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Long non‑coding RNA NEAT1 promotes pulmonary fibrosis
by regulating the microRNA‑455‑3p/SMAD3 axis
YUAN LIU1, FU‑AI LU2, LE WANG1, YONG‑FU WANG2 and CHUN‑FENG WU1
1

Department of Rheumatology, Liuzhou People's Hospital, Liuzhou, Guangxi Autonomous Region 545006;
2
Department of Rheumatology, First Affiliated Hospital of Baotou Medical College, Inner Mongolia
University of Science and Technology, Baotou, Inner Mongolia 014010, P.R. China
Received August 21, 2020; Accepted December 17, 2020
DOI: 10.3892/mmr.2021.11857

Abstract. Pulmonary fibrosis is an excessive repair response
to tissue damage, triggering hyperplasia of fibrotic connective
tissues; however, there is no effective treatment in a clinical
setting. The purpose of the present study was to investigate
the roles of long non‑coding RNA nuclear enriched abundant
transcript 1 (NEAT1) and microRNA‑455‑3p (miR‑455‑3p)
were investigated in pulmonary fibrosis. In this study, the
mRNA expression levels of NEAT1, miR‑455‑3p and SMAD3
in the HPAEpiC alveolar and BEAS‑2B bronchial epithelial
cell lines were determined using reverse transcription‑quan‑
titative PCR, while the markers of epithelial‑mesenchymal
transformation (EMT) and collagen production were deter‑
mined using western blot analysis. A wound healing assay was
performed to evaluate the migratory ability of the HPAEpiC
and BEAS‑2B cell lines. The interactions between NEAT1
and miR‑455‑3p or SMAD3 and miR‑455‑3p were validated
using a luciferase reporter gene assay. The results showed that
the mRNA expression levels of NEAT1 and SMAD3 were
upregulated in the TGF‑β1‑treated HPAEpiC and BEAS‑2B
cell lines, while the mRNA expression level of miR‑455‑3p
was significantly decreased. In addition, silencing NEAT1
effectively alleviated the migratory ability, EMT and collagen
generation of the epithelial cells. Following these experi‑
ments, NEAT1 was identified as a sponge for miR‑455‑3p, and
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SMAD3 was a target gene of miR‑455‑3p. NEAT1 downregu‑
lation or miR‑455‑3p mimic inhibited the migratory ability,
EMT and collagen production of the epithelial cells; however,
the effects were reversed by the overexpression of SMAD3.
Furthermore, NEAT1 knockdown reduced the expression level
of SMAD3 by increasing the expression level of miR‑455‑3p
to further inhibit the migratory ability, EMT and collagen
production of epithelial cells.
Introduction
Pulmonary fibrosis is the end result of a major category of
pulmonary diseases characterized by fibroblast proliferation,
extracellular matrix (ECM) deposition and tissue structure
destruction. It is also characterized by scar formation caused by
abnormal repair of damaged alveolar tissue (1,2). Fibroblasts
are derived from epithelial cells that have undergone epithe‑
lial‑mesenchymal transformation (EMT), in which the markers
of the epithelial cells are depleted and the abilities of adhesion,
proliferation and migration are enhanced (3). The phenotypic
dysregulation of the alveolar epithelial cells, accompanied
by excessive ECM deposition, is a crucial component in the
progression of pulmonary fibrosis (4). Studies investigating
fibrogenesis have made progress in recent years (5,6); however,
further investigation is required to elucidate the pathogenesis
of pulmonary fibrosis to facilitate the development of effective
therapeutic strategies.
Numerous studies have demonstrated that microRNAs
(miRNA/miR) act as a class of non‑coding single‑stranded
RNA molecules, which are ~22 nucleotides in length and
encoded by endogenous genes, and are involved in a series of
biological and pathological processes by binding and degrading
the target mRNAs (7,8). Recently, the regulatory functions of
miRNAs in pulmonary fibrosis have been increasingly discov‑
ered. Using Affymetrix miRNA microarrays, miR‑455‑3p
was found to be downregulated in the lung tissues of patients
with idiopathic pulmonary fibrosis (9). Wei et al (10) reported
that miR‑455‑3p was decreased in the fibrotic liver, and over‑
expression of miR‑455‑3p could inhibit the expression levels
of profibrotic markers in hepatic stellate cells. Furthermore,
miR‑455‑3p was also involved in the accumulation of ECM
and the expression of fibrosis‑related proteins in diabetic
nephropathy (11).

