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Abstract

Background: As radioresistance of non-small cell lung cancers (NSCLC) is one of
the main causes of failure in radiotherapy, we examined whether micro ribonucleic
acid (miR-451) could function as a potential radiosensitizer of NSCLC and the
related mechanism.
Methods: Radioresistant NSCLC cell line A549 was transfected with pre-miR-451
or a scrambled control. The miR-451 messenger RNA level, colony-forming ability,
apoptosis, and phosphatase and tensin homolog (PTEN) protein level of 549 cells
were examined by real-time polymerase chain reaction, clonogenic assay, flow
cytometry analysis, and Western blot.
Results: Upregulation of miR-451 enhanced the suppressive effects of irradiation
on the colony-forming ability of A549 cells. The apoptosis and PTEN expression of
A549 cells post-irradiation were also enhanced by upregulation of miR-451.
Conclusions: Upregulation of miR-451 sensitized radioresistant NSCLC A549 cells
to irradiation through the enhancement of apoptosis. The activation of PTEN post-
irradiation was possibly correlated with the radiosensitization of A549 cells induced
by miR-451 overexpression.

Introduction

As the leading cause of cancer death and the most commonly
diagnosed cancer worldwide, lung cancer can be classified
into two major groups: small cell lung cancer (SCLC) and
non-small cell lung cancer (NSCLC). NSCLC represents the
majority of lung cancer cases and the survival rate at five years
is generally less than 15%.1 Radiotherapy is one of the impor-
tant approaches and plays a critical role in locally advanced
NSCLC treatment.2 However, therapeutic outcomes of radio-
therapy are often not fully satisfactory, and development of
radioresistance is a significant problem which limits the treat-
ment efficiency of radiotherapy for NSCLC.3 Therefore, iden-
tification of the radiosensitizer candidates of NSCLC is

urgent in order to make clinical strategy developments for the
treatment of NSCLC.

Micro ribonucleic acids (miRNAs or miRs) are small
endogenous non-coding single-stranded RNA molecules of
about 18–25 nucleotides. MiRs play a key regulatory role in
the expression of various oncogenes and tumor suppressor
genes, which makes them one of the most relevant determi-
nants of cancer biology.4,5 In addition, more and more studies
have reported that miRs are related to the radiotherapy
response of various cancers, including NSCLC.6–9 Among the
miRs, miR-451 was reported to possibly function as a tumor
suppressor.10,11 Moreover, miR-451 was found to be
downregulated in NSCLC and upregulated in radiotherapy
sensitive NSCLC patients, compared with radiotherapy
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resistant counterparts.12–14 This indicates that the radioresis-
tance of NSCLC might be related to the downregulation of
miR-451.

Phosphatase and tensin homolog (PTEN) is a phosphatase
that antagonizes the phosphatidylinositol-4,5-bisphosphate
3-kinase (PI3K)/protein kinase B (AKT) signaling path-
way by dephosphorylating phosphatidylinositol-3,4,5-
triphosphate. PTEN acts as a tumor suppressor, and its
activation may mediate the apoptosis of cancer cells.15,16

During tumor development, mutations and deletions of
PTEN occur that inactivate its enzymatic activity, leading to
increased cell proliferation and reduced cell death. Frequent
genetic inactivation of PTEN occurs in glioblastoma and
endometrial and prostate cancers; reduced expression of
PTEN is found in many tumor types, such as lung cancer.
Because of a lack of PTEN function, the PI3K/AKT signal
pathway is usually activated to enhance tumor cell survival.17

In addition, PTEN has been reported to play a critical role in
radiotherapy and is related to regulation of the radiosensitiv-
ity of cancers by some miRs.18,19

To date, it is unknown whether the upregulation of miR-
451 could sensitize NSCLC to radiotherapy and whether
there is a correlation between miR-451 and PTEN. To address
these points, we used an A549 cell line to examine the radio-
sensitivity of NSCLC by overexpressing miR-451 to detect the
underlying mechanism.

Materials and methods

Cell culture

The NSCLC cell line A549 was cultured in Dulbecco’s modi-
fied Eagle’s medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum, 100 U/mL penicillin,
and 100 μg/mL streptomycin. Cell lines were cultured under
an atmosphere of 5% CO2, with humidity at 37°C.

