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Background: Circular RNA (circRNA) has been receiving increased attention in the
research of atrial fibrillation (AF). Our study aims to find potential circRNAs and identify
the circRNA-miRNA-mRNA regulatory network in AF based on bioinformatics analysis.
Methods: GSE129409 was retrieved from the Gene Expression Omnibus (GEO) database,
and we used R software to analyze the differentially expressed circRNAs (DECs).
Subsequently, we used several bioinformatics methods to obtain the target miRNAs and
the target genes. Next, we performed Gene Ontology (GO) classification and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the target
genes. Then, we used Cytoscape 3.8.2 software to visualize and construct the circRNA-
miRNA-mRNA regulatory network, the protein—protein interaction (PPI) network, and the
autophagy-related genes network.

Results: We identified a total of 21 DECs, including 6 upregulated DECs and 15 down-
regulated DECs. After further analysis, we obtained a circRNA-miRNA-mRNA regulatory
network consisting of 11 DECs, 9 target miRNAs and 410 target genes, and a PPI network.
Finally, the potential novel genes of autophagy in AF were revealed by bioinformatics
analysis.

Conclusion: This study could explore the potential role of circRNA, autophagy-related
genes and construct the circRNA-miRNA-mRNA regulation network in AF.
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Introduction
Atrial fibrillation (AF) is the most common type of arrhythmia in clinical practice,
with global prevalence continuing to increase primarily with age." In China,
6.5 persons out of every thousand suffer from AF, and there are about 3.9 million
patients with AF who are over 60 years old, but it is expected that this number will
increase to about 9 million by 2050.%* Furthermore, AF may induce or aggravate
heart failure, lead to stroke, and have a high risk of disability and fatality. It also
poses a burden on the economy and seriously threatened human health and life. In
addition to age, factors such as gender, obesity, diet, and lifestyle can affect the
prevalence of AF, so mitigating these factors will help to prevent and treat AF.*>
Non-coding RNA (ncRNA) is not involved in encoding proteins, but it has been
discovered to participate in various biological functions such as cell growth,
differentiation, apoptosis, and has an indispensable role in cardiovascular
diseases.® Circular RNA (circRNA) is a special non-coding RNA because it lacks
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the 5’ end caps and 3’ end poly (A) tails with circular
structure.” Recent research demonstrated that circRNAs
could act as competitive endogenous RNAs (ceRNAs)
and sponge to bind to miRNAs, regulate transcription,
repress or activate gene expression. CeRNAs recently
showed to play a crucial role in cardiovascular disease.®
Some latest studies reported that circRNA was related to
dilated cardiomyopathy, myocardial infarction, and cardiac
hypertrophy.” ! Similarly, circRNAs were found to take
participate in the progression of AF. Multiple circRNAs
could relate to valvular AF occurrence and are maintained
through miRNAs to construct circRNA-miRNA-mRNA
networks.'?

Autophagy is a process of self-digestion. In the heart,
the basic level of autophagy is vital for maintaining the

function and survival of cardiomyocytes, and moderate

autophagy has cardioprotective effects.'”> Recently, more
attention has been paid to the crucial role of autophagy in
AF.'"* Nevertheless, there are few studies on the autop-
hagy-related regulatory networks in AF.

In this study, we aimed to explore the molecular
mechanism of circRNAs and autophagy-related regulatory
networks in AF. The current study identified differentially
expressed circRNAs (DECs) between patients with AF
and healthy controls by analyzing the data in the public
Gene Expression Omnibus (GEO) dataset and using the
limma package in R software. Subsequently, we used
bioinformatics tools to find the target miRNAs and
genes. The Gene Ontology (GO) annotation and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analysis were performed to detect and verify the functional

expression of the target genes. Then, the ceRNA
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regulatory network (the circRNA-miRNA-mRNA net-
work) and protein—protein interaction (PPI) network were
further established. Finally, we focused especially on the
target genes associated with autophagy and constructed an
autophagy interaction network in which several novel tar-
gets were closely associated with AF. Our findings might
provide novel information on the role of circRNA and
autophagy in AF.

