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ABSTRACT Epithelial-mesenchymal transition (EMT) is known to be involved in 
airway remodeling and fibrosis of bronchial asthma. However, the molecular mecha-
nisms leading to EMT have yet to be fully clarified. The current study was designed 
to reveal the potential mechanism of microRNA-21 (miR-21) and poly (ADP-ribose) 
polymerase-1 (PARP-1) affecting EMT through the PI3K/AKT signaling pathway. Hu-
man bronchial epithelial cells (16HBE cells) were transfected with miR-21 mimics/in-
hibitors and PARP-1 plasmid/small interfering RNA (siRNA). A dual luciferase reporter 
assay and biotin-labeled RNA pull-down experiments were conducted to verify the 
targeting relationship between miR-21 mimics and PARP-1. The migration ability 
of 16HBE cells was evaluated by Transwell assay. Quantitative real-time polymerase 
chain reaction and Western blotting experiments were applied to determine the 
expression of Snail, ZEB1, E-cadherin, N-cadherin, Vimentin, and PARP-1. The effects 
of the PI3K inhibitor LY294002 on the migration of 16HBE cells and EMT were investi-
gated. Overexpression of miR-21 mimics induced migration and EMT of 16HBE cells, 
which was significantly inhibited by overexpression of PARP-1. Our findings showed 
that PARP-1 was a direct target of miR-21, and that miR-21 targeted PARP-1 to pro-
mote migration and EMT of 16HBE cells through the PI3K/AKT signaling pathway. Us-
ing LY294002 to block PI3K/AKT signaling pathway resulted in a significant reduction 
in the migration and EMT of 16HBE cells. These results suggest that miR-21 promotes 
EMT and migration of HBE cells by targeting PARP-1. Additionally, the PI3K/AKT sig-
naling pathway might be involved in this mechanism, which could indicate its useful-
ness as a therapeutic target for asthma.

INTRODUCTION
Asthma is a heterogeneous chronic airway disease character-

ized by airway inflammation, hyperresponsiveness, and remodel-
ing. The process of airway remodeling is influenced by various 
inflammatory cells, cytokines, and inflammatory mediators [1]. 
Recently, it has been found that airway remodeling is positively 

correlated with the severity of asthma [2]. Airway remodeling 
mainly includes airway smooth muscle thickening, collagen de-
position, and subepithelial fibrosis [3]. At present, there is no ef-
fective therapeutic method to reverse airway remodeling. There-
fore, to design effective treatment, it is particularly important to 
understand the exact mechanism between asthma and airway 
remodeling.
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Epithelial-mesenchymal transition (EMT) is a process by which 
epithelial cells lose their function and characteristics and become 
mesenchymal cells [4]. During EMT progression, the expression 
of epithelial markers such as E-cadherin decreases, but that of 
mesenchymal markers such as Vimentin and N-cadherin in-
creases, and the tight junctions between epithelial cells disappear. 
The EMT progression changes the function and conformation 
of epithelial cells into mesenchymal cells [5]. EMT can be catego-
rized into three types according to functional difference: type I 
is associated with the formation of tissues and organs during the 
embryonic period, type II is predominantly related to tissue fi-
brosis, and type III is mainly involved in tumor cell proliferation, 
metastasis, and invasion. Type II EMT is thought to be associated 
with airway remodeling. Chronic airway inflammation results 
in uncontrolled tissue repair through inducing EMT [6]. EMT 
is also a source of fibroblasts, which play a key role in airway 
remodeling [7]. During chronic airway inflammation, EMT pro-
motes the migration of epithelial cells and excessive secretion of 
extracellular matrix to narrow or block the bronchus, which may 
eventually worsen asthma [8].

MicroRNAs (miRs) are noncoding, single-stranded RNAs 
that regulate gene expression at the post-transcriptional level [9]. 
MiRs base-pair with target messenger RNAs (mRNAs) to silence 
complexes and degrade mRNAs or block translation, thus influ-
encing protein synthesis [10]. About 30% of the human genome 
is targeted by miRs that repress translation or degrade target 
genes [11], playing an important role in lung diseases including 
cancer, asthma, and chronic obstructive pulmonary disease. It 
has been reported that miR-1, miR-21, miR-126, and miR-221 are 
involved in the progression of asthma [12]. MiR-21 could reduce 
the expression level of phosphatase and tensin homolog deleted 
on chromosome 10 (PTEN) by activating the PI3K/AKT signal-
ing pathway, which promotes the proliferation and migration of 
human airway smooth muscle cells [13]. Many studies have sug-
gested that miR-21 is associated with asthma and is a potential 
therapeutic target for asthma. However, the precise mechanism of 
miR-21 in asthma needs to be further explored.