Cell transfection

Pre-miR-451 (50 pmol) and a scrambled control (50 pmol;
Ambion, Austin, TX, USA) were transfected into NSCLC
A549 cells grown in six-well dishes (plated at 2 × 105 cells/well
24 hours before transfection). Transfection was performed
with Lipofectamine 2000, according to the manufacturer’s
instructions (Invitrogen).

Micro ribonucleic acid (miR)-451 detection by
real-time polymerase chain reaction

After transfection at different time points as indicated,
cells were harvested and total RNA was extracted using
TRIZOL reagent according to the manufacturer’s protocol
(Invitrogen). Polymerase chain reaction (PCR)-based detec-

tion of mir-451 level was performed by TaqMan miRNA
assays (ABI, Forest City, CA, USA). Real-time (RT)-PCR
results, recorded as threshold cycle numbers (Ct), were nor-
malized against an internal control (U6 RNA), and then
expressed as fold changes.20,21

Irradiation treatment

Transfected cells (2 × 105 cells per well) were irradiated at
room temperature with an RCR-120 60Co γ-ray therapeutic
machine (Toshiba, Tokyo, Japan), at a dose rate of 1.6 Gy/
min. Nonirradiated controls were handled identically to irra-
diated cells, with the exception of radiation treatment.

Assessment of clonogenicity

After exposure to various doses of irradiation (0, 2, 4 or 6 Gy),
transfected cells were plated at low density (5 × 102 cells/10 cm
plate) and incubated for 14 days at 37°C in a humidified
atmosphere containing 5% CO2. Colony formation and
growth were visualized with Giemsa staining. The number of
colonies containing at least 50 cells was determined, and sur-
viving fractions were calculated relative to the control
nonirradiated cells.

Flow cytometry analysis of apoptosis

Forty-eight hours after exposure (or sham exposure) to 6 Gy
of irradiation, transfected cells were harvested following mild
trypsinization, washed in phosphate-buffered saline, and
stained with fluorescein isothiocyanate-labeled annexin V
(Roche Applied Science, Basel, Switzerland) and propidium
iodide. Apoptotic cells were measured using a fluorescence-
activated cell sorter apparatus (Becton Dickinson, Bellport,
NY, USA).

Western blot analysis

After 6 Gy of irradiation, protein extraction from 1 × 106
transfected cells was performed with lysis buffer (20 mM
Tris-hydrochloride pH 7.4, 150 mM sodium chloride, 1%
Triton X-100, 0.1 mM ethylenediaminetetraacetic acid,
1 mM ethylene glycol tetraacetic acid, 2 mM sodium
orthovanadate, 2 mM sodium fluoride, and Complete Prote-
ase Inhibitor Mix [Roche Applied Science, Mannheim,
Germany]). Protein concentration was measured by BCA
protein assay (Pierce, Thermo Scientific, Rockford, IL, USA)
and samples were resolved on a 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel, followed by transfer to
nitrocellulose membranes. Membranes were blocked in 5%
non-fat dry milk in Tris Buffer saline Tween-20 at room tem-
perature and probed with primary antibodies (anti-PTEN
antibody [Santa Cruz Biotechnology, Paso Robles, CA, USA]
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and anti-ß-actin antibody [Cell Signaling, Danvers, MA,
USA]) overnight at 4°C and with secondary antibody for two
hours at room temperature. Antibody complexes were visual-
ized using an enhanced chemiluminescence-Western blotting
detection system (Thermo Scientific).

Statistical analysis

All experimental data were shown as the mean ± standard
deviation. Differences between samples were analyzed using
the Student’s t-test. Statistical significance was accepted at P <
0.05. Statistical analysis was performed using SPSS version
13.0 (SPSS Inc., Chicago, IL, USA).

Results

MiR-451 was upregulated in A549 cells by
pre-miR-451 transfection

We performed RT-PCR analysis of miR-451 expression in
NSCLC A549 cells transfected with pre-miR-451 or a
scrambled control to validate transfection efficiency. As
shown in Figure 1, the relative expression level of miR-451
was significantly higher in pre-miR-451-transfected A549
cells compared with those transfected with the scrambled
control (P < 0.05). Even at 72 hours after transfection, there
was still about 30-fold induction. This data confirmed the
overexpression of miR-451 by transfecting pre-miR-451 into
A549 cells.