Materials and Methods

Data Source

Gene expression dataset GSE129409 was retrieved for
free from Gene Expression Omnibus (GEO, https://
www.ncbi.nlm.nih.gov/geo).'> The dataset GSE129409
is a circRNA expression array generated using
GPL21825 074301 Arraystar Human CircRNA microar-
ray V2. The dataset was collected from human heart

tissues from three patients with AF and three healthy
controls.

Identification of DECs

The microarray dataset GSE129409 was downloaded, and
then the probe name was converted into the international
standard circRNA name. The DECs were analyzed by
using the limma package in R software (version 4.1.0).
The criteria for DECs were adjusted to P value <0.001 and
[log fold-change (FC) [>2.

Prediction of Target miRNAs

Studies showed that there were numerous microRNAs
(miRNAs) binding sites in multiple circRNAs, and the
circRNAs
miRNAs sponge. In this study, we used the Circular

could affect gene expression via target

RNA Interactome (https://circinteractome.nia.nih.gov/) to
predict the target miRNAs of circRNAs. '

AF-Related miRNAs

Human microRNA Disease Database (HMDD) is the com-
prehensive database of microRNA-disease associations
collecting several miRNA-disease association contents.'’
We utilized the HMDD database to search for the AF-
related miRNAs. Next, we used the Venny 2.1.0 online
database (http://bioinfogp.cnb.csic.es/tools/venny/) to ana-
lyze the target miRNAs and AF-related miRNAs. If there
was an interaction between the analyzed miRNAs men-
tioned above and the AF-related miRNAs, then they would

be closely related to AF. Thus, we could obtain the inter-
section of these two sets.

Prediction of Target Genes

The intersection of miRNAs were predicted based on three
different miRNAs target gene databases, including
TargetScan,'® miRTarBase'® and miRDB*’ databases.
Only these genes were confirmed by all three databases
would be considered as the target genes.

Functional Annotation
We used GO annotation (http://www.geneontology.org)

and KEGG pathway analysis to determine the functional
annotations of the target genes. GO terms with adjust P <
0.05 were selected and integrated using the clusterProfiler
package in R software (version 4.1.0). The top 20 enriched
GO terms were performed. KEGG pathway analysis was
performed to identify the target genes in different biologi-
cal pathways. The clusterProfiler package in R software
(version 4.1.0) was used to conduct the pathways of the
target genes. The top 15 enriched KEGG pathways were
performed.

Construction of the circRNA-miRNA-
mRNA Regulatory Network

The DECs, target miRNAs, and target genes were used to
construct a circRNA-miRNA-mRNA regulatory network
and visualized by using Cytoscape 3.8.2 software.

PPl Network and Hub Genes

Construction

In this study, we used the Search Tool for the Retrieval of
Interacting Genes (STRING) database (https://string-db.
org/) to construct a PPI network.?' The hub genes were
performed by employing plugins of Cytoscape, Molecular
Complex Detection (MCODE), and cytoHubba (ver-
sion 3.8.2).

Construction of an Autophagy

Interaction Network

Autophagy genes were identified from the
Autophagy Database (HADDb, http://autophagy.lu/clustering/
index.html). Comparing autophagy genes from the database

Human

and the target genes we identified, the intersecting genes
were identified as autophagy-related genes. Then, upstream
target miRNAs and the autophagy-related genes were per-
formed by the predicted data. The autophagy interaction

International Journal of General Medicine 2021:14

8529

Dove:


https://www.ncbi.nlm.nih.gov/geo
https://www.ncbi.nlm.nih.gov/geo
https://circinteractome.nia.nih.gov/
http://bioinfogp.cnb.csic.es/tools/venny/
http://www.geneontology.org
https://string-db.org/
https://string-db.org/
http://autophagy.lu/clustering/
https://www.dovepress.com
https://www.dovepress.com

Chao et al

Dove

network was constructed by Cytoscape (version 3.8.2). The
hub autophagy-related genes were performed by employing
plugins of Cytoscape, Molecular Complex Detection
(MCODE), and cytoHubba (version 3.8.2).

Results
DECs Between AF Patients and Healthy

Controls

In our study, GSE129409 data was analyzed by the
R software, and the criteria for DECs were adjusted to
P value <0.001 and |log fold-change (FC) [>2; 21 DECs
were identified. The volcano plots and heatmap for DECs

A I

B
L

-log;( P.value

are shown in Figure 1A and B. Among these DECs, six
circRNAs were upregulated and 15 circRNAs were down-
regulated (Table 1).

