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Abstract: Objectives: Asthma is a chronic respiratory disease characterized by airway remodeling and inflamma-
tion. Recent studies have demonstrated that multiple autophagy-related genes are involved in the pathogenesis 
of asthma. However, the roles of many of these autophagy-related genes in asthma remain unclear, particularly 
with regard to the diagnosis of asthma. Methods: In this study, autophagy-related differentially expressed genes 
(DEGs) in asthma were identified by bioinformatics analysis of the GSE76262 datasets. Hub genes were screened 
by protein-protein interaction (PPI) network and module analyses. Gene Ontology and Kyoto Encyclopedia of Genes 
and Genomes pathway enrichment analyses were used to explore potential signaling pathways. Receiver operating 
characteristic (ROC) curve analysis was performed to evaluate the diagnostic value of autophagy-related biomarkers 
in asthma. Results: A total of 17 autophagy-related DEGs were identified, most of which were involved in autophagy 
and protein processing in the endoplasmic reticulum signaling pathway. ROC curve analysis demonstrated that the 
hub genes (HIF1A, ERN1, and DNAJB1) identified from the PPI network exhibited good performance in the diagnosis 
of asthma. The GSE137268 and GSE43696 databases were used to verify the expression of 17 autophagy-related 
DEGs in asthma. Interestingly, ERN1 was an overlapping gene defined by the intersection of hub autophagy-related 
DEGs and key modules (including HIF1A, ERN1, and DNAJB1). We also analyzed the interaction between miRNAs 
and mRNAs for 14 autophagy-related DEGs with an area under the curve > 0.7. The identified genes were involved 
in the glypican, interferon-gamma, and plasma membrane estrogen receptor signaling pathways. Conclusions: The 
results of this study indicate that specific signaling pathways and autophagy-related DEGs are potential diagnostic 
biomarkers related to the inception and progression of asthma. 
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Introduction

Asthma, a chronic heterogeneous lung disease 
characterized by chronic inflammation, airway 
hyper-reactivity, mucus overproduction, airway 
remodeling, and airway narrowing, affects 
more than 300 million individuals worldwide 
[1]. Clinically, patients with asthma suffer from 
typical respiratory symptoms, including dys-
pnea, wheezing, chest tightness, and cough 
[2]. The disease can be of varying severity, 
ranging from very mild to severe. Although only 

a small percentage of patients have a level of 
disease that is considered severe, asthma is 
associated with excess morbidity, mortality, 
and economic costs linked to reduction in pro-
ductivity [3]. 

Many genes, including some autophagy-related 
genes, are involved in and regulate the patho-
genesis of asthma [4]. Earlier studies reported 
that autophagy-related genes are associated 
with airway remodeling and mechanical impair-
ment of the respiratory system in asthma [5-7]. 
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However, the mechanism by which autophagy 
ultimately modulates the onset of asthma 
remains to be elucidated. 

Autophagy is an evolutionarily highly conserved 
catabolic process in eukaryotic cells. Through 
this process, damaged and misfolded proteins, 
along with aged or damaged organelles, are 
delivered to lysosomes and degraded [8]. 
Accumulating evidence suggests that autopha-
gy plays a critical role in the pathogenesis of a 
variety of respiratory diseases, including asth-
ma [9]. Autophagy may be a cellular mecha-
nism that promotes transforming growth 
factor-β1 airway remodeling and loss of lung 
function in asthma. Notably, genetic variants of 
the autophagy-related gene 5 (ATG5) are sig-
nificantly associated with lung function and air-
way remodeling [10]. Another study revealed 
that interleukin (IL)-4 induces autophagy in B 
cells, thus exacerbating asthma symptoms 
[11]. Autophagy is closely correlated with the 
severity of asthma via eosinophilic inflamma-
tion [12]. Additionally, genetic inhibition of 
autophagy-related genes (ATG5 and ATG14) in 
airway epithelial cells treated with IL-13 was 
shown to lead to goblet cell hypertrophy and 
reduced mucin secretion [13], as well as 
reduced C-C motif chemokine ligand 26 
(CCL26/EOTAXIN-3) secretion, respectively. 
These findings imply that autophagy promotes 
an epithelial T helper 2 (Th2) response in asth-
ma [14]. Although studies have suggested a 
genetic relationship between autophagy and 
asthma, many autophagy-related genes associ-
ated with asthma remain unidentified, espe-
cially with regard to severe allergic asthma. 

