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Abstract

Lung cancer is the leading cause of cancer-related mortality worldwide. Radiotherapy is often applied for treating lung
cancer, but it often fails because of the relative non-susceptibility of lung cancer cells to radiation. MicroRNAs (miRNAs) have
been reported to modulate the radiosensitivity of lung cancer cells and have the potential to improve the efficacy of
radiotherapy. The purpose of this study was to identify a miRNA that can adjust radiosensitivity in lung adenocarcinoma
cells. Two lung adenocarcinoma cell lines (CL1-0 and CL1-5) with different metastatic ability and radiosensitivity were used.
In order to understand the regulatory mechanisms of differential radiosensitivity in these isogenic tumor cells, both CL1-0
and CL1-5 were treated with 10 Gy radiation, and were harvested respectively at 0, 1, 4, and 24 h after radiation exposure.
The changes in expression of miRNA upon irradiation were examined using lllumina Human microRNA BeadChips. Twenty-
six miRNAs were identified as having differential expression post-irradiation in CL1-0 or CL1-5 cells. Among these miRNAs,
miR-449a, which was down-regulated in CL1-0 cells at 24 h after irradiation, was chosen for further investigation.
Overexpression of miR-449a in CL1-0 cells effectively increased irradiation-induced DNA damage and apoptosis, altered the
cell cycle distribution and eventually led to sensitization of CL1-0 to irradiation.
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Mature miRNAs, containing ~22 nucleotides, originate from
longer primary miRINA transcripts, and are processed into mature
form through two steps of endonuclease cleavage. The miRNA-

Introduction

Lung cancer ranks first among cancer-related causes of death

during the past few decades in Taiwan, and the mortality of lung
cancer is increasing annually. Lung cancer can be classified into
two major groups: small cell lung cancer (SCLC) and non-small
cell lung cancer (NSCLC). The latter group is further divided into
subtypes of squamous cell carcinoma, large cell carcinoma and
adenocarcinoma. Among these three, adenocarcinoma is the most
common subtype and has a high mortality rate. The survival rate
at 5 years is generally less than 15% [1]. For patients with locally
advanced NSCLC, radiotherapy is usually regarded as the
treatment of choice. However, cellular response to irradiation is
complex. Also, the treatment effects depend on many factors. For
example, the dose, dose rate, and fractionation play an equally
important role in deciding the fate of the cell. One of the main
causes of failure in radiotherapy is radioresistance [2]. Therefore, a
better understanding of how radioresistance is developed at the
molecular level is needed to develop effective radiotherapy
strategies in the future.

MicroRNAs (miRNAs) are small endogenous non-coding RNAs
that play crucial regulatory roles in gene expression by targeting
mRNAs for translation inhibition and/or degradation of mRINA.
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induced silencing complex (miRISC) mediates miRNA-induced
regulation of mRNA by docking at the 3'-untranslated region (3'-
UTR) of a target gene complementary to the seed sequence of the
miRNA, resulting in target mRNAs cleavage or translation
inhibition [3]. It has been estimated that miRNAs regulate
approximately 30% of human genome that contains potential
miRNA binding sites in their 3'-UTR, and one miRNA can target
multiple mRNAs [4-6]. Thus, miRNA serves as a regulator which
simultaneously modulates different pathways by targeting different
mRNAs. MiRNAs have been implicated in diverse cellular and
developmental processes, and several recent studies showed that
miRNA expression is often dysregulated in cancer, where
mirRNAs can function as tumor suppressors or oncogenes [7,8].
In addition, it has been reported that miRINA expression is
affected by irradiation [9-12]. More and more evidence has
confirmed that miRNAs can modulate the radiosensitivity of
cancer cells, suggesting the potential to improve the efficacy of
radiotherapy [13-18].

To better understand the mechanisms underlying invasiveness
and metastasis, five lung adenocarcinoma sublines (CL1-1, CL1-2,
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CL1-3, CL1-4 and CL1-5) displaying progressive invasiveness and
metastatic capabilities were obtained through the in vitro selection
process [19]. Among these cell lines, CL1-5 is the most aggressive,
and has been preferentially used for comparison to CLI1-0 in
studies of cancer progression and metastasis [20—23]. However,
the radiation response of CL1-0 and CL1-5 has not been explored.
Here, we found that CL1-0 and CL1-5 have different radiosen-
sitivity, with more radioresistance in CL1-0. Hence, the purpose of
this study was to use these two lung adenocarcinoma cell lines to
identify the miRNAs regulating radiosensitivity and to examine
the effect of miRNAs on radioresponse.

