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Abstract. Rhinovirus (RV) is the most common respiratory 
virus affecting humans. The majority of asthma deteriora‑
tions are triggered by RV infections. However, whether the 
effects of RV single‑ and double‑stranded RNA on asthma 
deterioration have common target genes needs to be further 
studied. In the present study, two datasets (GSE51392 and 
GSE30326) were used to screen for common differentially 
expressed genes (cDEGs). The molecular function, signaling 
pathways, interaction networks, hub genes, key modules and 
regulatory molecules of cDEGs were systematically analyzed 
using online tools such as Gene Ontology, Kyoto Encyclopedia 
of Genes and Genomes, STRING and NetworkAnalyst. 
Finally, the hub genes STAT1 and IFIH1 were verified in 
clinical samples using reverse transcription‑quantitative PCR 
(RT‑qPCR). A total of 85 cDEGs were identified. Function 
analysis revealed that cDEGs served an important role in the 
innate immune response to viruses and its regulation. Signal 
transducer and activator of transcription 1 (STAT1), interferon 
induced with helicase C domain 1 (IFIH1), interferon regula‑
tory factor 7 (IRF7), DExD/H box helicase 58 (DDX58) and 
interferon‑stimulating gene 15 (ISG15) were detected to be 
hub genes based on the protein‑protein interactions and six 
topological algorithms. A key module involved in influenza 
A, the Toll‑like receptor signaling pathway, was identified 

using Cytoscape software. The hub genes were regulated by 
GATA‑binding factor 2 and microRNA‑146a‑5p. In addition, 
RT‑qPCR indicated that the expression levels of the hub 
genes STAT1 and IFIH1 were low during asthma deteriora‑
tion compared with post‑treatment recovery samples. The 
present study enhanced the understanding of the mechanism 
of RV‑induced asthma deterioration.

Introduction

Allergic asthma is a common respiratory disease in clinical 
practice. Its main pathogenesis involves the production 
of specific IgE antibodies, chronic airway inflammation, 
airway remodeling and airway hyperresponsiveness during 
the response of the immune system to environmental aller‑
gens (1,2). The most important link in the pathogenesis of 
asthma is allergic sensitization through the activation of respi‑
ratory epithelial cells (3). In recent years, the incidence and 
prevalence of allergic asthma have rapidly increased, particu‑
larly in low and middle income countries (4,5). Respiratory 
viral infections are the most common cause of allergic asthma 
deteriorations (6).

Rhinovirus (RV) is a single‑stranded RNA (ssRNA) virus 
of the picornavirus family, the most common human respiratory 
virus and is considered to be the main pathogen causing asthma 
deterioration (7,8). In children, 80% of asthma deteriorations 
are caused by RV infections (9). It has been demonstrated that 
cadherin‑related family member 3 (CDHR3), a specific cell 
marker of ciliated cells, is a risk gene for asthma deteriora‑
tion induced by RV in children (10). Additionally, repeated 
RV infection can promote airway remodeling by upregulating 
TNF superfamily member 14, IL‑1β and TGF‑β, even in the 
absence of allergens (11). Notably, double‑stranded RNA 
(dsRNA) generated by RV in the process of replication can 
also cause a strong immune response of the host (12). Airway 
epithelial cells are the primary target for RV and the first line 
of defense in the immune response (13). A study has shown 
that ssRNA infection in epithelial cells mainly activates the 
interferon‑induced antiviral signaling pathway with interferon 
regulatory factor (IRF) 7 (14). The mechanism through which 
dsRNA infects and induces antiviral immune responses in 
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upper and lower respiratory tract epithelial cells is similar; 
however, the induction of interferon‑related genes (such as 
IRF3, interferon‑α/β receptor 1 and interferon β1) is impaired 
in patients with asthma (15). RV‑induced asthma deterioration 
is a complex pathological process involving a large number of 
gene expression changes and signaling pathways (7,12,14,15). 
However, it is so far unknown, whether there is a common 
target and regulatory network of rhinovirus single and double 
stranded RNA inducing asthma deterioration.

