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Abstract

The carcinogenicity of radon has been convincingly documented through epidemiological studies of underground miners.
The risk of lung cancer from radon exposure is due to the continuous radioactive decay of this gas and subsequent emission
of high-energy alpha decay particles. And the bronchial epithelial cells are the main targets of radon exposure. However,
there is a lack of early warning indicators of lung cancer caused by radon in the physical examination of populations
involved in occupations with higher exposure to radon. To assess the potential of a molecular-based marker approach for the
early detection of human lung cancer induced by radon, human bronchial epithelial cell injury models induced by
alpha-particle irradiation were constructed. The results of transwell migration assay, transwell invasion assay, and the
expression of the epithelial–mesenchymal transition-related proteins showed that malignant cell transformation could be
triggered by alpha irradiation. Potential microRNAs (miRNAs) (hsa-miR-3907, hsa-miR-6732-3p, hsa-miR-4788,
hsa-miR-5001-5p, and hsa-miR-4257) were screened using miRNA chips in cell models. The pathway analyses of miRNAs
selected using DIANA-miRPath v3.0 showed that miRNAs involved in malignant cell transformation were associated with cell
adhesion molecules, extracellular matrix receptor interaction, and proteoglycans in cancer, among others, which are closely
related to the occurrence and development of carcinogenesis. Reverse Transcription Quantitative Real-Time PCR (RT-qPCR)
assay showed that five screened miRNAs were up-regulated in five lung cancer tissue samples. In conclusion, the results
indicated that hsa-miR-3907, hsa-miR-6732-3p, hsa-miR-4788, hsa-miR-5001-5p, and hsa-miR-4257 may be potential early
markers of the malignant transformation of bronchial epithelial cells induced by alpha-particle irradiation.
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Introduction
Radon gas is ubiquitous in indoor and outdoor air and contam-
inates many underground mines [1]. As radon decays, it pro-
duces radioactive progeny and emits significant levels of alpha

radiation, along with lower levels of beta and gamma radiation,
leading to biological damage that can be dangerous to human
health [2, 3]. Radon is the second most common cause of lung
cancer after smoking, cohort studies of underground miners and
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Figure 1: Migration ability of cells as evaluated by transwell assay.

epidemiological studies in residential settings have established
a strong association between radon exposure and increased risk
for lung cancer [3–9].

The development of lung cancer is a multistep process involv-
ing the accumulation of genetic and epigenetic materials gen-
erated by risk factors, such as cigarette smoking and radon
exposure. Different causes of cancer act via different biological
mechanisms and are reflected in the varied histopathological
subtypes. Primary prevention is fundamental in lung cancer,
which is a tumour characterized by a long latency period. So, it
is necessary to explore early warning molecular biomarkers for
lung cancer induced by radon.

MicroRNAs (miRNAs), a small group of non-coding RNAs,
post-transcriptionally modulate gene expression by specific dis-
ruption and degradation of target messenger RNAs (mRNAs)
[10]. These molecules play a wide variety of regulatory roles in
numerous processes, including cell proliferation and differenti-
ation, development, and programmed cell death [11]. MicroRNAs
regulate gene expression by binding to the 3′-untranslated region
of target mRNAs, resulting in gene translation repression or RNA

degradation [12]. A single miRNA may simultaneously regulate
a whole set of genes, thereby controlling multiple signalling
pathways.

In recent years, there has been great excitement in the use of
miRNAs as biomarkers of diseases, such as myocardial infarc-
tion, diabetes, and cancer [13–19]. Recent data have indicated
that miRNAs are engaged in the regulation of cellular processes
induced by radiation, and, consequently, miRNAs can potentially
be used as biomarkers to assess the degree of exposure to radia-
tion in humans [20, 21].

