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Abstract. Mitophagy plays significant roles in chronic 
obstructive pulmonary disease (COPD). The present study 
aimed to screen and validate mitophagy‑related genes in COPD 
by using bioinformatic analysis and experimental validation. 
The original data were downloaded from Gene Expression 
Omnibus datasets and 29 mitophagy‑related genes sets were 
acquired from the Molecular Signatures Database. The differ‑
entially expressed mitophagy‑related genes (DEMRGs) were 
screened using the Wilcoxon test. Gene Ontology and Kyoto 
Encyclopedia of Genes and Genomes enrichment analysis 
were conducted for the identification of DEMRGs. In addition, 
clustering analysis was used to assess the differential expres‑
sion characteristics of DEMRGs in patients with COPD. Least 
absolute shrinkage and selection operator (LASSO) regression 
analysis was performed to identify signature genes with COPD 
diagnostic significance; these genes were validated using the 
test dataset. In addition, the degree of infiltration of 28 immune 
cells in COPD and control samples was assessed. Finally, ciga‑
rette smoke extract (CSE)‑treated bronchial epithelial cells 
were employed to verify the role of signature genes in regu‑
lating mitophagy in vitro using molecular biology approaches. 
A total of 14 DEMRGs were identified, which were mainly 
involved in mitophagy‑related processes and pathways. 
Clustering analysis indicated the expression levels of 14 
DEMRGs except for microtubule‑associated protein 1 light 
chain‑3β, which was significantly different. Moreover, combi‑
nation with LASSO, receiver operating characteristic curve 
and the validation dataset resulted in the identification of the 
mitochondrial transcription termination factor 3 (MTERF3). 

The infiltrating abundance of the majority of the immune cells 
was higher in COPD samples than that noted in the control 
samples; MTERF3 demonstrated the optimal correlation with 
macrophages, myeloid‑derived suppressor cells, regulatory T 
cells and activated cluster of differentiation 8 T cells. Further 
analysis revealed that MTERF3 expression was increased 
in CSE‑treated 16HBE cells and knockdown of MTERF3 
expression promoted mitophagy. These findings provide novel 
insights into the role of mitophagy in COPD and identify novel 
targets for COPD diagnosis and treatment.

Introduction

Chronic obstructive pulmonary disease (COPD), a common 
chronic respiratory lung ailment, is characterized by long‑term 
airflow limitation that is not fully reversible. It is estimated 
that COPD will become the third leading cause of mortality 
by 2030 in the world (1). A total of 212.3 million patients 
with COPD have been reported in 2019 worldwide; this is 
estimated to increase to 600 million prevalent cases of COPD 
by 2050 worldwide (2,3). It is widely accepted that persistent 
exposure to cigarette smoke (CS) is by far the primary etio‑
logical factor for COPD and has been documented in >80% 
of COPD cases (4). As a serious health burden, COPD has an 
important impact on the quality of life of patients, and causes 
a huge socioeconomic and medical burden (5). Therefore, it 
is imperative to identify COPD biomarkers and elucidate the 
molecular mechanisms of pathogenesis involved in COPD.

Accumulated evidence indicates that multiple biological 
functions are implicated in the pathogenesis of COPD (6‑8). 
Among them, autophagy exerts a crucial effect on the 
development of COPD (9). Autophagy is a highly conserved 
homeostatic process, during which autophagosomes 
devour and degrade damaged or aged organelles for further 
processing and recycling to maintain cellular homeostasis (10). 
Notably, autophagy eliminates the damaged mitochondria, a 
process known as mitophagy, which is the main part of the 
mitochondrial quality control system (11). Dysregulation of 
mitophagy contributes to the development of diverse lung 
disorders, including asthma, acute lung injury, bronchopulmo‑
nary dysplasia and COPD (12). Substantial evidence suggests 
that CS impairs mitophagy, resulting in the accumulation of 
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damaged mitochondria (13,14). By regulating mitophagy in 
cigarette smoke extract (CSE)‑induced airway epithelial cells, 
MAPK15‑Unc‑51‑like kinase signaling participates in the 
development of COPD (15). Nevertheless, the genes related to 
mitophagy in COPD have not been fully clarified and further 
studies are required for their identification. The exploration 
of the potential mitophagy‑related genes during COPD devel‑
opment will provide the possibility of identifying potential 
biomarkers for the treatment of this condition.

