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A B S T R A C T   

As of April 1, 2021, more than 2.8 million people have died of SARS-CoV-2 infection. In addition, the mutation of 
virus strains that have accompanied the pandemic has brought more severe challenges to pandemic control. Host 
microRNAs (miRNAs) are widely involved in a variety of biological processes of coronavirus infection, including 
autophagy in SARS-CoV-2 infection. However, the mechanisms underlying miRNAs involved in autophagy in 
SARS-CoV-2 infection have not been fully elucidated. In this study, the miRNA and messenger RNA (mRNA) 
expression profiles of patients with SARS-CoV-2 infection were investigated based on raw data from Gene 
Expression Omnibus (GEO) datasets, and potential novel biomarkers of autophagy were revealed by bioinfor
matics analyses. We identified 32 differentially expressed miRNAs and 332 differentially expressed mRNAs in 
patients with SARS-CoV-2 infection. Cytokine receptor related pathways were the most enriched pathways for 
differentially expressed miRNAs identified by pathway analysis. Most importantly, an autophagy interaction 
network, which was associated with the pathological processes of SARS-CoV-2 infection, especially with the 
cytokine storm, was constructed. In this network, hsa-miR-340–3p, hsa-miR-652–3p, hsa-miR-4772–5p, hsa-miR- 
192–5p, TP53INP2, and CCR2 may be biomarkers that predict changes in mild SARS-CoV-2 infection. Some 
molecules, including hsa-miR-1291 and CXCR4, were considered potential targets to predict the emergence of 
severe symptoms in SARS-CoV-2 infection. To our knowledge, this study provided the first profile analysis of an 
autophagy interaction network in SARS-CoV-2 infection and revealed several novel autophagy-related bio
markers for understanding the pathogenesis of SARS-CoV-2 infection in vivo.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was 
first reported in December 2019 in Wuhan, Hubei Province, China [1]. 
Compared to the infection of other coronaviruses, such as SARS-CoV and 
MERS-CoV, COVID-19, which is caused by SARS-CoV-2, has a lower 
fatality rate, but is extremely contagious [2]. SARS-CoV-2, as the sev
enth member of the family of coronaviruses that can infect humans, 
rapidly led to a pandemic [3]. SARS-CoV-2 infection shows a variety of 
symptoms, including fever, acute respiratory distress syndrome, and 
diarrhea [4,5]. As of April 1, 2021, more than 2.8 million people have 

died of SARS-CoV-2 [6]. In addition, the mutation of virus strains that 
has accompanied the pandemic has brought more severe challenges to 
pandemic control [7–10]. 

Autophagy has been widely discussed and studied in SARS-CoV-2 
infection, and its regulation provides the possibility to produce effec
tive therapies [11,12]. Evidence shows that coronaviruses form 
double-membrane vesicles via autophagy during infection, which can be 
used as RNA replication platforms to enhance virus replication effi
ciency [13]. Tomić et al. reported that downregulated expression of 
autophagy genes (ULK-1, ATG5, UVRAG, AMBRA, PIK3C3, and LC3) 
correlated with poor T cell responses in severe COVID-19 patients [14]. 
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On the other hand, previous studies have demonstrated that autophagy 
targets can combat SARS-CoV-2 infection and affect virus activity [15, 
16]. Zhu et al. found that the autophagy and the AP-1 signaling pathway 
activity profiles are significantly correlated with the anti-SARS-CoV-2 
activity profile using a high throughput screening database [17]. 