Poly (ADP-ribose) polymerases (PARPs) are a kind of DNA 
repair enzyme that play an important role in cell repair and apop-
tosis [14]. Among all protein family members, PARP-1 is report-
edly significant in allergen-induced inflammation and airway 
hyper-responsiveness [15]. Additionally, PARP-1 could promote 
airway remodeling through inducing nitric oxide and transform-
ing growth factor-β (TGF-β) synthesis [16]. Research has shown 
that use of a selective PARP-1 inhibitor reduced allergen-induced 
asthma-like reaction, bronchial hyper-responsiveness, and airway 
remodeling [17]. TGF-β has been described as one of the main in-
ducers of EMT and activators of the PI3K/AKT signaling pathway 
[18,19]. Inhibiting the PI3K/AKT signaling pathway alleviated 
lung inflammation by reducing the expression of interleukin (IL)-
4, IL-6, IL-8, tumor necrosis factor-α, and immunoglobulin E. 
In addition, inhibition of the PI3K/AKT signaling pathway could 

suppress proliferation of airway smooth muscle cells and airway 
remodeling. We previously used high-throughput sequencing and 
bioinformatics analysis to demonstrate that PARP-1, as a down-
stream target gene of miR-21, might participate in the occurrence 
and development of combined allergic rhinitis and asthma syn-
drome (CARAS) [20].

The aim of the present study was to evaluate the role of miR-21/
PARP-1 in the EMT and migration of human bronchial epithe-
lial (16HBE) cells, focusing on the relationship between miR-21/
PARP-1 and the PI3K/AKT molecular signaling pathway.

METHODS

Cell culture

Human bronchial epithelial (16HBE) cells were purchased 
from Zhongqiaoxinzhou Biotech (Shanghai, China). All cells were 
cultured in Dulbecco’s modified Eagle medium (DMEM) (Gibco, 
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum, 
penicillin, and streptomycin (Thermo Fisher Scientific, Carls-
bad, CA, USA) at 37°C with humidified 5% CO2. Once the cells 
reached 70%–80% confluence, the medium was replaced with 
DMEM containing 1% fetal bovine serum and 30 μM PI3K inhibi-
tor LY294002 (MedChemExpress, New Jersey, NJ, USA) dissolved 
in dimethylsulfoxide (Sigma, St. Louis, MI, USA) for 24 h. The 
cells were incubated with 0.6% of dimethylsulfoxide as a normal 
control. The concentration of dimethylsulfoxide was the same in 
both normal control and experiment groups.

Transfection

The hsa-miR-21 mimics/inhibitor and PARP-1 plasmid/small 
interfering RNA (siRNA) were obtained from GenePharma com-
pany (Suzhou, China). Cells were seeded onto 6-well plates until 
reaching 60%–70% confluence. According to the manufacturer’s 
instructions, cells were transfected with hsa-miR-21 mimics/
inhibitor (10 nM) and PARP-1 plasmid/siRNA (3 μg) using Li-
pofectamine 2000 (Thermo Fisher Scientific, Boston, MA, USA). 
Cells were harvested and extracted for further study 48 h post-
transfection.

Transwell assay

The migration of 16HBE cells was evaluated by Transwell 
assay with 8 μm Transwell filters. Cells transfected with hsa-
miR-21 mimics/hsa-miR-21 inhibitor, PARP-1 plasmid/PARP-1 
siRNA, and controls were incubated in the upper chamber with 
100 μl DMEM without fetal bovine serum at a density of 3 × 104 
cells/well for 24 h. The migration of 16HBE cells was stimulated 
by adding DMEM with 10% fetal bovine serum into the lower 
chamber. Finally, the cells that migrated through the membrane 
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were fixed in 4% paraformaldehyde and stained with Giemsa. 
The migration ability of cells was observed and photographed us-
ing an inverted phase contrast microscope. The experiments were 
replicated three times.

Quantitative real-time polymerase chain reaction 
(qRT-PCR)

Total RNA from the 16HBE cells was extracted using TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA). The first strand of com-
plementary DNA was synthesized by the First Strand cDNA Syn-
thesis Kit (Vazyme, Nanjing, China) following the manufacturer’s 
instructions. Then, qRT-PCR (ABI PRISM7500; ABI, Foster City, 
CA, USA) was performed to analyze the expression levels of RNA 
with AceQ qPCR SYBR Green Master Mix and miRNA Uni-
versal SYBR qPCR Master Mix (Vazyme). The specific primers 
used for qPCR were designed and synthesized by GenePharma 
Company (Table 1). β-Actin was regarded as a housekeeping gene 
for E-cadherin, N-cadherin, Vimentin, ZEB1, Snail, and PARP-1, 
while U6 was used as inner control for miR-21 mimics. The ∆∆Ct 
method was used for estimating the gene expression levels. All 
experiments were performed three times.

