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Background: Smoking is the most common cause of chronic obstructive pulmonary disease 
(COPD), and the early diagnosis for COPD remains poor. Exploring the molecular mechanism 
and finding feasible biomarkers will be beneficial for clinical management of COPD. Circular 
RNAs (circRNAs) are noncoding RNAs that act as miRNA sponges to regulate the expression 
levels of genes, leading to the changes of cellular phenotypes and disease progression. CircRNA 
HECT domain and ankyrin repeat containing E3 ubiquitin protein ligase 1 (circ-HACE1) was 
abnormally expressed after the induction of cigarette smoke extract (CSE) in cell model. This 
study was performed to explore its function and mechanism in COPD.
Methods: Circ-HACE1, microRNA-485-3p (miR-485-3p) and toll-like receptor 4 (TLR4) 
detection was performed by quantitative real-time polymerase chain reaction (qRT-PCR). Cell 
viability and apoptosis/cell cycle were respectively examined using cell counting kit-8 (CCK-8) 
and flow cytometry. Inflammatory cytokines were determined by enzyme-linked immunosorbent 
assay (ELISA). Oxidative stress was evaluated through the measurement of malondialdehyde 
(MDA) and superoxide dismutase (SOD). The target binding analysis was conducted via dual- 
luciferase reporter assay. Western blot was employed for protein expression detection of TLR4.
Results: Circ-HACE1 was overexpressed in smokers or smokers with COPD and CSE 
upregulated circ-HACE1 expression in 16HBE cells. Knockdown of circ-HACE1 attenuated 
CSE-stimulated cell viability and cell cycle repression, as well as the enhancement of cell 
apoptosis, inflammatory response and oxidative stress. MiR-485-3p was a target of circ- 
HACE1. Circ-HACE1 regulated CSE-induced cell injury via targeting miR-485-3p. TLR4 
was a downstream target of miR-485-3p, and miR-485-3p inhibited the CSE-induced cell 
damages by directly downregulating the level of TLR4. Circ-HACE1/miR-485-3p regulated 
TLR4 expression in CSE-treated 16HBE cells, and TLR4 overexpression also reversed all 
effects of si-circ-HACE1 on CSE-treated 16HBE cells.
Conclusion: These findings elucidated that circ-HACE1 contributed to the CSE-induced cell 
damages in COPD cell models via regulating TLR4 by acting as the sponge of miR-485-3p.
Keywords: circ-HACE1, chronic obstructive pulmonary disease, cigarette smoke extract, 
miR-485-3p, TLR4

Introduction
Chronic obstructive pulmonary disease (COPD) is an inflammatory disease in the 
respiratory system with airflow limitation and pulmonary dysfunction.1 Cigarette 
smoke can cause airway inflammation in COPD, which is progressive and 
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irreversible after smoking cessation.2,3 COPD remains 
under-diagnosed and under-treated until now, particularly 
for those mild and moderate patients.4 Exploring promis-
ing biomarkers of COPD progression may improve the 
treatment for early COPD.4

COPD has been found to be linked to dysregulated 
expression of noncoding RNAs (ncRNAs), including circu-
lar RNAs (circRNAs), long noncoding RNAs (lncRNAs) 
and microRNAs (miRNAs).5 CircRNAs are covalently 
closed loops different from those linear RNAs and function 
as gene regulators in mammals via the sponge effects on 
microRNAs (miRNAs).6 Disease progression in human life 
is largely affected by circRNAs.7,8 CircRNA HECT domain 
and ankyrin repeat containing E3 ubiquitin protein ligase 1 
(circ-HACE1, hsa_circ_0077520) was shown to be upregu-
lated in cigarette smoke extract (CSE)-induced COPD cell 
model,9 but its function and underlying mechanism in 
COPD are still unclear.

Regulatory miRNAs are also tractable makers for the 
diagnosis and treatment of COPD.10,11 By binding to the 3ʹ- 
untranslated regions (3ʹ-UTRs) of messenger RNAs 
(mRNAs), miRNAs can modulate the expression of target 
genes.12 The miRNA expression profiles in the previous 
study have indicated that microRNA-485-3p (miR-485-3p) 
was downregulated in patients with COPD.13 However, it is 
unknown what role miR-485-3p plays in COPD and whether 
it can be used as a miRNA target of circ-HACE1. In addition, 
CSE upregulated the expression of toll-like receptor 4 
(TLR4) in THP-1 cells and miR-149-3p targeted TLR4 to 
downregulate its level.14 Jia et al also reported that miR-497 
repressed inflammatory response via targeting TLR4 in CSE- 
treated human bronchial epithelial (HBE) cells.15 The poten-
tial of TLR4 as a target of miR-485-3p needs to be explored.

Currently, the effects of circ-HACE1 and miR-485-3p 
on CSE-stimulated cell damage were investigated. 
Moreover, the regulation of circ-HACE1 on TLR4 via 
targeting miR-485-3p was verified.

