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Abstract. Airway epithelial cell (AEC) dysfunction has 
been proven to be involved in the pathogenesis of asthma, 
which may be induced by the use of dexamethasone (Dex). 
The altered expression of microRNAs (miRNAs/miRs) has 
been found in asthma. However, the detailed mechanisms 
responsible for the effects of miR‑375 on Dex‑induced AEC 
dysfunction remain elusive. Thus, the present study aimed to 
elucidate these mechanisms. Following treatment with Dex 
for 0, 6, 12 and 24 h, AEC viability, migration, invasion and 
apoptosis were examined using Cell Counting Kit‑8 (CCK‑8), 
wound healing and Transwell assays, and flow cytometry, 
respectively. The expression levels of miR‑375, dual specificity 
phosphatase 6 (DUSP6) and apoptosis‑related proteins (Bcl‑2, 
Bax, cleaved caspase‑3) were measured using reverse tran‑
scription‑quantitative polymerase chain reaction and western 
blot analysis. The target genes and potential binding sites of 
miR‑375 and DUSP6 were predicted using TargetScan and 
confirmed using dual‑luciferase reporter assay. The viability, 
migration, invasion and apoptosis of Dex‑treated AECs were 
further assessed with or without miR‑375 and DUSP6. In the 
AECs (9HTE cells), Dex treatment suppressed cell viability 
and miR‑375 expression, whereas it promoted cell apoptosis 
and the expression of DUSP6, the target gene of miR‑375. 
The overexpression of miR‑375 reversed the effects of Dex 
treatment on miR‑375 expression, cell viability, migration and 
invasion, and apoptosis‑related protein expression; in turn, 
these effects were reversed by the overexpression of DUSP6, 
with the exception of miR‑375 expression. On the whole, the 
present study demonstrates that the overexpression of miR‑375 
counteracts the effects of Dex treatment on AEC viability, 

migration, invasion and apoptosis by targeting DUSP6. Thus, 
it was suggested that the downregulated expression of miR‑375 
may be a therapeutic target for AEC dysfunction.

Introduction

Asthma, characterized by inflammation, the shedding of 
airway epithelial cells (AECs) and airway remodeling, has 
become one of the most prevalent chronic inflammatory 
airway disorders. It promotes the contractility of surrounding 
smooth muscles and aggravates pulmonary function, posing 
global economic and social burdens (1,2). AECs can func‑
tion as progenitors for ciliated and goblet columnar cells in 
major airways, accounting for ~30% of the epithelium (3,4). 
The airway epithelium can normally function as the frontline 
defense against respiratory viruses through the mucociliary 
apparatus and its immunological functions  (5). It has also 
been found that barrier damage and the dysfunction of AECs 
may be related to the onset of asthma (6). Consequently, the 
therapeutic methods used for the prevention of the damage and 
dysfunction of AECs may be employed for the treatment of 
asthma.

Inhaled glucocorticoids (GCs), also termed inhaled corti‑
costeroids (ICS), have been widely applied in the treatment 
and prevention of asthma, with anti‑allergy, anti‑inflammatory 
and immunosuppressive properties (7), which mainly func‑
tion by exerting suppressive effects on inflammation in the 
airways (8). However, GCs were also considered to possibly 
adversely affect the repair process during which the prolifera‑
tion and migration of AECs are suppressed (9). At present, the 
underlying molecular mechanisms of GCs in these processes 
remain unclear. Therefore, further insight into the mechanisms 
of GCs may be conducive to providing novel genetic strategies 
for the treatment of asthma.

The altered expression levels of microRNAs (miRNAs/miRs) 
have also been found to be involved in the development 
of asthma (10). Zhang et al (11) proposed that miR‑221 was 
involved in AEC injury in asthma by targeting sirtuin 1 (SIRT1), 
whilst Zhou et al (12) indicated that miR‑155 could function as 
a novel target in allergic asthma. In addition, miR‑29c has been 
found to play a vital role in children with asthma by regulating 
Th2/Th17 cell differentiation (13). Lu et al (14) indicated that 
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miR-375 was predominately expressed in esophageal and 
bronchial epithelial cells, and the upregulation of miR-375 was 
sufficient to modify interleukin 13‑associated immunoinflam‑
matory pathways in epithelial cells. However, the mechanisms 
of miR‑375 as regards the amelioration of GC‑induced AEC 
dysfunction warrant further investigation.

Dual specificity phosphatases (DUSPs) are considered to 
be major modulators of signaling pathways affecting various 
physiological processes  (15). DUSP6, as a member of the 
DUSPs, is a cytoplasmic enzyme, which is perceived as a key 
cytoplasmic anchor of extracellular signal‑regulated kinases 
(ERKs) and a regulator of the ERK signaling cascade (15). 
Previous studies have suggested that DUSP6 is involved in 
the progression of multiple diseases, such as cancer, inflam‑
mation‑related diseases and chronic obstructive pulmonary 
disease  (16‑18). Recent evidence has suggested that long 
non‑coding RNA taurine‑upregulated gene 1 promotes airway 
remodeling by inhibiting the miR‑145‑5p/DUSP6 axis in 
smoking‑induced chronic obstructive pulmonary disease (18). 
Of note, DUSP6 is a known oncogene regulating cellular 
differentiation and proliferation in thyroid cancer, whose 
expression is inferred to correlate with that of miR‑375 (19). 
Therefore, it was hypothesized that miR‑375 may modulate 
AEC dysfunction by regulating DUSP6 expression.