In this study, we explored autophagy-related 
differentially expressed genes (DEGs) in asth-
ma by analyzing the GSE76262 dataset from 
the Gene Expression Omnibus (GEO) database. 
Receiver operating characteristic (ROC) curve 
monofactor analysis was performed to evalu-
ate the diagnostic value of autophagy-related 
biomarkers in asthma. The results of this study 
may enhance our understanding of the role of 
autophagy in asthma, and provide a new 
approach for the treatment of asthmatic airway 
inflammation through targeted autophagy. 

Materials and methods

Acquisition of microarray datasets 

Expression profiles of the GSE76262 array 
(118 asthma cases and 21 healthy controls) 

[15] were retrieved from the GEO database 
(http://www.ncbi.nlm.nih.gov/geo/). DEGs were 
analyzed using the following cut-off criteria: 
adjusted p value < 0.05 and fold-change of 1.5 
as the threshold. A total of 222 genes were 
obtained from The Human Autophagy Database 
(http://www.autophagy.lu/index.html).

Analysis of autophagy-related DEGs

The raw data were preprocessed using R proj-
ect (R version 4.0.5), and the preprocessing 
included background correction, normalization, 
and calculation of gene expression level.  
We subsequently identified autophagy-related 
DEGs using the “limma” package [16, 17] of the 
R software (adjusted p value < 0.05, fold-
change > 1.5). Volcano and box plots, as well as 
a heatmap, were constructed using “ggplot2” 
and “heatmap” packages of the R software, 
respectively.

Protein-protein interaction (PPI) network analy-
sis and module selection

PPI network analysis of autophagy-related 
DEGs was conducted using the STRING online 
database (http://string-db.org) [18]. The string 
interaction file was downloaded, and the con-
structed PPI networks were visualized using  
the Cytoscape software (version 3.8.2). The 
“Corrplot” package of the R software was used 
to determine the correlations between autoph-
agy-related DEGs. 

Gene ontology and Kyoto encyclopedia of 
genes and genomes pathway enrichment 
analyses of autophagy-related DEGs 

Gene ontology (GO) is a tool for gene annota-
tion that uses a defined, structured, and con-
trolled vocabulary [19]. GO analyses encom-
pass biological process (BP), cellular compo-
nent (CC), and molecular function (MF) path-
ways. GO and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment analy-
ses were conducted in R software using the 
package “GO plot”. 

Validation of autophagy-related DEGs

The expression profiles of autophagy-related 
DEGs were validated using the GSE137268 
[20] and GSE43696 [21] datasets. The survival 
ROC package of the R software was used to 
plot ROC curves and determine the area under 
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the curve (AUC). ROC curve analyses were con-
ducted for the autophagy-related DEGs, and 
AUC values were used to evaluate the diagnos-
tic accuracy of the autophagy-related DEGs for 
asthma. 

Gene-miRNA interaction networks

miRWalk 2.0 was used to predict key target 
miRNAs and construct a gene-miRNA interac-
tion network related to autophagy [22]. The pre-
diction results from the MiRTarBase and mir-
Walk databases were cross-examined to en- 
sure the accuracy of the results. 

Statistical analysis

Statistical analyses were performed using the 
R software (version 4.0.5). Correlations were 
analyzed using Spearman’s rank-order correla-
tion. A p value < 0.05 denoted statistically sig-
nificant differences. 

Results

Identification of autophagy-related DEGs in 
asthma

Of the 1,058 DEGs identified, 230 and 828 
were upregulated and downregulated, respec-

tively. Figure 1A shows volcano plots of the 
identified DEGs. DEGs that overlapped with the 
human autophagy database were filtered using 
the Venn package of the R software. A total of 
17 overlapping genes were identified: VEGFA, 
ATG2A, DNAJB1, ERN1, DDIT3, HIF1A, BNIP3, 
ATG16L2, SPHK1, PPP1R15A, DAPK1, MAPK8, 
TUSC1, HSPB8, GAA, PEX14, and GOPC (Table 
1). A Venn diagram and heatmap of the autoph-
agy-related DEGs are shown in Figure 1B and 
1C. In addition, boxplots illustrate the differ-
ence in expression patterns of the 17 autopha-
gy-related DEGs between patients with asthma 
and healthy subjects (Figure 2A and 2B). A total 
of 7 downregulated and 10 upregulated autoph-
agy-related DEGs were identified (Table 1). 

