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Abstract. Asthma is an inflammatory disease of the airways, 
characterized by lung eosinophilia, mucus hypersecretion 
by goblet cells and airway hyper‑responsiveness to inhaled 
allergens. The present study aimed to identify the function 
of microRNA (miR/miRNA)‑106b‑5p in TGF‑β1‑induced 
pulmonary fibrosis and epithelial‑mesenchymal transition 
(EMT) via targeting sine oculis homeobox homolog 1 (SIX1) 
through regulation of E2F transcription factor 1 (E2F1) 
in asthma. Asthmatic mouse models were induced with 
ovalbumin. miRNA expression was evaluated using reverse 
transcription‑quantitative PCR. Transfection experiments 
using bronchial epithelial cells were performed to determine 
the target genes. A luciferase reporter assay system was applied 
to identify the target gene of miR‑106b‑5p. The present study 
revealed downregulated miR‑106b‑5p expression and upregu‑
lated SIX1 expression in asthmatic mice and TGF‑β1‑induced 
BEAS‑2B cells. Moreover, miR‑106b‑5p overexpression 
inhibited TGF‑β1‑induced fibrosis and EMT in BEAS‑2B 
cells, while miR‑106b‑5p‑knockdown produced the opposite 
effects. Subsequently, miR‑106b‑5p was found to regulate 
SIX1 through indirect regulation of E2F1. Additionally, E2F1‑ 
and SIX1‑knockdown blocked TGF‑β1‑induced fibrosis and 
EMT in BEAS‑2B cells. In addition, miR‑106b‑5p negatively 
regulated SIX1 via E2F1 in BEAS‑2B cells. The present study 

demonstrated that the miR‑106b‑5p/E2F1/SIX1 signaling 
pathway may provide potential therapeutic targets for asthma.

Introduction

Asthma is a severe chronic inflammatory disease with an 
increasing prevalence worldwide (1,2). The pathogenesis of 
asthma involves complicated factors, including immunity, 
infection, environmental factors and genetic inheritance (3). 
Airway remodeling, a typical characteristic of asthma, is 
manifested by airway wall thickening, subepithelial fibrosis, 
increased smooth muscle mass, angiogenesis and increased 
mucous glands (4,5).

MicroRNAs (miRNAs/miRs) are non‑coding RNAs 
of 20‑25 nucleotides that cannot be further translated into 
proteins, but can suppress gene expression by binding to 
the 3'‑untranslated region (3'‑UTR) of target mRNAs (6,7). 
Accumulating research has shown that miRNAs participate in 
numerous biological processes, such as cell proliferation (8), 
differentiation (9), apoptosis (10) and epithelial‑mesenchymal 
transition (EMT) (11). Additionally, a previous study has 
revealed the important role of miRNAs in mouse models 
of asthma (12). miR‑106b‑5p has been associated with 
glioma tumorigenesis (13), lung cancer (14), chronic myeloid 
leukemia (15), breast cancer (16,17) and hepatocellular 
carcinoma (18). However, the molecular mechanisms of 
miR‑106b‑5p in asthma remain unclear.

The purpose of the present study was to investigate the 
function of miR‑106b‑5p in TGF‑β1‑induced pulmonary 
fibrosis and EMT, the therapeutic effect of miR‑106b‑5p in 
asthma and the underlying mechanisms.

Materials and methods

Cell culture and chemicals. Human bronchial epithelial cells 
(BEAS‑2B) were purchased from the American Type Culture 
Collection and were cultivated in DMEM supplemented 
with 10% FBS (both Gibco; Thermo Fisher Scientific, Inc.), 
penicillin (100 U/ml) and streptomycin (100 mg/ml) in a 
humidified incubator containing 5% CO2 at 37˚C. BEAS‑2B 
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cells were treated with TGF‑β1 (Abcam; 10 ng/ml) at 37˚C 
for 24 h.

Ovalbumin (OVA)‑induced murine asthma model. A total of 
10 BALB/c male mice (6 weeks old; 18‑20 g), obtained from 
Beijing Vital River Laboratory Animal Technology Co. Ltd. 
Mice were housed in plastic boxes with a 12‑h light/dark cycle 
and constant temperature (19‑23˚C) and humidity (55±10%). 
Food and water were supplied ad libitum. Mice were random‑
ized into two groups: The control group and the OVA group, 
each group containing 5 mice. On day 0 and day 14, the 
mice of the OVA group were sensitized with 20 µg OVA 
(Sigma‑Aldrich; Merck KGaA) with 1 mg aluminum hydroxide 
(Thermo Fisher Scientific, Inc.) adsorbed in 200 µl PBS by 
intraperitoneal injection. On days 21‑23, the mice of the OVA 
group were challenged through the airway with 1% OVA 
(dissolved in PBS) for 30 min using an ultrasonic nebulizer 
(INQUA NEB Plus; PARI GmbH). The mice of the control 
group were treated with PBS. All the mice were euthanized by 
cervical dislocation on day 24. The present study was approved 
by the Nanjing Medical University Animal Experimental 
Ethics Committee (approval no. 2005020).

Plasmids, small interfering RNAs (siRNAs) and miRNA 
mimic or antimiR. The transcriptional start site of human 
sine oculis homeobox homolog 1 (SIX1) promoter was set as 
+1. The promoter of SIX1 DNA fragment ‑351 to +100 was 
inserted into the pGL3‑Basic vector (Promega Corporation) 
and named pGL3‑451. The transcriptional binding sites of 
SIX1 were predicted using the JASPAR database (version 5.0; 
jaspar.genereg.net) (19). A series of plasmids with mutations of 
E2F transcription factor 1 (E2F1)‑binding sites were synthe‑
sized from TsingKe Biological Technology. According to the 
binding sites, a series of pGL3‑mut plasmids were generated, 
named mut‑E2F1‑A, mut‑E2F1‑B and mut‑E2F1‑A+B. The 
mutated sequence of the E2F1‑A binding site (‑64 ATA GGC 
GCC GCC‑53) was 5'‑ATA TTA TAA GCC‑3', and the mutated 
sequence of the E2F1‑B binding site (+41 CGG GCG GGA 
GG +51) was 5'‑CGG ATA GGT GG‑3'. The overexpression 
plasmid pENTER‑E2F1 (pE2F1) and the corresponding 
control plasmid pENTER (TsingKe Biological Technology) 
were supplied by our lab (20). The double‑stranded siRNAs 
(Table I) were synthesized and purified by high‑performance 
chromatography by Shanghai GenePharma Co., Ltd. The 
sequences of the miR mimics and antimiR (both Guangzhou 
RiboBio Co., Ltd.) are listed in Table I. The type of negative 
controls used was non‑targeting.

