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Non-small cell lung cancer is one of the most aggressive cancers as per as the mortality and occurrence is
concerned. Paclitaxel based chemotherapeutic regimes are now used as an important option for the treatment
of lung cancer. However, resistance of lung cancer cells to paclitaxel continues to be a major clinical problem
nowadays. Despite impressive initial clinical response, most of the patients eventually develop some degree of
paclitaxel resistance in the course of treatment. Previously, utilizing miRNA arrays we reported that downregu-
lation ofmiR-17 is at least partly involved in the development of paclitaxel resistance in lung cancer cells bymod-
ulating Beclin-1 expression [1]. In this study, we showed that miR-16 was also significantly downregulated in
paclitaxel resistant lung cancer cells. We demonstrated that anti-apoptotic protein Bcl-2 was directly targeted
miR-16 in paclitaxel resistant lung cancer cells. Moreover, in this report we showed that the combined overex-
pression of miR-16 and miR-17 and subsequent paclitaxel treatment greatly sensitized paclitaxel resistant lung
cancer cells to paclitaxel by inducing apoptosis via caspase-3 mediated pathway. Combined overexpression of
miR-16 and miR-17 greatly reduced Beclin-1 and Bcl-2 expressions respectively. Our results indicated that
thoughmiR-17 andmiR-16 had no common target, bothmiR-16 andmiR-17 jointly played roles in the develop-
ment of paclitaxel resistance in lung cancer. miR-17 overexpression reduced cytoprotective autophagy by
targeting Beclin-1, whereas overexpression of miR-16 potentiated paclitaxel induced apoptotic cell death by
inhibiting anti-apoptotic protein Bcl-2.

© 2014 Published by Elsevier Inc.
1. Introduction

Worldwide, lung cancer appears to be one of themost commonly di-
agnosed cancers causing almost 1.38 million deaths and 1.61 million
new occurrences each year [2]. Taxens, specially paclitaxel has emerged
as an important, broad range chemotherapeutic agent since paclitaxel
based combination chemotherapies are now being globally prescribed
as standard therapies in the treatment of lung cancer as well as other
cancers such as breast, ovarian, and prostate [3–5]. However, despite
its wide spread usage, resistance of cancer cells to paclitaxel has become
frequent and has been recognized as themajor reason for reoccurrence,
cancer progression and failure of therapy in many cancer types [6].
; PI, propidium iodide;MTT, (3-
ide); AO, acridine orange; JC-1,
arbocyanine iodide; H2-DCFDA,
rescein isothiocyanate; MDC,
ive oxygen species;MMP,mito-

91 33 2461 4849.
During paclitaxel resistance, the cancer cells eventually escape the
paclitaxel induced apoptotic death and this failure of paclitaxel
treatment to induce apoptosis ultimately contributes to relapse and
poor prognosis [1,3,4,7–9]. In the last couple of years considerable
amount of research is going on to understand the mechanism of pacli-
taxel resistance to overcome the problemof drug resistance in paclitaxel
therapy.

MicroRNAs (miRNAs) are endogenous non-protein coding, single
stranded RNA of ~22 nucleotide length which plays important roles
in controlling gene expression in humans [10]. miRNAs guide the
RNA-induced silencing complex (RISC) to bind to the complementary
sequences within the 3′ untranslated region of the cognate mRNA and
thereby either translationally repress the mRNA expression or induce
destabilization and degradation of the target mRNA bearing fully com-
plementary target sites [10,11]. Previous studies involving NCI-60
panel of cell lines have shown that miRNA expression patterns are bet-
ter representative of the type and stage in human cancers than classical
mRNA profiles [12]. Moreover, dysregulated miRNA expression has
already been reported in the case of various human malignancies
including non-small cell lung cancer (NSCLC) [1,3,13].

We have been working on the role of miRNA in the development of
paclitaxel-resistance in lung cancer cells. In our previous report, we
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Table 1
Primer sequences used for real-time PCR.

Gene name Forward primer sequence (5′–3′) Reverse primer sequence (5′–3′)

Bcl-2 TTGGATCAGGGAGTTGGAAG TGTCCCTACCAACCAGAAGG
LC3-II GAGAAGCAGCTTCCTGTTCTGG GTGTCCGTTCACCAACAGGAAG
Beclin-1 CAAGATCCTGGACCGTGTCA TGGCACTTTCTGTGGACATCA
p62 TGTGGAACATGGAGGGAAGAG TGTGCCTGTGCTGGAACTTTC
Bax GGACGAACTGGACAGTAACATGG GCAAAGTAGAAAAGGGCGACAAC
P53 GTTCCGAGAGCTGAATGAGG TTATGGCGGGAGGTAGACTG
GAPDH CACCATGGAGAAGGCTGGGGCTC GCCCAGGATGCCCTTGAGGG
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performed miRNA array analysis to screen differentially expressed
miRNAs between paclitaxel resistant and paclitaxel sensitive lung can-
cer cells and we reported that downregulation of miR-17 contributed
to the development of paclitaxel resistance of lung cancer cells by in-
creasing Beclin-1 expression and subsequent autophagy [1]. From the
microarray data we found that miR-16 was also significantly downreg-
ulated in paclitaxel resistant lung cancer cells. So in this current study,
we first investigated the role of downregulation of miR-16 in the devel-
opment of paclitaxel-resistance in lung cancer cells and then we deter-
mined the effect of combined overexpression ofmiR-16 andmiR-17 and
subsequent paclitaxel treatment in modulating the sensitivity of resis-
tant cells to paclitaxel. We demonstrated that anti-apoptotic protein
Bcl-2 was a direct target of miR-16 in paclitaxel resistant lung cancer
cells. Ectopic expression of miR-16 into paclitaxel resistant lung cancer
cells significantly sensitized the cells to paclitaxel.

Since it is understood that downregulation of a singlemiRNA cannot
be held solely responsible for the development of paclitaxel resistance.
Other miRNAs could be involved in this process. We previously found
that miR-17 was involved in the development of paclitaxel resistance
in lung cancer cells [1]. So we were interested to compare the effects
of combined overexpression of miR-16 and miR-17 and subsequent
paclitaxel treatment with the effects of individual miRNA overexpres-
sion (miR-16 or miR-17 individually) more clearly, we showed the re-
sults for individual miR-16 or miR-17 overexpression and subsequent
paclitaxel treatment in parallel with the combined miR-16 and miR-17
overexpression results. Our data clearly demonstrated that both miR-
16 and miR-17, without having a common target, jointly played role
in thedevelopment of paclitaxel resistance in lung cancer cells and com-
bined inhibition of Beclin-1mediated autophagy bymiR-17 overexpres-
sion and downregulation of anti-apoptotic protein Bcl-2 by miR-16
overexpression stimulated ROS generation, which was required for
paclitaxel mediated apoptotic cell death in paclitaxel resistant lung
cancer cells.

2. Materials and methods

2.1. Reagents and antibodies

Nutrient mixture Dulbecco's Modified Eagle's Medium (supplement-
ed with 1 mM L-glutamine), FBS (fetal bovine serum), penicillin–
streptomycin, amphotericin B and 0.25% Trypsin–EDTAwere purchased
from GIBCO (Invitrogen, USA). Annexin V–FITC apoptosis detection
kit was obtained from BD Bioscience, USA. Paclitaxel (Tx), JC-1, H2-
DCFDA, zVAD-fmk, MTT, monodansylcadaverine (MDC), acridine or-
ange (A.O) and anti-Bax antibody (mousemonoclonal) were purchased
from Sigma, USA. The antibodies to anti-PI3K (p85) (rabbit monoclo-
nal), anti-cleaved caspase 9 (Asp330, rabbit monoclonal), anti-cleaved
PARP (Asp214, human specific, mouse monoclonal) (89 kDa), anti-Akt
(mouse monoclonal), anti-phospho-Akt (mouse monoclonal) and
anti-GAPDH (mouse monoclonal) were obtained from Cell Signaling
Technology (Beverly, MA, USA). Anti-cleaved caspase 3 (Asp175, rabbit
monoclonal) was from Merck Millipore, Germany. Anti-phospho-
tyrosin (PY20) (mouse monoclonal) and anti-mTOR antibody (N-19,
goat polyclonal) were obtained from Santa Cruz Biotechnology, USA.
Bradford protein estimation kit was purchased from Genei, India. All
other chemicals and reagents were of analytical grade and were pur-
chased from Sisco Research Laboratories, India.

2.2. Cell line and cell culture

Human non-small lung epithelial adenocarcinoma cell line Type II,
A549, was obtained from the cell repository of the National Centre for
Cell Science (NCCS), Pune, India. Human lung adenosquamous carcino-
ma cell line NCI-H596 and human non-small cell lung adenocarcinoma
cell lines NCI-H1734 and NCI-H1299 were obtained from American
Type Culture Collection (ATCC). All the cell lines were characterized
by mt-rDNA sequencing for species identification, short tandem repeat
profiling and isoenzyme analysis for cell line authentication and were
confirmed not to be mycoplasma contaminated by the repository.
Cells were selected for resistance to paclitaxel in a stepwise manner
essentially as described in [1]. All the cell lines were cultured in
Dulbecco's Modified Eagle's Medium (DMEM) supplemented with
1mML-glutamine, 10% FBS, 3.7 g/l NaHCO3, 100 μg/ml each of penicillin
and streptomycin and 2.5 μg/ml amphotericin B. Cells were maintained
at 37 °C in a humidified atmosphere containing 5% CO2. Cells were
grown up to ~80% confluency in tissue culture plates, then trypsinized
with 0.25% Trypsin–EDTA and divided into subsequent culture plates
as required.

2.3. Pre-miRNA transfection

mirVana miRNA 17mimic precursor (pre-miR-17), mirVana miRNA
16 mimic precursor (pre-miR-16) and mirVana miRNAmimic negative
control #1 (pre-miR-negative control) were purchased from Ambion,
USA. Pre-miRNAs were transfected into cell lines at ~50% confluency
at 100 nM concentration with Lipofectamine RNAiMAX (Invitrogen)
transfection reagent. Forty-eight hours after transfection, the expres-
sions of miRNAs were detected by real-time PCR and the expressions
of Beclin-1 and Bcl-2 were analysed by qRT-PCR and/or Western
blotting.