Western blot analysis

Protein samples from 16HBE cells were extracted with RIPA 
lysis buffer (Beyotime, Shanghai, China) supplemented with 
protease inhibitors and phosphatase inhibitor (Beyotime) at 4°C 
for 30 min. Then, the concentration of protein was calculated us-
ing the BCA Protein Assay kit (Beyotime). Protein samples were 
subjected to 8% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis and electroblotted onto polyvinylidene membrane. 
Subsequently, the membranes were blocked with 5% skimmed 
milk. The primary antibodies against E-cadherin, N-cadherin, 
Vimentin, PI3K, p-AKT, t-AKT, PARP-1 (CST, Boston, MA, 
USA), Snail, ZEB1 (ABclonal, Wuhan, China), and GAPDH 
(Abcam, Cambridge, UK) were incubated with the membranes 
at 4°C overnight. Then the membranes were washed three times 
and incubated for 2 h with horseradish peroxidase-conjugated 
goat antirabbit Immunoglobulin G secondary antibody at room 

temperature (Abcam). Finally, the protein on the membrane was 
visualized with the Chemiluminescent ECL Detection System 
(Tanon, Shanghai, China) and quantitated by ImageJ version 1.48 
(National Institutes of Health, Bethesda, MD, USA).

Dual-luciferase reporter assay

Wild and mutant 3’-UTRs of PARP-1 chemically synthesised 
were cloned into the pmirGLO dual-luciferase miRNA target 
expression vector (Promega Corp., Madison, WI, USA) between 
the PmeI and XbaI sites. Both sense and antisense primers of wild 
and mutant PARP-1 which had an internal NotI restriction site. 
The wild and mutant clones containing the insertion sequence 
of PARP-1 3’UTR were tested using the NotI restriction enzyme. 
MiR-21 mimics or negative control miRNA were co-transfected 
with wild or mutant PARP-1 3’UTR constructs (200 ng) using Li-
pofectamine 2000 transfection reagent (Invitrogen). Passive lysis 
buffer was used to prepare cell lysate after 24 h of transfection, 
and the luciferase activity was recorded using the dual luciferase 
reporter assay method (Promega Corp.) as instructed by manu-
facturers. Firefly activity was normalized to Renilla activity. The 
experiments were performed three times.

Biotin-labeled RNA pull-down

T4 RNA ligase was attached to a single biotinylated nucleo-
tide to the 3’ terminus of miR-21 strands and normal controls to 
synthesize the biotin-labeled miR-21 mimics probes and normal 
control probes according to the manufacturer’s instructions of 
the Pierce RNA 3’ End Desthiobiotinylation Kit (Thermo Fisher 
Scientific). Then we used the biotin-labeled RNA probes to bind 
Streptavidin Magnetic Beads (Thermo Fisher Scientific) for 1 h 
at room temperature. Whole cell lysates were incubated with the 
mixture RNA-breads overnight at 4°C, the leftover whole cell ly-
sates as the input group. Finally, the RNA-protein complexes and 
input group were detected by Western blot.

Statistical analysis

All experimental data were from three independent replicates 

Table 1. Specific primer sequences for qRT-PCR

Primer name Forward sequence Reverse sequence

U6 CGCTTCGGCAGCACATATAC TTCACGAATTTGCGTGTCATC
miR-21-5p TCGCCCGTAGCTTATCAGACT CAGAGCAGGGTCCGAGGTA
β-actin CGTGGACATCCGCAAAGA GAAGGTGGACAGCGAGGC
PARP-1 CCCCACGACTTTGGGATGAA AGACTGTAGGCCACCTCGAT
E-cadherin TGATTCTGCTGCTCTTGCTG CAAAGTCCTGGTCCTCTTCTCC
N-cadherin GATCCTACTGGACGGTTCGC ACTGAGGCGGGTGCTGAA
Vimentin AGTCCACTGAGTACCGGAGAC CATTTCACGCATCTGGCGTTC
ZEB1 GATGATGAATGCGAGTCAGATGC ACAGCAGTGTCTTGTTGTTGT
Snail GCCTGTCTGCGTGGGTTT TGAGTCTGTCAGCCTTTGTCC
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and expressed as mean ± standard deviation (SD). GraphPad 
Prism software version 8.0 (GraphPad Software, San Diego, 
CA, USA) was used to analyze all data. Differences between the 
groups were assessed by one-way analysis of variance or Student’s 
paired t-test, as appropriate. A p-value of < 0.05 was considered 
statistically significant.

RESULTS

PARP-1 inhibits the migration of 16HBE cells

The 16HBE cells were transfected with PARP-1 plasmid or 
PARP-1 siRNA to explore the effect on migration ability. The pro-
tein and mRNA expression levels of PARP-1 increased in 16HBE 
cells transfected with PARP-1 plasmid, and decreased in 16HBE 
cells transfected with PARP-1 siRNA (Fig. 1A, B). The Transwell 
assay revealed that PARP-1 significantly inhibited the migration 
ability of 16HBE cells (Fig. 1C). Furthermore, blocking PARP-1 
with PARP-1 siRNA increased the number of migrated 16HBE 
cells (Fig. 1C). Therefore, PARP-1 suppressed the migration of 
16HBE cells.