Human bronchial epithelial cells are the target cells of radon
exposure. The high linear energy transfer alpha particles emitted
by radon and radon daughters were found to malignantly trans-
form human bronchial epithelial cells, leading to cell damage or
carcinogenesis [22]. Based on these considerations, the human
bronchial epithelial cell line (BEAS-2B) was selected to assess the
lung injury induced by alpha radiation. In this study, malignant
transformation models of BEAS-2B cells induced by alpha radia-
tion were constructed. These models were validated with migra-
tion and invasion assays and epithelial–mesenchymal transition
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Figure 2: Invasive ability as detected by Matrigel-coated transwell assays.

(EMT) representative proteins. Then, the potential biomarkers
of malignant cellular transformation were screened based on
differentially expressed miRNAs induced by alpha irradiation.

Materials and Methods
Cell culture

The human bronchial epithelial cell line BEAS-2B (ATCC number
CRL-9609) was obtained from American Type Culture Collections
(Manassas, VA, USA) and maintained in our laboratory. The cells
were cultured in Bronchial Epithelial Cell Growth Medium (BEGM)
[a mixture of the additives dissolved in Bronchial Epithelial Cell
Basal Medium (BEBM)] (Lonza/Clonetics Corporation) at 37◦C in
5% CO2. The medium was changed every 2 days, and cells were
subcultured for 3 days.

Cell irradiation

Overnight after plating, BEAS-2B cells growing on coverslips were
irradiated using alpha irradiation equipment (School of Radi-
ation Medicine and Protection, Soochow University) [23]. The

alpha irradiation equipment is composed of a 241Am source, a
rotatable irradiation source holder, a sample holder, and other
necessary parts. The irradiation source holder and the sample
holder are 10 mm away and parallel to each other. The 241Am
source is put face down on the irradiation source holder and
emits alpha particles at a calculated dose rate of 0.138 Gy/min.
Coverslips with cells were put on the sample holder and the
241Am source was rotated to the top of the coverslip to irradiate
the cells. Cells were irradiated by fractional irradiation. Cells
were irradiated cumulatively four times, with subculture for 10
generations after each irradiation, giving 40 total subculture gen-
erations. Each irradiation dose was 0.1, 0.5, and 2 Gy. Finally, cell
models with different irradiation doses, number of exposures,
and subculture times were obtained. The notation ‘2B-xGy(y)-
z’ was used to define different cell models, in which 2B repre-
sented BEAS-2B cells, x represented radiation dose per exposure,
y represented the number of irradiation exposures, and z rep-
resented the cell generations. 2B-0Gy(y)-z represented control
cells. Thus, the following cell models were collected for subse-
quent experiments: 2B-0Gy(2)-20, 2B-0.1Gy(2)-20, 2B-0.5Gy(2)-20,
2B-2.0Gy(2)-20, 2B-0Gy(4)-40, 2B-0.1Gy(4)-40, 2B-0.5Gy(4)-40, and
2B-2.0Gy(4)-40.
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Figure 3: Expression levels of EMT representative proteins.

Transwell migration and invasion experiments

Cell migration was measured using Transwell chambers (Corning
Inc., USA) with polycarbonate filters having 8-μm pores. A total
of 50 000 cells suspended in 200 μl of additive-free BEBM were
added to the upper insert. The lower wells were filled with
500 μl BEGM containing the additives as chemoattractants. After
incubation for 24 h at 37◦C, the cells remaining at the upper
surface of the membrane were removed with cotton swabs,
and the cells on the lower surface of the membrane were the
migrated cells. After fixing with 4% paraformaldehyde and
staining with 0.1% crystal violet solution, the cells that passed
through the filter were photographed and counted under a
microscope.

The transwell invasion assay was carried out as described
above, except that 50 μl of 1:8 BEBM-diluted Matrigel (BD, USA)
was added to each well at 37◦C for 6 h before the cells were seeded
onto the membrane, followed by incubation for 24 h.