2.4. Quantitative real-time PCR (qRT-PCR)

TaqMan qRT-PCR was performed to evaluate the expression of
miRNAs using the TaqMan microRNA reverse transcription kit
(Applied Biosystems, USA) and TaqMan microRNA assays kit (Applied
Biosystems, USA) following the manufacturer's protocols. Expression
of U6 SnRNA was used as the internal reference to normalize the
relative miRNA expression data. To analyze the expression of Bax,
Beclin-1, Bcl-2, p62, LC3-II and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (Table 1) cDNAs were prepared from 2 μg of total
RNA using SuperScript VILO cDNA Synthesis kit (Invitrogen, USA).
Requisite amount of cDNA was mixed with 2× DyNAmo ColorFlash
SYBR Green qPCR Master Mix (Thermo Scientific) and various sets of
gene-specific primers (Table 1) and then subjected to qRT-PCR quantifi-
cation using the StepOne-Plus real time PCR system (Applied Biosystems,
USA). Gene expression was normalized with respect to GAPDH (for
Beclin-1, Bax, Bcl-2, LC3-II, p62 etc.) or U6 SnRNA (for miR-17 and miR-
16) using the comparative cycle time (Ct) method (2−ΔΔCt method)
[14].

2.5. Cell proliferation inhibition assay (MTT assay)

A549-T24 and H596-TxR cells, either transfected with 100 nM pre-
miR-17 (T24-miR-17 and TxR-miR-17 respectively) or with 100 nM
pre-miR-16 (T24-miR-16 and TxR-miR-16) or with 50 nM each of
both pre-miR-17 and pre-miR-16 (T24-miR-comb and TxR-miR-
comb) or with 100 nM pre-miR-negative control RNA (T24-miR-NC
and TxR-miR-NC respectively) were plated in 96-well culture plates (1
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× 104 cells per well). After 24 h incubation cells were treated with dif-
ferent concentrations (0–200 nM) of paclitaxel for another 48 h. MTT
(5 mg/ml) was dissolved in PBS and filter sterilized. Then 20 μl of the
prepared solutionwas added to eachwell. Thiswas incubated until pur-
ple precipitate was visible. Subsequently, 100 μl of Triton X-100 was
added to each well and incubated in darkness for 2 h at room tempera-
ture. The absorbance was measured on a microplate reader (VersaMax
Absorbance Microplate Reader, Molecular Devices, California, USA) at
a test wavelength of 570 nm and a reference wavelength of 650 nm.
Data were calculated as the percentage of inhibition by the following
formula:

%inhibition ¼ 100− At=Asð Þ � 100½ � �%: ð1Þ

At and As indicated the absorbance of the test substances and solvent
control, respectively [1].

2.6. Trypan blue exclusion assay for cell viability

Trypan blue exclusion assay [15] was used to determine the number
of viable and dead cells following pre-miR-16 transfection and subse-
quent paclitaxel treatment. Briefly, T24-miR-16 or T24-miR-NC cells
were plated in 6-well culture plates (5 × 104 cells per well). Then cells
were treated with 24 nM paclitaxel for another 48 h. After 48 h cells
were harvested through trypsinization, washed twice with 1× PBS and
then stained with 0.4% trypan blue in PBS. Cells were then prepared
for analysis by flow cytometry.

2.7. Adherent colony formation assay

T24-miR-NC, T24-miR-17, T24-miR-16 and T24-miR-comb cells
were seeded in triplicate in 6 well plates at a density of 1000 cells per
well. The cells were allowed to attach to the substratum for 24 h and
subsequently treated with 12 nM paclitaxel for 48 h. The cells were
then washed twice with sterile PBS and fresh culture media was
added to each well. The cells were allowed to grow for 15 days at 37
°C, 5% CO2 with media changes in every 3–4 days until colonies were
visible by the eye. The media were aspirated and the colonies were
fixed with 4% paraformaldehyde solution at room temperature and
stained with 0.5% crystal violet solution. Excess stain was washed out
and the plates were air dried. The stained colonies were photographed
using Bio-rad ChemiDoc XRS+ molecular imager. Colony formation
was quantitated by dissolving stained cells in Sorenson's buffer (0.1
mol/l sodium citrate, 50% ethanol, pH 4.2) for colorimetric reading of
absorbance at 550 nm [16].

2.8. Immunoprecipitation

A549 and A549-T24 cells (1 × 108 cells/ml) were washed twicewith
PBS and incubated on ice for 30 min with 1 ml lysis buffer [50 mM
Tris–HCl, pH 7.5, 100 mM NaCl, 2 mM EDTA, 1% CHAPS (w/v),
50 mMNaF, 200 nM okadaic acid, 1 mM Na3VO4, and protease inhib-
itor cocktail (complete Mini; Roche Applied Science)]. Cell lysates
were centrifuged at 20,000 ×g for 15 min at 4 °C. Protein concentra-
tions of the cell lysates were measured by Bradford's method using
BSA as standard [17]. Equal amounts of the resulting supernatants
(400 μl) were incubated with antibody against Bcl-2 (2 μg/IP tubes)
overnight at 4 °C. Moreover, for PI3K co-immunoprecipitation exper-
iments, cells (3 × 106 cells/ml) were either transfected with pre-
miR-negative control RNA (T24-miR-NC) or with pre-miR-17 (T24-
miR-17) or with pre-miR-16 (T24-miR-16) or with both pre-miR-
17 and pre-miR-16 (T24-miR-comb) and subsequently treated with
12 nM paclitaxel for 48 h. Cells were washed twice with PBS and
extracted in 1 ml cold lysis buffer (composition mentioned earlier).
The cell lysates were centrifuged and the supernatants (400 μl)
were incubated with antibody against the p85 (2 μg/IP tubes)
regulatory subunit of PI3K overnight at 4 °C. 50 μl protein A/G aga-
rose beads (Pierce, Thermo Scientific) were added to each IP tube
(for both p85 and Bcl-2 IP) and were incubated for 4 h at 4 °C
under shaking condition. Nonspecific control antibody used was rab-
bit serum IgG (1:200 dilution; Life Technologies, USA). The beads
were washed four times with lysis buffer and boiled for 5 min in
50 μl 1× sample buffer. The eluted proteins were resolved by 12%
SDS-PAGE and analyzed by immuno-blotting. Proteins were transferred
to nitrocellulose membranes (Thermo Scientific, USA) and immu-
noblotted either for p85 and p-Tyr (PY20) to determine total and
phosphorylated p85 or for Bcl-2, Beclin-1 and inositol 1,4,5-trisphosphate
receptor.

2.9. Immunoblotting

Cells were lysed in lysis buffer containing 50 mM Tris pH 7.5,
150 mM NaCl, 1% Triton X-100, 0.1% (w/v) sodium dodecyl sulphate,
200 mM DTT and a cocktail of protease inhibitors (complete Mini;
Roche Applied Science) for 30min at 4 °C and the protein concentration
was measured by Bradford's method. Cell lysates containing ~50 μg of
total protein were separated by 12% SDS-PAGE and transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore, USA) and
probed with different monoclonal and polyclonal antibodies according
to the manufacturer's recommended dilution and subsequently with
required secondary antibodies. Bands on the immunoblots were
visualized by adding SuperSignal West Pico Chemiluminescent Sub-
strate (Pierce, Thermo Scientific, USA) and imaged by Bio-rad ChemiDoc
XRS+ molecular imager. A PC-based Image Analysis program (Image
Lab, Bio-rad) was used to quantify the intensity of each band. Intensity
data was represented as the fold increase or decrease with respect to
control bands.

2.10. Construction of luciferase reporter constructs and luciferase activity
assay

For luciferase reporter assay, pCI-neo-RL-luc reporter vector (a gen-
erous gift from Dr. SN Bhattacharyya, IICB, Kolkata, India) was used.
The wildtype or mutant Bcl-2 3′-UTRs were cloned into pCI-neo-RL-luc
reporter vector between XbaI and NotI restriction sites, immediately
downstream of the renilla luciferase gene [1]. All the luciferase
constructs were sequence verified. A549-T24 cells were transiently co-
transfected with renilla luciferase reporter plasmids (pCI-neo-RL-Bcl-2-
3′UTR-wt or pCI-neo-RL-Bcl-2-3′UTR-mut), firefly luciferase plasmid
(pGL3-FF) and pre-miR-16 and/or anti-sense miR-16 precursor (anti-
miR-16) or pre-miR-negative control precursor RNA using Lipofecta-
mine 2000 transfection reagent following the manufacturer's protocol.
After 48 h of transfection, cells were harvested and lysed with pas-
sive lysis buffer (Promega). The luciferase activities in the cellular
extracts were determined by using Promega dual luciferase reporter
assay kit on a VICTOR X3 Plate Reader system (PerkinElmer). The
relative luciferase activities were calculated by the ratio of renilla
luc/firefly luc activity and normalized to that of the control cells
and fold repression was calculated. pGL3-FF vector was used as the
internal control.

2.11. Detection and quantification of acidic vesicular organelles (AVOs)

Acidic vesicular organelles (AVOs) were visualized after incubating
cells with acridine orange (1 μg/ml) for 15 min as previously described
[1]. The cytoplasm and nucleus of stained cells fluoresced bright green,
whereas the acidic autophagic vacuoles fluoresced bright red. Images of
AO staining were taken immediately using a fluorescence microscope
(OLYMPUS IX70, Japan). To quantify the change in number of acidic ves-
icles (AVOs) cells were harvested from the plates by trypsinization and
stained with AO (1 μg/ml) in PBS at 37 °C for 15 min, resuspended in
500 μl PBS and then analyzed immediately by flow cytometry assay.
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Theflow cytometric datawas analyzedwith CellQuest analysis software
(Becton Dickinson) [1].