Materials and Methods
Blood Samples and Serum Preparation
This study was approved by the Ethics Committee of 4th 
Affiliated Hospital of Anhui Medical University and per-
formed following the Declaration of Helsinki. The whole 
blood samples were collected from non-smokers, smokers 
and smokers with COPD (n=24 per group) at the 4th 
Affiliated Hospital of Anhui Medical University. All blood 
samples were centrifuged at 1200 × g at room temperature 

for 10 min, and the supernatant sera were saved in liquid 
nitrogen before RNA extraction. All subjects have signed 
the written informed consent forms for sample use in this 
research. The demographic and clinicopathological charac-
teristics of these subjects are shown in Table 1.

Preparation of CSE
CSE was prepared as previously reported.16 Briefly, four 
commercial cigarettes were combusted with a constant 
speed vacuum pump and the burning time of each cigarette 
was controlled to 5 min. Five hundred-milliliter smoke was 
bubbled into a flask with 25-mL Roswell Park Memorial 
Institute-1640 (RPMI-1640) medium that was pre-warmed 
at 37°C. The suspension was titrated to pH 7.4 and filtered 
through a 0.22-μm filter (Millipore, Bedford, MA, USA) to 
remove large particles. The solution was sterilized and the 
optical density (OD) was determined. CSE was qualified 
when ΔOD (A320-A540) was between 0.9 and 1.2. The 
final solution was considered as 100% CSE. One 
hundred percent CSE was diluted with serum-free cell med-
ium to 1%, 2% and 4% working concentrations.

Cell Culture and Treatment

Human bronchial epithelial cell line 16HBE (Sigma- 
Aldrich, St. Louis, MO, USA) was cultured in RPMI-1640 
medium (Sigma-Aldrich) supplemented with 10% fetal 
bovine serum (FBS; Gibco, Carlsbad, CA, USA) and 100 

Table 1 Demographic and Clinicopathological Characteristics of 
the Subjects in This Study

Parameters Non- 
Smokers 
(n = 17)

Smokers 
(n = 21)

Smokers with 
COPD 
(n = 24)

Gender (male/ 

female)

17/0 21/0 24/0

Age (years) 59.6±4.5 61.5±6.8 63.2±7.9

Smoking history 
(pack-years)

0 44.3 ±5.8 49.6 ±6.5

BMI (kg/m2) 24.8±3.2 29.3 ±3.9 29.8 ±4.1

FEV1 (L) 3.32 ±0.28 2.91±0.23 2.08±0.15

FVC (L) 4.21 ±0.21 3.62 ±0.33 3.36±0.31

FEV1/FVC% 77.2±2.1 82.1 ±2.5 62.1 ±1.9

FEV1 (% predicted) 98.3 ±4.5 90.2±6.2 62.1±3.9

Abbreviations: COPD, chronic obstructive pulmonary disease; BMI, body mass 
index; FVC, forced vital capacity; FEV1, forced expiratory volume in one second.
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U/mL penicillin and 100 µg/mL streptomycin (Gibco) in 
a 5% CO2 incubator at 37°C. 16HBE cells were treated with 
the different concentrations of CSE within 30 min after 
dilution and cell collection was performed after 24 h. 

Cell Transfection
The sequences of circ-HACE1 and TLR4 were inserted 
into pCE-RB-Mam vector (RIBOBIO, Guangzhou, China) 
and pcDNA vector (Invitrogen, Carlsbad, CA, USA), 
respectively. The recombinant vectors pCE-RB-Mam-circ- 
HACE1 and pcDNA-TLR4 were named as circ-HACE1 
and TLR4. The used oligonucleotides (RIBOBIO) are 
listed in Table 2. 16HBE cells were treated with 2% CSE 
for 24 h and transfected with oligonucleotides or vectors 
using Lipofectamine™ 3000 (Invitrogen), referring to the 
transfection steps provided by manufacturer.

The Quantitative Real-Time Polymerase 
Chain Reaction (qRT-PCR)
Total RNA was isolated from serum samples and cells by 
TRIzol Reagent (Invitrogen), then 2 µg RNA was applied for 
synthesizing the complementary DNA (cDNA) by ReverTra 
Ace® qPCR RT Kit (Toyobo, Kita-Ku, Osaka, Japan). The 
qRT-PCR was performed through the reaction system by 
cDNA, primers and SYBR® Green Realtime PCR Master 
Mix (Toyobo) on the ABI PRISM® 7000 Sequence 
Detection System (Applied Biosystems, Foster City, CA, 
USA). The primer sequences for each molecule were as fol-
lows: forward (F), 5ʹ-GACCTTGTGCAGCATGTCAG-3ʹ 
and reverse (R), 5ʹ-AGCAAAACCAAGCATTCCAC-3ʹ for 
circ-HACE1; F, 5ʹ-GGTGTACTGTAGGTGGTCGG-3ʹ and 
R, 5ʹ-AGAGCCCTACATCTCGCCTG-3ʹ for HACE1; F, 5ʹ- 
GCCGAGGTCATACACGGCTCTCCTCT-3ʹ and R, 5ʹ- 
TGTCGTGGAGTCGGCAATTC-3ʹ for miR-485-3p; F, 5ʹ-G 