In the present study, the mitophagy‑associated differen‑
tially expressed genes (DEGs) were analyzed in the Gene 
Set Enrichment (GSE) 76925 dataset in COPD and control 
samples. The expression patterns of these DEGs were analyzed 
by cluster analysis. Subsequently, Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich‑
ment analyses were performed for the identifications of DEGs 
and their biological functions and interaction networks were 
assessed. In addition, least absolute shrinkage and selection 
operator (LASSO) regression analysis was used to screen 
signature genes and analyze their relationship with immune 
cells. Finally, biological experiments were conducted to inves‑
tigate the involvement of signature genes in the progression of 
COPD.

Materials and methods

Acquisition of datasets and mitophagy‑related genes. The 
COPD datasets were downloaded from the Gene Expression 
Omnibus (GEO) datasets (http://www.ncbi.nlm.nih.gov/geo/) 
on December 5, 2023. The GSE76925 dataset which included 
111 COPD samples and 40 control samples was downloaded 
from the GPL10558 platform and was used as the training set. 
In addition, a study of 18 patients with COPD and 36 control 
samples (GSE8545) downloaded from the GPL570 platform 
was selected as the validation set. The ‘limma’ R package 
(https://bioconductor.org/packages/release/bioc/html/limma.
html) was employed to pre‑process the raw microarray data 
for quality control. A total of 29 mitophagy‑related genes 
sets (REACTOME_MITOPHAGY) were downloaded from 
the Molecular Signatures Database (MSigDB; https://www.
gsea‑msigdb.org/gsea/index.jsp).

Identification of differentially expressed mitophagy‑related 
genes (DEMRGs). The DEMRGs identified in COPD and 
control samples were analyzed with the application of the 
Wilcoxon test. Plot box plots were made using the ‘ggpubr’ 
package (https://rpkgs.datanovia.com/ggpubr/).

GO and KEGG enrichment analysis. The GO and KEGG 
enrichment analyses were used to investigate the biological 
functions and signaling pathways for DEMRGs using 
‘ClusterProfiler’ R package (https://yulab‑smu.top/biomed‑
ical‑knowledge‑mining‑book/). The results are visualized 
using the ‘ggplot2’ R package (https://ggplot2.tidyverse.org/).

Clustering and differential analyses. To analyze the differ‑
ential expression characteristics of DEMRGs in patients with 
COPD, ‘ConsensusClusterPlus’ (https://www.bioconductor.
org/packages/release/bioc/html/ConsensusClusterPlus.html) 
was used in the R package to perform hierarchical clustering 

according to the expression of DEMRGs. The parameter was 
set to 50 replicates (rep=50) with a resampling rate of 80% 
(pItem=0.8). The DEGs between clusters were analyzed by 
the ‘limma’ R package, using |log2FC| >1 and the adjusted 
P<0.05 was used as cutoff value. The Volcano plot of DEGs 
was generated using the ‘ggrepel’ package (https://ggrepel.
slowkow.com/).

Screening for signature genes using LASSO regression 
analysis. LASSO regression analysis was conducted to screen 
genes with COPD diagnostic significance with the application 
of ‘glmnet’ R package (https://glmnet.stanford.edu/). The 
genes and their coefficients were determined by the optimal 
penalty parameter λ with a minimum 10‑fold cross validation. 
Receiver operating characteristic (ROC) curve was employed 
to calculate the area under the curve (AUC) to accurately 
evaluate the validity of the signature genes as diagnostic 
markers. ROC curves were obtained using the R package 
‘pROC’ (https://xrobin.github.io/pROC/).

Validation of the signature genes in the test set. The diagnostic 
performance was validated in validation sets (GSE8545) by 
calculating the AUC of the ROC curve. The ROC curves were 
plotted by means of the R software package ‘pROC’.

Analysis of immune infiltration. The immune cell infiltration 
in the microenvironment, involving 28 immune cells, was 
analyzed by single‑sample gene set enrichment analysis to 
obtain a score file representing the immune cell composition in 
each individual sample in the GSE76925 dataset. The immune 
cell scores of the COPD and control groups were statistically 
analyzed by the t‑test. The results were visually represented by 
box plots. The association between signature genes and immune 
cells was analyzed with the application of the correlation test 
function in the R software (v.4.3.3; https://cran.r‑project.org/). 
Subsequently, the results were visualized with the ‘ggplot’ 
R package. A correlation analysis was used to measure the 
relationship between the dysregulated immune cells and a 
signature gene, which was presented graphically.

Culture of 16HBE cells. The normal human bronchial epithe‑
lial cell line 16HBE was accessed from Procell Life Science & 
Technology Co., Ltd. The cells were nurtured in a mixture of 
RPMI‑1640 medium (HyClone; Cytiva) containing 10% fetal 
bovine serum (HyClone; Cytiva), 100 U/ml penicillin and 
0.1 mg/ml streptomycin (Beyotime Institute of Biotechnology) 
in an incubator at 37˚C in the presence of 5% CO2.