Based on the results of miRNA microarrays and literature
surveys, we focused on miR-449a. MiR-449a, sharing the same
seed sequence with tumor suppressors miR-34 family [24], was
reported to provoke cell cycle arrest [25,26] as well as induce
apoptosis in prostate and gastric cancers [25,27,28]. Moreover,
miR-449a was found to be strongly expressed in lung tissue [29],
but lower amounts in lung cancer tissues [30]. Reintroduction of
miR-449 in tumor cells efficiently drives them into cell cycle arrest
and apoptosis [25,29,31]. Therefore, we further demonstrated
that, after irradiation exposure, overexpression of miR-449a
further enhanced irradiation-induced DNA damage and apopto-
sis, altered the cell cycle distribution, and consequently sensitized
the radioresistant CL1-0 cells to irradiation.

Materials and Methods

Cell culture, plasmid and microRNA transfection

The lung adenocarcinoma cell lines, CL1-0 and CL1-5, were
established by Chu et al. and were gifts from Dr. Pan-Chyr Yang
(National Taiwan University, Taipei, Taiwan) [19]. CL1-5 was a
more aggressive cell line selected by transwell assay from its parent
strain, and CL1-0 was less invasive. Cell lines were grown in
RPMI 1640 media (Invitrogen, Carlsbad, CA, USA) supplement-
ed with 10% fetal bovine serum (GIBCO, Carlsbad, CA, USA)
and 1% antibiotics (GIBCO), and maintained in a humidified
atmosphere of 5% COy and 95% air at 37°C.

To generate a construct expressing miR-449a, miRNA
expressing plasmids were created using the BLOCK-T pol II
miR RNAi Expression Vector Kit with EmGFP (Invitrogen). The
primary miRNA sequence of miR-449a with flanking regions was
obtained by PCR, and was inserted into the Block-iT Pol II miR
RNAi Expression Vector, pcDNA6.2-GW/EmGFP-miR. For
transfection, CL1-0 cells were seeded in antibiotic-free medium
at a density of 30-40%. Transfection was performed with
TransIT®-2020 Transfection Reagent (Mirus Bio LLC, Madison,
WI, USA) according to manufacturer’s protocol.

RNA extraction, reverse transcription, and real-time PCR
quantification

Both CL1-0 and CL1-5 were treated with 10 Gy of irradiation,
and were harvested after radiation exposure at different time
points as indicated. Total RNA of irradiated CL1-0 and CLI1-5
cells was extracted using TRIZOL reagent (Invitrogen) according
to the manufacturer’s protocol. MiRNA was reverse transcribed
into cDNA using the TagMan MicroRNA Reverse Transcription
kit (Invitrogen), and the primer used for miR-449a was
5'GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACT-
GGATACGATACCAGCTS3'. Real-Time PCR was performed
using a 7900 Fast Real-Time PCR system (Applied Biosystems,
Carlsbad, CA, USA) with miR-449a-specific primers (Forward:
5'TGGCGGTGGCAGTGTATTGTTAS'; Reverse: 5’ GTGCA-
GGGTCCGAGGT3’), Universal ProbeLibrary Probe #21
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(Roche, Germany), and KAPA PROBE FAST ¢PCR Master
Mix (KAPA BIOSYSTEMS, Boston, MA, USA).

Total RNA was transcribed into cDNA with random primers
using the High Capacity ¢cDNA Reverse Transcription kit
(Invitrogen) for HDACI mRNA detection. Primers used for
HDACI were 5’ATCTGCTCCTCTGACAAACGAS' (forward)
and 5'CGGTGACTTCTTTCTTCTCCTS' (reverse). The re-
sulting cDNA was detected using Power SYBR® Green PCR
Master Mix (Applied Biosystems) with 7900 Fast Real-Time PCR
system (Applied Biosystems). RNU44 and GAPDH were used as
endogenous controls to normalize miRNA and mRNA, respec-
tively. Primers used for RNU44 were 5'TCGCGCCTGGAT-
GATGATAGC3'  (forward) and 5'GTGCAGGGTCCG
AGGT3' (reverse). Primers used for GAPDH were 5'TGCAC-
CACCAACTGCTTAGS3' (forward) and 5'GATGCAGGGAT-
GATGTTCS' (reverse).

Microarray data analysis

Illumina Human microRNA BeadChips (Illumina, San Diego,
CA, USA) were used to profile miRNA expression after
irradiation. Quantile normalization was performed using Partek
Genomics Suite software (Partek, St. Louis, MO, USA). Fold
change (>1.5x%) and t-tests (P<<0.05) of each time point as
compared to time 0 were applied for selecting radioresponsive
miRNAs. Microarray data of this study are MIAME compliant,
and have been submitted to the MIAME compliant GEO (Gene
Expression Omnibus) database (accession number GSE40602).