Upregulation of miR-451 sensitized A549
cells to irradiation

To examine whether miR-451 upregulation could sensitize
radioresistant NSCLC A549 cells to irradiation, clonogenic

assay was performed 14 days after pre-miR-451-transfected
A549 cells and scrambled control-transfected A549 cells were
irradiated at a dose of 0, 2, 4 or 6 Gy. The survival fraction in
pre-miR-451-transfected A549 cells was suppressed com-
pared with the scrambled control group following irradia-
tion, implying that upregulation of miR-451 could enhance
the suppressive effects of irradiation on the colony-forming
ability of A549 cells and sensitize radioresistant NSCLC A549
cells to irradiation (Fig 2).

Irradiation-induced apoptosis of A549 cells
was enhanced by upregulation of miR-451

Cell apoptosis was analyzed with flow cytometry after A549
cells transfected with pre-miR-451 or a scrambled control
were exposed (or sham exposed) to 6 Gy of irradiation. As
shown in Figure 3, cells overexpressing miR-451 exhibited a
higher level of apoptosis compared to scrambled control cells
without irradiation. Moreover, when cells were exposed to
6 Gy of irradiation, although more apoptotic cells were found
both in miR-451-overexpressing and scrambled control cells,
the amount of apoptosis induced by irradiation in miR-451-
overexpressing cells was significantly greater than in the
scrambled control cells (P < 0.05). This suggested that
upregulation of miR-451 could promote radiosensitivity of
NSCLC A549 cells by enhancing cell apoptosis.

Phosphatase and tensin homolog expression
was promoted in miR-451 upregulated A549
cells after irradiation

To detect the association between miR-451 and PTEN, the
protein level of PTEN in NSCLC A549 cells following
overexpression of miR-451 was detected by Western blot

Figure 1 Micro ribonucleic acid (miR)-451 was successfully upregulated
in A549 cells by pre-miR-451 transfection. Relative expression levels of
miR-451 in A549 cells were measured at 24, 48, and 72 hours after tran-
sient transfection with pre-miR-451 by real-time quantitative polymerase
chain reaction. RNU6 served as an endogenous control. Each value repre-
sents the mean ± standard deviation of three independent experiments.
*P < 0.05 versus cells transfected with scrambled control.

Figure 2 Survival fraction of A549 cells was suppressed following irra-
diation by micro ribonucleic acid (miR)-451 overexpression.
Clonogenicity was evaluated by Giemsa staining and presented as the
percentage of colonies formed in A549 cells treated with irradiation and
transfected with pre-miR-451 or scrambled control relative to untreated
cells. Each value represents the mean ± standard deviation of three inde-
pendent experiments. , scrambled; , pre-miR-451.
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analysis. Without irradiation, PTEN protein was expressed at
low levels in NSCLC A549 cells. After treatment with either
pre-miR-451-transfection or 6 Gy irradiation, the PTEN
protein level in the A549 cells slightly increased. Moreover,
the combination of miR-451 overexpression and irradiation
notably promoted PTEN expression compared to the corre-
sponding control group (Fig 4). This result indicated that
miR-451 overexpression-induced apoptosis enhancement
after irradiation might be associated with the upregulation of
the PTEN protein level in A549 cells.

Discussion

Conventionally, it is believed that radioresistance is a major
obstacle in locally advanced NSCLC treatment. To overcome
this problem, radiosensitizers have been pursued for a long
time. In recent years, miRs have been regarded as potential
candidates to regulate the radiosensitivity of NSCLC. Some

were reported to induce radiosensitivity,14,22,23 while others
were reported to confer radioresistance.6,9,24 To date, there is
little information about the role of miR-451 in NSCLC
response to radiotherapy.