Preparation of CSE and treatment. CSE was prepared as 
previously reported (16). The smoke of 2 3R4F reference ciga‑
rettes was bubbled through 10 ml RPMI‑1640 medium. The 
CSE solution was titrated to pH 7.4 and sterilized by filtration 
through a 0.22‑µm pore filter, which was regarded as 100% 
concentration of CSE. The solution was diluted to the required 
concentrations (0.5, 1, 2 and 4%) with RPMI‑1640 medium to 
treat 16HBE cells for 24 h; the treatment aimed to simulate the 
lung cell destruction condition observed in COPD.

Cell viability assay. 16HBE cells were replanted in 96‑well 
plates (2x104 cells/well). The following day, the cells were 
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cultured in fresh medium containing different concentra‑
tions of CSE (0.5, 1, 2 and 4%) for an additional 24  h. 
Subsequently, 10 µl Cell Counting Kit‑8 (CCK‑8) working 
liquid (cat. no. C0037; Beyotime Institute of Biotechnology) 
was mixed with each well and the samples were incubated for 
2 h. The absorbance values at 450 nm were detected with a 
microplate reader (Bio‑Rad Laboratories, Inc.).

Gene interference. Experiments with knockdown of 
expression of mitochondrial transcription termination 
factor 3 (MTERF3) were performed. Specifically, 16HBE 
cells were transfected with small interfering RNA (siRNA) 
targeting MTERF3 and the sequences were as follows: 
siRNA‑MTERF3‑1 (50 nM), sense, 5'‑UGG​AUU​UGU​CCA​
AGA​UAG​AAA​AA‑3', anti‑sense, 5'‑UUU​UUC​UAU​CUU​GGA​
CAA​AUC​CA‑3'; siRNA‑MTERF3‑2 (50 nM), sense, 5'‑AGG​
CUG​UUU​AAG​GUC​AAA​GAA​AG‑3', anti‑sense, 5'‑CUU​
UCU​UUG​ACC​UUA​AAC​AGC​CU‑3') or 50 nM scrambled 
negative control (siRNA‑NC, sense, 5'‑ACC​ACA​AGA​UGA​
AGA​GCA​CCA​AU‑3', anti‑sense, 5'‑AUU​GGU​GCU​CUU​CAU​
CUU​GUG​GU‑3') customized by Shanghai GeneChem Co., 
Ltd. The cells were transfected using Lipofectamine™ 3000 
(Invitrogen; Thermo Fisher Scientific, Inc.) for 48 h at 37˚C 
following the operating instructions. The cells were cultured 
for 48 h at 37˚C following transfection and immunoblotting 
was adopted for the detection of the transfection efficiency.

Flow cytometric analysis. The induction of apoptosis of 
16HBE cells was tested by using an Annexin V‑fluorescein 
isothiocyanate (FITC)/propidium iodide (PI) Kit 
(cat.  no.  C1062L; Beyotime Institute of Biotechnology). 
16HBE cells were seeded in a 6‑well plate at a density of 
1x105/well. Following transfection and treatment with CSE, 
16HBE cells were resuspended in binding buffer and stained 
with Annexin V‑FITC and PI for 15 min in dark at 37˚C. The 
cells were quantified with flow cytometry (BD FACSCalibur; 
BD Biosciences). A total of 10,000 events were collected per 
sample and the apoptotic rate of the cells was analyzed using 
FlowJo 10.8 software (FlowJo; BD Biosciences).

Analysis of mitochondrial reactive oxygen species (mitoROS). 
The generation of mitoROS was assessed with the application 
of Mito SOX Red (cat. no. M36008; Invitrogen; Thermo Fisher 
Scientific, Inc.) assay. Specifically, 16HBE cells were seeded in 
96 well plates (5x104 cells/ml). Following the indicated treat‑
ment, the cells were treated with 5 mM Mito SOX Red probe 
for 15 min at 37˚C. Subsequently, the cells were incubated 
with PBS and the fluorescence images were acquired using a 
fluorescence microscope (Olympus Corporation).

Assessment of oxidative stress markers. The levels of malonalde‑
hyde (MDA; cat. no. A003‑4‑1) and superoxide dismutase (SOD; 
cat. no. A001‑3‑2) in the supernatant of cultured 16HBE cells 
were detected using the commercially available kits (Nianjing 
Jiancheng Bioengineering Institute). The absorbance value of the 
samples, at 530 nm for MDA and 450 nm for SOD, was detected 
using a microplate reader (Bio‑Rad Laboratories, Inc.).