2

LIU et al: NEAT1 FACILITATES THE PROGRESSION OF PULMONARY FIBROSIS

In addition to miRNAs, another type of non‑coding
RNA, which have lengths of >200 nucleotides, termed long
non‑coding RNAs (lncRNAs), have been reported to regulate
gene or protein expression levels in the course of fibrogenesis.
The lncRNA nuclear enriched abundant transcript 1 (NEAT1)
was highly expressed in murine fibrotic livers and promoted
liver fibrosis by regulating miRNA‑122 and Kruppel‑like
factor 6 (12). Huang et al (13) revealed that the downregulation
of NEAT1 repressed the proliferation of mesangial cells and
fibrosis in diabetic nephropathy by inactivating the Akt/mTOR
signaling pathway. However, the expression of NEAT1 in
lung epithelial cells and the regulatory mechanism involved
remains largely unknown.
Numerous studies have described that lncRNA function,
as a competing endogenous RNA, could mediate miRNAs
and the targets of miRNAs (14,15). Binding sites between the
sequences of NEAT1 and miR‑455‑3p were predicted using
bioinformatics analysis. The present study aimed to determine
the function of NEAT1 in TGF‑β1‑treated human alveolar
epithelial and bronchial epithelial cell lines, and investigate its
potential association with miR‑455‑3p.
Materials and methods
Cell culture and transfection. The human HPAEpiC alveolar
epithelial cells (ScienCell Research Laboratories, Inc.) were
cultured in DMEM/F12 (Hyclone; Cytiva) containing 10% fetal
bovine serum (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C
in a humidified incubator with 5% CO2. The BEAS‑2B human
bronchial epithelial cells (American Type Culture Collection)
were cultured in complete bronchial epithelial growth medium
(Lonza Group, Ltd.) at 37˚C in a humidified incubator with
5% CO2.
TGF‑ β1 (R&D Systems China Co., Ltd.) is a potent
pro‑fibrotic factor, and 10 ng/ml was used to stimulate the
two types of epithelial cells for 48 h. Two interfering sequences
of short hairpin NEAT1 (shRNA‑NEAT1‑1, 5'‑GTGAGAAGT
TGCTTAGAAA‑3'; and shRNA‑NEAT1‑2, 5'‑TGGTAATGG
TGGAGGAAGA‑3') were ligated into the pGPH6/Neo vector
(50 nM; Shanghai GenePharma Co., Ltd.). miR‑455‑3p mimic
(50 nM; 5'‑GCAGUCCAUGGGCAUAUACAC‑3') and inhibitor
(50 nM; 5'‑GUGUAUAUGCCCAUGGACUGC‑3'), as well as
their corresponding negative controls [50 nM; NC; mimic‑NC;
5'‑UUCUCCGAACGUGUCACGUTT‑3') and inhibitor‑NC
(50 nM; 5'‑CAGUACUUUUGUGUAGUA CAA‑3')] were also
purchased from Shanghai GenePharma Co., Ltd. The empty
vector plasmid (50 nM; pcDNA3.1) and pcDNA3.1‑SMAD3
(50 nM; 5'‑GAATCGCCACCATGTCGTCCATCCTGCCC
TTC‑3' and 5'‑CTCGAGCCTGGGGTTTTCTTCTGTG
GTC‑3') were constructed by Sangon Biotech Co., Ltd. Briefly,
cells were seeded (5x105) into 12‑well plates and grown to
80% confluence. Subsequently, cells were transfected with
shRNA or mimic using Lipofectamine® 3000 (Thermo Fisher
Scientific, Inc.) for 48 h, according to the manufacturer's
instructions. At 48 h post‑transfection, transfection efficacy
was evaluated using reverse transcription‑quantitative PCR
(RT‑qPCR).
Prediction of target genes. The Encyclopedia of RNA
Interactomes (ENCORI, http://starbase.sysu.edu.cn). ENCORI

