs Lip-ASOs against both resistances.

doi:10.1371/journal.pone.0090180.g003

Liposomal ASOs and Epi modulated mRNA expressions

of apoptosis-related genes

The mRNA expression levels of BAX, BCL-2, caspase-3, -8, -9,
and p53 were evaluated using real-time PCR. The treatments of
Lip-Epi plus ASOs against pump resistance, nonpump resistance,
or both resistance types significantly increased the corresponding
mRNA levels of p53, BAX, caspase-3, -8, and -9 (Figure 5A and
C; P<0.05), and significantly increased the BAX-to-BCL-2 ratio
(Figure 5B; P<<0.05). Epi and Lip-Epi had a marginal effect on
caspase 8, whereas they increased the p53, BAX, caspase-3, and -9
expressions. For the above individual treatments, the changes in
the expression level of caspase 8 were much lower than the
corresponding caspase 9 (Figure 5C; All P<<0.05). Lip-Epi+ASOs
against both resistances resulted in significantly (P<<0.05) greater
upregulation of p53, BAX, caspase-3, -8, and -9 expressions than
all the other treatments (all with £<<0.05). Interestingly, Epi, Lip-
Epi, and Lip-Epi+ASOs against pump resistance induced BCL-2
expression, whereas Lip-ASOs against nonpump resistance, Lip-
ASOs against both resistances, and their combined treatments

PLOS ONE | www.plosone.org

with Epi inhibited BCL-2 expression (All £<<0.05). Lip-Epi+ASOs
against both resistances did not decrease the mRINA levels of BCL-
2 more than Lip-Epi+ASOs against nonpump resistance did
(P>0.05). Whether cells undergo apoptosis or not depends on the
dynamic equilibrium of the expression of BAX and BCL-2. The
higher BAX/BCL-2 ratio means more cells possess the potential to
undergo apoptosis, as shown in Figure 5B. The formulations with
Epi as the component significantly increased the BAX/BCL-2
ratio (P<<0.05). The addition of ASOs in the formulations further
enhanced BAX/BCL-2 ratio (P<<0.05).

Treatments of liposomal Epi and/or ASOs significantly
increased caspases-3, -8, and -9 activities

We examined the activities of caspases-3, -8, and -9 induced by
ASOs with or without Epi to determine the apoptotic pathway
involved. The activities of these caspases were increased by Epi or
ASOs targeting BCL-2/BCL-xL or both resistance types in free or
liposomal formulations (P<<0.05) and further enhanced by the
combined treatment (Figure 5D; P<<0.05). However, the increased
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Reversing MDR Using Liposomal Antisense Oligonucleotides

