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Abstract. Radiation treatment remains one of the major 
modalities in the treatment of lung cancer. Although the 
majority of patients initially respond to treatment with 
radiation, resistance inevitably develops and leads to treat-
ment failure. Therefore, the identification of the underlying 
molecular mechanisms of radiation resistance may facilitate 
the development of novel approaches for overcoming resis-
tance, and enhance the efficacy of treatment with radiation 
in lung and other types of cancer. In the present study we 
established three radiation‑resistant sub‑cell lines derived 
from the radiation‑sensitive lung cancer cell line HCC827. 
Using a polymerase chain reaction microRNA (miRNA) array, 
multiple miRNAs were identified to be markedly downregu-
lated in radiation‑resistant cells, including miRNA (miR)‑124, 
miR‑191 and miR‑205. It was observed that overexpression 
of miR‑124 sensitized the resistant cells to treatment with 
radiation and that thioredoxin reductase 1 (TXNRD1) is a 
novel target of miR‑124. Furthermore, it was demonstrated 
that knockdown of TXNRD1 using small interfering RNA 
increased the basal level of reactive oxygen species and sensi-
tized the cells to radiation treatment. The results of the present 
study demonstrated that multiple miRNAs are downregulated 
in radiation‑resistant lung cancer cells and that downregulation 
of miR‑124 mediates radiation resistance through the targeting 
of TXNRD1 mRNA expression. The present study revealed 
a novel molecular mechanism of miRNA‑mediated radiation 
resistance and identified miR‑124‑regulated TXNRD1 as a 
novel therapeutic target for overcoming radiation resistance in 
the treatment of lung cancer. 

Introduction

Lung cancer occurs as non‑small cell lung cancer (NSCLC) in 
~85% of cases and remains the leading cause of cancer‑associ-
ated mortality. Currently, radiation and chemotherapies are the 
major modalities for the treatment of lung cancer (1). However, 
resistance to radiation treatment inevitably develops and leads 
to treatment failure  (2). Understanding the comprehensive 
underlying mechanism of radiation resistance may facilitate 
the design of novel approaches, and enhance the efficacy of 
treatment with radiation and prolong patient survival  (3). 
A previous study has revealed that cancer cell stem cells, a 
hypoxic environment, the DNA double strand break repair 
pathway and cell survival pathways are involved in radiation 
resistance; however, the approaches that can effectively reduce 
radiation resistance remain to be developed (4).

A recent study has suggested that microRNA (miRNA) 
expression is significantly altered in radiation‑treated cancer 
cells and that these dysregulated miRNAs modulate radiation 
sensitivity through the regulation of multiple cellular signaling 
networks  (5). As each miRNA has a number of potential 
targets, identifying the miRNAs that serve critical roles in 
regulating radiation sensitivity may facilitate the development 
of miRNA‑mediated therapeutic approaches to overcome 
radiation resistance. The results from a recent clinical trial of 
nanoparticle‑mediated delivery of miRNA (miR)‑200c exhib-
ited an increased efficacy in the use of radiation treatment in 
lung cancer (6). In addition, identification of the underlying 
mechanism of miRNA‑mediated radiation resistance may 
enable the development of therapeutic approaches to over-
come radiation resistance through the direct targeting of 
miRNA‑regulated downstream targets.

In the present study, novel molecular mechanisms of 
radiation resistance in lung cancer were revealed using a radi-
ation‑resistance model and miRNA gene expression profiling. 
The results of the present study suggest that downregulation of 
miRNA‑124 (miR‑124) mediates radiation resistance in lung 
cancer cells through the upregulation of thioredoxin reductase 
1 (TXNRD1). The present study may provide a rationale for 
the targeting of antioxidant signaling pathways to enhance the 
efficacy of radiation therapy in lung cancer treatment.
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Materials and methods

Cell lines and cell culture. The lung cancer cell lines HCC827 
and Calu3 were purchased from American Type Culture 
Collection (Manassas, VA, USA) and cultured in RPMI 
1640 medium (Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) supplemented with 10% fetal bovine serum (Thermo 
Fisher Scientific, Inc.) and penicillin (100 U/ml)/streptomycin 
(100 µg/ml). All cell cultures were maintained in a humidified 
37˚C incubator with 5% CO2.