The present study mainly focused on the role and function 
of miR‑375 in ameliorating dexamethasone (Dex)‑induced 
AEC dysfunction, with the aim of assisting in the development 
of a possible treatment for AEC dysfunction.

Materials and methods

Cells, cell culture and reagents. Human AECs (the 9HTE cell 
line), were obtained from the Respiratory Research Laboratory 
(Key Laboratory of Child Development and Disorders of 
Ministry of Education, Children's Hospital, Chongqing, China). 
The cells were grown in Dulbecco's modified Eagle's medium 
(DMEM; 01‑057‑1A, Biological Industries) supplemented 
with 10% fetal bovine serum (FBS; 04‑001‑1A, Biological 
Industries) at 37˚C with 5% CO2.

Dex (D1756) was purchased from Sigma‑Aldrich; Merck 
KGaA. The 9HTE cells were divided into four groups 
as follows: i)  The control group, cells were incubated in 
DMEM without Dex treatment; ii) Dex 6 group, cells were 
incubated in DMEM and then treated with 10 µmol/l Dex 
for 6 h; iii) Dex 12 group, cells were incubated in DMEM 
and then treated with 10 µmol/l Dex for 12 h; and iv) Dex 24 
group, cells were incubated in DMEM and then treated with 
10 µmol/l Dex for 24 h.

It was found that 10 µmol/l Dex treatment exerted the 
optimal effects on the AECs after 24 h. Subsequently, to deter‑
mine the effects of Dex treatment, miR‑375 and DUSP6 on 
9HTE cells, the cells were transfected with miR‑375 mimic 
(M) and its control (MC), as well  as with overexpression 
DUSP6 plasmid and its negative control (NC), followed by 
treatment with or without 10 µmol/l Dex for 24 h. The trans‑
fection protocol is described below.

Cell Counting Kit‑8 (CCK‑8) assay. The transfected 9HTE 
cells (1x104  cells/well) were seeded into a 96‑well plate 
in DMEM containing 10%  FBS at 37˚C with 5%  CO2. 

Subsequently, 10 µl CCK‑8 reagent (GK10001; GLPBio) with 
serum‑free DMEM was then added into each well to detect 
cell viability at 12 and 24 h. The absorbance at 450 nm was 
measured using an iMark™ Microplate Absorbance Reader 
(168‑1020; Bio‑Rad Laboratories, Inc.).

Flow cytometry. 9HTE cell apoptosis was detected using 
flow cytometry with an Annexin V‑FITC/propidium iodide 
(PI) apoptosis kit (A211; GeneBio Systems, Inc.) as per the 
manufacturer's instructions. Following transfection for 48 h, 
the 9HTE cells were harvested and then washed with cold 
phosphate‑buffered saline (PBS) twice, followed by treat‑
ment with both Annexin V and PI (5 µl/well) for 20 min in 
the dark at room temperature. Cell apoptosis was further 
analyzed using a Guava easyCyte Benchtop Flow Cytometer 
(BR168323; Luminex Corporation) and Kaluza C Analysis 
Software (version 1.1.1, Beckman Coulter, Inc.).

RNA isolation and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). Total RNA was extracted 
from the 9HTE cells using TRIzol® reagent (15596026; 
Invitrogen; Thermo Fisher Scientific, Inc.) and cryopreserved 
at ‑80˚C. The concentration of total RNA was quantified using 
a NanoDrop Lite UV‑Vis spectrometer (ND‑LITE, Thermo 
Fisher Scientific, Inc.). cDNA was synthesized from 1 µg of 
total RNA with an Optimax First strand cDNA Synthesis kit 
(K4201100, BioChain Institute, Inc.). In detail, the reaction 
components were mixed, and the mixture was incubated at 
42˚C for 60 min; the reaction was then terminated by incu‑
bating the tube at 70˚C for 10 min. The qPCR experiment was 
conducted using a QCell‑Pro One‑Step qRT‑PCR SuperMix 
kit (K5055400, BioChain Institute, Inc.) on a Touch real‑time 
PCR Detection system (CFX384, Bio‑Rad Laboratories, Inc.) 
under the following conditions: 95˚C for 10 min, followed by 
40 cycles of 95˚C for 15 sec and 60˚C for 1 min. The primer 
sequences are presented in Table I. β‑actin and U6 were used 
as internal controls. The expression levels of relative genes 
were quantified using the 2‑ΔΔCq calculation method (20).

