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Background: Circular RNAs (circRNAs) can act as essential regulators in many diseases, including chronic obstructive pulmonary 
disease (COPD). We aimed to explore the role and underlying mechanism of circ_0040929 in COPD.
Methods: A cellular model of COPD was constructed by treating human bronchial epithelial cells (16HBE) with cigarette smoke 
extract (CSE). The levels of circ_0040929, microRNA-515-5p (miR-515-5p) and insulin-like growth factor-binding protein 3 
(IGFBP3) were measured by quantitative real-time PCR. Cell proliferation was assessed by Cell Counting Kit-8 and 5-ethynyl-2’- 
deoxyuridine assays. Cell apoptosis was evaluated by flow cytometry. Protein expression was measured using Western blot assay. The 
levels of inflammatory factors and airway remodeling were assayed via enzyme-linked immunosorbent assay. The interaction between 
miR-515-5p and circ_0040929/IGFBP3 was confirmed by dual-luciferase reporter, RNA pull-down and RNA immunoprecipitation 
assays. Exosomes were detected using transmission electron microscopy.
Results: Circ_0040929 expression and IGFBP3 expression were upregulated in the serum of smokers (n = 22) compared to non- 
smokers (n = 22) and more significantly upregulated in the serum of COPD patients (n = 22). However, miR-515-5p expression was 
decreased in the serum of smokers compared to non-smokers and further reduced in the serum of COPD. Circ_0040929 knockdown 
attenuated CSE-induced cell injury by increasing proliferation and reducing apoptosis, inflammation, and airway remodeling in 
16HBE cells. MiR-515-5p was a direct target of circ_0040929, and miR-515-5p inhibition reversed the effect of circ_0040929 
knockdown in CSE-treated 16HBE cells. IGFBP3 was a direct target of miR-515-5p, and miR-515-5p overexpression alleviated CSE- 
induced cell injury via targeting IGFBP3. Moreover, circ_0040929 regulated IGFBP3 expression by targeting miR-515-5p. 
Importantly, circ_0040929 was upregulated in serum exosomes from COPD patients.
Conclusion: Circ_0040929 played a promoting role in CSE-induced COPD by regulating miR-515-5p/IGFBP3 axis, suggesting that 
it might be a novel potential target for COPD treatment.
Keywords: chronic obstructive pulmonary disease, circ_0040929, miR-515-5p, IGFBP3

Introduction
Chronic obstructive pulmonary disease (COPD) is a progressive inflammatory lung disease and is one of the leading causes of 
death worldwide.1 COPD is characterized by airway limitation and abnormal inflammatory response in lungs caused by multiple 
risk factors, including cigarette smoke (CS).2 CS can induce airway inflammation in COPD, and the excessive ROS induced by 
CS can damage the lungs and promote COPD pathogenesis. So far, CS is the most important risk factor for COPD, and smoking 
cessation can slow down COPD development at the early diagnosed phase.3,4 CS may directly damage pulmonary endothelial 
cells, which then leads to increased apoptosis and reduced epithelial barrier formation, ultimately resulting in a continuous 
inflammatory response in lung tissues.5–7 Currently, the effective and specific treatments for COPD have not been fully 
discovered. Hence, it is essential to study the underlying mechanism of COPD for better prevention and treatment of COPD.
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Circular RNA (circRNA) has a unique covalent closed-loop without 5’-end cap and 3’-end poly A tail.8 Due to its 
closed-loop structure, circRNA is more stable and can avoid degradation by RNases.9 Increasing studies have shown that 
circRNAs can participate in diverse pathological and physiological processes, including cell proliferation, apoptosis and 
inflammation.10,11 Many studies have demonstrated that the abnormal expression of circRNAs is tightly associated with 
multiple human diseases, including COPD.12 For example, circ-RBMS1 might be a potential target for COPD, whose 
knockdown could alleviate cigarette smoke extract (CSE)-induced human bronchial epithelial cell (16HBE) injury.13 

Also, circ-HACE1 could aggravate CSE-induced 16HBE cell apoptosis, inflammatory response and oxidative stress.14 

Circ_0040929 is derived from ankyrin repeat domain 11 (ANKRD11) gene and located at chr16:89371613–89383486. A 
former study revealed that circ_0040929 was overexpressed in CSE-treated human small airway epithelial cells.15 

However, the functional role and regulatory mechanism of circ_0040929 in COPD have not been investigated.
MicroRNAs (miRNAs) are a large class of short (~22 nt) noncoding RNAs that can regulate gene expression.16 

Recently, the connection between circRNAs and miRNAs has attracted extensive attention. In terms of mechanism, 
circRNAs can sponge certain miRNAs and prevent the degradation of messenger RNAs targeted by these miRNAs.17 

Many miRNAs are reported to be implicated in various diseases, including COPD.18,19 A previous report showed that 
miR-515-5p could reduce epithelial cell epithelial–mesenchymal transition (EMT) in CS-induced airway remodeling.20 

Moreover, insulin-like growth factor-binding protein 3 (IGFBP3) was overexpressed in alveolar epithelial cells treated 
with CSE, which might be a target for the therapy or prevention of COPD.21 Interestingly, online bioinformatics database 
showed that both circ_0040929 and IGFBP3 had complementary-binding sequence for miR-515-5p. Therefore, we 
assumed that circ_0040929/miR-515-5p/IGFBP3 axis might participate in COPD progression.