Bioinformatics analysis is a powerful tool used to explore 
the key genes and molecular regulatory networks in pathogen‑
esis (16). In the present study, common differentially expressed 
genes (cDEGs) of asthma deterioration induced by RV dsRNA 
and ssRNA were screened using bioinformatics analysis. The 
functions of the proteins encoded by the cDEGs and their 
interaction networks were analyzed using Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG), and 
protein‑protein interaction (PPI) analyses, respectively. Hub 
genes were identified and validated. The hub genes and regula‑
tory networks identified in the present study may not only help 
comprehend the molecular mechanism of RV‑induced asthma 
deterioration, but also serve as potential targets to improve 
treatment.

Materials and methods

Clinical samples and ethics. A total of eight clinical samples 
(paired sample, the comparison of the deterioration and 
recovery periods) were collected from pediatric patients with 
RV‑induced asthma deterioration between May 2022 and 
August 2022. The patients included five boys and three girls 
(mean age, 13 years). Sterile cytology brushes were used to 
collect airway epithelium and secretions from the posterior 
surface of the inferior turbinate from patients at Wuhu Hospital 
of Traditional Chinese Medicine (Wuhu, China). Collected 
brushes were immediately submerged in RLT Plus lysis buffer 
(cat. no. 1053393; Qiagen GmbH) with β‑mercaptoethanol 
(cat. no. 444203; MilliporeSigma) and frozen at ‑80˚C for 
subsequent experiments. The inclusion criteria for the samples 
used in the present study were established by referring to rele‑
vant literature (17): RV nucleic acid test (+) using the human 
Rhv ELISA kit (cat. no. YJ711802; Shanghai Enzyme‑linked 
Biotechnology Co., Ltd.), proportion of eosinophils >5% using 
blood cell analyzer (XS‑1800; Sysmex America, Inc.), bron‑
chial dilation test (forced expiratory volume of first second) 
>12% (MasterScreen IOS; Erich Jaeger GmbH), chest tight‑
ness, cough and diffuse wheezes in both lungs, and all other 
respiratory diseases ruled out. Samples were collected from 
each of the 8 patients at both timepoints during the asthma 
attacks and 14 days after the symptoms had disappeared with 
treatment. The present study was approved by the Ethics 
Committee of Wuhu Hospital of Traditional Chinese Medicine 
(approval no. 20220430; Wuhu, China).

Retrieval of datasets. In the present study, two datasets 
(GSE30326 and GSE51392) were downloaded from the Gene 
Expression Omnibus (GEO) database (https://www.ncbi.nlm.
nih.gov/geo/) (14,15). The characteristics of the patients in these 
two datasets are presented in Table I. GSE30326 analyzed gene 
expression profiles in nasal lavage samples of 16 asthmatic 

children during acute RV ssRNA‑induced deterioration and 
after 7‑14 days. The cellular composition of the acute samples 
was macrophages (83.9±2.7%), neutrophils (12.3±2.5%), 
epithelial cells (2.2±1.0%) and eosinophils (1.6±0.5%). The 
recovery period samples contained macrophages (72.1±4.8%), 
epithelial cells (16.6±4.7%), neutrophils (9.1±1.2%) and 
eosinophils (1.7±0.8%). In GSE30326, a network of susceptible 
genes was constructed using the weighted gene co‑expression 
network analysis algorithm (14). The GSE51392 dataset was 
used to identify microarray gene expression profiles of RV 
dsRNA‑treated nasal and bronchial epithelial cells from the 
same individual. A total of 6 patients with asthma induced by 
RV dsRNA and 6 healthy controls from the GSE51392 dataset 
(5 samples were involved in allergic rhinitis and were excluded 
due to weak correlation with this study) were selected as the 
study sample (15). The susceptibility genes in the aforemen‑
tioned two datasets were identified by moderated t statistics, 
and genes that were significantly modulated at a false discovery 
rate adjusted P<0.05 were used for further experiments.