is an open‑source platform for studying the miRNA‑ncRNA,
miRNA‑mRNA, ncRNA‑RNA, RNA‑RNA, RBP‑ncRNA and
RBP‑mRNA interactions from CLIP‑seq, degradome‑seq and
RNA‑RNA interactome data.
RT‑qPCR. Total RNA was extracted using TRIzol® (Invitrogen;
Thermo Fisher Scientific, Inc.), while the PrimeScript™ RT
reagent kit (Takara Bio, Inc.; 16˚C for 30 min, 42˚C for 30 min
and 85˚C for 5 min) and SYBR Green qPCR kit (Thermo Fisher
Scientific, Inc.) were used for reverse transcription and qPCR,
respectively. The following thermocycling conditions were
used for qPCR: Initial denaturation at 95˚C for 5 min; followed
by 40 cycles of denaturation at 95˚C for 20 sec, annealing
at 60˚C for 30 sec and extension at 72˚C for 20 sec. β‑actin
was used as the endogenous control of lncRNA and mRNA.
U6 was used to normalize the relative expression levels of
miRNA. Relative expression levels of miRNA and mRNA
were determined using the 2‑ΔΔCq method (16). The primer
sequences used are stated in Table I.
Wound healing assay. Cells were seeded (3x105 cells/well) into
a 6‑well plate and incubated at 37˚C in 5% CO2. At 80% conflu‑
ence, the scratches were created using a sterile 200 µl pipette
tip. Then, cells were washed gently to remove the floating cells
and the medium was replaced with serum‑free medium for
24 h. Images of the cells that had migrated into the wound
were captured under a light microscope (magnification, x100;
Zeiss AG). Quantitative analysis of the wound healing area
was performed using ImageJ software (version 1.52r; National
Institutes of Health).
Transwell invasion assay. A Transwell invasion assay was
used to analyze the invasive rate of cells. Briefly, AMC‑HN‑8
cells in 100 µl (2x105) serum‑free medium (Thermo Fisher
Scientific, Inc.) were plated into the upper chambers of an
8‑µm Transwell plate (Corning, Inc.) precoated with Matrigel
(BD Biosciences) at 24 h (37˚C) after transfection. DMEM/F12
(Hyclone; Cytiva) containing 20% FBS was plated in the lower
chamber to serve as a chemoattractant. Following the incuba‑
tion (37˚C, 24 h), the invading cells on the bottom surface of
the filter were fixed with methanol (100%, 4˚C) for 30 min and
stained with hematoxylin at room temperature for 20 min. Cell
invasion was analyzed in three randomly selected fields under
a fluorescent microscope (magnification, x20).
Western blot analysis. Total protein in the cells was
extracted using a RIPA lysis buffer (Beyotime Institute of
Biotechnology). After quantification using a bicinchoninic
acid protein assay kit (Beyotime Institute of Biotechnology),
protein (40 µg/lane) in the different experimental groups
were separated via 10% SDS‑PAGE, and then transferred
onto PVDF membranes using electrophoresis. Following
blocking with 5% skimmed milk for 1.5 h at room tempera‑
ture, the PVDF membranes were subsequently incubated with
primary antibodies overnight at 4˚C. Next, the primary anti‑
bodies were removed and the membrane was incubated with
the secondary antibodies for 1 h at room temperature. The
primary antibodies against α smooth muscle actin (α‑SMA;
cat. no. ab7817; 1:1,000), collagen I (cat. no. ab34710; 1:1,000),
collagen III (cat. no. ab184993; 1:1,000) and E‑cadherin

MOLECULAR MEDICINE REPORTS 23: 218, 2021

3

Table I. Primers used in the present study.
Primer
U6 snRNA
miR‑455‑3p
β‑actin

NEAT1
SMAD3

Sequence (5'→3')
F: GCGCGTCGTGAAGCGTTC
R: GTGCAGGGTCCGAGGT
F: ACACTCCAGCTGGGGCAGTCCACGGGCATATACAC
R: GTGCAGGGTCCGAGGT
F: CAGAGCAAGAGAGGCATCC
R: CTGGGGTGTTGAAGGTCTC
F: CAGGGTGTCCTCCACCTTTA
R: AAACCAGCAGACCCCTTTTT
F: AAACTAGTGTCACAGTCCAACCAGAAAC
R: GGAAGCTTTTGTACCAAGCCTGCAATT

F, forward; R, reverse; miR, microRNA; NEAT1, nuclear enriched abundant transcript 1.