Cell transfection. miR‑375 mimic (B02003, sequence: 
5'‑UUUGUUCGUUCGGCUCGCGUGA‑3') and its control 
(B04001, sequence: 5'‑UUGCCAUUUGGUAUGUGCGG 
UU‑3') were purchased from Shanghai GenePharma Co., Ltd. 
The DUSP6 overexpression sequence was structured by 
Thermo Fisher Scientific, Inc. and inserted into the PcDNA3.1 
plasmid (V79020; Thermo Fisher Scientific, Inc.) for preparing 
the DUSP6 overexpression plasmid, and empty PcDNA3.1 
plasmid was used as a negative control. The 9HTE cells were 
then cultured in a 96‑well plate at a density of 2x104 cells/well 
until reaching 80% confluence, and 0.2 µg mimic and its 
control, as well as 50 nmol DUSP6 overexpression plasmid 
were transfected into the cells using Lipofectamine® 3000 
reagent (L3000‑001; Thermo Fisher Scientific, Inc.) at 37˚C. 
The cells were harvested at 48 h post‑transfection and were 
then treated with 10 µmol/l Dex for 24 h. The expression levels 
of miR‑375 and DUSP6 in the treated cells were measured 
using RT‑qPCR or western blot analysis.

Wound healing assay. At 48 h post‑transfection, the 9HTE 
cells (1x105 cells/well) were cultured in a 24‑well plate. 
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After the cells reached 80%  confluency, a scratch was 
created in the middle of each well using a sterile pipette 
tip. The cells were then washed twice with PBS to smooth 
the scratch edge and remove floating cells. Subsequently, 
the cells were cultured in serum‑free DMEM at 37˚C with 
5% CO2. Cell images at 0 and 24 h were captured under 
an automated fluorescence microscope (BX63; Olympus 
Corporation). Cell migration was detected at x100 magni‑
fication and quantified using Image‑Pro Plus Analysis 
software 7.0 (Media Cybernetics, Inc.).

Transwell invasion assay. Transwell chambers (8‑µm‑pore 
size; CLS3422, Sigma‑Aldrich; Merck KGaA) were placed in 
a 24‑well plate, the upper chamber of which was coated with 
50 µl Matrigel (356235, Corning, Inc.). The transfected 9HTE 
cells were subsequently transferred onto the upper chamber at 
37˚C with 5% CO2, and 500 µl DMEM containing 10% FBS 
were added to the lower chamber as a chemoattractant. After 
24 h, the lower chamber was washed multiple times with PBS, 
and the unmigrated cells in the upper chamber were gently 
removed using cotton swabs. The lower Transwell chamber 
was first fixed in 4% paraformaldehyde solution for 30 min 
and subsequently stained with 0.1% hematoxylin (H3136, 
Sigma‑Aldrich; Merck KGaA) for 20 min at room tempera‑
ture. The number of cells in five randomly selected fields 
was counted under an inverted optical microscope (DP27, 
Olympus Corporation) and photographed at x100 magnifica‑
tion.

Target gene prediction and dual‑luciferase reporter assay. 
The target gene and potential binding sites between miR‑375 
and DUSP6 were predicted using TargetScan (http://www.
targetscan.org/vert_72/) and confirmed using dual‑luciferase 
reporter assay.

Subsequently, a luciferase reporter with their 3'‑untrans‑
lated regions (3'‑UTRs) was constructed. PMIR‑REPORT 
Luciferase reporter (AM5795; Thermo Fisher Scientific, Inc.) 
containing the wild‑type (WT) or mutated (MUT) DUSP6 
sequence was cloned into the pMirGLO reporter vector 
(E1330; Promega Corporation) to form DUSP6‑WT (sequence, 
5 ' ‑ CCAC U U  C U UA A A ACAGA ACA A A‑3 ' )  a nd 
DUSP6‑MUT (sequence, 5'‑CCACUUCUUAAAACAACC 
AGUC‑3'). The 9HTE cells were cultured in a 24‑well plate at 

a density of 3x104 cells/well and co‑transfected or not with 
DUSP6‑WT (500 ng/well) and DUSP6‑MUT (500 ng/well) 
with 500 ng of miR‑375 mimic (M; B02003; Gene Pharma, 
China) using Lipofectamine® 3000 reagent at 37˚C. After 
48 h, the Firefly luciferase activity was detected and normal‑
ized to Renilla luciferase activity using the dual‑luciferase 
reporter assay system (E1910; Promega Corporation).