> g
g X O
(A) 1357 ©)
S RS
-120 F H | Luciferase
MDRI1 promoter region
140 T
% § 180 :
P § %
—~ 120 4 160 - I T
< 9 +
= ~ :
= 100 4 ¥ 2 1401 S ;
§ " £ 8 1204 1 =
5 1 . E =
g %7 ; k § 8 =
g B 100 =
g | ] 3 B —
=z 7 i L S 80 =
g i E =
E 40 4 § 01 E
B k= =
% g 40 =
& 90 4 =
20 1 =
0- . =
o o WS ¢ @ P o o W o D S
S eﬁ.\%@“ W @é\s"f’ 2 :&@“ @g\s"‘*@é\s\?‘é\&“ &5\%\%‘5\5‘%@%‘@@“ W @g\s\”’@é\s@ o
o ‘00&‘ o \&‘Q;&“ RN + o oo (o : RN
" SRS\ } W ) U .\‘\c_,\Q PEAIESY .\st (\Qx\‘é o . \‘\g& PO
3P e R REAR T RO % %-\95‘0&% 3% g o RO A
P'%O%Qs oY < yﬁo%os'& ?‘%0 X?E“'Q%Q%&x?’%'o S %05'& < ?‘%OSO:" %Q S ngososﬁg,xhgo
W0 W NI W A 3 SOl 3
B Wt W Q@%@wb@v B (S \)Q@?@Q\XP;\Q’@Q
(B)
St
)
E
o=
=
©
O
10°
101'\.,( &
Fluorescence 107\ — X
. . 103\7 .‘
mtensity T RN
, 2 2 2 ; 2 2 N A 2
C-‘?w '56?». .qe-“c " -\’&\c r\‘}c’e \}Q. ‘\"L‘L"-\c ‘\:’c\g‘c &QQ ¥ . SN . -\'23*\0 . _\"é‘\c r\‘}c’e
A ) - R A axs Y ) - . R0
IR @ @ o R R
ISR e S R A
Lo @c&“. o Y g, S I g
AL At PO At AL A
& oo o8P g oS 8P o2 o o8
10-‘:." g_’& 0‘3"“ o v ad _0‘5““’ 0“3" gD ‘O%“
bs-% vo-‘g@"" p.,_% 1-,"5 5 DT ..b*% b:O 0" o "'_sz_%
P P& & O ..‘?& 9" < é\_k £ o ?\5 o b
L O e Y
A
PLOS ONE | www.plosone.org 9 March 2014 | Volume 9 | Issue 3 | 90180



Reversing MDR Using Liposomal Antisense Oligonucleotides

Figure 4. The effect of different treatments on the AVMDR1 promoter activity and the intracellular accumulation of epirubicin in
Caco-2 cells. (A) The effect of different treatments for 48 h on the hMDR1 promoter activity in Caco-2 cells. The luminescence was measured using a
dual luciferase assay kit with a Iuminometer After background correction, results were expressed as the level of h(MDR1 promoter-pGL3 activity
divided by pRL-TK activity IeveI "P<0.05 compared to CTR; 'P<0.05 compared to Epi; ¥7<0.05 when liposomal formulation compared to its
corresponding free formulation; *P<0.05 when liposomal formulation of Epi plus ASOs compared to its corresponding liposomal formulation of ASO.
(B) The effect of different treatments on the intracellular accumulation of fluorescent Epi in Caco-2 cells. The three-dimensional view of cell number
versus fluorescence intensity of Caco-2 cells after different treatments was shown. (C) Mean fluorescence intensity of Epi control was normalized to
be 100%. Mean fluorescence intensity of the other treatments was normalized relative to the Epi. Data are means * standard deviation of four
independent experiments. The relative fluorescence |nten5|ty % of formulations without Epi demonstrates that the auto-fluorescence of these
treatments was negligible. TP<0.05 compared to Epi; ¥P<0.05 compared to Lip-Epi; *P<0.05 compared to Lip-Epi+ASOs against pump resistance.
doi:10.1371/journal.pone.0090180.9g004

activity levels of caspase 8 were much lower than those of the
corresponding caspase 9 (P<<0.05).

the treatments containing Epi, ASOs against pump resistance,
nonpump resistance, or both resistaces in free or liposomal
formulations for 48 h (Figure 6A). The cells treated with Lip-

Liposomal ASOs and Epi significantly affected Caco-2 cell
cycle distribution

Caco-2 cells after different treatments for 48 h showed a typical
DNA pattern that represented sub-G1, G0/G1, S, and G2/M

Epi+ASOs against both resistances exhibited the highest percent-
age of sub-G1 distribution (52.33%0.87%; P<<0.05) among all the
formulations, indicating that the treatment of this formulation
induced more cells to undergo apoptosis.

