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Background: Persistent exposure to cigarette smoke or biomass fuels induces oxidative 

stress and apoptosis in bronchial epithelium, which is one of the most important pathogenic 

mechanisms of chronic obstructive pulmonary disease (COPD). Fine particulate matter (PM
2.5

) 

is an aggravating risk factor of COPD exacerbation. Animal evidence showed PM
2.5

accelerated 

lung inflammation and oxidative stress in COPD mice, but the mechanism is still not clear. 

Recently, we found that miR-194-3p is a novel biomarker of both COPD and PM
2.5

 exposure, 

and miR-194 family has been reported to be involved in cell proliferation and apoptosis. Thus, 

we propose a hypothesis: PM
2.5

 can accelerate apoptotic response of airway epithelial cells in 

COPD and miR-194 is a potential involved regulator.

Materials and methods: Human bronchial epithelial cells (HBEpiCs) were treated with 

normal media, cigarette smoke solution (CSS) and PM
2.5

-CSS for 24 h. miR-194-3p mimics, 

inhibitors and scrambled controls were non-transfected or pre-transfected into HBEpiCs for 

48 h. MircroRNAs and mRNA expression were quantified by qRT-PCR. Protein expression 

was analyzed by western blotting. Caspase activities, mitochondrial membrane potential and 

TUNEL-positive cells were detected to analyze apoptosis. Bioinformatics and luciferase analysis 

were used to identify the predicted binding site of miR-194-3p and potential targets.

Results: In our study, we found that PM
2.5

 significantly aggravated apoptosis in cigarette- 

inflamed HBEpiCs. miR-194-3p was dramatically downregulated in PM
2.5

-CSS-treated 

HBEpiCs. Bioinformatics and luciferase experiments reported that death-associated protein 

kinase 1 (DAPK1), regulating caspase 3 activities in apoptosis, was directly targeted by miR-

194-3p. Inhibition of miR-194-3p increased DAPK1 expression and apoptosis in normal HBEpiCs. 

Importantly, overexpression of miR-194-3p suppressed apoptosis in PM
2.5

-CSS HBEpiCs.

Conclusion: These results suggested that miR-194-3p was a protective regulator involved in 

apoptosis pathway and a potential therapeutic target for treatment of bronchial epithelial injury 

aggravation induced by PM
2.5

.

Keywords: fine particulate matter, PM
2.5

, apoptosis, COPD, bronchial epithelial cells, 

miR-194-3p

Introduction
Chronic obstructive pulmonary disease (COPD) is characterized by persistent and 

aggressive airflow limitation and lung inflammation,1 and COPD has become the 

third highest cause of death in the world.2 One of the most important pathogenic 

mechanisms of COPD is inflammatory response and abnormal apoptosis in airway 

epithelium, due to long-term exposure to cigarette smoke or biomass fuels.3–6 Not 

only that, the inflammation and cell apoptosis induced by cigarette smoke remain in 
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the lungs after quitting smoking.7,8 Thus, COPD is not easily 

managed and causes severe economic burden. Air pollution is 

one of the most challenging problems in COPD management. 

According to the World Health Organization, approximately 

14% of 3.7 million deaths in 2012 were associated with 

COPD and respiratory infection.9

Particulate matter (PM) is a complex mixture of small 

particles and liquid droplets in the air, and fine particulate 

matter (PM
2.5

) is the PM with a diameter of 2.5 μm or less.10 

Once inhaled, PM
2.5

 deposits in lung tissues and diffuses 

in blood inducing airway and systematic inflammation.11,12 

In recent decades, epidemiological studies demonstrated 

that PM
2.5

 is an aggravating risk factor of COPD exacerba-

tion. The latest systemic review showed that every 10 μg/

m3 increase of PM
2.5

 was associated with a 2.5% increased 

risk of COPD-related emergency visits and hospital admis-

sions.13 Animal studies have shown that PM
2.5

 accelerated 

the original lung inflammation in COPD mice,14 but the 

mechanism is still not clear.

MicroRNAs (miRNAs) are a class of endogenous small 

noncoding RNAs regulating cell development, proliferation, 

differentiation and death.15,16 miRNAs are confirmed to play 

an important role in the pathogenesis of COPD. For example, 

the downregulation of miR-146a17 and the upregulation of 

miR-22318 were associated with the inflammatory responses 

of COPD. Meanwhile, miRNAs are sensitive biomarkers 

to PM
2.5

. Expression of miRNAs such as miR-9, miR-10b 

and miR-21 were significantly altered after exposure to 

PM
2.5

,19 suggesting that miRNAs might be ideal tools for 

understanding the mechanism of PM
2.5

 in COPD.