In this paper, CSE-treated 16HBE cells were used as an in vitro model of COPD. In addition, we investigated the 
biological functions of circ_0040929, miR-515-5p, IGFBP3 in cell model of COPD. Furthermore, the interactions among 
circ_0040929, miR-515-5p, and IGFBP3 were explored to reveal an underlying mechanism of circ_0040929 in COPD. 
We aimed to offer a promising avenue for the treatment of COPD.

Materials and Methods
Serum Collection
Blood samples from COPD patients (n = 22), smokers (n = 22, without COPD), and non-smokers (n = 22, without 
COPD) were collected at Shaanxi Provincial People’s Hospital. Patients with COPD were diagnosed in accordance with 
the global Initiative for Chronic Obstructive Pulmonary Disease criteria, and all subjects had no other respiratory 
diseases. Blood samples were then centrifugated (3000 rpm, 10 min). Next, the supernatant was put in a clean tube 
and then centrifuged (1500 rpm, 30 min). At last, the final supernatant was kept in a refrigerator at −80°C. The 
participants provided written informed consent. Demographic and clinicopathological characteristics of the subjects in 
this study are listed in Table 1. This research had acquired approval from the Research Ethics Committee of Shaanxi 
Provincial People’s Hospital.

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

Parameters Non-Smokers  
(n = 22)

Smokers  
(n = 22)

COPD  
(n = 22)

Gender (male/female) 22/0 22/0 22/0

Age (years) 60.3 ± 6.5 62.1 ± 6.3 63.9 ± 7.4
Smoking history (pack-years) 0 43.7 ± 4.2 46.5 ± 5.6

BMI (kg/m2) 25.3 ± 2.3 29.2 ± 3.2 29.1 ± 3.7

FEV1/FVC% 78.9 ± 5.8 80.3 ± 4.9 63.4 ± 3.8
FEV1 (% predicted) 98.4 ± 4.2 89.2 ± 5.1 61.4 ± 3.3

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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Preparation of CSE
CSE preparation was performed following the methods described previously.22 Briefly, the smoke from 10 cigarettes was 
bubbled through 30 mL of RPMI-1640 (Invitrogen, Carlsbad, CA, USA). The resulting suspension was filtered using a 
0.22 μm cellulose membrane for removing large particles and the bacteria, which was considered as 100% CSE. This 
CSE was diluted with medium for obtaining the concentrations of 0.5%, 1%, 2%, and 4% CSE.

Cell Culture and Transfection
16HBE cells purchased from Procell (Wuhan, China) was cultured in RPMI-1640 (Invitrogen) that contained 10% fetal 
bovine serum (FBS; Invitrogen) in an incubator at 37°C with 5% CO2. For CSE treatment, 16HBE cells were stimulated 
with various doses (0%, 1%, 2%, and 4%) of CSE, or CSE (2%) for indicated times (0 h, 6 h, 12 h, 24 h, and 36 h).

Small interfering RNA (siRNA) against circ_0040929 (si-circ_0040929) and corresponding control (si-NC), miR- 
515-5p mimics or inhibitor (miR-515-5p or anti-miR-515-5p) and corresponding control (miR-NC or anti-NC), IGFBP3 
overexpression vector (IGFBP3) and corresponding control (vector) were all provided by Genechem (Shanghai, China). 
The sequences were as follows: si-circ_0040929 (5’-GACACAGCAGACGGTTGATGA-3’); si-NC (5’-GCGCGATAG 
CGCGAATATA-3’); miR-515-5p mimic (5’-UUCUCCAAAAGAAAGCACUUUCUG-3’); miR-NC (5’-ACUCUAUC 
UGCACGCUGACUU-3’); miR-1253 inhibitor (5’-CAGAAAGUGCUUUCUUUUGGAGAA-3’); anti-miR-NC (5’-CA 
GUACUUUUGUGUAGUACAA-3’). Lipofectamine 3000 Reagent (Invitrogen) was employed to transfect the oligonu-
cleotide and/or vector into 16HBE cells.

RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)
Total RNA from cells was isolated utilizing TRIzol (Invitrogen). The total RNA from the serum (250 μL/sample) was isolated 
using a TRIzol LS Reagent (Invitrogen). Next, the purity and concentration of RNA samples were detected by the measurement 
of the absorbance at 260 and 280 nm using NanoDrop 2000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). 
OD260/OD280 ratio ranged from 18 to 2.1 could be classified as a qualified sample. 1 μg of RNA was then reversed into cDNA 
with Primescript RT Reagent (TaKaRa, Kusatsu, Japan) for analysis of circRNA and mRNA or miScript II RT kit (Invitrogen) for 
detection of miRNA. Thereafter, qRT-PCR reaction was manipulated on the ABI-7500 Real-time PCR machine (Applied 
Biosystems, Foster City, CA, USA) with SYBR Green PCR Master Mix (Invitrogen). The RNA levels were calculated using the 
2−ΔΔCt method. U6 (for miRNA) and β-actin (for circRNA and mRNA) were used as an internal inference. Primer information 
was listed: circ_0040929 (sense: 5’-GAGCAGAAGGACTCGGACAC-3’ and anti-sense: 5’-CTTCCTGCTGTGGTGCTTTA- 
3’); ANKRD11 (sense: 5’-CCTAGATGACGACACGCCTTTG-3’ and anti-sense: 5’-GTCTCGCCTTTCCTGTTGCTCT-3’); 
miR-515-5p (sense: 5’-GGGTTCTCCAAAAGAAAGC-3’ and anti-sense: 5’-CAGTGCGTGTCGTGGAGT-3’); IGFBP3 
(sense: 5’-TTGCACAAAAGACTGCCAAG-3’ and anti-sense: 5’-CAACATGTGGTGAGCATTCC-3’); GAPDH (sense: 5’- 
GTCTCCTCTGACTTCAACAGCG-3’ and anti-sense: 5’- ACCACCCTGTTGCTGTAGCCAA-3’); β-actin (sense: 5’- 
CTCCATCCTGGCCTCGCTGT-3’ and anti-sense: 5’-GCTGTCACCTTCACCGTTCC-3’); U6 (sense: 5’-CTCGC 
TTCGGCAGCACATATACT-3’ and anti-sense: 5’-ACGCTTCACGAATTTGCGTGTC-3’). All experiments were repeated 
three times.

RNase R and Actinomycin D Treatment
RNase R treatment was used for degrading linear RNAs. RNA (2 μg) was treated with or without RNase R (3 U/μg) 
(Seebio, Shanghai, China) for half an hour. Next, circ_0040929 and ANKRD11 levels were assessed by qRT-PCR. All 
experiments were repeated three times.

For Actinomycin D assay, cells were exposed Actinomycin D (Sigma-Aldrich, St. Louis, MO, USA) to block 
transcription. Thereafter, qRT-PCR was used for measuring circ_0040929 and ANKRD11 expression. All experiments 
were repeated three times.
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Subcellular Fraction Assay
The fractions of nuclear and cytoplasmic were isolated with PARIS Kit (Invitrogen) for detecting the cellular localization 
of circ_0040929. Afterwards, the expression of GAPDH (as the controls for cytoplasmic transcript), U6 (as the controls 
for nuclear transcript) and circ_0040929 was examined through qRT-PCR. All experiments were repeated three times.

Cell Proliferation Assays
Cell Counting Kit-8 (CCK-8) purchased from Dojindo (Kumamoto, Japan) was employed for analyzing cell viability. 
Briefly, cell suspension (100 μL) was seeded into 96-well plates. Following the treatment, 10 μL of CCK-8 reagent was 
placed into each well. After 2–3 h, a microplate reader (BioTeck, Winooski, VT, USA) was employed for examining the 
absorbance of per well at 450 nm. All experiments were repeated three times.

For 5-ethynyl-20-deoxyuridine (EdU) assay, EdU kit (KeyGene, Nanjing, China) was used to test cell proliferation 
and DNA synthesis. In short, we seeded cells into a 24-well plate. After treatment, the cells were incubated with EdU 
solution (50 μM) for 2 h. After fixing with paraformaldehyde (4%), cells were treated with Triton-X-100 (0.5%), 
followed by staining with Click-It reaction in a dark place for 0.5 h. The nucleic acids were stained with DAPI, followed 
by analysis under fluorescence microscope (Leica, Wetzlar, Germany) at 200× magnification. All experiments were 
repeated three times.

Flow Cytometry Analysis
After treatment, 16HBE cells were harvested by centrifugation and then suspended in binding buffer (0.4 mL), followed 
by staining with Annexin V-FITC and PI (BD Biosciences, San Diego, CA, USA) in the darkness for 20–30 min. At last, 
cell apoptosis was monitored via a flow cytometer (BD Biosciences). All experiments were repeated three times.

Western Blot Assay
RIPA lysis buffer (KeyGene) was used for extracting total proteins. After measurement of protein concentration, proteins 
were subjected to SDS-PAGE, followed by transferring onto the PVDF membranes (Millipore, Billerica, MA, USA). 
After blockage using 5% skim milk (Beyotime, Shanghai, China), these membranes were immunoblotted with primary 
antibodies at 4°C for 10–14 h. Lastly, the combined signals were detected by an enhanced chemiluminescence kit 
(KeyGene) after incubation of corresponding secondary antibody. The antibodies including proliferating cell nuclear 
antigen (PCNA; 1:500, ab18197), Bcl-2 (1:500, ab196495), Bax (1:500, ab32503), Cleaved Caspase 3 (1:500, ab32042), 
IGFBP3 (1:1000, ab193910), β-actin (1:5000, ab227387), CD63 (1:1000, ab118307), TSG101 (1:500, ab30871), and 
HRP-conjugated IgG anti-rabbit (1:4000, ab205718) were commercially acquired from Abcam (Cambridge, MA, USA). 
All experiments were repeated three times.

Enzyme-Linked Immunosorbent Assay (ELISA)
The levels of factors related to inflammatory response (including IL-6, IL-1β and TNF-α), airway remodeling (including 
α-SMA, collagen I) and IGFBP3 in cell supernatant were determined by ELISA (Abcam). The data were presented in 
terms of pg/mL. All experiments were repeated three times.