Establishment of radiation‑resistant HCC827 lung cancer 
cells. HCC827 cells were plated in three 6  cm plates at 
a density of 2x106 cells/plate. Cells were irradiated with 
2 Gy/day γ‑radiation for 10 days (total, 20 Gy). After 7 days of 
recovery, cells were given another two courses of continuous 
treatment with 2 Gy/day γ‑irradiation for 10 days. Cells were 
allowed to grow at 37˚C for 2 weeks until clear colonies had 
formed. Radiation‑resistant cell colonies from each plate were 
pooled for subsequent analysis. These sub‑cell lines were 
named HCC827‑irradiation (IR)‑clone (C) 1, HCC827‑IR‑C2 
and HCC827‑IR‑C3.

Clonogenic assay. Between 100 and 800 parental or radia-
tion‑resistant cells were seeded in 6 cm plates. After 24 h, cells 
were irradiated with 0, 2, 4, 6 or 8 Gy γ‑irradiation. Cells were 
then allowed to grow in the incubator for 2 weeks. At the end 
of the experiment, cells were stained with crystal violet for 
10 min at room temperature and colonies with >50 cells were 
counted using ImageJ (version 1.44a; National Institutes of 
Health, Bethesda, MD, USA). The survival fraction of the cells 
was calculated by normalizing the plating efficiency of treated 
cells by that of control cells as described previously (7).

Cell viability assay. Cells were plated in 96‑well plates at a 
density of 5x103 cells/well and, after 24 h, were irradiated with 
0, 2, 4, 6 or 8 Gy γ‑irradiation. Cells were allowed to grow for 
a further 96 h and cell viability was analyzed using the MTT 
(Sigma‑Aldrich, Darmstadt, Germany) assay, according to the 
manufacturer's protocol. Relative cell viabilities of irradiated 
cells were calculated by normalizing the absorbance at 570 nm 
of irradiated cells to that of control cells.

miRNA polymerase chain reaction (PCR) array and  
validation. The 96‑well Human Cancer miRNA PCR Array 
was purchased from Qiagen, Inc. (Valencia, CA, USA; cat. 
no. MAH‑102A). The array included 88 of the most highly 
conserved human cancer‑associated miRNAs. Total RNA was 
isolated using TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) from HCC827 and the three HCC827 radia-
tion‑resistant sub‑cell lines, HCC827‑IR‑C1, HCC827‑IR‑C2 
and HCC827‑IR‑C3. The assay was performed according 
to the manufacturer's protocol. A 500  ng sample of total 
RNA was used for reverse transcription using the RT2 First 
Strand kit (Qiagen, Inc.). The cDNA was diluted 200‑fold 
and mixed with 2X PCR buffer kit (QuantiTect SYBR Green 
PCR Master mix) containing polymerase and SYBR Green 
dye (Qiagen, Inc.). Aliquots of 10 µl of diluted cDNA were 
added to each well of the 96‑well miRNA array plate. The 
PCR was run on a CFX96 RT‑PCR detection system (Bio‑Rad 

Laboratories, Inc., Hercules, CA, USA) and the result was 
analyzed using Cq values. The fold changes of miRNA in 
resistant cells compared with in parental HCC827 cells were 
calculated for each miRNA by inputting the Cq values into 
the manufacturer's web‑based software (pcrdataanalysis.
sabiosciences.com/mirna/arrayanalysis.php). Individual 
primers for miR‑124 (cat. no. MS00006622), miR‑191 (cat. 
no. MS00003682), miR‑205 (cat. no. MS00003780) and small 
nucleolar RNA C/D box 6 control (cat. no. MS00033705) 
were purchased from Qiagen, Inc. Aliquots of 10 µl of diluted 
cDNA were used for reverse transcription‑quantitative PCR 
(RT‑qPCR) assay using the SYBR Green method. The 
thermocycling conditions were as follows: 95˚C for 10 min; 
followed by 35 cycles of 94˚C for 10 sec, 60˚C for 30 sec and 
72˚C for 45 sec. The plate was run as described above and 
fold changes in miRNA expression were calculated using the 
2−ΔΔCq method (8).