Detect ion of  mitochondrial  membrane potent ia l 
(MMP). MMP was evaluated using the 5,5',6,6'‑ 

tetrachloro1,1',3,3'-tetramethylbenzimidazolylcarbocyanine 
iodide (JC‑1) dye (cat.  no.  C2005; Beyotime Institute of 
Biotechnology). Following the indicated treatment, 16HBE 
cells were stained at 37˚C for 20 min with the JC‑1 dye. 
Fluorescence images were obtained using a fluorescence 
microscope (Olympus Corporation). The red fluorescence 
represents the JC‑1 aggregates, while the green fluorescence 
represents JC‑1 monomers.

Immunoblotting. The cells were lysed with radioimmunopre‑
cipitation assay buffer (Beyotime Institute of Biotechnology) to 
extract the total proteins. The total protein concentration was 
assessed with the application of the Bradford assay. Each quan‑
tity of boiled protein (40 µg) was added to 10% sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis (SDS‑PAGE) for 
separation; the proteins were subsequently transferred to the 
nitrocellulose films. Following 1 h blocking with 5% bovine 
serum albumin (Beyotime Institute of Biotechnology) at room 
temperature, these membranes were incubated with primary 
antibodies overnight at 4˚C. Subsequently, an anti‑rabbit IgG 
HRP‑linked secondary antibody (1:10,000; cat. no. 7074P2; 
Cell Signaling Technology, Inc.) was incubated with the transfer 
membranes. The detection was performed using the enhanced 
chemiluminescence (MilliporeSigma). GAPDH acted as a 
reference gene. The intensities of the proteins were assessed 
quantitatively using ImageJ Software (version 1.8.0; National 
Institutes of Health). The primary antibodies used were the 
following: Anti‑MTERF3 (1:1,000; cat. no. ab230232) and 
anti‑putative kinase 1 (PINK1; 1:1,000; cat. no. ab216144) anti‑
bodies were acquired from Abcam. Anti‑B cell lymphoma‑2 
(Bcl‑2; 1:1,000; cat. no. 3498T), anti‑Bcl‑2‑associated X protein 
(Bax; 1:1,000; cat. no. 2772T), anti‑cleaved casapse3 (1:1,000; 
cat.  no.  9664T), anti‑caspase3 (1:1,000; cat.  no.  14220T), 
anti‑LC3II/LC3I (1:1,000; cat.  no.  12741T), anti‑Beclin‑1 
(1:1,000; cat. no. 3495T), anti‑p62 (1:1,000; cat. no. 5114T), 
anti‑Parkin (1:1,000; cat. no. 2132S), anti‑COX IV (1:1,000; 
cat. no. 4850T) and anti‑GAPDH (1:1,000; cat. no. 2118T) 
antibodies were provided by Cell Signaling Technology, Inc.

Statistical analysis. The statistical analysis was performed 
using R software (v.4.3.3). Wilcoxon rank‑sum test or unpaired 
Student's t‑test was used to compare the significance differ‑
ences between the two groups of samples. Adjusted P<0.05 
was used as a threshold for significant difference. Results 
are shown as the mean  ±  standard deviation from three 
independent experiments. GraphPad 8.0 software (GraphPad; 
Dotmatics) was used for statistical analysis. The different 
groups were compared by one‑way analysis of variance with 
post‑hoc Tukey's analysis. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Identif ication and functional enrichment analysis of 
DEMRGs. Dysregulation of mitophagy is involved in the devel‑
opment of COPD (17,18). To determine the mitophagy‑related 
core gene profiles of patients with COPD, the collated datasets 
were downloaded from the GEO database. The information 
included in the study was listed in Table I. The GSE76925 
dataset (COPD, 111; control, 40) was used to screen the DEGs. 

https://www.spandidos-publications.com/10.3892/mmr.2025.13458
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A total of 29 mitophagy‑related genes were obtained from the 
MSigDB database. The expression levels of mitophagy‑related 
genes in the 111 COPD and 40 control samples were analyzed. 
As displayed in Fig. 1A, among the 29 mitophagy‑related 

genes, 14 genes demonstrated significant differences in their 
expression levels between the COPD and control samples 
(P<0.05); these were defined as DEMRGs. Subsequent GO 
analysis suggested that these DEMRGs were mainly involved 

Table I. Characteristics of the datasets used in the present study.

Dataset	 Platform	 Samples	 Total	N ormal	CO PD

GSE76925	 GPL10558	 Lung tissue	 141	 40	 111
GSE8545	 GPL570	 Airway epithelial cells	 54	 36	 18

COPD, chronic obstructive pulmonary disease.