(cat. no. ab1416; 1:1,000) were obtained from Abcam, while
the antibodies against SMAD3 (cat. no. 9523T; 1:1,000), fibro‑
nectin1 (cat. no. 26836S; 1:1,000) and β‑actin (cat. no. 4970T;
1:1,000) were obtained from Cell Signaling Technology, Inc.
The secondary antibodies (cat. nos. ab7090 and ab97040;
1:5,000) were purchased from Abcam.
Luciferase reporter gene. The 3'untranslated region (UTR)
of miR‑455‑3p, containing NEAT1 wild‑type (WT) or
mutant (MUT) sites which were amplified by Shanghai
GenePharma Co., Ltd., were subcloned into the pmirGLO vector
(Promega Corporation). The cells were co‑transfected with
miR‑455‑3p mimic or NC‑mimic, and with a vector containing
NEAT1 WT or MUT sites using Lipofectamine 3000. The 3'UTR
of miR‑455‑3p containing SMAD3 WT or MUT sites were
subcloned into the pmirGLO vector (Promega Corporation).
The cells were co‑transfected with miR‑455‑3p mimic or
NC‑mimic and with a vector containing SMAD3 WT or MUT
sites using Lipofectamine 3000. Relative luciferase activity
was measured by normalizing firefly luciferase activity to
Renilla luciferase activity at 48‑h post‑transfection using a
Dual‑Luciferase Reporter assay (Promega Corporation).
Statistical analysis. The data are presented as the mean ± stan‑
dard deviation, and were analyzed using GraphPad Prism v6.0
statistical software (GraphPad Software, Inc.). A Student's
t‑test was used for comparisons between two groups, while
ANOVA followed by the Tukey's post hoc test was used for
comparisons among multiple groups. All experiments were
performed in triplicate. P<0.05 was considered to indicate a
statistically significant difference.
Results
Knockdown of NEAT1 inhibits migration, EMT and collagen
generation of epithelial cells. The mRNA expression level
of NEAT1 was significantly increased in TGF‑ β1‑treated
HPAEpiC and BEAS‑2B cells compared with that in the control
group (Fig. 1A and B). The HPAEpiC and BEAS‑2B cell lines
were transfected with shRNA‑NEAT1 (Fig. 1C and D), and

shRNA‑NEAT1‑1 was selected for the further experiments due
to lower NEAT1 expression levels induced by shRNA‑NEAT1‑1
compared with shRNA‑NEAT1‑2. The migratory and invasive
abilities of the TGF‑β1‑induced HPAEpiC cells were weak‑
ened by silencing NEAT1 (Fig. 1E‑H), and similar results were
also found in the BEAS‑2B cell line (Fig. 1I‑L). The epithelial
cell marker, E‑cadherin, was decreased in the HPAEpiC and
BEAS‑2B cell lines treated with TGF‑β1, whereas transfection
with shRNA‑NEAT1‑1 reversed the effect of TGF‑β1 (Fig. 1M).
Fibronectin1 and α‑SMA act as markers of mesenchymal
cells and were upregulated in TGF‑β1‑treated HPAEpiC and
BEAS‑2B cell lines, while knockdown of NEAT1 reduced the
protein expression level of fibronectin1 and α‑SMA. Similarly,
shRNA‑NEAT1‑1 partially abrogated the promotional effects
of TGF‑β1 on the protein expression levels of collagen I and III
(Fig. 1M). Collectively, these findings illustrated the important
roles of NEAT1 in cell migration, EMT and collagen produc‑
tion of epithelial cells.
NEAT1 modulates the expression of miR‑455‑3p. NEAT1 was
predicted to be a sponge of miR‑455‑3p using the StarBase
software (Fig. 2A). miR‑455‑3p expression in TGF‑β1‑treated
HPAEpiC and BEAS‑2B cell lines were decreased
(Fig. 2B and C). The transfection efficiency of the miR‑455‑3p
mimic is shown in Fig. 2D and E. A luciferase reporter assay was
performed to validate the interaction between miR‑455‑3p and
NEAT1, and the luciferase activity was found to be downregu‑
lated in cells co‑transfected with NEAT1‑WT and miR‑455‑3p
mimic, suggesting that miR‑455‑3p could bind to NEAT1
(Fig. 2F and G). Furthermore, the expression of miR‑455‑3p
was significantly higher in shRNA‑NEAT1‑1‑transfected cells
compared with that in the shRNA‑NC group (Fig. 2H and I).
These data suggested that NEAT1 may bind to miR‑455‑3p
and regulate the expression levels of miR‑455‑3p.
Regulation of NEAT1 in migration, collagen production and
EMT depends on miR‑455‑3p. Subsequently, a miR‑455‑3p
inhibitor was generated and the transfection efficiency was
determined (Fig. 3A and B). As shown in Fig. 3C‑J, the
results of the wound healing and Transwell invasion assays
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Figure 1. NEAT1 knockdown inhibits epithelial cell migration, EMT and collagen generation. (A) HPAEpiC and (B) BEAS‑2B cells were treated with
10 ng/ml TGF‑β1 for 48 h then, the mRNA expression of NEAT1 was determined using RT‑qPCR. Transfection efficiency of shRNA‑NEAT1 was validated
using RT‑qPCR in (C) HPAEpiC and (D) BEAS‑2B cells. A wound healing assay was performed to assess the migratory ability of the (E) HPAEpiC and
(I) BEAS‑2B cell lines (magnification, x100). The migration rate of (G) HPAEpiC and (K) BEAS‑2B cells. A Transwell assay was performed to assess the
invasive ability of the (F) HPAEpiC and (J) BEAS‑2B cell lines (magnification, x100). The invasion rate of (H) HPAEpiC and (L) BEAS‑2B cell lines.
(M) The protein expression levels of E‑cadherin, α‑SMA, collagen I, collagen III and fibronectin1 in the HPAEpiC and BEAS‑2B cell lines were evaluated
using western blot analysis. **P<0.01, ***P<0.001. sh, short hairpin; RT‑qPCR, reverse transcription‑quantitative PCR; α‑SMA, α smooth muscle actin; NEAT1,
nuclear enriched abundant transcript 1; NC, negative control.