Transient transfections and luciferase assays. Transfections 
were conducted in BEAS‑2B cells using Lipofectamine® 3000 
(Invitrogen; Thermo Fisher Scientific, Inc.). A total of 100 nM 
antimiR‑106b‑5p and 50 nM miR‑106b‑5p mimics was used for 
transfection at 37˚C for 48 h, after which cells were harvested 
for subsequent experimentation. Cells were seeded into 96‑well 
plates (1x104 cells/well). A total of 100 ng of the promoter 
reporter plasmids (pGL3‑451 and pGL3‑mut) together with 
the pRL‑TK plasmid (used as an internal control reporter 
vector; 4 ng; Promega Corporation) were co‑transfected into 
cells as an internal control using Lipofectamine 3000 at 37˚C 
for 48 h according to the manufacturer's protocol. For siRNA 

and overexpression assays, pGL3‑451 or pGL3‑mut plasmids 
were co‑transfected with siE2F1 (50 nM) or pENTER‑E2F1 
(100 ng) into cells. After 24 h from transfection, promoter 
activity was assessed using a Dual‑Luciferase Reporter Assay 
System (Promega Corporation) and normalized to the activity 
of pRL‑TK (Renilla luciferase activity). The E2F1 wild‑type 
(WT) 3'‑UTR was cloned into the pmiR‑RB‑reporter (TsingKe 
Biological Technology) and the mutated putative miR‑106b‑5p 
binding site in the E2F1 3'‑UTR was cloned into the 
pmiR‑RB‑reporter and named E2F1 mutant (MUT) 3'‑UTR. 
The SIX1 WT 3'‑UTR was cloned into the pmiR‑RB‑reporter 
and named pmiR‑RB‑SIX1 plasmid (TsingKe Biological 
Technology) and cells were co‑transfected using three different 
concentrations (50, 100 and 150 nM) of miR‑106b‑5p mimic. 
The results were representative of at least three independent 
experiments conducted in triplicate.

Reverse transcription‑quantitative (RT‑qPCR). Total RNA 
was extracted from mouse tissues and cell lines using TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and 
then reverse‑transcribed into first strand cDNA using the 
PrimeScript RT Master Mix Perfect Real Time kit (Takara 
Biotechnology Co., Ltd.) according to the manufacturer's 
protocol. qPCR was conducted in a LightCycler480II (Roche 
Diagnostics) with TB Green technology (Takara Biotechnology 
Co., Ltd.). The thermocycling conditions were as follows: 
Initial denaturation for 30 sec at 95˚C, followed by 40 cycles 
of denaturation for 5 sec at 95˚C, annealing for 30 sec at 55˚C 
and extension for 30 sec at 72˚C. The total mRNA levels were 
analyzed in triplicate with β‑actin as a normalized standard, 
while miR expression was normalized to U6. The relative 
expression levels were evaluated using the 2‑ΔΔCq method (21). 
The specific primers (Guangzhou RiboBio Co., Ltd.) are listed 
in Table II.

He m a t ox y l i n  a n d  eos i n  (H& E)  s t a i n i ng  a n d 
immunohistochemistry (IHC). Tissues for H&E and IHC 
were collected from asthmatic mice model and control mice. 
The lungs of mice were harvested and fixed in 4% parafor‑
maldehyde for 24 h at room temperature and then embedded 
in paraffin using a standard protocol after dehydration. 
Subsequently, 4‑µm‑thick sections of embedded lung tissue 
were mounted onto slides and stained with H&E for 5 min 
at room temperature to identify tissue inflammation. Tissue 
sections were viewed with a light microscope (magnifica‑
tion, x100). The expression levels of E2F1 and SIX1 were 
evaluated by semi‑quantitative IHC according to a previous 
study (22). After paraffin removal, sections were incubated 
in 0.01 mol/l citric acid buffer (pH 6.0) in a microwave for 
15 min at 95˚C for antigen recovery. Subsequently, sections 
were washed with xylene and rehydrated in a descending 
alcohol series. The sections were then cooled and incubated in 
3 g/l H2O2 for 30 min at room temperature to inactivate endog‑
enous peroxidase, then blocked with 1:10 normal goat serum 
(Gibco; Thermo Fisher Scientific, Inc.) at room temperature 
for 30 min. Subsequently, the supernatant was discarded and 
primary anti‑mouse E2F1 (1:400; cat. no. ab179445; Abcam) 
and SIX1 (1:500; cat. no. 10709‑1‑AP; ProteinTech Group, 
Inc.) antibodies were added overnight at 4˚C, followed by 
biotinylated goat anti‑rabbit secondary antibody (1:500; 
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cat. no. SA00001‑2; ProteinTech Group, Inc.) for 30 min at 
room temperature and streptavidin‑horseradish peroxidase 
(1:500; cat. no. A0303; Beyotime Institute of Biotechnology) 
for 30 min at room temperature. The stained cells were 
then immobilized and observed under a light microscope 
(magnification, x200).