PPI network and correlation analysis of au-
tophagy-related DEGs

A PPI network analysis was conducted to deter-
mine the interactions between autophagy-
related DEGs. The interacting autophagy-relat-
ed DEGs are shown in Figure 3A, and the num-
ber of interacting partners of each DEG is 
shown in Figure 3B. The Cytoscape application 
MCODE was used for cluster analysis of the 
autophagy-related DEG networks to draw key 

Figure 1. Autophagy-related DEGs in asthma patients and healthy subjects. A. Volcano plot of DEGs based on the 
criteria of fold-change > 1.5 and adjusted p value < 0.05. Blue indicates downregulated genes, and red indicates 
upregulated genes. B. Intersection of DEGs and genes from The Human Autophagy Database. C. The 17 autophagy-
related DEGs shown in a heatmap, with red representing increased gene expression and blue representing lower 
gene expression. 
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Table 1. The 17 autophagy-related DEGs in asthma samples 
compared to healthy samples
Gene Symbol logFC Changes P.Value P.Value
VEGFA 1.350345498 Up 3.15×10-7 2.60×10-3

ATG2A 0.930055691 Up 9.00×10-6 3.08×10-3

DNAJB1 0.878172868 Up 4.65×10-4 1.21×10-2

ERN1 0.837842783 Up 1.04×10-4 7.04×10-3

DDIT3 0.726061873 Up 3.34×10-4 1.08×10-2

HIF1A 0.661928325 Up 7.34×10-6 3.08×10-3

BNIP3 0.649008724 Up 3.83×10-3 3.21×10-2

ATG16L2 0.645989339 Up 7.80×10-4 1.50×10-2

SPHK1 0.621758378 Up 2.29×10-3 2.50×10-2

PPP1R15A 0.600647623 Up 8.49×10-3 4.95×10-2

DAPK1 -0.589957265 Down 3.25×10-3 2.95×10-2

MAPK8 -0.66039329 Down 2.56×10-3 2.64×10-2

TUSC1 -0.678870759 Down 2.66×10-3 2.69×10-2

HSPB8 -0.681707336 Down 5.17×10-4 1.26×10-2

GAA -0.705543704 Down 1.67×10-4 8.34×10-3

PEX14 -0.734914804 Down 3.44×10-3 3.04×10-2

GOPC -0.844868252 Down 2.95×10-5 4.67×10-3

modules. Three genes (i.e., HIF1A, ERN1, and 
DNAJB1) were identified in the key module 
drawing (Figure 3C). Additionally, we investigat-
ed the correlations in the expression of the 
autophagy-related DEGs. Figure 4A shows the 
relationships between the 17 autophagy-relat-
ed DEGs in the GSE76262 dataset. Correlation 
analyses were also performed for the key genes 
(Figure 4B). 

Pathway enrichment analysis of autophagy-
related DEGs

The potential biological functions of the identi-
fied autophagy-related DEGs were examined 
using GO and KEGG enrichment analyses with 
the R software. The results of the GO enrich-
ment analysis showed that the BP component 
of the autophagy-related DEGs was mainly 
enriched in terms of processes involving 
autophagic mechanisms, autophagy, regula-
tion of autophagy, and macroautophagy. The 
CC of the autophagy-related DEGs was mainly 
enriched in terms pertaining to neuron to neu-
ron synapse, postsynaptic specialization, asym-
metric synapse, and postsynaptic density. The 
MF component of the autophagy-related DEGs 
was mainly enriched in terms related to heat 
shock protein (Hsp) binding, Hsp70 protein 
binding, Hsp90 protein binding, and platelet-
derived growth factor receptor binding (Figure 
5A and 5B; Supplementary Table 1). In addi-

tion, according to the KEGG path-
way analysis, the autophagy-re- 
lated DEGs were strongly associ-
ated with autophagy and protein 
processing in the endoplasmic 
reticulum (ER) signaling pathway 
(Figure 5C and 5D; Supplemen- 
tary Table 2). 

Diagnostic value of autophagy-
related DEGs in asthma

Fourteen of the 17 autophagy-
related DEGs identified in the 
GSE76262 dataset exhibited an 
AUC value > 0.7 (Figure 6A and 
6B). The collective AUC of these 
14 autophagy-related DEGs was 
0.873 (P < 0.05) (Figure 6C). The 
AUC of the ROC curve for the diag-
nostic accuracy of the key genes 
(i.e., HIF1A, ERN1, and DNAJB1) 
for asthma was 0.805 (Figure 
6D). 

Validation of the expression profiles of 17 au-
tophagy-related DEGs using the GSE137268 
and GSE43696 datasets

We verified the expression profiles of the 17 
autophagy-related DEGs in asthma using the 
GSE137268 and GSE4369 external datasets. 
As shown in Figure 7, the expression of ERN1, 
PEX14, and SPHK1 was also upregulated in 
patients with asthma versus healthy controls. 
By examination of the intersection of hub 
autophagy-related DEGs and key modules 
(including HIF1A, ERN1, and DNAJB1), ERN1 
was identified as an overlapping gene. 