As a type of non-coding RNA (ncRNA), miRNAs are highly conserved 
non-coding single-stranded small RNA molecules that combine with 
target mRNA in the 3′-untranslated region (3′-UTR) through processes, 
including adenylation and uncoating to regulate gene expression [18]. 
Studies have shown that miRNAs are widely involved in a variety of 
biological processes in coronavirus infection, including the immune 
response, virus replication, and protein interaction [19–21]. Wyler et al. 
reported that miR-155, a differentiation agent of various immune cells, 
is upregulated in COVID-19 patients [22]. Sardar et al. revealed nine 
host miRNAs targeting SARS-CoV2, including hsa-let-7a, hsa-miR 101, 
and hsa-miR125a-5p, and the expression of these miRNAs is different in 
SARS-CoV-2 genomes from different geographical sources [23]. Khan 
et al. revealed the crucial roles of miRNA in SARS-CoV-2 infections and 
reported that host miRNAs can facilitate viral survival in infected cells 
by inhibiting autophagy through CXCR4, TGF, and mTOR signaling, and 
SARS-CoV-2-encoded miRNAs can target autophagy, which was unique 
compared with other coronaviruses such as SARS-CoV [24]. While 
miRNAs are known to play an important role in SARS-CoV-2 infection, 
the functions and underlying mechanisms of most miRNAs in 
SARS-CoV-2 infection have not been fully elucidated. 

Here, we hypothesize that miRNAs participate in the autophagy 
interaction network and may be useful biomarkers for understanding the 
pathogenesis of SARS-CoV-2 infection. The current study analyzed the 
COVID-19 patient dataset from Gene Expression Omnibus (GEO) in 
NCBI and differentially expressed miRNAs (DEmiRNAs) and differen
tially expressed mRNAs (DEmRNAs) were identified by the limma 
package in R language. Gene Ontology (GO) annotation and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway analysis were 
employed to explore the potential functional mechanisms of the differ
entially expressed genes. Then, bioinformatics analysis was performed 
to construct competitive endogenous RNA (ceRNA) and protein-protein 
interaction (PPI) networks. We focused especially on the DEmRNAs 
associated with autophagy, and constructed an autophagy interaction 
network in which several novel targets closely associated with SARS- 
CoV-2 infection were revealed in vivo. 

2. Materials and methods 

2.1. Raw data 

The raw microarray and sequencing data of GSE157859, 
GSE160351, GSE161918, GSE164805, and GSE166253 were obtained 
from GEO (https://www.ncbi.nlm.nih.gov/geo/), an online public gene 
data repository for high-throughput sequencing research. In total, 
miRNA expression data included 17 peripheral mononuclear cell sam
ples of COVID-19 patients and six samples of healthy individuals. The 
mRNA expression data included 91 peripheral mononuclear cell samples 
of patients with SARS-CoV-2 infection and 31 healthy samples. The 
above raw data were extracted from the GEO database. This study did 
not require ethical review or informed consent because GEO data are 
publicly available. 

2.2. Identification of DEmiRNAs and DEmRNAs 

The DEmiRNAs and DEmRNAs were identified by expression dif
ferences between COVID-19 patients and healthy samples by analyzing 
raw data from public GEO databases. The adjusted P-value and absolute 
log value of fold-change (log|FC|) were analyzed in R language (version 
4.0.1) by the limma package. log|FC| > 1.0 and adjusted P-value < 0.05 
were the selection criteria to define differentially expressed genes. 

2.3. Analysis of differentially expressed transcription factors 

Based on the DEmiRNAs identified, FunRich (version 3.1.3) was used 
to analyze and visualize differentially expressed transcription factors. 
FunRich is a stand-alone software tool used mainly for functional 
enrichment and interaction network analysis of genes and proteins. 

2.4. Pathway enrichment analysis 

We used GO annotation (http://www.geneontology.org) and KEGG 
pathway analysis to determine the functions of the DEmRNAs. DEmRNA 
functions were classified into three subgroups, namely biological pro
cess (BP), cellular component (CC), and molecular function (MF). GO 
terms with P-value < 0.05 were selected and integrated using the clus
terProfiler package in R language (version 4.0.1). The top 10 enriched 
GO terms were presented. KEGG pathway analysis was performed to 
determine the involvement of DEmRNAs in different biological path
ways. The clusterProfiler package in R language (version 4.0.1) was used 
to reveal the pathways of the identified DEmRNAs. 