Western blotting. Cell lysis buffer (Beyotime Institute of 
Biotechnology) containing 0.1 mM phenylmethylsulfonyl 
fluoride (a protease inhibitor) and phosphatase inhibitors 
(Nanjing KeyGen Biotech Co., Ltd.), was used to lyse the cells 
and tissues. Protein concentrations were measured using a 
bicinchoninic acid assay. Protein samples (30‑50 µg/lane) were 
separated via 8 and 12% SDS‑PAGE and transferred to PVDF 
membranes, which were subsequently incubated with 5% dry 
milk in TBS‑T saline [0.25 M Tris‑HCl (pH 7.6), 0.19 M NaCl 
and 0.1% Tween 20] for 2 h at room temperature to block 

non‑specific binding. The protein blots were incubated over‑
night at 4˚C with primary antibodies against GAPDH (1:4,000; 
ProteinTech Group, Inc.; cat. no. 60004‑1‑Ig), E2F1 (1:1,000; 
Abcam; cat. no. ab179445), SIX1 (1:1,000; ProteinTech 
Group, Inc.; cat. no. 10709‑1‑AP), collagen IV (1:2,000; 
Abcam; cat. no. ab182744), fibronectin (1:1,000; ProteinTech 
Group, Inc.; cat. no. 15613‑1‑AP), α‑smooth muscle actin 
(SMA; 1:2,000; Abcam; cat. no. ab7817), E‑cadherin 
(1:4,000; Abcam; cat. no. ab40772), N‑cadherin (1:4,000; 
Abcam; cat. no. ab76011) and vimentin (1:1,000; Abcam; 
cat. no. ab92547) diluted with primary antibody dilution buffer 
(Beyotime Institute of Biotechnology). Subsequently, the 
membranes were washed thrice with TBS‑T and treated with 
HRP‑conjugated goat anti‑rabbit IgG (1:3,000; ProteinTech 
Group, Inc.; cat. no. SA00001‑2) or anti‑mouse IgG (1:3,000; 
ProteinTech Group, Inc.; cat. no. SA00001‑1) diluted with 
secondary antibody dilution buffer (Beyotime Institute of 

Table I. Sequences used for siRNAs, miR mimic and antimiR.

Name Sequence (5'‑3')

siE2F1 Sense: CACUGAAUCUGACCACCAATT 
 Antisense: UUGGUGGUCAGAUUCAGUGTT
siSIX1 Sense: GCAUCAGCUCCAAGACUCUTT
 Antisense: AGAGUCUUGGAGCUGAUGCTT
siNC Sense: UUCUCCGAACGUGUCACGUTT
 Antisense: ACGUGACACGUUCGGAGAATT
miR‑106b‑5p mimic Sense: UAAAGUGCUGACAGUGCAGAU
 Antisense: AUCUGCACUGUCAGCACUUUA
mimic NC Sense: UUUGUACUACACAAAAGUACUG
 Antisense: CAGUACUUUUGUGUAGUACAAA
antimiR‑106b‑5p AUCUGCACUGUCAGCACUUUA
antimiR‑NC CAGUACUUUUGUGUAGUACAAA

siRNA, small interfering RNA; miR, microRNA; NC, negative control; E2F1, E2F transcription factor 1; SIX1, sine oculis homeobox 
homolog 1.

Table II. Primers used for reverse transcription‑quantitative PCR.

Gene Forward primer (5'‑3') Reverse‑primer (5'‑3')

E2F1 AGCGGCGCATCTATGACATC GTCAACCCCTCAAGCCGTC
SIX1 AAGGAGAAGTCGAGGGGTGT TGCTTGTTGGAGGAGGAGTT
β‑actin AAAGACCTGTACGCCAACAC GTCATACTCCTGCTTGCTGAT
E‑cadherin CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG
N‑cadherin TCAGGCGTCTGTAGAGGCTT ATGCACATCCTTCGATAAGACTG
Vimentin GACGCCATCAACACCGAGTT CTTTGTCGTTGGTTAGCTGGT
Fibronectin CGGTGGCTGTCAGTCAAAG AAACCTCGGCTTCCTCCATAA
Collagen IV GGACTACCTGGAACAAAAGGG GCCAAGTATCTCACCTGGATCA
α‑SMA AAGAGGAAGACAGCACAGCTC GATGGATGGGAAAACAGCC
miR‑106b‑5p CTGGAGTAAAGTGCTGACAGTG GTGCAGGGTCCGAGGT
U6 GCTTCGGCAGCACATATACTAAAAT CGCTTCACGAATTTGCGTGTCAT

E2F1, E2F transcription factor 1; SIX1, sine oculis homeobox homolog 1; SMA, smooth muscle actin; miR, microRNA.
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Biotechnology) at room temperature for 2 h. The blots were 
then developed by incubation in a chemiluminescence substrate 
(SuperSignal West Femto Maximum Sensitivity Substrate; 
Thermo Fisher Scientific, Inc.) and exposed to X‑ray films.

Chromatin immunoprecipitation (ChIP) assay. The ChIP 
assay was performed using the EZ‑Magna Chip A kit (EMD 
Millipore; cat. no. 17‑10086) following the manufacturer's 
instructions. A total of 1x107 BEAS‑2B cells were fixed with 
1% formaldehyde for 10 min at room temperature, and 
stopped by addition of glycine to a final concentration of 
0.125 M. Fixed cells were harvested in 2 ml PBS buffer with 
protease inhibitors. Cells were pelleted using centrifugation 
(800 x g at 4˚C for 5 min) and suspended in 0.5 ml nuclear 
lysis buffer. Cells were sonicated with a 0.25‑inch diameter 
probe for 7W, 15 sec twice at 4˚C and span at 10,000 x g at 4˚C 
for 10 min to remove insoluble material. For each immuno‑
precipitation, 450 µl lysates was used. Samples were spun, and 
the supernatants were incubated at 4˚C for 3 h with either no 
antibody, anti‑IgG control antibody (1.0 µg; EMD Millipore) 
or anti‑E2F1 antibody (10.0 µg; Abcam; cat. no. ab179445) to 
be tested. Immune complexes were recovered by adding 20 µl 
blocked protein A/G beads and incubated at 4˚C overnight. 
Pellet protein A/G magnetic beads were isolated using a 
magnetic separator. DNA fragment extraction from beads was 
performed using the ChIP assay kit. For ChIP‑qPCR analysis, 
the purified DNA from input or immunoprecipitated samples 
were assayed by qPCR with SYBR Green I Master Mix 
(Takara Bio, Inc.) after reverse cross‑linking and DNA puri‑
fication. The primers used were as follows: Forward, 5'‑CTT 
CCT TCT CCT CCC ACC ACT CC‑3' and reverse, 5'‑CCG GCG 
CAC TCA GTA GCC TTT‑3'.