Further miRNA interactions and data mining

The mRNAs of 14 autophagy-related DEGs with 
an AUC > 0.7 were evaluated using the miR-
Walk 2.0 software. A total of 38 miRNA expres-
sion genes were uploaded to Funrich. The 
results of the enrichment analysis indicated 
that the BP was significantly enriched in protein 
serine/threonine kinase activity, transcription 
factor activity, and transcription regulator activ-
ity. The biological pathways that were enriched 
included the glypican, interferon-gamma, and 
plasma membrane estrogen receptor signaling 
pathways (Figure 8). 

Discussion

Asthma is a chronic airway disease with increas-
ing global prevalence that exhibits multiple 

http://www.ajtr.org/files/ajtr0146037suppltab1.xlsx
http://www.ajtr.org/files/ajtr0146037suppltab2.xlsx
http://www.ajtr.org/files/ajtr0146037suppltab2.xlsx
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Figure 2. Boxplot of 17 autophagy-related DEGs in asthma patients and healthy subjects. A. Boxplot of 17 autoph-
agy-related DEGs in asthma patients and healthy subjects. B. Boxplot 17 autophagy-related DEGs in patients with 
severe and moderate asthma and healthy subjects.

Figure 3. Protein-protein interaction (PPI) network and modular analysis of autophagy-related DEGs. A. PPI network 
among autophagy-related DEGs. B. One module was obtained from the PPI network. C. Number of interactions for 
each autophagy-related DEG. 

phenotypes based on interactions between 
genetic and environmental factors [23]. Recent 

studies have indicated that autophagy and 
genetic predisposition play roles in the develop-
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Figure 4. Spearman correlation analysis. A. Correlation analysis of the 17 autophagy-related DEGs. B. Correlation 
analysis of the key module. 

ment of asthma. Autophagy is an evolutionarily 
conserved, lysosome-mediated degradation 
process. Multiple autophagy-related genes, 
such as microtubule-associated protein 1 light 
chain 3 (LC3), sequestosome 1 and ATG5 [24], 
have been implicated in asthma. In addition, it 
has been shown that polymorphisms in these 
genes are associated with asthma [25, 26]. 
Evidence has indicated that autophagy-related 
genes are involved in the progression and prog-
nosis of asthma and regulate the immune 
microenvironment [27]. Nevertheless, few stu- 

dies have investigated the diagnostic value of 
autophagy-related biomarkers in asthma. Thus 
far, the role of autophagy in asthma has not 
been fully addressed, particularly with regard 
to severe allergic asthma. Therefore, further 
investigations are warranted to identify autoph-
agy-related genes involved in asthma. 

In this study, we identified 17 autophagy-relat-
ed DEGs (10 upregulated genes and 7 down-
regulated genes) among DEGs in the GSE76262 
(118 patients with asthma and 21 healthy con-
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Figure 5. Gene Ontology (GO) (A, B) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (C, D) analyses of 17 
autophagy-related DEGs. Abbreviations: BP, Biological Process; CC, Cellular Component; MF, Molecular Function. 

Figure 6. ROC curve analysis of 
17 autophagy-related DEGs in the 
GSE76262 dataset. A, B. Autoph-
agy-related DEGs associated with 
asthma that exhibited an area un-
der the curve (AUC) > 0.7 in the 
ROC curve analysis. C. AUC values 
of the 14 autophagy-related DEGs 
in asthma. D. AUC value of the key 
genes (HIF1A, ERN1, and DNAJB1) 
in asthma. 

trols) and human autopha- 
gy database. We conducted a 
comprehensive analysis of au- 
tophagy-related DEGs to clarify 
the relationship between auto- 
phagy and asthma, and explore 
the diagnostic value of autoph-
agy-related DEGs in this set-
ting. GO and KEGG pathway 
analyses of the autophagy-
related DEGs revealed several 
enriched terms strongly relat-
ed to autophagy and protein 
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Figure 7. Expression profiles of 17 autophagy-related DEGs validated using the GSE137268 and GSE43696 da-
tasets. A. Verification of expression profiles of 17 autophagy-related DEGs in the GSE137268 dataset (15 healthy 
controls vs. 12 severe-asthma patients). B. Verification of expression profiles of 17 autophagy-related DEGs in the 
GSE43696 dataset (20 healthy controls vs. 37 severe-asthma patients).

processing in the ER signaling pathway. Several 
studies have also revealed that ER stress and 
activation of the unfolded protein response 
(UPR) induce autophagy and, therefore, play a 
critical role in the pathogenesis of severe or 
steroid-resistant bronchial asthma [28, 29]. For 
example, a trial investigating the pathophysiol-
ogy of pediatric asthma revealed that mitopha-
gy and ER stress associated with high nuclear 
factor-κβ and cytokines activity play an impor-
tant role [30]. Despite its clear importance, the 
detailed pathogenesis of asthma has not been 
fully elucidated. 