GCCATTGCTGCCAACAT-3ʹ and R, 5ʹ-CA 
ACAATCACCTTTCGGCTTTT-3ʹ for TLR4; 5ʹ-A 
TTCCATGGCACCGTCAAGGCTGA-3ʹ and R, 5ʹ- 
TTCTCCATGGTGGTGAAGACGCCA-3ʹ for glyceralde-
hyde-phosphate dehydrogenase (GAPDH); 5ʹ-CTCGCTTC 
GGCAGCACA-3ʹ and R, 5ʹ-AACGCTTCACGAATT 
TGCGT-3ʹ for U6. The internal controls GAPDH and U6 
were used for expression standardization. The 2−∆∆Ct method 
was adopted in this study for data analysis.

Identification of circRNA
12 U Ribonuclease R (RNase R; Epicentre Technologies, 
Madison, WI, USA) was added to 3 μg total RNA for 60 
min at 37°C and the stability of circ-HACE1 was assessed by 
qRT-PCR detection compared with linear HACE1 expres-
sion. In addition, the location of circ-HACE1 in 16HBE cells 
was analyzed by qRT-PCR after nuclear and cytoplastic RNA 
extraction using PARIS™ Kit (Invitrogen), with U6 and 
GAPDH as the respective control for nucleus and cytoplasm.

Cell Counting Kit-8 (CCK-8) Assay
After CSE treatment for 24 h or transfection for 48 h in 
16HBE cells, 10 μL CCK-8 solution (Sigma-Aldrich) was 
pipetted to cells for 4 h-incubation. The viable cell number 
can be quantitated through the absorbance (450 nm) detection 
under the microplate reader (Bio-Rad, Hercules, CA, USA).

Flow Cytometry
For cell apoptosis, 1×105 harvested 16HBE cells were 
stained by Annexin V-fluorescein isothiocyanate (FITC) 
and propidium iodide (PI) via Annexin V-FITC 
Apoptosis Detection Kit (BD Biosciences, San Diego, 
CA, USA) as per the manufacturer’s guidelines. After 
cell determination via the flow cytometer (BD 
Biosciences), we can distinguish the apoptotic cells 
(Annexin V+/PI-, Annexin V+/PI+) from the viable cells. 
The apoptotic rate was calculated using the formula: apop-
totic cells/total cells × 100%. For cell cycle, 5×105 cells 
were incubated with ethanol (Sigma-Aldrich) and stained 
with PI according to the specification of Cell Cycle Assay 
Kit (Dojindo, Kumamoto, Japan), followed by the detec-
tion under the flow cytometer.

Enzyme-Linked Immunosorbent Assay 
(ELISA)
Inflammatory response was assessed through detecting the 
common inflammatory cytokines levels via ELISA. The 

Table 2 The Used Oligonucleotides for Cell Transfection

Abbreviations Expansions

si-circ-HACE1 Small interfering RNA against circ-HACE1

si-NC Small interfering RNA negative control

miR-485-3p miRNA mimic for miR-485-3p

miR-NC miRNA mimic negative control

anti-miR-485-3p miRNA inhibitor for miR-485-3p

anti-miR-NC miRNA inhibitor negative control
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examination of interleukin-1beta (IL-1β) in cell culture 
supernatant and tumor necrosis factor-alpha (TNF-α) in cell 
lysate was performed using Human IL-1 β ELISA Kit and 
Human TNF-alpha ELISA Kit (Sigma-Aldrich), respectively.

Detection of Malondialdehyde (MDA) and 
Superoxide Dismutase (SOD)
To evaluate oxidative stress in 16HBE cells, MDA and 
SOD levels were examined by Lipid Peroxidation (MDA) 
Assay Kit and SOD Assay Kit (Sigma-Aldrich) in accor-
dance with the appendant instruction books.

Dual-Luciferase Reporter Assay
The bioinformatics analysis in this study was completed 
using online Circinteractome and Targetscan. The sequences 
of circ-HACE1 and TLR4 3ʹUTR that harbored the miR-485- 
3p binding sites were respectively cloned into the luciferase 
expression vector pmirGLO (Promega, Madison, WI, USA) 
to obtain the wild-type (WT) plasmids WT-circ-HACE1 and 
TLR4 3ʹUTR-WT. The mutant-type (MUT) plasmids MUT- 
circ-HACE1 and TLR4 3ʹUTR-MUT were also formed after 
circ-HACE1 and TLR4 3ʹUTR sequences were mutated in 
the binding sites for miR-485-3p. The abbreviations of these 
constructs are shown in Table 3. Each construct was trans-
fected into 16HBE cells along with miR-485-3p or miR-NC, 
followed by the measurement of relative luciferase activity 
through the Dual-Luciferase Reporter Assay System 
(Promega).