Dual-Luciferase Reporter Assay
The candidate target miRNAs of circ_0040929 were predicted using circBANK (http://www.circbank.cn/), starbase 
(http://starbase.sysu.edu.cn/), and circinteractome (https://circinteractome.nia.nih.gov/). Starbase was employed to pre-
dict the candidate target genes for miR-515-5p. To generate wild-type luciferase reporter vector (circ_0040929-WT or 
IGFBP3-3’UTR-WT), the fragments of circ_0040929 or IGFBP3 3’UTR harboring miR-515-5p binding sequence were 
synthesized and introduced into the pmirGLO Dual-luciferase vectors (GenePharma, Shanghai, China). The mutant 
luciferase reporter vector (circ_0040929-MUT or IGFBP3-3’UTR-MUT) was created via mutating the binding sequence. 
After that, 16HBE cells were co-introduced with the corresponding reporter vector and miR-515-5p/miR-NC. Next, Dual 
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Luciferase Reporter Gene Assay Kit (LMAI Bio, Shanghai, China) was applied for the measurement of luciferase 
activities. All experiments were repeated three times.

RNA Pull-Down Assay
Biotin-labeled negative control (Bio-NC) and biotin-labeled miR-515-5p (Bio-miR-515-5p) (RiboBio, Guangzhou, 
China) were introduced into 16HBE cells, respectively. After incubation for 48 h, cells were collected and lysed. 
Following the addition of streptavidin beads (Invitrogen) at 4°C for 2 h, the pulled down RNAs were tested via qRT- 
PCR. All experiments were repeated three times.

RNA Immunoprecipitation (RIP) Assay
RIP experiment was conducted with Magna RIP Kit (Millipore). In short, cells were lysed by complete RIP lysis buffer. 
Next, cell lysate was incubated with magnetic beads which linked with Anti-IgG antibody (as negative control) or anti- 
Argonaute2 (Anti-Ago2). After digestion with protease K, the extracted RNA was further used for qRT-PCR for detecting 
circ_0040929 and miR-515-5p enrichment. All experiments were repeated three times.

Transmission Electron Microscopy (TEM)
ExoQuick precipitation kit (System Biosciences, Mountain View, CA, USA) was utilized for isolating exosomes from 
serum samples. Next, isolated exosomes were suspended in PBS (Beyotime), followed by fixing in glutaraldehyde (2.5%, 
pH 7.2). After that, fixed exosomes were then put on a carbon-coated copper grid and subsequently stained by 
phosphotungstic acid solution (pH = 7.0) and dried at 65°C. Next, JEM-1400 (JEOL, Akishima, Japan) was utilized to 
observe exosome morphology and ultrastructure at 100 kV.

Nanoparticle Tracking Analysis (NTA)
To observe exosome size distribution and concentration, NTA was carried out using a NanoSight NS300 (NanoSight, 
Amesbury, UK). Isolated exosome samples were diluted in PBS and injected into the NanoSight sample pool, and five 
recordings of 30 sec each were captured. NTA 3.0 software (NanoSight) was used to analyze the data.

Statistical Analysis
Data from at least 3 independent experiments were presented as the mean ± standard deviation and analyzed by 
GraphPad Prism version 6.0 software (GraphPad Software, La Jolla, CA, USA). Difference comparison depended on 
Student’s t-test and one-way analysis of variance. The correlation between circ_0040929 and miR-515-5p in the serum of 
COPD patients was performed by Spearman correlation coefficient. P<0.05 was regarded as statistically significant.

Results
Circ_0040929 is Upregulated in COPD Patients and CSE-Treated 16HBE Cells
The expression of circ_0040929 in the serum of COPD patients, smokers, and non-smokers was examined by qRT-PCR. 
As shown in Figure 1A, circ_0040929 expression was higher in the serum of smokers than that in non-smokers, and its 
expression was the highest in the serum of COPD patients. According to the ROC curve, circ_0040929 could be used to 
diagnose smokers and COPD patients, with an AUC of 0.9959 distinguishing smokers from non-smokers 
(Supplementary Figure 1A), 1.000 distinguishing COPD from non-smokers (Supplementary Figure 1B), and 0.6570 
distinguishing COPD from smokers (Supplementary Figure 1C). Also, circ_0040929 expression was positively corre-
lated with CRP level in COPD patients (Supplementary Figure 1D). In addition, circ_0040929 expression was dose- 
dependently increased in response to CSE treatment in 16HBE cells (Figure 1B). Likewise, circ_0040929 expression was 
gradually elevated by treatment with CSE in 16HBE cells in a time-dependent manner (Figure 1C). Generally, RNase R 
can digest linear RNA but not circRNA. RNase R digestion analysis suggested that circ_0040929 was more resistant to 
RNase R than linear ANKRD11 (Figure 1D). Actinomycin D assay exhibited that the half-life of circ_0040929 transcript 
exceeded 12 h, while the half-life of ANKRD11 transcript was about 8 h (Figure 1E), indicating that circ_0040929 
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transcript was more stable than ANKRD11 transcript. Next, we explored the localization of circ_0040929 in 16HBE 
cells. The data showed that circ_0040929 was mainly located in the cytoplasm (Figure 1F). Taken together, as a circular 
RNA, circ_0040929 might be involved in COPD development.