Establishment of stable cell lines using lentiviral transfec‑
tion. miR‑124 (Lenti‑miR‑124; cat. no. PMIRH‑124aPA‑1) 
and miRNA control (Lenti‑control; cat. no. PMIRH‑000PA‑1) 
plasmids were purchased from System Biosciences, Inc. (Palo 
Alto, CA, USA). HEK‑293T cells were used to generate pack-
aged lentiviruses using a pPACKH1™ Lentivector Packaging 
kit (System Biosciences, Inc.; cat. no. LV500A‑1), according 
to the manufacturer's protocol. For the lentiviral infection, 
3x105 cells were plated in 6‑well plates, and after 24 h medium 
was replaced with 2 ml virus‑containing medium and 8 µg/ml 
Polybrene® (Invitrogen; Thermo Fisher Scientific, Inc.). Cell 
medium was replaced with fresh medium containing 1 µg/ml 
puromycin every 48 h until the cell density reached 90% conflu-
ence. Cells were trypsinized for 5 min at 37˚C and split for 
subsequent analysis.

Apoptosis assay. Cells (2x106) were treated with different 
doses of radiation in a 6 cm plate, and 48 h following treat-
ment cells were trypsinized for 5 min at 37˚C and washed with 
PBS twice, followed by centrifugation at 1000 x g at room 
temperature for 5 min. Cells were stained with propidium 
iodide/annexin V using a kit (FITC Annexin V Apoptosis 
Detection kit I) from BD Biosciences (San Diego, CA, USA), 
according to the manufacturer's protocol. Apoptotic cells were 
analyzed by flow cytometry and data was analyzed using 
FlowJo (version 10; Tree Star, Inc., Ashland, OR, USA).

Transfection of small interfering RNA (siRNA) or 
anti‑miRNA. TXNRD1 siRNA (TXNRD1‑siRNA‑1, GCA​
CAC​GCT​GTA​CTG​AGG​TAA and TXNRD1‑siRNA‑2, 
GGA​AGA​ACA​TGG​CAT​CAA​GTT) were purchased from 
Qiagen, Inc. Lipofectamine® 2000 and anti‑miRNA‑124 (cat. 
no. AM17000) were purchased from Thermo Fisher Scientific, 
Inc., and were used for the transfection of TXNRD1 siRNA 
and anti‑miRNA antagomir, according to the manufacturer's 
protocol. A total of 48 h following transfection, cells were 
harvested for western blot analysis, luciferase reporter assays 
or treatment with radiation for clonogenic assays.

 Luciferase Reporter Assay. Luciferase activity was analyzed 
using a Dual‑Luciferase® Reporter Assay kit (Promega 
Corporation, Madison, WI, USA) following the manufac-
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turer's protocol. The TXNRD1‑3'UTR‑Luciferase plasmid  
(cat. no. HUT10621) was purchased from Sigma‑Aldrich (Merck 
Millipore) and the Renilla luciferase control reporter vector 
pRL‑TK was purchased from Promega Corporation. A total of 
1x105 cells were transfected with 0.5 µg TXNRD1‑3'‑UTR and 
0.1 ng pRL‑TK using Lipofectamine 2000, according to the 
manufacturer's protocol. A total of 48 h following transfection, 
luciferase activity was measured using the Dual‑Luciferase 
Reporter Assay kit, according to the manufacturer's protocol.

Reactive oxygen species (ROS) analysis. Treated or untreated 
cells were trypsinized and washed with PBS, and 1x106 cells 
were subsequently resuspended in Hanks' balanced salt solu-
tion containing 10 µmol l 2',7'‑dichlorodihydrofluorescein 
diacetate (both Invitrogen; Thermo Fisher Scientific, Inc.). 
Cells were incubated at 37˚C for 45 min followed by washing 
with PBS twice. Fluorescence intensity was analyzed by flow 
cytometry as described above.

Western blotting. Antibody targeting TXNRD1 (cat. 
no. ab16840) was purchased from Abcam (Cambridge, UK), 
and poly (ADP‑ribose) polymerase (PARP; cat. no. 9532s), 
cleaved‑PARP (cat. no. 9542) and apoptosis regulator Bax 
(cat. no. 5023), were from Cell Signaling Technology, Inc. 
(Danvers, MA, USA). Anti‑ nuclear factor erythroid 2‑related 
factor 2 (NRF2) antibody (cat. no. sc‑81342) was purchased 
from Santa Cruz Biotechnology (Dallas, TX. USA). 
Anti‑β‑actin antibody (cat. no. MABT825) was purchased 
from Sigma‑Aldrich (Merck Millipore). Fluorescence‑labeled 
secondary antibody (IRDye® 800CW; cat. no. 925‑32211) 
was purchased from LI‑COR Biosciences (Lincoln, NE, 
USA). Protein lysates were prepared with radioimmuno-
precipitation assay buffer and quantified using the Bradford 
method with a Bradford Protein Assay kit purchased from 
Bio‑Rad Laboratories, Inc. A total of ~40 µg total protein 
was used for western blot analysis. Proteins were separated 
using SDS‑PAGE on a 10% gel and subsequently transferred 
to a polyvinylidene fluoride membrane. Membranes were 
incubated with primary antibodies at 4˚C overnight and with 
secondary antibodies at room temperature for 2 h. Protein 
band images were captured using an Odyssey Imaging 
scanner from LI‑COR Biosciences.