Western blot analysis. The protein expression levels of related 
genes were measured by western blot analysis as previously 
described (3). After collecting the transfected cells, proteins 
were lysed and extracted using RIPA buffer (RIPA‑50; 
FIVEphoton Biochemicals. The protein concentration was 
measured using a Bicinchoninic Acid (BCA) Protein kit 
(SK3021, Bio Basic Inc.). Sample protein lysates were elec‑
trophoresed by sodium dodecyl sulfate‑polyacrylamide gel 
electrophoresis (SDS‑PAGE; 12% gel; P0012A; Beyotime 
Institute of Biotechnology), and then transferred onto a poly‑
vinylidene fluoride (PVDF) membrane (FFP28; Beyotime 
Institute of Biotechnology). After blocking with 5% non‑fat 
milk for 2 h at room temperature, the membrane was incu‑
bated with primary antibodies including anti‑Bcl‑2 antibody 
(rabbit, 1:1,000, cat. no. ab59348), anti‑Bax antibody (rabbit, 
1:10,000, cat. no. ab32503), anti‑cleaved caspase‑3 antibody 
(rabbit, cat. no. ab2302, 1:1,000), anti‑DUSP6 antibody (goat, 
1:450, cat. no. ab166922) and anti‑β‑actin antibody (mouse, 
1:1,000, cat. no. ab8226) (all from Abcam) at 4˚C overnight. 
β‑actin was used as an internal reference. The membrane was 
then incubated with the secondary horseradish peroxidase 
(HRP)‑conjugated antibodies, including goat anti‑rabbit IgG 
H&L (HRP; 1:10,000, cat. no. 65‑6120), goat anti‑mouse IgG 
H&L (HRP; 1:10,000, cat. no. 62‑6520) (both from Thermo 
Fisher Scientific, Inc.) and donkey anti‑goat IgG H&L (HRP; 
1:20,000, cat. no. ab6885, Abcam) at room temperature for 
1 h and washed with tris‑buffered saline Tween‑20 (TBST) 
three times. Protein bands were collected from the samples 
and analyzed using an Enhanced Chemiluminescence (ECL) 
kit (PCD‑250, FIVEphoton Biochemicals). Gray values of the 
bands were further analyzed and calculated using ImageJ 5.0 
software (Bio‑Rad Laboratories, Inc.).

Statistical analysis. All experiments were conducted in tripli‑
cate independently. Data are expressed as the mean ± standard 

Table I. Sequences of primers used for reverse transcription‑quantitative PCR in the present study.

Gene ID	 Forward sequence (5'‑3')	 Reverse sequence (5'‑3')

miR‑375	C TCGCGTGAGTCGTATCCAG	 GTATCCAGTGCGTGTCGTGG
miR‑let‑7	C AGCACTGAGGTAGTAGGTT	C TGAGGCTCACTGACACAA
miR‑21	 GTGCAGGGTCCGAGGT	 GCCGCTAGCTTATCAGACTGATGT
miR‑19	 TGTGCAAATCTATGCAAA	 GTGCAGGGTCCGAGGTATTC
miR‑455	 ACACTCCAGCTGGGGCAGTCCATGGGCAT	 TGGTGTCGTGGAGTCG
DUSP6	 GCTATACGAGTCGTCGCACA	C GGGCTTCATCTTCCAGGTA
U6	C TCGCTTCGGCAGCACATATACT	 ACGCTTCACGAATTTGCGTGTC
β‑actin	 ATTGGCAATGAGCGGTTC	 GGATGCCACAGGACTCCA

miR, microRNA; DUSP6, dual specificity phosphatase 6.
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deviation (SD). Statistical analysis was performed using 
SPSS 17.0 software (IBM Corp). Statistical significance was 
determined using one‑way analysis of variance (ANOVA) 
followed by Tukey's post hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Dex treatment suppresses miR‑375 expression and the viability 
of 9HTE cells, and promotes apoptosis in a time‑dependent 
manner. The 9HTE cells were pre‑treated with Dex for 0, 6, 
12 and 24 h and then incubated for a further 12 or 24 h to 
examine the effects of Dex treatment on cell viability and 

apoptosis, and the expression of miR‑375. The results revealed 
that 9HTE cell viability was decreased in a time‑dependent 
manner (P<0.01, Fig.  1A), suggesting that Dex treatment 
suppressed 9HTE cell viability.

The effects of Dex treatment for different periods of time 
(0, 6, 12 and 24 h) on 9HTE cell apoptosis were subsequently 
detected using flow cytometry. As shown in Fig. 1B and C, the 
apoptotic rate of the 9HTE cells increased in a time‑depen‑
dent manner following treatment with Dex (P<0.001, 
Fig. 1B and 1C), which indicated that Dex treatment promoted 
9HTE cell apoptosis.

Previous studies have reported that differentially expressed 
miRNAs are involved in the progression of asthma, such as 

Figure 1. Dex treatment suppressed miR‑375 expression and the viability of 9HTE cells, and promoted apoptosis in a time‑dependent manner. (A) Cell viability 
following Dex pre‑treatment for different periods of time (0, 6, 12 and 24 h) followed by incubation for a further 12 or 24 h detected using Cell Counting Kit‑8 
assay. (B and C) Cell apoptotic rate following Dex treatment for different periods of time (0, 6, 12 and 24 h) detected using flow cytometry. (D) Relative expres‑
sion levels of miR‑375, miR‑let‑7, miR‑21, miR‑19 and miR‑455 in cells following Dex treatment for different periods of time (0, 6, 12 and 24 h) measured 
using reverse transcription‑quantitative PCR. U6 was employed as an internal control. All experiments were performed in triplicate and experimental data are 
expressed as the mean ± standard deviation. *P<0.05, **P<0.01 and ***P<0.001 vs. Dex 0 h. Dex, dexamethasone.
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miR‑375, miR‑let‑7, miR‑21, miR‑19 and miR‑455  (21,22). 
Subsequently, the effects of Dex treatment for different 
periods of time (0, 6, 12 and 24 h) on the expression levels of 
miR‑375, miR‑let‑7, miR‑21, miR‑19 and miR‑455 in the 9HTE 
cells were determined using RT‑qPCR. It was found that the 
expression of miR‑375 in the 9HTE cells was downregulated 
following treatment with Dex for different periods of time 
(P<0.01, Fig. 1D), suggesting that Dex treatment downregu‑
lated the expression of miR‑375 in 9HTE cells.