Knockdown of Circ_0040929 Attenuated CSE-Induced Apoptosis, Inflammation, and 
Airway Remodeling
Next, we explored the potential function of circ_0040929 in HBE cells exposed to 2% CSE. The expression of 
circ_0040929 was increased by exposure to CSE, which was weakened by transfection of si-circ_0040929 
(Figure 2A). CCK-8 and EdU assay suggested that CSE treatment reduced cell viability and DNA synthesis, which 
could be reversed by knockdown of circ_0040929 (Figure 2B and C). The results of flow cytometry analysis depicted 
that CSE treatment induced apoptosis, which was attenuated by downregulating circ_0040929 (Figure 2D). Western blot 
assay was used to measure the protein levels of PCNA (essential for cellular DNA synthesis), Bax (pro-apoptotic 
molecule) and Bcl-2 (anti-apoptotic molecule), and Cleaved caspase 3 (a key executor in apoptotic process). The data 
showed that CSE treatment decreased PCNA and Bcl-2 protein levels and increased Bax and Cleaved caspase 3 protein 
levels, while these effects were overturned by circ_0040929 interference (Figure 2E). In addition, the secretion of 
inflammatory cytokines, including IL-1β, IL-6 and TNF-α, was detected in CSE-treated 16HBE cells after knockdown of 
circ_0040929. ELISA analysis showed that CSE treatment increased the concentrations of IL-1β, IL-6 and TNF-α, which 
was reversed by circ_0040929 downregulation (Figure 2F–H). The inflammation cytokines usually contribute to the 
airway remodeling process (a critical feature of COPD).23 Therefore, we further analyzed the effect of circ_0040929 on 
airway remodeling. Results of ELISA showed that both α-SMA and collagen I levels were increased by CSE treatment in 
16HBE cells, while circ_0040929 inhibition counteracted airway remodeling caused by CSE (Figure 2I and J). The 
above findings manifested that circ_0040929 knockdown attenuated CSE-triggered injury in 16HBE cells.

Figure 1 Circ_0040929 was overexpressed in COPD patients and CSE-exposed 16HBE cells. (A) The expression of circ_0040929 was measured by qRT-PCR in serum 
samples of non-smoker (n=22), smokers (n=22), and COPD patients (n=22). (B) The expression of circ_0040929 was detected by qRT-PCR in 16HBE cells treated with 0%, 
0.5%, 1%, 2%, and 4% CSE (n=3). (C) The expression of circ_0040929 was examined by qRT-PCR in 16HBE cells exposed to 2% CSE for 0 h, 6 h, 12 h, 24 h, and 36 h (n=3). 
(D and E) After treatment with RNase R and Actinomycin D, the levels of circ_0040929 and ANKRD11 were determined by qRT-PCR in 16HBE cells (n=3). (F) Subcellular 
localization was performed to examine the distribution of circ_0040929 in 16HBE cells (n=3). *P<0.05, ***P<0.001.
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MiR-515-5p is a Direct Target of Circ_0040929
CircRNAs have been increasingly reported to regulate the expression of target genes via sponging certain miRNAs. 
Based on the combined prediction of circBANK, starbase, and circinteractome, only miR-515-5p was screened out as a 
candidate (Figure 3A). The complementary-binding sites of miR-515-5p and circ_0040929 are shown in Figure 3B. 
Transfection of miR-515-5p increased the expression of miR-515-5p in 16HBE cells (Figure 3C), indicating a high 
transfection efficiency. Dual-luciferase reporter, RNA pull-down and RIP assays were performed to further confirm the 
interaction between miR-515-5p and circ_0040929. Dual-luciferase reporter assay manifested that miR-515-5p enhance-
ment remarkably decreased the luciferase activity of circ_0040929-WT but had no obvious impact on the luciferase 
activity of circ_0040929-MUT (Figure 3D). RNA pull-down assay showed that the enrichment of circ_0040929 was 
significantly increased in 16HBE cell transfection with Bio-miR-515-5p compared with Bio-NC group (Figure 3E). 
Moreover, circ_0040929 and miR-515-5p were enriched in Anti-Ago2 group compared to Anti-IgG group (Figure 3F). 
The results of qRT-PCR showed that miR-515-5p expression was lower in the serum of smokers than that in non- 
smokers, and its expression was the lowest in the serum of COPD patients (Figure 3G). Furthermore, the correlation 
between miR-515-5p and circ_0040929 expression was analyzed in the serum of COPD patients. As shown in Figure 3H, 
a negative correlation between miR-515-5p and circ_0040929 expression was observed. In addition, we found that miR- 
515-5p expression was reduced in 16HBE cells treated with CSE, which was restored by transfection of si-circ_0040929 
(Figure 3I). Altogether, circ_0040929 sponged miR-515-5p in 16HBE cells.