Screening and functional annotation of cDEGs. The flow‑
chart of the present study is shown in Fig. 1. First, cDEGs 
from the GSE30326 and GSE51392 datasets were analyzed 
using GEO2Rweb (https://www.ncbi.nlm.nih.gov/geo/geo2r). 
The cut‑off criteria were: Adjusted P<0.05 and log2‑fold 
change >1.5 or <‑1.5. Second, the cDEGs were visualized 
using ggplot2 (version 3.3.3; https://cran.r‑project.org/mirrors.
html), and functional annotation was performed using GO 
and KEGG pathway analysis [clusterProfiler (version 4.4.4) 
R package (version 4.2.1); http://bioconductor.org/pack‑
ages/release/bioc/html/clusterProfiler.html].

Screening hub genes and key module. The PPI network 
of DEGs was constructed using the STRING database 
(https://cn.string‑db.org/). PPIs were analyzed using 
Cytoscape software (https://cytoscape.org/; version 3.8.2), and 
the hub genes were evaluated based on the score of topological 
algorithms in Cytoscape, including the BottleNeck, close‑
ness, degree, density of maximum neighborhood component, 
EcCentricity and maximal clique centrality algorithms. In 
addition, the key modules from the PPI network were analyzed 
using the Molecular Complex Detection plugin in Cytoscape. 
The functional annotation of key module were performed 
using GO‑KEGG database.

Identification of candidate regulators of hub genes. The 
regulators of hub genes [including transcription factors (TFs), 
microRNAs (miRNAs/miRs) and drugs] were screened 
through online resources, such as NetworkAnalyst (version 3.0; 
https://www.networkanalyst.ca/) and DSigDB (https://amp.
pharm.mssm.edu/Enrichr/).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from each sample using TRNzol Universal 
Reagent (cat. no. DP424; Tiangen Biotech Co., Ltd.) according 
to the manufacturer's instructions. Chloroform was added 
to separate the organic and inorganic phases, RNA was 
precipitated with isopropanol and washed with 75% ethanol. 
The RNA concentration (A260/280) was measured using 
a spectrophotometer (Nanodrop; Thermo Fisher Scientific, 
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Inc.). Next, 1 µg RNA was reverse transcribed using HiScript 
II Q RT SuperMix (cat. no. R222‑01; Vazyme Biotech Co., 
Ltd.). Temperature protocol of reverse transcription: 50˚C for 
15 min; 85˚C for 5 sec. Quantification of signal transducer and 
activator of transcription 1 (STAT1) and interferon induced 
with helicase C domain 1 (IFIH1) expression was performed 
using a Real‑Time PCR Detection System (LightCycler 
96; Roche Diagnostics). Reactions were performed in three 
replicates with 2 µl cDNA per reaction using the 2XSG 
Fast qPCR Master Mix (cat. no. B639273; Sangon Biotech 
Co., Ltd.). Thermocycling conditions were as follows: 3 min 
at 95˚C and 30 sec at 60˚C, for 40 cycles. The primers were: 
STAT1 forward, 5'‑GCT TGA CAA TAA GAG AAA GG‑3' and 
reverse, 5'‑CGC TCT GCT GTC TCC GCT TCC ACT CC‑3'; 
IFIH1 forward, 5'‑GTT GAA AAG GCT GGC TGA AAA C‑3' 

and reverse, 5'‑TCG ATA ACT CCT GAA CCA CTG‑3'; and 
GAPDH forward, 5'‑GAA GGT GAA GGT CGG AGT C‑3' and 
reverse, 5'‑GAA GAT GGT GAT GGG ATT TCC‑3'. All primers 
were synthesized by TsingKe Biological Technology. Relative 
gene expression was calculated using the 2‑ΔΔCq method (18). 
GAPDH was used as the internal reference.