In our unpublished data, we found that miR-194-3p was 

a novel biomarker of COPD, and miR-194-3p was also cor-

related with PM
2.5

-induced lung function decline (Zhou et al, 

unpublished material, 2018). miR-194 family participates 

in cell proliferation and senescence.20–23 Recently, miR-194 

was confirmed to express in non-small lung cancer cells.24 

However, miR-194 has not been discussed either in COPD 

or in PM
2.5

 exposure. Thus, we suggested a hypothesis that 

PM
2.5

 regulates the expression of miR-194-3p and accelerates 

apoptosis of cigarette-inflamed bronchial epithelial cells. In 

this study, we aimed to find out whether PM
2.5

 accelerated 

apoptosis and altered the expression of miR-194-3p in ciga-

rette-inflamed human bronchial epithelial cells (HBEpiCs). If 

so, we aimed to further explore the underlying mechanism.

Materials and methods
Cigarette smoke solution (CSS)
According to the method of Blue and Janoff,25 smoke from 

one cigarette was pumped slowly into a negative pressure 

tube that contained 10 mL of sterile medium via a 50 mL 

syringe. After being filtered through 22 μm filters, the con-

centration of the original CSS was considered to be 100%. 

The concentration of final CSS was 5%.

PM2.5
The preparation of PM

2.5
 has been already described.26 

Briefly, PM
2.5

 was gathered by a PM
2.5

 high volume sampler 

system (Staplex® No PM-2.5 SSI; USA) set on the roof of 

Peking University First Hospital, which was located very 

close to one of the busiest roads in central Beijing. Glass fiber 

filter paper (20.3×25.4 cm) was used to collect PM
2.5

 with an 

air flow rate of 1.13 m3/min. Then, the paper was sonicated 

three times with deionized water. Finally, the filtered products 

were lyophilized and refrigerated at −80°C. Final extracted 

PM
2.5

 was suspended and sonicated in culture media to ensure 

that the stimulus dose for cells was 500 ng/mL.

Cell culture
HBEpiCs (ScienCell Research Laboratories, Inc., San 

Diego, CA, USA) were cultured in bronchial epithelial cell 

medium (ScienCell Research Laboratories, Inc.) at 37°C in 

a 5% CO
2
 atmosphere. In total, 30 nM miR-194-3p mimics, 

inhibitors or scrambled controls were non-transfected or 

pre-transfected into HBEpiCs with DMEM with 3% fetal 

calf serum (Thermo Fisher Scientific, Waltham, MA, USA) 

for 48 h. Transfection of each reagent was performed using 

Lipofectamine® 3000 (Thermo Fisher Scientific). The mim-

ics and negative control of miR-194-3p were chemically 

synthesized as double-stranded RNAs (GenePharma Co., 

Ltd., Shanghai, China) using the following sequence (5′→3′): 
mimics sense CCAGUGGGGCUGCUGUUAUCUG and 

anti-sense GAUAACAGCAGCCCCACUGGUU; negative 

control sense UUCUCCGAACGUGUCACGUTT and anti-

sense ACGUGACACGUUCGGAGAATT. The inhibitors 

and inhibitor-negative control were synthesized as single-

stranded RNAs using the following sequence: inhibitor 

CAGAUAACAGCAGCCCCACUGG and inhibitor-negative 

control CAGUACUUUUGUGUAGUACAA. Before 

analysis, HBEpiCs were treated with normal media, CSS or 

PM
2.5

-CSS for 24 h.

Quantitative assessment of miRNA 
and mRNA
Total RNA was isolated from HBEpiCs via TRIzol® Reagent 

(Thermo Fisher Scientific). For mRNA analyzing, 1 ug of 

total RNA quantified by Nanodrop 2000 (Thermo Fisher 

Scientific) was reverse transcribed into 20 μL of complemen-

tary DNA using High Capacity cDNA Reverse Transcription 
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Kit (Thermo Fisher Scientific), while for analysis of miRNA, 

600 ng of total RNA was reverse transcribed by Mir-X 

miRNA First-Strand Synthesis Kit (TAKARA, Tokyo, 

Japan). qRT-PCR was performed on StepOnePlus Real-

Time PCR System (Thermo Fisher Scientific) in a 20 μL 

reaction that contained 1 μL of cDNA and Power SYBR® 

Green PCR Master Mix (Thermo Fisher Scientific). Relative 

expressions of death-associated protein kinase 1 (DAPK1) 

and miR-194-3p were determined. β-Actin and U6 were 

used as the reference genes, respectively. The sequences of 

primers for miRNA analysis were as follows (5′→3′): U6 

from Mir-X miRNA First-Strand Synthesis Kit; hsa-miR-

194-3p ATTATTCCAGTGGGGCTGCT. Gene primers 

for mRNA analysis: hsa-β-actin forward CTGTGGCATC 

CACGAAACTA, reverse GTGTTGGCGTACAGGTCTT; 

hsa-DAPK1 forward GTGGATGGTCATTGCAGTTTAAG, 

reverse TACTGGAGGATGAGAGATGGAG.