Statistical analysis. Statistical analyses were conducted 
using SPSS 22.0 (IBM Corp.). All data were presented as 
the mean ± SD from three independent experiments. The 
differences among multiple groups were analyzed using 
one‑way ANOVA with repeated measures followed by 
Tukey's post‑hoc test, while differences between two groups 
by Student's unpaired t‑test. The correlation between various 
factors was analyzed using Pearson's correlation analysis. 
TargetScanHuman v7.2 (http://www.targetscan.org/vert_72/) 
and StarBase v2.0 (http://starbase.sysu.edu.cn/starbase2/) 
were used to predict miRNA‑targeting genes. P<0.05 was 
considered to indicate a statistically significant difference.

Results

miR‑106b‑5p expression is downregulated and SIX1 expression 
is upregulated in mice with asthma and TGF‑β1‑induced 
BEAS‑2B cells. To investigate whether miR‑106b‑5p expression 
was different in vivo, a mouse model of asthma was established 
in the present study. Fig. 1A shows the treatment schedule of 
asthmatic mice model and the control group. The difference 
was further verified by hematoxylin and eosin staining of lung 
sections (Fig. 1B). The control group exhibited a very small 
amount of inflammatory cell infiltration, without thickening of 
bronchial wall (Fig. 1Ba). A moderate number of neutrophils 
and a small amount of eosinophil infiltration was observed 
at the bronchial wall and surrounding tissue of the OVA 

group, with slightly thickened wall (Fig. 1Bb). RT‑qPCR was 
performed to estimate miR‑106b‑5p expression in the mouse 
model with airway remodeling induced by repetitive OVA 
challenge and in control mice. miR‑106b‑5p expression was 
significantly decreased in asthmatic mice compared with in 
control mice (Fig. 1C). Yang et al (23) demonstrated that SIX1 
downregulation effectively suppressed airway inflammation 
and reversed airway remodeling in mice with asthma. Hence, 
the present study investigated whether there was an association 
between miR‑106b‑5p and SIX1. Therefore, mRNA and protein 
expression levels of SIX1 were also analyzed (Fig. 1D and F), 
and the correlation between miR‑106b‑5p and SIX1 expression 
was determined (Fig. 1E). SIX1 expression was significantly 
increased in the asthma group compared with in the control 
group and was negatively correlated with miR‑106‑5p expres‑
sion. Furthermore, SIX1 expression in the mouse lung tissues 
was evaluated using IHC, revealing that SIX1 staining displayed 
higher intensity in lung tissues from the asthmatic mice 
group compared with those from the control mice (Fig. 1G). 
Additionally, SIX1 expression in the IHC analysis was quanti‑
fied, revealing that SIX1 expression was significantly increased 
in the asthma group compared with in the control group 
(Fig. 1K). In vitro, miR‑106b‑5p expression was analyzed in 
BEAS‑2B cells after treatment with TGF‑β1 (10 ng/ml) for 6, 
12, 24 and 48 h, revealing that miR‑106b‑5p expression was 
significantly decreased in TGF‑β1‑induced BEAS‑2B cells 
compared with the control group at 24 and 48 h (Fig. 1H). SIX1 
expression was significantly increased in BEAS‑2B cells treated 
with TGF‑β1 (10 ng/ml) for 24 h (Fig. 1I and J).

miR‑106b‑5p inhibits TGF‑β1‑induced fibrosis and EMT in 
BEAS‑2B cells. To further explore the function of miR‑106b‑5p 
in TGF‑β1‑stimulated fibrosis and EMT in BEAS‑2B cells, 
miR‑106b‑5p mimics or antimiR‑106b‑5p were transfected 
into TGF‑β1‑stimulated BEAS‑2B cells. Firstly, RT‑qPCR 
was employed to detect miR‑106b‑5p expression after trans‑
fection. In BEAS‑2B cells, a 12.04‑fold increase or a 4.13‑fold 
decrease was detected in miR‑106b‑5p mRNA expression after 
transfection with the miR‑106b‑5p mimic or antimiR‑106b‑5p, 
respectively (Fig. 2A and B), indicating a high efficiency of 
transfection for subsequent experiments. Secondly, the mRNA 
expression levels of α‑SMA, fibronectin and collagen Ⅳ 
were assessed to define the function of miR‑106b‑5p in 
TGF‑β1‑stimulated fibrosis in BEAS‑2B cells. TGF‑β1 treat‑
ment increased the expression levels of α‑SMA, fibronectin 
and collagen IV in BEAS‑2B cells. The data suggested that 
compared with TGF‑β1 treatment alone, the overexpres‑
sion of miR‑106b‑5p suppressed α‑SMA, fibronectin and 
collagen IV in TGF‑β1‑induced BEAS‑2B cells, while 
miR‑106b‑5p‑knockdown aggravated TGF‑β1‑stimulated 
fibrosis (Fig. 2C and D). In addition, the results indicated that 
the overexpression or knockdown of miR‑106b‑5p did not exert 
effects on fibrosis without TGF‑β1 treatment (Fig. 2C and D). 
Thirdly, the mRNA expression levels of EMT‑associated 
markers, including E‑cadherin, N‑cadherin and vimentin, 
were detected by RT‑qPCR to identify whether miR‑106b‑5p 
affected EMT in TGF‑β1‑stimulated BEAS‑2B cells. TGF‑β1 
treatment increased the expression levels of the mesenchymal 
markers (N‑cadherin and vimentin) and decreased the expres‑
sion levels of the epithelial marker E‑cadherin in BEAS‑2B 
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cells (Fig. 2E and F). The data suggested that compared 
with TGF‑β1 treatment alone, miR‑106b‑5p overexpression 
in TGF‑β1‑induced cells negatively regulated the expression 
levels of the mesenchymal markers (N‑cadherin and vimentin) 
and positively regulated the expression levels of the epithelial 
marker E‑cadherin, while miR‑106b‑5p‑knockdown aggra‑
vated TGF‑β1‑stimulated EMT (Fig. 2E and F). Additionally, 

the overexpression or inhibition of miR‑106b‑5p alone did 
not affect the basal gene expression levels in BEAS‑2B cells 
(Fig. 2E and F).