2.12. Labeling of autophagic vacuoles with monodansylcadaverine (MDC)

T24-miR-NC, T24-miR-17, T24-miR-16 and T24-miR-comb cells
were seeded on coverslips in 35 mm culture dishes and maintained
for 48 h. Cells were then incubated with 50 μMmonodansylcadaverine
(MDC) for 10 min at 37 °C in PBS and images were taken by fluores-
cence microscope (OLYMPUS IX70, Japan). Moreover, for quantitative
analysis of autophagosome formation cells were incubated with
50 μM MDC for 10 min at 37 °C in PBS and were analyzed by flow
cytometry.

2.13. Flow cytometric analysis for apoptotic cells

A549-T24 and H596-TxR cells, either transfected with 100 nM pre-
miR-17 (T24-miR-17 and TxR-miR-17 respectively) or with 100 nM
pre-miR-16 (T24-miR-16 and TxR-miR-16) or with 50 nM each of
both pre-miR-17 and pre-miR-16 (T24-miR-comb and TxR-miR-
comb) or with 100 nM pre-miR-negative control RNA (T24-miR-NC
and TxR-miR-NC respectively) were treated with 12 nM paclitaxel
for 48 h. Approximately 1 × 105 cells were then stained for 15 min
at room temperature in the dark with FITC-conjugated annexin V
Fig. 1.miR-16 was downregulated in paclitaxel resistant lung cancer cells and miR-16 was fun
performed to validate the expression ofmiR-16 inA549-T24, H596-TxR, H1734-T5 andH1299 c
snU6 was used as an internal control and for normalization of the expression data. Columns, rel
0.03, ***,p b 0.05 vs. control, n=4. (B)A549-T24 cellswere either transfectedwith 100 nMpre-
seeded into 96well plates at a density of 1 × 104 cells per well. After 24 h, cells were treatedwit
are presented as % of cell viability measured in cells treated with paclitaxel. Columns, mean o
(C) Cells (T24-miR-NC and T24-miR-16) were subsequently treated with 24 nM paclitaxel for
represents the red fluorescence intensity (FL3-H) vs. count plots where dose dependent increa
dent experiments with similar results.
(1 μg/ml) and propidium iodide (PI) (0.5 μg/ml) in a Ca2+-enriched
binding buffer and analyzed by a two color flow cytometric assay.
Annexin V and PI emissions were detected in the FL1 and FL2 channels
of a FACSCalibur flow cytometer (Becton-Dickinson, USA) respectively
[1,18]. The data were analyzed using CellQuest program from Becton-
Dickinson.

2.14. Determination of mitochondrial membrane potential (ΔΨ)

Mitochondrial membrane potential (ΔΨ) of these miRNA trans-
fected cells was determined using JC-1, a sensitive fluorescent probe
for evaluation of ΔΨ, as previously described [1]. Briefly, T24-miR-NC,
T24-miR-17, T24-miR-16 and T24-miR-comb cells were treated with
12 nM paclitaxel for 48 h. Cells were then harvested, washed with
PBS, stained with 5 μM JC-1 for 30min at 37 °C in the dark and instantly
assessed for red fluorescence (JC-1) with FACSCalibur flow cytometer
(Becton-Dickinson, USA).

2.15. Measurement of reactive oxygen species (ROS)

ROS levelswere determined using the fluorescent dye, H2-DCFDA as
previously described [1,19]. Briefly, T24-miR-NC, T24-miR-17, T24-miR-
16 and T24-miR-comb cells were treatedwith 12 nMpaclitaxel for 48 h.
Cells were trypsinized and stained with 10 mMDCFH-DA for 30 min in
ctionally involved in the paclitaxel response to A549-T24 cells. (A) TaqMan qRT-PCR was
ells compared to their respective parental cells A549, H596, H1734 andH1299 respectively.
ative mean of expression from three independent experiments; bars, S.E. *, p b 0.01, **, p b

miR-negative control (T24-miR-NC) or pre-miR-16 (T24-miR-16) precursor RNAandwere
h 0–200 nMpaclitaxel for another 48 h. The cell viability wasmeasured byMTT assay. Data
f three independent experiments; bars, S.E. *, p b 0.01 vs. negative control, where n = 4.
48 h and were subjected to FACS analysis after being stained by trypan blue. Histogram

se of cell death occurs. The results represent the best of data collected from three indepen-

image of Fig.�1


Fig. 2.miR-16 directly targets anti-apoptotic protein Bcl-2 in paclitaxel resistant A549-T24
cells. (A) Schematic representation of the 3′-UTR of human Bcl-2 transcript. Predicted
miR-16 binding site was depicted. The numbers (+2518–2536) represented the nucleo-
tides that were predicted to base pair with the miR-16 seed sequence. (B) A549-T24
cellswere co-transfectedwith luciferase reporter plasmidswith eitherwildtype ormutant
3′-UTR of Bcl-2 (pCI-neo-RL-Bcl2-3′UTR-wt or pCI-neo-RL-Bcl-2-3′UTR-mut), firefly lucifer-
ase vector pGL3-FF, pre-miR-16 or pre-miR-negative control RNA or anti-miR-16 precur-
sor RNA by using Lipofectamine 2000 reagent. Forty-eight hours following transfection,
luciferase activity was measured as described earlier. The firefly luciferase plasmid,
pGL3-FF, was used as an internal control. The results were represented as relative fold
repression (renilla luc/firefly luc activity) compared to control cells. (*, p b 0.05, **,
p b 0.03 vs. negative control, n = 4).
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the dark at room temperature and the shift in the green fluorescence in-
tensitywas followed by FACSCaliburflow cytometer (Becton-Dickinson,
USA) and the data was analyzed with CellQuest analysis software
(Becton-Dickinson, USA).
Fig. 3. Expression status of Bcl-2 and Beclin-1 in A549-T24 cells compared to A549 cells and an
litaxel sensitive A549 cells. A549-T24 cells exhibited heightened Bcl-2 (A and B) expression com
dent experiments; bars, S.E. *,p b 0.03 vs. A549 control, n=3. (C) Failure to detect an interaction
A549 cells. Bcl-2 immunoprecipitates from A549-T24 and A549 cells were analyzed by immun
results, confirmed in three independent experiments, indicated that IP3R but not Beclin-1 w
true interaction between Beclin-1 and Bcl-2 in parental A549 cells. Figures represent best of th
2.16. Statistical analysis

Real time PCR reactions were run in triplicate for each sample and
repeated at least 3 times and the data were statistically analyzed with
Student's ‘t-test’ or Wilcoxon rank sum test. IC50 data from the MTT
assay were analyzed with Wilcoxon rank sum test. All data were
shown as the means ± S.E. (Standard error). Two measurements were
statistically significant if the corresponding p value was b0.05.
3. Results

3.1. miR-16 was downregulated in various paclitaxel resistant lung cancer
cell lines

In our previous report, we performed comparative miRNA microar-
ray analysis between paclitaxel sensitive and paclitaxel resistant A549
cells to identify specific miRNAs that might be contributed in the de-
velopment of paclitaxel resistance [1]. In that study we showed that
miR-17 downregulation was partially involved in the development
of paclitaxel resistance by upregulating Beclin-1 mediated autopha-
gy [1]. From the differentially expressed miRNAs, we further focused
on miR-16 which was significantly downregulated in the drug resis-
tant lung cancer cells. From bioinformatic analysis, miR-16 was pre-
dicted to target anti-apoptotic gene Bcl-2 in paclitaxel resistant lung
cancer cells. So, to validate the microarray data and to further extend
our finding we evaluated the relative miR-16 expression levels in
three other paclitaxel resistant lung cancer cell lines (H596-TxR,
H1734-T5 and H1299-Tx) by TaqMan qRT-PCR and compared them
with that of their paclitaxel sensitive parental cells (Fig. 1A). qRT-
PCR validation of relative miR-16 levels revealed ~12.3-fold and
4.7-fold downregulation of miR-16 expression in A549-T24 and
H549-TxR cell lines respectively, while H1734-T5 and H1299-Tx
cells showed 5.52-fold and 3.6-fold downregulation of relative
miR-16 expression level compared to their respective paclitaxel
sensitive counterparts. Furthermore, as previously reported,we also ob-
served similar downregulation of relativemiR-17 expression level in all
four paclitaxel resistant cell lines (A549-T24, H596-TxR, H1734-T5 and
alysis of Beclin-1–Bcl-2 interaction in paclitaxel resistant A549-T24 cells compared to pac-
pared to paclitaxel sensitive A549 cells. Columns, mean of expression from three indepen-
of Beclin-1 andBcl-2 inpaclitaxel resistant A549-T24 cells compared to paclitaxel sensitive
oblotting using either antibody to Beclin-1 or antibody to Bcl-2 or antibody to IP3R. The
as co-immunoprecipitated with Bcl-2 in A549-T24 cells while we successfully detected
e data obtained from three independent experiments.