Luciferase analysis
According to the binding site on DAPK1 mRNA 3′-untranslated 

region (3′-UTR), a wild-type (wt) DAPK1-3′-UTR gene or a 

mutated (mut) DAPK1-3′-UTR gene was constructed and 

cloned into the reporter vector; pMIR-REPORT miRNA 

expression reporter vector (Obio Technology Corp., Shanghai, 

China). The HEK293T cells (National Infrastructure of 

Cell Line Resource, Shanghai, China Infrastructure of Cell 

Line Resource, China) were transfected with empty vector, 

DAPK1-3′-UTR-wt vector and DAPK1-3′-UTR-mut vector 

with miR-194-3p mimic or scramble control. After 48 h, the 

transfected cells were analyzed by Dual-Luciferase Reporter 

Assay System (Promega Corporation, Fitchburg, WI, USA).

Immunoblotting analysis
Proteins were extracted from cell lysis. The expressions 

of caspase 3 (anti-pro-caspase 3 from Abcam plc.; anti-

cleaved-caspase 3 from Cell Signaling Technology, Inc.) 

and caspase 9 (anti-caspase 9, from Abcam plc.) in cell lysis 

were analyzed using 12% SDS-PAGE, whereas DAPK1 (anti-

DAPK1, from Sigma-Aldrich Co., St Louis, MO, USA.), 

AKT (anti-AKT, from Cell Signaling Technology, Inc.) and 

phosphorylated AKT (anti-phos-AKTser473, from Cell Signal-

ing Technology, Inc.) were analyzed using 10% SDS-PAGE. 

β-Actin (anti-β-actin, from #TA-09, ZSGB-BIO, China) was 

the reference control. After being resolved by SDS-PAGE, 

proteins were transferred to Polyvinylidene Fluoride (PVDF) 

membranes and then blocked with 5% bovine serum albumin 

(Sigma-Aldrich Co.) for 1 h. Next, the membranes were 

separately incubated with primary antibodies at 4°C over-

night, and then with appropriate HRP-conjugated secondary 

antibody (from #ZDR-5306 and -5307, ZSGB-BIO) at 

room temperature for 1 h. After detecting signals using ECL 

reagents (Merck Millipore, Billerica, MA, USA), gray value 

of different proteins was quantified with ImageJ v1.28 and 

normalized to β-actin.

TUNEL analysis
TUNEL (Roche Molecular Systems, Inc., Basel, Switzerland) 

staining was used for measuring DNA fragmentation. 

HBEpiCs were fixed before detection. The procedures were 

carried out according to the manufacturer’s instructions.

Caspase-3/7-positive cell detection and 
TMRM detection
The CellEvent™ Caspase-3/7 Green detection reagent (Thermo 

Fisher Scientific) labels nuclei of caspase 3/7-positive cells to 

report apoptosis. Tetramethylrhodamine, methyl ester reagent 

(TMRM; Thermo Fisher Scientific) was used to observe the 

mitochondrial membrane potential. HBEpiCs were loaded 

with 50 nM TMRM followed by 20 μM CellEvent™ detec-

tion reagent. Each reagent was incubated for 30 min, and 

fluorescence signals were observed in living cells.

Statistical analysis
All experiments were conducted independently at least 3 rep-

licates. Continuous variables are presented as mean ± SD. 

Data were analyzed using SPSS 13.0 (SPSS Inc., Chicago, 

IL, USA), and bar graphs were protracted using Prism (ver-

sion 5.0, GraphPad Software Ltd, San Diego, CA, USA). If 

the data distribution was normal, comparisons among three 

or more groups were estimated with an ANOVA test and 

comparisons between two groups were estimated by two-

tailed Student’s t-test. If the data distribution was not normal, 

comparisons were estimated by Wilcoxon signed-rank test 

for nonparametric analysis. p,0.05 was considered statisti-

cally significant.