miR‑106b‑5p does not bind to the consensus sequences 
in the 3'‑UTR of SIX1 mRNA. To explore the association 
between miR‑106b‑5p and SIX1, western blotting and 

Figure 1. miR‑106b‑5p and SIX1 expression in asthmatic mice and TGF‑β1‑induced BEAS‑2B cells. (A) Treatment schedule of asthmatic mice model and 
control group. (B) Lung tissues in (a) normal and (b) asthmatic mice model (scale bar, 500 and 100 µm). Relative expression levels of (C) miR‑106b‑5p and 
(D) SIX1 in asthmatic (n=5) and normal mice (n=5) were measured by RT‑qPCR. (E) Pearson's correlation analysis between miR‑106b‑5p and SIX1 expres‑
sion. (F) SIX1 protein expression in asthmatic and normal mice. (G) SIX1 expression in the lung tissues of asthmatic and normal mice was evaluated via 
IHC (scale bar, 50 µm). (H) After TGF‑β1 (10 ng/ml) treatment for 6, 12, 24 and 48 h, miR‑106b‑5p expression in BEAS‑2B cells was analyzed by RT‑qPCR. 
(I) Western blotting and (J) RT‑qPCR were performed to detect the protein and mRNA expression levels of SIX1, respectively, in BEAS‑2B cells after treat‑
ment with or without TGF‑β1 (10 ng/ml) for 24 h. (K) Quantification of SIX1 expression according to IHC. Data are presented as the mean ± SD of three 
independent experiments. **P<0.01; ***P<0.001. miR, microRNA; SIX1, SIX1, sine oculis homeobox homolog 1; RT‑qPCR, reverse transcription‑quantitative 
PCR; IHC, immunohistochemistry.
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RT‑qPCR were employed to measure SIX1 expression in 
miR‑106b‑5p‑mimic‑transfected or antimiR‑106b‑5p‑trans‑
fected BEAS‑2B cells. SIX1 expression was significantly 
decreased after miR‑106b‑5p mimic transfection and 
significantly increased after antimiR‑106b‑5p transfec‑
tion, compared with their respective negative controls 
(Fig. 3A and B). miRNAs function by downregulating 
downstream genes by guiding the cytoplasmic RNA‑induced 
silencing complexes targeting the 3'‑UTR of mRNAs to 
suppress their translation or induce their degradation (6). 
Thus, the present study explored the potential effects of 
miR‑106b‑5p on the inhibition of mRNA function by 
binding to consensus sequences in the 3'‑UTR of SIX1. 
However, the effects of miR‑106b‑5p on SIX1 mRNA targets 
could not be determined using TargetScanHuman v7.2. To 
further investigate the influence of miR‑106b‑5p on SIX1, 
the pmiR‑RB‑SIX1 reporter plasmid and three different 
concentrations of miR‑106b‑5p mimic were transfected 
into BEAS‑2B cells. Subsequently, the dual‑luciferase assay 

detection kit revealed that miR‑106b‑5p did not have a regu‑
latory effect on the SIX1 3'‑UTR (Fig. 3C and D).

miR‑106b‑5p directly targets E2F1. E2F1 was identified as a 
target gene of miR‑106b‑5p using TargetScan and StarBase v2.0. 
Hence, the mRNA and protein expression levels of E2F1 were 
analyzed in asthmatic and control mice, revealing that E2F1 
expression was significantly increased in the asthma group 
compared with in the control group (Fig. 4A and B). Additionally, 
E2F1 expression in the mouse lung tissues was evaluated using 
IHC, revealing that E2F1 staining displayed a higher intensity 
in lung tissues from the asthmatic mice group compared with 
those from the control group (Fig. 4C). E2F1 expression in the 
IHC analysis was also quantified, revealing that E2F1 expres‑
sion was significantly increased in the asthma group compared 
with in the control group (Fig. 4D). Furthermore, E2F1 expres‑
sion was significantly increased in BEAS‑2B cells treated 
with 10 ng/ml for 24 h (Fig. 4F). To investigate the association 
between miR‑106b‑5p and E2F1, the E2F1 WT and MUT 

Figure 2. Effect of miR‑106b‑5p on TGF‑β1‑induced fibrosis and EMT in BEAS‑2B cells. miR‑106b‑5p expression in BEAS‑2B cells following (A) miR‑106b‑5p 
mimic or (B) antimiR‑106b‑5p transfection was determined by RT‑qPCR. RT‑qPCR was performed to detect the mRNA expression levels of fibrosis‑asso‑
ciated proteins α‑SMA, fibronectin and collagen IV in (C) miR‑106b‑5p‑mimic‑ or (D) antimiR‑106b‑5p‑transfected BEAS‑2B cells after treatment with or 
without TGF‑β1 for 24 h. RT‑qPCR was conducted to detect the mRNA expression levels of EMT‑associated proteins E‑cadherin, N‑cadherin and vimentin 
in (E) miR‑106b‑5p‑mimic‑ or (F) antimiR‑106b‑5p‑transfected BEAS‑2B cells after treatment with or without TGF‑β1 for 24 h. Data are presented as the 
mean ± SD of three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. control. #P<0.05 and ##P<0.01 vs. mimic‑NC+TGF‑β1 or antimir‑NC+TGF‑β1. 
miR, microRNA; RT‑qPCR, reverse transcription‑quantitative PCR; NC, negative control; SMA, smooth muscle actin; EMT, epithelial‑mesenchymal transition.
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3'‑UTRs were cloned into the pmiR‑RB‑reporter (Fig. 4E). The 
results demonstrated that the miR‑106b‑5p mimic significantly 
suppressed luciferase activity in BEAS‑2B cells treated with the 
E2F1 WT 3'‑UTR, but did not have influence on BEAS‑2B cells 
treated with the E2F1 MUT 3'‑UTR (Fig. 4E). Subsequently, 
western blotting and RT‑qPCR were employed to measure E2F1 
expression in miR‑106b‑5p‑mimic‑ or antimiR‑106b‑5p‑trans‑
fected BEAS‑2B cells, revealing that E2F1 expression was 
significantly decreased after miR‑106b‑5p mimic transfection 
and significantly increased after antimiR‑106b‑5p transfec‑
tion (Fig. 4G and H), compared with their respective negative 
controls.