image of Fig.�2
image of Fig.�3


Fig. 4. Combined overexpression of both miR-16 and miR-17 potentiates paclitaxel sensitivity of paclitaxel resistant A549-T24 cells. (A) A549-T24 cells were either transfected with
100 nM pre-miR-negative control RNA (T24-miR-NC) or with 100 nM pre-miR-17 (T24-miR-17) or with 100 nM pre-miR-16 (T24-miR-16) or with 50 nM each of both pre-miR-17
and pre-miR-16 (T24-miR-comb) and were seeded into 96 well plates at a density of 1 × 104 cells per well. After 24 h, cells were treated with 0–200 nM paclitaxel for another 48 h.
The cell viability was assessed by MTT assay. Data are presented as % of cell viability measured in cells treated with paclitaxel with respect to negative control. Columns, mean of three
independent experiments; bars, S.E. *, p b 0.01 and #, p b 0.03 vs. negative control where n = 4. (B) A549 cells were either transfected with 100 nM anti-miR-negative control RNA
(A549-anti-miR-NC) or with 100 nM anti-miR-17 (A549-anti-miR-17) or with 100 nM anti-miR-16 (A549-anti-miR-16) or with 50 nM each of both anti-miR-17 and anti-miR-16
(A549-anti-miR-comb) and were seeded into 96 well plates at a density of 1 × 104 cells per well. After 24 h, cells were treated with 0–200 nM paclitaxel for another 48 h. Cell viability
was determined by MTT assay method and was expressed as a percentage of negative control. Columns, mean of three independent experiments; bars, S.E. *, p b 0.01 and #, p b 0.05 vs.
negative A549 control where n= 4. (C) Colony formation assay. T24-miR-NC, T24-miR-17, T24-miR-16 and T24-miR-comb cells were seeded in triplicate in 6 well plates at a density of
1000 cells per well. The cells were then treatedwith 12 nMpaclitaxel for 48 h. Then fresh culturemedia was added to eachwell and the cells were allowed to grow for 15 days at 37 °C, 5%
CO2 withmedia changes in every 3–4 days until colonies were visible by the eye. The resultant cell colonies were fixed and then stained with 0.5% crystal violet solution. The stained col-
onies were imaged by Bio-rad ChemiDoc XRS+ molecular imager. The results represent the best of data collected from three independent experiments with similar results. (D) Colony
formationwas quantitated by dissolving stained cells in Sorenson's buffer for colorimetric reading of absorbance at 550 nm. Columns,mean of three independent experiments; bars, S.E. *,
p b 0.05 vs. negative control where n = 4.
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H1299-Tx) compared to their respective paclitaxel sensitive variants
(Fig. 1B) [1]. These data also suggested that downregulation of miR-16
andmiR-17 following paclitaxel resistance was not limited to a particu-
lar cell line.

3.2. Sensitivity to paclitaxel was modulated by over-expression of miR-16
in vitro

To investigate whether miR-16 overexpression could sensitize
A549-T24 cells to paclitaxel, cell viability of A549-T24 was measured
by transfecting pre-miR-16 (T24-miR-16) or pre-miR-negative control
RNA (T24-miR-NC). It was observed that compared to the negative con-
trol (T24-miR-NC), overexpression of miR-16 significantly sensitized
the A549-T24 cells to paclitaxel (Fig. 1B). Moreover, to extend our
finding, we repeated this experiment with H596-TxR cells and we
found that compared to the negative control (TxR-miR-NC), TxR-miR-
16 cells exhibited much lower cell viability when treated with increas-
ing concentrations of paclitaxel (Fig. S1B).

The cyto-toxic effects of miR-16 overexpression and subsequent
paclitaxel treatment were further evaluated by trypan blue dye exclu-
sion assay using flow cytometer with A549-T24 cells (Fig. 1C). Fig. 1C
showed that with miR-16 overexpression and subsequent paclitaxel
treatment (24 nM) for 48 h resulted in the significant reduction of
residual viability of T24-miR-16 cells compared to T24-miR-NC cells.
3.3. miR-16 directly targeted anti-apoptotic protein Bcl-2 in paclitaxel
resistant lung cancer cells

Bioinformatic prediction indicated that miR-16 might target anti-
apoptotic protein Bcl-2. To validate whether miR-16 directly binds
to the 3′-UTR region of Bcl-2 mRNA, we constructed 3′-UTR reporters
of Bcl-2 containing putative miR-16 binding site (Fig. 2A). Co-
transfection of these reporter constructs with pre-miR-16 in A549-T24
cells resulted in the significant repression of relative renilla luciferase
activity (Fig. 2B) as compared to the negative control (A549-T24 cells
transfected with luciferase reporter and pre-miR-negative control
RNA). Moreover, we also prepared mutant 3′-UTR reporter of Bcl-2
with mutated miR-16 binding sites. When A549-T24 cells were co-
transfected with this mutant construct along with pre-miR-16, no
significant repression of relative luciferase activity compared to the
negative control was observed (Fig. 2B). All these results collectively
confirmed that Bcl-2 was the direct target of miR-16 in A549-T24 cells.

3.4. The level of miR-16 was inversely correlated with relative Bcl-2
expression in paclitaxel resistant lung cancer cells

Previous studies suggested that anti-apoptotic protein Bcl-2 expres-
sion is regulated by miR-16 [20–23]. Moreover, in this study we ob-
served that miR-16 directly interacted with the 3′-UTR region of Bcl-2
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mRNA (Fig. 2). As paclitaxel resistant lung cancer cells exhibited re-
duced expression of miR-16, we checked the cellular status of Bcl-2 in
A549-T24 cells and compared it with that of A549 cells. We found that
paclitaxel resistant lung cancer cells exhibited increased expression of
Bcl-2 (Fig. 3A). Estimation of the relative mRNA level of Bcl-2 (Fig. 3B)
by qRT-PCR indicated ~2 fold upregulation of Bcl-2 mRNA level in
A549-T24 cells compared to parental A549 cells. We also observed
similar upregulation in the expression level of Bcl-2 in H596-TxR cells
by Western blotting and qRT-PCR analysis (Fig. S2A and B).
3.5. Upregulation of Bcl-2 did not impede Beclin-1 mediated autophagy in
paclitaxel resistant lung cancer cells

It has been previously reported that Bcl-2 interactswith Beclin-1 and
thereby inhibits autophagy by dowregulating Beclin-1 expression [24,
25]. But here we observed that paclitaxel-resistant lung cancer cells ex-
hibited increase level of Bcl-2 expression and higher level of autophagy
with increased expression of Beclin-1 compared to parental cells (Figs.
3C and S2C). This appeared to be in conflict with the previous reports
describing Bcl-2 as an antagonist of autophagy [24]. Therefore, we
checked the interaction of Bcl-2 and Beclin-1 in paclitaxel resistant
lung cancer cells. In a co-immunoprecipitation experimentwewere un-
able to detect any interaction between Bcl-2 and Beclin-1 (Figs. 3C and
S2C) althoughwe successfully detected co-immunoprecipitated inositol
1,4,5-triphosphate receptor (IP3R) with Bcl-2 (Figs. 3C and S2C) as
Fig. 5.miR-16 andmiR-17modulate the expression of Beclin-1 and Bcl-2 in paclitaxel resistant
miR-negative control RNA (T24-miR-NC) or with 100 nM pre-miR-17 (T24-miR-17) or with 10
precursor RNA (T24-miR-comb) and 48 h following transfection cell lysates were prepared forW
trol). (B–D) Relative expression levels of Beclin-1, LC3-II and p62 mRNAs were analyzed by qR
enous reference and also for normalization of results. Columns,mean relative expression from th
(E) A549-T24 cells were either transfected with 100 nM pre-miR-negative control RNA (T24-m
16) orwith 50 nMeach of both pre-miR-16 and pre-miR-17 precursor RNA (T24-miR-comb) an
against Bcl-2 and GAPDH (loading control). (F) Relative expression level of Bcl-2 mRNAs was
GAPDH expression. Columns, mean relative expression from three independent samples; bars,
previously described [26–28]. This was observed both in the case of
A549-T24 and H596-TxR cells indicating that the inhibition of
Beclin-1 and Bcl-2 interactions following paclitaxel resistance was
not cell line specific. Altogether these results were in accordance
with several recent reports showing that Bcl-2 does not inhibit autoph-
agy but rather facilitates the cells to undergo autophagy by inhibiting
apoptosis [29–31].
3.6. Combined overexpression of miR-16 and miR-17 potentiates paclitaxel
sensitivity of paclitaxel resistant lung cancer cells

If resistance to paclitaxel is causally related to the downregulation of
miR-17 [1] and miR-16 in lung cancer cells (Figs. 1A and S1A), then
modulating the expression levels of both miR-17 and miR-16 simulta-
neously should alter paclitaxel sensitivity. Previously, we showed that
ectopic expression of miR-17 into paclitaxel resistant lung cancer
cells and subsequent treatment with paclitaxel sensitized the cells to
paclitaxel [1]. Moreover, here in this study, we showed that forced ex-
pression of miR-16 and subsequent paclitaxel treatment significantly
sensitized paclitaxel resistant lung cancer cells to paclitaxel (Figs. 1B–
C and S1B). So we hypothesized that since individual overexpression
of either miR-16 or miR-17 and subsequent paclitaxel treatment were
capable of modulating paclitaxel sensitivity of the drug resistant cells,
combined overexpression of both miRNAs would potentiate paclitaxel
sensitivity. So, we investigated the combined role of miR-16 and miR-
A549-T24 cells, respectively. (A) A549-T24 cells were either transfectedwith 100 nMpre-
0 nM pre-miR-16 (T24-miR-16) or with 50 nM each of both pre-miR-16 and pre-miR-17
estern blotting with antibody against Beclin-1, MAP-LC3B, p62 and GAPDH (loading con-