Western Blot
Protein isolation in 16HBE cells was carried out by radio-
immunoprecipitation assay (RIPA) buffer (Sigma-Aldrich), 
followed by the separation of equal proteins (40 μg) via 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE). After protein transferring onto the polyvinyli-
dene difluoride (PVDF) membranes (Millipore) and non- 
specific binding prevention in 5% skim milk (Invitrogen), 

PVDF membranes were incubated with anti-TLR4 (Abcam, 
Cambridge, UK, ab13556, 1:500) or reference gene anti- 
GAPDH (Abcam, ab181603, 1:10,000) at 4°C overnight 
and Goat Anti-Rabbit IgG H&L secondary antibody 
(Abcam, ab205718, 1:3000) at 25°C for 1 h. The bands of 
proteins were shown by enhanced chemiluminescence (ECL) 
Western HRP Substrate (Millipore). Image Lab software 
(Bio-Rad) was used to analyze the grey level of each band.

Statistical Analysis
Pearson’s correlation coefficient was exploited for analyz-
ing the linear relation. Data expressed as the mean ± 
standard deviation (SD) were analyzed via SPSS 24.0. 
For difference analysis, Student t-test and one-way analy-
sis of variance (ANOVA) followed by Tukey’s test were 
respectively performed to compare the difference of two 
groups and multiple groups. P<0.05 represented 
a significant level in statistical difference.

Results
Upregulation of Circ-HACE1 Was Found 
in Smokers or Smokers with COPD and 
CSE-Treated 16HBE Cells

Firstly, we analyzed the expression level of circ-HACE1 in 
serum samples from three groups. As shown in Figure 1A, 
circ-HACE1 was upregulated in smokers compared to 
Non-smokers and its level was higher in smokers with 
COPD than Non-smokers or smokers. The non-toxic 
level of CSE was tested by treatment of 0.2% CSE, 
0.4% CSE or 0.6% CSE in 16HBE cells. The results 
indicated that no significance of cell viability was detected 
in three groups and we defined the non-toxic level of CSE 
was 0.6% (Supplementary Figure 1A). Circ-HACE1 level 
was increased in 0.6% CSE group, but the difference was 
not quite significant (Supplementary Figure 1B). 
Furthermore, the expression of circ-HACE1 was deter-
mined after higher concentrations of CSE treatment. As 
shown in Figure 1B, circ-HACE1 was elevated by differ-
ent concentrations of CSE (1%, 2%, 4%) in a dose- 
dependent way. 2% CSE was used in the subsequent 
assays. RNase R treatment significantly reduced HACE1 
level but had no notable effect on circ-HACE1 expression 
(Figure 1C), suggesting the high stability of circ-HACE1 
relative to its linear form. Through the expression compar-
ison with nuclear U6 and cytoplastic GAPDH, we identi-
fied that circ-HACE1 was localized in the cytoplasm of 
16HBE cells (Figure 1D). Smoke induced the upregulation 
of circ-HACE1 in COPD patients and 16HBE cells. 

Table 3 The Abbreviations of Constructs in Dual-Luciferase 
Reporter Assay

Abbreviations Expansions

WT-circ-HACE1 pmirGLO-circ-HACE1 of wild type

MUT-circ-HACE1 pmirGLO-circ-HACE1 of mutant type

TLR4 3ʹUTR-WT pmirGLO-TLR4 3ʹUTR of wild type

TLR4 3ʹUTR-MUT pmirGLO-TLR4 3ʹUTR of mutant type
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CSE-Induced Cell Viability Reduction, 
Apoptosis Acceleration, Inflammatory and 
Oxidative Injuries Were Attenuated After 
Knockdown of Circ-HACE1 in 16HBE Cells
CSE-treated 16HBE cells were transfected with si-circ- 
HACE1, and the qRT-PCR results indicated that transfec-
tion of si-circ-HACE1 had great interfering efficiency to 
abolish the CSE-mediated circ-HACE1 upregulation con-
traposed to transfection of si-NC (Figure 2A). CCK-8 
assay revealed that cell viability was inhibited by CSE in 
a dose-dependent way (Figure 2B) while the inhibition 
was countervailed by si-circ-HACE1 (Figure 2C). The 
analysis of apoptosis and cell cycle by flow cytometry 
demonstrated that the promotion of cell apoptosis (Figure 
2D) and inhibition of cell cycle progression (Figure 2E) by 
CSE were offset after circ-HACE1 expression downregu-
lation. The detection of inflammatory cytokines (IL-1β and 
TNF-α) by ELISA also showed that knockdown of circ- 
HACE1 abolished the stimulative influences of CSE on 
inflammatory response (Figure 2F). Oxidative stress is 

a peroxidation which can increase MDA and decrease 
SOD, with fundamental association in diverse 
diseases.17,18 MDA upregulation (Figure 2G) and SOD 
downregulation (Figure 2H) were triggered by CSE in 
16HBE cells contrast to control cells, while this oxidative 
stress was reverted when CSE-treated cells were trans-
fected with si-circ-HACE1. CSE-induced cell injury was 
returned by repressing circ-HACE1 expression.