Detection of EMT-related proteins with western blotting

Western blotting was performed to determine the expression
of EMT-related proteins, such as E-cadherin, vimentin, Vascular
Endothelial Growth Factor A (VEGFA), and Transforming growth
factor beta 1 (TGF-β1), after alpha irradiation. The cell models 2B-
0Gy(4)-40, 2B-0.1Gy(4)-40, 2B-0.5Gy(4)-40, and 2B-2.0Gy(4)-40 were
washed with ice-cold phosphate-buffered saline and lysed with
Radioimmunoprecipitation assay (RIPA) lysis buffer [50 mM Tris
HCl, 150 mM NaCl, 1% Triton, and 0.1% sodium dodecyl sulphate
(SDS)] containing protease inhibitors (Sigma-Aldrich, USA). The
extracted proteins were separated with SDS-polyacrylamide
gel electrophoresis and were transferred electrophoretically
onto a polyvinylidene difluoride membrane (Millipore, USA).
The membranes were blocked with 5% bovine serum albumin
(Beyotime Institute of Biotechnology, China) in Tris-buffered
saline containing 0.1% Tween-20 and incubated with rabbit anti-
E-Cadherin (1:1000), anti-Vimentin (1:10 000, Sangon Biotech,
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China), anti-VEGFA (1:2000, Sangon Biotech), anti-TGF-β1
(1:800, Sangon Biotech), and anti-Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (1:5000, Sangon Biotech) overnight
at 4◦C, followed by incubation for 40 min with horseradish
peroxidase-conjugated secondary antibodies (1:5000, Sangon
Biotech). After extensive washing in Phosphate buffered solution
(PBST), the expression levels of the proteins were detected
by Quantity One software (Bio-Rad Laboratories, USA) using
the Enhanced chemiluminescence (ECL)-Chemiluminescent Kit
(Sangon Biotech).

Total RNA isolation and miRNA microarray assay

Total RNA including small RNA populations were extracted from
cell models using a combination of TRIzol (Invitrogen, USA)
and a Qiagen RNeasy Mini Kit (Qiagen, Germany), according to
the manufacturer’s protocol. The quality of the extracted RNA
was assessed using both NanoDrop ND-2000 and, to acquire an
RNA Integrity Number (RIN), the Agilent Bioanalyzer 2100, using
an Agilent RNA 6000 Nano Kit (Agilent Technologies, CA, USA).
RNA samples with an RIN value ≥8, an A260/280 of ∼2, and an
A260/230 of ∼2 were selected for downstream assessment.

Global expression patterns of miRNAs were examined using
an Agilent miRNA Chip. The sample labelling, microarray
hybridization, and washing were performed based on the
manufacturer’s standard protocols. Briefly, total RNA was
dephosphorylated, denatured, and then labelled with Cyanine-
3-CTP. After purification, the labelled RNAs were hybridized onto
the microarray. After washing, the arrays were scanned with the
Agilent Scanner G2505C (Agilent Technologies).

Feature Extraction software (version10.7.1.1, Agilent Tech-
nologies) was used to analyse array images to get raw data.
Next, Genespring software (version 13.1, Agilent Technologies)
was employed to finish the basic analysis with the raw data.
To begin with, the raw data were normalized with the quantile
algorithm. The probes for which 100% of samples in any one con-
dition have ‘Detected’ flags were chosen for further data analysis.
Differentially expressed miRNAs were then identified through
fold change. The threshold for up-and down-regulated genes was
an absolute fold change ≥2.0, compared with the control.

Pathway analysis

Pathway analyses based on significant miRNA changes were
performed using the open-access web server DIANA-miRPath
v3.0. A conservative Fisher’s exact test and the false discovery
rate method were used to calculate the significantly targeted
Kyoto Encyclopedia of Genes and Genome (KEGG) pathways and
Gene Ontology (GO) terms, and the P-value threshold was set at
<0.05.

Detection of miRNA altered expression in
formalin-fixed and paraffin-embedded lung cancer
tissue samples

Five cases of lung cancer tissue samples were obtained from
untreated patients who underwent tumour resection at Shanxi
Provincial Cancer Hospital. Tissue samples were fixed in 4%
buffered formalin overnight and then embedded in paraffin.
MicroRNA was isolated from the formalin-fixed and paraffin-
embedded (FFPE) tumour tissues using miRNAprep Pure FFPE Kits
(TIANGEN, China), according to the manufacturer’s instruction.
miRcute Plus miRNA First-Strand cDNA Kits (TIANGEN) were

used to convert RNA into complementary DNA. Quantitative
reverse transcription polymerase chain reaction experiments
were performed with miRcute Plus miRNA qPCR Kits (TIAN-
GEN) and miRNA primers (FulenGen, China). The comparative
CT method was used to calculate the miRNA expression, with
the universally expressed small nuclear RNA U6 used as the
endogenous control.