Identification of Target miRNAs and

Target Genes

We used the Circular RNA Interactome database to predict
the target miRNAs of DECs. The results showed that
DECs could regulate 252 target miRNAs. We then
obtained 73 AF-related miRNAs from the HMDD data-
base. If the 252 target miRNAs had an interaction with
these AF-related miRNAs, the DECs might more likely be
related to AF. Therefore, we used the Venn diagram to
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Figure | Volcano plots and heatmap for differentially expressed circular RNAs (DECs) between patients with AF and healthy controls. (A) The volcano plots in the current
study; the X-axis represents the value of log2 fold change(fc), while the Y-axis represents the value of —log p value. (B) The heatmap in current study; color from blue to red

indicated low to high representation value.
Abbreviations: SR, healthy controls; AF, patients with atrial fibrillation.
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Table | The DECs Between AF Patients and Healthy Controls

CircRNA ID Logfc P value
Upregulated CircRNA

hsa_circ_0006867 2.524551 0.000308
hsa_circ_0001074 2.803327 0.000634
hsa_circ_0079477 2.538106 0.00066
hsa_circ_0005791 3.564584 0.00081
hsa_circ_0079480 2917603 0.000821
hsa_circ_0005299 3.724577 0.000935
Downregulated CircRNA —3.29233 0.000154
hsa_circ_0058161 —3.02059 0.000263
hsa_circ_0020174 —3.16466 0.000366
hsa_circ_0058794 —2.98286 0.000387
hsa_circ_0058792 —2.80158 0.000423
hsa_circ_0015004 —2.8638 0.000449
hsa_circ_0001873 —2.33648 0.000684
hsa_circ_000641 | —2.63016 0.000728
hsa_circ_0006562 —3.62223 0.000732
hsa_circ_0045114 —3.55217 0.000737
hsa_circ_0001952 —2.49377 0.000924
hsa_circ_0025593 —2.06355 0.000928
hsa_circ_0025278 -2.71222 0.000943
hsa_circ_0065217 —2.45251 0.000945
hsa_circ_0042190 —2.60725 0.000989
hsa_circ_0020303 —3.29233 0.000154

Abbreviations: DECs, differentially expressed circRNAs; AF, Atrial fibrillation;
CircRNA, Circular RNA.

obtain the intersection between the 252 target miRNAs
and AF-related miRNAs, as shown in Figure 2. There
were nine overlap miRNAs (hsa-miR-892a, has-miR-451,

DE-circRNAs predict target miRNAs

9
(2.8%)

AF-related miRNAs

64
(20.3%)

hsa-miR-377, hsa-miR-223, hsa-miR-215, hsa-miR-192,
hsa-miR-183, hsa-miR-155, hsa-miR-144) between these
two types of miRNAs, and these overlap miRNAs could
be considered as the final target miRNAs. These miRNAs
were associated with 11 DECs (Figure 3), and details can
be found in Table 2. We predicted the target genes of these
final target miRNAs by employing the above 3 databases,
and identified 410 target genes.

Gene Ontology Analysis and KEGG Analysis
To better comprehend the molecular mechanisms involved in
AF, we performed the GO enrichment and KEGG pathway
analysis. The enriched GO terms are shown in Figure 4A and
B. The top three GO processes included RNA polymerase II-
specific, DNA-binding transcription activator activity, and
DNA-binding transcription factor binding. In KEGG path-
way enrichment analysis, the results showed that KEGG
pathway was mainly enriched in signaling pathways regulat-
ing pluripotency of stem cells, MAPK signaling pathway,
Rapl signaling pathway, FoxO signaling pathway. The
KEGG pathways are shown in Figures 5A and B.

Construction of the circRNA-miRNA-
mRNA Regulatory Network

From the previous data analysis, we obtained 11 DECs, 9
overlap target miRNAs, and 410 target genes. Then, we
use Cytoscape (Version 3.8.2) to perform the circRNA-
miRNA-mRNA relationships in the network (Figure 6).