Results
PM2.5 increased the apoptotic response in 
cigarette-inflamed HBEpiCs
To verify the effect of PM

2.5
 in cigarette-inflamed bronchial 

epithelium, HBEpiCs were cultured with normal media, 

CSS or PM
2.5

-CSS for 24 h. Typical features of apoptosis 

were evaluated including mitochondrial membrane potential 

loss, DNA fragmentation and caspase activation. Caspase 

activities and mitochondrial membrane potential were 

detected in living cells (Figure 1A). Compared with normal 

HBEpiCs, CSS- and PM
2.5

-CSS-treated HBEpiCs showed a 

significant loss of mitochondrial membrane potential with 
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an increase of caspase 3/7 activation. Compared with CSS-

treated HBEpiCs, PM
2.5

-CSS cells showed a greater loss of 

mitochondrial membrane potential with a greater increase 

of caspase 3/7 activation. Meanwhile, DNA fragmentation 

was detected in fixed cells via TUNEL analysis (Figure 1C 

and D). Compared with normal HBEpiCs, the proportion of 

TUNEL-positive cells of CSS (18.6%±3.6% vs 1.4%±0.7%, 

p,0.001) and PM
2.5

-CSS-treated HBEpiCs (40.9%±3.1% vs 

1.4%±0.7%, p,0.001) showed a significant increase. The 

difference between CSS- and PM
2.5

-CSS treated HBEpiCs 

was significant (p,0.001).

AKT plays a critical role in cell survival and resistance,27 

while caspases play an essential role in apoptosis activation.28,29 

Expressions of these proteins were detected using western 

blot analysis (Figure 1B). The results showed that AKT phos-

phorylation decreased, while cleavage of caspase 3 increased 

in CSS-treated HBEpiCs. In PM
2.5

-CSS-treated cells, AKT 

phosphorylation further decreased and cleavage of caspase 3 

further increased. Cleavage of caspase 9 increased signifi-

cantly in PM
2.5

-CSS cells but showed no significant change 

in CSS cells. The abovementioned results demonstrated that 

PM
2.5

 aggravated apoptosis in CSS-treated HBEpiCs.

β

Figure 1 PM2.5 increased the apoptotic responses in cigarette-inflamed HBEpiCs.
Notes: HBEpiCs were treated with normal media, CSS or PM2.5-CSS for 24 h. (A) Caspase 3/7 activity with mitochondrial membrane potential in living HBEpiCs. CSS induced 
a decrease in TMRM signal (red) and an increase in caspase 3/7 signal (green), and PM2.5-CSS further decreased TMRM signal (red) and further activated caspase 3/7 signal 
(green). The scale bar was 100 μm. (B) Western blot analysis of apoptotic proteins. Phosphorylated AKT decreased in CSS-treated HBEpiCs and further decreased in PM2.5-
CSS-treated HBEpiCs; cleaved caspase 3 increased in CSS-treated HBEpiCs and further increased in PM2.5-CSS-treated HBEpiCs; cleaved caspase 9 increased significantly in 
PM2.5-CSS-treated HBEpiCs. (C and D) TUNEL analysis also revealed that PM2.5 further increased the proportion of TUNEL-positive cells in CSS-treated HBEpiCs. The scale 
bar was 100 μm. n=4 per group ***p,0.001.
Abbreviations: PM2.5, fine particulate matter; HBEpiCs, human bronchial epithelial cells; CSS, cigarette smoke solution; TMRM, tetramethylrhodamine, methyl ester reagent; 
TUNEL, transferase-mediated deoxyuridine triphosphate-biotin nick end labeling; pro, pro-form; cle, cleaved form; DAPI, diamidino-phenyl-indole.
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PM2.5 decreased the expression of 
miR-194-3p in cigarette-inflamed HBEpiCs
In order to observe the expression of miR-194-3p in HBEpiCs, 

we detected the expression of miR-194-3p by qRT-PCR 

(Figure 2A). Compared with control, the expression of 

miR-194-3p showed no statistical difference in CSS-treated 

HBEpiCs (0.75±0.26 vs 1.00±0.06, p=0.152), whereas the 

expression of miR-194-3p showed a significant decrease in 

PM
2.5

-CSS-treated cells (0.26±0.19 vs 1.00±0.13, p=0.019). 

The difference between CSS- and PM
2.5

-CSS treated 

HBEpiCs was significant (p=0.003).