phases of the cell cycle. The percentages of apoptotic cells (sub-G1
phase) were significantly enhanced after cells were incubated with
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Figure 5. The effect of different treatments on the mRNA levels of nonpump resistance associated genes and caspase activities. (A)
The effect of different treatments on the mRNA levels of nonpump resistance associated genes, including BCL-2, BAX, and p53, as measured by real-
time PCR. (B) The BAX:BCL-2 expression ratios of different treatments. (C) The effect of different treatments on the mRNA levels of apoptotic genes,
including caspase 9 (CASP9), caspase 8 (CASP8), and caspase 3 (CASP3), as measured by real-time PCR. (D) The effect of different treatments on
CASP3, 8, and 9 activities as recorded the luminescence using a luminometer. Means *+ S.D. from three independent experiments are shown. "P<0.05
compared to CTR; TP<0.05 compared to Epi; ¥<0.05 when liposomal formulation compared to its corresponding free formulation; 2P<0.05 when
liposomal formulation of Epi plus ASOs compared to its corresponding liposomal formulation of ASO.

doi:10.1371/journal.pone.0090180.9005
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Figure 6. The effect of different treatments on the cell cycle distribution and DNA fragmentation in Caco-2 cells. (A) Analysis of cell
number % of each cell cycle phase relative to total phases using flow cytometry in Caco-2 cells pretreated with different antisense formulations and/
or Epi for 48 h. For example, sub-G1% is calculated as the percentage of the number of cells in the sub-G1 population relative to the number of total
cells. Means = S.D. from three independent experiments are shown. "P<0.05 compared to CTR; TP<0.05 compared to Epi; ¥P<0.05 when liposomal
formulation compared to its corresponding free formulation. (B) The DNA fragmentation effect of different treatments on Caco-2 cells for 48 h. DNA
was isolated from Caco-2 cells and resolved by electrophoresis on 1.2% agarose gel. The gel was then visualized by SYBR safe staining. M: DNA
marker; Lane 1: CTR; Lane 2: Epi; Lane 3: SCR; Lane 4: ASOs against pump resistance; Lane 5: ASOs against nonpump resistance; Lane 6: ASOs against
both resistances; Lane 7: Lip; Lane 8: Lip-ASOs against pump resistance; Lane 9: Lip-Epi; Lane 10: Lip-ASOs against nonpump resistance; Lane 11: Lip-
ASOs against both resistances; Lane 12: Lip-Epi+ASOs against pump resistance; Lane 13: Lip-Epi+ASOs against nonpump resistance; Lane 14: Lip-

Epi+ASOs against both resistances.
doi:10.1371/journal.pone.0090180.9g006

Liposomal ASOs and/or Epi significantly enhanced DNA
fragmentation

DNA laddering is a molecular biological hallmark of apoptosis.
During apoptosis, DNA unwound from histones is digested by
endonuclease. The rest of the DNA organizes in a ladder pattern
with multiples of approximately 100 to 200 bp subunits and can be
separated by agarose gel electrophoresis. As shown in Figure 6B,
DNA isolated from cells after treatment with Epi, Lip-Epi, and
Lip-Epi plus ASOs against pump resistance, nonpump resistance,
or both resistances formed a ladder pattern in DNA fragments. We
further confirmed the DNA fragmentation phenomenon of Caco-2
cells triggered by apoptosis. Furthermore, we also observed that
liposomal ASOs and Epi significantly induced chromatin conden-
sation in Caco-2 cells using fluorescence microscopy (data not
shown).

Discussion

The combined use of ASOs with chemotherapy, such as Epi, is
more active than ASO or Epi monotherapy, especially in cancer
cell lines with MDR phenotype, such as Caco-2. P-gp, MRP1,
MRP2, BCL-2, and BCL-xL are all related to the development of
MDR and are present in Caco-2 cells [27-29]. Epi, an anticancer
drug in the class of anthracycline, is a substrate of P-gp, MRP1,
and MRP2, revealing that overcoming MDR may increase the
therapeutic efficacy of Epi [8,12]. Thus, exploring the synergistic
effects of the combined therapy of Epi and ASOs against P-gp,
MRPI1, MRP2, and BCL-2/BCL-xL, may help us develop an
effective strategy for multifunctional therapy of colon cancer. The
proposed pathways for inhibiting MDR transporters and activat-
ing apoptosis in Caco-2 cells are shown in Figure 7.