T-PCR for the same transfected samples. Expression of GAPDH mRNA was used as endog-
ree independent samples; bars, S.E. *,p b 0.01, **, p b 0.03 vs. negative control,where n=4.
iR-NC) or with 100 nM pre-miR-17 (T24-miR-17) or with 100 nM pre-miR-16 (T24-miR-
d 48h following transfection cell lysateswere prepared forWestern blottingwith antibody
analyzed by qRT-PCR for the same transfected samples. The results were normalized to
S.E. *, p b 0.03 vs. negative control, where n = 4.
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17 overexpression in paclitaxel induced cytotoxicity in two paclitaxel
resistant lung cancer cell lines (A549-T24 and H596-TxR). Moreover
to compare the result of combined miRNA overexpression with that of
single miRNA overexpression we showed them in parallel. We
overexpressed A549-T24 or H596-TxR cells with miR-16 and miR-
17 simultaneously and subsequently treated with varying doses
of paclitaxel for 48 h and determined cell viability by MTT assay.
We observed that irrespective of the cell type, combined overex-
pression of miR-16 and miR-17 followed by treatment with pacli-
taxel significantly sensitized the paclitaxel resistant lung cancer
cells to a lower dose of paclitaxel (Figs. 4A and S3A). For example,
when miR-17 was overexpressed, the IC50 values for 48 h paclitaxel
treatment were 29.8 ± 1.5 nM for A549-T24 cells and 41 ± 2 nM for
H596-TxR cells. For overexpression of miR-16, IC50 values were
21.5 ± 1.7 nM for A549-T24 cells and 34 ± 2.5 nM in H596-TxR cells
for 48 h paclitaxel exposure. Interestingly, IC50 valueswere reduced sig-
nificantly to 10.9 ± 0.42 nM for A549-T24 cells and 19 ± 2.5 nM for
H596-TxR cells when cells were co-transfected with both pre-miR-16
and pre-miR-17 and subsequently treated with paclitaxel for 48 h.
Fig. 6. Detection of autophagy following combined overexpression of miR-16 and miR-17 into
punctuates (autophagosome) following overexpression of A549-T24 cells with either miR-16
with 100 nM pre-miR-negative control RNA (T24-miR-NC) (B) or with 100 nM pre-miR-17
both pre-miR-16 and pre-miR-17 precursor RNA (T24-miR-comb) (E) and 48 h following tr
(OLYMPUS IX70, Japan). MDC staining of A549 served as the control (A). (F–J) Flow cytometr
T24-miR-17 (H), T24-miR-16 (I) and T24-miR-comb (J) cells respectively following staining w
(O) cells were stained with A.O for AVO observation under fluorescence microscope. A.O stain
AVO following miRNA overexpression into A549-T24 cells, flow-cytometric estimation of AVO
comb (T) cells respectively following A.O staining. A.O staining of A549 cells was used as contr
Moreover, to complement these results, we transfected paclitaxel
sensitive parental lung cancer cells (both A549 and H596 cells) either
with anti-miR-17 or with anti-miR-16 or with both anti-miRNAs simul-
taneously and measured cell viability in the presence of paclitaxel (0–
200 nM) with the expectation that these treatments would result in
acquisition of the resistant phenotype. We observed that as expected
when A549 or H596 cells were simultaneously transfected with both
antisense miR-16 (anti-miR-16) and antisense miR-17 (anti-miR-17)
they exhibited maximum tolerance to paclitaxel compared to the cells
transfected with individual anti-miRNA (Figs. 4B and S3B).

3.7. Combined overexpression of both miR-16 and miR-17 reduced the
colony forming ability of A549-T24 cells

Cultured A549-T24 cells were either transfected with pre-miR-
negative control RNA (T24-miR-NC) or with pre-miR-16 (T24-miR-
16) or with pre-miR-17 (T24-miR-17) or with both pre-miRNAs (T24-
miR-comb) and 24 h following transfection cells were treated with
12 nM paclitaxel for another 48 h. Thereafter, cells were maintained
paclitaxel resistant A549-T24 cells. (B–E) The fluorescence image of MDC fluorescence of
or miR-17 or miR-16 and miR-17 in combination. A549-T24 cells were either transfected
(T24-miR-17) (C) or with 100 nM pre-miR-16 (T24-miR-16) (D) or with 50 nM each of
ansfection cells were labeled with MDC, images were taken by fluorescence microscope
ic quantitation of change in autophagic vacuole formation in A549 (F), T24-miR-NC (G),
ith MDC. (L–O) T24-miR-NC (L), T24-miR-17 (M), T24-miR-16 (N) and T24-miR-comb
ing of A549 was used as control (K). (P–T) To quantitate change in % of cells developing
s was done in A549 (P), T24-miR-NC (Q), T24-miR-17 (R), T24-miR-16 (S) and T24-miR-
ol.
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for another 15 days with triweekly change in media and then stained
with crystal violet and the images of the resultant cell colonies were
taken (details in Materials and methods section). We found that when
A549-T24 cells were co-overexpressed with both miR-16 and miR-17
and treated with 12 nM paclitaxel (IC50 dose) for 48 h, cells exhibited
much lower colony formation (Fig. 4C). For example, when A549-T24
cells were overexpressed with miR-17 or miR-16 or miR-16 and miR-
17 in combination and treated with 12 nM paclitaxel for 48 h, % colony
formation abilities were 70 ± 3.98%, 52 ± 6.56% and 20 ± 5.96%, re-
spectively, with respect to that of the negative control (T24-miR-NC)
(Fig. 4D).

3.8. Co-overexpression ofmiR-16 andmiR-17 led to downregulation of both
Bcl-2 and Beclin-1 expressions respectively in paclitaxel resistant lung
cancer cells

To functionally validate the combined role of miR-16 and miR-17
downregulation in paclitaxel resistance, we overexpressed A549-T24
cells either with pre-miR-16 or with pre-miR-17 or with both miRNAs
and examined the expression of both Beclin-1 and Bcl-2. We found
that compared to the negative control (T24-miR-NC) when A549-T24
cells were overexpressed with miR-17 (T24-miR-17) or miR-17 and
miR-16 in combination (T24-miR-comb), a marked decrease in Beclin-
1 expression level was observed (Fig. 5A, first blot and Fig. 5B). We
Fig. 7. Combined overexpression of miR-16 and miR-17 and subsequent paclitaxel treatment p
way. Annexin V–FITC/PI assay for determination of apoptosis of pre-miRNA transfected and 1
either transfected with 100 nM pre-miR-negative control RNA (T24-miR-NC) (A) or with 100
50 nM each of both pre-miR-16 and pre-miR-17 (T24-miR-comb) (D) and 24 h following tran
stained with annexin V–FITC and PI. The percentage of early apoptotic cells located in the lo
cells located in the upper right quadrant (annexin V–FITC positive/PI positive cells) were de
(H) cells were pre-treated with pan-caspase inhibitor zVAD-fmk followed by treatment with
flow cytometry. (I) Percentage of apoptotic cells (annexin V-positive cells) was plotted agains
three independent samples; bars, S.E. *, p b 0.05, #, p b 0.01 vs. negative control where n = 4.
also evaluated the cellular expression levels of two other autophagic
marker proteins, MAP-LC3-II and p62/SQSTM1 downstream to Beclin-
1. We found that overexpression of miR-17 or a combination of miR-
16 and miR-17 into A549-T24 cells resulted in accumulation of p62/
SQSTM1 (Fig. 5A, third blot and Fig. 5D) and reduction in LC3-I to LC3-
II conversion (Fig. 5A, second blot and Fig. 5C) indicating inhibition of
autophagy. To extend our findings we tested the mRNA expression
status of these autophagy related genes (i.e. Beclin-1, LC3-II and p62/
SQSTM1) in H596-TxR cells following overexpression with either miR-
17 or with miR-16 or with both miRNAs in combination. Overexpres-
sion of miR-17 or miR-17 and miR-16 in combination in H596-TxR
cells caused significant downregulation of Beclin-1 and LC3-II expres-
sions with a marked increase in p62/SQSTM1 mRNA level (Fig. S4A
and B).

Furthermore, forced expression of miR-16 or a combination of
miR17 and miR-16 into A549-T24 cells resulted in the concordant
downregulation of cellular Bcl-2 protein level (Fig. 5E). Investigation
of relative mRNA expression levels of Bcl-2 in those miRNA transfected
cells revealed marked downregulation of Bcl-2 mRNA expression in
T24-miR-16 and T24-miR-comb cells as compared to the negative con-
trol (Fig. 5F) and thereby confirming Bcl-2 expression to be negatively
regulated by miR-16 in vitro. However, overexpression of miR-17 did
not significantly affect the status of Bcl-2 (Fig. 5E and F) indicating
that miR-17 had no influence on Bcl-2 expression in A549-T24
otentiates cellular apoptosis in A549-T24 cells via mitochondrial caspase dependent path-
2 nM paclitaxel treated A549-T24 cells using flow cytometer. (A–D) A549-T24 cells were
nM pre-miR-17 (T24-miR-17) (B) or with 100 nM pre-miR-16 (T24-miR-16) (C) or with
sfection cells were incubated with paclitaxel (12 nM) for 48 h. Cells were harvested and
wer right quadrant (annexin V–FITC positive/PI negative cells), as well as late apoptotic
termined. (E–H) T24-miR-NC (E), T24-miR-17 (F), T24-miR-16 (G) and T24-miR-comb
paclitaxel for 48 h and then analyzed for apoptosis by annexin V–FITC/PI staining and
t different sample sets. Columns, mean cell count of annexin V positive population from
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cells.We also tested the status of Bcl-2 in H596-TxR cells following com-
bined overexpression of miR-17 andmiR-16. Similar downregulation of
Bcl-2 expression level was observed when H596-TxR cells were
overexpressed with either miR-16 or miR-17 and miR-16 in combina-
tion (Fig. S4C and D). Moreover, these results also collectively indicated
that overexpression of miR-16 did not interfere with the expression of
Beclin-1 and overexpression of miR-17 did not modulate relative Bcl-2
expression indicating that these two miRNAs mediate their effects
through two different pathways.