Results
Influence of alpha radiation on cell migration and
invasion

Increased migration and invasion are properties of malignant cell
transformation. The effects of alpha radiation on cell migration
and invasion were evaluated using a transwell migration assay
and a transwell Matrigel invasion assay. The results showed
that the alpha-irradiated cells displayed higher migration and
invasive abilities compared with the control cells (Figs 1 and 2).

Changes in expression level of EMT representative
proteins in BEAS-2B cells after alpha irradiation

EMT is an important process inducing cancer migration and inva-
sion. Thus, the present study examined whether EMT-associated
protein expression levels changed in cells after alpha irradia-
tion. As presented in Fig. 3, the epithelial marker, E-cadherin,
was down-regulated in alpha-irradiated cells compared with
the control group, whereas the mesenchymal marker, vimentin,
was consistently up-regulated in the irradiated cells. Meanwhile,
EMT-associated proteins, VEGFA and TGF-β1, were up-regulated
in the treated cells. Therefore, it was suggested that alpha irradi-
ation increased the migration and invasion abilities in BEAS-2B
cells by promoting EMT.

Differential regulation of miRNA expression in cell
models

RNAs from cell models were tested using Agilent miRNA Chips.
Relative to 2B-0Gy(2)-20 control cells, 2B-0.1Gy(2)-20, 2B-0.5Gy(2)-
20, and 2B-2.0Gy(2)-20 cells had 33, 95, and 55 down-regulated
miRNAs, respectively. Relative to 2B-0Gy(2)-20 control cells,
2B-0.1Gy(2)-20, 2B-0.5Gy(2)-20, and 2B-2.0Gy(2)-20 cells had
44, 37, and 79 up-regulated miRNAs, respectively. A total of
24 co-differentially expressed miRNAs in three experimental
groups [2B-0.1Gy(2)-20, 2B-0.5Gy(2)-20, and 2B-2.0Gy(2)-20] were
screened (Table 1). Relative to 2B-0Gy(4)-40 control cells, 2B-
0.1Gy(4)-40, 2B-0.5Gy(4)-40, and 2B-2.0Gy(4)-40 cells had 38,
110, and 91 down-regulated miRNAs, respectively. Relative to
2B-0Gy(4)-40 control cells, 2B-0.1Gy(4)-40, 2B-0.5Gy(4)-40, and
2B-2.0Gy(4)-40 cells had 43, 86, and 50 up-regulated miRNAs,
respectively. A total of 41 co-differentially expressed miRNAs in
three experimental groups [2B-0.1Gy(4)-40, 2B-0.5Gy(4)-40, and
2B-2.0Gy(4)-40] were screened (Table 2). Furthermore, five differ-
entially expressed miRNAs from the six experimental cell groups,
including hsa-miR-3907, hsa-miR-6732-3p, hsa-miR-4788, hsa-
miR-5001-5p, and hsa-miR-4257, were screened (Table 3).

Biological pathways analysis of differentially expressed
miRNAs

Five co-differentially expressed miRNAs (hsa-miR-3907, hsa-
miR-6732-3p, hsa-miR-4788, hsa-miR-5001-5p, and hsa-miR-
4257) induced by alpha irradiation in six cell models were further



840 Toxicology Research, 2020, Vol. 9, No. 6

Table 1: Co-differentially expressed miRNAs in three experimental groups [2B-0.1Gy(2)-20, 2B-0.5Gy(2)-20, and 2B-2.0Gy(2)-20]