Flow cytometry analysis of cell cycle and apoptosis

Cells plated at 50-60% confluency were irradiated with 10 Gy
and grown for 0-48 h. Samples were trypsinized, resuspended in
phosphate-buffered saline (PBS) (GIBCO, Carlsbad, CA, USA),
and fixed with cold 70% ethanol overnight. The DNA contents
were evaluated after staining with propidium iodide (PI) solution
containing 50 pg/ml PI (Sigma, St. Louis, Mo, USA), 0.1 mg/ml
RNase A (Sigma), 0.05% Tritin X-100 (Sigma) in PBS (GIBCO).
Cell cycle analysis was carried out using a FACScan flow
cytometer (Becton Dickinson, San Diego, CA, USA) and
CellQuest software.

The FITC Annexin V Apoptosis Detection Kit (BD Pharmin-
gen, San Jose, CA, USA) was used to detect apoptosis cells by flow
cytometry. Cells were exposed to 10 Gy of irradiation, and were
harvested at different time points for 48 h after exposure. Annexin
V binding buffer was used to resuspend cells, and the cell
suspensions were stained with FITC-annexin V and PI staining
solution for 15 min at room temperature. The apoptotic/necrotic
cell population was analyzed with a FACSCalibur flow cytometer
(Becton Dickinson). The irradiation-induced apoptosis was calcu-
lated by subtracting the percentage of annexin V-positive cells with
irradiation from that of the corresponding group without
irradiation.

Clonogenic assay

Cells were plated at 50-60% confluency overnight, and were
irradiated with 0 to 10 Gy as indicated. Due to different
radiosensitivity, 500 CLI1-0 cells and 10,000 CLI1-5 cells were
seeded into 6 cm dishes. Cells were incubated for 8 days and then
washed with PBS, fixed with 100% ethanol and stained for 1 min
with 0.1% crystal violet. Colonies with >50 cells were counted
manually. The surviving fraction was calculated using the
following equation: surviving fraction = colonies counted/(cells
plated x plating efficiency). Plating efficiency was defined as:
(mean colony counts/cells seeded for unirradiated controls) X

100%.
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Western blot

Cells were washed twice with PBS (GIBCO), and lysed in RIPA
lysis buffer (Sigma). Protein concentrations were determined by a
standard protein assay (Bio Rad Laboratories, Hercules, CA,
USA). Protein (70 pg) samples were loaded on 15% SDS gels.
After electrophoresis, proteins were transferred to nitrocellulose
membranes. Blocking was performed with 3% nonfat milk in Tris-
buffered saline. Membranes were incubated overnight with the
following antibodies: YH2AX (Millipore, Billerica, MA, USA),
CASP3  (Cell Signaling Technology, Danvers, MA, USA),
HDAC1 (Millipore), and ACTB (GeneTex, Irvine, CA, USA).
After washing and incubating with secondary antibodies, blotted
protein detection was performed by enhanced chemiluminescence
(Millipore) with the BioSpectrum Imaging System (UVP, Upland,
CA, USA).

MTT assay

Cells were seeded at a density of 2.5 x 10* cells/250 pl in a 24-
well plate. After overnight incubation, cells were irradiated and
allowed to grow for 48 h. After washing twice with PBS, cells were
incubated with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) solution (Sigma) (1 ml/well of 5 mg/ml
solution in PBS) for 4 h. Next, 200 pl/well DMSO (Sigma) was
added to dissolve the converted purple formazan, and the

absorbance of formazan was measured at 570 nm using an
ELASA reader (BioTek, Winooski, VT, USA).

Results

CL1-0 cells are more radioresistant than CL1-5

CL1-0 and CLI-5 were regarded as a good model for
metastasis-associated studies, because CL1-5 cells are more
aggressive than non-metastatic CL1-0 cells. But the radioresponses
of CLI-0 and CL1-5 have not been investigated. Therefore,
clonogenic assays were performed on these two cell lines after
administration of 0, 2, 5, 10 Gy. Intriguingly, clonogenic survival
revealed that CL1-0 cells were more resistant to irradiation than
CLI1-5 cells (P<0.001; Fig. 1A). MTT assays also demonstrated
that cell viability of CL1-0 was higher than that of CL1-5 upon
irradiation (Fig. 1B), which suggests that CL1-0 is more
radioresistant than CL1-5.