MiR-21 suppresses the expression of PARP-1 and 
PARP-1 is a direct target of miR-21

As shown in Fig. 2A, the transfection of miR-21 mimics and 
miR-21 inhibitor into 16HBE cells was successful. Fig. 2B and 
C show the effects of miR-21 mimics on PARP-1 protein and 
mRNA. The protein and mRNA expressions of PARP-1 were 
inhibited significantly by miR-21 mimics. In contrast, the protein 
and mRNA expression levels of PARP-1 increased in cells trans-
fected with miR-21 inhibitor. However, the changes in PARP-1 
induced by miR-21 mimics or miR-21 inhibitor were reversed by 
PARP-1 plasmid or PARP-1 siRNA. As bioinformatics analysis 
showed, PARP-1 was predicted as a potential target of miR-21 (Fig. 
2D). We verified the target-regulatory relationship between miR-
21 and PARP-1 by dual-luciferase reporter assay. As Fig. 2D illus-
trates, miR-21 mimics could bind to PARP-1 mRNA and promote 
its degradation in the wild-type 3’UTR PARP-1 group, while they 
did not affect the stability of PARP-1 expression in the mutant 
3’UTR PARP-1 group. Western blot with anti-PARP-1 antibody 
detected the existence of PARP-1 within biotin-labeled miR-21 
mimics probes pull-down samples, but the normal control probes 
group did not detect the existence of PARP-1 (Fig. 2E). These 
findings indicate that miR-21 targets PARP-1 directly.

Fig. 1. PARP-1 inhibits the migration of 16HBE cells. (A, B) Western blot and qRT-PCR were performed to evaluate the protein and mRNA expres-
sions of PARP-1 in 16HBE cells transfected with NC, PARP-1 plasmid, or PARP-1 siRNA after 48 h. The experiments were replicated three times and pre-
sented as mean ± SD. *p < 0.05 vs. NC group. (C) Effects of PARP-1 on migration in 16HBE cells were detected by Transwell assay. Scale bars = 50 μm. 
The experiments were replicated three times and presented as mean ± SD. PARP-1, poly (ADP-ribose) polymerase-1; 16HBE, Human bronchial epithelial 
cell; NC, normal control; siRNA, small interfering RNA; siPARP-1, PARP-1 siRNA. *p < 0.05 vs. NC group, **p < 0.01 vs. NC group.
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Fig. 2. MiR-21 suppresses PARP-1 expression and PARP-1 is a direct target of miR-21. (A–C) The 16HBE cells were transfected with NC, miR-21 
mimics, miR-21 inhibitor, miR-21 mimics + PARP-1 plasmid, or miR-21 inhibitor + PARP-1 siRNA. Expressions of miR-21 and PARP-1 mRNA were de-
tected by qRT-PCR and the protein expression of PARP-1 was detected by Western blot 48 h post-transfection. The experiments were replicated three 
times and presented as mean ± SD. *p < 0.05 vs. NC group, **p < 0.01 vs. NC group, †p < 0.05 vs. miR21 or miR-21 inhibitor group, ††p < 0.01 vs. miR-
21 inhibitor group. (D) The potential binding site between miR-21 and 3’UTR of PARP-1 mRNA is shown. Luciferase activities of 16HBE cells transfected 
with NC, miR-21 mimics, PARP-1 Wt, PARP-1 Mut, miR-21 mimics + PARP-1 Wt, or miR-21 mimics + PARP-1 Mut were measured by luciferase reporter 
assay. The experiments were replicated three times and presented as mean ± SD. **p < 0.01 vs. NC group. (E) Western blot was used to detect the 
binding capacity of biotin-labeled miR-21 mimics probes with PARP-1 protein. The experiments were replicated three times. miR-21, microRNA-21; 
PARP-1, poly (ADP-ribose) polymerase-1; 16HBE, Human bronchial epithelial cell; NC, normal control; siRNA, small interfering RNA; siPARP-1, PARP-1 
siRNA; UTR, untranslated region; Wt, wild type; Mut, mutant.

A

C D
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Fig. 3. Effects of miR-21/PARP-1 on mi-
gration of 16HBE cells. (A, B) The 16HBE 
cells were transfected with NC, miR-21 
mimics, miR-21 inhibitor, miR-21 mimics 
+ PARP-1 plasmid, or miR-21 inhibitor + 
PARP-1 siRNA. Transwell assay was per-
formed to assess the effects of miR-21/
PARP-1 on the migration of 16HBE cells. 
Scale bars = 50 μm. The experiments 
were replicated three times and pre-
sented as mean ± SD. ***p < 0.001 vs. NC 
group, †††p < 0.001 vs. miR21 inhibitor 
group, ††††p < 0.0001 vs. miR21 group. (C) 
Images of the cell morphology 72 h post 
transfection. Scale bars = 50 μm. miR-21, 
microRNA-21; PARP-1, poly (ADP-ribose) 
polymerase-1; 16HBE, Human bronchial 
epithelial cell; NC, normal control; siRNA, 
small interfering RNA; siPARP-1, PARP-1 
siRNA.
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Effects of miR-21/PARP-1 on the migration of 16HBE 
cells