3.9. Co-overexpression of miR-16 and miR-17 reduced cellular autophagy
in A549-T24 cells

Chemotherapeutic agent paclitaxel exerts its cytotoxic effect by in-
ducing apoptosis [32]. However, cancer cells trigger multiple survival
pathways to overcome the adverse effects of chemotherapy. In recent
years, autophagy has emerged as one of themost widely studied surviv-
al pathwayswhich help the cancer cells to survive and escape from che-
motherapy induced cytotoxicity [7,18,33,34]. Paclitaxel is known to
induce autophagy in cancer cells [7,8,35]. Previous reports show that
paclitaxel resistant lung cancer cells exhibit increased level of autopha-
gy and miR-17 downregulation contributes to this upregulation of
Fig. 8. Combined overexpression of miR-16 andmiR-17 and subsequent paclitaxel (12 nM) trea
simultaneous inhibition of PI3K/Akt/mTOR pathway in paclitaxel resistant A549-T24 cells. (A)
cells were either transfected with 100 nM pre-miR-negative control RNA (T24-miR-NC) or w
50 nMeach of both pre-miR-16 and pre-miR-17 precursor RNA (T24-miR-comb) and treatedw
toWestern Blot analysis to detect the change in expression of different pro- and anti-apoptotic
served as the loading control. (B) Estimation of Bax/Bcl-2 ratio in T24-miR-NC, T24-miR-17, T
change of expression ratio of Bax/Bcl-2 was calculated by densitometric scanning of band inte
control where n= 3. (C) Measurement of caspase 3 activity in the presence and absence of zVA
ment with 12 nM paclitaxel for 48 h. Columns, relative caspase 3 activity; bars, S.E. *, p b 0.05, *
miR-17 resulted in the marked inhibition of PI3K/Akt/mTOR pathway in A549-T24 cells. T24-m
taxel for 48 h. Following cell lysis, equal amounts of proteins were immunoprecipitated by ant
immunoblotted with anti-phosphotyrosine (p-Tyr) antibody and anti-p85 antibody to check t
Ser473 residue), total Akt kinase and mTOR in paclitaxel treated T24-miR-NC, T24-miR-17, T2
expression of p85 and p-Tyrwas calculated by densitometric scanning of band intensity and plo
control where n = 4.
cytoprotective autophagy which helps lung cancer cells to withstand
cytotoxic effects of paclitaxel and develop paclitaxel resistance [1,8].
Here in this report we were interested to see whether combined over-
expression of miR-17 and miR-16 could inhibit autophagosome forma-
tion in A549-T24 cells. We used two different stains for detecting
autophagic vacuoles, monodansylcadaverine (MDC) which accumu-
lates in matured autophagic vacuoles but not in early endosomal com-
partments which are acidic in nature and gives a green fluorescence
or acridine-orange (A.O) which binds to autophagic acidic vacuoles
(AVOs) and therebymarks AVOs by the appearance of red fluorescence.
From fluorescencemicroscopic examinationwe found that compared to
the negative control (T24-miR-NC) (Fig. 6B and L), when A549-T24 cells
were overexpressed with pre-miR-17 (T24-miR-17) (Fig. 6C and M) or
with the combination of pre-miR-17 and pre-miR-16 (T24-miR-comb)
(Fig. 6E and O), autophagosome formation was markedly reduced.
Under similar conditions paclitaxel sensitive parental A549 cells
displayed almost no fluorescent vesicles (Fig. 6A and K). This was ob-
served both in the case of MDC stained and A.O stained cells. Moreover,
we also observed that overexpression ofmiR-16 into A549-T24 cells did
not significantly affect the autophagosome formation as T24-miR-16
cells exhibited the presence of significant amount of AVOs (Fig. 6D
and N). Furthermore, we also performed flow cytometry analysis of
tment resulted in activation of caspase 3 mediatedmitochondrial apoptotic pathwaywith
Western Blot analysis of different apoptotic and anti-apoptotic marker proteins. A549-T24
ith 100 nM pre-miR-17 (T24-miR-17) or with 100 nM pre-miR-16 (T24-miR-16) or with
ith 12 nMpaclitaxel for 48 h. Following cell lysis, equal amounts of proteinswere subjected
proteins (Bax, Bcl-2, P53, cleaved caspase 9, cleaved caspase 3 and cleaved PARP). GAPDH
24-miR-16 and T24-miR-comb cells following paclitaxel treatment (12 nM) for 48 h. The
nsities. Columns, relative mean ratio of band intensities; bars, S.E. *, p b 0.03 vs. negative
D-fmk in T24-miR-NC, T24-miR-17, T24-miR-16 and T24-miR-comb cells following treat-
*, p b 0.03 vs. negative control where n= 3. (D) Combined overexpression of miR-16 and
iR-NC, T24-miR-17, T24-miR-16 and T24-miR-comb cells were treated with 12 nM pacli-
ibody against the regulatory p85 subunit of PI3K and then p85 immunoprecipitates were
he total and phosphorylated amount of PI3K. The expression status of phosphorylated (at
4-miR-16 and T24-miR-comb cells was measured by Western blotting. (E) The change of
tted against respective samples. Columns, band intensities; bars, S.E. *, p b 0.05 vs. negative
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these samples after staining them with either MDC or AO for the quan-
titation of AVOs and we found similar results (Fig. 6F–J and P–T). These
results along with the other results collectively suggested that miR-17
and miR-16 mediate their effects via two independent pathways i.e.
they don't have a common target in paclitaxel resistant lung cancer
cells.

3.10. Co-overexpression of miR-16 and miR-17 markedly sensitized the
paclitaxel resistant lung cancer cells by promoting paclitaxel induced
apoptosis

Since co-overexpression of miR-16 and miR-17 sensitized the pacli-
taxel resistant lung cancer cells to amuch lower dose of paclitaxel (Figs.
4A and S3A), wewere interested to investigate whether this increase in
cytotoxicity was the result of increase in apoptosis in both A549-T24
and H596-TxR cells. T24-miR-NC and TxR-miR-NC or T24-miR-17 and
TxR-miR-17 or T24-miR-16 and TxR-miR-16 or T24-miR-comb and
TxR-miR-comb cells were treated with 12 nM paclitaxel for another
48 h. Then the cells were fixed and labeled with FITC–annexin V anti-
body and propidium iodide (PI) and subjected to a two color flow cyto-
metric assay. Flow cytometric analysis revealed that % of annexin V and
annexin V/PI positive cells increased significantly in the cells
Fig. 9. Simultaneous inhibition of Beclin-1mediated autophagy by miR-17 overexpression and
subsequent paclitaxel treatment induced collapse of mitochondrial membrane potential and st
and T24-miR-comb cells were treated with 12 nM paclitaxel for 48 h. Then the treated-cells w
Histogram represents enhancement of green fluorescence (FL2-H) intensity vs. cell count plots
ofmiR-17 andmiR-16 and subsequent paclitaxel treatment. (C)Western Blot analysis to detect
miR-17, T24-miR-16 and T24-miR-comb cells following paclitaxel treatment for 48 h. GAPDH s
T24-miR-16 and T24-miR-comb cells following paclitaxel treatment for 48 h. ROS generation w
overexpressing both miRNAs (T24-miR-comb and TxR-miR-comb)
than the cells overexpressing any of the individual miRNAs (miR-17 or
miR-16 individually) or the negative control RNA (T24-miR-NC and
TxR-miR-NC) (Figs. 7A–D and S4A–D). For example, compared to the
negative control (T24-miR-NC and TxR-miR-NC), when the cells were
overexpressed either with miR-17 (T24-miR-17 and TxR-miR-17) or
with miR-16 (T24-miR-16 and TxR-miR-16) individually, the numbers
of apoptotic cells were 16% (T24-miR-17), 9.5% (TxR-miR-17) and 22%
(T24-miR-16), and 15.5% (TxR-miR-16). However when the cells were
overexpressed with both miRNAs in combination and subsequently
treated with 12 nM paclitaxel for 48 h, % of apoptotic cells increased
to 47% (T24-miR-comb) and 34% (TxR-miR-comb) indicating significant
enhancement of cellular apoptosis (Figs. 7A–D and S4A–D). Moreover,
when these miRNA transfected cells were pre-treated with the pan-
caspase inhibitor zVAD-fmk for 2 h before treatment with 12 nM pacli-
taxel for 48 h, the percentage of cells undergoing apoptosis reduced sig-
nificantly (Fig. 7A–D compared to Fig. 7E–Hand Fig. S4A–D compared to
Fig. S5E–H), suggesting that this increase in apoptosis induced by com-
bined overexpression of miR-17 and miR-16 followed by treatment
with paclitaxel was caspase dependent.

Furthermore, the inhibitory effect of pan-caspase inhibitor zVAD-
fmk on apoptosis of A549-T24 cells following combined overexpression
downregulation of anti-apoptotic protein Bcl-2 expression by miR-16 overexpression and
imulated ROS generation in A549-T24 cells. (A-B) T24-miR-NC, T24-miR-17, T24-miR-16
ere harvested, PBS washed and finally stained with JC-1 and analyzed by flow cytometer.
where mitochondrial membrane potential decreases following combined overexpression
the release of the cytochrome-c in the cytosol from themitochondria in T24-miR-NC, T24-
erved as the loading control. (D–E) Evaluation of ROS levels in T24-miR-NC, T24-miR-17,
as estimated by staining of the cells with H2-DCFDA dye and flow cytometry.
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Fig. 10. Amelioration of paclitaxel induced cytotoxicity following combined overexpression of miR-16 and miR-17 in A549-T24 cells by N-acetyl-L-cysteine (NAC). A549-T24 cells were
either transfected with 100 nM pre-miR-negative control RNA (T24-miR-NC) or with 100 nM pre-miR-17 (T24-miR-17) or with 100 nM pre-miR-16 (T24-miR-16) or with 50 nM
each of both pre-miR-16 and pre-miR-17 precursor RNA (T24-miR-comb). (E–H) Cells were pre-incubatedwith 1mMNAC for 4 h and then treatedwith 12 nMpaclitaxel for 48 h. Finally
after labeling with annexin V and PI for apoptosis assay, the cells were analyzed by flow cytometer. (A–D) T24-miR-NC (A), T24-miR-17 (B), T24-miR-16 (C) and T24-miR-comb (D) cells
were treated with 12 nM paclitaxel for 48 h. Cells were harvested, stained with annexin V–FITC and PI and analyzed by flow cytometer. The percentages of early and late apoptotic cells
were determined. (I) T24-miR-NC, T24-miR-17, T24-miR-16 and T24-miR-comb cells were pre-incubated with 1 mM NAC for 4 h and then treated with 12 nM paclitaxel for 48 h. Cell
viability was measured by MTT assay and was expressed as the percentage of negative control. Columns, mean of cell viability from three independent experiments; Columns, mean
cell viability from three independent experiments; bars, S.E. *, p b 0.01 vs. negative control where n = 4.
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of miR-16 and miR-17 and subsequent paclitaxel treatment (Fig. 7) in-
trigued us to investigate the status of major protein components of mi-
tochondrial apoptotic pathway by Western blotting. We found that
when A549-T24 cells were jointly overexpressed with miR-16 and
miR-17 and subsequently treated with 12 nM paclitaxel for 48 h, a
significant increase in Bax (pro-apoptotic)/Bcl-2 (anti-apoptotic) ratio
(Fig. 8A and B) was observed. Moreover, we observed that co-
overexpression of miR-16 and miR-17 resulted in increase in the p53
level and increase in the amount of a cleaved caspase-3 (19 kDa) as
well as cleaved poly (ADP-ribose) polymerase (PARP) (Fig. 8A).