DAPK1 was a potential target of 
miR-194-3p and upregulated in 
PM2.5-CSS HBEpiCs
To explore the mechanism of miR-194-3p in PM

2.5
-CSS 

HBEpiCs, three bioinformatics algorithms, miRanda, 

TargetScan and miRWalk, were searched to find potential 

regulatory targets of miR-194-3p. All algorithms predicted 

DAPK1 as a target of miR-194-3p and the putative target 

sequence is located in 495-501nt of the 3′-UTR of human 

DAPK1 mRNA (Figure 2B). Then, expressions of DAPK1 

mRNA and protein were detected in normal, CSS- and PM
2.5

-

CSS-treated HBEpiCs. There was no significant difference in 

the expression of DAPK1 mRNA (normal 1.00±0.06 vs CSS 

0.95±0.04 vs PM
2.5

-CSS 0.96±0.06, p=0.433) (Figure 2C). 

On the other hand, compared with control, the expression of 

DAPK1 protein showed a significant upregulation in PM
2.5

-

CSS-treated HBEpiCs (normalized gray value: PM
2.5

-CSS 

2.88±0.44 vs control 1.00±0.00, p,0.001), but it was not 

significantly different in CSS-treated HBEpiCs (normalized 

gray value: CSS 1.12±0.31 vs control 1.00±0.00, p=0.662). 

The difference in the expression of DAPK1 protein between 

CSS and PM
2.5

-CSS HBEpiCs was statistically significant 

(p,0.001) (Figure 2D).

DAPK1 mRNA was directly targeted by 
miR-194-3p
Next, luciferase analysis was used to identify the predicted 

binding site of miR-194-3p and DAPK1. The DAPK1 mRNA 

β

′

′

′ ′

′

β

Figure 2 The expression of miR-194-3p and DAPK1 in HBEpiCs.
Notes: HBEpiCs were treated with normal media, CSS or PM2.5-CSS for 24 h. (A) Relative expression of miR-194-3p normalized against the U6 endogenous control. 
miR-194-3p decreased significantly in PM2.5-CSS-treated HBEpiCs. (B) A potential binding site between miR-194-3p and DAPK1 mRNA 3′-UTR. (C) Relative expression of 
DAPK1 mRNA normalized against the β-actin endogenous control.  Expression of DAPK1 mRNA had no statistical difference. (D) Western blot analysis of DAPK1. DAPK1 
protein increased significantly in PM2.5-CSS-treated HBEpiCs. n=3 per group *p,0.05 and ***p,0.001.
Abbreviations: DAPK1, death associated protein kinase 1; HBEpiCs, human bronchial epithelial cells; CSS, cigarette smoke solution; PM2.5, fine particulate matter; 
3′-UTR, 3′ untranslated region.
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containing the wt putative binding site or mut binding site of 

miR-194-3p were constructed (Figure 3A) and cloned into 

the luciferase expressing pMIR vector. DAPK1-3′-UTR-wt 

vector or DAPK1-3′-UTR-mut vector was co-transfected 

with hsa-miR-194-3p mimics or scrambled control (miR-NC) 

into HEK293T cells, respectively. The results showed that 

the relative luciferase activity decreased significantly in 

cells transfected with DAPK1-3′-UTR-wt vector (0.78±0.04 

vs 1.00±0.06, p,0.001), but luciferase activity showed 

no significant changes in cells transfected with DAPK1-

3′-UTR-mut vector (0.92±0.08 vs 1.00±0.10, p=0.137) 

(Figure 3B). This result confirmed that miR-194-3p directly 

regulated DAPK1.

Decreased miR-194-3p directly 
upregulated the expression of DAPK1 
protein and induced activation of caspase 3
To explore the potential regulation relationship between 

DAPK1 and miR-194-3p, normal HBEpiCs were transfected 

with miR-194-3p mimics, inhibitors and scrambled controls. 

The efficiency of transfection and the expression of DAPK1 

mRNA were detected by qRT-PCR, and the expres-

sion of DAPK1 mRNA showed no significant difference 

among different HBEpiCs (Figure 3C). The expression of 

DAPK1 protein was detected using western blot analysis. 