As shown in Fig. 2A, PARP-1 is a direct target of miR-21. The 
cells were transfected with miR-21 mimics or miR-21 inhibitor 
to study the effects of miR-21 mimics on the migration ability 
of 16HBE cells. Fig. 3A illustrates that the migration ability of 
16HBE cells was enhanced with overexpression of miR-21 mim-
ics, but reduced with cotransfection of PARP-1 plasmid. The op-
posite results were observed in 16HBE cells transfected with miR-
21 inhibitor, and reversed by co-transfecting PARP-1 siRNA (Fig. 
3B). Phase contrast microscope images of 16HBE cells transfected 
with normal control, miR-21 mimics, miR-21 inhibitor, PARP-
1 plasmid, or PARP-1 siRNA show that 16HBE cells transfected 
with miR-21 mimics or PARP-1 siRNA adopted a spindle-like 
shape, whereas cells transfected with normal control, miR-21 
inhibitor, or PARP-1 plasmid adopted a cobblestone-like appear-
ance (Fig. 3C) These results indicate that miR-21 could promote 
the migration of 16HBE cells via regulating the expression of 
PARP-1 and further implicate the influence of miR-21 mimics 
and PARP-1 on EMT in 16HBE cells.

Effects of PARP-1 on the expression of EMT-related 
proteins and EMT-regulating transcription factors

To elucidate the effect of PARP-1 on the EMT of 16HBE cells, 
we used Western blot analysis and qRT-PCR to evaluate the ex-
pression of EMT-regulating transcription factors and EMT-relat-
ed proteins. The Western blot analysis demonstrated that PARP-
1 significantly increased the protein expression of the epithelial 
marker E-cadherin, but decreased the protein expression of mes-
enchymal markers Vimentin and N-cadherin, as well as EMT-
regulating transcription factors Snail and ZEB1. Meanwhile, the 
opposite results were observed in cells transfected with PARP-1 
siRNA (Fig. 4A, C). Fig. 4B and D illustrate consistent changes in 
mRNA expression levels of EMT-regulating transcription factors 
and EMT-related proteins. These results suggest that PARP-1 sup-
presses the EMT of 16HBE cells.

Overexpression of PARP-1 alleviates the EMT induced 
by miR-21 mimics in 16HBE cells

To identify the role of the miR-21/PARP-1 axis on the EMT 
of 16HBE cells, we transfected normal controls, miR-21 mimics, 

Fig. 4. Effects of PARP-1 on expression of EMT-related proteins and EMT-regulating transcription factors. (A, C) Western blot analysis evaluated 
the expression of Snail, ZEB1, N-cadherin, Vimentin and E-cadherin in 16HBE cells transfected with NC, PARP-1 plasmid, or PARP-1 siRNA after 48 h. The 
experiments were replicated three times and presented as mean ± SD. *p < 0.05 vs. NC group, **p < 0.01 vs. NC group. (B, D) The mRNA expressions 
of Snail, ZEB1, N-cadherin, Vimentin, and E-cadherin in 16HBE cells transfected with NC, PARP-1 plasmid, or PARP-1 siRNA after 48 h, as detected by 
qRT-PCR. The experiments were replicated three times and presented as mean ± SD. PARP-1, poly (ADP-ribose) polymerase-1; EMT, epithelial-mesen-
chymal transition; 16HBE, Human bronchial epithelial cell; NC, normal control; siRNA, small interfering RNA; siPARP-1, PARP-1 siRNA. *p < 0.05 vs. NC 
group, **p < 0.01 vs. NC group, ***p < 0.001 vs. NC group.
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miR-21 inhibitor, miR-21 mimics + PARP-1 plasmid, or miR-21 
inhibitor + siPARP-1 into 16HBE cells. As presented in Fig. 5A, B, 
E, and F, miR-21 mimics could increase the protein and mRNA 
expressions of EMT-regulating transcription factors Snail and 
ZEB1 and mesenchymal marker N-cadherin and Vimentin, but 
decrease the protein and mRNA expression of epithelial marker 
E-cadherin. Further, the changes of EMT-related proteins N-
cadherin, Vimentin, and E-cadherin could be reversed by PARP-

1 overexpression (Fig. 5E, F). Opposite results were observed in 
16HBE cells transfected with miR-21 inhibitor or miR-21 inhibi-
tor + siPARP-1 (Fig. 5C, D, G, and H). The results suggest that 
overexpression of PARP-1 could alleviate the EMT of 16HBE cells 
induced by miR-21 mimics.