Figure 1. Identification and functional enrichment analysis of DEMRGs. (A) Plot box plots indicated the DEMRGs between COPD and control samples in the 
GSE76925 dataset (COPD, 111; control, 40). *P<0.05, **P<0.01 and ***P<0.001. (B) GO enrichment analysis of DEMRGs, including BP, CC and MF. (C) KEGG 
enrichment analysis of DEMRGs. The size of dots indicates the gene number and the shade of the color indicates the scale of ‑log10 (P‑value). DEMRGs, 
differentially expressed mitophagy‑related genes; COPD, chronic obstructive pulmonary disease; GO, Gene Ontology; BP, biological processes; CC, cellular 
components; MF, molecular functions; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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in the biological processes of mitophagy, mitochondrial 
breakdown and selective autophagy (Fig. 1B). In addition, the 
results of the KEGG analysis, which indicated that DEMRGs 
were mainly enriched in mitophagy, the NOD receptor and the 
NF‑κB signaling pathways were identified (Fig. 1C).

The expression pattern of DEMRGs. To explore the expres‑
sion levels of DEMRGs in patients with COPD, hierarchical 
clustering analysis was performed in 111 COPD and 40 control 
samples according to the expression levels of these DEMRGs. 
All samples were divided into two groups (cluster1, n=87; 
cluster2, n=64; Fig. 2A‑C). The DEGs between cluster 1 and 
2 were analyzed and 1,207 DEGs were screened, of which 73 
genes were upregulated and 1,134 genes were downregulated 

(Fig. 2D). These DEGs were mainly involved in biological 
processes, such as transcription and translation (Fig. 2E). In 
addition, the expression levels of these DEMRGs between 
cluster 1 and 2 were also explored. The results indicated that 
except for microtubule‑associated protein 1 light chain‑3β 
(MAP1LC3B), the expression levels of other genes were 
significantly different (Fig. 2F). To assess the correlation of 
the expression levels of DEMRGs, correlation analysis was 
conducted. As depicted in Fig. 2G, the expression of ribosomal 
protein S27A was positively correlated with the expression of 
voltage‑dependent anion channel 1 (VDAC1), whereas it was 
negatively correlated with the expression levels of other genes. 
Moreover, strong interactions were noted between mitofusin‑1 
and phosphoglycerate mutase family member 5 (PGAM5) as 

Figure 2. The expression pattern of DEMRGs. (A‑C) Hierarchical cluster. (D) Volcano plot of 1,207 DEGs including 14 DEMRGs. The red and blue dots 
represent the upregulated and downregulated genes, respectively. (E) GO enrichment analysis of DEGs, including BP, CC and MF. (F) Plot box plots indicated 
the expression levels of DEMRGs between cluster 1 and 2. (G) Correlation analysis of 14 DEMRGs. (H) The proportion of 28 types of immune cells was 
analyzed in cluster 1 and 2. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. DEMRGs, differentially expressed mitophagy‑related genes; DEGs, differentially 
expressed genes; GO, Gene Ontology; BP, biological processes; CC, cellular components; MF, molecular functions; ns, not significant.

https://www.spandidos-publications.com/10.3892/mmr.2025.13458
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well as with translocase of outer mitochondrial membrane 22 
and TOMM6. Analysis of immune infiltration between cluster 
1 and 2 is shown in Fig. 2H.

Selection and validation of COPD signature genes. To screen 
signature genes with COPD diagnostic significance, LASSO 
regression analysis was used in the present study. As shown 
in Fig.  3A and B, the optimal performance was achieved 
when 6 genes (CSNK2A2, CSNK2B, MAP1LC3B, MTERF3, 
SQSTM1 and VDAC1) were included in the LASSO regression 
analysis. Therefore, these 6 genes were identified as diagnostic 
markers for COPD. Subsequently, ROC curve was employed 
to calculate the AUC to accurately evaluate the validity of 
the signature genes as diagnostic markers. In the GSE76925 
dataset, the AUC values of the ROC curves for the 6 signature 
genes are demonstrated in Fig. 3C. It was noted that CSNK2A2 
(AUC: 0.722), MTERF3 (AUC: 0.665), SQSTM1 (AUC: 0.684) 
and VDAC1 (AUC: 0.731) exhibited the highest AUC values, 

suggesting that these 4 genes exhibited an optimal diagnostic 
value for distinguishing patients with COPD from control 
subjects. Subsequently, the 6 signature genes were validated 
in COPD using the GSE8545 dataset. As displayed in Fig. 3D, 
the AUC value of MTERF3 (AUC: 0.741) was the highest than 
that of other genes. In addition, only MTERF3 expression was 
significantly different between COPD and control samples 
(Fig. 3E). Therefore, the molecular mechanism of MTERF3 in 
COPD was further explored in subsequent experiments.