Overexpression of miR‑375 reverses the effects of Dex treatment 
on the expression of miR‑375, and on the viability, migration 
and invasion of 9HTE cells. Dex treatment for 24 h was proven 
to exert optimal effects on the AECs. Thus, the present study 
then transfected the 9HTE cells with miR‑375 mimic control 

or miR‑375 mimic. It was found that the level of miR‑375 
was increased by transfection with miR‑375 mimic (P<0.001, 
Fig. 2A). Subsequently, to further investigate the association 
between miR‑375 and Dex treatment, the 9HTE cells were 
treated with Dex with or without transfection with miR‑375 
mimic control or miR‑375 mimic. As depicted in Fig. 2B, the 
expression of miR‑375 was notably downregulated following 
Dex treatment, whereas the overexpression of miR‑375 reversed 
the effects of Dex treatment (P<0.001, Fig. 2B).

The viability of the 9HTE cells was assessed using CCK‑8 
assay following Dex treatment and transfection with miR‑375 
mimic. It was noted that following treatment with Dex for 
24 h, 9HTE cell viability was decreased, whereas the overex‑
pression of miR‑375 reversed the effects of Dex treatment on 
9HTE cell viability (P<0.01, Fig. 2C).

Figure 2. Overexpression of miR‑375 reverses the effects of Dex treatment on miR‑375 expression, cell viability, migration and invasion of 9HTE cells. 
(A) Relative miR‑375 expression following transfection with miR‑375 mimic measured using RT‑qPCR. U6 was employed as an internal control (B) Relative 
miR‑375 expression following Dex treatment and transfection with miR‑375 mimic measured using RT‑qPCR. U6 was employed as an internal control. 
(C) Cell viability following Dex treatment and transfection with miR‑375 mimic detected using Cell Counting Kit‑8 assay at 12 and 24 h. (D and E) Relative 
cell migration rate following Dex treatment and transfection with miR‑375 mimic measured using wound healing assay at 0 and 24 h at x100 magnification. 
(F and G) Relative cell invasion rate following Dex treatment and miR‑375 mimic transfection measured using Transwell assay at 24 h at x100 magnification. 
All experiments were performed in triplicate and experimental data are expressed as the mean ± standard deviation. ###P<0.001 vs. MC; ***P<0.001 vs. control; 
^P<0.05, ^^P<0.01, ^^^P<0.001 vs. Dex + MC. MC, miR‑375 mimic control; M, miR‑375 mimic; Dex, dexamethasone; RT‑qPCR, reverse transcription‑quanti‑
tative PCR.
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Following Dex treatment and transfection with miR‑375 
mimic, the migration and invasion of the 9HTE cells were 
measured using wound healing assay and Transwell assay, 
respectively. The results of the two assays demonstrated that 
the cell migration and invasion rates decreased following 
treatment with Dex for 24 h; these effects were reversed by the 
overexpression of miR‑375 (P<0.05, Fig. 2D‑G).

Overexpression of miR‑375 reverses the effects of Dex treatment 
on the expression levels of apoptosis‑related proteins. Bcl‑2, 
Bax and cleaved caspase‑3 are considered as apoptosis‑related 
proteins  (23). Thus, the present study then measured their 

expression levels in 9HTE cells using western blot analysis 
after the cells were treated with Dex and transfected with 
miR‑375 mimic. As illustrated in Fig. 3, the expression of 
Bcl‑2 was decreased and that of Bax and cleaved caspase‑3 
were increased following treatment with Dex (P<0.001, 
Fig. 3A and B). However, the effects of Dex treatment on the 
levels of these apoptosis‑related proteins were reversed by the 
overexpression of miR‑375 (P<0.05, Fig. 3).

Expression of DUSP6, the target of miR‑375, is increased in a 
time‑dependent manner following treatment with Dex. DUSP6 
was predicted and recognized as the target of miR‑375 using 

Figure 3. Overexpression of miR‑375 reverses the effects of Dex treatment on the expression levels of apoptosis‑related proteins. (A and B) Protein/β‑actin 
expression levels of Bcl‑2, Bax and cleaved caspase‑3 following Dex treatment and transfection with miR‑375 mimic measured using western blot analysis. 
β‑actin was employed as an internal control. All experiments were performed in triplicate and experimental data are expressed as the mean ± standard devia‑
tion. ***P<0.001 vs. Control; ^P<0.05, ^^^P<0.001 vs. Dex + MC. MC, miR‑375 mimic control; M, miR‑375 mimic; Dex, dexamethasone.