Name of miRNA Fold change
2B-0.1Gy(2)-20 2B-0.5Gy(2)-20 2B-2.0Gy(2)-20

hsa-miR-4730 -28.69 -27.00 -29.59
hsa-miR-4257 -10.16 -9.56 2.56
hsa-miR-3188 -9.16 -8.62 4.80
hsa-miR-4788 -9.00 -8.46 4.13
hsa-miR-30c-2-3p -8.79 -8.28 -4.21
hsa-miR-6872-3p -8.44 -7.94 -8.70
hsa-miR-4298 -8.05 -7.58 4.14
hsa-miR-3198 -8.04 -7.57 4.99
hsa-miR-6717-5p -7.64 -7.19 5.85
hsa-miR-28-5p -2.47 -21.23 2.04
hsa-miR-148a-3p -2.35 -9.16 4.70
hsa-miR-6132 -2.11 -8.18 -4.02
hsa-miR-6798-3p 2.03 2.61 -5.13
hsa-miR-3907 2.09 -10.01 2.15
hsa-miR-582-5p 2.75 -8.33 4.49
hsa-miR-634 2.93 2.99 -3.93
hsa-miR-642b-3p 3.24 2.52 2.91
hsa-miR-5001-5p 3.28 -8.86 3.12
hsa-miR-7845-5p 3.68 -8.97 4.25
hsa-miR-636 3.76 2.67 -3.85
hsa-miR-1470 9.01 21.61 3.83
hsa-miR-98-3p 9.47 43.49 3.87

considered for GO analysis and KEGG pathway enrichment
analysis using DIANA-miRPath v3.0 [24].

GO analysis showed that 14 biological process terms were
found to be significantly enriched (Table 4 and Fig. 4). Among
the five miRNAs, hsa-miR-6732-3p and hsa-miR-5001-5p were
involved in many biological processes, such as ‘biosynthetic pro-
cess’, ‘cellular nitrogen compound metabolic process’, and ‘cellu-
lar protein modification process’. In addition, hsa-miR-4788 was
highly associated with ‘cellular protein metabolic process’ and
‘blood coagulation’; and hsa-miR-4257 was involved in ‘cellular
nitrogen compound metabolic process’.

KEGG analysis showed that five KEGG pathways were signifi-
cantly enriched (Table 5 and Fig. 5); hsa-miR-5001-5p was highly
associated with three KEGG pathways: cell adhesion molecules
(CAMs), proteoglycans (PGs) in cancer, and allograft rejection; and
hsa-miR-4257 was highly associated with extracellular matrix
(ECM)–receptor interaction and hsa-miR-6732-3p was highly
associated with glioma.

MicroRNA expression profile in lung cancer tissues

Expression levels of miR-3907, miR-6732-3p, miR-4788, miR-5001-
5p, and
miR-4257 were evaluated in five paired samples (cancerous
and non-malignant adjacent tissues) by RT-qPCR. The relative
quantification of miRNA expression was performed by the 2−��Ct

method and expression levels of non-malignant adjacent tissues
were used as a calibrator. As shown in Table 6, the expression
levels of five miRNAs were up-regulated in all five lung cancer
tissue samples.

Discussion
Radon has already been defined as a lung carcinogen by the
International Agency for Research on Cancer based on the radon-
exposed miners cohort from 1988 [25]. Damage to epithelial cells

of the lung occurs when radiation interacts either directly with
DNA in the cell nucleus or indirectly through the effect of free
radicals [26]. Mortality from this disease could be reduced greatly
through the identification of molecular markers present in indi-
viduals at the earliest stages of lung cancer, in which curative
resection is feasible [26]. A number of studies have identified
aberrant miRNA expression in different types of cancer, including
lung cancer [27, 28]. Since miRNAs are involved in the develop-
ment and progression of lung cancer, there is a particular interest
in miRNAs not only as novel biomarkers but also as potential
targets for treatment [20, 29].