2.5. Construction of the ceRNA network 

Based on the analysis of raw data from public GEO databases, the 
DEmiRNA target genes were predicted using the miRDB, miRTarBase 
and TargetScan databases. In this study, we used the prediction of 
DEmiRNA target genes to intersect with identified differentially 
expressed downstream mRNAs to further screen the prediction results. 
The prediction results were used to construct a ceRNA interaction 
network. 

2.6. PPI network and clustered sub-network construction 

The exploration of protein interactions helps reveal the underlying 
pathological mechanism of SARS-CoV-2 infection. In this study, we used 
the Search Tool for the Retrieval of Interacting Genes/Proteins 
(STRING) database (https://string-db.org/) to construct a PPI network. 
The clustered sub-networks and hub genes were identified by employing 
plugins of Cytoscape, Molecular Complex Detection (MCODE), and 
cytoHubba (version 3.8.0). 

2.7. Construction of an autophagy interaction network 

Autophagy genes were obtained from the Human Autophagy Data
base (http://www.autophagy.lu/). Comparing autophagy genes from 
the database and the DEmRNAs we identified, the intersecting mRNAs 
were considered candidate mRNAs in the autophagy interaction 
network. Upstream miRNAs were predicted using the miRDB, miRTar
Base, and TargetScan databases. The candidate miRNAs in the auto
phagy interaction network were the intersecting mRNAs between the 
prediction results and the identified DEmRNAs. The autophagy inter
action network was constructed based on the above results and the 
protein-protein interaction relationships between DEmRNAs. The re
sults were visualized using Cytoscape (version 3.8.0). 

2.8. Verification of autophagy-related genes using clinical data 

The clinical data of patients from previous GEO datasets 
(GSE157859, GSE161918 and GSE164805, etc) were employed to 
analyze the relationships between the identified autophagy-related 
genes and the disease severities using the limma package of R lan
guage. The severity of the disease is divided into mild, moderate and 
severe, according to guidance for COVID-19 pneumonia diagnosis and 
treatment plan in China. Fold-change > 1.5 and P-value < 0.05 was used 
as the selection criteria [25,26]. Finally, we analyzed the potential 
clinical application value of autophagy-related genes identified in this 
study for evaluating the different disease severities of COVID-19 
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patients. 

2.9. Statistical analysis 

COVID-19 patients and healthy individuals were compared to eval
uate the statistical significance between the two groups. All data analysis 
was performed using R software (version 4.0.1), FunRich (version 
3.1.3), and Cytoscape (version 3.8.0). A P value of <0.05 was considered 
statistically significant. 

3. Results 

3.1. Identification of DEmiRNAs and DEmRNAs 

The log|FC| > 1.0 and adj.p < 0.05 were the selection criteria to 
define differentially expressed genes. In the miRNA dataset, six 

upregulated miRNAs and 26 downregulated miRNAs were identified 
(Fig. 1A and B). In the mRNA dataset, 118 upregulated mRNAs and 214 
downregulated mRNA were identified (Fig. 1C and D). 

3.2. Analysis of differentially expressed transcription factors 

Transcription factors are important molecules that regulate gene 
expression. We analyzed the differential expression of transcription 
factors by the 32 identified DEmiRNAs and identified 100 statistically 
significant transcription factors. Among these, POU2F1, EGR1, SP1, SP4, 
NFIC, RORA, MEF2A and NKX6-1 were the most significant molecules in 
COVID-19 patients (Fig. 2). 