Figure 2 Knockdown of circ_0040929 attenuated CSE-triggered injury in 16HBE cells. 16HBE cells were divided into 4 groups: con, CSE, CSE + si-NC, and CSE + si- 
circ_0040929. (A) The expression of circ_0040929 was tested using qRT-PCR analysis. (B) Cell viability was assessed by CCK-8 assay. (C) DNA synthesis was determined 
by EdU assay (×200). (D) Flow cytometry analysis was used to examine cell apoptosis. (E) The protein levels of PCNA, Bax, Bcl-2, and Cleaved caspase 3 were measured by 
Western blot assay. (F–J) The levels of IL-1β, IL-6, TNF-α, α-SMA, and collagen I were detected by ELISA. All experiments were repeated three times. **P<0.01, ***P<0.001.
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Circ_0040929 Silencing Alleviated CSE-Induced Injury via Sponging miR-515-5p in 
16HBE Cells
Transfection of anti-miR-515-5p reduced the expression of miR-515-5p in 16HBE cells (Figure 4A). To illuminate 
whether circ_0040929 targeted miR-515-5p to affect CSE-induced cell injury, a range of rescue experiments were 
performed. The promoting effects of circ_0040929 knockdown on cell viability and DNA synthesis were reversed after 
the introduction of anti-miR-515-5p (Figure 4B and C). Furthermore, miR-515-5p inhibition restored the suppressive 
effect of si-circ_0040929 on cell apoptosis in CSE-exposed 16HBE cells (Figure 4D). Meanwhile, the increased PCNA 
and Bcl-2 protein levels and the decreased Bax and Cleaved caspase 3 protein levels caused by circ_0040929 knockdown 
were abrogated by miR-515-5p downregulation (Figure 4E). In addition, miR-515-5p suppression counteracted the 
inhibitory effects of circ_0040929 depletion on the levels of IL-1β, IL-6, TNF-α, α-SMA, and collagen I in CSE-treated 
16HBE cells (Figure 4F–J). These data suggested that miR-515-5p inhibition reversed the roles of circ_0040929 
knockdown in CSE-treated 16HBE cells.

IGFBP3 is a Direct Target Gene of miR-515-5p
Next, we explored the downstream target for miR-515-5p via starbase. As presented in Figure 5A, IGFBP3 possessed the 
possible binding sites for miR-515-5p, indicating that IGFBP3 was a potential target gene of miR-515-5p. To validate 
this assumption, dual-luciferase reporter assay was carried out. The results showed that miR-515-5p transfection 
markedly reduced the luciferase activity of IGFBP3-3’UTR-WT but did not affect the luciferase activity of IGFBP3- 

Figure 3 Circ_0040929 acts as a sponge of miR-515-5p. (A) Different databases showed the potential targets of circ_0040929. (B) The complementary binding sequence of 
circ_0040929 and miR-515-5p was shown. (C) The expression of miR-515-5p was detected by qRT-PCR in 6HBE cells transfected with miR-NC or miR-515-5p (n=3). (D) 
Dual-luciferase reporter assay was conducted to measure the luciferase activity in 16HBE cells co-transfected with circ_0040929-WT or circ_0040929-MUT and miR-NC or 
miR-515-5p (n=3). (E) The enrichment of circ_0040929 was detected by RNA pull-down assay and qRT-PCR in 16HBE cells transfected with Bio-NC or Bio-miR-515-5p 
(n=3). (F) RIP assay was performed in 16HBE cells, and enrichment of circ_0040929 and miR-515-5p was detected by qRT-PCR (n=3). (G) The expression of miR-515-5p 
was measured by qRT-PCR in serum samples of non-smoker (n=22), smokers (n=22), and COPD patients (n=22). (H) Correlation between circ_0040929 and miR-515-5p 
expression was assessed in serum samples of COPD patients by Spearman correlation coefficient. (I) The expression of miR-515-5p was detected by qRT-PCR in 16HBE 
cells treated with or without CSE and CSE-treated 16HBE cells transfected with si-NC or si-circ_0040929 (n=3). **P<0.01, ***P<0.001.
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3’UTR-MUT in 16HBE cells (Figure 5B). Subsequently, we explored the impact of miR-515-5p on IGFBP3 expression. 
We observed that IGFBP3 mRNA and expression were reduced by overexpression of miR-515-5p and increased by 
inhibition of miR-515-5p in 16HBE cells (Figure 5C and D). Next, we explored whether circ_0040929 could regulate 
IGFBP3 expression via serving as a sponge of miR-515-5p. Results demonstrated that circ_0040929 interference reduced 
the mRNA and protein levels of IGFBP3, which was abolished by inhibiting miR-515-5p expression (Figure 5E and F), 
suggesting that circ_0040929 acted as a sponge of miR-515-5p to positively regulate IGFBP3 expression. In addition, 
IGFBP3 expression is increased in the serum of smokers compared to non-smokers, and IGFBP3 expression is further 
increased in the serum of COPD patients (Figure 5G). In a word, miR-515-5p directly targeted IGFBP3.

Overexpression of miR-515-5p Weakened CSE-Induced Injury by Targeting IGFBP3 in 
16HBE Cells
Overexpression efficiency of IGFBP3 was determined by qRT-PCR. The data showed that transfection of IGFBP3 
increased IGFBP3 protein expression in 16HBE cells (Figure 6A). Next, rescue experiments were performed to explore 
whether the function of miR-515-5p in CSE-treated 16HBE cells was regulated by IGFBP3. Overexpression of miR-515- 
5p increased cell viability and DNA synthesis and reduced cell apoptosis, while these effects were reversed by 
upregulating IGFBP3 (Figure 6B-D). Moreover, enforced expression of miR-515-5p resulted in a marked elevation in 
the protein levels of PCNA and Bcl-2, and a significant reduction in the protein levels of Bax and Cleaved caspase 3, 
which could be neutralized by increasing IGFBP3 expression (Figure 6E). Furthermore, the restoration of miR-515-5p 
reduced the levels of IL-1β, IL-6, TNF-α, α-SMA, and collagen I in CSE-treated 16HBE cells, whereas these effects were 