Circ-HACE1 Regulated miR-485-3p as 
a Sponge
In the Circinteractome software, circ-HACE1 was predicted 
to have the binding sites of miR-485-3p (Figure 3A). Then, 
we performed the dual-luciferase reporter assay to prove the 
combination between circ-HACE1 and miR-485-3p. As 
Figure 3B displayed, luciferase signal inhibition was 
observed in WT-circ-HACE1 group rather than MUT-circ- 
HACE1 group after miR-485-3p transfection in 16HBE cells 
(relative to miR-NC transfection). The expression of miR- 
485-3p was downregulated in serum samples from smokers 
or smokers with COPD by contrast with serum samples 

Figure 1 Upregulation of circ-HACE1 was found in smokers or smokers with COPD and CSE-treated 16HBE cells. (A) The qRT-PCR analysis was conducted to determine 
the expression of circ-HACE1 in serum samples from Non-smokers, smokers and smokers with COPD. The expression of circ-HACE1 in Non-smokers group was set as 1, 
and that in smokers and smokers with COPD groups were relative to Non-smoker group. (B) Circ-HACE1 level was detected using qRT-PCR after 16HBE cells treated with 
1% CSE, 2% CSE or 4% CSE. The circ-HACE1 level in control group was set as 1, and that in three CSE treatment groups was compared to the control group. (C) The levels 
of circ-HACE1 and linear HACE1 were assayed by qRT-PCR after RNase R treatment in total RNA. RNA expression in Mock group was set as 1, and that in RNase R group 
was compared with Mock group. (D) Circ-HACE1, U6 and GAPDH expression detection was performed by qRT-PCR after RNA isolation from cytoplasm and nucleus of 
16HBE cells. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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from non-smokers (Figure 3C). The same downregulation of 
miR-485-3p was detected in 16HBE cells after 1%, 2% or 
4% CSE treatment relative to the control group (Figure 3D). 
After the linear analysis by Pearson’s correlation coefficient, 
a negative relationship (r=−0.7632, p<0.001) was found 

between circ-HACE1 and miR-485-3p expression (Figure 
3E). The level of circ-HACE1 of CSE+circ-HACE1 group 
was higher than that of CSE-alone group in 16HBE cells 
(Figure 3F), showing the successful overexpression of circ- 
HACE1 vector. In CSE-treated 16HBE cells, miR-485-3p 

Figure 2 CSE-induced cell viability reduction, apoptosis acceleration, inflammatory and oxidative injuries were attenuated after knockdown of circ-HACE1 in 16HBE cells. 
(A) The expression of circ-HACE1 was examined using qRT-PCR after 16HBE cells were treated with 2% CSE and transfected with si-NC or si-circ-HACE1. The circ- 
HACE1 level in other three groups was compared to the control group (set as 1). (B) CCK-8 was carried out for cell viability analysis after CSE treatment with different 
concentrations (1%, 2%, 4%) in 16HBE cells. (C) Cell viability detection was performed by CCK-8 assay in control, 2% CSE, 2% CSE+si-NC or 2% CSE+si-circ-HACE1 
groups. (D and E) Flow cytometry was used to assess cell apoptosis (D) and cell cycle progression (E) in control, 2% CSE, 2% CSE+si-NC or 2% CSE+si-circ-HACE1 
groups. (F) ELISA was performed to measure the levels of IL-1β and TNF-α in control, 2% CSE, 2% CSE+si-NC or 2% CSE+si-circ-HACE1 groups. (G and H) MDA and 
SOD levels were determined for the evaluation of oxidative stress in control, 2% CSE, 2% CSE+si-NC or 2% CSE+si-circ-HACE1 groups. The relative production of MDA or 
SOD in each treatment group was compared to the control group (set as 1). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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expression was upregulated by knockdown of circ-HACE1 
while decreased by overexpression of circ-HACE1 (Figure 
3G). Circ-HACE1 can negatively regulate miR-485-3p as 
a molecular sponge.

CSE-Mediated Injury in 16HBE Cells Was 
Regulated by the Circ-HACE1/miR-485- 
3p Axis
Transfection of anti-miR-485-3p abolished the si-circ- 
HACE1-induced miR-485-3p upregulation in CSE-treated 
16HBE cells, indicating that the inhibitory efficiency of 
anti-miR-485-3p was great (Figure 4A). We further inves-
tigated the relation of miR-485-3p with circ-HACE1 in 

regulating cell injury. The results manifested that the intro-
duction of anti-miR-485-3p in CSE-treated 16HBE cells 
mitigated the cell viability enhancement (Figure 4B), 
apoptosis inhibition (Figure 4C-D), cell cycle promotion 
(Figure 4E), inflammatory response (Figure 4F-G) and 
oxidative stress (Figure 4H-I) retardment evoked by si- 
circ-HACE1. Thus, the circ-HACE1/miR-485-3p axis 
could regulate 16HBE cell injury by CSE.