Statistical analysis. Values are presented as the mean ± stan-
dard deviation. The results were analyzed and individual 
group means were compared using the Student's unpaired 
t‑test. Statistical analysis was performed using the GraphPad 
Prism software (version 6; GraphPad Software, Inc., Lo Jolla, 
CA. USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Generation of radiation‑resistant lung cancer cells. The 
human NSCLC cell line HCC827 was used to generate radi-
ation‑resistant sub‑cell lines. This cell line has been reported 
previously to be sensitive to radiation as it harbors an epidermal 
growth factor receptor mutation  (9). Radiation‑resistant 
sub‑cell lines were established following three courses of 
continuous irradiation at a dose of 2 Gy/day for 10 days (total, 

60  Gy). Resistant colonies were formed after 2  weeks of 
recovery without treatment (Fig. 1A). All colonies from the 
same plate were pooled. In total, three resistant sub‑cell lines, 
HCC827‑IR‑C1, HCC827‑IR‑C2 and HCC827‑IR‑C3, were 
established. Radiation resistance of all three sub‑cell lines was 
further confirmed by clonogenic survival (Fig. 1B) and cell 
viability (Fig. 1C) assays.

miRNA profiling identified downregulation of miRNA expres‑
sion in radiation‑resistant cells. Using a PCR‑based miRNA 
array focusing on 88 human cancer‑associated miRNAs in 
the format of a 96‑well plate, it was observed that a panel of 
miRNAs, including miR‑124, miR‑191, miR‑205, miR‑128 and 
miR‑34c, were significantly downregulated in radiation‑resis-
tant HCC827 cells compared with parental cells (P<0.01; 
Fig. 2A). Three of the downregulated miRNAs, miR‑124, 
miR‑191 and miR‑205, were selected for further validation 
using RT‑qPCR. Consistent with the PCR array results, 
miR‑124, miR‑191 and miR‑205 were significantly downregu-
lated in all three radiation‑resistant sub‑cell lines compared 
with the parental cell line (P<0.01; Fig. 2B).

Overexpression of miR‑124 sensitizes radiation‑resistant 
lung cancer cells to radiation treatment. As miR‑124 has 
been reported previously to serve an important role in 
cancer  (10‑13), it was selected for further investigation, 
despite its role and underlying mechanism behind lung cancer 
radiosensitivity remaining unclear. To validate whether 
ectopic expression of miR‑124 reversed the radiation resis-
tance in radiation‑resistant cells, two stable cell lines were 
established using lentivirus‑mediated overexpression of a 
precursor of miR‑124. Expression of miR‑124 in the stable 
cells was confirmed using RT‑qPCR (Fig. 3A). A representa-
tive image of the clonogenic assay is shown in Fig. 3B. The 
clonogenic assay demonstrated that ectopic overexpression 
of miR‑124 significantly decreased the survival fraction of 
HCC827‑IR‑C1 and HCC827‑IR‑C2 cells following treatment 
with increasing doses of radiation (P<0.01; Fig. 3C). Analysis 
of apoptosis indicated that, compared with cells transfected 
with the control siRNA, re‑expression of miR‑124 induced 
increased apoptosis in radiation‑resistant cells treated with 2 
and 4 Gy γ‑irradiation (Fig. 3D), which was further confirmed 
using western blot analysis to evaluate cleavage of PARP, a cell 
apoptosis marker (Fig. 3E). These results suggest that ectopic 
expression of miR‑124 sensitizes radiation‑resistant cells to 
treatment with radiation.