Moreover, to extend our finding we also measured mRNA ex-
pression levels of Bax, Bcl-2 and P53 genes by qRT-PCR in H596-TxR
cells following combined overexpression of miR-17 and miR-16 and
subsequent treatment with 12 nM paclitaxel. We observed that com-
bined overexpression of miR-16 and miR-17 and subsequent paclitaxel
treatment (12 nM) resulted in significant upregulation of Bax and P53
mRNA expressions with a concomitant downregulation of Bcl-2
(Fig. S5A–C).

We also evaluated the relative caspase-3 activity in these doubly
transfected cells following paclitaxel treatment by caspase-3 assay kit.
From caspase-3 assay we found that the relative caspase-3 activity
increased significantly in the cells overexpressing both miRNAs (T24-
miR-comb and TxR-miR-comb) than the cells overexpressing individual
miRNAs (T24-miR-17 and TxR-miR-17 or T24-miR-16 and Txr-miR-16)
or the negative control RNA (T24-miR-NC and TxR-miR-NC) (Figs. 8C
and S6D). Moreover, before paclitaxel exposure when these miRNA
transfected cells were pre-treated with 50 μM zVAD-fmk for 2 h
and then subjected to caspase-3 assay after paclitaxel treatment,
they showed inhibited caspase-3 activity (Figs. 8C and S6D), again
confirming apoptosis induced by combined overexpression of miR-17
and miR-16 and subsequent treatment with paclitaxel was caspase-3
dependent.

3.11. Combined overexpression of miR-17 and miR-16 and subsequent
paclitaxel treatment resulted in the inhibition of PI3K/Akt/mTOR pathway
in paclitaxel resistant lung cancer cells

Many recent studies have reported that the activation of PI3K/Akt
signaling cascade plays a critical role in initiation and progression of
tumor in several human cancers including NSCLC [36–38]. It has also
been reported that several anti-tumor drugs induce apoptosis by
inhibiting PI3K/Akt/mTOR dependent cell survival pathways [39]. So
to assess whether this pathway was affected by combined overexpres-
sion of miR-16 and miR-17 in paclitaxel resistant A549-T24 cells, T24-
miR-NC, T24-miR-17, T24-miR-16 and T24-miR-comb cells were
treated with 12 nM paclitaxel for 48 h and protein levels of total and
phosphorylated p85 (PI3K regulatory subunit) were analyzed after
immuno-precipitating the cell lysates with an antibody against the
p85 subunit of PI3K (Fig. 8D and E). We also evaluated the total and
phosphorylated Akt levels in these cell lysates. We observed that T24-

image of Fig.�10
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miR-comb cells exhibited much lower levels of total and phosphorylated
p85 and phosphorylated Akt with upregulated mTOR expression
compared to T24-miR-17 or T24-miR-16 cells (Fig. 8D) indicating that
combined overexpression of miR-17 and miR-16 followed by paclitaxel
treatment resulted in inhibition of PI3K/Akt/mTOR signaling pathway at
a greater extent, which in turnmight contribute to the increased apopto-
sis and heightened cell death, observed in the case of these doubly
transfected cells (T24-miR-comb).

3.12. Combined overexpression of miR-16 and miR-17 and subsequent
paclitaxel treatment induced disruption of mitochondrial membrane
potential and release of cytochrome-c from the mitochondria to cytosol in
A549-T24 cells

Previous studies have reported that the activation of caspases is driv-
en by the collapse of mitochondrialmembrane potential,ΔΨ, as a result
of depolarization and leakiness of the inner mitochondrial membrane
and release of cytochrome-c from mitochondrial membrane to cytosol
through intrinsicmitochondrial apoptotic pathway [1,40,41]. Therefore,
we were interested to investigate the impact of combined overexpres-
sion of miR-17 and miR-16 and subsequent paclitaxel treatment
(12 nM) on the mitochondrial membrane potential of A549-T24
cells using JC-1 dye. As shown in Fig. 9A and B, combined inhibition of
Beclin-1 mediated autophagy by miR-17 overexpression and inhibition
of Bcl-2 bymiR-16 overexpression and subsequent paclitaxel treatment
of A549-T24 cells resulted in collapse of ΔΨ at much greater extent
compared to T24-miR-17 or T24-miR-16 cells as observed by lower in
red fluorescence intensity (JC-1). Thereafter, we checked the status of
cytosolic cytochrome-cwhich gets released in the cytosol from the mi-
tochondria following disruption of mitochondrial membrane potential.
As shown in Fig. 9C, when A549-T24 cells were co-transfected with
miR-17 and miR-16 and subsequently treated with 12 nM paclitaxel
for 48 h, the amount of cytochrome-c released in the cytosol was
much higher than that of T24-miR-17 and T24-miR-16 cells justifying
increased mitochondrial damage and subsequent apoptosis.

3.13. Overexpression of miR-16 and miR-17 and subsequent paclitaxel
treatment stimulated ROS generation in paclitaxel resistant lung cancer
cells

Several recent studies have indicated the involvement of reactive
oxygen species (ROS) in the induction of autophagy and apoptosis and
demonstrated that ROS plays an important role in the release of
cytochrome-c from the mitochondria [7,18,32,42,43]. In our previous
study, we showed that inhibition of cyto-protective autophagy by
miR-17 overexpression and subsequent Beclin-1 downregulation re-
sulted in increased ROS generation upon paclitaxel treatment [1]. More-
over, recently several reports have provided evidence that inhibition of
anti-apoptotic protein Bcl-2 results in increase in oxidative stress due to
greater production of ROS in cancer cells following treatment with
chemotherapeutic agents [44–47]. Therefore, we decided to analyze
whether inhibition of Beclin-1 mediated autophagy by miR-17 overex-
pression and induction of apoptosis by Bcl-2 inhibition through miR-
16 overexpression jointly could stimulate higher generation of ROS
following paclitaxel treatment. We found consistent with our previous
report, inhibition of cyto-protective autophagy miR-17 overexpression
and subsequent paclitaxel treatment resulted in accumulation of ROS
in T24-miR-17 cells than T24-miR-NC cells (Fig. 9D and E). Moreover,
ROS generation was somewhat more pronounced in T24-miR-16 cells
compared to T24-miR-17 and T24-miR-NC cells (Fig. 9D and E). When
A549-T24 cells were co-transfected with both miR-17 and miR-16, sig-
nificant increase in ROS level was observed (Fig. 9D and E), indicating
combined overexpression of miR-17 and miR-16 followed by paclitaxel
treatment stimulated ROS formation in greater extent. We also noticed
similar increased accumulation of ROS following combined
overexpression of miR-17 and miR-16 and paclitaxel treatment in
H596-TxR cells (Fig. S7A and B).

Since the level of ROS was significantly elevated in T24-miR-comb
and TxR-miR-combcells, wewere further interested to analyzewhether
attenuation of ROS could influence paclitaxel mediated apoptotic
cell death. For this purpose, we pre-treated T24-miR-NC and TxR-miR-
NC, T24-miR-17 and TxR-miR-17, T24-miR-16 and TxR-miR-16 and
T24-miR-comb and TxR-miR-comb cells with 1mMN-acetyl-L-cysteine
(NAC) for 4 h, then exposed them to 12 nM paclitaxel for 48 h after
changing the NAC containing media and cell viability was measured
by MTT assay. As shown in Fig. 10I, pre-treatment with NAC inhibited
the cytotoxic effects of paclitaxel by scavenging ROS. Similar results
were observed with TxR-miR-comb cells (Fig. S8I) where pre-
treatment with 1 mMNAC and subsequent paclitaxel treatment result-
ed in the marked increase in cell viability as measured by MTT assay.
Moreover, to confirm whether this reduction in cell death was due to
true reduction in cellular apoptosis or not, these treated cells were sub-
jected to two color flow cytometric assay after staining with annexin V/
PI. We observed that when these miRNA transfected cells were pre-
treatedwith the 1mMNAC for 4 h and then exposed to 12 nMpaclitaxel
for 48 h, the percentage of cells undergoing apoptosis reduced signifi-
cantly irrespective of the cell type (Fig. 10A–D compared to Fig. 10E–H
and Fig. S8A–D compared to Fig. S8E–H) suggesting that generation of
ROS following combined overexpression of miR-17 and miR-16 and
subsequent paclitaxel treatment played a critical role in regulating cell
death response in paclitaxel resistant lung cancer cells.

4. Discussion

Paclitaxel based combination chemotherapy is widely used to treat
and extend survival in patients diagnosed with lung cancer [5]. Al-
though the exact mechanism of cytotoxicity of paclitaxel to cancer
cells is not completely understood. The major mechanism underlying
its anti-tumor activity has been ascribed to be binding of paclitaxel to
the β-subunit of α–β tubulin heterodimer of microtubule, thereby in-
terfering with the microtubular dynamicity, resulting in G2/M mitotic
arrest. Despite its ability to stabilize microtubule and impair mitosis,
paclitaxel also induces apoptosis by directly interacting with the mito-
chondrial membrane proteins [48,49] and regulates cytokine gene
expression suggesting multiple effect of paclitaxel in human cancer
[50,51]. However, the clinical effectiveness of paclitaxel in the treatment
of NSCLC is often negated by the emergence of paclitaxel resistance
which appears following couple cycles of paclitaxel based chemotherapy.
Although the exact mechanisms responsible for the development of pac-
litaxel resistance still remained elusive, upregulation of P-glycoprotein
and related drug efflux pumps [52,53] and altered expression of tu-
bulin isotypes, particularly βIII-tubulin [54,55] have been strongly
implicated in paclitaxel resistance.