E2F1 regulates SIX1 at the transcriptional level. To explore 
whether E2F1 could regulate SIX1 transcription directly, 

a sequence from ‑351 to +100 upstream of the human SIX1 
promoter was cloned into pGL3‑451. By scanning this promoter 
region using the JASPAR database, two potential binding sites 
and the key nucleotides of E2F1 were found (Fig. 5A). After 
co‑transfecting pGL3‑451 with plasmids containing siE2F1 
or pE2F1, the luciferase activity of SIX1 was significantly 
increased by E2F1 overexpression and significantly decreased 
by siE2F1 (Fig. 5B). Subsequently, a series of plasmids with 
point mutations of E2F1 binding sites were cloned and were 
then transfected into BEAS‑2B cells. As demonstrated by 
Fig. 5C, E2F1‑A and E2F1‑B mutations in BEAS‑2B cells 
significantly inhibited the promoter activity, as well as 
E2F1‑A+B mutations. Additionally, when siE2F1 or pE2F1 
were co‑transfected with the mutations of E2F1‑A+B into 
BEAS‑2B cells, there were no significant changes in luciferase 

Figure 3. Association between miR‑106b‑5p and SIX1. (A) miR‑106b‑5p and SIX1 mRNA expression in miR‑106b‑5p‑mimic‑ (50 nM) or antimiR‑106b‑5p‑trans‑
fected (100 nM) BEAS‑2B cells. (B) Western blotting was performed to detect the protein expression levels of SIX1 after transfecting BEAS‑2B cells with 
miR‑106b‑5p‑mimic or antimiR‑106b‑5p. (C) Structure of SIX1‑3'‑UTR plasmid, pmiR‑RB‑reporter construct in TM‑SIX1 mRNA 3'‑UTR of a reporter 
plasmid containing the SV40 promoter‑driven fluorescence reporter, downstream of the SIX1 mRNA 3'‑UTR construct. (D) Luciferase reporter plasmids 
containing the wild‑type SIX1‑3'UTR were co‑transfected into BEAS‑2B cells with miR‑106b‑5p (50, 100 or 150 nM) to detect the luciferase activity. Data 
are presented as the mean ± SD of three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. respective NCs. NS, not significant; miR, microRNA; 
SIX1, SIX1, sine oculis homeobox homolog 1; NC, negative control; UTR, untranslated region.
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activity. To further explore the association between E2F1 
and SIX1, E2F1 was overexpressed or inhibited in BEAS‑2B 
cells by siE2F1 or pE2F1 transfection (Fig. 5D and E). The 
results indicated that the mRNA and protein expression 
levels of SIX1 were decreased with siE2F1 and increased 
with pE2F1, compared with their respective negative controls 
(Fig. 5D and E). Additionally, the CHIP assay performed in 
BEAS‑2B cells further suggested that E2F1 could bind to the 
promoter region of SIX1 in vitro (Fig. 5F).

E2F1‑ and SIX1‑knockdown inhibits TGF‑β1‑induced 
fibrosis and EMT in BEAS‑2B cells. To further clarify the 
role of E2F1, E2F1 expression was inhibited in BEAS‑2B 
cells by siE2F1 transfection (Fig. 6A). siE2F1 decreased 
the TGF‑β1‑stimulated expression levels of fibronectin, 
α‑SMA and collagen Ⅳ in BEAS‑2B cells, indicating 
that E2F1‑knockdown inhibited TGF‑β1‑stimulated 
fibrosis (Fig. 6B and D). Furthermore, siE2F1 ameliorated 
TGF‑β1‑stimulated increases in the expression levels of 
vimentin and N‑cadherin, and TGF‑β1‑stimulated decreases 

in E‑cadherin expression (Fig. 6C and E). The present results 
indicated that E2F1 silencing exhibited a similar phenotype to 
overexpressed miR‑106b‑5p in BEAS‑2B cells. Additionally, 
siSIX1 was transfected in BEAS‑2B cells to explore the func‑
tion of SIX1 on fibrosis and EMT in asthma. RT‑qPCR and 
western blotting were employed to measure SIX1 expression 
in siSIX1‑transfected cells compared with in siNC‑transfected 
cells (Fig. 6F). Western blot analysis revealed that inhibition 
of SIX1 reversed TGF‑β1‑induced upregulation of fibronectin, 
α‑SMA, collagen Ⅳ, N‑cadherin and vimentin proteins, and 
TGF‑β1‑induced downregulation of E‑cadherin protein in 
BEAS‑2B cells (Fig. 6G and H). The current results demon‑
strated that SIX1‑knockdown impeded fibrosis and EMT in 
TGF‑β1‑induced BEAS‑2B cells.

miR‑106b‑5p negatively regulates SIX1 via E2F1. To detect 
whether miR‑106b‑5p could negatively regulate SIX1 via E2F1, 
miR‑106b‑5p mimic and antimiR‑106b‑5p were co‑transfected 
with pGL3‑451 or pGL3‑451 with mutation of E2F1 binding sites. 
The luciferase assay revealed that miR‑106b‑5p overexpression 