Statistical analysis. SPSS (version 20; IBM Corp.) was 
utilized for statistical analysis of three technical replicates per 
sample. The paired t‑test was used to compare differences in 
mRNA expression levels. Data are shown as mean ± standard 
deviation. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Identification of cDEGs between GSE51392 and GSE30326. 
In the GSE51392 dataset, 1,075 DEGs were identified. Among 
them, 337 genes were upregulated and 738 downregulated. In 
the GSE30326 dataset, a total of 198 DEGs were identified 
and all of them were downregulated. Of note, a total of 85 
cDEGs were identified in the aforementioned two datasets 
(Fig. 2).

Functional enrichment analysis of cDEGs. To understand the 
functions of the cDEGs, GO and KEGG pathway analysis was 
carried out using the Enrichr web server and KEGG Mapper, 
respectively. GO analysis revealed enrichment for ‘response 
to virus’, ‘double‑stranded RNA binding’ and ‘single‑stranded 
RNA binding’. In addition, KEGG pathway analysis revealed 
enrichment of cDEGs associated with ‘influenza A’, ‘hepatitis 
C’ and ‘NOD‑like receptor signaling pathway’. More detailed 
functional enrichment information of DEGs is presented in 
Table II.

PPI network analysis. The 85 cDEGs were analyzed using the 
STRING online tool and the result is shown in Fig. 3. The 
analyzed network had 85 nodes and 996 edges. The average 
node degree was 23.4, and the average local clustering 
coefficient was 0.648.

Table I. Patient characteristics for the two datasets (GSE30326 and GSE51392).

GEO Accession GSE30326 GSE51392

Subjects 16 children 17 adults
Mode of pairing Acute phase vs. remission phase Allergic asthma vs. healthy controls
RNA type Single‑stranded RNA Double‑stranded RNA
RNA identification method Reverse transcription‑quantitative PCR Poly(I:C), a synthetic double‑stranded RNA
Experimental design Differentially expressed genes in respiratory Microarray identification of double‑stranded
 epithelial cells between acute exacerbation RNA‑induced gene expression profiles in
 and remission were analyzed using a gene respiratory epithelial cells
 chip
Sample source Nasal cavity Nasal cavity and bronchi, paired samples
Predicted FEV1 at remission, % 103.4±10.9 109±11.0
Allergen skin test positive, % 68.7 100

FEV1, forced expiratory volume of first second.

Figure 1. Flowchart of the present study. ssRNA, single‑stranded RNA; 
dsRNA, double‑stranded RNA; GO, Gene Ontology; KEGG, Kyoto 
Encyclopedia of Genes and Genomes; PPI, protein‑protein interaction; TF, 
transcription factor; miRNA, microRNA.
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Detection of hub genes and module analysis. According to 
topology analysis, five cDEGs [STAT1, IFIH1, IRF7, DExD/H 
box helicase 58 (DDX58) and interferon‑stimulating gene 15 
(ISG15)] were considered to be hub genes (Table III). The 
proteins encoded by the hub genes have rich interactions with 
other proteins, including 118 nodes and 1,531 edges (Fig. 4). 
Module analysis demonstrated that immune‑responsive gene 1 
(IRG1), basic leucine zipper transcription factor 2 (BATF2) and 
epithelial stromal interaction 1 were high density modules and 
had significant interactions with hub genes (Fig. 5). The genes 
in the module were mainly enriched in ‘influenza A’, ‘Toll‑like 
receptor signaling pathway’, ‘coronavirus disease‑COVID‑19’, 
‘hepatitis B’ and ‘herpes simplex virus 1 infection’ signaling 
pathways (Table IV).

TF regulatory network analysis of hub genes. A total of 18 TFs 
critical for regulating the expression of hub genes were identi‑
fied using NetworkAnalyst. Among them, GATA‑binding 
factor 2 (GATA2) was found to regulate the STAT1, DDX58 
and ISG15 hub genes, and CAMP responsive element binding 
protein 1 (CREB1) was found to regulate STAT1, IFIH1 and 
ISG15 (Fig. 6A). In addition, 25 miRNAs critical for regulating 
the expression of hub genes were identified. In the regulatory 
network, miR‑146a‑5p regulated the STAT1, IRF7 and ISG15 
hub genes. IFIH1 was mainly regulated by miR‑424‑5p 
(Fig. 6B).