Dysregulation of miRNA expression has been shown to play an
important role in the development of clinical resistance to paclitaxel.
In recent years increasing studies have indicated that many miRNAs,
having oncogenic or tumor suppressive function, have been identified
to be involved in cell proliferation, apoptosis and drug resistance [1,3,
20,56,57]. However, the exact mechanisms contributing to miRNA dys-
regulation leading to paclitaxel resistance remained poorly understood.
We previously performed differential miRNA array analysis for screen-
ing differentially expressed miRNAs between paclitaxel sensitive and
paclitaxel resistance lung cancer cells [1]. In that study we showed
that paclitaxel resistant lung cancer cells exhibit reduced expression of
miR-17 and this downregulation of miR-17 expression resulted in the
upregulation of Beclin-1 and subsequent cytoprotective autophagy
which protects the lung cancer cells against paclitaxel induce cytotoxic-
ity and this in-turn helps the cells to develop paclitaxel resistance [1]. In
this report, we showed that paclitaxel resistant lung cancer cells exhib-
ited decreased expression of miR-16 (Fig. 1A). We performed qRT-PCR
analysis using TaqMan miRNA assays and confirmed that miR-16 was
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significantly downregulated in A549-T24 cells (Fig. 1A). To get a more
generalized view and to extend our finding we also evaluated the rela-
tivemiR-16 expression levels in three other in vitro generated paclitaxel
resistant cell lines and found similar results (Fig. 1A).We also evaluated
the relative expression level of miR-17 in these paclitaxel resistant cell
lines and found similar downregulation ofmiR-17 expression compared
to their respective paclitaxel sensitive counterparts (Fig. S1A). All these
data collectively confirmed that downregulation of miR-16 and miR-17
following paclitaxel resistance was a general phenomenon and it is not
limited to any particular cell line. Since, it has been previously reported
that cellular expression of Bcl-2 is inversely modulated by miR-16 ex-
pression [21,22,56] we performed luciferase reporter assay to demon-
strate that anti-apoptotic protein Bcl-2 was a direct target of miR-16
(Fig. 2).

In the previous decade inhibition of apoptosis induction by paclitax-
el has been the major consideration in the development of cancer drug
resistance [8]. Recently, stimulation of autophagy in response to pacli-
taxel treatment has also been implicated to contribute to the develop-
ment of paclitaxel resistance in many types of cancer including NSCLC
[1,7]. We have previously shown that paclitaxel resistant lung cancer
cells exhibit heightened level of cellular autophagy with increased
expression of Beclin-1 which plays a critical role in initiating and medi-
ating cytoprotective autophagy [1]. Moreover, it has been previously
reported that Bcl-2 and other anti-apoptotic proteins are overexpressed
in several cancers and are associated with the development of
chemoresistance and radioresistance [58–60]. We also observed upreg-
ulation of Bcl-2 in paclitaxel resistant lung cancer cells compared to pac-
litaxel sensitive parental cells (Figs. 3A and B and S2A and S2B).
However, this appeared to be in conflict with reports showing that
Bcl-2 inhibits autophagy by binding with Beclin-1 in cancer cells [24,
25]. It has also been shown that Bcl-2 binds to Beclin-1 and inhibits
autophagy under nutrient rich conditions but gets dissociated from
Beclin-1 following nutrient starvation and stressed condition [24].
Because of these reports, we thought perhaps that dissociation of Bcl-
2 from Beclin-1 occurs in paclitaxel resistant A549 cells in the presence
of paclitaxel stress. However, in a co-immunoprecipitation experiment
we did not find any co-immunoprecipitated Beclin-1 with Bcl-2,
although we successfully detected co-immunoprecipitated inositol
1,4,5-triphosphate receptor (IP3R) with Bcl-2 (Figs. 3C and S2C) in
both A549-T24 and H596-TxR cells, while under similar condition
Beclin-1 was found to be associated with Bcl-2 in parental A549 and
H596 cells (Figs. 3C and S2C). Our observations collectively demonstrat-
ed that in paclitaxel resistant lung cancer cells, in the presence of pacli-
taxel, overexpression of Bcl-2 caused inhibition of apoptosis, which in-
turn facilitated the cells to undergo autophagy with increased expres-
sion of Beclin-1. Moreover, our data were consistent with the recent
observation that Bcl-2 facilitates autophagy to occur by inhibiting
apoptosis when cells are subjected to metabolic stress in the presence
of DNA damaging agent etoposide or kinase inhibitor staurosporine
[30,31].

Overexpression of Bcl-2 and other anti-apoptotic proteins has
been shown to be associated with the development of chemoresistance
[58,59]. In this report, we showed that overexpression of Bcl-2 was
associated with downregulation of miR-16 expression in paclitaxel
resistant lung cancer cells. Moreover, it has also been demonstrated
that upregulation of Beclin-1 mediated autophagy following miR-17
downregulation played an important role in the development of pacli-
taxel resistance in lung cancer cells [1]. All these data indicated that si-
multaneous downregulation of miR-17 and miR-16 was involved in
the development of paclitaxel in lung cancer cells upregulating relative
expression of Beclin-1 and Bcl-2 respectively. This intrigued us to inves-
tigate the effect of combined overexpression of miR-16 and miR-17 in
paclitaxel resistant lung cancer cells. We found that joint overexpres-
sion of both miR-16 and miR-17 significantly sensitized the paclitaxel
resistant lung cancer cells to a lower dose of paclitaxel compared to
cells overexpressed with either miR-17 or miR-16 individually (Figs.
4A and S3A). We also found that when A549-T24 cells were simulta-
neously overexpressed with both miR-16 and miR-17 and treated
with paclitaxel they showed significantly reduced tumor forming ability
suggesting that simultaneous downregulation of miR-16 and miR-17
plays a critical role in the development of paclitaxel resistance in lung
cancer (Fig. 4C and D). Moreover, when paclitaxel sensitive parental
lung cancer cells were co-overexpressed with both anti-miR-17 and
anti-miR-16, they showed reduced sensitivity to paclitaxel clearly dem-
onstrating direct association of miR-17 and miR-16 with paclitaxel re-
sistance (Figs. 4B and S3B). We also identified higher percentage of
apoptosis in cells co-transfected with miR-17 and miR-16 together
after treatment with paclitaxel (Figs. 7 and S5) which was further con-
firmed by immunoblotting of the apoptotic marker proteins, cleaved
PARP and through detection of caspase 3 activity (Figs. 8A–C and S6).
These results suggested that induction of cytoprotective autophagy by
paclitaxel treatment and inhibition of apoptosis by up-regulation of
anti-apoptotic protein Bcl-2 jointly played key roles in the development
of paclitaxel resistance in lung cancer cells. Furthermore, the PI3K/Akt/
mTOR pathway plays a central role inmaintaining aggressivemalignant
tumor growth and its activation mediates chemoresistance by promot-
ing cell survival and inhibition of induction of apoptosis [61]. Here we
showed that combined overexpression of miR-17 and miR-16 and sub-
sequent paclitaxel treatment resulted in the greater inhibition of cell
survival signaling via PI3K/Akt/mTOR pathway (Fig. 8D and E) and
also transduced the downstream mitochondrial apoptotic signals im-
portant for initiation of apoptosis in paclitaxel resistant lung cancer
cells [62].

Next, we wanted to know that by which mechanism inhibition of
Beclin-1 expression by miR-17 overexpression and downregulation of
Bcl-2 through miR-16 overexpression induced increased apoptosis in
paclitaxel resistant lung cancer cells?We found significant drop inmito-
chondrial membrane potential following combined overexpression of
miR-17 and miR-16 and subsequent paclitaxel treatment in A549-T24
cells (Fig. 9A and B). These dysfunctional mitochondria stimulated
ROS generation in T24-miR-comb at a greater extent than T24-miR-17
and T24-miR-16 (Figs. 9D, E and S7). Moreover, scavenging of this
ROS accumulation by anti-oxidant NAC pre-treatment following co-
overexpression of miR-17 and miR-16 prevented paclitaxel induced
apoptosis in lung cancer cells (Figs. 10 and S7). Our results indicated
inhibition of mitochondrial membrane potential following combined
overexpression of miR-17 and miR-16 and subsequent paclitaxel treat-
ment resulted in the greater accumulation of ROS, which played a criti-
cal role in regulating cell death response in paclitaxel resistant lung
cancer cells.

5. Conclusion

Our study showed that exposure of the cancer cells to paclitaxel trig-
geredmultiple pro-survival pathways. It resulted in the induction of au-
tophagy by upregulating Beclin-1 and also resulted in inhibition of
apoptosis by overexpressing Bcl-2 in paclitaxel resistant lung cancer
cells. We also demonstrated that this upregulation of Beclin-1 and Bcl-
2 was inversely correlated to the relative expression of miR-17 and
miR-16 respectively which played important roles in the development
of paclitaxel resistance in lung cancer cells. Moreover, when paclitaxel
resistant lung cancer cells were jointly overexpressed with miR-17
and miR-16 and subsequently treated with paclitaxel, they showed sig-
nificantly increased paclitaxel sensitivity suggesting that simultaneous
induction of autophagy by Beclin-1 upregulation and inhibition of apo-
ptosis by elevated expression of Bcl-2 were responsible for the develop-
ment of paclitaxel resistance in lung cancer cells. Moreover, the role of
combined overexpression of miR-17 and miR-16, we proposed here,
offered the intriguing possibility that paclitaxel resistance could be
reversed by inhibiting miR-17 and miR-16 downregulation and/or its
downstream pathways. Furthermore, our results showed that the pacli-
taxel mediated cell death response following combined overexpression
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of miR-16 and miR-17 was largely dependent on ROS generation sug-
gesting that regulation of ROS accumulation following miR-16 and
miR-17 overexpression could be a potential strategy to overcome pacli-
taxel resistance in lung cancer and merit further study.
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