3.3. Pathway enrichment analysis 

To better understand the biological functions of the identified 

Fig. 1. Characteristics of differentially-expressed genes (DEGs). (A) Unsupervised clustering analysis of DE micro RNAs (miRNAs). Red dots indicate significantly up- 
regulated miRNAs, green dots indicate significantly down-regulated miRNAs. (B) Volcano plots of miRNAs. Red dots indicate up-regulated DEmiRNAs, green dots 
indicate down-regulated DEmiRNAs, black dots indicate non-differentially expressed miRNAs (C) Unsupervised clustering analysis of the DE messenger RNAs 
(mRNAs). Red dots indicate significantly up-regulated mRNAs, green dots indicate significantly down-regulated mRNAs. (D) Volcano plots of mRNAs. Red dots 
indicate up-regulated DEmRNAs, green dots indicate down-regulated DEmRNAs, black dots indicate non-differentially expressed mRNAs. . (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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DEmRNAs in COVID-19 patients, GO annotation and KEGG pathway 
analyses were performed. In GO annotation analysis, we found that the 
DEmRNAs were significantly enriched in the terms myeloid cell differ
entiation, response to virus, and homeostasis of number of cells in the BP 
subgroup. Secretory granule lumen, cytoplasmic vesicle lumen, and 
vesicle lumen were the most significant GO terms in the CC subgroup. 
The top three GO processes included actin binding, immune receptor 
activity, and cytokine binding in the MF subgroup for DEmRNAs 
(Fig. 3A). 

In KEGG pathway enrichment analysis, malaria and hematopoietic 
cell lineage, and transcriptional misregulation in cancer were the most 
significant pathways enriched for DEmRNAs in COVID-19 patients 
(Fig. 3B). 

3.4. Construction of the ceRNA network 

To better understand the endogenous regulatory mechanism of 
differentially expressed genes (DEGs) in the infection of SARS-CoV-2, we 
predicted the downstream target genes of DEmiRNAs by employing the 
miRDB, miRTarBase, and TargetScan databases. At the miRNA level, 32 
miRNAs were predicted, and following comparison with DEmRNAs, we 
identified 257 intersecting mRNAs (Fig. 4). 

3.5. Construction of the PPI network 

We used the identified DEmRNAs to construct a PPI network, which 
included 266 nodes and 945 edges, under the condition that the 
comprehensive Gt score >0.4 and unconnected points were removed. 
Among the 266 genes, 72 genes had a score >100 analyzed by the 
maximal clique centrality (MCC) method in Cytohubba (Fig. 5A). The 
top five hub genes were ISG15, RSAD2, IFIT1, USP18, and MX2. We also 
defined the most closely clustered sub-network by employing the 
MCODE plug-in in Cytoscape, which consisted of 15 nodes and 105 

edges (Fig. 5B). In addition, we identified two other clustered sub- 
networks, with 19 nodes and 76 edges, and six nodes and 15 edges, 
respectively (Fig. 5C and D). 

3.6. Construction of the autophagy interaction network 

Due to the interesting role of autophagy in SARS-CoV-2 infection, an 
autophagy interaction network was constructed based on analysis of the 
ceRNA and PPI networks. Autophagy genes were obtained from the 
Human Autophagy Database. A total of 21 miRNAs and six mRNAs were 
involved in network construction (Fig. 6A). In the autophagy interaction 
network, BCL2L1 was the most important hub gene among the identified 
autophagy genes (Fig. 6B). 

3.7. Verification of autophagy-related genes using clinical data 

The clinical importance of autophagy-related genes identified in this 
study has been verified to some degree. Most miRNAs in the autophagy 
interaction network exhibited differential expression between healthy 
individuals and patients with mild symptoms. Differential expression of 
hsa-miR-340–3p, hsa-miR-4772–5p, hsa-miR-192–5p, and hsa-miR- 
652–3p was considered to be statistically significant between patients 
with mild and moderate symptoms. The expression levels of hsa-miR- 
3194–3p, hsa-miR-142–3p, hsa-miR-708–3p, hsa-miR-652–3p, hsa-miR- 
4772–5p, hsa-miR-192–5p, hsa-miR-340–3p, and hsa-miR-1291 showed 
differences between patients with mild and serious symptoms (p <
0.05). The hsa-miR-103a-2-5p and hsa-miR-141–3p were considered to 
be differentially expressed in patients with mild and moderate symp
toms and in patients with mild and serious symptoms (p < 0.10). The 
hsa-miR-708–3p also showed differential expressions between patients 
with moderate and serious symptoms (p < 0.10) (Table 1). 