To assess the potential of a molecular-based marker approach
for early detection of human lung cancer induced by radon,
alpha irradiation-induced malignant transformation models of
human bronchial epithelial cells were constructed. In order to
simulate the long-term harm of radon on the human body,
the cell model in this study was constructed by means of
multiple cumulative irradiation events with alpha particles,
which reflect the different stages and degrees of cell damage
induced by alpha irradiation. Specifically, after each irradiation
event, the cells were subcultured for 10 generations. The cells
in each group were irradiated four times and cultured for 40
generations. Cells were treated with one of three doses (0.1, 0.5,
and 2 Gy) to reflect the different exposure hazards of different
doses of alpha particles. Ultimately, cell models with different
irradiation doses, different numbers of irradiation events, and
different numbers of generations were obtained. The index
properties of malignant cell transformation, i.e. migration and
invasion, were measured. The results showed that malignant
cell transformation could be significantly triggered by alpha
irradiation. EMT is an important process in inducing cancer
migration and invasion, which is often associated with a loss
or decrease of E-cadherin and an increase of vimentin, TGF-
β, and VEGFA [30–33]. Western blot analysis of EMT-associated
proteins indicated that alpha irradiation can induce EMT, which
in turn leads to the enhancement of cell migration and invasion,
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Table 2: Co-differentially expressed miRNAs in three experimental groups [2B-0.1Gy(4)-40, 2B-0.5Gy(4)-40, and 2B-2.0Gy(4)-40)]

Name of miRNA Fold change
2B-0.1Gy(4)-40 2B-0.5Gy(4)-40 2B-2.0Gy(4)-40

hsa-miR-550b-2-5p 15.48 15.18 15.12
hsa-miR-3907 13.65 4.07 13.33
hsa-miR-224-3p 13.51 13.25 13.19
hsa-miR-6512-5p 13.40 13.14 13.08
hsa-miR-1233-5p 6.68 6.36 6.52
hsa-miR-195-5p 4.55 15.76 15.69
hsa-miR-652-3p 3.79 12.69 12.63
hsa-miR-4750-3p 3.69 4.60 4.57
hsa-miR-7152-3p 3.66 3.59 3.57
hsa-miR-6732-3p 3.63 3.56 3.55
hsa-miR-6820-5p 3.62 19.35 3.53
hsa-miR-500a-3p 3.59 3.52 3.51
hsa-miR-6516-3p 3.52 12.08 12.03
hsa-miR-6808-5p 3.44 17.06 3.36
hsa-miR-6890-3p 3.40 3.34 3.32
hsa-miR-6756-3p 3.38 3.31 3.30
hsa-miR-3150b-5p 3.36 3.30 3.28
hsa-miR-182-5p 3.18 3.11 3.10
hsa-miR-345-5p 3.18 3.11 3.10
hsa-miR-3675-3p 3.18 3.11 6.78
hsa-miR-454-5p 3.18 3.11 3.10
hsa-miR-132-3p 2.13 13.96 13.90
hsa-miR-5100 2.06 4.80 2.91
hsa-miR-6087 2.47 2.60 3.96
hsa-miR-1225-5p 2.50 2.07 3.96
hsa-miR-4428 2.74 2.39 2.26
hsa-miR-487b-3p 3.40 14.83 3.55
hsa-miR-3656 3.62 7.24 3.27
hsa-miR-4254 3.90 3.43 3.42
hsa-miR-6851-5p 4.77 7.52 3.10
hsa-miR-6726-5p 5.50 4.25 6.32
hsa-miR-4788 5.87 3.40 3.39
hsa-miR-4314 6.19 3.35 3.34
hsa-miR-5006-5p 6.92 3.55 5.08
hsa-miR-3679-5p 9.18 11.48 4.69
hsa-miR-4466 9.26 3.33 9.26
hsa-miR-5001-5p 12.72 12.89 17.97
hsa-miR-8072 12.84 19.43 16.29
hsa-miR-4257 14.79 12.93 13.65
hsa-miR-5787 34.19 44.04 23.61
hsa-miR-4646-5p 68.03 36.58 68.77