Figure 4 Circ_0040929 silencing alleviated CSE-induced injury via upregulating miR-515-5p in 16HBE cells. (A) The expression of miR-515-5p was measured by qRT-PCR in 
16HBE cells transfected with anti-NC or anti-miR-515-5p. 16HBE cells were transfected with si-NC, si-circ_0040929, si-circ_0040929 + anti-NC, or si-circ_0040929 + anti- 
miR-515-5p, followed by treatment with CSE. (B and C) CCK-8 assay and EdU assay were utilized to evaluate proliferation. (D) Cell apoptosis was determined by flow 
cytometry analysis. (E) The protein levels of PCNA, Bax, Bcl-2, and Cleaved caspase 3 were analyzed using Western blot analysis. (F–J) ELISA was used to detect the levels 
of IL-1β, IL-6, TNF-α, α-SMA, and collagen I. All experiments were repeated three times. **P<0.01, ***P<0.001.
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abolished by the overexpression of IGFBP3 (Figure 6F–J). These data indicated that miR-515-5p attenuated CSE- 
induced apoptosis, inflammation, and airway remodeling by regulating IGFBP3 in 16HBE cells.

Circ_0040929 is Upregulated in Exosomes Derived from COPD Patient Serum
Exosomes were extracted from the serum of non-smokers, smokers, and COPD patients. As shown in Figure 7A, serum- 
derived exosomes were observed under a TEM, and the diameter of vesicles was about 40–120 nm, which was consistent 
with the morphological characteristics of exosomes. The particle size distribution was detected by NTA, and the result 
suggested that the size distribution of exosomes was approximately 100 nm in diameter (Figure 7B). The levels of 
exosome protein markers (CD63 and TSG101) were detected by Western blot. Results showed that CD63 and TSG101 
were all highly enriched in the isolated exosomes from non-smokers, smokers, and COPD patient serum (Figure 7C). In 
addition, the results of qRT-PCR showed that circ_0040929 expression was increased in the serum exosomes from 
smokers compared with non-smokers, and its expression was further enhanced in the exosomes from COPD patient 
serum (Figure 7D). These data suggested that exosomal circ_0040929 might be involved in COPD development.

Figure 5 IGFBP3 is targeted by miR-515-5p. (A) The binding sites between IGFBP3 and miR-515-5p were predicted by starbase. (B) The interaction between IGFBP3 and 
miR-515-5p was confirmed by dual-luciferase reporter assay (n=3). (C and D) IGFBP3 mRNA and protein expression were detected by qRT-PCR and Western blot analyses, 
respectively, in 16HBE cells transfected with miR-NC, miR-515-5p, anti-NC, or anti-miR-515-5p (n=3). (E and F) 16HBE cells were divided into 6 groups: con, CSE, CSE + 
si-NC, CSE + si-circ_0040929, CSE + si-circ_0040929 + anti-NC, or CSE + si-circ_0040929 + anti-miR-515-5p. The mRNA and protein levels of IGFBP3 were determined 
by qRT-PCR and Western blot analyses, respectively (n=3). (G) IGFBP3 expression was examined by ELISA assay in serum samples of non-smoker (n=22), smokers (n=22), 
and COPD patients (n=22). *P<0.05, ***P<0.001.
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Figure 6 MiR-515-5p exerted a protective role in CSE-induced 16HBE cells by targeting IGFBP3. (A) IGFBP3 protein expression was detected by Western blot assay in 
16HBE cells transfected with vector or IGFBP3. 16HBE cells were transfected with miR-NC, miR-515-5p, miR-515-5p + vector, or miR-515-5p + IGFBP3, followed by 
exposure to CSE. (B and C) Cell proliferation was evaluated by CCK-8 assay and EdU assay. (D) Flow cytometry analysis was utilized to determine cell apoptosis. (E) 
Western blot assay was performed to detect the protein levels of PCNA, Bax, Bcl-2, and Cleaved caspase 3. (F–J) The levels of IL-1β, IL-6, TNF-α, α-SMA, and collagen I 
were examined using ELISA. All experiments were repeated three times. **P<0.01, ***P<0.001.

Figure 7 Serum exosomal circ_0040929 is upregulated in COPD patients. (A) Representative images of exosomes from non-smokers, smokers, and COPD patient serum 
were presented by TEM. (B) Size distribution of exosomes were analyzed by NTA. (C) The markers of exosome (CD63 and TSG101) were detected by Western blot assay 
in exosomes from non-smokers, smokers, and COPD patient serum (n=3). (D) The expression of circ_0040929 was examined by qRT-PCR in serum exosomes from non- 
smokers (n=22), smokers (n=22), and COPD patients (n=22). **P<0.01, ***P<0.001.
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Discussion
Currently, it is still a great challenge to treat COPD. Recently, some circRNAs have been suggested to participate in the 
pathogenesis of COPD. For instance, circANKRD11 is elevated in the lung samples of COPD patients, and knockdown 
of circANKRD11 ameliorated CSE-triggered cell apoptosis, oxidative stress, and inflammation in human pulmonary 
microvascular endothelial cells.24 In addition, circ_0006892 is downregulated in lung tissue samples of COPD patients 
and CSE-treated bronchial epithelial cells, and upregulation of circ_0006892 weakened CSE-triggered apoptosis and 
inflammatory response25. However, the biological roles of most circRNAs in COPD have not been studied. Hence, the 
purpose of our research was to clarify the exact role and possible mechanism of circ_0040929 in COPD.