The expression of DAPK1 protein increased significantly 

after inhibition of miR-194-3p (normalized value: inhibi-

tors 3.12±0.92 vs null 1.00±0.00, p,0.001), whereas the 

expression decreased significantly after overexpression of 

miR-194-3p (normalized value: mimics 0.40±0.16 vs null 

1.00±0.00, p=0.006) (Figure 3D). Previous research has 

reported that DAPK1 is an upstream regulator of caspase 

3, which activates apoptosis.30–32 Cleavage of caspases was 

detected by western blot analysis. Inhibition of miR-194-3p 

significantly increased the cleavage of caspase 3 in normal 

HBEpiCs (normalized value: inhibitors 3.12±0.92 vs null 

1.00±0.00, p,0.001) (Figure 3B). However, inhibition of 

miR-194-3p had little influence on the cleavage of caspase 3 

′

′ ′

′ ′ ′

′ ′ ′

β

β

Figure 3 miR-194-3p directly targeted 3′-UTR of DAPK1 mRNA.
Notes: (A) Wild-type and mutant binding sites of miR-194-3p in the 3′-UTR of DAPK1. (B) Luciferase analysis. The results showed that miR-194-3p mimics decreased 
the fluorescence intensity in cells transfected with DAPK1-3′-UTR-wt but did not change the fluorescence intensity in cells transfected with DAPK1-3′-UTR-mut. (n=6) 
(C) HBEpiCs were treated with normal media for 24 h. Relative expression of miR-194-3p normalized against the U6 endogenous control and DAPK1 mRNA normalized 
against the β-actin endogenous control in normal HBEpiCs transfected with miR-194-3p mimics, inhibitors or scrambled controls. (D) Western blot analysis of DAPK1 and 
caspases. DAPK1 and cleaved caspase 3 were upregulated. Normal HBEpiCs transfected with miR-194-3p mimics. n=3 per group *p,0.05, **p,0.01 and ***p,0.001.
Abbreviations: 3′-UTR, 3′ untranslated region; DAPK1, death associated protein kinase 1; CSS, cigarette smoke solution; HBEpiCs, human bronchial epithelial cells; 
pro, pro-form; cle, cleaved form; wt, wild-type; mut, mutant.
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in normal HBEpiCs. Also, there was no significant difference 

in the cleavage of caspase 9. These results showed that inhibi-

tion of miR-194-3p upregulated the expression of DAPK1 as 

well as cleavage of caspase 3 in normal HBEpiCs.

Overexpression of miR-194-3p 
downregulated DAPK1 protein directly 
and suppressed apoptosis in PM2.5-CSS 
HBEpiCs
Lastly, to observe whether miR-194-3p could regulate apop-

tosis in PM
2.5

-CSS-treated HBEpiCs, PM
2.5

-CSS HBEpiCs 

were pre-transfected with miR-194-3p mimics, inhibitors and 

scrambled controls. The efficiency of transfection and the 

expression of DAPK1 mRNA were detected by qRT-PCR 

(Figure 4A), and the expression of DAPK1 mRNA showed no 

significant difference. However, western blot results showed 

the DAPK1 protein expression decreased significantly in 

cells treated with mimics (normalized value: 0.60±0.15 vs 

1.00±0.00, p=0.009). The DAPK1 protein expression signifi-

cantly increased in cells treated with inhibitors (normalized 

value: 1.46±0.11 vs 1.00±0.00, p=0.020) (Figure 4B).

Apoptosis was firstly verified using western blot analysis 

(Figure 4B). Overexpression of miR-194-3p significantly 

decreased cleavage of caspase 3 in PM
2.5

-CSS HBEpiCs 

(normalized value: 0.53±0.25 vs 1.00±0.00, p=0.024), but 

there was just a marginal significance in cleavage of caspase 9 

(normalized value: 0.79±0.09 vs 1.00±0.00, p=0.060). To the 

contrary, inhibition of miR-194-3p significantly increased 

both cleavage of caspase 3 (normalized value: 1.46±0.11 vs 

1.00±0.00, p,0.001) and cleavage of caspase 9 (normalized 

value: 1.41±0.12 vs 1.00±0.00, p=0.002) in PM
2.5

-CSS 

HBEpiCs. TUNEL analysis is shown in Figure 4C and D. 

Overexpression of miR-194-3p significantly decreased the 

proportion of TUNEL-positive cells in PM
2.5

-CSS HBEpiCs 

β

β

Figure 4 Overexpression of miR-194-3p decreased DAPK1 and apoptosis in PM2.5-CSS HBEpiCs.
Notes: HBEpiCs were treated with PM2.5-CSS for 24 h. (A) Relative expression of miR-194-3p normalized against the U6 endogenous control and DAPK1 mRNA normalized 
against the β-actin endogenous control in PM2.5-CSS-treated HBEpiCs transfected with miR-194-3p mimics, inhibitors or scrambled controls. (B) Western blot analysis of 
DAPK1 and caspases. DAPK1 and cleaved caspase 3 were downregulated in PM2.5-CSS-treated HBEpiCs transfected with miR-194-3p mimics, while upregulated in PM2.5-CSS 
cells transfected with miR-194-3p inhibitors. (C and D) TUNEL analysis. The proportion of TUNEL-positive cells decreased significantly in PM2.5-CSS-treated HBEpiCs 
transfected with miR-194-3p mimics, while increased in PM2.5-CSS cells transfected with miR-194-3p inhibitors. n=3 per group *p,0.05, **p,0.01 and ***p,0.001.
Abbreviations: DAPK1, death associated protein kinase 1; PM2.5, fine particulate matter; CSS, cigarette smoke solution; HBEpiCs, human bronchial epithelial cells; 
TUNEL, transferase-mediated deoxyuridine triphosphate-biotin nick end labeling; pro, pro-form; cle, cleaved form.
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(mimics 41.2%±5.8% vs null 81.7%±5.9%, p,0.001; mimics 