In order to characterize the mechanism involved in the different
radiosensitivities of CL1-0 and CL1-5, flow cytometry was used to
examine apoptosis and cell cycle distribution post-irradiation. An
annexin V binding assay was used to evaluate irradiation-induced
apoptosis, which was calculated by subtracting the percentage of
annexin V-positive cells with irradiation from that of the
corresponding group without irradiation. As shown in Fig. 1C,
the CL1-5 had significantly (P<<0.05) more apoptotic cells than the
CL1-0 post-irradiation. Moreover, as shown in the left panel of
Fig. 1D, cell cycle analysis indicated that cell cycle distribution
pattern of CL1-5 was different from that of CL1-0 at 24 h after
irradiation. In CL1-5 cells, the proportion of cells in the G2/M
phase was dramatically increased, and the proportion of cells in
the S phase was decreased as compared with CL1-0 (Fig. 1D). The
results of flow cytometry indicated that different radiosensitivities
between CLI1-0 and CL1-5 resulted from differential regulation of
apoptosis and cell cycle progression.

Identification of microRNA regulating radiosensitivity
In order to identify miRNAs whose expression was dysregulated
after irradiation and which could alter the radiosensitivity of

cancer cells, we measured the miRNA expression profile in CL1-0
and CLI-5 post-irradiation. CL1-0 and CL1-5 were treated with
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10 Gy and harvested after 0, 1, 4, and 24 h. Each time series was
done in triplicate. The genomic profiling of miRNAs was
measured using Illumina Human microRNA Beadchips. Quantile
normalization was performed to adjust background signals. To
identify differentially expressed miRNAs, Student’s t-test was used
to examine the expression levels of every time point after
irradiation compared to that of time zero. The intensities of
miRNAs lower than the 10™ intensity percentile were regarded as
noise, and the corresponding miRNAs were excluded from further
analysis. The criteria for selecting radiosensitivity-related miRNAs
were fold change >1.5x and a significant difference (P<0.05)
between a given time point and time zero. We identified 26
registered miRNAs in miRBase [32] from 1,145 miRNA probes in
the Illumina microarray platform. Among them, 52% (n=15)
were up-regulated and 48% (n=11) were down-regulated post-
irradiation (Fig. 2A). All of them were identified at only one time
point, and most (52%) were identified at the 24 h time point.

Principal component analysis (PCA) was performed to examine
whether the differentially expressed miRNAs could really distin-
guish irradiated from un-treated samples. As shown in Fig. 2B,
dots with different shapes indicate different time points, and
different color indicates different cell lines. Samples of different
time points in CL1-5 (blue spots in Fig. 2B) are clustered together,
indicating the expression profiles of these miRNAs did not change
after radiation. In contrast, the expression profiles of miRNAs at
24 h after radiation in CLI1-0 (yellow squares in Fig. 2B) were
different from non-irradiation control (yellow circles). That is, the
expression patterns in CL1-0 at the time points 0, 1, 4 h post-
irradiation were similar, but were different from that at 24 h post-
irradiation, indicating that these identified miRINAs responding to
irradiation were activated at 24 h. Since the radio-responsiveness
of these differentially expressed miRINAs was only observed in
CL1-0, not CL1-5, miRNAs from CL1-0 were chosen for further
experiments.

Since cellular response to radiation is related to apoptosis and
cell cycle arrest, we investigated whether the target genes of these
differentially expressed miRNAs were involved in apoptosis and
cell cycle arrest using an online bioinformatics tool miRSystem
[33]. As shown in Table 1, we identified 11 miRNAs whose
predicted target genes were involved in apoptosis or cell cycle, and
most of these miRNA had references to support the prediction
(data not shown). Among these miRINAs, we focused on miR-449a
for further experiments to investigate whether miR-449a could
regulate radiosensitivity based on following reasons. First, the
results of both microarray and quantitative RT-PCR showed that
expression levels of miR-449a in CL1-5 cells did not respond to
irradiation (Fig. 2C & D). Although miR-449a in CL1-0 cells did
not significantly down-regulated at 24 h post irradiation using
gRT-PCR, we observed significant (P<<0.05) down-regulation of
miR-449a in CL1-0 cells at 24 h post-irradiation (Fig. 2C). Also, it
has been reported that miR-449a plays important roles in
regulating cell cycle progression, cell proliferation, and apoptosis
in many types of cancer [25].