BCL2L1 and BNIP3L in the autophagy interaction network exhibited 
differential expressions between healthy individuals and patients with 

Fig. 2. Analysis of differentially-expressed transcription factors associated with the identified DEmiRNAs. POU2F1, EGR1, SP1, SP4, NFIC, RORA, MEF2A and NKX6- 
1 were the most significant differentially-expressed transcription factors in COVID-19 patients. 
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mild symptoms. In the analysis of mRNAs of the autophagy interaction 
network, differential expression of CCR2 and TP53INP2 was considered 
to be statistically significant between patients with mild and moderate 
symptoms (p < 0.05). CXCR4, BCL2L1, and BNIP3L also showed dif
ferential expression between patients with mild and serious symptoms 
(p < 0.05). The expression levels of CCR2 were considered to be 
significantly different between healthy individuals and patients with 

mild symptoms, as well as between patients with mild and serious 
symptoms (p < 0.10). TP53INP2 also showed differential expression 
between patients with moderate and serious symptoms (p < 0.10) 
(Table 2). 

After comparing the results of autophagy-related miRNAs and 
mRNAs according to the severity of disease, we identified hsa-miR- 
340–3p/CCR2, hsa-miR-340–3p/TP53INP2, hsa-miR-4772–5p/ 

Fig. 3. Pathway enrichment analysis. (A) GO enrichment analysis of the DEmRNAs in biological process (BP), cellular component (CC) and molecular function (MF) 
subgroups. (B) KEGG enrichment analysis of DEmRNAs. 
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TP53INP2, and hsa-miR-192–5p/TP53INP2 as interactive pairs that 
were statistically significant between patients with mild and moderate 
symptoms (p < 0.05); hsa-miR-141–3p/TP53INP2 was also considered 
significant in a relatively wide range (p < 0.10). In the comparison of 
patients with mild and serious disease, hsa-miR-3194–3p/CCR2, hsa- 
miR-1291/CCR2, hsa-miR-142–3p/CCR2, and hsa-miR-340–3p/CCR2 
showed differences (p < 0.10). 

4. Discussion 

Coronavirus SARS-CoV-2 caused a widespread and serious 
pandemic. In the background of the rapid spread of viruses and the rapid 
mutation of strains, the scientific community is facing severe challenges. 
Although some studies have described the potential functional mecha
nisms of miRNAs in SARS-CoV-2 infection, our understanding of func
tions and complex mechanisms of most miRNAs is still very limited. This 
study revealed an autophagy interaction network in SARS-CoV-2 
infection and identified several novel targets for understanding the 
pathogenesis of SARS-CoV-2 infection in vivo. Most importantly, the 
clinical value of these targets has been verified to some degree in this 
study, which is particularly vital for the current pandemic. 

In this study, we used bioinformatics and the genome data of COVID- 
19 patients in the GEO database to identify differentially expressed 
miRNAs and mRNAs in SARS-CoV-2 infection in vivo. In the GO anno
tation analysis, the most enriched terms in the BP, CC, and MF subgroups 
were myeloid cell differentiation, secretory granule lumen, and actin 
binding. In KEGG pathway enrichment analysis, cytokine-cytokine re
ceptor interaction was the most enriched pathway of DEmRNAs in SARS- 
CoV-2 infection. The autophagy interaction network identified 21 
miRNAs and six mRNAs involved; BCL2L1, CCR2, and CXCR4 were the 
top three hub genes. 

Some miRNAs in the autophagy network have been reported in other 
studies; the specific mechanisms of these miRNAs in SARS-CoV-2 
infection are worthy of further study. Wang et al. found that hsa-miR- 
581 can promote the expression of hepatitis B virus surface antigen by 
targeting Dicer and EDEM1, which could promote the progression of 
hepatocellular carcinoma [27]. Hsa-miR-511–5p, hsa-miR-141–3p, and 
hsa-miR-192–5p have been defined as potential biomarkers of hepatitis 
B virus infection in human serum [28,29]. In the study of Pulati et al., 
hsa-miR-1291 was considered as a therapeutic target for cervical cancer 
as it was shown to be upregulated in HPV16 positive cervical cancer 
[30]. Du et al. reported downregulation of hsa-miR-34c-5p expression in 