miR‑124 regulates TXNRD1 expression. To further 
investigate the mechanism of miR‑124‑mediated radiosen-
sitization, potential target genes of miR‑124 were analyzed 
using TargetScan online software (version 6.0; Whitehead 
Institute for Biomedical Research, Cambridge, MA, USA). It 
was observed that one of the potential targets was TXNRD1. 
The TXRND1 gene encodes a protein that is able to protect 
cells from oxidative stress by reducing thioredoxin (TXN) 
levels. There is a conserved binding site for miR‑124 on the 
3'‑untranslated region (UTR) of mRNA (Fig. 4A and B). Using 
western blotting it was confirmed that the protein expression of 
TXNRD1 was increased in radiation‑resistant cells compared 
with that in parental HCC827 cells; however, the transcription 
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factor NRF2, which regulates multiple antioxidant molecules, 
including TXNRD1, was not upregulated in radiation‑resistant 
cells (Fig.  4C). In addition, overexpression of miR‑124 

reduced the expression of TXNRD1 in radiation‑resistant 
cells (Fig.  4D). By contrast, inhibition of miR‑124 using 
an antagomir upregulated TXNRD1 protein expression in 

Figure 1. Establishment of radiation‑resistant lung cancer cells. (A) Representative images of three independent radiation‑resistant sub‑cell lines derived from 
HCC827 cells. Radiation‑resistant colonies were established following three continuous courses of irradiation (total, 60 Gy). (B) Clonogenic assays were 
performed to analyze the responses of radiation‑resistant cells and parental HCC827 cells to irradiation at the indicated doses. (C) Cell viability assay (MTT) 
of radiation‑resistant and parental cells following irradiation. Values are presented as the mean ± standard deviation (n=3). **P<0.01 vs. the parental cells.

Figure 2. Radiation‑resistant cells express decreased levels of various miRNAs. (A) An miR PCR array was used to analyze differential miR expression in 
parental HCC827 and radiation‑resistant cells, and a heat map of miR expression was generated to visualize the most significantly downregulated miRs in 
radiation‑resistant cells. (B) Validation of the three downregulated miRs, miR‑124, miR‑191 and miR‑205, using reverse transcription‑quantitative PCR. 
SNORD6 was used as an internal control and the values are relative to the parental cells. **P<0.01 vs. the parental cells. hsa, Homo sapiens; miR, microRNA; 
PCR, polymerase chain reaction.
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HCC827 and Calu3 cells (Fig. 4E). Using a 3'‑UTR luciferase 
reporter of TXNRD1, it was further demonstrated that inhibi-
tion of miR‑124 increased luciferase activity in HCC827 and 
Calu3 cells (Fig. 4F). These results demonstrate that TXNRD1 
is a target of miR‑124 in lung cancer cells.

Inhibition of TXNRD1 sensitizes radiation‑resistant cells to 
irradiation. To further investigate whether miR‑124 mediates 
radiosensitivity by targeting TXNRD1, two distinct TXNRD1 
siRNAs were used to knock down protein expression of 
TXNRD1 in HCC827‑IR‑C1 and HCC827‑IR‑C2 cells, and 
the subsequent effects were analyzed using clonogenic and 
cell viability assays. Using western blotting, the inhibitory 
efficiency of two TXNRD1 siRNAs, siRNA‑1 and siRNA‑2 

were initially evaluated. It was observed that siRNA‑2 more 
effectively suppressed TXNRD1 expression in the two 
radiation‑resistant sub‑cell lines (Fig. 5A). As TXNRD1 is 
an important antioxidant molecule, inhibition of TXNRD1 
is expected to increase cellular ROS levels. Treatment with 
siRNA‑1 and siRNA‑2 increased the basal level of ROS 
in radiation‑resistant cells, with siRNA‑2 increasing ROS 
levels more compared with siRNA‑1 (Fig. 5B). siRNA‑2 was 
therefore selected for subsequent experiments. Compared 
with the control siRNA (siRNA‑C), transfection with 
siRNA‑2 decreased the survival fraction of HCC827‑IR‑C1 
and HCC827‑IR‑C2 cells following treatment with radiation 
(Fig. 5C). Western blotting further confirmed that knockdown 
of TXNRD1 combined with treatment with radiation induced 