Table 3: Co-differentially expressed miRNAs in six experimental cell models

Name of miRNA Fold change
2B-0.1Gy(2)-20 2B-0.5Gy(2)-20 2B-2.0Gy(2)-20 2B-0.1Gy(4)-40 2B-0.5Gy(4)-40 2B-2.0Gy(4)-40

hsa-miR-3907 2.09 -10.01 2.15 -13.65 4.07 -13.33
hsa-miR-6732-3p 27.27 39.50 8.26 -3.63 -3.56 -3.55
hsa-miR-4788 -9.00 -8.46 4.13 5.87 -3.40 -3.39
hsa-miR-5001-5p 3.28 -8.87 3.12 12.72 12.89 17.97
hsa-miR-4257 -10.16 -9.56 2.56 14.79 12.93 13.65

and finally leads to the occurrence of malignant transformation
of cells.

Expression profiles of miRNAs were measured in cell models
irradiated twice and subcultured for 20 generations and cell
models irradiated four times and subcultured for 40 generations.
Potential miRNAs of bronchial epithelial cells damaged by alpha
radiation (hsa-miR-3907, hsa-miR-6732-3p, hsa-miR-4788, hsa-

miR-5001-5p, and hsa-miR-4257) were identified by comparing
the differentially expressed miRNAs of different cell models.
Literature searches on the functions of hsa-miR-3907, hsa-
miR-6732-3p, hsa-miR-4788, hsa-miR-5001-5p, and hsa-miR-
4257 revealed few reports on these five miRNAs. Though no
detailed studies have discussed the specific roles of these
miRNAs, researchers have shown hsa-miR-4257 may bind
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Table 4: DIANA-miRPath GO category enrichment results

GO category P-value miRNAs Number of target genes

Biosynthetic process 2.05(E-12) hsa-miR-6732-3p hsa-miR-5001-5p 219
Cellular nitrogen compound metabolic
process

3.01(E-11) hsa-miR-6732-3p hsa-miR-5001-5p
hsa-miR-4257

298

Cellular protein modification process 1.15(E-06) hsa-miR-6732-3p hsa-miR-5001-5p 130
Gene expression 8.07(E-05) hsa-miR-6732-3p hsa-miR-5001-5p 42
Viral process 1.20(E-03) hsa-miR-6732-3p hsa-miR-5001-5p 36
Symbiosis, encompassing mutualism
through parasitism

1.52(E-03) hsa-miR-6732-3p hsa-miR-5001-5p 38

Epidermal growth factor receptor
signalling pathway

4.38(E-03) hsa-miR-6732-3p 10

Transcription, DNA templated 5.24(E-03) hsa-miR-6732-3p hsa-miR-5001-5p 139
Neurotrophin TRK receptor signalling
pathway

5.87(E-03) hsa-miR-6732-3p 10

Catabolic process 7.60(E-03) hsa-miR-5001-5p 70
Fc-epsilon receptor signalling pathway 9.99(E-03) hsa-miR-6732-3p 8
Cellular protein metabolic process 1.77(E-02) hsa-miR-6732-3p hsa-miR-4788 14
Blood coagulation 3.11(E-02) hsa-miR-4788 hsa-miR-5001-5p 21
Small molecule metabolic process 3.14(E-02) hsa-miR-5001-5p 75

Figure 4: Heatmap of the enriched biological processes related to the predicted miRNA targets.

to genes involved in the mitochondrial apoptosis pathway
[34], and hsa-miR-3907 may be related to the pathophysi-
ological progress of autosomal dominant polycystic kidney
disease [35].