The study employed cationic liposomes (100 nm) composed of
DOTMA and DOPE core, coated by a PEG shell to carry ASOs
and/or Epi. PEG may increase the half-life of this delivery system
in systemic circulation by circumventing the reticuloendothelial
system [30]. Furthermore, DOTMA is a monovalent cationic
lipid, whereas DOPE is a neutral lipid used as a transfection
enhancer in cationic liposome formulation. The PEGylated
cationic liposomes might enhance the local accumulation of Epi
and ASOs in the tumor tissue, possibly through the sustained
release effect and enhanced permeability and retention (EPR)
effect on the leaky tumor capillary fenestrations of cancer cells
[31-33]. PEGylated stealth liposomes could be internalized into
the cytoplasm or nuclei of cancer cells by endocytosis and
membrane fusion to reduce the possibility of ASO degradation by
nucleases after systemic administration [15]. Therefore, our
delivery systems containing Epi and ASOs targeting MDR
transporters (Lip-Epi+ASOs against pump resistance or both
resistances) might increase the effective Epi concentration in
cancer cells through antisense-mediated suppression of ZADRI
promoter activity and MDR transporter expressions, resulting in
the subsequent inhibition of Epi efflux, as shown in Figure 3
(decrease in the mRINA expression levels of MDR pump proteins)

PLOS ONE | www.plosone.org
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and Figure 4 (reduction in ZMDRI promoter activity and increase
in the intracellular accumulation of Epi). Moreover, ASOs against
BCL-2/BCL-xL potentiated the apoptosis provoking effect of Epi,
which activates the caspase-dependent apoptotic pathway, as
demonstrated in Figure 5 (modulation on the mRNA expressions
and activity levels of apoptosis-related proteins), Figure 6A
(increase in sub-G1%), Figure 6B (DNA fragmentation), and
Figure 2C (enhanced cytotoxicity).

In the current study, PEGylated liposomal Epi, used separately
or together with ASOs significantly inhibited non-pump resistance
by raising the mRINA expression levels of p53, which subsequently
activated BAX and repressed BCL-2. These treatments triggered
cell cycle arrest and significantly increased the expression and
activity levels of caspase-3, -8, and -9. The activation of caspase 9
can be used to evaluate if the intrinsic or mitochondrial pathway is
triggered, whereas the induction of caspase 8 can be used to
determine if the extrinsic or death receptor pathway is provoked
[34,35]. Both pathways share the downstream effector caspases,
such as caspase-3, -6, and -7 [12,15,36]. In the present study,
incubating Caco-2 cells with Lip-Epi alone or combined with
ASOs increased caspase 9 activities to higher levels than those of
caspase 8, which suggested that an intrinsic apoptotic pathway
through mitochondrial signaling was dominant in this apoptotic
process. This finding was consistent with our previous study [5,12]
and other studies [37,38]. However, the aforementioned treat-
ments also mildly increased the expression and activity levels of
caspase 8, which suggests that ASOs and Epi may also induce
apoptosis through the extrinsic pathway. Further studies are
needed to clarify the detailed process of the apoptosis pathway.