Figure 3. Overexpression of miR‑124 sensitizes radiation‑resistant cells to radiation. (A) Cells with stable overexpression of miR‑124 were established using 
lentivirus‑mediated transduction. (B) Representative images of the clonogenic assay using IR‑C1 cells. Compared with the control miR‑transfected cells, 
miR‑124 reduced IR‑C1 cell survival following treatment with 8 Gy radiation. (C) The clonogenic assay was performed, and the survival fractions of the 
cells treated with increasing doses of radiation were analyzed by calculating the cell plating efficiency. (D) Cells transduced with Ctr or miR‑124 were 
treated with 2 or 4 Gy radiation, and 48 h following treatment, cells were harvested for propidium iodide/annexin V staining of apoptotic cells. (E) Cells 
were treated with the indicated doses of radiation, and 48 h following treatment, cell lysates were collected for western blot analysis. Values are presented as 
the mean ± standard deviation (n=3). *P<0.05; **P<0.01 vs. miR‑Ctr. Bax, apoptosis regulator Bax; C‑PARP, cleaved poly (ADP‑ribose) polymerase; IR‑C1, 
HCC827‑irradiation‑clone 1 cells; miR, microRNA; Ctr, control miR.
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PARP cleavage in HCC827‑IR‑C1 and in HCC827‑IR‑C2 cells 
(Fig. 5D). These results suggest that miR‑124‑regulated radia-
tion sensitivity acts by targeting TXNRD1.

Discussion

In the present study, a cell line model of lung cancer radiation 
resistance was developed and the miRNA‑mediated molec-
ular mechanism of radiation resistance was investigated. 
miR‑124 was identified to be significantly downregulated 
in radiation‑resistant sub‑cell lines. Other downregulated 
miRNAs included miR‑191 and miR‑205, which have been 
reported previously to be involved in radiation resistance in 
lung and breast cancer, respectively (14,15). It was demon-
strated that overexpression of miR‑124 was able to sensitize 
radiation‑resistant cells to radiation by decreasing the cell 
survival fraction and viability, and identified that TXNRD1 
is an important target of miR‑124. Knockdown of TNXRD1 
with specific siRNA increased basal level of ROS production 
and sensitized the cells to radiation treatment.

Previous studies have demonstrated that downregulation 
of miR‑124 is associated with metastasis and poor prognosis 
in lung and breast cancer  (13,16). Molecules involved in 
epithelial‑mesenchymal transition, including Slug and signal 
transducer and activator of transcription 3 have been demon-
strated to be targets of miR‑124 (10,16). miR‑124 was also 
demonstrated to be able to suppress lung cancer metastasis 
through the regulation of myosin X expression (12). A recent 
study also indicated that miR‑124 sensitizes colorectal and 
glioma cells to radiation by targeting paired related homeobox 1 
and cyclin‑dependent kinase 4, respectively (17,18). In the present 
study, it was observed that miR‑124 was downregulated in radi-
ation‑resistant lung cancer cells, and overexpression of miR‑124 
sensitized lung cancer cells to radiation, which is consistent with 
previous findings in other types of cancer (17,18). In addition, it 
was observed that TXNRD1 is a novel target of miR‑124 and 
is significantly upregulated in radiation‑resistant lung cancer 
cells. The present study suggested that increased expression of 
TXNRD1 as a result of downregulation of miR‑124 is one of the 
underlying mechanisms of radiation resistance in lung cancer.

Figure 4. miR‑124 regulates TXNRD1 protein expression in lung cancer cells. (A) A putative miR‑124‑binding site on the 3'‑UTR of the TXNRD1 mR is 
shown. (B) The binding sites for miR‑124 on the 3'‑UTR of TXNRD1 are conserved across different species. (C) Cell lysates from the parental and the three 
radiation‑resistant cell lines were used for western blot analysis with the indicated antibodies. (D) miR‑C or miR‑124 stably transfected radiation‑resistant 
cells were examined for TXNRD1 expression using western blotting. (E) HCC827 and Calu3 cells were transfected with anti‑miR control or anti‑miR‑124, 
and 48 h following transfection, cell lysates were harvested for western blot analysis. (F) Luciferase reporter assay. HCC827 and Calu3 cells were transfected 
with anti‑miR control or anti‑miR‑124, and 48 h following transfection, cells were further transfected with TXNRD1‑3'‑Luc and pRL‑TK for 24 h. hsa, 
Homo sapiens; IR‑C1, HCC827‑IR‑C1 cells; 3'‑Luc, 3'‑luciferase; miR, microRNA; miR‑C, control miRNA; NRF2, nuclear factor erythroid 2‑related factor 
2; pRL‑TK, Renilla luciferase vector with thymidine kinase promoter; TXNRD1, thioredoxin reductase 1; UTR, untranslated region.
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TXNRD1 is one of the major molecules regulating 
the cellular redox balance by reducing oxidized TXN and 
serves an important role in protecting cells against oxidative 
stress (19). Overexpression of TXNRD1 has been reported in 
many types of cancer, including lung cancer (20‑22), and it is 
involved in the resistance of cancer cells to chemotherapeu-
tics and targeted inhibitors (23,24). The results of the present 
study demonstrated that direct knockdown of TNXRD1 
increased the basal level of ROS, and significantly sensitized 
radiation‑resistant lung cancer cells to radiation. Although the 
detailed mechanism of TXNRD1‑mediated radiation resis-
tance remains to be elucidated, TXNRD1‑mediated radiation 
resistance may involve the regulation of ROS production, 
as radiation‑resistant cancer stem cells have exhibit low 
levels of ROS due to activation of the free radical scavenger 
system (25,26).