airway epithelial cells with respiratory syncytial virus infection, which 
promoted MUC5AC production, to increase mucus secretion [31]. We 
observed that hsa-miR-34c-5p was significantly downregulated in mild 
patients in our study, which may indicate that hsa-miR-34c-5p is 
involved in initiating respiratory pathological symptoms of SARS-CoV-2 
infection. In our study, hsa-miR-27a-3p was confirmed to be differen
tially expressed in SARS-CoV-2 infection. Wicik et al. studied ACE2 
interaction networks in COVID-19 to predict the outcomes of patients 
with cardiovascular risk factors; in this study, hsa-miR-27a-3p was 
considered the main miRNA to regulate the ACE2 network [32]. Further 
studies will investigate the pathological mechanisms involved in 
hsa-miR-27a-3p in SARS-CoV-2 infection. 

The results of the present study contribute to our understanding of 
mRNAs in the autophagy interaction network, especially those defined 
as hub genes, including BCL2L1, CCR2, and CXCR4. Szabo et al. studied 
the lung tissue transcriptome of 2244 COVID-19 patients and found that 
high expression of CCR2 was associated with severe disease [33]. The 
diagnostic potential of CCR2 for COVID-19 with severe disease has also 
been reported by Kim et al. in immune cells of bronchoalveolar lavage 
fluids [34]. However, these studies have some limitations, such as 
lacking different samples from human tissues and from different coun
tries, or lacking a sufficient number of samples. Our study made up for 
these shortcomings and revealed that even though SARS-CoV-2 infection 
differs between regions and race, CCR2 was differentially expressed in 
peripheral blood mononuclear cells of Chinese patients with 
SARS-CoV-2 infection. In addition, we analyzed COVID-19 patients ac
cording to the severity of the disease and found that CCR2 had a more 
sensitive diagnostic ability. Compared with patients with mild disease, 
the expression level of CCR2 in patients with moderate disease was 
differentially upregulated (fold change > 1.5; p < 0.05). Thus, CCR2, as 
a biological target, can more sensitively identify patients at an early 
stage. As the upstream target gene of CCR2, hsa-miR-340–3p, compared 
with the other four upstream target genes, showed a statistically sig
nificant difference between patients with mild and moderate disease 
(fold change > 1.5; p < 0.05). The hsa-miR-1291, hsa-miR-3194–3p, and 
hsa-miR-142–3p were also upstream miRNAs of CCR2, and showed 
more significant differences in expression between patients with mild 
and serious disease (fold change > 1.5; p < 0.05). 

CXCR4, another hub gene in the autophagy interaction network, was 
first reported in SARS-CoV-2 as a differentially expressed gene in pe
ripheral blood mononuclear cells. It was considered to participate in the 
innate myeloid response of patients with SARS-CoV-2 infection; this 

Fig. 4. The competitive endogenous RNA (ceRNA) network of DEGs in SARS-CoV-2 infection. In total, there were 32 miRNAs and 257 mRNAs in the ceRNA network.  
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Fig. 5. The PPI network of the target genes 
of the identified DEmRNAs. (A) The target 
genes of the identified DEmRNAs were 
ranked in the PPI network. The depth of red 
indicates the importance of genes in the 
network. (B) The most closely-clustered 
subnetwork was composed of 15 nodes and 
105 edges. (C) The clustered subnetwork 
identified by the MCODE plug-in in Cyto
scape had 19 nodes and 76 edges. (D) The 
clustered subnetwork identified by the 
MCODE plug-in in Cytoscape which had six 
nodes and 15 edges. . (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the Web version of 
this article.)   
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mRNA may be a potential biological target to predict the deterioration of 
disease by calprotectin plasma level and routine flow cytometry [35]. In 
a study of serious COVID-19 patients by Taniguchi-Ponciano et al., it 
was found that CXCR4 was expressed in peripheral blood cells and 
bronch 

Oalveolar cells, and participated in processes such as inflammation 
and immunometabolism, which make it a potential molecular marker 
for COVID-19 severity and molecular therapy [36]. Our research pro
moted CXCR4 as a biological target that could simplify detection 
methods. Our study also suggests that CXCR4 may have potential as a 
target for predicting changes in patients with serious disease according 
to expression level (fold change > 1.5; p < 0.05). 