4 )

hsa-miR-892a
hsa-miR-451
hsa-miR-377
hsa-miR-223
hsa-miR-215
hsa-miR-192
hsa-miR-183
hsa-miR-155

hsa-miR-144

Figure 2 Venn diagram analysis of DECs predict target miRNAs and AF-related miRNAs. The blue circle represents the DECs predict target miRNAs, and the yellow circle
represents the AF-related miRNAs. The intersection of the two circles represents the overlapping miRNAs between the two kinds of miRNAs, and the specific miRNA

names are listed in the right box.

International Journal of General Medicine 2021:14

8531

Dove!


https://www.dovepress.com
https://www.dovepress.com

Chao et al Dove
hsa_circ_0005299
hsa-miR-223 hsa_circ_0079480
hsa-miR-377 hsa_circ_0079477
hsa-miR-192 hsa_circ_0006562
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Figure 3 The overlap target miRNAs and DECs. The blue nodes represent the overlap target miRNAs and the red and green nodes represent the up- and downregulated

DECs, respectively.

Construction of the Protein—Protein
Interaction (PPl) Network

We used the identified target genes to construct a PPI net-
work, which consisted of 150 nodes and 291 edges, under the
condition that the required interaction score >0.9 and uncon-
nected points were removed (Figure 7A). Nine hub genes
(RNF111, ANAPCI10, FBXW?7, CUL3, BTBDI, TRIM32,
CDC27, UBE2H and RNFI123) were identified from the
PPI network when the degrees >8 (Figure 7B).

Construction of the Autophagy
Interaction Network

We constructed an autophagy interaction network using
autophagy-related genes. A total of 10 DECs, 7 target
miRNAs and 13 target genes were involved in the network

(Figure 8A). In the autophagy interaction network, four
hub genes among the above autophagy-related genes were
identified if the degrees >4 (Figure 8§B).

Discussion

Recently, an increasing number of studies have shown that
ncRNA was no longer considered as “transcription junk™ as
it has an indispensable role in the occurrence and develop-
ment of AF. In recent years, circRNA is characterized by
natural stability, even more, stable than linear RNA in
cardiac diseases.”> Researchers found that circRNA was
linked to coronary artery disease, myocardial infarction,
and AF>?° Gao et al determined that hsa_circ_0004104
could be a potential biomarker in AF persistency via target-
ing MAPK and TGF-B pathways.?® circRNA also has
a similar biological function to long non-coding RNA,
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Table 2 The Target miRNAs and DECs

Overlap miRNAs | circRNA

hsa-miR-892a hsa_circ_0001873, hsa_circ_0006562

hsa-miR-451 hsa_circ_0005299, hsa_circ_0006562

hsa-miR-377 hsa_circ_0079480, hsa_circ_0025593,
hsa_circ_0079477, hsa_circ_0006562

hsa-miR-223 hsa_circ_0058161, hsa_circ_0006562,
hsa_circ_0025593

hsa-miR-215 hsa_circ_0079480, hsa_circ_0001952,
hsa_circ_0020303, hsa_circ_0079477,
hsa_circ_0006562

hsa-miR-192 hsa_circ_0079480, hsa_circ_0001952,
hsa_circ_0020303, hsa_circ_0079477,
hsa_circ_0006562

hsa-miR-183 hsa_circ_0058794, hsa_circ_0058792,
hsa_circ_0006562, hsa_circ_0020303

hsa-miR-155 hsa_circ_0001873, hsa_circ_0006562,
hsa_circ_0020303

hsa-miR-144 hsa_circ_0001952, hsa_circ_0006562

Abbreviations: DECs, differentially expressed circRNAs; miRNAs, microRNAs;
circRNA, circularRNA.

which can sponge miRNA, thereby reducing the inhibition
of miRNA on downstream target genes and upregulating
the expression of target genes.”’ Therefore, circRNA’s
expression and circRNA-miRNA-mRNA network regula-
tion have been increasingly reported in cardiac diseases.
Deng et al showed the module of circ-HIPK3-miR-17-3p-
ADCY6 axis and circ-HIPK3 might be a therapeutic target
of heart failure.”® Huang et al demonstrated that the
circ_0001946- miR-7-5p-PARP1 could be a regulatory
axis that might contribute to the coronary atherosclerotic
heart diseases development.”’