In this paper, circ_0040929 is strikingly enhanced in COPD patient serum samples and CSE-treated 16HBE cells, 
which is in accordance with a previous report.15 Besides, circ_0040929 knockdown weakened CSE-triggered cell injury 
by promoting cell proliferation and inhibiting apoptosis, inflammation, and airway remodeling in 16HBE cells. These 
data revealed that circ_0040929 might promote COPD progression.

Accumulating evidence has indicated that circRNAs in the cytoplasm can serve as competing endogenous RNAs 
(ceRNAs) or miRNA sponges, thereby regulating various biological processes.26 In this research, circ_0040929 was 
demonstrated to be primarily located in the cytoplasm. Hence, we hypothesized that circ_0040929 might serve as a sponge 
for miRNA. By analyzing bioinformatics tools and a series of experiments, we proved that circ_0040929 was a miR-515-5p 
sponge. Many researches manifested that miR-515-5p functioned as a tumor-suppressive miRNA in many cancers, 
including prostate cancer,27 hepatocellular carcinoma,28 and bladder cancer.29 Moreover, miR-515-5p has been revealed 
to be closely associated with inflammatory response.30,31 More importantly, Ma et al showed that CSE treatment could 
reduce miR-515-5p level in human bronchial epithelial cells, and miR-515-5p was implicated in CSE-mediated EMT and 
regulated FoxC1 and Snail expression in human bronchial epithelial cells.20 However, the impact of miR-515-5p on the 
proliferation, inflammation, apoptosis, and airway remodeling in CSE-induced human bronchial epithelial cells is still 
unclear. Herein, a decrease of miR-515-5p expression was detected in COPD patient serum samples and CSE-stimulated 
16HBE cells. Additionally, miR-515-5p inhibition abated the roles of circ_0040929 interference in CSE-treated 16HBE 
cells, indicating that circ_0040929 silencing weakened CSE-triggered cell injury via sponging miR-515-5p.

Next, we continued to search for the target gene of miR-515-5p. Our research verified that IGFBP3 was a target for 
miR-515-5p according to bioinformatics tool and experimental verification. IGFBP3 is widely involved in regulating cell 
proliferation, apoptosis, airway inflammation, and airway remodeling.32,33 Moreover, Jiao et al disclosed that CSE 
treatment resulted in a marked increase of IGFBP3 expression in alveolar epithelial cells, CSE stimulation inhibited 
proliferation of alveolar epithelial cells and even induced apoptosis with a high expression of IGFBP3, indicating that 
IGFBP3 might play an important role in COPD.34 Besides, Jia et al declared that IGFBP3 was also increased after the 
treatment with CSE in NCI-H292 cells, and miR-212-5p exerted a protective role in COPD by downregulating IGFBP3 
expression, implying that inhibition of COPD might be an effective strategy for the treatment of COPD.21 In our study, 
IGFBP3 was demonstrated to be highly expressed in COPD patient serum and CSE-exposed 16HBE cells. 
Overexpression of miR-515-5p facilitated cell proliferation and suppressed apoptosis, airway remodeling, and inflamma-
tion in CES-stimulated 16HBE cells, disclosing that miR-515-5p exerted a protective role in COPD by targeting IGFBP3. 
According to our results, we confirmed that IGFBP3 could promote the release of IL-1β, IL-6 and TNF-α. Therefore, we 
confirmed that IGFBP3 could aggravate inflammation response.

Exosomes are small vesicles with diameter range between 40 and 140 nm that originate from endosomal multi-
vesicular bodies.35 The transfer of exosomes between cells allows the delivery of cellular contents, such as proteins, 
circRNAs, mRNAs, miRNAs, or other bioactive substances.36,37 CircRNAs are evolutionarily conserved, highly stable, 
and cell-/developmental stage-specific and have longer half-lives compared with linear RNAs, and circRNAs are 
plentiful in various body fluids including blood, saliva, serum, and even in exosomes. Moreover, exosomes can protect 
RNAs from degradation in the circulation, so exosomal circRNAs are thought to be novel therapeutic targets and disease 
biomarkers.38 The levels of exosomal circRNAs derived from COPD patients are still unknown. In this research, 
circ_0040929 was found to be upregulated in serum exosomes from COPD patients, implying that exosomal 
circ_0040929 might be a promising diagnostic marker for COPD patients.
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In conclusion, we demonstrated that circ_0040929 knockdown accelerated cell proliferation and repressed cell 
apoptosis, inflammation, and airway remodeling in CES-exposed 16HBE cells via sponging miR-515-5p and mediating 
IGFBP3 expression. In addition, serum exosomal circ_0040929 might be a potential diagnostic indicator for COPD 
patients. Overall, our data might provide a promising therapeutic strategy for COPD therapy. However, the role of 
circ_0040929/miR-515-5p/IGFBP3 in COPD is still required to be further confirmed in animal models in the future study.
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