Screening of potential therapeutic drugs. Enrichr Platform 
analysis revealed that suloctidil, 3'‑Azido‑3'‑deoxythymidine, 
estradiol and acetaminophen were potential therapeutic targets 
for cDEGs and hub genes (Table V).

Validation of key hub genes. RT‑qPCR was used to validate the 
mRNA expression of the hub genes STAT1 and IFIH1, and it 
was revealed that the mRNA expression levels of STAT1 were 
downregulated in asthma deterioration samples compared 
with post‑treatment recovery samples, and the mRNA expres‑
sion levels of IFIH1 exhibited the same trend (Fig. 7; P<0.01).

Discussion

The two datasets involved in the present study revealed that 
both STAT1 and IFIH1 were significantly downregulated in 
respiratory epithelial cells infected with RV ssRNA or dsRNA. 
Network analysis demonstrated that STAT1 and IFIH1 served 
important roles in key modules as hub genes. Finally, it was 
found that the expression levels of these two genes were signif‑
icantly higher in the recovery phase than in the deterioration 

Table II. GO‑KEGG enrichment analysis for common differentially expressed genes.

Terms ID Description GeneRatio Adjusted P‑value

GO    
  BP GO:0009615 Response to virus 39/79 1.59x10‑41

  BP GO:0051607 Defense response to virus 35/79 4.89x10‑40

  BP GO:0140546 Defense response to symbiont 35/79 4.89x10‑40

  BP GO:0002831 Regulation of response to biotic stimulus 25/79 9.69x10‑22

  BP GO:1903900 Regulation of viral life cycle 17/79 3.54x10‑18

  MF GO:0003725 Double‑stranded RNA binding 10/80 1.8x10‑10

  MF GO:0003727 Single‑stranded RNA binding 7/80 1x10‑5

  MF GO:0004842 Ubiquitin‑protein transferase activity 12/80 2.36x10‑5

  MF GO:0019787 Ubiquitin‑like protein transferase activity 12/80 3.22x10‑5

  MF GO:0003724 RNA helicase activity 6/80 3.49x10‑5

KEGG hsa05164 Influenza A 13/49 9.93x10‑10

KEGG hsa05160 Hepatitis C 10/49 8.63x10‑7

KEGG hsa04621 NOD‑like receptor signaling pathway 9/49 2.78x10‑5

KEGG hsa05162 Measles 8/49 2.78x10‑5

KEGG hsa04622 RIG‑I‑like receptor signaling pathway 6/49 5.15x10‑5

GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological process; MF, molecular function; NOD, nucleotide 
oligomerization domain; RIG‑I, retinoic acid‑inducible gene I.

Figure 2. Venn diagram of common differentially expressed genes from the 
two datasets.
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phase in clinical samples, suggesting that they can be used as 
potential therapeutic targets to improve asthma deteriorations 
caused by RV ssRNA or dsRNA. Studies have shown that 
STAT1 is an important TF that maintains T helper 1 (Th1) 
cell development and serves an important role in regulating 

asthma deterioration; low levels of STAT1 increase the risk 
of asthma attacks and virus susceptibility (19,20). STAT1 is 
necessary to control the replication of influenza A in vivo and 
serves a crucial role in the Toll‑like receptor (TLR) signaling 
pathway‑mediated inflammatory response (21,22). In the 

Table III. Ranking of the top 5 genes based on 6 algorithms.

Degree MCC DMNC EcCentricity Closeness BottleNeck

STAT1 IFIH1 HERC6 STAT1 STAT1 STAT1
IFIH1 RSAD2 IFI6 IFIH1 IFIH1 HELZ
IRF7 IFIT3 HERC5 RSAD2 IRF7 PRKCA
DDX58 STAT1 EPSTI1 IFI35 ISG15 XIAP
ISG15 MX1 SAMD9 USP18 DDX58 MX1

MCC, maximal clique centrality; DMNC, density of maximum neighborhood component.