In this study, we found that the PEGylated liposomal ASOs
targeting MDR1, MRP1, and MRP2 effectively reversed pump
resistance. The encapsulated ASOs against pump resistance
reduced the expressions of MDR transporters and decreased the
function of these pump proteins, as signified by the higher
intracellular Epi fluorescence than that of ASOs against nonpump
resistance. This result seems to be reasonable because Yamanaka
et al. (2006) found that the overexpression of BCL-2 and BCL-xL.
usually does not affect the influx and efflux of antineoplastic agents
in cancer cells [11]. Consistently, ASOs against pump resistance
genes in free or liposomal formulations seem to have no significant
effect on the expression of BCL-2, which is a sensor for apoptotic
stress. However, treating cells with anticancer drugs, such as
doxorubicin elevated expression levels of BCL-2 in resistant tumor
cells [39] and causes the development of multiple chemotherapy
resistance [39,40]. When cancer cells receive apoptotic stimuli,
such as in the cases of Epi alone or combined treatment with
ASOs against pump resistance, the expression of BCL-2 would
arise to resist apoptotic induction from Epi. In contrast, ASOs
targeting nonpump resistance decreased BCL-2 mRINA expres-
sion. Combined treatments of Epi and ASOs against nonpump
resistance or both resistances resulted in significantly greater
expression of BAX and BAX/BCL-2 ratio than those of Epi or
Lip-Epi. The enhancement was highest in the case of Lip-
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ASOs targeting
BCL-2/BCL-xL

ASOs targeting
DR1, MRP1, and

ASOs targeting
BCL-2/BCL-xLL

Activate the
mitochondrial
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ASOs targeting
R1, MRP1, and

Caspase-3

Figure 7. Proposed pathways for reversing pump and nonpump MDR in Caco-2 cells. Cyt. ¢, cytochrome c.

doi:10.1371/journal.pone.0090180.g007

Epi+ASOs against both resistances. The upregulation of BAX
proteins increases chemosensitivity of tumor cells to various
anticancer drugs [41]. A higher level of BAX/BCL-2 ratio
indicates an increase in proapoptotic signal or a reduction in
antiapoptotic expression, revealing critical intracellular targets for
circumventing chemoresistance.

There was a correlation between the pump and nonpump
resistance pathways. In addition to functioning as efflux pumps,
MDR transporters also assist in escaping resistant cancer cells from
apoptosis [13]. Accordingly, P-gp upregulation is related to BCL-2
or BCL-xL. overexpression [42] and the suppression of caspase-8
and -3 [13]. Consistently, our study showed that Epi and ASOs
targeting pump resistance or both resistance types decreased
hMDRI promoter activity, inhibited MDR transporter expressions,
but induced caspase-8, -9 and -3 expressions and activities in
Caco-2 cells. The AMDRI promoter elements of 159 bp consist of
an AP-1 site, a Y box, a CAAT site, and a GC box [25]. It has
been reported that the binding of ¢-fos and ¢-jun with the AP-1 site
positively regulates the AMDRI expression [43]. In addition, the
hMDRI promoter elements may be regulated by the binding of the
GC box to transcription factors such as Spl and the EGR family
[24]. Furthermore, YB-1 and NF-Y binding sites located in the Y-
box are essential for UV radiation to trigger the ZADRI promoter
[25]. The induction or suppression of ZMDRI promoter region by
rifampicin or MDR inhibitors has been correlated with the
increased or decreased levels of MDR1 mRINA expression in our
previous studies [9,12]. We thus suggest that liposomal Epi plus
ASOs targeting MDR1, MRP1, MRP2 may bind to the specific
site(s) on the AMDRI promoter elements and inhibit their activities.
The inhibitory effect of Lip-Epi+ASOs against pump resistance or
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both resistances on the mRNA expression levels of MDRI is in
accordance with the transcriptional suppression of AMDRI
promoter region. Thus, our study supports that suppression of
MDRI1 activates the intrinsic and extrinsic signaling pathways of
apoptosis by inducing caspases. We believe that the inhibition of
ATP-dependent efflux proteins such as P-gp and MRPs by Epi
and ASOs against pump resistance or both resistances plays an
important role in inducing caspase-dependent apoptosis.