MiR-449a sensitizes CL1-0 cells to DNA damage post-
irradiation

In order to investigate the role of miR-449a in modulating the
radiosensitivity of CL1-0, miR-449a was overexpressed in CL1-0
cells using a miRNA expression plasmid containing a primary
miR-449a sequence. After transfection, the relative expression
level of miR-449a was significantly increased, as measured by real-
time PCR (Fig. 3A). At 96 h after transfection, there was still ~50-
fold induction. Furthermore, a western blot confirmed that the
protein level of one of miR-449a’s targets, histone deacetylase 1
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Figure 1. Differential irradiation responses in CL1-0 and CL1-5. (A) Clonogenic assays of CL1-0 and CL1-5 cells treated with 0, 2, 5, and 10 Gy
radiation. The surviving fraction was measured 8 days post-irradiation. (B) MTT assays for cells at 48 h after 10 Gy radiation. Cell viability is expressed
as percentage relative to un-irradiated control cells. (C) Flow cytometry analysis of apoptosis using annexin V and propidium iodide in cells treated
with 10 Gy. The bar chart shows the percentage of apoptotic cells induced by irradiation. (D) Flow cytometry analysis of cell cycle using propidium
iodide at 24 h post-irradiation. The proportions of cells in each phase of the cell cycle were quantitated using ModFit LT software. Left: one
representative diagram, with different colors indicating different phases. Right: quantitative bar chart. Data are represented as mean = SD for three
independent experiments. #: P<<0.05, *: P<<0.001.

doi:10.1371/journal.pone.0062383.g001

(HDACT) [27], was strongly down-regulated upon miR-449a miR-449a is involved in sensitization of CL1-0 to irradiation via
overexpression (Fig. 3B). augmenting irradiation-induced DSBs.

It is known that irradiation causes DNA double-strand breaks
(DSBs), and DSBs induce phosphorylation of H2AX at serine 139 Irradiation-induced apoptosis is enhanced by miR-449a

(YH2AX). We used immunoblotting of YH2AX to examine the After irradiation, if DNA damage is not repaired properly, cells
effect of miR-449a on irradiation-induced DNA damage. Forty- may proceed with apoptosis. Since miR-449a sensitized CL1-0 to
Clght hours post—transfection, cells were irradiated with 10 Gy and irradiation’ and augmented irradiation-induced DSBS, we further
collected after 1 h for western blot analysis. After irradiation, a investigated the effect of miR-449a on cell death post-irradiation.
signiﬁcanl increase in the level of 'YHQAX was observed in CL1-0 First’ activation of caspase 37 the key step of apoptosis’ was
cells overexpressing miR-449a (Fig. 4A). These results suggest that examined. As expected, over-expression of miR-449a alone
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Figure 2. Dynamics of differentially expressed miRNA after irradiation in CL1-0 and CL1-5. (A) Hierarchical clustering of differentially
expressed miRNA from CL1-0 and CL1-5 treated with 10 Gy. Cells were harvested respectively at 0, 1, 4, 24 h after irradiation. (B) Principal component
analysis (PCA) of the radiation-responsive genes. The axes are the first two principal components (PC), which can explain most of the miRNA
expression profiling. Three independent experiments were done at each time point. Different colors represent different cells; different shapes
represent different time points. (C) Relative miR-449a expression level measured by microarray. Data were the mean = SD for three independent
experiments. *: P<<0.05. (D) Relative miR-449a expression level measured by quantitative RT-PCR. Data were the mean = SD for four independent
experiments.

doi:10.1371/journal.pone.0062383.9g002
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increased the cleaved form of caspase 3. Furthermore, activation
of caspase 3 by cleavage occurred earlier in miR-449a-overex-
pressing CL1-0 cells treated with irradiation (24 h) than in control
cells (48 h) (Fig. 4B). The irradiation-evoked caspase 3 activation
continued to increase up to 48 h and attenuated at 72 h in miR-
449a-expressing cells.

Next, miR-449a-overexpressing CL1-0 cells were treated with
10 Gy and subjected to annexin V binding assay at 48 h post-
irradiation. As shown in Fig. 4C, one representative diagram is
shown to the left, and the percentage of annexin V- positive cells
after irradiation is shown to the right. Without radiation, cells
overexpressing miR-449a exhibited more apoptosis as compared
to control cells. Moreover, when cells exposed to radiation,
although more apoptotic cells were found both in miR-449a-
overexpressing and control cells, the amount of apoptosis induced
by irradiation in miR-449a-overexpressing cells was significantly
greater than that in control cells (Iig. 4C). These results suggested