Figure 4. The expression of DUSP6, the target gene of miR‑375, is upregulated in a time‑dependent manner following Dex treatment. (A) Sequences of 
DUSP6 WT (top row), miR‑375 (middle row) and DUSP6 MUT (bottom row) are listed. (B) Dual‑luciferase reporter assay revealed that DUSP6 was the target 
gene of miR‑375. (C) Relative mRNA expression of DUSP6 following Dex treatment for different periods of time (0, 6, 12 and 24 h) measured using reverse 
transcription‑quantitative PCR. β‑actin was used as an internal control. (D and E) Relative protein/β‑actin expression of DUSP6 following Dex treatment for 
different periods of time (0, 6, 12 and 24 h) measured using western blot analysis. β‑actin was used as an internal control. All experiments were performed 
in triplicate and experimental data are expressed as the mean ± standard deviation. ***P<0.001 vs. blank; ^^^P<0.001 vs. Dex 0 h. DUSP6, dual specificity 
phosphatase 6; M, miR‑375 mimic; Dex, dexamethasone; WT, wild‑type; MUT, mutant‑type.



INTERNATIONAL JOURNAL OF MOlecular medicine  49:  26,  2022 7

TargetScan, and the conserved binding sites between DUSP6 
and miR‑375 are illustrated in Fig. 4A. To verify these results, 
a luciferase reporter with their 3'‑UTRs was constructed. The 
results from dual‑luciferase reporter assay demonstrated that 

the luciferase activity of the DUSP6‑WT‑mimic (M) group was 
decreased in comparison with that of the DUSP6‑WT‑Blank 
group (P<0.001, Fig. 4B). However, no significant difference was 
found in the luciferase activity of the DUSP6‑MUT‑M group as 

Figure 5. Overexpression of DUSP6 reverses the effects of the overexpression of miR‑375 on DUSP6 expression and the viability of Dex‑treated 9HTE cells. 
(A) Relative protein/β‑actin expression of DUSP6 following transfection with DUSP6 overexpression plasmid measured using RT‑qPCR. β‑actin was used 
as an internal control. (B and C) Relative protein/β‑actin expression of DUSP6 following Dex treatment and transfection with miR‑375 mimic and DUSP6 
overexpression plasmid measured using western blot analysis. β‑actin was used as an internal control. (D) Relative mRNA expression of DUSP6 following 
Dex treatment and transfection with miR‑375 mimic and DUSP6 overexpression plasmid measured using RT‑qPCR. β‑actin was used as an internal control. 
(E) Relative viability of 9HTE cells following Dex treatment and transfection with miR‑375 mimic and DUSP6 overexpression plasmid measured using Cell 
Counting Kit‑8 assay. All experiments were performed in triplicate and experimental data are expressed as the mean ± standard deviation. ΔΔΔP<0.001 vs. NC; 
***P<0.001 vs. control; ^P<0.05, ^^P<0.01 and ^^^P<0.001 vs. Dex + MC + NC; &P<0.05 and &&P<0.01 vs. Dex + M + NC; ###P<0.001 vs. Dex + MC + DUSP6. 
NC, negative control; DUSP6, dual specificity phosphatase 6; M, miR‑375 mimic; MC, miR‑375 mimic control; Dex, dexamethasone; RT‑qPCR, reverse 
transcription‑quantitative PCR.
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compared to that of the DUSP6‑MUT‑Blank group. Therefore, 
it was suggested that DUSP6 was the target gene of miR‑375.

To determine the role of DUSP6 in the 9HTE cells, its 
expression was measured following treatment with Dex 
for different periods of time (0, 6, 12 and 24 h). The results 
revealed that the mRNA and protein expression levels of 
DUSP6 were increased in a time‑dependent manner following 
Dex treatment (P<0.001, Fig. 4C‑E).

Overexpression of DUSP6 reverses the effects of the over‑
expression of miR‑375 on the expression of DUSP6 and the 
viability of Dex‑treated 9HTE cells. Subsequently, the 9HTE 
cells were transfected with DUSP6 overexpression plasmid, 
and it was found that DUSP6 expression was increased 
following transfection with DUSP6 overexpression plasmid 
(P<0.001, Fig. 5A). To further examine the effects of DUSP6 
and miR‑375 on Dex‑treated 9HTE cells, miR‑375 mimic and 
DUSP6 overexpression plasmid were transfected into the cells 
followed by treatment with Dex. The results revealed that the 

protein and mRNA expression levels of DUSP6 in the 9HTE 
cells were notably increased following Dex treatment, and these 
effects were reversed by miR‑375 overexpression (P<0.001, 
Fig. 5B‑D). Furthermore, the overexpression of DUSP6 abro‑
gated the effects of miR‑375 overexpression on the protein and 
mRNA expressions of DUSP6 (P<0.05, Fig. 5B‑D).