In addition, we also found that PEGylated liposomal ASOs
significantly intensified the intracellular uptake and chemosensi-
tivity of Caco-2 cells to Epi, as well as potentiated Epi-induced
apoptosis in mouse colon adenocarcinoma C'126 cells i vitro [33].
When PEGylated liposomal Epi and ASOs were administered by
intravenous route, Epi had longer circulating half-life and greater
area under the curve than in an Epi solution, as shown by an in
vivo pharmacokinetic study using SD rats [33]. These Epi and
ASOs delivery systems also substantially reduced tumor growth
and significantly increased survival percentage of CT26-bearing
Balb/c mice i vivo [33]. Our studies indicated that the PEGylated
liposomal formulation of Epi and ASOs against both resistances
demonstrated good cytotoxicity and/or antitumor efficacy in both
human and mouse colon cancer.

In conclusion, this is the first report which indicates the
reversing mechanisms of multiple ASOs not only in inducing
apoptosis, but also in the inhibition of MDR transporters. Our
findings provide a novel insight into the molecular mechanisms by
which PEGylated DOTMA/DOPE liposomal ASOs targeting
both resistance types enhance the chemosensitivity of colon cancer
cells to Epi-provoked apoptosis through inhibiting MDR1, MRP1,
and MRP2, as well as triggering intrinsic mitochondrial and
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extrinsic death receptor pathways. The complicated regulation of

MDR highlights the necessity for a multifunctional approach using
an effective delivery system, such as PEGylated liposomes, to carry
epirubicin and ASOs as a potent nanomedicine for improving the
clinical efficacy of chemotherapy.

References

1.

2.

20.

21.

Lage H (2008) An overview of cancer multidrug resistance: a still unsolved
problem. Cell Mol Life Sci 65: 3145-3167.
Balcerczak E, Panczyk M, Piaskowski S, Pasz-Walczak G, Salagacka A, et al.
(2010) ABCB1/MDRI1 gene polymorphisms as a prognostic factor in colorectal
cancer. Int J Colorectal Dis 25: 1167-1176.

. He T, Mo A, Zhang K, Liu L (2013) ABCB1/MDRI gene polymorphism and

colorectal cancer risk: a meta-analysis of case-control studies. Colorectal Dis 15:
12-18.

. Wang X, Wang C, Qin YW, Yan SK, Gao YR (2007) Simultaneous suppression

of multidrug resistance and antiapoptotic cellular defense induces apoptosis in
chemoresistant human acute myeloid leukemia cells. Leuk Res 31: 989-994.

. Lo YL (2013) A potential daidzein derivative enhances cytotoxicity of epirubicin

on human colon adenocarcinoma caco-2 cells. Int J Mol Sci 14: 158-176.

. Falkson G, Vorobiof DA (1984) Epirubicin in colorectal cancer. In: Bonadonna

G, editor. Advances in Anthracycline Chemotherapy: Epirubicin. Masson: Italia
Editori. pp. 105-109.

. Plosker GL, Faulds D (1993) Epirubicin. A review of its pharmacodynamic and

pharmacokinetic properties, and therapeutic use in cancer chemotherapy. Drugs
45: 788-856.

. Marbeuf-Gueye C, Salerno M, Quidu P, Garnier-Suillerot A (2000) Inhibition

of the P-glycoprotein- and multidrug resistance protein-mediated efflux of
anthracyclines and calceinacetoxymethyl ester by PAK-104P. Eur J Pharmacol
391: 207-216.

. Lo YL, Wang W, Ho CT (2012) 7,3",4'-Trihydroxyisoflavone modulates

multidrug resistance transporters and induces apoptosis via production of
reactive oxygen species. Toxicology 302: 221-232.

. Yamanaka K, Rocchi P, Miyake H, Fazli L, Vessella B, et al. (2005) A novel

antisense oligonucleotide inhibiting several antiapoptotic Bcl-2 family members
induces apoptosis and enhances chemosensitivity in androgen-independent
human prostate cancer PC3 cells. Mol Cancer Ther 4: 1689-1698.