In order to further reveal the possible function of miRNAs
in BEAS-2B cells damaged by alpha irradiation, DIANA-miRPath
was used to predict the target genes of miRNAs. Results showed
that five KEGG pathways related to hsa-miR-5001-5p, hsa-miR-
4257, and hsa-miR-6732-3p were enriched, including CAMs,
ECM–receptor interaction, PGs in cancer, allograft rejection,
and glioma. Most of these pathways are closely related to

the occurrence and development of carcinogenesis. Tumour
angiogenesis, tumour–stroma interactions, and interactions with
immune cells, as well as with the ECM and cancer stem cell
niches, allow for malignant cell survival and the promotion of
metastasis [36–38]. PGs and glycosaminoglycans, comprising
structurally diverse constituents of the ECM and cell surfaces,
have emerged as novel biomarkers and molecular players both
within tumour cells and their microenvironment [37–39]. PGs
in the tumour microenvironment have been shown to be key
macromolecules that contribute to biology of various types of
cancer proliferation, adhesion, angiogenesis, and metastasis,
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Table 5: DIANA-miRPath KEGG pathway enrichment results

KEGG pathway P-value MicroRNAs Genes

Cell adhesion molecules (CAMs) 2.56(E-05) has-miR-5001-5p L1CAM,SDC3,SDC1,CLDN19,VTCN1,CLDN18,
LRRC48,HLA-DRA,PTPRF,HLA-DOB,CADM3,HLA-
F,CNTNAP1,CLDN10,ITGB2,HLA-DQA1

ECM–receptor interaction 2.26 (E-03) has-miR-4257 COL2A1,COL4A4,SV2C,CD44
Proteoglycans in cancer 6.87 (E-03) has-miR-5001-5p CAMK2G,SDC1,PTCH1,PIK3R5,WNT2B,RPS6KB2,

FLNB,FLNA,AKT3,MAPK1
Allograft rejection 2.68(E-02) has-miR-5001-5p HLA-DRA,HLA-DOB,HLA-F,HLA-DQA1
Glioma 3.74 (E-02) has-miR-6732-3p PRKCA,PDGFB,PIK3CA,PTEN,MDM2

Table 6: Expression of miRNAs in lung cancer tissues

Sample miR-3907 miR-4257 miR-4788 miR-5001-5p miR-6732-3p

001 3.69 ± 0.23 1.97 ± 0.22 2.27 ± 0.39 2.08 ± 0.09 1.62 ± 0.35
002 1.00 ± 0.24 1.35 ± 0.16 3.50 ± 0.18 2.09 ± 0.99 1.16 ± 0.67
003 1.52 ± 0.03 1.77 ± 0.32 1.65 ± 0.11 1.00 ± 0.15 1.87 ± 0.20
004 4.57 ± 0.78 2.53 ± 0.39 3.14 ± 0.35 2.83 ± 0.45 1.98 ± 0.38
005 1.78 ± 0.18 2.31 ± 0.52 2.19 ± 0.27 2.33 ± 0.71 1.52 ± 0.41

Figure 5: Heatmap of the enriched KEGG pathways related to the predicted miRNA targets.

which affects tumour progression. The expression of PGs can be
regulated by miRNAs [38]. CAMs are (glyco) proteins expressed
on the cell surface and play a critical role in a wide array
of biological processes that include haemostasis, immune
response, inflammation, embryogenesis, and development of
neuronal tissue. Adhesive interactions mediated by CAMs allow
cells to sort into groups and form complex structures and as
such are of critical importance in organogenesis and tissue
reconstruction. In a variety of human malignancies, tumour
progression has been associated with changes in CAM expression
[40, 41]. Literature reports and our bioinformatics analysis

indicate that hsa-miR-3907, hsa-miR-6732-3p, hsa-miR-4788,
hsa-miR-5001-5p, and hsa-miR-4257 may affect the biological
processes of bronchial epithelial cells by regulating target
genes and participate in damage and malignant transformation
induced by alpha irradiation. The differential expression of
these miRNA molecules in lung cancer tissues also reveals that
there is a certain correlation between these molecules and lung
cancer, which seems to be consistent with our bioinformatics
analysis.

In this study, a series of human bronchial epithelial cell injury
models induced by alpha-particle irradiation were constructed.
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And five miRNAs screened were expected to be potential early
markers of damage and malignant transformation of bronchial
epithelial cells induced by alpha irradiation. Further research of
five miRNAs will be improved in populations living in radon-
polluted areas or working in professions with higher exposure,
which were expected to be used for early screening of lung cancer
caused by radon.
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