Because clonogenic assay is frequently used in cancer
research laboratories to determine the effectiveness of irra-
diation on the survival and proliferation of tumor cells,
changes in the colony-forming ability of radioresistant
NSCLC A549 cells caused by miR-451 overexpression after
irradiation were examined in this study.25 As expected, by
increasing the inhibition of the survival fraction of A549
cells caused by various doses of irradiation, we found that
upregulation of miR-451 sensitized A549 cells to irradiation.
Previously, Bandres et al. found that overexpression of miR-
451 in gastric and colorectal cancer cells reduced cell prolif-
eration and increased sensitivity to radiotherapy.26 However,
almost no information is available regarding the effects of
miR-451 overexpression on the radiosensitivity of NSCLC.
Wang et al. compared the expression profile of miRNA in
radiotherapy sensitive and resistant groups of NSCLC
patients and noted that the miR-451 expression level in the
radiotherapy sensitive NSCLC group was much higher than
in the radiotherapy resistant group. However, they did not
further explore the function of miR-451 in radiotherapy for
NSCLC.14 Our data showed that upregulation of miR-451
could possibly enhance the sensitivity of NSCLC to radio-
therapy and miR-451 might be considered a potential
radiosensitizer of NSCLC.

Because cell apoptosis is one of the most critical reasons
underlying tumor growth inhibition caused by irradiation,
we examined whether miR-451 overexpression could
increase the apoptosis of NSCLC A549 cells induced by
irradiation, which might account for the higher sensitivity
to irradiation of A549 cells resulting from miR-451
overexpression. It has been reported that overexpression of
miR-451 could induce NSCLC cell apoptosis.27,28 Accordingly,
our results were consistent with previous studies. Moreover,
we further demonstrated that upregulation of miR-451
enhanced irradiation-induced apoptosis of A549 cells, sug-
gesting that increased radiosensitivity of NSCLC A549 cells
by miR-451 overexpression might be attributed, at least in
part, to the enhancement of cell apoptosis. This similar func-
tion of miR-451 was also found by Zhang et al. in nasopha-
ryngeal carcinoma cells by showing that the high levels of
miR-451 expression enhanced radiosensitivity by increasing
apoptosis.29

Phosphatase and tensin homolog is one of the most impor-
tant proteins associated with the regulation of cancer cell
apoptosis, and the activation of PTEN plays a crucial role in
the mediation of cell apoptosis induced by irradiation.
Zhuang et al. reported that the irradiation-induced apoptosis
of lung cancer cells was increased by the upregulation of
PTEN.30 In addition, Qu et al. noted that knocking down

Figure 3 Irradiation-induced apoptosis of A549 cells was enhanced by
by micro ribonucleic acid (miR)-451 overexpression. The apoptotic A549
cells were stained with annexin V- fluorescein isothiocyanate and
propidium iodide and examined by flow cytometry. The percentage of
apoptotic cells is presented and each value represents the mean ± stan-
dard deviation of three independent experiments. *P < 0.05 versus 6 Gy
irradiation group.

Figure 4 Phosphatase and tensin homolog (PTEN) expression was pro-
moted in micro ribonucleic acid (miR)-451-overexpressed A549 cells after
irradiation (IR). The PTEN protein level in A549 cells with (or without) miR-
451 overexpression after exposure (or sham exposure) to irradiation was
measured by Western blot. Results shown are representative of three
independent experiments.
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miR-205 in nasopharyngeal carcinoma cells compromises the
inhibition of PTEN and increases cell apoptosis post-
irradiation.31 It is unclear whether upregulation of miR-451
could affect PTEN expression; therefore our study detected
PTEN protein levels in NSCLC A549 cells. Our results showed
that PTEN expression after irradiation was remarkably
increased in miR-451 overexpressed A549 cells, indicating
that there might be an association between upregulation of
PTEN protein level and apoptosis enhancement post-
irradiation, induced by miR-451 overexpression in A549 cells.

Conclusion

In conclusion, the present study demonstrated that miR-451
was a regulator of NCSLC radiosensitivity. Upregulation of
miR-451 sensitized radioresistant NSCLC A549 cells to irra-
diation through the enhancement of apoptosis. The activa-
tion of PTEN post-irradiation might be correlated with
the radiosensitization of A549 cells induced by miR-451
overexpression. Our results will assist in overcoming NSCLC
radioresistance and developing new therapeutic strategies for
NSCLC. Further studies on the targets of miR-451 in
radiosensitization and the mechanism underlying PTEN
activation after irradiation, accompanied by the upregulation
of miR-451 in NSCLC, are still needed.
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