PLOS ONE | www.plosone.org

Table 1. Predicted targets of significant miRNAs involved in cell cycle or apoptosis.
Functional Categories
Total
Predicted Predicted
miRNA" Targets Database® Term Total Genes Targets P-value”
miR-95 27 KEGG Cell cycle 124 2 9.62E-03
miR-107 783 KEGG Cell cycle 124 13 3.45E-04
Pathway interaction database Polo-like kinase signaling events in the cell 106 9 8.82E-03
cycle
Reactome Cell cycle mitotic 330 19 1.28E-02
Reactome Apoptosis 148 10 2.21E-02
miR-141-3p 837 KEGG Cell cycle 124 13 6.23E-04
Reactome Cell cycle mitotic 330 19 2.07E-02
miR-219-5p 298 Pathway interaction database Caspase cascade in apoptosis 46 3 2.09E-02
Reactome Apoptosis 148 5 3.55E-02
Pathway interaction database Polo-like kinase signaling events in the cell 106 4 4.14E-02
cycle
miR-338-3p 364 Reactome Intrinsic pathway for apoptosis 30 3 1.17E-02
miR-34a-5p 716 KEGG Cell cycle 124 11 1.69E-03
Reactome Cell cycle mitotic 330 19 6.14E-03
Reactome Apoptosis 148 9 2.99E-02
Pathway interaction database Caspase cascade in apoptosis 46 4 4.55E-02
miR-449a 659 KEGG Cell cycle 124 9 8.19E-03
Reactome Intrinsic pathway for apoptosis 30 4 9.95E-03
Pathway interaction database Caspase cascade in apoptosis 46 4 3.65E-02
Reactome Cell cycle mitotic 330 14 4.92E-02
miR-487a 199 Reactome Cell cycle mitotic 330 6 4.89E-02
miR-511 612 KEGG Cell cycle 124 9 5.40E-03
Reactome Regulation of mitotic cell cycle 82 7 5.82E-03
Reactome Apoptosis 148 9 1.43E-02
miR-556-3p 148 Reactome Cell cycle mitotic 330 6 1.73E-02
miR-769-3p 68 Reactome Apc c-mediated degradation of cell cycle 82 2 2.46E-02
proteins
Pathway interaction database Polo-like kinase signaling events in the cell 106 2 3.83E-02
cycle
KEGG Cell cycle 124 2 4.97E-02
*miRNAs are listed in numeral order. * KEGG: http://www.genome.jp/kegg/; Pathway interaction database: http://pid.nci.nih.gov/; Reactome: http://www.reactome.org/
ReactomeGWT/entrypoint.html. # P-value <0.05.
doi:10.1371/journal.pone.0062383.t001

that miR-449a sensitizes CL1-0 cells to irradiation by enhancing
irradiation-induced apoptosis.

MiR-449a enhances G2/M arrest post-irradiation
MiR-449a was shown to provoke cell cycle arrest [24,25,34].
Furthermore, after irradiation, DNA damage transiently halts the
cell cycle for repair. The alteration of cell cycle progression post-
irradiation correlated closely with radiosensitivity, which prompt-
ed us to further examine the effect of miR-449a on cell cycle
progression post-irradiation. As shown in Fig. 4D, at 24 h after
treatment with 10 Gy, one representative diagram is shown to the
left. The proportions of cells in each phase of cell cycle were
indicated by different colors and quantitated using ModFit LT
software. Ectopic expression of miR-449a increased the proportion
of CL1-0 cells in the G2/M phase and decreased the proportion of
cells in GO/G1 phase compared with that of control cells (Fig. 4D).
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expression levels of miR-449a in CL1-0 cells were measured at indicated
time points by real-time PCR after transiently transfected with miR-449a
expression plasmid. RNU44 served as an endogenous control. Each
measurement was made in triplicate. *: P<<0.001. (B) Immunoblotting of
histone deacetylase 1 (HDAC1), a validated target of miR-449a. Protein
levels of HDAC1 in CL1-0 were analyzed 72 h after transfection. ACTB
(B-actin) was a loading control.
doi:10.1371/journal.pone.0062383.g003

These results implied that miR-449a caused CLI-0 cells to
accumulate in G2/M phase post-irradiation.

Over-expression of miR-449a efficiently suppresses cell
viability post-irradiation

Since it has been demonstrated that miR-449a induced more
severe DNA damage and more apoptosis after irradiation, we
hypothesized that the survival capability of cells post-irradiation
might be altered upon miR-449a transfection. Hence, MTT and
clonogenic assays were performed to examine the effect of miR-
449a on post-irradiation cell survival. In Fig. 4B&C, we have
shown that, without irradiation, overexpression of miR-449a alone
caused increase in apoptosis. In addition, we observed that,
following irradiation in the presence of ectopic miR-449a, cell
viability was further suppressed at 48 h as compared with un-
irradiated cells in the MTT assay (Fig. 5A), while there was no
significant difference in clonogenic survival (Fig. 5B).

Discussion

In this study, we demonstrated that two lung adenocarcinoma
cell lines with an isogenic background, CL1-0 and CLI-5,
displayed different radioresponses, and identified miR-449a as a
regulator of their radiosensitivity. MiR-449a sensitized radioresis-
tant CL1-0 cells to irradiation through augmentation of DNA
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damage, enhancement of apoptosis, and increase of G2/M phase
arrest post-irradiation.