The viability of the Dex‑treated 9HTE cells was then 
detected using CCK‑8 assay following transfection with 
miR‑375 mimic and DUSP6 overexpression plasmid. The 
results indicated that 9HTE cell viability was decreased 
following Dex treatment, which was reversed by miR‑375 
overexpression. Moreover, the overexpression of DUSP6 
reversed the effects of miR‑375 overexpression on the viability 
of Dex‑treated 9HTE cells (P<0.01, Fig. 5E).

Overexpression of DUSP6 reverses the effects of the over‑
expression of miR‑375 on the migration and invasion of 
Dex‑treated 9HTE cells. The migration of Dex‑treated 9HTE 
cells was assessed using wound healing assay following 

Figure 6. Overexpression of DUSP6 reversed the effects of the overexpression of miR‑375 on the migration and invasion of Dex‑treated 9HTE cells. (A) Relative 
migration of 9HTE cells following Dex treatment and transfection with miR‑375 mimic and DUSP6 overexpression plasmid measured by wound healing assay 
at 0 and 24 h at x100 magnification. (B) Relative invasion rate of 9HTE cells following Dex treatment and transfection with miR‑375 mimic and DUSP6 
overexpression plasmid measured using Transwell assay at 24 h at x100 magnification. (C) Relative migration rate of 9HTE cells following Dex treatment and 
transfection with miR‑375 mimic and DUSP6 overexpression plasmid. (D) Relative invasion rate of 9HTE cells following Dex treatment and transfection with 
miR‑375 mimic and DUSP6 overexpression plasmid. All experiments were performed in triplicate and experimental data are expressed as then mean ± stan‑
dard deviation. ***P<0.001 vs. control; ^P<0.05, ^^P<0.001 and ^^^P<0.001 vs. Dex + MC + NC; &P<0.05 and &&&P<0.001 vs. Dex + M + NC; ###P<0.001 
vs. Dex + MC + DUSP6. NC, negative control; DUSP6, dual specificity phosphatase 6; M, miR‑375 mimic; MC, miR‑375 mimic control; Dex, dexamethasone.
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transfection with miR‑375 mimic and DUSP6 overexpres‑
sion plasmid. The results revealed that the cell migration 
rate following Dex treatment was suppressed, and this effect 
was reversed by the overexpression of miR‑375 (P<0.001, 
Fig. 6A and C). In addition, DUSP6 overexpression reversed 
the effects of the overexpression of miR‑375 on the migration 
of Dex‑treated 9HTE cells (P<0.001, Fig. 6A and C).

The invasion of Dex‑treated 9HTE cells was examined 
using Transwell assay following transfection of miR‑375 
mimic and DUSP6 overexpression plasmid. The cell inva‑
sion rate following Dex treatment was reduced, which was 
counteracted by the overexpression of miR‑375 (P<0.05, 
Fig. 6B and D). The overexpression of DUSP6 abrogated the 
effects of the overexpression of miR‑375 on the invasion of 
Dex‑treated 9HTE cells (P<0.05, Fig. 6B and D).

Overexpression of DUSP6 reverses the effects of the 
overexpression of miR‑375 on the expression levels of cell apop‑
tosis‑related proteins in Dex‑treated 9HTE cells. Following 
transfection with miR‑375 mimic and DUSP6 overexpression 
plasmid, the expression levels of cell apoptosis‑related proteins 
(Bcl‑2, Bax and cleaved caspase‑3) in the Dex‑treated 9HTE 
cells were measured using western blot analysis. The results 
confirmed that following Dex treatment, the expression of Bcl‑2 
was decreased, while that of Bax and cleaved caspase‑3 was 
increased (P<0.001, Fig. 7). The overexpression of miR‑375 led 
to an opposite result (P<0.01, Fig. 7). In addition, the overex‑
pression of DUSP6 was found to reverse the effects of miR‑375 
on the protein expression levels of Bcl‑2, Bax and cleaved 
caspase‑3 in the Dex‑treated 9HTE cells (P<0.01, Fig. 7).

Discussion

The human airway epithelium forms the mucosal interface 
between inhaled environment and the lung (24). Increasing 
evidence has indicated that in patients with asthma, the airway 
epithelium is structurally and functionally abnormal, with 
increased mucus production, higher permeability, enhanced 
oxidant sensitivity, and deficient innate immune response to 
viruses (25). Nowadays, ICS combined with second controller 
medications have been widely adopted for the management of 

mild or moderate asthma in adults and children (26), although 
the results may vary in patients.