BA

C D

E F

G H

Fig. 5. Overexpression of PARP-1 alleviates the EMT induced by miR-21 mimics in 16HBE cells. (A, C, E, G) Western blot analysis evaluated the 
protein expression of Snail, ZEB1, N-cadherin, Vimentin, and E-cadherin in 16HBE cells transfected with NC, miR-21 mimics, miR-21 inhibitor, miR-21 
mimics + PARP-1 plasmid or miR-21 inhibitor + PARP-1 siRNA after 48 h. The experiments were replicated three times and presented as mean ± SD. 
*p < 0.05 vs. NC group, **p < 0.01 vs. NC group, †p < 0.05 vs. miR21 or miR21 inhibitor group, ††p < 0.01, vs. miR21 or miR21 inhibitor group. (B, D, F, H) 
The mRNA expression of Snail, ZEB1, E-cadherin, Vimentin, and E-cadherin in 16HBE cells transfected with NC, miR-21 mimics, miR-21 inhibitor, miR-
21 mimics + PARP-1 plasmid, or miR-21 inhibitor + PARP-1 siRNA after 48 h were detected by qRT-PCR. The experiments were replicated three times 
and presented as mean ± SD. PARP-1, poly (ADP-ribose) polymerase-1; EMT, epithelial-mesenchymal transition; miR-21, microRNA-21; 16HBE, Human 
bronchial epithelial cell; NC, normal control; siRNA, small interfering RNA; siPARP-1, PARP-1 siRNA. *p < 0.05 vs. NC group, **p < 0.01 vs. NC group, ***p 
< 0.001 vs. NC group, ****p < 0.0001 vs. NC group, †p < 0.05 vs. miR21 inhibitor group, ††p < 0.01 vs. miR21 group, †††p < 0.001 vs. miR21 group.
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Effects of miR-21/PARP-1 on the PI3K/AKT signaling 
pathway

To further evaluate a possible molecular mechanism involved 
in the EMT of 16HBE cells induced by miR-21/PARP-1, we used 
Western blot analysis to detect molecular proteins related to the 

PI3K/AKT signaling pathway. The results revealed that PARP-
1 reduced the protein expressions of p-AKT and PI3K (Fig. 6A). 
MiR-21 mimics promoted the protein expressions of p-AKT and 
PI3K, and the elevated proteins of p-AKT and PI3K promoted 
by miR-21 mimics could be reversed by PARP-1 overexpression. 
MiR-21 inhibitor played an opposite role in the protein expres-

Fig. 6. Effects of miR-21/PARP-1 on the PI3K/AKT signaling path-
way. (A–C) Western blot analysis evaluated the expression of PI3K/
AKT-signaling-pathway-related molecular proteins in 16HBE cells 
transfected with NC, miR-21 mimics, miR-21 inhibitor, PARP-1 plasmid, 
PARP-1 siRNA, miR-21 mimics + PARP-1 plasmid, or miR-21 inhibitor + 
PARP-1 siRNA after 48 h. The experiments were replicated three times 
and presented as mean ± SD. PARP-1, poly (ADP-ribose) polymerase-1; 
16HBE, Human bronchial epithelial cell; NC, normal control; miR-21, mi-
croRNA-21; siRNA, small interfering RNA; siPARP-1, PARP-1 siRNA. *p < 
0.05 vs. NC group, **p < 0.01 vs. NC group, ***p < 0.001 vs. NC group, †p 
< 0.05 vs. miR21 or miR-21 inhibitor group, ††p < 0.01 vs. miR21 inhibitor 
group.

BA
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sions of p-AKT and PI3K. Also, the effect of miR-21 inhibitor 
on the protein expressions of p-AKT and PI3K was reversed by 
PARP-1 siRNA (Fig. 6C). However, as indicated in Fig. 6A–C, 
there were no changes in the protein expression level of t-AKT in 
each group. In summary, miR-21 activated the PI3K/AKT signal-
ing pathway by targeting PARP-1.

PI3K inhibitor LY294002 inhibits the migration of 
16HBE cells

To further clarify the effect of the PI3K/AKT signaling path-
way on regulating the migration of 16HBE cells, we co-cultured 
the 16HBE cells with LY294002, a PI3K inhibitor, under the 
starvation condition before transfection. The results showed that 
LY294002 could reduce the number of migrated 16HBE cells in-
duced by miR-21 mimics (Fig. 7A). Identical effects of LY294002 

on migration ability were found in 16HBE cells transfected with 
PARP-1 siRNA (Fig. 7B). These findings indicate that miR-21/
PARP-1 might regulate the migration of 16HBE cells through the 
PI3K/AKT signaling pathway.

MiR-21/PARP-1 regulates the EMT of 16HBE cells via 
activation of the PI3K/AKT signaling pathway

We administered the PI3K inhibitor LY294002 to 16HBE cells 
before transfecting them with miR-21 mimics or PARP-1 siRNA 
to determine the effect on the PI3K/AKT signaling pathway. As 
illustrated in Figs. 8A and B, activation of the pathway by miR-21 
mimics or PARP-1 siRNA was blocked by LY294002. LY294002 
also remarkably ameliorated the decreased protein expression of 
epithelial marker E-cadherin and increased protein expression 
of mesenchymal markers Vimentin and N-cadherin induced by 