Previous studies showed that CL1-0 and CLI1-5, although
derived from the same parental cell line, displayed differences in
invasiveness and metastatic potential [19]. Although many
molecules, such as caveolin-1, CRMP-1 and CTGF, have been
reported as being important in promoting or inhibiting invasion
and metastasis of lung cancer based on the cell line series [35-37],
this model has not been used in radiation-related studies to date.
In the current study, these two cell lines were used to explore the
mechanisms of radiosensitivity for the first time. Functional assays
showed that CL1-0 and CLI1-5 response to irradiation treatment
with distinguishing ways which contributed to different cell fates
post irradiation (Fig. 1). CL1-5 post irradiation is more radio-
sensitive with lower survival rate (Fig. 1A and 1B), more radiation-
induced apoptosis (Fig. 1C) and altered cell cycle progression
(Fig. 1D) than CL1-0.

Conventionally, it was believed that patients who experienced
local failure following radiation treatment had higher rate of
distant metastasis [38]. That 1s, the progression of tumors to
increased levels of malignancy was related to the increased ability
to become radioresistant. However, Suit et al. reported that there
was no correlation between the radiation sensitivity of clinical or
xenografted tumors and metastatic activity [39]. Furthermore, we
showed that more metastatic and aggressive lung cancer cells have
higher radiosensitivity. To investigate whether this phenomenon
was limited to this specific lung cancer cell line, we examined the
radiosensitivity in a more aggressive breast cancer cell line MDA-
MB-231 and a less metastatic one MCF-7. Similarly, highly
metastatic MDA-MB-231 cells having more radiosensitive than
poorly metastatic MCF-7 cells (Fig. S1). This phenomenon was
also reported in other cancers, such as breast cancer [40] and
melanoma [41], which are consistent with our findings. Yet, more
experiments are still needed to investigate its mechanism.

Previous studies have suggested that radiation causes altered
miRNA expression in several tumor lines, such as glioblastoma
[42], lung cancer [9], and prostate cancer [43]. Our results not
only confirmed that radiation noticeably induced changes in the
expression of miRNAs, but also extended the findings that the
activation period was at 24 h post-irradiation in lung cancer cell
lines. These results indicated that altered miRNAs after radiation
are involved in the mechanism of radiation response.

Several studies have reported that miRNAs can modulate the
radiosensitivities via the following mechanisms. For example, miR-
101 could sensitize human tumor cells to radiation by targeting
ATM and DNA-PK catalytic subunit (DNA-PKcs) to inhibit DNA
repair [44]. The overexpression of miR-34b increased radiosen-
sitivity by significantly reducing BCL2 expression and cell survival,
but no significant difference in apoptotic cell population or the
cycle profile [45]. Over-expressing miRNA-7 could radiosensitize
Ab549 lung cancer cells by activating EGFR-associated signaling
[16]. MiRNA-148b enhanced the radiosensitivity of non-Hodg-
kin’s Lymphoma cells by promoting radiation-induced apoptosis
[46]. In order to further investigate the mechanism of radiation
response, one of the miRNA candidates screened from micro-
arrays was selected for further biological experiments.

Within the miRNA candidates identified at 24 h in CL1-0,
miR-449a drew our attention. It has been reported that miR-449a
is a direct target of E2F1 and prevents tumor cells from entering S
phase by down-regulating E2Fs directly and by inhibiting the
activity of E2F transcription factors through the reduction of
CDKs [25,26]. Also, miR-449a induces apoptosis in prostate and
gastric cancers through the activation of p53 by down-regulating
the histone deacetylase HDAC1 [27] and SIRT1 [25,28]. In cells
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depleted of p53, miR-449a also induces apoptosis, though the
underlying mechanisms are not fully understood [25]. Moreover,
miR-449a was found to be strongly expressed in lung tissue,
especially in differentiated bronchial epithelium, without any sign
of cell death [29]; while tumor cells contained far lower amounts of
miR-449a [30]. Reintroduction of miR-449 in tumor cells
efficiently drives them into cell cycle arrest and apoptosis
[25,29]. This selective proapoptotic activity is compatible with
the idea that miR-449 may be involved in tumor-suppressive
activities.

Since we showed that the difference in radiosensitivity between
CL1-0 and CLI1-5 was attributed to different mechanisms of
apoptosis and cell cycle progression post-irradiation, we hypoth-
esized that miR-449a, known for regulating apoptosis and cell
cycle arrest, might be a regulator of radiosensitivity. Thus, we
focused on miR-449a for further experiments.