indicated that the miR‑455‑3p inhibitor promoted the migra‑
tory and invasive abilities of the HPAEpiC and BEAS‑2B
cell lines. Furthermore, knockdown of NEAT1 counteracted
the effects of TGF‑β1 on the expression levels of E‑cadherin,
whereas the miR‑455‑3p inhibitor further abolished the func‑
tion of shRNA‑NEAT1‑1. The protein expression levels of
fibronectin1, α‑SMA, collagen I and collagen III showed the
opposite trend to E‑cadherin (Fig. 3K).
SMAD3 serves as a target of miR‑455‑3p. SMAD3 has been
identified to be an important mediator in the progression of
pulmonary fibrosis (17,18). In the TGF‑β1‑treated HPAEpiC and

BEAS‑2B cell lines, the mRNA expression levels of SMAD3
were increased compared with that in the control group (Fig. 4A
and B), while SMAD3 was also elevated at the protein level
(Fig. 4C and D). Notably, SMAD3 was predicted as a target
gene of miR‑455‑3p using the StarBase software (Fig. 4E), and
the results from a luciferase reporter assay revealed decreased
luciferase activity in the group co‑transfected with SMAD3
WT and miR‑455‑3p mimic, demonstrating that there was an
interaction between miR‑455‑3p and SMAD3 (Fig. 4F and G).
Furthermore, the mRNA and protein expression levels of
SMAD3 were downregulated in the HPAEpiC or BEAS‑2B
cell lines transfected with miR‑455‑3p mimic (Fig. 4H‑K).
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Figure 2. NEAT1 modulates miR‑455‑3p expression. (A) The binding sites between NEAT1 and miR‑455‑3p were predicted using the StarBase software. The
mRNA expression levels of miR‑455‑3p in the (B) HPAEpiC and (C) BEAS‑2B cell lines treated with TGF‑β1 were determined using RT‑qPCR. The mRNA
expression levels of miR‑455‑3p in the (D) HPAEpiC and (E) BEAS‑2B cell lines transfected with miR‑455‑3p mimic were determined using RT‑qPCR.
(F and G) The luciferase activity in each experimental group. The mRNA expression levels of miR‑455‑3p in the (H) HPAEpiC and (I) BEAS‑2B cell lines
transfected with shRNA‑NEAT1‑1 were determined using RT‑qPCR. *P<0.05, **P<0.01, ***P<0.001. miR, microRNA; RT‑qPCR, reverse transcription‑quanti‑
tative PCR; sh, short hairpin; NEAT1, nuclear enriched abundant transcript 1; NC, negative control.