TLR4 Acted as a Target of miR-485-3p
Online Targetscan predicted that TLR4 3ʹUTR sequence was 
able to bind to miR-485-3p (Figure 5A). The overexpression 
of miR-485-3p was also exhibited to reduce the relative 

Figure 3 Circ-HACE1 regulated miR-485-3p as a sponge. (A) The Circinteractome software was applied to analyze the binding sites between circ-HACE1 and miR-485-3p 
sequences. (B) Dual-luciferase reporter assay was administrated for binding analysis between circ-HACE1 and miR-485-3p. (C and D) The qRT-PCR was used for miR-485- 
3p expression analysis in serum samples (C) and 1%, 2% or 4% CSE-treated 16HBE cells (D). The miR-485-3p expression in smokers/smokers with COPD groups was 
compared to the Non-smokers group (set as 1) and that in CSE treatment groups was compared to the control group (set as 1). (E) The relationship between circ-HACE1 
and miR-485-3p was analyzed via Pearson’s correlation coefficient. (F) The overexpressed efficiency of circ-HACE1 vector was evaluated by qRT-PCR in 2% CSE-treated 
16HBE cells. Circ-HACE1 expression in CSE, CSE+Vector or CSE+circ-HACE1 group was compared to control group (set as 1). (G) The effects on si-circ-HACE1 or circ- 
HACE1 on miR-485-3p level were analyzed through qRT-PCR in 2% CSE-treated 16HBE cells. The level of miR-485-3p in treatment groups was compared to control group 
(set as 1). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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luciferase activity in 16HBE cells transfected with TLR4 
3ʹUTR-WT while luciferase activity in cells transfected with 
TLR4 3ʹUTR-MUT was not obviously changed (Figure 5B). 
The qRT-PCR presented the high expression of TLR4 
mRNA in serum samples from smokers or smokers with 
COPD (relative to Non-smokers) (Figure 5C) and there was 
also a negative correlation (r=−0.7223, p<0.001) between 
miR-485-3p and TLR4 mRNA expression (Figure 5D). The 
same overexpression was found in TLR4 protein level after 

CSE treatment in 16HBE cells (Figure 5E). After 16HBE 
cells were exposed to CSE, transfection of miR-NC, miR- 
485-3p, anti-miR-NC or anti-miR-485-3p was performed. 
The transfection efficiencies of miR-485-3p for overexpres-
sion and anti-miR-485-3p for inhibition on miR-485-3p 
expression were excellent through qRT-PCR analysis 
(Figure 5F). TLR4 protein expression inhibition by miR- 
485-3p and promotion by anti-miR-485-3p in CSE-treated 
16HBE cells indicated the negative effect of miR-485-3p on 

Figure 4 CSE-mediated injury in 16HBE cells was regulated by the circ-HACE1/miR-485-3p axis. 16HBE cells were treated with 2% CSE, 2% CSE+si-NC, 2% CSE+si-circ- 
HACE1, 2% CSE+si-circ-HACE1+anti-miR-NC or 2% CSE+si-circ-HACE1+anti-miR-485-3p, and untreated 16HBE cells were used as the control group. (A) The miR-485-3p 
level was detected applying with qRT-PCR, and miR-485-3p expression in each treatment group was contrasted with control group (set as 1). (B) Cell viability was examined 
by CCK-8 assay. (C–E) Cell apoptosis (C and D) and cell cycle progression (E) were analyzed via flow cytometry. (F and G) Inflammatory response was assessed through 
the concentrations of IL-1β and TNF-α. (H and I) Oxidative stress was evaluated by the levels of MDA (H) and SOD (I). The relative production of MDA or SOD in each 
treatment group was compared to the control group (set as 1). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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the level of TLR4 (Figure 5G). TLR4 was a target gene in 
the downstream of miR-485-3p.

MiR-485-3p Delayed the CSE-Induced 
Cell Damage via Downregulating TLR4
The functional mechanism between miR-485-3p and TLR4 
was researched in CSE-treated 16HBE cells transfected with 
miR-NC, miR-485-3p, miR-485-3p+pcDNA or miR-485-3p 
+TLR4. Western blot has revealed that the TLR4 protein 
expression inhibition caused by miR-485-3p was reversed 
after transfection of TLR4 (Figure 6A). Cellular experiments 
indicated that transfection of TLR4 partly abrogated the 
miR-485-3p-mediated cell viability promotion (Figure 6B) 
cell apoptosis inhibition (Figure 6C-D) and cell cycle accel-
eration (Figure 6E) in CSE-treated 16HBE cells. As for 
inflammation and oxidative stress, the overexpression of 

TLR4 also lightened the miR-485-3p-induced concentration 
decline of IL-1β and TNF-α (Figure 6F-G), as well as MDA 
downregulation and SOD elevation (Figure 6H-I). MiR-485- 
3p inhibited the cell damage by CSE via targeting TLR4.