. Yamanaka K, Rocchi P, Miyake H, Fazli L., So A, et al. (2006) Induction of

apoptosis and enhancement of chemosensitivity in human prostate cancer
LNCaP cells using bispecific antisense oligonucleotide targeting Bcl-2 and Bel-xLh
genes. BJU Int 97: 1300-1308.

. Lo YL, Ho CT, Tsai FL (2008) Inhibit multidrug resistance and induce

apoptosis by using glycocholic acid and epirubicin. Eur J Pharm Sci 35: 52-67.

. Ruefli AA, Tainton KM, Darcy PK, Smyth M], Johnstone RW (2002) P-

glycoprotein inhibits caspase-8 activation but not formation of the death
inducing signal complex (disc) following Fas ligation. Cell Death Differ 9: 1266
1272.

. Minko T, Dharap SS, Pakunlu RI, Wang Y (2004) Molecular targeting of drug

delivery systems to cancer. Curr Drug Targets 5: 389-406.

. Pakunlu RI, Wang Y, Saad M, Khandare JJ, Starovoytov V, et al. (2006) In vitro

and in vivo intracellular liposomal delivery of antisense oligonucleotides and
anticancer drug. J Control Release 114: 153-162.

. Watts JK, Corey DR (2012) Silencing disease genes in the laboratory and the

clinic. J Pathol 226: 365-379.

. Dean NM, Bennett CF (2003) Antisense oligonucleotide-based therapeutics for

cancer. Oncogene 22: 9087-9096.

. Rayburn ER, Wang H, Zhang R (2006) Antisense-based cancer therapeutics:

are we there yet? Expert Opin Emerg Drugs 11: 337-352.

. Marwick C (1998) First “antisense’ drug will treat CMV retinitis. JAMA 280:

871.

Nakagawa O, Ming X, Huang L, Juliano RL (2010) Targeted intracellular
delivery of antisense oligonucleotides via conjugation with small-molecule
ligands. J Am Chem Soc 132: 8848-8849.

Li SD, Huang L (2006) Targeted delivery of antisense oligodeoxynucleotide and
small interference RNA into lung cancer cells. Mol Pharm 3: 579-588.

. Perouzel E, Jorgensen MR, Keller M, Miller AD (2003) Synthesis and

formulation of neoglycolipids for the functionalization of liposomes and
lipoplexes. Bioconjug Chem 14: 884-898.

PLOS ONE | www.plosone.org

14

Reversing MDR Using Liposomal Antisense Oligonucleotides

Author Contributions

Conceived and designed the experiments: YLL. Performed the experi-
ments: YLL YL. Analyzed the data: YLL YL. Contributed reagents/
materials/analysis tools: YLL. Wrote the paper: YLL.

27.

28.

29.

30.

31.

36.

37.

38.

39.

40.

41.

42.

43.

. Lo YL (2003) Relationships between the hydrophilic-lipophilic balance values of

pharmaceutical excipients and their multidrug resistance modulating effect in
Caco-2 cells and rat intestines. ] Control Release 90: 37—48.

. Lania L, Majello B, De Luca P (1997) Transcriptional regulation by the Sp

family proteins. Int J Biochem Cell Biol 29: 1313-1323.

. Takane H, Kobayashi D, Hirota T, Kigawa J, Terakawa N, et al. (2004)

Haplotype-oriented genetic analysis and functional assessment of promoter
variants in the MDR1 (ABCBI) gene. J Pharmacol Exp Ther 311: 1179-1187.

5. Daschner PJ, Ciolino HP, Plouzek CA, Yeh GC (1999) Increased AP-1 activity

in drug resistant human breast cancer MCF-7 cells. Breast Cancer Res Treat 53:
229-240.

Makhey VD, Guo A, Norris DA, Hu P, Yan J, et al. (1998) Characterization of
the regional intestinal kinetics of drug efflux in rat and human intestine and in
Caco-2 cells. Pharm Res 15: 1160-1167.