In our study, the duration of three AF patients was
greater than 1 year, which called persistent AF (pAF).
We used bioinformatics and the GEO database to identify
differentially expressed circRNAs in patients with AF and
healthy controls. The results obtained 21 DECs, including
6 upregulated DECs and 15 downregulated DECs. Among
the DECs, Wen et al found that circ_0006867 was a key
circRNA in non-small cell lung cancer patients, and it
could relate to acquired resistance of tyrosine kinase inhi-
bitor of epidermal growth factor receptor (EGFR).*® Wen
and collaborators indicated that circ 0079480 might func-
tion as a new treatment target for acute myeloid leukemia
therapy.®’ Cen et al confirmed that circ 0015004 had

a potential oncogenic role in renal cell carcinoma.’
Therefore, the role of these circRNAs in AF had not
been reported. Through our research, we speculated that
these circRNAs may play a rigorous role in the progres-
sion of pAF.

Next, we obtained 9 related-AF target miRNAs, their
corresponding 11 circRNAs are more likely to link to AF.
Hu and coworkers showed that quercetin could inhibit the
expression of miR-223-3p in AF model cells and tissues,
and enhance the expression of FOXO3 and activate autop-
hagy, and significantly inhibit myocardial fibrosis, and
improve myocardial remodeling in AF.>* Wang et al deter-
mined that miR-155 could target the alc subunit of the
calcium channel (CACNAIC) and regulate electrical
remodeling in AF.>* Then, a total of 410 potential target
genes were associated with the identified target genes,
which were predicted using the 3 distinct miRNA target
gene prediction databases. In the GO annotation analysis,
the top three enriched terms were RNA polymerase II-
specific, DNA-binding transcription activator activity,
and DNA-binding transcription factor binding. In KEGG
pathway enrichment analysis, the signaling pathways reg-
ulating pluripotency of stem cells, MAPK signaling path-
way, Rapl signaling pathway, FOXO signaling pathway,
and pathways in cancer were mainly enriched.

Among them, the MAPK signaling pathway is
a significant energy metabolism pathway related to AF.
In a dog model, MAPK activation contributed to arrhyth-
mogenic atrial structural remodeling.> In atrial myocytes,
previous evidence showed that cytoplasmic Ca®" levels
affected the MAPK pathway and caused ion channel
remodeling.*® It is considered a cardiac metabolic regula-
tor. Interestingly, Samanta and collaborators showed that
oleic acid-activated AMPK and increased nuclear FOXO1
localization, thereby reducing NFATc3 expression and
attenuating cardiomyocyte hypertrophy.>” FOXOI is
a key factor of the FOXO signaling pathway, so the
MAPK pathway and FOXO signaling pathway may be
involved in the occurrence of myocardial remodeling.

We constructed circRNA-miRNA-mRNA and PPI
networks. Nine hub genes of the regulatory network,
including CDC27, RNF111, CUL3, ANAPCI0, FBXW7,
UBE2H, BTBDI, RNFI123, TRIM32, were identified.
miR-223 could bind to FBXW7 in cancers.*® In addi-
tion, Yang et al indicated that miR-223 could target
FBXW?7 in the AKT signaling pathway to regulate phy-
siological cardiac hypertrophy. RNF123 and TRIM32

39

are ubiquitin E3-ligases.”” Wang and collaborators
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Figure 4 The barplot (A) and dotplot (B) of GO analysis of target genes in ceRNA regulatory network.

Abbreviation: GO, Gene Ontology.

found that miR-155-5p modulated RNF123 expression
in modulating downstream NF-«kB1 targets in glioblas-
toma progression.*’ Fatima et al reported that TRIM32
was targeted by miR-155 to modulate human neural
stem cell proliferation.*’ Therefore, these regulatory net-
works had not been reported in AF.