Knockdown of Circ-HACE1 Regulated 
Cell Injury by Upregulating miR-485-3p to 
Decrease TLR4 Expression in 
CSE-Treated 16HBE Cells
The potential expression regulation between circ-HACE1 and 
TLR4 was further studied. TLR4 mRNA (Figure 7A) and 
protein (Figure 7B) levels were suppressed in CSE+si-circ- 
HACE1 group compared to CSE group in 16HBE cells, 
whereas TLR4 expression suppression by si-circ-HACE1 
was subsequently alleviated following the anti-miR-485-3p 

Figure 5 TLR4 acted as a target of miR-485-3p. (A) The binding sites of miR-485-3p in the 3ʹUTR of TLR4 were predicted by Targetscan. (B) The interaction between miR- 
485-3p and TLR4 3ʹUTR was proved by dual-luciferase reporter assay. (C) TLR4 mRNA expression was assayed by qRT-PCR in serum samples, and the expression in smoker 
or smoker with COPD group was compared to the Non-smoker group (set as 1). (D) Pearson’s correlation coefficient was used for linear analysis between miR-485-3p and 
TLR4. (E) Western blot was performed for the protein expression detection of TLR4 in 1%, 2% or 4% CSE-treated 16HBE cells. (F and G) After transfection of miR-485-3p 
mimic, miR-485-3p inhibitor or the matched controls in 2% CSE-treated 16HBE cells, the miR-485-3p level (F) and TLR4 protein expression (G) were respectively 
determined via qRT-PCR and Western blot. The level in control group was set as 1, and that in other each group was compared with the control group. **P < 0.01, ***P < 
0.001, ****P < 0.0001.
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transfection. The expression analysis suggested that knock-
down of circ-HACE1 downregulated the level of TLR4 by 
increasing miR-485-3p expression. To further investigate 
whether the function of circ-HACE1 was associated with the 
miR-485-3p-mediated TLR4 expression change, we have per-
formed the reverted transfection (si-NC, si-circ-HACE1, si- 
HACE1+pcDNA, si-circ-HACE1+TLR4) after 16HBE cells 
were treated with 2% CSE. The results have demonstrated that 
the introduction of TLR4 relived all those effects of si-circ- 
HACE1 on biological behaviors of CSE-treated 16HBE cells 
(Supplementary Figure 2). Overall, the circ-HACE1 function 
was ascribed to the regulation of miR-485-3p-mediated TLR4 
as least in part.

Discussion
In this report, we affirmed that the dysregulation of circ- 
HACE1, miR-485-3p and TLR4 was associated with the CSE- 
induced COPD. Circ-HACE1 downregulation ameliorated the 
bronchial epithelial cell injury caused by CSE via targeting 
miR-485-3p to regulate TLR4 expression level.

Dysregulated circRNAs are usually related to the pro-
gression of human respiratory diseases.19 Blood circRNAs 
have been suggested as reliable targets for the diagnosis of 
active pulmonary tuberculosis.20 Li et al found 67 dysre-
gulated circRNAs in idiopathic pulmonary fibrosis via 
a circRNA microarray and clarified the circRNA/ 

Figure 6 miR-485-3p delayed the CSE-induced cell damage via downregulating TLR4. Transfection of miR-485-3p, miR-485-3p+TLR4 or the corresponding controls was 
performed in 2% CSE-treated 16HBE cells. (A) The protein level of TLR4 was detected using Western blot. (B–E) The examination of cell viability (B) and apoptosis (C and 
D)/cell cycle (E) was completed by respective CCK-8 and flow cytometry. (F and G) The assessment of inflammation was conducted by measuring the concentrations of IL- 
1β and TNF-α. (H and I) MDA (H) and SOD (I) levels were used for the evaluation of oxidative injury. The relative production of MDA or SOD in each treatment group 
was compared to the control group (set as 1). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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miRNA/mRNA network.21 Lin et al exhibited that 
circHIPK3 contributed to proliferation and migration of 
airway smooth muscle cells in the development of asthma 
via the miR-326/STIM1 axis.22 The researches of COPD 
have revealed that circBbs9 enhanced lung inflammation 
via targeting the miR-30e-5p/Adar pathway,23 and 
hsa_circRNA_0008672 promoted the pathogenesis of 
COPD via acting on the miR-1265/MAPK1 axis.24

Herein, circ-HACE1 expression was significantly 
increased in smokers or smokers with COPD compared 
to non-smokers and 16HBE cells treated with CSE con-
trasted with the untreated cells. Thus, circ-HACE1 upre-
gulation might be one of the molecular manifestations of 
COPD occurrence. Circ-HACE1 could be used as 
a biomarker to improve the clinical diagnosis of COPD. 
Cellular experiments demonstrated that CSE stimulation 
triggered the inhibitory effects on cell viability and cell 
cycle progression but promotive effects on apoptosis and 
inflammation. Interestingly, knockdown of circ-HACE1 
has reverted these effects in 16HBE cells. In addition to 
primary inflammation, oxidative stress can induce mito-
chondrial dysfunction to further drive lung inflammation 
in COPD.25 Through the detection of MDA and SOD, we 
found the downregulation of circ-HACE1 relieved the 

oxidative stress evoked by CSE. These results identified 
that downregulating circ-HACE1 ameliorated the CSE- 
induced cell damages, indicating that the knockdown of 
circ-HACE1 could be used a therapeutic strategy to inhibit 
the progression of COPD in clinic. This molecular therapy 
may be beneficial for the treatment of COPD, and further 
research in clinical presentation needs to be performed.