Figure 4. Association between miR‑106b‑5p and E2F1. (A) Relative E2F1 expression in asthmatic (n=5) and normal mice (n=5) was measured by RT‑qPCR. 
(B) E2F1 protein expression in asthmatic and normal mice. (C) E2F1 expression in the lung tissues of asthmatic and normal mice was evaluated via IHC 
(scale bar, 50 µm). (D) Quantification of E2F1 expression according to IHC. (E) Schematic illustration of the miR‑106b‑5p binding site in E2F1 and the site 
mutagenesis (left panel). Luciferase reporter plasmids containing WT or MUT E2F1‑3'‑UTR were co‑transfected into BEAS‑2B cells with miR‑106b‑5p 
or miR‑NC (right panel). (F) RT‑qPCR and western blotting was performed to detect the mRNA and protein expression levels, respectively, of E2F1 in 
BEAS‑2B cells after treatment with or without TGF‑β1 (10 ng/ml) for 24 h. (G) E2F1 protein expression and (H) miR‑106b‑5p and E2F1 mRNA expression 
in miR‑106b‑5p‑mimic‑ or antimiR‑106b‑5p‑transfected BEAS‑2B cells. Data are presented as the mean ± SD of three independent experiments. *P<0.05, 
**P<0.01 and ***P<0.001 vs. respective NCs. RT‑qPCR, reverse transcription‑quantitative PCR; NS, not significant; miR, microRNA; E2F1, E2F transcription 
factor 1; NC, negative control; UTR, untranslated region; WT, wild‑type; MUT, mutant; IHC, immunohistochemistry.
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Figure 5. E2F1 positively regulates SIX1 at the transcription level. (A) Schematic representation of the putative binding sites for DNA‑binding proteins in the 
promoter of the SIX1 gene. The putative transcription factor binding sites of E2F1 were outlined using black boxes (upper panel). Conserved base sequence of 
E2F1 binding site. The base size represents the binding affinity coefficient of transcription factor and promoter (lower panels). (B) Effect of E2F1 on promoter 
activity of SIX1. The luciferase activity in BEAS‑2B cells co‑transfected with pGL3‑451 and plasmids containing siE2F1 or pE2F1. (C) Mutation analysis of 
the SIX1 promoter. Constructs fused to the firefly luciferase reporter vector were co‑transfected into BEAS‑2B cells with the Renilla luciferase expression 
vector. The level of firefly luciferase activity was normalized to Renilla luciferase activity (left panel). BEAS‑2B cells were co‑transfected with E2F1 overex‑
pression plasmid or siE2F1 and mut‑E2F1‑A+B, respectively (right panel). (D) Relative E2F1 mRNA expression and (E) E2F1 and SIX1 protein expression in 
siE2F1‑ or pE2F1‑transfected BEAS‑2B cells. (F) Relative enrichment of E2F1 on the promoter region of SIX1 was detected by chromatin immunoprecipita‑
tion assay. Data are presented as the mean ± SD of three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. respective NCs. NS, not significant; 
miR, microRNA; E2F1, E2F transcription factor 1; SIX1, sine oculis homeobox homolog 1; NC, negative control; si, small interfering; mut, mutant.
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significantly inhibited luciferase activity in pGL3‑451, but not 
in pGL3‑451 with mutation of E2F1 binding sites (Fig. 7A). 
Meanwhile, miR‑106b‑5p‑knockdown significantly promoted 
luciferase activity in pGL3‑451, but not in pGL3‑451 with muta‑
tion of E2F1 binding sites (Fig. 7A). Additionally, western blotting 
revealed that the miR‑106b‑5p‑mediated decrease in SIX1 
expression was partially rescued by co‑transfection with pE2F1 
(Fig. 7B). Subsequently, E2F1 binding to SIX1 promoter was 
examined in miR‑106b‑5p‑mimic‑ and antimiR‑106b‑5p‑trans‑
fected BEAS‑2B cells. The level of E2F1 binding to SIX1 
promoter was decreased in miR‑106b‑5p‑mimic‑transfected 
BEAS‑2B cells, but increased after antimiR‑106b‑5p trans‑
fection (Fig. 7C). Overall, the present results suggested that 
miR‑106b‑5p could negatively regulate SIX1 expression in 
BEAS‑2B cells via E2F1.

Discussion

Airway remodeling, an inevitable outcome of severe bronchial 
asthma (24), remains irreversible in severe asthma, despite 

advances in asthma treatment (25). Airway remodeling is 
caused by persistent damage to the airway epithelium and 
is manifested by subepithelial fibrosis, smooth muscle cell 
proliferation, mucus cell metaplasia and excessive deposition 
of extracellular matrix (ECM) (26). It has been previously 
demonstrated that airway remodeling can impair lung func‑
tion of patients with asthma (27).

EMT has been demonstrated to contribute to airway remod‑
eling, causing chronic inflammatory airway diseases such as 
asthma and chronic obstructive pulmonary disorder (28‑30). 
During EMT, epithelial cells gradually lose their epithelial 
features and acquire mesenchymal characteristics, leading 
to airway remodeling and inflammation in asthma (31). 
Additionally, in patients with severe asthma, EMT decreases 
the sensitivity of airway epithelial cells to drug treatment and 
glucocorticoid therapy (32). In EMT, epithelial cell‑cell adhe‑
sions are disrupted and mesenchymal membrane‑associated 
proteins, such as N‑cadherin and α‑SMA, are upregulated, 
whereas epithelial adhesion molecules such as E‑cadherin 
exhibit the opposite changes (11). Cell migration, alteration 