Our results showed that cell cycle progression might be one of
the factors modulating the radiosensitivity. A significant difference
in the proportion of CL1-0 cells at G2/M phase was observed at
24 h post-irradiation, indicating that one of the mechanisms that
activation period at 24 h post-irradiation may be due to the G2/M
arrest. After miR-449a transfection following irradiation treat-
ment, the altered cell cycle pattern of CL1-0 (Fig. 4D) was shifted
to be similar to that of CL1-5 (Fig. 1D), which was identified as a
radiosensitive cell line in this lung adenocarcinoma model and also
displayed G2/M arrest pattern post irradiation. Radiation-
induced G2/M arrest was previously observed 24 hours after
irradiation in radiosensitive cell line [47]. One possible explana-
tion of more dead cells after irradiation may be due to that cells
are most radiosensitive in G2/M phases according to the law of
Bergonie and Tribondeau. However, differences still existed
between the cell cycle of miR-449a-overexpressed CL1-0 and
that of CL1-5. For example, over-expression of miR-449a did not
show any effect in S phase (Fig. 4D). In contrast, decreasing S
population was observed in radiosensitive CL1-5 (Fig. 1D), which
is consistent with previous reports in squamous cancer cells and
lymphocytes [48,49]. Furthermore, the decreasing GO/G1 popu-
lation was observed in CL1-0 over-expressed with miR-449a,
which was probably caused by the G2/M arrest (Fig. 4D).
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Radiation-induced apoptosis is considered to be one of the main
cell death mechanisms following exposure to irradiation [50].
MiRNAs have recently been shown to regulate apoptosis and may
therefore contribute to radiation-induced cell death [51]. As
expected, over-expression of miR-449a elevated the cleavage of
caspase 3 without irradiation in CL1-0 cells (0 h in Fig. 4B). In
addition, irradiation induced cleaved caspase 3 occurred earlier in
miR-449a-overexpressing CLI1-0 cells (Fig. 4B). Moreover, miR-
449a sensitized the radio-resistant CL1-0 to irradiation, resulting
in enhancement of irradiation-induced apoptosis by counting the
proportion of Annexin V-positive cells (Fig. 4C). Previously, miR-
449a was reported to induce apoptosis in prostate and gastric
cancers through the activation of p53 by down-regulating the
histone deacetylase HDAC1 [27]. Inhibition of HDACI1 was
suggested to serve as a way of enhancing the radiosensitivity in
lung cancer and esophageal cancer [52,53]. Overall, we know the
second mechanism of miR-449a modulating radiosensitivities is
through regulation of apoptosis.

In addition to cell cycle and apoptosis, cellular response to
radiation is related to DNA repair [54]. We observed that over-
expression of miR-449a caused a subtle increase in the phosphor-
ylation of H2AX even in the un-irradiated cells (Fig. 4A),
suggesting DNA repair mechanism should increase. However,
we did not observe any effect of miR-449a expression on
radioresponse using unsynchronized clonogenic assays (Fig. 5B).
We speculated that part of reasons was the effect of over-
expressing miR-449a was transient, or those un-transfected cells
might dilute the suppressive effect of miR-449a in clonogenic
survival. Furthermore, since DNA damage activates checkpoint
pathways that regulate specific DNA repair mechanisms in the
different phases of the cell cycle [55], miR-449a might be only
involved in DNA repair for a specific phase of cell cycle. Without
synchronization, cells at different phases of the cell cycle can
display different DNA repair mechanisms simultaneously during
clonogenic assays. Therefore, future experiments should be done
in synchronized cells.

However, in the current experiment setting, the transient effect
of miR-449a overexpression deterred us from doing the synchro-
nization of cell cycle. Furthermore, the pro-apoptotic activity of
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miR-449a in tumor cells makes it difficult to develop a stable clone
to constitutively overexpress miR-449a. This impeded the
establishment of a clear-cut mechanism of miR-449a in response
to radiation. In the future, one of the alternatives is to establish an
inducible system in stable clones, e.g. Tet-on/Tet-off. In such a
system, miR-44a would be expressed only after stable clones are
established. Hence, it could eliminate the problem of transfection
efficiency, and will be a powerful tool for further examining the
effect of miR-449a on radioresponse in lung adenocarcinoma cell
lines.

In conclusions, the variable susceptibility of cells in response to
radiotherapy is one of the main causes of radiotherapy failure.
MiRNAs have been reported to modulate radiosensitivity and
have the potential to improve the efficacy of radiotherapy. We
used miRNA microarrays to screen the radiation-responding
miRNAs in two isogenic lung adenocarcinoma cells with different
radiosensitivity and found that miR-449a enhanced radiosensitiv-
ity by increasing irradiation-induced DNA damage and apoptosis
and altering cell cycle distribution. This result is important for
understanding how cancer cells acquire resistance to radiotherapy,
and may lead to development of new therapeutic strategies for
lung cancer. Also, further studies on the role of miR-449a in
radiosensitivity in other resistant and radiosensitive cancer cell
lines are another avenue to pursue.
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