Ionizing radiation induces DNA double strand breaks, 
thus miRNAs that regulate DNA damage and repair signaling 
pathways have been demonstrated to be involved in radiation 

sensitivity  (27,28). miRNAs involved in cancer stem cell 
self‑renewal, autophagy, hypoxia and survival signaling path-
ways also affect the radiosensitivity of cancer cells (15,29,30). 
In addition, a recent study indicated that delivery of miR‑200c 
enhanced radiosensitivity in lung cancer by targeting 
the oxidative‑stress‑response genes peroxiredoxin 2 and 
GA‑binding protein/nuclear respiratory factor 2 (6). Certain 
miRNAs may modulate the radiation sensitivity of cancer cells 
through the regulation of multiple signaling pathways (31). 
The present study has overlapping observations with those 
of previous studies, for example, downregulation of miR‑191 
and miR‑205 in radiation‑resistant breast cancer cells has been 
reported (15,32), and downregulation of miR‑124 was also 
reported in radiation‑resistant brain tumor cells (18). However, 
the role of miR‑124 in lung cancer radiation sensitivity was 
not reported in previous models. Furthermore, in the present 
study, the HCC827 cell line was used, which has been demon-
strated previously to be sensitive to radiation treatment and 
has not been used in previous radiation‑resistance models. In 

Figure 5. Knockdown of TXNRD1 with siRNA sensitizes the radiation‑resistant cells to radiation. (A) Western blotting was performed to evaluate the 
inhibition of TXNRD1 using two distinct siRNAs in two radiation‑resistant sub‑cell lines. (B) Reactive oxygen species assay. HCC827‑IR‑C1 cells were 
transfected with TXNRD1‑siRNA‑2, and 48 h following transfection, cells were harvested and stained with the DCFDA kit followed by flow cytometric 
analysis. (C) Clonogenic assay. Cells were transfected with siRNA‑C or TXNRD1 siRNA, and 48 h following transfection, cells were re‑seeded into a 6 cm 
plate for the clonogenic assay with the indicated doses of radiation. Cell survival fractions were calculated using the plating efficiency. Values are presented as 
mean ± standard deviation (n=3). *P<0.05 vs. siR‑C. (D) A total of 48 h following transfection, cells were treated with the indicated dose of radiation, and then 
48 h following treatment, were harvested for western blot analysis. C, control; C‑PARP, cleaved poly (ADP‑ribose) polymerase; DCFDA, 2',7'‑dichlorofluores-
cein diacetate; IR, ionizing radiation; ROS, reactive oxygen species; siRNA, short interfering RNA; TXNRD1, thioredoxin reductase 1.
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addition, the radiation‑resistance model in the present study 
was established using low continuous doses of radiation (2 Gy) 
to give a total of 60 Gy, which more closely mimics clinical 
radiation treatment schedules. Validation of the observations 
in additional NSCLC cell lines and further investigation of 
other miR‑124 targets involved in radiation resistance will be 
investigated in future studies.

In conclusion, using an miRNA array it was identified that 
a panel of miRNAs were downregulated in radiation‑resistant 
NSCLC lung cancer cells and that miR‑124‑mediated radia-
tion resistance may occur through the regulation of TXNRD1 
expression. The results of the present study suggest that modu-
lating miR‑124 expression or directly targeting TXNRD1 are 
novel approaches to enhancing radiation therapy in NSCLC.
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