Taipalensuu J, Tornblom H, Lindberg G, Einarsson C, Sjoqvist F, et al. (2001)
Correlation of gene expression of ten drug efflux proteins of the ATP-binding
cassette transporter family in normal human jejunum and in human intestinal
epithelial Caco-2 cell monolayers. J Pharmacol Exp Ther 299: 164-170.

Ray RM, Bhattacharya S, Johnson LR (2011) Mdm?2 inhibition induces
apoptosis in p53 deficient human colon cancer cells by activating p73- and
E2F1-mediated expression of PUMA and Siva-1. Apoptosis 16: 35-44.

Liu D, Hu Q, Song YK (1995) Liposome clearance from blood: different animal
species have different mechanisms. Biochim Biophys Acta 1240: 277-284.
Zhang W, Shi Y, Chen Y, Hao J, Sha X, et al. (2011) The potential of Pluronic
polymeric micelles encapsulated with paclitaxel for the treatment of melanoma
using subcutaneous and pulmonary metastatic mice models. Biomaterials 32:

5934-5944.

. Haley B, Frenkel E (2008) Nanoparticles for drug delivery in cancer treatment.

Urol Oncol 26: 57-64.

. Lo YL, Liu Y, Tsai JC (2013) Overcoming multidrug resistance using liposomal

epirubicin and antisense oligonucleotides targeting pump and nonpump
resistances in vitro and in vivo. Biomed Pharmacother 67: 261-267.

. Bargonetti J, Manfredi JJ (2002) Multiple roles of the tumor suppressor p33.

Curr Opin Oncol 14: 86-91.

. Harada T, Ogura S, Yamazaki K, Kinoshita I, Itoh T, et al. (2003) Predictive

value of expression of P53, Bcl-2 and lung resistance-related protein for response
to chemotherapy in non-small cell lung cancers. Cancer Sci 94: 394-399.
Shabbits JA, Hu Y, Mayer LD (2003) Tumor chemosensitization strategies based
on apoptosis manipulations. Mol Cancer Ther 2: 805-813.

Men Y, Wang XX, Li R], Zhang Y, Tian W, et al. (2011) The efficacy of
mitochondrial targeting antiresistant epirubicin liposomes in treating resistant
leukemia in animals. Int J Nanomedicine 6: 3125-3137.

Zhou L, He XD, Yu JC, Zhou RL, Shan Y, et al. (2011) Overexpression of
LAPTM4B-35 attenuates epirubucin-induced apoptosis of gallbladder carcino-
ma GBC-SD cells. Surgery 150: 25-31.

Minko T, Batrakova EV, Li S, Li Y, Pakunlu RI, et al. (2005) Pluronic block
copolymers alter apoptotic signal transduction of doxorubicin in drug-resistant
cancer cells. ] Control Release 105: 269-278.

Buchholz TA, Davis DW, McConkey DJ, Symmans WF, Valero V, et al. (2003)
Chemotherapy-induced apoptosis and Bcl-2 levels correlate with breast cancer
response to chemotherapy. Cancer J 9: 33-41.

Miao ZH, Tang T, Zhang YX, Zhang JS, Ding J (2003) Cytotoxicity, apoptosis
induction and downregulation of MDR-1 expression by the anti-topoisomerase
II agent, salvicine, in multidrug-resistant tumor cells. Int ] Cancer 106: 108-115.
Campone M, Vavasseur F, Le Cabellec MT, Meflah K, Vallette FM, et al.
(2001) Induction of chemoresistance in HL-60 cells concomitantly causes a
resistance to apoptosis and the synthesis of P-glycoprotein. Leukemia 15: 1377—
1387.

Altundag K, Altundag O, Gunduz M, Arun B (2012) Possible interaction
between activator protein-1 and proto-oncogene B-cell lymphoma gene 6 in
breast cancer patients resistant to tamoxifen. Med Hypotheses 63: 823-826.

March 2014 | Volume 9 | Issue 3 | 90180