Figure 3. PPI network for identified cDEGs. Nodes indicate cDEGs and edges represent protein‑protein associations. PPI enrichment P<1.0x10‑16. cDEGs, 
common differentially expressed genes; PPI, protein‑protein interaction.
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course of COVID‑19, STAT1 is dysfunctional and enhancing 
the activity of STAT1 has a therapeutic effect (23). A study 
has shown that eosinophils in the airway of allergic asthma 
enhanced the antiviral immune response to influenza A by 

upregulating IFIH1 transcription (24). IFIH1 can recognize 
and bind to dsRNA produced in the process of viral replica‑
tion (25). TLR can recognize ssRNA in the nucleus and bind 
with dsRNA and synergistically mediate congenital antiviral 

Table IV. Analysis of the signaling pathways associated with the genes within the key module.

ID Description Adjusted P‑value Gene ID

hsa05164 Influenza A 6.8x10‑6 OAS2/RSAD2/STAT1/IRF7/IFIH1
hsa04620 Toll‑like receptor signaling pathway 7.2x10‑5 CXCL11/CXCL9/STAT1/IRF7
hsa05171 Coronavirus disease‑COVID‑19 0.1x10‑3 OAS2/ISG15/STAT1/IFIH1
hsa05161 Hepatitis B 0.004 STAT1/IRF7/IFIH1
hsa05168 Herpes simplex virus 1 infection 0.034 OAS2/STAT1/IRF7/IFIH1

Figure 4. Detection of hub genes from the protein‑protein interaction network of common differentially expressed genes. Red indicates that the gene has the 
highest degree value, orange indicates that the gene has a lower degree value than red and blue indicates that the gene has a lower degree value than orange.
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immune response with IFIH1 (26). Studies have shown that 
there are two alleles of IFIH1 in the pathogenesis of COVID‑19: 
The patients with rs1990760/IFIH1 exhibit an attenuated 
inflammatory response and improved outcomes, while patients 
with rs19907601/IFIH1 exhibit poor prognosis (27,28). In addi‑
tion, IFIH1/DDX58 is the primary cytoplasmic sensor for the 

intracellular detection of viral pathogen‑associated molecular 
patterns of viral RNA (29). It is an important component in 
the formation of cytoplasmic RNA‑binding protein comple‑
ment, which contributes to innate antiviral immunity (30). 
IFIH1/DDX58 expression in epithelia of the upper airway 
is higher in children than in adults, resulting in stronger 

Table V. Potential drug components for treatment of rhinovirus‑induced asthma exacerbation.

  Adjusted  Combined 
Component Overlap  P‑value Odds ratio score Target genes

Suloctidil  38/141 6.85x10‑57 146.1635 19919.95  IFIT5, IFI6, IFIT1, IFI44L, IFIT3, IFIT2, OASL, IFIH1, 
IFI44, EIF2AK2, ISG15, CXCL10, CXCL11, AIM2, 
OAS2, OAS3, TFEC, IRF7, C19ORF66, CD69, XAF1, 
SP140L, IRF9

3'‑Azido‑3'‑ 27/374 2.15x10‑23 24.95654 1436.213 SAMD9L, IFIT5, IFI6, DDX60L, IFIT1, IFI44L, IFIT2,
deoxythymidine      IFIH1, CASP5, LAMP3, C3AR1, EPSTI1, TNFSF10, 

LGALS9, TRIM22, STAT1, MX1, ISG15
Estradiol 45/4336 6.29x10‑8 3.809732 78.47791  IFIT5, IFI6, UBE2L6, DDX60L, IFIT1, TARP, IFI44L, 

IFIT3, IFIT2, IFIH1, DDX58, STAT1, P2RY14, CYBB, 
IFI44, EIF2AK2, ISG15, NMI, PARP9, CXCL10, 
CXCL11, OAS2, OAS3, IRF7, CMPK2, XAF1, HAMP, 
IRF9