Immune cell infiltration in COPD and control samples. 
An increasing number of immune cell types have been 
associated with risk of COPD and prognosis of affected 
individuals  (19,20). The degree of the infiltration of 28 
immune cells in COPD and control samples was analyzed. As 
displayed in Fig. 4A, the infiltrating abundance of the majority 
of immune cells was higher in COPD samples than that 
observed in control samples. As revealed in Fig. 4B, immature 

Figure 3. Selection and validation of COPD signature genes. (A) The plot of COPD signature genes was examined using LASSO regression analysis. (B) Lasso 
coefficients of LASSO regression screening genes. (C) The AUC values of the ROC curves for the 6 signature genes in GSE76925 dataset. (D) The AUC values 
of the ROC curves for the 6 signature genes in the GSE8545 dataset. (E) Plot box plots indicated the expression levels of 6 signature genes in COPD and control 
samples in the GSE8545 dataset. **P<0.01. COPD, chronic obstructive pulmonary disease; LASSO, least absolute shrinkage and selection operator; AUC, area 
under the curve; ROC, receiver operating characteristic.
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B cells and effector memory cluster of differentiation (CD) 8 T 
cells were highly correlated with the majority of the immune 
cells. Moreover, the correlation between the expression of 
the 6 signature genes and immune cells was examined and it 
was found that MTERF3 exhibited optimal correlation with 
macrophages, myeloid‑derived suppressor cells (MDSC), 
regulatory T cell and activated CD8 T cells (Fig. 4C). It is 
noteworthy that MTERF3 exhibited the highest correlation 
with macrophages (Fig. 5).

MTERF3 expression is upregulated in CSE‑treated 16HBE 
cells and MTERF3 deficiency suppresses the induction 
of apoptosis of 16HBE cells exposed to CSE. Based on the 
aforementioned results, the signature gene MTERF3 was 
experimentally validated in the following study. As shown in 

Fig. 6A, the viability of 16HBE cells was gradually decreased 
with the increase of CSE concentration compared with the 
control group. Immunoblotting revealed that CSE induction 
led to the upregulated MTERF3 expression; the highest 
MTERF3 expression level was observed in the CSE (4%) 
group (Fig. 6B). Therefore, CSE (4%) was selected for subse‑
quent studies. It was shown (Fig. 6C) that MTERF3 expression 
was significantly downregulated in the siRNA‑MTERF3‑1 
and siRNA‑MTERF3‑2 groups. 16HBE cells transfected with 
siRNA‑MTERF3‑1 were used to conduct subsequent experi‑
ments due to the lower MTERF3 expression. CCK‑8 assay 
revealed that MTERF3 deficiency significantly elevated the 
viability of 16HBE cells treated by CSE compared with the CSE 
+ siRNA‑NC group (Fig. 6D). In addition, the apoptotic rate 
of 16HBE cells triggered by CSE was significantly decreased 

Figure 4. Immune cell infiltration in COPD and control samples. (A) Plot box plots indicated the degree of infiltration of 28 immune cells in COPD and control 
samples in the GSE76925 dataset. (B) Correlation analysis of the 28 immune cells. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. (C) Heatmap indicated 
the correlation between the expression of the six signature genes and the 28 types of immune cells. COPD, chronic obstructive pulmonary disease; ns, not 
significant.
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following knockdown of MTERF3 expression, as accompa‑
nied by the increased BCL2 expression and the decreased Bax 
and cleaved caspase 3 expressions (Fig. 6E and F).

Knockdown of MTERF3 expression promotes mitophagy in 
CSE‑treated 16HBE cells. The effect of MTERF3 knockdown 
on mitophagy in CSE‑treated 16HBE cells was explored in 
the following experiments. As shown in Fig. 7A and B, the 
increased MDA content and decreased SOD activity in the 
CSE group were significantly attenuated following MTERF3 
loss‑of‑function in 16HBE cells. Of note, Mito SOX Red 
staining indicated that CSE‑induced mitoROS accumulation 
in 16HBE cells was alleviated following siRNA‑MTERF3 
transfection (Fig. 7C). In addition, the decreased MMP expres‑
sion caused by CSE in 16HBE cells was elevated following 
knockdown of MTERF3 expression (Fig. 7D). Moreover, CSE 
treatment prominently downregulated LC3II/LC3I, Beclin‑1, 
PINK1 and Parkin (mitochondrion) expression levels, while it 

upregulated p62 and Parkin (cytoplasm) expression levels; this 
effect was reversed by MTERF3 depletion (Fig. 7E).