As BCL2L1 is the most important hub gene in the autophagy inter
action network, the importance of BCL2L1 was further highlighted in 
this study. Baralić et al. evaluated the safety of drug combinations for 
COVID-19 treatment using an in silico toxicogenomic data-mining 
approach, and found that the drug combination of chloroquine and 
azithromycin affected the expression of BCL2L1 in vivo [37]. Moreover, 
Liu et al. reported that matrine could reduce COVID-19 with liver 

damage by increasing the expression of BCL2L1 [38]. Thus, BCL2L1 
shows great potential as a drug target. The results of this study in terms 
of CXCR4 and CCR2 have been confirmed by other studies to varying 
degrees. We have reason to believe that BCL2L1 plays an important role 
in SARS-CoV-2 infection, although this has not yet been confirmed by 
other studies. Given the significant impact of a large number of 
COVID-19 patients on the public health system and the emergence of 
severe forms by strong cytokine storms in individual patients within a 
short time, these targets are of great significance for screening and 
predicting changes in patients [39]. 

In functional analyses, the most enriched terms of the mRNAs in the 
autophagy interaction network were dendritic cell chemotaxis, auto
phagosome, and C–C chemokine receptor activity in the BP, CC, and MF 
subgroups, respectively, based on GO annotations. CCR2 and CXCR4 
were annotated in terms related to cytokine activity. Strong cytokine 
storms are widely present in patients with severe COVID-19. The elim
ination of cytokine storms can improve clinical results, including acute 
respiratory distress syndrome, acute heart injury and acute renal failure 
[40,41]. These results indicated that the autophagy interaction network 

Fig. 6. The autophagy interaction network in 
SARS-CoV-2 infection. (A) Based on the result of the 
prediction of DEmiRNAs and PPI network, we con
structed an autophagy interaction network 
including 21 miRNAs and six mRNAs. (B) BCL2L1 
was the hub gene among autophagy genes in 
network. The depth of red indicates the importance 
of genes in the network among mRNAs. (For inter
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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established based on the ceRNA and protein interaction mechanisms 
may play an important role in the cytokine storm. This was also verified 
in the KEGG analysis of mRNAs in the autophagy interaction network; 
the most significant pathways were mitophagy, autophagy, and viral 
protein interaction with cytokine and cytokine receptor. 

Taken together, this study is the first report of the autophagy inter
action network in SARS-CoV-2 infections with a relatively large number 
of peripheral mononuclear cell samples. The importance of these 
autophagy-related targets was highlighted with the verification of 
clinical value in this study. A larger number and different types of 
samples will help further verify the potential function of the autophagy 
network. However, on the basis of a limited number of patients with 
individual characteristics, biased results may be included in our study. 
Experimental verification would make our study more convincing. The 
autophagy-related targets reported in this study will be helpful for 
further research in terms of SARS-CoV-2 infection despite experimental 
condition and sample acquisition limitations. 

5. Conclusions 

The first autophagy interaction network associated with the SARS- 
CoV-2 infection was constructed and verified by the analysis of 
COVID-19 patients and healthy individuals. Several potential novel 
biomarkers were revealed for understanding the pathogenesis of SARS- 
CoV-2 infections in vivo. This study supported previous studies that 
suggested BCL2L1, CCR2, CXCR4, hsa-miR-34c-5p, and hsa-miR-27a-3p 
as important factors and promising biomarkers of pathogenesis and 
molecular therapy in SARS-CoV-2 infection. Moreover, this study 
showed that the autophagy interaction network we constructed partic
ipates extensively in the different stages of the cytokine storm of SARS- 