Acetaminophen  43/4135 1.74x10‑7 3.694254 71.97291  IFI6, TMEM51, UBE2L6, DDX60L, IFIT1, IFIT3, 
IFIT2, IFIH1, PSTPIP2, LAMP3, C3AR1, TNFSF10, 
NBN, TRIM21, TRIM22, GBP4, TNS1, GBP3, RSAD2, 
DYNLT1, DDX58, STAT1, SPHK1, PHF11, MX1, 
IFI44, EIF2AK2, NMI, RNASE2, PARP9, PATL1, IRF9

Figure 5. Module analysis network obtained from PPI network. The network represents highly interconnected regions of the PPI network. Red represents a 
high clustering coefficient across the PPI network. Different colors indicate different clustering coefficients. Brown, yellow, light yellow and blue represent the 
gradually decreasing clustering coefficients. PPI, protein‑protein interaction.
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early innate antiviral immunity to severe acute respiratory 
syndrome coronavirus 2 (SARS‑CoV‑2) infection in chil‑
dren (31). Low IFIH1/DDX58 expression in patients with viral 
infection predicts poor prognosis (32). These previous results 
were consistent with those of the present study (that STAT1 
and IFIH1 were downregulated during asthma deterioration).

In the two datasets involved in the present study, IFIH1 is 
more downregulated than STAT1 during RV‑induced asthma 
deteriorations (14,15). This may be due to two reasons. Firstly, 
asthma exhibits an imbalance of Th1/Th2 cells in cytology and 
Th2 cells increase during asthma attacks (33), which reduces 
the generation of Th1 cytokine interferon, causing a deficiency 

in antiviral response and increase in viral load in patients with 
asthma (34). Secondly, IgE antibodies eliminate the biological 
activity of interferon α and reduce its concentration and antiviral 
ability (35). GO‑KEGG enrichment analysis showed that cDEGs 
were mainly involved in ‘(defense) response to virus’, ‘regula‑
tion of viral life cycle’, ‘double‑stranded RNA binding and 
‘single‑stranded RNA binding’, as well as in ‘influenza A’ and 
‘NOD‑like receptor signaling pathway’. A previous study has 
shown that the nucleotide oligomerization domain (NOD)‑like 
receptor signaling pathway mediates airway epithelial inflam‑
mation and mucus production, which is an important mechanism 
of RV‑induced airway remodeling (36). Dataset analysis showed 
that the genes with ds/ssRNA binding functions [such as 
DExD/H‑box 60 like (DDX60L) and polyribonucleotide nucleo‑
tidyltransferase 1 (PNPT1)] were significantly reduced (14,15). 
DDX60L is an interferon‑stimulated gene product, which can 
effectively inhibit viral replication (37). PNPT1 prevents dsRNA 
formation (38). Based on the above evidence, the present study 
hypothesized that low expression of the aforementioned genes 
helps the host obtain a higher viral load. A study has shown that 
the TRIM38 is an important member of the antiviral network 
of the interferon family, which can activate the promoter of 
interferon β (39). IRF7 is an important bridge connecting 
interferon‑mediated responses in virus‑induced asthma dete‑
riorations (14). The present study demonstrated that IFIH1 was 
significantly downregulated in the acute phase of RV‑induced 
asthma deterioration, which was consistent with the aforemen‑
tioned report (32) and further confirmed the role of the interferon 
family in anti‑rhinovirus infection.

TFs are the regulatory factors of gene expression and are 
closely associated with the occurrence and development of 
human diseases. In the present study, GATA2 and CREB1 
were found to be the most important TFs regulating hub genes. 
GATA2 is essential for the survival and renewal of hematopoi‑
etic stem cells and interacts with a variety of TFs (40). GATA2 

Figure 6. Regulatory network of TFs and miRNAs for hub genes. (A) Regulatory network of TFs for hub genes. The red color nodes represent the hub genes, 
and the blue color nodes represent TFs. (B) Regulatory network of miRNAs for hub genes. The red color nodes represent the hub genes and the blue color nodes 
represent miRNAs. TF, transcription factor; miRNA/mir, microRNA.