Figure 6. Effect of E2F1 and SIX1 on TGF‑β1‑induced fibrosis and EMT in BEAS‑2B cells. (A) E2F1 expression following siNC or siE2F1 transfection in 
BEAS‑2B cells was determined by RT‑qPCR. (B) RT‑qPCR was performed to assess the expression levels of fibrosis‑associated proteins α‑SMA, fibronectin 
and collagen IV in siE2F1‑transfected BEAS‑2B cells after treatment with or without TGF‑β1 for 24 h. (C) RT‑qPCR was employed to detect the mRNA expres‑
sion levels of EMT‑associated proteins E‑cadherin, N‑cadherin and vimentin in siE2F1‑transfected BEAS‑2B cells after treatment with or without TGF‑β1 for 
24 h. (D) Protein expression levels of fibrosis‑associated proteins α‑SMA, fibronectin and collagen IV in siE2F1‑transfected BEAS‑2B cells after treatment 
with or without TGF‑β1 for 24 h. (E) Protein expression levels of EMT‑associated proteins E‑cadherin, N‑cadherin and vimentin in siE2F1‑transfected 
BEAS‑2B cells after treatment with or without TGF‑β1 for 24 h. (F) SIX1 expression in BEAS‑2B cells was determined by RT‑qPCR and western blotting. 
(G) Protein expression levels of fibrosis‑associated proteins α‑SMA, fibronectin and collagen IV in siSIX1‑transfected BEAS‑2B cells after treatment with 
or without TGF‑β1 for 24 h. (H) Protein expression levels of EMT‑associated proteins E‑cadherin, N‑cadherin and vimentin in siSIX1‑transfected BEAS‑2B 
cells after treatment with or without TGF‑β1 for 24 h. Data are presented as the mean ± SD of three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 
vs. control. #P<0.05 and ##P<0.01 vs. siNC+TGF‑β1. miR, microRNA; E2F1, E2F transcription factor 1; SIX1, sine oculis homeobox homolog 1; NC, negative 
control; si, small interfering; RT‑qPCR, reverse transcription‑quantitative PCR; EMT, epithelial‑mesenchymal transition; SMA, smooth muscle actin.
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of ECM deposition and differentiation are other important 
molecular mechanisms involved in EMT (33). EMT may be 
caused by signaling molecules such as TGF‑β1, bone morpho‑
genetic proteins, epidermal growth factor, hepatocyte growth 
factor and fibroblast growth factor (33). TGF‑β1 is a growth 
factor secreted by airway epithelial cells and infiltrating 
immune cells (34). Studies have revealed that patients with 
asthma have higher levels of TGF‑β1 in bronchoalveolar lavage 
fluid and bronchial biopsy compared with the normal control 
group (35,36). A high level of TGF‑β1 helps epithelial cells to 
transform fibroblasts into myofibroblasts, which contributes to 
the development of EMT (28,37,38).

miR‑106b‑5p serves a vital role in cancer progression, 
such as in glioma tumorigenesis (13), lung cancer (14), chronic 
myeloid leukemia (15), breast cancer (16,17) and hepatocellular 

carcinoma (18). However, to the best of our knowledge, there 
is no evidence on the function of miR‑106b‑5p in fibrosis and 
EMT in asthma. In the present study, miR‑106b‑5p expression 
was downregulated in asthmatic mice and TGF‑β1‑induced 
BEAS‑2B cells, which highlighted that miR‑106b‑5p may 
inhibit TGF‑β1‑stimulated fibrosis in BEAS‑2B cells. 
Subsequently, miR‑106b‑5p was found to inhibit the mesen‑
chymal markers vimentin and N‑cadherin, and promote the 
epithelial marker E‑cadherin in TGF‑β1‑induced BEAS‑2B 
cells. The opposite results were found after inhibiting 
miR‑106b‑5p. The present results suggested that E2F1, as 
a direct target for miR‑106b‑5p, may increase SIX1 expres‑
sion by binding to its promoter region. Additionally, SIX1 
was demonstrated to be a TGF‑β1‑inducible gene. To the best 
of our knowledge, the present study was the first to identify 

Figure 7. miR‑106b‑5p negatively regulates SIX1 via E2F1. (A) Relative luciferase activity in BEAS‑2B cells co‑transfected with pGL3‑451 with miR‑106b‑5p or 
antimiR‑106b‑5p (left panel). Relative luciferase activity in BEAS‑2B cells co‑transfected with pGL3‑451‑mut‑E2F1‑A+B with miR‑106b‑5p or antimiR‑106b‑5p 
(right panel). (B) Protein expression levels of E2F1 and SIX1 in BEAS‑2B cells after co‑transfection with miR106b‑5p and pE2F1 were detected by western 
blotting. (C) Relative enrichment of E2F1 containing miR‑106b‑5p‑ or antimiR‑106b‑5p‑transfected on the promoter region of SIX1 was detected via chromatin 
immunoprecipitation assay. Data are presented as the mean ± SD of three independent experiments. *P<0.05 and **P<0.01 vs. respective NCs. NS, not significant; 
miR, microRNA; E2F1, E2F transcription factor 1; SIX1, sine oculis homeobox homolog 1; NC, negative control; si, small interfering; mut, mutant.
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the involvement of the miR‑106b‑5p/E2F1/SIX1 signaling 
pathway in asthma. Therefore, miR‑106b‑5p may be a poten‑
tial therapeutic target for asthma.

Furthermore, the current data suggested that miR‑106b‑5p 
directly targeted the 3'‑UTR of the E2F1 mRNA. Although 
E2F1 has been demonstrated to promote pathological liver 
fibrosis (39), its role in asthma has not been evaluated. Hence, 
the exact function of E2F1 in asthma was explored in the 
present study. It was revealed that the expression levels of 
the EMT‑associated markers vimentin and N‑cadherin were 
downregulated, while E‑cadherin expression was upregulated 
in TGF‑β1‑induced BEAS‑2B cells transfected with siE2F1. 
Additionally, the current data revealed that E2F1‑knockdown 
effectively prevented TGF‑β1‑induced fibrosis in vitro, which 
was then reversed by co‑transfection with the antimiR‑106b‑5p, 
indicating the critical role of E2F1 in preventing airway 
remodeling in asthma.

The present study further revealed that E2F1, a clas‑
sical transcription factor, positively regulated SIX1 at the 
transcriptional level. Western blotting and RT‑qPCR results 
demonstrated that E2F1 acted as a transcriptional inducer to 
enhance SIX1 expression. CHIP and luciferase assays further 
confirmed this hypothesis.

In conclusion, the present study identified that miR‑106b‑5p 
inhibited fibrosis and EMT via the miR‑106b‑5p/E2F1/SIX1 
signaling pathway in TGF‑β1‑induced BEAS‑2B cells. Therefore, 
miR‑106b‑5p may be a potential therapeutic target for asthma.
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