NEAT1/miR‑455‑3p mediates migration, EMT and collagen
generation via SMAD3. Compared with the control group,
knockdown of NEAT1 was found to significantly inhibit the
expression of SMAD3, which was rescued by the miR‑455‑3p
inhibitor (Fig. 5A). As shown in Fig. 5B, the transfection effi‑
ciency of pcDNA3.1‑SMAD3 was validated using western blot
analysis. It was found that the effects of co‑transfection with

shRNA‑NEAT1‑1 and miR‑455‑3p mimic could further inhibit
the migratory and invasive abilities of the epithelial cells
compared with that in cells transfected with shRNA‑NEAT1‑1
alone, following treatment with TGF‑ β1; however, over‑
expression of SMAD3 weakened the synergistic effect of
shRNA‑NEAT1‑1 and miR‑455‑3p mimic (Fig. 5C‑J). Similar
results were observed in EMT; miR‑455‑3p mimic enhanced
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Figure 3. Regulation of NEAT1 in migration, collagen production and EMT depends on miR‑455‑3p. The mRNA expression levels of miR‑455‑3p in the
(A) HPAEpiC and (B) BEAS‑2B cell lines transfected with miR‑455‑3p inhibitor were determined using RT‑qPCR. A wound healing assay was performed
to assess the migratory ability of the (C) HPAEpiC and (G) BEAS‑2B cell lines (magnification, x100). The migration rate of (E) HPAEpiC and (I) BEAS‑2B
cells. A Transwell assay was performed to assess the invasion ability of the (D) HPAEpiC and (H) BEAS‑2B cell lines (magnification, x100). The invasion
rate of (F) HPAEpiC and (J) BEAS‑2B cells. (K) The protein expression levels of E‑cadherin, α‑SMA, collagen I, collagen III and fibronectin1 in the
HPAEpiC and BEAS‑2B cell lines were evaluated using western blot analysis. *P<0.05, **P<0.01, ***P<0.001. RT‑qPCR, reverse transcription‑quantitative PCR;
miR, microRNA; α‑SMA, α smooth muscle actin; NC, negative control; NEAT1, nuclear enriched abundant transcript 1; sh, short hairpin.

the inhibition of shRNA‑NEAT1‑1 on the protein expression
levels of α‑SMA, collagen I, collagen III and fibronectin1, but
upregulated the expression of E‑cadherin. SMAD3 overexpres‑
sion reversed the effect of shRNA‑NEAT1‑1 and miR‑455‑3p
mimic (Fig. 5K). Taken together, these data demonstrated that
the inhibitory effects of shRNA‑NEAT1‑1 and miR‑455‑3p on
migration, EMT and collagen generation were abrogated by
the overexpression of SMAD3.
Discussion
Numerous studies have reported the emerging role of lncRNAs
in the pathogenesis of pulmonary fibrosis (19‑21). A previous
study found that NEAT1 was increased in human fibrotic liver
samples and murine fibrotic livers (12), while Huang et al (13)

reported that NEAT1 accelerated fibrosis in diabetic nephrop‑
athy. Non‑coding RNA‑NEAT1 has been demonstrated to play
a role in the differentiation and regulation of the development of
various diseases (22,23). For example, NEAT1 was reported to be
highly expressed in Parkinson's disease, and NEAT1 knockdown
inhibited PD progression via regulating the miR‑212‑3p/axin 1
signaling pathway (24). NEAT1 also accelerated apoptosis and
inflammation in lipopolysaccharide‑induced sepsis models by
targeting miR‑590‑3p (25). In the present study, NEAT1 was
found to be upregulated in the TGF‑β1‑treated HPAEpiC and
BEAS‑2B cell lines, suggesting that the high expression level of
NEAT1 could be associated with pulmonary fibrosis. TGF‑β1 is
commonly considered to be a potent pro‑fibrotic factor, which
could stimulate epithelial‑derived fibroblasts to produce fibro‑
nectin and collagen, the main components of the ECM (26,27).
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Figure 4. SMAD3 is a target of miR‑455‑3p. The mRNA expression levels of SMAD3 in the (A) HPAEpiC and (B) BEAS‑2B cell lines treated with TGF‑β1
were determined using RT‑qPCR. The protein expression levels of SMAD3 in the (C) HPAEpiC and (D) BEAS‑2B cell lines treated with TGF‑β1 were
determined using western blot analysis. (E) The binding sites between miR‑455‑3p and SMAD3 were predicted using the StarBase software. (F and G) The
luciferase activity in each experimental group. The mRNA expression levels of SMAD3 in the (H) HPAEpiC and (I) BEAS‑2B cell lines transfected with
miR‑455‑3p mimic were determined using RT‑qPCR. The protein expression levels of SMAD3 in the (J) HPAEpiC and (K) BEAS‑2B cell lines trans‑
fected with miR‑455‑3p mimic were determined using western blot analysis. **P<0.01, ***P<0.001. RT‑qPCR, reverse transcription‑quantitative PCR; miR,
microRNA; NC, negative control.