CoV-2 infection, highlighting the value of this network. More impor
tantly, the clinical characteristics of autophagy-related genes has been 
verified; thus, these targets could be a focus in the current pandemic. 
Although this study lacks experimental validation, it undoubtedly pro
vides a new perspective for future studies regarding SARS-CoV-2 
infection. 
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Table 1 
The autophagy-related miRNAs by clinical data verification.   

healthy vs mild mild vs moderate moderate vs serious mild vs serious  

logFC P.Value logFC P.Value logFC P.Value logFC P.Value 

hsa-miR-1226–3p  1.304  0.003  − 0.507  0.077  0.119  0.739  − 0.389  0.209 
hsa-miR-103a-2-5p  0.540  0.241  0.776  0.054  0.065  0.846  0.840  0.057 
hsa-miR-485–5p  1.423  0.008  − 0.322  0.315  − 0.012  0.978  − 0.347  0.388 
hsa-miR-3194–3p  − 1.263  ＜0.001  − 0.411  0.088  − 0.231  0.357  − 0.613  0.030 
hsa-miR-514a-3p  − 4.862  ＜0.001  0.100  0.905  − 0.358  0.700  − 0.254  0.754 
hsa-miR-1291  − 0.734  0.058  − 0.594  0.185  − 0.544  0.200  − 1.161  0.015 
hsa-miR-142–3p  − 0.729  0.004  − 0.611  0.114  − 0.121  0.766  − 0.720  0.031 
hsa-miR-340–3p  − 1.039  0.002  − 0.919  0.011  − 0.156  0.667  − 1.084  0.023 
hsa-miR-708–3p  − 1.201  0.004  − 0.479  0.282  − 0.743  0.082  − 1.211  0.012 
hsa-miR-511–5p  − 1.165  0.001  − 0.350  0.205  0.051  0.843  − 0.313  0.308 
hsa-miR-141–3p  − 0.467  0.229  − 0.850  0.052  − 0.045  0.894  − 0.903  0.064 
hsa-miR-548ar-3p  − 2.071  0.009  − 0.506  0.578  − 0.624  0.466  − 1.158  0.181 
hsa-miR-652–3p  0.566  0.008  0.836  0.001  0.012  0.954  0.821  0.004 
hsa-let-7d-3p  0.896  0.003  0.448  0.137  − 0.370  0.171  0.051  0.876 
hsa-miR-3614–5p  0.807  0.059  0.271  0.449  0.222  0.606  0.506  0.116 
hsa-miR-34c-5p  − 2.943  ＜0.001  0.380  0.595  − 0.610  0.471  − 0.218  0.758 
hsa-miR-184  − 2.546  0.008\  − 0.731  0.513  − 0.731  0.505  − 1.447  0.183 
hsa-miR-4772–5p  − 0.737  0.031  − 0.977  0.018  − 0.040  0.927  − 1.032  0.043 
hsa-miR-27a-3p  − 1.444  ＜0.001  − 0.329  0.266  0.347  0.368  0.010  0.977 
hsa-miR-642a-5p  − 0.752  0.064  − 0.639  0.143  0.441  0.294  − 0.194  0.673 
hsa-miR-192–5p  − 0.705  0.020  − 0.752  0.026  − 0.070  0.811  − 0.820  0.025  

Table 2 
The autophagy-related mRNAs by clinical data verification.   

healthy vs mild mild vs moderate moderate vs serious mild vs serious  

logFC P.Value logFC P.Value logFC P.Value logFC P.Value 

BCL2L1  − 1.018  0.001  0.504  0.458  0.462  0.552  0.979  0.016 
BNIP3L  − 1.118  ＜0.001  0.892  0.170  0.141  0.846  1.047  0.002 
CCR2  − 0.883  0.091  1.035  0.043  0.028  0.899  1.076  0.080 
CXCR4  0.182  0.515  − 0.290  0.472  − 0.703  0.105  − 1.008  0.016 
NCKAP1  0.127  0.382  0.111  0.258  0.381  0.004  0.496  0.002 
TP53INP2  − 0.557  0.092  0.821  0.009  − 0.638  0.064  0.184  0.479  
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