41.2%±5.8% vs NC 79.6%±4.7%, p,0.001), whereas inhi-

bition of miR-194-3p significantly increased the proportion 

(inhibitors 91.7%±4.3% vs null 81.7%±5.9%, p=0.028; 

inhibitors 91.7%±4.3% vs inhibitor-NC 78.1%±4.2%, 

p=0.005). These results demonstrated that overexpression 

of miR-194-3p inhibited the production of DAPK1 and sup-

pressed apoptosis in PM
2.5

-CSS HBEpiCs.

Discussion
miRNAs are acknowledged as key regulators in post- 

transcriptional modification. After constituting RNA-induced 

silencing complex, miRNAs bind directly to the 3′-UTR 

of target mRNA leading to mRNA degradation (complete 

complementary pairing) or translation suppression (incom-

plete complementary pairing). The stable expression of 

miRNAs in specific tissues and the conservative role of their 

mechanism in different species indicate their importance, 

with an enormous research and therapeutic potential.15,16 

Several miRNA therapeutics such as mimics and inhibitors 

have been used in clinical trials or basic animal research. The 

most famous clinical appliance is miravirsen, an miR-122 

inhibitor for the treatment of hepatitis C virus.33 So far, 

several miRNAs have been identified as potential therapeutic 

targets of lung diseases. For example, miR-16 mimics induce 

apoptosis and suppress proliferation of non-small cell lung 

cancer cells.34 miR-15535 and miR-19a36 are considered to 

be therapeutic targets of asthma. Nowadays, many experts 

have claimed that miRNAs are ideal therapeutic targets for 

COPD in the present and future.37,38 Hundreds of miRNAs in 

serum, plasma, sputum and lung tissues have been profiled 

to be associated with COPD. Several miRNAs have been 

identified to have therapeutic effects on COPD in vitro. Osei 

et al17 reported that miR-146-5p mimics reduced the release of 

IL-8 in COPD pulmonary fibroblasts. Ezzie et al18 found that 

miR-15b was significantly upregulated in stage IV COPD, 

and overexpression of miR-15b directly targets SMAD7 and 

then downregulates TGF-β in human bronchial epithelial cell 

line BEAS-2B. Hassan et al39 found that miR-199a-5p mimics 

effectively downregulated the unfolded protein response and 

decreased the release of cytokines in a1-antitrypsin-deficient 

monocytes.

In the meantime, epidemiological evidence has clarified 

that COPD patients are more vulnerable to PM
2.5

.40 Once PM
2.5

 

is inhaled, COPD patients suffer from significant dyspnea and 

lung function decrease.41 Meta-analysis demonstrated that 

a 10 µg/m3 increase in PM
2.5

 was associated with a 2.36% 

(95% CI 1.00%–3.73%) increased risk of COPD-associated 

hospital admissions.42 Short-term exposure to outdoor air pol-

lution increased the mortality rate of COPD by 1%, 1% and 

6% in China, the European Union and the USA, respectively. 

Long-term exposure increased the mortality rate by 10%.43 

Oxidative stress is the main effect of PM
2.5

. Researchers sug-

gest that the inflammatory response involved in PM
2.5

-induced 

lung injury is very similar to the inflammation involved in 

COPD.9,44 For example, PM
2.5

 activated NF-κB-dependent 

pathway inducing release of IL-6 and monocyte adhesion,45 

just like the reaction in COPD. Ye et al46 found that PM
2.5

 

promoted bronchial smooth muscle cell migration and air-

way remodeling, just as in COPD. So, this suggests that the 

mechanism of PM
2.5

 in COPD is that PM
2.5

 aggravates the 

original lung inflammation of COPD. In an animal model, 

Gu et al14 found that PM
2.5

 accelerated the original Th1 and 

Th17 inflammation in lung tissues of COPD mice via Notch 

signal pathways.