Knockdown of NEAT1 weakened the abilities of EMT and
collagen production in epithelial cells in the present study. A
previous study demonstrated that downregulation of NEAT1
reduced the expression levels of collagen I and fibronectin in
mouse mesangial cells (28).
Jin et al (29) found that NEAT1 promoted liver fibrosis
by mediating miR‑506 and transcriptional activator GLI3.
In addition, NEAT1 has been found to impair lung function
through the interaction with miR‑124 (30). Understanding the
crosstalk between lncRNA, miRNA and mRNA, and their
regulatory pattern could provide a novel perspective for the

therapy of pulmonary fibrosis. In the present study, NEAT1
was identified to be a sponge of miR‑455‑3p. miR‑455‑3p is
lowly expressed in various tumors, including prostate (31),
colorectal (32), pancreatic (33) and breast cancer (34).
miR‑455‑3p serves as an important regulator in organ fibrosis,
including pulmonary fibrosis (10,35,36). The present study
found that the miR‑455‑3p inhibitor partially reversed the
regulatory effects of shRNA‑NEAT1‑1 on EMT and collagen
generation. SMAD3 is commonly known as a downstream
intracellular effector of TGF‑β1 (37); in addition, SMAD3 was
identified as a target mRNA of miR‑455‑3p and overexpression
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Figure 5. NEAT1/miR‑455‑3p mediates migration, EMT and collagen generation via SMAD3. (A) The protein expression levels of SMAD3 in the HPAEpiC and
BEAS‑2B cell lines transfected with shRNA‑NEAT1‑1 and/or miR‑455‑3p inhibitor were determined using western blot analysis. (B) The protein expression levels
of SMAD3 in the HPAEpiC and BEAS‑2B cell lines transfected with pcDNA3.1‑SMAD3. A wound healing assay was performed to assess the migratory ability of
(C) HPAEpiC and (G) BEAS‑2B cell lines (magnification, x100). Migration rate of (E) HPAEpiC and (I) BEAS‑2B cells. A Transwell assay was performed to assess
the invasive ability of the (D) HPAEpiC and (H) BEAS‑2B cell lines (magnification, x100). Invasion rate of (F) HPAEpiC and (J) BEAS‑2B cells. (K) The protein
expression levels of E‑cadherin, α‑SMA, collagen I, collagen III and fibronectin1 in the HPAEpiC and BEAS‑2B cell lines were evaluated using western blot analysis.
*
P<0.05, **P<0.01, ***P<0.001. NEAT1, nuclear enriched abundant transcript 1; sh, short hairpin; miR, microRNA; NC, negative control; α‑SMA, α smooth muscle actin.

MOLECULAR MEDICINE REPORTS 23: 218, 2021

of SMAD3 abolished the effects of NEAT1/miR‑455‑3p on
cell fibrosis in the present study.
In summary, the present study illustrated that NEAT1
knockdown alleviated TGF‑ β1‑induced epithelial cell
migration, EMT and collagen production by regulating the
miR‑455‑3p/SMAD3 axis. These findings suggested that
NEAT1 and miR‑455‑3p may be potential targets for treat‑
ment of pulmonary fibrosis. However, the use of only in vitro
methods was a limitation of the present study. Therefore, in
subsequent research, an in vivo pulmonary fibrosis model will
be established to determine the expression levels of NEAT1,
miR‑455‑3p or SMAD3 in fibrotic lung tissues, furthermore
the role of NEAT1 in pulmonary fibrosis requires validation
by interfering with the expression of NEAT in lung tissue.
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