Fig. 7. PI3K inhibitor LY294002 in-
hibits the migration of 16HBE cells. 
(A, B) The PI3K inhibitor LY294002 was 
used to study effects on the migration 
of 16HBE cells transfected with NC, miR-
21 mimics, or PARP-1 siRNA. The experi-
ments were replicated three times and 
presented as mean ± SD. 16HBE, Human 
bronchial epithelial cell; NC, normal con-
trol; miR-21, microRNA-21; PARP-1, poly 
(ADP-ribose) polymerase-1; siRNA, small 
interfering RNA; siPARP-1, PARP-1 siRNA; 
D, dimethylsulfoxide; LY, LY294002. Scale 
bars = 50 μm. *p < 0.05 vs. NC + D group, 
***p < 0.001 vs. NC + D group, ††p < 0.01 
vs. siPARP-1 + D group, †††p < 0.001 vs. 
miR21 + D group.
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Fig. 8. MiR-21/PARP-1 regulates the EMT of 16HBE cells via activation of the PI3K/AKT signaling pathway. (A, B) Western blot analysis evaluated 
the protein expressions of PI3K/AKT-signaling-pathway-related molecular proteins in 16HBE cells transfected with NC, miR-21 mimics, or PARP-1 siRNA 
after 48 h. The experiments were replicated three times and presented as mean ± SD. *p < 0.05 vs. NC + D group, **p < 0.001 vs. NC + D group, †p < 
0.05 vs. miR21 + D or siPARP-1 + D group. (C–F) Effects of LY294002 on the EMT-related proteins in 16HBE cells transfected with NC, miR-21 mimics, or 
PARP-1 siRNA, as detected by Western blot and qRT-PCR after 48 h. The experiments were replicated three times and presented as mean ± SD. miR-21, 
microRNA-21; PARP-1, poly (ADP-ribose) polymerase-1; EMT, epithelial-mesenchymal transition; 16HBE, Human bronchial epithelial cell; NC, normal 
control; siRNA, small interfering RNA; siPARP-1, PARP-1 siRNA; D, dimethylsulfoxide; ns, not significant; LY, LY294002. *p < 0.05 vs. NC + D group, **p < 0.01 
vs. NC + D group, ***p < 0.001 vs. NC + D group, ****p < 0.0001 vs. NC + D group, †p < 0.05 vs. miR21 + D or siPARP-1 + D group, ††p < 0.01 vs. miR21 + 
D or siPARP-1 + D group, †††p < 0.001 vs. miR21 + D or siPARP-1 + D group.
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miR-21 mimics or PARP-1 siRNA. However, LY294002 had no ef-
fect on the protein expression of PARP-1 (Fig. 8C, E). Comparable 
results from qRT-PCR were also observed (Fig. 8D, F). Thus, these 
findings demonstrate that miR-21/PARP-1 induces the EMT and 

migration of 16HBE cells via activation of the PI3K/AKT signal-
ing pathway, as illustrated in Fig. 9.
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Fig. 8. Continued.

Fig. 9. Schematic diagram illustrat-
ing how miR-21/PARP-1 activates 
the PI3K/AKT signaling pathway to 
induce EMT and migration of 16HBE 
cells. miR-21, microRNA-21; PARP-1, poly 
(ADP-ribose) polymerase-1; EMT, epi-
thelial-mesenchymal transition; 16HBE, 
Human bronchial epithelial cell.
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DISCUSSION
Several previous studies have reported on the role of miR-21 

and PARP-1 in the development of asthma [12,13,18]. Our previ-
ous research, targeting PARP-1 using high-throughput sequenc-
ing and bioinformatics analysis, reported that miR-21 might 
be involved in the pathogenesis of CARAS [20]. We also found 
that miR-21/PARP-1 regulated the apoptosis and proliferation 
of 16HBE cells in vitro (data unpublished). However, no data 
are currently available on the role of miR-21 in the pathological 
mechanism of asthma via regulating PARP-1. The present study 
analyzed the expression levels of EMT-related proteins and EMT-
regulating transcription factors and changes of migration ability 
to explore the effects of miR-21/PARP-1 on the EMT in 16HBE 
cells. The results suggested that miR-21 induced the EMT and 
migration of 16HBE cells by targeting PARP-1, and the PI3K/
AKT signaling pathway likely participated in the molecular 
mechanism.

P110γ and P110δ are catalytic subunits of PI3K, which are 
dramatically expressed in lymphocytes and related to neutrophil 
activation and mast cell degranulation, eventually contributing 
to the development of inflammation. PTEN could downregulate 
PI3K and maintain normal immune balance to avoid immune-
related disease [21]. Many studies have suggested that the PI3K/
AKT signaling pathway plays an important role in the pathogen-
esis of asthma and that inhibition of this pathway could alleviate 
the inflammation of lung disease. For example, activation of the 
TLR4-PI3Kδ axis was related to nuclear translocation of nuclear 
factor-κB and mitochondrial reactive oxygen species generation 
in house-dust-mite-induced allergic asthma [22]. In allergic asth-
ma, IL-17A activated the PI3K/AKT signaling pathway and fur-
ther promoted the secretion of IL-8 and TGF-β1, which resulted 
in EMT and exacerbated asthma [23,24].