miRNAs are also sensitive to air pollution,19 and so 

miRNAs might be regulators in the mechanism of PM
2.5

 in 

COPD. Previously, we found that 10 miRNAs (miR-691, 

miR-181a, miR-146a, miR-146b, miR-21a-5p, miR-129, 

miR-155, miR-139-5p, miR-21a-3p and miR-340) were 

upregulated in lung tissues of mice exposed to PM
2.5

.47 

However, because the design of these air pollution-related 

miRNA studies were different, there are still no consensus 

from different researches. Our unpublished preliminary 

study firstly identified that blood miR-194-3p was decreased 

significantly in untreated COPD patients. Then, we verified 

that miR-194-3p was decreased in healthy adults after PM
2.5

 

exposure, and miR-194-3p showed statistically positive cor-

relation with lung function at lag1 and lag0. This inspired us 

to conclude that miR-194-3p might be an important regulator 

participating in the mechanism of PM
2.5

 on COPD.

Members of the miR-194 family are novel markers that 

were first reported in the intestine and kidney. Previous evi-

dence from tumor research showed that miR-194 was able to 

inhibit cell proliferation20–23 and suppress inflammation48,49 

and epithelial mesenchymal transition.21,50,51 In the miR-194 

family, miR-194-3p is reported less than miR-194-5p. Altera-

tion of miR-194-3p has been reported in chronic hepatitis B 

infection52 and necrotizing enterocolitis.53 Jung et al54 reported 

that histone deacetylase inhibitor upregulated the expression of 

miR-194-3p and induced anti-tumor effects in cholangiocarci-

noma cells. Recently, miR-194 was confirmed to be expressed 

in lung tissues. Zhu et al24 reported that miR-194 was decreased 

in non-small lung cancer samples and inhibited proliferation 

of non-small lung cancer cells. However, miR-194 has not 

been discussed in COPD or PM
2.5

 exposure.
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In the present study, we found that PM
2.5

 aggravated 

apoptosis of cigarette-inflamed HBEpiCs, and we verified 

that miR-194-3p declined significantly in PM
2.5

-CSS-treated 

HBEpiCs. Furthermore, we found that miR-194-3p directly 

targeted DAPK1. DAPK1, belonging to a family of Ser/Thr 

Kinase, is a regulator of cell apoptosis, and DAPK1 acts as a 

mediator in apoptosis.55 Previous research found that DAPK1 

mediates the pro-apoptotic activity via TGF-β death signals,56 

p53 pathway57 and NF-κB signaling pathways.58 There is suf-

ficient evidence showing that DAPK1 is the upstream regulator 

of caspase 3 in apoptosis. Apoptosis in cells transfected with 

DAPK1 increased with activation of the caspase 3-dependent 

pathway,30 while caspase 3 activation decreased in DAPK1 

knockdown cells compared to control siRNA-transfected 

cells.59 Our study found that inhibition of miR-194-3p upregu-

lated the expression of DAPK1 and cleaved caspase 3 in nor-

mal HBEpiCs. Not only that, overexpression of miR-194-3p 

decreased DAPK1 and caspase 3 cleavage, resulting in the 

suppression of apoptosis in PM
2.5

-cigarette smoke exposed 

HBEpiCs. This suggested that miR-194-3p might be a protec-

tive miRNA and a potential therapeutic target.

There are some problems that need to be discussed in 

the future. First, as miR-194-3p decreased significantly only 

in PM
2.5

-CSS HBEpiCs not in CSS HBEpiCs, we did not 

discuss the role of miR-194-3p in CSS HBEpiCs. Whether 

miR-194-3p is a regulator in COPD should be verified in 

future using more appropriate cells from patients or animal 

models. Secondly, we found that miR-194-3p targeted 

DAPK1 directly and activated caspase 3 downstream; 

whether there were different apoptotic pathways involved 

was not analyzed in our study. Lastly, our study illustrated 

that miR-194-3p is a very promising therapeutic target of 

bronchial epithelial cells. Next, transfected animal studies 

should be prepared to find a reasonable dose and measurement 

of treatment. It is necessary to find the most appropriate way 

to deliver miR-194-3p mimics to bronchial epithelial cells and 

to reduce the nonspecific toxicity at the same time.

Conclusion
Our experiments proved that PM

2.5
 downregulates miR-

194-3p and accelerates apoptosis in cigarette-inflamed bron-

chial epithelium by directly targeting DAPK1. Reduction of 

miR-194-3p upregulated expression of DAPK1 and cleavage 

of caspase 3. Overexpression of miR-194-3p could suppress 

apoptosis in PM
2.5

-cigarette-exposed bronchial epithelial 

cells. These findings suggest that miR-194-3p could be a 

potential therapeutic target for the treatment of PM
2.5

-induced 

bronchial epithelial injury aggravation.
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