Discussion

As a heterogeneous lung disease, COPD is a global health 
burden (21). Based on publicly available databases, disease 
signature genes were screened for COPD. In  vitro cell 
experiments were conducted using a CSE‑induced bronchial 
epithelial cell model for validation and exploration. In the 
present study, 14 DEMRGs were identified. Following vali‑
dation using the test dataset and LASSO regression, one 
DEMRG (MTERF3) was acquired. The in  vitro cellular 
experiments further supported the regulation of MTERF3 on 
mitophagy.

Among them, autophagy exerts a crucial effect on the 
development and prognosis of COPD  (22). Autophagy is 
a highly conserved homeostatic process, during which 

Figure 5. The correlation between MTERF3 and immune cells. The correlation between MTERF3 and macrophages, myeloid‑derived suppressor cells, regula‑
tory T cell and activated CD8 T cells. MTERF3, mitochondrial transcription termination factor 3; MDSC, myeloid‑derived suppressor cells.
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autophagosomes devour and degrade damaged or aged organ‑
elles for further processing and recycling to maintain cellular 
homeostasis (10). Notably, autophagy eliminates the damaged 
mitochondria, a process known as mitophagy, which is the 
main part of the mitochondrial quality control system (11). 
Dysregulation of mitophagy contributes to the development 
of diverse lung disorders, including asthma, acute lung injury, 
bronchopulmonary dysplasia and COPD (12).

A previous study has ident i f ied 40 potent ia l 
autophagy‑related genes of COPD through bioinformatics 
analysis, but no basic cell experiments were performed for 
verification (22). Mitophagy is the selective autophagy subtype 
specific for mitochondria, which exerts crucial effects on 
cell survival by maintaining energy homeostasis via its own 
catabolic activity (23,24). Impaired mitophagy, resulting in 
damaged or dysfunctional accumulation of mitochondria, 
has been demonstrated to be related to diverse pathological 

conditions; insufficient mitophagy participates in the patho‑
genesis of COPD (14,25). By enhancing mitophagy, Bufei 
Yishen formula III attenuates COPD rat pulmonary dysfunc‑
tion and CSE‑induced airway epithelial cell damage  (26). 
PINK1 and Parkin, two key markers related to mitophagy, 
exhibit downregulated expression levels in lung tissues of 
COPD mice exposed to CSE (27). Recently, Wang et al (28) 
demonstrated that pre‑treatment with a mitophagy activator 
alleviated CSE‑induced oxidative stress, improved mitochon‑
drial dysfunction, downregulated p62 levels and elevated 
LC3B‑II/I ratio in alveolar and airway epithelial cells. In the 
present study, CSE treatment impaired mitophagy in human 
bronchial epithelial cells, as demonstrated by downregulation 
of LC3II/LC3I, Beclin‑1, PINK1 and Parkin (mitochondrion) 
expressions, upregulation of p62 and Parkin (cytoplasm) 
expressions as well as enhanced MitoSOX fluorescence inten‑
sity and reduced MMP levels.