Three hub genes (i.e., HIF1A, ERN1, and 
DNAJB1) were identified according to the PPI 
network constructed using Cytoscape. ROC 
curve analysis was performed to evaluate the 
sensitivity and specificity of the 17 autophagy-
related DEGs with regard to asthma. We found 
that the AUC of 14 autophagy-related DEGs 
was 0.873 (P < 0.05) (Figure 6C), and the diag-
nostic accuracy of the ROC curves of key genes 
(i.e., HIF1A, ERN1, and DNAJB1) for asthma 
was 0.805 (Figure 6D). The results demonstrat-

ed good diagnostic capacity. Subsequently, we 
verified the 17 autophagy-related DEGs in asth-
ma using the GSE137268 and GSE4369 exter-
nal datasets. As shown in Figure 7, ERN1, 
PEX14, and SPHK1 were also upregulated in 
patients with asthma versus healthy controls. 
Interestingly, ERN1 was overlapped with the 
key module (including HIF1A, ERN1, and 
DNAJB1). ERN1/inositol requiring enzyme 1 
(IRE1) is a primary inducer of the UPR. 
Accumulating evidence suggests that the UPR 
and ER-associated degradation pathways [31] 
promote autophagy and apoptosis upon expo-
sure to different types of ER stress [32]. ER 
stress stimulates ERN1 oligomerization in the 
ER membrane, and stimulation of ERN1 induc-
es dissociation of the BECN1-BCL2 complex 
and autophagy via augmentation of mitogen-
activated protein kinase 8 (MAPK8/JNK) activi-
ty. These effects result in cellular apoptosis 
with persistent activation [32, 33]. Research 
has shown that the ERN1-MAPK8/9/10 axis 
played a critical role in autophagy induction 
and autophagy-mediated cell death following 
exposure of MARC-145 monkey kidney cells to 
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Figure 8. Interaction network between 14 autophagy-related DEGs and targeted miRNAs. (A) Gene-miRNA interaction network. Upregulated genes are colored in 
red, downregulated genes are colored in yellow, and miRNAs are colored in blue. Interaction network of 14 autophagy-related DEGs with an AUC > 0.7 and enriched 
items in GO (B) and KEGG (C) analyses. 
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fumonisin B1 [34]. However, the role of ERN1 
as a molecular target in asthma has not been 
examined and warrants further investigation. 

Studies have proposed pro-apoptotic IRE1α-
miRNAs (e.g., miR-17, miR-34a, and miR-125b) 
as potential targets in the treatment of certain 
neurodegenerative diseases [35]. Krammes et 
al. suggested that miR-34a-5p directly targets 
the IRE1α branch of the UPR in neuronal cells 
to identify efficient ways to modulate cellular 
UPR stress response to reestablish cell 
homoeostasis and combat neurodegeneration 
[36]. Based on this, we performed miRNA and 
mRNA interaction analyses for the 14 autopha-
gy-related DEGs with an AUC > 0.7. A total of 38 
miRNAs were involved in the glypican, interfer-
on-gamma, and plasma membrane estrogen 
receptor signaling pathways. Our results indi-
cated that the ERN1-miRNA chain may play a 
role in patients with asthma. However, further 
studies should be carried out to determine the 
specific molecular mechanism involved in this 
process. 

This study had some limitations. Firstly, results 
were obtained through bioinformatics analysis 
of data from a single dataset (GSE76262). In 
addition, there were an insufficient number of 
clinical tissue samples for validation due to 
limitations in the experimental conditions, par-
ticularly with regard to induced sputum cell 
counts. Furthermore, we only verified the 
expression levels of autophagy-related DEGs 
using data from other databases; hence, we 
did not examine potential hub genes in cellular 
and mouse models of asthma. Finally, further 
verification through functional experiments is 
needed to elucidate the exact molecular mech-
anism underlying the role of ERN1 in asthma. 

Conclusion

Through the present bioinformatics analysis, 
we identified 17 potential autophagy-related 
DEGs associated with asthma. The findings 
indicated that the key gene ERN1 may affect 
the development of asthma by regulating 
autophagy, suggesting that this gene may have 
noninvasive diagnostic value. These results 
expand our understanding of asthma and sug-
gest that targeted inhibition of ERN1 might be 
useful in the treatment of asthma. 
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