Autophagy is a vital cellular process that regulates the
clearance of misfolded and proteotoxic proteins, therefore,

excessive autophagy may lead to non-apoptotic pro-
grammed cell death.*” Impaired autophagy or excessive
autophagy can lead to diseases. Nishida and coworkers
suggested that impaired autophagosome clearance were
involved increased cardiomyocyte death in myocardial
ischemia and reperfusion.*® Recently, increasing evidence
found that autophagy may be involved in the pathogenesis
of AF. The relationship between autophagy and AF is
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Figure 5 The barplot (A) and dotplot (B) of KEGG analysis of target genes in ceRNA regulatory network.

Abbreviation: KEGG, Kyoto Encyclopedia of Genes and Genomes.

interesting to explore. Exploring the levels of autophagy-
related genes may help to study how autophagy affects
diseases. However, there are still few related studies in AF,
and further investigations will be required to better under-
stand this field. The results of our study contributed to our
understanding of genes in the autophagy interaction net-
work, especially those defined as hub genes, including

EGFR, FOS, FOXOl, FOXO3. In recent

a mushrooming number of circRNAs were found to parti-

years,

cipate in the occurrence and development of diseases
through autophagy. Our study found that 10 circRNAs
regulated AF in circRNA-miRNA-mRNA autophagy-
related networks. These circRNAs might play an important
role in the occurrence or maintenance of pAF.
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Figure 6 The circRNA-miRNA-mRNA regulatory network in AF. The red nodes represent the DECs, the yellow nodes represent the overlap target miRNAs, and the blue

nodes represent the target genes.

EGFR has a fundamental role in normal physiology
and disease, and it is a reasonable target for disease treat-
ment. Hasin et al studies that EGFR is activated in
response to angiotensin II and might be involved in left
atrial-generated pathology.** Increasing evidence were
reported the involvement of EGFR pathway activation in
the development of cardiac hypertrophy.*> Yan et al sug-
gested that Gallic acid could activate autophagy and then
induce the degradation of EGFR in cardiac hypertrophic
remodeling.*® Enhanced autophagocytosis associated with
pathological activation of cardiac fibroblasts. Studies have
reported that fos-related antigen 2 regulates autophagocy-
tosis and controls the differentiation of cardiac
fibroblasts.*” To our best knowledge, Atrial fibrosis is

considered to be the basis of pAF and a sign of structural
remodeling. So FOS may be considered to involve in AF.
FOXO1, FOXO3 are genes of the FOXO subfamily. As
we know, researches in recent years have identified the
FOXO subfamily as key players in regulating diverse
cellular processes linked to cardiac aging and diseases. In
addition, FOXO factors have been shown to play a key
role in mediating the effects of factors like transforming
growth factor beta-1 (TGF-B1).*® Sengupta et al found that
overexpression of either FOXO1 or FOXO3 reduced car-
diomyocyte cell size and induced expression of autophagy
pathway genes.*” In summary, we inferred that these
autophagy-related genes might have significant roles in
the occurrence of AF. However, the explicit mechanism
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Figure 7 The PPl network of the target genes. (A) The target genes were ranked in the PPl network. The depth of red indicates the importance of genes in the network.

(B) The hub genes network (RNFI 11, ANAPCI0, FBXW7, CUL3, BTBDI, TRIM32, CDC27, UBE2H and RNFI23).

of these autophagy-related genes in AF remains largely However, there are still some limitations in this study.
unclear. We intend to explore more potential autophagy-  First, the differential expression of circRNAs we obtained
related genes of AF in the future. were from only one data set. And target miRNAs and their
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Figure 8 The autophagy interaction network in AF. (A) Based on the result of the prediction of DECs, target miRNAs and PPl network, we constructed an autophagy
interaction network including 10 DECs, 7 target miRNAs and |13 autophagy-related genes. (B) The autophagy-related hub genes network (EGFR, FOS, FOXOI, FOX03).

target genes were a bit weak as the proposed mechanism
was based on prediction. In addition, we need to validate
our conclusion by future experiments and further research.

Conclusion

In summary, we used different bioinformatics methods to
construct a circRNA-miRNA-mRNA network consisting
of 11 DECs, 9 target miRNAs, and 410 target genes.
Moreover, this study showed that the autophagy interac-

tion network, which we constructed participates

extensively in AF. Our study provided new insight into
AF at the molecular level from the perspective of the
circRNA-miRNA-mRNA regulatory network. This may
help the diagnosis and treatment of clinical intervention

targets.
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