Figure 6. MTERF3 expression is upregulated in CSE‑treated 16HBE cells and knockdown of its expression suppresses the induction of apoptosis of 16HBE 
cells exposed to CSE. (A) CCK‑8 assay was used to detect 16HBE cell viability with or with CSE exposure. (B) Immunoblotting was employed to assess 
MTERF3 expression in 16HBE cells with or with CSE exposure. ***P<0.001 vs. control group. (C) Immunoblotting was used to assess MTERF3 expression in 
16HBE cells following transfection. **P<0.01 and ***P<0.001 vs. siRNA‑NC group. (D) The CCK‑8 assay was used to detect the viability of MTERF3‑silenced 
16HBE cells exposed to CSE. (E) Flow cytometric analysis was used to detect the induction of apoptosis of MTERF3‑silenced 16HBE cells exposed to CSE. 
(F) Immunoblotting was used to assess the expression of apoptosis‑related proteins in MTERF3‑silenced 16HBE cells exposed to CSE. ***P<0.001 vs. control 
group; #P<0.05, ##P<0.01 and ###P<0.001 vs. CSE + siRNA‑NC group. MTERF3, mitochondrial transcription termination factor 3; CSE, cigarette smoke 
extract; CCK‑8, Cell Counting Kit‑8; cigarette smoke extract; siRNA, small interfering RNA; NC, negative control.
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Figure 7. Knockdown of MTERF3 expression promotes mitophagy in CSE‑treated 16HBE cells. (A) MDA content and (B) SOD activity were detected 
using the corresponding kits. (C) The generation of mitoROS was assessed with the application of Mito SOX Red staining. (D) MMP was evaluated using 
JC‑1 staining. (E) Immunoblotting was employed to assess the expression of mitophagy‑related proteins. ***P<0.001 vs. control group; #P<0.05, ##P<0.01 and 
###P<0.001 vs. CSE + siRNA‑NC group. MTERF3, mitochondrial transcription termination factor 3; CSE, cigarette smoke extract; MDA, malondialdehyde; 
SOD, superoxide dismutase; MMP, matrix metalloproteinase; JC‑1, 5,5',6,6'‑tetrachloro1,1',3,3'‑tetramethylbenzimidazolylcarbocyanine iodide; siRNA, small 
interfering RNA; NC, negative control.
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In the present study, MTERF3 displayed significant vari‑
ability in expression in both the training and validation sets, 
demonstrating high specificity and diagnostic performance. 
MTERF3 is the most highly conserved member of the 
MTERF protein family (29). As reported, MTERF3 functions 
as a negative regulator of mitochondrial DNA transcrip‑
tion (30). Accumulating research has confirmed that MTERF3 
is implicated in diseases associated with mitochondrial 
dysfunction (31,32). A recent study on Parkinson's disease 
has shown that MTERF3 facilitates 1‑methyl‑4‑phenylpyri‑
dinium ion‑induced mitochondrial dysfunction in SH‑SY5Y 
cells (33). In addition, MTERF3 expression is upregulated in 
lung adenocarcinoma and interference with MTERF3 obvi‑
ously restrains the proliferation and migration of lung cancer 
cells while contributing to mitophagy and the production 
of MitoSOX (34). The present study was the first to explore 
the expression and role of MTERF3 in CSE‑treated 16HBE 
cells. The results demonstrated that MTERF3 expression was 
elevated in CSE‑treated 16HBE cells and MTERF3 depletion 
suppressed the induction of apoptosis and promoted mitophagy 
in CSE‑treated 16HBE cells.

Accumulating evidence has shown that immune cells are 
linked to the development of COPD (35,36). Significantly 
higher type 1 T helper cells but lower levels of type 2 T helper 
cells have been found in the peripheral blood from patients 
with COPD  (37). A previous study has also reported the 
elevated alveolar macrophage alveolar space in patients with 
COPD (38). A negative association has been shown between 
the number of neutrophils and the degree of alveolar destruc‑
tion in smokers, in contrast to alveolar macrophages (39). 
As reported, the percentage of natural killer cells notably 
decreased in patients with COPD compared with healthy 
non‑smokers  (40). The increases in B cell counts lung 
tissues of patients with COPD is correlated directly with 
COPD severity (41). In patients with COPD, long‑term CS 
increases regulatory T cells in the airways (42). Specifically, 
Sales et al (43) demonstrated that the role of regulatory T 
cells in regulating immune response may vary in different 
lung regions of patients with COPD. Emerging evidence has 
supported the notion that CD8 T cells are notably increased 
in lung tissues of patients with mild‑moderate COPD (38). 
Consistent with the aforementioned studies, the current 
study revealed that the infiltrating abundance of the majority 
of immune cells, such as activated CD8 T cells, regulatory 
T cells and activated B cells, was higher in COPD samples 
than that noted in control samples. Additionally, significantly 
reduced proportion of natural killer cells and neutrophils 
were found in in COPD samples. These results suggested 
that these immune cells were potentially associated with the 
pathogenesis of COPD. Moreover, it was found that MTERF3 
exhibited optimal correlation with macrophages, MDSCs, 
regulatory T cells and activated CD8 T cells. The present 
study suggested that MTERF3 exhibited optimal correlation 
with multiple immune cells. The exact role of immune cells 
and MTERF3 requires further investigations using basic 
research experiments in the future.

However, certain limitations should be noted in the 
current study. First of all, the bioinformatics results 
were acquired from lung tissues of patients with COPD. 
Nevertheless, the verification was conducted in small airway 

epithelium of included individuals. Secondly, there was no 
information about the inclusion and exclusion criteria used 
in selecting the COPD and control samples on GEO datasets. 
Additionally, the exact role of immune cells and their asso‑
ciation with signature genes require further investigations 
using basic research experiments. Lastly, the inclusion of 
additional validation cohorts is crucial to ensure the sensi‑
tivity and reliability of the diagnostic performance noted in 
the present study.

In summary, the present study identified a key signature 
gene (MTERF3) related to mitophagy in COPD via bioin‑
formatic analysis. In  vitro experiments demonstrated that 
MTERF3 expression was upregulated in CSE‑treated bron‑
chial epithelial cells and that MTERF3 deficiency promoted 
mitophagy. These findings expand our understanding on 
COPD and offer novel perspectives for the diagnosis and treat‑
ment of this condition.
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