To explore the potential circRNA/miRNA/mRNA axis 
underpinning circ-HACE1, Circinteractome software was 
used to seek the miRNA target of circ-HACE1. MiR-485- 
3p was shown to interact with circ-HACE1 and circ- 
HACE1 acted as a sponge to negatively regulate the 
miR-485-3p expression. The level of miR-485-3p was 
lower in smokers and smokers with COPD than that in 
non-smokers, and its expression was also reduced by CSE 
in 16HBE cells. Furthermore, the alleviation of si-circ- 
HACE1 on the CSE-stimulated cell injury was blocked 
by miR-485-3p inhibition. Circ-HACE1 was firstly identi-
fied as a miRNA sponge, and circ-HACE1/miR-485-3p 
axis was confirmed to be implicated in the pathological 
development of COPD in vitro. Regulating target gene 
expression is the most common functional mechanism of 
miRNAs. In COPD, miR-206 facilitated cell apoptosis in 
human pulmonary microvascular endothelial cells by the 
direct regulation of Notch3 and VEGFA;26 miR-664a-3p 

Figure 7 Knockdown of circ-HACE1 upregulated miR-485-3p to decrease TLR4 expression in CSE-treated 16HBE cells. (A and B) The qRT-PCR and Western blot were 
exploited for the measurement of TLR4 mRNA (A) and protein (B) in 2% CSE-treated 16HBE cells transfected with si-NC, si-circ-HACE1, si-circ-HACE1+anti-miR-NC or 
si-circ-HACE1+anti-miR-485-3p, with untreated cells as the control group. TLR4 expression in each treatment group was compared with the control group (set as 1). 
****P < 0.0001.
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overexpression was accountable for CSE-induced COPD 
through inhibiting FHL1.27 Tang et al declared that miR- 
29b downregulation participated in the airway inflamma-
tion via upregulating BRD4.28 In this chapter, miR-485-3p 
was discovered to have target relation with TLR4. TLR4 
was highly expressed in smokers and smokers with COPD 
relative to non-smokers, as well as in CSE-treated 16HBE 
cells relative to control cells. MiR-485-3p played 
a protective role for 16HBE cells against CSE via down-
regulating the expression of TLR4, which also suggested 
that TLR4 acted as a pathogenic gene in CSE-induced 
COPD. The miR-485-3p/TLR4 signal axis was also dis-
closed in the COPD research for the first time. More 
importantly, we found that circ-HACE1 knockdown 
reduced the expression of TLR4 via miR-485-3p. 
Meanwhile, the overexpression of TLR4 eliminated the 
alleviation of circ-HACE1 siRNA on CSE-induced cell 
damages. TLR4 was again affirmed to promote the CSE- 
induced COPD progression, and the promoting effect of 
circ-HACE1 on CSE-induced COPD was also attributed to 
the TLR4 upregulation. Our results have clearly clarified 
how circ-HACE1 acted in the developing process of CSE- 
induced COPD. The discovery of circ-HACE1/miR-485- 
3p/TLR4 axis could contribute to the understanding of 
molecular mechanism in COPD progression.

TLR4 is associated with the inflammatory response in 
some diseases. Downregulation of circ_0068087 impeded 
the high glucose-induced cell dysfunction and inflammation 
in diabetes mellitus via targeting miR-197 to regulate TLR4.29 

CircLRP6 regulated inflammation and oxidative stress in dia-
betic nephropathy via the miR-205/TLR4 axis.30 CircTUBD1 
acted as a pro-inflammatory factor in radiation-induced liver 
disease by modulating TLR4 as the miR-146a-5p sponge.31 

Our findings exhibited that the miR-485-3p/TLR4 axis was 
partly responsible for the function of circ-HACE1 in CSE- 
induced COPD. Overall, we have provided the first informa-
tion for the function of mechanism of circ-HACE1 in COPD.

In conclusion, knockdown of circ-HACE1 suppressed 
CSE-triggered apoptosis, inflammation and oxidative 
stress in 16HBE cells via the miR-485-3p/TLR4 axis. 
The diagnostic efficiency of COPD can be enhanced 
using circ-HACE1 as a molecular target, and the therapeu-
tic management of COPD may also be improved through 
the expression inhibition of circ-HACE1.
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