MiR21 has been reported to be highly expressed as an onco-
gene in various human cancers, including lung, breast, ovarian, 
colon, rectal, and prostate cancer [25]. Analysis of lung cancer 
biopsy specimens showed that miR-21-5p was increased signifi-
cantly in lung adenocarcinoma compared with adjacent tissues 
and cells [26]. The levels of plasma miR-21 in asthmatic children 
were upregulated, and miR-21 was a better asthma biomarker 
than other miRs [10]. Analysis of transcriptional regulation of the 
gene expression signature also suggested that the levels of miR-
21 in people with CARAS were higher than those in a control 
group [20]. Previous research confirmed that TGF-β1 stimulated 
proliferation of airway smooth muscle cells in rats via Smad2/3-
signaling-pathway-mediated upregulation of miR-21 and phos-
phorylation of the PI3K/AKT signaling pathway [27]. Moreover, 
in vivo study found that infection-induced miR-21 expression 
promoted phosphorylation of PI3K/AKT, which suppressed his-
tone deacetylase 2 and resulted in steroid insensitivity [28].

It has been reported that LncRNA-CASC7 enhanced the corti-
costeroid sensitivity of airway smooth muscle cells via inhibiting 

the PI3K/AKT signaling pathway by targeting miR-21 [29]. In 
addition, inhibiting the expression of miR-21 has been shown 
to upregulate Smad7 protein expression, which could attenuate 
the airway remodeling aggravated by the TGF-β/Smad signaling 
pathway [30] and reverse the EMT of pulmonary epithelial cells 
induced by TGF-β [31]. Furthermore, inhibiting miR-21 expres-
sion could reduce bleomycin-induced pulmonary fibrosis in rats 
[32]. MiR-21 is overexpressed in non-small-cell lung cancer com-
pared to adenocarcinomas, squamous cell carcinomas, and these 
mixed tumors; Dai et al. [33] did research on the five types of hu-
man lung cancer cells and found that miR-21 promoted EMT via 
PTEN/AKT/GSK3β signaling, which regulates the proliferation, 
migration and apoptosis of lung cancer cells. Our study found 
that the PI3K inhibitor LY294002 could inhibit the EMT and mi-
gration induced by miR-21 in 16HBE cells in vitro. Our findings 
consistently suggested that miR-21 works as an inducer of EMT 
by promoting the PI3K/AKT signaling pathway in 16HBE cells.

The activation of PARP-1 could post-translationally modify 
transcription factors by poly (ADP-ribosylation) which affects 
the transcription of inflammation genes. Recent in vivo studies 
suggest that activation of PARP-1 contributes to airway inflam-
mation in numerous animal models. In one study, inhibition of 
PARP-1 prevented eosinophil recruitment via modulating Th2 
cytokines, thus alleviating allergic airway inflammation in a mu-
rine model [34]. Other research found that activation of PARP-1 
was critical for migration of dendritic cells from peripheral blood 
to the lung in a murine model, but not associated with differen-
tiation and function of dendritic cells [35]. Another study showed 
that PARP was activated in peripheral blood and lung tissue in 
asthmatic patients, and inhibition of PARP by gene knockout 
or Olaparib could block established asthmatic features, includ-
ing production of Th2 cytokines and mucus, and airway hyper-
responsiveness [36]. All of these studies showed a protective effect 
of PARP-1 inhibition against asthma. Conversely, our study dem-
onstrated that PARP-1 is a direct target of miR-21 and is nega-
tively regulated by it. Silencing PARP-1 could induce EMT, as well 
as promote the migration of 16HBE cells by activating the PI3K/
AKT signaling pathway. The contradiction may be explained by 
the different studies being in vitro versus in vivo. Thus, further 
study is needed to ascertain the biological function of PARP-1.

Severe asthma is defined as that which requires a high dose of 
inhaled corticosteroids plus a second controller or systemic corti-
costeroids to prevent it from becoming “uncontrolled,” or asthma 
that remains ‘‘uncontrolled’’ despite this therapy [37]. There has 
been evidence that recurring EMT could lead to airway remodel-
ing and eventually exacerbate asthma. EMT has been considered 
a gradual process and a reversible condition. However, recent re-
search suggests that airway remodeling happens in the early onset 
of asthma, but not after airway inflammation [38]. Therefore, in-
hibition of EMT could reverse the airway remodeling and prevent 
the exacerbation of asthma. Our study indicates that miR-21 and 
PARP-1 may be potential therapeutic targets for severe asthma.
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In summary, our study showed that miR-21 could promote the 
EMT and migration of HBE cells by targeting and downregulat-
ing PARP-1 and activating the PI3K/AKT signaling pathway. Fur-
ther study on the interaction of miR-21, PARP-1, and the PI3K/
AKT signaling pathway in asthma is necessary and promising.
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