Dex is a synthetic GC compound with anti‑inflammatory, 
immunosuppressive and decongestant effects  (27,28). A 
number of studies have proposed that Dex exerts promising 
effects in the treatment of several diseases, including acute 
myeloid leukemia (29), macular edema (30) and noninfectious 
uveitis (31). Furthermore, Dex has also been found useful in 
preventing respiratory distress, particularly asthma (32,33). The 
present study concentrated on human AECs, namely the 9HTE 
cell line. It was found that following Dex treatment, cell viability 
was suppressed, whereas cell apoptosis was promoted in a 
time‑dependent manner. Further investigations also confirmed 
that Dex treatment led to the downregulation of miR‑375, a 
novel potential therapeutic target for asthma treatment (34).

miRNAs have been found to affect cell proliferation, 
metastasis and apoptosis (35). Previous studies have suggested 
that miR‑375 can promote the progression of inflammatory 
bowel disease by upregulating Toll‑like receptor 4 (36). In 
addition, miR‑375 has been shown to prevent nasal mucosa 
cells from apoptosis and to ameliorate allergic rhinitis by 
suppressing the JAK2/STAT3 pathway  (37). Furthermore, 
miR‑375 has been verified to promote cell growth in small 
cell lung carcinoma (38). In the present study, the overex‑
pression of miR‑375 reversed the suppressive effects of Dex 
treatment on AEC viability, migration and invasion. Bcl‑2, 
Bax and cleaved caspase‑3 have been found to exert effects 
on apoptosis, an important process where the function of 
normal epithelial tissue is maintained  (23,39). It has been 
reported that the upregulation of Bcl‑2 suppresses apoptosis, 
while the upregulation of Bax and cleaved caspase‑3 promotes 
apoptosis  (40,41). Moreover, the present study also proved 
that the expression of Bcl‑2 was downregulated, while that 
of Bax and cleaved caspase‑3 was upregulated following Dex 
treatment; these effects were reversed by the overexpression 
of miR‑375, indicating that the overexpression miR‑375 abro‑
gated the promoting effects of Dex on cell apoptosis. However, 
the detailed molecular mechanisms remain to be further 
addressed.

DUSP6 belongs to the mitogen‑activated protein kinase 
(MAPK) family that can serve as a feedback regulator of 

Figure 7. Overexpression of DUSP6 reversed the effects of the overexpression of miR‑375 on the expression of apoptosis‑related proteins in Dex‑treated 
9HTE cells. (A and B) Protein/β‑actin expression levels of Bcl‑2, Bax and cleaved caspase‑3 following Dex treatment and transfection with miR‑375 mimic 
and DUSP6 overexpression plasmid measured using western blot analysis. β‑actin was employed as an internal control. All experiments were performed in 
triplicate and experimental data are expressed as the mean ± standard deviation. ***P<0.001 vs. control; ^P<0.05, ^^P<0.01 and ^^^P<0.001 vs. Dex + MC + NC; 
&&P<0.01 and &&&P<0.001 vs. Dex + M + NC; ##P<0.01 and ###P<0.001 vs. Dex + MC + DUSP6. NC, negative control; DUSP6, dual specificity phosphatase 6; 
M, miR‑375 mimic; MC, miR‑375 mimic control; Dex, dexamethasone.

https://www.spandidos-publications.com/10.3892/ijmm.2022.5081
https://www.spandidos-publications.com/10.3892/ijmm.2022.5081


zheng et al:  EFFECTS OF miR‑375 ON HUMAN AECs10

MAPK cascades (18). Accumulating evidence has indicated 
that DUSP6 functions as a critical mediator in inflammatory 
responses. Hsu  et al  (42) proposed that DUSP6 promoted 
endothelial inflammation via intercellular adhesion mole‑
cule‑1. It has also been demonstrated that DUSP6 deletion can 
enhance the regulation of colonic inflammatory responses and 
the protection of the intestinal epithelium against oncogenic 
stress by controlling the activation of ERK1/2 (43). In addi‑
tion, chemokine (C‑C motif) ligand 2‑enhanced macrophage 
inflammation responses may be related to the suppression 
of ERK phosphatase DUSP6 (44). A previous study verified 
that DUSP6 played a tumor‑suppressive role by inhibiting 
apoptosis (45). In the present study, it was confirmed that the 
expression of DUSP6, the target of miR‑375, was upregu‑
lated in a time‑dependent manner following Dex treatment. 
Furthermore, the overexpression of DUSP6 was proven to 
reverse the effects of the overexpression of miR‑375 on AEC 
viability, migration and invasion, as well as the expression of 
apoptosis‑related proteins (Bcl‑2, Bax and cleaved caspase‑3) 
in Dex‑treated cells. Therefore, it could be summarized that 
the overexpression of miR‑375 reverses the effects of Dex 
treatment on AEC viability, migration, invasion and apoptosis 
by targeting DUSP6.

However, since the in vitro exploration of the roles of Dex, 
miR‑375 and DUSP6 in AECs was performed in the present 
study, the authors aim to validate these results through in vivo 
investigations in the future.

In conclusion, the present study demonstrated study that 
the overexpression of miR‑375 reversed the effects of Dex 
treatment on human AEC viability, migration, invasion and 
apoptosis in vitro by targeting DUSP6. It is hoped that these 
findings may provide novel roles and evidence of Dex and 
miR‑375 in AEC dysfunction, thereby providing a potential 
therapeutic strategy for AEC dysfunction.
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