Figure 7. Reverse transcription‑quantitative PCR results of STAT1 and IFIH1 
mRNA expression. n=8. **P<0.01. IFIH1, interferon induced with helicase C 
domain 1; STAT1, signal transducer and activator of transcription 1.
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deficiency can cause a variety of immune cell disorders and 
increase virus susceptibility (41). CREB1, a member of the 
CREB/activating TF protein family, is involved in the tran‑
scriptional regulation of various viruses, including hepatitis 
B (42). A study has shown that IL‑6 mediated the interaction 
between CREB1 and STAT1 in adrenal medulla chromaffin 
cells to regulate the release of cytokines and inflammatory 
mediators (43). Furthermore, the present study identified 
25 miRNAs that regulate hub genes, such as miR‑146a‑5p 
and miR‑424‑5p. In diabetic nephropathy, miR‑146a‑5p can 
activate the STAT1 signaling pathway and promote M2‑type 
macrophage polarization to enhance anti‑inflammatory effects 
and improve renal function (44). In the course of dengue virus 
infection, miR‑146a‑5p is considered to be an important 
molecule regulating the expression of STAT1 and ISG15 (45). 
Additionally, miR‑424‑5p serves an important role in inhib‑
iting hepatitis B virus (HBV) infection and the progression 
of HBV‑related hepatocellular carcinoma (46). In the present 
study, IFIH1 regulated by miR‑424‑5p (Fig. 6) and enriched 
in the hepatitis B signaling pathway, which supports the afore‑
mentioned report.

Our previous study demonstrated that the potential of 
SARS‑CoV‑2 to induce asthma exacerbation was similar to 
that of rhinovirus (47). Importantly, the hub genes for asthma 
deterioration induced by both viruses were nearly the same. 
This suggested that asthma deteriorations induced by different 
respiratory viruses may have the same mechanism, which 
provides a potential therapeutic target for asthma deteriorations 
induced by mixed viral infections. In addition, the signaling 
pathways associated with the cDEGs of the two dataset pairs 
also overlapped (for example, ‘Influenza A’ and ‘NOD‑like 
receptor signaling pathway’ were identified in both studies). 
However, the key modules of asthma deterioration induced by 
these two respiratory viruses are different: The IRG1/BATF2 
module was dominated by RV, and the TRIM38/GBP3 module 
was dominated by SARS‑CoV‑2 (47).

In conclusion, in the present study, the cDEGs of RV ssRNA 
and dsRNA‑induced asthma deteriorations were screened 
using the GSE51392 and GSE30326 datasets. On this basis, 
the mechanisms of asthma deterioration induced by ssRNA 
and dsRNA were systematically studied at the molecular, 
signaling pathway and interaction network levels. GO‑KEGG 
enrichment analysis and identification of key modules showed 
that the hub genes STAT1, IFIH1, IRF7, DDX58 and ISG15 
are considered to serve an important role in the progression 
of RV ssRNA and dsRNA‑induced asthma deterioration. At 
the pathway level, ‘influenza A’, and TLR signaling pathway 
suggest that inflammatory factor expression and antiviral 
effects serve a major role in innate immunity. From an inter‑
action network perspective, a key module with STAT1 as the 
core was identified. Finally, the molecules and drugs that 
regulate cDEGs (including hub genes) were analyzed and key 
hub genes (STAT1 and IFIH1) were verified using RT‑qPCR. 
It is expected that the aforementioned findings will contribute 
to an improved understanding of the molecular mechanisms of 
RV‑induced asthma deterioration.

However, the present study had certain limitations. First, 
the two datasets analyzed in the present study were from 
different age groups, which may have influenced the results. 
Secondly, clinical samples were collected from patients with 

RV‑induced asthma deteriorations for self‑paired comparison, 
but a control group of healthy children was not included.
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